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Structure of the Rotor Ring of
F-Type Naþ-ATPase from

Ilyobacter tartaricus
Thomas Meier,1 Patrick Polzer,2 Kay Diederichs,2*

Wolfram Welte,2 Peter Dimroth1*

In the crystal structure of the membrane-embedded rotor ring of the sodium
ion–translocating adenosine 5¶-triphosphate (ATP) synthase of Ilyobacter
tartaricus at 2.4 angstrom resolution, 11 c subunits are assembled into an
hourglass-shaped cylinder with 11-fold symmetry. Sodium ions are bound in a
locked conformation close to the outer surface of the cylinder near the middle
of the membrane. The structure supports an ion-translocation mechanism in
the intact ATP synthase in which the binding site converts from the locked
conformation into one that opens toward subunit a as the rotor ring moves
through the subunit a/c interface.

In the F
1
F

o
ATP synthase, the cytoplasmic F

1

catalytic domain (subunits a
3
b

3
gde) is linked

by means of a central and a peripheral stalk

(subunits g/e and b
2
/d, respectively) to the in-

trinsic membrane domain called F
o

(subunits

ab
2
c

10-14
). Each of these domains functions as

a reversible rotary motor and exchanges energy

with the opposite motor by mechanical rotation

of the central stalk. During ATP synthesis,

energy stored in an electrochemical gradient of

protons or Naþ ions fuels the F
o

motor, which

causes the stalk to rotate with the inherently

asymmetric g subunit acting as a camshaft to

continuously change the conformation of each

catalytic b subunit. These sequential intercon-

versions, which result in ATP synthesis, en-

dow the binding sites with different nucleotide

affinities Efor reviews see (1–3)^. The rotational

model, which explains a wealth of bio-

chemical and kinetic data, is impressively sup-

ported by the crystal structure of F
1

(4) and

was experimentally verified by biochemical,

spectroscopic, and microscopic techniques (5).

The F
o

motor consists of an oligomeric ring

of c subunits that is abutted laterally by the a

and b
2

subunits (6). The c ring, together with

g/e subunits, forms the rotor assembly, which

spins against the stator components ab
2
da

3
b

3
.

Ion translocation at the interface between sub-

unit a and the c ring, driven by the ion motive

force, is thought to generate torque (7–10)

applied to the g subunit, which is then used to

promote the conformational changes required

for ATP synthesis at the F
1

catalytic sites.

Despite intense efforts, little is known

about the structural details of F
o
. This lack of

information hinders our understanding of

how this molecular motor functions. The

nuclear magnetic resonance (NMR) struc-

tures of the c monomer of Escherichia coli

(7, 11) showed that the protein is folded into

two a helices linked by a loop. Other struc-

tural studies indicated that the c subunits of

the oligomer are tightly packed into two con-

centric rings of helices (12, 13). The number

of c monomers per ring varies between n 0
10, 11, and 14 units in the ATP synthases

from yeast (12), I. tartaricus (13), and

spinach chloroplasts (14), respectively.

Structure of the c ring. We chose to de-

termine the crystal structure of the I. tartaricus

c ring because of its inherent stability and rel-

ative ease of isolation (15). After purification

and crystallization of wild-type c ring (16), the

structure was solved (table S1) by molecular

replacement (17) using a medium-resolution

(6 )) c-ring backbone model derived from

electron crystallography (13). The asymmetric

unit of the crystal contains 4 c rings. These

rings are arranged in two parallel, but laterally

translated, c-ring dimers each formed by a

coaxial association of two rings that interact

with their termini in a tail-to-tail fashion. A non-

crystallographic symmetry restraint was imposed

during refinement at 2.4 ) over the 44 mono-

mers in the asymmetric unit (3916 residues)

with the exclusion of the loop regions that form

crystal contacts, which substantially improved

the electron density and resulted in an atomic

model without Ramachandran plot outliers.

