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closed conformation, swinging the C-terminal
domain toward y, whereas Bg assumes the open
conformation, swinging the domain away from .
Because these two general conformational states
appear to push or be pushed by v, respectively, it
was proposed that interactions with y control the
conformational and catalytic states of individual
B’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the o3B3 ring alone does not possess intrin-
sic cooperativity, and y mediates the interplay
among B’s (7-9). This view was reinforced by
studies showing that backward mechanical rota-
tion of y with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (/2).
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F, is an adenosine triphosphate (ATP)—driven motor in which three torque-generating B subunits
in the asps stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft y unidirectionally. Although extensive experimental and theoretical

work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F, still “rotates”; in the isolated o3B5 stator ring, the three B subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in Fy. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other

hexameric ATPases.
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reported (4) and directly proven by observations
of rotating single molecules (5). In Fy, the cata-
Iytic sites are located at the o-f interfaces, mainly
on the B subunits. In the crystal structure (4),

osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The o3B3y subcom-
plex (referred to here as F,) suffices as the mo-

F 1-ATPase, a water-soluble portion of aden-

tor, in which the rotor y subunit rotates in the
stator 03B ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F| was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure
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three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (orp-Brp
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (opp-Bpp), and the third is un-
bound (0g-Bg). Both Brp and Bpp assume the
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Recently, however, this contention has been
challenged by the finding that even when most
interaction sites between B and y are abolished,
F; retains catalytic power to rotate y unidirec-

9.3 nm

tionally (13, 74). A few biochemical studies also
suggest the intrinsic cooperativity of the o;f3;
ring (15, 16). However, because conventional
single-molecule optical microscopy requires at-

Be

Fig. 1. (A) Averaged AFM image of C-terminal side of the 0335 subcomplex without nucleotide (movie
S1). (B) C-terminal side of the crystal structure of the nucleotide-free asB; subcomplex [Protein Data
Bank (PDB) code 1SKY] (21). The o and B subunits are colored in cyan and pink, respectively. The
C-terminal DELSEED motif of B corresponding to the high protruding portions is highlighted in red.
(C) Simulated AFM image of the o3B3 subcomplex constructed from the structure in (B). (D) Averaged
AFM image of C-terminal side of the o3B3 subcomplex in 1 mM AMPPNP. (E) Atomic structure of the
033 subcomplex with bound nucleotides. This structure is obtained by removing y from the crystal
structure of F; (PDB code 1BMF) (4). (F) Simulated AFM image constructed from the structure in (E).
The brightness of all AFM images in this paper represents the sample height but is not linearly set to

highlight the top surface structure (fig. S4).

Fig. 2. (A) Successive AFM images showing the conformational change of
B's in 2 uM ATP (movie S3). The highest pixel in each image is indicated
by the red circle. Frame rate, 12.5 frames/s. (B) Time evolution of the cu-
mulated angle of the highest pixel. The inset shows a trajectory, superimposed
on an AFM image, of the highest pixels corresponding to the high protrusions
of open B's (412 frames, movie S6). The center of rotation is defined by the
averaged x and y positions of the highest pixels, and the cumulated angles
are calculated relative to the first frame. (C) Correlation coefficient histograms
calculated for each B designated in (A) (n = 220). An open B is used as | .
a reference for the analysis of each B. (D) Time courses of correlation 8 10 12 14 16 18
coefficients. The white and gray backgrounds show periods of O and C states,

tachment of a probe onto the rotary shaft for
visualization (3), it does not allow direct exam-
ination of whether the intrinsic cooperativity in
the o3f3 ring is the core feature responsible for
sequential torque generation. We clarified this
issue by directly imaging the ATP-driven con-
formational transition of B’s in the isolated o3f33
ring, using high-speed atomic force microscopy
(AFM) (17, 18), a technique that can visualize
proteins at work in real time without probes
(19, 20).

