
Solvent Modeling and Sampling
Issues

Carlo Guardiani

Department of Chemistry

University of Florence

Italy

CoNan Gdansk 2011 – p.1/66



Part I

INTRODUCTION TO

SOLVENT MODELLING
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Implicit vs Explicit Solvent

Explicit Solvent
Extremely accurate
Computationally expensive
Not suitable to simulate macromolecular aggregates
(nucleosomes, rybosomes, ...)

Implicit Solvent
Decrease of computational load
Decrease in viscosity: improved sampling
No interaction between periodic images
Possible overstabilization of electrostatic interactions
Possible bias towards � -helix
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A solvated protein
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The Potential of mean Force

W(X ) = � K B T log
Z

e� U(X ;Y )=K B T dY

Average force exerted by solvent on a solute atom

Free energy of a conformation X of solute averaged
over all conformations Y of the solvent

Relation with solvation free energy

W(X ) = Uu(X ) + � W(X )

W(X ) = Uu(X ) + � Wnp(X ) + � Welec(X )
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Hydration Free Energy

Non-polar contribution

� Wnp(X ) = 
A (X )

Electrostatic contribution

� Welec =
1
2

X

i

qi � rf (x i )

� rf (x i ) = � sol(x i ) + � vac(x i )

Poisson-Boltzmann Equation

r [� (r )r �( r )] = � 4�� u(r )
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Born method: 1
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� Gelec =
Z 1
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� s(� )qd� =

Z 1
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�q
�a

d� =
q2

2�a
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Born method: 2
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Medium 2

Medium 1

� Gelec = � G1+� G2+� G3 = �
q2

2� 1a
+0+

q2

2� 2a
=

�
1
� 2

�
1
� 1

�
q2

2a
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The GB model

Naive expression: disjoint atoms

� Gelec =
NX

i =1

q2
i

2ai

�
1
� w

� 1

�
+

1
2

X

i

X

i 6= j

qi qj

r ij

�
1
� w

� 1

�

The GB expression: realistic geometry

� Gelec = �
1
2

�
1 �

1
� w

� X

ij

qi qj

f GB (r ij )

f GB (r ij ) = [ r 2
ij + Ri Rj e� r 2

ij =4R i R j ]1=2
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Born radius
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ia

small Ri =) small f GB (r ij ) =) large � Gelec

large Ri =) large f GB (r ij ) =) small � Gelec
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Born radius calculation

General expression

R = 4�
1

R
ext

1
r 4 dV

Operative expression

1
R

=
1

4�

Z

ext

1
r 4dV =

1
a

�
1

4�

Z

int;r>a

1
r 4dV

Naive expression: disjoint atoms

1
Ri

=
1
ai

�
1

4�

X

j

Z

sphere� j

1
r 4dV
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Beyond the naive approach

HCT model: rescaling of vdw radii

1
Ri

=
1
ai

�
X

j

H (r ij ; Sj aj )

Underestimation of Born radii of internal atoms !
OBC model: 1

1
Ri

=
1
ai

� �
X

j

H (r ij ; Sj aj )

dRi =d� = Ri (Ri =ai � 1)

internal atoms =) Ri � ai =) dRi =d� > 0
external atoms =) Ri �= ai =) dRi =d� �= 0
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OBC model: 2
De�ne quantity I

1
Ri

=
1
ai

�
1

4�

Z

V DW

1
r 4dV =

1
ai

� I

I =
1
ai

�
1

Ri
internal atoms =) large Ri =) large I
external atoms =) small Ri =) small I

Strategy: express Ri as a function of I such that:

small I (superf atoms) =) Ri = ( a� 1
i � I )� 1

large I (internal atoms) =) Ri > (a� 1
i � I )� 1
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OBC model: 3

0 0.2 0.4 0.6 0.8 1
Y = aiI = 1 - ai/Ri   (0 < Y < 1)

0.35

0.4

0.45

0.5

0.55

Ri

Ri = [1/ai - 1/ai*tanh(  aY + bY
2
 = gY

3
)]

-1

Ri = [ ai
-1

 - I ]
-1
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GBn model
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Limits of implicit solvent

NMR Struc Simulation
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Part II

INTRODUCTION TO

REPLICA EXCHANGE

MOLECULAR DYNAMICS
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The problem
Protein energy landscape