The electron density map of a single c ring

shows a cylindrical, hourglass-shaped protein

complex of È70 ) in height, and with an outer

diameter of È40 ) in the middle and È50 ) at

the top and bottom. Eleven c subunits, each

composed of two membrane-spanning a helices

forming a hairpin, are arranged around an 11-

fold axis, creating a tightly packed inner ring

with their N-terminal helices (Fig. 1). The C-

terminal helices pack into the grooves formed

between N-terminal helices, producing an outer

ring, in agreement with previous medium-

resolution structures (12, 13). In the electron

density map, the backbone and side chains of

all amino acids are clearly defined, except for

the C-terminal glycine. The N- and C-terminal

helices are connected by a loop formed by

the highly conserved peptide Arg45, Gln46,

and Pro47, which is exposed to the cyto-

plasmic surface (Fig. 2) (18, 19). The chain

termini are exposed to the periplasm.

The C-terminal helices are shorter than the

N-terminal helices, owing to a break at Tyr80

followed by another short helix of one turn

(Figs. 1 and 2). For each helix, an individual

plane can be found that roughly contains the

axis of the helix and the c-ring symmetry axis

(Fig. 1A). All helices show a bend of about 20-
in the middle of the membrane (at Pro28 and

Glu65 in the N-terminal and the C-terminal

helices, respectively), causing the narrow part

of the hourglass shape. Moreover, the bend

tilts the helices in the cytoplasmic half out of

the plane by È10-, yielding a right-handed

twisted packing (Fig. 1A). When the c ring is

viewed from the cytoplasm, it rotates counter-

clockwise during ATP synthesis (20) against

the drag imposed by the F
1

motor components.

Thus, the resulting torque might decrease the

bend and increase the interhelical distance in

the cytoplasmic part of the c ring, depending

on the energies involved. Such a conforma-

tional change under load might serve to store

elastic energy in the c ring, adding to that de-

scribed for the central and peripheral stalk

subunits (21). A change in the twist of the

helices is supported by calculations (22) that

show in the lowest-order mode a torsional
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movement of the cytoplasmic against the peri-

plasmic surface of the c ring (fig. S1).

Vonck et al. (13) determined the position of

the periplasmic and the cytoplasmic interfaces

of the membrane surrounding the c ring, which

are approximately at Tyr80 and Ser55, respec-

tively (Fig. 2). On the inner surface of the c

ring, near the N- and C-termini, the map shows

an extended electron density that can be mod-

eled by an alkyl chain of nine C atoms per c

subunit. We propose that detergents are bound

here at a position corresponding to that of the

external leaflet of the membrane. The Phe5 resi-

dues at the periplasmic end of the inner surface

form a ring that possibly marks the position of

the glycerol backbone of phospholipids. Such

a positioning of lipids would correlate to the

‘‘central plug’’ feature seen in two-dimensional

crystals of c rings (23). Despite the lack of di-

rect evidence for a bilayer inside the c ring, its

existence can be inferred from the hydrophobic

surface that extends beyond the electron density

of the alkyl chains until Tyr34 (fig. S2B). How-

ever, the internal bilayer appears to be wider

and shifted toward the periplasmic surface

with respect to its external counterpart.

Structure of the sodium ion binding
site. The c ring was crystallized in buffer con-

taining 100 mM sodium acetate, which pro-

motes Naþ binding as shown by established

techniques (15). The Naþ ions are seen in the

map as 11 distinct densities at the bend of the

helices, close to the outer surface of the c ring.

