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Protein Structure Prediction
Amino acid sequence [PDB: 1g4sA ]

MHRTSNGSHATGGNLPDVASHYPVAYEQTLDGTVGFVIDEMTPERATASVEVTDTLRQRWGLVHGGAY CALAEMLA
TEATVAVVHEKGMMAV GQSNHTSFFRPVKEGHVRAEAVRIHAGS TTWFWDV SLRDDAGRLCAV SSMSIAVRPRRD

Helical structure
MHRTSNGSHATGGNLPD\/ASHYP’\/FVIDEMTPERATAS\/EV RQRWGLMGGAVCALAEMLA

TEATVAVVHEGMMAY GQSNHTSFFRPVKEGHVRAEAVRIHAGS TTWFWDVSLRDDAGRLCAV SSMSIAVRPRRD

Beta strand and sheet structure
MHRTSNGSHATGGNLPDVASHYPVAYEQTLDGTVGIVIDEMTPERATASVEVTDTLRQRWGLVHGGAYCALAEMLA
TEATVAVVHEKGMMAVGQSNHTSFFRPVKEGHVRAEAVRIHACS TTWFWDVSLRCDAGRLCAV SSMSIAVRPRRD

3D Protein Structure
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Notable Methods — PSI-PRED
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Notable Methods — PSI-PRED
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Notable Methods - RAPTOR
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Notable Methods — Robetta
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Notable Methods - UNRES
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Notable Methods — Available Servers
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Notable Methods — Skolnick
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Zhang, Y. and J. Skolnick. PNAS. (2004)
Notable Methods — PREDICT
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Notable Methods — Available Servers
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ASTRO-FOLD

ASTRO-FOLD

(Reduced Search Space)
k 2

Helix Prediction Helix Prediction
~Detaled atomisic modsiing ~Detaled atomistc modeling
~Simuaions of ocal interacions ~Simuasions oflocal interacions
(Free Energy Calculations) (Free Energy Calculations)
¥ ¥
h-sheet Prediction b-sheet Prediction
~Novel hydrophobic mocling -Novel modeiing
-Predictist of optimal topologies -Preictist of opimal topologies
(Combinatorial Optiization) (Combinatorial Optiriztion)
¥ ¥
Loop Structure Prediction Loop Structure Pregiction
-Divectal angle sampling ~Dihedral ange sampling
St -Discard conformers by dustering TSRS -Discard conformers by dustering
(Novel Clustering Methodology) (Novel Clustering Methodology)
¥ E 2
Derivetion of Restraints Derivation of Restraints
Dihecral angle restictons -Divectal anglerestictons
-C* distance constraints -C* distance constraints

(Reduced Search Space)
¥

Overall 30 Structure Prediction
~Stuctural data from previous stages
-Precicion via novel souion approach

(Gobal Optimization and Molecular Dynarrics)

Overall 3D Structure Prediiction
“Stuctural data from previous stages
~Preciction vianovel solution zpproach

(Global Optimization and Molecular Dynarrics)

Klepeis, JL and Floudas, CA. BiophysJ. (2003)

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

Dividing the problem
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Klepdis, JL and Floudas, CA. J. Comput. Chem. (2002)

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

Helix Prediction — Key Ideas
Overlapping oligopeptides

Decompose polypeptide to identify local sites
of helix formation and termination

Ensemble of low energy states

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

Free energy calculations Kiepeis& Floudas 2000

Model proteins using detailed energy calculations
including entropic and solvation contributions

+ Deterministic global optimization Fioudas 2000

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

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

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



Overall Gibbs Free Energy

« Potential Frac

« Entropic TSyac

« Cavity Feavity

« Polarization Fsovation
« lonization Fionization

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

ASTRO-FOLD

Helix Prediction
-Detailed atomistic modeling
~Simuaions of local interactons
(Free Energy Calculations)
¥
b-sheet Prediction
~Novel hydrophobic modeling
-Precictist of opimel topologies
(Combinatorial Optimization)
k 3

