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Rememler the resolution importance
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Rememler the resolution importance

APPLICATIONS

100

Studying catalytic
mechanism

Designing and improving
ligands

Docking of macromolecules,
prediction of protein partners
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Virtual screening and
docking of small ligands

Defining antibody epitopes

Molecular replacement in
X-ray crystallography

% Sequence identity

w
o

Designing chimeras, stable,
crystallizable variants

Supporting site-directed
mutagenesis
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Refining NMR structures

Threading

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

de novo prediction
Insignificant sequence similarity




Protein structure gap

Experimental protein structure solution (eg. by
NMR or X-Ray crystallography) is labor intensive
and expensive.

For the majority of proteins in any given
proteome, experimental structures are not _y
available. A LU

1. Is it possible to predict 3-dimensional protein
structures computationally?

2. Which computational methods are feasible
and applicable in a life science research
context?

Diffraction pattern Electron density map Protein model



Homology modeling

“The biology perspective”

Homologous proteins have evolved by molecular
evolution from a common ancestor over millions of years.

If we can establish homology to a known protein, we
can predict aspects of structure and function of a protein by
similarity - Charles Darwin



Darwin’s eveolution of protein structures

Protein structure is better conserved than sequence

Similar Sequence = Similar Structure

Homology modeling = Comparative protein modeling

Idea: Using experimental 3D-structures of related family
members (templates) to calculate a model for a
new sequence (target).




The [@[f’[l[ﬁ]@[l[@@ﬂ off homelogy moceling

Structural Databases

l SeqFold,Profiles-3D, PSI-EBLAST, BLAST & FASTA, Fold-recognition methods (FUGUE)

Reference Proteins | =

l Ca Matrix Matching

Template Selections

Protein Sequence

................................................................. Sequence Alignment
Coordinate Assignment
I
MODELER . -
SWISS-MODEL Predicted Conserved Regions
E ,}J:SRSIER l Loop Searching/generation
Phyre2
« Initial Model -
Structure Analysis

Sidechain Rotamers 1
and/or MM/MD Refined Model WHAT IF, PROCHECK, PROSAIL,..

Developed from https://swissmodel.expasy.org/course



Protein modeling tools

SWISS-MODEL-Hhpred

Server for homology detection and structure prediction by HMIM-HMM comparison.

I-Tasser

I-TASSER is a server for protein structure and function predictions. 3D models are built based on
multiple-threading alignments by LOMETS and iterative TASSER assembly simulations.

QUARK

QUARK is a computer algorithm for ab initio protein structure prediction and protein peptide
folding, which aims to construct the correct protein 3D model from amino acid sequence only.
QUARK models are built from small fragments (1-20 residues long) by replica-exchange Monte
Carlo simulation under the guide of an atomic-level knowledge-based force field.

MAT

Comparative Modelling using a combination of multiple templates and iterative optimization of
alternative alignments.

Modeller

Software for homology or comparative modeling of protein three-dimensional structures.
MODELLER implements comparative protein structure modeling by satisfaction of spatial
restraints.

ModWeb

A web server for automated comparative modeling that relies on PSI-BLAST, IMPALA and
MODELLER.

Phyre2

A fold recognition server for predicting the structure and/or function of your protein sequence.



http://toolkit.tuebingen.mpg.de/hhpred
http://toolkit.tuebingen.mpg.de/hhpred
http://toolkit.tuebingen.mpg.de/hhpred
http://toolkit.tuebingen.mpg.de/hhpred
http://toolkit.tuebingen.mpg.de/hhpred
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/QUARK/
http://manaslu.fiserlab.org/M4T/
http://salilab.org/modeller/
https://modbase.compbio.ucsf.edu/scgi/modweb.cgi
http://www.sbg.bio.ic.ac.uk/phyre2/

SWISS-IMIODEL

» SWISS-MODEL is a web-based integrated service
dedicated to protein structure homology modelling.

» Building a homology model comprises four main steps: (1)
identification of structural template(s), (2) alignment of
target sequence and template structure(s), (3) model-
building, and (4) model quality evaluation.

