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Cryo electron microscopy (for LS)
2020/05/28 (Vybrané kapitoly z elektronové mikroskopie, MUNI.)




* Introduction: bio-samples, scale, methods, etc.
« Sample preparation, navigation

 Fixation / vitrification,

« Plunge freezing (PF),

» High pressure freezing (HPF),

» Correlative microscopy (CLEM),

« Lamella preparation with ion beam (for SDB Tomo Workflow).
* Methods

* Cryo-Electron Tomography (cryo-ET) + STA,

« Single Particle Analysis (SPA),

* MicroED.
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Bio-Samples: Wide Scale Across the Space

3 IVI U N I Adapted from: Alberts, Zaklady bunécné biologie, 2004. !lgelrm?f ‘thleg



Different Methods See Different Detalls
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4 IVI U N I Adapted from: N/A; www.npt.co.uk/biotechnology/research/super-resolution-imaging. !lge'rm?f sthle(!‘



From Image to Function...To reveal a structure and understand its function.
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5 IVI U I\I I Adapted from Wiki, https://www.scientificpsychic.com/health/virus.html. !rzﬁrg‘,\?f sthleCr
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From Image to Function...Drug Design

PROTEINS: “tiny molecular
machines. Perform most of the tasks
needed to keep cells alive. Drugs
can be used to turn proteins on or
off, to affect their action.”

DRUGS: “small molecules that bind
to one specific protein and modify its
action. Antibiotics or anticancer
drugs are used to completely
disable a critical molecular machine.
These drugs can kill a bacterial or
cancer cell. Other molecules, such
as aspirin, gently block less-critical
proteins for a few hours.”

Antibiotics & Antivirals

Antibiotics and antiviral drugs are specific poisons. They need
to kill pathogenic organisms like bacteria and viruses without
poisoning the patient at the same time. Often, these drugs
attack proteins that are only found in the targeted bacterium or
virus and which are crucial for their survival or multiplication.
For instance, penicillin attacks the enzyme that builds bacter-
ial cell walls, and HIV protease inhibitors like saquinavir
attack an enzyme that is needed for HIV maturation.

1. D-alanyl-D-alanine carboxypeptidase with penicillin (1pwc)

2. HIV protease with saquinavir (1hxb)

Suicide Inhibitors

p Wy,
\ 7,
enzyme | | (

new bond——, _/
I

drug : ) ol

Some drugs are particularly
effective because they form a
chemical bond to the protein
target (shown in turquoise),
totally disabling it in the
process. Penicillin (shown at
the bottom with atomic colors)
reacts with a serine amino acid
in the bacterial enzyme, form-
ing a new covalent bond to the
enzyme. This completely blocks
the active site, so the enzyme is
unable to perform its role in
cell wall synthesis. Another sui-
cide inhibitor, aspirin (shown
in #7), attaches an acetyl group
to its target which blocks an
inflammation pathway.

Penicillin bound structure of D-
alanyl-D-alanine carboxypeptidase
(PDB entry 1pwc)

MUN I

Adapted from https://cdn.rcsb.org/pdb101/learn/resources/flyers/how-do-drugs-work-flyer.pdf.
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Selected Life Science Workflows to Study Objects of Interest

SPA Cryo-ET LVA
Structure of Function of Protein Cellular Organisation in
folded Protein in Cells Tissue

Structure determination of High resolution Modelling of cell-cell
proteins and protein complexes reconstruction of large interactions and organ

in their native state at “near- molecular complexes in their  function based on volume
atomic” resolution. functional environment in imaging at nm resolution.

cells and tissues.

7 IVI U I\I I Remark. Micro-ED: structure of protein crystals. Room Temperature Tomography: 3D imaging on RT TEM.
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Advantages of Cryo-EM

« Observation of biological systems in their native hydrated state.

20S proteasome

 No artifacts that occur in chemical fixation and negative staining (direct
visualization of biological macromolecules instead of their contours in
background of negative stain).

* No need for the macromolecule crystallization.
 Suitable for larger protein complexes and pleomorphic structures.
» Possible 3D structure determination up to “near-atomic” resolution.

» Time-freezing of dynamic processes allows determination of molecules in
multiple different functional conformations. Cryo-ET enables to study these
conformations in the context of their cell environment.

« Cryo-ET bridges the gap between imaging of isolated macromolecules at
near-atomic resolution and large volume analysis at the cell-cell/tissue level,
“opens the window into the cell”.

8 IVI U I\I I Remark. Images on the right: 20S Proteasome particles; near-atomic resolution model by Cryo-EM. ThermoFisher



Structural Symphony: Role of Cryo-Electron Tomography / SPA within Imaging Technologies
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i i i i i i
Conventional SEM / TEM (+LVA)
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9 IVI U N I Brno Philharmonic Orchestra image: the-wagnerian.com. !lge'rm?f ‘thleg



EMBL-EBI

Deposited Structures in EMDB Solved by Cryo-EM

Protein Data Bank
in Europe
Bringing Structure to Biology

Single-particle released maps - resolution trends @ Tomography - resolution trends for released maps 2]
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Series of Resolutions for GroEL. From right to left, 4 Angstrom (A), 8 A, 16 A, and
32 A resolution. The details are smeared away as the resolution becomes lower.
11 IVI U N I https://www.ebi.ac.uk/pdbe/emdb/index.html; Shashi Bushan: EMBO course: SPA presentation. !lge,rg',\?ﬂs,heg



Sample Preparation is the Key...Fixation

« Bio-samples are full of water (body water content around 60%, brain 73%, cell 70%) => implications

for the sample preparation and observation in EM. (Most/less abundant elements: H, C, N, O/Na,
Mg, P, S.)

 Fixation = to stop the biological activity and to preserve the tissue structure for subsequent
treatments.

* “The objective is to process tissues and cells
without significant change in size, shape, positional
relationship of the cellular components and
to preserve as much of the biological activity and
chemical nature of cellular components...™

. . . .
12 IVI U I\I I Dykstra M.J. et al., Biological EM microscopy (2003).



