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The topography of membrane-surface-exposed amino acids in the llght-driven proton pump bacterlorhedopsin (BR) was 
studied. By limited proteo|ysgs of purple membrane with pf~poln or proteinase K, domains were cleaved, separated by 
SDS-PAGE, and electrob|otted onto polyvinyHdene difluoride (PVDF) membranes. Fragments transferred were 
sequenced in a gas-phase sequencer. Papoin cleavage sites at G|y-65+ Gly-72~ and G|y-23|, previously only deduced from 
the apparent molecular weight of the digestion fragments, could be confirmed by l'4-terminal micro-sequencing. By 
proteinase IL cleavage occurred at Gin-3, Pbe-71, Gly-72, Tyr-131, Tyr-|33, and Ser-226, i.e., in regions previously 
suggested to be surface-exposed. Additionally, proteinase.K cleavage sites at Thr-121 and Leu-127 were identifieck 
which are sites predicted to be in the a-hellcal membrane-spanning segment D. Our restflts, especially that the amino 
acids Gly-122 to Tyr-133 are protruding into the aqueous envlroment; place new constraints on the amino-acid folding 
of BR across the purple membr~me. The validity of theoretieafl prediction methods of the secondary structure and 
polypoptide folding for membrane proteins is challenged. The results on BR show that micro-sequenclng of pepfides 
separated by SDS-PAGE and blotted to PVDF can be successfully applied to the study of membrane proteins. 

Introduction 

Knowledge of the structure of a protein is required to 
understand the mechanism of its function. For integral 
membrane proteins, determination of the structure to 
high resolution by X-ray crystallography has not usually 
been possible to date due to lack of suitable three-di- 
mensional crystals. Therefore, the results obtained by a 
variety of biochemical and biophysical techniques have 
to be combined to deduce the native conformation of a 
protein residing in the membrane, 

BR is the intensively studied transmembrane protein 
of the so-called purple membrane in l ta lobac ter ium 

halobium (recent reviews [1-3]). This protein consists of 
a single polypeptide chain of 248 amino acids (Mr 

Abbreviations: BR, bacteriorhodopsin; PVDF, polyvinylidene di- 
fluoride; TEMED, N,N,N',N'-tetramethylethylenediamine; PMSF, 
phenylmethylsuifonylfluoride. 

Correspondence: S. Fimmel, Biophysics Group, Department of 
Physics, Freie Universit~t Berlin, Amimallee 14, D-1000 Berlin 33, 
F.R.G. 

26 486) and the chromophore retinal, covalently bound 
to the !ysine 216 via a protonated Schiff's base. Light 
energy absorbed by this chromoprotein is used to trans- 
locate protons across the membrane. The electrochem- 
ical gradient generated is utilized by the cell to drive 
energy-dependent processes, such as ATP synthesis [4]. 
Based on electron microscopy [5], the amino-acid se- 
quence [6,7], and on biochemical as well as immunologi- 
cal methods [8,9], secondary structure models for BR 
have been proposed assisted by empirical secondary 
structure prediction methods. It is assumed that the 
polypeptide chain traverses the lipid bilayer via seven 
a-helical segments, with 17-22 amino acids of the C- 
terminal end protruding from the cytoplasmic side and 
the N-terminal sequence exposed to the outside. At 
present, the number of amino-acid residues in each 
helix is still uncertain, as well as which amino acids are 
protruding from the membrane surface. Even the ex- 
istence of seven transmembrane a-helices has been re- 
cently challenged [10]. 

To provide additional experimental data for verifica- 
tion of existing structural models, we have examined the 
topography of surface-exposed amino acids by limited 
proteolysis with papain or proteinase K and subsequent 
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micro-sequencing of digestion fragments. This paper 
describes for a membrane protein the successful appli- 
cation of blotting of the fragments in combination with 
micro-sequencing [11]. A modified structural model for 
BR will be presented which is compatible with the 
observed cleavage site at Thr-121 that has previously 
been assumed to be membrane-embedded. 

 perlmen  procederes 

Materials 
H. halobium cells, strain ET 1001, were grown and 

purple membrane was isolated as described previously 
[12]. Papain type III and proteinase K (from Tri- 
tirachium album) were purchased from Sigma, SDS, 
N,N-methylene-bisacrylamide, TEMED and am- 
monium persalfate from Bio-Rad, and ultrapure 
acrylamide from BRL. The molecular weight standards 
were from Pharmacia. PVDF membranes (Immobilon) 
were obtained from Milripore. 

Methods 
Papain digestion. 1.3 mg BR in a suspension of 

purple membrane in 1 ml of 1 mM EDTA/0.06 mM 
2-mercaptoethanol/5 mM cysteine hydrochioride (pH 
7.0) were treated at 37 ° C with cysteine-activated papain 
at an enzyme-to-protein ratio of 1:200 (w/w). The 
digestion was stopped after 1 and 2 h, respectively, by 
the addition of a mixture containing 50 /zl of 0.1~ 
PMSF and 10 ml of a solution of 1 M NaCI/10 mM 
Tris-HCl (pH 6.8) [13]. The digested purple membrane 
was centrifuged at 165 000 × g for 20 rain. The resulting 
pellet was suspended in 10 mM Tris-HC1 (pH 6.8) and 
centrifuged again to remove all traces of papain. 

