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Deprotonated Thyroid Hormones Triiodothyronine (T3) and Reverse
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ABSTRACT: Thyroid hormones are biologically active small
molecules responsible for growth and development regulation,
basal metabolic rate, and lipid and carbohydrate metabolism.
Liquid chromatography mass spectrometry (LC—MS) can be used
to quantify thyroid hormones blood level with high speed and
selectivity, aiming to improve the diagnosis and treatment of the
severe pathological conditions in which they are implicated, i.e.,
hypo- and hyperthyroidism. In this work, the gas-phase behavior of
the isomeric thyroid hormones triiodothyronine (T3) and reverse 1000 1300 1600 1900 1000 1300 1600 1900
triiodothyronine (rT3) in their deprotonated form was studied at a Wavenumber/cr” Wavenumber/em
molecular level using MS-based techniques. Previously reported
collision-induced dissociation experiments yielded distinct spectra
despite the high structural similarity of the two compounds,
suggesting different charge sites to be responsible. Infrared multiple photon dissociation spectroscopy on [T3-H]™ and [rT3-H]~
was performed, and the results were interpreted using DFT and MP2 calculations, assessing the prevalence of T3 in the carboxylate
form and rT3 as a phenolate isomer. The different deprotonation sites of the two isomers were also found to drive their ion-mobility
behavior. In fact, [T3-H]™ and [rT3-H]~ were successfully separated. Drift times were correlated with collisional cross section values
of 209 and 215 A? for [T3-H] ™ and [rT3-H] ", respectively. Calculations suggested the charge site to be the main parameter involved
in the different mobilities of the two anions. Finally, bare [T3-H]™ and [rT3-H]~ were made to react with neutral acetylacetone and
trifluoroacetic acid, confirming rT3 to be more acidic than T3 in agreement with the calculated gas-phase acidities of T3 and rT3
equal to 1345 and 1326 kJ mol ™", respectively.
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H INTRODUCTION
Triiodothyronine (3,5,3'-triiodothyronine, T3) and reverse

thyroidism is characterized by high blood levels of T3 and low
ones of thyroid-stimulating hormone (TSH). If not treated,

triiodothyronine (3,3',5’-triiodothyronine, rT3) are thyroid
hormones mostly produced by deiodination of thyroxine
(3,5,3',5'-tetraiodothyronine, T4). T4 represents the most
abundant thyroid hormone in the bloodstream followed by T3
and finally by rT3. T4 is synthetized in the thyroid gland by
oxidative coupling of two molecules of the amino acid tyrosine
appropriately iodinated in the 3 and 5 positions of the phenolic
ring." Thyroid hormones are the sole endogenous molecules
containing iodine. Their structures are reported in Scheme 1.
Thyroid hormones are responsible for the regulation of growth
and development, basal metabolic rate, and lipid and
carbohydrate metabolism.””* T4 and T3 share similar
activities, but the latter is recognized to be more active. On
the contrary, rT3 is reported to have a role as a T3 competitive
inhibitor.” Moreover, there is evidence of an inhibiting activity
of r'T3 on deiodinase, which is responsible for the production
of T3 from T4.”° Thyroid hormones are involved in two
pathological conditions, hyper- and hypothyroidism. Hyper-
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then hyperthyroidism can lead to neurological disorders,
osteoporosis, excessive weight loss, palpitations, and eventually
heart failure.”~” On the other hand, low blood levels of thyroid
hormones and excessive ones of TSH are characteristic of
hypothyroidism, which in newborns and children can impair
growth and neurological development, while in adults it is
connected to obesity and lack of energy.”” "'

Monitoring the blood levels of TSH, T3, and T4 is crucial to
diagnose thyroid diseases and to propose a successful
therapeutic plan.~'" TSH is considered the most sensitive
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Scheme 1. Schematic Representation of Tetraiodothyronine
(T4), Triiodothyronine (T3), and Reverse
Triiodothyronine (rT3)
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T3 X=Y=X=l Y'=H
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indicator of hyper- and hypothyroidism; however, its titration
has to be accompanied by the measuring of T4 and T3 blood
levels in order to evaluate the severity of the disease.” Accurate
measurement of hormone levels is thus needed, also
considering that subclinical hyperthyroidism can lead to
chronic damage of heart and blood vessels.'"*

In clinical practice, electro-chemiluminescent immunoassay
is currently used to sample thyroid hormones.'* This method
is time consuming and lacks sensitivity, thus impairing the
diagnosis and management of the two medical conditions, in
particular of hypothyroidism. In fact, in that case, the
hormones level can be too low to be appropriately
quantified."*™"” Sensitivity is even lower when samples are
analyzed with enzyme-linked immunosorbent assay for the
quantification of total T3 and T4, which is a common practice
in laboratories with scarcity of specialized instrumenta-
tions.'”*° Alternative techniques are therefore desirable to
improve diagnosis and treatment of thyroid dysfunctions.

