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Ochratoxin A (OTA) is one of the most important dietary risk factors and is classified as a possible carcinogen
to humans. Assessing the conditions to remove it from foodstuffs in a simple and effective way is of the
utmost importance. OTA behaviour in water in the pH range 1.0-12.5 was elucidated to investigate the
conditions for irreversible toxicity inactivation of OTA. The results indicate that four forms, from neutral
to trianionic, intervene depending on the pH. pK,;» were rigorously established by independent
spectroscopic techniques to overcome the scarcity of literature. Then, Density Functional Theory (DFT)
calculations were used to determine the most probable degradation mechanism and this was confirmed
by fluorescence spectroscopy. At pH 12.5, hydrolyzation of the lactone ring starts in less than one hour,

but only after two hours does the degradation process lead to fragmentation. After one week this
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Accepted 11th June 2019 process is not yet completed. The reaction products occurring upon re-acidification were also

investigated. OTA degradation is still reversible if acidic conditions are promptly restored, yielding again

DOI: 10.1039/c9ra02086a a hazardous molecule. However, degradation becomes irreversible after fragmentation. This finding
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1. Introduction

Ochratoxin A (OTA) is a potent mycotoxin that severely affects
animal and human health. It is produced by the secondary
metabolisms of Aspergillus and Penicillium species contaminating
a large variety of alimentary commodities." Since it is consid-
ered one of the most important chronic dietary risk factors, the
International Agency for Research on Cancer has classified OTA
as a possible carcinogen to humans.® The European Food Safety
Authority set a tolerable weekly intake of 120 ng kg™* body
weight”® and maximum levels of OTA in foodstuffs were estab-
lished by the Commission Regulation (EC) no. 1881/2006."
Immunochemical methods,>™ liquid chromatography coupled
to fluorescence spectroscopy****>° and mass spectrometry
are commonly used for OTA determination. OTA, i.e. N-{[(3R)-5-
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suggests proceeding with due caution if a base is exploited to remove the toxin.

chloro-8-hydroxy-3-methyl-1-oxo-7-isochromanyl]carbonyl]-3-
phenyl-i-alanine,* consists of a dihydroisocumaric ring amide-
linked to r-phenylalanine.”

In this work comprehensive description of OTA behaviour in
aqueous solutions in the pH range 1.0-12.5 was carried out to
provide useful information for further toxicological studies of
one of the most dangerous and diffused natural foodstuff
toxins.

In aqueous solution, OTA shows three levels of proton
dissociation in the pH range 1.0-8.0 (Fig. 1) ruled by the char-
acteristic acid dissociation constants (pKa1,2). The neutral form
is present under acidic conditions, increasing the pH the
phenylalanine carboxylic group loses a proton (monoanionic
form), and the phenolic group loses a second proton at neutral
pH (dianionic form).

Table 1 shows the pK,;, of OTA reported in articles where
the authors determined them experimentally. The literature on
this topic is scarce and generally old. The variability of the re-
ported values is not negligible and the experimental description
is often careless.

The scope of this work is to investigate the protonation
equilibria of OTA and the conditions of irreversible toxicity
deletion of the toxin due to pH and time effects only.

The pK,;, were estimated by UV-Vis absorption spectro-
photometry and fluorescence spectroscopy with stoichiometric
and chemometric approach, respectively. In this study, the
collection and the analysis of data were carefully detailed,

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 OTA structures in aqueous solution in acidic to neutral pH
range.

Table 1 pKj, values of OTA from literature

Reference Value

pKal
Uchiyama et al. (1985)** 4.4

pKaZ
Gillman et al. (1999)* 7.0
Xiao et al. (1996)*° 7.0 £ 0.02°
Marquardt (1992)* 7.05-7.1

Uchiyama et al. (1985)** 7.3

Chu et al. (1972)* 7.05-7.10°
Chu et al. (1971)*° 7.04°
Pitout (1968)*° 7.1

“In 0.1 mol L™ phosphate buffer. *In 0.16 mol L™* KCl. °In
0.16 mol L™* KCl; at 25 °C.

compared to older works. Thanks to the high molar absorptivity
and the high intensity of the fluorescence emission of OTA,
these techniques allow working at low concentration levels,
which is desirable because of its high toxicity. Moreover, the
reaction products under alkaline conditions were identified and

This journal is © The Royal Society of Chemistry 2019
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the transformation products occurring when the solution is
brought back to acidic conditions were studied. Under alkaline
conditions, OTA displays degradation processes whose reaction
products were revealed at pH above 12, such as OTA with
hydrolyzed lactone ring and ochratoxin alpha (OTa) with
hydrolyzed ring, obtained by hydrolysis of the amide bond of
OTA. The product of lactone ring opening and OTa are less toxic
than OTA.* The reaction reversibility upon reacidification was
ascertained by fluorescence spectroscopy.

