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Introduction

D-SERINE: ORIGIN, LOCALIZATION AND FUNCTIONS

Biological role of D-amino acids in mammals

Amino acids are among the most important biological molecules, both as components
of proteins and in signal transmission. Until recently, it was thought that L-amino acids
were accidentally selected during evolution as the only biologically relevant forms and
homochirality was considered essential for life because of its role in the stabilization of
polypeptides, enzymatic specificity and structural interactions (Mason 1984).

During the twentieth century, several studies suggested the presence of several D-
amino acids in microorganisms, such as D-alanine and D-glutamine, in the peptidoglycan of
the cell walls (Corrigan 1969). Later, it was demonstrated that bacteria can produce,
metabolize and utilize D-amino acids.

In the early nineties, some pioneering studies highlighted the presence of relevant
concentrations of free D-amino acids in the mammalian central nervous system (CNS) and
peripheral tissues, in particular D-aspartate and D-serine (Hashimoto et al. 1992 A; Schell
et al. 1995). However, their functional roles were not clear and in many cases these
molecules were assumed to derive from the endogenous microbial flora, from the diet or
from the spontaneous racemization of L-amino acids during ageing.

Nowadays, it is known that D-serine and D-aspartate play important, specific roles in
neurotransmission and in development and endocrine regulation (Yang et al. 2005;
Wolosker 2007; Wolosker et al. 2008; Van Horn et al. 2013). Altered levels of these two
amino acids are associated with various pathological conditions and the enzymes involved

in their metabolism have been proposed as therapeutic targets (Fuchs et al. 2005).

Localization of D-serine and its functions

D-serine was first identified in the brain of rodents (Hashimoto et al. 1992 A);
subsequently, many studies confirmed the presence of large amounts of this amino acid in
the cerebral cortex, hippocampus and striatum, limbic forebrain, diencephalon and

midbrain, and low levels in the pons, medulla, cerebellum and spinal cord (Hashimoto et
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al. 1993 A; Hashimoto et al. 1993 B; Nagata et al. 1994). D-serine concentration in the brain
has been shown to vary during development, both in humans and rodents, with the highest
levels recorded during embryonic and early postnatal life (Hashimoto et al. 1993 A).
Although D-serine has been detected also in peripheral tissues, its main localization is
in the CNS and its distribution strongly correlates with that of the N-methyl D-aspartate
receptors (NMDARs), in particular NR2A/B subtypes, a very important type of ionotropic

glutamate receptors involved in neuro-excitatory transmission (Schell et al. 1997).
NMDA receptors

NMDARs are ionotropic glutamate receptors, highly permeable to Ca?*, which mediate
the majority of excitatory neurotransmission in the mammalian CNS. Every NMDAR is a
heterotetramer, composed of two GluN1 (also called NR1) subunits, together with either
two GIuN2 (or NR2) subunits or a combination of GIuN3 (or NR3) subunits (Fig. 1) (Al-Hallag
et al. 2002; Schuler et al. 2008). The different subunit assembly is regionally regulated
during the development and in different brain areas (Wong et al. 2002). The activation of
these receptors requires the simultaneous binding of both an agonist (glutamate or
aspartate, on GIuN2 subunits) and a co-agonist (on GIuN1 or GluN3 subunits). At first, this
co-agonist site was thought to be physiologically occupied by glycine, but it was later
demonstrated that D-serine binds more tightly and represents the main physiological
regulator in many brain areas (Furukawa and Gouaux 2003).

In resting neurons, the NMDAR ion channel is blocked by an Mg* ion (Fig. 1). The
activation is voltage-dependent and after the activation of a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid receptors (AMPAR), the entry of Na* causes the
depolarization of the membrane and the removal of Mg? block on NMDARs.

NMDARs are associated with synaptic plasticity, long term potentiation (LTP) and
neuro-toxicity (Kim et al. 2005; Panatier et al. 2006; Henneberger et al. 2010). The specific
deletion of the gene encoding for serine racemase (SR), the enzyme responsible for D-
serine synthesis, causes a decrease of more than the 85% of normal forebrain D-serine

levels and altered glutamatergic neurotransmission in mouse models. These findings
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reinforce the notion that D-serine is a physiological NMDAR co-agonist (Basu et al. 2008;

Inoue et al. 2008; Horio et al. 2011).

Figure 1: Section of an NMDA receptor.

Origin and brain distribution of D-serine: neurons versus astroglia

Humans can obtain D-serine from food, as a metabolite derived from the resident flora
or through de novo biosynthesis. The main source of D-serine is L-serine, which can be
racemized into its enantiomer by SR. D-serine concentration is consequently related to L-
serine levels and reaches on average 0.3 mM, which is about one-third of the intracellular
L-serine concentration (Hashimoto et al. 1992 A). The first step in L-serine biosynthesis is
performed by 3-phosphoglycerate dehydrogenase (Phgdh), which has an exclusive
localization in astrocytes (Yamasaki et al. 2001). In mouse models, deletion of Phgdh results
in decreased D-serine levels, showing the importance of astrocytic Phgdh in D-serine
generation (Yang et al. 2010).

The mechanisms that control D-serine release are not thoroughly understood yet and
its pattern of distribution is not well defined. Moreover, the contribution of astrocytes and
neurons to D-serine dynamics are not entirely clear. In the past twenty years, different
studies reported discordant results about D-serine distribution and the role played by brain
glia and neurons.

D-serine distribution must be analyzed, of course, also with respect to the expression

of SR. At first, SR was thought to be predominantly localized in astrocytes. For this reason,
3
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D-serine had been initially classified as a glio-transmitter (Martineau et al. 2006), as
confirmed by many experimental evidences. When hippocampal neurons are co-cultured
with astrocytes or supplemented with exogenous D-serine, LTP is evoked (Yang et al. 2003).
In addition, the blockage of glial metabolism impairs NMDAR-mediated synaptic
transmission and LTP induction by reducing extracellular levels of D-serine (Henneberger
et al. 2010; Fossat et al. 2012).0ther studies demonstrated that SR is localized also in
neurons (Wolosker et al. 2008). In the meantime, the employment of new, more sensitive
and specific antibodies, immunoisolation techniques and SR-KO mice revealed a more
prominent SR expression in neurons than in astroglia (Kartvelishvily et al. 2006; Miya et al.
2008; Balu et al. 2014). Specific deletion of SR gene in neurons leads to lower D-serine levels
in forebrain, corresponding to LTP deficits. In contrast, the same deletion in astrocytes
results in a minimal variation of SR expression, along with almost unchanged levels of D-
serine and NMDAR activity (Benneyworth et al. 2012). The strong reduction in SR
expression in mice with neuron-selective SR deletion, however, is not linked to a
comparably decreased concentration of D-serine, that could be therefore provided by
peripheral sources (Benneyworth et al. 2012).

To date, the predominant localization of D-serine in astrocytes or neurons is still
debated (Kartvelishvily et al. 2006; Williams et al. 2006; Martineau et al. 2013; Balu et al.
2014). In agreement with the astrocytic compartmentalization, the hypothesis of a serine
shuttle gives a possible explanation about the distribution of D- and L-serine in the brain.
According to the serine shuttle model, L-serine would be almost exclusively synthesized in
astrocytes from glucose by Phgdh. It would then be exported to neurons, where it would
be converted into D-serine by SR. D-serine would be subsequently shuttled back and stored
in astrocytes, from which it could be released upon stimulation (Fig. 2) (Wolosker 2011).

The results reported by Balu and coworkers seem to support this hypothesis, even
though D-serine would not be shuttled between neurons and astrocytes but rather

between neurons (Balu et al. 2014).
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Figure 2: The serine shuttle between neurons and astrocytes (Wolosker 2011).

Neuron-derived D-serine also plays an important role in NMDAR activity, enhancing
LTP and synaptic transmission and plasticity (Rosenberg et al. 2013) and controlling
dendritic arborization and spine density in pyramidal neurons of somatosensory cortex
(Balu and Coyle 2012).

D-serine dynamics is evidently fine-tuned and needs the participation and regulation
of both neuronal and astrocytic metabolisms. For this reason, any definitive conclusion
cannot be drawn about the role of each source, in relation to the available data. It is
possible that spatio-temporal dynamics and metabolic needs could require preferentially
the participation of neuronal or glial D-serine sources, depending on adaptive mechanisms
at individual or groups of synapses (Martineau et al. 2014). In addition, D-serine
metabolism is developmentally regulated (Puyal et al. 2006; Dun et al. 2008). Under these
assumptions, a differential onset of glial and neuronal D-serine release during postnatal
development can be envisaged. Moreover, many data demonstrate that the astrocytic
network is formed only after several weeks after birth (Yang et al. 2013). It can be
theorized, therefore, that neuronal D-serine will be available and maintained during
postnatal development and adulthood, while glial D-serine would become accessible only

after the third postnatal week (Martineau et al. 2014).
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HUMAN SERINE RACEMASE

The biosynthesis of D-serine in mammals was clarified in 1999 by Wolosker and
colleagues by the identification of SR gene in the rat brain (Wolosker et al. 1999). The
following year, the human gene was cloned and the enzyme was functionally characterized
(De Miranda et al. 2000).

Human SR (hSR, E.C. 5.1.1.18) is a pyridoxal 5’-phosphate (PLP) dependent enzyme of
37 kDa, belonging to the fold-type Il and is active as a homodimer. SR catalyzes the
reversible racemization of L-serine into its enantiomer and the degradation of both L- and
D-serine to pyruvate and ammonia, by eliminating a water molecule. hSR is mainly
expressed in the brain, but recently it has also been discovered away from the CNS, i.e. in
keratinocytes (Inoue et al. 2014). Its principal role, however, is linked to the NMDAR
neurotransmission, which mediates important events, such as synaptic plasticity, LTP and

cell migration (Kim et al. 2005; Panatier et al. 2006; Henneberger et al. 2010).

Structure

There are two hSR crystallographic structures available in the PDB (3L6B and 3L6R),
both complexed with malonate (Smith et al. 2010), a competitive inhibitor of the enzyme
(Hoffman et al. 2009 A).

hSR is a homodimer and every monomer is composed of 340 residues, organized in a
larger and a smaller domain, both characterized by an open a-B architecture. The large
domain is formed by 6 B-strands surrounded by 10 a-helices and contains the PLP cofactor,
covalently bound to Lys56, and an atom of a divalent cation, namely magnesium or calcium
(manganese in the available crystallographic structures). The small domain is made up of 4
B-strands surrounded by 3 a-helices. The two domains are connected by a very flexible
hinge region (Fig. 3).

Human and rat SR are about 90% identical in sequence and almost structurally
indistinguishable. In addition, there is a 40% sequence identity between S. pombe and
human and rat SR. By the superimposition of the SR structures of S. pombe (spSR, 1V71 and

1WTC), R. norvegicus (rSR, 3HMK and 3L6C) and H. sapiens, Smith and colleagues could
6
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analyze the domains rearrangements in the holo and malonate-complexed forms (Smith et

al. 2010).

Figure 3. Homodimeric structure of hSR (PDB 3L6B). Every monomer is formed by a larger domain (light violet)
and a smaller domain (light green). At the interface between the two monomers there are two
adenylylmethylenediphosphonate (AMP-PCP, an ATP analog) molecules. The PLP (yellow) is covalently bound
to Lys56 in the active site. Every large domain coordinates an atom of Mn2* (pink).

The presence of the hinge region allows for the movement of the small domain during
the closure of the catalytic site. This rearrangement occurs only after recognition of the
substrate, along with the concomitant formation of the active site pocket. When the active
site is occupied by a ligand, the enzyme shows an open-to-closed conformation shift, as it
can be seen from the structural alignment of the rat holo and the complexed human SR

(Fig. 4) (Smith et al. 2010).

malonate

Figure 4: Structural alignment of rat holo (grey) and complexed human (blue) SR (Smith et al. 2010). The red
arrow indicates the movement of the small domain from the open (unbound) to the closed (ligand bound)
conformation.
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At the interface between the two monomers, every dimer can bind two molecules of
ATP complexed with Mg?*, which behave as structural cofactors and are not hydrolyzed
during catalysis. The phosphate groups are buried inside the dimerization interface, with
the adenosyl group facing the external solution (Fig. 3). Until now, there is no
crystallographic structure available for the human enzyme complexed with ATP. Recently,
Jiraskova-Vanickova and colleagues reported a model for hSR-ATP where two Mg*-ATP
molecules were docked into the hSR dimer, using the spSR-ATP structure as a template

(Jiraskova-Vanickova et al. 2011).
Catalysis

Like many other PLP-dependent enzymes, hSR is able to catalyze two distinct reactions
on the same substrate: it can racemize L-serine into its enantiomer (and vice versa) or it
can eliminate a water molecule from L- or D-serine, producing pyruvate and ammonia.
These two reactions are possible thanks to the presence into the active site of the PLP
cofactor, which delocalizes the negative charges on the pyridine ring, functioning like an
“electron sink” (John 1995).

The catalytic mechanism of mammalian SR has never been studied in detail, because
of the low purification yields of the recombinant protein. The data available thanks to the
crystallographic structures and the studies on the bacterial homologs contributed to the
determination of a reaction mechanism (Goto et al. 2009; Smith et al. 2010).

The first steps of the reaction mechanism are common to all PLP-dependent enzymes.
In the holo hSR, PLP forms a Schiff base with the e-amino group of Lys56, called internal
aldimine. When the amino acid substrate (either L- or D-serine) enters the active site, the
PLP is attacked on its C4 by an unprotonated a-amino group to form a new Schiff base
(external aldimine). Concomitantly, Lys56 is released in an unprotonated state (Scheme 1).

The racemization, the main physiological reaction, proceeds through a two-base
mechanism that involves Lys56 and Ser84. These two residues act on the opposite sides of
the substrate: in particular, Lys56 deprotonates L-serine, while D-serine is deprotonated by

Ser84. The amino acid is then re-protonated on the opposite side by the other residue (L-
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serine by Ser84 and D-serine by Lys56, respectively) (Scheme 1). Because of the absence of
a protonated nitrogen on the pyridine ring of fold type Il enzymes (Griswold and Toney
2011), no formation of a quinonoid intermediate was postulated. Although it has never
been isolated for hSR, its existence has been however hypothesized on the basis of studies
carried on alanine racemase (Toney 2005).

The B-elimination activity is supposed to be a residual reaction conserved through
evolution from a common ancestor of SR and serine dehydratase. This hypothesis is
supported by the decreasing catalytic efficiency observed from Archea to mammals
(Jiraskova-Vanickova et al. 2011). This activity, however, could be more relevant in vivo
than it has been believed and the ratio between racemization and elimination is regulated

by the relative concentrations of ATP and divalent cations (De Miranda et al. 2002).
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Scheme 1: Reaction mechanism of hSR.

The B-elimination activity was first observed on B-substituted amino acids by

Wolosker and colleagues (Panizzutti et al. 2001), while the B-elimination of serine was

described one year later (De Miranda et al. 2002).
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The elimination occurs via the hypothetical quinonoid intermediate and proceeds
through the protonation of the B-hydroxyl group (by Lys56 or Ser84 on L-serine or D-serine,
respectively). A water molecule is subsequently eliminated and the a-aminoacrylate
formed spontaneously degrades into pyruvate and ammonia (Scheme 1) (Foltyn et al.
2005).

Wolosker and colleagues proposed that, under physiological conditions, B-elimination
of D-serine acts like a natural regulation on neurotransmitter concentrations (Foltyn et al.
2005). This observation could be relevant in particular in the brain areas lacking D-amino
acid oxidase (DAAQ), an enzyme involved in the catabolism of neutral D-amino acids (Krebs
1935; Pollegioni et al. 2007; Pollegioni and Sacchi 2010). The production of pyruvate from
the B-elimination of D-serine is unlikely to have an energetic role because its amount is

estimated to be less than 0.1% of that obtained by glycolysis (Dunlop and Neidle 2005).
Regulation of SR

The activity of hSR is finely regulated by many interacting factors, including cations,
organic and inorganic molecules and proteins (Fig. 5). The regulation is carried out at

different levels and in different ways, and it is still an object of study.

1 activity |
b l | 1 activity l PICK1  GRIP
PSD-95/stargazin @ el L0 |
NO
9
T Cellular | r 3l Mg?*/Ca?*

half-life ( e |

DISC1 -
{ activity l

é‘
ATP 1T Cellular
PIP, i GOLGA3 A l
2 & ‘Ta ctivity | half-life

Figure 5. SR regulation by proteins, cations, organic and inorganic molecules and their effect on the enzyme.
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ATP and cations

The initial studies on the allosteric regulation were performed on mouse brain SR
(Neidle and Dunlop 2002). The first regulators to be discovered were ATP and divalent
cations, in particular magnesium and calcium, both exercising a positive effect on the
catalysis (De Miranda et al. 2002; Neidle and Dunlop 2002). ATP and Mg?* act synergistically
and induce a 5-fold increase in the racemization reaction. Furthermore, there is no
detectable production of pyruvate in the absence of cofactors (De Miranda et al. 2002).
ATP can strongly activate SR only in the presence of Mg? because it binds to the protein as
Mg?*-ATP complex. The other nucleotide triphosphates, as well as ADP and AMP, can
activate the enzyme to lesser extent than ATP (De Miranda et al. 2002; Neidle and Dunlop
2002). ATP and cations probably cause conformational changes that stabilize a more active
structure of the enzyme, affecting the Kv but not the k..t (De Miranda et al. 2002; Neidle
and Dunlop 2002). Interestingly, it has been found that mouse SR (mSR) is fully activated
by ATP and Mg?* at concentrations much lower than those found in the cytosol (De Miranda
et al. 2002). Thus, until recently, SR has been thought to be fully saturated (and
constitutively activated) by Mg? and ATP in vivo.

The conformational changes induced by calcium binding have been studied on mSR by
Cook and colleagues (Cook et al. 2002). In this work, they demonstrate that increased
intracellular calcium concentration activates SR in primary astrocytes and raises the levels
of extracellular D-serine. The half maximal stimulation observed, however, occurs at higher
concentrations than the Ca?* present in resting cells. For this reason, De Miranda et al.
propose a more prominent role of Mg, since it can stimulate SR at lower concentrations

and is more abundant into the cells (De Miranda et al. 2002).
Nitrosylation

The D-serine released from astrocytes enhances, by the activation of NMDAR, the Ca?*
uptake and, consequently, the activity of the neural nitric oxide synthase (nNOS) that

increases the intracellular levels of NO.

11
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Shoji and colleagues demonstrated that SR activity is decreased by NO in a human
glioblastoma cell line (Shoji et al. 2006 A; Shoji et al. 2006 B). Subsequent studies revealed
that the target of nNOS nitrosylation is Cys113 (human SR numeration), a residue
conserved in the human, mouse and rat structures. Cys113 is situated near the ATP binding-
site and its nitrosylation interferes with ATP binding, regulating the activation and causing
enzyme inhibition. NO might constitute, therefore, a feedback signal that influences

synaptic plasticity (Mustafa et al. 2007).

Interacting proteins

The control of hSR activity is also exerted through the enzyme subcellular localization
and the interaction with other proteins. These interactors bind to SR at its N- or C-termini,
generally via a repeated PDZ-domain motif, and influence SR catalytic efficiency or its
cellular half-life.

Up to now, the interactome of SR has been prevalently investigated in mouse and rat.
Many published studies are based on the employment of the two-hybrid screening, which
allowed for the identification of interacting proteins.

The first interactor to be discovered was the glutamate receptor interacting protein 1
(GRIP1), associated to AMPAR in resting cells (Kim et al. 2005). GRIP1 binds to the extreme
C-terminal portion of SR and co-localizes with AMPAR and SR in astrocytes. The activation
of AMPAR promotes GRIP1 dissociation from the receptor and its binding to SR, which, in
turn, stimulates D-serine production (Kim et al. 2005). Baumgart and coworkers found that
GRIP1 binding to mSR via its PDZ6 domain causes a conformational change that results in
variations in both the Ky and the Vmax for D-serine synthesis (Baumgart et al. 2007). In this
context, AMPAR-GRIP1-SR interactions seem to play an important role in granular cells
migration during the first developmental stages (Kim et al. 2005). The interaction of GRIP1
with the human isoform of SR has not yet been demonstrated.

Protein interacting with C kinase 1 (PICK1) is a PDZ-domain containing scaffold
involved in AMPAR trafficking, cell morphology and migration (Hanley 2008). Thanks to a

two-hybrid screening approach, Fujii and colleagues demonstrated that PICK1 binds to hSR

12
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C-terminal sequence (Fujii et al. 2005), but it is still unclear how this interaction takes place
in vivo. Subsequently, it was demonstrated that the deletion of PICK1 gene decreased levels
of D-serine in the forebrain of neonatal mice. These results suggest the involvement of
PICK1 in the modulation of D-serine synthesis (Hikida et al. 2008).

The degradation of SR through the ubiquitin-proteasome system is directly mediated
by at least two proteins, GOLGA3 and DISC1. The Golgin subfamily A member 3 (GOLGAS3,
also known as GCP170 or golgin-160) was discovered as SR interactor through the use of
two-hybrid screening (Dumin et al. 2006). Dumin and colleagues showed that GOLGA3 and
SR co-localize in the cytosol, at the perinuclear Golgi region and at the neuronal and glial
processes in primary rat cell cultures (Dumin et al. 2006). GOLGAS3 binds to the N-terminal
region of SR and promotes the accumulation of functional enzyme, decreasing its
ubiquitination in vivo by about 50% and enhancing its stability (Dumin et al. 2006).

