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A B S T R A C T

Membrane channels are an essential part of any life form. They con-
duct the selective flux across the cell membrane of many important
molecules that would otherwise not permeate. Experimental studies
on membrane channels have led to the structural and functional char-
acterization of many of them, yet many underlying physico-chemical
mechanisms are somewhat out of reach. The aim of this thesis is
to gain quantitative understanding on the structural and functional
properties of these proteins by means of computational methods, such
as Molecular Dynamics (MD) and free energy calculations. One of the
most common approaches to study the selectivity and permeation
mechanisms of a channel is the calculation of the Potential of Mean
Force (PMF) for solute permeation across the pore. Usually, PMFs are
calculated via MD simulations, which requires a significant amount of
computational power. Hence, we compared the capability of MD with
that of 3-Dimensional Reference Interaction-Site Model (3D-RISM), al-
legedly as accurate as MD but much more computationally efficient, to
compute PMFs of solute permeation across Urea Transporter B (UT-B)
and Aquaporin 1 (AQP1). We found a remarkable agreement between
the PMFs for water permeation calculated from both techniques. How-
ever, for the rest of tested solutes, namely ammonia, urea, molecu-
lar oxygen, and methanol, we found critical discrepancies between
3D-RISM and with MD, which were found to be independent of the clo-
sure relation, the choice of the reaction coordinate, or the fluctuations
of the protein. This suggests that, whilst 3D-RISM may provide reason-
able approximations on PMFs for the permeation of water, it is not
appropriate to study the permeation of uncharged non-water solutes.

We further investigated, via a combination of MD simulations and
free energy calculations, the structure and function of the fluoride-
specific channel Fluc-Bpe. The free energy calculations allowed us to
ascertain the specific nature of five isolated electron densities found
in the crystal structure of Fluc, four of which were provisionaly as-
signed to fluoride, and the remaining one to sodium. We conducted
two different kinds of binding free energy calculations: i) relative bind-
ing free energy differences ∆∆Gbind, and ii) absolute binding free en-
ergy ∆Gbind. Notably, the calculation of ∆∆Gbind allowed us to de-
termine, between two putative molecular species, namely water and
fluoride, which species was more likely to bind at a certain binding
site. The resulting free energies were partly dependent on fluoride-
phenylalanine interactions, which we found to be underestimated by
∼ 30 kJ mol−1 in current additive force-fields. Thus, the disctimination
of one species over the other was only possible because the ∆∆Gbind
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values largely deviated from zero. In turn, the calculation of ∆Gbind

allowed us to confirm whether a certain species would bind per se
to Fluc-Bpe. Besides, short, free MD simulations proved to be key to
assess the structural stability of the channel in different conditions,
which, together with the free energy calculations, indicated that the
four densities assigned to fluoride rather corresponded to ordered
water molecules, and that the last electron density corresponded to a
structural sodium.

We finally evaluated, using MD simulations, the response of Fluc-
Bpe to the presence of fluoride ions restrained at the permeating pore.
The results suggested that the channel would undergo an opening
transition, after which water molecules enter the pore to solvate the
ions. Then, we calculated the PMFs for the permeation of water, flu-
oride and chloride using Umbrella Sampling (US) simulations. The
profiles of solute permeation across the open structure indicated that
water, fluoride, chloride would efficiently permeate the channel, be-
ing in stark contrast with the experimental evidence, which demon-
strates that Fluc channels permeate fluoride by a ∼ 100-fold ratio over
chloride. We suspect that our results might be affected by the inaccu-
rate modelling of ion-protein contacts highlighted before. The proper
modelling of ion-protein interactions is extremely important for the
establishment of salt-bridges, the structural stability of proteins, or
the permeation of ions. Therefore, we conclude that our results re-
garding the permeation mechanism in Fluc-Bpe mainly reflect the
imperfections of current additive force-fields, and that the usage of
polarizable force-fields and development of accurate ion-protein in-
teractions may certainly aid future research.
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Part I

I N T R O D U C T I O N





1
M E M B R A N E P R O T E I N S

T
he lipidic barriers commonly known as ’cell membranes’
not only constitue the separation between two spacial real-
ities, i. e. the inner- and outer-cell spaces, but also delimit
the permanent exchange of molecules between those. Cell

membranes are characterized by their selective permeability, which
keeps the dynamic electrochemical balance between the inner and
outer species. Whilst hydrophobic molecules passively move across
membranes by diffusion, polar molecules need, in most cases, the me-
diation of protein channels and transporters. The understanding, in
atomic detail, of the dynamics of such proteins can not only improve
our basic understanding of their function but also lead to the design
of molecular filters with implications in the health and chemical in-
dustry. To unveil the permeation mechanisms of membrane proteins,
usually a combination of experimental and computational methods is
required. In this thesis we used the latter to study the structural and
thermodynamic properties of two different families protein channels,
namely, the Urea Transporters and the Fluc channels.

1.1 membrane proteins transfer molecules across mem-
branes

Cell membranes play a crucial role in all forms of life. They must meet
three main requirements: first, to constitute a separation between the
cellular volume and the outside, thereby keeping a distinct electro-
chemical composition between the cell interior and the outer environ-
ment. Second, they have to allow the entering of certain substances
such as nutrients and ions into the cell, and the expulsion of waste
compounds outwards. Third, cell membranes need to be physically
flexible enough to allow cells to grow and change shape. Cell mem-
branes leverage the phsysical properties of the molecules that consti-
tute them to be able to adjust to these multiple needs [1]. To allow An insightful

summary of protein
to phospholipid mass
ratios is shown in
Mitra et al. (2004)
[2].

the efficient entering and exiting of certain compounds while the rest
remain appropriately inside or outside the cell is the characteristic
known as ’selective permeability’. This accurate and essential mecha-
nism of exchange is usually driven by proteins, which account for a
large fraction of mass of the membrane [2, 3].
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4 membrane proteins

For each of the different compounds that cross the membrane the
permeability is defined as

flux = P(cin − cout) (1.1)

where the flux is the number of molecules crossing a unit area per
unit time, the permeability coefficient P has units of length/time, and
the cin and cout are the concentrations of the compounds in and out of
the cell measured in number of molecules per unit volume [1]. Some
membrane proteins selectively increase the permeability for certain
molecules allowing them to move down its concentration gradient.
Such proteins are known as ’channels’, and some of them adopt a
so called ’open-state’ conformation, allowing molecules in and out
constantly. Other channels are gated, and cycle between open- and
close-states, opening only when a particular signal is received like,
for example, the binding of a ligand, a change in trans-membrane po-
tential, or a mechanical signal. Another kind of membrane proteins
needs energy to actively transport molecules against their concentra-
tion gradient. These are known as ’transporters’ or ’pumps’ and they
accumulate nutrients such as sugar and amino acids from the sur-
roundings, playing also a critical part in creating ionic concentration
gradients and keeping them out of equilibrium [4].

The boundary between channels and pumps is somewhat blurry
[5, 6] and, in addition to the direction of the transport —with chan-
nels following the concentration gradient and pumps going against
the concentration gradient—, they can also be distinguished by the
unitary flux rate observed in experiment. Accordingly, channels are
characterized by higher flux rates (with unitary flux rates greater than
106 s−1) than transporters (with unitary flux rates between 1–1000 s−1).
The flux rates translate into different free energy barriers which cor-The Transporter

Classification
Database http:

//www.tcdb.org/

provides a thorough
listing and a lot of
useful information

about channels and
pumps [7].

respond to different limiting steps. These are related, in turn, to two
types of transport, namely low energy barriers for diffusion (open
channels), and high energy barriers for conformational changes (close-
to open-state gating events).

As we will see, to fully understand the underlying mechanisms
of a given transport process, an ensemble of atomic-resolution struc-
tures is needed. This thesis describes computational studies of Urea
Transporters and the Fluc family channels. The formers are known
for mediating the passage of several molecules such as urea, water, or
ammonia across the cell membrane in a wide range of species. Fluc
are fluoride specific channels involved in the resistance to fluoride
toxicity (see Chapter 2 and Chapter 3).

1.2 proteins function in motion

The conformational dynamics of protein channels and transporters
are needed to undergo a transition from a close- to an open-state and

http://www.tcdb.org/
http://www.tcdb.org/


1.2 proteins function in motion 5

to allow, thereby, substrate pass from one side of the cell to the other.
Yet membrane channels and pumps are no exception, since all pro-
teins develop their functions in motion. The static view of proteins
where a steady structure was the main responsible of its function has
been long overcome [8]. Most proteins exhibit a stable 3-dimensional
fold, but to perform their functions they move, thereby exploiting
their structural plasticity to sample different conformers. The ensem-
ble of thermally accessible conformational states that proteins sample
can be expressed as a multi-dimensional energy landscape that estab-
lishes their relative probabilities and the free energy barriers between
them [9]. In addition, there is a vast amount of proteins that do not
show a stable folded structure. They are the so-called IDPs, and their Jensen et al. (2014)

wrote a thoroughful
piece of work about
how to study IDPs
within this
conceptual
framework [10].

conformational free-energy surface is much flatter than that of folded
proteins, allowing IDPs to seize on functional mechanisms inaccessible
to proteins with a 3D fold [10, 11]. This theoretical frame, in which the
relation between protein conformers and dynamics is seen as a multi-
dimensional energy landscape, has helped to shed light onto many
important biological processes such as molecular recognition, signal-
ing, catalysis, gene regulation, protein aggregation, protein folding,
ligand binding, or functional selection in evolution [12–16].

Critical processes such as protein-protein interactions, catalysis, or
signal transduction occur in the microsecond time-scale and involve
excited conformations separated by energy barriers of several kBT

(the product of the Boltzmann constant and the absolute tempera-
ture). Within this ’slow’ time-scale, fast small-amplitude picosecond-
to-nanosecond dynamics happen at physiological temperature. These
fast thermal fluctuations, that range from bond vector vibrations to
side-chain rotations, can be sampled from a large ensemble of struc-
turally similar ground-state conformations separated by energy bar-
riers of less than 1 kBT [17]. Such ground-state conformations that
occupy the bottom of the energy landscape have been the subject
of a wide variety of experimental studies by Nuclear Magnetic Res-
onance (NMR), hydrogen exchange, or time-resolved X-ray structure
analysis [18–22]. On the other hand, the excited-state conformations
that are separated by several kBT barrier heights have been out of
reach of the techniques mentioned above in the past. Fortunately,
the progress made in solution NMR spectroscopy has made it easier
to study such excited states [23]. All these experimental techniques
and others such as cryo-electron microscopy, small- and wide-angle
X-ray scattering, and fluorescence single-molecule methods can be
used and combined to study a wide range of protein dynamics in
different time-scales and resolutions. However, whereas an increase
in resolution usually entails a decrease in dynamical information [17],
computational methods reveal themselves as an essential sidekick to
experimental techniques, offering atomic-detail resolution as well as
a full dynamic picture.
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1.3 protein dynamics can be studied computationally

The main caveat of experimental techniques is that they cannot re-
solve the motion of individual atoms moving within a protein. Fortu-
nately, computational biophysical methods may be used to simulate
protein dynamics in atomic detail. The simulated dynamics will then
determine the phase space trajectories of the protein molecule at a
given temperature, thus providing information about its thermody-
namic properties. Protein motions along their free-energy landscape
can be computed as a function of time according to different phys-
ical models and mathematical approximations, in which three main
resolution levels can be distinguished, from the most accurate and
expensive from a computationally, to the most simplistic and most
computationally efficient: namely, i) Quantum Mechanical (QM) de-
scription, ii) classical Molecular Mechanics (MM) representation, also
known as MD, and iii) Coarse-Grained (CG) representation.

