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ABSTRACT. We have employed electron spin resonance (ESR) spectroscopy using different spin-labeled
nucleotides to probe the environment of nucleotides bound at catalytic and noncatalytic nucleotide binding
sites of theEscherichia coliF;-ATPase. We found that nucleotides bound in the noncatalytic binding
sites were strongly immobilized and resulted in ESR spectra with one single corresponding spectral
component. Nucleotide bound at the catalytic binding sites gave rise to two different signals in the ESR
spectra indicative of two distinct conformations of the catalytic sites of the protein. One conformation of
the catalytic sites is very tight, resulting in signals identical to those of the noncatalytic sites, while the
second type of catalytic sites permitted an unusually high mobility of the bound spin-labeled nucleotide.
The findings are compared to the requirements of the binding change mechanism and to the features of
the nucleotide binding sites as elucidated from the X-ray structural model of the beef heart mitochondrial
enzyme.

Fo.F1 ATP synthases catalyze the terminal step in oxidative in catalysis and are therefore called noncatalytic binding sites.
phosphorylation or photophosphorylation, i.e. the reaction Their function is not yet clear.

of inorganic phosphate (Pwith adenosine diphosphate  Noncatalytic binding sites were for a long time assumed
(ADP) to form adenosine triphosphate (ATP), making use tq pe specific for adenine nucleotides in contrast to catalytic
of the energy inherent in a proton gradient across the sjtes, which bind guanosine and inosine-derived nucleotides
membrane in which the enzyme is embedded [for reviews, (ather nonspecifically (Harris, 1978; Perlat al, 1984).

see Senior (1990), Penefsky and Cross (1991), and Boyefgre recent investigations have shown, however, that GTP

(1993)]. The enzyme is located in the bacterial cytoplasmic -5 pind to noncatalytic sites of GRVF,, and EF (Guerrero
membrane, the inner mitochondrial membrane, and theet al, 1990; Milgrom & Cross, 1993: Webat al, 1994;

thylakoid membranes of chloroplasts. Hyndmanet al, 1994). GDP in contrast exhibited only
The structure of fF; ATP synthase is complex, consisting  negligible binding to EFF (Weberet al., 1994).
of the membrane-spanning part that forms the pathway In the X-ray structural model of MFATPase (Abrahams

for protons through the membrane and th@értion, which o4 5 "1994) "asymmetry was observed within the catalytic
IS peripherally bound to t_he membrane-emb_edd@d_'Fhe binding sites. The different conformations of the binding

simplest ATP synthase is found Bscherichia coliand  qjioq correlate nicely to the different structures that are
other bacteria and exh|b|t§ a subunit stmchmm_etry of required by the binding change mechanism [see Boyer
083y deal—aCro-12 (Foster & Fillingame, 1982). Convincing (1993)]. Crystallization was carried out in the presence of
evidence has been accumulated that shows thAfliPases ADP and an excess of the nonhydrolyzable ATP analog,

from beef heart mitochondria (M); chloroplasts (Cf, and AMPPNP. The crystals contained ADP, AMPPNP, or no

E. coli (EF) gontain a to.tal of six nucleotide binding sites nucleotide bound to th8-subunits. The possibility that the
(Cross & Nalin, 1982.; W|sagt al, 1983, Xu_eet al, 1987)' asymmetry observed is at least partially induced by the
X-ray crystal!ographlc s'tud|es support this contention, al- binding of different nucleotides to the binding sites cannot
though only five nucleotides were bound to the crystallized be ruled out. In addition, the resulting enzyme with
Fy (Abrahamsgt al, 1994). ) AMPPNP and ADP bound to catalytic sites was most likely
On the basis of the rate of exchange of protein-bound i 3 form that would show inhibited ATP hydrolysis. We
nucleotide with medium nucleotide under turnover condi- thought it would be informative to investigate whether active

tions, three of the binding sites have been termed potential £, _ATPase in solution would also exhibit asymmetry in the
catalytic sites (Cross & Nalin, 1982). The remaining three p,clectide binding site conformations.

