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Abstract

Triarylmethyl radicals, TAMs, are useful soluble paramagnetic probes for EPR spectroscopic and
imaging applications because of their extraordinary stability in living tissues, narrow line width, high
analytical resolution at micromolar concentrations and enhanced sensitivity to molecular oxygen.
Recently we proposed the concept of dual function pH and oxygen TAM probes based on the
incorporation of ionizable groups into the TAM structure (J. Am. Chem. Soc. 2007, 129 (23), 7240-
7241). In this paper we report the synthesis of TAM derivatives containing amino groups. The
synthesized TAMs combine stability with oxygen and pH sensitivity, in the range of pH from 6.8 to
9.0. To decrease the number of spectral components and improve probe solubility at physiological
pH, asymmetric TAM derivatives containing both carboxyl and amino functions were synthesized.
The presence of nitrogen and hydrogen atoms in direct proximity to protonatable amino groups
resulted in strong pH-induced changes to the corresponding hyperfine splittings, Ahfs = (300-1000)
mG, comparable to the values of hfs themselves. Large pH-dependent line shifts of individual spectral
components, with narrow linewidths of (160-280) mG, allow for easy discrimination between the
pH effect and the observed oxygen-dependent line broadening of about (6 = 0.5) mG per % oxygen.
The synthesized TAM derivatives represent the first dual function pH and oxygen paramagnetic
probes with reasonably valuable properties for biomedical research.

Introduction

Certain pathological conditions such as an interruption of normal blood supply or biochemical
shock result in a compromise of local oxygen delivery and the body’s ability to regulate pH.
Various diseases (cancer, myocardial infarction, stroke, and pulmonary toxicity) are closely
related to abnormal tissue oxygen concentrations and acidosis. In vivo measurement and
mapping of molecular oxygen and pH are important for understanding their roles and, to
eventually, develop a clinical diagnostic to individuate patient treatments. NMR- and low-field
EPR-based techniques are the most appropriate approaches for noninvasive in vivo oxygen and
pH assessment attributable to their reasonable magnetic field depth of penetration in animals
and humans. Clinically relevant noninvasive in vivo pH measurements using 3P NMR and
inorganic phosphate, P;j, still suffer from lack of resolution because P; concentrations vary with
metabolism and ischemia, the P; chemical shift is dependent on ionic strength,1 and the method
does not indicate extracellular acidosis, e.g., in malignant tumors.2 Exogenous pH probes are
being designed for NMR spectroscopy to improve detection of tissue acidity.3 NMR techniques
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for [O5] measurement also rely on exogenous probes, e.g. 1%F NMR/MRI using
perfluorocarbon (PFC) emulsions® and fluorinated nitroimidazoles,6 and have their own
limitations due to the dependence of spin—Ilattice relaxation rates of fluorinated probes on
other physiological or histological parameters.5

Electron paramagnetic resonance (EPR) spectroscopy has been shown to be an effective
method for measuring free radicals in biological systems and has a much higher intrinsic
sensitivity to exogenous probe concentration when compared to NMR. Among soluble
paramagnetic probes, nitroxyl radicals, NRs, and trityl or triarylmethyl radicals, TAMs, have
the highest potential for functlonal EPR applications. The use of NRs as oxygen probes
pioneered EPR OX|met i, pH -sensitive NRs were applied to real time pH monitoring both
in vitro and in vivo.l However, NRs use for in vivo EPR oxygen and pH measurements
have been hampered by their fast bioreduction to EPR silent products. Recently TAM radicals
have been developed as image-enhancing agents 13,14 4pg significantly expanded the potential
for using oxygen-sensitive free radicals in EPR, EPR imaging, and related techniques such as
gnamic nuclear polarization and Overhauser enhanced magnetic resonance imaging, OMRI.

The extraordinary stability of TAM radicals in living tissues, with a half-life in human bIood
of a few hours to more than 24 h depending on the particular structure of the compound
makes them particularly attractive for in VIVO oxygen mapping. Reactivity of some derivatives
of TAM radicals to superoxide anion16:17 has also been reported and might be explored for
biological applications.

