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ROLF JOACHIM MEHLHORN and LESTER PACKER. Can. J. Chem. 60, 1452 (1982). 
Nitroxide free radicals lost their paramagnetic absorption spectrum when they were illuminated with visible light in aged but not 

freshly isolated inner mitochondria1 membranes (SMP's). The action spectrum of spin loss rates coincided with a flavin absorption 
spectrum. Spin loss consisted of one-electron reduction and "destruction", the latter being defined as  spin loss that cannot be 
reversed by ferricyanide oxidation. By placing SMP's in gas permeable tubing and illuminating alternately under nitrogen and air, it 
was possible to discriminate qualitatively between spin reduction and destruction. Aerobic spin loss consisted entirely of 
destruction. When aged SMP's were centrifuged, spin loss was observed in supernatants but not pellets. Flavin fluorescence was 
observed in the supernatants, suggesting that free flavins catalyzed spin loss. However, addition of exogenous flavins to fresh SMP's 
did not cause spin loss; hence some other factor was required to cause nitroxide destruction. This factor accumulates during either 
aerobic or anaerobic aging of SMP's and may be present in mitochondria. Supernatants of aged SMP's, when added to freshly 
isolated SMP's, induced rapid nitroxide destruction, slightly accelerated photodamage to succinate oxidase, and considerably 
increased photo-induced lipid peroxidation. 

ROLF JOACHIM MEHLHORN et LESTER PACKER. Can. J. Chern. 60, 1452 (1982). 
Les spectres d'absorbtion paramagnetique des radicaux libres du type nitroxyde disparaissent lorsqu'on les illumine avec de la 

lumiere visible dans des membranes mitochondriales internes (SMP) qui ont veilli; ce n'est pas le cas avec des membranes 
fraichement isolkes. Le taux de disparition des spin concide avec le spectre d'absorption d'une flavine. Laperte de spin correspond 
a une reduction par un electron et une "destruction"; on definit la "destruction" comme une perte de spin qui ne peut i t re  renversee 
par une oxydation au ferrocyanure. Si on place des SMP dans un tube permeable aux gaz et si on les illumine alternativement sous 
azote et a I'air, il est possible de distinguer qualitativement entre une riduction de spin et une "destruction". La perte de spin 
airobique est uniquement une destruction. Lorsqu'on soumet des SMP qui ont vieilli a la centrifugation, on observe une perte de 
spin avec le liquide qui surnageant mais pas avec le precipitk. Dans le liquide qui surnage, on observe la fluorescence de la flavine, 
ceci suggkre que les Ravines libres exogknes B des SMP fraichement isolkes ne provoque aucune perte de spin; on doit donc faire 
appel5 d'autres facteurs pour expliquer la destruction du nitroxyde. Ces facteurs s'accumulent pendant le vieillissement aerobique 
ou anakrobique des SMP et peuvent i tre presents dans la mitochondrie. L'addition de liquide surnageant des SMP vieillies, 5 des 
SMP fraichemenet isolkes, induit une destruction rapide du nitroxyde, accilkre lkgkrernent le dommage photochimique a l'oxydase 
du succinate et augmente considerablement la peroxydation photo-induite des lipides. 

(Traduit par le journal) 

Introduction 
The destructive effect of visible light on tissues, 

cells, and organelles has been studied extensively 
(1). Blue light is particularly damaging in many 
cases, suggesting flavin involvement. Previously, 
this laboratory reported on visible light effects in 
mitochondria (2, 3). Progressive functional inac- 
tivation was observed, beginning with the loss of 
ATP synthesis, and followed by inactivation of 
dehydrogenase flavoenzymes. Functional damage 
was accompanied by loss of flavins, sulfhydryl 
groups, and lipid peroxidation. Although light 
damage was enhanced by exogenous flavins, co- 
valently bound flavins were destroyed at rates 
comparable to those for dissociable flavins. Fur- 
thermore, the inactivation required oxygen but it 
was unclear whether this requirement was merely 
to maintain the flavins in their light absorbing 
oxidized form or whether active oxygen species 
were directly responsible for damage. Failure to  
achieve protection with SOD, singlet oxygen scav- 

engers, hydroxyl radical quenchers, and antioxi- 
dants, suggested a minor role if any for these 
potentially destructive species except perhaps at 
the active sites of flavoenzymes (2).' 

