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[nfroduction: principles of structure prediction

methods

Natural law

Principles of physics or physical chemistry

Evolutionary principle

Related sequences, structures, functions



Physical principles for structure prediction

Experimentally observed states (or structures) corresponds to
thermodymnamically stable states n the given condition
(pH, salt concentration, temperature, etc)

Protein molecules offen have enough time to reach stable states
before they act -> reproducible/reliable Function

(iw Qquifibrium)
Physical law for stability?

Stable states have the lowest free energy

G=H-TS

Transitions betfween states corresponds fo the minimum-free energy path



Free energy as a function of state
(structure/ conformation)

G (Free energy at constant pressure) =

H (enthalpy) -T (Femperature) S (entropy)

H (enthalpy) = E (energy) - pV (energy needed fo matntain pressure)

E = potential energy (interaction energy)
+ kinetic energy (determined by temperature)

Physical principle for potential energy of molecules

Quantum mechanics
Energy 15 defermined by

electrostatic interactions betfween electrons and nucler






Nobel prize tn chemistry, 1998



Computer time required for quantum calculations

Example: water molecules

T water molecule: ~T min

10 water molecules: ~1 day (For a single configuration)
10 water molecules, T microsecond: >1000 days

10000 water molecules, T microsecond: >million years

> approximate enerqy with that of molecular mechanics (classical mechanics)



Molecular mechanics energy



Harvard Univ. Stanford Univ.  Uwmv. Southern Califorma

“Development of Multiscale Models
For Complex Chemical Systems”









States on the energy surface






States observed by molecular dynamics stmulation

Correspond to experimentally observed states in the same condition

(pH, salt, temperature, etc) if

the potential energy function 15 accurate,

and

the stmulation is long enough (in the experimental FHime scale).

Problems of force field:

Stmple functional form, Parameter training

+ Heuristic adjustments
on small molecules,

Lack of polarization,



First molecular dynamics (MD) simulation of protein



Computer time required for a folding protfein
by molecular dynamics simulation

A millisecond-simulation of a protetn tn solution

with a fime step of 1 femtosecond requires
10712 steps!

(each step requires energy and gradient evaluation

For protein and all solvent molecules)

-> new method needed!



Fatlure of Force Field tn Protein Structure Prediction

David E. Shaw
Anton

Energy problem



CASP (Critical Assessment of Fechmiques
For protain Structure Pradiction)

Community-wide experiment on the comparative evaluation

of protein structure prediction methods

held every fwo years since 199¢



Reftnement of protein structure homology models
via long, all-atom molecular dynamics simulations

Closeness
From the crystal structure

David E. Shaw



Kuowledge-based Potential

in Protein Structure Prediction

[nverse-Boltzmann (aw

N from the structure database

A popular type of free energy function used tn structure prediction.



Stable states wn the free energy surface

MD simulation
potential energy -> sampling -> distribution & free energy

Global optimisation

global minimum (& sometimes suboptimal minima),
but not (thermodymnamic) distribution




Howevaer, ab wnitio structure prediction ts still

extremely difficult

Reports on successful predictions for small proteins (~100aa)

Best predictors in CASP: Rosetta (Robetta), |-TASSER

Recent advance (by Rosetta)
extract contact information

From related sequences (GREMLIN)

-

el ife

restratnt optimisation



Protetn structure prediction

Ab tnitio prediction 1s usually tnaccurate.

Homology modeling
(or Template-based modeling  based on evolutionary principle
or Comparative modeling)

can be very accurate if close template(s) can be found.



Homology modeling

Ab tnitio prediction ts usually maccurate,

Homology modeling
(or Template-based modeling based on evolutionary principle
or Comparative modeling)

can be very accurate if close template(s) can be found.



