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A Dynamic Analysis of the Rotation Mechanism
for Conformational Change in F1-ATPase

of the ATP synthesis in living systems [1–3]. It is a large
multisubunit complex consisting of a proton-translocat-
ing membrane domain, Fo, attached via central and pe-
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United Kingdom states known as “open” (or empty), “loose,” and “tight”,
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Unit synthesis [9–10]. The open subunit (which corresponds
to �E in the X-ray structure of Abrahams et al. [4]) hasHills Road

Cambridge CB2 2XY a low affinity for either substrate or product. According
to this mechanism, during the synthesis cycle of F1Fo-United Kingdom
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67000 Strasbourg substrate binding state. A further 120� rotation converts
the loose state to the tight state, and the product ATPFrance
is formed. Another 120� rotation converts the tight state
back to the open state, releasing the ATP product. In
the X-ray structure of Abrahams et al. [4], the �E subunitSummary
(no bound nucleotide) was identified as representing
the open state, the �TP subunit (AMP-PNP bound) wasMolecular dynamics trajectories for the bovine mito-

chondrial F1-ATPase are used to demonstrate the mo- identified as representing the loose state, and the �DP

subunit (ADP bound) was identified as representing thetions and interactions that take place during the ele-
mentary (120� rotation) step of the � subunit. The tight state. A more detailed discussion of a suggested
results show how rotation of the � subunit induces assignment of the observed conformations of the � sub-
the observed structural changes in the catalytic � sub- units to the different states of the binding change mech-
units. Both steric and electrostatic interactions con- anism is given in Menz et al. [11].
tribute. An “ionic track” of Arg and Lys residues on The F1 domain can be separated from the membrane
the protruding portion of the � subunit plays a role in domain, and it retains the ability to hydrolyze ATP. Hydroly-
guiding the motions of the � subunits. Experimental sis of ATP leads to the rotation of the central stalk, though
data for mutants of the DELSEED motif and the hinge the detailed mechanism is not understood. By attaching
region are interpreted on the basis of the molecular an actin filament or a bead to the exposed foot of the
dynamics results. The trajectory provides a unified central stalk, the rotation has been visualized in a micro-
dynamic description of the coupled subunit motions scope [12]. It turns counterclockwise (as viewed from the
involved in the 120� rotation cycles of F1-ATPase. membrane) in 120� steps. During the ATP synthesis cycle,

which we study here, the rotation of the central stalk is
Introduction presumed to be in the opposite sense.

Comparisons of the subunits within a given structure
The enzyme F1Fo-ATP synthase, found in eubacteria, and in different structures have provided important clues
chloroplasts, and mitochondria, is responsible for most
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Figure 1. Views of the F1-ATPase Structure

(A) Ribbon structure of F1-ATP synthase showing �3�3��� based on the structures of Abrahams et al. [4] and Gibbons et al. [15] (see Experimental
Procedures). � subunits, red; � subunits, yellow; � subunit, purple; � subunit, green; � subunit, light yellow.
(B) View showing �E and �TP, plus �, �, and �, from same structures as in (A) with labels, including � bulge, � groove, and � protrusion.
(C) Detail from Figure 1B showing central portion of �TP subunit with coiled coil of � subunit (purple) and illustrating some important structural
elements mentioned in the text. The central domain is shown in yellow, with the � strands 3 and 7 and helix B highlighted in green and the
hinge region plus the flexible loop made up of residues 119–134 in red. A portion of the C-terminal domain is shown in gold, with the Phe418
and 424 loop region in red.
(D) Stereo view showing �TP in red and �TP in green, with the N-terminal domain and the top of the central domain superposed. See text for
subunit labels.

concerning the rotational mechanism of F1-ATPase. How- recent structure that has resolved most of the �, �, and
� subunits [15]. The simulations correspond to a singleever, a direct study of the transition at an atomic level

of detail is essential for determining the dynamics of the 120� rotation step in the direction of ATP synthesis, with
the � subunit rotating in a clockwise direction, as viewedstructural changes and the relative order in which they

occur. The analysis reported here, which is based pri- from the bottom of Figure 1A. The � and � subunits do
not rotate but undergo conformational changes basedmarily on simulations with the targeted molecular dy-

namics (TMD) method [13], is an important step toward on the endstates inferred from the X-ray structure of
Abrahams et al. [4]. As described in Experimental Proce-this goal. We supplement the TMD results with those

based on the biased molecular dynamics (BMD) method dures, the TMD simulation applies constraints to the
entire system to find a low energy pathway connecting[14]. The structural model we use for the simulation was

obtained (see Experimental Procedures) by combining the two endstates. By constrast, in the BMD simulation
(see Experimental Procedures), a biasing force is ap-the original X-ray structure of F1-ATPase [4] with a more
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plied only to the � subunit to determine directly the N-terminal domains of the six subunits form a ring with
roughly 6-fold symmetry that is believed to play a majorresponse of the � and � subunits to the rotation of the

� subunit; it provides some important supplementary role in the stability of the �3�3 complex and undergoes
small changes during the transition. The conformationsresults, as described below, but it does not yield the

full transition path obtained with the TMD method over of the central domains and the C-terminal domains of
�TP and �DP, which have AMP-PNP and ADP bound, re-the nanosecond timescale of the trajectory.

