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Abstract

Motor proteins are a class of biomolecules which are capable of converting
chemical energy to mechanical work. Their functions are not only essential in
biological processes, but also have huge potential in nanotechnology
applications. However, the study of bio-systems still faces many technical
difficulties, and the understanding of bio-motors is very limited. Therefore,
fabrication of artificial nano-motors is attracting attention for two purposes: to
produce a simplified system for further physical analysis and; to produce more

effective motors for specific applications.

Prof. Wang Zhisong and his lab members have been successful in
fabricating several nano-motors using DNA origami technique. These motors
mimic kinasins and other bio-motors, which adopt a hand-over-hand
mechanism. Nevertheless, the current products are still incomparable to bio-

motors in many aspects, among which is the limited run length.

This project aims to produce a new motor with super run length. This was
achieved by adopting a new mechanism: the inchworm motor. The design
comprised a bridge with two G-quadruplex engines, and two legs which bind
to a DNA duplex track to form triple helices. The motor was fully light driven
by tethering of azo-benzenes. Azo-benzenes were tethered to the G-
quadruplex engines to control the driving force. One of the legs was treated

similarly to adjust the relative stability between the two legs. The combination



of the force generating engines and the asymmetry in two legs enabled the

directional motion.

Fluorescence measurements were carried out to test the effectiveness of

the design, as well as to investigate new possibilities brought by the inchworm

motor.
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Chapter 1 Introduction

1.1 Biological nanomotors

Motor proteins are a class of biomolecules that are capable of moving
along the surface of a suitable substrate. They are powered by the hydrolysis
of ATP (adenosine triphosphate) and convert chemical energy into mechanical
work [1]. Motor proteins play a role in many biological functions: they are the
driving force behind mostactive transport of proteins and vesicles in
the cytoplasm. This is essential in many processes such as intracellular

organelle transport, cell division, and muscle contraction.

Motor proteins from different category may differ in their properties. For
example, actin motors such as myosin move along microfilaments through
interaction with actin. Microtubule motors such as dynein and kinesin move
along microtubules through interaction with tubulin. For the scope of this
project, only kinesin-1 will be discussed to illustrate the operation of a bipedal

molecular walker.

The operation of kinesin-1 is illustrated in Fig.1. Both legs are binding to
the track in Step 1. Then, the hydrolysis of ATP and the release of phosphate
provide energy to dissociate the lagging leg. In Step 3, the zippering effect
will produce a forward bias to the free leg, which now becomes the leading leg.

The release of ADP from a free leg and the binding of ATP to a binding leg



are spontaneous processes. After the ADP is released, the free leg will bind to
the next binding site of the track spontaneously. This restores the shape in Step

1, except that the motor has moved one step forward.

D-Pi
ATP hydrolyzatlon
+

microtubule

Pi release
ADP release

ATP bmdlng
+

Figure 1 Mechanism of kinesin-1. [2] The two heads of the motor (red)
are connected by two soft peptide chains called neck-linkers (blue). Kinein-
1 moves along the microtubule (grey) in a hand-over-hand fashion.

1.2 Artificial DNA nanomotors

Due to very specific Watson-Crick base-pairing between complementary
nucleotides, DNA has been recognised as a useful material in constructing
nano-structures. This property has been intensely investigated in DNA origami
[3]. By designing the base sequences of DNA strands, the mixture of strands

(or a single strand) can be made to bind or fold into the desired shape.



Prof. Wang’s lab has been successful in fabricating DNA nanomotors
using the same technique. Cheng’s designs mimicked the bipedal molecular
walker [4][5][6]. The mechanism of these designs was very similar to that of
kinesin-1 discussed above. The two legs were single stranded DNAs (ssDNA),
with a section of complementary base sequence which bind together to form
the neck-linker (or bridge). The track was a DNA double helix with some
overhang single stranded sections, whose sequences were complementary to
the legs. These overhang acted as binding sites. Instead of ATP, the fuel was a
short ssDNA which could bind to the lagging leg more strongly than the
binding site, hence dissociating it. The leg was then thrown forward by
zippering effect, during which the fuel was cut by an enzyme, so that the leg

could bind to the next binding site.

