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During ATP hydrolysis by F;-ATPase subunit vy rotates in a hydrophobic bearing, formed by the N-terminal ends of the stator
subunits (af)s. If the penultimate residue at the o-helical C-terminal end of subunit vy is artificially cross-linked (via an
engineered disulfide bridge) with the bearing, the rotary function of F; persists. This observation has been tentatively
interpreted by the unfolding of the a-helix and swiveling rotation in some dihedral angles between lower residues. Here, we
screened the domain between rotor and bearing where an artificial disulfide bridge did not impair the rotary ATPase
activity. We newly engineered three mutants with double cysteines farther away from the C-terminus of subunit y, while the
results of three further mutants were published before. We found ATPase and rotary activity for mutants with cross-links in
the single a-helical, C-terminal portion of subunit y (from y285 to y276 in E. coli), and virtually no activity when the cross-link
was placed farther down, where the C-terminal a-helix meets its N-terminal counterpart to form a supposedly stable coiled
coil. In conclusion, only the C-terminal singular a-helix is prone to unwinding and can form a swivel joint, whereas the coiled
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Introduction

F-ATP synthase (Fol)) consists of two elastically coupled
nanomotors. I} synthesizes/hydrolyses ATP, and Fqo utilizes/
produces ion motive force. The torque generated by Fo is
transmitted to F; by the rotating central shaft (yec;o) and vice versa.
Subunit y is the most extended portion of the central shaft
extending from the globular domain in contact with Fg to the top
of F}, as evident from the pioneering [1] and the following crystal
structures (e.g. [2,3]). Although subunits yec,( rotate as a whole
they are elastically deformed by the torque between the two
motors, and this intrinsic elastic buffer smoothes the cooperation
of the two differently stepping motors (3 steps in I}, 10 steps in Fp
from Escherichia col) for high kinetic efficiency [4]. For recent
reviews about structure and function of the F-type ATP synthase
see [5-7].

Truncation experiments of subunit vy, starting from the C-
terminus and ranging down into the N-terminal end within the
coiled coil, have shown that the torque is generated at the interface
between the lower portion of subunit y and the conserved
DELSEED-portion in subunit  [8—12]. It has been experimen-
tally established that ATP hydrolysis drives the rotation of the C-
terminus of subunit y relative to the hydrophobic bearing formed
by the pseudohexagon (af); (Fig. 1) [13-16]. On the other hand,
an engineered cross-link between the rotor (C-terminus of subunit
v) and the stator ((af)s) of the Fj-ATPase has neither impeded
ATP hydrolysis, nor the ATP-driven rotation of the non-fixed
portion of subunit y [16,17]. This observation has been interpreted
to reveal the unfolding of the C-terminal o-helix to generate a
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swivel joint between neighboring residues. Moreover, in several
experiments in F; of various organisms the C- and N-termini of
subunit ¥ were deleted without inactivating the ATPase activity
[8-12]. It seems that only a small portion of subunit 7y is necessary
for torque generation.

Here, we extended the former work of our group and aimed to
identify the domain on subunit v, which is prone to being unfolded
by the enzyme-generated torque. Six mutants of Escherichia coli F,-
ATPase (EF;) were compared (Iig. 1). In this context the original
cysteine-free  (0f)sy-complex KH7 served as the ‘wild type’
enzyme. Fach mutant contained two engineered cysteines for a
rotor-to-stator cross-link formation, namely yA285C/aP280C
(MM10), vG282C/aP280C (GH54), yI279C/aP281C (FH4),
vL276C/aE284C  (GH19), vL262C/aA334C  (PP2), and
vA87C/BD380C (SW3). In the former four mutants (MMI10,
GHb54, FH4, GH19) the cross-link is located at the C-terminal end
of subunit y (top), while in the latter two mutants the cross-link is
located in the middle of the C-terminal o-helix (PP2) and the
bottom (SW3) near the globular portion of subunit y (i.e. towards
Fo), respectively. The top portion of subunit y consists of a single
o-helix, while in the middle the C-terminal o-helix encounters its
N-terminal counterpart. At the bottom subunit v interacts with the
DELSEED region of the B subunits, which serves as a lever to
open its nucleotide-binding site. The activity of all mutants was
monitored, both under reducing (no cross-link) and oxidizing
(closed disulfide bridge between rotor and stator) conditions
(Tab. 1), i.e. the rate of ATP hydrolysis in bulk solution, the cross-
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Figure 1. Model of E. coli F-ATPase. The model shows subunits o (green), B (red), and vy (blue), and the cross-link positions between subunits y
and o/P. For the sake of clarity subunit v and only one copy each of subunit o and  are shown. Subunits  and € are omitted. The white lines show
the positions of the cross-link sites in the respective mutants. Due to the three-fold symmetry subunit y can form a cross-link with any of the three
copies of o/f (original named E, DP, and TP [1]), the exact o/f3 subunit is not relevant for our experiments. The arrows indicate the positions of the
lever with the DELSEED-sequence in subunit f3, and the cranked shaft of the coiled coil in subunit y. Throughout the text the C-terminus of subunit y
with cross-link position MM10 is referred as the top. The membrane embedded Fo with the c-ring (not shown) connect to the globular portion of
subunit y at the bottom. In between is the middle region with the coiled coil a-helices. The structural model is based on PDB ID: 30AA [3].

