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Specimen Data collection Image
preparation with an Electron Microscope Analysis

2D classes

Electron Beam
molecules

@

3D reconstruction

Directelectrondetector ) L
Frozenhydrated Captures projection image of O /
Moleculeson of eachmolecule —

EMgrid /===

Model building & validation
StructuredepositionPDB
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PACIR GLP-1R-TAS

+VPP VPP +ZLF -ZLF
Data processing
Micrographs 4,032 3,617 5,508 3,251
Micrographs after CTF 3,761 3,553 4,839 2,638
fits (retention) (93%) (98%) (88%) (81%)
- — — 0 7—1.7

Picked particles [x10%] 2,446 3,012 3,246 1,430
{per micrograph) (650) (848) {671) (565)
Particles after
classification [x10%] 333 607 181 120

. (23%) (20%) (5.6%) (9.4%)
{retention) (per (147) (171) (37) (53) _
micrograph) %partlclesneeded
Resolution after CTF 312 5 83 83 5 a9 for 3 A
refinement [A] _
B-factor after CTF IS lessthan 4%

137.5 (6.2 120.115.3 124.0(2.4 124.3 (6.9
refinement [A%] (6-2) (5-3) (2:4) (6:5)

Particles to reach 3 A

after CTF refinement 958.0 (532) 241.5(127) 78.0(15) 150.1 {91)
[x10%]

Resolution from 100k

particles after CTF 3.58(0.18) 3.22(0.14) 2.95(0.04) 3.09 (0.14)

refinement [A]
Resolution after

polishing [A] 2.99 2.69 2.72 2.87

[EEZ;IctDr after polishing 146.5 (3.4) 121.3 (2.8) 122.4(4.9) 123.0 (3.5)

Partiles o .rea;;:;;? 487.0(132) 116.7(30) 41.1(17) 71.9 (21)
|_after polishing

Resolution from 100k

particles after polishing ~ 3.34(0.07) ~ 3.04(0.05) 2.82(0.07) 233(006)  Danevet al BioRxiy2020
[A]
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How toreachhighresolutionin cryoEM with high efficacy?

andwithout spoilingmoney

OptimizeSpecimerpreparation
Optimizedata collection ( Hardware and software)

Optimizeimageprocessing software)

universite
“BORDEAUX



Specimerpreparation




Preparation regarding the size of biological samples

Dehydrated / Frozen hydrated/
stained specimen unstained specimen
Thin Specimen : negative staining freeze-plunging

SPAcryoEM




Support : grid coated with thin amorphous carbon

Carbon
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Vitreous ice



Becausdhe microscopecolumnisunder vacuunto maintaina coherentelectronbeam
WATER is forbidden. X
{LISOAYSY Ydzad 6S AYUNRRdAdzZOSR Ayid2 9a SA

Liquid Solid

Vitrification

“BORDEAUX Webinar 2021 0 /7

(c-:br\%n
@ universite (



Phase Diagram of Water

80

Temperature (°C)

L

Quarterly Review of Biophysics 21, 2 (1988), pp. 129—228

Printed in Great Britain

Cryo-electron microscopy of vitrified
specimens

129

JACQUES DUBOCHET', MARC ADRIAN? JIIN-JU CHANG?,

JEAN-CLAUDE HOMO", JEAN LEPAULTS,
ALASDAIR W. McDOWALL® anp PATRICK SCHULTZ!

European Molecular Biology Laboratory (EMBL), Postfach 10. 2209, D-6goo Heidelberg, FRG

Pressure (108 Pa = kbar)
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Fig. z. Schematic view of a small part of a hexagonal ice crystal.



Vitrification of specimens

Relationshipbetweencoolingspeed and the
size of theice crystals

crystalline

Hexagonal

lum|—

Crystal size

100 nm -

10 nm |-

I nm 7~ Vitreous
N— s 3 2 pERER SRR “
Cooling speed ————— Vitrified Ice .

Vitrification : at a high cooling rate : ~10* K/s — pipochetet al, 1988 amorphous
It is the state in which immobilization is
achieved before nucleation Boiling /melting points

_ _ _ ... liguid ethane : -88.7 AC / -183.3 AC
Density = 933 kg/m3 :Water expands during vitrificationiyrogen: 2196 AC | -210 AC

Vitreous ice forms by flash-cooling, is metastable and converts to crystalline ice:
- cubic ice, forms when vitreous ice is warmed up above -135AC A keep samples below ~-135AC
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'‘Blotting« step

filling

5 ul of sample

Grid mounted on the Guillotine



Improvethe sampledistribution/stability
Plungingystem

Home made Control of temperature and humidity

Gatan Leica FEI
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LEICAEM CPC

Freezing

-blotting time

-single or doublesideblotting
-waitingtime

-multiple sampleapplication




Transfer into cryoTEM observation




Cryo EM: What do you expect ?

