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Optical and atomic force microscopy:
from single molecules to living cells

Frédéric EGHIAIAN, Post-doctoral researcher
(INSERM U1006, Director Simon Scheuring)



My career...

Master/Ph.D (2001-2005, Paris) Post-doc (2005-2009, London, 2009-2012 Post-doc (INSERM/AMU U1006,
Gottingen): Marseille, 2013-2016):

Structural and biochemical studies of the

sheep prion protein Single molecule studies of Influenza and ribosomes AFM of actin dynamics and
endocytosis in living cells

Li et al, BJ 2011
Eghiaian et al. JBC, 2012 Eghiaian et al, Biophys J 2015
Lietal., BJ 2014 Rigato et al, ACS Nano 2015

Eghiaian et al, PNAS 2004

Eghiaian et al, PNAS 2007 Eghiaian et al, in preparation Eghiaian et al, in preparation
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How can one see dynamics at the single
molecule level ?

Single molecule
fluorescence ???



Challenges of single molecule fluorescence

e Contrast: A single fluorophore is not very bright and bleaches fast...

e Resolution: Lateral and Axial resolutions in microscopy are limited !

The Rayleigh Criterion for Lateral and Axial Resolution

Abbe Resolution, , = A/2NA
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Abbe Resolution, = 2A/NA?

Rayleigh Resolution, , = 0.61A/NA

http://www.microscopyu.com/articles/superresolution/diffractionbarrier.html



Detecting single molecules by fluorescence microscopy

Diffusion of single fluorescent lipids in planar (glass-supported) lipid bilayers

Proc. Natl. Acad. Sci. USA

V65 59303525 Apri 1596 Imaging of single molecule diffusion
iophysics

TH. SCHMIDT, G. J. SCHUTZ, W. BAUMGARTNER, H. J. GRUBER, AND H. SCHINDLER

10%dyeslym®  10dyeslym?® 10?2 dyes/um’

Reduce molecular density of fluorophores: single fluorophores resolved

High illumination power -> High Signal-to-noise ratio



Detecting single molecules by fluorescence microscopy

Pas +40nm
: iy = (168 £+ 25) counts
: = (0.48+0.08) yum

35ms 4 & 'i;,; 245ms

residues

70ms

Schmidt et al, PNAS 1996



How to increase sighal-to-noise ?

* Decrease background fluorescence

* Increase brightness of fluorophores
* Inorganic nanoclusters
* Quantum dots
* Novel small organic fluorescent dyes



(Not-so-) New dyes: Quantum dots, inorganic nanoclusters...

Diffusion Dynamics of Glycine Receptors Revealed by
Single-Quantum Dot Tracking

Maxime Dahan et al.

Science 302, 442 (2003);

DOI: 10.1126/science.1088525

10-100nm !!!

l

BLINKING !



How to increase sighal-to-noise ?

* Decrease background fluorescence

* Increase brightness of fluorophores

* Inorganic nanoclusters
e Quantum dots



Total Internal Reflection: evanescent wave
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Advantages of TIRF-M

 Restricted excitation volume (close to surface): better signal to noise
* Gain in excitation light intensity

* No loss/gain in resolution



TIRF-M: single molecule imaging

Imaging of single fluorescent
molecules and individual ATP
turnovers by single myosin hu
molecules in aqueous solution

Takashi Funatsu®, Yoshie Harada™,
Makio Tokunaga*, Kiwamu Salto*
& Toshlo Yanagida™f

NATURE - VOL 374 - 6 APRIL 1995
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Increased positional accuracy
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AXrms (pixel size)

0014,

RS+~ s
total detected photons

<Ax%>=s2/N

Thompson et al Biophys J 2002



Intensity (photons)

Increased positional accuracy

-2D Gauss fit of point-spread function (spot)
2000
-Standard error of the mean (spot center)=positional accuracy
1500 Wi
1000{" | .1 l \ ' -1nm positional accuracy achieved
500! 1200



What is the step-size of the Myosin V motor ?

