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Sequence versus Structure
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Why is it useful to know the structure of a

protein not only its sequence?

« The biochemical function of a protein is defined by its interactions with
other molecules.

« 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.
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Evolution tends to conserve function and
function depends more directly on structure
than on sequence, structure is more
conserved in evolution than sequence.

Patterns in space are frequently more
recognizable than patterns in sequence.



Function via Structure
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Major experimental tools

X-ray crystallography Nuclear Magnetic Resonance

Area detector

Nitrogen vapor
(140 Kelvin)




Why Protein Structure Prediction?

Y 2004 Y 2006

Sequences

Structures

We know the experimental 3D structure for
about 1% of the protein sequences



Principles of Protein Structure
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folding

Ab initio prediction

sLebInA oLiqinoynsaqg

sndsLi9 snipuo)
suelnpiu snpsAoeuy

0zZL. BUBEqRUY

evolution

Fold Recognition
Comparative Modeling




Protein structure modeling

Ab initio prediction

Applicable to any sequence

Not very accurate, and attempted for
proteins of <100 residues

Accuracy and applicability are limited by
our understanding of the protein folding
problem

Comparative Modeling

Applicable to those sequences only that
share recognizable similarity to a template
structure

Fairly accurate, typically comparable to a low
resolution X-ray experiment.
Not limited by size

Accuracy and applicability are rather limited
by the number of known folds



What makes comparative modeling possible

| A small difference in the sequence makes a small
difference in the structure

I Protein structures are clustered into fold families




Structural Genomics

Characterize most protein sequences (red) based on related
known structures (green).

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




Comparative Protein Structure Modeling
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Steps in Comparative Protein Structure Modeling
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Comparative Modeling by Satisfaction of
Spatial Restraints (MODELLER)

3D GKITFYERGFQGHCYESDC-NLD?..
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1. Extract spatial restraints 1
_ (‘S Q.. D - o 400 B M
A - e > 2004 a

G Ey B, N

l E“u.u" .‘.[. llllllll : Q ¢ E.J 200

R T : 100
G- R

0 1I5 1‘7 1|9 2'1 2‘3 25

C, - C,DISTANCE [A]

2. Satisfy spatial restraints

F(R) = P pi(f/l)

A. Sali & T. Blundell. J. 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.



Loop Modeling in Protein Structures

a+f barrel: flavodoxin IG fold: immunoglobulin

Frequency
|

0 J T T
1 3 5 7 9 11 13 15 17
Length of a loop [residues]

A. Fiser, R. Do & A. Sali, Prot. Sci., 9, 1753, 2000



Loop modeling strategies

Database search Conformational search
“Comparative” “ab initio”

*even in DB search, the different conformations must be ranked

«database is complete only up to 4-6 residues

*loops longer than 4 residues need extensive optimization

DB method is efficient for specific families (eg. Canonical loops in Ig’s, B-hairpins etc)



Loop Modeling by Conformational Search
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1. Protein representation.

2. Energy (scoring) function.

3. Optimization algorithm.



Energy Function for Loop Modeling

The energy function is a sum of many terms:

1) Statistical preferences for dihedral angles:

N

3) Statistical potential for non-bonded contacts:



Mainchain Terms for Loop Modeling
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Mainchain terms for loop modeling

Mainchain conformation classes Probability of mainchain classes
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Optimization of Objective Function

Many different combinations of objective function terms were explored. The
objective function was optimized with a combination of conjugate gradients
method and molecular dynamics simulation with simulated annealing in a
two step process: without and with the environment.
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Optimization of Objective Function

e Test set: 40 randomly selected loops of known structures, for each
length from 1 to 14 residues.

e Starting conformation: Loop atoms were spaced evenly on a line
spanning the two anchor regions, then randomized by + 5 A.

e To simulate real comparative modeling situations, performance of
the loop modeling problem was determined by predicting loops in
only approximately correct environment.

