
Chapter 10
Reconstitution of Motor Protein ATPase

Mingjun Xuan, Yi Jia and Junbai Li

Abstract Molecular motor proteins are amazing biological units that are respon-
sible for the transformation of the chemical or biological components into
mechanical works. These molecular machines express stronger energy conversion
than man-made systems, which inspired scientists to pursue the target of improved
performance of current synthetic devices. Thus, it is significant to explore inter-
esting features of biomolecular motors, and design the novel intelligent platforms
that mixed motor proteins with synthetic materials. Biomimetic molecular assembly
enables the possibility for the in vitro reconstruction of biomolecular motors, fur-
ther provides a variety of functionalized strategies. In this chapter, we gave a
detailed introduction for one of the most familiar biomolecular motors, adenosine
triphosphatase (ATPase), and deepen the understanding of their working mecha-
nism and clarified how to conjugate ATPase with the artificially synthetic materials.
In addition, some promising examples and significant comments were highlighted
to display reconstructed performance of ATPase during this exploring voyage.

Keywords ATPase � Proton gradient � Reconstruction � Magnetic field � Light
intervention � Electric field � ATP synthesis

10.1 Introduction

Biomolecular machines such as myosin, kinesin, dynein, and adenosine triphos-
phate synthase (ATPase) attract great research interests since they were initially
discovered and observed [1–3]. ATPase is a class of biomolecular motor protein
that is extensively present in mitochondria, chloroplast, prokaryotic algae, and
photosynthetic bacterium [4, 5]. ATPase plays a range of fascinating roles in the
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energy metabolism, and is involved in physiological activity, catalytically synthe-
size basic energy unit, adenosine triphosphate (ATP). Various types of energy can
be further generated from the hydrolysis of ATP molecules, and power most cel-
lular motility, intracellular transportation, and physiological metabolic activity in
the living organisms. ATPase has more than 100 types according to their distributed
location and function, and mainly include Ca2+-ATPase, H+/K+-ATPase, H+-
ATPase Na+/K+-ATPase, Mg2+-ATPase, Zn2+-ATPase, and so on [6–8]. These
types of ATPases display great contribution in the exchange and transportation of
various ions in biological entities, importantly balance the ion homeostasis in the
intracellular organelles.

Proton-pumping ATPase is an energy-linked enzyme and can be responsible for
the regulation of proton concentration, and play important role in phosphorylation.
As the transmembrane protein, ATPase is served as a smart channel in biological
membrane that the proton can go through [9]. The proton stream can trigger the
conformational change of ATPase to spin, achieving energy conversion from the
chemical energy into mechanical work [10]. Many researches demonstrate that
energy-linked ATPase enzyme can be magically separated from biological entities
and be incorporated into the synthetic systems for the improvement of their bio-
mimetic properties [11]. Integration of photoactive components into ATPase-based
system could endow the biohybrid materials with the function of light harvesting
property and further energy conversion, resulting in the fabrication of
light-responsive devices [12]. The ATPase incorporated synthetic materials own
several inherent properties like the biological unit. Compare with the traditional
materials, these novel biohybrid systems display amazing high-efficiency because
of the introduction of natural components.

Miraculous structures in nature show their great interesting points, and exhibit
much smarter than man-made materials. Actually, bionics not only promotes people
to study the nature, but also enable the natural components to participate in the
construction of hybrid materials [13]. In the microworld, these structures have their
own advanced functions and elegant properties. Over past twenty years, scientists
have devoted many efforts to develop novel biomimetic systems [14]. Several
hybrid platforms made of synthetic materials and bioactive units have been pre-
sented, and they have significantly achieved the breakthrough on the modification
and functionalization of traditional materials. In this chapter, we mainly focus on
how to reconstitute F-type ATPase-based structures and explore their biomimetic
performance in vitro. Molecular assembly of bionics has been proved quite useful
in the design and preparation of functional bioengineered materials. This approach
has great potential for the assembly of structured materials, and develops several
assembled mechanism based on electrostatic interaction, hydrogen bond, covalent
bond, and metal coordination [15]. The natural biomacromolecules extracted from
biological entities significantly inspire the design of biohybrid materials and opti-
mally integrate the biological properties with the synthetic materials. The appear-
ance of ATPase enzyme-based hybrid materials meets the current energy topics to
design the novel energy-linked materials and devices, significantly open a new
perspective to perform the energy capture and further conversion.

238 M. Xuan et al.



10.2 ATPase Family: Types, Structure, and Components

ATPase is a class of transmembrane proteins made of several structured subunits,
and widely exists in the living organisms [16]. According to the distribution, these
types of ATPase are given peculiar properties and specific functions, and are
responsible for the various ions transport and exchange, biological signal trans-
mission, and energy transduction [17]. In cellular physiological process, ATPase
enables many necessary metabolites for cellular metabolism to import, simultane-
ously take charge of the export of toxins and wastes. Such a kind of protein-based
biomolecular machines are of vital importance in the biological entities. ATPase is
a big family and has its own category, and can be systematically divided into three
types: P-type ATPase, V-type ATPase, and F-type ATPase (Table 10.1).