» Modelling modes:

v" Automated - requires the amino acid sequence or the UniProtKB accession code
4 Alignment = if the template protein is known

v Project - visual inspection and manual manipulation

Swiss Institute of
Bioinformatics



SWISS-MODEL Template Library (SMTL)

» SMTL aggregates information of experimental structures
from the Protein Data Bank and augments it with derived
information. When a new structure is released by the PDB,
the coordinates and accompanying information are
processed and imported into the template library.

» The current SMTL contains:

v' 548.438 chains
v' 94.303 unique SEQRES sequences

(primary sequence of the polymeric molecules present)

v' 223.434 biounits

PDE %

Swiss Institute of
Bioinformatics




SWISS-MODEL Template Library (SMTL)

Enter POB ID or SMTL ID:

SMTL Update:| 2018-04-12 ¥

« New Entries A

2009 H1N1 PA Endonuclease in complex with RO-7 Svpt
2009 H1N1 PA Endonuclease in complex with RO-7 and Magnesium 5vrj
A New Class of Beta-glucosidase inhibitor 5ost
ARABIDOPSIS THALIANA GSTU23, GSH bound gep’?
ARABIDOPSIS THALIANA GSTU23, reduced Gepb
AlIfA from B. subtilis plasmid pLS32 filament structure at 3.4 A 6195
Alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyliransferase with Bound Acceptor 5VCS
Alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyliransferase with bound UDP and Manganese svCm
Alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyliransferase with bound uranium dioxide svCr
Aminoglycoside Phosphotransferase (2")-1a S376N mutant in complex with GMPPNP and Magnesium Bchd
Aminoglycoside Phosphotransferase (2")-1a in complex with GMPPNP, Magnesium, and Amikacin Gcgd
Aminoglycoside Phosphotransferase (2")-1a in complex with GMPPNF, Magnesium, and Arbekacin 6cgg
Aminoglycoside Phosphotransferase (2")-1a in complex with GMPPNP, Magnesium, and Dibekacin Geav
Aminoglycoside Phosphotransferase (2")-1a in complex with GMPPNP, Magnesium, and Lividomycin moieties p Boey

Swiss Institute of
Bioinformatics



Chose your mocdelling moee

» You can either paste the protein sequence or provide the UniprotKB of
your target sequence in the input form.

» To search for available template structures, click on the “Search for
Templates” button

Start a New Modelling Project @

Target ¥ Target MUVKAVCVINGDARGIVEFEQESSCT PRV SCEVCGLARGLHGFHVHEFGDNTNGCHSSGPHENPYGREHGAPVDENRHE  so Supported Inputs @
Sequence(s): Target GDLGNIEATGDCPTKVNITDSKITLEGADSIIGRTVVVHADADDLGRGGHELSKSTGNAGARI GCGVIGLARY 153
(Format must be Sequence(s) -
FASTA, Clustal,
plain string, or a valid Target-Template Alignment =~
UniProtKB AC) e ”

Add Hetero Target < Reset el EMpd e X

DeepView Project -

Ergject e SODC_DROME P61851 Superoxide dismutase [Cufzn]

Search For Templates Build Model

By using the SWISS-MODEL server, you agree to comply with the following terms of use and to cite the corresponding
articles.

=

Swiss Institute of
Bioinformatics



» Chose the best sequence similarity (above 30% prefered)

Template Results o

Templates

4 Name
M 319e1A
i 3197.1.A
319e.1.A
&l 3197.1.A
[ 2z7ky1.A
] 4b3e.1A
1n18.1.A
[ 27ky.1.A
[ 3Mtv.1A
] 4b3e.1A
1n19.1.A
[ 27kx.1.B
[ 2zkw.1.A
o 3gtt1.A
] 3v1A

Quaternary Structure
L4 Title

Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Cu-Zn]
SUPEROXIDE DISMUTASE [CU-ZN]

Superoxide dismutase [Cu-Zn]

Superoxide dismutase [Cu-Zn]

Superoxide dismutase
[Cu-Zn],Superoxide dismutase [Cu-Zn]

