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Modeling and predicting 
protein structure



Importance of modeling
For most known proteins, 3D structure is unknown.

For ~1/3, function is unknown.

50% of our dry weight...
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The folding problem
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n = 100-300

Levinthal paradox

googols of googols....



●Protein structure and stability

●Molecular modeling, molecular dynamics

●Predicting secondary structure

●Predicting 3D structure: homology modeling



Protein structure
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Sterically allowed ,  values are those of the
Ramachandran plot
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Lovell et al, 2003,
Proteins, 50:437 
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Nature chose L amino acids

“L” not the same as “levorotary”

L D



Hélice  Feuillet  (antiparallel)

In helices and sheets, polar groups form hydrogen bonds

3.6 residues
per turn

Pseudo-period of 2 



Predicted by Corey & Pauling before the experimental structures

Helices and sheets are extended structures that can traverse the 
hydrophobic core, while forming all possible hydrogen bonds

Helices +
sheets =
over 60% of 
amino acids



Loops

 turn

~ 1/3 of amino acids

Loops are flexible, less conserved, and harder to predict
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The amino acids have a range of physico-chimical and 
structural properties
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Side chains have flexible torsion angles

53 conformations of Lys seen in 
X-ray structures
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Side chains have preferred conformations, or “rotamers”
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Cytochrome c Hemoglobin

water

Tertiary structure is globular, with a polar surface 
and a hydrophobic core 

Thioredoxin:
red atoms belong to 
hydrophobic side 
chains



Membrane proteins are a separate case

~ 30% of our genome humain, ~ 50% of drugs
Few known structures (~100).

Few architectures.

Cytochrome oxidase



Quaternary structure is a 3D
arrangement of structural domains

100-300 amino acids



One domain can appear in many proteins

Tyrosine kinase c-Src 23 in yeast; do not cross-react

SH3 domain: found in 
>150 proteins of 
known structure.



3 classes

40 architectures

~ 1100 “topologies”
or “folds”

~ 2200 superfamilies

Structural domains: hierarchical classification

Classifying a Protein in
the CATH Database
of Domain Structures
Acta Cryst (1998) D54:1155 
Orengo, Martin, Hutchinson,  
Jones, Jones, Michie, 
Swindells, Thornton

 /



Orthologs                                                     Paralogs

Gene X

Gene X Gene X

speciation

Gene X

Gene X     Gene X

Gene A     Gene B

Gene duplication

Divergence

Similarities reflect evolution



 class

 class
 class

www.cathdb.info

Structural classification

●114000 structures
●2200 superfamilies
●100 contain 60%
of all domains



Protein stability



Proteins are marginally stable

DG = 5-15 kcal/mol = 10-30 kT
      ~ 0.1 kT per amino acid

-DG

Large conformational entropy
Many protein-solvent interactions

Low conformational entropy
Fewer protein-solvent interactions
Protein-protein interactions

Cancelling effects



Folding is driven by the hydrophobic effect

Saturated alkanes don’t like water
méthane

éthane
propane

octane

Vapor/water partition

Alkane/water separation

Surface tension
70 cal/mol/A2

1 nm

Kauzmann, 1959



Fraction of occupied volume: ~ 0.74  (average over known structures)

thioredoxin

Proteins tend to bury apolar groupes, 
with very compact packing



Electrostatic interactions govern molecular recognition
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Red = negative electrostatic potential

Substrate acetylcholine is positive



hème

Cytochrome c

Front Back

Blue: positive Red: negative

Electrostatic interactions govern molecular recognition

Cytochrome c interacts with the mitochondrial membrane, which is negative, 
and with negative regionson cytochrome bc1 and cytochrome oxidase.
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pKa

[AH]/([AH]+[A-])

[A-]/([AH]+[A-])

AH A-

Acid/base equilibrium:
AH →  A- + H+

Protons
abundant

Protons
rare

Certain amino acids are ionized at neutral pH
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Electrostatic interactions govern molecular recognition

CH
2

NH
3

CH
2

CH
2

CH
2

CH
2

NH

NH

NH

NH
2

NH
2

(CH
2
)

