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 Why Biomolecular Simulation? Lattice proteins

— 50 % working on biomolecules — Design

— Physicist difficult to interpret * Discussion on evolution
what biologist my find interesting — Folding
or obvious — Potential

. : : Discussion ob evolution
« Case studies of lattice proteins

— simple model
— provides a lot of the issues that Case studies

are relevant — Binding & Folding (?)
— Introduction to practicum — Disordered flanks

. Biology — Chaperones

— What are proteins? « Lessons for full atom MD on
— What physical properties make proteins
them unique?



Biomolecular Simulation

Should we consider evolution?

Sanne Abeln
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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 changes
the sequence of the protein?

— Where does the substrate
bind?
— Do evolutionary related

proteins bind the same
substrate?




The biology: a sequence
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The biology: a tree
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Biology & Physics:

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

 How can the biological context help to answer our
guestions?
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Practical - folding of a simple lattice protein:




DNA - RNA - Proteins
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DNA - RNA - Proteins - function

folded protein 5% function



Structure & Function

C L3573 . Protein binding sites:
' 4 , Catalyze metabolic reactions
(enzymes)

« Protein-protein interactions

« Signaling / Complex
formation




+ve charge

Primary Protein Structure

hydrophobic

-ve charge

other polar

Proteins live in water
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Why do proteins fold?

1 Hydrophobicity (oil in water)

2 Hydrogen bonds form secondary structure



Hydrogen Bonds & Secondary Structure

alpha helix beta sheet

We will ignore this in the practical exercises!



Hydrophobic Collapse
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Unfolded Molten Globule Folded




Levels of protein structure

PRIMARY

primary
N terminus—.. . MYCATISEATINGFISHANDMEATANDWATER...-C terminus
SECONDARY | amino acid sequence
| secondary

TERTIARY

helix, loop, beta strand

tertiary

3D orientation of
secondary structure

(topology)

QUATERNARY
quaternary
Interaction with other
molecules, and peptide
chains




Physics & Biology: folding specificity

Unique characteristic:
The sequence of a protein determines its structure
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Biology: structure is more
conserved than sequence

1L9H:A(size=349) vs 1GUE:A(size=239) Rmsd = 4.04 Z-Score = 3.3
: Sequence identity = 7.4%
Structure Alignment Aligned/gap positions = 2025

Sequence alignment based on structure alignment
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Amount of unfolding

Physics: folding specificity - perfect self assembly
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What kind of biological data is available?

Structures Sequences Function

T T
BAREARROMEIMIEMERT Rane

We will use protein structures from the PDB
In the practical exercises



PDB

« Protein DataBank Yeaty Growth ofToal Strctre
- X-ray structures ey
- NMR structures
- cryo-electron microscopy

« Biases in PDB

no filter 65.000
_ protelns that we can: blast 100% identity 38.974
blast 95% identity 27.892
- blast 90% identity 26.831

purify
I_ blast 70% identity 24.204
» CrySta 1IZE blast 50% identity 21.249
1 - . blast 40% identit 19.002
- stabilize in solution o § 0N

blast 30% identity 16.388

- Sequence bias

« I'M proteins



Structural Genomics
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Sequence Structure 'Gap'

Musbher of entries in UniFrot X/ 1r s

-
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« Against 65.000 protein structures

« If only we could predict structure from sequence...



Sequence

Lattice Model

Structure

hydrophobic
polar (hydrophilic)
negative charge

positive charge




Cubic Lattice Model

 Cheap & simple
e Y G 9 — Use for right purpose
—— i v x
Toeagey. |
- @ Sf‘{»‘,-- ";&4 « Can model:
| IDee. — General trends
G "'.‘fi? — Folding specificity
S T | Q‘,:: o — Heat capacity
T — Binding and unbinding
) * Not captured:
;\. — Secondary structure
A, ¢ — Hydrophobic effect
e = (cold denaturation)
P Szl — Specific proteins

Shakhnovich & Gutin 1993 PNAS 90

Coluzza et al 2003 Phys Rev E 68



Lattice Model, Potential, Design & Simulation

Sequence Design

D hydrophobic
polar (hydrophilic)
negative charge

positive charge

Folding Simulation
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Simulation: Lattice Moves

corner flip

crankshaft

point rotation



Simulation: interaction potential
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Interactions: example 2D




Simulation:
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Monte Carlo

Monte Carlo:

Choose a residue (or region)
Change its position

Calculate new interaction energy
Accept with Monte Carlo criterion

)}

Eold — Enew
ki

Plss = 101N {1, exp (

Shakhnovich & Gutin 1993 PNAS 90

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



Simulation: 2D example



Sequence Design

D hydrophobic
polar (hydrophilic)
negative charge

positive charge

Simulation

hydrophobic
polar (hydrophilic)
negative charge

positive charge




Problem: how to create a folding sequence?

In nature evolution ensures folding...

\ ..;/‘

- "/‘J

b, J 7

R _6./4 .C —_—
-~
J:_ J"'v V __"J___,o-_/‘;
g (f
- ) - > J

we can simulate evolution by changing sequence
with random substitutions



L attice Model:

hydrophobic
polar (hydrophilic)

negative charge

positive charge

r‘. Miyazawa & Jernigan 1993 Protein Eng 6
A e "\v\.\ Betancourt & Thirumalai 1999 Protein Sci 8
. -"‘\‘ _— 4
o W -~ — J ‘

"Q“.*{‘r“(.\ | 4 Design loop:
t‘~ Qx\_ —— ‘* — Choose a residue

-
‘T‘ ' 2 — Change the amino acid
— e ‘wwﬁ — Calculate new interaction energy
W -—
—— "'\ \ — Accept with Monte Carlo criterion
. .
SN :\ t, <9 based on energy and variance
-— -3 -— L'\-J —
T

Shakhnovich & Gutin 1993 PNAS 90

Coluzza et al 2003 Phys Rev E 68



Sequence Design: Energy

Eo - Enew
FPlss zmin{l,exp ( 1dl<:T )}




Sequence Design

Low energy High variance

Good folder




Sequence Variance

N!

