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ABSTRACT F1-ATPase is an ATP-driven rotary molecular motor in which the central g-subunit rotates inside a cylinder made
of a3b3 subunits. The amino and carboxyl termini of the g rotor form a coiled coil of a-helices that penetrates the stator cylinder to
serve as an axle. Crystal structures indicate that the axle is supported by the stator at two positions, at the orifice and by the
hydrophobic sleeve surrounding the axle tip. The sleeve contacts are almost exclusively to the longer carboxyl-terminal helix,
whereas nearly half the orifice contacts are to the amino-terminal helix. Here, we truncated the amino-terminal helix stepwise
up to 50 residues, removing one half of the axle all the way up and far beyond the orifice. The half-sliced axle still rotated
with an unloaded speed a quarter of the wild-type speed, with torque nearly half the wild-type torque. The truncations were
made in a construct where the rotor tip was connected to a b-subunit via a short peptide linker. Linking alone did not change
the rotational characteristics significantly. These and previous results show that nearly half the normal torque is generated if
rotor-stator interactions either at the orifice or at the sleeve are preserved, suggesting that the make of the motor is quite robust.
INTRODUCTION
F1-ATPase (F1) is a rotary molecular motor driven by ATP
hydrolysis, with the minimal subunit composition of
a3b3g (1–7). In the crystal structures of mitochondrial F1
(MF1) (Fig. 1), the g rotor deeply penetrates the central
hole of the hexameric stator cylinder made of three a and
three b subunits arranged alternately (8,9). Each time ATP
is hydrolyzed in one of the three catalytic sites that are
hosted primarily by a b-subunit (8), the rotor rotates 120�

counterclockwise when viewed from above in Fig. 1 (10).
The amino- (N-) and carboxyl- (C-) termini of g form an
antiparallel coiled coil of long a-helices (Fig. 1, yellow
and orange, respectively) that penetrates the stator cylinder
to serve as an axle. The stator supports the axle at the upper
orifice and at the bottom, the bottom contacts being mainly
to the longer C-terminal helix. Because the bottom support
consists of the ‘‘hydrophobic sleeve’’ and the ‘‘catch loop’’
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described in the original crystal structure (8), we call the
upper and lower contact regions the ‘‘orifice’’ and ‘‘sleeve’’
in this article (Fig. 1, blue and dark green atoms; these
atoms are within 0.5 nm of a rotor atom and delineate the
two contact regions).

Previouslywe truncatedmost of the axle step by step, start-
ing with the C-terminus and then keeping the tips of the N-
and C-terminal helices at the same level (11,12). The trunca-
tions were made in F1 derived from a thermophilic Bacillus
PS3 (TF1), which is homologous with MF1 in sequence and
structure (13). The last product that still rotated was
gDN22C43,where 22N-terminal and 43C-terminal residues
of g were deleted genetically (Fig. 1 B). This ‘‘axle-less’’
construct rotated in the correct direction for >100 revolu-
tions, although the speed was much lower than the wild-
type and was ~1 revolution/s. The surprise was that the
remaining rotor head, which must have lost all the sleeve
interactions with the stator and nearly half of the orifice inter-
actions, was not detached during the rotation. In the MF1
structure shown, 233 g atoms are within 0.5 nm of a stator
atom, excluding hydrogen, and 76 and 111 of these are on
the N- and C-terminal helices, respectively. The axle-less
construct lacked 159 of the contacting atoms (gray in
Fig. 1 B) and, of the remaining 74, 28 (38%) are on the
N-terminal helix (Fig. 1 B, left dotted ellipse, dark yellow
atoms). This construct could rotate only a 40-nm gold
bead, for which viscous drag is almost negligible. Rotation
of larger beads requires a significant torque, and we observed
rotation of a duplex of 0.29-mmbeads only up to gDN11C32.
The torque gDN11C32 generated was ~20 pN$nm, i.e., half
of the wild-type torque, and 62 (49%) of the remaining 126
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FIGURE 1 Design of truncation mutants based

