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away from the ATP-binding site. ATP increased ninefold 
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 acces-
sibility by quenching 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.

Keywords  d-Serine · Serine racemase · Pyridoxal 
5′-phosphate · Allostery · Neuropathologies

Introduction

d-Serine is a co-agonist of the N-methyl d-aspartate recep-
tors (NMDARs) for glutamate, the main excitatory neu-
rotransmitter in the central nervous system of vertebrates. 
The NMDA receptors are unique in that they respond to 
three different amino acid agonists, i.e., glutamate, glycine 
and d-serine (Traynelis et al. 2010). Serine racemase (SR, 
EC 5.1.1.18) (Campanini et al. 2013; Canu et al. 2014; De 
Miranda et  al. 2002; Foltyn et  al. 2005, 2010; Hoffman 
et  al. 2009; Wolosker et  al. 1999) is a pyridoxal 5′-phos-
phate (PLP)-dependent, homodimeric enzyme predomi-
nantly 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 II of PLP-dependent enzymes 
and is structurally similar to O-acetylserine sulfhydrylase 
(OASS) and to the β-subunit of tryptophan synthase (TS) 
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(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 β-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 con-
tribute 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 degra-
dative enzyme for d-amino acids, rely only on SR to con-
trol 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, amyo-
trophic lateral sclerosis and Rett syndrome (Labrie et  al. 
2012; Ma et  al. 2013; Mustafa et  al. 2010). Direct phar-
macological 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 indirect pharmacological modu-
lation of NMDARs via the adjustment of d-serine synthe-
sis and degradation by SR has been proposed as a promis-
ing strategy (Conti et al. 2011; Jiraskova-Vanickova et al. 
2011; Lipton 2006), also considering that PLP-dependent 
enzymes are emerging as increasingly relevant drug tar-
gets (Amadasi et  al. 2007; Amori et  al. 2012; Spyrakis 
et  al. 2014). This approach requires an in-depth knowl-
edge 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 human serine racemase (hSR) activity (De 
Miranda et al. 2002), resulting in changes of both the over-
all activity of SR and of the relative rates of racemization 
and β-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 NMDA receptors and 
an unproductive ligand of SR, increases ATP affinity and 
abolishes cooperativity, hinting at a physiologically rel-
evant regulation of d-serine synthesis by the intracellular 
levels of ATP and glycine (Marchetti et al. 2013). SR func-
tion is also modulated by divalent cations (De Miranda 
et  al. 2002), S-nitrosylation (Mustafa et  al. 2007), phos-
phorylation and translocation to the membrane (Balan 

et al. 2009), and by proteins like GRIP1 (Kim et al. 2005), 
PICK-1 (Fujii et  al. 2006; Zhuang et  al. 2010), Golga3 
(Dumin et al. 2006) and DISC1 (Ma et al. 2013).

Some fold-type II 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 inter-
mediates of TS are strongly affected by monovalent cati-
ons, which bind to a specific site near the active site (Perac-
chi et  al. 1995), whereas the activity of OASS is affected 
by chloride, which binds at the intersubunit interface (Bur-
khard et al. 2000). SR from the soil-living mycetozoan Dic-
tyostelium discoideum, uniquely among SR homologs, is 
modulated by Na+ binding at the same site as Mg2+, with 
a twofold increase of kcat and no effect on KM (Ito et  al. 
2013). Here, we explored the conformational and catalytic 
properties of hSR by assessing its regulation by monova-
lent cations, halides and phosphates. We also investigated 
the interplay between binding of ATP and the noncovalent 
active site ligand malonate.

Materials and methods

Materials

Chemicals were of the best commercial quality available 
and were purchased from Sigma-Aldrich (St. Louis, MO, 
USA).

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 NaCl, 1 mM MgCl2, 5 % glycerol, 50 µM 
PLP, 5 mM tris(2-carboxyethyl)phosphine (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 ε388 = 6,600 M−1 cm−1. The extinction coefficient 
measured for hSR was determined to be 34,140 M−1 cm−1 
at 278 nm and 5,990 M−1cm−1 at 412 nm. Protein concen-
tration is expressed as monomers.
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Activity assays

Activity assays for the β-elimination of l-serine (Foltyn et al. 
2005; Marchetti et al. 2013) were carried out in an assay solu-
tion (AS) containing 50 mM TEA, 2 mM ATP, 50 µM PLP, 
5 mM DTT, 1 mM MgCl2, 150 mM NaCl, 60 U/ml LDH and 
300 µM NADH, pH 8.0, unless otherwise specified. The reac-
tion was typically started by adding hSR at a concentration of 
0.3–0.5 µM. All reactions were carried out at 37 °C.

Protein stability in different buffer solutions

To evaluate hSR stability, 20 μl aliquots of the stock pro-
tein solution in SB1 were extensively dialyzed for 4  h at 
4  °C against exchange solutions in homemade devices 
based on 12,000  MW cut-off membranes. The exchange 
solutions varied by (1) type and concentration of buffer-
ing agents (tris(hydroxymethyl)aminomethane (TRIS), 
TEA, and sodium phosphate); (2) presence or absence of 
chelating agents (EDTA); (3) presence or absence of reduc-
ing agents (TCEP or DTT); (4) presence or absence of 
PLP. At the end of dialysis, the residual β-eliminase activ-
ity of the hSR solution was tested in activity assays with 
l-serine concentration of 100 mM, which is nearly saturat-
ing for hSR (Marchetti et al. 2013). On the same samples, 
the amount of soluble protein was determined by centrifu-
gation, 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.

Ion dependence

To assess the dependence of hSR activity on monovalent 
cations, sodium chloride, lithium chloride, potassium chlo-
ride, trimethylamine hydrochloride or ammonium chloride 
was added to a sodium chloride-free AS, at a fixed final 
concentration of 150  mM. To assess the activity depend-
ence on anions, sodium fluoride, sodium chloride, sodium 
bromide, sodium iodide, or sodium acetate was 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 meas-
ured at final concentrations of 5 and 50 mM in AS. To eval-
uate a possible competition between ATP and AMP, ATP 
concentration in AS was reduced to 133 μM, close to the 
KD for hSR (Marchetti et al. 2013), and AMP was added at 
concentrations ranging from 133 μM to 13 mM.

