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Abstract The structure of the C-terminus of subunit E
(E101–206) of Methanocaldococcus jannaschii A-ATP syn-
thase was determined at 4.1 Å. E101–206 consist of a N-
terminal globular domain with three α-helices and four
antiparallel β-strands and an α-helix at the very C-
terminus. Comparison of M. jannaschii E101–206 with the
C-terminus E81–198 subunit E from Pyrococcus horikoshii
OT3 revealed that the kink in the C-terminal α-helix of
E81–198, involved in dimer formation, is absent in M.
jannaschii E101–206. Whereas a major dimeric surface
interface is present between the P. horikoshii E81–198

molecules in the asymmetric unit, no such interaction could
be found in the M. jannaschii E101–206 molecules. To verify
the oligomeric behaviour, the low resolution structure of the
recombinant E85–206 from M. jannaschii was determined

using small angle X-ray scattering. Rigid body modeling of
two copies of one of the monomer established a fit with a
tail to tail arrangement.

Keywords Crystallization . Small angle X-ray scattering .

Subunit E . A1AO ATP synthase . Archaea

Introduction

Archaea synthesize adenosine triphosphate (ATP) from
adenosine diphosphate (ADP) and inorganic phosphate by
a so-called A1AO ATP synthase that is distinct from the
known F1FO ATP synthases occurring in eubacteria,
mitochondria, and chloroplasts. The overall structure of
A1AO ATP synthase can be divided into a cytoplasmic A1

domain that catalyzes ATP synthesis and an integral
membrane part, AO, that serves as an ion channel (Lewalter
and Müller 2006; Grüber and Marshansky 2008). The A1

sector is elongated, with an A3:B3 headpiece, in which
catalysis takes place, and an elongated stalk (Grüber et al.
2002), composed by the subunits C, D, and F (Coskun et al.
2002; Coskun et al. 2004a). Two and three dimensional
reconstructions of the A1AO ATP synthase, obtained by
single particle analysis, revealed two peripheral stalks, and
a collar-like structure (Chaban et al. 2002; Coskun et al.
2004a; Bernal and Stock 2004; Vonck et al. 2009), proposed
to be composed of the subunits H, E and a, (Coskun et al.
2004a; Schäfer et al. 2006a). Both the peripheral stalks and
the collar-like structure are believed to be involved in
constituting the stator region of the enzyme, which is
predicted to have important roles in enzyme assembly as
well as energy coupling between A1 and AO sectors (Schäfer
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et al. 2006b; Grüber and Marshansky 2008). The low
resolution structure of subunit H of the A1AO ATP
synthase from Methanocaldococcus jannaschii has been
determined from small angle X-ray scattering data (Biu-
ković et al. 2007). Subunit H is dimeric in solution
(Biuković et al. 2007, 2009) and has a boomerang-like
shape, which is divided into two arms of 120 Å and 60 Å in
length (Biuković et al. 2007). An NMR solution structure of
the 60 Å long N-terminal arm (Biuković et al. 2009) and the
C-terminal segment H85–104 of subunit H from M. janna-
schii A1AO ATP synthase have been solved (Gayen and
Grüber 2010), revealing α-helical features. Subunit H is
described to be partially associated with subunit E, an
assembly formation, which is an important factor in the
stabilization and formation of the stator in A-ATP synthases
(Müller and Grüber 2003; Gayen et al. 2008; Kish-Trier and
Wilkens 2009; Gayen and Grüber 2010). NMR titration
experiments described that H1–47 interacts with the N-
terminal segment of subunit E (Gayen et al. 2008) via a
proposed helix–helix formation (Gayen et al. 2008; Biuković

