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SUMMARY 

I. A spectra l  feature of the E P R  spec t rum of ra t  l iver and  ra t  l iver mi tochondr ia  
observed near  g = 1.96 arises from a pa ramagne t i c  form of molybdenum.  Liver  
mi tochondr ia  p repared  from un t rea t ed  control  animals,  from animals  t r ea ted  with 
92Mo (I  ~ o) or from animals  t r ea t ed  with the na tu ra l ly  occurring mix ture  of molyb-  
denum isotopes show a double t  in the g 1.96 region while l iver mi tochondr ia  from 
rats  t r ea t ed  with 95Mo (I = 5/2) show no such E P R  absorpt ions.  

2. Resuspension of mi tochondr ia  from control  animals  in sucrose-2H20 solut ion 
conver ts  the  E P R  double t  to a singlet suggest ing in teract ion of pa ramagne t i c  moh,  b- 
denum with protons.  

3. The addi t ion  of N A D H  to ra t  l iver mi tochondr ia  which had  been frozen dimin-  
ishes the resonance ascr ibable  to molybdenum.  

4- I t  is bel ieved tha t  the E P R  of mo lybdenum in ra t  l iver mi tochondr ia ,  which 
cannot  be observed under  the same condit ions in beef hear t  mi tochondr ia ,  arises 
from molybdopro te ins  previously  isolated from liver and  not  from prote ins  involved 
in mi tochondr ia l  electron t ranspor t .  

INTRODUCTION 

Recent  in teres t  in the possible role of mo lybdenum (Mo) in mi tochondr ia l  
electron t r anspor t  has genera ted  new E P R  studies of m a m m a l i a n  mi tochondr ia  and 
submi tochondr ia l  part icles  1. Fo r  these prepara t ions  it is well known tha t  the E P R  
spec t rum in the  region near  g = 2 is r a the r  complex,  containing features arising 
from various pa ramagne t ic  components  of electron t r anspor t  including free radical  
species ~ 5, copper of cy tochrome oxidase 6,7, non-heme iron prote ins  2, as well as iron 
in cubic fields which is a common contaminant .  More recently,  DERVARTANIAN AND 
BRAMLETT s showed tha t  chemical ly  reduced N A D H  dehydrogenase,  isolated from 
Azotobacter vinelandii which had  been grown in an iron deficient medium conta in ing 
Mo, indeed had  the E P R  character is t ics  of Mo (V), with assigned g values of 2.oi8,  
1.977 and 1.948. More recent  s tudies by  ALBRACHT AND SLATER 1 of Complex I of 
beef hear t  mi tochondr ia l  electron t r anspor t  (NADH ubiquinone reductase) showed 
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similar EPR signals in this preparation (g = 2.oo, 1.97 and 1.95 ) but these signals 
appeared only after long incubation at room temperature in the presence of NADH. 
Although the presence of Mo in the preparations used by Slater and Albracht was 
determined by atomic absorption spectroscopy, it is clear from their study that other 
paramagnetic species were in the sample and that the EPR assignment they give to 
Mo is equivocal. 

This present paper describes experiments which do show that the EPR reso- 
nance near g = 1.96 indeed arises from molybdenum in isolated rat liver mitochondria. 
Taking advantage of the fact that 92Mo has a nuclear spin of zero while 95Mo has a 
nuclear spin of five halves, and that the EPR of these two species is therefore different, 
we have exchanged the molybdenum pool in rats using two stable isotopes, 92Mo and 
95Mo. We have examined the EPR spectra of liver slices as well as of isolated mito- 
chondria from animals treated with different Mo isotopes in a manner analogous to 
the study of xanthine oxidase by BRAY AND MERRIWEATHER 9. 

MATERIALS AND METHODS 

Molybdenum metal powder, containing a naturally occurring mixture of iso- 
topes, was purchased from Alpha Inorganic. 92Mo (98.3 atomic percent) and 9~Mo 
(96.4 atomic percent) metal powders were obtained from Oak Ridge National Labora- 
tories. Each metal sample was dissolved separately in aqua regia, which was then 
gently boiled to dryness. The resulting white powders were dissolved in dilute NH3- 
water and the pH was adjusted to 7-8 with dilute acetic acid. These three solutions 
were each diluted so as to contain I mg/ml Mo in a soluble form. 