Procedure of homology modeling

Domatn parsing
-> Template selection
-5 (Multiple) sequence alignment

-5 Model building

-> Loop modeling, Refinement



Web servers for

profein structure prediction

- |-TASSER

+ http://zhanglab.ccmb.med.umich.edu/I-TASSER/

-+ Robetta

- http://robetta.bakerlab.org/

- HHpred

+ https://toolkit.tuebingen.mpg.de/ hhpred
- SWISS-MODEL

- htte:// swissmodel.expasy.org/



http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://robetta.bakerlab.org/
https://toolkit.tuebingen.mpg.de/hhpred
http://swissmodel.expasy.org/

Example: (-4

luterleukine-& tn Sus scrofa (Pig)

[uvolved tn at (east several B-cell activation processes as well as tu

other cell fypes.

[ts structure has wot been determined yef,

but structures of homologs tn other organisms have been determined.

htte://www.uniprot.org/ umiprot/E1CFET


http://www.uniprot.org/uniprot/F1CFE1

[-TASSER

* One of the best prediction servers n recent CASPs

+ Automatic prediction server without any infermediate steps for the user
- Requires registration

© Predicts:

* Protein tertiary structure

+ Ligand binding sites

- Fumnctions (GO, )



[-TASSER
http://zhanglab.ccmb.med.umich.edu/I-TASSER/



http://zhanglab.ccmb.med.umich.edu/I-TASSER/

[-TASSER

\ Paste amino acid sequence

Put your registered information

—



[-TASSER

Bookmark this link
or
The server will sent an e-mail when the
prediction is done.

[t takes ~F2 hours for a single prediction.



[-TASSER

On the "Queue page, you can track the job status.

&

&



[-TASSER

- Secondary Structure / Solvent Accessibility Prediction



Nornalized B-factor

UL
N -

= N waLaO

[-TASSER

Predicted normalized B-factor,

which ts related to per-residue model accuracy

Normalized B-factor — Helix Strand W Coil .

20 40 66 80



[-TASSER

It provides up to 5 models

\

It provides estimated model accuracies



[-TASSER

It predicts ligand binding sites



[-TASSER

It also predicts GO terms and their reliability



Robetta

+ Oue of the best prediction servers in recent CASPs
- Requires registration
+ Automatic prediction server with a single pause for the user
[t predicts domains fFivst.
+ And you have to re-submit a prediction job for each domain.

- You can run one prediction Job at a time.



Robetta

http://robetta.bakerlab.org/

[


http://robetta.bakerlab.org/

Robetta

Put your registered information

Paste amino acid sequence

[t takes ~F2 hours for a single prediction.



Robetta

Ou the “Queue page, you can track the Job status.

Status

Queued: waiting for running
Active: running now
Complete: finished

Method

Ginzu: domain prediction stage

Structure:
tertiary structure prediction stage



Robetta

5 . o, Press this button to predict
»  Once you got “domain prediction” results, as a “single” domain

you can choose domains to predict 3D stru#tiihe§omparative modeling” method



Robetta

Ouce you got domain prediction results,

you can choose domatus to predict 3D structures

It is predicted as 3-domain protein.
You can model each domain with
suggested modeling method.
(either TBM or ab initio)



Robetta

It provides up to 5 models and related predicted features.



HHpred

+ Oue of the best prediction servers in recent CASPs that are the fastest,

-t does NOT require registration,
but requires a MODELLER [icense key to build 3D model.

[t provides an tnteractive prediction mode

and also provides automatic selection optious.



HHpred

http://toolkit.tuebingen.mpg.de/hhpred



http://toolkit.tuebingen.mpg.de/hhpred

HHPY‘QA Paste amino acid sequence

— Check this for the better sequence alignment



'H'HPYQO( This bar shows aligned regions for each templates
(red: reliable matches; blue: unreliable matches)

]
\

Press this menu for 3D model building

'\

Detailed template detection informations



HHPY'QA Manual template selection

™\

Automatic template selection



HHpred

Press this button to generate sequence alignment
between query and selected templates



Generated sequence alignment
'H'HPYQJ Is placed at here automatically

Put your MODELLER license key

/



HHpred

You can see the model structure on web browser

\

You can predict model accuracies



SWISS-MODEL

[t does NOT require registration.
[t provides both nteractive and automatic predictions.

