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ABSTRACT. Electron spin resonance (ESR) spectroscopy using site-specific cysteine spin-labeling of the
catalytic nucleotide binding sites offATPase was employed to investigate conformational changes within
the nucleotide binding sites of the enzyme. Mut@atherichia coliF; that had been modified at position
B-Y331C with a spin label showed almost normal catalytic activity and enabled us to study the effects of
binding of different nucleotides and of thg $ubunit b on the conformation of the catalytic binding sites.
The ESR spectra of the spin-labeled, nucleotide-depleteiddicate asymmetry within the sites as is
expected from the structural models of the enzyme. Nucleotide binding to the enzyme clearly affects the
conformation of the sites; the most pronounced feature upon nucleotide binding is the formation of catalytic
site(s) in a very open conformation. Using the sgfr@31 spin-labeled fand a truncated form ofF
subunit b, bs-156 We found that binding of a-156t0 spin-labeled Fsignificantly changes the conformation

of the catalytic sites. In this paper we present data that for the first time directly show that a conformational
binding change takes place upon binding of nucleotides to the nucleotide binding sites and that also show
that binding of bs-156 Strongly affects the conformation of the catalytic sites, most likely by increasing
the population of binding sites that are in the open conformation.

FoF1-ATP synthase catalyzes the synthesis of ATP from substructure has drastically increased the interest of research-
ADP and inorganic phosphate by using a proton gradient ers in this protein. Little is known about the overall structure
across energy-coupling membranes. Hsxherichia coli of this 156 amino acid long protein that consists of a short
ATP synthase consists of a membrane integral proton channehydrophobic segment at the N-terminus, which is embedded
called F that is composed of three different subunits with in the membrane, and a highly hydrophilic portion that
the stoichiometry alo10-12 and a hydrophilic Fpart @83y d€) extends from the membran®-{11) and is most likely
(2). Six nucleotide binding sites are located on the major involved in the binding of the FATPase to b Earlier
subunitsa. and§ (2—4); three of these sites are thought to studies using a soluble form of the b-subunit-kse did
be directly involved in the catalytic processes and are termednot show any effect of the binding of b ta Bn the ATP
catalytic sitesZ). The function of the three remaining binding hydrolysis activity of the ATPasel(), and it was therefore
sites on thex-subunits is not clear. They are referred to as assumed that binding of b did not directly affect the
noncatalytic sites. Further insight into this complicated nucleotide binding sites.
enzyme was obtained by the X-ray crystallographic model ESR spectroscopy is a valuable tool for investigating
of beef heart mitochondrial,FATPase by Abrahams et al.  structural differences and conformational changes within
(5) and more recently from Amzel and co-worke®. (One proteins. Spin-labeled substrates have been successfully
of the most striking features of the structure of the beef heart employed by our group to obtain information about structural
enzyme is the asymmetry within the conformation of the changes in or near active sites of enzym@s1(2—16). In
catalytic nucleotide binding sites, which nicely correlates with this paper we describe the use of site-directed spin-labeling,
the binding change mechanism that was postulated by Boyera technique that has been successfully applied in recent years
some 20 years ago (reviewed in rBf Earlier data from (for review see refl7), to further study the mechanism of
our group using spin-labeled nucleotide substrates showedF;-ATPase. We specifically modified-Y331C (18) of the
that asymmetry in the catalytic sites was observed also inE. coli F;-ATPase, which is located in the catalytic site of

solution and in fully active F(8). the ATPase, using an iodooxopropylidene spin label (IOPI),
The possible function of fsubunit b as a stator during which then acts as an “integrated reporter group” to show
the rotation of parts of Fand y relative to theogfs conformational transitions within the catalytic sites.
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Table 1
specific ATPase activify ~ SH groups detectable/F
(units/mg) (mol/mol)

unmodifieds-Y331C R 14.6 6.8 8.6+ 0.2

F, after treatment with NEM in the presence of MgATP and after nucleotide depletion 16.6 9.5 + 0311

F, after labeling with IOPI-SL 115 6.3 02 0.05

@ The data of two independent Breparations are shown as examples.

using a modified procedure described in & To specif- TEo11 (ER 4118). The experiments were carried out at 295

ically label the three cysteine thiol groups within the catalytic K in quartz capillary tubes with a total volume of 24..
binding sites §-Cyss1), the mutant FATPase was incubated  The spectra were recorded at 6.3 mW microwave power and
with 6 mM Mg?t/ATP to protect the nucleotide binding sites a peak-to-peak modulation amplitude of 1 G. If needed, the
and was then treated for 25 min with a 190-fold molar excess signal gain was increased for better visualization of the
of N-ethylmaleimide (NEM) over F(10-fold excess over  signals. The experimental conditions are given in the figure
the naturally occurring 19 cysteines) to modify the accessible legends.

