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Human serine racemase (hSR) catalyzes the biosynthesis of D-serine, an

obligatory co-agonist of the NMDA receptors. It was previously found

that the reversible S-nitrosylation of Cys113 reduces hSR activity. Here, we

show by site-directed mutagenesis, fluorescence spectroscopy, mass spec-

trometry, and molecular dynamics that S-nitrosylation stabilizes an open,

less-active conformation of the enzyme. The reaction of hSR with either

NO or nitroso donors is conformation−dependent and occurs only in the

conformation stabilized by the allosteric effector ATP, in which the ϵ-
amino group of Lys114 acts as a base toward the thiol group of Cys113.

In the closed conformation stabilized by glycine—an active-site ligand of

hSR—the side chain of Lys114 moves away from that of Cys113, while the

carboxyl side-chain group of Asp318 moves significantly closer, increasing

the thiol pKa and preventing the reaction. We conclude that ATP binding,

glycine binding, and S-nitrosylation constitute a three-way regulation

mechanism for the tight control of hSR activity. We also show that Cys113

undergoes H2O2-mediated oxidation, with loss of enzyme activity, a reac-

tion also dependent on hSR conformation.

Introduction

S-nitrosylation is a cysteine post-translational modifi-

cation that reversibly regulates protein function [1,2].

It results from either the transnitrosylation by S-

nitrosoglutathione (GSNO) [2] or S-nitrosylated pro-

teins [3]. Alternatively, nitrogen monoxide (NO) pro-

duced by nitric oxide synthases (NOSs) can react
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directly with cysteine residues, forming an unstable

intermediate that undergoes O2-mediated oxidation to

S-nitrosocysteines [1]. The latter mechanism constitutes

both an intracellular and a paracrine signaling path-

way, as NO can diffuse out of the generating cell and

reach nearby target cells.

Regulation by S-nitrosylation has been reported for

serine racemase (EC 5.1.1.18, SR), a neuronal pyri-

doxal 5’-phosphate (PLP)-dependent homodimeric

enzyme that catalyzes the reversible racemization of L-

serine to D-serine and the irreversible deamination of

both L- and D-serine to pyruvate and ammonia

[4–15]. D-serine is an obligatory co-agonist of the

NMDA glutamatergic receptors and, therefore, the

regulation of the activity of SR is crucial to modulate

excitatory neurotransmission. SR is expressed in gluta-

matergic neurons [16], where NO signaling occurs [17].

Early experiments on a human glioblastoma cell line

showed that SR was inhibited by NO, an effect

reversed by the addition of the substrate [18]. The

nitrosylation site of murine SR is Cys113 [19], whereas

three nitrosylation sites were found in human SR

(hSR): Cys113, Cys269, and Cys218, with the fast

modification of Cys113 accounting for almost 70% of

inhibition [20]. SR inhibition by S-nitrosylation was

suggested as a mechanism to reduce the overstimula-

tion of NMDA neurotransmission, which indirectly

activates neuronal NOS (nNOS) and produces cell

death. Intriguingly, some known protein interactors of

SR are also regulated by S-nitrosylation (PICK1 [21],

GAPDH [22]), or colocalize with nNOS (PDS-95 [17]).

Glutamatergic receptors NMDA and AMPA are also

regulated by S-nitrosylation [23,24].

Besides S-nitrosylation, hSR activity is regulated by

ATP and glycine. ATP is a positive allosteric effector of

hSR [11] and binds to symmetric sites at the dimer inter-

face, 15 Å away from the active site [25]. Considering a

KD
ATP of around 200 µM [11] and an intracellular con-

centration in the low millimolar range [26], hSR is pre-

dicted to be fully ATP-saturated under physiological

conditions. Glycine—an inhibitor of hSR—covalently

binds at the active site and is present at intracellular

concentrations comparable to its KD of 0.47 mM for

hSR [27,28], suggesting a partial occupation of SR

dimers [29]. L-serine is unlikely to significantly compete,

as it exhibits a KM of about 12 mM [11]. Direct regula-

tion of SR by glycine is intriguing, considering that (i)

D-serine and glycine are co-agonists of NMDA recep-

tors and both act on the same receptor site, (ii) D-serine

biosynthesis is linked to that of glycine through the

enzyme serine hydroxymethyltransferase, (iii) glycine is

a regulator of D-serine release [29], (iv) glycine is a cyto-

protectant of several cells, including neurons, in the low

millimolar range, particularly following ATP depletion-

associated injury produced by anoxia [30].

From a structural point of view, the binding of ATP,

glycine, as well as malonate (MLI), an active-site com-

petitive inhibitor, has been associated with different

conformational states of SR. In the absence of active-

site ligands or the allosteric effector ATP, Saccha-

romyces pombe SR (SpSR), rat SR, and hSR crystallized

in an open conformation, whereas a closed conforma-

tion was observed for all homologs when cocrystallized

with either the substrate or MLI [25,31–33]. In the

closed conformation, the orientation of the two domains

forming the hSR protomer changes, with a 20° rotation
of the small domain toward the large domain. A third,

open-like structure was observed for SpSR cocrystal-

lized with a stable analog of ATP, which produced a

change in the relative orientation of the two protomers

[25]. Fluorescence spectroscopy of the ATP-hSR com-

plex reveals that this conformation, albeit more similar

to the open conformations of SR in the 3D structure,

exhibits nevertheless a closer active site in comparison

with hSR alone [11].

Herein, we investigated the correlation between S-ni-

trosylation and the hSR conformations stabilized by

ATP and glycine, unveiling a molecular mechanism for

hSR regulation by integrating experimental and theo-

retical approaches.

Results

Inhibition of SR by GSNO

Upon incubation with 150 μM GSNO for 5 min in the

presence of ATP, the racemase activity of hSR

decreased by 66% (Fig. 1A). When glycine was also

present in the incubation mixture, the inhibition was

only 33% (Fig. 1B). A similar inhibition pattern was

observed for the β-elimination activity under the same

conditions (Fig. 1C,D). The inhibition of the hSR β-
elimination activity brought about by GSNO was also

followed kinetically, revealing a biphasic time course

with an observed pseudo-first-order rate constant for

the fast phase of 0.59 � 0.02 min-1 (Fig. 1E). When

glycine was added, the inhibition time course slowed

down, proportionally to glycine concentration (Fig. 1E

and Table S1). Particularly, in the presence of 3 mM

glycine—within its physiological range [28,34]—a 100-

fold decrease in the reaction rate with GSNO was

observed. The dependence of the reaction rate con-

stants (kobs) on glycine concentration (Fig. 1E, inset),

yielded a K50
gly of 111 � 8 µM, indicating that the

modulation of S-nitrosylation by glycine takes place at

sub-millimolar concentrations. Similar behavior was
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observed in the presence of MLI (Fig. S1), a competi-

tive inhibitor that stabilizes the closed conformation

observed in hSR crystal structures [25,31–33].

Nitrosylation influences the fluorescence

properties of hSR

PLP bound to the active site of hSR emits fluorescence

when excited in the visible region, where the internal

aldimine of the cofactor maximally absorbs [11]. An

increase in fluorescence emission, accompanied by a

blue shift, was observed in the presence of many SR

ligands, including ATP and MLI [35], and was attribu-

ted to a closure of the active site. L-serine and glycine

[11] also produce an increase in fluorescence emission,

but the emitting species is the external aldimine of

PLP, which exhibits intrinsically different fluorophoric

properties with respect to the internal aldimine.