Native loop region (99-106) in 1nba

Distorted environment w2 *

X-ray structure of Inba
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Accuracy of loop models
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Accuracy of Loop Modeling

RMSD=0.6A RMSD=1.1A RMSD=2.8A
HIGH ACCURACY (<1A) MEDIUM ACCURACY (<2A) LOW ACCURACY (>2A)
50% (30%) of 8-residue loops  40% (48%) of 8-residue loops 10% (22%) of 8-residue loops

A. Fiser, R. Do & A. Sali, Prot. Sci., 9, 1537, 2000



Fraction of Loops Modeled With at Least Medium Accuracy
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Problems in Practical Loop Modeling

1. Decide which regions to model as loops.
2. Correct alignment of anchor regions & environment.
3. Modeling of a loop.

T0076: 46-53 T0058: 80-85
RMSD, ., loop = 1.37 A RMSD, ., loop = 1.09 A
RMSD, ., anchors = 1.52 A RMSD, ., anchors = 0.29 A



Assessing Accuracy of Loop Models
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Examples from CASP 3/4

RMSD

X-ray/model
X-ray/template
model/template

3-3 anchor
residues
0.76
2.38
2.10

global
MNCH ALL
1.28 2.48
2.69 4.22
2.75 4.29

local
MNCH ALL
1.05 1.90
1.94 3.53
1.64 2.92

S. pombe contractile ring protein Cdc4p.
33 % seq 1d. 8 residue long loop,
RMSD,jq: 3.64, RMSD,:1.36A



Adding solvent effect to loop modeling



Accuracy of loop models as a
function of amount of optimization
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Refining with CHARMM/GB

sample loop models

[ Select loop models J

: A
Select loop and its environment J&
Charmm/GB 0.43 A

Modeller 1.84 A
Charmm/Modeller 1.84 A

Minimize loop and its environment
with CHARMM/GB

50 steps of the steepest descent relaxation,

followed by 2000 steps of ABNR minimization
or until convergence (D < 10-4 kcal/mol).



Refining models with CHARMM/GB

Improving ranking Improving model quality
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A. Fiser, M. Feig, C.L.. Brooks, A. Sali (2002) Acc. Chem. Res.



Typical Errors in Comparative Models

Incorrect template Misalignment

MODEL
X-RAY
TEMPLATE
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comparative modeling NMR, X-RAY
% 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

finding functional sites by
3D motif searching

structure from sparse
experimental restraints

annotating function by
fold assignment

establishing evolutionary
relationships

D). Baxar 2 A,

2001



Some Models Can Be Surprisingly Accurate
(in Some Regions)

24% sequence identity 25% sequence identity

YJLOO1W

« ﬁHis 488

Ser 176 %‘Asp 383
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http://www fiserlab.org/

A Fiser, R.KG. Doand A Sali, Prot Sei. 8 1753-1773 (2000)

Upload your coordinate file : _]

Select loop segments :

Fiser, A. and Sali, A. Bioinformatics. (2003) 18(19) 2500-01



Applications |.

Structural genomics



Structural Genomics

Characterize most protein sequences (red) based on related
known structures (green).

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




Structural Genomics

» Definition: The aim of structural genomics is to put every protein sequence within
a modeling distance of a known protein structure.

> Size of the problem:
» There are a few thousand domain fold families.
» There are ~20,000 sequence families (30% sequence id).

» Solution:
» Determine protein structures for as many different families as possible.
» Model the rest of the family members using comparative modeling

Burley et. al. Nat. Genet. 23, 151, 1999.
Sanchez et. al. Nat. Str. Biol. 7, 986, 2000



Mew York Struciural Genomics Research Consonium hittpe iy sgore. org!

O &

New York Structural Genomics
Research Consortium

SGXRC

Mission Statement

To develop and use the technology for high-throughput structural and functional studies of
proteins.