Two aspects of the damage process interested us 
particularly because of the possibility of further 
studies using nitroxide spin probes. These were (i) 
the possibility that damage was mediated by free 
radicals that might have been generated by the 
excited flavins and (ii) the role of bound vs. free 
flavins. Nitroxides are potentially useful to study 
oxygen involvement in free radical reactions be- 
cause they are themselves free radicals, N-0', 
which resemble ground state oxygen, '0--OS, and 

'Abbreviations: SMP, submitochondria1 preparations; EDTA, 
ethylene diamine tetraacetic acid; TBA, thiobarbituric acid; 
TEMPOL, 2,2,6,6-tetramethyl-4-piperidinol-1-oxyl (see Ma- 
terials and Methods for other nitroxide structures); DMPO, 
5,5-dimethyl-I-pyrroline-N-oxide; POBN, 2-(4-pyridyl 1- 
oxide)-N-rerr-butylnitrone; PRETOL, 2,2,6,6-tetramethyl-4- 
piperidinol; SOD, superoxide dismutase. 
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MEHLHORN AND PACKER 1453 

which may thus compete with oxygen in free 
radical addition reactions. However, 0, adducts 
are reactive peroxy radicals which may participate 
in chain reactions, whereas nitroxide spin pairing 
products are expected to be relatively unreactive. 
A number of stable nitroxide adducts have been 
described (4, 5). Nitroxides also have the potential 
to serve as free radical detectors in another sense, 
since they should readily undergo one-electron or 
hydrogen transfer reactions with other free radical 
molecules. One-electron transfer reactions of ni- 
troxides have been demonstrated with reduced 
flavins (6) ,  and with electron transport components 
of mitochondria (7). However, since reduction of 
nitroxides can occur by two-electron reductants 
like ascorbate, loss of nitroxide paramagnetism as 
assayed by electron spin resonance is not sufficient 
to establish free radical involvement in an interac- 
tion per se, and additional analyses are required to 
establish such involvement. 

In other detection schemes, nitroxide precursors 
and derivatives have been used to detect active 
oxygen species, including superoxide radicals (8,9) 
and singlet oxygen (10). These detection schemes 
exploit oxidation of the nitroxide derivatives to 
elicit a paramagnetic signal. 

Mechanisms and biological effects of photosen- 
sitized oxidation were recently reviewed (1 1). The 
photooxidation of amino acids by flavins in partic- 
ular has been studied extensively (e.g., 12, 13). 
Analysis of the photoinactivation of a flavo- 
enzyme, porcine D-amino acid oxidase, provided 

evidence of localized destruction of amino acid 
residues at the flavin binding site (14). The light 
mediated reduction of many flavoproteins appears 
to be catalyzed by traces of free flavins, i.e., 
aqueous photoreductants generally do not appear 
to have direct access to enzyme-bound flavins (15). 

In this report, the effect of illumination on 
nitroxides in mitochondria1 membrane suspensions 
is described and correlated with photodamage to 
succinate oxidase of the respiratory chain and with 
light induced lipid peroxidation. 

Materials and methods 
Preparations 

Rat liver mitochondria were isolated and suspended in 200 
mM mannitol, 70 mM sucrose, and 1 mM Tris, pH 7.4. They 
were washed twice in the same medium and finally resuspended 
in 30 mM potassium phosphate, pH 7.4. Submitochondrial 
preparations (SMP's) were prepared by intermittent sonication 
of the mitochondria with a Branson 350 cell disruptor at a power 
setting of 5 for a cumulative time of 2 minutes. Undisrupted 
mitochondria were removed by centrifugation at 8,500 x gfor 10 
min and the SMP's collected by centrifugation at 100000 x g for 
30 min. They were resuspended in 30 mM potassium phosphate, 
pH 7.4, at protein concentrations indicated in the figures. 

Aging procedure 
SMP's were placed in 25 mL Erlenmeyer flasks, and the flasks 

were sheathed with aluminum foil and closed with a rubber 
stopper to prevent evaporation. In one experiment, flasks were 
flushed for 30 min with argon on an ice bath before being 
stoppered. The flasks were then placed on a shaking water bath 
at 37°C for the time periods indicated in the figures. 

Nitroxides, some reduced derivatives and a precursor are 
shown below: 
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The designation, TEMPR, refers to the structure 4-R-2,2,6,6- 
tetramethyl piperidine-1-oxyl (except for TEMPO). 

TEMPOL, TEMPONE, TEMPAMINE, PRETOL, DMPO, 
and POBN were purchased from Aldrich Chemical Co. TEMP- 
CARBOXYLATE (16) and CAT, (17) were synthesized. 
TEMPO, TEMPOL, and I5N TEMPONE were generous gifts 
from A. D. Keith. 15N TEMPOL was prepared by reducing lSN 
TEMPONE with sodium borohydride and extracting the prod- 
uct into diethyl ether. 

