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Importance of Proteins

Enzymatic catalysis
Transport and storage
Movement
Immunitary defence

Transmission of nervous signals
Hormon activity
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Protein chain
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Protein structure

s Primary Structure

s Secondary Structure

s -helix
s -Sheet
s -turn

s Tertiary Structure

~» Quaternary Structure |
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-Helix
H-bonds: C= OResnwithN H Resn+4

Cooperativity: 15 bond freezes 6 dihedral,
subsequent ones only 2

Few long helices rather than
many short ones

Glu favours and Asp prevents helix

|

CoNan Gdansk 2011 — p.7/73



-Sheet

-

H-bonds between residues far along se-
quence

Pleated sheet: side-chains pointing
alternatively up and down

Antiparallel sheet
{ H-bonds orthogonal to sheet axis

{ Pairs of close bonds alternating with
other such couples at larger distance

Parallel sheet
{ Equally spaced bonds

{ Bonds not orthogonal to axis

|
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Tertiary Structure

Pyruvate kinase Immunoglobulin IgG



The folding problem
-

Primary protefn structure

ey An nsen's hypothesis:
sequence encodes structure

Pieated sheet Alpha helix

Secondary protein structure
‘ cocurs when the saguance of amino acds

are linksd by hydrogen bomds

Native state:
— minimal free energy

Tertiary protein structure
occurs whan cerain aftrachons ars pressnt
betwaen alpha helicas and pleatad sheats

Folding problem:
i e given the sequence,
determine the structure

|
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The forces stabilizing protein structure
. Short Range Interactions O

s Van der Waals interactions
s Dipolar interactions
s Torsional potentials

s Long Range Interactions
s lonic interactions
s Disul de bonds
s Hydrogen bonds

~» Hydration N
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Hbonds and Salt Bridges




Contacts and H-bonds de nition

- N

# Van der Waals contacts are de ned by a single distance
cutoff

# H-bonds are de ned by a distance and an angular cutoff
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H-bonds and entropy
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Salt Bridges 1
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Salt Bridges 2
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Disul de Bonds
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Hydrophobic Effect
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Origins of Hydrophobicity
- -
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Approaches to the folding problem
-

S (
Knowledge-based Homology rr_10de|mg
Threading
Molecular dynamics
8
% Deterministid Branch and bound
L 8
Energy minimization > Genetic algorithms
% Probabilistic>

"~ Simulated annealing

|
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Molecular Dynamics

-

. Assign initial conformation

2. Assign initial velocities from Maxwell-Boltzmann

distribution at the simulation temperature

. Compute the force on each atom by differentiating the
potential function. Use Newton's third law. The force is
assumed to be constant during the time step t.

. Compute acceleration of each atom.

. Use positions, velocities and accelerations at time t to
compute positions and velocities attime t + t.

. If the number of time steps is below a user-de ned
maximum, go to (3), otherwise stop.

|
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Choice of Time Step
- -

Too small: the trajectory will cover only a limited
portion of the phase space

Too large: Instabilities may arise due to high energy
overlaps between atoms

Rule of thumb: the time step should be one tenth the time
of the shortest period of motion

Rule of thumb: as a C-H bond vibrates with a period of 10
fs, the typical time-step in MD is 1 fs

o |
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Time Scales

aaaaaaaaaaaaaaaaaaaaaaa



Protein Models: 1

All-Atom Models T

Each atom acts as an interaction center
Only pairwise interactions considered

n“ terms in energy function for an n-atoms protein
Two-bead Models

2 Interaction centers per residue

Optimization 3 orders of magnitude faster than using
all-atom geometry

Possibility to study multibody effects

|
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Protein Models: 2

Single-Bead Models T

Only 1 interaction center per residue

Only 2 types of residues: hydrophobic and
hydrophilic

Unable to predict 3D-structure from sequence

Useful to study kinetic and thermodynamical aspects
of folding

Ising-like Models

The protein is portrayed as an array of units that can
be either native or non-native

They usually rely on the Go-phylosophy

They allow complete enumeration of the
conformational space

they are amenable to an analytic treatment J
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All-Atom models: AMBER

X X

Etotal = Ke(r reg®+ K ( eg?
bonds angles
X V-
+ ?[1+cos(n )]
dih
ihedrals ) | .3
X 10 0 e 0 °
+ 4 o 5
. j Fij
]=1 1=)+1
X1
J:1 i:j+1 Or”



