
Comparative Protein Structure Prediction

Bioinformatics Master, Universidad de Valencia
20 Abril, 2015 

Francisco Martínez-Jiménez - fmartinez@pcb.ub.es

Monday, April 20, 15

mailto:fmartinez@pcb.ub.es
mailto:fmartinez@pcb.ub.es


3

Objective

TO LEARN HOW-TO MODEL A 
3D-STRUCTURE FROM A SEQUENCE

AND A KNOWN STRUCTURE
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DISCLAIMER!

http://sgt.cnag.cat/www/software/?prot_resources
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Nomenclature
• Homology: Sharing a common ancestor, may have similar or 

dissimilar functions

• Similarity: Score that quantifies the degree of relationship between 
two sequences.

• Identity: Fraction of identical aminoacids between two aligned 
sequences (case of similarity).

• Target: Sequence corresponding to the protein to be modeled. 

• Template: 3D structure/s to be used during protein structure prediction.

• Model: Predicted 3D structure of the target sequence.

  Restraint: a measure or condition that keeps something     under 
control.

Monday, April 20, 15
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Nomenclature
• Fold: Three dimensional conformation 

of a protein sequence (usually at 
domain level).

• Domain: Structurally globular part of a 
protein, which may independently fold.

• Secondary Structure: Regular sub-
domain structures composed by alpha-
helices, beta-sheets and coils (or loops).

• Backbone: Protein structure skeleton 
composed by the carbon, nitrogen and 
oxygen atoms.

• Side-Chain: Specific atoms identifying 
each of the 20 residues types.

Monday, April 20, 15
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Principles of protein structure

Anabaena 7120

Anacystis nidulans

C
ondrus crispus

D
esulfovibrio vulgaris

Evolution (rules) 

Threading
Moulding 

Comparative Modeling

Folding (physics)
Ab initio prediction

D. Baker & A. Sali. Science 294, 93, 2001.
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Homology modeling 
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Comparative Modeling

Target – Template
Alignment

Model Building

Template Search

Model Evaluation

http://www.salilab.org/modeller/tutorial/Intro to comparative 
protein structure prediction

Monday, April 20, 15
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Comparative modeling by satisfaction of spatial restraints 
MODELLER

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.
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Types of homology modeling

model building

alignment

model assessment

model building

alignment

model assessment

Comparative modeling

Threading

Moulding
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MOULDER

John, Sali (2003). NAR pp31 3982

Moulding: iterative alignment, 
model building, model assessment

Monday, April 20, 15
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Genetic algorithm operators

 Also, “two point crossover” and “gap deletion”.

Single point cross-over
   …TSSQ–NMKLGVFWGY–––…
   …V–SSCN–––GDLHMKVGV…

     
   …TSSQNMK–––LGVFWGY…
   …VSSCNGDLHMKV–––GV…

…TSSQ–NMK–––LGVFWGY…
…V–SSCNGDLHMKV–––GV…

  
…TSSQNMKLGVFWGY–––…
…VSSCN–––GDLHMKVGV…

  

Gap insertion

   …TSSQNMKLGVFWGY…                                        
   …VSSCNGDLHMKVGV…    

        

…TSSQN––MKLGVFWGY…
…VSSCNGDLHMKVG––V…

   

Gap shift

   …T––SSQNMKLGVFWGY…                                        
   …VSSCNGDLHMKVGV––…

        

…–T–SSQNMKLGVFWGY…                                        
…VSSCNGDLHMKVGV––…

…T–S–SQNMKLGVFWGY…                                        
…VSSCNGDLHMKVGV––…

…––TSSQNMKLGVFWGY…                                        
…VSSCNGDLHMKVGV––… 

   
…TS––SQNMKLGVFWGY…                                        
…VSSCNGDLHMKVGV––… 

Monday, April 20, 15
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Composite model assessment score

•Weighted linear combination of several structural properties:

Z = 0.17 Z(PP) + 0.02 Z(PS) + 0.10 Z(SC) + 0.26 Z(Ha) + 0.45 (AS)

John, Sali (2003). NAR pp31 3982

MINIMIZE!!