Three groups of female Wistar rats, each weighing approx. 75 g, were main- 
tained with ad libitum feeding of low Mo test diet (Nutritional Biochemical) and 
distilled water. After two weeks, each of the rats in the three groups was injected 
with the respective Mo solution, while the drinking water was adjusted to contain 
the same molybdenum solution used for injection, but at a concentration of I mg/1. 
After the initial injection, further injections of o.5 ml of the same Mo solutions used 
previously were repeated every three days over a period of twelve days. At this time, 
the animals were decapitated and liver samples from at least two rats in any single 
group were washed in cold water followed by iced o.25 M sucrose solution, blotted on 
filter paper, weighed, and quickly frozen in EPR cavities within 3 min after decapita- 
tion of the animal. These samples were maintained at liquid N 2 temperature (77 ° K) 
until the EPR spectra were examined. The remainder of the livers, together with the 
liver from a third animal, was homogenized in an all glass Dounce homogenizer in 
o.25 M sucrose solution, and mitochondria were prepared by the method of SCHNEIDER 
AND HOGEBOOM 1°. The mitochondrial fractions were resuspended in sucrose solution 
and centrifuged at IOOOO x g for IO min in order to remove organelle contaminants. 
Mitochondrial preparations obtained from each of the three groups of Mo-treated 
animals were frozen in EPR cavities and maintained at 77°K until they were used 
for EPR examination. The mitochondrial preparations contained no detectable micro- 
somes since the EPR of mammalian cytochrome P-45 ou was absent in all of them. 

A group of control rats, which were maintained in the same animal quarters, 
were not injected with Mo solutions and were fed ad libitum with Purina rat chow diet 
while tap water was made available to them. Liver samples and mitochondrial prep- 

Biochim. Biophys. Acta, 253 (I97I) 58-63 



60 j .  PEISACH el al. 

ara t ions  from these animals  were also ob ta ined  and t rea ted  ident ica l ly  with those 
descr ibed  above.  

A sample  of mi tochondr ia  from un t r ea t ed  control  animals  was suspended three 
t imes with  3o vol. of o.25 M sucrose solut ion prepared  in ~H20. Each t ime af ter  dilu- 
tion, the  mi tochondr ia  were centr i fuged at  IO ooo x g for IO min in capped  centr ifuge 
tubes,  and  the pellet  of the  last  centr i fugat ion was frozen in an E P R  cavi ty .  

E P R  spec t ra  were taken  on a superhe te rodyne  spec t romete r  '2, to which a 
Varian Fie ldia l  was a t tached ,  opera t ing  near  92oo Mcycles/sec at  a t empera tu re  of 
1.4°K. F ie ld ia l  ca l ibra t ion  was per formed with a pro ton  magnet ic  resonance probe.  
The samples  conta ined  about  o.8 g wet wt. of l iver slices or of mi tochondr ia l  pellet.  

RESULTS 

The E P R  spec t ra  in the  region near  g - -  2 for l iver  slices and for l iver mitochon-  
dr ia  from Mo t r ea ted  ra ts  and from un t rea t ed  control  rats  are shown in Fig. I. As can 
clearly be seen, l iver slices (Figs. xA, xE) and mi tochondr ia  from un t rea t ed  control  
animals  or animals  t r ea ted  with 92Mo (Fig. xB) exhibi t  absorpt ions  near  g - -  1.96 
which are absent  in mi tochondr ia  (Fig. ID) and  l iver slices (Fig. IC) from 'q~Mo- 
t r ea t ed  animals.  At  lower field modula t ion  and low spec t rometer  power (1.1o s \V) 
the  absorpt ion  der iva t ive  near  g = 1.96 resolves into a double t  with measured  g values 
(as absorpt ion  der iva t ive  minima) of 1.969 and 1.96I and a separa t ion  of 13 gauss. 
Those animals  t r ea ted  with the  na tu ra l ly  occurring Mo isotopic mix ture  also showed 
the  same resonances near  g = z.96. If  these E P R  spect ra  have another  g value to 
higher  field, then these resonances should be measured  at  the zero crossing, and  thus  
the g values would be s l ight ly  larger. I t  is no tewor thy  tha t  the in tens i ty  of the 
E P R  signals near  g = 1.96 for l iver slices from un t rea t ed  animals  is about  2o% less 
per  weight of l iver than  for l iver slices from 92Mo-treated animals.  

Mitochondria  which were r epea ted ly  suspended in sucrose-2H20 and then 
examined  with E P R  no longer showed the double t  near  g = 1.96 bu t  ins tead  showed 
a singlet centered at  g = 1.963 (Fig. IF) .  Reducing the field modula t ion  of the  spectro-  
mete r  to 2.5 Gauss d id  not  fur ther  resolve the singlet at  g = 1.963, but  a small  ab- 
sorpt ion near  g = 1.973 could be seen at  higher gain. The in tegra ted  area  of the g = 
1.963 absorpt ion  is app rox ima te ly  equal  to the sums of in tegra ted  areas of the double t  
observed in mi tochondr i a  before the repea ted  sucrose-2H20 resuspension. 

