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Summary 

The exposure of proteins at the surface of isolated chromatophores  (i.e., 
the cytoplasmic face of  intracytoplasmic membranes) of R h o d o s p i r i l l u m  
r u b r u m  was studied by proteolysis as well as by enzymatic iodination with 
J:sI. Analyses were performed after polyacrylamide gel electrophoresis of 
chromatophore  proteins solubilized with sodium dodecyl sulfate. Reversible 
light induced pro ton  uptake by partially digested chromatophores  was used as a 
criterion for the integrity of the permeabili ty barrier and thus, as evidence for 
proteolysis only of proteins outside of  this barrier. Trypsin or a-chymotrypsin  
completely cleaved four  proteins which were identified as the heavy subunit of 
succinate dehydrogenase (M~ = 64 000), the a- and ~-subunits of  coupling 
factor ATPase (Mr = 55 000 and 51 000), and the heavy (H) subunit of  photo- 
chemical reaction centers (Mr = 31 000). a-Chymotrypsin,  in addition, at tacked 
the protein (M~ = 9000) of light harvesting bacteriochlorophyll  preparations. 
By enzymatic  iodination, the same proteins were labeled as were digested with 
trypsin or a-chymotrypsin  except  for the protein of Mr = 9000. In addition, 
significant label was incorporated into three more proteins, one of which (Mr = 
41 000) could be identified as a major protein of the cell wall. The complete  
cleavage with trypsin of four  proteins exposed at the surface indicated that iso- 
lated chromatophores  were homogeneously oriented regardless of  the method 
employed for cell breakage, i.e., passage through a French pressure cell at dif- 
ferent  forces or osmotic shock of sphaeroplasts. 

Introduction 

The photosynthe t ic  apparatus of photo t rophic  bacteria is largely localized in 
intracytoplasmic membranes. Upon cell homogenizat ion,  the cont inui ty  of the 



451 

intracytoplasmic membrane system is broken down into vesicles known as 
chromatophores  [1].  Studies on the light-dependent formation of  proton 
gradients have indicated that the orientation of the membrane system of intact 
cells is opposite to that of  isolated chromatophores  [2,3]. In other words, 
chromatophores  which are responsible for the formation of net proton 
gradients represent inside-out vesicles. Thus, localization of proteins at the 
outer  face of chromatophores provides a means of  localizing proteins at the 
inner or cytoplasmic face of the intracytoplasmic membrane system of whole 
cells. 

While it is known for many organisms that the majority of membrane 
proteins are exposed at the inner or cytoplasmic face of  cellular membrane 
systems [4--6] little is known about  the arrangement of  proteins in the 
chromatophore vesicles of phototrophic  bacteria. The knowledge that is 
available focuses primarily on complete functional units rather than on the 
individual membrane proteins which are detectable after polyacrylamide gel 
electrophoresis of  membranes in the presence of sodium dodecyl sulfate. Reed 
and Raveed were the first to conclude that ATPase was exposed at the outside 
of  chromatophores  of  Rhodopseudomonas sphaeroides [7].  Subsequently,  
photochemical  reaction centers were also localized at the outside of 
chromatophores [8--11].  However, investigations to identify which of the 
three subunits, designated heavy (H), intermediate (M) and light (L), of  reac- 
tion centers were exposed led to somewhat  conflicting results. Incubation of 
chromatophores  of  Rps. sphaeroides with antisera against either the H sub- 
unit or the L - M  complex indicated that both entities were exposed at the 
outside [8--10].  On the other hand, enzymatic iodination of  chromatophores  
of  Rhodospirillum rubrum revealed that only the H subunit  was accessible from 
the outside [11].  

One complication which must be kept  in mind when doing research on the 
molecular architecture of isolated membrane fractions is the possibility that  
different methods of  cell breakage will create differently oriented membrane 
vesicles [4,12].  Accordingly, membrane preparations may contain right-side- 
out  and/or inside-out vesicles as well as vesicles which have lost asymmetry 
after translocation of proteins from one side to the other [ 12]. 

With this background, the present paper describes the localization of 
membrane proteins at the outer  face of chromatophores,  that is to say, the 
cytoplasmic face of the intracytoplasmic membranes of  cells of  R. rubrum. 
Since enzymatic digestion of membrane proteins was employed as the principal 
method of investigation, the results also present information on the orienta- 
tion of  isolated chromatophore  vesicles. 

