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ABSTRACT: The intrinsic fluorescence of the catalytic portion of the chloroplast ATP synthase (CF1) is
guenched when cysteine 322, the penultimate amino acid of tgbunit, is specifically labeled with
pyrene maleimide (PM). Thesubunit of CF1 contains the only two residues of tryptophan, which dominate
the intrinsic fluorescence of unlabeled CF1. CF1 deficient incthebunit (CF1e) was reconstituted with
mutante subunits in which phenylalanine replaced tryptophan at positionef\M8L%F) and position 57
(eW15/57F). CF1{W15F) containing a single tryptophasW/57, was labeled with PM atC322. Resonance

energy transfer (RET) frormW57 to PM onyC322
20%. RET was also observed frasw57 to PM attac

occurred with an efficiency of energy transfer of
hed to the disulfide thiols of thesubunit ¢C199,-

205) with an efficiency of approximately 45%. Tl (the distance at which the efficiency of energy
transfer is 50%) for theW57 and PM donor/acceptor pair is 30 A, indicating that ha@322 and/C199,-

205 must be within 40 A 0éW57. These RET measurements show that h@B22 andyC199,205 are

located near the base of tleds hexamer. This places the C-terminus of CFinuch closer tce than
hypothesized based on homology to crystal structures of mitochondrial F1. These new RET measurements
also allow the alignment of the predictedsubunit structure. The orientation is similar to that predicted
from cross-linking and mutational studies for theubunit ofEscherichia coliF1.

The synthesis of ATP in chloroplasts occurs at the expense The ¢ subunit is a 14.7 kDa protein comprised of 134

of an electrochemical proton gradient generated by light-
dependent electron transport. ATP synthase, CF1CFo,

amino acids. The location o¢ within CF1 has been
determined by resonance energy transfer (RET). Seven

couples the translocation of protons to the synthesis anddifferent sites within CF1 have been specifically labeled with

hydrolysis of ATP. CF1 contains the nucleotide binding

fluorescent probes, and resonance energy has been observed

domains of the ATP synthase and is responsible for catalytic between these sites and a cysteine withiabeled with a

activity, whereas CFo is a hydrophobic membrane complex
that permits the flow of protons across the thylakoid

membrane. CF1 is hydrophilic and can be detached from
thylakoid membranes and purified. In solution, CF1 is an
active ATPase. CF1 is composed of nine individual polypep-
tide chains of five distinct types in a stoichiometry of

ogfsyoe [for recent reviews, seel( 2)].

The catalytic activity of CF1CFo is strictly regulated to
limit ATP hydrolysis under conditions that do not favor ATP
synthesis. lllumination of thylakoid membranes causes the
formation of an electrochemical proton gradient that in turn
stimulates the release of the inhibitory bound ADP and
relieves the inhibition by the subunit. Reduction of the
disulfide (#C199,205) further stimulates ATP synthesis rates
(3). In the absence of the proton gradient, ADP binding,
oxidation of they disulfide, and reimposition of the inhibition
by thee subunit all act to prevent ATP hydrolysig)(

T This work was supported by a grant from the National Science
Foundation (MCB974-23945).

*To whom correspondence should be addressed. Tel: (410)516-
5356; Fax: (410)516-5213; email: rem1@jhu.edu.

! Abbreviations: BSA, bovine serum albumin; DMR,N-dimeth-
ylformamide; DTT, dithiothreitol; CF1, chloroplast coupling factor 1;
CFo, hydrophobic portion of the chloroplast ATP synthase; F1, coupling
factor of ATP synthase; NEM\-ethylmaleimide; PMN-(1-pyrene)-
maleimide; SDSPAGE, sodium dodecyl sulfatgolyacrylamide gel
electrophoresis.

10.1021/bi001105h CCC: $20.00

fluorophore €C6) (5). All of these measurements have
converged to a location afC6 that places under theo/
hexamer ring and closely associated with theubunit ©).
Although the predominant association betweenctbabunit
and CF1 appears to be through thsubunit, the mechanism
by which thee subunit regulates activity is not understood.
It is, however, clear that perturbations in theubunit, such
as reduction of thes disulfide bond, affect the binding of
the e subunit ).

The € subunit is an inhibitor of ATP hydrolysis of both
CF1CFo and CF1 in solution. Truncations of either the amino
terminus or the carboxyl terminus diminish the ability of the
€ subunit to inhibit ATP hydrolysis by CF1 in solutio8)(
The € subunit is also required to block the nonproductive
flow of protons through CF1CFo. Thylakoid membranes
containing CF1 depleted of (CFl<) are permeable to
protons, and this permeability is prevented upon addition of
free € to the membraneJ.

