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Free energy simulations

Motivation

a physical quantity that is of most interest in chemistry?

free energies — Helmholtz F or Gibbs G

— holy grail of computational chemistry,
both for their importance
and because they are difficult to calculate
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Convergence issue

— especially desperate for free energies:

1
F = —kBT|nQ:kBT|n5:
_ ™1 [ explBE(F, B)] - exp|—BE(7. P)| dFdp _
= kgTln _

Q
= ks Tn [[ exp[BE(F, P)] - p(7. p) dFdp — Inc

E
= kgT -In <exp [H}>—Inc
B

serious issue — the large energy values enter an exponential,
and so the high-energy regions may contribute significantly!
— if these are undersampled, then free energies are wrong

— calculation of free energies impossible, special methods needed!
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Tackling the issue

two fundamental approaches:
free energy perturbation and thermodynamic integration

several computational tricks for particular types of reactions:
alchemical simulations or umbrella sampling

important: not necessary to find the absolute value of free energy;
When considering a chemical reaction, it is important to know
merely the free energy difference (AF, AG) between the involved
states (reactant A and product B).

“reaction” — not necessarily chem. bonds created or broken
— ligand binding to a protein, passage of a molecule through
membrane, protein folding. ..
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Tackling the issue

Note on AF vs. AG:

AF is obtained in NVT simulations
AG is obtained in NPT simulations
— automatically, with otherwise identical simulation protocols

In this presentation, F is written.
Everything applies to G as well.
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L Free energy perturbation (FEP)

Free energy perturbation

states with energies Ea(7, p) and Eg(7, p), and partition functions

Qa and Qg

Qs exp|— B3] d7 dp
AF = FB — FA = _kBTIn?A = —kBTIn %exp[—ﬂEA]dFdﬁ
JJ exp[—BEg] exp[BEa] exp[—BEa]dFdp

[ exp[—BEa] d7dp
|| exp[—BEg] exp[BEa] exp[—BEa] dF dp

JJ exp[—BEa]d7dp
= —kgTIn [ exp[-BEs] exp[BEa] - pa(F, p) dF dp

= —keTn [[ exp[~B(Es — En)] - palF, B) dF dp

— —kgTln

= —kBTIn
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L Free energy perturbation (FEP)

The working equation

The integral has the form of an average of a property S
taken with the phase space density of state A

(S)a = [[ S(.B) pa(7. B) d7dp
and so we can write equivalently

AF(A— B) = —kgT In(exp[—B(Eg — Ea)]) 5
AF(B — A) = —kg T In (exp[—B(Ea — Eg)])

— free energy formula by Zwanzig (1954)
— the essence of the FEP method
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L Free energy perturbation (FEP)

How to use it

What does it mean?

It is possible to perform a simulation of state A
and obtain the free energy
by averaging the exponential of the difference
of energies of states B and A, or vice versa.

Practically:

m perform an MD in state A to get the phase space density pa
m evaluate the difference E4 — Eg along the trajectory
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L Free energy perturbation (FEP)

Examples of use

Free energy of deprotonation (pH)
of an amino acid side chain in a protein

m run a simulation for the protonated species

m evaluate the energy difference between protonated and
unprotonated species to get the average of exp[—3(Eg — Ea)]
m only works if the conformations of the protein and the
configuration of water molecules, sampled along the MD,
are very similar with both forms

m usually not the case, unfortunately
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L Free energy perturbation (FEP)

Examples of use

The ionization of a molecule

m perform a simulation of the neutral species
m evaluate the energy differences along the trajectory
m problem:
the configuration of water would be quite different here, too

— very small overlap of phase space densities
of the reactant and the product
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L Free energy perturbation (FEP)

Examples of use

deprotonation of amino acid ionization of molecule
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L Free energy perturbation (FEP)

Advantage of FEP

m free MD simulation — direct evaluation of free energies:
two simulations, one for each state A and B:

