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ABSTRACT. The AiAo adenosine triphosphate (ATP) synthase from archaea uses the ion gradients generated
across the membrane sectorofAo synthesize ATP in the 83 domain of the A sector. The energy
coupling between the two active domains occurs via the so-called stalk part(s), to which the 12 kDa
subunit F does belong. Here, we present the solution structure of the F subunit gRiARP synthase

from Methanosarcina maz&ol. Subunit F exhibits a distinct two-domain structure, with the N-terminal
having 78 residues and residues-291 forming the flexible C-terminal part. The well-ordered N-terminal
domain is composed of a four-stranded paralaheet structure and threehelices placed alternately.

The two domains are loosely associated with more flexibility relative to each other. The flexibility of the
C-terminal domain is further confirmed by dynamics studies. In addition, the affinity of binding of mutant
subunit F, with a substitution of Trp100 against Tyr and lle at the very C-terminal end, to the nucleotide-
binding subunit B was determined quantitatively using the fluorescence signals of natural subunit B
(Trp430). Finally, the arrangement of subunit F within the complex is presented.

Methanogens are able to grow by the conversion of asmall The A; ATPase, which is made up of the five different
number of compounds to methane. This rather simple subunits ABsCDF, is rather elongated in solution as revealed
pathway is not coupled to substrate-level phosphorylation by small-angle X-ray scattering (SAXSJ})( The data show
but, instead, to the generation of ion gradients across thethat the A:B; domain forms the headpiece, in which ATP
membrane. These ion gradients are used to drive the synthesisleavage takes place. The high-resolution structure of both
of adenosine triphosphate (ATP), catalyzed by the archaeanucleotide-binding subunits A8 and B @) have been
type AlAo ATP synthases (A-ATP synthaseg)( Generally, determined previously. The i85 sector is linked via an
the membrane-integrated enzyme is composed of subunitselongated stalk, formed by subunits C, D, and F in a
A—K in the stoichiometry of A:B3:C:D:E:F:G:H:l:K, (2). stoichiometry of 1:1:1%0), to the A, sector. A comparison
Like the related bacterial 1Fo ATP synthase (F-ATP  of the central stalk of this Acomplex with bacterial Fand
synthase) ds:fs:y:0:c:aihpicy) and the eukaryotic Wo eukaryotic \f ATPases indicates different lengths of the stalk
ATPase (V-ATPase) (ABs:C:D:E:F:G:H:a:d:G:cy:Cx), it domain {). Further insights into the topology of the; A
possesses a water-solubledomain, containing the catalytic = ATPase were obtained from the 3D reconstruction of the
sites, and an integral membrang domain, involved in ion A; complex, derived from single-particle analysis of electron
translocation 3—6). The primary structure of the archaeal micrographs 10) and biochemical approaches (L0—12).
ATP synthase is similar to that of the eukaryotic V-ATPase, These studies resulted in a model in which subunits C, D,
but its function as an ATP synthase is more similar to that and F form the central stalk domailQ-12). The first
of the F-ATP synthases. ATP is synthesized or hydrolyzed structure of the complete:Ao ATP synthase was obtained
on the A headpiece, consisting of ans8; domain, and by single-particle analysis of negatively stained molecules
the energy provided for or released during that process is(13, 14). These studies revealed novel structural features such
transmitted to the membrane-boung domain. The energy ~ as two peripheral stalks and a collarlike structure, proposed
coupling between the two active domains occurs via the so-t0 be composed of subunits H, I, and E, respectivél (

called stalk part(s)g). 14). Recently, the high-and low-resolution structures of
subunits E {5 and H (16), respectively, have been
described.
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the shape of subunit F of the;Ag ATP synthase from the  in LB medium containing kanamycin (3@y/mL) at 37°C
archaeorMethanosarcina mazé&ol in solution was deter-  until an optical density (ORy) of 0.6—0.7 was reached. To
mined by SAXS, indicating that the protein is elongated and induce production of His-subunit F, the cultures were
organized as two well-defined domaind?2]. Here we supplemented with isopropytp-thiogalactoside (IPTG) to
describe structural studies of the isolated F subunit of the a final concentration of 1 mM. Following incubation for
Ai1Ao ATP synthase fronM. mazeiGol in solution using anothe 4 h at 30°C, the cells were harvested at 109G0r
nuclear magnetic resonance spectroscopy. The dynamics 020 min, 4 °C. Subsequently, they were lysed on ice by
subunit F and its binding with the C-terminal domain of sonication for 3x 1 min in buffer A (50 mM Tris/HCI, pH

subunit B have been investigated. 8.5, 100 mM NacCl, 4 mM Pefabloc SC (BIOMOL). The
lysate was cleared by centrifugation at 10§36r 30 min
EXPERIMENTAL PROCEDURES at 4°C, and the supernatant was passed through a filter (0.45

um pore size) and supplemented wittFNENTA resin. The
His-tagged protein was allowed to bind to the matrix for 90
min at 4°C and eluted with an imidazole gradient (2800
mM) in buffer A by mixing on a sample rotator (Neolab).
Fractions containingW100Y andFW100I were identified

by SDS-PAGE 26), pooled, and subsequently applied to
an ion-exchange column (Resource Q (6 mL), GE Health-
care), equilibrated in a buffer of 50 mM Tris/HCI (pH 8.5)
and 100 mM NacCl.