Monday, April 20, 15
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a                 b                 c                   d

Sequence identity          4.4%

Initial model Cα RMSD 10.1Å

Final model Cα RMSD   3.6Å

Application to a difficult modeling case
 1BOV-1LTS
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Target -template
Sequence 
identity

[%]

Coverage

[% aa]

Initial predictionInitial prediction Final predictionFinal prediction Best predictionBest prediction

Target -template
Sequence 
identity

[%]

Coverage

[% aa]
Cα RMSD

[Å]

CE overlap

[%]

Cα RMSD

[Å]

CE overlap

[%]

Cα RMSD

[Å]

CE overlap

[%]

1ATR-1ATN 13.8 94.3 19.2 20.2 18.8 20.2 17.1 24.6

1BOV-1LTS 4.4 83.5 10.1 29.4 3.6 79.4 3.1 92.6

1CAU-1CAU 18.8 96.7 11.7 15.6 10.0 27.4 7.6 47.4
1COL-1CPC 11.2 81.4 8.6 44.0 5.6 58.6 4.8 59.3

1LFB-1HOM 17.6 75.0 1.2 100.0 1.2 100.0 1.1 100.0

1NSB-2SIM 10.1 89.2 13.2 20.2 13.2 20.1 12.3 26.8

1RNH-1HRH 26.6 91.2 13.0 21.2 4.8 35.4 3.5 57.5

1YCC-2MTA 14.5 55.1 3.4 72.4 5.3 58.4 3.1 75.0

2AYH-1SAC 8.8 78.4 5.8 33.8 5.5 48.0 4.8 64.9

2CCY-1BBH 21.3 97.0 4.1 52.4 3.1 73.0 2.6 77.0

2PLV-1BBT 20.2 91.4 7.3 58.9 7.3 58.9 6.2 60.7

2POR-2OMF 13.2 97.3 18.3 11.3 11.4 14.7 10.5 25.9

2RHE-1CID 21.2 61.6 9.2 33.7 7.5 51.1 4.4 71.1

2RHE-3HLA 2.4 96.0 8.1 16.5 7.6 9.4 6.7 43.5

3ADK-1GKY 19.5 100.0 13.8 26.6 11.5 37.7 7.7 48.1

3HHR-1TEN 18.4 98.9 7.3 60.9 6.0 66.7 4.9 79.3

4FGF-81IB 14.1 98.6 11.3 24.0 9.3 30.6 5.4 41.2

6XIA-3RUB 8.7 44.1 10.5 14.5 10.1 11.0 9.0 34.3

9RNT-2SAR 13.1 88.5 5.8 41.7 5.1 51.2 4.8 69.0

AVERAGE 14.2 85.2 9.6 36.7 7.7 44.8 6.3 57.8

Benchmark with the “very difficult” test set
D. Fischer threading test set of 68 structural pairs (a subset of 19)

Monday, April 20, 15



Threading / Fold recognition

It is estimated there are only around 1000 to 10.000 stable folds in 
nature

Fold recognition is essentially finding the best fit of a sequence to a 
set of candidate folds

Find the best way to “mount” the residue sequence of one protein on 
a known structure taken from another protein

for each fold estimate the probability that the sequence can have that 
fold

15

Monday, April 20, 15



Finding the best “fold”
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S=20 S=5 S=-2 
Z=5 Z=1.5 Z= -1 

H bond donor 
H bond acceptor 
Glycin 
Hydrophobic 

Monday, April 20, 15



Threading software
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TOPITS: Heuristic Threader, part of larger structure prediction system.

3DPSSM: Integrated system, does its own MSA and secondary 
structure predictions and then threading. (http://
ww.sbg.bio.ic.ac.uk/~3dpssm/index2.html)

GenThreader: Similar to 3DPSSM (http://bioinf.cs.ucl.ac.uk/psipred/)

Monday, April 20, 15

http://www.sbg.bio.ic.ac.uk/~3dpssm/index2.html
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Model Assessment
 (Potentials of Mean Force)

A

B

AB

B

A

B

“The native structure generally has the lowest free energy of all states under the native conditions”

Monday, April 20, 15
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Tanaka and Sheraga (1975) PNAS, 72 pp3802
Sippl, (1990) J.Mo.Biol. 213 pp859

Godzik, (1996) Structure 15 pp363
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B

Scoring
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Scoring 
Significance of an alignment (score)

“Energy” Z-score the model with respect the energy of random 
models (or rest of decoys).
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σ
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ProSa

Deriving Scoring
Structural space

+E-E

<E>

σE

http://www.came.sbg.ac.at/prosa.php
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Understanding ProSa evaluation 
score

Monday, April 20, 15
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http://www.salilab.org/modeller/

DOPE (MODELLER)

Pseudo-Energy with 
respect a ideal 

spherical protein as 
a reference state

Deriving Scoring
Structural space

Shen, Min-yi, and Andrej Sali. "Statistical potential for assessment and prediction of protein structures." Protein 
science 15.11 (2006): 2507-2524.