doi:10.1371/journal.pone.0053754.9001

link yield in SDS-gels, and the rate of 7y-rotation of single
molecules was determined.

Materials and Methods

All restriction enzymes were obtained from New England
Biolabs (Frankfurt/Main, Germany) or Fermentas (St. Leon-Rot,
Germany). Oligonucleotide primers were synthesized by MWG
(Ebersberg, Germany). All chemicals were of the highest grade
commercially available.

Cloning

All plasmids of E. coli F1-ATP synthase were derived from pKH7
[17-19] (all wild type cysteines were replaced by alanines, a

Table 1. Mutants and effects of cross-link formation.

Histidines-tag was added to the N-terminal end of subunit B, and
one cysteine, YK109C, was introduced for binding an actin filament
in the rotation assay). Site-directed mutagenesis was carried out
using PCR. The plasmid pMM6 (aP280C, yK109C) [17] was
used as a template for the generation of pFH5 (aP280C,
vyK109C,  yG282C)  wusing the  primer  5'-CCGA-
GATCGTCTCGTGTGCCGCCGCGG-3" and its complement.
The primer 5'-CGAACCCGATCCGAAGTGTCTGCTGGA
TACCCTGC-3" and its complement were used to introduce an
additional cysteine in subunit y (YA213C) to improve the binding of
the actin filament, resulting in the plasmid pGH54 (aP280C,
YK109C, vA213C, 7G282C). The plasmid pGH50 (aP281C,
YK 109C) was generated analogous to pMMG6 using the primer 5'-
CTGCTCCGTCGTCCGTGTGGACGTGAAGCATTC-3" and

ATPase activity/U/mg

EF;-mutant Cross-link region Cross-link position Cross-link yield
reduced oxidized

KH7 - - 140 - 0%

MM10 top v285/2280 140 140 (100%) > 98%

GH54 top v282/2280 102 78 (76%) ~ 90%

FH4 top v279/2281 96 36 (38%) ~ 85%

GH19 top v276/4284 34 9 (26%) > 95%

PP2 middle v262/4334 70 <1 (<2%) > 98%

SW3 bottom v87/B380 140 10 (7%) ~ 90%

doi:10.1371/journal.pone.0053754.t001
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The table shows for the six EF;-mutants MM10, GH54, FH4, GH19, PP2, and SW3 the cross-link region and position, the ATP hydrolysis activity after reduction and
oxidization, and the cross-link yield. By re-reducing the oxidized samples the activity could be restored (GH54: 93%, FH4: 45%, GH19: 100%). The wild type KH7 denotes
the enzyme without cysteines for cross-linking the rotor to the stator. The data for KH7, MM10, PP2, and SW3 were taken from [17].
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its complement. The plasmid pGH50 was used as template to
generate pFH4 using the primer 5-CAGGAACTCACC-
GAGTGTGTCTCGGGGGCCGCCG-3' and its complement to
mtroduce yI279C. The template plasmids were cut using Kpnl/
Sacl. The resulting fragment was introduced into the plasmid
pBluescript IT SK (Agilent Technologies, Santa Clara, USA) for
mutagenesis-PCR. After verification of the introduced mutation via
sequencing, the resulting plasmid was cut using Kpnl/Sacl,
whereas the desired fragment was ligated into the corresponding
template plasmid. Mutations were again verified by sequencing.
The resulting plasmid was named pFH4 (aP281C, yK109C,
vI279C). The plasmid pKG11 (2E284C, yK109C, yL276C) was
kindly provided by K. Gumbiowski (University of Osnabriick,
Germany). An additional mutation (yA213C) was introduced in
pKGI11 as described above, resulting in the plasmid pGH19.

