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Abstract
Formaldehyde is a toxin and carcinogen that is both an environmental pollutant and an

endogenous metabolite. Formaldehyde metabolism, which is probably essential for all aero-

bic cells, likely proceeds via multiple mechanisms, including via a glutathione-dependent

pathway that is widely conserved in bacteria, plants and animals. However, it is unclear

whether the first step in the glutathione-dependent pathway (i.e. formation of S-hydroxy-
methylglutathione (HMG)) is enzyme-catalysed. We report studies on glutathione-depen-

dent formaldehyde-activating enzyme (GFA) from Paracoccus denitrificans, which has

been proposed to catalyse HMG formation from glutathione and formaldehyde on the basis

of studies using NMR exchange spectroscopy (EXSY). Although we were able to replicate

the EXSY results, time course experiments unexpectedly imply that GFA does not catalyse

HMG formation under standard conditions. However, GFA was observed to bind glutathione

using NMR and mass spectrometry. Overall, the results reveal that GFA binds glutathione

but does not directly catalyse HMG formation under standard conditions. Thus, it is possible

that GFA acts as a glutathione carrier that acts to co-localise glutathione and formaldehyde

in a cellular context.

Introduction
Formaldehyde (HCHO) is produced in cells during redox processes including during the enzy-
matic demethylation of methylated nucleic acids and proteins [1–3]. Above threshold levels,
HCHO is toxic to cells and animals including humans; acute exposure either through inhala-
tion or ingestion may result in convulsions and renal failure, whereas chronic exposure is
linked to increased risk of cancers including nasopharyngeal cancer and leukaemia[4,5].

A predominant pathway assigned for HCHOmetabolism in eukaryotic cells involves its
reaction with the tripeptide glutathione (GSH)[6,7]. GSH reacts with HCHO via its nucleo-
philic thiol group to form the intermediate S-hydroxymethylglutathione (HMG). HMGmay
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then be oxidised by an alcohol dehydrogenase (ADH5 in humans) to form S-formylglu-
tathione, which is then further metabolised by S-formylglutathione hydrolase to give formate,
thus returning GSH to the cellular pool (Fig 1A). Although GSH-dependent HCHOmetabo-
lism likely occurs in most, if not all, human cells (based on the abundance of GSH and expres-
sion of the relevant detoxifying enzymes)[6] there are currently few kinetic studies of this
pathway in cells. However, recent work has indicated that the presence of the GSH-dependent
HCHOmetabolism pathway is important for tolerating HCHO-induced toxicity in cells and
animals deficient in the Fanconi Anemia DNA repair pathway[8,9]. Studies in aqueous solu-
tion suggest that the non-enzymatic reactions of GSH and HCHO are dynamic and complex,
and can result in the formation of multiple cyclic GSH-HCHO adducts[10–12]. It is unclear
whether formation of such adducts, as well as HMG, are involved in HCHOmetabolism, or
whether HMG formation is enzyme-catalysed. It is also unclear whether the GSH-dependent
HCHOmetabolism pathway predominates in all human cell types and cellular compartments,
e.g. the nucleus or cytoplasm.

Recent work with Paracoccus denitrificans using NMR analyses employing exchange spec-
troscopy (EXSY) resulted in the identification of a novel GSH-utilising HCHO-detoxifying
enzyme[13]. This protein, named glutathione-dependent formaldehyde-activating enzyme
(GFA), is proposed to accelerate the reaction of GSH and HCHO to form HMG, the first step
in GSH-dependent HCHOmetabolism. Crystallographic studies have indicated that GFA con-
tains two zinc ions coordinated via four and three cysteine residues respectively, with the latter
adopting a trigonal planar geometry. GFA catalysis is proposed to proceed via a highly unusual
mechanism involving translocation of this second zinc ion to another undefined site on the
protein. HMG formation is then catalysed at this site before the zinc ion returns to the trigonal
planar site after catalysis (Fig 1B and S1 Scheme)[14].

A human homologue of GFA, centromere-associated protein V (CENPV, for sequence
alignment see S1 Fig), is required for efficient centromere formation and maintenance; elevated
levels of CENPV in HeLa cells result in aberrant condensation of pericentromeric heterochro-
matin that is dependent upon the presence of the trigonal planar zinc binding site[15]. CENPV
depletion also induces rapid cell death. Collectively, these studies suggest that GFA and its
homologues in higher animals may play important roles in HCHOmetabolism in a manner
relating to chromatin function.

We are interested in the fate and roles of HCHO produced by N-demethylation reactions of
methylated nucleic acid bases and protein components of chromatin. Following on from pio-
neering work in the 1970s[16], more recent studies have revealed that demethylation of N-
methylated histone (and other) proteins as well as methylated nucleic acids to give the demeth-
ylated product and HCHO is common in eukaryotes. In humans, protein N-demethylation
reactions producing HCHO are reported to be catalysed by members of the amine oxidase and
the 2-oxoglutarate, oxygen and iron(II)-dependent oxygenase superfamilies (for reviews see
[3,17]). Both enzyme families catalyse the oxidation of N-methyl groups; the amine oxidases
(KDM1A-B in humans) facilitate hydride transfer from the methyl group onto a flavin adenine
dinucleotide cosubstrate (amine oxidases[18]), whereas 2-oxoglutarate- and iron(II)-depen-
dent oxygenases (ABH2/3/5, FTO, KDM2-7 in humans) catalyse N-methyl hydroxylation with
concomitant conversion of 2-oxoglutarate and oxygen to succinate and carbon dioxide[1,19].

Here, we report studies on the reaction of GSH and HCHO in the presence of recombinant
GFA in vitro and in cell lysate from Escherichia coli (E. coli). Although we were able to replicate
findings from the previously reported EXSY experiments (i.e. increased EXSY cross-peak
intensities between GSH and HMG upon addition of GFA[13]), 1H NMR time-course experi-
ments did not reveal GFA-catalysed acceleration of the formation of HMG. Further, addition
of recombinant GFA to cell lysate did not appear to affect HCHOmetabolism; however, GFA
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Fig 1. Overview of glutathione-dependent formaldehyde metabolism. (A) Summary scheme of glutathione-dependent formaldehyde metabolism.
Formaldehyde (HCHO) reacts with glutathione (GSH) via its nucleophilic thiol group to form S-hydroxymethylglutathione (HMG), which is a substrate of
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was observed to bind GSH by NMR and mass spectrometric binding experiments. Overall,
although our findings indicate that GSH can bind to GFA, they imply that recombinant GFA
does not catalyse HMG formation from GSH and HCHO in any detectable way under standard
aqueous conditions.

Materials and Methods

Materials
Deuterated Tris buffer was from Cortecnet (France). γ-Glutamyl-serinyl-glycine and γ-gluta-
myl-D-cysteinyl-glycine were from Peptide Synthetics (U. K.). All other reagents were from
The Sigma-Aldrich Chemical Company. HCHO solution was prepared by heating paraformal-
dehyde powder in H2O in a glass vial using a heat gun at>100°C until the powder had dis-
solved. Pre-prepared formalin solution was not used so as to avoid contamination from
methanol. [13C]-labelled HCHO ([13C]-HCHO) was purchased as 20 wt % in H2O from
Sigma-Aldrich.