Mass spectrometry coupled with liquid chromatography
(LC—MS) can act as a game changer for thyroid hormones
and TSH analyses, allowing to simultaneously analyze and
quantify all the species of interest with high sensitivity and
selectivity and also discriminating free hormones from protein-
bound ones."®*'™*” One of the main issues is, however, to
differentiate T3 from rT3 considering that they are isomeric
molecules, which present a largely similar structure. Eventually,
it has been found that the behavior of deprotonated ions [T3-
H]™ and [rT3-H]™ when submitted to collision-induced
dissociation (CID) is rather different, thus permitting to
separately quantify the two isomers.”®”” Blanksby et al.
observed that the CID of [T3-H]™ follows the same
fragmentation paths as the corresponding deprotonated ion
of T2 (3,5-diiodothyronine), suggesting that the additional
iodine on the outer ring does not modify the unimolecular
chemistry of the anion. On the other hand, [rT3-H]™ shows
significantly different fragments in agreement with the
possibility that the increased acidity of the phenolic moiety,
due to the presence of the 3',5'-diiodination, could lead to the
formation of phenoxide isomers,” thus suggesting that the
characteristic fragmentation spectra of [T3-H]™ and [rT3-H]~
could be related to different deprotonation sites in the two
isomers.

In order to gain insights on this assumption, this work
reports on a study whereby [T3-H]™ and [rT3-H]", produced
by electrospray ionization (ESI) and mass selected, were
submitted to IR multiple photon dissociation (IRMPD)
spectroscopy, an approach that permits obtaining of the IR

features of the ions in the gas phase.’’™>* IRMPD spectros-
copy, coupled with quantum chemical calculations of the IR
spectra of candidate isomers and conformers, has in fact
proven its efficacy in releasing structural information on several
anionic species, such as deprotonated natural and phosphory-
lated amino acids,””** tyrosine and 3-nitrotyrosine complexed
with halide ions,® and deprotonated pantothenic acid.®
Several studies have also assessed that isomeric forms are
retained from the solution to the gas phase, given the soft
ionization conditions that ESI permits,”’~** thus confirming
IRMPD spectroscopy as a powerful and viable technique to
assess the deprotonation sites of anions generated in
solution.””** Spectroscopic data are compared with results of
ion-molecule reactions (IMR) in the cell of a Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer. In
particular, deprotonated T3 and rT3 were allowed to react
with volatile acids and diethylmethoxyborane, which was
shown to react selectively with phenoxide anions.**~** Finally,
this work also reports on ion mobility mass spectrometry (IM-
MS) analyses of [T3-H]™ and [rT3-H]™ with the aim to
correlate the experimentally obtained collision cross section
(CCS) values to the ones calculated for distinct deprotonated
isomers.*>™* On a side note, the different IM behavior of [T3-
H]™ and [rT3-H]™ could eventually be exploited to build novel
analytical methods for the detection and quantification of T3
and rT3.*%

B MATERIALS AND METHODS

Sample Preparation. Triiodothyronine (3,5,3'-triiodo-
thyronine, T3) and reverse triiodothyronine (3,3’,5'-triiodo-
thyronine, rT3) were bought from Sigma-Aldrich, Milan, IT
and used without further purification. T3 was dissolved in
methanol of MS-grade to a final concentration of 107° M with
the addition of ammonia (0.1% v/v). rT3 is provided as a
methanolic solution already basified with ammonia, which was
diluted in methanol to reach the same concentration as T3, i.e.,
107> M. Acetylacetone, trifluoroacetic acid (TFA), and
diethylmethoxyborane (DEMB) were commercial products
obtained from Sigma-Aldrich to be used as neutral reagents for
ion—molecule reactions.