Proteinase K digestion. Proteinase K was added to the 
purple membrane at an enzyme-to.substrate ratio of 
1:5 (w/w) and incubated for 2, 8 and 24 h at 37°C. To 
terminate the reaction, each sample was stored at 
- 2 0  °C until all samples had been collected and there- 
after the same washing procedure as described for 
papain was used to inactivate and to remove proteinase 
K. The buffers used contained 0.2 M N-methylmorpho- 
line acetate (pH 7.1) ('low-salt') or 50 mM Tris-HCl/10 
mM CAC12/4 M NaC1 (pH 8.0) ('high-salt'). A zero.time 
sample (to check for papain or proteinase K cleavage 
during the centrifugation and subsequent electrophore- 
sis steps) was prepared, as follows: 0.1~ PMSF was 
added to proteinase K or activated papain, then the 
purple membrane/buffer solution was added. 

SDS-PAGE. Aliquots (10 nmol) of untreated and 
proteinase-digested BR were dissolved in sample buffer 
containing 55 mM Tris-HCl (pH 6.8)/2~ SDS/7~ 
glycerol/4.3~ 2-mercaptoethanol and boiled for 5 rain. 
The samples were subjected to electrophoresis on a high 
Tris concentration SDS-PAGE with a linear gradient 
(10-20~ acrylamide) and an 8% stacking gel [14]. 

Electroblotting. After PAGE, the gels were first equi- 
librated for 30 min in transfer buffer (25 mM Tris-HCl 
(pH 8.4)/0.5 mM dithiothreitol/0.02$ SDS). Transfer 
of the fragments from SDS-PAGE on PVDF mem- 
branes (blotting) was done in an apparatus of standard 
design [15], using a chamber with an interelectrode 
distance of 10.5 cm. Electroblotting was performed for 
90 min at 100 mA and thereafter for 4 h at 650 mA, at 
4°C, as described in Ref. 11. The PVDF membranes 
were rinsed twice for 5 rain in distilled water. The 
blotted digestion fragments were visualized by staining 
with 0.1~ amino black in 50~ methanol for 40 s. 

Sequence analysis of blotted fragments. The proteins 
or peptide fragments blotted onto PVDF membranes 
were cut out after visualization and were sequenced in a 
pulsed-riqutd gas-phase sequencer, model 477 A (Ap- 
pried Biosystems) equipped with the model 120 PTH-aa 
analyzer. The PVDF filter was placed above a TFA- 
treated glass-fiber (GF) filter to which 30/tl Bioprene 
were added to avoid washing-out the fragments. The 
amount of protein submitted to sequence analysis varied 
between 50 and 150 pmol of blotted material. The 
degradation program used for sequencing in the mach- 
ine was as given in Ref. 11. 

Amino-acid analysis. After sequencing of the blotted 
proteins, the same PVDF membranes with the digested 
fragments were used to analyze the remaining amounts 
of amino acid. 200 /tl of 5.7 M HCI/0.02~; 2- 
mercaptoethanol were added to each of the PVDF 
membranes and incubated for 20 h at l l 0°C .  The 
amino acids were determined after precolunm derivati- 
zation with o-phthaldialdehyde (OPA) by reverse-phase 
HPLC separation as described in Ref. 16. 

Spectroscopic and diffraction methods. The functional 
and structural properties of the various purple mem- 
brane samples were tested by static (Shimadzu, UV-VIS 
spectrophotometer UV-260) and time-resolved ab- 
sorbance spectroscopy by a laboratory-built laser-flash 
spectrophotometer, by circular dichroism (CD) mea- 
surements (Jasco J-500A spectropolarimeter), and by 
X-ray diffraction (Elliott GX-21 rotating anode X-ray 
generator). 

Results 

Native BR at different salt conditions 
Since H. halobium grows at high ionic strength in its 

natural environment it is of interest to determine 
whether conformational alterations of BR in the purple 
membrane occur between low- and high-salt conditions. 
This is of importance for proteolytic studies, which are 
normally carried out at lower concentrations of electro- 
lyte. It has been shown [17] that circular dichroism and 
absorption spectra of native purple membrane in water 
and increasing salt concentrations (1-4 M NaC1) are 
almost identical. We have performed similar experi- 



233 

20 

0 
U 

o 
n 

Z20 

- -  OMNoCt 
, ~  - -  IM NQCt 

. . . .  2M No CI 

...... 31'4 NoCI. 

b" I v 

" '~ ' , - -  . . . . . . . . .  
. . . . . . . . . . . .  , ~,..~_..._.~ 

I I I i i 

300 ~,00 500 600 ?00 

Wavelength [ nm ] 
Fig. 1. Absorption spectra of purple membrane with native BR incubated at differeat NaCI concentratiow for 20 h at 37 o C. (The same spectra 

were obtained after 1 h incubation.) 

