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Serine racemase catalyzes both the synthesis and the degradation of D-serine, an obliga-
tory co-agonist of the glutamatergic NMDA receptors. It is allosterically controlled by
adenosine triphosphate (ATP), which increases its activity around 7-fold through a co-
operative binding mechanism. Serine racemase has been proposed as a drug target for
the treatment of several neuropathologies but, so far, the search has been directed only
toward the active site, with the identification of a few, low-affinity inhibitors. Following the
recent observation that nicotinamide adenine dinucleotide (reduced form) (NADH) inhibits
serine racemase, here we show that the inhibition is partial, with an IC50 of 246 ± 63 μM,
several-fold higher than NADH intracellular concentrations. At saturating concentrations
of NADH, ATP binds with a 2-fold lower affinity and without co-operativity, suggesting
ligand competition. NADH also reduces the weak activity of human serine racemase in
the absence of ATP, indicating an additional ATP-independent inhibition mechanism. By
dissecting the NADH molecule, we discovered that the inhibitory determinant is the N-
substituted 1,4-dihydronicotinamide ring. Particularly, the NADH precursor 1,4-dihydroni-
cotinamide mononucleotide exhibited a partial mixed-type inhibition, with a KI of 18 ±
7 μM. Docking simulations suggested that all 1,4-dihydronicotinamide derivatives bind at
the interdimeric interface, with the ring positioned in an unoccupied site next to the ATP-
binding site. This newly recognized allosteric site might be exploited for the design of
high-affinity serine racemase effectors to finely modulate D-serine homeostasis.

Introduction
The activation of the glutamatergic N-methyl D-aspartate receptors (NMDARs) requires the binding
of either glycine or D-serine, two obligatory co-agonists competing for the same binding site [1].
Human serine racemase (EC 5.1.1.18, hSR) [2–8] is the homodimeric pyridoxal 50-phosphate
(PLP)-dependent enzyme that catalyzes both the reversible racemization of L-serine to D-serine and
the irreversible β-elimination of L- and D-serine to pyruvate and ammonia [3,4,9]. Both reactions con-
tribute to D-serine homeostasis, with the former producing and the latter removing D-serine, in con-
junction with D-amino acid oxidase (DAAO), the main degradative enzyme for D-amino acids [10].
hSR is mostly localized in neurons and astrocytes [11,12], but also in other cells in peripheral tissues
[13].
The impairment of NMDAR-mediated neurotransmission has been linked to several neuropatholo-

gies [14], with the hyperfunction associated with amyotrophic lateral sclerosis and Alzheimer’s and
Parkinson’s diseases, and the hypofunction associated with schizophrenia. As direct NMDAR target-
ing with drugs such as memantine and ketamine produces excitotoxicity [15,16], the modulation of
D-serine biosynthesis by hSR has been proposed as an alternative and milder pharmacological
approach [17,18]. However, despite several attempts at designing inhibitors directed toward the active
site, only a few have been identified, with KIs in the high micromolar to millimolar range [19–26].
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The best inhibitor identified so far is 2,2-dichloromalonate, with a KI of 19 μM [23]. As malonate [27], it binds
in a small pocket of the active site and exhibits limited possibilities for further optimization.
Recently, it was reported that nicotinamide adenine dinucleotide (reduced form) (NADH) inhibits hSR,

suggesting a physiological regulation of hSR activity by the glycolytic flux in neurons [28]. Here, we thoroughly
investigated the inhibition of hSR by NADH and by some of its analogues, derivatives and metabolic
precursors. Indeed, some of the NADH precursors formed in the kynurenine pathway are involved in the
glutamatergic neurotransmission, including kynurenic acid (KYNA) [29], quinolinic acid (QUIN) [30],
3-hydroxykynurenine (3-HK) [31] and xanthurenic acid (XA) [32]. More recently, the NADH metabolic pre-
cursor nicotinamide mononucleotide (NMN) was shown to accumulate after nerve injury — reaching intracel-
lular concentrations in the micromolar range — and to promote axon degeneration [33].

