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From domains to assemblies
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Sequence versus Structure

GDCAGDFKIWYFGRTLLVAGAKDEFGAIDAW...

RTLAWYAGHLVAGAKDEFGGDFKIWYFGAID...

DFLLVAGAKDEFGKIWYFGGIDAWRTAGDCA...
HLVAGARTLAFGAIDWYAKDEFGGGDFKIWY...
ARTHLVAGFGGGAIDWYFKIWYAKLAFGDED...
GCTAGCTTAAGGCCTTCATGATCTTCTGAG...

AGGGCTCCTTCATGATAGCTTAAGGCTTAA...

AGGCCTTCATGGGGTTAACATATCTTCTGA...

CCTTCATGCTAGCTTAAGGGATCTTAACCG...
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Determining the structures of proteins and assemblies

Use structural information from any
source: measurement, first principles, rules,
resolution: low or high resolution

to obtain the set of all models that are consistent with it.

icle affinity purification
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site-directed yeast two-hybrid gene/protein protein structure computational bioinformatics
i yst - predictiol
subunit structure
subunit shape
subunit-subunit contact subunit-subunit contact subunit-subunit contact subunit-subunit contact _ subunit-subunit contact subunit-subunit contact
subunit proximity subunit proximity subunit proximity

Sali, Earnest, Glaeser, Baumeister. From words to literature in structural proteomics. Nature 422, 216-225, 2003.
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Modeling proteins and macromolecular assemblies
by satisfaction of spatial restraints

1) Representation of a system. _ _ _
2) Scoring function (spatial restraints). There is nothing but points and
restraints on them.

3) Optimization.
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Principles of protein structure

GFCHIKAYTRLIMVG...
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Folding Evolution

(physics) (rules)

Threading
Comparative Modeling
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Ab initio prediction
D. Baker & A. Sali. Science 294, 93, 2001.
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Steps in Comparative Protein Structure Modeling
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A. Sali, Curr. Opin. Biotech. 6, 437, 1995.
R. Sanchez & A. Sali, 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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Comparative modeling by satisfaction of spatial restraints
MODELLER

3D GKITFYERGFQGHCYESDC-NLQP...
SEQ GKITFYERG---RCYESDCPNLQP...

1. Extract spatial restraints

FREQUENCY

2. Satisfy spatial restraints P ostanee . )

FR)=I1 p; (f;/)
I

A. Sali & T. Blundell. J. Mol. Biol. 234, 779, 1993. http://salilab.org/
J.P. Overington & A. Sali. Prot. Sci. 3, 1582 1994.
A. Fiser, R. Do & A. Sali, Prot. Sci., 9, 1753, 2000.

05/10/2004



Typical errors in comparative models

Incorrect template Misalignment

MODEL
X-RAY
TEMPLATE

EDN  ---RPPQFTWAQWFETQHINMT TNAMQVINNYQRRCKNONTFLLTTF ANVVIVCGNPNMTC PSN

== NSO T

7RSA K FERQHMDS STSAASSSNYCNQMMR SRNLTK DRCK PVNTFVHESLAD KINVAC -KN
Dbbbbbb aaaaaaaaa

KP
ETARAK

EDN  KTRENCHHSGSQVELIHCNLTTPSPQNISNCRYAQTPANMFYIVACDNRDQRRDPPQYPVVEVHLDRIT
SCPEECETETEEET TSNSV LT [TLLTTTTT
A -GQTNCYQSYSTMSITDCRETGSS- -KYPNCAYRTTQANKHIIVACEGN - - - - - ~PYVBVHFDASY

aaaaa

Region without a Distortion/shifts in
template aligned regions

Y33

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.

Sidechain packing

05/10/2004



Model Accuracy

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.

HIGH ACCURACY || i LOWACCURACY
NM23 CRABP EDN

Seqid 77% i Seqid 41% : Seq id 33%

Co equiv 147/148 . i Ca equiv 122/137 i i Ca equiv 90/134
RMSD 0.41A ' RMSD 1.34A i RMSD 1.17A

Sidechains . Sidechains = Sidechains
Core backbone = Core backbone » Core backbone
Loops b Loops = Loops
. Alignment i Alignment
/ MODEL P = Fold assignment
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Utility of protein structure models, despite errors

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

NMR, x-ray

Comparative modeling
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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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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.
« Complex gap penalty functions.

 Hidden Markov Models.
* Threading.



Moulding: iterative alignment,
model building, model assessment

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

“ Comparative modeling
_ = 10° |@
alignment GEJ
C
2 .
model building © 104 () Moulding
3
; \ L
model assessment %
’ = i
Threading
1
1 = —
104 1030

Alighments
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Moulding by a Genetic Algorithm approach

< Star >

Sequence profiles of target & template
¥
| Generate 25 initial target-template alignments |
N 2
| Rank alignments by alignment score (top 15— parents) |
¥

| Build all atom models for 15 parent alignments |
v
| Rank models by the GA341 score |

Best GA341 score < 0.6?

