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Abstract

Disulfide nitroxide biradicals, DNB, have been used for glutathione, GSH, measurements by X-band
electron paramagnetic resonance, EPR, in various cells and tissues. In the present paper, the
postulated potential use of DNB for EPR detection of GSH in vivo was explored. Isotopic substitution
in the structure of the DNB was performed for the enhancement of its EPR spectral properties. 15N
substitution in the NO fragment of the DNB decreased the number of EPR spectral lines and resulted
in an approximately two-fold increase in the signal-to-noise ratio, SNR. An additional two-fold
increase in the SNR was achieved by substitution of the hydrogen atoms with deuterium resulting in
narrowing the EPR lines from 1.35 G to 0.95 G. The spectral changes of DNB upon reaction with
GSH and cysteine were studied in vitro in a wide range of pHs at room temperature and “body”
temperature, 37 °C, and the corresponding bimolecular rate constants were calculated. In in vivo
experiments the kinetics of the L-band EPR spectral changes after injection of DNB into ovarian
xenograft tumors grown in nude mice were measured by L-band EPR spectroscopy, and analyzed in
terms of the two main contributing reactions, splitting of the disulfide bond and reduction of the NO
fragment. The initial exponential increase of the “monoradical” peak intensity has been used for the
calculation of the GSH concentration using the value of the observed rate constant for the reaction
of DNB with GSH, kops (PH 7.1, 37 0C) = 2.6 M1 s'1. The concentrations of GSH in cisplatin-
resistant and cisplatin-sensitive tumors were found to be 3.3 mM and 1.8 mM, respectively, in
quantitative agreement with the in vitro data.
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Introduction

Thiol redox state is an important biochemical parameter associated with all major biological
processes [1-3]. Redox equilibrium between thiols and disulphides is integrally involved in
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many processes such as cell signaling and enzymatic mechanisms. The redox state of the
glutathione (GSH)/glutathione disulfide (GSSG) couple is considered the major intracellular
redox buffer and redox regulator [4]. Low GSH, high GSSG, and a lower GSH/GSSG ratio
have been found in various oxidative stress and free radical pathologies [2,5-7]. Therefore,
glutathione redox status in vivo might be a useful indicator of disease risk in humans.

Methods to measure glutathione in vivo could be extremely valuable. Fluorometric,
photometric and chromatographic assays for glutathione measurement [6-12] are mostly
limited to in vitro or ex vivo detection of thiols, due to the invasiveness required and/or
insufficient light penetration into tissue. NMR detection of endogenous GSH has low
sensitivity and lacks specificity due to overlapping of numerous resonances [13-15]. A recently
developed fluorinated exogenous label for 1°F NMR detection of thiols [16] will be difficult
to use in vivo due to both low sensitivity and complex spectra analysis.

EPR remains a potential application for in vivo detection and has an advantage over NMR
possessing more than three orders of magnitude higher intrinsic sensitivity to the probe
concentration. The recent development of low-field EPR techniques makes feasible EPR
measurements in isolated organs and living small animals. In our previous work we applied
disulfide nitroxide biradicals, DNB, as paramagnetic analogs of Ellman’s reagent, for thiol
detection invitro [17,18] and postulated potential of their use in vivo [19,20]. The measurement
of thiols in vivo using DNB appears likely to be productive, but requires optimization of the
probe, its delivery in living tissue, and experimental justification of the ability to extract
quantitative information about thiol content from the EPR spectra measurements. In the present
work isotopic 1°N and 2H-substitution in the structure of the DNB was performed for the
enhancement of its EPR spectral properties. The spectral changes of the DNB upon reactions
with the biologically relevant reducing agent, ascorbate, and low-molecular weight thiols were
studied in vitro in a wide range of pHs at room temperature and at 37 °C. This provided a basis
for the quantitative analysis of the L-band EPR spectra kinetics measured in vivo after injection
of the DNB in ovarian xenograft tumors grown in nude mice. The GSH concentrations obtained
from the in vivo EPR measurements were found to be in quantitative agreement with in vitro
measurements in corresponding tissue homogenates.

Material and Methods

Reagents

Glutathione (GSH) and cysteine (CysSH) were purchased from Sigma—
Diethylenetriaminepentaacetic acid (DTPA), sodium pyrophosphate decahydrate and ascorbic
acid were purchased from Acros Organics. Mono- and dibasic sodium phosphate salts were
obtained from Fisher Scientific. Cell culture medium (RPMI medium 1640), fetal bovine serum
(FBS), antibiotics, sodium pyruvate, trypsin, and phosphate-buffered saline (PBS) were
purchased from GIBCO/BRL. The DNB label, R}S S R} (see Scheme 1) was synthesized as
previously described [18]. The synthesis of 1°N and 2H- isotopic substituted DNB labels,

R3S SRS and R3S SRS (Scheme 1), is described in the Appendix.

EPR studies of the reaction of R3S SRS with GSH and CysSH

Studies of the thiol-disulfide exchange kinetics between R3S S R3 and low-weight thiols were
performed in 0.1 M Na-phosphate buffer, 1 mM DTPA, for pH range from 6 to 8, at temperature
23°C and 37°C; and in 0.1 Na-pyrophosphate buffer, 1 mM DTPA, for pH range from 8 to 12,
at 23°C. Disulfide label (10 uM) was mixed with GSH or CysSH at various concentrations and
increase of the low-field “monoradical” peak intensity of the EPR spectrum was monitored
using X-band EPR spectrometer (EMX, Bruker). Observed rate constants, Kqps, Of the thiol-
disulfide exchange (see reaction 1) were calculated and plotted versus pH values.
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EPR studies of the reduction of R3S SR by ascorbate

R3S SR; (100 uM) was mixed with ascorbic acid (0.625, 1.25, 2.5 and 5 mM) in 0.1 M Na-
phosphate buffer, pH 7.4, 1 mM DTPA, at 23°C, and kinetics of the changes in “monoradical”
amplitude of the EPR spectrum was monitored using X-band EPR spectrometer (EMX,
Bruker).

