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Deoxynivalenol (DON) is a toxicologically relevant tricho-
thecene mycotoxin frequently found in cereal products. It is a
virulence factor produced by the plant pathogen Fusarium
graminearum during cereal crop infections. Investigating
plant defense mechanisms is crucial for understanding plant
resistance to F. graminearum and identifying new biocatalysts
for DON detoxification. Previous studies identified DON-thiol
adducts in cereal samples, indicating partial DON detoxifica-
tion by glutathione transferases (GSTs). DON possesses two
electrophilic centers for thiol conjugation, resulting in either
epoxide opening at C13 or Michael addition at C10. At pre-
sent, information on plant GSTs that catalyze these reactions
is limited. In this study, Fusarium-inducible wheat GSTs were
identified by analyzing the transcriptome of Fusarium-infected
wheat heads. Twelve highly induced genes of the tau and phi
GST classes were heterologously expressed and purified, bio-
chemically characterized with model substrates, and assayed
for activity with DON. Use of LC-MS showed that four of the
selected tau class GSTs conjugated DON to GSH by epoxide
opening (DON-13-GSH) and/or the reversible Michael addi-
tion reaction (DON-10-GSH). The crystal structure of a wheat
GST (herein designated “TaGST-10") in complex with DON-
13-GSH was solved at a resolution of 2.3 A and provided in-
sights into the binding of DON at the active site of tau class
GSTs. Our results corroborate the hypothesis that enzyme-
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catalyzed, GSH-mediated DON detoxification may be
involved in plant response to Fusarium infection.

Fusarium species are responsible for destructive plant
diseases, such as Fusarium head blight (FHB) in small-grain
cereals (wheat, rice, barley, and oats) and Gibberella stalk
and ear rot in maize (1). In addition to severe losses in yield
and quality, Fusarium infection leads to contamination with
mycotoxins, particularly trichothecene toxins (2, 3). Tricho-
thecenes are sesquiterpenoids with a 12,13-epoxy-trichothec-
9-ene core structure (4) (Fig. 1). Their primary function is to
inhibit eukaryotic protein synthesis by binding to the pepti-
dyltransferase center of the ribosome 60S subunits (5). The
epoxide on C12,13 is unusually stable and plays a key role in
toxicity (6, 7). Most known trichothecene-producing fungi are
plant pathogens. Trichothecenes primarily serve as virulence
factors of Fusarium species in plants, which is well-
documented in the case of deoxynivalenol (DON) produced
by Fusarium graminearum (2) during wheat infections.

DON is the most commonly detected trichothecene toxin
worldwide and poses a health risk when contaminated cereals
and cereal-based foods exceeding established regulatory levels
are consumed (6). Investigating the enzymatic detoxification
of DON (and trichothecenes in general) is important to
reduce the risk to humans and livestock and to provide
strategies to improve Fusarium resistance in crop plants.
Apart from the epoxide group, the C3-OH group of DON is
also an important factor in toxicity. Therefore, acetylation and
glycosylation of C3-OH are effective detoxification mecha-
nisms (8). However, such modifications can be reverted by
glucosidases and carboxylesterases (9). Permanent detoxifi-
cation by reductive de-epoxidation to de-epoxy-DON (DOM-
1) is known to occur in some anaerobic ruminal/intestinal
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Figure 1. Structures of deoxynivalenol (DON) and its glutathione (GSH) conjugates. Michael (DON-10-GSH) and epoxide (DON-13-GSH) adducts are

displayed with DON as ketone isomer (13).

bacterial species (10, 11); however, the reaction mechanism
has not yet been elucidated. Another possible route of DON
detoxification is conjugation to glutathione (y-L-glutamyl-L-
cysteinyl-glycine, GSH, Fig. 1). DON presents two centers for
nucleophilic attack by thiols, which can result either in the
conjugation of GSH to C13 by epoxide opening or in a
reversible Michael addition of GSH at C10 (Fig. 1). The
respective adducts (DON-10-GSH, DON-13-GSH) resulting
from the slow spontaneous reaction of DON with GSH have
been previously identified and characterized (12-14).
GSH-mediated epoxide opening and Michael addition are
typical reactions catalyzed by glutathione transferases (GSTs,
EC 2.5.1.18) (15) and investigating the capacity of GSTs to
detoxify DON appears to be promising. Especially the epoxide
opening reaction is of particular interest as it implies an
irreversible detoxification mechanism. GSTs comprise a
multifunctional superfamily that has evolved from a
thioredoxin-like ancestor. Major events in GST evolution
include mutations of the ancestral catalytic cysteine to a
serine and subsequently to a tyrosine (16). The ancestral
cysteine GSTs mainly catalyze redox reactions and possess
thioltransferase (disulfide exchange) activity (17). Serine and
tyrosine GST's mainly catalyze conjugations, and the catalytic
residue promotes deprotonation of GSH resulting in nucleo-
philic attack of a nearby electrophilic substrate by the thiolate
anion (18). The tyrosine-type GST classes alpha (GSTA), mu,
and pi are animal-specific and play major roles in drug
metabolism (19). The serine-type classes tau (GSTU) and phi
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(GSTF) are prevalent in plants and are crucial for herbicide
resistance of crop plants (20). Studies on herbicide meta-
bolism in plants have further shown that GSH conjugates
rapidly undergo degradation to <y-glutamylcysteine and
cysteine conjugates, which can be further processed (21, 22).
Both serine- and tyrosine-type GSTs also possess GSH-
dependent hydroperoxide reductase (glutathione peroxidase,
GPOX) activity (23).

GST genes are abundant in plant genomes, with over 330
genes identified in wheat (24, 25), 84 in barley (26) and 91 in
Brachypodium (27). To date, 14 evolutionary distinct GST
classes have been identified in plants (18). Tau and phi class
GSTs are prevalent with 200 GSTU and 87 GSTF genes re-
ported in the wheat genome (24, 25). Several previous studies
have indicated that GST genes are differentially expressed in
response to Fusarium infection in plant species (28-30).
However, the specific functions of such GSTs in pathogen
response remain poorly understood. A phi class GST
(HvGST13) from barley has been reported to be critical for
Fusarium resistance by counteracting reactive oxygen species
accumulation (31). A relevant question is whether plant GST's
are able to detoxify the virulence factor DON. DON-GSH
conjugates have previously been identified in cereal samples,
but it was not clear whether these resulted from spontaneous
or enzyme-catalyzed reactions (32). A consecutive study (14)
identified DON-GSH and related adducts (e.g,, DON-
cysteine), indicating enzymatic synthesis and further pro-
cessing of DON-GSH. Artificially DON-contaminated wheat
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spikelets (96 h after DON treatment) mainly contained
Michael conjugates linked to C10 of DON, while long-term
exposure to naturally contaminated wheat and oat samples
(at ripening stage and after storage) primarily contained C13-
epoxide adducts. While this indicates that DON may be
partially detoxified by conjugation with GSH, evidence that
(endogenous) plant GSTs are capable of catalysing this reac-
tion is absent.

Therefore, the aim of this study was to identify and char-
acterize wheat GSTs with conjugating activity toward DON.
Investigation of the transcriptome of F. graminearum—infec-
ted wheat allowed us to identify pathogen-inducible tau class
GSTs capable of catalyzing DON-10-GSH and/or DON-13-
GSH formation. We determined the crystal structure of one
of these GSTs (“TaGST-10") in complex with the DON-13-
GSH conjugate to obtain information on the accommoda-
tion of DON at the active site of tau-class GSTs.

Results
Identification of Fusarium-inducible GSTs

Data from a previously conducted RNA-Seq experiment
were used to identify Fusarium-inducible wheat GST genes.
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These data were obtained from F. graminearum— and mock-
inoculated wheat head tissues of two near-isogenic wheat
lines (NILs) differing in the presence of resistant/susceptible
alleles at the quantitative trait loci (QTL) Fhbl and Qfhs.ifa-
5A (33). The expression profiles of 297 wheat GST genes
(Table S1, annotations of the previous wheat genome as-
sembly version, TGACv], INSDC Assembly
GCA_900067645.1, December 2015) were clustered according
to their transcription patterns (Fig. 2). Clusters 2,3,6,7 and 9
contained F. graminearum—induced GST genes, with clusters
2 and 3 exhibiting the greatest differences in expression be-
tween the two treatments. Based on these data, 15 GST's were
initially selected as candidate genes for heterologous expres-
sion in Escherichia coli and further activity testing with DON
(Table 1). These included all genes of cluster 2 (low basal
expression, Fusarium induction > 24 h), seven genes of cluster
3 (medium basal expression, induction > 24 h), and one gene
of cluster 6 (low basal expression, Fusarium induction >
12-36 h). These genes were given internal designations
(TaGST-01-TaGST-15), which will be used throughout the
paper. The corresponding designations of the nomenclature
by Wang et al. (24) and, if applicable, other nomenclatures
found in the literature are also listed in Table 1. Three genes
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Figure 2. Clustering of wheat glutathione transferase gene expresson profiles of the near isogenic lines CM-NIL38 (resistant, carrying Fhb1 and
Qhfs.ifa-5A) and the susceptible CM-NIL51 from log,-transformed RNA-Seq read counts. Each cluster contains time-course-derived expression data
(3-48 h) after inoculation with Fusarium graminearum or mock treatment. Clusters with no mapped reads are shown in dark blue, highly expressed gene
clusters in red. The colors represent the cluster center (average). The number of genes in each cluster is given in parentheses. NIL, near-isogenic wheat line.
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Table 1