on a crystal structure of MF1 (9). (A) Truncations

of g N-terminus (this study). The central g subunit

(dark pink) and an opposing pair of a b subunit

(green) and an a subunit (cyan) are shown. The

a and b subunits are designated according to the

nucleotide bound in the original structure (8): TP,

ATP (analog); DP, ADP; and E, empty. The

C-terminal a-helix of g is orange, and the

N-terminal helix is yellow with intervening light

gray indicating the positions of truncation as

diagrammed in D. The magenta line represents

the 15-residue peptide linker. Dark green and

blue atoms are those within 0.5 nm of an atom in

g (excluding hydrogen). The black vertical line

shows a putative rotation axis (35). (B) An axle-

less construct in which 22 N-terminal and 43

C-terminal residues of g were deleted, as shown in D; the terminal Met at position 23 was found unprocessed (12). Dark yellow atoms on the N-terminal

helix and brown atoms on the g head (enclosed in broken ellipses) and dark gray atoms on the g axle are those within 0.5 nm of an atom of a or b. (C) A

construct in which 36 C-terminal residues of gwere deleted (14); terminal sequence in D. Further truncation of the four red residues resulted in a subcomplex

that could not rotate a 0.29-mm bead duplex. (D) N- and C-terminal sequences of the g subunits of MF1 and TF1, showing the positions of truncation and the

linker (thrombin site underlined) sequence for A. The sequence for TF1 starts from 2, because we count from the first Met, which is processed in the wild-type

but not in some mutants (12). See Table S1 for the entire sequence.

F1-ATPase with a Half-Sliced Axle 189
contacts are on the N-terminus. The construct gDN0C36
(Fig. 1 C) could also generate approximately half the wild-
type torque (14), suggesting that the middle portion of either
the N- or C-terminal helices does not contribute to torque
generation, whereas the sleeve interactions at the C-terminal
tip are essential for full torque production (11). Thus, we ex-
pected that the contacts between the stator and theN-terminal
helix that fills half of the orificewould be important for torque
generation in F1. Indeed, in the orifice region, the C-terminal
helix does notmake extensive contacts with the stator, at least
in the crystal structures. Most of the contacts other than the
N-terminal helix are on the conical entrance of the orifice
(Fig. 1 B, right dotted ellipse, brown atoms).

The importance of the g N-terminus in catalysis and rota-
tion has been a focus in many studies. Deletion of seven g

N-terminal residues in Escherichia coli F1 (EF1) failed to
assemble F1 complex on membranes (15). E. coli ATP syn-
thase in which gMet-23 in the orifice was replaced with
Arg or Lys exhibited inefficient energy coupling between
ATP hydrolysis and Hþ translocation (16), although in iso-
lated EF1 the Met-23Lys mutation did not affect torque
production (17). The gMet-23Lys mutation in Rhodobacter
capsulatusATPsynthase significantly impaired the activation
ofATPase activity by protonmotive force (18). In EF1, substi-
tution of gLys-9 with Ile to remove the salt bridge with
bAsp-372 decreased ATPase activity twofold, and substitu-
tion of gSer-12 with Ala to remove the hydrogen bond with
bAsp-372 resulted in the decrease of succinate-dependent
growth of E. coli by two orders of magnitude (19). Deletion
of 20 N-terminal residues of chloroplast F1 retained only
~6% of ATPase activity (20). Mitochondrial ATP synthase
in yeast could be assembled upon deletion of nine N-terminal
residues but failed when 20 residues were deleted (21).

Here, we investigated the role of the N-terminal a-helix of
the g-subunit by truncating it stepwise, starting with the axle
portion, continuing through the orifice region, and ending in
the removal of all 50of the residues comprising theN-terminal
helix and containing the 76 contacting atoms (Fig. 1 A). All
N-terminal truncation mutants were active, with reduced
functionality. In hopes of reducing the problemof subcomplex
instability encountered in previous truncation mutants, we
genetically connected the g C-terminus to the b N-terminus
with a peptide linker (Fig. 1, A and D, magenta). We antici-
pated that linking would not abolish rotation, because disul-
fide bridging between the g N-terminal tip and a residue in
b does not impair catalysis and rotation (22). Indeed, the
peptide linkage had minimal effect. The 50-deletion mutant
(b-gDN50) rotated with an unloaded speed a quarter of the
wild-type speed and generated approximately half the wild-
type torque. Themajor loss of orifice interactions is tolerable,
at least as long as the C-terminal tip is preserved. The rotary
mechanism of the F1motor seems quite robust, allowing dele-
tions of many apparently crucial interactions.
MATERIALS AND METHODS