Fluorescence measurements

hSR fluorescence emission spectra 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  μM hSR in 
buffer F (50 mM TEA, 150 mM NaCl, 5 mM TCEP, 1 mM 
MgCl2, 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 bind-
ing affinity of ligands to hSR was determined by monitor-
ing 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; Schiaretti 
et  al. 2004; Schnackerz et  al. 1995). Accessibility of the 
cofactor was assessed by fluorescence quenching. CsCl, 
NaI and acrylamide solutions were prepared in 50  mM 
TEA buffer, 5 mM TCEP, 1 mM MgCl2, 150 mM NaCl, pH 
8.0. Na2S2O3 at 0.01 mM concentration was added to NaI 
solutions to prevent iodide oxidation. Quenching data were 
analyzed according to the Stern–Volmer equation (Eftink 
and Ghiron 1981):

where F0 is the fluorescence intensity in the absence of the 
quencher, F is the fluorescence at each given quencher con-
centration, KSV is the Stern–Volmer constant and [Q] is the 
concentration of the quencher.

Results and discussion

hSR stability

The stability of hSR in SB1 was evaluated with microdial-
ysis experiments against 50 different exchange solutions. 
For each condition, the residual l-serine β-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 pro-
tein 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). 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 h at 20 °C (data not shown). 
This finding explained our earlier observation that imida-
zole, a weak metal chelating agent used in Co2+-columns 
chromatography, stabilized the protein until its concen-
tration dropped below a threshold during the post-chro-
matography dialysis (unpublished observation). Dialysis 

(1)
F0

F
= 1 + KSV[Q]
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experiments showed that protein solubility was strongly 
dependent on imidazole concentration in the range 20–
250 mM, with the lower concentrations resulting in com-
plete 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 Fig.  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 (Online resource 1, Fig. S1).  
To confirm this hypothesis, CoCl2 at 2 mM concentration 
was added to hSR solution pre-treated with EDTA and 
incubated for 2 h, resulting in a complete inactivation and 
precipitation, as determined by enzyme assays and SDS-
PAGE. Similar results were obtained in the presence of 
Ni2+ (data not shown). These findings have a very practi-
cal implication in the preparation of purified hSR. In pre-
viously published protocols (Smith et al. 2010; Wang and 
Barger 2011), the enzyme was eluted from either Co2+ or 
Ni2+ columns 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, 2009). The influence of buffer composition on the 

activity of hSR, particularly TRIS and phosphate buffers, 
was already reported (Wang and Barger 2011) and inter-
preted as a change in oligomer population and an intrin-
sic higher activity of the enzyme in phosphate buffers. 
Here, we demonstrated that metal chelation stabilizes SR, 
whereas Co2+ (or Ni2+) causes SR precipitation.

We also evaluated the role of PLP on hSR stability and 
activity. Upon extensive dialysis against a PLP-free solu-
tion, less than 15 % of hSR was in the apo-state, indicat-
ing 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 
(1) eliminating the excess of PLP and MgCl2, and (2) add-
ing 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 pro-
tocol led to higher yields (2.5 vs 1.0  mg/l 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 activity

To evaluate whether phosphates increase the enzyme activ-
ity, as previously suggested (Wang and Barger 2011), pos-
sibly partially eliciting the effects of ATP by binding to the 
same site, either 50  mM phosphate or 50  mM pyrophos-
phate was added to the assay mixtures containing l-serine 
at concentrations of either 30 mM, a value close to the KM, 
or 300 mM, close to saturation. Phosphate did not elicit any 
relevant effect, neither in the presence nor in the absence of 
ATP, in disagreement with reported results on hSR (Wang 
and Barger 2011). In contrast, 50 mM pyrophosphate com-
pletely 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 chelation of Mg2+, either ATP 
or Mg2+ was added in large excess to an assay mixture 
containing 5  mM pyrophosphate. Only supplementation 
with Mg2+ led to a recovery of activity (Online resource 
1, Fig. S2), 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, consider-
ing 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), dis-
placement assays were carried out with a tenfold excess 
with respect to ATP. AMP did not decrease the activity of 

Fig. 1   Optimization of buffer composition for hSR activity and 
stability. l-Serine β-elimination activity of hSR after three cycles 
of dialysis (1.5  h 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 μmol pyruvate min−1 mg−1. The assays were 
carried out in AS buffer. Inset SDS-PAGE gel of the supernatant of 
protein solutions
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hSR, indicating that ATP is not significantly displaced (data 
not shown).

Effects of halides on hSR activity

Considering that the catalytic parameters of several fold-
type II PLP-dependent enzymes are affected by cations 
or anions (Burkhard et al. 2000; Peracchi et al. 1995), 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 
(Online resource 1, Fig. S3). Halides, on the other hand, 
added to a chloride-free AS as sodium salts, exhibited 
a concentration-dependent effect on hSR activity, with-
out apparently reaching a plateau, in inverse order of 
ionic radius (Fig.  2a). At 200  mM concentration, fluoride 
increased the activity almost threefold and chloride two-
fold, whereas bromide had almost no effect and iodide 
abolished the activity completely at concentrations higher 
than 300 mM (Fig. 2a). Further increases in fluoride con-
centration were hampered by the lower solubility of its 
sodium salt in AS. Sodium acetate was included to evalu-
ate nonspecific ionic strength effects. It slightly reduced 
the activity to the same extent as bromide, indicating that 

the effects of fluoride, chloride and iodide are not simply 
associated with ionic strength. The same assays were also 
carried out in the absence of ATP, with comparable results 
(Online resource 1, Fig. S4), indicating that halides do not 
affect ATP binding.

