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SUMMARY 

The respiratory chain of Micrococcus lysodeikticus membranes Call be disrupted 
by detergents into two blocks, one of which contains malate and NADH dehydro- 
genases with cytochrome bs~ 6 and the other cytochromes b56o, c55 o and a6o 1. These 
blocks maintain their functional activity, exhibiting various degrees of bonding within 
the meulbrane. Hydrophobic interactions being weakened, the substrate portion of the 
chain is solubilized more readily than the terminal one. 

INTRODUCTION 

Studies on the fragmentation of biological membranes by detergents and sol- 
vents, as well as water, salts, chelating agents and urea, give evidence that hydropho- 
bic interactions play a maj or role in the stabilization of biological membranes 1, 2. This 
conclusion finds support in the data on a high content of non-polar amino acids in 
membrane proteins3, 4. The concept that hydrophobic interactions are important in 
maintaining tile structural organization of biological membranes is as yet too general 
and needs to be specified in application to various types of membrane and particularly 
to the bonding of components in the membrane. 

Bearing this in mind, we have made on attempt to evaluate the role of hydro- 
phobic interactions in the arrangement of respiratory chain components of M. lyso- 
deikticus membranes, regarding them as markers whose bonding ill the membrane and 
capacity for interaction may help assess both the forces stabilizing the respiratory 
chain as such and its interactions with adjacent components of the membrane. 

Direct methods of measuring the value of hydrophobic interactions in the mem- 
brane being unavailable, we have tried to assess them indirectly, investigating the 
detergent fragmentation of the membrane and properties of the fragments obtained. 
With this purpose, membranes of M. lysodeikticus were treated with Tween-8o, 
sodium cholate, sodium deoxycholate, Triton X-Ioo and sodium dodecylsulphate. 
The fragmentation of membranes was evaluated by the distribution of fragments 
during centrifugation as well as by their content, and the interactions within them, of 

Abbreviations: TMPD, te t ramethyl  p-phenylenediamine;  DCIP, 2,6-dichlorophenolindo- 
phenol. 
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marker proteins, i.e. cytochromes %0~, b~56, bs6o, C55o, malate and NADH dehydro- 
genases. In addition to these components constituting not more than lO-15 % of total 
proteins in the membrane, the content of total protein was measured, and lutein was 
assayed to serve as a marker of the lipid phase. 

METHODS 

24-h cultures of M. lysodeikticus, Flemming strain, were used. Bacteria were 
grown in the medium containing beef-extract broth in erlenmeyer flasks at 37 ° with 
shaking. By the time of harvesting, bacteria were in the stat ionary growth phase; they 
were harvested by centrifugation, washed and stored at - -4  ° not longer than lO-12 
days. The bacteria were lysed, and all other procedures were performed in 0.04 M 
Tris-HC1 buffer (pH 7-4), containing I .  1o -a M MgSO 4. Lysis was carried out at 37 ° for 
30 rain in the medium containing IO ml buffer per g of cell biomass (humidity 75 °o), 
I m g  lysozyme and o. 5 mg deoxyribonuclease. Membranes were collected from the 
lysate by centrifugation at 22 ooo × g for 30 min and twice washed from the cypto- 
plasm. This resulted in a mixture of mesosomal and cytoplasmic membranes whose 
electron micrographs were published previously 1. 

The membranes were homogenized in the buffer by a teflon pestle to obtain a 
homogeneous suspension. To the suspension of membranes containing 2-2.5 mg pro- 
tein per ml and aliquot was added of 2 o,~o (or o.8 °',̀ , of dodecyl sulphate) of the deter- 
gent solution prepared in the buffer. The mixture was incubated for 3o rain at 25 ° (2 °o 
of the deoxycholate solution (pH 7.8)), and the suspension was centrifuged at 22 ooo 
x g for 3o rain; the resultant supernatent fraction was centrifuged at 144o0o x g for 
6o rain. Thus, the fraction of large particles (22 ooo × g), the fraction of small particles 
(144oo0 x g) and that  of solubilized material (144ooo × g supernatant) were ob- 
tained. In some experiments 1440oo x g particles were derived directly, the centrifu- 
gation at 22oo0 × g being omitted. In all fractions the activity of oxidases and dehy- 
drogenases was determined, and concentrations of cytochromes, lutein and protein 
were measured. 