3

++

C

O O

CH
2

CH
2

-

C

O O

CH
2

-

Lys
Arg

Glu

Asp
His

+
Cu2+

Fe2+

Zn2+

25% of amino acids are ionic
90% of salt bridges are at the surface   

Acetylcholine esterase
Red = negative electrostatic potential

Substrate acetylcholine is positive



3D structure:
molecular mechanics and molecular

dynamics
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Biomolecular structures are flexible and mobile

RNA stem-loop
(stereo)

Lysine



We characterize them by an energy surface

Structure prediction  =  find low energy structures
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We introduce a semi-empirical energy function

U =  
bonds

 k
b
 (b-b

0
)2  + angles ka (a-a0)

2 +  
torsions

 k
t
 [1 + cos(nt-)] 

“balls + springs”
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We introduce a semi-empirical energy function



Rôle of van der Waals interactions: Leu → Val mutations



Molecular mechanics energy
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RESIdue ALA
 GROUp
  ATOM N    TYPE=NH1   CHARge=-0.35   END
  ATOM H    TYPE=H     CHARge= 0.25   END
  ATOM CA   TYPE=CH1E  CHARge= 0.10   END
 GROUp
  ATOM CB   TYPE=CH3E  CHARge= 0.00   END
 GROUp
  ATOM C    TYPE=C     CHARge= 0.55   END 
  ATOM O    TYPE=O     CHARge=-0.55   END 

 BOND N    CA
 BOND CA   C
 BOND C    O
 BOND N    H
 BOND CA   CB

 IMPRoper  CA     N    C  CB  !tetrahedral CA

END {ALA}

             {Fichier toph19.pro}

Fichier de “topologie”, extrait



bond C    C      450.0  1.38!  B. R. GELIN THESIS AMIDE AND DIPEPTIDES
bond C    CH1E   405.0  1.52!  EXCEPT WHERE NOTED.  CH1E,CH2E,CH3E, AND CT
bond C    CH2E   405.0  1.52!  ALL TREATED THE SAME. UREY BRADLEY TERMS ADDED
bond C    CH3E   405.0  1.52
bond C    CR1E   450.0  1.38

:
:

angle C    C    C       70.0 106.5!  FROM B. R. GELIN THESIS WITH HARMONIC
angle C    C    CH2E    65.0 126.5!  PART OF F TERMS INCORPORATED. ATOMS
angle C    C    CH3E    65.0 126.5!  WITH EXTENDED H COMPENSATED FOR LACK
angle C    C    CR1E    70.0 122.5!  OF H ANGLES.

:
:

NONBonded  H      0.0498   1.4254   0.0498  1.4254  0. 1.
NONBonded  HA     0.0450   2.6157   0.0450  2.6157  0. 1      ! charged group.

NONBonded  C      0.1200   3.7418   0.1000  3.3854  7.116  1. ! carbonyl carbon
NONBonded  CH1E   0.0486   4.2140   0.1000  3.3854  9.944  1. ! 
NONBonded  CH2E   0.1142   3.9823   0.1000  3.3854  17.626 1. ! extended carbons

           {fichier param19.inp}

Fichier des paramètres d'énergie, extrait



● No explicit electrons
● Partial charges on atoms
● No chemical reactions
● big systems: >100.000 atoms
● Conformational energies
● Explicit or implicit solvent representation
● explicit force calculation
● Molecular dynamics

Molecular mechanics energy



Parametrization: 1970-present

Atomic charges : crystals of small molecules
                              simple liquids

quantum chemistry calculations

Lennard-Jones:   crystals of small molecules
                              simple liquids

bonds, angles, torsions:   quantum chemistry calculations
                                             small molecule spectroscopy

CHARMM     M. Karplus, A. Mackerell and coll. (Harvard)
AMBER         P. Kollman, D. Case and coll. (UCSF, Scripps)
OPLS             W. Jorgensen and coll. (Yale)
GROMOS      H. Berendsen, W. van Gunsteren and coll. (Groningen, Zürich)
Plus récent: AMOEBA   Jay Ponder (St Louis)



CHARMM19 (M Karplus et al, Harvard)

XPLOR (A Brunger, Yale)

CNS ('Crystallography and NMR System')

A Brunger, P Adams, G Clore, W Delano, P Gros, R Grosse-Kunstleve, J Jiang, 
J Kuszewski, M Nilges, N Pannu, R Read, L Rice, T Simonson, G Warren
(1998) Acta Cryst D54, 905.                        