Results and discussion
Inhibition of hSR by reduced NADH and NADPH
The effect of NADH, nicotinamide adenine dinucleotide (oxidized form) (NAD+), NADPH and NADP+ was
tested on the racemization and β-elimination activities of hSR in the presence of 50 mM L-serine, 2 mM ATP,
2 mM MgCl2 and 2 mM of each dinucleotide (Figure 1). NADH and NADPH reduced the racemization activity
by about 50% and the β-elimination activity by about 36%. The difference can be ascribed to the nonnegligible
inhibition on the β-elimination activity exerted by the NADH present in the coupled assay (vide infra). This
limited inhibition by NADH at millimolar concentrations is consistent with recently reported observations
[28]. The oxidized forms NAD+ and NADP+ did not produce any significant changes in hSR activity
(Figure 1). The inhibition did not depend on the incubation time of hSR with NADH, nor on the presence of
reducing agents, such as tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol (data not shown).
The structural similarity of NADH and ATP — which activates hSR about 7-fold in a co-operative fashion

[9] — suggested a competition for the same binding site, with NADH binding counteracting ATP activation.
Indeed, the binding properties of ATP in the presence of 2 mM NADH changed significantly. The KD

increased from 168 ± 12 to 370 ± 30 μM, with a complete loss of co-operativity (Supplementary Figure S1).
However, a 20-fold excess of ATP with respect to NADH led only to a partial recovery of enzyme activity
(Supplementary Figure S1), suggesting that NADH cannot be fully displaced. NAD+ did not seem to
compete at all with NADH (Supplementary Figure S1). The inhibition did not depend significantly on the
order in which ATP and NADH were added to the assay mixture (Supplementary Figure S2). The slightly
lower activity measured upon preincubation with ATP at 37°C and at pH 8.0 might be due to the partial
hydrolysis of the activator ATP.

Figure 1. Inhibition of hSR by NADH and NAPDH.

(A) Effect of NADH, NAD+, NADPH and NADP+ on L-serine racemization activity. The control experiment was carried out by

incubating 1.5 μM hSR in a 50 mM TEA-buffered solution containing 50 mM L-serine, 2 mM ATP-Mg2+ at a pH of 8.0. NAD+,

NADH, NADP+ or NADPH were added at a concentration of 2 mM. The error bars are the s.e.m. of two replicates. (B) Effect of

NADH, NAD+, NADPH and NADP+ on the L-serine β-elimination reaction. The reference experiment was carried out by

incubating 0.45 μM hSR in a TEA-buffered solution containing 50 mM L-serine, 2 mM ATP and 2 mM MgCl2. NAD
+, NADH,

NADP+ and NADPH were added at a concentration of 2 mM. The error bars are the s.e.m. of two replicates.
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Identification of the inhibitory determinant of NADH
The NADH/NAD+ fragments 1-methyl-1,4-dihydronicotinamide (MNA-red), 1,4-dihydronicotinamide mono-
nucleotide (NMN-red), their oxidized forms 1-methylnicotinamide (MNA-ox) and β-nicotinamide monucleo-
tide (NMN-ox), the fully reduced form of MNA-ox–1-methyl 3-piperidinecarboxamide (MPCA; Scheme 1),
adenosine diphosphate (ADP) and sodium pyrophosphate were screened at 2 mM concentration using the
β-elimination assay to identify the inhibitory determinant of NADH (Figure 2). ADP did not bring about any
inhibition, as had emerged already [3]. Pyrophosphate ions at 2 mM concentration produced an inhibition of
around 60%, which has been already associated with Mg2+ chelation [34]. Indeed, addition of an excess of Mg2
+ fully reversed the inhibition (Supplementary Figure S3), whereas it did not have any effect on the inhibitory
activity of the other compounds. Consistent with this proposed mechanism, the dependence of the activity of
hSR on the concentration of sodium pyrophosphate was biphasic (Supplementary Figure S3), reflecting the
scavenging of Mg2+ ions from both the ATP-Mg2+-binding site and the Mg2+/Ca2+-binding site. NMN-red and
MNA-red inhibited hSR by 46% and 25%, respectively (Figure 2).
Overall, it can be concluded that the inhibition determinant of NADH is the N-substituted

1,4-dihydronicotinic ring. The redox state of the 1,4-dihydronicotinic ring is crucial, as neither the oxidized
forms (NAD+, NADP+, NMN-ox and MNA-ox) nor the fully reduced piperidinic form (MPCA) showed any
inhibitory activity. The redox forms of the nicotinamidic ring differ both in net charge and conformation,
offering indications on the binding properties of the pocket.
To further explore the structural determinants of NADH binding to hSR, nicotinamide (Nam), its analogues

nicotinic acid and isoniazid, as well as intermediates of the NADH-producing kynurenine pathway — tryptophan,

