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Abstract:

Aminoxyl radicals (nitroxides) are a class of compounds with important biomedical applications,
serving as antioxidants, spin labels for proteins, spin probes of oximetry, pH, or redox status in electron
paramagnetic resonance (EPR), or as contrast agents in magnetic resonance imaging (MRI). However,
the fast reduction of the radical moiety in common tetramethyl-substituted cyclic nitroxides within
cells, yielding diamagnetic hydroxylamines, limits their use in spectroscopic and imaging studies. In
vivo half-lives of commonly used tetramethyl-substituted nitroxides span no more than a few minutes.
Therefore, synthetic efforts have focused on enhancing the nitroxide stability towards reduction by
varying the electronic and steric environment of the radical. Tetraethyl-substitution at alpha position
to the aminoxyl function proved efficient in vitro against reduction by ascorbate or cytosolic extracts.
Moreover, 2,2,6,6-tetraethyl-4-oxo(piperidin-1-yloxyl) radical (TEEPONE) was used successfully for
tridimensional EPR and MRI in vivo imaging of mouse head, with a reported half-life of over 80 min.
We decided to investigate the stability of tetraethyl-substituted piperidine nitroxides in the presence
of hepatic microsomal fractions, since no detailed study of their “metabolic stability” at the molecular
level had been reported despite examples of the use of these nitroxides in vivo. In this context, the
rapid aerobic transformation of TEEPONE observed in the presence of rat liver microsomal fractions
and NADPH was unexpected. Combining EPR, HPLC-HRMS, and DFT studies on a series of piperidine
nitroxides — TEEPONE, 4-oxo-2,2,6,6-tetramethyl(piperidin-1-yloxyl) (TEMPONE), and 2,2,6,6-
tetraethyl-4-hydroxy(piperidin-1-yloxyl) (TEEPOL), we propose that the rapid loss in paramagnetic
character of TEEPONE is not due to reduction to hydroxylamine but is a consequence of carbon
backbone modification initiated by hydrogen radical abstraction in alpha position to the carbonyl by
the P450-FeV'=0 species. Besides, hydrogen radical abstraction by P450 on ethyl substituents, leading
to dehydrogenation or hydroxylation products, leaves the aminoxyl function intact but could alter the
linewidth of the EPR signal and thus interfere with methods relying on measurement of this parameter
(EPR oximetry).
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Abbreviations

BSA, bovine serum albumin; carbamoyl-PROXYL, 3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yl-oxyl;
DFT, Density Functional Theory; DMSO, dimethylsulfoxide; DPI, diphenyliodonium chloride; DTPA,
diethylene triamine tetraacetic acid; EPR, electron paramagnetic resonance (equivalent to ESR,
electron spin resonance); ESI*, electrospray ionization in positive ionization detection mode ; K,
spectroscopic (apparent) equilibrium dissociation constant; hfc, hyperfine coupling constant; HPLC,
high-performance liquid chromatography; HRMS, high-resolution mass spectrometry; MRI, magnetic
resonance imaging; P450, cytochrome P450; SOD, superoxide dismutase; TEEPONE, 2,2,6,6-tetraethyl-
4-oxo(piperidin-1-yloxyl); TEEPOL, 2,2,6,6-tetraethyl-4-hydroxy(piperidin-1-yloxyl); TEMPONE, 2,2,6,6-
tetramethyl-4-oxo(piperidin-1-yloxyl); RLM, rat liver microsomes; RT, retention time.

Introduction

Aminoxyl radicals (nitroxides) have a broad range of biological applications [1], from antioxidants [2]
and contrast or polarization agents for MRI [3], to spin labels [4] and spin probes of oxygen [5], pH [6],
viscosity, or redox status [7,8] in EPR spectroscopy. In many of these applications, the persistence of
the radical character of the nitroxide function is essential. The uncommon nitrogen-oxygen 3-electron
n bond affords resonance stabilization. Therefore, radical dimerization, reaction with molecular
oxygen, or hydrogen atom abstraction are not favored, contributing to stability and longer shelf-life.
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The exhaustive substitution by alkyl groups at a-position to the nitrogen also prevents
disproportionation [9]. However, nitroxides can be oxidized to N-oxoammonium cations or reduced to
hydroxylamines, both reactions leading to the loss of EPR signal. The formation of N-oxoammonium
cation intermediate has been highlighted in the SOD-mimic activity of piperidine and pyrrolidine
nitroxides [10], but it is generally accepted that intracellular reduction of nitroxides to hydroxylamines
is the primary metabolic pathway limiting applications in biological systems [11].

In-depth studies using various models or integrated systems showed that several mechanisms are
involved in the reduction of tetramethyl-substituted nitroxides, depending on the tissue of interest
and on the subcellular localization, hence on the lipophilicity and charge of the nitroxide. Cells do not
significantly reduce charged compounds that do not permeate cell membranes [12]. Ring type and ring
substituents, to a minor extent, influence the reduction rate in the cytosol of hepatocytes and kidney
cells with high ascorbate content, piperidine derivatives being reduced faster [12,13]. Thiols are not
directly involved in reduction processes but can act as secondary electron donors [14]. Enzyme-
mediated reduction appears as preponderant in most cell types, involving either enzymes of the
mitochondrial electron transport chain [15—-17], NAD(P)H-dependent systems in microsomal fractions
[18,19], or soluble enzymes of the hexose phosphate shunt [20].