Liver  mi tochondr ia  from un t r ea t ed  control  animals  or from those animals  
t r ea ted  with the na tu ra l ly  occurring isotopic mix ture  of Mo or with 92Mo were t r ea t ed  
with N A D H  (Fig. 2). As can be seen, the E P R  in tens i ty  of the  g = 1.96 resonance 
decreases signif icantly af ter  N A D H  t rea tmen t ,  suggesting in terac t ion  of pa ramagne t i c  
mate r ia l  with reduced pyr id ine  nucleotide.  

DISCUSSION 

Molybdenum as a metal l ic  component  has been observed  in the  purified m a m m a -  
lian enzymes xanth ine  oxidase 9, xan th ine  dehydrogenase  la, a ldehyde  oxidase 14 and 
sulfite oxidase 15. In  all proteins,  the  pa ramagne t i c  form of Mo is bel ieved to be Mo (V) 
in which the pa ramagne t i sm is due to a single unpa i red  d electron (4dl). The E P R  of this 
mate r ia l  can best  be descr ibed by  three g values,  two less than  2 and  the th i rd  equal  
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to or greater than 2. A naturally occurring isotopic mixture of Mo contains 75°.0 
of material having a nuclear spin of zero as does 92Mo, and 25 % of material having a 
nuclear spin of five-halves, as does 95Mo. The EPR of the material with the high 
nuclear spin has a more complex spectrum with six hyperfine lines for each g value. 
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Fig. i .  E P R  spect ra  of r a t  l iver  slices and ra t  l iver  m i tochondr i a  in the  region near  g ~ 2 for 
9%Io- and  95Mo-treated animals .  A. R a t  l iver  slices from 92Mo-treated animals .  B. R a t  l iver  mi to-  
chondr ia l  pel le t  from 92Mo-treated animals .  C. R a t  l iver  slices from 95Mo-treated animals .  D. 
R a t  l iver  m i tochondr i a  fronl 95Mo-treated animals .  E. R a t  l iver  slices f rom u n t r e a t e d  control  
animals .  F. R a t  l iver  mi tochondr i a  from control  an ima l  af ter  '2H20 exchange.  All spec t ra  were t a k e n  
a t  a sweep ra te  of 2oo Gauss/rain.  The spec t romete r  gain was the  same for all  t races  excep t  E 
which was t a k e n  a t  twice the  gain of the others.  The spec t romete r  was opera ted  a t  5 Gauss nlod- 
u la t ion  (A and C) or a t  7 Gauss modu la t ion  (B, D and E) wi th  a t ime  cons t an t  of o, 3 sec for all 
t races.  Modula t ions  grea ter  t h a n  7 Gauss s igni f icant ly  b roadened  the double t  resonance near  g 
1.96 into a s ingle t  while spect ra l  e x a m i n a t i o n  at  2. 5 Gauss modu la t ion  did not  show any  increased 
narrowing.  The E P R  features  near  g 1.96 s a t u r a t e d  verv~ read i ly  and  the  spec t ra  shown here, 
which were not  s ign i f icant ly  sa tu ra ted ,  were t aken  a t  i • IO 8 ~ g ,  the  o p t i m u m  opera t ing  power  
of the spec t romete r  for these samples.  

Fig. 2. E P R s p e c t r a  showing the  effect of N A D H  on ra t  l iver  mi tochondr i a  from u n t r e a t e d  animals .  
A, R a t  l iver  mi tochondr ia .  The E P R  of th is  ma te r i a l  does not  change  upon t h a w i n g  and refreezing.  
B, The mi tochondr i a  were t hawed  af ter  spectroscopic  e x a m i n a t i o n  and o.i  ml  of I inM N A D H  
was added.  Then the  mi toehondr i a l  suspension in the E P R  c a v i t y  was s t i r red  for 3o sec and  
qu i ck ly  refrozen (3 o sec) in l iqu id  N 2. Spect ra  were t a k e n  wi th  a field modu la t ion  of 7 Gauss, a 
t ime  cons t an t  of i sec and  a sweep ra te  of IOO Gauss /min.  The loss of resolut ion of the  g - -  1.96 
doub le t  is caused by  difference in t ime  cons tan t  from t h a t  of Fig. i .  
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Although the area  of the in tegra ted  form of the E P R  absorpt ion  der iva t ive  for 
ma te r i a l  with zero nuclear  spin is the same as for mate r ia l  with spin five-halves, the  
E P R  spec t rum for the l a t t e r  pa ramagne t i c  Mo isotope will consist of eighteen fea- 
tures spread over  a grea ter  range of magnet ic  field. Thus sharp  E P R  absorpt ion  deriv- 
ed from 92Mo will appear  as m a n y  small  absorpt ions  for 95Mo. 

