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We have used immuno-gold labeling and electron microscopy to study the topography of thylakoid membrane 
polypeptides. Thylakoid vesicles formed by passage through a French press were adsorbed onto a plastic film supported 
by an electron microscope grid and processed for single or double immuno-gold labeling. After shadowing with platinum, 
the inside-out and right-side-out vesicles were identified by their distinctive morphologies. Right-side-out vesicles were 
labeled by a monoclonal antibody recognizing an epitope located in the trypsin-cleaved, N-terminal portion of the LHC 
II apoprotein, and by an antibody to CF t. A monoclonal antibody to the a-subunit of cytochrome b-559 reacted with a 
synthetic tridecapeptide corresponding to the C-terminal portion of the polypeptide. Both this antibody and a polyclonal 
antibody to the synthetic peptide labeled inside-out vesicles exclusively, indicating that the polypeptide C-terminus was 
exposed on the lumenal (exoplasmic) surface of the membrane. 

Introduction 

Photosystem II (PS II) is a major functional complex 
of the thylakoid membrane. Its primary photochemical 
reactions show striking analogies to those of the reac- 
tion center of purple non-sulfur bacteria [1]. Extensive 
sequence homology exists between the two major sub- 
units of the PS II core, D1 and D2, and subunits L and 
M of the bacterial center [2,3]. Since the structure of the 
bacterial center is known at atomic resolution [4], pre- 
dictions can be made concerning the topography of D1 
and D2 in PS II [5]. One major difference between these 
two systems, however, resides in the presence in PS II of 
a component  with no apparent equivalent in the bacterial 
membrane, namely cytochrome b-559. This cytochrome 
can function at cryogenic temperatures as an electron 

Abbreviations: CF 1, Coupling factor 1; ESs, endoplasmic surface 
(stacked); LHC II, Light-harvesting complex of Photosystem II; PS 
II, Photosystem II. 
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donor  to P-680, the photochemically active chlorophyll  
of the reaction center of PS II, but it does not seem to 
participate in the normal electron transfer chain at 
physiological temperatures [6]. Recently, it has been 
proposed [7] that photoinhibit ion in PS II occurs via 
photo-oxidation by P-680 + of two putative monomer  
chlorophylls analogous to the monomeric  bacteriochlo- 
rophylls in the bacterial center. In this hypothesis, cy- 
tochrome b-559 protects the center by reducing the 
oxidized chlorophylls. The  cytochrome would be re-re- 
duced by PS ~lI acceptors, thus functioning in a cyclic 
electron flow around PS II. A structural test for this 
hypothesis is that the heine should be close enough to 
both the monomer  chlorophylls and the PS II acceptors 
for electron transfer to occur with the expected ef- 
ficiency. 

The purified cytochrome is composed of two poly- 
peptide subunits, referred to as a and fl (molecular 
weight in spinach: 9182 and 4268, respectively). The 
genes for both, termed p s b E  and p s b F ,  respectively, 
have been cloned from various organisms and se- 
quenced [8-13]. Each polypeptide chain contains a single 
24-28 amino-acid hydrophobic  stretch, which could 
span the membrane  as an a-helix. In view of the 
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bis(histidine) axial ligation of the heme [14] and of the 
presence of a single histidine in each polypeptide, five 
residues into the hydrophobic stretch, the heine must 
cross-link two His-containing polypeptide chains [15]. 
Several models have been proposed in which a heme is 
linked to two identical or different subunits [16]. In 
these models, the position(s) assigned to the heme(s) in 
the membrane depend upon the orientation of the poly- 
peptide chains, i.e., on which sides of the membrane 
their N- and C-termini are exposed. In the present 
study, we have analyzed the transmembrane orientation 
of the a-subunit of cytochrome b-559, using antibodies 
specific for its carboxy-terminal domain, and 'on grid' 
immuno-gold labeling. In this technique, membrane 
fragments adsorbed onto a plastic film supported by an 
electron microscope grid are labeled with the antibody, 
followed by a colloidal gold probe, then shadowed to 
reveal the membrane surface. 