Considerable research efforts have been taken to improve the resistance of nitroxides against
reduction, with variations of ring types (piperidine, pyrrolidine, pyrroline, imidazolidine, and
isoindoline), substituents (charged or neutral), and of steric shielding at a-position to the nitroxide
(methyl, cyclohexyl, or ethyl groups) [21-27]. In particular, it has been recently shown that piperidine
derivatives with tetraethyl substituents flanking the nitroxide function are reduced by ascorbate at a
slower rate than their tetramethyl counterparts [24,26,28]. This property was attributed to steric
shielding and a lower reduction potential of the nitroxide, with support of computational studies [29—
32]. TEEPONE and TEEPOL (Figure 1) demonstrated high stability in human plasma and in the presence
of quiescent and activated human neutrophils [33]. Only slow reduction was also observed in cytosolic
extracts of Xenopus laevis oocytes and after injection into such oocytes [28]. After intravenous
injection, the half-lives measured in the mouse tail reached 16.4 + 1.3 min and 20.0 = 3.0 min for
TEEPONE and TEEPOL, respectively [31], while tetramethyl counterparts could not be detected. For
comparison, the half-life of carbamoyl-PROXYL (3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yl-oxyl)
did not exceed 8.5 + 2.7 min under the same conditions [31]. TEEPONE was thus used for brain EPR
and MRI imaging studies (with a reported half-life in the brain over 80 min) [34—36]. Interestingly, in
the study by Kinoshita et al. [31], the level of signal due to TEEPONE was considerably lower than that
of TEEPOL for the same injection dose, both in the mouse tail and in tissue homogenates (including the
brain). After reoxidation by ferricyanide addition, the levels of TEEPOL in homogenates (especially in
the liver and kidney) were higher than those of tested tetramethyl derivatives. However, levels of
TEEPONE remained low under the same conditions whatever the tissue, suggesting that reduction did
not contribute significantly to the loss of signal in this case.

OH
N N N
le I le
¢) ¢ o)
TEMPONE TEEPONE TEEPOL

Figure 1: Structures of aminoxyl radicals used in this study.
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To our knowledge, this peculiar behavior of TEEPONE in vivo remains unexplained. Therefore, we
decided to further investigate the “metabolic stability” of a series of piperidine nitroxides - TEMPONE,
TEEPONE, and TEEPOL (Figure 1), in the presence of microsomal fractions of rat liver under different
experimental conditions. These subcellular fractions obtained by homogenization and centrifugation
of rat liver are standard tools for in vitro metabolic studies. They contain all the membrane-bound
enzymes responsible for the metabolism of xenobiotics, such as cytochromes P450 and associated
reductases [37], and the use of specific cofactors and inhibitors helps to unravel the enzymatic systems
involved in xenobiotic transformation.

Materials and Methods
Reagents

TEEPONE and TEEPOL were synthesized as orange oils according to previously published protocols with
few modifications [26,36]. Purity was assayed by high performance liquid chromatography (HPLC)
coupled to high-resolution mass spectrometry (HRMS) and was above 98% (Supplementary figures S1
and S2, and supplementary tables T1 and T2 in Supplementary material). 10-50 mM stock solutions of
these nitroxides in DMSO were further diluted in phosphate buffer (The final DMSO concentration in
buffer was 0.1% v/v for EPR or 1% v/v for HPLC-HRMS). NADPH, NADH, TEMPONE, diethylene triamine
pentaacetic acid (DTPA), and diphenyliodonium chloride (DPI) were purchased from Sigma-Aldrich (St.
Quentin Fallavier, France). All other chemicals and solvents were of the highest grade commercially
available. Ultrapure water (ELGA, Antony, France, resistivity: 18.2 MQ-:cm) was used for the
preparation of potassium phosphate buffer (0.1 M, pH 7.4) containing 1 mM DTPA, which was used for
all experiments unless otherwise stated.

Preparation of rat liver microsomes

The animal study was approved by Paris Descartes University Animal Ethics Committee (CEEA 34),
adhering to the French regulations and the European Communities Council Directive on the protection
of animals used for scientific purposes. It was authorized by the French Ministry of Higher Education
and Research under reference number APAFIS#7494-2016102716338280 v2.

Male Sprague Dawley rats (200-250 g, Charles River, L'Arbresle, France) were provided laboratory
chow and water ad libitum. After 7 days of adaptation, animals were treated with phenobarbital (20
mg kg™, in corn oil, intraperitoneally for 4 days). Rat liver microsomes (RLM) were prepared by
differential centrifugation as previously reported [38]. A single batch of RLM was divided in multiple
aliquots and stored at -80 °C until use. Undiluted aliquots were kept on ice during the experiments,
used within a couple of hours, and leftovers were discarded to ensure constant enzyme activity
throughout the study. Protein concentrations were determined by the Bradford assay with bovine
serum albumin (BSA) as a standard [39]. Cytochrome P450 contents were determined by the method
of Omura and Sato [40]. The cytochrome ¢ reductase activity was assayed using the protocol of
Vermilion and Coon [41] and corresponded to 0.45 + 0.15 umol cyt c reduced min™! mg?! protein.