Monday, April 20, 15
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http://sparks.informatics.iupui.edu/yueyang/DFIRE/dDFIRE-
service

DFIRE/DFIRE2

Pseudo-Energy 
with respect a 

ideal gas-phase 
reference state

Deriving Scoring
Structural space

Monday, April 20, 15

http://sparks.informatics.iupui.edu/yueyang/DFIRE/dDFIRE-service
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Deriving Scoring
Structural space

Verify3D
http://nihserver.mbi.ucla.edu/Verify_3D/

Monday, April 20, 15
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Accuracy and applicability 
of comparative models

Monday, April 20, 15



Comparative modeling by satisfaction of spatial restraints Types 
of errors and their impact

Wrong fold

Miss alignments

Loop regions

Rigid body distortions

Side-chain packing

Marti-Renom etal. Ann Rev Biophys Biomol Struct (2000) 29, 291Template - Model - Real Structure

Monday, April 20, 15
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Model Accuracy

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.

MEDIUM ACCURACY LOW ACCURACY HIGH ACCURACY 

NM23   Seq id  77% CRABP   Seq id  41% EDN  Seq id  33%

X-RAY /  MODEL

Sidechains
Core backbone

Loops

Cα equiv 147/148
RMSD 0.41Å

Sidechains
Core backbone

Loops
Alignment

Cα equiv 122/137
RMSD 1.34Å

Sidechains
Core backbone

Loops
Alignment

Fold assignment

Cα equiv 90/134
RMSD 1.17Å

Monday, April 20, 15
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Utility of protein structure models, despite errors

D. Baker & A. Sali. Science 294, 93, 2001.

Monday, April 20, 15
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Comparative Protein Structure Prediction
MODELLER tutorial

$>mod9v14 model.py

The current release of Modeller is 9.14, which was released on July 29th, 2014

Monday, April 20, 15
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Obtaining MODELLER and related 
information

MODELLER (9v14) web page
http://www.salilab.org/modeller/

Download Software (Linux/Windows/Mac)
HTML Manual
Online tutorial. 
The password is...  

Monday, April 20, 15

http://www.salilab.org/modeller/
http://www.salilab.org/modeller/
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Using MODELLER

No GUI! 
Controlled by command file 
Script is written in PYTHON language 
You may know Python language is simple 

Monday, April 20, 15
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INPUT:
Target Sequence (FASTA/PIR format)
Template Structure (PDB format)
Python script file

OUTPUT:
Target-Template Alignment
Model in PDB format
Additional data (in .log)

“MINIMAL” MODELLER

Monday, April 20, 15
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Modeling of BLBP
Input

Target: Brain lipid-binding protein (BLBP)
BLBP sequence in PIR (MODELLER) format:

>P1;blbp

sequence:blbp:::::::: 

VDAFCATWKLTDSQNFDEYMKALGVGFATRQVGNVTKPTVIISQEGGKVVIRTQCTFKNTEINFQLGEEFEETSIDDRNCKSVVRLDGD
KLIHVQKWDGKETNCTREIKDGKMVVTLTFGDIVAVRCYEKA*

blbp.seq

Monday, April 20, 15
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Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Python script for target-template alignment

# Example for: alignment.align()

# This will read two sequences, align them, and write the alignment
# to a file:

log.verbose()
env = environ()

aln = alignment(env)
mdl = model(env, file='1hms')
aln.append_model(mdl, align_codes='1hms') 
aln.append(file='blbp.seq', align_codes=('blbp'))

# The as1.sim.mat similarity matrix is used by default:
aln.align(gap_penalties_1d=(-600, -400))
aln.write(file='blbp-1hms.ali', alignment_format='PIR')
aln.write(file='blbp-1hms.pap', alignment_format='PAP') 

Run by typing  mod9v11 align.py in the directory where you have the python file. 
MODELLER will produce a align.log file

align.py 

Monday, April 20, 15



33

Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Python script for target-template alignment

# Example for: alignment.align()

# This will read two sequences, align them, and write the alignment
# to a file:

log.verbose()
env = environ()

aln = alignment(env)
mdl = model(env, file='1hms')
aln.append_model(mdl, align_codes='1hms') 
aln.append(file='blbp.seq', align_codes=('blbp'))

