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Bacteria, Viruses, and Prions

Bacteria

Viruses

100 nm

Fibrils

Created with BioRender.com
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Prionoid fibril growth: Fibrils form plaques, which grrelate with (cause?) disease

Normal Protein “Changed” Protein Fibril
How? =3
\ g Aggregation § =

Chain Reaction!

Tau tangle

Many proteins can form fibrils: tt-esxymln)c::;n
PrPsc, TDP-43, FUS, Abeta, tau, alpha-synuclein, huntingtin, insulin, ... Neurodegeneration
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Parkinson’s Disease: Lewy bodies contain the protein alpha-synuclein

Substantia nigra

» Cut section
of the midbrain
o o, where a portion

~ of the substantia
7 nigra is visible
o

Friedrich Heinrich Lewy
(1885 — 1950)

Diminished substantia nigra
as seen in Parkinson’s disease

Azt 3%

A figure from Lewy's Tonus und Bewegung
(1923), showing images of Lewy bodies

“‘Lewy” bodies in the brain.
These are full of alpha-synuclein.
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https://www.youtube.com/watch?v=wZZ4Vf3HinA

alpha-synuclein is a small protein, found at high concentration in Lewy bodies

*14 kDa weight
*140 amino acids
* Natively unfolded

- Membrane interacting
( Nanodisks? Pores? )

*a-helical in contact
with membranes

*B-sheet in fibrils

- Mutations can cause
familial PD
(A30P, E46K, H50Q,
G51D, A53T)

Mutations cause familial PD:

G51D AS3T

H50Q < (&‘r“‘/‘

E46K €
i
"
s 4

A30P

Pl

N-terminus

a-synuclein

NAC domain

C-terminus

pS129 140
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Synucleinopathies: Different “strains” of a-synuclein fibrils may cause different diseases

Parkinson’s Disease

Parkinson’s Disease with Dementia

Dementia with Lewy Bodies

Multiple System Atrophy

Other diseases related to aSyn fibrils

¢ | ewy Body variant of Alzheimer’s Disease (AD)

e Neurodegeneration with Brain Iron Accumulation (NBIA) Type |
e Pure Autonomic Failure (PAF) Disease

PD

PDD

DLB

MSA

(YO G
/s ! /4 .[
C8) (o
Y L AW )
N \\‘q\ \silq
. . \\« ; .zo.agr
. ’ . o »
._. L J .Q. Ay A9
&) Cay
g . d
o e
5 .

" " 4 Dementia

T
age (years) 55

Modified from: Halliday & McCann, Annals of the New York
Academy of Sciences 1184(1), 188-195 (2010)
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In vitro generated aSyn fibrils Ricardo Guerrero, with Markus Britschgi (Roche) and Roland Riek (ETHZ)

Frozen
sample
goes into
microscope

?

E46 & ? N-terminus

Cryo-EM image of fibrils
(107000 fibril images are needed)

T

N-terminus
?

re€coeoeece

Guerrero-Ferreira et al., eLife (2018, 2019)
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Alpha-Synuclein Fibril Polymorphism

In vitro, wt In vitro, wt In vitro, Ac-E46K MSA brain purified In vitro, pTYR39 PD & MSA brain seeded (PMCA)
@Iymorph 1a \ ﬁlymorph 2a \ mlymorph 3a \ @Iymorph 4a \ @Iymorph 5a \ @Iymorph 6a
4 oo - e Phospho-TYR39
gy AR
38 ¥

Lietal.,
§i’ Nat. Comm., 2018

3T Letal,
Cell Res., 2018

Polymorph 1b

Polymorph 1b
6cus

6abb

Lietal.,
Nat. Comm., 2018

Guerrero et al.,
elife, 2019

Polymorph 2b

s %

™36 257

Bssy

Guerrero et al.,
elife, 2019

Zhao et al.,
Nat. Comm. 11, 2020

Nature, Sept. 2020

Polymorph 4b

Schweighauser et al.,
Nature, Sept. 2020

K
Schweighauser et al.,

Qarkosyl, ultrasouncy

Polymorph fb

Zhao et al.,
PNAS 117(33), 20395
(Aug. 2020)