Molecular genetics

Mutations were made on plasmid pKABG1/HC95 (23,24), which carries

genes for the a- (C193S), b- (His10 at N-terminus), and g (S107C, I210C)-

subunits of TF1, which we regard as the wild-type. On the plasmid, the three

genes are arranged in the order a, g, and b. First, we introduced His6-tag at

the N-terminus of the a-subunit. Then we connected the C-terminus of g and

theN-terminus of b (ignoring theHis10-tag)with the peptide linker (Fig. 1D,

magenta). From this construct, thegN-terminuswas truncated essentially as

described (12). Mutations were confirmed by DNA sequencing (see the

deduced amino-acid sequence in Table S1 in the Supporting Material).
Purification and biotinylation of mutant TF1

Wild-type and mutant TF1 were expressed in E. coli strain JM103, purified

and biotinylated basically as described (14,25) but without heat treatment
Biophysical Journal 101(1) 188–195
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and without butyl column treatment, which would remove bound nucleotide

almost completely. Briefly, the E. coli cell lysate was purified on a Ni2þ-
nitrilotriacetic acid (Ni2þ-NTA) column (Qiagen, Hilden, Germany) and

stored as ammonium sulfate precipitate at 4�C. Before use, the sample

was passed through a size-exclusion column (Superdex 200 HR 10/300,

GE Healthcare, Uppsala, Sweden) equilibrated with buffer A (100 mM

potassium phosphate, pH 7.0, and 2 mM EDTA) to obtain pure a3b3g

complex.

For observation of rotation, purified F1 was biotinylated at the two cyste-

ines (g-107C and g-210C) by incubation with a fourfold molar excess

of 6-{N’-[2-(N-maleimide)ethyl]-N-piperazinylamide}hexyl-D-biotinamide

(biotin-PEAC5-maleimide, Dojindo, Kumamoto, Japan) in 2 mM MgCl2,

100 mM potassium phosphate, pH 7.0, 50 mM KCl, and 10 mM Mops-

KOH for 30 min at room temperature. Unreacted biotin was removed on

the size-exclusion column equilibrated with buffer A.

Cleavage of the b-g link, when attempted, was done immediately after

biotinylation, before the final column purification. Thrombin from bovine

plasma (Sigma Aldrich, St. Louis, MO) was added to 1–5 mM F1 in buffer

A at 4 NIH units/nmol F1 complex. After 10 min, the sample was applied to

the size-exclusion column for purification. Longer treatment with thrombin,

up to 18 h, did not change the cleavage pattern significantly (data not

shown).
Measurement of hydrolysis activity

The rate of ATP hydrolysis at 2 mM MgATP was measured at 23�C by

coupling the hydrolysis reaction with NADH consumption, as described

(14). F1 was added at a final concentration of 5–10 nM into an assay mixture

consisting of 2 mM MgATP, 0.2 mM NADH, 1 mM phosphoenolpyruvate,

250 mg mL�1 pyruvate kinase (rabbit muscle, Roche Diagnostics, Man-

nheim, Germany), and 50 mg mL�1 lactate dehydrogenase (hog muscle,

Roche Diagnostics), and 0.3% (w/v) lauryl dimethylamine oxide (LDAO,

Calbiochem, La Jolla, CA) in buffer B (10 mM Mops-KOH, pH 7.0,

50 mM KCl, and 2 mM MgCl2). The rate of hydrolysis was estimated

over 5–15 s after mixing. F1 treated with thrombin was biotinylated, and

the biotinylated sample was subjected to the hydrolysis assay.
Observation of rotation

An observation chamber was constructed of a silanized bottom coverslip

functionalized with Ni-NTA and an untreated top coverslip separated by

two greased strips of Parafilm cover sheet (14).