Spectral interaction studies

Absorption difference spectra were recorded at 21°C in a UV-2700 UV-Vis spectrophotometer
(Shimadzu, Marne-La-Vallée, France). Small volumes of 10* - 510 M stock solutions of nitroxides
were added to 1-cm path length sample cuvettes, which contained 150 ul of a 2 micromolar P450
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microsomal preparation in potassium phosphate buffer (0.1 M, pH 7.4) containing DTPA (1.0 mM). The
same amount of buffer was added to the reference cuvette, which contained the same microsomal
preparation. The difference spectra were recorded immediately after the addition of nitroxide. Typical
type | spectra with peaks at about 390 nm and troughs at about 420 nm were observed. The changes
in absorbance were measured as differences in absorbance values at these two wavelengths (AA =
Ass0-As20). Apparent dissociation constants (Ks) were estimated from plots of the absorbance
AApaxX[nitroxide]
Ks+[nitroxide]
using KaleidaGraph 4.0 (Synergy Software). (In the case of TEMPONE, absorption of the nitroxide
interfered with the measurement above 2 mM. Therefore, only the sample cuvette contained the
microsomal preparation, while the reference cuvette was filled with buffer. Then TEMPONE was added
to both cuvettes.)

differences versus concentration by fitting the data to the following equation AA =

EPR spectroscopy

The samples were prepared by diluting a stock solution of nitroxide and the RLM preparation to the
final concentrations of 10-100 uM nitroxide and 1.0 uM P450 in potassium phosphate buffer (0.1 M,
pH 7.4) containing DTPA (1.0 mM). When NADPH or NADH were used, their final concentration was
1.0 mM. The samples were prepared by addition of NAD(P)H as last, before mixing and transferring to
glass microcapillary pipettes (50 pl, Hirschmann). The capillaries were sealed with CRITOSEAL paste
(Leica), placed in a 4-mm quartz tube, and then in the EPR cavity.

EPR measurements were performed using an Elexsys E500 EPR spectrometer (Bruker, Wissembourg,
France), operating at X-band (9.8 GHz) and equipped with an SHQ high-sensitivity cavity. Typical
settings used were: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude,
0.10 mT for TEMPONE and TEEPONE or 0.15 mT for TEEPOL; receiver gain, 60 dB; time constant, 40.96
ms; conversion time, 41.04 ms; datapoints, 1024; sweep width, 6 mT; sweep time, 42.02 s. EPR spectra
were recorded sequentially at 21°C. Data acquisition and processing were performed using Bruker Xepr
software.

EPR spectra simulations and extraction of kinetic evolutions

Computer simulations of EPR spectra were performed using Matlab software (Mathworks) and the
dedicated toolbox EasySpin (garlic function) [42]. When indicated kinetic evolutions of mixtures of
species were extracted from temporal series of EPR spectra by the pseudo-inverse method described
by Lauricella et al. [43].

HPLC-HRMS study

Samples (final volume 100 pul), containing 100 uM nitroxide, RLM diluted to 1.0 uM P450, and 1.0 mM
NADPH, were prepared in potassium phosphate buffer (50 mM, pH 7.4). Each sample was incubated
for the indicated period of time (0-60 min) at 21 °C, before acetonitrile (50 ul) was added to stop the
reaction. The precipitate was separated by centrifugation (20 min at 13000 rpm on microcentrifuge
miniSpin, Eppendorf) before HPLC-HRMS analysis. Control samples were prepared, without NADPH or
nitroxide, respectively.

HPLC-HRMS analyses were performed on a Thermo Exactive Orbitrap spectrometer (Thermo Scientific,
Les Ulis, France) coupled to a Nexera X2 HPLC (Shimadzu, Marne-La-Vallée, France) system using a
Cluzeau Satisfaction RP 18-AB column (150x2.0 mm, 3 um, C.l.L. Cluzeau, Sainte-Foy-La-Grande,
France), and a gradient of A+B starting at 10% B for 2 min then increasing linearly to 20% B in 4 min,
then to 50% B in 2 min, then to 100% B in 2 min for 7.9 min, then back to 10% B at 18 min, and
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equilibration at 10% B for 7 min (A = mQ water plus 0.1% HCOOH, and B = CH3;CN/H>O/HCOOH
(949:50:1) at 200 pL/min). Mass spectra were obtained by electrospray ionization in positive ionization
detection mode (ESI*) under the following conditions: sheath gas 15, auxiliary gas 5, capillary
temperature 275°C, capillary voltage 42.5 V, tube lens 60 V, skimmer 16 V; and mass range 150-520,
and HCD (higher-energy collisional dissociation) and CID (collision induced dissociation) disabled,
resolution 10000.

The mass spectra of pure TEEPONE (Supplementary Figure S1 and Table T1) and TEEPOL
(Supplementary Figure S2 and Table T2) show a similar ionization pattern with three ions of
comparable intensity at m/z = M, M+1, and M+2, typical of electrospray ionization of nitroxides and
positive detection mode [44].