The experimental findings were flanked by a Density Func-
tional Theory (DFT) calculations, which were carried out for the
first time to reveal the most probable reaction products of the
degradation mechanism of OTA. The scope of this work was to
provide detailed information about the protonation equilibria
of OTA and to determine the conditions of irreversible toxicity
deletion of the toxin due to pH and time effects. The analysis of
UV-Vis and fluorescence spectra and the determination of pK,
values were meant to augment and improve the related litera-
ture. Moreover, DFT was needed to identify the thermodynam-
ically stable reaction products responsible of the experimental
bands obtained in the fluorescence maps. Novel results
required for further OTA investigations were provided by theo-
retical degradation path calculation. The conditions upon
which the different forms of OTA are stably present in aqueous
solution would allow to obtain aqueous solutions containing
mainly one specific form of OTA. This paves the way towards
specific toxicological studies of OTA in different protonation
and hydrolyzation conditions.

The full identification of the reaction products of OTA
throughout a wide pH range was needed to elucidate the
chemical behaviour, which influences the toxicological profile
of each OTA form and has strong biological implications.?”**=**
A comprehensive description of OTA behaviour in aqueous
solutions in the pH range 1.0-12.5 was carried out to provide
useful information for further toxicological studies of one of the
most dangerous and diffused natural foodstuff toxins.

2. Experimental section
2.1 Chemicals

A reference material composed of a solution of OTA (1 g L ™" in
dimethyl sulfoxide, Sigma-Aldrich) was used to prepare the
solutions for the spectrophotometric measurements. Diluted
stock solutions at 0.001 g L™ were used for the fluorescence
spectroscopy. All OTA solutions were prepared in ultra-pure
water (Milli-Q quality).

The ionic strength was fixed at 0.4 mol L™" with phosphate
buffer, for OTA solutions under neutral conditions, and at
0.1 mol L " with KCI for OTA solutions under acidic and alka-
line conditions. Aliquots of HCl (0.1 mol L") and NaOH
(0.01 mol L™" or 0.5 mol L™', concentration standardised
against potassium hydrogen phthalate) were used to adjust the
pH.

The UV-vis spectrophotometric measurements were con-
ducted on OTA solutions 2 x 107> mol L. For fluorescence
spectroscopy, the 1.24 X
1077 mol L™". Under neutral conditions, a phosphate buffer

concentration of OTA was

RSC Adv., 2019, 9, 19844-19854 | 19845
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composed of NaH,PO, (0.1 mol L™ ')/Na,HPO, (0.1 mol L™ %),
was added to OTA solutions for their stabilization. HCI 37% was
added to study the reversibility of OTA degradation from alka-
line to acidic conditions. A standard OTa solution (10.2 +
0.1 mg L' in acetonitrile, LGC Standards) was used for fluo-
rescence spectroscopy analysis.

Reagents were at high purity level. NaClO (5% active chlo-
rine) was used to clean the glassware. OTA solutions were stored
at 4 °C in the dark.

2.2 Methods

2.2.1 Spectrophotometric measurements and stoichio-
metric analysis. The absorption spectra of OTA solutions were
acquired in the range 250-450 nm with a Jasco V-550 UV-Vis
double-beam spectrophotometer, provided with Hellma quartz
cuvettes for flow-through measurement (10.00 mm optical path
length). The pH of the solutions was evaluated by a Metrohm
potentiometer (model 713, resolution of 0.001 pH units)
equipped with a Metrohm combined glass electrode (mod.
6.0259.100). The combined electrode was daily calibrated in
terms of H' concentration. The slope and the formal potential
E° of the Nernst equation were elaborated by the ESAB2M
program.** The experiments were conducted in oxygen-free
atmosphere by flowing nitrogen in the solution, in continuous
stirring, at 25 °C (thermocryostat mod. D1-G Haake). Initially,
the OTA solution (20 mL) was adjusted to pH 3 with HCL
Subsequent aliquots of NaOH solution (10 pL) were added by
a Metrohm 765 Dosimat burette (resolution 1 pL) until the OTA
solution reached a pH value of about 7.5. Each addition corre-
sponded to an increase of 0.1/0.2 pH units.

