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Energy-dependent  
m e m b r a n e s  

prote in  conformat iona l  t ransi t ions in mi tochondr ia l  

Since the functional characteristics of mitochondria in different respiratory 
states were described, various investigations have been directed towards the analysis 
of the gross morphological changes which accompany the transitions between these 
statesL We have attempted, therefore, to correlate these changes with transitions at 
the molecular level. Previously we have shown by solid-state infrared spectroscopy 
that the membrane proteins of rat-liver mitochondria z, unlike those of plasma mem- 
branes s, have a significant proportion of their peptide linkages in the anti-parallel 
fl-conformation. We now show that this proportion depends upon the metabolic state 
of the mitochondria. 

Rat-liver mitochondria 4 were osmotically ruptured by washing 3 times in 7 mM 
phosphate buffer (pH 7.4) 5 to reduce spectral interference by soluble mitochondrial 
substances. Such mitochondrial membranes are fully capable of supporting electron 
transport but control of respiration by phosphorylation is only about half as effective 
as in intact mitochondria 6. 

25/~1 of a suspension of lysed mitochondria (1-2 mg protein per ml) were applied 
to AgC1 discs to form a rectangular film. The suspensions were "fixed" by immersion 
in liquid N= and the frozen films lyophilized for subsequent infrared spectroscopy. 
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Fig. i .  In f rared spectra of |ysed mi tochondr ia  to show State l - S t a t e  I V  transi t ions. 2 5/AI lysed 
ra t - l i ver  mi tochondr ia  in o.t  5 M K C I - 7  mM phosphate buffer (pH 7.4) were frozen at  - -xSo ° 
after incubat ion at  25 °, w i th  (a) x5/~1 buffered KC1 for z rain ( . . . . .  ) ; (b) i o  ~u| buffered KCI  
and 5 / d  0.8 mM suoemale for x rain ( ) ; (c) 5 p l  buffered KCI  and 5/J l  0.8 mM succ;nate 
for z rain, fo l lowed by  5/41 0.8 mM K C N  for o. 5 rain ( . . . . .  ). The two  curves in each panel are 
displaced by  o.2 absorbance uni t .  A l l  add i t ions  made in buffered KCI. 
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A P e r k i n - E l m e r  Model 221 infrared spec t ropho tomete r  was used to de te rmine  spectra l  
changes in the Amide  I (coupled C = O  stretching) region of the infrared spectrum.  

In Fig. I we show the infrared spec t rum of freshly prepared ,  lysed mi tochondr ia  
lyophil ized from Resp i ra to ry  S ta te  I (excess O~; no added  subs t ra te  or ADP).  A band  
near  1655 cm -~ reflects the presence of pep t ide  in the " u n o r d e r e d "  or a-helical  con- 
formations,  or  both  ~. The shoulder  between 163o and 1645 cm -~ and the inflection 
near  169o cm -~ arise from the pept ide  in the ant i -para l le l  fl-form. 

We p romoted  the mi tochondr ia  into Resp i ra to ry  Sta te  IV (excess O 2 and sub- 
s t r a t e ;  no added  ADP) by  incuba t ion  in the presence of o.1 mM succinate before 
freezing and lyophilizing.  As shown in Fig. I, this produces a subs tan t ia l  increase in 
the  absorbance  at  163o-1645 cm -~, re la t ive  to tha t  observed in S ta te  I. In addi t ion ,  
the inflection at  169o cm -~ becomes more prominent .  The response to succinate  is 
abol ished in the  presence of IOO/~M CN-.  