EPR studies of reduction of the R3S SR3-derived mononitroxides by ascorbate

Disulfide (0.5 mM) was mixed with 1.5 mM GSH in the presence of 10 mM NaOH
—Completion of the thiol-disulfide exchange reaction resulted in the formation of the

mononitroxides, R3S H and R5SSG, monitored by EPR. The solution was diluted by 10 times
in 0.1 M Na-phosphate buffer pH 7.4, 1 mM DTPA, and various concentrations of ascorbic
acid (2.5, 5, and 10 mM) were added. The kinetics of the reduction of the R3S H and R3SSG
mixture after ascorbic acid addition was monitored using X-band EPR spectrometer (EMX,
Bruker). The measured Kinetics of the decrease in the low-field component of the
mononitroxides EPR spectra was fitted by the monoexponent yielding the value of the observed
rate constant, kops. Bimolecular rate constant of the mononitroxides reduction by ascorbic acid
was derived from the linear regression slope of the dependence of ko 0n ascorbic acid
concentration.

Human ovarian cancer cell lines

Cisplatin-sensitive (A2780 WT) and cisplatin-resistant (A2780 cDDP) human ovarian cancer
cell lines were used. The cisplatin-resistant cell line was originally developed from an in
vivo tumor model by treating with cisplatin [21]. Cells were grown in RPMI medium 1640
supplemented with 10% FBS, 2% sodium pyruvate, and 1% penicillin/streptomycin. Cell
culture was carried out at 37°C in an atmosphere of 95% air/5% CO,. Cells were routinely
trypsinized (0.05% trypsin/EDTA) and counted using an automated counter (NucleoCounter,
New Brunswick Scientific Co., Edison, NJ).

Animal model of ovarian cancer

Six-week-old female BALB/c nude mice were obtained from the National Cancer Institute.
The animals were housed five per cage in a climate- and light-controlled room. Food and water
were allowed ad libitum. All animals were used according to the Public Health Services Policy,
the Federal Welfare Act, and ILACUC procedures and guidelines of The Ohio State University.
Cisplatin-sensitive and cisplatin-resistant human ovarian cancer cells (5x106 cells in 60 pl
PBS) were injected subcutaneously (s.c.) into the upper portion of the right hind limb of mice.
Both types of cells grew, in vivo, as a solid tumor. The size of the tumor was measured using
a Vernier caliper. Mice with tumor size approximately 8-10 mm in the greater diameter,
reached on the 12t"-14t day after inoculation, were used for in vivo EPR measurements.

In vivo EPR measurement

The mice were anesthetized by intraperitoneal (i.p.) injection with ketamine (200 mg/kg b.w.)
and xylazine (4 mg/kg b.w.) and inhaled room air (21% O,) during the in vivo measurement.
The body temperature of the animal was maintained at 37+1°C by an infrared lamp placed just
above the animal during the measurements. The mice were intratumorally (i.t.) injected with
15 plL of 50 mM thiol-sensitive probe, R3S S R3. Note that R3S S RS easily diffuses throughout
tumor tissue after i.t. injection [48] resulting in submillimolar probe concentration. This fulfills
the requirement [ R3S S R5]<K[GSH] making this approach less invasive and allowing for the
pseudo-first order approximation of the in vivo kinetics. EPR measurements were taken
immediately and about every 1 min thereafter for a total of approximately 30 min. The
measurements were performed using a home-built L-band (1.2 GHz) EPR spectrometer with
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a bridged loop-gap resonator [22]. The following parameters were used for L-band EPR
spectroscopy: sweep width, 12 G; sweep time, 2.6 s; modulation amplitude, 1 G; time constant,
0.04 s; microwave power, 5 mW. Two groups of animals were investigated: (i) A2780 WT and
(if) A2780 cDDP tumor-bearing mice. At the end of experiment tumor tissues were resected
and stored at —80°C until ex vivo glutathione measurement.

Ex vivo analysis of GSH content in tumor tissue

Tumor tissues (30 mg) were homogenized in 0.5 ml ice cold 0.1 M Na-phosphate buffer, pH
7.1, 1 mM DTPA, and 1pul Triton X-100, followed with 13,000 g centrifugation at 4 °C.
Supernatants were used for low-weight thiols concentration measurement in tissue. Disulfide
R3S SRS (50 uM) was mixed with homogenate in the presence of 0.1 M Na-phosphate buffer
pH 7.1, 1 mM DTPA, and kinetics of low-field “monoradical” component increase was
recorded using X-band EPR spectrometer (EMX, Bruker). The kinetics was fit by linear
regression and line slope was calculated. The average rate of “monoradical” component
increasing for whole (not diluted) homogenate was calculated using three experiments with
varying homogenate concentrations. The concentration of GSH in tumor tissues (in mmole/
kg) was calculated using values of rates of “monoradical” component increase in the presence
of aknown concentration of GSH measured in the same conditions (0.1 M Na-phosphate buffer,
pH 7.1, 1 mM DTPA).

Statistical analysis of ex vivo and in vivo studies

Results

Comparisons among groups were performed using a One-Way ANOVA test. The significance
level was set at p <0.05.

EPR spectral properties of the disulfide probes

The structures of the previously reported DNB label, R}S S R] [18], and newly synthesized
isotopically substituted analogs, R3S S R; and R3S S R3, are shown in the Scheme 1. The EPR
spectrum of the R}S S R} biradical is significantly affected by pairwise spin exchange between
two radical subunits resulting in appearance of “biradical” components in addition to triplet
pattern typical for mononitroxides [23-25] (Fig. 1a). The number and shape of the biradical
components is determined by the contribution of several effective conformations of the label
with the intermediate character of spin exchange (averaged exchange integral J~ay) [17,26].