A total of 45 UV-Vis spectra were elaborated with HypSpec®
software®® that operates with stoichiometric principles by
applying mass and charge balance equations and Lambert-
Beer's law.

2.2.2 Fluorescence spectroscopy and chemometric anal-
ysis. Excitation-emission maps (EEMs) of OTA solutions at
different pH were collected. A Horiba Scientific Fluorolog-3
spectrofluorometer (model FL3-21) provided with a Hellma
quartz cuvette (10.00 mm optical pathlength) was used. OTA
solutions were measured in right angle geometry.*® The excitation
and emission range of 310-395 nm and 400-475 nm, respectively
(wavelength resolution 1 nm). 2 nm slits and integration time of
1 s were used for the EEMs related both to the determination of
PK, values and for the degradation steps investigation. For the
determination of the pK,; EEMs were elaborate by Parallel Factor
Analysis (PARAFAC)*** using PLS Toolbox from Eigenvector
Research, Inc. for Matlab R2015a (Mathworks). The size of the
EEMs array was 12 x 86 x 76, where 12 are the samples, 86 the
number of emission wavelengths and 76 the number of excita-
tion wavelengths in the scanned ranges. Multiway center was
applied as data preprocessing and non negativity and unim-
odality constraints were use. The scores of the two involved
components (neutral and monoanionic) were plotted as a func-
tion of pH and fitted with a linear and a 2nd order polynomial
function. Then, the intersection of the two curves was calculated.
The fits' uncertainty was calculated and propagated by Monte

19846 | RSC Adv., 2019, 9, 19844-19854
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Carlo method.” For the determination of pK,,, PARAFAC
modeling was not adopted since the excitation bands were
sufficiently distincted in the EEM. The bands’ intensity of the two
species (monoanionic and dianionic) was evaluated at fixed Agy,
446 nm. The intensity ratio I33, over I3, was used to estimate the
PK... The experimental ratio points plotted against the pH were
fitted using an exponential decay function and the uncertainty
related to the fit was evaluated. pK,, corresponds to I3z,/I37, = 1,
with its associated uncertainty deriving from the fit.

To elucidate the degradation process, the EEMs with the
bands related to the significant reaction products were identi-
fied. Moreover, the EEM of the final reaction products in the
degradation process was compared with the EEM obtained by
the analysis of the standard OTa solution as a confirmation.

2.3 Theoretical method

All stationary points on the energy hypersurface were deter-
mined by gradient procedures*** within DFT.** The wB97XD
functional was chosen.*” Pople's 6-311++G(d,p) basis set*®** was
used in the DFT optimizations and in the vibrational analysis
(both including solvent effects), by which the nature of the
critical points was checked. The reacting molecules were
considered as a solute in a polarized continuum (water), within
the Solvation Model based on Density (SMD)**** and Integral
Equation Formalism-Polarizable Continuum Model (IEF-PCM)
schemes.?® One explicit water molecule was considered only
for the steps TI1-4 and TI2-5 (TI = tetrahedral intermediate),
because literature data®* show that water helps the bond
cleavage by cooperating in a hydrogen transfer. These two
barriers, without the cooperative effect of explicit water, are
significantly overestimated.

Throughout the paper, the relative Gibbs free energies in
solution (AG) are reported, estimated at T = 298 K, and
expressed in kecal mol .

Excitation energies were calculated by single point time
dependent-DFT calculations,** using the O3LYP functional®
and the same basis set of the optimizations. Other functionals
were also tested and O3LYP was found to better reproduce the
experimental spectrum of the OTA. It was also satisfactorily
used in some recent works.®** The first 6 excited states were
calculated for each structure. Simulated UV absorption spectra
were obtained by using Gaussian convolution with half width
value ¢ = 0.4, as described in http://gaussian.com/uvvisplot/.