High-dimensional
Rugged: lots of metastable minima

Kinetic trapping prevents ergodicity

Dependence on initial conditions

Generalized ensemble algorithms
Random walk in energy and temperature space
Based on non-Boltzmann weights
Aim: attaining a uniform sampling of all energy states

Boltzmann sampling

PB (E; T ) / n(E)WB (E; T ) = n(E)e� �E

Bell-shaped distribution
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Multicanonical algorithms

Multicanonical probability

Pmu (E) / n(E)Wmu (E) = const

Multicanonical weight

Wmu (E) = 1 =n(E) = e� � 0Emu (E;T0)

Emu (E; T0) = K B T0 logn(E)

Multicanonical dynamics

_pk = �
@Emu (E; T0)

@qk
=

@Emu (E; T0)
@E

~fk
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REMD: 1

A number of replicas of the system are simulated in
parallel and at regular time intervals, a temperature
exchange is attempted among neighbouring replicas

(T1; : : : ; Ti ; Tj ; : : : ; TN )
(q1; : : : ; qm ; qn ; : : : ; qN )

+ P = min[1 ; e� (� i � � j )(E (qn )� E (qm )) ]
(T1; : : : ; Tj ; Ti ; : : : ; TN )
(q1; : : : ; qm ; qn ; : : : ; qN )

A replica trapped in a local minimum, can thus escape
due to a temperature increase
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The acceptance criterion

To ensure equilibrium, satisfy detailed balance
condition

WREM (X )! (X ! X 0) = WREM (X 0)! (X 0 ! X )

Thus the transition probability must satisfy

! (X ! X 0)
! (X 0 ! X )

=
WREM (X 0)
WREM (X )

= e� �

The condition is satis�ed by Metropolis criterion

! (X ! X 0) =

(
1 if � � 0

exp(� �) if � > 0
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The temperature pro�le

Temperatures are chosen in geometric progression so
as to ensure an equal exchange rate for each pair of
temperatures

Ti +1

Ti
= 
 =)

TMax

TMin
= 
 N

TMin = 310oK = 37oC
TMax = 700oK
N =

p
Natoms

9
>=

>;
=) 
 =

�
TMax

TMin

� 1=N
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Temperature and acceptance probability

T

T

H

L

pacc � exp(� � S=KB )

T� S = NCV � T

pacc �
� TL

TH

� NCV =K B T
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REMD ef�ciency

Are temperatures optimally distributed ?
The optimal distributions yields uniform exchange
probability for all pairs of replicas

Are there enough temperatures ?
The optimal number of temperatures yields pacc � 30%. It
can be shown that NT emp /

p
Natm .

Is the maximal temperature suf�ciently high ?
To answer compare the REMD simulation with canonical
simulations at the lowest REMD temperature.

CoNan Gdansk 2011 – p.24/66



Limits of REMD

Poor scaling with system size:

pacc / exp(� � � E)

E is an extensive quantity

Large systems =) Large � E =) Small � �

Multidimensional REM
Replicas at the same temperature
Different energy functions
Energy partitioning: E(qi ) = E0(qi ) +

P
n cnEn(qi )

The E0 terms in the expression of � cancel out
reducing the degrees of freedom

CoNan Gdansk 2011 – p.25/66



Energy partitioning

E(qi ) = E0(qi ) +
X

n

cnEn(qi )

Different energy partitioning:
Bonded, torsional, non-bonded terms
Solute-solute, solute-solvent, solvent-solvent
contributions
Un-perturbed and biasing potential in Umbrella
Sampling
Potential energy and PV term in NPT simulations
Potential energy and �N term in grand canonical
simulations
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A practical example

Energy partitioning in ORAC

Em(q) = cm
bd(Eb + Ea + E it ) + cm

t (Et + E14) +

+ cm
nb(Evdw + Eqr + Eqd)

Cancellation of non-bonded terms

� = � (c(m)
t � c(n)

t )[Et (q0) + E14(q0) � Et (q) � E14(q)] +

+ � (c(m)
nb � c(n)

nb )[Evdw(q0) + Eqr(q0) + Eqd(q
0) +

� (Evdw(q) + Eqr(q) + Eqd(q))]
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Solute tempering: 1