The purity of the protein sample was analyzed by SDS
PAGE @6). Protein concentrations were determined by the
bicinochonic acid (BCA) assay (Pierce, Rockford, IL).

NMR Data Collection and Processinghe NMR sample
was prepared in 90% 4@/10% DO containing 25 mM
NaH,PQO/N&HPQ, (pH 6.5) and 0.1% Nap All NMR
experiments were performed at 288 K on Bruker Avance
600 and 700 MHz spectrometers equipped with 5 mm triple-
resonance 'H/*®N/**C) single-axis gradient probes and a
cryoprobe for both the spectrometers. Matrix-assisted laser
desorption ionization/time-of-flight mass spectrometry has
been performed after data collection to confirm the absence
of protein degradation during the NMR experiment. Homo-
nuclear experiments included 28, *H nuclear Overhauser
effect spectroscopy (NOESY), and total correlation spec-
troscopy (TOCSY) experiments for samples #OHand?H,0O
(spectral widths of about 9615.85 Hz in both dimensions,
using a WATERGATE scheme to suppress the water signal
for the HO samples and presaturation of the residual water

CAG TG- 3 and reverse primer' &TA TGA GCT CTT signal during recovery time for thé1,0 samples). He_tero-
ACT TTA TCA GAT CAA CAC-3'. The resiriction sit nuclear experiments included ZEN heteronuclear single-
-o. 1he restriction Ses o antum correlation (HSQC), 2BC HSQC, 3D HNCA,

Ncd and Sad were incorporated into the constructs. Fol-

lowing digestion withNcd and Sad, the pair PCR products EEECH):gécs?()%%CHCNglﬁgBS[C)%CNA(OCE%)YN—HHQSEA;%
were ligated into pETId2His;. The cloned pET9dHis; 3D 13C NOES\,(—HSQC. In all the above experi’ments,
vector containing the gene, en_codlng the subunit F mL.jtamsspectral widths were generally 9.6 kHz for protons and 2.8
FW100Y andFW100lI, respectively, was transformed into kHz for 5N, while for 13C dimensions they were-612 kHz
Escherichia gollcells .(s.tram B.L21) an(_j grown on 3@g/ A 3D 5N—1H NOESY-HSQC and 30°C—'H NOESY—

mL kanamycin-containing LuriaBertoni (LB) agar plates. HSQC mixing time of 100 ms was used for NOESY

To express the protein mutants, liquid cultures were Shakenassignment. All three-dimensional experiments made use of

pulsed-field gradients for coherence selection and artifact
! Abbreviations: EDC, 1-ethyl-3-[(dimethylamino)propyllcarbodi-  suppression and utilized gradient sensitivity enhancement

imide; €, subunite of the F-ATP synthase2@); Fr, subunit F of the - : L
orokaryotic V-ATPase fronThermus thermophildws, subunit F of schemes. Quadrature detection in the indirectly detected

the A-ATP synthase frorMethanosarcina maz&ol; HSQC, hetero- dimens_ions was aChigved using ?ither the States/TPPI _(time'
nuclear single-quantum coherence; IPTG, isoprggyithiogalactoside; proportional phase incrementation) or the echo/antiecho
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; method. Baseline corrections were applied wherever neces-

NOESY, NOE spectroscopy; NTA, nitrilotriacetic acid; PAGE, poly- . .
acrylamide gel electrophoresis; PCR, polymerase chain reaction; SAXS,Sary' The proton chemical shift was referenced to the methyl

small-angle X-ray scattering®;, longitudinal relaxation timeRy, signal of 2,2-dimethyl-2-silapentane-5-sulfonate (Cambridge
transversal relaxation time; RMSD, root mean square distance; SDS, |sotope Laboratories) as an external reference at 0 ppm. The

sodium dodecyl sulfate, TOCSY, total correlation spectroscdpy; 13C and N chemical shifts were referenced indirectly to
longitudinal relaxation timeT,, transverse relaxation time; Tris, tris-

(hydroxymethyl)aminomethane; DTT, dithiothreitol; EM, electron DSS-_A" the NMR spectra were processed USing_ eith_er
microscopy. nmrPipe/nmrDraw or Bruker Avance spectrometer in-built

Biochemicals.ProofStart DNA polymerase and Ni—
NTA? chromatography resin were received from Qiagen
(Hilden, Germany); restriction enzymes were purchased from
Fermentas (St. Leon-Rot, Germany). Chemicals for gel
electrophoresis were received from Serva (Heidelberg,
Germany). Bovine serum albumin was purchased from
GERBU Biochemicals (Heidelberg, Germany). All other
chemicals were at least of analytical grade and received from
BIOMOL (Hamburg, Germany), Merck (Darmstadt, Ger-
many), Roth (Karlsruhe, Germany), Sigma (Deisenhofen,
Germany), or Serva (Heidelberg, German{®\NH,).SO, and
(**C)glucose were purchased from Cambridge Isotope Labo-
ratories.

