
Bh~chimica el Btophysica Acre, 11111 (1992) q7-1t)4 W7 
¢i Iq02 Elsevier Science Publishers B.V. All rights reserved (1~!5 272~/92/$05.00 

BBABIO 43fi35 

Zero-length crosslinking between subunits and I 
of the H÷-translocating ATPase of chloroplasts 

G r e g o r  Beckers  a, Richard  J. Be rzborn  h and  He in r ich  S t ro tmann  ~' 

" Institut fiir IJiochemie der Pflanzen, Hemrich Heine Unirerstti~t Diisseldo~ Diisseldorf (German)') 
and ~ Lehrstuhl fiir Bitechem~e der Pflanzen, Rt,hr.Unit er~itiit Boehum, Bochum (Germany) 

( Received 20 December 1991 ) 

Key words: Photophosphor)'tation; Crosslinking; CFoCF t subunit; ATPase. It*-: Chloroplast 

Treatment of spinach thylakoids with l-ethyl-3-(dimcthylaminopropyl)-carbodiimide (EDC)/N-hydroxysulfosuccinimidc (sulfo- 
NHS) induced formation of a zero-length crosslink of an apparent molecular mass of 38 kDa. This product was shown, by 
immunodetection, to consist of subunit ~$ of CF~ and subunit 1 of CF o. The crosslink was isolated by preparative SDS gel 
electrophoresis and subjected to cyanogen bromide cleavage. Electrophoretic and immunological analysis of the resulting 
peptides suggested that the crosslink was formed between a glutamyl or aspartyl residue at the C-terminal end of subunit 1 and a 
basic amino acid of subunit 6 in the range between Val-I to Met-165. Treatment of thylakoids with EDC/Sulfo-NHS resulted in 
inhibition of photophosphorylation and CFnCFi-catalyzed ATP hydrolysis without affecting formation of a proton gradient 
related to phenazine methosulfate mediated cyclic electron transport. Inhibition of H ÷ transport-coupled ATP hydrolysis was 
more pronounced than non-coupled methanol-stimulated ATP hydrolysis. The results suggest that subunits 6 and I form a 
connection between the partial complexes CF~ and CF n in situ. Crosslinking of the two subunits may impede the translocation of 
protons through CFnCF I. 

Introduction 

The proton translocating ATPase of chloroplasts 
consists of the membrane-integral sector CF~D, which 
forms a t ransmembrane proton channel, and the cat- 
alytic peripheral sector CF r CF 0 is composed of four 
different subunits 1 to IV, CF t consists of five subunits 
t~ to E. The probable subunit stoichiometry is a~,/33, V, 
6, ~, I, !I, l l ld_t , ,  IV [1]. CF I is easily released from 
the thylakoid membrane by treatment with FDTA [2] 
or the chaotropic salt NaBr [3]. The high proton con- 
ductance of CFt-stripped membranes,  indicating open 
CF 0 channels, is blocked by dicyc!ohexyl carbodiimide, 
which binds to Glu-61 of subunit !11, or by reassocia- 
tion of CF t. Re-binding of CFj reconstitutes the c~:- 
ergy-conserving function of the thylakoid membrane 
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[1]. Several experimental results suggest an important 
role of the ~ subunit in functional connection between 
CF t and CF o [4]. It was found that a 6-deficient iso- 
lated CF I was unable to reconstitute phosphorylation 
[5-9]. Although the protein was bound to the mem- 
brane at almost stoichiometric amounts to the number 
of open CF 0 channels, the proton leaks were not re- 
sealed. It was, therefore, concluded that subunit 
controls the productive proton flux through the CF o 
channel [8,9]. This view was supported by the finding 
that isolated ~ can reconstitute photophosphorylation 
of partially CFi-depleted thylakoids by plugging the 
open CF o pores [9]. 

Immunological and proteolytic studies revealed that 
a large part of the ~5 subunit is hidden within the CFt 
head [10]. The strong in vitro interaction between 
subunits 6 and a [ l l ]  suggests a connection between 
these two polypeptides also in situ. On the other hand, 
the subunit(s) of CF 0 which anchor ~5 to the membrane 
sector of the ATPase, are actually unknown. In this 
paper we report on crosslinking of subunit fi to the 
CF 0 subunit 1 induced by treatment of thylakoid mem- 
branes with 1-ethyl-3-(dimethylaminopropyl) carbo- 
diimide (EDC). 

