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Bioinformatics

• Genomes, genes & evolution 

• Large scale databases 

• Sequence comparison, finding genes 

• Sequence - structure - function 

• Evolution vs. laws of nature 

• Computer science vs. chemistry/physics?



Intellectual & practical 
problems

It is interesting to understand how structure forms,
but it would also be worth a lot if we could 

just predict the final structure!



DNA sequencing



DNA vs protein

• 1.2% protein-coding DNA in human 

• ORF: Open Reading Frame 

• ATG ... ... ... ... ... ... ... ... ... ... TAA 

• 20,000-25,000 genes in human 

• How do we find & study similarities?



Examples



Human evolution

(C) Kenneth Kidd, Yale University

BP=Before Present



Human evolution

(C) Kenneth Kidd, Yale University



Human evolution

(C) Kenneth Kidd, Yale University



BRCA genes

• BRCA1/BRCA2 (=BReast CAncer) 

• Some DNA mutations in these mean 85% 
risk of developing breast cancer 

• New efficient genetic tests for screening 

• Frequent mamograms if positive 

• Possibly preventive breast removal
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Nucleotides determine the 
amino acid sequence



   1 KIEEGKLVIW INGDKGYNGL AEVGKKFEKD TGIKVTVEHP  

  41 DKLEEKFPQV AATGDGPDII FWAHDRFGGY AQSGLLAEIT  

  81 PDKAFQDKLY PFTWDAVRYN GKLIAYPIAV EALSLIYNKD  

 121 LLPNPPKTWE EIPALDKELK AKGKSALMFN LQEPYFTWPL  

 161 IAADGGYAFK YENGKYDIKD VGVDNAGAKA GLTFLVDLIK  

 201 NKHMNADTDY SIAEAAFNKG ETAMTINGPW AWSNIDTSKV  

 241 NYGVTVLPTF KGQPSKPFVG VLSAGINAAS PNKELAKEFL  

 301 ENYLLTDEGL EAVNKDKPLG AVALKSYEEE LAKDPRIAAT  
  
 341 MENAQKGEIM PNIPQMSAFW YAVRTAVINA ASGRQTVDEA  

 361 LKDAQTRITK  





Ligand Binding

Feedback to sequence: 
Natural Selection



Sequence
Structure

Function



Genome Sequencing

• In total 184,938,063,614 DNA bases from 179,295,769 
different sequence records (Dec 2014) 

• 12,367 genomes sequenced completely (Jan 9, 2014) 

• Over 20,000 partially complete 

• 436 metagenomic studies 

• www.genomesonline.org

http://www.ge
http://nomesonline.org


Some Public Databases

• GenBank (NCBI) - genome sequences 

• Huge, but lots of junk  

• SwissProt/TrEMBL - Annotated  seqs. 

• Genes known to code for proteins 

• Protein Data Bank (PDB)  

• Coordinates of 3D protein structures
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Database size
GenBank TrEMBL SwissProt PDB

32,549,400

1,503,829 164,201 28,165

Old data from 2007, 
but to show relative size:



Sequence Similarity

• Natural selection: 

• Random mutation/insertion/deletion 

• Survival of the fittest 

• Evolution from older ancestors  

• Proteins (genes) from a common ancestor 
are called Homologs



Paralogs / Orthologs

• Paralogs: Homologous proteins that 
perform different (but related) functions in 
the same organism 

• Orthologs: Homologous proteins that 
perform the same (or very similar) function 
in different organisms



Myoglobin from 9 species

MYHU   ..MGLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPE.. 
MYCZ   ...GLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPE.. 
MYMQV  ...GLSDGEWQLVLNIWGKVEADIPSHGQEVLISLFKGHPE.. 
MYOY   ...GLSDAEWQLVLNVWGKVEADIPGHGQDVLIRLFKGHPE.. 
MYFXBE ...GLSDGEWQIVLNIWGKVETDLAGHGQEVLIRLFKNHPE.. 
MYDG   ...GLSDGEWQIVLNIWGKVETDLAGHGQEVLIRLFKNHPE.. 
MYWHL  ...GLSDGEWQLVLNVWGKVEADLAGHGQDILIRLFKGHPE.. 
MYPN   ...GLNDQEWQQVLTMWGKVESDLAGHGHAVLMRLFKSHPE.. 
MYTUY  .......ADFDAVLKCWGPVEADYTTMGGLVLTRLFKEHPE.. 
Consensus GLSDGewQL  N   K  A   GH QEv IR   G 

Are these paralogs or orthologs?



