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ABSTRACT

Bethoxazin is a new broad spectrum industrial microbicide with applications in material and coating
preservation. However, little is known of its reactivity profile and mechanism of action. In this study,
we examined the reactivity of bethoxazin toward biologically important nucleophilic groups using
UV-vis spectroscopy and LC-MS/MS techniques and found the molecule to be highly electrophilic.
Bethoxazin reacted with molecules containing free sulfhydryl groups such as GSH and human serum
albumin to form covalent adducts that were detectable by MS, but did not react with amino, carboxylic,
phenolic, amino oxo, alcoholic, and phosphate functional groups. Bethoxazin potently inhibited the cat-
alytic activity of yeast DNA topoisomerase Il and the growth of yeast BY4742 cells at low micromolar
concentrations. However, the reduced form of bethoxazin and GSH-treated bethoxazin were both inac-
tive in these assays. The experimentally determined relative reactivity of bethoxazin and its reduced
form analog correlated with their biological activities as well as their quantum-mechanically calculated
electrophilicity properties. Taken together, the results suggest that bethoxazin may exert its microbicidal
action by reacting with sensitive endogenous sulfhydryl biomolecules of microbial cells. Consistent with
this view, the inhibitory activity of bethoxazin on topoisomerase Il may be due to its ability to react with
critical free cysteine sulfhydryl groups on the enzyme. Our studies have provided for the first time a bet-
ter understanding of the reactivity of bethoxazin, as well as some insights into the mechanism by which

the compound exerts its microbicidal action.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Bethoxazin (Bethoguard™, 1 in Fig. 1) is a broad spectrum indus-
trial microbicide introduced by Janssen Pharmaceutica® and regis-
tered with the US Environmental Protection Agency (code 090421)
in 2006 for use in woods to control the growth of fungi, molds and
algae. It is also being promoted for use as a preservative in plastics,
stains, adhesives and sealants.? The compound was originally
discovered by the Uniroyal Chemical Crop Protection Division in
the early 1990s as a fungicide that exhibited high potency against
certain fungal pathogens in vitro.>* However, the compound did
not exhibit any promising activity in eradicating or preventing
fungal infection in plants (company’s unpublished results), and as
a result, bethoxazin was not further developed for use on crops.

Abbreviations: Cys, cysteine; DTT, dithiotreitol; ESI, electrospray ionization;
GSH, glutathione; HRMS, high resolution mass spectrometry; HSA, human serum
albumin; kDNA, kinetoplast plasmid DNA; kops, pseudo first order rate constant; LC,
liquid chromatography; MS, mass spectrometry; MS/MS, tandem mass spectrom-
etry; MSDS, material safety data sheet; ty,, half-life; Tris, tris(hydroxymethyl)ami-
nomethane; UV-vis, ultraviolet-visible.

* Corresponding author. Tel.: +1 204 272 1589; fax: +1 204 474 7617.

E-mail address: lean_chee@umanitoba.ca (G.-L. Chee).

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.12.051

The mechanism by which bethoxazin exerts its microbicidal
action and other toxicities is unknown. It is also unclear why beth-
oxazin is much less effective in controlling fungal diseases in
plants. Studies on bethoxazin have focused mostly on the evalua-
tion of its biocidal activity spectrum for commercial purposes.!~’
An understanding of the reactivity of bethoxazin should provide
some insight into the mechanism of action of the molecule, and
help define the formulations and conditions required for practical
application of the compound.

Bethoxazin has a 1,4,2-oxathiazine 4-oxide ring system that is
relatively uncommon (Fig. 1). A search in SciFinder Scholar (CAS,
Columbus, OH) indicates that this ring is not found in the struc-
tures of any commercially available compounds and is found in
only 134 other structures. Therefore, because the chemistry of
oxathiazine oxide ring system has not been closely examined, a
study of the reactivity of bethoxazin should provide a better under-
standing of the chemical and biological properties of this ring
system.

The oxathiazine oxide ring of bethoxazin (Fig. 1) consists of a
sp2-hybridized carbon, C3, that may be susceptible to nucleophilic
attack. The hypothesis is made on the basis that atom C3 is
attached to an electronegative oxygen (O1) and a strongly
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Figure 1. Chemical structures of bethoxazin (1) and its reduced form analog (2).

electron-withdrawing sulfoxide group at position-4, which could
also be a good leaving group. The hypothesis is also supported by
the longer than usual S4-C3 bond as reported in the X-ray crystal
structure of bethoxazin.’ In addition to atom C3, the sulfoxide
group itself in the oxathiazine oxide ring of bethoxazin may also
be electrophilic. This is suggested because DMSO (Me,S"0™) has
been found to react slowly with sulfhydryl nucleophiles such as
methanethiol to form a sulfurane intermediate (Me,(MeS)SOH)®
despite the fact that a sulfoxide is better known to react with an
electrophile (R'’X) to form a sulfonium ion intermediate
(R,STOR’-X7).° The hypothesis that bethoxazin may be electrophilic
is further supported by chemical decomposition of bethoxazin at
high pH,! which may involve nucleophilic attack of bethoxazin
by hydroxide anions.