Disrupted-in-schizophrenia-1 (DISC-1) is an interesting protein directly linked to
schizophrenia and to other psychiatric disorders and, therefore, considered as a promising
potential therapeutic target (Buchanan and Carpenter 1997; Morris et al. 2003; Hikida et
al. 2012). Through overexpression and immunoprecipitation techniques, it was
demonstrated that wild type DISC-1 binds to hSR (Ma et al. 2013). The deletion of the C-
terminal region of the protein exerts a pathogenic action on the wild type form, disrupting
its function. Furthermore, the overexpression of mutant DISC-1 results in decreased D-
serine levels, that depend on an increased hSR ubiquitination. The functional interaction
between DISC-1 and hSR is predominant in glia, although a neuronal role might also be
important (Ma et al. 2013).

Very recently, Ma and colleagues demonstrated that hSR binds also to the C-terminal
region of stargazin and to the PDZ3 domain of postsynaptic density protein 95 (PSD-95) (Ma
et al. 2014). Stargazin interacts with AMPAR and is involved in the receptor translocation
to the cellular membrane. These complexes are retained at the cell surface thanks to the
stargazing-PSD-95 binding (Schnell et al. 2002). The interaction with PSD-95 and stargazin

associates SR with the membrane and inhibits its catalytic activity. The activation of AMPAR
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allows for the dissociation of the complex, leading to enhanced catalytic activity of SR (Ma

et al. 2014).

Phosphorylation and translocation to the membrane

Some studies show that SR activity can be also modulated by phosphorylation and by
its association with the plasma membrane. So far, these two types of regulation have not
been studied on the human isoform of SR. A certain number of experimental evidences,
however, are available for mSR and rSR.

In a pioneering study, Dumin and co-workers found that mSR was present both in the
cytosolic and in the membrane fraction of cellular homogenates (Dumin et al. 2006). These
findings were more deeply investigated in further studies, where mSR was described to be
strongly bound to the synaptosomal membrane and largely inactive toward D-serine
synthesis (Balan et al. 2009). In neurons, the membrane-binding would be promoted by
NMDAR activation, probably in order to avoid D-serine production and to prevent the
overactivation of neurotransmission. The binding was proposed to take place thanks to the
phosphorylation at Thr227 and palmitoylation (Balan et al. 2009). Afterwards, it was found
that both the cytosolic and the membrane-bound mSR are phosphorylated at Thr71,
whereas the phosphorylation at Thr227 is specifically detected on the membrane-bound
SR. Thr71 is not conserved in the human sequence, and it could have a species-specific role.
Its phosphorylation affects the turnover rate of the murine enzyme (Foltyn et al. 2010).

In astrocytes, the association with the membrane is mediated by phosphatidylinositol
(4,5)-bisphosphate (PIP;). PIP, competes with the ATP binding and inhibits SR activation.
Metabotropic glutamate transmission stimulates phospholipase C that degrades PIP,,
removing SR inhibition and leading to an increased D-serine production and release

(Mustafa et al. 2009).
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D-SERINE AND NEUROPATHOLOGIES

As mentioned previously, D-serine is necessary for the NMDAR-mediated responses
and regulates the LTP in the hippocampus, a region associated with learning and memory
(Yang et al. 2003; Yang et al. 2005; Mothet et al. 2006). The D-serine signalling is, therefore,
very important in the regulation of NMDAR activity. The NMDAR dysfunctions are linked to
several neuropathologies, such as neurodegenerative and neuropsychiatric diseases,
characterized by hypo- or overactivation of the glutamatergic transmission.

NMDAR hypofunction is involved in the pathologies of schizophrenia and temporal
lobe epilepsy. Schizophrenia is a psychiatric disorder influenced by heritable factors
concerning several genes that modulate NMDAR responses (Ross et al. 2006; van Os and
Kapur 2009). Schizophrenic patients show a reduction in D-serine levels in the plasma and
in the cerebrospinal fluid (Bendikov et al. 2007; Calcia et al. 2012). The NMDAR
hypoactivation can have different origins and several studies have identified a considerable
number of mutations in D-serine metabolic enzymes as risk factors (i.e. single-nucleotide
polymorphism variants of SR, DAAO or their interacting proteins) (Morita et al. 2007; Miller
et al. 2011; Caldinelli et al. 2013; Ma et al. 2013)

The temporal lobe epilepsy is frequently associated with D-serine deficiency, that
leads to a low saturation of the co-agonist binding site of synaptic and extrasynaptic
NMDARs (Klatte et al. 2013).

The excessive stimulation of NMDAR has been, instead, implicated in many acute and
chronic neurodegenerative diseases, such as stroke, amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease (AD) and Parkinson’s disease (PD). All these disorders are characterized
by high levels of D-serine, that cause NMDAR overactivation and excitotoxicity, linked to
neuronal death (Katsuki et al. 2004; Wu et al. 2004; Sasabe et al. 2007). Several
experimental evidences demonstrate that the specific deletion of SR gene, the enzymatic
degradation of D-serine by DAAO or the employment of NMDAR antagonists, namely
memantine, ameliorate the clinical pattern (Katsuki et al. 2004; Lipton 2004; Inoue et al.

2008; Hardingham and Bading 2010).
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Human serine racemase as a therapeutic target

Acute and chronic neurologic diseases are among the leading causes of death,
disability and economic expense in the world. In this context, excitotoxic cell death occurs
in many neurodegenerative disorders and is in part due to the NMDAR over-activation and
the excessive Ca?* influx. Because of their central role in many serious diseases, NMDARs
have been selected as potential drug target for the treatment of these pathologies (Trippier
et al. 2013). The research is directed to the discovery of NMDAR antagonists, although
NMDAR potentiation is also of interest (Lisman et al. 2008). The NMDAR basal activity is
absolutely critical for normal neuronal functionality. For this reason, channel blockers and
glutamate site antagonists show generally severe side effects (Gill et al. 2005; Muir 2006).
In contrast, it was found memantine as a good inhibitor, because it blocks excessive
NMDAR activity without disrupting the normal one (Bormann 1989; Chen et al. 1992; Chen
and Lipton 2006). Memantine and its derivatives represent a few effective exceptions
targeting NMDARs and demonstrating neuroprotective properties. Memantine is already
employed in the treatment of AD (Mount and Downton 2006; Zemek et al. 2014) and also
causes benefits to patients with moderate to severe vascular dementia and dementia of
PD, although it is not yet approved for such use (Emre et al. 2010; Peng et al. 2013).

The NMDAR activation requires the occupation of two sites by glutamate and a co-
agonist, glycine or D-serine. D-serine has been demonstrated to be the principal ligand of
NMDAR in many brain areas and its involvement in the receptors activation apparently
provides a fail-safe mechanism to prevent over-activation of NMDARs by glutamate (Dixon
et al. 2006). With respect to these observations, the research on targets for the treatment
of neurological diseases has been extended upstream and downstream of the NMDAR.
Among the others, SR, being the enzyme directly responsible for the endogenous D-serine
production, can be considered a putative therapeutic target for neuropathic pain
treatment (Panizzutti et al. 2001; Strisovsky et al. 2005; Dixon et al. 2006; lJiraskova-

Vanickova et al. 2011; Vorlova et al. 2014).
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Human serine racemase inhibitors

Despite its potential relevance as a pharmacological target, there is a limited number
of studies focusing on the development of SR inhibitors (Panizzutti et al. 2001; Strisovsky
et al. 2005; Dixon et al. 2006; Jiraskova-Vanickova et al. 2011; Vorlova et al. 2014).

Campanini and coworkers have reviewed SR known inhibitors, based on their
mechanism of action, grouping them into three classes based on their target: i) the PLP
with reversible or ii) irreversible modifications, or iii) the active site (Campanini et al. 2013).

Among the molecules reacting reversibly with PLP, the stronger inhibitor is glycine,
that exhibits a K; of about 400 uM for hSR (Hoffman et al. 2009 A; Marchetti et al. 2013).
Other L- and D-amino acids were tested and it was found that the presence of amine
groups, negative charges or bulky groups did not affect the access into the active site of
mSR (Dunlop and Neidle 2005). Amino acids containing sulphydryl groups act as inhibitors
as well, reacting with PLP to form thiazolidine derivatives (Panizzutti et al. 2001; Dunlop
and Neidle 2005). Another strategy to decrease D-serine synthesis consists in the use of
substrates that elicit the B-elimination reaction. L-serine O-sulfate (Panizzutti et al. 2001),
L-erythro 3-hydroxyaspartate (Hoffman et al. 2009 A), L-threo-3-hydroxyaspartate
(Jiraskova-Vanickova et al. 2011), B-halogenated alanines (Dunlop and Neidle 2005) are
examples of these molecules (Dunlop and Neidle 2005).

A series of hydroxamic and dihydroxamic acids derivatives were assayed as hSR and
mSR inhibitors in different works (Panizzutti et al. 2001; Hoffman et al. 2009 B). They
generally react irreversibly with the PLP-enzyme linkage, forming an aldoximine. This type
of inhibition shows low specificity, as it can involve several PLP-dependent enzymes.

The enzyme active site has been widely studied in order to identify molecules with
geometric complementarity that bind tightly. To this purpose, different approaches were
followed. The best known competitive inhibitor of hSR is malonate, a small dicarboxylic
acid able to make strong ionic bonds with active site residues. It shows a Kp in the
micromolar range (33 uM (Strisovsky et al. 2005), 77 uM (Marchetti et al. 2014)) and it is
present in the crystallographic structures available for hSR (PDB 3L6B and 3L6R ) (Smith et
al. 2010). Several malonate derivatives were synthesized and tested, but showed no
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notable increase in affinity (Strisovsky et al. 2005; Jiraskova-Vanickova et al. 2011; Vorlova
et al. 2014).

Dixon and colleagues screened a large combinatorial library of molecules, employing
the one-bead one-compound approach (Dixon et al. 2006). This method allowed for the
identification of several peptides showing moderate inhibitory effects and no structural
similarities to the substrate L-serine. The selected molecules displayed slow-binding
kinetics and the structural motif observed involves histidine and phenylpropionic moieties.

The search of new compounds directed to the allosteric effectors sites, the cation
binding site, the reactive Cys113 and the regulator protein binding sites has not been
tackled so far. In particular, the allosteric site could be an interesting target for the search
of new compounds, because allosteric modulators generally show greater specificity,

reduced side effects and lower toxicity (Lu et al. 2014).
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Serine racemase is the PLP-dependent enzyme that catalyzes the conversion of L-
serine in D-serine, as well as the formation of pyruvate and ammonia from both L- and D-
serine. The relevance of human serine racemase is due to the role played by D-serine as an
essential co-agonist, together with glutamate, of NMDA receptors. These receptors are
associated with many neurological functions and their abnormally high activity causes
neurotoxicity in several neuropathologies, such as Alzheimer, Parkinson and Amyotrophic
Lateral Sclerosis. The NMDAR antagonists developed for the treatment of these diseases
have exhibited mild to severe adverse effects, suggesting alternative therapeutic strategies
based on the regulation of the metabolism of NMDAR agonists. Among these alternative
drug targets, serine racemase is considered particularly promising.

Surprisingly, to date, a detailed knowledge of the catalytic activity and regulation of
the human enzyme is rather limited. The few published biochemical studies provide a
limited insight into its regulatory mechanisms. ATP, magnesium and calcium are known to
play pivotal physiological roles affecting serine racemase activity, but their physiological
relevance remains unknown. In this framework, our work was aimed at the elucidation of
the cross-talk between active and allosteric sites via a thorough characterization of enzyme
dynamics, function and regulatory properties. Activity assays and spectroscopic methods
were applied to explore the activation by ATP on B-elimination and racemization both in
the absence and presence of enzyme inhibitors. Strong cooperativity of ATP binding was
observed, as well as a strong effect of ATP on the binding of ligands at the active site, and
vice versa. We also investigated the dependence on the activity of molecules presentin the
intracellular environment: the bivalent ions magnesium and calcium, monovalent ions and
crowding agents.

The limited number of works and the scarce results so far obtained in the search of
human serine racemase inhibitors point out the difficulty in the design of effective ligands.
With the purpose of designing new effective compounds, we applied both in silico
screenings and rational drug design approaches. The predicted inhibitors were tested using

both activity assay and fluorimetric methods. In spite of intense efforts, no high affinity
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inhibitor at the active site was identified, suggesting the exploration of allosteric sites as

alternative binding sites for inhibitors.
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Cooperative ATP binding to serine racemase

Abstract

The NMDA receptors play a key role in the excitatory neurotransmission and control
learning, memory and synaptic plasticity. Their activity is modulated by the agonist
glutamate and by the co-agonists D-serine and glycine. In the human brain, D-serine is
synthesized from L-serine by the dimeric, pyridoxal 5-phosphate-dependent enzyme
serine racemase, which also degrades L- and D-serine to pyruvate and ammonia. The
dependence of L- and D-serine B-elimination and L-serine racemization activities on ATP
concentration was characterized and found to be strongly cooperative, with Hill
coefficients close to 2 and apparent ATP dissociation constants ranging from 0.22 to 0.41
mM. ATP binding to the holo-enzyme, monitored by the fluorescence changes of the
coenzyme, was also determined to be cooperative, with an apparent dissociation constant
of 0.24 mM. Glycine, an active site ligand, increases the serine racemase affinity for ATP by
about 22-fold, abolishing cooperativity. Conversely, ATP increases 15-fold the non-
cooperative glycine binding. These results indicate a cross-talk between allosteric and
active sites, leading to the stabilization of two alternative protein conformations endowed
with ATP affinities of about 10 uM and 1.8 mM, as evaluated within the Monod, Wyman
and Changeux model. Therefore, intracellular ATP and glycine control D-serine homeostasis
and, indirectly, NMDA receptor activity. Because hyper- and hypo-activation of NMDA
receptors are associated with neuropathologies, the development of allosteric drugs

modulating serine racemase activity is a promising therapeutic strategy.
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Introduction

The N-methyl D-aspartate receptors (NMDARs) are a sub-type of ionotropic receptors
for glutamate, the main excitatory neurotransmitter in the central nervous system of
vertebrates. NMDARs play a key role in the excitatory neurotransmission and control
learning, memory and synaptic plasticity (Martineau et al. 2006; Wolosker 2007). NMDARs
activation requires the binding of the agonist glutamate as well as one of the co-agonists
D-serine and glycine (Johnson and Ascher 1987; Boehning and Snyder 2003; Wolosker et
al. 2008). Recent studies proposed that D-serine is the main agonist of synaptic NMDARs,
whereas glycine is the agonist of extra-synaptic NMDARs (Papouin et al. 2012; Henneberger
et al. 2013; Rosenberg et al. 2013). NMDARs are also modulated by antagonists, like
kynurenic acid (Kessler et al. 1989) produced by kynurenine aminotransferase (Passera et
al. 2011). Hypo-activation of NMDARs is associated with schizophrenia (Labrie et al. 2012;
Ma et al. 2013), whereas hyper-activation is associated with several neuropathologies,
including Alzheimer’s and Parkinson’s disease, ischemia (Mustafa et al. 2010), amyotrophic
lateral sclerosis and Rett syndrome (Campanini et al. 2013).

D-serine is produced by serine racemase (SR, EC 5.1.1.18) (Wolosker et al. 1999), a
pyridoxal 5’-phosphate (PLP)-dependent, homodimeric enzyme localized both in neurons
and astrocytes (Ding et al. 2011; Benneyworth et al. 2012; Ito et al. 2013). SR shows a dual
activity: the reversible racemization of L-serine to D-serine and the irreversible
B—elimination of water from both enantiomers of serine to generate pyruvate and
ammonia (De Miranda et al. 2002; Foltyn et al. 2005; Yoshimura and Goto 2008).
B—Elimination and racemization take place simultaneously, albeit with different catalytic
efficiencies (De Miranda et al. 2002; Hoffman et al. 2009), which dictate the relative
amount of the products. Both reactions were proposed to be physiologically relevant, with
the former leading to D-serine production and the latter to D-serine breakdown, a route
for the control of its homeostasis in brain areas (Foltyn et al. 2005) that lack the main
degradative enzyme for D-serine, D-amino acid oxidase (DAAO) (Pollegioni and Sacchi
2010; Sacchi et al. 2012) . Additional complex mechanisms regulate D-serine concentration,

including the shuttle of D-serine from neurons to astrocytes and its release in the synaptic
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space (Wolosker 2011), and SR modulation by ATP, divalent cations, at least four proteins,
and post-translational modifications (Fig. 1) (Foltyn et al. 2010; Jiraskova-Vanickova et al.

2011; Campanini et al. 2013).

Figure 1. Cartoon representation of a model of human SR complexed with malonate, Mn?* and ATP. The
three-dimensional structure of holo human SR in the presence of malonate and Mn?* was determined by Smith
et al., 2010 (PDB code 3L6B) (Smith et al. 2010). The large and the small domains are shown in red and cyan,
respectively, PLP bound to the active site Lys56 is displayed in yellow space-filling mode, the competitive
inhibitor malonate is displayed in blue space-filling mode, and the Mn?* ion is displayed in violet. By
overalapping the structure of human SR with the structure of SR from Schizosaccharomyces pombe (PDB code
1V71) (Goto et al. 2009), that contains the ATP analog 5’-adenylyl methylenediphosphonate (AMP-PCP), the
site of the ATP binding site to human SR is proposed. AMP-PCP is displayed in green space-filling mode.

Despite the pharmacological relevance of SR as the source of the neuromodulator D-
serine (Wolosker et al. 2008; Wolosker and Mori 2012), many aspects of its activity and
regulation are still unclear. In particular, although the allosteric activation of murine SR by
ATP was described more than ten years ago (De Miranda et al. 2002), the molecular details
of this regulatory mechanism, which modulates the overall activity of SR and the relative
rates of racemization and B-elimination (De Miranda et al. 2002; Neidle and Dunlop 2002;
Foltyn et al. 2005), have never been thoroughly characterized. For instance, based on the
reported apparent dissociation constant (Kp) of about 10 uM for ATP to the murine enzyme
(De Miranda et al. 2002; Mustafa et al. 2007) and an intracellular concentration of ATP
ranging from about 1 to 6 mM (Silver and Erecinska 1997; Ainscow et al. 2002), it was

assumed that ATP constitutively saturates the two symmetric sites at the dimer interface
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(Fig. 1) (Goto et al. 2009), resulting in a permanently fully-activated enzyme. Here, we show
that ATP binds to human SR with strong cooperativity, and increases the affinity of the
active site ligand glycine. Conversely, glycine stabilizes a protein conformation that binds
ATP non-cooperatively and with high affinity, in a cross-talk between allosteric and active
sites. Cooperativity evolutionarily developed as a molecular mechanism to maximize the
dependence of protein function on the concentration of an effector in a narrow
concentration range (Eaton et al. 2007; Cui and Karplus 2008; Peracchi and Mozzarelli 2011;
Changeux 2012; Nussinov and Tsai 2013). The cooperative behaviour of hSR opens the
possibility of a physiologically relevant regulation of D-serine synthesis by the intracellular
levels of ATP and glycine. The pharmacological implications of these novel findings are

discussed.
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Results and Discussion

Catalytic parameters of hSR for the f—elimination and racemization reactions.

We first measured the catalytic activity of hSR in the B—elimination reaction, using
either L- or D-serine as substrates, in the absence and presence of ATP (Tab. 1, and Fig. 2A,
B). The Km for L-serine was determined to be 76 + 10 mM and 12 = 1 mM, and the Ky for D-
serine 56 £ 12 mM and 144 + 27 mM, in the absence and presence of ATP, respectively.
The ket for L-serine is 37 = 4 min* and 147 + 3 min’, and for D-serine 0.9 + 0.1 min™* and
6.6 + 0.6 min™., in the absence and presence of ATP, respectively. Therefore, ATP decreases
the Kwv for L-serine 6-fold and increases the k.t about 4-fold. The resulting catalytic
efficiency (keat/Kwm) for L-serine elimination is 0.49 min mM?and 12.25 mint mMY, in the
absence and presence of ATP, respectively, indicating a 25-fold ATP-induced activation of
the B—elimination (Tab. 1). For D-serine, ATP increases both the Ky and the ket (Table 1).
The resulting catalytic efficiency is 0.016 mint mM™and 0.046 mint mM?, in the absence
and presence of ATP, respectively, indicating an ATP-induced activation of only 2.9-fold for

the D-serine B—elimination (Tab. 1).

Km [MM) keat [min-ll k(atl’KM [min'lmM'l}
Reaction
-ATP +ATP -ATP +ATP -ATP +ATP

L-serine B-elimination 76 £10 12+1 3714 14713 0.49+0.12 12,25+ 1.28

144 £27 6.6 £0.6 0.046 £ 0.013
D-serine B-elimination 56 +12 09101 0.016 + 0.005

(204 £27) (8.7%1) (0.042 £ 0.013)
L-serine racemization 48 + 16 40 + 15 29+03 10+1 0.06 + 0.03 0.25+0.14

Table 1. Catalytic parameters of hSR. Measurements were carried out at 37 °C as described in Materials and
Methods. The kinetic parameters were determined by a nonlinear regression fitting of initial reaction rates to
the Michaelis—Menten equation. Experimental curves and fittings are reported in Fig. 2. For D-serine B-
elimination in the presence of ATP, the catalytic parameters obtained in the absence of NaCl are reported in
parenthesis.

Because, differently from previously reported works, our assay buffer solutions

contained 150 mM sodium chloride, we evaluated its effect on the rate of D-serine
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elimination and found it negligible (Tab. 1). The observed ATP-induced activation of L-
serine elimination reaction is similar to that observed previously for the murine enzyme
(De Miranda et al. 2002). Overall, the net effect of ATP binding on the B—elimination
reaction is a strong stimulation of L-serine degradation with a small effect on D-serine
degradation.

