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ABSTRACT: Fusarium head blight is a plant disease with
significant agricultural and health impact which affects cereal
crops such as wheat, barley, and maize and is characterized by
reduced grain yield and the accumulation of trichothecene
mycotoxins such as deoxynivalenol (DON). Studies have
identified trichothecene production as a virulence factor in
Fusarium graminearum and have linked DON resistance to the
ability to form DON-3-O-glucoside in wheat. Here, the
structures of a deoxynivalenol:UDP-glucosyltransferase
(Os79) from Oryza sativa are reported in complex with
UDP in an open conformation, in complex with UDP in a closed conformation, and in complex with UDP-2-fluoro-2-deoxy-D-
glucose and trichothecene at 1.8, 2.3, and 2.2 Å resolution, respectively. The active site of Os79 lies in a groove between the N-
terminal acceptor and the C-terminal donor-binding domains. Structural alignments reveal that Os79 likely utilizes a catalytic
mechanism similar to those of other plant UGTs, with His 27 activating the trichothecene O3 hydroxyl for nucleophilic attack at
C1′ of the UDP-glucose donor. Kinetic analysis of mutant Os79 revealed that Thr 291 plays a critical role in catalysis as a
catalytic acid or to position the UDP moiety during the nucleophilic attack. Steady-state kinetic analysis demonstrated that Os79
conjugates multiple trichothecene substrates such as DON, nivalenol, isotrichodermol, and HT-2 toxin, but not T-2 toxin. These
data establish a foundation for understanding substrate specificity and activity in this enzyme and can be used to guide future
efforts to increase DON resistance in cereal crops.

Fusarium head blight and Fusarium ear rot are devastating plant
diseases that affect small grain cereals and maize on a global
scale. Infection is caused by fungi of the genus Fusarium;
members of the Fusarium graminearum species complex are the
most prevalent agents.1,2 The trichothecene mycotoxins
produced by these fungi are virulence factors and accumulate
in the grain of infected plants. They are potent inhibitors of
eukaryotic protein synthesis,3 posing a significant threat to both
animal and human consumers.4

Trichothecene mycotoxins are a highly diverse group of
tricyclic sesquiterpenoid epoxides.5 More than 200 trichothe-
cenes have been identified, all of which are characterized by a
12,13-epoxytrichothec-9-ene skeleton (Figure 1).6,7 Variations
in the substitution pattern of the trichothecene backbone exist
in different producing organisms. F. graminearum synthesizes
either deoxynivalenol (DON) and its acetylated derivatives, 3-
acetyl-deoxynivalenol and 15-acetyl-deoxynivalenol, or nivale-
nol (NIV) and acetylated derivatives, while T-2 toxin and HT-2
toxin are produced by Fusarium sporotrichioides (Figure 1).6

Differences in substitution can have a dramatic effect on the

toxicity to both plants and animals and have important
implications in developing resistance strategies.8

Previous research has been directed at understanding the role
of the trichothecene mycotoxins in plant infection. Most efforts
have focused on DON because it is the most prevalent
mycotoxin associated with Fusarium head blight.9,10 There is
strong evidence to suggest that DON is a virulence factor for
plant pathogenesis.11 Disruption of trichothecene biosynthesis
by knocking out trichodiene synthase (tri5) led to Fusarium
that were still capable of causing infection, however with
decreased virulence in wheat and a decreased ability to spread
from the infection site.11,12 The ability of DON to spread ahead
of the fungus, causing bleaching and necrosis, is likely due to
the inhibition of protein synthesis caused by the toxin and
thereby facilitates the spread of infection in host tissue. As a
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result, DON resistance is considered an important component
of Fusarium disease resistance.13

One mechanism of DON resistance in plants is the ability to
convert DON to deoxynivalenol 3-O-glucoside (D3G). It was
shown that an increased ability to form D3G in hexaploid
wheat was responsible for an increased resistance to both the
bleaching effects of DON and fungal spreading.13 Additionally,
transcriptome analysis of DON-treated barley revealed the
upregulation of several UDP-glucosyltransferases in a genotype
that was shown to convert DON to D3G.14 D3G has a
significantly decreased ability to inhibit wheat ribosomes in
vitro.15 The first UGT capable of synthesizing D3G was cloned
from Arabidopsis thaliana (DOGT1) and conferred increased
tolerance to DON when constitutively overexpressed in
Arabidopsis.15 Interestingly, DOGT1 overexpression did not
confer protection against nivalenol and was accompanied by a
dwarfism phenotype associated with conversion of the
brassinosteroid brassinolide to the inactive brassinolide 23-O-
glucoside.16 Subsequently, other UGT genes potentially
associated with DON detoxification have been identified in
Arabidopsis, wheat,17 and barley.14 When tested for their ability
to confer DON resistance in sensitized yeast, only one
(HvUGT13248) of four DON-induced barley UGT genes
and two of six Arabidopsis UGT genes showed protection.18

This illustrates the difficulty in predicting which UGTs have the
desired DON specificity among members of the very large gene
family with 160−180 genes in diploid crop plants;19−21

however, this is a promising approach to controlling FHB.
An additional problem is that the UGT genes are frequently
located in gene clusters that seem to undergo rapid evolution,
so that even highly similar genes in clusters have different
substrate specificities.22

In an effort to understand the determinants for DON
specificity, the structures of an inverting deoxynivalenol:UDP-
glucosyltransferase from rice, the product of the Os04g0206600
gene was determined. This enzyme was named Os79 in
previous work on the basis of the last digits of the original
(removed) NCBI Reference Sequence (NM_001058779).22,23

It is highly similar to HvUGT13249 from barley but can be
expressed efficiently in Escherichia coli in contrast to this barley
gene. In this work, we determined the structures of Os79 at 1.8,

2.2, and 2.3 Å resolution in the open conformation in complex
with UDP, in the open conformation in complex with UDP-2-
fluoro-2-deoxy-D-glucose (U2F) and trichothecene (TRI), and
in the closed conformation in complex with UDP, respectively.

