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SUMMARY

Sulfur plays a crucial role in protein structure and function, redox status and plant biotic stress responses.
However, our understanding of sulfur metabolism is limited to identified pathways. In this study, we used a
high-resolution Fourier transform mass spectrometric approach in combination with stable isotope labeling
to describe the sulfur metabolome of Arabidopsis thaliana. Databases contain roughly 300 sulfur com-
pounds assigned to Arabidopsis. In comparative analyses, we showed that the overlap of the expected sul-
fur metabolome and the mass spectrometric data was surprisingly low, and we were able to assign only 37
of the 300 predicted compounds. By contrast, we identified approximately 140 sulfur metabolites that have
not been assigned to the databases to date. We used our method to characterize the y-glutamyl transferase
mutant ggt4-1, which is involved in the vacuolar breakdown of glutathione conjugates in detoxification
reactions. Although xenobiotic substrates are well known, only a few endogenous substrates have been
described. Among the specifically altered sulfur-containing masses in the ggt4-1 mutant, we characterized
one endogenous glutathione conjugate and a number of further candidates for endogenous substrates. The
small percentage of predicted compounds and the high proportion of unassigned sulfur compounds identi-
fied in this study emphasize the need to re-evaluate our understanding of the sulfur metabolome.
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INTRODUCTION

Sulfur is an essential mineral nutrient that plays a major
role in the structure and function of proteins, co-enzymes,
prosthetic groups and vitamins in all organisms (Kopriva
et al., 2009). In contrast to animals, plants are able to
assimilate inorganic sulfate. Although the primary sulfur
assimilation pathway in plants is well described, the nutri-
ent-metabolic network is still poorly understood (Nikifor-
ova et al., 2004; Lee et al., 2012; Omranian et al., 2012).
Sulfur deprivation, for example, has profound conse-
guences on nitrogen nutrition and oxidative stress
responses, which affect the growth, quality and yield of
plants, particularly crops (Blake-Kalff et al., 1998; Zhao
et al., 1999; Maruyama-Nakashita et al., 2003; Hirai et al.,
2004; Nikiforova et al., 2005). Accordingly, sulfur uptake
and distribution underlie rigorous control mechanisms that
are activated in response to developmentally or environ-
mentally induced changes in nutrient demand (Yoshimoto
et al., 2003; Buchner et al., 2004).
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Assimilated sulfate is first activated to form adeno-
sine-5'-phosphosulfate, which is reduced to sulfide for
incorporation into cysteine (Cys). Alternatively, adenosine-
5'-phosphosulfate may be further phosphorylated to form
phospho-adenosine-5'-phosphosulfate for sulfation reac-
tions in secondary metabolism (Mugford et al., 2011; Ravi-
lious and Jez, 2012). However, cysteine is the central
intermediate for the synthesis of sulfur compounds in
plants, while the major reservoir of non-protein reduced
sulfur is the cysteine-containing tripeptide glutathione
(GSH) (Hell and Wirtz, 2011). GSH plays a critical role in
homeostasis and cellular defense, including redox status,
signal transduction and detoxification (Noctor et al., 2011).
GSH forms conjugates with electrophilic compounds such
as heavy metal ions or xenobiotics via its sulfhydryl group,
either spontaneously or via the action of glutathione
S-transferases (Edwards and Dixon, 2005; Cummins et al.,
2011). Higher plants contain a large number of glutathione
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S-transferases, with more than 50 family members present
in Arabidopsis, with functions assigned to xenobiotic
detoxification and redox control.

Glutathione conjugates (GS conjugates) may be further
processed by removal of either the glycine or the y-glutamyl
residue of the GSH moiety, with the latter reaction being
catalyzed by y-glutamyl transferases (GGTs) and glutamyl-
peptidases (GGPs) (Grzam et al., 2007; Geu-Flores et al.,
2009, 2011). Among the three functional GGT genes identi-
fied in Arabidopsis, GGT4 (At4 g29210) is specifically
involved in vacuolar GS conjugate breakdown, while GGT1
and GGT2 are apoplastic and show a tissue-specific localiza-
tion in leaves and developing siliques, respectively (Stor-
ozhenko et al, 2002; Ohkama-Ohtsu et al., 2007a,b). GS
conjugates are also a substrate of phytochelatin synthase,
which processes GS conjugates by its y-glutamyl-cysteinyl
(YEC) transferase activity, generating YEC conjugates in the
cytosol, similar to cytosolic carboxypeptidases (Beck et al.,
2003; Blum et al., 2007, 2010; Ohkama-Ohtsu et al., 2008).

GS conjugates of xenobiotics, including the herbicides
atrazin, alachlor and fluorodifen, are well documented
(Oztetik, 2008). However, knowledge of GS conjugates of
endogenous compounds is very limited. Some of these glu-
tathionylated plant metabolites are highly unstable interme-
diates, such as isothiocyanates and oxilipins (Davoine
et al., 2006; Halkier and Gershenzon, 2006; Dixon et al.,
2010; Agerbirk and Olsen, 2012). Furthermore, it has been
postulated that the sulfur in the thioglycoside bond of gluc-
osinolates is derived from GSH. Mutant analysis supports
conjugation of an aldoxime precursor to GSH, which is fur-
ther processed by cytosolic GGP, a carboxypeptidase and a
specific C-S-lyase, removing most of the GSH moiety and
generating the sulfur conjugate as an intermediate of gluco-
sinolate biosynthesis (Sgnderby et al., 2010; Geu-Flores
et al., 2011). For example, endogenous GS conjugates of in-
dol-3-acetonitrile and fatty acid derivatives have been iden-
tified (Bottcher et al., 2009; Dixon and Edwards, 2009).

The paucity of endogenous GS conjugates identified to
date may be due to efficient turnover, resulting in low lev-
els of these compounds in plants. Recent advances in met-
abolomic analysis have provided tools to overcome this
bottleneck. Stable isotope labeling of proteins and metabo-
lites in conjunction with sensitive, high-resolution mass
spectrometry allow targeted identification and relative
quantification of cellular compounds (Giavalisco et al.,
2008; Schiitz et al., 2011; Creek et al., 2012). Recently, we
used isotopic dimethylation to analyze the conjugation
activity of Arabidopsis glutathione S-transferases in yeast
(Krajewski et al., 2013). In the current study, we performed
in vivo labeling of the sulfur metabolome of Arabidopsis
using the isotopes 32S and **S in combination with ultra-
high-resolution mass spectrometry.