EDC,induces zero-length crosslinks between vicinal 
proteins by the formation of secondary amido bonds 
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between adjacent carbt~xylic and imino ~'.roups, respec- 
tively. Thi.~ crosslinking reaction is greatly enhanced by 
the catalytic reagent N-hydroxysulfosuccinimidc 
(Sulfo-NItS). which reacts with the O-acylurca inter- 
mediate of EDC [12]. The resulting activated NHS-es- 
tcr is less sensitive to hydrolysis and shifts the ptt 
optimun~ of the EDC-mediated crosslinking reaction 
from 4-5 to the range of 7-8, The crosslinks formed at 
these physiological pH values give information about 
the natural vicinities between polypeptide chains in 
protein complexes. 

Experimental procedures 

Thylakoids were isolated from spinach leaves as 
described in Ref. 13, washed and resuspcnded in 0.3 M 
sucrose, 5(I mM NaCI, I mM MgCI2 and 10 mM tricinc 
buffer (pH 8.0). Crosslinking reactions were carried out 
in the same medium containing additional 10 mM 
EDC, 5 mM sulfo-NHS and thylakoids corresponding 
to I m g  chlorophyll/ml. After 3(1 min stirring at 20°C 
the reaction was stopped by addition of a 5-fold vol- 
ume of a solution consisting of (1.3 M sucrose. 50 mM 
NaCI, 1 mM MgCI_,, If.1 M glycine and 10 mM tricinc 
buffer (pH 8.0), After centrifugation and washing in 
the same medium, the pellet was resuspcnded in 0.2 M 
sucrose, 10 mM MgCI 2, (1.2 M (NHa)2SO 4, 0.5% 
sodium cholate, 30 mM n-octyl /3-o-glucopyranoside 
and 10 mM Tricine buffer (pH 8.0), and stirred for 1 h 
at 4°C. This treatment solubilizes CFoCF~ [14]. After 
centrifugation to remove non-solubilized membrane 
material, the supernatant was fractionated by ammo- 
nium sulfate precipitation. The 35% to 50% (NH4)2SO 4 
precipitate was collected by centrifugation, re-dissolved 
in 10 ml (I.2% Triton X-100, 0.5 mM EDTA. I).l mM 
ATP and 30 mM Tris-succinate (pH 6.5), and subjected 
to sucrose gradient (15-5(1%) centrifugation (20 h at 
220000×g). The single fractions were analyzed by 
SDS gel electrophoresis and subsequent silver staining 
[15]. Protein contents were measured by the method of 
Bcnsadoun and Weinstein [16]. 

The fractions containing pure CFt~CF~ were pooled, 
subjected to preparative SDS-PAGE [17] and stained 
by Coomassie blue [18]. The bands containing ~ubunits 
& I and a ~-1 crosslink (38 kDa) were excised, washed 
three times with a 5-fold volume of 70% for:nic acid 
and incubated for 4 h in a 5-fold volume of a solution 
containing 70% formic acid and 1% cyanogen bromide. 
After washing three times in a t0-fold volume of 0.1% 
SDS and 60 mM Tris-phosphate (pH 6.7), the gel 
pieces were placed into the slots of another SDS-poly- 
acryalamide gel for analysis of the fragmentation prod- 
ucts. 

Antisera were raised in rabbits [19] with about 100 
#g of the respective CFoCF ~ subunits. The pure ooly- 
peptides were obtained by electroelution [20] alter 

preparative SDS gel clectrophorcsis of the enriched 
CF, CF I co:nplex. 

For Western blot analysis, the proteins and pep- 
tides, respectively, were transferred to nitrocellulose 
membranes, incubated with polyclonal antisera and 
assayed by the Enhanced Chemoluminescenee System 
of Amersham [21]. The blotted protein standards were 
detected by ink stain (Pclikan Brillant Black 40011 [22]. 

For measurements of thylakoid activities, the EDC 
reaction was stopped by 1:1 dilution with 50 mM 
NaCI, I mM MgCI 2, 1 M glycine and 2 mM Tricine 
buffer (pH 8.0). After centrifugation and washing twice 
in the same medium, but without glycine, the mem- 
branes were resuspended in this medium and stored at 
a chlorophyll concentration of 1 mg/ml. 