Fig. 1. Conformation dependence of WT hSR S-nitrosylation. (A) L-serine (50 mM) racemization by hSR (4 µM) in the presence of ATP (6 mM)

before (green bar) and after (red bar) 5-min incubation with GSNO (150 µM); the latter activity was expressed as a fraction of the activity in

the absence of GSNO. (B) L-serine racemization under the same conditions as (A) in the presence of 1 mM glycine. (C) L-serine (50 mM) β-
elimination by hSR (0.5 µM) in the presence of ATP (6 mM) before (green bar) and after (red bar) 5-min incubation with GSNO (150 µM); the
latter activity was expressed as a fraction of the activity in the absence of GSNO. (D) β-Elimination activity under the same conditions as (c)

in the presence of 1 mM glycine. The error bars in panels A-D are the S.E.M. of three independent experiments. (E) Initial rate of L-serine

(500 mM) β-elimination by hSR (0.4 µM) in the presence of ATP (6 mM) after addition of 150 μM GSNO in the absence (open circles), and

presence of 0.5 mM (red circles), 3 mM (green circles), and 10 mM (blue circles) glycine. Enzyme activities at each glycine concentration

were normalized to the activity of hSR in the absence of GSNO. Inset: Dependence of the kobs resulting from the fitting of the data points

of each kinetic trace versus the corresponding concentration of glycine. The dashed line is the fitting of the experimental points to

equation 5. (F) Time courses of hSR PLP fluorescence emission upon excitation at 445 nm after the addition of 150 µM GSNO in the

absence (open circles) and presence of 0.5 mM (red circles), 3 mM (green circles), 10 mM (blue circles), and 80 mM (yellow circles) glycine.

Inset: Dependence of the kobs resulting from the fitting of the data points versus the concentration of glycine, the dashed line is the fitting

of the experimental points to equation 5. The lines in (E) and (F) are the fitting of the experimental points to equation 2 for hSR in the

presence of ATP or equation 3 for hSR in the presence of both ATP and glycine (see text). (G) Time course of fluorescence emission of

Cys113Ser hSR (blue) and Δ5Cys hSR (green) in the presence of 6 mM ATP upon addition of 150 µM GSNO. The dashed line is the fitting of

the experimental points for WT hSR under the same conditions (Fig. 1F, open circles). The solid lines are the fitting of the experimental

points to equation 3 for both Cys113Ser hSR and Δ5Cys hSR. (H) Time course of hSR fluorescence emission after the addition of MAHMA

NONOate (95 µM) under a nitrogen atmosphere (closed circles) and in air (red circles)
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Following incubation of ATP-bound hSR with GSNO,

the PLP fluorescence emission spectra upon excitation

at 445 nm decreased to values similar to those mea-

sured in the absence of ATP (Fig. S2) [20]. Therefore,

it was concluded that nitrosylation of hSR stabilizes

an open conformation.

The changes in hSR fluorescence induced by the

reaction with GSNO were followed kinetically. When

GSNO was added to the ATP-bound enzyme, fluores-

cence emission upon excitation at 445 nm decreased

around fourfold in a biphasic process, with an

observed rate constant for the fast phase of

0.380 � 0.005 min-1, consistent with the rate of

enzyme inactivation (Fig. 1F). Variant Cys113Ser did

not undergo significant changes in fluorescence emis-

sion in the same timescale (Fig. 1G). The slower phase

observed for both WT and Cys113Ser hSR was previ-

ously attributed to the nitrosylation of different cys-

teine residues [20]. Variant Cys2Ser, Cys4Ser,

Cys128Ser, Cys269Ser, Cys309Ser (Δ5Cys) hSR exhib-

ited a GSNO-induced S-nitrosylation kinetics only

slightly slower than that observed for WT hSR (Fig. 1

G), with a pseudo-first-order rate constant of

0.15 � 0.02 min-1, confirming the association between

Cys113 nitrosylation and the observed changes in fluo-

rescence. In this variant, besides Cys113, only Cys46

and Cys217 were retained because they are critical for

protein function [19], although they were not observed

to be S-nitrosylated [20].

When glycine and ATP were both present in the

incubation mixture, the time course of fluorescence

emission slowed down proportionally to glycine con-

centration, similar to what was observed for enzyme

activity (Fig. 1F and Table S1). The dependence of the

rate constants on glycine concentrations yielded a

K50
gly of about 159 � 12 µM (Fig. 1F, inset), closely

mirroring the value determined from the enzyme

assays (Table S1, Fig. S3). Unlike the latter, fluores-

cence experiments could be carried out at high concen-

trations of glycine, as the detection did not depend on

the residual activity of the enzyme. At 80 mM glycine

—170-fold the KD [11]—only a slow phase was

observed (Fig. 1F). All fluorescence and enzyme activ-

ity changes were reverted by the addition of the reduc-

ing agent TCEP (data not shown).

Inside cells, cysteine nitrosylation can either result

from transnitrosylation by nitroso donors or from a

direct, oxygen-dependent reaction of the cysteine resi-

due with NO. Therefore, we checked the reactivity of

hSR with the diazeniumdiolate quick-releas-

ing NO donor MAHMA NONOate, which dissociates

into NO in aqueous solutions within minutes. In the

presence of 95 μM NO, fluorescence emission decreased

over time (Fig. 1H) similarly to what was observed in

the presence of GSNO at comparable concentrations.

When the reaction was carried out under anaerobic

conditions, the reaction rate decreased approximately

10-fold, confirming an oxygen-dependent S-nitrosyla-

tion mechanism.

S-nitrosylation detection by differential tagging

As both enzyme assays and fluorescence experiments

suggested the dependence of S-nitrosylation on the

binding state of hSR, we pursued a differential tagging

strategy that we named 5-IAF switch method and

which allows for the tagging of nitrosylated cysteine

side chains with a fluorescein-based tag (see Materials

and Methods). The protocol was applied to hSR in

different ligation states, known to correspond to differ-

ent conformations, as inferred from the crystal struc-

tures of SpSR, rat SR, and hSR [25,31–33]. The

results of the 5-IAF switch method are reported in

Fig. 2A. In the presence of only Mg2+, which binds at

a specific site in the large domain and activates the

enzyme 10-fold [25,33,36–38], a faint fluorescence band

was observed, indicating that the protein was poorly

nitrosylated by GSNO. Under these conditions, SR is

known to assume an open conformation from the crys-

tallographic structure of all orthologues [25,31–33]. In
the presence of EDTA, which chelates Mg2+ and com-

pletely inactivates the enzyme [36], a similarly faint

band was detected (Fig. 2A). No crystal structure

under these conditions is available, but spectroscopic

experiments suggested an open-like conformation [36].

In the presence of 6 mM ATP and Mg2+, the fluores-

cent band in the gel was threefold more intense than

in the presence of Mg2+ alone, suggesting that the con-

formation stabilized by ATP is significantly more

prone to nitrosylation. When glycine was also added, a

less intense band was observed, whereas an intermedi-

ate behavior was observed when both ATP and glycine

were present (Fig. 2A).

The quantitative analysis of Cys113 nitrosylation

levels in the presence of different ligands was carried

out by mass spectrometry of the trypsin digests of the

5-IAF-modified proteins (Fig. 2B). The peptide LEGI-

PAYIVVPQTAPDCK, containing Cys113, was identi-

fied in all samples upon tryptic digestion of hSR,

either originally nitrosylated (in which cysteine is mod-

ified with 5-IAF) or unmodified (in which cysteine is

modified with IAA), depending on the conditions

(Table 1). In the presence of ATP alone and in the

presence of both ATP and glycine, a higher MS/MS

coverage was observed in comparison with the other

conditions (Table S2). The relative AUCs of the
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chromatographic peaks of the two peptides indicated

that the yield of nitrosylation of Cys113 in the pres-

ence of only ATP was three times higher than in the

presence of both ATP and glycine (Fig. 2B).

Molecular dynamics simulations of hSR

To understand the molecular bases of the inhibition by

S-nitrosylation and the effect of glycine, we performed

molecular dynamics (MD) simulations on four ATP-

bound hSR forms: the internal aldimine state

(hSRMD); the internal aldimine state with nitrosylated

Cys113 (NOhSRMD); the external aldimine state with

glycine (hSR-GlyMD); the external aldimine state with

glycine and nitrosylated Cys113 (NOhSR-GlyMD)

(Fig. 3, see Materials and Methods for a more detailed

description of the models). All models were submitted

to 1 μs-long plain MD simulation.

