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* |mage single molecules >200kDa

e Small amount of sample

e Sample can be frozen and imaged
at chemically defined states

e Capable of resolving biological
samples to near-atomic resolutions
resolutions
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THE CRYO-EM “EXP

RIMENT”

Biochemical Cryo-EM Sample Data Collection
Preparation Preparation
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Data Processing 3D Reconstruction Model Building & Validation ~ Structure Deposition
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MODELING WITH KNOWN STRUCTURE

¢ Fitting atomic models
e Homology modeling

e Flexible fitting

Serysheva, LI, Ludtke, S.L., Baker, M.L., Cong, Y., Topf, M., Sali, A.,

Hamilton, S.L., Chiu, W. (2008) Subnanometer Resolution Cryo-

EM Based Domain Models for Skeletal Muscle RYR Channel. , f
Proc Natl Acad Sci US A (105), p 9610-9615. \




CRYO-EM DENSITY
AS A CONSTRAINT

e CryoEM density can
discriminate amongst a gallery
of models

e Evaluation of models is
resolution dependent

e | ow resolution provides basic
shape

e High resolution provides finer
structural details (loops, SSE)
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INTERMEDIATE RESOLUTION (5-10A)

Features Limitations
e Accurate segmentation e “Lumpy/noisy” density maps
e Secondary structure elements (SSE) e Ambiguities in helix direction
e Cylindrical helices e No strand separation
* Plane-like sheets e Ambiguous connectivity

¢ |[ntegration of sequence information
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e Topology

¢ Flexible fitting

Q

e Computational modeling
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DETECTING
SECONDARY
STRUCTURE
ELEMENTS

SSEHunter: simultaneous alpha
helix and beta sheet detection

Uses cross correlation, density
skeletonization and local geometry
calculations at discrete points

Distributed with EMAN and Gorgon

Baker, M.L., Ju, T., Chiu, W. (2007) Identification of Secondary Structure
Elements in Intermediate Resolution Density Maps. Structure (15), p 7-19.
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structure type

helix <=4aa

helix 5-8aa

helix >8aa

2 stranded sheet

3+ stranded
sheet

SSEs detected

7/24 (29.2%)

39/58 (67.2%)

133/134 (99.3%)

7/24 (29.2%)

25/25 (100%)
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POLOGY ASSIGNMENT

1 MALIGQTLPSLLDIYNRTDKNGRIARIVEQLAKTNDILTDAIYVPCNDGSKHKTTIRAGIPEPVWRRYNQ
71 GVQPTKTQTVPVTDTTGMLYDLGFVDKALADRSNNAAAFRVSENMGKLQGFNNKVARY SIYGNTDAEPEA
141 FMGLAPRFNTLSTSKAASAENVFSAGGSGSTNTSIWFMSWGENTAHMIYPEGMVAGFQHEDLGDDLVSDG
211 NGGQFRAYRDEFKWDIGLSVRDWRSISRICNIDVTTLTKDASTGADLISMMVDAYYARDVAMLGDGKEVI
281 YANKTIHAWLHKQAMNAKNVNLTIEEYGGKKIVSFLGIPIRRVDAILNTESAVTA
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HSV-1 VP5

e \/P5/VP26 Hexon subunit from
8.5A resolution HSV-1
reconstruction

- Secondary structure
elements in upper domain
correspond to VP5ud crystal
structure

- Helix bundle in middle
domain have annexin fold

- Floor domain has same
architecture as
bacteriophages

- Helix re-arrangement in floor
domain of penton subunit

Baker, M.L., Jiang, W., Zhou, Z.H., Rixon, F., Chiu, W. (2003)
Architecture of the Herpes Simplex Virus Major Capsid Protein
Derived from Electron Cryomicroscopy and Bioinformatics. J
Mol Biol (331), p 447-456

Baker, M.L., Jiang, W., Rixon, F., Chiu, W. (2005) Common
Ancestry of Herpesviruses and Tailed DNA Bacteriophages. J
Virol (79), p 14967-14970.
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NEAR ATOMIC RESOLUTIONS (3.5-5A)

