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ABSTRACT. The e subunit of the chloroplast ATP synthase is an inhibitor of activity of the enzyme.
Recombinant forms of the subunit from spinach chloroplasts lacking the last 10, 32, or 45 amino acids
were immobilized onto activated Sepharose. A polyclonal antiserum raised agairsstifeinit was
passed over these immobilized protein columns, and the purified antibodies which were not bound
recognized the portions of thesubunit missing from the recombinant form present on the column. The
full polyclonal antiserum can strip thesubunit from the ATP synthase in illuminated thylakoid membranes
[Richter, M. L., and McCarty, R. E. (1987) Biol. Chem. 26215037 15040]. Exposure of illuminated
thylakoid membranes to antibodies recognizing the last 32 amino acids efghbunit collapses the
proton gradient and hinders ATP synthesis with similar efficiency as the full polyclonal preparation. These
results indicate that antibodies against the last 32 amino acids efsitliteunit are capable of stripping the
subunit from the ATP synthase in illuminated membranes. Neither of these effects was seen when the
membranes were exposed to the antibodies in the dark. This is direct evidence that the chloroplast ATP
synthase undergoes a conformational shift during its activation by the electrochemical proton gradient
which specifically alters the conformation of the carboxyl-terminal domain of gwbunit from protected

to solvent-exposed. The relation between this shift and activation of the enzyme by the electrochemical
proton gradient is discussed.

Chloroplast ATP synthase, CF1CFapuples the trans- MgADP, changes in the solvent-accessibility of both the
location of protons to the synthesis and hydrolysis of ATP. ande subunits of CF1, and an increased rate of reduction of
This coupling of ion movement to ATP synthesis was first a regulatory disulfide bond within thes subunit are
suggested by Mitchell's chemiosmotic hypothesis. (n manifestations of changes elicited by the electrochemical
chloroplasts, the electrochemical proton gradient formed proton gradient3).

across the thylakoid membranes during illumination provides  The¢ subunit is an inhibitor of the activity of CF1CFo or
the driving force for ATP synthesis. CF1CFo belongs to the ¢ ~E1 Removal of the subunit causes very high rates of

Iarge;] famil%/ ode—typg AJP%S?S ar&dbis S".””"ar fto ATP fATP hydrolysis, and its reintroduction strongly inhibits
synthases found in mitochondria and bacteria. A feature of prpage activity. The formation of an electrochemical proton
the chloroplast ATP synthase is that it exists in two distinct gradient across thylakoid membranes in the light relieves

states. In the light, when a high electrochemical proton 5.~ . .. . : .
. S . this inhibition, thereby allowing rapid ATP synthesis. The
gradient across the thylakoid drives the reaction toward ATP ubunit is not released during activation in the lighy, @s

synthesis, the ATP synthase can generate sgveral hundreﬁs presence is necessary for coupling the proton gradient to
ATPs per second. In the absence of illumination, the ATP .
. . ) . . ATP synthesisg).

synthase is inactive, showing almost no ATP hydrolysis. This o ) )
inactive state of the enzyme persists until a proton gradient !llumination of thylakoid membranes causes a change in
is generated across the thylakoid membrane, after which ATPthe solvent accessibility of the subunit of CF1. When
synthesis reaches its maximum velocity within milliseconds thylakoids are illuminated in the presence of pyridoxal 5
(). phosphate (PLP), thesubunit is 3 times more reactive with

Conformational changes of CF1CFo in response to the PLP than in nonilluminated samples. A singlesubunit
electrochemical proton gradient are likely to be at the heart lysine residue, Lys-1096], reacts with PLP in the light.
of the mechanisms that switch the ATP synthase on in the Polyclonal antie antibodies reacted with the subunit of
light and off in the dark. A decrease in the affinity for CF1CFo in intact thylakoids in the ligh?). The antibodies
partially stripped the subunit from the thylakoids, causing
. ! Tgist_ WOEKMV:VS&SZ%%FACgtedd% gé%nltiofzrg?) the National Science g collapse of the proton gradient and a loss of ATP synthesis.
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;AbbLeviations: 9-AA, 9iezminoa0)ridine; E:]orateI kgtlefer, l|25 mM  the antiserum had no effect on either ATP synthesis or proton
sodium borate, 75 mM NacCl (pH 8.4); CF1, the soluble, catalytic part
of chloroplast ATP synthase; CFo, the intrinsic, proton-conducting part Conduaance?b.' These results suggest that a p_art O.r parts
of the chloroplast ATP synthase: TFA, trifluoroacetic acid; Tricine, Of the e subunit are exposed to the solvent in illuminated

