N

N

Experimental evidence for a hydride transfer mechanism
in plant glycolate oxidase catalysis
Younes Dellero, Caroline Mauve, Edouard Boex-Fontvieille, Valérie Flesch,

Mathieu Jossier, Guillaume Tcherkez, Michael Hodges

» To cite this version:

Younes Dellero, Caroline Mauve, Edouard Boex-Fontvieille, Valérie Flesch, Mathieu Jossier, et al..
Experimental evidence for a hydride transfer mechanism in plant glycolate oxidase catalysis. Journal
of Biological Chemistry, 2015, 290 (3), pp.1689-1698. 10.1074/jbc.M114.618629 . hal-02634445

HAL Id: hal-02634445
https://hal.inrae.fr /hal-02634445
Submitted on 27 May 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://hal.inrae.fr/hal-02634445
https://hal.archives-ouvertes.fr

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 3, pp. 1689-1698, January 16, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Experimental Evidence for a Hydride Transfer Mechanism in
Plant Glycolate Oxidase Catalysis”

Received for publication, October 13,2014, and in revised form, November 21,2014 Published, JBC Papers in Press, November 21,2014, DOI 10.1074/jbcM114.618629

Younés Dellero*', Caroline Mauve*®®, Edouard Boex-Fontvieille*, Valérie Flesch®, Mathieu Jossier®,

Guillaume Tcherkez*, and Michael Hodges**

From the *Institut de Biologie des Plantes, CNRS UMR8618, Saclay Plant Sciences, Batiment 630, Université Paris Sud,
91405 Orsay Cedex, France, SPlateforme Métabolisme-Métabolome, Saclay Plant Sciences, Institut de Biologie des Plantes,
Batiment 630, 91405 Orsay Cedex, France, and YInstitut Universitaire de France, 103 Boulevard Saint-Michel, 75005 Paris, France

oxidase.

rate-limiting.

activity.
\.

(Bacl(ground: Uncertainty remains about the nature of transition states along the reductive half-reaction of glycolate

Results: Deuterated glycolate and solvent slow down plant glycolate oxidase catalysis to a modest extent.
Conclusion: Isotope effects support a hydride transfer mechanism and indicate glycolate deprotonation to be only partially

Significance: Understanding the catalytic mechanism of the enzyme is crucial for designing drugs/herbicides to inhibit its

J

In plants, glycolate oxidase is involved in the photorespiratory
cycle, one of the major fluxes at the global scale. To clarify both
the nature of the mechanism and possible differences in glyco-
late oxidase enzyme chemistry from C; and C, plant species, we
analyzed kinetic parameters of purified recombinant C; (Arabi-
dopsis thaliana) and C, (Zea mays) plant enzymes and com-
pared isotope effects using natural and deuterated glycolate in
either natural or deuterated solvent. The 2C/*3C isotope effect
was also investigated for each plant glycolate oxidase protein by
measuring the *3C natural abundance in glycolate using natural
or deuterated glycolate as a substrate. Our results suggest that
several elemental steps were associated with an hydrogen/deu-
terium isotope effect and that glycolate a-deprotonation itself
was only partially rate-limiting. Calculations of commitment
factors from observed kinetic isotope effect values support a
hydride transfer mechanism. No significant differences were
seen between C; and C, enzymes.

Glycolate oxidase (EC 1.1.3.15; glycolate:oxygen oxidoreduc-
tase; GOX?) is a peroxisomal enzyme that converts glycolate
into glyoxylate with the production of hydrogen peroxide from
O, via a flavin mononucleotide (FMN)-mediated reaction. This
enzyme is a member of the a-hydroxy-acid oxidase superfam-
ily, which includes short-chain and long-chain hydroxy-acid
oxidases, lactate oxidase, and the flavin-binding domain of
yeast flavocytochrome b, (1). It appears that plant and animal
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GOXs (short-chain a-hydroxy-acid oxidases) arose from a
common eukaryotic GOX ancestor that originated from a bac-
terial lactate oxidase (2). In mammals, GOX is responsible for
the production of oxalate (3), and therefore it is a potential site
for therapeutic agents to treat primary hyperoxaluria (4), a genetic
disorder that leads to large kidney stones due to calcium oxalate
deposition. In plants, GOX is involved in the photorespiratory
cycle, a metabolic pathway that recycles phosphoglycolate from
ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39)
(Rubisco)-catalyzed oxygenation. Photorespiratory glycolate
oxidation by terrestrial vegetation represents a flux of nearly 3
Pmol/year and is thus one of the major fluxes at the global scale
(5).

To date, the best characterized GOX in terms of structure,
kinetics, and biochemical properties is from spinach leaves
(Spinacia oleracea). The three-dimensional structure of spin-
ach GOX has identified Ser'®®, Tyr'?>®, Thr'®®, and Lys**° as
important residues in the stabilization of the FMN cofactor,
whereas Tyr**, Tyr'*?, and Arg*” are involved in substrate
binding. His*** is essential for catalysis as it is involved in the
proton abstraction from the glycolate C2 atom (6). This role
was found in other a-hydroxy-acid oxidase superfamily mem-
bers because mutation of the equivalent His residue (H373Q for
flavocytochrome b, and H290Q for lactate oxidase) led to
reduced activities and substrate K, values or inactive recombi-
nant proteins (7, 8). The recent structure of human liver GOX
has indicated the conservation of the active site residues
between plant and animal enzymes (9). A ping-pong bi-bi reaction
mechanism composed of two half-reactions has been proposed for
GOX. In the reductive half-reaction, after the reversible formation
of the Michaelis complex between the enzyme and glycolate, pro-
tons are abstracted from glycolate C2 and accepted by the FMN
(Fig. 1). The complex is then dissociated, and glyoxylate is released.
Stopped-flow studies using recombinant GOX produced in bak-
ers’ yeast (Saccharomyces cerevisiae) suggested the FMN reduc-
tion step of GOX catalysis to be rate-limiting (10). In the oxidative
half-reaction, FMN is reoxidized by O, to produce hydrogen per-
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Reductive half reaction