Expression and Purification

Plasmids for EF; were transformed into E. coli DK8 cells [20]
and grown overnight on minimal medium. Purification of EF, was
performed as described before [17]. Membranes were isolated and
purified essentially according to [21]. EF; was extracted by
treatment with 1 mM EDTA in the presence of 0.5 mM DTT and
applied to an anion-exchange column (Tosoh Fractogel TSK-
DEAE 650(S), Toyo Soda, Darmstadt, Germany) equilibrated
with buffer A (50 mM Tris/HsSOy, 10% (v/v) methanol, pH 7.4).
EF, was eluted from the column using a stepwise gradient of
0.5 M NaySOy in buffer A. Enzyme-containing fractions (eluted at
about 150 mM NaySO,) were combined, stabilized with 0.1 mM
Mg®"-ATP, and reduced with 1 mM DTT. Aliquots were further
purified by size exclusion chromatography, using PD-10 columns
(Amersham Pharmacia Biotech), which were equilibrated with
buffer B (20 mM MOPS, 5 mM MgCly, 50 mM KCI, 10% (v/v)
glycerol, pH 7.5). For the rotation assay an equimolar amount of
biotin-PEAC5-maleimide was used for the biotinylation of
mutants (20 min incubation at room temperature) at residue
vC109 and yA213C. The reaction was stopped by adding 2 mM
of N-acetylcysteine. Then samples were applied to a Ni-NTA
affinity chromatography column (5 mg of protein/ml Ni-NTA-
agarose) equilibrated with the same buffer. After washing with
buffer B (containing 20 mM imidazole), pure EF; was eluted with
200 mM imidazole in buffer B.

Protein concentration

Protein concentrations were determined by using a modified
assay described by Sedmak and Grossberg [22]. After addition of
the reaction solution samples were incubated for 5 min at room
temperature. Protein concentrations were determined photomet-
rically at 595 nm (Hewlet-Packard, Boéblingen, Germany) and
compared to a reference curve of 540 pg/ml lysozyme.

SDS-PAGE

SDS-PAGE was performed using the Laemmli system with a
12.5% separating gel and a non-oxidizing sample buffer. 3-5 pg
protein was separated applying 200 V for 1 h in an electrophoresis
chamber (Biorad, Hercules, USA). Staining was carried out with
coomassie brilliant blue R-250. For reduction, oxidation, and re-
reduction proteins where incubated overnight with 10 mM
dithiothreitol (DTT), 400 uM Ellman’s reagent (DTNB), and
30 mM DTT, respectively. The cross-link yield of scanned gels
was determined using Adobe Photoshop (Adobe Systems Incor-
porated, San Jose, USA). The overall intensity of boxes with the
same size fitted around the corresponding bands of each lane of
the SDS-PAGE was determined. Background intensity was
subtracted, and obtained values were compared. The percentages
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of gamma cross-links were determined from the changes of
intensity of the y-bands in the oxidized state in comparison to the
reduced state.

Immunoblot

For immunoblotting proteins were transferred to a PVDF-
membrane after SDS-PAGE, applying 500 mA for 1 h in a
blotting tank (Carl Roth, Karlsruhe, Germany). Polyclonal
primary mouse and rabbit antibodies against EF;-o0 and EF;-y
were used at dilutions of 1:200,000 and 1:400,000, respectively.
Peroxidase-conjugated secondary monoclonal antibodies against
primary antibodies (diluted 1:10,000) and the Lumi-LightPlus
Western Blotting-Kit (Roche, Mannheim, Germany) were used for
visualization by chemiluminescence. Films were developed on a
Konica SRX-101A (Konica, Miinchen, Deutschland).

ATPase hydrolysis activity

ATPase activity was determined colorimetrically as described
previously [17,23]. Proteins (10 pg/ml) in 50 mM Tris-HCI,
pH 8.0, 3 mM MgCl,, and 10 mM sodium-ATP were incubated
for 5 min at 37°C, before the reaction was stopped by the addition
of trichloroacetic acid, and the released P; was determined
colorimetrically. The activity of reduced and oxidized samples
was determined after exposure overnight at room temperature to
20 mM DTT and 200 uM DTNB, respectively. For control
experiments re-reduction was achieved by incubating the oxidized
samples with 20 mM DTT for 2 hours at room temperature.

