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All the major membrane proteins of isolated chromatophore vesicles are eventually degraded upon incubation 
with the unspecific proteinase K. These proteins must therefore be exposed at least partially or temporarily 
on the cytosolic surface of the membrane which is exclusively accessible to the proteinase in intact 
chromatophore vesicles. That the vesicles are intact during the incubation with proteinase is demonstrated by 
the finding that cytochrome c2, which is located in the interior of the vesicles, is protected from proteolytic 
attack. The degree of degradation of the various chromatophore proteins and the time taken for degradation 
differ characteristically. From the changes in intensity of the gel bands during the course of digestion it 
appears that reaction center subunit H is digested first, much faster than are subunits M and L. The 
near-infrared absorption spectrum of the chromatophores changes only after proteolytic degradation of these 
two pigment-carrying subunits. Fading of the band of the light-harvesting polypeptide is evident only after 
prolonged incubation. It seems that this is the most stable component of the chromatophore membrane. The 
light-harvesting polypeptide appears to be somewhat shortened eventually, leaving the protein conformation 
necessary for holding the pigments unchanged, as shown by the absorption spectrum. The possible topology 
of these major membrane components is discussed in the light of these findings. 

Introduction 

The topology of proteins in the chromatophore 
membranes  of Rhodospirillum rubrum and 
Rhodopseudomonas sphaeroides has been studied 
by various techniques, such as labelling with anti- 
bodies [1], radioiodination [2-4], chemical markers 
[5-7] and cross-linkers [8], and by proteolytic di- 
gestion [3,4,9,10]. Intact isolated chromatophore 
vesicles, of which it is well known that only the 
cytosolic surface of the membrane is exposed 
[3,11,12], were labelled or incubated with pro- 
teinases and the changes in different proteins were 
analyzed. From the results of these studies, it is 
generally accepted that subunit H of the reaction 
center is largely exposed on the cytosolic surface. 
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Concerning the topology of subunits M and L and 
the light-harvesting polypeptide, however, opin- 
ions differ as the results obtained from different 
labelling techniques and from digestion are incon- 
sistent. This may be due to the specificity of all 
these techniques for certain properties of the mem- 
brane proteins. Radioiodination is specific for 
tyrosine, and the chemical markers and cross-lin- 
kers used react preferentially with the e-amino 
group of lysine. The proteases mostly used for 
digestion studies are trypsin and a-chymotrypsin, 
which are both specific for certain amino acid 
linkages and scarcely active on native proteins. 
From this it is obvious that proteins that protrude 
partially from the membrane surface are not nec- 
essarily recognized by these methods. 



In the case of the proteases, the difficulties 
encountered can be overcome by using the un- 
specific proteinase K which is also highly active on 
native proteins [ 13]. Hence, proteins or portions of 
proteins accessible to this protease on the mem- 
brane surface are degraded irrespective of their 
composition and conformation. This study shows 
that all the major proteins are partially degraded 
by this proteinase when it attacks the cytosolic 
surface of the chromatophore membrane. The time 
taken for degradation differs widely between the 
different proteins. Changes in pigment-pigment 
and pigment-protein interactions during digestion 
were followed by measuring the absorption spectra 
and the activity of the reaction center by photo- 
oxidation and reduction of P-870. 

Materials and Methods 

R. rubrum G-9 was grown phototrophically on 
the medium described by Ormerod et al. [14]. For 
isolation of chromatophore membranes, the cells 
(0.5g wet wt./ml) were suspended in 10 mM 
phosphate buffer (pH 7) and disrupted by being 
passed twice through a French pressure cell at 100 
bar. The homogenate was centrifuged at 18000 X g 
for 15 min. The crude chromatophores in the 
supernatant were then purified by several succes- 
sive centrifugations and treatment with EDTA as 
described previously [8] but omitting the treatment 
by osmotic shock. Aliquots of a freshly prepared 
stock solution of proteinase K (Boehringer, Mann- 
heim, F.R.G.), 2 mg/ml in 10 mM triethanolamine 
buffer (pH 8), 'were added to a sample of equal 
volume of chromatophore membranes in the same 
buffer /dlcm = 36). Incubation was carried out 
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at 30°C. Further details are given in the legends to 
the figures. The activity of proteinase K was 
stopped by the addition of phenylmethanesulfonyl 
fluoride (2.5 mM) of a 20-fold concentrated stock 
solution in ethanol. The suspension of chromato- 
phores was then diluted 15 times with buffer and 
the membranes were sedimented by centrifugation 
(Ti 60 rotor, 230000 X g, 60 min, 4°C, Kontron 
TGA 65 centrifuge). 