Oxidative half reaction

k k k.
E(FMN,,) + glycolate === E(FMN_,)-glycolate —=—> E(FMN,.,) + glyoxylate 75—> E(FMN,,) + H,0,
k. k,

2

4

0,

FIGURE 1. Formal mechanism of the GOX-catalyzed reaction. In the reductive half-reaction, after the formation of the Michaelis complex GOX-glycolate,
protons are abstracted from glycolate and accepted by the FMN. The enzyme-substrate complex is dissociated, and glyoxylate is released. In the oxidative
half-reaction, FMN is reoxidized by O, to produce hydrogen peroxide. The notation for rate constants (k,, k, ks, k,, and ks) follows that of Macheroux et al. (10).
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FIGURE 2. Possible mechanisms of glycolate deprotonation catalyzed by GOX. g, carbanion-based stepwise mechanism. b, concerted hydride transfer. The
interactions within the active site between glycolate (black), Tyr** and Tyr'?° (red), His>** (green), and the isoalloxazine ring of FMN (blue) are shown, and
additional interactions with other residues are omitted for clarity. Note that the two mechanisms presented differ by the nature of the first proton being
attacked by His®>>*.In b, proton abstraction from 02 (hydroxyl) and C2 (a-proton) are shown as two separate steps, but they may occur within the same reaction

elemental step (asynchronous concerted rearrangement).

oxide. Recently, new spectroscopy advances have been used to
indicate that reduced FMN undergoes a two-step oxidation in
recombinant human liver GOX (11).

Despite the current knowledge of the chemical basis of GOX
catalysis, uncertainty remains about the nature of transition
states along the reductive half-reaction. Two scenarios (see Fig.
2) are described in the literature that differ by the position of the
first abstracted proton and thus the sequence of elemental
steps. In the carbanion-based mechanism (Fig. 2a), the side
chain of a crucial histidine residue (His*** in spinach GOX)
abstracts the a-proton from the C2 atom of glycolate, leading to
the formation of a negatively charged intermediate. The proton
of the hydroxyl group attached to the C2 atom of glycolate is
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then abstracted by the N5 of the FMN. In the hydride transfer
mechanism (Fig. 2b), the two protons are abstracted in a con-
certed manner with the side chain of the His residue abstracting
the proton of the hydroxyl group of glycolate, and at the same
time, the a-proton is transferred to the N5 atom of the FMN
(see Ref. 12). Interestingly, previous studies have shown differ-
ences between the kinetic parameters of GOXs from C; and C,
plant species. GOX from C, species appear to have a lower K,
for glycolate (10 um for Amaranthus hypochondriacus and 23
and 65 uM for Zea mays guard cells and mesophyll cells, respec-
tively) compared with C; species (330 um for Cucurbita pepo
cotyledons, 300 uM for Pisum sativum, 1 mm for S. oleracea, and
1.9 mum for Arabidopsis thaliana GOX2) (13—16). These obser-
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vations suggest potential differences in substrate binding and
perhaps reaction velocity kinetics. Such differences would cor-
respond to an adaptation to cellular metabolic conditions, that
is the naturally lower glycolate contents in C, plants due to the
reduced photorespiration. Furthermore, it might be hypothe-
sized that the enzyme from C, species would have a larger V.
to ensure maximal glycolate conversion at high photorespira-
tory rates. However, there is presently little data that compare
the catalytic effectiveness of C; and C, enzymes, including the
determination of limiting steps.

As an aid in clarifying both the nature of the mechanism and
possible differences in C; and C, enzyme chemistry, we ana-
lyzed the kinetics of recombinant C; and C, enzymes using
isotope effects. Kinetic parameters of purified recombinant
GOX1 (At3g14420) and GOX2 (At3g14415) from A. thaliana
(the two GOX genes highly expressed in leaves) and GO1 from
Z. mays (the gene giving a photorespiratory phenotype when
mutated (17)) were compared using natural and deuterated gly-
colate in either natural or deuterated solvent. The '*C/**C iso-
tope effect was also investigated for each plant GOX protein by
measuring the >C natural abundance in glycolate using natural
or deuterated glycolate as a substrate. Our results suggest that
several elemental steps are associated with an hydrogen/deute-
rium isotope effect and that glycolate a-deprotonation itself is
only partially rate-limiting. Calculations of commitment fac-
tors from observed kinetic isotope effect (KIE) values support a
hydride transfer mechanism. No significant differences were
seen between C, and C, enzymes.

EXPERIMENTAL PROCEDURES

Constructs to Express Plant GOX Proteins in Escherichia coli
Cells—The coding regions of AtGOX1 and ZmGO1 were PCR-
amplified using different cDNA templates, gene-specific prim-
ers with added restriction enzyme sites (AtGOX1-Nhel and
AtGOX1-Xhol; ZmGO1-Nhel and ZmGO1-Xhol), and Tagq
polymerase (Promega). Total RNA was extracted from A. thali-
ana rosette leaves using TRIzol® as in Jossier et al. (18). All
other DNA manipulations such as plasmid isolation, E. coli
transformation, ligations, and restriction analyses were standard
techniques. The template for Arabidopsis GOX1 was a cDNA
made from reverse transcribed RQ1 DNase-treated total RNA
from rosette leaves using AtGOX1-F and AtGOX1-R primers.
The template for Z. mays GO1 was a full-length cDNA ordered
from Arizona Genomics Institute (clone ZM_BFc0135012).
The templates were diluted and used for PCR amplification.
The gene-specific primers were as follows: AtGOX1-Nhel,
CGGCTAGCGAGATCACTAACGTTACCG; AtGOXI1-
Xhol, GGGCTCGAGCTATAACCTGGCTGAAGGAC; ZmGO1-
Nhel, CGGCTAGCGGGGAGATCACCAATGTCATG;
ZmGO1-Xhol, GGGCTCGAGCTACAAGCGCGACGGG-
ATG; AtGOX1-F, ACACTTCGGCATATGGAGATCACTA-
ACGTT; and AtGOX1-R, ATTTTCCCTCGAGTAACC-
TGGCTGAAGGACG.