Time coarses of transmembrane proton gradient 
formation were followed by monitoring the fluores- 
cence quench of 9-aminoacridine, as reported in Ref. 
23. The basal medium contained 50 mM NaCI, 5 mM 
MgCI 2. I0 mM dithiothreitol and 50 p,M phenazine 
methosulfate. The chlorophyll concentration was 25 
# g / m l  and the 9-aminoacridine concentration was 5 
#M. 

Non-coupled ATPase activity was assayed at 37°C in 
a medium containing 35% methanol (v/v), 25 mM 
NaCI, 25 mM MgCI 2, 5 mM [y-3zP]ATP, 25 mM Tris 
buffer (pH 8.8), and thylakoids corresponding to 25/zg 
chlorophyll/ml [24]. Samples were taken after .30, 60, 
90 s, deproteinized by HCIO 4 (0.5 mM) and analyzed 
for [-t2P]P i [251. 

H+-coupled ATP hydrolysis at clamped ApH was 
measured at 20°C with an instrument described in Ref. 
26. The medium consisted of 50 mM KCI, 5 mM 
MgCI2, 10 mM DTT, 50 p.M PMS, 2 mM phospho- 
enolpyruvate, 80/ . tg/ml pyruvate kinase, 0.1 #M vali- 
.qomycin, 5 #M 9-aminoacridine and 25 mM tricine 
buffer (pH 6.0); the chlorophyll concentration was 25 
p,g/ml. After pro-illumination for 2 min to activate the 
ATPasc, a pro-chosen pH of 2.5 was provided by the 
instrumental device by modulation of photosynthetic 
light intensity. After 2 min, 0.5 mM [~,-32P]ATP plus 
80 nM nigericin was injected. ApH was maintained at 
2.5 by automatic regulatie~n of light intensity [26]. After 
30, fi0 and 90 s saint, los were taken deproteinized by 
HCIO4 (0.5 mM) and analyzed for [32P]P i [25]. 

Results 

EDC-mediated crosslinking between CFoCF 1 subunits 
After EDC/Sulfo-NHS treatment of thylakoids, the 

CFoCF~ complex was solubilized by oetylglucoside and 
isolated by sucrose gradient centrifugation [14]. SDS- 
PAGE analysis revealed a variety of crosslinks of 
molecular weights above 50 kDa (Fig. 11. By immuno- 
detection, using antisera against isolated CFoCF I sub- 
units, crosslinking between nearly all subunits could be 



observed (data not shown) in accordance with pub- 
lished results [27,28]. Only subunit  3, was not linked to 
any o ther  subunit by EDC t rea tment .  Fur thermore .  
derivatives of  a a n d / 3  subunits were de tec ted  by their  
slightly modif ied migrat ions in SDS-PAGE.  As those 
do not contain a crosslinking par tner ,  they are most 
probably intramnlecular  crosslinks of these subunits.  

One  crosslink formed at high yield was de tec ted  in 
the  range c f  an apparen t  molecular  weight o f  38 kDa 
(Fig. 1). Immunoblot  analysis revealed that this protein 
band contains the subunits CF~-6 and CF.- i  (Fig. 2). 
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Fig. 1. SDS gel electropheretic patterns of isolated CFoCF ~ from 
non-lreated (A) and EDC-treated (B) thylakoid membranes. Elec- 
trophoresis was carried out on a 15% polyae~'lamide-gel with 20 ,ag 
protein in each lane: the gel was  stained ~ith silver 115]; subunit 
CFn-IV does not stain under these conditions. The arrow marks the 

38 kDa ~-l-crosslink. 
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Fi~. 2. immunoblot of Ct-.CF~ isolated from non-treated (A) and 
EDC-treated (B) th~lak(~id membranes, with antisera against sub- 
units I (no. 302) and 6 (no. 306t. Lell side: immuno blot ~ith 20 #g 
of prolein per lane. Right side: 3(I p.g of CF,,CF~ standards elee- 
trohk~ttcd on nit[ocelh,lose and stained v, ith ink. SDS-gcl-clectro- 

phoresis was carried out on a 15'7~. I~lyacrs'lamide gel. 

