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Objectives 

•  Become familiar with methods and 
algorithms for secondary Structure 
Prediction 

•  Become familiar with protein 
Threading (2D and 3D threading) 

•  Become acquainted with Ab initio 
protein structure prediction 



3D Structure Generation* 

•  X-ray Crystallography 
•  NMR Spectroscopy 
•  Homology or Comparative Modelling 
•  Secondary Structure Prediction 
•  Threading (2D and 3D threading) 
•  Ab initio Structure Prediction 



Secondary (2o) Structure 

Structure Phi (!) Psi(")
Antiparallel #-sheet -139 +135
Parallel #-Sheet -119 +113
Right-handed $-helix +64 +40
310 helix -49 -26
% helix -57 -70
Polyproline I -83 +158
Polyproline II -78 +149
Polyglycine II -80 +150

Phi & Psi angles for Regular Secondary 
Structure Conformations

Table 10 

- - - - 



Secondary Structure 
Prediction* 

•  One of the first fields to emerge in 
bioinformatics (~1967) 

•  Grew from a simple observation that 
certain amino acids or combinations 
of amino acids seemed to prefer to 
be in certain secondary structures 

•  Subject of hundreds of papers and 
dozens of books, many methods… 



2o Structure Prediction* 
•  Statistical (Chou-Fasman, GOR) 
•  Homology or Nearest Neighbor (Levin) 
•  Physico-Chemical (Lim, Eisenberg) 
•  Pattern Matching (Cohen, Rooman) 
•  Neural Nets (Qian & Sejnowski, Karplus) 
•  Evolutionary Methods (Barton, Niemann) 
•  Combined Approaches (Rost, Levin, Argos) 



Secondary Structure Prediction 



Chou-Fasman Statistics* 

  P!   P"   Pc   P!   P"   Pc
A 1.42 0.83 0.75 M 1.45 1.05 0.5
C 0.7 1.19 1.11 N 0.67 0.89 1.44
D 1.01 0.54 1.45 P 0.57 0.55 1.88
E 1.51 0.37 1.12 Q 1.11 1.1 0.79
F 1.13 1.38 0.49 R 0.98 0.93 1.09
G 0.57 0.75 1.68 S 0.77 0.75 1.48
H 1 0.87 1.13 T 0.83 1.19 0.98
I 1.08 1.6 0.32 V 1.06 1.7 0.24
K 1.16 0.74 1.1 W 1.08 1.37 0.45
L 1.21 1.3 0.49 Y 0.69 1.47 0.84

Chou & Fasman Secondary Structure Propensity of the Amino Acids

Table 8



Simplified C-F Algorithm* 
•  Select a window of 7 residues 
•  Calculate average Pα over this window and 

assign that value to the central residue 
•  Repeat the calculation for Pβ and Pc 

•  Slide the window down one residue and 
repeat until sequence is complete 

•  Analyze resulting “plot” and assign 
secondary structure (H, B, C) for each 
residue to highest value 



Simplified C-F Algorithm 
helix beta coil 

10               20            30             40               50              60 



Limitations of Chou-Fasman 

•  Does not take into account long range 
information (>3 residues away) 

•  Does not take into account sequence 
content or probable structure class 

•  Assumes simple additive probability (not 
true in nature) 

•  Does not include related sequences or 
alignments in prediction process 

•  Only about 55% accurate (on good days) 



The PhD Approach 

PRFILE... 



The PhD Algorithm* 

•  Search the SWISS-PROT database and 
select high scoring homologues 

•  Create a sequence “profile” from the 
resulting multiple alignment 

•  Include global sequence info in the profile 
•  Input the profile into a trained two-layer 

neural network to predict the structure and 
to “clean-up” the prediction 



Prediction Performance 
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Evaluating Structure 2o 
Predictions* 

•  Historically problematic due to tester 
bias (developer trains and tests their 
own predictions) 

•  Some predictions were up to 10% off 
•  Move to make testing independent 

and test sets as large as possible 
•  EVA – evaluation of protein 

secondary structure prediction 



EVA 
•  ~10 different 

methods evaluated in 
real time as new 
structures arrive at 
PDB 

•  Results posted on 
the web and updated 
weekly 

•  http://
www.pdg.cnb.uam.es/
eva/ 



EVA- http://www.pdg.cnb.uam.es/eva/ 



2o Structure Evaluation* 

•  Q3 score – standard method in 
evaluating performance, 3 states 
(H,C,B) evaluated like a multiple 
choice exam with 3 choices.  Same 
as % correct 