Tandem MS and IM Analysis. Traveling wave ion
mobility mass spectrometry (TWIMS-MS) experiments were
performed with a Synapt G2 HDMS quadrupole/time-of-flight
mass spectrometer (Waters, Manchester, UK) equipped with
an ESI source operated in negative mode for the present
experiments. Samples were introduced at a 10 yL/min flow
rate (capillary voltage: 2.27 kV, sampling cone voltage: 50 V)
under a curtain gas (N,) flow of 100 L/h at 35 © C. Accurate
mass experiments were performed using reference ions from
the CH;COONa external standard via a LockSpray interface.
All ESI-MS/MS spectra were recorded in the 50—1500 m/z
range, with a trap bias DC voltage of 45 V, a helium cell gas
flow of 180 mL/min, and a trap collision energy of 30 eV. For
ESI-IM-MS/MS spectra, a transfer collision energy of 30 eV
was used. All data analyses were carried out using the
MassLynx4.1 and DriftScope 2.1 programs provided by
Waters. Drift times were correlated to the CCSs using
polyalanine oligomers to calibrate the mobility data.**

IRMPD Analysis. IRMPD spectra in the 800—1800 cm ™
frequency range were recorded at the free-electron laser (FEL)
beamline of the Centre Laser Infrarouge d’Orsay (cL10).*”
The FEL beamline (operated at 42.3 MeV for the present
experiments) is coupled with a hybrid FT-ICR tandem mass
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spectrometer (APEX-Qe Bruker Daltonics)®” equipped with a
7.0 T actively shielded magnet and a quadrupole—hexapole
interface. The ions of interest were generated by direct
injection of the T3 and rT3 solutions into the ESI source of
the mass spectrometer, mass isolated in the quadrupole sector,
and accumulated in the hexapole for 1 ms before being
irradiated in the FT-ICR cell with the IR FEL light operating at
a repetition rate of 25 Hz. Irradiation times were 220 and 300
ms for [T3-H]™ and [rT3-H]~, respectively. The photo-
fragmentation products were mass analyzed, and IRMPD
spectra were obtained by plotting the photofragmentation yield
R (corresponding to —Iog[Ip/(IP + XI;)], where I, and XI; are
the integrated abundances of the precursor ion and the sum of
the fraglments, respectively) as a function of the photon
energy.’

lon-Molecule Reactions. High-resolution mass analyses
(resolving power FWHM at 750 m/z of ca. 20,000) and ion-
molecule reactions were performed in the cell of an FT-ICR
mass spectrometer (Bruker BioApex) equipped with an Apollo
I ESI source, a 4.7 T magnet, and an infinity cell. Samples were
directly injected at a 160 uL h™" flow rate and desolvated by a
nitrogen counter-current heated at 400 K. Finally, the mass
selected ions were allowed to react with neutral reagents at a
stationary pressure in a range of 1.0—10 X 10™® mbar at a
nominal FT-ICR cell temperature of 300 K.”>** The pressure
was measured with a cold-cathode sensor (IKR Pfeiffer Balzers
S.p.A., Milan, Italy) calibrated by using the rate constant k =
1.1 X 107 cm® s™! for the reference reaction CH,* + CH, —
CH,* + CHj; and corrected for different response factors.”
Pseudo-first-order rate constants k', obtained from the semilog
plot of the parent ion decay with increasing reaction time, were
divided by the neutral concentration to give the second order
rate constant (kexp). For competitive reactions, kexp was
multiplied by the ratio between the abundance of the reaction
product of interest and that of the sum of all products. The
reaction efficiency (¢) was calculated by dividing kex, by the
collisional rate constant calculated using the parametrized
trajectory theory (kapo).””*° The reaction efficiency indicates
the percentage of reactive collisions. The best-fitting software
gmkin (GK)>” was also employed to analyze the kinetic data,
thus obtaining k’ values superimposable with the ones from the
semilog plots.

Computational Details. Guess structures of [T3-H]™ and
[rT3-H]~ were obtained, combining chemical intuition with a
preliminary conformational search using the tool Conformer
Distribution, as implemented in the software suite Spar-
tan’16,”" and the semiempirical method PM6. Subsequently,
geometries were optimized at the B3LYP level using the 6-
311+G** basis set for light atoms and def2TZVP for iodine.
Harmonic vibrational frequencies were computed at the same
level to obtain IR spectra and thermodynamic corrections to
the electronic energies. [T3-H]™ and [rT3-H]™ isomers were
reoptimized with the B3LYP-D3 functional using the same
basis set. Thermodynamic corrections were also calculated
using the dispersion-corrected functional B3LYP-D3. In
addition, single-point energy calculations at the MP2 level
were performed on the B3LYP-D3 optimized structures to
compare the relative energies obtained by DFT with the ones
computed with an ab initio method. To obtain relative
enthalpies and Gibbs free energies at the MP2 level, B3LYP-
D3 thermodynamic corrections were used. The whole set of
quantum mechanics calculations were performed using the
Gaussian 09 Rev. DOl package.’” Calculated IR spectra

