Biomolecular Simulation

Where physics and biology meet

Sanne Abeln VU University s.abeln@vu.nl



some examples:

Biomolecular simulation

>
.

7

e

o}




Why a lecture on biomolecular simulation?

* Who has worked with a simulation on biomolecules or
IS planning to do so?



My Background

First Degree: Computer Science / Mathematics
(University of Manchester)

PhD: Structural Bioinformatics / Biochemistry
(University of Oxford)

PostDoc: Computational (Bio)-Physics
(Amolf, Amsterdam)

Currently, Assistant Professor Bioinformatics
(VU University), use all of the above



Why “Biomolecular Simulation”?

« Physical questions:
— How stable is this protein

— Under which conditions will
this protein fold?

— How strong is the binding to
a substrate?

» Biological questions:
— What is the function of this
protein in the cell?

— What happens if we change
the sequence of the protein?

— Where does the substrate
bind?

— Do evolutionary related
proteins bind the same
substrate?




The biological approach or the physical approach?

TASK:

Given a protein sequence predict in which 3D structure
the protein will fold.

Who wins, the physical or biological approach?



Biomolecular simulation (this afternoon)

Sequence

Structure

hydrophobic
polar (hydrophilic)
negative charge

positive charge




Let’'s have a look at the physical forces first

 What are the most important forces that act on a protein?

« We stay away from quantum mechanics for now.




Lets consider the basic protein chemical structure

 |dentical backbone for each residue (peptide)

« Amino acid side chains with 20 different chemical
structures




What type of forces and effects would be relevant?

 VVan der Waals

Electrostatics

Hydrogen bonding

Entropic effects

Hydrophobic effect



Primary Protein Structure
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Proteins live in water



Hydrophobic Collapse

Unfolded Molten Globule Folded




Hydrogen bonds & secondary structure of backbone

calpha heli)g beta sheet

We will ignore this in the practical exercises!



What are the effects that contribute to a stably folded

protein?
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1) Hydrophobicity (oil in water)
- note this is an effective force that contains
enthalpic and entropic components

2) Hydrogen bonds form secondary structure



What forces / effects destabilize a folded protein?

1) Chain entropy!



Questions for you:

Would secondary structures form / be stable in vacuum?

What is the influence of water molecules on secondary structure
formation (does it help, does it hinder formation)?

How can you explain secondary structure formation in an aqueous
environment?



Entropic and enthalpic contributions compensate
(experimental)
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The biological approach or the physical approach?

TASK:

Given a protein sequence predict in which 3D structure
the protein will fold.

Who wins, the physical or biological approach?



What about the biology?

The sequence is key to biological understanding
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DNA - RNA — Proteins- function

DNA TR -
(A) transcription l

and splicing

mRNA 5’ a nucleotide sequence

(B) translation l

protein N amino acid sequence
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function

The DNA is the source of
information for a living
species

The sequence provides a
specification

The sequence encodes
biological function of the
protein



Physics & Biology: folding specificity

Unique characteristic:
The sequence of a protein determines and specifies its structure
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Sequences evolve!




The biology: an evolutionary tree
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Sequence 1 ID: GLB_TETPY Residue: ASP (42)




What can evolutionary history tell us?
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Biology: structure is more
conserved than sequence

1L9H:A(size=349) vs 1GUE:A(size=239) g;nqii:ct?i i;ist;fe,, .
Structure Alignment Aligned/gap positions = 203)92

Sequence alignment based on structure alignment.

Sequence alignment based on structure alignment. Position numbers according to sequence (starting from 1) and according to PDB are given as SSSS/PPPP, SSSS - sequence, PPPP - PDB.

1L9H:A - MOL_ID: 1; MOLECULE: RHODOPSIN; CHAIN: A, B

1GUE:A - MOL_ID: 1; MOLECULE: SENSORY RHODOPSIN II; SYNONYM: SR-II; CHAIN: A; ENGINEERED: YES;
OTHER_DETAILS: K-STATE, REFINED WITH EXTRAPOLATED DATA

1LSH:A  33/33 AEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGF

1GUE:A  3/4 GLTTLPNLGATGMLVGTLAFAWAGRDA- - GSG-~ - - - - == - - - - ERRYYVTLVGISGIAA
1L9H:A  93/93  TTTLYTSLHGYFVFG-------- PTGCNLEGFFATLGGET ALNSLVVLAIERYVVVCKPM
1GUE:A  49/50  VAYVVMALG- - - VGNVPVAERTVFAPRYIDWILTTPLIVYFLGLLAG- - - - <= = - ----