Based on the above reasoning, we examined the reactivity of
bethoxazin towards a representative set of nucleophilic functional
groups present in the biological systems. The relationship between
chemical reactivity and biological activity of bethoxazin and its
reduced form, analog 2 (Fig. 1), was explored to explain the micro-
bicidal mechanism of bethoxazin. Reaction products were also
characterized to test our hypothesis on the electrophilicity of C3
in an oxathiazine ring as well as to propose the reaction mecha-
nism for nucleophilic attack on the molecule.

2. Experimental
2.1. Materials, yeast cells and enzyme

Bethoxazin and analog 2 were gifts from Chemtura (Guelph,
Canada). Reagents used as nucleophiles were GSH, cysteine, HSA,
sodium acetate, methanol, phenol, alanine methyl ester, guanine,
and methyl 3-mercaptopropionate were from Sigma-Aldrich (Oak-
ville, Canada). The yeast cells (BY4742 strain, MATalpha his3A1
leu2A0 lys2A0 ura3A0) were from Open BioSystems (Hunstville,
AL). Recombinant yeast topoisomerase Il enzyme was purified
using a protease-deficient topoisomerase I-negative strain JEL1t1
as we previously described.!®

2.2. Chemical stability studies

The reactions of bethoxazin and 2 with a nucleophile were car-
ried out at room temperature or 37 °C as indicated and followed
spectrophotometrically by repeated scanning, at fixed times, on a
Cary 1 spectrophotometer (Varian, Mulgarave, Australia). The reac-
tions were initiated by adding a small volume of stock nucleophiles
to a freshly prepared 30-100 puM of bethoxazin or 2 in 20 mM Tris
or phosphate buffer solution at pH 5.4 or 7.4, as indicated, to give a
total volume of 1 mL in 1 cm stoppered silica cells.

2.3. LC-MS/MS analysis of bethoxazin-GSH reaction products

Two equivalents of GSH were added to 100 uM of bethoxazin in
20 mM Tris buffer (pH 7.4) containing 10% (v/v) methanol. The
reaction was allowed to proceed at room temperature for 8 h and
then diluted twofold to give a 50% (v/v) methanol/aqueous

solution. In a separate experiment, the same reaction was
performed with 2.1 equiv of GSH in 20 mM Tris buffer (pH 7.4)
without using methanol as a co-solvent and was diluted to give a
50% (v/v) methanol/aqueous solution as described before. Both
solutions were subsequently analyzed on a Varian 500-MS LC-
MS/MS ion trap mass spectrometer (Mississauga, Canada)
equipped with 212-LC chromatography equipment. The eluent
used was 80% (v/v) methanol/water containing 0.1% (v/v) formic
acid for the first 5 min, which was changed to 90% (v/v) metha-
nol/water over 2 min and maintained for the remaining 21 min
of the run. The eluent flow rate was 200 pL/min and the sample
(10 pL) was chromatographed on a Varian Pursuit C-18 column
(3 um pore size, 100 x 2 mm). The ionization mode was positive
ESI with N, at 35 psi as the nebulizer gas. The drying gas was set
at 18 psi and 350 °C. The voltages of the needle and shield were
4059 and 90V, respectively. Positive ions were scanned in the
range of 200-900 Da using a scan rate of 15 kDa/s and a mass
increment of 150-2000 Da. The relevant precursor ions were se-
lected for low energy collision-induced dissociation MS/MS analy-
ses using helium as the collision gas with a flow rate of 0.8 mL/min
and collision voltage in the range of 0.5-2.5V.

2.4. Reaction of bethoxazin with methyl 3-mercaptopropionate

A 100 mM solution of methyl 3-mercaptopropionate in DMSO
(210 pL, 210 uM) was added to 100 uM of bethoxazin in 20 mM
of Tris buffer (100 mL, pH 7.4). The resulting mixture was stirred
at room temperature for 8 h before it was extracted with ethyl
acetate (20 mL). The organic phase was dried (Na,SO4) and concen-
trated under reduced pressure to afford a colorless residue
(3.2 mg). The 'H and '3C NMR spectra of the product were recorded
at 300K on a Bruker AM-300 FT NMR spectrometer (Bruker, Mil-
ton, Canada) operating at 300.13 MHz and 75.5 MHz, respectively.
The ESI-MS was recorded on a Varian 500-MS ion trap mass spec-
trometer. The HRMS was recorded on a Bruker micrOTOF ESI-Time-
of-Flight MS system. '"H NMR (CDCl3) § 7.77 (2H, m), 7.73 (1H, s),
7.38 (2H, m), 4.54 (2H, t, J=6.5), 3.71 (3H, s), 3.69 (3H, s), 3.35
(2H, t,J=7.2),3.09 (2H, t, J=6.5), 2.97 (2H, t, J=7.2), 2.79 (2H, t,
J=7.2),2.67 (2H, t, J=7.2); 3C NMR (CDCl5) 6 172.16 (C), 171.83
(C), 145.32 (C), 140.49 (C), 139.01 (C), 138.20 (C), 126.38 (CH),
125.81 (CH), 124.64 (CH), 124.41 (CH), 122.27 (CH), 72.97 (CH,),
51.90 (2 x CH3), 37.51 (CH,), 35.06 (CH;), 33.98 (CH,), 33.36
(CHy), 28.14 (CH,); ESI-MS m/z (relative intensity) 496 ([M+Na]*,
100), 337 (10), 307 (8); HRMS calcd for [Ci9H3NOsS4+H]*
474.0537, found 474.1049.

