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ATOMIC FORCE MIcroscOPE (AFM)

Atomic force microscope

Lever length: ~ ym
Tip radius: ~ nm

photodiode

Z piezo
positioner

Phonograph

Mounting: ~ mm
Tip radius: ~ um



ATOMIC FORCE MIcrROscOPE (AFM)

Membranes on mica - The color code

100A




HoOw NATIVE ARE THE PROTEINS SURROUNDINGS -1
BY TECHNIQQUE

The nativeness of the proteins in structural biology

Atomic Force Microscope
in buffer solution
at ambient pressure
at ambient temperature

and label-free

less native
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TECHNIRUES IN STRUCTURAL BIOLOGY ‘

e

Dimensions in life sciences - what technique is appropriate

viruses

plantcells  animal cells bacteria E proteins molecules atoms
loenes o Joovee ol o Do v b s wwen v b v by |
icm Tmm 100pm 10pm 1um 100nm 10nm 1nm 1A
light microscopy =
electron microscopy (EM) >
< atomic force microscopy (AFM) >
e NMR

< X-ray >



TECHNIRUES IN STRUCTURAL BIOLOGY
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The signal-to-noise ratio (SNR) vs. The number of molecules to analyze

AFM EM (stain) EM (cryo) EM (cryo) X-ray NMR

membranes molecules molecules 2D-crystal 3D-crystal molecules
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Nanoscale organi
in biology

AFM unique:
Label-free all-
visualization
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onent

bacti rhodopsin
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ATP-synthase
dimer

Casuso *I. 2010 BJ L47-49




HISTORICAL TIMELINE OF MEMBRANES BY AFM

90’s
One bacterial protein in crystal

Bacteria Inner Membrane {
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Physiological Conventional versus High Speed AFM

Conditions
Times in biology i

C‘D protein
O enzymatic diffusion

NS transition states I l
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S transitions side t(.;halns _ enzyme catalysis synthesis

motions > | |

Q = bond } 1 domain
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the High Speed AFM. Fundamentals

minimization of moving components to the limit of light difraction | i

the HS-AFM is x1000 times faster than conventional AFM

Speed Reaction ~ 1/A mass

200 pm limit of light

diffraction




Fundamentals of HS-AFM

Minimization of moving components

resonance ~ 1/ mass
HighSpeed Cantilever
Sum = Spring constant ~ 0.1 N/m
» Resonance frequency in water ~ 600 kHz
} n(Q~2
» Typically Amplitude Modulation

Conventional Cantilever

» Spring constant ~ 0.1 N/m

» Resonance frequency in water ~7 kHz
=Q~2

» Typically Contact mode

A
A\ 4

200 um

oyiﬁ;nQSt‘agy‘. -
HS-AFM Scanner

~4e] = Scan area ~ 1um?
\“ *’ » Resonance frequency ~300 kHz




Details of HS-AFM

Laser focusing Active damping scanner vibrations

z A

X TEL

scanner motion
(resonances) >

3D positioning A freq

Corrected
scanner excitation
x40 < signal eq

A

Actively damped v
scanner motion
(constant ratio %
motion/excitation) req
Scanner counterbalance Active feedback Electron Beam
back to tripod Deposited tip

parachuting

Constant \A h
PID

Active PID \y o

(higher feedback A

speed when going
downhill)




History line of HS-AFM, 102 studies until Dec 2018 1

* total number of HS-AFM studies / year
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Springer Protocols

Nanoscale
Imaging

Methods aed Protecels

© Hermana s

Nanoscale Imaging pp 181-200 | Cite as

High-Resolution and High-Speed Atomic Force
Microscope Imaging

Authors Authors and affiliations

Francesca Zuttion, Lorena Redondo-Morata, Arin Marchesi, Ignacio Casuso ]

Protocol
753

First Online: 29 June 2018

Readers Downloads

Scanner Scanner
holder

Cantilever
holder

https://hal.archives-ouvertes.fr/
hal-01871339/document




Cantilever Cantilever holder
holder [#"base

«— Humid hood )
| Buffer @ <X QL Plate cantilever

- Sample ‘ RCT Pool
Mica ’

