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Why single molecules?

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

Ensemble - Single micrtubues -
microtubular system treadmilling

3. Parallel-pathway events may be identified
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2. Stochastic processes may be uncovered
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4. Mechanics of biomolecules may be characterized
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Role and use of mechanical force
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—=D microscopy

(STimulated Emission Depletion)
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Imaging and manipulating femtoliter volumes:
Multiphoton microscopy

® Energy of two (or more) photons are added
during excitation

® Excitation (hence emission) only in focal point
(limited photodamage)

® Excitation with long wavelength (near-IR), short
(fs) light pulses

® | arge (up to 2 mm) penetration due to long
wavelength

® Possibility of launching light-sensitive reactions

Blebbistatin:

e Myosin Il specific inhibitor ' |
(ADP-P; state stabilized) .

e Excitation-contraction
decoupled

EXCITED STATE

A=400 nm A=800 nm
g T.
® | . Jgs
Emission [_|>j Emission L X2
Green: proximal kidney tubules; Molecular tattoo: azido-blebbistatin
O 8 Red: albumin (plasma) photoactivated with spatial localization (HelLa)

Zebrafish lateral line organ development stops upon 2P exposure

Single-photon Two-photon 5 Képird et al. Chem. Biol. 22, 548, 2015
fluorescence fluorescence 2P exposure



Atomic Force Microscopy (AR
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NE nosca\e mampu\atlon with light

“Tractor beam”, Star Trek
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In vivo small-animal imaging
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1. From single DNA to epigenetics

Epigenetic
code:

1. DNA
methylation

2. Histone
. modification

,;: Clivmustine

o

Functions of DNA methylation:
1. Transcriptional gene silencing

Angelman syndrome
Deletion on maternal chr15

Prader-Willi syndrome
Deletion on paternal chr15
-

Juan Carrefio de Miranda: The Nude Monster (1680) Giovanni Francesco Caroto: Boy with a Puppet (1555)

2. Genomic stability and protection

3. Chromatin compaction

4. Suppression of homologous recombination
5. X-chromosome inactivation (in women)
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Cytosine in Methyl groups in
CpG islands the large groove of
DNA
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Nanomechanics of
methylated DNA
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Hypermethylated dsDNA is more compact, and
structurally and mechanically more stable

Structural contour length of
hypermethylated dsDNA is shorter Helicity is retained in hypermethylated dsDNA

Hypermethylated
dsDNS recovers faster
from overstretch

Nonmethylated
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2. From single titin to DCM
Giant modular protein traversing the sarcomere

- Cardiac cyt B
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Stretching a single titin molecule
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Titin 1s a multi-functional molecular hub
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Titin Is @ major disease protein:
neuromuscular and cardiac pathologies

Dilated e Herman et al. NEUM, 2012: TTNtv is common cause of DCM.
cardiomyopathy Pathogenic TTNtv's overrepresented in A-band.

(DCM) * Roberts et al. Science Trans Med, 2015: possible dominant
negative mechanism.

Healthy volunteers | | | 1l | I
Population cohort || | 1 || 1 [ | | | | | | | | "o
Unselected DCM | | (I Frrrurrrerr | | | I Y N B

Endstage DCM | | | [ L I |1 [ D I l ([ I | B O R B I
e
/"1_ cand A-band Vi-band
Meta transcrit | 00 (At
NZBA 11|
N28 ' 1
Nowexd -

Exon usage
in DCM (PSI)

e | eft ventricular dilatation
and wall thinning

e Systolic dysfunction

e ~20% of DCM caused by
mutations in TTN

e Splicing, copy number,
nonsense and frameshift
mutations cause transcript
truncation (TTNtv+)

Roberts et al, 2015

e Fomin et al. Science Trans Med, 2021: Haploinsufficiency, truncated
proteinin aggregates, deregulated protein quality control.

e McAfee et al. Science Trans Med, 2021: truncated protein present
in the heart, combined dominant-negative/haploinsufficiency:.

Whether/how truncated titin is structurally incorporated into the sarcomere is unknown.