Hierarchical
stucture:

HTML graphical interface

             task files

                   modules and procedures

             CNS language

             CNS program

              CNS source

converted to

call

written in

interpreted by

O
ptional user control

~220,000 lines
NIH-XPLOR
(M Clore, 
C Schweiters,
J Kuszewski)

Software
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Steepest descent minimization

(2) Finding Pi+1: 
successive interpolations

Cf Numerical Recipes; Press et al.

(1) Method: starting from P
i
, move along the energy 

gradient:  -grad U(P
i
) until a minimum, P

i+1
. Repeat. 
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Solve equations of motion numerically:
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 = - grad U

i

3 equations
per atom
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Explorating conformations with molecular dynamics

Can cross 
energy barriers
(not too high)
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Verlet algorithm
Consider each coordinate of each atom i as a function of time t
The change between two instants t and t+ can be approximated:
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●At each step we perform one force calculation

●  is the integration step. It should be smaller than the system’s
"fastest natural vibrations:  ~ 10-15 seconds

t

x(t)

t + 

x(t + )

x(t) + x'(t)

On soustrait les valeurs pour t+ et t-:

x''
i
(t) = F

xi
(t) / m

Verlet algorithm



Link between temperature and atomic velocities

p(v
i
) =  A exp(-m

i
 v

i
2/ 2kT) Maxwell-Boltzmann distribution

T temperature
k Boltzmann constant

●Assign random initial velocities
●Rescale them from time to time

p(v
i
)

v
i
/<v

i
>

<v
i
>



Recap: to simulate the dynamics of a biomolecule

● “Molecular mechanics” “ball and stick” energy function

● Adjustable parameters (force constants, charges, etc) from small 
molecules, considered “transferable”

● “Parabolic” approximation of xi(t) 

● Recursive Verlet algorithm to solve equations of motion

● (Simple) relation between atomic velocities and temperature

● Strategy to model solvent....



Simulated annealing:
Optimization on a rough energy surface

U

{r}

T
1

T
2

T
3

●Explore with molecular dynamics
●High temperature; lower gradually
●Refine structures from NMR or crystallography



  Explicit solvent 

●Water box
●Periodic boundary conditions



vilin FiP35

Bleu: crystallography
Red: simulations

Shaw et al (2010) 
Science, 330:341

In silico protein folding

Domaine WW
35 acides aminés
Se replie 
expérimentalement en 
14 s
Par simulation en 10 s
4000 molécules d'eau

Nobel chimie 2013
Martin Karplus



Structural Bioinformatics; editors PE Bourne, H Weissig; Wiley, 2003

Computational Biochemistry & Biophysics, editors Becker, Mackerell, Roux, Watanabe; Marcel 
Dekker, 2001
Bioinformatics: from genomes to drugs; editor T Lengauer; Wiley, 2002
Molecular modelling: principles and applications; A Leach; Prentice Hall, 2001
Introduction to Genomics; A Lesk, Oxford University Press, 2007
Bioinformatique: génomique et post-génomique; Dardel & Képès, Ecole Polytechnique, 2002

X-PLOR version 3.8, A System for X-ray crystallography and NMR; Brunger, Yale University 
Press, 1992

Simonson (2005) Médecine Sciences 21:609-612; Peut-on prédire la structure des protéines?

CNS; Brunger, Adams, Clore, Delano, Gros, Grosse-Kunstleve, Jiang,  Kuszewski, Nilges, 
Pannu, Read, Rice, Simonson, Warren (1998) Acta Cryst D54, 905. 
Brunger, Adams, DeLano, Gros, Grosse-Kunstleve, Jiang, Pannu, Read, Rice, Simonson (2001)  
The structure determination language of the Crystallography and NMR System.
International Tables of Crystallography, Volume F. Editors: M.G. Rossmann
and E. Arnold; Dordrecht: Kluwer Academic Publishers, the Netherlands.



  Explicit solvent 

●Water box
●Periodic boundary conditions



  Implicit solvent 

Electrostatic energy of a pair of ions:  U =  q q' / e r

e =  80 =  dielectric constant of water

Dielectric continuum

“explicit” “implicit”



+ -

Ion-ion interactions are greatly reduced in water

From a distance (a nanometer), each ion’s charge is partly compensated by 
nearby water oxygens and hydrogens.

