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Preface

This book covers some of the most recent advances in the fields of Bioenergetics
and Photosynthesis presented at an international workshop held in the Institute of
Advanced Studies (IAS), Nanyang Technological University (NTU), Singapore,
from 21st to 23rd March, 2016. The meeting was held as a tribute to Jan Anderson
FRS who passed away in August 2015 and to celebrate the 75th birthdays of Leslie
Dutton FRS and John Walker FRS, Nobel Laureate. Contributions to the workshop
and to this book, are from outstanding scientists which includes the Nobel
Laureate Rudolph Marcus (Chapter 2 by Marcus and Volkan-Kacs6) who created
a theory of electron transport reactions. Marcus first provided the kinetic and ther-
modynamic description of the movement of electrons between molecules — a
chemical processes at the very heart of the biological electron transfer in the major
classes of bioenergetic systems such as bacterial cells, mitochondria and chloro-
plasts. Not surprisingly, the theme of electron transport reactions in the key redox
enzymatic complexes of mitochondria and chloroplasts is covered in the majority
of chapters of this book. Indeed, Chapters 3 (Wikstrom) and 4 (Rich) are dedicated
to cytochrome ¢ oxidase — a complex that terminates the respiratory electron
transport chain producing water as a by-product. The most recent advances in
studies of cytochsome ¢ oxidase, photosystem IT (PSI), that splits water and pro-
duces oxygen, are thoroughly reviewed in Chapters 5 (Kaucikas e al) and 6
(Barber). The recent structural advances in understanding photosystem I that func-
tions in series with PSII, are covered in Chapter 7 (Nelson). In modern times the
science of bioenergetics attained an extraordinary progress with development and
applications of state-of-the-art techniques, such as femtosecond crystallography
(Chapter 5, Kaucikas er al.); single molecule microscopy and spectroscopy,
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{Chapter 2, Marcus and Volk4n-Kacsd); combination of electron and confocal
fluorescence microscopy (Chapter 9, Ruban; Chapter 10, Koochak et al.). A sig-
nificant pool of chapters is dedicated to the regulatory processes that take place in
the photosynthetic electron transport chain owing to the dynamic nature of the
photosynthetic membrane organisation reviewed in Chapter 10 by Koochak et al.
These mechanisms include regulation of the photosynthetic light harvesting
(Chapter 9, Ruban), cyclic electron transport (Chapter 12, Kou et al.; Chapter 13,
Hanke and Schreibe and Chapter 14, Larkum ef al.) and the whole oxygenic elec-
tron transport chain (Chapter 11, Jérvi et al.). Chapter 8 by Shivhare and Mueler-
Cajar, summarises the recent progress n understanding the protein rubisco
activase that regulates the most abundant enzyme, Rubisco (ribulose-1,5-bisphos-
phatecarboxylase/oxygenase) in the biosphere and is responsible for carbon fixa-
tion. And finally, the ideas and the most recent developments in the field of
applications of the knowledge of Bioenergetics and Photosynthesis are discussed
in Chapter 1 (Ennist ef al.) and Chapter 6 (Barber).

We recommend this book to specialists in Bioenergetics and Photosynthesis,
rescarchers and postgraduate students who are working and studying various
aspects of respiratory and photosynthetic electron transport chains as well as
dynamic regulation of the light harvesting and electron transport events in
oxygenic photosynthesis.

We would like to acknowledge IAS and NTU for supporting and hosting the
workshop in March 2015 and encouraging us to produce this book.

1. Barber and A. V. Ruban
London, 7 June 2017
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Chapter 2

Free, Stalled, and Controlled Rotation
Single Molecule Experiments on
F -ATPase and their Relationships

S4ndor Volkdn-Kacsé* and Rudolph A. Marcus!

Noyes Laboratory of Chemical Physics,
1200 E. California Blvd., Pasadena, CA 91125, USA
*epk @ caltech.edu,
ram@caltech.edu

We show how an elastic group transfer theory can be used to interprei and treat
free, stalling, and controlled rotation single molecule experiments on B -ATPasc.
It is shown how predictions can be made and tested within this class of
experiments using our recent theoretical treatment of rotor angle dependent rate
constants for this biological motor. The theory is also used to suggest an
additional type of analysis of single molecule traj ectories involving dwell angles.