Sample Preparation is the Key...Fixation

Freeze Dried

>
Chemical Fixation
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Bio-Sample Preparation
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14 IVI U I\I I Adapted image by Andreas Kaech, University of Zirich. See as well: Handbook of Cryo-preparation methods for EM, edited by Cavalier A., Thermo Fisher
Spehner D., Humbel B.M. (2009). SCIENTIFIC



Preparation of Biological Samples for Cryo Electron Microscopy

BIOLOGICAL SAMPLE

Purified particles

Bacteria & yeasts / Eukaryotic cells

VITRIFICATION

_

IMAGING

3D RECONSTRUCTION & INTERPRETATION

15
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Cryofixation (cryo/cryos means "icy cold" (from crystallos))

Light exposed retina (rat)
« Wh Y, advan tag es [ Conventionally fixed (glutaraldehyde) | |

* The best method of preservation. Rapid freezing in millise > RIS
(minimal chemical and physical changes if done well).

 Offers a SnapShot at a particular time, very important whe

- Sample vitrification

» Cool the specimen so rapidly that there is not time for ICE
what does the damage as it rips structures apart.

* Increase cooling speed by the reducing size of the specima

Liquid water Ice

¢ M et h O d S (dense) (less dense)

* High pressure freezing (HPF, commonly up to ~200 um), plunge freezing (PF), slam (metal-
mirror) freezing, double jet propane freezing, spray freezing (all up to units or tens of um).

16 IVI U N I Adapted from Cheng et al., Current Micros. Contrib. to Advan. in Scien.and Tech. (2012); Szczesny et al.: doi.org/10.3109/02713689609017621. Thermo Fisher



Plunge Freezing vs High Pressure Freezing (vitrification of native bio-specimens)

Plunge Freezing High Pressure Freezing
- sample thickness: up to ~5-10 pm » sample thickness: commonly ~50-200 pum
(cells, proteins, virus particles), (small organisms, tissue, cell cultures),
3 mm TEM grids, * 3 — 6 mm carriers,
- cryogen: liquid ethane/propane, atm pressure. * cryogen: “open system”: pressurized LN2.

Cartridge: Special Polymer

Upy or
Specimen carrier asse mbly‘ g v LN2 @ 2100 bar
f = () )
=~ Hat middle piece ~ Flow channels

LN2 @ 2100 bar

17 IVI U I\I I HPF: Images adapted from leica.com; Andres Kaech: High pressure freezing / presentation. ThermoFisher



Plunge Freezing

* Needs high rate of cooling (~10°K/s) to Plengs Froazing
temperatures below -140 °C.

Tweezers

Vitreous ice
* Fast plunge of blotted specimens (m/s). - . ~N
 Liguid nitrogen cannot be used i

because of low heat capacity.

 Liquid ethane or propane have good
properties and T, close to T, of LN,. '

Cryogen T,(°C) Tu(C) «c,()fmolK) Rel.cooling effic.

Ethane -183 -89 68.50 1.3 | Il ]|
Propane -189 -42 98.36 1.0 +— Cell Culture— +— Blotting — ———— Plunge-Freezing ————
Nitogen  -210  -196 4.08 0.1 ] \ e
B cer HPY h
A. A. Steinbrecht, K. Zierold, eds. Berlin: Springer-Verlag. 1987; 88-113. E:}/'“\ | L__ j
e | m . y [
IZ/\ u m\
? 4 ] ?‘
B, ] B/

Filter paper
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Sample and TEM Grid Support

Protein film

Cell =—> 7&7 ~2-5 ym

Carbon foil =

| ~100 pm Electron ==

/ microscopy grid
(gold mesh, @ 3 mm)

f
Electron =

microscopy grid
(gold mesh, @ 3 mm)

« Support to fragile TEM grids and possibility of robotic
handling and automated TEM loading.

19
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Plunge Freezing Process




Time-Resolved Cryo-EM (TR Cryo-EM)

« *Combination of the structural study
with Kkinetics, by capturing kinetic
intermediate states in a biological Y el

. ” P "_’-'-‘i s
reaction. [ ————

Mixing-spraying dvice

» “Movies of a biological complex
functioning in real time.”

Solution 1 Solution 2

» “Fast reactions require a means of
mixing, reacting and depositing the
product on the grid in a fast,
controlled way.”

« Different approaches:
mixing-spraying, spraying-freezing,

Environmental chamber

flash-photolysis, etc. o Ltms todoms _ ~zssoms
Experimental setup of the mixing- (©) \ \ \ \
spraying method and the design of the Jl}ﬁop; H’ 71 TN Cryo-EM maps of the
mixing-spraying chip. Mixer 4 4 ‘ / 70S ribosomes
= = formed within 9.4 ms.

Different Reaction Channels

” I U N1 Adapted from: *Frank J., J. Struct. Biol. 200(3) (2017); Shaikh T.R. et al., PNAS 111 (27) (2014). ThermoFisher



High Pressure Freezing

« Simultaneous high rate of cooling w High Pressure Freezing
(~10%K/s) to temperatures below C elogans —
-140°C at high pressure ST e 2100be)  Viousie
(2100 bars). ha W i ; ’ |

- Pressurized LN, flows over the 4 - w
sample inside the carrier (“open |
system”). = ’ Ul ooyl

* Rapid cooling at high pressure allows
for the transition to amorphous '

(glassy-like) state even for “thicker” .’

samples.

<>
- & @)

22 IVI U I\I I Image of HPF (*) adapted from leica.com.




IVI U N I Depicted HPF Freezer: High Pressure Freezer Leica EM ICE.



