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ORIGINAL REsearRcH COMMUNICATION

Tuning Cysteine Reactivity and Sulfenic Acid Stability
by Protein Microenvironment in Glyceraldehyde-3-Phosphate
Dehydrogenases of Arabidopsis Thaliana

Mirko Zaffagnini!”™ Simona Fermani®* Matteo Calvaresi®” Roberto Orrt! Luisa lommarini! Francesca Sparla;
Giuseppe Falini Andrea Bottoni® and Paolo Trost'

Abstract

Aims: Cysteines and H,O, are fundamental players in redox signaling. Cysteine thiol deprotonation favors the
reaction with H,O, that generates sulfenic acids with dual electrophilic/nucleophilic nature. The protein mi-
croenvironment surrounding the target cysteine is believed to control whether sulfenic acid can be reversibly
regulated by disulfide formation or irreversibly oxidized to sulfinates/sulfonates. In this study, we present ex-
perimental oxidation kinetics and a quantum mechanical/molecular mechanical (QM/MM) investigation to
elucidate the reaction of H,O, with glycolytic and photosynthetic glyceraldehyde-3-phosphate dehydrogenase
from Arabidopsis thaliana (cytoplasmic AtGAPC1 and chloroplastic AtGAPA, respectively). Results: Although
AtGAPCI1 and AtGAPA have almost identical 3D structure and similar acidity of their catalytic Cys149, At-
GAPCI1 is more sensitive to HO, and prone to irreversible oxidation than AtGAPA. As a result, sulfenic acid is
more stable in AtGAPA. Innovation: Based on crystallographic structures of AtGAPC1 and AtGAPA, the
reaction potential energy surface for Cysl149 oxidation by H,O, was calculated by QM. In both enzymes,
sulfenic acid formation was characterized by a lower energy barrier than sulfinate formation, and sulfonate
formation was prevented by very high energy barriers. Activation energies for both oxidation steps were lower in
AtGAPCI1 than AtGAPA, supporting the higher propensity of AtGAPC1 toward irreversible oxidation.
Conclusions: QM/MM calculations coupled to fingerprinting analyses revealed that two Arg of AtGAPA
(substituted by Gly and Val in AtGAPC1), located at 8-15 A distance from Cys149, are the major factors
responsible for sulfenic acid stability, underpinning the importance of long-distance polar interactions in tuning
sulfenic acid stability in native protein microenvironments.

Introduction

REACTIVE OXYGEN SPECIES (ROS) are unavoidable by-
products of aerobic life, and plant cells may generate ROS
by several means, under both physiological and pathological
conditions (43, 50). Besides ROS generation by respiratory
complexes, similar in animal and plant mitochondria, plant
cells may produce ROS as a consequence of photosynthetic
activity. Although ROS generated by the different photosys-
tems may be dissimilar, for example, singlet oxygen by pho-
tosystem II and superoxide by photosystem I, only hydrogen
peroxide (H,O,), which results from dismutation of superoxide,

is a long-living ROS that may accumulate in plant cells to
micromolar levels or more (42, 51). Within cells, H,O, reacts
primarily with metal redox centers (e.g., heme iron of ascorbate
peroxidase or catalase) and acidic protein thiols (44, 47). In
particular, H>O, and protein-reactive cysteines are fundamental
molecules of redox signaling networks in plant cells (38, 48, 60,
64). H>O, molecules may undergo the nucleophilic attack of a
thiolate (-S7) to give rise to sulfenic acid (-SOH) as a primary
oxidation product (Fig. 1), which plays a pivotal role in redox
signaling networks thanks to its dual nature of electrophile and
nucleophile (7, 34, 44). On the contrary, protonated thiols (-SH)
are unable to perform this reaction at significant rates.
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Innovation

Cysteine sulfenic acids are the primary products of
H,0,-dependent oxidation of protein thiolates and play an
essential role in redox signaling. Glycolytic and photo-
synthetic glyceraldehyde-3-phosphate dehydrogenases
(GAPDHs) are very similar proteins with different sensi-
tivity to H,O,_ Since cysteine reactivity depends on the
protein microenvironment, GAPDHs are ideal candidates
for a thorough analysis of the structural determinants of
sulfenic acid stability in real proteins. Based on bio-
chemical and computational analyses, we demonstrate
that long-distance polar interactions involving few se-
lected amino acids determine the fate of GAPDH catalytic
cysteines upon oxidation by H,O, and hence their po-
tential role in redox signaling.

The relationship between cysteine reactivity and its acidity
is not obvious. Free cysteine has an ionization constant (pK,)
of 8.6 and the cysteine of glutathione is only slightly more
acidic (8.3), but a restricted number of protein cysteines show
much lower pK, values (e.g., pK, 4-7). Among the major
factors that may locally favor thiol ionization in proteins,
there are positively charged amino acids and hydrogen bond
networks engaging the thiolate. Location of the cysteine at
the N-terminus of an a-helix may also contribute to its acidity
via helix macrodipole (32, 49). However, although ionization
is a prerequisite for thiol reactivity with H,O,, the nucleo-
philicity of thiolates decreases with decreasing of the pK, of
the corresponding thiols (21). Therefore, very acidic cyste-
ines may be less reactive toward H,0, than less acidic ones,
provided that both are essentially deprotonated at physio-
logical pH.

Peroxiredoxins (PRXs), which are specifically optimized
for scavenging H,O, within cellular environments, represent
a special case since their activity is based on a moderately
acidic (pK, 5.2-5.8), but extremely reactive, cysteine (21,
25, 68). The first step of the PRX reaction cycle consists of
the nucleophilic attack of the peroxidatic cysteine to one of
the two oxygen atoms of H,O, bound in the active site (26).
The second-order rate constant of the nucleophilic substitu-
tion (Sn2) catalyzed by PRX with H,O, (10"-10° M~ ' s7!) is
typically six orders of magnitude higher compared with other
proteins bearing H,O,-sensitive cysteines with similar pK,
and similarly subjected to thiolate—sulfenic acid transitions
(e.g., papain and protein tyrosine phosphatase 1B) (21).
Clearly, the protein environment in which cysteines are lo-
cated may play a crucial role by (i) increasing the nucleo-
philic character of the thiolate and/or (ii) increasing the
electrophilic character of H,O,. In both cases, the transition
state of the Sn2 reaction is stabilized and the corresponding
activation energy decreased (44).