N-tris(hydroxylmethyl)methylglycine. thylakoid membranes.
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In this paper, we show that the C-terminus of ¢rsubunit Construction of Immobilized Subunit Columndnclusion
is exposed to antibodies in the light. The relation of this bodies containing the subunit were incubated for 15 min
energy-dependent change to activation of the ATP synthasewith 30 units of DNase | (Boehringer Mannheim) in 20 mM
is discussed. Tris-HCI (pH 8.0), 2 mM MgC} at 37°C, and the DNase
was removed by centrifugation at 16@0r 5 min. Inclusion
MATERIALS AND METHODS bodies (approximately 24 mg) containing the: subunit
Thylakoid membranes were prepared from market spinachwere solubilizedn 8 M urea, 20 mM NgHPO, (pH 7.0).
(8) and could be stored (about 3 mg/mL chlorophyll) at 4 The pellets were incubated in the urgzhosphate solution
°C in 20 mM Tricine-NaOH (pH 8.0), 400 mM sucrose, and for 2 h atroom temperature then centrifuged at 169&6r
10 mM NacCl for up 6 4 h without significant loss of activity. 5 min to remove insoluble material. The protein concentra-
All € mutant plasmids and inclusion bodies were prepared tions of unfoldede subunit solutions were estimated by the
according to McCarty and Cruz), ¢C6S gains native  Bradford method?2) as corrected by Richter et all3) and
activity and folding after rapid dilutionf@ M urea solutions ~ were adjusted to 2 mg/mL in uregphosphate.
into an ethanol/glycerol mixturel(). The mutationgA10C Four immobilizede subunit columns were prepared as
and eA45C were constructed from theC6S plasmid as  gescribed below. The foursubunit preparations used were
described elsewherd). The notatiomAnC indicates thata  cgs, A10C, A32C, andA45C. Approximately 5 mL of

mutant form of the: subunit has been truncated bypmino cyanogen bromide-activated Sepharose (Sigma) was gravity-
acids from its C-terminus. The mutatie/A32C was con-  packed into a column with an inner diameter of 1.5 cm. A
structed from theC6S plasmid using unique site elimination  go|ytion of 5 mg ofe subunit in 2.5 mL of ureaphosphate
mutagenesis (Clontech, Palo Alto, CA). The forward primer \yas added directly to the column. The column was then
for eA32C was, from 5to 3, CCGCTTTCCTTTAGT-  gegled and allowed to sit at room temperature for 2 h. The

TAGCTTC. The reverse primer altered a unigXied cut column was then washed extensively with urgaosphate
site toPuull using the primer GACTGCTTTACCGCAGCT-  tol1owed by 10 column volumes of 50 mM Tris-HCI (pH
GCCTCGCGCG' ) i i 8.0). The column was sealed and allowed to sit at room

lllumination of ThylakoidsThylakoids equivalent to 435 o mperature for 3 h. The column was then washed with eight
ug of chlorophyll were diluted to 1 mL in 50 mM Tricine-  ¢,ccessive cycles of 50 mM Tris-HCI (pH 8.@) M NaCl

NaOH (pH 8.0), 50 mM NaCl, 5 mM MgG| and 10uM followed by 50 mM glycine (pH 3.5)1 M NaCl. The column
pyocyanine, a mediator of cyclic electron flow. In clear 55 then equilibrated with borate buffer af@.

plastic tubes, S of diluted thylakoids was added to 30 Isolation of Antibodies for the C-Terminus of thh8ubunit.

uL of borate buffer containing either antibodies or bovine ) . ; o : :
serum albumin at approximately 30 mg of protein/mL Rabbit antiserum against purified subunit was obtained
Thylakoids were illuminated with saturating white light in a prewogsly 0) and was storgd at80°C. .TWO m_ll_llllters of
shaking water bath for 10 min at 18C. Immediately the antiserum was added directly to the immobilizedibunit _
following illumination, thylakoids were placed on ice in the column. The ::olumn was then sealed and allowed to sit
dark for 15 min before use. Dark control samples were over_mght at 4°C. Fresh borate buffer was then added, and
treated identically to other samples, but these tubes werethe.f'rSt 10 mIT of effluent from each column was collectgd.
Solid ammonium sulfate was added to 50% of saturation,