Candidate wheat GST genes selected for cloning and activity testing with deoxynivalenol including nomenclature(s), and listing of

expression constructs/fusion proteins (maltose-binding protein, MBP; small ubiquitin-like modifier, SUMO) used in this paper

Systematic Ensembl IDs from Cloned sequence
Internal ID name” Class Cluster Plasmid Fusion protein RNA-Seq experiment” (Ensembl ID, current assembly)®
TaGST-01 TaGSTU7 Tau 2 pSI720 N-Hiss-MBP Traes_1AL_C40703A29 TraesCS1A02G186400.1
TaGST-02° - Tau 2 pHM96 N-Hiss-SUMO Traes_1DL_7BCE5B151 GenBank XP_044449589.1¢
TaGST-03 TaGSTF66 Phi 2 pSI810 N-Hisg-MBP Traes_2DS_1063CD755 TraesCS2D02G044100.1
TaGST-04° TaGSTF13° Phi 2 pSI742 N-Hisg-MBP Traes_3AS_F434A9F61 TraesCS3A02G309100.1
TaGST-05 2 Traes_4AL_396A6E2B8
TaGST-06 TaGSTU119 Tau 2 pSI770 N-Hisg-MBP Traes_5BL_B4E4DBF4A TraesCS5B02G426300.1
TaGST-07 TaGSTF87 Phi 2 pSI731 N-Hisg-MBP Traes_7DL_DEAB90162 TraesCS7D02G514500.1
TaGST-08 TaGSTUS Tau 3 pSI718 N-Hiss-MBP Traes_1AL_1A9EB2CBB VAHO05466.1
TraesCS1A02G186500.1
TaGST-09 TaGSTU12 Tau 3 pSI812 N-Hisg-MBP Traes_1AL_2103C5913 TraesCS1A02G187000.1
TaGST-10" TaGSTU10 Tau 3 pSI828 N-Hiss-MBP Traes_1AL_C64C85707 TraesCS1A02G186700.1
TaGST-11 TaGSTU11 Tau 3 pSI815 N-Hisc-MBP Traes_1AL_CA2AFD745 TraesCS1A02G186800.1
TaGST-12 TaGSTU9 Tau 3 pHM97 N-Hiss-SUMO Traes_1AL_CCA4CF4E71 TraesCS1A02G186600.1
TaGST-13 3 Traes_1AS_00BD72553
TaGST-14 3 Traes_7AS_B97EB9A75
TaGST-15 TaGSTU6 Tau 6 pSI821 N-Hiss-MBP Traes_1AL_8955C1103 TraesCS1A02G186300.1

The corresponding accession numbers of previous and current wheat genome assembly are included.

GST, glutathione transferase.
“ Reference (24).

b TGACV1, INSDC Assembly GCA_900067645.1, December 2015; https://plants.ensembl.org/Triticum_aestivum/Info/Index.
¢ RefSeq v1.0 assembly, INSDC Assembly GCA_900519105.1, July 2018; https://plants.ensembl.org/Triticum_aestivum/Info/Index.

 Position 1D:262247455-262247781; 1D:262247865-262248248 in current assembly.

¢ Cloned sequence is transcript variant 1, variant 2 (TraesCS3A02G309100.2) listed as TaGSTF13 in reference (24).

/“GSTU6” in reference (47).

(TaGSTs 05, 13, and 14) were omitted during the cloning step
due to unclear intron/exon annotations.

The remaining 12 candidates contained three phi class and
nine tau class GSTs (Table 1, Fig. S1). TaGST-02 (cluster 2) is
not annotated in the current wheat genome assembly version
(IWGSC RefSeq v1.0, INSDC Assembly GCA_900519105.1,
July 2018) and is not included in the systematic nomenclature
of Wang et al. (24), which is based on RefSeq v1.0. Never-
theless, using the sequence of the current assembly, the gene
was correctly predicted by the FGENESH web server ((34),
Fig. S2).

Conjugating activity with DON

All GSTs were expressed in a modified E. coli T7 Express
(AgstA) strain to avoid a possible background from the
endogenous E. coli GST. Activity with DON was tested with
one-step IMAC-purified (N-Hiss-MBP or N-Hisg-SUMO-
tagged) full-length fusion proteins (Fig. S3). Formation of
DON-GSH conjugates was quantified by LC-MS/MS (Fig. 3)
using DON-10-GSH and DON-13-GSH standards prepared
in this study. To confirm their identity and purity, these
standards were further characterized by high-resolution mass
spectrometry (LC-HRMS, Fig. S4). Fragmentation of the
protonated [M + H]" ion with the mass/charge ratio of
604.2171 revealed significant differences in the relative
abundances of fragment ions as well as differences in chro-
matographic retention times (RTs), most likely due to the
varying polarity and steric effects introduced by GSH
attachment at C10/C13 of DON. DON-13-GSH (Fig. S4A)
exhibited higher polarity, eluting at 6.52 min, with prominent
product ions at m/z 529.1849 (Cy3H33N,0,0S"), m/z 499.1741
(C22H31N2095+), m/z 445.1638 (C19H29N2088+), m/z
281.0840 (C14H,704S"), m/z 263.0734 (C1,H;503S"), and m/z
231.1014 (C14H;503"). In contrast, DON-10-GSH (Fig. S4B)

4 Biol. Chem. (2025) 301(10) 110600

exhibited lower polarity and eluted at 9.66 min, with promi-
nent product ions at m/z 529.1848 (C,3H33N,0,0S"), m/z
475.1741 (CaoHz1N,06SY), m/z 162.0218 (CsHgNO5S®), m/z
179.0483 (CsH;,N,O4S), m/z 372.1473 (C17HagNOGS*), and
m/z 2971330 (C;5sH2;06"). Notably, emphasis should be
placed on the intact DON fragment (m/z 297.1330), as it is
present only in the DON-10-GSH spectra and absent in the
DON-13-GSH spectra. These HRMS fragmentation patterns
agree with the characteristic fragment patterns described by
Stanic et al. (13).

Of the 12 candidates, TaGST-02, TaGST-06, TaGST-08,
TaGST-10, and TaGST-12 displayed detectable DON-GSH
adduct synthesis at 30 mg I"! (0.1 mM) DON (Fig. 3). In
each case, DON-10-GSH formation was significantly different
from the control without enzyme in a t test (p values in
Table S2), and spontaneous DON-13-GSH formation was not
detected within 24 h. The time courses of adduct formation
indicated that TaGST-02 and 12 catalyzed both the epoxide
opening and Michael addition reactions (Fig. 3). TaGST-10
catalyzed DON-13-GSH formation but only traces of the
DON-10-GSH adduct. TaGST-06 and TaGST-08 only dis-
played very low rates of DON-10-GSH adduct formation.
With values in the pmol min™' mg™" range, the corresponding
catalytic rates are low. Apparent specific activities with DON
(sum of both adducts if applicable) inferred from the first data
point (2 h reaction time) are displayed in Table 2. To confirm
that adduct formation was enzyme catalyzed, we performed an
independent assay (n = 5) with TaGST02 and TaGST10 (both
N-Hise-SUMO-tagged) additionally purified by size-exclusion
chromatography and DON in molar excess (5 mM) but
otherwise identical conditions. Under these conditions
TaGSTO02 yielded approximately equal amounts of DON-10-
GSH (45%) and DON-13-GSH (55%) with a total apparent
specific activity of 1.1 107* + 0.1 10™* pmol min™ mg™. A ¢

SASBMB
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Figure 3. Conjugation of deoxynivalenol by tau class glutathione transferases. Formation of (A) DON-10-GSH (Michael adduct) and (B) DON-13-GSH
(epoxide adduct) catalyzed by one-step IMAC-purified wheat GSTs. TaGST-06, TaGST-08, and TaGST-10 were expressed as N-Hiss-MBP-GST fusion proteins;
TaGST-02 and TaGST-12 as N-Hise-SUMO-GST. The assays were conducted with 5 mg ml™" of the tagged GSTs and contained 30 mg I™' (0.1 mM) DON,
5 mM GSH in 100 mM phosphate buffer (pH 6.5) at 20 °C. The reaction mix without added enzyme was used as negative control. DON-10-GSH and DON-
13-GSH were quantified by LC-MS/MS. The values displayed represent the average of triplicate determination, error bars indicate SD. DON, deoxynivalenol;

GST, glutathione transferase; MBP, maltose-binding protein.

test (two-sample, two-tailed) implied significant difference to
the control without enzyme with p = 6.0 107'° for DON-10-
GSH and 3.4 10" for DON-13-GSH synthesis. With
TaGST10, DON-10-GSH formation was not significantly
different from the control (p = 0.18), DON-13-GSH was
synthesized with 6.3 10 + 04 10 pmol min™' mg™
(p =3.2107%).