• Defined almost like a standard deviation 

• Average displacement of atoms 

• X-ray: 0.2 Å          NMR: 1-2 Å     

• Homology models: 1-3 Å

Structure distance: RMSD

n

∑
i=1

r
(xa� xb)2+(ya� yb)2+(za� zb)2

n



Structural change depends 
on evolutionary distance!



Homology is useful 
for structure prediction

If we know the
structure of a
homologous protein,
we might be able to 
build a model
based on this
relative!





Sequence identity

Impossible Hard Easy

But: Proteins are either homologs or not - the question
is only when we can detect it! (You can’t be 50% siblings)



Homology can be detected 
from sequence similarity 

• How do we locate & assess similarities? 

• Alignment of sequences (just line up?) 
 

• What do we do with mismatches? 

• Insertions? Deletions? Ends?

ACKFLFGDELR 
CKFARLFADEL

ACKF--LFGDELR 
 CKFARLFADEL

Match

Insertion

Mismatch
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Filtered Dot Plot
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Remove all 
hits shorter 

than 
three 

positions



Realistic Dot Plot

• Hemoglobin 
α chain vs. β chain 

• Lots of false hits 

• Hard to quantify



Quantify Similarity

• What do we mean by “similar”? 

• Must it cover the whole sequence? 

• Do we allow gaps? 

• Any way of pairing residues/gaps in the 
sequences is called an alignment  

• Good alignments maximize similarity 
without adding too many gaps



Similarity Measures
• Amino acid substitution scores 

• Conserved amino acids (very good) 

• Similar amino acids (OK) 

• Neutral 

• Significantly different (very bad) 

• Substitution scores:  20*20 matrix 

• Example matrices: PAM250, BLOSUM62



BLOSUM62
   A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  B  Z  X 
A  4 -1 -2 -2  0 -1 -1  0 -2 -1 -1 -1 -1 -2 -1  1  0 -3 -2  0 -2 -1  0 
R -1  5  0 -2 -3  1  0 -2  0 -3 -2  2 -1 -3 -2 -1 -1 -3 -2 -3 -1  0 -1 
N -2  0  6  1 -3  0  0  0  1 -3 -3  0 -2 -3 -2  1  0 -4 -2 -3  3  0 -1 
D -2 -2  1  6 -3  0  2 -1 -1 -3 -4 -1 -3 -3 -1  0 -1 -4 -3 -3  4  1 -1 
C  0 -3 -3 -3  9 -3 -4 -3 -3 -1 -1 -3 -1 -2 -3 -1 -1 -2 -2 -1 -3 -3 -2 
Q -1  1  0  0 -3  5  2 -2  0 -3 -2  1  0 -3 -1  0 -1 -2 -1 -2  0  3 -1 
E -1  0  0  2 -4  2  5 -2  0 -3 -3  1 -2 -3 -1  0 -1 -3 -2 -2  1  4 -1 
G  0 -2  0 -1 -3 -2 -2  6 -2 -4 -4 -2 -3 -3 -2  0 -2 -2 -3 -3 -1 -2 -1 
H -2  0  1 -1 -3  0  0 -2  8 -3 -3 -1 -2 -1 -2 -1 -2 -2  2 -3  0  0 -1 
I -1 -3 -3 -3 -1 -3 -3 -4 -3  4  2 -3  1  0 -3 -2 -1 -3 -1  3 -3 -3 -1 
L -1 -2 -3 -4 -1 -2 -3 -4 -3  2  4 -2  2  0 -3 -2 -1 -2 -1  1 -4 -3 -1 
K -1  2  0 -1 -3  1  1 -2 -1 -3 -2  5 -1 -3 -1  0 -1 -3 -2 -2  0  1 -1 
M -1 -1 -2 -3 -1  0 -2 -3 -2  1  2 -1  5  0 -2 -1 -1 -1 -1  1 -3 -1 -1 
F -2 -3 -3 -3 -2 -3 -3 -3 -1  0  0 -3  0  6 -4 -2 -2  1  3 -1 -3 -3 -1 
P -1 -2 -2 -1 -3 -1 -1 -2 -2 -3 -3 -1 -2 -4  7 -1 -1 -4 -3 -2 -2 -1 -2 
S  1 -1  1  0 -1  0  0  0 -1 -2 -2  0 -1 -2 -1  4  1 -3 -2 -2  0  0  0 
T  0 -1  0 -1 -1 -1 -1 -2 -2 -1 -1 -1 -1 -2 -1  1  5 -2 -2  0 -1 -1  0 
W -3 -3 -4 -4 -2 -2 -3 -2 -2 -3 -2 -3 -1  1 -4 -3 -2 11  2 -3 -4 -3 -2 
Y -2 -2 -2 -3 -2 -1 -2 -3  2 -1 -1 -2 -1  3 -3 -2 -2  2  7 -1 -3 -2 -1 
V  0 -3 -3 -3 -1 -2 -2 -3 -3  3  1 -2  1 -1 -2 -2  0 -3 -1  4 -3 -2 -1 
B -2 -1  3  4 -3  0  1 -1  0 -3 -4  0 -3 -3 -2  0 -1 -4 -3 -3  4  1 -1 
Z -1  0  0  1 -3  3  4 -2  0 -3 -3  1 -1 -3 -1  0 -1 -3 -2 -2  1  4 -1 
X  0 -1 -1 -1 -2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -2  0  0 -2 -1 -1 -1 -1 -1