Cysteine sulfenic acids formed in proteins upon reaction
with H,O, may undergo an electrophilic attack on a second
thiol (either belonging to another cysteine molecule of the
same protein or to reduced glutathione), resulting in a dis-
ulfide bond (Fig. 1), or launch a nucleophilic attack on an-
other molecule of H,O, to form sulfinic acid (-SO,H)
(Fig. 1). In a metabolically active cell compartment, such as
the cytoplasm or the chloroplast stroma, thiols are easily
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FIG. 1. Major reactions of protein cysteine sulfenic ac-
ids. Reactive cysteine thiols (-S7) can undergo reversible
oxidation to sulfenic acid (-SOH) in the presence of H,0,.
Subsequently, cysteine sulfenic acid can perform an elec-
trophilic attack on a second thiol, either of another cysteine of
the same protein or of glutathione resulting in a disulfide (-S-
S- or -S-SG, respectively), or nucleophylically react with two
other molecules of H,O, to sequentially form sulfinic and
sulfonic acids (-SO,H and -SO3H, respectively). Disulfides,
but not sulfinates/sulfonates, can be reduced back by thior-
edoxins (TRXs) or glutaredoxins (GRXs). Only in the special
case of peroxiredoxins, sulfinates are recovered to sulfenic
acids by ATP-dependent sulfiredoxins (SRXs, as indicated by
*). In all other proteins, sulfinates/sulfonates are considered
irreversible states of oxidized cysteines.

regenerated from disulfides by several physiological systems,
including thioredoxins (TRXs) and glutaredoxins (GRXs) (3,
64). Reactions based on sulfenic acids as electrophiles are
thus reversible in vivo and often involved in regulatory pro-
cesses (31, 47). By contrast, sulfinic acids are considered
irreversible modifications of cysteines, such as sulfonic acids
(-SOsH) that can derive from the reaction of sulfinic acids
with a third H,O, molecule (Fig. 1), and usually proceed
toward protein degradation (44, 47). Only in the special case
of PRXs, sulfinic acids formed under hyperoxidizing condi-
tions are recovered to sulfenic acids by ATP-dependent sul-
firedoxins (SRXs) (Fig. 1) (29). The fate of any given protein
targeted by H,O, in plant cells (i.e., redox signaling or pro-
tein degradation) would thus depend on the protein micro-
environment surrounding selected cysteines as long as it can
modulate the reactivity of the sulfenic acid intermediate.
GAPDH is a long known target of H,O, modification due
to its moderately acidic catalytic cysteine (11, 46, 65), which
is physiologically involved in the nucleophilic attack on
the substrate glyceraldehyde-3-phosphate (HCO-R; G3P) to
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form a hemithioacetal intermediate (-S-CHOH-R) (39).
GAPDH is a ubiquitous and often abundant enzyme and its
catalytic cysteine was reported to undergo different types of
redox modification, including primary oxidation to sulfenic
acid, disulfide, sulfinic, or sulfonic acid (11, 45, 65). Plants
contain two photosynthetic GAPDH isoforms (A4- and A;B,-
GAPDHs), localized in chloroplasts and involved in the
Calvin—-Benson cycle for CO, fixation in the light and cyto-
plasmic glycolytic isoforms (C4-GAPDHs) (57, 65). All these
isoforms are tetramers showing a conserved overall structure,
but with differences in coenzyme specificity and regulation.
Both chloroplastic and cytoplasmic GAPDHs have been
identified in redox proteomic studies aimed at identifying the
primary targets of different types of thiol-based redox post-
translational modifications in plants (5, 27, 40, 41, 62, 66, 67).

In this study, we present a comparative study on the effect
of H,O, on isoform 1 of C4- and A4-GAPDH of Arabidopsis
thaliana (therein named glycolytic isoform 1 of Arabidopsis
GAPDH [AtGAPCI1] and photosynthetic isoform of Arabi-
dopsis GAPDH [AtGAPA], respectively). Both proteins are
inactivated by H,O, due to the specific and exclusive oxi-
dation of catalytic Cys149. However, while the sulfenic acid
formed in the AtGAPCI active site is rapidly oxidized to
sulfinic acid, this reaction is slower in AtGAPA, in spite of
the similar acidity of the corresponding catalytic cysteines.
Determination of the 3D structure of AtGAPCI1 allowed
identifying the few residues that differentiate the active site
of AtGAPCI from that of AtGAPA (19). Starting from these
crystallographic structures, the reaction between H,O, and
the catalytic cysteines could be investigated using a quantum
mechanical (QM) approach to obtain a mechanistic insight of
the different reactivity of the cysteines in the two GAPDH
isoforms. In our opinion, this work exemplifies how subtle

differences in protein environment can tune the stability of
sulfenic acid groups, a property that may have wide physio-
logical implications given the pivotal role of sulfenic acids in
redox signaling.

Results

Overall structure of cytoplasmic AtGAPC1
and comparison with chloroplastic AtGAPA

The crystal structure of AtGAPCI, solved at a resolution of
2.3 A, comprises a homodimer comprising chains O and R,
each one binding an nicotinamide adenine dinucleotide (NAD™)
molecule and two sulfate ions (Fig. 2A). The two independent
subunits are almost identical with an rmsd (root mean square
deviation) of 0.37 A on 331 superimposed C,, atoms. The whole
tetramer is generated by a two-fold crystallographic axis coin-
cident with the molecular symmetry axis Q. In the center of the
tetramer, a sulfate ion with an occupancy factor (q) of 0.5 is
observed (Fig. 2A), while the other two are found on the surface
of chain R (not shown).

Each AtGAPC1 subunit comprises two domains: a
coenzyme-binding domain (residues 1-147 and 313-331)
and a catalytic domain (residues 148-312) (Fig. 2B). The
coenzyme-binding domain shows an o/ff folding pattern
typical of the Rossmann fold. The catalytic domain folds into
a mixed f-sheet of seven strands and three a-helices and
contains a long ordered loop, called S-loop, stretching from
residue 177 to 203 (Fig. 2B). The S-loop contributes to the
binding of the coenzyme, being in close proximity to its
nicotinamide moiety and to the contact area between adjacent
subunits (chains O/R; Fig. 2A).

A coenzyme NAD™ is bound to each subunit in an extended
conformation, stabilized by hydrogen bonds with protein

FIG. 2. Three-dimensional structure of AtGAPC1. (A) Cartoon representation of the AtGAPCI1 tetramer. The crys-
tallographic independent dimer OR is colored in cyan (chain O) and magenta (chain R), while the dimer generated by the
twofold crystallographic axis is in gray. The nicotinamide adenine dinucleotide (NAD) molecules bound to each monomer
are represented in stick; the sulfate ion observed at the center of the tetramer is shown in ball-and-stick representation. The
symmetry molecular axis Q, coincident with a twofold crystallographic axis, is indicated. (B) Cartoon and surface repre-
sentation of a single AtGAPC1 monomer. The domains are differently colored: cofactor-binding domain (wheat), catalytic
domain (light blue), and S-loop (yellow). The bound NAD and sulfate ions are shown in stick representation. Atom colors: C
light gray, N blue, O red, S yellow, and P orange. AtGAPCI, glycolytic isoform 1 of Arabidopsis GAPDH. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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residues and water molecules (Supplementary Fig. S1; Sup-
plementary Data are available online at www.liebertpub.
com/ars). The orientation of the nicotinamide ring is stabi-
lized by an intramolecular hydrogen bond (NO1-NN7) and
by a hydrophobic interaction with the side chain of Ilell,
while a different orientation is sterically hindered by the side
chain of Tyr311 (Supplementary Figs. S1, S2). On the other
hand, the adenine ring is set in place by two phenylalanine
residues (Phe37 and Phe99) and Thr96 (Supplementary
Fig. S2). The aromatic ring of Phe37 is exactly perpendicular
to the NAD" adenine ring and it has been reported that this
residue contributes to stabilize the NAD" binding (56).

