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Protein Structure Determination II
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Protein Structure Prediction
Amino acid sequence [PDB: 1q4sA ]

MHRTSNGSHATGGNLPDVASHYPVAYEQTLDGTVGFVIDEMTPERATASVEVTDTLRQRWGLVHGGAYCALAEMLA
TEATVAVVHEKGMMAVGQSNHTSFFRPVKEGHVRAEAVRIHAGSTTWFWDVSLRDDAGRLCAVSSMSIAVRPRRD

Beta strand and sheet structure
MHRTSNGSHATGGNLPDVASHYPVAYEQTLDGTVGFVIDEMTPERATASVEVTDTLRQRWGLVHGGAYCALAEMLA
TEATVAVVHEKGMMAVGQSNHTSFFRPVKEGHVRAEAVRIHAGSTTWFWDVSLRDDAGRLCAVSSMSIAVRPRRD

3D Protein Structure

Helical structure
MHRTSNGSHATGGNLPDVASHYPVAYEQTLDGTVGFVIDEMTPERATASVEVTDTLRQRWGLVHGGAYCALAEMLA
TEATVAVVHEKGMMAVGQSNHTSFFRPVKEGHVRAEAVRIHAGSTTWFWDVSLRDDAGRLCAVSSMSIAVRPRRD

Notable Methods – PSI-PRED
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Jones, DT. J. Mol. Biol. (1999)

Notable Methods – PSI-PRED

Jones, DT. J. Mol. Biol. (1999)

Notable Methods - RAPTOR
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Xu, J and M. Li. J. Bioinf Comput Biol. (2003)
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Notable Methods – Robetta
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D. Chivian et al. Proteins. (2003)

Notable Methods – Skolnick
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Zhang, Y. and J. Skolnick. PNAS. (2004)

Notable Methods - UNRES
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Liwo, et al. J. Comput Chem. (1997a,b)

Notable Methods – PREDICT
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Shacham, S. Proteins. (2004)

Notable Methods – Available Servers
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Notable Methods – Available Servers
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ASTRO-FOLD

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

ββββ-sheet Prediction
-Novel hydrophobic modeling
-Predict list of optimal topologies
(Combinatorial Optimization)

Klepeis, JL and Floudas, CA. Biophys J. (2003)
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Helix Formation
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Klepeis, JL and Floudas, CA. J. Comput. Chem. (2002)

Helix Prediction – Key Ideas

Overlapping oligopeptides

Ensemble of low energy states

Free energy calculations

Deterministic global optimization

Decompose polypeptide to identify local sites 
of helix formation and termination

Calculate properties of proteins using data from
many low energy states rather than a single state

Model proteins using detailed energy calculations
including entropic and solvation contributions

Predict low energy states using powerful global
optimization approaches such as aBB

Floudas 2000

Klepeis & Floudas 2000

Klepeis, JL and Floudas, CA. J. Comput. Chem. (2002)
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Generating an ensemble
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Overall Gibbs Free Energy

• Potential

• Entropic

• Cavity

• Polarization

• Ionization

Fvac -

TSvac +

Fcavity +

Fsolvation +

Fionization

Scheraga & coworkers

Honig & coworkers
1988, 1993, 1995

Honig & coworkers
1988, 1993, 1995

Honig & coworkers
1988, 1993, 1995

Klepeis, JL and Floudas, CA. J. Comput. Chem. (2002)

Helix Formation Probability
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-Discard conformers by clustering
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β-sheet Formation
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β-sheet Prediction Flowchart

Klepeis, JL and Floudas, CA. J. Comput. Chem. (2003)
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B-sheet Formulation: Key Concepts

Binary variables

Linear objective function

Linear constraints

Integer cuts

0-1 variables are used to characterize residue-to-residue
and strand-to-strand contacts

Objective is to maximize the hydrophobic potential
as controlled by the binary variables

Constraints account for different combinations of residue
and strand contacts (e.g., parallel/antiparallel)

Iterative addition of these constraints allow for the
generation of a ranked list of optimal solutions

Klepeis, JL and Floudas, CA. J. Comput. Chem. (2003)

β-sheet Constraints
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β-sheet Objective Function
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Klepeis, JL and Floudas, CA. J. Comput. Chem. (2003)

ASTRO-FOLD for α-helical Bundles

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

Interhelical Contacts
-Maximize common residue pairs
-Rank-order list of topologies
(MILP Optimization Model)

McAllister, SR and Floudas, CA. Proceedings, BIOMAT Conference (2005).