■ EXPERIMENTAL PROCEDURES
Trichothecenes. DON, T-2 toxin, HT-2 toxin, isotricho-

dermol, trichothecene, and nivalenol used in this study (Figure
1) were obtained from the USDA-ARS Mycotoxin Prevention
and Applied Microbiology Research Unit. Deoxynivalenol 3-O-
glucoside (D3G) was enzymatically produced and purified via
high-performance liquid chromatography (HPLC) as previ-
ously described.23

Cloning and Expression of Os79. The gene for Os79 was
amplified by polymerase chain reaction (PCR) using the
forward primer 5′-ATGGGCTCTATGTCCACTCCTGC-3′
and the reverse primer 5′-ATTGGAATACTTTGCTGCAAA-
CTC-3′ from plasmid pWS57 that contained a codon-
optimized sequence for yeast.23 The resulting product was
introduced into plasmid pKLD116, a pET31b derivative
containing His6-tagged maltose-binding protein (MBP) fol-
lowed by a TEV protease cleavage site,24 using an enzyme-free
“Quikchange” method.25,26 Os79 was overexpressed in E. coli
strain BL21 Codon Plus (DE3). Cultures from a single colony
were used to inoculate 6 L of lysogeny broth (LB)
supplemented with 100 μg/mL ampicillin and 30 μg/mL
chloramphenicol. Expression of Os79 was induced with 1 mM
isopropyl β-D-thiogalactopyranoside when cultures reached an
OD600 of ∼1.0. Induction was conducted at 16 °C for 20 h.
Cells were harvested by centrifugation at 2500g, washed with
buffer containing 10 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) (pH 7.6), and 100 mM NaCl, and
flash-frozen in liquid nitrogen. Cells were stored at −80 °C
until they were used.

Site-Directed Mutagenesis. Active site mutants of Os79
were generated using a single-primer, PCR-based method based
on “Quikchange” mutagenesis.25 Mutagenic primers 5′-CCA-
TTCCCGGCTGCTCAAGGTAACACCAATCCTATGTTA-
CAGTTTGGAAG-3′, 5′-GTAGACCAGCCAGAGTTTTAG-
TCTACGCCCCACATCTACCATGGGCTAGAAGAG-3′,
and 5′-GGTTTTGGTGTCATACGGAGTGGTTTCTACTT-
TTGATGTTGCTAAAC-3′ were used to mutate His 27 to
asparagine, Asp 120 to alanine, and Thr 291 to valine,
respectively. All mutations were verified by DNA sequencing
using BigDye protocols (ABI PRISM). Reaction mixtures were
resolved by the University of WisconsinMadison Biotechnol-
ogy Center.

Expression of the Os79 Selenomethionine Derivative.
Selenomethionine (SeMet) Os79 was produced by metabolic
inhibition.27 Briefly, transformed BL21 Codon Plus (DE3) cells
harboring the gene encoding Os79 on pKLD116 were used to
inoculate 4 L of M9 minimal medium supplemented with 100
μg/mL ampicillin and 30 μg/mL chloramphenicol. An amino
acid cocktail containing L-selenomethionine was added when
the cells reached an OD600 of ∼1.0. Cells were cooled to 16 °C
and shaken for 30 min prior to induction with 1 mM isopropyl
β-D-thiogalactopyranoside. Cells were harvested as described
above.

Purification of Native and Selenomethionine Os79.
Native and SeMet Os79 were purified in the same manner. All
purification steps were performed on ice or at 4 °C. Twenty
grams of E. coli cells expressing His6-MBP-Os79 was
resuspended in 120 mL of buffer containing 20 mM HEPES

Figure 1. Trichothecene mycotoxins examined in this study.
Glycosylation occurs at the 3-OH position.
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(pH 7.6), 50 mM NaCl, 0.2 mM tris(2-carboxyethyl)phosphine
(TCEP), 1 mM phenylmethanesulfonyl fluoride, and 60 mg of
lysozyme. Cells were lysed with five pulses (30 s) using a
Qsonica Q700 sonicator, and the lysate was clarified by
centrifugation at 40000 rpm in a Ti 45 rotor (Beckman-
Coulter) for 35 min. The concentrations of NaCl and imidazole
were increased to 300 and 20 mM, respectively, by the addition
of 4 M stock solutions and loaded onto a 8 mL nickel-
nitrilotriacetic acid (NiNTA, Qiagen) column equilibrated with
NTA buffer [50 mM potassium phosphate (pH 8.0), 300 mM
NaCl, 20 mM imidazole, and 0.2 mM TCEP]. After loading,
the column was washed with 120 mL of NTA buffer. Os79 was
eluted with a linear gradient from 20 to 300 mM imidazole in
NTA buffer. Os79-containing fractions were identified by
sodium dodecyl sulfate−polyacrylamide gel electrophoresis and
Coomassie staining. His6-tagged tobacco etch virus (TEV)
protease28 was added at a 1:40 molar ratio to cleave the His6-
MBP from Os79. The mixture was dialyzed overnight in a
buffer containing 10 mM HEPES (pH 7.6), 50 mM NaCl, 0.5
mM EDTA, and 0.2 mM TCEP. The NaCl and imidazole
concentrations were increased to 300 and 20 mM, respectively,
and the solution was passed over a 3 mL NiNTA column
equilibrated with NTA buffer. The flow-through contained
Os79, while the column retained TEV protease and undigested
His6-MBP Os79. Purified Os79 was concentrated using a
stirred-cell pressure concentrator (Amicon) with a 30000
molecular weight cutoff membrane (Millipore) to a final
concentration of 12 mg/mL, estimated using a calculated molar
extinction coefficient of 57870 M−1 cm−1 at 280 nm. The
protein was dialyzed against a storage buffer containing 10 mM
HEPES (pH 7.6), 50 mM NaCl, and 0.2 mM TCEP, drop-
frozen in 30 μL aliquots in liquid nitrogen, and stored at −80
°C.
Synthesis of UDP-2-fluoro-2-deoxy-D-glucose. UDP-2-