¥
—)l Apply genetic algorithm operators to parents

Number of child alignments >300?

| Select representative alignments |
N 2

Build all-atom models for all representative alignments |
N 2

Select best 10 models by statistical potential score r
(parents for next iteration) a|ignment

\

model building

No

No
No

| Rank models by composite score | \
¥ N

—)l Select best model | model assessment
J \ )

< Stop >
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Genetic algorithm operators

Single point cross-over
..TSSQ—NMKLGVFWGY—... \T7E g%ﬁggﬁﬁnggg
..V—SSCN——GDLHMKVGV... > ——E
..TSSONMK——LGVFWGY... - TSSONMKLGVFWGY——...
.. VSSCNGDLHMKV——=GV... «.VSSCN——--GDLHMKVGV...

Gap insertion

W TSSOQN—MKLGVFWGY...
«.TSSONMKLGVFWGY... e ..VSSCNGDLHMKVG—V...
..VSSCNGDLHMKVGV...

A

«..—T—SSONMKLGVFWGY...
..VSSCNGDLHMKVGV—...

Gap shift ..T—S—SONMKLGVFWGY...

..T—SSQNMKLGVFWGY... — = e S EE DI —
...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:

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

» Structural compactness (S¢);
» Harmonic average distance score (Hgy);

» 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- y)/o
M ... average score of all models
o ... standard deviation of the scores
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Application to a difficult modeling case
1BOV-1LTS

Sequence identity 4.4%

Initial model Ca. RMSD 10.1A

Final model Coo RMSD 3.6A

0 5 10 15 20 25

Iteration index
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Benchmark with the “very difficult” test set

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

Initial prediction

Final prediction

Best prediction

Sequence
Target idenity | Coverage [ cq CE Ca CE Ca CE
-template [%] [% aa] RMSD | overlap | RMSD | overlap | RMSD | overlap
[Al [%] [Al [%] [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 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 3.4 724 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 4.1 524 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-20MF 13.2 97.3 18.3 11.3 1.4 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 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-811B 14.1 98.6 11.3 24.0 9.3 30.6 5.4 41.2
6XIA-3RUB 8.7 44 1 10.5 14.5 101 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

05/10/2004



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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. Sali. Nat. Struct. Biol. 5, 1029, 1998.
Sali . .S . Biol., 7, 986, 2000.
Structural Genomics S et S et B S

Baker & Sali. Science 294, 93, 2001.

Characterize most protein sequences based on related known
structures.

The number of “families” is
much smaller than the
number of proteins.

Any one of the members
of a family is fine.

There are ~16,000 30% seq id families (90%)
(Vitkup et al. Nat. Struct. Biol. 8, 559, 2001).
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( START )

Q

MODELLER

Get profile for sequence
(SP/TrEMBL)

Align sequence profile with multiple
structure profile using local dynamic
programming

Select templates using
permissive E-value cutoff

MODELLER

Build models for target segment by
satisfaction of spatial restraints

{ Evaluate models J

N

For each template profile

For each target sequence

MODPIPE: Automated Large-
Scale Comparative Modeling

R. Sanchez & A. Sali, Proc. Natl. Acad. Sci. USA
95, 13597, 1998.

Eswar et al. Nucl. Acids Res. 31, 3375-3380,
2003.

Pieper et al., Nucl. Acids Res. 32, 2004.

N. Eswar, M. Marti-Renom, M.S. Madhusudhan, B.
John, A. Fiser, R. Sanchez, F. Melo, N. Mirkovic,
B. Webb, M.-Y. Shen, A. Sali.
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Synergy of crystallography and comparative modeling

in structural genomics
Pieper et al., Nucl. Acids Res. 32, 2004.

http://salilab.org/modbase/models_nysgxrc.html

NYSGXRC X-ray Structure

MODBASE Models

Hypothetical UPFO001 protein
1b54 P38197 151 132 2 17
YBLO036C
Hypothetical 32.5 kDa protein
189 P49954 553 488 55 10
YLR351C
. Hypothetical 32.1 kDa protein in
1njr Q04299 _ _ _ 4 1 0 3
ADH3-RCA1 intergenic region
Hypothetical 28.8 kDa protein in
1nkq P53889 _ _ _ 379 207 172 0
PSD1-SKO1 intergenic region
_ Hypothetical 27.5 kDa protein in
1jzt P40165 _ _ , 1058 39 1006 13
SPX19-GCR2 intergenic region
1jr7 P76621 Hypothetical protein ygaT 11 10 0 1
YF63_METJA hypothetical protein
1ku9 3025177 MJ1563 598 131 214 253
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Comparative modeling of the TrEMBL database

Unique sequences processed: 1,182,126

Sequences with fold assignments or models: 659,495 (56%)

/0% of models based on <30% sequence identity to template.