We then measured the effect of ATP binding on racemization, using L-serine as
substrate (Tab. 1, Fig. 2). In the absence and presence of ATP, the Ky for L-serine is 48 + 16
mM and 40 + 15 mM, and the ket 2.9 + 0.3 mintand 10 + 1 min, respectively (Tab. 1). The
Keat/Km is 0.06 min mM™ and 0.25 min? mM (Tab. 1). Therefore, ATP leads to a 4-fold
activation of L-serine racemization. It is interesting to notice that, in the absence of ATP,
the ratio for L-serine B—elimination and racemization efficiency is 8.2, whereas in the
presence of ATP is 50, indicating that ATP binding preferentially stimulates L-serine
B—elimination rather than racemization. Furthermore, D-serine elimination occurs both in
the absence and presence of ATP with a very low efficiency with respect to L-serine
B—elimination (29- and 271-fold in the absence and presence of ATP, respectively) casting
some doubt on its proposed role in controlling D-serine homeostasis (Foltyn et al. 2005).
When D-serine is formed, the rate of its degradation by human SR is very low, and D-serine
accumulates. Interestingly, in the absence of ATP, the efficiency of all measured reactions
is lower, thus indicating that ATP plays a significant role in controlling D-serine
concentration. These findings suggest that the development of compounds that target the
ATP allosteric site might be a powerful strategy for SR modulation.

With respect to the only published characterization of the catalytic parameters of hSR
in the presence of ATP (Hoffman et al. 2009), we have found a 2-fold lower efficiency for L-
serine B—elimination, about 17-fold lower efficiency for D-serine f—elimination, and about
40-fold lower efficiency for L-serine racemization. These differences might be due to
differences in enzyme assays, or different purification and stabilization protocols.
Significant differences were already observed between the catalytic parameters of murine

SR, reported by Hoffman et al. (Hoffman et al. 2009) and Foltyn et al. (Foltyn et al. 2005).
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Figure 2. Dependence of the initial rate of B-elimination on L-serine concentration (A, B) and D-serine
concentration (C, D) and of racemization on L-serine concentration (E, F), in the absence (A, C, E) and presence
of ATP (B, D, F), respectively. The initial rate was determined as reported in Materials and Methods. Data points
were fitted to the Michaelis-Menten equation. The calculated Kw, keat and Keat/Km values for L- and D-serine are
reported in Table 1.
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ATP binding dffinity to hSR measured in the presence of saturating concentrations of

either L- or D-serine.

Because ATP increases hSR catalytic activities, we exploited this effect for determining
ATP affinity by monitoring the f—elimination activity at increasing ATP concentrations in
the presence of saturating L- or D-serine (Fig. 3A, B) or by monitoring the racemization
activity in the presence of saturating L-serine (Fig. 3C). Unexpectedly, the ATP binding curve
exhibited a marked sigmoidal shape, indicating positive cooperativity (Fig. 3). The fitting of
the titrations to the Hill equation allowed us to determine a cooperative coefficient of 1.7
+ 0.2 for L-serine B—elimination, 1.9 £+ 0.2 for D-serine B—elimination, and 2.1 £+ 0.7 for L-

serine racemization (Tab. 2).

M " M ! n 1 i L "
00 05 10 15 20 0.0 10 20 3.0 0.0 0.5 1.0 15
[ATP] (mM) [ATP] (mM) [ATP] (mM)

Figure 3. A) Dependence of the L-serine B-elimination activity of hSR on ATP concentration, in the presence
of saturating substrate. Experiments were carried out at 37 °C as reported in Materials and Methods, in the
presence of 530 mM L-serine. The experimental data were fitted to the Hill equation, yielding a Hill coefficient
of 1.7 + 0.2 and an apparent Kp for ATP of 0.22 + 0.01 mM. B) Dependence of the D-serine B-elimination
activity of hSR on ATP concentration in the presence of saturating substrate. Experiments were carried out at
37 °C as reported in Materials and Methods, in the presence of 750 mM D-serine. The experimental data were
fitted to a Hill equation, yielding a Hill coefficient of 1.9 + 0.2 and an apparent Kp for ATP of 0.41 + 0.03 mM. C)
Dependence of the racemization activity of hSR on ATP concentration in the presence of a saturating
concentration of L-Serine. Experiments were carried out at 37 °C as reported in Materials and Methods, in the
presence of 200 mM L-serine. The experimental data were fitted to the Hill equation (see Table 2) yielding a
Hill coefficient of 2.1 + 0.7 and an apparent Kp for ATP of 0.22 + 0.05 mM.

These Hill coefficients are close or equal to the maximum theoretical value for a
protein containing two binding sites, indicating a strong link between the two ATP sites,
that are 24 A away (Fig. 1). The apparent ATP Kp values, determined from the fittings (Fig.
3; Tab. 2), are 0.22 + 0.01 mM for L-serine B—elimination, 0.41 + 0.02 mM for D-serine

B—elimination, and 0.22 £ 0.05 mM for L-serine racemization (Tab. 2). The cooperative ATP
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binding was retained at subsaturating concentrations of L-serine (data not shown) and was
not associated to a modulation of the monomer-dimer equilibrium of hSR by ATP, as the
specific activity was not dependent on protein concentration in the range 0.5-5 puM (data
not shown). The observed cooperativity in ATP binding to SR indicates that the enzyme
exists as an equilibrium of at least two conformations endowed with significantly different

microscopic dissociation constants for ATP.

Method of binding detection Ko ATP (mM) Hill coefficient
Activity assay
(L-serine B-elimination) 0.22+0.01 17£02
Activity assay
(D-serine B-elimination) 0.4140.03 19402
Activity assay
(L-serine racemization) 0.22+0.05 21+07
Coenzyme fluorescence
. 0.26 £0.02 1.8+0.2
(- glycine)
Coenzyme fluorescence
c 0.0049 + 0.0006 1.02+0.09
(+ glycine)

Table 2. Binding parameters of ATP to hSR determined by monitoring either L- or D-serine f—elimination, L-
serine racemization, and by coenzyme fluorescence changes in the absence and presence of glycine. The
dependence of hSR catalytic activity on ATP was carried out as described in Fig. 3 and Materials and Methods,
in the presence of either 530 mM L-serine or 750 mM D-serine, and were fitted to the Hill equation. The
dependence of coenzyme fluorescence on ATP was carried out as described in Fig. 4-5 and Materials and
Methods, in the absence and presence of 50 mM glycine.

ATP binding to hSR detected by fluorescence measurements.

To investigate ATP binding to hSR by directly monitoring changes in protein
conformation, we exploited the spectroscopic properties of the bound PLP. The absorption
spectrum of hSR exhibited a band centered at 412 nm (Fig. 4A), attributed to the
ketoenamine form of the PLP Schiff base with Lys56. When the enzyme was excited at 412
nm, a fluorescence emission band centered at 500 nm was observed (Fig. 4B). PLP emission
at 500 nm is a very sensitive probe of the active site conformation both in terms of intensity
and wavelength of maximum emission, as previously demonstrated in the investigation of
ligand binding to O-acetylserine sulfhydrylase (Salsi et al. 2010; Salsi et al. 2010; Spyrakis

et al. 2013). Binding of ATP to hSR causes an increase of the emission at 500 nm with a
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small blue shift (Fig. 4B). The dependence of fluorescence intensity on ATP concentration
was found to be sigmoidal, with a Hill coefficient of 1.8 + 0.2 and an apparent Kp of 0.26 +
0.02 mM (Fig. 4B), mirroring the cooperative behaviour observed monitoring enzyme
activity (Fig. 3). In addition, the effect of ATP binding on the PLP fluorescence spectrum
indicates that ATP induces a conformational change of the active site, with a decrease in
its polarity and/or solvent accessibility. Considering that the apparent dissociation constant
for ATP determined from fluorimetric measurements in the absence of ligands is close to
the values determined by activity assays at saturating concentrations of substrates, it can

be concluded that reaction intermediates of neither L- nor D-serine allosterically affect the

ATP site.
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Figure 4. ATP binding to hSR. A) Absorption spectrum of a solution containing 7.4 uM hSR, 50 mM TEA, 150
mM NaCl, 1 mM EDTA, pH 8.0. B) Fluorescence emission spectra, upon excitation at 412 nm, of a solution
containing 2.7 uM hSR, 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl,, pH 8.0 and increasing
concentrations of ATP, at 20 °C. C) Dependence on ATP concentration of the fluorescence emission intensity at
490 nm upon excitation at 412 nm. The experimental points were fitted to the Hill equation, obtaining a Kp of
0.26 £ 0.02 mM and a Hill coefficient of 1.8 £ 0.2.

To assess whether the allosteric communication between the two ATP sites occurs
when the enzyme is involved in a stable complex with a ligand, ATP binding was monitored
in the presence of saturating concentrations of glycine, an amino acid capable of forming a
reversible Schiff base with SR. Glycine is present in the brain at a concentration that varies
significantly depending on localization, from 8-12 uM in the extracellular space (Matsui et
al. 1995; Horio et al. 2011) to about 0.6 mM within neuronal cells (Choi et al. 2011), and is
released by the same cells responsible for the liberation of D-serine (Rosenberg et al. 2013).

The ATP binding curve in the presence of glycine (Fig. 5A) was found to be hyperbolic and
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strongly left-shifted with respect to the binding curve for the glycine-free hSR. The
calculated Kp was 0.0049 + 0.0006 mM, indicating a very tight binding. A similar value for
ATP affinity was previously reported (De Miranda et al. 2002). Therefore, the presence of
glycine stabilizes an hSR conformation that binds ATP with high affinity and non-
cooperatively. The novel finding is that ATP binding to the glycine-free and bound forms
exhibits remarkable differences, confirming that SR possesses distinct interconverting

conformations.
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Figure 5. A) Binding of ATP to human SR in the absence and presence of glycine. Fluorescence emission spectra
upon excitation at 412 nm of a solution containing 2.7 UM hSR in 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM
MgCl,, pH 8.0, at 20 °C, were collected at increasing ATP concentrations in the absence (open circles, data from
Fig. 4C) and in the presence (closed circles) of 50 mM glycine. The dependence of the normalized fluorescence
intensity at 490 nm on ATP concentration was fitted to the Hill equation, resulting in the absence of glycine in
a Hill coefficient of 1.8 £ 0.2 and Kp of 0.26 + 0.02 mM. In the presence of glycine data were fitted to the
guadratic equation for tight ligand binding (see Materials and Methods) leading to a Kp of 0.0049 + 0.0006 mM.
B) Binding of glycine to hSR in the absence and presence of ATP. Fluorescence emission spectra upon
excitation at 412 nm were collected at increasing glycine concentrations. Experiments were carried out at 20
°C on a solution containing 2.7 uM hSR in 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl,, pH 8.0, in the
absence (open circles) and presence (closed circles) of 2 mM ATP. The dependence of the fluorescence emission
intensity at 482 nm on glycine concentration was fitted to a binding isotherm, obtaining a Kp for glycine of 0.47
+0.03 mM in the presence of ATP and 7.0 £ 0.3 mM in the absence of ATP.

To further evaluate the allosteric effect of ATP binding on the active site, glycine
binding was investigated both in the absence and presence of ATP (Fig. 5B). We found that
glycine binds non-cooperatively in both cases. A non-cooperative binding was also
observed for L- and D-serine, as proved by the pure Michaelis-Menten rate dependence
(Fig. 2 and (Foltyn et al. 2005)). However, it is noteworthy that ATP decreased the Kp for
glycine about 15-fold, from 7 mM to 0.47 mM. Therefore, ATP-bound SR exhibits a Kp for

glycine lower than the intracellular concentration of glycine (0.6 mM, (Choi et al. 2011)),
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suggesting a physiological interplay between ATP and glycine that might lead to a complex

pattern of SR modulation, that will be further investigated.
Analyzing ATP binding according to the Monod, Wyman, Changeux model.

Within the framework of the Monod, Wyman, Changeux (MWC) model (Monod et al.
1965) applied to ATP binding, glycine-bound SR coincides with a high-affinity, non-
cooperative state (R), which is in equilibrium with a low affinity state (T) in the glycine-free
or serine-bound SR. Under this assumption, the experimentally determined Kp for ATP in
the presence of glycine was assumed to correspond to the dissociation constant of the R
state (Ko®). The direct determination of this dissociation constant at 37 °C by fluorimetric
titrations was hampered by the limited stability of SR and ATP. To overcome these
limitations, the temperature dependence of the Ko® was measured by ATP titrations in the
presence of glycine at 10, 15 and 20 °C and analyzed as a van’t Hoff temperature

dependence (Fig. 6).

-11.0
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Figure 6. Dependence of binding affinity of ATP in the presence of glycine as a function of temperature.

The extrapolated value of Ko® for ATP at 37 °C was 0.0115 mM. A global fitting of the
activity data reported in Figure 2 using the MWC equation and this fixed Kp® value allowed
for the estimation of a Kp' for ATP of 1.8 = 0.5 mM. This value remarkably falls within the

intracellular ATP concentration, that ranges from 1 mM (Ainscow et al. 2002) to about 6
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mM (Silver and Erecinska 1997), but locally might be even lower, suggesting that SR is not
constantly ATP-saturated. More specifically, this finding indicates that small changes in ATP
concentration, as well as glycine concentration, have a strong impact on the distribution

between low and high efficiency SR sites.
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Conclusions

ATP elicits conformational changes both at the active site (15 A away) where serine
B—elimination and racemization take place and at the symmetric site for ATP (24 A away)
(Fig. 1). Neither L- nor D-serine, within the catalytic cycle, allosterically affect the ATP
binding sites or the symmetric active site, whereas glycine binding completely shifts the
conformational equilibrium towards the ATP high-affinity state. The structural changes
responsible for this complex cross-talk are not known. The yeast homologue of SR
crystallized in the absence and presence of the ATP analogue AMP-PCP shows a different
relative orientation of the monomers (Goto et al. 2009). It has been suggested that a
hydrogen bond network connecting the active site to the ATP-binding site might be
responsible for the ATP-dependent modulation of an open/close conformational transition
of the active site (Goto et al. 2009). Investigations toward the elucidation of the molecular
basis of the communication between allosteric and active sites, exploiting both in silico and
spectroscopic signals are currently underway in our laboratory. Furthermore, by exploiting
the sol-gel method for protein encapsulation (Ellerby et al. 1992), we might be able to trap
and fully characterize distinct hSR conformations, as previously carried out for other
proteins, including hemoglobin (Bettati and Mozzarelli 1997; Abbruzzetti et al. 2001; Bruno
et al. 2001; Shibayama and Saigo 2001; Samuni et al. 2004; Viappiani et al. 2004; Ronda et
al. 2006; Ronda et al. 2008), aspartate transcarbamilase (West and Kantrowitz 2003),
tryptophan synthase (Pioselli et al. 2005) and green fluorescent protein (Chirico et al. 2002;
Campanini et al. 2005). Finally, considering that the intracellular ATP concentration in
neurons and astrocytes, where human SR has been detected, is about 1 mM and can vary
significantly during metabolic activity and depending on energy supply, our findings suggest
that intracellular ATP concentration, as well as the relative concentration of glycine and L-
serine, might play a significant role in controlling D-serine homeostasis and, therefore,
NMDA receptors activity. In turn, these results support the exploitability of hSR (Amadasi
et al. 2007; Wolosker et al. 2008; Conti et al. 2011; Billard 2013; Campanini et al. 2013) as

a target for the development of allosteric drugs that, by fine-tuning enzyme activity, might
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serve for the treatment of psychiatric disorders and neuropathologies caused by NMDA

receptor dysfunctions.
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Materials and Methods

Materials

Chemicals were of the best commercial quality available and purchased from Sigma-
Aldrich, with the exception of tris(2-carboxyethyl)phosphine (TCEP) from Apollo Scientific,
and glycine, NADH and lysozyme from Fluka. Horseradish peroxidase (HRP) was purchased
from Sigma-Aldrich. Recombinant DAAO of Rhodotorula gracilis was a generous gift from

Professor Loredano Pollegioni, University of Insubria, Varese, Italy.

Enzyme preparation

A pET28a-derived plasmid encoding for hexahistidine-fused hSR (Dixon et al. 2006),
provided by Prof. Michael Toney, University of California, Davis, CA, USA, was transformed
into E.coli BL21 CodonPlus (DE3)-RIL cells (Merck-Millipore, Darmstadt, Germany). Cells
were grown at 37 °C in LB medium supplemented with kanamycin (50 pg/ml) and
chloramphenicol (50 pg/ml). At ODg=0.5, benzyl alcohol was added to the medium to a
final concentration of 10 mM (de Marco et al. 2005) and the growth temperature was
lowered to 20 °C. Benzyl alcohol was added because it is known to increase the expression
of molecular chaperones in response to a stress condition (de Marco et al. 2005). After 20
minutes, IPTG was added to a final concentration of 10 uM and the culture was further
incubated at 20 °C for 20 hours. Cells were harvested by centrifugation and the paste was
resuspended in lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 5 mM TCEP, 50 uM
PLP, 200 uM PMSF, 200 uM benzamidine, 1.5 uM pepstatine at pH 8.0). Cell walls were
then disrupted by treatment with lysozyme (1 mg/ml), followed by sonication. The
homogenate was clarified by centrifugation and the supernatant was incubated with a
TALON His-Tag Purification Resin (Clontech, CA, USA). After washing the resin with a buffer
containing 50 mM sodium phosphate, 150 mM NaCl, 20 mM imidazole, 5 mM TCEP, pH 8.0,
the protein was recovered by suspending the resin in a buffer containing 50 mM sodium
phosphate, 150 mM NaCl and 250 mM imidazole at pH 8.0. The protein solution was
diafiltered three times in Amicon™ stirred cell (Merck-Millipore, Darmstadt, Germany) in
50 mM TEA, 150 mM NacCl, 1 mM EDTA, pH 8. All steps were carried out at 4 °C. The protein

solution was concentrated to 64 UM in monomers, supplemented with 5% glycerol, 5 mM
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TCEP, flash-frozen and stored at -80 °C in small aliquots. Protein purity was assessed to be
98% by densitometry of Coomassie-blue-stained bands of an SDS-PAGE gel using a
Chemidoc gel imaging system (Biorad, CA, USA) (data not shown). The yield of pure SR was

2.5 mg per liter of E. coli colture.

Activity Assays

p—elimination reactions - The initial rate of L- or D-serine B-elimination was monitored
by coupling the reaction with pyruvate reduction by lactate dehydrogenase and following
NADH disappearance at 340 nm (Eisenthal and Danson 1993), using a Varian CARY400
spectrophotometer with a thermostatted cell holder. Within the time course of a
measurement (around 10 minutes) it was estimated that less than 0.03 % of the substrate
(either L-serine or D-serine) is converted to its enantiomer via racemization. The typical
activity assay solution contained 50 mM TEA, 150 mM NacCl, 50 uM PLP, 5 mM DTT, 1 mM
MgCl,, 60 U/ml LDH, 300 uM NADH. The dependence of the initial rate on either L- or D-
serine concentration was determined in the absence and presence of 1-2 mM ATP.

Racemization reaction - The initial rate of D-serine formation as a function of L-serine
concentration was determined via a discontinuous assay based on the oxidation of D-serine
by DAAO, that produces hydrogen peroxide (Molla et al. 2012). Hydrogen peroxide-
mediated oxidation of o-dianisidine by HRP leads to the formation of a chromophoric
product that, once treated with sulfuric acid to increase solubility, absorbs at 530 nm. L-
serine at different final concentrations was added to a solution containing 50 mM TEA, 150
mM NacCl, 50 uM PLP, 1 mM MgCl, and 2.3 uM hSR, either in the absence or presence of
ATP at concentrations ranging from 0.01 to 2 mM. The reaction mixture was incubated at
37 °C and aliquots were periodically sampled for the determination of D-serine
concentration. Because the commercially available L-serine contains a significant amount
of D-serine, L-serine solutions were purified prior to use by incubation for 48 hours with
400 U/ml DAAO and 100 U/ml catalase, which were then thermally inactivated. Absolute
concentrations of D-serine in the assays were assessed using calibration curves obtained

by reacting pure D-serine at known concentrations with DAAO and peroxidase.
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Dependence on ATP of L- and D-serine [f—elimination and L-serine racemization

The dependence of the initial velocity on ATP concentration was determined either in
the presence of saturating L-serine (530 mM) or D-serine (750 mM), corresponding to
about a 10-fold excess with respect to the Ky determined in the absence of ATP (Tab. 1).
The reactants were pre-equilibrated at 37.0 £ 0.5 °C in the thermostatted cell holder of the
spectrophotometer before starting the reaction by adding the enzyme at a final
concentration of typically 0.4-0.5 uM. To make sure that dimer dissociation was not
affecting activity measurements, the final concentration of hSR was raised up to 5 uM,
without observing any change in the catalytic parameters. This demonstrates that the
specific enzyme activity did not depend on protein concentration, neither in the absence

nor in the presence of ATP.

Absorbance and fluorescence measurements

Absorption spectra were carried out using a Varian CARY400 spectrophotometer, with
the cell holder thermostatted at 20.0 + 0.5 °C. Solutions contained 50 mM TEA, 150 mM
NaCl, 1 mM EDTA and 7.4 uM hSR, pH 8.0.