Protein Production
Recombinant wild-type GFA was expressed from its gene cloned in a modified pET16b plas-
mid (to encode for recombinant protein with a Tobacco Etch Virus nuclear inclusion-a endo-
peptidase (TEV protease) cleavage site between the His-Tag and the insert, S. Becker,
Göttingen) in E. coli BL21 (DE3) cells grown on 2 × Tryptone Yeast (2TY) Extract medium
[20–22]. The protein was purified via Ni-affinity before removal of the N-terminal His-Tag
using TEV protease[23] and size-exclusion chromatography. Some experiments were carried
out using His-Tagged GFA (unless stated, GFA (without His-tag) was used). Aliquots were
stored in 50 mM Tris buffer in H2O pH 7.5 (His-Tagged GFA was stored in 20 mMHEPES
buffer in H2O pH 7.5). The GFA C54A variant was generated using the QuickChange site-
directed mutagenesis kit (Stratagene) and the mutation was confirmed by DNA sequencing.
This plasmid was then transformed into E. coli BL21 (DE3) and expressed and purified as
described above (without His-Tag, stored in 50 mM Tris buffer in H2O pH 7.5).

NMR Analyses
NMR experiments were carried out using a Bruker Avance III 700 MHz spectrometer equipped
with an inverse TCI cryoprobe optimised for 1H observation and installed with Topspin 3 soft-
ware. Each sample was prepared in a microcentrifuge tube (either 75 μL or 160 μL final vol-
ume) before being transferred to either a 2 mm or a 3 mm Bruker MATCH NMR tube
(Hilgenberg), centrifuged for a few seconds using a hand centrifuge, and transferred to the
spectrometer for NMR analysis. Where applicable, mixtures were left in microcentrifuge tubes
to reach equilibrium before transfer to NMR tubes (15–30 min). All experiments were carried
out at 298 K unless otherwise stated.

For 1H NMR experiments, the solvent resonance was removed by excitation sculpting using
a 2 ms 180° sinc pulse[24]. Time-course experiments were conducted using automated

glutathione-dependent alcohol dehydrogenase (ADH, ADH5 in humans). The product, S-formylglutathione, is then further metabolised by S-
formylglutathione hydrolase to give formate and GSH. The reaction of HCHO and GSH, i.e. the first step in GSH-dependent metabolism, occurs
spontaneously in aqueous solution; however, the reaction might also be catalysed by GFA (and homologues in other organisms, e.g. CENPV in humans
[13]). There is also evidence, at least in vitro, that GSH can react with HCHO to form cyclised adducts[10–12]. (B) Views of X-ray crystal structures of GFA
from Paracoccus denitrificans (PDB IDs: 1X6M and 1XA8[14]). The GFA domain contains two zinc binding sites; one zinc ion is coordinated by four cysteinyl
thiols (C31, C33, C99 and C102) in a tetrahedral geometry, whereas the other zinc ion is coordinated by three cysteinyl thiols (C52, C54 and C57) in a
trigonal planar geometry. Crystallographic studies have proposed that GSH binding induces translocation of the second zinc ion (circles)[14].

doi:10.1371/journal.pone.0145085.g001
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routines; 20 analyses were performed on each sample, each accumulating 16 transients corre-
sponding to 89 s (or 80 s for the experiments with lysate) of total measurement time.

EXSY analyses were performed using 1D NOESY pulse sequences using selective refocusing
with Gaussian pulses[13,25,26]. 2D experiments were run accumulating 16 transients with a
mixing time (τm) of 400 ms. 1D experiments were performed accumulating 64 transients with
τm of 32–400 ms (for comparative studies, experiments were run with a τm of 80 ms). For 1D
EXSY analyses, the resonance at δH 2.95 ppm (corresponding to one β-cysteinyl proton of
HMG) was selectively irradiated.

Saturation transfer difference (STD) analyses were performed using the Bruker pulse
sequence, in which selective saturation of the protein resonance was achieved by a train of
Gaussian-shaped pulses (50 ms)[27]. A 2 ms sinc pulse was employed for excitation sculpting
water suppression. The on-resonance irradiation was selected at 593 Hz and the off-resonance
at 35000 Hz. The total saturation time and relaxation delays were 10 s and 18 s respectively.

Water-ligand observed via gradient spectroscopy (waterLOGSY) analyses were performed
using the pulse sequence described by Dalvit et al[28]. Solvent water excitation was achieved
using a 16 ms selective rectangular shape pulse set at the H2O frequency. The relaxation delay
was 2 s and the τm was 1 s. A 2 ms sinc pulse was used for excitation sculpting water suppres-
sion. Each experiment accumulated 64–256 transients at 280 K.

Unless otherwise stated, all errors are reported as standard deviations of the mean (n = 3).

Cell Lysate Experiments
For work with cell lysates, untransformed E. coli BL21 (DE3) cells were grown in 2TY medium
at 37°C for 16 hours under aerobic conditions (to stationary phase) before centrifugation and
re-suspension in 50 mM Tris buffer pH 7.5 (0.5 mg of cells per mL). The cells were lysed by
sonication (20 × 2 s) and the supernatant separated from insoluble particulates by centrifuga-
tion and then filtration using a 0.45 μm syringe filter (Sartorius Stedim Biotech). NMR experi-
ments (160 μL total volume) were then conducted on the supernatant after addition of [13C]-
HCHO and D2O (16 μL).

Results
In order to investigate the effect(s) of GFA on the reactions of GSH and HCHO in aqueous
solution, NMR studies were carried out using recombinant GFA purified from E. coli (>95%
pure by SDS-PAGE, S2–S4 Figs)[13,14]. Our initial experiments focussed on reproducing the
previously observed increases in EXSY-correlation intensities between GSH and HMG in the
presence of GFA[13]. EXSY, an NMR-based method, utilises the same pulse sequences applied
to detect nuclear Overhauser effect (nOe) correlations between spatially close nuclei; EXSY-
correlations (cross-peaks) are classically observed between two species, with distinct chemical
shifts, that exist in a slow exchange equilibrium (e.g. chemical or conformational). The initial
growth ratios of the EXSY-correlations are proportional to the rate of exchange between the
species, and therefore, EXSY may be used as a quantitative measure of equilibrium dynamics,
e.g. HCHO/HMG inter-conversion[13]. Mixtures of GSH (15 mM) and HCHO (15 mM) were
prepared in deuterated Tris buffer in 90% H2O / 10% D2O pH� 7.5 and were left for 30 minutes
to reach equilibrium (note: evidence of a previously characterised Tris-HCHO adduct[29] was
observed but was at low levels relative to free HCHO) before addition of either GFA (20 μM
final concentration) or buffer (as a control) prior to 2D EXSY analysis. As reported[13], repro-
ducible EXSY correlations between resonances corresponding to the β-cysteinyl protons of
GSH and HMG increased in intensity in the sample containing GFA (with both poly-histidine
(His)-Tagged and non-tagged GFA batches), relative to the control sample in the absence of
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GFA (Fig 2A). Similar findings were also observed in 1D EXSY experiments, where the HMG
β-cysteinyl resonance at δH 2.95 ppm was selectively irradiated (an increase of roughly 2 to
3-fold, Fig 2B, 2C and 2D). 1D EXSY analyses were also carried out using a rotating-frame
NOESY pulse sequence (ROESY), which revealed identical build-up curves of the intensities of
the GSH/HMG cross-peaks at different mixing times to those observed using the NOESY pulse
sequence (Fig 2C; for interpretation of the ROESY analyses, see Discussion); no increase in the
EXSY-correlation intensity (relative to no-enzyme control) was observed upon incubation with
a GFA variant (GFA C54A, S5 Fig), which contains a compromised zinc-binding site, as shown
by non-denaturing electrospray ionisation mass spectrometry (S6 Fig). Further, EXSY analysis
after incubation of the GFA-containing samples in boiling water to denature the protein for
two minutes resulted in a decrease in cross-peak intensities (S5 Fig). Addition of zinc ions
(20 μM) to the reaction mixtures did not affect the EXSY cross-peak intensities, either in the
absence or presence of GFA (note: purified recombinant GFA contains two zinc binding sites
[14]). The ratio of EXSY correlation intensities between the samples with and without GFA
was found to be pH-dependent: at low pH (pH� 5.5), the ratio was most significant, although
the respective intensities were smaller than at higher pH values (S7 Fig). These results suggest a
predominance of protein-independent GSH/HMG inter-conversion pathways at higher pH,
presumably due to the increased nucleophilicity of the GSH thiolate[12]. Incubation with GFA
was also observed to increase cross-peak intensities between GSH and both S-hydroxyethylglu-
tathione (HEG, from reaction of GSH with acetaldehyde, S8 Fig) and S-hydroxypropylglu-
tathione (HPG, from reaction of GSH and propionaldehyde, S8 Fig) respectively (for scheme,
see S2 Scheme). Overall, these NMR analyses reveal that GFA induces an increase in EXSY
cross-peak intensities between GSH and hydroxyalkyl-GSH adducts derived from reactions
not only with HCHO, but also with acetaldehyde and propionaldehyde, implying binding of
GSH / the hydroxyalkyl-GSH adducts to GFA induces an increase in their inter-conversion
rates.