When we analyzed crude extracts of Arabidopsis seed-
lings, we detected approximately 12 000 masses in the

negative ionization mode, of which 1.2% contain sulfur.
Combination of positive and negative ionization led to
approximately 200 unique sulfur compounds being identi-
fied. The analyses covered 37 annotated sulfur metabolites
from plants, and allowed at least the determination of the
elemental composition of the other sulfur metabolites in
most cases. Comparative analysis of the Arabidopsis ggt4-
17 mutant revealed that deficiency in the vacuolar GGT
results in accumulation of several sulfur-containing metab-
olites, including candidates for endogenous GS conju-
gates, and a concomitant decrease in respective Cys
conjugates.

RESULTS
Sulfur isotope labeling in Arabidopsis

The cysteine autotrophy of plants allows labeling of sulfur-
containing metabolites by feeding of stable sulfur isotope
anions (Giavalisco et al., 2011; Hsieh et al., 2012). In order
to determine the degree of isotope labeling and to opti-
mize the strategy for labeling sulfur-containing compounds
in Arabidopsis, seeds were germinated and seedlings were
grown in the presence of various concentrations of 3*S-sul-
fate. Crude extracts were analyzed by direct-infusion ion
cyclotron-resonance Fourier transformation mass spec-
trometry (DI-ICR-FTMS), which allows semi-quantitative
analyses of metabolites (Walker et al, 2011; Krajewski
et al., 2013). The applied extraction method allows the
recovery of soluble, polar compounds with a preference
for hydroxylated or carboxylated metabolites. Abundant
sulfur-containing compounds of Arabidopsis are GSH, the
S-adenosyl methionine catabolite S-ribosyl homocysteine
(RHC) and neoglucobrassicin (1MOI3M), which is the most
abundant glucosinolate in roots (Petersen et al., 2002;
Brown et al., 2003; Hesse et al., 2004). These compounds
were identified by exact mass in the MS analysis, and
served as reference substances for estimating the labeling
efficiency (Figure 1).

Supplementing the nutrient solution with various con-
centrations of 3*S02" resulted in efficient incorporation of
the heavy isotope in all three reference compounds within
2 weeks of cultivation (Figure 1a). Labeling efficiency was
calculated by relating the mass signal of the heavy isotope
to the sum the corresponding 3*S and 3*S signals. Approxi-
mately saturating levels of ‘S labeling were observed
upon supplementation with 0.75 mm 3*S02~, with minor
increases at 1.5 mm for RHC and GSH. The heavy sulfur
isotope of TMOI3M reached levels of 95%, while the label-
ing efficiencies of GSH and RHC were 83 and 74%, respec-
tively. By using a half-saturating 3480?{ concentration, a
characteristic ‘double’ peak pattern is obtained by the pres-
ence of both 32S and *S isotopic signals in the spectra for
the 3*S-labeled samples with approximately equal intensi-
ties. In a kinetic analysis performed using 0.36 mwm sulfate,
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Figure 2. Detection of sulfur compounds in crude extracts of Arabidopsis thaliana seedlings by DI-ICR-FTMS in negative ionization mode.
(a) Isotopic mass shift of GSH upon incorporation of either %S (top) or 3*S (middle). The shift of 1.99580 atomic mass units indicative of the 3*S monoisotopic
compound was observed, as well as the natural abundance of the ‘S isotopolog (4%) in the 32S-labeled sample. The simulated isotopolog pattern of GSH (bot-

tom) matches the detected masses within an error ratio of <0.02 ppm.

(b) °C, isotope of GSH from the analysis shown in (a). The tenfold lower signal intensity compared to (a) reflects the natural probability of occurrence of °C

per carbon atom in GSH.

(c) Distribution of the *2S (open bars) and **S (black bars) isotopologs for S-ribosyl homocysteine (RHC), pantetheine (PAN), coenzyme A (CoA), y-glutamyl cys-
teine (yEC), glutathione (GSH), glucobrassicin (I3M) and neoglucobrassicin (1MOI3M) detected in the samples analyzed in (a); gray bars show the abundance of

the hetero-isotopic peaks for compounds containing more than one sulfur.

a linear increase in S label occurred from 4% at the start
of the feeding experiment, corresponding to the natural
abundance of this isotope, to approximately 60% within
4 days for all three sulfur compounds (Figure 1b). After
day 6, the labeling efficiency of GSH reached a constant
level of approximately 70%, while RHC and 1TMOI3M label-
ing moderately increased to levels of 75 and 90% after
2 weeks, respectively.

In conclusion, the feeding experiments showed efficient
incorporation of 3*S into three prominent sulfur metabo-
lites. Labeling efficiencies of at least 70% were obtained
over a cultivation period of 2 weeks.

The analysis of GSH exemplified the accuracy of the
mass spectrometry. The annotated masses of GSH isoto-
pologs were within an error range of 0.05 parts per million

© 2013 The Authors

(ppm) for **S and **S monoisotopic masses (Figure 2a)
and their corresponding '*C isotopes (Figure 2b). The
analysis also identified RHC, pantetheine (PAN), coenzyme
A (CoA), yEC, glucobrassicin (I3M) and 1MOI3M on the
basis of their isotopic shift, mass accuracy within 0.2 ppm,
and peak simulation (lijima et al., 2008; Nakabayashi and
Saito, 2013). The signal intensities of these sulfur com-
pounds in the ICR-FTMS analysis are shown in Figure 2(c)
and Figure S1, together with their detected isotopologs in
the 32S and 3*S labeling experiments. All these sulfur com-
pounds showed the **S isotopic signal in the range of 50—
70% of the sum of isotopolog intensities. The ICR-FTMS
signal intensity of distinct masses provides an approximate
quantitative read-out (Krajewski et al., 2013). Using GSH,
CoA and benzylglucosinolate as standards, we observed a

The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), doi: 10.1111/tpj.12359
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linear relationship between sulfur compound content
and peak intensity in the matrix of the crude extract
(Figure S2). The detection limits for GSH, CoA and benzylg-
lucosinolate were 14, 20 and 16 fmol, respectively. The
concentrations of GSH and CoA in the extract corre-
sponded to 50 and 7.5 nmol g~ fresh weight of leaf mate-
rial provided that no loss occurred during the extraction
procedure. The numbers are in agreement with published
concentrations of both compounds (May and Leaver, 1993;
Mugford et al., 2009).

