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Nitroxide spin labels can be reduced to the corresponding hydroxylamines in cells. The selective action of
inhibitors, and thermal and chemical inactivation demonstrate that the reduc.ion of nitroxides in cells is an
enzymatic or enzyme-mediated process. The kinetics of reduction of doxylstearates are affected by the
position of the doxyl meieiy along the siearic acid clisiii The doxy! molely of S-doxyisicarate is cloge to the
membrane surface, and its reduction is first order with respect to the nitroxide, whereas the doxyl moieties
of 10- and 12-doxyls'zzrate are in the membrane hydrocarbon region and their reduction is a zero-order
process. The reduction of 16-doxylstearate which usually has a mixture of first- and zero-order kinetics
becomes zero order with addition of an extracelhdar broadening agent, potassium trioxalatochromiate(3II).
These results suggest that the rate of reduction of doxyl moieties is controlled by eir accessibility to
reducing equivalents, i.e., the rate.limiting step for the reduction of the doxyl moiety deep in the membrane
is the diffusion of reducing cquivalents within or into the merbrane, The reduction of doxylstearates in cells
is inhibited by rotenone but not antimycin A, cyanide, propyl gallate or SKF-525A. It appears that the

reduction of doxylstearates takes place at the level of the ubiquinone ir the respiratory chain in mitochondria
in these cells.

Introduction droxylamines is reversible and can be modified, by

the presence or absence of oxygen [5]. These ob-

In the past, the reduction of nitroxides by
living systems has been considered a liability for
the spin label technique and has limited its use as
a means to study the molecular dynamics of cells
[1-4). However, recent work has shown that the
reduction of nitroxides to their corresponding hy-

Ahbreviations: PDT, 4-0x0-2,2,6,6-tetramethylpiperidine-1-
oxyl. See ‘Table § for furthar nomenclature.
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servations, combined with the knowledge of the
effectiveness of nitroxides as relaxers of water and
lipid protons [7,8], has led to the concept of
nitroxides as metabolically responsive contrast or
imaging agents for in vivo NMR [9-12] or ESR
[13,14] imaging and spectroscopy.

There have been a number of studies on the
reduction of nitroxides in microsomes [15-17],
mitochondria (18], ZEscherichia coii membrane
vesicles [19], rabbit spermatozoa [12}, and whole
animals [21,22] which relate the reduction process
to enzyme activity [15-20], non-enzymatic activity
(21,22], sulfhydryl groups [23,24], and ascorbate
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[25,26). The large number of postulated mecha-
nisms for nitroxide metabolism stems from the
large number of systems and types of nitroxides in
which this process has been studied and it is
possible that all the above mechanisms may play
greater or lesser roles in any given system under
study. It appears that major variables that affect
the rate of reduction may include the type of
tissue, cell, or cell fraction, the lipid solubility of
the nitroxide, the ring structure of the nitroxide,
and the environmental conditions, especially the
concentration of oxygen and pH.

In view of the above considerations, we have
begun a2 systematic study of the reduction of
nitroxides at the cellular level which includes de-
termination of the possible major sources of
nitroxide metabolism and their resultant products,
the kinetics of the reduction process, and the
location of the reduction process within the cell.
In this report, we present our results on the reduc-
tion of the lipid-soluble doxylstearic acid nitro-
xides in two established mammalian cell lines

TABLE 1
STRUCTURE OF NITROXIDES STUDIED

(mouse thymus-bone marrow and Chinese ham-
ster ovary cells). We have concentrated initially on
these nitroxides because they are used extensively
as spin labels to probe membrane dynamics and
they also appear to be among the mosi useful
series of nitroxides for the study of redox metabo-
lism via their reduction and reoxidation in cells.
Our results show that the mitochondria are the
major source of the reduction of lipid-soluble
nitroxides in these cells and that the kinetics of
reduction are dependent ou the depth at which the
doxyl moiety is located in the membrane.