Stretching Term
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Dihedral Angles
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Dihedral Potential

aaaaaaaaaaaaaaaaaaaaaaa



Lennard-Jones Potential
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UNRES model

U= pq Uscsc * g Uscip * Wel i 1 Upip
L tWior Utor ( i) + Wioc i[Ub( i)+ Unot( scs sc)l+ Wcoruﬂ

CoNan Gdansk 2011 — p.31/73



UNRES energy
2 l 13 T

_Q - 12 0 - 6
A di i ] i
Uscsc =44j 5] — T
| (i (i

with U(rjj = i?):O

ro 6
_ SCp
Uscip = scp ——
U = Pi P 3(pi er;)(Pj €r;)
Pl — r3
i
X0

UsY ()= Ao+  AL' (1+cosk )+ BX' (1+sink ) o
k=1
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UNRES multibody terms: 1

8
f % X =(X1;:::;Xm) Primary variables T
E=E(Xy): » 1+ SC» SC
X:y) 2 Y =(Y1iiiiyn) Secondary variables
' , , water

Average over secondary variables to yield potential of mean
force:

Z
U(x)= F(x)= KT IogVi exp[ E(X;y)=KT]dV,
y 'y

F (x) Is the average free energy of the system relative to a

|
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UNRES multibody terms: 2
X X X o

F(X) = 0+ 1P+ Px)+ 113
i <] i<j<k
X
= ot Figsipin (X) (1)
11<i o< <i p
where:

f i(l) (X) — Fi(l) (X)

fP0=F200 FPx) FPx)

3 3 2 2 2
L fij(k) (x) = Fij(k) (X) Fij( (x) Fiﬁ ' (x) Fj(k)(x) +
+FP )+ FP 0+ FP(x)
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HP model 1

H = i (O

1 ifi;j nearest neighb
0 otherwise

)

(

i =1 Hydroph
i =0 Polar



HP Model 2

Sequence Space: 2" elements
Lattice Geometry

Discretization of conformational space
Excluded-volume effects

Conformational space: (z 1)(" b elements

The small sequence and conformation space allows exhaustive
enumeration

Protein-like features of the model:

First order phase transition

Compact native structures with a hydrophobic core

Protein-like distribution of secondary structures

Large majority of neutral mutations J
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Stillinger model 1

Binary model. Hydrophobic:  =1; Polar: = 1
~ Off-lattice evolution of HP model



where

Stillinger model 2

X 1 X 2 X0
V = Ve( i)+ Vio(Fij 5 i3 )
=2 =1 j=i+2

Ve( i) = %(1 COS )

#
1 CGis )
an(rij; i j):4 12 I6 J

8
2 +1 HH pairs

C(i; )= . t1=2 PP pairs
1  HP pairs

(2)

(3)

(4)



Honeycutt-Thirumalal model 1

Three-letter alphabet: hydrophobic (B), hydrophilic (L), and neutral T
(N) residues

Neutral stretches mark the bend regions

Off-lattice model
X

1
Vit = Ek ( 0)2
angles
+ [A(1+cos )+ B(1+cos3 )]
dihedrals 4
X 12 6
+ 4yS — S, —
. H 91 = 2 i
] 143
8
3 S =5=1 BB pairs

S1=2=3;S= 1 LL,LBpairs
$:=1:5=0 N* pairs J
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Honeycutt-Thirumalal model 2
-

Three minima in dihedral potential: one trans and two
gauche conformations

Trans conformation favoured in strand regions

Maximal exibility in bend regions: three isoenergetic
minima separated by low barriers

Glass-like energy landscape: degeneration of
low-energy region

Metastability hypothesis: a polypeptide can exist in a
number of structurally similar but energetically different
conformations chosen based on initial conditions:
WRONG !l

|
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Sorenson/Head-Gordon model

-

Improvement of Thirumalai model through a dihedral

term suitable to mixed proteins
X
V = fA(lL+cos )+ B(1 cos )
h 0

+C(l+cos3 )+ D 1+cos + 2

Three sets of dihedral coef cients corresponding to
Helical (H), Extended (E) and Turn (T) dihedrals.