DI-ICR-FTMS analysis

To achieve highly reproducible spectra, the MS analysis
must be optimized with regard to sample dilution, number
of scans and ion accumulation time, which have a profound
effect on the quality and resolution of the mass spectra
(Schmid et al., 2000; Payne et al., 2009). Criteria for select-
ing the optimal sample dilution are the number of reproduc-
ible masses found in the MS analysis and their
corresponding mean peak intensity. Analysis of extracts
from Arabidopsis showed a decrease of reproducibly
detected masses from 8000 ion species at 10-fold dilution to
approximately 6000 at 100-fold dilution, while peak intensi-
ties were not much changed (Figure S3a). The higher the
number of accumulated scans, the better the signal inten-
sity, reproducibility and signal-to-noise ratio. However, the
sampling time was prolonged (Payne et al., 2009). In order
to optimize the number of scans, technical replicates were
analyzed at various scan numbers, ranging from 250 to
3000 (Figure S3b). The analysis showed a maximum of
almost 12 000 reproducible masses detected at 3000 accu-
mulated scans, and a minimum of approximately 6500 ion
species at 250 scans. The number of reproducible ion
masses increased only moderately beyond 1000 accumu-
lated scans, with approximately 10 000 different ions
detected. Doubling the acquisition time from 1000 to 2000
scans yielded an approximately 10% increase in the number
of additional ions identified, with approximately 11 000 ions
species. Based on these results, we used 1000 scans per
sample and a sample dilution of 1:25 for subsequent analy-
sis of the sulfur metabolome of Arabidopsis.

Known sulfur compounds

As a first step in analysis of the MS data generated from
Arabidopsis extracts, we searched for sulfur-containing
metabolites listed in the databases KNApSAcK (http://kana-
ya.naist.jp/KNApSAcK), PlantCyc (http:/www.plantcyc.org)
and KEGG (http://www.genome.jp/kegg) (Shinbo et al.,
2006; Afendi et al., 2012; Altman et al., 2013). The KNAp-
SAcK database comprises 626 Arabidopsis compounds,
including 89 metabolites that contain one to three sul-
fur atoms in their structure. We found 37 matches that
exhibited the sulfur isotope-specific shift, of which ten com-
pounds had not yet been assigned to Arabidopsis in the

KNApSAcK database (Tables 1 and 2). The listed com-
pounds include prominent low-molecular-weight thiols
such as reduced and oxidized GSH, and the related com-
pounds S-lactoyl cysteinyl glycine, indol-3-yl methyl GSH
and yEC. In addition, CoA and its derivatives were detected,
as well as a large number of glucosinolates, such as I3M,
glucoraphanin and glucoerucin (Fahey et al., 2001). The
accuracy of the annotated sulfur masses varied between
0.01 and 0.5 ppm in negative ionization mode, and 0.03 and
<1.0 ppm in positive ionization mode, with mean deviations
from the exact masses of 0.13 and 0.35 ppm, respectively.
For example, a prominent sulfur-containing ion had the
monoisotopic mass of 447.05379 [M-H] . The sum formula
prediction, considering an elemental composition of
Co-100HnO0_80Ng 6Pg 4S1.3 produced the sum formula
C16H20N209S, within the defined accuracy of <0.5 ppm. The
sulfur isotope pattern indicated the presence of two sulfur
atoms in the compound, as predicted by the sum formula.
The analysis perfectly matched the exact mass of the promi-
nent glucosinolate I3M (C4gH,0N,0gS5) of Arabidopsis with
a deviation of 0.1 ppm. While the analysis unequivocally
identifies a sulfur-containing compound and provides a
unique chemical composition in most cases, it does not
determine the structure of the compound, and is not able to
distinguish between stereoisomers. In summary, our tar-
geted analysis shows that it is possible to detect known
low-molecular-weight sulfur compounds.

Untargeted identification of sulfur-containing metabolites

The next task we addressed is the applicability of our
approach to identify unassigned sulfur-containing metabo-
lites. Resolution of more than 12 000 ion species in the ICR-
FTMS analysis of crude extracts requires efficient filtering
tools to identify the molecules of interest. Hierarchical clus-
tering analysis (HCA Hierarchical Clustering Explorer ver-
sion 3.0; http://www.cs.umd.edu/hcil/hce) is one such tool,
in which entries from different datasets, generated by dif-
ferential isotope labeling for example, are compared in a
pairwise manner. The HCA selected 1534 ion species from
12 199 reproducible mass signals identified in the negative
ionization mode that show low abundance in the *2S sam-
ples and high abundance in the **S samples (Figure 3a,b).
The analysis enriches ion species containing 3*S, and
includes the reference compounds GSH, PAN, RHC, I13M
and 1MOI3M (Figure 3c). The sulfur isotopic mass shift may
be used as a second filter. Calculating the isotopic mass
shifts for 3*S/%2S pairs in the differential labeling experi-
ments reduced the number of HCA-selected ion species to
520. As a third filtering tool, we used prediction of an
organic sum formula within the elemental parameters Cq_
100H700_80No_6Po_4S1_3, based on a charge of —1 for the
measured ion and a maximal deviation of <0.5 ppm from
the exact mass. This analysis step reduced the number of
sulfurions to 231. Finally, the isotopic pattern in the spectra

© 2013 The Authors
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Table 1 Assigned sulfur compounds detected in Arabidopsis extracts by negative ionization (<0.5 ppm)