fluoro-2-deoxy-D-glucose was synthesized in a reaction mixture
of 100 mM triethanolamine (pH 8.0), 4 mM MgCl2, 10 mM β-
mercaptoethanol, 1.8 mM 2-fluoro-2-deoxy-D-glucose, 1.9 mM
UTP, 33 μM glucose 1,6-phosphate, 2 mM phosphoenolpyr-
uvic acid tri(cyclohexylammonium) salt, 60 units of hexokinase,
80 units of phosphoglucomutase from rabbit muscle, 200 units
of pyruvate kinase from rabbit muscle, 20 units of uridine-5′-
diphosphoglucose pyrophosphorylase from baker’s yeast, and
40 units of inorganic pyrophosphatase from baker’s yeast.29,30

The total reaction volume was 60 mL. Reaction mixtures were
incubated at room temperature for 6 days, after which they
were filtered through a 10 kDa Amicon filter to remove the
protein. Reaction mixtures were then loaded onto a 20 mL
MonoQ (GE Healthcare) anion exchange column equilibrated
with Milli-Q water. Reaction components were eluted with a
linear gradient from 30 to 35% ammonium acetate (2 M, pH
4.0) over 13 column volumes (CV) with a flow rate of 3 mL/
min. Fractions containing UDP-2-fluoro-2-deoxy-D-glucose
were pooled and lyophilized until the ammonium acetate was
completely removed. The identity of the product was
confirmed by ESI TOF mass spectrometry (Mass Spectrom-
etry/Proteomics Facility, University of WisconsinMadison)
with the expected monoisotopic mass of the [M + H]+ ion
being 569.058 Da and the observed m/z being 569.040 Da.
Crystallization of Os79·UDP. Os79 was screened for

initial crystallization conditions in a 144-condition sparse matrix
screen developed in the Rayment laboratory. Single, diffraction
quality crystals were grown at 4 °C by hanging drop vapor
diffusion by mixing 2 μL of 9 mg/mL Os79 in 10 mM HEPES

(pH 7.6), 50 mM NaCl, and 5 mM UDP-phenol with 2 μL of a
well solution containing 50 mM HEPES (pH 7.6), 10 mM
glycine, 13% methyl ether polyethylene glycol 5000 (MEPEG
5K), and 4% ethylene glycol. Hanging droplets were nucleated
after 4 h from an earlier spontaneous crystallization event using
a cat’s whisker. Crystals grew to approximate dimensions of 100
μm × 100 μm × 300 μm within 10 days. The crystals were
transferred stepwise to a cryoprotecting solution that contained
50 mM HEPES (pH 7.6), 50 mM NaCl, 10 mM glycine, 13%
MEPEG 5K, 20% ethylene glycol, and 5 mM UDP-phenol and
vitrified by being rapidly plunged into liquid nitrogen. Os79
crystallized in the space group P212121 with unit cell
dimensions of a = 59.2 Å, b = 83.2 Å, c = 98.8 Å and one
chain in the asymmetric unit.

Crystallization of Os79 Complexed with UDP-2-
deoxy-2-fluoroglucose and Trichothecene. Os79 was
screened for initial crystallization conditions in a 144-condition
sparse matrix screen developed in the Rayment laboratory.
Single, diffraction quality crystals were grown at 4 °C by
hanging drop vapor diffusion by mixing 2 μL of 17 mg/mL
Os79 in 10 mM HEPES (pH 7.6), 10 mM 2-deoxy-2-
fluoroglucose, and 10 mM trichothecene with 2 μL of a well
solution containing 100 mM MES (pH 6.5), 200 mM glycine,
and 23% methyl ether polyethylene glycol 2000 (MEPEG 2K).
Hanging droplets were nucleated after 24 h from an earlier
spontaneous crystallization event using a cat’s whisker. Crystals
grew to approximate dimensions of 50 μm × 50 μm × 100 μm
within 6 days. The crystals were transferred directly to a
cryoprotecting solution that contained 10 mM 2-deoxy-2-
fluoroglucose, 10 mM trichothecene, 100 mM MES (pH 6.5),
200 mM glycine, 23% MEPEG 2K, and 15% glycerol and
vitrified by being rapidly plunged into liquid nitrogen. Os79
crystallized in space group P212121 with unit cell dimensions of
a = 59.1 Å, b = 82.9 Å, and c = 98.6 Å and one chain in the
asymmetric unit.