Near-infrared absorption spectra of the resus- 
pended sediments were measured with a Uvicon 
810 spectrophotometer. The amount of function- 
ally intact reaction centers in the chromatophore 
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membranes was determined by measuring the pho- 
tobleaching of P-870. Measurements were made 
with an Aminco DW-2 spectrophotometer, using 
the dual-wavelength mode (600-650 nm), by il- 
lumination with light of 700-900 nm (IR filter, 
Balzers, Lichtenstein) and at an intensity of 1.5. 
10 4 erg/cm 2 per s (Yellow Springs Instruments 
65A). Light periods of 40 s were followed by dark 
periods of 100 s. 

SDS-polyacrylamide gel electrophoresis was 
performed according to the method of Laemmli 
[151 on slab gels with a gradient of acrylamide 
(8-16%). The gels were stained for c-type cyto- 
chromes according to the method of Thomas et al. 
[16] and for protein with Coomassie brilliant blue. 

Results 

The position of reaction center subunits H, M 
and L on gels after electrophoresis is already well 
established (Fig. 1, slot 1). The light-harvesting 
polypeptide - only one has been described thus 
far [17] but the possibility of another existing has 
been mentioned [18] - migrates at the front not 
very well separated from unknown polypeptides of 
apparent molecular masses around 12.5 kDa [8]. It 
is evident that the reaction center and the light- 
harvesting polypeptides constitute the bulk of the 
chromatophore proteins (Fig. 1, slot 1). Proteinase 
K attacks all the proteins of the chromatophore 
membranes visible on SDS-polyacrylamide gel 
electrophoresis (Fig. 1). High molecular mass pro- 
teins including subunit H of the reaction center 
and a 17 kDa protein are already cleaved after a 
short incubation (Fig. 1, slots 2 and 3) while sub- 
units M and L and polypeptides in the region of 
12.5 kDa are digested only after a longer incuba- 
tion time (Fig. 1, slots 5 and 6). The band of the 
light-harvesting polypeptide is the last to disap- 
pear from its original position on the gel. A new 
band appears in front of the light-harvesting poly- 
peptide which increases steadily in intensity from 
slot 3 to 7 and then sharply from slot 7 to 8. This 
band most probably contains portions of several 
proteins inaccessible to the protease, including the 
light-harvesting polypeptide, from which ap- 
parently only a short part of the sequence is 
cleaved. Recently, this was also shown by sequence 
analysis of the isolated light-harvesting poly- 
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Fig. 2. Infrared absorption spectra of chromatophore mem- 
branes treated with proteinase K. (a) Untreated control identi- 
cal with those incubated for 20 rain (b), 40 min, (c) 60 min, (d) 
135 min ( ) and 15 min in the presence of 1% SDS 
( . . . . . .  ) with the proteinase. 

Fig. 1. Chromatophore membranes treated with proteinase K 
and analyzed by SDS-polyacrylamide gel electrophoresis. H, 
heavy; M, medium; L, light subunits of the reaction center; 
LH, light-harvesting polypeptide; 17 and 12.5, unknown pro- 
teins with approximate molecular masses of 17 and 12.5 kDa, 
respectively. (1) Untreated control, (2) 5 rain, (3) 10 min, (4) 20 
min, (5) 30 min, (6) 40 min, (7) 50 min, (8) 60 min incubation 
with proteinase. 

peptide after digestion of the chromatophores (un- 
published results). 