The trajectory has the spatial and temporal resolution spectively, are very similar to each other (for notation,
see Figure 1B and its legend). The empty �E subunit hasnecessary to reveal the structural and energetic origins

of the conformational changes that occur during the a very different conformation, although the overall fold
is similar to that of the other subunits. The nucleotide120� rotation step. Specifically, the results demonstrate

how the rotation of the � subunit induces the major binding site in the central domain of �E is open, when
compared with �TP, due to a conformational change. Itchanges observed in the structure of the � subunits.

The lower part of the � subunit, including the �� domain, involves the separation of the C-terminal portions of �
strands 7 and 3, movement (and increased disorder) ofwhich protrudes from the �3�3 complex (it is referred to

as the “� protrusion” below), is shown to play an essen- the loop containing Phe418 and Phe424, and a global
increase in the distance between the � and � subunitstial role in the dynamics of the transition. Some � subunit

motions occur during the transition, although all three in the vicinity of the binding site, as described and illus-
trated in Abrahams et al. [4]; we focus here on the sepa-are very similar in the X-ray structure. Certain side chain

interactions, such as those involving the ionic track of ration of � strands 7 and 3 as a marker for the nucleotide
binding site opening in what follows (see Figure 1C). Inthe � subunit, are shown to be important in guiding the

transition. The closing motion of the �E subunit, with �E, there is also a displacement of helix B of the central
domain and a large downward rotation of the C-terminalADP bound, involves primarily electrostatic interactions,

while the outward movement of the �TP subunit, with no domain when compared with the corresponding do-
mains of �TP and �DP. The three � subunits, which bindligand, is due primarily to steric interactions with the �

subunit. Main chain polar interactions of the DELSEED AMP-PNP, have a closed nucleotide binding site and
N-terminal and central domains that are very similar tomotif supplement those from the negatively charged

side chains and explain the fact that mutation of the those of �TP and �DP. However, the C-terminal domains
of the � subunits are significantly different from thoselatter does not inactivate the rotational mechanism. A

more detailed description of the motion in the hinge of �TP and �DP (Figure 1D); this is found to be important
in the rotational motion. The � subunit is positioned suchregion than that inferred from the X-ray structure is ob-

tained. The molecular dynamics trajectory reported here that its “bulge,” formed by the N-terminal helix above
the protrusion, faces the C-terminal domain of the emptyprovides a unified description of the subunit motions of

F1-ATPase in the 120� rotation cycle that forms the basis �E subunit and its “groove,” formed by the other side of
the N-terminal and C-terminal coiled-coil helices, facesfor its function.
the C-terminal domains of the �DP and �TP subunits (Fig-
ure 1B). The helix-turn-helix (hth) motifs (Figure 1B) of

Results the � subunit C-terminal domains play an essential role
in the interaction with the � subunit. In the crystal struc-

Coupled Subunit Motions in the 120� ture, those of �DP and �TP are in van der Waals contact
Synthesis Step with each other within the � groove, while that of the �E

Overall Structure subunit is pushed outward by the � bulge.
The overall structure of the bovine mitochondrial F1- � Subunit Motion
ATPase is available from Abrahams et al. ([4]; see Figure Since the conformational changes of the � subunits in
1A). It consists of nine subunits referred to as �3�3���, the ATP synthesis cycle are “driven” by the � subunit,
has an approximately spherical domain about 100 Å we first describe its motions. We use the fractional time
across and 80 Å high, with a stalk that protrudes by (in percent) along the trajectory to order the events that
about 45 Å, and interacts with the membrane-bound Fo occur during the transition. The calculation time (be-
portion of the F1Fo-ATP synthase complex. The three � tween 250 ps and 1 ns) is much shorter than the actual
and three � subunits that form the spherical domain timescale (on the order of 250 �s for a 120� rotation in
are associated with each other like the segments of an hydrolysis [16]), but the correspondence of the results
orange. The � subunit consists of a left-handed �-helical obtained with simulations of different lengths (see Ex-
coiled coil formed by a shorter N-terminal helix and a perimental Procedures) provides support for identifying
longer C-terminal helix, which occupy a central hole in the dynamics that take place during the trajectory with
the �3�3 complex, and a more globular portion that forms the physical motions. The rotation of the � protrusion is
the � protrusion, which includes the lower part of the rather uniform up to about 90� (60% of the trajectory);
coiled coil. The � and � subunits are associated with the the remainder of the rotation occurs more slowly and is
� protrusion but are not in contact with the �3�3 portion essentially complete at 90% of the trajectory, with only
of the complex and do not play an important role in small adjustments after that. There is little “trembling”
the rotation studied here, though they are likely to be of the axis during the transition, indicating that the de-
involved in coupling to the Fo complex. The � and � scription of the � subunit motion as a rotation is mean-
subunits have similar folds, and each one can be divided ingful. Although the motions of the portions of the N- and
into an N-terminal � barrel domain, a central nucleotide C-terminal helices within the � protrusion are essentially

synchronized with it, the rotation of the coiled-coil por-binding domain, and a C-terminal helical domain. The