Zhao et al.,
PNAS 117(33), 20395

(Aug. 2020)

Domenic
Burger
(EDNE)

Polymorph 6D

.
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Cryo-EM of the human brain suffering from neurodegeneration

&

What Is the
mechanism of neurodegeneration
In the human brain 7
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CLEM - Correlative Light and Electron Microscopy

light microscopy

to find LB :
tissue collected on
stained and alternating glass
dehydrated, slides and EM grids
cutting sections | T ann .IHC
of 150 nm 13 2.9 stamn-lg and
peroxidase

detection

Fixed brain
tissue

overlay of LM
and EM images \
to determine
LB location

in EM grids

v

Collaboration with

Wilma van de Berg
VUMC, Amsterdam

scale bar: 200 pm scale bar: 10 ym

Amanda Lewis, Sarah Shahmoradian
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Dementia with Lewy bodies
(DLB)

7= S ¢ ™ AL ”’“,\\ A o\
P k- 2 D- PD - S N /8> \ /83 .‘
arkinson’s Disease =~ ) (% (% ) (% .
£ ’. ;) £ DA =
N N B —_—
POD TN ey,
Parkinson’s Disease with Dementia §s” o) (% ‘ o)

Dementia with Lewy Bodies

Multiple System Atrophy

e
age (years) S5 60 65 70 75 80
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LEM image of a Cingulate Gyrus of a DLB patient

Notash Shafiei, LBEM
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Parkinson’s Disease
(PD)

Parkinson’s Disease

Parkinson’s Disease with Dementia

Dementia with Lewy Bodies

MSA

Multiple System Atrophy

——
e
age (years) S5 60 65 70 75 80
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PD: CLEM - Correlative Light and Electron Microscopy

Parkinson’s Disease
(PD)

Shahmoradian et al., Nature Neurosc. 22, 1099-1109 (2019)
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PD: CLEM - Correlative Light and Electron Microscopy

Shahmoradian et al., Nature Neurosc. 22, 1099-1109 (2019)
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Lewy body, Substantia nigra
LB #2

s ﬁ e 31"""“*@ “fq. |

e A

brane,;j;ype: i"? é

* organelles

L The majority of Lewy bodies in PD

* membranes

et (OBt SENEl NEEpered are primarily composed of
membrane fragments

Shahmoradian et al., Nature Neurosc. 22, 1099-1109 (2019) Lewis, AJ et al (2024) bioRxiv
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Multiple System Atrophy
(MSA)

Parkinson’s Disease mﬁmﬁé\g@hts

N .
Parkinson’s Disease with Dementia fl b rl I(S ‘ Q N7
P
S g
DLB N, .5 ;3,,,.
Dementia with Lewy Bodies f I b F

’ Dementia

Multiple System Atrophy

——
55

age (years)

https://www.multiplesystematrophy.org/

2024-09-09-Stahlberg.key - 21 October 2024



MSA: Substantia Nigra Amanda Lewis, Domenic Burger, Carolin Boing

ITHC: Purified Mouse Anti-a-Synuclein - Clone 42
(BD Biosciences): Recognises residues 91-93
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Multiple System Atrophy: A specific alpha-synuclein fibril strain

Fo4

Schweighauser et al., \\_QQ_ 4
Nature, Sept. 2020

Burger et al.,
bioRxiv.org, 2024

Purified from human brain Synthetic “1B” fibril,
of MSA patients causing MSA in mice

(Goedert and Scheres labs, MRC, Cambridge, UK) (LBEM, collaboration with Francgois Ichas, Bordeaux, France)
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Multiple System Atrophy:

A specific alpha-synuclein fibril strain

Synthetic “1B” fibril,
causing MSA in mice

Purified from human brain
of MSA patients

M83 mice
express
human A53T
aSyn

pS1295yn
DRAQ7

rostral

left -+ right

caudal

2024-09-09-Stahlberg.key - 21 October 2024




Synucleinopathies: Different “strains” of a-synuclein fibrils may cause different diseases

Parkinson’s Disease

Parkinson’s Disease with Dementia

Dementia with Lewy Bodies

Multiple System Atrophy

Membrane fragments,
some fibrils

fibrils
fibrils

fibrils
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Prionoid fibril growth:

Fibrils of a specific polymorEh form plaques, which cause disease sub-type?