cysteine residues of the enzyme. The modifigdAFPase

was depleted of excess and intrinsic nucleotides and excesRESULTS AND DISCUSSION

NEM as described by Garrett and Penefsk)( except that To further investigate the effects of binding of nucleotides

0.5 mM dithiothreitol (DTT) was added to the buffer to 4nq of subunit b on the relative conformation of the catalytic
stabilize the catalytic-site cysteine residues and react with ,,cleotide binding sites ofiFATPase, we specifically spin-
unreacted NEM. The determination of the nucleotide content |gpeled a site-specific mutant of,Fvhere the catalytic site

of the resulting -ATPase using HPLC technique&() Y331 had been substituted for a more reactive cysteine
showed that about-11.5 mol of adenine nucleotide had (egique 18). Investigations had shown that the cysteine in

remained bound after the nucleotide depletion column, hqsition 331 did not drastically alter the kinetic characteristics
presumably at noncatalytic nucleotide binding sites. TRe F ¢ he enzyme 18). Earlier studies using photoaffinity

ATPase was then concentrated in an argon atmosphere ”Singabeling had shown thgY331of theE. coli F, was in close
a Centricon 30 microconcentrator (Amicon) and could be gntact with the adenine of bound nucleoti@8)( Also, the
stored at—80 °C. To spin-label the cysteine residues within X-ray structural model of the beef heart mitochondrial F
the nucleotide binding sites, DTT was removed by passagepy aprahams et al.5) places the corresponding amino acid
of the sample through a Sephadex G50 fine column in 50 4 the mitochondrial enzyme in direct contact with the
mM Tris-HCI, 1 mM MgCk, and 10% glycerol, pH 7.0 (ESR  cataiytic site bound nucleotides. Position 331 was therefore
buffer). A 30-fold molar excess of iodooxopropylidene Spin 5 very promising candidate for site-specific spin-labeling.
label [4-(3-iodo-2-0xo-1-propylidenyl)-2,2,3,5,5-pentameth- 14 gpecifically label the three cysteines in position 331
ylimidazolidine-1-oxyl, IOPI-SL; 10-fold excess over the f the threep subunits in the presence of the other 19
three remaining SH groups in positia331] was added to  n4rally occurring cysteines in 26, 27, we first modified
the elutgd prot.eln and the mixture was incubated for 10 min 5| gccessible cysteines in with N-ethylmaleimide (NEM)
at 0°C in an ice/water bath. The spin-labele¢ATPase iy the presence of a large excess of MgATP that protected
was then concentrated for ESR experiments by use of,q site-specifically introduced cysteines within the catalytic
Centricon 30 microconcentrators (Amicon). Multiple dilution/  gjies from modification. Table 1 shows two different but
concentration steps resulted in modifieg-ATPase that  nica) sets of modification experiments of site-specific spin-
contained onl'y.a very small fraction of unreacted IOPI' SPIN |abeling of K that were chosen to show the upper and lower
label. All modification steps were monitored by determining jimjt of the ATPase activities that were obtained in a variety
the number of unreacted thlol_ groups with EIIm_an’s_reagent of different enzyme preparations. The ATPase activity as
(21). To control for the specificity of the modification of || as the number of sulfhydryl groups was monitored after
p-Tyr331, wild-type f-ATPase was treated as described gyery important modification step. Neither normal&TPase
above for the mutant enzyme. The ESR spectra of suchpq the331C mutant is sensitive to NEM (data not shown).
treated fr did not show the signals for enzyme-bound s finding was somewhat surprising, since a variety of
radicals, therefore indicating that no nonspecific labeling had V-type ATPases are sensitive to NEN2§j and it was
taken place. o thought that a cysteine residue in the vicinity of the binding
The ATPase activities were measured at°@®by the  sjtes is responsible for this inactivation. However, the
detection of Preleased Z2). modified cysteine of the V-ATPases is not in a homologous
The soluble portion of subunit boh1se was isolated as  position to3331 of E. coli F; and its modification may affect
described11, 23). Incubation of bs-1ssWith Fi-ATPase was  nucleotide binding in a quite different way than labeling of
carried out in 10 mM HEPES(KOH), 5 mM Mggland 300 position 331.
mM KCI, pH 7.0. The presence of MgATP during NEM incubation success-
Spin Label. 4-(3-lodo-2-ox0-1-propylidenyl)-2,2,3,5,5-  fully protected the positions-Y331C of the F-ATPase from
pentamethylimidazolidine-1-oxyl was prepared as described modification by NEM as can be seen in Table 1. The specific
in ref 24. ATPase activity of the NEM-treated enzyme after passage
ESR Spectroscopy¥he ESR spectra were recorded on a through the glycerol column was even slightly higher than
Bruker ESP 300 E spectrometer operating in the X-band before NEM treatment (Table 1). This, however, is most
mode. The resonance cavity used was a dielectric cavitylikely due either to a further purification of the protein or to
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removal of inhibitory nucleotides2) in this step. Three 1 1
cysteines were accessible in theATPase after modification : :
with NEM as compared to about nine accessible cysteines
that were detected prior to the NEM modification step. The
resulting k-ATPase contained approximately-1.5 mol of
nucleotides as was determined by HPLC techniques. Prior
to modification of3-Cys331 with the IOPI-SL, the modified
Fi-ATPase was passed through a second Sephadex G-50
column, now eluted with ESR buffer containing 50 mM Tris-
HCI, 1 mM MgSQ, and 10% glycerol. Previous experiments
showed that the modification gFCys331 was more efficient