The RMSD along the trajectories of the homod-

imer and of the single protomers—hereafter indicated

Fig. 2. Quantification of nitrosylation levels of SR. (A) 5-IAF switch method applied to hSR incubated with 150 µM GSNO for 90 min in the

presence of: 5 mM EDTA (EDTA); 10 mM MgCl2 (Mg2+); 6 mM ATP and 10 mM MgCl2 (ATP); 80 mM glycine and 10 mM MgCl2 (Gly); 6 mM

ATP, 10 mM MgCl2 and 80 mM glycine (ATP + Gly). For each condition, 0.5 μg of GSNO-incubated hSR was run in SDS/PAGE; the

fluorescence emitted by the hSR bands (panel 1) and their Coomassie blue staining intensity (panel 2) was measured. The bars are the

ratios between the two signals (in arbitrary units) for each condition. The error bars are the S.E.M. of three independent experiments. (B)

Analysis of liquid chromatography–mass spectrometry experiments on the tryptic digests of the samples of panel (A). The bars are the

AUCs of the chromatographic peak of the 5-IAF-modified peptide LEGIPAYIVVPQTAPDCK divided by the sum of the AUCs of both 5-IAF-

modified and IAA-modified peptides for the same conditions described in (A) (see text). The error bars are the S.E.M. of three independent

experiments

Table 1. Retention time (R.T.), m/z, and observed modification (MOD.) for the modified tryptic peptide LEGIPAYIVVPQTAPDCK under all

investigated conditions (see text)

Peptide

LEGIPAYIVVPQTAPDC(+387.07)K LEGIPAYIVVPQTAPDC(+57.02)K

m/z R.T. (min) MOD. m/z R.T. (min) MOD.

hSR + EDTA 767.6970 (z = 3) 36.25 5-IAF 986.0158

(z = 2)

31.27 IAA

hSR + Mg2+ 767.6962 (z = 3) 36.29 5-IAF 986.0148

(z = 2)

31.33 IAA

hSR + ATP 767.6965 (z = 3) 36.16 5-IAF 986.0151

(z = 2)

31.14 IAA

hSR + Gly 767.6970 (z = 3) 36.34 5-IAF 986.0165

(z = 2)

31.32 IAA

hSR + ATP + Gly 767.6978 (z = 3) 36.27 5-IAF 986.0159

(z = 2)

31.25 IAA
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as chains A and B, according to PDB 1wtc—is

reported in Table S3 and Fig S4. The RMSD is rela-

tively high, possibly because the models were

obtained by homology modeling. The hSRMD and

hSR-GlyMD models, corresponding to the complexes

with ATP and ATP + glycine, respectively, are quite

stable. On the contrary, the corresponding nitrosy-

lated forms (NOhSRMD and NOhSR-GlyMD) exhibit

higher RMSD values, indicating a gradual and con-

sistent conformational distancing from the starting

model.

This hypothesis was confirmed by essential dynamics

(ED), carried out to uncover the principal modes that

describe the overall dynamics. The corresponding prin-

cipal component analysis (PCA) plots (first vs second

component) are shown in Fig. S5 and report the rele-

vant conformational transitions in the near-constraint

subspace. The PCA of hSRMD and hSR-GlyMD

showed the least variance and converge around half of

the simulation. On the contrary, the nitrosylated sys-

tems NOhSRMD and, in particular, NOhSR-GlyMD

showed a more dispersed PCA plot.

The radius of gyration Rg was also calculated to

describe the compactness of the structure along the

trajectory (Table S4 and Fig. S6). hSRMD and

NOhSRMD followed the same trend, with an almost

identical average Rg. In hSR-GlyMD, Rg decreased

over the simulation time, implying a progressively

more stable and more compact structure. On the con-

trary, NOhSR-GlyMD recorded the highest Rg values,

with a rough curve indicating disturbance in the com-

pactness of the structure. The results pointed to an

unreliable conformation consistently with the

experimental data indicating that the concomitant

presence of glycine and nitrosylated Cys113 is unfa-

vored.

To assess further the effect of glycine and Cys113

nitrosylation on the overall protein flexibility, the root-

mean-square fluctuation (RMSF) of each residue

around its average position was calculated for each

chain of the homodimer (Fig 4). Areas with high fluc-

tuations mainly include the small domain (residues

78–155, peaks 3, 4, and 5 in Fig 4, Panel 1), and the

H13–H14 loop in the large domain (peak 6 in Fig. 4,

Panel 1). Seemingly, chain A is more flexible than

chain B. The nitrosylation increased the flexibility, in

particular in NOhSR-GlyMD, which shows the highest

RMSF peaks. On the contrary, the lowest RMSF

curve belongs to hSR-GlyMD, as the binding of glycine

decreases the degrees of freedom, particularly in the

loop between helices H13 and H14 (for the location

of secondary structure elements in human SR, see

Fig. S7).

To assess the variety of conformational populations

produced by MD, we performed a clustering with the

k-means algorithm (Table S5, Fig. S8). From the most

populated cluster, a medoid was extracted and taken

as the structure representing the outcome of the MD

simulations for each configuration. The extracted

medoids were superimposed to the last step of the

equilibration before starting the MD production, and

vectors were drawn to highlight the directions of the

displacement (Fig. 5). We noted that, unlike in hSRMD

and hSR-GlyMD (Fig. 5A,C), in the nitrosylated sys-

tems NOhSRMD and NOhSR-GlyMD (Fig. 5B,D), the

small domain shifted away from the dimer interface,

Fig. 3. Model of human serine racemase.

(A) Surface representation. The small and

large domains are colored in gray and lilac,

respectively. ATP is shown in capped

sticks. (B) Cartoon-like representation of the

internal and external aldimine states. ATP,

PLP, and Cys113 are labeled and shown in

capped sticks. All the images were

prepared with PyMOL version 2.3.4
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Fig. 4. Panel 1. Comparison of the Cα atoms RMSF (nm) calculated for the four configurations: hSRMD (red), NOhSRMD (blue), hSR-GlyMD

(green), NOhSR-GlyMD (black). (A) Chain A. (B) Chain B. Light green bands highlight regions of the polypeptide chain with RMSF peaks. The

numbers refer to the 3D structure (see Panel 2). The small domain includes the regions 3, 4, and 5. Panel 2. RMSF color-code representation. a.

hSRMD. b. NOhSRMD. c. hSR-GlyMD. d. NOhSR-GlyMD. Colors range from cold shades (blue, low RMSF) to warm shades (red, high RMSF).

Protomers have been indicated in each panel. Small domains have been highlighted with a yellow background. Numbers correspond to the

numbered peaks in Panel 1. The structures of Panel 2 were generated with Pymol 2.4.1
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with a quasi-rigid body motion. This concerted move-

ment allowed the nitrosylated side chain of Cys113 to

find its way to the solvent, avoiding the steric hin-

drance and electrostatic repulsion of surrounding resi-

dues.

The higher flexibility of the small domain in the

nitrosylated systems was also highlighted by the Dyn-

Dom software [39], which detects rigid body interdo-

main rotations and closure motions. Considering the

small domain as flexible and the large one as fixed,

large angles of rotations were determined for

NOhSRMD and NOhSR-GlyMD, while medium-to-low

angles of rotations were registered for hSRMD and

hSR-GlyMD. The corresponding degree of closure is

reported in Table S6. In hSRMD, chain A showed a

clear motion, which was not detected in chain B (83%

and 9% for chains A and B, respectively), again sup-

porting the different behavior of the protomers. As

expected, hSR-GlyMD showed the highest degree of

closure (94% and 78% for chains A and B, respec-

tively), reflecting the decrease in radius of gyration

along the trajectory. On the contrary, a lower degree

of closure was associated with the small domain move-

ment in the nitrosylated configurations NOhSRMD

(41% and 28%) and NOhSR-GlyMD (59% and 33%).

The latter showed unclear behavior, with the two

chains acting differently. This dynamic asymmetry is

likely the result of a large unbalance of the system, in

which two opposite forces are acting: Cys113 nitrosyla-

tion, which tends to push the small domain away from

the large one, and glycine binding, which draws the

small and the large domains closer. This effect is

mirrored by the changes in fluorescence emission,

which decreased upon nitrosylation and increased in

the presence of ATP, glycine, or MLI (Fig. S2) sug-

gesting an opening and a closing of the active site,

respectively.

We also evaluated the occupancy of the hydrogen

bonds formed by ATP with the surrounding residues,

as well as the electrostatic contacts formed at the

dimer interface in the different configurations (data

not shown). No significant effect or variation was

observed upon nitrosylation. According to these obser-

vations, we hypothesize that the NO-mediated inhibi-

tion of the enzyme activity is allosterically driven by

the detachment of the two domains and, consequently,

by the impossibility for the enzyme to stabilize the

active conformation, rather than by a direct effect on

ATP binding.

