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Seleno-organic compounds are known as efficient 
"scavengers" of peroxynitrite (PN). Here we studied 
the protective effect of selenolipoic acid (SeLA), the 
seleno-containing analogue of lipoic acid, on perox- 
ynitrite-dependent inactivation of NADPH-cyto- 
chrome P450 reductase. 3-Morpholinosydnonimine 
hydrochloride (SIN-l) was used as a source of 
peroxynitrite. The reductase was irreversibly inacti- 
vated by PN generated from SIN-1. The inactivation 
occurred with the rate constant of about 
3 x 104 M -1 s -1. The presence of SeLA at low concen- 
tration (0.5 v,M) led to synergistic increase of the 
reductase inactivation by PN. Our results suggest the 
formation of a reactive derivative of SeLA in the 
reaction of SeLA with PN, probably selenotseleninate, 
that mediates the aggravation of reductase inacti- 
vation. In the presence of SeLA, the inactivation was 
reversible under the action of thiols, allowing us to 
conclude that the observed action of SeLA may be 
considered as protective. 

Keywords: Peroxynitrite; Selenolipoic acid; NADPH-cyto- 
chrome P450 reductase; Protection 

I N T R O D U C T I O N  

Peroxynitrite,  O N O O - ,  is a reactive species that 
can be generated in biological systems and 
organisms in several ways. It is p roduced  by  
endothelial  cells, I1] Kupffer  cells, I2] neutrophils  I3] 
and macrophages.  I41 PN is known as a media tor  

of toxicity in inf lammatory processes with strong 
oxidizing proper t ies  toward  biological mol- 
ecules, inc luding sul fhydryls ,  lipids, amino 
acids and nucleotides.  Tyrosine ni t rat ion of 
proteins by  PN has also been demonstrated.  [5"61 

A number  of enzymes,  especially containing 

su l fhydryl  groups,  have been shown to be 
sensit ive to oxidat ion by  PN. I7"81 Biological 

systems have certain cellular mechanisms of 
protect ion against peroxynitr i te  generation. [91 
However ,  under  conditions of hyperproduc t ion  
of PN addit ional  protect ion against peroxynitr i te  
might  be required. 

*Corresponding author. Tel.: +7-3832-332294. Fax: +7-3832-342350. E-mail: sergeeva@ns.kinetics.nsc.ru 
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492 S.V. SERGEEVA et al. 

Recently the ability of several seleno- and sulfur- 
organic compounds to protect against oxidation 
caused by peroxynitrite have been studied.[1°"11[ It 
has been demonstrated that seleno-containing 
compounds react with peroxynitrite more effi- 
ciently than their corresponding sulfur ana- 
logues. [1°1 Selenolipoic acid gained our attention 
as a seleno-containing analogue of c~-lipoic acid, a 
well-known antioxidant able to scavenge reactive 
oxygen species as well as peroxynitrite. Inl Taking 
into account the reactivity of seleno-containing 
compounds  with respect to PN it was of 
considerable interest to s tudy the ability of 
selenolipoic acid to protect sulfhydryl groups of 
enzymes against oxidation by peroxynitrite. 

We used NADPH-cytochrome P450 reductase 
to study the effect of selenolipoic acid on 
peroxynitr i te-dependent  inactivation of the 
enzyme. NADPH-cytochrome P450 reductase is 
the key enzyme of monooxygenase system 
responsible for the metabolism of a variety of 
xenobiotics. The reductase catalyses electron 
transfer from NADPH to cytochrome P450. It 
contains seven sulfhydryl groups, one or two of 
which are located in the NADPH-binding 
center. I12[ Oxidation of these groups results in 
the loss of enzyme activity, hence it was 
reasonable to propose that the reductase is 
sensitive to PN. Previously [13'14[ we have shown 
that the reductase is reversibly inactivated by 
millimolar concentrations of ~-lipoic and seleno- 
lipoic acids via the modification of SH-groups at 
the active site. In the present study, we used 
micromolar concentrations of selenolipoic and ~- 
lipoic acids to test their abilities to protect the 
NADPH-cytochrome P450 reductase against 
oxidation by peroxynitrite. 

MATERIALS AND METHODS 

Materials 

Horse heart cytochrome c, diethylenetriaminepen- 
taacetic acid (DTPA), dihydrorhodamine 123 

(DHR), glutathione (GSH) and superoxide dis- 
mutase (SOD) were purchased from Sigma (USA). 
Selenolipoic and ct-lipoic (LA) acids were from 
ASTA Medica (Germany). Dithiothreitol (DTT) 
was from Fluka (Switzerland). NADPH and 
NADP + were from Reanal (Hungary). 3-Morpho- 
linosydnonimine hydrochloride (SIN-l) was pur- 
chased from Molecular Probes, Inc., Eugene 
OR. NADPH-cytochrome P450 reductase (FP) 
isolated from rat hepatic microsomes was kindly 
provided by Dr A. Grishanova (Institute of 
Molecular Biology and Biophysics, Novosibirsk). 
Other chemicals were of the highest grade 
commercially available. 