— Glass-rod Side view of the cantilever holder

0’% A

Cantilever holder screws

____, cantilever [ =




Amorphous carbon Electron Beam Deposition tips
used in HS-AFM can be sharpened by plasma attack

+ 4min He,(Q) plasma




ATOMIC FORCE MIcroscOPE (AFM)

Invention of the STM and AFM

) The Nobel Prize in Physics 1986

for his fundamental  "for their design of the scanning tunneling
work in electron microscope”

optics, and for the

design of the first

electron

microscope”

Scanning tunneling microscopy — from birth to
adolescence
Nobel lecture, December 8 1986

: Atomic force microscope
Ernst Ruska Gerd Binnig Heinrich Rohrer Phys. Rev. Lett. 1986 Mar 3;56(9):930-933

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4




ATOMIC FORCE MIcrROscOPE (AFM)

The tip and the protein

4 , 4 )
Protein 0 Basket-Ball
~3nm=3"10°m j l ~3dm=3"10"m
f J ‘

-
-~
AFM-Tip ..! l Tour-Eiffel
~3um=3"106m ~3dm=3"102m

AFM-Tip / Protein

Tour-Eiffel / Basket-Ball

~ 1000




HiIcGH REsSOLUTION AFM IMAGING

The force measured by the cantilever / The spring constant (k) of a cantilever

Geometrical consideration

E W t3 E: Young‘s modulus

F = k " AZ k . w: cantilever width

3 cantilever thickness
F: Force l cantilever thickness
k: spring constant

z: z-displacement

—
CECEN

Thermal noise analysis

k B E T ks: Boltzmann constant
k W T: temperature
p) x2: mean-squared amplitude
X of cantilever motion
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HiIcGH REsSOLUTION AFM IMAGING

lons are important

[ membrane ]

Surface



HiIcGH REsSOLUTION AFM IMAGING

Tip - Sample : Repulsive forces

20 mM KCI

50 mM KCI

LALLM A SLA LA BLALE A § YT YT TYY

20 K 40 50 60

Daniel J Miiller, Dimitrios Fotiadis, Simon Scheuring, Shirley A Miller & Andreas Engel*
Electrostatically balanced subnanometer imaging of biological specimens by atomic force microscopy
Biophys J, 1999, 76 (2): 1101-1111



ATOMIC FORCE MIcrROscOPE (AFM)

Imaging modes

Contact mode
- Deflection / Force
(deflection when in contact)

Oscillating mode
- Deflection / Force
- Amplitude
- Phase
(Amplitude decreases and phase changes when in contact)



The highest impact ten HS-AFM studies

high-speed atomlc force microscope for studying biological
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cytoskeleton dynamics in living cells s

Spatiotemporal dynamics of the nuclear pore
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_______ atomic force microscopy High-speed atomic force microscopy shows th:
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Characterization of the motion of membrane
proteins using high-speed atomic force microscopy

Ignacio Casuso, Jonathan Khao, Mohamed Chami, Perrine Paul-Giloteaus, Mohamed
Husain, Jean-Pierre Duneau, Henning Stahiberg, James N. Sturgis & Simon Scheuring
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naulre International weekly journal of science

Home | News & Comment | Research | Careers & Jobs | Current lssue | Archive | Audio & Video | For

Volume 468 > Issue 7320 ) Articles

NATURE | ARTICLE

BRFEH

Video imaging of walking myosin V by high-speed
atomic force microscopy

Noriyuki Kodera, Daisuke Yamamoto, Ryoki Ishikawa & Toshio Ando

Affiliations | Contributions | Corresponding author

ure09450

ublished online 10 October 2010

Moving direction

i T-head
inus y
end >/

Streptavidin

MOLECULAR MOTOR
MYOSIN WALKING VISUALIZED

BY HS-AFM



MYOSIN CARRYING CARGO VESICLE BET

Recreation of the Swinging Lever-Arm Hypothesis
The Inner life of the Cell, 3D computer graphics animation, 2008

Hypothesis based on
from two sources

(i)Structural data from
X-ray and electron
microscopy data

(ii)Dynamical data from
fluorescence
microscopy




MOLECULAR MOTOR. MYOSIN OBSERVED BY HS-
Confirmation of swinging arm hypothesis

Simultaneous structural and dynamical HS-AFM data

50nm

N Kodera et al. Nature 000, 1-5 (2010) doi:10.1038/nature09450
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1 to 1: configuration’— chemical state
(info based on static electron'microscopy visualizations)

A

moving direction HS-AFM visualization questions the established

W -
trhaéléi‘rég . Iehadmg : = ‘ model
NS N\ | -
- - D\ + end ‘ .