Hand over hand Inchworm
Catalytic 5 g— argo binding domain
domain . . .
¥ Light chain domain
\ 74 nm
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FIONA confirms hand over hand mechanism
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Yildiz et al Science 2003



TIRF-M in living cells: Photobleaching

1000 molecules in the image)

Eghiaian et al, unpublished



PALM: Photo-Activation Localization Microscopy

Photo-activable protein:
Eos (=GFP)

Dronpa

Kaede

photoactivation l iy

excitation l iy

hv

//

——
bleaching

®

hv

PALM image




PALM: Photo-Activation Localization Microscopy

confocal

Betzig et al, Science 2006



Super-resolution fluorescence microscopies in 2015

STORM/PALM/BALM/CALM... STED Structured illumination

Interval
el

conventional
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Xu et al, Science 2014 Lukinavicius, Nature Methods 2015 Fiolka et al, PNAS 2012
D Este, Cell Reports 2015



Pitfalls of optical microscopy

Requires a reporter fluorescent molecule
— technical limitation (chemical labelling, molecular biology)
— potential changes in functionality (misfolding, steric hindrance, loss of a functional site)

Limited lateral (10nm) resolution, axial (20nm) and positional accuracy (1nm)
— Co-localization # direct interaction

One can only see what is labelled
— Maximum number of simultaneously detected fluorophores is drastically limited

Radiation damage
— Fast photobleaching of the fluorophores
— High power illumination leads to toxicity



ATOMIC FORCE MICROSCOPY

- “..The only method that can self-sufficiently perform nanometer-resolution
imaging AND nano-manipulation of the sample with pN force resolution {(...) in
liquid and at room temperature...”

(Eghiaian et al, FEBS Letters 2014)




AFM basics

set point . N

- |::> 2
. o
signal processor T

Eghiaian & Schaap, Methods Mol Biol 2011




Basic AFM: contact mode

Cantilever deflection: error signal Piezo retraction: Height measurement

~—— 7
Feedback loop



Native Rhodospirillum

AFM Topograph ,
Photometricum chromatophore

Y scan

low

v

Scheuring & Sturgis, Science 2005



Sample preparation: surface adsorption of a sample

sample
. rinse -
_—
substrate Unspecific adsorption

-Divalent cations help

-Surface functionalization
(silanes, polylysine, patterning,
covalent immobilization)
-planar bilayers (membrane
proteins, 2D crystals...)



Sample preparation: mica as substrate

mica

26x26 A

Drake et al, Science 1989



Sample preparation: many other substrates

glass (bare or functionalized: silane...)
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Eghiaian & Schaap, Methods Mol Biol 2011

HOPG (highly ordered
polygraphite)

Silicon, silicon oxide...




Cantilevers

cantilevers

// Thin carbon

chip E

4

cantilevers




Cantilever calibration

v , N Cantilever deflection Power spectral
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Cantilever calibration

40 -
30 -
2 Nominal: 30 pN/nm
S 20-
-> spring constant
10 calibration is important !
0

0.00 001 002 0.03 004 005 0.06
spring constant (N/m)

Eghiaian & Schaap, Methods Mol Biol 2011



Forces in AFM-Biology

1012 : .
stall force of Myosin , kinesin...

10-11
stall force of phage genome packaging motor

dissociation force of biological complexes

10-10

10
Traction force at a focal adhesion

108

AFM force resolution

107
Force required to dissociate cell junctions




deflection (nm)

Cantilever theory: force noise

Time-domain

Deflection of a cantilever in liquid Force noise of cantilevers in liquid
Power Spectrum (PSD) Integrated PSD * Spring constant
RCE800
=
i
8
i
001 0.1 1 10 100 .
frequency (kHz) frequency (kHz)

Force limit -

- AF= 4k, TAfB

Af : Bandwidth of experiment

P :drag Eghiaian & Schaap, Methods Mol Biol, 2011



Resolution limit: tip sample dilation

25 ¢
| tip
= Top half
% AN G A A information is
~ more relevant
O /

R
tip-dilated model

Eghiaian & Schaap, Methods Mol Biol 2011



Membrane protein imaging by AFM

Schabert et al, Science 1994



Membrane protein imaging by AFM

Native Rhodospirillum Photometricum chromatophore

High light conditions Low light conditions

Scheuring et al, Science 2005



Intermittent contact mode

Contact mode (feedback on deflection) Tapping mode (feedback on amplitude)

Feedback Loop Maintains Constant Cantilever Deflection

Foodback Loop Malmtalns
Constant Cantilover Amplitude
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Intermittent contact mode




normalized amplitude

Non-contact mode

e
o

m==)  Feedback on frequency ???

e
=}

b
N

02F

Fequency ke frequency modulation AFM !

(non-contact mode)
Rankl et al, Ultramicroscopy 2004



Evolution of the atomic force microscope
1985 1995 2005

i
: ano) ! e A\
ot 22

AFM prototype ! Veeco Nanoscope (now Bruker)
(contact mode)

JPK Nanowizard

Contact, intermittent contact

Contact, force mapping,
intermittent contact...