15N substitution in the NO fragment of the biradicals R3S S R and R3S S R} decreases the
number of EPR spectral lines transforming a triplet pattern to a doublet with additional
“biradical” components localized in the center of the spectrum (Fig. 1b and 1c). As a
consequence, there is about an observed two times increase in the signal-to-noise ratio, SNR,
for the EPR spectra of the R3S S RS compared with RS S R}. An additional two times increase
inthe SNR was achieved for the EPR signal of the R3S S R; biradical synthesized by the isotopic
substitution of all 34 hydrogen atoms of the R3S S RS by deuterium. The latter enhancement
resulted from narrowing EPR lines, namely from 1.35 G to 0.95 G for the peak-to-peak
linewidths of the low-field components of R3S S RS and R3S SRS, respectively. This will be
particularly important for applications in vivo where fundamental sensitivity is much lower.

Reaction of the disulfide probes with low-molecular-weight thiols

Isotopic substitutions had no effect on the stability of the disulfide bond of the biradicals and
their reactivity towards thiols. Aqueous solutions of the biradicals were extremely stable in the
broad range of pHs for at least days. An addition of glutathione, GSH, resulted in an increase
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of the intensity of “monoradical” components and decrease of “biradical” components as
shown in Fig. 1. The observed spectral changes are in agreement with the splitting of the
disulfide bond and the formation of two monoradicals, R}S H and R;SSG according to eq. (1):

obs

k
R'SSRI+GSH > R'S H+R! SSG 0

The EPR spectra of the monoradicals R; SSG and R; S H are characteristic of mobile fast rotating
low-molecular weight nitroxides and were indistinguishable at X-band or lower frequency EPR
spectroscopy (see Fig. 1).

The rates of the reaction (1) of the imidazolidine nitroxides R;S S R} with the thiols vary with
pH and temperature. The reaction proceeded within a few seconds at alkaline pH (Fig. 1) and
within a few tens of minutes at neutral pH as shown in Figure 2.

Figure 2 represents the kinetics of the EPR peak intensity increase of the monoradical
component, |, after addition of GSH measured at room temperature, 23°C, and “body”
temperature, 37°C. The kinetics show exponential growth with the characteristic time constant,
7= 1/(kopsX[GSH]). Therefore, linear regression of the inverse characteristic time constant, 1/
7, 0n GSH concentration provides the value of the observed rate constant of the reaction of

R3S S RS with GSH, kgps. According to the data shown in Fig. 2, the value of kops is almost five
times larger at the higher temperature. The strong increase of ks at more alkaline pH was
observed for both temperatures (see Fig. 3a) supporting the predominant contribution of the
thiolate anion, GS™, in reaction (1). Figure 3b shows pH dependences of kqp,s for reaction (1)
with low-molecular-weight thiols, glutathione and cysteine, CysSH. The detailed description

of the rate constant’s pH dependence of the reaction of the biradicals R7S S R} with GSH and
CysSH requires consideration of the contribution of different ionization states of both —-SH and
—NH, groups of these molecules. Fitting the data to a standard titration equation shows good
agreement between experimental and calculated values (see Fig. 3b) yielding significant
bimolecular rate constants for only thiolate anions, namely

KOSH = kOSH(_GS~, — NH})=(41.1 2 2.2)M s,
KGSH = k9SH(_GS ™, — NH2)=(61.0 + 0.7)M's",
K = K% (=CysS~, - NH)=(19.4 + 1.4M s ' and
kP = KOS(—CysS ™, — NHy)=(88.5 £ 0.9)M~'s™!,

Chemical reduction of the disulfide probes

The reactions of the biradicals R;S S R} with GSH and cysteine proceeded with conservation
of integral EPR spectral intensity [17,18] (see Fig. 1). This is in agreement with the previously
reported chemical stability of di-tert-alkylInitroxides in the presence of thiols [29,30]. In

general, reduction of the biradicals R7S S R} may interfere with their reaction with thiols adding
complexity to EPR detection of thiols. Figure 4a shows the kinetics of the reduction of the

R3S S R; biradical and corresponding monoradicals formed after splitting of the disulfide bond
(see Figure caption for the details) by access of ascorbate measured by EPR. The integral
intensities of the EPR spectra of both the biradical and the monoradicals decayed exponentially
with similar rate constants with the reduction, k;, equal to (1.7 £0.2) M1 s™1 and (1.50.2)
M~1s71 respectively. However, the peak intensity change of the “monoradical” component
is represented by bell-shaped kinetics (Fig. 4a). This kinetic behavior is well described
analytically supposing contribution of the two radical forms in the EPR spectrum, namely
biradical R3S S R3 and half reduced R3S S R, H monoradical, both of which undergo one-
electron reduction by ascorbate with equal rate constants, k;:

Ln()=ci[R3S SR51+c2[RSS SRyHI=[ R3S SR;]Oexp(—k,A[Asc] - 1) - (c1+cak [Asc] - 1) ©)
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where ¢; and ¢, are numerical coefficients, [Asc] is the ascorbate anion concentration and t is
time after initiation of the reaction. The dependence described by eq. (2) has a maximum,

1M equal to 1M /1"=0=(c, /c))exp(cy /¢, — 1) at time point tymax = (C2 — €1)/Coke[Asc]. In

m ! m

agreement with the experimental data the value of I3 does not depend on the concentration
of ascorbate (/™% /1'=0 ~ 1.14, see Fig. 4a) yielding c,/cy = 1.7. Note that a maximal increase

m

in “monoradical” peak intensity upon disulfide splitting of the R3S S RS in the absence of
reduction, 7™ /10 ~ 3.0 (see Fig. 1), should be equal to 2- ¢c,/cq due to the formation of two

' m m
monoradicals from each molecule of the biradical, therefore providing an alternative estimate
of cy/cy = 1.5 which is comparable to 1.7 obtained upon reduction. Experimental dependence
of tmax ON inverse ascorbate concentration allows for a good linear regression yielding the value
of k; equal to (2.2+£0.2) M1 s71 in reasonable agreement with the k, value for the biradical

obtained from the decay of integral intensity of its EPR spectrum (Fig. 4a).