P-type ATPases are a large group of evolutionarily related pumps to transport
ions that widespread across many biological entities from bacteria to human, mainly
reside in bacteria, fungi, archaea, and eukaryotic plasma membrane and organelles
[18]. At present, P-type ATPases including more than 20 different types of struc-
tures have been discovered [19]. All P-type ATPases have a central domain with
a-helical structure and perform the transportation of many metal ions (Mg2+, Ca2+,
Na+, K+, Zn2+, Cd2+, Cu+, Hg2+) [20–25]. During the process of cations across the
entire membrane, P-type ATPase uses its own two conformational regiments, called
E1 and E2, to maintain the electrochemical gradient [26]. The generated confor-
mational change effectively regulates the ions stream, significantly prevents the
formation of back-flow state when the membrane opens the channel for ions to go
through. Actually, the ions transportation process is accompanied with the energy
consumption due to the change of conformational regiments that are triggered by
the ATP hydrolysis. The P-type ATPase acts a smart housekeeper in the regulation
of ions transportation during transmembrane behavior.

As one of the membrane-associated enzymes, vacuolar-type H+-ATPase
(V-ATPase) plays an important role in a series of vesicles-mediated physiological
activities [27, 28]. V-type ATP is a multimeric complex-like enzyme with
remarkably diverse features and functions that resides in eukaryotic organisms and

Table 10.1 ATPase system

Main types Category Distribution Driving force

P-type ATPase
(E1E2-ATPase)

Ca2+-ATPase
H+/K+-ATPase
Mg2+-ATPase
Cu+-ATPase
Zn2+-ATPase
Na+/K+-ATPase

Bacteria, fungi, archaea,
eukaryotic plasma membrane
and organelles

ATP hydrolysis

V-type ATPase
(V1V0-ATPase)

H+-ATPase Eukaryotic vacuoles ATP hydrolysis

F-type ATPase
(F1F0-ATPase)

ATP synthase
(H+-ATPase)

Mitochondria, chloroplasts,
bacterial plasma membranes

Proton gradient
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their organelles [29]. In the eukaryotic cells, V-type ATPases are energy-consumed
proton pumps and are responsible for the acidification of cellular interior and the
proton across the plasma membrane. During the proton delivery, ATP hydrolysis
miraculously triggers the rotation of V-type ATPase to form a proton gradient,
effectively regulates the pH value in the intracellular compartment and vesicular cell
organelles [30]. V-ATPases are mainly composed of two structured parts, V1

domain and V2 domain [31, 32]. The V1 domain contains eight different subunits
that are responsible to propel the rotation of V-type ATPase via ATP hydrolysis.
The V0 domain has six different subunits that can transport protons to pass the
membrane. Moreover, plasma membrane-associated V-type ATPase can be
employed to participate in the type identification for various cells [33]. The subunits
of the V-ATPase reside in certain cells that have a tissue-specific manner to express,
resulting in the given information for the detection of cell types. Several exampled
cells such as macrophages, tumor cells, osteoclasts, and insect goblet cells can be
exactly distinguished because of that they have specific functions and process in the
renal acidification, pH homeostasis, and tumor invasion.

F-type ATPases are usually known as the F0F1 ATPase, and also called ATP
synthase (ATPase for short in the following text) or proton-translocating ATPase
[34, 35]. ATPases are extensively found in chloroplast thylakoid membrane,
mitochondrial inner membrane, and bacterial plasma membrane [36]. F-type
ATPase is an energy-linked enzyme coupled with oxidative phosphorylation that
perform fantastic task to produce the energy molecule, ATP, for cellular con-
sumption [37]. Compared with P-type ATPase and V-type ATPase, F-type ATPase
transports proton through the generated proton gradient across the biological
membrane. More importantly, there is no energy consumption during transport
process. Upon the electrochemical gradient, the rotation of ATPase is immediately
triggered as the form of mechanical work, meanwhile starts the proton flux delivery.
In exceptional circumstances, ATPase also can reversely rotate when the ATP
concentration outside of membrane is pretty high [38]. In some bacteria, sodium
ions can be instead of proton as the “fuel” to drive the rotation of ATPase [39].