Each PCR-amplified product was purified using a PCR
CleanUp kit (Macherey-Nagel), cloned into the pGEMT easy
vector (Promega), and sequenced (MWG Operon, Eurofins).
The verified coding sequences were transferred to the pET28a
expression vector (Novagen) after digestion with Nhel and
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Xhol restriction enzymes (Promega) and overnight ligation. All
final constructs were verified by restriction analyses using puri-
fied plasmids from isolated bacterial colonies. The construct
pET28a-AtGOX2 was a kind gift from Hagemann and co-work-
ers (16). The recombinant pET28a vectors (pET28a-AtGOX1,
pET28a-AtGOX2, and pET28a-ZmGO1) were used to trans-
form E. coli strain BL21(DE3) by electroporation.

Purification of Recombinant GOX—E. coli BL21 cells con-
taining pET28a-AtGOX1, pET28a-AtGOX2, or pET28a-
ZmGO1 were grown in 200 ml of Luria-Bertani broth to an
Ago0 nm 0f 0.4 at 37 °C. GOX protein expression was induced by
addition of 1 mm isopropyl B-1-p-thiogalactopyranoside for
20 h at 30 °C. GOX proteins were purified via their N-terminal
His tag using His-Select nickel affinity resin (Sigma-Aldrich)
according to Hackenberg et al. (16) with some modifications.
Cells were harvested and resuspended in resuspension buffer
consisting of 50 mm Tris-HCI, pH 8.0 containing 1 M NaCl, 10
mM imidazole, 10% glycerol, 0.1 mM FMN, and a protease inhib-
itor mixture (Complete Mini, EDTA-free, Roche Applied Sci-
ence) on ice. Bacterial cells were broken by three passages
through a French press at 600 pascals. After centrifugation
(15,500 X g for 30 min at 4 °C), soluble proteins were diluted to
10 ml and incubated with continual mixing for 3 h with 1.5
ml of affinity resin at 4 °C. The resin was washed with 50 ml
of resuspension buffer supplemented with 20 mm imidazole.
His-tagged GOX proteins were then eluted using resuspension
buffer supplemented with 250 mm imidazole. The first 0.5-ml
elution fraction was disregarded because it did not contain
recombinant protein, and the next 2.5 ml of 0.5-ml fractions
was pooled to give the soluble GOX fraction that was immedi-
ately desalted through PD-10 columns (GE Healthcare) equili-
brated with 50 mm Tris-HCI, pH 8.0, 20% glycerol, and 0.1 mm
FMN following the manufacturer’s instructions. The purity of
each recombinant GOX protein was checked by SDS-PAGE
(12% acrylamide) stained with Coomassie Brilliant Blue (19).
Protein concentration was determined using the Bradford re-
agent (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. Purified GOX was stored at 4 °C for up to 7 days without
any modification in enzymatic activity. For isotopic discrimina-
tion experiments, GOX was purified as described above except
that desalting was carried out in the absence of glycerol because
it interfered with the HPLC separation of glycolate.

GOX Activity Measurements—Enzyme activity was mea-
sured in 50 mm Tris-HCI, pH 8.0 with different glycolate con-
centrations (0.1-10 mm) and 4 pg of purified recombinant
GOX by an enzyme-coupled reaction at 30 °C. Glycolate-de-
pendent H,O, production was quantified in the presence of 0.4
mM o-dianisidine and 2 units of horseradish peroxidase by
measuring the AA,,, .. using a Varian Cary 50 spectropho-
tometer. GOX activity assays with stable isotopes were per-
formed using deuterium oxide (99.9 atom % D; Sigma-Aldrich),
deuterium chloride (solution 35% (w/w) in D,0, 99.9 atom % D;
CDN Isotopes), 2,2-d,-glycolic acid (99.6 atom % D; CDN Iso-
topes). For enzyme activity measurements in heavy water
(D,0), all reaction components were dissolved in D,O except
for the purified recombinant GOX. In this way, the reaction
mixture contained at least 95% D,0O. Measurements were per-
formed at pD 8, stabilized by the addition of deuterium chlo-
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ride, and supplemented with 10 units of horseradish peroxidase
(as this enzyme was affected by D,0O) such that H,O, conver-
sion was always quantitative and not influenced by deuteration.
Kinetic parameters were calculated by fitting the data to differ-
ent equations (see “Enzyme Kinetics” below).

HPLC Purification of Glycolate and Isotopic Measurements—
Five micrograms of purified recombinant GOX protein was
mixed with 1 mwm natural glycolate or deuterated glycolate in 50
mm Tris-HCI, pH 8.0 or with 200 um natural glycolate or deu-
terated glycolate in 10 mm Tris-HCI, pH 8.0, and the reaction
was quenched at different times by adding 1 M HCIL. Samples
were lyophilized and resuspended in 100 ul of distilled water.
50 wl of the resulting solution was injected for HPLC (LC-1260,
Agilent Technologies). Tris, glycolate, and glyoxylate were sep-
arated by anion exchange (RS Pak KC-811, Shodex) at 30 °C
with isocratic degassed water as the mobile phase (flow rate, 0.5
ml min~"). Detection was performed using a refractometer at
35 °C. Glycolate amounts were determined after HPLC separa-
tion using a standard curve. The **C/**C ratio in glycolate was
measured as follows. HPLC-separated compounds were desol-
vated and converted to CO, on line by chemical oxidation (by
15% ammonium persulfate and 5% orthophosphoric acid) using a
specific interface (Liquiface, Elementar), and resulting CO, mole-
cules entered the isotope ratio mass spectrometer (Isoprime,
Elementar) under continuous flow mode (with helium as carrier
gas). A Nafion® membrane placed within the interface was used
to remove water generated by chemical oxidation. §'*C values
were expressed relative to the standard Vienna Pee Dee Belem-
nite in %o. 8'°C values were calibrated using sucrose (Sigma-
Aldrich) as a standard, and the §'*C value of commercial gly-
colate and sucrose was checked by elemental analysis coupled
to isotope ratio mass spectrometry (Pyrocube-Isoprime 100,
Elementar). The 8'3C value was further corrected to account
for concentration (isotopic non-linearity) effect using a response
curve of 8'°C in commercial glycolate to glycolate concentration.
Such a correction was nevertheless always very small (<0.2%o),
and it did not affect results to a significant extent.