et al. 2009), which has been confirmed by the NMR solution
structure of the N-terminal segment E1–52 of the M.
jannaschii subunit E (Fig. 1; Gayen et al. 2009). Previously,
the 198 amino acid subunit E from Pyrococcus horikoshii
OT3 has been crystallized, whereby the entire N-terminal
domain of 80 amino acids was autocatalytically cleaved
during crystallization, and only the truncated C-terminal part
(residues 81–198), E81–198, crystallized (Lokanath et al.
2007). The determined structure showed E81–198 composed
of four antiparallel β-strands and six α-helices (Fig. 1;
Lokanath et al. 2007). In this structure P. horikoshii OT3
E81–198 forms two types of dimers, a strong homodimer via a
major interface and a weak dimer with a minor interface.
Because of low reproducibility and low level expression,
attempts to examine the oligomeric state of the C-terminal
domain in solution and its relative orientation to theN-terminal
tail of subunit E were hampered (Lokanath et al. 2007).

Here we made use of our recently and presently
generated C-terminal recombinant proteins E101–206 (Gayen
et al. 2008) and E85–206 of the A-ATP synthase from M.

Fig. 1 Multiple sequence align-
ment of subunit E of A1AO ATP
synthases from M. jannaschii,
Thermus thermophilus,
Methanosarcina mazei Gö1
and P. horikoshii OT3. The
secondary structure of the
N-terminal α-helical structure of
M. jannaschii E1–52 (red, PDB
code 2KK7, (Gayen et al. 2009))
was derived from NMR
experiments. The secondary
structures based on the
crystallographic models of
P. horikoshii OT3 E81–198,
(green, PDB code 2DM9
(Lokanath et al. 2007)) and M.
jannaschii E101–206 (magenta)
presented here, were aligned to a
selection of homologous struc-
tures. The predicted assignment
for E53–100 is shown in grey
colour
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jannaschii and determined the crystallographic and low
resolution structures, respectively, to address the question
of structural similarities and diversities of the C-terminal
domains resolved so far, and to get insight into the
oligomeric state of subunit E in solution. Due to the
availability of the two structures E1–52 (Gayen et al. 2009)
and E101–206 from the same species, M. jannaschii subunit
E, NMR titration experiments have been performed to
address the possible arrangement of both tail segments
inside subunit E.

Experimental procedures

Cloning and overexpression

In order to amplify the truncated construct of M. jannaschii
subunit E, E85–206, the primers 5′ - GTT GCC ATG GCT
GTG AAA TTG ATG GGA - 3′ (forward primer) and 5′ -
CTC CGA GCTC TCA TGG CAG TTT AAC - 3′ (reverse
primer) were designed. The underlined bases represent the
restriction enzyme cleavage sites. The genomic DNA from
M. jannaschii ATCC® #43067D™ was used as the
template. Following digestion with NcoI and SacI, the
PCR products were ligated into the pET9d1-His3 vector
(Grüber et al. 2002). The insert-containing pET9d-His3
vector was transformed into Escherichia coli cells (strain
BL21(DE3)). To express the respective proteins, liquid
cultures were grown at 37 °C in LB medium containing
kanamycin (30 μg/ml) until an optical density OD600 of
0.6–0.7 was reached. Cultures were supplemented with
isopropyl-β-D-thiogalactopyranoside to a final concentra-
tion of 1 mM, to induce production of proteins, followed by
incubation for another 4 h at 37 °C.

Protein purification

Bacterial cells containing the recombinant E85–206 from M.
jannaschii were harvested from 2 l cultures by centrifuga-
tion at 8,000 × g for 10 min at 6 °C. The cells were lysed
on ice in buffer A (50 mM Tris, pH 7.5, 150 mM NaCl,
1 mM PMSF, 4 mM PefablocSC) by sonication with an
Ultrasonic Homogenizer (Bandelin, Tip KE76) for 3×
1 min. After sonication the cell lysate was heated for
20 min at 70 °C, followed by centrifugation at 10,000 × g
for 35 min at 4 °C. The resulting supernatant was passed
through a filter (0.45 mm pore-size) and supplemented with
Ni2+-NTA resin. The His-tagged protein was allowed to
bind to the matrix for 2 h at 4 °C by mixing on a sample
rotator (Neolab), and eluted with an imidazole-gradient (0–
250 mM) in buffer A. Fractions containing required protein
were identified by SDS-PAGE (Laemmli 1970), pooled and
concentrated using a Millipore spin concentrator with a