Fluorescence spectra of hSR in the absence and presence of ligands were collected
using a FluoroMax-3 fluorometer (HORIBA-Jobin Yvon), with the cell holder thermostatted
at 20.0 + 0.5 °C. Emission spectra upon direct excitation of the cofactor at 412 nm were
recorded with slits set for optimal signal-to-noise ratio on a solution containing 2.7 uM
enzyme, 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl,, pH 8.0. The binding affinity
of ligands to hSR was determined by monitoring the increase in fluorescence emission of
the coenzyme upon excitation at 412 nm, as previously reported for other PLP-dependent

enzymes (Campanini et al. 2005).

Data analysis

To determine the Hill coefficient and the apparent Kp, data points were fitted to the
Hill equation:

[L]"

= + _—
y yO a*KDn+[L]n
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where yis the fluorescence emission intensity or the initial reaction velocity, [L] is the ligand
concentration (ATP) and n the Hill coefficient. y, is a horizontal offset and a the amplitude.

Given the very high affinity, the determination of the Kp of ATP in the presence of
glycine was carried out by fitting the experimental points to a quadratic equation that

describes tight binding (Copeland 2000):

[P1+ [L] + Kp —/([P] + [L] + Kp)? — 4 * [P] * [L]
2

y=Yotax

where y is the fluorescence emission intensity, [P] is the fixed protein concentration and
[L] the variable ligand concentration. yo is a an horizontal offset and a the amplitude.

For the analysis of the data points using a Monod-Wyman and Changeux model
(Monod et al. 1965), the following equation for a two-sites protein was applied:

MYCea(1+ ca) + a(l + @)
(14 a)? + IMYC(1 + ca)?

y=Yo+ax

where y is the fraction of the effect, LM"¢= [T]y/[R]o is the MWC allosteric constant, i.e. the
ratio between the concentration of the two states in the absence of ligand, c=Kp*/Ko' is the
ratio between the microscopic dissociation constants of the two forms and a=[L]/Ko®is the
normalized concentration of the ligand with respect to Ko®. yo is an horizontal offset and a
the amplitude. The Kp® used in the analysis was independently estimated from the binding
curves of ATP in the presence of glycine.

The dependence of Ko as a function of temperature was determined at 10, 15 and 20
°C and the value at 37 °C was extrapolated using a linear regression using the van’t Hoff

plot:

AH® AS°
In(Kp) = =g+ %

where T is the temperature in °K, AH° the standard enthalpy, AS° the standard entropy, R

the gas constant.
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Human serine racemase activity

Abstract

D-serine is a non-proteinogenic amino acid that acts as a co-agonist of the NMDA
receptors in the central nervous system. D-serine is produced by human serine racemase
(hSR), a homodimeric pyridoxal 5’-phosphate-dependent enzyme that also catalyzes the
physiologically relevant B-elimination of both L- and D-serine to pyruvate and ammonia.
After improving the protein purification yield and stability, which had so far limited the
biochemical characterization of hSR, we found that the catalytic activity is affected by
halides, in the order fluoride>chloride>bromide. On the contrary, iodide elicited a
complete inhibition, accompanied by a modulation of the tautomeric equilibrium of the
internal aldimine. We also investigated the reciprocal effects of ATP and malonate, an
inhibitor that reversibly binds at the active site, 20 A away from the ATP binding site. ATP
increased nine-fold the affinity of hSR for malonate and malonate increased 100-fold that
of ATP, confirming an allosteric interaction between the two binding sites. To further
investigate this allosteric communication, we probed the active site accessibility by
guenching of the coenzyme fluorescence in the absence and presence of ATP. We found
that ATP stabilizes a closed conformation of the external aldimine Schiff base, suggesting a

possible mechanism for ATP-induced hSR activation.
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Introduction

D-serine is a co-agonist of the N-methyl D-aspartate receptors (NMDARs) for
glutamate, the main excitatory neurotransmitter in the central nervous system of
vertebrates. The NMDARs are unique in that they respond to three different amino acid
agonists, i.e. glutamate, glycine and D-serine (Traynelis et al. 2010). Human serine
racemase (hSR, EC 5.1.1.18) (Campanini et al. 2013; Canu et al. 2014; De Miranda et al.
2002; Foltyn et al. 2005; Foltyn et al. 2010; Hoffman et al. 2009; Wolosker et al. 1999) is a
pyridoxal 5’-phosphate (PLP)-dependent, homodimeric enzyme predominantly localized in
neurons and astrocytes (Benneyworth et al. 2012; Ding et al. 2011). SR has also been found
in cells not involved in glutamatergic neurotransmission, such as keratinocytes (Inoue et al.
2014) and even in organisms where no NMDARs homologs are present (Ito et al. 2013). SR
belongs to the fold-type Il of PLP-dependent enzymes and is structurally similar to O-
acetylserine sulfhydrylase (OASS) and to the B-subunit of tryptophan synthase (TS)
(Campanini et al. 2005; Marabotti et al. 2001; Mozzarelli and Bettati 2006; Mozzarelli et al.
2011; Raboni et al. 2009; Salsi et al. 2010; Spyrakis et al. 2013; Tian et al. 2010). SR catalyzes
both the reversible racemization of L-serine to D-serine and the irreversible B-elimination
of both enantiomers to produce pyruvate and ammonia (De Miranda et al. 2002; Foltyn et
al. 2005; Marchetti et al. 2013), a reaction analogous to those catalyzed by other PLP-
dependent enzymes (Bruno et al. 2001; Kaiser et al. 2003; Phillips et al. 2002; Toney 2011).
Both reactions contribute to D-serine homeostasis, with the former producing and the
latter removing D-serine. The brain areas lacking D-amino acid oxidase (Sacchi et al. 2012),
the main degradative enzyme for D-amino acids, rely only on SR to control the
concentration of D-serine (Foltyn et al. 2005).

A defective NMDARs-mediated neurotransmission is associated with several
pathologies. A hypo-activation is linked to schizophrenia and a hyper-activation is linked to
Alzheimer’s and Parkinson’s diseases, ischemia, amyotrophic lateral sclerosis and Rett
syndrome (Labrie et al. 2012; Ma et al. 2013; Mustafa et al. 2010). Direct pharmacological
targeting of NMDARs was shown to produce side effects that are not compatible with the
long-term treatment of these diseases (Lipton 2006; Molla et al. 2006). For this reason, the
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indirect pharmacological modulation of NMDARs via the adjustment of D-serine synthesis
and degradation by SR has been proposed as a promising strategy (Conti et al. 2011;
Jiraskova-Vanickova et al. 2011; Lipton 2006), also considering that PLP-dependent
enzymes are emerging as increasingly relevant drug targets (Amadasi et al. 2007; Amori et
al. 2012; Spyrakis et al. 2014). This approach requires an in-depth knowledge of the subtle
molecular details of SR function and regulation. It was demonstrated that ATP, that binds
at two symmetric sites at the subunit interface (Goto et al. 2009), increases hSR activity (De
Miranda et al. 2002), resulting in changes of both the overall activity of SR and of the
relative rates of racemization and B-elimination (De Miranda et al. 2002; Foltyn et al. 2005;
Neidle and Dunlop 2002). We recently showed that ATP binds in a strongly cooperative
fashion (Marchetti et al. 2013), indicating a regulation of SR activity within the range of
intracellular ATP concentrations (Ainscow et al. 2002; Silver and Erecinska 1997). We also
showed that glycine, another co-agonist of NMDARs and an unproductive ligand of SR,
increases ATP affinity and abolishes cooperativity, hinting at a physiologically relevant
regulation of D-serine synthesis by the intracellular levels of ATP and glycine (Marchetti et
al. 2013). SR function is also modulated by divalent cations (De Miranda et al. 2002), S-
nitrosylation (Mustafa et al. 2007), phosphorylation and translocation to the membrane
(Balan et al. 2009), and by proteins like GRIP1 (Kim et al. 2005), PICK1 (Fujii et al. 2006;
Zhuang et al. 2010), Golga3 (Dumin et al. 2006) and DISC1 (Ma et al. 2013).

Some fold type Il PLP-dependent enzymes are known to be regulated by cations or
anions binding at specific sites (Burkhard et al. 2000; Peracchi et al. 1995). For example, the
catalytic activity and the distribution of reaction intermediates of TS are strongly affected
by monovalent cations, which bind to a specific site near the active site (Peracchi et al.
1995), whereas the activity of OASS is affected by chloride, which binds at the intersubunit
interface (Burkhard et al. 2000). SR from the soil-living mycetozoan Dictyostelium
discoideum, uniquely among SR homologs, is modulated by Na* binding at the same site as
Mg?*, with a twofold increase of the ket and no effect on the Ky (Ito et al. 2013). Here, we

explored the conformational and catalytic properties of hSR by assessing its regulation by
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monovalent cations, halides and phosphates. We also investigated the interplay between

binding of ATP and the noncovalent active site ligand malonate.
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Results and Discussion

Human serine racemase stability

The stability of hSR in storage buffer 1 (SB1, see Materials and Methods) was evaluated
with microdialysis experiments against 50 different exchange solutions. For each condition,
the residual L-serine B-elimination activity was assessed by enzyme assays and the residual
soluble fraction was determined by SDS-PAGE. Dialysis against 50 mM TRIS buffer or TEA
buffer at pH 8.0 led to an almost complete loss of the enzyme activity and to protein
precipitation (Fig. 1). On the contrary, exchange with a buffer containing 50 mM phosphate,
a weak chelating agent, led to a significantly higher residual activity and prevented

precipitation, with a further improvement when 1 mM EDTA was added (Fig. 1).
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Figure 1. Optimization of buffer composition for hSR activity and stability. L-serine B-elimination activity of
hSR after three cycles of dialysis (1.5 hours each) against exchange solutions containing: i) 50 mM TRIS (TRIS),
ii) 50 MM TRIS in the presence of 1 mM EDTA (TRIS + EDTA); iii) 50 mM TEA (TEA), iv) 50 mM TEA in the presence
of 1 mM EDTA (TEA + EDTA), v) 50 mM sodium phosphate (phosphate), vi) 50 mM phosphate in the presence
of 1 mM EDTA (phosphate + EDTA); vii) 50 mM TRIS plus 100 mM imidazole (TRIS+ imidazole). All solutions were
at pH 8.0. The activity is expressed as a fraction of the activity of the enzyme before dialysis (Reference), 1.7
MOl pyruvatemintmgL. The assays were carried out in an assay solution (AS, see Materials and Methods).

Inset. SDS-PAGE gel of the supernatant of protein solutions.

These findings suggested that precipitation in TEA and TRIS buffers is associated with
the presence of metal ions. Consistently, addition of 1 mM EDTA to the TRIS and TEA buffers
prevented loss of activity and precipitation (Fig. 1), leading to an enzyme stable and active
for at least 8 hours, at 20 °C (data not shown). This finding explained our earlier observation
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that imidazole, a weak metal chelating agent used in Co%*-columns chromatography,
stabilized the protein until its concentration dropped below a threshold during the post-
chromatography dialysis (unpublished observation). Dialysis experiments showed that
protein solubility was strongly dependent on imidazole concentration in the range 20-250
mM, with the lower concentrations resulting in complete protein precipitation (data not
shown). At 100 mM concentration, activity was largely retained (Fig. 1).

When hSR was pre-treated with an EDTA-containing solution, dialysis against the same
exchange solutions reported in Figure 1, including those not containing EDTA, did not affect
the enzyme activity, indicating that, once the heavy metals are removed, the protein is

stable irrespective of the final buffer composition (Fig. 2).
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Figure 2. Residual B-elimination activity of hSR stored in the presence of 1 mM EDTA after cycles of dialysis
versus solutions containing 50 mM TRIS (TRIS); 50 mM TRIS, 1 mM EDTA (TRIS + EDTA); 50 mM TEA (TEA), 50
mM TEA, 1 mM EDTA (TEA + EDTA), 50 mM sodium phosphate (Phosphate); 50 mM sodium phosphate, 1 mM
EDTA (Phosphate + EDTA); 50 mM TRIS plus 100 mM imidazole (TRIS + imidazole). All solutions were at pH 8.0.
The residual activity is expressed as a fraction of the activity of the enzyme before dialysis, 1.8 pmolyyruvatemin
ImgL.

To confirm this hypothesis, CoCl; at 2 mM concentration was added to an hSR solution
pre-treated with EDTA and incubated for 2 hours, resulting in a complete inactivation and
precipitation, as determined by enzyme assays and SDS-PAGE. Similar results were
obtained in the presence of Ni?* (data not shown). These findings have a very practical
implication in the preparation of purified hSR. In previously published protocols (Smith et

al. 2010; Wang and Barger 2011), the enzyme was eluted from either Co?* or Ni?* columns
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with imidazole and then dialyzed against a TEA buffer in the absence of chelating agents.
Alternative protocols were needed to increase yields (Nagayoshi et al. 2005; Nagayoshi et
al. 2009). The influence of buffer composition on the activity of hSR, particularly TRIS and
phosphate buffers, was already reported (Wang and Barger 2011), and interpreted as a
change in oligomer population and an intrinsic higher activity of the enzyme in phosphate
buffers. Here we demonstrated that metal chelation stabilizes SR, whereas Co?" (or Ni%')
causes SR precipitation.

We also evaluated the role of PLP on hSR stability and activity. Upon extensive dialysis
against a PLP-free solution, less than 15% of hSR was in the apo state, indicating a strong
affinity for the coenzyme. An equivalent 15% decrease in activity of the dialyzed enzyme
was fully reversed upon addition of free PLP to the assay solution (data not shown).

Based on the stability assays, the original conservation solution SB1 was changed in
subsequent experiments by i) eliminating the excess of PLP and MgCl,, and ii) adding the
chelating agent EDTA. The resulting storage buffer (SB2) contained 50 mM TEA, 150 mM
NaCl, 1 mM EDTA and 5% glycerol, pH 8.0. The modified purification protocol led to higher
yields (2.5 mg/l vs 1.0 mg/| of culture), a higher stability and a twofold increase in specific
activity. The absence of free PLP in the storage buffer allowed for the spectrofluorimetric

characterization of hSR (Marchetti et al. 2013).
Effects of phosphates on hSR activity

To evaluate whether phosphates increase the enzyme activity, as previously suggested
(Wang and Barger 2011), possibly partially eliciting the effects of ATP by binding to the
same site, either 50 mM phosphate or 50 mM pyrophosphate were added to the assay
mixtures containing L-serine at concentrations of either 30 mM, a value close to the Ky, or
300 mM, close to saturation. Phosphate did not elicit any relevant effect, neither in the
presence or absence of ATP, in disagreement with reported results on hSR (Wang and
Barger 2011). In contrast, 50 mM pyrophosphate completely abolished enzyme activity
both in the absence and in the presence of 2 mM ATP (data not shown). To evaluate

whether this effect was due to a competition with ATP at the ATP binding site or to
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chelation of Mg?*, either ATP or Mg?* were added in large excess to an assay mixture
containing 5 mM pyrophosphate. Only supplementation with Mg?* led to a recovery of
activity (Fig. 3), indicating that pyrophosphate is likely to act as a chelating agent rather
than as a ligand of hSR. AMP was also tested as a ligand at the allosteric site, considering
that the ATP/AMP ratio reflects the metabolic state of the cell and might therefore have a
physiological relevance. Considering that AMP alone, unlike ATP, only marginally affects
the enzyme activity (Neidle and Dunlop 2002), displacement assays were carried out with
a ten-fold excess with respect to ATP. AMP did not decrease the activity of hSR, indicating

that ATP is not significantly displaced (data not shown).
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Figure 3. Activity of hSR in the presence of 5 mM sodium pyrophosphate (PP) and in the absence and presence

of increasing concentrations of ATP (A) or Mg?* (B). The reference is the assay carried out in the absence of
sodium pyrophosphate.

Effects of halides on hSR activity

Considering that the catalytic parameters of several fold type Il PLP-dependent
enzymes are affected by cations or anions (Peracchi et al. 1995; Burkhard et al. 2000), we

investigated the effects of monovalent cations and halides on hSR.

Monovalent cations showed no additional effect with respect to chloride, their

counter ion, irrespective of size (Fig. 4).
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Figure 4. B-Elimination activity of hSR in chloride-free AS with L-serine at 100 mM concentration. Assays were
carried out in the absence (reference) and in the presence of 150 mM LiCl, KCl, NMes-HCI and NH4CI. All
activities were normalized to a specific activity measured in the absence of salts of 2.3 umolyyruvatemin mg.

Halides, on the other hand, added to a chloride-free assay solution (AS, see Materials
and Methods) as sodium salts, exhibited a concentration-dependent effect on hSR activity,
without apparently reaching a plateau, in inverse order of ionic radius (Fig. 5A). At 200 mM
concentration, fluoride increased the activity almost 3-fold and chloride 2-fold, whereas
bromide had almost no effect and iodide abolished the activity completely at
concentrations higher than 300 mM (Fig. 5A). Further increases in fluoride concentration
were hampered by the lower solubility of its sodium salt in AS. Sodium acetate, which was
included to evaluate non-specific ionic strength effects, slightly reduced the activity to the
same extent as bromide, indicating that the effects of fluoride and chloride, on the one
hand, and iodide, on the other, are not simply associated with ionic strength. The same
assays were also carried out in the absence of ATP, with comparable results (data not
shown), indicating that halides do not affect ATP binding.

Since chloride is the only physiologically abundant halide, the effects on hSR kinetic
parameters were studied in detail (Fig. 5B). At 150 mM concentration, chloride affected
both the Ky and the ke, with a twofold increase of both parameters (from 76.5 + 1 to 176
+ 5 min’! for the kerand from 15.9 + 0.8 to 31.9 + 3.6 mM for the Ky). Therefore, the effect
of chloride resembles that of ‘uncompetitive activators’ (e.g. (Wild et al. 1976; Maruyama

1990)), which do not change the catalytic efficiency (Kcat/Kwm).
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Figure 5. Effect of monovalent ions on B-elimination activity of hSR. A. Dependence of the L-serine B-
elimination activity on the concentration of sodium halides: fluoride (open circles), chloride (closed circles),
bromide (open diamonds), iodide (open triangles). Sodium acetate (closed squares) was evaluated as a non-
halide reference. Reactions were carried out in AS buffer and in the presence of 100 mM L-serine. All values
are normalized to the specific activity measured in the absence of halides equal to 2.3 pmolgyruateminmg=. B.
Dependence of initial velocity for L-Ser B-elimination on substrate concentration in the presence (closed
circles) and absence (open circles) of 150 mM NacCl. The assays were carried out in a solution containing 50
mM TEA, 2 mM ATP, 50 uM PLP, 5 mM DTT, 1 mM MgCly, 60 U/ml LDH and 300 uM NADH, pH 8.0, at 37 °C. The
lines through the data points are the fitting to the Michaelis-Menten equation with Ky =15.9 £ 0.8 mM and keat
=76 + 1 min'lin the absence of NaCl and Ky =31.9 + 3.6 mM and ket = 176 £ 5 mint in the presence of NaCl.
The catalytic efficiency is 4.77 mint mM? and 5.51 min! mM? in the absence and presence of NaCl,
respectively.

Although it is unlikely that halides at the concentrations we tested could have any
physiological relevance, their effect might reveal a conformational equilibrium involving
ionic interactions. In the case of haemoglobin, for instance, chloride ions mask positive
charges and shift the T-R conformational equilibrium (Perutz et al. 1994). The open-to-
closed transition upon active-site ligand binding of hSR (Smith et al. 2010) could be
regulated in a similar manner. The larger effect of fluoride with respect to chloride and the
negligible effect of bromide might reflect the limited steric accessibility of the anion binding
site.

The negative effect of iodide on enzyme activity (Fig. 5A) could not be explained by
the mechanism proposed for the smaller halides and was, therefore, further investigated,
exploiting PLP and tryptophan residues as absorption and fluorescence probes. Indeed, one
molecule of PLP is bound to each hSR monomer and three Trps are present in its primary
structure, which can be exploited as conformational probes due to the sensitivity of their
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emission spectrum to the microenvironment. Trp249, Trp275 and Trp325 are located in the
large domain, with Trp249 buried in the protein matrix and Trp275 and Trp325 more
exposed to the solvent (Fig. 6).

Figure 6. Tryptophan residues in hSR three dimensional structure. Three dimensional structure of hSR (PDB
code: 3L6B) showing tryptophan residues and PLP in a ball-and-stick representation. The calculated distances
(green lines) between the aromatic residues and PLP are as follows: PLP-W249, 20 A; PLP-W325, 15 A; PLP-
W275, 13 A. Inset: the structure was rotated to show the relative orientation of PLP and tryptophans. The figure
was prepared using Discovery Studio Visualizer Software (Accelrys Software Inc., San Diego, 2013).

The relative distance between Trps and PLP is comparable to that observed for other
fold-type Il PLP-dependent enzymes and is compatible with a Forster resonance energy
transfer (FRET) from Trps to PLP (Lakowicz 2006). The UV-vis absorption spectrum of hSR
shows two bands, at 278 and 412 nm, attributed to the aromatic residues and to the
ketoenamine form of the PLP Schiff base with the active site Lys56, respectively (Marchetti

et al. 2013) (Figure 7A). Upon excitation of hSR at 298 nm, two emission peaks were

observed (Fig. 7A and Fig. 7B).
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Figure 7. Fluorescence spectra of hSR were recorded in a solution containing 2.4 uM hSR, 50 mM TEA, 150 mM
NaCl, 5 mM TCEP, 1 mM MgCl,, pH 8.0 at 20 °C. A. Fluorescence emission spectrum upon excitation at 298 nm.
B. Fluorescence emission spectrum upon excitation at 412 nm. C. Fluorescence excitation spectrum for
emission at 500 nm. Slitex was 5 nm and slitem was 5 nm.
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The band at 345 nm is due to the direct emission of tryptophan residues that, based
on the wavelength of peak maximum, are partially exposed to the solvent. The emission
band centred at 500 nm was attributed to the FRET from Trps to PLP by analogy with other
PLP-dependent enzymes, such as TS (Strambini et al. 1992), OASS (McClure and Cook 1994;
Strambini et al. 1996; Benci et al. 1999; Bettati et al. 2000; Campanini et al. 2003),
cystathionine B-synthase (Quazi and Aitken 2009; Lodha et al. 2010), DOPA decarboxylase
(Dominici et al. 1997), D-amino acid aminotransferase (Martinez del Pozo et al. 1992). This
conclusion was supported by the observation that, upon direct coenzyme excitation at 412
nm, the emission peak was centred at 502 nm (Fig. 7B).