Split energy in prot-prot, prot-wat, wat-wat terms

E0(X ) = Ep(X ) + Epw(X ) + Eww(X )

Em(X ) = Ep(X ) +

�
� 0

� m

�
Eww(X ) +

�
� 0 + � m

2� m

�
Epw(X )

Warm protein, cold water

exp(� � mEm) = exp

�
�

�
� mEp + � 0Eww +

�
� 0 + � m

2

�
Epw

��
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Solute tempering: 2

Cancellation of Eww term

� nm = ( � n � � m)[(Ep(X m) + 1 =2Epw(X m)) +

� (Ep(X n) + 1 =2Epw(X n))]

Higher acceptance probability because:

jEp + (1 =2)Epwj � j Ep + Epw + Eww j
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Part III

COMPARISON OF SOLVENT MODELS:

EXPLICIT VS GBn MODELS
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Antibodies & Antigens

Antibodies mark exogenous molecules (antigens)

that will be later destroyed

Antibodies are Y-shaped proteins:

2 light chains + 2 heavy chains

Light chains are composed by 2

and heavy chains by 4 Ig-domains

The binding pocket of the Ab is delimited by

the N-terminal domains of light and heavy chain

In autoimmune diseases Abs attack self-antigens:

the organism self-destroys
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Multiple Sclerosis
Multiple Sclerosis is an autoimmune demyelinating
disease of the CNS

Multiple Sclerosis and MOG
MOG is the only antigen inducing both a B and T cell
response in animals
MOG-speci�c antibodies have been found in
MS-lesions

The MOG protein
MOG is located on the outermost surface of myelin
sheah
It is highly conserved, expressed only in mammals
and only in the CNS
MOG has a single IgV-like extracellular domain with
typical � -sheet structure
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The MOG/8-18C5 complex

The extracellular domain of rat MOG has been
crystallized in complex with the Fab of the MS-speci�c
8-18C5 antibody

The structure has been resolved through X-ray
diffraction at 3 Å resolution

The FG-loop of MOG (Res 101-108) is completely
buried in a cavity delimited by the 3 heavy chain CDRs:
65 % of total interaction surface of MOG !

The FG-loop protrudes from the top of the MOG
Ig-domain

It is a � -hairpin with II' � -turn with strained conformation

Potential role in binding
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MOG/8-18C5: the structure

L1:blue; L2: orange; L3: green; H1: red; H2: magenta; H3: yel low
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Implicit solvent simulations

Working hypothesis: if fragment 101-108 retains the
hairpin-like crystal conformation, it may retain the ability
to recognize the binding pocket of 8-18C5

Implicit solvent REMD simulations
Temperature REMD with Amber9 program using
Amber ff99SB force �eld and GB-neck solvent model
12 replicas with temperatures from 310 to 652oK in
geometric progression
Equilibration: the 12 minimized copies of the system
were heated to the target REMD temperatures in 5
ns o annealing
Production: 32 ns of REMD with exchanges every
2.5 ps and uniform acceptance ratio of 48%
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REMD: RMSD
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P(RMSD <= 3.0 Ang) = 0.64

P(RMSD <= 3.0 Ang) = 0.50
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Structures: pure water

Clust 1 Clust 2 Clust 3
rmsd: 2.34 Å rmsd: 2.50 Å rmsd: 3.71 Å

Nstr : 27% Nstr : 16% Nstr : 11%
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Structures: water/HFA

Clust 1 Clust 2 Clust 3
rmsd: 2.22 Å rmsd: 2.42 Å rmsd: 2.78 Å

Nstr : 35% Nstr : 17% Nstr : 14%
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Structures: pure HFA

Clust 1 Clust 2 Clust 3
rmsd: 2.03 Å rmsd: 2.69 Å rmsd: 2.26 Å

Nstr : 38% Nstr : 25% Nstr : 18%
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Explicit Solvent Simulations

The GB-neck model is capable of reproducing the desolvation barrier in H-bond
formation.

The GB-neck model correctly reproduces the distribution of secondary structures of
Ala 10 .