Structure
924

Figure 2. Structures from the Molecular Dy-
namics Trajectory Showing �E, �TP, �, �, and
� in Same Colors as in Figure 1A

Intitial structure (A); 150 ps (B); 300 ps (C);
350 ps (D); 425 ps (E); final structure (F).

tion that extends above the � protrusion lags behind change of the � subunits during the synthesis cycle.
That the coiled coil is flexible has been suggested fromsomewhat. It has rotated by about 80� at 80% of the

trajectory, and the top part of the C-terminal helix com- a comparison of X-ray structures [11]. A normal mode
analysis indicates that the lowest modes of the � subunitpletes its rotation at the end of the trajectory. The �

subunit rotation, as well as the conformational change involve a twisting/untwisting of the coiled coil, with the
� protrusion undergoing a small rocking motion (dataof �TP and �E during the trajectory, are visualized in Figure

2. During ATP synthesis, the rotation of the � subunit not shown).
�3�3 Subunit Motionsis driven by the translocation of protons through the

transmembrane segment, Fo. The observed lag and the At the start of the trajectory (see Figure 2), the � bulge
of the N-terminal helix is oriented directly toward �E;distortion of the coiled coil reflects the energetic barriers

that must be overcome in inducing the conformation after the 120� rotation, the � bulge is oriented toward
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Figure 3. Space-Filling View of Parts of �TP in Yellow and the Coiled Coil of the � Subunit, with the N-Terminal Helix and Its � Bulge in Magenta
and the C-Terminal Helix and its � Bend in Dark Purple

(A) Intermediate structure corresponding to Figure 2D showing the hth motif of �TP being “pushed out” by the � bend of the C-terminal helix.
(B) Final structure showing �TP in contact with the � bulge of the N-terminal helix; see text.

�TP. The downward and outward displacement of the weaker one with Asp250. During the dynamics, His177
moves outward, and it points away from these residueshth motif of �TP, which is located in the � groove at

the beginning of the trajectory, is initiated by the steric in the open state. Since Tyr180 is at the other end of
the turn formed by residues 177–180, the His177, Tyr180repulsion between the hth motif and the “� bend” (i.e.,

the curved C-terminal helix of the � subunit) in the middle interaction is expected to play a significant role in stabi-
lizing the closed form.of the trajectory (50%), when the � protrusion has rotated

by about 70�, and is completed near the end of the The inward motion of �E induced by the � subunit
rotation is somewhat more complex than the outwardrotation cycle (90%), when the hth motif is in contact

with the � bulge (Figure 3). Throughout the transition, motion of �TP just described. The initial position of �E is
constrained by the steric (van der Waals) interactionsthe hth motif is guided by its interactions with the ionic

track (see below). The motion of the hth motif leads to between its hth motif and the � bulge. As the � subunit
rotates and the � bulge passes by the hth motif (nearthe displacement of the entire C-terminal domain of �TP

and is coupled to the conformational change in the cen- 40%), the latter is distorted by it. The hth motif then
assumes a less distorted structure and starts to betral domain; e.g., the breaking of the hydrogen bonds

between � strands 7 and 3, which opens the nucleotide pulled into the � groove, mainly by electrostatic interac-
tions (see below). This causes an upward motion of thebinding site. The lower portion of the central domain

and the C-terminal domain move approximately as a rest of the C-terminal domain and leads to the closing
of the nucleotide binding site with restructuring of theunit, although there are also significant internal motions

during the transition. As pointed out by Masaike et al. � sheet by hydrogen bond formation between strands
3 and 7 in the central domain; this occurs slightly later[17], the largest main chain dihedral angle changes in-

volve three “hinge” residues, His177, Gly178, and (60%). As was found for �TP, the relative motions of �E

and the � subunit are guided by the ionic track on theGly179. However, there are many smaller changes in the
region around the hinge, indicating that the opening protrusion of the latter (see below). The motion of �E

involves both repulsive and attractive interactions withtransition is more like a relatively localized elastic body
motion. Examples are the deformation of the B helix the coiled coil of the � subunit; i.e., steric repulsion with

the � subunit first prevents entrance into the groove,during the dynamics, which results in an extra turn in
�E relative to �TP, and the rearrangements in a loop (resi- but, once the � bulge has passed, attractive ionic inter-

actions pull the hth motif inward in the simulation. Thisdues 119–134) connecting the two parts of the central
domain; the structures sampled during the dynamics occurs spontaneously, as shown by the BMD simulation