molecular mass cut-off of 3 kDa. The sample was applied
on a gel filtration column Superdex HR75 (10/30, GE
Healthcare). Respective fractions were concentrated in
Millipore spin concentrators. The purity of the protein
sample was analyzed by SDS-PAGE (Laemmli 1970). The
SDS-PAGE was stained with Coomassie Brilliant Blue
R250. The recombinant proteins E1–52 and E101–206 from
M. jannaschii have been isolated according to Gayen et al.
(2008, 2009).

Circular dichroism spectroscopy

Steady state CD spectra were measured in the far UV-light
(185–260 nm) using a CHIRASCAN spectropolarimeter
(Applied Photophysics) according to Biuković et al. (2007).

Crystallization conditions

The purified E101–206 from M. jannaschii was concentrated
to 8–10 mg/ml in buffer B (50 mM Hepes, pH 7.0 and
75 mM NaCl) using a 3 kDa cutoff concentrator.
Preliminary screening for initial crystallization conditions
were performed using Hampton crystal screen 1 and 2
using the vapour diffusion technique. Hanging drops were
set by mixing 1 μl of the concentrated protein solution in
buffer B with an equal volume of reservoir solution in a 24-
well VDX plates (Hampton Research, USA) and incubated
at 291 K. Crystals of good diffraction quality appeared in
about 5 days from a condition with 0.05 M Cesium
chloride, 0.1 M MES monohydrate buffer, pH 6.5, 30% (v/v)
Jeffamine M-600 and 1 mM Tris(2-carboxyethyl)phosphine
(TCEP) of the Crystal screen 2 and these were further
optimized by systematically adjusting the protein concen-
trations and additives. Finally, the optimized native crystals
were grown in 10 mg/ml protein concentration in 0.05 M
Cesium chloride, 0.1 M MES monohydrate buffer, pH 6.5,
30% (v/v) Jeffamine M-600, 1 mM TCEP and 0.1 ul of
0.05 M glycine as additive. The crystals were flash-frozen in
liquid nitrogen at 100 K.

X-ray diffraction and data analysis of the protein
crystal E101–206

Datasets for E101–206 crystals were collected at 100 K in
SPring-8 RIKEN Beamline 26B2 (SPring-8, Japan) using
Mar CCD 225 detector. All the diffraction data were
indexed, integrated and scaled using the HKL2000 suite
of programs (Otwinowski and Minor 1997). The details of
the data collection statistics are given in Table 1. All
crystals belong to hexagonal space group P6122.

The structure of the C-terminal segment of subunit E,
E81–198, of P. horikoshii OT3 (PDB code 2DM9 (Lokanath
et al. 2007)) was used as a model for the structure
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determination by molecular replacement method using the
program PHASER (McCoy et al. 2007). Two molecules
were located in the asymmetric unit. Rigid body refinement
was carried out followed by restrained refinement with tight
geometric restraints. Iterative cycles of model building and
refinement were carried out using the programs COOT
(Emsley and Cowtan 2004) and REFMAC5 (Murshudov et
al. 1997) of the CCP4 suite (1994) until convergence. The
geometry of the final models was checked with PROCHECK
(Laskowski et al. 1993) and the figures are drawn using the
program PyMOL (DeLano 2002). Structural comparison

analysis are carried out using the SUPERPOSE program
(Krissinel and Henrick 2004) and the solvent accessible
areas were calculated using the AREAIMOL program
(Saff and Kuijlaars 1997) as included in the CCP4 suite.
The atomic coordinates and structure factors have been
deposited in the Protein Data Bank under accession code
3LG8.