Cloning, Expression, and Protein PurificatidRurification
of subunits B, F, and H of the methanogenigAd ATP
was performed as described in r&s12, and 16, respec-
tively. For the production of uniformly labeledPl and*>N/
13C) subunit F, the expressing bacteria were grown in M9
minimal medium containing!®NH4Cl or NH,CI/(*3C)-
glucose.

To obtain the F mutant{\W100Y), with a substitution of
Trpl00 into a Tyr residue, the oligonucleotides with the
sequences'85TG ATT ATA CCA TGG AGT TAG CAG
TG- 3 (forward primer) and 5— AAT TGG AGC TCT
TTA CTT CAT CAG ATC A- 3 (reverse primer) have been
used for amplification of the gene, encoding subunit F. The
isoleucine mutant of subunit F{v100l) was cloned using
forward primer 5— GTG ATT ATA CCATGG AGT TAG
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software Topspin. Peak-picking and data analysis of the of the F subunit and2y is the Larmor frequency ofN at
Fourier-transformed spectra were performed with the SPARKY the field strengths of 14.1 and 16.4 T used here. The
program 27). longitudinal and transverse relaxation time constaifis,

NMR Spectroscopy and Structure Calculatidihe ad- andT,, respectively, were determined by collecting a time
ditional His residues of the His tag at the N-terminus, which series of®SN HSQC spectra with sensitivity enhancement.
are essentially unstructured, were not used in the structure’™>N relaxation measurements were acquired on Bruker
calculation. The structure calculation was performed starting Avance 600 and 700 MHz spectrometers equipped with a
from first methionine in the N-terminal which is after the cryoprobe at a temperature of 288 K using the triple-axis
proline residue. ThéH sequential assignment was achieved gradient-enhanced and sensitivity-enhancéti—1°N
mainly using homonuclear 2D NOESY,(= 100 ms) and HSQC experiment provided in the Bruker pulse sequence
TOCSY spectra in both ¥ and?H,0 solutions at 600 MHz  library.

and 288 K; this approach was adopted because labeled For T, measurements, the spectra were collected with
protein samples only became available later in the work. ejaxation delays of 5, 40, 80, 130, 210, 330, 470, 630, 800,
Once labeled protein was available, assignments wereang 1000 ms, with repeat experiments at 40 and 130 ms for
extended to include backbof® and*°C signals using®N error estimations. FOoF, measurements, data were acquired
NOESY-HSQC,"*C NOESY-HSQC, and triple-resonance it delays of 14.4, 28.8, 43.2, 57.6, 72.0, 86.4, 100.8, 115.2,
backbone experiments (HNCACB, CBCA(CO)NH). All side 129 6, 144.0, and 158.4 ms with duplicate points at 43.2 and
chain assignments were made using HCCH-TOCSY, HC- 72 0 ms. The delay between 180 pulses in the-CRurcell-

CCONH, and (H)CCCONH experiments, again in combina- \eibhoom-Gill (CPMG) pulse train foiT, measurements was
tions with 2D NOESY and TOCSY data. The distance fixed at 0.9 ms. A total of 2048 complex data points with

restraints for the structure calculation were collected from 128 complex increments were collected for the relaxation

3D **N—*H NOESY-HSQC and“C—*H NOESY-HSQC  gxperiments. The relaxation rate constants were determined

by manual and automatic assignments for which CYANA py fitting the cross-peak intensities to a monoexponential
2.1 was used. To minimize the effects of spin diffusion, f nction.

intraresidue and sequential NOE intensities were obtained
from 100 ms NOESY spectra. Dihedral angle restraints were
calculated from chemical shifts using torsion angle likelihood
obtained from shift and sequence similarity (TALOZBX
iﬂgn?i\ézlr ;LIi fts ﬁlcdoenxd?éésg(;'f;%e; ggrp?a?treerﬂl.c'trii Hg?e:hethe indirect dimension. The relaxation delay for béthand
bound for all NOE distance restraints was initially set to 5 T2 measurements was 1.5 s. )
A and adjusted for nonstereospecifically assigned methylene The heteronuclear steady-state NOE spectra were acquired
and methyl protons using the method described originally wlth spectral W!dthS qf 9615.85 Hz over 2048 complex points
for DYANA and detailed by Guntert31). Experimental  in thew; (*H) dimension and 2405.12 Hz over 128 complex
evidence for hydrogen bonds was obtained from hydrogen/Points in thew, (**N) dimension.**N decoupling during
deuterium exchange in perdeuterated buffer at 288 K over a@cquisition was achieved using a GARP-4 pulse sequence
period of 24 h. The structure calculations were performed (34). The field strength of the CPMG refocusing train was
with the CYANA 2.1 program packages?), which uses about 3.3 kHz, and a 1.2 ms delay was used between the
simulated annealing in combination with molecular dynamics "éfocusing pulses3g). To compensate the temperature
in torsion angle space. At the first round of structure difference betwee_n the experiments, a series of off-resonance
calculations, only unambiguous long-range NOE constraints Pulses was applied at the very beginning of the pulse
were used to generate a low-resolution fold for the structure. S€duence on the€N channel. The CPMG duration was kept
Assignments of ambiguous NOE cross-peaks were made byin Such a way that it had to last long enough to observe a
applying a structure-aided filtering strategy in repeated significant effect on the peaks observed and sho'rt enough
rounds of structure calculations. The 15 residues starting fromfor us to be able to observe these peaks. The optimal value
Ser80 to Gly94 were completely lacking intra- and inter- for F was found to be 35 ms. The values of two different
residue NOEs and were assumed to be unobservable due tfrequencies ob gy andv ey were used to determine the
rapid exchange with solvent. This region of the protein is conformational mobility 86, 37). The reference spectra were
entirely unstructured as no chemical shift resonances werecollected at these two different frequencies without the
made possible from the 38N NOESY—HSQC and 30°C relaxation delay performed at the beginning and at the end
NOESY—HSQC spectra. Starting ab initio, 100 conformers Of the series. The effects of cross-relaxation betwékin-
were calculated in 8000 annealing steps each. The prograntH dipolar and"*N chemical shift anisotropy were removed
MOLMOL (33) was used to visualize the result of ensemble by applying 180 pulses during relaxation delag4). Values
of minimized conformers. of Ry(CPMG) were calculated from the following relation:
Correlation Time ¢.) and Relaxation Measuremenihe R(CPMG) = (—1/T) In(I(vcema)/lo), Where Ry(CPMG) is
correlation time of the F subunit was estimated using the the transverse relaxation constantis the length of the
equation relaxation delay|(vcpwmg) is the intensity of the peak at the
corresponding minimum and maximum of thepyc fre-
7. = {[6(T,/T,) — 74 1Qy27 quency, andl, is the intensity of the same peak on the
reference spectrun8Y).

