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# CryoEM workilow
# |mage Quality & reconstruction

# Questions

Structural biology from cells to molecules — resolution scales

Tissues Cells  Organelles Biomolecules Atoms

100 nm 10 nm 1nm

Transmission EM

Electron Tomography
Single particle analysis
MicroED
X-ray crystallography
NMR

Ref. from KP Wu
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What is the structure used for in Cryo-EM?

Zika virus

/4 ILS complex Yeast spliceosome
% (S.pombe)
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Spike protein N501Y
Understanding how biomolecules interact and function

Sriram Subramaniam,2021, Plos Bioloby.

How is the TEM image formed?

Thin specimen scatters electrons.

Interference between scattered and unscattered electrons gives
phase contrast image (similar to X-ray film).

Image is a 2D projection of the original 3D object.

3D structure can be determined from a set of multiple views.

Object Beam damage ultimately limits the resolution (low electron dose is

used). SPA (ice) SPA (stain)
Objective lens ﬂ - N

Electron source
Aperture

Aperture

Projector

i 2 -

Low-dose mode to protect cryo-samples Ref. from KP Wu




Vitrification:

Rapid freezing prevents crystallization
(~108 °C/s)

Ethane liquified at -88°C.

Water and specimen fixed in a vitreous,
amorphous state.

If cooling is too slow, or temperature is not
kept below -137 °C, crystalline ice is formed

Grids preparation

T SEAS

>

el

Cryo-Transfer &
Imaging Acquisition

vitrified water

R
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® Tempera
® Time-resolved
® pH-dependent

2024/9/20

55-70C
N-subdomain
36-50-55'C closure
4-25-36'C NADH shift
CPD
reorientation

pH7.5: high activity
pH8.5: low activity

J. Am. Chem. Soc. 2019, 141, 15, 6136

Eukaryotic cells
10-100 um

doi.org/10.1107/51600576720013096

Synthetic liposomes
20 nm-500 nm

Prokaryotic cells
0.1-5 um

Viruses
20-400 nm

Isolated organelles
100 nm-2 pm

Macromolecular complexes
> 100 kDa

ref. 3D Electron Microscopy Dr. Colin Palmer


https://doi.org/10.1107/S1600576720013096

Day 0
50°C, 30 min

ref. Scheres’ group Dr. Xiaochen Bai

Single Particle Analysis: step by step examples

Sample preparation

*

‘ Complex protein

‘ Symmetric single protein ‘

650 kDa

Membrane protein

: 1 +CGRP
KP-Wu lab ' l_L
H 10 15 20 25

Science (2021)

NSMIB (2017),24)1107-1115

Protein oligomeric or complex states can be validated by AUC, SEC-MALS, Mass
Photometry, or native gel prior further EM data collection.

Ref. from KP Wu




Tools &

Experimental operation

Observation of the ice embedded virus

Electron

Ice embedded
virus

Micrographs
A (2D images)

2024/9/20
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Single Particle Analysis

Open to everyone

—

CEM2 CEM3

JEM-1400 Tecnai F20 | TypelV  Talos Arctica Titan Krios G3

e N >
200 kv I ia ' 200 kv <
i ini #2 Autoloader Autoloader
Negative staining s B e
Emb71ded particles S > ~ s

Gatan CCD Gatan CCD Falcon 3EC Gatan BioQuantum (K3)
DE-20 Falcon 3EC

coalsdNilaots -1z HUIjL Irane Hsitng
ice layer Korido

Screening Data Collection
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# CryoEM workflow
# [mage Quality & reconstruction