SUPEROXIDE DISMUTASE [CU-ZN]

Superoxide Dismutase [Cu-Zn]

Superoxide dismutase [Cu-Zn]

Superoxide dismutase [Cu-Zn]

Superoxide dismutase [Cu-Zn]

Superoxide dismutase
[Cu-Zn],Superoxide dismutase [Cu-Zn]

Sequence Similarity

Your template results

» Build model by selecting your template(s)

s Coverage

<ldentity $ Method

68.63

67.97

67.97

67.32

61.84

61.84

61.84

61.18

61.33

61.18

61.18

61.18

61.18

60.67

60.67

X-ray, 2.0A
X-ray, 1.8&
X-ray, 2.0A
X-ray, 1.8A
X-ray, 2.4A
X-ray, 2.1A

X-ray, 2.0A

X-ray, 2.4A

X-ray, 2.5A

X-ray, 2.1A

X-ray, 1.9A

X-ray, 2.7A

X-ray, 1.9A

X-ray, 2.4A

X-ray, 2.5A

-
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Alignment of Selected Templates

Oligo State

homo-dimer v

homo-dimer v/

homo-dimer v

homo-dimer v/

homo-dimer v

homo-dimer v

homo-dimer v

homo-dimer v/

homo-dimer v

homo-dimer v

homo-dimer v

homo-dimer v

homo-dimer v

homo-dimer v/

homo-dimer v

More
4 Ligands
2xZN”

2XZN% 2xCU®
2xZN®

2XZN% 2xCU®
2XZN®

2xZN% 2xCU”

2xZN% 2xCU1
(i

2XZN®

2XZN®

2xZN% 2xCU"

2xZN% 2xCU1
o

2xZN7 2xCU1
o

2XZN% 2xCU1

(]
2XZN%

2XZN®

Build Models @

Clear Selection

319e.1.A
319y.1 A
319¢.1.A
319y.1 A

Cartoona @& p

%) (x| %] W




Mocdlel results & evaluation

» GMOQE (Global Model Quality Estimation) combines properties from
the target—template alignment and the template search method.
GMAQE score is expressed as a number between 0 and 1, reflecting the
expected accuracy of a model built with that alignment and template
and the coverage of the target.

Template Results o

Templates Quaternary Structure Sequence Similarity Alignment of Selected Templates More « Build Models @

% Name # Title + Coverage ¢ldentity ¢ Method & Oligo State Ligands Clear Selection
v 319e.1.A Superoxide dismutase [Cu-Zn] _ 68.63 X-ray,2.0A homo-dimerv 2XxZN® v
319y.1.A Superoxide dismutase [Cu-Zn] _ 67.97 X-ray, 1.8A homo-dimerv 2xZN% 2xCUZ A

Method @  X-RAY DIFFRACTION 1.80 A
Found By @  BLAST

GMQE® 034

Seq Similarity @  0.51
Build Model
> QSQE® 072

Biounit Oligo State  homo-dimer

Target Prediction ®  Itis possible to build a homo-dimer. The target model is also

EIZEE] to be a homo-dimer.
Build a homo-dimer ® monomer

£ Target
319y.1.A

SLAKGLHGFHVHEFGDNTNGCMSSGPHENPYGKEHGARVD 75
NG LIRGEHGFEVHEFGDNINGCT SAGAHFNPEXDHGEPSS 75

Target ENRHLGDLGNIEATGDC - PTKVNITDSKITLFGADSIIGRIVVVHADADDLGQGGHELSKS
319y.1.A AVRHVGDLGNIEAIEDACVIKVSIODSOISLEGENSIIGRTLVVHEAD FDDEGECGHNELSKITG GRI ¢ 150
Target HEEN 153

®PVa - A |5
319y.1.A RN s =PV Cartoon a » 5

149



Model results & evaluation

» QMEAN, a composite estimator based on different geometrical properties and
provides both global (i.e. for the entire structure) and local (i.e. per residue)
absolute quality estimates on the basis of one single model.