whereT; and T, are the mean longitudinal and transverse  To allow NOE evolution!H—°N steady-state NOE values
relaxation times for the structured residues (residue8Q) were measured with two different data sets, one collected

T, and T, spectra were recorded with spectral widths of
9615.85 Hz sampled over 2048 complex points in dhe
(*H) dimension and 2405.12 Hz over 128 complex points in
the w1 (*>N) dimension with 16 scans for each increment in
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with no initial proton saturation and a second with initial
proton saturation. The proton saturation period was 3 s.
For the determination of the H/D exchange factors, the F g A
subunit sample was lyophilized and resuspended in 100% 110 r;‘sufé—,w
D,O. A series of 2D'H—N HSQC spectra were obtained 0N 5,,.:_-,--“.;0L”'ﬂ:'a..i. s
immediately after the lyophilized protein was dissolved in .
0.5 mL of2H,0. The dead time of the experiment was about = 459
30 min. = i
Data Processing and Analysi$he HSQC spectra were M
processed using nmrPipe softwaBS8)( Peak-picking and et
data analysis of the Fourier-transformed spectra were per-
formed with the SPARKY program3@). The T; and T
spectra were processed using a sine bell apodization function
shifted by 90 for both dimensions. The final sizes of the ppm
matrices were 204& 128 real points after zero filling in
both the dimension and the Fourier transformation. An H
automated baseline correction was applied in both dimen- Figure 1: 'H—15N HSQC spectrum of subunit F of the methano-
sions. The spectra were referenced to the DSS siditl ( genic AAo ATP synthase in 25 mM sodium phosphate buffer (pH

T, and T, values were obtained by fitting the peak 6.5) at 288 K. Backbone and side chain (sc) amide assignments
; . ; ; . ; . are shown for each residue. HSQC cross-peaks of side chain
intensities using single-exponential decay: residues R16, R37, and R63 are folded in ¢ dimension and
indicated by “SC*". Signals from side chain NHjroups are
I(t) =1, exp(t/T, ») connected by horizontal lines. The overlapping region is expanded
and marked by dashed lines.
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Yx?:rzgilts)z;tstrrzz ;())t'aak intensitt is the time, ando is the N-terminal Phel5 amide resonance could be dL_Je to the high
The heteronuclear steady-sta#—'H NOE values were solvent_exchang_e rate at thl_s region of the helix.
obtained from the ratios of the peak intensities in the Despite showing a well-dispersédi—**N HSQC spec-
saturated spectrum to those in the unsaturated spectrum. T&um, the F subunit exhibited different line widths for a
suppress time- or temperature-dependent effects, the spectrdignificantly large number of residues. To examine this
were acquired in an interleaved mode with incremented Phenomenon further, we recorded HSQC spectra at various
relaxation delays. All experiments were recorded with 256 concentrations ranging from 0.1 to 1 mM, showing no
t; increments of 2048 data points in The spectral widths measgrable_dlfferences either in the line widths or in the
were set to 9586.15 H2H) and 2406 Hz¥EN) at 600 MHz. chemical shifts ofH and*®N resonances (data not shown).