Geometry optimizations and thermochemistry calculations
were carried out by using the Gaussian 09 system of programs.®
The MOLDEN program® was exploited to display the optimized
transition structures reported in the ESI (Fig. S7 and S87)

3. Results and discussion
3.1 Proton dissociation

The UV-Vis spectra recorded as a function of pH are reported in
Fig. 2.

The spectra show defined isosbestic points at 346 and
297 nm, suggesting the presence of two OTA forms, without
intermediates in between. The absorption band at about

This journal is © The Royal Society of Chemistry 2019
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Fig.2 UV-Vis spectra of OTA solution (2 x 10~> mol L) within the pH
range 3.3-7.5 (increment of 0.1-0.2 pH units for each spectrum).

332 nm could be attributed to both neutral and monoanionic
forms (1 in Scheme 1) because they absorb at the same wave-
length. The absorption band at 378 nm was associated to the
dianionic form (3 in Scheme 1). These results are in accordance
with the absorption spectra reported in literature.*** The values
of the molar absorptivity (¢) for the three OTA forms, pK,; and
PK,, were deduced by the HypSpec® software. Fig. S1 in the ESIf
shows the variation of ¢ as a function of 4 for each OTA form.

In Table 2, the experimental and calculated values of
maximum absorptivity, émax, and maximum absorption wave-
length, Anax, Obtained by the theoretical method and spectro-
photometric measurements are compared with literature data
(the simulated UV spectra are reported in Fig. S27). A good
agreement between experimental, calculated and literature
values was found. No data concerning the &, of the mono-
anionic form of OTA were found in literature.

Even though the absorption bands related to the neutral and
monoanionic forms are strongly overlaid, the elaboration of UV-
Vis data with HypSpec® not only allows to define a value for
PKa2 but also an estimate of pK,,. The details of the calculation
procedure are reported in the ESI file. The values of the
protonation constants, and the corresponding standard devia-
tions, were evaluated: pK,; = 4.4 + 0.1 and pK,, = 7.09 + 0.01.
These results are in quite good agreement with the literature
data.>*°

Concerning the fluorescence spectroscopy measurements,
a set of 12 EEMs of OTA solutions under acidic and neutral
conditions was acquired in the pH range 1.0-6.0, where two
known fluorophores (neutral and monoanionic OTA) are
present in different ratios. The total fluorescence spectra ob-
tained between pH 1.0-4.8 show a single band at excitation/
emission wavelengths (Agyem) of 332/458 nm (Fig. 3a), which
gradually shifts to Apyem = 328/446 nm increasing the pH
(Fig. 3b). This shift is due to the transition from the neutral
form of OTA to the monoanionic form (1). The dianionic form
(3) is still absent in this pH range.

This journal is © The Royal Society of Chemistry 2019
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Since the neutral form and 1 exhibit two overlapping bands,
PARAFAC was used to mathematically separate the contribu-
tions and obtain a concentration profile of the two forms along
the pH scale. The two components PARAFAC model explains
61.1% of variance and shows 100% of core consistency. The
PARAFAC emission and excitation loadings can be considered
as the best approximations of the fluorescence spectra of pure
analytes. The obtained emission profiles of neutral form and 1
were in agreement with raw emission spectra obtained at fixed
Agx Of 332 nm, that show emission maxima at 458 nm and
446 nm (Fig. 4a). Fig. S31 shows the loadings profile corre-
sponding to the emission mode. The intensity maxima of the
modeled emission spectra (i.e. the loadings) are positioned at
Aem 0f 459 nm and 436 nm. The first component is associated to
neutral OTA, present at pH < 4, whereas the second component
is associated to 1, that appears at pH = 3 and becomes
predominant at pH > 4. The modeled excitation profiles of the
two forms are superimposed with Ag, = 332 nm, in agreement
with the absorption spectra of Fig. S1.f However, the slight
differences in the Ag, were sufficient to estimate them sepa-
rately. The scores of the model represent the amount of each
form at each pH value (Fig. 4b). The point where the concen-
tration curve of 1 intersects that of the neutral form corresponds
to the pK,;. The pK,; value obtained with this model was esti-
mated 4.2 with a fit uncertainty of 0.9.