Recently we described a concept of enhancing functionality of the TAM radicals by introducing
ionizable groups into the TAM structure to cause pH sensitivity of their magnetic resonance
parame'[ers18 similar to the previously reported phenomenon for pH-sensitive NR.10 we
demonstrated the potential value of this approach for carboxyl group-containing TAMs (see
Scheme 1). The corresponding TAM derivatives have the advantage of combining EPR spectral
sensitivity to pH and oxygen with high stability in I|V|n tissues. However, Ox063 and cTAMS
derivatives (Scheme 1), while supporting the concept hardly can be used in practical systems
because of the limited range of pH sensitivity, around pK; ~ 2.6, of the carboxyl group, low
values of spectroscopic change upon pH variation, and insufficient aqueous solubility of
cTAMs in neutral form when the carboxyl group is protonated. General synthesis of TAMs,
including large-scale production was recently described.19:20 However, derivatization of
TAMs to optimize spectral properties, aqueous solubility, oxygen and pH sensitivities, is a
tremendously difficult task. Here we report synthesis and characterization of amino group-
containing TAM derivatives as a first attempt at a practical dual function pH and oxygen probes
for EPR spectroscopy.

Experimental Methods

Synthesis

The general route for the synthesis of amino-containing TAM derivatives is shown in the
Scheme 2. The detailed experimental procedure and spectral data are given in Supporting
Information.

General Procedure for the Synthesis of Compounds 3a—f

The appropriate trityl alcohol (0.03 mmaol) was dissolved in 7 mL of THF. Mesyl chloride (0.05
mL, 0.6 mmol), followed by triethylamine (0.09 mL, 0.6 mmol), was added, and the solution

Supporting Information Available:

Full experimental details for the synthesis of the radicals aTAM1_5 and their precursors, spectral data and typical NMR, EPR, and MS
spectra; details of sample preparation and EPR spectra analysis. The material is available free of charge via the Internet at
http://pubs.acs.org.
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was stirred for 60 min. Excess tert-butylamine (1 mL) (or diethylamine, 1 mL) was added all
at once, and the reaction was stirred overnight. The reaction mixture was quenched with 10
mL of water and extracted with 2 x 20 mL of ethyl acetate. The organic phase was dried on
sodium sulfate, filtered, and evaporated to afford the crude product. The pure product was
isolated by flash chromatography on silica-gel eluting with hexanes—ethy! acetate.

General Procedure for the Synthesis of Radicals aTAM;—aTAMg

The synthetic route to symmetrical probe, aTAM; (see Results), served as a model for
optimization of the general procedure for the synthesis of aTAM,_s derivatives from primary
alcohols. The appropriate compound 3b—f (0.015 mmol) was dissolved in 5 mL of 1,4-dioxane.
One milliliter of 12 M aqueous KOH was added, and the resulting solution was refluxed for 8
h. The reaction was neutralized with 1 mL of TFA and partitioned between 5 mL of water and
10 mL of chloroform. The aqueous phase was extracted again with 2 x 5 mL of chloroform.
The combined organic phases were evaporated and dried under vacuum. This product was
treated with 5 mL of TFA overnight in order to generate the radical. Upon completion of the
reaction, TFA was evaporated. The residue was dissolved in 10 mL of chloroform and
coevaporated with a small amount of silica-gel. The solid residue was added on top of a column.
The title compounds were isolated in 50-65% yield by flash chromatography on silica-gel
using chloroform—methanol in 5:1 ratio.

EPR Characterization of aTAM_g

Results

EPR measurements were performed on X-band EMX EPR spectrometer (Bruker, Germany).
Temperature and gas composition during EPR measurements were controlled by a temperature
and gas controller (Noxygen, Germany). The spectra of the radicals aTAM1_s were measured
in water—ethanol mixture and/or in aqueous solutions. To evaluate aTAM stability against
reduction, EPR spectra of 100 uM aqueous solutions of aTAM3_g, pH 7.0, were monitored in
the presence of 10 mM ascorbic acid for 2 h. EPR spectra simulation was performed using
P.E.S.T. WINSIM program (NIEHS).