1LS9H: A 145/145  SNFRFGENHAIMGVAFTWVMALACAAPPLVGNSRYIPEGMQCSCGIDYYTPHEETNNESF

1GUE:A 93/94 @ ------------ LDSREFGIVITLNTVVM- - LAGFA--------- GAMVPGIERYALFGM
1LSH:A 205/205  VIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLI
1GUE:A "130/131  GAVAELGEVYYLVGPMTESASQ----------s----F---=& -- RSSGIKSLYVRLRNL
1LO9H: A 265/265  COWNLPYAGVAFYIFTH- - -QGSDFG- - - -PIFMTIPAFFAKTSAVYNPVIYIMMN
1GUE:A 167/168  TVI-LWAIYPFIWLLGPPGVALLTPTVDVALIVYLDLVTKVGFGFIALDAAATL

So if we have a protein with a known structure that has a
similar sequence — we have solved our problem.



The biological approach or the physical approach?

TASK:

Given a protein sequence predict in which 3D structure
the protein will fold.

Who wins, the physical or biological approach?



Structural Genomics

Parallel HT
Expression

Automated HT
Purification

S B= 25 S5 55 = =n hn v

2 3 -> I"" Automated HT
(X7 .{ Crystal Screening

. Semi-automated + Data Collection
Structure Valldation Structure determination

& Deposition

Semi-Auto
Publication



CASP

Critical Assessment of protein Structure Prediction
AlIM: assess progress in structure prediction

Blind test
Ongoing for three months
Experimentalist submit targets

Bioinformatics groups predict structures
e groups

Who wins BIOLOGY or PHYSICS?



Structure Prediction

Homology - Fold Recognition - “Ab initio”
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What kind of biological data is available?

Structures Sequences Function
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We will use protein structures from the PDB % STRING

In the practical exercises



o Protein DataBank

X-ray structures
NMR structures
cryo-electron microscopy

« Biases in PDB

proteins that we can:

- purify
- crystalize
- stabilize in solution

Sequence bias

PDB

« ITransmembrane proteins

hugely underrepresented

Yearly Growth of Total Structures

number of structures can be viewed by hovering mouse over the bar

Number
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2007=, .
2006 m— .
2005 = .
2004=’ y
2003-’
| ’
2002:; .
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—’
20004
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1999
no filter 65.000
blast 100% identity 38.974
blast 95% identity 27.892
blast 90% identity 26.831
blast 70% identity 24.204
blast 50% identity 21.249
blast 40% identity 19.002
blast 30% identity 16.388



Dark proteins: no structures available with similar

sequences

Pﬁi :é Sop
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Bacteria 1 [
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So is there any role for physics based approaches?

« Physical questions:
— How stable is this protein

— Under which conditions will
this protein fold?

— How strong is the binding to
a substrate?

— Fundamental understanding
of mechanisms and forces
involved in folding

— Detailed simulation under
(experimental) constraints.




Why use simple models?

HP model - minute cubic lattice model - hour

— Sampling lowest free energy state
— Different conditions
— Larger systems



Physics: folding specificity - perfect self assembly

Experimental curves — can we understand these?

Heat capacity
Ce

Amount of unfolding

30 50 70 90

0 2D 40 60 &0 190 Temperature/°C




A very simple model

3D for research

e 2D in practical




L attice Model

Sequence Structure

X 3
%
\
\X@ | :3//53'

hydrophobic
polar (hydrophilic)

negative charge

positive charge




Cubic Lattice Model

Cheap & simple
— Use for right purpose

Can model:

— General trends

— Folding specificity

— Heat capacity

— Binding and unbinding

Not captured:
— Secondary structure

— Hydrophobic effect
(cold denaturation)

— Specific proteins

Shakhnovich & Gutin 1993 PNAS 90
Coluzza et al 2003 Phys Rev E 68



Lattice Model, Potential, Design & Simulation

Sequence Design

hydrophobic
polar (hydrophilic)
negative charge

positive charge

Folding Simulation

hydrophobic
polar (hydrophilic)
negative charge

positive charge




Simulation: Lattice Moves

corner flip
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Simulation: interaction potential