merits under conditions which resemble those for pro- 
teolytic studies. Purple membranes were incubated for 
1 and 20 h at 37 °C in digestion buffer (50 mM Tris- 
HCI/10 mM CaCI 2 (pH 8.0)) with different concentra- 
tions of NaCI in the absence of proteinases. It was 
observed that purple membrane patches tend to aggre- 
gate at high-salt concentrations depending on the in- 
cubation time, which impairs circular dichroism studies. 
Absorption spectra (Fig. 1) demonstrate that the ionic 
strength does not affect the conformation of the protein 
in the vicinity of the retinal binding pocket since the 
absorption band at 568 nm remains virtually un- 
changed. Due to purple membrane aggregation with 
concomi tan t  changes in light-scattering and 
absorption-flattening, however, a linear decrease of the 
absorption maximum of the aromatic amino acids at 
280 nm occurs with increasing NaC1 concentration. 
With respect to the proteolytic studies performed in this 
paper, it was necessary to clarify whether a cleavage of 
BR in the purple membrane as a consequence of autoly- 
sis can occur during the incubation period depending 
on ionic strength. Suspensions of purple membrane at 
NaC1 concentrations between 1 and 4 M were shaken 
for 1 and 20 h at 37 ° C. SDS-PAGE of these samples 
shows a single band of uncleaved BR and no indication 
for lower-molecular-weight digestion products (Fig. 2). 

The photocycle which is connected to the pumping of 
protons across BR [18], was compared at zero and 4 M 
NaC1. This is an additional, sensitive way to look for 
conformational alterations influencing the function of 
BR. The M-decay is identical for samples without and 
with 4 M NaCI, only the formation of the M-state is 
slowed down by a factor of two in the presence of 4 M 

NaCI. Since the kinetics of the photocycle are not or 
only slightly affected, ionic-strength-dependent alter- 
ations of structural domains involved in the function of 
BR can be excluded. 

Papain cleavage of BR 
The pattern of SDS-PAGE of native and papain- 

treated BR is shown in Fig. 3. After incubation of 
purple membrane for 1 h with a low concentration of 
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Fig. 2. SDS-PAGE of purple membrane with native BR incubated at 
37°C in Tris buffer (50 mM Tris-HCi/10 mM CaCi 2 (pH 8.0)) at 
different NaCI concentrations. Unprimed and palmed letters indicate 
incubation times of 1 and 20 h, respectively. The first column shows 
the molecular weight markers phosphorylase b (94000); albumin 
(67000); ovalbumin (43000); carbonic anhydrase (30000); trypsin 
inhibitor (20100); a-lactalbumin (14400). lames (M NaCi): a, a ' ,  1; 
b, b', 2; c, c ' ,  3; d, d ' ,  4; o', without NaCI. The high molecular bands 

in lane o', a, and b' represent BR aggregates. 
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TABLE I 

Papain digestion fragments 
Fragments obtained by papain digestion after different incubation periods and an enzyme-to-substrate ratio of 1 : 200 (see Fig. 3). s, sequenced 
fragments; ns, non.sequenced peptides. The Mr values and the amino-acid composition have been determined from SDS-PAGE and amino-acid 
analysis after acid hydrolysis as described in the text. 

Incubation Mr (x 10-3) Fragments obtained No. Cleavage sites 
time (h) 

1 2 231 231/232 
1 24.7 p-6 Lu-A L a...GLy ns I G Ly,[GLu-A La... 

1 2 231 2311232 
2 24.7 p-6 Lu-A L a...GLy ns I 6 LyiG Lu-A La... 

66 67 231 65 / 66 
16.5 Leu-Thr...GLy s Ii 6ty~Leu-Thr...  

73 74 231 721 73 
15.6 G Ly-SLu...G Ly s III S Ly4,GLy-GLu... 

1 2 72 721 73 
9.0 p-G Lu-A La...ELy ns IV G Lyre ty-6 Lu... 

1 2 65 651 66 
8.2 p-6 Lu-A Lo...GLy ns V G ty~.Leu-Th r . . .  

papain (enzyme.to-substrate ratio of 1 : 200) the native 
protein ( M  r 26500) converted into a species with a 
molecular weight of 24700 (Fig. 3c). The limited pro- 
teolysis results in a fragment shortened by 17 amino 
acids, which is cleaved off at Gly-231 from the exposed 
C-terminus [19]. After 2 h digestion or longer at a 
1:200 (w/w) ratio, six protein bands are observed by 
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Fig. 3. SDS-PAGE of purple membrane after digestion with papain 
(enzyme-to-substrate ratio 1 : 200) for 1 and 2 h at 37 o C in cysteine- 
activated buffer, a, molecular weight markers as in Fig. 2; b, intact 
BR (strong band at M r 26500); c, BR digested with papain for 1 h 
(strong band at M r 24700); d, BR digested with papain for 2 h 
(strong band at M r 24700 and ~.e five BR fragments below this 

band). Molecular masses ( X g0- 3) are shown on the left. 