In vivo GSH measurements using the disulfide probes

Typical kinetics of the I, changes after intratumoral injection of R3S S R; in the mice is shown
in Figure 5. The observed maximal increase of the peak intensity, I, exceeds the corresponding
number in the case of reduction (see Fig. 4a) by one order of magnitude or more, therefore,
justifying negligible contribution of the reduction to the initial part of the kinetics. Fitting the
kinetics by the monoexponent, which is characteristic for the reaction with GSH, yields the
value of the intracellular GSH concentration (see Fig. 5). The dominant contribution of the
intracellular GSH in the observed in vivo Kinetics is justified by fast diffusion of the DNB
probes across cellular membranes due to their high lipophilicity (octanol/water coefficient is
about 240 [18]), highest concentration of the GSH among intracellular thiols, and slow reaction
of the probes with protein —SH groups [18]. This conclusion is supported by the similarity of
the EPR kinetics measured in vitro in the supernatant obtained from the tissue homogenates
before and after protein precipitation (data not shown).

Figure 6 summarizes the results of in vivo and ex vivo measurements of GSH in the cisplatin-
sensitive and cisplatin-resistant ovarian tumors. The GSH concentrations obtained by both
approaches are in a good agreement between each other and with previously reported data
[31,32].

Discussion

Griffith and McConnell [34,35] were the first to use thiol-specific nitroxide with maleimide
function to bind it to the thiol groups of proteins in pioneer work in the EPR spin labeling field.
Later on the thiol-specific mononitroxides were frequently used for protein thiol labeling
[34-38] and EPR determination of the accessible thiol groups in various macromolecular
structures, such as human plasma low-density lipoproteins [39] or erythrocyte membranes
[40]. The EPR characterization of the protein sulfhydryl groups is based on the immobilization
of the nitroxide upon binding to a macromolecular structure. This approach normally requires
purification of the sample from the unbound label and can not be used in vivo. Moreover,
application of thiol-specific mononitroxides to the EPR measurement of glutathione or cysteine
is hardly possible due to insignificant EPR spectral changes of the label upon binding to low-
molecular-weight compounds. This drawback was overcome by the development of the
disulfide nitroxide biradicals, DNB [17,18]. DNB, being paramagnetic analogs of widely used
Ellman’s reagent [9], react with thiols via the thiol-disulfide exchange reaction (1). The
principal advantage of the DNB reagents over monoradical labels is the drastic EPR spectral
changes even in the case of the reaction with low-molecular-weight thiols [26] (see Fig. 1).

The developed DNB of imidazoline [17] and imidazolidine [18] types are lipophilic compounds
(lipophilicity coefficients of about 200 [18]), which easily diffuse across cellular membranes
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where they react with intracellular thiols. Imidazoline label, iDNB [17], reacts with GSH at
physiological pH within a few seconds, therefore, providing a fast reliable EPR approach for
GSH determination in optically nontransparent samples. The authors [17,41-48] used the
iDNB label to measure GSH and/or total thiols in various cells and cellular homogenates. The
quantitative GSH measurement using the fast reacting iDNB is based on the prior calibration
of the EPR spectral changes to the thiol concentration and requires application of an excess of
label over GSH. The latter requirement results in the complete consumption of the intracellular
GSH during the measurement and, therefore, limits this approach from being use in vivo.

The development of slow-reacting imidazolidine DNB, R}S SR} (Scheme 1) [18] provides an
opportunity to quantitatively measure thiol content from the analysis of the EPR spectral
change Kinetics (see Fig. 2). This kinetics approach looses the attractive simplicity of the static
EPR measurements using iDNB label [20,26] but gains a decisive advantage by using low
concentrations of the label compared with the thiol content. This important advantage makes
the approach less invasive and, therefore, applicable in vivo. However, the in vivo application
of DNB for thiols/GSH measurement might be complicated by the possible influence of the
label diffusion rate into the intracellular space, contribution of the protein thiols to the reaction
(1) and reduction of the nitroxide moiety, making it difficult to extract quantitative information
from the EPR spectral kinetics. Fortunately, the diffusion of the DNB labels into the
intracellular space did not limit the reaction (1) even for the fast-reacting iDNB [18,26,49].
Another favorable aspect is the observation of extremely low reaction rates of the DNB with
the protein thiols, e.g. the rate constants of the DNB reaction with SH-groups of human serum
albumin and hemoglobin were less or about 1% of the corresponding values for GSH [18].
Taking into account that GSH is a major intracellular thiol compound present in cytosol in
concentrations from 1 to 10 mM, one may expect a predominant contribution of GSH to the
reaction (1).

Most of the present studies were performed using DNB label R3S S RS with 15N isotope labeled
NO fragments. The isotopic substitution did not influence chemical reactivity of the DNB probe
towards thiols while it resulted in decreasing the number of EPR spectral lines and about a
two-fold increase in the SNR. Complete splitting of the disulfide bond of the R3S S RS upon
reaction with GSH resulted in a 3 fold increase of the “monoradical” peak intensity, I, (Fig.

1). The reduction of one of the NO fragments of the R3S S R; also results in increase, but the
maximal reduction-induced peak intensity increase is significantly lower, /% /7'~0 ~ 1,14 (see

m
Fig. 4a). It provides a simple estimate of comparative contribution of the DNB reduction to
the overall I, increase. For example, in our experiments the observed maximal increase of the
Im in vivo (Fig. 5) exceeded the expected estimate of reduction-induced I, increase by one

order of magnitude or more.

