There is no better way to understand how macromolecules function in a

cell than to have a visual image of their parts and how they interact

%%m%ﬁ%_’zjﬁ* — Kensal E. Van Holde
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Figurc 9 from Park and Merz,
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molecular
dynamics
simulations

large proteins
and complexes

small proteins
and domains

Human TBP and DNA
Nikoloy et al., PNAS 93:4862

RNA Polymerase 11

cryoEM single
particle analysis
or X-ray
crystallography

X-ray crystallography
NMR spectroscopy

multi-protein
reactions

Figure 3 from Orphanides und Reinbeng,
Cell 108:439

cryoelectron
tomography

whole cells
or cell sections

C. crescentus cell

cryoelectron
tomography,
light microscopy

FE$5 (Single-Particle Analysis, SPA)

whole cells

Mitosis
Conly Reider and
Alexey Khodjakov
Science 300 #3616 cover

fluorescence
light
microscopy

(Cryo Electron Tomography, Cryo-ET)

whole cells
and tissues

Synapse
Stiles and Bartol,
Computational Neuroscience
CRC Press

structurally and
spatially explicit
cell modeling
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For developing cryo-EM for the high-resolution structure

determination of biomolecules in solution




From blobology to atomic resolution
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> Nature. 2020 Nov;587(7832):157-161. doi: 10.1038/541586-020-2833-4. Epub 2020 Oct 21.

Atomic-resolution protein structure determination
by cryo-EM

Ka Man Yip ', Niels Fischer ', Elham Paknia 1, Ashwin Chari 1, Holger Stark 2
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Single-particle cryo-EM at atomic resolution
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Fig. 2: GABA,R reconstructions.



Wavelength and resolution

Radiation Type Radio Microwave
Wavelength / m 10° 1072

Approximate Scale
of Wavelength

Visible light

easy to get

easily focused

eye wonderful detector
not very damaging

long wavelength (~ 400-700

nm)
super-resolution microscopy

Nobel Prize 2014

Infrared
107

Visible
0.5x10®

-

Ultraviolet
10°®

X-ray
1070

Gamma ray
1072




Wavelength and resolution

Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength / m 107 0.5x10°® 10°®

Approximate Scale
of Wavelength

X-ray
e small wavelength: ~0.8-2.3 A
e atomic resolution
e good penetration
e hard to focus
e damage samples

e requires crystals




Wavelength and resolution

Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength / m 10° 1072 107 0.5x10°® 10°® 1010 1012

, ) [
Approximate Scale : =
of Wavelength l f% "‘,'4'.

Electron

e small wavelength (pm)
e do not require crystals!
e can be focused

e poor penetration

e damage samples




Why electrons?

*The electron is a subatomic particle, with a negative elementary electric charge.

Advantages Disadvantages

VlSlble llgh t Not very damaging Long wavelengths (~400 nm)

Easily focused

Eye wonderful detector

X _ Small wavelength (Angstroms) Hard to focus
I ays Good penetration Damage sample
El t Small wavelength (pm) Damage sample
CcCrons Can be focused Poor penetration
Low sample damage Hard to produce in controlled ways

Neutrons

Small wavelength (pm) Hard to focus




) Is wavelength, h is Planck’s constant, and p is momentum.

The original motivation of building an electron microscope
came from the shorter wavelength of the electron.

B I HEARTF (LT BEAe) FMAT (e
pP=mv U) %2 wF35/26 44ahae, B elU=1/2.mv2



Electron wavelength

Applying the principle of energy conservation to an electron (-
e) traveled in voltage E:

52 _ h
ek, = - A=
DM \/ 2mek
E, = acceleration voltage m = electron mass
A\ = wavelength e = electron charge

h = Planck’s constant



Electron wavelength

Take the relativity into consideration, the wave length is:

; h e
A= E =E,+ 5
\/ 2myek 2myc

2

E,

1.22639

2= .
VE, +097845x10° E;

120kV 2=0.033A; 200kV 2=0.025A; 300kV ~=0.020A;

Note that these wavelength is considerably shorter than
that used in X-ray crystallography, which is ~A.
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Life Sciences TEM Portfolio

High degree of
automation, class
leading optics and data
quality

Talos L120C

\_ J

Explore. Discover. Resolve.