Since chloride is the only physiologically abundant 
halide, the effects on hSR kinetic parameters were stud-
ied in detail (Fig. 2b). At 150 mM concentration, chloride 
affected both KM and kcat, with a twofold increase of both 
parameters (from 76.5 ± 1 to 176 ± 5 min−1 for kcat and 
from 15.9 ± 0.8 to 31.9 ± 3.6 mM for KM). Therefore, the 
effect of chloride resembles that of ‘uncompetitive activa-
tors’ (e.g., Maruyama 1990; Wild et al. 1976), which do not 
change the catalytic efficiency (kcat/KM).

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 hemoglobin, for instance, 
chloride ions mask positive charges and shift the T-R con-
formational 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.  2a) could not be explained by the mechanism pro-
posed 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 emis-
sion 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.  3). The relative distance 
between Trps and PLP is comparable to that observed for 
other fold-type II PLP-dependent enzymes and is com-
patible with a Förster resonance energy transfer (FRET) 
from Trps to PLP (Lakowicz 2006). The UV–vis absorp-
tion 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) (Fig. 4a). Upon excita-
tion of hSR at 298 nm, two emission peaks were observed 
(Fig. S5A and Fig. 4b). 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 (Benci et al. 1999; Bettati et al. 2000; 

Fig. 2   Effect of monovalent ions on β-elimination activity of 
hSR. a Dependence of the l-serine β-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 ref-
erence. Reactions were carried out in AS buffer and in the pres-
ence of 100  mM l-serine. All values are normalized to the spe-
cific activity measured in the absence of halides equal to 2.3 μmol 

pyruvate  min−1mg−1. b Dependence of initial velocity for l-ser 
β-elimination on substrate concentration in the presence (closed 
circles) and absence (open circles) of 150  mM NaCl. The assays 
were carried out in a solution containing 50 mM TEA, 2 mM ATP, 
50 µM PLP, 5 mM DTT, 1 mM MgCl2, 60 U/ml LDH and 300 µM 
NADH, pH 8.0, at 37  °C. The lines through the data points are the 
fitting to the Michaelis–Menten equation with KM = 15.9 ± 0.8 mM 
and kcat  =  76  ±  1  min−1 in the absence of NaCl and 
KM = 31.9 ± 3.6 mM and kcat = 176 ± 5 min−1 in the presence of 
NaCl. The catalytic efficiency is 4.77 and 5.51  min−1  mM−1 in the 
absence and presence of NaCl, respectively
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Campanini et al. 2003; McClure and Cook 1994; Strambini 
et  al. 1996), cystathionine β-synthase (Lodha et  al. 2010; 
Quazi and Aitken 2009), DOPA decarboxylase (Domin-
ici et  al. 1997), d-aminoacid 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. 
S5B). This attribution was confirmed by the excitation 
spectrum at 500 nm showing peaks at 280 and 412 nm (Fig. 
S5C). Based on structural (Fig.  3) and spectrofluorimet-
ric data (Fig. S5A), 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 activ-
ity (Fig.  2), 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. 4a). The pres-
ence of an isosbestic point suggests that only two species 
are involved in the equilibrium. The attribution of absorp-
tion 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 wave-
length. In the case of fold-type II PLP-dependent enzymes, 
as SR, two alternatives for the attribution have been pro-
posed: the enolimine tautomer of the internal aldimine and 
a substituted aldimine. The latter has been occasionally 
described in the literature and is formed by the 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 al. 1995). A similar effect on the tautomeric 
equilibrium of PLP was observed for aspartate transami-
nase (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 (Online 
resource 1, Fig. S6), indicating that enzyme activation by 
chloride and fluoride is not associated with a change in the 
tautomeric equilibrium of PLP.

Iodide is a commonly used quencher of Trp and PLP 
fluorescence (vide infra). However, in the case of hSR, NaI 
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, NaI affects the fluorescence emission inten-
sity of the cofactor upon energy transfer and causes a blue 
shift of the band from 502 to 475 nm (Fig. 4b). 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 asso-
ciated with the increase in the concentration of enolimine 
tautomer (see Fig. 4a) 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 

Fig. 3   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 Å; PLP-W325, 15 Å; PLP-W275, 
13 Å. 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, USA 
2013)

Fig. 4   Effect of NaI on hSR spectroscopic properties. a Absorption 
spectra of a solution containing 32 μM 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) NaI. b Fluorescence emission spectra of hSR upon excitation at 
298  nm (slitsex  =  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) NaI
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with respect to Trps, to quenching by NaI of PLP emis-
sion or both. In conclusion, absorption and fluorescence 
emission spectra indicate that iodide induces a change in 
the tautomeric equilibrium of the cofactor and, probably, 
also in the conformation of the active site, stabilizing a less 
active enzyme form.

Active site accessibility by fluorescence quenching

The complex dynamic landscape of hSR was further 
explored by fluorescence quenching, to gain insight into 
the accessibility of the active site. We inspected the abil-
ity of three commonly used quenchers, acrylamide, cae-
sium and iodide, to quench PLP emission. Caesium chlo-
ride 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. 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 effec-
tive at quenching coenzyme fluorescence of both the inter-
nal 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.  4b) did not allow retrieving meaningful quantitative 
quenching constants. On the contrary, the behaviour of hSR 
external aldimine with glycine is less complex (Fig.  5), 
with NaI 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. 5a), 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 (Fig. 5b) shows that the active site is 
significantly less accessible to the quencher in the pres-
ence of ATP (Ksv = 1.77 ± 0.09 M−1) than in its absence 
(Ksv = 5.91 ± 0.01 M−1). 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 cor-
rectly orienting active site residues for catalysis. This find-
ing is in keeping with the tighter binding of glycine caused 
by ATP binding (Marchetti et al. 2013). At NaI concentra-
tions 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 (Online resources 1, Eq. S1) was 
not satisfactory, giving Ksv values lower than 0.1. In addi-
tion, the linearization of quenching data, that should prove 
the coexistence of static and dynamic quenching (Lakowicz 
2006), failed.