The structural study of interactions is aided by X-ray
crystal structures of portions of the mitochondrial F1 (MF1)
and of thee subunit fromEscherichia coli Although the
MF1 structures10, 17 did not resolve much of the subunit
or either thed or € subunits, they did show thes hexamer
ring. The amino acid sequences of theand 3 subunits of
MF1, E. coli F1, and CF1 are highly conserve®).(The
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structure of theE. coli ¢ subunit has been determined by
both NMR (12) and X-ray diffraction 13). E. coli ¢ is
composed of 138 amino acids and also inhibits ATP
hydrolysis. The aligned primary sequences of GRIhdE.

coli e have a 25% identical occurrence of residues, with an

additional 46% of the residues showing similarity. The
position of the e subunit within E. coli F1 has been
determined by both mutational analyslgl(and direct cross-
linking (15). Given the similarity of these subunits, the
structure and orientation of CFelis predicted to be similar
to its E. coli counterpart.

Comparison of they subunit structure of MF1 to the
locations of sites on th¢ subunit of CF1 determined by
RET shows an important difference. The carboxyl terminus
of the y subunit of MF1 was shown to extend up the center
of the o8 hexamer with the carboxyl terminus gflocated
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G-50 centrifuge columns equilibrated with 20 mM Tris-HCI
(pH 8.0) Q0). The protein concentration of Cklwas
estimated by the Bradford metho&1j. Inclusion bodies
containing the: subunit were incubated for 15 min with 30
units of DNase | (Boehringer Mannheim) in 20 mM Tris-
HCI (pH 8.0), 2 mM MgC} at 37°C, and the DNase was
removed by centrifugation at 1609®@r 5 min. Inclusion
bodies (approximately 24 mg) containing the: subunit
were solubilizedn 8 M urea, 20 mM Tris-HCI (pH 8.0).
The pellets were incubated in the Trigrea solution for 2 h
at room temperature and then centrifuged at 160@0 5
min to remove insoluble material. The protein concentration
of unfolded ¢ was estimated by the Bradford method as
corrected by Richter et al5) and adjusted to 2 mg/mL in
Tris—urea.

The unfoldede subunit in the Tris-urea solution was

near the top of the hexamer. This is in stark contrast to the diluted to 0.2 mg/mL (10-fold dilution) in 20% ethanol, 30%

resonance energy transfer data, which position the penulti-

mate cysteine of the CFL subunit {C322) at the base of
the o3 ring, more than 60 A away from the location resolved
in the MF1 structure. The carboxyl terminus of theubunit

of MF1 is involved in hydrophobic interactions with the
upper portion of thexs ring and was proposed.() to act

as a spindle for the rotation ¢f within the o5 ring during
catalysis. If the carboxyl terminus of thesubunit in CF1

is located below thexj ring, the catalytic mechanism of
CF1 would not require the spindle suggested in MF1. This
possibility has recently been investigated by C-terminal
truncations of the CF} (16).

glycerol solution with 20 mM Tris-HCI (pH 8.0) and then
reconstituted with CFZ%-such that the final solution con-
tained a 6:1 ratio (mole:mole) efto CF1< and the ethanol
concentration was below 7%. Reconstituted CF1 was re-
moved from excess by passage through a Sephadex G-75
column (4 times the volume of reconstitution volume)
equilibrated with 20 mM Tris-HCI (pH 8.0). CF1 elutes in
the void volume of this column. The void volume fractions
were then passed throug 2 mL DEAE-cellulose (What-
man) column equilibrated with 20 mM Tris-HCI (pH 8.0).
The column was washed with approximately 5 column
volumes of 20 mM Tris-HCI (pH 8.0), 40 mM NacCl followed

This paper describes RET between a tryptophan at positionPY €lution of CF1 with 20 mM Tris-HCI (pH 8.0), 400 mM

57 of thee subunit of CF1 and pyrene maleimide attached
to two specific sites within ther subunit. The data were
used to position the subunit within CF1. The: subunit

possesses the only two tryptophan residues within CF1.

Mutation of tryptophan at position 15 to phenylalanine
(eW15F) has allowed the use of the remaining tryptophan
(eW57) as a specific fluorescence probe within CF1.

MATERIALS AND METHODS

Generation ofe Mutations. All e mutant plasmids and

NaCl. Reconstituted CF1 was stored as an ammonium sulfate
precipitate at £C in the presence of 1 mM ATP until ready
for use. The content efin CF1 was estimated by tryptophan
fluorescence after complete degradation of the CF1 complex
with papain and the fluorescence compared to a tryptophan
standard 22). Ca&"-ATPase activity of CF1 was measured
in 50 mM Tris-HCI (pH 8.0), 5 mM ATP, and 5 mM Cagl
at 37°C for 2—5 min. The amount of phosphate produced
was measured colorimetricall2d).

