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ABSTRACT

This abstract describes developing a high-speed tracking method by modification in motor
components for nanoparticle attachment. Myosin motors are nano-sized protein machines that
power the movement that defines life. These miniature molecular devices serve as engines utilizing
chemical energy stored in ATP to produce useful mechanical work in the form of a few nanometre
displacement events leading to force generation that is required for cargo transport, cell division,
and cell locomotion, translated to macroscopic movements like running, etc. The myosin
superfamily is vast and varied, with complex and extensive groups of myosin proteins that are
categorized into various classes based on their biological roles inside the cell. The present work is
focussed on conventional myosin II, which has a low duty ratio and works in co-operativity.
With the advent of in vitro motility assay (IVMA), detailed functional studies of the actomyosin
system could be performed. The major challenge with the currently available IVMA for tracking
actin filaments is a resolution limitation of + 50nm. To overcome this, we have developed a single
molecule IVMA in which nanoparticles (quantum dot) will be attached along actin filaments and
visualized by a super-resolution microscopy system.

This thesis examines the kinetics of rhodamine phalloidin actin as a control data set, followed by
the modification of actin by the use of biotin labeling, and finally, the attachment of nanoscale
quantum dots to actin in order to investigate the mechanical properties of individual myosin II
motors. The control data indicates that the speed at which actin slides increases as the density of
myosin on the surface increases and is minimally affected by changes in temperature. The
comparative velocity analysis was also performed with the biotin-labeled actin and non-biotin
conjugated rhodamine phalloidin actin filament. Both the control and biotin-conjugated F actin
gave similar sliding velocities and performed well in the in vitro motility assay. It was also
discovered that the actin gliding velocity increased as the ATP concentration was raised.

The attachment of nanoscale cargo is based on biotin-streptavidin conjugation chemistry, i.e.,
biotin-conjugated actin filament was tagged with a streptavidin-coated quantum dot by precise
optimization of monomer ratio during polymerization to achieve a single moving quantum dot in
the in vitro motility assay for study. Using super-resolution microscopy, individual moving
quantum dots (Qdots) were seen over time. The dual-channel visualization by Structured

[llumination Microscopy, a super-resolution technique, utilizes sinusoidal light patterns to



illuminate the specimen and capture sample information at higher frequencies, resulting in a
twofold improvement over the diffraction limit as compared to conventional microscopy systems.
Quantum dots were then precisely located using an efficient algorithm with nm tracking accuracy
in the 1.5 nm range. The Qdots were tracked as they moved along a surface covered with a skeletal
myosin ii motor. The average velocity of Qdot-actin corresponds to the results obtained using actin
labeled with rhodamine-phalloidin. So, conjugation was found to have an insignificant effect on
motility.

This modified Qdot assay system allows a single-molecule study of the myosin motor and is,
therefore, suitable for quantitively estimating the individual step size of the motor during the assay.
We have determined the myosin cross-bridges step size by measuring the quantum dots' slowly
moving velocity at lower ATP concentration and low myosin surface density. So, this technology
is well equipped to perform tracking with high precision in temporal resolution with significantly
improved SNR (signal to noise ratio) compared to conventional set-up. Also, the nanoparticles
(QD) attached to actin filament act as a point source of light coffering ease in filament tracking
compared to conventional manual tracking. Moreover, the cargo (QD) attachment to the thin
filament allows for their precise transportation to designated locations on the chip, hence allowing

a wide range of nano-technological applications.

Keywords- Actin, biotin actin, cargo, IVMA, Myosin motors, and Single-molecule system.
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motility assay. A streptavidin conjugated QD walk along
biotinylated actin filaments on the nitrocellulose-coated
coverslip surface through a layer of immobilized myosin II
molecules.