Rotation Assay and Video Microscopy

We used the same microscopic setup, and rotation assay with
fluorescently labeled F-actin filaments as before [17]. Samples
were filled into flow cells consisting of two coverslips (bottom:
2676 mm?, top: 21x26 mm?, thickness: 0.15 mm, Menzel-
Glaser/ProLabor, Georgsmarienhiitte, Germany) separated by
double adhesive tape. Protein solutions were infused in the
following order (50 ul per step, 4 min incubation): 1) 0.8 uM Ni**-
nitrilotriacetic acid-horseradish peroxidase conjugate (Ni-NTA-
HRP) in 20 mM MOPS/KOH (pH 7.0), 50 mM KCI, 5 mM
MgCly (buffer A); 2) 10 mg/ml bovine serum albumin in buffer A;
3) wash with buffer A; 4) 2 pg/ml EF, in buffer A; 5) wash with
buffer A; 6) 0.5 uM streptavidin in buffer A; 7) wash with buffer A;
8) 200 nM biotinylated, tetramethylrhodamin-labeled short F-
actin filaments in buffer A (7 min incubation); 9) wash with buffer
A; and 10) 20 mM glucose, 0.2 mg/ml glucose oxidase, 50 pug/ml
catalase, 5 mM ATP in buffer A (reaction buffer). Reducing
conditions were achieved by adding 0.5% (v/v) 2-mercaptoethanol
to the reaction buffer, which was substituted by 4-8 mM DTNB
under oxidizing conditions. For re-reduction of oxidized samples
20 mM DTT was added to the reaction buffer. An inverted
fluorescence microscope (IX70, Olympus, lens PlanApo x100/
1.40 oil, fluorescence cube: MWIG) connected to a silicone
intensified tube camera (C 2400-08, Hamamatsu Photonics
Germany, Herrsching am Ammersee, Germany) and a VHS-
PAL video recorder with a frame rate of 25 frames/s were used to
record the rotating filaments. Recorded videos were digitalized
using an A/D converter (Pinnacle Systems, Miinchen, Germany)
and analyzed with a self-written software in Matlab (Math Works,
Ismaning, Germany).

Results

Six EF; mutants (MM10, GH54, FH4, GH19, PP2, and SW3)
each containing two opposing cysteines, one on subunit y and the
other one on either subunit o or B (Tab. 1), were analyzed for (i)
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their respective cross-link yield, and (i1) the ATP hydrolysis activity
in bulk solution as well as on the single molecule level. The cross-
link yields were determined from SDS-gels, while the hydrolysis
activities were determined colorimetrically or by a videomicro-
scopic rotation assay, respectively. The data of the three new
mutants (GH54, FH4, and GH19) were compared to the results of
the mutants MM 10, PP2, and SW3, and the wild type KH7 that
have been published before [17].

SDS-PAGE and immunoblots

Fig. 2 demonstrates by SDS-PAGE (Fig. 2A-C, left) and
immunoblot (Fig. 2A-C, right) the ability of the three new mutants
GHb54, FH4, and GHI19 to form a disulfide bridge. (Gels and
immunoblots for MM 10, PP2, and SW3 were shown before [17].)
Reduction and oxidation was enforced by treating the proteins
overnight with 10 mM DTT and 400 pM DTNB, respectively,
before applying the samples to the SDS-PAGE. The SDS gels in
Fig. 2A-C (left) show the bands of the a, B, v, and € subunits of
EF, in the reduced and re-reduced (after oxidation) state. Subunit
& (and in FH4 (Fig. 2B) also subunit €) was not visible and probably
lost during protein purification. However, subunits d and € are not
necessary for ATP hydrolysis in F,. In the oxidized state the band
of subunit y disappeared. Instead two new high molecular bands
appeared that were attributed to the yo and oy cross-link. Given
the enzymes stoichiometric ratio of o to y (3:1) the monomeric o-
band was still visible. Without added reducing or oxidizing agent
(due to partial oxidation by atmospheric oxygen) all bands,
monomeric and cross-linked, showed up in untreated samples,
except for GH54 (Fig. 2B), where subunit v is fully oxidized by
atmospheric oxygen due to longer incubation times, and therefore
not visible as a monomeric band.

