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some ancient structures have survived the onslaught of
atmospheric corrosion until now. Most studies deal with
decay of buildings caused by atmospheric SO,, NO, and
HCl, completely ignoring the contributions from other
atmospheric constituents, specially of biological origin.
The growth of algae on rocks and concrete surfaces are
widely reported® and only intermittent precipitation or
moisture derived from dew is sufficient enough to enable
motile stages of the life cycle to function. Some algae
occur more frequently on acid rock surfaces, e.g.
Stigonema minutum, Desmid spp., Eunotia spp., Pinularia
borealis, whilst on alkaline surfaces Aphanocapsa spp.,
Schizothrix spp., only one Desmid spp. and Melosira
roeseana are common. Gloeocapsa kutzingiana produces
small pits in the surface when growing on calcite crystals
and on marble in quarries, however, these algae occur
in close association with fungal hyphae and it is not
clear to what extent fungal or algal action produce
pitting. Bare rock surfaces within . . .. ‘vhere sufficient
light penetrates, are also colonized by Cyanophyta. On
old church walls and grave stones, Gloeocapsa sanguinea,
G. kutzingiana, G. compacta and Scyronema mychrous
are very common and in many sites they are probably
contributing to the breakdown of the stone. Where some
water percolates over the surface, Stichococcus spp.,
Gloeocystis spp., Coccomyxa spp. and Chlorococcus
spp., occur and these powdery green growths are found
on buildings of all kinds, but are most obvious on the
more ancient monuments, where time and the breakdown
of the surface stone has yielded a favourable habitat.
Such growths are of much concern to conservationists
in Ttaly and Greece®.

‘Thus, it seems that the deterioration of buildings in
many places is mainly through the reactions of oxalic
acid secreted from algae, the theoretical feasibility of
which has been clearly shown in the present study.
Finally it should be stated that the correct prediction
of any process needs both thermodynamic and Kinetic
study of the systems considered. I expect that our
conclusions in this paper will be supported by labora-
tory-controlled experimental kinetic data, which I hope
to obtain soon.
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ATP synthase (or F,F, ATPase) is the central enzyme
in biological energy conversion that is almost three
billion years old and is present in the membranes
of mitochondria, chloroplasts and bacteria with ama-
zingly similar structure and function in different
species. It couples proton translocation through its
membrane-embedded, hydrophobic domain, F, to the
synthesis of the energy carrier molecule, ATP in its
soluble, hydrophilic headpiece, F,. In the absence of
a high-resolution structure for F,, the complete mecha-
nism of ATP synthesis by protonmotive force has
never been elucidated. Here we propose such a mecha-
nism. The proposed mechanism is supported by a
number of independent experimental evidences.

ApENOSINE triphosphate synthase (ATP synthase or F F
ATPase) is the central enzyme in energy conversion in
mitochondria, chloroplasts and bacteria, synthesizing ATP
from ADP and inorganic phosphate using energy derived
from a transmembrane electrochemical potential differ-
ence. The multisubunit assembly consists of a globular
domain, F, (with composition a,8,¥0¢) and an intrinsic
membrane domain, F, (with composition ab,c, ,,) linked
by a slender stalk 4.5 nm long. The catalytic binding
sites are predominantly in the § subunits at the a—f3
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interface'™. Energy released by the proton flux through
F, is relayed to the catalytic sites by conformational
changes through the stalk. Recent structural'?, biochemi-
cal®® and spectroscopic®’ studies indicate that these
conformational changes arise from intersubunit rotation
in ATP synthase, making it the smallest biological rotor
(rotor radius = 1 nm, stator radius = 5 nm) known to man-
kind®. Here we propose a unified mechanism for ATP
synthesis by protonmotive force.

Each of the ¢ subunits of F, has a conserved amino
acid sequencé which interacts with a conserved sequence
of the a subunit to form a proton channel’. The ¢
subunit, which functions as the rotor, has Asp-61 as
the essential amino acid in each of its subunits
Arg-210, Glu-219 and His-245 are the key amino acids
in the a subunit'""'?, which acts as the stator (the residue
numbers for the F, domain refer to E. coli). The exact
spatial orientation of these charges is unknown and
Figure 1 represents a possible geometry that can lead
to generation of a unidirectional torque. The geometry
of the 2 and c subunits is such that while ¢ is a
complete cylinder, the a subunit is part of a cylinder
coaxial to c, covering two subunits of c. Thus, the
interacting region of a and ¢ subunits can be considered
as the surfaces of two coaxial cylinders in close proximity
to each other. They are constrained such that the only
degree of freedom is for the inner cylinder (¢ subunit) to
rotate with respect to the fixed outer cylinder (a subunit).

The negatively charged Asp-61 must be protonated
when exposed to the membrane and unprotonated at the
a-c interface. The electrostatic potential field defined
by the charge distribution will have many equilibria
(one for each subunit) and when both Asp-61 residues
are unprotonated, the system is at equilibrium. When a
proton enters the proton channel, it neutralizes the
leading Asp-61 residue. Now the positively charged
His-245 attracts the trailing unprotonated Asp-61, dis-
turbing the equilibrium and causing the inner cylinder
to rotate to a new local equilibrium position (Figure 1).
Thus the leading Asp-61 moves into the membrane and
a new protonated Asp-61 enters the interface. The charge
distribution is such that each successive disruption of