This attribution was confirmed by the excitation spectrum at 500 nm showing peaks
at 280 and 412 nm (Fig. 7C). Based on structural (Fig. 6) and spectrofluorimetric data (Fig.
7), Trp249, whose indole ring is almost coplanar to PLP, is likely to be the residue more
involved in FRET to the cofactor, whereas the more exposed Trp275 and Trp325 are likely
to contribute mainly to the direct emission centred at 345 nm.

Addition of sodium iodide up to 0.29 M, in the same concentration range in which
iodide affects enzyme activity (Fig. 5A), brought about a progressive decrease of the
absorption band at 412 nm, with a concomitant blue shift and the appearance of a band at
330 nm (Fig. 8A). The presence of an isosbestic point suggests that only two species are
involved in the equilibrium. The attribution of absorption peaks at 330 nm has always been
controversial in PLP-dependent enzymes biochemistry, due to the high number of PLP
intermediates/adducts that absorb at this wavelength. In the case of fold-type Il PLP-
dependent enzymes, as SR, two alternatives for the attribution have been proposed: the
enolimine tautomer of the internal aldimine and a substituted aldamine. The latter has
been occasionally described in the literature and is formed by addition of a nucleophile to
the imine double bond (Bertoldi et al. 2002; Zhang et al. 2005; Gut et al. 2006). Here, the
effect of iodide on hSR spectra is interpreted as an alteration - unique among halides - of
the equilibrium between the ketoenamine and enolimine tautomers of PLP, which is very
sensitive to the active site polarity (Campanini et al. 2003; Chattopadhyay et al. 2007,

Faeder and Hammes 1971; Kallen et al. 1985; Mozzarelli and Bettati 2006; Schnackerz et
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al. 1995). A similar effect on the tautomeric equilibrium of PLP was observed for aspartate
transaminase (Burridge and Churchich 1974) and attributed to the binding of iodide to a
site near the cofactor. Absorption and fluorescence spectra of hSR were also recorded in
the absence and presence of either 150 mM NaF or 150 mM NaCl. Unlike with iodide, no
effect was observed in either absorption (data not shown) or fluorescence spectra (Fig. 9),
indicating that enzyme activation by chloride and fluoride is not associated with a change

in the tautomeric equilibrium of PLP.
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Figure 8. Effect of Nal on hSR spectroscopic properties. A. Absorption spectra of a solution containing 32 uM
hSR in 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM EDTA, 5% glycerol, pH 8.0 at 20 °C in the absence (solid
line) and presence of 0.057 (dashed line), 0.126 (dotted line), 0.210 (dash-dotted line) and 0.290 M (dash-dot-
dotted line) Nal. B. Fluorescence emission spectra of hSR upon excitation at 298 nm (slitex=5 nm, slitem=5 nm)
in the absence (solid line) and in the presence of 0.064 (dashed line), 0.126 (dotted line), 0.210 (dash-dotted
line) and 0.290 M (dash-dot-dotted line) Nal.

lodide is a commonly used quencher of Trp and PLP fluorescence (vide infra).
However, in the case of hSR, Nal did not behave simply as a quencher of hSR fluorescence
emission, but interfered with the conformation of the active site and the tautomeric
equilibrium of the cofactor. As a matter of fact, Nal affects the fluorescence emission
intensity of the cofactor upon energy transfer and causes a blue shift of the band from 502
to 475 nm (Fig. 8B). The effect was more pronounced in the presence of ATP (data not
shown). The increase of the emission intensity at 502 nm due to the energy transfer from
Trps to PLP is mainly associated with the increase in the concentration of enolimine
tautomer (see Fig. 8A) that is efficiently excited at 345 nm. The subsequent decrease in
emission intensity and the blue-shift at 475 nm can be due to a reorientation of the cofactor
with respect to Trps, to quenching by Nal of PLP emission or both. In conclusion, absorption

and fluorescence emission spectra indicate that iodide induces a change in the tautomeric
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equilibrium of the cofactor and, probably, also in the conformation of the active site,

stabilizing a less active enzyme form.
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Figure 9. Effect of fluoride and chloride on the fluorescence emission spectra of hSR. Fluorescence emission
spectra, upon excitation at 298 nm (panels A and C) and at 412 nm (panels B and D) of a solution containing 2.4
MM hSR in 50 mM TEA, 5 mM TCEP, 1 mM MgCl,, pH 8.0 at 20 °C either in the absence (solid line) and presence
(dashed line) of 150 mM fluoride (panels A and B) or 150 mM chloride (panel C and D). Slitex was 5 nm and slitem
was 5 nm.

Active site accessibility by fluorescence quenching

The complex dynamic landscape of hSR was further explored by fluorescence
guenching, in order to gain insight into the accessibility of the active site. We inspected the
ability of three commonly used quenchers, acrylamide, caesium and iodide, to quench PLP
emission. Caesium chloride was ineffective as a quencher, as previously observed for other
PLP-dependent enzymes (Rust et al. 2001), likely due to charge repulsion at the active site
entrance. Indeed, Cs* is able to quench fluorescence emission of free PLP and model

compounds simulating PLP covalently bound to a protein (Kossekova et al. 1996; Rust et al.
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2001). Acrylamide was only effective at quenching fluorescence emission upon excitation
at 330 nm, but the low emission signal hampered the retrieval of meaningful quantitative
data (data not shown). On the contrary, iodide was effective at quenching coenzyme
fluorescence of both the internal aldimine and the external aldimine with glycine, either in
the absence or presence of ATP. The complex effect of iodide on the emission spectrum of
hSR internal aldimine (Fig. 8B) did not allow to retrieve meaningful quantitative quenching
constants. On the contrary, the behaviour of hSR external aldimine with glycine is less
complex (Fig. 10), with Nal causing a decrease of the emission intensity at 483 nm, both
upon excitation at 298 nm (data not shown) and upon direct excitation at 412 nm (Fig. 10A),
without any shift in the emission maximum.

The Stern-Volmer plot for iodide quenching of hSR external aldimine in the presence
and absence of ATP (Figure 10B) shows that the active site is significantly less accessible to
the quencher in the presence of ATP (Ky=1.77 + 0.09 M) than in its absence (Ks= 5.91
0.01 M1). Although the calculation of the bimolecular quenching constant, that is the true
measure of the fluorophore accessibility, requires the knowledge of fluorescence lifetime,
Ksv (the slope of the Stern-Volmer plot) is generally interpreted as an estimate of
fluorophore accessibility (Eftink and Ghiron 1981). The stabilization of a closed
conformation in the external aldimine form might have the function of increasing substrate
affinity and correctly orienting active site residues for catalysis. This finding is in keeping
with the tighter binding of glycine caused by ATP binding (Marchetti et al. 2013).

At Nal concentrations higher than 300 mM, the Stern-Volmer plot deviates from
linearity, suggesting the release of the coenzyme. This behaviour was also observed for the
internal aldimine form of the enzyme (data not shown) and was confirmed by dialyzing a
sample of hSR exposed to 0.58 M iodide and observing that the band of the cofactor fully
disappeared (data not shown). An alternative interpretation for the upward curvature
observed in the Stern-Volmer plot would involve a static quenching component (Eftink and
Ghiron 1981). However, fitting with the equation for mixed static and dynamic quenching

(Materials and methods, Equation 2) was not satisfactory, giving K., values lower than 0.1.
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In addition, the linearization of quenching data, that should prove the coexistence of static

and dynamic quenching (Lakowicz 2006), failed.
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Figure 10. Fluorescence quenching of hSR-bound PLP. Spectra of a solution containing 2.4 uM hSR, 50 mM
TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl,, pH 8.0, at 20 °C. A. Fluorescence emission spectra of hSR external
aldimine with glycine (final concentration 50 mM) upon excitation at 298 nm (slitex=4 nm, slitem=4 nm) in the
absence (solid line) and presence of 0.064 (dashed line), 0.210 (dotted line), 0.360 (dash-dotted line) and 0.760
M (dash-dot-dotted line) Nal. B. Stern-Volmer plot of quenching of hSR external aldimine by Nal in the absence
(open circles) and presence (closed circles) of 2 mM ATP. Lines represent the fitting of data points from 0 to
0.21 M Nal (0.29 M in the case of ATP-bound hSR) to the Stern-Volmer equation (Equation 1, Materials and
Methods) with Ksv=5.91 + 0.01 M-1 and 1.77 + 0.09 M-1 in the absence and presence of ATP, respectively.

Effects of malonate on ATP binding

It has been shown that a covalent dead-end ligand of hSR, glycine, allosterically affects
the binding constants for ATP (Marchetti et al. 2013). In order to assess the role of the
covalent bond in eliciting the conformational switch between a low ATP affinity form and
a high ATP affinity form, we investigated the binding of malonate, a reversible competitive
inhibitor (Strisovsky et al. 2005) for which the three dimensional structure of the complex
with hSR is available (Smith et al. 2010).

While Trp emission was unaffected by malonate binding, coenzyme emission upon
either FRET from Trps or direct excitation at 412 nm was strongly enhanced (Fig. 11A, B).
Furthermore, the peak wavelength of the coenzyme emission was slightly blue-shifted to

498 nm.
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Figure 11. Cross-talk between the active site and the ATP-binding site probed by fluorescence emission
spectroscopy. Spectra of a solution containing 2.4 uM hSR, 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl,,
pH 8.0, at 20 °C. A. Fluorescence emission spectra of hSR upon excitation at 298 nm (slitex=5 nm, slitem=5 nm)
in the absence (solid line) and presence (dashed line) of 4.4 mM malonate. B. Fluorescence emission spectra of
hSR upon excitation at 412 nm (slitex=5 nm, slitem=5 nm) in the absence (solid line) and presence of increasing
concentrations of malonate, ranging from 68 uM to 4.4 mM. C. Fluorescence emission intensity at 500 nm upon
excitation at 412 nm of hSR as a function of malonate concentration in the absence (open circles) and presence
(closed circles) of 2 mM ATP. The dependence of the fluorescence emission intensity at 500 nm on malonate
concentration was fitted to a binding isotherm, obtaining a Kp for malonate of 77 £ 9 uM and 710 = 33 uM in
the presence and absence of ATP, respectively. D. Fluorescence emission intensity at 500 nm upon excitation
at 412 nm of hSR as a function of ATP concentration in the absence (open circles) and presence (closed circles)
of 7.1 mM malonate. The dependence of the fluorescence emission intensity at 500 nm on ATP concentration
in the presence of malonate was fitted to the equation for tight binding (Equation 3, Materials and Methods),
obtaining a Kp for ATP of 5.0 £ 0.6 uM, and in the absence of malonate to a binding isotherm, obtaining a Kp for
ATP of 255 + 4 uM.

These findings suggest that malonate causes a conformational change in the enzyme
active site that enhances the coenzyme fluorescence emission yield and leads to a decrease
in the microenvironment polarity. A similar effect was observed for glycine binding to hSR
(Marchetti et al. 2013) and ligand binding to OASS (Campanini et al. 2005; Spyrakis et al.

2013). The conformational change is likely localized at the active site because tryptophan
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emission is not affected. The dependence of the emission intensity on malonate
concentration allowed determining a dissociation constant of 710 + 33 uM (Fig. 11C).
However, when the dependence of coenzyme emission on malonate was carried out in the
presence of ATP, the dissociation constants was found to be tenfold lower, 77 + 9 uM (Fig.
11D), in good agreement with previous studies under similar experimental conditions
(Hoffman et al. 2009). The enhanced coenzyme fluorescence emission and the ATP-
dependent binding affinity of malonate parallel the results previously obtained with
glycine, that however, unlike malonate, is a covalent inhibitor forming an external aldimine
(Marchetti et al. 2013). This finding indicates that the ATP-induced conformational change
is sensed also by a non-covalent ligand and, more importantly, that the ligation state of the

active site affects ATP affinity.
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Conclusions

Human serine racemase, a potential drug target for the modulation of glutamatergic
neurotransmission, exhibits complex conformational dynamics, with several allosteric
effectors capable of altering its catalytic properties. Here, we showed that also halides
smaller than bromide, i.e. fluoride and chloride, bring about a significant effect on catalysis,
possibly because they are involved in ionic interactions that stabilize a more active enzyme
conformation by masking positive charges and favoring the open-to-closed conformational
transition. lodide, on the other hand, showed a unique negative effect on hSR activity,
associated with a drastic change in the tautomeric equilibrium of the internal aldimine. The
conformational space of serine racemase was further explored by showing that malonate,
a non-covalent ligand of the enzyme, exerts allosteric effects on the ATP binding site. ATP,
reciprocally, modulates malonate binding to the catalytic site. The structural details of this
cross-talk have been evaluated by means of fluorescence spectroscopy, revealing that ATP
activates the enzyme mainly by stabilizing a closed form of the external aldimine. The
interplay between active site and ATP allosteric site has relevant consequences on the
medicinal chemistry of hSR, suggesting that modulation of hSR activity by allosteric

effectors might be exploited for the control of D-serine homeostasis.
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Materials and methods

Materials

Chemicals were of the best commercial quality available and were purchased from
Sigma-Aldrich (St. Louis, MO, USA), with the exception of tris(2-carboxyethyl)phosphine
(TCEP) from Apollo Scientific.

Enzyme preparation

Recombinant hSR was expressed as a hexa-His tagged fusion protein encoded in a
pET28a-derived plasmid (Dixon et al. 2006) transformed into E. coli BL21 CodonPlus (DE3)-
RIL cells (Merck-Millipore, Darmstadt, Germany), as previously described (Marchetti et al.
2013). Purification was carried out using a TALON® His-Tag Purification Resin (Clontech, CA,
USA). The protein was concentrated in a storage buffer (SB1) containing 50 mM
triethanolamine (TEA), 150 mM NacCl, 1 mM MgCl,, 5% glycerol, 50 uM PLP, 5 mM TCEP,
pH 8.0. Small aliquots were flash-frozen and thawed before use. After assessing the
influence of different storage solutions on protein stability, SB1 was replaced with SB2,
containing 50 mM TEA, 150 mM NaCl, 1 mM EDTA, 5% glycerol, pH 8.0, for subsequent
preparations. The PLP content was determined by releasing the coenzyme in 0.1 M NaOH,
using the €335 = 6600 M*cm™. The extinction coefficient measured for hSR was determined
to be 34,140 M'cm™ at 278 nm and 5,990 Mlcm™ at 412 nm. Protein concentration is

expressed as monomers.

Activity assays

Activity assays for the B-elimination of L-serine (Foltyn et al. 2005; Marchetti et al.
2013) were carried out in an assay solution (AS) containing 50 mM TEA, 2 mM ATP, 50 uM
PLP, 5mM DTT, 1 mM MgCl,, 150 mM NacCl, 60 U/ml LDH and 300 uM NADH, pH 8.0, unless
otherwise specified. The reaction was typically started by adding hSR at a concentration of

0.3-0.5 uM. All reactions were carried out at 37 °C.

Protein stability in different buffer solutions
To evaluate hSR stability, 20 ul aliquots of the stock protein solution in SB1 were
extensively dialyzed for 4 hours at 4 °C against exchange solutions in home-made devices
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based on 12000 MW cut-off membranes. The exchange solutions varied by i) type and
concentration of buffering agents (tris(hydroxymethyl)aminomethane (TRIS), TEA, and
sodium phosphate); ii) presence or absence of chelating agents (EDTA); iii) presence or
absence of reducing agents (TCEP or DTT); iv) presence or absence of PLP. At the end of
dialysis, the residual B-eliminase activity of the hSR solution was tested in activity assays
with a L-serine concentration of 100 mM, which is nearly saturating for hSR (Marchetti et
al. 2013). On the same samples, the amount of soluble protein was determined by
centrifugation, followed by SDS-PAGE, to ascertain whether the activity loss was associated
with either protein inactivation or protein precipitation. All experiments were carried out

at least in duplicate.

lon dependence

To assess the dependence of hSR activity on monovalent cations, either sodium
chloride, lithium chloride, potassium chloride, trimethylamine hydrochloride or
ammonium chloride were added to a sodium chloride-free AS, at a fixed final concentration
of 150 mM. To assess the activity dependence on anions, either sodium fluoride, sodium
chloride, sodium bromide, sodium iodide, or sodium acetate were added to a sodium
chloride-free AS at final concentrations ranging from 10 mM to 300 mM. The effect of
sodium phosphate and sodium pyrophosphate on enzyme activity was measured at final
concentrations of 5 and 50 mM in AS. To evaluate a possible competition between ATP and
AMP, ATP concentration in AS was reduced to 133 uM, close to the Kpfor hSR (Marchetti

et al. 2013), and AMP was added at concentrations ranging from 133 uM to 13 mM.

Fluorescence measurements

Fluorescence emission spectra of hSR were collected using a FluoroMax-3 fluorometer
(HORIBA-Jobin Yvon, NJ, USA) equipped with a cell holder thermostatted at 20.0 + 0.5 °C.
Solutions contained 2.4-4 uM hSR in buffer F (50 mM TEA, 150 mM NaCl, 5 mM TCEP and
1 mM MgCl,, pH 8.0). Slit width was chosen to optimize the signal-to-noise ratio and to
prevent cofactor bleaching. Spectra were corrected for buffer contribution. The binding
affinity of ligands to hSR was determined by monitoring the increase in fluorescence
emission of the coenzyme upon excitation at 412 nm, as previously reported for other PLP-
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dependent enzymes (Schnackerz et al. 1995; Schiaretti et al. 2004; Campanini et al. 2005).
Accessibility of the cofactor was assessed by fluorescence quenching. CsCl, Nal and
acrylamide solutions were prepared in 50 mM TEA buffer, 5 mM TCEP, 1 mM MgCl,, 150
NaCl, pH 8.0. Na,S,03 at 0.01 mM concentration was added to Nal solutions to prevent
iodide oxidation. Quenching data were analyzed according to the Stern-Volmer equation

(Eftink and Ghiron 1981):

Fo

(1) 7:1+K5V'[Q]

where F is the fluorescence intensity in the absence of the quencher, Fis the fluorescence
at each given quencher concentration, Ksy is the Stern-Volmer constant and [Q] is the

concentration of the quencher.

Mixed static and dynamic quenching is described by Equation 2:
F :
) =1+ Key [Q]) "1

where Fo, F, Ksy and Q are as described in equation 1 and V is a static quenching constant
that represents an active volume element surrounding the excited fluorophore (Eftink

and Ghiron 1981).

The dependence of the fluorescence emission intensity on ATP concentration in the

presence of malonate was fitted to the equation for tight binding (Copeland 2000).

[P1+[L]+Kp—/([P1+[L]+Kp)2—4+[P]*[L]
2

(3) y=Yyotax

where y is the fluorescence emission intensity, [P] is the fixed protein concentration and

[L] the variable ligand concentration. y; is a an horizontal offset and a the amplitude.
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Malonate-based inhibitors

Abstract

D-serine, an important modulator of N-methyl-D-aspartate receptors (NMDARs), is
synthesized by serine racemase (SR), a pyridoxal 5’-phosphate (PLP)-dependent enzyme.
NMDARs-mediated neurotoxicity is involved many neurodegenerative disorders, such as
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and in cerebral
ischemia. Therefore, the inhibition of SR could represent a possible novel strategy to treat
several pathological conditions. Here we considered the enzymatic conformational
ensemble to develop a new series of SR competitive inhibitors based on cyclopropane
scaffold and on malonate core modifications. Our results can provide useful indications for

the development of novel SR inhibitors.
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Introduction

In the last twenty years, D-serine has been discovered as the main endogenous co-
agonist on N-methyl-D-aspartate receptors (NMDARs) in mammalian central nervous
system (Furukawa and Gouaux 2003; Shleper et al. 2005; Panatier et al. 2006). NMDARs
dysregulation is often linked to severe neurological diseases, such as Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis and neuropathic pain (Van Horn et al.
2013). Based on these observations, the modulation of D-serine metabolism has been
envisaged as a possible mean to regulate NMDARs activation (Lipton 2006; Conti et al.
2011; Jiraskova-Vanickova et al. 2011). In particular, the research on a rational target for
the development of new drugs focused the attention on serine racemase (SR, E.C. 5.1.1.18,
(Wolosker et al. 1999)), the enzyme responsible of D-serine synthesis (Panizzutti et al.
2001; Strisovsky et al. 2005; Dixon et al. 2006). Drugs aimed at modulating its activity must
be very specific and able to cross the blood-brain barrier. Until now, only a few competitive
inhibitors have been identified, demonstrating that the development of specific and potent
human SR (hSR) inhibitors is very challenging (Jiraskova-Vanickova et al. 2011). The low
recombinant protein purification yields and stability, the low enzymatic reaction rate and
the wide conformational flexibility of the enzyme complicate the search of new inhibitors
(Campanini et al. 2013).