SDS-PAGE. The M r values of fiv~ of these fragments 
(l-V), marked by arrows in Fig. 3d, are listed in Table 
I. The fragments II ( M  r 16500) and III ( M  r 15600) are 
produced by a cleavage of the peptide bonds between 
65-Gly166-Leu and 72-Gly173-Gly. The protein band 
visible between III and IV could not be blotted. The 
disappearance of the band corresponding to native BR 
indicates the complete cleavage of the protein. 

Sequencing of fragments obtained from papain digestion 
As described in the Experimental procedures section 

the peptides were electroblotted onto Immobilon mem- 
branes (PVDF). The amido-black-stained bands were 
cut out and sequenced in a pulsed-liquid gas-phase 
sequencer. For peptide II ( M  r 16500) and peptide III 
(Mr 15 600) the following sequences were obtained: 

66 231 
Leu-Thr-Met-Val-Pro-Phe . . . .  Gly (II) 

'73 231 
Gly-Glu-Gln-Asn-l~o-Ile- • • • Gly (If|) 

The first six amino acids of these domains were se- 
quenced. The molecular masses of both peptides were 
determined by SDS-PAGE and by the amino-acid com- 
position from acid hydrolysis experiments. Sequencing 
of fragments I, IV and V, which all derive from the 
N-terminal position of the protein, was not possible due 
to the presence of pyroglutamic acid at the N-terminus. 
By amino-acid analysis of these peptides on the filter 
after the degradation, the remaining amounts were de- 
termined. This confirmed that enough peptides were on 
the blot. The small 17 amino acids containing peptide 
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Fig. 4. SDS-PAGE of purple membrane after digestion with pro- 
teinase K (enzyme-to-substrate ~'atio of 1:5) at 37 ° C  for various 
durations, a, molecular weight markers; b-e,  'low-salt' buffer; b ' -e ' ,  
'high-salt' buffer; b, b', native BR; c, c',  2 h; d, d', 8 h; e, e' ,  24 h. In 
lanes • and e', a larger amount of sample was applied as compared to 

the other lanes. Molecular masses ( x 10-  ~) are shown on the left. 

from the C-terminal end with M r of about 1815 migrates 
from the SDS-gel and was not sequenced for this rea- 
son. 

The amino-acid compositions of the fragments were 
obtained as described in Experimental procedures. The 
number of amino acid; found was in good agreement 
with M r values determined from SDS-PAGE (data not 
shown). 

Digestion of bacteriorhodopsin with proteinase K 
The digestion of BR with proteinase K was per- 

formed at 'low-salt' (0.2 M N-methylmorpholine (pH 
7.1)) and at 'high-salt' conditions (50 mM Tris-HCl/10 
mM CaC12/4 M NaCI (pH 8.0)). The pattern of the 
SDS-PAGE of digested membranes after 2, 8, and 24 h 
in these buffers is shown in Fig. 4. Analysis (SDS-PAGE 
and amino-acid composition) proved that the fragments 
obtained under low- and high-salt conditions were iden- 
tical. Since blotting at high-ionic concentrations yields 
low recoveries, only fragments obtained after 24 h di- 
gestion in 'high-salt' buffer were sequenced, otherwise 
fragments produced at low-salt conditions were 
analyzed. Due to the high-ionic strength, less of the 
sample material applied migrates into the gel, which 
explains the less pronounced appearance of the band 
pattern as compared to the 'low-salt' buffer samples. 

After 2 h digestion ('low-salt') several fragments in 
the M r range from 23 700 to 10 600 appeared (see Table 
II and Fig. 5). Fragment I (M r 23700), the remainder of 
the peptide chain, is produced by liberation of about 22 
amino acids from the C-terminus. After incubation in 

'high-salt' buffer two bands are simultaneously formed 
with Mr of 24700 and 23 700. The additional band at 
24700 Da is presumably obtained by cleavage of 17 
amino acids from the C-terminus. It is interesting to 
note that the 24 700 Da molecular mass fragment is a~so 
produced by cleavage with papain (see above). Frag- 
ment II (M r 17400) represents a mixture of two frag- 
ments formed by cleavage at 71-Phe172-Gly and 72- 
Gly.173-Gly, the latter is also a papain cleavage site. 
Fragment III (M r 13000) starts with lie-4 and ends at 
Thr-121. Band IV (Fig. 4) contains four fragments. The 
most interesting fragment IV 1 (M r 12000) is obtained 
by cleavage between Thr-121 and Gly-122, a linkage 
which according to all folding models of BR (except 
Ref. 20) is localized in the transmembrane helix D. This 
fragment migrates together with three other peptides 
(fraglnent IV2-1V4) in the SDS gel (Fig. 4). These 
fragments were blotted together on the PVDF mem- 
brane and sequenced. This part of the BR molecule is 
easily accessible to proteinase K, which hydrolyses the 
sequence from Gly-122 to Tyr-133 into small peptides. 
After incubation of BR with proteinase K for 8 h, 
identical sequences were found (Table II, Fig. 5). At 24 
h, fragments IVz-IV 4 are missing because of the di- 
gestion into dipeptides. 