binding sites exchange nucleotides too slowly to participate Electron spin resonance (ESR) spectroscopy has proven

to be a valuable tool for investigating protein structures, with
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obtain information about structure in or near active sites [for
reviews, see Trommer (1987), Park and Trommer (1989),
and Trommer and Vogel (1992)]. Spin-labeled ATP analogs
like 2,3-SL-ATP! and derivatives thereof have been used
before to study ATPases (Vogel-Clauelieal., 1988; Vogel

et al, 1992; Burgarcet al, 1993; Lselet al., 1996). The
corresponding 2-NSL-ATP has been shown to occupy the
same binding sites and label the same amino acid residues
as 2-N-ATP (Vogelet al., 1992). In this paper, we have
made use of spin-labeled nucleotides and used ESR spec-
troscopy to determine structural differences within the
nucleotide binding sites dt. coli F; in solution.
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MATERIALS AND METHODS o 100 200 300 400 500 600 700

. . . 2-N,-SL-Adenine Nucleotide [uM]
Protein. TheE. colistrain used (SWM1; Raet al., 1988) E 1 c tration d d ¢ spindabeled leotid
: ; ; : IGURE 1. Concentration dependence of spin-labeled nucleotide
Washa gift from AH E. ﬁenlor, University of RO(ihester, dbinding to . (®) Native R-ATPase was incubated at a starting
Rochester, NY. The cells were grown on a supplemented concentration of 3%M in buffer containing 50 mM Tris-Cl at pH
minimal medium containing chloramphenicol (15/mL) 8.0. 2-N-SL-ATP was added stepwise to give the concentrations
as described by Wise (1990). Cultures of 500 mL (Erlen- indicated. M@* ions were supplemented to give a nucleotide to

A . .« ATPase was incubated at starting concentrations of 44 @i\23
Scientific Microferm fermenter) were harvested by centrifu (two individual experiments) as above, except that SL-AMPPNP

gation in the late exponential phase, andAfPase was  \as added.W) Nucleotide-depleted FATPase was incubated at
isolated by a modification of the method of Wise (1990) a starting concentration of 3aM with various concentrations of

that substituted a Q-Sepharose anion exchange columrR-Ns-SL-ATP as above.

(Pharmacia, 15< 150 mm) for the Millipore DEAE-5PW

HPLC column. The ATP hydrolysis activities were in the déx G-50 in buffer containing 50% glycerol essentially as

range of 26-34 u/mg. described by Garrett and Penefsky (1975) [see Wisal.
Nucleotide Analogs 2-Na-SL-ATP was synthesized es- (1983) and Senipet al. (1992)]. Enzyme fractions were

sentially as described (Czarnecki, 1984; Melese & Boyer, cpncentrated' using Centricon 30 concentrators and were

1985; Jakobet al., 1989). SL-GDP was prepared from the €ither used directly or stored in 50% glycerol buffer-at0

corresponding guanine nucleotide as described for the ATP C.

analog (Streckenbag al., 1980; Vogel-Claudet al., 1987). Routine Analysis.Protein concentrations were determined
ESR MeasurementsThe ESR spectra were recorded on according to the method of Bradford (1976) using defatted

a Bruker ESP 300 E spectrometer operating in the X-band Povine serum albumin (Boehringer) as a standard. ATP

mode. Flat quartz cuvettes (30.) were used in a Tk hydrolysis was assayed at 26 and pH 8 with 15 ug of

resonator. The spectra were recorded at 298 K with a scan€nzyme as described by Wiseal. (1981). The production

range of 120 G, a microwave power of 20 mW, and a peak Of inorganic phosphate was detected by the method of

to peak modulation amplitude of 0.8 G. If necessary for Taussky and Shorr (1953). The purity of the protein was

better visualization of the signals of immobilized radicals, routinely assayed by SDSAGE (Laemmli, 1970).

the spectra were re-recorded at increased signal gain.