The reduced nitroxides TOLH, TAH, and TCH were pre- 
pared by treating TEMPOL, TEMPAMINE, and TEMPCAR- 
BOXYLATE, respectively, with ten equivalents of sodium 
ascorbate at pH 7, adjusting the pH to 7,11, and 3, respectively, 
and extracting the products into diethyl ether. The ether 
extracts were washed once with phosphate buffer solutions at 
pH 7, 11, and 3 as above, dried over NazSO,, and the solvent 
was removed under reduced pressure. 

TEMPSULFATE was prepared as follows: 3 g of TEMPOL 
and 4.45g of N,N-diisopropyl-ethylamine were taken up in 100 
mL of acetone. The solution was stirred rapidly on an ice bath 
and 1.76g of chlorosulfonic acid were added over a period of 10 
min. The reaction mixture was removed from the ice bath, 
allowed to stand at room temperature for 2 hours, treated with 
1.4g of NaOH in 20 mL of water, and then the amine and 
unreacted TEMPOL were extracted exhaustively with diethyl 
ether. The water fraction was dried under an air stream and used 
without further purification. 

Electron spin resonance experiments 
Stock solutions of the probes in water were adjusted to pH 7.0 

with HCI or NaOH. In a 0.6 mL test tube, 35 microliters of 
SMP's were mixed with 0.35 microliter of probe. Mixing was 
effected with hand agitation. Except for the action spectrum 
experiment, labeled samples were transferred to gas-permeable 
tubing (18) with a 100 microliter syringe, and then the flexible 
tubing was bent in the middle and inserted in a thin-walled 
quartz tube open at both ends. The pressure of the tubing on the 
walls of the quartz housing tube was sufficient to immobilize the 
sample within the esr cavity even in the presence of a nitrogen 
stream. The action spectrum was obtained with samples in 50 
pL  glass capillaries sealed at one end with a propane torch. The 
esr experiments were conducted in a Varian E109E spectrome- 
ter at a power setting of 10 mW and a modulation amplitude of 
1.25 gauss at a frequency of 100 kHz. A typical gain setting for a 
kinetic scan was 3.2 x lo4. 

Illumination 
Samples were illuminated within the microwave cavity of the 

esr instrument with a 100 W projector and a glass heat filter. The 
light intensity at the sample was 150 mW/cmz. The intensity was 
determined outside the esr instrument with a Hewlett-Packard 
8330A radiant flux meter and a 8334A detector and subsequently 
determined within the instrument by comparing FMN-mediated 
oxidation rates of TOLH inside and outside the cavity under 
nonsaturating conditions. The action spectrum of spin loss rates 
was determined using Oriel interference filters of 10 nm band 
width (G-522-11) and normalizing spin loss rates with respect to 
light intensities transmitted by the filters as measured with the 
radiant flux meter. Except where white light is indicated in the 
figure legends, all sample illumination in the esr instrument was 
conducted with an Oriel broadband interference filter with a 
peak position at 450 nm and a 50 nm bandwidth. With this filter, 
FMN-mediated TOLH oxidation occurred at  113 the rate 
observed with white light. For the ferricyanide-reoxidation 
experiment, SMP's in an Erlenmeyer flask at room temperature 
were illuminated with the same light source but the light was 
passed through a Corning glass #3389 400 nm cutoff filter. The 
photodamage experiment was conducted at  10°C in an apparatus 

that was described previously (3), providing an intensity of 300 
mW/cmz with the Corning #3389 filter. 

TBA reactive materials, a measure of lipid peroxidation, were 
assayed according to published methods, with the inclusion of 
0.01% butylated hydroxytoluene (BHT) in the reaction mixture 
prior to heating (19). Total flavins were identified and quanti- 
tated fluorometrically with a Perkin Elmer MPF 44A spectrofluor- 
ometer at an excitation wavelength of 375 nm and bandwidth of 5 
nm. Emission spectra were recorded from 390 nm to 620 nm and 
flavins were identified by comparison with fluorescence spectra 
of defined flavins in buffer. No attempt was made to discriminate 
between different flavin nucleotides or their hydrolysis prod- 
ucts. 

Succinate oxidation by the mitochondria1 respiratory chain 
was assayed in a Rank oxygen electrode (Rank Brothers, 
Bottisham, Cambridge, England). Typically protein concentra- 
tions of 3 rng/mL were used in a reaction medium of 30 mM 
potassium phosphate, pH 7.4, with 10 mM sodium succinate. 

Results 
Description of the spin loss phenomenon 

A spectrum of TEMPOL in a suspension of 
SMP's is shown in the inset of Fig. 1. The effect of 
visible light on this spectrum is to cause a decrease 
of the intensity of the spectrum, but only if the 
membranes have been allowed to incubate prior to 
illumination. As shown in Fig. 1, the onset of spin 
loss with illumination as  well as its cessation in the 
dark are virtual1 y instantaneous. 