M a t e r i a l s  a n d  M e t h o d s  

Antibodies 
Monoclonal  antibody 6A5 was obtained using a 

standard protocol as described in Ref. 17. Female 
Ba l b / c  mice were immunized with a barley PS II core 
preparation kindly provided by U. Hinz (Carlsberg 
Laboratory).  1.2 mg protein was administered in eight 
intra-peritoneal injections. Spleen ceils were fused with 
cells of myeloma line X63-Ag8.653. 

The preparation and the properties of the antibody 
to the synthetic tridecapeptide have been described 
elsewhere [18]. The MLH1 and CF l antibodies were 
generously provided by S. Darr  (Michigan State Univer- 
sity, East Lansing) and S. Merchant  (Harvard Univer- 
sity), respectively. 

lmmunoblot analysis 
Samples were electrophoresed in 10-20% poly- 

acrylamide gradient gels containing 6 M urea according 
to Ref. 19 or in 18% high-Tris gels according to Ref. 20. 
They were transferred to nitrocellulose filters according 
to Ref. 21. Immunoblot  assays were carried out using 
peroxidase and 3-amino-9-ethylcarbazole as in Ref. 17, 
or alkaline phosphatase (Proto-blot, Promega Biotech) 
following the manufacturer 's  instructions. 

Membrane preparations 
Synechocystis sp. PCC 6803 and Cyanophora paradoxa 

(UTEX LB 55) were grown according to Refs. 22 and 
23, respectively. Cells, suspended in 50 mM Tricine- 
N a O H  (pH 7.4)/10 mM CaCI z, were ruptured by pas- 
sage through a French press twice at 6000 psi for 
Synechocystis and once at 3500 psi for Cyanophora, and 
the membranes were collected by centrifugation at 
30 000 × g for 10 rain. Tobacco thylakoids were kindly 
provided by J. Lukens (Harvard University). The barley 
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cytochrome b-559 preparation [26] was a gift of F. 
Koenig and B. Lindberg Moller (Agricultural Univer- 
sity, Copenhagen). 

Spinach (Spinacia oleracaea) was maintained in a 
growth chamber  under light-dark cycles. Leaves were 
homogenized at 4 ° C  in 10 mM Tric ine-NaOH (pH 
7.4)/5 mM MgCI2/300 m M sucrose (buffer A). The 
slurry was filtered through two layers of 20 /~m nylon 
mesh, centrifuged at 1000 × g for 5 rain and the pellet 
was resuspended briefly in 1 mM Tric ine-NaOH (pH 
7.4)/5 mM MgCI 2 (buffer B) and centrifuged. The 
pellet was washed once in buffer A, then in buffer C (1 
mM Tric ine-NaOH (pH 7.4)/100 mM sucrose) and 
resuspended in buffer C. The thylakoid suspension was 
passed through a French press at 3500 psi. The homo- 
genate was centrifuged at 1000 × g for 10 min and the 
supernatant used for labeling. 

Inside-out and right-side-out vesicles were obtained 
from stacked barley thylakoids by aqueous-polymer 
two-phase partitioning according to Ref. 24. The bot- 
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Fig. 1. Specificity of antibody 6A5. (A) Lanes a-c: Coomassie blue- 
stained gel (10-207o acrylamide gradient containing 6 M urea); lanes 
d-f: immunoblot from a duplicate gel which was reacted with 6A5 
and developed with the peroxidase reaction. Lanes a and d: barley 
thylakoids; b and e: barley PS II core preparation; c and f: purified 
cytochrome b-559 from barley. The positions of the molecular mass 
markers (in kDa) are indicated on the left. (B) Immunoblot reacted 
with 6A5 and developed with the alkaline phosphatase reaction; lane 
a: barley; b: Synechocystis 6803; c: spinach; d: C. paradoxa and e: 
tobacco. Samples were electrophoresed in an 187o acrylamide gel [20]. 
15 /xg chlorophyll was loaded onto each lane for each of the higher 
plants and 7.5 /.tg for C. paradoxa and Synechocystis to avoid over- 

loading. Positive reactions are seen only in lanes a, c and e. 
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tom and top phases were repartitioned four times, yield- 
ing fractions B5 (inside-out vesicles) and T5 (right-side- 
out vesicles), respectively. To remove extrinsic poly- 
peptides, the B5 fraction was resuspended in 1 M CaCI 2 
for 20 min at  4 ° C  and recovered by centrifugation at 
100000 × g for 30 min. PS II-enriched membranes from 
barley were prepared according to Ref. 19. 