Features

e Subunit interfaces
e Helix pitch visible
e Partial strand separation

e Clear connections between
secondary structure elements

¢ Protrusions at bulky amino acid
positions

e Traceable with de novo methods

e Secondary structure element
anchors

Limitations

e “Lost in the forest”. complicated
segmentations

e Difficult to distinguishing between
features and noise

e | imited sidechain density

e Modeling depends on accuracy of
secondary structure prediction

16



CONNECTING 5SS

¢ Density skeleton: a compact
geometric representation of a
volume

e Feature preserving

e Sheets are flat surfaces

¢ Helices and loops are curves
¢ Topology preserving

¢ Maintains density connectivity
while minimizing number of
branches and breaks

Ju, T., Baker, M.L., Chiu, W. (2007). Computing a Family of
Skeletons of Volumetric Models for Shape Description.
Computer-AIDED Design (39), p 352-360.
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MAPPING SEQUENC

TO STRUCTUR

1 MALIGQTLPSLLDIYNRTDKNGRIARIVEQLAKTNDILTDAIYVPCNDGSKHKTTIRAGIPEPVWRRYNQ
71 GVQPTKTQTVPVTDTTGMLYDLGFVDKALADRSNNAAAFRVSENMGKLQGFNNKVARY SIYGNTDAEPEA
141 FMGLAPRFNTLSTSKAASAENVFSAGGSGSTNTSIWFMSWGENTAHMIYPEGMVAGFQHEDLGDDLVSDG
211 NGGQFRAYRDEFKWDIGLSVRDWRSISRICNIDVTTLTKDASTGADLISMMVDAYYARDVAMLGDGKEVI
281 YANKTIHAWLHKQAMNAKNVNLTIEEYGGKKIVSFLGIPIRRVDAILNTESAVTA
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DE NOVO MODELING: INITIAL MODEL

SSE

Topology assignment and path tracing

Initial Ca model

Density map

Density skeleton

/’-\A
T
—
Gp7 sequence and secondary structure prediction
MALIGQTLPSLLDIYNRTDKNGRIARIVEQLAKTNDILTDAIYVPCNDGSKHKTTIRAG Gp7 sequence graph
IPEPVWRRYNQGVQPTKTQTVPVTDTTGMLYDLGFVDKALADRSNNAAAFRVSENMGKL
QGFNNKVARYSIYGNTDAEPEAFMGLAPRFNTLSTSKAASAENVFSAGGSGSTNTSIWE \ \
MSWGENTAHMIYPEGMVAGFQHEDLGDDLVSDGNGGOFRAYRDEFKWDIGLSVRDWRS I > *‘ — — W‘

SRICNIDVTTLTKDASTGADLISMMVDAYYARDVAMLGDGKEVIYANKTIHAWLHKQAM
NAKNVNLTIEEYGGKKIVSFLGIPIRRVDAILNTESAVTA
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Model optimization

€15 model

Refined asymmetric unit

N

Feature registration

Ca model
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4.2A resolution GroEL

Ludtke, S.J.*, Baker, M.L.*, Chen, D.H. Song, J.L.,
Chuang, D.T., Chiu, W. (2008) Structure (16), p 441-448.

4.5A resolution €15

Jiang, W.*, Baker, M.L.*, Jakana, J] Weigele, P.R.,
King, J., Chiu W. (2008) Nature (451), p 1130-1135.
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GroEL AT 4.2A RESOLUTION
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STARTING THE TRACE

AARKDVKFCNDAGVEMLRGVNVLADAVEVTLGPKGRNVVLDKSFGAPTITKDGVSVAREIE
LEDKFENMGAOMVKEVASKANDAAGDGTTTATVLAQATIITEGLKAVAAGMNPMDLKRGID
KAVTVAVEELKALSVPCSDSKATAQVGTISANSDETVGKLIAEAMDKVGKEGVITVEDGT
GLQDELDVVEGMOQFDRGYLSPYFINKPETGAVELESPFILLADKKISN I REMLEVLEAVA
KAGKPLLITAEDVEGEALATAVVNT IRGIVKVAAVKAPGEFGDREKAMLOD IATLTGGTVI
SEEIGMELEKATLEDLGQAKRVVINKDTITTIIDGVGEEAATQGRVAQIROQOIEEATSDYD
REKLOERVAKLAGGVAVIKVGAATEVEMKEKKARVEDALHATRAAVEEGVVAGGGVALIR
VASKLADLRGONEDONVGIKVALRAMEAPLROIVLNCGEEPSVVANTVKGGDGNYGYNAA
TEEYGNMIDMGILDPTEVTRSALQYAASVAGLMITTECMVTDLPKNDAADLGAAGGMGGM

