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FREE~RADICAL STATES OF A CELL AND OF
SUBCELLULAR STRUCTURES

Biofizika (Biophysics) E. K. Ruuge, V. A, Timoshenkov,
Vol XI, No 4, July-August 1966, and L. A. Blyumenfel'd, Physics
pages 611-61S5. Department, Moscow State Univer-

sity imeni M. V. Lomonosov.

It is known that tissues in the native state and a number of model
systems give a slightly asymmetrical singlet signal of electron paramag-
netic rescnance (EPR) with a g factor close to the g factor of a free elec-
tron end a w.dth of 6-8 gausses between the points of maximum slope (1-4).
In article (5) it was shown that the signal in tissue conforms in all char-
acteristics to the signals from free radicals of the semiquinone type ad-
sorbed on the surfaces of protein molecules. Naturally the signal from an
b intact cell is the sum of the signals from the subcellular compoments. At
t present intact tissues and model systems have been investigated in detail
‘ and several articles have been entirely devoted to intracellular structures
(6-9). Ve investigated the characteristics of the EPR signals from the in-
tact cell, nuclei and mitochondria, the contribution of the nucleus and
mitochondria to the total number of free-radical centers of the cell and
the connection of the free-radical states of the mitochomdria with the in-
tensity of oxidation and phosphorylation.

METHOD

Tissue and subcellular fractions of rat liver have been used as the
items studied. The preparations of isolated nuclei and mitochondria were
obtained by the methods described in (10, 11). The cxidation rate was meas-
ured on the polarograph according to the decrease of the axygen content in
the incubation mixture; the phosphorylation rate was measured mord:l.nz to
the dimirution of inorganic phosphate.

The lyophilically aried specimens were messured on an EFR spectro-
ameter, The measurements were made immediately after lyophilisaticn. ALl the
numerical data are averaged valuss from a.seriss of experiments. The
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relative error is 10-15 percent.

RESULTS

Both at roon temperature (295°K) and at the temperature of liquid
nitrogen (779K) a singlet EPR signal with a g factor of about 2 was cbserved
in the intact cells and subcellular fractions. In Fig. la are presented the
signals from the tissue, puclei, mitochondria, and the centrifugate remain-
ing after precipitation of the nuclei and mitochondria, which are recorded
at room temperature. The shape and width of the signals at 77°K conform to
the shape and width of the signals at 2959K (Fig. 1); the increase in inten-
sity takes place according to Curie's law, It is seen from Fig. 1 that the
signal in intact cells differs both in shape and width from the signals
the nuclei and mitochondria. The signal in the tissus is clearly ssymmet-
rical; the signals in the nuclei and mitochondria ere almost symmetrical.
The width between the points of maximum slope are: 8§ gausses for tissus and
10-12 gausses for the muclei and mitochondria.

lagend:s 1) — 7 gsusses
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Mg. 1. EPR aignals from intact cells end subcellular
fraotions at room temperature 295°K (a) and 779k (b).

1 — liver tiasue; 2 —-= nuolei; 5 — mitochomdria;
4 — centrifugate (remaining after precipitation of the
muclei and mitochondria)




departure of 4.5-5 gausses from the center of the line for the signal from
the tissue and 10-12 gausses for signals from the nuclei and mitochondria,

The saturation curves of the signals from the tissuse, nuclei and mi-
tochondria prastically coincide. The saturation curve et 295°K is depicted
in Fg. 3a, and the one at 779K, in Fig. 3. Saturation at 779K appears
considerably earlier, The shape and width of the gignals at saturation do

not change. The absence of & drop in the saturatiom curves and the preserva~-

tion of the shape and width testify to the non-uniform broadening of the
signals from the tissue, nuclei and mitochondria.

We further investigated the distribution of free-radical centers in
each of the cell components (Tabls 1).