";;n hEQem : i The step forward observed take place without any
¥ chemical transition (ATP- ADP- conditions)

streptavidin

New hypothesis chemical energy reaction only plays in
the detaching the heads from actin. Change of paradigm

A+M-ATP | A + M-ADP-Pi

\ Recovery stroke

—
. A-M-ADP-Pi |  A-M-ADP

1 uM ATP. 7 fos
N Kodera et al. Nature 000, 1-5 (2010) doi:10.1038/nature09450
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evious Article

Relaxation of Loaded ESCRT-III Spiral Springs Drives Membrz
Deformation

PERIPHERAL MEMBRANE
PROTEIN
INDUCED BUDDING
PROCESS VISUALIZED BY
HS-AFM




Eukaryotic endosome cargo sorting

Membrane-bound protein
\ ® ESCRT Machinery

oY \69

|
@ @\. Ubiquitin 6) Endosome |/

| Nucleus |

Crowding induced budding

\ 4
N\ .

Spiral spring buckling

Supplementary video 6

Nucleation of Snf7 disks
High-Speed AFM movie

Findings
There exist a preferred ring size of the
Snf7 rings (Energy minimum)

The tendency to achieve the preferred
ring size drives membrane budding

Larger Snf7 rings, formed during initial
oligomerization, squeze inner rings



Spatiotemporal dynamics of the nuclear pore
complex transport barrier resolved by high-speed
atomic force microscopy

Yusuke Sakiyama, Adam Mazur, Larisa E. Kapinos & Roderick Y. H. Lim

Contributions | Corresponding author

8/nnano.2016.62

PERIPHERAL MEMBRANE
COMPLEX

NUCLEAR P.OR_E COMPLEX
VISUALIZED BY HS-AFM



Nup159
Nup42

Wl Y Sakiyama et al. Nature nano (2016) doi:10.1038/nnano.2016.62

Nup116
Nup100
Nup49
Nsp1
Nup57

e The mechanism by which

Nup49 the NPC selectively allows

Nup145N . .
WSy the transit of import or export

Nsp1 complexes, while restricting

;jug;o the passage of inert species
Ui .
Nup2 is poorly understood.

transporter

..highly dynamic FG Nups. Importantly, this brings
consensus and clarity to barrier models, which
mainly disagree on their static arrangements in the

ore...

extended entang| radial
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Journal home > Archive > Letter > Abstract

—
Journal content
Journal home

Advance online
publication

Research Highlights
Current issue
Archive

Focuses

Multimadia

Letter abstract

Subject Categories: Nanobiotechnology | Surface patterning and imaging

High-speed atomic force microscopy shows dynamic
molecular processes in photoactivated bacteriorhodopsin

Shibatal, Haya ramashital, Takayuki Uchihashil-2, Hideki

MEMBRANE PROTEIN
CONFIGURATIONAL CHANGE
VISUALIZED BY HS-AFM



Halobacterium salinarum

Transducer £ ¥ Receptor

Fumarate Pool
. /,/ ‘\\
:Amolilicalion \
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%Swnch
Excitation |Complex

/) bacteriorhodopsin

.....