Synthesis of Trityl Radicals Containing Amino Groups

Recently we succeeded in the large-scale synthesis of the “Finland” trityl radical, cTAM0.20
This allowed us to manipulate the functional groups of cTAMg according to Scheme 2 to
synthesize dual function pH and oxygen spin probes, aTAM;—aTAMs. The synthetic route
to symmetrical probe, aTAM,, was elaborated first and served as a model for optimization of
the general procedure for the synthesis of amino-substituted TAM derivatives from primary
alcohols. The alcohol 2a was synthesized with excellent yield, 90%, via reduction of the tert-
butyl ester TAM 1a with excess lithium aluminum hydride. Mesylation of the compound 2a
followed by SN, addition of excess of tert-butylamine afforded compound 3a in very good
yield, 70%. The tert-butylamino group of compound 3a was cleaved, and radical aTAMq was
synthesized in one pot and with 99% yield by treatment with neat trifluoroacetic acid (TFA).
The selective reduction of one of the carboxylic groups in compound 1b was achieved by
treatment with a 1 M solution of lithium aluminum hydride in THF. The ethyl ester TAM 1b
proved much more reactive in this case than the tert-butyl ester TAM 1a. The title compound
2c was obtained with 45% vyield after purification by flash chromatography on silica-gel.
During the same step, compound 2b was obtained with 15% yield. Compounds aTAM 3 4
were produced using the same basic four-step procedure. Mesylation of the appropriate alcohol
followed by SN addition using the appropriate amine afforded the aTAM precursors 3b, 3c,
and 3d. Hydrolysis of the ester groups, by refluxing in a mixture of 2 M aqueous NaOH and
1,4-dioxane, followed by treatment with neat TFA at room temperature, afforded radicals
aTAMj 3 4 with very good yield from 45% to 65%. To our surprise, treatment with neat TFA
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of compounds 3b,c did not cleave the tert-butylamino groups to afford the primary amine
radicals, as in the case of compound 3a. Apparently there is an effect associated with the
presence of carboxylic groups in the aTAM structure that prohibits this reaction from
happening. Nevertheless, the treatment with TFA resulted in generation of the amino-
substituted aTAM 3 which lack one of the protons of the amino group. The complete
substitution of the protons of the amino group was achieved in the radical aTAMy. The
deuterated analogue of aTAMy, aTAMs, was synthesized in a similar manner using 1 M
LiAID4 in THF. Note that treatment with TFA has proven to be a general method for the formal
one-electron reduction of all types of trityl alcohols to TAM radicals that we synthesized.

EPR Spectra of aTAMs with a Different Number of Amino Groups

Scheme 2 represents the structures of synthesized TAM derivatives, aTAM;—-aTAMs,
containing different numbers of amino and carboxyl groups. The symmetrical derivative,
aTAMy, has poor aqueous solubility in neutral form at alkaline pH when amino groups are
nonprotonated similar to the poor solubility of the neutral form of cTAM,, (see Scheme 1).
Figure 1 demonstrates the EPR spectra of aTAM;, aTAM,, and aTAM3 with three, two, and
one amino groups, respectively, in aqueous solutions at pH 5.0, when amino groups are
protonated. The simulation of the EPR spectra allows for excellent agreement with
experimental spectra using the values of hyperfine splittings (hfs) for hydrogen and nitrogen
nuclei of the CH,NH, groups shown in the Figure 1 caption. The decrease of amino groups
from three to one in aTAM3, aTAM>, and aTAMj3 resulted in a significant decrease in the
number of spectral lines and about 1 order of magnitude increase in the signal-to-noise ratio
(see Figure 1). However, the simplest spectrum (aTAM3 with single CH,NH, group) is still
rather complicated. Note that an apparent quintet structure of the aTAM3 EPR spectrum
(1:2:3:2:1) arises from the close values of hfs for nitrogen and methylene hydrogen nuclei,
an = ap(CH») = 1 G. Each component of the quintet shows additional triplet structure (1:2:1)
from two equivalent protons of a NH, *t-Bu group, a4 =0.13 G. This triplet structure disappears
in D20, supporting the assignment (data not shown). The potential for applications as EPR
probes is higher for compounds aTAMs—aTAMs, with a single CH,NH, group and two
COOH groups, because of higher spectral intensity and better aqueous solubility, being
charged, or having zwitterionic character in a wide range of pH.

