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The Structure of the H*-ATP Synthase from Chloroplasts
Bettina Bottcher and Peter Griber

9.1
Introduction

Proton translocating ATPases (H'-ATP synthase, F-type ATPase, FyF,, EC 3.6.1.34)
occur in the cytoplasmic membranes of bacteria (e.g. E.coli, EF,F,), in the thylakoid
membranes of chloroplasts (CFyF,), and in the inner mitochondrial membranes
(MF,F,). The protein complexes of the electron transport chains are also located
in these energy converting membranes. During photosynthesis and respiration,
the electron transport is coupled with a transmembrane proton transport that
leads to the generation of a transmembrane eletrochemical potential difference of
protons, Afi,.. The H*-ATP synthases couple the Afi,.-driven backflux of protons
across the membrane with the synthesis of ATP from ADP and inorganic phos-
phate [1]. Hydrolysis of ATP provides the free energy for almost all energy requir-
ing processes in cells; therefore, H*-ATP synthases are central enzymes of energy
metabolism in cells. For example, the mitochondrial H*-ATP synthases in humans
produce between (50-70) kg ATP per day.

H*-ATP synthases from different sources have a similar bipartite overall struc-
ture. A hydrophilic F,-part extrudes from the membrane into the aqueous phase.
It contains the nucleotide and phosphate binding sites and catalyzes the hydroly-
sis/synthesis of the B-y-phosphate bond in ATP. A hydrophobic Fy-part is inte-
grated into the membrane. It contains the proton binding sites and catalyzes the
proton transport through the membrane. The F;- and Fy-part are connected by a
central and a peripheral stalk to which subunits from both parts contribute (Figure
9.1).

H*-ATP synthases are multi-protein complexes. Although they are similar in
shape, their subunit composition depends on the source of the enzyme. The H*-
ATP synthase from Escherichia coli, EF(F, is the simplest enzyme, with eight
different subunits. The most complex one is the enzyme from mitochondria,
MF,F,, with at least 13 different subunits. The H*-ATP synthase from chloroplasts,
CFF,, has nine different subunits (see Table 9.1 for subunit compositions of
CF,F,, EF,F; and MFF,). CF, consists of five different subunits which are
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Figure 9.1 Left: Background electron map is shown is shown in the foreground.
micrograph of CFoF,in vitrified buffer. Some Right: Cartoon of the subunit organization in
enzymes are marked with white circles. CF,oF,. Subunits designated with Greek letters
Image analysis was carried out with 10000 form F,, subunits labeled with Roman
particles and a three-dimensional map was numbers form Fo.

calculated. A surface representation of this

designated by Greek letters (ct, B, v, 8, €) [58]. They have the stoichiometry o;Byde
[59, 60]. The four subunits of CF, are numbered by Roman numerals (I, 11, III,
IV) [61, 62] and have the subunit stoichiometry I 1T IlI;; IV [53, 56]. The nomen-
clature of the subunits in the different organisms is inconsistent. This is especially
true for the F, subunits. Subunit IV is the largest subunit of CF, and is homolo-
gous to subunit a in E. coli. Subunits I and II form the second stalk and have
homologies to subunit b from E. coli. Subunit I11;, forms the rotor of the H™-ATP
synthase and corresponds to the c-ring in E. coli. In Table 9.1 homologous subunits
are collected in the same rows.

The enzyme mechanism of H*-ATP synthases from different sources is similar.
According to the binding change mechanism [64, 66], the three catalytic nucleotide
binding sites, located mainly on the B-subunits, adopt three different conforma-
tions. Each conformation allows a specific catalytic step: substrate binding, forma-
tion, and splitting of the B-y-phosphate bond and product release. The three
different conformations are caused by different interactions of each p-subunit with
the y-subunit. Rotation of the y-subunit changes simultaneously its interaction
with all three B-subunits. This gives rise to a strong cooperativity of the three cata-
Iytic sites. The high resolution structure of F, from mitochondria [71] shows
directly that the y-subunit interacts differently with the three B-subunits (see
9.2).