Phosphorylation Chain

« Light driven proton pump

7 TM helices (reference for
homologue proteins)

* Forms a homotrimer

 Homotrimers aggregate to
form the purple membrane

« Stability of trimer by:
- G113, 117, L48

— Most stability comes from
surrounding lipids



The trefoil assembly alters the decay kinetics of the activated state from
individual trimers

bacteriorhodopsin

Wild type, pH 10
1 frame/s
=
‘trefoil’, nearest-neighbour monomers trimer Early activated monomers
decay time lengthens to ~13 s

Latest activated monomers in
the trefoil decay time 2.0 s

M Shibata ef al. Nature nano (2010) doi:10.1038/nnano0.2010.07

highlights the relevance out of the membrane interactions between neighbor
oligomers in protein functioning (E-F loop bending/activation)




Characterization of the motion of membrane
proteins using high-speed atomic force microscopy

Ignacio Casuso, Jonathan Khao, Mohamed Chami, Perrine Paul-Gilloteaux, Mohamed
Husain, Jean-Pierre Duneau, Henning Stahlberg, James N. Sturgis & Simon Scheuring

Affiliations | Contributions | Corresponding author

Glasslike Membrane Protein Diffusion in a Crowded Membrane

Ignacio Munguirat, Ignacio Casusot, Hirohide Takahashi', Felix Rico', Atsushi Miyagi'. Mohamed Chami¥, and

Abstract

MEMBRANE PROTEIN
MEMBR.ANE MEDIATED
PROTEIN"PROTEIN
INTERACTION
VISUALIZED BY HS-AFM



HS-AFM study of Porin Mediated Cell Membrane Transport L

Outer Membrane Porin F
OmpF trimer

Escherichia Coli Outer Membrane

N
Ee tangeoF” 1 S 3 N S
retecidos with' W

54//7@4//70//‘/55 i
g FUNCTION:
e Passive diffusion transport of polar
nutrients (water, ions sugars) and

waste

How are the OmpF molecules distributed in the bacterial membrane ?

Location of Porins in the membrane is critical for Cell Transport

OmpF covers ~40% of the outer membrane surface



CASUSO ET AL; NATURE NANOTECHNOLOGY,
2012, 7 (8): 525-529
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dynamics simulations



GLASSY BEHAVIOR IN CROWDED MEMBRANES

MUNGUIRA ET AL; NATURE ACS NANDO 2016

| . | HEAT MAP By SD
B - e - .-" e T e .ﬁ
g:"‘:}?;,. .:.-.t':::?.;':'::::::::é::‘,? (AT AVERAGE CAGE RESIDENGE TIME)
.zut. ®oB g gPartorm Porby gy 0.0 :
gy ... ... %\. ) < D::’: "b‘
' o

DYNAMIC HETEROGENEITY

Collective motion is controlled by crowding
effects (cages)

wm@gmam§¢¢ In these conditions, the individual
binding molecules diffuse in anomalous-like
diffusion trajectories

LYSENIN
PORE FORMING TOXIN



nature — 2 X\~
COMMUNICATIONS N

Article | Published: 16 July 2013

A hybrid high-speed atomic force-optical
microscope for visualizing single
membrane proteins on eukaryotic cells

Adai Colom, Ignacio Casuso, Felix Rico & Simon Scheuring &

Nature Communications 4,Article number: 2155 (2013)  Download Citation

MEMBRANE PROTEIN
IMAGING DIRECTLY
ON CELLS
HS-AFM FLUORESCENCE
INTEGRATION




A HYBRID HS-AFM / OPTICAL MICROSCOPE SETUP

Objective: best HS-AFM performance; epifluorescence OM performance

optical microscopy
elements

high-speed
atomic force microscopy
elements

CASUSO ET AL. NATURE COMMUNICATIONS, 2013, 4 (2155): DOI1:10.1038/NCcOMMS3 155



A HYyBRID HS-AFM / OM SETUP

Miniaturized light injection cube for bright field OM illumination

top view side view

\Weight (3.375mm?, 8.5mg + glue) - original cylinder sample holder (3.534mm?, 8.9mg)

CASUSO ET AL. NATURE COMMUNICATIONS, 2013, 4 (2155): DOI1:10.1038/NCcaOMMS3 155



A HYyBRID HS-AFM / OM SETUP

A

Tip position definition & Tip placement on E coli cells

- Cross-correlation| Cross-correlation based

SEM of short cantilever
tip position definition

and schematic
representation of its
geometry
(6x2x0.1 um)