1. Introduction

It is a pleasure to participate in this volume honoring our colleagues John Walker
and Les Dutton, This chapter includes some of the results that we presented at
their joint 75th birthday symposium. It touches on both their works, since it is on
studies of F,-ATPase, single molecule studies that rely heavily on John’s structural
discoveries, and it uses the functional form of a rate equation that expresses the
activation free energy of each reaction step in terms of the standard free energy
and “reorganization encrgy” A for that step. The equation was originally derived
for electron transfers, a field in which Les has made many contributions, some of
them using this equation. This equation has now been adapted, as in eartlier work
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[e.g. Marcus, 1968], to treat iransfer reactions [Sutin, 1968; Murdoch, 1983;
Lewis and Hu, 1984] that are unrelated to electron transfers.

The chapter is organized as follows: In Section 2 some of the experimental
background in single molecule experiments is summarized, in particular, the free
rotation, stalling and controlled rotation experiments. In Section 3 the functional
form of the free energy of activation versus standard free encrgy of reaction for the
various processes is described and used to obtain an equation for the various rotor
angle dependent rate constants. Experimental results are described in Section 4.
A theory of the free rotation experiments used by us [Volk4n-Kacsé and Marcus,
2015] is described in Section 4, leading to Bq. (13), that was used to extract a key
quantity (AGS ) fhat is used in predicting angle dependent rate constants in other
experiments. The derivation is based on fluctuations from a “dwell” angle and
angle dependent rate constants.

In Section 4.3 the dwell angles and substeps are discussed, For concreteness
and self consistency we use in this article the dwell angles estimated in single
molecule experiments, bui since the equations are expressed in terms of the sym-
bols 6, and 0, other yalues can be used instead. Tt is shown in Section 4.3 how an
approximate difference in dwell angles for two successive reaction steps can be
predicted from kinetic studies. It is applied to the ATP binding step and to the
hydrolysis step. The results illustrate how incomplete or sparse data, in this case
for the hydrolysis step, can be used and is particularly helpful when the existing
kinetic data are very sparse, as they are for the hydrolysis step.

The biological function of the FOF{ATP synthase is to regenerate, from ADP
and Pi, “spent” ATP molecules used as a “fuel” in a multitude of cellular processes.
[Boyer, 1993] ATP synthesis being encrgetically uphill, it is achieved by coupling
a unidirectional mechanical rotation of a central ¥ shaft in the F_ ring, prompted
by a local proton transfer between offset ion channels in the E  (F.g., [Junge and
Nelson, 20151), and the chemistry in the F, ring. Single-molecule studies have been
thus far focused on the study of the water-soluble F-ATPase, [e.g., Noji et al.,
1997; Yasuda et al., 2001; Adachi et al., 2012; Sielaff et al., 2008; Spetzler et al.,
2000; Watanabe et al., 2010] a complex formed by the F, ring and the ¥ shaft,
which functions in a reverse direction and converts the free energy of the inverse
process, ATP hydrolysis, to unidirectional rotation in the opposite direction.

Single molecule techniques have thus been providing quantitative data on the
dynamics of the component I, of F F-ATP synthase, complementing ensemble
biochemical and structural experiments [Braig ef al., 2000; Boyer, 1993; Senior,
2007; Weber, 2010]. In treating rescarch data, typically in the hydrolysis direction
of the F,-ATPase motor, the goal is that the mechanism for the enzyme ATP syn-
thase can be elucidated, assuming reversibility in the chemo-mechanical rotation
Scheme [Adachi et al., 2007, 2012].
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In the present article we analyze three types of single molecule studies: stall-
ing, controlled rotation and free rotation experiments using a chemo-mechanical
theory. Controlled rotation data were predicted using the stalling data [ Volkan-
Kacso and Marcus, 2016]. We derive in Section 3.1 an equation, Eq. 2, that we
assumed previously in treating the free rotation experiments. This equation is key
to relating the properties of the latter system to the quasistatic rate constants
extracted from the stalling and controlled rotation experiments.