Since the early designs, more possibilities had been investigated by the lab.
One of the improvements was the use of azo-benzene. By inserting azo-
benzenes into a DNA strand, DNA double helices could be opened by shining
UV light, and then be restored by shining visible light (detailed discussion in
Chapter 2). This allowed photocontrol of the motor, which was much easier

than controlling fuel concentration in the sample.

Another improvement was the modular design [7]. The idea was to
untangle the energy consumption and force generating component from the
motor leg. This lowered the technical requirements in motor design and

directly enabled this project.
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Figure 2 Mechanism of a modular nanomotor. Possible states of the DNA
motor under alternating visible and UV irradiation. The inset schematically
illustrates the motor’s rear and front legs under opposite pulling by the winding
hairpins. The rear leg is dissociated along the forward edge of the binding site
and the front leg along the backward edge (the steeper edge), hence preferential
rear leg dissociation [7].

Fig.2 illustrates Loh’s design. By inserting azo-benzenes in the bridge,
hairpins could form under visible light. The contracting bridge would exert a
force on the legs, which would preferably dissociate the rear leg due to
asymmetry in track design (unzipping vs. shearing forces). Under UV, the
bridge would be relaxed and the free leg could bind to the next binding site. It
would prefer to move to the right instead of backwards again due to

asymmetric design.



This and earlier designs all adopted the hand-over-hand mechanism. The
operation of hand-over-hand mechanism involves intermediate steps where
only one is binding to the track. There is the risk that the second leg also
dissociates and the motor fails. It is not a small risk since the legs were
designed to be easily dissociable, otherwise the efficiency of the motor would

have to be sacrificed.

This contradiction could be solved by the inchworm mechanism.

1.3 Inchworm motor

Inchworm mechanism was first proposed as a possible mechanism for
kinesin. Later, however, mounting experimental evidence points towards the
hand-over-hand mechanism as being more likely [8][9]. Since then, inchworm
motor has received less attention than hand-over-hand motor. This is also
partly due to technical difficulties. Nevertheless, inchworm motor still remains

as a candidate in both science and application.

In contrast to the hand-over-hand motor, where the two legs lead each
other alternately, the inchworm motor has one leg always leading the other.
This characteristic allows us to confine the legs round the track in order to
overcome the problem discussed and to achieve super run length. In fact, such
confinement, which prevents position exchange of the two legs, is a

prerequisite of any implementation of inchworm motor.



Dan Li et al. discussed a general implementation of inchworm motor and
carried out computer simulations [10]. This design was inspired by studies on
molecular shuttles, where a shuttle ring could be switched back and forth
between a pair of binding sites (Fig. 3A). They proposed a motor consisting of
two such rings and a bridge with controllable length. The motor could move
forward in inchworm manner by coordination of the three controls: tighten the
lagging leg, loosen the leading leg, and extend the bridge; now the leading leg
would be pushed one step forward; then tighten the leading leg, loosen the
lagging leg, and shorten the bridge; now the lagging leg would be pulled one

step forward, and that completed one cycle.

B trans
Cis
C _>
— — — o—

Trailing Ring Leading Ring

Figure 3 Schematic of a ring-shaped inchworm motor [10]. (A) Illustration
of a shuttle system. (B) A proposed mechanism for operating on a ring to
regulate its affinity to an extended track with identical binding sites. (C) A
twin-ring walker.



Efficiency of the motor could be analysed using Langevin dynamics. Since
the motion was only allowed along the track, the end-to-end distance of the
bridge polymer (R), approximately satisfies the one-dimensional Flory

potential:

2 RZ
FR) = kT (b + 53

)

where b is the effective Kuhn length of the bridge polymer and N is the
number of Kuhn monomers. The bridge ’ s intra-chain diffusion was
simulated using the Verlet algorithm. Motion of a mobile ring is described by

Langevin equation:

dzr_ © dr+

of . . . . .
where f = o5 18 the force due to the intra-chain potential, and fr is the

stochastic force and 7y is friction coefficient.

Although Li et al. did not fabricate the motor, they carried out computer
simulation using reasonable parameters and the results displayed directional

motion.



1.4 Framework of thesis

1.4.1 Scope and objectives of thesis

The aim of this thesis is to design and fabricate an inchworm motor, and to
experimentally test its effectiveness as well as investigating its properties.
Although inchworm mechanism was adopted in order to achieve super run
length, it was only tested with three-binding-site track due to technical

difficulties and time constraint.