"On-grid' immuno-labefing 
Gold solutions (approx. 10 nm diameter) were pre- 

pared according to Ref. 25 and conjugated either with 
protein A for the detection of polyclonal antibodies or 
with anti-mouse antibody for the detection of mono- 
clonal antibodies. For  double-labeling experiments, the 
anti-mouse gold complex was centrifuged in a micro- 
fuge for 15 min and the supernatant, which contained 
only small size gold (5-10 nm), was used. The goat anti 
rabbit-gold complex (15 nm diameter) was obtained 
from Janssen, Beerse, Belgium. 

Electron microscope grids (300 mesh, nickel), covered 
with a parlodion film, were coated with a carbon film 
just  prior to use. A grid was deposited on a drop of the 
membrane suspension on parafilm (chlorophyll con- 
centration, approx. 0.8 m g / m l  for the French-press 
homogenate, 0.2 m g / m l  for the B5 and T5 fractions 
and 2 m g / m l  for the PS II-enriched membranes). After 

1-5  rain, the grid was blotted by running its edge on a 
piece of filter paper and transferred onto a drop of the 
appropriate resuspension buffer (1-5  min). It was then 
transferred to the labeling buffer (10 m M sodium phos- 
phate (pH 7.4)/5 mM NaCI /100  mM sucrose/0.5% 
bacitracin (Sigma), which was used in all following 
steps. After 15 min, the grid was transferred to the 
diluted antibody and incubated for 15 min. Typically, 
purified IgGs were used at a concentrat ion of 10-50 
/~g/ml, sera at 1 :1000 dilution and hybr idoma super- 
natants at 1 /40  dilution. After three rinses in buffer (5 
min each), the grid was placed on the colloidal-gold 
marker (15 min) and rinsed in buffer (5 min). The grid 
was briefly rinsed on a drop of distilled water, blotted 
and dried. Double labeling was performed by either of 
two methods. In the first method, the grid was in- 
cubated successively with one antibody, followed by its 
specific gold probe, then with the other ant ibody fol- 
lowed by its probe. In a second method, the grid was 
incubated with a mixture of the two antibodies, fol- 
lowed by a mixture of the probes. Incubation conditions 
and times were as for single labeling. Best results were 
obtained with one method or the other, depending on 
the combination of antibodies used. 

After labeling, the dried grids were shadowed un- 
idirectionally at room temperature in a Balzers freeze- 
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SPINACH : . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TOBACCO : . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S__~. 6803 • T .... P S V . . . . . . . . . . . . . .  

C.paradoxa: . . . G T .... P S V . . . . . . . . .  T V . 

30 40 I 50 
BARLEY : S L F I A G W L F V S T G L A Y D V F G S P R P N E Y F T 

SPINACH • 

TOBACCO : . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S__~. 6803 : M . . . . . . . . . . . . . . . .  A T D .... 

C.paradoxa: F F I V . . . . . . . . . . . . . . . .  T . D .... 

60 70 80 
BARLEY : E S R Q G I P L I T DJR F D S L E Q L D E F S RJS F stop 

SPINACH : . . . . . . . . . .  G . . . . . . . . . . . . . . .  stop 

TOBACCO : . . . . . . . . . .  G P . . . . . . . . . . .  stop 

S__~ 6803 : Q T E L . I L Q E Y . I N Q E I E . . N Q stop 

C.paradoxa: . E E V . I N Q s T N stop 

Fig. 2. Comparison of the amino-acid sequences of the psbE gene products of barley [12], spinach [8], tobacco [9], Synechocystis sp. PCC 6803 [13] 
and C. paradoxa [10]. Amino  acids are indicated where different from barley. The initiator methionine is cleaved in the mature spinach protein, so 
that numbering starts with the next residue. ~ indicates a gap introduced to maximize homology.  The putative transmembrane segment is 
ovcrlined, the region corresponding to the synthetic peptide is boxed. Residues which were identical in barley, spinach and tobacco but were 

different in Synechocystis 6803 and in C. paradoxa are underlined. 



etch apparatus (either a prototype computer-operated 
or a conventional BAF 301 apparatus), at an 18 ° angle 
with platinum and at 90 o with carbon. 