1 N N
E=3 €a(i).a() Cy
2 .
l / /
contact
o -

hydrophobic

polar (hydrophilic)

negative charge

positive charge




Simulation: Monte Carlo

Monte Carlo:
— Choose a residue (or region)
/\ — Change its position
\ E‘ — Calculate new interaction energy
— Accept with Monte Carlo criterion

Eo _ Enew
P,cc =min{1,exp ( ldkT )}

Shakhnovich & Gutin 1993 PNAS 90

Coluzza et al 2003 Phys Rev E 68
Betancourt & Thirumalai 1999 Protein Sci 8



Sequence Design

Simulation

hydrophobic hydrophobic

polar (hydrophilic) polar (hydrophilic)

negative charge

negative charge

positive charge positive charge




Problem: how to create a folding sequence?

We cannot take real protein sequences (why not?)

In nature evolution ensures folding...



Solution: energy minimization

Given a structure, what are sequences with a low
(potential) energy?

we can simulate evolution by changing the
sequence with random substitutions



Lattice Model: design

hydrophobic
polar (hydrophilic)

negative charge

positive charge

Miyazawa & Jernigan 1993 Protein Eng 6
Betancourt & Thirumalai 1999 Protein Sci 8

Design loop:
— Choose a residue
— Change the amino acid
— Calculate new interaction energy

— Accept with Monte Carlo criterion
based on energy and variance

Shakhnovich & Gutin 1993 PNAS 90

Coluzza et al 2003 Phys Rev E 68



Sequence design: energy minimization

Eo _ Enew
P,.. = min {l,exp ( d T ) }




Interactions: toy example 2D




Sequence Design

h variance

19

Low energy

Good folder




Sequence Variance

N!




Sequence Variance & Biology
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How to derive a potential?

hydrophobic

polar (hydrophilic)

negative charge

positive charge

Can we use experimental biological data?



“Knowledge Based” Amino Acid Pair Potentials

hydrophobic

polar (hydrophilic)
negative charge
positive charge

Miyazawa & Jernigan 1993 Protein Eng 6
Betancourt & Thirumalai 1999 Protein Sci 8

expected contacts




“Knowledge Based” Amino Acid Pair Potentials




“Knowledge Based” Amino Acid Pair Potentials

« Sample in the PDB

_‘r:) [-\ rr:j * Assumption:

PDB is a representative
ensemble of well mixed amino
acids

PROTEIN DATA BANK

« How could biology (evolution)
affect these results?

« How could we prevent this?




Are experimental result captured by the model?

Heat capacity
Ce

Amount of unfolding

] | |

30 50 70 90

| 1 1
0 20 40 o8 &9 1o Temperature/°C




{Folding>
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Folding Specificity on the Lattice
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Foldable, with high specificity
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Full atom vs coarse grained folding
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Full atom vs coarse grained folding

Native Contacts

MC steps
haw, D. E., et al. (2010) Science, 330 (thanks to Erik van Dijk)

62



Cubic Lattice Model

Cheap & simple
— Use for right purpose

Can model:

— General trends

— Folding specificity

— Heat capacity

— Binding and unbinding

Not captured:
— Secondary structure

— Hydrophobic effect
(cold denaturation)

— Specific proteins

Shakhnovich & Gutin 1993 PNAS 90
Coluzza et al 2003 Phys Rev E 68



Emergent behaviour (entropy & enthalpy)

Hydrophobic force has a maximum around 70 - 80 °C

| G-
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Y
n
c

. © |

Hydrophobic S b
._ -

particle o g
; ©

= Q
Qil b=

6 -

S0 300 350 400 450
Temperature
(Kelvin)
Widom 2003, Phys. Chem. Chem. Phys., 2003, Huang and Chandler PNAS 2000

64 Gallagher 2003, JACS



internal contacts

Use a lattice model to investigate cold denaturation

1.0
0.8
0.6
0.4
0.2
0.0 - T T » T T
0.2 0.3 0.4 0.5
Cold denaturation Thermal denaturation
lowT 4~ —~intermediate T /_\ highT
B C D

T T T T T T T 1T
10 20 30 40 50 60 70 80 90

native contacts

T T T T T T T 1
10 20 30 40 50 60 70 80 90

native contacts

T T T T T T T T
10 20 30 40 50 60 70 80 90

native contacts

T




Impact of understanding hydrophobicity

Measure hydrophobic temperature dependence

(a)

2 —o— Hydrophobic . =
T S We can explain cold denaturation
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Model can reproduce formation of fibres

Abeln, S., Vendruscolo, M., Dobson, C. M., & Frenkel, D. (2014). A Simple Lattice Model That Captures Protein
Folding, Aggregation and Amyloid Formation. PLoS ONE, 9(1), e85185
* Fibres

— Formation depends on
sequence properties

— Hydrophobic inner
layers

— Fast simulation

hydrophobic | _ IILLLJ TR LTI ]
polar (hydrophilic) ) ﬂmgu_,,mmuw%mmw&;%}; =1
beta-strand | ’ o A

pE—

67



Biology & Physics:

« What consequences does the biology have for our
physical questions?

