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How does the virus look like?

Yao H. et al CeII 2020




How does the virus look like? How does Remdesivir interact with SARS-CoV-2?
Yin W. et al., Science 2020

e Template groove
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How does the virus look like? How does Remdesivir interact with SARS-CoV-2?

Y H.e al,, Cell 2020 Yin W. et al., Science 2020
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How does SARS-CoV-2 enter human cells?
Wrapp D. et al., Science 2020; Simulation by Amaro lab, UCSD

Viral membrane




How does the virus look like? How does Remdesivir interact with SARS-CoV-2?
Yin W. et al., Science 2020

Template groove

c D/

How does SARS-CoV-2 enter human cells? How does SARS-CoV-2 assemble inside cells?
Wrapp D. et al., Science 2020; Simulation by Amaro lab, UCSD Klein S. et al., Nature Communications 2020

Viral membrane




2021-03-31: 14694 EMDB map entries, 7350 PDB coordinate entries RCSB PDB | PDBe

8 EMDataResource

Unified Data Resource for 3DEM

Home About~ Deposit Search~ Tools~ Events~ News Links Search EMDB
Q)

EMDR Search Term Facet Tool

O

Field Reconstruction Method - Show Top 10 Terms

Reconstruction Method

Rank Value Entry Count
1 singleParticle 11829

2 subtomogramAveraging 127

3 tomography 898

4 helical 736

5 twoDCrystal 149

https://www.emdataresource.org/solrfacet.html
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Cryo-EM Single Particle Analysis

The Nobel Prize in
Chemistry 2017 lI Randomly oriented proteins are

hit by the electron beam, leaving a
trace on the image.

Using thousands of
similar traces, the
computer generates
a high-resolution
20 image

i

obal Media. IIl. N. © Nobel Media. Ill. N.

€ Nobel Media. lll. N. ©

Eimehed Eimehed Elmehed

Jacques Dubochet Joachim Frank Richard Henderson
Prize share: 1/2 Prize share: 1/3 Prize share: 1/3

! < < The computer
N g & 4 calculates how the

different 2D images
relate to each other
] 4 and generates a

— 7 high-resolution

structure in 3D.

The computer discriminates
between the traces and the
fuzzy background, placing
similar ones in the same group.
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Cryo-electron Tomography

On a TEM: 3D structures = 2D images On a computer: 2D images = 3D structures

7%
o L

Baumeister W. 1999 Trends in Cell Bio.



Single Particle or Tomography

_ _ 10
https://clipart-library.com
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Transcription-translation Coupling

A Bacteria and archaea

= DNA
Transcription  {
. mMRNA
Translation Yoo
‘/,/ 4\ TEYODaw \
{ )
" Protein

* In eukaryotes, transcription
and translation are separated.

e In prokaryotes, transcription
and translation are coupled

Evolution © 2007 Cold Spring Harbor Laboratory Press

B Eukaryote

. DNA

¥ Transcription
— " RNA
¥ Splicing transcript

EEo ~_Nuclear

membrane

i Polypeptide
degradation / \ Translation yc[hefin
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Protei
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11



@ RUTGERS

Transcription-translation Coupling
- Ribosomes <%
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© 2017 Pearson Education, Inc
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Structures of Transcription-translation Coupling

Complexes Resolved by Single Particle Analysis

e Sample preparation:
— Synthetic nucleic acid scaffolds

e DNA and mRNA determinants for A PR ey
formation of transcription elongation i

Complex (TEC) ril;ossi??e spacer i £ E

e An mRNA AUG codon: formation of S M s IR . |

. AUG-(UUU)5-TEC ‘/’/w\UfV wosutuouy 0 |

translation complex - kst g o !

* An mRNA spacer between TEC and AUG  aucwuuprrec 5, ARBG IO i - gl E

/ /
_ AUG-(UUU)B-TEC f,’l{AUdlz, ® (84810 81918 91010/ 1610 61010 $1910 11014 | |
RNAP AUG-(UUU)8-TEC ‘)'/fdwdﬂ",lf VNN U U U UUR U U U U U i E
7/
— Ribosome and tRNAfMet AUG-UULI0-TES 5 BBV U !
— NusG and NusA: coordination of TEC Wang C. et al., Science 2020

and robosome
13



RUTGERS

Structures of Transcription-translation Coupling
Complexes Resolved by Single Particle Analysis

e Structures

- TTC-AvsTTC-B B L<o(n=45678) 028 (n8,5, 10) "33 (n=8,9 10)
— Unambiguous rigid-body .