(see below). By the choice of the occupation of theinvolve motions not evident from an interpolation be-
tween the end structures. The result of Masaike et al. � subunit nucleotide binding sites, in accord with the

endstate (i.e., that which occurs after the 120� rotation),[17], that mutating two hinge residues, Gly178 and
Gly179, to Ala had only a small effect on the hydrolysis the contributions of the ligands to the conformation

change are included implicitly, i.e., the empty �TP-sitereaction, indicates the complexity of the motion. Only
when His177 was also mutated to Ala was essentially opens, while the ADP-containing �E-site is induced to

close.complete inhibition achieved. The latter mutation is not
likely to contribute sterically to preventing the conforma- Previously, it has not been possible to infer anything

concerning the motions of the � subunits because theytion change. As can be seen from the crystal structure,
His177 in the closed state (�TP) forms a strong hydrogen are very similar in the crystal structures (e.g., Abrahams

et al. [4]). They remain in the closed form, in accord withbond with the main chain carbonyl of Tyr180 and a
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the experimental observation that the � subunits do main chains, the interactions between the subunits that
not exchange ATP or its analogs on the timescale of produce these changes arise primarily from the side
catalysis [1]. A major reason for the small motion of the chains, although the main chain also contributes. The
� subunits is that their tertiary structure is different from large conformation changes of the �E and �TP subunits
those of �TP and �DP (see Figure 1D). Although the N-ter- during the rotation cycle are initiated by interactions of
minal and much of the central domains of the � and � their hth motifs with the central � subunit, although other
subunit are essentially superposable in the X-ray struc- parts of the � subunits are also involved. The major
ture, the C-terminal domain of the � subunits is oriented contributions come from steric repulsions due to van
such that its hth motif is further away from the � subunit der Waals terms and electrostatic attractions between
than are the hth motifs of �TP and �DP. This is due, in the side chains and the main chain of certain residues;
part, to the fact that helix 1 of the hth motif in the � van der Waals attractions play a smaller role. Figure
subunits is shorter than the corresponding helix in the 4 shows a space-filling model to illustrate the steric
� subunits. Thus, as shown in the simulation, the � bulge interactions between the � bulge and � bend and the
can pass without a major collision with the � subunits. hth motifs of the � subunits.
Nevertheless, the � subunits do undergo transient dis- A striking observation from the calculated rotational
tortions. The �DP subunit has some distortion of the hth transition concerns the electrostatic interactions be-
motif during the transition, first due to repulsions from tween the � and � subunits (Figures 4 and 5). They are
the � protrusion and then at about 80% completion due found to mediate the coupled motion of the � subunit
to interactions with the C-terminal helix of the � subunit, and the three � subunits, as presaged in the “catch”
which ends up in contact with the hth motif. �TP initially residues proposed by Abrahams et al. [4]. The � subunit
interacts with the C-terminal helix of the � subunit; at has a large number of positive side chains (16 Arg and
about 80%, the C-terminal helix has moved past, and 22 Lys), which are distributed in two distinct regions.
the hth motif assumes its undistorted form, which is Most of them are on the upper surface of the � protru-
again disturbed slightly as the � bulge passes by. �E sion, including the lower part of the coiled coil, and the
interacts with neither of the coiled-coil helices of the � others are on the upper parts of the coiled coil. Figures
subunit; instead, the hth motif collides with the � protru- 4A and 4B show the distribution of the positively charged
sion during the rotation and is pushed slightly upward side chains on the � protrusion. These positive side
by it. chains form an ionic track that interacts with negatively

The interactions (steric and electrostatic) of the rotat-
charged side chains (Glu and Asp) located on the �

ing � subunit with the �3�3 complex provide the major
subunits. A schematic “road map” of the interactions

driving force in the synthase cycle; nevertheless, it is
that occur during the 120� rotation between the ionicalso of interest to examine the interactions among the
track and the negatively charged side chains of the hth