Computational details

All theoretical calculations were based on the Density Functional Theory (DFT) and were performed
with the ORCA program package [45]. Full geometry optimizations as well as electronic structure
calculations were undertaken for all systems using the hybrid functional B3LYP [46,47] in combination
with the TZV/P [48] basis set for all atoms, and by taking advantage of the resolution of the identity
(RI) approximation in the Split-RI-J variant [49] with the appropriate Coulomb fitting sets [50].
Increased integration grids (Grid4 and GridX4 in ORCA convention) and tight SCF convergence criteria
were used in the calculations. To ensure that the resulting structures converged to a local minimum
on the potential energy surface, numerical frequency calculations were performed and resulted in only
positive normal vibrations. Solvent effects were accounted for according to the experimental
conditions. For that purpose, we used water as a solvent (e = 80) within the framework of the
conductor like screening (COSMO) dielectric continuum approach [51]. The bond dissociation energies
(BDE) were computed from the gas-phase optimized structures as a sum of electronic energy, solvation
and thermal corrections to the free energy. EPR parameters were obtained from additional single-
point calculations using the EPR-Il basis set [52] and the hybrid functional B3LYP. Preliminary
calculations showing a net underestimation of the magnitude of the nitrogen hyperfine coupling
constant (hfc), we conducted a calibration study using TEEPONE as a reference compound. We
constructed and optimized new model systems by including from one to five water molecules in the
surrounding of TEEPONE. We then evaluated the influence of explicit solvent molecules on the
prediction of such EPR parameters as it was suggested that the nitrogen hfc is influenced not only by
the polarity of the solvent, but also by the formation of solute-solvent hydrogen bonds (data shown in
Supplementary Figure S4 and Table T3) [53]. Our results indicated that the model system together with
four water molecules is converged and gives the best correlation between experiment and theory.
Molecular orbitals were generated using the orca_plot utility program and optimized structures were
both visualized with the Chemcraft program.

Results and discussion
EPR study of piperidine nitroxides in incubations with RLM
Figure 2 summarizes the EPR observations obtained upon aerobic incubations of 10 uM nitroxide with

RLM (0.57 mg ml? protein, 1 uM P450) in the presence of NADPH in potassium phosphate buffer (0.1
M, pH 7.4, containing 1 mM DTPA) at 21°C.
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In the case of TEMPONE, only a slow decrease in intensity without change in the shape of the spectrum
was observed (= 0.5 nmol mint mg? protein) (Figure 2A). This decay was RLM- and NADPH-dependent,
and was enhanced by prior saturation of the microsomal preparation with carbon monoxide (CO), a
ligand of P450-Fe(ll) (results not shown). These results point out to reduction of the nitroxide function
by reductases present in RLM and not to P450 activity, which is in agreement with previous studies
with tetramethyl-substituted piperidine nitroxides [19,54].

A. TEMPONE B. TEEPOL C. TEEPONE
o o o
TEEPONE ; :

1 min after
mixing

5 minJ
10 min
* * *
e N N et

348 350 352 347 349 351 353 347 349 351 353
Magnetic field (mT) Magnetic field {(mT) Magnetic field {(mT)

Figure 2: EPR study of aerobic incubations of nitroxides (10 pM) with RLM (0.57 mg ml? protein, 1.0
UM P450) and NADPH (1 mM) at 21 °C at different incubation times. The samples were prepared in
potassium phosphate buffer (100 mM, pH 7.4, containing 1 mM DTPA) by addition of NADPH stock as
last. A. Case of TEMPONE; B. Case of TEEPOL; C. Case of TEEPONE (The spectrum of TEEPONE alone
was overlaid with the spectrum obtained right after mixing to highlight the fast initial changes in the
signal. At least three species can be observed during the reaction: TEEPONE (open circles), a 6-line
intermediate (crosses), and a 3-line species (closed diamonds). Experimental details and EPR settings
are described in the experimental section.

In the case of TEEPOL, a slow distortion of the EPR spectrum was observed, with a characteristic “roof
effect” (Figure 2B). This could be explained by overlapping of the EPR spectrum of one (or several)
different nitroxide product(s) with a slightly smaller nitrogen coupling constant with that of the starting
nitroxide. The middle lines of all nitroxides being almost in the same position and the low- and high-
field lines having slightly different positions, low- and high-field lines would appear broadened. A
similar effect was reported in a study where TEMPONE was transformed to TEMPOL in isolated
perfused rat liver [55]. The change in the observed g-value (0.0027 units during the course of the
experiment) comforts our hypothesis of a combination of nitroxides with overlapping signals. Despite
this extensive evolution, the new nitroxide species demonstrated a good stability and the EPR signal
with the typical “roof effect” was visible over several hours of incubation. Precise evolution kinetics
could not be extracted due to heavy overlapping and incomplete transformation. The overall intensity
of the EPR spectrum decreased very slowly with time, which suggests that reduction of the nitroxide
group to hydroxylamine is not a major pathway to interpret the results. Instead, a modification of other
parts in TEEPOL structure is expected.
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The case of TEEPONE was even more puzzling. No reaction was observed when either microsomes or
NAPDH was omitted. But, right after preparation of an aerobic mixture of the nitroxide with both RLM
and NADPH, a rapid decay of TEEPONE (identified with open circles in Figure 2C) was observed with
appearance of an overlapping transient six-line radical species (crosses in Figure 2C) where the single
electron coupled with both one nitrogen and one hydrogen atom. Four minutes after sample
preparation, the starting nitroxide TEEPONE was almost completely exhausted unveiling the weak
signal of a new nitroxide species (closed diamonds in Figure 2C) with a slightly smaller nitrogen
coupling constant and larger linewidth. This new three-line nitroxide was not a subject of rapid
metabolization, its signal decaying slowly. The spectral properties and kinetic evolution of the different
species were extracted from the temporal series of EPR spectra using EasySpin and the pseudo-inverse
method [43] and are presented in Table 1 and Figure 3, respectively (see also Supplementary Figure S3
for simulations of EPR spectra).