The active site of AtGAPCI includes catalytic Cys149,
whose thiol group lies between the side chain of His176, the
second catalytic residue, and the nicotinamide ring of the
cofactor (Fig. 3). Two sulfate ions from the crystallization
medium occupy the sites Pg and P; that accommodate the
phosphate groups of the substrates during the catalysis (39).
The sulfate located into the Pg site is closer to the coenzyme
compared with the other one and interacts with the 2’-
hydroxyl group of the nicotinamide ribose. Moreover, it is
stabilized by a strong electrostatic interaction with Arg231
and is hydrogen bonded to Thr179, Thr181, and a water
molecule (W49; Fig. 3). The P;-sulfate ion forms hydrogen
bonds with Ser148, Thr208, Gly209, and a water molecule
(W181; Fig. 3).

. Thrig1

wa9

e . //
m%*\

NAD335

Ser148
Cys149
His176  Arg231
Pi
Th
w181 L~ =
\

FIG. 3. Representation of the active site of AtGAPC1
monomer O. The distance between the thiol and the amino
groups of the catalytic residues Cys149 and His176, re-
spectively, is indicated. The NAD and the residues stabi-
lizing the two sulfate ions occupying the Pg and the Py sites
are shown in stick representation and as spheres for water
molecules. Atom colors: C cyan (GapC1 residues) and light
blue (NAD), N blue, O red, S yellow, and P orange. To see
this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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The overall structure of AtGAPCI is similar to archeal,
bacterial, and eukaryotic GAPDHs (52, 65). In particular, it is
almost identical to cytoplasmic GAPDH from Oryza sativa,
the only other structure of plant cytoplasmic GAPDH cur-
rently available (56). The two enzymes share a sequence
identity of 86% (Supplementary Fig. S3) and their C, atoms
can be superimposed with an rmsd of 0.62 A. Some minor
structural differences are observed between AtGAPC1 and a
chloroplast GAPDH isoform of the same species (AtGAPA)
(19). Sequence identity between AtGAPCI1 and AtGAPA
decreases to 46% (Supplementary Fig. S4) and tetramer su-
perimposition shows a higher deviation (rmsd 1.34 A; C,
atoms). Within subunits (rmsd 0.96 A) cofactor-binding
domains (rmsd 2.24 A) are clearly more divergent than cat-
alytic domains (rmsd 0.76 A). The active site is quite well
conserved, with the two catalytic residues (Cys149 and
His176) located at similar distance in both proteins (3.7 Ain
AtGAPCI, Figure 3; 3.4 A in AtGAPA, Supplementary
Fig. S5).

AtGAPC1 and AtGAPA contain a similarly
acidic catalytic cysteine

The activity of GAPDH is based on the nucleophilic
character of the catalytic Cys149 residue, which covalently
binds the substrate (BPGA or G3P) during the catalytic cycle
(65). The alkylating agent, iodoacetamide (IAM), specifi-
cally reacts with cysteine thiolates, and the alkylation of
Cys149 inhibits GAPDH activity. Consistently, by assaying
the residual activity of both AtGAPC1 and AtGAPA after
IAM treatments at different pH values, a pH-dependent in-
hibition was observed (Supplementary Fig. S6A). The pres-
ence of BPGA during IAM incubation fully prevented the
inactivation of both enzymes (Supplementary Fig. S6B), in
agreement with the notion that IAM inactivates GAPDH
through alkylation of catalytic Cys149.

Moreover, the capability of TAM to alkylate Cys149
thiolates allowed the determination of the ionization constant
(pK,) of Cys149. This analysis revealed that AtGAPA cata-
Iytic cysteine (pK, 6.01£0.04; Table 1 and Supplementary
Fig. S6C) is slightly less acidic than its counterpart in At-
GAPCI (pK, 5.65) (5), but still much more acidic than a free
cysteine (44).

Catalytic Cys149 is the target of H.Oo-dependent
oxidation

In both AtGAPC1 and AtGAPA, treatments with H,O, led
to inhibition of enzyme activity (Figs. 4 and 5). Preincubation
with BPGA fully protected from H,O, inhibition (Fig. 4C),
again suggesting that Cys149 was the target of the modifi-
cation, but not excluding that other cysteines may also be
modified.

AtGAPCI sequence contains a total number of two cyste-
ines, one at position 149 and one at position 153 (Fig. 4A).
Both are highly conserved among GAPDHs of different
species (22). AtGAPA has five cysteines, including Cys149
and Cys153 (Fig 4A). Catalytic Cys149 is quite accessible to
the solvent in both proteins, having a calculated accessible
surface area (ASA) of 7.9 A? in AtGAPC1 and 6.9 A? in
AtGAPA (Fig. 4B). On the contrary, Cys153 is deeply buried
in a hydrophobic cavity (ASA equal to 0.0 in both GAPDHs)
and its thiol group is ~9 A away from the catalytic thiol,
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TABLE 1. CYSTEINE AcCIDITY AND H>O, REACTIVITY OF ATGAPC1 AND ATGAPA

Protein Krsw K, ionized fraction at pH 7.0 Krs™
AtGAPCI 54 M g7 5.65% + 0.03 0.960 56 M!g7!
AtGAPA 3 Mt 6.01£0.04 0.907 34 M st

4value from (5).
AtGAPA, photosynthetic isoform of Arabidopsis GAPDH; AtGAPCI, glycolytic isoform of Arabidopsis GAPDH (isoform 1).

making unfeasible the formation of a Cys149-Cys153 dis- between 13.5 and 19.8 A from the catalytic thiol of Cys149,
ulfide bond, as recently demonstrated for human GAPDH excluding direct interactions between these functional groups.
(45). The accessibility of the other three cysteines of AtGAPA To test whether further cysteine residues were susceptible
varies from the very low value of Cys18 (ASA 1.7 A2) to the to oxidation, the number of free thiols was determined before
l}i§h values of Cys274 (ASA 14.7 A”) and Cys 285 (ASA 65.5  and after H,O, treatment (Fig. 4D). Consistent with structural
A”) (Fig. 4B). The thiol groups of these three residues lie data and solvent accessibility calculations, AtGAPACI had

A 149 153
B AtGAPC1
—0 B ©© AtGAPA
18 149 153 274 285

# ,-l.“ (N
- - .f n u' ;

' 180°

C D

100 — EHO, = 3l [ control —
52 I ] BPGA/H,0, 5 H H,0,
S 80 + £
> =]
= B c
> W=
= 60 - £
8 2
S| 2T