# The as1.sim.mat similarity matrix is used by default:
aln.align(gap_penalties_1d=(-600, -400))
aln.write(file='blbp-1hms.ali', alignment_format='PIR')
aln.write(file='blbp-1hms.pap', alignment_format='PAP') 

Run by typing  mod9v11 align.py in the directory where you have the python file. 
MODELLER will produce a align.log file

Monday, April 20, 15
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Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Python script for target-template alignment

# Example for: alignment.align()

# This will read two sequences, align them, and write the alignment
# to a file:

log.verbose()
env = environ()

aln = alignment(env)
mdl = model(env, file='1hms')
aln.append_model(mdl, align_codes='1hms') 
aln.append(file='blbp.seq', align_codes=('blbp'))

# The as1.sim.mat similarity matrix is used by default:
aln.align(gap_penalties_1d=(-600, -400))
aln.write(file='blbp-1hms.ali', alignment_format='PIR')
aln.write(file='blbp-1hms.pap', alignment_format='PAP') 

Run by typing  mod9v11 align.py in the directory where you have the python file. 
MODELLER will produce a align.log file

Monday, April 20, 15
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Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Python script for target-template alignment

# Example for: alignment.align()

# This will read two sequences, align them, and write the alignment
# to a file:

log.verbose()
env = environ()

aln = alignment(env)
mdl = model(env, file='1hms')
aln.append_model(mdl, align_codes='1hms') 
aln.append(file='blbp.seq', align_codes=('blbp'))

# The as1.sim.mat similarity matrix is used by default:
aln.align(gap_penalties_1d=(-600, -400))
aln.write(file='blbp-1hms.ali', alignment_format='PIR')
aln.write(file='blbp-1hms.pap', alignment_format='PAP') 

Run by typing  mod9v11 align.py in the directory where you have the python file. 
MODELLER will produce a align.log file

Monday, April 20, 15
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Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Output

>P1;1hms

structureX:1hms:   1 :A: 131 :A:undefined:undefined:-1.00:-1.00

VDAFLGTWKLVDSKNFDDYMKSLGVGFATRQVASMTKPTTIIEKNGDILTLKTHSTFKNTEISFKLGVEFDETTA

DDRKVKSIVTLDGGKLVHLQKWDGQETTLVRELIDGKLILTLTHGTAVCTRTYEKE*

>P1;blbp

sequence:blbp:     : :     : : : : 0.00: 0.00

VDAFCATWKLTDSQNFDEYMKALGVGFATRQVGNVTKPTVIISQEGGKVVIRTQCTFKNTEINFQLGEEFEETSI

DDRNCKSVVRLDGDKLIHVQKWDGKETNCTREIKDGKMVVTLTFGDIVAVRCYEKA*

blbp-1hms.ali

Monday, April 20, 15
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Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Output

>P1;1hms

structureX:1hms:   1 : : 131 : :undefined:undefined:-1.00:-1.00

VDAFLGTWKLVDSKNFDDYMKSLGVGFATRQVASMTKPTTIIEKNGDILTLKTHSTFKNTEISFKLGVEFDETTA

DDRKVKSIVTLDGGKLVHLQKWDGQETTLVRELIDGKLILTLTHGTAVCTRTYEKE*

>P1;blbp

sequence:blbp:     : :     : : : : 0.00: 0.00

VDAFCATWKLTDSQNFDEYMKALGVGFATRQVGNVTKPTVIISQEGGKVVIRTQCTFKNTEINFQLGEEFEETSI

DDRNCKSVVRLDGDKLIHVQKWDGKETNCTREIKDGKMVVTLTFGDIVAVRCYEKA*

Monday, April 20, 15
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Modeling of BLBP
STEP 1: Align blbp and 1hms sequences 

Output

 _aln.pos         10        20        30        40        50        60
1hms      VDAFLGTWKLVDSKNFDDYMKSLGVGFATRQVASMTKPTTIIEKNGDILTLKTHSTFKNTEISFKLGV
blbp      VDAFCATWKLTDSQNFDEYMKALGVGFATRQVGNVTKPTVIISQEGGKVVIRTQCTFKNTEINFQLGE
 _consrvd ****  **** ** *** *** **********   **** **   *      *  ******* * **