Action spectrum 
Spin loss rates a t  different wavelengths of light 

are shown in Fig. 2. Because of the narrow 
bandwidths of the interference filters used for these 
experiments, effective light intensities were low 
and about 15 min of illumination were required to 
obtain measurable spin loss rates at some wave- 
lengths. An absorption spectrum of flavin mononu- 
cleotide (FMN) is shown for comparison. 

Direct interactions betweenflauins and nitroxides 
The action spectrum of spin loss rates implicated 

flavins in the spin loss process observed in aged 
SMP's. Therefore, several flavins, i.e., riboflavin, 
FMN, and FAD, were tested to study direct 
interactions of flavins with nitroxides in the light, if 
any. There was no interaction between flavins and 
TEMPOL in aerobic solution as  assayed by esr. In 
anaerobic solution, TEMPOL signal loss was ob- 
served, but a t  a considerably slower rate than that 
observed for aerobic, aged SMP's. There was no 
effect of TEMPOL on FMN fluorescence at TEM- 
POL concentrations that were tested (< 1 mM). 
Flavins photooxidize the reduced nitroxides TOLH 
and TAH. The photooxidation of TCH was also 
observed, but at a ten-fold lower rate than that of 
TOLH. To  study the interaction between flavin 
radicals and nitroxides, FMN, 30 p M  14N TOLH 
as an electron donor, and 30 p M  15N TEMPOL, as 
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MEHLHORN AND PACKER 1455 

1 I 

2 4 6 8 
TIME (min ) 

FIG. 1. The line height of TEMPOL expressed in terms of known TEMPOL concentration in buffer as a function of illumination. 
Inset, esr spectrum of TEMPOL in SMP; arrow points to the field position where the line height was monitored. Upward arrows 
denote light on, downward light off. Protein concentration 12 mglmL. SMP incubated for three hours at 36°C prior to white light 
illumination. 

an electron acceptor, were illuminated anaerobi- 
cally. The nitroxides having 14N and 15N paramag- 
netic centers give rise to distinct spectral lines; 
hence, reduction and oxidation rates can be moni- 
tored simultaneously. Upon illumination, there 
was a decrease in the ISN TEMPOL signal and a 
simultaneous increase in the 14N TEMPOL signal 
at the same rates. Upon admitting air to the sample 
under continuous illumination, both spectra in- 
creased to the original line height seen for 30 p M  
15N TEMPOL. 

Comparison of TEMPOL reduction and other 
processes of spin loss 

One-electron reduction of TEMPOL yields the 
nonparamagnetic hydroxylamine TOLH. Reoxida- 

tion of TOLH to TEMPOL is rapidly effected by 
ferricyanide. Thus, when 30 pmol of TOLH is 
treated with 2 mM potassium ferricyanide at pH 
7.4, a spin signal rapidly appears, increasing to a 
maximum within two minutes at 25OC. The final line 
height corresponds to 30pmol of a fresh TEMPOL 
solution in the presence of 2 mM ferricyanide. 
Accordingly, ferricyanide oxidation was used in 
SMP's after illumination with TEMPOL to deter- 
mine the fraction of spin loss due to reduction. The 
remaining fraction of spin loss is operationally 
defined as nitroxide "destruction." If ferricyanide 
is added to SMP's during illumination, it effectively 
inhibits light-driven spin loss, i.e. spin loss rates 
progressively decrease with increasing ferricyan- 
ide concentrations such that in the presence of 7 
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' 4 L  440 4;o ' 4;o 'b A 

A l n m l  

FIG. 2. Action spectrum of spin loss rates. SMP at 29 mglmL 
protein, were incubated for 1.5 h at 37'C prior to illumination. 
Two experiments are denoted by and A. The solid line shows 
an absorption spectrum of 40 pM FMN, the absorbance units 
are arbitrary. 

pM ferricyanide, the spin loss rate is half of what is 
observed in the absence of ferricyanide. Therefore, 
reoxidation of any TOLH produced during illum- 
ination was carried out in post-illumination exper- 
iments. 