The other important aspects which have to be considered for the quantitative measurement of
the tissue GSH from the kinetics of the reaction (1) is the dependences of the rate constant on
pH and temperature. In the present paper we carefully studied pH dependence of the rate
constant of the reaction (1) at room temperature and 37°C (see Fig. 2 and 3) providing reference
data for the measurements in living tissues.

Intracellular GSH has been shown to be one of the major factors modulating tumor response
to a variety of commonly used anti-neoplastic agents, including its important role in resistance
towards cisplatin drugs [50]. Overall, it was concluded that in situations where GSH plays an
important part in determining tumor response to a particular treatment, nude mouse xenografts
may represent the most appropriate experimental model system [32]. Recently we

demonstrated that sensitivity to cisplatin correlates with a higher redox environment in ovarian

xenograft tumors in mice measured in vivo using EPR and R}S S R} label, and with higher tissue
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GSH content measured in vitro [31]. In the present paper we apply the DNB label R3S S R; to
quantitatively measure GSH content in vivo in ovarian xenograft tumors in mice. The observed
in vivo kinetics showed about two-fold increase of EPR “monoradical” peak intensity during
the first 5-10 minutes (Fig. 5), therefore supporting the insignificant contribution of the probe
bioreduction in this increase. The fitting of the initial part of the kinetics supposing the
dominant contribution of the reaction (1) of DNB with GSH, yields the values of intracellular
GSH concentration presented in Fig. 6. The observed concentration of GSH in cisplatin
resistant tumors (3.3 mM) almost twice exceeded GSH content in cisplatin sensitive tumors
(1.8 mM) and is in agreement with the values measured in isolated tissue homogenates (see
Fig. 6) and previously reported data [31,32]. The authors [32] reported that GSH content of
human ovarian tumor cells obtained from mouse xenografts grown as ascites or as solid tumors
was 4.7+2.1 mM. Note that GSH contents found in the human ovarian tumors from primary
biopsies were on average only slightly higher (30%) than those obtained in nude mouse
xenografts of human ovarian cancer [32].

In summary, this work is the first to employ DNB labels to measure GSH concentration in
vivo using L-band EPR spectroscopy. Application of isotopically substituted compound
provided an improvement in sensitivity, which is important for in vivo application. In
addition, 15N isotopic substitution decreases the number of spectral lines making the label more
attractive for potential imaging applications [31]. The developed EPR approach for GSH
measurement in vivo might become a valuable experimental tool particularly when considering
GSH redox status as useful indicator of disease risk in animals and humans.
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Abbreviations

CysSH

cysteine
DNB

disulfide nitroxide biradical
DTPA

diethylenetriaminepentaacetic acid
EPR

electron paramagnetic resonance
GSH

glutathione
GSSG

glutathione disulfide
NMR

nuclear magnetic resonance
SNR

signal-to-noise ratio
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APPENDIX

Synthesis of the disulfide nitroxide biradicals, R3S S R; and R3S S R}

The biradicals R3S SRS (10b) and R3S SR (10a) were synthesized as follows (see Scheme 2).

For the synthesis of the isotopically substituted nitroxides 8 (Scheme 2), deuterated compounds
with 99% or more content of D were used: ammonia-d3 26 % solution in D,0, acetone-dg,
ethanol-dg, sodium borodeuteride (Cambridge Isotope laboratories, Inc.), deuterium oxide,
methyl alcohol-d; (Acros), dimethyl sulfate-dg (Aldrich) and sodium nitrite (°N, 98%+) from
Cambridge Isotope laboratories, Inc.

Alkene la was synthesized by dehydration of 1,1,1-trideutero 2-trideuteromethyl butanole-2
by heating with diluted non-deuterated sulfuric acid (cf. [51]). The synthesis of nitroso chloride
2a was carried out in non-deuterated water as well, assuming that deuterium diminution on
this step is impossible. Next steps — the synthesis of hydroxyamino oxime 3a, hydroxyamino
ketone 4a and imidazoline 5a were carried out in deuterated solvents with the use of deuterated
reagents, which excluded the deuterium diminution. Deutero-exchange in the methyl group of
hydroxyamino ketone 4a (X = H) was carried out by fifteen-fold incubating—evaporating
procedure of hydrochloride 4a in CH30D. According to the data, published in ref. [52] the full
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exchange of protium on deuterium is achieved after three-fold procedure. Nevertheless,
chromato-masspectroscopy analysis of imidazoline 5a (X = D) showed that the degree of
deutero-exchange even at fifteen-fold procedure is low; the isotopic content of a sample of
5a was: 5H — 17%, 4H — 47%, 3H — 17%, 2H — 5%. The possibility of deuterium loose from
the methyl group in position 2 of imidazoline 5a heterocycle is excluded - the condensation
reaction was carried out in entirely deuterated medium, hence, protium atoms in a molecule of
imidazoline 5a (X = D) mainly are located in 4-methyl group and one atom, on average, in 5-
methyl groups. The deuterium content could not change noticeably on step 5a—6a; enamine
7a (X = D) was synthesized from methyl sulfate 6a (X = D) in deuterated water that was much
more efficient for deutero-exchage in 4-methyl group. Thus chromato-masspectroscopy
analysis of bromomethyl derivative 9a (X = D) showed, that the content of protium becomes
noticeably lower than in starting imidazoline 5a: none H — 35%, 1H — 38%, 2H - 15%. Thus,
protium (one atom per a molecule 9a (X = D)) is located in 5-methyl group. If usual methanol
is used as a solvent for reduction reaction of bromoenamine 8a (X = D), resulting imidazolidine
9’a (X = D) contains: 1H — 23%, 2H — 44%, 3H — 18 % due to the insertion of protium into
bromomethyl group. It should be noted, that the line width in EPR spectrum of 9a and 9’a is
almost the same, and hence, isotopic content of bromomethyl group is inessential. The
deuterium looses in the synthesis of biradicals 10a, 11a are excluded, and hence, the isotopic
content of these compounds is the same as of their precursors — bromomethyl derivatives 9.