Enzyme samples were prepared for ESR experiments byRESULTS

concentrating the fsolutions in Centricon 30 concentrators Figure 1 shows the binding of 286L-ATP in the dark

(Amicon) and desalting the,Foy two passages through (circles) and the nonhydrolyzable analog SL-AMPPNP
centrifuge columns [Penefsky, 1977; Sephadex G-50 (Phar-(yiangles) toE. coli F-ATPase that had not been previously
macia), equilibrated with 50 mM Tris-HCI at pH 8.0]. The  gepleted of its endogenous nucleotides (natiye Maximal
amount of spin-labeled nucleotide bound to the enzyme WaShinding was reached at about 3 mol/mol in both cases.

measured as the difference between the known total con-gjning of the 2-N-SL-ATP was almost stoichiometric with
centration of nucleotide added to the ESR cuvette and theyho aqded nucleotide until the nucleotide concentration
free nucleo_tlde obse_rved. The_free nucleoﬂde was me_asurechceeded the high protein concentration required for ESR
by comparing the signal amplitude of the high-field signal heasurements. Such observations suggest that the dissocia-
of the unbound, freely tumbling nucleotide spin-label t0 & {5y constants for the first sites filled are well below the
standard curve generated without enzyme. The experiments, ,cleotide concentrations used in Figure 1. Binding of the
were performed by adding a premixed solution of 281L- SL-AMPPNP analog to native;fvas weaker than that of
ATP and MgC} (2.5:1) to the enzyme. 2-N3-SL-ATP. At the protein concentrations used, half-

Nucleotide Depletion F-ATPase was depleted of en-  maximal binding was reached at an approximately 28D
dogenous nucleotides by column chromatography on Sephatotal SL-AMPPNP concentration. Binding of 2:/6L-ATP
to nucleotide-depleted ;FATPase resulted in maximum

1 Abbreviations: 23-SL-ATP, 2,3-(2,2,5,5-tetramethyl-3-pyrroline- ~ binding of almost 5 mole of nucleotide analog per mol of
1-oxyl-3-carboxylic acid ester) ATP (2’ indicates a rapid equilibrium F1 (squares). Again, the binding was almost stoichiometric
gﬂr/leT§Stezr.ef"z?33-§§t.v(vze§ns%’ﬂ%ﬁﬁ;ﬂ?ggﬁiﬁn"e]f)l'?éi)yﬂ.zé.&éar- in the lower concentration range, suggestive of dissociation
boxylic acid ester) ATP; ANP, adenine nuclectide with an undefined Constants well below the protein concentrations used in these
number of phosphoryl groups. experiments.
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Ficure 2: ESR spectra of native;fATPase in complex with
increasing concentrations of 2:8$L-ATP. (A) F (35 uM) was
incubated with 2-N-SL-ATP (36 M) as described for Figure 1.
The low- and high-field regions were re-recorded at higher signal
gain for better visualization of the signals: (B) @M F; in the
presence of 72M 2-N3-SL-ATP, (C) 34uM F; in the presence of
141 uM 2-N3-SL-ATP, and (D) 3%M F; in the presence of 272
UM 2-N3-SL-ATP.
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Ficure 3: ESR spectra of Fin complex with SL-AMPPNP. F

(24 uM) was incubated with SL-AMPPNP (98M) as described

for Figure 1. The spectrum was recorded digitally, and multiple

scans increased the signal to noise ratio.

The ESR spectra of{FATPase in the presence of different
concentrations of 2-NSL-ATP are shown in Figure 2. Even
at the lowest concentration used (89 F; and 36uM 2-Ns-
SL-ATP), two clearly separated signals derived from enzyme-
bound radicals are visible withA2, values of 52 and 66 G.

In addition, the signals of the non-enzyme-bound (free) SL-
ANP are visible as the sharp signals marked by arrows.

To test whether the two different environments of protein-

bound spin-label were due to enzymatic hydrolysis of the

Losel et al.

66 G

Ficure 4: ESR spectra of fin complex with 2-N-SL-ATP after
ATP addition. k (37 uM) was incubated with 2-NSL-ATP (300

uM) as in Figure 1. After removal of excess nucleotide by passage
through a centrifuge column, ATP and Mg@®Vere added to final
concentrations of 3.6 and 1.4 mM, respectively. The ESR spectrum
was recorded directly after mixing. The low- and high-field regions
were re-recorded at higher signal gain for better visualization of
the signals.
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Ficure 5: ESR spectra of nucleotide-depleted-ATPase in
complex with increasing concentrations of 3-8IL-ATP. (A)
Nucleotide-depleted;H23 uM) was incubated with 2-NSL-ATP

(42 uM) as in Figure 1. The low- and high-field regions were re-
recorded at higher signal gain to allow better visualization of the
signals: (B) 35«M F; in the presence of 84M 2-N3-SL-ATP,

(C) 34uM F; in the presence of 166M 2-N3-SL-ATP, and (D)
33uM F; in the presence of 390M 2-N3-SL-ATP.

in ESR spectra as shown in Figure 4. Only the signals with
a 2A;;value of 66 G are visible, in addition to the signals of
the free nucleotide analog (arrows), while the 52 G signal
was not observed in these samples after ATP hydrolysis.