20 - |

|
AtGAPC1 AtGAPA AtGAPC1 AtGAPA

FIG. 4. Cysteine position, conservation, and accessibility in AtGAPC1 and AtGAPA, and sensitivity of catalytic
Cys149 to H,0,-dependent oxidation. (A) Schematic representation of cysteine localization/conservation in AtGAPCI1
and AtGAPA. Accessible cysteines are shown on a white background, while buried cysteines on a gray background.
Cysteine residues are numbered according to the crystallographic structures (PDB codes: 4Z0H for AtGAPC1 and 3K2B for
AtGAPA). (B) Surface representation of AtGAPA and AtGAPCI structures, showing the position and the different ac-
cessibility of cysteine residues (highlighted in red). A single monomer is colored in light green for AtGAPA and light blue
for AtGAPCI, while the other three subunits are shown in yellow. Two side views of AtGAPA tetramer differing by 180°
are reported. (C) Inhibition and substrate protection of H,O,-dependent oxidation. Reduced proteins were incubated for
10 min with 50 uM H,0, alone (black bars) or in the presence of the BPGA-generating system (3 mM 3-phosphoglycerate,
5 units/ml of 3-PGK, and 2 mM ATP) (white bars). After incubation, NAD(P)H-dependent activity was determined. Data
are represented as the mean percentage of maximal control activity * standard deviation (SD) (n=3). (D) Determination
of cysteine thiols in AtGAPCI and AtGAPA. The number of free cysteine thiols was determined by measuring TNB™
formation at 412nm during incubation of untreated and H,O,-treated proteins with DTNB. Data represent the average
(= SD) of two independent experiments. AtGAPA, photosynthetic isoform of Arabidopsis GAPDH. To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 5. Kinetics of inactivation of AtGAPC1 and At-
GAPA. (A) Time- and concentration-dependent inactivation
of AtGAPCI1 by H,0,. From top to bottom: 20, 50, 100, and
250 uM H,0,. (B) Time- and concentration-dependent inac-
tivation of AtGAPA by H,O,. From fop to bottom: 20, 50, 100,
and 250 uM H,0,. (C) Double-reciprocal plots of k,p, versus
H,0, concentrations obtained according to Kitz and Wilson
(30) to yield Ky and ki, (AtGAPC1, open circles; AtGAPA,
closed circles). Each data point represents the mean of three
independently obtained data sets. The straight lines represent
the best-fit linear regression through the raw data.

one accessible thiol (1.02%0.1), while three accessible thiols
were detected in AtGAPA (3.210.2). After treatment with
H,0,, the number of free thiols decreased by one unit in both
proteins (0.12£0.05 in AtGAPCI and 1.98+0.3 in AtGA-
PA). Under present conditions, catalytic Cys149 is therefore

ZAFFAGNINI ET AL.

the only cysteine that can be modified by H,O, in both At-
GAPC1 and AtGAPA, and this is the reason for the H,O,-
dependent enzyme inhibition.

Cytoplasmic AtGAPC1 is more sensitive to H-O,
oxidation than chloroplast AtGAPA

The oxidation rates of AtGAPCI1 and AtGAPA were de-
termined by incubating both proteins with varying concen-
trations of H,O, (Fig. 5A, B). Using H,0, in large excess
with respect to enzyme concentration, the inactivation reac-
tion obeyed pseudo first-order kinetics, and apparent first-
order inactivation constants (k,p,) could be determined at each
H,0, concentration. Second-order rate constants (K’'rsar)
were derived from the slope of double reciprocal plots ac-
cording to Kitz-Wilson (30) (Fig. 5C). These values were
higher for AtGAPC1 (54 M~ s7") than AtGAPA 31 M ' s™)
(Table 1). These rate constants refer to the reaction between
total catalytic thiols and H,O, at pH 7.0 and depend on the
amount of catalytic cysteines that are deprotonated at the
given pH. By taking into account the molar fraction of
Cys149 thiolates at neutral pH (0.96 for AtGAPCI and 0.91
for AtGAPA, Table 1), pH-independent rate constants (Krs-)
could be derived (AtGAPC1: 56 M s™'; AtGAPA: 34 M 's7";
Table 1). These are second-order rate constants for the re-
action of thiolates with H,O,. Overall, these results indicate
that sulfenic acid formation in the active site of AtGAPCI1
proceeds faster than in AtGAPA, but this property of At-
GAPCI little depends on the acidity of its catalytic cysteine.

Cysteine sulfenic acids in the active site of AtGAPC1
react faster with HO. with respect to AtGAPA

The sulfenic acid formed in the active site of H,O,-treated
GAPDH can be reduced back to its thiol form by a reducing
agent such as dithiothreitol (DTT) (44). Sulfinate or sulfonate
forms, possibly deriving from further oxidation of sulfenic
acids by H,0,, do not react with DTT and are generally
considered irreversible modifications (44, 47, 64). Therefore,
after incubation with excess DTT, the amount of sulfenic acid
formed by the reaction with H,O, could be extrapolated from
the recovery of enzyme activity (Fig. 6). In experiments with
AtGAPCI1 (2.5 uM), the highest level of sulfenic acid de-
tected with this method was ~ 10% (after 10-min treatment
with 20 uM H,0,) (Fig. 6A). Under these conditions, ~50%
of the protein was still active (-S7) and ~40% underwent
irreversible oxidation (-SO,H). At higher H,O, concentra-
tions, accumulation of sulfenic acid became negligible and
AtGAPCI1 was totally and irreversibly inactivated. Same
treatment with 20 uM H,O, applied to AtGAPA (2.5 uM) left
~70% of the protein in the active state (-S™), while the re-
maining ~30% was in the sulfenic acid form (Fig. 6B). Ir-
reversibly oxidized forms appeared in AtGAPA only with
H,0, concentrations higher than 20 uM (or longer incubation
times). The reactivity of sulfenic acids with H,O, generating
further oxidized forms (i.e., sulfinic/sulfonic acids) was
clearly faster in AtGAPC1 than AtGAPA.

This conclusion was confirmed by incubating AtGAPC1
and AtGAPA with equimolar H,O, concentrations for vari-
able times (Fig. 7, Supplementary Table S1). After 30 min,
~5% of AtGAPC1 and ~30% of AtGAPA were in sulfenic
acid form (-SOH). After 90 min, the reaction reached a pla-
teau. Under these conditions, ~50% of AtGAPC1 was
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FIG. 6. Reversibility of H,O, treatments. (A) Reduced AtGAPC1 was incubated for 10 min with H,O, at different
concentrations ranging from 20 to 250 uM (black bars). The reversibility of AtGAPCI1 inactivation at each H,O, con-
centration was assessed by incubation for 10 min in the presence of 20 mM dithiothreitol (DTT) (white bars). NADH-
dependent glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity was then determined. (B) Reduced AtGAPA was
incubated for 10 min with H,O, at different concentrations ranging from 20 to 250 uM (black bars). The reversibility of
AtGAPA inactivation at each H,O, concentration was assessed by incubation for 10 min in the presence of 20 mM DTT
(white bars). NADPH-dependent GAPDH activity was then determined. For both panels, data are represented as the mean

percentage of maximal control activity = SD (n=23).

irreversibly inactivated, while ~50% was still active (-S7)
(Fig. 7A, C, and Supplementary Table S1); AtGAPA was
instead ~40% active (-S™), ~20% DTT recoverable (-SOH),
and ~40% irreversibly oxidized (-SO,,") (Fig. 7B, D, and
Supplementary Table S1), confirming once again that the
sulfenic acid was more stable in the catalytic site of AtGAPA
than in AtGAPCI.