2-(Methyl-d3)-2-butene-1,1,1-d3 1a was synthesized from corresponding alcohol by
dehydration in 30% H,SO,4 and the alcohol was prepared by treating of acetone-dg with the
methyl magnesium iodide.

The 1°N-hydroxylamine hydrochloride was synthesized from sodium 1°N-nitrite according
the procedure described in ref. [53].

Nitroso chlorides 2 were prepared from the appropriate olefins by reaction with sodium nitrite
and hydrochloric acid [54].

The 1,2-hydroxylaminooximes 3 were synthesized by reaction of the dimeric nitroso chlorides
of olefins 2 with 1°N-hydroxylamine hydrochloride similarly to the described procedure [55].

3-(1*N-Hydroxyamino)-3-methyl-ds-butan-1,1,1-d3-2-one oxime acetate 3a. A solution of
3.9 g (47 mmol) of sodium acetate in 6 ml of water was added to a solution of 3.3 g (47 mmol)
of 1°N-hydroxylamine hydrochloride in 6 ml water. The solution of 9.7 g (34 mmol) 2-
chloro-2-(methyl-ds)-3-nitrosobutane-1,1,1-d3 dimer 2a in 36 ml EtOH was added to a
mixture and one was boiled for 3h; the NaCl precipitate was then filtered off. Acetic acid (5
ml) was added and ethanol was evaporated at reduced pressure. The residue was washed with
diethyl ether (3x20 ml); an aqueous solution was saturated with NaCl and extracted with ethyl
acetate (10x30 ml). 1.5 ml of acetic acid was added to combined extract and a solution was
evaporated to dryness. The residue was treated with hexane, the precipitate of 1.2-
hydroxylaminooxime 3a [52] was filtered off and recrystallized from ethyl acetate to give 3.0g
(32 %) of 3a.

Compound 3b was synthesized similarly from 2.7 g (39 mmol) of 1°N-hydroxylamine
hydrochloride and 8.0 g (29 mmol) of nitroso chlorides dimer 2b, the yield was 2.7 g (36 %).
The yield was counted on 15N-hydroxylamine hydrochloride in both cases.

3-(Hydroxyamino)-3-methylbutan-2-ones 4 were synthesized by acidic hydrolysis of 1,2-
hydroxyaminooximes 3 with concentrated hydrochloric acid [52].

3-(**N-Hydroxyamino)-3-(methyl-ds)-butane-4,4,4-d3-2-one hydrochloride 4a (X=H).
The solution of 2,6 g of 3-(1°N-hydroxyamino)-3-methyl-ds-butan-1,1,1-dz-2-one oxime
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acetate 3a in 6 ml concentrated hydrochloric acid was kept for 18 h at room temperature. The
precipitated NH,OH-HCI was filtered off and washed with a small amount of cooled
concentrated hydrochloric acid. The filtrate was evaporated to dryness at reduced pressure and
the residue was recrystallized from acetonitrile to give 1.5 g (71%) of 3-(1°N-
hydroxyamino)-3-(methyl-ds)-butane-4,4,4-d3-2-one hydrochloride 4a (X=H).

3-(1*N-Hydroxyamino)-3-methyl-butan-2-one 4b (X=H) was synthesized from 2.7 g of 1,2-
hydroxyaminooxime 3b in the same manner with the yield 1.7 g (77%).

In order to prepare 3-(**N-hydroxyamino)-1.3-(dimethyl-dg)-butane-4.4.4-d3-2-one
hydrochloride 4a (X=D), the solution of 1.5g 3-(}°N-hydroxyamino)-3-(methyl-ds)-
butane-4,4,4-d3-2-one hydrochloride 4a (X=H) in 10 ml of CH30D was kept for 1h and then
evaporated to dryness. The procedure was repeated 15 times [52].

15N-Imidazoline 5 was prepared similarly to ref. [56].

4-Methyl-2,2,5,5-(tetramethyl-d1,)-2,5-dihydro-1H-imidazol-1-0l-1°N 5a (X=H). A
solution of 5.25 ml of ammonia-d3 26 % solution in D,0, 1.5 g 1.2-hydroxyaminoketone 4a
and 3.8 ml of acetone-dg was kept for 4 h. The acetone was evaporated and the aqueous solution
was extracted with ether (4x10ml). The combined ether extracts were dried with MgSQy, ether
solution was evaporated at reduced pressure; the residue was recrystallized from heptane; the
yield was 1.0 g (63%) (cf. [52]).

2,2,4,5,5-(Pentamethyl)-2,5-dihydro-1H-imidazol-1-0l-1°N 5b (X=H) was synthesized
similarly from 1.7g (10 mmol) of 1.2-hydroxylaminoketone 4b (X=H), 4.5 ml acetone and 6.2
ml of ammonia 26 % water solution with the yield 1.1g (69%).

The methylsulfates 6 and bromoenamines 9 were synthesized using a modified procedure taken
from [51].

4-Methyl-2,2,3,5,5-(pentamethyl-d;s)-2,5-dihydro-1H-imidazol-3-ium-1-oxyl 1-1°N
methyl sulfate-d3 6a (cf. [52]). The suspension of 1.0g (5.8 mmol) of imidazoline 5 and 5.0
g MnO, in 25 ml hexane was stirred for 1h at room temperature; oxidant excess was filtered
off and filtrate was evaporated at reduced pressure. The residue, 4-methyl-2,2,5,5-(tetramethyl-
dq,)-2,5-dihydro-1H-imidazol-1-oxyl 1-1°N, was dissolved in 30 ml anhydrous ether and 2 ml
of dimethyl sulfate-dg was then added to a solution. The reaction mixture was kept for 30 min
at 20 °C, the ether was removed at reduced pressure and the residue was kept at 30 °C for 20
min. The reaction mixture turned almost solid, after that the precipitate formed was diluted
with anhydrous ether, filtered off and washed with anhydrous ether. Yield 1.4 g (78%).

