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1. Introduction

FoF1-ATPase is an exquisite nanomachines self-assembled by eight kinds of subunits, and
is ubiquitous in the plasma membrane of bacteria, chloroplasts and mitochondria as well
as uses the transmembrane electrochemical potential to synthesize ATP. The holoenzyme
is a complex of two opposing rotary motors, Fo and F1, which are mechanically coupled
by a common central stalk (“rotor”), cnǫγ, and δb2 subunits connecting two “stator”, α3β3
crown in F1 and a in Fo. The membrane embedded Fo unit converts the proton motive force
(p.m.f.) into mechanical rotation of the “rotor”, thereby causing cyclic conformational change
of α3β3 crown (“stator”) in F1 and driving ATP synthesis. A striking characteristic of this
motor is its reversibility. It may rotate in the reverse direction for ATP hydrolysis and utilize
the excess energy to pump protons across the membrane(Ballmoos et al., 2009; Boyer, 1997;
Feniouk & Yoshida, 2008; Junge, 2004; Saraste, 1999; Weber & Senior, 2003).
The basic hypothesis, “binding change mechanism”(Boyer et al., 1973), however, had not been
confirmed until the direct observation of the rotation of F1-ATPase at single molecule level in
1997(Noji et al., 1997), although it was partly proven by the eccentric structure of γ subunit
in 1994(Abrahams et al., 1994). Single molecule technologies have contributed very much
to the motor. For example, fluorescence imaging and spectroscopy revealed the physical
rotation of isolated F1(Adachi et al., 2007; Nishizaka et al., 2004; Noji et al., 1997; Yasuda et al.,
1998) and Fo(Düser et al., 2009; Zhang et al., 2005), or F1Fo holoenzyme(Diez et al., 2004;
Kaim et al., 2002; Ueno et al., 2005). Magnetic tweezers also be employed to manipulate the
ATP synthesis/hydrolysis in F1(Itoh et al., 2004; Rondelez et al., 2005), and proton translation
in Fo(Liu et al., 2006a). Recently, a membrane scaffold protein has been applied to observe the
stepping rotation of proton channels (cn)(Ishmukhametov et al., 2010).
There are three catalytic sites localized three identical β subunits in F1 respectively. However,
the three sites have different affinities for substrate at any given moment in time during
catalysis. On the other hand, with different technologies such as AFM, Electron density, and
laser-induced liquid bead ion desorption-MS(LILBID-MS) etc., the number of proton channels
have been revealed ranging from 10 to 15 for different species(Jiang et al., 2001; Meier et al.,
2007; Mitome et al., 2004; Pogoryelov et al., 2005; Seelert et al., 2000; Stock et al., 1999). Thus,
it seems reasonable that three ATP molecules will be generated/consumed in F1 for every
cycle, at the same time n(10 ∼ 15) protons will be translated transmembrane in Fo because of
the tight coupling between the two motors. That is, the H+/ATP ratio should be 3/n.
With the development of gene engineering, all subunits of the motor can be expressed in
E. Coli. such that the motor can be self-assembled in vitro into a nanodevice for different
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2 Will-be-set-by-IN-TECH

application(Choi & Montemagno, 2005; Liu et al., 2002; Luo et al., 2005; Martin et al, 2007;
Soong et al., 2000). For example, if the δ subunit is removed from the motor, the two stators
are structurally uncoupled, thereby the F1 stator only contact with the common rotor. This is
named δ-free FoF1 motor. Its stator is the a and b2 subunits, while the rotor is built by cn, ǫ,
γ and α3β3 subunits. Furthermore, this motor can be embedded in a chromatophore which
functions as a battery recharged by illumination. Thus, the motor has been reconstructed into
a self-driven nanomachine in which the only power is the transmembrane p.m.f. Here, we
briefly review our works on the δ-free FoF1 motor including reconstituting, direct observation
of its rotation, developing as a biosensor and a activator, and so on. However, we begin with
the enzymatics of the holoenzyme to investigate the relation between the rotation speed and
substrate/product concentrations, transmembrane p.m.f. and damping coefficient etc. which
is of benefit to the quantitative analysis.

(a) Structure of FoF1-ATPase (b) Single-molecule experiment of isolated F1

(c) Binding Change Mechanism of ATP synthase

(d) The crystal structure of F1

Fig. 1. The full-atom structure of the FoF1-ATPase(a)(Weber, 2006) and three main
breakthroughs including direct observation of rotation of F1(b)(Noji et al., 1997), basic
hypothesis of “binding change mechanism” for ATP synthase(c)(Boyer, 1997) and crystal
structure proving of the eccentric rotation of γ subunit(d)(Abrahams et al., 1994).
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δ-free FoF1 -ATPase, Nanomachine and Biosensor 3

2. Enzymatics of the holoenzyme

From the viewpoint of enzymatics, conventional theory generally concerned with irreversible
reaction on a single substrate which can be described by the Michaelis-Menten kinetics. But
ATP can be reversibly synthesized and hydrolyzed in FoF1-ATPase, and the reaction involves
several substrates/products. In particular, ATP hydrolysis does spontaneously occur in F1,
whereas the thermodynamically unfavorable reaction, ATP synthesis, has to be driven by
harnessing the transmembrane proton flow in Fo. If it functions as a synthase, the two
substrates, ADP and Pi, are recombined into one product, ATP. Though it is well established
that the mechanical process, chemical reactions in F1 and transmembrane proton transport in
Fo are tightly coupled, that is, three ATP molecules will be generated in F1 for every cycle with
n protons transmembrane translation in Fo, the fundamental relation between the rotation
speed and substrate/product concentrations, transmembrane p.m.f. and damping coefficient
is still challenging.

