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HIGH-SPEED ATOMIC FORCE MICROsCcOPY (HS-AFM):
THE DAWN OF DYNAMIC STRUCTURAL BIOCHEMISTRY

SIMON SCHEURING
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ATOMIC FORCE MICROSCcOPY (AFM) e :

Analogy
AFM - Phonograph

‘ Lever length: ~ uym §
Tip radius: ~ nm

Mounting: ~mm
Tip radius: ~ ym
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THE PROMISE... WE WILL TAKE MOVIES!

SIMON SCHEURING

Gerd Binnig about dynamic AFM imaging in 1992

In biology, use of the force microscope will
probably become quite common because of
its ability to deliver films of processes.

> — % Binnig, G. Ultramicroscopy 1992, 42, 7.

—
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Gerd Binnig Heinrich Rohrer

@ 1/4 of the prize @ 1/4 of the prize
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ATOMIC FORCE MIcROscOPE (HS-AFM)
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PNAS, 2001, 98: 12468-12472
CHEMIEALSREVIEWS, 2014, 114 (6): 3120-3188 BiO'AFM'Lab
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ATOMIC FORCE MIcROscOPE (HS-AFM)
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THE DETOUR...

MORPHING!
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High-resolution imaging and image processing
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HS-AFM: 1ST PROTOTYPE

HS-AFM: 1lst Prototype: January/February 2008

o - .
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5ADKNDWL'EE)GEMENT: PROF ANDO, KANAZAWA UNIVERSITY, JAPAN
F’NAS:, 2801, 98: 12468-12472
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HIGH-SPEED ATOMIC FORCE MICROSCOPE (HS-AFM) j
SIMON SCHE(UR1NB

HS-AFM: 1lst prototype built in Paris, 2008

Part of the setup Dirt on mica - 03 /09 / 2008

....
o

~20 images / second
~50 milliseconds per image
~100 microseconds per line

Reminder:
Conventional AFM:
Contact Mode: ~1 image /finute
Oscillating Mode: ~1 image / 10 minutes

fADKNDWLEE)GEMENT: PrROF ANDO, KANAZAWA UNIVERSITY, JAPAN
EII\IAS:, 2@01, 98: 12468-12472 BlO'AFM'Lab
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HS-AFM: 1lst prototype built in Paris, 2008

Part of the setup Dirt on mica - 03 /09 / 2008

~20 images / second
~50 milliseconds per image
~100 microseconds per line

Reminder:
Conventional AFM:
Contact Mode: ~1 image /finute
Oscillating Mode: ~1 image / 10 minutes
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HIGH-SPEED ATOMIC FORCE MICROSCOPE (HS-AFM)
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SIMON SCHEURING

The high-speed atomic force microscope (HS-AFM)

Bio-compatibility:

- in buffer solution
- at ambient pressure
- at ambient temperature

Speed:

about 1000 times faster than
conventional AFM

- short cantilevers
- small piezo elements
- dummy piezos
- fast electronics (wave det.)
- dynamic feedback
- etc

— — —— N OBD defector N=—==—F-3

Signal
conditioner Mirror
Split

photodiode, Laser diode

: § i >
\—_—’L_ 3 Piezoactuator
1 : for excitation
Amplitude Focusing
detector

PID-feedback i Function generator

controller

4
[ TCantilever

z-piezo

ADZRDAYINEEA

AD/DA box

ANDO, U!;H-IHASHI & SCHEURING
CHEMlEAL'REVlEWS, 2014, 114 (6): 31203188
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BIO-ENHANCED HS-AFM .

SIMON SCHEURING

Ultra-violet (UV) pulsed laser &
Pump buffer exchange systems

cantilever

AFM laser (IR) I
) Pulsed laser (UV)
for uncaging

Uncaging caged molecules
Adding/Removing Agonists/Antagonists

NATURE NANOTECHNOLOGY, 2016, 11: 783-790
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OMPF DIFFUSION AND INTERACTION IN MEMBRANE _ ,/
SIMON SICHE“LIR‘II\;B

E. coli outer membrane porin F (OmpF) in E. coli lipids : Mobile molecules

frame rate: 477ms (2.1 frames/second)

| scan size: 75nm (750A)

image size: 300 - 300 pixels

cantilever resonance frequency: 600kHz

" z-piezo resonance frequency: 350kHz

‘| feedback-loop bandwidth: 100kHz

cantilever spring constant k: 0.15N/m

A(free) =~ 1nm /A(tap) = 09 X A(free)

applied force (approximation!): F = k*Ad/Q = ~10pN
Impulse per tap: ~1-10-8N.s = ~1aN-s

taps per pixel: 600000/(2:1-3002-2) =.1.6 taps/p

PLY

L'.NATI_IRE.I:QA‘:NDTEEHNDLDBY, 2012, 7 (8): 525-529 )
P @Bm-AFM-Lab
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ROTATIONAL DIFFUsSION OF UNLABELED OMPF