No evidence of cysteinyl sulfonate formation
in GAPDH active sites

The irreversible inactivation of 50% AtGAPClin the
presence of equimolar H,O, was compatible with a two-step
oxidation of Cysl49 to the sulfinate form. Whether
AtGAPCl-sulfinate could undergo further oxidation to
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sulfonate was tested after full and irreversible inactivation of
10 uM AtGAPCI1 with 50 uM H,0,. Residual H,O, con-
centration determined by Amplex® Red at the end of the
reaction was 30.2% 1.3 uM, demonstrating that two equiva-
lents of H,O, (~20 uM) reacted twice with one equivalent of
AtGAPCI1 (~ 10 uM), giving rise to 10 uM sulfinate forms.
Even with H,O, in excess, AtGAPC1 oxidation ended up
with sulfinate forms with no evidence of sulfonate formation
at significant rates. Identical experiments performed with
AtGAPA gave rise to the same conclusion. After complete
and irreversible inactivation of 10uM AtGAPA, only
19.4£0.1 uM H,0, was consumed in the reaction, consistent
with the conversion of Cys149 to the sulfinic form.

Potential energy surfaces for the oxidation of thiolate
to sulfonic acid as calculated by quantum mechanics
of Arabidopsis GAPDH active sites

Biochemical evidence has demonstrated that the oxidation
of catalytic Cys149 by H,O, occurs at different rates in At-
GAPCI1 versus AtGAPA. As a consequence, the sulfenic acid
shows different persistency in the two protein environments.
To elucidate the mechanistic aspect, QM calculations, based
on the crystallographic structures of AtGAPCI (this work)
and AtGAPA (19), were carried out to investigate the reac-
tion potential energy surface (PES) for the three-step oxida-
tion of Cys149 by H,O, The effect of the different protein
environments on the whole oxidation process could then be
assessed.

The starting model system for the QM investigation in-
cluded all amino acids composed within a sphere with a ra-
dius of 8 A, centered on the sulfur atom of catalytic Cys149
(Supplementary Fig. S7). Since all these amino acids were
identical in both AtGAPC1 and AtGAPA, it was possible to
describe the general thermodynamic parameters of cysteine
oxidation in the core catalytic site of both proteins. The
computed reaction energy profiles for the three consecutive
oxidation steps, (1) thiolate to sulfenic; (2) sulfenic to sulfinic
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TS
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AGg; =42.30 AGg, =71.97

Cys-SOH
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acid; and (3) sulfinic to sulfonic acid, are reported in the three
diagrams of Figure 8. Even if the three oxidation steps are
highly exergonic and therefore irreversible, they are under
kinetic control and the activation energies were predicted to
grow significantly with the increase of the substrate oxidation
state (Fig. 8).

These results suggested that sulfenic acid formation must
proceed faster than sulfinic acid formation, allowing sulfenic
acid to accumulate to some extent. Moreover, although sul-
fonic acid is the thermodynamically favored end product of
the whole reaction, the high energy barrier of the last oxida-
tion step (28 kcal mol ') suggested that sulfonic acid would
not form at the temperature normally experienced by bio-
logical systems. This prediction is in full agreement with our
Amplex Red determinations of residual H,O,, showing that
each catalytic cysteine of AtGAPA/AtGAPCI1 can reduce no
more than two molecules of H,O, even after prolonged in-
cubations. Based on these considerations, the oxidation of
sulfinic to sulfonic acid was not further investigated.

Ping-pong proton transfer by the His176-Cys149 dyad

The reactivity toward H,O, of any cysteine depends on
both its acidity and nucleophilicity (21). In the case of
GAPDHs, either AtGAPA or AtGAPCI, the acidity and
nucleophilicity of Cys149 are tuned by His176, via a ping-
pong proton transfer. QM computations on the model system,
which represents the core catalytic site of both proteins,
showed that the most stable structure of the His176-Cys149
dyad is a histidinium—thiolate ion pair (Supplementary
Table S2 and Supplementary Fig. S8). In the presence of
H,0,, after the first oxidation step, the proton is transferred to
the sulfenic acid and the neutral pair Cys149-OH-His176 is
obtained. According to the hard and soft acid and base theory,
the hard proton prefers to bind to the hardest basic site, that is,
the negatively charged oxygen of cysteine Cys149-O~ in-
stead of the neutral soft nitrogen of the His176. For similar
reasons, when the negative charge is delocalized on two or

753 FIG. 8. Potential energy surface

(PES) for the oxidation process of
AtGAPDH active site. PES for the
three-step process of oxidation from
thiolate (-S7) to sulfonic acid
(-SO3H) as calculated by quantum
mechanical (QM). The model sys-
tem for the QM investigation con-
sisted of the core catalytic site of
both AtGAPC1 and AtGAPA
(Supplementary Fig. S7). Activa-
tion barrier and reaction-free ener-
gies (AG* and AGg, respectively)
are expressed in kcal mol™". In the
rounds, a blow-up of the transition
states (TS1-TS3). To see this illus-
tration in color, the reader is re-
ferred to the web version of this
article at www.liebertpub.com/ars
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three oxygen atoms as occurring in the sulfinic or sulfonic
form of the cysteine, the proton prefers to bind to His176,
forming again a salt bridge. Therefore, sulfenic acid is pre-
dicted to be the only protonated intermediate in the multistep
oxidation of Cys149.

Fingerprint analysis identifies two arginines as the major
factors responsible for the relative stability of sulfenic
acid in AtGAPA

To get a deeper understanding of the results of biochemical
analyses (showing that sulfenic and sulfinic acids are formed
more rapidly in AtGAPCI than in AtGAPA, Figs. 5-7), the
energetic profile of the reaction between H,O, and Cys149
was recalculated in the specific protein environment of either
AtGAPCI or AtGAPA. To emulate the different environ-
ments, we considered a larger sphere with a radius of 15 A
centered again on the sulfur atom of the catalytic Cys149
(Fig. 9). Within this sphere, the difference between At-
GAPC1 and AtGAPA could be ascribed to 10 amino acids
(Fig. 9). All these 10 amino acids were explicitly taken into
account at a QM/molecular mechanical (MM) level by esti-
mating the perturbation caused by each of them (MM char-
ges) to the QM system (Fig. 10). With this approach, reaction
energetic profiles could be recalculated for AtGAPCI versus
AtGAPA catalytic environments, and the effect of single
amino acid substitutions could be enucleated by fingerprint
analysis (Fig. 10) (14, 54, 55). Activation energies for both
the first and second oxidation steps (-SOH and -SO,H for-
mation, respectively) were lower in AtGAPCI (18.8 and 22.3
keal mol™, respectively) than in AtGAPA (20.2 and 24.3 kcal
mol™"; Fig. 10, inset; Supplementary Table S3), in agreement
with the observation that AtGAPCI1 reacts faster with H,O,
than AtGAPA (Figs. 5-7).

The relative contribution of each specific amino acid to
activation barriers was quantified by fingerprint analysis and
two arginines of AtGAPA (Argl95 and Arg284, substituted
by Gly195 and Val284 in AtGAPC1) were found to be the
major factors responsible for the slower reactivity of
AtGAPA-Cys149 in both oxidation steps (Fig. 10). In the
formation of sulfenic acid, this effect was partially counter-
balanced by Aspl81 (substituted by Thr181 in AtGAPCI).
Interestingly, neither of these amino acids occurs at an in-
teraction distance <4 A from the sulfur atom of Cys149.

