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DNA single strand Intermediate States G-quadruplex

Telomers
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Time Scale Problems

DFG-IN/OUT transition in a MAP Kinase
movie by Anna Berteotti
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• Molecular Dynamics timestep ~ 1 fs 
(bond-stretching, bending,...)

• Most biologically relevant processes 
(docking/undocking process, protein/DNA 
folding, phase transitions,...) >~ 1μs



MD vs. Metadynamics

•V(s;t) disfavours the visited states (in the CVs space)

•V(s;t) grows logarithmically with histogram N(s;t)

•The error is progressively damped 

•V(s) converges to -ΔT/(T+ΔT)F(s)

Laio and Parrinello, PNAS (2002)
Barducci, Bussi, Parrinello, PRL (2008)

movies by G. Bussi

initial rate rate decreases as 
exp(-V/ΔT)

Metadynamics Potential

http://www.multimedia.ethz.ch/speakers/cscs/cscsonscscs/?doi=10.3930/ETHZ/AV-
f9761e89-c38e-484b-9378-163dfe9a0efb&autostart=false 5
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Thrombin Binding Aptamer (TBA)

TBA is a simple example of DNA G-quadruplex (15-mer)

PDB code: 1qdf
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5’-GGTTGGTGTGGTTGG-3’
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Methods
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CVs Setting: 

1.Radius of Gyration (Guanines O6)

2.Number of H-bonds between Guanines
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Metadynamics and Parallel Tempering-MetaD Simulations

PT-MetaD Setting:

✓GROMACS4.5.3 + PLUMED + parmbsc0 FF*

✓256 replica = 4096 cores (T range 280-600 K)

✓100 ns per replica (~10000 waters)

* Perez et al., Biophys. J. (2007)



3’ end folding/unfolding
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The G-Triplex DNA**
Vittorio Limongelli, Stefano De Tito, Linda Cerofolini, Marco Fragai, Bruno Pagano,
Roberta Trotta, Sandro Cosconati, Luciana Marinelli, Ettore Novellino, Ivano Bertini,
Antonio Randazzo,* Claudio Luchinat,* and Michele Parrinello*

In memory of Ivano Bertini

Nucleic acids represent the alphabet of the cellular language
and through their sequence and topology regulate vital
cellular functions. In recent years, it has been found that
many variations from the Watson–Crick duplex structure[1]

play key roles in many cellular processes. Examples are
hairpins,[2] cruciforms,[3] parallel-stranded duplexes,[4] tri-
plexes,[5] G-quadruplexes,[6] and the i-motif.[7] These structures
can be formed by nucleotide sequences distributed through-
out the whole human genome, their location is not random
and often associated with human diseases.[8] These complexes
are formed from one to four strands, stabilized by base
stacking and hydrogen bond interactions, with a variety of
non-standard pairings. For instance, DNA triplexes can
present G:G-C, A:A-T, C+:G-C, and T:A-T pairings, with
two strands in the standard Watson–Crick duplex structure
(i.e. G-C and A-T) and the third one lying in the major groove
of the duplex. In contrast, G-quadruplexes are four-stranded
structures stabilized by stacking of two or more guanine
tetrads (Figure 1).

These examples highlight the structural polymorphism of
DNA and suggest that other structures might exist, perhaps
with specific cellular functions that are, to date, unknown.
Herein, using metadynamics simulations,[9] we have identified
a stable folding intermediate of the thrombin binding aptamer
(TBA) quadruplex.[10] This intermediate is characterized by
a “G-triplex” structure, having G:G:G triad planes stabilized
by an array of Hoogsteen-like hydrogen-bonds (Figure 1).
This kind of structure has been already hypothesized in other

investigations on different DNA sequences,[11] but never
experimentally proven. Herein, for the first time, we have
structurally and thermodynamically characterized this DNA
structural motif, through a combination of biophysical experi-
ments.