62

3.10

Schematic illustration of sub-pixel localization of super-
resolved quantum dots with high accuracy and precision
using a MATLAB implementation of the Trackpy Particle-
Tracking Toolkit and radial symmetry algorithm
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3.11

Screening of raw coordinates for considering linear
segment analysis.
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4.1

15% SDS gel pic. Lane 1 corresponds to the ladder, Lanes
2 and 3 correspond to G-actin having a molecular weight of
42 kDa, Lanes 4, 5, and 6 correspond to myosin heavy
chain (200 kDa) and its corresponding light chain of 25,

18, and 16 kDa respectively.
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4.2

Bradford standard curve (myosin ii protein concentration
found to be 1.525 mg/ml while actin protein concentration
found to be 1.0754 mg/ml.
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4.3

Snapshot of observed TRITC labeled actin filament sliding
velocities (um/s) under fluorescence microscope at
controlled conditions. The bound myosin interacts with the
actin filament and translocates using energy from ATP
hydrolysis.
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4.4

Sequential snapshots of actin breakage event imaged at 20
frames per second rate.
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4.5

Sequential snapshots of actin filament rotation event
imaged at 20 frames per second rate
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4.6

Histogram of observed actin sliding velocities (um/s) under
controlled conditions of 2mM ATP at 25°C over myosin
concentration (100 - 400 pg/ml). Solid lines are the least

72
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square fit, using a Gaussian equation. The frame-to-frame
velocity of ~100 filaments was calculated.

4.7

Histogram of observed actin sliding velocities (um/s) under
controlled conditions of 2mM ATP at 30°C over myosin
concentration (100-400 pg/ml). Solid lines are the least
square fit, using a Gaussian equation. The frame-to-frame
velocity of ~100 filaments was calculated.
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4.8

Graph showing the effect of temperature on ensemble
average sliding velocity of filament vs myosin surface
densities. The average motility increases both with an
increase in surface density and temperature. Each data point
corresponds to a minimum of 100 sliding filaments’ velocity.
The points are shown as mean + standard deviation.
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4.9

Histogram of observed actin filament length (um) under
controlled conditions, i.e., 2mM ATP at 25°C over myosin
concentration (100-400 pg/ml). Solid lines are the least
square fit, using a Gaussian equation. The frame-to-frame
velocity of ~100 filaments was calculated. Filament length
is found to decrease with an increase in myosin density.
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4.10

Histogram of observed actin filament length (um) under
controlled conditions, i.e., 2mM ATP at 30°C over myosin
concentration (100-400 pg/ml). Solid lines are the least
square fit, using a Gaussian equation. The frame-to-frame
velocity of ~100 filaments was calculated. Filament length
is found to decrease with an increase in myosin density.
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4.11

Graph showing the effect of temperature on the average
length of filament vs myosin surface densities. The average
length decreases with an increase in myosin surface density
and no change in length with temperature. Each data point
corresponds to a minimum of 100 sliding filaments’ velocity.
The points are shown as mean =+ standard deviation.
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4.12

A. Top: 8% SDS gel showing the band with varying
intensity depending on the amount loaded in the well.
Bottom: Relationship between the band intensity (au) and a
known amount of myosin. B, Top: 8% SDS gel with eluate
from incubated myosin concentrations. Bottom:
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Relationship between applied Myosin concentration (pg/ml)
and myosin molecules/um?.

4.13

Histogram of observed sliding velocities (um/s) (a) at 2 mM
(b) 0.5 mM (c) 0.25mM (d) 0.1 mM ATP (e) 0.05mM (f)
0.025 mM ATP at 30°C over myosin concentration 200
pg/ml. Solid lines are the least square fit, using a Gaussian
equation. The points are shown as mean =+ standard
deviation.
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4.14

Histogram of observed sliding velocities (um/s) at 0.001mM
ATP (b) Velocity of actin filament as a function of ATP at
200 pg/ml myosin surface density 30°C. The solid line
represents Michaelis-Menten fit to filament velocity for a
range of [MgATP]. Vmax and Km correspond to 5.5+0.8
pum/s and 0.12+0.06.
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4.15

Snapshot of IVMA images to study the effect of ATP
concentration on actin filament length change (a) at 2mM
ATP (b) at 0.001lmM ATP at 200 pg/ml of myosin surface
density and 30°C. The average length of filament at 2mM
ATP was 2.76 + 0.409 pm, which was reduced to 0.41 = 0.06
um at 0.001l mM ATP concentration. The scale bar
corresponds to 5 um.
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4.16

Histogram of observed actin filament length (um) under
varying ATP concentration (a) 2 mM (b) 0.5 mM (¢)
0.25mM (d) 0.1 mM ATP (e) 0.05mM (f) 0.025 mM ATP at
30°C over myosin concentration of 200 pg/ml. Solid lines
are the least square fit, using a Gaussian equation. The points
are shown as mean + standard deviation.
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4.17