AtGAPC1

FIG. 9. Amino acid differences
between AtGAPC1 (left) and At-
GAPA (right) considering a sphere

of 15 A centered on the sulfur atom

of Cysl149. The residues that are
different between the two enzymes ;
are shown in stick representation. i
Atom colors: light cyan (AtGAPCI) ; =
and light green (AtGAPA), blue (N), Met127 Cys149
red (0O), and yellow (S). To see this Ay
illustration in color, the reader is re-

ferred to the web version of this ar-

ticle at www.liebertpub.com/ars
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These data underpin the importance of electrostatic and
polar interactions, even at long distance, provided by native
protein environments in tuning cysteine reactivity (21). In
the case of Arabidopsis GAPDHs, these effects prolong the
lifetime of sulfenic acid in AtGAPA while promoting the
irreversible oxidation of AtGAPCI to sulfinic acid.

Discussion

Protein cysteine thiolates are much better nucleophiles
than thiol groups and display higher propensity to H,O,-
dependent oxidation. At physiological pH values, the reac-
tion of free cysteine thiolates with HO, (26 M~ 's™") (21) is
prevented by the high pK, of the cysteine (8.6) (21, 31),and a
similar situation holds true for glutathione (61, 64). On the
other hand, several proteins react at physiological pH with
H,0, at significant rates, thanks to the acidity of their cata-
Iytic cysteines (21, 44). The pH-independent, second-order
rate constant of these H,O,-reacting cysteines is in the same
order of free cysteine (10-100 M~ s1), but their actual re-
activity in vivo is much higher because of their extensive
deprotonation at physiological pH. Cysteine acidity depends
on the microenvironment and although strong acidity corre-
lates with decreased nucleophilicity of the thiolate (i.e., less
reactivity) (21), some proteins contain acidic cysteines (pK,
4-6) that are largely deprotonated at physiological pH and
still react with H,O, at rates that can be compared with that of
the free cysteine thiolate. As also shown in the current study,
plant GAPDHs display these general properties.

The catalytic activity of GAPDH, consisting of the
NAD(P)"-dependent oxidation of glyceraldehyde-3-phosphate
(G3P, glycolytic reaction) or NAD(P)H-dependent reduction
of 1,3-bisphosphoglycerate (BPGA, photosynthetic reaction),
depends on Cys149. In the catalytic cycle of GAPDH, the
sulfur atom of Cys149 performs a nucleophilic attack on the
carbon atom of the substrate carbonyl, forming a covalent in-
termediate that is then converted into products. The reactivity
of Cys149 is favored by moderate acidity, and in all GAPDHs,
this is achieved via an interaction with His176 (this work; 65).
Similar to many other enzymes bearing a catalytic cysteine
(21), Cys149 and His176 form a dyad, in which the proton is
shared between the sulfur atom of the cysteine residue and the
N, of the imidazole ring. More precisely, in the GAPDH
isoforms studied here, the shared proton is preferentially bound
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to the nitrogen atom: in this way, Cys149 is deprotonated and
ready to perform the nucleophilic attack on the substrate (G3P
or BPGA) or an alternative electron acceptor such as H,O,.
Indeed, cytosolic AtGAPCI and chloroplastic AtGAPA are
both sensitive to H,O,-dependent inactivation. Experiments of
BPGA protection coupled to thiol titration unequivocally
demonstrated that in both proteins, Cys149 was the only target
of H,O, oxidation. Inhibition of enzyme activity was thus a
consequence of Cys149 oxidation and no other cysteines were
implied.

Crystallographic data showed that the core active sites of
glycolytic AtGAPCI1 (this work) and photosynthetic AtGA-
PA (19) are identical. This made it possible to build up a
model system emulating the active site of both enzymes. This
model system was used to compute at the QM level the en-
ergy profile of the reaction between Cys149 and H,O, within
a typical GAPDH active site. We found that all steps of
cysteine oxidation (from thiolate to sulfonic acid) are highly
exergonic; also, that energy barriers increased constantly
from the first to the last oxidation step. Because of the ar-
duous energetic barrier, sulfonic acid formation was actually

predicted to be unlikely at ambient temperature. Consistent
with the model, we found no biochemical evidence of sul-
fonic acid formation in either AtGAPC1 or AtGAPA, sug-
gesting that sulfinic acid could be the last oxidation state of
catalytic Cys149 upon reaction with H,O,.

On the other hand, the prediction that in GAPDH active
sites the conversion of the thiolate to sulfenic acid is faster
than the subsequent conversion of sulfenic to sulfinic acid
implies that sulfenic acids could accumulate to some extent.
This property may have physiological relevance as long as
the sulfenic acid might be involved in redox signaling
events and, both AtGAPCI and AtGAPA may undergo
glutathionylation, which is a reversible type of modification
(5, 66). However, in spite of their overall similarity, At-
GAPC1 and AtGAPA showed, to some extent, a different
reactivity toward H,O,, thus providing a clue to understand
how sulfenic acids are differently stabilized in protein ac-
tive sites.

Experimentally, we observed that AtGAPCI reacts faster
with H,O, than AtGAPA and that sulfenic acids last longer in
AtGAPA than in AtGAPCI1. The QM investigation (based
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on the high-resolution structures of both AtGAPA and At-
GAPC1) showed that two arginine residues (Argl95 and
Arg284) located at more than 8 A (and <15 A) from Cys149
in AtGAPA are the major factors responsible for this different
behavior. Although these arginines do not interact directly
with the Cys149-His176 dyad or with H,O,, their net positive
charges possibly stabilize the negatively charged thiolate,
thereby depressing its nucleophilic nature. Consistently, the
negative carboxylate group of Aspl81 partially counteracts
this effect. This complex interplay of polarization and elec-
trostatic effects determines the higher energetic barriers that
characterize the single oxidation steps in AtGAPA. In general
agreement with our calculations, a recent modeling of the
oxidation pathway of methanethiol (CH3SH) by H,0, un-
derlined the effect of polar molecules such as H,O and NH3
on reaction barriers (58).

Thus, long-range polarization effects explain why At-
GAPCI is more reactive toward H,O, than AtGAPA and why
the consecutive nucleophilic attack performed by Cys149-
SOH on a second H,O, is slower in AtGAPA than AtGAPCI1.
Interestingly, the relative stability of Cys149-SOH in At-
GAPA has recently received an experimental confirmation
by a proteomic study that identified AtGAPA, but not At-
GAPCI1, among 226 sulfenylated proteins in H,O,-stressed
Arabidopsis cells (1). In spite of the lower stability of its
sulfenic acid, AtGAPCI is nevertheless a prominent target of
H,O, oxidation in these cells (59).