The most potent hSR inhibitor identified so far is malonate, a dicarboxylic acid that
binds competitively to the active site (Strisovsky et al. 2005; Hoffman et al. 2009; Smith et
al. 2010). The small dimensions and the carboxylate groups establishing strong ionic
interaction with the active site, make this molecule able to enter and bind relatively
strongly to the catalytic pocket (Fig. 1A). Smith and colleagues crystallized the SR-malonate
complex and demonstrated, through comparison with the unliganded structure, that
binding to the active site promotes a series of rearrangements towards a closed
conformation (Fig. 1B) (Smith et al. 2010). Before the present study, a computational
investigation was carried out by means of a targeted molecular dynamics (TMD) simulation

(Bruno et al. 2011). The aim of that work was to simulate the open-to-closed
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conformational transition of SR and, through clustering analysis, to identify the most

relevant enzyme conformations to be used for docking/virtual screening purposes.

A B

R135

Figure 1. A. Malonate binding to hSR active site. The hydrogen bonds formed between malonate (green
structure) and the surrounding residues and water molecules (red spheres) are shown by red dashed lines. One
carboxylate interacts with the backbone nitrogens of Ser84, Asn86 and His87, with the side chain of Ser83, the
side chain nitrogen of Lys56 and a water molecule; the other one forms a salt bridge interaction with Arg135
and contacts Ser84, Ser242 and three water molecules. B. Superimposition of the open and the closed SR
conformations. The major rearrangements involve the small domain (cyan and red open and closed
conformation, respectively) that bends over the binding site closing the access to the pocket.

From the simulation results, it seemed that the open-to-closed rearrangement is a
dynamic process not characterized by discrete states. This evidence enormously
complicates any attempt to rationally design drugs based on docking studies (Bruno et al.
2011). In the present research, malonate was chosen as the reference compound and its
structure was revised introducing various types of modifications. The investigation implied
the synthesis of several compounds that were tested on hSR through in vitro assays,
exploiting the elimination activity of the enzyme and the fluorescence properties of PLP

cofactor, leading to an improved structure-activity relationship (SAR) study.
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Results and discussion

Mammalian SR is a PLP-dependent homodimeric enzyme belonging to the fold type Il
family (Wolosker et al. 1999; De Miranda et al. 2000; Foltyn et al. 2005; Hoffman et al.
2009; Campanini et al. 2013). Every monomer is composed of a large domain and a smaller,
flexible one that rearranges as a consequence of substrate binding to close the active site
(Smith et al. 2010). Ligand recognition leads to important conformational changes to
establish a proper interaction. The limited number of enzyme conformations captured by
X-ray crystallography cannot delineate all the features of this structural rearrangement.
The TDM study (Bruno et al. 2011), simulating the open-to-closed SR transition, allowed for
the generation of six representative structures, covering the whole transition from the
open to the malonate-complexed closed forms. These selected structures were used for
docking a small library of known SR inhibitors and closely related inactive analogs. The
inclusion of protein flexibility in the computational simulation showed better results than
the docking on individual crystallographic structures. Malonate was chosen as the
reference structure and template for the development of new molecules. Its structure can
be easily modified and shows good physiochemical parameters such as solubility and
lipophilicity, in accordance with the drug-likeness required characteristics.

The research aimed to discover novel hSR competitive inhibitors and it was pursued
following two approaches: i) the constrain of the structure, to favour a stronger interaction
at the target binding site (compounds belonging to Group A, Tab. 1); ii) the modification of
the malonate core, in order to define which substituents could be tolerated (compounds

belonging to Group B, Tab. 2).

Design of substituted cyclopropanes

We reasoned that cyclopropane-1,2-dicarboxylic structure could mimic the malonate
conformation, specifically in the two carboxylic extremities. In addition, maleic acid,
reported as a moderate hSR inhibitor (Ki=0.55+0.12 mM, (Strisovsky et al. 2005)), well
superimposes with both molecules (Fig. 2). In agreement with these observations, a small

library of compounds enclosing the malonate structure in the rigid conformation of
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cyclopropane was synthesized. Moreover, it was considered that a more rigid structure

could have led to a stronger interaction with the active site (Tab. 1).

Figure 2. Superimposition of malonate (orange), maleate (green) and the cyclopropane nucleus (purple). The
three molecules show a high degree of superimposition.
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Table 1. Group A compounds. The molecules are designed adding different substituents on the cyclopropane-
1,2-dicarboxylic scaffold
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Cis and trans conformation were investigated, in order to identify which isomer was
better tolerated. It was also checked whether the introduction of bulkier and/or less polar

substituents would be compatible with the binding to the active site structure (Fig. 3).

Figure 3. A. Superimposition of the docking poses of malonic acid (magenta), succinic acid (yellow) and maleic
acid (cyan); B. Docking pose of compound 3 A; C. Binding mode of compound 1 A; D. Docking pose of compound
9A.

Design of malonate derivatives

Along with the previous compounds, another series of molecules was conceived,
considering a set of substituted malonates and also some bioisosteres. The purpose of this
investigation was to refine the SAR for malonate derivatives and to identify the accepted

modifications to yield a better inhibitor.
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Table 2. Group B compounds. The molecules are obtained by adding different substituent groups on the
malonate structure. Modifications were added on the a-carbon and by esterification of the two carboxyl
groups. Compounds 19 B and 20 B are bioisosteres of malonate.
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The designed molecules show small polar and apolar groups on the a-carbon, bulky

groups and groups with different electrochemical characteristics as substituents.

Compound library screening

Before the evaluation of the compounds activity, some considerations were made
about the screening criteria and the in vitro assays were optimized. The goal of the
compound library screening is not to identify drugs, but rather to find hits of the target
enzyme in order to define lead compounds suitable for drug optimization (Copeland 2005).
Because of the large number of molecules to be tested, the screening process must be
standardized. For this reason all the compounds were prepared in stocks with the same
concentration, i.e. 100 mM, which was considered as a good compromise in terms of
solubility and volumes needed in the assays setup. Drug-like inhibitors often have a limited
solubility, so we decided to solubilize all the molecules in the same aprotic solvent, in
particular 100% dimethyl sulfoxide (DMSO). The tolerance for this solvent varies between
different enzymes and, therefore, we first evaluated how the DMSO concentration affected
the catalytic activity of hSR. A DMSO titration was performed, to define the maximum
concentration tolerated and to analyze the enzymatic behaviour. hSR is able to perform
two distinct catalytic activities, racemization and B-elimination, on the same substrate L-
serine (Strisovsky et al. 2005). Since the two reactions are known to share the same
enzymatic active site, it is possible to study hSR activity by analyzing either reaction. In this
case, B-elimination reaction was chosen as the simplest activity to be monitored. The
dependence was carried out at two different substrate concentrations, in particular at the
Km value and at saturating concentrations of substrate. We found that, at L-serine
concentrations close to the Ky, the hSR initial activity increases at increasing DMSO
concentrations (see Appendix). When the same analysis was performed at saturating L-
serine concentration, we noticed that the Vmax values were almost unaltered, leading to the
conclusion that DMSO affected the catalytic efficiency but not the ke of hSR. The activity
differences at subsaturating L-serine concentrations in the absence and in the presence of

DMSO required the determination of the catalytic parameters in the presence of the
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solvent. The activity dependence on L-serine concentration was carried out both in the
absence and in the presence of 5% DMSO (v/v), considering it as a reasonable percentage
of solvent for the screening. In the presence of 5% DMSO, the Ky of hSR was about a half
with respect to that calculated in the absence of solvent (data not shown). The tolerance
test was also performed on static fluorescence, another mean to determine the compound
binding to hSR active site, in order to verify the enzyme stability. Protein solution spectra
were recorded at different time points after hSR dilution in a buffer solution containing 5%
DMSO and the signal was found to be stable (data not shown).

We decided to proceed to an initial screening of all the molecules, testing their effect
on enzymatic activity. Activity assays were carried out at the physiological temperature of
37 °C. The compounds effectiveness was evaluated comparing the initial enzymatic rate in
the presence and in the absence of the potential inhibitor. In order to consider the effect
of the solvent, DMSO was added in the reference assay at the same concentration present
in the inhibition test. An 80% residual activity was taken as a threshold above which the
inhibitory effect could not be reliably calculated.

For each compound, the corresponding inhibition constant (K;) value was determined
with the equation for competitive inhibition (see Materials and Methods). For the
compounds showing the most interesting activities, the dissociation constant (Kp) was
determined by fluorescence measurements (Fig. 4). With this purpose, it is possible to
exploit the fluorescence emission properties of the PLP cofactor, by measuring its increase
in fluorescence emission at 500 nm upon direct excitation at 412 nm (Campanini et al. 2005
B; Marchetti et al. 2013; Spyrakis et al. 2013 A; Marchetti et al. 2014). Measurements were
carried out at 20 °C, a temperature that combines protein stability, good fluorescence
signal intensity and short times for the equilibrium of protein-ligand complex formation.
The dependence of the fluorescence emission on ligand concentration was then fitted by a
binding isotherm, in order to calculate the compound Kp (Fig. 4 and see also Materials and

Methods).
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Figure 4. Example of Kp determination by fluorimetric titration. A. Fluorescence emission spectra, upon
excitation at 412 nm, of a solution containing 2.4 uM hSR, 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM MgCl,,
5% DMSO (v/v), pH 8.0, and increasing concentration of 2 B, at 20 °C. B. Dependence on 2 B concentration of
the fluorescence emission intensity at 498 nm upon excitation at 412 nm. The experimental points were fitted
by a binding isotherm equation, yielding a Kp of 12.0+0.6 uM.

Malonate and maleate were also tested on hSR as a control. The control assays values
were in agreement with the results already reported in literature (Strisovsky et al. 2005;
Smith et al. 2010; Jiraskova-Vanickova et al. 2011), confirming the experimental reliability

of the test. The results for the most representative molecules are reported in Table 3.

COMPOUND ACTIVITY K;(uM) FLUORESCENCE Ko (uM)
Malonate 66 15.0+0.6
Maleate 600 352+14
3A 1300 1000100

8A 2700 >5000
9A 3500 >5000
S5A 3900 2500+500
1A 3800 >5000
12A >5000 >5000
1B 70 32.9%+2.7
2B 920 12.0%0.6
1B 620 432+18
20B 3800 >3000
8B >5000 22500
19B >5000 >2500
12B >5000 >5000

Table 3. Screening results of some compounds listed in Tables 1 and 2. The K; and the Kp values, measured by
activity and fluorescence binding assays, were obtained in the presence of 5% DMSO. Compounds are divided
in three sections (controls, group A and group B) and are reported in order of potency.
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In the case of competitive inhibition, the K; calculated by the activity assay and the Kp
calculated by fluorimetric titrations should be identical. Here, small difference between the

two values could be due to the different temperature used for the two assays.

Substituted cyclopropanes

In the cyclopropane derivatives group, compound 3 A was the only one that
demonstrated an affinity for hSR around 1 mM and for this reason it was further
investigated. Its ICso value was calculated in the presence of 10% DMSO (see Materials and
Methods) and it was found to be 3.3+0.4 mM, leading to the conclusion that the structural
constrain imposed in the cyclopropanic structure is detrimental for activity. This result was
almost puzzling because from the computational studies these compounds were fitting the
binding cavity almost perfectly (Fig.4). Therefore the molecular modeling results were
analyzed again in light of the outcome of the experimental assays. We saw that, despite
the good docking score similar to that of malonate and compound 3 A, compound 1 A was
completely ineffective. To understand the reason of its inactivity, the binding mode of
compound 1 A was compared with the original crystal structure. In the crystallographic
complex a water molecule is located approximately where the carboxyl group of this trans
derivative is accommodated and it is conserved in almost all the crystal structures (also in
the open enzyme form), establishing hydrogen bonds with Asn154 and the phosphate
group of PLP. We reasoned that the inhibitor carboxyl group in this position could have
displaced this water molecule, enforcing the interaction with enzyme, but experimental
tests did not confirm our hypothesis. Subsequent docking experiments in the presence of
this crystallographic water molecule do not produce any meaningful pose for 1 A, therefore
it is likely that it resulted inactive because it is not able to displace the water molecule.

Concerning the other derivatives, from our study we also understood that introducing
geometrical constraints to the small known inhibitors of SR is detrimental for the activity.
In fact, maleic acid, the closest to our compounds among known inhibitors, was reported
to have a K; of 550 uM (Strisovsky et al. 2005), whereas the K; of the most potent of our

derivatives, 3 A, is only 1 mM.
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Malonate derivatives

In the case of malonate analogues, despite the weak activity of the tested molecules,
a few SAR clues can be described. Compounds 2 B and 11 B were found to show the best
activity, with an affinity comparable to malonate. We calculated the ICso value for 11 B and
it was found to be 0.125 £ 0.025 mM. This might be consistent with a stronger interaction
at the target binding site with polar amino acids, warranted by the nature of hydrogen bond
donor/acceptor of the hydroxyl and aminic groups. When a more lipophilic group such as
methyl, unable to establish hydrogen bonds, replaces the hydroxyl group, the activity
decreased and is completely lost when the substituent group, beside lipophilic, is also
particularly bulky.

Since it seems that a hydrogen bond acceptor is necessary as substituent on Cq, an
amidic functionality was inserted. However the compound resulted to be inactive, as well
as for the bulkier derivatives (compound 12 B). Finally it is clear that the carboxylic moieties
must have an extremely specific interaction with the target binding site, as the substitution
of the carboxylic acid with its isosteres led to a loss of compound activity (compounds 19 B

and 20 B).
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Conclusions

The cyclopropane derivatives resulted less potent than malonate in our tests. The
most active cyclopropanic compound was 3 A, which showed a Kp of about 1 mM. The
synthetic efforts aimed to rationally expand the series led only to compounds with very low
affinity for the target. Bulky groups, as well as small functional groups, or polar atoms or
more lipophilic substituents, led only to higher Kp. Moreover, it seems evident that
constrained molecules are consistently less effective as hSR inhibitors. The conformation
imposed by the cyclopropanic structure, therefore, is not compatible with the
conformation adopted by the two carboxylic groups. In addition, our findings highlighted
the extremely specific interaction of the carboxyl groups also by demonstrating the loss of
activity of the malonate isosteres. As demonstrated with malonate derivatives, the
insertion of an oxygen or nitrogen atom on C, that allows for the formation of additional
hydrogen bonds ensures an inhibitory activity comparable to that of malonate. This activity
is lost when the substituent is bulkier or apolar. This might be consistent with a stronger
interaction with polar amino acids in the active site.

While this study was in progress, three other works aiming to identify novel potential
SR inhibitors were published (Harty et al. 2014; Mori et al. 2014; Vorlova et al. 2014). The
studies were performed following different approaches: Harty et al. designed some
substrate analogs as potential inhibitors (Harty et al. 2014), whereas in the paper of Mori
et al., novel potential inhibitors of SR are reported derived from an in silico ligand based
Virtual Screening (Mori et al. 2014). Finally, the study of Vorlova et al. aimed at the analysis
of malonate-based inhibitors using docking, analysis of hydration and semiempirical
guantum-mechanical calculations (Vorlova et al. 2014). Also in these studies the activity of
the identified compounds is in the high micromolar/low millimolar range, confirming the
complexity of finding potent inhibitors for this enzyme.

In the present study, we first verified the importance of considering the enzyme
conformational ensemble to obtain a more truthful description of the molecules that can
bind to SR active site. In conclusion, novel hSR inhibitors were identified based on
cyclopropane scaffold starting from an in silico screening, followed by chemical synthesis
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of the compounds and in vitro enzyme assay. With this approach some valuable
information was obtained in terms of structural requirements for hSR binding and
inhibition that will be used for further development of novel SR inhibitors for the study and

treatment of neurodegenerative disorders.
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Materials and methods

Materials

Chemicals were of the best commercial quality available and purchased from Sigma-
Aldrich, with the exception of NADH from Fluka and of tris(2-carboxyethyl)phosphine
(TCEP) from Apollo Scientific.

Compounds preparation

The tested compounds were developed and synthetized by the research group of Prof.
Gabriele Costantino (Department of Pharmacy, University of Parma, Italy). The compounds,
provided as powders, were dissolved in a volume of 100% DMSO in order to have 100 mM

stock solutions. Solutions were stored at -20 °C.

Enzyme preparation

Recombinant hSR was expressed as a hexa-His tagged fusion protein encoded in a
pET28a-derived plasmid (Dixon et al. 2006), provided by Prof. Michael Toney (University of
California, Davis, CA, USA), in E. coli BL21 CodonPlus (DE3)-RIL cells (Merck-Millipore,
Darmstadt, Germany). The expression and purification were performed as previously
described (Marchetti et al. 2013). The protein was concentrated in a storage buffer,
containing 50 mM TEA, 150 mM NaCl, 1 mM EDTA, 5% glycerol, pH 8.0. Small aliquots were

flash-frozen and thawed before use. Protein concentration is expressed as monomers.

Activity assays and compounds screening

Activity assays for the B-elimination of L-serine (Foltyn et al. 2005; Marchetti et al.
2013) were carried out in an assay solution containing 50 mM TEA, 2 mM ATP, 50 uM PLP,
5 mM DTT, 1 mM MgCl,, 150 mM NacCl, 60 U/ml LDH and 300 uM NADH, pH 8.0. The
reaction kinetics was measured following the NADH disappearance at 340 nm (Eisenthal
and Danson 1993), using a Varian CARY400 spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA), with the cell holder thermostatted at 37 °C, and was typically started

by adding hSR at a concentration of 0.4-0.5 uM.

Initial screening — initially, all the compounds were tested at least in duplicate at a

single fixed concentration of 0.3-0.6 mM. The substrate L-serine was added at different
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concentrations (typically equal to the Ky or half Ky), depending on the range of sensitivity
required. The inhibition effect was evaluated with respect to the enzyme activity registered
in the absence of inhibitors, but in the presence of a concentration of DMSO equal to that
present in the inhibition assay. The apparent K; of every compound was calculated with the

same Equation:

[S] * Vinax
[ST+ Ky(1+

UO = K.
kel

ul
that describes the enzyme activity in the presence of a competitive inhibitor (Copeland
2000). vpis the initial rate in the presence of the competitive inhibitor, [S] and [/] are the
concentrations in the assay of substrate and inhibitor, respectively, and K;is the inhibition
constant.

The influence of a compound on the activity was considered significant only when the

percentage of residual activity was equal to or lower than 80%.

ICso determination — 1Cso values were obtained in the presence of an L-serine
concentration close to hSR Ky and in the presence of 10% DMSO. Although the compounds
were conceived as competitive inhibitors, this substrate concentration ensures the balance
between the opposing effects of substrate concentration on calculated ICso for competitive
and uncompetitive inhibition mechanisms. Moreover, it is likely to reflect the physiological
conditions of many enzymes (Copeland 2005). The percentage of DMSO is related to the
compound concentrations needed to reach the saturation of the curve. Fractional rates

were fitted with the Equation:

ICso = 5o

where vpis the initial rate in the absence of the competitive inhibitor, v;is the initial rate in
the presence of the competitive inhibitor and [/] is the concentration of inhibitor in the

assay.
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Fluorescence binding

The affinity of the compounds for hSR in the absence of substrate was measured
exploiting the fluorescence emission properties of the PLP cofactor at 500 nm upon
excitation at 412 nm. Measurements were collected using a Spex Fluoromax-2 fluorometer
(HORIBA Jobin-Yvon, North Edison, NJ, USA) with the cell holder thermostatted at 20.0 +
0.5 °C. The assay temperature was chosen since it assures a better stability of hSR during
the titration which lasts approximately one hour. The solution contained 2.4 uM hSR in 50
mM TEA, 150 mM NaCl, 5 mM TCEP, 2 mM ATP, 1 mM MgCl, and 5% DMSO, pH 8.0. The
dependence of the fluorescence emission intensity of the cofactor on ligand concentration

was fitted by a binding isotherm to calculate the dissociation constant:

[L]

gy

where [ is the fluorescence intensity, [L] the ligand concentration and K the dissociation

constant of the protein-ligand complex.
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Human serine racemase structure-based virtual screening

Abstract

In recent years, many neurodegenerative diseases have been found to be related to
the dysfunction of N-methyl-D-aspartate receptors (NMDARSs)-mediated
neurotransmission. Drugs that directly point to regulate the receptors activity evoke strong
responses and very often show severe side effects. For this reason, research efforts are
aimed at the modulation of enzymes that produce co-agonists or antagonists in order to
operate a milder regulation of neurotransmission. Since in many brain areas D-serine
binding is necessary for the complete activation of NMDARs, serine racemase (SR) - the
enzyme responsible for D-serine synthesis - has been proposed as an alternative potential
therapeutic target. The limited results obtained in the identification of new SR specific
inhibitors, however, demonstrate that this enzyme is a difficult target. In this context, the
help of computational approaches might reduce the experimental efforts

In this work, a combination of virtual screening and in vitro analysis was applied to

obtain information on the interaction between potential inhibitors and SR active site.
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Introduction

N-methyl-D-aspartate receptors (NMDARs) are the principal responsible of excitatory
neurotransmission in mammalian central nervous system. Their activity is strictly related
to many important functions, like excitatory neurotransmission, long term potentiation,
synaptic plasticity, learning and movement coordination (Mothet et al. 2000; Martineau et
al. 2006; Panatier et al. 2006; Niemann et al. 2007). The dysfunction of NMDARs activity
regulation very often correlates with severe neuropathologies, such as ischemia,
neuropathic pain, Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis
and schizophrenia (Gonzalez et al. 2014; Paul and de Belleroche 2014). As a consequence,
the development of drugs able to modulate NMDARs activity assumes a central role in the
treatment of several neurodegenerative diseases. As a matter of fact, in a majority of cases
molecules that directly regulate receptors activity were demonstrated to evoke severe side
effects (Lipton 2004; Chen and Lipton 2006). Among the others, only memantine showed
good results, achieving approval for the treatment of moderate to severe Alzheimer’s
disease (Lipton 2004; Peng et al. 2013) and also receiving the indication for the treatment
of patients with moderate to severe vascular dementia and Parkinson’s disease (Aarsland
et al. 2009; Peng et al. 2013).