 _aln.p   70        80        90       100       110       120       130
1hms      EFDETTADDRKVKSIVTLDGGKLVHLQKWDGQETTLVRELIDGKLILTLTHGTAVCTRTYEKE
blbp      EFEETSIDDRNCKSVVRLDGDKLIHVQKWDGKETNCTREIKDGKMVVTLTFGDIVAVRCYEKA
 _consrvd ** **  ***  ** * *** ** * ***** **   **  ***   *** *  *  * ***            

blbp-1hms.pap

Monday, April 20, 15
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Modeling of BLBP
STEP 2: Model the blbp structure using the alignment 

from step 1. 
Python script for model building

# Homology modelling by the automodel class
from modeller.automodel import *       # Load the automodel class
log.verbose()    ! ! ! ! ! ! # request verbose output
env = environ()  ! ! ! ! ! ! # create a new MODELLER environment
! ! ! ! ! ! ! ! ! !
# directories for input atom files
env.io.atom_files_directory = './:../atom_files'

a = automodel(env,
              alnfile  = 'blbp-1hms.ali',     # alignment filename
              knowns   = '1hms',              # codes of the templates
              sequence = 'blbp')              # code of the target

a.starting_model= 1                 # index of the first model 
a.ending_model  = 1                 # index of the last model
                                    # (determines how many models to calculate)
a.make()                            # do the actual homology modelling

Run by typing  mod9v11 model.py in the directory where you have the python file. 
MODELLER will produce a model.log file

Monday, April 20, 15
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Modeling of BLBP
STEP 2: Model the blbp structure using the alignment 

from step 1. 
Python script for model building

# Homology modelling by the automodel class
from modeller.automodel import *    # Load the automodel class
log.verbose()    ! ! ! ! ! ! # request verbose output
env = environ()  ! ! ! ! ! ! # create a new MODELLER environment
! ! ! ! ! ! ! ! ! !
# directories for input atom files
env.io.atom_files_directory = './:../atom_files'

a = automodel(env,
              alnfile  = 'blbp-1hms.ali',     # alignment filename
              knowns   = '1hms',              # codes of the templates
              sequence = 'blbp')              # code of the target

a.starting_model= 1                 # index of the first model 
a.ending_model  = 1                 # index of the last model
                                    # (determines how many models to calculate)
a.make()                            # do the actual homology modelling

Run by typing  mod9v11 model.py in the directory where you have the python file. 
MODELLER will produce a model.log file

Monday, April 20, 15
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Modeling of BLBP
STEP 2: Model the blbp structure using the alignment 

from step 1. 
Python script for model building

# Homology modelling by the automodel class
from modeller.automodel import *    # Load the automodel class
log.verbose()    ! ! ! ! ! ! # request verbose output
env = environ()  ! ! ! ! ! ! # create a new MODELLER environment
! ! ! ! ! ! ! ! ! !
# directories for input atom files
env.io.atom_files_directory = './:../atom_files'

a = automodel(env,
              alnfile  = 'blbp-1hms.ali',     # alignment filename
              knowns   = '1hms',              # codes of the templates
              sequence = 'blbp')              # code of the target

a.starting_model= 1                 # index of the first model 
a.ending_model  = 1                 # index of the last model
                                    # (determines how many models to calculate)
a.make()                            # do the actual homology modelling

Run by typing  mod9v11 model.py in the directory where you have the python file. 
MODELLER will produce a model.log file

Monday, April 20, 15
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•Model file  
blbp.B99990001.pdb

PDB file

Can be viewed with Chimera 
http://www.cgl.ucsf.edu/chimera/

PyMol 
http://www.pymol.org

Rasmol 
http://www.openrasmol.org

Modeling of BLBP
STEP 2: Model the blbp structure using the alignment 

from step 1. 
Python script for model building

Monday, April 20, 15
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http://www.salilab.org/modeller/tutorial/

Get ready for 11th May!
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http://www.salilab.org/modeller/tutorial/
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FULLY AUTOMATIC MODWEB
http://salilab.org/modweb

Monday, April 20, 15

http://salilab.org/modweb
http://salilab.org/modweb


MODBASE
http://salilab.org/modbase

• Pieper et al. (2004) Nucleic Acids Research 32, D217-D222

Search Page Model Details

Model Overview

Sequence Overview

Monday, April 20, 15
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Modeling RNA