On average, only a domain per protein is modeled
(an “average” protein has 2.5 domains of 175 aa).

9/15/03 ~4 weeks on 660 Pentium CPUs
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http://salilab.org/modbase
Pieper et al., Nucl. Acids Res. 2004.

Welcome to MODBASE, a database of three-dimensional protein
models calculated by

SUMMARY Search Criteria

Keyword 1abe

ower limi

Protein Sequ

TARGET MODEL

3LAST (SP/TR only)
and E-value cutoff

YD KNPNS
DGYVYDDGVK

TARGET

Sequence based | Select Sequence Database Protein
Database Description Organism N
View Links size Segments-Schema

Modeled Segment
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Major bidirectional resources involving ModBase

UCSF CHIMERA

an Extensible Molecular Modeling Syste

éita ExPASy Home page

A

Site Map Search ExPASy Contact us PROSITE Proteomics tools
Hosted by NCSC US Mirror sites: Bolivia |Canada China Korea Switzerland | Taiwan

Search Swiss-Prot/TrEMBL

Swiss-Prot

Protein knowledgebase

suwiisgrot TrEMBL

L

i

HOVERGEN
BLOCKS
ProtoNer
Protoly
PRESAGE
DIP
ModBase

SWISS-IDPAGE

Computer-annotated supplement to Swiss-Prot

RECEP F1 2:1.
Tree]

. G_PROT

Alignmen

http://www.cgl.ucsf.edu/chimera/
Daniel Greenblatt, Conrad C. Huang,
Thomas E. Ferrin

UCSC Human Gene Family Browser

al 41
evraaasvas 9P WEIALg Home UCSC Human Gene Family Browser
LTTAPRGKD SOF . WEQALG b,
VWWEESKWED S0P WEMALG 900
EVTDOLEWAS NOP WEQALN genome | Human assembly July 2003 [ search U39840 [Gel]
EVTDOLPGAS DOP . WEQALN [ comtiours. ||| ftsr owam_| [squnes] fizg]
DVAROAEWAS GOP WELALG sort by Expression (GNF) configure iiter (now off) isplay | 50 sequence | |te
BVRAGAELAS GOP wELard sort by | Expre: (G weoiee. ) L REIpow Al ) display output | _Sequence | (1ex)
ELROQGTEWOS GOR.WELALG
o i T ey VPEDARWKA GOP.WELALG =
APECCAVPD MKVLWAALVY  TLLAGE UREFAWWAS GOP WELALS ol = E
0340 R e L L WA ELEPEAGWOT GOP WEAALA 2 =2 8o
13852 MASLYYFFAL  AVLTGCQARS LFQAD a . FOQFRWEEMYD ol el i e 2l
#Name L£FZF 305 _ _F E-Value Genome PositionDescription
51 Gl 7 cE3NgIZESE
Consensus  RFWDYLAWUG TLSMOVOEEL |1ssOQUTAELT almeeTMKEv KAVKSELEed Sfctwe=%cd
Cormervation = e 5
AFE_BOVIN RFWDYLAWVA TLSDQVQEEL LMTQVIGELT ALMEETMKEY KAYKEELEGQ 1FOXAln/a 0 chrl4 36,051, forkhead box Al
AFECFIG  RFWDYLRWVD SLSDOVOEEL LSTKVIGELT ELIEESMKEY KAYREELEAQ
AFECMOUSE RFWDYLRWVD TLSDOVOEEL GSSQVIMELT ALMEDTMTEY KAYKKELEEQ
AFECRAT  RFWDYLRWYD TLSDOVOEEL GSSQVIGELT VLMEDTMTEY KAYKKELEED . - 5 e i
APECPAPAN RFWDYLRWVA TLSEQVOEEL LSPAVIGELT TLMDETMKEL KAYKSELEEQ ModBase Predicted Comparan"e 3D Structure on P35317
APECMACFA REWDYLAWVD TLSEQVOEEL LSPOVIBELT TLMDETMKEL KAYKSELEEQD — ===
APECHUMAN REWDYL AWV TLSEQVOEEL L5S50VIGELE ALMDETMKEL KAYKSELEED
APECASBIT  RFWDYL AWV 5LSDOVOEEL L5S5O0VTEELT MLMEETMKEYV FKAYKSELEED
APE_CAVPO RFWDYLAWYD TLSDAVEOEEL LSNOVIGELT LLIEDTMKEY KAYHAELEKE
CB0340 REWDYLAWVOD TLSDOVOEGY LNTAVIGELT ALMDETMKEY KAYKAELDED
vi3Es2 REWOYVSELN TOTDGMVAN] KGSOLSAELD TLITDTMAEL SsySEWL@TQ |/
Quit | Hide | Help i