Assay of NADPH-cytochrome P450 Activity 

The activity of NADPH-cytochrome P450 
reductase was determined spectrophotometri- 
cally [lsI from the reduction rates of cytochrome c 
at 550nm in the presence of I mM NADPH in 
0.3M phosphate-buffered saline (PBS), pH 7.4. 
The spectrophotometrical measurements were 
performed on an Ultraspec (LKB, Sweden). 

Peroxynitrite Generation by SIN-l: Inhibition 
of DHR Oxidation by SeLA and o¢-LA 

We used SIN-1 as a source of peroxynitrite. 
Peroxynitrite formation from SIN-1 results from 
the simultaneous production of superoxide and 
nitric oxide, which in turn, react at a near 
diffusion-limited rate. [16] Peroxynitrite formation 
from SIN-1 was assayed spectrophotometrically 
by continuous monitoring of rhodamine for- 
mation from DHR at 500 nm at room temperature 
(as described in Ref. [7]). The reaction solution 
consisted of 50 p~M DHR, 0.1mM DTPA, and 
I mM SIN-1 in 0.3 M PBS, pH 7.4. 

In order to test the reactivity of SeLA and oL-LA 
towards PN, the rate of rhodamine formation 
was measured in the absence and in the presence 
of these compounds, o~-LA (up to 9 mM) or SeLA 
(up to 0.3mM) were added to the reaction 
solution described above. 
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PROTECTION AGAINST PEROXYN1TRITE BY SELENOLIPOIC ACID 493 

Inactivation of NADPH-cytochrome P450 
Reductase by SIN-1 

We have observed that the rate of PN product ion 
from SIN-1 becomes constant after an initial period 
as was reported previously. [171 Therefore the stock 

solution of SIN-1 (10 mM) in 0.3 M PBS, p H  7.4, 
with 0.1 mM DTPA was allowed to stay at room 
temperature until max imum rate of PN generation 
was reached. For the enzyme inactivation stock 
solution of SIN-1 was added to FP (0.3 ~M) to the 
final concentrations of I m M  or 0.1 m M  (see figure 
captions). Aliquots were removed from reaction 
mixtures at different times, diluted 40-fold and 
assayed for reductase activity as described above. 
In the control experiment,  it was shown that the 
stable decomposit ion products  of SIN-1 had no 
effect on the reductase activity. 

Optical Absorption Spectra 

Spectra were  recorded with a 1-cm pa th  length 
cell with DV-GD (Beckman) spectrometer. 

RESULTS 
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FIGURE 1 Solid symbols: inactivation of FP by SIN-1. FP 
(0.3 p~M) was incubated with I mM SIN-l, either alone (11) or 
together with 720units/ml of SOD (@) at room temperature 
in 0.3 M PBS, pH 7.4 containing 0.1 mM DTPA. Aliquots were 
removed at indicated times, diluted 40-fold and assayed for 
FP activity as described in "Materials and methods". In the 
control experiment FP was incubated under identical 
conditions without SIN-1 (A). This incubation did not result 
in loss of FP activity. Open symbols: protective effect of 
NADP + on FP inactivation by SIN-1. SIN-1 (0.1 mM) was 
added to FP (0.3 p,M) in the presence ([3) or absence (O) of 
I mM NADP + in 0.3M PBS, pH 7.4, containing 0.1 mM DTPA 
at room temperature. Aliquots were removed at indicated 
times, diluted 40-fold and assayed for FP activity as described 
in "Materials and Methods". 

Inactivation of NADPH-cytochrome P450 
Reductase by SIN-1 

Prior to the s tudy of protective ability of SeLA we 
have verified that the reductase is sensitive to 
oxidation under  the action of PN. SIN-1 was used 
for continuous generation of peroxynitri te in our  
experiments. Peroxynitrite product ion was deter- 
mined by  its ability to oxidize dihydrorhodamine.  
The max imum rate of peroxynitrite formation 
determined from the linear part  of the kinetics of 
d ihydrorhodamine  oxidation was found to be 
0.35 ~M/min .  A continuous exposure of NADPH-  
cy tochrome P450 reductase  to SIN-1 led to 
significant inactivation of the enzyme (Fig. 1). In 
the control experiment  FP was incubated under  
identical conditions in the presence of SOD, which 
prevents the formation of PN from SIN-1. [17] 
Addi t ion  of SOD to the incubat ion mixture  
completely protected the reductase from inacti- 