Monday, April 20, 15
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MC-FOLD / MC-SYM
http://www.major.iric.ca/MajorLabEn/MC-Tools.html

http://www.major.iric.ca/MC-Sym/

• Coarse-grained model
• Fragment-based approach
• Fully automated

• Slow
• Sampling bottleneck
• Relative poor accuracy

Monday, April 20, 15



ROSIE
http://rosie.rosettacommons.org/rna_denovo
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MODERNA

• Comparative RNA 
modeling

• Able to handle 115 
nucleotide modifications

http://iimcb.genesilico.pl/modernaserver/
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Modeling Chromatin
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Integrative Modeling with RNA and chromatin 
http://www.integrativemodeling.org

P1 P2

P1 P2

P1 P2

these regions (Gruber and Errington, 2009; Sullivan et al., 2009).
Thus, the data presented here, which demonstrate that the
centromeric region of a bacterial chromosome is particularly
compact in vivo, connect SMC’s previously noted effects upon
chromosome segregation and compaction.

Our models also elucidate the detailed arrangement of the
arms of the chromosome and demonstrate that the chromo-
somal arms are arranged in a periodic fashion. Interestingly, a
helical arrangement of newly replicated DNA has been observed
in B. subtilis (Berlatzky et al., 2008). While themechanism behind
such a periodic arrangement in Caulobacter and/or B. subtilis is
yet to be unraveled, such arrangements could represent an
energetic minimum (Maritan et al., 2000). Alternatively, these
highly regular folding patterns could be the consequence of
interactions between the genome and helically arranged cyto-
skeletal proteins such as MreB (Gitai and Shapiro, 2003).

We find that opposite-arm loci equidistant from the parS
elements are aligned at similar positions along the long axis of
the wild-type swarmer cell chromosome structure. However, the
inversions in strains ET163 and ET166 yield regions of the struc-
ture in which opposite-arm loci are no longer well aligned. These
misalignments suggest that there are additional constraints on
the positioning of loci along the long axis of the structure/cell. In
keeping with the segregation-based model posed above, the
inversions in strains ET163 and ET166 could affect the timing of
segregation of opposite arm loci and thereby influence the align-
ment and positioning of the arms of the chromosome.

Scale bar = 2 µm
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Figure 7. The Caulobacter Chromosome Is Free to
Rotate around the Long Cell Axis
(A) Left: Schematic of a Caulobacter swarmer cell indi-

cating the positions of the new and old poles as well as the

dorsal and ventral sides of the cell. Negative and positive

signs refer to the convention used by our image analysis

software. Center: Example micrographs of double-labeled

Caulobacter swarmer cells showing configurations of the

chromosome in which the labeled loci reside on opposite

sides of the cell. Right: Relative positions of the left- and

right-arm markers in three strains marked at different

positions in the chromosome. Circles denote the means of

three experiments, each of which included at least 400

cells. Bars represent 95% confidence intervals of the

mean. The dotted line indicates the expected value for a

distribution in which loci have no preferential localization

along the short axis.

(B) Virtual cell showing the distribution of !200,000 LacI-

CFP foci along the short and long axes of the cell. Left:

Markers on the right arm. Center: Markers on the left arm.

Right: Merge of the two arms. Note that the two arms are

equally distributed along the short cell axis.

Our microscopy studies indicate that loci
have no preferential locations about the short
axis of the cell and therefore that the chromo-
some has no preferential orientation about this
axis. Therefore, the parS sites represent the
only sequence elements that stably anchor the
chromosome to the cell. Such a finding is con-
sistent with recent simulations, which have
illustrated that anchoring near the origin alone

is sufficient to yield the overall linear arrangement of loci
observed in swarmer cells (Buenemann and Lenz, 2010).
However, it remains possible that events such as transertion
(Woldringh, 2002), the simultaneous transcription, translation,
and insertion of membrane proteins into the cellular envelope,
may transiently couple the genome to the membrane.
In eukaryotes the subnuclear localization of genes is some-

times correlated with their expression (Andrulis et al., 1998;
Kosak et al., 2002). In most cases cause-and-effect relationships
for these correlations are unclear. In cases where the subnuclear
position of a gene could be experimentally altered, the resulting
gene expression changes were small (Finlan et al., 2008; Ku-
maran and Spector, 2008). Our observation that genome-wide
rotation resulting from relocalization of the parS sites did not
dramatically alter gene expression is in line with these eukaryotic
studies. Although a number of genes were affected, the effect
was typically less than 2-fold. Thus, the precise position of a
gene along the long axis of the cell does not strongly influence
its expression. Additionally, it is unlikely that the perturbed ge-
nome conformations observed in our inversion strains are the
result of large-scale transcriptional changes. Instead, the struc-
tural changes observed in the strains are likely the result of
changes in the order of loci segregation caused by the move-
ment of the parS sites.
The work presented here illustrates how a comprehensive

studyof genome3Darchitecture canprovide insight into the roles
of sequence elements and fundamental DNA-based processes

