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The living cell is a complex network of nanoscale machines

Crawling keratinocyte Microtubule dynamic instability

Kinesin-driven vesicular transport Protein synthesis on the ribosome
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Brief history of single-molecule science

1976: Fluorescence microscopy of a single 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 kinesin 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
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| M/ V / 2004: J.Fernandez, single protein molecule folding

2008: Bustamante, Tinoco: ribosome mechanics



Measurable parameters |.
-luorescence

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
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Titin molecule Desmin filament Myosin molecule Myosin thick filament




Measurable parameters Ill.
Distance

What is the step size of a motor protein”
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Measuraple 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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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*)=N(F) =NI; = L,
R = end-to-end distance

Lc = contour length
[k = Kuhn segment length

Worm\‘ike chain

<C036(S)> —e'r L, = kEIT

B

Lp = persistence length
EI = bending rigidity
[k = 2Lp




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

Phosphoglyerate kinase (PGK) Kymogram
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Molecular singularity |l.
Nanomechanical fingerprint

DNA handle
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Ensemble versus single
molecule behavior

Exponential decay
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Methods of manipulation
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Vianipulation with A-M
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Manipulation with lignt

Optical tweezers
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Optical tweezers - brief history

J.Molloy

1970: Arthur Ashkin: optical tweezers (Nobel-prize, 2018)

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 _
J.Spudich J.Finer

1996: C.Bustamante, D.Bensimon, DNS molecule manipulation

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

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

S. Chu, W.D. Phillips és C. Cohen-
Tanoudji

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

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

2008: Bustamante, Tinoco: ribosome mechanics
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Simultaneous manipulation of many particles
with holographic optical tweezers

Microfabricated propeller



Photonic momentum changes
Jupon 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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s molecule ~ 10 Nnm




Attaching the molecule to the handle

Sequence-specific antibodies Antibody (1g)

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

Cardiac myocyte

Sarcomere |
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sacromere|:

AFM structure of a
single straightened
titin molecule
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T1itin mechanics - constant-velocity experiment:
non-linear elasticity + domain unfolding
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Structural basis of mechanical stability




Biological logic of mechanical stability

Parallel coupling of structure-

stabilizing H-bonds

High unfolding forces
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Macroscopic mechanical stability

Highly efficient glue based on the principle or parallel coupling

Artificial gecko foot Fg¢s
(prepared with A%
nanotechnology E8 %%
methods) B

Surface
attachment of the
gecko foot:

% »§ Numerous Van der
WS o4 Waals interactions
=" A - between bristles
and surface -
coupled in parallel




Titin mechanics - constant-force experiment:
extension via stepwise domain unfolding
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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

10 pN
2.5 P

- 5 pN
& 20—
= 3pN
C
O
g 1.5 —
=
LLI

Time (s)

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



Force Is generated during refolding
Position clamp experiment
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Fluctuations are explained
oy Molten-glopbule dynamics

Three-state folding model Monte-Carlo simulation
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Molten-globule structure
explored with sSMDS

most of the H-
bonds in place,
except the ones
stabilizing the
1st 5-strand
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2. 17 phage nanomechanics
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Similar discrete steps occur during
mechanical relaxation

Subsequent mechanical cycles Effect of rate
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Mechanical buckling of the 17
capsid

buckling steps
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Force triggers 17 DNA ejection
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