Spectroscopic measurements on proteinase-K-digested BR 
To obtain information about alteration in the struc- 

ture of BR upon treatment of purple membrane with 
proteinase K, optical absorption spectra were recorded. 
No differences in the spectra were observed for proteo- 
lysis in 'low'- or 'high-salt' buffers. The 568 nm absorp- 
tion peak of purple membrane in the light-adapted state 
decreases after 2 h digestion to 90%, after 8 h to 85%, 
and after 24 h digestion to 75% of the native-membrane 
absorbance. The absorption peak shifts from 568 nm 
for native purple membrane to 560 nm for proteinase- 
K-treated membranes. The absorbance around 370 nm 
remained unchanged, excluding hydrolysis of the Schiff's 
base linkage to the retinal. 

X-ray diffraction on proteinase-K-digested purple mem- 
brane 

The X-ray diffraction pattern of native- and pro- 
teinase-K-incubated purple membrane in Tris buffer 
containing NaCI or in morpholine buffer were com- 
pared. At 100% relative humidity, oriented stacks of 
purple membrane were exposed to X rays for 2 h. From 
the diffraction pattern (data not shown) it is apparent 
that the BR molecules are still arranged in lattices after 
2, 8, or 24 h digestion. There are no obvious differences 
in the lattice quality between native purple membrane 
samples and purple membrane incubated with pro- 
teinase K in morpholine buffer for increasing periods. 
The only exception was the specimen digested for 24 h. 
This sample has a changed colour from purple to red. 
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Fig. 5. Sequenced fragments of BR after digestion with proteinase K in ' low-salt' buffer. 

For this sample the ratio of the peak height of the X-ray 
reflections to the background is decreased to about 50% 
compared to undigested purple membrane. However, 
when purple membrane samples are incubated with 

proteinase K in Tris buffer containing 4 M NaCI, this 
ratio remains the same as for undigested membranes. 
These differences might result from the combined ac- 
tion of morpholine buffer and the enzyme K. 



Discussion 

Knowledge of the structure of BR is important for 
understanding the molecular processes involved in 
light-induced proton translocation across this mem- 
brane protein. Since BR is a common model for a 
transmembrane transport protein, its structural features 
are of general interest and any deviation from the 
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assumed structure will be of consequences for the struc- 
ture elucidation of a great number of other membrane 
proteins. Often, their secondary and tertiary structures 
were predicted solely from the amino-acid sequence by 
applying empirical algorithms that rely on parameters 
such as hydrophobicity~ transfer free energies, or turn 
regions in the polypeptide chain (Refs. 21-23, and 
references therein). Many of these empirical methods 

TABLE II 

Proteinase K digestion fragments 

Fragments obtained by proteinase K digestion in 'low-salt' buffer after different digestion periods and an enzyme-to-substrate ratio of 1:5 (see 
Fig. 4 and 5). s, sequenced fragments; ns, non-sequenced fragments. 

Incubation Mr Fragments obtained No. Cleavage sites 
time (h) ( x 10- 3) 

1 2 226 226|227 228 
2 23.7 p-G tu-A t a . . . S e t  ns l Se r iA rg -ALa . . .  

72 73 226 71| 72| 73 
17.4 GLy-G t y .  ° .Set s II Phe~GLy~GCy... 

4 5 121 3 / 6 5 
13.0 I Le-Th r . . .  Thr s I l l  G t n i l  Le-Th r . . .  

122 123 226 121/122 123 
12.0 G t y - L e u . . .  Set s IV 1 Th r~G t y -Ceu . . .  

128 129 226 1271128 129 
11.5 Th r - L y s . .  Ser s IV 2 LeuiTh r - L y s . . .  

132 133 226 1311132 133 
10.9 S e r - T y r . . .  Set s IV a Tyr lSe r - T y r . . .  

136 135 226 1331134 135 
10.6 Arg -Phe . . .Se t  s IV 4 Ty r~Arg-Phe. . .  

1 2 226 2261227 228 
8 23.7 p-G Lu-A t a . . . S e t  ns I $er iArg-A t a . . .  

72 73 226 71| 72 i 73 
17.4 Gty-GI y . . . S e t  s II Phe~GLyiELy... 

4 5 121 3 / 4 5 
13.0 I t ® - T h r . . . T h r  s I l l  G l n i I  t e - T h r . . .  

122 123 226 1211122 123 
12.0 G t y - L e u . . . S e t  s IV 1 Thr~[Gty-Leu.. .  

128 t29 226 1271128 129 
11.5 Th r - L y s . . .  Set s IV 2 Leu~Th r - L y s . .  ° 

132 133 226 1311132 133 
10.9 S e r - T y r . . .  Ser s IV 3 Tyr~[Ser-Tyr . . .  

134 135 226 1331134 135 
10.6 Arg -Phe . . .Se t  s IV 4 T y r i A r g - P h e . . .  

1 2 226 2261227 228 
24 23.7 p-GLu-A La . . .  Set ns I Ser~Arg-A La . . .  