[t uses only single templates for each prediction.



SWISS-MODEL

http://swissmodel.expasy.org/



http://swissmodel.expasy.org/

SWISS-MODEL

/

Paste amino acid sequence

Automatic prediction mode
Interactive prediction mode

/

Both modes take few minutes for a single prediction.



SWISS-MODEL

[nteractive prediction mode

You can select templates to
build 3D models



SWISS-MODEL

Here are predicted

/ model accuracies

It predicts a model with for each template



SWISS-MODEL

It provides estimated model accuracies

(global)
(per-residue)

N

This figure shows local model accuracies
(blue means reliable)



GALAXY programs for proten structure prediction,

reftnement, and docking



&

Protein structure refinement

Galaxy

A\
Template-based modeling

Galaxy "BV

Domain prediction

Galaxy

|
Loop modeling

Galaxy Loop

Binding site prediction GALAXY . .
Protein Docking

Structure Prediction

GalaXySIte Oligomer prediction
Protein-ligand docking Galaxy
talaxyDock —

Protein-protein docking

GPCR docking Galaxy ppnﬂck
Galaxy 7TV

Protein-peptide docking

. . GalaxyPepDock
Ligand Docking



GalaxyWEB server
(http://aalaxy.seoklab.org)



http://galaxy.seoklab.org

What are the most used programs?

Out of 6,936 runs after excluding the jobs submitted through SNU [Ps
(as of Tan 17, 2014)



Profein oop modeling

Sequence Alignment

Loop Mod-eling



Variability of protein loops

Sequence and structure variability

among homologous protfetns

|

Functional specificity



LooP closure: an impor{‘aw{‘ ISSUL (h looP modeliwg

To close the backbone loop correctly between fixed structures.



Example of loop sampling

Expertmental structure
BN Sampled structures



Galaxyloop protein oop modeling

=

E. A. Coutsias, C. Seok*, M. P. Jacobson, and K. A. Dill, A Kinematic View of Loop Closure, J. Comput. Chem. 25, 510-528 (2004).

E. A. Coutsias, C. Seok, M. J. Wester, and K. A. Dill, Resultants and Loop Closure, Int. J. Quantum Chem. 106, 176 (2006).

J. Ko, D. Lee, H. Park, E. A. Coutsias, J. Lee*, and C. Seok*, The FALC-Loop web server for protein loop modeling, Nucleic Acids Res. 39, W210-W214 (2011).

J. Lee*, D. Lee, H. Park, E. A. Coutsias, and C. Seok*, Protein loop modeling by using fragment assembly and analytical loop closure, Proteins, 78, 3428-3436 (2010).

H. Park, J. Ko, K. Joo, J. Lee, C. Seok*, and J. Lee*, Refinement of protein termini in template-based modeling using conformational space annealing, Proteins, 79, 2725-2734 (2011).
H. Park and C. Seok*, Refinement of unreliable local regions in template-based protein models, Proteins, 80 (8), 1974-1986 (2012).



Galaxyloop: blind prediction example
on model framework structure

Experimental structure

lnitial structure
BN After refinement

TR/712

GDT-HA: 80.2 -> 82.1
HB-bb: 82.3 ->92.4
MP score: 2.20 -> 1.28 (Polar H only)



Galaxyloop server: input page



Galaxyloop server: output page



GalaxyRefine: Overall relaxation

Mild relaxation Aggressive relaxation

(w/ stronger tnitial-structure restraint) (w/ weaker restraint)



GalaxyRefine: A successful blind prediction example

Experimental structure

lnitial structure
BN After refinement

TR681

GDT-HA: 56.9 -> 63.9
HB-bb: 82.3 -> 92.4
MP score: 2.63 -> 1.44 (Polar H only)



