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Objective

TO LEARN HOW-TO MODEL A
3D-STRUCTURE FROM A SEQUENCE
AND A KNOWN STRUCTURE




DISCLAIMER!

Name Type' Workd Wide Web address”
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Programs, servers and databases

http://salilab.org

LS-SNP
Web Server
http://salilab.org/LS-SNP

Predicts functional impact
of residue substitution

4 MODBASE

Database
http://salilab.org/modbase

PIBASE

Database
http://salilab.org/pibase
Contains structurally defined
protein interfaces

MODWEB

Web Server

CCPR
Center for Computational
Proteomics Research
http://www.ccpr.ucsf.edu

Fold assignments,alignments
models, model assessments
for all sequences related to a

\ known structure

( 1cEDB )
Database/LIMS
http://nysgxrc.org

Tracks targets for structural

genomics by NYSGXRC
J

http://salilab.org/modweb
Provides a web interface to
MODPIPE

MODPIPE

Program
Automatically calculates

MODELLER
Program

http://salilab.org/modeller
Implements most operations

in comparative modeling

EVA

Web Server
http://salilab.org/eva

comparative models of many

protein sequences

Evaluates and ranks web
servers for protein structure

MODLOOP
Web Server
http://salilab.org/modloop

Models loops in protein
structures

DBALI
Database
http://salilab.org/dbali

Contains a comprehensive
set of pairwise and multiple

rediction
. P Y,

structure-based alignments

J
~

LIGBASE

Database
Ligand binding sites and
inheritance (accessible
through MODBASE)

\ J

External Resources

PDB, Uniprot, GENBANK, NR, PIR, INTERPRO, Kinase Resource

UCSC Genome Browser, CHIMERA, Pfam, SCOP, CATH
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Nomenclature

Homology: Sharing a common ancestor, may have similar or
dissimilar functions

Similarity: Score that quantifies the degree of relationship between
two sequences.

Identity: Fraction of identical aminoacids between two aligned
sequences (case of similarity).

Target: Sequence corresponding to the protein to be modeled.

Template: 3D structure/s to be used during protein structure prediction.

Model: Predicted 3D structure of the target sequence.



Nomenclature

Fold: Three dimensional conformation
of a protein sequence (usually at
domain level).

Domain: Structurally globular part of a
protein, which may independently fold.

Secondary Structure: Regular sub-
domain structures composed by alpha-
helices, beta-sheets and coils (or loops).

Backbone: Protein structure skeleton
composed by the carbon, nitrogen and
oxygen atoms.

Side-Chain: Specific atoms identifying
each of the 20 residues types.
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protein prediction .vs. protein determination

X-Ray

NMR

Comparative Modeling
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Experimental
data

Threading

Ab-initio




Why is it useful to know the structure of a protein,
not only its sequence?

¢ The biochemical function (activity) of a protein is defined by its interactions with other
molecules.

& The biological function is in large part a consequence of these interactions.

¢ The 3D structure is more informative than sequence because interactions are determined
by residues that are close in space but are frequently distant in sequence.

In addition, since evolution tends to conserve
function and function depends more directly on
structure than on sequence, structure is more

conserved in evolution than sequence.

The net result is that patterns in space are
frequently more recognizable than patterns
in sequence.




Principles of protein structure
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Folding (physics) Evolution (rules)

Threading

Ab initio prediction _ _
Comparative Modeling

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

o

Template Search

-

f Target — Template )

Alighment

J

Model Building

( Model Evaluation

No_ &

Yes

TARGET TEMPLATE

ASILPKRLFGNCEQTSDEG
LKIERTPLVPHISAQNVCLKI
DDVPERLIPERASFQWMN
DK

! 1

ASILPKRLFGNCEQTSDEGLKIERTPLVPHISAQNVCLKIDDVPERLIPE
MSVIPKRLYGNCEQTSEEAIRIEDSPIV---TADLVCLKIDEIPERLVGE

@

I\

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.



Template Selection
“Structural Space”



Structure-Structure alignments

As any other bioinformatics problem...

- Representation
- Scoring
- Optimizer



Representation

Structures

All atoms and coordinates Dihedral space or distance space Reduced atom representation

Vector representation Secondary Structure Accessible surface (and others)

16



Scoring

Raw scores

EEspesEniesmees RMSDGE ) = () 0300l

Aminoacid substitutions Root Mean Square Deviation

(o

Secondary Structure (H,B,C) Accessible surface (B,A [%]) Angles or distances



Scoring
Significance of an alignment (score)

Probability that the optimal alignment of two random
sequences/structures of the same length and composition as the
aligned sequences/structures have at least as good a score as the

evaluated alignment.

Empirical .
P Sometimes

: | ' approximated
] [ A by Z-score (normal
3 distribution).

N
-

cewrere ot R

. ‘ ¢

2 (s-u)

P(s) = @

Analytic Ps3 x) = 1— exp( o (5 ))
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Optimizer

Global dynamic programming alignment

Sq/st 1] b N,
Sa/st2 | ® M
J
N f
2 3 Di,,-.q"'SCOI"e(A‘,]—}
* * * * * D'-jzm In< Di"‘ J+SCO re (:ri.rj:i
— |D...*Score ..