Gold beads 40 nm in diameter were coated with polyethylene glycol

(PEG) and functionalized with streptavidin as described elsewhere (26),

with the following modifications: 62 mM streptavidin (Pierce, Thermo

Scientific, Rockford, IL) in buffer C (10 mM Mops-KOH, pH 7.0, 50 mM

KCl) was thiolated by adding 0.5 mM dithiobis(succinimidyl propionate)

in dimethyl sulfoxide and 10 mM of BondBreaker TCEP solution (Pierce)

and letting the reaction proceed for 1 h at room temperature. PEG was

also thiolated by mixing 20 mM NHS-dPEG24mer (Quanta BioDesign,

Powell, OH) in dimethyl sulfoxide and 1 mM 2-aminoethanethiol in buffer

C for 24 h at room temperature. Finally, gold beads (EM.GC40, BBInterna-

tional, Cardiff, UK; a suspension at 9� 1010 particles mL�1) were modified

by adding 625 nM thiolated streptavidin and 10 mM thiolated PEG and

letting the reaction proceed at room temperature for 2 h.

Biotinylated F1 (0.5–1.5 nM) in buffer B was infused into the observation

chamber, followed by bovine serum albumin (BSA) for surface blocking,

functionalized gold beads, and finally buffer B with the addition of 2 mM

MgATP and an ATP regenerating system (0.2 mg mL�1 creatine kinase

(rabbit muscle, Roche Diagnostics) and 2.5 mM creatine phosphate (Roche

Diagnostics)); details of the infusion procedure can be found in Furuike

et al. (26). Rotation of gold beads was observed by laser dark-field micros-

copy (26) on an inverted microscope (IX70, Olympus, Tokyo, Japan) with

a stable mechanical stage (KS-O, ChuukoushaSeisakujo, Tokyo, Japan).
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Images were captured with a high-speed CMOS camera (FASTCAM-

DJV, Photron, Tokyo, Japan) at 125–8000 frames s�1 as an 8-bit AVI file.

Rotation of polystyrene beads was observed in an observation chamber

as described above. Streptavidin-coated beads of diameter 0.29 mm (Sera-

dyn, Indianapolis, IN) were washed and adjusted to a final concentration

of 0.1% (w/v) in 5 mg mL�1 BSA in buffer B. We infused into the obser-

vation chamber 0.5–2 nM F1 in buffer B, BSA, streptavidin-coated beads,

and buffer B containing 2 mM MgATP and the ATP regeneration system

above, as described in detail in Hossain et al. (14). Polystyrene beads

were observed by bright-field microscopy, and images were captured

with a CCD camera (Lynx IPX-VGA210L, Imperx, Boca Raton, FL) at

500 frames s�1 as an 8-bit AVI file. A duplex of beads was always selected

for analysis.

All microscopic observations were made at 23�C. Centroid of the bead

images was calculated as described previously (23). Rotating beads were

counted as in Hossain et al. (27).

The torque, N, that the motor produced was estimated from the rotary

speed, u (in rad s�1), of a 0.29-mm bead duplex as (10,28)

N ¼ ux; (1)

where x is the frictional drag coefficient given, for the case of a duplex of

spherical beads, by

x ¼ 2 � 8pha3 þ 6phax21 þ 6phax22; (2)