Normal Protein

How?

=g

Chaln Reaction!

Many proteins can form fibrils:

PrPsc, TDP-43, FUS, Abeta, tau, alpha-synuclein, huntingtin, insulin, ...

“Changed” Protein

m Polymorph 1

/y Polymorph 2
Polymorp hege—
~ Polymorp e

Fibril

—>

> Lo oo 1101

- ’

ull =~ Polymorph 5
TDP-43 plaque

Polymorph ...

Polymorph 1
Polymorph 2
Polymorp
Ponmorp

Aggregationi=:

.’N

Polymorph 1
Polymorph 2
Polymorph 3
Polymorph 4

2

Polymorph 5
. Polymorph ...
Tau tangle
\ Polymorph 1 '
Aggregatlon N /' Po|ymorph 2 I
’-—} Polymorph 3
Polymorph 4
— ‘ Polymorph 5
o-Synuclein
ol Polymorph ..

Neurodegeneratlon
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Neurodegeneration: Alzheimer’s, Parkinson’s, DLB, PDD, MSA, ALS, FTLD, Creutzfeldt-Jakob, ...

“Sh*t happens”

Where does the first
fibril come come from?

Protein “XYZ” —p» Fibril

N

Which Polymorph
or Polymorphs?

Which type of brain cells
are damaged?

Mitochondrial (How are they damaged?)

damage
f How does it spread?
Pesticide (What spreads?)

“Disease Name”

Benjamin Stecher: https://tmrwedition.com/

2024-09-09-Stahlberg.key - 21 October 2024




Structural Investigations of Neurodegeneration

Biology:
Parkinson’s
Disease

We need more “contrast” in
cryo-Electron Microscopy.

EPFL il
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Dubochet Center for Imaging Lausanne: Apoferritin @ 1.09 (arch 2024)

/=i
PPle g W933 M158 . c130 EMPIAR: 11866 LAUSANNE
Y EMDB: 19436
PDB: 8RQB

Alex Myasnikov  Christel Genoud

Technical Director Executive Director

'd

i ' W
Bertrand Inay
Beckert Uchikawa Mohamed

o, 2l
orent

Sergey Mireille Fi
Nazarov Fasmeyer Wenger Laskina
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High resolution is essential, even if you don’t need it.

100%

“Contrast performance” We need more “contrast”
of an actual cryo-EM .
in cryo-EM.

90%

80%

SNR in one image

. “2 A resolution is enough for me”
... but my sample is small and difficult.

. ===> Then better use a Titan@DCI

50%

40%

“Blobology”

30%

20%

10% -

(200kv)NOISe
) ) ~N o @ © o o % N ™ o 5 o “ = N 5 A S N % X o % EMPIAR: 11866
FEFEPES LI ISP LI ISP SS EMDB: 19436
Resolution [A] PDB: 8RQB
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We need more “contrast”
in cryo-EM.
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—— 1.
‘--r S !

Cs probe aberration corrector

A

S SRRy e

T
¢¥ ARINA (Dectris) @ 120’000 fps (96x96 px)
= .

.

1)

EEaR
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Cryo-Electron Microscopy of Proteins
Cryo-TEM 4D-STEM
Electrons Electrons
In Under-focused Beam

WY

in Flood Beam

LI

Image Mode

Ptychography

Diffraction Mode

£

S

/

Pixelated diffraction

Fast hybrid pixel detector

Dattern
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4D-STEM: Parallax (TcBF) vs. Ptychography reconstruction
\\\\\m l 1 1 //// py4Dstem axXiv:2309.05250v1 (2023)

Iterative Phase Retrieval Algorithms for Scanning
Transmission Electron Microscopy