The protection of AtGAPA catalytic cysteine from detri-
mental overoxidation seems consistent with its localization in
chloroplasts. As a consequence of oxygenic photosynthesis,
chloroplasts are in fact the major source of ROS in green cells
(23) and stromal proteins such as AtGAPA are an easy target
for H,O, produced by malfunctioning thylakoid complexes
under photo-oxidative stress (41). Few amino acid substitu-
tions are sufficient to make chloroplast AtGAPA more pro-
tected against overoxidation than cytoplasmic AtGAPCI.
Thanks to its long-lasting sulfenic acid, AtGAPA might be
more easily glutathionylated and its activity rescued by the
chloroplast glutathione/ GRX system (64).

On top of that, chloroplasts contain a regulatory protein
named CP12 that under specific conditions can assemble a
supramolecular complex, in which AtGAPA is shielded
from H,O, (16, 20, 35), again suggesting that redox-
sensitive proteins of chloroplasts need effective protection
mechanisms against oxidative stress. Not only AtGAPA but
also all enzymes of the Calvin—Benson cycle that are es-
sential for photosynthetic growth can be glutathionylated
and possibly protected by this post-translational modifica-
tion (37). On the other hand, cytoplasmic AtGAPCI1 is more
vulnerable to overoxidation than its chloroplast counterpart.
The cytoplasm probably experiences lower levels of oxi-
dative stress than actively photosynthesizing chloroplasts,
but nevertheless the prompt oxidation of AtGAPC1 may be
meaningful in vivo (59). Recent evidence clearly demon-
strated that oxidation of human GAPDH is a key component
of the cellular adaptive responses to increased H,O, levels.
Experimental data supported the view that GAPDH inacti-
vation has the effect of rerouting the glycolytic flux toward
the pentose phosphate pathway, thereby favoring the re-
generation of the NADPH required to recover reversibly
oxidized proteins via TRXs and glutaredoxins (45). In
plants, a similar adaptive response based on cytosolic
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GAPDH sensitivity to H,O, appears very likely, although
not yet demonstrated (28, 46, 65).

In conclusion, we have shown here how the protein envi-
ronment can affect both the reactivity of a cysteine with H,O,
and the stability of the resulting sulfenic acid. This property is
relevant for redox signaling mechanisms that are largely
based on the capacity of cysteine sulfenic acids to avoid
overoxidation and, in turn, progress toward reversible mod-
ifications such as glutathionylation.

Materials and Methods
Materials and enzymes

NAP-5 columns were obtained from GE Healthcare (Pis-
cataway, NJ). H,O, was purchased from Sigma-Aldrich (St.
Louis, MO) and quantified spectrophotometrically using a
molar extinction coefficient at 240 nm of 43.6 M ' cm™. The
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) H,O,/
peroxidase assay kit was purchased from Life Technologies
(Carlsband, CA). All other chemicals were obtained from
Sigma-Aldrich unless otherwise specified. Phosphoglycerate
kinase (PGK) from S. cerevisiae was purchased from Sigma-
Aldrich. Recombinant GAPC1 and GAPA from Arabidopsis
thaliana (AtGAPCI1 and AtGAPA, respectively) were ex-
pressed and purified according to (5, 36, 53). The molecular
mass and purity of the proteins were analyzed by SDS-PAGE
after dialysis against 50 mM potassium phosphate (pH 7.5).
The concentration of purified AtGAPC1 and AtGAPA was
determined spectrophotometricallP/ using a molar extinction
coefficient at 280 nm of 40910 M ' cm ™" and 36250 M cm ',
respectively.

Activity assay

AtGAPCI1 and AtGAPA activities were monitored spec-
trophotometrically at 340nm and 25°C by following the
oxidation of NAD(P)H in an assay mixture containing 50 mM
Tris-HCI, pH 7.5, 1mM EDTA, 5mM MgCl,, 3mM 3-
phosphoglycerate, 5 units ml™" of baker’s yeast PGK, 2 mM
ATP, and 0.2mM NADH (AtGAPCI1 assay) or 0.2mM
NADPH (AtGAPA assay).

Alkylating treatments and determination
of the pK, of the catalytic cysteine of AtGAPA

Before any treatments, AtGAPC1 and AtGAPA were re-
duced with 10 mM reduced DTT for 1 h at room temperature.
DTT was subsequently removed by desalting on NAP-5
columns equilibrated with 50 mM Bis-Tris, pH 7.0. Reduced
AtGAPCI1 and AtGAPA (2 uM) were incubated in 50 mM
sodium citrate (pH 5.0) or in 50 mM Bis-Tris (pH 7.0) or in
50 mM glycine (pH 9.0) in the presence of 0.2 mM IAM. All
reaction mixtures contained 0.14 mM NAD*. After 10 min
of incubation, aliquots were withdrawn for the assay of en-
zyme activity. Substrate protection was performed by pre-
incubating (5 min) the proteins in the presence of a BPGA
(1,3-bisphosphoglycerate)-generating system (3mM 3-
phosphoglycerate, 5 units/ml of 3-PGK and 2 mM ATP). The
pH dependence of the inactivation of AtGAPA by IAM was
carried out by following a procedure described in a previous
study (5). Briefly, the reduced protein (2 uM) was incubated
with or without IAM (0.2 mM) for 20 min in different buffers
with a pH range from 3 to 10. After incubation, AtGAPA
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activity was determined. The residual activity expressed as a
percentage of maximal activity was plotted versus pH,
and the ionization constant (pK,) was calculated by fitting
the experimental data to a derivation of the Henderson—
Hasselbalch equation as previously described (63).

Inactivation of AtGAPC1 and AtGAPA by H-0.

Reduced AtGAPC1 and AtGAPA (2.5 uM or otherwise
indicated) were incubated in 50 mM Bis-Tris buffer (pH 7.0)
supplemented with 0.14 mM NAD" in the presence of H,0,
at the indicated concentrations. Substrate protection was
performed by preincubating (5min) the proteins in the
presence of a BPGA (1,3-bisphosphoglycerate)-generating
system (3 mM 3-phosphoglycerate, 5 units/ml of 3-PGK and
2mM ATP). At different times, aliquots were withdrawn
from the incubation mixture and assayed for enzyme activity.
All inactivation experiments were monitored relative to a
control sample without H,O,, which was set to 100% activity
at each time point. Kinetic parameters of H,O, inhibition for
AtGAPCI1 and AtGAPA were determined according to the
Kitz—Wilson plot (30). The reversibility of protein inactiva-
tion by H,O, was assessed by measuring GAPDH activities
after 10 min of incubation of H,O,-treated proteins in the
presence of 20mM DTT.

Quantification of H,O» by amplex red

AtGAPC1 and AtGAPA were treated with a fivefold
molar excess of H,O, until no protein activity was detected
prior and after DTT treatment. The residual HO, was then
quantified by Amplex Red/horseradish peroxidase (AR/
HRP) assay, following the manufacturer’s instruction.
Briefly, protein samples were diluted twofold in 50 mM
Bis-Tris buffer and incubated with 50 uM AR in the pres-
ence of 1U/ml HRP. After 10 min of incubation, the ab-
sorbance at 570 nm was measured by using a plate reader
(Victor3 Multilabeling Counter; Perkin Elmer, Waltham,
MA). Because the determination of H,O, by the AR/HRP
method is not direct, the amount of H,O, in the samples
was determined by constructing standard curves using
known H,O, concentrations in the range 2.5-40uM.
Samples containing AtGAPCI1 or AtGAPA without H,0,
were used as blanks.