2.5. ESI-MS study of bethoxazin binding to HSA

The reaction of bethoxazin with HSA was carried out by adding
11 pL of 6 mM bethoxazin (66 (M final concentration) in DMSO to
1 mL of 65 pM HSA in 16 mM Tris buffer (pH 7.4) under sterile con-
ditions. The reaction was allowed to proceed at 37 °C for 5 h, and
the resulting mixture was then dialyzed three times in water
(1L) for 2 h at 4 °C using a dialysis membrane with a 10,000 Da
cutoff to remove non-covalently or weakly bound small molecules.
Water (124 pL), methanol (76 pL), and formic acid (17 pL, 6% (v/v))
were added to the dialyzate (150 pL) prior to MS analysis on an
Applied Biosystems API 2000 Triple Quadrupole mass spectrome-
ter (Thornhill, Canada) equipped with a syringe pump (Harvard
Apparatus, Holliston, MA) at a flow rate of 5-10 pL/min. The Ana-
lyst software (version 1.4) was used for system control and data
acquisition. The ESI source was operated in the positive ion mode
with an electrospray voltage of +4.4 kV, without capillary heating.
Scanning was 1000-1800 m/z units every 4 s with a step size of
0.10 amu. MagTran freeware (version 1.02, http://www.geoci-
ties.com/SiliconValley/Hills/2679/magtran.html) was wused for
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charge state deconvolution of HSA and HSA treated with
bethoxazin.

2.6. Yeast DNA topoisomerase Il decatenation inhibition gel
assay

The catalytic inhibition of topoisomerase II by bethoxazin, 2,
and GSH-treated bethoxazin was measured by the ATP-dependent
decatenation of kDNA (Topogen, Port Orange, Fl) into minicircles of
DNA using a procedure we previously described.!! For the GSH-
treated bethoxazin sample, 100 uM of bethoxazin in 20 mM of Tris
buffer (pH 7.4) was treated with 2.1 equiv of GSH for 8 h at room
temperature and then concentrated to dryness under reduced
pressure before it was dissolved in DMSO and used in the enzyme
assay. The enzymatic reactions were carried out in 20 pL volume
and contained 50 mM Tris-HCI (pH 8.0), 120 mM KCI, 10 mM
MgCl,, 0.5 mM ATP, 30 pg/mL bovine serum albumin, 40 ng kDNA,
0.5 pL compound or DMSO, and 75 ng yeast topoisomerase II pro-
tein. The reaction was allowed to proceed at 37 °C for 20 min and
terminated by the addition of 6 uL of a stop buffer containing
5mM Tris pH 8.0, 30% (w/v) sucrose, 0.25% (w/v) bromophenol
blue, and 125 mM NayEDTA. The decatenated reaction products
were loaded on to a 1% (w/v) agarose gel containing 0.5 pg/mL of
the DNA stain ethidium bromide and separated using a running
buffer containing 40 mM Tris—-HCl, 2 mM Na,EDTA, and 0.11%
(v/v) glacial acetic acid at 80V for about 50 min. The DNA in the
gel was imaged by its fluorescence on an Alpha Innotech (San Lean-
dro, CA) Fluorochem 8900 imaging system equipped with a
365 nm UV illuminator and charge-coupled device camera.

2.7. Yeast growth inhibition assay

Yeast BY4742 cells were grown overnight in 5 mL of YPAD li-
quid medium containing 1% Bacto yeast extract (BD Diagnostics,
Mississauga, Canada), 2% Bacto peptone (BD Diagnostics), 2% dex-
trose and 100 mg/l adenine hemisulfate. The cell density was
determined using a hemocytometer. The titer of the YPAD culture
was inoculated at a cell density of 5 x 10° cells/mL and 100 pL was
delivered into each well of a 96-well plate. Bethoxazin, 2, and GSH-
treated bethoxazin sample were dissolved in DMSO and added to
the wells such that the final concentration of DMSO was 0.5% (v/
v). The GSH-treated bethoxazin sample was prepared as described
above in the topoisomerase II assay section. The plates were incu-
bated for 6 h at 30 °C with shaking at 200 rpm at which time 7 pL
of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) Cell Titer 96 Aqueous One
Solution (Promega, Madison, WI) was added to each well and incu-
bated for a further 4 h, and then stored at 4 °C until absorbance
was read. The absorbance was measured in a Molecular Devices
(Menlo Park, CA) plate reader. The spectrophotometric 96-well
plate cell growth inhibition assay measures the ability of the cells
to enzymatically reduce MTS. Three replicates were measured at
each drug concentration, and the ICsq values and their SEs for
growth inhibition were obtained by fitting the absorbance-drug
concentration data to a four-parameter logistic equation using Sig-
ma Plot (SyStat, Point Richmond, CA) as we previously described.!!
The errors quoted for the ICsq values are standard errors from the
non-linear least-square analyses.

2.8. Computational studies of bethoxazin and analog 2

Calculations of molecular orbital properties (HOMO and LUMO)
were performed on the lowest energy conformer of bethoxazin and
analog 2. The conformers were identified by a conformational
search at ground state using molecular mechanics (MMFF) on Spar-
tan 04 version 1.0.0 software (Wavefunction, Irvine, CA). Single

point energy in water was calculated for these conformers using
AM1 Hamiltonian and restricted Hartree-Fock formalism on
TSAR™ version 3.3 software (Oxford Molecular, Oxford, UK).