Immunoblots against subunits o and 7y (Fig. 2A-C, right)
corroborated these results. Oxidized samples showed almost no
monomeric Y-band on immunoblots against subunit vy, but an oy-
band only. As we do not know the location of the epitopes of the
polyclonal antibodies we cannot rule out the possibility that some
antibodies do not recognize the cross-linked subunits. In light of
this, the immunoblots were not used for quantification; instead
they qualitatively corroborated the quantitative result from the
SDS-gels.

From the intensity changes of the y-bands we estimated a cross-
link yield for all mutants under oxidizing conditions of at least
90%, except for FH4, where it was 85% (see right column in
Table 1). To check whether cross-links formed in the holoenzyme
under oxidizing conditions or between single subunits in the SDS-
gel, we determined the intensity of the oy-bands. The yield of oy
served as a marker for cross-links formed by the denatured enzyme
in SDS as it cannot be formed in the native enzyme by monomeric
o-subunits due to their distance. The yield of the most intense oo-
band was determined to be approximately 16% of total o (L.e.
monomeric o + 0y + o), while the yield of monomeric o was four
times larger. If cross-link formation in the SDS-gel would be the
natural choice of subunits we would expect the ay-band to be the
one of the highest intensity. Therefore, it is highly unlikely that
cross-links were formed in large amounts by subunits of the
denatured enzyme in the SDS-gel. Although we expected the yield
of the ary-band to be 33% of total o, because of the 3:1 ratio of o to
v, we found only 20%. However, as no trace of a y,-band was
visible on any SDS-gel or immunoblot we assume that almost all -
subunits formed a cross-link with the o subunits. Moreover, it is
difficult to determine the intensity of the monomeric a-band, as
the digital image might be overexposed or not well resolved from
the PB-band. Therefore, we account the deviations from the
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SDS-gel blot
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Figure 2. SDS-gels and immunoblots of EF; mutants. Gels and
Blots for GH54, FH4, and GH19 are shown in A, B, and C, respectively.
For each mutant the SDS-gel is shown on the left, while the respective
blots are shown on the right, on top against subunit o, and at the
bottom against subunit y. Samples are shown untreated, after oxidation
with 400 uM DTNB, after reduction with 10 mM DTT, and re-reduced
(after previous oxidation) with 30 mM DTT. The samples were
incubated overnight with the respective chemical.
doi:10.1371/journal.pone.0053754.g002

theoretical figures to the uncertainty of determining the o-bands
intensities.

Oxidizing conditions in the rotation assay (see below) differed
from those used for SDS-gels and bulk activity tests, i.e. the
incubation time was only a few minutes instead of hours. To
compensate for shorter incubation times we used higher concen-
trations of D'TNB. To check whether these conditions affected the
ability of the mutants to form cross-links we performed SDS-
PAGE analysis under rotation assay conditions, i.e. oxidation and
re-reduction of samples was achieved by incubation with 4-8 mM
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DTNB and 20 mM DTT for 12 minutes, respectively. Figure 3
shows the gel for the mutant GH54. The high molecular oy-band
appeared under oxidizing conditions, while the monomeric 7y-
band was only visible under reducing conditions. The lane with
untreated sample showed all bands due to partial oxidation by
atmospheric oxygen. This result confirmed that cross-links were
formed quantitatively in the rotation assay.

ATP hydrolysis activity in bulk solution

The bulk ATPase hydrolysis activity was discerned colorimet-
rically from the concentration of released phosphate. Table 1
summarizes the activities of the six double cysteine mutants, and
for comparison of the wild type KH7. The data from different
stocks of mutant EF; were standardized by comparison of the
respective activity data with those of the wild type enzyme KH7
directly after protein purification. In the reduced state the double
cysteine substitution alone, without formation of a disulfide bridge,
can reduce the hydrolysis rate up to fourfold. The oxidation of the
engineered cysteines with concomitant formation of a disulfide
bridge between rotor and stator reduces the activity further. This
reduction was gradual for the first four mutants (MM10, GH54,
FH4, and GH19) and practically total when the cross-link was
placed in the middle (PP2) or at the bottom (SW3) of subunit y. In
addition, we checked for the reversibility of disulfide bridge
formation. The activity of oxidized samples was restored after
incubation for two hours with 20 M DT'T.

