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The Genomic Era 

Collins, Venter, Human Genome, 2000 



NIH $1,000 Genome Project 

• Personal 
Computer in 1970s 

• Personal Genome 
in 2010s 



Growth of Protein Sequences 



NIH Structural Genomics Project 

Protein Sequence and Fold Space 

Chothia, Nature,1992 



Growth of Protein Structures in PDB 



Computational Protein Structure 
Folding / Prediction 

Structure =   f ( sequence) ?    E = MC2 



Template-Based Approach 

MWLKKFGINKH… 

Protein Data Bank 
 

Fold 

Recognition Alignment 

Template 

Target protein 

Protein Structure Space 



A. Fisher, 2005 

Modeller 
 



Template-Free Protein Structure 
Prediction 

 

 

Dill & Chan, 1997 



Template-Free Approach 

Methods: molecular dynamics, fragment assembly, 
contact-based modeling 

MWLKKFGINLLIGQSV… 

…… 

Select structure with 
 minimum free energy 

Simulation 



Major Challenges in Protein 
Structure Prediction 

• Select best templates? 

• Generate best alignments? 

• Generate best models? 

• Select best models? 

• Model refinement? 
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Z. Wang, J. Eickholt, J. Cheng, Bioinformatics, 2010 



Protein Conformation Ensemble 

• P(conformation)          P(-energy) 

• Conformation Distribution 

• Maximum Likelihood & Maximum a 
Posterior 

 

Brooks et al., 2001 
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MARTCRKE… 

Input Query 

1. Template Ranking 
 Alignments 

 

MARTCRKEGAP-WY… 

Y-RMH-RDGM-MWT… 

MAR-TCRK-EGAPWY… 

TAKMTHK-DEGFGYW… 

Query-Template 1 

Query-Template 2 
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Combination 

MAR-TCRK-EGAP-WY… 

Y-R-MH-R-DGM-MWT… 

TAKMTHK-DEGFG-YW… 
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. 
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3. Model Generation 

2. Multiple-Template Combination 

4. Evaluation & Refinement 

Output 

A Unified Protein Structure Prediction Pipeline 

Wang et al., Bioinformatics, 2010 



Template Ranking / Fold Recognition 

• PSI-BLAST  (sequence – profile) 

• SAM (sequence – HMM) 

• HMMer (sequence – HMM) 

• Compass (profile – profile) 

• HHSearch (HMM - HMM) 

• PRC  (HMM-HMM) 

• FOLDpro (machine learning) 

• MSACompro (profile-profile) 

 

 

Cheng, Baldi, Bioinformatics, 2006 
Deng, Cheng, Unpublished 



Multi-Template Combination in 
Template and Alignment Space 

Query VR-RNNMGMPLIESSSYHDALFTLGYAGDRISQMLGMRYANNLHDLFLAEGYYEASQRKR 

 

Temp1 IAHIYANNLHDLFLAEGYYEASQRLFEIEL      FGLMGN      LSSWVGA  

(10-80) 

 

Temp2 LLAQ-GRLSEMAGADALDVNIYIDSNG 

(10-70) 

 

Temp3                         QGTARDRAWQLEVERHRAQGTSASFL  

(10-10) 

 

Temp4                 AANQLDAMRALGYAQERYFEMDLMRRAPAGELSELFGAKAVDLK 

(10-5) 

Cheng, BMC Structure Biology, 2008 



Query VR-RNNMGMPLIESSSYHDALFTLGYAGDRISQMLGMRYANNLHDLFLAEGYYEASQRKR 

 

Temp1 IAHIYANNLHDLFLAEGYYEASQRLFEIEL------FGLMGN------LSSWVGA----- 

(10-80) 

 

Temp2 LLAQ-GRLSEMAGADALDVNIYIDSNG--------------------------------- 

(10-70) 

 

Temp3 ---------------------------ARDRAWQLEVERHRAQGTSASFL----------  

(10-10) 

  

Temp4 ----------------------------------------------------GAKAVDLK 

(10-5) 

Multi-Template Combination in 
Template and Alignment Space 



Multi-Template VS Single-Top-Template 
 

 
Improve 38 / 45 targets 
 
Improvement by 6.8% 
 
P-value < 10-4 

Cheng, BMC Structure Biology, 2008 



Cheng, BMC Structure Biology, 2008 

Advantage:  reduce variance of modeling 



Problem – Atom Clashes 

 

 

Combine 49 templates – CASP8 target T0413 

Consistent 

Inconsistent 



Structure Comparison-Guided Multi- 
Template Combination (CASP9) 