NADH oxidase and malate oxidase. Malate and NADH oxidation were deter- 
mined polarographically on a closed platinum electrode in a cell specially designed by 
SCHOLTZ AND OSTROVSK¥ 5. Tris buffer (1.2 ml) contained malate (3 mM) or NADH 
(o.8 raM, obtained from Calbiochem Co.) and membranes or their fragments amoun- 
ting to o.3-I.O nag protein per ml of the sample. The activity of malate and NADH 
oxidases is expiessed as #moles 02 consumed per min per nag protein. 

Ascorbate oxidase. The activity of the cytochrome oxidase fragment of the elec- 
tron transport chain ( c - - a - - - Q )  was measured polarographically, using ascorbate 
(3 raM) as electron donor in the presence of o.I mM tetramethyl  p-phenylenediamine 
(TMPD) 

Malate and NADH dehydrogenases were measured by the reduction of 2,6-di- 
chlorophenolindophenol (DCIP) in a SP-4 A recording spectrophotometer. The medium 
contained DCIP (0.4 raM), malate (0.5 raM) or NADH (0.8 raM) and Tris-Mg 2+ buffer. 
The final volume was 4 ml. The protein concentration varied from 0.005 to 0.03 mg 
protein per ml. The dehydrogenase activity is expressed in ffmoles substrate oxidized 
per rain per nag protein. 

Cytochrome assay at room temperature was performed in a DSP-2 difference 
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spectrophotometer. The content of cytochromes a6ol, b~56 + b560, %~o was calculated 
according to the method of LISENKOVA AND MOKHOVA 6 and MOKHOVA 7. The wave- 
lengths used for determination of the absorbance (~IA) of the above cytochromes as 
well as the coeffkcients of millimolar extinction were published previously 1. For chemi- 
cal reduction of membrane cytochromes, dithionite at a concentration of I mg/ml was 
added. In the presence of dithionite, cytochromes a and c were completely reduced 
within 1-2 mill, whereas cytochromes b, as determined by their total peak, were re- 
duced only within 5-7 rain. 0.5 mM menaquinone (menadione, vi tamin K3) accelerated 
the complete reduction of cytochromes b556 + bs, 0. Therefore, in all subsequent ex- 
periments that  required complete chemical reduction the membrane suspension was 
supplemented with dithionite and menaquinone added in ethanol, the final ethanol 
concentration being 1%. 

The substrate reduction of cytochromes was recorded using malate (5 raM), 
NADH (2 raM) or ascorbate (3 raM) in the presence of TPMD (o.I raM). 

Cytochrome assay at liquid nitrogen temperature was conducted in a low-tempera- 
ture difference spectrophotometer s. Procedures of the assay using a low-temperature 
spectrophotometer were described in detail previously 9. 

Protein content was determined according to LOWRY et al. ~° and the calibration 
curve was plotted using crystalline bovine albumin (Koch-Light). 

Lutein was measured on a DSP-2 spectrophotometer. Fig. I. shows that  the 
spectrum of lutein in the membrane suspension has three absorption peaks (480, 455 
and 425 rim). However, the lutein content was determined using only the first two 
peaks (480 and 455 nm), since the value of the 425-nm peak depends on the contribu- 
tion of the cytochrome y-band. Lutein was calculated from the following three points 
of the spectrum: 500, 480 and 47 ° n m  or 47 o, 455 and 440 nm according to the pro- 
cedure used for measuring cytochromes in aqueous suspensionse, 7. 

The experiments were carried out using sodium cholate, Tween-8o, sodium 

/ I T I00  !?0 4~0 

I I I | I I I ! | 

Fig. i.  Lute in  spec t rum in membrane  suspension. Pro te in  concentra t ion o.2 mg/ml ;  optical  pa th  
Icm;  comparison cuvet te  conta ined Tris buffer. 
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T A B L E  I 

DISTRIBUTION OF PROTEIN AND LUTEIN DURING DETERGENT FRAGMENTATION OF MEMBRANES 

The  t a b l e  p r e s e n t s  a v e r a g e  v a l u e s  d e r i v e d  f r o m  3 - 4  t e s t s  w i t h  e a c h  d e t e r g e n t .  T i le  n u l n b e r s  in  
p a r e n t h e s e s  s h o w  t h e  l o w e r  a n d  u p p e r  l i n l i t s  of t h e  d a t a  s c a t t e r i n g .  D i s t r i b u t i o n  of p r o t e i n  a n d  
l u t e i n  is e x p r e s s e d  as  p e r c e n t a g e  of p r o t e i n  a n d  l u t e i n  in  p a r e n t  n l e m b r a n e s .  

