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Abstract

Measurement of thiol concentrations is of great importance for characterizing their critical role in

normal metabolism and disease. Low-frequency electron paramagnetic resonance (EPR)

spectroscopy and imaging, coupled with the use of exogenous paramagnetic probes, have been

indispensable techniques for the in vivo measurement of various physiological parameters owing

to the specificity, noninvasiveness and good depth of magnetic field penetration in animal tissues.

However, in vivo detection of thiol levels by EPR spectroscopy and imaging is limited due to the

need for improved probes. We report the first synthesis of trityl radical-conjugated disulfide

biradicals (TSSN and TSST) as paramagnetic thiol probes. The use of trityl radicals in the

construction of these biradicals greatly facilitates thiol measurement by EPR spectroscopy since
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trityls have extraordinary stability in living tissues with single narrow EPR line that enables high

sensitivity and resolution for in vivo EPR spectroscopy and imaging. Both biradicals exhibit broad

characteristic EPR spectra at room temperature due to their intramolecular spin-spin interaction.

Reaction of these biradicals with thiol compounds such as glutathione (GSH) and cysteine results

in the formation of trityl monoradicals which exhibit high spectral sensitivity to oxygen. The

moderately slow reaction between the biradicals and GSH (k2 ∼ 0.3 M-1s-1 for TSSN and 0.2

M-1s-1 for TSST) allows for in vivo measurement of GSH concentration without altering the redox

environment in biological systems. The GSH concentration in rat liver was determined to be 3.49

± 0.14 mM by TSSN and 3.67 ± 0.24 mM by TSST, consistent with the value (3.71 ± 0.09 mM)

determined by the Ellman's reagent. Thus, these trityl-based thiol probes exhibit unique properties

enabling measurement of thiols in biological systems and should be of great value for monitoring

redox metabolism.

Introduction

Thiols play an important role in biochemistry, both as components of protein structures and

as metabolic intermediates. As a principal non-protein thiol compound, reduced glutathione

(GSH) plays an important role in many biological processes such as transport, protein

synthesis, catabolism and metabolism.1 GSH can also protect cells against oxidative stress

and take part in the detoxification of many xenobiotics. Moreover, the redox state of GSH/

glutathione disulfide (GSSG) couple has been considered to be the major intracellular redox

buffer and redox regulator.2 Therefore, techniques that are able to quantify and detect the

biological thiols, especially GSH, as well as the related redox status are crucial tools to

investigate their roles in various diseases and determine the efficacy of potential therapies.

Many techniques have been developed to measure the thiol concentration, including HPLC,3

electrochemistry4, 5 and spectrofluorimetry6-8 but these methods are mostly limited to in

vitro or ex vivo detection due to invasiveness and/or insufficient light penetration into

tissues. In the past decades, great progress in low-frequency electron paramagnetic

resonance (EPR) instrumentation9-13 has been achieved which allows in vivo measurement

and mapping of different physiological parameters such as oxygen,12, 14-23 redox status,24-30

pH31-34 and reactive oxygen species35-37 in isolated tissues and living animals. Although

there are a variety of endogenous free radicals present in biological systems, they are only

present in very low concentrations due to their short half-lives. Thus, exogenous

paramagnetic probes with good spectral response to physiological parameters must be

introduced into the system under investigation in order to enable EPR detection.

To date, several dinitroxides with a disulfide bond as linker have been developed as EPR

thiol probes.38-40 The thiol-disulfide exchange of the dinitroxides with thiols was followed

by EPR to quantitate the thiol (typically GSH) concentrations in blood, plasma,

erythrocytes39 as well as ovarian xenograft tumors.40 However, these probes exhibit strong

background signals because there are at least two components in their EPR spectra and one

of them has a similar signal to the nitroxide monoradical at room temperature due to a very

weak intramolecular spin-spin interaction (J ∼ 0 G). In addition, facile bioreduction, a
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moderately broad EPR triplet, and low oxygen sensitivity limit in vivo applications of the

resulting nitroxide monoradical.