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). 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 inves-
tigated the binding of malonate. Malonate is a   noncova-
lent 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 bind-
ing, coenzyme emission upon either FRET from Trps 
or direct excitation at 412  nm was strongly enhanced 
(Fig.  6a, b). Furthermore, the peak wavelength of the 
coenzyme emission was slightly blue shifted to 498 nm. 

Fig. 5   Fluorescence quenching of hSR-bound PLP. Spectra of a solu-
tion containing 2.4  μM hSR, 50  mM TEA, 150  mM NaCl, 5  mM 
TCEP, 1  mM MgCl2, 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 (slitsex = 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) NaI. b Stern–Volmer plot of quenching of hSR external aldimine 
by NaI 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 
NaI (0.29  M in the case of ATP-bound hSR) to the Stern–Volmer 
equation (Eq. 1 in “Materials and methods”) with Ksv = 5.91 ± 0.01 
and 1.77  ±  0.09  M−1 in the absence and presence of ATP, respec-
tively
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These findings suggest that malonate causes a confor-
mational 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 
emission is not affected. The dependence of the emission 
intensity on malonate concentration allowed determin-
ing a dissociation constant of 710  ±  33  μM (Fig.  6c). 
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 μM (Fig.  6d), in good agreement with previous 
studies under similar experimental conditions (Hoffman 
et al. 2009). The enhanced coenzyme fluorescence emis-
sion 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 noncovalent ligand and, more impor-
tantly, that the ligation state of the active site affects ATP 
affinity.

Conclusions

Human serine racemase, a potential drug target for the 
modulation of glutamatergic neurotransmission, exhib-
its complex conformational dynamics, with several allos-
teric 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 conforma-
tion by masking positive charges and favoring the open-to-
closed conformational transition. Iodide, on the other hand, 
showed a unique negative effect on hSR activity, associ-
ated 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 noncovalent ligand of the enzyme, exerts allosteric 
effects on the ATP-binding site. ATP, reciprocally, modu-
lates 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 exter-
nal aldimine. The interplay between active site and ATP 
allosteric site has relevant consequences on the medicinal 
chemistry of hSR, suggesting that modulation of hSR activ-
ity by allosteric effectors might be exploited for the control 
of d-serine homeostasis.

Conflict of interest  No conflicts of interest declared by any of the 
authors.

References

Ainscow EK, Mirshamsi S, Tang T, Ashford ML, Rutter GA (2002) 
Dynamic imaging of free cytosolic ATP concentration during 
fuel sensing by rat hypothalamic neurones: evidence for ATP-
independent control of ATP-sensitive K(+) channels. J Physiol 
544:429–445. doi:10.1113/jphysiol.2002.022434

Fig. 6   Cross-talk between the active site and the ATP-binding site 
probed by fluorescence emission spectroscopy. Spectra of a solution 
containing 2.4 μM human SR, 50 mM TEA, 150 mM NaCl, 5 mM 
TCEP, 1 mM MgCl2, pH 8.0, at 20 °C. a Fluorescence emission spec-
tra of hSR upon excitation at 298 nm (slitsex = 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 excita-
tion at 412 nm (slitsex = 5 nm, slitem = 5 nm) in the absence (solid 
line) and presence of increasing concentrations of malonate, ranging 
from 68 μM to 4.4 mM. c Fluorescence emission intensity at 500 nm 
upon excitation at 412 nm of hSR as a function of malonate concen-
tration 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 KD for malonate of 77  ±  9  μM and 710  ±  33  μM in 
the presence and absence of ATP, respectively. d Fluorescence emis-
sion intensity at 500 nm upon excitation at 412 nm of hSR as a func-
tion of ATP concentration in the absence (open circles) and presence 
(closed circles) of 7.1 mM malonate. The dependence of the fluores-
cence emission intensity at 500 nm on ATP concentration in the pres-
ence of malonate was fitted to the equation for tight binding (Online 
resource 1, Eq. S2), obtaining a KD for ATP of 5.0 ±  0.6 μM, and 
in the absence of malonate to a binding isotherm, obtaining a KD for 
ATP of 255 ± 4 μM

http://dx.doi.org/10.1113/jphysiol.2002.022434


171Human serine racemase activity

1 3

Amadasi A et  al (2007) Pyridoxal 5′-phosphate enzymes as tar-
gets for therapeutic agents. Curr Med Chem 14:1291–1324. 
doi:10.2174/092986707780597899

Amori L, Katkevica S, Bruno A, Campanini B, Felici P, Mozzarelli A, 
Costantino G (2012) Design and synthesis of trans-2-substituted-
cyclopropane-1-carboxylic acids as the first non-natural small 
molecule inhibitors of I-acetylserine sulfhydrylase. Med Chem 
Comm 3:1111–1116. doi:10.1039/c2md20100c

Balan L et  al (2009) Feedback inactivation of d-serine synthesis 
by NMDA receptor-elicited translocation of serine racemase 
to the membrane. Proc Natl Acad Sci USA 106:7589–7594.  
doi:10.1073/pnas.0809442106

Benci S, Vaccari S, Mozzarelli A, Cook PF (1999) Time-resolved 
fluorescence of O-acetylserine sulfhydrylase. Biochim Biophys 
Acta 1429:317–330. doi:10.1016/S0167-4838(98)00229-5

Benneyworth MA, Li Y, Basu AC, Bolshakov VY, Coyle JT 
(2012) Cell selective conditional null mutations of serine 
racemase demonstrate a predominate localization in corti-
cal glutamatergic neurons. Cell Mol Neurobiol 32:613–624.  
doi:10.1007/s10571-012-9808-4

Bertoldi M, Cellini B, Clausen T, Voltattorni CB (2002) Spectroscopic 
and kinetic analyses reveal the pyridoxal 5′-phosphate binding 
mode and the catalytic features of Treponema denticola cystaly-
sin. Biochemistry 41(29):9153–9164. doi:10.1021/bi025649q

