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ABSTRACT: F,-ATPase is an ATP-driven rotary motor en-
zyme. The 3 subunit changes its conformation from an open to
a closed form upon ATP binding. The motion in the 3 subunit is
regarded as a major driving force for rotation of the central stalk.
In this Article, we explore the conformational change of the 3
subunit using all-atom free energy simulations with explicit
solvent and propose a detailed mechanism for the conforma-
tional change. The 3 subunit conformational change is accom-
plished roughly in two characteristic steps: changing of the
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hydrogen-bond network around ATP and the dynamic movement of the C-terminal domain via sliding of the B-helix. The details of
the former step agree well with experimental data. In the latter step, sliding of the B-helix enhances the hydrophobic stabilization due
to the exclusion of water molecules from the interface and improved packing in the hydrophobic core. This step contributes to a
decrease in free energy, leading to the generation of torque in the F;-ATPase upon ATP binding.

B INTRODUCTION

F,F,-ATP synthase produces adenosine triphosphate (ATP),
the high-energy compound used as biological energy for all living
organisms.' '’ F,F;-ATP synthase is a molecular rotary motor
found in biological membranes. In mitochondrial F,F;-ATP
synthase, the water-insoluble F, moiety is embedded in the inner
membrane and is composed of three subunits (a—c), whereas the
water-soluble F; part of ATP synthase protrudes into the matrix
space and is composed of five subunits (ct—¢). ATP synthesis/
hydrolysis via rotation of the y subunit in the F; moiety is
coupled to an electrochemical diffusion gradient across F,.""

Because the F; moiety (F;-ATPase) is water-soluble and
03By is the minimum catalytic unit for hydrolysis,">"> F;-
ATPase has been more extensively studied by crystallography
and by single molecule experiments than the F, moiety.”"* '*
The three-dimensional structure of F;-ATPase was determined
for the first time in 1994." The 0,3; hexamer is arranged
hexagonally around the central stalk, that is, the y-subunit. Only
the 3 subunits are catalytically active. The 3 subunits in the
majority of crystal structures are in three different states: two
closed (fpp and f-rp) states and one open (f3g) state. Rotation of
the  subunit has been observed directly using single molecule
fluorescent microscopy.zo’21

ATP hydrolysis occurs in the 3 subunit with the 120° rotation of
the y subunit,'®** which can be divided into 80° and 40°
substeps.'”'® An 80° rotation in the y subunit is induced by a
conformational change from the open to the closed state in the 3
subunit upon ATP binding** Upon structural transition from the
open to closed form of the g subunit, its long 0t-helix-turn-ot-helix
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pushes the bulge of the y subunit, leading to stalk rotation.
Therefore, the structural transition of the 3 subunit via ATP binding
is regarded as the major driving force for rotation of the y-subunit.
To elucidate the molecular mechanism of the “engine” of the
molecular motor, the conformational change of the 3 subunit has
been a tantalizing subject of study in F;-ATPase.”*”*’

There have been experimental studies on the conformational
change of the 3 subunit. Using NMR and mutagenesis, Yagi et al.
elucidated that the switching of the hydrogen-bonding partner of
Asp256 from Lys162 to Thr163 (the residue numbering is based
on bovine mitochondrial F;-ATPase) at the nucleotide-binding
site and formation of the [33/7 sheet are essential for the
structural change from the open to closed state (Figure 1)
Furthermore, Masaike et al. identified hinge residues for the
structural conversion.”® We also studied the isolated g subunit
by theoretical means, using molecular dynamics (MD) simula-
tions. Even in the nucleotide-free state, principal component
analysis (PCA) showed that motions in low-frequency modes
were well correlated with the structural transition from the open
to closed conformation, suggesting that flexibility in the direction
of the structural transition is an intrinsic structural feature for the
Be subunit.”® However, the observed flexibility was only at the
backbone level. Moreover, the intensity of the fluctuation was
insufficient to attain the fully closed conformation. As suggested
by NMR, detailed conformational changes in both the main and
the side chains (e.g., exchanges of hydrogen-bonding partners)
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Figure 1. Isolated /3 subunits in the open (fg) and closed states (Brp) taken from a crystal structure (PDB code: 2JDI) (A). Angle O represents the
structural transition S —fp,pp. The definition of the angle measured between the axis connecting the center of mass of the N- and C-terminal domains
and the axes of a helix (Glu399—Lys409) is taken from an NMR study.*® Colored parts show key regions for the conformational change. Pink, blue,
green, and orange indicate the 0B-helix and 36 strand, the 33/[37 sheet, binding residues for the y phosphate of ATP, and the 34 strand and hinge,28

wx»

respectively. Enlarged views (B—D).

indicates essential residues for the open/closed conversion, identified by NMR.>’

should be relevant to the entire mechanism of the structural
conversion between the open and closed forms in the 3 subunit.