Flexibility at high
performance,
automation and ease-

Talos

Full Automation for SPA
and Tomo building on
the Talos platform

Talos Arctica

Maximum flexibility and
versatility on best
possible platform

\Titan Halo

The ultimate fully
automated high end
cryo-TEM for SPA and
Tomo

Titan Kricy

“*FEI
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«Scanning Electron Microscope (SEM)

Transmission electron microscope (TEM)

*Scanning transmission electron microscope (STEM)



Scanning Electron Microscope (SEM)

Electron gun —

— Electron beam

First condenser lens —|

Spray aperture —

Second condenser lens —
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X-ray detector

Deflection coils <

ma
-
<N\

Final lens aperture |

Backscatter —|
electron detector

Sample —
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Secondary
Vacuum pump electron detector

¥

Objective lens B8

A scanning electron microscope (SEM)
is a type of electron microscope that
produces images of a sample by
scanning the surface with a focused
beam of electrons. The electrons
interact with atoms in the sample,
producing various signals that contain
information  about the sample's
surface topography and composition.
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Mother hugging a baby? Actually a

pollen grain on the petal of Mazus.
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Electron microscope constructed
by Ernst Ruska in 1933




Instrumentation of EM

Electron gun

AT —

Condensor aperture =] <]

-

I
N
J

Specimen port

K’

Objective aperture

D

Objective lens

Intermediate aperture
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Binoculars — an
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Diffraction lens
Intermediate lens

Projector lenses
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luorescent screen

Image recording system

3

Wehnelt cylinder
Gun
“gun” deflectors
Condenser
lens Condenser lenses
system
y Condenser stigmators
Condenser aperture
Objective
lens
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Three different modes in low dose

Focus

* Search: lowest possible
beam intensity;

* Focus: off-exposure
area, high magnification;
* Exposure: desired
magnification and beam
intensity;

Exp

* SEARCH: extremely low-dose, ~10-3e-/A%/sec;
* FOCUS: high magnification, away from the imaging area;

* Exposure: 10 ~ 30 e/A2 dose rate to record image;



Electron optics of Low-Dose imaging
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From Two-Dimensional Projections to Three-
Dimensional Reconstructions
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Contrast Transfer Function (CTF)

CTF = sin(27yk) |

The intensity of a recorded
iImage is directly related to the
projection of specimen (good!)

but modified by the FT of CTF
(bad!).

1,(F) =y,(Fy;

=1+ 20(-r) ® J,(F) ® F(CTF)

(12)



What is this CTF thing anyway
and why do | care?

Distortions of CTF to the image are:
1) Contrast reverve of large area; 2) diminished contrast in
large area; 3) edge enhancement and 4) appearance of
fringes along the borders.

From Joachim Frank



Diffraction, image and power spectra

diffraction

lamge

Fourier power
spectrum




Defocus -2um




Defocus -1.5um
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Determine CTF

Image power
spectrum

Experiment

E=120kV, Af=21000A, C.=2mm, A=0.15



Maximum Likelihood approach

The iterative refinement procedure based on cross correlation is equivalent to a
least square optimization procedure.

* Maximum Likelihood approach:

Given a set of images X, we would like to maximize is the probability P(©|X) that this
model © is the correct one.

Sigworth, et al. “An introduction to maximum-likelihood methods in cryo-EM” Method
in Enzymology, Cryo-EM, part C.

Maximum likelihood algorithm is now implemented in a number of programs,
including RELION, XIMP, FREALING, etc.