Crystallization of Os79 in the Closed Conformation.
Os79 was likewise screened for suitable crystallization
conditions. Single, diffraction quality crystals were grown at 4
°C by hanging drop vapor diffusion by mixing 2 μL of 17.4 mg/
mL Os79 in 10 mM HEPES (pH 7.6) with 2 μL of a well
solution containing 100 mM piperazine-N,N′-bis(2-ethanesul-
fonic acid) (pH 6.0), 80 mM NaCl, 20% 2-methyl-2,4-
pentanediol (MPD), and 15% taurine. Hanging droplets were
nucleated after 24 h with 1 μL of crushed crystals from an
earlier spontaneous crystallization event diluted by a factor of
1:105 in 50% well solution in 10 mM HEPES (pH 7.6). Crystals
grew to approximate dimensions of 50 μm × 50 μm × 200 μm
within 5 days. The crystals were soaked in 50% well solution
(pH 7.0) in 10 mM HEPES pH 7.6 with 10 mM D3G and 5
mM UDP for 4 h The crystals were transferred stepwise to a
cryoprotecting solution that contained 100 mM piperazine-
N,N′-bis(2-ethanesulfonic acid) pH 7.0, 80 mM NaCl, 30%
MPD, 15% taurine and vitrified by rapid plunging into liquid
nitrogen. Os79 crystallized in the space group P3221 with unit
cell dimensions of a = 105.5 Å, b = 105.5 Å, c = 100.2 Å and
one chain in the asymmetric unit.

Data Collection and Refinement. X-ray data for the
Os79·UDP·open and SeMet Os79 structures were collected at
100 K on Structural Biology Center beamline 19BM at the
Advanced Photon Source in Argonne, IL. X-ray data for the
Os79·UDP·closed and Os79·U2F·trichothecene complexes
were collected on beamline 19ID. Diffraction data were
integrated and scaled with HKL3000.31 Data collection
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statistics are listed in Table 1. The structure of Os79 was
determined using multiple-wavelength anomalous dispersion
for SeMet Os79. Phasing and initial model building were
conducted within the HKL3000 software suite: selenium sites
were located using SHELXD,32 experimental phases were
calculated with MLPHARE,33 density modification was
performed with DM,34 and initial model building was
performed with Buccaneer.35 This resulted in an initial model
that could be extended by alternating cycles of manual building
and least-squares refinement using COOT36 and Refmac,37

respectively. The structures of the Os79·UDP·open, Os79·
UDP·closed, and Os79·U2F·trichothecene complexes were
determined using SeMet Os79 and Os79·UDP·open as
molecular replacement search models in the program Phaser.38

Final models were generated by alternating cycles of manual
building and least-squares refinement using Coot, Phenix, and
Refmac.36,37,39

Glucosyltransferase Enzymatic Assays. Steady-state
kinetic analyses of Os79 with trichothecene substrates were
performed in a coupled−continuous enzymatic assay at 23 °C
in a 1 cm path length cuvette. Reactions were initiated by the
addition of 30 μL of varied concentrations of trichothecene and
0.5 mM UDP-glucose to 70 μL of Os79 (final concentration of
3.0 μg/mL), 3 units of rabbit muscle lactic dehydrogenase and
2 units of rabbit muscle pyruvate kinase (Sigma-Aldrich,
buffered aqueous glycerol solution), 1.5 mM phosphoenolpyr-
uvate, 100 μM β-NADH, 50 mM KCl, 10 mM MnCl2, and 100
mM glycylglycine (pH 8.0). Lactic dehydrogenase, pyruvate
kinase, phosphoenolpyruvate, β-NADH, and Os79 were added
to a master mix containing the remaining reaction components

prior to the initiation of each reaction. Reaction progress was
followed by monitoring the decrease in A340 caused by the
oxidation of β-NADH. The rates of reaction were determined
at various trichothecene concentrations and fit by nonlinear
regression to the Michaelis−Menten equation using GraphPad
Prism. Fates of the trichothecenes were examined by liquid
chromatography−tandem mass spectrometry (LC−MS/MS)
analysis of the assay solutions, monitoring their conversion to
the respective glucosides.

■ RESULTS AND DISCUSSION

Structures of Os79 in Complex with UDP. Os79 was
crystallized in an effort to understand the structural basis for
deoxynivalenol glycosylation and to identify the structural
components responsible for substrate specificity in this enzyme.
The structures of Os79 in complex with UDP were determined
to 1.8 Å resolution for an open conformation and 2.3 Å
resolution for a closed conformation. The overall fold of Os79
is shown in Figure 2. The enzyme crystallized with a monomer
in the asymmetric unit. In the closed conformation, this
monomer contains 451 of 466 expected amino acids and
extends from Gln 15 to Ser 465. In the open conformation, two
additional regions in the protein were not modeled because of
disorder: Ala 24−His 27 and Leu 255−Phe 266. The first break
includes the proposed catalytic base (His 27), whereas the
second break between Leu 255 and Phe 266 spans the linker
that connects the N-terminal acceptor and C-terminal donor
domains. The tertiary structure of Os79 is consistent with a
GT-B glycosyltransferase fold, consisting of an N-terminal
acceptor-binding domain and a C-terminal donor-binding