The mechanism of coupling of proton translocation and rotation is described
by the following model [67, 68]: Subunits III form a ring in the membrane (see
9.3). They can be protonated from the internal aqueous phase through an entrance
channel formed by subunits 111 and 1V. The uncharged protonated amino acid
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Table 9.1 Stoichiometry of subunits and structural data of F-type H*ATPases and their subcomplexes.

E. coli Chloroplasts Mitochondria
Subunits Structural data Subunits Structural data  Subunits Structural data
(Stoichiometry) Method, pdb-id, (Stoichiometry) Method, (Stoichiometry) Method,
reference reference reference
o (3) - o (3) - o (3) .
B () - B3) - B3 N
() - () - () -
3 (1) NMR N-term- 3 (1) - 0SCP (1) NMR, 1BOS [4]
domain
1ABV, 2A7U [2, 3]
e (1) NMR, 1BSH,1BSN ¢ (1) . 8 (1) -
[5. 6]
X-ray, 1AQT[7]
- = - € (1) =
= - - IF1 (1) X-ray, 1IGM] [8]
EF, EM [9-12] CF, EM [13-15] MF, EM [16-18]
a (1) NMR, 1C17 [19] IV (1) - a(l) -
b (2) NMR 1B9U [20] 1(1) - b (1) —
1L2P [21]
1 (1) =
c (1) NMR, 1C0V; 111 (14) = c (10) -
1A91[22] 1C99[19)]
- - = - d (1) =
= = - L F (1) NMR, 1VZS [23]
- - = = e (1) .
- - = - f(l) -
. - - - g (1) -
EF, AFM [24-26] CF, - MF, -
EFF, EM [27-29] CFF, AFM[30], EM  MFF, EM [35, 37-40]
[31-36]
Sub-complexes
- . (@B); Xeray 1FX0 [41] - —
1KMH [42]
(aB)sye X-ray, 1D8S [43] - - (of3)5y0e X-ray 2HLD [44]
1E79 [45]
e X-ray 1FSO0 [46] - - - -
1JNV [47]
- - - - (OB)YIF1),  Xeray, IQHH
(48] EM [49]
(aP)5ydecy X-ray, 1QO1 [50]
cl1(tartaricus)  X-ray 1YCE [51] 11,4 AFM [53,54] -
AFM/EM [52] EM [55]
ac), NMR/ modelling IV (IT1) 4 AFM [56] -
1C17 [19]
- - - - bdF; X-ray 2CLY [57]

Homologous subunits of the different enzymes are given in the same rows.

Subunit stoichiometries of the F-parts are estimated.

IF, is the inhibitor protein of MFF,.

EM: electron microscopy; NMR: nuclear magnetic resonance; X-ray: X-ray diffraction.
Structures used for modelling of CFF, in Figures 9.2— 9.4 are shown bold.
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I11glu61 can move from the hydrophilic entrance channel into the hydrophobic
membrane interior. This movement of the ring shifts simultaneously a protonated
IlIglu61 into an asymmetrically located, hydrophilic channel with an exit to the
outer aqueous phase where the proton is released. This mechanism explains the
generation of a rotational movement by proton translocation through the mem-
brane and the transmembrane A pH determines the direction of rotation. Since
the I11-ring interacts non-covalently with y and ¢, these subunits rotate together
with the I1l-ring. During proton transport coupled ATP hydrolysis the direction
of rotation is opposite to that during ATP synthesis as shown with single molecule
spectroscopy [75, 76]. In the F, part chemical energy is used to generate rotational
movement of the y subunit, in the F, part osmotic energy is used to generate
rotational movement of the IIl-ring. In the holoenzyme both parts are connected
and form a chemiosmotic machine. Since the magnitude of the enzyme is in the
nm-range, it is called a “nanomotor.”