Materials and Methods 

R. rubrum, strain FR1 (DSM-No 1068), was cultivated under phototrophic  
conditions on malate medium as described previously [13].  In order to radio- 
actively label membranes U-14C-labeled protein hydrolyzate (Radiochemical 
Centre, Amersham, U.K.) was added to the culture medium (50 pCi/100 ml). 
Cells were harvested at the end of  the logarithmic phase of  growth, washed 
with Tris • HC1 buffer {0.02 M; pH 7.6) containing EDTA (3 mM) and, unless 
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stated otherwise, homogenized in the same buffer  by two passages through a 
precooled French pressure cell at 16 000 lb/inch 2. Particles in the 15 900 ~ g 
(20 min) supernatant  were sedimented at 144 000 X g (60 min). The resultant 
crude membrane fraction was resuspended in Tris • HC1 buffer (without  EDTA) 
and 2.0-ml portions were layered on top of stepwise gradients (5 ml 1.5 M, 
5 ml 1.2 M, 10 ml 1.0 M, 5 ml 0.6 M sucrose in Tris • HC1 buffer).  Gradients 
were run for 90 min at 113 000 × g [ 14]. Material banding in 1.0 M sucrose 
was collected and used as the chromatophore  fraction. For sphaeroplast forma- 
tion, cells of R. rubrum were suspended with Tris .  HC1 buffer  supplemented 
with EDTA (3 mM), hen egg lysozyme (7 ~M) and sucrose (0.3 M) and 
incubated for 30 min at 37°C. Following this the sphaeroplast suspension was 
diluted by addition of 1 vol. of  ice-cold distilled water. After 10 min the 
osmotically shocked sphaeroplasts were sedimented and the resulting super- 
natant  was centrifuged for 60 min at 144 000 Y g in order to sediment the 
chromatophores .  The chromatophore  fraction was fur ther  purified by sucrose 
density gradient centrifugation as described above. Cell wall fractions were 
isolated as previously described [ 14]. For  digestion of  proteins chromatophores  
were incubated with trypsin (33 unit /mg) or a-chymotrypsin  (75 unit /mg) at a 
constant  pH of  7.5 in Tris .  HC1 buffer  for 30 min at 37°C. Controls were 
incubated wi thout  enzymes.  The reactions were stopped by addition of 
identical amounts  of soybean trypsin inhibitor plus 2% aprotinin in Tris • HC1 
buffer  [15].  The reaction system was incubated another  10 min at 37°C and 
washed once with buffer.  Fur ther  details will be given in Results. 

Light-dependent  formation of pro ton  gradients was followed in a reaction 
mixture according to Gromet-Elhanan and Briller [16] (200 mM NaC1/40 pM 
phenazine methosulfate/60t~M sodium ascorbate/1 ~M 2-heptyl-4-hydroxy- 
quinoline N-oxide). Intensity of incandescent light was 1 • l 0  S erg • cm -~ • s -1 
Chromatophores  for these experiments were digested with either trypsin or 
a -chymotryps in  in distilled water at a constant  pH of  7.0. In this case reactions 
were not  stopped with inhibitors. Enzymatic  iodination of membrane protein 
(2 mg) was performed in the presence of 1 unit  of lactoperoxidase (160 unit /  
mg) 1 unit  of  glucose oxidase (210 uni t /mg)/0 .003 mmol of glucose/0.01 ~mol 
of NaI/250 pCi l:sI (IMS. 30, Amersham, U.K.) per ml of 0.05 M sodium phos- 
phate buffer (pH 7.6) [17].  The reaction mixture was incubated at 30°C and 
terminated after 30 min by addition of 0.1 M sodium azide [18].  Iodinated 
membranes were washed twice by centrifugation (113 000 Y g, 60 min) with 
sodium phosphate buffer plus 0.01 mM NaI. 

Coupling factor ATPase and photochemical  reaction centers were isolated 
from membranes of the wild type  and the blue-green mutant ,  strain VI, respec- 
tively, according to published methods [19--21] .  For solubilization and 
purification of succinate dehydrogenase the method of Hatefi et al. [22] was 
modified as follows. Chromatophores  were washed once with 0.02 M Tris • HC1 
buffer  (pH 7.6) plus 1 M NaBr. The chromatophores  were resuspended in Tris • 
HC1 buffer plus 1 M NaI and incubated for 30 min at 4°C. The mixture  was 
then diluted with 5 vols. of Tris • HC1 buffer  and centrifuged at 113 000 ~ g 
for 60 min. The resulting supernatant  was fractionated as described [22].  
Sodium dodecyl sulfate polyacrylamide gel electrophoresis on slab gels was 
carried out  as described before [21,23].  Detect ion of labeled proteins on dried 
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polyacrylamide gels was most effective by means of autoradiography (Kodak, 
Kodirex-Xray-film). 