In terms of the temporal and spatial scale, such an open-closed
conformational change is too broad to simulate directly using
equilibrium all-atom MD simulations. Therefore, as an alterna-
tive method to bridge sampling between the open and closed
states, we adopted a combination®”*" of nudged elastic band
(NEB)**** and umbrella sampling MD simulations™* to calculate
the potential of mean force (PMF),>® where the difference in
root-mean-square deviation from the open (3;) and closed states
(Brp) (ADypsq) of the 3 subunit is chosen as the reaction
coordinate.***?%*” The PMF can provide the behavior of the
system between the open and closed forms with free energy
variation along the reaction coordinate. In this Article, we

propose the entire mechanism of the conformational change in
the 3 subunit. This information fills the gaps in the experimental
data and provides a clue as to how the structural change
associated with ATP binding contributes to the generation of
torque.

B METHODS

Computational Methods. A pair of free energy profiles for ATP-
bound and -unbound states was calculated. We first generated two initial
paths, with and without ATP, between the open and closed states of the
monomeric 3 subunit using the NEB method®*** implemented in
CHARMM.*® The NEB method can be used to find a minimum energy
path between two given reference structures. Subsequently, each
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configuration along the path undergoes umbrella sampling®* MD
simulations with restraints on the AD,, ;4 order parameter. The AD,,,,q
reaction coordinate has successfully provided functionally important
information such as side-chain conformational changes that cause an
overall structural transition.>*3!3¢37 Next, the free energy surface along
the AD,,sq order parameter from a series of the umbrella sampling
simulations was calculated using a weighted histogram analysis method
(WHAM).¥

Reference Structures. Inboth paths with and without ATP, the E
(Be) and F chain (Brp) subunits in the crystal structure (PDB code:
2JDI)* were used for the two end-points for the open and closed states,
respectively. In the path with ATP, both the open and the closed
structures bound to ATP were required as reference structures. Al-
though the S1p subunit could be used for the reference structure of the
closed state, the crystal structure of the open 3 subunit with ATP is not
available. Therefore, we modeled this structure using the following
procedure. The f1p subunit was superimposed onto the Sg subunit,
where the fit was carried out over the C-terminal domain, and the
coordinates of ATP bound in the p subunit were transplanted into the
P subunit. This process creates a model where the S subunit is bound
to ATP in the adenine-binding pocket. Because an NMR study”” has
shown that mutant monomer /3 subunits can bind to nucleotide at the
adenine-binding pocket even in the open conformation, the modeled
structure is plausible as the reference structure for the open 3 subunit
with ATP. In the path without ATP, the S and S1p subunits were used
as templates for the open and closed reference structures, respectively.
For the closed structure, the ATP molecule was simply removed from
the Sp subunit.

Initial Path. Forty-one initial structures, including the end-point
states, were generated via linear interpolation between the open and
closed reference structures for each path (with and without ATP). This
initial path was minimized using the steepest descent (SD) method.
Subsequently, NEB by using the adopted basis Newton—Raphson
(ABNR) minimization was used until convergence. The details for the
SD and NEB method have been described by Arora et al.*°

Umbrella Sampling Simulations. The 41 initial structures
along the ATP-bound/-unbound paths were subjected to umbrella
sampling MD simulations with the restraint w; on the AD,p.q order
para.meter.36 w; = Kimsa(ADjmsa — AD,in)%, where AD,;, is the value
around which AD,,, is restrained, and K4 is a force constant. The
AD,sq order parameter is the difference in the rmsd values of each
intermediate structure from the reference open and closed states. It is
given by the following: AD, e = rmsd(Xt,Xopen) — rmsd(XeXdosed)s
where X is the instantaneous structure during the simulation, and X, pen
and X oseq are the two references, the open and closed isolated 3
subunits, respectively. Recently, AD,,sq has been used as an order
parameter successfully to characterize transition pathways between two
structures in various proteins and DNA.3*3"3¢37 The advantage of using
the AD,,sq restraint is described by Banavali et al.3® The 41 structures
obtained from the NEB path optimization cover an rmsd range of 7.0 A
(the AD, g value from —3.5 to 3.5 A). The structures were separated by
an interval of 0.2 A in the AD,y order parameter space. These 41
structures formed 41 windows for umbrella sampling runs.