GGMGGMM

2(4 aa 1 9\aa
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STARTING THE TRACE

AAKDVKFGNDAGVEMLRGVNVLADAVEVTLGPKG KSFGAPTITKDGVS I2RETE
LEDKFENMGCANSMVKEVASKAND GTTTAT‘V’I@Z.‘I"I_:E GLKAVAAGHNPMISRG 1D
KAVTVAVEELKALSVPCSDS KAEGT ISANSDETVCKLIAEAMDEVGKEGVITVEDGT
GLQDELDVVEGMQFDRGYLSPYFINKPETGAVELESPFILLADKKISN [ REMLEVLEAVA
KAGKPLLITAEDVEGEALATAVVNTIRGIVKVAAVKAPGFGDRREAMLODIATLTGGTVI
SEEIGMELERATLEDLGQAKRVVINKDTITTIIDGVGEEAATQGRVAQIRQOIEEATSDYD
REKLOERVAKLAGGVAVIKVGAATEVEMKEKKARVEDALHATRAAVEEGVVAGGGVALIR
VASKLADLRGONEDONVGIKVALRAMEAPLRQIVLNCGEEPSVVANTVKGGDGNYGYNAA

TEEYGNMIDMGILDPTEVTRSALOQYAASVAGIMITTECMVTDLPEKNDAADLGAAGGMGGM

GGMGGMM

20/aa 26 aa 1

\

Qaa 11 aa
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HELIX CORRESPONDENC

AAKDVKFCGNDAGVEM 1 VNVLADAVEVTLGPKGRNVVLDKSFGAPTITKDGVSVYETE

LEDKFENMGAC 3 VASKANDAAGDGTTTATVLAQA 4 GLKAVAAGMNPMDLKRGID
KAVTVA 5 KALSVPCSDSKA \16" SANSDES

GLOQDELDVVEGMOFDRGYLSPYFINKPETGAVELESPFILLADKKISN I iF VLEZ2

7 AMDKVGKEGVITVEDGT

KAGKPLLIIAEDVEGE ,\I..v\g.‘/ NTIRGIVKVAAVKAPGEGDRREKA .V1 07 LTGGTV]

SEEITGMELERKATLEDLGQARKRVVINKDTTTIIDGVGEE ;“,“1,1 1«‘\, [ROQTEEATSDYD

REK '12 LAGGVAVIKVGAAT  VEMIT 11"3«‘ HATHAAVEEGVVAGG! 1 '.4
KLADLRGONEDQNVG] y15h APLRQIV :NCGEE:1~6"; VKGGDGNYGYNAZ

VA |
TEEY1M7MGI LDPTKVTRSAL 1 | TECMVTDLPKNDAADLGAAGGMGGM

GGMGGMM

b

©
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COMPUTING A CO

RESPONDENCE

® Exhaustive search scales

poorly

= GroEL has 6.4x10'°
possible helix
assignments

® Skeleton provides partial
connectivity to reduce

complexity
=»GroEL has 1000+
possible helix

assignments that satisfy
skeleton connectivity
e Graph matching can
rapidly compute a gallery
of correspondences
e (Can utilize user constraints

seqguence graph

correspondence

Mo Fafvamie c sTLcerRvLE e [ s

ST ARGy TMRPTELAG .»:ue- DAL

l’M“JN\'GP’SK\'TO’*MD‘:«quipF' E'*"E:

R TSTWGPARCPYGFFLETEETFOPGRANF

Ly vasacavTavVOEEDOMOY SN GARGO] FJ FOGFNDAMMYLYVIWRRIENFAMAOGNECOTOAGYT

L svoavomme i woooasLHvHe TODRAMY SO RIS MOKTLNG PRGNV S FRERTN R

Lo R TI PN PIFPR e

(a)

Abeysinghe, S., Ju, T., Baker, M.L., Chiu, W. (2008) Shape Modeling and Matching in

Identifying Protein Structure from Low-Resolution Images. Computer-AIDED Design.