In the case of ra t  l iver slices and liver mi tochondr ia  the E P R  features  observed 
for the  92Mo-treated animals  can no longer be seen for the 95Mo-treated animals  since 
the E P R  in tens i ty  is now spread  into m a n y  hyperfine lines, having much smaller  
in tens i ty ,  which were not  de tec tab le  at  the signal-to-noise level of these exper iments .  
Thus, tile region near  g = 1.96 shows no E P R  absorpt ions.  Fur the rmore ,  the lack 
of signal near  g x.96 in ra t  l iver mi tochondr ia  from 95Mo-treated animals  suggests 
t ha t  all or near ly  all of the  na tu ra l ly  occurring Mo has been exchanged with 95Mo 
b y  the t r ea tmen t  descr ibed above. Also, the  signal in tens i ty  at  g 1.96 for liver 
p repara t ions  from un t r ea t ed  animals  is only  s l ight ly  less than  for "~2Mo-treated 
animals  and  is the  same as for p repara t ions  from rats  t r ea ted  with  the na tu ra l  isotopic 
mixture .  This leads us to believe tha t  a pa ramagne t i c  form of 3'Io is not  unspeeifically 
absorbed  by  l iver and l iver mi tochondr ia  as a resul t  of the loading dosage of Mo given 
since the  E P R  signal in tens i ty  near  g == 1.96 would p robab ly  be greater  in these 
c a s e s .  

Under  cer tain condit ions,  the  separa t ion  between gx and gy for Mo (V) of alde- 
hyde oxidase when observed at  x -band  (near g = 1.972 ) is only about  I I  Gauss TM. 
For  xan th ine  oxidase 9, 17, in the presence of subst ra te ,  the separa t ion  between gx and 
gy is even smaller.  In  the signal t ha t  we ascribe to Mo in our ra t  l iver  prepara t ions ,  
it  might  be thought  tha t  the double t  t ha t  we see represents  the spl i t t ing  of gx and gy. 
However,  the 2H,,O exchanged mater ia l  no longer shows this spl i t t ing,  and in fact ,  
the double t  collapses into a singlet absorpt ion  at  g L963 at  a posit ion in field be- 
tween those for the doublet .  Similar  findings were observed for purified sulfite oxidase 
which was exchanged with ~H,,O ~a. This leads us then, to the conclusion tha t  the 
resonance tha t  we see at  g = 1.969 and g = 1.96I represents  a single feature  of an 
Mo (V) spectrum,  where the sp l i t t ing  is due to in teract ion of the electron spin of 
Mo (V) with a single proton.  Protonic  sp l i t t ing  of a Mo resonance of from I2 to 14 
Gauss has been repor ted  for xan th ine  oxidase in the presence of subs t ra te  ~v. The 
o ther  features of an E P R  spec t rum for Mo (V) in mi tochondr ia  are most  l ikely to 
lower field where they  are masked  by  E P R  abs~)rptions from other  pa ramagne t i c  
species. 

The quest ion now raised is what  is the biological significance of Mo in ra t  l iver 
mi tochondr ia?  I t  is qui te  clear t ha t  N A D H  can par t i a l ly  reduce pa ramagne t i c  Mo 
in ra t  l iver mi tochondr ia  tha t  had  been frozen. Yet, our pre l iminary  exper iments  on 
beef hear t  mi tochondr ia  do not  show the resonance which we believe arises from 
Mo (V) in l iver prepara t ions .  I t  is hard  to believe tha t  the role of Mo in electron trans-  
por t  in two different tissues should vary,  and  i t  is fur ther  more unl ikely  tha t  this 
var ia t ion  is due to species differences. 

A different explana t ion  which we favor  is t ha t  the E P R  we observe near  g = 
1.96 wtfich arises from a pa ramagne t i c  form of Mo (V) is tha t  of one or more Mo-con- 
ta in ing prote ins  which have been previously  isola ted from liver. Two of these, alde- 
hyde  oxidase ~4 and sulfite oxidase 15, have E P R  features with g values in the region 
of those tha t  we ascribe to Mo in ra t  l iver mitochondria .  Still, the  quest ion whether  
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EPR detectable Mo is a component of electron transport in rat liver mitochondria has 
not been completely resolved. An approach that can be taken is to determine the 
change of intensity of the EPR near g = 1.96 during electron flow ~4 and to correlate 
these findings with the kinetics of electron transport studied optically ~s. The inherent 
difficulty of such an experiment is due to the limits of the EPR technique. The 
g -- 1.96 resonance observed by us in rat liver mitochondria is extremely weak and 
furthermore, lies in a region of magnetic field containing resonances from many 
paramagnetic species. A significant improvement in the EPR spectrometer signal 
to noise ratio may make such experiments tenable and the question concerning the 
role of Mo in mitochondrial electron transport can then be settled. 
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