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Abstract The first low-resolution shape of subunit F of
the AjAp ATP synthase from the archacon Methanosarcina
mazei GO1 in solution was determined by small angle X-ray
scattering. Independent to the concentration used, the protein
is monomeric and has an elongated shape, divided in a main
globular part with a length of about 4.5 nm, and a hook-like
domain of about 3.0nm in length. The subunit-subunit in-
teraction of subunit F inside the A; Ao ATP synthase in the
presence of 1-ethyl-3-(dimethylaminopropyl)-carbodiimide
EDC was studied as a function of nucleotide binding, demon-
strating movements of subunits F relative to the nucleotide-
binding subunit B. Furthermore, in the intact A Ag complex,
crosslinking of subunits D-E, A-H and A-B-D was obtained
and the peptides, involved, were analyzed by MALDI-TOF
mass spectrometry. Based on these data the surface of con-
tact of B-F could be mapped in the high-resolution structure
of subunit B of the A; Ag ATP synthase.
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Introduction

Archaea are a heterogeneous group of microorganisms that
often thrive at harsh environmental conditions such as high
temperatures, extreme pH’s, and high salinity. Like other
living cells, they use chemiosmotic mechanisms along with
substrate level phosphorylation to conserve energy in form
of ATP. Because some archaea are rooted close to the origin
in the tree of life, these unusual mechanisms are consid-
ered to have developed very early in the history of life and,
therefore, may represent first energy conserving mechanisms
(Ide et al., 1999; Schifer et al., 1999). A key compo-
nent in cellular bioenergetics is the ATP synthase (Pedersen
et al., 2000; Senior et al., 2000; Capaldi and Aggeler,
2002). The enzyme from archaea represents a new class of
ATPases, the AjAp ATP synthases. They catalyze the for-
mation of ATP at the expense of the transmembrane elec-
trochemical ion gradient and are related to the F{Fp and
V1V ATP synthases/ases (Inatomi et al., 1989; Stan-Lotter
and Hochstein, 1989; Dirmeier et al., 2000). The A;Ao
ATP synthases are structurally similar to V; Vo ATPases but
synthesize ATP like the F-type ATPases. The membrane-
integrated enzyme consists of subunits A-K in the stoi-
chiometry of A;3:B;:C:D:E:F:H:I:K,.. As its bipartite name
implies the AjAp ATP synthases is divided into two parts:
a water-soluble A; ATPase and an integral membrane sub-
complex, Ag. ATP is synthesized or hydrolyzed on the A
headpiece, consisting of an A3:B3 domain, and the energy
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provided for or released during that process is transmitted to
the membrane-bound Ag domain. The energy coupling be-
tween the two active domains occurs via the so-called stalk
part (Miiller and Griiber, 2003).

The structure of the chemically-driven motor (A) from
Methanosarcina mazei Go1, which is made up of the five
different subunits A3;B3;CDF, was solved by small angle
X-ray scattering in solution (Griiber et al., 2001) and image
processing of electron micrographs of the negatively stained
particles (Coskun et al., 2004a). The data show that the A;
ATPase is rather elongated, with an A3:B; headpiece and an
elongated stalk (Griiber et al., 2001). A comparison of the
central stalk of this A; complex with bacterial F; and eu-
karyotic V| ATPases indicates different lengths of the stalk
domain (Griiber et al., 2001). Further insights into the topol-
ogy of the A; ATPase were obtained by differential protease
sensitivity (Coskun et al., 2002), and cross-linking studies
(Coskun et al., 2002, 2004a). These studies resulted in a
model in which the subunits C, D (partly), and F form the
central stalk domain (Coskun et al., 2002, 2004a). The first
structure of the complete methanogenic A;Ap ATP synthase
was obtained recently by single particle analyses (Coskun
et al., 2004b). These studies revealed novel structural fea-
tures such as a second peripheral stalk, and a collar-like
structure. In addition, the membrane-embedded electrically-
driven motor Ag is very different in archaea with sometimes
novel, exceptional subunit composition and coupling stoi-
chiometries that may reflect the differences in energy con-
serving mechanisms as well as adaptation to temperatures
(Miiller and Griiber, 2003).

We have turned our attention to the examination of subunit
F of the methanogenic A;Ap ATP synthase and describe
the structural features of this stalk subunit in solution. The
location of F and the related stalk subunits D, E and H in the
absence and presence of nucleotides have been explored in
the intact A;Ap complex.

Experimental procedures
Materials

ProofStart™  DNA  Polymerase and  Ni’>*-NTA-
chromatography resin were received from Qiagen (Hilden,
Germany); restriction enzymes were purchased from MBI
Fermentas (St. Leon-Rot, Germany). The expression vector
pET9d-Hiss was provided by G. Stier, EMBL (Heidelberg,
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, Germany), Roth (Karlsruhe, Germany),
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Sigma (Deisenhofen, Germany), or Serva (Heidelberg,
Germany).

