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Summary 

Small-angle X-ray scattering data suggest that major but reversible 
rearrangements of mitochondrial inner membrane structure are induced by 
uncouplers. Low levels of 2,4-dinitrophenol (10 ~M) cause a perceptible 
wide-angle shift of the 20 mrad X-ray scattering maximum characteristic of 
intact liver mitochondria. Higher dinitrophenol concentrations (> 25 uM) 
reduce this scattering maximum to one-third its initial intensity. In terms of 
mitochondrial function, the former scattering change appears to correlate 
with the uncoupling of oxidative phosphorylation while the latter occurs in 
the course of dinitrophenol stimulation of mitochondrial ATPase activity. 

The small-angle scattering of Cu Ks X-rays from dense suspensions of 
rat liver mitochondria has been described in a previous report [ 1 ]. The X-ray 
scattering from mitochondria in the condensed state is intense and monotoni- 
cally decreasing in the region 0.5--5 mrad, with a diffuse maximum centered near 
20 mrad. The continuous scattering at very small angle appears to arise predomi- 
nantly from vectors in the order of thousands of Angstroms, associated with inner 
membrane shape. Deconvolution of the cristae by low-scale swelling causes 
a 90% decrease in the scattered intensity in this region. The scattering 
maximum at larger angle, on the other hand, has been shown to arise from 
smaller (80--100 A) vectors associated with the mitochondrial cristae. While 
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the latter vectors are as yet unidentified, the intensity of the 20 mrad 
maximum suggests that they constitute a prominent structural feature of the 
cristae. Significant changes in the X-ray scattering in this region should, 
therefore, be indicative of fundamental reorganizations of the inner mito- 
chondrial membrane. 

An example is the reversible change in the X-ray scattering from rat 
liver mitochondria induced by 2,4-dinitrophenol (DNP). As illustrated in Fig. 
1, preincubation of the mitochondria in DNP diminishes by two-thirds the 
integrated intensity of the diffuse maximum at 85 .~, while a single wash 
largely restores both the scattering maximum and respiratory control of the 
mitochondria. (Respiratory control ratios during succinate oxidation: 4.6 
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Fig. 1. Ef fec t  of  DNP on small-angle X-ray  sca t te r ing  f r o m  m i t o c h o n d r i a ,  (A)  Suspens ion  o f  r a t  l iver 
m i t o c h o n d r i a  (approx .  150  m g  p r o t e i n / m ] )  p r e p a r e d  b y  10 min  cen t r i fuga t ion  a t  12 0 0 0  X g in 0.3 
osM mann i to l - suc rose  + 0.1 m M  E G T A  (MSE m e d i u m )  a t  4°C.  (B) Mi tochondr i a  f r o m  the  s ame  
p r e p a r a t i o n  pe l le ted  in MSE + 100/~M DNP. (C) The  s a m e  DNP- t rea t ed  m i t o c h o n d r i a  a f t e r  resus- 
pens ion  in 100  vols. MSE and  recen t r i fuga t ion .  Mi tochondr i a  p r e p a r e d  b y  the  p roced t t re  o f  Parsons 
e t  al. [2 ]  and  scanned  wi th  a S iemens  X-ray d i f f r a c t o m e t e r ,  inc luding  a K r a t k y  s l i t -col l imated c a m e r a  
and  p r o p o r t i o n a l  c o u n t e r  d e t e c t i o n  sys tem.  Sca t te r ing  d a t a  were  c o r r e c t e d  fo r  slit g e o m e t r y  acco rd ing  
to  Lin  e t  al. [ 3 ] .  Peak  pos i t ions  (given in these  figtwes in t e r m s  of  1/r* = ~/2s in  0, wh e re  ~ is the  
wave leng th  o f  the  Cu K s X-rays,  1 .54  ,~, and  2 ~ is the  sca t te r ing  angle)  a re  es tabl ished by  sub t rac t ing  
the  s m o o t h l y  va ry ing  c o m p o n e n t s  of  the  curves  f r o m  the  m a x i m a  an d  d e t e r m i n i n g  the  cen te rs  of  t h e  
resul t ing  a p p r o x i m a t e l y  Gaussian curves.  Successive curves  in this  f igure are  sh i f ted  d o w n  by  0 .5  log 
units .  
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Fig. 2. T i t r a t i on  of  t h e  DNP- induced  X-ray sca t te r ing  changes.  Mi tochondr i a  pe l le ted  a f t e r  I 0  m i n  
i n c u b a t i o n  a t  4°C in 0 .15  M m a n n i t o l  + 0.1 m M  E G T A  + (A)  0,  (B) 2.5,  (C) 10 or  (D) 40  #M DNP. 
Succesive curves  sh i f ted  d o w n  b y  a m o u n t s  ind ica ted  b y  hash m a r k s  at  t o p  of  o rd ina te  axis. Note  that 
the X-ray sca t te r ing  m a x i m u m  in curve  A occurs  a t  smal ler  angle t h a n  t h a t  of  the  co r r e sp o n d in g  curve  
in Fig. 1. This  shif t  is charac te r i s t ic  of  the  c o n d e n s e d - t o - o r t h o d o x  conve r s ion  o f  l iver  m i t o c h o n d r i a  
[ 1 ] ,  i n d u c e d  in this  ins tance  b y  the  low osmola r i t y  of  the  susperu~on med ia .  