Results and Discussion 

6,45, a monoclonal antibody recognizing the C-terminal 
part of the a-subunit of cytochrome b-559. 

Monoclonal  antibodies were obtained from mice im- 
munized with a barley PS II core preparation. In im- 
munoblot  assays, ant ibody 6A5 reacted very strongly 
with a polypeptide of  apparent M r 8-10 kDa present in 
the barley membrane (Fig. 1A). This polypeptide was 
identified as the a-subunit  of cytochrome b-559, since it 
was enriched in the PS II core preparation and com- 
igrated with the main Coomassie blue-stained band in a 
purified cytochrome b-559 preparation, i.e., fraction 56, 
obtained by the 'mild '  isolation procedure in Ref. 26. 
As shown in Fig. 1A, additional reacting bands were 
observed in the 43 kDa and 70 kDa regions in the PS II 
preparation. They may represent oligomeric forms or 
aggregates. The reaction seen slightly below the main 
band was observed inconsistently in different prepara- 
tions and is therefore thought to be due to proteolysis. 

In an at tempt to localize the epitope in the amino-acid 
sequence, we compared the reactivity of the antibody to 
thylakoid polypeptides from different organisms for 
which the sequence of the polypeptide is known. We 
studied three higher plants, barley (Hordeum vulgare), 
spinach (S. oleracaea) and tobacco (Nicotiana tabac- 
cum), the cyanobacterium Synechocystis sp. PCC 6803 
and the cyanelle of the flagellate C. paradoxa. Proteins 
from the photosynthetic membranes of these organisms 
were separated by SDS-PAGE, and transferred to 
nitrocellulose. After reaction with 6A5, bands of the 
expected molecular weight were observed in all three 
higher plants, but not with Synechocystis 6803 nor with 
C. paradoxa (Fig. 1B). Examination of the protein 
sequences (Fig. 2) revealed several regions where both 
the Synechocystis and the C. paradoxa sequences differ 
from the higher plant sequences, the last 14 residues of 
the higher plant sequence showing a strikingly low level 
of conservation. 

In order to identify more precisely the epitope in the 
sequence, the antibody was reacted with a synthetic 
tridecapeptide of sequence R F D S L E Q L D E F S R 
[18], corresponding to residues 68-80 of the mature 
barley and spinach polypeptides. In ELISA tests, the 
antibody reacted strongly with the tridecapeptide (Fig. 
3A. The reaction was inhibited by preincubating the 
ant ibody with the peptide. This treatment also inhibited 
the binding of the ant ibody to the thylakoid membrane. 
In control experiments, an unrelated decapeptide of 
sequence D K P E I P L P H E  (PSI-A1.5, residues 
230-239 of the spinach PSI-A1 protein) did not inhibit 
the binding of 6A5 to the tridecapeptide or to the 
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Fig. 3. Reactivity of monoclonal antibody 6A5 with the synthetic 
tridecapeptide. (A) ELISA tests using the tridecapeptide, the de- 
capeptide PS1-A1.5 and spinach French-press homogenate as antigens 
(as indicated on the left). Lane a: antibody 6A5 preincubated with ] 
mg/ml PSI-A1.5 peptide; b: 6A5 preincubated with 1 mg/ml tride- 
capeptide; c: 6A5 preincubated with 25/~g/ml tridecapeptide; and d: 
6A5, no preincubation. The dilution factors of the hybridoma culture 
supernatant are indicated on the right. (B) Immunoblotting experi- 
ment. Spinach thylakoids were electrophoresed in an 18% acrylamide 
gel [20] and blotted. Nitrocellulose strips were reacted with 6A5 (a) or 
6A5 after preincubation with 0.1 mg/ml tridecapeptide (b) or with 0.1 
mg/ml PSI-A1.5 peptide (c). Visualization was with alkaline phos- 
phatase. The positions of the molecular mass markers on the corre- 

sponding gel are indicated on the left. 

membrane, nor did the antibody react with the im- 
mobilized PSI-A1.5. Inhibition by the tridecapeptide 
was specific since, in other control experiments (data 
not shown), it did not inhibit the binding of two other 
synthetic peptide antibodies to their respective antigens. 