•  SOV (segment overlap score) – more 
useful measure of how segments 
overlap and how much overlap exists 



Best of the Best 
•  PredictProtein-PHD (74%) 

–  http://www.predictprotein.org/meta.php 
•  Jpred (73-75%) 

–  http://www.compbio.dundee.ac.uk/www-jpred/ 
•  PSIpred (77%) 

– http://bioinf.cs.ucl.ac.uk/psipred/ 
•  Proteus and Proteus2 (88%) 

– http://wks80920.ccis.ualberta.ca/proteus/ 
– http://www.proteus2.ca/proteus2/ 









Proteus 



Proteus Methods* 
Initial 
protein 

sequence

Is there a homolog for our 
initial protein sequence ?

BLAST homolog 
search against 
PDB database

Perform most accurate algorithms 
to determine structure

PSIPRED

JNET

TRANSSEC

Combine homologous 
structure (if found) with 

predicted structure

Filter 
impossible 
structures

Neural Network 
Classifier



Performance Comparison 
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Proteus2* 



Proteus2 Performance* 



Definition* 

•  Threading - A protein fold recognition 
technique that involves incrementally 
replacing the sequence of a known protein 
structure with a query sequence of 
unknown structure.  The new “model” 
structure is evaluated using a simple 
heuristic measure of protein fold quality.  
The process is repeated against all known 
3D structures until an optimal fit is found. 



Why Threading?* 

•  Secondary structure is more 
conserved than primary structure 

•  Tertiary structure is more conserved 
than secondary structure 

•  Therefore very remote relationships 
can be better detected through 2o or 
3o structural homology instead of 
sequence homology 



Visualizing Threading 
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Visualizing Threading 
THREADINGSEQNCEECNQESGNI 
ERHTHREADINGSEQNCETHREAD 
GSEQNCEQCQESGIDAERTHR... 
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Threading* 
•  Database of 3D structures and sequences 

–  Protein Data Bank (or non-redundant subset) 
•  Query sequence 

–  Sequence < 25% identity to known structures 
•  Alignment protocol 

–  Dynamic programming 
•  Evaluation protocol 

–  Distance-based potential or secondary structure 
•  Ranking protocol 



2 Kinds of Threading* 

•  2D Threading or Prediction Based Methods 
(PBM) 
–  Predict secondary structure (SS) or ASA of query 
–  Evaluate on basis of SS and/or ASA matches 

•  3D Threading or Distance Based Methods 
(DBM) 
–  Create a 3D model of the structure 
–  Evaluate using a distance-based “hydrophobicity” 

or pseudo-thermodynamic potential 



2D Threading Algorithm* 
•  Convert PDB to a database containing 

sequence, SS and ASA information 
•  Predict the SS and ASA for the query 

sequence using a “high-end” algorithm 
•  Perform a dynamic programming 

alignment using the query against the 
database (include sequence, SS & ASA) 

•  Rank the alignments and select the most 
probable fold 



Database Conversion 
>Protein1 
THREADINGSEQNCEECNQESGNI 
HHHHHHCCCCEEEEECCCHHHHHH 
ERHTHREADINGSEQNCETHREAD 
HHCCEEEEECCCCCHHHHHHHHHH 

>Protein2 
QWETRYEWQEDFSHAECNQESGNI 
EEEEECCCCHHHHHHHHHHHHHHH 
YTREWQHGFDSASQWETRA 
CCCCEEEEECCCEEEEECC 

>Protein3 
LKHGMNSNWEDFSHAECNQESG 
EEECCEEEECCCEEECCCCCCC 
 
 



Secondary Structure 

Structure Phi (!) Psi(")
Antiparallel #-sheet -139 +135
Parallel #-Sheet -119 +113
Right-handed $-helix +64 +40
310 helix -49 -26
% helix -57 -70
Polyproline I -83 +158
Polyproline II -78 +149
Polyglycine II -80 +150