Determination of protein and bacteriochlorophyll was done as described 
before [ 24]. Aprotinin and 2-heptyl-4-hydroxy-quinoline N-oxide was obtained 
from Sigma Chemical Co., St. Louis, Missouri. Trypsin, a-chymotrypsin, soy- 
bean trypsin inhibitor, lactoperoxidase and glucose oxidase were obtained from 
Boehringer, Mannheim, G.F.R. Lysozyme and chemicals for polyacrylamide gel 
electrophoresis were from Serva Entwicklungslabor, Heidelberg, G.F.R. 
Activities of the purchased enzymes and conditions of the assays are given by 
the respective producers. Molecular weights (Mr) of proteins were determined 
on 10% polyacrylamide gels (N,N'-methylenebisacrylamide, 0.27%) by com- 
parison with standards. 

Results 

Proteolytic digestion of chromatophore proteins. Chromatophores of R. 
rubrum were incubated with different amounts of trypsin or a-chymotrypsin 
and the digestion of proteins was estimated after polyacrylamide gel electro- 
phoresis of membranes solubilized in the presence of sodium dodecyl sulfate 
[21,23]. Fig. 1 shows membrane protein patterns obtained after trypsin treat- 
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Fig. 1. C o n c e n t r a t i o n  d e p e n d e n c e  of  t ryps in  diges t ion of  c h r o m a t o p h o r e s .  C h r o m a t o p h o r e s  of  R. r u b r u m  
were  i n c u b a t e d  wi th  t ryps in  at  37°C for  30  rain.  The  reac t ions  were  t e r m i n a t e d  by  add i t ion  of  s o y b e a n  
t ryps in  i nh ib i to r  (1 rag p e r  rng of  t ryps in )  a nd  apro t in in  to a final c o n c e n t r a t i o n  of  2%. A f t e r  the  incuba-  
t ion  a t  37°C had  been  e x t e n d e d  for  10 ra in ,  c h r o m a t o p h o r e s  were  s e d i m e n t e d  by  cen t r i fuga t i on  an d  
washed  once wi th  buf fe r .  C h r o m a t o p h o r e s  were  t hen  solubi l ized wi th  sod ium d o d e c y l  sulfa te  an d  
sub jec ted  in quan t i t i es  of  50 #g  to e lec t rophores i s  on  15% p o l y a c r y l a m i d e  ( N , N ' - m e t h y l e n e b i s a c r y l a m i d e ,  
0 .41%)  gels. Pro te ins  were  s ta ined wi th  Cooraassie  Blue. Tryps in  c o n c e n t r a t i o n s  p e r  rag of  m e m b r a n e  
p r o t e i n  were :  a. u n t r e a t e d  con t ro l ;  b° 0.1 mg ;  c,  1.0 rag;  d ,  5.0 rag;  e, u n t r e a t e d  P rep a ra t i o n  of  p h o t o -  
chemica l  r eac t ion  cen te r .  
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ment.  As compared with the control (Fig. la)  a concentration of  at least 1 mg 
of  trypsin per mg of membrane protein was required to lyse the proteins 
denoted with an arrow (Fig. lc ) .  Coelectrophoresis of  a photochemical  reac- 
tion center preparations (Fig. le )  revealed that one of  the digestable membrane 
proteins migrated exactly at the position of  the heavy (H) subunit of  reaction 
centers. At higher concentrations trypsin also was able to attack the inter- 
mediate (M) and light (L) subunits. The intensities of  both bands decreased 
and since identical amounts  of  membrane protein originally incubated with 
trypsin were applied on top of  the gels for electrophoretic separation, this can 
be taken as a roughly quantitative estimation. Identically the same membrane 
proteins were digested with a-chymotrypsin as with trypsin (Fig. 2). Better 
separation of  slow migrating proteins allowed the identification of  one more 
digestible protein. Unlike the results obtained with trypsin, a protein exhibiting 
the highest motil ity was also digestable with a-chymotrypsin.  This protein, 
with a molecular weight of  9000,  was shown before to be associated with the 
light harvesting bacteriochlorophyll moiety  in R. rubrum chromatophores 
[21 ,25 ,26] .  While this protein vanished with increasing amounts of  chymo- 
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Fig.  2 .  C o n c e n t r a t i o n  d e p e n d e n c e  o f  ~ - c h y m o t r y p s i n  d i g e s t i o n  o f  c h r o m a t o p h o r e s .  C o n d i t i o n s  w e r e  the  
same  as in Fig .  1 .  ~ - C h y m o t r y p s i n  c o n c e n t r a t i o n s  per  m g  o f  c h r o m a t o p h o r e  p r o t e i n  were :  a, u n t r e a t e d  
c o n t r o l ;  b,  0.1 rag;  c ,  1.0 rag;  d ,  5 .0  rag;  e,  u n t r e a t e d  p r e p a r a t i o n  o f  p h o t o c h e m i c a l  r eac t ion  cen ter .  