1.3.1 Different methods allow different levels of resolution

QM methods calculate the movements along time of nuclei and elec-
trons by solving the time-dependent Schrödinger equation (Equa-
tion 1.2) with different approximations:

Hψ = i h
∂ψ

∂t
(1.2)

where H is the Hamiltonian operator,  h is the Planck constant h di-
vided by 2π, and ψ is the molecular wave function. QM methods pro-
vide the highest level of detail but they are, at the same time, the most
expensive in terms of computational resources, which i) has limited
its application to small systems of isolated molecules in gas phase or
molecules embedded in continuum solvents, and ii) has fueled the
development of alternate and simpler methods like the ones based
on the Hartree-Fock method or the Density Functional Theory (DFT)
[24].

The next level of detail comprises MD methods. In these, molecules
are represented in atomic-detail, and the atoms are, in turn, repre-
sented as point-charges and Lennard-Jones (LJ)-spheres. A classical
force-field (Equation 1.3), that has been parametrized based on high
quality QM calculations and experiments, calculates the forces on ev-
ery atom from its first derivative with respect to the atom positions.
Newton’s equations of motion are then integrated to calculate the
change of atom positions in time [25]. The basic functional form of a
classical force-field V(R) is the following:

V(R) = Vbonds + Vangles + Vdihedrals + Vimp. dih.︸ ︷︷ ︸
bonded

+VLJ + Vcoulomb︸ ︷︷ ︸
non-bonded

(1.3)
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where the potential with respect the atom positions V(R) is the sum
of bonded and non-bonded interactions (see Chapter 5 for a more
detailed description). Since the first simulation by McCammon et al.
(1977) [26], MD simulations have been used to simulate a wide range
of protein systems and macromolecules in explicit solvent. Experi-
mental techniques are still needed to parametrize force-fields and
to obtain the starting structures for simulations, but MD simulations
have proven to be able to solve questions that have been impossi-
ble to answer with experiments, like the pathway between the open
and close conformations of GroEL1, or the dynamic functional fea-
tures in acetylcholinesteras [27, 28]. Furthermore, the limitations that
are yet inherent to the method have been overcome gradually. On
one hand, force-fields have been subjected to a large improvement in
parametrization and have evolved over the last years, allowing, for
example, to simulate more accurate folding dynamics, IDP dynamics,
or to include polarization effects [29–31]. On the other hand, the de- Yu et al. (2016)

carried out a 20 ns
simulation of the
crowded
environment of the
cell with a 100
million atom system
[32].

velopment of algorithms and computer hardware has increased the
sampling capabilities of MD simulations, breaking the milisecond bar-
rier [33–35].

In the lowest level of resolution covered in this introduction, CG

methods, the full atomic detail is lost, thereby reducing the compu-
tational cost. Although the force-field functional forms can resemble
the MD ones, they use non-physical statistical potentials that have to
be carefully assessed to reproduce accurate structural properties of
proteins. One of the most used CG methods is the MARTINI force-
field, in which four heavy atoms are represented with a single bead
[36]. Many researchers have contributed to this method, improving
its accuracy in simulations with proteins, carbohydrates, and nucleic
acids [37–39].

1.3.2 Membrane protein simulations have their own limitations

In the particular case of membrane proteins, there have not been as
many computational studies as with solvated proteins, because it has The Membrane

Proteins of Known
3D Structure
database http:
//blanco.biomol.

uci.edu/mpstruc/

is an invaluable
resource for finding
high quality
structures of
membrane proteins
[40].

traditionally been difficult i) to obtain high quality membrane protein
structures [41], and ii) to find accurate parameters to reproduce the
thermodynamical properties of the lipids that form the membrane bi-
layers [42, 43]. Fortunately, nowadays we enjoy a fair amount of com-
putational tools aimed at studying membrane proteins, with which
multi-lipid membranes can be generated, we can embed proteins in
these membranes or develop computational electrophysiology stud-
ies [44–46]. Such advances have so far helped to elucidate channel
activation and ion permeation mechanisms, substrate translocation
mechanisms, the role of lipid interactions with membrane proteins,
to carry out the above-mentioned computational electrophysiology
studies, or even to design de novo channels [47–52].

http://blanco.biomol.uci.edu/mpstruc/
http://blanco.biomol.uci.edu/mpstruc/
http://blanco.biomol.uci.edu/mpstruc/




2
U R E A T R A N S P O RT E R S

A
family of membrane proteins known as Urea Transporters
(UTs) mediate the flux of small, polar molecules across the
cell membrane. Originally, UTs were predicted to be trans-
porters, but since single-channel flux rates of 104-106 urea

molecules per second were measured, they started to be considered
as channel-like proteins [53, 54]. UTs can be divided further into three
subfamilies, namely UT-A, UT-B, and UT-C. The first two subfamilies
are widespread in the biota, having been detected in multiple animal
and bacterial species, whereas UT-C has been characterized in only
two species of fish [55]. In this chapter we summarize the functional
and structural characteristics of UT-B, a channel extensively studied
both experimentally and computationally.

2.1 ut-b mediates the transport of urea , water and am-
monia

UT-B is encoded by the gene Slc14a1, which is mainly expressed in
erythrocytes, being common also in kidney, brain, ear, testis, intestine
and bladder [56–60]. The main function of UT-B is to mediate the trans-
port of urea, water and ammonia following their concentration gradi-
ents. Experiments with UT-B knockout mice showed that the absence
of UT-B in kidney results in ’a urea selective urinary concentrating
defect’ compared with wild-type (WT) mice [61]. Also, Yang & Verk-
man (2002) showed that i) the permeability of water in erythrocytes of
AQP1/UT-B knockout mice was significantly lower as compared with
that of AQP1 knockout mice, and ii) that the single channel water per-
meability of UT-B was comparable to that of AQP1 [62]. In addition, a
combination of experimental techniques and MD simulations demon-
strated that NH3 gas can permeate UT-B [63].

2.2 the trimeric structure of ut-b

The crystal structure of the bovine UT-B was solved at a resolution of
2.36Å (PDB IDs: 4EZC, 4EZD). UT-B (Figure 2.1) froms a trimer with a
cavity filled with lipid or detergent molecules in the interface of the
monomers. Each protomer presents two inverted homologous halves

9
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Figure 2.1: Crystal structure of bovine UT-B. (A) Top-view of the UT-B trimer.
(B) Monomeric structure of UT-B as viewed from a plane parallel
to the membrane and (C) from the extracellular side perpendicu-
lar to the membrane. The transmembrane helices in B and C are
colored in pseudo-symmetry-related pairs.

which are formed, in turn, by five trans-membrane helices (T1a-5a
and T1b-5b). The interface of the two halves form the pore, an am-
phipatic membrane-spanning tunnel in which three regions can be
highlighted: the Si and So sites, and the Sm region (Figure 2.2). Si and
So, lined by carbonyl and side-chain oxygen atoms, connect the inner-
and outer-cell with Sm. The central region Sm is a narrow selectivity
filter that, save for a pair of threonine residues, is fully hydrophobic
[64].

2.3 Sm h-bond pattern is crucial in the urea permeation

mechanism

In the crystal, selenourea is bound to Si and So sites, for which inde-
pendent computational studies revealed two free energy minima in
the Potential of Mean Force (PMF). These urea binding sites are found
at both sides of the Sm region, in which a free energy maximum is
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Figure 2.2: Urea permeation across UT-B. (A) The urea permeation pathway
is shown viewed from a plane parallel to the membrane, with the
cross-section of the pore marked in green. The residues T172 and
T334 are highlighted by turquoise sticks, and the So, Sm regions
surround Si, hihglighted by a blue shade. (C) PMF ∆G(z) of urea
permeation through the UT-B pore. The red dots indicate the po-
sitions where selenourea is bound in the crystal structure. The
PMF ∆G(z) has been calculated as explained in Section 6.1 [65].

observed [64, 65]. Across this selectivity filter, urea permeates by es-
tablishing hydrogen bonds along the oxygen ladder without caus-
ing much perturbation to the channel (Figure 2.2). Levin et al. (2012)
showed experimentally that the T334V mutant, which decreases the
number of available hydrogen bonds in Sm, exhibits reduced urea
efflux as compared with the WT, whereas the T172S, T334S, and
T172S/T334S mutants, which conserve the hydrogen bonding pat-
tern, had little effect on the rate of urea efflux. Moreover, in equilib-
rium MD simulations of T172V/T334V mutant, V334 rotated toward
the pore, not allowing even water to permeate [64].





3
F L U C C H A N N E L S

F
luc Channels are a family of small fluoride specific mem-
brane proteins. They are expressed in a wide variety of
organisms, in which Fluc channels help to maintain the
cytoplasmic F− concentration below enzyme inhibitory

levels providing, thus, protection in fluoride enriched environments.
Although the recently discovered X-ray crystal structure and experi-
mental evidence hint at the permeation mechanism, its minutiae re-
main unknown.

3.1 fluc channels : classification and physiological role

3.1.1 Fluoride is an ubiquitous toxic ion

Fluoride is an inorganic anion that can be easily found in the environ-
ment with concentrations ranging from 10 to 100 mM. In addition,
due to its bacterial growth inhibition capability, it is widely used
in public water supplies and dental products [66, 67]. In acidic en-
vironments, F− is found in the form of hydrogen fluoride (HF), to
which bacterial membranes are highly permeable. F−/HF is a toxic,
weak acid (pKa = 3.15) that forms aluminofluoride and beryllofluo-
ride complexes, thereby inhibiting enzymes such as nitrogenases and
regulatory phosphatases. The electronic properties of F− are akin to
those of OH−, and therefore substitutes hydroxyde or water in some
metalloenzymes. Notably, F−/HF binds to heme-groups and other
metal-containing groups, inhibiting enzymes such as catalase, urease,
or enolase, that are essential to many catabolic processes. Besides, HF
acts as a transmembrane proton transporter, causing severe physio-
logical disorders in the cell [68–70].

Fluoride toxicity has been a constant threat in evolution. As a conse-
quence, fluoride exporters can be found in many different organisms,
clustered into only two families: i) CLCF F−/H+ antiporters, and ii)
the Fluc family, also known as CrcB, or FEX in eukaryotes. CLCF an-
tiporters are a subclass of the widespread CLC superfamily, a well
known group of anion channels and Cl−/H+ antiporters that take
part in many important biological processes such as skeletal muscle
excitability, blood pressure regulation, acid resistance in enteric bac-

13
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teria, and acidification of lysosomes [71–73]. Besides, the Fluc family,
which is not related phylogenetically to the CLC family, comprises a
set of small membrane proteins that are broadly distributed among
unicellular organisms from bacteria, archaea, and eukarya, but can
also be found in several multicellular organisms such as plants, and
simple marine animals like sponges, anemones or tunicates [74–76].

3.1.2 The expression of Fluc channels is controlled by a fluoride-responsive
riboswitch

Fluc channels —formerly known as the crcB family— are expressed
upon the binding of F− to a fluoride-responsive riboswitch that regu-
lates translation initiation. This riboswitch, a non-coding RNA struc-
ture in which the crcB conserved motif is present, is located upstream
of genes that encode for several proteins, including various ion chan-
nels [77, 78]. The addition of NaF causes structural changes in its
most conserved nucleotides, suggesting the formation of a fluoride-
binding aptamer. Thus, the addition of F− to the environment trig-
gers the expression of Fluc channels, leading to bacterial fluoride re-
sistance. For instance, in cell growth experiments, WT Escherichia coli
cell growth rate is reduced at 30mM NaF, whereas crcB knockout E.
coli strains are inhibited at much lower µM NaF concentrations [77].Although

phylogenetically
unrelated to Fluc,

members of the CLC
superfamily are also

associated to
fluoride-responsive

riboswitches [72].
The X-ray crystal

structure of such a
F−-riboswitch has

been solved by Ren
et al. (2012) [79].

