Geometric Modeling and Visualization
http://www.cs.utexas.edu/~bajaj/cs384R08
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Sub-nanometer Structure Elucidation from 3D Cryo-EM

o .
=

Cryo-EM >FFT based 3D
Reconstruction
—>Anisotropic and Vector
Diffusion Filtering >
Structure Segmentation
~>Quasi-Atomic Modeling
—~>Visualization

**Sponsored by NSF-ITR, NIH (Collaborators: wah chiu,NcMI, Baylor
College of Medicine, Andrej Ssali, UCSF)
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A Structure Determination Pipeline for single particle cryo-EM
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Structure Elucidation for Icosahedral Viruses

Input map Segmentation of double-layer capsids

If kKnown
for double layer

v1ehe| yoes Jo}

—

For single layer

Refinement

colored map
averaged map
g —>

Trans. matrix
—

Z. Yu and C. Bajaj, “Automatic Ultra-structure Segmentation of
Reconstructed Cryo-EM Maps of Icosahedral Viruses”,

IEEE Transactions on Image Processing, Special Issue on
Cellular/Molecular Imaging, 14(9), pp. 1324-1337, 2005.
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Structure Elucidation 1(A)

o Adaptive contrast enhancement
e Bilateral filtering

=5’ (-1
2
h(x,§)=e 7 e
where o, and o, are parameters and £.) is

the image intensity value.
e Anisotropic diffusion filtering

0,4~ divia(Ve )V¢)=0

where a stands for the diffusion tensor
determined by local curvature estimation.

e Anisotropic gradient vector diffusion

C. Bajaj, G. Xu, ACM Transactions on Graphics, (2003),22(1), 4 - 32.

Z.Yu & C. Bajaj, Proc. Int'l Conf. Image Processing, 2002. pp. 1001-1004.

W. Jiang, M. Baker, Q. Wu, C. Bajaj, W. Chiu, Journal
of Structural Biology, 144, 5,(2003),114-122

Z. Yu & C. Bajaj, Proc. Int'l Conf. Computer Vision and Pattern Recognition, 2004. 415-420.

0 Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin September 2007




Compute Critical Points Using AGVD
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Anisotropic Gradient Vector Diffusion
(AGVD)
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GVD v.s. AGVD

Isotropic diffusion Anisotropic diffusion

=] rn—t—"/f \k@«.*—r- S a0 T . "‘.V'
R f«;@w«;ﬂ NG NN s “L»i? = ‘"ﬁ%% A
'\‘\ \G&?\ e \h&m\'\ JAR );/; AN }\‘“R&\w\wﬁx "/V wm N
45 k&m—ﬂn '\ \\\mmm\ 4 f)’ﬁ/ff RN 45 LNORN f;; s \ ;g/{//;ﬁf
b ,\ /ﬁfvffﬂ'ﬁ ER T, Q ;jf;’ b5 }4?‘ Q\\\w\x 7] ) )ﬁ R V_NH.\ /&/’/ reath \ Y i
ik s :,“‘j‘f’" A e R AN ri;gé);// il E\S&gjﬁ il \\\f/’f;x/’f/“” . "\ /’f \'\‘“ &QQ&Q&N\ \,;3/5% 55%
O SRS “ﬁ*‘*‘wxﬁwyfﬁm 7 INNNENN AN N
™ iy e T
. > RN :;9 e
# :‘//:j A \Sﬁx&ﬁ e NN e ffé,ﬂfzg AR
il P ety I w&&&\‘\ };fr \\QQQQ“\\
» w\\ 7 == T S
e N IR N N
Y F e s
e g e \ V‘Vrffpf/fpf S
A i o

T e e i e

o
i
2, rE
AR LAl e S AN ARy

.)%‘-m—&-m—_"-&w-\.

Sahoh

e \
/ //zwm
S

N
& N
Y LI T
S S N - il
‘;}\3"“ '\ Nt e i\w
r"?; ; &K\\m‘ﬁmnm %
2 N ; %5]/ 3\% ??5% 1
i X e S ATy =
EA BT TN A A
N S »:\ 2 TN
Bl e f J‘ﬁ s }'\7\ A Renmeal b 0 5 f//////f/ ;ﬁ 2 / ST
g [ e F Nt A \\\m\ ;;’ s iy " LA
/u/x{/ i PIRRE BN 177 & /;/ fz f vy e %“,,_f
ii‘[ fﬂ’ﬂ’ff*‘"::‘? gfv’h‘“\ '(l ’ﬁ‘ﬁ ;:ﬁ:’f i'? 1&}/ A ! \ f«rj; /j:ff« iy
/‘Fﬂ“‘\\ K"*""’V" NN fﬁﬁ“\\m\ il {/f'//ff’ LN W //;f"/;:ff T

r
=
()
=
Ia
[

20

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin September 2007




Structure Elucidation 1(B)

e Multi-seed Fast Marching Method

— Classify map critical points as seeds based on local symmetry.
— Each seed initializes a contour, with its group’s membership.