The near-infrared absorption spectrum of the 
chromatophores is a touchstone for their integrity, 
since pigment-protein interactions are easily dis- 
turbed, resulting in a blue shift of the absorption 
peaks. The absorption spectrum of the preparation 
in which the band of subunit H on the gel has 
almost disappeared (Fig. 1, slot 4) is typical for 
freshly prepared chromatophores (Fig. 2a). With 
longer digestion, the peak at 870 nm decreases 
steadily and the peaks at 800 and 757 nm begin to 
fuse, due to an increase in an absorption band 
between the two peaks (Fig. 2b and c). Moreover, 
a new peak appears at 680 nm. Finally, a reduced 
peak at 870 nm, a broad peak around 800 nm, and 

one at 680 nm are found (Fig. 2d). The peak at 
870 nm is known to be due to the absorption of 
both the reaction center and the light-harvesting 
complex whereby the latter contributes most. The 
change of this peak from the state described in 
Fig. 2a to that in Fig. 2d is of the order of 
magnitude of the area contributed by the reaction 
centers. This suggests that the protease alters the 
light-harvesting polypeptide only in those parts 
protruding from the membrane on the cytosolic 
side of the vesicle, and not those responsible for 
holding the pigments. The peak at 870 nm disap- 
pears completely when SDS is added during the 
incubation with proteinase K, leaving a broad 
peak below 800 nm characteristic of the destroyed 
pigment-protein interaction (Fig. 2d). The change 
in the absorption spectrum (Fig. 2a-c) is inter- 
preted, therefore, to be due to changes in the 
p igment -pro te in  in teract ions  of the two 
pigment-carrying subunits M and L of the reaction 
center. The proteolytic attack appears to induce 
structural changes in the interior of the membrane 
although the proteins are altered only in their 
exposed part. This finding holds good for the 
reaction center and is in contrast to that observed 
with the light-harvesting complex described above. 

The changes in the spectra are related to altera- 
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tions in the activity of the reaction center. 30% of 
the photooxidizable P-870 is already lost after 
incubation for 15 min with proteinase K (Fig. 3). 
Addition of SDS during the incubation with pro- 
teinase K results in a complete loss of the reaction 
center activity (Fig. 3f). 

The integrity of the chromatophore vesicles dur- 
ing incubation with protease was tested by measur- 
ing their content of cytochrome c 2. In intact chro- 
matophores, all the cytochrome c 2 is contained in 
the interior of the vesicles where it is protected 
from proteolytic attack as long as the vesicles 
remain intact. Upon incubation with proteinase K, 
the cytochrome c 2 content remains constant for 1 h 
of incubation (Fig.4). After 2h  of incubation, 
there is a small decrease in the amount of cyto- 
chrome c 2, and after 3½ h a drastic reduction is 
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Fig. 3. Photooxidation of P-870 in chromatophore membranes 
treated with proteinase K. (a) Untreated control, (b) 15 min, (c) 
60 min, (d) 120 min, (e) 240 min, (f) 15 min incubation in the 
presence of 1$ SDS with proteinase. 
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Fig. 4. Cytochrome c 2 content of chromatophores treated with 
proteinase K. ( ) Untreated control, ( - - - - - )  15 min, 
( . . . . . .  ) ! h, ( 0  e)  2h,  ([3 I"-1) 3J2 h incubation 
with proteinase. Separation and specific staining on SDS-poly- 
acrylarnide gel electrophoresis. 

observed, indicating that the vesicles are ruptured. 
This shows that the protease acts exclusively on 
the cytosolic surface of the membranes for about 
2 h of incubation and thereafter can also reach the 
opposite membrane surface. 

Discuss ion  

Treatment of chromatophores with the un- 
specific proteinase K reveals the accessibility of 
the membrane proteins independent of the com- 
position of amino acids in the exposed part of the 
polypeptide chain. Very limited digestion of the 
chromatophore proteins was obtained only with 
much higher activities of the specific proteinases 
trypsin (165 units) and a-chymotrypsin (375 units) 
[3] than with proteinase K (6 units) and at a lower 
incubation temperature. 

From our results we conclude that all of the 
chromatophore membrane proteins have accessible 
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portions on the cytosolic side of the membrane. 
The evidence, deriving from marker studies and 
from proteolysis, that only subunit H of the reac- 
tion center is exposed at the cytoplasmic surface of 
the membrane but not the two smaller subunits 
and the light-harvesting polypeptide, must be re- 
vised. Part of the amino acid sequences of all three 
reaction center subunits and, to some extent, also 
of the light-harvesting polypeptide must protrude 
from the membrane. 