Histogram of observed actin filament length (um) at
0.00lmM ATP (b) Plot of filament length change as a
function of varying ATP concentration at 200 pg/ml myosin
surface density 30°C. The points are shown as mean =+
standard deviation.
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4.18

15% SDS gel pic (A) Lane 1 corresponds to the ladder, and
Lane 2 and 3 correspond to actin and biotinylated actin,
having a molecular weight of 42 KDa and 43 KDa,
respectively. (B) BCA standard curve to calculate the biotin-
conjugated actin concentrations.
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4.19

(A) Micro test plate showing blank, HABA/avidin and
HABA/avidin/biotinylated sample at 500nm. (B) IVMA
image of Alexa 488 labeled biotinylated actin that interacts
with surface-bound myosin ii protein and translocates well
in the assay.
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4.20

Histogram of observed biotin-conjugated actin sliding
velocities (um/s) under controlled conditions, i.e., 2mM
ATP at 30°C over myosin concentration (a) 100 pg/ml (b)
200 pg/ml (c) 300 pg/ml and (d) 400 pg/ml. Solid lines are
the least square fit, using a Gaussian equation. The frame-
to-frame velocity of ~100 filaments was calculated.
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4.21

Graph showing the effect of biotin conjugation on
ensemble average sliding velocity of filament vs myosin
surface densities at 30°C, 2mM ATP. The average motility
nearly remains the same on biotin labeling. Each data point
corresponds to a minimum of 100 sliding filaments’
velocity. The points are shown as mean + standard
deviation.
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4.22

Histogram of observed biotin-conjugated actin filament
length (um) under controlled conditions, i.e., 2mM ATP at
30°C over myosin concentration (100-400 pg/ml). Solid
lines are the least square fit, using a Gaussian equation. The
frame-to-frame velocity of ~100 filaments was calculated.
Filament length is found to decrease with an increase in
myosin density.

86

4.23

Graph showing the effect of biotin conjugation on filament
length vs myosin surface densities at 30°C, 2mM ATP. The
average filament length remains the same and decreases
with myosin density. Each data point corresponds to a
minimum of 100 sliding filaments’ velocity. The points are
shown as mean + standard deviation.
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4.24

Effect of blocking actin approach on fraction of motile
filaments (%) in IVMA on nitrocellulose surfaces studied in
the absence and presence of 1 uM blocking actin. Each data
point corresponds to 60 filaments from two different myosin
preparations.
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4.25

Actin sliding speed on nitrocellulose surface before (5.6045
+0.7987 um/s) and after (5.3955 + 0.8097 um/s) myosin
dead head removal treatment at 200 pg/ml concentration and
30°C temperature. Bars indicate a mean standard deviation,
including at least 60 filaments.
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4.26

(a) Immobilized quantum dots in a flow cell (b) Variation in
light intensity of a single QD observed in a flow cell (c)
Intensity plot of QD, FWHM corresponds to 5.2 pixels.
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4.27

Fluorescence image of quantum dots sliding motility driven
by myosin-propelled actin filaments. The IVMA snapshot
shows images of moving QDs (red) attached along
fluorescent actin filaments (green) labeled with Alexa-488
dye driven by bound myosin ii to nitrocellulose-coated
coverslip surface. The scale bar corresponds to 1pm.
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4.28

Fluorescence time series image acquired at 10ms intervals
showing single and multiple quantum dots labeled actin
filament. The white arrow shows the single labeled quantum
dot, and the yellow arrow shows heavily quantum dot
labeled filaments. Scale bars correspond to 1um.
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4.29

Sliding speed of actin filament bound to myosin motor on
the nitrocellulose surface before (5.207 £ 0.12 pm/s)
quantum dot conjugation and after (5.11 £ 0.63 um/s)
quantum dot conjugation at 200 pg/ml myosin
concentration and 30°C temperature. Bars indicate a mean
standard deviation, including at least 40 entities.
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4.30