Mechanism of hSR inhibition by S-nitrosylation

To evaluate how the relative motion of the small and

large domains modulated by Cys113 nitrosylation

affects enzyme activity, we compared the crystallo-

graphic structures of SR in the open and closed forms

in the surroundings of the catalytic residue Ser84

[25,31–33]. The opening of the small domain moves

Ser84 away from the substrate, thus preventing cataly-

sis (Fig. 6). We speculate that, as long as Cys113

remains nitrosylated, the small domain cannot close

on the large one because of the electrostatic and steric

hindrance between the nitroso group of Cys113 and

the surrounding residues, particularly Asp318. We

Fig. 5. Vectors (yellow arrows) showing the

displacement between the last equilibration

step (shown as cartoon) and the medoid for

each trajectory. a. hSRMD. b. NOhSRMD. c.

hSR-GlyMD. d. NOhSR-GlyMD. The yellow

arrows indicate the direction and the

magnitude of the dynamic transition that

occurred during MD simulations. The small

and large domains are colored blue and

white, respectively. Ligands and ions are

omitted for clarity
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further explored this assumption by focusing on

Lys114. In the open or open-like X-ray structures

(PDB codes 1V71, 5X2I, 1WTC), Lys114 stabilizes

Ser84 with a hydrogen bond, keeping it away from the

catalytic site (Fig. 6A). When a substrate or an inhibi-

tor is bound (PDB codes 3I6B, 3I6R, 3I6C, 2ZPU,

2ZR8), the loop between β2 and helix H7 (residues 83-

84-85) behaves as a nest motif, coordinating the car-

boxylate of the substrate. During this loop reorganiza-

tion, Ser84 is pulled down to the active site, allowing

catalysis (Fig. 6B), while the small domain closes on

the large one. Once the product of the catalysis is

released, residues 84-85 should unfold back to a disor-

dered loop, and the small domain recovers its flexibil-

ity, resulting in an overall open conformation.

Therefore, the activity of the enzyme depends on its

ability to reach a fully closed conformation stabilized

by the simultaneous binding of active-site ligands (L-

serine, D-serine, MLI, or glycine) and ATP (Fig. S9).

The nitrosylation of Cys113, acting as a wedge, pre-

vents the attainment of the closed conformation, thus

impairing the catalytic activity.

Structural determinants of Cys113 S-nitrosylation

In the search for the structural determinants responsi-

ble for the reactivity of Cys113 in the different confor-

mations of hSR, we inspected the available

crystallographic structures of SRs and our MD simula-

tions (Fig. 7A,B). Cys113 is on the N terminus of helix

H8, in the small domain. The closest neighboring resi-

dues are on the same helix H8 (Lys114), on the large

domain in the loop between the β-strand β10 and helix

H19 (Asn316 and Asp318), and on the symmetric sub-

unit (Glu276). The distance between these residues and

Cys113 changes significantly depending on the ligation

state of SR. Particularly, in hSR-GlyMD, the presence

of a ligand at the active site induces the closure of the

small domain and increases the proximity of Cys113

to Asp318 (Fig. 7B) [25,31–33]. Interestingly, multiple

sequence analysis SR orthologues indicated high

conservation for the residues that are in close proxim-

ity to Cys113 (Fig. 7C).

To identify further residues that might affect Cys113

nitrosylation and mediate the allosteric communication

between the active site and the ATP binding site, we

carried out a network analysis on hSRMD, NOhSRMD,

hSR-GlyMD, and NOhSR-GlyMD medoids. In Fig.

S10, we reported the network of contacts built around

Cys113, ATP, and PLP in chain A (panels a, c, e, g)

and chain B (panels b, d, f, h). In hSRMD and

NOhSRMD, a hydrogen bond network connecting

ATP to PLP through Asn316, Glu283, Asn86 was

detected only in one chain of the dimer (panels b and

c), suggesting structural asymmetry when no ligand is

bound at the active site. Contrarily, in hSR-GlyMD

(panels e and f), glycine stabilizes the polar path

involving Asn316, Glu283, Asn86 in both chains A

and B. However, this symmetry cannot be detected in

NOhSR-GlyMD, in which the effect of nitrosylation

overruled that of glycine, resulting in a uniquely dis-

rupted residue network pattern not found in any other

trajectory (panel h). The residue interaction network

analysis brought to light the fundamental role of

Asn316 as the polar bridge between ATP and the PLP

clusters. The residue network analysis also showed, in

one of the two chains of hSRMD and hSR-GlyMD, a

generic contact between Cys113 and Asp318. Despite

the proximity of the side chains of both amino acids,

no relevant polar contact between Asp318 and Cys113

was found throughout MD simulations (data not

shown).

Characterization of hSR variants

To explore the hints provided by MD simulations, we

designed, expressed, and characterized hSR variants

Lys114Gln, Asn316Ala, Asp318Ala, Asp318Asn, and

Glu276Gln (Table 2). The characterization of hSR

variants Asp318Asn, Gln89Met, and Cys113Ser has

already been reported [20,40]. The residues we mutated

included those neighboring Cys113 (Fig. 7B): Gln89,

Fig. 6. Role of Lys114. (A) Open form of

hSR (PDB code 5X2I). (B) Closed form (PDB

code 316B). The protein is shown as

cartoon. ATP, Ser84, Lys114, PLP, and MLI

are labeled and shown as capped sticks.

The distance between the catalytic Ser84

and Lys114 is labeled and displayed as

yellow dashed lines
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whose importance was discussed in our previous work

[40]; Asn316, Lys114, Asp318, whose role was sug-

gested by our MD simulations (see above); Glu276 of

the symmetric unit, for its proximity to Cys113 in hSR

X-ray structures. The kinetic parameters of all the

variants are reported in Table 2.

Variants Asp318Ala and Asp318Asn were fully

active, with a twofold and threefold higher KM in

comparison with WT hSR for the β-elimination of L-

serine, respectively, and a lower kcat. They both bound

ATP cooperatively with a 2-/3-fold lower affinity com-

pared to WT hSR. It is interesting to note that

Asp318 is invariant in all SRs within the conserved

sequence GGNVDL (Fig. 7C), including the forms not

exhibiting a cysteine residue at position 113.

Variant Asn316Ala exhibited a kcat 22-fold lower

than WT hSR and a threefold higher KM for L-serine.

It was not activated by the presence of ATP (data not

shown) and it did not undergo any changes in fluores-

cence emission upon ATP addition (Fig. S11). Consis-

tently, no fluorescence emission decay was observed in

the presence of ATP upon incubation with GSNO

(Fig. 8C). These findings confirmed the prediction of

the residue interaction network analysis (Fig. S10),

which suggested that any mutation of this residue dis-

rupting the hydrogen bond network interrupts the

allosteric communication between the ATP and PLP

sites. It should be noticed that Asn316 is involved in a

hydrogen bond with the ribose group of ATP accord-

ing to the crystal model of SpSR [25] and its mutation

is therefore likely to prevent ATP binding.

As Asp318, Lys114 is invariant in all SRs (Fig. 7C).

The Lys114Gln variant exhibited a KM close to that of

WT hSR, but a 26-fold lower kcat. The KD for ATP

was only slightly lower than that of WT hSR, but its

binding did not show any cooperativity. It was

inferred that Lys114 is crucial in activating Ser84 by

lowering its pKa [41], thus explaining the low observed

kcat. The lack of cooperativity in ATP binding sug-

gested that this conserved residue is also relevant in

the allosteric communication between the active site

and the ATP binding site.

The mutation of Glu276 to glutamine increased the

KM for L-serine twofold, but the kcat remained close

to that of WT hSR. This variant bound ATP with

minimal cooperativity but with a KD similar to that of

WT hSR.