The reactivity of the ant ibody with the synthetic 
tridecapeptide was further demonstrated in immuno- 
blotting experiments (Fig. 3B). Preincubation of  the 
antibody with the tridecapeptide completely abolished 
the binding of 6A5 to the a-subunit  band, whereas the 
unrelated peptide PSI-A1.5 did not compete. These 
results indicate that monoclonal  ant ibody 6A5 recog- 
nizes a unique epitope located in the sequence encom- 
passed by the tridecapeptide. The fact that the tobacco 
protein, in which serine-71 is replaced by a proline, 
reacted with the antibody suggests that this residue is 
not part of the epitope. In other experiments, 6A5 did 
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not react with Chlamydomonas reinhardtii thylakoids 
(data not shown). The sequence of the psbE gene prod- 
uct in this organism is not known, but this result 
suggests that at least its C-terminal part differs from 
that of higher plants. 

Identification of the lumenal and stromal surfaces of the 
membrane 

Thylakoids are flattened membrane vesicles. In vivo, 
the exoplasmic surface is the inner (lumenal) surface, 
while the protoplasmic side corresponds to the outer 
(stromal) surface. Mechanical disruption of thylakoids 
generated a mixture of inside-out and right-side-out 
vesicles, which we sought to identify through their mor- 
phology and reactivity to specific antibodies. 

As shown in Figs. 4a and b, the French-press homo- 
genate was comprised of membrane fragments of vari- 
ous sizes, usually with the disk-like shape expected from 
collapsed vesicles. Two categories of fragments could be 
distinguished, which we identified as inside-out and 
right-side-out vesicles. 

Inside-out vesicles appeared as large vesicles (0.3-0.5 
/~m diameter), often irregular in shape, covered with 
large particles ranging in size between 12 and 16 nm 
(Fig. 4b). These vesicles represented about  6070 of the 
material, on a surface-area basis. The surface particles 
were sometimes arranged in rectangular arrays (see, for 
example, the arrow in Fig. 6b). In some instances, 
especially in the arrays, the particles could be seen to 
have a square shape and a multimeric structure. There- 
fore, these particles were identified as the equivalent of 
the ' tetrameric '  ESs particles which have been described 
on the lumenal surface of freeze-etched thylakoids [27], 
and the surface carrying them as the lumenal surface 
(ES). 

This identification was confirmed by examination of 
purified barley inside-out vesicles (B5 fraction, Fig. 4c) 
and of PS II-membrane fragments obtained by Triton 
X-100 treatment (data not shown), both of which showed 
similar surface particles. Particles on the purified inside- 
out vesicles were somewhat less distinct, probably due 
to the presence of residual polymer, which can obscure 

.~ ...'i~ . i~i:-~ ~ ~  

Fig. 4. 'On grid' shadowing of thylakoid membrane preparations. (a, b) French-press homogenate of spinach thylakoids, io: inside-out vesicles; ro: 
right-side-out vesicles. (c) Barley inside-out vesicles isolated by phase partitioning. The arrow points to a region where the large surface particles are 
arranged in a regular lattice. (d) Barley inside-out vesicles after treatment with 1 M CaCI 2. The surface particles are no longer discernible. The 

dimension of the bar is 0.5/.tm, except for (b), where it is 0.29/.tm. 
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the particles if the membranes are not thoroughly 
washed [28]. The ESs particles have been shown to 
contain the three extrinsic polypeptides associated with 
the water-oxidizing-side of PS II [28,29]. Both the ESs 
particles and these polypeptides can be removed by 
treating the membranes with 1 M CaC12 [28]. As a 
further control, we subjected purified inside-out vesicles 
to this  t r ea tmen t .  W e  obse rved  the d i s a p p e a r a n c e  of  the 
large sur face  par t i c les  (Fig .  4d). 

