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The living cell is a complex network of nanoscale machines

Crawling keratinocyte Microtubule dynamic instability
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Kinesin-driven vesicular transport Protein synthesis on the ribosome
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Why single molecules®

1. Individuals (spatial and temporal
trajectories) may be identified in a crowd

Ensemble - Single microtubues -
microtubular system treadmilling

3. Parallel-pathway events may be identified

Unfolded state

Conformational
space

Native
state

2. Stochastic processes may be uncovered

Intensity
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4. Mechanics of biomolecules may be characterized
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Brief history of single-molecule science

1976: Fluorescence microscopy of a sibngle antibody molecule
1986: J. Spudich, T. Yanagida, in vitro motility assay

1991: J.Spudich, T.Yanagida, J.Molloy, single myosin mechanics

1994: T.Yanagida, single ATP turnover on myosin
1994: K.Svoboda, S. Block, single kinesing mechanics
1996: C.Bustamante, D.Bensimon, mechanical stretch of a single dsDNA molecule

1996: T.Ha, S.Weiss, single-pair FRET

1997: W.E. Moerner, GFP blinking
1997: M.Kellermayer, M.Rief, L.Tskhovrebova, mechanical stretch of a single protein (titin)

1998: Kinosita, F1FO ATPase stepping kinetics

1998: J. Fernandez, nanomechanics of a genetic polymer

|/

! ’\ /’\ 2001: J.Liphardt, C.Bustamante, single RNA manipulation
/' L 2004: J.Fernandez, single protein molecule folding
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2008: Bustamante, Tinoco: ribosome mechanics



Measurable parameters |.
Fluorescence

What are the conformational states of a molecule?

Phosphoglyerate kinase (PGK)
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PGK molecules labeled with Alexa488, TIRF microscopy



Measurable parameters Il.
Structure - topography

What are the conformational states of a molecule?

Amyloid B1-42 Fibrin protofibril

Titin molecule Desmin filament Myosin molecule I\/Iyon thick filament



Measuraple parameters lll.
Distance

What is the step size of a motor protein?

MyosinV molecule
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Measurable parameters |V.
Rotational angle

How does the ATP synthase work!?
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Measurable parameters V.

Force

How much force develops during the stretch of a single dsDNA molecule!?

Optical tweezers
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1. Force: develops

Kinesin F1FO ATPase Ribosome
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Force (F)

2. Force: deforms shape

Rigid body: Polymer chain:
Hooke’s law fluctuations, configurational entropy
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Macroscopic manifestation
of entropic elasticity:
Gough-Joule effect

Extension (z) Extension (z)



Models of entropic elasticity

Freely jointed chain
(R*Y=N() =Ny =L I,

R = end-to-en d distance
Lc = contour length
Ik = Kuhn segment length

Wormhke chain

£l
R ((3099( )> e L” L, _kBT

Lr = persistence length
El = bending rigidity
Ik = 2Lp



Equilibrium shape and bending rigidity of
a polymer chain are related
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3. Force: reduces bond litetime
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Molecular singularity |.
Single-step photobleaching

Phosphoglyerate kinase (PGK) Kymogram
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Time >

Single-step photobleaching (exponential
function in an ensemble!)
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Molecular singularity |l.
Nanomechanical fingerprint

DNA handle

RNA/DNA | RNA/DNA
handle A “|| handie B
\ : / ”
Biotin

Digoxigenin

dsDNA
(optical tweezers)
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Ensemble versus single
molecule behavior

[Product]

Ensemble;

[Product]

Single
molecule:

Time
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Methods of manipulation
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Vianipulation with A-M
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Manipulation with light

Optical tweezers
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Nobel-prize 2018

Actin filament DNA

Phase contrast image Fluorescence image
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Optical tweezers - brief history

1970: Arthur Ashkin: optical tweezers

1991: J.Spudich, T.Yanagida, J.Molloy,
single myosin mechanics

1994: T.Yanagida, single ATP turnover on myosin

1994: K.Svoboda, S. Block, single kinesin mechanics CE Lo
J.Spudich J.Finer
1996: C.Bustamante, D.Bensimon, DNS molekula megnyujtasa

1997: S. Chu, W.D. Phillips and C. Cohen-Tanoudji (Nobel-prize):
atom cooling with optical tweezers.

1997: M.Kellermayer, M.Rief, L.Tskhovrebova, titin
manipulation

2000: Galajda P., Ormos O., microfabrication and
optomechanical manipulation of artificial motors

‘i yciall ‘ 1
S. Chu, W.D. Phillips és C. Cohen-
Tanoudii

2001: J.Liphardt, C.Bustamante, RNA stretch
2002: Holographic optical tweezers (spatial light modulator, SLM)

2008: Bustamante, Tinoco: ribosome mechanics

J.Molloy
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Microfabricated propeller particles with holographic optical tweezers



Photonic momentum changes
Jpon interaction with particles

Refraction is accompanied by
photonic momentum change (AP):
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Calibrating the probe

® Direct force measurement (photonic momentum change)
® Application of known forces (added weight, Stokes drag)

® Thermal method (equipartition theorem)
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Molecule - handle geomety

microscopic bead ~ 1 um

» “ mplecule ~ 10 nm



Attaching the molecule to the handle

Sequence-specific antibodies Antibody (Ig)

Titin I-band sectio
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1. Titin: glant elastic muscle protein

Cardiac myocyte | Sarcomere

Muscle|:
sacromere:

AFM structure of a
single straightened
titin molecule

Kinase domain

7 anti-parallel
f3-strands

m % Fibronectin

Immunoglobulin PEVK domain » (FN) domain
(Ig) domain




Titin extends via stepwise domain unfolding

Manipulation with
force-clamp
optical tweezers
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input
(setpoint)

Actuating
(+/-) signal

titin
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movable
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~ Control (+/-)
(piezo movement)

Bianco et al. Biophys J. 109:340-5, 2015.
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F (pN)

Extension (um)

No steps, only fluctuations
during refolding

1. high-force phase 2. low- 3. high-force phase
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Martonfalvi et al. Prot. Sci. 2017. DOI 10.1002/pro.3117



Refolding follows first-order kinetics
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Titin refolds against force

Large length fluctuations occur during refolding
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Force Is generated during refolding
Position clamp experiment

Constant
velocity

Force
quench

8 40 Stretch-
u'c? 28 Constant pipette position relax

Time (s)

Accompanying
contraction
(extension
change): 10 nm

Force (pN)

Fluctuations
between
contracted (V)
and extended (A)
states

Martonfalvi et al. Prot. Sci. 2017. DOI 10.1002/pro.3117



Fluctuations are explained
by molten-globule dynamics

Three-state folding model Monte-Carlo simulation
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Molten-globule structure
explored with sMDS
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2. 1/ phage nanomechanics

Distance (nm)

Short-tailed icosaherdal virus
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Force (nN)

Similar discrete steps occur
during mechanical relaxation

Subsequent mechanical cycles Effect of rate
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Mechanical buckling of the T7

capsid

buckling

buckling steps
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Force triggers 17 DNA ejection

Switch-like
trigger
response

Rate (1/s)

15 20 25 30
Force (pN)

E.coli
surface

searching for surface conformational
Kellermayer, M. et al Nanoscale 10, | 1898,2018 receptors (LPS) immobilization switch
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Planck Length
Quantum Foam —
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