Fig .  3 .  C o - e l e c t r o p h o r e s i s  o f  a, u n t r e a t e d  c h r o m a t o p h o r e s ;  b ,  t r y P s i n i z e d  c h r o m a t o p h o r e s  (1 m g  o f  
t ryps in  p e r  m g  o f  c h r o m a t o p h o r e  p r o t e i n ) ;  c ,  c o u p l i n g  f a c t o r  A T P a s e ;  d ,  s u c e i n a t e  d e h y d r o g e n a s e .  The  

c o n c e n t r a t i o n  o f  a c r y l a m i d e  w a s  10%. T h e  n u m b e r s  d e n o t e  m o l e c u l a r  w e i g h t s .  
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trypsin a new, slightly faster-migrating protein began to appear. This could 
already be observed at a concentration of 0.1 mg of ~-chymotrypsin per mg of 
membrane protein. Also, it should be noted that for a complete digestion of 
reaction center protein H, higher amounts of ~-chymotrypsin than of trypsin 
were necessary, although the specific activity of ~-chymotrypsin was about 
twice as high as that of trypsin. For a better separation and identification of 
proteins of higher molecular weight, electrophoresis was performed on 10% 
polyacrylamide gels (Fig. 3). In addition, chromatophores were isolated from 
cells with low specific bacteriochlorophyll contents (5--7 pg of bacterio- 
chlorophyll per mg of cell protein). In such chromatophores the proportion of 
high molecular weight proteins was increased in comparison with chromato- 
phores derived from cells of higher specific bacteriochlorophyll contents [1]. 
Results of coelectrophoresis of proteins derived from untreated and trypsin- 
digested chromatophores, together with coupling factor ATPase and succinic 
dehydrogenase indicated that in situ, major proteins of both functional systems 
could be completely digested with trypsin (Fig. 3). 

Lack of proteolytic degradation of membrane proteins might be the result of 
either hindered accessibility or resistance to proteolytic enzymes. Steck et al. 
[27] reported that addition of sodium dodecyl sulfate to membranes 
stimulated proteolysis of otherwise undigested proteins. Accordingly, before 
electrophoresis, radioactively labeled chromatophores were incubated for 
30 min at 35°C in sample buffer containing 1.4% sodium dodecyl sulfate and 
either ~-chymotrypsin or trypsin (1 mg of enzyme per mg of membrane pro- 
tein). The action of proteolytic enzymes was not stopped by addition of 
inhibitors or by washing of the membranes. Thus, the membrane protein 
patterns included proteins of trypsin or ~-chymotrypsin as well. Nevertheless, 
an evaluation of the protein patterns was possible after autoradiographic detec- 
tion of labeled membrane proteins. The results in Fig. 4 showed that all of the 
membrane proteins except for the protein associated with light harvesting 
bacteriochlorophyll (M~ = 9000) were digestable with either enzyme. Whereas 
the latter membrane protein seemed not to be attacked with trypsin, treatment 
with ~-chymotrypsin caused a speading of the protein band towards lower 
molecular weights. 

Reversible formation of light-induced proton gradients. Chromatophores 
were treated for 30 min with trypsin or ~-chymotrypsin. After this the 
membranes (still in the presence of proteolytic enzymes) were incubated in a 
reaction mixture elaborated for the determination of light-dependent proton 
gradient formation [16]. Proteolytic reactions were not terminated in order to 
assure that proton gradients could be built up even in the presence of active 
proteases. According to Fig. 5, digestion of chromatophores with increasing 
amounts of ~-chymotrypsin (up to 5 mg of enzyme per mg of membrane 
protein) still allowed the formation of reversible proton gradients upon 
illumination. The slight drift of the base line in the presence of ~-chymotrypsin 
presumably was a result of residual proteolysis which lowers the pH in un- 
buffered systems [27]. In all of the experiments shown in Fig. 5 the extent of 
proton uptake was about 600 nequiv, of protons per mg of bacteriochlorophyll. 
Incubation of chromatophores with increasing amounts of trypsin caused a 
decrease in the total proton uptake until, at a concentration of 5 mg of trypsin 
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F i g .  4 .  P r o t e o l y t i c  d i g e s t i o n  o f  c h r o m a t o p h o r e  p r o t e i n s  in  t h e  p r e s e n c e  o f  s o d i u m  d o d e c y l  s u l f a t e .  14C- 

l a b e l e d  c b r o m a t o p h o r e s  w e r e  i n c u b a t e d  w i t h  c ~ - c h y m o t r y p s i n  o r  t r y p s i n  (1 m g  p e r  m g  o f  m e m b r a n e  p r o -  

t e i n )  a n d  s a m p l e  b u f f e r  c o n t a i n i n g  1 . 4 %  s o d i u m  d o d e c y l  s u l f a t e  [ 2 3 ]  a t  3 7 ° C  f o r  3 0  m i n  f o l l o w e d  
d i r e c t l y  b y  e l e e t r o p h o r e t i c  s e p a r a t i o n  o f  t h e  p r o t e i n s  o n  1 5 %  p o l y a c r y l a m i d e  ge ls .  A f t e r  s t a i n i n g  w i t h  