Ihe patient cohort

e 127 clinically identitied end-stage DCM patients.

e Orthotopic heart transplantation.

e 35 samples (27.5%): mutations in DCM genes.

e 19 TTN truncation variants (15%) identified with NGS (8
frameshift, 11 nonsense mutations); 4 LMNA, 4 DSP, 2 BAGS3, 1
FKTN, LAMA2, MYBPC3, MYH6, MYH7, PLN, RBM20 and TNNIS3.

e ~95% of TTNtv+ were male.

e No differences in functional parameters between TTNtv+ versus
TTNtv-.

e Truncations in I/A junction, A-band, M-band.

226
214
140° 213 147

Patient ID 100 890 12| 1
#ii*lnillk_l LR L AR AN i

I Ilg domain I Z repeat PEVK domain FN3 domain I Titin kinase domain
Kellermayer D et al. J. Clin. Invest., 2024



Truncated proteins are detectable:
total titin similar in TTNtv+/-

A DCM DCM Rat N2BA/N2B

TTNtv- TTNtv+
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Truncated titin Is present in the
myofibril fraction...

: : Centrifuge
#— Myofibril pellet
Skinning Washing Homogenization
B
Patient 7 75 75 75 75 94 94 94 94 238 238 238 238
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T TNtv+ sarcomeres retain
structural integrity

PatientID 75 78 140

Vo A AR L O T TR

Z-disk I-band I/A juncl. A-band M-band

# C

DC MTTNtV-

A170 (A/M
junction)

A170 (A/M
junction)

1 &1

MIR (I/A MIR (I/A
junction) junction)

A“T

MIR (I/A MIR (I/A
junction) junction)

* A170 epitope intensity reduced
* No doubling of the MIR epitope

Kellermayer D et al. J. Clin. Invest., 2024



MIR

Epitopes respond differently to
stretch in TTNtv+/- sarcomeres
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Model

Truncated titin causes structural and
mechanical perturbation in the sarcomere

STED|
intensity ‘ JA\MIR
profila L/ 1 \

o | o fi TTNtv- «— > TTNtv+
Ji| fiarro MIR|J\  Slack | ﬂ l‘_l’I | .‘ slack

Normal titin
Truncated titin

Titin
{runcation
Ao o o Ap\\\‘\l
Z Thin ﬁlament/ M Thick filament yA V4 ) ) .
Overstretched and stiffened portion Disamranged and
of thick-filament-associated titin destabilized M-band
stretch stretch

'_4‘ =3
TTNty- - : TTNtv+
stretched A j\ stretched

Pathomechanistic factors leading to DCM:
1) reduced M-band mechanosensor function; 2) internal mechanical load generated by truncated titin.






Maturation:

O29-phage « Capsid expansion
"f}‘-' « Wall thinning
- * gp 10 N-terminal helix unfolds,
x@“‘j swings through shell, refolds.
e by * Stabilizing non-covalent
Pt

2XPinT 7ol interactions are formed.
: Guo et al. PNAS 111, E4606, 2014,

i DNA
packaging

23:15 min

* DNS packaging (ATP-dependent, motor-driven
process, DNA pressure generated ~60 atm!)
Animation by Eric Keller based on work by the Bustamante Group

dsDNA virus
-' (bacteriophage)
ife cycle
B oo o

scaffold —(scaffold protein-
R dependent)

Host cell lysis:
* Phase contrast

nfection:

* receptor (LPS) recognition
- trigger

* injector complex formation
* DNA ejection

Hu et al. Science 339, 576, 2013.

+ Viral protein
synthesis

in host cell ’

« LamB (maltoporin)-induced DNA ejection in

vitro. Rapid DNA labeling by SYBR Gold.
Grayson et al. PNAS 104, 14652, 2007.




17 capsid buckles and breaks under force

lonel et al. J.Biol. Chem. 286, 234, 2010.