7 EEMs between pH 4.8-8.3 were acquired to investigate the
pK,, range where monoanionic form (1) and dianionic form (3)
intervene. As long as the pH increases, a decrease of 1 is evi-
denced in Fig. 3¢ and d and a new peak rises at Agypm = 372/
443 nm, due to 3. 1 and 3 showed two separated maxima in
correspondence of Ag, = 446 nm. The normalised and fitted
excitation spectra are reported in Fig. 5a. The excitation spec-
trum at Az, = 446 nm was isolated to evaluate the excitation
maxima of the two forms of OTA at Ag, = 332 nm (1) and Ag, =
372 nm (3) (Fig. 5a). The intensity I33, to I3,, ratio between 1 and
3 was used to estimate the value of pK,,, which is the pH value
corresponding to the inversion of the intensity ratio (Fig. 5b).
The pK,, = 7.15 was estimated. However, this value was ob-
tained at an ionic strength 0.4 mol L™". In order to make this
pK., value comparable with the value obtained by UV-Vis
spectrophotometry and with literature data, it was adjusted
considering the ionic strength 0.1 mol L. Upon application of
an extended Debye-Hiickel equation,®® the pK,, was evaluated
7.0 with a fit uncertainty of 0.4.

It can be noticed that the maximum attributed to 1
undergoes a shift toward higher Ag, going from pH 6.6 (Fig. 3c)
to pH 7.1 (Fig. 3d). This effect can be ascribed to the swelling of
the band attributed to 3, while a significant overlap of the two
bands is present. Deconvolution of the profile along Ag clearly
shows the origin of the maximum shift (Fig. S47).

Fig. 6 shows the distribution diagram of the differently
protonated forms of OTA, as a function of pH, starting by the
PKa1, values obtained by both spectrophotometric and fluo-
rescence data. The spectrophotometric and fluorescence pK,,;
(namely 4.4 and 4.2) and pK,, (namely 7.09 and 7.0) represent
consistent results.

RSC Aadv., 2019, 9, 19844-19854 | 19847
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Scheme 1 The most viable reaction pathways that connect 1 to the degradation products (5). Gibbs free energy differences with respect to 1

in kcal mol™™.

The mechanism proposed theoretically is sketched in Scheme
1. The related Gibbs free energy profiles are shown in Fig. 7. The
reaction pathway, starting from the monoanionic form of OTA

19848 | RSC Adv., 2019, 9, 19844-19854

(1), branches right from the beginning upon HO attack onto 1. If
HO™ abstracts a proton from N-H (AG* = 2.5 kcal mol™') the
resonant amide anion 2 is generated. On the other hand, upon

This journal is © The Royal Society of Chemistry 2019
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Table 2  Amax and emax (€xperimental and calculated) values for the different OTA forms

Neutral form

Monoanionic form

Dianionic form

Source Amax [nm] emax [cm~ ' mol " L] Amax [nM] emax [cm ™' mol ' L] Amax [nm] max [cm~ ' mol " L]
This study, exp./calc 332/329 5990/8258 332/333 6544/6920 378/375 9682/10 378

'ichev et al. (2001)*? 332 6650 332 — 380 10 970

Verrone et al. (2007)%° 330 6600 330 — 379 9115

hydrogen abstraction from the phenolic O-H (AGF =
7.7 kcal mol ') the phenate 3 forms. Whilst the 1-2 step is
kinetically favoured over 1-3, 2 is thermodynamically less stable
than 3, and the backwards step 2-1 requires overcoming a barrier
of 7.7 kcal mol . Alternatively, the anion 2 can undergo
a clockwise or anti-clockwise rotation around the C-C bond
highlighted in red in Scheme 1. This movement defines two
rotation transition structures and opens the way to two non-
equivalent hydrogen migrations from the phenolic O to the
partially anionic N. Two series of constrained optimizations were
carried out, in correspondence of frozen values of the dihedral
angle that expresses the said rotation in opposite directions. In
the highly asynchronous concerted 2-3 processes, C-C rotation
entails barriers with AG* = 7.9 or 8.2 kcal mol ™' height.
Following either all-downhill pathway from each rotation
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transition structure shows that the subsequent H transfer takes
place in both cases without any barrier. The result is in both cases
the phenate (dianionic form of OTA) 3, which is consequently
formed from 1 in two ways: directly (1-3), as expected, and also
indirectly (1-2-3). The latter process is preferred because the
second step is unimolecular. The excitation energy of 2
(computed peak at 303 nm) may not be observed experimentally
because 1 transforms to 3 rather easily. The calculated excitation
energy of 3 (375 nm) is consistent with the 372 nm maximum in
the spectrum displayed in Fig. 3¢ and d.