Ga(axyl?efiwa server: im{?u{' page



Ga(axyl?efiwa server: oufput page



Community-wide blind prediction experiments

CASP (Critical Assessment of techniques for protein Structure Prediction)
Comparative evaluation of protein structure prediction methods

CAPRI (Critical Assessment of PRediction of Interactions)
Comparative evaluation of methods for prediction of protein-protein interactions

CSAR (Community Structure-Activity Resource)
Comparative evaluation of methods for prediction of protein-ligand interactions

GPCR Dock
Comparative evaluation of methods for GPCR modeling and docking



CAPRI

CAPRI (Critical Assessment of PRediction of lnteractions)

Communitywide experiment on the comparative evaluation
of methods for prediction of profetn-profetn tnteractions

held trregularly

We participated since Round 20, TJan 2010.



Prediction of Protein-Protein luteractions by GALAXY tn CAPRI Round 30




Prediction of homo-oligomer structure by GALAXY

Oligomer Template Search (GalaxyGemini)

Target Protein and Model Building (GalaxyTBM)

Global Refinement with Symmetric ULR modeling
Final Model Symmetry Restraint (GalaxyLoop)
(CEIEVREITTE)




[mpact of refinement

Fnat Fnonnat LRMSD IRMSD
Initial Refined
Refinement
T85 F F LRMSD IRMSD T85 F F LRMSD IRMSD

nat nonnat nat nonnat

Before 0.60 0.32 4.02 2.27 After 0.66 0.34 2.31 2.07



GalaxyGemimi server: iw{?u/' page



Galaxmemiwf server: oufput page



GalaxyRefineComplex server: tnput page



GalaxyRefineComplex server: output page



GalaxySite server: input page



GalaxySite server: output page



GalaxyDom server:. inuf page



GalaxyDom server: output page

None |

Modeling Unit Information

Regions

1-26
26) SEQADV QLYTRASQPELAPEDPEDLEHHHHHH
27-50 | signaling
2 MFQKKTYAVFLILLLMMFTAACSG

(24) peptide

SKTSAEKKESETEKSSDIAQVKIKDVSYTLPSKYDKSTSDDQLVLKVNVA
VKNTGKDPLNVDSMDFTLYQGDTKMSDTDPEDYSEKLQGSTINADKSVEG
NLFFVVDKGKQYELNYTPESYGDKKPKSVTFKIDGKDKKILATADKLQDS
AKALSAYVDVLLFGKDNADFEKITGANKNEIVNDFNESAKDGYLSASGLS
STYADSKALDNIVNGIKEGLSKNSSIQAKTTSISKDEAIVEATVKPVDAS
SLSDRIEDKVKDYYSKNSSASYEEAVKYALQVYPEEFKKLGPASSEKTVE
VKMKKNDIDQWQLDMDDYRAAELVEAFIKE

51-220 | modeling
(330) unit




GalaxyTBM server: input page



GalaxyTBM server: output page



Ga{axyPePDock server: inuf page



Ga{axyPePDock server: outpuf page



Ga(axy:?'TN\ server: inuf page



Ga(axy:?'TN\ server: outpuf page



Dowmnloadable GALAXY softwares
(http://galaxy.seoklab.ora/ softwares)



http://galaxy.seoklab.org/softwares

A new energy function (BP2 score)
for protein-ligand docking



GalaxyDock with BP2 score



Conclusion: when/how to use computational methods?



Validate/Compare with experimental results

Decide on how much iformation you would (ke fo use tn your computation,

The amount of (experimental) information you use (From literature or your
own experiment)

— COW\PYOW\(.SQ #

Accuracy of your results New tnformation you obtan




Compare different computational methods

Consensus among the results from different methods

«— —

Different hypotheses you may fest

Reltability of your results by independent means



My own examples



My own examples



My own examples



Thank Youl