Secondary as well as primary structure required as
iInput

Sequence design technique based on threading J
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SHG model: sequence optimization

A n

Decoys

Energy Gap

Native state
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Reqguirements of protein models

fWhat are the key elements of a good model ? T
Compare natural proteins and random heteropolymers

Natural proteins

Unique, stable native state
Fast folding
Folding as a rst order phase transition

Random heteropolymers
Final conformation depends on initial conditions
Slow folding: kinetic traps
Folding as a gradual process

+
L Different structure of energy landscape ! J
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Phase transitions: 1
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Phase transitions: 2

Natural Protein

Random
Heteropolymer

E E

L
S

|
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Tangent of S(E)
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Landscapes

GOLF GREEN

The Levinthal Paradox

N

N

t
explor

= 150
= 50 48

10** sec

10°x 10 °sec = 168years

Native Valley

reaction coord

FUNNEL
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Go model: outline 1

Native contacts: at least a pair of heavy
atoms closer than R, =5 A

Attractive Interaction for native contacts
and repulsion for non-native ones

Angular potential favours secondary

structures
Harmonic 1:1 + 1 interactions to enforce
chain connectivity
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Go model: outline 2

-

Minimal frustration
The native topology drives the folding

Tertiary structure required: not ab
INitio !

Independence from amino-acid
sequence
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Go force- eld

Xk ), X1 0y2
Viot = 7(ri;i+1 Riji+1)" + ék (i )
=1 =2

IX 2
O costy 1+ KO cos3 Ol

|
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E~1-0Q

Force rescaling

Fconf = I Wh r (Vtot  Vh)
(

_ 1 forQ<Qum
2 forQ O
6 10' [
410'F
\ Q=0Q, =
210
I e N
r=2
2 10'
NATIVE BASIN
-(|30 | —£|10 | —|20 | IO | I20 | I40 | 60

conformational space

|
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The hPin1 WW domain

Triple-stranded antiparallel -sheet
Tyr23 and Trp34 bind Pro
Serl6 and Argl7 bind phosphate
Loop | formation is the rate-limiting step
Thermodynamic stability:
Loop Il and hydrophobic clusters

|
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Go sim: structural param

200 5 |
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hermodynamics

Go sim: t

6.0 10°

fime
5.0 10°
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0.75

The -values

= F = D[BTS-D/D[BN-D
F =1 ==> native-like

F = 0 ==> non-native

G 05 i
0.25- e —
G, D[ISN_D
WT
0 | | Cn |
0 0.25 0.5 0.75

reaction coordinate

|
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Again on -values

-

1. Determine folding temperature T;

. Select three overlap windows corresponding to F, U,
and TS ensembles in the double-well free-energy pro le
atT = Ts

. Simulation at T = T and storage of conformations in
the F, U, and TS ensembles

. Choice of mutations and computation of perturbative
-values

loghexpf E=RTgits loghexpf E=RTqgiy
loghexpf E=RTgir loghexpf E=RTqgiy

|
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Go sim: -values
2'5; T FEXD 04-""— T
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SHG sim: structural param

300 [~ T T T T T T T T T
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SHG sim: thermodynamics

-

time
4.96e+06  4.98e+06 5.00e+06 5.02e+06 5.04e+06  5.06€
L L N e C T ol ]
8- . 2.0F** e ]
i o_OFTheor i
1.5 | j ]
[ ! <Jo.of .
1.0 ! i R N T T
F = ; » 00 05 10 15 20
0.5-
1 0.0
8.0 0.2 0.4 0.6 0.8 1.0 510 15 20 25 30 35 ¢
Q residue

CoNan Gdansk 2011 — p.59/73



o

Energy landscapes
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SHG sim: nal structure
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Go vs SHG: 1
-

Folding mechanism:

Go model : reversible, cooperative, two-state
mechanism

SHG model : non cooperativity: collapse in a compact
globule followed by structural rearrangement
Limits of SHG model:
Non-funnel energy landscape
Only partial sequence optimization
Agreement between theoretical and experimental
-values:
Gomodel : Corr. Coeff. r =0:54
SHG model : Corr. Coeff. r =0:65

|
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Go vs SHG: 2

Mutations:

Go model :  single contact removal

SHG model : shift in hydrophobicity or in secondary
structural bias

The SHG mutations are more realistic because the
model is based on chemistry

Good structural prediction of SHG model:

rmsd = 4.74 A

antiparallel triple-stranded -sheet topology
22 PDB contacts out of 41

formation of hydrophobic clusters 1 and 2

|
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Go-models and solvation

Accurate tuning of j parameters
Langevin dynamics

dr; dr;
wF o oq R

Desolvation effects normally not accounted for:

m;

rst minimum:  two particles interacting at a distance
equal to the sum of vdw radii

second minimum: the two particles are separated by a
single water molecule

barrier the water molecule has been expelled but the
particles are not yet close enough to interact

|
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The Cheung model

6
41 |
V(r) t

2 £ -
- 0@ C XY

0 r _r_ r
B // - _M

oL e\ |
0 1 2 3 4

=9 )y=1:33 and & =1=3

r9+3:0 and rY=(r%+ r"=2 J

aaaaaaaaaaaaaaaaaaaaaaa



Karanicols-Brooks model: 1

Non-bonded interactions incorporating desolvation T
barrier
11 #
Vi = 13 2+ 18 L +4 L

rij I’ij l'ij

Two types of native interactions:
Side chalin - Side chain
Hydrogen bonds

Side chain - Side chain interactions scaled on contact
energies by Miyazawa-Jernigan

Twenty-letters alphabet

Dihedral term: sequence-based, V / logP( ) (not
native-centric !) =) frustration in the energy funnel J
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Karanicols-Brooks model: 2

L Cooperativity effects through hydrogen-bond redistributionJ
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Statistical potentials

Approach based on the reversing of the Boltzmann weight:

PAB / exp( EAB :RT)

The potential of mean force reads:

Pag (r r
Pxx (r r)

Quasi-chemical approximation: the reference state is a random mixture where the
number of contacts is proportional to the concentrations of A and B

wag = RT log

Statistical potentials rely on the analysis of a database of native structures:
Multibody effects automatically accounted for

Statistical potentials are very reliable in the identi cat ion of native structures
(threading)

Less reliable in folding simulations where it is necessary to evaluate the energy of
unfolded structures

20-letters amino-acid alphabet
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The Galzitskaya-Finkelstein model

|7 Protein residues can be either folded s;1 =1 or unfolded sj =0

X
H(s) = i Sisj  TS(s)
<]
" “ #
S(s)=R g (1 sj)+ Sipop(S)
=1

X 1
Sioop(S) = J(rij) (1 sk)sis
<] k=i+1

.5 . . 3rf @&

J(rij ) portrays disordered loops as random walks with end-to-end distance rjj , persist
length A and average distance between consecutive C equal to d
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The Munhoz-Eaton model
The Hamiltonian T

X YN X
G= J Im Sn+ T Sconf Sn

I<m n=1| n=1

The structural unit is the peptide bond rather than the
residue

Single sequence approximation: only structures
Including a contiguous stretch of native units are
accounted for

The conformation space reduces to 67 elements

|
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Conclusions 1

-

Sempli cation Is a key feature of the approach of
modern physics:

"We will study the motion of those bodies
subject to gravity, neglecting friction; and if real
cannonballs do not follow these laws, so much
the worse for them: we will not talk about them."
(Niccolo Tartaglia)

Simpli cation can be achieved by averaging over the
fast-changing variables

The Born-Oppenheimer approximation allows to
average over the electronic degrees of freedom yielding
all-atom models.
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Conclusions 2

-

Coarse-grained models allow long simulation times,
compatible with the time-scale of protein folding.

Single-bead and Ising-like models allow exhaustive
enumeration of sequence and conformation space.

Single-bead and Ising-like models lend themselves to
an analytical treatment.

Go-like models are based on the assumption that
proteins have evolved to minimize frustration =) funnel
theory

Limits of Go-like models

Go-models are somehow arti cial and they are not
applicable to proteins with high energy frustration or
with non native-like intermediates. o
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Conclusions 3

-

Sequence-based models capture the importance of the
hydrophobic effect and are more suitable to mutation
analysis and -value calculation.

Coarse-grained models are not just computational tricks
to reduce the computational load: they allow to
NEGLECT UNRELEVANT DETAILS and to SINGLE
OUT the RELEVANT DRIVING FORCES.

|
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