Phi & Psi angles for Regular Secondary 
Structure Conformations

Table 10 

- - 



2o Structure Identification* 

•  DSSP - Database of Secondary Structures 
for Proteins (http://swift.cmbi.ru.nl/gv/start/index.html) 

•  VADAR - Volume Area Dihedral Angle 
Reporter (http://vadar.wishartlab.com/) 

•  PDB - Protein Data Bank (www.rcsb.org) 
•  STRIDE (http://webclu.bio.wzw.tum.de/cgi-bin/stride/stridecgi.py) 

QHTAWCLTSEQHTAAVIWDCETPGKQNGAYQEDCA 
HHHHHHCCEEEEEEEEEEECCHHHHHHHCCCCCCC 



Accessible Surface Area 
Solvent Probe 

Accessible Surface 

Van der Waals Surface 

Reentrant Surface 



ASA Calculation* 
•  DSSP - Database of Secondary Structures for 

Proteins (http://swift.cmbi.ru.nl/gv/start/index.html) 
•  VADAR - Volume Area Dihedral Angle Reporter 

(http://vadar.wishartlab.com/) 
•  GetArea - http://curie.utmb.edu/getarea.html 

QHTAWCLTSEQHTAAVIWDCETPGKQNGAYQEDCAMD  
BBPPBEEEEEPBPBPBPBBPEEEPBPEPEEEEEEEEE 
1056298799415251510478941496989999999 



Other ASA sites 
•  Connolly Molecular Surface Home Page 

–  http://www.biohedron.com/ 
•  Naccess Home Page    

–  http://www.bioinf.manchester.ac.uk/naccess/ 
•  MSMS 

–  http://www.scripps.edu/~sanner/html/msms_home.html 

•  Surface Racer  
–  http://apps.phar.umich.edu/tsodikovlab/ 



2D Threading Algorithm 
•  Convert PDB to a database containing 

sequence, SS and ASA information 
•  Predict the SS and ASA for the query 

sequence using a “high-end” algorithm 
•  Perform a dynamic programming 

alignment using the query against the 
database (include sequence, SS & ASA) 

•  Rank the alignments and select the most 
probable fold 



ASA Prediction* 
•  NetSurfP (70%) 

–  http://www.cbs.dtu.dk/services/NetSurfP/ 
•  PredAcc (70%?) 

–  http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/
portal.py?form=PredAcc 

QHTAW... QHTAWCLTSEQHTAAVIW 
BBPPBEEEEEPBPBPBPB 



2D Threading Algorithm 
•  Convert PDB to a database containing 

sequence, SS and ASA information 
•  Predict the SS and ASA for the query 

sequence using a “high-end” algorithm 
•  Perform a dynamic programming 

alignment using the query against the 
database (include sequence, SS & ASA) 

•  Rank the alignments and select the most 
probable fold 



Dynamic Programming 

G E N E T I C S
| | | | * | |
G E N E S I S

G E N E T I C S 
G 10 0 0 0 0 0 0 0 
E 0 10 0 10 0 0 0 0 
N 0 0 10 0 0 0 0 0 
E 0 0 0 10 0 10 0 0 
S 0 0 0 0 0 0 0 10 
I 0 0 0 0 0 10 0 0 
S 0 0 0 0 0 0 0 10 

G E N E T I C S 
G 60 40 30 20 20 0 10 0 
E 40 50 30 30 20 0 10 0 
N 30 30 40 20 20 0 10 0 
E 20 20 20 30 20 10 10 0 
S 20 20 20 20 20 0 10 10 
I 10 10 10 10 10 20 10 0 
S 0 0 0 0 0 0 0 10 



Sij (Identity Matrix) 
  A C D E F G H I K L M N P Q R S T V W Y 
A 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
C 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
D 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
E 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
F 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
G 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
H 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
I 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
L 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
N 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
P 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Q 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
R 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
T 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
V 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
W 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
Y 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1  



A Simple Example...* 
    A A T V D 
A  1 
V 
V 
D 

    A A T V D 
A  1  1  
V 
V 
D 

    A A T V D 
A  1  1 0 0 0 
V 
V 
D 

    A A T V D 
A  1  1 0 0 0 
V  0 
V 
D 

    A A T V D 
A  1  1 0 0 0 
V  0  1 1 
V 
D 

    A A T V D 
A  1  1 0 0 0 
V  0  1 1 2 
V 
D 



A Simple Example..*. 