Scheme 1. Nam derivatives tested in the present study.
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KYNA, L-kynurenine, 3-HK, quinolinic acid (2,3-pyridinedicarboxylic acid, QUIN), 2-picolinic acid, XA and 3-
hydroxyanthranilic acid (Supplementary Scheme S1) — were screened as potential hSR inhibitors at a concen-
tration of 500 μM (Supplementary Figure S3). Some of them are directly or indirectly involved in the modula-
tion of glutamatergic transmission. KYNA acts as an orthosteric antagonist at the D-serine/glycine-binding
site [29] of NMDARs, whereas QUIN acts as an agonist, causing excitotoxicity [30]. 3-HK can generate free
radicals that can exacerbate QUIN-induced neuronal damage [31]. XA is an endogenous allosteric agonist of
the metabotropic glutamate receptor [32] and an inhibitor of the reuptake of glutamate into the synaptic
vesicles, with a KI of 190 μM [35]. However, no significant inhibitory activity was observed on hSR for any of
the compounds tested (Supplementary Figure S4).

Determination of IC50 values and the inhibition mechanism
The initial rate of L-serine β-elimination by hSR was determined as a function of concentration for NADH,
NMA-red and NMN-red (Figure 3) in the presence of 50 mM L-serine and 2 mM ATP. All compounds produced
partial inhibition, with different residual activities at saturating concentrations. The resulting IC50 values were 246
± 63 μM for NADH, 177 ± 63 μM for MNA-red and 51 ± 15 μM for NMN-red. The maximum inhibition was
36% for NADH, 25% for MNA-red and 47% for NMN-red. NADH and its analogues did not produce a cumula-
tive inhibition at saturation, suggesting a binding to the same site (Supplementary Figure S5). Preincubation with
NMN-red and MNA-red with hSR did not change the level of inhibition (Supplementary Figure S6). In the
absence of ATP, NADH inhibited hSR by 30%, the same extent observed in the presence of ATP (Supplementary
Figure S7). This indicated that NADH acts as an inhibitor not only by competing with ATP, but also by exerting
an ATP-independent allosteric modulation of hSR.
To estimate the KI for the most active compound, NMN-red, the dependence of the initial velocity on

L-serine concentration was measured in the presence of L-serine from 5 to 200 mM (Figure 4). A global fitting
of the data to eqn (1) — which describes a hyperbolic mixed-type inhibition — yielded the following para-
meters: KI = 18 ± 7 μM, KM = 14 ± 3 mM, kcat = 166 ± 11 min−1, α = 5 ± 2 and β = 0.8 ± 0.1. KM and kcat were in
close agreement with those measured in a previous work [9]. The KI calculated for NMN-red is comparable
with that of 2,2-dichloromalonate, the most potent inhibitor identified so far [23]. Furthermore, an α-value
higher than 1 indicated that NMN binds with higher affinity to the free enzyme in comparison with the
enzyme-substrate (ES) complex. The non-zero value of the β-coefficient indicated that NMN-red behaves as a
partial inhibitor. Partial inhibition takes place when the enzyme-inhibitor–substrate complex remains

Figure 2. Effect of NADH fragments on hSR activity.

Effect of MNA-red, MNA-ox, NMN-red, NMN-ox, ADP, pyrophosphate and MPCA at a concentration of 2 mM on the

β-elimination reaction of hSR in the presence of 2 mM ATP and 50 mM L-serine. Each error bar is the s.e.m. of two replicates.
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catalytically active, albeit at a reduced rate relative to the ES complex [36]. Partial inhibitors are unable to com-
pletely abolish enzyme activity and, in the case of hyperbolic mixed-type inhibition, both KM and kcat are
affected by the inhibitor. The nonnucleoside inhibitors of HIV reverse transcriptase are examples of clinically
used partial inhibitors [37], as the fractional inhibition is enough to produce the desired therapeutic effect.

Figure 4. β-elimination activity of hSR in the presence of NMN-red at different concentrations of L-serine.

Dependence of the initial rate on L-serine concentration in the absence (triangles) and the presence of 24 (crossed circles), 40

(squares), 120 (diamonds) and 400 μM (circles) NMN-red. The solid lines represent the global fitting to eqn (1).

