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Spin-label electron paramagnetic resonance (SL-EPR) spectroscopy has become a powerful and useful
tool for studying structure and dynamics of biomacromolecules. However, utilizing these methods at
physiological temperatures for in-cell studies is hampered by reduction of the nitroxide spin labels and
thus short half-lives in the cellular environment. Consequently, reduction kinetics of two structurally
different nitroxides was investigated in cell extracts of Xenopus laevis oocytes using rapid-scan cw-exper-
iments at X-band. The five member heterocyclic ring nitroxide PCA (3-carboxy-2,2,5,5-tetramethylpyrro-
lidinyl-1-oxy) under investigation features much higher stability against intracellular reduction than the
six member ring analog TOAC (2,2,6,6-tetramethylpiperidine-N-oxyl-4-amino-4-carboxilic acid) and is
therefore a suitable spin label type for in-cell EPR. The kinetic data can be described according to the

Michaelis-Menten model and thus suggest an enzymatic or enzyme-mediated reduction process.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

EPR, first introduced by Zavoisky [1] for transition metal com-
plex, is based on the intrinsic magnetic moment of unpaired elec-
trons and thus is suitable for all systems where species carrying
unpaired electron(s) are present, can be produced, or introduced
externally. Since the 1950s biological problems were addressed
with EPR [2,3]. Nowadays this method allows, especially in con-
junction with spin labeling strategies, the characterization of the
environment in terms of viscosity [5], partial pressure of oxygen
[4], polarity [6] and pH [7], study of dynamics [8] and redox kinet-
ics [9], as well as determination of structure or structural changes
of nucleic acids [10], peptides [11], proteins [12] and viruses [13] in
solution.

The non-invasive nature of EPR spectroscopy strongly supports
its application for investigation of living systems and living organ-
isms. While in vivo EPR is restricted to low frequencies
(300-1200 MHz) and only small animals (mice) [14,15], emerging
in-cell EPR [16-18] has no such limitations and can be performed
on various types of cells in a standard EPR tube at X-band. Com-
pared to in-cell NMR [19,20], in-cell EPR has two main advantages:
Lower concentrations of spin labels can be used because EPR is
much more sensitive per spin than NMR, and, since EPR only de-
tects unpaired electron spins, no background from diamagnetic
molecules is observed. The latter is of particular importance since,
in contrast to structural studies of isolated macromolecules, in-cell
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experiments are often hampered by many different cellular com-
ponents thereby providing for high background signals. On the
other hand, in-cell studies are of greater significance as, in contrast
to pure solution experiments, a natural environment is provided
which may be crucial for observing the biologically relevant con-
formation of biomacromolecules [21,22].

Oocytes from African frog Xenopus laevis (X. laevis) are widely
used model systems in cell- and development-biology. Indeed,
there are numerous studies on the regulation of mRNA and the het-
erologous expression of proteins e.g. ion channels, transporters and
receptors [23-26]. Consequently, there are several published tech-
niques that allow the analysis of macromolecular complex forma-
tion and metabolism up to an exposure period of 6 days [27,28].
Nitroxide labeled proteins or nucleic acids can be delivered into
these cells via microinjection [29].

In fact, a large body of results on nitroxides - which are suitable
spin probes and widely used spin labels due to their small size and
high stability in aqueous solution - in different cells is reported
and are reviewed in [30]. These reports cover oximetry in intra-
and extracellular environments, problems of penetration of nitrox-
ides through cell membranes, pharmacokinetic studies of spin
labeled drugs, and stability of nitroxides inside isolated cells. The
reduction of nitroxides and thus short half-lives in the cellular
environment however limit their potential application for in-cell
EPR. Shock-freezing of the sample, as routinely used for distance
measurements, can prevent spin label reduction but in turn pre-
cludes in-cell EPR application. Indeed, in-cell EPR applications
demand longer incubation time at physiological temperatures,
especially where slow folding kinetics are involved.
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Two recent publications on subject of in-cell distance measure-
ments on nucleic acids utilizing pulsed EPR demonstrated general
possibility to use spin labels of both types: including five or six
member ring [17,18]. The stability of five member ring nitroxides
in the reductive environment of oocytes is higher in comparison
to six member ring one and this is in agreement with observation
in other cell types [30]. Although the six member ring spin labels
can be used for in-cell application, these types of experiments are
restricted to very short incubation times. And respective stability
studies of nitroxides in oocytes were limited to establishing half-
lives only [16-18].