# Questions

TF-20
2 months 74,000 particles ~5.5A

Krios Image quality
3 hrs 740,000 particles ~2.5A

# of released structures (PDB) / year

— X-ray
-~ NMR
Cryo-EM

x10 every 5 years

10
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W/Lab, thermionic\qun

. ¢r field-emission tip
Defocus (underfocus) & resolution
Wavelength of the radiation used (\): EM operating at 300 kV = 0.02 A X 0.6 =0.012 A
Optic axis
Low-dose mode to protect cryo-samples ® © C1& C2 (condenser)
+~—— Object «—Object ——s lenses
Condenser aperture strip
Scan coils
Chem| = pde— | —pa=| =) =) C3 (condenser) lens
o : '
e Thin sample
! Image o2
__________ i —__-Pl.llh‘___A_-___ "“‘
’ Overfocused Focused Underfocused tact i
: X e:\" e o e Ob.jecllve aperture strip
c ]
= ermed
2
B
c
]
2 ‘ >
§ i e TR The CTF is the T
f 5 Il lens point spread function Spcn
23
E- Fi screen (r ble)
c s
G CTF = Sin [ -nA£AK? + (mCA%k?/2)]
. i T Magnetic prism and
doi.org/10.1016/j.cell.2015.03.049 T i ‘ EELS spectrometer
Defocus Spherical aberration

Fourier Transform

“Thick ice”

CTFFINDA resolution limit=3.0 A

I lo
WEN BN

Correlation

o
A A
Resolution (s

J. Chem. Inf. Model.2020, 60, 2458-24692461

11



2024/9/20

lce embedded virus particles
(cryoEM micrographs)

Resolution vs ice thickness D0keY

—o—Glacios 2
—o—Arctica (Counting

~—Arctica (Super
Resolution)

Resolution (A)

=o—Krios (Unfiltered)

0
N

& A ¢
§ ¢ —o—Krios (Filtered)
Ioe thickness (nm)

Journal of Structural Biology: X
Volume 7, 2023, 100085

Energy Filter Module incident lectron beam

Image plane

Detector Intensity

Magnetic prism Quarterly Reviews of

Biophysics. 2021;54:e4



http://dx.doi.org/10.1142/9781848164666_0001
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3D reconstruction

e Relion * CisTEM
e cryoSPARC

Procedures Import Dataset J@“Ab-initio 3D Classification
} i
Motion Correction Heterogeneous Refinement 3D
Pre- Il
i
process
CTF Estimation Homogeneous Refinement
} !
Micrograph Curation Non-uniform Refinement
+ i
Particle Picking Local Refinement Advanced
} } D
2D 2D Classification Post-processing & Sharpening
{ ¥
1
—

Acquire Instead of

Trends in Biochemical Sciences January 2015, Vol. 40, No. 1

®

Realign

Average

4

&

o

e

%

\J

TiBS

Figure 2. Recent i (A) F i y, 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.

13
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Key improvements: Beam-induced motion can be corrected

(i) digital direct-electron detectors yield data of unprecedented quality and
allow recording movies during exposure; [ 2

(i) computer programs to realign the movie frames may correct for sample L R O
movements that are induced by the electron beam. Drifts of each frame are

divergent but can be aligned.
Ref. from KP Wu

Methods 2016

Key improvements: direct electron detector matters

.

Improving DQE with Counting and Super-Resolution

CCD-style charge read-out

Counting removes the variability from scattering,
rejects the electronic read-noise, and restores the DQE.

https://cryoem.slac.stanford.edu/s2c2/sites/s2c2.cryoem.slac.stanford.edu/files/Cameras%20for%20Cryo-EM%20Stanford2019-Booth. pdf Ref. from KP Wu
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3D reconstruction

* Relion e CisTEM
* cryoSPARC
FeEzdiEs Import Dataset J@:Ab-initio 3D Classification
i }
Motion Correction Heterogeneous Refinement 3D
Pre- Il
i
process
CTF Estimation Homogeneous Refinement
i 4
Micrograph Curation Non-uniform Refinement
+ i
Particle Picking Local Refinement Ad\;{g ced
i i
) 2D 2D Classification Post-processing & Sharpening
\ §
Particle Curation Final Structures
[ ]
—

16
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L¢d Pick more of anything & ==
Welcome!