Monoisotopic mass [M-  Detected mass [M- Deviation
Sulfur compound HI™ HI™ Charge (ppm) Formula
S-lactoyl cysteinyl glycine; L-y-glutamyl 249.05506 249.05505 -1 0.04818 CgH14N,0sS
cysteine
S-ribosyl-.-homocysteine 266.07038 266.07039 -1 0.04510 CgH417NOgS
Pantetheine 277.12275 277.12274 -1 0.02887 Cq1H2,N,0,S
Glutathione disulfide 305.06870 305.06871 -2 0.02950 C20H32N601,S,
Glutathione 306.07653 306.07653 -1 0.01307 CqoH17N306S
DephOSphO'COA 342.56716 342.56719 -2 0.08757 C21H36N7016P3S
CoA 382.55033 382.55027 -2 0.15684 C21H35N7043P,S
ACetyl CoA 403.55561 403.55579 -2 0.45347 C23H33N7017P3S
Glucoiberverin (3MTP) 406.03056 406.03048 -1 0.20442 C11H21NOgS5
Glucoerucin (4MTB) 420.04621 420.04625 -1 0.08809 C12H23NOgS3
Glucoiberin (3MSOP) 422.02548 422.02568 -1 0.47864 Cq1H21NO10S3
Gluconasturtiin (2PE) 422.05849 422.05828 -1 0.50467 C1sH21NOgS,
Glucoberteroin (5MTP) 434.06186 434.06192 -1 0.12901 C3H25N0gS3
Indol-3-yl methyl glutathione 435.13438 435.13438 -1 0.01149 Cq9H24N406S
Glucoraphanin (4MSOB) 436.04113 436.04118 -1 0.11925 C12H23NO10S3
Glucobrassicin (I3M) 447.05374 447.05379 -1 0.10737 Cq6H20N204S2
Glucolesquerellerin (6MTH) 448.07751 448.07759 -1 0.16961 C14H27NOgS3
Glucoalyssin (5MSP) 450.05678 450.05685 -1 0.15998 C13H25N0O1S3
7-methylthioheptyl glucosinolate (7TMTH) 462.09316 462.09321 -1 0.09955 C15H29NOgS3
Hydroxyglucobrassicin (10HIMG, 40HIMG)  463.04866 463.04865 -1 0.01296 C16H20N20410S,
Glucohesperin (6MSOH) 464.07243 464.07249 -1 0.13360 C14H27NO10S3
8-methylthiooctyl glucosinolate (8MTO) 476.10881 476.10881 -1 0.00840 C16H31NOgS3
Methoxyglucobrassicin (1IMOI3M, 4MOI3M)  477.06431 477.06431 -1 0.00838 Cq7H22N2040S,
Glucoibarin (7MSH) 478.08808 478.08811 -1 0.06693 C15H29NO 1S3
Glucohirsutin (8MS00) 492.10373 492.10376 -1 0.06503 C16H31NO10S3
Table 2 Assigned sulfur compounds detected in Arabidopsis extracts by positive ionization (<1 ppm)
Monoisotopic mass Detected mass Deviation
Sulfur compound [M-H]~ [M-H]~ Charge (ppm) Formula
9-methylthiononanonitrile oxide 202.12602 202.12605 +1M+H 0.17365 CqoH1gNOS
S-methyl-5"-thioadenosine 298.09684 298.09683 +1M+H 0.03388 C11H15N503S
Glutathione 308.09109 308.09105 +1M+H 0.11685 CqoH17N306S
4-methylthiobutylhydroximoyl 310.08898 310.08905 +1 M+H 0.23380 C1oH19N30,S,
cysteinylglycine
4-hydroxybutyl glucosinolate 392.06797 392.06826 +1M+H 0.74655 C11H21NO40S,
Benzyl desulfoglucosinolate 353.08981 353.08952 +1 M+Na 0.80999 C14H19NOgS
5-methylthiopentyl desulfoglucosinolate 379.10883 379.10861 +1 M+Na 0.57213 C13H25NOg6S,
3-butenyl glucosinolate 397.04662 397.04650 +1 M+Na 0.30374 Cq11H1gNOgS,
S-adenosyl-.-homocysteine 408.11809 408.11769 +1 M+Na 0.97031 C14H20Ng05S
Quercetin 3,3-bissulfate 485.95277 485.95291 +1 M+Na 0.29221 C1sH10013S,
Phosphoadenosine-5'-phosphosulfate 530.98273 530.98220 +1 M+Na 0.99306 CqoH15N5043P2S

was re-evaluated with emphasis on the agreement of the
number of sulfur atoms in the predicted formula and the
pattern of the corresponding sulfur masses. A total of 121
bona fide sulfur metabolites were identified, and are listed
together with their sum formula in Table S1 and
Figure 4(a). The 121 compounds reflect approximately 1.0%
of the total ions detected in the analyzed replicates
and include the known sulfur metabolites. Thus, approxi-
mately 100 unassigned sulfur-containing metabolites were
found.

© 2013 The Authors

To assess whether filtering by HCA precludes identifica-
tion of some sulfur metabolites, we omitted HCA and
selected only for sulfur isotope-specific mass shifts in the
dataset. This approach selected 648 putative sulfur masses
out of 12 199 reproducible masses. Subsequent prediction
of the chemical composition performed as above selected
306 ion species. Finally, 136 of the selected compounds
(1.1%) showed the characteristic isotopic pattern of the
50-70% 3*S labeling and the number of sulfur shifts
matched the predicted chemical composition. The selected

The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), doi: 10.1111/tpj.12359
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Figure 3. Untargeted analysis for sulfur labeling-specific ions using hierarchical clustering analysis (HCA) on reproducible masses of Arabidopsis extracts.

(a) Dendrogram generated from HCA using Euclidean distance measures on mass-spectrometric analyses of Arabidopsis extracts from 32S- and **S-labeled
seedlings (S1-S4 and S5-S8, respectively). The matrix for the analysis was generated within a deviation of 1 ppm, and contained 12 199 reproducible masses.
Clusters with high abundance are labeled in red; low abundance groups are labeled in green.

(b) HCA profile search based on the clustered masses from (a). **S-specific masses were selected according to a defined low-to-high profile of signal intensities
as indicated by the red line. A total of 1534 3*S sample-specific masses were selected on the basis of a Pearson’s correlation coefficient of 0.9 indicated by the
dark gray area.

(c) Sample profiles of assigned sulfur metabolites identified by HCA as shown in (a) and (b) for glutathione (GSH), pantetheine (PAN), S-ribosyl homocysteine
(RHC), glucobrassicin (I3M) and neoglucobrassicin (1MOI3M).

(a)
121 E

Figure 4. Untargeted identification of sulfur-containing masses in Arabidopsis extracts.

(a) A total of 1534 3*S sample-specific masses were selected by HCA from 12 199 reproducible masses. A fraction of 520 ion species show a sulfur isotope-spe-
cific mass shift (light gray) and masses without sulfur isotopic mass shift are shown in dark gray. For 231 of these ions (white), the elemental composition with
at least one sulfur atom was deduced with <0.5 ppm deviation, and 121 ions (1.0% of the total ions, black) showed the expected pattern of isotope labeling.

(b) Identification of putative sulfur masses without HCA on the basis of sulfur isotope-specific mass shifts (648 ions, light gray) and assignment of organic sum
formulas (306 ions, white). Of these, 136 ions (1.1% of the total ions, black) showed the characteristic pattern of isotope labeling.