Bettati S et  al (2000) Role of pyridoxal 5′-phosphate in the struc-
tural stabilization of O-acetylserine sulfhydrylase. J Biol Chem 
275:40244–40251. doi:10.1074/jbc.M007015200

Bruno S, Schiaretti F, Burkhard P, Kraus JP, Janosik M, Mozzarelli 
A (2001) Functional properties of the active core of human 
cystathionine beta-synthase crystals. J Biol Chem 276:16–19. 
doi:10.1074/jbc.C000588200

Burkhard P, Tai CH, Jansonius JN, Cook PF (2000) Identification 
of an allosteric anion-binding site on O-acetylserine sulfhydry-
lase: structure of the enzyme with chloride bound. J Mol Biol 
303:279–286. doi:10.1006/jmbi.2000.4109

Burridge N, Churchich JE (1974) Effects of potassium iodide 
on aspartate aminotransferase. Eur J Biochem 41:533–538. 
doi:10.1111/j.1432-1033.1974.tb03294.x

Campanini B et  al (2003) Surface-exposed tryptophan residues are 
essential for O-acetylserine sulfhydrylase structure, function, 
and stability. J Biol Chem 278:37511–37519. doi:10.1074/jbc.
M305138200

Campanini B et  al (2005) Interaction of serine acetyltransferase 
with O-acetylserine sulfhydrylase active site: evidence from 
fluorescence spectroscopy. Prot Sci 14:2115–2124. doi:10.1110/
ps.051492805

Campanini B, Spyrakis F, Peracchi A, Mozzarelli A (2013) Serine 
racemase: a key player in neuron activity and in neuropathologies. 
Front Biosci (Landmark Ed) 18:1112–1128. doi:10.2741/4167

Canu N, Ciotti MT, Pollegioni L (2014) Serine racemase: a key player 
in apoptosis and necrosis. Front Synaptic Neurosci 6:9. doi:10.33
89/fnsyn.2014.00009

Chattopadhyay A et al (2007) Structure, mechanism, and conforma-
tional dynamics of O-acetylserine sulfhydrylase from Salmonella 
typhimurium: comparison of A and B isozymes. Biochemistry 
46:8315–8330. doi:10.1021/bi602603c

Conti P, Tamborini L, Pinto A, Blondel A, Minoprio P, Mozzarelli A, 
De Micheli C (2011) Drug discovery targeting amino acid race-
mases. Chem Rev 111:6919–6946. doi:10.1021/cr2000702

De Miranda J, Panizzutti R, Foltyn VN, Wolosker H (2002) Cofac-
tors of serine racemase that physiologically stimulate the syn-
thesis of the N-methyl-d-aspartate (NMDA) receptor coagonist 
d-serine. Proc Natl Acad Sci USA 99:14542–14547. doi:10.107
3/pnas.222421299

Ding X, Ma N, Nagahama M, Yamada K, Semba R (2011) 
Localization of d-serine and serine racemase in neurons and 

neuroglias in mouse brain. Neurol Sci 32:263–267. doi:10.1007/
s10072-010-0422-2

Dixon SM, Li P, Liu R, Wolosker H, Lam KS, Kurth MJ, Toney MD 
(2006) Slow-binding human serine racemase inhibitors from 
high-throughput screening of combinatorial libraries. J Med 
Chem 49:2388–2397. doi:10.1021/jm050701c

Dominici P, Moore PS, Castellani S, Bertoldi M, Voltattorni CB 
(1997) Mutation of cysteine 111 in Dopa decarboxylase leads to 
active site perturbation. Protein Sci 6:2007–2015. doi:10.1002/
pro.5560060921

Dumin E, Bendikov I, Foltyn VN, Misumi Y, Ikehara Y, Kartvelish-
vily E, Wolosker H (2006) Modulation of d-serine levels via 
ubiquitin-dependent proteasomal degradation of serine racemase. 
J Biol Chem 281:20291–20302. doi:10.1074/jbc.M601971200

Eftink MR, Ghiron CA (1981) Fluorescence quenching studies 
with proteins. Anal Biochem 114:199–227. doi:10.1016/0003- 
2697(81)90474-7

Faeder EJ, Hammes GG (1971) Kinetic studies of tryptophan synthetase. 
Interaction of l-serine, indole, and tryptophan with the native 
enzyme. Biochemistry 10:1041–1045. doi:10.1021/bi00782a016

Foltyn VN et  al (2005) Serine racemase modulates intracellular 
d-serine levels through an alpha, beta-elimination activity. J Biol 
Chem 280:1754–1763. doi:10.1074/jbc.M405726200

Foltyn VN, Zehl M, Dikopoltsev E, Jensen ON, Wolosker H 
(2010) Phosphorylation of mouse serine racemase regu-
lates d-serine synthesis. FEBS Lett 584:2937–2941. 
doi:10.1016/j.febslet.2010.05.022

Fujii K et al (2006) Serine racemase binds to PICK1: potential rele-
vance to schizophrenia. Mol Psychiatry 11:150–157. doi:10.1038/ 
sj.mp.4001776

Goto M et  al (2009) Crystal structure of a homolog of mammalian 
serine racemase from Schizosaccharomyces pombe. J Biol Chem 
284:25944–25952. doi:10.1074/jbc.M109.010470

Gut H, Pennacchietti E, John RA, Bossa F, Capitani G, De Biase D, 
Grütter MG (2006) Escherichia coli acid resistance: pH-sensing, 
activation by chloride and autoinhibition in GadB. EMBO J 
25:2643–2651. doi:10.1038/sj.emboj.7601107

Hoffman HE, Jiraskova J, Ingr M, Zvelebil M, Konvalinka J (2009) 
Recombinant human serine racemase: enzymologic characteri-
zation and comparison with its mouse ortholog. Protein Express 
Purif 63:62–67. doi:10.1016/j.pep.2008.09.003

Inoue R et al (2014) Localization of serine racemase and its role in 
the skin. J Invest Dermatol. doi:10.1038/jid.2014.22