Although the chlorophyll-carrying complexes of 
the membrane, namely reaction center subunits M 
and L and the light-harvesting polypeptide, are 
eventually cleaved to some extent, the effect of 
cleavage on the pigment-protein complexes differs 
remarkably, as indicated by the spectra of the 
chromatophores. Whereas the absorption contrib- 
uted by the light-harvesting complex remains un- 
affected, that contributed by the reaction center 
gradually changes. Thus, only in the case of the 
reaction center polypeptides does the portion of 
the sequences exposed to the protease on the mem- 
brane surface appear to influence the pigment-car- 
rying part. 

After a period of incubation with proteinase 
after which the bands of the reaction center sub- 
units could no longer be recognized, a remaining 
photoactivity could still be measured. This could 
be explained by assuming that not all of the 
protein is necessary for preserving the activity of 
the pigment-protein complex, in particular not the 
sequence exposed on the surface of the membrane 
vesicles. Examples of such a situation are known: 
the partially digested membrane proteins bacterio- 
rhodopsin [20] and erythrocyte band 3 [19] were 
found to retain their activity. 

As the amino acid sequence of the light-harvest- 
ing polypeptide is known [17] it will be intriguing 
to learn now which part of the sequence of the 
polypeptide is degraded by the proteinase treat- 
ment and hence is exposed on the cytosolic mem- 
brane surface. 

Acknowledgments 

We thank Dr. A. Wiemken and S. Turler for 
help with the manuscript. We are obliged to R. 
Theiler and Dr. R. Brunisholz for valuable discus- 
sions. This work was supported by grant 3.582.79 
of the Swiss National Foundation. 

References 

1 Reed, D.W,, Raveed, D. and Reporter, M. (1975) Biochim. 
Biophys. Acta 387, 368-375 

2 Ziirrer, H., Snozzi, M., Hanselmann, K. and Bachofen, R. 
(1977) Biochim. Biophys. Acta 460, 273-279 

30elze, J. (1978) Biochim. Biophys. Acta 509, 450-461 
4 Bachmann, R.C, Gillies, K. and Takemoto, J.Y. (1981) 

Biochemistry 1981, 4590-4596 
5 Bachofen, R. (1979) FEBS Lett. 107, 409-412 
60dermatt, E., Snozzi, M. and Bachofen, R. (1980) Biochim. 

Biophys. Acta (1980) 591,372-380 
7 Francis, G.A. and Richards, W.R. (1980) Biochemistry 19, 

5104-5111 
8 Wiemken, V., Theiler, R. and Bachofen, R. (1981) J. Bioen- 

erg. Biomembranes 13, 181-194 
9 Hall, R.H., Doorley, P.F. and Niedermann, R.A. (1978) 

Photochem. Photobiol. 28, 273-276 
10 Erokhin, Y.E. and Vasil'ev, B.G. (1978) Mol. Biol. 12, 

674-579 
I 1 Lommen, M.A.J. and Takemoto, J. (1978) J. Bacteriol. 136, 

730-741 
12 Michels, P.A.M. and Konings, W.N. (1978) Biochim. Bio- 

phys. Acta 507, 353-368 
13 Ebeling, W., Hennrich, N., Klockow, M., Metz, H., Orth, 

H.D. and Lang, H. (1974) Eur. J. Biochem. 47, 91-97 
14 Ormerod, J.G., Ormerod, K.S. and Gest, H. (1961) Arch. 

Biochem. Biophys. 94, 449-463 
15 Laemmli, U.K. (1970) Nature 227, 680-685 
16 Thomas, P.E., Ryan, D. and Levin, W. (1976) Anal. Bio- 

chem. 75, 168-176 
17 Brunisholz, R.A., Cuendet, P.A., Theiler, R. and Zuber, H. 

(1981) FEBS Lett. 129, 150-154 
18 Cogdell, R.J. and Thornber, J.P. (1980) FEBS Lett. 122, 

1-8 
19 Bender, W.W., Garan, H. and Berg, H.C. (1971) J. Mol. 

Biol. 58, 783-797 
20 Huang, K.S., Bayley, H., Liao, M,J., London, E. and 

Khorana, H.G. (1981) J. Biol. Chem. 256, 3802-3809 