The number of riboswitches encoded in the genome is associated
with the ability to mitigate toxic effects. For instance, whilst most
bacteria species encode one or two fluoride-responsive riboswitches,
in the genome of Methylobacterium extorquens DM4 at least 10 of them
are found [77]. M. extorquens DM4 is able to grow on dichloromethane
thanks to a halogenase enzyme that can catalyze the degradation of
several halogenated hydrocarbons [80–82]. This suggests that M. ex-
torquens DM4 might also degrade fluorinated hydrocarbons, thereby
increasing the cytoplasmic concentration of F−, which would require
a very sensitive fluoride-responsive mitigation system for survival.

3.1.3 Fluc channels are fluoride specific ion channels

The selectivity of Fluc channels has been thoroughly studied in elec-
trophysiological experiments. According to F− and Cl− efflux exper-
iments with liposomes, Fluc channels are highly selective for fluo-
ride over chloride [74]. The electrophysiological experiments in mono-
and bi-ionic conditions showed that i) Fluc channels are also selec-
tive for F− over Na+, with F− currents that appear as a time- and
voltage-independent leaks over a wide range of voltages, and ii) that
the F−/Cl− permeability ratio is ∼ 100. Furthermore, single channel
current experiments show a persistent (> 95% of the time) ’full-open’
state at membrane potentials in the range of −200mV to +200mV
in which ∼ 107 F− ions/s cross the channel at −200mV [74]. Hence,
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Fluc channels can be defined as F−-specific channels through which
fluoride moves across by electrodiffusion.

3.2 fluc channels : structural considerations

3.2.1 Fluc family is topologically diverse

Fluc family members are found in three different topological states
(Figure 3.1): i) antiparallel homodimers —which will be thoroughly
discussed in the following sections— encoded by single genes, ii) op-
positely inserted heterodimers, and iii) two fused Fluc proteins linked
by a trans-membrane helix (only in eukaryotes). The fused eukaryotic
Flucs always conserve key residues, such as two critically important
phenylalanines, which remain only in one of the two possible pores
(see Section 3.2.2 and Section 3.2.3). A similar feature is observed in
heterodimeric Flucs, although the conserved pore might differ [76,
83]. As can be seen in Figure 3.1, the topological asymmetry devel-
oped in fused Flucs and heterodimers has an obvious advantage: the
ability to display side-specific features, like the ones already observed
in the Saccharomyces cerevisiae Fex1p channel [84].

3.2.2 Bacterial Fluc channels arrange in an antiparallel homodimeric struc-
ture

Before the X-ray crystal structures of two bacterial Fluc channels were
solved by Stockbridge et al. (2015) [85], the only clues about its ar-
rangement in the membrane were given by size-exclusion chromatog-
raphy, photobleaching, and ’Poisson-dump’ experiments, which re-
vealed Fluc was a ∼ 32 kDa homodimer [74]. Besides, double-sided
channel-blocking experiments confirmed the antiparallel orientation
of Fluc homodimers by which their monobody-binding epitopes are
presented to both sides of the membrane simultaneously [86–88]. Such
a dual-topology homodimeric and antiparallel architecture has been
previously seen in multi-drug transporters such as EmrE [89, 90], but
never before in ion channels.

The crystal structure of Fluc channel from Bordetella pertussis (here-
after denoted Fluc-Bpe) was obtained by X-ray diffraction with a res-
olution of 2.17Å (PDB ID: 5NKQ) [85]. Figure 3.2 shows the antiparal-
lel homodimeric arrangement of Fluc-Bpe, in which each monomer is
constituted by four membrane-spanning helices (TM1-TM4). TM3 is,
in turn, divided into two halves (TM3a and TM3b) that are connected
by a six-residue loop in the middle of the membrane (TM3-break).
The channel has the shape of two cones opposed by the vertices,
whose edges, with wide-open vestibules, point outwards the mem-
brane. However, no water-filled pore connects the vestibules. Like-
wise, the vestibules in the crystal structure are not filled by water,
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Figure 3.1: Topological diversity in Fluc family channels. Schematic view
of the different topological states of Fluc family members. The
(+) symbols denote arginine and lysine residues. (A) Bacterial
antiparallel homodimers are inserted in the membrane in both
inward and outward-facing orientations. The Fluc channel from
Bordetella pertussis is a characteristic example of this topology. (B)
Oppositely inserted heterodimers have a fixed orientation. Lacto-
bacillus acidophilus is a representative member which shows this
topology. (C) Fused Flucs are linked by a transmembrane helix.
This kind of topology is more common in eukaryotes such as
Saccharomyces cerevisiae
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but instead, L2 monobodies are bound to the vestibules introducing
a long loop of 8− 10 residues.

The most intriguing part of Fluc-Bpe crystal structure corresponds
to five disconnected elctron densities: one in the center of the gap
connecting the two vestibules, and four at the crannies, which are
disconnected from the vestibules, formed between TM2, TM3b, and
TM4 (Figure 3.2). The first electron density is coordinated by four
backbone carbonyl groups from G77 and T80 residues (two from
each monomer) in the TM3-break. Accordingly, it was identified as
a structural Na+ ion that unavoidably binds during the homodimer
assembly process. The remaining set of four disconnected electron
densities was provisionally identified as four F− ions which simulta-
neously occupy the channel (with occupancies of ∼ 80%) [85, 91]. They
are coordinated by residue N43 from TM2, residues S108 and S112
from TM4, and F82 and F85 from the surroundings of the TM3-break
(Figure 3.2). These electron densities are congruent with a halide co-
ordination shell, in which the interaction of F− with the edge of the
aromatic rings of F82 and F85 residues might play an important role
[92–94]. However, based on X-ray scattering data alone, they cannot
be distinguished from ordered water molecules.

In addition to Fluc-Bpe, Stockbridge et al. also solved the crystal
structure of Fluc channel from E. coli (hereafter denoted Fluc-Ec2) by
X-ray diffraction with a resolution of 2.6Å(PDB ID: 5A43). Fluc-Ec2
is blocked by S9 monobodies and shows the same fold as Fluc-Bpe,
including the equivalent Na+ density, and two out of four similarly
coordinated F− densities in similar locations.

3.2.3 The double-barreled structure points to a multi-ion single-file perme-
ation mechanism

The presence of these four F− ions reveal a channel with a double-
barreled structure in which two pores are outlined. Each of the pores
is formed by TM2, TM3b, and TM4 of one monomer, plus the pheny-
lalanine from the TM3-break of the opposing monomer. This kind
of structure is very uncommon among ion channels, which usually
present a single membrane-spanning pore. In the crystal structure,
the pores are occupied by two F− ions, suggesting that Fluc-Bpe
and Fluc-Ec2 would mediate a multi-ion permeation similar to those
of K+-channels that present a single-file of ions aligned in a single
pore[95]. The narrow bore of the pore in Fluc channels could be re-
sponsible for the selectivity mechanism, which excludes the larger
Cl− but not the smaller F−. Besides, the highly conserved residues
N43, F82, and F85 may play an important role in F− recognition
and permeation, due to short-range quadrupolar interactions with
the phenylalanines, or thanks to direct H-bonding to a rotating as-
paragine that would facilitate the pass of fluoride (Figure 3.3). How-
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Figure 3.2: Crystal structure of Fluc-Bpe. (A) Top-view (perpendicular to
the membrane) of the crystal structure of Fluc-Bpe homodimer.
Transmembrane helices are coloured as their tags. (B) Side view
(parallel to the membrane) of Fluc-Bpe homodimer. (C) Close-
up view of the TM3 binding site in which the position of the
disconnected electron density can be observed. The coordinating
Thr and Gly residues are highlighted. (D) Close-up view of the
F82 and F85 binding sites in which their associated disconnected
electron densities are also depicted. The coordinating Phe and
Asn residues are highlighted.
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Figure 3.3: Suggested permeation mechanism in Fluc channel. (A) Initial
position of F− coordinated by N43 and F85. (B) N43 rotates and
allows F− to cross the pore. The arrows indicate the direction
of F− permeation by electrodiffusion. The structural Na+ is de-
picted in yellow.

ever, given the high free energy penalty of desolvation for fluoride
(∼ 450 kJ mol−1, versus ∼ 300 kJ mol−1 for chloride [96]), the selective
molecular recognition of F− in such an anhydrous pore is still an
unsolved chemical puzzle [85].

3.2.4 Non-functional mutants offer clues about the permeation mechanism

To test the influence of several conserved residues in the functional
properties of Fluc channels, mutation experiments were conducted
in Fluc-Bpe and Fluc-Ec2. The mutation of the conserved phenylala-
nines in Fluc-Bpe leads to severely reduced F− efflux in the case of
F82I and F85I as compared with WT. In addition, the mutant N43D
conserves a F−-selective efflux at pH 7 that is lost at pH 9 [85]. In turn,
the crystal structures of the F80I and F83I mutants of Fluc-Ec2 (PDB

ID 5KBN and 5KOM, respectively), show no disconnected electron
densities associated to the mutant Ile residues, but retain the other
pair of densities coordinated to Phe (Figure 3.4). The Fluc-Ec2 mutant
channels, in line with the above-mentioned Fluc-Bpe mutants, are
likewise non-functional, revealing a > 104-fold F−-efflux inhibition.
Furthermore, a constructed concatemer (a Fluc-Ec2 tandem dimer),
which in its WT/WT form is functionaly indistinguishable from the
WT homodimer, allowed to mutate the conserved Phe residues one by
one. Otherwise, since the original Fluc-Ec2 channel is a homodimer,
the mutation of one residue in the DNA sequence leads to two mu-
tated residues in the translated protein. Therefore, the construction
of the concatemer allowed to evaluate single-pore channel-disruptive
mutations. Among them, two types of double mutants can be distin-
guished: i) trans, with each mutation in a different pore, and ii) cis,
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Figure 3.4: Detail on electron density disappearance in crystal structures
of Fluc-Ec2 F80I and F83I mutants. (A) F80I Fluc mutant (PDB

ID: 5KBN). (B) F83I Fluc mutant (PDB ID: 5KOM). The electron
densities associated to F80 and F83 sites are coloured in purple,
and the structural Na+ ion is coloured in yellow.

with both mutations sharing a pore. The two trans double mutants,
F80I/F80I and F83I/F83I, were non-functional, whilst both cis dou-
ble mutants, F80I/F83I and F83I/F80I, showed a reduced (∼ 2.5-fold)
channel conductance as compared to WT [97]. These results suggest
that each Fluc homodimer forms two functionally active pores.

One of the main components of the pore structure is TM4, whose
pore-facing surface is lined with conserved H-bonding side-chains
that form a ’polar-track’ on each side of the central Phe residues (Fig-
ure 3.5). In Fluc-Ec2, several residues forming the polar-track were
mutated to Ala to test the dependence of the proposed permeation
pathway on polarity. Unexpectedly, S84A, S102A, and S110A mutants
left channel activity unaltered. On the contrary, H106A and T114A
mutants, as well as alternate H-bonding mutants such as H106S, H106Y,
H106W, H106N, H106F, N41S, N41Q, and N41Y, showed no conduc-
tance at all. The residue T114 deserves special attention since, even
though liying far from the electron densities interpreted as F−, its
substitution by the hydrophobic Ala results in an inactive channel.
Surprinsingly, the polar substitute T114S also abolishes channel ac-
tivity, whereas T114V and T114I mutants retained full activity. These
results leave the mysterious role of T114 unresolved. Further tests
were carried out in which the conserved Phe residues were mutated
with aromatic substitutions (Y, W, H), aliphatic H-bondind residues
(S, T, Q), hydrophobic aliphatics (L,A), as well as a non-aromatic F−-
coordination substitute (M). All mutations, save for F80M, rendered
non-functional channels [98].