Similar to V-type ATPase, F0F1 ATPase is also a transmembrane protein
composed of two separate domains, extrinsic portion F1 and transmembrane portion
F0 (Fig. 10.1a) [40]. F1 portion is a stator constructed by five subunits, a, b, c, d,
and e, which have many catalytic sites that are responsible for the ATP synthesis or
ATP hydrolysis. F0 portion is a hydrophobic membrane-bond part across the bio-
logical membrane that contains three subunits named a, b, and c, and regulate the
proton flow to start the rotation. The two portions are connected together by the
bridge of central stalk (c and e). During the ATP synthesis, this rotary protein motor
effectively transfers adenosine diphosphate (ADP) and phosphate into ATP mole-
cules, exhibits marvelous conversion efficiency compare to the current man-made
machines. The proton flows generate an electrochemical gradient through F0 por-
tion that drives rotation of the F0 portion and the connected stalk (Fig. 10.1b),
inducing the conformational changes of F1 portion that drives the catalytic synthesis
of ATP [41]. Remarkably, this complicated enzyme can also perform ATP
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hydrolysis to drive the reverse rotation that pumps proton against the electro-
chemical gradient.

There are a lot of ATPases enriched in the thylakoid membrane of chloroplast
and inner membrane of mitochondria. As energy-linked protein, ATPase not only
participate the oxidative phosphorylation, but also carry out the conversion between
chemical energy and mechanical works. In the plant cells, ATPase mainly couple
with photosynthesis proteins to achieve various tasks or assistant process, such as
ATPase synthesis, water photolysis, proton delivery, and electron transfer [42].
Mitochondria are the energy factory that possess high density of ATPase, and
conduct the continuous ATP synthesis for the energy supply in cells [43]. Some
prokaryotic algal and photosynthetic bacteria also can use their own ATPase to
acquire the energy and further conversion [44].

10.3 In Vitro Assembly of ATPase Enzyme Mediated
Devices

The bionics has been proved helpful since it was used to manufacture
nature-designed structures. The biomimetic concept is not only learning from
nature, but also inspire scientists employ the natural components to modify and
improve the current assembled systems [45–47]. Recently, many reports talk about
how to fabricate the biohybrid materials and devices composed of the naturally
biological units and artificially synthetic systems. These introduced biological units
have eye-catching work efficiency and favorable biocompatibility, which can sig-
nificantly enhance the performance of traditional biomimetic materials and devices.
Inspired from this, ATPase enzymes possess great potential to participate in the
fabrication of rotation-based nanomachines. The scientists significantly introduce

Fig. 10.1 The schematic structure of a F0F1-ATPase and b the rotary proton channel (F0 portion)
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ATPase enzyme as the rotary motor to couple with several synthetic structures and
achieve the biological components triggered rotation.

10.3.1 The Rotation of ATPase

ATPase is a motor protein with great investigation in detail, which has well defi-
nition in structure information and rotary mechanism. In 1997, Noji et al. [48] split
F1F0-ATPase into two parts, and retained the F1 portion composed of c subunit and
ab-hexamer. Subsequently, the bare c subunit is coupled with streptavidin-
conjugated actin filament, and the opposite side of ab-hexamer is immobilized on
the substrate by His-Tag (Fig. 10.2a). In the presence of ATP molecules,
F1-ATPase starts to hydrolyze ATP due to no proton channel (F0 portion) and no
proton concentration gradient (Fig. 10.2b). Thus, the fluorescent actin filament can
spin because of that generated energy of ATP hydrolysis drives the rotation of c
subunit.

View from the membrane side, the filament is rotated in an anticlockwise
manner more than 100 revolutions (Fig. 10.2c). This is the first time to use F1-
ATPase motor for powering the rotation of employed structure, and also achieve the
direct observation of single ATPase rotation. This approach opens a bright research
aspect for biomolecular motor, and inspires the scientists devote many efforts to
deeply investigate the rotary behavior of ATPase-based synthetic devices.

Fig. 10.2 a The schematic diagram of F1-ATPase powered rotation of actin filament. b The
crystal structure of F1-ATPase. c The time-lapse images of the rotating actin filament. Reproduced
with permission from Ref. [48]. Copyright 1997, Nature Publishing Group
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To use the rotation torque generated by ATPase, many synthetic nanoengineered
structures have been introduced in this rotary platform for the further investigation.
Several biohybrid nanodevices based on F1F0-ATPase which are sequentially
developed and fabricated, and significantly promote the progress of molecular
machines. Emergent fabrication techniques enable the desired structure feasible to
acquire, for example, Soong et al. [49] prepare F1-ATPase-based rotator
(Fig. 10.3a). This rotary nanodevice is immobilized on the Ni post. The Ni rod as
the nanopropeller is assembled on the c subunit side of ATPase via specific con-
jugation of biotin-streptavidin. Subsequently, ATP generated assay is immediately
added to power the rotation of this nanodevice. To simplify the modified process of
ATPase motor, the attached nanopropeller is directly conjugated on the bottom of
F0 portion without dismantling any accessories of ATPase motor (Fig. 10.3b) [50].
The ab-hexamer side is still connected with the substrate by His-Tag. Accompany
with ATP molecules, this F1F0 ATPase exhibits graceful rotary performance in
powering inorganic propeller.