equilibrium causes the cylinder to rotate in a unidirec-

tional mode. Rotation in the reverse direction is prevented
by the large free energy barrier to transport an unpro-
tonated Asp-61 from the interface into the hydrophobic
membrane environment. The positive Arg-210 ensures
that only the leading Asp-61 is protonated and along
with the negative Glu-219, induces the proton on the
new Asp-61 to jump into the matrix (Figure 1). Thus,
according to the mechanism proposed above, the His-245
is essential for proton translocation, while the Arg-210
and Glu-219 residues, though not essential for proton
translocation, are important for the efficient working of
the ¢ rotor.
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The above points also illustrate how our proposed
mechanism of torque generation differs from the mecha-
nisms proposed by other workers in the field. In the work
of Elston et al.”, the driving force for proton translocation
is biased diffusion due to the proton gradient, while Vik
and Antonio'' consider the formation and breaking of a
hydrogen bond during rotation. As opposed to these treat-
ments, electrostatics is the driving force in our mechanism.
In the case of stator amino acid residues, we consider
His-245 essential for proton translocation (or at least, it
should tolerate few substitutions), and Arg-210 and Glu-219
important, but not essential. On the other hand, Elston et
al.”’ claim that Arg-210 is the essential residue but assign
no role to the other two residues, while Vik and Antonio'
consider all the three amino acids to be essential for
proton translocation.

The torque generated in the F, subunit by the above
mechanism is transmitted to the connecting stalk (com-
prising of y and & subunits of F,), which is attached
to the center of the ¢ rotor'*', Since the c subunit has
9-12 copies, the torque generation is quantized in steps
of 9-12; however the three-fold symmetry of F, indicates
that this number should be either 9 or 12. The binding

. change mechanism along with the crystal structure of

F, and the decay of the polarization anisotropy parameter
imply that the y subunit rotates in steps of three' %7,
The nucleotide-free a8, subcomplex of ATP synthase

_ is a symmetric trimer’ but at any instant of time, the

three catalytic sites possess different conformations as
formulated in the binding change mechanism and con-
firmed in the crystal structure'™. One of the sites in
the crystal structure binds the ATP analogue AMP-PNP
and is designated as f,,; another site binds ADP and
is denoted by B, while the third site is empty and
distorted and is called B}. The y and & subunits rotate
relative to a3, and we propose for the first time that
the unique & subunit (in E. coli) is always closest to
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Figure 1. Charge geometry for torque gencration from protomnotive
force in ATP synthase. The esseminl amino acid residues are shown.

The stator is Stationury while the rotor moves from left to right. The
path followed by the protons is indicated by wrows.
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the catalytic site with the [easr affinity for ATP. As
the y and ¢ subunits rotate, their interactions with a
particular catalytic binding site change, thereby causing
conformational changes at that site. The asymmetry in
the y-subunit can be understood by considering it to
have three faces interacting asymmeltrically (based on
the number of interactions) with the catalytic sites. The
amino acids responsible for these interactions are strictly
conserved in mitochondria and bacteria. In a f subunit
which has no interactions with y and &, both ADP and
P, can diffuse in easily. There exists a binding site for
ADP, but there is insufficient space to accommodate
both ADP and P, as separate entities. The Mg”* ions
stabilize the a- and j-phosphates of ADP. We propose
that the binding of ADP and P, takes place in 3. One
face of the ¥ subunit (Lys-87 and Lys-90) interacts with
the DELSEED sequence (394-400) in B, and causes
the binding site to open slightly, which allows the P,
to come close to ADP (the residue numbers for the F,
domain refer to mitochondria). This can be considered
as the loose site. The y subunit now rotates and the
above interactions break. As the new face of ¥ has no
interactions with the catalytic site, it goes back to its
original position and the conformation of the site becomes
tight (8,,). This forces the P, to move towards ADP
and attach to it; the pentacoordinate transition state
formed is stabilized by the movement of the a-Arg 373
towards the f-phosphate moiety. Further, Mg®* maves
locally from a position which stabilized the «- and
B-phosphates to a position where it can stabilize the
B- and y-phosphates of the transition state. The transition
state leads to spontaneous formation of ATP along with
the release of a water molecule. This is followed by
the conformation 3. in which the C terminal of the
y-subunit (Arg-254 and GIn-255) interacts with the Asp-
316 and Asp-319 of .. Further, Ser-108 of the rotating
€ subunit interacts covalently™" with Glu-381 of f§; as
a result of which the Jower half of f; is hinged out,
leading to the opening of the catalytic site and release
of the bound ATP in this open conformation. The upper
half of . is held in place by its interaction with the
y subunit. Rotation of the ¥ and ¢ subunits causes these
interactions to break, leading to the re-establishment of
the B, conformation and the entire cycle repeats.

The mechanism proposed above is supported by a
number of independent experimental evidences. The
essential amino acid residues which we use in formulating
our charge geometry have all been identified by site-
directed mutagenesis studies™'%. The interactions of the
y and g subunits with the ¢ subunit (which would be

essential for the transmission of torque) are clearly
inferred from the recently determined crystal structure
of the e-subunit of E. coli**. There exists strong structural,
biochemical and spectroscopic evidence for intersubunit
rotation'”’; moreover, rotation in F,ATPase has been
observed directly in a recent work®, The interactions of
the ¥ subunit with the 8 subunits are consistent with
the crystal structures of F,ATPase reported in the lit-
erature'?. Recent crosslinking studies lend additional
support'’. Finally, the mechanism proposed here is in
complete agreement with the binding change mechanism?®.

In summary, we have presented the first, unified
mechanism for the synthesis of ATP by protonmotive
force in ATP synthase, the smallest known molecular
machine.
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