3.2 Degradation processes

Several degradation pathways are conceivable from 3 (Scheme S1t).
The two most probable are reported in Scheme 1. In both of them
an acyl group is hydrolyzed. The 3-4 lactone hydrolysis is a two-step
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Fig.3 EEMsof1.24 x 107" mol L™ OTA solutions: (a) pH 1.0 (HCl solution), (b) 4.8 (HCl solution), (c) 6.6 (phosphate buffer) and (d) 7.1 (phosphate
buffer). The numbers superimposed on the bands of these EEMs make reference to the molecular structures reported in Scheme 1.
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Fig. 4 (a) Experimental emission spectra of OTA 1.24 x 10~ mol L™ in the pH range 1.0-6.0 (normalised intensity scale); (b) scatter scores plot
as a function of pH, the scores of the two components of PARAFAC model are shown.

reaction, which passes through the tetrahedral intermediate TI1
(12.4 keal mol ™" higher in energy than 3). The slowest step is 3-TI1
(AG* = 20.1 keal mol™?), in good agreement with the barrier of
19.2 kecal mol™ " estimated by Gémez-Bombarelli et al®* for the
valerolactone (however their calculations including six explicit
water molecules). Then, a fast ring opening leads to the trianion 4.
The inclusion of one explicit molecule of water was necessary to
obtain a more reliable estimate of its barrier (AG* = 2.3 kcal mol ).
Otherwise, the barrier would have been 9.1 kcal mol™~* high. Water
promotes hydrogen migration by taking one H and leaving another.
Despite only one water molecule was added, the barrier is closer to
that calculated by Goémez-Bombarelli et al. who found AGH =
3.9 keal mol . The overall energy barrier 3-4 is rather high, and
consequently the reaction is supposed to be quite slow: this is the
likely reason why the experimental signal at 346 nm (Fig. 8b)
appears only after several days at pH 11.5, or after about one hour at
pH 12.5 (the computed absorption is at 346 nm as well). Subse-
quently, 4 can undergo an alkaline hydrolysis of the amide group. It
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Fig. 5

is again a two-step reaction through a tetrahedral intermediate TI2.
The first step presents an energy barrier of 31.4 kcal mol ™.

In order to assess the importance of introducing explicit
water molecules, two tests the first hydrolysis step of N-meth-
ylacetamide were carried out. For this molecule experimental
data are available.* For the test, the wB97XD/6-31+G(d) method
was used, first without explicit water molecules and then
including 8 explicit H,O molecules. In both cases the
surrounding introduced as a polarizable
continuum. Without explicit water, the free energy barrier for
the OH addition, the first step of the hydrolysis, is AG* =
25.4 keal mol ! (AH* = 13.9 keal mol '), with 8 water molecules
drops to AG* = 19.2 kecal mol~! (AH* = 16.7 kcal mol ™). The
experimental value is AG* = 22.9 kecal mol™! (AH' =
17.1 kecal mol™").>* The addition of explicit solvent molecules
clearly has lowered the barrier, but still with unsatisfactory
agreement when free energy differences are considered. In any
case, inclusion of a large number of explicit solvent molecules
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(a) Excitation spectra collected at fixed Agy, = 446 nm in the pH range 4.8—-8.3 (normalised intensity scale and Gaussian fitted curves); (b)

monoanionic/dianionic intensity /335 to /57, ratio as a function of the solution pH.
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Fig. 6 Percentage distribution of the OTA forms as a function of pH
for a solution 2 x 107> mol L. Solid lines: species distribution ob-
tained from UV-Vis spectra elaboration; lines with crosses: species
distribution obtained from fluorescence data elaboration.
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Fig. 7 Free energy profile for OTA alkaline deprotonation and degra-
dation (compare Scheme 1); r stays for a generic “reaction coordinate”.

would be unfeasible on the OTA molecule. The initial and
transition structures are displayed in Fig. S8 of the ESLt