To further simplify EPR spectra of aTAMs, we synthesized aTAMy4 with an ethyl-substituted
amino group, and its analogue, aTAMs, with the protons of a CH, group substituted with
deuterons. Figure 2 and Figure 3 represent EPR spectra of aTAM, and aTAMs, respectively,
at different pH. The calculated spectra show good agreement with experimental spectra and
unambiguously confirm the assignment of the hfs constants. Introduction of ethyl groups
eliminated hfs from the protons of the NH, group except doublet splitting from the attached
proton in the protonated form. Within the limits of experimental accuracy the ratios of hfs
constants of methylene protons of aTAM, to hfs constants of deuterons of aTAM5 are equal
to the ratio of the proton to deuteron gyromagnetic ratios, 6.5. Isotopic substitution of protons
for deuterons in the TAM5 did not result in the desired spectral simplification because of the
contribution of partially unresolved hyperfine splittings of deuterons into disturbance and
broadening of the spectral components.

No synthesized aTAMs changed the integral intensity of their EPR spectra during 2 h of
incubation in the presence of 100-fold excess ascorbate (see Experimental Methods) su&mrting
the well-known extremely high stability of TAM radicals in reducing environments.

EPR Spectral Sensitivity of aTAMy4 to pH

The narrow individual spectral lines of aTAM, allows for easy analysis of pH-sensitive spectral
changes (Figure 2 and Figure 4). The superposition of two forms of the aTAM, radical at pH
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around pK, is particularly obvious for the outermost spectral components as shown in Figure
4. The high field fractions of the integrated EPR spectra of aTAM,4 measured at various pHs
demonstrate isosbestic point characteristics for chemical equilibrium between two forms of
the radical. pH dependence of the fraction of the aT AMy-protonated form shown in Figure 5a
represents a typical titration curve with pKa = 8.0 £ 0.1 at 37 °C. The ratio of the spectral
amplitudes of the high field components (Figure 4a) is a convenient experimental parameter
for aqueous acidity measurements using aTAMy as a pH probe. Normally a spectroscopic pH
probe is sufficiently sensitive to acidity changes in pH range of about two pH units centered
at the probe pKj, (pKa — 1) <pH < (pKj + 1), when the fraction of each form contributes no
less than 10% from the total probe concentration. However, the range of pH sensitivity of
aTAMy is slightly shifted toward lower pH because of the significantly broader line of the
protonated radical (see Figure 4a) resulting from additional hfs from the attached proton. The
latter makes aTAMy a convenient probe for pH measurement in physiologically relevant pH
range of 6.8 to 8.8 (Figure 5b).

Spectral Sensitivity of aTAM,4 to Oxygen

Heisenberg spin exchange between aTAM radicals and molecular oxygen, which is a stable
diradical, results in EPR line exchange broadening, which is proportional to oxygen
concentration. 14 21Flgure 6 demonstrates the high-field components of the EPR spectra of
aTAM, measured at different pH and oxygen concentrations. In the absence of oxygen the
high-field component of nonprotonated aTAM,4 measured at pH 9.9 and shown in Figure 6a,
has narrow peak-to-peak line width, AHpp = 160 mG, Wlth comparable contribution of Gauss
(AHg = 100 mG) and Lorentz (AH_ = 96 mG) proflles 2 The protonated form measured at
pH 5.8 and shown in Figure 6b, has larger peak-to-peak line width of the high-field component,
AHpp =280 mG, due to partially unresolved splitting at attached proton, ap(NH*Ety) = 0.15
G, but otherwise similar contribution of Lorentz and Gauss profiles. An increase in oxygen
concentration resulted in linear increase of the Lorentz line width, AH, , shown in Figure 7,
with the slope of (6 £ 0.5) mG per % oxygen while contribution of Gauss remains unchanged.
At intermediate pH in the range of 6.8 to 8.8 both protonated, RH*, and nonprotonated, R,
forms of aTAMSs contribute to the EPR spectra as shown in Figure 6¢ for aTAMy at pH 7.8.
Increase in oxygen concentration results in line broadening while the ratio of integral intensities
of RH* and R forms does not change. Fitting calculated spectra to the experimental spectra
yields the parameters, AH,_ and fraction of protonated form, fry+ (See Figure 6¢). Knowledge
of the AH|_ and fr+ calibration to oxygen concentration (Figure 7) and pH (Figure 5a),
respectively, provide the method for extracting both [O5] and pH from the EPR spectra of
aTAMy.