Recently, tetrathiatriarylmethyl trityl radicals have received wide attention as EPR probes

owing to high biostability and a narrow singlet EPR signal at physiological pH thereby

providing more than 15-fold higher sensitivity and 200-fold improved time resolution for

EPRI applications as compared to nitroxides.41-49 While the field of trityl probe

development is still in its infancy, trityl radicals and their derivatives have been utilized to

measure extracellular50 and intracellular45, 51 oxygen levels, superoxide radical anion,52

pH53, 54 as well as redox status.55, 56

In the present study, we report the synthesis of two novel trityl-conjugated biradicals (TSSN

and TSST, Chart 1) as thiol probes where the trityl radical (CT03) is linked with the

nitroxide radical and another CT03, respectively, through a disulfide bond. These two

biradicals show high sensitivity for the measurement of GSH and the resulting trityl

monoradical is well suited as an EPR oximetry probe due to extraordinary stability, narrow

line width, and enhanced sensitivity to molecular oxygen. Their application for the

measurement of tissue GSH levels was also evaluated.

2. Results and discussion

The synthesis of the biradicals TSSN and TSST is shown in Scheme 1. According to the

reported method,57 the monoprotected cystamine (1) was firstly obtained with a yield of

45% using di-tert-butyl dicarbonate in the presence of excess cystamine dihydrochloride.

Then, the coupling reaction of compound 1 with the trityl radical CT03 led to the

monoprotected cystamine-linked trityl TSS-Boc with a yield of 52%. Finally, the trityl-

conjugated biradicals TSSN and TSST were obtained by deprotection of compound 2 using

TFA, followed by the coupling reaction with 3-CP-OSu56 for TSSN (65%) or CT03 for

TSST (21%) which were characterized by HRMS and IR. The purity of both biradicals was

determined by EPR spectroscopy as reported previously45, 56 (96.3 ± 1.2 % for TSSN and

94.7 ± 1.8% for TSST) (See Supporting Information). In addition, HPLC studies were

carried out on the biradicals (See Supporting Information). As shown in Figure S3, only one

peak (i.e. one component) was observed in the chromatograms of both biradicals, further

indicative of their high purity.

The EPR spectrum of TSSN in aqueous solution at ambient temperature is characteristic of a

trityl-nitroxide biradical with an asymmetric triplet (Figure 1A). The EPR spectral profile of

TSSN was not affected in the concentration range of 10-500 μM (Figure S4), verifying the

intramolecular nature of the spin interaction. Computer simulations58 gave an average J-

coupling value of 81.7 G for TSSN. In contrast to the previous trityl-nitroxide biradical

TNN14 whose EPR triplet features have almost the same line width and amplitude, the low-

field first line in the spectrum of TSSN is much weaker and broader due to the long and

flexible cystamine linker in TSSN as compared to the short amide bond in TNN14. In the

glass-forming solution of ethylene glycol/H2O (1:1, v/v), the EPR spectrum of TSSN at 153

K (Figure 1C) exhibits the zero-field pattern of the S = 1 system with broader lines and

wider spectral width compared to the spectrum in Figure 1A. Computer simulation of this
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spectrum gives rise to two relatively small zero-field splitting (ZFS) parameters: D = 6.9 G

and E = 0.8 G. On the other hand, two components were observed for TSST in aqueous

solution at ambient temperature (Figure 1B). Computer simulations58 showed that the EPR

spectrum of TSST consists of a superposition of a singlet (94.8 ± 0.3%) and a doublet (5.2 ±

0.3%) with a splitting of 5.28 ± 0.02 G. The major singlet has a relatively broad EPR signal

with a linewdith of 1.34 G owing to the partially averaged dipolar interaction of two trityl

moieties compared to ∼0.2 G for CT03 under aerobic conditions. The doublet can be

interpreted as the hyperfine interaction with the 13C nuclei in the molecule which was more

pronounced at higher temperature (343 K) (See Figure S7). The concentration-independent

EPR profile and singlet/doublet ratio (See Figure S5) in TSST further ensures the correct

assignment of the doublet. The presence of the 13C hyperfine splitting allows the

determination of the J-coupling value of TSST by the computer simulation which was

estimated to be 40∼50 G at 343 K. Note: due to the large J-coupling the 13C splittings are

reduced by a factor of two compared to the splittings in the respective monoradicals (See

Figure S7 and S8). In the frozen solution of TSST (Figure 1D), superimposed EPR spectra

of two conformers were observed with the population of 80.6% for conformer (a) and 19.4%

for conformer (b) at 243 K. The ZFS parameters of conformer (a) was estimated by the

simulation to be D = 11.47 G and E = 2.06 G at 243 K, and the corresponding values for

conformer (b) are D = 5.40 G and E = 0.71 G. Based upon the larger D value of conformer

(a), it can be expected that this conformer possesses a twisted geometry with a shorter

interspin distances between the two trityl moieties compared to a more planar structure for

conformer (b). Interestingly, the population of the two conformers is temperature-dependent

(See Table S1) and conformer (a) has a higher population at low temperature. This result

implies that conformer (a) is the ground-state conformer.