     O
H        H

-.8

.4 .4
U =  q q' / e r



Importance of solvent: Mg2+ – HPO4
2- association 

Association energy in vacuum: -515 kcal/mol
In water: -3.7 kcal/mol

[standard state conditions]

Water has a “screening” effect, reduction by almost 100.

+ -



Effect of salt bridges on stability of T4 lysozyme

Dao-Pin, Nicholson, Matthews (1991) Biochemistry, 30:7142

Mutation G(kcal/mol)
K60H/L13D -2.8
K83H/A112D -1.5
S90H/Q122D -2.2
T115E (...K83) +0.3

S90H -1.1
K60H -0.1
K83H -0.5



Mutant,
folded

Mutant,
unfolded

Native,
folded

Native,
unfolded

Interactions 
with solvent

Salt bridge

Compensating effects 90% of salt bridges are 
at the surface 

Small contribution, compared to enormous vacuum interaction energies



   Implicit solvent 

Fine for a few ions in water.....

Electrostatic energy of a pair of ions:  U =  q q' / e r

e =  80 =  dielectric constant of water

Dielectric continuum

“explicit” “implicit”



Initially, we can ignore this complexity:    U =  q q' / e r

       Going further: more sophisticated model

A biomolecule is more complex: heterogeneous system

Implicit solvent 

Dielectric continuum

“explicit” “implicit”



● Buried charges:   E =  q q' / r

● Exposed charges:     E =  q q' / e r
e =  80

● Intermediate cases: interpolation

Implicit solvent: “generalized Born” model (GB)

“explicit” “implicit”



Uelec  =   UCoul  +   UGB

UCoul   =    i,j qi qj / rij                      interaction with no solvent

UGB  =   (-1 + 1/e)  i,j qi qj FGB(i,j)   term due to solvent
                                                          

FGB(i,j)  =  1/(rij
2 + b2

ij exp[-rij
2/4b2

ij])
1/2

bij   =  ( bi bj )
1/2   

bi , bj   =   distance au solvant des atomes i, j

“Generalized Born” solvent model (GB)



Uelec =  UCoul + UGB

UGB   =   (-1 + 1/e )  i,j qi qj FGB(i,j)

FGB(i,j)  =  1/(rij
2 + b2

ij exp[-rij
2/4b2

ij])
1/2  

r

F
GB

1/rij

Small bij = exposed pair

Large bij = buried pair

Small bij : compensation 
between UCoul et UGB, 
Uelec close to UCoul/

Large bij: little compensation, 
Uelec close to UCoul

“Generalized Born” solvent model (GB)



A buried charge would destabilize a protein: why?

unfolding
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A buried charge would destabilize a protein: why?



bi

UGB contains “ii” terms

1/ is small, so UGB = -qi qi / bi : 
qi  solvent interaction = as if q↔ i sees a charge -qi at a distance of bi

“Self” energy term GBSE in XPLOR

A single charge:

U
GB

 = (-1 + 1/e) q
i
2 / b

i

         - q
i
2 / b

i
  

How does GB handle this?



U
GB

 =  (1/e - 1) 
ij
 q

i
q

j 
/ (rij

2 + bibj exp[-rij
2/4bibj])

1/2  

FGB(r
ij
)

bi

i = j  ;     r →  0   ;       FGB → 1 / b
i
   ;   U

GB
 →   (1/e - 1) q

i
2 / b

i

To get ii term, let r
ij
 → 0:

UGB contains “ii” terms



Polarity of side chain analogs with GB

Solvation free 
energies 
(transfer vapor 
→water) in 
kcal/mol.

J Comp Chem, 
1999, 20:322

Some ions

Cf also Fersht;
Structure & mechanism 
in protein science; 
Freeman.



Exc: expliquer le dépliement des protéines à fort et faible pH





Exercice:

En utilisant XPLOR et le modèle GB, estimer l'énergie (libre) d'une
charge ponctuelle placée sur un atome enfoui au centre du Trpcage,
toutes les autres charges atomiques étant mises à zéro.
Comparer à ce que vous obtenez avec une charge placée sur un acide
aminé seul (le reste de la protéine étant enlevée). 

On admet que quand le Trpcage se replie, l'énergie libre varie de 0 à -5 
kcal/mol. Quelle est, à l'équilibre, la fraction de protéine repliée?