Iterative refinement procedure

Iterative refinement procedure, using reference model based
projection matching:

Generate a set of projections

N
3D A better 3D Projection matching
model model with class averages

/

3D reconstruction



Caveat: Model Bias

Base Noisy

25 100 250 1000 2000



Caveat: Model Bias

Noisy (~10% contrast) Align to

25 100 250 1000 2000



Caveat: Model Bias

Align to

Noisy (~10% contrast)

23 100 250 1000 2000



Basic approaches in cryo-

Tomography

Single particle analysis

2D crystallography




EAERRG S 5ERES (Single-Particle Analysis, SPA)

Protein Freeze grid

Final density map 3D reconstruction 2D class average



a Extraction of membrane proteins

Glycosylation Long loop

Flexible region

Membrane protein

Protein
engineering

» Removal of glycosylation,
long loops and flexible
regions

* Detergent optimized

Crystallization

X-ray diffraction

lExtraction

Detergent

(Detergent
exchange)

l

Cryo-EM



How to stabilize membrane proteins?

|. Detergent solubilization 2. Nanodisc
— p’
W - NS
W~
m&&@““ ‘%Qz

membrane protein

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/ |1 988/illpres/crystals.html

3. Embed in liposomes

Ice

- Wang and Sigworth,
I Nature 2009

Gao et al., Nature 2016



Negative Stain

A sample deposited on a carbon coated grid
and surrounded by stain (light gray shading)
interacting with an electron beam (arrows).

|

5

/ | \ Phosphotungstate
' | \ uranyl actetate/formate
molybdate (ammonium)
Benefits:
Very high contrast..

Radiation damage causes less change 1n the stain area.
The sample 1s easy to prepare.

Drawbacks:

The particle 1s distorted during the staining process.
Artifacts can arise if the stain 1s uneven.

The resolution is limited to approximately 20A.



Negative staining

>4

Sample .

Carbon
Grid

Suppart film



Cryo-EM vs. Negative stain EM

* Negative stain
— Easy to prepare
— Good contrast
— Preservation
— Sample distortion
— Resolution limited to about 20 angstroms

e Cryo
— Diafficult sample prep
— Low contrast
— Best preservation and therefore resolution



Negative staining




Frozen hydrated specimen preparation

Adrian M, Dubochet J, sample forceps
Lepault J & McDowall AW A\ s sien B\ . c l

(1984) Cryo-electron
microscopy of viruses.
Nature 308, 32-36.

Liquid N,

Quantifoil grid Plunge freezing



Protein molecules embedded in vitrified ice
as single particles

vitrified ice

The geometry of each particles are
determined by 5 parameters: three
Euler angles and two in plane shifts.

Single particles are randomly oriented
in vitreous ice



Equipment for cryo-electron microscopy




Cryo specimen holder
- cryo plunger for rapid freezing;
- cryo-holder and cryo-transfer station;

A B

Liquid nitrogen reservoir

- L}auid nitrogen
Dewar

b :j.u

Set specimen grid

\\




Transmission electron
microscope

Filter
Sample preparation paper '

Tweezers
900
_,’ & N _Y_
Eth
Grid ane
Sample application Blotting Plunge freezing I
80 um l Incider?t :alectron beam

Ice-embedded proteins

IZO nm

I
1
!
U )
L
e
o

Grid Carbon film Carbon film

Data processing and 3D reconstruction

Detector Glutamate dehydrogenase



Image recording

For native samples, the ultimate resolution limit is radiation damage

10 or 20 e /A2

120 e/A?

350 e/A?




K2 Direct Electron Detection Cameras
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Comparison of 300keV DQE of direct electron detectors versus film

1

0.8
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McMullan et al (2014)
Ultramicroscopy




The Resolution Revolution

Yifan Cheng, UCSF Professor,
HHMI Investigator

ARTICLE ARTICLE

doi:10.1038/nature12822 doi:10.1038/nature12823

Structure of the TRPV1 ion channel TRPV1 structures in distinct conformations
determined by electron cryo-microscopy  reveal activation mechanisms

Maofu Liao'*, Erhu Cao®, David Julius® & Yifan Chcnp_" Erhu Cao'*, Maofu Liao®*, Yifan Cheugl & David Julius'



Negative-stain EM of TRPV1

Negatively stained TRPV1 inDDM in amphipols



Cryo-EM of TRPV1 using Tecnai TF20 microscope and TemF816 8kX8k CMOS camera




Picking and 2D classification of TRPV1 Cryo-EM particles collected on
Polora TF30 microscope




a 10
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Fourier shell correlation

3D reconstruction of TRPV1 calculated from TF30 data.