3. Results

3.1. Spectrophotometric studies of the reactions of bethoxazin
and analog 2 with nucleophiles

Since bethoxazin has the potential to act as an electrophile, its
chemical reactivity was first examined with a group of biologically
relevant nucleophiles. The study would indicate whether bethoxa-
zin has the ability to form covalent adducts with biomolecules
such as peptides, proteins, DNA, and membrane lipids.

The reactivity of analog 2 (Fig. 1), which is a reduced form of
bethoxazin and a synthetic precursor in the preparation of bethox-
azin,* was also examined. It was of interest to include 2 in our
studies because the compound is structurally analogous to bethox-
azin, but was much less effective than bethoxazin as a wood pre-
servative (Uniroyal Chemical’s unpublished results). Therefore,
knowing the reactivity of 2 in comparison to bethoxazin could help
explain the mechanism of action of bethoxazin.

The reactions of bethoxazin and analog 2 with nucleophiles in
Tris buffer at pH 7.4 and 5.4 were followed spectrophotometrically
with time. Representative UV-vis spectral changes and plots of
absorbance at 327 nm with time, as well as a summary of the ks
and ty; of the reactions are presented in Figure 2A-F.

Bethoxazin reacted rapidly with five equivalents of GSH and
cysteine in Tris buffer (pH 7.4, 25 °C) at about the same rate, giving
ty1)2 values of 2.1 and 1.5 min, respectively (Fig. 2E and F). The reac-
tions with GSH and cysteine displayed an isosbestic point at
317 nm, as shown in Figure. 2A and B, respectively, indicating
the formation of a single absorbing product in each reaction. When
the reaction with GSH was carried out at pH 5.4, the rate constant
was about 86-fold lower than that at pH 7.4 (Fig. 2E and F). The 86-
fold decrease in the reaction rate constant corresponds to the the-
oretical 100-fold decrease in the GSH thiolate anion concentration
in going from pH 7.4 to 5.4, which suggests that the thiolate anion
was the reactive species. Given that thiolate anion is a much stron-
ger nucleophile than the unionized form, this observation strongly
suggests that bethoxazin was reactive only toward strong nucleo-
philes. A much slower reaction was observed for the reaction of
bethoxazin with HSA at pH 7.4 (Fig. 2C). Because the disappearance
of bethoxazin in this reaction at 25 °C was too slow to be conve-
niently followed to completion, a linear fit to the first 60 min of
the reaction was performed to obtain the initial rate of reaction
from the slope of the fitted line. Assuming that change in the
extinction coefficient for the HSA reaction was the same as that
for the cysteine reaction, the rate constant of the reaction with
HSA was 410-fold lower than that of the reaction with cysteine car-
ried out under the same conditions (Fig. 2F). Since HSA contains a
single free cysteine sulfhydryl group that is more sterically hin-
dered than the low molecular weight sulfhydryl compounds, it
would be expected to react more slowly with bethoxazin.

In contrast to bethoxazin, 2 did not react with GSH, cysteine, or
HSA at pH 7.4 or 5.4 as indicated by the lack of spectral changes
over a period of 1d after the addition of the nucleophiles
(Fig. 2D). The absence of an electron-withdrawing sulfoxide group
in the oxathiazine ring of 2 substantially reduced the electrophilic-
ity of the molecule.

In contrast to its reactivity toward sulfhydryl groups, bethoxa-
zin did not react with five equivalents of alanine methyl ester,
sodium acetate, phenol, and guanine in Tris buffer (pH 7.4) as
the reactions displayed no spectral changes over 1 d. Bethoxazin
also did not react with phosphate buffer (20 mM, pH 7.4) or meth-
anol (10% (v/v)) in Tris buffer (pH 7.4). Analog 2 also did not react
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Figure 2. Spectrophotometric study of the reactions of bethoxazin with GSH, cysteine, and HSA, and the reaction of analog 2 with GSH. The spectra were recorded before the
addition of the sulfhydryl nucleophile (0 min) and at various times after the addition of the nucleophile. Spectral changes that occurred when 30 uM of bethoxazin was
allowed to react with 150 uM of (A) GSH, (B) cysteine, and (C) HSA in 20 mM Tris buffer (pH 7.4, 25 °C). (D) No absorbance changes were observed for analog 2 (100 pM) in
20 mM Tris buffer (pH 7.4, 25 °C) over a 1 d period after the addition of GSH (500 pM), indicating that 2 did not react with GSH. (E) The decrease in absorbance of bethoxazin
in the presence of GSH (A), cysteine (@), and HSA (O) at pH 7.4, and GSH (V) at pH 5.4 were compared by plotting the absorbance at 327 nm with time for each nucleophile.
The solid lines for GSH and cysteine at either pH 7.4 or 5.4 are curve fits to a three-parameter exponential decay equation, whereas that for HSA is a linear fit for the first
60 min of the reaction. For comparison purpose, the absorbance for all the reactions was normalized to a value of 1.0 at time 0 min. (F) Summary of kops derived from the curve

fits described in (E) and ty, values calculated from Kops.

with any of these nucleophiles, which is anticipated given that it
did not react with GSH and cysteine. These results suggest that
bethoxazin is unlikely to form covalent adducts with biomolecules
by reacting with the amino, carboxylic, phenolic, amino oxo, alco-
holic, and phosphate functional groups. However, the reaction of
bethoxazin with free sulfhydryl groups in peptides and proteins
would likely be the major route of reaction for bethoxazin in cells.