    A A T V D 
A  1  1 0 0 0 
V  0  1 1 2 1 
V 
D 

    A A T V D 
A  1  1 0 0 0 
V  0  1 1 2 1 
V  0  1 1 2 2 
D  0  1 1 1 3 

    A A T V D 
A  1  1 0 0 0 
V  0  1 1 2 1 
V  0  1 1 2 2 
D  0  1 1 1 3 

A A T V D 
 |      |  |   | 
A -  V V D 

A A T V D 
     |  |  |   | 
    A V V D 

A A T V D 
 |   |     |   | 
A V  - V D 



Let’s Include 2o info & ASA* 

H  E  C 
H  1   0  0 
E  0   1  0 
C  0   0  1 

E  P  B 
E  1   0  0 
P  0   1  0 
B  0   0  1 

Sij = k1Sij + k2Sij + k3Sij 
seq strc asa total 

Sij 
strc Sij 

asa 



A Simple Example...* 
    A A T V D 
A  2 
V 
V 
D 

    A A T V D 
A  2  2  
V 
V 
D 

    A A T V D 
A  2  2 1 0 0 
V 
V 
D 

    A A T V D 
A  2  2 1 0 0 
V  1 
V 
D 

    A A T V D 
A  2  2 1 0 0 
V  1  3 3 
V 
D 

    A A T V D 
A  2  2 1 0 0 
V  1  3 3 3 
V 
D 

E E E C C  E E E C C  E E E C C  

E E E C C  E E E C C  E E E C C  

E 
E 
C 
C 

E 
E 
C 
C 

E 
E 
C 
C 

E 
E 
C 
C 

E 
E 
C 
C 

E 
E 
C 
C 



A Simple Example... 

    A A T V D 
A  2  2 1 0 0 
V  1  3 3 3 2 
V 
D 

    A A T V D 
A  2  2 1 0 0 
V  1  3 3 3 2 
V  0  2 3 5 4 
D  0  2 3 4 7 

    A A T V D 
A  2  2 1 0 0 
V  1  3 3 3 2 
V  0  2 3 5 4 
D  0  2 3 4 7 

E E E C C  E E E C C  E E E C C  

E 
E 
C 
C 

E 
E 
C 
C 

E 
E 
C 
C 

A A T V D 
 |      |  |   | 
A -  V V D 

A A T V D 
     |  |  |   | 
    A V V D 

A A T V D 
 |   |     |   | 
A V  - V D 



2D Threading Performance 
•  In test sets 2D threading methods can 

identify 30-40% of proteins having very 
remote homologues (i.e. not detected by 
BLAST) using “minimal” non-redundant 
databases (<700 proteins) 

•  If the database is expanded ~4x the 
performance jumps to 70-75% 

•  Performs best on true homologues as 
opposed to postulated analogues 



2D Threading Advantages* 

•  Algorithm is easy to implement 
•  Algorithm is very fast (10x faster than 3D 

threading approaches) 
•  The 2D database is small (<500 kbytes) 

compared to 3D database (>1.5 Gbytes) 
•  Appears to be just as accurate as DBM or 

other 3D threading approaches 
•  Very amenable to web servers 



http://protein.cribi.unipd.it/ssea/ 



http://www.ebi.ac.uk/msd-srv/ssm/ 



Servers - HHPred 

http://toolkit.tuebingen.mpg.de/hhpred 



Servers - GenThreader 

http://bioinf.cs.ucl.ac.uk/psipred/ 



2D Threading Disadvantages* 
•  Reliability is not 100% making most 

threading predictions suspect unless 
experimental evidence can be used to 
support the conclusion 

•  Does not produce a 3D model at the end of 
the process 

•  Doesn’t include all aspects of 2o and 3o 
structure features in prediction process 

•  PSI-BLAST may be just as good (faster too!) 