Well-tempered metadynamics[9b] simulations have been
used to study the folding of TBA, which is a 15-mer
oligonucleotide (5’-dGGTTGGTGTGGTTGG-3’) organized
in an anti-parallel monomolecular G-quadruplex with a chair-
like structure (Figure 2a). This structure consists of two G-
tetrads, able to coordinate a metal ion at the center,
connected by two TT loops and a single TGT loop.

Metadynamics accelerates the sampling, adding a bias on
a few degrees of freedom of the system, called collective
variables (CVs). In such a way, long time scale events, such as
ligand/protein docking[12] or protein/DNA folding, can be
sampled in an affordable computational time and the free
energy surface (FES) of the process can be computed. In the
present case, the FES was calculated as a function of two CVs,
the radius of gyration CV defined by the oxygen atoms of the
guanines forming the G-tetrads and a second CV that counts
the number of hydrogen bonds between these guanines (see
Supporting Information). Looking at the FES obtained after
approximately 80 ns of metadynamics simulation, three main
energy minima can be identified (Figure 2b). The deepest
one, basin A, corresponds to the experimental G-quadruplex
structure of TBA.[13] In the second minimum, basin B, TBA
shows a partial opening of the 3’ end with residue G15
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3’ end folding/unfolding
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The movie

10



TBA Truncation

15-mer 11-mer
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MD on 11 mer
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70 mM KCl = 26 K+, 12 Cl-

G-Triad



Experimental Validation
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Conclusions & Perspectives

✓Sampling large time-scale biological events (e. g. DNA folding) requires the 
use of non-standard techniques and HPC resources

✓Identification and characterization of a new DNA structure: the G-triplex

✓Has the G-triplex a biological role?

✓Are G-triplex structures present in the folding process of other DNA or 
RNA structures?

✓Are G-triplex structures useful for the design of new aptamers?

✓Is the G-triplex druggable? (VS campaign)

17



VS on G-Triplex

18

1. Chemical Libraries Selection

4. Identification of lead compounds 
able to bind the G-triplex

2. Filtering (Lipinski’s role, ADME etc.)

3. Docking in the specific groove 
of the G-triplex
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DNA single strand G-triplex G-quadruplex

Telomers
Neidle et al., Curr. Opin. Struct. Biol. (2003)
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Protein/Ligand Binding Free Energy

Poor convergence of the FES in the ligand unbound state

C0 = Standard Concentration (constant)

Bound Unbound

20

�G0
b = � 1

�
ln(C0 Kb) , (2)



The Idea

Driving the ligand out of the protein 
using a funnel restraint potential

potential of the 
bound state

potential of the 
unbound state

Su is equal to 
πRcyl2

ΔGsite is equal to 0

*

* Allen et al., PNAS (2004); Roux et al., J. Chem. Phys. (2008)

Free Energy difference between 
the bound and unbound state

21** Limongelli, Bonomi and Parrinello, PNAS (2013) 

**

Kb = e��Gsite

Z

site

dz e��[W (z)�Wref ] Su . (1)

�G0
b = � 1

�
ln(C0 Kb) , (2)

�G0
b = �G� 1

�
ln(⇡R2

cylC
0) , (3)



Funnel-Metadynamics (FM)
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Funnel metadynamics as accurate binding
free-energy method
Vittorio Limongellia,1, Massimiliano Bonomib, and Michele Parrinelloc,d,1

aDepartment of Pharmacy, University of Naples Federico II, I-80131 Naples, Italy; bDepartment of Bioengineering and Therapeutic Sciences, and California
Institute of Quantitative Biosciences, University of California, San Francisco, CA 94158; cDepartment of Chemistry and Applied Biosciences, Eidgenössiche
Technische Hochschule (ETH), 8006 Zürich, Switzerland; and dFacoltà di Informatica, Istituto di Scienze Computazionali, Università della Svizzera Italiana,
CH-6900 Lugano, Switzerland