C o o m a s s i e  B l u e ,  d r i e d  ge l s  w e r e  e x p o s e d  t o  X - r a y  f i l m .  a - - c ,  C o o m a s s i e - s t a i n e d  ge ls ;  a l ~  1 , a u t o r a d i o -  

g r a p h s ,  a,  a I , U n d i g e s t e d  c o n t r o l ;  b ,  b 1 , c h r o m a t o p h o r e s  d i g e s t e d  w i t h  ~ - c h y m o t r y p s i n ;  o r  c, c 1 , t r y p s i n .  

F i g .  5.  L i g h t - i n d u c e d  r e v e r s i b l e  p H  c h a n g e s  i n  s u s p e n s i o n s  o f  c h r o m a t o p h o r e s  d i g e s t e d  a t  d i f f e r e n t  c o n -  
c e n t r a t i o n s  o f  c ~ - c h y m o t r y p s i n ;  a ,  u n t r e a t e d  c o n t r o l ;  b ,  1 .0  r a g ;  c ,  5 . 0  m g  o f  a - c h y m o t r y p s i n  p e r  m g  o f  
c h r o m a t o p h o r e  p r o t e i n .  P r o t o n  g r a d i e n t s  w e r e  d e t e r m i n e d  a c c o r d i n g  t o  G r o m e t - E l h a n a n  a n d  Br i l l e r  [ 1 6 ]  
a t  a b a c t e r i o c h l o r o p h y l l  c o n c e n t r a t i o n  o f  2 2  p g  p e r  m l  r e a c t i o n  m i x t u r e .  T h e  v e r t i c a l  a r r o w s  o n  t h e  r i g h t  
r e p r e s e n t  p H  c h a n g e s  a f t e r  a d d i t i o n  o f  1 0  n e q u i v .  H + p e r  m l .  

per mg of membrane protein, no pH change was measurable. However, at a con- 
centration of  1 mg of trypsin per mg of chromatophore  protein proton uptake 
was completely reversible at an extent  of 410 nequiv, of protons per mg of 
bacteriochlorophyll .  

Enzymatic iodination of chromatophore proteins. Chromatophores were 
labeled enzymatically with 12sI according to the procedure described by 
Hubbard and Cohn [17].  Following electrophoretic separation of membrane 
proteins on either 10% or 15% polyacrylamide gels the slab gels were stained 
and dried. Labeled proteins were localized by autoradiography. Fig. 6 compares 
the stained membrane protein patterns with their respective autoradiographs. 
On 15% polyacrylamide gels the protein which is associated with light 
harvesting bacteriochlorophyll  was separated from material migrating at the 
buffer  front.  No label could be detected at this protein's position (Fig. 6A). 

As was previously demonstrated by Ziirrer et  al. [11], subunit  H of photo- 
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Fig. 6.  Label ing pat terns  of  c h r o m a t o p h o r e  prote ins  w i t h  125i. Prote in  pat terns  in A, 15% and B, 10% 
p o l y a c r y l a m i d e  gels. a, prote ins  s ta ined w i t h  C o o m a s s i e  Blue; a 1, autoradiographs  o f  labeled prote ins .  
N u m b e r s  d e n o t e  m o l e c u l a r  we ights .  

chemical reaction centers was heavily labeled while subunits M and L 
incorporated practically no label (Fig. 6 A, B). 

A better separation of  proteins of  higher molecular weight was achievable on 
10% polyacrylamide gels. Those proteins carrying major amounts of  label were 
(a) proteins of  Mr = 55 000 and 51 000,  characteristic of  the ~ and fl subunits 
of  ATPase [ 19,28] ; (b) a protein of  Mr = 41 000,  presumably representing cell 
wall contaminants [14];  and (c) two more proteins of  molecular weights 
between 32 000 and 41 000 of  so far unknown function and origin. Further- 
more, proteins of  Mr = 55 000 also incorporated iodine, but from the auto- 
radiographs no unequivocal relation to Coomassie Brilliant Blue stained protein 
bands could be drawn. 