2.1 Systematic kinetics of the holoenzyme

A few of theoretical approaches have been proposed aiming for a better understanding of
the operating mechanism of this reversible motor. Some work focused on the hydrolysis or
synthesis of F1. For example, Oster et al. constructed a 43 states model for the couplings
among three catalytic sites and provided a physical view of the dynamics(Sun et al., 2004;
Wang & Oster, 1998; Xing et al., 2005). However, the model is too sophisticated to be
investigated analytically. Some other models studied the mechanism of torque generation
of Fo with a turbine or all-atom model(Aksimentiev et al., 2004; Elston et al., 1998; Oster et al.,
2000). On the other hand, the kinetics of this motor has been investigated by Pänke et al.
with simulations or storage of elastic energy model(Pänke & Rumberg, 1996; 1999). Here, we
focus on analytical investigation of the systematic kinetics of the holoenzyme. Furthermore,
presumably analytical results could allow for a deeper insight for the working principles of
the motor.
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(a) Tri-site filled with random order binding model. (b) Speed versus ATP concentration and
p.m.f.

Fig. 2. (a) Tri-site filled with random order binding model. Synthesis pathway runs from
right to left (red solid), whereas hydrolysis one runs from left to right (blue dash dots). (b)
Rotational speed of motor versus ATP concentration and p.m.f. Red or blue means that
motor works in synthesis or hydrolysis respectively, and yellow represents that motor is near
equilibrium(Shu & Lai, 2008).
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It is well established that the mechanical process in Fo and the chemical reactions in F1
are tightly coupled. Therefore, it is possible to construct a theory which can systematically
describe the whole machine. Here, we propose a tri-site filled with random order of ADP and
Pi binding model (shown in Fig.2(a)). The kinetics of this reversible reaction may be described
by the equations governing the probabilities(denoted by PE, PET, PEDP, PED, and PEP) of these five
states:

ṖE = k−T PET + k−D1PED + k−P1 PEP − (k+D1[D] + k+P1[P] + k+T [T])PE

ṖET = k+T [T]PE + ksPEDP − (k−T + kh)PET

ṖEDP = khPET + k+P2[P]PED + k+D2[D]PEP − (k−D2 + k−P2 + ks)PEDP

ṖED = k−P2 PEDP + k+D1[D]PE − (k−D1 + k+P2[P])PED

PEP = 1 − (PE + PET + PEDP + PED)

⎫

⎪

⎪

⎪

⎪

⎬

⎪

⎪

⎪

⎪

⎭

, (1)

where the square bracket [ ] denotes the concentration, T, D and P represent ATP, ADP and
Pi respectively, and k+(k−) is the binding(unbinding) constant. The steady-state reaction rate
has been derived to be of second degree in ADP and Pi concentrations, and cannot be treated
in terms of a Michaelis-Menten form. However, if the bindings and unbindings of ADP and Pi
are completely independent and there is no mutual interaction, i.e. k±D1 = k±D2 ≡ k±D and k±P1 =
k±P2 ≡ k±P , it can be put into an apparent Michaelis-Menten equation. In addition, clamped
∆pH experiment(Kothen et al., 1995) has shown that binding and unbinding of a substrate
(at cosubstrate saturation) are rapid processes as compared to the synthesis/hydrolysis step
(mechanical rotation), which means that ks/h ≪ kL ≡ k+P [P] + k+D [D] + k−P + k−D . Within the
framework of steady-state conditions, the clockwise revolution rate of the motor at steady
state is given by 1

3 (ksPEDP − khPET) and can be computed to be

rc =

1
3

vs
Mvh

M

{

[D][P] −
[T]
Ke

}

(KP
M[D] + KD

M[P] + [D][P]) vh
M +

KT
M + σ[T]

Ke
vs

M

. (2)

The definition and meaning of various quantities in the above equation are given below: vs
M

and vh
M are the saturated rates of synthesis and hydrolysis and are given by
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, (3)
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(4)

respectively, where the maximum rates are vs
max ≡ k−T and vh

max ≡ k−P k−D /(k−P + k−D ).
The corresponding Michaelis constants are given by
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The equilibrium constant is given by Ke ≡ Kb
e e−∆G/kBT, where Kb

e ≡ KT
d/(KD

dKP
d) and

the dissociations constant are KI
d = k−I /k+I with the subscript I=T, D, P respectively. The

equilibrium constant varies exponentially with p.m.f.
The inhibitions between substrates and products are complicated because ATP or ADP/Pi
binds competitively to the same “open” site no matter the motor functions as a synthase or
hydrolase. For convenience, we express the inhibitions in an uncompetitive hydrolysis form
with the parameter: σ ≡ 1 + [P]/KTP