In each window, the structure was solvated in a box of water and
neutralized with counterions (Na™ and CI ™). The total number of atoms
was 73 618 for the ATP-bound state and 72 399 for the ATP-free state,
including 66 333 (bound) and 65 160 (unbound) atoms for the water
molecules and 120 (bound) and 118 (unbound) atoms for the coun-
terions. The initial distance between periodic images of the protein was
28.0 A. After minimization of the initial structure in each window for 500
steps using SD, heating from 1 to 300 K was performed with harmonic
constraints of 1.2 kcal/mol on the non-hydrogen atoms of the solute
(total 3563 (bound) and 3531 (unbound) atoms) under NVT ensemble
conditions. The system was then equilibrated for 100 ps with harmonic

constraints of 1.0 kcal/mol on the non-hydrogen atoms under NPT
ensemble (300 K and 1 atom) conditions. Subsequently, the rmsd force
constant, K,,,s4, was gradually reduced from 3600 to 100 kcal/mol over a
period of 0.5 ns in the NVT MD simulation. After equilibration,
sampling simulations were performed for 1.0 ns, where the structures
were simulated with a weak one-dimensional AD,,, .4 restraint of 100
kcal/mol/A% on the heavy atoms of the solute using NVT MD
simulations.

All umbrella sampling simulations were carried out with the MD
program MARBLE,*' using CHARMM?22/CMAP** for protein and
TIP3* for water as force field parameters. Electrostatic calculations were
performed using the particle mesh Ewald method with periodic bound-
ary conditions.* The Lennard-Jones potential was truncated at 10 A. In
this study, the symplectic integrator for rigid bodies was used for
constraints of the bond lengths and angles involving hydrogen atoms.*’
The time step used was 2.0 fs.

After all sampling simulations, the biased distribution along the
reaction coordinate was checked. At a few points of the AD,,,,4 reaction
coordinate, the distribution overlap between adjacent windows was
insufficient to explore the free energy surface; therefore, additional
windows were appended. Those initial structures were generated via
NEB using the neighbors.

Free Energy Calculation. The potential of mean force (PMF)
along the AD,,,sq reaction coordinate was calculated by using WHAM*
from a set of 1 ns umbrella sampling windows. The 2D free energy
profiles along other additional parameters (e.g., the rmsd for a local
structure, the distance between two atoms, and an angle between two
domains) were obtained from the same trajectories of the 1D umbrella
sampling without additional biased samplings. Even this level of the
calculation can provide local structural behaviors (i.e., other parameters)
along with the whole structural transition (ie., the AD,yq reaction
coordinate). 33637

B RESULTS

The Conformational Change of the £ Subunit with
ATP. Figure 2A shows the free energy profile associated with
the conformational transition pathway of the isolated 5 subunit
with ATP along the AD, .4 reaction coordinate. Shallow and
deep free energy basins separated by an energy barrier exist in the
open (AD,peq = —2.0 to —1.0 A) and closed state (1.0—2.0 A),
respectively. This landscape indicates that ATP binding in the
open f3 subunit is favorable to some extent, and the resulting
intermediate, that is, the open [ subunit bound to ATP, is
transiently stable. The structural change from this intermediate
to the closed state requires surmounting the energy barrier.
Because the two minima (AD,,,,q = ~ —2.0 and ~ —1.0 A) in
the open state are separated only by a low energy barrier, they
may not convincingly correspond to two different states.
(Figure 2A). However, in this Article for convenience of the
explanation of the structural change, the two minima are referred
to as minima i and ii, respectively.

To obtain a more detailed mechanism of the conformational
change for the ATP-bound pathway, the 2D free energy surfaces
along the AD,,,iq order parameter with respect to various local
structure changes were computed (Figure 3A—F). Regarding the
2D free energy maps of rmsd for various local structures, the
rmsd values are calculated from the closed structure to show how
the local conformations change toward the closed form along
with the AD,,,,q order parameter. As well as the residues that
have been identified as critical for ATPase activity and the
subunit conformational change,27’28 other residues were investi-
gated comprehensively by monitoring their rmsd values and the
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Figure 2. Free energy profiles associated with the conformational
transitions of the isolated 3 subunit. The one-dimensional energy profile
along the AD,q reaction coordinate in the ATP-bound (A) and -
unbound pathway (B). The error bars represent the standard error of the
mean energy values determined from the trajectory divided into three
phases. In the ATP-bound pathway (A), arrows indicate minima i, ii, and
iii. The main barrier between minima ii and iii is divided into uphill (1)
and downhill (2). The AD,,iq value of the open (fg) and closed forms
(Brp) in the 2JDI crystal structure is —3.92 and 3.92, respectively.

inter-residue distances. The results are classified along the
AD,,sq order parameter. The series of the mechanisms in this
pathway are depicted in the order from the open to closed
structure in Figure 4.