Loop Structure Prediction
-Divectal angle sampling
~Discard corformers by dustering

(Novel Clustering Methodology)

E 2
Derivation of Restraints

(Reduced Seerch Space)
¥

Overall 3D Structure Prediction
-Stnuctural data from previous siages
~Preciction via novel soluion approach

(Global Optimization and Vblecular Dynarrics)

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

b-sheet Prediction Flowchart

Klepdis, JL and Floudas, CA. J. Comput. Chem. (2003)
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Helix Formation Probability
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b-sheet Formation
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B-sheet Formulation: Key Concepts

Binary variables

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

Linear objective function

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

Linear constraints

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

Integer cuts

Iterative addition of these constraints allow for the
generation of a ranked list of optimal solutions
Klepdis, JL and Floudas, CA. J. Comput. Chem. (2003)

b-sheet Objective Function
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Dataset Selection
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Hobohm, U. and C.Sander. Prot Sci 3 (1994) 522
20rengo, C.A. et d. Structure 5 (1997) 1093.
Zhang, C. et d. PNAS99 (2002) 3581.

“Huang, E.S et dl. JMol Biol 290 (1999) 267.
McAllister, SR, et dl. (submitted 2005)

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

ASTRO-FOLD for a-helical Bundles

Helix Prediction
~Detailed atormistc modkling
~Simuations of local ineractons

(Free Energy Calculations)

¥ ¥

Interhelical Contacts Loop Structure Preiction
~Mavimize common residue pairs -Dhectal angle samping
-Rank-order list of topologies TROAT | Discard corformers by dustering

(MILP Optimization Model)

(Novel Clustering Methodology)

Derivetion of Restraints
~Dihedtal angle restictons
<

v

(Reduced Seerch Space)

L 2

Overall 3D Structure Prediction
~Sructural data from previous siages
~Precicion vianovel solion approach

(Gobal Optinizztion and Molecular Dynarrics)

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

Probability Development
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Model Overview

%- 0 (%8

*

2 yho

+ %
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Pairwise Model Constraints
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ASTRO-FOLD

Helix Prediction
~Detled atomisic madeling
~Simuations of local interacions

(Free Energy Calculations)

¥

D-sheet Prediction
Novel ic modeling
~Precitlst of optima topologies

(Cobinatorial Optirization)

E 2

Loop Structure Prediction

(Novel Clustering Methodology)

K 2
Derivation of Restraints
~Dihedral angle resticions
-C disance constaints
(Reduced Search Space)
¥

Overall 3D Structure Prediction
~Sructural data fom previous siages
~Precicion vianovel solion approach

(Gobal Optimization and Molecular Dynarrics)

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

Pairwise Model Objective
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Pairwise Model Constraints
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Loop Prediction - Methodology
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Loop Prediction — New Use of Clustering
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Ménnigmann, M. and Floudas, CA. Proteins. (2005)

Loop Prediction — Clustering Example

1200
S0
« threshold t= 4.0A L e
& 800
« for sufficiently large threshold £ ano.
distribution is monotonous
& wo
« tail with large RMSDs becomes apparent % 200

« threshold t= 4.5A

« distribution more conservative the larger
threshold

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

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

ASTRO-FOLD

Helix Prediction
~Detled atomisic madeling
~Simuations of local interacions

(Free Energy Calculations)

¥

|b-sheet Prediction
Novel hyckophobic modeling
-Predtlist of optimal topolagies

(Cobinatorial Optirization)

¥

Loop Structure Prediiction

(Novel Clustering Methodology)

E 3
Derivation of Restraints

(Reduced Search Space)
¥

Overall 3D Structure Prediction
~Sructural data fom previous siages
~Precicion vianovel solion approach

(Gobal Optimization and Molecular Dynarrics)