where a is the bead radius, x1 and x2 the radii of the rotation of the inner and

outer beads, and h is the viscosity of the medium (0.93 � 10�3 N$s$m�2 at

23�C). We selected those duplexes with x2> 0.2 mm; x1 was taken as 0. The

drag in Eq. 2 is likely an underestimate (10,29).
RESULTS

b-g fusion and g N-terminal truncations

We used as the wild-type an a(C193S)3b(His10 at N-termi-
nus)3g(S107C, I210C) subcomplex of TF1 (23). This sub-
complex has only two cysteines at the protruding portion
of the g subunit for labeling with an external probe, and
histidine tags at the bottom (N-terminus) of the b-subunits
for attachment of the protein to a glass surface. In our
previous g truncation studies (11,12,14), purified mutant
subcomplex tended to be unstable, particularly with large
deletions. Hoping to mitigate this problem, we first fused
g and b: the gene for g is immediately followed by a b gene
on the expression plasmid, and thus, we simply inserted
a sequence for the linker peptide (Fig. 1 D) and, in place
of the b histidine tags removed for the linking, added six
histidines to the N-terminus of a (Table S1, amino-acid
sequences). We call the resultant construct b-gDN0. The
insertion on the gene level implies that all three b-subunits
in a subcomplex carry a g subunit. We included a thrombin
site in the linker to cut it when desired. Starting with
b-gDN0, we truncated 8, 14, 29, 40, and 50 amino-acid resi-
dues from the N-terminus of g to obtain b-gDN8 to
b-gDN50. The linker was included in all these truncation
mutants.

All mutants were expressed in E. coli to a level similar to
that of the wild-type. Purified mutant subcomplexes showed
two bands on SDS-PAGE, b-g at progressively lower posi-
tions for larger truncations and a at a constant level, as
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expected (Fig. 2). Treatment with thrombin produced b and
truncated g at the expense of b-g, but some b-g remained,
and this persisted even after prolonged (18 h) treatment.
Column purification of the subcomplex after thrombin treat-
ment removed most of g (and thrombin), but b-g remained
in the subcomplex in addition to a and b. The likely, though
unproven, interpretation is that, of the three g subunits in the
untreated subcomplex, one was inserted into the a3b3
cylinder and was resistant to thrombin.
Unloaded rotation probed with a 40-nm gold bead

We observed the rotation in the wild-type and mutants by
attaching the stator part to a glass surface through the histi-
dine tags at the a or b N-terminus and attaching a 40-nm
gold bead at the top of the g-subunit as a probe. The hydro-
dynamic friction on the 40-nm bead is practically negligible,
warranting the observation of unloaded rotation (23)
provided the bead is unobstructed and free to rotate in water.
Rotation was observed at the saturating ATP concentration
of 2 mM by laser dark-field microscopy (26) at 125–8000
frames s�1. All mutants rotated counterclockwise for
many continuous revolutions at a speed that decreased
with the degree of truncation (Figs. 3 A and 4 A). The
time-averaged speed of b-gDN0 was nearly as high as the
wild-type speed, indicating that the covalent linkage
between g and b does not greatly impede rotation. This is
not entirely unexpected, because a peptide chain contains
many single bonds. Thrombin treatment did not affect the
rotation speed in all mutants (Fig. 4).

Stepwise truncation resulted in corresponding decrease in
the average speed until b-gDN29, beyond which the speed
did not change appreciably. The lowest speed of ~50 revolu-
tions s�1 amounts to a quarter of the wild-type speed and is
50 times higher than the axle-less mutant in Fig. 1 B. The
constant nature beyond b-gDN29 is consistent with the
structure in Fig. 1 A, where the upper portion of the
N-terminal helix does not interact with the stator cylinder.
FIGURE 2 Confirmation of truncations using SDS-PAGE. Samples were

run in a 12.5% gel containing 0.1% SDS, and then stained with Coomasie

Brilliant Blue R-250. The three lanes for each construct are: – –, purified

subcomplex before thrombin treatment; – þ, after thrombin treatment for

10 min (reaction mixture); þ þ, after further purification by size-exclusion

chromatography.

FIGURE 3 Rotation of 40-nm gold beads at 2 mM MgATP. (A) Repre-

sentative overall time courses. (B) Magnified portions showing apparent

120� stepping recorded at 8000 frames s�1. Most populated angles for

each record (judged on the entire time course) are placed on the horizontal

lines separated by 120�. The two successive backward 120� steps at ~160 s
in b-gDN50 are exceptional clean back steps in all records analyzed for all

mutants.
It also implies that the absence of the upper helix does not
affect the rotor structure appreciably.