Fluorescence Lifetime Measuremen®1 stored as an
ammonium sulfate precipitate was pelleted and dissolved in

inclusion bodies were prepared according to McCarty and 20 mM Tris-HCI (pH 8.0). Two consecutive passes through

Cruz (17). The eC6S mutation was shown to retain native
activity and folding (8). The mutationeW15F was con-
structed from theC6S plasmid using unique site elimination
mutagenesis (Clontech, Palo Alto). The forward primer for
W15F was, from 5to 3, CTTTTACTTCTGAATTGA-
AAATACTTCGATTC. The reverse primer altered a unique
Xhd cut site toPoull using the primer GACTGCTTTAC-
CGCAGCTGCCTCGCGCG. The mutatieiW15/57F was
constructed by converting thevull cut site back toxXhd
with the reverse primer GCTTTACCGCTCGAGCCTC-
CCGCG and incorporating the forward primer for the W57F
mutation GAGCCAATGTTAAGAATTGGTCGTTAAG.

Reconstitution of CF1 with Modified CF1 (7) and CF1le

(19) were prepared according to established methods. Prior

to reconstitution of CFE-with recombinant, approximately
20 mg of CF1e stored as an ammonium sulfate precipitate
was centrifuged at 160@0for 5 min at 25°C. The pellet
was dissolved in 20 mM Tris-HCI (pH 8.0) with 1Qav
CuClk to ensure complete oxidation of thelisulfide. CFle

3 mL Sephadex G-50 centrifuge columns equilibrated with
20 mM Tris-HCI (pH 8.0) were used to remove residual
ammonium sulfate. CF1 was diluted in 20 mM Tris-HCI (pH
8.0) to approximately 3M to minimize absorbance by the
sample. Fluorescence lifetime measurements were made
using a single photon counting apparatus with a picosecond
synchronously pumped mode-locked dye lagd).(Instru-
ment resolution was 65 ps. Time-resolved fluorescence
involves the monitoring of the fluorescent decay of a sample
as a function of emission wavelength and using the decay
of fluorescent intensity](t), to calculate the component
lifetimes of the sample:

I(t) = Soexp(-v/r) (1)

where o; is the amplitude of the fluorescence signal of
component lifetimer;. Data analysis was performed using
TCphoton software (D. Toptygin, proprietary software). All
measurements were made atZa

Labeling of CF1 with Pyrene Maleimid®esalted CF1

was then passed through two consecutive 3 mL Sephadexn 20 mM Tris-HCI (pH 8.0) was adjusted to give-8 mg
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of protein in 60QuL. For labeling CF1 ayC322, the solution ~ surements were taken in triplicate and protein concentrations
was then split into two 30QiL fractions. N-(1-Pyrene)- determined by the Lowry metho@%).

maleimide (Molecular Probes) in DMF at an approximately The guantum yield of tryptophan was calculated by
1:1 (mole:mole) ratio of CF1 to PM was then added to one comparison of the extinction coefficient and the fluorescence
fraction and incubated for 30 s. As a control, an equivalent spectrum of tryptophan taken on an SLM-48000, corrected
amount of DMF was added to the second fraction. The for both instrument response and background fluorescence

samples were immediately passed through two consecutive[as estimated by the fluorescence of GRN(5/57F)] to the
3 mL Sephadex G-75 centrifuge columns equilibrated with fluorescence spectrum of quinine sulfagy)(

20 mM Tris-HCI (pH 8.0). Partial Trypsinization and Immunoblotting of CFCF1-

CF1 labeled with PM at thes subunit disulfide was  (¢W15F) labeled with PM ayC322 was incubated with 50
prepared as follows. To desalted, reconstituted CF13(1  mM DTT in 20 mM Tris-HCI (pH 8.0) fo 2 h toreduce the
mg of protein in 60QuL) was addedN-ethylmaleimide to a  y disulfide. DTT was removed by two consecutive passes
final concentration of 2 mM, and the solution was allowed through 3 mL Sephadex G-50 centrifuge columns equili-
to sit for 30 min at room temperature to block accessible prated with 20 mM Tris-HCI (pH 8.0). Trypsin was added
thiols in the enzyme. Solid DTT was added to a final at a ratio of 1 mg per 100 mg of CF1 and reacted with CF1
concentration of 50 mM, and the solution was incubated for at room temperature for a predetermined time. The reaction
2 h. The reduced CF1 was passed through two 3 mL was stopped with the addition of 1:10 (v/v) 24% trichloro-
Sephadex G-50 centrifuge columns equilibrated with 20 mM acetic acid, and the tubes were placed on ice. After 5 min,
Tris-HCI (pH 8.0). The solution was diluted to 6@@, and the samples were centrifuged at 1690@r 5 min. The
the resulting concentration was estimated by the Bradford supernatants were discarded, and the pellet was dissolved
method 21) as quickly as possible. The CF1 solution was in 160 mM sodium bicarbonate with 1% SDS.
split into two 300uL fractions. To one fraction was added Protein electrophoresis was performed using a 15%
3uL of E’M in DMF such that the final concentration o_f PM acrylamide SDSPAGE Tricine gel 28). Transfer to nitro-
was 3 times that of the CF1. As a control, an equivalent cg|jyjose was performed using a Bio-Rad Mini Trans-Blot
amount of DMF was added to the second fraction. Both cg||. After transfer, proteins were fixed to the nitrocellulose
solutions were allowed to sit for 60 s, and then immediately using a 1% glutaraldehyde solution in 50 mM NaHR@H
passed through two consecutive 3 mL Sephadex G-757 5) " Nitrocellulose was probed using rabbit sera from
centrifuge columns equilibrated with 20 mM Tris-HCI (pH  covance (Denver, PA) prepared against reduced bovine
8.0). serum albumin reacted with the cross-linkBgN'-1,5-