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

Loop Prediction — Clustering Example

« threshold t= 3.0A

« large clusters for small RMSDs
unfortunately also for large RMSDs

« not always advisable to consider
centroid of largest cluster

« threshold t= 3.5A

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

« large clusters with small RMSDs survive

s to ntive [A]

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

Loop Prediction — Clustering Algorithm
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Monnigmann, M. and Floudas, CA. Proteins. (2005)

Derivation of Restraints

Dihedral angle restraints

» Backbone dihedral angles restrained
according to classification of residue
as either helix or strand

Distance restraints

« Ca-Ca distance restraints for hydrogen
bond network of helix (residues i and i+4)

« Ca-Ca 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)



ASTRO-FOLD

Helix Prediction
~Detiled atomisic modeling
-Simulations of local interactions

(Free Energy Calculations)
¥
B-sheet Prediction
-Novel hycrophabic modeliing
-Predictlst of optimal topolagies
(Combinatorial Optimization)
¥
Loop Structure Prediction
-Dihecral angle sampling
s e o] ~Discard conformers by clustering
(Novel Clustering Methodology)

E 2
Derivation of Restraints

(Reduced Search Space)
k 2

Overall 3D Structure Prediction
~Sruct.ral data fom previous siages
~Precicion vianovel soiion approech

(Gobal Optimization and Molecular Dynarics)

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)

aBB 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 e-convergence for C2 NLPs

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

Tertiary Structure Prediction: Key Ideas

Utilization of helix predictions

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

Mathematical formulation

Formulate tertiary structure prediction problem as a
constrained global optimization problem

Energy modeling

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

Global optimization approach

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

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 srsrsEsEsEEEEsEEEEsEEEEeE
preprocessing for each """"' Good Initial Points for
constrained minimization Local Optimization

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

Conformational Space Annealing

Klepeis, JL, et d. Biophys J. (2003)



Hybrid Algorithm Motivation
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Hybrid Performance

Klepeis, JL, eta. BiophysJ. (2003)

ASTRO-FOLD

B aBB Only
B Hybrid C1
B Hybrid C2
W Hybrid C3
O CSA Only
O Best Altenating Hybrid

Average Computational Time (min)
N
8

Helix Prediction
~Detaled atomisic madeling
~Simuations of local interacions

(Free Energy Calculations)
¥

D-sheet Prediction
~Novel hydrophobic moceling
-Predictist of optimal topologies
(Combinatorial Optimization)

¥

Loop Structure Prediiction

(Novel Clustering Methodology)

E 3

Derivation of Restraints

(Reduced Search Space)

E 2

Overall 3D Structure Prediction
~Sructural data fom previous siages
~Precicion vianovel solion approach

(Gobal Optimization and Molecular Dynarrics)

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

Alternating Hybrids
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Parallelization
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Secondary Structure Prediction Results
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Loop Prediction — Results Comparison
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Results — Blind Structure Prediction
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Results — 2-3 helix bundles
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Tertiary Structure Prediction Results
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ASTRO-FOLD for a-helical Bundles

Helix Prediction

~Detailed atormistc modkling
~Simuations of local ineractons

(Free Energy Calculations)

L 2

L 2

Interhelical Contacts Loop Sinucture Prediction
~Mavdrize common resice pairs -Dhedral angle sampiing
-Rankorder listof topologies TROAT | Discard corformers by dustering
(MILP Optirization Mode) (Novel Clustering Methodology)
Derivation of Restraints
| -Diedalangeresvicios |
P o ¢
(Reduced Search Space)

L 2

Overall 3D Structure Prediction
Sructural data from previous siages
~Precicion vianovel solion approach

(Gobal Optinizztion and Molecular Dynarrics)

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

Results — Contact Prediction Summary

McAllister et al. (submitted 2005)



Results — Tertiary Structure Prediction
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McAllister SR and Floudas, CA. Proceedings, BIOMAT Conference (2005).

Discussion

Results — Tertiary Structure Prediction
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