» QMEAN Z-scores around zero is good, but of -4.0 or below are an indication of
models with low quality

Model Results o Orderby: GMQE E’
Oligo-State @ Ligands ©@ GMQE® QMEAN©
Homo-dimer 2xCU% 2xZN® A 0.88 06615

(matching 2 x COPPER () ION
prediction) Ligand 2 in contact with: Chain A : H45, H47, H62, V117, H119
Ligand 4 in contact with: Chain B : H45, H47, H62, V117, H119

2 X ZINC ION
Ligand 1 in contact with: Chain A - H62, H70, H79, D82
Ligand 3 in contact with: Chain B : H62, H70, H79, D82
Global Quality Estimate Local Quality Estimate Comparison Lo
QMEAN -_——]. 0.66 i ocal Qualty Exnmate Comptiyon with Wi sedurdam Set of FDB Structires
ce L W 020 1| i————
Alaiom [ [ W -123 j IS
Solvationiin. | Ml -125 i1 ;
Torsion [ W 094 I o
Template Seqldentity Coverage Description
3oy 1A 67.97% NN Superoxide dismutase [Cu-Zn] v
[E— mMpy.  Catoona B B A
Model-Template Alignment ~
L¥Model 01:AM| 80
Model 01:B 80
319y.1.AMAEKAVCVIZBD [EGTVEELD: PV VSGEV)GL KGXAGFHVPEFGDNTNGC SJc [PFNE HG:P RHV &0
Y¥odel 01:2GDLGNIEATGDC PTRVNITDSKITLFGADSIIGRTVVVHADADDLGOUGGHELSKSTGNAGARIGCGVIGIARY 1s3
Model 01:B TGDC PTKVNITDSKITLEGADSIIGRTVVVHADADDLGOGGHELSKSTGNAGARIGCGVIGIARV 282

AT e
319y.1.A/GDLGNIED =02 T TRVETIDS o IfDLac e DI IGRI VY PAD-DDLGLGGIELSKI TGNAG - RIZCAPIEYRK 154



Predicted Local Similarity to Target

Model results & evaluation

» The “Local Quality” estimates, for each residue of the model (reported
on the x-axis), the expected similarity to the native structure (y-axis).
Typically, residues showing a score below 0.6 are expected to be of
low quality.

» The “Comparison” plot models quality scores of individual models
related to scores obtained for experimental structures of similar size.
Query inside normal distribution of existing model is great.

Local Quality Estimate Comparison with Non-redundant Set of PDB Structures

Lot

1ot

0.8

0.6

0.5}

0.4

0.0F

—
Normalized QMEAN4 Score

0.2

|Z-score|>2

* 1<|Z-score|<2
e |Z-score|<l
Y model

L 1 1 1 L 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 0 100 200 300 400 500 600
Residue Number Protein Size (Residues)

0.0




QMEANnNorm_score

Mocdel conclusion

Sometimes in modelling, you can fail. It is real!
If your model is so far away from normal distribution of references.

REDO your modelling, compare it with other methods

Comparison with non-redundant set of PDBs

L=

o |

n 4

o

o

S

1

O" —s
Z-score QMEAN: -5.41 -
Z-score Cbeta: 3.31 Asfsence X-rays;

2 | Zz-score all_atom: 3.54 W |Z-score|<T

' Z-score solvation: 2.58 @ 1<|Z-score|<2
Z-score torsion: 4.06 O |Z-score|>2

0 B query model

0 100 200 300 400 500 600 700

size

The case of Dengue Virus NS3 Serine Protease



I-TASSER

> |-TASSER (Iterative Threading ASSEmbly Refinement), a hierarchical approach
to protein structure and function prediction.

» It forms structural templates from the PDB by multiple threading approach
LOMETS, with full-length atomic models constructed by iterative template
fragment assembly simulations.