B=D or N (Asp or Asn)         Z=E or Q 
(Glu or Gln)          X=any amino acid



Alignment Scoring
• We could define any scoring we want 

• Use a simple setup for two examples:  
Match=3, Mismatch=-1, Gap=-2

DEFYWLKKPAGTSVQND 
 |||| |      |||| 
EEFYWKKPAGTSAVQND 

DEFYWLKKPAGTS-VQND 
 |||| ||||||| |||| 
EEFYW-KKPAGTSAVQND 

1

2

Score: 19

Score: 40Better!



Similarity better than 
identity for alignments!



Statistical 
comparison



How can we improve?
• The key here was evolutionary information 

• Can you find and use more such data?

MYHU   ..MGLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPE.. 
MYCZ   ...GLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPE.. 
MYMQV  ...GLSDGEWQLVLNIWGKVEADIPSHGQEVLISLFKGHPE.. 
MYOY   ...GLSDAEWQLVLNVWGKVEADIPGHGQDVLIRLFKGHPE.. 
MYFXBE ...GLSDGEWQIVLNIWGKVETDLAGHGQEVLIRLFKNHPE.. 
MYDG   ...GLSDGEWQIVLNIWGKVETDLAGHGQEVLIRLFKNHPE.. 
MYWHL  ...GLSDGEWQLVLNVWGKVEADLAGHGQDILIRLFKGHPE.. 
MYPN   ...GLNDQEWQQVLTMWGKVESDLAGHGHAVLMRLFKSHPE.. 
MYTUY  .......ADFDAVLKCWGPVEADYTTMGGLVLTRLFKEHPE.. 
Consensus GLSDGewQL  N   K  A   GH QEv IR   G 
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Protein 
Structure 

Classification  
& Prediction



KIEEGKLVIW INGDKGYNGL 
AEVGKKFEKD TGIKVTVEHP 
DKLEEKFPQV AATGDGPDII 
FWAHDRFGGY AQSGLLAEIT 
PDKAFQDKLY PFTWDAVRYN 
GKLIAYPIAV EALSLIYNKD 
LLPNPPKTWE EIPALDKELK 
AKGKSALMFN LQEPYFTWPL 
IAADGGYAFK YENGKYDIKD 
VGVDNAGAKA GLTFLVDLIK  
NKHMNADTDY SIAEAAFNKG 
ETAMTINGPW AWSNIDTSKV 
NYGVTVLPTF KGQPSKPFVG 
VLSAGINAAS PNKELAKEFL 
ENYLLTDEGL EAVNKDKPLG 
AVALKSYEEE LAKDPRIAAT 
MENAQKGEIM PNIPQMSAFW 
YAVRTAVINA ASGRQTVDEA 

Not quite trivial...



Structure prediction
Method Knowledge Approach Difficulty Useful?

Secondary 
structure 
prediction

Sequence-structure 
statistics

Predict helix, strand, or coil 
for each residue

Medium
Sometimes 

(membrane prots.)

Homology 
modeling

Homologs of known 
structure

Identify sequence homologs, 
copy 3D coords and modify

Fairly easy
Quite reliable with 
high identity. Use in 

drug design.

Fold 
recognition

Proteins of known 
structure

Assemble parts from 
(several) proteins - often not 

homologs 

Medium to 
hard

More of a long 
shot, but models 
are often correct

Ab initio
Physics and general 
biology statistics

Simulate folding, or generate 
lots of structures and pick 

the best one

Extremely 
hard

Does not yet work 
reliably. Too hard?