Reactivity of hSR variants with GSNO

For all variants, the inhibition produced by 150 µM
GSNO was evaluated in the presence of either ATP

(Fig. 8A) or both ATP and glycine (Fig. 8B). The

same experiment was also carried out for WT hSR in

the presence of the triphosphonucleotides GTP and

CTP to assess the effect of the nucleobase, the moiety

of the nucleotide closer to Cys113. The time courses of

Fig. 7. Cys113 surroundings and residue conservation in hSRMD

(A) and hSR-GlyMD (B). The protein is shown as cartoon. Cys113

and the surrounding residues are labeled and shown as capped

sticks. ATP is labeled and shown as transparent ball and sticks for

clarity. The distances among the residue side chains are labeled

and displayed as yellow dashed lines. (C) Logo plot of the

alignment of Cys113 and spatially neighboring amino acids. The

analyzed sequences were from 9800 serine racemase orthologues
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fluorescence emission upon incubation with GSNO

were also followed, either in the presence of ATP

(Fig. 8A and Fig. S12a) or ATP and glycine (Fig. 8B

and Fig. S12b).

In the presence of ATP, all variants showed a signif-

icant decrease in activity upon a 5-minute incubation

with GSNO, except for Cys113Ser—which lacks the

reactive cysteine—and Lys114Gln, which showed mini-

mal inhibition (Fig. 8A). The lower degree of inactiva-

tion was reflected in a slower time course of the

decrease in fluorescence emission for variant

Lys114Gln, with a rate constant of 0.069 �
0.002min−1, and a fractional decay after 5 min compa-

rable to the decrease in activity (Fig. 8C and Fig. 8A).

Lys114 was therefore confirmed as the basic residue

responsible for the activation of Cys113 toward nitro-

sylation. In the presence of ATP only, variants

Glu276Gln, Asp318Ala, and Asp318Asn exhibited

behavior similar to that of WT hSR for both enzyme

assay and fluorescence measurements (Fig. 8A,C, Fig.

S13), ruling out that either Glu276 or Asp318, despite

their relative closeness to Cys113 (Fig. 7), modulates

its nitrosylation in the conformation stabilized by

ATP. Particularly, in ATP-bound forms, Asp318 is

ruled out as the acidic residue of a putative acid–base
dyad, as it was proposed [19].

Activity inhibition by S-nitrosylation took place also

when ATP was substituted by CTP or GTP (Fig. 8A).

The adenosine group is the closest to Cys113 (Fig. 7)

and was suggested to be responsible for the activation

of Cys113 [19]. However, the ATP binding site is

poorly selective in terms of nucleobase, but it requires

a triphosphate ribose moiety [5]. Indeed, when adenine

was substituted by guanine and even by the pyrimidine

cytosine, S-nitrosylation took place, suggesting an

allosteric effect of the nucleotide on S-nitrosylation,

rather than a direct interaction between Cys113 and

the nucleobase.

When 6 mM glycine was added to the reaction mix-

ture, the degree of inactivation in 5 min was lower for

hSR and its variants (Fig. 8B), with the notable excep-

tion of Asp318Ala and Asp318Asn, which were inhib-

ited to the same extent in the presence and absence of

glycine. Consistently, the nitrosylation kinetics moni-

tored by fluorescence showed that variants Asp318Asn

and Asp318Ala were only modestly slowed down in

the presence of ATP and a high concentration of gly-

cine (i.e. 80 mM, approximately 170-fold the KD)

(Fig. 8D, Fig. S13), with a pseudo-first-order constant

of 0.052 � 0.003 min-1 and 0.089 � 0.004 min-1,

respectively. This result pointed to Asp318 as the resi-

due responsible for the loss of Cys113 reactivity in the

conformation stabilized by ATP and glycine. Variant

Glu276Gln exhibited a slightly higher degree of

GSNO-induced inhibition both in the presence of ATP

and in the presence of ATP and glycine. The

Gln89Met variant exhibited a similar behavior in both

conditions, suggesting that this variant is less sensitive

to the effect produced by ATP and glycine, possibly

due to disrupted communication between the ATP

binding site and the active site, as observed previously

[40] (Fig. 8A,B).

Evaluation of the role of Lys114 and Asp318 in

conformation-dependent Cys113 reactivity

As Lys114 and Asp318 were identified as the residues

affecting Cys113 nitrosylation, we focused on their

behavior in our MD simulations and on their effect on

the pKa of Cys113.

Table 2. Kinetic parameters (β-elimination) and ATP binding parameters for variants used in this study. Enzyme assays were performed at

37 °C. ATP activation is the ratio between the Vmax at 6 mM ATP and in the absence of ATP. The values of KM and kcat for L-serine β-
elimination were obtained fitting the data points with equation 1, while for ATP binding parameters, equation 4 was used. For variant

Asn316Ala, which does not bind ATP, the ATP binding parameters are not reported

Variant

KM, L-serine

(mM)

kcat

(min−1)

kcat/KM

(min-1mM
-1) KD ATP (mM) nATP ATP activation Ref.

WT hSR 16 � 1 166 � 10 10 .4 0.21 � 0.01 1.8 � 0.2 10 [20]

Cys113Ser 54 � 5 51 � 2 0.9 1.07 � 0.06 1.6 � 0.2 9.5 [20]

Cys2Ser, Cys4Ser,

Cys128Ser, Cys269Ser,

Cys309Ser (Δ5Cys)

48 � 9 57 � 3 1.2 0.24 � 0.05 1.7 � 0.5 10 This work

Asp318Asn 50 � 3 115 � 2 2.3 0.68 � 0.03 1.8 � 0.1 9.5 [20]

Asp318Ala 33 � 6 70 � 3 2.1 0.52 � 0.05 1.6 � 0.2 7.5 This work

Asn316Ala 41 � 1 7.6 � 0.1 0.2 - - - This work

Lys114Gln 19 � 1 6.3 � 0.1 0.3 0.11 � 0.04 0.8 � 0.2 2.1 This work

Gln89Met 19 � 2 56 � 1 2.9 0.15 � 0.01 1 3.9 [40]

Glu276Gln 34 � 5 133 � 6 3.9 0.28 � 0.03 1.5 � 0.4 7.8 This work
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We first measured the distance between Cys113 and

Lys114 in the hSRMD and hSR-GlyMD non-nitrosy-

lated systems. In the open chain A of hSRMD (panel a

in Fig. S14), the baseline of the distance between the

side chains of Cys113 and Lys114 was quite stable

(~ 3.2 Å), but possibly underestimated, since MD can-

not deal with the thiol-thiolate equilibrium and, there-

fore, the interaction between Lys114 and the thiolate

form of Cys113 could not be evaluated. The PROPKA

3.0-estimated pKa [42] of Cys113 in the hSRMD

medoid was 9.08, approximately the same as for free

cysteines. However, in frames where the Lys114-

Cys113 distance was short and Cys113 buriedness low,

Cys113 pKa was assessed to be around 8.70, indicating

that Lys114 can stabilize the thiolate form of Cys113

and activate it toward nitrosylation, in agreement with

the experimental results on the Lys114 variants. Dur-

ing the transition to a closed form in the hSR-GlyMD

system (panels c, d in Fig. S14), the distance between

Cys113 and Lys114 was higher than in the hSRMD

system, consistently with a lower reactivity of Cys113

in the glycine-bound form, as experimentally observed.

Finally, In the NOhSRMD trajectories, the distance

between Lys114 and nitrosylated Cys113 was around

3 Å (Fig. S15), supporting an additional role of

Lys114 in stabilizing the nitrosylated Cys113.