500X 50000X

Vitreous ice

Particles in different (random)
orientations



Cryo EM: What is a good cryo grid ?

Goodamorphousice

-not crystallineice

-no «leopardskin»pattern
-no contamination

Appropriateice thickness
-typicallyasthin as possible

Clearlyvisibleparticles
-particle size ancshape
-buffer composition
-defocus

Goodparticledistribution
-in holes

-dense butparticlesnot touching
-randomlydistributed orientatinn<

Vitrified ice

Carbon
matrix

© Guy Schoehn
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Somepoints of vigilance
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Uneven Ice thickness

Ice Thickness using zero loss peak

Average ice thickness ~200A

2
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lce Thickness using fereo loss peak

~TA

45 kDa integral membrane protein + Fab

Kim et al. Structure and drug resistance of PfCRT. Nature. 2019.

Average ice thickness ~400A
»
%
O
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L
g~ e G St~

Rice et al,

BridgetCarragher
Riccem2021

JstructBiol, 2018



~109 nm

Particledistribution within the ice layer exploredby tomography

Vitrified ice
‘ Carbon
matrix

Carbon
matrix

Upper meniscus
(sample application side)

=== FAS complexes adsorbed to the holey carbon

Vitrified buffer Noble et al Elife 2018
5 QL Y LINA Hife 2034]

=== Crystalline ice contaminations
- FAS complexes adsorbed to the air-water interface

Thevastmajority of particlesare localizedto the air-water interface

Lower meniscus

~ 90% damaged particles i

~10% ;
At the air water interface particlesare damaged

Class 3

| [1
> / Class 2




Sample # Example cross-sectional Sample # Example cross-sectional Sample # Example cross-sectional Sample # Example cross-sectional
Name schematic diagram Name schematic diagram Name schematic diagram Name schematic diagram
: s 14* 27* 38* Tt o e
32 kDa Kinase Neural IDE Apoferritin —— T
Receptor (0.5 mg/mL)
: < bl
4*1 17* 30*? 3 39*f — o4 . J:
Hemagglutinin Protein with GDH Apoferritin with g CUL I a |#
Bound Lipids 0.5 mM TCEP H2o992 v 090y |
(deglycosylated)
5* 18 i 31t 40 I,
HIV-1 Trimer Protein with i GDH Protein with (i gy o sTew e 2%
Complex 1 Bound Lipids SRR Rsaevesnsresaga | Carbon Over o=
(glycosylated) Holes
6* T 19* T 32+ 41
HIV-1 Trimer It Lipo-protein S RIS GDH +0.001% Protein and
Complex 1 R DDM DNA Strands
(2.5 mg/mL) with Carbon
SRR > Over Holes
I 20 e e Surse % 33** i i 1. 42*
HIV-1 Trimer 3 GPCR B DnaB Helicase- s spesttactitensny, ] 1208
Complex 2 | helicase Loader ® = Proteasome
10* 21** Bt 34+ T o 43*t )
Stick-like Rabbit Muscle B Apoferritin e L T208 (=", of
Protein 1 Aldolase Proteasome e ey 4
(1mg/mL) N
Kt s *1 B e
12* 8 2 T 35 = = 44 g e
Stick-like i Rabbit Muscle ozteen’ Apoferritin GEEE 1205 T
Protein 2 o i Enlbine S 5 Aldolase Proteasome tey 75
S (6mg/mL)
13+ 25* 36*" LTI ﬁ"‘"’f‘{,m'z L 45*
Neural Protein in Apoferritin 22253 0,% .0 T Mtb
Receptor Nanodisc T, | Proteasome
(0.58 mg/mL)
T |,
37+ L i 46
Apoferritin 4% R T Protein on
(1.25 mg/mL) 3| o oees oe Streptavidin

Noble et alElife2018




Need tokeepour particlesawayfrom the air water interface

Support film ¢hin carbon grapheng

3D Classification (no symmetry imposed, no
Sample

damaged particles)

~49% ~21% ~ 30%
\
Copper mesh !
Holey carbon E
Graphene ; : S
! Class 2 Class 3
~ 28000
particles

Detergentsor similarlayers

Otherfreezingmachines

5 QL Y LINK Hife 20891 |

f
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Diversification oimethods for preparinggrids

Blotting —

Ultrasonicspray 110um Rubensteirgroup)
Gaspressurizedsspray Muenchgroup, Franck group
Electrostaticspray 0.280.5 um (Trinickgroup)