The focus is to judge the success or failure of the motor from the

translocation signal of fluorescence measurements.

1.4.2 Outline of thesis

Chapter 1 covers some background on artificial nanomotor. It introduces
the importance of this field, the past achievements upon which this thesis is

based, as well as the motivation of this thesis.

Chapter 2 provides an overview of G-quadruplex, DNA triple helices and

azobenzene which are essential components in motor design.

Chapter 3 demonstrates the proposed design of the inchworm motor. The

difficulties and possibilities of this design are also discussed.



Chapter 4 demonstrates the experimental methodologies, including
techniques of annealing, gel electrophoresis and fluorescence measurements.

Experimental results are summarised and discussed in Chapter 5.

Chapter 6 summarises and reviews the work throughout the thesis. Some

future works are also suggested to explore the potential of this design.



Chapter 2 Overview

2.1 Introduction

This chapter gives an overview on essential structures used in the motor
design. The track in this design was a fully complementary double stranded
DNA (dsDNA), while the two legs of the motor were ssDNA of appropriate
sequences which could bind to the binding sites on the track through DNA
triple helices. Two G-quadruplex engines were included in the bridge, which
generate force and drive the motor. Azobenzenes were inserted in G-
quadruplex engines and one of the legs (azo-leg), which enabled photocontrol

of the motor.

2.2 DNA triple helices

DNA triple helices have displayed much potential in various applications,
and have unsurprisingly attracted lots of attention [11]-[17]. A DNA triplex is
formed when pyrimidine or purine bases occupy the major groove of the DNA
double Helix forming Hoogsteen pairs with purines of the Watson-Crick
basepairs. Intermolecular triplexes are formed between triplex forming

oligonucleotides (TFO) and target sequences on duplex DNA.

10
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Figure 4 Structure of DNA triplex [12]. The third strand is in yellow,

whereas the oligopurine and the oligopyrimidine strand are respectively in red

and blue.
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Figure 5 YRY triplex motif [15]. Triplex formation occurs at polypurine—

polypyrimidine sites in duplex DNA. In the YRY motif, the third strand is

parallel in polarity to the purine strand of the duplex. The canonical base

triplets are also shown.

Although some other combinations are also allowed (e.g. reverse

Hoogsteen), the YRY motif (pyrimidine. purine: pyrimidine) is found to be

11



most  stable, where a  homopyrimidine TFO binds to a

homopurine.homopyrimidine section of duplex.

Stability of DNA triplex is often modeled in a three-state experiment [18]-
[20], where the triplex dissociates to duplex plus TFO and then to three

ssDNA with increasing temperature:

K3 K,
Triplex & Duplex + TFO < Coils

State: 3 2 1

The fraction of triplex © 3 is then given by:

K2K3C(1 - @ 3)
P KKse(1- 0 )+ Ky +1

By parameter fitting with the experimental data an equation about stability

can be obtained:

1\ /AH — AGy, AH
Keq = exp [(E)( 310 _T)]

where T is temperature, A H is enthalpy change, A G37 is standard free energy
at 37 °C. The latter two are functions of base sequence with empirical

parameters.
Besides base sequence, triplex stability is also sensitive to pH [21][22] and

cation concentration [23][24]. This allows plenty of room in fine tuning of the

motor.

12



The kinetics [25]-[28] and rupture force [16][29] of DNA triplex are
within the timescale of the experiment and strength of G-quadruplex engine
respectively. The details, however, are not very relevant since those
experiments were carried out under very different condition. The feasibility of

a specific sequence can only be tested through experiments.

2.3 G-quadruplex engine

G-quadruplexes are nucleic acid sequences that are rich in guanine and are
capable of forming a four-stranded structure. They are relatively stable,
polymorphic, yet with well-defined conformations [30][31]. These properties

have made them a potential structure in nanodevices.

Amongst other applications, a specific design is of special interest to this
project, where it shifts between quadruplex and duplex conformation

reversibly to produce extension and contraction (Fig. 6).