ATP analog used in the previous experiment, we employed The ESR spectra of nucleotide-depleteehH Pase in the

the nonhydrolyzable derivative of ATP, SL-AMPPNP, for
further investigations. In Figure 3, the corresponding ESR
spectrum is shown. Again, there are clearly two signals,
1,1 and 2,2, visible with 2A;, values of 66 and 52 G,

presence of different concentrations of 2-8L-ATP are
shown in Figure 5. Both spectral components with,,2
values of 52 and 66 G are visible in addition to the sharp
signals of the unbound spin-labeled nucleotides (arrows).

respectively, indicating that also under conditions where the Under these conditions, the signal of the highly immobilized

nucleotide is not hydrolyzed two different types of confor-
mationally different binding sites exist on-ATPase.
Addition of unlabeled ATP/Mg" at a ratio of 2.5:1 under
turnover conditions to FATPase that had been incubated
with excess 2-MSL-ATP/Mg?* (like in Figure 2) resulted

radical component (66 G) dominates the spectrum at the
lower nucleotide concentrations (compare spectra A and B
of Figure 5 to spectra A and B of Figure 2).

After acquisition of the spectrum shown in Figure 5D,
excess free nucleotide analog was removed from the protein
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Ficure 6: ESR spectra of nucleotide-depletedi-complex with
2-N3-SL-ATP after GDP exchange. (A) fATPase that was
incubated with 2-N-SL-ATP under the conditions as described for

Biochemistry, Vol. 36, No. 6, 19971191

mobilization of the radical. The inner signal pair (2,2
however, exhibits a&,, value of only 52 G and must arise
from radicals that possess a far higher degree of mobility
within the binding site. The difference of 14 G between
the 27, values for 1,1and signal 2,2is very large and is
strong evidence for great differences within the respective
environments (conformations of binding sites). No dipolar
spin interactions were observed in our experiments using
coli F;-ATPase that would indicate two spin-labeled nucle-
otides bound to the enzyme in close vicinity.

One possible explanation for the observed ESR spectra is
that, upon hydrolysis of the 2SL-ATP, the corresponding
SL-ADP analog £P) may have bound in a different
conformation to kthan the SL-ATP. This could be due to
the loss of binding constraints from one phosphoryl group
upon hydrolysis. Less spatial restraints on the SL-ADP
analog may have resulted in higher mobility of the radical
within the binding site which might give rise to the signals
with the unusually low 2, value of 52 G. We used the
spin-labeled analog of the nonhydrolyzable ATP analog, SL-
AMPPNP, to test this theory. Maximal binding of SL-
AMPPNP was reached at about 3 mol/mol for the native
enzyme (see Figure 1, triangles), a value similar to the one
obtained with the ATP analog itself. Binding was weaker
as can be seen by the half-maximal binding concentration
of about 13QuM. The ESR spectra ofHn complex with
SL-AMPPNP were identical in shape to those observed with
2-N3-SL-ATP (Figure 3). Both signals of the enzyme-
immobilized components with theA2, values of 66 and 52
G were observed. These data show that the different

Figure 4D was passed through a centrifuge column. The small environments of the radical components that give rise to the

amount of remaining free label is marked by arrows. (B) ESR
spectrum of the sample from part A after addition of GDP to a
final concentration of 10 mM. The low- and high-field regions were
re-recorded at higher signal gain for better visualization of the
signals.