Similarly, 2,2,3,4,5,5-hexamethyl-2,5-dihydro-1H-imidazol-3-ium-1-oxyl 1-1°N methyl
sulfate 1-1°N, 6b, was prepared from 1.1g (7.0 mmol) of imidazoline 5b with the yield 1.4 g
(70%).

4-(Bromomethyl-d,)-4-deutero-2,2,3,5,5-(pentamethyl-d;5)-imidazolidine-1-oxyl 1-1°N
9a. A mixture of a solution of 0.71 g (2.3 mmol) methyl sulfate 6a in D,O (10 ml) and 30 ml
of ether was alkalified on shaking to pH 9-10 with NaHCO3. The organic layer was separated,
and the aqueous one was extracted with ether (2x30 ml). The combined extract of 4-
(methylene-d,)-2,2,3,5,5-(pentamethyl-dys)-imidazolidine-1-oxyl 1-1°N 7a was dried with
MgSQO4 at 0 °C for 15 min, the desiccant was filtered off and 0.70 ml triethylamine was added
to the filtrate. A solution of 40 mg (0.25 mmol) bromine in 4 ml anhydrous chloroform was
then added dropwise with stirring and cooling to —5 °C to resulted solution of enamine.
Triethylamine hydrobromide precipitate formed was filtered off, and filtrate was evaporated
to dryness at a reduced pressure at 20 °C. The residue was treated twice with 20 ml of hexane,
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the solution was separated from sticky residue, and combined solution of 4-(bromomethylene-
dq)-2.2.3.5.5-(pentamethyl-d;5)-imidazolidine-1-oxyl 1-1°N 8a was evaporated at reduced
pressure at 20 °C. The residue was dissolved in 30 ml of cooled to 0 °C methanol-d; and 0.21
g (5.0 mmol) NaBD,4 was added in portions with stirring and cooling to 0 °C to the solution.
Stirring was continued for 30 min at 0 °C and then a solvent was removed at reduced pressure.
The residue was dissolved in the mixture of 25 ml ether and 20 ml of saturated brine, ether
solution was separated and washed with water (2x15 ml) and then dried with MgSQO4. The
solution was evaporated and the residue, 4-(bromomethyl-d,)-4-deutero-2,2,3,5,5-
(pentamethyl-dys)-imidazolidine-1-oxyl 1-1°N, 9a, was purified by chromatographing on
silica gel with hexane-ether (4:1) mixture as eluent. Yield was 50 mg (8.0 %), mp 82 °C (from
hexane), lit. mp 81-83 °C [57]

4-(Bromomethyl-d;)-4-deutero-2,2,3,5,5-(pentamethyl-d;s)-imidazolidine-1-oxyl 1°N
9’a was prepared from 4-(bromomethylene-d;)-2.2.3.5.5-(pentamethyl-d;s)-
imidazolidine-1-oxyl 1-1°N 8a, by reduction with NaBD, in methanol in the same manner
with the yield 31 %.

Similarly, 0.18 g (18 %) of 4-bromomethyl-2,2,3,5,5-pentamethylimidazolidine-1-oxyl
1-15N 9b was obtained from 1.1 g (3.9 mmol) of 2.2.3.4.5.5-hexamethyl-3-imidazolinium-1-
oxyl methyl sulfate 1-1°N 6b.

Bis[4-deutero-2,2,3,5,5-(pentamethyl-d;s)-1-oxyl-imidazolidin-4-ylmethyl-d,]-disulfide
1-15N 10a. A solution of 50 mg (0.19 mmol) of compound 9a and 15 mg (0.20 mmol) thiourea
in 1 ml ethanol-d; was boiled for 15 min. then 1 ml of ammonia-ds 26 % solution in D,O and
2 ml of ether were added, and the mixture was stirred for 3.5 h at room temperature. Then a
solution of 0.05 g K3[Fe(CN)g] in 0.1 ml of 5% water solution of NaOH was added and stirring
was continued for more 40 min. Ether solution was separated and a water solution was extracted
with ether (3x5 ml). Combined extract was dried with anhydrous MgSQOy, the solution was
evaporated at reduced pressure and disulfide 10a was purified chromatographically on silica
gel with ether as the eluent. The yield was 20 mg (48%), dark orange oil that turned crystalline
below 0 °C.

Similarly, bis(2,2,3,5,5-pentamethyl-1-oxyl-imidazolidin-4-ylmethyl)-disulfide 1-1°N 10b

was obtained from 0.18 g (0.72 mmol) of 4-bromomethyl-2,2,3,5,5-
pentamethylimidazolidine-1-oxyl 1-1°N 9b with the yield 51 mg (36 %).
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Fig. 1.

The EPR spectra of the DNB label R{S SR} (a) and its isotopically substituted analogues,
R3S SRS (b) and R3S SR; (c). The spectra were obtained for 0.1 mM solution of the biradicals
alone (red) and after the reaction with different concentrations of GSH added at pH 11.5 (0.1
mM, blue, and 1 mM, black). The spectrometer settings were as following: modulation
amplitude, 0.5 G; sweep width, 50 G; microwave power, 10 mW. The maximal increase of the
intensity of the “monoradical” component after complete splitting of the disulfide bond,

1™ /1=0, was equal to (a) 4.6, (b) 3.0 and (c) 3.3. Note that double integration of the EPR

spectra shows conservation of the integral spectral intensity during the observed spectral
changes.
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Fig. 2.