(c) Analysis of the abundance of sulfur compounds by random selection of ionic species. One thousand masses (n = 5) were randomly picked from the 12 199
reproducible masses, and the mass shift was calculated for one to three S atoms. Masses without sulfur isotope pattern are presented as dark gray fraction.
The percentage of ion species with such a shift is shown in light gray (5.9%). Visual analysis of the spectra for the labeling-specific fingerprint reduced the num-
ber of sulfur-containing ions to 3.6% (+0.6%; white). Elemental composition was assigned to 1.2 + 0.2% among the thousand selected masses (black).

(b) (¢

3.6 %
12%

fraction comprised all 121 compounds identified by Both filtering approaches resulted in assignment of 1.0
the first clustering approach and 15 additional compounds, 1.1% of mono-charged and non-isotopic ions of sulfur
which were discarded by HCA because of low signal compounds among all ions identified in the Arabidopsis
intensities and low statistical significance (Figure 4b and crude extract. We wished to determine how many sul-
Table S1). fur compounds were overlooked by our data analysis
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methods. To do this, we performed a control analysis by
selecting randomly 1000 ions (n=5) from the previous
analysis and ‘hand-selecting’ the sulfur candidates. All the
unbiased chosen peaks were analyzed for possible sulfur
isotope pairs in the %25/%*S experiments by calculating the
mass shift and comparing the list of recorded ion masses.
A total of 5.9 + 0.6% of the analyzed ionic species fulfilled
the criterion. The number was reduced to 3.6 + 0.6% after
analysis of the isotope pattern in the ICR-FTMS spectra.
We conclude that a maximum of 3.6% of the detected
mass ions contain sulfur in their chemical composition.
Among those ions are isotopologs and ionization adducts.
In fact, a single metabolite may generate a family of asso-
ciated ion masses (Draper et al., 2009; Kruve et al., 2013).
Therefore, calculation of the organic sum formula is a nec-
essary step towards identifying the number of different
metabolites, despite the possibility that the assumed
organic composition is too restrictive and excludes some
sulfur compounds. Application of the sum formula calcula-
tion vyielded 1.2 4+ 0.2% sulfur-containing metabolites
among the randomly chosen ion species (Figure 4c). The
value closely matched the previous values of 1.0 and 1.1%,
and gives credence to the efficiency of the two filtering
methods used. In addition, when the Arabidopsis extracts
were analyzed in positive ionization mode, analysis of the
data by HCA, sulfur shift and elemental composition
yielded 55 additional sulfur masses of which two are
known and 53 are uncharacterized (Table S2).

Identification and analysis of mutant-related masses

The filtering tools provide a solid base to identify sulfur
compounds in an untargeted manner. Endogenous targets
of the vacuolar y-glutamyl transferase GGT4, which is
involved in GSH and GS conjugate turnover, have not been
described to date. We applied the sulfur-labeling strategy to
analyze the ggt4-1knockout line with the aim of identifying
endogenous GS conjugates or related compounds that may
accumulate in the mutant because of the GGT4 deficiency.
Arabidopsis seedlings of the mutant and parental Ler-0 line
were examined for changes in sulfur-containing metabo-
lites by S-calc analysis (see experimental procedures) and
HCA. Fourteen sulfur-containing ion species with specifi-
cally altered levels in the mutant were identified (Figure 5).
Seven of these compounds were either uniquely detected
in the ggt4-1 sample or highly enriched in the mutant by a
factor ranging from approximately fivefold for the ion at
362.1027 [M-H]~ to 130-fold for the ion at 490.0903 [M-H]~
compared to wild-type (Figure 5a). The signals for a num-
ber of sulfur compounds, including RHC, decreased in
intensity in ggt4-1 extracts (Figure 5b). Other sulfur-con-
taining compounds such as PAN, GSH and 1MOI3M had
levels comparable to the wild-type (Figure S4).

y-glutamyl transferases are specific for the transfer of
y-glutamyl groups from peptides such as GSH (Martin
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et al, 2007). Thus, the identified mutant-specific com-
pounds may be y-glutamyl-containing sulfur metabolites
such as GSH-derived compounds. To explore this possibil-
ity, we used an enzymatic assay to detect the presence of a
v-glutamyl group, and used MS/MS fragmentation analysis
to further characterize the metabolites.

First, plant extracts and a GSH solution were incubated
with purified GGT, and the samples were subsequently
analyzed by mass spectrometry. The analysis clearly
showed a GGT- and time-dependent turnover of GSH and
the 452.1346 [M-H]™ and 502.1051 [M-H]™ compounds,
while 1TMOI3M, which contains no y-glutamyl group, is
unaltered by incubation with the GGT (Figure 6a). This
finding indicated that both accumulated metabolites con-
tain a y-glutamyl moiety.

In a second line of experimentation, MS/MS fragmenta-
tion analysis was applied. We focused on the specifically
accumulated ion that showed the highest intensity in the
ggtd-1 mutant (452.1346 [M-H]") and the corresponding %S
isotopolog, which were approximately tenfold enriched in
the mutant (Figure 5a). The fragmentation pattern showed
single ions at 306.076 [M-H]™ and 308.072 [M-H]", respec-
tively, matching the monoisotopic masses of GSH and the
343 isotopolog (Figure 6b). The 146.058 [M-H]~ cleaved-off
fragment has the predicted elemental composition of
CsH1004 (0.7 ppm) and was not detected in the analysis.
The fragmentation of this group probably occurred as a
neutral loss accompanied by a proton shift from the conju-
gated group to the glutathione moiety, which induces an
intramolecular rearrangement of the group (Kanawati et al.,
2011). Thus, the original conjugated group in the neutral GS
conjugate has a sum formula of C¢H4,04. In conclusion, the
analysis revealed a y-glutamyl-containing sulfur compound
comprising a moiety of the exact mass and elemental com-
position of GSH, in addition to a CgH1o04 fragment.