Fraction Detergent 

Tween-8o Sodium c.holate Sodium deoxy- Triton X-roe  Dodecylsulphate 
(I o/) (I %) cholale (z %) (z %) (o.4%) 

Protein Lutein Prolein Lutein Protein Lulein .Protein Lutein Protein Lutein 

P a r t i c l e s  56 97 4 ° 55 
(22000 × g, (5 ° 62) (23-5  o) 

3 ° ra in)  

P a r t i c l e s  5 2 I i 37 
(144000  × g, (o5-16)  

60 rain) 

S u p e r n a t a n t  31 5 .5 ° 18 
(144000  X g, (25-38)  (41-59)  

6o min )  

8 o 5 o o o 

lO o I i  I o o 

80 IOO ~I 93 i o o  ioo  

dodecyl sulphate and Triton X-Ioo obtained from the Schuchardt Co. and deoxycholic 
acid obtained from the Merck Co. 

RESULTS 

Summarized data on the fragmentation of M. lysodeikticus membranes under 
the influence of different detergents are presented in Table I which gives numerical 
values of the distribution of protein and lutein among large particles (22ooo × g), 
small particles (144000 x g) and supernatant fraction (144000 × g). 

While the accumulated data were being analyzed, certain peculiarities of tile 
effect of various detergents on the membrane were found. During the procedures em- 
ployed the detergents tested solubilized the membrane in a different manner. Thus, 
after t reatment  of the membrane with Tween-8o the pellets contained 7 ° % of protein, 
i.e. this detergent solubilized 3 ° % of the protein whereas cholate solubilized about 
5o O//o. This degree of lnembrane solubilization in Tween-8o and cholate is maximal, 
since repeated extraction with Tween-8o as well as 3 0o cholate resulted in no additio- 
nal protein yield. In conlparison with Tween-8o and cholate three other detergents 
affected the membrane in a more aggressive way, solubilizing all (dodecyl sulphate) or 
nearly all (8o % in deoxycholate, Triton X-Ioo) the membrane protein. Therefore, the 
detergents tested may  be arranged in a sequence where the mildest solubilizing agent 
is Tween-8o; moderate, cholate; strong, Triton X-ioo and deoxycholate; and, most 
effective, dodecyl sulphate. 

Solubilization of membranes with detergents of different strengths results in the 
formation of fragments that  differ in the protein : lutein ratio. Thus, Tween-8o, mildly 
affecting the membrane, extracts from it approximately one-third of lutein-free pro- 
tein. On the other hand, 144ooo ;4 g particles, remaining after membrane solubiliza- 
tion with Triton X-Ioo or deoxycholate, contain approx. 2o °'o of lutein-free protein. 
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Since lutein may act as a marker of the lipid distribution n, a difference in the protein: 
lutein ratio in membrane fragments may be indicative of differences in the binding 
degree of proteins and lipids within the membrane which can be detected upon treat- 
ment with various detergents. Without going into details of the different effects of 
detergents on the membrane, it should be noted that all detergents split membranes 
mainly into fragments that cannot be sedimented at 144ooo × g, the proportion of 
small particles (I44ooo × g pellet) being insignificant. 

In order to give a more detailed characterization of weakly and firmly fixed 
membrane proteins, we have attempted to elucidate the effect of the above detergents 
on the respiratory chain enzymes. In this connection, functional disturbances in the 
respiratory chain of detergent-treated membranes were examined first. Membrane 
treatment with Triton X-Ioo, cholate or deoxycholate inactivated malate and 
NADH oxidases, whereas Tween-8o caused practically no changes in the function of 
these systems (Table II). 

T A B L E  I I  

EFFECT OF DETERGENTS ON THE RESPIRATORY CHAIN ENZYMES OF MEMBRANES 

Specific a c t i v i t y  of the  enzymes  in m e m b r a n e s  before the  t r e a t m e n t  was as follows: oxidases  
(#moles  0 2 absorbed / ra in  per  mg protein) ,  ma la t e  o.21, N A D H  o.17, ascorbate ,  TMPD o . i i ;  
dehydrogenases  (/zmoles subs t r a t e  ox id ized /min  per  mg protein),  m a l a t e  0.23, N A D H  o.45. 