NOPLLPGYSFNANLVAGLTPIEANGYLOFFIDRPLGWKG

Structure assembly Structure re-assembly TM-align search

'SOLF GINAGOGEGRYSELLAINLLEGLLL

! ;“::‘:}‘;' IRNKTS =

ERVOPTTVROEGPWADPACAVVOTGPNGYTVYY
LATAFGYGPNPIEVPQGAEIVF KITSPOVINGF MVEGTNIN
VEVLPGEVSTVRYTFKRPGEYRNCNQYCOLGHONMEGT

Sequences

&

-

Clustering Lowest E structure

PDB Iibrarp
A REMO H-Bond
optimization
( Structural analogy

N
W EC classification
) GO vocabulary
Binding site

Template Cluster Centroid Final model Function prediction

AU I
BT
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Hornalized B-factor

I-TASSER parameters of @ gooe result

A. Visualization of tertiary structure

*Download Model 1
*C-score=-0.08

*Estimated TM-score = 0.70+0.12
*Estimated RMS = 6.3+3.9A

Normalized B=-factor —— Helix » Strand N

» C-score is typically in the range of [-
5,2], where a C-score of higher value
signifies a model with a high
confidence and vice-versa.

» TMe-score >0.5 indicates a model of
correct topology and TM-score<0.17
means a random similarity.

Coil

Negative values = Residues stable

- . .

AT o o o 0 oo 44 b N 4 TN O § S 4 o S 4o 4 4 S R

a8 160

156 200 298
Residue Mumber

B-factor, a value to indicate the extent of the inherent thermal mobility of residues/atoms in

proteins

The normalized B-factor (B-factor profile, BFP), predicted using a combination of both
template-based assignment and profile-based prediction.


https://zhanglab.ccmb.med.umich.edu/I-TASSER/example/model1.pdb

I-TASSER parameters of @ gooe result

B. Prediction of ligand binding sites

- ‘,“
o 'g' Predicted ligands
¢ P9

0.29
0.16
0.08
0.05
0.04

R W P =

Cluster PDB Lig Download
size

53
36
24
12
18

a) C-scoreis the confidence score of the
prediction. C-score ranges [0-1], where a
higher score indicates a more reliable
prediction.

b) Cluster size is the total number of templates
in a cluster.

c) Lig Name is name of possible binding ligand.
Click the name to view its information in the
BioLiP database.

d) Repis asingle complex structure with the
most representative ligand in the cluster, i.e.,
the one listed in the Lig Name column.

e) Multis the complex structures with all
potential binding ligands in the cluster.

Hit Name Complex Ligand Binding Site Residues

4amiA G90 Rep, Mult 90,91,94,95,98,180,181,182,192,196,242,2:
2y04A Y01 Rep, Mult 51,55,58,96,128,132,135,139
4e33A ONN Ren, Mult 71,91,94,95,98,99,192,196,242 246,249 26¢
3dgbA PEPTIDE Rep, Mult 48,112,115,116,118,211,215,218,221,284 2¢
2yCwA 2CV Rep, Mult 208,211,212,225,228,229,235




I-TASSER parameters of @ gooed resullt

C. Prediction of protein function using Gene Ontology

Consensus prediction of GO terms
Molecular Function GO:0003796 GO:0004940 GO:0004941 GO:0004995

GO-Score 0.58 048 0.35 0.33
Biological Process GO0071875 GO:0019835 GO0009253 GO:0042742 GO:.0016998
GO-Score 0.66 0.58 0.58 0.58 058
» CscoreGO is a combined G0:0003796 - ® ez
measure for evaluating global lysozyme activity
and local similarity between Molecuiar Function

Definition (GO:0003796 GONUTS page)

Catalysis of the hydrolysis of the beta-(1-=4) linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in a
peptidoglycan. PMID:22748813

guery and template protein.
It's range is [0-1] and higher
values indicate more confident

predictions. GO:0071875 P Json
> TM-score is a measure of adrenergic receptor signaling pathway
. o - Biological Process
glObaI structural Slmllarlty Definition (GO:0071875 GONUTS page)

betwe e n q u e ry a n d te m p I ate A series of molecular signals generated as a consequence of an adrenergic receptor binding to one of its physiological ligands
protein.



QUARK

QUARK, a computer algorithm for ab initio protein structure prediction and
protein peptide folding, which aims to construct the correct protein 3D model
from amino acid sequence only.