Ito T, Maekawa M, Hayashi S, Goto M, Hemmi H, Yoshimura T 
(2013) Catalytic mechanism of serine racemase from Dictyos-
telium discoideum. Amino Acids 44:1073–1084. doi:10.1007/
s00726-012-1442-4

Jiraskova-Vanickova J, Ettrich R, Vorlova B, Hoffman HE, Lepsik M, 
Jansa P, Konvalinka J (2011) Inhibition of human serine race-
mase, an emerging target for medicinal chemistry. Curr Drug Tar-
gets 12:1037–1055. doi:10.2174/138945011795677755

Kaiser JT, Bruno S, Clausen T, Huber R, Schiaretti F, Mozzarelli A, 
Kessler D (2003) Snapshots of the cystine lyase C-DES during 
catalysis. Studies in solution and in the crystalline state. J Biol 
Chem 278:357–365. doi:10.1074/jbc.M209862200

Kallen RG et al (1985) Chemical and spectroscopic properties of pyr-
idoxal and pyridoxamine phosphate. Metzler PCaDE Transami-
nases. John Wiley and Sons, New York, pp 37–108

Kim PM et al (2005) Serine racemase: activation by glutamate neuro-
transmission via glutamate receptor interacting protein and medi-
ation of neuronal migration. Proc Natl Acad Sci USA 102:2105–
2110. doi:10.1073/pnas.0409723102

Kossekova G, Miteva M, Atanasov B (1996) Characterization of 
pyridoxal phosphate as an optical label for measuring electro-
static potentials in proteins. J Photochem Photobiol B 32:71–79. 
doi:10.1016/1011-1344(95)07211-X

http://dx.doi.org/10.2174/092986707780597899
http://dx.doi.org/10.1039/c2md20100c
http://dx.doi.org/10.1073/pnas.0809442106
http://dx.doi.org/10.1016/S0167-4838(98)00229-5
http://dx.doi.org/10.1007/s10571-012-9808-4
http://dx.doi.org/10.1021/bi025649q
http://dx.doi.org/10.1074/jbc.M007015200
http://dx.doi.org/10.1074/jbc.C000588200
http://dx.doi.org/10.1006/jmbi.2000.4109
http://dx.doi.org/10.1111/j.1432-1033.1974.tb03294.x
http://dx.doi.org/10.1074/jbc.M305138200
http://dx.doi.org/10.1074/jbc.M305138200
http://dx.doi.org/10.1110/ps.051492805
http://dx.doi.org/10.1110/ps.051492805
http://dx.doi.org/10.2741/4167
http://dx.doi.org/10.3389/fnsyn.2014.00009
http://dx.doi.org/10.3389/fnsyn.2014.00009
http://dx.doi.org/10.1021/bi602603c
http://dx.doi.org/10.1021/cr2000702
http://dx.doi.org/10.1073/pnas.222421299
http://dx.doi.org/10.1073/pnas.222421299
http://dx.doi.org/10.1007/s10072-010-0422-2
http://dx.doi.org/10.1007/s10072-010-0422-2
http://dx.doi.org/10.1021/jm050701c
http://dx.doi.org/10.1002/pro.5560060921
http://dx.doi.org/10.1002/pro.5560060921
http://dx.doi.org/10.1074/jbc.M601971200
http://dx.doi.org/10.1016/0003-2697(81)90474-7
http://dx.doi.org/10.1016/0003-2697(81)90474-7
http://dx.doi.org/10.1021/bi00782a016
http://dx.doi.org/10.1074/jbc.M405726200
http://dx.doi.org/10.1016/j.febslet.2010.05.022
http://dx.doi.org/10.1038/sj.mp.4001776
http://dx.doi.org/10.1038/sj.mp.4001776
http://dx.doi.org/10.1074/jbc.M109.010470
http://dx.doi.org/10.1038/sj.emboj.7601107
http://dx.doi.org/10.1016/j.pep.2008.09.003
http://dx.doi.org/10.1038/jid.2014.22
http://dx.doi.org/10.1007/s00726-012-1442-4
http://dx.doi.org/10.1007/s00726-012-1442-4
http://dx.doi.org/10.2174/138945011795677755
http://dx.doi.org/10.1074/jbc.M209862200
http://dx.doi.org/10.1073/pnas.0409723102
http://dx.doi.org/10.1016/1011-1344(95)07211-X


172 M. Marchetti et al.

1 3

Labrie V, Wong AH, Roder JC (2012) Contributions of the d-serine 
pathway to schizophrenia. Neuropharmacol 62:1484–1503. 
doi:10.1016/j.neuropharm.2011.01.030

Lakowicz JR (2006) Principles of fluorescence spectroscopy, 3rd edn. 
Plenum Press, New York

Lipton SA (2006) Paradigm shift in neuroprotection by NMDA recep-
tor blockade: memantine and beyond. Nat Rev Drug Discov 
5:160–170. doi:10.1038/nrd1958

Lodha PH, Hopwood EM, Manders AL, Aitken SM (2010) Resi-
due N84 of yeast cystathionine beta-synthase is a determinant 
of reaction specificity. Biochim Biophys Acta 1804:1424–1431. 
doi:10.1016/j.bbapap.2010.02.010

Ma TM et al (2013) Pathogenic disruption of DISC1-serine racemase 
binding elicits schizophrenia-like behavior via d-serine depletion. 
Mol Psychiatry 18:557–567. doi:10.1038/mp.2012.97

Marabotti A, De Biase D, Tramonti A, Bettati S, Mozzarelli A (2001) 
Allosteric communication of tryptophan synthase. Functional 
and regulatory properties of the beta S178P mutant. J Biol Chem 
276:17747–17753. doi:10.1074/jbc.M011781200

Marchetti M, Bruno S, Campanini B, Peracchi A, Mai N, Mozzarelli 
A (2013) ATP binding to human serine racemase is cooperative 
and modulated by glycine. FEBS J 280:5853–5863. doi:10.1111/ 
febs.12510