prior to DNP treatment, 1.0 in the presence of 100 ~M DNP and 3.2. after 
washing.) Titration of the DNP-induced X-ray scattering changes, shown in 
Fig. 2 for orthodox mitochondria, indicates that these changes are complete 
only after DNP levels are reached which completely uncouple the mitochon- 
dria (> 25/~M). In particular, the change in mitochondrial X-ray scattering 
induced by 10 ~M DNP is slight, a 2-mrad shift of the maximum to larger 
angle (Fig. 2, curve C), although this same DNP concentration is sufficient to 
reduce the respiratory control ratio of the mitochondria from 4.7 to 1.7 
during succinate oxidation. Similar changes in the small-angle X-ray scat- 
tering from liver mitochondria are also elicited by the uncoupler CCCP 
(carbonyl cyanide m-chlorophenyl hydrazone), but again the scattering 
maximum is significantly diminished only at levels CCCP above those at 
which oxidative phosphorylation is completely uncoupled (0.5--1 pM). 
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There are several biochemical events that occur in mitochondria at 
these relatively high uncoupler  concentrations. One is the stimulation of  
mitochondrial ATPase. While 25 pM DNP is sufficient to uncouple rat liver 
mitochondria completely,  half-maximal ATPase activation requires up to 80 
~M DNP [4].  Another effect  of  high uncoupler concentrations is the inhi- 
bition of  respiratory rates. However, the succinate oxidation rates of  these 
rat liver mitochondria increase continuously with DNP concentration up to 
75 ~M, i.e. well-above the levels that produce the X-ray scattering changes. 

Correlation of  the loss of  the 20 mrad X-ray scattering maximum of 
liver mitochondria with ATPase activation would be consistent with another 
observation. Namely, well-coupled mitochondria isolated from transplanted 
Reuber  H-35 hepatomas display all the X-ray scattering characteristics des- 
cribed above for normal liver mitochondria except  the loss of  the scattering 
maximum at high levels of  DNP. The absence of  uncoupler-stimulated 
ATPase activity is a well-documented defect  of  non-ascites hepatoma mito- 
chondria [4--7] .  

Formal interpretation of  these uncoupler-induced X-ray scattering 
changes is not  possible since the identity of  the mitochondrial structures 
responsible for the 20 mrad scattering maximum is not  known. There is 
some evidence (Ref. 1 and Mannella and Parsons, unpublished results) to sug- 
gest that  this maximum arises from interference among the F~-ATPase sub- 
units of  the cristae. Speculating along the lines of  such a model, the 2-mrad 
wide-angle shift of  the scattering maximum evidenced at low DNP levels 
would imply as much as a 25% increase in the packing density of  these sub- 
units. The absence of  a concomitant  change in the slope of the scattering 
curve at very small angle appears to rule out  any major change in inner mem- 
brane convolution accompanying this lateral compression of membrane com- 
ponents. The loss of  intensity from the X-ray scattering maximum observed 
at higher DNP concentrations could come about  in several ways, including 
decreases in either the number of  subunits present in the tightly-packed 
arrays of  F~-ATPase or in the electron density contrast  between the sub- 
units and their microenvironment.  The latter case would arise if, for example, 
the subunits were to move from lipid to aqueous surroundings, i.e., from the 
vicinity of the hydrocarbon core of  the inner mitochondrial membrane to 
the membrane surface [8] .  If such movement  of  the F~-ATPase were in fact 
induced by high levels of  uncoupler,  it could readily account  for the ob- 
served increase in the hydrolyt ic  activity of  the enzyme complex. 
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