Enzyme Detergent 

Tween-8o Sodium Triton Sodium 
cholate X-zoo deoxycholate 

Activity as percentage of the initial activity 

Mala te  oxidase  ioo  9 7 o 
N A D H  oxidase  85 - 14 io  
Ascorbate ,  TMPD oxidase  91 lO8 ioo 57 
Mala te  dehydrogenase  75 13o 183 8 
N A D H  dehydrogenase  18o 36o 18o 45 

Deoxycholate fragmentation of membranes was accompanied by partial or 
complete inactivation of the dehydrogenase and cytochrorne oxidase portions of the 
chain. However, inhibition of the respiratory chain of membranes incubated with 
cholate or Triton X-Ioo was not associated with inactivation of dehydrogenases whose 
activity (malate and NADH dehydrogenases) increased. It  was beyond our purposes 
to analyze the causes of this activation but such phenomena have been described and 
interpreted elsewhere 12. Inhibition of malate and NADH oxidases by Triton X-Ioo 
and cholate involved no inactivation of the cytochrome oxidase segment of the chain. 
This suggests that the above detergents damaged the respiratory chain between the 
substrate and terminal portions. 

The site of the damage of the respiratory chain was found by comparing cyto- 
chromes of intact and Triton X-Ioo- or cholate-treated membranes. With each deter- 
gent similar results were obtained; therefore, only the data concerning the Triton 
X-ioo effect are presented here (Fig. 2). The quanti ty and complement of cytochromes 
coincide in the intact and detergent-treated material which is confirmed by the spectra 
of dithionite-reduced preparations. Ascorbate spectra and ascorbate oxidase data 
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(Table II) suggest that electron transport in the eytochrome oxidase segment remains 
undisturbed. However, the spectrum of cytoehrome reduction by malate and NADH 
in Triton X-Ioo membranes is significantly changed, and at room temperature instead 
of the usual complement of b-, c- and a -type cytochromes only one component is re- 
duced which absorbs in the range of b-type cytochromes (Fig. 2A). Low-temperature 
spectrophotometry of Triton X-Ioo membranes has demonstrated that malate reduces 
only one of the two b-type cytochromes: cytochrome b.5.~6 (Fig. 2I}). The occurrence in 
intact M. lysodeikticus membranes of two cytochromes b namely b~ 6 and b560 in low- 
temperature spectra has previously been reported 9. 

"[AA W 

i°' ' ' 

J II  \\ ~ ' , / ' ~  ~lX ' ~ . - ~  

t.~M $50 .,7'0 ,~90 6/0 .~.~O 550 $70 590 GfO $40 $.YO $60 $~'0 
- - ~  nm 

Fig .  2. C y t o c h r o m e s  of m e m b r a n e s  be fo re  a n d  a f t e r  T r i t o n  X - i o o  t r e a t m e n t .  A a t  20 °; t3 a t  - -  17 ° °. 
P r o t e i n  c o n c e n t r a t i o n  I m g / m L  

Both eytoehromes in intact membranes are uniformly reduced by malate 
(Fig. 21}); this suggests that the contribution of each cytochrome to the total peak 
( b ~  + b~)  in the sprecta recorded at 20 ° is the same. The fact that upon malate re- 
duction tile peak b~56 value in the detergent-treated material constitutes half the total 
peak of cytochromes b in intact membranes (Fig. 2, Table V) suggests that in Triton 
X-Ioo- or cholate-treated membranes all the cytoehrome b556 is reduced quantitative- 
ly. This implies that the site of malate oxidase inactivation by these detergents lies 
between cytochromes b~56 and b~6o. Similarly, the block in NADH oxidase also reflects 
an inactivation at a point located on the 02 side of b~ .  Deoxycholate also inactivates 
a given locus of the respiratory chain since NADH reduces only one cytochrome b~56 
in the detergent-treated membranes. Dodecyl sulphate disrupted membrane cyto- 
chromes, thus being unsuitable for our purposes. This pllenomenon has been described 
for cytoehromes elsewhere 13. 

One possible cause underlying the detergent inactivation of the respiratory 
chain may be spatial uncoupling of its components. To verify this idea, the detergent 
material was centrifuged at 144ooo X g for 60 rain and the distribution of dehydroge- 
nases and cytoehrome oxidase in the pellet and supernatant was analyzed (Table III). 