Figure 2 shows a section of the c ring with two

C-terminal and one N-terminal helix forming a

Naþ-binding unit. The coordination sphere is

formed by side-chain oxygens of Gln32 (Oe1)

and Glu65 (Oe2) of one subunit and the hydrox-

yl oxygen of Ser66 and the backbone carbonyl

oxygen of Val63 of the neighboring subunit

(Figs. 2 and 3). The distance between the lig-

anding atoms and the ion is 2.37 T 0.14 ). The

liganding residues are in good accordance with

mutational studies, which recognized Gln32,

Glu65, and Ser66 as being essential for Naþ

binding (24), and their arrangement was

confirmed as a Naþ binding site using the

algorithm of Nayal and Di Cera (25). The crys-

tal structure shows the bound ion surrounded

by a network of hydrogen bonds: The Oe1 of

Glu65 accepts hydrogen bonds from the hy-

droxyl groups of Ser66 and Tyr70, and the Ne2

of Gln32 donates a hydrogen bond to Oe2 of

Glu65 (Fig. 3). These hydrogen bonds serve to

keep Glu65 deprotonated at physiological pH

(26) in order to allow Naþ binding and to lock

it into its ion-binding conformation. This ar-

rangement of residues and their hydrogen

bonds obviously serves to optimize the solva-

tion energy (27) of the Naþ ion and results in a

locked conformation of the ion binding site.

We propose that the present structure with

the side chain of Tyr70 facing outward and

stabilizing the side-chain conformation of

Glu65 represents the conformation outside of

the subunit a/c interface. Toward the peri-

plasmic surface from the binding site, the

structure forms a cavity (fig. S2B) to which

the side chain of Tyr70 could relocate to al-

low unloading and loading of the binding site

to and from subunit a. This relocation may

be part of an unlocking mechanism.

The Naþ binding signature is conserved in

all known Naþ-translocating ATP synthases

and appears in the c subunits of other an-
Fig. 1. Structure of the I. tartaricus c11 ring in
ribbon representation. Subunits are shown in
different colors. (A) View perpendicular to the
membrane from the cytoplasmic side. Two sub-
units are labeled. (B) Side view. The blue spheres represent the bound Naþ ions. Detergent
molecules inside the ring are shown with red and gray spheres for clarity. The membrane is
indicated as a gray shaded bar (width, 35 )). The images were created with PyMOL (36).

Fig. 2. Section of the c ring showing
the interface between the N-terminal
and two C-terminal helices with those
side chains discussed in the text. This
three-helix bundle represents a func-
tional unit responsible for Naþ bind-
ing and allowing access of the ion to
the binding site. The view is normal to
the external surface of the c ring with
the ring axis approximately vertical.
The color coding of the subunits is the
same as in Fig. 1A.

Fig. 3. Electron density map (red, Naþ omit
map at 3.0 s; blue, 2Fobs j Fcalc map at 1.4 s)
and residues of the Naþ binding site formed by
two c subunits, A and B. Naþ coordination and
selected hydrogen bonds are indicated with
dashed lines. Distances are given in ). The blue
sphere indicates the center of the bound Naþ

ion. The view is the same as in Fig. 2.
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aerobic bacteria, suggesting that they may

indeed harbor a Naþ-ATP synthase (Fig. 4).

Notably, none of these amino acids are con-

served in proton-translocating ATP synthases,

except for the acidic residue at position 65

(I. tartaricus numbering, Fig. 4), which is

implicated in proton binding. Despite these

differences in sequence, proton- and Naþ-

driven F
o

motors must share the same basic

structure because of the demonstration that

chimeric ATP synthases are functional (28).

Ion translocation in Fo complexes. Previ-

ous models of the E. coli c ring were based on

monomeric structures of the c subunit deter-

mined by NMR at pH 5 (11) and pH 8 (7) in

solutions using organic solvents and were as-

sumed to represent the protonated and unproton-

ated structures outside and inside the subunit a/c

interface, respectively. In these models, the proton

binding Asp61 (position 65 in I. tartaricus) of

those c subunits, which are in contact with the

lipids, faces toward the N-terminal helices.

Within the subunit a/c interface, the C-terminal

helix is proposed to swivel by È140- clockwise

(as viewed from the cytoplasm), which relocates

Asp61 to become accessible to subunit a (29).

