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SUMMARY 

To detect changes in the oxygen concentration during biochemical reactions, 
the exchange broadening in the ESR spectra of nitroxide radicals caused by the 
dissolved oxygen, has been used. The measurements have been carried out using 
changes in the width either of the proton hyperfine structure components or of the 
nitrogen hyperfine structure line with an unresolved proton structure. Detection of 
mitochondrial respiration in a volume of about 10 -3 cm 3 and respiration for 1004-5 
liver cells in a volume of about 10 -4 cm 3 has been carried out. 

In the present paper we propose to use the ESR method for detection of 
biochemical processes accompanied either by absorption or deposition of oxygen. 
This is possible due to the fact that in solutions the oxygen broadens the hyperfine 
structure components in the ESR spectra of  the radicals to about 0.15 Oe for airated 
solutions where [02] ,,~ 4 . 1 0  -4 M [1]. As it has been shown by Eastman et al. [2], 
for solutions of nitroxide radicals the spin-exchange broadening is much greater 
than the dipole-dipole broadening. It is undoubtedly so for the broadening caused 
by oxygen because oxygen has a very short electron spin-lattice relaxation time. 

The methods for exchange broadening detection in mitochondrial and cell 
respiration are described below. The mitochondria were isolated from rat liver 
according to ref. 3, the rat liver cells were extracted according to ref. 4. The cell and 
mitochondrial respiration conditions were similar to those described in ref. 3. Use 
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Fig. 1. Transformation of  the nitroxide radical Hyperfme structure central component due to reduc- 
tion of  the dissolved oxygen during mitochondrial respiration. [It.] = 7 • 10 -4  M, Mt  and M2 are 
amplitudes relative to the zero line. In the computer simulation use is made of  a hyperfine interaction 
constant with methyl protons of  0.21 Oe. The reaction mixture composition in all the experiments is: 
0.125 M saccharose; 2 • 10 -2 M Tris • I-ICI p H  = 7.4; 2 . 1 0  -2 M KH2PO4; 2 -  10 - a  M EDTA;  
5 . 1 0 -  3 M MgSO4; 10-2 M succinate; 0.7 mg/ml  of mitochondrial protein. (A) the radical spectrum 
central component before incubation with mitochondria, (B) in 5 rain after incubation with mito- 
chondrias. 

was made of the nitroxide radical*) I (2,2,5,5-tetramethyl-Aa-imidazoline-3-oxide - 
1-oxyl-4-earbonie acid) whose proton hyperfine structure results from interaction 
with 12 equivalent methyl protons with A = 0.21 Oe [5]. 

The ESR spectra were recorded by a Varian E-3 spectrometer (U.S.A.) at 
23 °C in glass capillaries of 80 #m and 300/tin in diameter. In the experiments with 
cells the number of cells was calculated microscopically on termination of the reac- 
tion kinetics. 

The oxygen concentration changes were detected using the exchange 
broadening in magneto-diluted solutions of radical I. i.e. at JR] < 10 -3 M. In 
these solutions the ESR caused by the interaction with protons was observed in 
every nitrogen hyperfine structure component. The resolution of the proton hyper- 
fine structure increased with decreasing oxygen concentration. Fig. 1 gives an example 
Of this transformation in the radical ESR spectrum caused by mitoehondrial respira- 
tion. To plot the kinetic curve by a set of the ESR spectra we employed the relation- 

* The radical was kindly supplied by Dr.  L. Volodarsky (Institute of  Organic Chemistry, 
Novosibirsk). 
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ship of the characteristic parameter Mz/Ml on the proton hyperfine structure com- 
ponent width. Fig. 1 shows this relationship obtained by a computer simulation of 
the proton hyperfine structure with A = 0.21 Oe. 