72 73 226 71 / 72[ 73 
17.4 GLy-G t y . . .  Set s II Phe~G Ly~G l y . . .  

4 5 121 3 / 4 5 [ 6 
13.0 I L e - T h r . . . T h r  s I l l  ~ ~ I  Le-ThriG t y . . .  

122 123 226 121/122 123 
12.0 G [ y - L e u . . . S e t  s IV~ Thr~GLy-Leu. . .  
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Fig. 6. Folding model of BR according to the results of our digestion studies and data from others (see Discussion). The height of the rectangular 
columns A to G represents the length of the amino-acid chain (aa) if arranged in an a-helical conformation. The black background represents 

sequenced amino acids (additional amino acids sequenced are depicted in Fig. 5). (~), papain, ( ~ ,  proteinase-K cleavage sites. 

are based more or less on parameters deduced from the 
suggested structure of BR as a reference. On the other 
hand, the validity of newly developed structure predict- 
ion methods is often tested on the 'known' structure of 
BR (e.g. Ref. 22). Furthermore, attempts have been 
made to identify potentially functional important 
amino--,cid residues in membrane domains of transport 
proteins by using BR as one of the standards [24]. 
Obviously, such approaches have to result in misleading 
conclusions, since the structure of BR is not solved. In a 
recent analysis it was convincingly shown that present 
prediction schemes are all in~propriate for the predict- 
ion of secondary structures (less than 0.5~ correlation 
between predicted structure and experimental result) 
and for membrane protein folding [21]. This is corrobo- 
rated by our experimental finding that a polypeptide 
segment in BR previously predicted by all folding mod- 
els (e.g., Refs. 8, 9, 23, 25), except (Ref. 20) to be part of 
the transmembrane helix D is actually membrane- 
surface-exposed (Fig. 6). To contribute to the BR struc- 
ture, we have identified amino-acid residues exposed at 
the membrane surface by limited proteolysis of purple 
membrane with papain and proteinase K in combina- 
tion with micro-sequencing of blotted fragments after 
separation by SDS-PAGE. Considering the number of 
cleavage sites and the amount of material removed from 
the membrane, papain and proteinase K are more effec- 
tive than the enzymes trypsin, chymotrypsin, or VS. 

It is important to note that the proteolytic cleavage 
sites between Thr-12l and Gly-122 and the following 
ones (Fig. 5, Table II) are generated by proteinase K 
both at 'low'- and 'high-salt' conditions even after only 
2 h. According to the spectroscopic and X-ray diffrac- 
tion data, the structure of the purple membrane is still 
preserved in the presence of the enzyme after this time. 
This excludes exposure of cleavage sites artificially pro- 
duced by denaturation of BR. Inferred from the amount 
of material digested, all BR molecules in a purple 
membrane patch, and not only those located at the 
patch margin, contain this cleavage site. The only firm 
explanation for the high susceptibility to proteolysis is 
that, in native BR, the amino-acid segment starting with 
Gly-122 is freely exposed at the purple membrane 
surface. This contradicts the current view of the folding 
motif of BR which, based on empirical methods, places 
this peptide segment nearly in the middle of the trans- 
membrane segment D. It is unrealistic to assume that a 
huge, water-~luble enzyme can cleave a peptide bond 
in the hydrophobic core of the membrane, especially in 
the case of the purple membrane, where the proteins are 
tightly packed with only one boundary layer of lipid. 
Also a large membrane-surface invagination in close 
contact to the transmembrane polypeptide segments as 
a point of attack for the proteinase can be excluded, 
since the surfaces of the purple membrane are fairly flat 
[26]. To explain our data, we present the modified 



folding model of BR depicted in Fig. 6 that considers 
only experimental data, such as site-specific immuno- 
logical probes [27, 28], limited proteolysis [19,29,30], 
NMR spectroscopy [31], and selective chemical or en- 
zymatic modification [32,33]. The length of the exposed 
C-terminal end is deduced from the observed proteinase 
K and papain cleavage sites (Tables I and II) and is in 
accordance with a recent modification study [33]. The 
absence of other cleavage sites at the cytoplasmic surface 
under our conditions might indicate ghort interhelical 
connecting loops and /or  loops situated directly at the 
membrane surface. The topography of these amino acids 
in Fig. 6 is taken from Ref. 8. The framework for the 
present model of BR is the three-dimensional structural 
analysis obtained by electron-microscopic data [5], in 
which seven transmembrane rods of density were 
derived. There remains some controversy about the type 
of secondary structure of these rods. The strong 1.5 A 
reflection on the meridian seen in the X-ray diffraction 
pattern on oriented stacks of purple membrane makes it 
very likely that most of the seven rods contain a-helices. 
From the obtained sequence data of proteinase cleavage 
sites it is not possible to decide the type of secondary 
structure. According to the modified model, the mem- 
brane-spanning segment D cannot be formed by a 
continuous a-helix, since 16 amino acids as a-helix are 
not sufficient to traverse the membrane. The mem- 
brane-spanning helices of the photosynthetic reaction 
center are composed of at least 23 amino acids [34]. 
Other secondary structure elements have to participate 
in segment D, and their occurrence in BR is being 
intensively studied [35-41]. 