In the first stage of the stepwise conformational change (from
the open state to minimum i in Figure 2A), the rmsd for the non-
hydrogen atoms of Glu188, Arg189, the  phosphate of ATP, and
Mg*" from the closed form in the crystal structure (Brp)
decreases rapidly at AD,yq = —2.5 to —2.0 A (Figure 3A).
Glu188 and Arg189 form a salt bridge and subsequently bind to
the  phosphate of ATP (Figure 4, open — i). Glul88 and
Argl89 have been identified to contribute to the catalytic
reaction.””** ™% Before these interactions are formed, the side
chain of Argl89 is able to move without any restrictions, and
Glu188 is coordinated by a salt bridge with Arg260 (Figure 4).

In the second stage corresponding to the 1D free energy
profile from minimum i to ii, the hydrogen bond between the
NHe/7 proton of Arg260 and the O0 atom of Asp256 is broken
at AD,pq= —2.0to —1.0A (Figure 3B). The strictly conserved
residue Arg260 has been reported as an essential residue for the
recognition of P; (the cleaved y phosphate).>’ Asp256 is a key
residue in the Walker B motif conserved in many ATPases, and in

the 3 subunit of F;-ATPase, Asp256 has been reported to be
essential for the conformational change induced by nucleotide
binding.27 Initially, Arg260 interacts with both Asp256 and
Glul88 as described above. However, the new conformation of
the Glu188 side chain due to its hydrogen bond with Arg189 and
ATP in the former step (the open state — minimum i) intrudes
into the space between Arg260 and Asp256, so that the salt
bridge of Arg260 with Asp256 is broken (Figure 4, i — ii).

The third stage corresponds to a main barrier between minima
ii and iii containing several processes. It is divided into two parts,
uphill (1) and downhill (2), as shown in Figure 2A. Uphill (1)
includes: (a) hinge flips (P, Gly178; W, His177), (b) the 53/7
sheet formation, and (c) Asp256 switching partners from Lys162
to Thr163. These structural changes appear to be coupled with
one another, leading to a small loss of free energy.

(a) After the Asp256—Arg260 bond breaks, Arg260 still
maintains the interaction with Glul88. Along with the
elongation of the distance between the side chains of
Asp256 and Arg260, the y, dihedral angle of Arg260 is
rotated toward the opposite direction to Glul88. This
rotation drags the entire Glul88 residue toward the
Arg260 direction (Supporting Information Figure S1A
and B). Apparently, pulling Glu188 imposes a stress on
the main chain of the Glu188 loop (Supporting Informa-
tion Figure S2A—D). When this strain on the loop
exceeds its elasticity, the backbone dihedral angles (P,
Gly178; W, His177) at the opposite side to the stressed
loop are flipped (Figure 4 (a): ii — Int. and Supporting
Information Figure S3A and B). The backbone dihedral
angles (@, Gly178; W, His177) have been reported as a
hinge region for the closing motion, as illustrated by an
orange coil in Figure 4.”® The hinge flips (®, Gly178; W,
His177) shown here are equally observed in the path
without ATP. Experimental evidence of the functional
relevance of the hinge flips and the details of the hinge
flips in the path without ATP are described in the section
The Conformational Change of the 5 Subunit without
ATP .

(b) When the 3 and 37 strands get close enough to interact
with each other due to the Glu188 position shift (the details
are described in Supporting Information Figure S1A and B),
the dihedral angles at the P-loop (Glyl56 and Gly157)
rotate to form a backbone hydrogen bond between Gly156
and Val312 (Supporting Information Figure S4A—D).
Once this additional hydrogen bond between the 33 and
B7 strands is established, the formation of the 53//7 sheet
is completed (Figure 1C and Figure 4, (b): ii — Int.). The
NMR study has proven that this 33//7 sheet formation is
essential for the 3 subunit to become the closed form,
because an obstruction of the 33//37 sheet formation via the
Y311P substitution abrogates the open/closed conversion
for the overall structure.