The present manuscript deals with a deeper characterization of
kinetic aspects of the stability of two structurally different nitrox-
ides - representing two commonly used types of spin labels - in
the cell extracts from X. laevis oocytes using rapid-scan cw-EPR
experiment at X-band. The quantitative analysis of the reduction
kinetics suggests an enzymatic origin of the spin label reduction.

2. Results

Cell extract from X. laevis oocytes was used for assessing intra-
cellular nitroxide spin label reduction. PCA and TOAC nitroxides
(Fig. 1) differing in size of the heterocyclic ring were chosen for
the comparative reduction studies. PCA and TOAC nitroxide are
comparable to other widely used five or six membered ring nitrox-
ide spin labels e.g. MTSSL [11] and TEMPA [31], respectively. For
solubility reasons, PCA and TOAC were used as their K* salts. Using
X. laevis oocyte cell free cytoplasm extract allowed for better
manipulation and real-time observation of macromolecules
involved in the cell cycle and signaling pathways under nearly
“in-cell” conditions [32-34].

The cw-EPR spectra of both nitroxides in the oocyte extract dis-
played a triplet due to hyperfine coupling with the nitrogen atom
(Fig. S1). Rotational correlation times calculated for these spectra
are slightly longer than for spectra recorded in aqueous solution,
thereby reflecting the higher viscosity of the cell extract.

To monitor the reduction kinetics of the nitroxides, spectra for
each individual sample were acquired time-dependently. The
amount of non-reduced PCA was determined by the amplitude of
the low-field peak and plotted versus time (Fig. 2a). For determina-
tion of non-reduced TOAC species double integration of the whole
spectrum was performed. The latter provides reliable estimation of
amounts of EPR active species for samples with broadened lines, as
was the case for high TOAC concentrations where the peak
amplitude is no longer a correct criterion for active species
quantification.

Initial rates for the reduction reaction V were determined as
slope in the linearly approximated region of decay curves (Fig. 2),
where the decay does not exceed 20%, and were plotted versus
initial concentration of the nitroxides (Fig. 3). Full saturation for
PCA was observed in the range of 2.5-4 mM. In contrast, full
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Fig. 1. Chemical schemes of nitroxides used for study in cell extract from X. laevis
oocytes.

saturation was not achieved for TOAC, albeit the curve shown in
Fig. 3b does suggest approximation to saturation at a concentration
>20 mM. Unfortunately, no reasonable experimental characteriza-
tion appeared possible at concentrations >20 mM, as use of highly
concentrated TOAC stock solutions gave rise to extremely broad-
ened EPR lines. The latter was due to interactions between nitrox-
ides and improper mixing of the solutions within the short
experimental times required.

Kinetic data were fitted according to the Michaelis-Menten
model for enzymatic processes [35] (Eq. (2), see below). Respective
constants of Ky; and V,,,,x were extracted from the fits (Table 1) and
are discussed below.

Incubation of the X. laevis oocyte extracts at room temperature
for 4 h before mixing it with a nitroxide avoided reduction of the
nitroxide spin labels. Highly concentrated (several molar) alkali
solutions inhibited nitroxide reduction as well.

3. Discussion

As proposed by Swartz et al. [36] reduction of nitroxides inside
cells most likely has an enzymatic origin, while reduction in an
extracellular environment is due to the amount of ascorbate pres-
ent. The purpose of our work was a systematic study of the reduc-
tion of nitroxides in the cellular environment of X. laevis oocytes,
which is of particular interest for spin labeling strategies in in-cell
EPR. The slower decay of the EPR signal for PCA (Fig. 2a) allowed
decay monitoring with conventional cw-EPR experiments and thus
provided for very small SEM. (Fig. 3a). In contrast, the faster decay
of the TOAC signal allowed monitoring with a rapid scan technique
only. Thus with initial reduction rates V of TOAC less data points
per decay were available, thereby resulting in larger SEM. for the
initial rates (compare V at low and high TOAC concentrations in
Fig. 3b).