Enzyme Kinetics—The reaction scheme depicted in Fig. 1
gives the following expression of velocity (10).

yo Vme -
1+ K,/S + KO €.
where V... = k3[E,] is maximal velocity at saturating glycolate,

and S and O are glycolate and dissolved oxygen (O,) concentra-
tions, respectively. Michaelis constants for glycolate (K,,,) and
oxygen (K,) are given by Equation 2.

gk
m k] ’

o_k5

(Eq.2)

The apparent maximal velocity and Michaelis constant for gly-
colate (denoted as ViPP and KGFP, respectively) stand for kinetic

max
parameters when reaction kinetics are fitted to a simple (non
O,-dependent) Michaelis expression, i.e. v = VPP S/(KZPP + §).

max

VePP and KPP were simply obtained using a classical hyperbolic

fit of experimental curves using SigmaPlot (Systat Software
Inc.). Actual kinetic parameters (k.. = k5, K,,, and K,) were

cat

obtained by step-by-step fitting of experimental data, i.e. by
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performing multiple hyperbolic fitting at fixed k_,, values and
choosing the best set of kinetic parameters that minimized the
sum of squares (residuals). Solving simultaneously all parame-

ters by numeric optimization of the linearized equation.

Kn Ko
Inv=InV +In|1+—+—= (Eq.3)

S O

with the Excel solver software (Microsoft) yielded the same
results. The knowledge of k; allows the calculation of k, because
the commitment factor ¢ = k,/k, is determined using isotope
effects (see below), and therefore k; and k5 can be determined
using Equation 2.

Isotope Effects—"H/*H isotope effects were calculated using
the ratio of kinetic parameters (described below) obtained with
either the natural or the deuterated substrate/solvent. '>C/**C
isotope effects were calculated from the time course of the *C/
12C ratio in glycolate using the Rayleigh relationship.

In(1 —1)

R (Eq.4)
In(1 —f)+1In -
Ro

o =

where fis the fraction of consumed glycolate, R, is the **C/**C
ratio of glycolate at £ = 0 (before the reaction commenced), and
R, is the '*C/'2C ratio of glycolate at time ¢. f was determined
using glycolate quantitation by HPLC (the same result was
obtained with the mass 44 signal on the isotope ratio mass spec-
trometer. The observed KIE on the effective reaction rate is
denoted as a4 and is given by Equation 5.

1
() () L R
Ay = Km Km = 0y : k3

where [ is light and / is heavy substrate. The KIE on maximal
velocity is given by Equation 6.
ay = Iightk3/heavyk3 (Eq.6)

The kinetic isotope effect on apparent turnover (ViPP ) is given
by Equation 7.

Ko
a3 + O£56

af? = (Eq.7)

o
+ —
! 0]

where «; is the intrinsic isotope effects associated with k;
(=“ghtki/hea""ki), and thus, a; = a,. In what follows, super-
scripts “13” and “D” attached to the symbol « refer to **C/**C
and "H/?H isotope effects, respectively. It should be noted that
in the case of '>C there is no isotope effect on k, and k, (no bond
cleavage or formation with the carbon atom), and therefore
Equation 5 simplifies to Equation 8.
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ks

ks
ks
T

13a3 +

Pay = (Eq.8)

Because the '>C/">C KIE on maximal velocity, e, is deter-
mined experimentally (Equation 5), the commitment factor ¢ =
ks/k, can be calculated using either natural or deuterated gly-
colate. Using the obvious relationship "¢/°c = Pa,/Pa,, Pa,
can thus be calculated as Pa,/(*'c/Pc). Therefore, Pa, can be
computed using Equation 5. a; is obtained using Equation 7.

RESULTS

Steady-state Kinetic Parameters of Recombinant AtGOXI,
AtGOX2, and ZmGOI—Arabidopsis GOX1 and GOX2 (Cy
plant) and Z. mays GO1 (C, plant) were expressed as N-termi-

MM  AtGOX1 AtGOX2 ZmGO1

50kDa

37kDa

FIGURE 3. Purity of each recombinant GOX. Two micrograms of desalted
purified GOX protein was separated by SDS-PAGE (12% acrylamide) and
stained with Coomassie Blue. The expected molecular mass (MM) for each
monomeric GOX is ~40 kDa.