The pressure-temperature dependent phase diagram of water
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. ~ lce l_]25° 0
8 -30 Ice | / 240 é - 30°C — pressure
N/
S —ofpeTH 70K = 210 2100 bar PR A N ot st 2
7!'5 4 |Ce " 230 b — 35 OOC
—_ .e E 219
@ =50 *ay @ § 190
= 95K e Supercopled 1220 & £
E ° E g
@ —60 watel @ £170
— - {210 — 5
- ~ c &=
=70 = . § 1200 150 .
N = ar — temperature
-80F % ; 130
s = ° D
: - e« o* -160°C —
-90H 5 &' 180 110 '
s & | 100 ms
1 o £ 7 !
9 44K :E:’ 4 = Time [ms]
136 ¥ A A 1136 70 . I L 960 ms
] 1000 2000 3000 0 100 200 300
Pressure (bars) FoaEn
Figure 6
. . ‘ ipal . . The pressure-temperature phase diagram of H>O [adapted from Kanno
Flg- 1 HomOgeneouS I’IUCIEE.}tIOH (TH.) and equﬁlbrlum m'eltlng et al. (1975). Franks (1985), Garman & Schneider (1997) and Mishima &
temperatures (Ty) for water in emulsion form as a function of Stanley (1998)]. Amorphous ices form when liquid water is rapidly cooled
pressure, Results obtained with different pressure cells and emulsion below the glass-transition temperature (7). preventing the nucleation
3 3 tatl : . . and growth of crystalline ices. HDA ice may form upon cooling above
carrier flzids 31;: ldlSt;nEUISth gsuf%llowsh Cell 1 L, hepﬁa?e’ 1-’ ~100 MPa. LDA ice is formed below ~100 MPa. The hatched region is
pentane, , met ylcyclonexane. e_ : O3 ept‘ane! .! met ¥ CS{C'O- the allowed region for supercooled liquid water. The melting point (7,,)
pentane + methy%cyclohexane. Solid lines are the accepted equ:llb- and the lowest temperature (7},) for supercooled water both decrease
rium phase boundaries. The dashed, vertical line indicates the condi- with pressure up to 210 MPa. The region in which the amorphous phase
+ions under which ice II and ice T mav be produced in hlgh pressure can exist depends on the thermal/pressure history of the system. HDA ice
£ i (Ad d f K Y 1.1975) - is metastable at ambient pressure as long as the temperature is kept
rozen sampies. apte rom Kanno et a - : below 120 K. Note that the glass-transition line (7,) is very hard to
determine exactly experimentally and should be taken as an estimate.
Images Fig.1, Fig. 6 adapted from: Dahl R. et al., J. of El. Micr. Tech. 13 (1989) + Bauerlein F.J.B., PhD. thesis, 2018 ThermoFisher
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(TUM/MPI); Kim Ch.U. et al., Acta Cryst. D61 (2005).



HPF: Cooling Rates

« Water has a very poor heat conductivity.

Liquid/ vitrified Frozen with ice crystals

vitrified sample ice crystals-segregation
o | »
8 w)
= o
E o
S e
& =
- =
3
——— — > o ‘ — R
\ v :
Sample thickness ! .
200 pm 600 pm P 200 pm 600 pm Sample thickness
thicker specimen=Ilower cooling rate ice crystal formation=Segregation
25 MUNI ThermoFisher
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HPF: FS and observation of resin embedded samples at RT

Drosophilla embryo

In 20% Dextran before freezing.

After Freeze Substitution (FS) in Epon resin.

°CH Epon
40
0
20
10 .
time
10 Unicry!
- 20 LR Gold
20 KAM
. 40| GA fixation /
- 50 HM20
60 / K11M
- 70 OsO, fixation
- 80 / HM23
- 90
- 100
dehydration fixation embedding

Schematic representation of FS process.

N

Automated Tape-Collecting Ultramicrotome / SEM Imaging

Low resolition Acquisition Focused lon Beam Scanning Electron Microscopy (FIB-SEM)
sample stationary (small volumes) (serial image_s of
disrond kriife different sections) \‘ SEM '
[#] \ 1
. focused
on beam 4
=@
water-filled =. milling — » imaging
1 boat [ e e e J CCD camera acquisition cycle l
26 IVI U I\I I Images at the bottom adapted from Titze B. et al., Biol. Cell 108 (2016); Miranda K. et al., Molecular Rep. & Dev. 82 (2015). ThermoFisher
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Doing Cryo Electron Tomography on Vitrified Cells Requires a Workflow

. FOCUSED ION BEAM
MILLING ELECTRON
TOMOGRAPHY

CORRELATIVE
- MICROSCOPY

—a

1 TO 2 DAYS UP TO MULTIPLE DAYS  DAYS- MONTHS
#

VISUALIZATION & ANALYSIS

SUBTOMOGRAM

AVERAGING
Sgur Gl
i DY fx I :

27 MUNI ThermoFisher



Many Cells are Too Thick for

RANGE CELL MEMBRANE
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A need for correlative microscopy / CLEM

Correlative microscopy: use of two or more microscopy techniques — preferably with different spatial
and/or temporal resolutions — to characterize the same region of interest in a sample.

Scan

-
T l Laser ‘
Mirrors |, f —-0— Detector

Dichroic Pinhole

Scan
Lens

Tube
Lens

Objective

FIB/SEM

Light microscope

29 |V| U N I ThermoFisher
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Cryo-Fluorescence Microscopy: Fluorescence Mediated Targeting

Cryo-Light Microscope (cryo-LM, Leica)

Molecule that
targets actin The eukaryotic cytoskeleton.
Actin filaments are shown in
red,and microtubules compo
sed of beta tubulin are in
green.

Blue: nucleus stained with
DAPI; Green: Tubulin
(microtubules); Red: F-Actin
stained with Texas Red X-
Phalloidin.