Nous avons vu ci-dessus l'effet d'une “mutation” sur l'énergie de la 
protéine repliée et celle de la protéine dépliée. (On utilisera le calcul fait 
pour un acide aminé isolé pour représenter la protéine dépliée; est-ce que 
c'est raisonnable?) Pour la protéine “mutée”, quelle est la fraction de 
protéine repliée à l'équilibre?





Secondary structure prediction 

Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17
v

j



Hélice  Feuillet 

3.6 residues per turn Pseudo-periodicity 2 

Secondary structure prediction 



Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17

hydrophobes

hydrophiles

Helices are often amphipathic, with a buried and an exposed side

“Helical wheel”

Simplified, amphipathic helix

Secondary structure prediction 



hy
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li c hydrophilic

H
y
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h
o
b
i
c

loop

diameter

In proteins, the diameter of a domain often corresponds 
to a few secondary structure elements

Helices are often amphipathic, with a buried and an exposed side



30 “architectures” from CATH

www.cathdb.info

In proteins, the diameter of a domain often corresponds 
to a few secondary structure elements



Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17

Consider an amino acid, say Thr13. We assume it is in a helix, shown 
below. Its neighbors 9, 10, 11, 12, 13, 14, 15, 16, 17 define radial vectors:



Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17

Consider an amino acid, say Thr13. We assume it is in a helix, shown 
below. Its neighbors 9, 10, 11, 12, 13, 14, 15, 16, 17 define radial vectors:



Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17

Consider an amino acid, say Thr13. We assume it is in a helix, shown 
below. Its neighbors 9, 10, 11, 12, 13, 14, 15, 16, 17 define radial vectors. 
For hydrophobes, reverse the vectors: 



Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17

Sum the vectors:

V
13

If our hypothesis is correct, we obtain a large vector V
13

 
(the v

j
 add up “constructively”). Else, V

13
 is small.



Ala8

Lys9

Lys10
Gly11

Ala12Thr13

Leu14

Phe15

Lys16

Thr17
v

j

 
i
 =     H

j
  v

jj= i-m

i+ m
H

j
 = hydrophobicity,

depends on amino acid type
m = 3 ou 4

...G S A K K G A T L F K T R C Q Q...

||

We have defined a “hydrophobic moment”:

The hydrophobic moment 
reveals amphipathic regions, 
which have periodicity 3.6.




i
 =     H

j
  v

jj= i-m

i+ m

vj = (-1) j

Pseudo-periodicity 2

(side chain above or below sheet)

j=1
j=2

j=3

j=4

Axe j du
feuillet

Sphères
oranges

= chaines
latérales

Axe
j du
feuillet

Correct hypothesis:
large | 

i
 |

Beta sheet hypothesis: we define 
a different hydrophobic moment 
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~ 75% success in general



A method inspired by neural networks

A neuron j receives input signals  x
1
, x

2
, ..., x

n
  from nearby cells

1, 2, ..., n;  sums them, and converts them into an output signal y
j
:

x
1

x
2 x

3

x
4

x
6

y
j

y
j

y
j

y
j

y
j

x
5

Neuron j

Input signals x
i

are weighted and summed:    E
j
 =  

i
 w

ij
 x

i
   

                  then converted:    y
j
 =  s ( E

j
 ) E

j

s(E
j
) NeuronON

Neuron
OFF



Helix/Sheet/Other

Phe Asn Ala Arg Met Lys Leu

Output layer

Hidden layer

Input layer

A neural network to predict secondary structure

Network architecture is chosen; the connection weights w
ij
 (1212 in this example)

are chosen to give correct predictions for known structures (learning phase). 
At this point, the network has “learned” to assign a secondary structure to any
input sequence. Specifically, it predicts the state of the central residue (Arg).

~ 75%
correct
predictions



Phe Asn Ala Arg Met Lys Leu
Phe Gln Ser Arg Met Lys Ile
Phe Asn Ala Lys Ile Lys Leu
Tyr Asn   - Arg Met Arg Leu

Using a multiple alignment as input

A neural network to predict secondary structure

Helix/Sheet/Other

Phe Asn Ala Arg Met Lys Leu

Output layer

Hidden layer

Input layer

~ 80%
correct
predictions



Homology modeling: an overview
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?