Materials and Methods

Cell. Mouse thymus-bone marrow (TB) cells
were obtained from Professor P. Wong of the
University of Illinois, cloned from a single cell. TB
ceils were prepared as described previously [27].
Chinese hamster ovary (CHO) cells were obtained
from Dr. L. Hopwood, Medical College of
Wisconsin, Milwaukee and prepared as described

Acro-  Chemical name
nym

Structure

Tempone 4-0x0-2,2,6,6-1ctramethyl-

piperidine-1-oxyl R0

Tempol  d-hydroxyl-2,2,6,6-tetra- RIOH
methylpiperidine-l-oayl

Tempo  2.2,6,6-t¢lramethylpiperidine- R: H
1-oxyl

5.08 2-(3-carboxylpropyl)-2-tridecyl-

4-4'-dimethyl-3-oxazolidinyloay!

&°
-(5- Z-undecyl- N-O o
4-4"-dimathyl-3-oxazolidinyloxyl

7-08  2-(5-carboxylpenty}). 2
SN M/X\/\/\cfo
10-DS  2-(8-carboxylociyl)-2-ociy)- I |< N-0 o
4-4‘-dimalhyl-3-ouuolldifl\v“’/lt/v&£i_/|-\/\/\
o}
/
c<m
12-D8  2-(10-carboxyldecyl}-2-hexyl- |—F
4-4’-dimothy!-3-oxazolidinyloxyl
'\/\/&&NAO/\/\/‘\/\/\ °
<,
16-DS 2-(14-cerbouyltelradecyl)-

2'-ethyl-4-4'-dimelhyl-
oxazolidinyloxy!

3.\></\/\/\/\/\/\/\c{o

OH




in another report [5]. Cells were washed with
serum-free medium before used.

Chemicals. All nitroxides except the one de-
scribed below, were purchased from Molecular
Probes (Junction City, OR) and used without fur-
ther purification. 4-0x0-2,2,6,6-tetramethylpiperi-
dine-dy¢-1-[1-'*N]oxyl (["*N]PDT) was purchased
from MSD Isotopes (St. Louis, MD). The
acronyms, full chemical names, and structures of
the nitroxides used in these studies are shown in
Table 1. Inorganic chemicals were of analytical
grade. SKF-525A was a gift from Smith Kline
French laboratories (Philadelphia, PA). Rotenone,
antimycin A and propy! gallate were purchased
from Sigma Chemical Co. (St. Louis, MQ;.
Malonate was purchased from Eastman Kodak
Co. (Rochester, NY).

Labeling. Cells (10® per m! of approx. 4.5 mg of
protein per ml) were labeled with lipid soluble
nitroxides as follows: An appropriate aliquot of a
nitroxide in ethanol was pipetted into a 6 X 50
mm glass cuiture tube and dried 1o make a uni-
form film of nitroxide on the side of the tube. The
cell suspension (100 pl) was then added, vortexed
intermittently for 0.5 to 2 minutes, and removed
for ESR studies. These procedures did not alter
cell viabiiity, as measured by exclusion of Trypan
blue, and labeled cells are capable of replicating
normally in vitro.