Small angle X-ray scattering experiments and data analysis

The synchrotron radiation X-ray scattering data of E85–206

from M. jannaschii were collected at the updated X33
beamline (Boulin et al. 1986; Roessle et al. 2007) using a
MAR345 image plate detector (MarResearch, Norderstedt,
Germany) of the EMBL-Outstation Hamburg located on a
bending magnet (sector D) on the storage ring DORIS III of
the Deutsches Elektronen Synchrotron (DESY). A photon
counting Pilatus 1 M pixel detector (67×420 mm2) was
used at a sample—detector distance of 2.4 m covering the
range of momentum transfer 0.1 < s < 4.5 nm−1 (s=4p sin
(q)/l, where q is the scattering angle and l=0.15 nm is the
X-ray wavelength). The S-axis was calibrated by the
scattering pattern of Silver-behenate salt (d-spacing
5.84 nm). The scattering patterns from subunit α were
measured at protein concentrations of 2.0 and 8.0 mg/ml,
respectively. Protein samples were prepared in 50 mM Tris/
HCl (pH 7.5), 150 mM NaCl and 1.25 mM DTT as radical
quencher and injected automatically using the sample-
changing robot for solution scattering experiments at the
SAXS station X33 (Round et al. 2008). The data were
normalized to the intensity of the incident beam; the
scattering of the buffer was subtracted and the difference
curves were scaled for concentration. All the data process-
ing steps were performed using the program package
PRIMUS (Svergun 1993). The forward scattering I(0) and
the radius of gyration Rg were evaluated using the Guinier
approximation (Guinier and Fournet 1955).

The molecular mass of E85–206 was calculated by
comparison with the forward scattering from the reference
solution of bovine serum albumin (BSA). From this
procedure a relative calibration factor for the molecular
mass (MM) can be calculated using the known molecular
mass of BSA (66.4 kDa) and the concentration of the
reference solution by applying

MMp ¼ Ið0Þp=cp �
MMst

Ið0Þst=cst

where I(0)p, I(0)st are the scattering intensities at zero angle
of the studied and the BSA standard protein, respectively,
MMp, MMst are the corresponding molecular masses and cp,
cst are the concentrations. Errors have been calculated from
the upper and the lower I(0) error limit estimated by the

Table 1 Statistics of crystallographic data collection and refinement
for subunit E101–206

Data collection statistics

Wavelength (Å) 1.0

Space group P6122

Unit cell parameters (Å)

a = b = 73.66

c = 149.64

α = β (°) = 90

γ (°) = 120

Resolution range (Å) 30.0–4.1

Solvent content (%) 51.21

Number of unique reflections 4,717

I/σa 27.35 (26.35)

Completeness (%) 99.3 (100.0)

R mergeb (%) 6.8 (7.6)

Multiplicity 10.8 (11.5)

Refinement statistics

R factorc (%) 35.27

R freed (%) 38.12

Number of amino acid residues 212

Ramachandran statistics

Most favored (%) 71.3

Additionally allowed (%) 23.9

Generously (%) 4.8

Disallowed (%) 0.0

R.M.S. deviations

Bond lengths (Å) 0.004

Bond angles (º) 0.847

Mean atomic B values

Overall 26.5

Wilson 73.4

a Values in parentheses refer to the corresponding values of the highest
resolution shell (4.17–4.1 Å)
b Rmerge ¼

PP
i Ih � Ihij j=PP

iIh, where Ih is the mean intensity for
reflection h
c R� factor ¼ P

FO �j jFCk k=P FOj j, where FO and FC are measured
and calculated structure factors, respectively
d R� free ¼ P

FO �j jFCk k=P FOj j, calculated from 5% of the reflec-
tions selected randomly and omitted from the refinement process
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Guinier approximation. The shape of E85–206 in solution
was built by the program DAMMIN as described by
Svergun (1999).