� and � subunits. The only significant contact between
motif is given in Figure 5. The figure is drawn as viewedidentical subunits is that between �TP and �DP in the initial
from the top and shows that the positive amino acidsstate and that between �DP and �E in the final state.
form an essentially continuous “track” around the upperWhen the hth motif of the �E subunit moves inward, it
surface of the � protrusion. As the � subunit rotates, theestablishes a stabilizing van der Waals contact with the
negative side chains on the hth motif of the � subunitshth motif of the �DP subunit and, at the same time, the
make sequential ionic contacts with some of the positivecorresponding contacts between �TP and �DP are broken;
side chains along the track. For example, Asp394 andthe calculated interaction energy between the two sub-
Glu395 of the DELSEED loop in the hth motif of the �Eunits in contact is about 3 kcal/mol. During this process,
subunit, which are initially in contact with Arg36 of thethe �DP subunit undergoes only a small structural
� subunit, step along the ionic track and, after movingchange. There are no contacts between any pair of �
nearly 38 Å during the 120� rotation, engage with Arg228subunits during the transition, including the endpoint
and Lys11 in the � groove. Asp394 and Glu395 sequen-structures. However, there are significant interactions
tially contact Arg33, Lys30, and Arg134 along the track.between individual � and � subunits, and the � subunits
Correspondingly, Asp394, Glu395, and Glu398 in the hthcontribute to forming the � subunit active sites [4]. From
motif of the �TP subunit, which are in contact with Lys87the simulation, the � subunits are important not only for
and Lys90 of the � protrusion at the beginning (the “sec-the structural integrity of the F1 complex (they act as
ond catch” noted by Abrahams et al. [4]), step alongspacers between the � subunits) but also for positioning
the other side of the track (containing Lys172, Arg166,of the � subunits, such that they undergo the required
Arg164, Arg42, and Lys39) and finally engage with Arg36.conformational changes in response to the rotation of
Asp394 and Glu395 of the �DP subunit start in contactthe � subunit. The contacts between the various � and
with Arg75, Arg133, and Arg228 in the � groove and end� subunits differ somewhat. �DP and �DP are in close van
up interacting with Lys87 and Lys90. The essentiallyder Waals contact, with �DP quite far from the � subunit,
continuous electrostatic track on the � protrusion (Fig-and both �DP and �DP move very little during the transi-
ure 5) provides a low-energy pathway for the negativelytion. The contacts between the �TP and �TP subunits are
charged hth motifs of the � subunits, which “glide”less extensive, while the �E and �E subunits are in contact
smoothly from their initial to their final positions. In addi-only through the N-terminal domains and the upper re-
tion to the ionic track side chain-side chain interactions,gion of the nucleotide binding domains.
other electrostatic interactions and some nonpolar
contacts also play a role. For example, main chain car-The Interactions Contributing
bonyls in the residues (Ala389–Gly392) adjacent to theto the Rotational Transition
DELSEED motif were found to interact strongly withAlthough the major structural changes during the ATP

synthase cycle can be described by reference to the Arg33 and Arg36 of the � protrusion in the early stages
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Figure 4. Stereoviews Showing Ionic Interactions between � Subunit in Magenta and � Subunits in Yellow

(A) Initial structure showing �E and �TP with negatively charged side chains on their hth motifs and positively charged side chains on the �

protrusion in stick form.
(B) Initial structure showing �DP, �E, and the � protrusion with charged side chains, rotated by about 120� with respect to (A) to show side
chains on the other side of the � protrusion.
(C) Positively charged side chains on � coiled coil interacting with negatively charged side chains on �E and �TP.

of the simulation, then with Lys30, and finally with Arg75, which showed that the rotation induced by hydrolysis
was only slightly affected when all five charged residuesLys129, and Arg133. The contribution from main chain

atoms is consistent with mutation experiments [18], in the highly conserved DELSEED motif were mutated
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Figure 5. Schematic View of the Ionic Track
Corresponding to Figures 4A and 4B

to alanine, although the catalytic activity was reduced by the �DP subunit make electrostatic contacts with the
coiled coil exclusively near the tip of the N-terminal30%. The role of the electrostatic interactions in closing

motion of �E was confirmed by a BMD simulation, in helix (e.g., Thr2 and Lys4). A cyclic swapping sequence,
similar to that involving the ionic track on the � protru-which the � subunits were subjected to no constraints

(see Experimental Procedures). It was found in the BMD sion, takes place when the � subunit rotates. The
DELSEED region of the �E subunit form new interactionssimulations that the �E subunit with ADP bound moves

spontaneously into its � groove position, accompanied with the region around Ser 22 of the � subunit as the
latter rotates; as a result, the stabilizing interaction en-by reformation of the hydrogen bonds between strands