3.2. Spectrophotometric determination of the stoichiometry of
bethoxazin-GSH binding

To further explore the mechanism of the reaction of bethoxazin
with sulfhydryl groups, we determined the stoichiometry of the
reaction. The reactions of bethoxazin with 0, 1.1, 2.1, and 5.1 -
mol equiv of GSH in Tris buffer (pH 7.4) were carried out at room
temperature for 1 h to ensure that the reactions were complete
before their UV-vis spectra were acquired. Increasing the molar
equivalents of GSH from 0 to 2.1 resulted in spectral changes that
were the same as those shown in Figure 2A, displaying an isos-
bestic point at 317 nm. No further spectral changes were observed
when the molar equivalents of GSH were increased to 5.1 from 2.1.
The result suggests that bethoxazin reacted with GSH at a ratio of
two GSH per molecule of bethoxazin. The isosbestic point observed
suggests that a single absorbing product was formed and its forma-
tion was independent of the molar equivalents of GSH.

3.3. Characterization of the reaction of bethoxazin with small
sulfhydryl molecules

The reactions of bethoxazin with free sulfhydryl groups were
further investigated by characterizing the products of bethoxa-
zin-GSH reaction using LC-MS/MS. In the first experiment, the
reaction of bethoxazin was carried out with 2.0 equiv of GSH in Tris
buffer (pH 7.4) containing 10% (v/v) methanol to prevent the
precipitation of bethoxazin. The reaction afforded a major faster-
running peak, I, and a minor slower-running peak, II, in the total
ion chromatogram shown in Figure 3A. However, when the reac-
tion was carried out with 2.1 equiv of GSH in Tris buffer without
using methanol as a co-solvent, only peak I was observed
(Fig. 3B). Based on ESI-MS/MS positive mode analysis, peak I is

proposed to be adduct 4, which has two molecules of GSH conju-
gating with one molecule of bethoxazin, resulting from the attack
of GSH on atom C3 initially, as shown in Route A of Figure 4. How-
ever, we could not rule out peak I being adduct 4a at this stage be-
cause S4 of the sulfoxide group of bethoxazin might also be the site
of GSH attack as shown in Route B of Figure 4. Structures 4 and 4a
have the same molecular mass and correspond to the molecular
ion m/z 848 shown in Figure 3C. Both structures are consistent
with the finding that the reaction occurred at a ratio of two GSH
per molecule of bethoxazin as shown in the stoichiometric deter-
mination study. The appearance of two major daughter ions, m/z
719, and 701, in the MS/MS fragmentation of m/z 848 (Fig. 3D) is
consistent with the possible structures proposed for 4 and 4a.
Daughter ion m/z 719 was likely resulted from the loss of a glutam-
yl residue from the parent ion, whereas m/z 701 was due to the fur-
ther loss of a hydroxyl group from daughter ion m/z 719, as shown
by the proposed fragmentations of structure 4 exemplified in Fig-
ure 5.

To confirm the structural identity of peak I, we carried out a
separate reaction involving bethoxazin and methyl 3-mercapto-
propionate, a structurally much simpler GSH analog. We decided
to use methyl 3-mercaptopropionate in place of GSH as a model
in this study to simplify the product isolation and NMR interpreta-
tion. Spectroscopic characterization of this product (data in Section
2.4) revealed adduct 6, which is a ring opened disulfide structure
with two methyl 3-mercaptopropionate molecules attached to it
(Fig. 5). Based on this finding, it is reasonable to assign structure
4 to peak I, and conclude that the reaction of bethoxazin with
GSH occurred with GSH attacking C3 of the oxathiazine oxide ring
to form ring opened intermediate 3 (Route A of Fig. 4). Subsequent
attack at the sulfenic group of 3 by a second GSH afforded 4 as final
product. The formation of disulfide 4 is also supported by a recent
report that transiently formed sulfenic acids react with sulfhydryl
nucleophiles to give disulfide adducts in good yields.'? Sulfhydryl
attack at C3 was somewhat anticipated because reactions involv-
ing sulfhydryl attack at the sulfur atom of a sulfoxide group are
rare and have never been reported for any systems that resemble
the oxathiazine oxide ring.

The minor peak (II) in the total ion chromatogram shown in
Figure 3A is proposed to be mono-GSH adduct 5 (Fig. 4) which
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Figure 3. LC-MS/MS characterization of the reaction of bethoxazin with GSH. (A) Total ion chromatogram of the reaction of 100 pM bethoxazin with 2.0 equiv of GSH in the
presence of 10% (v/v) methanol as a co-solvent. (B) Total ion chromatogram of the reaction of 100 pM bethoxazin with 2.1 equiv GSH in the absence of methanol. (C) Positive
ion mode ESI-MS spectrum of peak L. (D) Positive ion mode ESI-MS/MS spectrum of molecular ion m/z 848. (E) Positive ion mode ESI-MS spectrum of peak II. (F) Positive ion

mode ESI-MS/MS spectrum of molecular ion m/z 573.
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Figure 4. Two possible routes proposed for the reaction of bethoxazin (1) with GSH in the presence of methanol as a co-solvent. Route A shows the attack of atom C3 of 1 by
GSH to give intermediate 3 which is then attacked at the sulfenic group by a second GSH or the less nucleophilic methanol to give 4 or 5 as a major or a minor product,
respectively. Route B shows the attack of GSH at the sulfoxide S4 of 1 to give 3a that is attacked also at S4 by another GSH or methanol to give 4a or 5a as a major or minor

product, respectively.