Table 1: Spectral characteristics of the different species observed in the aerobic reaction of TEEPONE
with RLM and NADPH, as identified in Figure 2C. The hyperfine coupling constants (An, Ax) and
linewidth parameter (AB) were extracted by simulation with EasySpin [42]. Calculated spectra are
presented in Supplementary Figure S3.

TEEPONE | 6-line intermediate | 3-line species
(o) (x) ()
An (mT)/(MHz)| 1.54/43.2 1.67/46.8 1.50/42.0
A4 (mT)/(MHz) - 0.95/26.6 -
AB (mT) 0.20 0.16 0.36
5.0 1
4.0 — TEEPONE
- B-line intermediate
= - - 3-line species
230
8
1.0 4 .
0.0 T T T T T T \
0 2 4 6 8 10 12 14
Time (min)

Figure 3: Kinetic evolutions of the different species observed in Figure 2C (extracted from the temporal
series of EPR spectra by the pseudo inverse method [43]).

To unravel the underlying mechanism of transformation of TEEPONE, we performed supplementary
experiments with different cofactors and inhibitors, which are presented in Table 2.
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Table 2: Initial rates of decrease of TEEPONE and formation of the 6-line intermediate in incubations
with RLM in the presence of various cofactors and inhibitors. The samples were prepared in potassium
phosphate buffer (100 mM, pH 7.4, containing 1 mM DTPA) by addition of NAD(P)H stock as last. The
incubations were performed at 21 °C.

Initial rate of decrease Initial rate of decrease | Formation of
Experimental conditions of TEEPONE of TEEPONE the 6-line

(nmol mint mg? prot) | (nmol min! nmol™® P450) | intermediate

TEEPONE (100 pM) + RLM

(1 uM P450) + NADPH 7.7£0.2(n=2) 44+0.2(n=2) +
(1 mM)

- NADPH 0.0 0.0 -
+ CO* 1.7 1.0 -
+ DPI (100 pM)* 3.0 1.7 +
- NADPH + NADH (1 mM) 0.9 0.5 +
+ NADH (1 mM) 10.1 5.8 +

* RLM were treated with gaseous CO prior to addition of the nitroxide.
# RLM were briefly mixed with a fresh solution of DPI prior to addition of the nitroxide.

When TEEPONE was incubated with RLM supplemented with NADPH, it decayed very fast with an initial
rate of 7.7 0.2 nmol min't mg?! protein. The reaction was RLM- and NADPH-dependent. Pretreatment
of RLM with CO reduced the initial decay rate and prevented the formation of the six-line intermediate.
Moreover, potassium ferricyanide addition did not regenerate TEEPONE signal. This indicates that the
formation of the six-line intermediate depends on P450 heme center and that direct reduction to
hydroxylamine by the reductase is a minor pathway in this case, in opposition to tetramethyl piperidine
nitroxides. The reductase inhibitor DPl slowed down the evolution of all species proving the
involvement of the whole P450 catalytic cycle. When NADPH was replaced by NADH, a cofactor of
cytochrome bs reductase, the whole cycle was still functional but the reactions were very slow. It
cannot be concluded if cytochrome bs catalyzes the same transformation or if the reductase merely
transfers electrons to P450 [56]. Expectedly, when both NADPH and NADH were added, the reactions
were faster than with any cofactor alone, consistent with a larger inflow of electrons.

HPLC-HRMS study of tetraethyl piperidine nitroxides in incubations with RLM

To get more insight into these transformations, incubations of TEEPONE and TEEPOL with RLM were
studied by HPLC-HRMS.

When TEEPONE was incubated for increasing periods of time with NADPH-supplemented RLM, the
corresponding peak eluted at 16.4 min gradually disappeared with concomitant build-up of several

other peaks at lower retention time (Figure 4A). The corresponding mass spectra are shown in Figure
© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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5E, as well as the reconstructed chromatograms of the principal ions (Figure 5A-5D). The major
identified products correspond to the addition of an oxygen atom, dehydrogenation, isomerization of
the starting material, and the loss of an ethyl group (Table 3). Without NADPH, no such transformation
occurred, confirming EPR observations.
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t=0min
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TEEPONE + RLM + NADPH
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TEEPONE + RLM + NADPH
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RLM + NADPH
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Figure 4: HPLC-HRMS study of the incubations of (A) TEEPONE and (B) TEEPOL (100 uM) with or
without RLM (1 uM P450) and NADPH (1 mM). The samples were prepared as described in the
experimental section. The reconstructed chromatograms at m/z = 195-250 Da are shown for the
conditions and indicated time reported on the left. The peak at 17.7-17.8 min can be ignored as it was
identified in the blank (RLM + NADPH).
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Figure 5: HPLC-HRMS study of the incubation of TEEPONE (100 uM) with RLM (1 uM P450) and NADPH
(1 mM) after 30 min. Panels A-D show the reconstructed chromatograms at m/z =242.1751, 224.1645,
226.1802, and 198.1489, respectively. (MA or AA: peak area). Panel E represents the HRMS spectra
obtained for the peaks at retention times (RT) 11.6, 14.4, 12.1, 13.4, and 15.0 min, respectively, in
panels A-D. The corresponding observed and calculated m/z values for the indicated elemental

composition are reported in Table 3.
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Table 3: HRMS characteristics of the main products formed upon aerobic incubations of TEEPONE with
RLM in the presence of NADPH?. (See Figure 8 for proposed formation mechanism.)

m/z (Da)
RT (min) Chemical formula Putative structures
observed | calculated

8 8'
11.6 oH
242.1782 | 242.1751 Ci3H2NOs* [M*]
14.4 N N
. l. OH
o e}
12.1
224.1674 | 224.1645 Ci13H22NO, [MY]
14.7

13.4 | 226.1832 |226.1802 | Ci3HuaNO,' [MH]?