in this buffer than in the high-glycerol buffer used for
nucleotide depletion; also, DTT that had been added during . . . . . L .

the nucleotide depletion step to protect the catalytic-site T30 3400 3420 3440 3460 3480 3500 3520
cysteines was removed by this column. A 30-fold molar [G]

excess of IOPI-SL over;ft10-fold excess over the remaining  Fgure 1: Effect of binding of various nucleotides on the
three SH groups) was then added and the reaction mixtureconformation of the catalytic nucleotide binding sites af (&)
was incubated for 10 min in an ice/water bath. Excess, ESR spectrum of 4kM nucleotide-depleted FATPase that was
unreacted IOPI-SL was removed by repeated passage througt?beled specifically in the catalytic sites with IOPI spin label. (B)

. : he signal was mathematically enlarged for better visualization of
Centricon microconcentrators. Table 1 shows the ATP the signals. (C) Conditions were as described for spectrum A, except

hydrolyis activity remaining after this treatment. The rather that 10 mM AMPPNP was included in the sample. (D) Conditions

hydrophobic spin-label residue at position 331 did not alter were as described for spectrum A, except that 10 mM ADP was

the ATP hydrolysis activity drastically; 8890% of the included in the sample. (E) Conditions were as described for

control unmodified specific activity was observed. Similar SPectrum A, except that 10 mM ATP was included in the sample.

results had been obtained in earlier studies where a varietyThe experiments were carried out in 50 mM Tris-HCI, 1 mM
MgCl,, and 10% glycerol, pH 7.0 (ESR buffer).

of amino acids was substituted for the normally occurring

tyrosine at position-Y331 (18, 3. Table 1 also shows \ya5 observed in the X-ray structural modsl (The structural

that no SH groups were detectable after incubation of the mqqel of thenss; substructure of the thermophilic bacterium
nucleotide-depleted, NEM-modifiedi#ATPase with IOPI-  pg 3 the absence of nucleotides shows three structurally

SL, indicating that all three site-specifically introduced jyentical catalytic sites in open conformations, and it was
cystgme residues in POS'“O” 331, of the th,ﬂewl:.)un'ns were suggested that the catalytic sites took the open conformation
m0d|f|e_d by IOPI spin label. This result also indicates that when no nucleotides were boundlj. The ESR spectra
the residual nucleotide present after the glycerol chroma- g\ pere clearly demonstrate that even in the absence of

foc\)grapfhytﬁtep wats T?St I'Eely ?rc])utn(t:lhto nor(;(_:fgtaltytlc SIeS. 1 cleotides at the catalytic sites most of the catalytic sites
S a lurther control 1o show that the modilcation Was ¢ o g ¢ofj F1 are in a rather closed conformation that

specific for the catalytic-site residue Cys331, wild-type F does not allow much rotational freedom to the radical. The

ATPase was treated as described for the mutant ENZYyMesecond spectral component, seen as a broad shoulder on the
Upon removal of excess NEM and nucleotide, Was

incubated with a 30-fold molar excess of 10PI under MMer side of the immobilized component, however, indicates

conditions as described above. The resulting ESR spectrathat some of the catalytic binding sites are in a distinctly