SIMON SCHEURING

HS-AFM at 100 frames/second

HS-AFM movie (100 f/s)
5 times slowed speed
full movie length: 20000ms (20s)

TG @Bio-AFM-Lah




‘s/19/18

ROTATIONAL DIFFUsSION OF UNLABELED OMPF

SIMON SCHEURING

HS-AFM at 100 frames/second

HS-AFM movie (100 f/s)
5 times slowed speed
full movie length: 20000ms (20s)

TG @Bio-AFM-Lah




‘s/19/18

THE SOLUTION... HIGH-SPEED AFM
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o enzymatic Science, 2005, 309 (5733): 484-487 | e :
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PNAS, 2001, 98: 12468-12472
CHEMIEALSREVIEWS, 2014, 114 (6): 3120-3188 BiO'AFM'Lab
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HIGH-SPEED ATOMIC FORCE MICROSCOPY (HS-AFM)
REVEALS THE INNER WORKINGS

OF THE
MINDE PROTEIN OSCILLATOR

Atsushi Miyagi, Beatrice Ramm, Petra Schwille & Simon Scheuring

Collaboration with
Petra Schwille laboratory
Max Planck Institut, Martinsried, Germany
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Bacterial cell division

1 cell

growth f™
cell division
2 cell

SIMON SCHEURING
The Min system

MinD is a membrane associating ATPase

MinE is a membrane and MinCD associating and ATPase
activation protein (AAP)

MinC is an FtsZ inhibitor, antagonizing its structure assembly
when in a high enough concentration

FtsZ is a bacterial cytoskeletal protein and forms a ring around
the longitudinal midpoint, or septum, of the cell

-3 (
8 /_7;
b 4o
3 %0
9
5y
..] A )
topview
MinD

~6nm X ~4nm

Structure (PDB 3Q9L / PDB 3R9J)

y
N a_\

(&
Ny {

) /
4 \

sideview W
MinD
height: ~5nm

topview
MinDE
MinE intercalates dimer

@Bio-AFM-Lab
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Bacterial cell division

cell

The Min system is the molecular ruler

Plac: sfGFP-MinDMinE in E.coli HL1 (AMinDE)

4 proteins are involved

FtsZ is the belt
MinC inhibits FtsZ

MinD is oscillator
MinE is oscillator

MinC follows MinDE

MinDE MinC FtsZ
time averaged [conc]

MinD and MinE: necessary and sufficient

eGFP-MinD
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The experimental setup: HS-AFM / nanometer scale E.coli membrane patches on the surface

fluid cell

d <500nm
Experimental HS-AFM movie
setup HS-AFM: 1.02s/frame
schematic cantilever: 8um long / ~600kHz resonance frequency / 150pN/nm force constant scale bar: 100nm

operation mode: amplitude modulation / ~1.0nm free amplitude / ~0.9nm setpoint amplitude
optimized feedback parameters with adynamic feedback loop / free amplitude control

On the support: E. coli membrane patches of ~50nm < diameter ~500nm

In solution: typically 1yM MinD / 1uM MinE / 2.5mM ATP

=G (A BivArMLab
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MinDE creates ‘point oscillations’ on nanometric membrane patches

157

Height [nm]
2

(&)
1

HS-AFM movie
scan spped: 1.02s/fr
scale bar: 100nm

HS-AFM allows direct visualization of nanometer scale ‘point oscillations’ of MinDE on membrane patches
MinD covered membrane patches have a height of ~10nm
bare lipid bilayers have a height of ~5nm

Y .
A (A BivArMLab
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‘point oscillations’ display different periodicity, notably toy varies

10- HS-AFM of unlabeled MinDE
monitors ‘point oscillations’
5+ on membrane patches over
more than 10 minutes
Visual inspection I:
E10' Larger patches display longer
S 5. oscillation periodicity
= Visual inspection Il:
o)) It is notably the membrane
‘© 10- associated state that is
I elongated on larger patches
5.
HS-AFM movie |
scan spped: 1.02s/fr "
scale bar: 100nm 10- -
ok T
0 100 200 300 400 500 600
Time [s] ‘
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‘point oscillations’ display different periodicity, notably toy varies