The deficiency in vacuolar GGT function of the ggt4-1
mutant is expected to result in higher abundances of GGT4
substrates such as GS conjugates and reduced levels of
subsequent breakdown products such as cysteinyl or cys-
teinyl glycine conjugates (Ohkama-Ohtsu et al, 2007b;
Blum et al., 2010). Hence, we evaluated the possibility that
other mass signals specifically enriched in the mutant may
indicate GS-conjugates and those with reduced signals
possible catabolites thereof. Indeed, six predicted GS con-
jugates accumulated in ggt4-1 while the corresponding
Cys conjugate showed a decreased level (Figure 7). The
CgH1104 GS conjugate previously described has a corre-
sponding Cys conjugate that is 2.2-fold reduced in the
mutant and is isomeric with RHC. In addition, we were able
to assign several other conjugated groups, including
C4Hs0,4 and CgH410s, which possibly represent dicarboxy-
ethyl and glucopyranosyl conjugates. To corroborate this
finding, the independent ggt4-2 knockout line generated in
the Col-0 background was also analyzed (Figure 7). The
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Figure 5. Analysis of the ggt4-1 mutant for altered sulfur masses.

The selected masses were identified by differential comparison of sulfur-containing masses between ggt4-1 and the parental line. The predicted neutral elemen-
tal composition is shown, with a maximal deviation from the exact mass <0.5 ppm.
(a) Mass signals that accumulate in ggt4-1. The signal intensity and isotope distribution of the altered mutant masses for the *2S-labeled sample (left bar) and

the 3*S-labeled sample (right bar) are shown.

(b) Mass signals that are specifically reduced in ggt4-1. The intensities of ion species in the mutant and the parental line are shown (see above).

sulfur metabolite changes observed were in full agreement
with the previous results, and showed that the alterations
are a consequence of GGT4 deficiency.

DISCUSSION

High-resolution mass spectrometry, in combination with
stable isotope-labeling, has revolutionized analysis of the
proteome and metabolome (Smith, 2000; Allwood et al.,
2012). In this study, we applied ultra-high-resolution mass
spectrometry using DI-ICR-FTMS and sulfur labeling for an
analysis of the sulfur metabolome of Arabidopsis thaliana.
This high resolution enables us to analyze complex
samples containing a multitude of metabolites without

prior chromatographic separation. The mass accuracy
achieved allows assignment of unique elemental composi-
tions to the organic ions (Hegeman et al., 2007; Matsuda
et al., 2009; Saito and Matsuda, 2010).

The reproducibility and comparability of the analysis are
critical for identification of metabolites that are selectively
enriched in samples by using an untargeted approach
(Saito and Matsuda, 2010). Recently, **S labeling was
introduced for metabolome analysis using online liquid
chromatography and high-resolution MS (Giavalisco et al.,
2011; Hsieh et al., 2012). The studies identified sulfur-
containing metabolites in Arabidopsis based on the
labeling-specific isotopic pattern. Giavalisco et al. (2011)

© 2013 The Authors
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demonstrated the feasibility of assigning unique sum for-
mulas to such compounds by a multiple labeling approach.
Our study shows that a single labeling approach with sul-
fur is sufficient for annotating sum formulas to low molec-
ular sulfur masses in most cases (>80%). Hsieh et al. (2012)
used LC-MS and positive ionization for quantification of
prominent sulfur compounds such as GSH in plant
extracts. However, the capability for sulfur metabolite
detection in a targeted or untargeted manner was not
explored. The online MS analysis does not capitalize on
major advantages provided by ICR-FTMS, which include
enhanced sensitivity and an increase in the number of
resolved ion species by increasing the number of scans
per acquisition (Payne et al., 2009).

In our untargeted approach, we wished to detect solu-
ble, low-molecular-weight sulfur compounds to study

© 2013 The Authors

endogenous GSH-derived metabolites. To this end, meth-
anolic extracts of Arabidopsis seedlings were analyzed
without further chromatography to minimize loss of com-
pounds. The approach allowed assignment of 37 sulfur
metabolites listed in the databases, including a number of
glucosinolates, which show development-specific abun-
dances in Arabidopsis (Petersen et al., 2002; Brown et al.,
2003). Furthermore, we identified 167 sulfur-containing
metabolites not listed in accessible databases, which are
bona fide sulfur-containing molecules from Arabidopsis
based on three criteria: the presence of a **S labeling-
induced isotopic shift in sulfur-containing masses, the
presence of the '°C; isotopic peak and its S isotopolog,
and unequivocal assignment of the elemental composition
for a sulfur-containing organic compound within <0.5
ppm accuracy.

The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), doi: 10.1111/tpj.12359
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Figure 7. Prediction of putative GS conjugates with altered abundance in GGT4 knockout mutants.
Two independent allelic GGT4 mutants in the Ler-0 and Col-0 background were analyzed. The upper diagram shows the relative signals for the 323 species for
the postulated GS conjugates of the parental lines (open bars) and the GGT4 mutants (black bars). The lower diagram shows the signals for the expected Cys

conjugates. The elemental composition of the deduced conjugated moiety

is shown above. The variation of the mass signals is expressed as relative signal

intensities (mean + SD) with respect to the specific GS conjugate signal in ggt4-1 (Ler-0 background).

The prime criterion for identification of sulfur com-
pounds is the isotopic shift, which is sometimes difficult to
determine because of numerous peaks of similar ionic
mass, especially in regions of high ion density. Our experi-
ence in this study has been that half-saturating **S labeling
generates a specific signature, reducing the 32S signal and
enhancing the 3*S signal to an approximately each other
level. This signature facilitates recognizing sulfur-labeled
masses compared to the pattern generated complete
isotopic labeling. In addition, the half-saturating condition
permits identification of compounds with more than one
sulfur atom because of the sulfur isotope heteromeric pat-
tern. Thus, the partial labeling approach helps to deter-
mine the number of sulfur atoms in the molecule and
supports formula assignment.

Recently, Nakabayashi et al. (2013) described an untar-
geted metabolomic approach to identify sulfur metabolites
in onion bulbs. The study used "*C labeling and the natural

The Plant Journal © 2013 John

abundance of *S (approximately 4%) together with a visual
identification strategy to annotate the sulfur compounds.
The strategy is successful with abundant sulfur-containing
metabolites and in less complex plant extracts. However,
the natural abundance of 3*S is frequently insufficient to
allow clear assignment of less prominent metabolites when
an induced shift of sulfur-containing masses is lacking.
Generally, stable isotope labeling contributes profoundly to
formula assignment and further structural elucidation (Kind
and Fiehn, 2006). A stable isotope labeling strategy was
used in the study by Giavalisco et al., (2011) using chroma-
tographic separation of Arabidopsis extracts prior to FTMS
analysis. The analysis led to the detection of 40 sulfur meta-
bolites listed in the KNApSAcK database for Arabidopsis.
Our approach revealed 37 known sulfur metabolites, of
which 21 overlapped with the Giavalisco study.