Constructs and proteins

The gene, encoding subunit F from M. mazei Go1
was amplified using the oligonucleotide primers 5'-
CGTTTTCCATGGAGTTAGCAGTGAT-3" (forward pri-
mer) and 5'-TTTGAGCTCTTACTTCCACAGATCAA-3
(reverse primer), incorporating Ncol and Sacl restriction
sites, respectively (underlined). As template the multicopy
vector pTL2 (Lemker et al., 2003) coding for the A;Aop
ATP synthase gene F was obtained from Escherichia coli
strain DKS8 using the standard Nucleobond Plasmid Midi
Kit. Following digestion with Ncol and Sacl, the PCR
product was ligated into the pET9d-Hise vector. The cloned
pET9d-Hisg vector containing the DNA fragment, encoding
subunit F plus six His-residues at the N-terminus, was
transformed into E. coli cells (strain BL21) and grown
on 30 ug/ml kanamycin-containing Luria-Bertoni (LB)
agar-plates. To express Hisg-subunit F, liquid cultures were
shaken in LB medium containing kanamycin (30 ug ml~!)
for about 20h at 30°C until an optical density ODgpy of
0.6-0.7 was reached. To induce production of Hisg-subunit
F, the cultures were supplemented with isopropyl-8-D-
thio-galactoside (IPTG) to a final concentration of 1 mM.
Following incubation for another 4 h at 30 °C, the cells were
harvested at 10000 x g for 20 min, 4 °C. Subsequently, they
were lysed on ice by sonication for 3 x 1 min in buffer A
(50mM Tris/HCI, pH 8.5, 100mM NaCl, 4 mM Pefabloc
SC (BIOMOL). The lysate was cleared by centrifugation at
10000 x g for 30 min at 4 °C, the supernatant was passed
through a filter (0.45 wm pore-size) and supplemented with
Ni2*-NTA resin. The His-tagged protein was allowed to
bind to the matrix for 90min at 4°C and eluted with an
imidazole-gradient (25-200 mM) in buffer A by mixing on a
sample rotator (Neolab). Fractions containing Hisg-subunit
F were identified by SDS-PAGE' (Laemmli, 1970), pooled,
concentrated using Centriprep YM-10 (3kDa molecular
mass (MM) cut off) spin concentrators (Millipore), and
subsequently applied on an ion-exchange column (Resource
Q (6 ml), Amersham Biosciences), equilibrated in a buffer of
50mM Tris/HCI (pH 8.5) and 100 mM NaCl. The purity of
the protein sample was analyzed by SDS-PAGE (Laemmli,
1970). The SDS-gels were stained with Coomassie Brilliant
Blue G250. Protein concentrations were determined by
the bicinchonic acid assay (BCA; Pierce, Rockford, IL.
USA).

The methanogenic AjAg ATP synthase of Methanococ-
cus jannaschii was purified by sucrose density centrifugation
and anion exchange chromatography (DEAE-Sepharose)
as described previously (Lingl et al.,, 2003). ATPase
active fractions were pooled and concentrated on Centricon
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100 kDa concentrators (Millipore). The concentrated sample
was loaded on a Superose 6 column (10/30, Amersham
Biosciences) and eluted with 5S0mM Tris/HCl (pH 7.5),
5mM MgCl,, 10% glycerol, 150mM NaCl, 0.1% Triton
X-100, 0.1 mM PMSF and 1 mM Pefabloc SC (BIOMOL)
(Coskun et al., 2004b).

Determination of native molecular mass

Gel filtration chromatography was performed using a Su-
perdex 75 HR 10/30 column (Amersham Biotech) using
a buffer of 50mM Tris/HCI1 (pH 8.5) and 100 mM NaCl.
To construct a calibration curve, a set of standard proteins
(Amersham Biotech and Sigma) was analyzed. The K,, pa-
rameter was determined (K,, = (Ve — Vih)/(V; — Vp), where
V. represents the elution volume, V| the void volume, and
V; the total bed volume). The K,, values for standard pro-
teins were plotted as a function of the logarithm of molecular
mass, and the resulting calibration curve was used to derive
the MM of subunit F.

CD spectroscopy

Steady state CD spectra were measured in the far UV-
light (185-255 nm) using a CHIRASCAN spectropolarime-
ter (Applied Photophysics). Spectra were collected in a 50 ul
quartz cell (Hellma) at 18 °C at a step resolution of 0.1 nm.
CD spectroscopy of subunit F (1.0 mg/ml) was performed
in 50 mM Tris/HCI, pH 8.5, and 100 mM NaCl and 1 mM
DTT. Ten scans were averaged to obtain a final spectrum. The
spectrum for the buffer was subtracted from the spectrum of
subunit F. This baseline corrected spectrum was used as in-
put for computer methods to obtain predictions of secondary
structure. In order to analyze the CD spectrum the analy-
sis programmes CONTIN (Provencher, 1982) and SELCON
(Screerama and Woody, 1993) were used.