14871

reported in this work were all obtained at the B3LYP/6-
311+G** (I = def2TZVP) level and were scaled by a 0.978
factor to compensate the well-known bias of hybrid DFT
functionals to overestimate harmonic vibrational frequencies.
This value is consistent with the one used in previous works on
similar compounds.’® CCSs were calculated from the
B3LYP-D3 optimized structures with the MobCal software as
appropriately modified by Kim et al. for mobility separations
employing N, as drift gas.**®'

B RESULTS AND DISCUSSION

Tandem Mass Spectrometry and lon Spectroscopy.
Deprotonated triiodothyronine, [T3-H]~, and reverse triiodo-
thyronine, [rT3-H]~, (see Scheme 1) were mass selected and
assayed using CID and IRMPD. The resulting (photo)-
dissociation mass spectra are reported in Figures S1 and S2 in
the Supporting Information (SI). Photofragmentation products
are consistent with CID ones, and both experiments replicate
the fra%mentation pattern already reported in the litera-
ture.”” [T3-H]™ is characterized by an important loss of NH,
(m/z 632.7), which is also observed in deprotonated tyrosine,
thyronine, and T2.”° In addition, characteristic fragments are
observed at m/z 448.9, attributable to the loss of HI
accompanied by HNCHCOOH, and at m/z 126.9, which is
consistent with the iodide anion. These fragmentation
products agree with a preferential deprotonation on the
carboxylic acid function of T3, which is followed by proton
transfer from the aromatic CH in ortho-position to iodine and
loss of the corresponding iodide.”” In the case of [rT3-H]", the
fragmentation spectrum shows a remarkably different scenario
considering the structural similarity with its isomer [T3-H]".
In particular, the fragment at m/z 632.7, i.e., loss of ammonia,
is a minor feature in the CID spectrum of [rT3-H]~ (Figure
S1). Also, the product ion at m/z 448.9 is lower in abundance
while additional fragments appear. Particularly interesting are
the ions at m/z 575.8 and 359.8. The dissociation mechanisms
proposed by Blanksby et al. for their formation implies that
[rT3-H]™ mainly exists in the phenoxide form.”” Thus,
different deprotonation sites can be supposed for [T3-H]~
and [rT3-H]". Indeed, an appropriate tool for obtaining the
structural features of the two ions is necessary to confirm this
hypothesis.

IRMPD spectra of [T3-H]™ and [rT3-H]™ are reported in
Figure 1, while the corresponding photofragmentation mass
spectra are shown in Figure S2 in the SL

IRMPD spectra of [T3-H]™ and [rT3-H]™ are noticeably
different considering that the two species are structural isomers
that differ only for the position of one among three iodine
atoms. What immediately stands out is the activity in the range
above 1500 cm™'. In particular, [T3-H]™ presents a broad
band around 1600 cm™, while no significant absorptions rise
in the same region for [rT3-H]~ that is instead active at ca.
1780 cm ™. The band at 1780 cm™" can be arguably attributed
to the CO stretching of a free carboxylic acid,”*>** suggesting
predominant deprotonation of rT3 on the phenolic group. On
the contrary, the [T3-H]™ absorption at 1600 cm™' is
characteristic of asymmetric carboxylate stretching,***® thus
pointing to deprotonation of the carboxylic moiety. Eventually,
more information on the two isomeric structures is still hiding
under the signals in the lower wavenumber range of the
reported spectra. A computational survey of the isomers of
[T3-H]™ and [rT3-H]~ deprotonated either at the carboxylic
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Figure 1. IRMPD spectra of [T3-H] ™ and [rT3-H] ™ in the fingerprint
range.

or phenolic group was therefore performed to correlate the
spectroscopic data to specific vibrational modes.
Conformational Sampling of [T3-H]™ and [rT3-H]".