The barrier for the cleavage of TI2, is overestimated if no
explicit water molecules are introduced (see Tang et al.;** Gal-
abov et al.**). One H,0 molecule added in the calculation low-
ered the barrier to 7.8 kcal mol™',j from 17.6 kcal mol™"
estimated without the said cooperative effect. Regarding the
amide hydrolysis 4-5, the overall§ barrier is huge:
35.7 keal mol ™. It can be surmised that the present estimate of
the barrier is too high, due to the approximate description of
water solvation. Anyhow, it indicates an extremely slow

i The TS TI2-5 actually leads to a somewhat stable intermediate, in which a water
proton has moved to nitrogen, leaving an OH ™ interacting with a quaternary
cation, shown in Fig. S9. Its potential energy is below the TS, but its free energy
lies 0.2 keal mol~! above it. This intermediate easily dissociates to 5a + 5b (AG*
= 1.0 keal mol™").

§ For these two-step hydrolyses, we intend by ‘overall barrier’ the free energy
difference between the highest-G transition structure TI1-4 or TI2-5 and the
intermediates 3 or 4, respectively. In the first case —1.2 + 21.3, in the second 2.8
+ 32 (see Fig. 7).
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reaction, consistently with the fluorescence results (detailed
below) where one excitation peak around 313 nm (likely due to
the OTa derivative 5b) appears only after several days at pH 12.5
(Fig. 8c). The computed value for the absorption peak of 5b is
331 nm.§

An alternative step from 3 begins with hydrogen abstraction
from nitrogen to form the trianionic intermediate 6 (blue line in
Fig. 7). This 3-6 step (AG* = 9.1 kcal mol?) is actually easier
than 3-4. However, 6 is thermodynamically less stable than 3:
between 3 and 6 an equilibrium is established but strongly
shifted towards 3. Moreover, the only reaction that might
generate 6 is the lactone hydrolysis, whose first step leads to TI3
(—0.3 kecal mol ™! with respect to 1); but an overall barrier of
23.0 kecal mol™" hampers this hydrolysis. Lactone hydrolysis
from 3 has a lower barrier (21.5 kcal mol™") and leads to the
trianionic amide 4, which is more stable than 3. Consequently,
the well corresponding to 4 (Fig. 7) gets more easily populated
than the well corresponding to 6. Then the reaction can proceed
from 4. Scheme 1 shows the intrinsic inclination of the OTA
system to evolve towards OTa, but the rate of the processes and
the possible equilibria depends on OH™ concentration.

The EEM of a fresh solution at pH 11.6, in Fig. 8a, shows
a band positioned at 365/443 nm related to 3. Fig. 8b shows
that at pH of 12.5 the fresh OTA solution degraded faster than
the time of measurement. The new band at Agy/gm 346/440 nm
was associated to OTA with the hydrolyzed lactone (4 in
Scheme 1) because the excitation wavelength agrees with the
theoretical Ajax = 346 nm and with Ay, at 345 nm reported
by Xiao et al.>® Conversely, it does not agree with A, at
385 nm at pH = 11 reported by Bazin et al.®” Fig. 8c reports
the EEM of the OTA solution at pH of 12.5 after 7 days. 4 is
still present, but another peak arises at Agy/gm 0of 313/430 nm,
probably related to OTa with the hydrolyzed ring (5b in
Scheme 1). However, if the solution is maintained at pH 11.5,
4 is still present after 9 days, and 5b probably does not form.
The EEM of Fig. 8d shows the band of the standard solution
of OTo. adjusted at pH of 12.5, and confirms the assignment
of the band (see also Fig. S57). 5b derives from the amide
hydrolysis under alkaline condition of 4 and is less toxic than
OTA. The other reaction product is phenylalanine (5a in
Scheme 1), whose band is at 258/284 nm, outside the scanned
range.®®

In this work, studies of reversibility of the reaction prod-
ucts of OTA were also conducted. The OTA solution at pH 7.1,
containing mainly 3 (Fig. 3d) was acidified down to pH 1.0
using HCI solution. The correspondent EEM, measured as
soon as the solution was acidified, shows a single band
positioned at Agyem of 332/458 nm due to neutral form of
OTA.