Transfer device

Catridge

30 IVI U N I Images adapted from: thermofisher.com; http://rsb.info.nih.gov/ijlimages/; leica.com. ThermoFisher



Cryo-CLEM: Relocation of Region of Interest in the Cryo EM

FIB/SEM j

IVI U N I Right image adapted from: Kuba J. et al., Journal of Microscopy (in review) (2020). ThermoFisher
SCIENTIFIC



Cryo-Tomography: high resolution

FLUORESCENCE IMAGING

Molecular Identification Only see what is tagged , , :

. Data Courtesy Max Plan€k Institute of Biochemistry
Dynamics No structure | Mahamid et al., Sciehce 2016
Large Volumes No context

ThermoFisher
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Cryo-FIB: Cryo-Sample Preparation...opening the window into the cell

\

GUIDED USER LN2 AQUILOS SAMPLE LOADING
SOFTWARE DEWAR CRYO-FIB STATION

|V| U N I ThermoFisher
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Operating Principle and Function of Cryo-FIB/SEM in SDB Cryo-Tomo Workflow

MILLING

Electron
Column

IMAGING

Gas

Device

—

 Injection

Vitrification
Plunge-freezing

3D Correlative

microscopy

Cryo-FIB
Pt sputter

Sample conductivity

Pt GIS

Protective coating

Lamella milling
Parallel & pre-wedge

Targeted FIB

Frozen hydrated cell
Cryo-lamella

P
{ % >
o
Protective
platinum layer

Scanning

FIB
¥ GIS milling geometries Hieke Tig™ ! Ve
e
: Pt sputter J
. 4 Lamella conductivity ION BEAM MILLING
gallium "~ electrons
Retractable Cryo-electron
Sputter Coater . I tomography
vitrified cell
34 IVI U I\I I Left: adapted from Kuba J. et al., J. of Micr. 2020 (in review). Right: Shaffer M. et al., J. Struct. Biol., Vol. 197(2) (2017). !l'éell'gll\?ﬂslrl‘llecr



Cryo-FIB: Cryo-Sample Preparation Flow

FIB-Prepared In Situ Cryo-Lamella




Cryo-FIB: Cryo Infrastructure

GIS
(deposition)

TRANSFER
ROD

electrons

_ﬂ -

cryostage QUICK
LOADER Cryo-Shuttle
DEWAR AQUILOS LOADING STATION
CRYO-FIB
«  MUNI ThermoFisher



Aquilos: Sample Loading, Transfer, Preparation Station

Transfer Pot
(+ docked
Transfer Rod)

L

f %
g
| gy TR

TRANSFER

_
ROD y s :
G /” ‘ .

Cryo-Shuttle k‘

Vi

LOADING STATION
r ‘ ‘ -
5 \-_ o {

Handling Groove

Slot for Grid Box

Clipping Tool

Shuttle Docking
Station

Docking Station
Lock

Cryo-FIB
Autogrid shuttle
(closed shield)

Prep Station Controller
(pumping, venting, heating)

Stand for
Transfer Rod

= MUNI
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Aquilos: Load Lock, Cryo Transfer Rod, Stage

Shutter in
wepen

CRYO
TRANSFER ROD

LOAD LOCK
(continously
pumped)




mag = srot tilt

xr#

10/10 ] i
e’ 6:12:28 PM 30.00 kV 50 pA 19.0 mm 28.0 ° ICE 1.04 mm

M U N I ThermoFisher
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Lamella Preparation

Tilt Calculation

© Holder Pre-tilt |=|+|45.0 |

© Miling Angle [ 18.0° |

O Stage Tilt

Frozen hydrated cell

Cryo-lamella

Proteétive

FIB - platinum layer
N i 4 W HFW HV mag B curr | det |tilt
' b i SEM _ : e 19.0mm 31.9pm 30.00kV 6500x 49 pA ETD 20.0°
’ - . y
%’ Aperture | HFW. use case | HV curr  dwell mag B |det tit |WD
32 ym 319 um Standard 3.00kV 25pA 3us 6500x ETD 18.0° 7.0mm
:
40 |V| U N I ThermoFisher
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Lamella Preparation Automation: Cryo AutoTEM live >

SN o | stp | Hideu | stopu |

Maps 39 thermoscientific

View Microscope  Options Help
190702_AutoTEM_Yeast + i
TEMPLATE  Default Template Lamella sites Lamella

2 Layer
¥ (g Lamella (3)
¥ (@ Lamella 2)
4 [ Electron Snapshot (3)
¥ [ Electron Snapshot (2)
™ [ Electron Snapshoth
Properties

V' LAMELLA SITE

Name Lamella

Mapping Position Drive To Update

Eucentric Position Drive To Update
Refine Eucentric Position

Milling Position Drive To Update

JOB . -
e selected PROCESSING Analytics Scan rotation 1800




Lamella Milling Issues

Service Mode

2

10/3/2018 | HV curr  mag @ det | WD tilt  HFW  PW " efe 10/3/2018 HV cur WD tilt  det HFW P —

o 2:25:53PM | 2.00kV |13 pA 6475x ETD 6.9493 mm 17.0° 32.0 um 20.8 nm Thermo Scientific kV 50 pA 19.0 mm 17.0 ° ICE 10.4 pm

Electrons lons

|V| U N I ThermoFisher
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Protective Coating: Cold Deposition (using GIS = gas injection system)

cold deposition
procedure Rl

L4
L4
2 3 mm

L4

Pt protection [

layer ' Do not forget to close
the GIS valve...

- 180°
Cryo Stage

SEM FIB

® Gas 6

molecules L,

. milling ,**

e Deposited 9

material
O Volatile

products ,_:/

+180°
Cryo Stage
44 IVI U I\I I GIS scheme on the right adapted from Rigort A. et al., Archives of Biochem. and Biophys. 581 (2015). Thermo Fisher

Remark. Hayles M. F. et al., A technique for improved FIB milling of cryo-prepared LS specimens, JOM 226 (Pt 3) (2007). SCIENTIFIC
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Protective Coating: Preventing Beam Erosion

Cryo-FIB Cryo-FIB
) Lamella Lamella
Vitrified ) ‘ 1 > _—
cell thinned. regi ‘ T Progressive|
\ K L e i ' beam
\ o ° =7 | Frontedge s~~~ erosion
\ B = protectio_n T ]
, T [’/ lon beam i |

lon beam

- " . milling direction
milling direction

bon fil carbon film |
carbon film

Pt layer

with Pt GIS coating without Pt GIS coating

Milling direction

45 I\]I U N I Adapted from Shaffer M. et al., J. Struct. Biol., Vol. 197(2) (2017); Rigort A. et al., Archives of Biochem. and Biophys. 581 Thermo Fisher
(2015). SCIENTIFIC