3 and 7 of the � sheet and closing of the binding site. ergy between the two subunits increases substantially
in the second half of the rotation. This causes the hthThis also indicates that the “intrinsic” timescale of the

closing of the �E subunit with bound ADP is in nanosec- motif of the �E subunit to move upward toward the
closed conformation. The resulting conformation is fur-onds, although the motion is expected to occur more

slowly during the actual rotation cycle, since it is con- ther stabilized in the final stage of the � rotation by the
interaction between Arg70 of �E and the main chain oftrolled by the rotation of the � subunit, which is on a

submillisecond timescale. By contrast, the �TP subunit Gly71 of the � subunit. Throughout the rotation, the
central domain of the �E subunit interacts strongly within the BMD simulation was distorted after the 120� rota-

tion of the � subunit, as a result of repulsive interactions the � coiled coil by electrostatic terms between Asp315,
316, and 319 in the former and Asn251, Arg254, andwith the latter, but it did not reach the crystallographic

end structure. Whether this is an artifact of the sim- Gln255 in the latter. The final conformation is further
stabilized by the newly formed interaction between theulation or whether it indicates that slower motions are

involved requires further studies. It does make clear, N-terminal helix of the coiled coil (e.g., Thr2, Lys4, Arg9,
and the main chains of Leu3) and Asp315, Asp352, andhowever, the importance of the TMD simulations for

determining the complete path between the crystallo- Gln378 in the central domain of �E. The � subunits also
have complementary electrostatic interactions, but theygraphic endstates on the timescale accessible to the

simulation. appear to be less important than those of the � subunits
because of the small motions involved.Figure 4C shows a side view of the distribution of the

electrostatic interactions along the coiled coil of the �
subunit. There are two main regions of the �E and �TP Discussion
subunits that have electrostatic contacts with the central
coiled coil. One involves the hth motif (lower region in The molecular dynamics simulation of the 120� rotation

step, which is the basic element in the functional cycleFigure 4C) already discussed, and the other is a loop
(residues Tyr311–Asp319) near the nucleotide binding of F1-ATPase, provides new insights concerning its

mechanism. The central stalk made up of the �, �, andsite (middle region in Figure 4C; see also Abrahams et al.
[4]; it is the loop between strand 7 and helix 6 in their � subunits rotates by 120�; the spherical domain com-

posed of the interleaved � and � subunits does notFigure 2D). The corresponding negative side chains on
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rotate during the simulation, but two of the � subunits analysis) and the force required to produce the confor-
mational changes in the � subunits. The interactionsundergo major conformational changes. The 120� rota-

tion of the � subunit in the direction of ATP synthesis involved are a combination of steric repulsions and elec-
trostatic attractions. The �E subunit is initially in the openresults in the subunit structural “interchanges” �TP → �E,

�E → �DP, and �DP → �TP, with corresponding interchanges conformation in contact with the � bulge and moves
inward into the � groove as soon as the � bulge hasin the � subunits. The N-terminal domains and top part

of the central domains of the � and � subunits are in passed. This motion occurs essentially without a time
lag during the BMD simulation, which applies a forcecontact and act to stabilize the assembly, but there is

relatively little motion in this part of the molecule during only on the � subunit. The motion of the �E subunit
involves interactions with the bound ADP ligand and thethe transition, in accord with the 6-fold pseudosymmetry

observed in the X-ray structures. The � subunits un- attractive interactions between the positive side chains
of the � subunit and the negative side chains of the hthdergo small but significant displacements (quaternary

structural changes) in addition to the more important motif; main chain carbonyls of the latter also play a role.
The attraction between positive side chains in the middleinternal structural alterations (tertiary structural changes),

e.g., the �TP subunit moves downward and rotates out- of the � coiled coil and an upper negatively charged
loop of �E contribute to the closing of the binding site,ward in response to the rotation of the � subunit. It is

evident from a normal mode analysis, as is the case in which is initiated by the motion of the hth motif. The
final position of �E is slightly stabilized by the newlyGroEL [19], that the subunits are constructed such that

the observed changes correspond to low-frequency formed �E, �DP attractive van der Waals contact. The
outward motion of �TP, which is originally in the � groove,modes (Q.C. et al., unpublished data).

The rotation of the � subunit, engendered by the pro- is initiated by repulsive interactions when the � bend of
the C-terminal helix collides with the hth motif. This iston flux through Fo (the intrinsic membrane domain of the

F1Fo-ATP synthase complex) drives the conformational reinforced by the � bulge of the N-terminal helix, which
comes in contact with the hth motif of �TP somewhatchanges in the F1 portion. The � protrusion is shown by

the molecular dynamics trajectory to be a key element later in the trajectory. Throughout the conformational
transition, the C-terminal subunit of �TP is guided by itsin the mechanism and makes two highly important con-

tributions to the conformational transition. The first is interactions with the ionic track of the � protrusion. �DP

moves very little during the transition; it remains in thethat its rotation induces that of the two-helix coiled coil
making up the stalk of the � subunit in the center of the � groove and exchanges its initial van der Waals contact

with �TP with an equivalent contact to �E, which has�3�3 assembly. The interactions of the coiled coil with
the � subunits, primarily the hth motif in the C-terminal replaced �TP in the � groove. The � subunits undergo

only small distortions during the transition because theirdomain and a loop in the central domain, play an essen-
tial role in driving the conformation change. A second hth motifs are positioned further from the � subunit.