Homology-based structure prediction: start from 
the sequence of a new protein. Check if it has a 

known fold through sequence comparaisons



If so, perform “Homology modelling”

Identify and align homologues of known structure
(“templates”)

Do multiple sequence alignment with many homologues

Conserved, well-structured regions: adopt mean backbone of templates

Loops, insertions: - search Protein Data Bank for similar fragments 
                              - if not, use “ab initio” loop modelling methods

Sidechains: explore and score possible rotamers, possibly with a
                                  stochastic approach such as “Monte Carlo”
Model refinement: energy minimization, molecular dynamics

Experimental testing



 class

 class
 class

www.cathdb.info

Fold set is discrete and rather small

●114000 structures
●2200 superfamilies
●100 contain 60%
of all domains



Homologues of androsterone receptor with BLAST

   ID              %    Match
  #  Swissprot    Hit        Description         Score    E  Identity Length

(bits)    *
  1  P15207   ANDR_RAT Androgen receptor.  162 1e-40 100 73
  6  P19091   ANDR_MOUSE Androgen receptor.  162 1e-40 100 73
 14  Q63449   PRGR_RAT Progesterone receptor (PR)  136 1e-32 80 72
 17  P06401   PRGR_HUMAN Progesterone receptor (PR)  136 1e-32 80 72
 21  P08235   MCR_HUMAN Mineralocorticoid receptor (MR)   136 1e-32 79 72
 33  P04150   GCR_HUMAN Glucocorticoid receptor (GR)   131 3e-31 77 72
 41  Q9YH32   ESR2_ORENI Estrogen receptor beta (ER-beta)  99 3e-21 58 72
 42  Q9YH33   ESR1_ORENI Estrogen receptor (ER-alpha)    98 4e-21 55 72
 :   :          : : :   :  : :  :
 :   :          : : :   :   : :  :
343  Q9N4Q7   NH13_CAEEL Nuclear hormone receptor nhr-13   54 8e-08 39 66
344  Q23294   NH11_CAEEL Nuclear hormone receptor nhr-11   54 8e-08 42 66
345  O45460   NH54_CAEEL Nuclear hormone receptor nhr-54   54 1e-07 37 67
346  Q09565   NH20_CAEEL Nuclear hormone receptor nhr-20   51 7e-07 34 66
347  Q09587   NH22_CAEEL Nuclear hormone receptor nhr-22   45 5e-05 32 66
349  P17672   E75B_DROME Ecdysone-induced protein 75B   40 0.001 37 47
351  P20659   TRX_DROME Trithorax protein.      31 0.74 26 49
355  P98164   LRP2_HUMAN Lipoprotein receptor.   30 1.7 27 65

*E = expectation of number of random alignments with a higher score



Structures in “Protein Data Bank”

année

Total
structures

in
PDB

88000
structures
in 2012

Non-redundant 
subsets
 PDB95
~35000
PDB25
~4000 

structures en 
2012



C. elegans

M. genitalium S. cerevisiae

E. coli
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Homology modelling: a template is not always available 

Lesk,  
Chothia,
1986

A template should have > 25% sequence
identity with the modelled protein

Distribution of 
sequence identities 
in Protein Data Bank



 class

 class
 class

www.cathdb.info

Fold set is discrete and rather small

●114000 structures
●2200 superfamilies
●100 contain 60%
of all domains



“New” folds aren’t always new....

Guerleur et al (2008)
Prot Sci, 17:1374

New fold

Similar fold
“topologic” 
view

Alignment 
with known 

domains



Launay & Simonson
BMC Bioinformatics

2008

Homology of protein:protein interactions: 35% threshold

complexes
homologues



Perform “Homology modelling”

Identify and align homologues of known structure
(“templates”)

Do multiple sequence alignment with many homologues

Conserved, well-structured regions: adopt mean backbone of templates

Loops, insertions: - search Protein Data Bank for similar fragments 
                              - if not, use “ab initio” loop modelling methods

Sidechains: explore and score possible rotamers, possibly with a
                                  stochastic approach such as “Monte Carlo”
Model refinement: energy minimization, molecular dynamics

Experimental testing



Homologues of androsterone receptor with BLAST

   ID              %    Match
  #  Swissprot    Hit        Description         Score    E  Identity Length