The G-quadruplex (G-4) section is a 21-base oligonucleotide, with four
groups of three guanines and will form quadruplex structure spontaneously. C-
fuel is complementary to G-4 but with a few mismatch. Since duplex structure
is thermodynamically more stable, C-fuel can bind to G-4 and open it despite

the mismatch. G-fuel is fully complementary to C-fuel; it can bind to C-fuel

13



through the overhang, and open the binding between C-fuel and G-4.

single stranded G-4 will then form quadruplex again.

A 20 sg, o

"C-fuel" ® %e0ae,

Opening step

GC duplex "G-fuel"
("waste')

B ~1.5 nm Extension: ~5-6 nm

21 x034 nm=7.1 nm

The

Figure 6 G-quadruplex engine [32]. (A) Switching between an
intramolecular quadruplex (left) and a duplex (right). (B) Induced movement.
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2.4 Azobenzene

An azobenzene unit contains a C=C double bond, whose isomerization can
be controlled by light: it shifts to trans-stereoisomer under visible light, and to
cis-stereoisomer under UV light. What makes it interest is that, when tethered
to DNA strands, it takes the position and orientation such that it stabilizes
DNA duplex in trans-state through intercalating effect, while destabilizes
DNA duplex in cis-state due to steric hindrance [33][34]. As a result, stability

of DNA duplex can be adjusted by light.

In the motor design, azobenzenes were tethered to C-fuel of G-4 engine. In
this way, C-fuel can be dissociated without the need of G-fuel, and becomes

reusable by switching between UV and visible light.

Furthermore, research has shown that azobenzenes have the same effect on

DNA triple helix [35]. By tethering azobenzenes to the motor leg, leg control

proposed in Section 1.3 can be achieved.

15



Chapter 3 Motor design

3.1 Schematic

O—
O—

O
40— (i

—

N

Figure 7 Schematic of motor design. The motor comprises a controllable
bridge (yellow) and two legs (thin blue). The track is thick blue. The rings
mean that legs are confined around the track. The red ring means that the leg is
dissociated but still confined.

The schematic illustrates the operation of inchworm motor, which also sets
forward the requirements. In the first step, the bridge extends, while the
leading leg is less stable, hence pushing it forward. In the second step, the

bridge contracts, while the lagging leg is less stable, hence pulling it forward.

The initial shape is restored, and the motor has moved forward along the track.

Three requirements must be met in order to have a feasible design:

1. The bridge needs to be controllable. This was achieved by

incorporating G-quadruplex engines in the bridge.

16



2. The legs need to be confined around the track all the time. This was
achieved by adding two additional ssDNA to form closed loops around
the track.

3. The relative stability of two legs needs to be adjusted. This was
achieved by tethering azobenzenes to one of the leg (azo-leg). A series
of TFO sequences had been tested by Liang et al. [35], amongst which
the one that produced the largest difference between stabilities under
UV and visible light was chosen: XTeXT7;, where X denotes an
azobenzene and Te denotes a block of six Thymine. This TFO has a
melting temperature of 48.4 ‘C under visible light, while that is below
0 °C under UV. Another sequence was chosen for non-azo-leg (or

normal leg), CTCCTTT, with a melting temperature of 18.6°C [21]. As

a result, the azo-leg is more stable than the normal leg under visible

light, while less stable under UV.

Attention should be paid here that these melting temperatures are not
very accurate for this design, since they were measured by different groups
under different buffer conditions and structures. The normal leg sequence
was purposely chosen to have slightly lower melting temperature than

experiment temperature (25°C), since the number was expected to be

higher in this design due to entropy penalty of confinement. Nevertheless,
the differences between the three melting temperatures were quite

significant and allowed a safe buffer zone.

17



3.2 Detailed design

By strand = 72nt
Bridge + 2*C-fuel

X
X azobenzene
AP strand: * Aa strand:
normalleg L +
+G-4 G-4

Figure 8 Detailed motor design. Aa, AB and B Y strands form the
motor.

B v strand comprises a 30nt (nucleotides) bridge (A5+A6), with a C-fuel
sequence added to each end (yellow straight). Aa and AB bind with By
strand through double helix (A5, A6 sections respectively). A @ includes the
azo-leg (A2) and a G-4 engine (A4). A B includes normal leg (A8) and the
other G-4 (A4). E a is a closing strand that binds to A a through two sections

(A1 and A3) each of 10bp length. E B has similar structure but binds to A B

through (A7 and A9). L is 2nt linker and L5 is 5nt linker. Azo-leg and C-fuel
sections are tethered with azobenzenes (denoted by X; actual number of
azobenzenes at each section varies; refer to Section 4.1) . E a strand carries a

quencher at 3’ end..