tightly wrapped with aluminum foil. d th ) K h foll db
Measurement of ATP Synthe#\d P synthesis activity was and the mixture was kept at ?C for 1 h followed by
centrifugation for 30 min at 4C and 300Q. The pellet was

measured from thylakoids equivalent to 2@ of chlorophyll
4 d 29 by dissolved in 3 mL of borate buffer and then passed through

diluted to 2 mL of 50 mM Tricine-NaOH (pH 8.0), 50 mM . :
NaCl, 5 mM MgCb, 104M pyocyanine, 1 mM ADP, 2 mM a 10 mL column of Sephadex G-50 equilibrated with borate

NaHPO,, and 10uM diadenosine pentaphosphate. A 500 buffer. The protein contents of 1 mL fractions were

uL aliquot of this mixture was removed and placed in s
boiling water bath for 45 s and then placed on ice as pre-
illumination control. Remaining thylakoids were illuminated
with saturating white light in a shaking water bath for 90 s

determined by the method of Bradford?j, and peak

fractions were combined, diluted with additional borate
buffer, and concentrated using centrifugal concentration
(Millipore) to 2 mL. Preparations from all columns gave

at 10°C. Immediately after illumination, samples were placed approximately equiva'lent' protein cc_Jntent. (30 mg/mL by the
in boiling water bath for 45 s and placed on ice. Denatured Bradford method) which is appropriate given that each type
thylakoid membranes were removed by centrifugation prior Of @ntibodies only accounts for a small amount of the total
to determination of the amount of ATP formed using the protein content. The sample was then further purified by

luciferin/luciferase assay as described by the supplier (Roche) column centrifugation through Sephadex G-50 equilibrated
Quenching of 9-Aminoacridine Fluorescengaylakoids with borate buffer. Samples were free of residual ammonium

equivalent to 2Qug of chlorophyll were diluted to 2 mL in
50 mM Tricine-NaOH (pH 8.0), 50 mM NaCl, 5 mM
MgCl,, 10 uM pyocyanine, and ZM 9-aminoacridine (9-

ion as tested by Nessler’s reagent.

Specificity of isolated antibodies was determined by spot
blot of approximately 10 pmol of unfoldedsubunit in urea-

AA). Thylakoids were then placed in a stirred cuvette in a phosphate onto PVDF. Proteins were fixed to the PVDF
Shimadzu RF-5000 spectrofluorometer. 9-AA fluorescence using a 1% glutaraldehyde solution in 50 mM NaHREH

was excited at 399 nm. At the indicated times, the cuvette 7.5) (14). PVDF was probed using the isolated antibodies at
was exposed to red actinic light, and the resulting drop in 1:10 000 dilutions. Secondary antibody was goat anti-rabbit
fluorescence was monitored at 430 nm, with appropriate IgG—peroxidase conjugate (Sigma), and the blots were
filters used to prevent the actinic light from reaching the developed using an ECL detection kit (Amersham Pharmacia
emission photodetector. Biotech).
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protein blotted serum albumin (positive control) should contain antibodies
C6S A10C A32C A45C that recognize epitopes over the entir@eptide. Purified
e - antibodies passed through a column bound with full-length
+ control .. .. € subunit (negative control) should contain no antibodies to

the € subunit. Purified antibodies passed through a column
bound withe subunits deficient in the last 10 (anti 125
- control - 134), 32 (anti 103-134), or 45 (anti 96-134) amino acids
should retain only the antibodies against epitopes present
anti 125-134 . yvithin these residues. When these preparqtions are u;ed to
immunodetect the subunit, any polyclonal mixture contain-
ing antibodies against any epitope of theubunit would be
anti 103-134 . . able to immunodetect full-length (¢C6S). As shown in
Figure 1, all polyclonal preparations except the negative
. control detectedC6S. Both the: present on the immobilized
anti 90-134 . . column and on the blotting membrane (PVDF) may be
Ficure 1: Specificity of purified antibodies after immobilizad ~ @SSUMed to be denatured protein. Thus, antibodies against
chromatographye subunit was solubilized in 50% acetonitrile/0.1% €Pitopes found only on native, folded protein cannot be
TFA and dot-blotted onto PVDF (5 pmol per dot) and the PVDF excluded. However, the passage of the arserum through
exposed to purified antibodies at 1:10 000 dilutieh. control, a column to which full-lengtle subunit is attached cleared
antiserum passed through a column containing immobilized bovine he serum of antibodies against the denatursdbunit.