* «1T— Best alignment score

Backtracking to get the best alignment

Needleman and Wunsch (1970) J. Mol Biol, 3 pp443
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Optimizer

Local dynamic programming alignment

Sqst 1! ... N,
Sq/st 2. ° M
|
1 o 3 Di,j.1+SCOre{A.rj}
— | * * * Di.1_j.1+SCOre(:ri.rj)

¢
*
*
*
*

D, =miny
D...*Score ..

N
*
*
*
: * * * * Best score
/
]
Z |+ */%\v o %

Best local alignment

Backtracking to get the best alignment

Smith and Waterman (1981) J. Mol Biol, 147 pp195
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Optimizer

Global .vs. local alignment

——————————————————————————————————————————————————————————————————————————————————————

____________________________________________________________________________________




Optimizer

Multiple alignment

Pairwise alignments Multiple alignments

Following the tree from step 1

Example — 4 sequences A, B, C, D.

Align the most similar pair
D I I

EEe————
A D A = e— Align next most similar pair
C n—— A
D e— e C Align B-D with A-C
- similarity +

6 pairwise comparisons

then cluster analysis D™ == e—

A mms w

C o on e—

A

New gap in A-C to optimize
its alignment with B-D

22



Coverage .vs. Accuracy

Same RMSD ~ 2.5A

Coverage ~90% Ca
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Structural alignment by properties conservation
(SALIGN-MODELLER)

\|
e N [*
EXE
N -
A ——
D :
g ——— c v" Uses all available structural information
- similarity + v Provides the optimal alignment

Computationally expensive

A
e, Vel — 3
RMSD(x,y) = ()2 (x®-y@[)
&

Si,j Bi,j Ii,j

<_/‘. ~ S AW
Iph
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Structural alignment by properties conservation

(SALIGN-MODELLER)

http://salilab.org/DBAli

DBAN ALEAT!
4080 - The DO
30t K0a04 Nan Deen
o parOnd Wi few
2OR MNC M

Vst ahgremty

e Ve Petwerce  Conoind - Soetets - Svaomenons Viskon: 10415 © 2089 - 3008 MR

DEAll v2.0 tools page

71 em @ mtp //saliab.org/DBAN /T page «too's

DBAL Tools associated 10 the database.
o DBAINRI Compare your own Sirciure 10 he whole PDE
o AncolRe: Fas srnotason of a chan
o Annobyde. ANSIe A AN
o NodClus: Clusier a bt of chaing
o NodCius: Clusier bom 4 chien
o ModDom. Defing o S0 A Shain
o SAVUGN: Gata mutipie stuciure algnment of g bt of

shans

= Q- PP Apact

= | )24

=3

S JEm

VT e 1001 © 3000 - 3008 Y

Res 35, W393 (Jul 1, 2007)
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Vector Alighment Search Tool (VAST)

Graph theory search O
of similar SSE ————————e
Refining by Monte Carlo o S—
at all atom resolution

v" Good scoring system with significance

Reduces the protein representation
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Gibrat JF et al. (1996) Curr Opin Struct Biol 3 pp377
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Vector Alignment Search Tool (VAST)

htt

p://www.ncbi.nlm.nih.gov/Structure/VAST/vast.shtml

NCBI VAST Home Page

4lr @ C K * A 22 hetp: | Jwww.nchinim mih gov/ Strecture [VAST vas = Q= JNB Dopaa @

:'_) ’- p—
=Bl Structure ‘ ’ {
PubMed BLAST OMIM Books  TaxBrowser Enteez Structure

Search Entrez | serecture +) for (o)

» Vector Alignment Search Tool | ey |

VAST Help

Protain structure neighbors in Entrez are
e sl determined by direct comparison of 3-
puisitbaeuitball dimensicnal protein stuctures with the VAST
e algarithm. Each of the more than 87,804
VAST Search domains in MMDB is compared to every
other one. From the MMDB Structure

Sutmit structuse summary pages, retrieved via Entrez,
Ll L structure nesghbors are available for protein
chains and individual structural domains. If
Mol L LU \ou already know a8 PDBMMDB-Id you can
Help try this at ance, using the input foem in the

Help on ning right column,
VAST On the Structure summary page, wse “3d Domains® or

“Proten”™ 1o retdave & Il of similae structures. For
VAST Search example, chck on a bar with a chain identfier such as
FAQ *B°, o the bar below e Chain B with & domain
identfier such as *4" , to get a list of neghbors. The
Nore help on VAST resuits of the precomplied VAST search will then
Search prasent struciural seghbors graghically. Using the
check boxes in the leftmost column of this graph,
(RETRINEERTZ RS gl seinct thase structuces you would bke to 1ee
supermposed and cick on "View 30 Structure® 1o view
PRRTETTITTTRSSSEN ose with the mime-typed helper applcation you have
10 the VAST server it AU RRSCs)

nr-PDB VAST SMr:W.ileVice that
allows searching for stuctural
neighbors starting with a set of

AN ronrinatas enanifiad b

Install and test

8
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Incremental combinatorial extension (CE)

Exhaustive combination
M - of fragments
Ao . .
e - Longest combination of

" ~ AFPs
Coz
. Heuristic similar to Y FAsT! |
PSI-BLAST v Good quality of local alignments

Complicated scoring and heuristics

—t e P R
| n
| e N\
8 residues peptides ' A
RMSDG ) = )E ()= vl |
|
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Incremental combinatorial extension (CE)

http://cl.sdsc.edu/ce.html

4 » & ¢ K 4+ 5 Annpid.sdscedu/ce e = Q- M8 Dopazo

Databases and Tools for 3-D Protein Structure
Comparison and Alignment

Using the Combinatorial Extension (CE) Method

Select from the following options by 2
clicking the Nnks on the right Mare Info
FIND Find structural alignments by selecting from ALL or REPRESENTATIVES
from the PDB.