Cryo-FIB Lamella: Milling Strategy

thickness / nm (@ 300 kV)
0 200 400 600 800 1000
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) TEM £o02|
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thickness / mean free path

Distribution of scattered electrons

_ for vitreous ice.
Lamella thickness and

uniformity, tilting during
milling.
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o
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IVI U N I Fig. a,b adapted from Rigort A. et al., Archives of Biochem. and Biophys. 581 (2015). Bottom image: Schaffer et al., Journal of Structural Biology Thermo Fisher
2016. Image on the right: Electron tomography (2010), edited by J. Frank. SCIENTIFIC



Conductive Coating: SEM, TEM

uncoated Pt sputter
coated

cells on the TEM grid

just'polished

IVI U I\I I Adapted from (image on the left) Schaffer et al., Journal of Structural Biology (2016), doi:10.1016/j.jsb.2016.07.010. ThermoFisher
SCIENTIFIC



Conductive Coating: Example of Retractable In-Chamber Magnetron Sputter

Magnet Array —
Target —
High Density | ——Magnetic Field
Plasma C FE
[ £ )‘Jomzed
Target Material —— ¢ J Argon
e
Plasma Generated
Sputtered by Neutralization

Fim ) o
ubstrate J
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Throttie
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Lamella Preparation Approaches

Lamella

: Easylift
remains

‘Cold Needle

On-the-grid On-the-grid Bulk HPF specimen
Lamella Cryo-Lift Out Cryo-Lift Out
49 IVI U N I Adapted from Kuba J. et al., Journal of Microscopy 2020 (in review). !l'éell'gll\?ﬂsﬁeg



CLO Flow T

1 Bty HER i i 3

HV curr  det HFW WD dwell 2 ¢ Sl

30.00 kV 10 pA ETD 130 pm|19.0 mm 42.2 nm 1.00 ps HV curr  det HFW WD PW dwell HV curr  det HFW WD PW dwell
2,00 kV 13 pA ETD 41.4 ym 6.6656 mm 13.5 nm 3.00 ps 2,00 kV 13 pA ETD 41.4 ym 6.6614 mm 13.5 nm 3.00 ps

HV curr  det |HFW WD PW dwell 1mm HV curr det HFW WD PW dwell 30 pm HV curr  det HFW WD PW dwell
2.00 kV 13 pA ETD 3.51 mm 11,9395 mm 1.14 pm 3.00 ps Aquilos 2.00 kV 13 pA ETD 86.3 pm 6.6614 mm 28.1 nm 3.00 ps Aquilos 30.00 kV 10 pA ETD 34.5 pm 19.0 mm 11.2 nm 1.00 ps

ThermoFisher
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CLO live

Q

WD HFW HV | curr det 30 pm s tilt curr det HV HFW §tage: -193.1°C 10 pm
71mm | 739um 2.00kV | 25pA ETD Aquilos 70° 10pA ETD  30.00 kV 50.7 yum | Shield: -193.8 °C Aquilos




SDB Cryo-Tomo Workflow: SEM Cryo-Imaging

SDB cryo-tomo workflow for structure determination of cells.

Rigort and Plitzko 2015

Focused lon Beam Electron Microscopy (FIB-SEM) Cryo Auto Slice and View or end-pointing
during lamella preparation.

¥ A

Electron

Serial Images

» Imaging

A Milling

Aquisition Cycle

vitrified cell

cryo-lamella (mouse brain)

3D display, Chlamydomonas

- M U N I ThermoFisher

SCIENTIFIC



Cryo-ASV: Site Preparation

[1o00x  [r][zo0kv  [-|[25pa | & » ‘@ i‘ /o L %§ S22 3 s s -
- | 4 &

0 7

Shuttle Controls ?

Selected Grid @ Grid 1 O Grid 2

Go to: | Mapping ‘ | Milling ‘ ‘Depcsiticnl

Temperature & Pressure N
@ Cryo Stage: -184.3 °C

[Vl @ Cryo Shield: -186.9 °C

O Chamber Pressure: 5.94E-5 Pa

HRERAER

®

Recording: ‘09/03/2019 08:39 AM (Live) |'1

2

3 | Tilt Calculation
9/3/2019 2\% curr WD PW | —1 1| Re— | /3/2 curr det HFW bias PW tilt WD 20 pm—— © Holder Pre-tilt - 45.0 ° ‘
23PM | 2.00kV | 25pA 6.9458 mm | 33.7nm Aquilos 030nA | ETD 104 um ov 67.4nm | 25.0° | 19.1 mm rer —
@ Milling Angle ‘ 18.0°

© Stage Tilt ‘ 25.0°

] Y-Z Correction

Cryo GIS Deposition
Gas @ Ptdep
Selected Grid Grid 1 [ Grid 2

Flow Duration |=[+[ 00:00:10

Start | [ Purge

Sputter Coating

Prepare for Sputtering

Current | 30.0 mA Pressure l 10 Pa

A — ] 2 2 T 2

Voltage 0V Run Time ' 10 Sec |

Lamella Thickness

curr det | HFW WD PW | — 1111 — | &) 018 | HV curr det | HFW WD | —1 U 111 E— | Distance
211823

200kV | 25pA | T2 138 ym 6.9458 mm | 33.7nm Aquilos 2.00 kV 25pA | T1 138 um 6.9458 mm 5 Aquilos

53 MUNI ThermoFisher
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SEM Cryo Imaging: Vis

ualization of subcellular features.

o - —

Chlamydomonas
Cell (schematic)

ThermoFisher
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Aquilos: Live Demo

|V| U N I ThermoFisher
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Data collection: meet the big guy.