THLFFE PRI GVINEM PGP LN YV
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GrokEL Ca BACKBONE MODEL
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MODEL ACCURACY

GroEL de novo model X-ray structure

e ~2.1A nearest neighbor RMSD

= Cx positioning errors due
to ambiguous density

= SSEHunter lengths

= Secondary structure
prediction errors

= Poorly resolved density

30



MODEL REFINEMENT WITH ROSETTA

_ Original Ca trace

Low-resolution, cryo-EM based
energy function in Rosetta

42 A map in  the equatorial
domain of GroEL
e All atom model with native
side chain packing
¢ |mproved RMSD of Cx
trace (3.6 to 3.4 A)
® |mprove assignments
- Co RMSD in helices
reduced to 2.23A from
3.41A
- Correct B-strand pairings

Rosetta model

SN 6 e
W = ﬁ\"ﬁ!é
ol a4
. Go 215
ner %
L Yora
24
B /N
.
Vige
213 P,

DiMaio, F, Tyka, M.D., Baker, M.L., Chiu, W., Baker, D. (2009)
Refinement of Protein Structures into Low-Resolution
Density Maps using Rosetta. JMB
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4.5A resolution
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Jiang, W.*, Baker, M.L.*, Jakana, J Weigele, P.R., King, J.,
Chiu W. (2008) Backbone Structure of the Infectious €15 Virus
Capsid Revealed by Cryo-EM. Nature (451), p 1130-1135.
*contributed equally
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Jiang, W.*, Baker, M.L.*, Jakana, J Weigele, P.R., King, J.,
Chiu W. (2008) Backbone Structure of the Infectious €15 Virus
Capsid Revealed by Cryo-EM. Nature (451), p 1130-1135.
*contributed equally
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SIDECHAIN RESOLUTION (~3.5+A)

Features

e Strand separation

e Sidechain like protrusions
¢ “lollipop” aromatics
e extended shapes

e Atomic models

e Good stereochemistry

e Optimized subunit interfaces

Limitations

e Noisy density maps
e Difficult to segment properly

¢ |ndividual atoms not resolved

36



3. Rotamer assignment

L

2. Model repair (Coot)

C
1. Full-backbone (SABBAC)

0. Ca model (Gorgon)
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4.2A resolution
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MM-CPN ATOMIC
MODEL

= residues 1-532

= 85% of residues are have favorable
Phi-Psi angles, >99% acceptable

= >70% visible sidechain densities

39



PN: SIDECHAINS

Mm-cpn

Cryo-EM Map

visualizing
Side-chains

A28D12
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SIDECHAINS IN MM-C

PN

70

50

Nl —

|
30 -
20 T — r
10 I —

ala gly ile leu pro val cys met asn gin ser thr asp glu arg his

lys

phe trp tyr

[l fully-resolved side-chain Opartially-resolved side-chain

B ambiguous side-chain

CJpro/gly

P

partially-resolved
238aa, 45%
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DE NOVO MO

model

constrained ab inito

Density map

Topology model Traceable?

C-alpha model

—LING IN C

New Structure

Known Yes

structure?

Suitable
for ab initio?

Sub-
nanometer?

Run SSEHunter

Suitable

Visibl
ISI0'e Correspondence?

Sidechains?

All atom model

v
es
L Homologue?
>
o
Run constrained
homology e ves
modeling Variation?
o
o

Run Foldhunter

Run flexible fitting

Density
constrained
homology model

Deformed fitted

Fitted structure
model
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GO

RGON

Interactive molecular modeling system for subnanometer to near-
atomic resolution structures

http://www.cs.wustl.edu/~ssal/gorgon/
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GORGON FEATURES

Version 2.0.0

® Greyscale and interactive density
skeletonization

e SSE identification and building with
SSEHunter/SSEBuilder

® SSE correspondence with helices and
sheets

® Semi-automated atom placement
® Plugins
® 5essions

® (Cross platform (Windows 32/64 bit,
Linus 32/64 bit, OS X 10.5+)

® On-line videos and tutorials with
sample data

Interactive, semi-automated model building

Auto-build of SSE

SSE fitting

Interactive, sketching of loops
Manual editing with local fitting
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GORGON: FEATURES IN DEVELOPMENT

e Flexible fitting

e Extensions for EMAN and Rosetta

e Pathwalking

* Enhanced documentation and tutorials
* Improve interface

¢ Foldhunter integration

¢ Improved sheet and strand modeling

e Cx backbone conversion to full model

e Rotamer refinement
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