vation by  SIN-1 (Fig. 1), confirming that it was 
peroxynitri te that affected the reductase activity in 
our  experimental  conditions. The rate constant of 

reductase inactivation by  PN was estimated by  
assuming quasi steady state approximation for PN 
concentration. Under  this approximation,  the 
steady state concentration of PN was estimated 
based on the observed rate of PN generation from 
SIN-1 (0.35 txM/min), the known rate of spon- 
taneous PN decomposit ion in phosphate  buffer 
(0.35s-1) [81 and  was  found  to be equal  to 
20 nM. Based on this value the pseudo-first-order 
rate constant for the reductase inactivation b y  PN 
was estimated to be equal to 3 x 104 M -1 s -1. 

Protective Effect of NADP + On the Reductase 
Inactivation by SIN-1 

In order  to elucidate the process of FP inactivation 
by  PN, a competitive inhibitor of the reductase, 
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494 S.V. SERGEEVA et al. 

NADP ÷, was used. As shown in Fig. 1, addition of 
NADP + to the reaction mixture prior to addition of 
SIN-l, protected the reductase against the effect of 
PN. The result indicates that reductase inactivation 
under the action of PN occurred due to the 
oxidation of amino acid residues at the active site, 
most likely essential sulfhydryl groups of cysteines. 
In the case of oxidation of these SH-groups of the 
reductase to disulfide bond the enzyme activity can 
be restored by addition of DTT according to the 
reaction of thiol-disulfide exchange.[13] However, 
addition of DTF to the reductase after its incubation 
with SIN-1 did not restore the enzyme activity 
(Fig. 2). The irreversibility of reductase inactivation 
by PN suggests the higher oxidation of sulfhydryl 
groups rather than formation of disulfides, llsl 

Effect of Selenolipoic Acid on the Reductase 
Inactivation by SIN-1 

In order to study the protective effect of SeLA on 
PN-induced reductase inactivation, we used a 

low concentration of SeLA (0.5 FLM), which itself 
did not affect the enzyme activity (Fig. 3). We 
suggested that in the system of the reductase and 
SeLA PN might react with SeLA rather than with 
SH-groups of the reductase, thus preventing 
reductase inactivation. However, incubation of 
the reductase with the mixture of SIN-1 and 
SeLA resulted in unexpected aggravation of 
enzyme inactivation compared to the case of 
SIN-1 alone (Fig. 3). Addition of SOD to the 
reductase before exposure to the mixture of SeLA 
and SIN-1 completely prevented enzyme inacti- 
vation (Fig. 3). These results suggest  the 
formation of a highly reactive intermediate in 
the reaction of SeLA with PN, which is able to 
inactivate the reductase efficiently. In order to 
verify the formation of intermediate, we incu- 
bated SeLA with SIN-1 for up to 35 rain. Then 
SOD was added to that mixture to stop the 
reaction of PN with SeLA. As shown in Fig. 4, the 
resultant mixture caused more extensive inacti- 
vation of the reductase in comparison with either 
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FIGURE 2 Effect of DTT on FP activity after inactivation by 
I mM SIN-1. FP (0.3 p~M) was incubated with I mM SIN-1 in 
0.3 M PBS, pH 7.4 with 0.1 mM DTPA at room temperature. To 
stop the formation of peroxynitrite, SOD (720U/ml) was 
added to the reaction mixture at indicated times prior to the 
addition of DTT. Then DTT was added to the incubation 
mixture up to 1.25 raM. Aliquots were removed at intervals 
shown, diluted 40-fold and assayed for FP activity as 
described in "Materials and Methods". In the control 
experiment 0.03raM DTT did not reduce cytochrome c. 

FIGURE 3 Cooperative effect of SeLA and SIN-1 on FP 
activity. Protective effect of SOD. FP (0.3 p~M) was incubated 
with I mM SIN-1 in the presence (&) or in the absence (@) of 
0.5 p,M SeLA in 0.3 M PBS, pH 7.4 with 0.1 mM DTPA at room 
temperature. In the control experiment FP was incubated 
with 0.5 ~M SeLA alone (W). Under identical conditions SeLA 
(0.5 ~M) and I mM SIN-1 were added to the FP (0.3 M) in the 
presence of SOD, 720U/mi (V). Aliquots were removed at 
intervals shown, diluted 40-fold and assayed for FP activity as 
described in "Materials and Methods". 
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PROTECTION AGAINST PEROXYNITRITE BY SELENOLIPOIC ACID 495 