Molecular Cell

The 3D Architecture of a Bacterial Genome
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The “Chromatin Globule” model
D. Baù et al. Nat Struct Mol Biol (2011) 18:107-14

A. Sanyal et al.  Current Opinion in Cell Biology (2011) 23:325–33.
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Münkel et al. JMB (1999)

of the genome inferred from Hi-C. More gen-
erally, a strong correlation was observed between
the number of Hi-C readsmij and the 3D distance
between locus i and locus j as measured by FISH
[Spearman’s r = –0.916, P = 0.00003 (fig. S3)],
suggesting that Hi-C read count may serve as a
proxy for distance.

Upon close examination of the Hi-C data, we
noted that pairs of loci in compartment B showed
a consistently higher interaction frequency at a
given genomic distance than pairs of loci in com-
partment A (fig. S4). This suggests that compart-
ment B is more densely packed (15). The FISH
data are consistent with this observation; loci in
compartment B exhibited a stronger tendency for
close spatial localization.

To explore whether the two spatial compart-
ments correspond to known features of the ge-
nome, we compared the compartments identified
in our 1-Mb correlation maps with known genetic
and epigenetic features. Compartment A correlates
strongly with the presence of genes (Spearman’s
r = 0.431, P < 10–137), higher expression [via
genome-wide mRNA expression, Spearman’s
r = 0.476, P < 10–145 (fig. S5)], and accessible
chromatin [as measured by deoxyribonuclease I
(DNAseI) sensitivity, Spearman’s r = 0.651, P
negligible] (16, 17). Compartment A also shows
enrichment for both activating (H3K36 trimethyl-
ation, Spearman’s r = 0.601, P < 10–296) and
repressive (H3K27 trimethylation, Spearman’s
r = 0.282, P < 10–56) chromatin marks (18).

We repeated the above analysis at a resolution
of 100 kb (Fig. 3G) and saw that, although the
correlation of compartment A with all other ge-
nomic and epigenetic features remained strong
(Spearman’s r > 0.4, P negligible), the correla-
tion with the sole repressive mark, H3K27 trimeth-
ylation, was dramatically attenuated (Spearman’s
r = 0.046, P < 10–15). On the basis of these re-
sults we concluded that compartment A is more
closely associated with open, accessible, actively
transcribed chromatin.

We repeated our experiment with K562 cells,
an erythroleukemia cell line with an aberrant kar-
yotype (19). We again observed two compart-
ments; these were similar in composition to those
observed in GM06990 cells [Pearson’s r = 0.732,

Fig. 4. The local packing of
chromatin is consistent with the
behavior of a fractal globule. (A)
Contact probability as a function
of genomic distance averaged
across the genome (blue) shows
a power law scaling between
500 kb and 7 Mb (shaded re-
gion) with a slope of –1.08 (fit
shown in cyan). (B) Simulation
results for contact probability as
a function of distance (1 mono-
mer ~ 6 nucleosomes ~ 1200
base pairs) (10) for equilibrium
(red) and fractal (blue) globules.
The slope for a fractal globule is
very nearly –1 (cyan), confirm-
ing our prediction (10). The slope
for an equilibrium globule is –3/2,
matching prior theoretical expec-
tations. The slope for the fractal
globule closely resembles the slope
we observed in the genome. (C)
(Top) An unfolded polymer chain,
4000 monomers (4.8 Mb) long.
Coloration corresponds to distance
from one endpoint, ranging from
blue to cyan, green, yellow, or-
ange, and red. (Middle) An equi-
librium globule. The structure is
highly entangled; loci that are
nearby along the contour (sim-
ilar color) need not be nearby in
3D. (Bottom) A fractal globule.
Nearby loci along the contour
tend to be nearby in 3D, leading
to monochromatic blocks both
on the surface and in cross sec-
tion. The structure lacks knots.
(D) Genome architecture at three
scales. (Top) Two compartments,
corresponding to open and closed
chromatin, spatially partition the
genome. Chromosomes (blue, cyan,
green) occupy distinct territories.
(Middle) Individual chromosomes
weave back and forth between
the open and closed chromatin
compartments. (Bottom) At the
scale of single megabases, the chromosome consists of a series of fractal globules.
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PolII