Cleavage of the disulfide bond in the biradicals allows separation of two radical moieties

and results in an increase in the EPR signal intensity of the corresponding monoradicals. To

test this hypothesis and develop an EPR assay for free thiols, the biradical TSSN was first

treated with GSH, and the EPR spectra were recorded as a function of time. As shown in

Figure 2A, the reduction of TSSN by GSH leads to the appearance of two new EPR signals:

the triplet nitroxide signal with hyperfine splitting constant (hfc) of 16.1 G and linewidth of

1.2 G and the intense partially-overlapped triplet trityl signal with hfc of 0.25 G and

linewidth of 0.19 G under aerobic conditions. The signals of both monoradicals increase

with the reaction time while the signal of the biradical decreases. Using TEMPO and CT03

as standards, the nitroxide and trityl concentrations at each time point in Figure 2A were

determined to be nearly equivalent. However, owing to the difference in the intrinsic

linewidths, and presence versus absence of triplet hyperfine splitting respectively of the

nitroxide and trityl monoradicals, the trityl signal is approximately 18-fold stronger than the

nitroxide signal and this ratio remains the same throughout the experiment. The unchanged

absorbance at 469 nm is an indicator of the stability of the trityl moiety towards GSH under

our experimental conditions (Figure S9), consistent with our previous results.46, 52 Figure

2B shows the effect of the GSH concentration on the production of the trityl monoradical.

Higher concentrations of GSH led to a faster increase in the signal intensity of the trityl

signal and vice versa. According to the data shown in Figure 2B, the second order rate

constant (k2) for the TSSN reduction by GSH was determined to be 0.33 ± 0.02 M-1s-1 in
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PB (pH 7.4, 50 mM). A similar k2 (0.31 ± 0.03 M-1s-1) was also obtained by monitoring the

formation kinetics of the nitroxide (Figure S10), which is further indicative of the homolytic

cleavage of the disulfide bond in TSSN by GSH. The moderately small k2 value of TSSN
with GSH allows in vivo measurement of GSH concentration without change of the redox

environment in the systems under investigation.

Comparatively, the reaction of TSST with GSH only resulted in two equivalent trityl

monoradicals (Figure 2C). The partially-resolved triplet trityl signal was more pronounced

than that in the case of TSSN (Figure 2A, inset) since lower EPR scan parameters were used

(see the caption in Figure 2). Figure 2D shows the formation kinetics of the trityl

monoradicals in the reaction of TSST with various concentrations of GSH. The rate constant

for the reaction of TSST with GSH was determined to be 0.19 ± 0.02 M-1s-1 in PB (pH 7.4,

50 mM) which is lower than TSSN (∼ 0.32 M-1s-1) most likely because of the steric effect

of two bulky trityl moieties in TSST. In addition, the rate constants of TSSN (0.42 ± 0.02

M-1s-1) and TSST (0.35 ± 0.02 M-1s-1) with cysteine were also determined (Figure S11 and

S12) and both biradicals exhibit higher reactivity towards cysteine as compared to GSH

because of cysteine being less bulky.

Given that the reduction of nitroxide radicals to the corresponding hydroxylamine is the

main factor responsible for their spin quenching in biological systems, the reactivity of these

two biradicals towards ascorbate was also evaluated. The reduction of TSSN by ascorbate

only resulted in the production of the trityl monoradical (Figure S13). No nitroxide signal

was observed throughout the experiment, further implying that the trityl moiety is stable

towards ascorbate, consistent with our previous studies.55, 56 Kinetic studies show that

TSSN has a rate constant of 0.29 ± 0.01 M-1s-1 with ascorbate (Figure S14). This value is

close to that of the previous trityl-nitroxide biradical TNN14 (0.44 ± 0.07 M-1s-1)56 but

much lower than the values55 for TN1 (4.11 ± 0.14 M-1s-1) and TN2 (3.48 ± 0.09 M-1s-1)

due to the use of a more stable pyrrolidinyl nitroxide for the construction of biradicals

TNN14 and TSSN compared to the piperidinyl nitroxide for TN1 and TN2. High stability of

TSSN towards reductants could be very helpful for its use as a thiol probe. In addition, the

reactivity of TSST with ascorbate was also studied. TSST is inert to ascorbate under our

experimental conditions as evidenced by no change of the EPR spectrum of TSST (50 μM)

in the presence of ascorbate (3 mM) in PB (pH 7.4, 50 mM) (Figure S15).