Contributed by Michele Parrinello, March 7, 2013 (sent for review December 20, 2012)

A detailed description of the events ruling ligand/protein interac-
tion and an accurate estimation of the drug affinity to its target is
of great help in speeding drug discovery strategies. We have de-
veloped a metadynamics-based approach, named funnel metady-
namics, that allows the ligand to enhance the sampling of the target
binding sites and its solvated states. This method leads to an effi-
cient characterization of the binding free-energy surface and an
accurate calculation of the absolute protein–ligand binding free
energy. We illustrate our protocol in two systems, benzamidine/
trypsin and SC-558/cyclooxygenase 2. In both cases, the X-ray con-
formation has been found as the lowest free-energy pose, and the
computed protein–ligand binding free energy in good agreement
with experiments. Furthermore, funnel metadynamics unveils im-
portant information about the binding process, such as the presence
of alternative binding modes and the role of waters. The results
achieved at an affordable computational cost make funnel meta-
dynamics a valuable method for drug discovery and for dealing with
a variety of problems in chemistry, physics, and material science.

enhanced sampling | protein/ligand binding | ligand docking

Studying the molecular interactions between a drug and its
target helps in understanding the target functional mechanism

and offers the possibility for exogenous control of its physiological
activity. In recent years, a vast experimental and computational
effort has revealed in ever-more-precise detail the ligand/target
recognition mechanism (1, 2). In this context, an accurate estima-
tion of the ligand-binding affinity is in great demand because it
would facilitate many steps of the drug discovery pipeline, such as
structure-based drug design and lead optimization; this is not,
however, a simple task. In fact, an accurate estimation of the
binding affinity or, equivalently, the absolute protein–ligand bind-
ing free energy, requires an accurate description of the ligand/
protein interactions, their flexibility, and the solvation process.
Many methods have been proposed to tackle this problem. For
instance, docking protocols are widely used to generate and rank
candidate poses based on empirical scoring functions, either
physically or statistically based (3–5). These techniques have been
proven to be highly efficient in screening a large number of com-
pounds in a short time (6); this, however, at the price of limited
accuracy in estimating affinities (7).
Alternatively, a variety of methods to describe ligand/protein

interactions in a more accurate way at higher computational cost
have been proposed. These techniques can be grouped in two
categories: (i) endpoint and (ii) pathway methods. The former
group is composed of those techniques that sample ligand and
protein in unbound and bound states and compute the protein–
ligand binding free energy by taking the difference between the
absolute free energy of these two states. Examples include mi-
croscopic linear response approximation (8), linear interaction
energy (9, 10), protein dipoles Langevin dipoles (11), as well as
molecular mechanics Poisson–Boltzmann surface area, and gen-
eralized Born surface area (12).
At variance with endpoint methods, in pathway methods, the

ligand is gradually separated from the protein. The binding free

energy is then obtained by summing different contributions
coming from a discretized path that connects the initial and final
state. This class includes methods in which the ligand/protein
interactions are gradually switched off, such as thermodynamic
integration (13), free-energy perturbation (14, 15), double-
decoupling method (16), and double-annihilation method (17).
Techniques such as steered molecular dynamics (SMD) (18) and
umbrella sampling (19), where the ligand and the protein are
physically separated from each other, also belong to this group.
While in SMD, the ligand is dragged out from the protein using a
moving restraining potential, in umbrella sampling, the path from
the bound to the unbound state is divided in a finite number of
windows, which are independently sampled.
Though these methods have been successfully used to compute

the ligand binding free energy in many cases (20–22), the re-
quirement of knowing in advance the bindingmode hampers amore
general applicability. The intensity of the efforts in developing these
methods reflects both the great potential of these calculations and
their difficulties. In particular, the difficulties arise mainly from the
fact that the ligand/protein binding process is a rare event, difficult
to sample with standard techniques such as molecular dynamics
(MD). Even the most ambitious efforts in this direction, though
revealing precious details of the binding process (23, 24), have not
been able to determine accurately the binding energy. To achieve
this result, the use of enhanced sampling methods is mandatory.
Among the emerging techniques, metadynamics (25) has proven