X-ray scattering experiments and data analysis of
subunit F

The synchrotron radiation X-ray scattering data were col-
lected following standard procedures on the X33 camera
(Boulin et al., 1986, 1988) of the EMBL on the storage
ring DORIS III of the Deutsches Elektronen Synchrotron
(DESY). The scattering patterns from subunit F at protein
concentrations of 4.9, 9.7 and 19.5 mg/ml were measured by
means of an image plate detector (MAR345; Marresearch,
Norderstedt, Germany) setup with the sample—detector dis-
tances of 2.4 m, covering the range of momentum transfer
0.1 <s <4.5nm™! (s = 4msin(9)/A, where 6 is the scat-
tering angle and A = 0.15 nm is the X-ray wavelength). The
data were normalized to the intensity of the transmitted beam
and the scattering of the buffer was subtracted as background.

These difference curves were scaled for concentration which
allows evaluation of the molecular mass (MM) by the for-
ward scattering /(0) and the radius of gyration R, using the
Guinier (Guinier, 1939) approximation. All the data pro-
cessing steps were performed with the program package
PRIMUS (Konarev et al., 2003). The distance distribution
function p(r) of the particle was computed by the indirect
transform package GNOM (Svergun et al., 1993). For the
MM estimation the forward scattering of a bovine serum
albumin (BSA) solution was taken as reference.

Two low resolution models of the F subunit were built
by the program DAMMIN (Svergun, 1992) and GASBOR
(Svergun, 1997) as described in (Armbriister et al., 2004).
Both approaches start with an ensemble of densely packed
dummy atoms (DAMMIN) or dummy residues (GASBOR)
inside a search volume defined by a sphere of diameter Diy,ax.
Ten independent GASBOR reconstructions were computed
and the models were further analyzed using the packages
DAMAVER (Svergun et al., 2001) and SUBCOMP result-
ing in an averaged model for the shape representation. The
scattering intensity of the e-subunit from the F;Fg ATPsyn-
thase was computed based on the 1AQT pdb entry using the
program CRYSOL (Svergun and Koch, 2002).

Cross-link formation in the AjAp ATP synthase

After preincubation of the AjAp ATP synthase from
Methanococcus jannaschii with SmM nucleotide and
MgCl,, respectively, for Smin, cross-linking was in-
duced by supplementation with 5mM of 1-ethyl-3-
(dimethylaminopropyl)-carbodiimide (EDC) as a crosslinker
for 30 min on a sample rotator at room temperature. The re-
action was stopped by addition of Laemmli buffer (63 mM
Tris/HCIL, pH 6, 10% glycerin, 2% SDS and 0.01% Bromphe-
nolblue). Samples were dissolved in DTT-free dissociation
buffer, and applied to an SDS-polyacrylamide gel as de-
scribed above. The subunits involved in cross-linking were
identified by MALDI-TOF analysis.

Tryptic digest and MALDI-TOF analysis

The crosslinked products of the AjAp ATP synthase
were cut from the gel and destained overnight with a
solution of 50 mM ammonium bicarbonate, 40% ethanol.
The protein was digested in gel with trypsin (Promega)
according to Roos et al. (1998) except that the bands had
been washed three times with acetonitrile before drying
them in a speed vacuum concentrator. Digested samples
were desalted with a C18ZipTip (Millipore) and eluted
with  CHCA—(10mg/ml  «-cyano-4-hydroxycinnamic
acid in 50% acetonitrile, 0.1% trifluoroacetic acid) or
FA—(8 mg/ml 3-methoxy-4-hydroxycinnamic acid in 50%
acetonitrile, 0.1% trifluoroacetic acid) matrix solution.
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1-2 4l of matrix-analyte solution was spotted onto the
MALDI plate and allowed to dry. Peptide mass mapping
was performed by matrix assisted laser desorption-
ionisation/time-of-flight mass spectrometry (MALDI-TOF
MS) using a Bruker Reflex III™ MALDI-TOF spectrometer
(Bremen, Germany). The peptide map was acquired in
reflectron positive-ion mode with delayed extraction at a
mass range of 100-5 000 Da. The instrument was calibrated
using a calibration mixture (Applied Biosystems). For
interpretation of the protein fragments, the PEPTIDEMASS
(Wilkins et al., 1997) program available at Expasy web site
(www.expasy.ch/tools/peptide-mass.html) was used.