NMR-titration experiments

In order to analyze a possible interaction between the N-
and C-terminal part of subunit E, a series of 1H - 15N
heteronuclear single quantum coherence (HSQC) spectra
were recorded at 298 K for the fixed concentration of
100 μM of E101–206, titrated with increasing amounts (up to
1.5 equivalents) of E1–52. The proteins were incubated for
30 mins for binding during each step of the experiment.
The change in chemical shift was monitored in the HSQC
spectra. All the samples used were buffer exchanged finally
with a 25 mM sodium phosphate (pH 6.5) buffer prior to
the binding experiments.

Results and discussion

Crystallization and X-ray analysis of E101–206

from M. jannaschii

Crystals of the C-terminal part of subunit E, E101–206, from
M. jannaschii (Supplementary Fig. S1A) diffracted to 4.1 Å
resolution (Supplementary Fig. S1B) and belong to the
space group P6122, with unit-cell parameters a=b=
74.24 Å, c=149.62 Å. Assuming two molecules in the
asymmetric unit, the solvent content is 51.21% and Vm is
2.52 Å3 per Dalton (Matthews 1968). The phase was
obtained using the crystal structure of the C-terminal
domain, E81–198, of subunit E from P. horikoshii OT3
(PDB code 2DM9) (Lokanath et al. 2007), whereby the
globular head domain containing residues 101–169 was
used for initial phasing.

Crystallographic structure of E101–206

The crystal structure of E101–206 from M. jannaschii was
determined to a resolution of 4.1 Å (Fig. 2a). Two
molecules were identified in the asymmetric unit and the
initial phases were improved by many cycles of density
modification using the program DM from CCP4 (Cowtan
1994). The resultant electron density map clearly showed
the elongated part of the C-terminal helix, which was
manually built using COOT (Emsley and Cowtan 2004).

Fig. 2 a Crystallographic structure of M. jannaschii E101–206, chain A
is shown as magenta and chain B in purple. b Stereoview of the
electron density map (2Fo-Fc) of chain A at 1σ for E101–206. c
Superposition of the M. jannaschii E101–206 with the C-terminal
domain of subunit E, E81–198, of P. horikoshii OT3 shown in green
colour (PDB code 2DM9 (Lokanath et al. 2007))

b
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Many cycles of model building and restrained refinement
with tight geometric restraints were carried using overall
temperature factor and Non-Crystallographic Symmetry
(NCS) restraints. The details of the refinement statistics
are presented in Table 1. The final electron density map for
the main chain atoms are excellent (Fig. 2b), whereas for
the side chain atoms no visible densities could be identified.

The overall structure of E101–206 has dimensions of
53 Å×32 Å×20 Å and consists of two segments, the N-
terminal α-β globular head part, including amino acids
101–184 with three α-helices and four antiparallel β-
strands and the C-terminal elongated tail with a single α-
helix, formed by the amino acids residues 185–206
(Fig. 2a). The structure is similar to the C-terminal segment,
E81–198, of subunit E from P. horikoshii OT3 (Lokanath et
al. 2007) and they superimpose with an r.m.s deviation of
5.76 Å for the backbone Cα atoms of the globular head
domain (101–184) (Fig. 2c), reflecting the amino acid
identity and homology of 31% and 54%, respectively
(Fig. 1) for the entire E subunits from both organisms.
Larger than average deviations are observed for regions
Ile118-Leu125 (the loop region after the N-terminal
helix) and Val149-Lys180 (containing the four antiparal-
lel β-strands). The very C-terminal helix of E101–206 and
E81–198 is the most deviating part, moving away by around
7 Å (Fig. 2c). In addition, a bend determined at amino acid
Arg183 of the C-terminal α-helix of P. horikoshii E81–198

was not observed in the E101–206 structure, where it stays
as a straight elongated helix. Analysis of the amino acids
near the kink region in the P. horikoshii E81–198 structure
did not show any special residues that might induce helical
bending. Furthermore as demonstrated in the recently
published EG dimer structure of Thermus thermophilus
A1AO ATP synthase (Lee et al. 2010) it might be
concluded that the differences in the C-terminal helices of
both the E-subunit structures could be caused by differences
in their crystal lattice arrangement.