As expected, the particles remaining after Tween-8o treatment of membranes 
contain all enzymes of the respiratory chain, only NADH dehydrogenase showing par- 
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T A B L E  I I I  

DISTRIBUTION OF DEHYDROGENASES AND ASCORBATE OXIDASE DURING DETERGENT FRAGMENTA- 
TION OF MEMBRANES 

E a c h  d e t e r g e n t  w a s  u s e d  in  3 - 4  t e s t s ,  t h e  t a b l e  g i v i n g  t h e  r e s u l t s  of  o n e  of  t h e m .  P a r t i c l e s  a n d  t h e  
s u p e r n a t a n t  w e r e  o b t a i n e d  a t  1 4 4 0 0 0  )< g f o r  60  r a in .  T h e  e n z y m e  a c t i v i t y  of  e a c h  f r a c t i o n  is ex -  
p r e s s e d  as  spec i f ic  a c t i v i t y  X m g  p r o t e i n  of t h e  f r a c t i o n .  IOO m g  p r o t e i n  of m e m b r a n e s  w e r e  u s e d  i n  
t h e  f r a g m e n t a t i o n .  T h e  m a l a t e  d e h y d r o g e n a s e  a c t i v i t y  of  i o o  nag p a r e n t  m e m b r a n e s  w a s  2 3 / ~ m o l e s  
o x i d i z e d  s u b s t r a t e  p e r  r a i n  ; t h e  N A D H  d e h y d r o g e n a s e  a c t i v i t y ,  45 a n d  a s c o r b a t e  o x i d a s e ,  I I .  T h e  
a c t i v i t y  o v e r  t h e s e  v a l u e s  r e f l ec t s  d e t e r g e n t - i n d u c e d  s t i m u l a t i o n  w h i l e  t h e  r a t e  b e l o w  t h e s e  v a l u e s  
s h o w s  i n h i b i t i o n .  

Enzyme Detergent (activity per fraction) 

Tween-8o Sodium cholate Triton X-zoo Sodium deoxy- 
cholate 

Part- Super- Part- Super- Part- Super- Part- Super- 
ides natant icles natant icles natant icles natant 

M a l a t e  d e h y d r o g e n a s e  26  I 3 18 o 59  o i 
N A D H  d e h y d r o g e n a s e  43 12 - - -  o 49  o 12 
A s c o r b a t e  o x i d a s e  i o  o i o  I 6 5 2 3 

tial solubilization. On the contrary, cholate splits the respiratory chain very specifi- 
cally, solubilizing malate and NADH dehydrogenases and leaving active cytochrome 
oxidase in the particulate pellet. Triton X-Ioo, producing a very strong solubilization 
of membranes, transfers to the supernatant not only malate and NADH dehydroge- 
nases but also a portion of the membranes' cytochrome oxidase. Nevertheless, about 
half the cytochrome oxidase remains in the particles which preserve only lO-15 % of 
the total protein of the membrane. Sodium deoxycholate solubilizes enzymes of the 
chain similarly to the Triton X-Ioo effect but the enzyme activity is inhibited comple- 
tely or partially. Distribution of cytochromes during detergent fragmentation of 
membranes is indicated in Table IV. 

The data show that cytochromes are bound within membranes by relatively 
strong hydrophobic interactions that cannot be destroyed by every detergent. The 

T A B L E  I V  

CYTOCHROME DISTRIBUTION DURING DETERGENT FRAGMENTATION OF MEMBRANES 

T h e  c o n t e n t  o f  c y t o c h r o m e s  in  t h e  f r a c t i o n s  is e x p r e s s e d  in  /~moles  × lO -8 i n  t h e  g i v e n  f r a c t i o n  
a n d  c a l c u l a t e d  f r o m  d i f f e r e n c e  s p e c t r a  of  t h e  d i t h i o n i t e - r e d u c e d  p r e p a r a t i o n  a g a i n s t  t h e  o x i d i z e d .  
O t h e r  c o n d i t i o n s  a r e  d e s c r i b e d  in  T a b l e  I I .  