F1-ATPase emerges from the analysis based on theaspect is that the large number of positively charged
Lys and Arg side chains on the � protrusion form an ionic molecular dynamics trajectory as a finely tuned machine

with steric repulsions and electrostatic attractions de-track, which acts to guide the conformational changes of
the C-terminal domains of the � subunits, particularly signed to yield the conformational changes required for

its function. The simulation has elucidated the sequencetheir hth motifs.
It is interesting to speculate whether the ionic track of events that occur and the nature of the interactions

involved. The rotation of the � protrusion proceedsplays an equally important role for other F1-ATPases
whose sequences are known but for which no structures smoothly and steadily in the simulation. Overall, the

large conformational changes of the �TP and �E subunitsare available. The alignment of 31 sequences, which is
approximate because the sequence conservation of the are approximately simultaneous. It has been suggested

that the rotation is likely to have a significant “stochas-� subunit is low between residues 50–200, shows that
six of the Lys and Arg in Figure 5 are highly conserved tic” element when it is driven by the proton-motive force

engendered by the Fo complex and that a “thermal(in 23 or more out of the 31 sequences); they are Lys
30, Arg 33, Arg 42, Arg 75, Lys 87, and Arg 228. Most ratchet” mechanism is involved [20]. This would result

in the response of the F1-ATPase complex having a moreof the other residues show a conservation of about 30%.
In the mitochondrial case studied here, the ionic track diffusive character than that found in the trajectory. If

the motion of the � subunit due to Fo is globally unidirec-interactions during the rotation involved at least one
highly conserved residue and some less well-conserved tional, the subunits are expected to alter their conforma-

tions during ATP synthesis in essential accord with theresidues in each of the regions (see Figure 5). This sug-
gests that not all charged residues are essential for sequence obtained in the trajectory.

The present simulation was performed in the directionforming a functional ionic track. However, since bacte-
rial � subunits can have only a very small number of ionic of ATP synthesis. In this process, the driving force for

the rotation of the � subunit is provided by the Fo com-side chains in the track region, an alternative mechanism
may be operative. A full analysis will have to wait until plex, and the response of the surrounding � and � sub-

units are determined by the motion of the � subunit. It isstructural information becomes available.
The trajectory provides a detailed picture of the dy- likely that, in the direction of ATP hydrolysis, the overall

behavior of the subunits would be similar (in reverse)namics of the transition during the basic 120� cycle. The
rotation of the helices in the coiled coil lags slightly but that the microscopic details of the conformational

changes may not be identical, given that the drivingbehind that of the � protrusion, due to the intrinsic flexi-
bility of the former (as deduced from a normal mode forces in the two processes are different. Specifically,
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were modeled as follows: �DP had an ATP molecule bound, �TP wasin the ATP hydrolysis mode, the source of the conforma-
empty, and �E had an ADP molecule bound; the nucleotides in thetional change in the � subunits, which induces the rota-
catalytic sites of the � subunits mimic those expected at the endtion of the � subunit, is thought to be the release of ATP,
of the 120� rotation step in the synthesis direction to facilitate the

which results in a two-step rotation (90� plus 30�) [16]; transition. The target conformation was obtained by first introducing
this is not apparent in the present trajectory. Examina- an intermediate structure in which the labels correspond to the identi-

ties of the three � and three � subunits after the 120� rotation (i.e.,tion of the behavior in the ATP hydrolysis mode and of
�E ← �DP, �DP ← �TP, �TP ← �E, �E ← �DP, �DP ← �TP, and �TP ← �E).the role of the conformational change in catalysis is left
Given this subunit identification, the entire complex in the intermedi-for subsequent studies. An analysis will be made of
ate structure was superposed on the initial conformation based onthe changes in ligand binding during the transition. Of
a backbone least-square fit of the three � subunits. This assumes

interest in this regard is the recently determined “inter- that the three � subunits do not undergo significant conformational
mediate” structure with ligands in all three catalytic changes during a complete ATP synthesis step, which is consistent

with the X-ray structure. The resulting structure has the �, �, and �sites [11].
subunits rotated by 120� and the three � and three � subunits in
nearly the same physical position, but with altered conformations.Biological Implications
No constraints were imposed during the simulation other than the
standard TMD constraint connecting the two end structures [13],

F1Fo-ATP synthase, found in eubacteria, chloroplasts, i.e., no portions of molecule were artificially anchored in space, and
and mitochondria, is responsible for most of the ATP the TMD force was applied to the entire �3�3��� complex, but the

water molecules and all ligands, including the Mg2� ions, were freesynthesis in living systems. An understanding of the
to move without any constraints.function of this large multisubunit molecular machine