The binding of GFA to GSH was then investigated. Binding analyses were carried out using
two ligand-observed NMR-based methods (saturation transfer difference spectroscopy (STD),
and water-ligand observed via gradient spectroscopy (waterLOGSY)) and non-denaturing
mass spectrometry. STD and waterLOGSY are NMR methods which monitor the transfer of
magnetisation from a selectively irradiated species to a ligand when the two are close in space
[27,30]. In the case of STD, 1H nuclei on the protein of interest are irradiated; magnetisation
transfer from the protein to the ligand occurs when the ligand is bound to the protein, and may
be used as a measure of ligand binding providing the ligand experiences rapid on-off exchange
with the protein over the time course of the experiment. In waterLOGSY, magnetisation trans-
fer is observed between the ligand and irradiated solvent H2O; when the small molecule ligand
population is free in solution (i.e. not bound to protein), magnetisation transfer results in sig-
nals for the ligand with opposite sign to the irradiated H2O

1H resonance, due to the fast tum-
bling rate of the ligand during the experiment[30]. When the ligand is bound to protein, the
net tumbling rate is decreased, which results in perturbation of the signal intensity. Therefore,
monitoring the net difference in ligand signal intensities in the presence and absence of protein
provides evidence for ligand protein binding. In each of the STD, waterLOGSY and MS analy-
ses, GSH was observed to bind to GFA, with an estimated dissociation constant (KD) of
500 μM using waterLOGSY (Figs 2E and 2F and S9 and S10). Further, GSH was not observed
to bind the GFA C54A variant using waterLOGSY (S11 Fig). Interestingly, GFA was not
observed to bind GSH analogues including N-acetyl-cysteine, γ-glutamyl-serinyl-glycine, oxi-
dised glutathione (GSSG) and S-methyl-glutathione using waterLOGSY (S12 Fig). GFA there-
fore has at least some selectivity for GSH binding. 1D EXSY analyses on mixtures containing
HCHO and N-acetyl-cysteine, γ-glutamyl-cysteine, N-acetyl-cysteamine and γ-glutamyl-D-
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Fig 2. GFA is a GSH-binding protein that induces an increase in EXSY correlation intensities between GSH and HMG, but does not catalyse HMG
formation / fragmentation. (A) 2D EXSY spectra of equilibriummixtures of GSH (initial concentration 15 mM) and HMG in the absence (left) and presence
(right) of GFA (20 μM). Mixing time (τm) = 400 ms. EXSY-correlation intensities between GSH and HMG are increased in the presence of GFA. (B) 1D EXSY
spectra of equilibriummixtures of GSH (initial concentration 15 mM) and HMG in the presence of GFA (20 μM) conducted at different mixing times (τm = 32–
300 ms). Irradiation (inversion) of a β-cysteinyl resonance of HMG (δH 2.95 ppm) induced an exchange correlation at δH 2.87 ppm, corresponding to the β-
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cysteinyl-glycine (D-GSH) respectively, did not reveal increased correlation intensities upon
addition of GFA (S13 Fig), suggesting the effect of GFA on mixtures is dependent on GSH
(and/or possibly HMG) binding to GFA (note: although HMG binding was not observed in the
MS experiments, it is possible that HMG fragments under the ionisation conditions). Under
our conditions, binding of HCHO to GFA was not observed using [13C]-NMR experiments
(via monitoring the intensity of the [13C]-resonance of [13C]-labelled-HCHO upon addition of
GFA) or using non-denaturing mass spectrometry (within limits of detection). 1H NMR and
non-denaturing MS experiments also did not reveal binding of either acetaldehyde or propio-
naldehyde to GFA. Finally, HMG, HEG and HPG were not observed to bind GFA in non-dena-
turing MS experiments, although it is possible that the adducts fragment under the ionisation
conditions.

We then investigated whether GFA accelerates the initial rate of HMG formation. Assuming
GFA accelerates the rates of both HMG formation and fragmentation (to give GSH and
HCHO), the time required for the GSH + HCHO / HMG equilibrium to be established (from
mixing of GSH and HCHO) should be accelerated upon addition of GFA, thus resulting in an
increase in the initial HMG formation rate. Reaction mixtures of GSH and HCHO were pre-
pared in deuterated Tris buffer as described above, and the samples (either with or without
GFA) were monitored over early time-points using 1H NMR. Interestingly, no detectable dif-
ferences in initial HMG formation rates were identified in the samples (Fig 2G)–the experi-
ments were attempted on multiple (>10) occasions with different protein batches, including
with both His-tagged and non-tagged GFA (S14 Fig). The initial formation rates of HEG (from
GSH and acetaldehyde) and HPG (from GSH and propionaldehyde) could not be determined
as the reaction mixtures had already reached equilibrium before the first NMR experiment.

The results from the in vitro experiments prompted studies using E. coli cell lysates as a
more biologically-relevant model system. E. coli cells are reported to utilise multiple HCHO
metabolism pathways including the GSH-dependent pathway[31,32]; however, GFA is not
produced. E. coli BL21 (DE3) cells were grown in 2TY medium and were lysed by sonication in
50 mM deuterated Tris buffer in H2O pH 7.5 (0.5 mg/mL). [13C]-labelled HCHO (6 mM, for a
reference 1H NMR spectrum of the commercial batch of [13C]-HCHO, see S15 Fig) was then
added to the lysates and the mixture was analysed using 1H NMR and 1D-1H-13C-HSQC
NMR to accentuate the 1H-resonances attached to [13C] labels (i.e. 1H-resonances derived
from metabolites / reaction products of [13C]-HCHO). Three predominant products of reac-
tions with [13C]-HCHO were identified, which were assigned as [13C]-labelled formate, [13C]-
labelled methanol and HMG labelled at the hydroxymethyl carbon ([13C]-HMG, Fig 3A). In E.
coli, methanol and formate may be produced from HCHO via direct reduction or oxidation of

cysteinyl resonance of GSH, which increased in intensity at longer mixing times. (C) Graph showing the intensity of the GSH cross-peak relative to the
inverted HMG resonance in the absence and presence of GFA at different mixing times, using either NOESY or ROESY pulse sequences. τm = 4–400 ms.
(D) Bar graph showing the intensity of the GSH 1D EXSY-correlation relative to the irradiated HMG resonance in the absence (blue) and presence (green) of
GFA (τm = 80 ms). The build-up rates of the 1D EXSY analyses (note: a τm of 80 ms is within the linear range of the EXSY build-up curves, Fig 2C) correlate
with the rates of GSH/HMG exchange at equilibrium. Therefore, the observed increase in correlation intensity in the presence of GFA implies an increase in
GSH/HMG inter-conversion rate. (E) Non-denaturing MS analyses of GSH binding to GFA. Two new peaks corresponding to the masses of monomeric GFA
(with two zinc ions in complex) bound to one and two GSHmolecules respectively were observed upon incubation with GSH (4 equivalents, right). (F)
Binding curve of GSH binding to GFA obtained using waterLOGSY. Selective irradiation of the solvent H2O