ESR. All spectra were taken on a Varian E-109E
ESR spectrometer. The cells were mixed with a
10% Dextran solution to retard settling of the
cells. The cavity (Varian TE 102) was mounted so
the sample was horizontal to prevent cells from
settling out of the sensitive volume of the cavity.
Samples were drawn into a gas-permeable Teflon
tube (Zeus Industries, Raritan, N.J.) and inserted
into a quariz ESR tube open at each end. Experi-
ments were performed at 37°C using a Varian gas
flow temperature controller. The time-dependent
changes in the concentration of nitroxides were
monitored by setting the magnetic field of the
spectrometer at the peak of the midfield line of
ESR spectrum of the nitroxide and turning the
field sweep to zero (Fig. 1A). A modulation ampli-
iude of 5 Gauss was used to broaden the pea-
purposely, .0 minimize the effect of any drift of
the magnetic field or line-width changes during
the course of measurements. After the experiments
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Fig. 1. ESR Spectrum of 5-dotylstearate in mammalian cells
and measurement of rate of reduction. The sample was 107 TB
cells in 100 1l with approximatly 2 nmol of S-dnxvistearate in
a gas-permeable tube at 37° C. T:me-dependent changes in the
concentration of the nitroxide were obtained by setting the
recorder at the peak of the m:deld (m = 0) kine of the ESR
spectrum (1A). When the samgle was perfused by nitrogen, the
decrease of the line height sas recorded and the rate of
reduction was calculated from the initial slope (1B).

were performed cell viability was measured by
0.4% Trypan blue exclusion. Typically 95-99% of
the cells were able to exclude the dye and were
considered viable. Rates of reduction were calcu-
lated from the initial slopes (Fig. 1B) by digitizing
the data on a Houston HI-PAD digitizer. Data
were collected, stored, and manipulated with an
IBM PC computer [28).

Measurement of concentrations of nitroxides and
hydroxylamines. The concentrations of nitroxides
in the membrane were measured by double
integration of the ESR spectra and calibrated
against a standard solution of T=mpoil. Then the
peak heights were correlated with the concentra-
tions of the nitroxides in the membrane. The
kinetics of the reduction process were derived
from the time-dependent changes of the peak
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heights of the ESR spectra of the nitroxides. The
concentrations of hydroxylamines were micasured
by oxidizing them back to the corresponding
nitroxides by ["*NJPDT, an isotopic variant of
perdeuterated Tempone [5]. ["*’N]PDT is mem-
brane permeable and is an efficient oxidizer of
membrane soluble hydroxylamines but will not
oxidize other redustion products such as amines
{(Chen et al., unpublished data). It reoxidizes 100%
of the hydroxylamines from reduced doxyl-
stearates, as compared to ferricyanide [29] which
in our hands reoxidized only 80-90%. The ESR
spectrum of {"NJPDT has two lines and, there-
fore, the middle line of conventional ["*Ninitro-
xides can be distingwished easily from the spec-
trum of [P NJPDT.

Results

Our general aims were to determine (1) if the
reduction of nitroxides was enzymatic or nonen-
zymatic; (2) the products of the reduction of
doxylstearates in TB and CHO cells; (3) the kinet-
ics of reduction, quantitatively under well con-
trolled conditions; and (4) the site of reduction of
nitroxides in cells.

1. Products of reduction

In order to identify the products of the reduc-
tion of doxylstearates in cells, we used [*'N]PDT
io siudy systemaiically the oxidation of reduced
5-, 7-, 10-, 12-, and 16-doxylstearates by TB and
CHO cells under hypoxic conditions. After com-
plete reduction of 5 nmol of one of the above
doxylstearates by 107 cells in 100 pl at 37°C, 50
nmof of [’ NJPDT were added into the sample. By
comparing the middle peak of ESR spectrum of
the nitroxide before reduction by cells and afier
oxidation by [*N]PDT, we determined that we
had recovered 100% of the signal.

2. Inactivation of enzymes

We investigated the role of enzyme mediated
processes in the reduction of nitroxides by observ-
ing the effects of enzyme-inactivating treatments
on the rates of reduction. {We us2 the term en-
zyme-mediated to indicate that our resulis do not
differentiate between direct reduction by enzymes
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Fig. 2. Effect of temperature on the rate of reduction of

nitroxides by cells. TB cells (107 in 100 pl) were incubated

cither at the mcasurcmél iemperature (@) or a1 70" for 10

min (0) and then labeled with 4 nmol of 5-doxylstearate. The

labeled cells were then placed in the spectrometer at the

indicated temperature and the reduction rate in the abserce of
oxygen was measured.

and enzymatic prodnciion of a reducing inter-
mediate that diffuses to the nitroxides.) Reduction
raics were determined at the temperatures shown
in Fig. 2 for untreated cells, or cells which had
been heated to 70°C for 10 min. The difference
between these curves determines that part of the
reaction which is heat sensitive. Above 50°C the
two curves were essentially identical while at lower
temperatures there was less activity in the heated
cells, with the maximum difference occurring at
about 40°C. Trichloroacetic acid treatment af-
fected reduction rates in a manner similar to those
shown in Fig. 2.