The 03B; subcomplex (fig. S1) was covalent-
ly immobilized on a mica surface and observed
with high-speed AFM with a frame capture time
of 80 ms unless otherwise mentioned (Fig. 1 and
figs. S2 and S3). In the absence of nucleotide,
the a3B; showed a pseudo-sixfold symmetric
ring in which three alternately arranged subunits
were elevated relative to the other three (Fig. 1A
and fig. S4). The simulated AFM image of the
C-terminus side of the ring constructed from the
crystal structure of the nucleotide-free 0385
subcomplex (27) well reproduced the observed
image (Fig. 1C). This indicates that the N-terminus
side was selectively attached to the mica, although
a smaller ring corresponding to the N-terminus
side was occasionally observed (fig. S5). The
three B’s, which all assumed an open confor-
mation in the crystal structure of a3f;, gave
three protruding peaks in the simulated image
as bright spots. When a nonhydrolyzable ATP
analog AMPPNP was added, the ring became
triangular and the central hole was obscured (Fig.
1D). Although the three o’s with lower protru-
sions retained the same conformation as those
under the nucleotide-free condition, two of three
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respectively. Solid lines show the mean correlation coefficient for each period. (E) Time evolution of the cumulated number of counterclockwise shifts of the CCO
state. Circles, x's, and crosses correspond to CCO, COO, and other irregular states (000 and CCC), respectively. The increase in the cumulated number
indicates that the open B in CCO shifts counterclockwise.
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B’s retracted toward the center and simulta-
neously lowered their protrusions. Consequently,
the ring showed a single high protrusion. A simu-
lated image of o3B3 with bound nucleotides was
constructed using a structure in which y was re-
moved from the crystal structure of F; (Fig. 1E)
(4). The simulated image (Fig. 1F) also showed
an asymmetric ring very similar to that of the
observed image. The excellent agreement indi-
cates that only two B’s can assume the closed
conformation, even in saturating AMPPNP. This
feature is consistent with the observation that three
B’s do not assume the closed conformation simul-
taneously (22).

When ATP was added, p showed distinct
conformational dynamics; each  underwent a
conformational transition between the outwardly
extended high state (open) and the retracted low
state (closed) (Fig. 2A and table S1); the out-
wardly extended and retracted conformations
correlated well with the high- and low-protrusion
states, respectively (fig. S6). The most prominent
features are that only a single  assumes the open
state, as in the presence of AMPPNP, and that
when the open-to-closed transition occurs at one
B, the opposite closed-to-open transition occurs
simultaneously at its counterclockwise neighbor
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B in most cases. Thus, the high and outwardly
extended conformation propagates in the coun-
terclockwise direction (Fig. 2, A and B).

For a more quantitative analysis of this co-
operativity, the conformational states of the three
B’s in each image frame were determined from
their correlation coefficients, using respective ref-
erence images of B’s in the open state (fig. S7).
The correlation coefficients are distributed around
two distinct peaks at ~0.995 and ~0.96 (Fig. 2C).
The peaks with larger and smaller coefficients
correspond to the open (O) and closed (C) states,
respectively. On the other hand, the correlation
coefficient analysis for the nucleotide-free and
AMPPNP-bound 053 showed static conforma-
tions of B (figs. S8 and S9 and table S1). Figure
2D shows typical time courses of the two con-
formational states for individual B’s. In all images
observed in the presence of 2 to 4 uM ATP (n =
8746 frames), three B’s at a given frame dom-
inantly showed the CCO state (82% of total).
The COO state was also observed (14.5%). Other
states such as CCC (3%) and OOO (0.5%) were
rare. We analyzed the rotary propagation of the O
and C states by counting the number of coun-
terclockwise shifts of the CCO state [Fig. 2E and
supporting online material (SOM)]. The propa-