Side

Front

Top
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MODBASE and associated resources
http://salilab.org/

™~
(DBALI

Database
http://salilab.org/dbali
contains a comprehensive set
of pairwise and multiple
structure-based alignments

(CHIMERA N

Program

http:/iwww.cgl.ucsf.edu/chimera
provides modules for display of <
sequences, structures and

. J\

SNPWEB

Web Server
http://salilab.org/snpweb
predicts functional impact of
residue substitution

y

r

MODBASE
Database
http://salilab.org/modbase
contains fold assignments,
sequence-structure alignments,

all sequences related to a
known structure

alignments
. J/
- e
ICEDB
Database/LIMS
http://nysgxrc.org

tracks targets for structural
genomics by NYSGXRC

1 J

_— — — — — —

| External Resources !
PDB |

| SwissProt/TrEMBL

| GENBANK, NR |

Pfam,SCOP,CATH

models, and model assessments for

(
MODLOOP
Web Server
http://salilab.org/modioop
models loops in protein
structures

\

. f
'

MODELLER

Program
http://salilab.org/modeller
implements most operations
in comparative modeling

g
)

-
MODPIPE

Program

automatically calculates
comparative models of many
protein sequences

EVA

Web Server
http://salilab.org/eva
evaluates and ranks web
servers for protein structure
prediction

e
v

'

MODWERB

Web Server
http://salilab.org/modweb
provides a web interface
to MODPIPE

\

MOULDER

Protocol

implements a protocol for
modeling based on very
remote homologs
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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.
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Human BRCA1 and its two BRCT domains

RING NLS BRCT
N— N
|:| Globular regions —

mmmw Nonglobular regions 200 aa

BRCA1 BRCT repeats, 1jnx

Williams, Green, Glover. Nat.Struct.Biol. 8, 838, 2001
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BRACARnalysis"™
Comprehensive BRCAT-BRCAZ Gono Sequence Analysis Result
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Missense mutations in BRCT domains by function

cancer not cancer
associated associated ?

no transcription
activation

transcription
activation
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“Decision” tree for predicting

functional impact
of genetic
variants

non-rigid (2-0.7

>90A3

http://salilab.org/snpweb

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

Eswar et al. Nucl.Acids Res.
31, 3375, 2003.

non-rigid (2-0.7)

buried

—

CP

buriedness

neighborhood
rigidity

rigid (<-0.7)

~ residue rigidity

Y

rigid (< -0.7)

volume change

<90A3

exposed

functional site

YES

~ volume change

NO

Y

other information
(helix breaker,

turn breaker)

~-&

© gD

volume change >30A3
<30A3
260A3 30
Y
<60A3 °
- charge change Y—ES>°
‘ NO
2 class
polarity change
L 0 or 1 class
20 mutation likelihood |<g
l <0
nono phylogenetic entropy —>°O
YES
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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

1646
1891

826
571

1703
1937
aso
620

1762
1997
940
673

1813
2046

999
728

Putative binding site on BRCA1

N-terminal BRCT

BRCT linker

R-GDVVNGRNHQGPKRARESQDRKIF

R
E

R QP

3

b

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

1863
2089
1035

c
Phe(+3) \
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From domains to assemblies

A. Sali. NIH Workshop on Structural Proteomics of

domains Biological Complexes. Structure 11, 1043, 2003.
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a few domain partners per domain
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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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Common Evolutionary Origin of Coated
Vesicles and Nuclear Pore Complexes

D. Devos*, S. Dokudovskaya, F. Alber*, M.A. Marti-Renom?*,
A. Sali *, M. Rout, B. Chait

Rockefeller University, New York
*UCSF
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All Nucleoporins in the Nup84 Complex are Predicted
to Contain p-Propeller and/or a-Solenoid Folds
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NPC and Coated Vesicles Share the -Propeller and a-
Solenoid Folds and Associate with Membranes

Fold CVs COPI COPII NPC
_ e— Clathrin o-subunit Secl13 Secl13
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Evolution?

Prokaryote Early Eukaryote = Modern Eukaryote
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Pore Formation

Need to maintain the integrity of the nuclear envelope.

1. From analogy with clathrins: Likely membrane-bending
activity of the Nup84 complex;

2. From the NPC model: Nup84 complex interacts with the
membrane proteins and/or the membrane.

3. From the expression profile clustering and the model: the
order of assembly of NPC.
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Pore Formation Hypothesis

r%pi) B s C}]- [“ = 9

nuclear envelope (bilayer

Nup84 complex +

|
R1C) - (U

the last layer is assembled
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Concluding remarks

o At present, useful 3D models can be obtained for domains in ~
50% of the proteins (20% of domains).

o Completeness in structural coverage (structural genomics).

o Assembly of domains into higher order complexes.
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