Proteolytic digestion of chromatophores liberated by different methods of 
cell breakage. Trypsin treatment was applied in order to investigate whether 
different methods of  cell breakage might produce chromatophores which 
exhibited different susceptibilities towards proteolytic digestion. Accordingly, 
cells were broken by one or two passages through a French pressure cell at 
different pressures. In addition, cells were transformed into sphaeroplasts and 
chromatophores were liberated by osmotic shock. The respective 
chromatophore preparations were incubated as described above in the presence 
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Fig .  7 .  T h e  e f f e c t  o f  ce l l  b r e a k a g e  on  t h e  t r y P s i n i z a t i o n  o f  c h r o m a t o p h o r e s .  F o r  cel l  b r e a k a g e  t h e  
f o l l o w i n g  m e t h o d s  w e r e  e m p l o y e d :  a ~ ,  p a s s a g e s  t h r o u g h  a F r e n c h  p r e s s u r e  cel l  (a ,  b ,  o n c e  a t  10  0 0 0  l b /  

i n c h  2 ; c ,  t w i c e  a t  1 0  0 0 0  l b / i n c h  2 ; d ,  o n c e  a t  18  0 0 0  l b / i n c h  2 ; e ,  t w i c e  a t  18  0 0 0  l b / i n c h  2 ) ;  f ,  g, o s m o t i c  

s h o c k  o f  s p h a e r o P l a s t s ;  a~ f ,  u n t r e a t e d  c o n t r o l s ;  b---e, g ,  c h r o m a t o p h o r e s  t r e a t e d  w i t h  1 m g  o f  t r y p s i n  p e r  
m g  o f  c h r o m a t o p h o r e  p r o t e i n  ( f o r  f u r t h e r  d e t a i l s  s ee  F ig .  1) ;  h ,  p h o t o c h e m i c a l  r e a c t i o n  c e n t e r ;  i, ce l l  wa l l .  

A c r y l a m i d e  c o n c e n t r a t i o n  w a s  1 5 % .  

of 1 mg of trypsin per mg of chromatophore  protein. The reactions were 
terminated by addition of soybean trypsin inhibitor (1 mg per mg of trypsin) 
and 2% aprotinin. Untreated chromatophores  liberated by either one of the 
two methods of cell breakage exhibited nearly identical protein patterns 
Fig. 7 a, f). Also, with all of  the chromatophore  preparations employed exactly 
the same protein bands as described above (Figs. 1 and 3) disappeared in the 
course of  tryptic digestion. In the case of the chromatophores  derived from 
sphaeroplasts some digestion of the major protein band typical of cell wall 
preparations could also be observed. Protein patterns shown in slots h and i of 
Fig. 7 are representative of  photochemical  reaction centers and cell wall 
preparations respectively. In the latter, however,  the fastest migrating protein 
band represents lysozyme which can also be detected in patterns of 
chromatophores  derived from sphaeroplasts. 

Discussion 

Trypsin and a-chymotrypsin cleave peptide bonds with different specificities. 
Nevertheless, incubation of chromatophores  of  R. rubrum with either protease 
resulted in the complete  digestion of the heavy subunit  of succinate 
dehydrogenase (Mr = 64 000), the a and /3 subunits of ATPase (Mr = 55 000 
and 51 000) and the H subunit  of  photochemical  reaction centers (Mr = 
31 000). All of  the molecular weights are largely in agreement with values 
reported by other authors for the respective preparations [19--22,28,29] .  Only 
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a-chymotrypsin,  however, at tacked a protein (Mr = 9000) which is known to 
be present in light harvesting bacteriochlorophyll  preparations [ 21,25,26 ]. 

Trypsin and a-chymotrypsin are proteins too  large to penetrate biological 
membranes. Accordingly, proteolysis of  membrane proteins is normally inter- 
preted as evidence for their exposure at the outer  face of closed membrane 
vesicles [5,30,31],  but  it is also known that special types of  membranes are 
quickly destroyed upon trypsinization [30,31].  This in turn would render 
normally unexposed proteins of  the interior to proteolytic digestion. To make 
sure that trypsin and a-chymotrypsin did not  enter the interior of chromato- 
phores during the process of digestion the integrity of the permeability barrier 
was tested through the determination of  proton gradients formed reversibly 
upon illumination. Lack of proton gradient formation, of course, does not  
necessarily mean that the permeability barrier was destroyed or that  proteases 
could enter the interior of  the chromatophore.  On the other  hand, the forma- 
tion of  a reversible proton gradient is clearly an indication for an operative 
permeability barrier. The results infer that trypsin (up to a concentration of 
1 mg per mg of membrane protein) and a-chymotrypsin (up to a concentration 
of 5 mg per mg of membrane protein) did not  demolish the membrane. On this 
basis the results in Figs. 1--3 indicate that the proteases digested only proteins 
which are exposed at the chromatophore  surface. Results obtained after 
enzymatic iodinations support  these fndings.  In addition to being found in 
proteins which were proteolytically digestable, label could also be detected at 
the position of  the major cell wall protein (M, = 41 000) and of two more 
proteins migrating between M~ = 32 000 and 41 000. One explanation for the 
discrepancy between the results of proteolysis and iodination might be that '2sI 
was incorporated unspecifically into proteins which were not  exposed at the 
chromatophore  surface. This argument can be ruled out  on the basis of  results 
obtained by Ztirrer et  al. [11] who reported that if made accessible, all three 
subunits of  the reaction centers could be labeled equally with ~2sI. Another 
more likely explanation for the above discrepancy may be that  certain surface 
proteins, all of  the molecules of which were no t  completely digestable in situ, 
could also be labeled. That this was true at least for the cell wall protein (M~ = 
41 000) can be observed by comparison of  f and g in Fig. 7. 