: different, relatively open but diverse conformation and that
does not show the signals that result from enzyme-boundthere is an a priori asymmetry of the catalytic sites even in
radicals; only a very minor amount of freely mobile radical the absence gf boundynuclec:{ides The da¥a suagest that the
(unbound, not reacted IOPI spin label) could be detected that ' 99

had not been fully removed by the dilution/concentration _pr;:sence of the tmlntort;ubgnlts,l most I|ke_ly %?]falrsady
steps (data not shown). This strongly supports the conclusion'Nduces asymmetry o the fomplex, even in the absence
that, under the conditions used, the IOPI spin label only of nucleotides at the catalytic sites. It should also be added

reacted with Cys331 residues of tiey331C mutant . tr]latdthe. h usedl in t'ggeseg e?hperimentts lc‘i.”tai.’t‘edlf’hmﬁ !
Figure 1A shows the ESR spectrum of-ATPase that of adenine nucleotides in the noncatalytic sites, which may

was site-specifically spin-labeled at positi@fY331C. For also induce asymmetry within the catalytic sites.

better visualization, the high- and low-field areas are Addition of 10 mM nucleotide in the presence of 1 mM
mathematically enlarged in Figure 1B. One signal of a highly Mg?*, like the nonhydrolyzable analogue AMPPNP (Figure
immobilized radical component (indicated by dotted lines 1C), ADP (Figure 1D), or ATP (Figure 1E), led to a drastic
in the spectra A and B of Figure 1, with &2value of 63  change in the shape of the spectra. Thg, 2alues of the

G) is observed. In addition, a very undefined signal with a signals of the more immobilized spectral components (dotted
smaller 2\,, value can be seen as a shoulder to signal 1 lines, now also indicated as 1 ang ihcreased to 67 G (in
(arrows). The latter seems to be the result of overlapping the presence of AMPPNP), 68 G (in the presence of ADP),
spectra of a variety of radicals that are bound in slightly and 68.5 G (after incubation with ATP). A very sharp and
different environments. This indicates strong conformational defined spectral component (indicated as signals 2 &nd 2
differences within the environments of the protein-bound spin that is suggestive of a very mobile radical species is
label, suggestive of at least two significantly different pronounced in the presence of AMPPNP and ADP and is
conformations of the catalytic binding sites. The data are in also visible but not as pronounced after incubation with ATP
accordance with the strong structural asymmetry ofhiat (or ADP and Rafter turnover).

+ATP

+ ADP

+ AMPPNP
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FiGURE 2: Effect of binding of bs-156 on the conformation of the  Figure 3: Effect of binding of b,_155 0n the conformation of the
catalytic nucleotide binding sites 0. {A) ESR spectrum of 43 catalytic nucleotide binding sites of, fn the presence of nucle-
#M nucleotide-depleted FATPase that was labeled specifically  otides. (A) ESR spectrum of 48Vl nucleotide-depleted,FATPase
in the catalytic sites with IOPI spin label. (By4is6 dimer (130~ that was labeled specifically in the catalytic sites with IOPI spin
uM) was added to the solution of spectrum A. The acquisition |abel. (A) b,s 156 dimer (130xM) was added to the solution of
conditions for both spectra are identical. spectrum A. Spectra A and’Are similar to Figure 2 spectra A
and B and were added for better comparison. (B) ESR spectrum of
The data indicate that the asymmetry of the catalytic sites 43 uM of IOPI-labeled f-ATPase in the presence of 10 mM
of F, that was observed by our technigue even in the absence®MPPNP and 1 mM Mg'. (B') bas-156 (130 mM) was added. (C)
of nucleotides bound to the catalytic sites is further enhanced SR spectrum of 43M I0PI-labeled f-ATPase in the presence
i - of 10 mM ADP and 1 mM M§". (C') ba4-156 (130 mM) was added.
when nucleotides are added. The increase of hevalue (D) ESR spectrum of 4:M IOPI-labeled F-ATPase in the
of the more immobile radical component upon incubation presence of 10 mM ATP and 1 mM Mg (D') bps—156 (130 mM)
with nucleotides can be readily explained by binding of the Was added. The ESR signal that corresponds to the open catalytic
nucleotides to the binding sites. Direct interaction of the SI€ IS marked by arrows. A small fractions§%) of unreacted
. . . . . IOPI spin label is visible as sharp signals to the right of the signals
adenine moiety of the bound nucleotides with the radical at mared by arrows in the low field and also in the high field. Due
position 331 should decrease the mobility of the radical to the dilution upon addition of subunit b, the signal amplitude of
within the binding sites, resulting in higheA2 values. The  the unreacted IOPI decreased.
small differences within the/&,values upon addition of the
three adenine nucleotides used (AMPPNP, ADP, or ATP) nucleotide-depleted, spin-labeleg-ATPase similar to the
may indicate small differences on the positioning of the spectrum in Figure 1A, showing at least two different relative
nucleotides within the binding sites and therefore slightly environments of the radicals (two different conformations
different interactions with the amino acid side chains (or here of the catalytic sites), one where only little motion of the
the spin label). Alternatively, or in addition to this effect, radical is possible, and a second broad, but more mobile
nucleotide binding to the catalytic sites may make this closed component as a shoulder to the immobilized species (arrows).
site even more rigid than in the absence of nucleotide. A very small amount (1% or less) of unbound, unreacted
What is striking, however, is that a second type of binding IOPI is also visible as a rather sharp peak to the right of the
site, in which the radical has much higher relative mobility, low-field arrow in spectrum A of Figure 2. Addition of
is formed upon binding of the nucleotides. This can only be Dbzs-156 results in a drastic change of the spectra as can be
explained by a conformational transition of some of the seen in Figure 2B. While the outer signal of the more
binding sites to a very open structure. Comparing the relative immobilized spin label does not change significantly in
areas of the signals, we estimate that approximately 0.5 toposition, the size of the inner signal of the more mobile spin
maximally 1 out of the 3 sites is in the open conformation. label increases significantly and becomes more defined in
Due to the overlap of the different types of signals and the shape. This indicates that the population of the two different
rather high noise of the spectra, an accurate integration ofconformations changes in favor of the more open confor-
the peak areas seems not feasible. mational state, which may be attributed to the open confor-
This is the first biophysical demonstration of a confor- Mmation of the catalytic binding site. Due to dilution of the
mational transition within the nucleotide binding sites upon Sample by adding-1se the signals of the unreacted I10PI
nucleotide binding and therefore the first direct physical are hardly visible at all in spectrum 2B.
demonstration of the binding change mechanism taking place The effect of b binding to Fis independent of the