TABLE 1

Plant Glycolate Oxidase Catalytic Mechanism

nal His-tagged proteins in E. coli. His-GOX proteins were puri-
fied by affinity chromatography (Fig. 3), and their identity was
confirmed by mass spectrometry (data not shown). The pres-
ence of higher molecular mass proteins was occasionally
observed (as seen in Fig. 3); however, it should be noted that
their presence did not modify the measured kinetic parameters.
For each GOX tested, their catalytic activities were measured
over a range of glycolate concentrations (0.1-10 mm) at around
0.2 mm O,. Apparent turnover rate k2P (k3PP) and Michaelis
constant KPP values were calculated by fitting to ordinary
Michaelis-Menten kinetics: v = ViPP /(1 + KPP/S). K, and
K,/O were calculated by numerical resolution (see “Experimen-
tal Procedures”) (Table 1) to fit the formal equation (Equation
1). There were no significant differences in the fitted kinetic
parameters between GOXs from C; and C, species with natural
glycolate as a substrate (Table 1). Our different GOX proteins
exhibited k_,, (k;) values from 30 to 34 s~ ' and K, values from
0.22 to 0.30 mM as reported for recombinant GOX enzymes
from plants and animals examined so far (10, 11, 13, 14, 20, 21).
The K,/O value we found (=~0.15) was also comparable with
that of spinach GOX (0.5 in Ref. 22). With deuterated glycolate
as a substrate, K2PP and k., decreased 2—3-fold, and both KPP
and K, increased 1.5-2-fold. By contrast, the effect of changing
the solvent to D,O was visible but not large with a solvent iso-
tope effect (SIE) value of about 1.5 on k_,, (see also below). The
SIE was always smaller and thus close to unity on catalytic effec-
tiveness (V/K) regardless of the GOX isoform considered.
Hydrogen/Deuterium and *>C/*?C KIE of Recombinant
AtGOX1, AtGOX2, and ZmGOI—The observed KIE and SIE
values calculated from kinetic parameters (Table 1) are listed in
Table 2. We found a KIE on turnover, Pa,, of about 2 and a KIE
on catalytic effectiveness, "« of about 4 for each of the three
GOX enzymes. All of these KIE values are significantly different
from unity (p < 0.05). In other words, the KIE on the turnover
rate was larger than that on catalytic effectiveness, suggesting
that catalytic steps prior to glycolate deprotonation itself (k)
were associated with a KIE (rate constants k; and k,; Fig. 1). The

Steady-state kinetic parameters of recombinant GOX enzymes assayed with either ["H]glycolate (H), [?H]glycolate (D), or D,0 as a solvent
GOX activity was measured by following the formation of the o-dianisidine radical by spectrometry (A4, ) at 30 °C and pH 8. Kinetic parameters were calculated by
fitting the data to Equation 1 or using a simple Michaelis model (superscript “app”) (see “Experimental Procedures”). Values represent the mean * S.D. from three
independent enzyme preparations for each GOX tested. Parameters in bold are significantly different compared with the control experiment (H) (p < 0.05).

H D D,O
Conditions Mean S.D. Mean S.D. Mean S.D.
AtGOX1
ky (s 29.86 2.84 14.93 0.71 24.41 2.96
K, (mm) 0.22 0.03 0.36 0.02 0.20 0.02
K,/O0 0.17 0.12 0.33 0.07 0.25 0.13
KPP (s7h) 26.57 4.90 12.35% 0.61 20.11 3.39
KPP (mm) 0.20 0.07 0.34 0.08 0.17 0.04
AtGOX2
ky (s 30.10 6.37 12.80 4.32 20.14 2.17
K, (mm) 0.30 0.09 0.57¢ 0.10 0.27 0.10
K,/O 0.23 0.14 0.29 0.19 0.24 0.09
KPP (s 25.07 3.03 10.17 1.25 17.92 2.55
KPP (mm) 0.22 0.03 0.44" 0.14 0.23 0.07
ZmGO1
ky (s 34.13 3.25 12.56 1.48 21.57 2.49
K, (mwm) 0.22 0.06 0.33 0.03 0.13 0.05
. 0.16 0.12 0.21 0.02 0.17 0.08
KPP (s 28.16 2.94 9.90 0.91 19.25 2.87
KPP (mMm) 0.17 0.04 0.24 0.01 0.13 0.05

 Significantly different from other enzymes (p < 0.05).
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TABLE 2

"H/?H KIE (associated with deuterated glycolate) and solvent isotope
effect (D,0) on GOX catalysis

Values represent the mean * S.D. from three independent enzyme preparations for

each GOX tested. Parameters shown in bold are significantly different from unity
(i.e. no KIE) (p < 0.05).

Mean S.D.
AtGOX1
Dey, P 214 0.32
Pa, 2.00 017
Day, PP 3.65 0.89
Doy 3.35 0.34
D20y 1.23 0.05
D204, 117 0.26
Pa, 0.48 0.25
AtGOX2
Doy, P 2.46 0.01
Pay, 2.46 0.68
Doty PP 4.80 1.02
D
&y 4.67 0.62
D2y 1.48 0.18
D200y 131 0.33
o 134 162
ZnT}GOl
o, PP 2.84 0.05
Pa, 2.72 0.14
Doy, PP 4.16 1.10
D
&y 419 0.93
P20y 1.59 0.05
D20y 0.92 014
P 0.77 0.55

TABLE 3

12¢/'3C isotope effect in GOX catalysis with either natural or deuter-
ated glycolate

The **C/**C isotopic effect was calculated using §"*C values (natural abundance)
and glycolate concentrations (see “Experimental Procedures”). Values presented are
mean * S.D. for three replicate experiments for each GOX enzyme. Parameters
shown in bold are significantly different from unity (p < 0.05).

AtGOX1 AtGOX2

Ba,, 1.0440 £+ 0.0011 1.0454 £+ 0.0094
Bay, 1.0193 = 0.0042 1.0194 = 0.0031
Boay, 1.0951 £ 0.01133 1.0911 = 0.0133
1.0463 £ 0.0084 1.0423 = 0.0093

ZmGO1

1.0428 £ 0.0059
1.0195 % 0.0026
1.0996 + 0.0141
1.0468 + 0.0085

DYk

Pay., o is less than unity in AtGOX1, but it is close to unity in
AtGOX2 and ZmGOL1. It should nevertheless be noted that
there is a quite large uncertainty (standard error) in "a,, .. If
Pay.,,o were effectively not different from unity, then this
would mean that the rate constant associated with FMN oxida-
tion (H,O, production) would be associated with a KIE, thereby
compensating for the KIE on k; (Equation 7; see also “Discus-
sion”). The SIE on turnover, "*a,, was within the range of
1.2-1.6 for all three GOX enzymes and was significantly differ-
ent from unity (p < 0.05). The rather modest SIE suggests that
within the active site exchangeable protons were not primarily
involved in proton abstraction from glycolate but rather
involved in weak bonds (secondary isotope effect) in the active
site. Interestingly, D,Oa,, . values were always very close to
unity, suggesting that D,O also affected steps prior to proton
abstraction (k, and k;) so that substrate binding appeared to be
tighter in heavy water.