The methanolic extraction procedure used in our study
favors the recovery of polar sulfur metabolites, allowing

© 2013 The Authors
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detection and analysis of GSH and related compounds
(Liao et al., 2012; Krajewski et al., 2013). There are approxi-
mately 300 sulfur metabolites assigned to the Arabidopsis
metabolome in the KNApSAcK, PlantCyc and KEGG data-
bases. Most of these sulfur metabolites were not detected
in the analysis by Giavalisco et al. (2011) or in our study.
There are a number of reasons why these compounds
were not recovered. Sample preparation and fractionation
greatly influences metabolite presence and detection
capacity. We used seedlings grown under continuous light
and an aqueous extraction solvent of 70% methanol, which
recovered mostly polar compounds (Li et al., 2007). Fur-
thermore, inefficient ionization or ion suppression caused
by the matrix may affect detection of metabolites (Ohta
et al., 2010). In addition, environmental and developmental
parameters strongly alter the concentrations of com-
pounds in the plant material, such as glucosinolates and
camalexin, that are induced upon pathogen infection
(Glazebrook and Ausubel, 1994; Brown et al., 2003; Bedn-
arek et al., 2011; Joosen et al., 2013).

The major benefit of the differential labeling approach is
comparative analysis. Biological samples reflecting differ-
ent stages of development, environmental conditions or
genotypes (including accessions and mutants) may be
compared. The analysis tools used in this study allow effi-
cient data processing for detection of specific changes in
the sulfur metabolome. Recent studies have implicated
GSH as a sulfur donor in the biosynthesis of glucosinolates
(Sgnderby et al., 2010). The presumed GS conjugate of the
glucosinolate precursor must be trimmed by removal of
the y-glutamyl moiety. The GGT activity provides the enzy-
matic activity for this postulated step. The vacuolar GTT4
is involved in GS conjugate turnover (Grzam et al., 2007;
Ohkama-Ohtsu et al., 2007b). Endogenous substrates of
GGT4 other than from GSH and the involved pathways are
not yet known. Neither the ggt4-1 mutant nor double and
triple mutants in combination with APCS1, APCS2, ggt1 or
ggt2 mutations show an altered phenotype in addition to
the slight progressive senescence that was observed for
GGT1 mutants (Martin et al., 2007; Ohkama-Ohtsu et al.,
2007a; Destro et al., 2011). Thus, changes in the metabolite
profile caused by GGT4 deficiency offer indications as to
the function of this enzyme in plant metabolism. Our
analysis revealed several sulfur compounds that are specif-
ically enriched or reduced in the ggt4-1 mutant. Among
the sulfur compounds enriched in ggt4-1 were a number of
predicted GS conjugates. We provide enzymatic evidence
that two of the compounds contained a y-glutamyl group.
One of the compounds has been characterized as a GS
conjugate with a predicted C¢H1,0, group attached. The
sum formula of this moiety is compatible with a number of
structures, including aliphatic carboxylic acids or deoxy
sugars, that may be conjugated to GSH. Structural elucida-
tion of this moiety is a challenge for the future, and
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requires enrichment of the compound, purification and
subsequent NMR analysis (Nakabayashi and Saito, 2013).
The accumulation of a GS conjugate due to decreased
turnover is expected to be accompanied by reduced levels
of further breakdown products. Consistent with this
hypothesis, we assigned five more GS conjugates and the
respective cysteinyl conjugates to the sulfur metabolome
of Arabidopsis. Corresponding cysteinyl glycine conjugates
were not detected, due to low endogenous levels and rapid
degradation to Cys conjugates by carboxypeptidases, such
as phytochelatin synthase (Blum et al., 2007; Ohkama-Oh-
tsu et al., 2008; Geu-Flores et al., 2009).

The dicarboxyethyl GSH found in this study has not been
described previously in plants. It is formed in vertebrates by
conjugation of GSH to malate (Tsuboi et al., 1990). Its role
is still not fully elucidated, but it has an inhibitory effect on
blood coagulation and platelet aggregation, probably
involving adenylate cyclase (Tsuboi et al., 1993). Dicarboxy-
ethyl GSH has been proposed as an intermediate in detoxi-
fication of reactive aldehydes generated by oxidation of
fatty acids (Singh et al., 2006). Aldehydes, including sugars
in their aldose conformation, are common targets of glu-
tathionylation in animal and plant systems, for example in
the glyoxylate pathway (Sousa Silva et al., 2013; Stewart
et al., 2013). Thus, some of the predicted GS conjugates
altered in the ggt4-1 mutant may be related to sugar metab-
olism and involved in oxidative stress responses.

CONCLUSIONS

More than 150 sulfur compounds and their elemental com-
positions that have not yet been listed in databases were
described in this study. This finding emphasizes the analyti-
cal power of the approach and the need for a more detailed
understanding of the Arabidopsis sulfur metabolome. A
broad range of sulfur metabolites may be analyzed by DI-
ICR-FTMS and stable sulfur isotope labeling. The analysis
allows to identify changes in the metabolism of sulfur com-
pounds imposed by environmental cues or altered geno-
types. Furthermore, the approach faciltates assigning the
elemental compositions to the sulfur compounds. The
approach has great promise for elucidation of endogenous
GS conjugates and their biosynthetic as well as catabolic
routes in plants. In addition, the methods we have estab-
lished may open up new avenues of research in terms
of assessing dynamic changes in the sulfur metabolome
in response to developmental, environmental, biotic and
abiotic signals.

EXPERIMENTAL PROCEDURES
Plant material

A. thaliana lines were obtained from the Nottingham Arabidopsis
Stock Centre (http://arabidopsis.info/). The lines included Colum-
bia (Col-0), Landsberg erecta (Ler-0), and the GGT4 knockout lines
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ggt4-1 (stock number N161036; Ler-0 background; Ohkama-Ohtsu
et al., 2007b) and ggt4-2 (GK-631A04; Col-0 background; http:/
www.gabi-kat.de; Ohkama-Ohtsu et al., 2011).