QUARK models, built from small fragments (1-20 residues long) by replica-
exchange Monte Carlo simulation under the guide of an atomic-level
knowledge-based force field.

QUARK was ranked as the No 1 server in Free-modeling (FM)
in CASP9 and CASP10 experiments.

All you need is amino acid sequences...

>1ci4A
TTSQKHRDFVAEPGEKPVGSLAGIGEVLGKKLEERGFDKAYVVLGQFLVLKKDEDLFRE
WLKDTCGANAKQSRDCFGCLREWCDAFL



http://predictioncenter.org/casp9/CD/data/html/groups.server.fm.html
http://predictioncenter.org/casp10/groups_analysis.cgi?type=server&tbm=on&tbm_hard=on&tbmfm=on&fm=on&submit=Filter

QUARK results

A. Prediction of five ab initio proteins from query

Confidential score 1-9,
close to 10 perfect

B. Predicted secondary structure

20 40 60 80
| | | |

Sequence TTSQKHRDFVAEPGEKPVGSLAGIGEVLGKKLEERGFDEAYVVLGOFLYLKKDEDLFREWLKDTCGANAYOSRDCFGCLREWCDAFL

Prediction CCCHHHHHHHCCCCCCCCCCCCCCCHHHHHHHHHC CCHHHHHHHHHHHHHCCCHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHC

Conf.Score 9888399999879999987447898899999999979659999999999958889999999999968899999999999999999859
H:Helix; 5:5trand; C:Coil

C. Predicted solvent acessibility
208 48 317 %)
| | | |

Sequence TTSQKHRDFVAEPGEKPVGSLAGIGEVLGKKLEERGFDKAYVVLGQFLVLKKDEDLFREWLKDTCGANAKQSRDCFGCLREWCDAFL
Prediction 55333082211232233211281100320821824211326882000200113232319226802210828313168318018822803324

Values range from @ (buried residue) to 9 (highly exposed residue)



Plhyre2

» Protein Homology/analogY Recognition Engine V 2.0 (Phyre2) provides an intensive
mode to create a complete full-length model of a sequence through a combination of
multiple template modeling and simplified ab initio folding simulationists with a
simple and intuitive interface.

Normal Phyre protocol

Multiple high-scoring models covering different
regions of query

—_— ———————1a
Query
sequence

Final model

Extract Co-Cu distance
constraints from models

Backbone and
side chain addition

L N\ J\
Poing Y Y Y

Constrained Ab initio Constrained

Eliminate constraints from several models and create final model using Poing (protein-
folding simulator)



Phyre2 results

A. Identification of pocket using Phyre2 investigators

Pocket detection
Large pockets are frequently found to be the |location of active sites. The largest pocket as detected by the

frocket? program are shown in wireframe mode, coloured red.
Download raw data

Analyses Residue: ALA 2

uence ok
Quality ?:'gﬁl ) Mutations J

Conservation |
Pocket detection

[ Mutational sensitivity ]

Largest pocket
J Pocket

ARNDCQEGHILKMFPSTWYV ARNDCQEGHILKMFPSTW Yy

Pocket was identified at the C-terminal sites

| Take JMol snapshot || Show All analyses || Hide All analyses |[ Clear Selection |

1_10_211_ ]D_ 40_
Predicted Secondary structure L ARAARARAAARA iy
SS Confidence B - — - -
AARARKARKAN

Model Secondary structure : : -
_m.‘hm MIAISQCPVKN S WPELVGTNG DI AAGI I QT E NANVK A I V V K EGLPITQDLNFNR V R V|
SQCPVKN S WPELVGTNG DI AAGI I QTE NANVKAI V\ AL

Modelled Residues

Pocket detection &
‘ »




Paradox: moceling is not a real protein

Ced n'est pas une
protéine.

“...a model must be wrong, in
some respects --- else it would
be the thing itself. The trick is to
see ... where itis right.”

Henry A. Bent

"Uses (and Abuses) of Models in Teaching Chemistry,"
J. Chem. Ed. 1984 61, 774.




It was still the tenth course, don’t
get dizzy yet