In  a d d i t i o n  to the  ins ide -ou t  vesicles,  the  h o m o g e n a t e  

c o n t a i n e d  a ca t ego ry  of  vesicles dense ly  covered  with  
sma l l e r  ( 8 - 1 0  nm)  par t ic les .  These  vesicles were  gener-  
al ly smal le r  in size than  the ins ide -ou t  vesicles. As  
shown below,  l abe l ing  expe r imen t s  wi th  an t i bod i e s  

speci f ic  to the s t r oma l  su r face  iden t i f i ed  t hem as 
r igh t - s ide -ou t  vesicles.  

CF~, the ext r ins ic  pa r t  of  the c h l o r o p l a s t  A T P a s e ,  is 

loca ted  on the s t roma l  sur face  of  the t hy l ako id  m e m -  
b rane  [30,31]. W e  used a po lyc lona l  CF~ a n t i b o d y  ra i sed  

aga ins t  sp inach  CF~ and  recogniz ing  the a,  13, ~" and  

8-subuni t s  of  the sp inach  c o m p l e x  in i m m u n o b l o t s  ( d a t a  
not  shown) .  The  a n t i b o d y  l abe l ed  r igh t - s ide -ou t  vesicles,  
bu t  ins ide -ou t  vesicles were not  s ign i f ican t ly  l abe l ed  

(Fig.  5a). Some  gold  was occas iona l ly  seen on  the f i lm 
and  on  the in s ide -ou t  vesicles,  p r o b a b l y  due  to a d s o r p -  

t ion of  C F  t re leased  f rom the m e m b r a n e  du r ing  mecha -  
nical  d i s r u p t i o n  or  label ing .  

In  these exper imen t s ,  the level of  b a c k g r o u n d  label -  

. ~ , ~ . i :  . . . . , .  ,~ , ' ,  . . . .  . ' , i ; ,~  " ,,. . .~. , r  . , . : "  " ' .  " ~ . ~  ~i . '~ ' ,~. ,~' .~ : : 'P  / , , 7 ; .  ~' ; - i , ~ : , " ~ , ~ , , ~  ' 
~" . . . .  x . . . .  ;. . . . . .  .-~. . • , "  " '" .-" ~ . . . . .  J ~, ~ -~ ,'7;, -. .;. 

" ~ -  ; , . . ,  . .  . - ,  . . . ,  -~ , , .~,  ,~. • . . . . . .  , - ,  ~ , ,  , .  , . , '*" , . , . • ..~ ~ *  , .,~:..., " . , ,  ' 

, ," ' -  • • :, " ' '~ . . . . . .  ', :,' . r : , ' . b t ~  ; -'-. , ,  .'" , / . 4  ~ . L  

Fig. 5. 'On grid' labeling of the French-press homogenate (a) with the CF I antibody; (b) with a non-immune serum and (c) with monoclonal 
antibody MLH1. The dimension of the bar is 0.5 ~m. 



138 

hag was estimated by replacing the specific antibody 
with non-immune sera at the same dilution from differ- 
ent rabbits. The background level varied from one 
rabbit to another but was usually very low (Fig. 5b). 
When noticeable, the background was usually more 
pronounced on inside-out than on right-side-out vesicles. 

When the primary antibody was omitted, scarcely any 
gold was seen on the grid (data not shown). 