CALCULATE Calculate structural alignment for TWO CHAINS cither from the PDB or
uploaded by the user. Calculate structural neighbors for one protein UPLOADED
BY THE USER AGAINST THE PDB,
Cakulate MULTIPLE STRUCTURE ALIGNMENT (at
University at Albany, NY).

DOWNLOAD Download the SOFTWARE and DATABASES used here for local use.
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URMS" - [20-

S

Matching molecular models obtained

2.84
Jn

(URMS™ URMS”|D

URMS"

v" VERY FAST!
v Good scoring system with significance

Reduces the protein representation

.
A ]
! Caks
o
". . x » e @
o ,.: ,c:.“ . " -
e 200 00 et o 00

lengh

Ortiz AR, (2002) Protein Sci. 11 pp2606



Matching molecular models obtained
from theory (MAMMOTH)

http://ub.cbm.uam.es/mammoth/pair/index3.php

ano MAMMOTH Pairwise Proten Strocture Aignmest Server

‘ - ll » “gww wu 3 hrpc/ /ub chm uam es/ mammoth/par indexd. pho ~ Q M3 Dopazo \

-

SCBM™ MAMMOTH-mult

-é—“;i«‘.:?%???; o Multiple Protein Structure Alignment Server
N

Uplcad the cocrdnates e (POS
format) of your first protedn

Upload the coordnates N (POD
format) of your second protein

Your e-mall for resyits to be sent
Dack

TIOMe AuRtONE May take upo
fow mingtes, £ i recommended thet
you Noude your emad?

Taded % open page (e Activity window ‘or Getah) ||
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Classification of the structural space
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SCOP. database

http://scop.mrc-1lmb.cam.ac.uk/scop/

taral Cussfcation of Proseiss

A r B C A s VP 0P e (e e

Serwcmrad Clanafficanon of Proscins
@eé?

Welcome 10 SCOP: Strectural Classification of
Proteins
1.73 release (November 2007)

34494 TOB Eetries. | Lacostare Refoxence. 97178 Dosarn.
feachading macieks acds and Boorracal modeh)

Folds, supertamiles. and famibes siatisixs home

New fokds socciacnibes Danilics

Lt of otmokoi cotnic and Bcx rplaccracad.

Asthers Alesey G, Marzin, Joha-Mac Chandonla, Asosina Andmeva, Dave Howort, Lomdana Lo Cosse,
Barten G, Adey, Sweven E. Baconer, Tim J. P. Hobbaed, and Cyrus Chotia. 5000 orc b camac ik

Reference: Murrie A. G, Breeser S E_Hubbasd T, Ohothia C. (1995). 5009 & structeral clasaification of protein
Latshanc for B¢ t2vesg of soquences aad stwacares. J. Mol. Biol. 247, 536580, (FDF)

Recent change ax doscrbod o Lo Coste L, Hresser 3. B Mebbaed TJ 1, Cho®hia O, Marzn A, (2002), sC0¢
databang In 2002 mfinoments accommodate suctanal ponomies. Mol Aok Bes, MU 264247, [RDIN.

Asdroewa A . Howorh D, Breeser SE., Hubbasd TJ P, Chothia C. Murzia A G, (2004), SCOr dasabase I 2004
refincmnests negraie strochase and soquence Tuedly date. Nucl Ackf Keax, J2D226 D229, [PDE), asd

Asdreeva A, Howorh D, Chasdonis ) .M., Bresner SE_ Hubbard TP, Chothia C_ Merzia A O, (2008). Dats
prowt and i srpact on B¢ SOOF database: new developeacnss. Nl Ackl Bes, M D4 19-D23. (P01

Access methods

Enter scor o the (g of the hicoarchy

Kaywond scach of SC0F comies

S0r pacscable ey

ALSCOP relonscs and rocusadiod conry hislory

POS0OP - preview of the next relesse

SCOOF domun, soquences and péb-atyle coosdimate flos (ASTRAL)
Hidden Markov Model Mbvary for SCOF suporfamalios (SLPEREAMILY)
cvie 6 g s o " e e O

~ Q- M Oupare C

v’ Largely recognized as “standard of gold”
v" Manually classification
v Clear classification of structures in:

CLASS
FOLD

SUPER-

FAMILY

FAMILY

v' Some large number of tools already available

Manually classification
Not 100% up-to-date
Domain boundaries definition

Class Number Number of Number of
of folds superfamilies families

All alpha proteins 284 507 871
All beta proteins 174 354 742
Alpha and beta proteins (a/b) 147 244 803
Alpha and beta proteins (a+b) 376 552 1055
Multi-domain proteins 66 66 89
Membrane and cell surface 58 110 123
proteins

Small proteins 90 129 219
Total 1195 1962 3902

Murzin A. G.,el at. (1995). J. Mol. Biol. 247, 536-540.
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CATH:. database

http://www.cathdb.info

S € M+ s Ve e why -Q

New Osts Avalable

CATH & 8 Norwrhee ciamslosion of wier Somer
Vs b WA bt prders o Vs g v
Cuant 123 Aschimcium (AL Tapotogy (1) and Homaugous
g ey Tre tenrtaran wt wntereerey Ay nac “."