We then focused on the acidic residue Asp318 and

measured its distance from Cys113 in the non-nitrosy-

lated systems hSRMD and hSR-GlyMD (Fig. S16). In

hSRMD, the side chain of Cys113 moved away from the

carboxyl group of Asp318 in chain A due to the opening

of the protomer. On the other hand, in chain B, the dis-

tance between Cys113 and Asp318 decreased, while the

protomer closed. In hSR-GlyMD, oscillations in the dis-

tance seemed to exclude a persistent hydrogen bond

between the two, suggesting that Asp318 may have a

role in modulating Cys113 pKa by affecting the local

electrostatic strength, rather than by establishing a

direct hydrogen bond. Cys113 pKa in the hSR-GlyMD

medoid was estimated to be 11.11, two-and-a-half units

Fig. 8. S-nitrosylation of hSR variants. (A) β-
Elimination of L-serine (500 mM) by ATP-

bound WT hSR and its variants (0.5 µM) pre-
incubated for 5 min in the presence (red

bars) or absence (green bars) of 150 µM
GSNO. (B) β-Elimination of L-serine by hSR

and its variants in the same conditions as

(A) with the additional presence of 6 mM

glycine. The activities are reported as a

fraction of the activity measured in the

absence of GSNO for each variant. The

assays for hSR incubated with nucleotides

GTP and CTP instead of ATP are also

reported. (C) Time course of fluorescence

emission for Asp318Asn hSR (blue circles),

Lys114Gln hSR (green circles), and

Asn316Ala hSR (gray circles) upon addition

of 150 µM GSNO in the presence of 6 mM

ATP. (D) Time course of fluorescence

emission for Asp318Asn hSR (blue circles)

and Lys114Gln hSR (green circles) upon

addition of 150 µM GSNO in the presence of

6 mM ATP and 80 mM glycine. The black

dashed lines are the corresponding kinetics

reported for WT hSR in Fig. 1. Except for

Asn316Ala variant, the solid lines are the

fitting of the experimental points either with

equation 2 for Asp318Asn in the presence

of ATP or equation 3 for Lys114Gln in the

presence of ATP or Asp318Asn in the

presence of ATP plus glycine. All error bars

are the S.E.M. of three independent

experiments
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higher than in the hSRMD medoid, partly due to the

effect of Asp318, and partly due to its deeper buriedness

(40% in chain A). Therefore, Asp318 can increase

Cys113 pKa only in the closed conformation stabilized

by glycine. To test the shielding of Cys113 by Asp318,

we introduced the Asp318Ala and Asp318Asn virtual

mutations in the hSR-GlyMD medoid. Cys113 pKa was

predicted to be 9.70 and 9.86 in hSR-GlyAsp318Ala and

hSR-GlyAsp318Asn, respectively, substantially lower than

in the WT hSR-GlyMD medoid (11.11). This prediction

is consistent with the experimentally observed higher

reactivity of Cys113 in the glycine-bound conformation

of these variants in comparison with glycine-bound WT

hSR. The overall model that we propose is depicted in

Fig. 9.

Oxidation of Cys113 by H2O2

In the search for further physiological functions of the

conformation-dependent reactivity of Cys113, we eval-

uated its oxidation by H2O2, which is produced at the

NMDA synapsis, particularly under pathological

conditions [43]. Upon incubation with 1 mM H2O2,

hSR underwent an 80% reduction in activity within

20 min (Fig. 10A), whereas Cys113Ser hSR was only

30% inactivated (Fig. 10A). This finding points to

Cys113 as the target for H2O2-mediated oxidation.

When glycine was also present, the reactivity of

Cys113 decreased dramatically (Fig. 10B), suggesting a

protective role of glycine associated with the same con-

formational equilibrium observed for the reactivity

with GSNO. Cys113Ser variant showed the same level

of inactivation even in the presence of both ATP and

glycine, confirming the relevance of this residue for

both S-nitrosylation and oxidation in hSR.

Conclusion

The structural bases of the allosteric modulation of

protein function by S-nitrosylation—one of the small-

est post-translational modifications—are not entirely

clear. Here, we showed that nitrosylation of a specific

cysteine residue of hSR shifts its conformational equi-

librium toward an open, less-active conformation, thus

Fig. 9. Proposed model of conformation-dependent Cys113 nitrosylation. The protein (small domain in lighter blue), ATP, and glycine are

shown as cartoon. Cys113, Lys114, and Asp318 on both subunits are highlighted. The figure was prepared with Inkscape version 0.92
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reducing enzyme activity. ATP is required for nitrosy-

lation as it stabilizes a conformation in which the thiol

group of Cys113 is closer to the ϵ-amino group of

Lys114, confirming the need for at least one basic resi-

due in the proximity of the reactive thiol, as observed

in other proteins [44,45]. However, no acidic residue

was shown to increase the nucleophilicity of Cys113.

Glycine binding at the active site prevents S-nitrosyla-

tion through a conformational modification that

involves Asp318. This modulation of hSR activity is

particularly interesting, as glycine exhibits intracellular

concentrations ranging from 2 mM in astrocytes [28] to

10 mM in glycinergic neurons [34]. In consideration of

a measured KD of 0.47 mM [11], a significant active-

site occupancy of hSR by glycine is therefore expected.

We speculate that there are two mechanisms aimed

at maintaining basic levels of D-serine production: i)

at nonsaturating ATP concentrations, hSR cannot be

further inhibited by nitrosylation, and ii) when glycine

concentration increases and directly competes with L-

serine at the active site, nitrosylation does not occur.

The highest level of S-nitrosylation occurs for the max-

imally active form, that is, in the presence of ATP and

in the absence of glycine, possibly to avoid overpro-

duction of D-serine. A complex conformation-depen-

dent nitrosylation has been observed so far only for

hemoglobin [46] and a few other proteins [47,48].

Finally, Cys113 irreversible oxidation produced by

ROS following NMDAR excitation might compete

with reversible Cys nitrosylation, with a possible

protective effect suggested for other proteins at the

glutaminergic synapsis [30,49], adding a further layer

in the complexity of hSR allosteric regulation and to

the homeostasis of D-serine.

Materials and methods

Materials

Chemicals were of the best commercial quality available

and were purchased from Sigma-Aldrich (St. Louis, MO,

USA) unless otherwise stated. Tris(2-carboxyethyl)phos-

phine (TCEP) was purchased from Apollo Scientific (Bred-

bury, UK).

Site-directed mutagenesis and protein

expression

Variants Asp318Ala, Asn316Ala, and Lys114Gln were

obtained by site-directed mutagenesis of the plasmid encod-

ing WT hSR [50] by the QuikChange protocol (Stratagene,

San Diego, CA, USA) using the primers indicated in

Table 3. In the case of the Asn316Ala mutation, a restric-

tion site was also introduced (underlined in Table 3) to

allow for faster identification of the mutated plasmid. The

artificial gene encoding variant Cys2Ser, Cys4Ser, Cys128-

Ser, Cys269Ser, Cys309Ser (Δ5Cys), codon-optimized for

Escherichia coli, was synthesized by GeneArt (Regensburg,

Germany) and subcloned in a pET28 expression vector. All

variants were then expressed and purified as described for

Fig. 10. Initial velocity of the β-elimination

of L-serine (500 mM) by WT hSR (A) and

Cys113Ser hSR (B) in the presence of ATP

(6 mM) after addition of 1 mM H2O2 in the

absence (red circles), and presence of 1 mM

glycine (green circles). The error bars are

the S.E.M. of three independent

experiments

Table 3. Primers used for site-directed mutagenesis

Mutations Forward primer Reverse primer

Asp318Ala tcagtggtggaaatgtagcct taacctcctccataac gttatggaggaggttaagg ctacatttccaccactga
Asn316Ala gctcagtggtggagct

gtagatctaacctcctccataacttggg
cccaagttatggaggaggttagatctacag

ctccaccactgagc
Lys114Gln ccagacagctccagactgtcagaaacttgcaatacaagcct aggcttgtattgcaagttt

ctgacagtctggagctgtctgg
Glu276Gln gtagtttcatcctctg ccacaccagctgggt acccagctggtgtggca gaggatgaaactac

3047The FEBS Journal 288 (2021) 3034–3054 ª 2020 Federation of European Biochemical Societies

F. Marchesani et al. Allostery in serine racemase S-nitrosylation



WT hSR in E. coli BL21 CodonPlus (DE3)-RIL cells

(Merck Millipore, Darmstadt, Germany) [11], co-expressing

GroEL and GroES [40]. Mutagenesis, expression, and

purification of variants Cys113Ser, Asp318Asn, and

Gln89Met were reported previously [20,40].