This GUI will allow you to pick training particles and make Topaz commands. Here is the general workflow:

Pre-process Pick | Analyze Train Extract

B o~ O % 0]
— —> 2 —

£ : L J

Traina Extract particle
neural network coordinates

Pick training
particles, or
analyze picks

Normalize &
downsample images

Citation: Bepler; T., Morin, A., Brasch, J., Shapiro, L., Noble, A.J., Berger, B. (2018). Positive-
unlabeled convolutional neural networks for particle picking in cryo-electron micrographs. arXiv.

https://topaz.csail.mit.edu

Topaz (denoise, train & extract)

Topaz pick

Select minimal particles manually

TOPAZ training

TOPAZ particle picking

TOPAZ particle extract

\ 4

Ref. from KP Wu

Lo ]
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3D reconstruction

* Relion e CisTEM
e cryoSPARC

Procedures Import Dataset J@’Ab-initio 3D Classification
' '
Motion Correction Heterogeneous Refinement 3D _
Pre- Il
process '
CTF Estimation Homogeneous Refinement
' V
Micrograph Curation Non-uniform Refinement
¥ '
Particle Picking Local Refinement Advanced
! } 3D
2D 2D Classification Post-processing & Sharpening
\ §
1
—

The power of cryo-EM 3D classifications — separate 3D conformers

s

-

21:‘_3(!6'27 homogeneous A "
paricies refinement ALy "b\f "
o3 + Non-uniform
sampling refinement

Soates g
per pa rticle CTF 3D classifications §
correction

Movie alignment
CTF estimation
Template picking

.-
Particle extraction
= .--
't
—

of good 2D ges)

5 . DNA-PmrA masked
A: 6,132 micrographs B: 5,644 micrographs

Selection from 2D

99,715

classifications Local rofi t
ocal refinemen ;
748,314 particles 300,651 particles particles
PmrA st Amsten 3704
Initial models (partial)

'
]
4

.:t”‘ ) s L" "'\‘I""
P

)

Ty
N

heterogeneous refinement

PmrA complexes with RNA polymerase, Nucleic Acid Research (2023)
Ref. from KP Wu
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Heterogeneity & DyﬂamiC(continuous heterogeneity)

Non-uniform refine

Local refine

8200 movies, 64558

%‘3{ CryoSPARC

CryoSPARC Live
io

Picking
Extraction bax size 380px
Template particie diameter  130A

2D Classification

P17158
Classes selected 8/50
Particles Seen 8352
Classified so far 8352
Avaiable 8351
Selected 4619
Rejected (duplicates) 1
(© Elopsed: 36 min 535
@ Updated 1 minute ago

Done iteration 20
Ab-initio
P17.60
Particles
Classes
Symmetry
© Elopsed: 16min 585

@ Done ieration 767

Refinement ©

0
P1761
Particles
Symmetry
(© Elapsed:8min59s

@ Updated 5 minutes ago
Done iteration 4

3DVA
3DFlex

4300 movies, 220& 8

Running since 5:19:36 PM

Refinement

BB fsc Iteration 6ot (prg] [pof] [ext] [uml]

GSFSC Resolution: 2.864

10
—— NoMask (324)
—— Spherical (3.14)
08 ~—— Loose (34)
— Tight (294)
—— Corrected (2.94)
0.6

04

02

AW PN

DC 984 494 334 254 2A 164 144

0.0

BB Guinier Plot Iteration 804 [png] [pdf]
Guinier Plot

e === Structure

4 — BFactor 99.5
2
0

B3 3queuedjobs dactivejobs  PI7J61® Pi7I58@ PI7J57Te PI7M8e 1 activetarget

Worker node ascam2-rtx3090

2800 movies, 560 F8

5230 movies, 2065 58

2024/9/20
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Molecular weight vs difficulty for cryo-EM structural targets

Hemoglobin
64 kDa

B-galactosidase
465 kDa
22A

Ribosome
D 2,300 kDa
29A

gue Virus
3 kD 100 10,000+
36A

Subramaniam S, 2016, Cell Michael & Elizabeth, 2020. J Chem Inf Model

CryoEM SPA — Success Factors

Key concepts:
¥ Protein size (dimension/molecular weight) is large enough to be
" ”in micrographs.
High purity and good homogeneity of sample.

Symmetric proteins are easier cases.

A specimen with thin ice layer made carefully
>1-million particles are suggested to collect for data process.
Well clean-up for junk particles for 3D reconstructions

Diverse orientations are needed
Good computation resources accessible.

Ref. from KP Wu
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The smallest resolvable protein?

2800 movies, 560 5

Irreguiar hole sizes’

TEM grid mesh

Grid types

* Different type
e Lacy
¢ Holey (hole size and spacing)

QuantiFoll grid

TEM grid

Different hole size Hole Pattern

(R1.2/1.3, R2/1, R2/2, ...) Hole Size
e Quantifoil Hole Spacing
e C-flat

Different material:
¢ Cu, Au, Mo, etc...