In order to explore the potential application of the newly synthesized trityl-conjugated

biradicals in biological systems, they were utilized to measure the GSH concentration in

fresh rat liver homogenate (RLH). Addition of the RLH to the biradical solutions led to the

appearance of trityl and nitroxide (in the case of TSSN) signals. Figure 3 shows plots of

trityl and nitroxide monoradical concentrations as a function of time with or without

addition of exogenous GSH (0.5 mM). Fitting the trityl formation kinetics from TSST as a

monoexponential process, which is characteristic for its reaction with GSH, yields a value

for the GSH concentration of 0.78 ± 0.05 mM in RLH and a corresponding value of 3.67 ±

0.24 mM in liver tissue. Exogenous addition of GSH (0.5 mM) to RLH resulted in an

observed GSH concentration of 1.26 ± 0.06 mM with a recovery of 96%. Since in the case

of TSSN, the trityl monoradicals were generated from cleavage of the disulfide bond by

thiols and the bioreduction of the nitroxide moiety, the GSH concentration could not be
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obtained by fitting the formation kinetics of the trityl monoradicals using a simple

monoexponential function. Although the nitroxide moiety in the biradical and nitroxide

monoradical can be reduced in this system, the nitroxide kinetics at the initial part can be

approximately considered as a monoexponential process since the nitroxide monoradical has

a much lower concentration than TSSN, justifying negligible contribution of the

bioreduction of the nitroxide monoradical to the kinetics. Thus, the GSH concentration in

the RLH was determined using TSSN to be 0.74 ± 0.03 mM in the RLH with a

corresponding value of 3.49 ± 0.14 mM in liver tissue. Exogenous addition of GSH (0.5

mM) to the RLH led to an increased value (1.21 ± 0.05 mM) with a recovery of 94%.

Ellman's reagent, which is the most popular reagent for quantitation of thiol concentration in

biological systems, was also used to determine the GSH concentration in this system and

afforded a very similar value (0.79 ± 0.02 mM) in the RLH and a value of 3.71 ± 0.09 mM

in liver tissue.

As we have previously reported,55,56 the partially overlapped central triplet EPR peaks of

the trityl radicals are sensitive to O2 and the spectral ratio (Iin/Iout) exhibits enhanced

sensitivity towards O2, especially at low pO2, relative to the linewidth. Figure 4A shows the

EPR spectrum which was obtained 60 min after reaction of TSSN (50 μM) with GSH (4

mM) under anaerobic conditions. The expanded EPR spectrum (Figure 4B) shows that the

trityl monoradical has a well-resolved triplet under anaerobic conditions. Figure 4C shows

the oxygen sensitivity of the trityl monoradical(s) resulting from the reduction of TSSN or

TSST by GSH. The linearity of Iin/Iout with the percent oxygen in the range of 0-21%

oxygen ensures that these trityl monoradicals can also act as good EPR oximetry probes.

Considering that trityl radicals are more sensitive to oxygen than nitroxides, the biradicals

TSSN and TSST could find wider application and utility for simultaneous measurement of

the GSH concentration and oxygenation than the nitroxide disulfide biradicals.

In conclusion, the newly synthesized trityl-conjugated biradicals TSSN and TSST exhibit

characteristic EPR spectral profiles due to their intramolecular spin-spin interactions. Both

biradicals are sensitive to GSH and cysteine. Their moderately slow reactions with GSH

allow the in vivo measurement of GSH without change of the redox status in the systems.

The GSH concentration in rat liver was determined to be 3.49 ± 0.14 mM by TSSN or 3.67

± 0.24 mM by TSST, consistent with the value (3.71 ± 0.09 mM) in the Ellman's assay. This

new probe design has great potential in enabling noninvasive measurement and imaging of

thiols in a wide variety of chemical and biological systems.