Te=40 T7=23 Ti=7nt T3=20nt T1 T4=20nt T1 T5=20nt T8=20 T9=40

Ta=40 nt TB=50nt Ty=40nt T6=40 nt Te=73nt

> < .
Uy=63 nt UB=140 nt Ua=40 nt

Figure 9 Track design.
T1 (red) are binding sites for normal leg, T2 (yellow) are binding sites for

azo-leg. They are separated the 20nt spacers of different sequences. A long

18



section is added to each end of the track so that motor can be trapped instead
of leaving the track. The three black dots are fluorescent dyes. They are Texas

Red (TEX), CYS5, and TYE from left to right.

3.3 Motor operation mechanism

1
0 % O I I
N\ - "_\rl
2
iI_IA|;‘||1‘r1—|—|—rr‘r|—r|||’1||
4. Al
3 X

Y :
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- \V - xl_
7

T Y I O

Figure 10 Motor mechanism.



In Step 1, motor binds to the track. The case illustrated has all three
azobenzenes in trans-state. The real situation was more likely a mixture. In
Step 2, closing strands are added which bind to the motor and form closed
loop around the track. These two steps illustrate the binding process before the
operation. In Step 3 -5, UV is switched on; C-fuels are dissociated and G-4
engines contract; triplex has slower reaction rates and azo-leg only dissociates
later. In Step 6 and 7, light is switched to visible; C-fuels bind to and open G-

4 engines; again, azo-leg reacts more slowly.

SN (R N N |

AN = X AY = X

67nt = 72nt = bridge + 2°G4

L Ll

< >
2 27nt = bridge = 30nt

53nt << 72nt

Figure 11 Initial binding direction.

The length of the bridge of motor and spacers of track were designed to
facilitate one binding direction over the other. Fig. 11.1 illustrates comfortable
binding position for both short state and long state, while the reverse binding
would incur large tension. Even if the azobenzenes are initially in random
state, reverse binding is unfavourable compared with forward binding since

only one binding position is possible (Fig.11.2).

20



3.4 Direction control

The direction of the motor movement is determined by relative reaction
rates between the G-quadruplex engine and azo-leg. In Section 3.3, it is
assumed that G-quadruplex responds faster than the azo-leg. It can be easily
seen that if the opposite is true, the direction will be reversed. In fact, that was
the original assumption when this motor was designed. The kinetic data from
the references are not directly comparable since they were measured under
different structure and buffer condition. As a result, it was hard to predict the
direction of motor at the beginning of this project. After the direction of motor
was confirmed from experiments, current interpretation was arrived that G-

quadruplex responds faster than the azo-leg in this design and buffer condition.

But this special characteristic brings more than confusion. The subtle

competition between reaction rates opens the possibility of easy direction

control by small changes in environment.

21



Chapter 4 Experimental Methodology

4.1 Sequence design

Sequences of essential components were already decided, which were G-4
engine, C-fuel, motor legs and binding sites. The rest of the sequences also
required some careful works to avoid undesired binding and self-folding,

which would hinder annealing.

These sections were firstly filled with sequences from lambda DNA [36],
which is a phage whose natural structure is largely single stranded. The full
sequences were then tested with mfold [37] and unpack [38]. These two are
online tools which can compute and predict the secondary structures of a given
sequence. Based on the results, sequences were then modified base by base to

minimise any undesired structure.