In the previous study, the rod-like structures play important role on the act of
attached propeller. Meanwhile, some other types of fantastically employed struc-
tures have been used to couple F1-ATPase, such as gold nanoparticle, dimeric
particles and DNA double-strand linked gold nanorod [51–56]. These featured
propellers equipped ATPases can be performed for further mechanical exploration
and special tasks. As Fig. 10.3c shown, this rotary nanodevice performs the max-
imum work per 120° step, which is approximately equal to the thermodynamical
maximum work that can be extracted from a single ATP hydrolysis under a broad

Fig. 10.3 ATPase enzyme as rotary motor for powering synthetic architectures. a Nickel rod.
b Actin filament. c Dimeric particles. d DNA double-strand conjugated gold nanorod

10 Reconstitution of Motor Protein ATPase 243



range of conditions [55]. During the reversible rotation, the external torque and the
chemical potential of ATP hydrolysis are both precisely controlled by the discrete
120° steps. Furthermore, the ATPase motor can also couple with double-strand
DNA to develop the rotary biosensor. DNA double stranded is connected with the
F1-ATPase to form a biosensor for the detection of the specific bridged gold
nanorods (Fig. 10.3d), which enable the sensitive discrimination depend on the
rotation, resulting in the sensitive limitation of one zeptomole [56]. Thus, these
rotary nanodevices based on the manipulation of propeller components and con-
jugated technology can help to develop novel features of rotary nanodevices and
enhance their complexity and functions, as well as inspire many biological
applications.

10.3.2 ATP Synthesis in ATPase Incorporated Liposomes

Since the investigation of protein motors, F1F0-ATPase is the most familiar motor
because of specific feature and structure. Due to proton gradient-responsive rota-
tion, the ATPase motors have been employed to perform miraculous rotation
through conjugating with the biomacromolecules. Liposome is a classical vesicle
that can be composed of several polymers and lipids [57], and have well bio-
compatibility for the hybridization with the ATPase. Usually, an enclosed space is
formed by liposomes to generate the proton gradient for the activation of ATPase
rotation. Like the biological membrane in cells, the naturally isolated space is
formed by lipid membranes, and effectively provides the proper condition for the
generation of proton gradient. To construct biomimetic membrane, an artificial
vesicles made of lipid mixture, porphyrin-naphthoquinone molecular triad (1,
C-P-Q), and lipophilic quinone (Qs) is prepared and used for the incorporation of
ATPase (Fig. 10.4a) [58]. This proton-pumping photocycle system can perform the
photon-induced electron transfer and proton delivery in liposomes in the presence
of visible light, resulting in the proton gradient for the ATP synthesis.

All F-types ATPase have the specific properties in transmembrane function and
proton delivery, generating the proton gradient to produce ATP molecules.
A designed 120 nm liposome is composed of phosphatidylcholine and 5 mol%
phosphatidic acid. Each liposome contain 1.3 � 105 lipid molecules, valinomycin
(*800 molecules), and one F1F0-ATPase from chloroplast (Fig. 10.4b) [59]. This
chemiosmotic model system significantly demonstrates the scientific relationship
between H+/ATP ratio and Gibbs free energy of ATP synthesis as a function of the
changed pH and transmembrane electrochemical potential, and calculates the
standard Gibbs free energies of ATP synthesis is 37 ± 2 kJ/mol (pH 8.45) and
36 ± 3 kJ/mol (pH 8.05), respectively.

Liposome-based sealed-cavity provides ideal research model to form the proton
gradient, and play important role in the reconstitution of ATPase enzyme due to
well biocompatibility. These amphipathic molecules not only form the hermetic
structure for themselves, but also can be employed to encapsulate other materials
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for the regulation of proton concentration. With the development of biotechnology,
several bioactive molecules could be introduced to enhance the diversity of ATPase
mediated liposomes, such as functional proteins, polysaccharide, polymers, and
DNA molecule. Many controllable mechanisms could be used to adjust perme-
ability of biomembrane, and control the transmembrane behavior of the protons.

10.3.3 ATPase-Linked Polymeric Structures

Due to rapid development of modern biotechnology and nanoscience, it is possible
to design and fabricate biohybrid functional materials. Layer-by-layer
(LbL) assembled capsules are promising candidates and draw much attention in
constructing hybrid systems [60–64]. LbL assembled capsules with adjusted size,
shape, wall thickness, and permeability were prepared by alternative assembly of
multilayer materials on particle templates and subsequently dissolving core tem-
plates [65, 66]. The hollow structure endows the assembled capsules to be an ideal
transporter for diverse cargos, such as DNA, proteins, and drug molecules [67].
Because of the above remarkable advantages, it is expected that the assembled
capsules can be considered as functional container to reconstitute rotary
motor-based biomimetic systems.