Figure 3. IC50 determination.

Dependence of the β-elimination reactivity in the presence of 50 mM L-serine and 2 mM ATP-Mg2+ on the concentration of

NADH (open circles), MNA-red (closed circles) and NMN-red (open triangles), as relative velocities in comparison with the

uninhibited enzyme. The solid lines are the fitting to the equation for a binding isotherm plus an offset to account for the partial

inhibition. Each error bar is the s.e.m. of two replicates. The resulting IC50 values were 246 ± 63 μM for NADH, 177 ± 63 μM for

MNA-red and 51 ± 15 μM for NMN-red.
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It is worth noting that the β-elimination assays reported in the literature are based on a coupled assay
involving the reduction of pyruvate to lactate by LDH, in the presence of its co-substrate NADH. For a
NADH concentration of 200–300 μM, as reported in the original protocols [4], a nonnegligible inhibition of
hSR could be observed, pointing to experimental biases in all reported enzyme parameters determined
using this assay.
The intracellular concentration of free NAD species in the cytosol of mammalian cells is estimated to be

around 300 μM. The NAD+/NADH ratio heavily favours the oxidized form, which is 700-fold more concen-
trated than the reduced form [38]. Considering the partial inhibition and the relatively high IC50, it appears
unlikely that NADH could have a role in hSR modulation under physiological conditions. However, it cannot
be ruled out that an altered redox state of the cell might increase the concentration of NADH to a value suffi-
cient to exert some degree of hSR inhibition. NADPH is the prevailing form in the redox equilibrium with
NADP+, but its cytosolic concentrations are much lower than those of NADH.
NMN is an intermediate of the salvage pathway of NADH synthesis and its concentration is also normally

much lower than that of NADH [39]. However, NMN was recently shown to accumulate after nerve injury —
reaching intracellular concentrations in the micromolar range — and to promote axon degeneration [33].
These findings suggested a previously unknown role of NMN and hinted at the NMN-synthesizing enzyme
nicotinamide phosphoribosyltransferase as a new therapeutic target in axonopathies. Indeed, our investigation
indicates that NMN binds and inhibits hSR, with a possible involvement of hSR modulation in the response to
nerve injury.

Identification of the NADH-binding site
The binding site for NADH, MNA-red and NMN-red was further investigated by molecular modeling. Both
the malonate-bound and -unbound dimeric structures of hSR were used for spatially unconstrained docking
simulations of the identified inhibitors (NADH, NADPH, MNA-red and MNM-red). The highest docking
scores for all compounds were at a pocket at the dimeric interface, where ATP binds (Supplementary
Figure S8). The pocket analysis by FLAP (Fingerprint for Ligand And Protein) showed slight differences in the
distribution of polar and hydrophobic environments between the pockets of the malonate-bound and
-unbound structures but also between the two pseudosymmetric pockets within the same dimer [26]. Overall,
the pockets appeared capable of accepting mainly H-bond donors and hydrophobic groups. The capability to
receive H-bond acceptors appeared more limited.
All compounds showed a common pattern of interaction for the two conformations and between the two

pseudosymmetric pockets (Figure 5). NADH and NADPH showed a comparable occupancy of the site and a
good overlapping for the P-P-Ade moiety with that of ATP, the binding of which was crystallographically
defined using the stable analogue 50-adenylyl methylenediphosphonate [40] (Figure 5). The Nam moiety of all
compounds positioned itself into an unoccupied hydrophobic site next to that of ATP, forming hydrogen
bonds with Thr30 and Val29 (Figure 6). This secondary pocket is the binding site for MNA-red and NMN-red
that thus leave most of the ATP-binding sites unoccupied (Figure 5). None of the high score poses for any of
the molecules positioned the nicotinamidic ring in the adenine subsite of the ATP-binding site. For NADH,
NADPH and NMN-red further bonds are formed with the ribose ring (Met278, Arg277) and the phosphate
group (Ser32, Ile33) (Figure 6).
The hydrophobicity of the Nam pocket is associated with residues Phe49 and Leu29, both in close proximity

to the docked ring (Figure 6). This hydrophobic environment is possibly responsible for the selectivity toward
the reduced form of the Nam derivatives, as opposed to the positively charged oxidized form. Indeed, the phar-
macophoric mismatch between the positively charged Nam moiety in the oxidized state and the site hydropho-
bicity may interfere with the protein–ligand recognition to an extent that the interaction is completely
prevented.
The partial superimposition of the NADH-, NADPH- and NMN-red-binding sites with the ATP-binding