Results
Purification of subunit F from M. mazei G61

Induction of His-tagged protein synthesis under the condi-
tions specified in “EXPERIMENTAL PROCEDURES” re-
sulted in an approximately 14 kDa protein which was found
entirely within the soluble fraction. A Ni>*-NTA resin col-
umn and an imidazole-gradient (25-200 M) in buffer con-
sisting of 50 mM Tris/HCl (pH 8.5) and 100 mM NaCl was
used to separate Hisg-subunit F from the main contaminating
proteins. Subunit F eluting at 100 mM imidazol was collected
and subsequently applied to a RESOURCE™ Q column.
Analysis of the isolated protein by MALDI mass spectrome-
try revealed the high purity of the subunit, and that the protein
had the sequence-based predicted mass of 12,217 Da.

CD spectroscopy of subunit F
The CD spectrum of subunit F was measured between 185—

255nm (Fig. 1). The minima at 220 and 208 nm and the
maximum at 192 nm indicate the presence of a-helical struc-
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Fig. 1 Far UV-CD spectrum of subunit F from M. mazei G61. (In-

sert), SDS-gel shows a sample of the Hisg-subunit F used in the CD

spectroscopy measurement

@ Springer

tures in the protein; the overall spectrum is characteristic for
a protein with mixed «/f structure. Several computer based
methods were used to analyze the CD spectrum of subunit F.
The secondary structure content calculated was 43% «-helix
and 33% B-sheet.

Determination of molecular mass and overall
dimensions of the native F subunit

In order to determine the native molecular mass of subunit
F from M. mazei G61, a Superdex 75 gel filtration column
was calibrated by determining the K,, values for a set of
standard proteins of known MM (Fig. 2A). A calibration
curve based on these K,, values is shown in Fig. 2B. Com-
parison of the K, for subunit F versus the standard proteins
suggests the native molecular mass (MM) of approximately
15 £ 2kDa. In a complementary approach, SAXS patterns
from solutions of subunit F were recorded and processed as
described in “EXPERIMENTAL PROCEDURES” to yield
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Fig. 2 Determination of the native molecular mass by gel filtration
analysis. (A) Superdex 75 gel filtration analysis of subunit F was per-
formed as described under “EXPERIMENTAL PROCEDURES”. Pro-
teins used as molecular size standards () were BSA ((I) 67 kDa),
ovalbumin ((IT) 45 kDa), B-chymotrypsin A ((IIT) 25 kDa) and ribonu-
clease A ((IV) 13.7kDa). (B), for each protein, a K,, parameter was
derived as described under “EXPERIMENTAL PROCEDURES”. The
K, for subunit F is indicated by (m)
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the final composite scattering curve in Fig. 3A. The radius of
gyration R, and the maximum dimension Dy, of subunit F
are 2.03 £ 0.02nm and 7.5 &£ 0.2 nm, respectively, suggest-
ing that the subunit is a rather elongated particle. Compari-
son with the scattering from the reference solutions of BSA
yields the estimate of MM of 14 &+ 4 kDa, in agreement with
the results of the gel filtration chromatography and indicating
that subunit F is monomeric at the concentrations used. How-
ever, the determined MM of the native molecule is somewhat
larger than expected from analysis of the dehydrated protein
in the MALDI-TOF experiment (12,217 Da) and the amino
acid sequence (11,890 Da; Expert Protein Analysis System
(Wilkins et al., 1997)). This may be attributed to a high hy-
dration of the particle in solution, characteristic for extended
molecules with a large specific surface accessible to the sol-
vent. The excluded (Porod) volume of the hydrated particle
in solution was 180 + 5nm? (compared to the dry particle
volume of 54nm’ computed from the sequence) also sug-

(A) g1, relative

0 1 2 3 4 5
s [1/nm]
(B) p(), relative
0 2 4 6 8
r[nm]

Fig. 3 X-ray scattering patterns from subunit F of M. mazei G61. (A)
experimental SAXS curve from subunit F (1), scattering from typical ab
initio model of subunit F (2) computed by the program GASBOR (18)
and (3) scattering pattern from the high resolution model of subunit
& ((32) PDB code 1AQT) calculated by the program CRYSOL. (B)
The distance distribution function of subunit F was computed from the
experimental data by the program GNOM

gesting a rather high hydration of subunit F. The distance
distribution function p(r) (Fig. 3B) further confirms that
subunit F is an elongated particle with the average radius
of cross-section of about 3 nm as reflected by the main max-
imum of the p(r) function. The shoulder at larger intraparticle
distances indicates that the particle consists of two distinct
domains with the average distance between their centers of
about 4 nm.