All these results highlight the relevance of several residues for the
function of Fluc. However, they do not elucidate the detailed perme-
ation and selectivity mechanisms.
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Figure 3.5: Residues of Fluc-Ec2 polar-track. (A) Crystal structure of Fluc-
Ec2. (B) Close-up of the residues forming the polar-track in Fluc-
Ec2.





4
M O T I VAT I O N

T
his thesis aims to study cell membrane channels by means
of computational methods. At the beggining of this project
the aim was to build a membrane channel database based
on channel permeabilities. For that purpose, we needed a

fast and accurate computational method able to compute the Poten-
tial of Mean Force (PMF) of solute permeation across membrane chan-
nels. The 3-Dimensional Reference Interaction-Site Model (3D-RISM)
was presented as a fast and accurate method for computing PMFs

for the permeation of different solutes across aquaporin channels by
Phongphanphanee et al. (2010) [99]. However, we compared the PMFs

calculated with 3D-RISM to the PMFs calculated with Molecular Dy-
namics (MD) coupled with Umbrella Sampling (US), which is a widely
and commonly used computational method to calculate PMFs, and
concluded that 3D-RISM is not suitable to compute PMFs of solute per-
meation across protein channels [65].

Wwe shifted our attention to Fluc-Bpe channel (see Chapter 3),
whose novel crystal structure was analyzed by means of computa-
tional methods, such as MD, US, Thermodynamic Integration (TI), and
Quantum Mechanics (QM) simulations [91]. In addition, we aimed to
shed light onto the unanswered questions about Fluc: i) what is the
permeation mechanism, and ii) what is the mechanism for the selec-
tivity of F− over Cl−.
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M E T H O D S





5
C O M P U TAT I O N A L T H E O RY A N D M E T H O D S

I
in this chapter the general theory of the methods used
in this thesis will be described. The included methods are:
Molecular Dynamics (MD) simulations, Potential of Mean
Force (PMF) calculations via Umbrella Sampling (US), free

energy calculations by Thermodynamic Integration (TI), Quantum-
chemical calculations, and PMF calculations via the 3-Dimensional
Reference Interaction-Site Model (3D-RISM).

5.1 molecular dynamics

As outlined in Section 1.3, MD simulations provide an invaluable tool
to study the thermodynamic properties of biological macromolecules
[100]. In short, MD simulations employ three different approxima-
tions: i) the decoupling of the motion of nuclei and electrons (Born-
Oppenheimer approximation), ii) the classical description of the mo-
tion of the nuclei, and iii) the approximation of the potential energy
surface by an empirical force-field [101]. In this thesis, most of the
calculations have been carried out using classical MD with empirical
force-fields.

5.1.1 Born-Oppenheimer approximation

The separation of the fast electronic motions and the nuclear motion
allows the description of a molecular system as a set of nuclei moving
over a potential energy surface provided by the electrons. The time-
evolution of such a molecular system can be, thus, described by the
time-dependent Schrödinger equation [102]:

Hψ = i h
∂ψ

∂t
(5.1)

where H is the Hamiltonian of the system,  h is the Planck constant
h divided by 2π, and ψ is the wave function which depends both on

27
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the positions of the nuclei R and the electrons r, and the time t such
that:

ψ = ψ(R, r, t) (5.2)

= ψn(R, t)ψe(r; R) (5.3)

Here ψ(R, r, t) is split into the wave function of the nuclei ψn(R, t)
and the wave function of the electrons ψe(r; R), wich is parametrically
dependent on the nuclei positions. Hence, with fixed nuclei positions,
ψe(r; R) can be derived from the time-independent Schrödinger equa-
tion that contains the nuclei positions R only parametrically:

He(R)ψe(r; R) = Ee(R)ψe(r; R) (5.4)

where the electronic Hamiltonian He(R) = H− Γn is equivalent to the
substraction of the kinetic energy of the nuclei Γn from the Hamilto-
nian of the system H. Ee(R) is the adiabatic or Born-Oppenheimer
potential-energy surface, which can be expressed as a diagonal ma-
trix with the eigenvalues of Equation 5.4. Now the time-evolution of
the nuclei can be defined as a time-dependent Schrödinger equation:

(Γn + Ee(R))ψn(R, t) = i h
∂ψn(R, t)

∂t
(5.5)

which holds as long as the potential energy surfaces (Ee(R)) of differ-
ent excited states differ from each other, as it usually is for molecules
in the ground state.

5.1.2 Classical MD approximation

In the classical approximation, nuclei are represented as classical par-
ticles whose time-evolving trajectories follow Newton’s second law:

mi
∂2Ri
∂t2

= −∇RiV(R) (5.6)

miai = Fi (5.7)

where mi, Ri, ai, and Fi denote the mass, position, acceleration, and
force on atom i = 1, ...,n in a system of n atoms, respectively, and
V(R) is the potential energy surface of the system. The classical ap-
proximation is, in general, appropriate to study of protein dynamics
under non-extreme conditions, which is usually the case. In solvent,
we observe proteins as classical actors due to the influence of decoher-
ence [103, 104]. However, many important processes involving charge
transfer, the formation or breaking of covalent bonds, and excited
electron states, are left out the scope of the classical approximation.
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5.1.3 Empirical Force-Fields

5.1.3.1 Additive Force-Fields

An additive empirical force-field is the sum of simple empirical ex-
pressions that yield a sufficiently accurate approximation to the po-
tential energy surface while being computationally inexpensive. Ac-
cordingly, the molecules are represented by a ball-and-spring-like
model, in which atoms are spheres with a single point partial charge.
A typical functional form of such a force-field includes the sum of
bonded and non-bonded interactions between the particles in the sys-
tem [42, 105]:

V(R) =

bonded︷ ︸︸ ︷
Vbonds + Vangles + Vdihedrals + Vimp. dih. +

non-bonded︷ ︸︸ ︷
VLJ + Vcoulomb

=
∑

bonds i

ki
2
(li − li,0)

2

+
∑

angles i

fi
2
(ϕi −ϕi,0)

2

+
∑

dihedrals i

Vi
2

[1+ cos (nφi −φi,0)]

+
∑

imp. dih. i

κi(ξi − ξi,0)
2

+
∑

pairs i,j

4εij

[(
σij

rij

)12
−

(
σij

rij

)6]
+

qiqj

4πε0εrrij

(5.8)

Here, the bond potential Vbonds, the bond angle potential Vangles,
and the improper dihedral potential Vimp. dih —which describe out-of-
plane bending modes— are modeled as harmonic potentials, whereas
the proper dihedral potential Vdihedrals is modeled by a cosine with
periodicity n and potential barriers Vi. The non-bonded interactions,
which are evaluated pairwise, include the short-range repulsive and
attractive dispersion interactions generally represented by a Lennard-
Jones (LJ) potential, in which the parameters σij and εij define the
width and strength of the potential. In the Coulombic term that mod-
els the electrostatic interactions, qi denotes the partial charge of atom
i, and the relative dielectric constant εr is typically set to 1.

There is a wide variety of force-fields that are commonly used
for biomolecular simulations, which include protein, nucleic acid,
lipid, and sugar-like molecule simulations, e. g. AMBER [106–116],
CHARMM [117–127], GROMOS [128–132], and OPLS [133–136]. Ad-
ditional force-fields are used to parametrize “non-standard” small
molecules such as drugs and ligands. Among them, GAFF [137] and
CGenFF [138] are the most common force-fields.
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5.1.3.2 Polarizable Force-Fields

The accuracy in the representation of many biological and chemi-
cal condensed-phase systems is limited by the fixed partial atomic
charge convention of additive force-fields. The electronic distribution
of molecules changes in reaction to the local electric field, i. e. they
are polarizable, but this is not reflected in the above-mentioned em-
pirical additive force-fields. To overcome this limitation, an extended
definition of force-fields that allow explicit electronic polarization is
desirable [31]. Many methods have been developed to include ex-
plicit polarizarion in MD simulations [139, 140], among which the
three main approaches are the point-dipole [141–143], the fluctuat-
ing charge [144–146], and the Drude oscillator model [31, 147, 148].
In this section, we will focus on the latter, since it was used in some
simulations described here.

The Druce oscillator model is an extension of empirical additive
force-fields, in which many of the parwise features are kept in the
functional form. The extension is based on the attachment of an aux-
iliary charged particle to all non-hydrogen atoms. This particle, which
is attached via a harmonic spring, reacts to the induced polarization
effect under the influence of an external electric field. The model
also includes, usually in hydrogen bond-acceptor atoms, electron lone
pairs represented with a virtual site. The charge q of a given atom is
divided into the core atom charge qA an the charge in the Drude
oscillator qD such that q = qA + qD. Therefore, the isotropic atomic
polarizability is given by

α =
q2D
kD

(5.9)

where kD is the force constant of the atom-Drude harmonic bond. For
a given α, kD can be defined such that the Drude particle oscillates
around a displaced position r+d in the presence of a uniform electric
field E. The displacement d of the Drude parcicle is given by

d =
qDE
kD

(5.10)

from which the induced atomic dipole µ is derived as

µ =
q2DE
kD

(5.11)

Hence, adding polarizable Drude particles to a system of atoms
yields the following functional form, very similar to Equation 5.8

V(R, d) = Vself(d)

+ Vbonds(R) + Vangles(R) + Vdihedrals(R) + Vimp. dih.(R)

+ VLJ(R) + Vcoulomb(R, d)
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(5.12)

where Vself(d) is the harmonic self-polarization term, which is ex-
pressed as

Vself(d) =
1

2
kDd2 (5.13)

in the case of isotropic polarization. For anisotropic polarization, i. e.
when the spring constant of the Drude oscillator is different in differ-
ent directions, Vself is defined as

Vself =
1

2
([K

(D)
11 ]d21 + [K

(D)
22 ]d22 + [K

(D)
33 ]d23) (5.14)

where the isotropic force constant kD is expanded to a tensor, KD,
with off-diagonal elements set to zero, and d1, d2, and d3 represent
the components of the Drude-atom displacement vector d defined
with a coordinate frame based on the local atomic geometry. For ex-
ample d1 = d · n̂i,j where n̂i,j is a unit vector directed between atoms
i and j in the molecule of interest. The term Vcoulomb(R, d) from Equa-
tion 5.12 represents all Coulombic interactions i. e. atom-atom, atom-
Drude, and Drude-Drude.

The last remarkable difference of the Drude oscillator model com-
pared with common additive force-fields is the treatment of dipole-
dipole interactions for atoms connected by one or two bonds —also
known as 1-2 and 1-3 interactions—. In additive force-fields, these in-
teractions are implicitly represented in the parametrization of Vbonds

and Vangles (see Equation 5.8), whereas in the Drude oscillator model
they are explicitely included, and screened by

Sij(rij) = 1−

[(
1+

arij

2(αiαj)1/6

)]
exp

[
−arij

(αiαj)1/6

]
(5.15)

where rij is the distance between atoms i and j, αi, αj are the re-
spective atomic polarizabilities, and a is a damping constant. Equa-
tion 5.15 is equivalent to the smeared charge distribution proposed
by Thole [149].