Figure 2 reports optimized geometries and Gibbs free energies

T3_3 rT3_1
( 38.8 26.2 (16.0)

el Lo

rT3 3

8.20.4 (-

ey v

T3_1 rm3_2
0.0 0.0 (0.0) 0.0 0.0 (0.0)

Figure 2. Optimized geometries of [T3-H]~ (left panel) and [rT3-
H]~ (right panel) isomers. Relative free energies at 298 K at the
B3LYP, B3LYP-D3, and (MP2) levels are provided in kJ mol™".

of [T3-H]™ and [rT3-H] . Additional thermodynamic data
can be found in Table S1 in the SI. Two isomer families are
represented for each ion, in particular, T3_1 and rT3_1 show
deprotonation on the carboxylic moiety, while conformers
T3_2 and T3_3 and rT3_2 and rT3_3 are in the phenolate
form. Relative Gibbs free energies are reported at the B3LYP,
B3LYP-D3, and MP2 levels. All the calculation methods agree
on indicating [T3-H]™ to be more stable in carboxylate form
while [rT3-H]™ in the phenolate one. The dispersion-corrected
functional and MP2 are consistent in suggesting the
comparable energy of the two conformations of phenolate
rT3, i.e, rT3 2 and rT3_3, while B3LYP overestimates the
Gibbs free energy of rT3_3. The same does not apply,

however, to T3 2 and T3 3. Indeed, the whole set of
computed energies shows that T3_3 is higher in energy than
T3_2 by ca. 9 kJ mol™". Henceforth, B3LYP-D3 free energies
will be used as the reference unless otherwise specified.

The lowest-lying isomer of [T3-H]™ is T3_1, in which the
carboxylate functionality interacts with one of the amino
hydrogen atoms (roe_1_n = 2.04 A) and the phenolic H is
oriented toward the iodine atom of the B ring (roy_; = 2.63 A).
T3_2 lays 24.2 kJ mol™" higher in free energy than T3 _1, likely
due to the lower acidity of the phenol functionality, and
presents a H-bond between the carboxylic H, in anti
configuration, and the amino nitrogen. This structural motif
is characteristic of amino acids not bearing the charge on the
a-aminocarboxylic portion.”>**%* T3 3 is found at 32.1 kJ
mol™' and shares the phenolate motif with T3 2 while
differing for the aminoacidic moiety conformation. In fact, a
syn carboxylic acid shows a H-bond between the carbonyl
oxygen and an amino hydrogen (ro.yy = 2.60 A). The
computational survey of [rT3-H]™ reveals a rather different
picture. It is possible to recognize the same structural motifs of
the [T3-H]~ conformers. In fact, rT3_1 presents the negative
charge on the carboxylate, while rT3_2 and rT3_3 are in the
phenolate form, with the carboxylic acid in either anti or syn
configuration, respectively. However, thermodynamic data
point to the prevalence of the phenolate isomers rT3 2 and
rT3_3, which are almost isoenergetic and thus likely to coexist
in the gas-phase population. In contrast, the carboxylate
structure rT3_1 shows a higher free energy, estimated at 26.2
k] mol™". To summarize, [T3-H] is likely to present a
negatively charged carboxylate group, while [rT3-H]~ should
mainly exist in a phenolate form.

Vibrational Mode Assignment. To confirm the land-
scape emerging from thermodynamic results, experimental
IRMPD spectra of [T3-H]™ and [rT3-H]™ were compared to
the theoretical ones calculated for the candidate isomers. A
comparison of the IRMPD spectrum of [T3-H]™ with the
calculated IR spectra of T3 1, T3 2, and T3 3 is reported in
Figure 3, while the assigned vibrational modes are described in
Table S2.

The IRMPD spectrum is fairly matched by the one
pertaining to T3_1, in agreement with the trend of calculated
free energies. The spectral range above 1600 cm™' is highly
informative. In particular, the couple of merged bands at 1589
and 1625 cm™' is well interpreted by the carboxylate
asymmetric stretching and NH, scissoring calculated for
T3 1 at 1650 and 1600 cm™’, respectively. In addition, the
IRMPD spectrum lacks any activity in the 1750—1800 cm™
range, where the asymmetric stretching of the carboxylic acid
functionality in T3_2 and T3_3 is expected. The couple of
experimental bands at 1428 and 1478 cm™' can be attributed
to T3 1 vibrational modes calculated at 1432 (C4-O
stretching coupled with ring A C—H bending) and 1477
cm™ (C4'—O stretching coupled with ring B C—H bending),
respectively. The low wavenumber range of the spectrum is
characterized by the presence of broad and poorly resolved
absorptions between 1190 and 1325 cm™, which are well
interpreted by the calculated vibrations of T3 1 in that region.
Moving on, Figure 4 shows the IRMPD spectrum of [rT3-H]~
to be compared with the theoretical IR spectra of rT3_2,
rT3 3, and rT3 1.