— Contours march simultaneously. Contours with same membership are merged, while contours

with different membership stop each other.
|

Z.Yu, and C. Bajaj, IEEE Trans.on Image Process, 2005. 144(1-2), pp. 132-143.
Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin September 2007




Global and Local Symmetry

* Automatic structure unit
identification in a 3D Map

O Two-fold vertices
@  Three-fold vertices Example: RDV
® Five-fold vertices

Center for Computational Visualization
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Symmetry Detection: Correlation Search
Cl,p)= Zf(’_;)f(R(e,go,z;z/S) 'F)

rev
* Algorithm: detect 5-fold rotation symmetry

— Compute the scoring function
* For every angular bin B;, compute 0;.¢; {
For every critical point C; {

’_";c(ciaBj) — R(aj,(pj,zkﬁ/s) -C,, k=0,1,2,3,4
1 ¢ ~ v
Dev(Cl-,Bj)=§Z(f(rk)—f) }
k=0
1 p
SF(B,)=—) Dev(C,,B,) }
P i-o
— Locate the symmetry axes

* The 12 peaks
— Refine the symmetry axes

Inverted and normalized SF(By)

 In order to locate a perfect icosahedron
(rotate the axes by 0°, 63.430, 116.57°, 180°)

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin

September 2007




Structure Elucidation Results: RDV (Bakeoff)

volume rendering (inside) volume rendering (asymmetric unit)

averaged trimer (side) averaged trimer (bottom) segmented monomers

0 Center for Computational Visualization
Institute of Computational and Engineering Sciences

Department of Computer Sciences University of Texas at Austin September 2007




Structure Elucidation 1(C): Secondary
Structure Identification

I; 11, Il
2

11, I 1,1,

11, 11, I

The eigenvectors of the local structure tensor give the
principal directions of the local features:

A, Ay

Az As

A, A,

Line structure (alpha-helix) plane structure (beta-sheet)

ArA>> A =~0 A>A=A=0

Center for Computational Visualization
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Monomeric Unit of Outer Capsid of RDV

Beta-sheet
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Monomeric Unit of Inner Capsid of RDV

Beta-sheet

Center for Computational Visualization
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Structure Elucidation Results: GroEL

Center for Computational Visualization ) .
Institute of Computational and Engineering Sciences Data courtesy: Dr. Wah Chiu
Department of Computer Sciences University of Texas at Austin September 2007




Segmentation Results: Ribosome (Bakeoff)
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Structure Elucidation for Symmetric Capsid
Viruses

Input map Segmentation of double-layer capsids

If kKnown
for double layer

v1ehe| yoes Jo}

—

For single layer

Refinement

colored map
averaged map
; —>

Trans. matrix
—

Z. Yu and C. Bajaj, “Automatic Ultra-structure Segmentation of
Reconstructed Cryo-EM Maps of Icosahedral Viruses”,

IEEE Transactions on Image Processing, Special Issue on
Cellular/Molecular Imaging, 14(9), pp. 1324-1337, 2005.
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Subunit Alignment (Simul. Structure Fitting)

Phi29

Similarity table

#4 #5 #6 #7 #8 #9

#4 097 | 0.79 | 0.95| 0.94 | 0.87 | 0.88

|:> #5 081 0.79 | 0.78 | 0.77 | 0.79

#6 098 | 0.96 | 0.88 [ 0.88

Refine #7 0.96 0.89 | 0.88
segmentation 43 087 | 094

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin August 2008




Subunit alignment (1): averaging

The above two pictures (left: outer; right: inner) show the averaged capsid layer,
calculated from one 5-fold subunit (orange) and one 6-fold subunit (green). The tail
structure (blue) is augmented after the averaging.

Center for Computational Visualization Data courtesy: Tim Baker

Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin September 2007




0

S’rr'uc'rur'e Elucidation 1(C): Subunit Alignment

e (Cross-correlation

#0 #1 #H2 #3
#0 1| 095 | 095 | 034
* Symmetry score #1 | 095 | 1 | 096 | 031
# | 095 | 096 | 1 | 031
$29 1129 096 096 999 097 098 ggg #3 | 035 | 031 | 032 | 1
0.87
0.81 0.81
S 087 #4 | #5 | #6 | #7 | #8 | #9
©
. #4 | 1 ]0.79]095] 094|087 |0.88
E 0.
S 45 1079 1 079078077 | 0.79
3 04 -

#6 | 0.95 | 0.79 1 0.96 | 0.88 | 0.88

#7 | 094 | 0.78 | 0.96 1 0.89 | 0.88

#8 | 0.87 | 0.77 | 0.88 | 0.89 1 0.94

#0 #1 #2 #3 #4 #5 #6 #T #8 #9 #9 | 0.88 | 0.79 | 0.88 | 0.88 | 0.94 1

segmented subunit
Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin September 2007




Subunit Segmentation

Correlation Score with manually
segmented subunits:

5-fold: 0.72
6-fold: 0.79

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin August 2008




Structure Elucidation Results: ®29

Center for Computational Visualization Dat tesv: Tim Bak
Institute of Computational and Engineering Sciences ata courtesy: lim Baker
Department of Computer Sciences University of Texas at Austin September 2007




Subunit alignment (2): Fitting

The PDB structure of one monomer is matched & fit into the cryo-
EM map (as shaded in green in the left figure). Then all the quasi-
symmetric 5-fold subunits are computationally fit with the PDB
structure using the transform matrices obtained in subunit
alignment. Similar procedure can be applied to all 6-fold subunits.