5.1.4 MD algorithms

In this thesis, all the MD simulations are carried out using the Gro-
macs software package [35, 150–153]. In the following paragraphs,
several relevant details of the MD algorithms used in Gromacs are
discussed.
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time integration In Gromacs, the time integration is commonly
carried out via the leap-frog algorithm [154], by which velocities v and
positions r of atoms are updated as

v(t+
1

2
∆t) = v(t−

1

2
∆t) +

∆t

m
F(t) (5.16)

r(t+∆t) = r(t) + v(t+
1

2
∆t)∆t (5.17)

where the time-step ∆t must be significantly smaller than the fastest
period of the motion in the system —the vibrations of hydrogem
atoms— to avoid integration errors. While this would require a time-
step of 1 fs, fortunately not all vibrational modes need to be explicitely
simulated. Bond lengths can be constrained, thereby allowing the use
of a 2 fs time-step. Typically, water molecule bonds are constrained
with the SETTLE [155] algorithm, whereas the remaining bonds are
constrained using the LINCS [156, 157] algorithm. Hydrogen atoms
are modeled as virtual-sites [158] in many of the simulations per-
formed in this thesis, allowing a time-step of 4 fs [153].

lennard-jones and electrostatic interactions If inter-
actions of all pairs of particles would be computed, the calculation of
the pairwise long-range non-bonded interactions would scale quadrat-
ically with the number of atoms N in a system. To prevent such
a disadvantageous scaling, LJ interactions are cut off between 1.0-
1.4nm [159]. The most time-demanding part in a simulation is the
calculation of electrostatic interactions. Unfortunately, a cut-off in the
Coulomb potential induces serious artifacts [160, 161] due to its low
decay with r−1. Therefore, long-range coulomb interactions are typ-
ically treated via the Particle-Mesh Ewald (PME) method [162, 163],
leading to a more affordable scaling of N logN instead of N2.

temperature and pressure coupling Biomolecular MD sim-
ulations are usually carried out in the NPT ensemble, i. e. at isobaric-
isothermal conditions. Therefore, the simulation system is coupled to
i) a temperature bath, to control temperature and to avoid the heat-
ing of the system due to numerical imprecisions and cut-offs, and ii)
a pressure bath, which prevents from the high pressure that might
arise due to the low compressibility of the condensed media in a
fixed volume. The velocity-rescale scheme [164] was used for temper-
ature coupling in most of the simulations in this thesis, whereas the
Berendsen barostat [165] and the Parrinello-Rahman [166, 167] baro-
stat were used for pressure coupling in equilibration and production
simulations, respectively.

the scf regime and the lagrangian framework In polar-
izable MD simulations, the efficiency of the integration scheme is a
major issue as the calculation of all the induced dipoles is computa-
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tionally very demanding. Two main methods can be used to perform
simulations with Drude oscillator model. The first one is the Self Con-
sistent Field (SCF) method, an extension of the Born-Oppenheimer
approximation, in which the positions of the Drude oscillators are
energy minimized at each integration step such that

∂V

∂di
= 0 (5.18)

where the index i runs over all the Drude-atom pairs. This method
not always converges given a limited numerical precision, plus it can
accumulate numerical errors due to different initial guesses for the in-
duced dipoles, or minimization algorithms [168]. The most common
alternative to the SCF method is the Lagrangian framework [148], in
which an effective mass mD is attributed to each Drude oscillator,
such that the positions of the Drude oscillators can be likewise inte-
grated with the atomic positions of the system. The convention is to
set mD = 0.4 amu, which is subtracted from the core atom such that
the total mass of the Drude-atom pair remains equal to the atomic
mass.

5.2 potential of mean force

Originally introduced by Kirkwood (1935) [169], the Potential of Mean
Force (PMF) is an invaluable concept to investigate multi-dimensional
data, such as the high-dimensional free-energy landscape of biomolec-
ular processes. The PMF W(ξ) is the resulting protential from integrat-
ing the mean force acting on the particle(s) along the reaction coordi-
nate ξ. It is defined from the average distribution function 〈p(ξ)〉 as
[170]:

W(ξ) =W(ξ∗) − kBT ln
[
〈p(ξ)〉
〈p(ξ∗)〉

]
(5.19)

〈p(ξ)〉 =
∫

dRδ(ξ ′[R] − ξ) exp [−U(R)/kBT ]∫
dR exp [−U(R)/kBT ]

(5.20)

where kBT is the product of the Boltzmann constant and the tem-
perature, ξ∗ is an arbitrary reference, 〈•〉 is the ensemble average,
U(R) is the potential energy of the system as a function of its co-
ordinates R, and ξ ′[R] is the reaction coordinate maping function
that usually depends on a few degrees of freedom. More intuitively,
the PMF W(ξ) is exactly related to a projection [171]: consider a sys-
tem of N particles with 3N spacial coordinates in which a particle
moves in an external potential V(x1, ..., x3N), so that p(x1, ..., x3N) ∝
exp[−V(x1, ..., x3N)/kBT ] is the Boltzmann distribution. Then we can
write PMF W(x1) as

W(x1) = −kBT ln
∫

dx2, · · · , dx3N exp[−V(x1, ..., x3N)/kBT ]. (5.21)
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Another key idea is that the PMF W(ξ) is a Gibbs free energy, i. e.
G(ξ), the proof of which is given in reference [172]. Although PMFs

can be computed in many different ways, the choice of the reaction
coordinate(s), along which the sampling will take place, can be very
challenging. The difficulty of choosing the proper reaction coordi-In the entry “What I

have against (most)
PMF calculations”
from the Statistical

Biophysics Blog,
Zuckerman

discusses on the
most common

pitfalls in
calculating and

interpreting PMFs
[173]

nate(s) has fueled the development of many methods addressed to
solve that problem [174–176]. In this thesis, PMFs will be calculated
via US simulations, which will be introduced in the next section.

5.2.1 Umbrella Sampling

Umbrella Sampling (US) is an enhanced sampling method used to
aid in the sampling of functionally relevant events, such as the solute
permeation across a membrane channel, which are typically difficult
to observe due to the limited simulation time in equilibrium MD sim-
ulations. First proposed by Torrie & Valleau (1974), US divides the
reaction coordinate ξ in multiple windows. A harmonic biasing poten-
tial is applied to each of them to ensure sampling along the whole ξ
[177]. Hence, the biasing potential ωi(ξ) with a force constant K of
window i, which is centered at ξi, is defined as [170, 178]:

ωi(ξ) =
1

2
K(ξ− ξi)

2 (5.22)

An independent biased simulation is carried out for each window i,
from which the unbiased PMF Gi(ξ) is recovered following

Gi(ξ) = −kBT lnPb
i (ξ) −ωi(ξ) + Fi (5.23)

Fi = −kBT ln〈exp[−ωi(ξ)/kBT ]〉 (5.24)

where Pb
i denotes the biased distribution of window i, which is ex-

tracted from a biased MD simulation, and Fi the free energy associ-
ated with introducing the umbrella potential [170]. There are several
ways to calculate the unbiased PMF G(ξ) from biased US [170, 179,
180]. In this thesis, the Weighted Histogram Analysis Method (WHAM)
[179] will be used as implemented in the wham module of Gromacs
[181].

5.3 thermodynamic integration

Thermodynamic Integration (TI) is a method used to calculate free en-
ergy differences in which a parameter specifying the thermodynamic
state is slowly varied. In many cases, the underlying physical process
we want to study, such as solvation or ligand binding, can be defined
as a composition of non-physical transformations, which turn out to
be much easier to simulate via thermodynamic cylce than the physi-
cal process itself [182–187]. TI is very common nowadays and has been
successfuly used for various purposes, such as rational drug design
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[188], standard binding free energies [189], or solvation free energies
[182]. In the isobaric-isothermal NPT ensemble, the Gibbs free energy
difference ∆GAB between the thermodynamic states A and B can be
defined as:

∆GAB = GB −GA = −kBT ln
ZB

ZA
(5.25)

where Z is the partition function in the NPT ensemble:

Z(N,P, T) =
1

h3NN!

∫
dV

∫∫
dpdr exp

[
H(p, r) + PV

kBT

]
. (5.26)

Here N, P, T , and V are the number of particles, the pressure, the
temperature, and the volume, respectively. h represents the Planck
constant, and the Hamiltonian H(p, r) gives the total energy of the
system for a given set of momenta p and coordinates r. The Hamil-
tonian can be, in turn, split into a kinetic K(p) and potential energy
term U(r):

H(p, r) = K(p) +U(r) (5.27)

K(p) =
N∑
i=1

p2i
2mi

(5.28)

where mi is the mass of particle i. If the masses in the states A and
B are equal, the kinectic term cancels out [187]. The non-physical
(alchemical) path connecting the states A and B is described by a
variable λ, where λ = 0 and λ = 1 correspond to the states A and
B, respectively. In this thesis, TI was used such that each λ-step was
performed in a separate simulation, in which the partial derivative
is calculated analytically, thus, the free energy difference ∆G can be
calculated as the integral over a generalized mean force on λ [186,
187]:

∆GAB =

∫1
0

dλ
〈
∂U(λ, (r))

∂λ

〉
λ

. (5.29)

5.4 3-dimensional reference interaction-site model

3D-RISM is based on the integral equation theory of molecular liquids.
It allows evaluating the thermodynamic properties of a system by
computing solvent density distributions around a complex solute on
a three-dimensional grid [190–192]. In this section, we will use “so-
lute” and “solvent” as it is used in the 3D-RISM literature. Accordingly,
in the context of small-molecule permeation across a protein chan-
nel, “solute” refers to the protein, and “solvent” to bulk water and,
if present, the additional permeating small molecules. Note the con-
trast to the nomenclature adopted in literature on protein channels,
in which the term “solute” refers to the permeating small molecule.
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3D-RISM integral equation is derived from the six-dimensional molec-
ular Ornstein-Zernike (OZ) equation for a solute-solvent mixture of
rigid molecules at infinite dilution. The OZ equation is defined as
[192, 193]

huv(1, 2) = cuv(1, 2) +
∫
cuv(1, 3)ρvhvv(3, 2)d(3), (5.30)

where the superscripts “u” and “v” denote solute and solvent species,
respectively, huv(1, 2) = huv(r12,Ω1,Ω2) is the solute-solvent total
correlation function, cuv(1, 2) = cuv(r12,Ω1,Ω2) is the solute-solvent
direct correlation function, and hvv(3, 2) = hvv(r32,Ω3,Ω2) is the
solvent-solvent total correlation function. huv, cuv, and hvv depend
on the separation r12, r32 of molecules of the corresponding species,
as well as on the molecule orientations Ω1,Ω2, and Ω3. ρv denotes
the solvent number density. The integral is taken over d(3) = dr3dΩ3,
where r3 is the position of a third molecule.

The standard site-site dielectrically consistent RISM equation (DRISM)
[194, 195] carries out the full orientational reduction of Equation 5.30.
This yields the spatial correlation functions between the solvent atomic
species sites, which are used subsequently to solve the 3D-RISM equa-
tion. In turn, 3D-RISM averages out the solvent molecular orientations,
but keeps the orientational description of the solute molecule [190]:

huv
α (r) =

N∑
γ=1

∫
R3
cvu
γ (r − r’)χvv

γα(|r’|)dr’, (5.31)

where α = 1, . . . ,N, χγα(r) is the bulk solvent susceptibility function
taken from DRISM, γ and α denote the indexes over the atomic species
sites in a solvent molecule, and N is the number of atomic species
sites in the solvent molecule.

Solving Equation 5.30 requires multiple integrals that are difficult
to solve except for some special cases. Therefore, to solve the OZ in-
tegral equation, both DRISM and 3D-RISM have to be complemented
by a closure relation. There are different closure relations such as the
Percus-Yevick (PY), HyperNetted-Chain (HNC) or the Mean-Spherical
Approximation (MSA) [193, 196, 197], by which the solution to Equa-
tion 5.30 can be approximated. In this thesis, we mainly use the
Kovalenko-Hirata (KH) closure relation, as implemented in AMBER,[198]
which combines the HNC closure for low-density regions with the MSA

closure for high density regions [192]:

huv
α (r) =

exp [duv
α (r)] − 1 for duv

α (r) 6 0

duv
α (r) for duv

α (r) > 0
, (5.32)

where

duv
α (r) = −

1

kBT
uuv
α (r) + huv

α (r) − cuv
α (r). (5.33)
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Here, uuv
α (r) denotes the interaction potential between the solute and

solvent site α, given by the sum of the electrostatic and LJ potentials
between the solvent site α and all solute atoms.