[rmr e o Ay s i aer 4

Bbir i Wl v s mOsw Wt e

COMPLIBONE WCTVHaNe TORCHE Id MIAICE BvANCe Mt e C

pet arwyv e

CATH v2.2.0 Reloanod

Links for Ressarchers Links for Developers

o Bawnh CATH by « Linking %o CATH
R
o Basns CATH SO P g o

e Py « CATM thog

CATH Now Look CATH

Class Architecture Topology ::':::::’:;'
1 5 310 682
2 2 196 438
3 14 512 956
4 o 102
Total 40 1110 27

S35
Family

2078

4558
173
88T

Uses FSSP for superimposition

v' Recognized as “standard of gold”
v Semi-automatic classification
v" Clear classification of structures in:

CLASS

ARCHITECTURE

TOPOLOGY

HOMOLOGOUS SUPERFAMILIES

v' Some large number of tools already available
v' Easy to navigate

Semi-automatic classification
Domain boundaries definition

Family

2902
6473
217
12281

:::Ily :mly RS
3540 6685 2349
4468 7656 29992
8135 16346 58067
301 445 1765
16444 312 114215

Orengo, C.A., et al. (1997) Structure. 5. 1093-1108.
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DBAIi.-. database

http://salilab.org/DBAli/

Uses MAMMOTH for superimposition

AN vl O Sorre deage
4> B € K 4+ s Qe g DR » Q- M Oopare O ;
e v Fully-automatic
v Data is kept up-to-date with PDB releases
v Tools for “on the fly” classification of families
: v' Up-to-date multiple structure alignments
= DBAII UPDATES NOTE v' Easy to navigate
T iecma Tho P00 Rt /asndy inaaal o f0w VO o/ 0o ommedumed FOB B, b ester v" Provides some tools for structure comparison
83t o B DON 2crom and Dograr [owrerlly more Ban |1 3.000 Med ines and "o
e 207 5,000 PP bnetl we have Cecded 10 FD0 D LS Ul o P code & verled ©
onAsALERT: P PO
e Does not provide a stable classification
o A . ODBAL A O of Sin Migr
::.:-:.. Mt A Ve feoim ow Aoirel Sad
:~‘"— W Pe Nl of Vauautat VS T Nawgaran B Wetd
0 A DNy MANMC ™ pragram Pairwise structure alignmenmts
Last update: October 628, 2007
R e T I e )
Number of chains: 95,804
Currendty, DOAS comtars | 748371 897 parwae irvchurl Bignments peneremd Dy
MAVMOTH 883 Ty Dased Muliche E7uChee Mg ment B 34 617 8on-seduacant NumDer of SEUCIUND-SRCIUN COMPANsons.” 1,748.371.897
Ot # POB geseraind Sy MUCELLER The 200048 M40 AChCt Several bl ©
e ] e e -y Matiple structure alignments
LS Pt 10 Do P 10 B Last update. August 188 2007
S G Number of roprosentative chaims: 34 537
. ;-::::::m p— 3 Number of famiies: 12,732
o e W (e OB

Marti-Renom et al. 2001. Bioinformatics. 17, 746
Marti-Renom et al. 2007. BMC BMC Bioinformatics (2007) 8 (Suppl 4) S4
Marti-Renom et al. 2007. Nucleic Acid Research (2007) 35 W393-W397
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Classification of the structural space

Not an easy task!

Domain definition AND domain classification

SCOP

SCOP + Dali (0.06)

SCOP only
\ (0.09)

SCopP
+ CATH
(0.18)

SCOP + Dali (0.06)

. SCOP only
(0.13)
All |
(0.58) Jscop
/,/‘ CATH
7 (0.23)

All
(0.549)

CATH |

+ SCOP\”

(0.10)

CATH + Da
(0.10)

CATH
only
(0.19)

CATH
+ SCOP
(0.17)

CATH + Dali

(o 2’0.14)

CATH only
(0.51)

(0.59

All
0.42)

DALI

Dah + SCOP
(0.04)

Dali only
(0.26)

Dali
+ CATH
(0.11)

Dak + SCOP
-, (0.05)

\Dall only
| (031)

Dal 1 CATH (0.22)

Day, et al. (2003) Protein Sciences, 12 pp2150

sse|) swes

ulewo( swes
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template search and

template-target alignment
(pp_scan)

Marti-Renom, et al. (2004) Prot. Sci. 13 pp1071
Narayanan, et al. in prepration



PP_SCAN or profile-profile alignments

& | ALIGN: DP pairwise method
A Tring S o hor § BLAST2SEQ: Local heuristic method
;- : >
£ (f, SEA: Local structure prediction method
PR i 8 1 SAM: HMM method
« i PSI-BLAST: Local search method that
1 o uses multiple sequence
§ f » information for one of the
i f | sequences.
: | LOBSTER: HHM + Phylogeny Method
£ | CLUSTALW: DP multiple sequence
5 method.
f. ,, o : COMPASS: DP profile-profile method
; § | PP_SCAN: DP pairwise method that
t t ‘ uses multiple sequence
: E information for both
%5 2 4 @ 8 W0 % 2 w e 2o 100 Seq uences.