SeLA or SIN-1 alone. In the case of the reductase  
inactivation b y  the mixture  SIN-I+SeLA the 
ac t iv i ty  of the r educ t a se  w a s  s igni f icant ly  
recovered b y  DTT (Fig. 4) as well  as b y  GSH 
(data not  shown),  indicating the format ion  of a 

disulfide-like bond  at the active site of the 

enzyme  addition. The absorpt ion spectra of the 
reaction mixture,  containing SIN-1 and  SeLA, 
w e r e  ob t a i ned  (Fig. 5). Fig. 5 s h o w s  the  

appearance  and  increase of the peak  in the 
vicinity of 300 n m  while  the peak  cor responding  
to SeLA (A=420 nm) decreases.  If SOD (720 U / m l )  
was  present  in the reaction mix ture  the absorp-  
tion band  at 300 n m  was  not  observed  (data not  
shown).  These observat ions  confirm the for- 
ma t ion  of the in termedia te  in the reaction of 
SeLA wi th  PN. 

In similar  exper iments  SeLA was  replaced by  
the same concentrat ion (0.5 IzM) of a-LA. In this 
case, we  did  not  observe  nei ther  protect ive nor  
aggrava t ing  effects on reductase inactivation. 
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FIGURE 4 Recovery of FP activity under the action of DTT 
after inhibition by SeLA+SIN-1. SeLA (0.5 txM) was pre- 
incubated with SIN-1 (1 mM) in 0.3M PBS, pH 7.4 with 
0.1raM DTPA at room temperature during 35rain. The 
reaction was stopped by addition of SOD (720 U/nil), then FP 
(0.3 ~M) was added to the reaction mixture. After 17min of 
incubation DTT was added to the solution up to 
1.25mM. Aliquots were removed at intervals shown, 
diluted 40-fold and assayed for FP activity as described in 
"Materials and Methods". In control experiment 0.03raM 
DTT did not reduce cytochrome c. 

These results are in agreement  wi th  the data  
obta ined f rom D H R  oxidation by  PN genera ted  
by  SIN-1 in the presence  of SeLA or a -LA SeLA 
(0.3 mM) decreased oxidat ion of D H R  by  68% 
while  higher  concentrat ions of a -LA (up to 
9 mM) did not  show any significant effect (data 

not  shown) .  The  s a m e  r e d u c t i o n  of D H R  
oxidation b y  a-LA was  observed  only at the 
concentrat ion of 10 -1M that  is three order  of 
magn i tude  higher  than the concentrat ion of 

SeLA. It should be  noted  that  the reversibil i ty 
of FP inactivation b y  PN in the presence of a -LA 
can be reached but  only at its significantly higher  

concentrat ion (10 IzM) than SeLA (0.5 laM). 

D I S C U S S I O N  

Recent studies have demonstrated that seleno- 
organic compounds  are efficient "scavengers" of 
PN and can carry out a biological function of 
defence against peroxynitrite. I91 It was of special 

interest to test the protective ability of selenolipoic 
acid and to compare  it with its sulfur-containing 
analogue, the well-known antioxidant eMipoic acid. 

Z < 

< 
0.1 

_ _ _  30 min 
_ . -  15min 
..... 2 min 
- -  SeLA without SIN-1 

II 
II 
II 

300 400 500 
WAVELENGTH (nm) 