Substrate specificities and kinetics

All candidate GSTs were further tested with model sub-
strates typically used for GST characterization and repre-
senting different reaction types (Table 2). The substrates
included 1-chloro-2,4-dinitrobenzene (CDNB, nucleophilic
substitution), 1,2-epoxy-3-(4-nitrophenoxy) propane (EPNP,
epoxide opening), phenylethyl-isothiocyanate (PEITC, nucle-
ophilic addition), ethacrynic acid (ETA, Michael addition),
and cumene hydroperoxide (CuOOH, GPOX activity). Several
GSTs showed very low or no activity against these com-
pounds. In particular, TaGST-01, TaGST-03, and TaGST-11
were completely inactive. TaGSTs 02 and 12 (94% sequence
identity) showed similar activity profiles. They were active
with all substrates except EPNP, which was not conjugated by

Table 2

any of the GSTs. TaGST-02 and TaGST-12 were also the only
tested members with GPOX activity toward CuOOH.
Together with TaGST-02 and 12, TaGSTs 06, 08, and 10
showed the highest conjugating activities but clearly different
reaction profiles compared to TaGSTs 02 and 12. This is
particularly evident by the absence of activity with ETA and
CuOOH. PEITC was converted by most of the included GSTs,
and particularly high-specific activities were observed with
TaGST-02 and TaGST-12. Overall, these results indicated
distinct reaction profiles among the tested GSTs.
Steady-state kinetic analyses were performed using TaGST-
02 and TaGST-10. Except for ETA, both GSTs mainly dis-
played sigmoid saturation kinetics with their “hydrophobic”
substrates, indicating positive cooperativity to varying extent
with Hill coefficients (n) between 1.3 and 1.8 (Table 3, Figs. S5
and S6). Kinetic analysis confirmed the high activity with
PEITC, with high catalytic efficiencies (k.../Ko5) displayed by
both enzymes. In particular, TaGST-02 displayed remarkably
high affinity, with Ko 5 in the low micromoles per liter range,
accompanied by substrate inhibition with a K; estimated at
0.14 mM PEITC. Therefore, we also tested the analog allyl
isothiocyanate (AITC), which was efficiently conjugated by

Apparent specific activities (umol min™' mg™') of one-step IMAC-purified wheat glutathione transferases determined at 0.25 mM substrate
concentration in 100 mM potassium phosphate (pH 6.5), 5 mM GSH at 20 °C

Apparent specific activity (tmol min~" mg™)

Candidate GST DON CDNB EPNP ETA PEITC CuOOH
TaGST-01 nd nd nd nd nd nd
TaGST-02 1.17 107 + 0.01 107° 0.74 + 0.07 nd 0.23 + 0.03 49 + 04 0.19 + 0.03
TaGST-03 nd nd nd nd nd nd
TaGST-04 nd 0.20 + 0.01 nd nd 0.041 £ 0.015 nd
TaGST-06 321077 +0.03 1077 1.93 + 0.04 nd 0.21 + 0.01 0.21 + 0.02 <0.01
TaGST-07 nd nd nd nd 0.070 + 0.012 nd
TaGST-08 4210%+051078 0.017 + 0.002 nd nd 1.0 + 02 nd
TaGST-09 nd nd nd nd 0.46 + 0.06 nd
TaGST-10 7.7107° + 0.1 10°° 0.46 + 0.02 nd 0.065 + 0.010 0.75 + 0.11 nd
TaGST-11 nd <0.01 nd nd nd nd
TaGST-12 9.4107° + 04 10°° 1.1 +£0.1 nd 0.22 + 0.04 9.0 + 0.5 0.25 + 0.01
TaGST-15 nd nd nd nd 0.10 + 0.02 nd

Except for TaGST-02 and TaGST-12 (N-Hiss-SUMO), all GSTs were expressed as N-Hiss-MBP fusion proteins. The displayed values represent average + SD of five replicates.
Reads not significantly different from the control in Students ¢ test (p > 0.05) are indicated as not detectable (nd). Activities with DON were determined in triplicate with 0.1 mM
DON (Fig. 3). The results represent the sum of DON-10-GSH and DON-13-GSH synthesis rates as quantified by LC-MS.

CDNB, 1-chloro-2,4-dinitrobenzene; DON, deoxynivalenol; EPNP, 1,2-epoxy-3-(4-nitrophenoxy)propane; CuOOH, cumene hydroperoxide; PEITC, phenylethyl isothiocyanate;
GST, glutathione transferase.
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Table 3

Apparent kinetic parameters of TaGST-02 and TaGST-10 with glutathione (GSH), 1-chloro-2,4-dinitrobenzene (CDNB), phenylethyl-
isothiocyanate (PEITC), allyl isothiocyanate (AITC), ethacrynic acid (ETA), and cumene hydroperoxide (CuOOH)

Apparent maximum
specific activity

Substrate Ky 5 or K, (mM) Hill coefficient (n) (umol min~' mg™?) Keae (s74) keat/Kos (s mM™)
TaGST-02
CDNB
(5 mM GSH) 6.8 +£59 1.5+ 04 23 + 17 14 2.1
GSH
(0.5 mM CDNB) 0.25 + 0.02 - 1.17 £ 0.03
PEITC"
(5 mM GSH) 0.0044 + 0.0009 - 9.9 £ 0.8 6.3 1423
AITC
(5 mM GSH) 0.10 + 0.02 12 +0.2 54+ 0.6 3.4 34
ETA
(5 mM GSH) 0.094 + 0.015 - 0.34 + 0.02 021 23
CuOOH
(5 mM GSH) 0.34 + 0.02 1.23 £ 0.05 0.79 + 0.02 0.50 1.5
TaGST-10
CDNB
(5 mM GSH) 6.5 + 3.2 1.8 + 0.3 42 + 22 48 75
GSH
(0.5 mM CDNB) 0.46 + 0.01 - 0.91 + 0.01
PEITC
(5 mM GSH) 0.041 + 0.004 1.3 +0.1 1.7 £ 0.1 2.0 47
AITC
(5 mM GSH) 0.080 + 0.005 1.3 +£0.1 0.20 + 0.01 0.23 2.9
ETA
(5 mM GSH) 0.023 + 0.003 - 0.111 + 0.003 0.13 5.5

“ Haldane model of substrate inhibition (Equation 3), Ki = 0.14 + 0.03 mM PEITC.

The assays were carried out in 100 mM potassium phosphate pH 6.5, 20 °C, each measurement was performed in triplicate. The results shown are the curve fit parameters
(estimate + standard error) using either the Hill (Equation 1) or the Michaelis-Menten model (Equation 2). In case no Hill coefficient (n) is given (-), the Michaelis-Menten
model was used and Kj 5 equals K,,,. Calculation of k., is based on the monomeric masses of N-Hiss-SUMO-TaGST-02 (38.0 kDa) and N-Hise-MBP-TaGST-10 (68.4 kDa).

both GSTs but with much lower -catalytic efficiencies
compared to PEITC. In both cases, the lowest affinity was
observed with CDNB but sufficient saturation could not be
achieved within the solubility limit (approximately 2 mM in
an aqueous solution). When 20% (v/v) methanol (MeOH) was
added, the solubility increased to approximately 5 mM.
Nevertheless, this still required extrapolation; therefore, the
kinetic parameters could only be estimated with high un-
certainties (Table 3).

Structure of TaGST-10
Description of the overall structure

TaGST-10 was cocrystallized with its reaction product,
DON-13-GSH, to observe substrate/product binding at the
active site. The structure was resolved at a resolution of 2.3 A.
Data collection and refinement statistics are shown in Table 4.
TaGST-10 crystallized as a dimer in the asymmetric unit and
contained a molecule of DON-13-GSH in each active site. An
additional ligand, modeled as DON-13-cysteine, is bound to
chain A (Fig. 4). Several N- and C-terminal amino acid resi-
dues could not be traced due to missing electron density.
Furthermore, the region connecting o4-05 (residues 119-130)
was difficult to trace in both chains due to unclear electron
density. This was most likely caused by the high flexibility of
that region. Therefore, several residues in this loop were
omitted from both chains.