Shape and domain structure of subunit F from M. mazei
Gol

The gross structure of subunit F was restored ab initio from
the scattering pattern in Fig. 3A using the shape determi-
nation program DAMMIN and the dummy residues model-
ing program GASBOR as described in “EXPERIMENTAL
PROCEDURES”. The two approaches yielded similar re-
sults but the models provided by DAMMIN could only fit
the dataup to s = 0.25nm ™! and therefore resulted in lower
resolution. In the following, the models obtained with GAS-
BOR are presented, which yield good fits to the experimental
data in the entire scattering range (a typical fit displayed in
Fig. 3, curve 2, has the discrepancy x = 1.39). Ten indepen-
dent reconstructions yielded reproducible models and the
average model and the most probable model are displayed
in Fig. 4. Subunit F appears as an elongated molecule with
two distinct domains, a main globular with a length of about
4.5nm, and a hook-like domain of about 3.0 nm in length.
This gross structure resembles very much the shape of the
homolog ¢ subunit of the related F\Fo ATP synthase from
Escherichia coli (Fig. 4) available in the PDB (Bernstein
et al., 1977) (entry 1AQT). Moreover, the scattering pat-
tern computed from the model of subunit ¢ displays a fair
agreement to the scattering by subunit F in the entire range
of scattering angles (Fig. 3, curve 3, x = 2.5). Deviations
observed at the very small angles point to a somewhat more
extended appearance (or, possibly, a higher hydration) of
subunit F from M. mazei G61 compared to subunit &, but the
overall resemblance is still remarkable. The known atomic
model of ¢ was positioned inside the low resolution model
of subunit F (Fig. 5). The N-terminal barrel of ¢ is well ac-
commodated within the global domain of subunit F and the
anti-parallel two «-helix hairpin of the C-terminus of subunit
¢ fits the hook-like shape of subunit F (Fig. 5A). An elon-
gated shape has also been described most recently for subunit
F of the related prokaryotic V-ATPase from Thermus ther-
mophilus ((Tt-F), Figs. 4 and 6 (Makyio et al., 2005)). The
atomic model of this subunit is well accommodated within
the shape of subunit F from M. mazei Go1 (Fig. 6A, B). The
N-terminal and C-terminal part of the 7#-F subunit lies in the
main globular and the hook-like domain of subunit F of M.
mazei GO1, respectively.
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Fig. 4 Models of the subunits Fyy,, € and Fr. Column (A) and (B), ATPase from T. thermophilus (32) and the F;Fo ATPsynthase from E.
averaged and most probable models of subunit F from M. mazei G61 coli ((39) PDB code 1AQT), respectively; the N- and C-termini are
displayed as beads and dummy residues, respectively. (C) and (D), high indicated

resolution model of subunit F and ¢ of the related prokaryotic V{ Vg

Fig. 5 Superposition of the
GASBOR model with the
e-subunit from the F;Fo
ATPsynthase. The side—(A)
and front view (B) indicate a
similar composition of the F
subunit from M. mazei G61
(green atoms) in respect with the
g-subunit. As for the subunit € a
two domain composition of the
F-subunit from M. mazei G61
can be proposed. The
N-terminal barrel of ¢ and the
anti-parallel two «-helix hairpin
of the C-terminus of subunit ¢ is
shown in yellow and lilac,
respectively

Fig. 6 Superposition of the
GASBOR model of Fyy, with
subunit Fr, from T.
thermophilus. Comparison of
the side—(A) and front view (B)
of the F subunit from M. mazei
Go1 (green atoms) and subunit
Fr from T. thermophilus. The
N-terminal barrel of Fr, and the
anti-parallel two «-helix hairpin
of the C-terminus of this subunit
is shown in yellow and lilac,
respectively
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Cross-linking of AjAg ATP synthase
subunits induced by EDC

Recently, we have shown, that subunit B and F does form
a crosslink product in the A3;B3;CDF complex from M.
mazei GOl (Coskun et al., 2004a). In order to investigate
whether this formation does also occur in the whole com-
plex in the presence of different nucleotides, and whether
this close proximity of both subunits is also common to
other sources, the intersubunit crosslinking of both polypep-
tides inside the AjAp ATP synthase from Methanococcus
Jjannaschii was studied, using the cross-linking reagent EDC,
which results in cross-linking of carboxyl and amino groups.
Fig. 7 illustrates the results of crosslinking of the A;Ag ATP
synthase with EDC under different nucleotide conditions.
When the enzyme was incubated with 5 mM MgAMP-PNP
at 4 °C before EDC-treatment, a 63 kDa product (II), com-
posed of the subunits B (51 kDa) and F (12kDa) could be
identified by MALDI mass spectrometry. The B-F product
is formed by the peptides 3gsDLVAVVGEEALTDRyj; and
s2IDPVKELIRy, of the subunits B and F, respectively. By
comparison, the presence of MgATP leads to lower cross-
link formation, which disappeared, when the A; Ag complex
was incubated in the presence of MgADP+P; and MgADP.