Errors were estimated by evaluating the standard deviationAS Shown by SAXS 12) the protein is indeed monomeric
of the NOE, onog: in solution at the concentration used, indicating that the

broadness of the peak in the 2D HSQC is due to the
_ 2 2112 conformational exchange, altering the environment of a
Onoe/NOE = (0l saflsad” 1 (0 unselunsa nuclear spin and modulating its chemical shift. When this
o ~ process is on the microsecond to millisecond time scale and
whereolsgandolunsaare the standard deviations of the noise the chemical shift changes are large, the NMR signal
in the spectra41). _ _ broadens. The conformational exchange is indicated by
Fluorescence Measurement& Varian Cary Eclipse  extensive broadening of the NMR spectra. Three different
spectrofluorimeter was used, and all experiments were carried»[yloes of line shapes of the peaks were observed in the
out at 20°C. The samples were excited at 295 nm, and the HSQC spectrum. There are single intense peaks and
emission was recorded from 310 to 380 nm with excitation single peaks with exchange broadening, and two or more
and emission band-passes set t(_) 5 nm. For titration of thepeaks appear with skewed populations (Supporting
tryptophan fluorescence of subunit B with subunit F mutants |nformation Figures S2 and S3). Interestingly, all the intense
FW100Y andFW100I and subunit H, the emission wave- peaks are found to be clustered in the middle of the protein
length was 338 nm. Befo_re use, subunit B and increasing sequence representing residue8?) a2, A3, a3, andp4
amounts offW100Y were incubated in a buffer of 50 mM  (supporting Information Figure S4). The intensities of the
Tris/HCI (pH 8.5) and 150 mM NaCl for 20 min. peaks are very low for the C-terminal residues, indicating
RESULTS that t_his re_gion_ is flexibl_e (_:ompa_red to the N-termingl
domain. This difference in intensity of HSQC peaks is
Resonance Assignments of the F Subunit of tiig ATP clear evidence that the protein undergoes conformational
SynthaseThe assignments of the resolved backbone residuesexchange on the microsecond to millisecond time scale. In
of the F subunit are presented on a 2B—'N HSQC addition, the presence of Gly and Ser in the C-terminus
spectrum (Figure 1). The HSQC peaks were identified for favors a disordered structure, and this could also contribute
all residues except for Phel5, and Gly83, Ser84, Glug89, andto the missing chemical shift resonances in the C-terminal
Asp98, which are present in the flexible C-terminal domain. domain.
The amides of these residues undergo fast exchange with Solution Structure of the F Subunit of the A-ATP Synthase
the solvent and were not observable in the HSQC as theyThe structure of the F subunit ) was calculated on the
reside in the flexible loop region. The absence of the basis of a total of 1399 nontrivial NMR-derived distance
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Ficure 2: Backbone (N, € C') (A) and ribbon (B) diagrams of 10 low-energy NMR-derived structures of subunit F of tAg ATP
synthase fronM. mazeiGol. This figure was produced using MOLSCRIPA2).

Table 1: Structural Statistics for the 10 Selected Structures of
Subunit F of Methanogenic Ao ATP Synthase after Energy
Minimization

total number of NMR restraints 1399
number of unambigous NOE peaks

intraresiduei(=j) 301

sequential |f — j| = 1) 377

medium-range (Z |i — j| < 4) 261

long-range (i — j| > 4) 297
number of dihedral angle constraints 163
number of hydrogen-bond distance restraints 16
number of restraint violatiofts

total number of restraint violatiors0.5 A 0

total number of dihedral angle violatiorss® 0
Ramachandran plot

fraction of residues in most favored regions (%) 70.6

fraction of residues in additionally allowed regions (%) 28.9

fraction of residues in generously allowed regions (%) 0.4

fraction of residues in disallowed regions (%) 0.1
average RMSD to mean (A)

backbone (residues-178) 0.39+ 0.09

heavy atoms (residues-78) 0.78+0.08

aThere are no distance violations greater than 0.5 A or dihedral
angle violations greater thar?.5All residues are included in the final
ensemble® The Ramachandran plot was for all the residues.

each other and are separated due to the tinieelices (11—
o.3). Thesex-helices are made up by residues SeA$al8,
Ala31—-Val39, and Val6+E68, whereas residues Letd3
Gly7, Lys22-Thr26, Vald5-Asn52, and Thr73Ala76 form
the -strands 1—/4). The dimensions of the elongated F
subunit (78.7 A) are approximately 24.2>A28.5 A x 38.7

A for the N-terminal part. The C-terminal tail has a length
of about 40 A.

Intramolecular Dynamics of the C-Terminal Domai.
first indication that the N- and C-terminal domains of the F
subunit are in loose contact in the solution structure is the
observation that there are no long-range NOEs between
residues of the N- and C-terminal domains. The backbone
N{'H} NOE data show that the peaks in the C-terminal
regions are weakened, indicating that the two domains of
the F subunit tumble as two different entities (Figure 3A).
High RMS deviations of the C-terminal domain of the F
subunit reflect underdetermination due to the lack of distance
and dihedral restraints. Also, residues in this domain have
very few observable NOEs because they are located in
regions with backbone flexibility. Figure 38D, F—H il-
lustrates theR; and R, relaxation rate constants aft/R;

restraints. Figure 2 shows an overlay of the 10 lowest energyratios measured at two different field strengths of 14.1 and
structures of F, and the statistics are given in Table 1. Thesel6.4 T, respectively. There is a discernible increas&in

structures have an overall RMSD of 0.39 0.09 A for
backbone atoms and 0.780.08 A for all heavy atoms in

and a decrease in th® values is observed in the C-terminal
end of the protein (around 20 amino acids). The average

the well-ordered regions of the three-dimensional structuresVvalues of the relaxation parameté&sandR, and NOEs in