15.0 198.1516 | 198.1489 C11H20NO2" [MH"] |

2 Conditions are described in the experimental section. Mass (in Da) observed or calculated according
to the indicated formula for the molecular ion. ® Note that though the chemical formula is identical to
that of the starting material TEEPONE, the product eluted at 13.4 min is easier to ionized and the HRMS
spectra in Supplementary Figure S1 and figure 5E (fourth spectrum from top) are different.

The same set of experiments was run with TEEPOL (RT = 15.6 min), which showed slower decay rate
over 60 min incubation than TEEPONE (Figure 4B), confirming the results previously obtained by EPR.
Three major products of TEEPOL transformation were identified (Figure 6 and Table 4), corresponding
to the addition of an oxygen atom (RT = 10.1 min), dehydrogenation (RT = 10.8, 15.5 min), and
combination of these reactions (RT = 7.8, 14.6 min), but some appeared in more than one peak,
suggesting production of isomers.
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Figure 6: HPLC-HRMS study of the incubation of TEEPOL (100 uM) with RLM (1 uM P450) and NADPH
(1 mM) after 60 min. Panels A-C show the reconstructed chromatograms at m/z = 242.1756; 244.1907;
and 226.1807, respectively. (AA: peak area). Panel D represents the HRMS spectra obtained for the
peaks at RT 7.8; 10.1; and 10.8 min, respectively, in panels A-C. The corresponding observed and
calculated m/z values for the indicated elemental composition are reported in Table 4.
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Table 4: HRMS characteristics of the main products formed upon incubations of TEEPOL by RLM in the
presence of NADPH.?

RT m/z (Da) Putative
Chemical formula
(min) observed | calculated structure
OH 44
7.8 oH
242.1786 | 242.1751 Ci3H2aNOs* [M*]
14.6 N
\ &
OH 4
10.1 244.1942 | 244.1907 Ci3H26NOs* [M*] OH
N
&
OH
108 226.1834 | 226.1802 C13H2NO, [MY] 11
15.5
227.1867 | 227.1880 | Ci3H2sNO," [MHY] \g

2 Conditions are described in the experimental section. Mass (in Da) observed
or calculated according to the indicated formula for the molecular ion.

Interpretation and proposed pathways for product formation
In previous studies of nitroxide metabolism by RLM, the P450-catalyzed conversion of tetramethyl

piperidine-derived nitroxides to a 2,2-dimethylpyrrolidine moiety has been described (Figure 7) [57].
This reaction was faster with RLM in the absence of NADPH and was also catalyzed by hemin alone.

R N—omqe"' —>» R N& —F{V) w» —Cﬁ
Q{ Q{ ?&% N W 1
o Fe'V

Figure 7: Mechanism of the transformation of piperidine-based tetramethyl-substituted nitroxides by
ferric heme proposed in reference [57].
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The proposed mechanism for this transformation starts with homolytic cleavage of the N-O bond
induced by interaction of the nitroxide with ferric heme iron. A nitrogen-centered radical is formed
along with a FeV=0 species. After rearrangement of the nitrogen-centered radical by B-scission, the
FeV=0 species abstracts an electron and forms an iminium cation derivative. Following hydration, this
intermediate undergoes N-dealkylation to give 2,2-dimethylpyrrolidine derivative and acetone, which
was detected by mass spectrometry.

By contrast, the present transformation of tetraethyl piperidine nitroxides does not involve P450-Fe(lll)
and is clearly NADPH-dependent. We suspect that the coordination of the N-O® moiety to the iron is
prevented by increased steric hindrance and the pathway leading to 2,2-dimethylpyrrolidine is not
active.

Based on EPR and HPLC-HRMS results and knowledge of P450 activity [58], we propose two different
routes for the P450-catalyzed transformation of TEEPONE depending on the site of initial activation.
The reduction to hydroxylamine 1 being excluded, the first pathway (A) is fast and produces the
transient six-line nitroxide intermediate; the second (B) gives stable nitroxides with different spectral
properties (Figure 8). Most of the initial nitroxide is likely metabolized through the fast route (A). In
this first route, the molecule is activated by abstraction of an a-hydrogen to the carbonyl group by
FeV=0. This position in carbonyl compounds is susceptible to attack by P450. The resulting carbon-
centered radical 2 is likely to undergo B-scission and, depending on the bond that breaks, products of
ring contraction 3, dealkylation 4, or ring opening 5 are expected. Compound 3 would then evolve to
3’ through the “oxygen rebound” mechanism [58]. Nitroxides 3’ and 4 are possible candidates for the
six-line intermediate identified by EPR. They are less sterically protected than TEEPONE, which is in
favor of a fast reduction to 3" and 4’. However, no EPR signal could be recovered by ferricyanide and
further decomposition is assumed. Metabolite 5 is EPR silent and can only be detected by mass
spectrometry. It cannot be concluded whether the species eluted at 13.4 min corresponds to
compound 5 or to 3"”, a product of intramolecular dehydration of compound 3”.
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Figure 8: Proposed products and corresponding formation pathways A and B in aerobic
transformations of TEEPONE by RLM and NADPH.