There were other membrane proteins which were attacked only by one or 
the other of  the methods applied. Reasons for this might be due to differences 
in the accessibility of reagent molecules of  different sizes, or the inherent inert- 
ness of  certain proteins towards special reactions because of  the lack of  specific 
sites of  action. An example of hindered accessibility was given by observations 
that  antisera against photochemical  reaction centers bind to the chromatophore  
surface only after removal of  ATPase [8--10].  Probes employed for the present 
s tudy exhibit  considerably lower molecular weights than ~/-G-immunoglobulins. 
Therefore, removal of  ATPase was neither necessary nor desirable. 

Lack of  specific sites of  action is presumably a major reason for the fact that  
the protein of  light harvesting bacteriochlorophyll  complexes did not  
incorporate '2sI. This presumption can be made on the basis of  recent investiga- 
tions which showed that the isolated protein contained only traces of  tyrosine 
[26].  Nevertheless, very recently Cuendet  et al. [32] reported that  in their 
hands some iodination of  the light harvesting bacteriochlorophyll  complex was 
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observable. The successful action of a-chymotrypsin agrees well with the high 
contents of leucine and aromatic amino acids detectable in light harvesting 
bacteriochlorophyll protein complexes [26]. In principle, the presence of 
arginine and lysine should permit tryptic digestion of the protein. The 
relatively high resistance of the protein towards trypsinization even in the 
presence of sodium dodecyl sulfate is obviously the reason that Tonn et al. 
[25] used a method requiring a period of 15 h to digest the protein with 
trypsin. 

During celt breakage, membranes are subjected to forces of different 
intensities. However, results obtained after trypsin digestion showed that 
regardless of the method of cell breakage the same identical chromatophore 
proteins could be removed completely from their original positions within the 
protein patterns. As trypsin removed proteins only from the outer face, the 
results indicated that regardless of the method of cell breakage, homogeneously 
oriented chromatophores were liberated from the cell. This is in contrast with 
findings reported for the orientation of vesicles derived from cytoplasmic 
membranes [4,6,12]. Homogenization of cells by passage through a French 
pressure cell resulted in the formation of largely inside-out cytoplasmic 
membrane vesicles, while osmotic shock of sphaeroplasts yielded 
predominantly right-side-out vesicles. The crucial difference between the 
generation of chromatophores and cytoplasmic membrane vesicles obviously 
resides in the fact that chromatophores derive from already vesicular intra- 
cytoplasmic membranes, while fragments of cytoplasmic membrane are formed 
and vesiculated only during cell breakage. This leads to the final conclusion 
that the original orientation of the vesicular intracytoplasmic membrane 
system of R. rubrurn exclusively determines the orientation of the isolated 
chromatophore vesicles. 

Acknowledgements 

This investigation was supported by grants Oe 55/3-6 from the Deutsche 
Forschungsgemeinschaft. The author thanks Dr. W.R. Richards for critical 
reading of the manuscript and M. Kreiselmaier for expert technical assistance. 

References 

1 Oelze ,  J .  and D r e w s ,  G. ( 1 9 7 2 )  B i o c h i m .  B i o p h y s .  A c t a  2 6 5 , 2 0 9 - - 2 3 9  
2 V o n  S t e d i n g k ,  L.-U.  ( 1 9 6 7 )  A r c h .  B i o c h e m .  B i o p h y s .  1 2 0 , 5 3 7 - - 5 4 1  
3 S c h o l e s ,  P . ,  Mi tche l l ,  P. a n d  M o y l e ,  J .  ( 1 9 6 9 )  Eu r .  J .  B i o c h e m .  8 , 4 5 0 - - 4 5 4  
4 S a l t o n ,  M . R . J .  a n d  O w e n ,  P. ( 1 9 7 6 )  A n n u .  Rev .  Mic rob io l .  30 ,  4 5 1 - - 4 8 2  
5 D e p i e r r e ,  J .W.  a n d  D a l l n e r ,  G.  ( 1 9 7 5 )  B i o c h i m .  Biophys .  A e t a  4 1 5 , 4 1 1 - - - 4 7 2  
6 K o n i n g s ,  W,N. ( 1 9 7 7 )  in  A d v a n c e s  in Microbial  P h y s i o l o g y  (Rose ,  A .H .  and T e m p e s t ,  D.W.,  eds . ) ,  