(residues 178) of the protein. All these structures have
energies lower than 3.7 kcal mé] no NOE violations

the ordered regions (residues18) calculated at 14.6 and
16.4 T are 1.104, 23.469, and 0.774 and 1.174, 16.334,

greater than 0.3 A, and no dihedral violations greater than and 0.809 s', respectively (Figure 3. Taken together, the

5°. The protein has bott-helices angb-strands in its tertiary

data clearly indicate that the C-terminal end of the protein

structure as evidenced by the location of relevant NOE €xperiences conformational mobility compared to the rest
restraints (see Supporting Information Figure S1). The Of the protein.

solution structure of subunit F is divided into a well-defined
N-terminal domain, formed by aw// fold, and an extended

C-terminal tail at its very end (Figure 2). The four strands
of the f-sheet of the N-terminal part are oriented parallel to

Overall correlation times of 14.5 ns for 14.6 T and 9.94
ns at 16.4 T were obtained for this F subunit protein
according to the equation described in the Experimental
Procedures. To examine further the presence of conforma-
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Ficure 3: Comparison of NMR data collected on 600 MHz-(R) and 700 MHz (E-H) spectrometers. (A, E) Steady-stdfed} —15N

NOE enhancement data. The less intense bar graph indicates that this porticifD{8®f the protein is very dynamic. (8D, F—H)
Experimental longitudinalR;) and transverseRp) 15N relaxation rates an&./R; ratios obtained for subunityf, at 600.13 and 700.13

MHz, respectively. Almost all residues in the well-ordered region exhibit a rather uniform dynamic behavior, suggesting low backbone
mobility for this region (+78) of the protein structure. All C-terminal residues show a rather nonuniform dynamic behavior, suggesting
high backbone mobility for this C-terminal region of the protein structure. The error bars represent the SD.

tional exchanges on the micro- to millisecond time scale in formational exchange occurs at multiple backbone sites in
subunit F, a rough estimation of the amount of conforma- the protein. The corresponding residues probed by CPMG
tional motions in the backbone of subunit F has been madeexperiments were located primarily in the three different
from the difference in thé?, values obtained for the two  regions of the protein, in the N-terminal, loop-&1—loop
extreme values ofCpyc — Vepms (35, 36). As shown in 2 (residues 823), in the middle part33—loop 3 (residues
Figure 4, a difference between the two experiments was 47—53), and in 4 (residues 75, 76, and 79) and the
observed in a number of residues in subunit F with significant C-terminal part of subunit F, suggesting a chemical exchange

positive values oR:(vipma — Re(veema), indicating con-  phenomenon in these regions.
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Ficure 4: Conformational exchange in subunit F of the metha-
nogenic AAoc ATP synthase. Measurement of backbone confor-
mational motions from the difference values Bf(CPMG) at

min

minimal and maximal CPMG pulse repetition rat&s(vepye) —

51

Ro(veema) are displayed as a function of the F subunit sequence.

CPM
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region D388-R402 of the nucleotide-binding subunit B of
the methanogenic Ao ATP synthase can be cross-linked
(12), suggesting that these peptides, or the region around
them, might be in close proximity. The sequence of subunit
F has only one Trp residue (Trp100), which is located at the
C-terminal end17). This Trp has been substituted by a Tyr
residue in the mutal®W100Y and subjected to measurement
of binding characteristic of the nucleotide-binding subunit
B under more physiological protein concentrations. As
demonstrated in Figure 5A the mutant protein does not show
Trp intensity in the fluorescence spectrum. Subunit B
contains one native Trp (Trp430), which is at the C-terminal
region of the structure (Figure ) and thereby close to the
C-terminal peptide involved in the-BF cross-link formation.
The corrected tryptophan fluorescence spectrum of subunit

Positive values are expected for residues that undergo conforma—B shows the emission maximum of the protein at 339 nm

tional exchange.

Fluorescence Titration of Subunit B with the Subunit F
Mutant FW100Y Previous work has shown that the C-
terminal peptide 182R90 of subunit F and the C-terminal
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(Figure 5A). The intensity dropped by 19% after addition
of the mutantFW100Y. By comparison, when subunit B
was incubated with a mutant, in which Trp is exchanged by
an lle residue FW100l), a fluorescence quenching of only

(B)
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Ficure 5: Tryptophan fluorescence spectra of subunitAB &nd binding of the F subunit mutaR¥W100Y to subunit B (1uM) (C). (A)

The emission spectra were recorded 20 min after addition of mE®AO0Y (©O), mutantFW100I @), and subunit H-) of the methanogenic
A1Ao0 ATP synthase fronM. mazeiGol usingiex = 295 nm with emission and excitation slits at 5 nm. (B) The SDS gel shows a sample
of the expressed and purified subunit B (lane 1), mut&WsL00Y (lane 2) and=W100I (lane 3), and subunit H (lane 4) used in the
fluorescence spectroscopy measurement. Subunit B was incubated with subunit H, &Y, and mutanEW100I for 15 min each

on ice. (C) Fluorescence titration of subunit B with the muf@100Y. Excitation was at 295 nm, and emission was measured at 338 nm.
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D

Ficure 6: Charge distributions on the surfaces of subunit F of the methanogeAigs ATP synthase. Red and blue areas are negatively
and positively charged areas, respectively, calculated with the program MOLNR)LAt the left (A) the arrow shows the positively
charged tail, which forms a cross-link with the C-terminus of subunil®.(The hydrophic area, which is proposed to interact with the
central subunit D, is emphasized by a white arrow (B). A ribbon representation of the F subunit in an orientation similar to that of the
surface structure is shown in (C). (D) Surface representation of the N-terminal domain from the membrane side.