serum albumin:- control, antiserum passed through an immobilized . . :
¢C6S column; anti 125134, antiserum passed through an im- Figure 1 also shows that the different preparations of the

mobilizedeA10C column; anti 103134, antiserum passed through Sa@me antiserum now have altered specificity. Sample anti
an immobilizedeA32C column; anti 96134, antiserum passed 125-134, in contrast to the positive control, is capable of

through an immobilize¢A45C column. detecting only full-lengthe subunit €C6S) but not any of

) its truncated formseA10C, ¢eA32C, oreA45C). The im-

Immunodetection of HPLC Fragment€6S was prepared  mopjlizede columns were effective in removing antibodies

from inclusion bodies as described above to a final concen-tnat recognize any epitope present on the first 124 amino
tration of 10 mg/mL n 8 M urea, 50 MM ammonium  acids of thee subunit, but have not removed antibodies
bicarbonante. Two hundred micrograms:66S was diluted  against epitopes found between residues 125 and 134. Since
to 1 mg/mL into 50 mM ammonium bicarbonate, followed  these residues are found only e@6S, anti 125134 will
by the addition of 4ug of Glu-C endoproteinase (Sigma). only bind to full-lengthe and will not recognize any of the
The solution was kept at 37C overnight. Twenty-five  gther truncated forms. Sample anti 0834 can detect both
microliters of the solution was then injected into an HPLC .cgS andeA10C but is unable to deteen32C oreA45C,
(Waters) and separated on a C-18 column (Metachem) usingshowing it has been cleared of antibodies against epitopes
a 2-60% acetonitrile (0.1% TFA) gradient, flowing at 0.8 op gl but the last 32 amino acids of the full-lengtaubunit.
mL/min over a course of 60 min, and taking 1 min fractions. Sample anti 96134 can detectC6S andeA10C, but not
The fractions were then dried in a Speedvac (Heto) and (A32C even when amounts eA32C were present at 10
resuspended in 30L of 50% acetonitrile followed by the  {imes the amount used in Figure 1. This suggests that there
addition of 3uL of 1 mg/mL fish gelatin (BioFX). Three s no epitope between residues 90 and 103.
microliters of each fraction was then blotted directly onto Only Antibodies against the C-Terminuseofre Required
dry PVDF and then fixed with glutaraldehyd&4. The  for Uncoupling. The ability of thylakoid membranes to
PV_DF membrane_was then_ex_posed to the positive control gstaplish a proton activity gradienAgH) in the light can
antibody preparation at a dilution of 1:10 000 followed by pe monitored by the quenching of the fluorescence of 9-AA
secondary detection with goat anti-rabbit conjugated with upon illumination. Exposure of thylakoids to the anterum
horseradish peroxidase. Detection was done using an ECLj,, the light was shownT) to decrease the extent of 9-AA
kit (Amersham Pharmacia Biotech). Intensity of.detection fluorescence quenching. This decreasajit was attributed
on X-ray film following ECL was calculated using NIH 5 the partial stripping of the subunit from the membrane,

Image software. and the addition of excessreverses this collapse. The
RESULTS ?:uFbOunlt is required to block proton conductance through the
Isolation of Antibodies against the C-Terminus of the Thylakoid membranes pre-illuminated without antibodies

Subunit.Truncated forms of the subunit immobilized onto present (using bovine serum albumin in borate buffer) are
a column matrix should retain all antibodies from the capable of light-dependent quenching of 9-AA fluorescence
polyclonal antiserum that recognize epitopes on the region (Figure 2, a). Thylakoids pre-illuminated in the presence of
of the € subunit present on the column. Antibodies against the negative control serum that is devoid of andéintibodies
epitopes missing from the truncated forms of ehgubunit (Figure 2, b) also show the formation of a proton gradient.
should not bind to the column and should be present in the Thylakoids exposed to antibodies, the positive control, show
column effluent. a partial collapse of thépH if the exposure was done in
Figure 1 shows the ability of purified antibodies, after the light (Figure 2, c) but not in the dark (Figure 2, d). Since
passage through immobilizectolumns, to recognize several both the positive and the negative controls are from the same
truncated forms of the subunit. Purified antibodies that had antiserum, the altered reactivity suggests that the full-length
been passed through a column that contained bound bovine subunit present in the column through which the negative
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e Ficure 3: Effect of purified antibodies on 9-AA fluorescence
g quenching. Quenching of 9-AA fluorescence monitored over 60 s
2 ' of illumination with actinic light. Percent quenching is the minimal
fluorescence during illumination compared to the maximal fluo-
rescence after illumination. Open bars indicate thylakoids exposed
T to purified antibodies while illuminated; hatched bars indicated
—— thylakoids exposed to purified antibodies in the dark. Thylakoids
1 min were incubated with bovine serum albumin (1), with negative