AF(A— B)=kgT In(exp[BEg])g — kg T In (exp[BEa])

AF(A — B) is a small difference of extremely large energies
— the subtraction leads to a huge relative error
m FEP - evaluate the difference directly in one simulation
— not necessary to sample the parts of the molecular system
that do not change (thus, do not contribute to Eg — Ep)

m FEP — a much smaller region of phase space to be sampled
thoroughly — the required simulation length becomes feasible
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LFree energy perturbation (FEP)

FEP in use — requirements

overlap in phase space or overlap of phase space densities
the more similar the states A and B are
— the more similar are the corresponding phase space densities,
and they may overlap:

@

| &
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L Free energy perturbation (FEP)

FEP in use — requirements

If the phase space densities for states A and B overlap
— the low-energy regions of state B may be sampled well
even in the simulation of state A,
and the free energy difference AF(A — B) may converge

What happens if this is not the case?
The simulation of state A hardly samples the region
of phase space where the state B has low energy
— this region is undersampled, the averaging of the energy Eg
is wrong, and the calculation will not converge.

We can expect this problem whenever

‘EB — EA| > kBT
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L Free energy perturbation (FEP)

FEP in use — connecting the end states

How to overcome this problem?
insert an intermediate state that overlaps with both A and B:

/

How does this help?
free energy is a state function, and so
AF(A— B)=AF(A— 1)+ AF(1 — B)
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L Free energy perturbation (FEP)

FEP in use — connecting the end states

We can perform two MD simulations, one for each of the states
A and 1, and evaluate free energies for the two reactions.

These may be expected to converge better,
and their sum gives the free energy of A — B:

o 8]
Qa Q)
= —kgTIn(exp[-B(Er — Ea)]) o — ks T In (exp[—B(Ep — E1)]);

AF

—kBTIn [
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L Free energy perturbation (FEP)

FEP in use — connecting the end states

more than one intermediate state may be inserted between A — B,
if these differ exceedingly

for N intermediate states 1,2,..., N:

_ Q & Qs
AF = ks T In 0 QOn
= — kaTIn(exp[—B(E1 — Ea)l)a — ks T In (exp[—5(E2 — E1)]);

— ... —kgTIn{exp[-B(Es — En)])y

and we have to perform N 4+ 1 simulations of states A,1,2,..., N:

AF = AF(A—= 1)+ AF(1—2)+...+ AF(N = B)
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L Free energy perturbation (FEP)

FEP in use

m may look complicated, but it is rather straightforward

m FEP is used with common simulation packages conveniently

m We can change the chemical identities of atoms
or functional groups — computational alchemy

m use a parameter \ to interpolate the force-field parameters
between those of state A and those of state B:

Ex=(1—)\)-Ea+ X Eg
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L Free energy perturbation (FEP)

EES

The hydration free energy difference of argon and xenon

m Ar and Xe differ only in the vdW parameters
— the well depth ¢ and the radius o

m interpolate between the parameters for the two elements:
Ex = (l—A)'EAr—F)\'Exe
o)\ = (1_)\)'UXe+)\'UXe

m start a simulation from A =0 (i.e. an argon atom),
and change it in subsequent steps to 1

m for each step (A value, or window),
perform an MD simulation with corresponding ) and oy,
and calculate the free energy difference
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LFree energy perturbation (FEP)

EES
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L Free energy perturbation (FEP)

EES

A true chemical reaction: HCN — CNH
m more complicated — need the topologies of both molecules
— dual-topology simulation
m both molecules are present simultaneously in the simulation
m they do not interact with each other

m the interactions of one species with the solvent are switched
off gradually, while the other is being switched on
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LThermodynamic integration (TI)

Thermodynamic integration

Tl — an alternative way to free energies.

energy E is a function of A,
so free energy also becomes dependent on A:

F=F(\)
with F(A=0) = F(A) and F(A =1) = F(B)
Therefore:

LaF(\)

I g
o OX

AF = F(B) — F(A) =

with
F(\) =—kgTInQ(N)
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LThermodynamic integration (TI)

T1 — working principle

OF Oln Q 1 0Q
() = —keT—— O\ ()\)__kBTﬁ a()‘)

1

= —kp Q()\ 8)\fjexp[ BE\|drdp =

= —kgT—— L fj aE’\exp[ BE,\]drdp =
Q(N)

N H aE/\eXP[ BEA]d 7dp

N )
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LThermodynamic integration (TI)

T1 — working principle

Essence of TI:
the derivative of free energy F with respect to A
is calculated as the average of derivative of total energy E,
which can be directly evaluated in the simulation

The free energy difference follows simply as

L /OE)
AF:/ <> d\
0 oA A
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LThermodynamic integration (TI)

How to do it practically

We perform a MD simulation for each chosen value of A:
usually, equidistant values in the interval (0,1) are taken:
0, 0.05, ..., 0.95 and 1.

Each of these simulations produces a value of <g—§>)\,
so we obtain the derivative of F in discrete points for A € (0,1).
This function is then integrated numerically,

and the result is the desired free energy difference AF.
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LThermodynamic integration (TI)

Example

Free energy of hydration of rare gas (neon)

in the course of an NPT simulation,
vdW parameters of the neon atom are being
switched off by means of A gradually,
so that the atom is effectively disappearing

The derivative of total energy with respect to A
is evaluated for 21 values of A ranging from 0 to 1.
Then, Tl gives the Gibbs energy difference of two states:

E a neon atom in water

®m no neon atom in water =
= a neon atom outside of the solution, in vacuo
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LThermodynamic integration (TI)

Example

Neon atom to nothing, in TIP3P water

equilibration: normality on 85% confidence level. production: error < 5 kJ/mol
20 T T T T T
T T T T

dG/dlambda (kJ/mol)

40 |— DeltaG =-7.54 (1.85) —

0 0.2 0.4 0.6 0.8 1
lambda
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LThermodynamic integration (TI)

Choice of reaction coordinate

Both FEP and TI require a coupling parameter A
— the reaction coordinate (reactant A = 0, product A = 1)

Free energy is a state function
— the result is independent of the chosen path
between the reactant and the product

We are free to use even an unphysical process
as the reaction coordinate
— e.g., a change of chemical identity of one or more atoms
(in the alchemical simulations)
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LThermodynamic integration (TI)

Choice of the number of windows

m we would like to have as few as possible,
without compromising numerical precision of the calculation

m the factors affecting the choice are different in FEP and in TI

FEP: the assumption is that while simulating the state A,
the low-energy regions of state B are sampled well.
The closer the windows are, the better this condition is met.

TI: the free energy derivative is always evaluated for one A-value,
and the problem present in FEP does not occur here.
However, numerical inaccuracy may be due to the numerical
integration of the free energy derivative
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LFree energy from non-equilibrium simulations

Tl = limits

major limitation of Tl using equilibrium simulations for discrete As
— very slow convergence of 9G/O\
when the alchemical change becomes large.

It is perfectly possible to mutate of a single amino acid side chain
in a protein (when the structure of the protein remains the same),
but larger reactions are getting impossible to simulate.
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LFree energy from non-equilibrium simulations

Non-equilibrium simulations

recent development — use of non-equilibrium simulations

The usual “equilibration” of the system for every of the selected
values of A is not performed

Instead, a non-equilibrium simulation consists of n MD steps,
where X starts at 0 and increases by 1/n in every MD step.

This way, the simulation never describes the system in equilibrium,
as the external parameter A is changing all the time.
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LFree energy from non-equilibrium simulations

Principle

A single simulation of this kind would be of no value. ..