1H resonance results in magnetisation transfer to
GSH, resulting in the emergence of GSH 1H resonances with opposite sign to the irradiated H2O resonance. The (negative) intensities of the GSH
resonances are linearly dependent on the GSH concentration (blue). Addition of GFA results in a slower net tumbling rate for GSH in solution due to binding
with GFA. The slower tumbling rate leads to ‘(more) positive’GSH resonance intensities as a function of the extent of ligand binding (green). Subtraction of
the intensities in the absence (blue) and presence (green) of GFA gives a normalised binding curve (orange, KD value of roughly 500 μM assuming binding of
one GSHmolecule per GFA subunit). The experiments were carried out at 280 K. τm = 1 s. (G) Graph showing production of HMG frommixtures of GSH
(13.3 mM) and HCHO (13.3 mM) in the absence (blue) and presence (green) of GFA (16 μM) in BisTris buffer pH 6.0. GFA does not affect the initial HMG
formation rate.

doi:10.1371/journal.pone.0145085.g002

Studies on GFA from Paracoccus denitrificans

PLOSONE | DOI:10.1371/journal.pone.0145085 December 16, 2015 8 / 17



HCHO respectively, reactions which are coupled to oxidation/reduction of NAD+/NADH.
Alternatively, formate can be produced via the GSH-dependent pathway via HMG (S3
Scheme)[31,32]. It is also possible that other as yet undefined pathways of formate and metha-
nol formation from HCHO exist in E. coli.

The concentration of [13C]-HMG in the samples, formed via reaction of [13C]-HCHO with
GSH, was highest at early time-points, decreasing slowly over the course of the experiment
(Figs 3B and S16). Importantly, the rates of both [13C]-methanol and [13C]-formate production
were dependent upon the concentration of added [13C]-HCHO (Fig 3C, production of [13C]-
methanol was only observed in the sample with 6 mM [13C]-HCHO). These findings suggest
that, at low [13C]-HCHO concentrations, at least some pathways of [13C]-formate (and [13C]-
methanol) production are limited by the availability of either free [13C]-HCHO or [13C]-HMG.
Hence, assuming GFA catalyses the GSH/HMG inter-conversion, addition of recombinant
GFA to the lysates should increase the dynamicity of the GSH + HCHO / HMG equilibrium,
allowing the equilibrium to respond more quickly to the sequestering of free [13C]-HCHO
and/or [13C]-HMG to form [13C]-methanol and [13C]-formate. Therefore, assuming that the
rates of the GSH-dependent and non-GSH-dependent HCHOmetabolism pathways are differ-
ent in the lysates, (note: the [13C]-HCHO signal (hydrated form) could not be analysed due to
suppression of the nearby water resonance), addition of GFA should induce an increase in for-
mate and methanol formation rates as a consequence of increasing the GSH/HMG inter-con-
version rate. However, either with or without added GSH, the presence of GFA in the lysate
(added in recombinant form) did not affect the formation rates of [13C]-formate upon addition
of [13C]-HCHO (Fig 3C, at 1 mM, [13C]-methanol production was not observed). Overall, the
lysate experiments do not support a proposed role for GFA catalysis in HMG formation or
degradation.

Discussion
GFA was initially identified as a GSH-dependent HCHO-metabolising enzyme by 2D EXSY
analyses and shown to be a zinc-binding enzyme by crystallographic studies[13,14]. In our
work, binding experiments using both NMR and mass spectrometric techniques revealed that
GFA binds GSH; however, although we observed that GFA can induce increases in EXSY
cross-peak intensities between the β-cysteinyl protons of GSH and HMG, our studies demon-
strate that GFA does not increase the rate of reaction of GSH and HCHO to form HMG, at
least under the tested conditions. The biological relevance of these findings are supported by
experiments using cell lysates, which did not reveal an acceleration of HCHOmetabolism (by a
GSH-dependent pathway or any other pathway) upon addition of GFA. Overall, the evidence
suggests that GFA is a GSH-binding protein but does not catalyse HMG formation under stan-
dard conditions; although roles in HCHOmetabolism cannot be ruled out, any effects would
either likely not involve catalysis of HMG formation, or may be restricted to situations / envi-
ronments where conditions are perturbed. Such assignments require further validation.

The conclusion that changes in EXSY cross-peak intensities induced by GFA are not indica-
tive of GFA-catalysed HMG formation and fragmentation raises the question of how the
observed changes arise and of their significance. Typically, EXSY experiments involving small
molecules have been applied to study chemical transformations, such as conformational inter-
conversions or ligand exchange processes[26]. In these cases, the mechanism of magnetisation
‘transfer’ involves the physical interconversion of species that exist at equilibrium, and the
observed correlation intensities are dependent on the rate(s) of exchange between these species.
Given that GFA binds GSH (with a KD value significantly lower than the GSH concentrations
used in the EXSY experiments), and that both denatured GFA and a GFA variant containing a
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Fig 3. GFA does not affect HCHOmetabolism in E. coli cell lysate. (A) 1H NMR (top) and 1D-13C-HSQC
spectra (bottom) of E. coli BL21 (DE3) cell lysate (0.5 mg/mL in 50 mM Tris buffer pH 7.5) incubated with
[13C]-HCHO (6 mM). Resonances in the 1D-HSQC spectra are annotated. [13C]-satellites for the Tris buffer
are observed in the 1D-HSQC spectrum due to its high abundance of in the mixture. The doublet resonance
at δH 3.25 ppm is assigned to methylamino groups from the lysate. Inset top left and bottom right: 1H NMR
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compromised zinc binding site do not induce increased EXSY cross-peak intensities, it seems
likely that the observed magnetisation transfer between GSH and HMG is dependent on
GFA-GSH binding. One possible exchange pathway may therefore involve binding of both
GSH and HMG simultaneously to the GFA active-site; in this case, inter-conversion between
the enzyme-bound GSH and HMG by transfer of the hydroxymethyl group may be, in effect,
‘catalysed’ by GFA, although the GSH/HMG populations would remain constant after inter-
conversion. It is also possible that GSH and HMG are bound within separate ‘active-sites’ of
the GFA homodimer (S17 Fig), which appear sufficiently close to allow transfer of HCHO
between the two molecules (S18 Fig).