• Check the structural consistency between 
query-template alignments  

• Only combine query-template alignments 
that are structurally consistent 

• Completely removed atom clashes in CASP9 

Cheng et al., 2010 



Combination of Template-Free and 
Template-Based Modeling for 

Model Generation 

100% TBM 100% FM 50% TBM+50%FM 

Protein Modeling Spectrum 



Region Decomposition 



Recursive Protein Modeling – Integrate TBM and FM 

Model aligned / certain regions by 
TBM 

Model unaligned / uncertain regions 
by FM (a Rosetta variant) + Selection 

Keep certain regions / core fixed 

Compose TBM, FM components into 
larger certain components 

Repeat 

Satisfactory? No 

Yes 

Initial Region 
Decomposition 

Divide & Conquer 



Recursive Modeling Mimics 
Protein Folding Cascade 

ks.uiuc.edu 



Domain Level Integration (CASP9) 



Core-Constrained Tail Refinement 



Template-Based + Template-Free 
& Recursive Modeling (CASP9) 



Improve Template-Free Modeling 
Using Contact Restraints 

• Fragment assembly (e.g. Rosetta)  

• Conformations with good secondary 
structures and compactness,  but often 
wrong topology  

• Huge bottleneck (30% proteins) 



Contact Map Prediction 
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3D Structure 2D Contact Map 

Cheng, Randall, Sweredoski, Baldi, 2005 
Cheng and Baldi, 2007. 
Tegge et al., 2009 



Contact-Based Protein Structure 
Reconstruction 

• A constrained 
optimization problem  

• A small number of 
contacts L / 10 

• 30% accuracy 

Eight Queens Problem 



Contact Prediction 

• 2D Neural Networks (CASP7, 8, 9) 

• Support Vector Machine (CASP7, 8, 9) 

• A Conformation Ensemble Approach (CASP9) 

Contact Voting 

Eickholt, Wang, Cheng, BMC Bioinformatics, 2011 



CASP9 Contact Predictions 

Contact Predictors >= 12 >=24 

Ensemble .34 .30 

Ensemble (±1) .55 .48 

Zhang-Server .28 .23 

RosettaVote .27 .20 

Top L/5 contacts, on 26 CASP9 ab initio domains 

Eickholt, Wang, Cheng, BMC Bioinformatics, 2011 



A CASP8 Example: T0507 

Tegge et al., Nucleic Acids Research, 2009 



A CASP9 Example 

Eickholt, Wang, Cheng, BMC Bioinformatics, 2011 



Model Evaluation 

• Single model approach  

• Pair-wise model assessment 

• Hybrid approach 

Wang et al., Proteins, 2009 
Cheng et al., Proteins, 2009 
Wang et al., Bioinformatics, 2011 



ModelEvaluator 

3D Model EEEECCEEEHHHHHHHHHHHHEEEECCEEEHHHH 

eeee-----eeeee----------eeeee------eeeee---eeeeeeee 

Secondary Structure 

Relative Solvent Accessibility 

Contact Map 

Predicted  
quality score 

Achieve correlation ~0.7 

Comparison 

Wang et al., Proteins, 2009 

SVM 



Model Quality Evaluation 

Select top 5 ranked 
models as references 
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Model Quality Assessment 

Compare each model 
with reference models 
Average global quality 
 
Re-rank models (+10%) 

. 

. 

. 

 

Top Five 

A 
V 
E 
R 
A 
G 
E 

Cheng et al., Proteins, 2009 



Global-Local Model Combination 
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. 

. 
 

Model ranking 

Select top 5 models 
as seed models 

. 

. 

. 
 

Structure comparison 

Identify similar models 
or fragments 



Model Combination and Averaging 

Average 

Advantage:  reduce variance of modeling while 

increasing fitness 



Wang et al., Bioinformatics, 2010 



CASP9 Top 20 Servers 



CASP9 Top 20 Servers on AB Initio 
Targets 



Some High-Quality CASP Predictions 

T0390 
GDT=0.90 

T0426 
GDT=0.97 

T0432 
GDT=0.92 

T0458 
GDT=0.97 

Orange: structure; Green: model 

50 of 120 CASP8 targets are in high-accuracy, RMSD < 2 Å 



Genome-Wide Annotation of Protein Structure 

Schmutz et al., Nature, 2010 

BMC Plant Biology 



Transcription Factor Glyma01g32810 

Wang et al., BMC Plant Biology, 2010 
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