The herbicide safener-inducible wheat tau class TaGSTU4
(35) (“TaGSTU185” according to the nomenclature in refer-
ence (24)) is the closest homolog of TaGST-10 (64% sequence
identity) with a deposited structure (PDB code 1GWC).

6 . Biol. Chem. (2025) 301(10) 110600

TaGST-10 displays similar overall fold and arrangement of
secondary structural elements as TaGSTU4 (Fig. 5, Fig. S7A).
Both enzymes display the classical GST fold with an N-ter-
minal domain forming a thioredoxin fold (Baf-BPe)

Table 4
Data collection and refinement statistics of TaGST-10

Collection statistics
Wavelength (A)
Space group
Unit cell (A, °) .
Resolution range (A)
Unique reflections
Completeness (%)
Multiplicity

52.4 61.9 168.8 90 90 90
49.9 - 2.3 (2.38 - 2.30)
25,016 (2407)

99.3 (98.7)

12.1 (11.4)

0.182 (0.978)
0.053 (0.287)

‘merge

pim
Mean I/sigma(I) 10.5 (3.5)
CCip ) 0.996 (0.935)
Wilson B-factor (A?) 30.8

Refinement statistics
Resolution range (A)
Reflections used in refinement

49.9 - 2.3 (2.36 - 2.30)
23,653 (1696)

Reflections in free set 1280 (82)
Rwork/Rfree 0.210 (0.225)/0.258 (0.247)
CC (work) 0.932
CC (free) 0.894
Number of nonhydrogen atoms 3600
Macromolecules 3131
Ligands 152
Solvent 317
Protein residues 419
RMS (bonds) (A) 0.012
RMS (angles) (°) 2.28
Ramachandran favored/outliers (%) 98.78/0.24
Rotamer outliers (%) 2.15
ClashScore . 3.87
Mean B value (overall A?) 40.59
Number of TLS groups 2
PDB identifier 9S3A

Abbreviation: TLS, translation-libration-screw.

SASBMB



Detoxification of deoxynivalenol by glutathione transferases

Al14U é/ 9
—u

Glu68/70 é&/\
Ser69/7:j

Pro57/59

Lys54/GIn56 /
Lys55/57
-

WS
;; Lys42/44
Baze vt
L

Leu39/41

e -

N Ser15/17
Phe17/}\/ er1s/.

e ?
AW GTX
AN

B _
3J), <5)H
(o a4
[ @?ﬂ)\y .
3 [oemantner

\ a3

Figure 4. Structure of TaGST-10 with DON-13-GSH (PDB identifier code 953A). A, ribbon representation of the TaGST-10 dimer (chain A, light blue;
chain B, gray) with DON-13-GSH (PDB identifier code A114U) bound at both active sites and DON-13-cysteine (PDB identifier code A114T) bound to chain A.
B, monomer of TaGST-10 (chain A) with bound ligands. The N-terminal domain is colored gray (with B-strands in gold), the C-terminal domain light blue.
The numbering of secondary structure elements follows reference (35). C, superposition of TaGST-10 (chain B, gray) on TaGSTU4 (chain B, pink) including
their active site ligands DON-13-GSH (A114U) and S-hexyl-GSH (GTX), respectively. G-site residues are shown in stick representation, with TaGSTU4/TaGST-
10 numbering, respectively. D, sigma-A weighed 2mFo-DFc electron density (contoured at 1.0 6) for DON-13-GSH bound to the active site of TaGST-10
chain B. Active site residues interacting with DON-13-GSH are shown in stick representation. DON, deoxynivalenol; GST, glutathione transferase.

connected by a linker (residues 82-93 in TaGST-10) to the
larger, all-helical C-terminal domain (helices a4-09). Super-
position of TaGST-10 onto TaGSTU4 indicated high simi-
larity in the fold of the N-terminal thioredoxin domain with
more notable differences in the C-terminal domain (Fig. S7A).
The largest differences were observed in the N-terminal part
of helix a5 and C-terminal helix a9 (Fig. 5, Fig. S7A). Su-
perposition of the two TaGST-10 chains is shown in Fig. S7B.
Interface analysis (PDBePISA, Table S3) indicated that the
interactions between the monomers are mainly governed by
hydrophobic interactions as previously reported for TaG-
STU4 (35). Polar interactions are observed between Glu80-
Arg97/Argl01 and Pro67-His95 (Table S4).

Active site stereochemistry and binding of DON13GSH

The active site of GSTs is located at the domain interface.
The GSH-binding pocket located in the N-terminal domain is
usually termed the “G-site” and the hydrophobic substrate-
binding pocket contributed by the C-terminal domain is
termed the “H-site.” TaGST-10 residues interacting with
DON-13-GSH were identified with LigPlot (Fig. S8). The

SASBMB

corresponding residues are also highlighted in the alignment
in Figure 5. Structural superposition of TaGST-10 and TaG-
STU4 shows that the GSH-moieties of their bound ligands
(DON-13-GSH and S-hexyl-GSH, respectively) assume
almost identical orientations (Fig. 4C). Similar to S-hexyl-
GSH in TaGSTU4, the GSH moiety of DON-13-GSH is
mainly bound by polar interactions involving hydrogen bonds
between Glu70 and Ser71 with the glutamyl residue, Val58
with the cysteinyl residue, and Lys44 with the glycine residue
of GSH (Fig. 4, C, D and S8). The catalytic serine of TaGST-10
forms a hydrogen bond with the cysteinyl-sulfur of DON-13-
GSH. Nonpolar contacts of TaGST-10 residues with the GSH
moiety are formed with Phel9, Leu4l, Lys57, and Pro59
(Fig. 4, C, D and S8).

In solution, the C8 ketone of DON is in equilibrium with
the cyclic 8,15-hemiketal form (Fig. 1). DON (unconjugated
form) primarily occurs as ketone isomer, but the hemiketal
form has been reported as the favored isomer of both the
DON-13-cysteine and DON-13-GSH epoxide adducts
(13, 36). NMR measurements of the DON-13-GSH prepared
in this study (Fig. S9) confirmed that it exists as a 92:8 mixture
of the hemiketal structure and its parent ketone. The NMR