I + [D]/KTD
I + [D][P]/KTDP

I , where KTP
I ≡ KP

dχk−D /k−P ,

KTD
I ≡ KD

dχk−P /k−D , KTDP
I ≡ KD

dKP
dχ/[1 + e∆G/kBT ], and χ = e∆G/kBTkL/vh

M.
Eq.(2) implies that the motor is a synthase if rc > 0, a hydrolase if rc < 0, and at equilibrium if
rc = 0. Fig.2(b) shows the reversible rotational speed of the motor versus ATP concentration
and p.m.f. The motor functions as a synthase only if the ATP concentration is lower than a
critical value such as 100μM and p.m.f is higher than 175mV. On the other hand, it becomes
a hydrolase when [T]> 100μM and p.m.f< 175mV. The surface in Fig.2(b) also shows the
sigmoid kinetics with respect to ∆pH at different Q(Junesch & Gräber, 1987; 1991). The
relation between kh/ks and ∆pH and damping coefficient of “rotor” can be determined by a
stochastic mechanochemical coupling model(Li et al., 2009; Shu & Shi, 2004; Shu & Lai, 2008;
Shu et al., 2010)

2.2 Dynamics of system with rotary motor and battery

Recently, FoF1 motor is usually reconstituted in liposomes to investigate the H+/ATP with pH
clamp(Steigmiller et al., 2008; Toei et al., 2007; Turina et al., 2003). The dynamics of the system
composed of motor and vesicle is urgent. Here we propose a possible experimental situation
to study the dynamics of the FoF1 motor and vesicle system. In CFoF1-liposome experiments,
a single purified H+-translocating ATP synthase from chloroplast can be reconstituted on a
vesicle. If the F1 is extended inside and the vesicle is impermeable except for the proton
channel in Fo, how long does the system take to achieve equilibrium once the outside pH is
disturbed? This question involves the dynamics of the system and seems too complicated to
be solved. However, if the diffusions of the substrates and proton in buffer are rapid enough,
i.e., the time that the system takes to achieve steady concentrations of substrates and proton
inside is much less than the rate-limiting rotational step, the dynamics of this system can
be directly derived form Eqs.1 with different initial conditions as shown in Fig.3. Here, we
assumed that the rate-limiting rotational step is equal to the rate of ATP hydrolysis/synthesis
and may approximately be calculated from Refs(Shu & Lai, 2008; Shu et al., 2010)
Here, we only need to estimate the upper limit of the ATP diffusion time since ATP is the
biggest molecule involved with radius ∼ 0.7 nm(Ravshan & Yasunobu, 2004). The distance to
be covered is, therefore, at most, the radius of the vesicle which has been taken to be Rv = 350
nm. With a free diffusion coefficient of DA = 0.3× 109 nm2/s, The most diffusion time of ATP
may be estimated as tA = R2

v/(6DA) = 0.06 ms. This is two orders of magnitude shorter than
the time spent for one ATP synthase even at maximum rate. Although this analysis describes
a three-dimensional free diffusion, it gives a reasonable estimate for the particular confined
geometry when ATP has explored the whole inside of the vesicle and found the corresponding
binding site.
Fig.3 shows the dynamics of FoF1 in such a vesicle system calculated from our model.
The synthesis/hydrolysis rate achieves a maximum value at 0.1 ms for initial conditions
of PEDP = 1.0 or PET = 1.0 respectively. After 10 ms, the system enters the steady state.
The dynamics is constant with the kinetics values (symbols) and is independent of initial
conditions. The rotational rate and inside pH decrease with time, while the ATP concentration
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Fig. 3. Dynamics of FoF1 motor embedded in a vesicle system. (a) and (b): Evolutions of
rotational rates and probabilities with six different initial conditions before 0.02 seconds. (c)
Evolutions of pH and ATP concentrations inside. (d) Evolutions of rotational rates and
probabilities after 0.01 seconds. The outside pH is constant (=6), while initial inside pH=8,
[T]=100 nM, [D]=100 μM, and [P]=1 mM. The diameter of vesicle is 700 nm(Shu & Lai, 2008).

increases monotonically as expected. Here, we do not consider the influence of pH on the
activity of F1. These dynamical predictions can be tested in future experiments.

3. δ-free FoF1 rotary motor

An important feature of the two coupled rotary motors is that their stators are rigidly united
by b2 and δ subunits, in which δ subunit connects b2 and α3β3 crown. Once the δ subunit
is deleted, the α3β3 crown stators is no longer constrained, while another stator is still
fixed in membrane. Therefore, the α3β3 crown will accompany the “rotor” on rotation, and
the transmembrane electrochemical energy is the only power. This is named δ free FoF1
rotary motor. On the other hand, chromatophore vesicles are small lipid vesicles that are
differentiated to host only the photosynthetic apparatus. These vesicles are closed units,
separated from their environment. The the photosynthetic apparatus convert light energy
into transmembrane electrochemical energy. The chromatophore vesicle, thus, functions as a
rechargeable battery.
We had developed a method to reconstitute the δ free FoF1 rotary motor into chromatophore
vesicle so that the motor is an ideal self-driven nano-machine(Moriyama et al., 1991;
Zhang et al., 2005). Employing a fluorescent actin filament attached to the β-subunits, we
have directly observed the light-driven rotation of δ free FoF1 rotary motor at single molecule
level(Zhang et al., 2005). If the fluorescent actin filament is replaced by a propeller, the
motor becomes a self-propelled nano-machine and can serves for nano-submarine in artery
to promote thrombolysis. Furthermore, if we exchange an antibody for the fluorescent actin
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filament, the self-driven nano-machine can detect antigen because it will slowdown due
to damp increasing caused by antigen binding. The speed decreasing can be detected by
measuring the rate varying of inside pH of chromatophore. Thus, δ free FoF1 rotary motor
has a great potential to be developed into a biosensor and activator for different applications.