Grid support:

* GO 33353 38
e Carbon film " SRR

S
Graphene with bioactve ligands

lmw
Special grids: il )
* Affinity grids
e Grids with nano wire

Target biomolecule




Automatic image acquisition software

EM grid

& Different Grids

Grid square

60 pm

Hole in carbon film 55 section of hole

in carbon film

Ice spanning a hole

Embs
prote
particles

ﬁ@!!.l‘—"', (@Ees Ope= =
‘o J@i@i\qm%gm@@ pos@oe
ne@OC88 L snpesO
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. EPU: automation

[ JITITAN Krios (AFIS)
~230 movies /r (1/hole) |
~281 movies /r (2/hole)
~31.0 movies /b 3/hole) |

Talos

(condenser aperture 30um)

~120 movies/hr (1/hole) |
~180 movies/hr 2/hole) |
~240 movies /hr (3/hole) |

High-quality videos needed

Defocus 2 : 7690 A FitRes.: 3.09A
Angle : 88.45° Alias Res. : None
Phase Shift : 0.00°

Image / Aligned Movie Sum (|

CTF Fit Result

[—cTFFit — Quality of Fit — Amplitude Spectrum |

S

S

Amplitude (or Cross Correlation)

0.25 0.31
Spatial Frequency (1/A)

23



ASCEM Crew

Dr. Danny Hsu

Dr. Kuen-Phon Wu

Dr. Ting-Fang Wang
Dr. Chia-Seng Chang
Dr. Tung Hsu

Dr. Wah Chiu

Dr. Sumio lijima

Dr. Andrew H.-J. Wang

SRFAEBEATE R SPA
Liposome, Polymer &

N
& [

«CEM1$ *CEM2 $$
*CEM2 $$ *CEM3 $5$

L A *2D Classes
RIS ¢ Vitrobot MRS - 3D BAG I

RS
*CEM3 $5$
+CEM4 $55$

Clipping

2024/9/20
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y o Ak~ DERSEH
Gl X~ FORHYES RilE 200
oVitrobot BZEPU Lkl

AR

o SR =2 ERERRENEM SRS
(2023.08.01 857 » %3

NE:H | HIRHE
iET 8:30-17:30) FH ~ i#s - #BE)

400/ B » SRiERERE 200/ 5 » BRiREE
2,000/ F5 « EFREE 1,000/ B » EFE=R
500/ B « BAORER 300/ 5 - BAflpREs
4,000/ 5« EREE= 2400/ F5  EREE

_FeezER

CEM1 (JEOL JEM-1400)

CEM2 (FEI Tecnal G2 F20 TWIN)

- Holey Grid 390

, 13,000/ F » BEiiREE [Holoy G I |

CEM3 (FEI Talos Arctica 200 keV) [UitrauFoil Grid |[850 |
100,000/ 3 » SE5R = |C—chp plus ring HQSO \
18,000/ % » EfifFRER Data Collection (4 h 5200

CEM4 (FEI Titan Krios 300 keV) = e | |
140,000/ & 1 EFEE=x |Data Collection (Full Day) |[13000 |

BEEAREERRTAREN  HEEERETN202357 518028 TASCEMERESEenE , $4% , S2023508F  |Dasc operation by Staf (41][2000 |

NEEEGRSSTEES - RATEEERE . AT —BES - [rid +2 nm C (Quantioil, H (650 \

https://reservation.iis.sinica.edu.tw/servlet/SigninHandler
FE{FE5% - CEM 3, Talos Arctica

=537 : | ASCEM-3 Academic user v |
B3 A 1| 3B HE (kondo@gate sinica.edu.tw) =55 | 27872553
FEZMmS a5« | BFHEE FBZaMASN=N | TRFARR

thRAFFEhe & R E: FEZOER | EEEETL FEEEHNEE |GRE

=wRE R HEEE
ASCEM Aca mape| | ZEES |

“Overnight data collection is|

N avallable only for afternoon O Yes, | understand

e SRNE RERBE : 2024/05/ applicants, if needed. -

*A New User is recommended| O Gt it, I've also booked a training course this time.

s - s to take Talos EPU Training [ 've been trained and can operate Talos EPU independently

PRI (EIEE, SEE KGR, DER & Course fitst =] ) None of the above applies. | need to contact CEM3 Staff for possible assistance.