Strand | Length | Sequence

Aa 75 GGGTGGCGAGaaXTTTTTTXTTTTTTTaaGAGTTGGTATHG
GGTTAGGGTTAGGGTTAGGG
TTTATTATTTATGAA

AP 69 AATTTTGAGGTTTGT

GGGTTAGGGTTAGGGTTAGGGHATTATGTTAGttCTCCTTT

aaGTCGTGTATG

Ea 25 CTCGCCACCCIttttATACCAACTC-/3IAbRQSp/

22




Ep

25

CTAACATAATtttttCATACACGAC

By 72 CCXCTXAAXCAXCTXAAXCGXCTXAAXGCC
ACAAACCTCAAAATTTTCATAAATAATAAA
CCXCTXAAXCAXCTXAAXCGXCTXAAXGCC

Ta 40 TCATAACTTAATGTTTTTATTTAAAATACCCTATGAAAAG

B 50 AAAGGAAACGACAGGTGCTGAGG
GAGGAAA
GGAATGAACAATGGAAGTAA-3' - /TEX615/

Ty 40 ITTTTTTTTTTTTGAGGAAA
CCTTTCGGTGGCTGGCTTAC-3’-/Cy5/

Td 40 ITTTTTTTTTTTTGAGGAAA
CGAGTATTGGCACCATTAAG-3'- /TYE563/

Te 73 I'TTTTTTTTTTTT
AGGTTGGATAGGGAGGTTGA
TGGTATTCTTAGAGGCGGTGGCAAGGGTAATGAGGTAGA
T

Ua 40 ATCTACCTCATTACCCTTGCCACCGCCTCTAAGAATACCA

UB 140 TCAACCTCCCTATCCAACCTaaaaaaaaaaaaaCTTAATGGTGC
CAATACTCGTTTCCTCaaaaaaaaaaaaaGTAAGCCAGCCACCG
AAAGGTTTCCTCaaaaaaaaaaaaal TACTTCCATTGTTCATTCC
TTTCCTC

Uy 63 CCTCAGCACCTGTCGTTTCCTTTCTTTTCATAGGGTATTTT

AAATAAAAACATTAAGTTATGA

Table 1 DNA sequences. X denotes azobenzenes.
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4.2 Motor fabrication

Sequences with azobenzene tethering were ordered from Nihon Techno
Service Co., Ltd. The rest were ordered from Integrated DNA Technologies,
Inc. The DNA samples received were in lyophilized form. They were then

resuspended in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0) and

refrigerated under -20°C.

A calculated amount of each strand was taken out from the stock solution,
mixed together, and diluted to 5SuM for annealing. Annealing buffer used was

20mM MgClp, 100mM KCl, in TE. The samples were annealed in water bath

at 95°C for 20 minutes, after which they were cooled down slowly until room

temperature, followed by storage under 4°C.

4.3 Gel Electrophoresis

After the samples were annealed, polyacrylamide gel electrophoresis

(PAGE) was carried out to verify the effectiveness of annealing.

29:1 30% acrylamide H,O | 10 TBE | 10% APS | TEMED

(ml) (ml) | (ml) (ul) (u)

4 6.6 |12 200 10

Table 2 Composition of 10% acrylamide gel.
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The gel was cast using Mini-PROTEAN Tetra cell setup. A pair of glass
plates was thoroughly cleaned with DI water and 70% ethanol. They were then
carefully installed onto the holder. The 10% acrylamide gel was prepared in
fume hood according to Table 2. TEMED was the last to add, after which the
gel was quickly pipetted into that glass plates. A comb was inserted carefully
to avoid any bubbles. The gel was then left in the fume hood for 50 minutes

for it to solidify.

Around 4-6 ul of samples were prepared with Gel Loading Dye, Orange
(6X), as well as a sample of low molecular weight DNA ladder, both by New
England BioLabs. The gel was then installed in the tank and filled with 1x
TBE. The samples were pipetted into the wells, and the power supply was set

to 90V and 70 min.

After that, the gel was stained with 3x gel red for 20 minutes and then

imaged with the Bio-Rad Gel Doc EZ system.

4.4 Fluorescence measurements

Three fluorescent dyes were attached to the track, which would produce
fluorescence signal under excitation of appropriate wavelength. On the other
hand, the closing strand at azo-leg carried a quencher, which can quench the

nearby fluorescent dye through fluorescence resonance energy transfer
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(FRET). As a result, the ratio between the fluorescence readings from a
track/motor mixture sample and a pure track sample is related to the
percentage occupation of the binding site by the motor. By monitoring the
relative change in three binding sites, the movement of the motor along the
track could be observed. An added benefit of this experiment was that it
minimised (hopefully removed) the effect of photobleaching, which was

expected to have similar effects on both samples.

Such experiments had become more convenient with the utilisation of
azobenzenes. The light source inside the fluorospectrometer could provide
sufficient intensity and appropriate wavelength to induce isomerisation of
azobenzenes. By setting alternating visible and UV sessions, the
fluorespectrometer would drive the motor while taking fluorescence

measurements during visible sessions.

