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26S proteasome is most downstream element
of ubiquitin proteasome pathway
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Single Particles can be imaged and
statistically analyzed in 2D and 3D

Purified complexes
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Single particle analysis suggests different

conformers of 26S proteasome

Beck F, Unverdorben P, Bohn S, Schweitzer A, Pfeifer G, Sakata E, Nickell S, Plitzko JM, Villa E, Baumeister W, Forster F.
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3D classification in voxel

and atomic

coordinate space
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Deep classification of millions of

particles reveals conformational changes

Unverdorben P, Beck F, Sledz P, Schweitzer A, Pfeifer G, Plitzko JM, Baumeister W & Forster F.
Proc. Nat!l. Acad. Sci USA 111:5544-9 (2014).



Model for mechanism of proteasomal

degradation

= rotation 25° = shift
= shift = conformational
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26S Proteasomes in intact neurons imaged
y hase plate cryo- elec'rr'on Tomomh
“ . i : i Dy e @ , e SN I ‘

\[:‘
.,a ‘», A‘.'"
b '\

"’,é-:»’,.».*

"ﬂ’ m' ."“_!ft.:

Asano S* Fukuda Y*, Beck F, Aufder'helde A, Forster F,
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Autofocused classification targets most
variable r'egions of subtomograms
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Autofocused classification targets most
variable regions of sub'romograms
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Fast Rotational Matching accelerates
alignment by orders of magnitude

EET CCC(R)
Best rotation Rmax
B G, By
\J\M FFT

- Fourier transformed is expanded to spherical harmonics
which allows fast rotational matching via generalized

convolution theorem
- Common trick in X-ray crystallography (rotation function)

ChenY, Pfeffer S, Hrabe T, Schuller IM, Forster F. J. Struct. Biol. 182:235-45 (2013).



Classification by iterative multi-

reference alignment
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Determination of 3D mask for
classification
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Class assignment of particles by voting

ChenY, Pfeffer S, Fernandez JJ, Sorzano CO & Férster F, Structure 22:1528-37 (2014).



Application to simulated examples suggests

superior classification performance

noise
#0
CPCA MLTOMO AC3D
TPR FPR TPR FPR TPR FPR
#0 100% | 10% #0 100% 1% #0 93% 2.3%
#1 50.7% | 22.4% #1 70.7% | 38.4% #1 83.3% | 2.8%
#2 36% | 19.7% #2 31% 19% H#2 98% 7%
#3 86% 0% #3 149% 0% #3 98% 0%

Chen Y, Pfeffer S, Fernandez JJ, Sorzano CO & Forster F, Structure 22:1528-37 (2014).



Autofocused classification reveals different
Ribosome-Translocon States in situ

Chen Y, Pfeffer S, Fernandez JJ, Sorzano CO & Forster F, Structure 22:1528-37 (2014).



Autofocused classification reveals different
Ribosome-Translocon States in situ

ChenY, Pfeffer S, Fernandez JJ, Sorzano CO & Férster F, Structure 22:1528-37 (2014).



26S Proteasomes in intact neurons imaged
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Classification of 26S proteasome
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Classification of 26S proteasome
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26S proteasome associates with cofactors in the
cell

Deubiquitylating enzyme Ubp6

[Ubl W Usp

Association  Catalytic DUB
domain domain

Forster F, Schuller TM, Unverdorben P & Aufderheide A. Biomolecules 4:774-794 (2014).



Ubp6-Ub alters conformation of 26S

proteasomes

Rpnll
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Ubp6-Ub alters conformation of 26S

proteasome
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Ubp6-Ub alters conformation of 26S
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Ubp6-Ub alters conformation of 26S

Pr'O'l'easomes




Usp domain can be fitted unambiguously
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Ubpb resides in proximity to Ub

receptor Rpn10 and DUB Rpnil
s
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DUBs sandwich substrates and

coordinate their degradation
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Summary

Single particle classification reveals 3 major
conformational states of the 26S proteasome in vitro

AC3D reveals 2 distinct 265 ¢ |
iTs supramolecular interaction |

Single particle analysis identif _
involved in activation of 26S prc
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