In light of the difficulties in the search of NMDAR-targeting drugs, the indirect
regulation of the receptors can be considered as an alternative approach. For this reason,
in recent years the investigation of new pharmacological targets has been broadened
upstream and downstream of the NMDARs regulation pathway. In this context serine
racemase (SR), the enzyme responsible for D-serine synthesis, is considered as a good
candidate target. Despite its relevance, however, the limited number of studies involving
the search of new SR inhibitors and the poor results ensuing from such studies indicate that
this enzyme is a hard target. Published works on SR inhibitors were carried out by different
approaches (Strisovsky et al. 2005; Dixon et al. 2006; Hoffman et al. 2009 B; Jiraskova-
Vanickova et al. 2011). More recent studies have exploited computational methods (Mori

et al. 2014; Vorlova et al. 2014).
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Computational screening have assumed a crucial role in drug discovery, and the
application of approaches such as ligand- or structure-based virtual screening (VS) are
widely used in many investigations aimed at identifying novel protein ligands (Ripphausen
et al. 2010; Lavecchia 2014).

Although until now the application of computational methods on SR has not led to the
identification of molecules with significant inhibitory activity, in silico investigations may
help to define important structural requirements for the interaction of ligands with the
target.

In this work, a commercial library of molecules was screened against SR, leading to the
identification of eight compounds with putative inhibitory activity. Although the activity
assays showed that these compounds exhibited low inhibitory activity, the study allowed
for the definition of steric and chemical features for active inhibitors. These findings may

help in the development of new active molecules able to bind to the active site of hSR.
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Results and discussion

A VS study requires the selection of a three-dimensional model, with structural and
dynamic properties mimicking the conformational plasticity of the enzyme. The structure
of human SR complexed with malonate (hSR, PDB code 3L6B, 1.5 A) was chosen as a
reference for the closed conformation. In order to have a model for the open conformation,
the apo rat structure (PDB code 3HMK, 2.1 A) was selected (Smith et al. 2010). The human
and the rat sequences show a high degree of identity (89.4%) and differ only at fifteen
positions (Fig. 1). These mutations are distant from the active site and, taken into account
that the two structures show a very similar architecture of the substrate binding site (Fig.

2), 3HMK was chosen as a model for the human open conformation.

20 40
* * |
R.norvegicus MCAQYC | SFADVEKAHLN IQDSVHLTPVLTSSILNQIAGRNLFFKCELFQKTGSFK 56
H.sapiens MCAQYC | SFADVEKAHINIRDSIHLTPVLTSSILNQLTGRNLFFKCELFQKTGSFK 56
conservation
) 80 100
| * * * | |

R.norvegicus | RGALNAIRGLIPDTLEGKPKAVVTHSSGNHGOALTYAAKLEGIPAYIVVPQTAPN 112
H.sapiens | RGALNAVRSLVPDALERKPKAVVTHSSGNHGOALTYAAKLEGIPAYIVVPQTAPD 112

Conservation
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H.sapiens CKKLAIQAYGAS IVYCEPSDESRENVAKRVTEETEGIMVHPNQEPAVIAGQOGT | AL 168

Conservation
180 200 220
1 x| |
R.norvegicus EVLNQOVPLVDALVVPVGGGGMVAGIAITIKTLKPSVKVYAAEPSNADDCYQSKLKG 224
H.sapiens EVLNOQVPLVDALVVPVGGGGMLAGIAITVKALKPSVKVYAAEPSNADDCYQSKLKG 224
Conservation |

240 260 2
|

*  k * | * |
R.norvegicus ELTPNLHPPET IADGVKSS IGLNTWP I IRDLVDDVFTVTEDEIKYATQLVWERMKL 280
H.sapiens KLMPNLYPPETIADGVKSS IGLNTWP I IRDLVDDIFTVTEDE IKCATQLVWERMKL 280

8

Conservation |
300 20
| I % *
R.norvegicus LI1EPTAGVGLAAVLSOHFQTVSPEVKNICIVLSGGNVDLTS - LSWVKQOAERPAP - - 333
H.sapiens LIEPTAGVGVAAVLSOHFQTVSPEVKNICIVLSGGNVDLTSS I TWVKOQAERPASYQ 336
Conservation |
340
|
R.norvegicus - - - - 333

H.sapiens SVSV 340

Conservation -:

Figure 6. Alignment of human and rat SR sequences. The two sequences are 89.4 % identical. The consensus
bar shows the conserved (blue) and the different (red) residues between the two sequences. Some mutations
are conservative. The differences involve only fifteen positions: Q20R, A39T, G66S, T71A, G74R, S128C, Q140K,
1143T, T199A, E225K, T227M, H231Y, Y269C, P334S and the insertion/deletion of S322 (CLC Sequence Viewer
6, CLC Bio, Qiagen).
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Figure 7. A. Three dimensional structure of hSR (PDB code 3L6B). Mutations are represented as red spheres
and PLP in yellow sticks. B. Superimposition of human (3L6B, cyan) and rat (3HMK, yellow) SR active sites.

J

The holo and apo architectures mainly differ from each other for the organization of
the small sub-domain (Fig. 3). This local rearrangement determines some differences in
shape, architecture and pharmacophoric fingerprint of the binding pocket. In order to
better evaluate the interaction between ligands and the protein, both architectures have
been taken into account and two pocket conformations have been analyzed with the GRID
molecular interaction fields (MIFs) (Goodford 1985; Carosati et al. 2004), calculated by
using hydrophobic, H-bond acceptor, and H-bond donor probes. In the holo form, the
binding site is well-defined (Fig. 4A). The MIFs calculation showed the overall polar
characteristics of the pocket environment (Fig. 4C). Conversely, in the apo form the pocket
is open and significantly exposed, thus losing defined boundaries in the upper part (Fig.
4B). Thus, the open conformation seems to be suitable for larger ligands with respect to
the closed pocket. In addition, the MIFs calculation revealed the presence of hydrophobic
patches in the upper portion of the pocket (Fig. 4D). Taken together these results revealed
significant differences between the two conformation of the pocket and, therefore, the use

of both models in the VS was worthwhile.
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Figure 8. Superimposition of the ribbon-tube representations of holo (yellow) and apo (white) structures of
serine racemase. The shapes of the closed (yellow) and open (white) binding pockets are represented in mesh.
Dashed arrows indicate the extent of the reorganization at the level of the small sub-domain.

Figure 9. The anatomy of the closed and open binding sites. The shape of the binding sites is represented in
yellow mesh while lining amino acids are represented in sticks. A and B. Surface details of the holo (A) and apo
(B) forms of serine racemase. In the holo form, the binding pocket is closed whereas in the apo structure the
pocket is open and exposed to the solvent. C and D. The white, red and blue contours represent the favorable
binding site regions for placing, respectively, hydrophobic, hydrogen-bond-acceptor, and hydrogen-bond-
donor groups. C. The pharmacophore fingerprint of the closed pocket (holo form). D. The pharmacophore
fingerprint of the open pocket (apo form).

The two models were employed for the Structure Based VS (SBVS, see Materials and
Methods). Only molecules with calculated LogP < 1 were chosen from the entire SPECS
database, containing more than 300000 compounds. The resulting set of 11937 molecules
underwent SBVS within both holo and apo forms of SR by using the FLAP software. The
shapes of two pockets, generating the respective MIFs, formed the templates. Ligands
were ranked in accordance to the FLAP distance from template (Cross et al. 2012), that is
anindex representing the degree of complementarity between ligands and MIFs templates.
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The top 2.5% molecules were visually inspected and the most interesting molecules,
in accordance to the similarity with templates, were docked in the corresponding model
and re-scored. On the basis of i) the computed binding architecture, ii) the overlapping with
the pockets MIFs and iii) the HINT score, 8 compounds were selected for experimental trials

(Tab. 1).

COMPOUND  SPECS CODE STRUCTURE HINT SCORE MODEL
=} %
1 AG-205/07908015 & O E_NL{’H 600 Open
\\ [s]

HO. o
o HN
2 AG-670/36765032 ~ ,UfHO 5 1200 Open
]

N
O)\'il
[0 OH
o)
3 Al-942/42301799 }D\OH 3000 Closed
o} OH
4 AQ-390/42133048 mc HN% 1900 Open
OH
[s]
5 AE-641/00361044 o 1300 Open
N OH
H O\\N’;{}
HO N e
6 AG-690/36720008 *ﬁ =0 600 Open
SNH B
G G
Oy #° o
7 AK-968/41924790 m% oH 2200 Open
e}
K]
OC\
[e]
II\II
Xy Yo
8 Al-240/31702043 » 1700 Open
N OH

OH

Table 2. Putative SR inhibitors identified by in silico screening.
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The experimental screening was carried out by evaluating the initial B-elimination rate
on L-serine in the presence and in the absence of the potential inhibitor. For each
compound the apparent inhibition constant (Ki) was calculated with the equation for
competitive inhibition (see Materials and Methods).

From the screening results, the most active compounds were AG-205, AG-670, Al-942
and AQ-390. Because of the limited quantities of compounds provided from SPECS, it was
not possible to determine the ICso values, but only estimated values that were around 2
mM for all the four compounds (Equation 2, Materials and Methods).

Subsequently, the enzyme affinity for these molecules was explored with fluorescence
binding titrations in the presence of 5% DMSO. No apparent binding was detected for any
compound (data not shown). This may be due to the ability of these molecules to bind to
the open form of hSR, without promoting any structural rearrangement that would affect
the fluorescence emission of PLP. Because of its similarity to malonate (Hoffman et al. 2009
A; Smith et al. 2010) compound Al-942 was the only one predicted to interact with the
closed conformation of hSR. Also in this case, however, we did not record any significant
influence on the PLP emission spectra, probably because the Kp was too high to be

determined under our experimental conditions.
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Conclusions

Overall, on the basis of our computational results, some structural features shared by
active ligands can be inferred. First, with the exception of Al-942 that resembles the mode
of interaction of the well-known inhibitor malonate, the other molecules, AQ-390, AG-205
and AG-670, were predicted to interact with the open conformation of SR. For this reason,
a mechanism involving the stabilization of a conformation resembling the apo form of the
enzyme is proposed. In light of the experimental results, the computational analysis reveals
that active ligands show complementarity to the open pocket both in terms of shape and
physicochemical characteristics. Specifically, active ligands have to be buried within the
cleft. Furthermore it seems to be required the presence of at least one carboxyl group to

interact with Ser83 (as in the case of AQ-390 and AG-205, Fig. 5).

Figure 10. Docking poses of compounds AG-205, AG-670, Al-942 and AQ-390. All the four compounds were
found to be active and, with the exception of Al-942, were predicted to interact with the open conformation of
SR. The dotted lines represent interactions of the compounds under examination (yellow sticks) with the
protein residues and PLP (white sticks) are represented.
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In the absence of such contacts, even if the shape match is satisfied, the interaction is
prevented (as in the case of Al-240, data not shown). A slightly different pattern of
interaction was found for AG-670 since it did not sink within the surface groove. Rather, it
protruded beyond the groove simultaneously interacting with Ser83 and Arg135. A similar
mode of interaction was also observed for the inactive compound AK-968 that, however,
does not interact with Ser83 (data not shown). This may explain at least in part the
inactivity of such compound and suggests that the interaction with Ser83 may be a
mandatory contact. Whit respect to the inactive molecules AG-690 and AE-641, although
they share groups able to interact with Ser83 (including carboxyl groups, as in the case of
AE-641), they did not satisfy shape requirements and, in addition, they were much more
exposed to the solvent without being able to interact with Arg135. Thus, the presence of
the simultaneous interaction with Ser83 and Argl135 seems to be indispensable to stabilize

molecules not buried within the active site.
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Materials and Methods

Molecular modeling

The models for the holo and apo forms of the protein were retrieved from the Protein
Data Bank (http://www.rcsb.org) (PDB codes: 3L6B and 3HMK, respectively (Smith et al.
2010)). The latter structure is the rat ortholog but, in the lack of human apo structures, it
can be used as a good model for the human enzyme due to the high sequence identity
(almost 90%) and the conserved amino acid composition and architecture of the binding
site. Protein structures and ligands were processed by using the software Sybyl, version 8.1
(www.tripos.com). All atoms were checked for atom- and bond-type assignments. Amino-
and carboxyl-terminal groups were set as protonated and deprotonated, respectively.
Hydrogen atoms were computationally added to the protein and energy-minimized using
the Powell algorithm with a coverage gradient of <0.5 kcal mol™* A1 and a maximum of

1500 cycles.

Structure-Based Virtual Screening

The Specs database (http://www.specs.net) was chosen as the library for VS. This
archive belongs to the ZINC database (http://www.zinc.docking.org) (Irwin and Shoichet
2004) and provides commercially available molecules with an acceptable purity, as stated
in previous works (Carosati et al. 2006; Brincat et al. 2011; Carosati et al. 2012; Spyrakis et
al. 2013 A). The database contains more than 300000 molecules with significant chemical
and geometric diversity. The entire dataset was downloaded and preliminary filtered
according to the calculated LogP values. We filtered molecules having a LogP < 1 (11937
molecules) in order to ensure a sufficient solubility of compounds thus facilitating the
experimental management.

The SBVS was performed with FLAP software (Fingerprint for Ligand And Protein)
(Baroni et al. 2007), developed and licensed by Molecular Discovery Ltd.
(http://www.moldiscovery.com). FLAP approach (Cross et al. 2012) is based on molecular
interaction fields calculated by GRID algorithm (Goodford 1985) and has been successfully
applied in previous studies (Muratore et al. 2012; Spyrakis et al. 2013 A; Spyrakis et al. 2013

B). FLAP allows the fast selection of the most interesting candidates with chemical and
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structural complementarity with the receptor binding site (structure-based VS) and/or
ligands with known activity (ligand-based VS) (Baroni et al. 2007; Spyrakis et al. 2013 A). In
the present work, the structure-based VS was performed by using both the holo and apo
protein structures. Compounds were ranked according to the distance from the template
(Cross et al. 2012) and the most interesting molecules underwent a docking simulation
within the respective protein model. We paid attention to exclude compounds containing

free primary amines, in order to avoid the formation of Schiff bases with PLP.

Docking simulations and re-scoring procedures.

The docking simulations of all compounds were performed with the program GOLD
version 5.0 (CCDC; Cambridge, U.K.; http://www.ccd.cam.ac.uk). For each GOLD docking
search, a maximum number of 100000 operations were performed on a population of 100
individuals with a selection pressure of 1.1. Operator weights for crossover, mutation, and
migration were set to 95, 95, and 10, respectively. The number of islands was set to 5 and
the niche to 2. The hydrogen bond distance was set to 2.5 A and the vdW linear cutoff to
4.0. Ligand flexibility options “flip pyramidal N”, “flip amide bonds”, and “flip ring corners”
were allowed. All crystallographic waters and ligands were removed and 50 poses for each
compound were generated and re-scored by HINT. It was taken into account only the best
HINT scored pose for each ligand. The software HINT (Hydrophatic INTeraction) (Kellogg
and Abraham 2000) was used as the re-scoring function on the basis of previous studies
attesting the higher reliability of HINT scoring with respect to other scoring functions, and
its successful use in the search of ligands for other targets, as well as in the estimation of
ligand binding free energies (Cozzini et al. 2002; Fornabaio et al. 2003; Fornabaio et al.
2004; Marabotti et al. 2008; Salsi et al. 2010 A; Cozzini and Dellafiora 2012; Dellafiora et al.
2013; Dellafiora et al. 2014)

Materials
Chemicals were of the best commercial quality available and purchased from Sigma-
Aldrich, with the exception of NADH from Fluka. Tested compounds were purchased from

SPECS (http://www.specs.net). The compounds, available as powders, were dissolved in a
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volume of 100% DMSO in order to have 100 mM stock solutions. Solutions were stored at

-20 °C.

Enzyme preparation

Recombinant hSR was expressed as a hexa-His tagged fusion protein encoded in a
pET28a-derived plasmid (Dixon et al. 2006), provided by Prof. Michael Toney (University of
California, Davis, CA, USA), in E. coli BL21 CodonPlus (DE3)-RIL cells (Merck-Millipore,
Darmstadt, Germany). The expression and purification were performed as previously
described (Marchetti et al. 2013). The protein was concentrated in a storage buffer,
containing 50 mM TEA, 150 mM NaCl, 1 mM EDTA, 5% glycerol, pH 8.0. Small aliquots were

flash-frozen and thawed before use. Protein concentration is expressed as monomers.

Activity assays and compounds screening

Activity assays for the B-elimination of L-serine (Foltyn et al. 2005; Marchetti et al.
2013) were carried out in an assay solution containing 50 mM TEA, 2 mM ATP, 50 uM PLP,
5 mM DTT, 1 mM MgCly, 150 mM NaCl, 60 U/ml LDH and 300 uM NADH, pH 8.0. The
reaction kinetics was measured following the NADH disappearance at 340 nm (Eisenthal
and Danson 1993), using a Varian CARY219 spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA), with the cell holder thermostatted at 37 °C. Reactions were typically
started by the addition of hSR at a final concentration of 0.6-1.1 uM.

The substrate L-serine was added at a concentration equal to the Ky, with the
exception of AG-690, that was tested in the presence of a substrate concentration equal to
one seventh of the Ku. The K; of the compounds were calculated by applying the Equation:

S1* Vinax
(1) Vo = 5] K;
IS+ Kne (1)

that describes the enzyme activity in the presence of a competitive inhibitor (Copeland
2000). vpis the initial rate in the presence of the competitive inhibitor, [S] and [I] are the
concentrations in the assay of substrate and inhibitor, respectively, and K;is the inhibition

constant.
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Compounds were tested at 5 mM but some compounds, namely AG-690, AK-968 and
Al-240, were tested at concentrations lower than 5 mM, due to their strong absorption at
340 nm. In particular, compound AG-690 was tested at 1.2 mM, while compounds AK-968
and Al-240 at 2.8 mM. Moreover, it was only possible to test Al-942 at the maximum
concentration of 2.8 mM, because of the limited quantities provided by SPECS. For each
compound, the assays in the presence of the highest concentration of inhibitor were
carried out in the presence of 5% DMSO (v/v), in order to have homogeneous data in terms
of effect of the solvent.

Based on the experimental conditions needed in the different assays setup, the range

of sensitivity was determined (Tab. 2).

COMPOUND TEST RANGE OF
CONCENTRATION (mM) | SENSITIVITY (mM)
AG-205 5 0.08 <Ki< 10
AG-670 5 0.08 <Ki< 10
Al-942 2.8 0.05 <K< 6
AQ-390 5 0.08 <Ki< 10
AE-641 5 0.08 <Ki< 10
AG-690 1.2 0.08 <Ki< 4.2 *
AK-968 2.8 0.03 <K< 3.8
Al-240 2.8 0.03 <K< 3.8

Table 3. Concentrations of potential inhibitor and range of sensitivity of the activity tests for the evaluation of
inhibitory activity.*Because of its strong absorption, to ensure a range of sensitivity comparable to other
compounds, it was necessary to test AG-690 in the presence of a low concentration of L-serine.

The inhibition was evaluated with respect to the enzyme activity measured in the
absence of inhibitors. Reference activity was calculated in the presence of a concentration
of DMSO equal to that present in the inhibition assay. The apparent K; of every compound
was calculated with the equation (1). The influence of a compound on the activity was
considered significant only when the percentage of residual activity was equal to or lower
than 80%.

The estimate of the theoretical ICso values were obtained by applying the equation:

2) ICs0 = mo

vy
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where vpis the initial rate in the absence of the competitive inhibitor, v;is the initial rate in
the presence of the competitive inhibitor and [I] is the concentration of inhibitor in the

assay.

Fluorescence binding

The affinity of the compounds for hSR in the absence of substrate was measured
exploiting the fluorescence emission properties of the PLP cofactor at 500 nm upon
excitation at 412 nm. Measurements were collected using a Spex Fluoromax-2 fluorometer
(HORIBA Jobin-Yvon, North Edison, NJ, USA) with the cell holder thermostatted at 20.0 +
0.5 °C. The assay temperature was set at 20 °C since it assures a good stability of hSR during
the titration which lasts approximately one hour. The solution contained 2.4 uM hSR in 50
mM TEA, 150 mM NaCl, 5 mM TCEP, 2 mM ATP, 1 mM MgCl, and 5% DMSO, pH 8.0. The
dependence of the fluorescence emission intensity of the cofactor on ligand concentration

was fitted by a binding isotherm to calculate the dissociation constant:

_ ax[L]
(3) y_y0+b+[L]

where y is the fluorescence intensity, yo is the initial fluorescence intensity, [L] the ligand
concentration, a is the amplitude of the transition, and b represent the dissociation

constant of the protein-ligand complex.
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Crowding agents

Introduction

The cytosol is a crowded environment where proteins, carbohydrates and nucleic
acids are normally present at high concentrations (Ellis 2001). The cytosol of E. coli cells,
for example, contains a concentration of macromolecules of about 200-400 mg/ml
(Zimmerman and Trach 1991), which strongly reduce the solvent availability for diffusion
processes. For this reason, intracellular crowding can affect the behaviour of proteins and
macromolecules in the cell with respect to in vitro tests (Minton 2006).