[ATP] =3 pM

0 5 10 15 20 25 30
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Fig. 3. (A to C) Time evolutions of the cumulated number of counterclockwise CCO shifts at various
concentrations of ATP ([ATP]). At each [ATP], four representative curves for the different molecules are
indicated as in Fig. 2E. (D) [ATP] dependence of the initial rates of ATP hydrolysis determined by
biochemical assay [circles; 2 uM, 1.6 + 0.9 s 3 uM, 2.5+ 1.0 5% 4 uM, 3.3+ 1.3 5 * (mean + SD, n =
6 individual measurements at each [ATP])] and the rates of conformational change of B determined by
fitting the dwell time histograms of open (squares; 2 uM, 1.5 s™% 3 uM, 3.0 5% 4 uM, 3.8 s73) and
closed (triangles; 2 pM, 1.5 s7% 3 uM, 2.5 s 4 pM, 3.2 s7) states shown in fig. 511.

REPORTS

gation is unidirectional, rotating counterclockwise
with an efficiency of 83% (in 2 uM ATP) over
the total shift events examined (n = 371) (fig.
S10). Considering that two consecutive counter-
clockwise shifts occurring occasionally within the
frame capture time (80 ms) would be counted as
a clockwise shift, this value of efficiency is prob-
ably underestimated by ~6% (Fig. 3D, fig. S11,
and SOM).

The rate of rotational propagation of the CCO
state increased with increasing ATP concentration
(Fig. 3, A to C), indicating that ATP binding is
rate-limiting, consistent with the biochemically
determined Michaelis constant of 12 uM for ATP
hydrolysis (fig. S1). Histograms of the dwell time
of the O state followed a single exponential func-
tion, and those of the C state were well fitted with
the model that two consecutive events of ATP
binding to the other two B’s trigger the transition
of the B from the C to the O state (fig. S11). The
rate constants of the counterclockwise shift of
the CCO state were comparable with the initial
rates of ATP hydrolysis measured biochemically
(Fig. 3D). Thus, each ATP hydrolysis is well
coupled with the open-to-closed transition of f3.
Just before transitioning to the next CCO state, a
COO state occasionally appeared (~30% of total
transitions) (x’s in Figs. 2E and 3, A to C). In
this event, one of the two closed B’s positioned
at the counterclockwise side opened in most
cases, implying that ADP can be released from
the closed B before ATP binds to the open B
(23, 24).

The present results prove that the stator 03835
ring alone possesses high cooperativity for se-
quential power stroking among three catalytic
f’s. This was also indicated by the observations
that the occasional subunit dissociation com-
pletely stopped the rotary propagation of the con-
formational state (fig. S12). Thus, the “y-dictator”
model (/3), which proposes that only the in-
teraction with y determines the conformational
and catalytic states of B’s (23, 24), is not valid.
On the other hand, the ATP-binding rate and the
efficiency of unidirectionality of the o3B; sub-
complex are distinctly lower than those of F;
(Fig. 3 and fig. S11). Thus, the interaction with
y is dispensable but still important for the rapid
and precise rotary catalysis. Our findings are not
inconsistent with the observations that the rates
and equilibriums of the catalytic reactions are
apparently under the control of the rotary angle
of y (10-12). The intrinsic interplay among B’s
would reinforce catalytic control by y; even if y
tightly interacts with only one B, it still can act
on all B’s through B- interplay.

These results also have implications for the
cooperativity of other structurally related hexa-
meric ATPases such as RecA- and AAA+-family
proteins, in which cooperativity among the sep-
arate catalytic sites is a central issue (25). These
ATPases may also have intrinsic cooperativity.
Comparative studies on these proteins should shed
light on the common operating principles of hex-
americ ATPases.
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Structural Basis for Tail-Anchored
Membrane Protein Biogenesis by the
Get3-Receptor Complex
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Tail-anchored (TA) proteins are involved in cellular processes including trafficking, degradation,
and apoptosis. They contain a C-terminal membrane anchor and are posttranslationally delivered
to the endoplasmic reticulum (ER) membrane by the Get3 adenosine triphosphatase interacting
with the hetero-oligomeric Get1/2 receptor. We have determined crystal structures of Get3 in
complex with the cytosolic domains of Getl and Get2 in different functional states at 3.0, 3.2, and
4.6 angstrom resolution. The structural data, together with biochemical experiments, show that
Getl and Get2 use adjacent, partially overlapping binding sites and that both can bind
simultaneously to Get3. Docking to the Get1/2 complex allows for conformational changes in
Get3 that are required for TA protein insertion. These data suggest a molecular mechanism for

nucleotide-regulated delivery of TA proteins.