The ">C/">C KIE in the GOX reaction for all three enzymes is
shown in Table 3. The carbon isotope composition of glycolate
(8">C) was determined at different experimental times along
the reaction by acid quenching followed by HPLC-co-isotope
ratio mass spectrometry. The '*C/"*C KIE was calculated with
Equation 6 (Rayleigh’s equation) and recalculated (fraction-
ation o — 1 multiplied by a factor 2) to convert to a positional
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isotope effect (rather than a molecular average-based isotope
effect). In other words, we assumed here that only one carbon
atom position (C2) in glycolate was responsible for the '*C/**C
KIE and that the secondary KIE on the C1 atom position was
negligible. We thus found a KIE value on the turnover rate *a,
of around 1.045 and a value on the catalytic effectiveness "2y, ;-
ofaround 1.019 for all three enzymes (Table 3). The fact that the
KIE on V/K (effectiveness) was smaller than that on V (turnover)
suggests that deprotonation (k3) was partially rate-limiting. Quite
remarkably, >C/**C KIEs (both "*«,, and "« ) increased (the
fractionation was doubled) when deuterated glycolate was used as
a substrate, suggesting that the '>C/">C KIE originated from
chemical events associated with glycolate deprotonation.

DISCUSSION

Recombinant GOX from Cy and C, Plant Species Share Sim-
ilar Kinetic Properties—Previous studies have shown the K, for
glycolate of leaf-purified GOX of C, species to be higher than
that of C, species (see the Introduction). This could reflect the
low photorespiratory activity in C, species as compared with C,
species and therefore the requirement of a lower K, for glyco-
late to allow a sufficient GOX activity in C, species. In this work,
recombinant His-tagged GOX enzymes from A. thaliana (C,
species) and Z. mays (C, species) were compared (Table 1). The
obtained kinetic parameters agreed with previous K,,, i cotate)
values from plant-purified GOXs (0.3 mm in pumpkin cotyle-
dons (13) and P. sativum leaves (14)) and recombinant mam-
malian GOX (0.32 mm in human (20)). Our different plant GOX
proteins also exhibited k., values similar to those found in the
literature (27 s ' for purified pumpkin cotyledon GOX (14),
20 s~ ! for recombinant spinach GOX (10), and 15.6 and 245~ *
for purified and recombinant human liver GOXs (11, 21).
Therefore, our GOX proteins appear to be fully functional. It is
possible that the differences in K, values reported in the liter-
ature arise from differing degrees of protein purity, the method
used to purify each protein, and/or the presence or absence of
heteromeric GOX protein complexes. However, it is also pos-
sible that they reflect a differential post-translational modifica-
tion occurring only in plant-purified GOX proteins from C,
and C, plant species. To date, two post-translational modifica-
tions for GOX proteins have been reported: nitrosylation
(which inhibits GOX activity (23)) and phosphorylation (see
Ref. 24 and the PhosPhAt database). In fact, the recombinant
proteins used in this work were found to be neither phosphor-
ylated nor nitrosylated (using mass spectrometry; data not
shown).

Does GOX Catalysis Follow a Hydride Transfer Mechanism?—
Two scenarios (see the Introduction and Fig. 2) have been
described in the literature to describe the catalytic mechanism
of a-hydroxy-acid oxidase family members: a mechanism
involving a carbanion (stepwise mechanism) and a hydride
transfer (concerted but maybe asynchronous mechanism).
Structural data of Aerococcus viridians lactate oxidase led to the
proposal of a hydride transfer mechanism (25). With the recent
advances in the use of stable isotopes (*°N, **C, and *H), the
measurement of KIEs in bond cleavage have also provided evi-
dence mostly in favor of a concerted hydride transfer in flavo-
protein catalysis (26). The "*N/'°N isotope effects associated
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with Ser oxidation by p-amino-acid oxidase, sarcosine oxida-
tion by N-methyltryptophan oxidase, and alanine oxidation by
tryptophan 2-monooxygenase suggested a concerted proton
abstraction mechanism for these reactions (27-29). In the case
of serine oxidation by pD-amino-acid oxidase, there is a KIE (cor-
rected for the isotope effect of deprotonation of -NH3') of 0.996
(i.e. 4%o against '*N), consistent with the production of a
C=NH. intermediate rather than a carbanion (C~-=NH,) (27).
Similarly, a hydride transfer mechanism has been demon-
strated in tryptophan 2-monooxygenase (28). In flavocyto-
chrome b, (an a-hydroxy-acid oxidase family member), the
modest isotope effect with [*H]lactate suggested that substrate
deprotonation was only partially rate-limiting, which is not
strictly compatible with a carbanion-based mechanism. How-
ever, the fact that there was no solvent isotope effect (H,O/
D,O) on flavin reduction suggested that cleavage of the O-H
bond was not a critical chemical event to initiate the reaction,
that is is probably not required for C—H bond cleavage, thereby
suggesting that a carbanion intermediate was plausible (30).
With that said, the hydride transfer mechanism was given fur-
ther support by the characterization of the Tyr-to-Phe mutant,
which exhibited both a large KIE (with [*H]lactate) and a sig-
nificant solvent isotope effect, demonstrating the interdepen-
dence of C—H and O—H cleavage (34). Therefore, we find argu-
ments for and against a hydride transfer mechanism in
flavoprotein oxidases, and critically, no specific studies had
been carried out using GOX as an enzyme model. Previous
works have suggested the reductive half-reaction to be rate-
limiting (10), but the question of the energetics and the nature
of the transition states in glycolate oxidation remained uncer-
tain. Here, we investigated the reaction mechanism of plant
GOX by taking advantage of '*C/"*C and hydrogen/deuterium
isotope effects (Table 2 and 3). Because of the conserved struc-
ture and residues involved in the active site of plant (6, 12, 22)
and mammalian (9) GOX enzymes, our conclusions concern-
ing the catalytic mechanism (see below) are probably true also
for the closely related mammalian enzyme.