To compare reduction and destruction rates, 
illumination of 30pM TEMPOL and SMP's con- 
taining 10 mg/mL protein was conducted in an 
aerobic flask. At one-minute time intervals, 70 pL 
samples were withdrawn for esr analysis of TEM- 
POL line heights; 35 pL were examined directly 
and the remaining 35 pL  were treated with 2 mM 
ferricyanide. The signal heights were identical for 
the two sets of samples. A similar experiment was 
conducted with 100 pmol TOLH and SMP's. In 
this case, there was a light-driven appearance of 
TEMPOL line heights in the samples. The ferri- 
cyanide treated samples showed that no spin de- 
struction occurred initially. Spin destruction be- 
came apparent only after TOLH had been converted 
to TEMPOL during the illumination. When the 
TEMPOL concentration had reached 30 pM, the 
destruction rate was comparable to what was 
observed for the sample containing only TEMPOL 
initially. 

To study the effect of oxygen on spin loss, 
experiments were conducted in gas permeable 
tubing surrounded by air or nitrogen. Figure 3 
shows that aerobic illumination of TEMPOL and 
SMP's causes less rapid spin loss than is observed 
under nitrogen. Upon admitting air into the an- 
aerobic sample, a partial recovery of the spin signal 
is seen which gives way to complete signal loss 
upon prolonged illumination. This result is similar 
to aerobic illumination of TOLH, where transient 
and partial oxidation is observed under illumination. 

No oxidation of TOLH is seen under nitrogen. A 
comparison of initial rates seen for aerobic TEM- 
POL destruction and TOLH oxidation shows that 
destruction occurs at a rate comparable to oxida- 
tion. 

Iron had a marked effect upon spin loss rates. As 
indicated earlier, ferricyanide was inhibitory at low 
concentrations. On the other hand, ferric chloride 
accelerated spin loss about two-fold at a concentra- 
tion of 10 pM. Considerable variability was seen in 
spin loss rates among different membrane prepara- 
tions that were studied, possibly due to fluctuations 
in the concentrations and binding states of traces of 
iron among the different preparations. 

The role of membranes in spin loss 
To define the source of light-induced spin loss, 

SMP's that had been incubated in the dark for three 
hours at 37°C were centrifuged and spin destruction 
rates, i.e., aerobic rates of spin loss, were mea- 
sured in the pellet, supernatant, and in pellets that had 
been resuspended in their supernatants. The max- 
imum spin loss rate was observed in the supernat- 
ant, the intermediate rate in the resuspended mem- 
branes, and the minimum rate in the pellet. Washed 
pellets had no spin loss activity. 

The effect of charged groups on the nitroxides is 
shown in Table 1. The positively charged nitrox- 
ides exhibit significantly lower rates of spin loss 
and the positively charged hydroxylamine, TAH, a 
significantly higher photooxidation rate than the 
other nitroxides. The most hydrophobic nitroxide, 
TEMPO, exhibits the most rapid spin loss rate. The 
rates of photooxidation of the reduced nitroxides, 
i.e., TAH > TOLH > TCH, are the same as 
observed for the direct interaction between flavins 
and reduced nitroxides. However, whereas TCH is 
photooxidized by FMN or riboflavin, only spin 
loss of a trace of TEMPCARBOXYLATE in the 
sample is observed with SMP's. 

Flavin fluorescence and spin loss rates 
Figure 4 shows the aerobic spin loss rates and the 

appearance of flavin fluorescence in the supernat- 
ants of centrifuged SMP's as a function of time of 
incubation of the SMP's at 37°C in the dark. At two 
temperatures the two parameters increase in paral- 
lel with time up to about three hours of incubation. 
Longer incubation does not substantially increase 
flavin fluorescence or spin loss rates. 

The effect of exogenous flauins on spin loss rates 
SMP's that had been incubated in the dark at 

37°C for various time periods were treated with 
FMN to study the effect of exogenous flavins on 
spin loss. As shown in Fig. 5, freshly isolated 
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MEHLHORN AND PACKER 

FIG. 3. Aerobic and anaerobic esr line height changes of TEMPOL in illuminated SMP's. Conditions as in Fig. 1 .  A, 30 pM 
TEMPOL in air; B, 30 p M  TEMPOL under N2; C, 30 pM TOLH in air; D, same sample as B, but now in air. 

TABLE 1.  Light-dependent aerobic spin loss and oxidation rates for different nitroxides 
and hydroxylamines* 

Initial rate Initial rate 
of spin loss of oxidation 

Nitroxide (pmollmin) Hydroxylamine (pmollmin) 

TEMPO 32 TOLH 3.1 
TEMPOL 16 TAH 12.7 
TEMPAMINE 5.5 TCH -2.8 
CAT, 3.8 
TEMPCARBOXYLATE 11.5 
TEMPSULFATE 9.5 

*Prolein. 10 mglmL; SMP's preincubated 2 h at 37'C in the dark. 