Martinez del Pozo A, Yoshimura T, Bhatia MB, Futaki S, Manning 
JM, Ringe D, Soda K (1992) Inactivation of dimeric d-amino 
acid transaminase by a normal substrate through formation of 
an unproductive coenzyme adduct in one subunit. Biochemistry 
31:6018–6023. doi:10.1021/bi00141a009

Maruyama K (1990) Activation of Pseudomonas ochraceae 
4-hydroxy-4-methyl-2-oxoglutarate aldolase by inorganic phos-
phate. J Biochem 108:334–340

McClure GD Jr, Cook PF (1994) Product binding to the alpha-carboxyl 
subsite results in a conformational change at the active site of 
O-acetylserine sulfhydrylase-A: evidence from fluorescence spec-
troscopy. Biochemistry 33:1674–1683. doi:10.1021/bi00173a009

Molla G, Sacchi S, Bernasconi M, Pilone MS, Fukui K, Polegioni L 
(2006) Characterization of human d-amino acid oxidase. FEBS 
Lett 580:2358–2364. doi:10.1016/j.febslet.2006.03.045

Mozzarelli A, Bettati S (2006) Exploring the pyridoxal 5′-phosphate-
dependent enzymes. Chem Rec 6:275–287. doi:10.1002/tcr.20094

Mozzarelli A et  al (2011) The multifaceted pyridoxal 5′-phosphate-
dependent O-acetylserine sulfhydrylase. Biochim Biophys Acta 
1814:1497–1510. doi:10.1016/j.bbapap.2011.04.011

Mustafa AK et al (2007) Nitric oxide S-nitrosylates serine racemase, 
mediating feedback inhibition of d-serine formation. Proc Natl 
Acad Sci USA 104:2950–2955. doi:10.1073/pnas.0611620104

Mustafa AK et  al (2010) Serine racemase deletion protects against 
cerebral ischemia and excitotoxicity. J Neurosci 30:1413–1416. 
doi:10.1523/JNEUROSCI.4297-09.2010

Nagayoshi C, Ishibashi M, Kita Y, Matsuoka M, Nishimoto I, 
Tokunaga M (2005) Expression, refolding and characteri-
zation of human brain serine racemase in Escherichia coli 
with N-terminal His-tag. Protein Pept Lett 12:487–490. 
doi:10.2174/0929866054395284

Nagayoshi C, Ishibashi M, Tokunaga M (2009) Purification and 
characterization of human brain serine racemase expressed in 
moderately halophilic bacteria. Protein Pept Lett 16:201–206. 
doi:10.2174/092986609787316261

Neidle A, Dunlop DS (2002) Allosteric regulation of mouse brain 
serine racemase. Neurochem Res 27:1719–1724. doi:10.1023/ 
A:1021607715824

Peracchi A, Mozzarelli A, Rossi GL (1995) Monovalent cations 
affect dynamic and functional-properties of the tryptophan syn-
thase alpha(2)beta(2) complex. Biochemistry 34:9459–9465. 
doi:10.1021/Bi00029a022

Perutz MF, Shih DT, Williamson D (1994) The chloride effect in 
human haemoglobin. A new kind of allosteric mechanism. J Mol 
Biol 239:555–560. doi:10.1006/jmbi.1994.1394

Phillips RS, Demidkina TV, Zakomirdina LN, Bruno S, Ronda L, 
Mozzarelli A (2002) Crystals of tryptophan indole-lyase and 
tyrosine phenol-lyase form stable quinonoid complexes. J Biol 
Chem 277:21592–21597. doi:10.1074/jbc.M200216200

Quazi F, Aitken SM (2009) Characterization of the S289A, D mutants 
of yeast cystathionine beta-synthase. Biochim Biophys Acta 
1794:892–897. doi:10.1016/j.bbapap.2009.02.007

Raboni S, Bettati S, Mozzarelli A (2009) Tryptophan synthase: a mine 
for enzymologists. Cell Mol Life Sci 66:2391–2403. doi:10.1007/
s00018-009-0028-0

Rust E, Martin DL, Chen CH (2001) Cofactor and tryptophan accessi-
bility and unfolding of brain glutamate decarboxylase. Arch Bio-
chem Biophys 392:333–340. doi:10.1006/abbi.2001.2466

Sacchi S, Caldinelli L, Cappelletti P, Pollegioni L, Molla G 
(2012) Structure-function relationships in human d-amino 
acid oxidase. Amino Acids 43:1833–1850. doi:10.1007/
s00726-012-1345-4

Salsi E et  al (2010) Design of O-acetylserine sulfhydrylase 
inhibitors by mimicking nature. J Med Chem 53:345–356. 
doi:10.1021/jm901325e

Schiaretti F, Bettati S, Viappiani C, Mozzarelli A (2004) pH depend-
ence of tryptophan synthase catalytic mechanism: I. The first 
stage, the beta-elimination reaction. J Biol Chem 279:29572–
29582. doi:10.1074/jbc.M401895200

Schnackerz KD, Tai CH, Simmons JW 3rd, Jacobson TM, Rao GS, 
Cook PF (1995) Identification and spectral characterization of the 
external aldimine of the O-acetylserine sulfhydrylase reaction. 
Biochemistry 34:12152–12160

Silver IA, Erecinska M (1997) Energetic demands of the Na+/K+ 
ATPase in mammalian astrocytes. Glia 21:35–45 10.1002

Smith MA et al (2010) The structure of mammalian serine racemase: 
evidence for conformational changes upon inhibitor binding. J 
Biol Chem 285:12873–12881. doi:10.1074/jbc.M109.050062

Spyrakis F et al (2013) Fine tuning of the active site modulates speci-
ficity in the interaction of O-acetylserine sulfhydrylase isozymes 
with serine acetyltransferase. Biochim Biophys Acta 1834:169–
181. doi:10.1016/j.bbapap.2012.09.009

Spyrakis F et  al (2014) Targeting cystalysin, a virulence factor of 
Treponema denticola-supported periodontitis. Chem Med Chem. 
doi:10.1002/cmdc.201300527