(c) During the 53/f7 sheet formation, the change of the
backbone dihedral angles W at Gly156 and @ at Gly157
results in the structural change of the P-loop backbone
(Supporting Information Figure SSA). Along with the
structural change of the P-loop backbone, the side chain of
Lys162 relocates by rotating the y; and j, dihedral angles
of Lys162 (Supporting Information Figure SSA, C, and
D). This rotation of the alkyl side chain of Lys162
distances the NHC atom of Lys162 from the OO0 atom
of Asp256 (Supporting Information Figure SSB). This is

3375 dx.doi.org/10.1021/ja1070152 |J. Am. Chem. Soc. 2011, 133, 3372-3380



Journal of the American Chemical Society

oB/P6  (ii—iii (1))

Around Mg~ (Open—1) C3 *B3/B7 (ii—iii (1))

Glu188 Lue154 ; Gly156
—40] Arg189 | — Glu156 | = 1 *ys162
< ATP y-phosphate | 3. lle310 [ =30 e i
E 3.5 Mg?* E Val3di12 E [ tAspzss
% ; (non-hydrogen atoms) § 3 (atoms of main chains) g 25 thiorfiikopen stoms)
: 2.0

i 5 S

§ 201 1. Eis

£ £ 2

2151 B10 210

=51 = =

z Eos Tos

-1

-3 2 2 3

2

3 -1 0 1
ADI‘de {A]

Angle 8

4 0 1
ADrmed (A)

AD 2 (A;
rmsd
D '1 62(NH(‘;)—'Asp258(06) (fi—111,(1 _)}

Arg260(NHe/m)-Asp256(08) (i —1i)

!

(11 —11i,(2))

160

-~

Distance (A)

| crystal open = 142°
closed = 117°

3 2 0 .1
ADrmed (A’

2 R

-1 0 1
ADI‘ITISd {A)

Figure 3. Local conformational changes associated with the structural transition of the 3 subunit in the ATP-bound pathway. Free energy surfaces along
the AD,,,,q reaction coordinate (horizontal axis) and various variations (vertical axis); the rmsd of the side chains for residues around the y phosphate
from the closed form, S1p (A), distance between the side chain of Arg260 and Asp256 (B), the rmsd of the main chain atoms for residues on the 33 and
7 strands from fBp (C), distance between the side chain of Lys162 and Asp256 (D), the rmsd of the side chain for residues on the 0B-helix and 36
strand from fSrp (E), and the angle 6 (F). “*” indicates essential residues for the open/closed conversion, identified by NMR.>’
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Figure 4. A schematic model for the conversion from the open to closed form of the 3 subunit. Color coding is the same as in Figure 1. “*” indicates
essential residues for the open/closed conversion, identified by NMR.>” Roman numerals correspond to the minima in Figure 2A. Int. represents the
intermediate structure before downhill (2) starts.

the initiation of switching the hydrogen bond of Asp256
from Lys162 to Thr163 (Figure 3D,E, and Figure 4 (c): ii
— Int.). Subsequently, the released side chain of Lys162
forms new hydrogen bonds with the backbone CO of
Gly156 as well as the  and y phosphates of ATP
(Supporting Information Figure S6A and B). An NMR

3376

study has also proven that this hydrogen-bond switch is
essential for the open/closed conversion of the entire 3
subunit structure because alanine mutants at Lys162,
Thr163, and Asp2S56 are unable to attain the closed
conformation even though they are capable of binding a
nucleotide to the adenine binding pocket.””
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Figure S. Free energy map for the rmsd of residues from Lys162 to His177 (non-hydrogen atoms), from the closed structure (Srp), along the AD, e
reaction coordinate in the ATP-bound pathway (A). Superposition of the structure before and after the C-terminal domain movement, corresponding to
the structure at AD,,,,q = 0.0 (magenta) and 1.4 A (cyan), respectively. The fit is carried out over the N-terminal domain. The parts exhibiting a small
structural change (i.e., residues 9—123 and 178 —329) and a large change (i.e., residues 124—177 and 330—474) in a reaction coordinate from AD, .4 =
0.0 to 1.4 A are depicted with dark and light colors, respectively. The B-helix is marked by a red arrow.