The  formation of  the 38 kDa crosslink is re!ated to a 
significant loss of intensities in the bands of  subuni~ 5 
and subunit 1 {Figs. 1 and 2). 

Cyanogen bromide clear'age of the 6-I cros~link 
The 38 kDa band,  as well as the non-crosslinked 

CF,-6 and CFcr-I bands,  were taken from Coomassie-  
s tained preparative SDS gels and subjected to cyanogen 
bromide t reatment ,  which provides cleavage of  i)eptide 
bonds  at the carboxy-side of  methionine residues. Since 
e l ed rophore t i e  elution of the proteins from the gels 
resulted in considerable  loss of protein and p(r~,sibly 
oxidation of  methionines,  the  cleavage reaction was 
carried out by in-gel t rea tment  of  the excised bands for 
4 h at 200C. Afterwards  the gel pieces were put on a 
second gel to separate  the fragments  by another  SDS- 
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PAGE, as described in Materials and Methods, blotted 
on nitrocellulose mcmbnmes  and analyzed by antisera 
against CF,-a and CF.-I. Fig. 3A shogs,  schematically, 
the cyanogen bromide cleavage sites of CF,-I  and CF~- 
a. as well as the molecular weigh:s of the expected 
cyanogen cleavage products. According to '~hc trans- 
lated DNA sequence, spinach CF,-I contains four me- 
thionines in addition to the N-terminal methionine 
(Met-90, Met-10g, Met-175, Met-179) [29]. By amino 

acid sequencing, however, the protein was found to 
start with Gly-18 [30,31], suggesting a post-translational 
processing of 17 N-terminal amino acids [29]. Accord- 
ingly complete cyanogen bromide cleavage should yield 
five peptides designated by the letters a (7.8 kDa), b 
(2.2 kDa), c (7.8 kDa), d (0.4 kDa) and e (0.6 kDa), 
C F r 6  has only two methionines close to the C-terminal 
end (Met-165, Met-180) [32] yielding three cleavage 
products, which were designated A (18 kDa), B (1.7 
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Fig. 3. (a) Cyanogen bromide cleavage sites of spinach CFr~ and CFo-! and molecular weights of the fragments in kDa. The letters a to e and A 
to C designate the cleavage products of subunits [ and & respectively. {B) Lane I, 30 p-g of ink-stained CF,CFI isolated from EDC-treated 
thylakoid membranes separated by SD~; PAGE and blotted on nitrocellulose. Real n,o[ecular weights deduced from the amino acid seclaenCts 
are shown. Lane 2. immuno blot of cyanogen bromide-cleaved isolated suhunit CF0-1, decorated with anti-I serum no. 392. Lanes 3, 4, 
immunoblot of the isolated &l crosslink, cleaved, separated and decorated with anti-I serum no. 392 and anli-8 serum no. 306, respectively. Lane 
5, immunoblot of the cyanogen bromide-cleaved isolated subunit ,~ decorated with anti-8 serum no. 306. The bands identified by molecular 
weight are aasigned according to the designations given in A. SDS-gelelectrophoresis was carried out on a 17% polyacrylamid¢ gel. After 
electroblotting the gel was silver-stained. Due to incomplete transfer to the nitrocellulose membrane, the immunoreactiv¢ pcptide bands could b¢ 
identified on the gel. Comparison of the two hacks corresponding to lanes 4 and 5, for example, clearly confirmed the shift to slightly higher 

molecular masses of the cleavage products of the erosslink compared with the 6 subunit. 
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kDa) and C (0.7 kDa). After incempletc cyanogen 
bromide cleavage, a number of farther fragments can 
be expected. 

Fig. 3B shows the experimentally obtained cleavage 
patterns of the isolated subunits CF0-I (lane 2), CF~-8 
(lane 5) and of the 8-I crosstink (lanes 3, 4) detected by 
immunoblot analysis. In lanes 2 and 3 anti-CF0-1, in 
lanes 4 and 5 anti-CF~-/5 was employed. 