A tendency toward saturation of the reaction rates depicted for
plots of PCA and TOAC (Fig. 3) indicates that the reaction order
changes from one to zero, which is characteristic for enzymatic
kinetics [37]. Assuming enzymatic origin of the reduction of nitr-
oxides in the cell extract of X. laevis oocytes, the obtained kinetic
data were analyzed using the Michaelis—Menten model for enzy-
matic processes. This model considers reversible formation of a
transitional enzyme-substrate complex with the subsequent con-
version of the substrate to a product:

E+sk’é55"$E+P (1)
-1

where E denotes enzyme, S — substrate, P - product, and k; are the

corresponding rate constants. In our case the nitroxide molecule

corresponds to the substrate S and its reduced form to product P.

The overall reaction rate is given by:

V= VLX[S]T (2)
[S] + Kum

where the maximal reaction rate V. and the Michaelis constant

Ky are defined as follows:

Vmax = kZ [E]o (3)

. k,] + kz
“h “

The Vqax values for PCA and TOAC reduction in the cell extracts
were compared with each other (Table 1). The maximal reduction
rate for TOAC appeared to be more than 650 times higher than for
PCA. According to Eq. (3), the maximal reduction rate is propor-
tional to the rate constant k, and initial enzyme concentration. Un-
der assumption that the same enzymes take part in the reduction

Ku
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Fig. 2. Example decay curves of the nitroxide signal in the cell extracts at 18 °C: (a) 2 mM solution of PCA, (b) 2 mM solution of TOAC.
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Fig. 3. Michaelis—-Menten plots for the reduction kinetics of PCA (a) and TOAC (b) in oocyte extracts at 18 °C. Each data point represents the mean value of three parallel
measurements (+standard error of means (SEM)). Note: SEM in the PCA plot (a) are so small they do not exceed the corresponding data symbols in the plot.

Table 1
Vmax and Ky, values for reduction kinetics of PCA and TOAC in X. laevis oocyte extracts
at T=18°C.

Nitroxide Viax £ SEM (LM/min) Ky + SEM (mM)
PCA 144 +0.1 0.21£0.03
TOAC 9600 + 960 7.21+1.50

of PCA and TOAC, the enzyme concentration can be assumed to be
equal for the PCA and TOAC experiments as the same extract was
used for all measurements. Thus, the ratio between V. for the
two nitroxides corresponds to the ratio between their rate con-
stants, that is: ks(PCA)/kx(TOAC) = 1/667.

The higher k, value for TOAC is also reflected in the Michaelis
constant which is determined by the enzyme-substrate affinity
and the enzyme mediated substrate specific reduction rate (k).
Hence, although no conclusions can be drawn concerning the affin-
ity between the enzyme and the different nitroxides, a dominant
role of k, in the overall reduction rate of nitroxides could be
established.

The Michaelis—Menten process is not applicable without
restrictions, that is for many enzyme-mediated reactions which
consist of several intermediate steps. Indeed, determining the
maximal reaction rate V,,x and the Michaelis constant Kj; does
not allow for identifying such a multistep enzyme-mediated
reaction [38]. Thus, based on our data a multistep enzyme-medi-
ated nitroxides reduction process in cellulo cannot be excluded.

Consequently, the term “enzyme-mediated” represents all enzyme
mediated reductions whereby we do not discriminate between di-
rect reduction by enzymes and enzymatic production of a reducing
intermediate which diffuses to the nitroxide [9].