5.4.1 3D-RISM solution can be translated into a PMF

The approximated solution to the 3D-RISM integral equation can be
translated into a solute-solvent three-dimensional density distribu-
tion function [190]

guv
α (r) = huv

α (r) + 1 (5.34)

where α denotes the atomic species site of the solvent permeating
molecule. guv

α (r) can be, in turn, reduced to the one-dimensional den-
sity distribution function guv

α (z) by integrating out the x and y coor-
dinates:

guv
α (z) =

∫
Ag(z)

guv
α (r)dxdy. (5.35)

whereAg(z) denotes the integration area. Hence, from the one-dimensional
density distribution function, the calculation of the corresponding
PMF is straightforward:

∆Gα(z) = −kBT ln
guv
α (z)

guv
α (zbulk)

, (5.36)

where guv
α (zbulk) is calculated similarly to guv

α (z), and zbulk is a z-
position in bulk sufficiently far from the protein.
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C O M P U TAT I O N A L D E TA I L S

6.1 system set-up for us simulations of ut-b

Initial coordinates of UT-B were taken from the Protein Data Bank
(PDB) (www.rcsb.org) [199] (PDB ID: 4EZC) [64]. Initial coordinates for
the lipid bilayer were taken from a 1ns equilibrium simulation of
a 328 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid
hydrated membrane. The protein was embedded in the bilayer with
the g_membed software [45], and the simulation box was filled by ex-
plicit water molecules and neutralized by one counter ion. The fi-
nal simulation system contained the UT-B trimer, 274 POPC molecules,
24989 TIP3P [200] water molecules, and 1 Na+ ion.

Protein atom interactions were described by the Amber ff99SB∗-
ILDN force-field [109], and lipid parameters were taken from Berger
et al. [201, 202]. The simulations were performed with the Gromacs
simulation software (version 4.6) [152]. Electrostatic interactions were
calculated at every step with the PME method [163]. Short-range re-
pulsive and attractive dispersion interactions were described by a LJ

potential with a cut-off at 1nm. The geometry of water molecules
was constrained with the SETTLE algorithm [155], and all other bond
lengths were constrained with LINCS [157]. Hydrogen atoms of the
protein were constructed as virtual sites, allowing a 4 fs time step
[158]. The simulation temperature was kept constant at 300K using
velocity rescaling (τ = 2.5ps) [164], and the pressure was kept at 1 bar
with a semiisotropic Berendsen barostat (τ = 2ps) [165]. The system
was equilibrated for 150ns before production. Figure 6.1 shows a typ-
ical simulation box.

PMFs for permeation across UT-B were computed for the follow-
ing solutes: TIP3P water [200], ammonia (NH3), urea, molecular oxy-
gen (O2), and methanol. Parameters for NH3 were generated using
AmberTools15 from the AMBER molecular dynamics software pack-
age [203], with AM1-BCC charges [204, 205], and the atoms were de-
fined with the OPLS-AA force-field [133, 135]. Urea parameters were
taken from Duffy et al. [206]. LJ parameters for O2 were taken from
the CHARMM22 force-field [117] and partial charges from Hub & de
Groot [207]. For methanol, we used the GAFF parameters provided
at http://virtualchemistry.org/ [208, 209].
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Figure 6.1: US simulation system box with UT-B and 3D-RISM calcula-
tion grid. (A) Three-dimensional representation of a typical US
simulation system box. The lipid heads are represented as grey
volume, and the lipid tails are represented as white sticks. The
UT-B protein is shown in purple, blue, or dark blue ribbon rep-
resentation. The urea molecules placed along the reaction coor-
dinate z (membrane normal) are depicted as coloured spheres.
(B) Schematic view of AQP1 inside a 3D-RISM grid. (C) Reduced
three dimensional grid across the AQP1 pore. (D) x and y view
of the aforementioned reduced area. The grids do not show the
actual number of grid points.

6.1.1 US simulation details

The z-coordinate (membrane normal) was taken as reaction coordi-
nate, measured as the distance between the center-of-mass (COM) of
the solute molecule to COM of the transmembrane backbone atoms of
the protein. Starting frames for US were taken from a 150ns equilib-
rium simulation. 21 solute molecules per simulation (7 per monomer)
were placed, allowing the collection of 21 umbrella windows from
each simulation. The solutes were separated by 1.5nm in the z di-
rection and restrained by a harmonic umbrella potential with a force
constant of 1000 kJ mol−1nm−2. In addition, to ensure that the solutes
adopt a well-defined membrane area outside the channel (in bulk),
the solutes were restrained into cylinders aligned along the respec-
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tive channel axis, as suggested by Allen et al. [210]. In this work, the
cylindrical restraint was implemented as a flat-bottomed quadratic
potential,

Vcyl(r) =
1

2
kc(r− rc)

2H(r− rc), (6.1)

in which r represents the distance from the cylinder axis that was
aligned along the respective pore, kc = 1000 kJ mol−1nm−2 is the
force constant, rc = 0.8nm is the cylinder radius, and H is the Heav-
iside step function. All the US simulations were carried out using an
in-house modified Gromacs simulation software (version 4.6) which
implemented the flat-bottomed quadratic potential.

Adjacent umbrella windows were separated by 0.01nm in simula-
tions of water, urea, and NH3, hence, 150 simulation systems were re-
quired to cover the complete reaction coordinate. For O2 and methanol,
adjacent windows were separated by 0.025nm, thus, 60 simulation
systems were required. US simulations for urea were conducted for
10ns, and all other US simulations for 5ns. The temperature was
kept constant using a stochastic dynamics integration scheme (τ =

0.5ps) [211], and the pressure was kept at 1 bar with a semiisotropic
Parrinello-Rahman barostat (τ = 5ps) [166, 167]. A 2 fs time step
was used in the US simulations. All other simulation parameters were
identical to the equilibrium simulations.

6.1.2 PMF construction after US

We removed the first 2ns of each trajectory for equilibration in simu-
lations with water, NH3, O2, and methanol, and the first 4ns in simu-
lations with urea. In total, 11, 970 umbrella histograms were collected
from 3.6µs of simulation of the UT-B system. PMFs were calculated
using a periodic implementation of WHAM [179, 181]. We collected
histograms from the three channels for each solute. Then, the his-
tograms were combined into one PMF. Since we applied a cylindrical
flat-bottomed potential, the PMFs refer to a channel density of one
channel per cross-section area of the cylinder. Here, we corrected the
PMFs such that they correspond to a channel density of one channel
per membrane area occupied by a UT-B monomer. Hence, we used a
trapezoidal correction between the entrance and exit regions of the
pore as done previously[207, 212], shifting the PMF by

kBT ln

(
Amono

Acyl

)
, (6.2)
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where Amono is the area occupied by a UT-B monomer and Acyl is the
effective cross-section area of the cylinder. The area of the cylinder
was approximated as

Acyl = π(rc + 2σc)
2 (6.3)

σc =

√(
kBT

kc

)
(6.4)

where σc is the width of the Gaussian-shaped distribution in the
quadratic region of the flat-bottomed cylindrical potential. In fact,
the entropy of a uniform 2-dimensional distribution in Acyl approx-
imately equals the entropy of a 2-dimensional distribution in a flat-
bottomed quadratic potential, as derived in Appendix A. The PMFs

were defined to zero in the bulk region, and statistical errors of 6
3 kJ mol−1 were computed by bootstrapping complete histograms
[181].

6.2 drism and 3d-rism calculation details

Before the 3D-RISM calculations, DRISM calculations were carried out
to obtain the bulk solvent susceptibility function χγα(r). We used the
same solute parameters as in the MD simulations except for water
and O2 solvent molecules. Water parameters were described by the
TIP3P RISM model provided with the AMBER software [198], which,
in contrast to the default TIP3P model, assumes LJ interactions for
the hydrogen atoms. For O2, we used the LJ parameters from the
CHARMM22 force-field [117], and the partial charges were set to
zero.

For DRISM calculations the rism1d program in the AmberTools 14

molecular modeling package [198, 203] was used, at a temperature
of 300K and a dielectric constant of ε = 78.497. We used a grid of
32, 768 points with a grid spacing of 0.025Å. All solvent mixtures
were defined using a water concentration of 55.5M and a solute con-
centration of 0.5M. We used the MDIIS accelerated numerical solver
[213] with 20 vectors, a step size of 0.3 and a residual tolerance of
1 · 10−12, and the KH closure relation. Table 6.1 summarizes the clo-
sure relations and tolerances used in DRISM calculations. Note that KH

was the standard closure unless stated otherwise.
For 3D-RISM calculations, we used the crystal structures of UT-B and

AQP1 (PDB IDs: 4EZC and 1J4N, respectively) [64, 214]. Protein atom
interactions were described by the Amber ff99SB∗-ILDN force-field
[109]. To test the influence of protein fluctuations on PMFs, we also
took 100 UT-B structures and 100 AQP1 structures from an equilibra-
tion simulation, and 100 UT-B structures from an umbrella simulation
in which urea is bound to UT-B.

We computed 3D-RISM solutions using the rism3d.snglpnt program
of the AmberTools 14 molecular modeling package [198, 203], at a
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temperature of 300K. For UT-B, we used the trimer structure and a
grid of 240× 224× 180 points in a box of size 120× 112× 90Å3. For
AQP1, we used the monomer structure, in a grid of 160× 140× 192
points and a box of 80× 70× 96Å3 (see Figure 6.1 B). In both systems,
the distance of grid boundary to the protein was at least 15Å. The
MDIIS solution converged with a residual error between 10−5 and 2 ·
10−3 using 5 vectors, a step size of 0.7, and the KH closure. To test the
influence of other closures, we also converged the 3D-RISM solutions
with the chained Partial Series Expansion of order-n (PSE-n): i. e. PSE-
1/PSE-2, and PSE-1/PSE-2/PSE-3, as suggested by Giambaşu et al.
[215]. Table 6.2 summarizes the closure relations and tolerances used
to converge the 3D-RISM solutions for each solvent system.

6.2.1 PMF construction after 3D-RISM

The membrane normal z was taken as the reaction coordinate, where
z = 0 was defined either as the COM of the transmembrane region of
UT-B or as the COM of the NPA motif of AQP1. The PMFs were calcu-
lated from 3D-RISM results using the 3-dimensional density function
(Equation 5.34). The α sites considered for each solute were: oxygen
atom for water, nitrogen atom for NH3, carbon atom for urea and
methanol, and oxygen atom for O2. (Note that since the density is
normalized to unity in the bulk, the number of atoms in the solute
molecule is irrelevant.)

In the bulk water and in the vestibule regions, the integration area
Ag(z) from Equation 5.35 was taken as a square with an area of
(1.6nm)2, which is smaller than the monomer area in both proteins.
Ag was centered along the respective monomer center (see Figure 6.1 B/C).
In the pore region |z| < 1nm, Ag(z) was taken as a square centered
along the channel center, with a side length 2(rc(z)+ 3Å), where rc(z)
is the channel radius. The channel centers and radii were computed
with PROPORES [216]. Since 3D-RISM results were calculated with the
protein in vacuum and not embedded in a lipid membrane, thereby
generating unphysical solvent density in the lipid membrane region,
the integration area Ag was forced to be large enough to account for
the entropic effect from the tightening of the pore with respect to the
bulk, and small enough to exclude the lipid membrane region. In ad-
dition, the integration was restricted to a smaller square in the pore
region, thus excluding solvent droplets inside the protein matrix that
are separated from the channel and do not contribute to permeation.