. but when we perform an ensemble of such simulations,
we can use the Jarzynski's equality to obtain the free energy (as a
special kind of ensemble average):

exp[—BAF] = (exp[-SW])

where W are values of irreversible work obtained from
the individual non-equilibrium simulations:

L /OE
W= -
/0 <6A> a

(difference from TI: no equilibrated values of OE/O\)
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LFree energy from non-equilibrium simulations

Practice and analysis

The non-equilibrium simulations can be very short

Where is the sampling problem? (it is always somewhere. . .)
— large statistical weight carried by rarely occuring simulations
(unfavorable averaging in Jarzynski's equality)
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LFree energy from non-equilibrium simulations

Analysis 1 — simple

Solution to the problem
— exponential work averaging with Gaussian approximation:

An ensemble of simulations is performed
both for the ‘forward’ process 0 — 1 and the ‘reversal’ 1 — 0.

Then, approximate the distributions of forward and backward work
by Gaussians with mean and std. dev. W¢, or / W,, o,

Free energy follows as the average of values

1
AFf = Wf—aﬂff%

1
AF, = —W, + 5503
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! \ PW)

(from Goette and Grubmiiller 2009)
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LFree energy from non-equilibrium simulations

Analysis 2 — better

A more general expression than the Jarzynski equality
— Crooks fluctuation theorem (CFS):

the distributions of forward and reverse work are related like

Ps(W)

W = exp[B(W — AF)]

This can be applied in two slightly different ways:
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LFree energy from non-equilibrium simulations

CFS — first possibility

Once we have obtained well-converged distributions Ps and P,
from an equal number of forward and reverse simulations,
we can apply Bennett's acceptance ratio:

<1 - exp[ﬁ(lW — AF)] >f - <1 + exp[—ﬁl(W — AF)] >
(implicit equation for AF)
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LFree energy from non-equilibrium simulations

CFS — second possibility

A more direct application of CFS:

The free energy corresponds to the value of work W
for which the probabilities P and P, are equal
— the intersection point of the distributions.

We can search for the intersection point,
after fitting each of the distributions with a Gaussian function
— possibly large errors that may occur when the distributions
have little overlap (are ‘far from each other’)
are reduced

The assumption of normality of work distributions holds
for a system with a large number of degrees of freedom
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LFree energy from non-equilibrium simulations
gy q

CFS — second possibility

:
1

‘

'

!_ 20, W)

W, A
(from Goette and Grubmiiller 2009)
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LThermodynamic cycles

Differences of differences

Often — we are interested not in the absolute free energies
and not even in the reaction free energies,

but rather in the difference (A) of reaction free energies (AF)
of two similar reactions:

AAF or AAG
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LThermodynamic cycles

Reaction free energy difference

Example left: binding of an inhibitor molecule | to an enzyme E,
difference of binding free energies to similar enzymes E and E’:

E+1 = El AGy

E+1 = FEI
o —
(1 ) Cry)
b AG3 @y e
U/ P\
. &
"o )
o
AG1 AG2 AG1 AG2
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LThermodynamic cycles

Reaction free energy difference

ligand binding itself — very difficult to simulate
reason — possible structural changes in the enzyme upon binding

Solution:
m do not simulate the reaction of binding
m rather, simulate the alchemical transmutation of enzyme E to
E/

E and E’ are very similar, so this may be easy to do

(example: mutation of a single AA, e.g. leucine to valine)

m The structure of complexes El and E’l may be similar,
— the simulation may provide converged free energy
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LThermodynamic cycles

Reaction free energy difference

Free energy is a state function — the sum of free energies
around a thermodynamic cycle vanishes:
(e.g. clockwise in figure left):

AG +AG —AG, —AG, =0

The difference of binding free energies equals
the difference of free energies calculated in alchemical simulations:

AAG =AG — AGy = AG; — AGy
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LThermodynamic cycles

Reaction free energy difference

Similarly, it is possible to calculate the free energy difference
of binding of two similar ligands to the same enzyme (figure right),

or the difference of solvation energy of two similar molecules.