Table 1. Data Collection and Refinement Statisticsa

complex Os79·UDP·open Os79·UDP SeMet Os79·UDP·closed Os79·U2F·trichothecene
space group P212121 P212121 P3221 P212121
unit cell dimensions (Å) a = 59.2, b = 83.2, c = 98.8 a = 59.1, b = 83.1, c = 99.0 a = 105.5, b = 105.5, c = 100.2 a = 59.4, b = 83.2, c = 99.4
data collection site Argonne 19BM Argonne 19BM Argonne 19ID Argonne 19ID
wavelength (Å) 0.979 0.979 0.979 0.979
resolution range (Å) 50−1.78 (1.81−1.78) 50−2.3 (2.34−2.3) 50−2.34 (2.38−2.34) 43.5−2.19 (2.27−2.19)
no. of measured reflections 696068 173871 488298 696068
no. of unique reflections 47323 22233 27447 25837
redundancy 7.9 (4.8) 7.8 (8.2) 10.3 (5.2) 7.8 (5.9)
completeness (%) 99.9 (100) 98.2 99.5 (95.3) 99.6 (95.9)

99.56 (95.92)
average I/σ 47.3 (4.1) 51.3 (16.2) 24.4 (3.0) 19.1 (5.0)
Rmerge (%)

b,c 5.3 (39.5) 8.4 (25.2) 16.3 (80.1) 5.3 (39.5)
Rwork 18.6 16.1 19.2 16.4
Rfree 22.8 21.4 24.4 20.4
Roverall 18.8 16.4 19.5 17.0
no. of protein atoms 3421 3406 3495 3407
no. of ligand atoms 25 25 25 53
no. of water molecules 199 165 221 261
average B factor (Å2) 27.1 31.3 37.2 28.4
Ramachandran plot (%)

most favored 98.2 95.7 96.0 97.0
allowed 1.6 4.1 3.8 3.0
disallowed 0.2 0.2 0.2 0

rmsd
bond lengths (Å) 0.02 0.018 0.008 0.02
bond angles (deg) 2.1 1.87 1.17 1.96

aValues in parentheses are for the highest-resolution shell. bRmerge = ∑|I(hkl) − I| × 100/∑|I(hkl)|, where the average intensity I is taken over all
symmetry equivalent measurements and I(hkl) is the measured intensity for a given observation. cRfactor = ∑|F(obs) − F(calc)| × 100/∑|F(obs)|, where
Rwork refers to the Rfactor for the data utilized in the refinement and Rfree refers to the Rfactor for 5% of the data that were excluded from the refinement.
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domain (Figure 2).40 Each domain exhibits a similar α/β
Rossmann-type fold and belongs to the UDP-glycosyltransfer-
ase/glycogen phosphorylase (UDPGT) superfamily. The N-
terminal acceptor-binding domain contains a central seven-
stranded parallel β-sheet surrounded on both sides by a total of
eight α-helices. The C-terminal donor-binding domain contains
a central six-stranded parallel β-sheet surrounded on both sides
by nine α-helices. These domains are arranged adjacent to one
another, forming a globular protein in which the substrates bind
in a deep cleft between the two domains (Figure 2A). In the
closed conformation, the 11 unresolved amino acids that
connect the N-terminal acceptor and C-terminal donor
domains lay down on top of this cleft, covering UDP (Figure
2B). The closed conformation was determined by soaking apo
crystals that were grown at pH 6.0 in a solution at pH 7.0 with
the product D3G (10 mM) before being frozen. Density for
D3G was not observed in the active site. Crystals grown and
treated in an identical manner, except for being soaked and
frozen at pH 6.0, crystallized in the same P3221 space group but
in the open conformation. This suggests that the transition

from a disordered to ordered conformation in this crystal form
is a consequence of pH and not the presence of D3G in the
lattice. At this point, it is unclear whether the shift in the
conformation of the loop is an artifact of crystal packing or
reflects a physiologically relevant property of Os79. Regardless
of the physiological relevance of the position of the loop, the
pH-dependent conformational shift observed in the P3221
crystal form highlights the low energy barrier associated with
the repositioning of the loop.

Comparison with Other Plant UGTs. The overall
structure of Os79 is highly similar to that of the seven other
structurally characterized plant UGTs41−47 with rmsd values
varying between 1.9 and 2.3 Å as depicted in Table 2. As
expected, the areas of greatest divergence surround the acceptor
site. Interestingly, many plant UGTs, including Os79, recognize
a broad range of acceptor molecules, while only some utilize
UDP-linked donor sugars other than UDP-glucose.21 These
enzymes share a highly conserved PSPG motif, which is a
signature motif for plant UGTs involved in glycosylation of
secondary metabolites.48,49

Figure 2. Stereoview of the Os79 monomer. (A) Ribbon representation of Os79 with the β-sheets in each of the two Rossmann-type α/β domains
colored blue. The substrates bind in the groove between the donor-binding domain (green) and the acceptor-binding domain (tan). UDP is shown
in stick form and colored by element. (B) Comparison of the closed (white) and open (green and tan) conformations of Os79. In the closed
conformation a loop (blue) covers UDP in the active site, whereas in the open conformation this loop (magenta) is largely disordered.
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Substrate Binding in Os79. Crystals of Os79 in complex
with UDP were obtained by cocrystallization of Os79 with
either UDP-phenol or UDP-glucose. Electron density was
observed for only UDP regardless of which UDP conjugate was