After completion of the local conformational changes around
the ATP binding site, the overall structural change, shown as the
angle 6 of the C-terminal domain®® in Figure 1A, finally proceeds
toward the closed form (Figures 3F and 4, Int. — iii). This
closing movement of the C-terminal domain corresponds to the
entire downhill region (2) of the 1D free energy profile
(Figure 2A). This most large-scale conformational change of
the C-terminal domain is supposed to generate the most torque
used for the motor rotation. To identify the driving force for the
movement of the C-terminal domain corresponding to the
torque-generation step, we further investigated local structural
changes at the downhill (2) phase. We found that the non-
hydrogen atoms on the B-helix alter concertedly with movement
of the C-terminal domain (Figure SA). Figure SB shows the
superposition of the structures before and after movement of the
C-terminal domain. It is clear that only the region below the
B-helix, illustrated with the vivid color, moves relative to the
upper portion of the nucleotide domain. The lower half of the (3-
subunit (magenta and cyan structures in Figure SB) is shifted for
one turn of the B-helix. This B-helix displacement stems from an
alteration of the hydrophobic interactions on the B-helix. The
B-helix contains not only the hydrophilic (Lys162 and Thr163)*’
and hinge residues (His177—Gly179)*® described above but also
many hydrophobic residues (Supporting Information Figure
S7). Furthermore, residues on the upper portion facing the
B-helix that make up the 84—7 sheets and C-helix are also
mostly hydrophobic. Accordingly, the B-helix slides using its
hydrophobic residues on the other hydrophobic surface, which
appears to alleviate structural strains induced from the previous
changes. Detailed information of the B-helix sliding (such as the
changes in distances of the hydrophobic interactions between the
B-helix and the other helixes/sheets) is provided in Supporting
Information Figure S7. This B-helix displacement results in the
conformational change of the entire C-terminal domain. The
resulting structure at the minimum iii is more stable than the
structure at the top of the peak by 4.0 kcal/mol, as shown in
Figure 2A.

Analyzing this stabilization of the closed state, we found that
there is a difference in the packing arrangements of the hydro-
phobic interface before and after the B-helix slide. Before

completion of the B-helix displacement, the undulating hydro-
phobic surfaces are not tightly packed, and the interspace is loose
enough to accommodate water molecules (Figure 6B). The
cavity occupied by water molecules is constituted by the follow-
ing hydrophobic groups: the side chain of Phe183 and Leul96,
the alkyl part of Glul92, and the y-methyl group of Thr163
(Supporting Information Figure S8). As the structure reaches the
closed form, the interface packing is improved, and the number
of the water molecules is decreased concomitantly with shrinking
of the cavity (Figure 6A). Eventually, at minimum iii, there is little
space between the hydrophobic interfaces for even a single water
molecule to occupy (Figure 6C). Generally, water molecules
inside hydrophobic surroundings prevent the formation of
hydrophobic interactions. Therefore, after the water molecules
are excluded, the hydrophobic moieties of those side chains make
contacts and form the lowest free energy configuration.

NMR studies have reported that there are two closed forms for
the /3 subunit; closed form I has a 25° angle 6 difference between
the open and closed states, while closed form II has a 35°
difference.?*>? Closed form I is observed in the F,-ATPase
complex, and closed form II is found in the monomer 3 subunit.
Because we used the 1p subunit of the F;-ATPase complex, that
is, closed form I for the end point structure, the path described
here is the 3 subunit structural change between the open (fg)
and closed (Brp) subunits. Therefore, structures that have an
angle slightly less than closed form I (117°) are obtained at
minimum iii (Figure 3F).

The Conformational Change of the f Subunit without
ATP. Figure 2B shows the free energy profile associated with the
conformational transition pathway of the 3 subunit without ATP
along a one-dimensional reaction coordinate. There is a free
energy basin in the open state (AD,p,q = —2.5 to —2.0 A). The
open state is more stable than the closed state (AD, 0 =0.8—1.2
A) by 6.0 kcal/mol. This result indicates that the closed
conformation is unfavorable without ATP and that the ATP-free
B subunit would fluctuate only around the open form. To attain
the fully closed conformation of the 8 subunit, ligand binding is
required.

Comparison of the pathways with and without ATP reveals the
role of ATP. Also, there is interest in how the open form of the 3
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Figure 6. Free energy surface for the number of water molecules in the space formed by the hydrophobic surfaces of the B-helix and the other helices/
sheets (i.e., the C-helix and $3—7 sheets) along the AD,,,4 reaction coordinate in the ATP-bound pathway (A). Snapshots of the packing of the
hydrophobic surfaces at AD,peq = 0.0 (magenta) and 1.4 A (cyan) are exhibited in (B) and (C), respectively. Hydrophobic parts of the interface are
colored in green. The trapped water molecules in the interspace are indicated in blue. Color coding for dark/light is matched to Figure SB.