The latter conformation is supported by cysteine

cross-linking in F
o

complexes. These experi-

ments indicate that residues at the same helical

face as the proton binding site (Ile55, Ala62,

Met65, Gly69, Leu72, and Tyr73) are accessible

from subunit a and thus must be located on the

surface of the c ring (30).

In the structure presented here, the place-

ment of the Naþ binding site near the surface of

the c ring between two C-terminal helices

allows for ion transfer to and from subunit a

after side-chain movements and does not require

large rearrangements of the protein backbone. If

the structure of the decameric E. coli c ring is

modeled according to that of I. tartaricus, all

residue positions that formed cross-links with

subunit a are exposed to the surface (fig. S3).

We therefore presume that the tertiary fold of

the E. coli c monomer in the NMR experiments

does not match that in the oligomeric c ring,

and we note that the compact structure of the

c ring would impose severe sterical restraints

against the proposed swiveling.

In addition, the known specific reactivity of

the ion-binding carboxyl group with the bulky

dicyclohexylcarbodiimide (DCCD) could not

be explained if the former is occluded between

N- and C-terminal helices. With this specificity

in mind, we inspected the c-ring surface near

Glu65, looking for a DCCD-accessible binding

site. A pocket sufficiently large to accommo-

date binding of bulky organic molecules ex-

tends from Glu65 to Val58 at the ring surface

within the interface between an N-terminal and

two C-terminal helices (fig. S2A). The pocket

is lined by small hydrophobic residues and is

open to the membrane from where the hydro-

phobic DCCD molecule is thought to bind. The

pocket might also contribute a binding site for

other hydrophobic organic molecules such as

the new class of diarylquinoline antibiotics

against tuberculosis that target subunit c of

Mycobacterium tuberculosis (31).

To allow for unloading and loading of the

ion binding site, the locked conformation must

be converted to an open one during passage

of the site through the subunit a/c interface.

This interconversion may be enabled by modu-

lating the electrostatic interactions of the bind-

ing site with the universally conserved Arg227

of subunit a (32) as the site passes this posi-

tively charged residue during rotation (fig. S4).

The path of the ion leading from the bind-

ing site into the cytoplasm is presently unknown.

Two possibilities are discussed: a channel

through subunit a (10) or through the c ring

itself (3). In accord with the latter possibility,

biochemical data suggest that the Naþ exit path

is built intrinsically into the c ring (15). In the

present c-ring structure, a channel leading from

the binding site to the cytoplasmic surface could

not be identified. Similarly, a channel-like

pore is not visible in the structure of the Ca2þ

ATPase (adenosine triphosphatase), which op-

erates at a rate comparable to that of the ATP

synthase (33), and in myoglobin (34). In con-

trast to these proteins with a low rate of ion

flux, proteins with a structurally evident chan-

nel (e.g., potassium channel) have diffusion-

limited transport rates up to 108 ions per sec-

ond (35), six orders of magnitude faster than

the ATP synthase. However, dynamic fluc-

tuations of the protein may open transient

pathways for Naþ conduction so that a wider

pore is not evident in the structure.

Taken together, the structural features of

ion binding in the membrane-embedded c

ring have profound implications for loading

and unloading of the binding site because they

represent stringent restraints for possible ex-

planations of the F
o

motor function.
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Parietal Lobe: From
Action Organization to

Intention Understanding
Leonardo Fogassi,1,2* Pier Francesco Ferrari,2 Benno Gesierich,2

Stefano Rozzi,2 Fabian Chersi,2 Giacomo Rizzolatti2

Inferior parietal lobule (IPL) neurons were studied when monkeys performed
motor acts embedded in different actions and when they observed similar
acts done by an experimenter. Most motor IPL neurons coding a specific act
(e.g., grasping) showed markedly different activations when this act was part
of different actions (e.g., for eating or for placing). Many motor IPL neurons
also discharged during the observation of acts done by others. Most re-
sponded differentially when the same observed act was embedded in a spe-
cific action. These neurons fired during the observation of an act, before the
beginning of the subsequent acts specifying the action. Thus, these neurons
not only code the observed motor act but also allow the observer to under-
stand the agent’s intentions.