PP SCAN 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)



PP_SCAN protocols accuracy

SALIGN protocol CE overlap [%] Shift score
CCrBP 55 +23 0.61 £0.24
CCHH 56 =23 0.61 £0.24
CCHs 56 +24 0.62 +0.23
CCwmar 51 £25 0.55 £0.27
EDrBP 54 +24 0.60 £0.25
EDHH 54 +24 0.59 £0.26
EDHs 55 +24 0.59 £0.26
DPrBP 55 +23 0.61 £0.24
DPHH 56 +23 0.60 £0.25
DPHs 55 +24 0.61 £0.24
JSHH 53 +24 0.60 £0.24
JSHs 54 +24 0.60 £0.24
AvemaT 49 +26 0.52 £0.29
TOP 62 =20 0.67 £0.20




PP_SCAN accuracy

(
s

CE 100 =0 1.00 +0.00 BuAST -

BLAST 26 +29 0.32 +0.33 A 2.8
PSI-BLAST 43 + 31 0.48 +0.35 CLUSTALW -

SAM 48 +26 0.50 +0.34 S BAST .
LOBSTER 50 + 27 0.51 + 0.32 COMPASS - |

SEA 49 +27 0.53 +0.29 s

ALIGN 42 £25 0.44 +0.28 seA L
CLUSTALW 43 +27 0.44 +0.31 LORTIR
COMPASS 43 + 32 0.49 = 0.35 _— 62

CCHH 56 +23 0.61 +0.24 -

CChs 56 +£24 0.62 +0.24 . § . . . G

TOP 62 +20 0.67 +0.20 % 2 3 ; : ; : :



PP_SCAN success

100 g

80

©

£ 60

:

=

b=l

©

5

2 40
20

| | 1 | ! | 1

20 40 60 80 100
% of structurally equivalent positions

* -« BLAST
= PSI-BLAST
oo CLUSTALW
s COMPASS
« SAM
« LOBSTER
= SEA
oo CO
— CCis
- o CE



Alignment accuracy
(CE overlap)

200 pairwise DBAIi alignments

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

PP_SCAN (profile-profile alignment) 56%

43
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model building and
model assessment



Information about a protein can come
from three distinct sources

TUnANTA

R ]

TAp
o— Q000 "'

Experimental . KEY -

observations Statistical rules

Laws of physics
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Classes of methods for comparative
protein structure modeling

< Model building by assembly of rigid bodies
core, loops, sidechains.

< Model building by segment matching.

<~ Model building by satisfaction of spatial restraints.

Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.
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Comparative modeling by satisfaction of spatial restraints

Start with a
Target Sequence

Template
Search

|

~
J

Target/Template
Alignment

1

~
J

Build model

|

~
J

Evaluate model

Output 3D Model

o

MODELLER

. . MSVIPKR--GNCEQTSE
Given an alignment...

ASILPKRLFGNCEQTSD
extract spatial features A
from the template(s)
and statistics from
known structures

C, - C, DISTANCE [A]

|

apply these features
as restraints on your
target sequence

|

optimize to find the
best solution for the
restraints to produce
your 3D model

A. Sali &T. Blundell. |. Mol. Biol. 234, 779, 1993.
J.P. Overington & A. Sali. Prot. Sci. 3, 1582, 1994.
A. Fiser, R. Do & A. Sali, Prot. Sci., 9, 1753, 2000.
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Multiple Templates

Local similarity
extracted from
closest template

Templates KSINPIHGDNCEQTSDEGLKIERTPL-=-—=———— OWLKSSICDMRGLIPE

ASILPKRLFGNCEQTSDEGLKIERTPLVPHISAQNVCLKIDDVPERLIPE
Ta rg et MSVIPKRLYGNCEQTSEEAIRIEDSPIVRWISAQLVCLKIDEIPERLVGE



Modeling ligands and using external restraints

— Homology derived restraint

———— External Restraint




Accuracy and applicability
of comparative models



Comparative modeling by satisfaction of spatial restraints Types
of errors and their impact

Wrong fold

Miss alignments

Loop regions

Rigid body distortions

Side-chain packing

52

FREQUENCY

25

20

15 -

10 +

}

% Structure overlap
3

o

20 40 60 80 100
% SEQUENCE IDENTITY

g 8

o
o

n
o

& Template - Target
® Model - Target

] Template - Target difference
[£] Asignment error

20 40 60 80 100
% Sequence identity

Marti-Renom etal. Ann Rev Biophys Biomol Struct (2000) 29, 291



“Biological” significance of modeling errors

NMR - X-RAY
Erabutoxin 3ebx
Erabutoxin 1era

NMR
lleal lipid-binding protein
1eal

CRABPII 10pbB
FABP 1ftpA
ALBP 1lib

40% seq. id.

