Visualizing Biological Processes with CryoEM




“It is very easy to answer many of these fundamental biological questions;
you just look at the thing!... Make the microscope one hundred times more
powerful, and many problems of biology would be made very much easier.
I exaggerate, of course, but the biologists would surely be very thankful
to you ..... ¢
Richard P. Feynman.

from: There's Plenty of Room at the Bottom,
a lecture given to the American Physical Society in 1959.



The Scale of Biological Structures

Relative Sizes and Detection Devices
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Images by David Goodsell, Scripps Research Institute




Structural Biology from Cells to Atoms

Optical Electron
microscopy cryotomography
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Slide courtesy Wah Chiu



The Transmission Electron Microscope
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What distinguishes EM AND LM ?

Resolution!




: ~0.2 nm
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So why can’t we just look at biological specimens and see
details to 0.2 nm resolution?

TEM requires a thin specimen that can withstand a vacuum and high
enerqgy electrons.




CryoEM — embedding specimens in vitreous ice
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CryoEM — embedding specimens in vitreous ice
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What does a vitrified specimen look like?
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Slide courtesy Gabe Lander
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Slide courtesy Gabe Lander



Slide courtesy Gabe Lander




Slide courtesy Gabe Lander
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Slide courtesy Gabe Lander
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Slide courtesy Gabe Lander



The physical challenge of CryoEM - Radiation damage

“Low-dose” imaging




The mathematical challenge of cryoEM:
2D projections to 3D volumes

From: Gédel, Escher, Bach: An Eternal Golden Braid By Douglas R. Hofstadter




3D Structure of Macromolecular Machines:
“electron crystallography” or
“single particle” reconstruction methods




The challenge is:

How to we go from....
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Slide courtesy Gabe Lander

Averaging

ise using

The first step
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Slide courtesy Gabe Lander

%)
L
o
O
O
o

& .. /;-t'”f-u




%)
L
o
O
O
o
LN

Slide courtesy Gabe Lander
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400 copies

Slide courtesy Gabe Lander




600 copies

Slide courtesy Gabe Lander
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Plus the mathematics of tomography...

parallel electron beams
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The relation between averaging and resolution:

103 subunits 104 subunits 105 subunits 106 subunits

Low Resolution  Intermediate Resolution High Resolution
30 A 10 A 5A 3A
Size Domains Backbone trace
Shape Helices
Subunit Beta sheets

Slide courtesy Wah Chiu
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Automated CTF Estimation
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National Resource for Automated Molecular Microscopy

The overall mission of NRAMM is to develop, test and apply technology
aimed towards automating and streamlining cryo-electron microscopy
(cryoEM) for structural biology.

Automation goals
Facilitate the process
Increase throughput
Optimize resolution
Expand the possibilities
Open the technology to wider audience




Automated Pipeline for Molecular Microscopy

l ‘ spec. prep. "‘| spec. screening l ] data collection "‘| processing l refinement' |

Adapted from a slide courtesy of: Peter Kuhn, Scripps-PARC Institute for Advanced Biomedical Sciences, TSRI




CryoEM Pipeline at NRAMM
3D EM Density
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CryoEM Pipeline at NRAMM
3D EM Density
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CryoEM Pipeline at NRAMM
3D EM Density
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DNA packaging and delivery machines

LIS

In Collaboration with Alex Evilevitch, Sherwood Casjens, Peter Prevelige, and Jack




Viruses vs. Bacteria:
An Arms Race







Podoviridae Infection of Gram-Negative
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Podoviridae Infection of Cells




Podoviridae Infection of Cells




Virus Assembly and Maturation

gpt

b gp5

@ ap7, gp16, gp20

maturation -
gp3, gp2 package




procapsid mature capsid




Lambda virus maturation




procapsid mature capsid




Lander, Gabriel C., et al. "Bacteriophage Lambda
Stabilization by Auxiliary Protein Gpd: Timing, Location,
and Mechanism of Attachment Determined by Cryo-Em."

Structure 16.9 (2008): 1399-406.
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4,899 images; 25,793 particles




Phage P22 Infection Machinery

Lander, G. C., et al. "The Structure of an Infectious P22 Virion Shows the
Signal for Headful DNA Packaging." Science 312.5781 (2006): 1791-5.




P22 Tail Machine
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® 2 megadaltons

® 5 types of proteins

6 x gp10
mu ® 51 subunits

“"'L‘ ' . 6x3gp9

3 X gp26
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~350,000 particles £
resolution ~9 A B
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Isolated P22 Portals
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gp4 -12 subunits
gp10 - 6 subunits

gp9 - 6 trimers

gp26 - 3 subunits




Case Study
Structure of COPII coats and cages

Scott Stagg

In Collaboration with
Paul LaPoint, Cemal
Gurkan, Douglas Fowler,
Ted Foss, Bill Balch.




Vesicular trafficking
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Sar1-GDI D Sec23-Sec24
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Nature Reviews | Molecular Cell Biology




_ Sec13/31 and Sec23/24 together
Sec13/31 self-assembles into cages assemble into a variety of structures of
varying sizes and shapes




_ Sec13/31 and Sec23/24 together
Sec13/31 self-assembles into cages assemble into a variety of structures of
varying sizes and shapes

Stagg, S. M., et al. "Structure of the Sec13/31 Copii Stagg, S. M., et al. "Structural Basis for Cargo Regulation of
Coat Cage." Nature 439.7073 (2006): 234-8. Copii Coat Assembly.” Cell 134.3 (2008): 474-84.




Sec13/31 cage Sec13/31 and Sec23/24 coat
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Case Study
30S ribosome assembly

Craig Yoshioka

In Collaboration with
Megan Talkington and
James Williamson




Ribosome Assembly

Large Subunit (509)

Small Subunit (30S)

33 Proteins (L1-L36)

21 Proteins (S1-S21)






Ribosome Assembly, Time: ~42 sec




g
g
)
D
£
B~
=
0
g
)
A
<
V
g
2
2
=




Ribosome Assembly, Time: 3 min
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A potential folding pathway?
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Automated Molecular Imaging Group at TSRI:

Craig Yoshioka

Gabriel Lander Dmitry Lyumkis Neil Voss

JA1NLILSN| HOYUVASTY SddIidOS 3HL

National Resource for Automated Molecular Microscopy
http://nramm.scripps.edu




JA1NLILSN| HOYUVASTY SddIidOS 3HL

National Resource for Automated Molecular Microscopy
http://nramm.scripps.edu
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