In 2007, Li et al. firstly report the LbL assembled polyelectrolyte microcapsules
coated by ATPase incorporated lipid bilayers that is used for ATP synthesis [68].
Compared to the previously reported strategy, this lipid membrane modified
microcapsules provide an approach to simulate the real cell membrane, and also

Fig. 10.4 ATPase enzymes incorporated vesicles for ATPase synthesis. a ATP production in
C-P-Q molecules-based artificial photosynthetic membrane. b A chemiosmotic system for ATP
synthesis
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make the design and application of new biomimetic structural materials to be
possible. As a membrane protein, F0F1-ATP synthase has been successfully
reconstituted in the liposomes to build biomimetic membrane systems (Fig. 10.5a)
[68]. The F0F1-ATP synthase hybrid LbL assembled poly(allylamine hydrochlo-
ride) (PAH)/poly(acrylic acid) (PAA) microcapsules are employed to simulate ATP
biosynthesis process in the living cells. The proton gradient can be generated by the
change of pH values, which plays a key role to generate ATP molecules and also
decide the rate of ATP synthesis. ATP generating behavior in real cells can be
simulated and reproduced by combining ATPase with the proton gradient.
Consequently, F0F1-ATP synthase hybrid microcapsules can retain the biological
activity of F0F1-ATPase, indicating that many other bioactive membrane-bound
proteins can also be reconstituted using this method.

Glucose is always used in F0F1-ATPase microcapsules to obtain continuous
proton gradient for ATP generation by the enzymatic catalysis of glucose oxidase
(GOD) [69, 70]. The oxidation of glucose can produce gluconic acid and generate a
proton gradient. Thus, the proton gradient can be maintained for a longer time by
adding glucose and sustaining drives the biological synthesis of ATP molecules
from the microcapsules. The microcapsules with ATP generation that are assembled

Fig. 10.5 The reconstitution of ATPase in the LbL assembled polymeric structures. a The F0F1
ATPase in lipid-coated PAH/PAA microcapsules for ATP synthesis. b The reconstitution of F0F1-
ATPase in lipid-coated Hb microcapsules. c GOD loaded polymeric microcapsule as the bioreactor
for ATP biosynthesis. Reprinted with the permission from Ref. [72]. Copyright 2013, American
Chemical Society; d ATPase incorporated polymeric nanoporous films for pH-responsive ATP
synthesis. Reprinted with the permission from Ref. [73]. Copyright 2011, Royal Society of
Chemistry
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by glutaraldehyde (GA) cross-linked hemoglobin (Hb) and F0F1-ATPase
(Fig. 10.5b) [71]. Proton gradient between the interior and exterior of the F0F1-
ATPase-microcapsule is generated by adding glucose and GOD solution, and it
promotes the rotation of ATPase and induces the synthesis of ATP. To acquire the
continuous proton gradient across the microcapsules, GOD as building block is
directly used to fabricate F0F1-ATPase incorporated microcapsules. Once the glu-
cose is injected, a proton gradient between the inside and outside of microcapsules
is continuously generated by the catalytic hydrolysis of glucoses. This approach
reveals that the amount of ATP production was continuously increased along with
the continuous proton gradient. In other case, polymeric microcapsules can con-
tribute their hollow structure to load GOD molecules that instead of being as the
assembled materials (Fig. 10.5c) [72]. In addition, the two-dimensional polymeric
film can also be incorporated with F1F0-ATPase to perform ATP synthesis
(Fig. 10.5d) [73]. This smart film can effectively generate the proton gradient
according to the manipulated pH value of two separated sides, resulting in the
activation of ATP synthesis.

Hence, these rotating biological molecular motors, F0F1-ATPase, which can be
assembled in the lipid membrane-coated microcapsules or two-dimensional film.
Due to a proton gradient generation, the process of ATP production can be suc-
cessfully performed. It is possible to use F0F1-ATPase-based systems for the
storage of ATP and provide biological energy on demand.