X-RAY ]
Interleukin 16 41bi (2.9A)
Interleukin 1 2mib (2.8A)
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Model Accuracy

HIGH ACCURACY
NM23 Seqid 77% CRABP Seqid 41%
Ca equiv 147/148 Ca equiv 122/137
RMSD 0.41A RMSD 1.34A

LOW ACCURACY

EDN Seqid 33%

Ca equiv 90/134
RMSD 1.17A

Sidechains Sidechains
Sidechains Core backbone
Core backbone
Core backbone L0oDS Loops
Loops Al nrﬁent Alignment
g Fold assignment
/ MODEL Marti-Renom et al. Annu.Rev.Biophys.Biomol.Struct. 29, 291-325, 2000.
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Utility of protein structure models, despite errors

100

NMR, X-RAY

comparative modeling

% SEQUENCE IDENTITY

>
Q
<
[+ 4
o }
Q
Q
<
)
g
-

threading

de novo prediction
Insignificant sequence similarity

D. Baker & A. Sali. Science 294, 93, 2001. 55



Model Assessment
(PMF)



Scoring

Statistical Potential (inspiration)

[#8]

AT [B] A+ B &2 AB
A
B

AG =-RTIn(K)=-RTIn—5+—= [AB]

[A][E]

B

From statistical physics, we know that energy difference
between two states (AE) and the ratio of their occupancies A
(N:N,) are related [9):

AE--RTIn(%} ) A

in which T is the absolute temperature and K is the Bolez- B

mann's constant. As we are nterested in an interaction B
energy between two amino acid side chains, it would scem

natural to define N, as the number of interactions

between these two residues types in a group of real protein

structures, a number which is readily available from simple

database analysis, But this number must be compared with

the number of interactions in some other system, Ny, to

obtain the energy difference beeween them.

Tanaka and Sheraga (1975) PNAS, 72 pp3802
Sippl, (1990) J.Mo.Biol. 213 pp859
Godzik, (1996) Structure 15 pp363
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Energy Z-score the model with respect the energy of random
models (or rest of decoys).

OE

e 0o nfmie . (E)-E)

<E>
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Prosall



http://www.came.sbg.ac.at
http://www.came.sbg.ac.at

ANOLEA

://protein.bio.puc.cl/cardex/servers/anolea/



http://protein.bio.puc.cl/cardex/servers/anolea/
http://protein.bio.puc.cl/cardex/servers/anolea/

Verify3D

://nihserver.mbi.ucla.edu/Verify 3D



http://shannon.mbi.ucla.edu/DOE/Services/Verify_3D/
http://shannon.mbi.ucla.edu/DOE/Services/Verify_3D/

DFIRE

http://sparks.informatics.iupui.edu/

" Deriving Scoring
E Structural space i

8w

i n {;.2 N ; Pseudo-Energy
[QXs by % : with respect a

i 3@‘ ~N | ideal gas-phase
o) l reference state

| > U ¢ & 1y’ 2 :

D $& :
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http://phyyz4.med.buffalo.edu/hzhou/dmonomer.html
http://phyyz4.med.buffalo.edu/hzhou/dmonomer.html

DOPE (MODELLER)

http://www.salilab.org/modeller/

Deriving Scoring

Structural space

Pseudo-Energy with

gg‘ . respect a ideal
| . b spherical protein as
. '{;" > a reference state
| fg\f B ,%
&;ﬁ
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http://www.salilab.org/modeller/
http://www.salilab.org/modeller/

R

MOULDER

John, Sali (2003). NAR pp31 3982
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Moulding: iterative alignment,
model building, model assessment

3

. Comparative modeling

o
&)

alignment

model building

)
N

model assessment

Models per alignment

l

—

s Moulding

. Threading
>

Alignments

1030
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Genetic algorithm operators

Single point cross-over

. TSSO—NMKLGVFWGY——...
«..V—SSCN——-GDLHMKVGV...

«. TSSQNMK——LGVFWGY...
-.VSSCNGDLHMKV——-(GV...

..TSSQ—NMK——LGVFWGY... :
- V-SSCNGDLHMKV—GV... |

..P’SSONMKLGVFWGY——... |
..VSSCN——GDLHMKVGV... |

Gap insertion

«.TSSQON—MKLGVEFWGY...

. TSSONMKLGVEFWGY..  =— ' VSSCNGDLHMRVG—V...
" VSSENGDLHMKVGV...

.—T—SSONMKLGVFWGY...
VSSCNGDLHMRVGV—..
Gap shift ..T—S—SONMKLGVFWGY...
T SSONMKLGVEWGY.. e " VSSCNGDLHMKVGV—...
" SSCNGDLHMKVGV—.. - TSSONMKLGVEFWGY...
" 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 (Sg);
«Harmonic average distance score (Hg);

« Alignment score (Ag).

Z = 0.17 Z(P¢) + 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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Benchmark with the “very difficult” test set

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

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 10.0 274 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 4.8 354 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-20MF 13.2 97.3 18.3 1.3 1.4 14.7 10.5 259
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 14.1 98.6 11.3 24.0 9.3 30.6 5.4 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 7.7 44.8 6.3 57.8
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Application to a difficult modeling case
1BOV-1LTS

—&— Top
¢ Final

Ho

Sequence identity 4.4%
Initial model Ca. RMSD 10.1A

Final model Co. RMSD 3.6A
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Can we use models to infer function?