(bits)    *
  1  P15207   ANDR_RAT Androgen receptor.  162 1e-40 100 73
  6  P19091   ANDR_MOUSE Androgen receptor.  162 1e-40 100 73
 14  Q63449   PRGR_RAT Progesterone receptor (PR)  136 1e-32 80 72
 17  P06401   PRGR_HUMAN Progesterone receptor (PR)  136 1e-32 80 72
 21  P08235   MCR_HUMAN Mineralocorticoid receptor (MR)   136 1e-32 79 72
 33  P04150   GCR_HUMAN Glucocorticoid receptor (GR)   131 3e-31 77 72
 41  Q9YH32   ESR2_ORENI Estrogen receptor beta (ER-beta)  99 3e-21 58 72
 42  Q9YH33   ESR1_ORENI Estrogen receptor (ER-alpha)    98 4e-21 55 72
 :   :          : : :   :  : :  :
 :   :          : : :   :   : :  :
343  Q9N4Q7   NH13_CAEEL Nuclear hormone receptor nhr-13   54 8e-08 39 66
344  Q23294   NH11_CAEEL Nuclear hormone receptor nhr-11   54 8e-08 42 66
345  O45460   NH54_CAEEL Nuclear hormone receptor nhr-54   54 1e-07 37 67
346  Q09565   NH20_CAEEL Nuclear hormone receptor nhr-20   51 7e-07 34 66
347  Q09587   NH22_CAEEL Nuclear hormone receptor nhr-22   45 5e-05 32 66
349  P17672   E75B_DROME Ecdysone-induced protein 75B   40 0.001 37 47
351  P20659   TRX_DROME Trithorax protein.      31 0.74 26 49
355  P98164   LRP2_HUMAN Lipoprotein receptor.   30 1.7 27 65

*E = expectation of number of random alignments with a higher score



BLAST:  Basic Local Alignment Search Tool

● Find homologous tetrapeptides
● Extend as long as similarity > threshold 

C L I C G D E A S G C H Y

L C V V G D K A T G Y H Y

Récepteur de l'androstérone

Récepteur de l'hormone thyroïdienne



Blast output
Query = Human androgen receptor
Hit = Human Estrogen receptor beta

Job information 
Query sequence
>P10275
   etc   
Date of job execution  Dec 1, 2010
Running time  23.3 seconds 
Program  blastp (BLASTP 2.2.23 [Feb-03-2010])
Database  uniprotkb (Protein) generated for BLAST on Nov 2, 2010
Sequences  12,898,884 sequences consisting of 4,176,319,342 letters 
Matrix blosum62   Threshold  0.001  Gapped true

Similarité 
en gris



Heuristic alignment method: 3 phases

" Align sequence pairs

" Construct “guide” tree

" Progressive sequence-profile alignment



Alignment of 30 tyrosyl-tRNA synthetases, catalytic domain 



Balibase: 217 expert alignments benchmark set to tester methods/programs 
http://www-bio3d-igbmc.u-strasbg.fr/balibase  Thompson et al (1999) Bioinformatics, 57, 87-88

Alignment libraries
http://pfam.sanger.ac.uk      Pfam 24.0 (October 2009, 11912 families) 

Famille zf-C4 → “expert” alignment “expert” of 26 sequences; “automatic” of 3525 séquences



Perform “Homology modelling”
Identify and align homologues of known structure
(“templates”)

Do multiple sequence alignment with many homologues

Structural alignment with available homologues

Loops, insertions: - search Protein Data Bank for similar fragments 
                              - if not, use “ab initio” loop modelling methods

Sidechains: explore and score possible rotamers, possibly with a
                                  stochastic approach such as “Monte Carlo”
Model refinement: energy minimization, molecular dynamics

Experimental testing



Remarks on structural alignments

1) Differ from sequence alignments: an amino acid is not coded by 
a letter

2) A “trivial”method is possible: align sequences then superimpose 
homologous C


 atoms

3) We can align complex objects, like alignments... Code an amino 
acid by a vector of properties: type, secondary structure, burial, ...

4) In general, various heuristic approaches are used.

5) For multiple alignments, use a progressive method.