Rotation assay with single molecules

According to the results from bulk measurements the most
interesting mutants in terms of rotation of the fixed C-terminal end
of subunit y in the oxidized state were GH54 and FH4, while the
cross-link activity of GHI19 was the lowest of the three new
mutants (Tab. 1). Therefore, we extended our research on the
former two mutants by recording the rotation of single molecules

GH54
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Figure 3. SDS-gel of the mutant GH54 under rotation assay
conditions. Two samples of GH54 were oxidized (ox.) with 4 mM or
8 mM DTNB for 12 minutes, and afterwards re-reduced (re-red.) with
20 mM DTT for 12 minutes, to simulate the conditions in the rotation
assay.

doi:10.1371/journal.pone.0053754.9003
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of subunit y relative to the immobilized (af); as previously for
MMI10 [17,19]. The (af)sy-complex was bound via Histidines-
tags in each B-subunit to a Ni-NTA-HRP modified cover slip. A
short biotinylated, fluorescent actin filament (length 0.4—1 um) was
attached to subunit y (y109C, y213C) via a cysteine-biotin-
streptavidin-biotin-link to visualize its rotational movement. After
addition of 5 mM ATP under reducing conditions up to 5% of the
filaments started to rotate. Only these filaments were considered
further. We checked whether enzymes, that stopped rotating after
formation of a cross-link, were still active. We could reactivate
oxidized enzymes by re-reducing the cysteines. In multiple cycles
of reduction, oxidation, and re-reduction enzymes were active,
inactive, and active again, respectively [24]. When changing to
oxidizing conditions by addition of 4 mM DTNB (8 mM DTNB
for FH4) for 10 minutes, 16 out of 29 (55%) molecules of the
mutant GH54 continued to rotate while 13 stopped, typically after
2 minutes. The rotation in the still active subset could be observed
significantly longer (for at least 10 minutes). The observation time
was limited only by the bleaching of the fluorescent dyes under
oxidizing condition. For FH4 only 3 out of 11 (27%) molecules
remained active. In addition, in both cases the rotational rate
decreased, typically by 60% (see Fig. 4). These data indicate that
not only a fraction of the molecules is inactive, but that the activity
of each active molecule is lowered, i.e. the movement of the rotor
shaft is hampered.

The above single molecule activity data do not immediately
relate to bulk activity data as commonly observed. Single molecule
experiments are highly selective as they focus on active enzymes
only, while in bulk phase measurements an unknown fraction of
mnactive enzymes can distort the data. Although these figures are
different from those of the bulk measurement (Tab. 1) they
corroborate the finding that the bulk portion of subunit 7y carries
out ATP driven rotation despite of a rotor-stator cross-link in the
mutants MM 10, GH54, and FH4.

Discussion

We found that a cross-link between the top of the rotor (subunit
v) and the stator ((of)s) of F; does not necessarily totally inhibit its
ATP hydrolysis activity, but gradually reduces the rate up to
fourfold (GH19), provided that the lock site on subunit 7y is not

16

144

OX

124 —— mean red/ox

10 4

rotation

0 =e——— T T

time/s

Figure 4. Rotary trajectories of reduced and oxidized F,
molecules. Trajectories of three active single molecules of GH54
driven by ATP hydrolysis both in the reduced (dashed line) and in the
oxidized (dotted line) state, respectively. The mean trajectories for each
of both states are shown by the solid lines.
doi:10.1371/journal.pone.0053754.g004
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farther than nine residues away from its C-terminal end. A cross-
link at the penultimate residue of the C-terminal end (y285C,
MM10) was even without any effect on the activity. In contrast, a
cross-link of residues y262C (PP2, middle) or y87C (SW3, bottom)
with the stator subunits practically extinguished the hydrolysis
activity of Fy.

Three different lines of evidence support our observation. First,
SDS-gels showed a cross-link yield of >85%. Second, bulk phase
experiments revealed an activity of cross-linked mutants of at least
26% compared to wild type EF; that could be restored after re-
reducing the samples. Third, rotation assay experiments support
our conclusions on a single molecule level. Not only did we find
single molecules still rotating despite oxidation, but furthermore
was the rotational rate reduced by 60%, indicating that rotation
was impaired by the cross-link. However, as we observed only a
small number of molecules the statistics are only qualitative
comparable with bulk phase experiments.