Experimental sections

EPR measurements and simulations

EPR measurements were carried out on a Bruker EMX X-band EPR spectrometer with an

HS resonator at room temperature. General instrument settings were as follows: modulation

frequency, 100 kHz; microwave frequency, 9.87 GHz; microwave power, 10 mW for TSSN

and nitroxide radicals and 0.5-2 mW for the TSST and trityl monoradicals; modulation

amplitude, 1.0 G for TSSN and nitroxide radicals, 0.2 G for TSST and 0.03-0.08 G for the

trityl monoradicals; receiver gain, (1-10.00) ×104; time constant, 10.24-40.96 ms; sweep

time, 10.49-41.94 s.
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Simulations were carried out using the EPR simulation program (ROKI\EPR) developed by

Prof. Rockenbauer.58 The fitting routine to determine the J values of the trityl-conjugated

biradicals was similar to the method described in our previous studies.6,7 While TSSN has

only one component with a J-coupling value of ∼82 G, two components were observed for

TSST. TSST has a superimposed EPR signal consisting of a singlet (94.8 ± 0.3%) and a

doublet (5.2 ± 0.3%) with a splitting of 5.28 ± 0.02 G.

EPR spectra in the frozen solution were simulated by assuming anisotropic g- hyperfine and

ZF interactions of an S = 1 spin system. The principal values of tensors were supposed to be

parallel. The strain or mobility effects in the glass were taken into account by a line width

tensor. The ZF parameters are more reliable for TSST than for TSSN, since in the latter case

the hyperfine interaction can mix the S = 1 and S = 0 states, which was not included in our

computations.

Oxygen sensitivity

Oxygen sensitivity of the trityl monoradical TSH/TSG was evaluated according to our

previous method.55, 56 Briefly, 50 μL of the solution containing GSH (3 mM) and TSSN

(500 μM) in NaOH (10 mM) was incubated for 60 min at room temperature. Then, the

solution was diluted into 250 μL using PB (0.1 M, pH 7.4), transferred into a gas-permeable

Teflon tube (i.d. = 0.8 mm) and sealed at both ends. The sealed sample was placed inside a

quartz EPR tube with open ends. Nitrogen or N2/O2 gas mixture with varying concentrations

of O2 was allowed to diffuse into the EPR tube and after about 4 min, was changed into

another gas mixture. EPR spectra were recorded using the incremental sweep model. The

spectral ratio (Iin/Iout) was calculated from the spectra.

Reaction kinetics of trityl-conjugated biradicals with GSH

Various concentrations of GSH (0.5, 1, 2 and 3 mM) were added to the solution of the

biradical (50 μM) in PB (50 mM, pH 7.4). Incremental EPR spectra were recorded 45 s after

mixing. The concentration of the trityl monoradical(s) at each time point was obtained by

comparing their doubly integrated signal intensities relative to CT03 as standard. Since the

GSH concentration (0.5, 1, 2 and 3 mM) used was in higher excess than the biradical

concentration (50 μM), the reaction kinetics of the biradical with GSH is a pseudo first-order

reaction. The plots of the trityl concentrations as a function of time (See Supporting

Information) were fitted with the equation: ln[(C0-Ct)/C0] = -kobst, where C0 is the initial

concentration of the biradical, Ct the trityl monoradical(s) at each time point, and kobs the

observed pseudo first-order rate constant. Considering kobs = k2[GSH], the approximated

second-order rate constant k2 was finally calculated from the slope of the plot of kobs versus

[GSH].

Measurement of GSH concentration in rat liver

On the day of the experiments, rats were sacrificed and rat livers were taken. Rat livers were

weighed and cut into small pieces and washed with PBS (pH 7.4) to remove blood. The

resulting liver pieces were blotted with paper towels and then transferred to a homogenizer.

Then, a four-fold volume of PBS (pH 7.4) was added to the homogenizer and the liver

pieces were manually grounded. The homogenate was centrifuged at 4000 rpm at 4 °C for
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15 min and the resulting supernatant was further ultra-centrifuged at 12000 rpm (4 °C) for

60 min using a membrane filter with a MW cutoff of 3000Da. The filtrate was collected for

EPR analysis and the GSH concentration was determined by TSSN and TSST to be 0.74 ±

0.03 mM in the fresh rat liver homogenate with a corresponding value of 3.49 ± 0.14 mM in

liver tissue and 0.78 ± 0.05 mM with a corresponding value of 3.67 ± 0.24 mM in liver

tissue, respectively. Exogenous addition of GSH (0.5 mM) to RLH resulted in a recovery of

96% and 94% in the cases of TSST and TSSN, respectively. In order to further verify the

validity of the present method, the Ellman's reagent was also used and the GSH

concentration was determined to 0.79 ± 0.02 mM in the RLH and a value of 3.71 ± 0.09 mM

in rat liver, consistent with the values obtained using the biradicals.