SMP's do not cause spin loss of nitroxides in the observed in the supernatant of centrifuged SMP's 
light even in the presence of added FMN. The behave photochemically like free FMN and hence 
presentation of data in this figure takes into account can be pooled with exogenous flavins as  "free 
flavin release during dark incubation by referring to flavins." Figure 5 shows that at a fixed concentra- 
the results in Fig. 4. It is assumed that the flavins tion of free flavin, there is an increase in aerobic 
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0 I 2 3 
Time (h) 

FIG. 4. SMP supernatant flavin fluorescence and aerobic 
TEMPOL spin loss rates as a function of incubation time in the 
dark. SMP protein was 7.9 mg/mL. A: supernatant flavin 
fluorescence at 31°C; 0: spin loss rate at 31°C; 0: supernatant 
flavin fluorescence at 37'C; *: spin loss rate at 37'C. Flavin 
fluorescence is expressed as FMN equivalents. 

spin loss rates with increasing time of dark incuba- 
tion. Similar data were obtained for SMP's that had 
been incubated in the dark under argon. 

Partial characterization of "destroyed" TEMPOL 
Radioactively labeled *TEMPOL was illumin- 

ated in the presence of SMP's for a sufficient period 
of time to completely destroy the spin. The suspen- 
sion was centrifuged and essentially all of the 
radioactivity was found in the supernatant. An- 
other preparation of destroyed TEMPOL was ex- 
tracted into ether at alkaline pH and the ether extract 
was oxidized with the strong oxidant m-chloro- 
peroxybenzoic acid. The product of this procedure 
was concentrated and taken up in phosphate buffer 
at pH 7.4. An esr spectrum of this sample was 
observed and was similar to a spectrum obtained 
when PRETOL was subjected to the same oxida- 
tion procedure. 

Estimated released flavin (--) plus added FMN (-1 (PM) 

FIG. 5. Effect of dark incubation time and exogenous FMN on 
aerobic TEMPOL spin loss rates. SMP protein was 10 mg/mL. 
Dashed lines indicate that the free flavin concentration for that 
region of the curve was estimated from the flavin supernatant 
fluorescence data in Fig. 4. 

Spin trapping experiments with nitrones 
In the presence of 100 mM DMPO, the rate of 

light-induced TEMPOL destruction with SMP's 
decreased by a factor of two, while 100 mM POBN 
completely inhibited TEMPOL destruction. An esr 
spectrum was observed with DMPO both in the 
presence and absence of TEMPOL. This spectrum 
was identical to a spectrum obtained with DMPO 
and FMN in buffer (Fig. 6). No esr spectrum was 
observed for POBN and SMP's with the broadband 
interference filter. With white light a spectrum 
appeared very slowly, i.e., 30 min of illumination 
were required to obtain measureable coupling 
constants (AN = 15.8 G, AH = 2.OG). 

Relation of spin loss to photodamage 
Since freshly isolated SMP's exhibited little or 

no spin destruction with or without exogenous 
flavins and since aging of SMP's caused the ap- 
pearance of the spin loss phenomenon in the 
aqueous environment of membranes, these diverse 
conditions were compared in terms of photodam- 
age to the respiratory chain and to membrane 
lipids. Figure 7 shows that succinate oxidase activ- 
ity is progressively lost under illumination and that 
conditions which induce spin loss, i.e., addition of 
supernatant from aged SMP's, only slightly aceler- 
ate photodamage of these components of the res- 
piratory chain. However, there is a marked cor- 
relation between lipid peroxidation and spin de- 
struction. The supernatant treated SMP's yield 
considerably more TBA-reactive material during 
illumination than either freshly isolated control 
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FIG. 6. A ,  Spectrum of DMPO adducts in SMP's. SMP protein was 10.8 mglmL. B, Spectrum formed within two minutes of 
illumination of 100 mM DMPO and 10 pM FMN in the cavity of the esr instrument. 

SMP's or SMP's containing exogenous FMN at a TOLH and TAH are photooxidized by aged SMP's 
concentration equal to "released" flavin in the and by flavins. By illuminating anaerobic SMP's 
supernatant. Some aging of the freshly isolated and subsequently allowing them to become aero- 
SMP's is reflected in the small spin loss rates seen bic, a partial recovery of the nitroxide esr signal was 
in the two preparations without added supernatant. observed. Hence, under anaerobic conditions, some 

Photochemical model systems 
EDTA is a well-known photoreductant for flavins. 

Figure 8 shows that a TEMPOL signal was reduced 
on illuminating a mixture of FMN and EDTA. Spin 
loss was rapid under nitrogen and could be largely 
reversed when air was admitted to the sample. A 
sample that was illuminated aerobically suffered 
relatively little spin loss. 