All CF1 used in fluorescence measurements was protectednaphthalenebismaleimide (NBM). Secondary antibody was
from the light and diluted to 1 mL and immediately placed goat anti-rabbit IgG peroxidase conjugate (Sigma) and was

in a fluorometer for measurements. After the fluorescence developed using an ECL detection kit (Amersham Pharma-
measurement was recorded, the protein content was detercia).

mined, in quadruplicate, by the Lowry metho@5)f. The
concentration of PM was determined by the absorbance atRESULTS

343 nm using an extinction coefficient of 37 500 Mecm™! ,
(26). Fluorescence of CF1 Is Quenched by P$pinach CF1

contains 11 residues of the amino acid cysteine. eaahd
S subunit as well as thesubunit possesses a single cysteine,
and they subunit contains the remaining four cysteines. Two
of they subunit cysteines are involved in a disulfide linkage
(yC199yC205); this disulfide is the only disulfide in CF1.
Thus, all other cysteines are theoretically available for
action with cysteine-specific reagents under oxidizing
onditions. In practice, however, the reactivity of these
cysteines varies widely. Theandg cysteines in native CF1

Resonance Energy Transfer Measuremefltsorescence
measurements were performed using either an Olis modified
SLM Aminco-SPF-500C or a Shimadzu RF-5000 spectrof-
luorometer. All fluorescence measurements were performed
at an excitation of 295 nm with the fluorescence emission
monitored at 343 nm. Corrections were made in the
fluorescence measurements for background, as measured b
similarly treated CFHW15/57F), and protein content. The
transfer efficienc between tryptophan and pyrene was - :
calculated basedy Egjon the quo);gsc?ence at 3% nm in thehave very low reactivity. The subunit can be labeled at

presence and absence of the pyrene acceptor moIecuIéCG either in isolated or by prolonged exposure of CF1 to

according to eq 2 whergp is the fluorescence of the donor a reageqt?q). Of the two remainingy cystelnes,yC8_9 IS
(unlabeled CF1) anBioa is the fluorescence of the donor in inaccessible to sulfhydryl reagents unless thylakoid mem-

branes are illumunated in the presence of the reag&t (
the presence of the acceptor (labeled CF1). yC322 is the most reactive cysteine in spinach CF1, and both

= soluble and membrane-bound CF1 are readily labe3éf (
E=1-—-2A 2) This reactive cysteine is not conserved among chloroplast
Fo ATP synthases, and its alkylation has no effect on ATP
synthesis or hydrolysis.

Extinction coefficients at 295 nm for reconstituted CF1  Only two residues of tryptophan are present in spinach
were calculated by linear regression of 295 nm absorbanceCF1, and both are located within tkesubunit. Although
measurements taken at a range of concentrations between @/rosine and phenylalanine also fluoresce, using an exciting
and 15uM CF1. The extinction coefficient oéW57 was wavelength of 295 nm and monitoring emission above 310
assumed to be the difference between the extinction co-nm it is possible to monitor the fluorescence of tryptophan
efficients of CF1éW15F) and CFI{W15/57F). All mea- without interference from that of tyrosine and phenylalanine.
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Ficure 1: Fluorescence emission spectra of CF1 (approximately
1.5 uM) when excited at 295 nm. Spectra show CF1 and CF1
covalently bound with PM ayC322 (approximately 50%). Fluo-
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FiIGURe 2: Limited trypsinization of CF1 (approximately&/lane).
Lanes ac are Coomassie-stained CF1 before labeling with PM
(a), after labeling (b), and after labeling followed by trypsinization
for 20 min (c). Lanes df are the same samples as lanesdut
probed with anti-NBM antibody.

of CF1 into three large polypeptides that remain associated

rescence spectra are corrected for protein content and taken undeyyith the /8 hexamer 81). The tryptic fragment containing

identical conditions at 25C.

yC322 can be specifically labeled with a cysteine-specific
probe and any alteration in the tryptophan fluorescence of
CF1 in solution caused by this probe detected. For this
purpose, pyrene maleimide (PM) was used to label CF1. PM
has both a very high specificity for cysteine residues and its
absorbance maximum of 343 nm is in the range of tryptophan
emission. Because of these traits, if PM is in proximity of
tryptophan, resonance energy transfer (RET) is possible from
tryptophan to PM, causing a quenching of tryptophan
fluorescence. Labeling of CF1 with PM was carried out at
very short reaction times and dilute concentrations of PM
due to its low solubility in water and high hydrophobicity,
which increase its reactivity with buried cysteines (such as
€CBb).