FIGURE 5 Oxidation of SeLA by PN generated by SIN-1. 
Optical absorption spectra of the reaction mixture containing 
0.5 mM SIN-1 and 0.5 mM SeLA in 0.3 M PBS, pH 7.4 with 
0.1 mM DTPA were taken after 2, 15 and 30rain of incubation. 
Spectra were recorded with reference to 0.5raM SIN-1 in 
0.3 M PBS, pH 7.4 with 0.1 mM DTPA. 
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As expected, PN generated by SIN-1 effec- 
tively inactivates the reductase (Fig. 1), mostly 
due to oxidation of sulfhydryl groups at the 
enzyme active site. The inactivation was not 
reversible by DTT (Fig. 2), suggesting higher 
oxidation of sulfhydryl groups, different from 
formation of disulfides, e.g. sulfinic or sulfonic 
acid. [ls] Reductase inactivation by PN occurred 
with the rate constant of about 3x  104M -1 s -1, 
which is similar to the rates at which PN 
inactivates sulfhydryl groups of albumin [18] and 
alcohol dehydrogenase. [7] On the basis of the 
known higher reactivity of seleno-organic com- 
pounds towards PN in comparison with sulfur 
analogues, we suggested that SeLA could protect 
the reductase against PN more efficiently than ot- 
LA. In support of this idea, we have shown that 
low concentrations of SeLA effectively protected 
DHR against oxidation by PN, while oL-LA did 
not. However, in the experiments with the 
reductase, we did not observe the protective 
effect of SeLA (Fig. 3). Moreover, the presence of 
SeLA led to a synergistic increase of reductase 
inactivation under the action of PN (Fig. 3). The 
same concentration of o~-LA neither prevented 
nor aggravated PN-dependent inactivation of the 
reductase. The effect of aggravation of PN- 
dependent  enzyme inactivation has been 
reported previously by Whiteman et  al. [8] for 
several thiols at low concentrations. The authors 
proposed that this aggravation was mediated by 
sulfur radicals, formed in the reaction of certain 
thiols/disulfides with PN. [8] Based on our data 
we suggest that synergistic increase of the 
reductase inactivation is also mediated by a 
reactive intermediate, formed in the reaction of 
SeLA and PN. In support of this suggestion, we 
have shown that pre-incubation of SeLA with 
SIN-1 up to 35 rain resulted in the formation of 
the product, which effectively inactivated the 
reductase. It is of importance that in the presence 
of SeLA the reductase inactivation by PN was 
reversible (Fig. 4), whereas the reductase inacti- 
vation without addition of SeLA was irreversible 
(Fig. 2). The reversibility of enzyme inactivation 

by l o w  weight thiols (DTT, GSH) indicates the 
formation of a disulfide-like bond at the enzyme 
active site with a highly reactive derivative of 
SeLA. In order to elucidate this kind of 
derivative, the optical absorption spectra of the 
reaction mixture, containing SeLA and SIN-l, 
were investigated. The spectra confirmed the 
formation of the derivative of SeLA, which is 
seen from the appearance of a new absorption 
band with maximum at 300 nm and the presence 
of an isobestic point (Fig. 5). In the presence of 
SOD the peak at 300 nm did not appear. Earlier, it 
has been shown by Bergson [19] that diselenides 
oxidation leads to the formation of the inter- 
mediate, selenolseleninate, with an absorption 
band in the vicinity of 300 r i m .  [191 According to its 
chemical structure, selenolseleninate (Fig. 6) is 
able to form a disulfide-like bond with thiol 
groups of proteins. This fact and the data 
obtained allow us to propose that selenolseleni- 
nate is formed in the reaction of SeLA and PN 
(Fig. 6), although more work is needed to 
establish this. 

Thus, SeLA at low concentration, does not 
completely protect the reductase and even 

~ COOH 

S e - - S e  

I [ 0 ] 

d " s e - s e  

I FP-SH 

~ COOH 

o~.SeH Se,, 
S-FP 

selenotipoic acid 

selenolseleninate 

FIGURE 6 Hypothetical scheme of the chemical 
modification of FP under the action of SeLA + SIN-1. FP-SH 
indicates sulfhydryl group at active site of the reductase. 
Selenolseleninate is suggested to be formed in the reaction of 
SeLA with PN. 
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PROTECTION AGAINST PEROXYNITRITE BY SELENOLIPOIC ACID 497 

synergis t ica l ly  increases P N - d e p e n d e n t  inacti- 

va t ion  of  the e nz ym e .  H o w e v e r ,  in  the p resence  of  

SeLA, the inac t iva t ion  be c om e s  revers ible  u p o n  

a d d i t i o n  of  DT T  or  GSH.  In  the  t e r m s  of  

reversibi l i ty of  P N - d e p e n d e n t  ox ida t ion  of  the 

r educ tase  the o b s e r v e d  m e c h a n i s m  of act ion of  

SeLA agains t  P N  m a y  be  cons ide red  as protect ive.  
In  cont ras t  to tha t  da ta ,  l ow concen t ra t ion  of  ot-LA 

d id  no t  p ro tec t  the  r educ tase  f r o m  inact iva t ion  b y  

PN.  Since the m o n o o x y g e n a s e  sy s t em med ia t e s  

the  metabol ic  f o rma t ion  of  N O  f r o m  organic  

nitrates,  wi th  s imu l t aneous  p r o d u c t i o n  of  the 
supe rox ide  radical ,  [2°'21] the fo rma t ion  of  P N  in 

the  m o n o o x y g e n a s e  sys t em m a y  be sugges ted .  

Therefore ,  the ob ta ined  da ta  on  the inac t iva t ion  of  

N A D P H - c y t o c h r o m e  P450 reduc tase  m a y  rep-  

resent  a possible  m e c h a n i s m  of P N - m e d i a t e d  

toxici ty in the m o n o o x y g e n a s e  system.  
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