Discussion

Synthesis of stable organic radicals,23:24 NRs, with unpaired electrons localized at a sterically

protected NO fragment (o} ~ 0.6;07 ~ 0.4), revolutionized the numerous applications of EPR.
Half a century of continuous progress in NR synthesis has resulted in the design of S ecmc
probes and labels for spin labeling, 25 sjte- dlrected spin labeling, 26 EpR OX|metry, pH
12 thiols,28:29 and NO measurements,30-3 mcludlng in vivo functional EPR/EPRI
appllcatlons.11 33-35 However, the biological and biomedical applications of the NRs are
limited due to their bioreduction in EPR-silent diamagnetic products. TAMs represent a totally
different basic structure of stable organic radicals with approximately 60% of the unpaired
electrons localized at a sterically protected central carbon atom and 40% of spin density
delocalized at three attached aryl groups. 36 Interestingly, the first stable triphenylmethyl
radical was synthesized more than century ago. 37 Nevertheless, only recently the compounds
with sterically protected trivalent carbon rqualned the attention as a basic structural fragment
for the synthesis of stable organic radicals. Beyond the patented materials13 the chemistry
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of TAMSs as spin probes is in an early stage of developmentlglzov38 compared with the well-
developed synthetic chemistry of NRs.39 Asa consequence, up to the present time TAMs have
a narrow area of application, almost exclusively as oxygen-sensitive probes. Recently we
described a concept of dual function pH and oxygen probes based on the TAM radicals
containing ionizable groups.18 Carboxy!l group-containing derivatives, Oxo063 and cTAMs
(see Scheme 1), demonstrated pH-sensitive EPR spectra in acidic aqueous solution
(pK4(COOH) = 2.6 for Ox063). The low pKj, value of the TAM derivatives with carboxyl
groups does not allow them to be applied in the physiologically relevant pH range, around pH
7.0. Other ionizable groups, protonatable or deprotonatable, must be considered for obtaining
TAM derivatives with higher pKj, values. Table 1 summarizes pK, values of aliphatic (Et-X)
and aromatic (Ph-X) compounds containing the simplest ionizable groups and measured or
estimated pKj, values of the corresponding TAM radicals (Scheme 3).

Similar differences between values of pK,(EtX) and pK,(PhX) for C(O)OH, CHyNH,, and
CH,SH groups, being equal to 0.7, 1.18, and 1.21, correspondingly, are in agreement with the
same distance between the protonatable atom and the site of attachment of all the groups.
Therefore, we may predict a similar further decrease of their pK, values when these groups are
introduced in the para-position of the phenyl ring of the TAM radical. This is supported by
similar differences between values of pK,(PhX) and pKy(TAM-X) for X = COOH and X =
CH,NH;, groups, being equal to 1.5618 and 1.0 (this work). Estimated pK,(TAM-CH,SH) =
8 is close to physiological range. Note that significantly lower pK, values of the radicals
compared with their diamagnetic analogs have been previously described for pH-sensitive
nitroxides and are explained by the electron-accepting character of the radical center.40 The
pK, values of ionizable groups directly attached to the Et, Ph, or TAM depend even more
significantly on the nature of attached compound. The pK, values of NH,, SH, and OH
functions are decreased by 6.06, 3.5, and 5.96 units when transferred from aliphatic structure,
EtX, to aromatic, PhX (see Table 1). The expected further decrease of pK, values of these
groups in the TAM structure allows for the prediction of lowering the pK;(TAM-OH) below
8.0 with probable proximity to physiological range. Similar consideration allows for exclusion
of the TAM-X(X = NH,, SH, OP(O)(0OH),) from the candidates for physiologically relevant
pH probes.