control antiserum (2), with anti 125134 serum (3), with anti 103
134 serum (4), with anti 96134 serum (5), and with positive
control antiserum (6).

fluorescence quenching was seen. This effect, however, is
much smaller than the effect seen in the positive control
preparation. The antibodies present in anti-+234 must
recognize some epitope of the subunit which is only
exposed on illuminated membranes, but this epitope alone
0 e does not appear to be sufficient for the removal of ¢he

. ) - subunit seen when all antibodies against ¢éh&ubunit are
FIGURE 2: Ability of immobilized ¢ chromatography to remove present.

antibodies responsible for proton gradient collapse. The fluorescence . .
of 9-aminoacridine in the light was monitored as an indication of  BOth anti 103-134 and anti 96134 decrease the extent

the formation ofApH. Red actinic light was turned on at the time  Of 9-AA fluorescence quenching to a similar extent as that
indicated by the downward arrow and turned off as indicated by in the positive control. Both of these preparations also contain
the upward arrow. Trace a: control thylakoids that have been the antibodies present in anti 12534, suggesting that more

exposed to an equivalent volume of 30 mg/mL bovine serum : : : : :
albumin instead of purified antibodies. Trace b: thylakoids exposed than one antibody/antigen interaction may be required to

for 10 min with saturating white light to antibodies which had Fémove thee subunit effectively from the thylakoid mem-
passed through a column containing immobiliz&Z6S prior to brane. These antibodies affect 9-AA fluorescence quenching
assay (negative control). Trace c: thylakoids exposed for 10 min only when the thylakoids are first illuminated in the presence
with saturating white light to antibodies which had passed through of the antibody. In the absence of illumination, no epitope

a column containing immobilized BSA prior to assay (positive . . .
control). Trace d: thylakoids exposed to antibodies that had passeobetween residue 90 and the end of the polypeptide chain

through a column containing boua@6S without prior illumination.  Was sufficiently exposed to the solvent to be recognized by
the antibodies.

control passed has removed the antibodies needed to collapse Figure 4 shows rates of ATP synthesis of thylakoids

the proton gradient of thylakoid membranes. exposed to the different antibody preparations in the light
Figure 3 shows the results of the 9-AA fluorescence or dark. The effects of the antibodies on ATP synthesis are

guenching by thylakoids that had been exposed to thesimilar to those on 9-AA fluorescence quenching. The

different antibody preparations in the light and the dark prior treatment of thylakoids with anti 125134 in the light

to assay. The extent of 9-AA fluorescence quenching in decreased ATP synthesis rates somewhat, but not to the

thylakoid membranes was only slightly affected by illumina- extent seen with anti- Both anti 103-134 and anti 96

tion. The slight drop in illuminated samples is probably due 134 inhibit ATP synthesis to a greater extent than anti-125

to photodamage during the 10 min exposure of the thylakoids 134. The positive control gave the strongest inhibition of

to saturating white light. Thylakoids treated with negative ATP synthesis, suggesting that there may be additional

control antiserum preparation gave very similar results to epitopes beyond residues-9034 involved in the inhibition.

those treated with bovine serum albumin. However, antibodies against epitopes present in residues 90
The antibodies purified after passage through the im- 134 are about 70% as effective as antin the light-

mobilized A10C column (anti 125134) should recognize  dependent inhibition of ATP synthesis.

only the last 10 amino acids of the polypeptide. When  Epitopes of Antibodies Required for Uncoupling Partially

thylakoid membranes were exposed to these antibodies inldentified by HPLC.Recombinante subunit ¢€C6S) was

the light, but not the dark, an inhibition of the extent of 9-AA  subjected to proteolysis, and the resulting fragments were