*All frozen grids (up to 6 grids|

- per session) and the gric|

ASCEM: Cryo-EM Facility (108iE) - storage information form mus{ -

be provided 10 ASCEM at leasq -~ YeS. | understand.
2 business days prior to the|
= e scheduled time. -

IASCEM Training Gour

*Sample Name (Abbreviation) -

*Has the sample been checked Yes\—/

ICEM 1, JEM1400 Cry | yiy'an electrion MICIOSCOPE? - | () gy

“Molecular Weight (kDa) - |

,_FEl Tecnai F2

B *Buffer Composition (salt
,_Talos Arctica detergent, glycerol etc ) -

,_Titan Krios “Number of Grids : ‘
“Senvice Mode - | 5 F ~]
ICryoEM software supj Contact Staff: | FEE v |

; O Yes (Default parameter,
FE| Vitrobot-2 *Do "on-the fly motion) d 2 )
i O
FEI Vitrobot-3 e
*Need to transfer motion| ) Yes, DICOS group ”amel—/

corrected data to DICOS? : | ) NG

Other Notes :

STOTITSTTUTs WaVMEmValTATRTaT o WA T8 Te WO VATl F TN TAVT 4T s P.N0 = —
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ASC E M Academia Sinica Cryo-EM Facility

Equipment Access ‘ Training People

RESEARCH HIGHLIGHTS
GlycoSHIELD - quantitative descriptions of the shielding effects and
biological implications of protein glycosylation
Tsai YX, Chang NE, Reuter K. Chang HT, Yang TJ. von Biilow S, Sehrawat V, Zerrouki
M, Tuffery M, Gecht M, Grothaus IL, Ciacchi LC, Wang YS, Hsu MF, Khoo KH, Hummer
G, Hsu STD*, Hanus C*, Sikora M*
Cellular surface proteins are often coated with camouflaging glycans. Quantitative
descriptions of the structures and dynamics ... Read more

PUBLICATIO|

The positively charged cluster in the N-terminal disordered region may affect prion protein
misfolding: Cryo-EM structure of hamster PrP(23-144) fibrils. (in press)
Lee CH, Saw JE, Chen EH, Wang CH, Uchinashi T, Chen RP*

Journal of Molecular Biology (2024

Structural Insight into the ZFAND1-p97 Interaction Involved in Stress Granule Clearance.
Lai CH, Ko KT, Fan PJ, Yu TA, Chang CF, Draczkowski P, Hsu STD*

Journal of Biological Chemistry (2024)

Rapid sil ion of gly
conformer libraries.

P il by grafting and steric exclusion of glycan

Announcement ‘ Research

https://cryoem.ibc.sinica.edu.tw/

Chinese

FAQs

O CEM3 Calendar

O CEM4 Calendar
SEMINARS & SYMPOSIA

2 2
#2024 Academia Sinica: New
Advances in Cryo Tomography”
Reqgistration deadline: 5/19
Poster Register

« CEM4

CEM4 Booking

% KNI 2024552
a8

B . B
I s
3

5218 e s
{E10:00) #3545 (RAS) (E410:00) F (lntesriational Worl
(15°10:00) IR (Malay Patra) (1:510:00) AT

EEEAE

a- - a

Cryo-EM academic activities can be posted here b
information fo staff.

TEST NEWS

2024104125 5
The charge rates for consumables
increase from May 1... More

7 W 5

s 3 0
(£510:00) MBSt (35) (1:4:10:00) Maitananca (Apafesritia )
(:40:30) #. (LF10:00) S (W)

2024104125
CEM1 is back in servicel

T TS

2023/03/03
The Chameleon, the next
generation workstation for cryo-
EM sample preparation, locates at
the Genome Research Center of
Academia Sincia is now
promotionally open to academic
users...More » 7 » » 0 %

2023102
Remind everyone that CEM1
provides negative staining service,
welcome to take advantage of it.

EREFONE  2tmEnE
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