• Hydrophobicity patterns in helices/
strands 

• AA Preferences for helix/strand/coil 

• Best methods reach ~80% accuracy 

• Special case: Predicting 
transmembrane helices and their in/
out topology!

Secondary structure

α-Helix

β-Strand



Chou-Fasman
• Determine the probability of helix, sheet and turn  

for each residue based on available structures 

• Single unfavorable residues can occur 

• But the rolling average properties of 
amino acids should be a useful predictor



Chou-Fasman data

“Propensity” rather 
than probability, but
it contains the same
information



• Protein structures are stable 

• Small sequence changes usually only lead 
to small variations in 3D structure 

• Insertions/deletions usually occur in loop 
regions, not in helices or sheets 

• Sequence matching methods are very good 
at finding homologs 

• Ideally you only need to rebuild side chains

Homology modeling



• Depends on modeling distance 

• 95% identical residues: perfect model 

• 20% identical residues: questionable 

• Structural Genomics 

• Reducing modeling distances by 
determining more 3D crystal structures

Model Quality?





We only need experimental 
structures for a set of 

representative folds to 
create reasonable models 

for 90% of proteins 

Goal of the Structural 
Genomics Project is 100,000 

new structures



The Alignment Problem
Template FVNQHLCGSHLVEALYLVCGERGFFCCTSICSLYQ  

Query     FYTFKGIVEQCCTSICSLYQLENYCNQHLCGSHLV

3.8 Å error

Prediction is harder than you might think!



Multiple Templates

templates. The orientation of the corresponding helix
perhaps is the closest in the best template, poly(A) polymer-
ase, but the preceding long loop needs to be excised. The

counterpart of T0130 C-terminal !-strand is present only
in kanamycin nucleotidyltransferase (1KNY), yet another
structural template. Thus, an effective template-based

Fig. 2. “Protein lego” construction of the T0130 structure. Yellow denotes the conserved structural core.
Three different proteins provide some of the better matches for modeling the remaining T0130 structural motifs
colored in blue, green, and red. Approximate boundaries for these motifs within the template structures are
indicated with scissors. No single template that had all three motifs together was available.

Fig. 3. Unexpected gain of novel function complicated modeling of heme-binding region in T0142. The
residue side-chains contributing to heme-binding in T0142 and corresponding side-chains in both the model
and the template are represented as sticks with semitransparent spheres indicating their physical (Van der
Waals) volume. The heme is shown in a solid space-filling representation. Bonds and surfaces are colored
according to the atom type: carbon: green; oxygen: red; nitrogen: blue; sulfur: yellow, and heme iron: magenta.
Cys60 provides the proximal ligand for the heme iron.

PROGRESS IN COMPARATIVE MODELING IN CASP5 385
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PROGRESS IN COMPARATIVE MODELING IN CASP5 385

Conserved core, 
combined with 

different elements



• Consider a 100 residue protein 

• Assume there are 10 conformations/aa 

• 10^100 stuctures to test 

• Levintal’s paradox: It would take the age of 
the universe to test everything 

• In practice it must be a guided process 

• But how do you do it in a computer?

Ab Initio prediction



• Brute force physical simulation 
• Would provide both the path & goal 
• Even supercomputers are usually too slow 

• Smarter ab initio algorithms 
• The path is usually NOT the goal 

• Create test structures & find the best 

• Fragment assembly: ROSETTA (Baker)

Possible approaches



Direct Folding



The Rosetta  
idea



Rosetta Fragment libraries

25-200 fragments for each 3  
and 9 residue sequence 
window 

Selected from known structures 
 Better than 2.5Å resolution 
 < 50% sequence identity



Prediction with Rosetta

• Select fragments with 
good local properties 

• Assemble into protein-like 
folds (lots of them) 

• Use physics-based energy 
functions to try and 
select the best one



Rosetta Successes
• Refinement: Make small  

moves in torsion angles 

• Rebuild sidechains 

• Minimize energy 

• Repeat refinement, etc. 

• Bradley, Science 2005:  
5 of 16 structures predicted 
to within 1.5Å resolution! 



Rosetta Design: TOP7

• Can you design a completely 
new fold not seen in nature? 

• Iterate design & refinement 
• Extremely stable structure 
• Determined structure in 

experiments to confirm: 
Less than 1.2Å difference!



Summary

Michael Levitt