docking of RNAP and

Ribosome

— mMRNA spacer at RNAP —
ribosome interface

— Manual fitting of NusA and
NusG at RNAP-ribosome
interface 2 only TTC-B is
physiologically relevant

Wang C. et al., Science 2020



translating Expressome

e Sample preparation

— Cell system: Mycoplasma
pneumoniae

— Cryo-ET of whole cell
e Extract ribosome subtomogram
e C(lassification and refinement

O’Reilly, F. J. et al., Science 2020
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In-cell Architecture of an Actively Transcribing-
translating Expressome

e Structure of transcription- 5
translation coupling complex upstream , _

— In-cell cross-linking mass
spectrometry data guide density
assignment and model fitting

— Integrative model to understand
RNAP-ribosome interface and to
resolved binding sites for NusG and
NusA

— mRNA path not resolved

O’Reilly, F. J. et al., Science 2020
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In-cell Architecture of an Actively Transcribing-
translating Expressome

e Functional studies A ynreted A + Psaudourdimycin

upstream

1 t I t H d 30.3% 16.4% 34.3% 162% 2.8% 18% 82% 336% 63% 19.7% 40.4%
u S I n g ra n S a I O n a n W50  Mpolysome 708 W70s+ M 70S+RNAP
t ra n S C ri pt i O n i n h i b it O rs B Active elongating expressome Stalled ribosome Stalled expressome

DNA downstream

— Changed the e\ S
percentage of e -
expressome ¥ | it

upstream
DNA™

— Changed expressome
architecture

nascent peptide _
exit tunne!

O’Reilly, F. J. et al., Science 2020
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Let’s Summarize: Single Particle vs Tomography

e Sample preparation

— Purification & in vitro reconstituted system vs cells

e |maging & data processing

18
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Single Particle

Table S1. Cryo-EM structures: NusG-TTC-A, NusG-TTC-B, and NusA-NusG-TTC-B (n =4, 5, 6,
7, 8,9, or 10; with CHAPSO)

mRNA TTC TTC cryo-EM 5 § EMDB PDB
spacer class subclass facility pasticles resolufion code code
4 NusG-TTC-A TTC-A NCCAT 139.302 37A 21386 6VU3
5 NusG-TTC-A TTC-A Rutgers 27,378 3.7A 21468 6VYQ
6 NusG-TTC-A TTC-A Rutgers 24,582 3.8A 21469 6VYR
7 NusG-TTC-A TTC-A Rutgers 29,704 3.7A 21470 6VYS
8 NusG-TTC-A TTC-A Rutgers 1,957 6.3A 22193 6X1J
5 TTC-A TTC-A Rutgers 27,650 41A 21494 6VZ)
8 TTC-A TTC-A Rutgers 10,379 3.9A
8 NusG-TTC-B TTC-B Rutgers 435 12.6 A 22192 6XIl
9 NusG-TTC-B TTC-B Rutgers 6,121 4.7 A 22142 6XDR
10 NusG-TTC-B TTC-B Rutgers 4.617 5.0A 22181 6XGF
8 NusA-NusG-TTC-B TTC-B1 NCCAT 38,958 3.2A 22082 6X6T
8 NusA-NusG-TTC-B  TTC-B2 NCCAT 45,451 35A 22084 6X7F
8 NusA-NusG-TTC-B TTC-B3 NCCAT 61,683 3.1A 22087 6X7K
9 NusA-NusG-TTC-B TTC-B1 Rutgers 2,558 59A
9 NusA-NusG-TTC-B TTC-B2 Rutgers 21,740 42A
9 NusA-NusG-TTC-B  TTC-B3 Rutgers 11,509 48 A 22107 6X9Q
10 NusA-NusG-TTC-B  TTC-B1 Rutgers 4,236 49A
10 NusA-NusG-TTC-B  TTC-B3 Rutgers 19,968 3.7A 22141 6XDQ
8 NusA-TTC-X TTC-X Rutgers 759 9.3A

Wang C. et al., Science 2020 19
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108,501 ribosome sub-tomograms from untreated cells

Cryo-ET | T '

[ P ,

Cannot ; ,t&l
be aligned ot L0

2,883 32,090 e

e Cross-linking mass
spectrometry -+ 5

e Functional studies

36,301 17,202 2,952
O’Reilly, F. J. et al., Science 2020
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Let’s Summarize: Single Particle vs Tomography

e Sample preparation

— Purification & in vitro reconstituted system vs cells
e |maging & data processing
e Resolution & interpretation

— Single particle: atomic resolution maps to allow unambiguous fitting
and direct modeling of individual protein/RNA components