Before operation experiment, the motor must bind to the track (Fig.10.1-2).
Motor and track samples at SuM were mixed 1:1 and incubated overnight. On
the second day, equal amounts of 5uM closing strands were added to the

mixture, and also incubated overnight.

Before each experiment, the cuvette was rinsed with 70% ethanol for two

times, followed by twenty times of DI water. The sample was diluted to 10nM

using operation buffer (in this case the same as annealing buffer).

26



The excitation wavelengths of the three dyes were 648nm (Cy5), 549nm
(TYE) and 596nm (TEX), which were suitable to induce cis-trans
isomerisation of azobenzenes based on previous experience from lab members.
The excitation slit was set to 360nm for UV sessions, which was efficient in
inducing trans-cis isomerisation. The slit width was set to Snm (Ex.) and 10nm

(Em.).
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Chapter 5 Results and discussion

5.1 Gel electrophoresis

Figure 12 Electrophoresis. The same gel under longer (left) and shorter
(right) exposure. From left to right lanes are: motor sample, ladder, track
sample.

A clear band could be seen from both motor and track. Pictures were taken
at two exposure due to large difference in intensity. In this experiment, the
track was diluted to half the concentration of motor sample, a smaller volume

was taken as well. In spite of this, its intensity was still much stronger than the

motor, mainly due to the large difference in molecular weight.

The motor was at around the same distance as the track. This was probably
a coincidence. The secondary structure of motor was quite messy, including a
large component of ssDNA and some quadruplexes, while the track was a
dsDNA. As a result, the relative position of the motor could not reflect its

relative molecular weight.
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To verify this, a stepwise annealing and gel electrophoresis was carried out,
where two of the three motor components were annealed together. The lower
bands from the motor sample were evidently contributed by other structures
resulting from incomplete annealing, and the highest and brightest band was

referred to be the designed motor structure.

Figure 13 Stepwise electrophoresis. From left to right: full motor (A @ +A

B+Ba), Aa+AB,Aa+Ba,AB+Ba.
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5.2 Motor binding

The binding of this motor took two steps: the motor/track binding and the
binding of closing strands (Fig.10.1-2).To ensure equilibrium was achieved,
each step was incubated overnight. The fluorescence spectrum was measured
after binding, and compared with that of a pure track sample. A compare
experiment was also carried out, where the sequence of mixture was changed:
in the first step, motor was mixed with closing strands to form structure in

Fig.8; track was added later after overnight incubation.

—— track
binding
—— compare

300

250

200

150

Intensity (au)

100

r—+~ 1 T ' T *~ T * T * T *~ T * 1
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 14 Motor binding. The fluorescence spectrum of pure track
(black), binding sample (red) and the compare sample (blue). Three peaks

from left to left are TYE, TEX, CYS5.
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From the data, intensities at all three peaks were lowered after binding,
demonstrating that motor bound to the three binding sites and the fluorescent
dyes were quenched. The intensities from the compare experiment lied in
between, demonstrating that binding were still possible after the loops were
formed, but less favourable. The difference between the binding experiment
and the compare showed that the desired binding structure was formed under
normal binding procedure, where motors bound to track first followed by loop

closing around the track.

5.3 Motor operation

For operation experiments, fluorescence was measured over time at three
wavelengths, which were the peaks from the spectrum. Fig.14 illustrates a
sample data, as well as how it was analysed to produce meaningful
information. For each experiment, three lines were obtained from the three
fluorescent dyes. There were no reading during UV sessions, and they were
removed from timeline to have a clean presentation. By dividing control
readings with the operation readings, the ratio should reflect the percentage of
binding sites unoccupied by motor. By subtracting the initial value, the data
showed the change in percentage occupation during the experiment, which

reflected the movement of motor.
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Figure 15 Motor operation. From top to bottom, left to right:
fluorescence intensity of operation sample, fluorescence intensity of control
(pure track), the ratio between operation and control readings, the ratio minus

the initial value, translocation and dissociation.