Comparison of the molecular arrangement of E101–206

and E81–198 in the asymmetric unit

The two monomers in the asymmetric unit of the M.
jannaschii E101–206 have an r.m.s. deviation of 0.598 Å and
are rotated by approximately 70° with almost no interaction
between them (Fig. 2a). As presented in Fig. 3, two dimer
interfaces could be determined between the symmetry
related molecules of E101–206, one made-up by the tail
helices, called the major dimer, and the other through the β-
sheets in the globular head part, called minor dimer. Similar
dimeric arrangements are also noted in P. horikoshii E81–198

structure wherein the major dimer is formed within the two
molecules in the asymmetric unit with the very C-terminal
and the N-terminal helices of each molecule interacting in

the dimeric interface (Lokanath et al. 2007). A weak dimer
is also formed with a symmetry related molecule by the β
strand, β1, giving a minor interface. The major dimeric
interface has a significantly larger buried surface of
1,319 Å2 while the minor dimeric interface has 464 Å2 in
the E81–198 segment (Lokanath et al. 2007). However, unlike
the P. horikoshii E81–198 dimers, that has a vast difference in
the buried surface area (855 Å2), in the symmetry related
dimer molecules of M. jannaschii E101–206 the determined

Fig. 3 The dimers formed by symmetry related molecules (gray) are
shown for chain A (magenta) of E101–206 from M. jannaschii. The
major dimer interacts through the C-terminal helix and the minor
dimer interacts via the N-terminal globular domain a view rotated by
180° b
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buried surfaces are not only small with values of 221.7 Å2

and 220.9 Å2, respectively, but also very similar in size.
Even though the buried surface area was calculated only
for the back bone heavy atoms for M. jannaschii E101–206

this might implicate that the smaller and weak dimers in
M. jannaschii E101–206 is due to crystal packing and that
could also mean that the dimer formation in P. horikoshii
E81–198 could be because of crystal contact(s). This is so
because it has already been shown for the subunit B of the
M. mazei Gö1 ATP synthase that the crystallographic
dimer formation for both B molecules in the asymmetric
unit is not a true dimer although it has a large dimeric
surface area of 2,304 Å2 (Schäfer et al. 2006a). Inside the
A1AO ATP synthase the B subunits are arranged in an
alternating manner with the catalytic subunit A forming
the A3B3 headpiece (Coskun et al. 2004b; Kumar et al.
2009).

Shape determination of M. jannaschii E85–206 in solution

In order to understand in depth the oligomeric state of subunit
E in solution, the recombinant protein E85–206 from M.
jannaschii has been generated, which is similar in size to the
P. horikoshii E81–198 protein. The recombinant E85–206 was
purified to high purity using affinity and size exclusion
chromatography (Fig. S2A). The secondary structure of this
subunit was determined from circular dichroism spectra
(Fig. S2B). The overall spectrum is characteristic for a
protein with mixed α/β-structure. The average secondary
structure content is 56% α-helix, 21% β-sheet and 23%
random coil, respectively, consistent with the secondary
structure prediction, based on the amino acid sequence of M.
jannaschii E85–206 (Fig. 1).