Magnified time courses in Fig. 3 B show that all mutants
made short dwells every 120�, as did the wild-type (not well
resolved in the chosen magnification). The dwells were
Biophysical Journal 101(1) 188–195



FIGURE 4 Summary of rotation and ATP hydrolysis properties of the

N-terminal truncation mutants at 2 mM ATP. Average values for mutants

without thrombin treatment are represented by squares on the vertical

dotted lines, and those for mutants after thrombin treatment by triangles

to the right of the dotted lines; error bars indicate 5SD and are shown

when their size exceeds the symbol size; dots show individual measure-

ments. All data shown here were obtained within three days of preparation

(samples were kept at room temperature). (A) Unloaded rotation rate probed

with 40-nm gold beads (black) and bulk ATP hydrolysis rate (red). Time-

averaged rotation rates were calculated over >100 consecutive revolutions

for the wild-type to b-gDN14 and >20 revolutions for b-gDN29 to

b-gDN50. Those beads that rotated relatively fast, with a nearly circular

rotation trace with a central hole (large rotation radius), were analyzed.

(B) Time-averaged rotation rates of the relatively fast bead duplexes esti-

mated over 50 consecutive revolutions (black), and torque estimated from

rotational steps of 0.29-mm bead duplexes (red; see Fig. 6). Blue diamonds

show the average of torque values estimated from the time-averaged rota-

tion speeds (black dots), and blue stars the torque estimated from the

time-averaged speed in the fastest portions (red in Fig. 5, A and B).

192 Kohori et al.
longer for shorter mutants, which is the major reason for the
lower average speed. In the wild-type, the dwells observed
at the saturating ATP of 2 mM are 80� past ATP-waiting
angles, where ATP hydrolysis and phosphate release take
place (23,30,31). Dwell positions in the mutants are
unknown, but they are likely at ~80� as in the wild-type,
because only dwells at 120� intervals were discerned in
both the wild-type and mutants. Presumably, longer dwells
in the mutants reflect inefficient coupling between chemical
reactions in the catalytic sites and the g rotation that is
supposed to coordinate catalysis. More irregular rotations
in the short mutants (Fig. 3 B) may reflect fluctuations of
the half-sliced axle in the stator orifice. We also noticed
that short mutants tended to fall in pauses for ~1 s (Fig. 3 A),
at one of the dwelling angles. In the shortest mutants
(b-gDN29 to b-gDN50), continuous rotation for 50 revolu-
tions without a long pause was rare. The wild-type also falls
Biophysical Journal 101(1) 188–195
in long pauses at 80�, due to MgADP inhibition, but these
pauses are longer on average and less frequent (32). The
shortest mutants may be more prone to MgADP inhibition.

Finding rotating beads became difficult for shorter
mutants. For the wild-type and b-gDN0, more than one
bead rotated in most fields of view (16 � 16 mm2), but
~10 fields had to be scanned to find an easily identifiable
rotating bead for the shortest three mutants. A quantitative
estimate of the number of rotating 40-nm beads was diffi-
cult, because rotation with a small radius could not be de-
tected reliably.
ATP hydrolysis activity

To compare with the unloaded rotation speeds, we measured
the rate of ATP hydrolysis at 2 mM ATP in bulk samples. In
this work, we did not remove the tightly bound nucleotide
completely, and thus, part of the enzyme was under MgADP
inhibition. We therefore measured the hydrolysis activity in
the presence of LDAO, which reactivates F1 from MgADP
inhibition (33). Thewild-type activity was 270 s�1 (Fig. 4A),
similar to or slightly less than the initial activity of nucleo-
tide-depleted wild-type in the absence of LDAO (12,14).
Thrombin treatment did not affect the wild-type activity as
expected.