512 x 512 beam positions
= 262’144 beam positions

GEORGIOS VARNAVIDES, """ STEPHANIE M. RIBET,234' STEVEN E.
ZELTMANN, 36 YUE Yu, 78 BENJAMIN H. SAVITZKY, 2 VINAYAK P.
DRAVID, 349 MARY C. ScOTT, 2% AND COLIN OPHUS 2°

=2.4GB

@ 120’000 fps => 2 seconds

96 x 96 pixels on detector
(262’144 diffraction patterns)

Ptychography
K

Apply real-space Apply Fourier-space
constraints constraints

Images are aligned to each other and averaged
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4D STEM in Materials Sciences: Ptychography

4D STEM

Resolution of 0.2 A
' Inverse Multislice

Beam

L ‘e

Sample
'%\,\ WX VWl Wpf 0 f/M"
299900 i) DD B W D ) Durd Dusdide

WQ‘0.0'O.’M. ‘/
D IA) Il B ND PR P ) PELINNI) . /»" .
W0.0"O..

BP0 20 PP P D N Dy

MJIM‘..*\\\\W.
A A T RN e

02 B

s

Pixel Detector

Chen, ..., Muller:
Science 2021

(Ptychography)
In Undea?ggt?snesd Beam

WY

ELA
Hybrid Pixel Detector

@ 4’500 fps
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4D STEM

B. Kiiciikoglu et al., (2024) bioRxiv.org 2024.02.12.579607

SerialEM Stage, Lenses
Server
alignment j
TVIPS USG Scan coils ;
Titan
Scan Generator v
Electron
Microscope

DECTRIS
Camera Server

<

Parallax
Reconstruction

.h5 file

Reconstruct

L

4-GPU
Server

Reconstruct Ptychography
Reconstruction

aberration estimatej

Thanks for help with SerialEM integration from
Michael Elbaum and Shahar Seifer, Weizmann, Israel
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http://bioRxiv.org

4D STEM

B. Kiiciikoglu et al., (2024) bioRxiv.org 2024.02.12.579607

d 5 ’
I

Electron B CSA [/

ectron beam :\

.od WP

Defocus

Pixelated
Detector

(Sum of 3 recorded frames)
CSA =4 mrad

Titan Krios G4:
e 300kV cold-FEG
* Probe correction Cs=0mm
o TVIPS USG
» ELA detector

lllumination:
* CSA:4.0 to 6.0 mrad
» Defocus:1.0 to 2.0 um
e Beam diameter: 8 to 24 nm

Low-dose concilitions:
e 35...50 e/A2

Specimens:
* Apoferritin
 Phi92 Bacteriophage
* Tobacco Mosaic Virus
* Bacteriorhodopsin 2D crystals
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http://bioRxiv.org

Cryo-electron ptychography of proteins B. Kiiciikoglu et al., (2024) bioRxiv.org 2024.02.12.579607

Apoferritin

CSA: 4.0 mrad

Dose: 35e/A2

Number particles: | |'552
Final Resolution: 5.8 A

Phi92 stalk

CSA: 5. mrad

Dose: 49¢e-/A2

Number particles: 1’600
Final Resolution: 8.4 A

TMV

CSA: 6.1 mrad

Dose: 32e/A2

Number particles: 2'1 20
Final Resolution: 6.4 A
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http://bioRxiv.org

Cryo-electron ptychography VS. Cryo-EM

ToDo: Implemented:

 Dose fractionation  Dose fractionation

* Motion correction * Motion correction

» Dose-dep. resolution filters * Dose-dep. resolution filters

Alex Myasnikov
Inay Mohammed
Sergey Nazarov

EMPIAR: 11866

+ Larger CSA
* Less defocus
» Multi-slice reconstruction

EMDB: 19436
PDB: 8RQB
Titan Krios G4, Probe Corrector, ELA: 11’552 particles Titan Krios G4, Falcon4i: 411’705 particles
GSFSC Resolution (for ApoF): 5.8 A " GSFSC Resolution: 1.094
—— ApoF_4mrad . —— No Mask (1 34
— EZZTQ—;:::; — Loos:(le) )
—— TMV_6mrad 0.8 1 = Tight (124)
wee Corrected (1 14)
0.6 -
0.4 -
S WM TR L A 0.2 1
0.0 SR 0.0 T . : Mﬂ———-—
DC 20A 10A 7A 5A 4A 33A DC 494 24A 16A 124 0984 0814 074
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Cryo-electron ptychography of Bacteriorhodopsin 2D crystals