3.1 Reconstitution of δ-free FoF1 motor

Purification of the β-subunit, F1 (α3β(10×his-tag)3γ), and FoF1-ATPase: The F1-ATPase
coding sequence was isolated from thermophilic bacterium PS3, site-directed mutations
of a cys193ser and gamaser107cys were introduced, and a 10 histidine tag was inserted
downstream of the initiation codon. The mutated construct, pGEMMH, was then
cloned into the expression plasmid pQE-30, and the expression plasmid pQE-MH was
inserted into E. coli JM103(uncB-UncD) in which a majority of F1-ATPase genes have been
eliminated. Thermophilic bacterium, Bacillus PS3β10×his-tag subunit (TF1β), and F1-ATPase
(α3β(10×his-tag)3γ) were expressed and purified as Ref.(Yang et al., 1998), in which the JM103
strain expressing F1-ATPase was cultured in 2× YT medium (AMP+) for 3-4 h at 37◦C. When
the A660 increased to 0.6-0.8, the expression of the F1-ATPase was induced by addition of
1 mmol/L isopropylthio-β-D-galactoside for 3 h. Cells were harvested by centrifuging for
15 min at 4000g and cell extractions were prepared using lysozyme (1 mg/mL)/sonication
(5 min) in 50 mmol/L Tris-HCl (pH 8.0) buffer containing 0.5 mol/L NaCl and 1 mmol/L
phenylmethane sulfonyl fluoride. The extracts were incubated at 60 ◦C for 30 min, and TF1β
was purified using Ni2+-NTA affinity chromatography at 4 ◦C. F1-ATPase (α3β(10×his-tag)3γ)
was purified as Ref.(Montemagno & Bachand, 1999) at 25 ◦C. The FoF1-ATP synthase from the
E. coli JM103(uncB-UncD) was purified as Ref.(Yang et al., 1998). The mutant ATP synthase
containing the His-tag could be isolated with Ni-NTA column. FoF1-ATPase was eluted with
buffer B containing 0.05% lysolecithin and 250 mM imidazole at 4 ◦C, and then further purified
by a gel filtration column (Superdex 200 HR 10/30 Pharmacia). The purified protein was
analyzed by SDS-PAGE.

Fig. 4. The procedure of reconstitution of δ-free FoF1-ATPase motor. (A) FoF1-ATPase; (B)
FoF1-ATPase is treated by LiCl to remove δ subunit; (C) Rebinding of purified β and α
subunits; (D) The reconstituted δ-free FoF1-ATPase motor(Zhang et al., 2005).
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The procedure of δ-subunit deletion of FoF1-ATPase is briefly shown in Fig.4. The
proteoliposome containing FoF1-ATPase and bacteriorhodopsins (BRs) was incubated with
2 M LiCl, 0.1 mM Tricine-NaOH, 10 mM MgCl2, and 1 mM ATP for 20 min at 4 ◦C. Then the
proteoliposome was washed and isolated by centrifuging. Because some α and β subunits
may be removed during δ delation, the LiCl-treated proteoliposome needs incubating with
purified α3β3γ(or β) subunits at 4 ◦C for 60 min (for each divided subunit of F1 with buffer
0.1 mM Tricine-NaOH, 10 mM MgCl2, 50 mM KCl, 0.5 mM NaCl, and 1 mM ATP), and then
is cultured at 37 ◦C for 60 min (for reconstituting of δ-free FoF1-ATPase). The proteoliposome
needs to be isolated to obtain the reconstituted δ-free FoF1-ATPase(Liao et al., 2009; Su et al.,
2006; Tao et al., 2008).