site (Figure 5) might explain the observed competition (Supplementary Figure S1). However, this is not true for
MNA-red, which occupies a site completely separate from that of ATP, still producing a significant, albeit
reduced, inhibition. Moreover, we observed that NADH competes only partially with ATP, with a large excess
of ATP incapable of restoring full activity (Supplementary Figure S1). Indeed, NADH can inhibit hSR also in
the absence of ATP (Supplementary Figure S7). Therefore, a complex mechanism can be envisaged, in which
NADH exerts its inhibition both by competing with the positive effector ATP and also by binding only to the
Nam site, stabilizing a conformation of reduced activity even when ATP is bound. Considering that even the
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small fragment MNA-red inhibits hSR, it can be inferred that a major contribution to the binding energy for
all compounds is associated with the occupation of the Nam pocket. It can therefore be conjectured that the
Nam moiety of NADH remains bound to its site when the adenine portion is displaced by ATP.

Figure 5. Binding poses of the Nam-based effectors.

Binding poses of the ATP analogue 50-adenylyl methylenediphosphonate (AMP-PCP), NADH, MNM-red and MNA-red. Due to

the global pharmacophoric analogy, only one of the two symmetry-related pockets is shown. The reported pharmacophoric

profile results from the sum of the open and closed pocket pharmacophores. The pose for AMP-PCP was obtained by

superimposing the structure of Schizosaccharomyces pombe SR–AMP-PCP complex with that of hSR. The surfaces of the two

subunits are represented in a different colour.
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The site for the 1,4-nicotinamidic ring is a novel allosteric site that might be exploited for the fine-tuning of
hSR activity. Until now, only weak inhibitors directed to the active site have been identified, particularly malon-
ate and its derivatives. A key limitation of these inhibitors is that they are not particularly suitable for modifica-
tions, as the hSR active site is very small. The binding pocket for the 1,4-nicotinamidic ring might offer a
better option for the development of more specific inhibitors endowed with higher affinity.

Figure 6. Close-up of NMN-red binding to hSR (A) and corresponding 2D schematic representation (B). In the 3D architecture,

yellow, red and blue contours represent the favourable binding site regions for placing hydrophobic, H-bond acceptor and

H-bond donor groups, respectively. The ligand and the residues in its proximity are represented by sticks. The yellow dotted

lines indicate polar contacts. In the 2D representation, the dotted lines indicate polar contacts and distances are expressed in

Å. The red lines represent hydrophobic contacts.
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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 TCEP, from Apollo Scientific (Bredbury, UK); NADP+ and NADPH from
Boehringer Ingelheim and 1-methyl-1,4-dihydronicotinamide (MNA-red) from Toronto Research Chemicals
(Toronto, Canada). Recombinant D-amino acid oxidase (DAAO) from Rhodotorula gracilis was a generous gift
from Professor L. Pollegioni (University of Insubria, Varese, Italy). Porcine DAAO was acquired from
Sigma-Aldrich.

Enzyme preparation
Recombinant hSR was expressed as a His-tagged fusion protein encoded in a pET28a-derived plasmid [20]
transformed into Escherichia coli BL21 CodonPlus (DE3)-RIL cells (Merck-Millipore, Darmstadt, Germany).
Purification was carried out using a TALON® His-Tag Purification Resin (Clontech, CA, USA), as previously
described [9].

Preparation of 1-methyl-1,4-dihydronicotinamide and 1,4-dihydronicotinamide
mononucleotide
NMN-red was prepared from NMN-ox (Sigma-Aldrich) by stoichiometric reduction with sodium dithionite
under anaerobic conditions [41], followed by desalting in an acetone:water mixture, drying in SpeedVac™
(Thermo Scientific™) and resuspension in a 50% DMSO:water solution. Reduction was confirmed by 1H NMR
spectra recorded on a Bruker 400 MHz spectrometer in 20 mM Na2HPO4 buffer, pH 8.0 (10% D2O), by the
presence of a peak at 7.07 ppm, typical of the reduced NADH Nam ring. The concentration of the reduced
species was determined spectrophotometrically based on the reported extinction coefficients [41].