Separation of the fragments of isolated CF.-I shows 
three bands of apparent molecular weights of 18-19 
kDa, about t0 kDa and about 8 kDa. The shapes of the 
bands suggest that each of them may be composed of 
more than one single peptide. According to the molec- 
ular weight, the upper broad band may contain the 
uncleared suhunit (18.8 kDa) and the a-b-c-d fragment, 
which is smaller by only 1 kDa. The middle band may 
be assigned to the a-b fragment and the b-e fragment, 
both having a real molecular weight of 10 kDa. The 
lower band, most likely, contains the fragments a and c 
(7.8 kDa). The absence of fragments c-d (8.2 kDa) and 
c-d-e (8.8 kDa) - which should be clearly distinguished 
flora the a and c fragments - suggests that the cleavage 
site at M-175 may be very sensitive to cyanogen bro- 
mide treatment. The small peptides _< 2.2 kDa (b, d-e.  
d and e) are not detected in the employed gel system. 
Cyanogen bromide treatment of isolated CFt~  yields 
three bands of 20, 19 and 17.5 kDa apparent molecular 
weight. They may be assigned to uncleared 5 (20.4 
kDa), fragment A-B (19.7 kDa) and fragment A (18 
kDa), respectively. The small B, C and B-C peptides 
( _< 2.4 kDa) are again undetectable. 

Cleavage of the ~-I crosslink yields three main bands 
in the range from 18 to 21 kDa. which are positive with 
anti-& The pattern of the bands is similar to the one of 
isolated ~5 after cleavage (el. lane 5), but all three 
bands are shifted to __< 1 kDa higher apparent molecu- 
lar weights. This result permits the conclusion that it is 
the A peptide of CFt-& which is enlarged by 1 kDa or 
less. The three peptides are not reactive with anti-l, 
indicating that the attached CF0-1 fragment has no 
epitope that is recognized by this antiserum. The CF~cl 
fragment that is contained in the three different bands, 
must be either the d-e or e peptide. This is consistent 
with the fact that the fragments a-b-c, a-b, b-c and a,c 
are found unchanged in the cleavage pattern of the 
crosslink (of. lanes 2 and 3). Additional larger (>  20 
kDa) cleavage products of the crosslink, which are 
partly identical in the anti-I- and anti-t$-treated lanes, 
were not further identified. 

Effect of EDC on the function o[ the ATPase 
Treatment of thylakoids with EDC under the exper- 

imental conditions which lead to formation of the 6-1 
crosslink, did not inhibit the generation of a transmem- 
brane proton gradient coupled to PMS-mediated cyclic 
electron transport. This result demonstrates that nei- 
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Fig. 4. Effect of EDC treatment on light-dependent formation of a 
proton gradient as measured bS' 9-aminoacridine fluorescence 
quenching. (A), Change of the fluore~ence signal duc to ADP 
phospho~iation in control thylakoids and (BL in ED('-ttcatcd th], ~ 
lakoids. (C). Formation of a proton gradient upon addilion of ATP 
after pre-illumination in the presence of DTT m control thylakoids 
and (D). in EDC-treated thylako~ds. Assa$ conditions a~ described in 
Experimental procedures. Pre-treatment with EDC v~as carried ~ut 
for 20 min. The substrates were added at final concentrations of 20(1 
~M (ADP and ATP! and I mM (P,). The instantaneou~ small 
fluorescence quench obsen.'ed o~ ADP or ATP addition is an arte- 
fact due to interaction of the nucleotides wi|h q-aminoacridine [26J. 

ther the employed electron transport :ystem is signifi- 
cantly impaired nor that EDC acts as an uncoupler 
(Fig. 4). If compared to the signal of untreated thy- 
lakoids, EDC treatment even slightly increases the 
extent of pH. Phenomenologically EDC acts like the 
chemically-related carbodiimide derivative dicyclo- 
hexylcarbodiimide (DCCD). It was shown, however, 
that the hydrophilic EDC does not bind to the DCCD 
binding site (Glu-61) in subunit Ill  of CF 0 [33]. Starting 
photophosph,~rvlation hy addition of phosphate to un- 
treated thyla, oids in the light, results in a signtficant 
decrease in the proton gradient due to acceleration of 
H + efflux, coupled with ATP formation (Fig. 4a). in an 
EDC-treated thylakoid preparation, however, the gra- 
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Fig. 5. Effect of ED(" treatment on the a~tivity of It'-coupled 
(light/I)TT-triggercd) and non-coupled (methanol-stimulated) 
ATPase of isolated thylakoid metal,fanes. Experimental details are 
given in the Expe;Jmenta! procedures. Control activities: It)8.., /amol 
P, mg chlorophyll i h I (c(;upled ATPase) cod 245.8 ul,,ol P, mg 

chlorophyll ~ h ~ (non-coupled ATPase). 

