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Principles of protein structure
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D. Baker & A. Sali. Science 294, 93, 2001.
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Steps in Comparative Protein Structure Modeling
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Typical errors in comparative models

MODEL
X-RAY
TEMPLATE

Region without a
template

Incorrect template

EDN  ---KPPQ)

KP
SA  KETABRRK

Distortion/shifts in
aligned regions

% a3

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

A) Training Set

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

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 0.58 £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

BLAST -
ALIGN
CLUSTALW 0.94
PSI-BLAST 012 | 1.14
COMPASS ~ 063 | 0.60 | 1.53
SAM 514 | 570 | 5.74 | 6.68
SEA 123 | 641 | 697 | 696 | 7.91
LOBSTER 0.33 1.54 668 | 7.24 | 7.28 8.21
CChs - 555 | 6.21 | 7.06 | 1237
CCh 0.78 | 633 | 699 | 7.84
T T T T T T T T T T
E 8 & 3
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% of alignments

SALIGN .vs. others
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Alignment accuracy (CE overlap)

200 pairwise DBAIi alignments

PSI-BLAST (sequence-profile alignment) 43%
SEA (local structure alignment) 49%

SALIGN (profile-profile alignment) 56%
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MOULDER

B. John, A. Sali.
Comparative Protein Structure Modeling by lterative Alignment, Model Building,

and Model Assessment.
Nucleic Acids Research 31, 3982-3992, 2003.



Moulding: iterative alignment,
model building, model assessment

B. John, A. Sali. Nucl. Acids Res., 31, 1982-1992, 2003.
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Genetic algorithm operators

Single point cross-over
.TSSQ—NMKLGVFWGY—.. S N MR G E WG
~V—SSCN——GDLHMKVGV. g
T —— ..TSSONMKLGVFWGY——...
" VSSCNGDLHMKV——GV... - VSSCN——GDLHMRVGV...
Gap insertion
..TSSON—MKLGVFWGY...
..TSSONMKLGVFWGY... s " - VSSCNGDLHMKVG—V...
. VSSCNGDLHMKVGV...
/ .—T—SSONMKLGVFWGY..
- VSSCNGDLHMKVGV—...
Gap shift ..T—S—SONMKLGVFWGY...
..T— SSONMKLGVFWGY... e +VSSCNGDLHMKVGV—...
...VSSCNGDLHMKVGV_... -.._TSSQNMKLGVFWGY."
- VSSCNGDLHMKVGV—...
..TS—SONMKLGVFWGY...
- VSSCNGDLHMKVGV—...

( Also, “two point crossover” and “gap deletion”. )
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Composite model assessment score

Weighted linear combination of several scores:

e Pair (Pp) and surface (Pg) statistical potentials;

e Structural compactness (Sg);
e Harmonic average distance score (Hg);

e Alignment score (Ag).

Z=0.17 Z(Pr) + 0.02 Z(Ps) + 0.10 Z(Sc) + 0.26 Z(H=) + 0.45 (As)

Z(score) = (score- u)/o
U ... average score of all models
o ... standard deviation of the scores
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Application to a difficult modeling case
1BOV-1LTS

a —8— Top
~C— ¢ Final

0 5 10 15 20 25

Iteration index

Sequence identity 4.4%
Initial model Co. RMSD 10.1A

Final model Coo RMSD 3.6A
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Benchmark with the “very difficult” test set

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

Sequence

Initial prediction

Final prediction

Best prediction

Lot identity | Coverage | Cq CE Co CE Ca CE
-template [%] [% aa RMSD | overlap = RMSD | overlap | RMSD | overlap

[A] [%] [A] [%] [Al [%]
1ATR-1ATN 13.8 94.3 19.2 20.2 18.8 20.2 17.1 24.6
1BOV-1LTS 4.4 83.5 10.1 294 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 41 52.4 3.1 73.0 26 77.0
2PLV-1BBT 20.2 91.4 7.3 58.9 7.3 58.9 6.2 60.7
2POR-20MF 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 4.4 711
2RHE-3HLA 24 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 141 98.6 11.3 24.0 9.3 30.6 54 41.2
6XIA-3RUB 8.7 441 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 1.7 44.8 6.3 57.8
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Alignment accuracy (CE overlap)

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

PSI-BLAST (sequence-profile alignment) 25%
SAM (Hidden Markov Models) 36%

MOULDER (iterative sequence-structure alignment) 45%
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examples...



Structural analysis of missense mutations
in human BRCA1 BRCT domains

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

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

Cancer
Research

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.

05/10/2004



Human BRCA1 and its two BRCT domains

RING NLS BRCT
N— _ =
[ ] Globular regions —

mmmm Nonglobular regions 200 aa

BRCA1 BRCT repeats, 1jnx

Williams, Green, Glover. Nat.Struct.Biol. 8, 838, 2001
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Missense mutations in BRCT domains by function

no transcription
activation

transcription
activation

cancer not cancer
associated associated ?
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“Decision” tree for predicting

functional impact
of genetic
variants

non-rigid (2-0.7

>90A3

CP

exposed

functional site

NO

http://salilab.org/snpweb

Mirkovic et al., Cancer Biology
(2004) 64:3790-97

Eswar et al. Nucl.Acids Res.

Y

31, 3375, 2003.

other information
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hBRCAl-Bret-1/2
hMDC1-Bret-1/2
hPTIP-Bret-4/5
hBARD1-BRCT-1/2

hBRCAl-Braotl/2
hMDCl-Bret-1/2
hPTIP-Brot-4/5
hBARD1-BRCT=-1/2

hBRCAl1-Brct2/2
hMDC1-Bret-1/2
hPTIP-Brct-5/5
hBARD1-BRCT-2/2

hBRCAl-Brct2/2
hMDC1-Bret-2/2
hPTIP-Bret-5/5
hBARD1-BRCT-2/2
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Putative binding site on BRCA1

N-terminal BRCT

[

BRCT linker

R QF
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S T —— LD~ YESYKEN-------
TQYIIYEDLCNYHPERVRQG! ' : G m e mmmm

Williams et al. 2004 Nature Structure Biology. June 2004 11:519
Mirkovic et al. 2004 Cancer Research. June 2004 64:3790

1702
1936
879
619

1761
1996
939
672

1812
2045
998
727

BRCT-N ' BRCT-C

Putative binding site predicted in 2003
and accepted for publication on March 2004.
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What is the physiological ligand of Brain Lipid-Binding Protein?

Predicting features of a model that are not present in the template

1. BLBP binds fatty
acids.

BLBP/oleic acid BLBP/docosahexaenoic acid

Cavity is not filled Cavity is filled

Ligand binding

2. Build a 3D model.

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

L. Xu, R. Sanchez, A. Sali, N. Heintz, J. Biol. Chem. 271, 24711, 1996.
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S. cerevisiae ribosome

Fitting of comparative
models into 15A 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%.

C. Spahn, R. Beckmann, N. Eswar, P. Penczek, A. Sali, G. Blobel, J. Frank.
Cell 107, 361-372, 2001.
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Utility of protein structure models, despite errors

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

NMR, x-ray

Comparative modeling
% Sequence identity
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APPLICATIONS

studying catalytic
mechanism

designing and improving
ligands

docking of macromolecules,
prediction of protein partners

virtual screening and
docking of small ligands

defining antibody epitopes

molecular replacement in
X-ray crystallography

designing chimeras, stable,
crystallizable variants

supporting site-directed
mutagenesis

refining NMR structures

fitting into low-resolution
electron density

structure from sparse
experimental restraints

functional relationships
from structural similarity

identifying patches of
conserved surface residues

finding functional sites by
3D motif searching
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