Another plausible explanation for the observed increase in EXSY correlation intensities
upon addition of GFA is that magnetisation may be transferred from GSH/HMG to GFA via
nOe spin-diffusion processes, followed by re-magnetisation of another molecule of HMG/GSH
binding subsequently at the same site. Such processes are utilised in the interligand nOes for
pharmacophore mapping (INPHARMA) method for the screening of small-molecule ligands
binding to the same protein active site[33]. In this process, NOESY experiments are used to
detect NOEs between the two protein ligands that displace one another in the active-site; a pro-
cess of potential relevance here since the EXSY sequence is essentially identical to that of
NOESY, suggesting the INPHARMA process may contribute to EXSY peak intensities. How-
ever, both in the absence and presence of GFA, initial build-up curves of the intensities of the
GSH/HMG cross-peaks at different mixing times were identical using NOESY and ROESY
pulse sequences (Fig 2C); rotating frame nOes (rOes) are of opposite sign to classical nOes
observed for large molecules (such as a GFA-GSH complex) and to EXSY exchange peaks, so
the presence of these should act to reduce EXSY cross-peak intensities. These findings suggest
that NOE spin-diffusion processes do not contribute to the appearance of exchange cross-
peaks between GSH and HMG. Overall our data suggest that the increased EXSY peak intensi-
ties are due to binding of GSH/HMG to GFA, possibly due to their mutual inter-conversion in
the enzyme bound state.

Conclusions
Cellular studies have provided evidence that both GFA and its human homologue CENPV are
involved in formaldehyde metabolism. The combined biochemical and structural results, how-
ever, imply that GFA does not catalyse the production of HMG from GSH and HCHO, either
in isolated protein form or in crude bacterial cell lysates. However, GFA does bind GSH; thus,
one possibility is that GFA / CENPV acts as a ‘store’ for GSH. Given the established roles of

spectra of E. coli BL21 (DE3) cell lysate (0.5 mg/mL in 50 mM Tris buffer pH 7.5) incubated with [13C]-HCHO
(6 mM) over time. Production of 13C-formate (as indicated by the increase in intensity of the doublet
resonance at δH 8.36 ppm, red top left) and [13C]-methanol (as indicated by the increase in intensity of the
resonance at δH 3.36 ppm, red bottom right) are clearly observed. Only one half of the expected doublet
resonance is observed for [13C]-methanol in the 1H spectra due to overlap with the Tris buffer. Note: the
relatively high initial [13C]-methanol level (relative to the level of [13C]-formate) is due to contamination of the
commercial source of [13C]-HCHO (S15 Fig). (B) 1H NMR spectra of E. coli BL21 (DE3) cell lysate (0.5 mg/mL
in 50 mM Tris buffer pH 7.5) incubated with GSH (4 mM) and [13C]-HCHO (6 mM) after 5 min (blue) and 45
min (red) respectively. [13C]-HMG (as indicated by the resonances at δH 2.96 ppm and δH 3.09 ppm) was
most abundant over early time points and decreased during the experiment, which correlated with time-
dependent formation of [13C]-formate, [13C]-methanol and GSH. Resonances corresponding to [13C]-HMG
were poorly resolved in the time-course experiments without added GSH due to overlap with other
resonances (see S16 Fig). (C) GFA does not affect the rate of formate production in E. coli cell lysate. Initial
[13C]-formate production rate is dependent on the concentration of added [13C]-HCHO over the tested range;
however, addition of recombinant GFA (20 μM) to the lysate before incubation with 1 mM [13C]-HCHO (green)
does not affect the rate of [13C]-formate production (relative to the control without added enzyme, blue).

doi:10.1371/journal.pone.0145085.g003
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targeting domains in enzymes involved in eukaryotic epigenetic regulation, including for his-
tone demethylases, it is possible that GSH and HCHO are ‘channelled’ to one another in a pro-
cess involving CENPV / GFA. We propose that such channelling is likely to be especially
important in the case of the toxic and uniquely reactive carbonyl compound HCHO.

Supporting Information
S1 Fig. Alignment of GFA (residues 23–107) from Paracoccus denitrificans and its human
homologue CENPV (residues 141–221). Cysteine residues predicted to coordinate zinc ions
are highlighted in red (for the tetrahedral coordinated zinc ion) and green (for the trigonal pla-
nar coordinated zinc ion) respectively. In this work, full-length GFA was used (GFAWT, resi-
dues 1–194); an additional glycine residue and a histidine residue were also present on the N-
terminus of this construct as a result of TEV protease-mediated removal of the N-terminal
His-Tag after purification.
(TIF)

S2 Fig. SDS-PAGE gels of wild type non-tagged GFA, the GFA C54A variant (non-tagged),
and of wild type His-tagged GFA.
(TIF)

S3 Fig. Denaturing mass spectra of wild-type non-tagged GFA (GFAWT, bottom) and
GFA C54A variant (top).Masses are given for each protein.
(TIF)

S4 Fig. Circular dichroism spectrum of GFA.
(TIF)

S5 Fig. Denatured GFA and the GFA C54A variant do not induce an increase in EXSY cor-
relation intensities between GSH and HMG. (A) 1D EXSY spectra of equilibrium mixtures of
GSH (initial concentration 15 mM) and HMG in the absence (blue) and presence of GFA
(20 μM, green), in the presence of GFA after denaturation (red), and in the presence of GFA
C54A (20 μM, yellow). The EXSY-type correlation at δH 2.87 ppm, corresponding to the
β-cysteinyl resonance of GSH, was observed to increase only in the presence of GFA (green),
relative to the no enzyme control (blue). (B) Bar graph showing the intensity of the GSH
EXSY-correlation relative to the inverted HMG resonance in the presence of (red) GFA after
denaturation, and in the presence of (yellow) GFA C54A. Values for samples with and without
wild-type GFA are indicated by dashed lines (blue and green respectively, Fig 2C). Denatur-
ation was performed by incubating the protein in boiling water for two minutes. EXSY mixing
time (τm) = 80 ms.
(TIF)

S6 Fig. Non-denaturing MS spectrum of GFA C54A variant. The major species (A) has a
mass of 21184 Da, which is assigned to the protein in complex with one zinc ion (predicted at
21191 Da assuming deprotonation of two zinc-binding residues). The predicted mass of the
protein in complex with two zinc ions is 21254 Da (assuming deperotonation of four zinc-
binding residues), which is not observed.
(TIF)

S7 Fig. Bar graph showing the intensity of the GSH EXSY-correlation relative to the
inverted HMG resonance in the absence (blue) and presence (green) of GFA at different pH
values. Experiments were conducted in either 50 mM Tris buffer or 50 mM BisTris buffer in
D2O. GSH (25 μL of 40 mM stock in the one of the above buffers), HCHO (25 μL of 40 mM
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stock in D2O) and D2O (20 μL) were left to pre-equilibrate before addition of His-tagged GFA
(5 μL of 5.7 mg/mL in 20 mMHEPES in H2O pH 7.5) and 1D EXSY analysis. τm = 80 ms.
Inset: Graph showing the ratio of the GSH EXSY-correlation intensities in the absence and
presence of GFA at different pH values. Although the EXSY correlation intensities were greater
at high pH, GFA induced a greater intensity change (relative to the no enzyme control) at low
pH. Errors are reported as standard deviations of the mean (n = 3, except for pH� 6.5 without
GFA, where n = 2).
(TIF)

S8 Fig. GFA induces increases in EXSY cross-peak intensities in dynamic reaction mixtures
of GSH with both acetaldehyde and propionaldehyde. Top: 1H NMR spectra showing the
formation of GSH-acetaldehyde adducts (S-hydroxyethylglutathione, HEG, left) and GSH-pro-
pionaldehyde adducts (S-hydroxypropylglutathione, HPG, right). Two diastereoisomers of
each adduct are observed due to the formation of a stereogenic hemithioacetal group. Bottom:
Bar graphs showing the intensities of the GSH EXSY-correlations relative to the inverted HEG
resonance (left) and HPG resonance (right) in the absence (blue) and presence (green) of GFA
(His-Tagged in 20 mMHEPES buffer pH 7.5, 5 μM). Experiments were conducted in 50 mM
BisTris buffer pH� 6.0 in D2O, and contained GSH (13.3 mM) and either acetaldehyde
(26.7 mM) or propionaldehyde (13.3 mM). τm = 80 ms. Errors are reported as standard devia-
tions of the mean (for samples with HEG, n = 3; for samples with HPG, n = 2).
(TIF)