N, =

nl!ng!...nNA!




Sequence Variance & Biology

a=20




.....

Folded

Design Temperature

Random

Glassy



How to derive the parameters?

hydrophobic !
polar (hydrophilic),

. R |
negative charge

positive charge

lN N
YY i).a(j) Cij

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
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“Knowledge Based” Amino Acid Pair Potentials

PReaYY)

IN DATA B

Sample contacts in the PDB

Assumption:

PDB is a representative
ensemble of well mixed amino
acids

How could biology (evolution)
affect these results?

How could we prevent this?



{Folding>

Folding Specificity on the Lattice
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Heat capacity

RN

Foldable, with high specificity

.

Temperature



Case study:
Disordered flanks prevent peptide aggregation

Why binding regions are embedded in disordered flanks




Protein function depends on folded protein structure

folded protein = > function



Disordered regions are common

Disordered regions:

Missing in X-ray structures

— Typically removed for
crystallization

33% of eukaryotic proteins
contain large disordered

segment Ward et al. J Mol Biol (2004)

Associated functions
— Signalling
— Regulatory

Disordered flanks found next to
binding motifs

— Hydrophobic binding motif

— Hydrophilic flanks

Fuxreiter et al. Bioinformatics (2007)



Why use simple models?

HP model - minute cubic lattice model - hour

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



Lattice Model: Monte Carlo Simulation

hydrophobic
polar (hydrophilic)

negative charge

positive charge

Betancourt & Thirumalai 1999 Protein Sci 8

Monte Carlo:
— Choose a residue (or region)

N\

L

5 :\. — Change its position
\ .. L qet ) ;3 — Calculate new interaction energy
X ; X o T — Accept with Monte Carlo criterion
> based on energy

Shakhnovich & Gutin 1993 PNAS 90

Coluzza et al 2003 Phys Rev E 68



Modelling the binding region & disordered flanks

General trends:

* Hydrophobic binding motif X-ray structure

» Disordered hydrophilic flanks

* Designed binding pocket
(specific binding)

* Difficult to observe unbound state in
experiment

Lattice model

> g D%
725 7z

unbound bound




Lower binding strength flexible binding region
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Low binding strength, with high specificity due to coupled binding
and folding: Coluzza & Frenkel Biophys. J. (2007)
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Flanks have no effect on binding

« Binding of a flexible region loses entropy upon binding
— Reversible binding is important for signaling functions
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« Disordered flanks have little effect on the binding strength

Low binding strength, with high specificity due to coupled binding
and folding: Coluzza & Frenkel Biophys. J. (2007)



Simulating multiple proteins

Simulation Box Reservoir
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 Grand Canonical Simulation
— at constant low concentration



Collective effect of disordered flanks

Binding motifs

300 x |

Binding motifs embedded
in disordered flanks
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Disordered flanks prevent aggregation
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Conclusion

Disordered flanks:

« have little effect on binding of a flexible motif

NS | — Y
> \vn) J=

* Prevent aggregation of multiple binding motifs

Abeln & Frenkel, PLoS Comp. Biol. 2008



Alternative mechanism to prevent aggregation

General mechanism to avoid protein aggregation: Folding

Alternative mechanism to prevent hydrophobic aggregation:

Disordered flanks




Directly folded
. f —

. »
Stuck 1n a Non- Interfere M .
native State with cell Protelr}
£ - Destruction
unction

Chaperonin
Mediated
Recovery

Fibril
aggregation




Chaperones
or

How Physicists may upset a biological
community...



NS

' te

ium-size pro

Hydrophobic
ATP-binding
Large Cavity

d
0
S
%

O

L
X

D
Q.
&
Q
O

=
-
O
| -
0
Q
©

<
G

—

L
O
| -

O




STANDARD MODEL

—

ATP,
PONDORLOe

o
€

cis
New cis

Polypeptide binding Folding triggered ES release primed Discharge triggered




Mysteries:

»Why two chambers,when a single one also
works?

»Why are poorly-folded (“dangerous”) proteins

allowed to escape before recapture (recapture
probability ~30% )?
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“Translocation” route
(heretical hypothesis)
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» Shuttling reduces escape of non-native proteins
» Rationale for the double-barrel structure
> Mechanism is sequence independent

Hydrophobic
Hydrophilic
Misfolded State
Native State




Miyazawa-Jernigan Lattice
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X .'. ‘\ ,

Connection Hole

GroEL Hydrophobic Rim




= Simulation of this very simple model suggests:
= Translocation is possible
» It would suppress escape of seriously misfolded proteins.
» ... and, of course, in reality, things are not quite that simple...



Translocation is usually faster than

refolding

Degree of refolding

MC “time”
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The X-ray scattering only sees ordered peptide
chains.

Evidence that the hole is filled comes from
small-angle neutron scattering.



Is there enough room for

proteins to translocate?

More precisely: Is the translocation picture
compatible with X-ray scattering data”






...and we DO reproduce the SAXS data.






Study translocation of a rigid alpha-helix
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The free-energy barrier for translocation can easily
be overcome by thermal fluctuations...
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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”
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Folded

Design Temperature

Random

Glassy



