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Principles of protein structure

Anabaena 7120

Anacystis nidulans

Condrus crispus

Desulfovibrio vulgaris

Evolution
(rules)

Threading 
Comparative Modeling

GFCHIKAYTRLIMVG… 

Folding
(physics)

Ab initio prediction
D. Baker & A. Sali. Science 294, 93, 2001.
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Steps in Comparative Protein Structure Modeling

No

Target – Template
Alignment MSVIPKRLYGNCEQTSEEAIRIEDSPIV---TADLVCLKIDEIPERLVGE

ASILPKRLFGNCEQTSDEGLKIERTPLVPHISAQNVCLKIDDVPERLIPE

Model Building

START
ASILPKRLFGNCEQTSDEG
LKIERTPLVPHISAQNVCLKI
DDVPERLIPERASFQWMN
DK

TARGET

Template Search

TEMPLATE

OK?

Model Evaluation

END

Yes
A. Šali, Curr. Opin. Biotech. 6, 437, 1995.
R. Sánchez & A. Šali, Curr. Opin. Str. Biol. 7, 206, 1997.
M. Marti et al. Ann. Rev. Biophys. Biomolec. Struct., 29, 291, 2000. http://
salilab.org/
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Typical errors in comparative models

Distortion/shifts in 
aligned regions

Region without a 
template

Sidechain packing

Incorrect template

MODEL
X-RAY
TEMPLATE

Misalignment

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.
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Alignment errors are frequent and large

R. Sánchez & A. Šali, Proc. Natl. Acad. Sci. USA 95, 13597, 1998.
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Minimizing errors in 
sequence-structure alignment

• Multiple sequence profiles.

• Iterative alignment - model building - model assessment.



  

SALIGN

M.A. Marti-Renom,  M.S. Madhusudhan,  A. Sali.  
Alignment of Protein Sequences by Their Profiles. 
Protein Sciences 13, 1071-1087, 2004.  



  

Reference set

CE alignments from Phil Bourne and Ilya Shindyalov
Shindyalov IN, Bourne PE (1998) Protein Engineering 11(9) 739-747.

http://salilab.org/DBAli



  

SALIGN protocols

Profile generation
• PSI-Blast (PBP)
• Henikoff & Henikoff (HH)
• Henikoff & Henikoff + Similarity (HS)
• Henikoff & Henikoff substitution matrix (MAT)

Profile comparison
• Correlation coefficient (CC)
• Euclidean distance (ED)
• Dot product (DP)
• Jensen-Shannon distance (JS)
• Average value (Ave)



  

SALIGN accuracy

Method CE overlap Shift score
CE 100  ± 0 1.00  ± 0.00

BLAST 26  ± 29 0.32  ± 0.33

PSI-BLAST 43  ± 31 0.48  ± 0.35

SAM 48  ± 26 0.50  ± 0.34

LOBSTER 50  ±  27 0.51  ±  0.32

SEA 49  ± 27 0.53  ± 0.29

ALIGN 42  ± 25 0.44  ± 0.28

CLUSTALW 43  ± 27 0.44  ± 0.31

COMPASS 43  ±  32 0.49  ±  0.35

CCHH 56  ± 23 0.61  ± 0.24

CCHS 56  ± 24 0.62  ± 0.24

TOP 62  ± 20 0.67  ± 0.20



  

SALIGN .vs. others
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Alignment accuracy (CE overlap)

PSI-BLAST (sequence-profile alignment) 43%

SEA (local structure alignment) 49%

SALIGN (profile-profile alignment)                        56%

200 pairwise DBAli alignments



  

MOULDER

B. John,  A. Sali.  
Comparative Protein Structure Modeling by Iterative Alignment, Model Building, 
and Model Assessment. 
Nucleic Acids Research 31, 3982-3992, 2003. 
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Moulding: iterative alignment, 
model building, model assessment

model building

alignment

model assessment

model building

alignment

model assessment

Comparative modeling

Threading

Moulding
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B. John, A. Sali. Nucl. Acids Res., 31, 1982-1992, 2003.
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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––… 
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Composite model assessment score
Weighted linear combination of several scores:

Pair (Pp) and surface (Ps) statistical potentials;

Structural compactness (Sc);

Harmonic average distance score (Ha);

Alignment score (As). 