_ 3.4 A
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PHF

ARTICLE

Cryo-EM structures of tau filaments
from Alzheimer’s disease

doi:10.1038/nature23002

Anthony W. P Fitzpatrick!, Benjamin Falcon', Shaoda He!, Alexey G. Murzin', Garib Murshudov', Holly 1. Garringer?,
R. Anthony Crowther!, Bernardino Ghetti?, Michel Goedert'§ & Sjors H. W. Scheres'§




Single particle analysis

Advantages of single particle analysis

® Does not require crystals
® Samples can be partially inhomogeneous
® physiological conditions possible

® Requires small amount of sample C
Limitations

® Rapid - many steps automated e Radiation damage

® May eventually even be possible in vivo e Precision of image alignment
e Numbers of particles averaged
e Conformational heterogeneity

e Orientational preferences



An image is the projection of a 3D object
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“ si;vgle proj;:tion iniagc is plainly insufficient to infer the str_uctun of an ot;io?:-f.
John O'Brien; © 1991 The New Yorker Magazine



Cryo-electron tomography (cryo-ET)

is a three-dimensional imaging technique that makes it possible to analyse the

structure of complex and dynamic biological assemblies in their native conditions.

(a) ~ | (b) (c)
cells, viruses, . i electron beam

sub-cellular fractions I

e _ - 7 /sample solution tilt

' - et
: ¥ ® <«

_ » | i S l
o . l R blotting -
i ‘ : paper I
. \‘: ¢
; - hii
| cryogen

3D reconstruction

Current Opinion in Structural Biology




¢

+/- 90° +/- 60° +/- 90° +/- 60°
2" steps 2’ steps 5" steps 5 steps

Baumeister et al., Trends in Cell Biology 9:81



(a) : Fluorescent tags
|

(b) homogeneous!
g ] Heterogeneous

(c) Focused lon Beam

Vitrification

FIB FiB
ling Milling

Subvolume
averaging

structures

Structural
models




Step three:
~  Step one: Sample Cryo-FIB Milling
‘ Preparation
Step four:

Cryo-TEM Tomography

Step two:
Cryo-LM

Step five:
Reconstruction
& Visualization




Cryo-focused lon Beam (Cryo-FIB) Sample Preparation
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the authentic SARS-CoV-2 virus

RNP hexon K
the “Eggs-in-a-nest”

RNP tetrahedron
o e “ the “Pyramid”

Prefusion
RBD down S
the “Flail” Postfusion S
the “Needle”

Yao et al., 2020. Cell



Workflow of cryo-ET/cryo-CLEM

(Correlative Light and Electron Microscopy)

A

Seeding Neuron grown on grid Plunge freezing Cryo-ET imaging
(E18 rat hippocampal neurons,  (Co-transfected with PSD-95-EGFP (FEI Vitrobot VI) - (Tecnai F20+CCD;
Quantifoil Au grids) & mCherry-gephyrin) . a5 £ Titan Krios+K2;
e Titan Krios+K2+VPP+GIF)
-
(0
Je
- L] ) — — e-
®
v o) ) e
— N\
Cryo-FLM Reconstruction & Interpretation
(Home-built cryo-chamber (IMOD, Pytom, Chimera, ImageJ, Amira)
with Olymplus IX71 scope)

Tao et al., 2018. J Neurosci.



Vesicles
GABA, receptor
Sheet-like PSD
Microtubule
Endosome
Synaptic membrane
Ribosome
Actin filament
Endoplasmic reticulum (ER)
Inner membrane of mitochondria
Outer membrane of mitochondria !
Outer membrane of multivesicular body

Liu et al., 2020. Nat Neurosci.
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CalteCh Getting Started in Cryo-EM

Welcome Course Overview OQutline Lecture Videos Instructor Links

WELCOME TO THE COURSE

Before diving into the lecture videos, start by watching the trailer and reading the course overview and outline.

We hope you enjoy learning about cryo-electron microscopy (cryo-EM)!

http://cryo-em-course.caltech.edu/cryoem_welcome

Contact: shujiazhu@ion.ac.cn