Inkjet printing 25pnSpotiton Chameleon

Pin printingwith a metal penVitrojet (Peters group)

Scribing

X,

Capillarywriting Cryowritter (Braun groupgNuoney

Weissenberger G, 2021
Nature Methods



Droplet based

nature\methods BRIEF COMMUNICATION

https://doi.org/10.1038/541592-020-0925-6

M) Check for updates

© 'Time-resolved cryo-EM using Spotiton

Venkata P. Dandey'’, William C. Budell’, Hui Wei', Daija Bobe', Kashyap Maruthi', Mykhailo Kopylov',
Edward T. Eng', Peter A. Kahn?, Jenny E. Hinshaw?, Nidhi Kundu?, Crina M. Nimigean®#4, Chen Fan*,
Nattakan Sukomon?, Seth A. Darst®3, Ruth M. Saeckers, James Chen®, Brandon Malone?®,

Clinton S. Potter'® and Bridget Carragher®'¢

S

mm

NATURE METHODS | VOL17 | SEPTEMBER 2020 | 897-900 |

On-the-fly timepoints

tdisp-1 tsa mp-1 tdisp-z tmix
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g, e RS
dispenser 1
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— —
dispenser 2
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t=0ms t=4ms




A Vitrobot D Chameleon

4.2 A, 327K 5.3 A, 34K 4.5A, 50K Apo-PreP Apo-PreP Apo-PreP
PreP-N only Open (0) partial Open (pO) 4.0 A, 94K 3.7A, 131K 3.9 A, 139K
Missing PreP-C Missing some Pre8-c . Open (O) partial Open 1 (pO1) pO2
15% ofparticles : ,
eF PreP-C PreP-C
C L e RS L A R e e e R e "’_. :‘n F aees . o G e ? /
0 ~ e ’ " 4 B >
o3 o2, Ny Pl 4 7
. soashos vae s s |3 T o LAY SRR ,‘
. | l. e .

PreP -CS presequence
3.3A, 175K 4.6 A, 331K
partial Closed (pC) parital Closed (pC)

>70 % oparticles
Liang, et al. Structural basis for the mechanisms of human

presequenceprotease conformational switch and substrate
recognition. Research square 2020




Beaminducedmovement Imageblurring

Averageof 60 frames Averageof 60 framesalignedin translation
@) S

= Brilotet al., 2012
= J.Struct Biol

Particletrajectories g ol
25 particles ) ) e ‘ : .
_______________________________________________________________ SN, e ————— ]
YL Domeformation fim
?{.\ \ \ ¥ 1 { . thickness
p due to water expansion —
h
B " Duringirradiation, layer s porices
TR becomesnstable | Ty,
i & NN | B ! S5 S
. l s i ' ' 1 ' '
| | 5 QA Y LINRA YWhaydlenavale2fn >



Cryo-EM with sub-1 A specimen movement

Katerina Naydenova’, Peipei Jia"?*, Christopher J. Russo'f Science 370, 223-226 (2020) 9 October 2020

D s panicle\ I ?;:;ﬁﬂ% i:}N >N,
: i h
vitreous ice '1 ! /
pI | l !
 auior o SRS

2a
holes 330 nnin diameterfor 300-A-thickice
the ice never builds up enough stress to buckle during freezing or to deform under
irradiation
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Electronmicroscopyin fewwords

+ Electrons have much shorter wavelenath than x-rays
(~ 2pm~ 0.022 A for 300 kV electrons

+ Resolution not limited by wavelength

. Butresolutionisdegradedby lensdefects
radiation damage mechanicaldrift, specimenmotion

cbmn
universite (
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Electron microscope : Principle

l 60 SQ &aA corkesgamilens Y

Electron Gun produces at itdackfocal plane the Fourier
transform of the wave distribution at its
front focal plane

E___ ______] condensor incident wave
I VAV
= !

----------- sample Front focal plane

Scattered wav exit V/Vji’/ej’
objective lens ‘

E T " ‘

\

Back focal plane  Fourier Transform Fourier transform

Spatial frequencip~1/d

Image plane

Image Reverse Fourier Transforn



Image Formation: Phase contrast

Ice-embeddedspecimensof biologicalmacromoleculesis well describedby the & ¢ S-I |
phase 2 0 2 Sapdiogimation The electron beam passingthorough the object (thin
specimen)nly suffersa modestphaseshift, but its amplitudeis effectivelyunchanged