In this review, collected structural data for H*-ATP synthases and their subunits
(see Table 9.1 for overview) are presented to generate a pseudo atomic model of
CFyF,. Most of the direct structural knowledge on CF,F, comes from electron
microscopy (EM), atomic force microscopy (AFM), and the crystallization and
structure resolution with x-ray crystallography. The only available atomic model
of a CF,F,-subcomplex represents the o;f;-complex [41, 42]. In order to overcome
this lack of high-resolution structural information, homology models for most
of the subunits (y,8,€, I, 11, 111, IV) were generated with MODELLER [69] using
known structures of orthologous subunits as references (Table 9.1, bold). For the
modeling, the sequences of target and reference were aligned according to the
PFAM data-base [70]. The 3D-map of CF,F, (Figure 9.1 left, [32]) derived from
electron microscopy served as a scaffold for integrating the diverse structural
information into a pseudo-atomic model of CFF;.

9.2
The Structure of CF,

The hydrophilic CF,-part can be separated from the membrane integrated CF,-
part. First insights into the structure of CF, came from electron microscopy and
image analysis of negatively stained particles that show a pseudo hexagonal
arrangement of o,f3; with yd¢ located asymmetrically in the centre [13, 14]. These
projection maps still lacked three-dimensional information. Only later localization
of subunit § of the E. coli ATP synthase by immuno electron microscopy revealed
its location at the top, outside of the a,;f;-complex [65]; whereas, y and € form the
central stalk that is anchored inside the 0sf;-hexagon by two long helices of y [45,
71]. In the pseudo-hexagonal view of 0,;f;, the centers of mass of the a-subunits
extend further from the two central helices of y than those of the B-subunits, which
also enables distinguishing between o and B subunits in low-resolution maps.
The three o-pairs in o35y can adopt different conformations. In the mitochon-
drial complex, the orientation of the central stalk relative to the of-pairs deter-



9.2 The Structure of CF, | 205

1E79 1L2P

Figure 9.2 Superposition of the CFy-part of chloroplast €). The oB-pairs are derived from
the three dimensional map of CFoF, derived the chloroplast o;p;(center, TFXO). The

from electron microscopy (grey) with models ~ homology model of the N-terminal region of
of the subunits. The a-subunits are shown in  § was based on the structure of & from E. coli

magenta, B in red, y in yellow, € in brown, § (center, TABV), the models of subunit | and
in light blue, I and 11 in dark blue. The 11 are both based on the structure of the
homology models of y and € are calculated dimerization region of the b-subunits from
from the osf3; v & template (center, 1E79, E. coli (center, 1L2P).

mitochondrial & is homologous to

mines the conformational state of the catalytic nucleotide binding sites. These sites
are located on the B-subunits at the interface to the adjacent o subunits. In the
mitochondrial o;B5y8e-complex, one of the catalytic binding sites is empty (E), one
has an ADP (D) loosely bound, and the third has a tightly bound non-hydrolysable
ATP analogue(AMPPNP) (T).

This is different in the o;B;ye complex of chloroplasts [41, 42], where the crystal-
lographic threefold axis superimposes with the pseudo-sixfold axis of the complex,
making the of-pairs indistinguishable and the electron density for y and € un-
interpretable. However, the o3 pair is well resolved and shows a similar conforma-
tion as the o-pair of the mitochondrial complex in the D or T conformation, but
is incompatible with an oB-pair in the E state. The significance of this difference
to the mitochondrial enzyme is still unclear.

In order' to obtain a pseudo-atomic model for CF,, the structure of the mitochon-
drial (0f)syde (1E79, [45]) was used as a template (Figure 9.2 center). The three
copies of the aB-pairs of CF, (1FX0, [41], Figure 9.2 centre) and the modeled yand
¢ subunits were matched to the template. The newly generated sub-complex was
placed into the upper half of the 3D-map of CF,F, (Figure 9.2, right). The model
accounted for most of the density in CF,, except for a region at the top of o;f3; and
at the periphery of one of the o-subunits. Into the region at the top, the modeled
N-terminal domain of the 8-subunit was placed adjacent to an o-subunit as deter-
mined by NMR-spectroscopy. This left room for the C-terminal domain of &
at the central top of 03B, in agreement with the localization by immuno-electron
microscopy in EF,F, [65]. Models of the dimerization region of subunits I and II
were fitted into the unaccounted density at the periphery of the o-subunit to which
3 is bound. The positioning of subunits I and II in close proximity to the o-subunit
is in agreement with cross-linking data between the a- and the b-subunits in E.
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coli [72). Figure 9.2, right, shows a superposition of the 3D-map derived from
electron cryo-microscopy (grey) with o;p; from chloroplasts and the homology
models of v, €, 8 and I + II (in color).