The hydrolysis activities of the mutants followed a trend
basically similar to that of the unloaded rotation speed
(Fig. 4 A). Linking alone (b-gDN0) reduced the activity
slightly to 200 s�1, and N-terminal truncation progressively
reduced the activity further. Thrombin, where tested, did not
affect the hydrolysis activity of the mutants (Fig. 4 A). The
activities of the shortest three mutants (b-gDN29 to
b-gDN50) were all 19–20 s�1. These values are ~7% of
the wild-type activity and much less than the expectation
from the unloaded rotation speeds, probably due to the pres-
ence of destabilized subcomplex, but are still much higher
than the rate of hydrolysis by the g-less mutant (a3b3
ring) of ~5 s�1 (12). The wild-type activity was also low
compared to its unloaded rotation speed, as in previous
studies (12,23,27), for a reason yet to be clarified.
Rotation of 0.29-mm bead duplexes

All mutants were able to rotate a duplex of 0.29-mm beads at
2 mM ATP, indicating significant torque generation. All
rotated in the counterclockwise direction. The number of
rotating duplexes was examined in five separate observation
chambers and in 10 random fields for each chamber. In the
case of the wild-type infused at 2 nM, 56 rotating bead
duplexes were found in 50 fields of view (each 18.9 �
14.4 mm2). Under the same conditions (2 nM protein), 41
duplexes rotated with b-gDN0, 26 with b-gDN8, 16 with
b-gDN14, 2 with b-gDN29, 1 with b-gDN40, and 1 with
b-gDN50. Rotation could be observed for at least 2 h after
chamber preparation.
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Rotation time courses observed at 500 frames s�1 are
shown in Fig. 5 A. Rotation of the wild-type and b-gDN0
(with or without thrombin treatment) was too fast on the
chosen scale: both rotated at ~16 revolutions s�1 smoothly
and continuously for >100 revolutions. This rotation speed
is much lower than that of a 40-nm gold bead, limited by
viscous friction against the 0.29-mm bead duplex.
N-terminal truncations resulted in progressively lower
time-averaged speeds (Figs. 4 B and 5 A), largely due to
longer and more frequent pauses (Fig. 5). Again, these
speeds are much lower than corresponding rotations of the
40-nm beads, but the major cause is the longer pauses and
not the hydrodynamic friction. Apparently, the fastest
portion of rotation in b-gDN29, b-gDN40, and b-gDN50
(Fig. 5, A and B, red) still contained many relatively short
FIGURE 5 Rotation of 0.29-mm bead duplexes at 2 mM MgATP. The

wild-type and b-gDN0 (with or without thrombin) both showed fast, contin-

uous rotation at ~16 revolutions s�1 and are not shown. (A) Relatively fast

revolutions selected for each mutant. The three red portions in the time

courses for b-gDN29, b-gDN40, and b-gDN50 show the fastest six revolu-

tions observed in these mutants (magnified in C). (B) Magnified records

showing pauses of variable lengths. Red portions are as in A. Bottom curve

shows an exceptional case of clear reversal over one 120� step in a sluggish
phase. (C) Expanded views of the red portions in A, showing many short

pauses.
pauses, as seen in the magnified records (Fig. 5 C). Our
previous studies have indicated that the wild-type also
shows a tendency to stumble at angles of ~80� past ATP-
waiting angles in a load-dependent fashion: with a high
load such as a duplex of 0.95-mm beads, we often observed
a momentary pause at these angles, but pauses were less
conspicuous with smaller beads (28). Load dependence
was also observed in the previous truncation mutants:
gDN0C25 to gDN0C36, for example, could rotate a duplex
of 0.29-mm beads but not a duplex of 0.49-mm beads (14),
whereas gDN0C21 could rotate a 0.49-mm duplex (11).
Presumably, the torque of the motor momentarily vanishes
at the pausing angles, and larger beads somehow impede
the escape from the pauses. Mutants are more sensitive,
particularly those in which the rotor-stator interactions are
largely impaired.
Torque of the mutants

The basically unidirectional rotation of the mutants implies
torque generation, and the torque must be sizable to drive
the duplex of 0.29-mm beads. Because rotation of the
mutants involved many pauses, we analyzed the instanta-
neous rotary speed in the middle of the 120� steps for torque
estimation, assuming that the speed during stepping was
limited by viscous friction against the bead duplex. We aver-
aged 30 consecutive steps to obtain the thick cyan curves in
Fig. 6, and calculated the torque as the slope of the cyan
curve between 30� and 90� times the frictional drag coeffi-
cient of the bead duplex (Eqs. 1 and 2 in Methods). The
apparent sluggishness outside the 30–90� region likely
resulted from the simple averaging of noisy and ill-synchro-
nized steps.