* How can the biological context help to answer our
questions?

aGLE_TETPY/6-121

#GLB1_CHLMO/44-158

"g;+ #GLB_PARCA/2-117
#GLBN_MYCTU/14-129
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Lessons for full atomistic simulations -
do not forget about evolution

« Try your simulation on a homologue (closely related
sequence, with same function) - do your results hold?

« Make a sequence profile from homologues - are there
any conserved residues? They may be important!

* Do not overtrust your potentials - most atomistic
potentials are still “knowledge based”

= NAUBRERGENEN
18 lllll IMMI TAIIMIsslI uloncnrllr AlGNllIo ------ KGNHAE MEKPEAKSHA
<0 NEPKE-KE- I PHNQQEGNNED EREHGMTMER ANGNEEEQ-- ---- KGEHST NUKEEADTHE
1S MEPKE-EN-K SHGEERBTAD NKAQADTMEKE ANGNAMKEK-- ---- KEGNHSQ PUKANAATHE
8 EEPKE-NG-N ASNENAGNAA MEAHGATMEK KEGEREKA-- - --- RGBHAA NEKPEATTHA !
i- EPPEE-QN-- - ..... RONE NEAHCKANAE ENDQUNMENE- - -BDHEDNNTG EEMREGRMHA |
P EEB-M----- --GROESEEQ PRANAMTHEA AAQNEENE-- ----P-ANEP ANEENANEHC
B BEN-M-. ... ...... SNQR NGBOREANEN ANAANASNE- - -ENEPAREP ANERNAQKHT
iH ABBSA- - ... ... GATNDTE MEKQANEBEGE MmMTOQENONE- - -BOTTAENE KESGEMATHE
‘I ABNEBA - - ... ... GTGSGHA MEKRQANMEGA NHQEEMANE- - -NDPTANTE KEKGECATHK

i | Hlsll EG-H THENUMQSEG NEHNARTETE ANVHMEKREN- - -SNDAENER NAAQNGEBHT
«P EEG-E-SESD DNEDEPONHP URRHAREETS NEHNSMENN- -DEREAQNAP rlllIOIIHI
18 MEQEM- -SEM GGESSNSMCD ENSHTEEECE EEDSEMTOE- -HOQPAKEMEA KCQBMGAAHN !
4A NEG- l EK-N PTGREEKNDPR ERQHANUNTE TEDEVERNE- - -DNPGEKEEN NEENEGERHM /
< AEG-N-AE-N --EsPmaNAA BEGHESSTHQA EENKENNTRE I -NDDQMRE ACEQNGARHM
<Q HEEP-R- lsll oollwllsll ERSQAUKEYQ TEHAQUMKNEN HMERTESEEN MNGQOKHUKEA |
18 EEEGA--ENE GADDMOKSKER BEKQGTAEEE ANMHMEANMN - - -BNQANEHG HNREEMNRHE |
1K MEEGA--ETHE TADDEAKSDR EEEEGNQEEE SUHEAADTNE- - -DNEMEERA EVRDTHDRHM |
1K MEKGA--ENE TADDVWOKSDR EBEKEGSGHEE SVWHNEANTE- - -DNEDVERA ECRETHDRHN
¥ MEKGA--EKN TADDVMEKKSER EDKQGORNEE ACHEEANMN- - -TNEEVMEKG NNRETENRHR
18 NEKNR--EEX TAEDMONDPE EAKQGQKNEE ACHMECATN- - -DDRETENA NTREEEDRHA
8 NEKHR- -ENN TPADVOEDPE ENEQGONNEE ACHNECATN- - -DDRETEDA NNGEEMARHE |
0 EEP-P-. ... -.... BMGAQ RAARGOAEHW UNGEENAQ-R - ---AEEPNA EEACHGRDHR |
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