Close tdocus -2 um defocus

_____ I= -————- Sample

Modest phase shift (@S R

abject

Additional phase
Back focal plane &=

____________________ Image plane

Images are intentionally taken eaftfocus in order to generate
contrast @dditional phase shibly changing the focal length)
u Contrast is modulated by defocus and lens aberrations

Spatialfrequencydependenphase shift(n) introduced
by objectivelens PhaseContrastTransfer FonctionScherzer (1949)

| [2R(C5'/14'V4 Af - A* -vz)‘
sin -
A 4 2

CTF



Cryo EM: Advantages and Drawbacks

Advantages . Hydrated state, High resolution, Small amount of sample

Drawbacks : Low contrast , Highly sensitive to electron dose

Konig R et al., Annals of Anatomy, 2018, 217 82




Cryo EM: reference

300 kV FEG TITANKrios , Parallel illumination, Automated collection, very
stable stage, autoloader (12 grids)
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Cryo EM: Automated data acquisition

Example Automateddata acquisition softwar&PU (FEI)
Atlas = image of the ENtid

Settings
Holecoordinatesicethicknesg R2 a S X

Isition areas

24 hours

3000 images
10000@300000particles




Improve collectspeed:Fewerstage moves

Setup AFIS (Aberratiofrree image shift)
30s stage move and settling EPU TFS

30s focus and other setting
5s image recording

N A
0 universite @_.bwgm

Reduce total stage settling time

“BORDEAUX Webinar 2021 35 //



Conversion electron into images

Film sensitive
to electrons

Scintillator

Fiber Optic Coupling Y

CCD Sensor m

Cooling Device

CCD Camera

Pixel size = 8 Lm 5um
1image /s 14 um 1 image /s 20 images / s




Advantage of Direct Electron Detector vs CCD camera

CCD camera DED camera

etoy scintillator

fiber optic coupling

ytoe toV | CCD chip CMOS etoV
~1 fps read-out ~100 fps

cooling device

Konig R et al., Annals of Anatomy, 2018, 217 82

CcD photon to electron CMOS

conversion \

I NG
charge M [y

to voltage [ [R3 [R
(&

conversion —
[ [

[E‘E’T‘[E‘
rg ¥

CEEEE
YCEEEE

A
lsa

CCDs move photogenerated charge from pixel to pixel and convert it to voltage at
an output node. CMOS imagers convert charge to voltage inside each pixel.



Counting requires speed

40 frames per second: events overlap and 400 frames per second: events are resolve
cannot be resolved.




1. Electron enters detector 2. Signal is scattered

3. Charge collects in each pixel 4. Events reduced to the highest charge pixe

0.15 0.1
0.6 °
PR E
Integration mode Counting mode

Improved DQE



DQE

Detective quantum efficiency a Sensitivity

% incident electron converted in signal

0.8

0.6 |

Falcon II\

e K2 Summit

Falcon Il

0.4 0.6
Fraction of Nyquist

DQE = (S/N)2u/(S/N)4

HigherDQE for DED
K2summit (Gatan
Falcon Il and II{FEI)
DE20 (Direct electron)

0.8 1
(1/Resolution

McMullanet al, 2014, and 2016



Movie acquisition

CMOS characteristic Rolling shutter : high speed read out
400 frames per second ( for K2 camera)

Film/CDD DED
(A)

Typically a movie of 40 frames
1el/A2/0.4s

40 e/A2

Total 16 second

Dose fractioning




Advantage of Movie acquisition: Correction for mechanical motion

L 50nm

Uncorrected J‘ :ted imagé”“-t et

»
o
:
LA
.
: o )
y - -
gt T
£ - .
¢ v
Nl
= ke,

Chang, 2015

Uncorrected FFT | Corrected FFT



Accessorgguipmentsimproving
iImagequality and contrast

Monochromator Cs corrector
Energyfilter
Volta Phase Plate



field emission gun

Energy Filtered TEM:
contrast enhancement

Electron incident

213
—
[ (&

\
A

+ Energy filter

/D> 200 keV electrons

inelastic events
(electron energy loss)

specimen

N
~
\

1 - Energy'FiIter

Noyau

prism slit

Inelastic

inelastically scattered electrons

. :q scattering
Elastic g ‘1 104rad 10-20eV W

Scattering 10 rad

\ elasticaly scattered electrons

Inelaé.'ticallyscattered

electrons produced an Konig R et al., Annals of Anatomy, 2018, 217 82

unwanted background

magnetic Zeroloss

detector

zeroloss imaging mode removes the background ¢ QuantunGatan

noise due to inelastically scattered electrons

SelectrisTFS



objective lens

Back focal plan -

/

image lens =

FritsZernike Wikipedig

3
o
Q
o

n/2 shift

Zernike phase plate