corresponds to molecular ion m/z 573 identified in the ESI-MS/MS
analysis (Fig. 3E). Structure 5a (Fig. 4), which has the same molec-
ular mass as 5, is unlikely to be a possible structure for peak II as
the reaction was reasoned to proceed via intermediate 3. Daughter
ions from MS/MS fragmentation of the molecular ion were m/z
541, 498, 444 and 266 (Fig. 3F), and likely resulted from the loss
of the methoxy, glycyl, glutaryl and glutathionyl groups, respec-
tively, as shown for the fragmentations proposed for structure 5
in Figure 5. The fact that the formation of adduct 5 was only minor
even though the concentration of methanol was in large excess
(11,000-fold) over the concentration of GSH suggests that its for-
mation was made possible only by the low molar concentration
of GSH. Considering that bethoxazin itself did not react with meth-
anol as shown in the spectrophotometric studies, the formation of
5 strongly suggests that intermediate 3 was a much more reactive
electrophile than bethoxazin itself. Taken together, Route A of

Figure 4 is likely to be the major pathway for nucleophilic attack
on bethoxazin.

3.4. ESI-MS characterization of the reaction of bethoxazin with
HSA

While bethoxazin was shown to react only slowly with HSA in
the spectrophotometric studies, we examined the reaction further
using ESI-MS as a model to study the possible sulfhydryl binding of
bethoxazin to proteins. The positive ion mass spectra of HSA and
HSA treated with bethoxazin are shown in Figure 6A and C, respec-
tively. Since these two spectra show only the m/z of the multiply
charged HSA protein species, molecular mass spectra of neutral
proteins were further derived by deconvoluting the protein charge
state. Molecular mass spectra for HSA and HSA treated with beth-
oxazin are shown in Figure. 6B and D, respectively.
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Figure 6. ESI-MS spectra showing covalent labeling of HSA by bethoxazin. Positive
ion mode ESI-MS spectra of (A) HSA and (C) HSA treated with bethoxazin at
equimolar amount. The numbers above the peaks identify the multiply charged
positive ions of the HSA protein species. Deconvoluted molecular mass spectra for
(B) HSA and (D) HSA treated with bethoxazin, derived from their corresponding
multiply charged protein spectra. Deconvoluted mass spectrum (B) shows that HSA
was present as a mixture of free HSA and cysteinylated HSA, whereas (D) shows
that treatment with bethoxazin afforded a bethoxazin-HSA adduct.

Commercially available HSA is a mixture of unmodified and
post-translationally modified forms.'> The unmodified free HSA
form has a theoretical protonated molecular ion mass of
66439 Da from the amino acid sequence with 17 disulfide bridges
and a single Cys-34 residue.!*> The major post-translationally
modified form is the cysteinylation form (Cys-HSA) which has a
cysteine residue bound to Cys-34 of HSA via a disulfide linkage!3
and has a theoretical molecular ion mass of 66558 Da. The decon-
voluted mass spectrum (Fig. 6B) shows that the untreated HSA
afforded two major peaks, 66398 and 66542 Da, which corre-
sponded well to the theoretical molecular ion mass of free HSA
and Cys-HSA, respectively. The result was consistent with free
HSA and Cys-HSA being present in the untreated HSA. After treat-
ment of HSA with one equivalent of bethoxazin, a new peak at
66672 Da appeared in the deconvoluted spectrum as shown in

Figure 6D, which was most likely due to formation of mono-HSA
adduct of bethoxazin (obsd. 1-HSA adduct Am +283 amu; calcd.
Am +251 amu). The result suggests that the reaction of bethoxazin
with HSA occurred at an equimolar ratio as opposed to the reac-
tions with small sulfhydryl nucleophiles such as GSH, cysteine,
and methyl 3-mercaptopropionate that occurred at RSH-bethoxa-
zin ratio of 2:1. Steric interaction between the bulky mono-HSA
adduct of bethoxazin and the partially embedded Cys-34 of a sec-
ond HSA molecule would be too great for further intermolecular
conjugation to take place. Also, the reactive sulfenic group of the
mono-HSA adduct would be more likely to react intramolecularly
with the neighboring nucleophilic amino acid side chains. Judging
by the fact that the peak corresponding to free HSA diminished sig-
nificantly while the peak corresponding to Cys-HSA was not mea-
surably affected, only the free HSA appeared to have reacted with
bethoxazin to form a covalent adduct.