3.2 Direct observation of the light-driven rotation of the δ-free FoF1 motor

Preparation of motor and liposome: FoF1-ATPase from the E. coli JM103(uncB-UncD) was
purified as Ref.(Yang et al., 1998). The purified BR and FoF1-ATPase were co-reconstituted
into a liposome. The liposome was prepared by reverse-phase evaporation with the mixture
of soybean lipid and 1,2-dipalmitoyl-sn-glycero-3 phosphoethanolamine-N-biotinyl (molar
ratio: 7:0.001)(Matsui & Yoshida, 1995). The molar ratio of BR and FoF1-ATPase was
about 100:1, and that of lipids and protein was 30:1(w/w), so that it is possible for one
proteoliposome to contain one FoF1-ATPase and more than 20 BR molecules.
Preparation of fluorescent actin filaments: The G-actin was co-labeled with FITC and
Maleimido-C3-NTA-Ni2+ in buffer (50 mM Hepes-KOH, pH 7.6, 4 mM MgCl2, and 0.2 mM
ATP) for one night at 4 ◦C. The free FITC and Maleimido-C3-NTA (Ni-NTA) were removed
by a desalting column. Then the labeled G-actin was polymerized in buffer containing 50
mmol/L Hepes-KOH (pH 7.6), 50 mmol/L KCl, 4 mmol/L MgCl2, and 2 mmol/L ATP.
Preparation for immobilization of proteoliposomes in the experimental system for
observation. Biotin-AC5-Sulfo-OSu was linked to the polylysine which had previously coated
on the bottom of the dishes, and then 100 μl of 10 nM streptavidin was added into the
dish bottom. After 5 min, the free streptavidin was washed. The proteoliposomes were
conjugated by lipid-biotin-streptavidin-biotin-polylysine to the glass surface. And then the
FITC-labeled F-actin filaments were attached to theβ-subunit of F1 part through the His-tag
with Maleimido-C3-NTA, as a marker of orientation for observation under an Olympus IX71
fluorescent microscope equipped with an ICCD camera.
To visualize the rotation of Fo in proteoliposome, a fluorescent actin filament was attached to
β subunits through His-tag, while the proteoliposome was immobilized onto the glass surface
through the biotin- streptavidin-biotin complexes(Fig.5A). The sample was exposed under the
570 nm cool light for 30 min to initiate the rotation of the Fo motor. Before illumination, the
buffer containing 2 mM NaN3 and 2 mM ADP was infused into the chamber. The clockwise
rotation of actin filament was traced directly by an Olympus IX71 fluorescent microscope
equipped with an ICCD camera (Roper Scientific, Pentamax EEV 512×512 FT) viewing from
Fo side to F1. Fig.5B shows an example of the sequential clockwise rotation images with 100 ms
interval. We have selected six rotational data with different length filaments to show in Fig.5C.
The rotation displays occasional pause or even backwards due to Brownian fluctuation. The
rotation speed decreases with the length of filament increasing, which is in agreement with the
results of single molecule experiments of F1Noji et al. (1997); Yasuda et al. (1998) as expected.
In addition, several control experiments were performed to confirm that the observed
rotation is driven by transmembrane proton flow. As shown in Fig.5D, the rotation
stopped immediately once 5 μl of 10 μM CCCP was added. It was also found that if the
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Fig. 5. (A)The system used for observation of the Fo rotation in the proteoliposome which
was immobilized on the cover glass with biotin-streptavidin-biotin. (B)The sequential images
of a clockwise rotating fluorescent actin filament. Time interval is 100 ms. (C)Time courses of
the actin filament rotation with different length. The fluorescent filament was attached to the
β subunits through His-tag. The length of filaments denoted L1,L2,L3,L4,L5 and L6 are 1.7,
1.9, 2.0, 2.3, 2.8 and 3.3 μm respectively. (D)The rotation was inhibited by adding CCCP,
which verified the motor was indeed driven by transmembrane ∆pH(Zhang et al., 2005).

sample is in dark or is incubated with DCCD before illumination, no rotation has been
observed (data are not shown) because CCCP destroyed the transmembrane p.m.f and DCCD
blocked the proton channels. Furthermore, if NaN3 and ADP disappeared in the buffer,
no rotation of filament was found because NaN3 and ADP prevented the α3β3 crown from
sliding to γ subunit(Muneyuki et al., 1993). These results demonstrated that the rotation of
filaments depended on the p.m.f produced in proteoliposome. It is interesting that the ∆pH
transmembrane of proteoliposome can persist for a long time. After the illumination, some
filaments rotated continuously more than 20 min. The proteoliposome function as a recharge
battery to supply energy to the rotary motor.

4. Biosensor developed by δ-free FoF1 motor

Light-driven electron transfer causes the proton gradient across the membrane and leads the
proton flux through n channels(cn) in Fo. The interaction between a subunit and proton
flux generates the relative movement between a subunit and c ring. Proton flux will
simultaneously alter the inside and outside pH of chromatophore. It is well established
that the rotational speed of motor is tightly coupled to the rate of proton transmembrane
transport, that is, the changing of speed is equivalent to the altering of proton transfer rate.
On the other hand, motor speed can be regulated by changing the load, while the pH altering
can be detected by pH-sensitive fluorescent probes such as QDs (quantum dots)(Deng et al.,
2007). Thus, the nanomachine can be developed as a sensitive biosensor if the rotor is linked
antibody/complementary strand and pH-sensitive probes are labeled outside (or inside)
chromatophore.
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5. Protein or virus detector

The first type of rotary biosensor was based on the antibody-antigen reaction to capture virus
or specific protein. The nanomachine was constructed as shown in Figure6(a): β subunit(1)
was linked by its antibody(2), while the antibody(4) of H9 avian influenza virus was connected
to β antibody(2) in series by biotin-streptavidin-biotin (3). The chromatophore(6) with FoF1
-ATPase was hold on glass surface(7) coated with chitosan. If H9 avian influenza virus(5) exist,
they will load to the motor through antibody-antigen reactions. Virus or protein loading,
therefore, change motor speed. The speed changing can be detected by monitoring the
fluorescent intensity indicated by pH-sensitive dye (or QDs). That is, the fluorescent intensity
altering can be used to indirectly detect virus or protein. Its signal-to-noise ratio can be
distinguished at single molecular level. Thus, this nanomachine may be a convenient, rapid,
and even super-sensitive for detecting virus/protein particles.

(a) Cartoon of detector (b) The course of fluorescence intensity

Fig. 6. (a) Basic design of biosensor based on δ-free FoF1. The fluorescence probe F1300
labeled inside of chromatophores was used as a proton flux indicator. 1 β subunit; 2 antibody
of β subunit; 3 the complex of biotin-streptavidin-biotin; 4 the antibody of H9 avian
influenza virus; 5 H9 avian influenza virus; 6 chromatophore; 7 glass surface coated with
chitosan. (b) Images of intensity change of fluorescence dots caused by pH changing inside
chromatophore in the course of 10 min. a with virus; b without virus; c with two antibodies;
d without ADP(Liu et al., 2006b).