Speed limit...

http://www.s.kanazawa-u.ac.jp/phys/biophys/



To break the speed limit...

* Increase scanner speed

* Increase cantilever resonance frequency (make smaller)

=3

=
0
‘cantilever

* Make feedback loop faster



Cantilever theory

Spring constant

Resonance frequency

k=E.t3.w/4L3

fo = \/@/m)

E: Young’s modulus
T: thickness

W: width

L: length

m: cantilever mass



THE Breakthrough: High-speed AFM

2010

2

Pr. Toshio Ando




Dynamic imaging of biological membranes by HS-AFM

Purple membrane 2D
crystal formation

Bacteriorhodopsin
light response

Omp-F protein-protein
interactions in native
membranes

AQPO assemblies

Eghiaian et al, FEBS Letters 2014



Dynamic imaging of biological membranes by HS-AFM

Bacteriorhodopsin from the purple
membrane of Halobacterium Salinarum

Extracellular side

H* [cytoplasm)

cytoplasm

*
Asp 96 - COOH

Lys 216

Henderson R, Unwin PN., Nature 1975
Shibata et al, Nature Nanotechnology 2010

Asp 85 - COOH

H* [extracellular side)



Dynamic imaging of biological membranes by HS-AFM

Casuso et al, Nature Nanotechnology 2012



Myosin V walk on actin seen by HS-AFM

Moving direction

Streptavidin

Kodera et al, Nature 2010



Myosin V walk is driven intramolecular tension release

Moving direction

ﬁ
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Kodera et al, Nature 2010



HS-AFM+0OM: Imaging of lens cells

Bright field | Cross-correlation

Lens cells : Bright field |b Lens cells : fluorescence (FX4-64)

W - L -

Colom et al Nat. Comms 2013



HS-AFM+OM: Characterization of lens cells junctions
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Colom et al Nat. Comms 2013



AFM imaging on (and inside !) cells

Cell morphological change Endocytosis/Exocytosis Actin cortex dynamics (16s/image)
(Dendrite extension)

»

Eghiaian et al, Biophys J 2015

; Endocytosis from inside the cell ?
Shibata et al, Sci Rep 2015 membrane patch.

clathrin vesicle

Eghiaian, unpublished Eghiaian, unpublished



FORCE MEASUREMENTS BY AFM



Force spectroscopy

- &
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Z-piezo travel

Force



Force spectroscopy
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Z-piezo travel

Force
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Determining Young’s moduli of materials

tensile stress

extensional strain € AL/Ly - ApAL

g . F/AO

FLg

bone
L cells | protein
! I gelatin crystals

100 Pa 1kPa l10kPa 100kPa 1MPa 10MPa 100MPa 1GPa 10GPa

L ]
' soft agar'ose and T
PVA gels
cartilage

actin filaments
microtubules

collagen

usa.jpk.com/index.download.5fb2f841667674176fd945e65f073bad



Determining Young’s moduli of materials: Hertz model

F arabalic
4/R. E .
_ Ty _ g
31—

R = radius of tip cursature

Sphierical
E [a*+R' R+ -_a, R+a
F= I|_I:lII In ﬂ—ﬂ'_.ﬁ'_ LJ:?LE
1-¥'| 2  R-a 2 R-a
R = radius of the sphere
Conical
il 7
F= EI_Ta.T:-:II_j_. a=_1:|r_.:rJ
1-v* F 4

a = semi-opening angle of the cone \7/

usa.jpk.com/index.download.5fb2f841667674176fd945e65f073bad



Force (nN)

AFM study of cell mechanics
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M. Lekka - P. Laidler * D. Gil - J. Lekki * Z. Stachura

A.Z. Hrynkiewicz

Elasticity of normal and cancerous human bladder cells studied
by scanning force microscopy

Eur Biophys J (1999) 28: 312-316

I
800
Indentation (nm)

I
1200

1600

Force (nN)

HCV 29

1 ¥ T ! I
500 1000 1500

Indentation (nm)

v 1
2000

Cell line Young’s modulus
(kPa) Heen= 0

Young’s modulus
(kPa) u..;=0.5

Number of
analysed
force curves

Hu 609 12.9 (£4.8)
HCV29  10.0 (24.6)
BC3726 1.4 (£0.7)
T24 1.0 (£0.5)
Hu456 0.4 (£0.3)

9.7 (£3.6)
7.5 (£3.6)
1.0 (£0.6)
0.8 (£0.4)
0.3 (£0.2)

325
121
214
201

10

* The total number of measured cells is about 20 cells for each line



AFM as a Diagnostic tool ?7?