About half of the CF1 is labeled with PM by this
procedure. Using higher concentrations of PM or extending
the incubation time increases PM incorporation, but PM also
labelseC6 (data not shown). For this reason, no data were
taken with more than approximately half of the CF1 labeled
with PM. The tryptophan fluorescence of CF1, however, is
decreased by the PM labeling (Figure 1). Although this result
is consistent with energy transfer from tryptophan to PM,
the specificity of PM foryC322 and specific quenching of
tryptophan fluorescence must be demonstrated.

PM Labeling of CF1 Is Specific tpC322 The specificity
of PM for yC322 was shown by immunoblotting of CF1
using a rabbit antibody raised against reduced BSA labeled
with naphthalenebismaleimide (NBM). This antibody reacts
with CF1 labeled with NBM (Evron, unpublished data), and
with PM (Figure 2, lane e), but does not detect unlabeled
CF1 (Figure 2, lane d). Moreover, the anti-NBM antibody
detects less than 1 pmol of PM bound to CF1 (data not
shown). They subunit is the only subunit in PM-labeled
CF1 in which the anti-NBM antibody detects bound PM.

To ensure that the cysteine labeled with PM igC322,
limited proteolysis was used. Trypsin cleaves theubunit

yC322 had a mass of 10 kDa and contains a single cysteine
(yC322). After limited trypsinization, PM-labeled CF1 shows

a single additional band at approximately 10 kDa that is
readily detected by immunoblotting with the anti-NBM
antibody (Figure 2, lane f). Thus, the only cysteine labeled
with PM by the procedure used to generate the labeled CF1
in Figure 1 isyC322.

Reconstitution of Modified CEMutations of the: subunit
were constructed that specifically altered tryptophans to
phenylalanines. These mutants were based on the original
mutation incorporating a substitution of the sixth residue from
cysteine to serine. This root mutatioaC6S) shows wild-
type activity @) and is beneficial in these experiments both
in preventing dimerization of the subunit prior to recon-
stitution as well as in obviating the risk of pyrene maleimide
(PM) binding to thee subunit. Mutani subunits in which
the tryptophans¢W15 andeW57, of thee subunit were
replaced with phenylalanines either individually or together
were generated. The mutatiaWy15F, was selected for RET
measurements because the remaining tryptopdveby7, was
shown to contribute the predominant fluorescence lifetime
within CF1 (Table 1).

Reconstitution of CFZX-with mutante results in CF1 with
ATPase activity identical to that of native CF1. CF1, CF1-
(eW15F), and CFIW15/57F) 6 = 3 for each typen =9
total) showed calcium-dependent ATP hydrolysis rates of
1.2 + 0.4 umol of R min~! (mg of protein)?, and CFle
showed a rate of 11.% 0.6 umol of B min~! (mg of
protein)® (n = 6). Thus, each of the mutaatsubunits is
active as an ATP inhibitor. The extent of reconstitution for
€W15F with CFle was also examined by determining the
tryptophan conten®@) of both CF1éW15F) and CFW15/
57F), which showed CF&\(V15F) contained 1.6 0.2 (h=
5) mol of tryptophan/mol of CF1 relative to CFEIW15/57F).

Resonance Energy Transfer Usia@v57. The intrinsic
fluorescence of CFEW15F) excited at 295 nm was quenched
after incubation of the enzyme with PM under the same
conditions used for native CF1 (Figure 3). The fluorescence
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Table 1: Lifetime Analysis at 343 ntof CF1 with and without Pyrene Maleimide

protein 74P ° 7P TP o o2 o3 o <g>be 22
CF1 0.08 0.7 2.7 7.7 0.20 0.19 0.32 0.30 3.3 1.119
CF1 w/PM 0.07 0.6 2.6 7.6 0.24 0.19 0.30 0.27 3.0 1.011
CF1EW15F) 0.07 0.7 2.7 7.5 0.24 0.16 0.15 0.45 4.0 1.049
CF1EW15F) w/PM! 0.04 0.5 2.4 7.5 0.31 0.15 0.14 0.40 3.4 1.006
CF1EW15/57F) 0.05 0.5 2.2 6.2 0.50 0.20 0.19 0.11 1.2 1.417
CF1EW15/57F) w/PM 0.04 0.5 2.1 6.2 0.54 0.20 0.17 0.09 1.0 1.525