DFT calculations were conducted on putative structures 3’ and 4 including explicit solvent molecules
to determine whether their EPR properties were in agreement with those of the observed six-line
species. The DFT-optimized geometry and the singly occupied molecular orbital of 3’ and 4 with four
water molecules in their surrounding are presented in Figure 9. Electronic structure calculations show
that the unpaired electron is mainly delocalized over the NO moiety and occupies an antibonding -
orbital in both cases.
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Figure 9: DFT-calculated structures for 3’ + 4 H,0 and 4 + 4 H;O: optimized geometries with selected
metrical parameters (A, A and D), Singly Occupied Molecular Orbitals (B and E), and atom numberings
(C and F), respectively.

The computed hyperfine coupling constants for the selected nitrogen and hydrogen centers are
reported in Table 5 (See Supplementary Tables T4 and T5 for more details). Our computational results
show a pretty fair agreement between theory and experiment for the case of 3’ suggesting that this
structure is compatible with the one observed by continuous wave EPR spectroscopy (Table 1).

Table 5: DFT-calculated hyperfine coupling constants* (hfcs, MHz) for the geometry-optimized
structures 3’ + 4 H,0 and 4 + 4 H;0.

Structure 14NAso MAiso [atom number]
3'+ 4 H,0 44.2 41.0 [24]
4+ 4 H,0 26.5 25.9 [35]

* While hfcs can be in principle either positive or negative, continuous wave EPR will only give access
to absolute values. Comparison between experiment and theory thus requires presenting and
discussing absolute hfcs.

The second, slower metabolic route (B) (Figure 8) occurs when the molecule is activated by abstraction
of a hydrogen atom from one of the ethyl groups to give intermediate 6. According to calculations of
bond dissociation energy for H-atom abstraction, the a-position to the carbonyl group is more
favorable for this reaction than the methylene carbon of the ethyl group (by 8.7 kcal.mol?) or the
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terminal carbon (12.1 kcal.mol?, data shown in Supplementary Figure S6 and Table T6). A similar
thermodynamics-driven order of reactivity is usually observed in P450 reactions. The reaction can
further proceed either to hydroxylation through the “oxygen rebound” mechanism [58] or through
dehydrogenation. Desaturation, or dehydrogenation, is a less common reaction catalyzed by P450 [58].
In all cases of dehydrogenation by P450, hydroxylation of the same position is also present and is
usually the major course of the reaction. Both reactions start with hydrogen abstraction by FeV=0, then
there is a competition between “oxygen rebound” and abstraction of what is formally a second
hydrogen (or an electron plus a proton). This mechanism is supported by similar results found in
metabolic studies of valproic acid [59] and capsaicin [60]. The resulting nitroxides 7 and/or 8 are more
stable than starting compound TEEPONE and could correspond to the 3-line species observed at the
end of the reaction. We assume they are no longer substrates for the fast metabolism (route A), due
to a modified affinity to P450 compared to TEEPONE.

Despite the presence of a carbonyl function in TEMPONE, this nitroxide is solely reduced by reductases
at a slow rate and is not transformed by P450 following pathway A. A possible explanation is the large
difference in lipophilicity of the nitroxides, a parameter that greatly influences the affinity of drugs for
P450 active site [61]. Kinoshita et al. [31] reported the octanol/water partition coefficients (Pow) of
TEMPONE and TEEPONE as 1.90 £ 0.17 and 139.17 + 3.77, respectively. We confirmed this hypothesis
by testing the spectral interactions of both nitroxides with P450 [62,63]. Typical type | difference
spectra with maximum at about 390 nm and minimum at about 424 nm (i.e., blue shifts of the Soret
band of the heme cofactor) were observed in both cases (Figure 10). This is the sign of an increased
high spin character of the P450-Fe" resting state upon ligand binding (typically observed when the
coordinated water ligand is removed from the active site). The spectroscopic equilibrium dissociation
constant was dramatically higher for TEMPONE (Ks = 0.8 + 0.3 mM), than for TEEPONE (Ks= 9.3+ 1.9
UM, Figure 10), consistent with a smaller binding affinity.
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A Absorbance
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Figure 10: Type | spectral changes with TEEPONE. Main. Difference spectra caused by addition of
TEEPONE to RLM. Additions of TEEPONE to the sample cuvette were 0.40, 0.96, 4.25, 10.9, 17.3, 49.7,
82.0, 145.9 uM. Inset. TEEPONE dependence of Type | spectral changes (n=2). The experimental data
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AAaxX[nitroxide]
Ks+|[nitroxide]
experimental section for details.

were fitted to AA =

with AA,g, = 0.056 + 0.003 and K = 9.3 + 1.9 puM. See

Pathway A is excluded in the case of TEEPOL because of the lack of carbonyl group, while reduction to
hydroxylamine 9 is unlikely (Figure 11). Therefore, only products of dehydrogenation and
hydroxylation on ethyl groups 11 and 12, and combination of both 13 were detected by HPLC-HRMS
as several peaks suggesting formation of isomers (Figures 4B and 6 and Table 4) and resulting from
transformation route B (Figure 11). The binding affinity of TEEPOL to the P450 active site (Type |, Ks =
53 + 37 uM) was slightly smaller than that of TEEPONE, their lipophilicity being close (Pow = 214.22 £
7.83 for TEEPOL [31]). Oxidation of the alcohol function in TEEPOL cannot be considered as a significant
pathway, because we would have expected the TEEPONE product to be rapidly transformed by P450,
which would have led to a rapid extinction of EPR signal in contradiction with the present observations.
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Figure 11: Proposed products and corresponding formation pathways in aerobic transformations of
TEEPOL by RLM and NADPH.