However:

Continuum solvent models may over-stabilize electrostatic interactions

GB models can induce a bias towards � -helices

Hence the necessity of explicit-solvent simulations:

Hamiltonian REMD simulations with ORAC using Amber ff99SB force �eld

Solvation with 871 water molecules in rhombic dodecahedron box with periodic
boundary conditions

Equilibration: 50 ps NPT run at 310 oK and 1 atm

Last conf. used as input for REMD

REMD: 56 replicas with temperatures from 310 oK to 1033 oK

Simulation time: 15 ns per replica
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Expl vs Impl: RMSD
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Expl vs Impl: C� -Arg1/C� -Glu7
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Expl vs Impl: End-to-End Dist
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Expl vs Impl: Structures
Expl-Solv: Cl-1 Impl-Solv: Cl-2

Expl-Solv: Cl-2 Impl-Solv: Cl-15
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Expl vs Impl: More Struct
Expl-Solv: Cl-3 Impl-Solv: Cl-1

Expl-Solv: Cl-4 Impl-Solv: Cl-6

CoNan Gdansk 2011 – p.45/66



Part IV

CHARACTERIZING THE STRUCTURE

OF THE ACETYLATED TAIL

OF HISTONE H4 THROUGH REMD
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Chromatin functions

Package DNA to �t
into cell

Strengthen DNA to allow
mitosis and meiosis

Control gene expression
and DNA replication
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DNA packing: I

146 bp of DNA are wrapped arond the histone: nucleosome

10-nm �bres: beads-on-a-string

Six nucleosomes are assembled into a solenoid

30-nm �bres: chromatin in interphase
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DNA packing: II

The solenoids are coiled onto a scaffold

further coiled to make

the chromosomal matrix
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Histone tails

Ser10 phosph + Lys14 Ac:
Activ of immediate-early genes

Ser10 phosph + Ser28 phosph:
gene inhibition,

chromosome condensation
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PRMT Activation & Inhibition
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PRMT Methylation
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Simulation Protocol

Simulation of Un-Ac, K5Ac, K8Ac, K12Ac, K16Ac

Amber10 program with ff99SB force �eld and GB-neck
solvent model

200 steps of steepest descent + 200 steps of conjugate
gradient minimization

Creation of 20 replicas with target temperatures in
geometric progression from 300 to 734 oK

Heating to target temperatures: 1 ns NPT

Discard �rst 5 ns of REMD

Production run: 100 ns REMD

Analysis on structures sampled every 50 ps
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Radius of Gyration
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Pairwise RMSD
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UnAc: structures
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TetraAc: structures
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TetraAc: DSSP analysis
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K16Ac: structures
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TetraAc/K16Ac: similarity test
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K5Ac, K8Ac, K12Ac: structures
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Similarity test
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Structure statistics
Geometric criterion Clust-Geom criterion

Peptide Extend. L-shaped Hairpin-like Other

UnAc 16% 41% 19% 24%

K5Ac 15% 44% 17% 24%

K8Ac 18% 42% 19% 21%

K12Ac 21% 41% 16% 22%

K16Ac 10% 26% 46% 26%

TetraAc 9% 32% 33% 26%

Peptide Extend. L-shaped Hairpin-like

UnAc 8.5% 68% 23.5%

K5Ac 4 % 55% 41%

K8Ac 20 % 49% 31%

K12Ac 46 % 23% 31%

K16Ac 11 % 31% 58%

TetraAc 0.5% 38% 61.5%

� : C(1)
� � C(n)

� � C(20)
� with 6 � n � 17

� 2 [85o; 95o] =) L-shaped

� 2 [160o; 180o] =) Extended

� 2 [15o; 35o] =) Hairpin
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PRMT Activity
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Conclusions: 1

TetraAc and K16Ac feature a common motif with three
orthogonal 310 helices.

TetraAc is an inhibitor while K16Ac is an activator of
PRMT1.

We suggest that the motif with three orthogonal 310
helices might �t into the active site of PRMT1.

Activation or inhibition result from minor details of
orientation or interaction of K16Ac and TetraAc in the
binding site of PRMT1.

CoNan Gdansk 2011 – p.65/66



Conclusions: 2

K5Ac, K8Ac, K12Ac feature an helical L-shaped motif.

The strong activation effect of K5Ac, K8Ac, K12Ac on
PRMT5 suggests that the L-shaped conformation might
match the active site of PRMT5.

Besides a majority of structures with three orthogonal
helices, TetraAc features a signi�cant fraction of
L-shaped conformations. This justi�es its activation
effect on PRMT5.
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