2450 Biochemistry, Vol. 41, No. 7, 2002 Johnson and McCarty

A A
250 0.2 60
. 200 4 g 0.15
£ c L 40
g ] e
2 ] g £
S 150 3 014 2
£ & 3
2 £ 5
2 L 20 2
= 100 2 20
£ 0.05 +
=]
g
& 501
0 - -0
l_'E.l 0 10 20 30 40 50 60
time (min)
0 r r T r T
1 2 3 4 5 6 B
100
B
800 90 -
_ 80
700 4 z 70
> 60
£ 600 z
o 5 50
S o
5 500 4 o 40 A
€ & 304
o 400 - 14
E 20
£ 300 101
5 0 sl
€ 200 1 7 13 19 25 31 37 43 49 55
fraction
100 - FiGure 5: Immunodetection of HPLC fragments by purified anti-
antibodies. Recombinant subunit €C6S) was digested with
0 endoproteinase Glu-C, and the peptides were separated by reversed-

5 ) 6 phase (C-18) liquid chromatography. (A) Elution profile determined
at 220 nm. The right axis shows the acetonitrile gradient. (B)

Ficure 4: Effect of purified antibodies on ATP synthesis. (A) Rates Immunodetection of peptides in the fractions (one per minute) using

of ATP synthesis of thylakoids after exposure to purified antibodies anti< serum. Four fractions, 14, 24, 30, and 51 min, each contained

during illumination. (B) Rates of ATP synthesis of thylakoids after at least one polypeptide that was readily detected.

exposure to purified antibodies without illumination. The difference

between synthesis rates with and without illumination results from DISCUSSION

photodamage during the illumination prior to the synthesis assay.

Thylakoids were treated with either bovine serum albumin or  QOuyr results show that antibodies against the C-terminus
antisera as described in the legend to Figure 3. of the e subunit can strip the subunit from CF1CFo in

. - thylakoid membranes only when the membranes are il-
separated using reversed-phase liquid chromatography. Thefuminated. Since no effect is seen when the thylakoid

fragments were attached to a PVDF membrane and immu- o mpranes are exposed to the antibodies without illumina-
nodetected with the positive control antibody preparation. in thee subunit must be involved in a conformational shift
Several fragments were recognized by the antibodies (Figure a4t exposes portions of its C-terminus that are solvent-
5). Polypeptides that eluted at 14,234, 30-31, and 48 protected in the dark. These results are in agreement with
52 min were detected by the antibody. Samples of thesethe finding that a single lysine on the C-terminusef.ys-
fractions were analyzed by laser-diffusion or electrospray 109) increases its reactivity with pyridoxal phosphate when
mass spectroscopy. Fraction 14 contained a 679.3 Da peptidehylakoids are illuminated6).

that corresponds to the Glu €subunit peptide 128134 In the similar ¢ subunit of the ATP synthase from
(predicted mass 678.3 Da). The fraction that eluted at 23 gscherichia coli evidence for conformational shifts in the
min contained a 1524.9 Da peptide that is almost identical region surrounding the subunit has been reported. The
to the predicted mass (1525.9 Da) of the fragment containing C-terminal region of the: subunit cross-links to different
residues 115 through 127. The fraction that eluted at 30 min subunits of the ATP synthase depending on the nucleotides
contained a 2654 Da peptide that is almost identical (2655.3 bound to the enzymelE). TheE. coli € subunit is thought
Da) to the fragment containing residues 74 through 97. A to undergo a nucleotide-dependent shift as part of the
5525.0 Da polypeptide was present in fraction 51. This catalytic processl). Although cross-linking of the N- and
polypeptide ise subunit fragment 2273 (predicted mass  C-terminal domains of the subunit does not inhibit ATP
5526.5 Da). synthesis by thé&. coli ATP synthase, it increases the rate

-
N
w
E-N
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of ATP hydrolysis (7). Cysteine residues in the C-terminal
region and N-terminal domain were introduced into the
subunit of F1 from the thermophilic bacteriuBacillusPS3.

the preparation of the manuscript. The preparation of CF1
is a collaborative venture of members of the laboratory.

The mutant subunit was reconstituted witky3sy. Disulfide REFERENCES
bond formation occurred only when MgATP was present, _
indicating that nucleotide binding induces a change in the 1 Mitchell, P. (1961)Nature 191 144-148.
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chloroplaste subunit is driven by the formation of the
electrochemical proton gradient, not by the binding of
nucleotides to the catalytic sites. In no way, however, does
this fact preclude the possibility that nucleotide binding will
also induce conformational shifts in thesubunit of CF1CFo.
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