Determination of free thiol groups

AtGAPCI1 and AtGAPA were treated as described above.
The excess of H;O, was removed by desalting on NAP-5
columns equilibrated with 50 mM Tris-HCI buffer (pH 7.9).
The number of free thiols of untreated and H,O,-teated
proteins was then determined spectrophotometrically with
DTNB, as previously described (6).

Replicates

All the results reported are representative of at least three
independent experiments and expressed as mean * standard
deviation.

Crystallization and data collection

Purified AtGAPC1 was concentrated to 10mg ml™" in
50mM potassium phosphate (pH 7.5) containing 1 mM
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NAD™ and crystallized by the hanging drop vapor diffusion
method at 293 K. The drop, formed by a protein solution
aliquot of 2 ul mixed with an equal volume of reservoir, was
equilibrated against 750 ul of reservoir.

Rhombohedral crystals grew after about 3 weeks from a
solution containing 3.0-3.5 M ammonium sulfate and 0.1 M
Hepes-NaOH, pH ranging between 7.5 and 8.5. Prismatic
crystals were obtained from 18% w/v PEG 4K and 0.1 M
Na-acetate pH 4.6. Crystals were fished from the crystalli-
zation drop, briefly soaked in a cryo solution containing 3.5
M ammonium sulfate and 10% v/v glycerol for the first
crystal form, or 20% w/v PEG 4K and 10% v/v PEG 200 for
the second one, and then freezed in liquid nitrogen. Data
collections were performed at ESRF (beam line ID14-4) at
100 K using a wavelength of 0.939 A and an ADSC
Quantum Q315r detector. The images were indexed and
integrated by iMosflm (4) and scaled with POINTLESS and
SCALA from the CCP4 package (18). The diffraction data
confirmed that the two crystal forms correspond to different
polymorphs. Crystals grew using ammonium sulfate as
precipitant, indicated as polymorph 1, and diffracted to a
better resolution with respect to crystals indicated as poly-
morph 2. Data collection statistics are reported in Supple-
mentary Table S4.

Structure solution and refinement

The structure of polymorph 1 was solved by molecular
replacement using the software from the program suite IL
MILIONE (10). The coordinates of AtGAPA (PDB code:
3K2B) (19), deprived of the cofactor and water molecules,
were used as a search model. The correctness of the solu-
tion was verified by building the whole crystal packing.
The refinement was performed by CNS1.3 (9), selecting 5%
of reflections for Ry.., and the manual rebuilding by Coot
(17). NAD" and sulfate ions were inserted after few re-
finement cycles in the electron density regions not occupied
by the protein chains. In the final stages of refinement,
water molecules were automatically added, and after a vi-
sual inspection, they were conserved in the model only if
contoured at 1.0 ¢ on the (2F,__F.) map and if they fell into
an appropriate hydrogen bonding environment. Stereo-
chemical quality of the models was checked with PRO-
CHECK (33). The Ramachandran plots show that 98.6% of
residues lie in the most favored plus additional allowed
regions. Only 0.7% of residues are found in disallowed
regions. Refinement statistics are reported in Supplemen-
tary Table S4.

Accession number

The atomic coordinates and structure factors of AtGAPCI
structure have been deposited in the Protein Data Bank with
the accession code 4Z0H.

Computational details

The crystallographic structures of AtGAPCI1 (this work)
and AtGAPA (19), to which we manually added the H,0O,
molecule, were used as the starting point. The hydrogen
atoms were included at pH 7.4 using the H++ online pro-
gram (2).
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Choice of the residues

The choice of a suitable model system is crucial in the
investigation of enzyme mechanisms and it must primarily
include all groups that are supposed to play a key role in the
reaction. Thus, to examine in detail the oxidation of Cys149
by HyO,, we built a model system, including all amino acids
or cofactors within a sphere with a radius of 8 A centered on
the sulfur atom of catalytic Cys149 (Supplementary Fig. S7).
Finally, to further reduce the number of atoms involved in our
computations, we discarded those parts of the residue that
were not directly involved in the reaction, that is, the adenine
ring of the NAD*. The cut bonds were replaced by bonds with
hydrogen atoms. The size of included amino acid was also
reduced by an appropriate cut of conveniently chosen che-
mical bonds (in particular the bonds involving the C, atoms).
The cut bonds were again replaced by bonds with hydrogen
atoms. The full QM model system used in our computations
is reported in Supplementary Figure S7.

Emulating the protein environment

To emulate the partially constraining effect of the protein
environment, during the geometry optimization, we kept frozen
to their crystallographic coordinates the positions of appropri-
ately chosen atoms: these were mainly the hydrogen atoms ad-
ded in place of the cut bonds and the atoms near the border of the
model system and not directly involved in the reaction or in
hydrogen bond formation. This approach preserved the geom-
etry of the active site cavity, avoiding the possibility that the
secondary structure of the GAPDH active site may run into
unwanted conformational changes, and emulated the con-
straining effect of the protein environment. The frozen atoms are
indicated in Supplementary Figure SO.

QM calculations

All reported DFT computations were carried out with the
Gaussian 09 series of programs (24) using the M06-2X func-
tional (69, 70). The system was partitioned into two regions,
which were assigned as basis sets of different accuracy (8, 12,
13). The atoms of one region were those directly involved in the
reaction (i.e., Cys149, H,O, molecule) or in the formation of
hydrogen bonds (i.e., His179 side chain): for these atoms, we
used the 6 31+G* basis set (24). The other region included all
remaining atoms, which were described by the 3-21G* basis set
(24). The level of accuracy (basis set) used for the various atoms
is schematically indicated in Supplementary Figure S1.

QM/MM calculations and fingerprint analyses

To quantify the catalytic effect of the 10 different residues
between AtGAPC1 and AtGAPA in the oxidation of Cys149,
we recomputed the energy barriers calculating the electro-
static (Coulomb) effect of the ith residue on the QM region in
AtGAPCI and AtGAPA (fingerprint analysis) (14, 54, 55). In
each calculation, the QM model (geometries from the pre-
viously identified critical points) is surrounded by the atomic
point charges (from Amber 10 force field) (15) of the ith
residue, with the charges placed according to the crystallo-
graphic coordinates of the ith residue itself. The analyses
demonstrate the stabilizing/destabilizing effects exerted by
the various residues.
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Abbreviations Used

AR/HRP = Amplex Red/horseradish peroxidase
ASA =accessible surface area
AtGAPA = photosynthetic isoform of Arabidopsis
GAPDH
AtGAPC1 = glycolytic isoform 1 of Arabidopsis
GAPDH
DTT = dithiothreitol
GAPDH = glyceraldehyde-3-phosphate
dehydrogenase
GRXs = glutaredoxins
IAM =iodoacetamide
NAD = nicotinamide adenine dinucleotide
PES = potential energy surface
PGK = phosphoglycerate kinase
PRX = peroxiredoxin
QM/MM = quantum mechanical/molecular mechanical
ROS =reactive oxygen species
SD = standard deviation
SRXs = sulfiredoxins
TS = transition state
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