5% was observed. These data indicate that the significantis mainly caused by the interaction of Trp430 of subunit B
drop in fluorescence intensity shown for the casEWW100Y and the aromatic Tyr residue of the mut&w100Y. In a
control experiment the peripheral stalk subunit H of thA &
ATP synthase, lacking any aromatic residé)( has been
incubated with subunit B, resulting in a spectrum identical
to that of subunit B (Figure 5A). To quantitatively evaluate
the spectra, the binding of the mutdfiévV100Y to B was
measured using the fluorescence quenching at 339 nm, and
the result is shown in Figure 5C. The titration curve has a
hyperbolic shape from which a binding constag)(of 322

nM could be determined, with the assumptidnaoB to F
ratio of 1:1.

DISCUSSION

The dual function of ion transport and ATP synthesis or
ATP hydrolysis of the A and A domains of the entire #\o
ATP synthase reflects a complicated coupling process during
enzyme reaction. High-resolution crystal structures are
available for the catalytic and nucleotide-binding subunits
A (8) and B Q) of the A-ATP synthase, respectively,
providing information on the nucleotide-binding events. The
situation is different with regard to the structure of the central
stalk subunits, which form the primary coupling element.
Those subunits undergo conformational changes and/or
rearrangements. Therefore, knowledge of their structure is

essential for understanding their molecular mechanisms and

FIGURE 7: Proposed binding of subunit F inside thgBADF com- biological roles. The shape of the hydrated stalk subunit F
plex of the A ATPase.Pyrococcus horikoshiA-ATP synthase (Fum) of the AlAo ATP synthase fromM. mazeiGol in
subunit A (pink, PDB code 1vd#) and M. mazeiGol A-ATP solution, determined by SAXS, showed that the protein is a
synthase subunit B (green, PDB code 2c&®1as well as the bovine monodisperse and elongated particle (75.0 A), supported by

mitochondrial F-ATP synthase subunit (violet, PDB code 1elq, . :
chain G;43), which is homologous to subunit D of the A-ATP exclusion chromatography ). The solution structure ofifm

synthase, were fitted into the electron density map of thaPPase presented here is similar in dimension (78.7 A) and shape

(10) and AAo ATP synthase ¥4), obtained from single-particle  and is organized as two well-defined domains. The elongated

E”"’}'yf]"s '\ﬁlectron_ glirszaT;)Ft&)(Tme solutlﬁ_n ﬁ}rugtutrje_of Sﬂb‘#"t fashion of this structure enables this subunit to function as
of theM. mazeiGol A-ATP synthase is highlighted in red. The — 5 coypling element by connecting the nucleotide-binding
ellow and red arrows indicate the intrinsic Trp residue (Trp430 T . . o

gf subunit B and the contact region of sgbunits B(ar?d F? subunit with the lon-translocatmg pqrt. Thisis supportgd _by

respectively. The figure was prepared using PyMOL (http:/ the fact that subunit F can be cross-linked to subunit B inside

www.pymol.org). the methanogenic 8;DF subcomplexX1), A; ATPase 10),
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Ficure 8: Ribbon representation of the F subunit of the bacteridd/ATPase fromT. thermophilugA) (PDB code 2D0024) and F of

the AJ/Ao ATP synthase fronM. mazeiGol (B), derived from crystallographic and NMR analysis. (C) Sequence and secondary structure
alignment of subunit F of the prokaryotic;Vo ATPase fromT. Thermophilug24) and F of the AAc ATP synthase fronM. mazeiGol.

The identity (black) of both proteins is 19%. Alignment was generated using AlignX (Vector NTI v9 InforMax).

and AAo ATP synthasel?), depending on whether MGATP  movement of subunit F1¢). The high flexibility of Fum

or the nonhydrolyzable ATP analogue MgAMP-PNP is presented enables the subunit to undergo rearrangements
bound to the enzyme. The peptides involved in this EDC during energy coupling as they are described for the proposed
(1-ethyl-3-[(dimethylamino)propyl]carbodiimide)nduced homologuee of the E. coli FiFo ATP synthase Z3) and
zero-length cross-link of B and F ag@EALSERDTKggg, a subunit F (Fy) of the related prokaryotic V-ATPase from
sequence homologous to that of the so-called DELSEED Thermus thermophilu@4).