STRUCTAL: a) align sequences; b) superimpose homologous C atoms; 
c) compute scoring matrix; d) repeat a-c.
Score M(i,j) = -distance between i, j (Levitt, 1993)

SSAP: describe each amino acid by a vector of properties;
Align with Needleman-Wunsch (Taylor & Orengo, 1989)

CE: find two similar octapeptide; extend with gaps. (Bourne, 1998)

DALI: similar to CE          (Holm & Sander, 1993).

Large-scale test: Kolodny et al (2005) J Mol Biol, 346:1173

Over 80 methods in Wikipedia...

Remarks on structural alignments



Perform “Homology modelling”
Identify and align homologues of known structure
(“templates”)

Do multiple sequence alignment with many homologues

Structural alignment with available homologues

Loops modeling methods

Side chains: explore and score possible rotamers

Model refinement: energy minimization, molecular dynamics

Experimental testing



Loop modeling with an experimental conformation library

13,563 loops of 3-8 amino acids from the PDB          
                                               
Ranked by:
-length n
-distance D between ends
-”height” and “width”

To model a new loop X of length n: 
-estimate D
-find loops in library compatible with n, D;
-find those with sequence similar to X
-refine with molecular dynamics

Wojcik et al (1999) J Mol Biol, 289:1469

n = 5

D

What are the main hypotheses of the method?



Wojcik et al (1999) J Mol Biol, 289:1469

n = 5

D

Longueur de boucle 3 4 5 6 7 8
Nombre de cas testés 92 81 54 61 37 37
Rmsd des C


 (A) 1.0 1.2 1.6 2.1 2.7 2.3

Avec Modeller:                  0.6                       1.2

Quality of
results

Loop modeling with an experimental conformation library

13,563 loops of 3-8 amino acids from the PDB              
                                           
Ranked by:
-length n
-distance D between ends
-”height” and “width”

To model a new loop X of length n: 
-estimate D
-find loops in library compatible with n, D;
-find those with sequence similar to X
-refine with molecular dynamics



Side chain placement by simulated annealing
Side chains explore rotamers.

Explore with Monte Carlo:

Many elementary steps (106).

At each step:
-pick an amino acid randomly
-pick a new rotamer randomly
-compare new energy E

n
 to previous energy E

p

-if E
n
 < E

p
, keep the new rotamer

-if E
n
 > E

p
,pick a random number between 0 and 1

-if exp[-(E
n
 – E

p
)/RT] > x, keep the new rotamer

-else keep the previous one

Start at high temperature T and lower T progressively.
Remarkably, the method explores conformations with probability  p(Conf) = A exp(-E

Conf
/RT), 

the experimental, Boltzmann distribution.



86% chi1 correct
73% chi1 et chi2 

Prediction exercice: delete, then reconstruct side chains;
main chain known exactly.

With perfect 
backbone, side chain 
predictions are good 
but not perfect.

Gaillard, Panel, Simonson (2016) Proteins



Perform “Homology modelling”
Identify and align homologues of known structure
(“templates”)

Do multiple sequence alignment with many homologues

Structural alignment with available homologues

Loops modeling methods

Side chains: explore and score possible rotamers

Model refinement: energy minimization, molecular dynamics

Experimental testing



Performance of selected methods

% correct predictions
             chi1      chi2+chi1

Gaillard et al, 2016 86% 73%
Koehl & Delarue, 1994 72% 62%
Yang et al, 2002 80% 66%
Dunbrack et al, 1999 80% ?
Abagyan et al, 1993 80% 67%
Mendes et al, 1999 87% (improved rotamer library

In these tests, the side chains were placed on the known backbone...
In homology modeling, the backbone is not exact... 



Homology modeling. Krieger E, Nabuurs SB, Vriend G. 
In Structural Bioinformatics; editors PE Bourne, H Weissig; Wiley, 2003

Homology modelling in biology and medecine. R Dunbrack.
In Bioinformatics: from genomes to drugs; editor T Lengauer; Wiley, 2002; Vol. 1.

Structure comparison and alignment. Bourne & Shindyalov
In Structural Bioinformatics; editors PE Bourne, H Weissig; Wiley, 2003

Proteins: Structure, Function, and Bioinformatics; Volume 77, Issue S9, pages 1-228. 
Numéro spécial décrivant la compétition CASP8: 

                         “Critical Assessment of Structure Prediction”

                          64 cibles à prédire; 159 méthodes/équipes





Nature, 2021