Synthesis

TSS-Boc—To the solution of CT-03 (200 mg, 0.2 mmol), 1-hydroxybenzotriazole (HOBt,

81 mg, 0.6 mmol) and (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium

hexafluorophosphate (BOP, 93 mg, 0.21 mmol) in dry DMF (20 ml) was added N,N-

diisopropylethylamine (DIPEA, 200 μL) under N2. The reaction mixture was stirred at room

temperature for 20 min and then the monoprotected cystamine (1)57 (53 mg, 0.21 mmol) in

8 mL of DMF was added dropwise. The resulting mixture was continuously stirred for 18 h

at room temperature. Solvent was removed under vacuum, and the residue was dissolved in

PB (0.1 M, pH 7.4) and purified by column chromatography on reverse phase C-18 using

water followed by 0-15% acetonitrile in water as eluants to give the compound (2) as a

green solid (128 mg, 52 %). IR (cm-1, neat): 3340.7, 2971.9, 2922.8, 2863.2, 1691.4, 1662.6,

1514.4, 1492.2, 1452.3, 1432.4, 1366.1, 1231.0, 1167.3, 1149.6, 1112.3, 1044.0, 886.1,

722.5; HRMS [MALDI-TOF, di-hydroxybenzoic acid (DHB) as the matrix] m/z calcd for

C49H57N2O7S14
• ([M]+) 1233.026, found 1233.016; calcd for C49H57N2NaO7S14

• ([M

+Na]+) 1256.015, found 1256.023.

TSSN—To a suspension of TSS-Boc (50 mg, 40.5 μmol) in DCM (2 mL) was added TFA

(2 mL). The reaction mixture was stirred for 3h at room temperature and evaporated to

dryness under vacuum. The residue was redissolved in 5 mL of DMF, and DIPEA (200 μL)

and 3-CP-OSu56 (12.6 mg, 44.6 μmol) were then added. The resulting reaction mixture was

continuously stirred for 18 h at room temperature. Solvent was removed under vacuum, and

the residue was dissolved in PB (0.1 M, pH 7.4) and purified by column chromatography on

reverse phase C-18 using water followed by 0-15% acetonitrile in water as eluants to give

TSSN as a green solid (34 mg, 65 %). Purity: 96.3 ± 1.2 % versus 4-hydroxy-2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPOL) determined as previously reported.45, 56 IR (cm-1,

neat): 3325.2, 2969.1, 2923.4, 2857.1, 1698.1, 1658.3, 1525.9, 1492.5, 1453.5, 1383.8,

1365.8, 1232.4, 1168.1, 1149.3, 1111.9, 1042.9, 886.1, 721.4. HRMS (MALDI-TOF, DHB

as the matrix) m/z calcd for C53H63N3O7S14
•• ([M]+) 1301.076, found 1300.967; calcd for

C53H63N3NaO7S14
•• ([M+Na]+) 1324.065, found 1323.975; calcd for C53H63KN3O7S14

••

([M+K]+) 1340.039, found 1339.944. HPLC (reverse phase): retention time, 22.6 min.

TSST—To a suspension of TSS-Boc (50 mg, 40.5 μmol) in DCM (2 mL) was added TFA

(2 mL). The reaction mixture was stirred for 3h at room temperature and evaporated to

dryness under vacuum. The residue was redissolved in 5 mL of DMF and added dropwise to
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the solution obtained by mixing CT-03 (44 mg, 44 μmol), HOBt (17.8 mg, 0.13 mmol), BOP

(20.4 mg, 46 μmol) and DIPEA (90 μL) in dry DMF (10 ml). The resulting reaction mixture

was continuously stirred for 18 h at room temperature. Solvent was removed under vacuum,

and the residue was dissolved in PB (0.1 M, pH 7.4) and purified by column

chromatography on reverse phase C-18 using water followed by 0-30% acetonitrile in water

as eluants to give TSST as a green solid (18 mg, 21 %). Purity: 94.7 ± 1.8% versus

TEMPOL determined as previously reported.45, 56 IR (cm-1, neat): 3346.1, 2966.1, 2918.1,

2863.6, 1699.4, 1665.6, 1517.2, 1492.3, 1452.5, 1365.8, 1231.1, 1167.7, 1149.2, 1111.9,