J. Biol. Chem. (2025) 301(10) 110600 7



Detoxification of deoxynivalenol by glutathione transferases

o2
TaGSTU4 Q00000
TaGST-10 000000
TaGST-10 000000
50
TaGSTU4 . .GGD SELLLKEREVHEKK
TaGST-10 ..GSD SELLLKERJFVLOK
TaGST-02 . .GGD SELLLSERAVHKK
TaGST-12 . .GGD SELLLSERAVHKK
TaGST-01 . .AQG] SELLLKERRFVEKK
TaGST-06 . .GEK SDRLLRERPAT HKK
TaGST-08 . .GGD SELFLRERPJVHKT
TaGST-09 S|SGKQETA SELLLARRYIVHEKK
TaGST-11 . .AAN SELLLRERRFVHNK
TaGST-15 . .AEG] GELLRKERNIVHMK
vy
B3 p4 o3 o4’ o4 ')
TaGSTU4 - —> 00000000000 0Q000000000000Q0Q00Q Q0Q000QQQQ 0Q00Q000000000000000Q000Q0Q0QQ
TaGST-10 —_— = 00000000000Q 00000000 0000000000000 00000000Q0Q
TaGST-10 —_— —> 00000000000 Q0Q0000000000000 QOQ0QQ0 0000000000000000000000
99 109 11(? 129 0 149
TaGSTU4 S[TGESLLEAPEYERATIARGIJVAY VDDKLVIAPWRQWLRGK T EEEK|S[E|GKKQAF[AAV|GVHE|GRL|RE C S|
TaGST-10 GVGSLLEEHGAVARAAYIDGTLVKASSQA‘SMAKTEEEKZ—\EGKKQVTAAVETEGALRDCSN
TaGST-02 G|I GIJAL LidSDIgYERATARIANAAYVDDKLVAPWVQS|LRAKTEEEK|S[E/GLKQTFAAVETHE|GA LRE C SK
TaGST-12 .veds|L LidsPid Y KA TARIRYAAY IDDKLV|TPWVQ|S|LRAK T E|E[EK|S[E/GVKQTF|AAVE|THME|GA L|RE C SK
TaGST-01 AMGHES|I LIgVDI YERATAPIRUAAYVDDKLEF|SAYVGVNKAVTE|VERMEKVSETLAVLE|QMEERAF|AKH SN
TaGST-06 .DTiHS[L LigSPIdYERSOARIMNAD Y VDKKVYDCGTRLWKLKGE|. P HAQARAEMV|E I LKNMD|IGALGD . .|.
TaGST-08 G|V GlgP[L LIZADIdYERAVARIFUAAYVEDKLLAPWGK|V|[FRVKTD|EERAEWTRQTAAALGPMED|GLREC SK
TaGST-09 sloAFAIL TSP Y ARIAAERIAYAQY VDDKFP|TAIR . [VLRGRLD|GDKEEAAAQVCAALQHMEVAF|VE CG|Q
TaGST-11 GAGIZA[L LidADIFHERIAVARIANAAF IED T LVKAMNQAISWS K T E/AE K|V|[E[GNKRAT[AA LIN|THE(AA L|R]D V S|K
TaGST-15 AAGIHS(I LiADIEYDIRIAAARIGNUAAYADSKLLPAWVGIMWAETEEERAEKVGD TLAA IGQME[EAF|G|T C SN
v A
b’ a6’ o7 al o9
TaGSTU4 Q000000 0Q000000Q000QQ Q0000000000 QQQQQQ Q000000000 0Q .2
TaGST-10 Q000000 00000000000 Q0000000000 000Q
TaGST-10 Q000000 020000000000 Q0000000000 Q000 QQ0Q000Q0Q
159 169 179 189 199 209 219 229 239
TaGSTU4 [GGGFEGED|GVEL VEVALG|G VL|sWMK V|T[E|AL|S[GDK I|FDARK TP L LENAQJVE RF|IELD AAK A
TaGST-10 GKPFGDTAYVVMLGGLLAWVHAGDKMKG‘ FDPAT|TPLLENARADNF|GSLDAVEA
TaGST-02 |GEG YIG[EETV[EL VT S LGS LIL|S[WLNAT[E[VMS|G|TK I|F|D[P[VK/T|P L LINARYMERF|SKLDAAKAALPEVDRVVIHF AKKRQAQAAAAARASETK .
TaGST-12 |GEG YYG[EETV[EL V)T S LGS LIL|S[WL I A|T|E[VMS|G|TK I|F|D[P|VK|/T|P L LENAYMGRF|SELDAAKAALPEVDRVVIYFAKKRQAQADAAARASETK .
TaGST-01 GKGFADSIYLLAVGCHLHWLKAQCKMFG\VVF‘LDAGKTPLLTAKRFTETDAAKEVVPDTDVVMYAKKRQAYRVAVAAAAASAK
TaGST-06 |. KSFIGEDAF[EF VIs|AAF AP F|T|S[WF H S|Y|[E[K|Y|GEF|S VAEVA .|. [PKILNAYAKRCGERESVAKSLYSPDKIYJ4F I|GVLKKMHGVE|.[.[. . . . . .
TaGST-08 |GKGFgG[ED|CV[e]Y VsV L L G|SMV|P[WVRATE[RL|S|GDK L|I|D|AGKAP L LENARYMERI|SELD AAKAVFQDVDRVVIYY AGAIQARLSAAARASTQ. .
TaGST-09 |GKD YIG[ED|GV[EY LT A LGS HL|G[WVRAV|ER|/IAE|IRLILDARKVP KLINAJAD RFICAHP AVANAMPNVDRF VIJF SVKNDGVLKAAISANSK. . .
TaGST-11 |GKPFG[ED(S|T[EY VNI VL GGL[LAGVRAMERAMP|GV|KAFDP[VTIMP L LINAAYAD HF|GALDAVAAVMPDVSKLVALF[I TMHAAVARN|.[.|. . . . ..
TaGST-15 |GKAF)3A[ED(SV[EY LIV VES QILLWE E VILRKMF|GVIV VVE[VIGRALL LENARVERFIGETD TAKEVVPDVDTA VY IKKLQSRRAGS|TVAQLLS .
\ v v

Figure 5. Sequence alignment of herein investigated tau GSTs with TaGSTU4 (35). Experimentally determined secondary structure elements of
TaGSTU4 (chain B, 1GWC) and TaGST-10 (chain A, blue; chain B, red) are indicated. The numbering of secondary structure elements follows reference (35).
The catalytic serine (Ser17) is highlighted with a red asterisk. G-site residues interacting with GSH are indicated by red triangles, H-site residues interacting
with the DON moiety of DON-13-GSH in TaGST-10 by blue triangles. (a) indicates polar interactions, (v) nonpolar contact with DON-13-GSH. A corre-
sponding phylogeny is shown in Fig. S1. Sequence alignment (ClustalW algorithm) and phylogeny (neighbour-joining tree) were created with MEGA 10
(77). The sequence alignment was annotated with ESPript 3 (78). DON, deoxynivalenol; GST, glutathione transferase.

spectroscopic features of the latter could not be determined
due to its low abundance and heavy overlap with the hemi-
ketal signals. A question was therefore which isomer should
be modeled into the structure. The structural difference be-
tween the two isomers is relatively small (Fig. 1). During
ligand modeling, we observed that both forms could, in
principle, fit into the structure, and the resolution does not
support this distinction. We therefore modeled DON in its
hemiketal form as this is the most likely configuration ac-
cording to NMR. Omit maps for the ligands are shown in
Fig. S10. The DON moiety of DON-13-GSH is in close
proximity to the hydrophobic residues Vall2, Prol8, Trpl73,
and Phe220. The only polar interaction with DON is a
hydrogen bond between the hydroxy group of Ser116 with the
C15 oxygen of DON (Fig. 4D). This hydrogen bond is only
present in chain B with a distance of 2.9 A (Fig. S8). Ser116 is
not conserved in tau GSTs (Fig. 5). It is replaced by a valine in
both TaGST-02 and TaGST-12 and an arginine in TaGSTU4.
To determine whether Ser116 of TaGST-10 has an influence
on the orientation of DON and plays a role in determining
synthesis rates of DON-10-GSH or DON-13-GSH by TaGST-
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10, we created active site mutant TaGST-10 S116V. This
showed lower DON-13-GSH but increased DON-10-GSH
synthesis rates than the WT TaGST-10 (Fig. S11). Similar
results were observed with TaGST-10 V112S. The latter was
created to test whether a more polar residue close to Ser116
would have an impact on DON conjugation. Valll4 of
TaGST-02 is the analogous residue of Ser116 of TaGST-10.
TaGST-02 V114S showed decreased DON-10-GSH produc-
tion but unaltered DON-13-GSH synthesis rates compared to
the TaGST-02 WT (Fig. S11).

Chain A of TaGST-10 contained an additional ligand that
was modeled as DON-13-cysteine based on the electron
density (omit map in Fig. S10C). This may be due to partial
degradation of DON-13-GSH or high flexibility resulting in
lack of electron density for the rest of the molecule. DON-13-
cysteine is located at the entrance of a cavity located between
the two domains of chain A. This cavity is formed by residues
on al, P2, and the loop connecting 08 and 9. A polar
interaction with GIn24 and nonpolar contacts with Tyr36,
Ala209, Val210, Met211, and Pro212 are observed (Fig. S8, C
and D).
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Discussion

Plant GSTs of the tau and phi classes are involved in re-
sponses to a wide range of biotic and abiotic external stimuli,
which are generally linked to oxidative stresses (18). GSTs are
an important factor in herbicide resistance in crop plants (20,
37), but their roles in endogenous plant metabolism remain
insufficiently understood. It was postulated that GST reaction
products are often unstable intermediates, for example,
resulting from reversible reactions such as Michael additions,
and therefore difficult to trace (23). Plant GST's are known to
detoxify the oxidation products of unsaturated fatty acids
generated under oxidative stress (oxylipins), which typically
present epoxides and Michael acceptor sites (23, 38). GSTs
have also been linked to the biosynthesis of anthocyanins (39)
and several sulfur-containing phytoalexins, such as glucosi-
nolates and camalexin, where they presumably catalyze the
first step to introduce sulfur (23, 40—42). Furthermore, GST's
possess ligandin noncatalytic functions using GSH as cofactor
rather than as a cosubstrate (20, 23, 43, 44).

The aim of this study was to investigate whether, as first
proposed by Gardiner et al. (29), Fusarium-responsive wheat
GSTs are able to detoxify the mycotoxin DON, a major
virulence factor of the plant pathogen F. graminearum.
Considering the broad functionality of plant GSTs in stress
response, as briefly summarized above, it is likely that the
large number of GSTs induced during infection serves
different routes in the pathogen response. DON induces
oxidative stress (45) and it is likely that GST's are involved by
counteracting reactive oxygen species/reactive electrophile
species generated during that process. Due to the presence of
two electrophilic centers for thiol conjugation (epoxide,
Michael acceptor), it appears reasonable to assume that DON
is also a possible target for conjugation by plant GSTs.
Therefore, ~we  analyzed transcriptome data  of
F. graminearum-infected wheat to identify Fusarium-
inducible GSTs possibly active with DON. The results indi-
cated little difference between the two investigated wheat
lines (susceptible versus resistant), implying that regulation of
most GST's occurs independently of the resistance QTLs Fhbl
and Qffs.ifa-5A. The largest group of genes showed very low
or no induction after both treatments. This implies either
involvement in different processes or a tissue-specific regu-
lation. In Arabidopsis, most GSTU and GSTF genes showed
the highest expression in roots (18), while the present samples
were taken from wheat heads. A considerable fraction (>80)
of wheat GST genes was upregulated in response to Fusarium
infection in both NILs. From this group, we selected several
highly induced tau and phi class GSTs for biochemical
characterization and could identify four tau class members
(TaGSTs 02, 06, 10, 12) with detectable activity towards
DON. TaGST-02 has been previously implicated as a disease-
responsive GST (Affymetrix ID TaAffx.112045.1.51_x_at)
(46). The corresponding experiment was conducted with
NILs also differing in the resistance QTLs Fhbl and Qfhs.ifa-
SA but in the susceptible background of the spring wheat
cultivar Remus (46). TaGST-10 is identical to “TaGSTU6”
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previously reported to confer resistance of wheat to powdery
mildew (Blumeria graminis f. sp. tritici) by interaction with a
cystathionine beta-synthase domain-containing protein (47).