The posterior part of the parietal lobe has been

traditionally considered as a typical association

cortex. In this view, in the posterior parietal

cortex, afferents from two or more sensory

channels integrate, and this multimodal sensory

association is the basis for some types of per-

cepts, such as space. However, the works of

Mountcastle (1) and Hyv.rinen (2), and sub-

sequent studies carried out in several labora-

tories (3–7), showed that the posterior parietal

cortex, besides Bputting together[ different sen-

sory modalities (association function), also

codes motor actions and provides the repre-

sentations of these motor actions with spe-

cific sensory information. This view stresses

the importance of sensorimotor integration in

the emergence of perception.

Recently, we reexamined the functional

properties of the convexity of IPL (PF/PFG

complex) in monkeys, testing the activity of

single neurons in response to sensory stimuli

and during monkey_s active movements (8).

As previously reported (2), we found that

IPL convexity has a motor somatotopic or-

ganization. Most interestingly, we found that

many IPL neurons discharge both when the

monkey performs a given motor act and when

it observes a similar motor act done by another

individual; these neurons are known as parie-

tal mirror neurons (9–11). Here, we present

data on the motor organization of IPL and on

its mirror properties.

The coding of motor acts in the in-
ferior parietal lobule. Neurons were record-

ed from the rostral sector of IPL (Fig. 1A) in

two monkeys. All studied neurons (n 0 165)

were active in association with grasping move-

ments of the hand (grasping neurons). They

were formally tested in two main conditions.

In the first condition, the monkey, starting

from a fixed position (Fig. 1B, left), reached

for and grasped a piece of food located in

front of it and brought the food to the mouth

(Fig. 1B, right, I). In the second condition,

the monkey reached for and grasped an ob-

ject, located as described above, and placed it

into a container (Fig. 1B, right, II). In the first

condition, the monkey ate the food brought to

the mouth; in the second it was rewarded after

correct accomplishment of the task.

Although some neurons discharged with

the same strength regardless of the motor act

that followed grasping, the large majority were

influenced by the subsequent motor act. Ex-

amples are shown in Fig. 1C. Unit 67 dis-

charged during grasping when grasping was

followed by bringing the food to the mouth.

In contrast, its discharge was virtually absent

when grasping was followed by placing. Unit

161 exemplifies the opposite behavior. This

neuron discharged very strongly when grasping

was followed by placing, whereas only a weak

discharge was present when grasping was fol-

lowed by bringing to the mouth. Finally, Unit

158 did not show any significant difference

in discharge intensity in the two conditions.

Table 1A summarizes the behavior of all

recorded neurons. About two-thirds of neu-

rons discharged preferentially (P G 0.05) when

grasping was embedded into a specific motor

action (12). The neuron selectivity remained

unmodified when the conditions were blocked,

as in Fig. 1, or interleaved (fig. S1).

Figure 1D shows the intensity and time

course of neuron discharge of the grasp-to-

eat and grasp-to-place populations in the two

basic conditions. The population analysis (12),

based on all selective neurons recorded from

monkey M2, confirmed the data observed in

individual neurons.

To control for the possibility that the dif-

ferential discharge of neurons during the same

motor act could be due to differences in the

stimuli that the monkeys grasped, monkeys

were trained to grasp an identical piece of food

in both conditions. Food placing was achieved

by showing the monkey a piece of food that

the monkey particularly liked before each trial.

After correct placing, the monkey received the

preferred food. Unit 122 (Fig. 2) demonstrates

that neuron selectivity did not depend on the

stimulus used. The same result was found in

all tested neurons (n 0 28), regardless of

whether they coded grasping to eat (n 0 22)

or grasping to place (n 0 6) (12).

It is well known from human studies that

the first motor act of an action is influenced

by the next acts of that action (13). We also

found that reaching-to-grasp movement fol-

lowed by arm flexion (bringing the food to
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