To average over multiple monomers or structures from simulation
frames, we first averaged the density before computing the PMF from
Equation 5.36, which yields

∆Gα(z) = −kBT ln
〈guv
α (z)〉c

guv
α (zbulk)

, (6.5)
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where 〈·〉c represents the average over monomers and/or simulation
frames. To facilitate the direct comparison between the PMFs obtained
with 3D-RISM and the ones obtained with US MD simulations, we used
the same trapezoidal correction described in Section 6.1.2, using a
correction of 4.21 kJ mol−1 and 3.47 kJ mol−1 for UT-B and AQP1, re-
spectively, given by the bulk area of Ag(z) and the monomer area.
Thus, the 3D-RISM PMFs shown correspond to a channel density of one
channel per cross section area of the monomer.

6.3 ic50 estimate

Following the calculation in ref. [217], the IC50 value of a solute
bound to one of the channel binding sites is given by

IC50 =

(
Amono

∫
ch

exp
[
−
∆G(z)

kBT

]
dz
)−1

, (6.6)

where the integral is taken across the channel. The symbol ∆G(z)

represents the PMF that is defined to zero in bulk water.

6.4 water occupancy inside the channel from a pmf

Since the calculated PMFs correspond to a defined reference area in the
bulk, they can be translated into the equilibrium 1-dimensional solute
density along the channel coordinate z at a given solute concentration
in the bulk. Hence, the PMFs of water permeation can be translated
into the equilibrium water occupancy of the channels. In bulk, the
water 1-dimensional density(

∆Nw

∆z

)
bulk

(6.7)

is given by i) the reference area of the PMF, i. e. the cross section area
of one monomer Amono (10 .3 nm2 and 13 .9 nm2 for AQP1 and UT-B,
respectively), and ii) the number density of water (33 .4 nm−3). As
a result, we obtained for Equation 6.7 the values 344 .3 nm−1 and
463 .6 nm−1 for AQP1 and UT-B, respectively. Because the PMF was
defined to be zero in the bulk, the 1-dimensional water density along
the pore is(

∆Nw

∆z

)
(z) =

(
∆Nw

∆z

)
bulk

exp
[
−
∆G(z)

kBT

]
. (6.8)

Integrating (∆Nw/∆z)(z) across the channel lumen yields the equi-
librium water occupancy, that is the average number of water molecules
inside the channel.
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6.5 system set-up for md simulations with fluc-bpe

6.5.1 Amber ff99SB∗-ILDN force-field

Fluc-Bpe initial coordinates were taken from Stockbridge et al. (PDB

ID: 5NKQ) [85]. Lipid bilayer initial coordinates were taken from a
1 ns equilibrium simulation of a 328 POPC lipid hydrated bilayer. The
protein was embedded in the bilayer with the g_membed software [45].
The simulation box was filled by explicit TIP3P [200] water molecules
and neutralized with counter ions. Four different simulation systems
were set up either of the WT or of the F82I/F85I mutant, each includ-
ing or excluding the pore-blocking L2 monobodies. The final simu-
lation system with pore-blocking L2 monobodies consisted in one
homodimeric Fluc-Bpe, two pore-blocking L2 monobodies, 188 POPC

lipids, 17685 water molecules, 6 Na+ ions, and 4 F− ions (see Fig-
ure 6.2A). In the same fashion, the final simulation system without L2
monobodies consisted in one homodimeric Fluc-Bpe, 204 POPC lipid
molecules, 18052 water molecules, 1 Na+ ion, and 7 F− ions (Fig-
ure 6.2C). The ion parameters were taken from Joung & Cheatham
III (2008) [218]. The F82I/F85I mutant was generated using PyMOL
[219].

Protein atom interactions were described by the Amber ff99SB∗-
ILDN force-field [109], and lipid parameters were taken from Berger
et al., and Cordomí et al. [201, 202]. The simulations were performed
using the Gromacs simulation software (version 5.1.4) [152]. Elec-
trostatic interactions were calculated at each step with PME [163].
Short-range repulsive and attractive dispersion interactions were de-
scribed by a LJ potential, with a cut-off at 1nm. The geometry of water
molecules was constrained with the SETTLE algorithm [155], and all
other bond lengths were constrained with LINCS [157]. Hydrogen
atoms of the protein were constructed as virtual sites, allowing a 4 fs
time step [158].

The temperature in the simulation was kept constant at 300K us-
ing velocity rescaling (τ = 2.5ps) [164], and the pressure was kept
at 1 bar with a semiisotropic Berendsen barostat (τ = 2ps) [165]. The
systems were equilibrated for 20ns with position restraints on the
protein heavy atoms and on the molecules placed at the electron
density sites (F+ or water molecules at F82, and F85 sites (see Fig-
ure 6.2B), with a force constant of 1000 kJ mol−1nm−2. Afterwards,
the systems were equilibrated for 400ns with position restraints (k =

1000 kJ mol−1nm−2) on the protein Cα atoms and on the molecules
placed at F82, and F85 sites before production.

To test the stability of the F− and water molecules assigned to the
densities at F82 and F85 sites, multiple unconstrained simulations
were started from random time points taken from the 400ns equili-
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Figure 6.2: Simulation box with Fluc-Bpe. The membrane lipid heads are
represented in grey volume, and the lipid tails as white sticks.
Fluc-Bpe is depicted as red/magenta ribbons, and the L2 mono-
bodies are coloured in green. The structural Na+ ion is depicted
in yellow.

bration simulations. Here, four different system types were defined
for unconstrained simulations:

• Four F− at F82 and F85 sites / without pore-blocking monobod-
ies.

• F− at F82 and F85 sites / with pore-blocking monobodies.

• Four water molecules at F82 and F85 sites / without pore-blocking
monobodies.

• Four water molecules at F82 and F85 sites / with pore-blocking
monobodies.

For systems with or without pore-blocking L2 monobodies, we per-
formed 10 replica simulations of 80ns each or 20 replica simulations
of 40ns each, respectively. All the unconstrained simulations were
carried out without position restraints, and using the parameters de-
scribed above.

Likewise, we tested the protein structural stability under fluoride
binding conditions. Production simulations were started from ran-
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dom time points taken from the 400ns equilibration simulation with-
out pore-blocking monobodies. The fluoride ions were restrained with
a force constant k = 1000 kJ mol−1nm−2 at F82 and F85 sites. 20
replica simulations of 80ns each were carried out, using the parame-
ters described above.

6.5.2 US simulation details

The reaction coordinate was defined as the z-coordinate (membrane
normal), measured as the distance between the COM of the solute
molecule to COM of the transmembrane backbone atoms of the pore
being permeated. Starting structures for US were taken from the last
10ns of a 90ns simulation in which fluoride ions were restrained
at F82 and F85. We placed 3 solute molecules per simulation, from
which 3 umbrella windows were collected per simulation. Each solute
was placed at a distance of 3nm from each other in the z-direction,
and restrained by a harmonic umbrella potential with a force con-
stant of 5000 kJ mol−1nm−2. The solute molecules were restrained via
a cylindrical flat-bottomed potential (see Equation 6.1) to keep them
within a certain area outside the channel (bulk area), with a force
constant kc = 5000 kJ mol−1nm−2, and a cylinder radius rc = 0.8nm.
All the US simulations were performed using the Gromacs simulation
software (version 5.1) [152]. Adjacent umbrella windows were sepa-
rated by 0.05nm, needing 60 simulation systems to cover the reaction
coordinate. US simulations were conducted for 75ns each, in which
the temperature was controlled using a stochastic dynamics integra-
tion scheme (τ = 0.5ps) [211], and the pressure was controlled at
1 bar with a semiisotropic Parrinello-Rahman barostat (τ = 5ps) [166,
167]. All other simulation parameters were identical to the equilib-
rium simulations.

6.5.3 PMF construction after US

The first 25ns of each trajectory was removed for equilibration in
simulations with water and chloride, and the first 40ns in simula-
tions with fluoride. A total of 540 histograms were collected from
13.5µs of simulation with the Fluc-Bpe system. We used a periodic
implementation of WHAM to calculate the PMFs [179, 181], which were
defined to zero in the bulk region. The complete histograms were
bootstrapped yielding statistical errors of 6 8 kJ mol−1 [181].

6.5.4 CHARMM36 force-field

To rule out a possible effect due to the applied protein force-field
in the qualitative results, a different set of simulation systems were
set-up with the CHARMM force-field family [122, 220]. The ssytem
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set-up was identical to the set-up for the Amber force-field (see Sec-
tion 6.5.1), with the only difference that Fluc-Bpe was solvated in a
membrane of 1,2-dipalmitoyl-sn-phosphatidilcholine (DPPC) instead
of POPC. The final CHARMM36 simulation system consisted in one
homodimeric WT Fluc-Bpe, 228 DPPC lipid molecules, 13273 TIP3P
water molecules, 1 Na+ ion, 3 Cl− ions, and 4 F− ions. The F− ion
parameters were again taken from ref. [218], and the Na+ and Cl−

parameters were taken from the CHARMM36 default parameters.
Protein and lipid atom interactions were described by the CHARMM36

force-field [122, 220]. The simulations were carried out with the Gro-
macs simulation software (version 5.1.4) [152]. Electrostatic interac-
tions were calculated at every step with the PME method [163], and
using a cut-off at 1.2nm for LJ interactions. The geometry of water
molecules was constrained with the SETTLE algorithm [155], and all
hydrogen bonds were constrained with LINCS [157]. A 2 fs timestep
was used. The simulation temperature was kept constant at 323K us-
ing velocity rescaling (τ = 2.5ps) [164], and the pressure was kept
at 1 bar with a semiisotropic Berendsen barostat (τ = 2ps) [165]. The
system was equilibrated for 20ns with position restraints on the pro-
tein heavy atoms and on the F− ions placed at F82 and F85 with a
force constant of k = 1000 kJ mol−1nm−2. After that, the system was
equilibrated for 5ns with position restraints (k = 1000 kJ mol−1nm−2)
on the protein Cα atoms and on the F− ions placed at F82 and F85
before production.

Finally, by assigning random starting velocities, we generated 20

independent replicas from the last snapshot taken from the 5ns equi-
libration trajectory, and we ran 10 unconstrained replicas for 40ns,
and another 10 replicas, with position restraints on F− at F82 and
F85, for 80ns.

6.5.5 Polarizable DRUDE force-field

To investigate the effect of polarizability on the qualitative results,
a simulation system was set-up using the polarizable Drude force-
field (see Section 5.1.3.2) [31, 147, 148, 221]. Initial coordinates for
the lipidic bilayer were taken from a 3ns equilibrium simulation of
a 256 DPPC lipid hydrated bilayer, and the protein was embedded in
the membrane with the g_membed software [45]. The simulation box
was filled by explicit SWM4-NDP [222] water and neutralized with
counter ions. The final simulation system consisted of one homod-
imeric WT Fluc-Bpe, 228 DPPC lipids, 10181 water molecules, 1 Na+,
and 7 F− ions. The ion parameters were taken from Yu et al. (2010)
[223].

Protein atom interactions were described by the polarizable CHARMM-
Drude force-field [31, 147, 148, 221], and lipid parameters were taken
from ref. [224]. The Gromacs DPPC topology file was generated from
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original CHARMM-Drude topology files via TopoGromacs [225]. The
simulations were performed using the Gromacs simulation software
(version Drude) [226, 227]. Electrostatic interactions were calculated
at every step with the PME method [163], and using a cut-off at 1.2nm
for LJ interactions. The geometry of water molecules was constrained
with the SETTLE algorithm [155], and all other bond lengths were left
unconstrained.