solution using the centrifuge column technique. The result-

ing spectrum is shown in Figure 6A. Again, the two different

different signals are not due to differences in binding of:2-N
SL-ATP and the corresponding 2:#$L-ADP analog. In
addition, since the SL-AMPPNP does not contain an azido
group, the possibility that the known equilibrium of the
2-azido function with the corresponding tautomeric tetrazole
forms (Czarnecki, 1984) was responsible for the differences
within the ESR spectra can be ruled out.

spectral components are visible in addition to the spectrum \ye also synthesized and tested SL-ATP derivatives that

of approximately 3-5% of free 2-N-SL-ANP that overlays

have the spin-label fixed in either thé 2r the 3-position

the middle part of the spectra (arrows). Addition of GDP ¢ the ripose (2deoxy-3-SL-ATP and 2-SL-3-deoxy-ATP)
to a concentration of 10 mM to the cuvette resulted in ESR {5 test if the 2—3' equilibrium of the ribose-modified

spectra as shown in Figure 6B. Only the 66 G signal remains ,  cleotides (Streckenbaet al, 1980) was responsible for
under such conditions; the 52 G signal was not observedine gifferent spectral components. We found in all cases,

after incubation with GDP.

DISCUSSION

The binding curves shown in Figure 1 show distinct
differences in binding stoichiometry and affinity that were

however, two signals with &, values similar to the ones
described above (C. Motz, unpublished observations).

A fourth possible explanation for the occurrence of the
two distinctly different signals in the ESR spectrum is that
the catalytic and noncatalytic binding sites have conforma-

dependent on the presence or absence of intrinsic nucleotidesions that differ significantly from each other in solution or
in the R-ATPase preparation and the nucleotide analog used.that there are strong structural differences within the same

Approximately two additional 2-NSL-ANPs were bound

type of binding sites as was seen for the catalytic binding

to nucleotide-depleted enzyme compared to native enzymesites in the X-ray structural model presented by Abrahams

that still contained intrinsic nucleotides.

The ESR spectra of nativefATPase in the presence of
various amounts of 2-NSL-ATP are shown in Figure 2A
D. Two distinct signals of protein-immobilized spin-labeled
nucleotides are clearly visible (1,&nd 2,2). The middle

et al. (1994).

Covalent incorporation of 2-NSL-ANP could theoreti-
cally answer this question. Unfortunately, the 2-azido
function of 2-N--SL-ATP could not be used to its full
capabilities here. Experiments showed that, after photolysis

part of the spectra is overlaid by the stronger signals of the of 2-Ns-SL-ANP bound to F and subsequent passage

freely tumbling non-enzyme-bound 2:$L-ANP. The
outer pair of signals, 1;lwith a 2A;, value of 66 G can be
explained by binding of the spin-labeled ANP to a binding

through a centrifuge column, the 52 G signal diminished over
time, indicating that the ANP analog did not covalently
incorporate into these binding sites. It was therefore

site that creates an environment that leads to strong im-impossible to identify the binding sites through analysis of
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the labeled amino acids. In earlier work, we showed that This experiment strongly supports the hypothesis that both
2-Ns-SL-ATP covalently modified both catalytic and non- catalytic and noncatalytic binding sites in complex with SL-
catalytic nucleotide binding sites of the mitochondria F  ANP give rise to the outer 66 G signal, while the inner 52
ATPase (Vogett al, 1992). Covalent incorporation in such G signal represents spin-labeled adenine nucleotides bound
experiments is never quantitative, and we can therefore notto catalytic sites in a very different conformation.
rule out the fact that certain conformations of catalytic and/  We also synthesized and employed SL-GDP in our studies,
or noncatalytic sites may not have been modified by the reasoning that the GDP analog should bind exclusively to
reagent. catalytic sites. Binding of SL-GDP to;Rvas very weak.
Another useful method for distinguishing between nucle- At the concentrations used in the experiments, only the 66
otides bound at catalytic and noncatalytic binding sites is G signal was clearly visible. This experiment strongly
based on the difference in exchangeability of bound nucle- supports the theory that the 66 G signal is at least in part
otide with medium nucleotide. Brief catalytic turnover derived from nucleotide binding to catalytic sites.
normally results in the exchange of the nucleotides bound
to the catalytic sites, while the nucleotides bound to ACKNOWLEDGMENTS
noncatalytic binding sites remain bound under such condi-
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