Dataset Selection
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Probability Development
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Model Overview
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Pairwise Model Objective

o #�����>�!�@���	��
n��(	%	8��*�����	�	����+�*�	�&	
� ��
	�-�"
��
	�-���������


McAllister, SR, et al. (submitted 2005)

Pairwise Model Constraints
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McAllister, SR, et al. (submitted 2005)

Pairwise Model Constraints
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ASTRO-FOLD

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

ββββ-sheet Prediction
-Novel hydrophobic modeling
-Predict list of optimal topologies
(Combinatorial Optimization)

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Loop Prediction - Methodology
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Loop Prediction – New Use of Clustering
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Loop Prediction – Clustering Example

• threshold t= 3.0Å

• large clusters for small RMSDs
unfortunately also for large RMSDs

• not always advisable to consider
centroid of largest cluster

• threshold t= 3.5Å

• increasing threshold shows that clusters 
with large RMSDs are small basins only

• large clusters with small RMSDs survive

Mönnigmann, M. and Floudas, CA.  Proteins. (2005)

Loop Prediction – Clustering Example

• threshold t= 4.5Å

• distribution more conservative the larger 
threshold

• for sufficiently large threshold clusters of
conformers with large RMSDs can be 
discarded

• threshold t= 4.0Å

• for sufficiently large threshold
distribution is monotonous

• tail with large RMSDs becomes apparent

Mönnigmann, M. and Floudas, CA.  Proteins. (2005)

Loop Prediction – Clustering Algorithm

>7����
������
��������
����
����	�	������-
����
	8���

����

�7����-�������-
����
	8�
��
�
+����������+��%��
�	��

��
�%���

.7)+��
�
��

�����
+�������	��
��*

D7$	
��������+��%��
������/����������-
���
��+�

	8���

�
��

����

�7,�����'����
��*��

Mönnigmann, M. and Floudas, CA.  Proteins. (2005)

ASTRO-FOLD

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

ββββ-sheet Prediction
-Novel hydrophobic modeling
-Predict list of optimal topologies
(Combinatorial Optimization)

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Derivation of Restraints

Dihedral angle restraints
• Backbone dihedral angles restrained

according to classification of residue 
as either helix or strand

Distance restraints
• Cα-Cα distance restraints for hydrogen

bond network of helix (residues i and i+4)
• Cα-Cα distance restraints for predicted 
interhelical contacts

Bounds on loop residues
• Based on dihedral angle deviation of 
best identified conformer from loop 
clustering analysis

Klepeis, JL and Floudas, CA. Biophys J. (2003)
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ASTRO-FOLD

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

ββββ-sheet Prediction
-Novel hydrophobic modeling
-Predict list of optimal topologies
(Combinatorial Optimization)

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Tertiary Structure Prediction: Key Ideas

Utilization of helix predictions

Mathematical formulation

Energy modeling

Global optimization approach

Enforce prediction of secondary structure and interhelical
distances through rigorous constraint modeling

Formulate tertiary structure prediction problem as a
constrained global optimization problem

Model proteins using detailed atomistic level
force field with physically based terms

Predict overall tertiary structure using combination of
global optimization and torsion angle dynamics

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Tertiary Structure Prediction Formulation

Objective: Nonconvex atomistic level forcefield

Constraints
• Enforce bounds on backbone variables

• Enforce upper / lower distances through square well constraints

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Torsion Angle Dynamics

Initialization

• Difficult to identify low energy

feasible structures

Torsion Angle Dynamics

• Identify feasible low energy 

structures (satisfy constraints)

• Fast evaluation of simplified 

force field (steric based)

• Unconstrained formulation

using penalty functions

Implementation

• Solve equations of motion as

preprocessing for each 

constrained minimization

Good Initial Points for

Local Optimization

Wuthrich & coworkersKlepeis, JL and Floudas, CA. Biophys J. (2003)

αBB Framework

• Based on a branch-and-bound framework
• Upper bound on the global solution is obtained by
solving the full nonconvex problem to local optimality

• Lower bound is determined by solving a valid convex 
underestimation of the original problem

• Convergence is obtained by successive subdivision
of the region at each level in the brand & bound tree

• Guaranteed ε-convergence for C2 NLPs

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Conformational Space Annealing
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Hybrid Algorithm Motivation
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Alternating Hybrids
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Hybrid Performance
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Parallelization
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ASTRO-FOLD

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

ββββ-sheet Prediction
-Novel hydrophobic modeling
-Predict list of optimal topologies
(Combinatorial Optimization)

Klepeis, JL and Floudas, CA. Biophys J. (2003)

Secondary Structure Prediction Results
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Tertiary Structure Prediction Results
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Results – Blind Structure Prediction
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ASTRO-FOLD for α-helical Bundles

Overall 3D Structure Prediction
-Structural data from previous stages
-Prediction via novel solution approach
(Global Optimization and Molecular Dynamics)

Derivation of Restraints
-Dihedral angle restrictions
-Cα distance constraints
(Reduced Search Space)

Helix Prediction
-Detailed atomistic modeling
-Simulations of local interactions
(Free Energy Calculations)

Loop Structure Prediction
-Dihedral angle sampling
-Discard conformers by clustering
(Novel Clustering Methodology)

Interhelical Contacts
-Maximize common residue pairs
-Rank-order list of topologies
(MILP Optimization Model)

McAllister SR and Floudas, CA. Proceedings, BIOMAT Conference (2005).

Results – 2-3 helix bundles
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Results – Contact Prediction Summary

McAllister et al. (submitted 2005)
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Results – Tertiary Structure Prediction
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Results – Tertiary Structure Prediction
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