to be very useful in studying long-timescale processes (26, 27), par-
ticularly in complex ligand/protein binding cases (28–30). Metady-
namics works by adding an external history-dependent potential that
acts on few degrees of freedom, named collective variables (CVs). In
such a way, the sampling is accelerated, and the free-energy surface
(FES) of the process can be calculated from the added potential.
Unfortunately, only a qualitative estimation of the protein–ligand
binding free energy could be obtained for the binding processes
studied so far (28, 31). In fact, once the ligand leaves the binding
pocket, it has difficulty finding its way back, and starts exploring all of
the possible solvated states. These conformations represent a vast
part of the configuration space that cannot be sampled thoroughly in
a limited computation time. Therefore, once out, the ligand does not
again find the binding site, and multiple binding/unbinding events,
which are the key to an accurate determination of the binding free
energy in metadynamics, cannot be observed.
Here, we present a metadynamics-based approach, named

funnel metadynamics (FM), which overcomes all these limi-
tations and allows an accurate estimation of the absolute

Author contributions: V.L., M.B., and M.P. designed research; V.L. performed research;
V.L., M.B., and M.P. contributed new reagents/analytic tools; V.L., M.B., and M.P. analyzed
data; and V.L., M.B., and M.P. wrote the paper.

The authors declare no conflict of interest.
1To whom correspondence may be addressed. E-mail: vittoriolimongelli@gmail.com or
parrinello@phys.chem.ethz.ch.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1303186110/-/DCSupplemental.
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ΔGb
0 = −8.5 ± 0.7 kcal/mol (previous calculations −5.5 to −9.0 kcal/mol)*

*Doudou et al., J. Chem. Theory Comput. (2009) 
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Experimental Validation
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TBA: 5’-GGTTGGTGTGGTTGG-3’
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Ion Binding
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70 mM KCl = 26 K+, 12 Cl-
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How to compute ΔGbinding

Allen et al., PNAS (2004)
Roux et al., J. Chem. Phys. (2008)

[L] + [P] ⇋ [LP] Keq = _____
[L] [P]

[LP]

Keq = e��Gsite

�

site
dz e��[w(z)�w(z⇥⇤)] Su

*

ΔGbinding = -KbT ln (Keq C0)

potential when the ligand is bound

potential when the ligand is unbound

Su is equal to πr2

ΔGsite is equal to 0

C0 = Standard Concentration (constant)

Here, !Gsite is the free energy cost introduced by the re-
straint u!x ,y" when the ion is in the binding site, and Su is a
constant determined by the potential u!x ,y" that has the di-
mension of a surface area. Equation !4" provides an unbiased
estimator of Keq, independent of the choice of u. Unfortu-
nately, it is not possible to convert Eq. !4" into a form that is
identical to the 1D approximation Eq. !1".

According to Eq. !3", any 1D free energy profile depends
on the choice of cylindrical restraining potential u. For this
reason, it becomes meaningless to compare the well depths
in two different 1D PMFs computed with different cylindri-
cal restraining potential. Although Keq calculated from Eq.
!4" is mathematically independent of the choice of u, w!z" is
not. The above analysis also explains why the 1D PMF from
Refs. 1 and 3 appear to differ even though the simulations
were both generated using the CHARMM force field.5