Vibrational modes are reported in Table S3 in the SI. Above
1600 cm™', the [rT3-H]™ experimental spectrum is markedly
different when compared to the one of [T3-H]™. A single band
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Figure 3. Experimental IRMPD spectrum (green profile, bottom) of

[T3-H]~ compared with harmonic IR spectra of T3_1, T3_2, and

T3 3 calculated at the B3LYP/6—311+G** (I = def2TZVP) level

and scaled by a factor of 0.978. The scale of the y-axis is the same for

all theoretical IR spectra.

rises at 1793 cm™!, well matching the carboxylic acid
asymmetric stretch calculated for both rT3 2 and rT3 3 at
ca. 1790 cm™". This vibration is characteristic of the neutral
carboxylic acid portion and confirms that deprotonation of rT3
occurs at the level of the phenol group. Moreover, there is no
activity in the 1600—1700 cm™' range where rT3_1, on the
contrary, presents bands pertaining to the carboxylate moiety.
Interestingly, the position of the C4'—O stretch is also
indicative of the predominant presence of rT3_2 and rT3_3 in
the sampled gas-phase population. Indeed, the phenolate
isomers present a characteristic vibrational mode at ca. 1528
cm™, in correspondence with a strong experimental band at
1527 cm™. Conversely, the same mode is calculated for rT3 1
at 1446 cm™!, which does not well match any IRMPD feature.
Finally, it is not possible to clearly discriminate between the
rT3 2 and rT3 3 conformers just on the basis of
spectroscopic data. In fact, the only signal characteristic of
either one of the two structures is the carboxylic OH bend,
which is calculated at 1394 and 1095 cm™ for rT3 2 and
rT3_3, respectively. Given that, the low activity of [rT3-H]™ in
the 1400 cm™! region could, at a first sight, suggest the
predominance of rT3_3, although several examples in the
literature point to a poor IRMPD activity of the carboxylic OH
bend when strongly interactin§ with a H-bond acceptor group,
such as the amino nitrogen.33’ 6% Thus, the small shoulder at
1370 cm™' can be likely attributed to rT3 2. Finally, the
experimental band at 1107 cm™', which agrees with both the
OH bend calculated at 1095 cm™ for rT3 3 and ring B
breathing mode expected at 1097 cm™" for rT3_2, does not

' " 1400 1600 1800
Wavenumber (cm™)

1000 1200
Figure 4. Experimental IRMPD spectrum (red profile, bottom) of
[rT3-H]~ compared with harmonic IR spectra of rT3_2, rT3_3, and
rT3 1 calculated at the B3LYP/6-311+G** (I = def2TZVP) level

and scaled by a factor of 0.978. The scale of the y-axis is the same for
all theoretical IR spectra.

concur to an unambiguous assignment among the two
candidates.

lon Mobility Analyses. Ion mobility experiments,
ESI(—)—IMS, were carried out on standard solutions of both
compounds. Drift time values recorded for [T3-H]™ and [rT3-
H]~ were 4.18 and 4.34 ms, respectively (Figure S3). These
results indicate a different surface exposure for the two anions
and suggest the possibility to separate them based on their gas-
phase mobility. Therefore, an equimolar mixture of T3 and
T3 in methanol was analyzed using ESI(—)—IMS under the
same experimental conditions employed for the single isomer
samples. The ion-extracted mobilogram of m/z 649.8 showed
two drift times values at 4.23 and 4.45 ms, respectively (see
Figure $S).

Based on the drift times obtained for the single compounds,
one can assign the peak at 4.23 ms to [T3-H]™ and the one at
4.45 ms to [rT3-H]™. A slight deviation is observed between
the drift times recorded in the mixed solution and those of the
pure compounds (Figure S3) likely ascribable to the
overlapping of [T3-H]~ and [rT3-H]™ peaks in the mobilo-
gram of the mixture, causing some displacement of their
respective maxima. To confirm these assumptions, ESI-IMS-
MS/MS experiments were performed on the ion at m/z 649.8,
which was mass isolated from the mobilogram of the mixture
solution. The ions were fragmented using the collision cell
placed after the mobility unit, thus obtaining CID spectra for
each recorded drift time. As shown in Figure S, the CID
spectrum of the m/z 649.8 ion extracted from the peak with
the lower drift time presents the typical fragmentation pattern
of [T3-H]~, whereas the one from the higher drift time peak

https://doi.org/10.1021/acs.analchem.1c03892
Anal. Chem. 2021, 93, 14869—14877


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03892/suppl_file/ac1c03892_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03892/suppl_file/ac1c03892_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03892?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c03892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