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin

September 2007




“Interactive” Fitting

Models 3D maps

Synthetic map

Transformations

Viewing

Correlation

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin

The GroEL map
docked with a blur
map of 10OEL.PDB

September 2007




Gro-EL: X-ray structures docked in Cryo-EM
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Interactive Correlation Analysis

C =0.2235 C =0.269 C =0.593

12A GroEL map and 10EL.pdb

C =0.208 C =0.387

Center for Computational Visualization 6.8A RDV map and 1UF2-pdb

Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin September 2007




Approximate Correlation Analysis

N

| fe)—g(c)]

score=1——E

Z max(f(c,), g(c,))

Where fis the normalized density function of the blurred crystal structure;
g is the normalized density function of the cryo-EM map;
c ,i=1,2,...N, are the critical points of the blurred crystal structure;
¢’ ,i=1,2,...N, are the transformations of the critical points.

(T, R)

Ci
Ci
Cryo-EM map
(density function: g) Blurred model
(density function: )
0 Center for Computational Visualization
Q Institute of Computational and Engineering Sciences

Department of Computer Sciences University of Texas at Austin
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CTA/MRA -Contrast Enhancement,
Anisotropic Filtering > Atrial/
Venal Classification &
Segmentation > Vasculature
Skeltonization > PE Diagnosis/
Quantification

(Collaborator: Dr. Gregory Gladish : MD Anderson

S. Park, CS, Ph.D. Cancer Center)

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences

University of Texas at Austin

Computer Assisted Radiology: Pulmonary Embolus Cancer
Detection

**Sponsored by Whitaker
Foundation

August 2008




4DRT: Radiation Treatment Planning

CT/MRI - Anisotropic and
Vector Diffusion Filtering
- Classification &
Segmentation > Radiation
Dosage Estimation >
Treatment Plan > 4DRT
(mapping)

(Collaborators: Dr. Radhe Mohan, Dr. Lei Dong,
Dr. John Hazle : MD Anderson Cancer Center)

Center for Computational Visualization
Institute of Computational and Engineering Sciences
Department of Computer Sciences University of Texas at Austin August 2008

**Sponsored by NSF-DDDAS




Additional Reading

The references given below include the ones cited in the lecture
slides. Please check for pdf’s of these references on university
computers from http://cvcweb.ices.utexas.edu/cvc/papers/
papers.php

C.Bajaj, S. Goswami
Multi-Component Heart Reconstruction from Volumetric Imaging
Proc. of the ACM Solid and Physical Modeling Symposium, Stony Brook, NY, 2008,

Z. Yu, C. Bajaj
Computational Approaches for Automatic Structural Analysis of Large Bio-molecular Complexes
IEEE/ACM Transactions on Computational Biology and Bioinformatics, (digital library) 22 June 2007

S. Park, C. Bajaj
Feature Selection of 3D Volume Data through Multi-Dimensional Transfer Functions
Pattern Recognition Letters, 28, 3, pp. 367-374, 2007.

C. Bajaj

Automatic Structure Interpretation of Single Particle Cryo-Electron Microscopy: From Images To Pseudo-Atomic
Models

2007 IEEE International Symposium on Biomedical Imaging, from Nano to Macro, Washington, DC, March 2007.

M. Baker, Z. Yu, W. Chiu, C. Bajaj
Automated Segmentation of Molecular Subunits in Electron Cryomicroscopy Density Maps
Journal of Structural Biology, 2006. Accepted

S. Park, C. Bajaj, G. Gladish
Artery-Vein Separation of Human Vasculature from 3D Thoracic CT Angio Scans
CompIMAGE. Coimbra, Portugal. October 20-21, 2006

C. Bajaj, Z. Yu

Geometric and Signal Processing of Reconstructed 3D Maps of Molecular Complexes

Handbook of Computational Molecular Biology, Edited by S. Aluru, Chapman & Hall/CRC Press, Computer and Information
Science Series, December 21, 2005, ISBN: 1584884061.

Z. Yu, C. Bajaj

A Fast and Adaptive Algorithm for Image Contrast Enhancement

Proceedings of 2004 IEEE International Conference on Image Processing (ICIP'04), Volume 2, Oct. 24-27 2004, Pages

1004, Singapore. S
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