& &
& 3 3
c}é’ 4 vﬁQ §Q {9‘1 )
D o
A A vl
Vi
V=
- e
11 1 1 B
- e eseses o= -
s, —— — — — -C
——— —— —— — ' == {ED
-F
1H

Fig. 7 Cross-linking of the methanogenic A;Ag ATP synthase from
M. jannaschii using EDC. AjAg ATP synthase was incubated with
SmM MgAMP-PNP (lane 2), MgATP, MgADP + P;, MgADP or
without nucleotide (lane ) for Smin at 7°C, followed by addition
of 5SmM EDC for 30 min at room temperature and stopped by addition
of Laemmli buffer containing 63 mM Tris/HCI, pH 6, 10% glycerol, 2%
SDS and 0.01% Bromphenolblue. The samples were applied to a 15%
total acrylamide and 0.4% crosslinked acrylamide gel. Lane 6, AjAq
ATP synthase in the presence of 50 um of dithiothreitol (DTT). The
crosslink products are labeled I-V and the (*) represent the crosslink
formation III (A-H)

Furthermore, when the enzyme was supplemented with EDC
in the presence of MgAMP-PNP six new bands were gener-
ated. Besides the mentioned B-F formation (II), the products
I,IV and V could be unequivocal identified by MALDI mass
spectrometry, demonstrating that band I (48 kDa) derived
from subunit D (25 kDa) and E (23 kDa) (Table 1). The bands
IV and V include the subunits A-B-D and A-B oligomer-
formation. When the enzyme was suspended in MgATP, the
cross-link products I, II and IV were obtained, with a slight
decrease of the B-F (II) formation (s. above). In the presence
of MgADP + P; the B-F (II), A-B-D (IV) and A-B oligomer
formations (V) disappeared and a new band (III) with an ap-
parent molecular mass of about 78 kDa was obtained. This
product was formed by the subunits A and H, which goes
along with the disappearence of the H subunit. The crosslink
occurred via the peptides o TGSIFIPRGVDVPALPR |5, and
74]ILEETEKg( of subunit A and H, respectively.

Discussion

Knowledge of the structure of proteins in conditions close to
physiological is essential for understanding their functional
roles. X-ray scattering in solution allows the determination
of the overall structure of native biological macromolecules
and was successfully applied for the solution structure of
the chitin binding protein (Svergun et al., 2000), the F;
ATPase (Svergun et al., 1998), the V| ATPase (Svergun et
al., 1998) or subunit C of the V-ATPase (Armbriister et al.,
2004), whose structural features were confirmed by X-ray
crystallography (Gibbons et al., 2000; Radermacher et al.,
2001; Vaaje-Kolstad et al., 2005) and/or 3D reconstructions
from electron micrographs (Drory et al., 2004). Also deter-
mined from solution X-ray scattering data was the hydrated
A3B3CDF complex from the methanogenic A;Ag ATP syn-
thase (Griiber et al., 2001), showing that the central stalk
is rather elongated with 8.4 nm in length. Together with the
3D reconstruction of this complex (Coskun et al., 2004a),
derived from negatively stained particles, the subunits D,
F and C could be located inside the central stalk domain,
whereby the nucleotide-binding subunits A and B form the
hexameric headpiece, in which part of subunit D penetrates.
The present low-resolution structure of the hydrated F sub-
unit with a length of 7.5 nm would partially span the width
of the central stalk. As indicated by the initial portion of the
scattering intensity, the protein is monodisperse and homo-
geneous in solution, independent of the concentration used
(4.5-19.5 mg/ml). The fact that subunit F (Fyy,) of the M.
mazei G61 AjAp ATP synthase is exclusively elongated in
solution is supported by the apparent size based on exclu-
sion chromatography. Its shape is remarkably similar in the
overall structure to that of the proposed homolog ¢ of the
Escherichia coli F1Fg ATP synthase (Uhlin et al., 1997) and
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Table 1 MALDI-mass
spectrometry analysis of

Subunit Start residue End residue Measured mass Sequence

peptides involved in the

cross-linking product D-E (I), b 4 8
B-F (II) and A-H (II), 14 2
respectively 127 134
166 178

188 200

E 16 22

42 50

72 79

119 130

B 14 45

72 83

127 148

300 336

366 371

388 401

427 448

F 17 27

68 75

76 86

82 90

A 14 28

106 122

313 324

420 432

a Peptid.es involved in the H 541‘411 5;?
crosslink product I (D-E). 35 43
b Peptides involved in the o 53
crosslink product II (B-F). 61 63
“Peptides involved in the 74 80

crosslink product IIT (A-H).