NMR, X-RAY

comparative modeling

iz

>
3
5
e
15
-
§

threading

is

de novo prediction
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Modeling genes



What is the physiological ligand of Brain
Lipid-Binding Protein?
Predicting features of a model that are not present in the template

BLBP/oleic acid BLBP/docosahexaenoic acid

Cavity is not filled Cauvity is filled

Ligand binding

1. BLBP binds fatty acids.

2. Build a 3D model.

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

L. Xu, R. S&nchez, A. Sali, N. Heintz, J.'Biol. Chem. 271, 24‘-711, 1996.
72



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

1. mMCPs bind negatively charged

proteoglycans through electrostatic poihiy \f\g
interactions ’
2. Comparative models used to find w
clusters of positively charged surface
residues.
3. Tested by site-directed mutagenesis. oH & oH 7
His™ His"

Huang et al. J. Clin. Immunol. 18,169,1998.
Matsumoto et al. J.Biol. Chem. 270,19524,1995.
Sali et al. J. Biol. Chem. 268, 9023, 1993.

-~ 70 :
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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.

74



Common Evolutionary Origin of Coated
Vesicles and Nuclear Pore Complexes

m@GenThreader + SALIGN + MOULDER

D. Devos, S. Dokudovskaya, F. Alber, R. Williams, B.T. Chait, A. Sali, M.P. Rout.
Components of Coated Vesicles and Nuclear Pore Complexes Share a Common Molecular Architecture.
PLOS Biology 2(12):€380, 2004



yNup84 complex proteins
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All Nucleoporins in the Nup84 Complex are Predicted to
Contain p-Propeller and/or a-Solenoid Folds

Nupl33

—

4

\\oe $ W&-
( " ob
&N

Nup85

Nupl45C

A
o e
g 4
g »
Nup84 Sehl Secl3
@ ?\ i B
o e &Y
"})



NPC and Coated Vesicles Share the p-Propeller and o-
Solenoid Folds and Associate with Membranes

EXAMPLE FOLDS VARIANTS
Clathrin/AP-2 Complex CCVs cori corIl NPC
Clathrin Clathrin-N o-subunit-N  Sec13 Sec13
ear Beta B'-subunit-N  (Seh1) Seh1
— Propeller Sec31-N Nup133-N
f U o Nup120-N
AP-2
Complex
o Albh Clathrin-C o-subunit-C Sec31-C Nup133-C
p. a o/y/d/e-subunit  B'-subunit-C Nup120-C
\ Hehcall B-subunits B-subunit Nup85
Solenoid Y-subunit Nup84

Nup145C



NPC and Coated Vesicles Both
Associate with Membranes

Coated
Vesicle

O 2

NPC model

Nup 84 complex

1 Nup192, 2 Nup188, 3 Nup170, 4 Nup157, 5 Nup133,
6 Nup120, 7 Nup85, 8 Nup84, 9 Nup145C, 10 Seh1, 11 Sec13

affold

Alber et al. The molecular architecture of the nuclear pore complex. Nature (2007) vol. 450 (7170) pp. 695-701




A Common Evolutionary Origin for
Nuclear Pore Complexes and Coated Vesicles?
The proto-coatomer hypothesis

Prokaryote Early Eukaryote  Modern Eukaryote

A simple coating module containing minimal
copies of the two conserved folds evolved in
proto-eukaryotes to bend membranes.

The progenitor of the NPC arose from a

membrane-coating module that wrapped
extensions of an early ER around the cell’s ‘

chromatin.




Tropical Disease Initiative (TDI)
Predicting binding sites in protein structure models.

http://www. tropicaldisease.orq

O w B

8l



http://www.tropicaldisease.org
http://www.tropicaldisease.org

Need is High in the Talil

Bl DALY Burden Per Disease in Developed Countries
B DALY Burden Per Disease in Developing Countries

Heart diseases

Rare diseases

Disease

DALY

Jdal
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http://www.who.int/whr/2004/en/
http://www.who.int/whr/2004/en/

“Unprofitable” Diseases
and Global DALY (in 1000’s)

46,486 1,006
7,074 709
5,777 667
4,200 616
2,329 484
2,090 199
1,817 185
1,702 151
1,525 59

Disease data taken from WHO, World Health Report 2004
DALY - Disability adjusted life year in 1000’s.
* Officially listed in the WHO Tropical Disease Research disease portfolio.
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http://www.who.int/whr/2004/en/
http://www.who.int/whr/2004/en/
http://www.who.int/tdr/diseases/default.htm
http://www.who.int/tdr/diseases/default.htm

Comparative docking

Expansion 2. Inheritance
co-crystalized protein/ligand model o
M 5 W Mg
W : \\ WiV
:

1. Modeling

crystalized
protein

template
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DBAIli..o database

http://www.dbali.org

Fast annotations result

Full annotations result

Marti-Renom et al. BMC Bioinformatics (2007) Volume 8. Suppl 54
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http://salilab.org/DBAli/
http://salilab.org/DBAli/

% modeled

Modeling Genomes

data from models generated by ModPipe (Eswar, Pieper & Sali)

100
] % good
l:l % bad
90 —
80 —
M. /efrae
70 - O M. tuberculosis
60 — H. sapiens
P. falciparum
C. parvum
50 — O é OL. major
40 O P. vivax O )
C. hominis T. brucei
T. cruzi
30
©
T. gondii
10 —
0
l l l l l l
0 5.000 10.000 15.000 20.000 25.000 30.000 35.000