Activity with DON appeared considerably low compared to
specific activities determined with typical GST model sub-
strates (Table 2). Such substrates are undoubtedly useful to
establish a coherent reaction profile of a catalyst in question,
particularly by allowing investigation of different possible
reaction types and comparison to previously characterized
GSTs. However, it is difficult to assess how this reflects the
natural function of a GST. For example, we observed partic-
ularly high activity with PEITC with most of the herein
investigated GSTs, which was confirmed by steady state ki-
netics in the case of TaGST-02 and TaGST-10. Since iso-
thiocyanates are Brassica metabolites, a possible physiological
role of such high activity/affinity in wheat GSTs is not
obvious. A similar observation was reported with poplar
GSTUs (48). We further conducted assays with the substrates
EPNP (epoxide) and ETA (Michael acceptor) as these repre-
sent the relevant reaction types for DON conjugation.
Although activity is most likely determined by the position of
the electrophile substrate relative to the deprotonated thio-
late, it was previously shown that mu class GSTs are prone to
catalyze epoxide opening by stabilizing transition states (49).
Although a correlation of ETA conjugation with DON-10-
GSH synthesis was indicated (e.g., only members that conju-
gated ETA also synthesized DON-10-GSH), no enzyme
displayed activity with the epoxide substrate EPNP, although
several GSTs were able to catalyze epoxide adduct formation
with DON. This discrepancy could be caused by the relatively
low sensitivity of the EPNP assay. Overall, the selected GST's
displayed quite distinct activity profiles with the involved
model substrates, ranging from high activity to complete
inactivity. Kinetic analysis of TaGSTs 02 and 10 further
indicated positive cooperativity with most substrates. This is
typical for GSTs and is related to conformational changes
(induced fit) upon substrate binding and intersubunit struc-
tural communication (20).

So far, GSTs have mainly been crystallized with synthetic
inhibitors as ligands, and only few structures with natural
substrates are available. One of the aims of this study was
therefore to investigate DON-13-GSH as a case of a naturally
occurring ligand, mainly to investigate how DON is oriented
at the active site. The crystal structure of TaGST-10 showed
that DON (i.e., the DON moiety of DON-13-GSH) is mainly
surrounded by hydrophobic residues. Since DON is a hy-
drophilic molecule (XLogP3 = -0.7, https://pubchem.ncbi.
nlm.nih.gov/compound/Deoxynivalenol), this implies unfa-
vorable binding, which is likely related to the low catalytic
activities observed here. The prevalence for conjugation of
DON at C10 or C13 is most likely determined by its orien-
tation at the active site relative to the activated GSH-thiol. In
case of TaGST-10, only one polar contact involving Ser116
with DON-C15-OH was observed. Of the residues that make
contacts with DON, Ser116 has the lowest degree of con-
servation within the herein investigated tau class GSTs
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(Fig. 5). Replacing Ser116 by Val resulted in clearly reduced
DON-13-GSH synthesis by TaGST-10 S116V. This implies
that Ser116 contributes to DON binding in an orientation
favoring nucleophilic attack of GSH at the C13 position of
DON.

In conclusion, this study provides the first evidence that tau
class wheat GST's possess the ability to detoxify the mycotoxin
DON. Although the activities with DON reported here are
low, it is reasonable to speculate that GSTs with such func-
tionality contribute at least partially to Fusarium resistance by
DON detoxification. Accumulation of DON-13-GSH could
result from the irreversible nature of the epoxide opening
reaction and a likely redundancy of wheat GSTs with similar
function. An interesting aspect in this regard is the role of the
Michael addition. Due to the reversibility of the reaction,
Michael adducts are difficult to trace analytically. However, as
this reaction is of general importance in plant metabolism, we
hypothesize that also the reversible conjugation of GSH to
C10 of DON may contribute to DON resistance. For example,
GSTs could stabilize the Michael conjugates until they are
further processed or removed from the cytosol by GSH
conjugate—specific ABC transporters (50). It is further
conceivable that producers of type A trichothecenes, such as
T-2, HT-2, and the recently described NX toxins (51), which
lack the C-8 carbonyl, possess an advantage by evading DON
detoxification through the Michael addition. These questions
will be addressed in further studies. Previously, a GST that
catalyzes epoxide opening of trichothecenes was reported as
the causative gene of the wheat resistance QTL Fhb7 (52). It
was shown that this GST, which is absent from the here
investigated wheat lines, is active toward a wide range of
trichothecenes and provides stable detoxification by epoxide
opening (53). According to Wang et al. (52), the Fhb7 gene is
of fungal origin (FuA class, (54), has been horizontally
transferred from an endophytic Epichloé species to Thinopy-
rum elongatum (wheatgrass), and subsequently introgressed
to wheat by distant hybridization. However, consecutive
studies claimed that Fhb7 homologs are widespread among
Triticeae and not critical for FHB resistance (55, 56).
Although this case requires further clarification, it demon-
strates that investigating the involvement of GST-mediated
DON detoxification in Fusarium resistance of crop plants is
a relevant subject. Collecting more analytical data on the
presence of GSH conjugates of DON and other trichothe-
cenes in cereal crops will provide a clearer picture on the
extent of GSH detoxification of trichothecene virulence fac-
tors in plant responses.

Experimental procedures
Expression analysis

RNA-Seq data from the two NILs CM-NIL38 and CM-
NIL51 after F. graminearum inoculation and mock treat-
ment were obtained from a previous experiment (33). Both
wheat lines possess the background of the highly resistant cv.
CM-82036. CM-NIL38 is homozygous for the resistant alleles
at the QTL Fhbl and Qfhs.ifa-5A, CM-NIL51 carries the
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susceptible alleles (from cv. Remus) at both QTL (33). Map-
ped RNA-Seq reads (fragments per kilobase million) of the
297 annotated GSTs were extracted with the Ensembl IDs of
wheat genome assembly version TGACv1, INSDC Assembly
GCA_900067645.1, December 2015 (https://plants.ensembl.
org/Triticum_aestivum/Info/Index) The reads were clus-
tered with the R package pheatmap (57) using the k-means
algorithm (k = 10) (Table S1).

Cloning of candidate genes and expression constructs

The candidate GST genes (Table 1) were amplified from
Chinese Spring wheat DNA using a nested PCR approach. To
avoid difficulties due to high sequence similarities, oligonu-
cleotide primers were designed to target flanking regions with
low similarity. Primers for the amplification of full-length
genes are shown in Table S5. PCR was carried out with Q5
polymerase (New England BioLabs) or Phusion polymerase
(Thermo Fisher Scientific). The PCR products were ligated to
a blunt end cloning vector (pMiniT, NEB) and identity/cor-
rectness of the inserts was confirmed by Sanger sequencing.
Subsequently, exons were amplified with specific primers
carrying restriction sites or overlaps for recombination to fuse
them to the expression vector pCA02 (58), which is a varia-
tion of pKLD116 (59), to express the GST's with an N-terminal
Hise-maltose binding (MBP) fusion tag using the T7 expres-
sion system (pET2la backbone). These constructs further
contain a TEV cleavage site to remove the N-terminal fusion
tag. Exons and backbone were assembled by restriction
digest/ligation, overlap-extension PCR or using the NEBuilder
HiFi DNA Assembly Master Mix (NEB). Details for respective
genes are given in Table S6. Additional expression constructs
were created for TaGST-02, TaGST-10, and TaGST-12 genes
to alternatively express them as N-Hiss-SUMO fusion pro-
teins (60) in pET2la (Table S7). Active site mutants of
TaGST-02 and TaGST-10 (N-Hisg-SUMO constructs) were
created by site directed mutagenesis using primers shown in
Table S8.