subunit, without ATDP, is stabilized. To identify these features, 2D
free energy surfaces along the AD,,,5q order parameter with local
structures are calculated. At AD,,.q = —0.3 A, the values of the
dihedral angles ¥ and @ (of the adjacent residues His177 and
Gly178, respectively)*® changed drastically (Supporting Infor-
mation Figure S3C and D). As with the ATP-bound pathway,
Arg260 and Glul88 play important roles for the hinge flip in the
ATP-free pathway. Because there is no ATP molecule, the
process of the hinge flip is much simpler than the ATP bound
pathway. The side-chain rotation of Arg260 leads to the detach-
ment of the NHe /7 atom of Arg260 from the O¢ atom of Glu188
and the O0 atom of Asp256 at AD, g = —0.3 A, inducing the
hinge flip (Supporting Information Figure S9). However, the
dihedral angle rotations at the P-loop (Gly156 and Gly157) for
the 33/f37 sheet formation are not observed, indicating that the
ATP molecule manipulates the conformation of the P-loop
during the structural change. The hinge flips occur at the last
period before the overall structure change from the open to
closed form (Supporting Information Figure S3E), indicating
that the conformational changes at His177 and Gly178 trigger
the entire structural change. In other words, these residues
contribute to the stabilization of the open form structure. This
result agrees with experimental data in which alanine mutations
at positions 177 and 178 increase tendency of ADP inhibition, in
which the closed form is possibly overstabilized relative to the
open form. As shown in Supporting Information Figure S3D,
Gly178 in the open form adopts a positive value for the @ angle.
However, the angles W and @ cannot adopt all possible values
because of steric restrictions. Only glycine is able to adopt a
positive value of ®. The result of the @ value at Gly178 explains
why the G178A mutation leads to destabilization of the open
form, resulting in stabilization of the closed form.

This type of flip rotation of the dihedral angles W at residue i
and @ at i+1 is known as “peptide plane flipping”, which is
characterized by movement about the axes defined by the C;*—
C°and N, ,"'—C;,,* (at this i+1 position, glycine is expected)
bond vectors via low energy, resulting in conformational changes
in proteins.>> >°> As described above, this hinge flipping is
observed in the path with ATP as well. Consequently, the flipping
of angle W at His177 and angle ® at Gly178 are intrinsic features
of the 3 subunit for the open/closed conversion, regardless of
whether ATP is bound or not.

B DISCUSSION

Because the open/closed conformational change in the f
subunit is responsible for the driving force of rotation of the
subunit, insights into the residues involved in the structural
change have been intriguing. As the result, several re§ions in
charge of the structural change have been identified.””** How-
ever, it is difficult to comprehend the entire picture of the
consecutive conformational change via these discrete informa-
tion. Here, we propose the pathway of the entire open/closed
conversion for the 3 subunit with and without ATP for the first
time. The details of the conformational change on the pathway
agree with the experimental data.>”** Moreover, the maximum
difference of the free energy between the peak of the main barrier
and closed state in the 1D profile of the ATP-bound path
represents the most large-scale movement of the f subunit
(Figures 2A and 3F), suggesting that the theoretically obtained
pathways are reasonable.

In our previous equilibrium MD simulation for the isolated Sg
subunit, although a large fluctuation in the direction of the
structural transition has been observed in low-frequency PCA
modes, the intensity of the fluctuation was insufficient to attain
the fully closed conformation.* This is confirmed by the free
energy map of the projections of the structural transition onto
the low-frequency PCA mode, observed in the previous equilib-
rium MD simulation for the nucleotide-free [ subunit
(Supporting Information Figure S$10). Although the 8 subunit
possesses an intrinsic flexibility of the direction of the structural
transition, the 5 subunit without a nucleotide fluctuates only in
the open state. The free energy profiles obtained in the current
study indicate that ATP binding promotes the structural change
from the open to closed form, while the open form is populated
in the ATP-free state (Figure 2A and B). The 2D free energy
surfaces with the rmsd from the open and closed forms for the
ATP-bound and ATP-free states (Supporting Information Fig-
ures S11 and S12) show the structural properties more clearly.
This is consistent with results of the NMR study; only nucleotide
binding can induce the conformational change from the open to
fully closed form.*

In the ATP-bound pathway, the entire conformational change
is accomplished roughly in two characteristic steps: changing of
the hydrogen bond network around ATP and the dynamic
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C-terminal domain movement via sliding of the B-helix. These
steps are mainly manipulated by polar and hydrophobic interac-
tions, respectively. ATP is only directly involved in the former
step. It is clear that the role of ATP binding primes the
conformational change in the 3 subunit.

In the former step, the binding of negatively charged ATP
perturbs the extensive network of polar residues in the core
region, and the perturbed network is propagated progressively.
According to the 1D energy 8proﬁ1e, uphill (1), which is the hinge
flips (W177 and ®178),” the [$3/[37 sheet formation, and
Asp256 switching hydrogen-bonding partners,”” controls the
rate of the inward transition. Glul88 and Arg260 have been
identified as important residues for the ATP hydrolysis. In
addition, the present study reveals that these residues play
important roles in the hinge flips as well, where Arg260 controls
the Glul88 position. In a mutant F;-ATPase, a;(SE188D);
study,*® at low ATP concentration the ATP-binding dwell
becomes longer and the catalytic dwell disappears, which cannot
be observed in the wild type. Moreover, in another mutant
033, (PE188D) study, the temperature-sensitive reaction in the
single mutant occurs at the ATP binding angle.”” These results
certainly indicate that Glu188 is deeply involved in the 3 subunit
structural change with ATP binding. Presumably, in the SE188D
mutant the shorter side chain at the 188 position has a different
behavior for the interaction with Arg260 and cannot induce the
W177 and @178 flips™® in the same way as the wild type.