.client is only slightly decreased upon phosphate addi- 
tion (Fig. 4b), indicating inhibition of photophospho- 
rylation at the level of the H*-transloc~ting ATPase. 
Control thylakoids, which were pre-illuminated in the 
presence of DT1F to activate the ATPase ("light-trig- 
gered ATPase') ,  show generation of a proton gradient 
on addition of ATP in the subseuuent dark (Fig. 4c). 
However, no significant gradient formation is detected 
with EDC-treat,,d thylakoids (Fig. 4d). The results of 
Fig. 4 indicate that EDC is a rather specific inhibitor of 
CF.CFr  

EDC treatment might effect inhibition of either the 
scalar ATPase reaction or the vectorial proton tr,~ns!o- 
cation step. To test this, two different ATPase activi- 
ties of thylakoids were measured as functions of EDC 
incubation time, the non-coupled methanol-stimulated 
ATPase [24] and the H + transport-coupled light-trig- 
gered ATPase [1]. In order to obtain energetically-con- 
trolled and comparable conditions, the proton gradient 
was clamped at ,~lpH = 2.5 in the latter system. 'This 
was achieved by feed-back modulation of the intensity 
of simultaneously employed photosynthctic light [26]. 
Fig. 5 shows that both ATPase activities are inhibited 
by EDC treatment. Particularly at prolonged incuba- 
tion times, however, the coupled reaction is more sen- 
sitive to EDC. Inhibition of the uncoupled ATPase 
may be due ;.o the formation of intermolecular and 
intramolecular crosslinks of CF~ subunits, including a 
and /o r  /3 (cf. Fig. 1). The additional inhibition of 
coupled ATPase as a function of EDC incubation time 
is related with the loss of staining intensities of sub- 
units ~ and 1 and the increase of staining intensity of 
the 38 kDa 6-1 aggregate (not shown). We admit, 
however, that this semi-quantitative estimation does 

not really pro,,c a correlation between the two parame- 
ters. 

Discussion 

Thc cyanogen bromide cleavage pattern of the 
EDC-induccd 6-I crosslink permits the conclusion that 
thc link is formed between a segment of subunit 
including the amino acids Val-I to Met-166 and the 
C-terminal end of subunit i. Inspection of  the C-termi- 
nal sequence of CF.-I, 

181 184 

--GlyMet PheGlyAlaMet A:,nGlul leThrAsp--COO 
I I 

COO COO 

shows that only two acid amino acids arc suitable 
candidates for EDC-mediated crosslinking, Giu-181 
and the C-terminal Asp-184, comprising, altogether, 
three carboxylic groups as possible reaction sites. The 
predir 'ed ~econdary structure of CF0-I shows five heli- 
cal segment~ separated by short ,e-turns [29]. The hy- 
drophobic N-terminal helix, comprising the amino acids 
Ser-19 to Phc-43, is supposed to span the membrane, 
whereas the remaining part of the polypeptide - in- 
cluding the C-terminal crosslinking site - is exposed to 
the CFrfacing membrane side and is accessible to 
antibodies [34] and proteases [35]. Accordingly, the 
co-reacting amino group must be in the 8 subunit. 
From our results its location cannot be further speci- 
fied within the large segment of  CFt-tS, designated 
'peptide A'. In ad,!~rion to the N-terminal amino group 
there are 16 arginines or lysines, respectively [32], as 
possible linking sites. 

Proteolytic and immunological studies have shown 
that in isolated thylakoids subunit ~S is virtually inac- 
cessible, except for about 15 C-terminal amino acids 
which are clipped by V8-protease [10]. In isolated CF t, 
however, 6 is rapidly degraded by trypsin and recog- 
nized by monoclonal antibodies against different epi- 
topes [36]. These results sulz~est that in situ most of 
subunit 6 is hidden within the CF~ head. Since the 
VS. protease-accessible C-terminal segment of 8 is not 
involved in crosslinking to CF0-I, the contact faces of 
the two subunits seem to be screened by other sub- 
units. Nevertheless, the interacting surfaces seem to be 
access;hie by the smaller EDC molecule. 