The high purity of M. jannaschii E85–206 allowed small-
angle X-ray scattering (SAXS) experiments to be per-
formed, with the aim to determine the first low resolution
structure and the oligomeric state of this C-terminal domain
in solution. SAXS patterns from solutions of the protein
were recorded as described in Experimental procedures to
yield the final composite scattering curve in Fig. 4a.
Inspection of the Guinier plots at low angles indicated
good data quality and no protein aggregation. The radius of
gyration Rg of E85–206 is 27.1±2 Å and the maximum
dimension Dmax of the protein is 94.6±2 Å (Fig. 4b).
Comparison of the forward scattering with the values
obtained for a reference in solution of BSA (66.4±2 kDa)
yields a molecular mass of 23.6±2 kDa, which is about twice
the value calculated from the amino acid sequence. The gross
structure of E85–206 was restored ab initio from the scattering
pattern in Fig. 4a using the ab initio shape determination by
simulated annealing modeling program DAMMIN, which
fitted well to the experimental data in the entire scattering
range (a typical fit displayed in Fig. 4a, curve 2, has the

discrepancy χ=1.084). Ten independent reconstructions
yielded reproducible models and the average and the most
probable model is displayed in Fig. 4c. E85–206 appears as an
elongated molecule, composed of two similar domains of
about 45.2 Å in length.

The molecular mass of 23.6±2 kDa clearly showed that
the E85–206 exists as dimer in solution. In order to compare
the arrangement of the M. jannaschii E101–206 molecules as
found in the asymmetric unit and with respect to the
neighbouring symmetry related molecules, both combina-
tions were superimposed independently on the low resolu-
tion solution structure of E85–206 from M. jannaschii
(Supplementary Fig. S3A-B). It could be noted that none
of the crystallographic arrangements do fit well into the
solution structure, leaving out large masses unoccupied.
The Dmax values for the major and minor dimers are 56.3 Å
and 66.8 Å, respectively. Many random orientations were
tried for both molecular arrangements to fit into the solution
structure but no best fit could be established. Finally, to
assign the possible location of the two E101–206 molecules
in the solution shape, global rigid body modeling (Petoukhov
and Svergun 2005) of two monomer structures of E101–206

against the obtained scattering data revealed the two
monomers arranged in a tail to tail orientation with very
little interaction via the very C-terminal helix (Fig. 4d), the
Dmax of the model dimer being 82.2 Å. We also tried
superimposing the P. horikoshii E81–198 dimer structure
(Dmax being 75 Å) to the SAXS structure which yielded no
good fitting (Supplementary Fig. S3C). Therefore, it could
be concluded that the proximity of theM. jannaschii E101–206

molecules in the asymmetric unit presented, may be caused
by the crystallographic conditions. Furthermore, since the
surface interface of the two molecules identified in solution
envelope is small, it could be proposed that the entire subunit
E from M. jannaschii might exist as a monomer in the
enzyme, reflecting the ratio of 1:1 of subunit E with the single,
rotary subunit D in the entire M. jannaschii A1AO ATP
synthase complex (Coskun et al. 2004a).

Salt dependent molecular mass of M. jannaschii E101–206

in solution

In order to prove, whether the surface interface of the two
E101–206 molecules is small, as calculated by the rigid body
modeling, the salt content in the protein buffer has been
increased to 500 mM NaCl. Subsequently the sample has
been applied on a size exclusion column (Superdex HR75
(10/30, GE Healthcare)) to determine the molecular mass
and the stoichiometry of M. jannaschii E101–206. Comparison
of the elution volume and the resulting Kav for E101–206 form
versus the standard protein lysozyme, with an apparent
molecular mass of 14 kDa, suggests a native molecular mass
of approximately 12±2 kDa (Fig. 5).
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Arrangement of the N-terminal helix E1–52 and E85–206

of M. jannaschii

NMR titration and fluorescence correlation experiments
revealed that subunit E of the A1AO ATP synthase from M.
jannaschii assembles via its N-terminal tail E41–60 with
residues in the N-terminus of subunit H (Gayen et al.
2008). The recently resolved NMR structure of the N-
terminus E1–52 of subunit E from M. jannaschii shows a
hydrophobic strip in the α helical segment between residues
8–48, forming a surface for a possible hydrophobic and

helix–helix interaction between subunit E and H and with
the periodicity of Ala and/or Ile residues, indicating a
coiled–coil interaction of both proteins (Gayen et al.
2009). However, in the absence of an entire structure of
subunit E the arrangement of the M. jannaschii E101–206

part relative to the remaining N-terminal tail, which is
predicted to form a straight α-helix (Kish-Trier and
Wilkens 2009), is unresolved so far. We examined the
possibility of proximity of the globular part E101–206 and
the N-terminus of subunit E using NMR titration experi-
ments. A 2D 1H-15N heteronuclear single quantum