upon binding of nucleotides to the catalytic sites. occupation of the nucleotide binding sites and can also be
In a second approach presented here, we investigated theeen in the presence of adenine and guanine nucleotides. As
effects of binding of a soluble portion of Bubunit b, bs—1s6, an example for the effects of binding of subunit b on the

on the conformation of the catalytic sites qf&TPase. We conformation of the catalytic sites in the presence of
again employed FATPase where IOPI-SL was reacted at nucleotides, Figure 3 shows corresponding experiments that
position3-Y331C of the catalytic sites. Figure 2 shows the were performed in the presence of either no nucleotide
ESR spectra of a typical experiment where a 3-fold excess (Figure 3, spectrum A without and spectrurhwith bys—1s¢),

of by4-156 (calculated for the dimer) was incubated with or 10 mM AMPPNP, ADP, or ATP. Figure 3 spectrum B
3-331-spin-labeled £ Figure 2A shows the spectra of corresponds to the spectrum of labeladrthe presence of
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AMPPNP, and Bis the respective spectrum after addition
of bys—156 Figure 3 spectrum C corresponds to the presence
of 10 mM ADP, spectrum D results from the presence of

ATP, and the corresponding spectraa@id D are the spectra

that result when h-1s6 was added to the solutions of C or
D, respectively. The signal of the enzyme-bound but mobile
spin-label component (open conformation of the catalytic
site) is in this experiment overlaid by a very small amount
(less than 3%) of unreacted IOPI spin label that can be 14
identified by the very sharp peaks in spectra B, C, and D. 12.
Upon addition of soluble subunit b (Figure 3, spectra A
B', C, and D), the signal that corresponds to the open
conformation increases significantly (marked by arrows). Due
to dilution effects upon the addition of subunit b, the signals
of the unreacted IOPI spin label decrease and are no longer 14.
easily visible. Comparison of the relative areas of the two
different enzyme-bound components (restricted versus open
environments of the bound radicals) indicates that the
population of open catalytic sites changes significantly from 1¢.
a ratio of approximately 0.5 open out of the total 3 catalytic
sites to about 1.5 or possibly 2 open sites (Figure 3, spectra 17.
B’ and C) upon addition of subunit b. Again, due to the
different overlapping signals, a more accurate estimation on
the number of catalytic sites in the respective different 79
conformations by peak integration methods seems not

feasible.

In earlier studies, no effect of the soluble domain of subunit

b on the ATP hydrolysis activity of Fwas detected1(l).

for the first time that binding of subunit b to, Btrongly

influences the conformation of the catalytic sites. The data
may suggest that, in addition to the possible stator function
of b, this subunit of F also introduces a permanent
asymmetry into the §F; complex that is independent of
nucleotide binding and may very well have implications on

the mechanism of the whole, complex, especially since

it changes the population of catalytic sites in the various

conformational states.
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