Participating Research Groups

Albert Einstein College of Medicine Structural Genomix, Inc
Mark F. Chance Stephen K. Burley
Steve Almo
Anne Bresnick The Rockefeller University
Andras Fiser Terry Gaasterland
Brookhaven Mational Laboratory University of California, San Francisco
Robert Sweet Andraj Sali
Jian-Sheng Jiang
] . Weill Medical College of Cornell
E. William Studier Universit
S. Swaminathan Christopher Lima

Columbia University
Lawrence Shapiro
Public Target Information

Public Target Progress Report
Download: Public Target Progress Report in XML Format

Home Proposal Publications Flowchart lceDB Tools Contact
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hitp- Ay sgre. org'nysgredfresults_tablesimodel_nysgxre_jan(3 himl

Comparative Protein Structure Modeling with NYSGXRC Structures (January 23,

2003)
NYSGXRC SOLVED-STRUCTURE TEMPLATE MODBASE) NYSGXRC ACCEFTABLE MODEL DATA
Gl or # # #
Total Total |Min. Max. Models Models| Models
Target_ID| Protein Name ! Comment |Swissprot| PDB | Protein
Code Code Hize Models |Models Seq.| Seq.| =50% [30-50% <30%
ID | ID |Seq. ID|Seq. ID|Seq. ID
Similar to putative
&TP-binding protsi 0130988 1M1 352 12583 76 13 | 63 [ 40 30
1 et L B - 1T 432 | B0 | 150 |11 |86 | 1 | 15 | 134
Canserved hypethetical
1303 protein YOCE from Bacillus | PREE22 INES 1186 52 38 21 | B 2 10 17
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TBA uncyg TBA TBA 1315 683 o 1] 1] o o ]
phipi, a Major Timothy Srass
TBA Pallen Al TBA 1N10 228 18 162 |20 | B2 | 18 53 a
746 phips 43215 [TBA 209 249 11 | 25 | 47 0 10 1
Hypothatical 32.1 kDa protain
jufs] in ADHI-RCA1 intergenic Q04288 |1NJR 284 i 0 0 [} [} L1} ]
region
Hypothatical 28,8 kDa protein
POS& in PS0M-SK0 interganic PS38AY ANKEQ 258 am 181 14 | 43 [} B2 e
FEgion
putative_thioesterase_[comA)
TBA " TBA TBA 138 479 147 9 | B8 17 16 114
TRA  [MPothetical protein (yqel) |pp, TEA 241 g6
ol ES 7 |18 | B 3 16 &4
URACIL-DMA
GLYCOSYLASE FROM T.
1288 MARITIMA | 4 Qawn1 |1L8G 182 119 84 13 | 48 o 48 35
protein TMOS511)
Hypothetical 29,1 kDa protein
Poor in URAT-POLIZ intergenic Paa1a7 1B54 267 53 44 2T | 43 [} 34 10
Fegion
n08 zi';‘:‘:f"‘""s'“‘m P3ROTS  [1CK0 228 | 1374 | 1286 | 8 |88 | 108 | 33 | 1130
Hygpothetical 32,5 kDa protein
FO18 VIRISIC P40054  |1F89 201 a0z 261 | 13 | 54 1 18 212
Pl4da  |L-allo-threcnine aldolase %32322 1IGE 343 1045 923 |10 (46| o0 i3 | 810
Hypothatical 33.% kDa
POES estergsa in SMC3-MRFLE P40383 TEA 289 804 119 | 10 | &2 1 14 104
intergenic regon
Hypothetical 27,5 kDa protein
Poay in SPX19-GCR2 intergenic P40165 1JZT 245 1401 L] 14 | # o 4 2
region
Diphasphomevalonate
P00 doe = P32377 1Fl4 306 422 139 9 | BB 2 26 111
P02 Glutathione synthetass Apo  |Q08220  |1MOT 481 140 25 | 30 | 42 2 23 o
Pi0Za |Gtathione synthetase Lig  |QDBZE0  |1MOW | 491 FFl n (323 o 30 0
Isopentanyl-diphosphate ol
F108a delta-isomerase (IPP Eoossas  [L9A 182 247 MT |10 | 72 5 18 394
isarmerase) e
Pllla |Translation initiation factor 6 |QE03S7  |1G61 228 Fri 35 29|46 0 34 1
TIER2003 6:22 P



leeDB: Report Display hitpnysgxre.orgfysgre-cgi/private/display _report.cgiMarget id=P097...