Knockout of gstA in T7 Express (T7 Express AgstA:Kan®)

To eliminate background GST activity, the endogenous
E. coli gstA gene was disrupted with the red recombination
system (61). E. coli T7 Express (NEB New England BioLabs
#C2566) carrying pKD46 was transformed with the PCR
product amplified with primers Del gstA_fw (#3818)
5'-gctatggectgeagageategg-3'  and  Del_gstA_rv  (#3819)
5'-ggttaaacacctggegegaget-3' from the template strain JW1627-
1 (62) (Yale Stock Center 9386 http://cgsc.biology.yale.edu/
Strain.php?ID=107667) carrying mutation gstA785(del)::kan.
Transformants were selected with kanamycin at 37 °C.
Successful gene disruption was confirmed by sequencing the
PCR products obtained with the primers specified above.

Protein expression and purification

T7 Express AgstA:Kan® was used for expression of all
GSTs used in this paper. Protein production was carried out
in terrific broth with 0.5 mM IPTG added at the exponential
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phase (Agoo = 0.5), followed by incubation at 20 °C for 20 h.
Cells were harvested at 6000 g for 15 min, washed with PBS
and resuspended in 50 mM Tris pH 7.4, 500 mM NaCl,
20 mM imidazole. The cells were sonicated on ice 3 x 1 min
with intervals to cool on a Bandelin Sonopuls HD 4100 at 60%
amplitude, the cell lysate was cleared at 30,000 g, 30 min.
Protein purifications were carried out using 1 ml HisTrap
crude FF columns (Cytiva) or HisPur Ni-NTA columns 3 ml
(Thermo Fisher Scientific). Unbound protein was washed out
with the buffer specified above and bound protein was eluted
with 500 mM imidazol in the same buffer. Afterward, buffer
change to 10 mM Hepes, 100 mM NaCl was carried out with
Amicon Ultra-15 Centrifugal Filter Unit 10 kDa (Millipore).
Protein concentrations were adjusted to about 10 mg ml™".
For storage at -80 °C, 10% (w/w) glycerol was added. SDS-
PAGE was carried out on a 12% (w/v) polyacrylamide gel
with Coomassie blue staining. Protein concentrations were
determined with the Bradford protein assay using bovine
serum albumin as standard. Additional size-exclusion chro-
matography of N-Hise-SUMO-TaGST-02 and N-Hise-
SUMO-TaGST-10 was carried out on a Superdex 200
(HiLoad 16/600) column (Cytiva) with 50 mM phosphate
buffer pH 7.0 + 150 mM NaCl at flow rate of 0.5 ml min~".

Activity assays

All enzyme assays were carried out with one-step IMAC-
purified (full-length, SDS-PAGE in Fig. S3) fusion proteins in
100 mM phosphate buffer pH 6.5 at 20 °C. Assays with DON
included 5 mM GSH and 30 mg I"* (0.1 mM) DON. GSTs
were added to 5 mg ml™'. Samples were taken in regular in-
tervals by dilution with MeOH:acetic acid (9:1). The inacti-
vated samples were stored at —20 °C and further diluted in
water prior to analysis by LC-MS. Identification and quanti-
fication of DON-GSH adducts by LC-MS was carried out as
described below.

Substrates for activity assays were obtained from the
following sources: CDNB, Acros Organics cat. no. 160511000;
EPNP, Santa Cruz Biotechnology cat. no. sc-258906; CuOOH,
Fluka cat. no. 28250, Sigma-Aldrich; PEITC, Sigma-Aldrich cat.
no. 253731; AITC, Sigma-Aldrich cat. no. 377430, ETA, Sigma-
Aldrich cat. no. E-4754. Assays with these substrates were
carried with 5 mM GSH and 0.25 mM substrate concentration
in standard assays. The substrates were prepared as 20 mM
stock solutions in MeOH. Peroxidase (GPOX) activity was
determined with 0.25 mM CuOOH in the presence of 5 mm
GSH, 0.2 mM NADPH and 0.5 IU ml™" of glutathione reduc-
tase. The activity was followed by monitoring the decrease in
absorbance by NADPH oxidation due to GSSG reduction. The
reactions were started by enzyme (GST) addition, the assays
were monitored on a Shimadzu UV-1900i spectrophotometer
using the following wavelengths (nm) and extinction co-
efficients (mM™! ¢cm™): CDNB (340, 9.6), PEITC (274, 8.89)
AITC (274, 7.45), EPNP (360, 0.5), ETA (270, 5), and NADPH
(340, 6.22) (63, 64). Enzyme concentrations in these assays were
adjusted to obtain a linear response during measurements.
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Steady-state kinetics were determined with at least seven
different substrate concentrations in conditions as described
above. Measurements with CDNB, GSH (0.5 mM CDNB), and
CuOOH were read on a BioTek Synergy H1 hybrid reader.
Due to the poor affinity with CDNB, these assays were altered
to contain 20% (v/v) MeOH in order to reach CDNB con-
centrations up to 5 mM to achieve saturation. The results
were analyzed by nonlinear model fit in R using the following
equations:

Vmax [S]n
Hill ti = 1
ill equation v Ko +[5] (1)
Vmax [S]
Michaelis — Ment ti = 2
ichaelis - Menten equation v Ku+[S) (2)
Haldane )
Vmax S
model of substrate inhibition v= 7[38]2
K,
M+[S]+ X,
Synthesis and purification of DON-GSH conjugates
Liquid chromatography—mass spectrometry (LC-MS)

gradient-grade acetonitrile and MeOH, as well as mass
spectrometry (MS)-grade glacial acetic acid (p.a.), and formic
acid 98 to 100% were purchased from Sigma-Aldrich. DON-
13-GSH was synthesized enzymatically with a FuA class GST
from Trichoderma reesei homologous to Fhb7 (unpublished
data). Reaction conditions were 100 mM phosphate buffer pH
6, 1.35 mM DON, 20 mM GSH, 5 mg ml™* IMAC-purified
GST at 25 °C for 48 h. DON-10-GSH was synthesized by
spontaneous reaction with GSH following (13). The com-
pounds were purified by preparative HPLC on an Agilent
Technologies 1100 series system using a Gemini NX C18
column (150 x 21.5 mm, 5 um) and a guard column of the
same material from Phenomenex. For DON-13-GSH purifi-
cation the mobile phase consisted of aqueous acetic acid (1%
v/v; solvent A) and MeOH with 1% v/v acetic acid (solvent B)
at a flow rate of 17 ml min™". The chromatographic gradient
started with an isocratic hold at 5% of solvent B for the initial
1.5 min. At 7.5 min, a linear increase initiates, reaching 21% of
solvent B. A rapid shift at 7.60 min transitions to 100% B,
maintaining a wash phase until the analysis concludes at
10 min. DON-10-GSH was purified using the mobile phases
consisting of aqueous formic acid (1% v/v; solvent A) and
MeOH with 1% v/v formic acid (solvent B) at a flow rate of
17 ml min~". The gradient started with a 3-min hold at 10% B,
followed by a gradual increase to 40% B at the fifth min, in the
seventh min it went to 100% B until 8.50 min for a thorough
wash. Chemstation B04.03 was used for acquisition. The
HPLC-diode array detector was used to monitor the indi-
vidual constituents and to collect fractions. The fractions
supposedly containing the analyte of interest were checked
using LC-UV or LC-MS/MS. After LC-UV or LC-MS/MS
analysis confirmation, extracts were pooled and the solvent
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was removed using a CentriVap refrigerated centrifugal
concentrator (Labconco Corporation). In total 9.8 mg DON-
13-GSH and 3.2 mg DON-10-GSH were obtained and used as
analytical  standards  for  consecutive = LC-MS/MS
measurements.

Based on HPLC-UV, DON-13-GSH represented > 95% of
the total peak area (after dead volume), measured at 200 nm.
No interfering signals arising from potential impurities were
detected in "H-NMR experiments, indicating a high purity as
well. In case of DON-10-GSH, the chromophore of the DON
moiety is changed (loss of the double bound and as such the
conjugated system), and the UV absorbance of DON-10-GSH
was extremely low. Consequently, purity assessment using
HPLC-UV was not feasible for this analyte. However, the
identity was confirmed using LC-HRMS. Only one major ion
corresponding to DON-10-GSH was detected by HRMS (see
Fig. S4), indicating the absence of detectable impurities (such
as DON).