used, indicating that hydrolysis had occurred during crystal-
lization. In an effort to trap the donor and acceptor in the active
site, Os79 was cocrystallized with the nonreactive cosubstrate
analogs UDP-2-fluoro-2-deoxy-D-glucose (U2F) and the
compound trichothecene, which lacks the C3 hydroxyl group
to which the glucose moiety is attached. This led to the
determination of a structure that mimics the Michaelis complex,
with U2F and trichothecene bound in the active site (Figures 3
and 4). Strong electron density allowed for the unambiguous
placement of U2F; however, the electron density corresponding
to trichothecene was weak, representing only half-occupancy
(Figure 3). This coupled with the small globular shape of
trichothecene made placing the acceptor in the active site
difficult. The orientation of trichothecene cannot be definitively
determined from the current electron density; however, the
orientation that best fits the density makes chemical sense. If
DON were present in this orientation, this would position its
C3 hydroxyl 2.5 Å from C1′ of U2F and “in line” for
nucleophilic attack. This orientation also places the C3

Table 2. Comparison of Os79 with Seven Other Plant UGT
Structuresa

PDB
entry species

gene
identifier

equivalent Cα
atoms

rmsd
(Å) ref

2PQ6 Medicago
truncatula

UGT85H2 375 1.9 43

2VCH A. thaliana UGT72B1 374 2.0 44
2C1Z Vitis vinerfera VvGT1 378 2.0 42
2ACW M. truncatula UGT71G1 362 2.1 41
3HBF M. truncatula UGT78G1 385 2.3 46
4REM Clitoria ternatea UGT78K6 365 2.2 47
3WC4 C. ternatea Ct3GT-A 365 2.2 45

aOs79 is remarkably similar to these plant UGTs, with rmsd values
ranging from 1.9 to 2.3 Å.

Figure 3. Electron density corresponding to the bound ligands U2F and trichothecene in complex with Os79. The maps were calculated with
coefficients of the form Fo − Fc where the ligands were omitted from the final phase calculation and refinement. The U2F (green) and trichothecene
(blue) maps were contoured to 3.0σ and 1.3σ, respectively (top). The electron density presented in the bottom panel corresponds to the
trichothecene contoured at 2.0σ (gray) and 2.5σ (magenta).
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hydroxyl 3.5 Å from the catalytic base, His 27 (Figure 4).
Trichothecene binds predominantly within the N-terminal
domain. It is bound in a large, mainly hydrophobic pocket
composed of Phe 21, Ala 24, Met 79, Phe 189, Phe 199, Val
292, Trp 383, and Ala 384 (Figure 5A). Other trichothecene
acceptor molecules for Os79 such as DON and HT-2 (Figure
1) have hydroxyls and other polar substituents at a combination
of the C4, C7, C8, and C15 positions on the trichothecene
backbone. Polar residues His 122 and Gln 202 are ideally
located in the acceptor-binding pocket to interact with these
groups (Figure 5A). At this stage, it is difficult to accurately
predict the exact orientation that DON or HT-2 might adopt in
the active site because of the ambiguity in the exact orientation
of trichothecene. However, examination of Figure 5A clearly
suggests that there is space associated with C7, C8, and C15
that could accommodate the hydroxyl and ketone groups on
DON. Likewise, there appears to be enough room to fit in the
hydroxyl moiety on HT-2 at C4; however, conformational
changes adjacent to C8 and C15 will most likely be required to
accept the isovaleryl and acetyl moieties. Indeed, trichothecene
substrates are distinguished from the planar or near planar
acceptors recognized by the other known plant UGTs by their
noticeably contorted tricyclic ring structure, which likely
requires an acceptor site that is more flexible or open to
accommodate the comparatively bulky trichothecene acceptors.
Some evidence of flexibility is seen in the active site loop.
The active site loop from Ala 24 to His 27 was unresolved in

the open conformation of Os79 in complex with UDP. The
structural basis for the increased flexibility of this loop is not
immediately obvious and is unprecedented among known UGT
structures, although large movements were seen between the
active site residues of two independent MtUGT71G1
molecules in the crystallographic asymmetric unit.41 It is
possible that the poorly conserved insertion of Ala 24 and
substitution of Ala 23 from a larger, hydrophobic side chain
have given rise to the increased flexibility of this loop by
disrupting the close hydrophobic contacts that are observed at

this position in MtUGT85H2, MtUGT71G1, VvGT1, and
AtUGTB1 (Figure 5B). An alanine or glycine residue at the
position equivalent to Ala 23 in Os79 is also observed in
Arabidopsis DOGT1, barley HvUGT13248, and sorghum
Sb06g002180 that possess DON:glucosyltransferase activity.22

However, the specificity for DON must be controlled by more
than this loop because the same change is seen in AtUGT73C6,
which shows only limited activity and no activity in
Os04g0206500 (Figure 5B). An inspection of the loop in the
closed conformation reveals that there are no direct contacts
between any of the residues in the loop and the UDP donor
(Figure 6). Thus, although there is not an immediately
apparent function for the loop in substrate binding or catalysis,
it may play a more subtle role. As noted above, the observed
disorder−order transition in this region appears to be mediated
in part by pH.
The U2F substrate lies in a long groove in the C-terminal