Preparation of H9 avian influenza virus: The avian H9 influenza were propagated in the
allantoic cavities of 11-day-old embryonated chicken eggs at 37 ◦C for 3 days. The allantoic
cavities were collected and centrifuged at 4000 rpm for 40 min and then the supernatant was
centrifuged again at 100,000g for 2 h. The viruses were resuspended in PBS buffer and used
in the experiments.
Labeling of fluorescence probe: The fluorescence probe F1300 was labeled into chromatophore
as follows: 3 μl F1300 (0.0015 mol/L, dissolved in ethanol) was added to 150μl
chromatophores and then was ultrasonicated in ice for 3 min to make the probe into inner
chromatophores. The free fraction was washed by centrifugation at 12,000 rpm for 30 min at
4 ◦C three times. The precipitate was resuspended in tricine-NaOH buffer.

6. DNA or RNA detector

The second type of rotary biosensor was based on base-pair reaction to capture nucleic acid
sequences such as DNA or RNA. Specific RNA/DNA probes, which are the complementary
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strand of target RNA/DNA, were linked to each β subunits of nanomachine. Once base-pair
reaction take places between two strands, the flexible probes will transform into a rigid rods
so that motor will slowdown because the damp of rigid rod is much larger than that of flexible
single chain. Detection of RNA/DNA was based on the proton flux altering induced by
light-driven rotation of δ-free FoF1 motor. The base-pair reaction was indicated by changing
in the fluorescent intensity of pH-sensitive CdTe quantum dots. Our results showed that
the assay was so sensitive (1.2 × 10−18M) that it can distinguish the target miRNA family
members. Moreover, the method could be used to monitor real-time base-pair reaction
without any complicated fabrication. The nanomachine has a great potential of clinical
application of RNA/DNA.

(a) Cartoon of detector. (b) Results of different concentration of miRNA.

Fig. 7. (a)Schematic diagram of the biosensor based on δ-free FoF1-ATPase embedded
chromatophore. 1, 2, 3, 4, 5, 6, 7, 8, and 9 represent the antibody against β subunit, the linking
complex composed of [biotin-AC5-sulfo-OSu]-streptavidin-[biotin-AC5-sulfo- OSu], miRNA
probe, target miRNA, 535nm QDs, chromatophore, bacteriorhodopsins (BRs), the linking
system of lipid-biotin-streptavidin-[ biotin-AC5-sulfo-OSu]-Polylysine, and the glass surface,
respectively. (b)Results of different concentration of miRNA. RNA was extracted from
MCF-7 cells. a without RNA; from b to e the amounts of miRNA was summed from
10, 102, 104 and 106 cells respectively. Base-pair reaction was hold at 37◦C(Liao et al., 2009).

The chromatophores (100 μL) were resuspended in buffer A (50mM tricine-NaOH, 5mM
MgCl2, 10mM KCl, pH 6.5) and incubated for 3 h at room temperature with 100 μL
CdTe QDs (1×1015/μL, dissolved in water)(Zhang et al., 2007). Free QDs were washed
away by centrifuging at 13 000 rpm for 30 min at 4 ◦C in three times. The precipitate
(QD-labeled chromatophores) was resuspended in 100 μL of 50mM tricine buffer (pH
6.5). Meanwhile, 2 μL of 2 μM biotin was added in 20 μL β subunit antibody at room
temperature for 30 min, followed by adding 2 μL of 2 μM streptavidin at room temperature
for 30 min. The streptavidin-biotinlabeled β-subunit antibody was incubated with 5 μL
QDs labeled chromatophores fixed on the glass slips at 37◦C for 1 h. Redundant free
biotin-streptavidin-labeled β-subunit antibody was rinsed with 50mM TSM buffer (50mM
Tricine-NaOH pH 7.0, 0.25M sucrose, and 4mM MgCl2). Then 100 μL 10μM miRNA probe
labeled with biotin was added and incubated at room temperature for 30 min. Free probes
were washed out by 50mM TSM buffer. The δ-free FoF1-ATPase with chromatophore was
immobilized on the glass surface through the biotin-streptavdin-biotin. miRNA probe system
was hybridized with miRNA target in 100μL formamide hybridization solution at 37◦C.
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Before the detection, the sample was exposed under the 570 nm cool light for one hour to
initiate the rotation of the FoF1-ATPase. During illumination, the buffer containing 2mM
NaN3 and 2 mM ATP was infused into the chamber to inhibit the hydrolysis activity of the
FoF1-ATPase and prevent relative sliding between α3β3 crown and γ subunit.

(a) Cartoon of submarine cruising in artery to promote thrombolysis. (b) Results of
experiment in vitro.

Fig. 8. (a) Cartoon of submarine cruising in artery to promote thrombolysis. (b) Results of
experiments in vitro. Left row (A-D) represents the course of fibrinolysis in 30 min with
lumbrokinase and δ-free FoF1 motor, while right row (E-H) does that of fibrinolysis in 30 min
only with lumbrokinase(Tao et al., 2008).