In all GOX proteins assayed with [*?H]glycolate, we found a
rather modest KIE on maximal velocity, Pa,, between 2 and 2.7
(Table 2), suggesting that proton abstraction (k3) was only par-
tially rate-limiting. In addition, the KIE on effectiveness, "a, 4,
was approximately double the P« (values between 3.3 and 4.8).
This suggests that glycolate binding itself is also associated with
a significant isotope effect (inverse isotope effect on K, ~0.6),
meaning that the formation of the Michaelis complex was asso-
ciated with a strong change in the geometry of glycolate. Alter-
natively, other reversible steps following substrate binding and
prior to glycolate deprotonation may take place (substrate “pre-
processing” before the catalytic step, k), implying an alteration
of the C*~H force constant. The chemical events responsible
for the isotope effect at this hydrogen atom position in such
early reaction steps are still to be elucidated. Under the assumption
that substrate preprocessing/repositioning occurs during or just
after binding, specific residues of the active site are expected to
have key roles in determining both K|, and k., because incomplete
preprocessing/repositioning would impede subsequent cataly-
sis. In fact, such residues seem to occur in the GOX active site.
In the spinach enzyme, Trp'®® has been found to be important
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for both substrate binding and catalysis: when Trp'®® was
replaced by Ser, the enzyme exhibited a very low K,,, 1 cotate)
(about 100-fold lower) and very low k_,, values with various
substrates (glycolate, mandelate, lactate, and 2-hydroxy-
butyrate) (12). This residue is located in the substrate pocket
(close to FMN) and is not conserved in hydroxy-acid oxidases
and dehydrogenase flavoproteins. It is believed that amino
acids in this position have a side-chain length adapted to the
size of the substrate (7, 12) so that substrate binding is ade-
quately tight and associated with possible changes in geometry,
thereby facilitating subsequent catalysis (glycolate oxidation).
Active site preorganization has been presumed in a similar
reaction catalyzed by choline oxidase, consisting in O-H
stretching in the a-hydroxyl group to facilitate proton abstrac-
tion in subsequent steps (32, 33).

Regardless of the chemical events involved prior to glycolate
oxidation itself (k3), the fact that the latter did not appear to be
strictly rate-limiting does not agree with a carbanion-based
mechanism, which would have implied a large V/K kinetic iso-
tope effect (rate-limiting formation of a dissociative transition
state; for reviews, see Refs. 26 and 31). Furthermore, one may
take advantage of carbon isotope effects (**a;,and "’y ,; Table
3) to compute the commitment factor associated with k. Using
Equation 8, we found a commitment factor, k;/k,, of =~1.3 and
1.1 with natural and deuterated glycolate, respectively. In other
words, the deuterium substitution in C2 had a negligible effect
on the kinetic commitment associated with &, also indicating
that the formation of a carbanion is highly unlikely. It thus
appears more plausible that the transition state associated with
glycolate oxidation does not imply a substantial change of the
C2 geometry (formation of a charged species) but rather
involves a concerted bond rearrangement with O2 (hydroxyl)
and N5 (FMN). It should also be noted that there was an SIE on
ks, suggesting that exchangeable protons were somehow
involved in that chemical step. This effect is more consistent
with a hydride transfer mechanism simply because the hydroxyl
proton in Tyr residues is exchangeable with the solvent.
Exchange rates in Tyr residues buried in enzyme active sites are
about 9 s~ ' (35), that is 3 times slower than the turnover rate.
Therefore, during enzymatic assays in D,O, Tyr residues hap-
pened to be only partially deuterated, causing a modest isotope
effect. Under the hydride transfer hypothesis, if we assume that
about one-third of Tyr residues were deuterated and that the
secondary KIE associated with hydrogen/deuterium substitu-
tion at Tyr'*” is near 2, we would expect an SIE of about 1.3,
which falls within the observed range. By contrast, under the
carbanion hypothesis, no significant solvent isotope effect
would be expected on k; simply because no Tyr residue primar-
ily participates in bond rearrangements in O2. We nevertheless
recognize that other effects may have contributed to the
observed SIE such as an effect of solvent viscosity, which is
indeed higher in heavy water (36). In fact, recombinant human
liver GOX has lower k., and k_, /K, values in a more viscous
solvent such as glycerol (21). Also, three water molecules have
been reported to participate in the catalytic site architecture in
recombinant spinach GOX, and their presumed role is to main-
tain the H-bond network around FMN in the absence of glyco-
late (6, 37). Therefore, their replacement by D,O might affect
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FIGURE 4. Kinetic energy profile of the GOX-catalyzed reaction. Intrinsic
hydrogen/deuterium KIEs (when [?H,]glycolate is used as a substrate) associ-
ated with each elementary step are indicated as well as rate constants (ins™ ).
For rates that depend upon substrate concentration (k,S and k;O), we
assumed a value of 0.2 mwm. This profile was drawn assuming that the energy
barrier associated with k; was 10.5 kcal mol ™" (see text). S, glycolate; O, dis-
solved O,; P, glyoxylate. The overall reaction is shown to be exergonic due to
the redox potential £’ , of glyoxylate/glycolate (—92 mV) and O,/H,0, (+295
mV) couples.

substrate binding. Here, we observed a tighter glycolate binding
(normal SIE on K,,), suggesting that the H-bond network was
altered in the presence of D,O.