Discussion 
Characterization of nitroxide esr signal changes 

We were interested in using nitroxides as spin 
traps to elucidate photodamage mechanisms in 
mitochondria. Intact mitochondria were not suit- 
able for study because their electron transport 
activity causes one-electron reduction of nitrox- 
ides in the dark (20). Therefore, our studies were 
conducted with isolated inner mitochondria1 mem- 
branes (SMP's) where substrates for electron 
transport have been removed from the membranes. 
Since nitroxides are quite stable in the presence of 
SMP's in the dark. these ~ r e ~ a r a t i o n s  were deemed 
suitable for studies of ihoiodamage with nitrox- 
ides. 

Aerobic aged SMP's illuminated with visible 
light cause nitroxides to lose their paramagnetism 
and subsequent treatment of these SMP's with the 
oxidant ferricyanide does not cause a reappearance 
of the esr signal; hence the phenomenon is not 
one-electron photoreduction of the nitroxides. It 
was also observed that the reduced nitroxides 

of the nitroxides are photoreduced to hydroxylam- 
ines under illumination. The use of gas permeable 
tubing permits a comparison of the effects of 
anaerobic and aerobic illumination in the same 
sample and thus represents a convenient tool for 
discriminating qualitatively between one-electron 
photoreduction and other mechanisms of spin loss. 
When this technique was applied to a simple 
photochemical system, FMN and EDTA, spin loss 
was seen to be comprised primarily of one-electron 
photoreduction. This is to be expected since FMN 
becomes photoreduced by EDTA anaerobically 
(21) and since it is known that reduced flavins 
reduce nitroxides (6). 

The action spectrum of spin loss implicated 
flavins as the sensitizers for nitroxide spin loss. 
However, studies with simple model systems 
showed the oxidized flavins had no effect on 
nitroxide spectra. Reduced flavins, FlH,, and flavin 
radicals, FlH., reduce nitroxides (6). The experi- 
ment with 14N TOLH and 15N TEMPOL showed 
that neither the flavin radical FIH., which is neces- 
sarily produced during photooxidation of TOLH, 
nor its oxidation product with molecular oxygen 
cause spin destruction. Hence it is concluded that 
flavins are not directly responsible for the observed 
aerobic spin loss of nitroxides. 

The association of spin loss activity with super- 
natants but not pellets of centrifuged SMP's implies 
that "released" flavins are necessary for the spin 
loss. "Released" flavins is an operational term 
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FIG. 7. Effect of addition of FMN or supernatant from aged SMP's on spin loss rates pmol/min, SMP's at 6.32 mg/mL protein (A); 
light dependent succinate oxidase inactivation pmol O,/min, SMP's at 0.3 1 mg/mLprotein (B); formation of TBA-reactive materials 
mmol/mg (C) .  (-) control; (----) 2.7 pM FMN; (-.-.) supernatant containing 2.7 pmol "released" flavin as estimated from 
fluorescence. 

since centrifugation speeds were insufficient to 
pellet individual proteins or membrane fragments. 
The most likely source of released flavin is NADH 
dehydrogenase, which contains noncovalently 
bound FMN. The steep temperature dependence 
of flavin release suggests that only low concentra- 
tions of free flavins exist in SMP's illuminated at 
10°C, where photoinactivation of respiratory activ- 
ities is nevertheless observed (3). 

Since certain amino acids are photoreductants 

for flavins (12, 13), it seemed possible that anaero- 
bic SMP's would cause nitroxide reduction under 
illumination. However, freshly isolated anaerobic 
SMP's exhibit no significant light-dependent spin 
reduction, even in the presence of 5 pM exogenous 
FMN or riboflavin (data not shown). Hence, mito- 
chondrial membranes are poor photoreductants 
and direct oxidation of membranes, e.g., hydrogen 
abstraction from amino acid residues by free flavins, 
is not likely to play an important role in photo- 
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A I R  

FIG. 8. Aerobic and anaerobic esr line height changes of TEMPOL and TOLH in a photochemical model system. The model 
system contained 10 pM FMN, 10 mM EDTA, and 30 mM potassium phosphate, pH 7.4. Aerobic illumination, and alternately 
anaerobic and aerobic illumination as indicated. 

damage. The aerobic experiment with exogenous 
flavins (Fig. 5) showed that at agiven concentration 
of free flavins there is an acceleration of nitroxide 
spin loss with aging of the membranes. Hence, 
some phenomenon other than flavin release occurs 
during the aging process which together with free 
flavins causes spin loss. Taken together with the 
occurrence of spin loss in supernatants of centri- 
fuged SMP's, it is inferred that some other factor(s) in 
addition to flavins are released from the SMP's into 
their aqueous environment during dark incubation. 
These factors react with excited flavins to bring 
about nitroxide spin loss. Since 30 pmol TEMPOL 
are destroyed by less than 2 pmol flavin, as 
estimated from supernatant fluorescence, it is clear 
the flavins act catalytically in the nitroxide destruc- 
tion process, strengthening the conclusion that 
neither flavins nor their degradation products cause 
spin destruction. 