Testing human breast biopsies by IT-AFM

nature
nanotechnology

ARTICLES

PUBLISHED ONLINE: 21 OCTOBER 2012 | DOI: 10.1038/NNANO.2012.167

The nanomechanical signature of breast cancer

Marija Plodinec'?, Marko Loparic'?’, Christophe A. Monnier™, Ellen C. Obermann3,
Rosanna Zanetti-Dallenbach?i, Philipp Oertle!, Janne T. Hyotyla', Ueli Aebi2, Mohamed Bentires-Alj5,
Roderick Y. H. Lim™ and Cora-Ann Schoenenberger?
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Teflon support
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AFM studies of virus mechanics

Atomic Force

Carrasco et al, PNAS 2006



AFM studies of virus mechanics (DNA reinforcement)

Empty capsid

Virion (with DNA)

30-

25'_ Symmetries k (N/m)
0 2 EMi5fold | 0.58:0.13
€ 15. 3-fold | 0.5620.15
@
& ] B 2fold | 0.580.10

104

00 05 10 15 20 25
K (N/m)

Symmetries k (N/m)

N 5-fold 0.610.2

3-fold 0.8+0.4

. 2-fold 1.420.5

25

k. (N/m)

Carrasco et al, PNAS 2006



Force mapping of flu virions

Force mapping
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Li et al, Biophys J 2011, Eghiaian et al JBC 2012, Li et al, Biophys J 2014



AFM studies of influenza virus mechanics

| _8

0.6 1 “ .~/
A ¢ o _©
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Schaap, Eghiaian et al,JBC 2012



Stiffness [NnN/nm]

Lipids define mechanical response

Schaap, Eghiaian et al,JBC 2012, Li et al Biophys J 2011



stiffness [N/m]

pH-dependent viral stiffness

0.035 . .
stiffness of 100 nm viruses
0.025 - /
-—
0.020 -
0.015

| | | | | |
5.0 5.5 6.0 6.5 7.0 7.5
pH
protein capsid disassembly reduced stiffness only by 30 %

irreversible below pH 6

what determines the remaining 70 % of stiffness?

Li et al, Biophys J 2014



== M1 mm vRNPs

EE: Early endosome
LE: Late endosome

Li et al, Biophys J 2014



Mechanical measurements on single proteins

Elasticity

Force .| g ) PN SR e s £
SetpOInt '.\-;‘? ,~"; a ,:i;“‘u&;‘, g
)
O
p -
@)
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Topography Distance, z

Rico et al, Nano Lett. 2011



Single pair interaction

Hinterdorfer et al, PNAS 1996



Single pair interaction Bell-evans
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Baumgartner et al, PNAS 2000
Bell, Science 1977
Evans & Ritchie, BJ 1997



Mechanical characterization of muscle Titin

CapZ2
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hit line

http://en.wikipedia.org/wiki/Titin

Rief et al Science 1997



Single molecule unfolding

Reversible Unfolding of Individual Titin Imnmunoglobulin Domains by

AFM
Matthias Rief et al.
Science 276, 1109 (1997); 250 -
z
e 200 {1000M ot ,Mf
400 - g 200 nm
— £ 150
EBUU y o
32001 2 100
] c
. 100 - =
0/ 104 103 102 107 1
; . . . | Pulling speed (pm/s)
0 50 100 150 200
Extension (nm)
Flx) = (KT/b) [0.25(1 — x/L)~2 — 0.25 + x/L] o = aexp(FAXKT)

L: contour length of the polymer chain
Rief et al Science 1997



High-speed single molecule unfolding

100 pm/s

1000 pm/s

L

25 nm

300 pN

Force (pN)

800

600—

o~
o
T

200

e experiment (HS-FS) A
O experiment (conventional FS)
A simulation (Lee et al. 2009)

10° 10" 10 10
Velocity (um/s)

Rico et al, Science 2013
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Recommended readings

* Mechanics of Motor Proteins and

Mechanics of

the Cytoskeleton () Howard) e

* Ando et al, Chem Rev 2014, Filming
biomolecular processes by high-
speed atomic force microscopy

* Mechanics of the Cell (David Boal)

Mechanics of the Cell

David Boal