region of F-ATP synthased®), andgsREKIKg, (M. mazei There is also biochemical evidence that subunit F of the
G0l numbering), respectivel\L®). The surface representa- A-ATP synthase is in close contact with the rotating subunit
tion of subunit F (Figure 6) indicates the positively charged D (10, 11). The four-strande@-sheet in the N-terminal part
area of this sequence, forming the cross-link with one of forms a hydrophobic surface (Figure 6B) that might mediate
the negatively charged residues of the C-terminus of subunitthe interaction of both subunits (Figure 7). Such positioning
B. The size and specificity of the fluorescence response of of subunit D relative to subunit F is in line with the
Trp340 of subunit B upon binding of the F subunit mutant arrangement of the C-termini of subunits B and F as
FW100Y (Figure 5A) clearly signify that it is the very described above. Consequently, the positively and negatively
C-terminal end of the stalk subunit F which also forms a charged surface of the bottom of the N-terminal domain of
contact area with the C-terminal region containing W430 of F would be oriented to the central stalk subunit C and thereby
subunit B (Figure 7). Both peptidgssEALSERDTKz99 and toward the membrane side. As described recently, subunits
22dEDTLEIGWQu3; of B belong to the C-terminal region D, C, and F form a cross-linked product inside theAX Pase

(9), which in the nucleotide-binding subunitof the related (10, 112), giving the central stalk a significant length of 84
FiFo ATP synthases undergoes rotation after binding of A (7).

nucleotides 19—22). Therefore, the close proximity of the With a globular part, made up by the N-terminal region,
sequencegREKIKg, andggsDLWK 10; 0f the C-terminus of ~ and a hooklike part, formed by the C-terminus, the three
subunit F and the C-terminal residues of B might induce a subunits F, €, and Fyn, display the same overall appearance,
conformational change in the lower C-terminal region of B although subunit fr, shows a sequence identity of 9% and
with the subsequent closing of the binding pocket. It has 19% to subunitg and F, respectively 12). However, the
been shown recently that the1& interaction is absent in ~ secondary and tertiary structures of these subunits are
the presence of MgADR- P, or MgADP, due to a relative  different. As shown in Figure 8A the N-terminal domain of
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the crystallographic structure ofrfof the prokaryotic
V-ATPase, determined at 2.2 A resolutid?¥), is made up
by an alternating arrangement of thfgstrands §1—3) and
three a-helices (1—3). By comparison, the global N-
terminal part of subunit F () of the A/Aoc ATP synthase
is composed of a four-strandgesheet, the strands of which,
in contrast to the structure oftf-are oriented parallel to

each other, causing a hydrophobic surface (see above).

Whereas helix 1 in both F subunit structures shows a similar
orientation, helix 2 has different positions in the two
structures, corresponding to a parallel orientation of this helix
relative tof-strand 3 in the case of subunifyf There is
also a significant difference between the positions of helix
3, which in the k structure becomes oriented to the direction
of the elongated C-terminal part, whereas in subugit, F
helix 3 runs parallel above helix 2, forming together with
B4 the upper part of the global N-terminal section. In
addition, the C-terminal domain (residues—7H9) in the

Frt structure consists gf-strand 3, followed by the short
and long helices 4 and 5, respectiveB4). In contrast,
subunit fym shows an extended tail at its very end. The
structures Ik and Fyum show a disordered region of residues
71-74 and 8795, respectively, indicating structural flex-
ibility of the C-terminal domain. The direct measurements
of backbone dynamics includirig, R,, and two-dimensional
IH—15N heteronuclear NOE experiments of subunit,fare
consistent with this observation. The fact that the C-terminal
domain is not completely ordered is not surprising, since
many biological target peptides are poorly structured before
complex formation. Many of these targets adopt a helical
structure within the complex2b), and it is possible that a
well-ordered structure is achieved when the F subunit binds
a biological partner such as the B subunit.

From the dimer formation of 4 of the prokaryotic
V-ATPase, in which the N-terminal domain of one monomer
of Fr; forms a globular fold together with the C-terminal
domain of another monomer, it has been proposed that
subunit Fy might exist in an extended and retracted form.
Like in the related procaryotic V-ATPase the stoichiometry
of subunit F (k) inside the A ATPase 10) and the AAo
ATP synthase X3) is 1. The monomeric subunityf in
solution, which has been studied by SAXS and nuclear

magnetic resonance spectroscopy, is elongated. However, its 13-

flexible C-terminal tail enables this subunit to undergo up-
and-down movements relative to its neighbor, the nucleotide-
binding subunit B.

In summary, the first three-dimensional structure of the
central stalk subunit F of the A-ATP synthase in solution
provides the structural basis toward a fuller understanding
of the mechanistical properties of this subunit inside this class
of enzymes. Moreover, it gives more insight into the
structural and thereby functional homologies and diversities
of the coupling subunits, Fr, and mm of the related
prokaryotic F-ATP synthase and V-ATPase and the archaeal
A-ATP synthase, respectively.

SUPPORTING INFORMATION AVAILABLE

Amino acid sequence of the F subunit (Figure S1), two-
dimensional'H—5N HSQC spectra of the F subunit with
different peak shapes and intensities (Figure S2), one-
dimensional projection of representativel—*N HSQC

Biochemistry, Vol. 46, No. 42, 200711693

peaks of the F subunit (Figure S3), intensities of the HSQC
cross-peaks as a function of residue position (Figure S4),
and a schematic representation of the secondary structure
(Figure S5). This material is available free of charge via the
Internet at http://pubs.acs.org.
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