X-ray diffraction studies on papain or proteinase-K- 
digested specimens show that the conformation of the 
remaining portion of BR is unaffected by cleavage of 
the polypeptide chain. Changes in the lamellar spacing, 
which is smaller in proteinase-treated BR, are probably 
due to the removal of the negative charges at the 
C-terminus. The absence of these negative charges may 
also be the main reason for an increased tendency of 
purple membranes to aggregate. Experiments to localize 
the C-terminal amino acids in the structure by the 
Fourier difference technique were not successful. Our 
results therefore support previous suggestions of a ran- 
dom orientation of this terminal segment (Refs. 42, 43, 
but also Ref. 44). 

Previous studies of the cleavage behavior of pro- 
teinase K on BR in the purple membrane [30] led to 
complete degradation of BR in the absence of a high 
NaCl concentration. Only in the presence of 4 M NaCl 
was a proteinase-K-specific cleavage site proximate to 
the C-terminus found. Our spectroscopic measurements 
(absorption- and CD-spectra, time-resolved photocycle 
analysis) give no evidence for any influence of the salt 
concentration on the conformation and function of 
native BR. The digestion studies with proteinase K 
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show, in contradiction to Gerber et al. [30], that the 
amino-acid sequences of the fragments digested in the 
presence or absence of salt are identical. The only 
region which has an additional cleavage site in the 
presence of NaC1 is at the carboxyl end, where equal 
amounts of a 17- and 22-amino-acid long C-terminal 
segment were cleaved off. 

Dumont et al. [45] described several locations of 
proteolytic cleavages by proteinase K (using an enzyme- 
to-BR ratio 2.5 higher as compared to the present 
study), i.e., at both ends of the polypeptide (residues 
4-7 and 231-236) and in other regions (amino acids 
32-38, 66-75, 132-135 and 160-170). The peptides 
were separated by HPLC followed by amino-acid analy- 
sis but not be sequencing. These authors assume that 
peptides recovered by 'denaturating' HPLC conditions 
are not identical to helical parts in the native structure. 
By employing protein blotting and micro-sequencing of 
the fragments obtained we can exclude misleading re- 
sults. 

By sequencing some of the papain-digestion frag- 
ments we were able to confirm unequivocally cleavage 
sites which in previous studies were deduced only from 
the apparent molecular weight according to SDS-PAGE 
or from the total amino-acid composition [19,29]. 

While the three-dimensional structure of BR remains 
unsolved by X-ray crystallography or electron mi- 
croscopy, biochemical and immunological data will have 
to contribute to the understanding of the polypeptide 
folding across the membrane. Newly developed experi- 
mental tectuaques such as tritium planigraphy [46] will 
be more helpful and reliable in supporting our present 
view of the structure of BR than novel empirical predic- 
tion methods. 

Acknowledgements 

We would fike to thank Uirike Kapp for excellent 
technical assistance at the pulsed-liquid gas-phase se- 
quencer and Dr. H. Otto for performing the flash-spec- 
troscopy. This work has been funded by the Deutsche 
Forschungsgemeinschaft (Sfb 312, B4/D2). 

References 

1 Dencher, N.A. (1983) Photochem. Photobiol. 38, 753-767. 
2 Lanyi, J.K. (1984) in New Comprehensive Biochemistry (Ernster, 

L., ed.), pp. 315-350, Elsevier, Amsterdam. 
3 Stoeckenius, W. (1985) Trends Biochem. Sci. 11,483-486. 
40esterhelt, D. and Stoeckenius, W. (1973) Proc. Natl. Acad. Sci. 

USA 70, 2853-2857. 
5 Henderson, R. and Unwin, P.N.T. (1975) Nature (London) 257, 

28-32. 
60vchinnikov, Yu.A., Abdulaev, N.G., Feigina, M.Y,, Kiselev, A.V. 

and Lobanov, N.A. (1979) FEBS Lett. 100, 219-224. 
7 Khorana, H.G., Gerber, G.E., Herfihy, W.C., Gray, C.P., Anderegg, 

RJ., Nihei, K. and Biemann, K. (1979) Proc. Natl. Acad. Sci. USA 
76, 5046-5050. 



240 

80vchinnikov, Yu.A. (1987) Trends Biochem. Sci. 12, 434-438. 
9 Khorana, H.G. (1988) J. Biol, Chem. 263, 7439-7442. 

10 Jap, B.K., Maestre, M.F., Hayward, S.B. and Glaeser, R.M. (1983) 
Biophys. J. 43, 81-89. 

11 Walsh, M.J., McDovgall, J. and Wittmann-Liebold, B. (1988) 
Biochemistry 27, 6867-6876. 

12 Bauer, P.J., Dencher, N,A. and Heyn, M.P. (1976) Biophys. Struct. 
Mech. 2, 79-92. 

13 Brouilette, C.G., Muccio, D.D. and Finney, T.K. (1987) Biochem- 
istry 26, 7431-7438. 

14 Fling, S. and Gregerson, D. (1986) Anal. Biochem. 155, 83-88. 
15 Aebersold, ILH., Teplow, D.B., Hood, L.E. and Kent, S.B.H. 