(a) Positional track of immobilized quantum in the in vitro
motility assay (b) Histogram of stationary quantum dot fitted
by two-dimensional Gaussian function for each image frame
(100 fps). Tracking gave a variation in the position of less
than 2 nm, suggesting that tracking was possible with <2 nm
accuracy.
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4.31

Particle trajectory of moving quantum dots at 0.001 mM
ATP followed by coordinate screening and selection of
linear segment for linear path analysis.
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4.32

Scatter plot of pooled data to analyse relation between
simultaneous step of particle in the linear trajectory.
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Clustering algorithm was used to find the peaks and
Gaussian mixture model was used to obtain multiple mean
values. () is the step size relation between the d1 and d2 (b)
is the step size relation between d1 and d3 (c) is the step size
relation between d1 and d4 respectively.

4.33

Histogram of displacement observed per frame at lower ATP
concentration. (a) 0.001 mM ATP (b) 0.025 mM ATP (c)
0.05 mM ATP.
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4.34

Histogram of displacement observed per frame at higher
ATP concentration. (a) 0.1 mM ATP (b) 0.25 mM ATP (c)
0.5 mM ATP (d) 2 mM ATP
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4.35

(a) Average displacements observed per frame (nm) vs ATP
concentration (b) The velocity of the quantum dot as a
function of ATP at 200 pg/ml myosin surface density 30°C.
The solid line represents the Michaelis-Menten fit. Vmax
and Km correspond to 5.4+0.67 pm/s and 0.14+0.05 mM
respectively.
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4.36

The deconvolution plot for obtained step size per frame (nm)
of moving quantum dots at varying ATP concentration with
myosin surface density of 200 pg/ml and 30°C temperature.
The plot is fitted using multiple peak fit function in the
origin and the solid line represents Gaussian fit analysis.
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ADP
ATP
SBME
BSA
EMCCD
ELC
Ca2t
CrP

CPK

DTT
EDTA
EGTA
HMM
IVMA
KCI
kapp

k+ATP

ABBREVIATIONS AND SYMBOLS

Adenosine Diphosphate
Adenosine Triphosphate

2-B Mercapto Ethanol

Bovine serum albumin

Electron Multiplying Charge Coupled Device
Essential Light Chain

Calcium (divalent ions)

Creatine Phosphate

Creatine Phosphokinase

Working stroke of myosin II motor
Dithiothreitol

Ethylene Diamine Tetraacetic Acid
Ethylene Glycol Tetraacetic Acid
Heavy Meromyosin

In Vitro Motility Assay

Potassium chloride

Rate constant for ADP release

Second-order rate constant of ATP binding
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kDa Kilo Dalton

Kn Apparent binding constant for [MgATP]
k.pi The rate constant for the Pi release

KPi Potassium phosphate buffer

LMM Light Meromyosin

MgCl, Magnesium chloride

mM Millimolar

MOPS 3 - (N-morpholino) propane sulfonic acid
NaN3 Sodium Azide

PMSF Phenylmethylsulfonyl fluoride

Pi Inorganic Phosphate

RLC Regulatory Light Chain

S1 Sub-fragment 1

S2 Sub-fragment 2

sCMOS Scientific Complementary Metal Oxide Semiconductor
S.D Standard Deviation

S.E Standard Error

SDS PAGE Sodium Dodecyl Sulfate Poly Acrylamide Gel Electrophoresis
Tm Tropomyosin

Tn C Troponin C

Tnl Troponin I

TnT Troponin T
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Ton Time of attachment

Tris-Cl Tris hydrochloride

TRITC Tetramethyl Rhodamine Isothiocyanate

VE Velocity of thin filament sliding in the /VMA

Vmax Velocity of thin filament sliding at saturating [MgATP]
NA Numerical Aperture

SNR Signal-to-noise Ratio

SRM Super-resolution microscopy

SIM Structured Illumination microscopy

QD Quantum dot

HABA 4’-hydroxy azobenzene-2-carboxylic acid

mL Millilitre

PBS Phosphate buffer saline

ug Microgram

uL Microlitre

AFM Atomic force microscopy

RT Room Temperature

mg Milligram

EDC N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride)
NHS N-Hydroxy succinimide

°C Degree Celsius
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min

ml

mM

ng

nM

Minute
Millilitre
Millimolar
Nanogram

Nanomolar
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