Electron Gun

* Gun Crossover
C1 Aperture

African Bush or Savannah Elephant Compared to

. a C1Lens fta
African Forest Elephant and to a Human Being 4 ><
T C2Lens
C2 Aperture
7\j A
Specimen B Comometer stage
Objective Lens -&[AOb A
— Rk \\ 7/ jective Aperture
SA Aperture - B 1st Intermediate Image
1st Intermediate Lens
Difraction :

Plane 2nd Intermediate Lens 2nd Intermedjate Image

Projector Lens
/\x Rectractable TV-Rate
Camera
Fluorescent — Final Image
Screen
— Entrance aperture
Quadrupole
Magnetic Prism Soe:ttl:]g&l:
Lenses
Piezzo-controlled CCD/DDD Camera
energy selective
aperture (slit)
56 IVI U N I Image on the left: https://blogs.ubc.ca/corinnedy/history-2/. TEM scheme: Bauerlein F.J.B., PhD. thesis, 2018 (TUM/MPI). ThermoFisher
SCIENTIFIC



Cryo electron tomography (Cryo-ET) principle

detector

compustage holder

3D reconstruction
busy microscropist (tomogram)

57 IVI U I\I I Adapted from: left - Electron tomography (2010), edited by J. Frank; right: Weber M.S. et al., Cells 8 (57) (2019). ThermoFisher



Cryo-ET principle =




Data collection geometry: ET vs SPA

parallel electron beams parallel electron beams

‘molecule |

/’

e 11! molecule
= i« Specimen grid | Ebt o

o | il

k=) | ‘
I

3

!
i
!
!
I
f

e

specimen
t’ -
: grid
_ i
i |
f |
3 & e o B

detector

Electron Tomography Single particle reconstructions
- molecule rotating - molecule "rotating”
« beam stationary ~beam stationary

59 IVI U N I Adapted from Electron tomography (2010), edited by J. Frank. ThermoFisher



Cryo-ET (with STA) workflow*

Specimen preparation

Data collection

Raw image preprocessing

Tilt-series alignment

Tomogram reconstruction

Particle picking

and averaging

Subtomogram alignment

Maximume-likelihood

subtomogram averaging

Classification and
alignment

and classification

Resolution measurement

and sharpening

Data collection (automated by dedicated SW): collection
geometry (single-, dual-tilt axis etc. strategy), tilt scheme;
stage drift: ROI tracking, autofocus).

Image pre-processing: frame alignment (DED); defocus
determination (gradient: tilt, sample thickness) > CTF
correction (3D).

Tilt series alignment: correction for shifts, rotation,
magnification changes; fiducial or feature/patch tracking
based.

Tomogram Reconstruction (dedicated SW packages:
Eman, Spider, Scipion, ...): different algorithms (WBP,
ART, SIRT, DFM...) to process tilt series into tomogram.

Particle picking for STA (template matching and/or manual,
starting reference vs biased structure determination).

STA = sub-tomogram averaging (3D particle averaging
from reconstructed volume).

Post-processing and visualization.

Final structure *Software tools for Molecular microscopy: https://en.wikibooks.org/wiki/Software_Tools_For_Molecular_Microscopy.

o MUNI

Scheme adapted from Briggs J.A.G. et al.: Methods in Enzymology 579 (2016). ThermoFisher



Tilt scheme, dose distribution -

increase of the sample effective thickness

1 _t
C

PN

7

e
o
#

41

Unidirectional tilt scheme Bidirectional tilt scheme Dose-symmetric tilt scheme

Fig. 4 Schematic showing the order in which tilts are collected in unidirectional, bidi-
rectional, and “dual-walkup” tilt schemes. Tilts are shown from —60 to +60 degrees in
3 degree increments for a total of 41 tilts. Gray values/colors correspond to the collection
order of each tilt according to the color map shown on the right. When tilts are collected
with constant exposure times, tilt order is directly related to accumulated electron dose
on each image. The unidirectional tilt scheme shows a linear sweep from one angular
extreme to the other. The bidirectional tilt scheme shows the discontinuity when the
tilt-increment direction is changed. The dual-walkup tilt scheme shows near-symmetric
accumulated electron dose.

sample holder, single tilt

61 IVI U I\I I Adapted from: left - Briggs J.A.G. et al.: Methods in Enzymology 579 (2016); right top: Galaz-Montoya J.G. et al., Biophys. Rep. 3 (1-3) 2017. Thel‘mo Fisher
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Projection theorem and missing wedge, WBP

15t projection

@
s I

X ’ t”t aXIS mISSing Using 3 projections Using many projections
wedge WBP reconstruction  ps
real space Fourier space
o _ o Effects of the missing
Projection theorem. “The 2D Fourier transform of a projection wedge on a 2D image. EE——

of the object is identical to a central section of the object’s
3D Fourier transform.”

N ~ D/d (Crowther; cylindrical object, fully mapped); D object dia, d resolution.

62 IVI U N I Adapted from Electron tomography (2010), edited by J. Frank.



Missing wedge

5 deg increment

—90-90deg -80-80deg -70—-70deg —60—60deg —50—50deg

0OV

2 deg increment

FIG. 2.2. Illustration of the missing wedge effect. The deteriorating influence of the missing gap depends on the tilt range and tilt  Fig. 8 Illustration of real-space artifacts arising from limited angular sampling and low SNR.
increment. With a tilt range of £90° and an increment of 2° the reconstruction is almost identical to the original image; with a tilt range of  (A) Original image of “Lena,” a popular test image. (B) The 2D image reconstructed from 90 1D
+50° and an increment of 5° the similarity is very poor. projections evenly distributed over a 180 tilt range. Note the numerous streaks that are produced by
gaps between successive tilt images. (C) The 2D image reconstructed from 61 1D projections covering a
120° tilt range. Here, the missing wedge produces a smearing out of details in the vertical direction (e.g..
the lips are nearly lost). (D) The 2D image reconstructed from 61 1D projections covering a 120° tilt
range, with simulated shot noise added to each projection (SNR~2) before calculation of the recon-
struction. Note that high-resolution features, such as the feathers in Lena’s hat, are present in (B) and
(C) but overlaid with streaks. Fewer high-resolution features are present in (D) than in (C) because of
the lower SNR, but the streak artifacts are also less prominent.