The dihedral angle rotations of the P-loop (¥156 and ®157)
to form the 33//37 sheet formation induce the side-chain rotation
of Lys162, resulting in switching of the hydrogen bonds of
Asp256 from Lys162 to Thr163. These conformational changes
take place in line. The residues reside on the Walker A (Gly156,
Lys162, and Thr163) and Walker B (Asp256) motifs, which are
highly conserved in the Walker-type ATPase family and essential
for ATP-binding and hydrolysis. The previous®’ and current
studies suggest that these universal motifs also play a role in
facilitating a conformational change in accordance with ATP
binding in the family. Moreover, regarding the Walker A motif,
which has the consensus sequence (GXXXXGKT/S), the first G
and the second last K correspond to Gly156 and Lys162 in the 3
subunit. Their simultaneous conformational changes provide a
new insight into the conserved sequence motif.

One of the most prominent features of the latter step is that
the sliding of the B-helix enhances the hydrophobic stabilization
to accumulate free energy for motor torque due to the exclusion
of water molecules and the improved packing density of the
hydrophobic interaction. In the light of its entropy loss, hydro-
phobic stabilization with exclusion of water is easy to conceive
intuitively and, in fact, has often been postulated, such as in the
process of the protein folding.**~*° Moreover, the hydrophobic
sliding in itself also appears to be advantageous to accumulate
free energy. During the B-helix sliding via the change in the
hydrophobic interaction, the hydrophilic residues Lys162 and
Thr163 on the same B-helix maintain their important hydrogen
bonds, which were made in the previous step. Such sliding of
hydrophobic residues while maintaining the hydrogen bonds has
been reported to facilitate large-scale conformational changes
with a minimal energy penalty.®!

In nature, the 3 subunit is employed as a component of the F;-
ATPase. According to experimental data, the dissociation con-
stant (K4) of nucleotides in the F;-ATPase complex is much
smaller than that in the monomer 3 subunit.®* Therefore, when
the o and 9 subunits of F;-ATPase are taken into account, in

particular, the catalytically important residues QArg373 and
0Ser344, the free energy of the closed state in the ATP-bound
pathway will probably be lower relative to the open state and the
peak of the main barrier (Figure 2A). However, the residues
participating in the conformational change of the (8 subunit
(reported in this current study) are mostly orientated into the
interior and not exposed to the adjacent subunits. Therefore, it
seems unlikely that these regions are affected sterically and
electrostatically when the 8 subunit is in the complex. Thus,
the conformational change mechanism presented here will be the
same in the complex.

In the F-ATPase complex, the conformational change of B —
Prp that occurs upon binding to ATP (simulated here) is coupled
to Buc — Pk upon ADP release during the 80° ¥ rotation in the
120° cycle,l7’18’ 364 where Prc is the “half-closed” structure found
in 2001.%° The transition Be — Prp is the inward movement,
whereas fSi;c — fg is the outward movement. The opposite
structure movements are coupled. As shown in this study, the
inward structural change yields energy. Although we did not
calculate the free energy profile of the 3 subunit binding ADP+Pi
or ADP, the outward movement with these nucleotides is probably
endoergic. Therefore, the exoergic conformational change (S —
Brp) will cover the endoergic energy loss of the outward movement
(Bric — PE)- We assume that such energy compensation is a prime
reason that the F;-ATPase adopts the binding change
mechanism.?* In addition, when inhibited by Mg-ADP, the closed
state of the 3 subunit is overstabilized and will therefore have a
larger stabilization energy than the energy produced from the 5z —
Prp inward transition.

Finally, our results show that ATP binding and the conforma-
tional change in the /3 subunit are tightly coupled. The advantage
of the tight coupling for the motor engine would be that the
rotation can be strictly regulated via the 3 subunit, which can
change conformation only through nucleotide binding, thus
avoiding unproductive rotations due to severe thermal fluctua-
tions. Moreover, “reversibility” is one of the major distinctive
features of this enzyme. Such a transition with a barrier is
desirable to control the rotational direction of the motor for
ATP hydrolysis/synthesis.
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