Fig. 4 Small Small-angle X-ray scattering data of E85–206 from M.
jannaschii. a Experimental scattering data (o) and the fitting curves
(—; green: experimental, red: calculated from ab initio model) for
E85–206 from M. jannaschii. b The distance distribution function of the
same protein. c Low resolution structure of E85–206 in solution

determined from SAXS data. d stereo view of the superposition of
the DAMMIN model of E85–206 from M. jannaschii (yellow) with the
crystallographic structure of E101–206 from M. jannaschii, based on the
location and orientation of two E101–206 monomers through rigid body
modeling
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correlation (HSQC) spectrum of E101–206 is revealed in
Fig. 6a. When M. jannaschii E1–52 was titrated to the
labeled E101–206 no significant chemical shift changes
could be observed, indicating that there is no interaction
between both proteins. Based on this result and the
prediction of the N-terminal tail being a straight helix
(Kish-Trier and Wilkens 2009), we have modeled the
crystallographic structure of E101–206 and the NMR-
structure of E1–52, resulting in a crosier-like shape of
length 134 Å (Fig. 6b). The A1 sector of the methanogenic
A1AO ATP synthase is about 180 Å long, formed by the
94 Å high A3B3 headpiece and the 84 Å long central stalk,
which covers the subunits C, D and F (Grüber et al. 2001;
Coskun et al. 2004a). In this canon, subunit E, which has
been shown to become crosslinked via its amino acid
sequence 119 to 130 with the peptide 127 to 134 of the
central subunit D in the entire A1AO ATP synthase using
the zero-length crosslinker 1-ethyl-3-(dimethylamino-
propyl)-carbodiimide (EDC (Schäfer et al. 2006b)), may
not be able to span the entire length of 180 Å, as shown
for the peripheral stalk subunit H from the same enzyme
with a maximum dimension of 180 Å in solution
(Biuković et al. 2007).

Fig. 5 Determination of native molecular mass by gel filtration
analysis. Superdex 75 gel filtration analysis of E101–206 from M.
jannaschii (—) was applied and eluted (0.5 ml/min) using a buffer of
50 mM Hepes (pH 7.0), 500 mM NaCl, 10 mM EDTA and 1 mM
DTT. Lysozyme ((– –), 14 kDa) has been used as molecular size
standard

Fig. 6 a Overlay of 2D 1H-15N-HSQC spectra of E101–206 from M.
jannaschii in the absence (red) and presence (green) of 1.5 equivalent of
unlabeled E1–52. All the spectra were collected in a Bruker Avance
600 MHz spectrometer in 25 mM sodium phosphate buffer (pH 6.5) at
288 K. b Model structure of a full length subunit E of M. jannaschii
ATP synthase. Structure of the N-terminal NMR structure E1–52 (red,
PDB code 2KK7, (Gayen et al. 2009)) and E101–206 (magenta, PDB
code 3LG8), revealing the relative positions of the two part relative to
each other in the entire E subunit. The structural feature from E81–100

(green) was modeled based on subunit E from P. horikoshii OT3 (PDB
code 2DM9 (Lokanath et al. 2007)). The so far structurally unresolved
segment of amino acids 53 to 100 of subunit E is highlighted as a mesh
representation. The segment E41–60, which is shown to interact with
subunit H (Gayen et al. 2008), is highlighted in cyan

b
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