A
10 HS-AFM of unlabeled MinDE
monitors ‘point oscillations’
5 on membrane patches over
) ) ) ) ) ) ) more than 10 minutes
B Visual inspection I:
.g10 Larger patches display longer
= 51 oscillation periodicity
e Visual inspection Il:
o C It is notably the membrane
‘© 10- associated state that is
T elongated on larger patches
5.
HS-AFM movie | b
scan spped: 1.02s/fr
scale bar: 100nm 10 -
9) >
0 100 200 300 400 500 600
Time [s] ‘
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SIMON SCHEURING

‘point oscillations’ display different periodicity, notably toy varies

A
10

height

—_
(6) BN )
1 X

Height [nm]
o 50

velocity

o o0

WMWNW«N . ) height changing velocity
] 0 200 400 600

0 100 200 300 400 500 600 Time [s] Time [s]
Time [s]

| HS-AFM movie
& ™ scan spped: 1.02s/fr
! scale bar: 100nm

»
»

(LY (A BivArMLab
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SIMON SCHEURING

‘point oscillations’ display different periodicity, notably toy varies
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HS-AFM DECIPHERS MINDE PATTERN FORMATION

toff, va, ton, vd as a fuction of MinD concentration and patch size

Time [s]

150+

50+
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. -

SIMON SCHEURING

@Bio-AFM-Lab
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HS-AFM DECIPHERS MINDE PATTERN FORMATION

toff, va, ton, vd as a fuction of MinD concentration and patch size
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SIMON SCHEURING
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HS-AFM DECIPHERS MINDE PATTERN FORMATION

toff, va, ton, vd as a fuction of MinD concentration and patch size
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MinD membrane seeding
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toff, va, ton, vd as a fuction of MinD concentration and patch size
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toff, va, ton, vd as a fuction of MinD concentration and patch size
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toff, va, ton, vd as a fuction of MinD concentration and patch size
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Potential explanation why small patches are not ‘viable’ in vivo
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DIRECT VISUALIZATION OF GLUTAMATE TRANSPORTER
ELEVATOR MECHANISM BY HIGH-SPEED AFM

Yi Ruan, Atsushi Miyagi, Xiaoyu Wang, Mohamed Chami,
Olga Boudker & Simon Scheuring

Collaboration with
‘ Olga Boudker laboratory
Weill Cornell Medicine, New York, USA

PNAS, 2017, 114(7):1584-1588; pol: 10.1073/PNAS.1616413114
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Glutamate transporters ‘recycle’ glutamate from the synaptic cleft

(\) Kainate ~|[- Glutamate
) receptor receptor transporter

Na* Ca2+

Postsynaptic neuron

Figure 1 | Schematic diagram of a glutamatergic synapse. Glutamate released from the
presynaptic terminal acts on postsynaptic AMPA (a:-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid), NMDA (N-methyl-o-aspartate), kainate and metabotropic (mGIuR) receptors.
The synaptic actions of glutamate are terminated when its concentration in the synaptic cleft is
reduced by diffusion, and by uptake by glutamate transporters into surrounding glial cells and
into the pre- and postsynaptic neurons.

Attwell D, Gibb A.

Neuroenergetics and the kinetic design of excitatory synapses

Nat Rev Neurosci. 2005;6(11):841-9
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Gltpn shares with

human excitatory amino acid transporter 2 (hEAAT2)

PNAS, ZDT 7, 114(7):1584-1588; pol: 10.1073/PNAS.1616413114 .
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Structures of the Gltpn elevator domain conformational changes: ~1.5nm to ~2.0nm

TOP view SIDE view

Structures: Boudker-lab

Morphing: UCSF Chimera

‘PNAS, Z‘ﬂ'l 7, 114(7):1584-1588; pol: 10.1073/PNAS.1616413114 .
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Direct visualization of the movements of the Gltrn elevator domains

PNAS, 2017, 114(7):1584-1588; pol: 10.1073/PNAS.1616413114
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Apo-conditions: NO substrates / Elevator domain motion 20mM Tris
pH 7.5
150mM KCl
No transport substrate (n = 349) : 27% moving
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PNAS, ZDT 7, 114(7):1584-1588; pol: 10.1073/PNAS.1616413114 .
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Transport conditions: Na+ and Asp / Elevator domain motion 203}}1\/{7?“
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Glutamate transporters ‘recycle’ glutamate from the synaptic cleft
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Complete non-cooperativity of transporter domain action

Single transport domain lifetimes and state probabilities
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Complete non-cooperativity of transporter domain action
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