In this paper we reported the synthesis and characterization of amino group-containing TAM-
CH,NH, derivatives or aTAMs, which represent the first practically useful dual function pH
and oxygen paramagnetic probes for biological studies. In particular, the aTAM,4 probe
demonstrates spectral sensitivity to pH in the range of 6.8 to 8.8 at 37 °C (Figure 4 and Figure
5) while retaining high sensitivity to oxygen (Figure 6 and Figure 7). At intermediate pH close
to pK, the EPR spectra of aTAMy is described by superposition of its protonated and
nonprotonated forms which is characteristic for slow frequency exchange at EPR time scale.
This is in agreement with previously obtained numerical requirements, 3 < pK, < 11,40 for
slow frequency exchange between spectral lines positioned at about 1 G distance from each
other and representing EPR resonances from RH* and R forms in aqueous solution (for
diffusion-controlled protonation). pH variation affects the ratio of spectral intensities of RH*
and R forms (Figure 4). Therefore, an extraction of pH values from the EPR spectra of
aTAMy is based on a ratiometric approach and is independent of probe concentration. Changes
in oxygen concentration do not influence [RH*]/[R] ratio but result in line broadening (Figure
6), linearly dependent on oxygen concentration (6 mG/ per % [O,], Figure 7). The independent
character of pH and [O,] effects on the EPR spectra of aTAMy4 provides dual functionality to
this probe, allowing an extraction of both parameters from a single spectrum (see Figure 6c).
Note that both symmetrical and asymmetrical aTAM derivatives demonstrated excellent
stability in aqueous solutions in the presence of 100-fold excess of reducing agent, ascorbate.
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TAM radicals, such as Ox063, were found to be useful probes for EPR oximetry because of
both the high sensitivity to oxygen-induced line broadening (=5.3 mG per % [02] ) and the
presence of single spectral line. Appearance of the spectral pattern for dual function probes,
e.g., for aTAMy, decreases their value for oxygen measurements, particularly for oxygen
mapping. To simplify the spectral pattern of aTAMSs, we synthesized asymmetrical structures
with a single CH,NH, group in aTAM3_g derivatives which resulted in about 1 order of
magnitude increase in SNR (see Figure 1). Some further spectral simplification was achieved
by substitution of protons of the amino group by ethyl groups in derivative aTAM, (Figure 2).
Isotopic substitution of methylene protons for deuterons in aTAM5 did not result in spectral
improvement because of still-detectable values of hfs constants of deuterons (Figure 3). Among
the synthesized compounds, aTAM, has the simplest EPR spectral properties, allowing for its
application as a dual function probe.

Further simplification of spectral properties of dual function TAM probes is desired. One of
the approaches is based on modification of already proven useful aTAMs, e.g., introducing the
acetal moiety in place of the methylene group in aTAM, (Scheme 4). This will eliminate hfs
from two nonequivalent methylene protons resulting in a triplet spectral pattern for the
nonprotonated form. Isotopic substitution of nitrogen 14N for 15N further decreases the number
of lines from triplet to doublet. Another approach is to introduce other ionizable groups in the
TAM structure, e.g., CH,SH or OH functions (see Table 1). The derivative with the CH,SH
function may have similar pK, values but less EPR spectral lines because of the absence of the
amino nitrogen. The TAM-OH derivative might be of particular interest because of an expected
single line in deprotonated form and appearance of doublet splitting after protonation of the
OH group (in the case of asymmetric TAM-OH with two carboxylic groups).

Limited aqueous solubility of “Finland” ¢cTAM makes difficult its in vivo use. Recently we
reported that cTAM has an aggregatlon tendency at pH values below 4.0 initiated by
protonation of carboxyl group Apparentli/ an increase of carboxyl group pKj in
compartments with low dielectric constants,~© e.g. biomembranes, will aggravate aggregation
problems of cTAM and related toxicity. Introduction of both amino and carboxyl groups in
asymmetrical derivatives, aTAM,_s, makes them more soluble in a broader range of pH
because of their ionic or zwitterionic character. However, the development of TAM derivatives
based on more hydrophilic structures, such as Ox063 (see Scheme 3), may be important for
elaboration of nontoxic dual function probes.

In summary, the synthesized TAM derivatives represent first practically valuable structures of
dual function pH and oxygen paramagnetic probes for biomedical research.
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EPR spectra of aqueous solutions of (a) 300 uM aTAM4, (b) 150 uM aTAM,, and (c) 30 pM
aTAMg, pH 5.0, under nitrogen atmosphere and at 37 °C. Spectral parameters were as follows:
microwave power, 0.63 mW; time constant, 20.48 ms; conversion time, 160 ms (a, b) and 80.00
ms (c); sweep time, 327.68 s (a, b) and 81.92 s (c); modulation amplitude, 0.1 G; sweep width
20 G (a, b) and 8 G (c); number of points, 2048 (a, b) and 1024 (c). Dotted lines represent the
simulated spectra with the values of peak-to-peak line widths, AH_ =97 mG and AHg = 94
mG, and following hfs constants: (a) ay = 0.96 G, ay1(CH») = 0.97 G, ap2(CH)) = 1.02 G,
ap3-ns5(NH3™) = 0.13 G, and a(*3C) = 6.79 G; (b) ay = 0.98 G, a1 (CH,) = 0.99 G,
ap2(CHy) = 1.04 G, ay3_pa(NH,*t-Bu) = 0.13 G, and (13C) = 7.2 G; (¢) an = 1.02 G,
aHl(CHz) =0.97G, aHz(CHz) =1.04 Gand aH3_H4(NH2+t-BU) =0.13G.
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Figure 2.