Inference that free radicals probably cause 
nitroxide destruction 

Destruction of nitroxides could occur by several 
mechanisms. One is the direct coupling of nitrox- 
ides with other radicals. Known examples of radicals 
which form stable products with nitroxides include 
several alkyl radicals (4,5). Also, it has been shown 
in pulse radiolysis experiments that nitroxides 
react with hydroxyl radicals (22). However, the 

products of the latter reaction seem to decompose 
rapidly since model systems, e.g., uv photolysis of 
H 2 0 2  and Fenton reagents, did not destroy the 
paramagnetic signal of TEMPOL. Another ex- 
ample of spin pairing is the reaction of nitroxides with 
thiyl radicals, a process which ultimately leads to 
the formation of tetramethyl piperidines, e.g., 
PRETOL (23). Studies of reactions between 
nitroxides and free radicals derived from ethylben- 
zene suggest that peroxy radicals, R'OO., do not 
react with nitroxides (24). Oxidation of nitroxides 
with a powerful oxidant would yield ammonium 
ions which would immediately decompose in aque- 
ous solution to nitroxides and hydroxyl radicals 
(5). Under strongly reducing conditions, TEMPOL 
can be reduced to PRETOL. This mechanism is 
unlikely to explain the spin loss observed in SMP's, 
however, since over-reduction would probably 
proceed via the TOLH intermediate (5) and since 
TEMPOL destruction is much more rapid than 
TOLH destruction. Thus, the mechanism of spin 
destruction appears to be radical pairing of nitrox- 
ides with other radicals, excluding oxygen-centered 
radicals, like hydroxyl or peroxy radicals. 

Nitrone spin traps like DMPO and POBN have 
been used extensively to demonstrate the existence 
of free radicals (25). Since the esr spectrum arising 
from DMPO with illuminated SMP's is identical to 
the spectrum seen with only DMPO and FMN, 
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there appears to be no correlation between nitrox- 
ide spin destruction and DMPO spin formation. It 
was suggested previously that nitroxides could 
arise from DMPO and light-excited flavins by a 
nonradical mechanism (26). The spin adduct seen 
with POBN with white light is difficult to interpret 
owing to its rather low rate of appearance and the 
failure to observe an adduct with the broad-band 
interference filter. In summary, these nitrone traps 
do not appear to trap radicals observable by esr in 
illuminated SMP's even under conditions of rapid 
TEMPOL destruction. This does not rule out the 
interpretation that TEMPOL destruction is caused 
by radicals; rather it suggests that these nitrones 
with illuminated SMP's do not form radicals suf- 
ficiently stable to be observed by esr spectrometry. 

Relationship to membrane damage 
It was of interest to determine whether the 

species causing nitroxide destruction played a role 
in the mechanism of flavin-sensitized photodam- 
age. In freshly isolated SMP's without exogenous 
FMN, there is appreciable photodamage to succin- 
ate oxidase even though no TEMPOL destruction 
was detected under these conditions. Thus, it is 
inferred that bound flavin exerts its destructive 
effects in close proximity to its binding site, and 
that there is no propagation of damage to distant 
sites as seen in the lack of lipid peroxidation and 
spin destruction. Exogenous FMN increases photo- 
damage only slightly, suggesting that singlet oxy- 
gen generated by free flavin is not a major 
damaging species in SMP photodamage. 

The addition of supernatant from aged SMP's 
greatly increases lipid peroxidation and slightly 
increases inactivation of succinate oxidase. Since 
the supernatant contains factor(s) that interact with 
light-excited flavins to destroy nitroxides, it is seen 
that these factors have destructive potential. Once 
initiated exogenously, damage propagation seems 
to occur in the SMP membranes since the most 
hydrophobic nitroxide, TEMPO, is destroyed ap- 
preciably more rapidly than the other probes. The 
relevance of these observations to photodamage in 
vivo is not clear. The factors we describe in aged 
SMP's could also be present in vivo. Since they are 
water soluble, they would be removed from the 
SMP's during membrane isolation procedures, and 
hence freshly centrifuged SMP's would not exhibit 
light-dependent nitroxide destruction. Given the 
potential of these factors for causing damage to 
lipids and enzymes, their further characterization 
is warranted. 
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