10.4 External Field Modulated ATP Synthesis

ATP molecule is the basic energy unit in the biological entities, which enables
physiological activity work on the regular running mode. The ATPases are a type of
smart system in the biological entities and know how and when to start ATP
synthesis or ATP hydrolysis on their own benefit. However, a critical issue gets
great concern is how to control the in vitro performance of ATPase on demand.
Rapid development of nanotechnology provides it possible to achieve the fabri-
cation and manipulation in micro/nanoscale, and highly meet the requirement of
ATPase modification and functionalization. Unlike in vivo, in vitro assembly of
ATPase is not smart enough, resulting in that many driven mechanisms are used to
regulate work performance of ATP synthesis. Currently, several external fields such
as the magnetic field, light, and electric field, that promise an untouching approach
to trigger on/off the ATP synthesis. This is really favorable to preserve the bioac-
tivity of ATPase proteins. More importantly, it is a simple and valid method to
achieve precisely remote manipulation.
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10.4.1 Magnetic Field-Driven ATP Synthesis

Magnetic field is a most common phenomenon generated by the permanent magnet
or electromagnetic effect. This inspires the fabrication and development of several
magnetic materials composed of elements Fe, Co, and Ni, further develops the
magnetism-responsive telecontrolled manner. Thus, scientists use magnetic field to
propel the rotation of ATPase and produce ATP molecules [74–78]. During whole
process, there is no proton gradient across the ATPase motor, and directly achieve
the transfer from mechanical rotation into chemical energy.

Similar to the up-mentioned ATPases-powered rotator and propeller, ATPases
are upside-down immobilized again on the substrate by His-Tag conjugation.
Subsequently, many structured magnetic materials such as particle, dimeric particle,
and rod, were conjugated on the side of c subunit via biotin-streptavidin-biotin
approach. The magnetic particle modified F1-ATPase can be rotated by using six
steerable electromagnets, achieving a modulated ATP synthesis (Fig. 10.6a) [79].
In physiological conditions, ATP synthesis is an energy-consumed reaction that
requires 80–100 pN nm energy. Using external magnetic field trigger ATPase for
ATP synthesis that needs only about 30 pN nm of free energy to produce one
molecule ATP because of no external energy consumption in local medium.
Compared with the magnetic field manipulated by magnet, magnetic tweezers have
better performance in flexible operation and high precision. The single-molecule
manipulation and micromanufacture are integrated together to study the
mechanochemical transformation of this system. The magnetic bead modified F1-
ATPase is immobilized in femtoliter-sized hermetic chamber to synthesize ATP by
using the rotating magnetic field (Fig. 10.6b) [80]. A clockwise rotating magnetic
tweezers can trigger the ATP synthesis as usual. Interestingly, the “switch off”
magnetic tweezers can immediately end the rotation, and induce ATPase rotate in
anticlockwise to perform ATP hydrolysis due to high concentration of ATP
molecules. It demonstrates that the “switching on/off” ATP synthesis/hydrolysis of
ATPase motors can be flexibly regulated by the manipulation of magnetic tweezers.

Magnetic field manipulated rotation also provides a strong tool to study bio-
logical behaviors or processes of ATPase during ATP hydrolysis. Inorganic
phosphate (Pi) release, ADP release, and ATP binding are the important status and
independent processes, respectively. The single-molecule imaging technology can
directly observe the conformational change of ATPase to elucidate the above-
mentioned status. Scientists use the fluorescence-marked ATP molecule to research
what happen in ATP hydrolysis process (Fig. 10.6c) [81]. To develop and improve
this rotary nanosystem, many efforts have been devoted to fabricate series of
magnetism-responsive propellers for the rotatory motors. A designated propeller is
assembled by plastic bead and Au capped Ni rod which is connected on the side of
c subunit (Fig. 10.6d) [82]. Compared with other conjugated structures, this
specific propeller can significantly enhance the resolution of rotary ATPase motor,
and provide a strategy for the research of torque behavior during ATP synthesis.

248 M. Xuan et al.



The magnetic field propelled rotation of ATPase enzyme significantly achieves
the regulation of ATP synthesis. More importantly, rotary process of ATPase
enzyme can be successfully operated in clockwise or anticlockwise without proton
gradient, resulting in a controlled transform between ATP synthesis and ATP
hydrolysis. With the development of biotechnology and nanotechnology, high
precise manipulation in single molecule gives the design sparks of diverse nanos-
tructures for conjugation of ATPase rotary motor, and enables the energy conver-
sion from mechanical rotation into chemical power.

Fig. 10.6 The magnetic field triggered “switch on/off” ATP synthesis. a Magnetically driven
rotation of F1-ATPase for ATP synthesis. Reprinted with the permission from Ref. [79] Copyright
2004, Nature Publishing Group; b Rotary magnetic tweezers manipulated ATP production.
Reprinted with the permission from Ref. [80]. Copyright 2005, Nature Publishing Group; c Rotary
magnetic field mediated approach for the behavior research of ATP hydrolysis. d The torque
composed of plastic bead-connected Ni rod for the magnetically manipulated rotation. Reprinted
with the permission from Ref. [82]. Copyright 2010, American Chemical Society

10 Reconstitution of Motor Protein ATPase 249



10.4.2 Light Triggered ATP Synthesis

Sunlight plays an irreplaceable role in the living organism [83]. In the living plant
cells or photosynthetic bacterium, ATP synthesis can be intelligently regulated by
sunlight. Inspired by chloroplasts, several light-responsive proteins and enzymes
are introduced to couple with ATPase for the controlled performance of ATP
synthesis. Currently, many novel materials exhibit light-responsive behavior upon
given wavelength, such as ultraviolet light, visible light, and near-infrared light
[84–86]. Reconstituting smart platforms in vitro to simulate the natural biological
process is very important to deeply understand the mechanisms of photosynthesis,
and develop biomimetic materials.

