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Sequence versus Structure

GDCAGDFKIWYFGRTLLVAGAKDEFGAIDA

GCTAGCTTAAGGCCTTCATGATCTTCTGAG

RTLAWYAGHLVAGAKDEFGGDFKIWYFGAI

AGGGCTCCTTCATGATAGCTTAAGGCTTAA

AGGCCTTCATGGGGTTAACATATCTTCTGA

CCTTCATGCTAGCTTAAGGGATCTTAACCG

DFLLVAGAKDEFGKIWYFGGIDAWRTAGDC

HLVAGARTLAFGAIDWYAKDEFGGGDFKIW

ARTHLVAGFGGGAIDWYFKIWYAKLAFGDE



Why is it useful to know the structure of a 
protein not only its sequence?

• The biochemical function of a protein is defined by its interactions with 
other molecules. 

• The 3D structure is more informative than sequence because interactions 
are determined by residues that are close in space but are frequently 
distant in sequence.

Evolution tends to conserve function and 
function depends more directly on structure 
than on sequence, structure is more 
conserved in evolution than sequence.

Patterns in space are frequently more 
recognizable than patterns in sequence.



Function via Structure

Structure Function

GFCHIKAYTRLIM… 

Sequence



X-ray crystallography Nuclear Magnetic Resonance

Major experimental tools



Why Protein Structure Prediction?

Y 2006Y 2004

40,00026,000Structures

millions1,900,000Sequences

We know the experimental 3D structure for 
about 1% of the protein sequences



Principles of Protein Structure

GFCHIKAYTRLIMVG…

A
nabaena 7120

A
nacystis nidulans

C
ondrus crispus

D
esulfovibrio vulgaris

Ab initio prediction Fold Recognition 
Comparative Modeling

folding evolution



Protein structure modeling

Ab initio prediction Comparative Modeling

Applicable to any sequence

Not very accurate, and attempted for 
proteins of <100 residues

Accuracy and applicability are limited by 
our understanding of the protein folding 
problem

Applicable to those sequences only that 
share recognizable similarity to a template 
structure 

Fairly accurate, typically comparable to a low 
resolution X-ray experiment. 
Not limited by size

Accuracy and applicability are rather limited 
by the number of known folds



I  A small difference in the sequence makes a small 
difference in the structure 

II  Protein structures are clustered into fold families

What makes comparative modeling possible



Structural Genomics

The number of “families” is much 
smaller than the number of proteins

Characterize most protein sequences (red) based on related 
known structures (green).



Comparative Protein Structure Modeling

COMPARATIVE 
MODELING
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KIGIFFSTSTGNTTEVA…

Flavodoxin family



Steps in Comparative Protein Structure Modeling
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Comparative Modeling by Satisfaction of 
Spatial Restraints (MODELLER)

3D GKITFYERGFQGHCYESDC-NLQP…
SEQ GKITFYERG---RCYESDCPNLQP…

1. Extract spatial restraints

F(R) = P pi(fi/I)
i

2. Satisfy spatial restraints

A. Šali & T. Blundell. J. Mol. Biol. 234, 779, 1993.
J.P. Overington & A. Šali. Prot. Sci. 3, 1582, 1994.
A. Fiser, R. Do & A. Šali. Prot Sci. 9, 1753, 2000.



α+β barrel: flavodoxin

antiparallel β-barrel

IG fold: immunoglobulin

Loop Modeling in Protein Structures

A. Fiser, R. Do & A. Šali, Prot. Sci., 9, 1753, 2000



Loop modeling strategies

Database search                    Conformational search
“Comparative”                                                   “ab initio”

•even in DB search, the different conformations must be ranked
•database is complete only up to 4-6 residues
•loops longer than 4 residues need extensive optimization
•DB method is efficient for specific families (eg. Canonical loops in Ig’s, β-hairpins etc)



Loop Modeling by Conformational Search

1. Protein representation.

2. Energy (scoring) function.

3. Optimization algorithm.



Energy Function for Loop Modeling

The energy function is a sum of many terms:

1) Statistical preferences for  dihedral angles:

2) Restraints from the CHARMM-22 force field:

3) Statistical potential for non-bonded contacts:



Mainchain Terms for Loop Modeling



Mainchain terms for loop modeling 



Optimization of Objective Function



Optimization of Objective Function



Accuracy of loop models



Accuracy of Loop Modeling

RMSD=0.6Å

HIGH ACCURACY (<1Å)

50% (30%) of 8-residue loops

RMSD=1.1Å
RMSD=2.8Å

LOW ACCURACY (>2Å)

10% (22%) of 8-residue loops

A. Fiser, R. Do & A. Šali, Prot. Sci., 9, 1537, 2000

MEDIUM ACCURACY (<2Å)

40% (48%) of 8-residue loops

RMSD=1.1Å



Fraction of Loops Modeled With at Least Medium Accuracy



Problems in Practical Loop Modeling

1. Decide which regions to model as loops.
2. Correct alignment of anchor regions & environment.
3. Modeling of a loop.

T0076: 46-53
RMSDmnch loop = 1.37 Å
RMSDmnch anchors = 1.52 Å

T0058: 80-85
RMSDmnch loop = 1.09 Å
RMSDmnch anchors = 0.29 Å



Assessing Accuracy of Loop Models



S. pombe contractile ring protein Cdc4p. 
33 % seq id. 8 residue long loop, 
RMSDglobal: 3.64, RMSDlocal:1.36Å

Examples from CASP 3/4



Adding solvent effect to loop modeling 



Accuracy of loop models as a 
function of amount of optimization



Refining with CHARMM/GB

50 steps of the steepest descent relaxation,
followed by 2000 steps of ABNR minimization
or until convergence (D < 10-4 kcal/mol). 

harmonic restraints with force constants
of 0.1 and 1 kcal/mol  applied to atoms within
9Å and  to atoms 9-12Å from the loop atoms

sample loop models

Select loop models

Select loop and its environment

Minimize loop and its environment
with CHARMM/GB

Charmm/GB 0.43 Å
Modeller 1.84 Å
Charmm/Modeller 1.84 Å



Improving model qualityImproving ranking

Refining models with CHARMM/GB

<rmsdGLOBAL/LOCAL>
CHARMM/GB    1.87 /1.07 Å
MODELLER         2.36 /1.29 Å

55%-63%
45%-37%

A. Fiser, M. Feig, C.L. Brooks, A. Sali (2002) Acc. Chem. Res. 



Typical Errors in Comparative Models

Distortion in correctly
aligned regions

Region without a 
template Side chain packing

Incorrect template

MODEL
X-RAY
TEMPLATE

Misalignment



D. Baker & A. D. Baker & A. D. Baker & A. SaliSaliSali. Science, 2001. Science, 2001. Science, 2001



24% sequence identity

YJL001W
1rypH

25% sequence identity

YGL203C
1ac5

Ser 176

His 488

Asp 383

Some Models Can Be Surprisingly Accurate Some Models Can Be Surprisingly Accurate 
(in Some Regions)(in Some Regions)



http://www.salilab.org/modbase
Pieper et al., Nucl. Acids Res. 2004.



Fiser, A. and Sali, A. Bioinformatics. (2003) 18(19) 2500-01

http://www.fiserlab.org/



Applications  I.

Structural genomics



Structural Genomics

The number of “families” is much 
smaller than the number of proteins

Characterize most protein sequences (red) based on related 
known structures (green).



Structural Genomics

Definition: The aim of structural genomics is to put every protein sequence within 
a modeling distance of a known protein structure.

Size of the problem:
There are a few thousand domain fold families.
There are ~20,000 sequence families (30% sequence id).

Solution: 
Determine protein structures for as many different families as possible.
Model the rest of the family members using comparative modeling 

Burley et. al. Nat. Genet. 23, 151, 1999.
Sanchez et. al. Nat. Str. Biol. 7, 986, 2000





Flowchart of work









.

Limitations of structural genomics: Quaternary structure

Proteins are modular, ~2.7 domains per protein.

Structural genomics is determining structures of domains, 
usually not proteins, definitely not assemblies.

Average Length
Protein    Domain   Model

472           175        192

Thus, there is a great need for methods for docking of domains into proteins 
and of proteins into macromolecular assemblies.

proteinsdomains assemblies

Evolution shuffles domains.

24% of domains/residues in 57% of proteins are modeled
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