Using this dependence one can obtain the width of the proton hypertie 
structure H component for every spectrum and, on termination of the process, the 
proper line width Ho. Since the exchange broadening 6H = H-Ho depends linearly 
on the dissolved oxygen concentration, the kinetic curve is convenient to represent 
as 

6H Do,1 
6H,,,=[O,Iy 

The above relationship (practically linear) is given in Fig. 2 as a dotted curve. 
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Fig. 2. Continuous kinetic curves for the process of mitochondrial respiration; I, [ADP] = 2 * IO-’ 
M; II, no ADP; III, in the presence of [NaN3] = 10-j M; [R] = 1.2 * lo-’ M. The dots are 
obtained by processing a set of the spectra obtained in the experiments with magneto-diluted radical 
solutions. 
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One more detection method allowed continuous kinetic curves to be obtained 
using extremely small volumes of reaction mixtures. For this purpose use was made 
of magneto-concentrated radical solutions (R---- 10 -e M) in which spin exchange 
between the radicals themselves led to disappearance of the proton hyperfine struc- 
ture in the nitrogen hyperfine structure components. In this case the spin exchange 
between radicals and dissolved oxygen resulted in an additional broadening of the 
whole component of the nitrogen hyperfine structure by the factor of 6H and in a 
corresponding decrease in the peak intensity 6I. As the integral intensity P, the line 
width H and the peak intensity I are connected through P ~ H2I ,  it is easy to get 
61 as a function of 6H: 61 = I. [ ( H 2 / ( H - - 6 H ) 2 )  - 1] where H is the line width and I 
is the peak intensity before the reaction starts. This dependence evidently converts 
into 6I  ~ 2" 6 H .  I / H  oc [02] at 6H<< H, i.e. it becomes linear with respect to the 
dissolved oxygen concentration. 

To detect 6I as a function of time in the course of the reaction, we maintained 
the external field so that the recorder pen was kept on the minimum of the nitrogen 
hyperfine central component. In this case a shift of the recorder pen along the Y 
axis during th~ process was unambiguously identified by the signal peak intensity 
changes. 

The set of curved thus obtained for mitochondrial and cell respiration is 
given in Figs. 2 and 3. The data for magneto-diluted solutions are seen from Fig. 2 
to be an attractive fit to those for magneto-concentrated ones. This means that 
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F ig .  3. A c o n t i n u o u s  k ine t i c  cu rve  f o r  the process o f  cel l  resp i ra t ion .  [R ]  = 1.2 • 10 - 2  M .  The re  
were 100=[=5 cells in the sample with V ~ 10 -4 cm 3. 
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starting from H ~> 1 0 e  changes in the hyperfine structure component peak intensity 
depend linearly on oxygen concentration. 

The above method is seen from Fig. 2 to be sensitive enough to detect standard 
effects on mitochondrial respiration (acceptor control, inhibitor influence). Note that 
the radical reduction observed on termination of  the respiration (detected via decreas- 
ing the signal intensity) occurs much slower than the oxygen reduction during respi- 
ration. However, sometimes it may be necessary to take into account a possible 
influence of  this process on the observed kinetics. Note that the radical concentrations 
being used did not influence the respiration rate of  the mitochondrias and cells 
which were defined by the polarographic method. 

The results given in Figs. 1 and 2 were obtained on samples of  ~ 10 -a cm 3 
in volume. The kinetic curve in Fig. 3 was obtained on a sample of ~ 10 -4 cm 3 in 
volume containing 1004-5 cells. In the present work we did not aim at detecting 
respiration of  one or several cells in a volume of  about 10-5-10-6  cm a, but we think 
that this level could be achieved via selection of radicals and using oxygenated 
solutions. 

Indeed, as it has been shown above, the absolute value of  the effect 
~I ,~ 2 . 6 H .  (I/H) where ~H = q[O2], H : H o + K [ R ] ,  I : A .  V" [R]- (M/H2). 
Here V is the volume of  the sample, A is a constant determined by the ESR spectrom- 
eter sensitivity, q and K are rate constants of  the radical-oxygen and radical-radical 
spin exchange, respectively, M is the modulation amplitude of the magnetic field, 
H0 is the line width in the absence of  spin exchange. 

Bearing in mind that M ,~ H it is easy to show that 61 reaches its maximum 
at [R] = Ho/K. Using this optimum radical concentration we have: M = (A • V" q" 
[02])/(2" K .  Ho). 

It is thus clear that by increasing [02] and using radicals with minimum K 
and Ho one can obtain an essential decrease in the indispensable sample volume V. 
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