(1986) J. Biol. Chem. 261, 4229-4238. 
16 Ashman, K. and Bosserhoff, A. (1985) in Modem Methods in 

Protein Chemistry (Tsche~che, H. ed.), pp. 155-171, W. de Gruyter, 
Berlin, 

17 Wallace, B.A. and Kohl, N. (1984) Biochim. Biophys. Acta 777, 
93-98. 

18 Grzesiek, S, and Dencher0 N.A. (1986) FEBS Lett. 208, 337-342. 
19 Lian, M,-J. and Khorana, H.G. (1984) J. Biol. Chem. 259, 

4194-4199. 
20 Rosenbusch, J.P. (1985) Bull. Inst. Pasteur 83, 207-220. 
21 Wallace, B,A,, Casio, M. and Mielke, L.D. (1986) Proc, Natl. 

Acad. Sci. USA 83, 9423-9427. 
22 Paul, C. and Rosenbusch, J.P. (1985) EMBO J. 4, 1593-1597. 
23 Engeiman, D.M., Steitz, T.A. and Goldman, A. (1986) Armu. Rev. 

Biophys. Chem. 15, 321-353. 
24 Deber, C.M., Brandl, C.J., Deber, R.B., Hsu, L.C. and Young, X. 

(1986) Arch. Biochem. Biophys. 251, 68-76. 
25 Engeiman, D.M., Henderson, R., McLachian~ A.D. and Wallace, 

B. (1980) Proc. Natl. Acad. Sci. USA 77, 2023-2027. 
26 Henderson, R. (1975) J. Mol. Biol. 93, 123-138. 
27 Kimura~ K., Mason, T.L and Khorana, H.G. (1982) J. Biol. Chem. 

257, 2859-2867. 
28 Ovchinnikov, Yu.A., Abdulaev, N.G., Vasilov, R.G., Vturina, J.Yu,, 

Kuryatov, A.B. and Kiselev, A.V. (1985) FEBS Lett. 179, 343-350. 

29 Ovchinnikov, Yu,A., Abdulaev, N.G., Feigina, M.Yu., Kiselev. 
A.V. and Lobanov, N.A. (1977) FEBS Lett. 84, 1-4. 

30 Gerber, G.E., Gray, C.P., Wildenauer, D. and Khorana, H.G. 
(1977) Pr~. Natl. Acad. Sci. USA 74, 5426-5430. 

31 Arseniev, A.S., Maslennikov, I.V., Bystro~. V.F., ~ozhich, A.T., 
lvanov, V.T. and Ovichinnikov, Yu.A. (1988) FEBS Lett. 231, 
81-88. 

32 Katre, N.V. and Stroud, R.M. (1981) FEBS Lett. 136, 170-174. 
33 Katre, N.V., Finer-Moore, J., Hayward, S.B. and Stroud, R.M. 

(1984) Biophys. J. 46, 195-203. 
34 Deisenhofer, J., Epp, O., Mild, K., Huber, T. and Michel, H. 

(1985) Nature (London) 318, 618-624. 
35 Rothschild, K.J. and Noel, A.C. (1979) S,5¢n~e 204, 311-312. 
36 Jap, B.K., Maestro, M.F., Hayward, S.B. and Glaeser, R.M. (1983) 

Biophys. J. 43, 81-89. 
37 Nabedryk, E., Bardin, A.M. and Breton, J. (1985) Biophys. J. 48, 

873-876. 
38 Lewis, B.A., Harbison, G.S., Herzfeld, J. and Griffin, R.G. (1985) 

Biochemistry 24, 4671-4679. 
39 Downer, N.W., Bruchman, T,J. and Hazzard, J.H. (1986) J. Biol. 

Chem. 261, 3640-3647. 
40 Lee, C.D., Herzyk, E. and Chapman, D. (1987) Biochemistry 26, 

5775-5783. 
41 Vogel, H. and G~irtner, W. (1987)J. Biol. Chem. 262, 11464-11469. 
42 Wallace, B.A. and Henderson, R. (1982) Biophys. J. 39, 233-239. 
43 Margue, J., Kinosita, K., Jr., Govindjee, R., lkegami, A., Ebrey, 

T.G. and Otomo, J. (1986) Biochemistry 25, 5555-5559. 
44 Renthal, R., Dawson, N., Tuley, J. and Horowitz, P. (1983) 

Biochemistry 22, 5-12. 
45 Dumont, M.E., Trewhella, J., Engelman, D.M. and Richards, F.M. 

(1985) J. Membr. Biol. 88, 233-247, 
46 Tsetlin, V.I., Alyonycheva, T.N., Kuryatov, AB. and Pluzhnikov, 

K.A. (1987) in Receptors and Ion Channels (Ovchinnikov, Yu.A. 
and Hucho, F., eds.), pp. 23-32, W. de Gruyter, Berlin. 