1of2

Target ID: POST

Target Iteration: 1

IceDB Report Go to Upload Report Page
. Download Report as FOF Format
Display e

To make changes to other
experimental types:

Go to Add/Edit/Upload Data - Start
Page

Target ldentifier; P09/

Protein Name: HYPOTHETICAL 27.5 KDA PROTEIN IN SPX19-GCR2
INTERGENIC REGION

Organism: Saccharomyces ceravisiae

PDB Code: 1JZT

Rationale for Target Selection: Unknown function and represents a domain from a
number of protein families (ProDom accession PDO05835).

Method of Structure Determination: Se-Met MAD method and NCS density
averaging.

Structure Description: The structure of PO97T is a three-layer a-b-a sandwich. The
two molecules related by NCS in the asymmetric unit form a tightly packed dimer.
Each monomer consists of eight b-strands and nine a-helices. The order of b-strands
is 32145678 according to the SCOP classification.

Comparisons of Structurally Similar Proteins in PDB: P0S7 represents an
unusual Rossmann fold. A typical MAD-binding Rossmann fold should have six
b-strands forming an open twisted parallel b sheets in the middle and two a-helices on
both sides (3LDH). The secondary structure of the Rossmann fold is
b1-aA-b2-aB-b3-aC-bd-aD-bS-aE-bs and the order of b-strands is 321456 (SCOP).
The NAD-binding proteins usually consist of two domains: a dinucleotide (or

TIER2003 6:19 P



Welcome o TargetDB
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TargetDB

Target Search for Structural Genomics

TargetDE is a target registration database that was originallv developed to provide registration and tracking
information for NIH P30 structural genomics centers. TargetDB has now been expanded to include target data from
worldwide structural genomics and proteomics projects. The scope of TargetDB is to provide timely status and
tracking information on the progress of the production and solution of structures.

Sequences from the NIH P30 and other structural projects have been loaded into the TargetDB database and can be
scarched wsing the form below. TargetDB is updated weekly. All targets arc available for download im XML format
bere,

Aonew Targel Status Cuery Fealure is now available, please click here.

Target sequence lists are also maintained at the following sites:

1B | ¥5G|
Using the Target Search Form:

* Enter text and/or sclect menu options in the form below to define the desined target
scarch, select a result format, and press the SUBMIT button to exceute the query

* All form atinbutes are optional. [f no options are entered a query will return all of the
MIH targei entries in the database.

# Click on anv attribute name for an explanation and examples of the anribute.

# For a FASTA sequence comparison, enter the one-letter code sequence into the
SeqUEnce Lext box.

Project

Target ID:

Status: [ Aoy =
Site: [An 1
Include

Data | Al Structural Genomics Centers: [}

From:

Target after [ Manth oy _][Year _]

Data

Updated; Defore[Merth —_[{Day _[[vear _|
Protein |

Name:

Source I

81172002 %25 PM

http-fargetdb. pdb.org/



Limitations of structural genomics: Quaternary structure

1000 4[]
Proteins are modular, ~2.7 domains per protein. soo || [ |-
600 1

400 1

Frequency

Evolution shuffles domains.

200 A

24% of domains/residues in 57% of proteins are modeled L S e e e s e

Sequence length of yeast ORFs

Average Length

Structural genomics is determining structures of domains, : :
. . . Protein Domain Model
usually not proteins, definitely not assemblies. 472 175 192

Thus, there is a great need for methods for docking of domains into proteins
and of proteins into macromolecular assemblies.

domains proteins assemblies
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