In the study carried out by Allen et al.,3 a steep flat-
bottom cylindrical potential of radius R=8 Å relative to the
channel axis was used for the restraining potential u. An
equilibrium dissociation constant of !0.2–0.3"M was calcu-
lated for K+, in good accord with experiment.3 The develop-
ment above leading to Eq. !4" makes it clear why Su is equal
to "R2 in Ref. 3; because R was purposely chosen to be
much larger than the lateral fluctuations of the bound ion in
the site, the restraining potential u is not felt by the ion in the
binding site, which means that !Gsite=0 identically. Bastug
and Kuyucak1 used a cylindrical harmonic potential to keep
the ion along the channel axis. However, rather than use Eq.
!4" to extract an unbiased estimate of Keq, they used Eq. !1".
This means that their estimates of Keq have an undesirable
!and as yet undetermined" dependence on u. While it is pos-
sible that Eqs. !4" and !1" yield similar numerical results, this
is not obvious a priori and would be known only from care-
ful comparison with an unbiased estimator of Keq. Ulti-
mately, the validity of the final results cannot be known from
estimates of Keq based solely upon Eq. !1". More important,
such fortuitous agreement would depend the choice of u as
well as on details of the system, which can only add to the
confusion.

Although it may be tempting to regard Eq. !1" as an
acceptable 1D approximation, as has been done by Kuyucak
and co-workers,1,6–10 the validity of such an approximation
must be established independently, i.e., by using unbiased
estimators like Eq. !4" that are properly derived from the
expression for Keq in terms of the full 3D PMF, W!r", given
by Eq. !2". Simply postulating that w!z!"=0 in the bulk does

not suffice to eliminate the dependence on the chosen re-
straining potential, as suggested by the authors of Ref. 1,
because, as shown above, even in that case, the deduced Keq
would depend on the choice of restraining
potential.

Simulation studies of complex biomolecular systems
suffer from the burden of multiple approximations, some of
which are arguably a matter of choice and compromise that
are partly subjective. In particular, the accuracy of the atomic
force field remains a central issue in ion channel simulations.
However, there is no ambiguity about the proper theoretical
treatments for calculating equilibrium binding constants, ei-
ther from alchemical free energy perturbations,11–17 or from
integration of an unrestricted18 as well as a restricted 1D
PMF.2–4,19 It is only by using unbiased estimators of experi-
mentally observable quantities that one can assess the valid-
ity of those simulations.

This work was supported by the Grant No. GM070971
from the NIH !B.R. and O.S.A." and Grant No.
MCB-0546768 from NSF !T.W.A.".
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A detailed description of the events ruling ligand/protein interac-
tion and an accurate estimation of the drug affinity to its target is
of great help in speeding drug discovery strategies. We have de-
veloped a metadynamics-based approach, named funnel metady-
namics, that allows the ligand to enhance the sampling of the target
binding sites and its solvated states. This method leads to an effi-
cient characterization of the binding free-energy surface and an
accurate calculation of the absolute protein–ligand binding free
energy. We illustrate our protocol in two systems, benzamidine/
trypsin and SC-558/cyclooxygenase 2. In both cases, the X-ray con-
formation has been found as the lowest free-energy pose, and the
computed protein–ligand binding free energy in good agreement
with experiments. Furthermore, funnel metadynamics unveils im-
portant information about the binding process, such as the presence
of alternative binding modes and the role of waters. The results
achieved at an affordable computational cost make funnel meta-
dynamics a valuable method for drug discovery and for dealing with
a variety of problems in chemistry, physics, and material science.

enhanced sampling | protein/ligand binding | ligand docking

Studying the molecular interactions between a drug and its
target helps in understanding the target functional mechanism

and offers the possibility for exogenous control of its physiological
activity. In recent years, a vast experimental and computational
effort has revealed in ever-more-precise detail the ligand/target
recognition mechanism (1, 2). In this context, an accurate estima-
tion of the ligand-binding affinity is in great demand because it
would facilitate many steps of the drug discovery pipeline, such as
structure-based drug design and lead optimization; this is not,
however, a simple task. In fact, an accurate estimation of the
binding affinity or, equivalently, the absolute protein–ligand bind-
ing free energy, requires an accurate description of the ligand/
protein interactions, their flexibility, and the solvation process.
Many methods have been proposed to tackle this problem. For
instance, docking protocols are widely used to generate and rank
candidate poses based on empirical scoring functions, either
physically or statistically based (3–5). These techniques have been
proven to be highly efficient in screening a large number of com-
pounds in a short time (6); this, however, at the price of limited
accuracy in estimating affinities (7).
Alternatively, a variety of methods to describe ligand/protein