9.3
The Structure of CF,

CF, consists of four different subunits, I, II, 111, and IV. Subunit IV (homology to
E. coli a) was initially missed by SDS-PAGE as a component of CF, [62] because
it stains only weakly by Coomassie Blue. Later, subunit IV was identified in silver
stained gels as a genuine component of CFyF, [61].

Subunit I1I (homology to E. coli ¢) exists in multiple copies and is the major
component of CF,. It forms a stable complex that remains intact even during SDS
gel electrophoresis and requires heating in SDS-buffer for dissociation into mono-
mers [55]. The subunit-11I complex has an oblate shape with a membrane span-
ning length of 6.1nm and a diameter of 6.2nm and a stoichiometry of III;, [55]
was suggested. Later, investigations of the subunit I1I-complex with atomic force
microscopy (AFM) allowed the identification of the individual subunits in the
complex resulting in 14 monomers per complex [53]. The stoichiometry of the
subunits in the ring seems to be fixed by the shape of the subunits and the contacts
to their nearest neighbors as revealed by incomplete complexes that maintain their
diameter [54]. Comparison of AFM images of CF,, I11,,IV and III,, show an addi-
tional density inside the IIl-ring in sub-complexes that contain subunit IV [56].
This lead to the assumption that subunit IV is located in the centre of the III-ring.
However, this notion is in contradiction to the current structural and functional
understanding of CF,. An alternative explanation for the presence of the additional
density is the variable amounts of lipids that plug the ring similarly as observed
for the c-ring of I. tartaricus [73].

For modeling the I11,,-ring, the c-ring of I. tartaricus (1YCE, [51]) was used as a
template (Figure 9.3 top, centre). This ring consists of only 11 subunits. Each
subunit is a helical hairpin. The N-terminal helices form an unusually tightly
packed inner ring. The C-terminal helices fill the grooves between the N-terminal
helices and form an outer ring. Sodium ions bind between C-terminal and N-
terminal helices in the center of the membrane, where the diameter of the ring is
smallest. Since I. tartaricus is a sodium-translocating ATP synthase, it is likely that
these sodium ions identify the potential proton-binding sites in H*-ATP synthases.

With 11 subunits, the c-ring of I. tartaricus is significantly smaller in diameter
than the I1I,,-ring in chloroplasts. For modeling of the III-ring, the inter-subunit
packing of the homology models of subunit III was kept similar as in I. tartaricus,
but the stoichiometry of subunits and the diameter of the ring were adjusted
according to the AFM data ([53, 74], Figure 9.3 top, left). The modeled ring
matched the surface topology measured by AFM (Figure 9.3 top, right).

Currently, no experimental data on the structure of subunit IV (subunit a) is
available. For placing the subunit IV relative to the III-ring, the model of the E.
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1YCE
189U 1C17
Figure 9.3 Top: Superposition of the electron microscopy (grey) with homology
structure of the subunit I11,,-complex from models. The subunit Ill,,—complex is shown
atomic force microscopy (grey, left) with the in light brown. The N-terminal domains of

homology model of subunit Ill;4 (light brown, subunit | and Il are based on the structure of
right), based on the structure of Ill,,-complex this region of the b-subunit from E. coli

from llyobacter tartaricus (center, 1YCE). (1A9U, centre), blue. The model of subunit
Bottom: Superposition of the CFy-part of the IV is based on the structure of the a-subunit
three-dimensional map of CFoF, from from E. coli (1C17, centre) blue.