aMonitored emission with 295 nm excitatiohLifetime in nanosecond$.Average lifetime is calculated ast>=3ari/Zw;. ¢ Samples
approximately 50% labeled.
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Ficure 3: Fluorescence emission spectra of GRI{5F) and CF1- X (nm)
(eW15/57F) (approximately 0.7aM) when excited at 295 nm.  pFgyre 4: Spectral overlap betweetV/57 and PM. The fluores-
Spectra show CF&YV15F) and CFIW15/57F) alone and co-  cence spectrum is the result of the subtraction of the fluorescence
valently bound with PM atyC322. CF1{W15F) is bound with spectrum of CFKW15/57F) from the fluorescence spectrum of
approximately 65% PM, and CRM/15/57F) is bound with  CE1eW15F); both spectra have been corrected for instrument
approximately 75% PM. Fluorescence spectra are corrected forresponse and protein content. The absorbance spectrum is the result
protein content and taken under identical conditions at@5 of the spectrum of CFZW15F) subtracted from the spectrum of

) CF1€W15F) labeled with PM aC322, both corrected for protein
of CF1EW15/57), also excited at 295 nm, shows very [ow content. The symbol ) denotes the difference between the

fluorescence with only slight change when labeled with PM fluorescence of CF£{V15F) and CF{W15F) with PM atyC322
(Figure 3). at whole wavelengths between 305 and 365 nm. Both spectra and
Figure 4 shows the absorption spectrum of pyrene male- N difference points have been peak-normalized.
imide bound to CF1 superimposed on a fluorescence emis-
sion spectrum oEW57 generated by subtracting the fluo-
rescence spectrum of CEW15/57F) from the fluorescence . .
spectrum of CFEW15F). Shown in Figure 4 are the values A second attribute of resonance energy transfer is the
at whole wavelengths between 305 and 365 nm of the increase in acceptor (PM) fluorescence. Investigation of the
subtraction of a spectrum of PM-labeled CEM(L5F) from  acceptor fluorescence is hampered by the presence of the
one of unlabeled CF#(V15F). The difference spectrum donor fluorescence at the same wavelength. Investigation of
shows that the quenching of tryptophan follows the fluores- the lifetimes of the acceptor was also hampered by the fact
cence spectrum oEW57. This is consistent with the that pyrene does have a small absorbance at the excitation

quenching ofeW57 occurring through resonance energy wavelength (295 nm). This means that the lifetimes associ-
transfer with PM. ated with PM are the result of both direct excitation and
The fluorescence decay kinetics of CF1, both unlabeled energy transfer. This coupled with the overlapping fluores-
and labeled with PM (0.55 mol/mol), were examined with cence of tryptophan and PM makes acceptor fluorescence
excitation at 295 nm and emission at the peak of tryptophan uninterpretable for energy transfe82j.
emission (343 nm). The preexponential fact) &ssociated The specificity of PM labeling of CFE(WW15F) was
with each lifetime shows the relative population of molecules determined by immunoblotting using the anti-NBM antibody
exhibiting that lifetime. The amplitude average lifetime, (Figure 5). As was the case for native CF1, PM labeled CF1-
<7>, weights each lifetime according to that lifetime’s (eW15F) specifically atyC322. ATP hydrolysis was unaf-
contribution to the total population of molecules. In Table fected by PM labeling on all types of CF1. Labeled native
1, <t> at 343 nm decreased when PM was present on CF1.CF1, CF1§W15F), and CFIW15/57F) all gave the same

This fact is consistent with energy transfer fraw57 to
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FiGUrRe 5: Limited trypsinization of CF1 (approximately&/lane).
Lanes a-c are Coomassie-stained CBM15F) before labeling with

PM (a), after labeling (b), and after labeling followed by trypsiniza-
tion for 20 min (c). Lanes ¢f are the same samples as lanexa

but probed with anti-NBM antibody. Lanes-gjare treated the same

as lanes df but contain CF1{W15F) blocked with NEM (g),
blocked and labeled with PM atC199,205 (h), blocked, labeled,
and trypsinized for 30 s (i), and blocked, labeled, and trypsinized
for 60 s (j). Coomassie-stained samples of lanes g and h were
identical to lanes a and b.

calcium-dependent ATP hydrolysis rate of #20.3 umol
of P, min~* (mg of protein)* (n = 2 for each typen = 6
total), the same rate as was seen for unlabeled CF1.

The amount of fluorescence quenching seen by PM is
related to the amount of tryptophan in CF1, and the CF1
devoid of tryptophan CF&W15/57F) shows almost no
fluorescence signal when excited at 295 nm, indicating that
emissions above 310 nm are due solely to the tryptophan
found in CF1. Since this quenching of fluorescence corre-
sponds to the fluorescence spectrum &¥57 and the
quenching affects the lifetime of the fluorescence, this

fluorescence quenching is due to resonance energy transfe

from tryptophan as the donor to pyrene maleimide labeled
only atyC322 as the acceptor.