Monoclonal antibody MLH1 was also found to label 
specifically the fight-side out vesicles (Fig. 5c). The 
epitope of this antibody is believed to be located on the 
stomal surface of the membrane, based on the following 

- " . " - .._ ~ - - "  . ~ ~ . .  - --~,",  . ~ . . - . . - ' . . - . - ~ - - - , - ' - ' . ,  ~- . ~ - ~ s .  ~ ' ' ~ - " . ~ . < , ~ * : ~ 7 ~ ~  

" - ' " L  " ; '  ' . ' k  ~ " "  • - - -  " , :  = ' • .  -. " . ~ . = ,  : ' ~  ~ T . r ' ~ - - ' . . ~ t . . : . , - k k ~ . : ~ . ' • ~ . . ~ : ~ = . :  - 

• :  . . . . .  .'~ ' :':'., ~ '  " , . ' - - ,~ ' ,~ ,  ~ " : ,  - . ' .  ~ "L: • - . . -  - :  . "  . : ;  ' ',=.:., - ,  . - ,  " L- :7._ ~'~:: :~':'. 
• . . . - .  . ~  • ", . -,' " ~ : ,  ' " . " "  - .~  , , -  - .  - . . ~ , . - _ . ~ .  :- . " ~ ' = ~ L . - ~ - - - : % / ~  

:, . . : , . -  - ' <  - - . -  . , ' - - .  , '.., ". . : . :  , , . -  . .  . ' -  . ~ .  . ~ = - ~ . ' " ' . ~ . % ~ .  - , :  - " i " , . :  . .  ? .  - 

~"i'.," ' ' ~',~" " V ~ "~" ..... ~V~i.:' :!" ",. ~- 

: : : . ,  ~"  . , ' ~'1' ~ ' ~ :  " - .  ~ ~ ÷ : ' ~  ' : '  -': " ~ .  - ' k - ' ~ ,  : . "  - ~ 1 - " ~ ' - . ' ,  

' , -  ~ ' ~ , - -  . . . . . .  ' ~ - . :  .~ - k , . ' ~ :  ~/ ~:,,' , , -  ~ . , _ ~  

' ' ' t "~ " " :  ~1 . . . .  " ' "  " "~k " ~ , ' I¢-~ - :  . , ~  

Fig. 6. 'On grid" labeling with 6A5 and the polyclonal antibody to the tridecapeptide. (a-d) French-press homogenate; (e) barley inside-out vesicles 
and (f) barley right-side-out vesicles. (a) (e) and (f) show grids reacted with 6A5; (b) 6A5 preincubated with the tridecapeptide; (c) the polyclonal 

peptide antibody; (d) the polyelonal peptide antibody preincubated with the tridecapeptide. The dimension of the bar is 0.5 # m. 
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observations. (i) MLH1 recognizes the major apoprotein 
of LHC II in pea and other higher plants [32], including 
spinach (immunoblotting experiments, data not shown). 
This 26-27 kDa chlorophyll a/b-binding protein (prob- 
ably a mixture of products from a family of genes) is a 
peripheral light-harvesting antenna for PS II. A 1-2 
kDa fragment of the protein is exposed on the stromal 
surface and can be cleaved by trypsin [33]. (ii) Trypsin 
treatment of the intact membrane has been shown to 
abolish the binding of MLH1 [34]. 

"On grid" labeling with antibodies to cytochrome b-559 
We used 'on  grid'  labeling to determine the location 

of the C-terminal domain of the a-subunit  of cyto- 
chrome b-559. In addition to monoclonal  ant ibody 6A5, 
we have used a polyclonal ant ibody raised against the 
synthetic tr idecapeptide described above• The ant ibody 
is characterized in detail elsewhere [18]. It  reacts with 
the peptide in ELISA and with the protein in ELISA 
and immunoblot t ing  experiments, these reactions being 
specifically inhibited by preincubation with the free 
peptide. 

X'.-£-2- o ~  

~~ 

"N~. ' > . ~ " . ' N  " 

. - . - - - ,  . . .  - - "  

As shown in Fig. 6a and c, both antibodies labeled 
inside-out vesicles only. The specificity of the reactions 
was shown by experiments where the antibodies were 
reacted with the tridecapeptide prior to incubation with 
the grid (Fig. 6b and d). For both antibodies, this 
resulted in a nearly complete inhibition of the labeling. 
The identity of the labeled surface was confirmed by 
labeling experiments with 6A5 on purified inside-out 
and right-side-out vesicles from barley. Only the former 
were labeled (Fig. 6e and f). In addition, barley PS 
II-enriched membranes, which expose only the lumenal 
surface of the membrane, were also labeled by the 
antibody (data not shown). 