HBB

Eraf

Factory

in-out position of active genes, relative to factories, was related to
differential positioning relative to the chromosome territory. To test
this, we assessed the position of the infrequently transcribed gene Uros
relative to the chromosome 7 territory (Supplementary Fig. 2 online).
Although Uros is actively transcribed only 29% of the time, it was
found outside its chromosome territory in 79% of cases. In contrast,
the inactive gene Fgfr2 was outside the chromosome territory in only
19% of cases (Supplementary Fig. 2 online). These results confirm
that expressed genes are often located outside chromosome territories
and inactive genes are more often inside chromosome territories. But
these data do not show a correlation between positioning relative to
the chromosome territory and the on-off transcriptional behavior of
active genes. Instead, our data suggest that genes with transcriptional
potential are preferentially located outside chromosome territories,
but this alone is not sufficient for transcription.

RNAP II factories are limiting in vivo
We noticed that the number of RNAP II foci in erythroid cells was
markedly lower than that reported for fibroblast-like cell lines. Figure 6
shows deconvoluted, projected images derived from 3D image stacks
showing all the RNAP II transcription factories in single cell nuclei

from various tissues. We found that erythroid cells had, on average,
only 100–300 RNAP II foci per nucleus. Many other tissue types
have equivalent numbers of RNAP II foci, suggesting that erythroid
cells do not have abnormally low numbers of RNAP II foci.
In contrast, limited-passage mouse embryonic fibroblasts (MEFs)
have a much greater number and higher density of RNAP II foci,
similar to previous reports for HeLa and fibroblast cell lines. We
conclude that the number of transcription factories in tissues is far
more restricted than indicated by previous estimates from cultured
cells. It is, perhaps, not surprising that colocalization of transcribed
genes was not observed in a recent study using cultured fibroblast-like
cells27. Our data indicate that erythroid and other differentiated or
committed tissue types have a limited number of available transcription
sites. Coupled with estimates from expressed-sequence tag databases,
which show that erythroid cells express at least 4,000 genes (data not
shown), we conclude that many genes are obliged to seek out and
share the same factory.

3C analysis
Finally, we corroborated the colocalization of transcribed alleles by a
completely independent method. 3C generates a population-average
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Figure 6 Comparison of RNAP II foci in several tissue types and MEFs. (a) Deconvoluted maximum-intensity projections of image stacks of nuclei
immunostained for RNAP II. E10, embryonic blood; E14, fetal liver erythroid; AS, adult anemic spleen erythroid; Sp, normal adult spleen; Th, adult thymus;
Br, fetal brain. Scale bar, 10 mm. (b) Numbers of RNAP II foci counted for each nucleus shown in a.

Figure 5 Actively transcribed genes colocalize to
shared transcription factories. (a) Single optical
section of a triple-label DNA immuno-FISH on
erythroid cell, showing Hbb (green), Eraf (red)
and RNAP II foci (blue). The merged and
separate channels of the signals are shown in the
side panels. On the left of the main panel, an
Hbb signal alone associates with an RNAP II
focus. On the right, two colocalizing signals
associate with the same RNAP II focus. Scale
bar, 5 mm. (b) A separate optical section of the
same cell showing the second Eraf allele, which
does not associate with an RNAP II focus.
(c) Box and whiskers plot of the distributions of
3D measurements of the separation distance
between Hbb and Eraf loci (n ¼ 84), divided into
RNAP II–associated versus nonassociated.
(d) Triple-label RNA immuno-FISH on erythroid
cell showing Hbb-b1 (red), Eraf (green) and
RNAP II (blue). Left panels, colocalized trans-
cription signals associating with the same RNAP
II focus. Right panels, separate transcription
signals associating with distant RNAP II foci.
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Caulobacter crescentus 3D genome
M.A. Umbarger, et al. Molecular Cell (2011) 44:252–264 
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Take-home messages

• Homology != Identity 

• Comparative modeling needs prior knowledge and 
a template.

• Our model relies on the alignment step... 

• Evaluation is the key step, statistical potential. 

• You should play with modeller, tutorial 11th may! 
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