To achieve the “on-demand” ATP synthesis and rotation, many efforts have been
devoted to design the “open/close” feature of ATP synthesis for ATPase assembled
architectures [87–90]. Photosynthesis in green plants can regulate ATP synthesis in
the presence of light. Inspired by this, a light-induced ATP synthesis process is
reconstructed by using a multiprotein inlaid polymersome system (Fig. 10.7a) [91].
ATP molecule is generated by coupled reactions between light-responsive bacte-
riorhodopsin (BR), transmembrane proton pump, and F0F1-ATPase, reconstituted
in polymersomes. These inserted BR protein provide a light sensitive channel for
the regulation of proton concentration in polymerliposome, resulting in the rotation
of ATPase to produce ATP. This artificially hybrid proteopolymersome have great
potential application in several fields ranging from the investigation of cellular
physiology to the synthesis and assembly of bioinspired materials.

To acquire the enhanced ATPase synthesis in vitro, Montemagno and coworkers
present an in vitro artificial photosynthesis platform that conjugates the necessary
enzymes of theCalvin cyclewith a nanosize photophosphorylation system engineered
into a foam architecture by using the Túngara frog surfactant protein Ranaspumin-2
(Fig. 10.7b) [92]. This unique protein allows lipid vesicles and the coupled enzyme to
concentrate in the microscale interlaced foam nets, which transforming the
photon-derived chemical energy into carbon fixation and sugar production.
Light-induced ATP synthetic process usually occurs in the thylakoid membrane of
green plants. A light sensitive protein, photosystem II (PSII), is employed to construct
F0F1-ATPase inserted proteoliposome-coated PSII-based microspheres by using
molecular assembly approach (Fig. 10.7c) [12]. Upon light illumination, PSII can
split water into protons, oxygen, and electrons and can generate a proton gradient for
ATPase to produce ATP. This biomimetic platform gives a strategy to simulate the
photophosphorylation process, and may facilitate the development of ATP-driven
devices by remote light control. In addition, ATPase-based rotary system can be used
in the biomedical aspect. This assembled rotary platform can be introduced to enhance
thrombolysis along with the urokinase against the thrombus [93]. The d-subunit-free
F0F1-ATPase motor is obtained by reconstructing an original chromatophore, which
is extracted from Rhodospirillum rubrum. The removal of d-subunit-free aims to
enhance the rotation of F0F1-ATPase motor. Upon the light illumination, the photo-
synthesis center triggers the generation of proton that results in the rotation of ATPase
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motor protein. After the targeting modification of anti-fibrinogen antibody, this
ATPase-based nanodevice can act as a drill to mechanically destroy the thrombosis.
Along with the urokinase, the introduced ATPase significantly accelerates the dis-
solution of thrombus in the presence of light.

Like the manipulation of magnetic field, light-induced ATP synthesis is a bio-
logical friendly approach that has the flexible controllability and high precision in
manipulation. This strategy uses remote control to trigger on/off the rotation of
ATPase enzyme without needing close contact. Significantly, it could remain the
bioactivity of ATPase enzyme and enhance their work performance in vitro. The
light triggered rotation of ATPase opens a door to regulate molecular machine for
ATP synthesis, and devotes great contribution to develop the light-responsive
materials and nanodevices.

Fig. 10.7 Light triggered the rotation of ATPase enzyme for ATP synthesis. a Bacteriothodopsin
(BR) mediated ATP synthesis in the presence of light. Reprinted with the permission from Ref.
[91]. Copyright 2005, American Chemical Society; b Ranaspumin-2 protein-based light-to-
bioenergy converted platform. Reprinted with the permission from Ref. [92]. Copyright 2010
American Chemical Society; c Lipids-photosystem II-CaCO3 particle for the light-responsive
ATPase synthesis. Reprinted with the permission from Ref. [12]. Copyright 2016, American
Chemical Society
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10.4.3 Electric Field-Driven ATP Synthesis

In 1976, the first demonstration reports that an external electric field is used to
impact the thylakoid membranes in the presence of ADP and 32Pi and results in the
formation of 32P labeled ATP molecules [94]. Usually, the reconstituted ATPase
structures for ATP synthesis are reported by the assembled approach. External
electric field-driven ATP synthesis has both high time resolution and a flexible
control across the membrane potential [95, 96]. Thus, it is a valid strategy for
ATPase to investigate the kinetic behavior and energy conversion in the presence of
external electric field.