To induce Resp i r a to ry  S ta te  I I I  (excess 0~, subs t ra te  and  ADP) ,  we added  A D P  
to Sta te  IV mi tochondr ia  (final concn., 0.25 mM) before freezing and lyophilizing.  
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Fig. 2. Infrared spectra of lysed mitochondria to show State IV-State  l l I  transitions. 25/~l lysed 
rat-liver mitochondria in o.I 5 M KCI-7 mM phosphate buffer (pH 7.4) were frozen at -- z8o ° 
after incubation at 25 ° with (a) 15/~l buffered KC1 for I rain ( . . . . .  ); (b) 5/~1 buffered KCI 
and 5/~l 0.8 mM succinate for I min, followed by 5/~l 2.o mM ADP for 0.5 min (-- ) ; (c) 5/,1 
0.8 m31 succinate and 5/*1 0.8 mM 2,6-dinitrophenol for I rain, followed by 5/~1 2.0 mM ADP 
for 0.5 min ( . . . . . .  ). The two curves in each panel are displaced by 0.2 absorbance unit. All 
additions made in buffered KCI. 

As shown in Fig. 2, this produces  a marked  reduct ion in the  absorbance  below 
165o cm -~ re la t ive  to tha t  in S ta te  I, and the inflection at  169o cm -~ is cons iderably  
diminished.  Ano the r  character is t ic  feature  of the S ta te  I I I  infrared spec t rum is a 
sharpening  of the band  at  165 ° cm-L  When  electron t r anspor t  is uncoupled from 
phosphory la t ion  by  adding  2,4-dini t rophenol  (o.I mM), these manifes ta t ions  of the 
S ta te  I V - S t a t e  I I I  t rans i t ions  are not  observed.  The infrared spec t rum of the pept ide  
of mi tochondr ia l  membranes  in the presence of succinate,  A D P  and 2,6-dini t rophenol  
is charac ter ized  b y  a b road  band  between 163o and 1645 cm -~ (Fig. 2) with a shoulder  
a t  165o-1655 cm-L  The 169o cm -~ inflection is ve ry  prominent .  These features indicate  
a large increase in the  propor t ion  of membrane  pept ide  in the  ant i -para l le l  fl-confor- 
mat ion ,  a p p a r e n t l y  a reflection of the  high level of uncoupled electron t ranspor t .  
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AgC1 discs supporting dried films of 5 pl 2.0 rnM ADP and 5 pl 0.8 mM 2,6- 
dinitrophenol were used in the reference path  when necessary. At the concentration 
used succinate produced no absorbance increase in the Amide I region; ADP and 
2,6-dinitrophenol caused a small increase in absorbance (c o.o2 absorbance unit) below 
167o cm -1 which then remained constant in the Amide I region. 

One explanation of the observed spectral changes is that  the proportion of 
fl-conformation in mitochondrial proteins varies with the energy flux in the electron- 
transport  and oxidative-phosphorylation paths. Alternatively, i t  is possible that  
desiccation of the membranes favors transition of some peptide into the anti-parallel 
fl-conformation. However, infrared spectroscopy of lysed mitochondria in IHzO sus- 
pension has confirmed the presence of protein in the/3-conformation. In addition, 
dry films of plasma and ergastoplasmic membranes from various sources do not nor- 
mally show evidence of fl-conformation 3. Furthermore, if lyophilized mitochondria 
are slowly rehydrated, they exhibit identical 2,6-dinitrophenol-stimulated ATPase 
activity to control mitochondria, indicating that  lyophilization does not irreversibly 
uncouple phosphorylation from respiration. 

The observed spectral changes could reflect the behavior of one or more mito- 
chondrial membranes and/or matrical proteins. However, osmotic lysis elutes a large 
proportion of the latter*. We therefore suspect that  State I - S t a t e  IV and State I V -  
State I I I  transitions involve reversible changes of secondary structure in some mito- 
chondrial membrane proteins. One can conjecture that these proteins possess peptide 
regions which can fold into (and out of) the fl-structure with certain metabolic tran- 
sitions. In the absence of electron transport, these ~oeptide regions would be predomi- 
nantly in "unordered" and/or helical array. In the presence of electron transport, 
but in the absence of coupled phosphorylation, the labile peptide regions are promoted 
into the anti-parallel fl-conformation. Initiation of phosphorylation, however, favors 
a decrease in the percentage of protein in the fl-conformation. 
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