In double-labeling experiments with 6A5 and the 
polyclonal antibody to the peptide, both antibodies 
were found to label the same vesicles (Fig. 7a). In 
experiments using 6A5 and the CF~ antibody (Fig. 7b 
and c), the vesicles labeled by 6A5 (small beads) were 
not labeled by the CF 1 antibody (large beads) and 
vice-versa. This is consistent with the two antibodies 
recognizing two different surfaces of the membrane. 
The arrow in Fig. 7b points to a partly opened inside-out 

Fig. 7. French-press homogenate, double labeling (a) with 6A5 (small gold particles) and the polyclonal peptide antibody (large gold particles); (b, 
e) with 6A5 (small gold particles) and the CF~ antibody (large gold particles). In (b), the arrow points to a partially opened inside-out vesicle 
showing both the stromal and the lumenal surfaces, which are labeled with large and small gold granules, respectively. The dimension of the bar is 

0.5 gm. 
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vesicle, with the lumenal surface labeled by 6A5 and the 
stromal surface by the CF 1 antibody. 

Structure of cytochrome b-559 
The results above indicate that the C-terminal  do- 

main of the a-subunit  of cytochrome b-559 (at least 
f rom residue 68 on) is exposed on the lumenal surface 
of the membrane.  If  the hydrophobic  stretch between 
residues 18-43 spans the membrane  bilayer as an a-  
helix, it follows that  the N-terminal  domain is exposed 
on the stromal surface. In another  set of experiments 
using the peptide ant ibody to moni tor  proteolysis of the 
protein on immunoblots  [18], we find that the N- and 
C-terminal  domains of the polypeptide are exposed on 
the stromal and on the lumenal surfaces, respectively. 
The results presented here, obtained by an independent  
approach,  confirm this conclusion. 

The orientation of the fl-subunit of cytochrome b-559 
has not yet been determined. Michel et al. have sug- 
gested that it can be phosphorylated at its N-terminal  
Thr  [36], in which case its t ransmembrane  orientation 
would be similar to that of the a-subunit ,  i.e., N-  
terminus on the stromal and C-terminus on the lumenal 
surface. The most  likely model for the protein would 
then be that of a hetero-dimer (aft), with His-22 of the 
a-chain and His-17 of the fl-chain both ligating the 
heme. The heme would be within the membrane  lipid 
bilayer but close to the stromal surface, consistent with 
the rapid oxidation of cytochrome b-559 by the imper- 
meable ion ferricyanide in intact thylakoids [37]. If  the 
cytochrome structure is superimposed on that of  the 
bacterial center [4], with Arg-17 placed at the same level 
in the membrane  as Arg-231 of subunit L, the heme and 
the tetrapyrrole ring of the bacteriochlorophyll  special 
pair will be approx. 16 ~k apart.  Since the histidines 
which ligate the accessory bacteriochlorophylls in the 
bacterial center are not conserved in PS II, the positions 
of the putative monomer  chlorophylls cannot  be predic- 
ted. However, if they assume a similar position in the 
membrane,  they would be approx. 14-18 A away f rom 
the heme. 

If  two hemes are present per reaction center, as 
suggested by  measurements  on various PS II  prepara-  
tions (Refs. 38 and 39; however, see Refs. 40 and 41), 
they would be in similar positions in the membrane ,  
possibly related by the rotational symmetry  which, by 
analogy with subunits L and M in the bacterial center, 
is expected in the PS II  center [4]. At this stage, how- 
ever, we cannot  rule out that the fl-chaln assumes the 
opposite orientation, i.e., with its N-terminus on the 
lumenal surface. In this case, the histidines in the a-  
and fl-subunits would be too far apart  to be ligands of  
the same heme. A possible structure would be that of 
two homo-dimers  (a2f12) , with one heme ligated by the 
histidines of two a-chains (and close to the stromal 

surface) and one ligated by the histidines of two/ / -chains  
(and close to the lumenal surface). 
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