63 IVI U I\I I Adapted from: left — Koster A.J. et al., J. of Struct. Bio. 120 (1997); right — McEwen B.F. et al., Methods in Cell Bio. 49 (ch. 6). Thermo Fisher
S



How does tomography data look like?
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64 IVI U I\I I Data Courtesy Max Planck Institute of Biochemistry | Bykov et al., eLife 2017. ThermoFisher
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Mahamid et al., Science, 351(6276) 2016; cell scheme on the right: Alberts, Zaklady bunééné biologie, 2004. ThermoFisher
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Subtomogram averaging (STA/STP): structural biology In-situ

Subtomograms
(randomly oriented)
Tomogram )

<0 B

\\ < o
.

Particle picking (template matching)

- _

Use new reference for alignment
iterate until reference is stable

- \

Aligned to P
reference$ Subtomograms —> T
(aligned)
i Averaged subtomograms
T t (new reference)

«  MUNI

Adapted from Briggs Briggs J.A.G. et al.. Methods in Enzymology 579 (2016); Mahamid et al., Science. (2016).

ThermoFisher
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STA allows to map different functional states of the same protein

Assembly States Functional States
DoubleCap  Single Cap Ground Processing

‘ % "\h #

Binding States
Free Basket-tethered

Subtomogram averages of 26S assembly states
(res. ~ 21 A).

(Remark. Particle picking: SPA template from EMDB: low-pass
filtered 20S core particle attached to one 19S regulatory particle.)

Proteasome localization and activity (functional state and interaction partners)
by visualizing its macromolecular structure within the native cellular

environment (Chlamydomonas reinhardtii). Scale bar: 200 nm. Tomo: lam. thick.
< 200 nm, tilt incr. 2°, +60°, px 3.4 A, defocus form -4 to -5.5 pm, total dose < 100 e/A.

Adapted from Albert et al., PNAS 114 (2017). ThermoFisher
69 IVIUNI P (2017) SCIENTIFEIE



Volta Phase Plate (VPP)

C V=300 kV, Defocus=0 nm
1 T I T

: Conventional TEM| B [Volta phase plate TEM 5

: in-focus Volta phase plate in-focus 2

' Defocus Phase Contrast Volta Phase Plate 7 o o

sample ------- coll)odeccccss DEC b ﬁ

central central 8

beam beam £

S = it 8 -0s
objective lens =1 ; i
oL £ 3
aperture carbon film -1 E | ) | ) | ) ]
phase plate  w—- A | 10 2 1 0.67 0.50 0.40 0.33 0.29 0.25 0.22 0.20

Resolution [nm]
/

p

image lens =

efocus =0 pm /0.5 pm / -5 pm = ,Cy=2.7 mm
Defo 0 1-0.5 1-5 V=300kV,C,=27
T T T

: 1 . . _.
£ 27 AN 1
. / AY b |
. r \ i |
i :‘3 / \ |
H 2 / A
» o Vi ‘\ el
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. - - / 4
§ < L ,1 \\\ 7:
SN v
SPA - )
Conventional cryo-EM VPP cryo-EM ' ' :
< 10 2 1 0.67 0.50 0.40 0.33 0.29 0.25
1.5 um defocus in-focus Resolution [nm]

20 IVI U N I Adapted from: Danev R. et al., PNAS, 111 (2014); Bauerlein F.J.B., PhD. thesis, 2018 (TUM/MPI); Fukuda Y. et al., Journal of

Structural Biology 190 (2015).



Direct Detectors & Dose Fractionation & Drift Correction

m Trends in Biochemical Sciences January 2015, Vol. 40, No. 1
©
Y
Scintillator
Fiber Optic Coupling Y I
Y
CCD Sensor IMAGE 08 g K2 Summit

Cooling Device

| — ®
0.6 * ‘ — = ; @
CCD Camera ' ’ o |l Realign e %
2 ‘ 1 H— gl
[a] - [ ) J | B ver. &
x4 = H Averece (SRS

0.4 ‘ = _ |
- -
- e = am
- N .

55 Reconstruct = = @ Classify| reconstruct
- -
e —1 1=
No signal degradation of - | =
Scintillator 0 1 1 1 1 1 1 1 1 1 = =
Fiber Optic Coupling 0 0.2 0.4 0.6 0.8 1 - = an
Fraction of Nyquist L] -
- -
- =]
] || .
- |-
Y = =

DDD Sensor | IMAGE | TiBS

Cooling Device Figure 2. Recent technological advances. (A) Previously, noisier images were recorded on photographic film, beam-induced sample motion led to image blurring, and
structurally different particles were often mixed in a single reconstruction. (B) Three recent advances yield better reconstructions: (i) digital direct-electron detectors yield
data of unprecedented quality and allow recording movies during exposure; (ii) computer programs to realign the movie frames may correct for sample movements that

are induced by the electron beam; and (iii) powerful classification methods lead to multiple structures from a sample mixture.

Direct Detection Camera

71 IVI U I\I I Image on the left: http://www.directelectron.com/products/de-series; DQE graph: Bauerlein F.J.B., PhD. thesis, 2018 (TUM/MPI). ThermoFisher
S C



Single Particle Analysis (SPA) Workflow

Biochemistry
(protein purification)

Sample preparation Data acquisition
(vitrification) (2D images of particles)

Reconstruction
(3D model)

v
others...
automated data collection: e.g. EPU sw
= MUNI Thermefisher



SPA Workflow

Yo S
|

=~ Sample preparation (proteins, viral particles, ...)

&:::::::3 &l
l Freee= — Electron
source
—
EI_Bc‘tm
microscope
. Protein in cell
b ] .
[ Data acquisition or virus
Reconstruct
the 3D density map

of the protein

(no tilt series)
. D = N
lPickparticles w »

S Purified : sy /n\
alo) alignment and protein 1
averaging
=4

@fe]
nE
BE
BERE
r— Data processing —_ Correct the
3D map ; - Classify 2D images according Contrast Transfer
to orientation Function

- Align and average images
within an orientation class

—
Kim CaesarNature Publishing Group

@ 3D model

The overall single-
particle cryo-EM
workflow, from protein
sample to 3D model.