RET ShowgC322 Is Near the Subunit The availability
of CF1EW15F) allows the calculation of a distance between
PM and the sole tryptophan in CEW15F),eW57. To use
RET to determine a distance betwee€W57 and PM, the
Forster distanceR,, between these two molecules must be
determined. The Hster distance is the distance between the
two fluorophores at which 50% energy transfer would occur
and is based upon physical characteristics of both fluoro-
phores. Determination oR, is based on the following
equation 27):

R, = (8.79x 10 °)(x*Qyy 4"® ©)

Two important experimental values on whié} is based
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Ficure 6: Fluorescence quenching of repetitive preparations of
CF1€W15F) covalently bound with PM at eitheC199,205 W)

or yC322 @). Each data point represents an individual experiment
as described under Materials and Methods.

based upon a tryptophan with a much lov@y, and 30 A
is within the range of possible Fster distances involving
tryptophan 27). The index of refractiom() was assumed to
be 1.4, andc® was assumed to be 2/34).

The y subunit disulfide has been determined to be in the
proximity of thee subunit by several methods,(35. Given
that the diameter of the CF1 is approximately 100 A as
determined by electron microscop$6j, the y disulfide is
[)robably no more than 40 A away from teesubunit. The
disulfide (¥C199,205) can be labeled with PM by first
blockingyC322 with NEM and then reducing the disulfide.
The specificity of PM foryC199,205 was seen by immu-
nodetection of partially trypsinized CRM/15F). Unlike
yC322, upon partial trypsinization, boff€199 andyC205
remain on a 27 kDa fragment; this fragment is quickly
digested by trypsin to a 25 kDa fragment which contains
only yC199, the other cysteine being lost into solution during
trypsinization 81). Lanes g-i of Figure 5 show that the anti-
NBM antibody detected the PM on 27 and 25 kDa fragments.
Thus, at least one cysteine of the disulfide is labeled with
PM. Because the two cysteines are close enough to form a
disulfide bond, they are both considered to occupy the same
position in terms of RET.

Several attempts were made to observe RET fedvin7
to PM attached toyC199,205. In all cases, a strong

are the spectral overlag)(between the fluorescent emission quenching of fluorescence was observed, and the CF1 was
of the donor and the absorbance of the acceptor and therypically about 80% labeled by PM. An additional labeling

quantum yield of the donoiQp). The spectral overlap was
calculated by numerical integration of the spectra shown in
Figure 4 and was calculated to be 1.5710" (nn* M~
cm1). The quantum vyield ofeW57 was calculated by
comparison of the extinction coefficient at 295 nm and the
numerical integration of the emission spectrume@¥57

was performed at substoichiometric ratios of PM to CF1 to
test the linearity of efficiency versus PM stoichiometry. The
efficiency of energy transfer (Figure 6, squares) extrapolated
to 100% efficiency is between 0.49 and 0.41 at 95%
confidence, assuming the linearity of the regression. Energy
transfer efficiency E) is related to distanceRj by eq 4.

against the known standard, quinine sulfate. This resulted
in a Qp for eW57 of 0.33 and arR, of 30 A. This value is
higher than a previously published value (20 A) fas
between PM and tryptophaB3). However, that value was

)
RENTE
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FiGure 7: Approximate alignment of thE. coli e structure using
CF1 RET map data. The inset shows the relative positios tof
MF1 structure shown in cross section. MF1 oriented to CF1 RET
map according to McCarty et aR) Inset labels are A, location of

y C-terminus in MF1 structure; and B, location pfC-terminus
according to CF1 RET data.

Johnson et al.

CF1 with the C-terminabi-helices facing away from the
central core. Both structures orient the conserved histidine
(eH37 in CF1 numbering) at the bottom of CF1. The top
inset in Figure 7 shows the orientation Bf coli € relative

to the partial crystal structure of MF1 according to the
estimated orientation of both theand MF1 structures to
the CF1 RET mapd). Arrow A shows the position of the
C-terminus as determined by the MF1 structure; arrow B
shows thes C-terminus as determined by the CF1 RET map
and resonance energy transfer &8/57. The difference
between these two points is over 60 A. If theC-terminus

of CF1 were in the position of thg C-terminus seen in the
MF1 structure, the PM labeled %C322 would have been
far beyond the distance possible for resonance energy
transfer. Thus, the data generated from this work support
the assertions both that tie coli € subunit and CFle
subunit share common structure and positioning within ATP
synthase and that the existing CF1 RET map correctly
positions they C-terminus as located byC322.

DISCUSSION

Previous use of RET has generated a group of specific
locations within spinach CF1 encompassing 12 sites within
thea, 3, y, € [reviewed in 88)], and most recently) (39)

The extrapolated efficiency of energy transfer corresponds subunits. Using the distances determined between various

to a distance betweesW57 andyC199,205 of 36-32 A.
Similar measurements were performed using @RLI(GF)
labeled with PM atyC322 (Figure 6, diamonds). Because
CF1€W15F) incorporates the mutatie@6S, higher labeling
was possible than in native CF1. Higher labeling was
obtained by repeating the labeling procedure3dimes for

combinations of these locations, a RET map has been
generated which locates these unique sites relative to each
other @, 39. Resonance energy transfer to two locations
within they subunit has shown to be located in the center

of CF1. They subunit is predicted to coordinate the catalysis
of F1 by altering its orientation relative to the catalyfic

a sample before measuring its fluorescence. When thenucleotide binding sites during enzymatic turnover, and this

labeling is extrapolated to 100%, the efficiency is calculated

to be 0.2 with a 95% confidence between 0.17 and 0.22.