7. A potential activator to promote thrombolysis

Cardiovascular disease such as ischemic stroke is a substantial cause of morbidity and
mortality. The primary aim of thrombolysis in acute ischemic stroke is recanalization of an
occluded intracranial artery. Recanalization is an important predictor of stroke outcome as
timely restoration of regional cerebral perfusion helps salvage threatened ischemic tissue.
At present, intravenously administered tissue plasminogen activator (IV-TPA) remains the
only FDA-approved therapeutic agent for the treatment of ischemic stroke within 3 hours
of symptom onset. Recent studies have demonstrated safety as well as efficacy of IV-TPA
even in an extended therapeutic window. However, the short therapeutic window, low
rates of recanalization, and only modest benefits with IV-TPA have prompted a quest for
alternative approaches to restore blood flow in an occluded artery in acute ischemic stroke.
Although intra-arterial delivery of the thrombolytic agent seems effective, various logistic
constraints limit its routine use and as yet no lytic agent have not received full regulatory
approval for intra-arterial therapy. Mechanical devices and approaches can achieve higher
rates of recanalization but their safety and efficacy still need to be established in larger clinical
trials(Sharma et al., 2010). The δ-free FoF1 motor has a potential to be designed a self-driven
nanomachine, which serve as a submarine cruising in artery to promote thrombolysis. Our
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experiment in vitro has demonstrated that the motor may be one of alternative approaches to
restore blood flow in an occluded artery in acute ischemic stroke. However, the mechanism
of promoting thrombolysis has not been uncovered.
FITC Labeling on fibrinogen and fibrin formation: Fibrinogen (1 ml, 0.03 mM) was dissolved
in PBS buffered saline containing 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1 mM KH2PO4,
pH 8.5. FITC was added to the fibrinogen solution under intensive stirring to a final
concentration of 50 mg/ml(Sakharov et al., 1996). The fibrin fiber obtained from fibrinogen
was polymerized with thrombin (0.5 U/μl) and fixed on the glass surface. After incubation at
37 ◦C for 30 min, a fibrin network with an approximate length of 200 μm was formed.
Fig.8(b) shows the morphological features of the fibrinolysis process observed directly under
a fluorescence microscope. At the outset, two fibrin networks A and E, including fiber size,
density, and branch point density, were similar. However, promotion of the fibrinolysis by
δ-free FoF1 motor can be observed by comparing left and right rows. After 30 min, the fibrin
almost disappear due to δ-free FoF1 motor (D), while the control one (H) still partly exist.
It can be imaged that the many self-driven nanomachines will specially bind to fibrin and
promote thrombolysis because of cooperative effect of collective propellers.

8. Self-assembly of ghost with the nanomachine

Nanotechnology aims to construct materials and operative systems at nanoscale dimensions.
Several potential applications can be envisioned: targeted drug delivery systems, tissue
engineering scaffolds, photonic crystals, and micro/nano fluidic and computational devices.
The fundamental challenge in nanotechnology is to construct systems with varied functional
features and predictably manipulate processes at the nanometer length scale. Conventional
construction methods based on photolithography can successfully generate two-dimensional
structures using a “top-down” approach, in which patterned surfaces are prepared by
etching with light. Feature sizes on the order of 50 nm are easily achieved with commonly
available technologies. Advances in specialized lithographic techniques (e.g. scanning probe
lithography) have extended the resolution to below 20 nm. Molecular self-assembly serves
as an alternative paradigm for preparing functional nanostructures, is perhaps one of the
most intriguing phenomena in the fields of chemistry, materials, and bioscience, as well as
is characterized by spontaneous diffusion and specific association of molecules dictated by
non-covalent interactions. There are numerous recent examples involving different molecular
entities: organic molecules, proteins, peptides, DNA and molecular motors(Kumar et al.,
2011; Lo et al., 2010; Rajagopal & Schneider, 2004; Tao et al., 2009; Yin et al., 2008; Zhao et al.,
2010).
A current challenge in molecular self-assembly is to achieve controlled organization in
three-dimensions, to provide tools for biophysics, molecular sensors, enzymatic cascades,
drug delivery, tissue engineering, and device fabrication. Ghosts (Erythrocyte membranes)
are promising bioactive materials and have a great potential of application in drug delivery.
The ghost is a kind of flexile membrane, composed of a lipid bilayer and cytoskeleton. One
of special shapes is concave disk with the diameter about 8 μm and the thickness about
1.7μm respectively. Ghosts loaded with drugs or other therapeutic agents have been exploited
extensively, owing to their remarkable degree of bio-compatibility, biodegradability, and a
series of other potential advantages. We have been motivated to design a novel self-organized
material using ghosts with δ-free FoF1 motor. A lot of interesting phenomena appear: Most
chromatophores combined with δ-free FoF1 motor arrayed in a filament-like fashion through
biotin-streptavidin-biotin interaction. The filament-like nanomachines were able to stick
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around the surface of the ghost with the F1 part against the ghost. Moreover, many ghosts,
which were stuck around by filament-like nanomachines, assembled spontaneously to a larger
scale complex with two or three layers. This sandwich structure may be useful for the
self-driven delivery of drugs or other therapeutic agents.

(a) Micrograph of
chromatophore-filaments.

(b) Possible mechanism
of self-assembly of
filament.

(c) Micrograph of larger
scale assembly structure.

Fig. 9. (a) Self-assembled filaments of δ-free FoF1 motors observed by fluorescence
microscopy. (b) Possible mechanism of self-assembly of filament. Green ball represents
individual δ-free FoF1 motor with chromatophore. Green lines represent chromatophores
linked through biotin-streptavidin-biotin into filament structures. Scale bar represents 10 μm.
(c) Micrograph of larger scale assembly structure. Ghosts with fluorescence-labeled δ-free
FoF1 motors aggregate together and self-assemble into a large structure about 0.6 mm × 1.2
mm in size, which is stable for more than one week.(Tao et al., 2009).