To mimic the intracellular environment in vitro, the crowding effect on enzymatic
activity can be achieved by adding macromolecules known as crowding agents. The most
common crowding agents used in biochemical studies are ficoll (that mimics a globular
structure) and dextran (that mimics a rod-shaped structure). In this study, the effect of the

viscosity-increasing agents glycerol and DMSO was also investigated.
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Results and discussion

In order to evaluate the effect of crowding agents on hSR activity, the reaction rates
at a fixed L-serine concentration were measured in the assay buffer (AS, see Materials and
Methods) in the presence of either glycerol, DMSO, ficoll 70 or dextran 40, at a
concentration of 200 mg/ml, that nicely mimics the total mass density of cytosol (Cayley
and Record 2003; Konopka et al. 2006) (Fig. 1). As only glycerol and DMSO resulted in an
increase in activity, titrations at increasing concentrations of the two agents were made
(Fig. 2). Michaelis-Menten dependencies were then measured at fixed concentrations of
either glycerol or DMSO at 200 mg/ml concentrations (data not shown). The estimated Kus
in the presence of 20% glycerol and DMSO were determined to be 3-fold and 6-fold lower,
respectively, with respect to that measured in the same AS solution without viscosity-

increasing agents. The Vmax did not change in either condition (data not shown).
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Figure 1. Dependence of hSR activity on the concentration of crowding agents. All crowding agents were at a
concentration of 200 mg/ml. The reaction rates were measured at a single concentration of 10 mM L-serine
and normalized with respect to the rate measured in the absence of any crowding agent (Reference in the
graph).

The effect exerted by co-solutes, at the same concentration, on solution viscosity

depends on their molecular weight. The bigger the solute, the bigger is the effect on

macroviscosity. However, as highlighted by Hagen (J. Hagen 2010), microviscosity, rather
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than macroviscosity, affects ligand diffusion into and out of the active site and protein
dynamics. As a consequence, keeping the macroviscosity constant, small co-solutes, like

glycerol or DMSO, are expected to affect catalytic parameters more than large polymers

(Blacklow et al. 1988).
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Figure 2. Dependence of hSR activity on the concentration of the viscosity-increasing agents, glycerol (open
circles) and DMSO (closed cyrcles). The reaction rate was measured at a single concentration of 33 mM L-
serine, a value close to the Ky, and normalized with respect to the rate measured in the absence of either

glycerol or DMSO.

The effect of DMSO on the B-elimination catalytic parameters, i.e. the decrease in the
Kwm, was further confirmed by malonate binding to hSR measured by fluorimetric titrations
in the presence and absence of DMSO. Malonate is a known reversible inhibitor of hSR and
its affinity to the enzyme is strongly affected by the presence of DMSO at 50 and 100 mg/m|
(5% and 10 %) (Fig. 3). The Kp decreased from 77 £ 9 uM in the absence of DMSO to 9.4 +

0.4 uM at 100 mg/ml DMSO.
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Figure 3. Malonate binding to hSR in the absence and in the presence of DMSO. Fluorescence emission spectra
upon excitation at 412 nm of a solution containing 2.7 uM hSR in 50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM
MgCl,, pH 8.0, at 20 °C, were collected at increasing concentrations of malonate in the absence (closed circles)
and in the presence of 5% (open circles) and 10% (open triangles) of DMSO (v/v). The dependences of the
normalized fluorescence intensity at 500 nm on malonate concentration were fitted to a binding isotherm. The
resulting Kps in the absence and in the presence of DMSO 5% and 10% were of 77 £ 9 uM, 15 + 0.6 uM and 9.4
+ 0.4 uM respectively.
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Materials and Methods

Materials

Chemicals were of the best commercial quality available and purchased from Sigma-
Aldrich, with the exception of tris(2-carboxyethyl)phosphine (TCEP) from Apollo Scientific
and NADH from Fluka.

Crowding and agent solutions
Ficoll 70 and dextran 40 were dissolved O/N under agitation at 4 °C in 100 mM TEA pH

8.0 at the final concentration of 500 mg/ml. Glycerol was diluted to 50% (w/v) in water and

DMSO was used as 100% solution.

Activity assay
The initial rate of L-serine B-elimination was monitored by coupling the reaction with

pyruvate reduction by lactate dehydrogenase and following NADH disappearance at 340
nm (Eisenthal and Danson 1993), using a Varian CARY400 spectrophotometer with a
thermostatted cell holder. The typical activity assay solution contained 50 mM TEA, 150
mM Nacl, 50 uM PLP, 5 mM DTT, 1 mM MgCl, 60 U/ml LDH, 300 uM NADH.

The effect on the initial rate of 200 mg/ml crowding and viscosity-increasing agents
was determined in the presence of 10 mM L-serine. The dependences of the initial rate in
the presence of increasing concentration of glycerol and DMSO were determined in the
presence of 30 mM L-serine, a concentration close to the Ky. Data were normalized for the

activity recorded in the absence of viscosity-increasing agents.

Fluorescence measurements
Fluorescence spectra of hSR were collected using a FluoroMax-3 fluorometer

(HORIBA-Jobin Yvon), with the cell holder thermostatted at 20.0 = 0.5 °C. Emission spectra
upon direct excitation of the cofactor at 412 nm were recorded with slits set for optimal
signal-to-noise ratio on a solution containing 2.7 uM enzyme, 50 mM TEA, 150 mM NacCl, 5
mM TCEP, 1 mM MgCl,, pH 8.0 and in the absence and in the presence of 5% and 10%

DMSO (v/v). The binding affinity of malonate to hSR was determined by monitoring the
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increase in fluorescence emission of the coenzyme upon excitation at 412 nm, as previously
reported for other PLP-dependent enzymes (Campanini et al. 2005).

The dependence of the fluorescence emission intensity of the cofactor on ligand
concentration was fitted to a binding isotherm to calculate the dissociation constant:

[L]

"=k T

where | is the fluorescence intensity, [L] the ligand concentration and Kp the dissociation

constant of the protein-ligand complex.
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Introduction

Magnesium (Mg?*) is the fourth most abundant cation in the organism and the second
in the intracellular environment, with concentrations ranging from 3 mM in the cerebral
tissues to 8 mM in the skeletal muscles (lotti et al. 2000; lotti and Malucelli 2008).
Magnesium is generally present in the cell as Mg?*-ATP complex and the concentration of
free magnesium is about ten-fold lower than its total concentration. The concentration of
free Mg?* in the brain in vivo was estimated to be about 0.18 mM (lotti et al. 1996), without
significant changes with respect to age and gender. Fluctuations in the intracellular ATP
concentration influence the presence of free magnesium inside the cell (Lithi et al. 1999).

Pathological conditions like ischaemia, hypoxia and epilepsy cause depletion of
intracellular ATP. The consequent increase in the concentration of free magnesium alters
the activity of several proteins. In addition, the intracellular concentration of free Mg?* is
depleted in patients affected by Parkinson’s and Alzheimer’s diseases (Barbiroli et al. 1996;
Andrasi et al. 2000), while it is increased in schizophrenic patients (Hinsberger et al. 1997).

Calcium (Ca?) is another important regulator of cellular functions and is involved in
signal transduction processes. The variations in calcium concentration allow for the
modulation of signal transmission in functions like muscular contraction,
neurotransmission and cellular proliferation. The intracellular concentration of calcium is
finely regulated by the presence of channels and organelles. In resting cells, calcium is
mainly sequestered into the endoplasmic reticulum and in mitochondria. Its cytoplasmic
concentration is about 100 nM, 10000 fold lower than the extracellular concentration. The
intracellular concentration of calcium can vary very rapidly upon different incoming stimuli.
Alterations in the regulation of the concentration lead to important cellular damages and
cell death (Trump and Berezesky 1995).

Divalent cations and ATP were the first SR modulators to be discovered. They produce
an activation on catalysis. Because of its abundance in the intracellular environment,
magnesium is thought to be the principal cation bound to hSR.

The sequence analysis shows that the cation binding site (Fig. 3) is highly conserved in
different species, with Glu210 and Asp216 unvaried in all the organisms considered. Ala214
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is conserved in mammals and plants, while is substituted with a glycine in the
microorganism sequences. The conservation of a proline residue, whose features are
usually associated with structural rigidity, at position 211 defines the structure of the

binding site (Fig. 4).

Wat360

Glu210

Asp216

A

Figure 3. The cation binding-site on hSR structure. The cation (Mn2* in the crystal structure) is coordinated by
E210, A214, D216 and three water molecules (PDB code: 3L6B).

In light of these considerations, it is interesting to determine the quantitative effect of
Mg?* and Ca* on hSR activity. The definition of the respective dissociation constants might
reveal a relevant physiological regulation linked to the fluctuation of divalent cations in

vivo.
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Results and discussion

The gene of the recombinant hSR used for the previous characterization studies of the

enzyme has a His-tag on the N-terminus that can interfere with the analysis on divalent

cations. The pET vector has a sequence coding for a thrombin cleavage site, but the stability

conditions of the enzyme are not compatible with those necessary for the protease

cleavage. For this reason, we cloned the gene in a new system and we are working on the

improvement of the purification protocol. Moreover, the analysis is further complicated by

the fact that Mg?* binds to the protein on a second binding site as Mg?*-ATP. However,

some preliminary observations can be also inferred on His-tag hSR.
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Figure 4. Alignement of SR sequences of different species. The conserved residues of the divalent cation
binding site are E210, P211, A214 and D216 (human numeration) and are marked with green asterisks. The
consensus bar shows the degree of conservation of the sequences. The conserved regions are represented in
blue (CLC Sequence Viewer 6, CLC Bio, Qiagen).
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The assay optimization was led monitoring the dependence of hSR activity on Mg* in
the absence of ATP, considered as the simplest condition. Comparing the activity recorded
in the absence of divalent cations and in the absence and in the presence of an excess of
EDTA, we noticed different hSR initial rates, meaning that in solution were present traces
of cations able to activate the enzyme (Fig. 5). Then, we first determined the minimal
concentration of EDTA necessary in the activity assay mix in order to eliminate the
contaminant cations. With this aim, it was necessary to eliminate the excess of EDTA
present in the hSR storage buffer and dialyze the protein against a 50 nM EDTA-containing
buffer. The EDTA was not entirely eliminated in order to chelate eventual heavy metals
present in solution and avoid the hSR precipitation (Marchetti et al. 2014). The new storage
buffer was further diluted in the assay solution, leading to a negligible concentration of

EDTA.

Specific activity
(MO, e Min™ Mg
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Figure 5. B-Elimination activity of hSR in the absence of ATP and in the absence (open circles) and in the
presence (closed circles) of 200 uM EDTA. The specific activity in the absence of EDTA and magnesium is higher
than the same activity registered in the presence of 200 uM EDTA, indicating that the contaminant cations
present in solution can activate hSR. The dependences of the initial rates on the concentration of MgCl, were
fitted to a binding isotherm.

The minimal concentration of EDTA to chelate the contaminant cations was
determined with the registration of the activity in the presence of different concentration
of an Mg*-EDTA buffer (data not shown). In the presence of 200 uM Mg**-EDTA, hSR

activity is comparable to that recorded in the absence of magnesium and in the presence
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of an excess of EDTA (data not shown). For this reason, all the subsequent experiments
were performed in these conditions.

The association equilibrium of the Mg*-EDTA complex, and therefore the
concentration of free magnesium, is related to the respective concentration of the two
components and to the pH and temperature of the solution. In order to determine the
effective concentration of free Mg* able to bind to hSR, we applied the program
MaxChelator (see Materials and Methods) that is able to calculate the concentration of
free cations in a chelating agents-containing solution at fixed pH and temperature
(Schoenmakers et al. 1992).

We performed preliminary titrations of hSR activity at increasing concentrations of
magnesium and calcium in the absence and in the presence of ATP, but the complex
framework previously described does not allow for the discussion of defined data. In spite
of that, the titrations of elimination activity at increasing concentration of ATP in the
absence and in the presence of saturating cations can be more easily analyzed. First of all,
the titrations of ATP in the absence and in the presence of saturating Mg?* retain positive
cooperativity (data not shown), indicating that is not an artefact due to the binding of Mg?*-
ATP complex to the protein and confirming the data previously obtained (Marchetti et al.
2013). The comparison of ATP Kps in the presence of saturating concentrations of calcium
and magnesium does not reveal significant differences.

We tried also to evaluate the effect of cations on hSR fluorescence spectra, but the
instability of the protein in the absence of magnesium hampered the measurements.

In the near future the same experiments and the titrations of the cations will be
performed on hSR without His-tag. It will be also interesting to produce hSR with mutation
at the ATP and cation binding site, in order to evaluate the separate effects of the two

effectors.

130



Divalent cations

Materials and Methods

Materials

Chemicals were of the best commercial quality available and purchased from Sigma-
Aldrich, with the exception of tris(2-carboxyethyl)phosphine (TCEP) from Apollo Scientific
and NADH from Fluka.

Enzyme preparation

Recombinant hSR was expressed as a hexa-His tagged fusion protein encoded in a
pET28a-derived plasmid (Dixon et al. 2006), provided by Prof. Michael Toney (University of
California, Davis, CA, USA), transformed into E. coli BL21 CodonPlus (DE3)-RIL cells (Merck-
Millipore, Darmstadt, Germany), as previously described (Marchetti et al. 2013).
Purification was carried out using a TALON® His-Tag Purification Resin (Clontech, CA, USA).
The protein was concentrated in a storage buffer (SB), containing 50 mM TEA, 150 mM
NaCl, 1 mM EDTA, 5% glycerol, pH 8.0. Small aliquots were flash-frozen and thawed before

use. Protein concentration is expressed as monomers.

Protein dialysis

In order to eliminate the excess of EDTA, stock protein was extensively dialyzed against
an exchange solution (ES) containing 50 mM TEA, 150 mM NaCl and 50 nM EDTA, pH 8.0.
The dialysis was performed for 6 hours at 4°C against ES buffer in home-made devices with
12000 MW cut-off membranes. At the end of dialysis, the protein solution was centrifuged
and the final concentration was determined by an absorption spectrum, considering an
extinction coefficient of 34,140 Mlcm?® at 278 nm, using a Varian CARY400
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The dialyzed protein

solution was then flash-frozen and stored at -80°C in small aliquots.

Activity Assays

Activity assays for the B-elimination of L-serine (Foltyn et al. 2005; Marchetti et al.
2013) were carried out in an assay solution (AS) containing 50 mM TEA, 2 mM ATP, 50 uM
PLP, 5 mM DTT, 1 mM MgCl,, 150 mM NacCl, 60 U/ml LDH and 300 uM NADH, pH 8.0, unless
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otherwise specified. The reaction was typically started by adding hSR at a concentration of

0.6-0.9 uM. All reactions were carried out at 37°C.

Dependence on divalent cations - To assess the dependence of hSR activity on divalent
cations, either magnesium chloride or calcium chloride were added to a magnesium
chloride-free AS, at concentrations varying from 0 to 2 mM, in the presence of fixed
concentrations of 200 uM EDTA and 530 mM L-serine, in the presence and in the absence
of 2 mM ATP (disodium salt). Because of the presence of two chelating agents in the AS
solution, EDTA and ATP, real free Mg?* and Ca?* concentrations were calculated using the
MAXCHELATOR program WinMaxc32 (http://maxchelator.stanford.edu/). With this
program it is possible to calculate the free cations concentration in a solution at fixed
temperature and pH values, in the presence of one or more chelating agents. The reactants
were pre-equilibrated at 37.0 £+ 0.5 °C in the thermostatted cell holder of the
spectrophotometer before starting the reaction by adding the enzyme at a final

concentration of typically 0.6-0.7 pM.

Dependence on ATP - The dependence of the initial velocity on ATP concentration was
determined with B-elimination assays in the presence of saturating L-serine (530 mM),
corresponding to about a 10-fold excess with respect to the Ku determined in the absence
of ATP (Marchetti et al., 2013). The ATP was supplied as disodium salt. The reactants were
pre-equilibrated at 37.0 £ 0.5 °C in the thermostatted cell holder of the spectrophotometer
before starting the reaction by adding the enzyme at a final concentration of typically about
0.4 uM or 0.9 uM, in the presence and in the absence of divalent cations, respectively. The
dependence in the absence of divalent cations was carried out by adding a fixed
concentration of 200 uM EDTA to avoid the unspecific activation of the protein by

contaminating cations.

Data analysis
Dependence on ATP. To determine the Hill coefficient and the apparent Kp, data

points were fitted to the Hill equation:
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[L]"

= + _—
y yO a*KDTL+[L]n

where yis the fluorescence emission intensity or the initial reaction velocity, [L] is the ligand

concentration (ATP) and n the Hill coefficient. y, is a horizontal offset and a the amplitude.
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Conclusions

The present biochemical study confirms that the regulation of hSR is produced by an
extended and fine-tuned allosteric network. In particular, it was found that the ATP sites
are allosterically interconnected to each other and to the catalytic pocket. The binding of
ATP stimulates the closure of the active site, probably promoting a tighter interaction with
the substrate and the correct orientation of residues involved in catalysis. Moreover,
chloride seems to form ionic interactions that stabilize specific active conformations of the
enzyme. These effects between the different binding sites of hSR might have physiological
implications because all effectors, ATP and glycine, act at concentrations close to the
intracellular levels. In this framework, glycine homeostasis and the energetic conditions of
the cell probably play a key role in D-serine production in vivo and, in a broader context, in
the control of N-methyl-D-aspartate receptors-mediated responses.

The research on hSR inhibitors, with the aim to regulate the enzymatic activity in
pathological conditions, requires more efforts, given the lack of success in identifying
strong inhibitors, in spite of the different strategies that have been pursued. The results of
the computational screening and structure-activity relationship analysis, nevertheless,
have provided indications on the structural and chemical requirements of potential
inhibitors. Based on our findings, however, it is possible to explore a new class of inhibitors
targeting the hSR allosteric sites, instead of its catalytic pocket.

In the near future, it will be interesting to further investigate other aspects of hSR
regulation that remain still unclear and not in-depth studied. Among these, divalent
cations-mediated regulation, the involvement of cysteine residues in hSR activity, the
interactions with phospholipids and regulating proteins will be analyzed. All these data

together will likely result in a more complete overview of the tuning of hSR activity in vivo.
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Human aspartate racemase

Human aspartate racemase (hDR) is a cerebral enzyme responsible for the synthesis
of D-aspartate, a putative modulator of adult neurogenesis in men and rodents (D'Aniello
et al. 1996; Nagata et al. 1999). In recent years, Kim and colleagues identified the gene
coding for the mouse DR (mDR) isoform and characterized the recombinant enzyme (Kim
etal.2011). To date, the activity of hDR has not been biochemically characterized and many
aspects are still unclear.

The studies undertaken in our laboratory aimed to the production of the soluble
recombinant protein, in order to study its biochemical and biophysical properties. Based
on the data published about mDR, the human isoform was identified. The synthetic gene
optimized for the E. coli codon usage (Mr. Gene, Nuremberg, Germany) was cloned into a
pET vector, verified by sequencing and transformed in a bacterial expression strain. Several
expression and purification tests were carried out in different conditions but it was not
possible to obtain hDR in the soluble form. The presence of hDR in the inclusion bodies was
confirmed by denaturant purification and mass spectrometry. The refolding experiments
did not allow to obtain the soluble protein with the correct folding.

A very recent work highlighted the impossibility to repeat the results of Kim and
colleagues. The soluble enzyme was obtained only when purified with a GST-tag (Tanaka-
Hayashi et al. 2014). The biochemical characterization, however, is still not complete and
in the future it would be possible to clone the hDR gene in another expression system, as

showed by Tanaka-Hayashi and colleagues, to proceed with the characterization studies.
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Amino deoxychorismate lyase of Plasmodium falciparum

Plasmodium falciparum is one of the etiologic agents of malaria, causing the most
severe form of this disease. Several drugs were developed against malaria, but many cases
of resistance are arising. For this reason, it is very important to find novel therapies.

The amino deoxychorismate lyase (ADCL) is a PLP-dependent enzyme involved in the
synthesis of p-aminobenzoate (pABA), a substrate for the synthesis of tetrahydrofolic acid.
The ADCL of P. falciparum was identified only few years ago by bioinformatics analysis and
partially characterized (Magnani et al. 2013). PfADCL is able to synthesize PABA from amino
deoxychorismate and, with low efficiency, to transaminate some D-amino acids in the same
catalytic site (Magnani et al. 2013). Because of the absence of its pathway in the human
organism, this enzyme is a potential interesting target for the development of novel drugs
against malaria.

In order to improve the biochemical characterization of PfADCL, the recombinant
enzyme was expressed in bacterial cells and purified. The catalytic efficiency of the
transamination on different substrates was determined, in particular D-glutamate and D-
aspartate. Moreover, the enantiospecific production of D-aspartate from D-glutamate was
investigated. Some potential competitive inhibitors of the physiological lyasic reaction
were studied. With this aim, the synthesis of pABA was monitored in the absence and in
the presence of putative competitive inhibitors, chosen among the substrates of the
transaminasic reaction and compounds similar to the amino deoxychorismate, i.e.
dicarboxylic acid like adipate, succinate and glutarate.

These findings improve the knowledge on PfADCL activity regulation, that needs
however to be further investigated. In the future, it would be also interesting to test novel
synthetic molecules in order to define lead compounds for the search of specific drugs

against malaria.
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