The calculated distance betwedf'57 andyC322 is between
40 and 36 A.

RET Orientation of CFX Agrees with E. cole Orienta-
tion. The orientation of the subunit within CF1 is unknown

movement has been proposed to be conferred by the complete
rotation of they subunit @0). The center of rotation for the

y subunit is assumed to be a long spindle composed of the
N- and C-terminal ends of the subunit. The RET
coordinates folyC322 suggest that the C-terminus of the
subunit of CF1 is not involved in such a spindle. The location

since only a single location had previously been positioned 0f CF1yC322 relative to the: subunit therefore provides

within CF1 by RET measurements(6). The calculation
of RET distances betweeaW57 and bothyC322 and
yC199,205 gives a second location witkimvhich has now

important clues as to the applicability of these ideas to CF1.

Using native CF1, we have shown that PM specifically
labelsyC322 and that this labeling quenches CF1 fluores-

been related to the existing RET map of CF1. By using a cence. Using CF1 devoid of tryptophan, we have shown that

distance betweesC6 andeW57 estimated from the distance

no quenching is observed if tryptophan is absent. Using CF1

between the analogous residues located in the X-ray dif- containing a single tryptophan, we have shown that the

fraction structure of thé&. coli ¢ subunit (3), it has been
possible to constrain the possible locations of dtgibunit
within CF1.

Figure 7 shows thé. coli € subunit structure oriented
with respect to they, 5, andy subunits. This orientation is
based upon the location e€6 (€D7 in theE. colistructure)
within the RET map and positioned to orien/57 (€E59
in the E. coli structure) relative toyC322 andyC199,205 as

guenching is caused by energy transfer from tryptophan
within thee subunit to PM attached tpC322. These results
are in agreement with previous RET data and are verified
by the observation of RET between PM labeled @199,-
205 andeW57. Estimated distances betwe&hi57 and both
yC322 andyC199,205 position th&. coli structure relative

to the CF1 RET map in a similar orientation as seeftin

coli F1 for € relative to theo, 8, andy subunits.

suggested by the RET data presented in this paper. The amino The presence of energy transfer betweéfb7 andyC322

acid sequence similarity of thesubunit of CF1 to that of

shows that in CF1 the C-terminus of thesubunit is indeed

E. coliF1 suggests that these proteins have similar structureslocated near the base of the3 ring, as was shown in

Studies involving cross-linking and mutational analysis
between the andy subunits ofE. coli have positioned the
E. coli€ in roughly the same orientation as theriented in
Figure 7 @7). Both orientations position one face of the
N-terminal s-barrel toward they subunit in the middle of

previous resonance energy experimeris 30, 4). The
distances calculated based on this energy transfer show

a position and orientation that are in rough agreement with
previous data from botk. coli F1 and CF1 studies. This
position of the CFly C-terminus is inconsistent with that
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of the MF1y C-terminus. The X-ray structure of beef heart
MF1 shows that the C-terminus of thesubunit is located
near the top of a longw-helix which extends through the
center of theas hexamer. In CF1, as many as 14 amino
acids may be deleted from the C-terminus of theubunit
of CF1 without loss of the ability of theg subunit to associate
with agfs from CF1 or of the ATPase activity in the
reconstitutedssy complexes16). These results are clearly
inconsistent with the notion that the C-terminus of CF1
extends up through thes hexamer.

Sokolov et al. 16) proposed that the C-terminal region of
the y subunit of CF1 could fold back toward the center of

the enzyme. The RET measurements reported in this paper

as well as those published previoushy ére consistent with
this suggested location of the C-terminus of GFAlthough
it remains to be proven, it is very likely thaC322 can be
cross-linked toyC89 @2). The MF1y residue analogous to
CF1yC89 is located near the base of the hexamer. RET
measurements of CF1 plag€89 in a similar position. Thus,
the cross-linking ofyC89 and yC322 would place the
C-terminus of CFly close to the bottom of the hexamer.

In conclusion, the results of this study have shown that
the C-terminus of the subunit of CF1 is located within 40
A of the CF1e subunit. Currently, 10 locations from the
(42), 4, v (30), 6 (39), ande (5) subunits of CF1 have shown
detectable resonance energy transfey@822. Distances
based upon these RET measurements all positic822 in
the location described in this paper. Conformations ofjthe
subunit therefore appear to differ between MF1 and CF1.
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