In the latter case, two alchemical simulations would be performed:
one in vacuo and the other in solvent.

(Example — the neon case, a couple of slides ago. . .)
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L Potentials of mean force (PMF) and umbrella sampling

Realistic reaction coordinate

Sometimes, we need to know how the free energy changes
along a realistic reaction coordinate g within a certain interval.

The free energy is then a function of g
while it is integrated over all other degrees of freedom.

Such a function F(q) is called the potential of mean force.
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L Potentials of mean force (PMF) and umbrella sampling

Realistic reaction coordinate

Examples:
m distance between two particles in a dissociating complex
m the position of a proton for a reaction of proton transfer

m the dihedral angle when dealing with conformational changes

Looking for the free energy at a certain value of g,

remaining degrees of freedom are averaged over (integrated out).
One could think of performing an MD simulation

and sampling all degrees of freedom except for q.
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L Potentials of mean force (PMF) and umbrella sampling

Example

free energy of formation of an ion pair in solution:

MD simulation would be performed to calculate the free energy
for every value of the reaction coordinate q: F = F(q)
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L Potentials of mean force (PMF) and umbrella sampling

Foundations

F=—ksTn [ exp[~BE(F, p)] dF dp

We wish to evaluate an expression for g taking some value qq.
How to pick that one value?

Dirac delta function 6(q — qo):

— an infinitely sharp peak that bounds a unit area

— d(x) is zero everywhere, except at x =0

—at x = 0, it rises above bounds so that its integral is 1
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L Potentials of mean force (PMF) and umbrella sampling

Foundations

The free energy for the fixed reaction coordinate qq is

Flao) = —ksTn [[ 6(q— qo) expl-BE(F. )] dpdiidg
— _kgTln [Q-ﬂa(q— qo)e)q)[_ﬁQE(r’p)]dﬁdﬁdq}

—kg T In [Q : H 6(q — qo) - p(7, 5)dpdudq]
= —ksTIn[Q- (6(q — qo0))]
—ksTInQ — kg T In (5(q — qo))

(u are all coordinates except q)
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L Potentials of mean force (PMF) and umbrella sampling

Foundations

F(qo) = —ksTInQ — kg T In (6(q — qo))
What does this mean?

p(7, P) is the probability that the system is at the point (7, p), so

P(q0) = [ 3(a — o) - p(F, B) d7dB = (3(q — qo))
is the probability that g takes the value of qp.

So, the integration collects all points in phase space
where the reaction coordinate has this specified value qq
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L Potentials of mean force (PMF) and umbrella sampling

Foundations

in the example of the ion pair:

We perform an MD simulation for the system,
and then count how many times g takes the value qo:
we calculate the probability P(qo) of finding the system at qo.

Then, the free energy difference of two states A and B is

Fo — Fa=

ksTIn@Q — kg T'In(6(qg — gB))

(ke TInQ + ks T In(5(q — qa)))
(6(q — qB))

eI g —aa)

P(qs)

P(qa)

ks T In

which is actually the equilibrium constant P(B)/P(A).
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L Potentials of mean force (PMF) and umbrella sampling

Energy profile and probability distribution along the reaction
coordinate. Note the undersampled region of the barrier.

? n /] E
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L Potentials of mean force (PMF) and umbrella sampling

Problem to be solved

What to do: perform an MD simulation, specify a coordinate,
and count how often the system is present
at some specified values of the reaction coordinate.

The ratio of these values gives the free energy difference!

The problem:

If a high barrier has to be crossed to come from A to B,
a pure (unbiased) MD simulation will hardly make it
— the simulation is not ergodic

Even if it does make it, the high-energy region (barrier)
will be sampled quite poorly.