Short cantilever

-q

Brlght field o A ; ' » /i .ﬂ_*!; ,@ fielc E. coli : Fluorescence (GFP) Fluorescence
optical microscopy TR TN B r————-- = optical microscopy
imaging I | imaging

Yo = :
y | p
b - Pid
\ 4
DN R 4

Cantilever placement on molecules / cell / subarea of a cell based on fuorescence
microscopy

CASUSO ET AL. NATURE COMMUNICATIONS, 2013, 4 (2155): DOI1:10.1038/NCcaOMMS3 155



A HYyBRID HS-AFM / OM SETUP

Tip position definition & Tip placement on eye lens cells

SEM of short cantilever
and schematic
representation of its
geometry
(6x2x0.1 um)

Cross-correlation| Cross-correlation based
tip position definition

Short cantilever

Bright field Lens cells : Fluorescence (FX4-64) Fluorescence
optical microscopy optical microscopy
imaging imaging

I \
- ——d _ .
e S p
/ \
\

o Cantilever placement with <100nm precision on eye lens collﬂ '

CASUSO ET AL. NATURE COMMUNICATIONS, 2013, 4 (2155): DOI1:10.1038/NCcaOMMS3 155



A HYBRID HS-AFM / OM SETUP

First HS-AFM movies of unlabeled membrane proteins on a cell
20nm

- .
- “

¥

0.97s

Lens cells 35
::: 3.0
d %, 25 a=094
-
, Z20
& 00 05 1.0 1.5 ¢
: : log lag time (s) . ’
300 x 300 pixels 209 x 178 pixels : slow but free .
4 : 3.3 s/frame 960 ms/frame diffusion of .‘ -
5 ym frame size 70 nm frame size AQPO arrays “«
- ; 4
Visualization of unlabeled AQPO on lens cells rJ
- -
- |[HS-AFM images acquired in buffer solution and under ambient temperature and pressu

CASUSO ET AL. NATURE COMMUNICATIONS, 2013, 4 (2155): DOI1:10.1038/NCcaOMMS3 155
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HIGH-SPEED FORCE SPECTROSCOPY (HS-FS)
TITIN UNFOLDING AT THE SPEED OF MD SIMULATIONS

SCIENCE, 2013, 342 (6159): 741-743



HIGH-SPEED FORCE SPECTROSCOPY (HS-FS)

Experiment and simulation ’ 91| cantilever: f,~1MHz (‘average' oscillation snap back1us)

data read: 2MHz (one data point every 0.5us)
f,~0.6 MHz

Au-coated
support

25ms
<

pulling velocity: 1 um/s

250us
—
f,~1MHz f.~1MHz (liquid)
k~100 pN/nm
pulling velocity: 100 ym/s
25us
—>

pulling velocity: 1000 um/s

data read
2MHz

]
photodiode Raw data foree curves

SCIENCE, 2013, 342 (6159): 741-743



HIGH-SPEED FORCE SPECTROSCOPY (HS-FS)

From force curves to force histograms to the dynamic force spectrum

800 - e experiment (HS-FS) A
1 pum/s O experiment (conventional FS)
A simulation (Lee et al. 2009)
ﬂ _600- o
r Z
100 pm/s |t & A
3 400 - H
1 2 E
1000 ym/s W 200 — f %i ? %
i
71 1 T 1 0 | | T T T | | |
200 400 600 ‘ 107 10" 191 10° 10°
Force (pN) \ Velocity (um/s)

Unfolding force hls’x)gr%ms bynam‘c forcb.slpeat'rum r {' \
pulling velocity: 1000 um/s

[HS-FS bridges conventional FS to-molecular dynamic simulations|

Raw data force curves

SCIENCE, 2013, 342 (6159): 741-743



HIGH-SPEED FORCE SPECTROSCOPY (HS-FS)