" We review in Section 3 a chemical-mechanical theory [Volkdn-Kacs6 and
Marcus, 2015] that we formulated to treat several types of single molecule experi-
ments on a biomolecular motor [Adachi ez al., 2007, 2012]. The theory is adapted
from a theory of electron and other transfers in solution [Marcus, 1968; Marcus
and Sutin, 1985; Marcus, 1993] and in addition contains the torsional elasticity
effect [Siclaff ef al., 2008] in the motor in the various physical and chemical pro-
cesses, such as ATP binding and ATP hydrolysis.

2. Description of Three Single-Molecule Experiments

2.1. Free rotation experiments: Stepping rotation
and concerted kinetics '

By attaching the F “stator” ring subunit to a microscope slide the rotation of the
“rotor” shaft has been monifored by dark field and fluorescent single molecule
microscopy. In one version of this experiment a microfilament was attached to the
rotor which rotates under heavy viscous load due to friction in the solution [Noji e al.,
1997]. When the viscous drag was reduced by replacing the probe with a submicron-
sized bead, a counter-clockwise stepping rotation (when viewed from the F side)
with dwell angles 120° dpart was resolved [Adaci et al., 2000]. Later, substeps of 40°
and 80° were resolved using a lower ATP concentration [Yasuda e al., 2001].

A chemo-mechanical scheme shown in Figure 1 has been established by a
series of single-molecule experiments, in which ATP binding and ADP release
(from a different 8 subunit) are concerted events (80° substep) and ATP hydrolysis
and Pi release (again, from a different subunit) occur during a 40° substep
[Nishizaka et al., 2004; Adachi et al., 2007; Senior, 2007, ‘Watanabe et al., 2010].
In the scheme, when following the events in the same subunit, ATP binding occurs
during the 80° step following a binding dwell set to 0° [Yasuda ez al., 2001]. The
ATP does not undergo hydrolysis until much later in the rotation, during the 200°
to 240° step, a 40° step. ADP release follows during the subsequent 80° step, from
240° to 320°. Finally, Pi release occurs during the last 40° step, from 320° to 360°.

The timescale of rotation of the +y subunit the biochemically active ATP syn-
thase is comparable to that occurring in the free rotation experiments (ms).
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After repeating these experiments for a series of dwell times, Adachi et al.
[2012] interpreted the statistics of forward and back rotations in terms of a two-
state model. They assumed that (1) during the stall time, the system can undergo
several forward and backward processes, and (2) the rotations (forward or back)
upon release depended on the state of the underlying process (e.g., for ATP bind-
ing either ATP-bound or empty) at the moment of release. The observed relative
number of forward and back events as 2 function of stall time yielded the forward
(kf) and backward (k,) rate constants of ATP binding, or other processes. The
model of elastic transfer of nucleotides was proposed to explain this rate constants
versus 8 data in terms of the effect of the elastic response of the rotor structure on
the free energy surface (Figure 2b} [Volkén-Kacsé and Marcus, 2015].

2.3. Controlled rotation experiments

By replacing the “wild-type” nucleotides, ATP or ADP, by a modified nucleotide
that fluoresces, single-molecule fluotescence microscopy was used to monitor indi-
vidual binding and release events [Adachi et al., 2007]. In particular, a fluorescent
Cy3 moiety was attached to the nucleotides via a flexible alkane tether. In the experi-
ments, when the Cy3-nucleotide bound to the F,-ATPasc the Cy3 moiety emitted a
fluorescence signal but when it was in the solution the fluorescence was quenched.

Adachi ef al. [2012] employed the fluorescence Cy3-nucleotide in conjunc-
tion with the rotation microscopy and magnetic tweezers using the mijcro-bead
probes. To do so, the shaft was rotated at a constant rate and the individual binding
and release events of fluorescent nucleotides, and so the site occupancy, were
directly monitored [Adachi ef al., 2012]. By keeping a low ATP concentration,
events of occupancy changing between 0 and 1 were determined and analyzed
(Figure 2c). Using a grouping criterion of binding and release times, the number
of (0 —> 1) and (1 — 0) events state yielded forward and reverse rate constants as
a function of rotor angle. The feature that is especially informative is comparing
the results of such low occupancy expetiments with the physiologically relevant
experimental results where the occupancy is 2 or 3.