726.5 VNPTR
1596.8 LKNKIKLAEK
986.2 LDEAAKK*
1971.2 VNALEY VIIPRLK
2191.0 LDEMERENFFRLK
1029.3 AEVSRIK
1212.0 KTLGDSLAK
1291.8 RITLNKRK
1766.5 AYSSKESEELVK*
3939.1 SIAGPLLIVEGVEGAAYGEIVEVICPDGEKR
1978.4 DTRVRFTGRTAK
3137.3 KVPSDFIQTGISTIDGMNTLVR
5273.2 TGTITQIPILTMPDDDITHPIPDLTGYITEGQIVLSR
954.3 TREDHK
1777.0 DLVAVVGEEALTDR”
3317.6 SIEETLDLLWELLAILPEEELK
1425.2 LAGLTDVYEVK
1152.8 VIVEIPDKHGK
1582.9 HGKLERIDPVK
1866.9 IDPVKELIR?
1726.2 IIKIAGPVVVAEGMK
2338.8 TGSIFIPRGVDVPALPR¢
2109.2 EASVYTGITIAEYFR
2039.5 VFWALDANLAR
1348.5 AVERGVEPAK
1672.4 EVKLAEEQAVK
1444.2 AEAIEEAKK
1686.3 KLIAEAEEEAK
1073.2 KAEEEAK
824.4 ILEETEK*®

subunit F (Fr) of the related prokaryotic V-ATPase from
Thermus thermophilus (Makyio et al., 2005), composed of a
globular part, made up by the N-terminal region (Figs. 5 and
6) and a hook-like part, which is formed by the C-terminus,
respectively. This indicates that the three subunits not only
display the same overall appearance but also have similar
domain structure, although subunit Fy,, shows a sequence
identity of 9% and 17% to subunit ¢ and Fry, respectively.
The same phenomenon has been described recently for sub-
unit C and H of the eukaryotic V-ATPase with a sequence
identity of only 14%, but a similar overall shape, making
both subunits to structural and functional components which
bridge the V| and V¢ part (Armbriister et al., 2004).

As shown in the A3B3;DF complex and the AjAg ATP
synthase from M. mazei G61 (Coskun et al., 2004a) and
M. jannaschii (Fig. 7), subunit F can be cross-linked to
the nucleotide-binding subunit B, independent of whether
dithiobis [sulfosuccinimidylpropionate] (DSP with a length
of 1.2nm) (Coskun et al., 2004a) or the zero-length 1-ethyl-
3-(dimethylaminopropyl)-carbodiimide (EDC) was used.
The zero-length crosslink is formed between the C-terminal
region 3gsDLVAVVGEEALTDRyg; and g, IDPVKELIRg, of

@ Springer

subunit B and F, respectively. The recent high resolution
structure of the non-catalytic B subunit of the methanogenic
AjAp ATP synthase (Schifer et al., 2006) shows that the
338 DLVAVVGEEALTDRy; peptide is at a similar position
to the so-called DELSEED-region of the nucleotide-binding
subunits o and 8 of the F{Fo ATP synthases, which form
a disulphide bond with the C-terminal helix of the coupling
subunit ¢ (Aggeler et al., 1995). Crosslinking by EDC also
showed that subunit Fy, 1s in close contact to the stalk sub-
units C and D (Coskun et al., 2004a). By comparison, the
N-terminal domain of subunit & and Fr is in close contact
to the rotary subunit (Makyio et al., 2005) and D (Wilkens
et al., 1995) of the F-ATP synthase and the prokaryotic V-
ATPase, respectively. Taken together, the data demonstrate
that subunit F of the methanogenic ATP synthase not only
shares a similar overall architecture with an N-terminal- and
a C-terminal hook-like part but also arrangements inside the
enzyme with homolog subunits. Therefore, we suggest that
the globular part of subunit Fyy, emerges from the bottom
domain of the central stalk of A, where it interacts with both
subunits C and D, and goes up until the C-terminal hook-like
domain of Fyy, reaches its crosslink partner subunit B in
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Fig. 8 Structural model of the non-catalytic B subunit (A) and the sub-
unit arrangement in the methanogenic A; Ag ATP synthase (B). (A) The
atomic model of subunit B from the M. mazei G61 A; Ao ATP synthase
derived from the X-ray coordinates determined recently (Schifer et al.
(2006); PDB 2c61). The C-terminal region interacting with subunit F
(Fumm) is labeled by sticks and balls and by an arrow in the topological
model (B). (B) Aj- and Ag subunits are labeled in orange and beige,
respectively. The subunit topology in the A-type ATP synthase is based
on biochemical (11, 12, this work) and structural data (10, 13, this
work). The ellipse indicates the crosslink region of subunit A and H,
which occurs from the backside of the catalytic A subunit (see text)