ophisticated mechanisms have evolved to

target eukaryotic membrane proteins to

the correct membrane-surrounded organ-
elle and to protect them from aggregation. Of
central importance are cytosolic factors that de-
code the targeting information of a signal sequence
by transient association and escort membrane
proteins to their designated location (7, 2). Tail-
anchored membrane proteins (TA proteins) con-
sist of a N-terminal soluble domain and a single
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C-terminal transmembrane domain (TMD) (3-5).
The C-terminal localization of their targeting sig-
nal requires release of the synthesized protein
from the ribosome before interaction with an in-
sertion machinery (6). This precludes TA proteins
from cotranslational insertion mediated by the
signal recognition particle (SRP)-Sec61 translocon
system (7-9), which mainly targets membrane
proteins with a N-terminal signal sequence. Al-
though some studies suggest an unassisted inser-
tion of TA proteins into the mitochondrial outer
membrane (/0, 11), most endoplasmic reticulum
(ER)—destined TA proteins are thought to insert
by an energy-dependent process, which involves
several cytosolic factors (2, /2—17). In yeast, it
was shown that the adenosine triphosphatase
(ATPase) Get3 is necessary for the biogenesis of
TA proteins (2, 18). Get3 is a dimeric protein with
each subunit comprising a nucleotide-binding
domain (NBD) and a methionine-rich o-helical
domain that has been implicated in TA protein
binding (TA binding domain, TABD). Crystal

structures of Get3 have shown that the protein
switches between an open and closed state, de-
pending on its nucleotide load. Whereas in the
apo and magnesium-free adenosine diphos-
phate (ADP) forms the open state is favored
(19-23), ADP-Mg2+ and the nonhydrolyzable
ATP analog 5'-adenylyl-B,y-imidodiphosphate—
Mg?" (AMPPNP-Mg*") induce the closed state
(19), which is further tightened up in the transi-
tion state of adenosine triphosphate (ATP) hydrol-
ysis (20). The hydrophobic groove responsible
for TA binding seems fully assembled only in the
transition state (20). At the membrane, Get3 in-
teracts with the two receptor proteins, Getl and
Get2, which are essential for TA protein insertion
(2). In order to understand the molecular mech-
anisms underlying Get3-dependent membrane
insertion of TA proteins, we determined crystal
structures of Get3 in complex with the soluble
domains of its membrane-bound Getl and Get2
receptors and functionally characterized the
interaction in different nucleotide-bound states.
Getl and Get2 are integral membrane pro-
teins, and each comprises three TMDs (Fig. 1A).
In order to analyze the Get3-receptor interaction
in more detail, we performed flotation assays
of Get3 with microsomal membranes (RMs)
(Fig. 1B) and insertion assays with the TA pro-
tein Sec22 [a soluble N-ethylmaleimide—sensitive
factor attachment protein receptor (SNARE)
protein] in the presence of different nucleotides
(Fig. 1C) (2, 14, 15). Efficient TA protein inser-
tion was observed in presence of ATP and ADP,
but not with adenosine 5'-O-(3-thiotriphosphate)
(ATP-y-S)—in line with Get3 recruitment ob-
served in the flotation assays. Getl-CD (residues
19 to 103) is the most conserved region of Getl
and predicted to adopt a coiled-coil structure
(24) with two long helices (a1 and 02) extend-
ing the flanking transmembrane regions (Fig. 1A
and fig. SIA), similar to its human homolog,
the tryptophan-rich basic protein, WRB (235, 26).
Using a pull-down approach, we found that
detergent-solubilized Getl efficiently binds to
Get3 (fig. S2A). Additional truncation constructs
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