3. Group Transfer Theory in Stalling and Controlled
Rotation Experiments

We give in this section ai overview of the group transfer theory first proposed to
treat the stalling experiments [Volkdn-Kacsé and Marcus, 2015] and then used to
predict controlled rotation experiment data [Volkén-Kacsé and Marcus, 2016], and
later including composite events to extract hydrolysis and synthesis data from the
trajectories [Volkdn-Kacsé and Marcus, 2017]. Then, using the theoretical
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framework, the average rate constants extracted from dwell distributions in the
free rotation experiments were then calculated.

3.1. Angle dependent rate constants and free energies

Tn a transition-state picture, the activation free energy barrier AG" for a reaction
determines the rate constant of the process. The rate constant k is given by

k= Aexp(- AGIKT) 0

where A depends on the reaction order and the details of the transition state of the
process. For a bimolecular process the A can be expressed in terms of a collision
theory [Volkén-Kacsé and Marcus, 2015] in treating ATP binding that involves a
weak binding site of an empty S subunit. The pre-exponential term A is a collision
frequency Z, and a term related to an ATP binding outside of the 8 subunit. For the
binding and release of ATP there are extensive single molecule data obtained by
different methods [ Yasuda et al., 2001; Spetzler ef al., 2009; Watanabe ef al., 2010;
Braig et al., 2000, Watanabe et al., 2012; Adachi et al., 2012]. Tn the ATP binding
an ATP first forms a collision complex with the F -ATPase, followed by an ATP
binding in an 80° step in the overall hydrolysis direction [Oster and Wang, 2000].

To treat the free energy barrier in Eq. (1), we note that the equations of the
“weak-overlap” theory of electron transfer reactions were adapted to treat “strong
overlap” reactions, such as the transfer of an atom in a reaction [Marcus, 1968,
Marcus and Sutin, 1985; Marcus, 1993]. We have applied this idea to treat the trans-
fer of an even larger species, such as a nucleotide, ATP or ADP, during binding to
the F,-ATPase, while the rotor angle @ is fixed, e.g., as in the stalling experiments.
Taking into account a work term W for attaching the ATP from solution to the exte-
rior of the F-ATPasc (a weak binding site), to the binding pocket (strong binding
site) the well-known quadratic equation is written as a function of the rotor angle 6.

AG* (6) = W + [+ AGY(O) /4 (2)

In Eq. (2) AG® denotes the standard free energy reaction of the transfer process, a
function of ¢, and A denotes the “reorganization energy” for the reaction. The
quadratic fortnalism has been tested experimentally in its adaptation to strong
overlap processes [Sutin, 1968; Lewis and Hu, 1984] and theoretically [Murdoch,
1983]. A related approach leading to a related equation is based on a bond energy-
bond order model (BEBO) [Marcus, 1968 and reference cited therein] in which
the sum of the bond orders of the reactant and product state bonds is assumed
constant during the reaction. It served to explain why the quadratic equation given
in Eq. (2) derived initially for weak overlap electron transfer reactions, can be
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applied to other transfer reactions. Tn the BEBO model the activation energy of the
transfer is roughly 10% of the total bond encrgy. It is easicr to break a chemical
bond if at the same time a new chemical bond is also forming, in this case the
process is 10 times easier in terms of energetics. This cooperation is assumed
when applying Eq. (2) to the physical processes of binding a nucleotide and
release, which involve the breaking and forming of bonds such as hydrogen bonds
and “hydrophobic” bonds. :

To calculate the 8 dependence of the standard free energy of reaction AG%9) a
thermodynamic cycle (Scheme 1) was used [Volkan-Kacsé and Marcus, 2015].
The energy balance around the cycle provides a relationship between the free ener-
gies of a ligand binding in free rotation, AGj, and the binding free energy AGY (&)
at a constant rotor angle 6.