3.5. Effects of bethoxazin, analog 2, and bethoxazin pretreated
with GSH on catalytic decatenation activity of purified yeast
DNA topoisomerase II and on growth of yeast cells

We and others have shown that the catalytic activity of DNA
topoisomerase Il enzyme is highly sensitive to sulfhydryl reactive
compounds due to the presence of a critical cysteine residue on
the enzyme.'*'® Therefore, topoisomerase 1l was selected as a
model to demonstrate the effects of sulfhydryl binding of bethox-
azin on enzymatic catalysis. In addition, given that topoisomerase
Il is also an enzyme essential for cell growth and division,'”~? it
would be of interest to determine whether bethoxazin may, in part,
be exerting its microbicidal action by inhibiting topoisomerase II
through reaction with its free sulfhydryl groups. Since yeast cells
are frequently used as a model for screening fungicides, we se-
lected yeast BY4742 cell line to study the cytotoxicity of bethoxa-
zin. Given the high reactivity of bethoxazin toward sulfhydryl
molecules, reagents containing free sulfhydryl groups, such as
DTT and cysteine, were not added in the enzymatic and cell culture
assays. However, there was a small amount of DTT (0.2 uM) pres-
ent in the decatenation assay mixture from the topoisomerase II
stock solution. This was much lower than the concentrations of
bethoxazin tested and, thus, would only minimally affect the
activity of bethoxazin.

The effects of the chemical reactivity of bethoxazin on its enzy-
matic and cellular activities can be further understood by compar-
ing its activities with those of analog 2. These two compounds are



1500

structurally so close to each other that any striking difference in
their biological activity is likely due to the profound difference in
their reactivity toward sulfhydryl binding as shown in the spectro-
photometric studies. Given the role of GSH binding as an important
physiological detoxification process for many electrophilic xenobi-
otics, and that this reaction occurred so rapidly for bethoxazin, a
bethoxazin sample that had been pretreated with GSH was also in-
cluded in the enzymatic and cytotoxicity studies to investigate its
biological effects.

The inhibition of topoisomerase II catalytic activity was deter-
mined by the ability of the compound to inhibit enzyme-mediated
decatenation of kDNA into mini circles of DNA that are detectable
in an ethidium bromide gel assay (Fig. 7A). In the assay, bethoxazin
strongly inhibited the decatenation activity of purified yeast topo-
isomerase Il with an ICsg value of 5.3 + 1 uM (Fig. 7B) even though
the reaction was only allowed to proceed at 37 °C for 20 min. The
result implies that bethoxazin rapidly reacted with topoisomerase
Il and that the critical cysteine residues on the enzyme was more
readily accessible than that of HSA. In contrast to bethoxazin, ana-
log 2 and bethoxazin pretreated with GSH had no observable ef-
fects on the catalytic activity of the enzyme even at 100 uM
(Fig. 7A). Consistent with the results obtained for the enzyme as-
say, bethoxazin also potently inhibited the growth of yeast cells
with an ICsg value of 11 + 1 M, whereas the other two compounds
were completely inactive even at 200 pM, as shown in Figure 7C.
Notably, the yeast cell growth ICsy value obtained for bethoxazin
was comparable to its ICso value for topoisomerase II inhibition,
suggesting that inhibition of topoisomerase Il may be the mecha-
nism by which bethoxazin exerts its cytotoxic effects on yeast cells.

3.6. Computational studies of bethoxazin and analog 2

Since bethoxazin and analog 2 exhibited a striking difference in
their reactivity toward sulfhydryl groups despite their close struc-
tural resemblance to each other, semi-empirical molecular orbital
calculations were carried out to explore whether their properties
relating to electrophilicity and reactivity could be correlated with
their experimentally observed reactivity. The energy of the highest
occupied molecular orbital (Egomo) and lowest unoccupied molec-
ular orbital (E ymo) can sometimes predict the nucleophilicity and
electrophilicity of a molecule, respectively, with lower Eymo
values implying higher electrophilicity.2’ The absolute difference
between Eyomo and Ejymo of a molecule can sometimes serve as
a measure of reactivity, where a lower energy gap implies
enhanced reactivity due to the ease of excitability.?! Another
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method for describing the reactivity of an electrophilic molecule
is the widely used global electrophilicity index (w = [Eoyo+
2EnomoELumo + EfUMO]/[4(ELUMO — EHOMO)]) derived from KOOPma]‘lS,
theorem.??24 For this index, a higher value implies greater electro-
philicity. The calculated values of these descriptors for bethoxazin
and analog 2 shown in Table 1 all suggest that bethoxazin has
higher electrophilicity and reactivity than analog 2, which is in ac-
cord with their experimentally observed relative reactivity.

4. Discussion

Bethoxazin and other oxathiazine oxide compounds have a
broad spectrum of activity toward different species of microbial
organisms.'># Although bethoxazin has not been reported to exhi-
bit herbicidal activity, other oxathiazine oxide compounds are
known to be herbicidal.® Our results showed that the oxathiazine
oxide ring of bethoxazin reacted quickly with sulfhydryl nucleo-
philes. The reaction was pH dependent, suggesting that the thiolate
anion was the reactive species. Bethoxazin would be very efficient
in its ability to deplete GSH because it reacted with two molecules
of GSH. Our results also suggest that the nucleophilic attack of GSH
on bethoxazin initially occurred at C3 of the oxathiazine oxide ring,
affording intermediate 3 that was even more reactive than bethox-
azin itself (Route A of Fig. 4). Even though the reaction of bethox-
azin with HSA was slow, the reaction with topoisomerase Il was
fast, suggesting that there is less steric hindrance at the critical cys-
teine residues on the enzyme. The potent inhibition of the growth
of yeast cells by bethoxazin was also likely due to the reactivity of
the compound as demonstrated by the inactivity of its non-reac-
tive analog (2) in the same assay. Consistent with our experimental
studies, bethoxazin was further shown to be comparatively more
electrophilic and reactive than its analog 2 in the quantum
mechanical calculations. Like bethoxazin, other electrophilic
oxathiazine oxides should also have the ability to deplete GSH
concentrations and covalently bind to sulfhydryl enzymes and pro-
teins in the cellular systems. Taken together, we believe that the
electrophilic nature of the oxathiazine oxide ring provides a good
explanation for the broad spectrum of microbicidal and herbicidal
activities exhibited by these compounds. Even though catalytic
inhibition of topoisomerase Il by bethoxazin may have been suffi-
cient to cause cell death, the reaction with multiple target sites
through sulfhydryl binding could be the mechanism by which
bethoxazin exerts its microbicidal action and other toxicities.