Regarding the reaction of OTA degradation under alkaline
conditions, instead, the reversibility depends on what form is

9 The computed value is significantly dependent of the dihedral angle related to
the almost free rotation of the leftmost (in 5b) carboxylate group, not engaged in
a hydrogen bond. The values span the rather large range 300-331 nm, and the
dihedral angle itself may be influenced by the interaction with explicit water
molecules.
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Fig.8 EEMsof1.24 x 1077 mol L™t OTA solutions at pH: (a) 11.6 (fresh solution), (b) 12.5 (fresh solution), (c) 12.5 (as in b after 7 days stored at 4 °C
in the dark) and EEM of 1.24 x 107 mol L™ OTa. solution at pH: (d) 12.5. The numbers superimposed on the bands of these EEMs make reference

to the molecular structures reported in Scheme 1.

present in the solution. Indeed, while 4 is easily brought back to
the neutral form of OTA by acidifying the solution, 5b does not
return to the neutral form but returns to OTa (see Fig. S67T), as
expected (5b does not reasonably react with 5a to form OTA
again). Otherwise, at pH 12.5 after more than one month 5b
does not return to OTa.

In the computations, OTa was chosen as a proxy model for
4 to examine a possible backwards evolution of this interme-
diate. Re-acidification of a solution where 4 is predominant
leads to the neutral form of OTA. In order to understand

whether lactone regeneration is possible in acid environment,
the acid-catalyzed backwards mechanism was considered,
starting from the monoprotonated 5b. The reaction seems to
proceed very fast with low energy barriers toward a supposedly
protonated OTa (Scheme 2). The free energy barrier for H,O
loss from the protonated carboxylate group A is only
2.6 kcal mol *. The acyl cation group in B can undergo
intramolecular nucleophilic attack by the alcoholic hydroxyl
(AG* = 0.6 kcal mol™ ') to form the very stable protonated
lactone C.

O OH o O OH o O oH O
® 7 ®
HO OH, 26 HO ® -0.5 HO OH
OH OH
&, 0 ch cH
Cl 3 Cl 3 Cl ®
A 0.0 B -1.1 C -16.3

Scheme 2 Acid-catalysed lactone formation.
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4. Conclusions

The proton dissociations and the degradation processes of OTA
in aqueous solution were investigated in a wide range of pH to
provide useful information for further toxicological studies of
one of the most dangerous and diffused natural toxins. The
PKa1,» values were determined by two independent techniques.
Even though the neutral and the monoanionic OTA absorb at
the same wavelength, pK,; was estimated by UV-Vis spectro-
photometry, on the basis of the molar absorptivity, and by
fluorescence spectroscopy using a 3-way chemometric
approach. Thanks to the different absorption wavelengths of
the monoanionic and dianionic forms of OTA, pK,, was ob-
tained with higher accuracy. pK,; and pK,, were estimated 4.4
and 7.09 (fit uncertainty 0.1 and 0.01, respectively) by UV-Vis
spectrophotometry and 4.2 and 7.0 (fit uncertainty 0.9 and
0.4, respectively) by fluorescence spectroscopy, showing
consistency between the results.

For the first time, OTA degradation was thoroughly studied
by fluorescence spectroscopy assisted by DFT calculations for
the identification of the most stable reaction products. In
alkaline environment, the excitation-emission matrices high-
lighted that over time, the dianionic OTA undergoes some
degradation reactions that lead to (i) the OTA derivative with the
hydrolyzed lactone ring and then (ii) to the OTa derivative with
the hydrolyzed lactone ring. Both these forms are less toxic than
OTA.”® In order to verify the conclusion of the degradation
process, the OTA reaction product, OTa, was compared with
a standard OTa solution, as no EEM reference was found in the
literature for this molecule. However, the reversibility studies
showed that the species obtained upon re-acidification depend
on those initially present under alkaline conditions, that can
differ depending on pH and storage time. Dianionic and tri-
anionic forms of OTA at pH 12.5 in fresh solution return to the
neutral form of OTA when the acidic conditions are quickly
restored, representing again a hazard to humans. Conversely,
OTao. with the hydrolyzed ring does not return to the neutral
OTA, but only to the neutral OTa. Irreversible fragmentation
can be completed only after a very long time (more than one
week) in strongly basic solutions. These conditions are neces-
sary to achieve an effective OTA inactivation.

The theoretical modelistic study suggests a reaction pathway
that matches experimental data and facilitates their interpre-
tation. Also, the computed absorption maxima of the interme-
diates along the suggested pathway resulted consistent with
experiments. The possibility to prepare stable aqueous solu-
tions containing specific forms of OTA is useful in view of
further toxicological studies specific for each OTA form.
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