domain of Os79. Numerous polar contacts with the glucose,
uracil base, ribose sugar, and pyrophosphate moieties are
observed as depicted in Figure 6. The C2′, C3′, C4′, and C6′
hydroxyls of the glucose moiety hydrogen bond with residues
Gln 386, Asp 385, Trp 364, Gln 143, and Ser 142. Most of the
interactions with UDP are highly conserved throughout the
PSPG-containing enzymes, which is not surprising given the
fact that all these enzymes recognize UDP-linked donor
molecules. The binding of UDP-glucose is conserved, as can
be seen in superimpositions of VvGT1, AtUGT72B1, and
MtUGT71G1 onto Os79 (Figure 7). Additionally, Asp 385,
which forms polar contacts with the C3′ and C4′ hydroxyl
groups of glucose, occupies a position in Os79 structurally
equivalent to that of Asp 374 in VvGT1 and Asp 367 in
CtUGT78K6 (Figure 8). These residues have been shown to be
involved in donor recognition and specificity41 and are
indicative of a preference to utilize UDP-glucose as opposed
to other UDP-linked sugars. This likely represents the
structural basis for the formation of DON-3-O-glucoside in
DON resistant cereals.13,14

Catalytic Mechanism of Os79. Structural alignments with
the known plant UGTs CtUGT78K6 and VvGT1 indicate that
Os79 likely uses a similar catalytic mechanism. The H27-D120
proposed catalytic dyad of Os79 occupies a structurally
equivalent position to the H20-D119 dyad in VvGT1 and the
H17-D117 dyad in CtUGT78K6 (Figure 8). The 3-hydroxyl
group was modeled onto the trichothecene molecule bound in
the active site (Figure 4). This model places the 3-hydroxyl 3.6
Å from the nitrogen of His 27 and 2.7 Å from the anomeric C1′
atom of the glucose. As with other inverting plant UGTs, it is
proposed that His 27 serves as a general base that deprotonates
the 3-hydroxyl of the trichothecene acceptor.50 The resulting
nucleophilic oxyanion then attacks the anomeric C1′ atom of
the glucose, resulting in the formation of the glycosylated toxin
and UDP (Scheme 1). To test this hypothesis, the H27N/
D120A double mutant was constructed, which indeed showed
no activity within the sensitivity of the coupled enzymatic assay
(a decrease of 1000 in activity or a kcat of <1 × 10−3 s−1). It was
originally hypothesized that the β-phosphate was protonated by
His 361, which is 3.7 Å from one of the phosphate oxygens
(Figure 6). Catalytic activity was not decreased in the H361A
mutant, however, suggesting that this histidine does not serve
as a catalytic acid. Thr 291, which is 3.5 Å from two of the β-
phosphate oxygens (Figure 4), was also considered as the
catalytic acid. The T291V and T291A mutants are both
catalytically inactive (kcat < 1 × 10−3 s−1), suggesting that Thr

Figure 4. Active site of Os79 in complex with U2F and trichothecene.
U2F and trichothecene are colored by element. Inset is a model of the
3-hydroxyl of isotrichodermol in the active site.
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291 plays a significant role in the catalytic mechanism. There
are two possible functions for Thr 291. It could be playing a
critical structural role in positioning the phosphate during the
reaction, or it could function in the transfer of a proton to the
phosphate. Given the high pKa of threonine, it is likely that any
protonation of the phosphate occurs through proton exchange
with solvent. The location of the hydroxyl moiety for Thr 291 is
consistent with a bifurcated hydrogen bond to the phosphoryl
oxygens, though at this resolution it cannot be categorically
proven.
Steady-State Kinetic Assays. Steady-state kinetic con-

stants were determined for Os79 with four trichothecene
substrates using a coupled−continuous enzymatic assay (Table
3). These data show KM values in the low micromolar range
and turnover numbers ranging between 1.07 and 0.38 s−1.
These data are similar to the previously published KM and kcat
of 0.23 ± 0.06 mM and 0.57 s−1, respectively, for Os79 with

DON as a substrate.23 The 4-fold decrease in KM and the 2-fold
increase in kcat observed in this study are likely the result of
differences in experimental design. Michlmayr et al.23

performed their kinetic analysis by measuring the product
(after a reaction time leading to a maximum of 10% substrate
consumption) directly by HPLC and MS using the entire MBP-
containing fusion protein at 37 °C and pH 7.0, while in this
study, the reactions were performed at 23 °C and pH 8.0 with
MBP removed with TEV protease. The exact KM value could
not be determined with isotrichodermol because of the
sensitivity limit of the coupled enzymatic assay, which
quantified product formation by following the loss of A340

due to the oxidation of NADH. To uphold initial velocity
conditions, <10% of the total substrate pool (0.5 μM) was
converted to product in the reaction time course. This
corresponds to a change in A340 of 0.003 AU, which approached
the noise level in the enzyme-coupled assay. Regardless,

Figure 5. Stereoview of trichothecene bound in the active site of Os79 and sequence conservation surrounding the active site loop. (A)
Trichothecene, U2F, and Os79 residues surrounding trichothecene in the acceptor-binding pocket are colored by element. The atoms substituted in
DON, T-2, and HT-2 are labeled. The only residues depicted that are not in the N-terminal domain are Phe 189, Ala 384, Trp 383, and Val 292. (B)
Sequence alignment for the residues surrounding the active site loop that undergo a conformational transition in Os79 (Ala 24−His 27). The
numbers in the conservation plot represent the degree of conservation, with 1 being the lowest, 9 being the highest, and an asterisk indicating a
completely conserved residue.54,55 The sequences correspond to the structurally known plant UGTs, as identified by their RCSB accession codes,
and closely related UGTs that show either DON glucosyltransferase activity, slight activity, or no such activity (highlighted in green, yellow, or red,
respectively). Os04g0206500 and Os04g0206700 (formerly NM_001058778.1 and NM_001058780.1, respectively) are the UGTs most closely
related to Os79 and do not show activity.22
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isotrichodermol was the best substrate tested in terms of
catalytic efficiency.
It is unlikely that plant UGTs encounter isotrichodermol in

nature because isotrichodermol is an early intermediate in

trichothecene biosynthesis.51 However, it is conceivable that
isotrichodermol was the first virulence factor in evolution and
that plants confronted with it developed resistance to this
compound. Extension of the trichothecene biosynthetic
pathway within the fungi may have led to a reduced affinity

Figure 6. Stereoview of the polar interactions of Os79 with the U2F donor molecule. Trichothecene, U2F, and Os79 residues surrounding U2F in
the donor-binding pocket are colored by element.