Making it Better 

•  Include 3D threading analysis as part of the 
2D threading process -- offers another layer 
of information 

•  Include more information about the “coil” 
state (3-state prediction isn’t good enough) 

•  Include other biochemical (ligands, 
function, binding partners, motifs) or 
phylogenetic (origin, species) information 



3D Threading Servers 
•  Generate 3D models or coordinates 

of possible models based on input 
sequence 

•  Loopp (version 4)  
–  http://cbsuapps.tc.cornell.edu/loopp.aspx 

•  Phyre 
–  http://www.sbg.bio.ic.ac.uk/~phyre/index.cgi 

•  All require email addresses since the 
process may take hours to complete 







Outline 

•  Secondary Structure Prediction 

•  Threading (1D and 3D threading) 

•  Ab initio Structure Prediction 



Ab Initio Prediction* 

•  Predicting the 3D structure without 
any “prior knowledge” 

•  Used when homology modelling or 
threading have failed (no 
homologues are evident) 

•  Equivalent to solving the “Protein 
Folding Problem” 

•  Still a research problem 



Ab Initio Folding* 
•  Two Central Problems 

– Sampling conformational space (10100) 
– The energy minimum problem 

•  The Sampling Problem (Solutions) 
– Lattice models, off-lattice models, 

simplified chain methods, parallelism 
•  The Energy Problem (Solutions) 

– Threading energies, packing 
assessment, topology assessment 



A Simple 2D Lattice 

3.5Å 



Lattice Folding 



Lattice Algorithm 
•  Build a “n x m” matrix (a 2D array) 
•  Choose an arbitrary point as your N 

terminal residue (start residue) 
•  Add or subtract “1” from the x or y position 

of the start residue 
•  Check to see if the new point (residue) is 

off the lattice or is already occupied 
•  Evaluate the energy 
•  Go to step 3) and repeat until done 



Lattice Energy Algorithm 
•  Red = hydrophobic, Blue = hydrophilic 
•  If Red is near empty space E = E+1 
•  If Blue is near empty space E = E-1 
•  If Red is near another Red E = E-1 
•  If Blue is near another Blue E = E+0 
•  If Blue is near Red E = E+0 



More Complex Lattices 

1.45 A



3D Lattices 



Really Complex 3D Lattices 

J. Skolnick 



Lattice Methods* 

•  Easiest and 
quickest way to 
build a polypeptide 

•  Implicitly includes 
excluded volume 

•  More complex 
lattices allow 
reasonably accurate 
representation 

•  At best, only an 
approximation to 
the real thing 

•  Does not allow 
accurate constructs 

•  Complex lattices 
are as “costly” as 
the real thing 

Advantages Disadvantages 



Non-Lattice Models 

1.00 Å 
1.32 Å 

1.47 Å 

1.53 Å 

1.24 Å 
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Best Method So Far...* 

Rosetta - David Baker 



Rosetta Outline* 
•  Assembles proteins using “fragment 

assembly” of known protein fragments 
•  Fragments are 3-9 residues long 
•  Fragments identified via PSI-BLAST 
•  Starts with extended chain and then 

randomly changes conformation of 
selected regions based on fragment 
matches 

•  Evaluates energy using Monte Carlo 



Rosetta in Action 



Robetta & Rosetta 

http://robetta.bakerlab.org/ 



Robetta 
•  Allows users predict 3D structures 

using Rosetta ab-initio method and 
to do homology modelling too 

•  Requires considerable computational 
resources (now hosted at Los 
Alamos supercomputer facility) 

•  Requires that users register and 
login (to track mis-use and abuse) 



Another Approach… 
Distributed Folding 

•  Attempt to harness the same 
computational power as BlueGene but 
by doing on thousands of PC’s via a 
screen saver 

•  Three efforts underway: 
–  http://folding.stanford.edu/ 
–  http://boinc.bakerlab.org/rosetta/ 

•  You can be part of this exp’t too! 







D.W. Shaw Research Institute 
(MD for 3D Structure Prediction) 

http://www.deshawresearch.com/ 



David E. Shaw Institute 

The Anton Supercomputer – 100 X faster 
than any other supercomputer for protein 

folding simulations 



How Well Does Anton Do? 



Summary 
•  Structure prediction is still one of the key 

areas of active research in bioinformatics 
and computational biology 

•  Significant strides have been made over 
the past decade through the use of larger 
databases, machine learning methods 
and faster computers 

•  Ab initio structure prediction remains an 
unsolved problem (but getting closer) 