What is the reason for this unusual behavior? For steric reasons
alone the rotation of subunit y around the engineered disulfide
bond can be excluded because that would imply the dragging
around the now obliquely oriented residues up to the C-terminal
end in the before snugly fitting hydrophobic bearing. It is apparent
from the crystal structure [1] (Fig. 1) that there is no space within
(aB)s for such a deformation. On the other hand, at the top
subunit v is linked to a loop in subunit o that might provide some
flexibility to the movement, enabling the tip of subunit y to rotate
on a ‘leash’. However, this is very unlikely for the following reason.
Czub and Grubmiiller [25] have shown by molecular dynamics
simulation (MD) that the respective portion of subunit 7 is at least
four times more flexible than the opposing loop in subunit B (and
therefore it is likely to be true for subunit o also because of its
homology to subunit B), i.e. any torque applied would first result in
a deformation of subunit ¥ before subunit o is affected. Disulfide
bond cleavage upon ATP hydrolysis can also be excluded, because
the standard dissociation energy of a single disulfide bond
(~200 kJ/mol) greatly exceeds the standard free energy of ATP
hydrolysis (<60 kJ/mol) [4].

When the penultimate residue of the C-terminal end of subunit
v (y285C, MM10) is locked to subunit o uncoiling of its C-terminal
o-helix, as suggested previously [17], is a more reasonable
explanation. Figure 5 shows a snapshot of a simulation that
demonstrated the unwinding of this domain within the hydropho-
bic bearing of (af)s. The peptide backbone twists around the N-C,
and C,-C’ bonds, the dihedral angles ¢ and { of the
Ramachandran plot, respectively. The Ramachandran angles of
the two C-terminal residues YG282 and yA284 are particularly
susceptible to twisting motion. It was shown by molecular
dynamics calculations [17] that on a nanosecond timescale the
a-helix can rotate in particular around the Ramachandran angle ¢
of these two residues. The activation barrier for this rotation was
25-30 kJ/mol. The high torque apparently generated by ATP-
hydrolyzing EF, was sufficient to uncoil the C-terminal o-helix of
subunit ¢ and to overcome the Ramachandran activation barriers.
However, simulations cannot account for timescales of ms, the
time domain of the active enzyme. At the two positions y279C
(FH4) and y276C (GH19), below y282-286 (the flexible top region
of subunit y), the cross-link impaired the ATP driven rotation.
Still, some activity remained suggesting that the o-helix can be
unwinded farther down by the same mechanism.

In contrast, a cross-link farther down at the middle position
v262C (PP2) inhibited the rotation totally. The inhibitory cross-
link is positioned where the N-terminal o-helix meets its C-
terminal counterpart (at Y268) to form an antiparallel coiled coil.
This section is not prone to uncoiling, probably because the torque
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Figure 5. Still picture of a molecular dynamics simulation of
unwinding subunit y. The calculation by D. Cherepanov was
performed as described in Gumbiowski et al. [17]. In short a torque of
56 pNnm was applied to the last 30 residues of subunit y (MM10),
which was fixed at residue y285C. The calculation was done by NAMD2
[32] and CHARMMZ22 [33]. The picture shows the uncoiled C-terminal
end of subunit y within the same hydrophobic bearing of subunits o
and f as in Fig. 1.

doi:10.1371/journal.pone.0053754.9005

is not high enough to disrupt the interactions between the two o-
helixes of the coiled coil.

At the bottom (y87C, SW3) subunit y was cross-linked to the
region in B that is responsible for the opening and closing of the
nucleotide-binding site. At this position the flexibility of subunit 7y
is needed for the regulation of the catalytic reaction (see below).
Therefore, it is understandable that a cross-link at this site also
totally inhibits the rotation of subunit y.