interactions in a more accurate way at higher computational cost
have been proposed. These techniques can be grouped in two
categories: (i) endpoint and (ii) pathway methods. The former
group is composed of those techniques that sample ligand and
protein in unbound and bound states and compute the protein–
ligand binding free energy by taking the difference between the
absolute free energy of these two states. Examples include mi-
croscopic linear response approximation (8), linear interaction
energy (9, 10), protein dipoles Langevin dipoles (11), as well as
molecular mechanics Poisson–Boltzmann surface area, and gen-
eralized Born surface area (12).
At variance with endpoint methods, in pathway methods, the

ligand is gradually separated from the protein. The binding free

energy is then obtained by summing different contributions
coming from a discretized path that connects the initial and final
state. This class includes methods in which the ligand/protein
interactions are gradually switched off, such as thermodynamic
integration (13), free-energy perturbation (14, 15), double-
decoupling method (16), and double-annihilation method (17).
Techniques such as steered molecular dynamics (SMD) (18) and
umbrella sampling (19), where the ligand and the protein are
physically separated from each other, also belong to this group.
While in SMD, the ligand is dragged out from the protein using a
moving restraining potential, in umbrella sampling, the path from
the bound to the unbound state is divided in a finite number of
windows, which are independently sampled.
Though these methods have been successfully used to compute

the ligand binding free energy in many cases (20–22), the re-
quirement of knowing in advance the bindingmode hampers amore
general applicability. The intensity of the efforts in developing these
methods reflects both the great potential of these calculations and
their difficulties. In particular, the difficulties arise mainly from the
fact that the ligand/protein binding process is a rare event, difficult
to sample with standard techniques such as molecular dynamics
(MD). Even the most ambitious efforts in this direction, though
revealing precious details of the binding process (23, 24), have not
been able to determine accurately the binding energy. To achieve
this result, the use of enhanced sampling methods is mandatory.
Among the emerging techniques, metadynamics (25) has proven

to be very useful in studying long-timescale processes (26, 27), par-
ticularly in complex ligand/protein binding cases (28–30). Metady-
namics works by adding an external history-dependent potential that
acts on few degrees of freedom, named collective variables (CVs). In
such a way, the sampling is accelerated, and the free-energy surface
(FES) of the process can be calculated from the added potential.
Unfortunately, only a qualitative estimation of the protein–ligand
binding free energy could be obtained for the binding processes
studied so far (28, 31). In fact, once the ligand leaves the binding
pocket, it has difficulty finding its way back, and starts exploring all of
the possible solvated states. These conformations represent a vast
part of the configuration space that cannot be sampled thoroughly in
a limited computation time. Therefore, once out, the ligand does not
again find the binding site, and multiple binding/unbinding events,
which are the key to an accurate determination of the binding free
energy in metadynamics, cannot be observed.
Here, we present a metadynamics-based approach, named

funnel metadynamics (FM), which overcomes all these limi-
tations and allows an accurate estimation of the absolute

Author contributions: V.L., M.B., and M.P. designed research; V.L. performed research;
V.L., M.B., and M.P. contributed new reagents/analytic tools; V.L., M.B., and M.P. analyzed
data; and V.L., M.B., and M.P. wrote the paper.

The authors declare no conflict of interest.
1To whom correspondence may be addressed. E-mail: vittoriolimongelli@gmail.com or
parrinello@phys.chem.ethz.ch.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1303186110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1303186110 PNAS Early Edition | 1 of 6

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

CH
EM

IS
TR

Y

ΔGb
0 = −8.5 ± 0.7 kcal/mol (previous calculations −5.5 to −9.0 kcal/mol)
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