3. Kinetics of the reduction of doxylstearates

As shown in Fig. 1B, the amount of 5-doxyl-
stearate decreases exponentially as a function of
time, whereas it decreases linearly for 10-doxyl-
stearate (Fig. 3). When the decrease of the amount
of 5-doxylstearate is plotted on a semilogarithmic
scale (Fig. 4), a straight line is obtained whose
slope is equal to the first-order rate constant.
These results indicate that, with respect to nitro-
xide, the reduction of S-doxylstearate follows
first-order kinetics, whereas the reduction of 13-
doxylstearate follows zero-order kinetics. The rate
of reduction of 12-dox,’stearate is very close to
that of 10-doxylstearate and also follows zero-
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Fig. 3. Reduction of 10-doxylstearate by mammalian cells. The

experimental conditions were identical with thase described in

Fig. 1 except 10-doxylstearate was used, the signal intensity is
in arbitrary units.

order kinetics. In the case of 7-doxylstearate, the
kinetics are between those of 5- and 10-
doxylstearate.

Our kinetic analysis was verified by plotting the
rates of reduction versus the bulk concentrations
of the nitroxides (Fig. 5). (We use the term bulk
concentration to indicate the concentration that
would occur if the lipophilic nitroxides were ho-
mogeneously distributed throughout the sample;
in reality the nitroxides are located almost exclu-
sively in the lipid-rich areas of the cells, princip-
ally membranes.) As shown in Fig. 5, the rate of
reduction of S-doxylstearate in CHO cells is lin-
early proportional to its bulk concentration below
0.05 mM. However, the rate of the reduction of
10-doxylstearate is almost independen: of the
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Fig. 4, Semi-log rlot of data in Fig. 1B. The straight hne is 2
least-sgnaras fit of the digwized daia fioin Fig. 1B. The signal
intensity is in arbitrary units.
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Fig. 5. Concentration dependence of the rate of redu~tion of 5-
(0O) and 10-doxylstearaies (@) in cells. The concentrations of 5-
and 10-doxylstearates are bulk concentrations as described in
the Results. The straight lines are least squares fits of the data.

nitroxide concentration (Fig. 5). Similar results
were seen in TB cells.

Fig. 6 indicates that the reduction of 16-
doxylstearate has complex kinetics which appear
to be a mixture of first and zero order. The
high-field line of 16-doxylstearate in TB cells is
composed of two components, a broad signal
characteristic of slow isotropic motion which
would occur in the disordered hydrocarbon region
of membranes, and a narrow signal characteristic
of rapid isotropic motion which is characteristic of
a nitroxide in an aqueous environment (Fig. 7A).
Ry addition of potassium trioxalatochromiate(I11),
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Fig. 6. Reduction of 16-doxylstearate by mammalian cells. The

experimental conditions were identical with those described in

Fig. 1 except 16-doxylstearate was used. The dashed lines

ifusirate «chematically tha: the complex kineties for the reduc-

tion of 16-doxylstearate appear to be a mixture of first and
zero order. The signal intensity is in arbitrary units.
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Fig. 7. ESR spectra of 16-doxylstcarate in TB cells. A narrow signal can be seen near the high-field line of the spectrum of the control
sample (A). By addition of 55 mM potassinm trioxalatochromiate{III), an extracellular broadening agent, the narrow signal from the
aqueous component is broadened away and leaves only the membrane component (B).

ous’ component is broadened away and leaves
only the ‘hydrocarbon’ component (Fig. 78). Un-
der these conditions, the rate of reduction sollows
zero-order kinetics (Fig. 8). This result indicates
that the ‘aqueous’ and ‘hydrocarbon’ comnonents
are not in rapid equilibrium and that the rate-
limiting step for reduction of the ‘hydrocarbon’
component is diffusion of reducing equivalents to
it.