TABLE 1
Intensity of EPR ‘| Number of free-
Systea signal (n. e./g) | radical cente
hole cells (1-1.5) 1027 (1.6 £ 0.5)108
Mitochondria (5—4;-10%3 (4 £ 1).208
Nuclei (8-10)°10 (2 *0.5)10
Centrifugate (after precipitation 6 .
of nuclei and mitochondria) (2-5)+10% (3 X 1)4107

As is ssen from Table 1, the contribution of the mitochondria to the
total number of free-radical centers of the cell is very small, and it is
doubtful whether the EPR signal recorded in the tissue is comnected with
the axidation-reduction processes taking place directly in the mitochondria.
The contribution of the nuclei is even smaller. Comsequently the bulk of
the free-radical states observed in the intact cells arises in the oxida~
tim-reduction processes taking place cutside the nuclel and mitochondria
—— in the cell plasma. The process of isolating the subcellular fractioms
apparently disrupts the conditions for the forumation of free-radical states
in the cell plasma, sinoe the signal in the centrifugate remaining after
precipitation of ths nmuclei and mitochondria is smaller than the signal in
the tissue.

The appearance of a comparatively intense EPR signal in the nuclel
is of interest. It is possible that this signal testifies to the fact that
oxidation~-reduction processes also taks place intensiwvely in the nuclel,
The preliminary experiments we carried out showed that the signal in the
nuoclei is extremely stable. The long incubation of the isolated muclei un-
der serobic conditions, the pH of the incubation medium, and the presence
of decxyribenuclease and ribonuclease in the mixture had practically no ef-

fect an the intensity of the signal. Only the additiom of a strong oxidising
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Fig. 2. Mumatwmmm
a — tissue, b — muoclei, ¢ — mitochondria

Along the sbsoissas — (H-Ho)zi.ngnm-, along the
; ordinates — = (1); 1g —2i— (2) in relative

| | * T o X
.; units.
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agent — 0,02 M ferricysnide (K;Fe(CNjg) — lod to a decrease of 50-40 per-
cent in the concentration of free radica.‘l.l.

Two types of centers apparently may be responsible for the free-radi-
cal states in the respiratory chain of the mitochondria: the semi-oxidized
tomotmmvinlmdofcm&. In article (9) it has been shomn
that some correlation exists between state of the respiratory obain and

i the conoentration of free radicals in the isolated mitochondria preparatiom,
) In the present article we tried to establish a link between ths EPR signals
in the mitochondria and the axidation and phosphorylation rates. The same
samplea for which the axidation rste and the decrease in inorganic phos-
ghate had been determined previcusly were measured ¢ the EFR spectromster.
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Along the abacissas — ultra~high frequency detector cur-

rent in milliamperes, along the ordinates — intensity of

EPR gigral in relative wmits. 1 — liver tissue; 2 — nu-
clei; 3 — mitochondria,

The composition of the incubation mixture: 0.05 M KCl, 0.02 M KH,PO,,
0.005 N I.Igcls, 0.05 ¥ glucose, 0.0015 M ATP, hexckinase (0.3 mg per i al
mixture), 0.02 M succinic acid, and mitochondria from 1.5-1.75 g moist
liver. Succinic acid was used as the axidation substrate. A succinic acid
concentration of 0,01-0,02 M was enough for creating an excess of substrate.
The temperature of the incubation mixture was 18°, the incubation time was
one minute {under asrobic conditions). After isolation the mitochondria
were rinsed twice. The results of the experiments are given in Table 2.