EPR spectra of 50 uM aTAMy at different pH in 1.5 mM Na-pyrophosphate buffer under
nitrogen atmosphere, 37 °C. Spectral parameters: microwave power, 0.63 mW; time constant,
20.48 ms; conversion time, 80.0 ms; sweep time, 81.92 s; frequency, 9.3 GHz; modulation
amplitude, 0.1 G; sweep width, 8 G; number of points, 1024. Dotted lines represent the
calculated EPR spectra with peak-to-peak line widths, AH, = 96 mG, AHg = 97 mG, and
following hfs constants: ay =0.78 G, ap1(CH») = 0.95 and a»(CH,) = 2.05 G for deprotonated
form and ay = 1.01 G, a1(CH)) = 0.97 G, anp(CHy) = 1.05 G, and ag(NH*Et,) = 0.15 G for
protonated form of the radical. At intermediate pH, EPR spectra were calculated as a
superposition of two forms of aTAMy, protonated and deprotonated, having a relative shift of
20 mG of one to the other because of the g-factor difference. The fitting of calculated spectra
to experimental spectra yielded the following ratios of deprotonated and protonated forms:
1.558 (pH 8.17), 0.433 (pH 7.42), and 0.057 (pH 6.51) corresponding to pK; =7.9 £ 0.1. The
high field spectral component of protonated and deprotonated components are marked by the
symbols (o) and (), correspondingly.
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Figure 3.

EPR spectra of 10 uM aTAMs radical in 1.5 mM Na-pyrophosphate buffer under nitrogen
atmosphere, 37 °C at pH values 9.40 (a), 8.20 (b), and 6.00 (c). Spectral parameters: microwave
power, 0.63 mW; time constant, 163.84 ms; conversion time, 240.0 ms; sweep time, 245.76 s;
modulation amplitude, 0.1 G; sweep width, 5 G; number of points, 1024. Dotted lines represent
the calculated spectra with peak-to peak line widths, AH, = 96 mG, AHg = 95 mG, and
following hfs constants: (a) ay = 0.78 G, ap1(CD3) =0.15 G, apy(CD,) =0.30 G; (¢) ay =
0.99 G, ap1(CDy) = 0.15 G, apy(CD,) = 0.17 G, ay(NH*Ety) = 0.15 G. Calculated spectrum
b is a superposition of calculated spectra a (68%) and c (32%) yielding corresponding pK, =
7.9 for the protonation of the amino group.
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Figure 4.

High-field components of the EPR spectra of 50 uM aTAMy radical in 1.5 mM pyrophosphate
buffer at various pH values, 37 °C (a). Integrated spectra (b) demonstrate isosbestic point
characteristics for the chemical equilibrium between protonated and unprotonated aTAMy
radicals (see Scheme 2).
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(a) The pH dependence of fraction of aTAM, radical protonated form, fry+, obtained from
EPR spectra measured at 23 °C (o) and 37 °C (o) as shown in Figure 2 and Figure 4. Lines
represent the best fits of titration equation to the experimental data yielding pK, values 8.4 +
0.05 (23 °C) and 8.0 £ 0.1 (37 °C). (b) The pH dependence of spectral amplitude ratios of the
high-field components of deprotonated (R) and protonated (RH*) forms of aTAMj, radical (see
Figure 4a) in logarithmic scale. Lines represent the linear regression, log(Ir/lrn+) = apH —
b, yieldinga=1.35+0.02 and b =10.3 £ 0.2.
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Figure 6.