Heavy isotope labeling and plant growth conditions

The isotope labeling of Arabidopsis was performed using a modi-
fied sulfur-free MS medium (Sauter et al., 2004). The solidified
medium (0.9% w/v agar) was supplemented with 0.36 mm
Na,®?S0, or Na,**S0,, and seedlings were grown for 2 weeks
under continuous light unless otherwise stated. Elemental **S of
99.9% purity was obtained from Isoflex USA (http://www.isoflex.
com). The sulfur (pure **S, or %S with 4% natural content of 3*S)
was converted to SO, under pure oxygen atmosphere. Subse-
quently, the gas was introduced into an aqueous solution of 0.2 m
NaOH containing 10% H,0, for oxidation to Na,SO,, and the solu-
tion was subsequently neutralized with 1 m hydrochloric acid. The
solution was dried at 60°C, and the yield of Na,SO, was in the
range of 90%. All chemicals used were of analytical grade.

Metabolite extraction

Two-week-old seedlings were collected from agar plates, washed
in water, dried on paper towels, and frozen in liquid nitrogen.
Seedlings were stored in 0.1 g aliquots at —80°C until extraction.
The frozen seedlings were homogenized using a glass pestle in
Eppendorf tubes. The ground plant material was extracted in
methanolic solution and sonicated for each extraction step. The
first extraction was performed using 50% methanol/water, 0.1%
formic acid (0.25 ml), and the second was performed using 100%
methanol/water, 0.1% formic acid (0.25 ml). Ultrasonication was
performed at 85% intensity for 20 sec (Sonopuls; Bandelin, http:/
www.bandelin.com). After each extraction step, the debris was
sedimented by centrifugation (20 000 g, 30 min, 4°C). Superna-
tants were combined and stored at —80°C. The samples were
prepared 1 day prior to MS analysis.

DI-ICR-FTMS

Ultra-high-resolution mass spectra were acquired using an ICR-FT
mass spectrometer (Solarix; Bruker Daltonics, http://www.bruker.
com) equipped with a 12 T superconducting magnet (Magnex Sci-
entific/Varian Inc., http:/www.agilent.com) and an electron spray
source (Apollo II; Bruker Daltonics). Measurements and external
calibration were performed as described by Janz et al. (2010). The
spectra were recorded for an m/z range of 123-1000, with an ion
accumulation time of 0.3 msec. Metabolite extracts were routinely
diluted 1:25 in 70% methanol/water (Lichrosolv; Sigma-Aldrich,
http://www.sigmaaldrich.com) prior to analysis. We used at least
four biological replicates per genotype, two for each labeling con-
dition, and assayed each biological sample twice (technical repli-
cates). ICR-FTMS spectra were calibrated internally by using the
exact masses of known metabolites: all aliphatic fatty acids from
Cq2 to Cyy4, and the sulfur-containing compounds yEC, GSH and
1TMOI3M. Calibration was performed using data analysis software
(Bruker Daltonics) with an accuracy of 0.05 ppm, and exported to
peak lists at a signal to noise ratio of 4 containing the spectral
information of mass and corresponding intensity.

Hierarchical clustering analysis

Reproducible mass signals were identified by HCA using Hierar-
chical Clustering Explorer version 3.0 (http://www.cs.umd.edu/hcil/
hce). The clustering and model-based profile search were per-
formed using a Pearson’s correlation coefficient of 0.9 (Janz et al.,
2010).

Prediction of sulfur-containing ions by isotopic mass shift

Possible sulfur-containing masses were selected based on two
equations:

325

0<[mass;}*],, ¢

<[mass??5] s (1)
in which the term in brackets signifies the signal intensity of a spe-
cific mass i of the *2S isotope in the *S- and *?S-labeled samples,

and

328

[mass¥?],, . < [mass?*S], ¢ (2)

which refers the signal intensity of 2S and 34S isotopologs within
the **S-labeled sample. These equations were applied in the filter-
ing process (S-caLc) by using Matlab (http://www.mathworks.de).
The mass shift was calculated for one to three sulfur atoms in the
compound at <1 ppm accuracy.

Sum formula annotation to sulfur masses

Organic sum formulas were assigned for monoisotopic masses
with an elemental composition in the range Cy 100H,00_80No_6Po-
4+S1.3 and a charge of —1 using the Formulae 1.2 Megapeak pro-
gram (M. Frommberger, Helmholtz Zentrum, Munich, Germany;
Hertkorn et al., 2008; Herzsprung et al., 2010). Isotopic masses for
345, ;3 and "C, and ionization adducts were excluded from the for-
mula calculation. Formula predictions were accepted at a maximal
deviation of the calculated and measured masses of 0.5 ppm.
Equally likely compositional assignments were selected based on
their probability by applying the method for sum formula verifica-
tion established by Kind and Fiehn (2007).

Fragmentation analysis

Cell-free extracts from Arabidopsis seedlings (0.8 g, 4 ml) were
freeze dried and re-suspended in 4 ml water prior to solid-phase
extraction using a C18 column (Bakerbond SPE C18, 1000 mg,
6 ml; J.T. Baker, Netherlands, http://www.jtbaker.nl/). Elution was
performed using 0, 2, 4, 6, 10 and 15% acetonitrile in water (2 ml).
Fractions were freeze-dried and dissolved in 0.5 ml of 70% metha-
nol for analysis. The eluate enriched in the compound of interest
was chosen for further analysis (4% acetonitrile fraction for
452.1345 [M-H]~ from the ggt4-1 mutant). The MS/MS analysis
was performed as described previously using an ion accumulation
time of 10 sec per scan (von Saint Paul et al., 2011).

Analysis of y-glutamyl residues

Freeze-dried metabolite fractions were dissolved in 0.5 ml buffer
(10 mm Tris/HCI, pH 8), and 0.1 ml of the solution was incubated
with equine GGT (4 x 1072 units in 0.2 ul buffer; Sigma-Aldrich)
at 37°C for 2 h, essentially as described by Tate and Meister
(1985). Freshly prepared GSH solution (10 pm in buffer) and incu-
bations without enzyme administration served as controls. The
reaction was stopped by adding 10% formic acid in water to a
final concentration of 0.1%. The samples were immediately stored
at —80°C and prepared 1 day prior to ICR-FTMS analysis.
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Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Mass shift of assigned sulfur compounds found in Ara-
bidopsis extracts.

Figure S2. Quantitative analysis of sulfur compounds by ICR-
FTMS.

Figure S3. Optimization of ICR-FTMS sample analysis.

Figure S4. Unaltered sulfur metabolites of the parental line (Ler-0)
and the ggt4-1 mutant.

Table S1. Validated sulfur-containing masses detected by negative
ionization.
Table S2. Validated sulfur-containing masses detected by positive
ionization.
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