coli ac,,-complex served as a template, based on computational structure prediction
(1C17, [19], Figure 9.3, bottom, centre). The resulting I11,,IV-model was placed
as a whole into the CF,-part of the 3D-map of CF,F, (Figure 9.3 bottom, left). The
CF,-part in the 3D-map is considerably larger than the modeled III,,1V, which
makes the placement tentative. The reason for the discrepancy in size is the pres-
ence of a detergent micelle that shields the hydrophobic regions of CF,, which are
usually integrated into the thylakoid membranes. The outline of the I1l-ring can
be recognized in the 3D-map inside the detergent micelle. The I1I-ring protrudes
at the bottom from the detergent micelle (Figure 9.3 bottom, left) and is closed by
an unidentified density, which is similar to the lipids that plug the c-ring of I. tar-
taricus [73]. Adjacent to the I11I-ring, underneath the peripheral stalk, a free volume
is detected that is not accounted for by the detergent micelle (Figure 9.3 bottom,
right). The free volume is a region with electron density in the 3D-map from
electron cryo microscopy, in which no protein is found after placing the homology
model. This volume is separated from the I11-ring by a gap, which is much wider
than the distance between the I1I-ring and subunit IV in the model. Therefore,
the 111,,IV model was placed with subunit IV adjacent to the gap. The membrane
parts of subunits I and 11 were modeled according to the N-terminal region of the
E. coli subunit b ([20], Figure 9.3, bottom, centre) and were positioned into the free
volume directly underneath the peripheral stalk (Figure 9.3, bottom right).

207
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9.4
The Structure of CF,F,

The homology model of CFF, (Figure 9.4 center) is obtained by placing the models
of CF, and CF, (Figures 9.2 and 9.3) into the 3D-map of CFF, (Figure 9.4, left).
Despite the wealth of structural information on orthologous subunits, some
domains and fragments of subunits could not be modeled. These are the C-
terminal region of the §-subunit (Figure 9.4, green columns at the top of F;), two
helices of subunit IV (Figure 9.4, green columns in front of the rotor), and the
region between the membrane integrated parts of subunits I and II and the CF,
attached regions of subunits I and II (Figure 9.4, green columns in the peripheral
stalk). According to EPR-measurements of Spin-Spin interactions after spin-label-
ing of subunits b in the stalk region, the b-subunits in EFF, are spaced by 2.9nm
in this region [63], which is far more than expected for a coiled coil structure.
Therefore, the two green columns, representing the missing helical regions of 1
and II, were placed well apart, but inside, the scaffold provided by the image
reconstruction (Figure 9.4, right).

The superposition of the pseudo atomic model of CF,F, with the EM map
shows that the model accounts for all density except the detergent micelle that
surrounds the region that is usually membrane integrated, and the plug that
closes the Ill-ring from the lumenal side. Thus, the combination of the low
resolution electron microscopy data with the homology models of subunits and
subunit complexes gives a structural model of CF,F, with a higher resolution

Figure 9.4 Left: Three-dimensional map of
CFoF, (grey). The line indicates the slice
which is represented in Figure 9.5. Center:
The homology models shown in Figures 9.2
and 9.3 are combined to a pseudo-atomic
model of CFyF,. Regions which could not be
modeled are filled with green columns. These
are the C-terminal domain of subunit 8, the
tether domain of subunits | and Il between
CF, and CF, and two helices of subunit IV.

The pseudo-atomic model of CFF, is shown
in two different side views, rotated by 90°.
The rotation axis is perpendicular the
membrane (color code as in Figures 9.2 and
9.3). Right: Superposition of the 3D-map
from electron microscopy with the pseudo
atomic model of CF,F,. Unaccounted density
in CFy can be mainly attributed to the
detergent micelle and a plug at the lumenal
side of the Ill-ring.
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which will be useful in designing future experiments on structure function
relations.

9.5
Structure and Function of CF,F,

H*-ATP synthases have three catalytic nucleotide binding sites on the B-subunits
and three non-catalytic nucleotide binding sites on the o-subunits; they use a
remarkable mechanism to synthesize, or to hydrolyze, ATP (“binding change
mechanism” [64, 66]). According to this mechanism, the catalytic sites work coop-
eratively. At a given time, each site has a different conformation. For example, site
1is in an open conformation and can bind substrates; site 2 is in a closed confor-
mation, it does not exchange substrates with the aqueous phase and there is
equilibrium between bound products (ATP) and bound substrates (ADP and phos-
phate) at this site. Site 3 is partly open and contains loosely bound products. These
different conformations of the biochemically identical B-subunits are generated by
the different interactions with the y-subunit located asymmetrically in the centre
of the a;B;-complex. If the y-subunit rotates in the F,-part, the interactions with
all three B-subunits change and, therefore, the conformations of all catalytic sites
change simultaneously. At each catalytic site the sequence of the three conforma-
tion leads to the synthesis of one ATP per site, when the y-subunit rotates by
360°.