In Fig.14.4, all three lines started at 0, which was the reference level. After
the light source was turned on and as time propagates, intensity from

fluorescent dye TEX (red) increases, while intensity from TYE (black)

32



decreases. This demonstrated that the motor — and the quencher with it — left
the minus end, where TEX became less quenched, and arrived at plus end,
where TYE became more quenched. The Cy5 (middle dye) signal will be

discussed in Section 5.3.

Quality of the motor could be more clearly presented by two quantities
(Fig.14.5). Translocation was calculated as half the difference between TEX
(minus end) and TYE (plus end), which measured the efficiency of this motor.
Overall dissociation was calculated as the average of three dyes, which was

inversely related to run length.

The data shown in Fig.14 was obtained with a 10/10 procedure, which
means that each operation cycle comprised 10 minutes of visible light and 10
minutes of UV, and repeated for six cycles. Experiments were also carried out
with other procedures; a comparison can be made to investigate the properties

of this motor under different procedures.

Procedure No. of Translocation Overall
Visible uv experiments dissociation
5 min 10 min 2 0.035986 0.003194
10 min 10 min 3 0.117825 -0.06182
20 min 20 min 2 -0.00141 0.107712
30 min 30 min 4 0.037216 -0.03897

Table 3 Comparison across procedures. Translocation and overall
dissociation were taken as the average of the last ten values of each experiment.
Repeated experiments were carried out for each procedure; the data displayed
was the average.
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The motor displayed highest translocation and lowest dissociation under
10min/10min procedure. Interestingly, it worked second best under
30min/30min, and the worst under 20min/20min. This seemed to suggest that
the influence of procedure was quite complicated and the efficiency of the
motor had a turning point between 10/10 and 30/30. It was also possible to be

caused by experimental errors, since 20/20 was less repeated.

5.4 Uncertainties

One major trouble was that fluorescence intensity of pure track dropped
quickly after taking out of refrigerator and kept in the lab under 25°C. These

samples were taken out for two days before control experiment because the
binding took two days for this motor. From several tests, the intensity dropped
to around half after one day, and to around a quarter after two days. A new
sample was annealed with newly prepared buffer, and the problem remained.
The dropping was slowed down or stopped after binding; as a result, the

operation readings were higher than control readings (Fig. 14).

Since little was known about this effect, it was uncertain if this control
experiment could correctly take care of the effect. Data was also analysed
using another control, where the track sample was only taken out of
refrigerator one hour before the experiment. For the 10min/10min procedure,

overall dissociation became higher with this control, yet the directionality
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remained clear. It is therefore fairly safe to conclude that that motor was

successful under this procedure.
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Figure 16 Control comparison. Data processing using two-day control

(left) and one-hour control (right)

When one-hour control was applied to 30min/30min procedure, however,
the results suggested a reversed direction. If this control was justified, it would
imply that the direction of this motor could be reversed simply by changing
the procedure. Although this control has not been proven yet, such delicate
direction control is not impossible. As discussed in Section 3.4, this motor is
quite sensitive to environment and stimuli. Besides, longer session time might
increase the influence of thermodynamic properties over kinetic properties in

determining the direction of motor, leading to more complex analysis.

Another problem was the behaviour of middle dye (Cy5). This was not a
new problem, as the middle dye signals had been hard to interpret in most of
previous projects in this lab. It might reflect some strange thermodynamic

properties of the design or a limitation in experimental technique.
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Chapter 6 Conclusion and outlook

6.1 Conclusion

An inchworm motor was designed in order to achieve super run length. Its
legs bound to the track through DNA triple helix, with G-quadruplex engines
generating force. Photocontrol was achieved through tethering of azobenzenes.

The motor was then fabricated and tested experimentally.

Although there were unexpected problems, the motor was fairly successful
as it displayed clearly directional movement. The motor had been tested under
different procedure, and it was most efficient under 10min visible/ 10min UV
cycles. It also displayed low dissociation underl1 0min/10min and 30min/30min

cycles, which was in line with super run length.

6.2 Outlook

As a motor designed to have super run length, it may exhibit more
surprising performance on longer track. Many exciting possibilities were
revealed during design and experiments, and further works are required to
fully explore its potential. Fine tuning of design, buffer condition and
procedures will not only improve its efficiency, but may open the possibility

of easy direction control.
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On the other hand, the intensity dropping of the track and other
uncertainties may also require some effort so that more accurate experiment

could be carried out to investigate this delicate device.
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