To prolong half-lives of nitroxides in a cellular environment,
selective and non-selective inactivation of enzymes mediating
the reduction process can be used. However, selective inhibition
of the enzyme or regulation of its affinity to the nitroxide requires
some knowledge about the particular enzyme. Simple approaches
for inactivation are incubation of cells at room temperature before
microinjection or using high concentrated alkali buffers deactivat-
ing reduction of nitroxides, but they can in turn influence other
processes in cellulo. Further study and understanding of nitroxides
reduction kinetics in the cellular environment could help to
achieve significant increase in half-lives of nitroxide spin labels
and to enable in-cell EPR distance measurements where longer
equilibration of spin labeled samples inside cells is of ultimate
importance.

4. Conclusions

Nitroxide spin label stability primarily depends on the size of
the heterocyclic ring. For the first time comparative kinetic analy-
sis of nitroxides’ reduction in cell extracts of X. laevis oocytes was
performed. PCA and TOAC nitroxides are different in their resis-
tance towards reduction in cellulo, and a reduction process is
shown to be an enzyme-mediated one. Consequently, the kinetic
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data can be described using the Michaelis—Menten model and al-
low determination of V.« and Kj; constants. Simple approaches
for enzyme inactivation and prolongation of half-lives of nitroxides
were suggested. Upon proper choice of the nitroxide spin label, in-
cell EPR distance measurements which need long incubation times
after microinjection, e.g. to reach an equilibrium state, will become
possible. Thus using in-cell EPR and the appropriate nitroxide spin
labels opens new avenues to study the structure of biomacromol-
ecules under native conditions.

5. Experimental
5.1. Chemicals and cell extract

Nitroxides 3-carboxy-2,2,5,5-tetramethylpyrrolidinyl-1-oxy (PC
A) and 2,2,6,6-tetramethylpiperidine-N-oxyl-4-amino-4-carboxilic
acid (TOAC), purchased from Toronto Research Chemicals Inc.
(Canada), were dissolved in Milli-Q water with equivalent amount
of KOH (Sigma-Aldrich). Cell extract from X. laevis oocytes was
prepared as stated in SI, frozen and stored at —20 °C until further
use (it was taken from the freezer and thawed immediately prior
sample preparation).

5.2. Reduction kinetics of PCA

Slow reduction kinetics of PCA was followed on the MiniScope
MS200 spectrometer operating at X-band (9.4 GHz) equipped with
the TC-HO2 temperature controller (Magnettech). Each individual
sample was prepared by mixing 8 pL of cell extract with 2 pL of
PCA and measured in capillaries (Magnettech) varying the nitrox-
ide concentration in the range from 0.04 to 4 mM. For one kinetic
curve the sample was monitored over 15 min (1 spectrum/min).
Time-dependent automatic acquisition was performed using Autolt
v3 Software. The amount of nitroxide species in the probe was
determined exploiting the height of the low-field peak.

5.3. Reduction kinetics of TOAC

Fast reduction kinetics of TOAC was followed on the ELEXSYS
E580 spectrometer (Bruker BioSpin) operating at X-band
(9.4 GHz) equipped with an ELEXSYS Super High Sensitivity Probe-
head, 200G rapid scan coils and helium gas flow system (ESR900,
Oxford Instruments). Each individual sample with TOAC was pre-
pared as follows: A 3 mm OD/1 mm ID quartz tube (Aachener
Quarz-Glas Technologie Heinrich, Germany) was filled with 8 pL
of the cell extract and put in the spectrometer. 2 pL of TOAC were
added and mixed using a Hamilton syringe. Reduction kinetics was
studied for the concentration range 0.4 - 20 mM of nitroxide. Ki-
netic curves were monitored over 2 min in a 2D-experiment
(abscissal - field; abscissa2 - time) with rapid scan coils (1 spec-
trum/s). Parameters for rapid-scan experiment were: Sweep
ramp-up =500 ms, Sweep ramp-down=10ms, Sweep de-
lay = 10 ms, Time constant = 1.28 ms. The amount of nitroxide spe-
cies in the probe was determined by double integration of the
spectrum.

All measurements were performed at 18 °C. Each kinetic curve
was measured three times.
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