S-nitrosylation by GSNO

S-nitrosylation of WT hSR and its variants was produced

by incubation with GSNO at concentrations ranging from

150 to 500 µM for up to 90 min (as specified in each experi-

ment), at 25 °C, in a buffered solution containing 50 mM

triethanolamine (TEA), 150 mM NaCl, pH 8.0 in the pres-

ence of i) 6 mM adenosine triphosphate (ATP) and 10 mM

MgCl2, ii) 10 mM MgCl2, iii) 0.5 to 80 mM glycine and

10 mM MgCl2, iv) 5 mM ethylenediaminetetraacetic acid

(EDTA). In reactions with GSNO, WT hSR or its variants

were at concentrations of 0.5 µM for the β-elimination

assays, 4 µM for the racemization assays and the fluores-

cence measurements, and 11 µM for the in-gel S-nitrosyla-

tion detection and mass spectrometry experiments.

S-nitrosylation by NO

S-nitrosylation of WT hSR by nitric oxide was produced

by incubating WT hSR (4 µM ) at 25 °C with 95 μM of the

NO donor (Z)-1-[N-methyl-N-[6-(N-methylammoniohexyl)

amino]]diazen-1-ium-1,2-diolate (MAHMA NONOate),

which releases free NO with a t1/2 of 3 min in phosphate

buffer. The solution of MAHMA NONOate was prepared

anaerobically under a nitrogen atmosphere. S-nitrosylation

of WT SR was performed using a modified tonometer [51]

in a buffered solution containing 50 mM TEA, 150 mM

NaCl, 10 mM MgCl2, and 6 mM ATP, pH 8.0. The same

experiment was carried out both under a nitrogen atmo-

sphere and after exposing the sample to air.

Oxidation of hSR by H2O2

Cysteine oxidation was produced upon incubation of WT

and Cys113Ser hSR at a concentration of 4 µM with 1 mM

H2O2 at 25 °C in a buffered solution containing 50 mM tri-

ethanolamine (TEA), 150 mM NaCl, pH 8.0.

Activity assays

Activity assays for L-serine β-elimination [6,35] were car-

ried out at 25 °C in a solution containing 50 mM TEA,

2 mM ATP, 500 mM L-serine, 50 µM PLP, 2 mM MgCl2,

150 mM NaCl, 60 U/ml lactate dehydrogenase (LDH), and

300 µM NADH, at pH 8.0. The concentrations of L-serine,

ATP, or MgCl2 were modified in some experiments, as

specified. In some experiments, glycine was also added at

3 mM or 6 mM final concentration, as specified. For the

evaluation of GSNO inhibition, aliquots of the incubation

mixtures were assayed for residual activity by adding

500 mM L-serine, 300 µM NADH, and 60 U/ml LDH. It

was preliminarily shown that LDH was not directly inhib-

ited by GSNO (data not shown). GSNO was maintained in

the assay mixtures at the same concentration as in the incu-

bation mixtures to avoid dilution. All reactions were car-

ried out at 25 °C. For the determination of enzyme

parameters of hSR variants, the reactions were carried out

at 37 °C and were triggered by the addition of the enzyme

at a final concentration of 0.3–0.5 µM.
Activity assays for the racemization of L-serine were per-

formed as already described [35,52], in an assay mixture

containing 50 mM TEA, 150 mM NaCl, 50 mM PLP, 6 mM

ATP, and 4 μM hSR, pH 8. The enzyme was assayed

before and after 5 min incubation with 150 μM GSNO.

For some experiments, 1 mM glycine was also added to the

reaction mixture, as specified. The reaction was triggered

by the addition of 50 mM L-serine, and the mixtures were

sampled over time. For each sample, the reaction was

stopped by the addition of 200 mM H3PO4 and the samples

were treated with Rhodotorula gracilis DAAO (RgDAAO)

and horseradish peroxidase (HRP) to estimate D-serine

concentration [35,52]. Briefly, D-serine reacts with

RgDAAO to give hydrogen peroxide, which then reacts

with o-dianisidine in the presence of HRP. The absorbance

of the chromophoric product after acidification with H2SO4

was measured using a HALO LED 96 microplate reader

(Dynamica) set at 550 nm.

Fluorescence measurements

Fluorescence kinetic measurements of WT hSR and its

variants were performed in the presence of 150 µM GSNO,

using a FluoroMax-3 fluorometer (HORIBA-Jobin Yvon),

thermostatted at 25.0 � 0.5 °C. The solution contained

4 μM hSR, 50 mM TEA, 150 mM NaCl, 6 mM ATP, and

10 mM MgCl2, pH 8.0 in the absence and presence of gly-

cine, from 0.5 mM to 80 mM as specified for each experi-

ment. The fluorescence of PLP was excited at 445 nm, to

avoid any inner filter effect from GSNO, which has an

absorption peak centered at about 336 nm. Slits were set

for optimal signal-to-noise ratio. Emission was collected at

490 nm when working in the absence of glycine and

482 nm when working in its presence [11]. Data points were

collected with the shutter closed in-between to avoid photo-

bleaching. Spectra were corrected for the buffer contribu-

tion.

Detection of S-nitrosocysteines by differential

tagging

Detection of S-nitrosylation was carried out using a differ-

ential tagging approach [53] with 5-iodoacetamidefluores-

cein and iodoacetamide (5-IAF switch technique). After
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GSNO-induced nitrosylation for 90 min, unreacted cysteine

residues were blocked through carbamidomethylation,

using iodoacetamide (IAA) at 10 mM concentration at 50

°C. The products were then precipitated with 9 volumes of

96% ethanol at 80 °C for 30 min and extensively washed

with pure ethanol to completely remove unreacted IAA.

The pellets were resuspended in a buffer solution contain-

ing 50 mM TEA, 2 mM EDTA, 1% SDS, and 0.3 mM 5-

iodoacetamide fluorescein (5-IAF) at pH 8.0. Finally,

sodium ascorbate was added at 10 mM final concentration

to reduce nitrosothiols [53] and the mixture was incubated

at 25 °C in the dark for 2 h. Upon completion of the reac-

tion, the excess of 5-IAF was removed through ice-cold

precipitation with 1 volume of 10% trichloroacetic acid

(TCA) and then extensively washed with pure acetone. The

pellets were dried using a SpeedVacTM system, resuspended,

and analyzed by SDS/PAGE. The gels were washed with

water to remove SDS and fluorescence was detected using a

Chemidoc system (Bio-Rad). The gels were then stained

with Coomassie Blue. Coomassie staining allowed for the

normalization of the fluorescence signals.

Identification of S-nitrosylated cysteine residues

The bands corresponding to hSR in the same gels used for

in-gel detection of fluorescence (see above) were excised,

incubated with a solution containing 50% ethanol and 10

% acetic acid until fully destained, washed twice with a

buffered solution containing 25 mM ammonium bicarbon-

ate and pure acetonitrile (ACN) 1:1 for 20 min and finally

incubated with pure ACN for 5 min to reach complete

dehydration. After removal of ACN, a solution containing

trypsin in a 25 mM ammonium bicarbonate solution, pH

7.4, was added for gel rehydration. In-gel digestion was

performed at 37 °C for 16 h. The reaction of trypsin was

stopped by the addition of ACN: 0.1 % trifluoroacetic

acid (TFA) 1 : 1. Peptides were extracted by incubating

the gel fragment with ACN: 0.1 % TFA 1 : 1 twice for

20 min at 37 °C, before complete drying using a vacuum

concentrator. The resulting pellets were resuspended with

ACN:TFA 0.1 % 1 : 1 before mass spectrometry experi-

ments. Mass spectrometry on digested peptides was carried

out using an LTQ-Orbitrap (Thermo Fisher Scientific)

mass spectrometer. The peptide mixture was separated in

a Phenomenex Aeris™ PEPTIDE 3.6 µm XB-C18 (150 mm

× 2.1 mm) reverse-phase column, developed in a 0.2% for-

mic acid/water-0.2% formic acid/acetonitrile gradient

(200 μl/min). Peptide identification from LTQ-Orbitrap

experiments was carried out using the software PEAKS

Studio (version 8.5, Bioinformatics Solutions, Waterloo,

Canada), set to a precursor mass tolerance of 10 ppm and

a fragment mass error tolerance of 0.2 Da. The calculation

of the AUC of the peaks conjugated with 5-IAF or IAA

was performed using the software XcaliburTM (Thermo

Fisher Scientific).