The dynamic force spectrum is non-linear
Provides realistic kinetic values and

fitting to the Hummer & Szabo model Kinetics from Nonequilibrium Single-Molecule Pulling Experiments
800 o experiment (HS-FS) ;““ A
O experiment (conventional FS) /
A simulation (Lee et al. 2009)
600 - I A
z &
= 1 £
® TL &0
S i £
L P ’ ch"? &
200 - T3 3% . §@ Spontaneous unfolding: k,=2x 10:1° g
ETLT NS Transition barrier: x' = 0.89 nm
Bell-Evans " Molecular elasticity: k,, = 376 pN/nm
0 | ] : : : : : : Unfolding barrier height: AG*=36.4 kT
10° 10" 10 10? 10° Diffusion coefficient: D = 4x10° nm?/s
Velocity (um/s) )

Transition barrier according to Bell-Evans model: x' = 0.25 nm |

SCIENCE, 2013, 342 (6159): 741-743



’ nature

physics

Letter Published: 01 May 2017

High-frequency microrheology reveals

cytoskeleton dynamics in living cells

CELLS
HIGH SPEED AFM MEASURES
- MECHANICAL REGIMES IN CELLS
NEVER MEA.SURED BEFORE



Cells are viscoelastic

Force

d
deformation

Petersen 1982 PNAS
Blanchoin et al. 2014

W | [ CE

Elastic Viscous

G’ G”

—



Viscoelasticity of cells
Two power law regimes

10"} Deng et al., 2006 Universal?

Phenomenological G’
Soft Glassy Rheol. G” ‘1//,8 Mechanistic
‘___.-—0——-—'.** Single filaments

B 100
Mesoscopic/ | 7
eleme:::rsuctura 5 ey dynamics
-~ » »
G~f%, a~0.05-020, 7 5 0> . G~f*, p~318, G">G
G"<G’ ¢ 00 __* N
10-! —",a —
- \
— —_—
0.05 .
Transverse fluctuations
[ (<1kHz)

104 10°% 102 10" 10° 10°
frequency (kHz)

6 =AUz +Ba: W .

) a,B 1

Aim: to probe viscoelastic response of living cells at high frequencies



Cantilever
with EBD bead

EBD sphere: defined contact geometry

k=0.15 N/m
fug = 0.5 MHz

Calibration
Spring constant (Sader in air)
Sensitivity (thermal in liquid)

Rigato et al. 2017 Nat Physics



High frequency microrheology of living cells

{force zZ-piezo Force

[N N N NN NN NN

£ 250} | 0.01 kHz

AFM R e S S S QU A -
5
|

Ad=15-nm
d, ~ 300-nm
Force-indentation loops
Frea< 500 kHz | 3 Frequency response
—_ higher slope - increased elasticity G’(f)
& —— gher hysteresis - increased viscosity G”(f)
8! > 4
S
A Z - H._(=F@/5(Nes
§|_ | H ()=F@/o(e’
o G (F)=His (H)1—v/kVR-610
. : . . . * — S “1—v/4- .
indentation (nm)

Riaato et al. 2017 Nat Phvsics



High frequency microrheology of living fibroblasts
100x__,
&
N
. ot
v ¥ |
0'116*3 102 10 10° 10" 102
102 - - h
104 102 101 10° 10" 102
frequency (kHz)
.—‘§ )
.\)
Tran ations Longitudinal fluctuations
34 (<1kHz [
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High frequency microrheology of cancer cells

MCF-10A MCF-7
benign cancer cells

malignant cancer cells

Physical features

* MCF-7 softer (lower G")

* MCF-7 generate higher
intracellular forces

| @G ‘
{1 O G"(g)
o .
C fooz) 1
f (kHz) 3 f (kHz) v
102.10° 102107 10° _10' 102 10° 102 107 _10° _10' 1034 =
G*(f) = Alif/f,) + B(ifff,)F % % : ! I
=,
\ e
- -

Rigato et al. 2017 Nat Physics
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Active high-frequency microrheology >5 frequency decades (>100X faster)

Cell viscoelasticity: G*(f) =~ [/ )+ B
Soft glassy rheology
High frequency =2 Deterministic, single filament dynamics T
B~ 0.75-1 Unstressed single filament dynamics, purely viscous f
B~1/2 Stressed single filament dynamics
‘__x_’

Rich viscoelastic response at high frequencies
Univocal mechanical phenotype (): biomarker (diagnosis?)
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