1043.3, 886.1, 722.3; HRMS (MALDI-TOF, DHB as the matrix) m/z calcd for

C84H86N2O10S26
•• ([M]+) 2113.902, found 2113.967; calcd for C84H86N2NaO10S26

•• ([M

+Na]+) 2136.892, found 2137.061; HPLC (reverse phase): retention time, 27.6 min.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental and simulated EPR spectra of (A) TSSN and (B) TSST in phosphate buffer

(PB, pH 7.4, 20 mM) at room temperature, and (C) TSSN at 153 K and (D) TSST at 243 K

in ethylene glycol/H2O (1:1, v/v) glass-forming solution. In Figure D, a and b indicate two

conformers of TSST and c indicates trace trityl monoradical (ca. 0.1%).
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Figure 2.
(A) EPR spectra obtained by reaction of TSSN (50 μM) with GSH (2 mM) in PB (50 mM,

pH 7.4) at room temperature; EPR signals of (○) trityl monoradical, (■) nitroxide

monoradical and (●) the biradical TSSN were observed; the inset shows an expanded

portion of the spectrum of the trityl monoradical to better visualize its triplet hyperfine

structure; spectra were recorded with 2 mW microwave power, 0.08 G modulation

amplitude. (B) Plot of the trityl concentration as a function of time; the trityl monoradical

was generated by mixing TSSN (50 μM) with various concentrations of GSH (0.5, 1, 2 and 3

mM); (C) EPR spectra obtained by reaction of TSST (50 μM) with GSH (4 mM) in PB (50

mM, pH 7.4); Spectra were recorded with 1 mW microwave power, 0.05 G modulation

amplitude; (D) Plot of the trityl concentration as a function of time; the trityl monoradical

was generated by mixing TSST (50 μM) with various concentrations of GSH (0.5, 1, 2 and 4

mM).
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Figure 3.
Plot of the monoradical concentrations as a function of time in the fresh rat liver

homogenate (RLH). The RLH (40%, v/v) was mixed with the biradical solution (50 μM) in

phosphate buffered saline (PBS, pH 7.4) in the presence or absence of exogenous GSH (0.5

mM). EPR signals of the trityl and nitroxide monoradicals were monitored for TSST and

TSSN, respectively, with 2 mW microwave power and 0.08G modulation amplitude. The

trityl and nitroxide concentrations were quantified using CT03 and TEMPO, respectively, as

standards. Lines represent the best fit of the initial part of the experimental kinetics to the

monoexponents [M]/[B] = 1-exp(−k2[GSH]t) for TSSN and [M]/[B] = 1-½exp(-k2[GSH]t)

for TSST, where [M] is the monoradical concentration, [B] the initial biradical concentration

(50 μM) and k2 reaction rate constant with GSH. According to the k2 value of TSSN (0.32

M-1s-1) and TSST (0.19 M-1s-1) at pH 7.4 and 25 °C, the GSH concentrations without

exogenous GSH were determined by TSSN to be 0.74 ± 0.03 mM in the RLH with a

corresponding value of 3.49 ± 0.14 mM in liver tissue and 0.78 ± 0.05 mM in the RLH with

a value of 3.67 ± 0.24 mM in liver tissue by TSST. Exogenous addition of GSH (0.5 mM) in

the RLH led to the increased values of 1.21 ± 0.05 and 1.26 ± 0.06 mM in the cases of

TSSN and TSST, respectively.
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Figure 4.
(A) EPR spectrum of the solution containing the trityl and nitroxide monoradicals under

anaerobic conditions; spectra were recorded with 0.5 mW microwave power, 0.03 G

modulation amplitude and 50 G sweep width. (B) EPR spectrum of the sample in (A) with a

narrow sweep width (1.4 G) to better visualize the triplet hyperfine structure of the trityl

monoradical. (C) Plot of Iin/Iout for the trityl monoradical(s) as a function of O2%. The trityl

monoradical were generated by mixing the biradical TSSN (500 μM) with GSH (3 mM) in

NaOH (10 mM) for 60 min since GSH has a higher reactivity towards the disulfide bond at

high pH as mentioned previously;40 The resulting solution was diluted 5-fold using PB (0.1

M, pH 7.4) and used for analysis of oxygen sensitivity.
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Scheme 1. Synthesis of trityl-conjugated biradicals
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Chart 1. Molecular structures of trityl-conjugated biradicals (TSSN and TSST) and trityl-
nitroxide biradicals
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