S9 Fig. STD NMR spectra of a sample containing GSH (13.3 mM) and GFA (36 μM). Spec-
tra with selective irradiation at 593 Hz (corresponding to protein 1H resonances, middle) and
35000 Hz (corresponding to no 1H resonances, bottom) were collected and then subtracted to
give the difference spectrum (top). The observation of 1H resonances for GSH in the difference
spectrum indicates magnetisation transfer from the irradiated protein to enzyme-bound GSH
(in the spectrum with irradiation at 593 Hz). The sample contained His-tagged GFA (10 μL of
5.7 mg/mL stock in 20 mMHEPES buffer in H2O pH 7.5), GSH (25 μL of 40 mM stock in Tris
buffer in H2O pH 7.5) and D2O (40 μL).
(TIF)

S10 Fig. STD NMR spectra of a sample containing GSH (500 μM) and GFA (36 μM). 1H
resonances for GSH are observed in the difference spectrum (bottom, see S11 Fig legend for
description of how the difference spectrum is obtained). The spectrum with irradiation at
35000 Hz (i.e. no protein irradiation, red), showing the GSH resonances is also shown. The
sample contained His-tagged GFA (10 μL of 5.7 mg/mL stock in 20 mMHEPES buffer in H2O
pH 7.5), GSH (25 μL of 1.5 mM stock in Tris buffer in H2O pH 7.5) and D2O (40 μL).
(TIF)

S11 Fig. waterLOGSY spectra of GSH (533 μM) in the absence (blue) and presence (yellow)
of GFA C54A variant (16 μM). The sample contained GSH (5 μL of 8 mM stock in 50 mM
Tris buffer in H2O pH 7.5), either GFA C54A (5 μL of 5.0 mg/mL in 50 mM Tris buffer in H2O
pH 7.5) or 50 mM Tris buffer in H2O pH 7.5 (5 μL), H2O (61.25 μL) and D2O (3.75 μL). Exper-
iments were carried out at 280 K. tm = 1 s.
(TIF)

S12 Fig. waterLOGSY spectra of GSH and analogues (all at 533 μM) in the absence (blue)
and presence (green) of GFA (16 μM). Samples contained one GSH analogue (5 μL of 8 mM
stock in 50 mM Tris buffer in H2O pH 7.5), either GFA (5 μL of 5.0 mg/mL in 50 mM Tris
buffer in H2O pH 7.5) or 50 mM Tris buffer in H2O pH 7.5 (5 μL), H2O (61.25 μL) and D2O
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(3.75 μL). Only GSH was observed to bind GFA. Experiments were carried out at 280 K. τm = 1 s.
(TIF)

S13 Fig. Bar graph showing the intensities of GSH, N-acetyl-cysteine, γ-Glutamyl-cysteine,
N-acetyl-cysteamine and γ-glutamyl-D-cysteinyl-glycine (D-GSH) EXSY-correlations rela-
tive to the resonances of the corresponding S-hydroxymethyl HCHO adducts in the absence
(blue) and presence (green) of GFA. GSH and analogues (25 μL of 40 mM stock in 50 mM
Tris buffer in D2O pD 7.5), HCHO (25 μL of 40 mM in D2O) and D2O (20 μL) were left to pre-
equilibrate before addition of His-tagged GFA (5 μL of 5.7 mg/mL in 20 mMHEPES buffer in
H2O pH 7.5) and 1D EXSY analysis (Final volume = 75 μL). GFA only induced an increase in
EXSY-correlation intensity in samples with GSH. D-GSH was at 5.3 mM. tm = 80 ms. Errors
are reported as standard deviations of the mean (n = 3, except for samples with D-GSH, where
n = 2).
(TIF)

S14 Fig. Graphs showing time-dependent formation of HMG in the absence and presence
of GFA, using 1H NMR. Samples either contained GFA or relevant buffer (see below). The
experimental conditions for each experiment were as follows: (A) GSH (25 μL of 40 mM in
50 mM BisTris buffer pD 6.0), HCHO (25 μL of 40 mM in D2O), His-tagged GFA (5 μL of
5.7 mg/mL in 20 mMHEPES buffer pH 7.5, or just buffer in no-enzyme control, see above),
D2O (19 μL), and trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (1 μL of 1 mg/mL in D2O);
(B) GSH (5.8 μL of 160 mM in H2O, buffered to pH 6.0), HCHO (12.5 μL of 80 mM in D2O),
D2O (12.5 μL), non-His-tagged GFA (5 μL of 23 mg/mL in 50 mM Tris buffer pH 7.5), and
50 mM Tris-d11 0.02% NaN3 buffer pD 7.5 (39.2 μL); (C) GSH (25 μL of 40 mM in 50 mM
Tris-d11 buffer pD 7.5), HCHO (25 μL in D2O), non-His-tagged GFA (5 μL of 5 mg/mL in
50 mM Tris buffer pH 7.5), D2O (19 μL), and trimethylsilyl-2,2,3,3-tetradeuteropropionic
acid (1 μL of 1 mg/mL in D2O); (D) GSH (25 μL of 2 mM in 50 mM Tris-d11 buffer pD 7.5),
HCHO (1.25 μL of 40 mM in D2O), non-His-tagged GFA (5 μL of 5 mg/mL in 50 mM Tris
buffer pH 7.5), D2O (42.75 μL), and trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (1 μL of
1 mg/mL in D2O); (E) GSH (25 μL of 40 mM in 50 mM Tris buffer pH 7.5), HCHO (25 μL of
40 mM in D2O), non-His-tagged GFA (20 μL of 5 mg/mL GFA in 50 mM Tris buffer pH 7.5),
D2O (4 μL), and trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (1 μL of 1 mg/mL in D2O);
(F) GSH (10 μL of 40 mM in 50 mM Tris buffer pH 7.5), HCHO (10 μL of 40 mMHCHO in
D2O), non-His-tagged GFA (15 μL of 5 mg/mL in 50 mM Tris buffer pH 7.5), 50 mM Tris
buffer pH 7.5 (5 μL), D2O (34 μL), and trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (1 μL
of 1 mg/mL in D2O); (G) GSH (25 μL of 4 mM in 50 mM Tris buffer pH 7.5), HCHO (2.5 μL
of 40 mM in D2O), non-His-tagged GFA (1 μL of 5 mg/mL in 50 mM Tris buffer pH 7.5), D2O
(45.5 μL), and trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (1 μL of 1 mg/mL in D2O); (H)
GSH (25 μL of 4 mM in 50 mM BisTris buffer pD 6.0), HCHO (2.5 μL of 4 mMHCHO in
D2O), non-His-tagged GFA (5 μL of 5 mg/mL in 50 mM Tris buffer pH 7.5), D2O (41.5 μL),
and trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (1 μL of 1 mg/mL in D2O); (I) GSH
(5.8 μL of 160 mM in H2O, buffered to pH 7.5), HCHO (25 μL of 40 mM in D2O), non-His-
tagged GFA (23 μL of 5 mg/mL in 50 mM Tris buffer pH 7.5), and 50 mM Tris-d11 0.02%
NaN3 buffer pD 7.5 (21.2 μL); (J) GSH (60 μL of 40 mM in 50 mM Tris-d11 buffer pH 7.5),
HCHO (60 μL of 40 mM in H2O), non-His-tagged GFA (16 μL of 4.2 mg/mL in 50 mM Tris
buffer pH 7.5), and D2O (24 μL). All experiments were carried out at 298 K.
(TIF)