LC-high-resolution mass spectrometry

LC-HRMS measurements were performed on an Orbitrap
IQ-X Tribrid (Thermo Fisher Scientific) equipped with the
heated-electrospray ionization (ESI) probe source coupled to
an UHPLC-system (Vanquish-Thermo Fisher Scientific).
Chromatographic separation was carried out with an Atlantis
dC18 Column, 100 A, 3 pm, 2.1 mm x 150 mm, 1/pk (Wa-
ters). The column temperature was maintained at 25 °C and
flow rate was 300 pl/min, while the injection volume was 2 pl.
Eluent A consisted of water and eluent B of MeOH, both
containing 0.1% formic acid. The method started with elution
at 3% B for 1 min, followed by a linear gradient increase to
20% B at 6.5 min and then to 100% B at 9 min. The eluent was
held constant at 100% B for 1.5 min, after which it rapidly
returned to 3% B at 10.6 min. The system was then re-
equilibrated at 3% B for 3.4 min, resulting in a total chro-
matographic method runtime of 14 min. Full-scan HRMS
measurements were acquired in positive mode with a scan
range of m/z 100 to 1000 and a resolution of 120,000 (full
width at half maximum at m/z 200). The auxiliary and sheet
gas flow rates were set to 10 and 45 units. Spray voltage was
set to 2950 V. For tandem mass spectrometry (MS/MS)
measurements, sample-specific inclusion lists were generated
and MS/MS measurements were performed in positive mode
with a resolving power setting of 30,000 (full width at half
maximum at m/z 200). Fragmentation was carried out with
stepped collision energies (20, 35, 45 eV). Data were manually
evaluated with the Thermo Fisher Scientific Freestyle soft-
ware (https://www.thermofisher.com/order/catalog/product/
OPTON-30965?SID=srch-srp-OPTON-30965).

LC-MS/MS analysis

The analytical platform used in this study was a Triple Quad
5500+ MS/MS system (Sciex) equipped with a Turbo V ESI
source coupled to a 1290 series UHPLC system (Agilent
Technologies). Chromatographic separation was performed at
20 °C on a Gemini C18-column, 150 x 4.6 mm id., 5 {im
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particle size, equipped with a C18 security guard cartridge,
4 x 3 mm i.d. (both Phenomenex). Elution was carried out in
binary gradient mode with a flow rate of 1000 pul min'. Both
mobile phases contained 5 mM ammonium acetate and were
composed of MeOH/water/acetic acid (10:89:1, v/v/v; eluent
A) and (97:2:1, v/v/v; eluent B), respectively. For further pu-
rification of reverse osmosis water, a Pure-lab Ultra system
(ELGA Lab Water, Celle, Germany) was used. After an initial
hold time of 2 min at 100% A, the proportion of B was
increased linearly to 50% within 3 min. A further linear in-
crease of B to 100% within 9 min was followed by a hold time
of 4 min at 100% B, then the column was re-equilibrated at
100% A for a further 2.5 min. The injection volume was set at
5 ul. ESI-MS/MS was performed in multiple reaction moni-
toring (MRM) mode using fast polarity switching. The settings
of the ESI source were as follows: source temperature 550 °C,
curtain gas 30 psi (206.8 kPa of max. 99.5% nitrogen),
ion source gas 1 (sheath gas) 80 psi (551.6 kPa of nitrogen), ion
source gas 2 (drying gas) 80 psi (551.6 kPa of nitrogen), ion-
spray voltage —4.5 kV, collision gas (nitrogen) medium. The
column temperature was set to 20 °C. The target cycle time
was 760 ms, the MS pause time was 5 ms. According to the
SANTE/11312/2021 validation guidelines, two MRM transi-
tions per analyte were acquired for accurate confirmation
along with the corresponding RT. The criteria for the positive
finding confirmation were as follows: (i) the ion ratio of
quantifier/qualifier of the samples was within 30% of average
of calibration standards from the same sequence; RTs of an
analyte in the samples and in a standard solution did not differ
more than by 0.1 min.

During LC-MS/MS method development, polarity-specific
ionization preferences were observed, with DON-10-GSH
ionizing more efficiently in negative polarity mode and
DON-13-GSH in positive polarity mode. The quantifier and
qualifier ions in MRM were selected through analytical
standard optimization. Precursor ions were identified based
on their [M + H]" and [M - H] signals, and fragmentation
analysis determined the most abundant and structurally
relevant product ions. The quantifier ion ensured accurate
quantification, whereas the qualifier ion confirmed the com-
pound identity through consistent ion ratios. Transitions
were validated by optimizing collision energy, declustering
potential, and cell exit potential to enhance signal intensity
and reproducibility. The final MRM method was developed to
maximize specificity and sensitivity for DON-10-GSH and
DON-13-GSH detection. A list of the MRM transitions for
both substances is available in the supplementary material
(Table S9).

NMR spectroscopy

NMR spectra of DON-13-GSH were obtained from a so-
lution of the sample in MeOH-d, on a Bruker Avance III HD
600 FT-NMR spectrometer (operating at 600.15 MHz for 'H
and 150.9 MHz for *C; Bruker BioSpin GmbH) at ambient
temperature using a Cryoprobe Prodigy probehead. Chemical
shifts were established based on residual solvent resonances
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(3.31 ppm for 'H, 49.15 ppm for '>C). All pulse programs were
obtained from the Bruker software library. The NMR data were
evaluated using TopSpin 3.6 (Bruker BioSpin GmbH, https://
www.bruker.com/en/products-and-solutions/mr/nmr-software/
topspin.html). Structure elucidation and signal assignment were
carried out based on 1D (*H, *C-CPD) and 2D (*H'H corre-
lation spectroscopy, "H'>C heteronuclear single quantum cor-
relation, and 'H'®C heteronuclear multiple bond correlation)
NMR spectra.

Crystallization

TaGST-10 was expressed as a N-Hisg-MBP fusion protein.
After the IMAC purification step, the fusion tag was removed
using IMAC-purified MBP-super TEV protease (65). The
protein was then passed over an IMAC column again to
remove the released Hiss-MBP tag and the Hisq-tagged TEV
protease. The protein was concentrated to 12 mg ml™" in
10 mM Hepes pH 7.0, 100 mM NaCl, 0.002% (w/v) Na azide.
TaGST-10 crystals were grown with the hanging drop vapour
diffusion method in 1.75 M NH,4SO,4, 0.1 M Na acetate (pH
4.4), and 15 mM DON-13-GSH with 10 mg mL™ TaGST-10
at 17 °C. At first, no crystal growth was observed for 12 days,
but crystals suitable for X-ray diffraction appeared overnight
after seeding (see below) and continued to grow for two
further days. The seed crystals were obtained from a previous
experiment with 12-day old crystals grown in 1.75 M
NH4SO,4, 0.1 M Na acetate (pH 4.4), and 10 mM DON-13-
GSH. The seed crystals were manually crushed using a bo-
rosilicate crystal crusher. An aliquot (0.2 pl) of the drop
containing the crushed seed crystals was diluted 1:50 with the
precipitation solution specified above. From this dilution,
0.2 pl were taken to seed crystallization drops (4 i) through
serial dilution by transferring 0.2 pl from a seeded drop to an
unseeded drop. Before flash-cooling in liquid N,, the crystals
selected for data collection were soaked in a cryo-protectant
solution containing 1.75 M NH,SO,4, 25% (v/v) glycerol, and
8 mM DON-13-GSH.

Structure determination and analysis

Diffraction data were collected on beamline P13 at PETRA
III (DESY) at 100 K. Data were processed with XDS (66) and
scaled with AIMLESS (67) from the CCP4 suite (68). The
structure was solved with molecular replacement using
Phaser (69) as implemented in the PHENIX suite version
1.20.1-4487-000 (70). An AlphaFold (71) model of TaGST-
C10 (UniProt accession AOA3B5XZG4, AF-AOA3B5XZG4-
F1-model_v4.pdb) was used as search model. The resulting
solution was directed to automated model building with
Autobuild as implemented in PHENIX (70). Refinement was
initially carried out in an iterative process with PHENIX
Refine, which included simulated annealing at 1000 K,
translation-libration-screw refinement, and manual interac-
tion in COOT (72). Ligand coordinates (DON-13-GSH,
DON-13-cysteine) including restraints were generated with
eLBOW and fit to the electron density using LigandFit; ligand
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positions/orientations were manually corrected/optimized in
COOT. At the final stages, refinement was carried out using
REFMAC (68, 73). Structure validation was carried out using
tools in CCP4 and COOT. Omit maps for the ligands were
created with the Composite Omit Map tool in PHENIX using
the “simple method.”

Interactions between interfaces were analyzed with the
PDBePISA webserver (https://www.ebi.ac.uk/pdbe/pisa/) (74).
Protein interactions with the ligands were analyzed with
LigPlot" (75). Figures were created with UCSF Chimera (76)
and superposition of the structures was done with the
MatchMaker tool embedded in UCSF Chimera. Sequence
alignment (ClustalW algorithm) and phylogeny (neighbor-
joining tree) were created with MEGA 10 (77). The sequence
alignment was annotated with ESPript 3 (https://espript.ibcp.
fr) (78).

Data availability

All data are included in the article or in the supporting in-
formation, the TaGST-10 structure was deposited at PDB
(accession 9S3A). Raw data of RNA-Seq are available in the EBI
ArrayExpress repository (http://www.ebi.ac.uk/arrayexpress/)
under the accession number E-MTAB-4222.

Supporting information—This article contains supporting infor-
mation (28, 33, 35, 58, 74, 75, 77, 79).
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