Figure 7. Structural alignments show that donor binding is conserved
in plant UGT enzymes. U2F, UDP-Glc, and U2F from the plant
UGTs AtUGT72B1, MtUGT71G1, and VvGT1, respectively, are
colored by element with white carbons. U2F from Os79 is colored by
element with black carbons. All the donors are represented on the
basis of structural alignments of the respective protein molecules. This
conservation of donor binding implies a conserved catalytic
mechanism among these plant UGTs.

Figure 8. Alignment of the active sites of Os79, CtUGT78K6, and
VvGT1. Structural alignments of Os79 (blue) with CtUGT78K6
(white) and VvGT1 (tan) show a similar arrangement of active site
residues, suggesting a similar mechanism for Os79. This figure also
shows that the trichothecene lies in a position similar to that observed
for kaempherol where this is an acceptor substrate for the plant
flavonoid glucosyltranferase VvGT1.42
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for the plant UGTs, which in turn requires evolution of better
enzymes in plants. In this case, isotrichodermol establishes a
baseline for the activity level of the Os79 enzyme because it is
the least substituted trichothecene available that carries a 3-
hydroxyl substitution (trichothecene used in the structural
studies is not synthesized by Fusarium, but rather Trichoderma
species). DON, NIV, and HT-2 toxin are more highly
substituted, and Os79 shows decreased catalytic efficiency
toward them mainly because of an increase in KM. Only a very
low level of activity was detected with T-2 toxin as the substrate
in the continuous assay. However, when reaction mixtures were
allowed to incubate at room temperature for 4 h and analyzed
by LC−MS/MS, no T-2 glucoside was detected, but a small
amount of HT-2 glucoside was detected in these reaction
mixtures. Examination of the T-2 toxin starting material
revealed a low level of contamination with HT-2 toxin,
indicating that the activity observed in the coupled assay was
the result of HT-2 toxin glycosylation. These data indicate that
T-2 toxin is not a substrate of Os79 as noted previously on the
basis of a lack of increased resistance in yeast transformants.23

This implies that acetylation of the C-4 hydroxyl perturbs
substrate binding as this is the only difference between HT-2
and T-2 toxin.
In conclusion, the structures of Os79 reported here represent

the first structures of a DON:UDP-glucosyltransferase and

provide insight into the catalytic mechanism responsible for
trichothecene glycosylation. It should be noted that it has
recently been shown that increased detoxification of DON and
increased Fusarium resistance can be achieved by over-
expression of barley HvUGT13248 in transgenic wheat or the
Bradi5g03300 UGT in the model cereal species Brachypodium
distachyon.52,53 Our structures of the Os79 UGT provide
insights into substrate specificity and donor binding. Although
this study provides a significant first step, further structural
studies are needed to determine the specific binding
interactions of more substituted trichothecene substrates.
Such studies may provide the structural information needed
to engineer Os79 and related enzymes to accept other
trichothecenes such as T-2 toxin as substrates.
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■ ABBREVIATIONS
D3G, deoxynivalenol 3-O-glucoside; DON, deoxynivalenol;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
MBP, maltose-binding protein; MPD, 2-methyl-2,4-pentane-
diol; NiNTA, nickel-nitrilotriacetic acid; NIV, nivalenol; Os79,
product of the Os04g0206600 gene (original sequence
NM_001058779); rmsd, root-mean-square deviation; SeMet,
selenomethionine; TCEP, tris(2-carboxyethyl)phosphine; TEV,

Scheme 1. Proposed Catalytic Mechanism for the
Glycosylation of Isotrichodermol by Os79a

aThe His 27-Asp 120 catalytic dyad serves as a general base that
deprotonates the 3-hydroxyl of the trichothecene acceptor. The
resulting nucleophilic oxyanion attacks the anomeric C1′ atom of
glucose. Thr 291 plays a critical role in either positioning the
phosphate or protonating it before the release of UDP. It is possible
that Thr 291 serves both of these roles.

Table 3. Steady-State Kinetic Constants for Various
Trichothecene Substrates

substrate KM (μM) kcat (s
−1) kcat/KM (s−1 M−1)

deoxynivalenol 61 ± 6 1.07 ± 0.04 1.7 × 104

HT-2 22 ± 2 0.85 ± 0.02 3.8 × 104

isotrichodermol <1.5a 0.79 ± 0.02 >5.2 × 105

nivalenol 35 ± 6 0.38 ± 0.02 1.1 × 104

aNot determined because of the limited sensitivity of coupled−
continuous enzymatic assay.
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tobacco etch virus protease; U2F, UDP-2-fluoro-2-deoxy-D-
glucose; TRI, trichothecene.
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