— Cryo-ET: subnanometer resolution subtomogram averages combined
with integrative modeling to reveal complex architecture in cellular &
functional settings

21
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Why Tomography?

e Sample has a unique structure or is heterogenous

e Sample in a complex environment
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Applying Cryo-ET to Reveal Protein
Structure in situ — The Workflow

- ¢? CelPress Cell

The In Situ Structure of Parkinson’s
Disease-Linked LRRK2

Reika Watanabe, %7 Robert Buschauer, %% Jan Bohning,'-*-° Martina Audagnotto,':'° Keren Lasker,” Tsan-Wen Lu,*
Daniela Boassa," Susan Taylor,*® and Elizabeth Villa'-'".*

23
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Structure of LRRK2

e LRRK2: (Leucine-rich repeat kinase 2) the most mutated gene in familial
Parkinson’s disease

e Functions in neurite outgrowth, membrane trafficking, autophagy

e Mutations or pharmacological inhibition of kinase activity recruit LRRK2 to
microtubules

e Multi-domain protein; structure of the full-length protein is not available.

1 100 688 863 943 1309 1327 1842 1879 2138 2527
[ I | | | | | »
—Armadillo LRR COR Cinase H
\ J \ A ik J \
285 kDa ! ! ! !
Scaffold domains GTPase Dimerization Kinase Scaffold
domain domain domain

Guaitoli, G. et al., PNAS 2016 24
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Workflow

Watanabe, R. et al., Cell 2020

-

-~

Integrative Modeling

25
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Step 1: Design and Prepare Cells to Allow Detection
of Targets in the Crowded Environment

e Correlative Light and Electron Microscopy (CLEM)

e |ncreasing abundance for easy detection

26
Watanabe, R. et al., Cell 2020



Step 2: Focused lon Beam Milling to Generate Thin
Cell Lamella for Cryo-ET

e Cellsongrids:1-5pum

e Lamella: 100- 150 nm

Watanabe, R. et al., Cell 2020
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Step 3: Cryo-ET Imaging and Tomogram Reconstruction

e Use CLEM to uide tilt series data collection

AT

o
e
s

e
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Step 4: In situ Structure Analysis

e Distribution and dynamics in cells

~
LRRK2(12020T)
s D
7 5 60 £
g% R
g 40 7§
£ 6
: 30 9 o2
k3 20 4 @
10 o 35
<
0T 12 13 2
Protofilament # 1
Allmicrotubules 0 20 40 60 80 100 ©
Gt Distance (nm)
Undecorated
y,
N
Control
H |
100 &
70 -
=60 g
g x
350 %
@40 e
230 " 5
/ < §
12 13 10
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Distance (nm)

Watanabe, R. et al., Cell 2020
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Step 5: Subtomogram

Analysis

A
|

LALLMl AAL LS

Length 1.9 pm

e Extraction Eoi
e Classification ‘!}a
e Averaging ¢
Model fitting

Watanabe, R. et al., Cell 2020
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Step 6: Integrative
Modeling

e Details in domain
organization can be
deduced from
nanometer
resolution maps

Watanabe, R. et al., Cell 2020

.)

Assessing the

Statistical inference and

Experimental data phy5|cal principle

Ga:’hetnng / Giyo-ET miap X-ray \ Com%ar::tlve Distance Steric
ata crystallography T&"?a:,','sg restraints effect

4

1 domain

!

Representing
and Translating
Data Into Spatial

Restraints
W
( Initial configurations Cluster models that Dimerization \

satisfy all restraints (1167 solutions)

Sampling the

Good Scoring

Configurations Cluster1 Cluster2
(1167) (50)

Cluster variability Ortogonal validation
MT

LRR

ra. o i localization proximity
B o g - s
_'\%" S
Analyzing and AR ( §: ;
b KIN  COR. _ S

cf. homolog monomer
human LRRK2 bacterial Roco

ensemble
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Step 7: Functional Analysis

C LRRK2 wild-type LRRK2(G2385R)

Disturbing structure

!

Variations of functions

-MLi-2

<D
o

FeN
o

+MLi-2

Cells with
filaments (%)
N
<

wild-type G2385R

Watanabe, R. et al., Cell 2020
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Summary

e Whatis cryo-ET

e Single particle vs cryo-ET

e Cryo-ET workflow

Sample/cell preparation

CLEM to identify targets in crowded cellular environments
FIB milling to prepare thin lamella for cryo-ET imaging
Subtomogram analysis

Integrative modeling to reveal details in domain organization

33
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