Parallax Reconstruction (py4Dstem)

Ptychography Reconstruction (py4Dstem)

PARALLAX

de)

Log1o (Amplitu

10000 : # 2D crystal spots 10000 # 2D crystal spots
» Background of spots ® Background of spots
o
1000 ' 81000
5
£
<
e
o
100 9 100
10 o IINe " 10
DC 20 A 10A 7A 5A 4A

DC 20 A 10A 7A 5A 4A
Resolution (1/A) Resolution (1/A)
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Cryo-electron ptychography of Bacteriorhodopsin 2D crystals

Parallax Reconstruction (py4Dstem)

1.0

= CTF (Defocus = -50 nm)
CTF (Defocus = -81 nm)
= CTF (Defocus = -300 nm)

CTF

Resolution

Ptychography Reconstruction (py4Dstem)

.

T
= : ]
%) Complex reco. ‘
104 e :,3"‘:-7 i »— Complex reco. (abs) |
oy Ph e —+— Complex reco. (phase) ‘
,I o e - Phase reco. |
8 e X A XA - = J
vy N e Wy T =
YA L Y i V' A S A e My
103 . polf1—~ e "\»‘,
W o
1 il T ‘\ -
"
102
0 0.2 0.4 A
Resolution

Max-Leo Leidl, Knut Mller-Caspary
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Cryo-electron ptychography tomography

Berk Kiiciikoglu, Massimo Kube, Julika Radecke

Thick Sample Tomography

* Effects of dynamic scattering can partly be mitigated
by multi-slice ptychography

===> Manuel Guizar-Sicairos, PS| & EPFL

* Larger tilt angle increments are possible due to
thicker slabs in Fourier space (Crowther criterion)

e A 3D reconstruction with some modest data in the
missing wedge can be computed.

Cryo-electron ptychography image of overlapping microbacteria
(Sample thickness >600nm)

See also the work of Sharon Wolf, Michael Elbaum, or Dave Muller (Cornell) et al.
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EEEMR boratory of

jDrx works RF cavity @ 2 @ 2.4 GHz
/.

" ARINA (Dectris) @ 120°000 fps (96x96 px)

'H I‘

‘l
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LOUiS de Broglie RADIATIONS. — Ondes et quanta (‘).

Note de M. Louis pe BroGrLik.

Considérons un mobile matériel de masse propre m, se mouvant par
rapport & un observateur fixe avec une vitesse ¢ = B¢ (8 <1). D’apreés le
principe de I'inertie de Iénergie, il doit posséder une énergie interne égale
a m,c*. D’autre part, le principe des quanta conduit a attribuer cette
énergie interne a4 un phénoméne périodique simple de fréquence v, telle que

hvy=mye?,

c étant toujours la vitesse limite de la théorie de relativité et 4 la constante
de Planck.

Pour I'observateur fixe, a I’énergie totale du mobile correspondra une
m,ct

hy1—p?

périodique interne du mobile, il le verra ralenti et lui attribuera une fré-

fréquence v = - Mais, si cet observateur fixe observe le phénomeéne

quence v, = v,y1 — B?; pour lui, ce phénoméne varie donc comme

sin2my, L.