Proton-driven rotary molecular motors can use potential energy generated by
proton flux as the driving force. The transmembrane behavior of protons could
produce electric potential gradient on both sides of the membrane. Proton delivery
through the membrane is dependent on the F0 portion of F1F0-ATPase, inducing the
rotation of ATPase motor. Usually, F0 portion contains a-subunit, b-subunit, and
c-subunit. The ring-like c-subunit is responsible for the channel of proton trans-
portation across the membrane that bridges the high potential and low potential
(Fig. 10.8a) [97]. The generated potential gradient can generate a motive force to
start the rotary transportation of proton. During cross membrane process of proton,
a-subunit of ATPase plays an important role to generate an electric field. Like the
particle in the electric field, proton can be manipulated by electric field in c-subunit
to move from an electrode to another (Fig. 10.8b).

In the living organisms, membrane-bond ATPase always couples with several
external fields to achieve the mechanical rotation and ATP synthesis or hydrolysis.
Electric field is a better approach to simulate special environment and check the

Fig. 10.8 The mechanism of electric field-driven ATP synthesis. a Lateral view of F1F0-ATPase.
b The distribution of electric field in a-subunit and c-subunit. Reprinted with the permission from
Ref. [97]. Copyright 2013, Miller et al.
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in vitro performance of ATPase-based complex. A rotary electric field is introduced
to trigger the rotation of ATPase conjugated dimeric polystyrene beads with the
diameter of 460 nm (Fig. 10.9) [98]. This specially designed propeller is a
dielectric and biologically attached to the side of c-subunit. The F1 portion is fixed
on the Ni-NTA-coated coverslip substrate and accompanied with a rotary electric
field. The rotating electric field is composed of four electrodes that own a frequency
of 10 MHz is generated by using sinusoidal voltages. Due to the dielectric feature,
the dimeric polystyrene beads can be rotated by the electrical rotary field. Then, the
peak-to-peak voltage of the applied sinusoidal voltage is increased (Fig. 10.9 upper
left) that results in dimeric polystyrene beads attached F1-ATPase rotate faster.
Moreover, the rotary direction can be controlled by the reversing rotation of
external electric field. The above strategy is the first electric field-driven
ATPase-based rotary device.

At present, electric field-driven ATPase rotation is still in challenge so that many
requisite efforts have been attributed to develop the optimized devices and deeply
study the rotary mechanism. It is important to effectively use the generated potential
energy for the further energy conversion, and reveal the detail of rotary molecular
machine. To enhance the stability in the presence of electric field, many realistic
models and auxiliary theories should be further developed. Also, diverse of attached
structures can be designed and matched for ATPase to perform electric field-driven
rotation. Electric field for the manipulation of ATPase rotation has smart features
and great potential to achieve advanced transform from the electric energy into
chemical energy or mechanical work.

Fig. 10.9 The rotary electric field triggered rotation of F1-ATPase motor conjugated polystyrene
beads
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10.5 Conclusions and Perspectives

Biomimetic materials-based assembly has attracted great concerns because of great
biocompatibility and programmable feature on benefit. ATPase motor is a regula-
tory protein distributed in biological membrane that is responsible for the proton
delivery across membrane. The molecular assembly of ATPase reconstitution
employs bioactive enzyme and synthetic material to achieve construction of bio-
hybrid materials. Based on the rotation of ATPase, many rotary nanodevices are
miraculously designed to perform energy transformation between chemical energy
and mechanical rotation, further develop external field manipulated approaches to
regulate the rotation. In this chapter, detail introduction and promising examples are
mainly discussed, and it strengthens the understanding of the biomolecular rotary
motor.

In vitro reconstitution of ATPase inspires research sparks of bioactive matters
and ultimately develops diverse assembled materials with fascinating functions.
Scientists have successfully introduced biological macromolecules and synthetic
structures as the attached propellers for ATPase. Consider the regulation of rotation,
several strategies such as the magnetic field, light, and electric field that have been
used to switch on/off the rotation of ATPase. Due to the own properties of pro-
pellers, manipulation of external fields possesses giant priority in controlling the
rotation direction of ATPase with clockwise and anticlockwise, and then perform
the conversion between ATP synthesis and ATP hydrolysis. Thus, this is significant
to enhance the operated precision and enables the design of nanosize smart struc-
tures to make it possible to carry out various biological tasks. However,
ATPase-based rotary systems suffer from technological barriers such as biological
stability and bioactivity so that long-time work in vitro is expectant performance.
These present limitations as breakthrough points can be deeply studied in the future
research, and provide basic supports to achieve the construction of biomimetic
devices in diverse applications.
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