Vo l .  1 5 ,  p p .  1 7 5 - - 2 5 1 .  A c a d e m i c  Press,  N e w  Y o r k  
7 R e e d ,  D.W. and R a v e e d ,  D. ( 1 9 7 2 )  B i o c h i m .  B i o p h y s .  A c t a  2 8 3 ,  7 9 - - 9 1  
8 R e e d ,  D.W. ,  R a v e e d ,  D. and R e p o r t e r ,  M. ( 1 9 7 5 )  B i o c h i m .  B i o p h y s .  A c t a  3 8 7 , 3 6 8 - - 3 7 8  
9 Va lk i r s ,  G. ,  R o s e n ,  D. ,  T o k u y a s u ,  K .T .  and Feher ,  G. ( 1 9 7 6 )  B i o p h y s .  J .  1 6 , 2 2 3 a  (Abs t r .  F -PM-D9)  

1 0  F e h e r ,  G.  and O k a m u r a ,  M.Y.  ( 1 9 7 6 )  in  B r o o k h a v e n  S y m p o s i a  in B io logy  (Ol son ,  J .M.  and Hind,  G.,  
eds . ) ,  Vol .  2 8 ,  p p .  1 8 3 - - 1 9 4 ,  U p t o n ,  N e w  Y o r k  

11 Zf i r re r ,  H. ,  S n o z z i ,  M.,  H a n s e l m a n n ,  K.  and B a c h o f e n ,  R. ( 1 9 7 7 )  B i o c h i m .  B i o p h y s .  A c t a  4 6 0 , 2 7 3 - -  

2 7 9  
1 2  A l t e n d o r f ,  K . H .  and S taehe l in ,  L.A.  ( 1 9 7 4 )  J .  Bac te r io l .  1 1 7 , 8 8 8 - - 8 9 9  
1 3  Oe lze ,  J . ,  B i e d e r m a n n ,  M. a n d  D r e w s ,  G. ( 1 9 6 9 )  B i o c h i m .  B iophys .  A c t a  1 7 3 , 4 3 6 - - 4 4 7  



461  

14 Oelze, J., Golecki, J.R., Kleinig, H. and Weckesser, J. (1975) Antonie van Leeuwenhoek J. Microbiol. 
Serol. 41 ,273 - -286  

15 Bjerrum, O.J. and Bog-Hansen, T.C. (1976) Biochim. Biophys. Acta 455, 66--89 
16 Gromet-Elhanan,  Z. and BriUer, S. (1969) Bioehem. Biophys. Res. Commun.  37 ,261 - -265  
17 Hubbard, A.L. and Cohn, Z.A. (1972)J .  Cell. Biol. 55 ,390- -405  
18 Amar, A., Rot tem,  S., Kahane, J. and Razin, S. (1976) Biochim. Biophys. Acta 426 , 256 - -270  
19 Liicke, F.K. and Klemme, J.H. (1976) Z. Naturforsch. 31c, 272--279 
20 Okamura,  M.Y., Steiner, L.A. and Feher, G. (1974) Biochemistry 13, 1394--1410 
21 Oelze, J. and Golecki, J.R. (1975) Arch. Microbiol. 102, 59---64 
22 Hatefi, Y., Davis, K.A., Baltscheffsky, H., Baltscheffsky, M. and Johansson, B.C. (1972) Arch. 

Biochem. Biophys. 152 ,613- -618  
23 Laemmli,  U.K. (1970) Nature 227 ,680- -685  
24 Oelze, J. and Drews, G. (1970) Biochim. Biophys. Aeta 203 ,169- -198  
25 Tonn, S.J., Gogel, G.E. and Loach, P.A. (1977) Biochemistry 16 ,877- -885  
26 Cuendet,  P.A. and Zuber, H. (1977) FEBS Lett .  79, 96--100 
27 Steck, T.L., Fairbanks,  G. and Wallach, D.F.H. (1971) Biochemistry 10, 2617--2624 
28 Johansson,  B.C. and Baltscheffsky, M. (1975) FEBS Lett.  53 ,221 - -224  
29 Davis, K.A., Hatefi, Y., Gawford, I.P. and Baltscheffsky, H. (1977) Arch. Biochem. Biophys. 180, 

459--464 
30 WaHach, D.F.H. (1972) Biochim. Biophys. Acta 265, 61--83 
31 Triplett,  R.B. and Carraway, K.L. (1972) Biochemistry 11, 2897--2903 
32 Cuendet,  P.A. and Zuber, H. (1977) 4th Int. Congr. Photosynth.  Res., Reading, U.K. (Abstr.), p. 79 