S15 Fig. 1H NMR spectrum of [13C]-HCHO. The samples contained [13]-HCHO (6 mM
from 20 wt. % in H2O (Sigma Aldrich)) and Tris-d11 buffer pH 7.5 (90% H2O, 10% D2O).
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Resonances for hydrated [13C]-HCHO, [13C]-methanol (contaminant) and a Tris [13C]-
HCHO adduct are highlighted. The intensities of resonances close to the solvent water reso-
nance (δH 4.7 ppm) are reduced due to suppression (excitation sculpting). Each resonance (1–
3) appears as a doublet due to the presence of one-bond coupling with 13C.
(TIF)

S16 Fig. Addition of HCHO to E. coli cell lysate results in sequestration of endogenous
GSH to form HMG. 1H NMR spectra of the cell lysate reveal the presence of endogenous GSH
(β-cysteinyl resonance at δH = 2.87 ppm, red). The concentration of endogenous GSH
decreases upon addition of HCHO with concomitant production of HMG (β-cysteinyl reso-
nances at δH = 2.96 and 3.09 ppm, blue).
(TIF)

S17 Fig. Analytic Size-Exclusion Chromatogram of wild type non-tagged GFA. Calibration
with standard protein samples (black) suggest GFA (red) is a homodimer in solution (Mw = 42
kDa).
(TIF)

S18 Fig. Views from a crystal structure of homodimeric GFA reveal the proximity of the poten-
tial ‘active sites’ (PDB ID: 1X6M)[14]. The monomers of the GFA homodimer interact via elec-
trostatic and hydrophobic interactions between residues within alpha-helices, which position the
partially exposed trigonal planar zinc binding sites together to form a cleft along the dimer inter-
face. There is sufficient space within the cleft to accommodate twomolecules of GSH (as observed
in a crystal structure of GSH bound to GFA, PDB ID: 1XA8[14]), and, potentially, one molecule of
GSH and one molecule of HMG (note HMG is unlikely to form a disulphide with the protein).
(TIF)

S1 Scheme. Proposed mechanism of GFA-catalysed formation of S-hydroxymethylglu-
tathione (HMG) from glutathione (GSH) and formaldehyde (HCHO), as proposed by
Neculai et al[14]. Incubation of GFA with GSH results in loss of the crystallographically
observed trigonal planar coordinated zinc(II) ion, presumably via reaction of C54 and oxidised
GSH (GSSG). It is proposed that the zinc ion then binds at another protein binding site, possi-
bly via interactions with GSH molecules as well as protein ligands. The zinc ion can then cata-
lyse reaction of GSH and HCHO to form HMG. After the reaction, the zinc ion returns to the
trigonal planar binding site.
(TIF)

S2 Scheme. Reaction schemes for the initial products of reactions of GSH with HCHO,
acetaldehyde and propionaldehyde. For acetaldehyde and propionaldehyde, reaction with
GSH forms two diastereomeric hydroxyalkyl adducts.
(TIF)

S3 Scheme. Possible metabolic pathways of HCHO in Escherichia coli.Upon addition of
HCHO, production of formate, and at high HCHO concentration, methanol was observed. How-
ever, it is unclear which pathways of formate and methanol production predominate (note: it is
also possible that other pathways producing formate and methanol from HCHO are operational).
(TIF)

Acknowledgments
The GFA plasmid was a kind gift fromDr. Stefan Becker, Göttingen.We also thank Dr. Marina De-
metriades and Dr. AdamHardy for help with MS analyses and Dr. Louise J. Walport for discussion.

Studies on GFA from Paracoccus denitrificans

PLOSONE | DOI:10.1371/journal.pone.0145085 December 16, 2015 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145085.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145085.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145085.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145085.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145085.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145085.s021


Author Contributions
Conceived and designed the experiments: RJH IKHL TDWC CJS. Performed the experiments:
RJH IKHL LH NRR TJS. Analyzed the data: RJH IKHL TDWC. Wrote the paper: RJH TDWC
CJS.

References
1. Hopkinson RJ, Hamed RB, Rose NR, Claridge TD, Schofield CJ (2010) Monitoring the activity of 2-oxo-

glutarate dependent histone demethylases by NMR spectroscopy: direct observation of formaldehyde.
Chembiochem 11: 506–510. doi: 10.1002/cbic.200900713 PMID: 20095001

2. Sedgwick B, Bates PA, Paik J, Jacobs SC, Lindahl T (2007) Repair of alkylated DNA: Recent Advances
DNA Repair 6: 429–442. PMID: 17112791

3. Walport LJ, Hopkinson RJ, Schofield CJ (2012) Mechanisms of human histone and nucleic acid
demethylases. Curr Opin Chem Biol 16: 525–534. doi: 10.1016/j.cbpa.2012.09.015 PMID: 23063108

4. Bosetti C, McLaughlin C, Tarone RE, Pira E, LaVecchia C (2008) Formaldehyde and cancer risk: a
quantitative review of cohort studies through 2006. Annals of Oncology 19: 29–43. PMID: 17897961

5. Bachand AM, Mundt KA, Mundt DJ, Montgomery RR (2010) Epidemiological studies of formaldehyde
exposure and risk of leukemia and nasopharyngeal cancer: A meta-analysis. Critical Reviews in Toxi-
cology 40: 85–100. doi: 10.3109/10408440903341696 PMID: 20085478

6. Harms N, Ras J, Reijnders WNM, van Spanning RJM (1996) S-Formylglutathione Hydrolase of Para-
coccus denitrificans is Homologous to Human Esterase D: a Universal Pathway for Formaldehyde
Detoxification? Journal of Bacteriology 178: 6296–6299. PMID: 8892832

7. Gutheil WG, Kasimoglu E, Nicholson PC (1997) Induction of Glutathione-Dependent Formaldehyde
Dehydrogenase Activity in Escherichia coli andHemophilus influenza. Biochemical and Biophysical
Research Communications 238: 693–696. PMID: 9333139

8. Rosado IV, Langevin F, Crossan GP, Takata M, Patel KJ (2011) Formaldehyde catabolism is essential
in cells deficient for the Fanconi anemia DNA-repair pathway. Nat Struct Mol Biol 18: 1432–1434. doi:
10.1038/nsmb.2173 PMID: 22081012

9. Pontel Lucas B, Rosado Ivan V, Burgos-Barragan G, Garaycoechea Juan I, Yu R, et al. (2015) Endoge-
nous Formaldehyde Is a Hematopoietic Stem Cell Genotoxin and Metabolic Carcinogen. Molecular
Cell 60: 177–188. doi: 10.1016/j.molcel.2015.08.020 PMID: 26412304

10. Naylor S, Mason RP, Sanders JKM, Williams DH, Moneti G (1988) Formaldehyde adducts of glutathi-
one. Biochemical Journal 249: 573–579. PMID: 3342029

11. Bateman R, Rauh D, Shokat KM (2007) Glutathione traps formaldehyde by formation of a bicyclo[4.4.1]
undecane adduct. Organic & Biomolecular Chemistry 5: 3363–3367.