The torque values thus estimated are summarized in
Fig. 4 B. Rotor-stator linkage alone (b-gDN0) did not affect
the torque, but N-terminal truncations considerably reduced
the torque. Yet the shortest mutants, b-gDN29 to b-gDN50,
produced about half the wild-type torque. Because the step
records for these mutants were highly noisy (Fig. 6), we
made additional torque estimates to set lower bounds. One
is to apply Eq. 1 to the time-averaged rotation speed for
consecutive 50 revolutions (Fig. 4 B, black dots). The
average speed is unambiguous, confirming the generation
of finite torque by these mutants, but it is clear that the
obtained torque values (Fig. 4 B, blue diamonds) are under-
estimated greatly, because none of the pauses are taken into
account. The fastest six revolutions (Fig. 5, red) contained
relatively short pauses, and thus, their average speeds gave
higher torque values (Fig. 4 B, blue stars). Portions nearly
as fast could be found in many places in the records.
DISCUSSION

Without the entire N-terminal a-helix of the g rotor, TF1
rotates in the correct direction at an unloaded speed a quarter
Biophysical Journal 101(1) 188–195



FIGURE 6 Step records of 0.29-mm bead duplexes for torque estimation.

Thin colored curves show 30 consecutive 120� steps; thick cyan curves

represent their average. Individual step records were shifted vertically by

a multiple of 120� to obtain overlap. Time zero for each step record was

assigned by eye to the data point closest to 60�. Straight red lines indicate

linear fit to the cyan curve between 30� and 90�. The slope of the red line,u,
gives the torque, N (Eq. 1).
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of the wild-type speed and generates half the wild-type
torque. Among the three heavily truncated mutants shown
in Fig. 1, the N-terminal truncation in this work (Fig. 1 A)
and C-terminal truncation (Fig. 1 C) could rotate a duplex
of 0.29-mm beads, generating around half the wild-type
torque, whereas the axle-less mutant (Fig. 1 B) could rotate
only a 40-nm bead very slowly (~1 revolution s�1). Because
the orifice interactions were mostly preserved in the
C-terminal truncation, whereas further truncation (removal
of the red residues in Fig. 1 C: gDN0C40) failed to rotate
the bead duplex, it appears that either full interactions at
the orifice (Fig. 1 C) or approximately half of the orifice
interactions supplemented with the sleeve interactions
(Fig. 1 A) suffice to generate a sizable torque. The F1 motor
appears robust in that none of the rotor parts are critically
important, suggesting the possibility that the a3b3 stator
might be able to rotate an object that does not bear resem-
blance to the g subunit.

One possibly crucial rotor component still remains,
however. The collar of the rotor that touches the conical
entrance of the stator orifice, except the part on the
N-terminal helix, is common to all three mutants in Fig. 1.
Biophysical Journal 101(1) 188–195
This non-N-terminal part of the collar, including a short
helix 73–90 (in MF1-g (8)), may thus be essential for rota-
tion. The non-N-terminal collar interacts mainly with the
highly conserved and highly acidic DELSEED motif
(b-Asp-394 to b-Asp-400 in MF1), the dark green atoms
at the top of bTP in Fig. 1 A and those atoms in bDP (not
shown) that oppose the brown atoms in the right ellipse in
Fig. 1 B. The collar was preserved in the axle-less mutant
(Fig. 1 B), and if the remaining rotor head had somehow
been pulled inward to let the collar firmly interact with
the stator orifice, the axle-less rotor head might have been
able to generate a sizable torque. Because all the negatively
charged residues of the DELSEED motif could be replaced
with alanine without affecting the torque (34), it is not
highly likely that the rotor collar is an essential component.
Direct proof, though, is awaited.
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