Here, we present a novel type of self-assembled complex consisting of filaments of
chromatophores with δ-free FoF1-ATPases and ghost, the detailed structure of which was
observed by fluorescence microscopy and confocal microscopy. In the absence of light,
biotin-labeled chromatophores embedded FoF1-ATPase are joined together by streptavidin
to form filaments. These filaments can attach to ghost surface, such that the ghosts will
aggregate into a larger scale self-assembled complexes with two or three layers, held together
in head to head fashion between the rotary F1’s. However, if the complex is illuminated, it will
disassemble due to rotation of F1 caused by light energy. The diameter of these macroscopic
complexes is more than 1 mm. δ-free FoF1-ATPase act as a switch to control the ghosts’
self-assembly and self-disassembly, while the remote control signal (power) is light. This
system, thus, has a great potential to be developed into a controllable micronmachine of drug
delivery.
Ghost Preparation: Fresh blood of pig was washed three times with cold 0.15 M NaCl buffer,
pH 8.0, and plasma and leukocytes were discarded. Ghosts were obtained by hypotonic lysis.
Red blood cells were obtained from fresh blood and washed three times with PBS buffer
(isotonic phosphate-buffered saline, pH 8.0). The washed cells were added to 40 volumes
of ice-cold 5P8 buffer (5 mM sodium phosphate, pH 8.0) and left at room temperature for 20
min before centrifuging at 20 000g for 1 h at 4 ◦C. The pale ghost layer was collected and
washed three more times with lysis solution(Steck et al., 1970).
Observation of Self-Assembly: Ghosts attached chromatophore-filaments were resuspended
in 40 volumes of ice-cold buffer (0.5 mM sodium phosphate, pH 7.6) for 1 h. Addition of 5
mM NaN3, 2 mM MgCl2, 50 mM KCl, and 2 mM adenosine 50-diphosphate (ADP) to the
buffer created conditions for light driven rotation of δ-free ATPase within the ghosts. The
complexes were put into a cell, in which the chromatophores were illuminated by 570 nm
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light for 30 min at 4 ◦C. This illumination initiated proton transfer across the membrane of
the chromatophores, and the rotation of δ-free FoF1-ATPase was then driven by the p.m.f.
Once proton transfer was initiated, the cell was incubated at 37 ◦C throughout the whole
experiment. The self-assembly and self-disassembly process was observed with an Olympus
IX71 fluorescence microscope and recorded with a digital CCD camera (iXon CCD, ANDOR
Technology). Confocal microscopy (Olympus FV500, optical scanning confocal microscope)
was used during the scanning process of multiple layers of self-assembled complexes. FV1000
software was used to reconstruct the three-dimensional images.

9. Conclusion

In contrast to human-made machines, protein motors are self-assembled by natural
biomaterial or elements, and operate in a world where Brownian motion and viscous forces
dominate. The relevant energy scale is kBT, which amounts to 4 pN·nm. This may be
compared to the ∼ 80 pN·nm of energy derived from hydrolysis of a single ATP molecule
at physiological conditions. Thermal, nondeterministic motion is thus an important aspect of
the dynamics of molecular motors.
ATP hydrolysis does spontaneously occur in F1, whereas the thermodynamically unfavorable
reaction, ATP synthesis, has to be driven by harnessing the transmembrane proton flow in
Fo. The mechanism of ATP formation in the F1 part is well described by the “binding change
mechanism”. This has been developed in great detail by many techniques, and understanding
of the mechanism has been claimed to be “almost complete”. However, if the motor functions
as a synthase, the two substrates, ADP and Pi, are recombined into one product, ATP. The
binding order of the two substrates is still unclear(Watanabe et al., 2010). Another challenging
question is whether the main kinetic enhancement occurs upon filling the second or the third
site(Boyer, 2000; Milgrom & Cross, 2005; Senior et al., 2002). For Fo, the torque generation
between a and cn in Fo is still covered(Pogoryelov et al., 2010). In addition, it has remained
unsettled whether the entropic (chemical) component of ∆μ̃H+ relates to the difference in the
proton activity between two bulk water phases (∆pHB) or between two membrane surfaces
(∆pHS)(Cherepanov et al., 2003).
It is of interest to ponder whether we can employ FoF1-ATPase nanomachine in artificial
environments outside the cell to perform tasks that we design to our benefit(Martin et al,
2007)? One striking demonstration is the construction of a nickel nanopropeller that
rotates through the action of an engineered F1-ATPase motor(Soong et al., 2000). A
metal-binding site was engineered into the motor and acted as a reversible on-off switch
by obstructing the rotation upon binding of a zinc ion(Liu et al., 2002), similar to the
action of putting a stick between two cogwheels. The other high light examples are the
sol-gel packaging of vesicles containing bacteriorhodopsin, a light driven proton pump, and
FoF1-ATP synthase(Choi & Montemagno, 2005; Luo et al., 2005), or FoF1-ATPase embedded
chromatophore(Cui et al., 2005). Upon illumination, protons are pumped into the vesicles and
ATP is created outside the vesicle by the ATP synthase. Besides the excellent stability of these
gels (bacteriorhodopsin continued functioning for a few months), this technology provides a
convenient packaging method and a way to use light energy for fueling devices. Therefore,
these nanodevices with a battery can be employed to design a rapid, no labeled, sensitive and
selective biosensor(Cheng et al., 2010; Deng et al., 2007; Liu et al., 2006b; Zhang et al., 2007),
or construct a self-propelled nano-machine which can serves for nano-submarine in artery
to promote thrombolysis(Tao et al., 2008). With ghost, the motor also has a great potential
for drug delivery(Tao et al., 2009). Of course, all of these application tries are very coarse,
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and little more than proof-of-principle examples. Thus, there are many questions to be
investigated for application.
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