In conclusion, subunit y consists of three portions, namely (i) a
globular portion at the bottom facing the membrane, and
interacting with subunit €, (i) an antiparallel coiled coil in the
middle, and (iii) a singular o-helix at the top C-terminal end. (i)
The globular portion at the bottom, together with subunit € [11],
establishes the contact with the c-ring of Fp. It is the elastically
most compliant domain of this enzyme, and the major elastic
buffer for power transmission between I’ and I, [24-26]. The
elastic power transmission is a prerequisite for the high kinetic
efficiency of the two coupled stepping rotary motors [4,27-29]. (ii)
In the middle the N-terminal o-helix forms an antiparallel coiled
coil with the C-terminal o-helix up to residue y268. Several
residues of the coiled coil exhibit strong non-covalent coupling
with the stator during ATP hydrolysis, especially the N-terminal
region of subunit y (y20-40) with the DELSEED-sequence in
subunit B (B394—400) [11,25]. Mechanically the DELSEED-
sequence acts as a lever that is pushed by the cranked coiled coil of
subunit y (Fig. 1) to open the nucleotide-binding site at the
interface of each Po-pair [1,30,31]. (ili) The C-terminal o-helix at
the top portion, embedded in the hydrophobic bearing formed by
the upper part of (af)s [1], interacts only weakly with the stator
[25] (Fig. 5). Its torsional spring constant has been determined to
750 pNnm by single-molecule fluctuation experiments [24], and
620 pNnm by MD [25]. This is rather stiff compared to the
elastically most compliant domain between Fo and I (20 pNnm
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[24,26] to 90 pNnm [25]). In the intact enzyme the C-terminus
rotates with the other portions of subunit y, as evident from
experiments with a fluorescent dye coupled to the C-terminus
[13,14], and also by biochemical cross-linking techniques [16].
However, this portion can be deleted without totally impeding
rotational activity. Up to 12 C-terminal residues can be deleted in
EF, [8], up to 20 residues in F; from chloroplasts [10], and up to
43 C-terminal and 22 N-terminal residues in thermophilic I, (TF})
[9]. Recently it was show that subunit y of TTF, consisting only of
the first 36 N-terminal residues can still catalyze ATP hydrolysis
[11]. The C-terminal portion stabilizes the complex rather than
participating in torque generation.

At first sight one might argue that the great torsional stiffness of
the central stalk that we previously reported in Sielaff et al. [24],
namely 750 pNnm, is at odds with the ready unfolding of the C-
terminal o-helix that is reported in the present work and also with
certain data and interpretations in references [12] and [25]. The
work from our group (this work and [24]) and the one in references
[12] and [25] relate to enzyme molecules from different
organisms, namely from EF;, TF;, and bovine mitochondria
(MF)), respectively. The molecules differ in the total length of
subunit v, i.e. 286 residues in EFy, 283 residues in TF;, and 272
residues in MF,. Sielaff et al. [24] observed a hard spring constant
of the shaft (750 pNnm) from residue 17 (y270) onwards to the
bottom, while in the present work we observed the unwinding of
the C-terminal o-helix for the top 13 residues (i.e. above y273),
and inhibition of rotation when locked at Y262 or below. There is
no inconsistency between the former two, instead it seems as if the
C-terminal o-helix might be compliant at the top and stiff farther
down. Czub and Grubmiiller [25] have simulated the experiments
in ref. [24] by MD with MF; over a time range of 100 ns. They
found subunit v very soft at the top 13 residues (see their Fig. 3A),
and being stiff below that portion (when the SS-bridge was closed
at position Y259 of MF). Their simulation results are compatible
with both experimental ones, in [25] and in the present work. The
group of Kinosita [9,12] has studied the ability of a C-terminal
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truncated subunit y mutant TF; to drive rotation and found the
following: (i) The rate of rotation in mutant enzymes was
diminished compared to wild type enzymes owing mainly to
stumbling at modulo 120° positions (saturating ATP concentration).
(i) Mutants, which C-terminus was shortened by 14 residues,
showed no change in torque compared to wild type (40 pNnm).
(iti) In mutants that were truncated by 21 to 36 residues the torque
during progression between dwells was halved compared to the
wild type (20 pNnm). They have interpreted this observation by
claiming that the pulling action of the (af);-moeity on the C-
terminal end of subunit y produces about one half of the total
torque, which is lost after truncation. A consequence of this
interpretation is that the central shaft should be rather stiff from
residue 14 onwards to the bottom, while the upper part that
provide no torque can remain soft. This interpretation is consistent
with the results in [24,25], and the present work.

Previous work has shown that the rotation of the shaft in the
hydrophobic bearing in the native enzyme [13,14,16] is the
natural option for such stabilization. However, the present work
shows that a swivel joint within the single a-helical domain of
subunit v is another viable option, should the former one be
blocked.
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