The CHARMM all-atom protein potential energy function [24] wasis essential for knowing how ATP, the major energy
used to calculate the TMD trajectory. The length of all the bonds

currency of life, is synthesized in the cell. F1Fo-ATP syn- that involve hydrogen atoms were kept constant by the SHAKE
thase functions as a 2-fold rotary motor in ATP synthe- algorithm [25]. A modified TIP3P potential [26, 27] was used for

water molecules. A total of 603 water molecules taken from thesis. The membrane-bound (Fo) portion rotates due to a
waters in the X-ray structure (1BMF) were kept, and the nucleotides,transmembrane proton-motive force generated by pho-
both ATP and ADP, have their corresponding Mg2� ions included.tosynthesis or respiration. The rotation of Fo induces a

Limiting the number of water molecules in the system, relative
rotation of the central � subunit of the F1-ATPase, the to full solvation, is a significant approximation but decreases the
globular structure outside the membrane. The molecular required computer time by more than two orders of magnitude, an
dynamics simulation of F1-ATPase reported here dem- important element in making multiple simulations for such large

systems [22]. It has been shown that the physical properties of theonstrates how the rotation of the � subunit induces the
system can be preserved by screening the charged groups andopening and closing motions of the catalytic � subunits.
introducing a distance-dependent dielectric constant [28–30]. ForThe motions control the synthesis and release of newly
the present analysis of the structural changes during the rotation

formed ATP. The resulting trajectory provides a detailed cycles, a simple scaling of all the charged groups by a factor of 0.3
view of the dynamics of the rotation. Of particular inter- was used [29]. This model leads to a salt bridge strength in the

range from 1 to 3 kcal/mol, in accord with the results of molecularest is the demonstration that there exists an ionic track
dynamics simulations with full account of aqueous solvation [31],that guides the motion of the � subunits during the
as well as mutation experiments involving charged groups [32]. Suchrotational transition. The calculations provide a struc-
scaling is essential for the present problem because of the important

tural and energetic basis for the different positions (open role of salt bridges in the mechanism. The system was equilibrated
and closed) of the � subunits in the X-ray structure for 50 ps, prior to initiating the TMD trajectory. A time step of 2 fs
during the rotation cycle. The molecular dynamics simu- was used for the dynamics with the leapfrog integration scheme

[33], and the temperature was 300 K. Coordinates were saved everylations reported here represent a first step in a unified
0.4 ps. The initial rms difference between two structures was 10.7 Å,description of F1-ATPase. Future work will focus on the
and the TMD trajectory was completed in 500 ps. This resulted indetails of ATP synthesis and the release of ATP as a
a trajectory consisting of 1250 coordinate sets, which were used

result of the subunit conformational change. for analysis. The observed motions during the transition are smooth,
suggesting that there are no high barriers whose presence leads to

Experimental Procedures distortion of the trajectory due to its short timescale. Moreover,
comparison with the other TMD simulation, in which the transition

The targeted molecular dynamics method [13], implemented in the occurred during 250 ps, and the BMD simulation, which is 1 ns in
CHARMM program [21], was employed to simulate the conforma- length (see below), showed very similar results (with the exception
tional transition of the F1-ATPase. The approach is similar to that of the �TP subunit behavior; see text), indicating that the simulation
used in a corresponding study of the molecular chaperonin GroEL time is sufficiently long for a meaningful analysis. However, we can-
[22], another ATP-driven molecular motor complex [23]. not exclude that some of the distortions observed in the coiled coil

This method uses a standard molecular mechanics potential en- (see above) are a consequence of the short timescale, though they
ergy function with solvent screening together with a time-dependent are likely to be real, given the interactions involved. Results on the use
force, which is determined at each time step by the difference be- of similar short time simulations for the conformational change in GroEL
tween the conformation of the moving structure and the target struc- [22] have been confirmed by experiment [34–36], as they have for
ture [13, 22]. The F1-ATPase complex used in the simulations con- protein unfolding simulations on a corresponding timescale [37].
sisted of three �, three �, one �, one � and one � subunit. It was In addition to the TMD simulation, a biased molecular dynamics
constructed using two published crystal structures. The coordinates simulation (BMD) [14] of 1 ns with a 1 fs time step was performed
of the three � and the three � subunits were taken from the F1- with the CHARMM program [21]. In the trajectory, the bias was
ATPase of bovine heart mitochondria [4] (Protein Data Bank code applied only to the � subunit, and the � and � subunits were allowed
1BMF), and the coordinates of the �, �, and � subunits were taken to respond without constraints. Normal mode calculations were
from Gibbons et al. [15] (Protein Data Bank code 1E79). The full made following standard methods with the VIBRAN module in the
complex was constructed by superimposing the central coiled-coil CHARMM program [21, 38]. Results from these simulations are in-
portion of the � subunit resolved in both crystal structures; the RMS cluded where appropriate. The TMD simulation of 500 ps for the
difference between the two is 0.8 Å for the main chain. All three � 120� rotation cycle required about 240 cpu hours on a single-proces-

sor SGI Indigo.subunits were modeled with ATP bound, and the three � subunits
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