T t :  tormation of a zero-length crosslink presumes 
close vicinity of the reacting acidic and basic amino 
acid, respectively. As the two oppositely charged amino 
acids can undergo ionic binding, it is likely, althoug~ 
unproven, that they play a role in natural binding 
between the two subunits I and & 

The role of ~S as a structural link oetween CF 0 and 
CF t was proposed by Nelson and Karny [37]. Later on, 
however, several workers found that 3 is not required 
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for CF~ binding, but is necessary lor the functional 
integrity of the ATPase complex. With the exception of 
Patrie and McCarty [38], who reported some restora- 
tion of photophosphorylation of CF~-stripped thy- 
lakoids with 8-deficient CF~ at higher M'U'* concentra- 
tions, most authors found no reconstitudon unless iso- 
lated 8 was also added [6,39,40]. Chemi,:al crosslinking 
studies with dimethyl suberimidate and hexamethylene 
diisoeyanate revealed structural relationships between 
6 and all other CF I subunits, as well as between 6 and 
the CF 0 subunits I and I1 [27], which, in part, is in 
accordance with our results on EDC-eatalyzed cross- 
linking. 

The CF0-1 homologous subunit b is the probable 
target for binding of F~ in E. coll. Trypsin or chymo- 
trypsin treatment of EFt-stripped membranes or EFn- 
containing liposomes, which affected only subunit b. 
abolished re-binding of EF~ and the cleavage of b was 
protected by the presence of EF~ [41-44]. Treatmcnt 
of EFi-stripped membranes or EFtj-liposomes with the 
arginine-modifying reagent, phenylglyoxal, which re- 
suited in predominant incorporation into suDunit b 
likewise inhibited EF I binding [41,45]. Sire(k- --smts 
were obtaincd with 2,3-butanedione [46]. Thc cont,,,- 
sion that arginine residues on subunit b are involved in 
binding of F~, is not exactly in agreement with the 
results reported here on CFu-I-CF~-fi erosslinking, 
where the reaction partner in subunit I is a glutamie or 
aspartic acid, respectively. Comparison of the primary 
structures shows large variations in both, subunits 6 (ol 
OSCP in the mitoehondrial enzyme) and subunit I / b  
from different sources, but quite homologous sec- 
ondary structures [29,32,47]. The possible amino acids 
of CF0-I that form the crosslink with subunit 6 in 
spinach, are not conserved, suggesting that in other 
species the interaction between the respective subunits 
may be through other amino acid residues of the same 
region of the polypeptide chain. This is also supported 
by the finding that EFI-6 can replace CF~-~ in reeonsti- 
rut(on of photophosphorylation [40]. It is also likely 
that more sites than the one identified here are in- 
volved in the intera,tion of the two polypeptides. 

The higher sensitivity of the coupled, compared to 
the uncoupled, ATPasc reaction towards EDC treat- 
ment suggests inhibition of the proton translocation 
step in addition to some inhibition by crosslink forma- 
tion between CF~ subunits. Since fi plays an important 
role in the control of proton conductance through the 
ATPase complex [7,48], it is tempting to trace back the 
additional inhibition of the coupled reaction to the 
observed formation of a 5-1 crosslink. Covalent fixation 
of ~ to CF 0 may either block the transfer of protons at 
the interface between the two subcomplexes or act 
indirectly by preventing structural changes or motions 
of 6 and 1 which may be relatcd with proton coupling 
of the ATPase reaction. 

In addition to its function as a driving force in A T P  

formation, a proton gradient is also nccessa~' for ATP- 
ase act(wit(on [1]. It is unknown if aetivatk~n requires 
only enzyme protonation from the intra-lhylakoidal 
side (possibly related with dcprotonation at the exter- 
nal side) [23,49] or proton flow through lhc enzyme 
complex. From the results of Fig. 5 we cannot decide 
whether EDC treatment inhibits enzyme activation or 
the proton-coupled catalytic reaction or both. Since the 
proton gradient was clamped in this experiment, i.e., 
the interna! proton concentration was constant, it is 
.:lear, however, that the pre-requisites for protonation 
and deprotonation, respectively, at the two sides of the 
thylakoid membrane were the same in the non-treated 
and EDC treated samples. 
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