hSR racemization activity assay
The initial rate of conversion of L-serine into D-serine by hSR was determined by a discontinuous assay based
on the oxidation of D-serine by DAAO [9,10,42]. The assay mixture contained 50 mM TEA, 150 mM NaCl,
50 mM PLP, 50 mM L-serine and 1.5 μM hSR, unless otherwise stated. L-serine was preliminarily purified by
incubation with DAAO for several hours to eliminate contaminant traces of D-serine [9]. The reaction was trig-
gered by the addition of hSR and the mixture was periodically sampled to estimate the concentration of
D-serine, as previously described [9]. Briefly, D-serine reacts with DAAO to give hydrogen peroxide, which then
reacts with o-dianisidine in the presence of horseradish peroxidase. The absorbance of the chromophoric
product was measured using a HALO LED 96 microplate reader (Dynamica) set at 550 nm.

hSR β-elimination activity assay
The initial velocity of L-serine β-elimination by hSR was monitored through a coupled assay with LDH [4,9].
The LDH-coupled assay was carried out in a solution containing 50 mM TEA, 2 mM ATP, 50 mM PLP, 5 mM
DTT, 2 mM MgCl2, 150 mM NaCl, 30 U/ml LDH and 300 mM NADH, pH 8.0, at 37°C. L-serine was added at
different concentrations depending on the experiment. The reaction was triggered by the addition of 0.45 mM
hSR and NADH consumption was followed at 340 nm using a Varian 4000 spectrophotometer. In some experi-
ments, the concentrations of either NADH or ATP were modified, as specified. As NADH affects hSR activity
(vide supra), its concentration was assessed spectrophotometrically at the exact time when the velocity was
measured. It was therefore possible to assess reaction rates at NADH concentrations lower than those initially
added for the assay.

Inhibition assays
The inhibition of either the hSR β-elimination or racemization activities by different compounds was initially
evaluated at a concentration of 2 mM. For the active compounds, the IC50 was determined through
β-elimination assays at several inhibitor concentrations. The potential effect of each compound on the activity
of the coupled enzymes LDH, DAAO and HPR was preliminarily evaluated in the presence of their substrates,
that is pyruvate, D-serine and hydrogen peroxide, respectively.
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The dependence of the initial rate on inhibitor concentration at different L-serine concentrations was fitted
to the equation describing a hyperbolic mixed-type inhibition (eqn 1) [43]:

v ¼ Vmax([S]=KM)þ bVmax([S][I]=aKMKI)
1þ ([S]=KM)þ ([I]=KI)þ ([S][I]=aKMKI)

(1)

where [S] and [I] are the concentrations of L-serine and inhibitor in the assay, respectively, KM is the
Michaelis–Menten constant, α is a coefficient that indicates the difference in affinity of the inhibitor for the
free enzyme and the ES complex, KI is the inhibition constant and β is a coefficient that describes the degree of
inhibition (also called efficacy). Dead-end inhibitors have β = 0.

Molecular modeling
Mammalian SRs have been crystallized in two conformations, i.e. in the presence (bound SR) and absence of
the active-site ligand malonate (unbound SR), which produce the closure of the active site and a significant
rotation of the small domain with respect to the large one [26]. Both conformations were used to explore puta-
tive binding sites for NADH. The model of unbound hSR was obtained by homology modeling on rat SR
(PDB code 3HMK) [27], as previously reported [44]. The model of the closed structure was derived from the
malonate-bound human dimer (PDB code 3L6B) [27]. The consistency of atom and bond types was checked
using the software Sybyl (Tripos, version 8.1), as previously described [44]. The ligand-binding site was defined
using the Flapsite tool of the FLAP software from Molecular Discovery (http://www.moldiscovery.com) [45],
while the GRID algorithm was used to explore the pharmacophoric space. The simultaneous interaction of
1,4-dihydronicotinamide derivatives with bound and unbound hSR was investigated by docking simulations
using the software GOLD [46], as previously reported [44]. No assumption about the superimposition of the
adenosine moiety of NADH with the crystallographically determined pose of ATP was made in the docking
simulations. No spatial constraints were used and no result improvement was obtained upon rescoring.
Therefore, the native scoring function of GOLD (GOLDScore) was used. The ligand-binding poses were
selected among the best scores on the basis of both the binding architecture and the match with the
pharmacophore.
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