Supposons maintenant qu’au temps ¢ = o, le mobile coincide dans I'espace
avec une onde de fréquence v ci-dessus définie se propageant dans la méme

Prince Louis-Victor Pierre Raymond de Broglie direction que lui avec la vitesse z- Cette onde de vitesse plus grande
que ¢ ne peut correspondre a un transport d'énergie ; nous la considérerons
Dualism: seulem.ent comme une onde ﬁctiv? associée au mouvement du mobile.
” Je dis que, si au temps¢=o, il ya accord de phase entre les vecteurs
IS the eIeCtron a wave: de I'onde et le phénoméne interne du mobile, cet accord de phase subsis-
Is the electron a par-ticle? tera. En effet, au temps ¢ le mobile est 4 une distance de 'origine égale
— It iS both | a ¢t = ; son mouvement interne est alors représenté par sin2my, %

Ph D TheS|S 1 924 (‘; é\u sujet de la présente Note, voir M. BriLLouiy, Comptes rendus, t. 168, 1919,
p. 1318.
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EM: Beam / Sample interaction

Conventional electron source

Lens

Frozen
protein

109 % random in time

Camera

Electron Sample Interaction

incoming electron

Auger electrons backscattered electrons

Eo
E <10 eV E-E
secondary electrons
X-ray radiation E <20 ..50 eV
positive ions

visible light

inelastically scattered electron

elastically scattered electron
Eo- E

Eo
unscattered electron
Eo

Granulovirus

20 e-/A? 40 e-/A? 60 e/A? 80 e/A?
Gati et al.,, PNAS 114(9), 2247-2252 (2017) cumulative electron fluency
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ingle electron diffraction

Paraffin 2D Crystal under stroboscopic s
Stroboscopic electron source

1 63

.
Lo

Lens ol >
2.4 GHz Cavity =3 ¥
~ —
C2 Aperture — ol ' ,
% .
Paraffin e-
MR AR
ko) -
c
3
e: @
(%]
e
<
©
c
<
o
@
o
C
L
(@]
Q@
.
<
@)
&

| Camera |

Electron diffraction

SRR, N o

Lt * Tetratetracontane (C,4Hgg)

% ? _| Orthorhombic crystal structure
-

Beam Frequency
Beam at gun
Beam on sample
Beam diameter

Fluency rate at sample

Pulse length
On/Off ratio

Probability of 1 e-

per gate
Probability of 2 e- per gate

Probability of 3 e- per gate

75 MHz
60.0 nA (1)
4 pA
548 nm
1.1 e/A%/s
09 ps/13.33 ns
1:15’000
24.5%
4.2%

0.5%
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LBEM - Laboratory of Biological Electron Microscopy EPFL Jwl_—

Biology:
Parkinson’s
Disease

Physics:

4D-STEM

300kV Cold FEG

Stroboscopic
Single Electron Cryo-EM 4D STEM

(Ptvchography)

Undev 1ocusud

I csporsin

é

DrX.works RF Cavity
“Titan Chopper”

\ A@
=

Cs Probe Corrector
ARINA (Dectris)
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Laboratory of
Biological
Electron
Microscopy

AV

ETHZ

Roland Riek
Paola Picotti
Tatiana Serdiuk

Uni Basel
Thomas Braun

CNRS Paris
Ronald Melki
Alexis Fenyi

VUMC, Amsterdam
Wilma van de Berg
Annemieke |.M. Rozemuller;

CNRS Bordeaux
Francois Ichas
Luc Bousset

Laboratory of Biological
Electron Microscopy

EPFL
Hilal Lashuel

MRC, Cambridge
Richard Henderson

Stiftung Synapsis

Alzheimer Forschung

MCKITOWICU(gETICTIL

TU Minchen
Knut Muller-Caspary
Max-Leo Leid|

ER-C Jiilich
Carsten Sachse

Weizmann, Israel
Michael Elbaum
Shahar Seifer

SLS Detector Group, PSI
Bernd Schmitt
Erik Frojd

TFS, Eindhoven
Erik Kit

Mark Rjit

Ryan Ingenhoest

Hoffmann-La Roche, Basel
Matthias Lauer
Markus Britschgi

(ENS NF |

FONDS NATIONAL SUISSE

/=i ceven |

FOR IMAGING

Christel Genoud
Alex Myasnikov
Emiko Uchikawa
Sergey Nazarov
Bertrand Beckert
Inay Mohamed
Florent Wenger
Mireille Fasmeyer

EMF, UNIL
Christel Genoud
Jean Daraspe

IPHYS-IT, epre
Gaél Cartier-Michaud
Alexandre Guerne

PTPSP, eprL
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