12. Hopkinson RJ, Barlow PS, Schofield CJ, Claridge TD (2010) Studies on the reaction of glutathione and
formaldehyde using NMR. Org Biomol Chem 8: 4915–4920. doi: 10.1039/c0ob00208a PMID: 20737071

13. Goenrich M, Bartoschek S, Hagemeier CH, Griesinger C, Vorholt JA (2002) A Glutathione-dependent
Formaldehyde-activating Enzyme (Gfa) from Paracoccus denitrificans Detected and Purified via Two-
dimensional Proton Exchange NMR Spectroscopy. Journal of Biological Chemistry 277: 3069–3072.
PMID: 11741920

14. Neculai AM, Neculai D, Griesinger C, Vorholt JA (2005) A Dynamic Zinc Redox Switch. The Journal of
Biological Chemistry 280: 2826–2330. PMID: 15548539

15. Tadeu AM, Ribeiro S, Johnston J, Goldberg I, Gerloff D, et al. (2008) CENP-V is required for centro-
mere organization, chromosome alignment and cytokinesis. EMBO J 27: 2510–2522. doi: 10.1038/
emboj.2008.175 PMID: 18772885

16. Paik WK, Kim S (1973) Enzymatic demethylation of calf thymus histones. Biochemical and Biophysical
Research Communications 51: 781–788. PMID: 4704060

17. Agger K, Christensen J, Cloos PA, Helin K (2008) The emerging functions of histone demethylases.
Current Opinion in Genetics & Development 18: 159–168.

18. Kong X, Ouyang S, Liang Z, Lu J, Chen L, et al. (2011) Catalytic mechanism investigation of lysine-spe-
cific demethylase 1 (LSD1): a computational study. PLoS One 6: e25444. doi: 10.1371/journal.pone.
0025444 PMID: 21984927

19. Yi C, Jia G, Hou G, Dai Q, ZhangW, et al. (2010) Iron-catalysed oxidation intermediates captured in a
DNA repair dioxygenase. Nature 468: 330–333. doi: 10.1038/nature09497 PMID: 21068844

20. Elbing K, Brent R (2001) Media Preparation and Bacteriological Tools. Current Protocols in Molecular
Biology: JohnWiley & Sons, Inc.

Studies on GFA from Paracoccus denitrificans

PLOSONE | DOI:10.1371/journal.pone.0145085 December 16, 2015 16 / 17

http://dx.doi.org/10.1002/cbic.200900713
http://www.ncbi.nlm.nih.gov/pubmed/20095001
http://www.ncbi.nlm.nih.gov/pubmed/17112791
http://dx.doi.org/10.1016/j.cbpa.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23063108
http://www.ncbi.nlm.nih.gov/pubmed/17897961
http://dx.doi.org/10.3109/10408440903341696
http://www.ncbi.nlm.nih.gov/pubmed/20085478
http://www.ncbi.nlm.nih.gov/pubmed/8892832
http://www.ncbi.nlm.nih.gov/pubmed/9333139
http://dx.doi.org/10.1038/nsmb.2173
http://www.ncbi.nlm.nih.gov/pubmed/22081012
http://dx.doi.org/10.1016/j.molcel.2015.08.020
http://www.ncbi.nlm.nih.gov/pubmed/26412304
http://www.ncbi.nlm.nih.gov/pubmed/3342029
http://dx.doi.org/10.1039/c0ob00208a
http://www.ncbi.nlm.nih.gov/pubmed/20737071
http://www.ncbi.nlm.nih.gov/pubmed/11741920
http://www.ncbi.nlm.nih.gov/pubmed/15548539
http://dx.doi.org/10.1038/emboj.2008.175
http://dx.doi.org/10.1038/emboj.2008.175
http://www.ncbi.nlm.nih.gov/pubmed/18772885
http://www.ncbi.nlm.nih.gov/pubmed/4704060
http://dx.doi.org/10.1371/journal.pone.0025444
http://dx.doi.org/10.1371/journal.pone.0025444
http://www.ncbi.nlm.nih.gov/pubmed/21984927
http://dx.doi.org/10.1038/nature09497
http://www.ncbi.nlm.nih.gov/pubmed/21068844


21. Seidman CE, Struhl K, Sheen J, Jessen T (2001) Introduction of Plasmid DNA into Cells. Current Proto-
cols in Molecular Biology: JohnWiley & Sons, Inc.

22. Tabor S (2001) Expression Using the T7 RNA Polymerase/Promoter System. Current Protocols in
Molecular Biology: JohnWiley & Sons, Inc.

23. Walport LJ, Hopkinson RJ, Vollmar M, Madden SK, Gileadi C, et al. (2014) Human UTY(KDM6C) Is a
Male-specific N�-Methyl Lysyl Demethylase. Journal of Biological Chemistry 289: 18302–18313. doi:
10.1074/jbc.M114.555052 PMID: 24798337

24. Hwang TL, Shaka AJ (1995) Water Suppression That Works. Excitation Sculpting Using Arbitrary
Wave-Forms and Pulsed-Field Gradients. Journal of Magnetic Resonance, Series A 112: 275–279.

25. Jeener J, Meier BH, Bachmann P, Ernst RR (1979) Investigation of exchange processes by 2-dimen-
sional NMR-spectroscopy. Journal of Chemical Physics 71: 4546–4553.

26. Perrin CL, Dwyer TJ (1990) Application of two-dimensional NMR to kinetics of chemical exchange.
Chemical Reviews 90: 935–967.

27. Mayer M, Meyer B (1999) Characterization of Ligand Binding by Saturation Transfer Difference NMR
Spectroscopy. Angewandte Chemie International Edition 38: 1784–1788.

28. Dalvit C, Pevarello P, TatòM, Veronesi M, Vulpetti A, et al. (2000) Identification of compounds with
binding affinity to proteins via magnetization transfer from bulk water. Journal of Biomolecular NMR 18:
65–68. PMID: 11061229

29. Leung IKH, Krojer TJ, Kochan GT, Henry L, von Delft F, et al. (2010) Structural and Mechanistic Studies
on g-Butyrobetaine Hydroxylase. Chemistry & Biology 17: 1316–1324.

30. Dalvit C, Fogliatto G, Stewart A, Veronesi M, Stockman B (2001) WaterLOGSY as a method for primary
NMR screening: Practical aspects and range of applicability. Journal of Biomolecular NMR 21: 349–
359. PMID: 11824754

31. Mason RP, Sanders JKM, Crawford A, Hunter BK (1986) Formaldehydemetabolism by Escherichia
coli. Detection by in vivo carbon-13 NMR spectroscopy of S-(hydroxymethyl)glutathione as a transient
intracellular intermediate. Biochemistry 25: 4504–4507. PMID: 3533139

32. Hunter BK, Nicholls KM, Sanders JK (1984) Formaldehyde metabolism by Escherichia coli. In vivo car-
bon, deuterium, and two-dimensional NMR observations of multiple detoxifying pathways. Biochemistry
23: 508–514. PMID: 6367820

33. Sánchez-Pedregal VM, Reese M, Meiler J, Blommers MJJ, Griesinger C, et al. (2005) The INPHARMA
Method: Protein-Mediated Interligand NOEs for Pharmacophore Mapping. Angewandte Chemie Inter-
national Edition 44: 4172–4175.

Studies on GFA from Paracoccus denitrificans

PLOSONE | DOI:10.1371/journal.pone.0145085 December 16, 2015 17 / 17

http://dx.doi.org/10.1074/jbc.M114.555052
http://www.ncbi.nlm.nih.gov/pubmed/24798337
http://www.ncbi.nlm.nih.gov/pubmed/11061229
http://www.ncbi.nlm.nih.gov/pubmed/11824754
http://www.ncbi.nlm.nih.gov/pubmed/3533139
http://www.ncbi.nlm.nih.gov/pubmed/6367820