Frequency

¢ Short-tailed DNA virus
(~40 kbp)

® Podoviridae family

e Infects E.coli

¢ |cosahedral capsid
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Zhmurov et al. J.Phys.Chem.B 115, 5278, 2011.
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DNA ejection from 17 phage can be
triggered by mechanical force

AFM height contrast AFM phase contrast

» AT - Bore
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0.10- E.coli surface ' -v.
0.05- search for surface conformational
- binding site immobilization switch - activated by

mechanical force

0.00+1

Force (pN)
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Kellermayer et al. Nanoscale 2018



17 DNA release may be
under mechanical control

photothermallysinduced T7 DNA ejection

- Double optical trap
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Spike dynamics of SARS-CoV-2
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4. From amyloid to nanotechnology

General tibrillogenesis scheme Alzhe|mer 3 fibril formation
(’:;:f folded protein ) protofilament f B é\my|0|d
\ p 1-40
@m\w 8 } peptide

\b

partially unfold=d
intcrmeciate

Structural model
of the AR1-40

protofilament

Tycko, R. Progr. NMR
Spectr. 42, 53, 2003.
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Functionalized oriented nano-network
built from a mutant A325- 35 pephde

SH
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5. From nanotechnology to in vivo imaging
Nanoparticle-based multimodal contrast agent (CT, MR, SPECT)

ﬁr \"\

F
l

1
‘v'

AFM: ~60 nm

Prussian blue ion chelator crystal structure nanoparticles

MRI, T1 BBB-damage (201Tl)

Biodistribution and excretion of Prussian blue nanoparticles



o. lowards more complex systems

Seek role models
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Pursue Interesting and valuable goals

Research trainee (1983-1988)

Jozsef Belagyi Karoly Trombitas

connecting
filaments

negatively stained
microtubules

EPR spectrum of spin-labeled
microtubular protein



Bulld strong and passionate relationships
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Catalyze your community

Nanobiotechnology and sing

le-molecule biophysics

~ > A ARL 1 oY
e T30 [Creznlow)
Poceun
R ada)
& \
Fuste i Vit: Fer ",':
Hov l;'l o VII
\ HHMI;
I ¥
W Scieatiom @
) e
Uy
Kasaa=mn
W ELLL L Mew = 5ra
|Nacaa)
\'..7_:_ A S=Twed
© o urEensim 1;’:5'_"‘3.‘.':‘“,
Tirkre edar =N
{Turkmenisiar)
wort® W= e e ["_f';f"’
Ar'eni K o yia-l6dl docr s
Qcear ‘f')‘,:'a)’“ 'y "“;’."'"rf"‘ﬂ
Le \ s w'.‘t:flfu :p:n:]
L :J [
— " =7 [Nepe Y
‘ J*of LETT) :
S o -
= india Viyanmar
b e {Burisa)
Mes T 1 -
dagaall diewmAlnp,. 500
Cuatemals Cavetona” ‘(: z;o -~ [Thsl sl vy e
S Vgl oo o T
Mcuiagua - “,.’ Q@Y anganar ‘;v‘?:::\:? lf.‘.h.p;".‘:.’.,
o naere 2 =~
e | - g . AT o8
7”8‘-,' 4 — Ghars Ssgm {EWeNa) Lo ve TF sux!
Colorbie “Sanewe Julle Sccmaaliya e lavyie
l' | fuetzction
AD:‘::'.-:" £ :
Lopeear, @120 pN
a9 r—p—
- | —~
| E
TC anliaver 3
Cantilcver "5 8
Cncineerad titin Ig ‘»
coamar (1£5-52) Myozin S
fizamert S 04
He, iRy
Time (s)
Glags-G yrrohTA-Ni T " T T - N
\ 25 G0 35 40 45 50
| .
: Force-clamp optical tweezers



Dare to lead

Semmelweis University, Department of Biophysics and Radiation Biology, Faculty of Medicine

Gyula Koczkas
(1948-1950)

Imre Tarjan Gyorgyi Ronté
(1950-1982) (1982-1999) Judit Fidy
(1999-2008)

Albert Szent-Gyorgyi

Istvan Rybar

Kéroly Tangl Lorand Eotvos



Be motivated, and motivate
INn pursuit of the scientific truth

- Truth

Ontologic truth (well tested statement, fact; BUT
must not forget about logical and ethical truth!)

- |s scientific truth constant?
May hypotheses become facts?

John Dalton (1766-1844) Oxygen atoms on rhodium
single crystal

*Knowledge and belief?
Knowledge rests on belief.

Do you believe in our knowledge so
much that you bet your life on it?

Karoly Simonyi Van de Graalff particle
(1916-2001) accelerator (Sopron, 1951)



Planck Length

Quantum Foam I'—l

Cary and Michael Huang (http://htwins.net)