The coupling between proton transport and chemical rotation is effected as
follows [67, 68]. The deprotonated amino acid Glu61 of subunit IIT is located in a
hydrophilic access channel, provided by subunit IV, in the middle of the mem-
brane. Protonation of this amino acid via subunit IV drives the rotation of the III;,
ring thereby moving the protonated (uncharged) subunit III from the access
channel into the hydrophobic membrane core. Since subunit III forms a ring, the
neighbouring unprotonated subunit III simultaneously moves into the access
channel and can be protonated in the following step. Deprotonation occurs when
the protonated subunit I11 has moved so far that it reaches the second hydrophilic
channel in subunit IV, which has an exit to the other side of the membrane.
Protons are released to the aqueous phase on the other side of the membrane.
Since subunit III is in contact with subunits y and &, this leads to a rotation of the
vy € III,,-complex (rotor) relative to the o;B; & I IT IV-complex (stator). During
ATPsynthesis, the proton transport through the enzyme leads to a clockwise move-
ment of the rotor, when viewed from F, to F,, and to synthesis of ATP. During
ATP hydrolysis, the sequential binding and hydrolysis of ATP at the three catalytic
sites lead to a movement of the rotor in the opposite direction and a concomitant
proton translocation through the enzyme. The opposite rotation direction during
ATPsynthesis and ATP hydrolysis has been shown recently with single molecule
fluorescence spectroscopy [75, 76].

In F,, subcomplexes that lack subunit 8 and subunits I and II, the three o-pairs
are intrinsically identical. Only the different interactions between 7, €, and each
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o-pair give rise to the different conformations. In all X-ray structures reported
up to now, this situation is realized. It is essential for the binding change mecha-
nism that all catalytic sites are intrinsically identical; that is, rotation of the central
stalk by 120° leads to interactions with the next off-pair which are energetically
equal to those with the previous af-pair. In CF,F, (see Figure 9.1), the situation
is different. The presence of subunit 8, and subunits I and II that form the periph-
eral stalk, gives rise to an asymmetry and, possibly, the binding of I, II, and §,
changes the properties of one o-subunit. If the o-subunit tagged by subunits I and
11 has a conformation which differs from the two other of-pairs, it may have dif-
ferent interactions with the y-subunit. There are three possibilities for the interac-
tion of the central stalk with the tagged a-subunit: either the central stalk is bound
stronger, or weaker, or its binding is unchanged, as compared to the non-tagged
o-subunits. Based on this consideration, it is expected to find in an enzyme
ensemble one orientation of the central stalk relative to the peripheral stalk in case
of stronger interaction, two orientations in case of weaker interaction, and the
three orientations in case of identical interaction.

The image reconstruction of vitrified CF,F, shows only one conformation of
the enzyme; the homology model of the o,B;ye-complex can be fitted optimally
only in one position to the central stalk observed in the 3-D map from electron
microscopy [32]. This shows that, in the presence of AMPPNP, the H*-ATP syn-
thase is found in a unique resting position. Notice that, in this state, the conforma-
tion of one a-subunit is changed by interaction with the peripheral stalk, leading to
an increase in stability of one position of the central stalk within the osB;-barrel.

Figure 9.5 shows a schematic view of the subunit arrangement looking on to
the membrane plane from CF, to the CF,-part. A 0.3nm slice from the electron
density map at CF,F, (grey) is shown, taken from the electron density map at the
position marked by a line in Figure 9.4 left. The o-subunits are indicated by
magenta circles, the B-subunits by red circles. The o-subunit with the highest
density is the one tagged by the peripheral stalk. The model of the central stalks
fits optimally only in one position into the off-hexagon. In the osfsy-complex,
without the peripheral stalk, the different interactions of the y-subunit with the
of-pairs have been used to define the conformations of the different o and B-
subunits (E, D and T) [71]. This nomenclature is adopted for CF.F, and, on this
basis, the different conformations can be assigned with respect to the peripheral
stalk (see Figure 9.5). The o-subunit tagged by the peripheral stalk has the con-
formation T.