High-field components of the EPR spectra of aTAM,4 measured in 1.5 mM pyrophosphate
buffer, pH 9.9 (a), pH 5.8 (b), and pH 7.8 (c), at various oxygen partial pressures: 0% (black),
10% (red), 20.7% (blue). Spectral parameters: microwave power, 0.63 mW; time constant,
40.96 ms; conversion time, 160 ms; sweep time, 327.68 s; modulation amplitude, 0.1 G; sweep
width, 8 G; number of points, 2048. Experimentally measured peak-to-peak line widths are
AHpp =160 mG (a) and AHp, = 280 mG (b). Fitting the calculated spectra to the experimental
spectraaand b at 0% oxygen using hfs given in the caption to Figure 2 and describing individual
line shape by convolution of Lorentz and Gauss profiles22 yields the following peak-to-peak
line widths: (a) AH_ =96 mG, AHg = 100 mG, and (b) AH; = 97 mG, AHg = 94 mG. Note
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that the values of the obtained parameters for the nonprotonated radical (a) are in agreement
with the previously reported equation for convolution of Lorentz and Gauss profiles

(AH,/AH,,+AH? /AH?,=1).22 This is not valid for the protonated form of the radical (b) due
to the fact that AHp, represents peak-to-peak line width of partially unresolved doublet aroused
from additional proton hfs, a(NH*Et,) = 0.15 G (Figure 2). Fitting the calculated spectra of
R and RH™ forms to the experimental spectra a and b, respectively, measured at various
concentration of oxygen yield the values of AH, shown in Figure 7. Fitting the calculated
spectra to the experimental spectra ¢ measured at intermediate pH and various concentrations
of oxygen yields the values of peak-to-peak line width, AH| , and fraction of protonated form,
fru+, allowing simultaneous [O,] and pH determination using corresponding calibration curves
(Figure 7 and Figure 5a, respectively), namely: (black) AH, = 105 mG (1.3%), frq+ = 0.58
(pH 7.85); (red) AH_ =166 mG (11.3%), fry+ = 0.57 (pH 7.88); (blue) AH, =227 mG (21.5%),
fru+ = 0.62 (pH 7.8). The latter examples demonstrate an accuracy in pH (20.1) and oxygen
(£2%) determination using aTAMy probe in the range of pH around its pK,.
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Figure 7.

The dependence of Lorentz peak-to peak line width, AH| , on oxygen concentration obtained
by fitting the calculated spectra of aTAM, to the experimental spectra measured at pH 9.9 and
pH 5.8 as shown in Figure 6. Within the limits of experimental accuracy the values of AH, of
individual lines of R (pH 9.9) and RH* (pH 5.8) forms were not distinguished. Slope is (6.0 £
0.5) mG per % oxygen.
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Chemical structures of Carboxyl Group-Containing TAM Derivatives, Ox063 and cTAMsal8
8The X-band EPR spectra of Ox063 and cTAM, demonstrate a single spectral line with a pH-
sensitive shift in acidic solutions (e.g., around pK, ~ 2.6 of the carboxyl group for Ox063) but
lose their pH sensitivity at low frequency L-band EPR. cTAM, and cTAM, demonstrate
frequency independent hyperfine splitting (ay) sensitivity to pH, but they have poor aqueous
solubility in neutral form at low pH when COOH groups are protonated.
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1a R=tBu
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Scheme 2.

Synthesis of Dual pH and Oxygen Spin Probesa
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n
2a 3
2b 2
2¢c 1
2d 1
COOH
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CY,
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n Y

3a 3 H

3b 2 H

3c 1 H

3d 1 H

3f 1 D
n X X Y
aTAM; 3 H H H
aTAM, 2 tBu H H
aTAM; 1 tBu H H
aTAM, 1 Et Et H
aTAMg; 1 Et Et D

a(a) LiAlH4, THF; (b) MsCI, TEA, THF; (c) NHX;X5; (d) KOH/ 1,4-dioxane (not used when

n = 3); (e) CF3COOH.
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Scheme 3.
The Two Basic Structures of TAM-X Radicals with an lonizable Group, Xa

8 For X = COOH they represent less hydrophilic “Finland” TAM (left) and more hydrophilic
Ox063 (right).
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COOH

Scheme 4.

Hypothetical Structure of aTAM with an Acetal Moietya

8 The corresponding amide should be readily available from starting compound 1a (Scheme
2) and can be used as precursor of the acetal derivative.
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