Molecular modeling

hSR
MD

model

The hSR configuration corresponds to the homodimeric

protein in the internal aldimine form, that is, the PLP

group is covalently bound to Lys56. One ATP molecule

and two Mg2+ ions (one coordinated by ATP phosphate

groups) are also present in each protomer. In the absence

of a human SR structure complexed with ATP, the hSR

model was built through a homology modeling procedure

using the SWISS-MODEL web server [54]. The structure of

S. pombe SR complexed with AMPPCP was used as a tem-

plate (PDB code 1WTC [25]). In the obtained hSR model,

the structure of AMPPCP was substituted by that of ATP.

The available crystallographic structures of the open form

of mammalian SRs in the absence of ATP (PDB codes

5X2I, 3HMK) exhibit a truncated or disordered C termi-

nus, adjacent to Cys113, and were thus not considered for

MD simulations.

NOhSRMD model

The NOhSR configuration corresponds to the hSR one

with the nitrosylated Cys113.

hSR-GlyMD model

The hSR-Gly configuration corresponds to the homod-

imeric protein being in the external aldimine form, that is,

the PLP group is covalently bound to the substrate or to

an inhibitor. The PLP has been covalently bound to a gly-

cine molecule. The glycine position has been retrieved from

the crystal structure of S172AbsSHMT (PDB code 2vi9):

the PLP group of 2vi9 and hSR model have been aligned

and the glycine copied in hSR binding site. The glycine and

the surrounding residues have been minimized with the

conjugate-gradient scheme for a maximum of 1000 itera-

tions, before submitting the system to the MD protocol.

NOhSR-GlyMD model

The NOhSR-Gly configuration corresponds to the hSR-Gly

one with the nitrosylated Cys113.

The stereochemical validation of the predicted model

was carried out by building the Ramachandran plot of the

protein–backbone structure using the RAMPAGE server

(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). The

hSR model, from which all the others were derived, pre-

sented 92.5% of the residues in favored regions, 5.3% in

allowed regions, and 2.2% in outlier regions (Fig. S17).

The last percentage decreased upon equilibration to 1.1%,

and, as expected, all the models showed higher quality

upon MD simulations. The extracted medoids for each

model showed the following values.
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hSR medoid: 94.3% residues in favored regions, 5.4% in

allowed regions, 0.3% in outlier regions (Fig. S18a).

hSR-NO medoid: 94.4% residues in favored regions,

5.3% in allowed regions, 0.3% in outlier regions (Fig.

S18b).

hSR-Gly medoid: 94.3% residues in favored regions,

4.9% in allowed regions, 0.8% in outlier regions (Fig.

S18c).

hSR-GlyNO medoid: 94.1% residues in favored regions,

5.2% in allowed regions, 0.6% in outlier regions (Fig.

S18d).

Nonstandard residue parameterization

To perform MD simulations, the force field parameters of

N’-pyridoxyl-lysine-5’-monophosphate (KPLP) were

derived and implemented into the Amber-ILDN force field

libraries, following previous protocols [55–58] and

described below. The force constants were assigned taking

into account the analogous values in standard amino acid

fragments as included in the Amber-ILDN force field

library. Those corresponding to the lysine main and side

chains connected to pyridoxyl-5’-monophosphate were

extracted from the force field data. The atomic charges of

the full KPLP residue were obtained using the RESP ESP

charge Derive (pyR.E.D.) server [59], by following the stan-

dard protocol proposed by Cornell et al. [60]. The S-ni-

trosocysteine was parameterized using the data derived and

validated by Han [61]. The glycine in the external aldimine

form and the ATP was parameterized using the ab initio

RESP-charge-fitting methodology, as implemented in the

BiKi Life Science software suite (http://www.bikitech.com;

[62]), and converted into GROMACS format with the

acypipe tool.

Molecular dynamics simulations

Simulations were run with GROMACS 4.6.1 [63] in an

octahedron box solvated using the TIP3P water models [64]

with a 1.2 nm distance to the border of the molecule. Ions

were added to reach neutrality. Periodic boundary condi-

tions were employed; the LINCS algorithm [65] was used

to constrain all bond lengths. An integration time step of

2 fs was used. Particle mesh Ewald method was used to

treat electrostatics, a nonbonded cutoff of 1.4 nm was

applied for the Lennard–Jones potential. NPT conditions

(298 K and 1 bar) were used to run the simulation and the

Berendsen algorithm for temperature and pressure control,

with a coupling constant of 5 ps for both. Water molecules

were relaxed by energy minimization and followed by 10 ps

MD at 298 K, harmonically restraining the atomic posi-

tions. The systems were heated up gradually to 298 K in a

six-step process, from 50 K to 298 K. In particular, 6 equi-

librations of 15 ps each were performed in NPT, followed

by a short 5 ps-long equilibration at 298 K at NPT. The

production was run in NPT standard conditions, without

restraints, for 1 μs.
The analyses of the MD trajectories were done by the

GROMACS package [66,67], images were generated with

PyMOL (Schrodinger, LLC. 2010. The PyMOL Molecu-

lar Graphics System, version 2.3.4) and Chimera version

1.14 [68]. Essential dynamics (ED), also known as princi-

pal component analysis (PCA), was carried out to reduce

the multidimensionality of protein motion to an essential

subspace. First, roto-translations were removed; then, the

covariance matrix was calculated and diagonalized, and

lastly, the first 10 eigenvectors were extracted and sorted

out in descending order, depending on their eigenvalue.

The first and the second eigenvectors were selected as the

x-axis and y-axis, respectively, describing the essential

space in PCA plots. Network analysis was carried out

with RINAlyzer [69] in Cytoscape 3.1 version [70]. Plots

were generated in MATLAB (MATLAB, 2018, Nat-

ick, Massachusetts, USA). The DynDom SelectDomain

program was used to calculate rotation between the small

domain (as the moving domain) and the large domain

(as the fixed domain) in medoids [42]. PROPKA 3.0 [71]

was used to predict Cys113 pKa with an empirical

method.

Data analysis

Graphical and statistical analyses were performed with the

software SigmaPlot (Systat Software, San Jose, CA, USA).

The Vmax and KM of WT hSR and its variants were

determined by fitting the dependence of activity on L-serine

concentration with eq. 1:

v¼ Vmax S½ �
KMþ S½ � (1)

where v is the reaction velocity, Vmax is the maximal veloc-

ity at saturating concentrations of substrate, [S] is the con-

centration of the substrate, and KM is the

Michaelis–Menten constant.

The analysis of the GSNO-mediated inactivation kinetics

and fluorescence changes of WT hSR and variants were

carried out under the assumption of a pseudo-first-order

kinetic at high GSNO concentrations [72] using a sum of

two exponential decays, plus a baseline to account for the

residual activity or the residual fluorescence:

A¼A0þa1e
� GSNO½ �k1tþa2e

� GSNO½ �k2t (2)

where A is the enzyme activity or the fluorescence emission;

A0 is the residual activity or the residual fluorescence; a1
and a2 the amplitudes of the two inhibition phases; k1 and

k2 are the second-order rate constants.

The analysis of the GSNO inactivation kinetics for the

variants that did not exhibit a biphasic behavior was car-

ried out under the assumption of a pseudo-first-order
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kinetic at high GSNO concentrations [72] using a single

exponential decay, plus a baseline to account for the resid-

ual activity or the residual fluorescence:

A¼A0þae� GSNO½ �kt (3)

where A is the enzyme activity or the fluorescence emission,

A0 the residual activity or the residual fluorescence, a the

amplitude of the inhibition time course, and k the reaction

rate constant.

For the analysis of the dependence of fluorescence emis-

sion or enzyme activity on ATP concentration, a sigmoidal

equation was used to take into account the binding cooper-

ativity [11].

y¼ y0þa
ATP½ �n

Kn
Dþ ATP½ �n (4)

where y is the fluorescence emission intensity or the enzyme

velocity, [ATP] is the ligand concentration, and n is the

Hill coefficient. y0 is a horizontal offset and a the ampli-

tude.

For the analysis of the K50 of glycine obtained with

enzyme assay or fluorescence experiments as a function of

glycine concentrations, a hyperbolic equation was used:

y¼ a
Gly½ �

K50þ Gly½ � (5)

where y represents the rate constants, [Gly] is the glycine

concentration, and a is the amplitude.
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