the A; headpiece (Fig. 8A). In addition, a crosslink product
of subunit ¢ with the non-catalytic « subunit was obtained
preferentially in the MgATP-state of the F{Fo ATP synthase
(Aggeler and Capaldi, 1996). By comparison, nucleotide-
dependent cross-linking of the A} Ag ATP synthase from M.
Jjannaschii with EDC shows that B-F formation is high in the
presence of the non-hydrolyzable ATP-analogue, MgAMP-
PNP (Fig. 7). Such subunit-subunit interaction is absent when
the enzyme is suspended in MgADP + Pi or MgADP, im-
plying that subunit F movement is dependent on the nu-
cleotide bound to the A;Ap ATP synthase. This observation
supports the recently decribed nucleotide-dependent cross-
linking of B-F in the A; ATPase from M. mazei G61 with
DSP (Coskun et al., 2004a), indicating that this rearrange-
ment of both subunits can be generalized for AjAg ATP
synthases. The structural and biochemical data reported sug-
gest the coupling function of subunit F in the methanogenic
Aj1Ap ATP synthase. The protein exceeds the distance be-
tween the nucleotide-binding subunit B and the bottom of
the central stalk and provides the physical and structural
linkage between the nucleotide-binding events in the A3B;
headpiece of A; with the ion-coupling in the Ag portion.
Our data also show a nucleotide dependent movement
of subunit H, which becomes crosslinked via its C-termius
(74ILEETEKgy) with the N-terminal domain of subunit A

(106 TGSIFIPRGVDVPALPR 54) in the presence of MgADP
+ P;. This N-terminal peptide of subunit A belongs to the
so-called “non-homologous region” in the A subunits, an in-
sert of an 80-90 amino acids long loop, which is similar to
the catalytic A subunits in A-ATP synthase but also the re-
lated V-ATPases (Gasteiger et al., 2003). The atomic model
of subunit A of the AjAp ATP synthase from Pyrococcus
horikoshii ((Olendzenski et al., 1998) pdb 1vdz) yields this
insert as a protuberance in the upper part of subunit A, which
enables subunit H to bind and form a peripheral stalk sub-
unit as shown in Fig. 8. Previously, we have shown by 2D
projections from electron micrographs of the methanogenic
AjAp ATP synthase that the A3B3 headpiece is connected
via two peripheral stalk (Coskun et al., 2004). One of these
stalks appears to be in close contact with two areas of the
A, headpiece, with one located at the outside and the sec-
ond on top of the A3B3 headpiece (Fig. 8B). This peripheral
stalk shows a clear connection to the Ap portion via the
collar structure and is predicted to be formed by subunit I
(Coskun et al., 2004). The second peripheral stalk appears
to be connected to the collar domain and goes up to the A;
headpiece. Likely candidates for this stalk are the remain-
ing AjAo hydrophilic subunits H (12kDa) and E (25 kDa)
(Coskun et al., 2004). The modest contact area of this pe-
ripheral stalk with the A; headpiece, which is also evident in
electron micrographs of the related bacterial V| Vo ATPase
from Caloramator fervidus (Boekemaet al., 1999), was dis-
cussed to be caused partially by stain accumulation. Here we
not only demonstrate that it is subunit H which is in direct
contact with subunit A, but also that this interaction depends
on nucleotide-binding to the catalytic site. Whether this rear-
rangement might be involved in coupling processes has to be
analyzed in future studies. The crosslink experiments show
also light on the topology of the subunits D and E with respect
to each other. Subunit D and E can be crosslinked readily via
the peptides 12,7 LDEAAKK ;34 and ;19AYSSKESEELVK 3,
respectively, independent of the nucleotide added. This sup-
ports the view that subunit H forms the upper part of the
second peripheral stalk, whereby subunit E is in close con-
tact to the central stalk subunit D, and thereby forms at least
partially the collar domain.

In summary, the data presented demonstrate that subunit
F of the M. mazei G61 ATP synthase exists in solution as an
elongated molecule, organized as two well-defined domains,
as determined by two ab initio shape restoration procedures.
The similarity in shape, domain structure and nucleotide de-
pendent arrangements of both subunit F and the related ¢
subunit of the bacterial F|Fo ATP synthase is in line with
their function in coupling the catalytic events in the A;/F; and
Ao/Fo portions. Furthermore, the EDC induced crosslinking
data of the intact AjAp ATP synthase provide the structural
basis towards a more complete understanding of the cen-
tral and peripheral stalks inside the enzyme. Whether the
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nucleotide-dependent rearrangement of the peripheral stalk
subunit H might act as a coupling or regulatory domain in
the A; Ao ATP synthase, as described for peripheral stalk of
the plant V| Vo ATPase (Domgall et al., 2002), can now be
addressed.
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