Transcripts

86

A good model has MPQS of 1.0 or higher



Summary table

models with inherited ligands

29,271 targets with good models, 297 inherited a ligand/substance
similar to a known drug in DrugBank

Transcripts Modeled targets Selected models Inherited ligands = Similar to a drug Drugs
C. hominis 3,886 1,614 666 197 20 I3
C. parvum 3,806 1,918 742 232 24 13
L. major 8,274 3,975 1,409 478 43 20
M. leprae 1,605 1,178 893 310 25 6
M. tuberculosis 3,991 2,808 1,608 365 30 10
P. falciparum 5,363 2,599 818 284 28 I3
P. vivax 5,342 2,359 822 268 24 13
T. brucei 7,793 1,530 300 138 13 6
T. cruzi 19,607 7,390 3,070 769 51 28
T. gondii 9,210 3,900 1,386 458 39 21
TOTAL 68,877 29,271 11,714 3,499 297 143
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L. major Histone deacetylase 2 + Vorinostat
Template 1t64A a human HDACS protein.

PDB © Template 4] Model C Ligand Exact SupStr SubStr Similar
1c3sA 2200 1t64A o4 LmjF21.0680.1.pddb 505110000 SHH DOO2S4E DDO2S4E DOOIS4E DOOS4AE

Drug categories:
Anti-inflammatory Agents, Non-Steroidal I
Anticarcinogenic Agents ‘
Antineoplassc Agents

Enzyme Inhibitors

Drug indication:

Enr tha tmatmard of ~ anaaie manfactatione in natiante wet
For the treatment of cutaneous manvwestations mn patients with
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L. major Histone deacetylase 2 + Vorinostat

Literature

Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13143-13147, November 1996
Medical Sciences

Apicidin: A novel antiprotozoal agent that inhibits
parasite histone deacetylase

(cyclic tetrapeptide /Apicomplexa/antiparasitic /malaria/ coccidiosis)

SANDRA J. DARKIN-RATTRAY*T, ANNE M. GURNETT*, ROBERT W. MYERS*, PAULA M. DULSKI*,

Tami M. CRUMLEY*, JOHN J. ALLOCCO*, CHRISTINE CANNOVA*, PETER T. MEINKE¥, STEVEN L. COLLETTI?,
MARIA A. BEDNAREKY, SHEO B. SINGHS, MICHAEL A. GOETZ8, ANNE W. DOMBROWSKIS,

JoN D. POLISHOOKS, AND DENNIS M. SCHMATZ*

Departments of *Parasite Biochemistry and Cell Biology, ¥Medicinal Chemistry, and $Natural Products Drug Discovery, Merck Research Laboratories,
P.O. Box 2000, Rahway, NJ 07065

ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 2004, p. 1435-1436 Vol. 48, No. 4
0066-4804/04/$08.00+0 DOI: 10.1128/AAC.48.4.1435-1436.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Antimalarial and Antileishmanial Activities of Aroyl-Pyrrolyl-Hydroxyamides, a
New Class of Histone Deacetylase Inhibitors
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P. falciparum tymidylate kinase + zidovudine

Template 3tmkA a yeast tymidylate kinase.

Model G Ligand Exact SupStr SubStr Similar
PFL2465c 2. pdb  E2.61/100.00 ATM DB20495 DB0495
DB00495 Zidovudine

Drug categories:

Anti-HIV Agents /\
Antimetabolites \\ /
Nucleoside and Nucieotide Reverse Transcriptase _,./ N o

Inhibitors

Drug Indication:
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P. falciparum tymydilate kinase + zidovudine

NMR Water-LOGSY and STD experiments

N

o &L ATM o)&/ﬁdovudine

78 76 74 72 7.0 68 66 64 ppm

Leticia Orti, Rodrigo J. Carbajo, and Antonio Pineda-Lucena
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TDI’s kernel

http://tropicaldisease.orqg/kernel
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http://tropicaldisease.org
http://tropicaldisease.org

TDI’s kernel

http://tropicaldisease.orqg/kernel

L. Orti et al., Nat Biotechnol 27, 320 (Apr,

2009).
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CORRESPONDENCE

A kernel for the Tropical Disease Initiative

To the Editor:

drug

private partnerships (e.g. http:/
private

to

the Tropical Disease Initiative

them ly It
s particularly difficult for neglected tropical
iscass such s malaia an tberculoss,

updated listof initat

TDI website above,
‘The TDI

[

es,see the g

where
scarce!. Fortunately; several duclcrmmls
improve our abilty to deal with drug

he

with our software pipeliné®? for
predicting structures of protein

discovery o a - I At
sequencing of del TS
diseasesy Abstract
second, the determination of a large number  surfacesof the models and
o creation indto ‘Background: Conventional patent-based drug development incentives work badly for the developing world, where
lly,h = ot commercial markets are usually small to non-existent. For this reason, the past decade has seen extensive experimentation
ot g ond o e sty o i Pt el with alternative RED institutions ranging from private-public partnerships to development prizes. Despite extensive
d lud discussion, however, one of the most promising avenues—open source drug discovery—has remained elusive. We argue
methods for that the stumbling block has b ce of a citcal mass o preexising work that volunteers can improve through a
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