Note: a previously mentioned possible solution
— extended sampling methods like metadynamics
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L Potentials of mean force (PMF) and umbrella sampling

Working principle

A straightforward solution:
apply an additional potential, also called biasing potential
to restrain the system to region/s of phase space
that would otherwise remain undersampled.

— underlying principle of the umbrella sampling

The additional potential will become a part of the force field,
and it shall depend only on the reaction coordinate: V = V/(q).
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L Potentials of mean force (PMF) and umbrella sampling

Working principle

What will be the free energy in such a biased case?

F(g) = —kgTln _ff 5(<}f—e:;>[)—e;2]—dfi];drdp]
[ 1S 5(q — d0) explBV] expl—B(E + V)75 [f expl— B(E + V)] dFdﬁ]
J expl—B(E + V)| dF dp 1J expl— BE] d7 df
JJ exp[—B(E + V)] dFdp ]
JJ exp[BV]exp[—B(E + V)] d7 dp

= —kgTln

= —kgTIn [(8(q — q0) explBVD gy -

L 1
= —kgTIn|(d(q — xplBY (eplBVD) ey
5Tl _( (9 —qo)exp[BV]) g1y (exp[,BV])E+v]
L 1
=  —kgTln [exp[BV 3(a - (eelBVD)e
5T ln _e p[BV(q0)] (6(q — q0)) g4 v (eXP[ﬁV]>E+V]

= —kgTIn(5(q—a0)) gy — V(qo) + kg T In (exp[BV) gy
= —kgTInP"(q0) — V(q0) + ks T In (exp[BV]) g, v/
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L Potentials of mean force (PMF) and umbrella sampling

Working principle

. free energy follows as function of reaction coordinate, or PMF:
F(q) = —ksTInP*(q) — V(q) + K

Interesting:
m an arbitrary potential V(q) was added
m we consider averages with the biased potential, ()¢, |
m we obtain the biased probability P*(g) of finding the system
at the value of reaction coordinate for the ensemble E + V
m P*(q) differs from the unbiased probability P(q), obviously

m still, the right, unbiased free energy F(q) can be recovered:
— take the biased P*(q), subtract the potential V/(gq),
and add the term K (which has to be determined yet)
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L Potentials of mean force (PMF) and umbrella sampling

Practical PMF

We can use this scheme efficiently, by way of moving
a biasing harmonic potential along the reaction coordinate:

E/l
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L Potentials of mean force (PMF) and umbrella sampling

Practical PMF

Example — probabilities from biased simulations — histograms

I 1%

¥

http://people.cs.uct.ac.za/“mkuttel /images/projectimages/WHAM.png
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L Potentials of mean force (PMF) and umbrella sampling

Practical PMF

We perform k simulations with biasing potentials V) and obtain
F(q) = —ks TIn P*(q) — Vi(q) + Kk

For each of the k simulations, we extract the probability P*(q)
for every value of g and calculate V*(q)

The curves of —kg T In P*(q) — V¥(q) for simulations k and k + 1
differ by a constant shift, which corresponds to the difference of K:

-

c T
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L Potentials of mean force (PMF) and umbrella sampling

Practical PMF

The main task — to match the pieces of the curve together.
One way — to fit the values K to obtain a total F(q) curve
that is as smooth as possible.

Requirement — the pieces k and k + 1 must ‘overlap’ sufficiently.

Ty

\
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L Potentials of mean force (PMF) and umbrella sampling

Practical PMF — WHAM

Another way — weighted histogram analysis method:

The unbiased probabilities P(qj) of coordinate q falling
into the bin j of the histogram and the shifts K; are obtained
with a self-consistent solution of a set of equations

SN nig) expl—BVi(g))]

P .
(@) S N; exp—B(Vi(q;) — K]
bins
K = —kBTIOgZP(QJ) exp[—BVi(q))]

(for a total of N simulations, i-th simulation contains N; frames,
ni(q;) is the number of hits in bin j in simulation 7).

WHAM is included in many modern MD packages
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