Z(score) = (score- µ)/σ
    µ … average score of all models
    σ … standard deviation of the scores

Z = 0.17 Z(PP) + 0.02 Z(PS) + 0.10 Z(SC) + 0.26 Z(Ha) + 0.45 (AS)
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a                 b                 c                   d

Sequence identity          4.4%

Initial model Cα RMSD 10.1Å

Final model Cα RMSD   3.6Å

Iteration index
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Application to a difficult modeling case
 1BOV-1LTS
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Target 
-template

Sequence 
identity

[%]
Coverage

[% aa]

Initial prediction Final prediction Best prediction
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)
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Alignment accuracy (CE overlap)

PSI-BLAST (sequence-profile alignment) 25%

SAM (Hidden Markov Models) 36%

MOULDER (iterative sequence-structure alignment) 45%

D. Fischer threading test set of 68 structural pairs (a subset of 19):



  

examples...
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Nebojsa Mirkovic, Marc A. Marti-Renom, Barbara L. Weber, 
Andrej Sali and Alvaro N.A. Monteiro

Cancer Research (June 2004). 64:3790-97

Structural analysis of missense mutations 
in human BRCA1 BRCT domains

Cannot measure the functional impact of every 
possible SNP at all positions in each protein! 
Thus, prediction based on general principles of 
protein structure is needed.
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200 aa

RING NLS BRCT

Globular regions
Nonglobular regions

BRCA1 BRCT repeats, 1jnx

Human BRCA1 and its two BRCT domains

Williams, Green, Glover. Nat.Struct.Biol. 8, 838, 2001
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C1697R
R1699W
A1708E
S1715R
P1749R
M1775R

M1652I
A1669S

V1665M
D1692N
G1706A
D1733G
M1775V
P1806A

M1652K
L1657P
E1660G
H1686Q
R1699Q
K1702E 
Y1703H
F1704S

L1705P
S1715N
S1722F
F1734L
G1738E
G1743R
A1752P
F1761I

F1761S 
M1775E 
M1775K
L1780P
I1807S
V1833E 
A1843T

M1652T
V1653M
L1664P 
T1685A
T1685I
M1689R 
D1692Y
F1695L
V1696L
R1699L
G1706E
W1718C

W1718S
T1720A
W1730S
F1734S
E1735K
V1736A
G1738R
D1739E
D1739G
D1739Y 
V1741G
H1746N

R1751P
R1751Q 
R1758G 
L1764P 
I1766S 
P1771L 
T1773S
P1776S 
D1778N
D1778G
D1778H
M1783T

A1823T
V1833M
W1837R
W1837G
S1841N
A1843P 
T1852S
P1856T
P1859R

cancer
associated ?

?

Missense mutations in BRCT domains by function

C1787S
G1788D
G1788V
G1803A
V1804D
V1808A
V1809A
V1809F
V1810G
Q1811R
P1812S
N1819S

not cancer
associated

no transcription
activation

transcription
activation
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“Decision” tree for predicting 
functional impact
of genetic
variants

YEScharge change

+

buriedness

YES

NO

 <30A3
 ≥60A3 <90A3≥90A3

rigid (< -0.7)

 rigid (<-0.7)

non-rigid (≥-0.7)

non-rigid (≥-0.7)

exposed buried

residue rigidity

volume change

volume changevolume change

functional site

--
-

-

-
0 or 1 class

phylogenetic entropy

polarity change

0

<0

-
NO

non 0

≥0

YES

+
-

NO
2 class

 <60A3

≥30A3

neighborhood 
rigidity

buriedness

residue rigidity

volume change

charge change

polarity change

phylogenetic entropy

other information
(helix breaker, turn 

breaker)

other information
(helix breaker, turn 

breaker) +

mutation likelihoodmutation likelihood

-

residue rigidity

volume change

polarity change

phylogenetic entropy

other information
(helix breaker, turn 

breaker) +

mutation likelihood

buriedness

  
START

neighborhood 
rigidity

neighborhood 
rigidity

charge change

http://salilab.org/snpweb 
Mirkovic et al., Cancer Biology 
(2004) 64:3790-97
Eswar et al. Nucl.Acids Res. 
31, 3375, 2003.
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Putative binding site on BRCA1

Williams et al. 2004 Nature Structure Biology. June 2004 11:519
Putative binding site predicted in 2003 

and accepted for publication on March 2004.

Mirkovic et al. 2004 Cancer Research. June 2004 64:3790
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What is the physiological ligand of Brain Lipid-Binding Protein?

L. Xu, R. Sánchez, A. Šali, N. Heintz, J. Biol. Chem. 271, 24711, 1996.

BLBP/docosahexaenoic acidBLBP/oleic acid

Ligand binding 
cavity

Cavity is not filled Cavity is filled

1. BLBP binds fatty 
acids.

2. Build a 3D model.

3. Find the fatty acid 
that fits most snuggly 
into the ligand binding 
cavity.

Predicting features of a model that are not present in the template
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S. cerevisiae ribosome

C. Spahn, R. Beckmann, N. Eswar, P. Penczek, A. Sali, G. Blobel, J. Frank. 
Cell 107, 361-372, 2001. 

Fitting of comparative 
models into 15Å cryo- 
electron density map.

43 proteins could be 
modeled on 20-56% 
seq.id. to a known 
structure.

The modeled fraction of 
the proteins ranges from 
34-99%.
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D. Baker & A. Sali. 
Science 294, 93, 2001.

Utility of protein structure models, despite errors
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