Cytochrome Detergent 

Tween-8o Sodium cholate Triton X-zoo Sodium deoxy- 
cholate 

Part- Super- Part- Super- Part- Super- Part- Super- 
icles natant icles natant icles natant icles natant 

bs5 ~ + b560 58 o 41 7 18 4 ° i i  38 
c550 57 o 37 5 19 19 12 33 
a601 22 o ~5 3 8 6 6 14 

Biochim. Biophys. Acta, 223 (197 o) 3 2 1 - 3 3 1  



328 y . s .  G E L ' M A N  el al. 

strength of these interactions is indicated by the observation that Tween-So treatment 
fails to extract cytochromes from the membranes though it solubilizes approx. 3o % 
of the proteins. Cholate solubilizes an insignificant portion of the eytochromes but 
completely extracts dehydrogenase proteins and 5o % of the total protein (Table II). 
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Fig .  3. C y t o c h r o m e s  of  m e m b r a n e  f r a c t i o n s  a f t e r  T r i t o n  X - I o o  t r e a t m e n t ,  t ,  m e m b r a n e s  in  
T r i t o n  X - t o o ;  2, p e l l e t  a t  I 4 4 o o o  × g f o r  6o  m i n ;  3, s u p e r n a t a n t  a t  1 4 4 o o o  × g f o r  6o  m i n .  
D i t h i o n i t e  r e d u c t i o n ;  p r o t e i n  c o n c e n t r a t i o n  in  t h e  c u v e t t e  o. 7 m g / m l .  

F ig .  4. D e t e r g e n t  f r a g m e n t a t i o n  of  t h e  r e s p i r a t o r y  c h a i n  of  3 I .  lysodeikticus m e m b r a n e s .  

T A B L E  V 

SUBSTRAT]~ REDUCTION OF CYTOCHROMES b556 @ b560 IN MEMBRANE FRAGMENTS 

T h e  a m o u n t  of  s u b s t r a t e - r e d u c e d  c y t o c h r o m e s  bs~ 6 + b560 is e x p r e s s e d  i n / 2 m o l e s  X 10 -3 p e r  f r a c -  
t i o n  a n d  c a l c u l a t e d  f r o m  t i le  d i f f e r e n c e  s p e c t r a  ( r e d u c t i o n  - -  o x i d a t i o n )  r e c o r d e d  a t  20 °. 

Detergent Substrate Cytochromes b556 @ b560 

,,1Jembranes 3/Iembranes z44ooo X g, 60 rain 
before + 
treatment detergent Particles Super- 
(zoo mg natant 
protein) 

T w e e n - 8 o  M a l a t e  
N A D H  

S o d i u m  c h o l a t e  M a l a t e  
N A D H  

T r i t o n  X - J o o  M a l a t e  
N A D H  

S o d i u m  d e o x y c h o l a t e  M a l a t e  
N A D H  

- -  35 34 o 
25 27 ~4 o 
23 I I o 1I) 
I9  9 o 8 
24 12 o 14 
]O ]4  o I 6  
23 o o o 
IO 13 o 6 
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Deoxycholate and Triton X-Ioo solubilizes 5o-8o % of the membrane cytochromes. 
Particles retain not more than 2o O~/o of the eytochrome proteins which are not asso- 
ciated with lutein and contain no malate dehydrogenase. These particulate fractions 
are rich in cytochromes whose specific concentration increases 4-6 times; cytochrome 
a6o~, 1.2; cytochrome bs~ a + b56o, 3.4; cytochrome c5~ o, 3.2/,moles x IO-3/mg protein. 
The distribution pattern of cytochromes of Triton X-Ioo membranes between the 
pellet and supernatant (144ooo x g) gives evidence that during membrane solubili- 
zation b-type cytochromes behave in a different manner (Fig. 3). The short-wavelength 
cytochronle b undergoes solubilization more readily than the long-wavelength com- 
ponent whose behaviour is more like that of cytochromes c and a. The relative readi- 
ness with which cytochrome b556 undergoes solubilization can probably be attributed 
to its being a constituent of the dehydrogenase complex (Table V). The isolation pro- 
cedure and certain properties of the malate dehydrogenase-cytochrome b556 complex 
have been described previously 14. 

The solubilized complex retains its capacity of reducing cytochrome bs~ 6 by 
substrate electrons. During deoxycholate fragmentation malate dehydrogenase activi- 
ty disappears and no reduction of cytochrome b~56 occurs. 

DISCUSSION 

The experimental results obtained from detergent fragmentation of the respira- 
tory chain of M. lysodeikticus membranes may be discussed from the point of view of 
the role of hydrophobic forces in binding respiratory chain components. 

Fig. 4 gives a schematic illustration of the distribution of the functionally active 
segments of the M. lysodeikticus respiratory chain during fragmentation with different 
detergents. 