Conclusions

The metabolism of tetramethyl-substituted cyclic nitroxides was extensively studied in the 1980s-90s
and reduction processes, mediated by enzymes of the mitochondrial electron transport chain or by
small molecules such as ascorbate, were identified as major pathways of transformation of these
structures both in cells and in vivo [12,13,15-17]. It has been generally assumed that the same
principles would apply to newly developed tetraethyl-substituted analogs and that protection of the
structures against reduction would afford metabolic stability of the nitroxides. In contradiction with
this common belief, the present work sheds light on a new, rapid, and specific transformation of
TEEPONE catalyzed by P450 and most likely initiated by hydrogen atom abstraction by P450-FeV=0
species in a-position to the carbonyl, with irreversible destruction of the probe. This process could not
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be identified in the previous study by Jagtap et al. using Xenopus laevis oocytes [28], because frog
embryos have limited xenobiotic metabolism through early stages of development [64]. Our results
suggest that TEEPONE will be rapidly processed in organs with high P450 content, such as the liver and
kidney [65]. In the study by Kinoshita et al. [31], levels of TEEPONE in these organs were indeed
dramatically lower than that of TEEPOL injected at the same dose in mice, especially after reoxidation
by ferricyanide. The percentage doses of TEEPONE and TEEPOL after reoxidation by ferricyanide in the
brain were much more similar [31]. Moreover, TEEPONE was successfully used for in vivo MRI and EPR
imaging in the mouse brain, with an apparent half-life over 80 min [34-36]. P450 enzymes display
different tissue distributions and certain substrate selectivity, although a substrate may be
metabolized by more than one enzyme. We did not study the P450 isoform-dependence, but those
present in the brain might be less efficient at processing TEEPONE. This interpretation should,
however, be treated with caution because the nitroxide was formulated in a lipid emulsion for
intravenous injection in the imaging studies [34—36] without evaluation of the dynamics of probe
release from the emulsion, which means that the measured half-life may not be a true reporter of the
metabolic stability of TEEPONE in the mouse brain.

Nitroxides with narrow EPR lines are essential for low-frequency EPR spectroscopy and in vivo EPR
imaging. From this point of view, TEEPONE can be considered a better probe than TEEPOL, its EPR
linewidth being smaller (0.2 vs 0.3 mT) [26]. The effect of structure on EPR linewidths in the
tetramethyl-substituted nitroxide series has been thoroughly studied by Burks et al. [66], who revealed
that the carbonyl double bond at 4-position in a piperidine nitroxide allows conformational diversity
that results in a narrowing of the EPR line. They proposed a series of new piperidine structures with an
exocyclic carbon-carbon double bond at 4-position, that retained narrow linewidths and allowed
introduction of structural diversity for various applications. Unfortunately, it is likely that lipophilic
tetraethyl-substituted piperidine nitroxides bearing an exocyclic double bond would also be substrates
to fast P450-induced hydrogen atom abstraction in a-position to the sp? carbon of the ring, followed
by destruction of the probe in vivo.

Absence of the carbonyl function in the tetraethyl piperidine probe TEEPOL afforded higher stability
and retention of an EPR signal. However, this compound was also extensively transformed, mainly via
hydroxylation and dehydrogenation of the ethyl groups, which led to evolution of the nitrogen
coupling constant and of the spectral linewidth. Should hydroxylation and dehydrogenation be general
transformations of tetraethyl-substituted nitroxides by P450 in vivo, their use as probes in studies
where the hyperfine coupling constants and EPR linewidths are read-out parameters, such as pH or
oximetry measurements [67,68], would be compromised. Systematic evaluation of the metabolic
stability of other tetraethyl-substituted nitroxide structures is thus required.

Several strategies could be applied to circumvent the metabolic biotransformation of tetraethyl
nitroxides by P450. First, reduction of the binding affinity to P450 could be obtained by decreasing the
lipophilicity and adding charged functional groups, such as carboxylate or phosphate groups.
Alternatively, the nitroxide probe could be covalently attached to a larger molecule to restrict access
to the active site of P450, which is buried in the protein core. In a previous study, we showed that the
covalent binding of cyclic nitrone spin traps to a permethylated B-cyclodextrin moiety could prevent
the degradation of corresponding superoxide-derived nitroxide spin adducts by P450 heme in RLM,
while only partial protection was afforded by covalent binding to triphenylphosphonium groups [69].
Also, the encapsulation of nitroxides in supramolecular structures, such as liposomes [70],
proteinaceous microspheres [71], or lipid nanocapsules [72], previously proposed to protect
tetramethyl-substituted nitroxides from ascorbate-induced reduction could also be efficient to protect
tetramethyl-substituted nitroxides from P450 metabolism. Caution must be taken, however, as all
these strategies are likely to largely impact not only the metabolism but also the distribution and

excretion of the probe in vivo.
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