It is evident from Table 2 that the ocxidaticn and phosphorylation
rates also depended on the presence of various cofactors in the incuaatim
mixture of the substrate: hexokinase, ATP, inorganic phosphate, Mg'“ ioms,
and inhibitors. The inhibition of oxidatiom and phosphorylation in the ab-
sence of inorganic phosphate, hexokinase and ATP in the incubation mixture,
as well aas the interruption of oxidation and phosphorylation by means of
DNP (2,4-et-dinitrophencl), had practically no effect on the free-radical
states of the respiratory chain. The presence or absence of the oxidation
substrate substantially changed the number of free-radical centers. In the
samples without an external substrate the concemtration of free radicals
also depended on the incubation time — in the sample frozem for ome minute
it is greater than in the sample containing already depleted mitochondria.
The anset of anaercbic canditiona as a result of the camsumption of all -
the axygen in the polarographic cell and the inhibition of the transfer of
electrons by potassium cysnide (KCN) and azide (NaNy) did not lead to a
noticeabls change in the free-radical states of the mitochondria. The in-
troduction of ferricyanide into the incubation mixture halved the concen-
tration of free radicals.




TABLE 2
Fo-poutiz o ncubation Oxidation |Phosphoryla- |Intensity
Incuwbation Conditions rate (micro-|{tion rate of EPR
Mixture amperes 0 (microamperes| signal
per min.* | P per min.* [(in rel,
*100 mg mi- {*100 ng ng.to- units)
|_chondrie)
Complete Asrobic 12,9 17.1 1.0
Complete Up to anasrcbic 18.1 15.6 1.02
conditicns
ithout succinic |Aesrobic 1.9 3.0 0.68
acid .
ithout suocinic |[Asrcbic to deple- -— -— 0.52
acid tiom
“ithout PO Aercbic 2.8 1] 0.93
i thout :ﬂzex&tuu " 3.5 0 1.03
apd ATP
Vithout MgCls " 12.2 7.4 1.15
Complate + 2. 0'§ ¥ DNP 15.1 0 0.89
Complete +5107Y M KCN 0 (o] 0.91
Complete +5°10°5 U NaN, 0 0 0.95
Complete 4+ 0.0225 M malonate 0 0 0.79
iComplete +0.0225 ¥ K.‘,)l“o(cli)6 -— — 0.45
|

If the mitochondria were not ringed the differences in intensity of
the signals would be considerably less. This is apparently caused by the
large amount of endogenocus substrates in the unrinsed preparation.

Thus the impression is created that the free-radical states of the
: mitochondria change ouly in the case of marked effects on specific sec-
! tis of the respiratory chain, On the cne hand the concentratiom of free
radicals decreases with a substantial decrease in the concentration of the
oxldation substrates and upon the action of a strong oxidizing agent, ferri-
oyanide. On the other hand the blocking of the oxygen end of the respire-
tory chain has practically no effect on the signal intensity. This seeming
contradiction is resolved if it is assumed that the free-radical centers
- the semi-oxidized forms of the flavins and of coenzyme Q}ﬂ — also take
part in the equilibrium between the reduced and oxidized fortis of the res-
piratory chain components. The presence of the signal in the intact pre-
paration shows that even without the ocourrence of the enzymatic oxidation
process part of the flavins and of coenzyme oiainthofreo radical
state. The insensitivity to anasrobic conditi and to inhibition of the
il oxygen end of the respiratory chain can testify to the presence of a buffer
! of sufficient capacity between the flavins, coensyme and cytochrome
Y oxidase. The substance responsidble for the recorded signals is apparent-
1y mach closer to the begimming of the respiratory chain tham to the axygem.
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At the same time it should be remembered that the bulk of the free-radical
centers observed can be formed on ocne of the branches of the respiratory
chain,

The absence of an effect of the interruptiom of phosphorylation and
oxidation on the free-radical states of the mitochondria attracts attentiom.

ONCLUSIONS

1. EPR signals from intact cells and subcelluler components differ
in shape and width, vhich testifies to a certainspecificity of the free-
radical centers responsible for these signals.

R. The contribution of the mitochondria and mocleus to the total
number of free-radical centers of the cell is small. It may be assumed that
the EPR signals recorded in the tissue ars not direcuy linked with the
oxidation process in the mitochondria.

3. Some correlation sxists between the free-radical states of the
mitochondria and the effects on specific sections of the respiratory chainm..

Submitted to the editor

12 July 1965
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