Kinetic Energy Profile of the GOX-catalyzed Reaction—To
gain insight into the effectiveness of GOX catalysis, we took
advantage of the KIE values obtained here to compute commit-
ment factors and therefore generate a kinetic energy profile of
the reaction (38). Under the assumption that kinetic constants
are given by k = kkyT/hexp(—AG/RT), the ratio of two rate
constants k; and k;; gives the difference in free energy: RT"In(k;/
k;;) = AAG,; _ .. Using our KIE values, the kinetic profile of the
reaction was reconstructed with the energy barrier of one step
fixed at a certain value (for a recent similar example on Rubisco,
see Ref. 39). The effective free energy barrier of the turnover
rate (k,,, = k) is assumed to be 44 k] mol ' (10.5 kcal mol )
considering the apparent activation energy (E,) on GOX veloc-
ity (using data obtained at different temperatures (20, 40)). This
value is in agreement with E_, values obtained for similar
enzymes: 46 k] mol ™" for lactate oxidase (the ancestor of GOX
(2)) and 56 k] mol ! for p-amino-acid oxidase (41, 42). The k
itself corresponds here to the turnover rate at saturating glyco-
late and was found to be near 31 s~ *. It should be noted that we
assumed glycolate reprotonation (reverse reaction) to be negli-
gible (k, =~ 0). In fact, enzyme catalysis proceeds forward (FMN
reduction by glycolate) even in the absence of dissolved O,,
indicating that glycolate oxidation is irreversible (10). As stated
above, the '>C/'3C KIE indicated that the commitment factor
k/k, was near 1.3, and thus k, was about 23 s~ ' (Fig. 4). Using
this value and K, allowed us to compute k;S (where S is glyco-
late concentration), which was found to be near 44 s~ * at 0.2
mM glycolate (physiological concentration). Thus, no specific
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step of the reductive half-reaction appeared to be rate-limiting
because rates were all within the same order of magnitude. By
contrast, the oxidative half-reaction appeared to be rapid
because k;/k5[O,] was about 0.1-0.2 (Table 1). In other words,
the reductive half-reaction was limiting when compared with
the oxidative half-reaction, but no specific step within the
reductive half-reaction was strictly rate-limiting. Unsurpris-
ingly therefore, there was no large difference in energy barriers
along the reductive half-reaction. The overall reaction was
driven by the free enthalpy drawdown (redox equilibrium at
physiological concentrations) (Fig. 4).

Intrinsic isotope effects associated with each elementary step
were found to be within the 2.0-3.2 range with no step that
fractionated highly against *H (KIE of 4 or above) (Fig. 4).
Because in hydrogen transfer events KIE is expected to be max-
imal when the transition state is symmetrical (for a practical
example on formate dehydrogenase, see Ref. 43), the KIE on k;
observed here (2.4) rather suggests a late transition state asso-
ciated with glycolate deprotonation. Accordingly, the relatively
high intrinsic *2C/*3C isotope effect of about 1.045 suggests
that deprotonation is not the sole chemical event occurring in
step k; because a simple C—H bond stretching (wave number,
~3000 cm ') is expected to be associated with an intrinsic KIE
of about 1.025. A simultaneous rearrangement of the hydroxyl
group (to a C=0 bond) and hydrogen abstraction in the tran-
sition state, indicative of a concerted hydride transfer, is thus
likely. Rather similar situations with the same order of magni-
tude for the carbon isotope effect (=1.040) involving similar
chemical rearrangements (carbonyl formation along hydride
transfer at C1 in the glucose dehydrogenase (44) or formate
dehydrogenase (45) reactions) have been found. We neverthe-
less recognize that in Fig. 4 the formation of a late transition
state is not associated with a high energy barrier. In this figure,
the profile was reconstructed using the apparent energy barrier
associated with k; (temperature-response curves reported in
the literature; see above), and this should be examined further
in future studies. Uncertainty also remains as to whether the
reaction proceeds via a hydrogen tunneling as found in the sim-
ilar reaction of choline oxidase (see Ref. 33) and suggested by
the irreversibility of glycolate deprotonation. Future studies are
thus warranted to explore the temperature response of *H/?H
KIE and the value of Eyring pre-exponential factors to deter-
mine whether the transition state is classical or consistent with
hydride ion tunneling.

In conclusion, by measuring kinetic isotope effects, it is
shown that the short-chain a-hydroxy-acid oxidase GOX reac-
tion mechanism involves a hydride transfer mechanism,
thereby strengthening the idea that this mechanism is common
to a-hydroxy-acid oxidase family members. Interesting, the
analysis of our data suggested that glycolate deprotonation was
only partially rate-limiting and that the formation of the sub-
strate-enzyme complex was also an important limiting factor.
Such data could be useful to help design drugs and/or herbi-
cides. Indeed, our KIE values could be applied to compute steric
and electronic maps for the transition state of the GOX reaction
(46). This would allow the synthesis of stable transition state
analogs that are powerful enzymatic inhibitors. Inhibition of
GOX has been considered as a possible treatment for several
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oxalate-mediated diseases in humans such as hyperoxaluria
and renal lithiasis (47) and in plants as a target for herbicide
action (48). Mutants of photorespiratory enzymes are non-via-
ble in air, exhibiting severely stunted growth and chlorotic
leaves (e.g Ref. 49). This has been seen for the gol (GOX)
mutant of Z. mays (17). In the case of plant photorespiratory
GOX, because of the similarity in enzymatic parameters, KIE
values, and reaction mechanism of both C; and C, plant
enzymes, a transition state analog herbicide would not be selec-
tive (that is, it would not be possible to design a specific herbi-
cide to eliminate C; weeds only in a maize field), but it could
rather be used as a general weed killer. Interestingly, the intro-
duction of a photorespiratory glycolate bypass in the chloro-
plast by the expression of several transgenes (50, 51) has led to
increases in Arabidopsis biomass (see Ref. 50) and potato tuber
yield (51). By inhibiting GOX activity in such plants, it might be
possible to further improve the observed transgenic effects on
yield by increasing the flux through the bypass.

Furthermore, stable carbon isotopes at natural abundance
have been used over the years to examine physiological, ecolog-
ical, and geochemical processes. It is possible to exploit §'C in
metabolites to calculate metabolic fluxes; however, to under-
take such an approach, it is crucial to know the isotopic frac-
tionation of each enzymatic reaction during a given biochemi-
cal and biophysical process (see Ref. 52 and references therein).
The fact that in vitro plant GOX activity leads to an isotopic
discrimination at natural abundance as observed in this work
(Table 3) means that the §*>C of glycolate (and/or glyoxylate) of
leaf extracts could be tested to calculate in planta photorespi-
ratory fluxes.
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