In Scheme 1, AG'(9) and AGg (@) are the frec energies of the system in the
reactant and product states when the rotor is at an angle 6, while AGY(9,) and
AGg (@ ,) are the reactant and product free energies in the relaxed system at dwell
angles 9, and &, respectively. We assume an elastic coupling first suggested by
Junge and coworkers [Panke et al., 2001; Sielalf et al., 2008] between the rotor
angle and the stator subunit conformation [Volkédn-Kacsé and Marcus, 2015]
involved in each of these steps. Accordingly, the sysiem, while in the reactant
state, can be rotated from a dwell angle 9, to an arbitrary angle ¢ by elastically
distorting the structure, by doing a work w () provided externally by the external
magnetic field of the magnetic tweezers. To achieve a rotation from ¢, to ¢, parts
of the structure (mainly the rotor and to some exfent the lever arm of the § subunit)
undergo an elastic twisting deformation of stiffness x.

Analogously, the F -ATPase in the product state, can be rotated from an angle
¢ to the relaxed state at 8, by doing a work wp(@), a work done by the system. To
achieve this rotation an elastic twisting deformation of stiffness « must occur. The
elastic work terms then are '

. K
W=Z0-0) g W30 ~0,), @)
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The energy balance in Scheme 1 requires that
AGY (@)= AG? +w*(8) ~w (9)=AG, —x (0, —0,)0 =0, “

where the notation 8, = (6, -+ 0)/2 was applied and AG is the free energy change
corresponding to the difference between the free energy minima in the final dwell
state versus that in the initial dwell state. Using Egs. (1)~(5) we have shown
['Volkén-Kacsé and Marcus (2017)] that the theory provides a symmetric expres-
sion for the rate constant versus rotor angle dependence,

KT Ink () = KTk @)+ L2+ AG) 22)A0, —(A0,) 14X,

(5)
Rk, (@)= kTk, @)+ (-1 2+ AGy XA~ (A8, ) /A,

where Af = K(Gf— 0)( —6) and 8 = (0,+ 91)/ 2, as defined in Volkdn-Kacsé and

Marcus [2015]. The quadratic term is small in the case of the ATP binding step

(less than 8% contribution). We note that for the equilibrium constant this depend-

ence is predicted to be exponential,

ITIK@)= kT K©, )~ 0, —0,)0 —6,). ©)

3.2. Application to ATP binding in the overlapping 0-range

The stalling and controlled rotation experiments arc complementary in several
respects. Both experiments provide the ¢-dependent rate constants and equilibrium
constants for the steps in the overall process. There is a region of angles 8 roughly
_45° to -+45° where the controlled rotation and stalling data overlap, Important dif-
ferences are that in the former a fluorescent species, Cy3-ATP and Cy3-ADP, is
used instead of ATP and ADP. Furiher, the nucleotide concentration in the controlled
rotation experiments is kept low such that the occupancy is at most 1, while in the
stalling experiments the system has the physiologically relevant occupancy 2 to 3
by nucleotides. Due to the finite time resolution of the single molecule fluorescence
signal, in the controlled rotation experiments, there are cerfain missed events when
the rate of nucleotide release is very fast. These missed events were calculated using
the theory embodied in the previous equations [Volkdn-Kacs6 and Marcus, 2016].
Turning now to the quantitative analysis of the rate constant versus rotor angle
data in these experiments, we first note that the In K(¢) seen in Eq. (7) to be linear
in 6, in agreement with the experimental data [Volk4n-Kacs6 and Marcus, 2015].
With data from other ensemble [Boyer, 1993; Weber and Senior, 19971 and single
molecule [Yasuda et al., 2001, Adachi ez al., 2012; Spetzler et al., 2009] experi-
ments Egs. (5)—(6) were used to predict [ Volkdn-Kacs6 and Marcus, 2015] for the
stalling experiments on ATP binding the Bronsted slope « = dlnk,/ olnK of 0.47,


