73 IVI U I\I I Adapted from: image on the right - http://cns.fas.harvard.edu/CryoEM. '!I'éelrg]'\?f,'slheg



SPA Principle - video

IVI U I\I I Dr. Wen-Ti Liu: http://www.novalix-pharma.com/.



SPA: Data Processing Chain

AR
aligned and averaged
frames

initial model

e known structure,

. tomography, initial model re-projections |n|t|a|

e de novo / common lines m model

* random conical tilt, ... refined class

l average
subframe collection

2D images / class — /
orojections ‘ averages ‘ 3D model reprojection

+ frames: motion correction,

* particle picking,

» CTF correction,

+ alignments and classification
(particle shifts, rotation; classes)

particle picking

defocus determination
and CTF correction

particle alignment and
classification

relative orientation of the particles /
classes in the space (euler angles),
reconstruction algorithm (2D slices),
e.g.: FT > filling of 3D FT space > FT!

el A=)
Nl ol Molecular
e CoN orientations
( } r ) 2D projections (observed
» images, without noise)

Inverse Fourier transformation
gives the 3D density map

Symmetry
related
common lines
inthe 3D FT

Calculated
transforms

Projections
transform to
sections of the
3DFT

* reproject in all directions (angular step),

+ realign, reclassify (filters),
» filling of 3D FT space > FT

v
Initial model €=
Y ~~ Reprojection of
the refined model

Angles assigned to
images for 3D
reconstruction

Model projections

Comparison of images
with projections

Set of images Refined model

75
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Adapted from: Jensen G.: Getting started in cryo-EM; Orlova E.V. et al., Chem. Rev. 111 (2011); Carroni M. et al., Methods 95 (2016).
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Example: Apoferritin sample reconstructed at 1.6 A.

- Data Acquisition on Krios

TEM using EPU sw & Micrograph selection
Falcon 3 EC camera.

- 2392 Micrographs
. Sample: apoferitin

Particle picking

~3 mg/ml.
Camera Falcon 3 EC
Pixel size(A) 0.52 2D classification
Dose rate
(e/pix/sec) 0.5 265,955 Particles
Total dose (e/A?) | 52 3D refinement + Postprocessing
Dose fractions 100
Exposure time 1.9 A Reconstruction
P 29
(sec)
Number of 3740
Images 1.62 A Reconstruction
Defocus values | 12 1 0.8, Final 3D Refinement +
0.6,-0.4 Postprocessing
o MUNI ThermoFisher



Example: Apoferritin reconstruction at 1.6 A resolution.

3D reconstruction of Apoferritin
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From Sample Screening to High Resolution Data Acquisition

Step Example data Evaluation criteria TEM Q
1 66— w- 3 - o
T 45—-- —= =3 *Composition o~
Protein < 3148 e i’:_, 2 -Purity., homogeneity —
preparation = il 24 AL L —
= - - < composition) )
*Biochemical activity o
A C_U
- —
: *Discrete particles rjn
| Nesggit;:/ & -Stability <
+Particle size and shape 2
[0)
\ 2
3 —
=m Q
Diagnostic +Particle size and shape i’-‘ 5 C_U
— cryo-EM *Particle distribution vs s @)
concentration Q s
o @
A
4 . .
Initial cryo Sl -High-resolution 2D classes iR
& ¥ — 5 o .
| EM data g nuasDmocel g 1
collection e nsmonion K —
: *Particle yield Qg
180° 8
A
2 B~ - Tilt-pairs/validati =
. v B v +Tilt-pairs/validation T \¢
High-res. cryo- . <R - - -Motion statistics a
__ EM dgta ! ) oA <Y ) «Angular accuracy (‘?D- %
collection  # 3 A o *Local/overall resolution > —
2 - *Conformational states = |:

IVI U I\I I Image on the left adopted from Passmore & Russo, Methods Enzymol, 579 (2016). ThermoFisher
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Example: Cryo-EM structure of the 2019-nCoV spike (S) glycoprotein.

w Hemagglutinin-esterase
i - dimer (HE)

el e N
T o ."‘I’.,‘ ",\
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Viral membrane AR post
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! Replication / Translation

3 f I[ 5" (Negative)
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+
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= 6
SEL 7a/7b
i S /I
5 O [ s it Peang e s
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79 IVI U N I Adapted from: left - https://www.scientificanimations.com; right - Wrapp et al., Science 367 (2020) and Sheeren M.A. et al., Journal of Thermo FiSher
Advanced Research 24 (2020). Remark. Build you own virus: CellPAINT-2D. SCIENTIFIC



MicroED: Crystal Protein Lamella Workflow

-—

FEW DAYS 1-2 DAYS Y2 DAY FEW HOURS MINUTES MINUTES TO HOURS FEW DAYS

X-ray crystallography MicroED (MED)

i Too small for XRC |
! Too large for MED

(XRC) ' <0.5 pm
0.5-50 um l = H
>50 um L T l_l __________ l
T, ThremoFiter



Principle of MicroED : “h '-

IVI U N I ThermoFisher
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Micro-crystals of Lysozyme

10 um

SDB: Electrons

Electron Density
Map

ThermoFisher
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MicroED for Pharmaceutical Molecule Structure Workflow (RT)

Drug (paracetamol, ibuprofen,...) is turned
into to smooth powder.

Powder is applied on carbon film on TEM grid
and observed in TEM.

No cryo temperature needed.

L A0

Ve
2
1‘001
:
et

H,N" Y0

carbamazepine, 4

Fig. 3. Identification of compounds from heterogeneous mixtures. EM grid prepared as above with biotin, brucine,
carbamazepine, and cinchonine powders mixed together. All four compounds identified by unit cell parameters
using MicroED data from within the same grid square. All structures were solved to ~1 A resolution. Grid holes
are 2um in diameter.

Product quality control.

84

M U I\I I Image on the right: Jones C.G. et al. ACS Cent Sci. 4(11) 2018. ThermoFisher
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