B
4.45
1007
A
4.23
%
1Y A A - .
200  3.00 4.00 5.00 6.00 ms
507 632.7 (649.8
A
3
E 126.9
448.9
| A I 1 J
50 150 250 m/z 350 450 550 650
20]
B 649.8
S
2]
477.9
575.8
126.9
| li | Ll
50 150 250 m/z 350 450 550 650

Figure 5. Top: mobilogram extracted for m/z 649.8 recording the
isomer mixture. Bottom: MS/MS spectra in correspondence to the
mobilogram peaks at (A) 4.23 ms and (B) 4.45 ms.

shares the fragmentation spectrum of [rT3-H] . Relative
abundances of the fragments may be different when compared
to the CID spectra of Figure S1 due to the higher
fragmentation yields achieved in the trap, even when operating
with the same CE. Finally, the obtained drift times were
correlated with the CCS of the two isomers."® The so-obtained
CCS values are reported in Table 1 and are 209 and 215 A for
[T3-H]™ and [rT3-H]", respectively. Therefore, [T3-H]™ is
confirmed to have a slightly tighter structure than [rT3-H] .
Experimental values are compared with theoretical ones
obtained from the B3LYP-D3-optimized structures to support
the structural attributions based on the spectroscopic data and
propose a rationale for the observed ion-mobility distinct
behavior of [T3-H]™ and [rT3-H]". Indeed, Table 1 reports a
good agreement between the experimental CCS of [T3-H]~
and the computed value for T3_1, while the higher CCS value

Table 1. Calculated CCS Values for T3 1-3, and rT3 1-3
Compared with the Experimental CCS Values Obtained
from the Drift Times of [T3-H]™ and [rT3-H]~

CCS (A%

theo exp
T3_1 208 209
T3 2 240
T3 3 237
rT3 2 224 21S
T3 3 219
rT3 1 209

of [rT3-H]™ is in good agreement with the simulated ones of
the phenoxide isomers rT3_2 and rT3_3, in particular with
the last one. Therefore, [T3-H]™ and [rT3-H]™ are confirmed
to exist mainly in carboxylate and phenolate forms,
respectively. In addition, for both isomers, the carboxylate
structures (T3 1 and rT3_1) present lower calculated CCS
values than the phenolate ones (T3 2,3 and rT3 2,3),
suggesting the localization of the negative charge in the anions
to be the crucial factor for the different mobility behavior of
[T3-H]™ and [rT3-H] .

lon-Molecule Reactions. [T3-H]™ and [rT3-H]™ were
mass analyzed in the cell of an FT-ICR, which allowed
measurement of the accurate mass of the anions, obtaining an
m/z value of 649.78319 with a mass error of 0.66 ppm with
respect to the exact mass of the formula [C,sH;;NO,;]~
(649.78276 Da). [T3-H]~ and [rT3-H]~ were allowed to react
with selected neutral molecules with appropriate volatility
aiming to substantiate the different deprotonation sites of the
two anions, possibly enabling characteristic ion-molecule
reactions.””® In this regard, Kenttimaa et al. showed
diethylmethoxyborane (DEMB) to react selectively with the
phenolate functionality, producing the DEMB adduct, while
carboxylate groups showed no reactivity.”” Based on this
evidence, both [T3-H]™ and [rT3-H]~ were mass isolated and
stored in the presence of DEMB introduced at a stationary
pressure of 10”7 mbar. Even though the reaction time spanned
from 10 to 180 s, both anions showed no reactivity with
DEMB. However, this result does not invalidate the attribution
of [rT3-H]™ to the phenoxide isomer. In fact, the presence of
two bulky electron-withdrawing (EW) substituents in both
ortho-positions to the phenolate function could hinder the
formation of the adduct. Such an effect is noted by Kenttimaa
et al. for deprotonated vanillin, where the presence of an EW
aldehyde group in paraz‘position to the phenol inhibits the
formation of the adduct.*