4. Effects of the position of doxyl moieiy on the rate
of reduction

As shown in Fig. 9, the rates of reduction are
affected by the position of the doxyl moiety along
the fatty acid chain. The rate of reduction of
S-doxylstearate is greater than that of 7-doxyl-
stearate and still greater than that of 10- and
12-doxylstearates. The exception is the rate of
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Fig. 8. Reduction of 16-doxylstearate in the presence of the

extracellular broadening agent. These reduction kinetics werse

obtained by monitoring the decay of the midfield peak of the
spectram in Fig. 7B. The signal intensity is in arbitrary units.
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Fig. 9. Rate of reduction as a function of the position of the

doxyl-moiety. TB cells were labeled with the same amount of

5-, 7-, 10-, 12-, and 16-doxylstearates, as measured from

double-integrated spectra. Experimental conditions and meth-
ods are the same as those in Fig. 1.

TABLE I1
EFFECTS OF INHIBITORS ON RATE OF REDUCTION

TB cells were labeled with 5 nM 5-doxylstearate. The con-
centration was 5 mM for malonate and cyanide: 0.05 mM for
antimycin A, SKF-525A, and propy! gallate; and 0.2 mM for
rotenone. The units of the rates are 107 molecules-cell !
min "1, The results are given as mean + S.E. (number of inde-
pendent measurement in parentheses).

Inhibitors Rates of reduction
Control 8.84+2.5(10)
Rotenone 18405 (4)
Malonate 83115 (4)
Rotenone + malonate 19106 (4)
Antimycin A 6.710.6 (4)
Cyanide 100+08 (4)
SKF-525A 92112 4
Propyl gallate 63+1.2 (4)




reduction of 16-doxylstearate, which is greater than
that of 10- or 12-doxylstearates.

5. Effect of inhibitors on the reduction of a doxyl-
stearate

Table II, rotenone decreased the rate of reduc-
tion of S5-doxylstearate significantly, whereas
malonate, antimycin A, cyanide, or the micro-
somal inhibitors propyl gallate or SKF-525A had
little effect on the rate of reduction.

Discussion and Conclusions

1, Products of reduction

The identity of the products of reduction of
nitroxides in biological systems has been the sub-
ject of much debate (15-17,21~22,26]. Using fer-
ricyanide, we and others were not able (o obtain
complete recovery of the reduced nitroxides and
the previously reported uncertainties as to the
products of cellular reduction of nitroxides may
have arisen, in part, from the use of oxidizing
agents which had similar efficiencies. We recently
have shown that {’NIPDT can oxidize hydrox-
ylamines back to nitroxides (Chen et al, in pre-
paration) bv hydrogen atom exchange (6] but will
not regenerate nitroxides from amines or other
products. The use of ["*NJPDT is advantageous in
oxidizing hydroxylamines in membranes because
it partitions into the lipid regions of the sample
and comes in contract with the doxyl mojeties in
the membranes. Using [’ NJPDT, we recovered
100% of the ESR signal lost during the reduction
of doxylstearate. This demonstrates that the prod-
ucts of the reduction of doxyl-stearates in TB and
CHO cells are the corresponding hydroxylamines.
There is no evidence for the formation of amines
ot any other products from these nitroxides under
our experimental conditions.