The activity of CF,F, is strongly regulated by a redox reaction and by a ApH
dependent activation [77-79]. The redox regulation is due to the redox state of a
-S—S-group in the y subunit which is either in the reduced or oxidized state [80-82].
In the oxidized state, no ATP hydrolysis is observed and, at the same ApH, the
rate of ATP synthesis is higher in the reduced state than in the oxidized state. The
redox regulation seems to be a peculiarity of the photosynthetic H*-ATP synthases.
These enzymes must have a very strict control of activity since they are exposed
to both light and dark circles and they have to avoid ATP hydrolysis in the dark
period.
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Figure 9.5 Orientation of the peripheral stalk  circles show B-subunits. Subunits | and Il

(subunits | and I1) and the central stalk are shown in blue, the y-subunit is shown
(subunit y) relative to the o;p;-complex in in yellow. E, D and T refer to the

the resting (inactive) state of CFoF,. A slice of  conformational states of the catalytic

0.3 nm thickness from the electron density nucleotide binding sites. The shape at the IlI
map of CFoF, as indicated in Figure 9.4 left ring is indicated by a brown line and subunit
(line) is shown in a view from CF, to the CFy- IV is outlined in blue.

part. Magenta circles indicate o-subunits, red

Therefore, the redox-state of the H*-ATP synthase is coupled via ferredoxin and
thioredoxin to the redox state of NADP*/NADPH, which changes strongly at
light—dark transitions.

CFF, (in the oxidized and the reduced state) catalyzes neither ATP synthesis
nor ATP hydrolysis, when the membrane is not energized. This is expected for
the energy requiring ATP synthesis, but it is a surprising observation for energy
releasing ATP hydrolysis. Obviously, in the absence of membrane energization,
CF,F, is in an inactive state in both redox states. Energization of the membrane
by ApH or an electric potential difference leads to a conformational change. The
enzyme releases a previously tightly bound ADP and it is turned into the meta-
stable active state. Only in this state is the the enzyme able to carry out catalysis
[78).

The structure of CFyF, analyzed in the presence of AMPPNP represents the
inactive (“resting”) state of the enzyme [32]. In the inactive state, there is one
preferential position of the central stalk relative to the peripheral stalk. That is,
interaction with one of the a-pairs leads to a conformational state with the lowest
energy. On the other hand, the binding change mechanism proposes a sequence
of identical interactions of the central stalk with each of the three of-pairs and,
consequently, during catalysis, three different orientations of the central stalk,
relative to the peripheral stalk, should have the same energy. Based on this con-
sideration, it is concluded that the activation process leads to a structural change
between o. and the peripheral stalk. In this structure, identical interactions of all
three of-pairs with the central stalk are possible. Only in this state (“active state”)
the enzyme is able to catalyze reversibly proton transport coupled ATP synthesis
and ATP hydrolysis.

2n
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The mechanism of coupling of proton transport with the movement of the III-
ring and the ye-complex in combination with the binding change mechanism
predicts the number of protons which are translocated through CF,F, per ATP
(H'/ATP ratio). After rotation of the yelll,, complex by 360° the enzyme has pro-
duced 3 ATP (one at each catalytic site) and translocated 14 H*, that is the H*/ATP
ratio is given by the subunit stoichiometry of subunit III to .

H' _ number of I1I-subunits _ 14 _ 47
ATP  number of B-subunits 3

However, it has been shown for CF,F, that the thermodynamic H*/ATP ratio is
four [83, 84]. This difference may result from the activation. For estimation of
H*/ATP from subunit stoichiometries, it is assumed that at the start and the end
of the 360° rotation, the enzyme is in the same state. If the enzyme is in the inac-
tive state before rotation starts, it must be first converted into the metastable active
state. Also, this process requires protons, and it might be speculated that 2 protons
are necessary for activation of the enzyme and that 12 protons are used for ATP
synthesis.
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