Additional experiments were designed to obtain information
on the acid properties of T3 and rT3. First, theoretical gas-
phase acidity (AG,.q) values were obtained from calculations
at the B3LYP-D3 level by summing the Gibbs free energy of
the proton, as reported by York et al,”” to the one of the most
stable deprotonated hormones, either T3 1 or rT3 2, and
finally subtracting the Gibbs free energies of neutral T3 and
T3, respectively. Optimized structures and thermodynamic
data of neutral thyroid hormones are reported in Figure S4 and
Table S1 in the SI, respectively. Calculations show rT3 to be a
stronger acid (AG,(rT3) = 1326 k] mol™') than T3
(AG,;(T3) = 1345 k] mol™). The relatively low AG,.4
values of both species indicate strong acidic properties. Both
[T3-H]™ and [rT3-H]™ were allowed to react with
acetylacetone and TFA, which present AG, ;4 values of 1409
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and 1328 kJ mol ™, respectively.”””" Acetylacetone showed no

reactivity with either [T3-H]™ or [rT3-H]™ in agreement with
its higher AG, 4. On the other hand, two competitive products
were formed by the reaction of TFA with the two
deprotonated thyroid hormones, namely [TFA-H]~ by proton
abstraction and [(r)T3 + TFA-H]™ by addition. Mass spectra
of the two anions reacting with TFA recorded at a 2 s reaction
time are reported in Figure S5 in the SI, kinetic plots are
shown in Figure S6, and tabulated kinetic data are reported in
Table 2. The proton transfer from TFA to [T3-H]™ shows an

Table 2. Kinetic Data for the Proton Transfer Reaction [X-
H]™ + TFA — X + [TFA-H]"

X ko Eff (%)"°
T3 2.53 22
T3 112 10

“Second-order rate constant in units of 107° cm® s7! at 298 K,
estimated error: & 30%. “Eff = Kexp/kapo X 100, where kypo is 1.14 X
107°.°%% “Proton transfer reaction is accompanied by TFA addition,
yielding [(r)T3 + TFA-H]~ (Eff (%) = 7 and 4 for X = T3 and rT3,

respectively).

efficiency of 22%, slightly higher than the one for the same
reaction with [rT3-H]™ (10%). Eventually, the higher reaction
efficiency obtained for [T3-H]™ is consistent with the less
pronounced acidity of T3 when compared with the rT3
isomer.

B CONCLUSIONS

The isomeric T3 and rT3 thyroid hormones were analyzed as
bare deprotonated species, employing a selection of mass
spectrometry-based techniques to obtain structural and
reactivity information of potential interest for isomer
discrimination. Calculations at the DFT and MP2 levels were
performed to rationalize the experimental data. An unambig-
uous characterization of the favored deprotonation sites of
[T3-H]™ and [rT3-H]~ was obtained, combining IRMPD
spectroscopy and DFT calculations of candidate structures and
associated vibrational frequencies. [T3-H]~ was found to exist
predominantly in the carboxylate form, while [rT3-H]~
showed spectral features characteristic of a phenolate anion.
This distinct behavior agrees with the increased acidity of the
phenol group due to the substitution of the hydrogen atom in
ortho-position with an iodine atom. Spectroscopic data well
correlate with fragmentation behavior, which shows different
product ions for the two thyroid hormones. Ion mobilities of
[T3-H]™ and [rT3-H]™ were assayed, obtaining promising
results for the establishment of novel separation procedures
based on drift times for thyroid hormones. Indeed, the two
anions showed different arrival times in a TWIMS sector,
which are associated with experimental CCS values in N, of
209 and 215 A for [T3-H]™ and [rT3-H]~, respectively.
Calculated CCSs were obtained and found to be in good
agreement with the experimental data. Furthermore, the
theoretical CCSs of carboxylate isomers were found to be
consistently lower than the ones of the phenolate structures,
suggesting a strong influence of the different negative charge
localization in [T3-H]™ and [rT3-H]~ on their ion mobilities.
Finally, ion-molecule reactions indicate a stronger acidity of
r'T3 compared with the one of T3 in agreement with the
calculated AG, 4 of T3 and rT3 obtained at the B3LYP-D3
level, i, 1345 and 1326 kJ mol ™', respectively.

To conclude, the present work represents the first
experimental assessment of different deprotonation sites within
T3 and T3, involving either the carboxylic or phenol groups,
respectively. This feature may not only affect the gas-phase
behavior of the two anions, driving their unimolecular
reactivity and mobility, but can also supposedly have an
impact in the mirror physiological activity of the two isomeric
thyroid hormones.
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