As shown by the Triton X-ioo and cholate fragmentation of membranes, the 
respiratory chain is built into the membrane so that in response to the detergent-in- 
duced weakening of hydrophobic interactions it splits off into two fragments one of 
which carries malate and NADH dehydrogenases and cytochrome ha56, and the other 
has cytochromes b~6o, c and cytochrome oxidase. Obviously it cannot be ruled out that  
such fragmentation is accompanied by solubilization of some weakly-bound compo- 
nents, e.g. vitamin K 2 (ref. 15). Our findings make it doubtful that vitamin K 2 is 
localized in the site preceding that of cytochrome b55 ~. It  seems rather difficult to 
reconcile the two contradictory observations made during detergent treatment: on 
the one hand maintenance of the functioning dehydrogenase bs~ G fragment, and on the 
other, solubilization of vitamin K 2 producing inactivation of the respiratory chain is. 

Thus, forces of hydrophobic binding are different in various segments of the 
respiratory chain : they are weakest in the locus between cytochromes bs~ 6 and b~6 o. As 
judged by the activity nmintained, ahnost complete solubilization of the membrane, 
caused for instance by Triton X-Ioo does not result in spatial uncoupling of other 
components of the chain in the substrate and terminal portions. It  is obvious that  
cytochromes bsao, %so and a601 are bound by strong hydrophobic interactions that keep 
them together and cannot be loosened by detergents in our experiments. This is also 
true for the complex of malate and NADH dehydrogenases with cytochrome b556. 

It  seems very important that after the Triton X-ioo and deoxycholate treat- 
ment, which causes solubilization of approx. 80 % of the membrane protein, the parti- 
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cles retain about 5 ° % of cytochrome oxidase, its specific activity being sharply in- 
creased. Very likely cytochromes remain in this fragment of the respiratory chain 
owing to protein-protein hydrophobic interactions. 

Thus, tile functional criterion (relationship of enzymes) suggests that tile respi- 
ratory chain of M. lysodeikticus is composed of two main blocks that can be readily 
separated in tile site between cytochromes bs~ , and b560, if hydrophobic interactions 
are weakened under the influence of a detergent. A major role in the stabilization of 
these blocks is played by protein-protein interactions. The data so far accumulated 
are insufficient to determine the size of tile blocks, their protein and lipid composition. 
Further investigation of these segments of the respiratory chain should involve puri- 
fication of the preparations required to identify the composition of the smallest func- 
tioning fragment of the respiratory chain. 

The substrate and terminal portions of the respiratory chain differ not only in 
the composition of their components but also in the degree of binding in the membrane. 
As follows from detergent-induced solubilization, the substrate block involving dehy- 
drogenases and cytochrome b~56 is fixed less firmly than the terminal block involving 
cytochromes b~ o, c~5 o and a6o~. These data cannot yet be interpreted explicitly since 
different binding of the above enzyme complexes within the membrane may be asso- 
ciated with peculiar properties of the proteins involved or its molecular environment. 
Neither of the two assumptions can be given preference at this stage of research. Expe- 
riments with the membrane fragmentation by Tween-8o yield some data on the rela- 
tionships between proteins of the respiratory chain and other proteins of the mem- 
brane. The treatment removes about 30 % of the protein containing no respiratory 
chain components. This indicates that at least one-third of the volume of the mem- 
brane is empty with respect to the respiratory chain; proteins of these empty sites are 
not in contact with the respiratory chain and are bound with membranes less strongly 
than proteins of the respiratory chain. 

Even though the respiratory chain of M. lysodeikticus is constructed from two 
blocks that differ in their enzymic composition and binding strengths within the mem- 
brane, it does not yet mean that the whole membrane is made of blocks. However, it 
may be supposed that the structural organization of the membranes carrying multi- 
enzyme systems, e.g. the respiratory chain, is to meet the requirements of assembling 
such systems. This justifies the existence of firm blocks of protein-protein or lipid- 
protein nature in these membranes. Unlike this, membranes devoid of nmlti-enzyme 
systems, for instance mycoplasma membranes, contain no firmly-bound adjacent por- 
tions because they are functionally unnecessary. This suggestion is confirmed by deter- 
gent fragmentation of membranes of both types. Triton X-Ioo or deoxycholate frag- 
mentation of membranes of mitochondria, chloroplasts and Azotobacter vinelandii 
results in the isolation of functioning fragments of the electron transfer chain TM 18. The 
treatment of mycoplasma or plasma membranes with the same detergents used in 
similar concentrations produces no lipoprotein complexes, yielding instead a mixture 
of individual proteins and lipids 19, 20 
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