2. Inactivation of enzymes

The data on thermal inactivation of the reduc-
tion of nitroxides suggests that reduction of
nitroxides is primarily enzyme-mediated, yet
another possibility is that reducing agents might
be consumed during the heating process. This
seems less likely in view of the selective action of
inhibitors (Table II), and chemical inactivation by
trichloroacetic acid. Therefore, we conclude that

483

reduction of doxylstearates in these cells is prin-
cipally enzyme-mediated.

3. Kinetics analysis

Qur data show that the rate of reduction of
5-doxylstearate, whose doxyl moiety is close 10 the
membrane surface, follows first-order Kkinetics,
whereas the rates of reduction of 10- and 12-
doxylstearates, whose doxyl moieties are deep in
the membrane, follow zero-order kinetics. These
results suggest that the rate of reduction of the
doxyletanrates i controlled by the accessibility of
the doxyl moieties to the reducing equivalents.
Since the reduction of 5-doxylstearate follows first
order kinetics and is dependent on concentration
(Figs. 1, 4 and 5), this suggests that 5-doxylstearate
and the reducing equivalents are in frequent con-
tact. The rate-limiting step for the reduction of the
doxyl moieties deep in the membrane can be
diffusion of either the doxylstearates toward to the
surface of the membrane or the reducing equiv-
alents into the membrane, As shown in Fig. §, the
rate of reduction of 10-doxyl stearate is almost
independent of the concentration of the nitroxide
molecules in the membrane. Therefore, the prin-
cipal rate-limiting step for the reduction of the
doxyl moiety deep in the membrane appears to be
the diffusion of reducing equivalents from the
surface into the nydrocarbon region of the mem-
brane.

4. Effects of the position of doxyl moiety along the
fatty acid chain on reduction rate

We now can provide an explanation on the
effects of the position of doxyl moiety on the rate
of reduction (Fig. 9). The slower reduction rates of
10- and 12-doxylstearates compared to that of
7-doxylstearate and the fastest rate seen with 5-
doxylstearate are connected with the source of
reducing equivalents being near the surface of the
membrane. The increase of the rate of reduction
of 16-doxylstearate compared to that of 10- or
12-doxylstearates seems to be caused by the pres-
ence of some 16-doxylstearate in the aqueous phase
of the sample (Fig. 7A). As shown in Fig, 8, when
the reduction of the membrane component of the
16-doxylstearate signal was selectively followed by
broadening away the aqueous compouent with
potassium trioxalatochromiate(III), the rate was
similar to that of 10- or 12-doxylstearates. This
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suggests that the doxyl group of 16-doxylstearate
partitions between the hydrophobic interior of the
membrane and the aqueous compartment of the
sample and that in TB cells, the two components
of 16-doxyistearaie in their two compartments are
not in rapid equilibrium. The zero-order kinetics
for reduction of the 10- and 12-doxyistearates
indicates that the reducing equivalents are gener-
ated close to the membrane surface.

5. Effects of inhibitors

It has been suggested from the siudies in iso-
lated rat liver mitochondria [18] and in intact
rabbit spermatozca [20] that the reducing equiv-
alents responsible for the reduction of nitroxides
have a redox potential that indicates the involve-
ment of ubiquinone in the respiratory chain. In
other reports [15-17), the responsible enzyme was
suggested to be cytochrome P-450 in liver tnicro-
somes. As shown in Table II, the reduction of
S-doxylstearate in living TB cells is inhibited by
rotenone but is relatively insensitive tc malonate,
antimycin A or cyanide. In addition, SKF-525A
and propyl gallate, inhibitors for cytochrome P-
450 and cytochrome P-450 reductase, have little
effect on the reduction. We have pizviously shown
that both cyanide and antimycin can eliminate the
dependence of reduction of lipophilic nitroxides
on intracellular oxygen concentration (Chen, K. et
al., unpublished results). Based on the above re-
sults, it appears that the reduction of
doxylstearates in these cells principally takes place
at the lev: of the ubiquinone in the mitochondrial
respiratory chain.
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