The kinetics of the increase of amplitude of the monoradical component, 1, of the EPR
spectrum of 10 pM R3S S R} solution in 0.1 M Na-phosphate buffer, pH 7.4, 1 mM DTPA,
measured at (a) 23°C and (b) 37°C after addition of various concentrations of GSH: (A) 2 mM,
(0) 3mM, (o) 5.4 mM and (A) 0.25 mM, (e) 0.5 mM and (m) 1 mM. Lines represent the best

fit of the experimental kinetics to the monoexponents, 7,,(1)=I* — (In"™ — I,’,To)exp(—t/r),
yielding the values of the characteristic time constant of the exponential growth, z. Inserts: the
dependences of inverse characteristic time constant of the exponential kinetics, 1/z, on GSH

concentration at (a) 23°C and (b) 37°C. The linear regression provides the values of the

observed rate constant of the reaction of thiol-disulfide exchange between GSH and R3S SR}
(1/7 = KopsX[GSH]) at pH 7.4 yielding kops(PH 7.4, 23 °C) = 1.13+0.01 M1 s71 and kqps(pH
7.4,37°C)=54+0.1M 151
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Fig. 3.

Fig. 3a. The pH dependences of observed rate constant, kops, Of the reaction of the biradical
R3S S RS with GSH plotted in logarithmic scale. The data were obtained from measurements
performed at 37°C (A) and 23°C (o); filled squares (m) are the data reported for the R7S SR}
at 20°C [18]. Solid lines are linear regressions, log (Kops) = axpH — b, where a = 0.91+0.05 and
b =6.70+0.1 for 23°C and a = 1.01+0.05 and b = 6.75+0.05 for 37°C.

Fig. 3b. The pH dependences of kqps Of the reaction of the biradical R3S S RS with glutathione
(m) and cysteine (o) measured at 23°C. Solid curves represent the best fits of the experimental
data to titration equation, Kops = (K+k1/[H*]+kokiks/[H*]2)/(1+ky/[HF 1+ko/[H]+k1ks/[H¥]?)
where k;. and kg are the bimolecular rate constants of thiol-disulfide exchange of the biradical
R3S S R5 with thiolate anions, GS™ or CysS™, with protonated and nonprotonated NH; group,
respectively; K1 and K5 are microscopic ionization constants of SH group of the molecules
with protonated and nonprotonated NH, group, respectively; K3 is a microscopic ionization
constant of amino group of the thiolate anion. The fitting was performed using previously
reported microscopic ionization constants, pK; = 8.53, pK, = 8.86, and pK3=10.36 for cysteine
[27] and pK; = 8.93, pK, = 9.13, and pK3= 9.28 for glutathione [28], yielding the following
values for the rate constants,

KOH=41.1 £ 2.2)M's7! kGH=(61.0 + 0.7)M's ' kS =(19.4 + 1.49M s ' and
kS =(88.5 + 0.9)M 57!,
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Fig. 4.

Fig. 4a. The kinetics of integral intensities decay of the EPR spectra of 50 uM biradical

R3S SRS (o), concentration is multiplied by factor 2 to account for two monoradical subunits)
and 100 pM monoradicals, R3SSG and R3S H (m), solutions in 0.1 M Na-phosphate buffer, pH
7.4, 1 mM DTPA, after addition of 2.5 mM ascorbic acid. The solution of the monoradicals
was obtained by mixing 0.5 mM of R3S SRS with 1.5 mM of GSH in 10 mM aqueous NaOH
and incubating for about 10 min to complete the biradical disulfide splitting monitored by EPR,
then a 10 ul aliquot was diluted in 0.1 M Na-phosphate buffer, pH 7.4, 1 mM DTPA, and
ascorbate was added to initiate the kinetics. Lines are the best exponential fits yielding the
bimolecular rate constants for reduction of the biradical, (1.7£0.2) M1 s71, and monoradicals,
(1.5£0.2) M1 571, The bell-shaped curves represent the kinetics of the low-field EPR peak
intensity, Iy, of the solution of the biradical R3S S RS in 0.1 M Na-phosphate buffer, pH 7.4, 1
mM DTPA, after addition of (o) 2.5 mM and (e) 0.625 mM ascorbic acid.

Fig 4b. The dependence of the time point, tyax, corresponding to the maximum 7,;** of the bell-
shaped kinetics of the low-field EPR peak intensity of the solution of the biradical R3S SRS in
0.1 M Na-phosphate buffer, pH 7.4, 1 mM DTPA, on the inverse concentration of reducing
agent, ascorbate. The linear regression yields the value of k, equal to (2.240.2) M1 s71,
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Fig. 5.

The kinetics of the I, peak intensity change measured in vivo in ovarian tumor-bearing mice
located directly in the resonator of L-band EPR spectrometer. The representative kinetics
observed in the cisplatin-resistant (A2780 cDDP, m) and cisplatin-sensitive (A2780 WT, o)
ovarian tumors are shown. Lines are the fit of the initial part of the kinetic curve by the

monoexponent 1,,,(1n)=1"% — (1™ _ 1"=0)exp(—k,ps[ GSH] - 1) supposing Kops(pPH 7.1, 37 °C) =

2.6 M1 s and yielding [GSH]; = 3.3 mM and [GSH]s = 1.8 mM for the cisplatin-resistant
and cisplatin-sensitive ovarian tumors, respectively.
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Fig. 6.

GSH concentration measured in cisplatin-sensitive and cisplatin-resistant ovarian tumors in
in vivo (filled bars) and in vitro studies (empty bars). In the case of in vivo studies the GSH
concentration was calculated assuming pH value 7.1 [33] and temperature 37°C. In the case
of in vitro studies GSH concentration was determined by EPR using DNB in the homogenates
from the same tumors (see Materials and Methods).
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Scheme 1.
The structures of the DNB labels, RIS SR? (i =1, 2, 3).
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Scheme 2.

Synthetic route to the isotopically substituted biradicals R3S S R5 (10b) and R3S SR (10a).
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