Strambini GB, Cioni P, Peracchi A, Mozzarelli A (1992) Conforma-
tional-changes and subunit communication in tryptophan syn-
thase—effect of substrates and substrate-analogs. Biochemistry 
31:7535–7542. doi:10.1021/Bi00148a014

Strambini GB, Cioni P, Cook PF (1996) Tryptophan luminescence 
as a probe of enzyme conformation along the O-acetylserine 
sulfhydrylase reaction pathway. Biochemistry 35:8392–8400. 
doi:10.1021/bi952919e

Strisovsky K, Jiraskova J, Mikulova A, Rulisek L, Konvalinka J 
(2005) Dual substrate and reaction specificity in mouse serine 
racemase: identification of high-affinity dicarboxylate substrate 
and inhibitors and analysis of the beta-eliminase activity. Bio-
chemistry 44:13091–13100. doi:10.1021/bi051201o

Tian H et  al (2010) Identification of the structural determinants for 
the stability of substrate and aminoacrylate external Schiff bases 
in O-acetylserine sulfhydrylase-A. Biochemistry 49:6093–6103. 
doi:10.1021/bi100473v

Toney MD (2011) Pyridoxal phosphate enzymology. Biochim Bio-
phys Acta 1814:1405–1406. doi:10.1016/j.bbapap.2011.08.007

Traynelis SF et  al (2010) Glutamate receptor ion channels: struc-
ture, regulation, and function. Pharmacol Rev 62:405–496. 
doi:10.1124/pr.109.002451

http://dx.doi.org/10.1016/j.neuropharm.2011.01.030
http://dx.doi.org/10.1038/nrd1958
http://dx.doi.org/10.1016/j.bbapap.2010.02.010
http://dx.doi.org/10.1038/mp.2012.97
http://dx.doi.org/10.1074/jbc.M011781200
http://dx.doi.org/10.1111/febs.12510
http://dx.doi.org/10.1111/febs.12510
http://dx.doi.org/10.1021/bi00141a009
http://dx.doi.org/10.1021/bi00173a009
http://dx.doi.org/10.1016/j.febslet.2006.03.045
http://dx.doi.org/10.1002/tcr.20094
http://dx.doi.org/10.1016/j.bbapap.2011.04.011
http://dx.doi.org/10.1073/pnas.0611620104
http://dx.doi.org/10.1523/JNEUROSCI.4297-09.2010
http://dx.doi.org/10.2174/0929866054395284
http://dx.doi.org/10.2174/092986609787316261
http://dx.doi.org/10.1023/A:1021607715824
http://dx.doi.org/10.1023/A:1021607715824
http://dx.doi.org/10.1021/Bi00029a022
http://dx.doi.org/10.1006/jmbi.1994.1394
http://dx.doi.org/10.1074/jbc.M200216200
http://dx.doi.org/10.1016/j.bbapap.2009.02.007
http://dx.doi.org/10.1007/s00018-009-0028-0
http://dx.doi.org/10.1007/s00018-009-0028-0
http://dx.doi.org/10.1006/abbi.2001.2466
http://dx.doi.org/10.1007/s00726-012-1345-4
http://dx.doi.org/10.1007/s00726-012-1345-4
http://dx.doi.org/10.1021/jm901325e
http://dx.doi.org/10.1074/jbc.M401895200
http://dx.doi.org/10.1074/jbc.M109.050062
http://dx.doi.org/10.1016/j.bbapap.2012.09.009
http://dx.doi.org/10.1002/cmdc.201300527
http://dx.doi.org/10.1021/Bi00148a014
http://dx.doi.org/10.1021/bi952919e
http://dx.doi.org/10.1021/bi051201o
http://dx.doi.org/10.1021/bi100473v
http://dx.doi.org/10.1016/j.bbapap.2011.08.007
http://dx.doi.org/10.1124/pr.109.002451


173Human serine racemase activity

1 3

Wang W, Barger SW (2011) Roles of quaternary structure and 
cysteine residues in the activity of human serine racemase. BMC 
Biochem 12:63. doi:10.1186/1471-2091-12-63

Wild JR, Belser WL, O’Donovan GA (1976) Unique aspects of the 
regulation of the aspartate transcarbamylase of Serratia marces-
cens. J Bacteriol 128:766–775

Wolosker H, Blackshaw S, Snyder SH (1999) Serine racemase: a 
glial enzyme synthesizing d-serine to regulate glutamate-N-me-
thyl-d-aspartate neurotransmission. Proc Natl Acad Sci USA 
96:13409–13414. doi:10.1073/pnas.96.23.13409

Zhang J, Cheltsov AV, Ferreira GC (2005) Conversion of 5-ami-
nolevulinate synthase into a more active enzyme by linking the 
two subunits: spectroscopic and kinetic properties. Protein Sci 
14:1190–1200. doi:10.1110/ps.041258305

Zhuang Z, Yang B, Theus MH, Sick JT, Bethea JR, Sick TJ, Liebl 
DJ (2010) EphrinBs regulate d-serine synthesis and release in 
astrocytes. J Neurosci 30:16015–16024. doi:10.1523/JNEURO
SCI.0481-10.2010

http://dx.doi.org/10.1186/1471-2091-12-63
http://dx.doi.org/10.1073/pnas.96.23.13409
http://dx.doi.org/10.1110/ps.041258305
http://dx.doi.org/10.1523/JNEUROSCI.0481-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0481-10.2010

	Regulation of human serine racemase activity and dynamics by halides, ATP and malonate
	Abstract 
	Introduction
	Materials and methods
	Materials
	Enzyme preparation
	Activity assays
	Protein stability in different buffer solutions
	Ion dependence
	Fluorescence measurements

	Results and discussion
	hSR stability
	Effects of phosphates on activity
	Effects of halides on hSR activity
	Active site accessibility by fluorescence quenching
	Effects of malonate on ATP binding

	Conclusions
	Conflict of interest 
	References