Woods, plastic, paints, stains and other synthetic materials con-
taining bethoxazin provided excellent outdoor protection against
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Figure 7. Comparison of the biological activity of bethoxazin, analog 2, and GSH-treated bethoxazin in the yeast topoisomerase Il decatenation and yeast cell culture assays.
(A) fluorescent image of the ethidium bromide-stained agarose gel shows that yeast topoisomerase II (+Topo, leftmost lane) decatenated kDNA into nicked (NC) and open
(OC) circular DNA. In the absence of the enzyme and compound (-Topo II, rightmost lane), kDNA stayed in the origin (ORG). At 100 uM, analog 2 and bethoxazin sample
pretreated with 2.1 equivalents of GSH did not have any effect on the decatenation activity of the enzyme. However, bethoxazin itself inhibited the enzyme in a concentration
dependent manner. (B) The potency of bethoxazin on topoisomerase Il decatenation inhibition was measured by densitometric quantification of combined band intensities of
NC and OC at various concentrations of bethoxazin from two separate gels, normalized to a value of 0.22 in the absence of bethoxazin. Bethoxazin inhibited the enzyme with
an ICsg value of 5.3 £ 1 uM. (C) The growth inhibitory effects of bethoxazin (@), analog 2 (O), and bethoxazin pretreated with 2.1 equiv of GSH (A) on yeast BY4742 cells as
measured by an MTS assay with three replicates for each drug. Bethoxazin inhibited the growth of yeast cells with an ICso value of 11 £ 1 uM, whereas analog 2 and GSH-
treated bethoxazin were inactive even at 200 nM. The solid lines in (B) and (C) are nonlinear least square fits to a four-parameter logistic equation. Where the error bars are

not shown, they are smaller than the symbol.
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Table 1
HOMO and LUMO energy levels calculated for bethoxazin and analog 2
Bethoxazin 2
Enomo (eV) -8.726 —-8.795
Erumo (eV) -1.321 —0.990
|Exomo — Erumol (eV) 7.405 7.763
 (eV) 3.408 3.060

These values were used to calculate the absolute difference of the energy levels
(JEnomo — ELumol) and global electrophilicity index (w).

wood and material decay organisms such as algae, fungi and
molds.! These materials consist of unreactive polymeric matrices
and also do not contain any nucleophilic detoxification systems
that are present in living organisms. Although woods are derived
from plants, they are composed mainly of cellulose fibers embed-
ded in lignin polyphenolic matrices, both of which lack any free
sulfhydryl groups. In addition, the phenolic protons of lignin con-
tribute to an acidic environment (average pH of 5) in wood,?®
which would be a pH range favorable for maintaining the stability
of bethoxazin.! The reactivity profile that we showed for bethoxa-
zin adds to a better understanding of why bethoxazin is suitable
for use as a preservative for industrial materials, and may help de-
fine conditions for other practical applications of this compound.

Bethoxazin is relatively non-toxic to rats in the acute oral and
dermal LDsq toxicity tests, but highly toxic in the inhalation toxic-
ity test.! In addition, it also causes moderate and severe irritation
to the skin and eyes on rabbits, respectively.! The favorable toxico-
logical profile of bethoxazin in the acute oral toxicity tests can be
explained by a number of factors. Given the reactivity of bethoxa-
zin toward sulfhydryl groups, the molecule would be susceptible to
GSH conjugation in first-pass metabolism when administered oral-
ly in rats. Our topoisomerase Il and yeast cell culture studies
showed that GSH conjugation rendered bethoxazin inactive. There-
fore, it is anticipated that the first-pass metabolism in rats would
deactivate bethoxazin. The high acute oral LDsy, value of
3631 mg/kg obtained for bethoxazin in rats' is comparable to that
of acetaminophen (1944 mg/kg in rats, MSDS, Acros, Fair Lane, NJ),
in which its reactive metabolite is known to be detoxified by con-
jugation with GSH.26-28

Given its stability under UV and at high temperature,! bethox-
azin should remain stable on plant foliar surfaces in the testing
environment. However, bethoxazin is likely absorbed into the
underlying tissue of plants because it has a log octanol-water par-
tition coefficient value of 2.7, which is in the range considered
optimal for plant systemic uptake.?® Since plant cells, like micro-
bial and animal cells, contain high concentrations of GSH for the
detoxification of xenobiotics>>3! bethoxazin would be rapidly
deactivated in plants by conjugation with GSH. The reactivity pro-
file of bethoxazin provides a convincing explanation for the failure
of bethoxazin to act as a fungicide for crop protection applications.

In summary, our studies have provided for the first time a better
understanding of the chemical reactivity of bethoxazin and the
oxathiazine oxide ring, and how its reactivity defines the biological
activities and practical applications of this compound.
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