The system was carefully equilibrated with multi-step protocol to
avoid the polarization catastrophe. First, we equilibrated the simula-
tion system using the SCF approach, as implemented by Van Maaren
& Van Der Spoel [226]. The simulation temperature was kept con-
stant at 323K using velocity rescaling (τ = 0.1ps) [164], and the
pressure was kept at 1 bar with a semiisotropic Berendsen barostat
(τ = 1ps) [165]. Using a 0.2 fs time step, the system was equilibrated
for 37ps with position restraints on the protein heavy atoms (k =

1000 kJ mol−1nm−2). After that, the system was equilibrated for 800ps
with position restraints on the protein Cα atoms and on the F− placed
at F82 and F85. In this last equilibration, the simulation temperature
was kept constant at 323K for the non-drude atoms, and at 1K for
the drude particles, using the Nose-Hoover thermostat (τ = 0.1ps,
and τ = 0.005ps, respectively) [228, 229]. No pressure-coupling was
used, and a 1 fs time step was used with the extended Lagrangian
dynamics implemented in Gromacs by Lemkul et al. [227].

Finally, by generating random starting velocities, we generated 10
different replicas from the last snapshot taken from the 800ps equili-
bration trajectory, and ran each of them for 10ns.

6.6 free-energy calculations of absolute and relative

binding in fluc-bpe

We carried out two different sets of free energy calculations: relative
binding free energies and absolute binding free energies. The rela-
tive binding free energy difference between two putative molecular
species determines which species is more likely to bind a certain
binding site. On the other hand, the absolute binding free energy de-
termines whether a certain molecular species can actually bind to a
certain binding site.

relative binding free energies To compute relative binding
free energies, a water molecule was alchemically transformed into
a F− ion in bulk solvent, whilst simultaneously transforming a F−

into a water molecule at the F82 or F85 binding site. According to
the thermodynamic cycle depicted in Figure 6.3, the associated free
energy difference equals the free energy difference ∆∆Gbind of bind-
ing an ion versus a water molecule into the binding site. A negative
∆∆Gbind implies that a water molecule is more likely to translocate
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from solvent to the binding site as compared to the ion. More quanti-
tatively, in equilibrium, the probabilities of finding a water molecule
Pwat

bind or of finding an ion Pion
bind at the binding site are related via

Pwat
bind

Pion
bind

=
cwat

cion
exp

(
−∆∆Gbind

kBT

)
, (6.9)

where cwat and cion represent the water and ion concentrations in the
solvent. Hence, the ∆∆Gbind is in principle the key quantity to detect
the correct assignment of the ambiguous electron densities. However,
∆∆Gbind is associated with an increased uncertainty, mainly because
force-fields might not represent ion-protein interactions as accurately
as water-protein interactions [230–234].

absolute binding free energies We also calculated the abso-
lute binding free energies ∆Gbind for water molecules at F82 and F85
sites, i. e. the free energy for translocating a water molecule from sol-
vent into the binding site. Since the probability of finding a water
molecule at the binding site is proportional to exp(−∆Gbind/kBT), the
assignment of a water molecule to an ambiguous electron density is
only plausible if ∆Gbind is negative or at least close to zero.

All free energies were calculated via discrete TI along an alchemi-
cal reaction coordinate λ, where λ = 0 and λ = 1 represent the initial
and the final state, respectively. During TI calculations, a time step of
2 fs was used, and the temperature was kept constant at 300K using
a stochastic dynamics integration scheme (τ = 0.1ps) [211]. Starting
configurations were taken from the final snapshot of the 20ns equilib-
rium simulation. All the other simulation parameters were identical
to the equilibrium simulations (see Section 6.5.1).

Water 
bulk

Ion 
bulk

Ion 
Fluc

Water 
Fluc

G1

G4

G2G3

Figure 6.3: Alchemical transformation thermodynamic cycle for comput-
ing the relative binding free energy. From the thermodynamic
cycle, the binding free energy difference ∆∆Gbind = ∆G1 −∆G4
between the ion-bound Fluc channel and the water-bound Fluc
channel can be calculated via ∆G3 −∆G2.
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6.6.1 Relative binding free-energy computational details

In the relative binding free energy calculations, λ = 0 described the
state with the ion in the protein (F− at F82 or at F85, or Na+ TM3)
while having a water molecule in bulk solvent. λ = 1 described the
state with the ion (F− or Na+) in bulk solvent while having a water
molecule at the F82, F85, or TM3. The free energy calculations with F−

were done in the presence or absence of pore-blocking L2 monobod-
ies, whereas the free energy calculations with Na+ were done only
in presence of monobodies. To keep the protein structure close to the
crystal structure, positional restraints (k = 1000 kJ mol−1nm−2) were
applied on the protein Cα atoms and on the ion and water molecules
that were alchemically transformed. The molecule that was restrained
in bulk solvent was restrained at a position as far as possible from the
protein and membrane. To avert numerical instabilities close to λ = 0

and λ = 1, we used soft-core potentials for both electrostatics and LJ

interactions with α = 0.5, σ = 0.3 and a soft-core power of 1. The
transformation from λ = 0 to λ = 1 was done in 41 λ-steps, sim-
ulating each λ-step for 10ns. Derivatives of the Hamiltonian H with
respect to λ were recorded at every step. Free energy differences were
calculated from

∆∆Gbind =

∫1
0

dλ
〈
δH

δλ

〉
(6.10)

where 〈·〉 is the average over the trajectory. The first 50ps of each
trajectory were removed for equilibration.

6.6.2 Absolute binding free energy computational details

We calculated the absolute binding free energies ∆Gbind of water via
TI as depicted in Figure 6.4. We calculated ∆Gbind from the differ-
ence in free energy between i) turning off the interactions of a water
molecule in a pure water box (∆G2 in Figure 6.4), and ii) turning off
the interactions of a water molecule in the WT Fluc-Bpe at F82 and F85,
or in the mutant Fluc-Bpe at F82I and F85I sites (∆G1 in Figure 6.4).
Since there are two F82 sites and two F85 sites in Fluc, the absolute
∆Gbind of water to each of the two binding sites was calculated.

As indicated by Deng & Roux [189], when calculating absolute
binding free energies, it is desriable to restrain the ligand at the bind-
ing site to make the sampling more efficient. Thus, to keep the wa-
ter molecules at the positions indicated by the electron densities in
the crystal structure, we applied position restraining potentials to the
oxygen atom of water molecules at Fluc-Bpe binding sites. Likewise,
we also applied position restraints on the water molecule in the pure
water box. Following the scheme shown in Figure 6.4, the calculation
of ∆G1 was separated in five sub-steps:
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Water bulk

Dummy bulk Dummy Fluc

Water Fluc
Gbind

G3

G1G2

Figure 6.4: Absolute binding free energy thermodynamic cycle. From the
thermodynamic cycle, the absolute binding free energy is calcu-
lated via ∆Gbind = ∆G2 −∆G1, where ∆G3 ≡ 0.

• ∆G
posre
1 , turning on the position restraints with a force constant

Kx = 200 kJ mol−1nm−2.

• ∆GCoulomb
1 , turning off electrostatic interactions.

• ∆G
LJ
1 , turning off LJ interactions.

• Translating the non-interacting solute from the binding site into
a pure-solvent box.

• Release of the positional restraints in pure solvent, ∆G◦r,x

To obtain ∆Gposre
1 , 11 λ-steps were simulated, 2ns each, for all sys-

tems.
∆GCoulomb

1 was computed from 11 λ-steps simulated for 2ns each,
and ∆GLJ

1 was computed in 41 λ-steps simulated for 2ns each. To ac-
count for atomic overlaps occurring close to λ = 0 and λ = 1, soft-core
potentials were used for LJ interactions with α = 0.5, σ = 0.3 and a
soft-core power of 1. As before, the first 50ps of each trajectory were
removed for equilibration, and the free energy differences were calcu-
lated according to Equation 5.29. The calculation of ∆G2 in Figure 6.4
was separated into the electrostatic part and LJ interactions part, and
the free energy ∆G◦r,x due to applying a position restraining potential
on a non-interacting water particle was calculated analytically as in
ref. [235]. To apply a translational restraining potential Ur,x with a
force constant Kx and the form

Ur,x =
Kx(x − x0)2

2
(6.11)

confines the molecule to a small effective volume [235]:

Veff =

∫
V

exp
[
−1

kBT

Kx(x − x0)2

2

]
dx, (6.12)
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that can be analytically evaluated as

Veff =

√(
2π
kBT

Kx

)3
. (6.13)

Thus, the corresponding free energy can be calculated via

∆G◦r,x = −kBT ln
(
V◦

Veff

)
, (6.14)

where V◦ = 0.02992 nm3 is the molecular volume of water [236]. We
used Kx = 200 kJ mol−1nm−2, which yields ∆G◦r,x = 0.774225 kJ mol−1.

6.7 maximum-likelihood estimates

To calculate the lifetime τ of the fluoride or water molecules at F82
and F85 binding sites in Fluc, we used a maximum-likelihood esti-
mate as described recently in ref. [237]. In summary, given M simu-
lations of simulation time Ts, during which m F− or water molecules
leave the binding site at times ti (i = 1, . . . ,m; m 6 M), then the
maximum-likelihood estimate τml for the lifetime of F− or water at
the binding site is given via

τml =
(M−m)Ts +

∑m
i=1 ti

m
. (6.15)

6.8 quantum chemical calculations

The relaxed Potential Energy Surface (PES) calculations of F− and ben-
zene were computed via the DFT-B3LYP functional [238] or the Møller-
Plesset 2nd-order (MP2) perturbation theory [239] as implemented in
the ORCA 3 program system [240]. The PESs calculated with the DFT-
B3LYP functional were obtained using either the ma-def2-SVP or the
ma-def2-TZVP basis sets [241, 242]. Additionally, MP2 calculations
were performed with the aug-cc-pVDZ basis set [243].



54 computational details

D
R

ISM

Solvent
C

losure
Tolerance

w
ater

5
5.5M

K
H

,PSE-2,PSE-3,
H

N
C

1
0
−
1
2

w
ater

5
5.5M

+
N

H
3
0.5M

K
H

1
0
−
1
2

w
ater

5
5.5M

+
urea

0.5M
K

H
,PSE-2,PSE-3,

H
N

C
1
0
−
1
2,
1
0
−
3,
1
0
−
3,
1
0
−
3

w
ater

5
5.5M

+
O
2
0.5M

K
H

1
0
−
1
2

w
ater

5
5.5M

+
m

ethanol
0.5M

K
H

1
0
−
1
2

Table
6.

1:D
ifferent

closure
relations

and
residualerrors

used
to

converge
D

R
ISM

calculations
w

ith
each

solvent
system

.

3D
-R

ISM

Solvent
C

losure
Tolerance

w
ater

5
5.5M

K
H

,PSE-2,PSE-1/PSE-2/PSE-3
1
0
−
5

w
ater

5
5.5M

+
N

H
3
0.5M

K
H

,PSE-1/PSE-2,PSE-1/PSE-2/PSE-3
1
0
−
5,
1
0
−
5/
6
·1
0
−
3/
1
0
−
2

w
ater

5
5.5M

+
urea

0.5M
K

H
,PSE-1/PSE-2

5
·1
0
−
3,
5
·1
0
−
3/
5
·1
0
−
2

w
ater

5
5.5M

+
O
2
0.5M

K
H

,PSE-1/PSE-2,PSE-1/PSE-2/PSE-3
1
0
−
5,
1
0
−
5/
1
0
−
5/
1
0
−
4

w
ater

5
5.5M

+
m

ethanol
0.5M

K
H

,PSE-1/PSE-2
5
·1
0
−
3,
3
·1
0
−
3/
1
0
−
2

Table
6.

2:D
ifferent

closure
relations

and
residualerrors

used
to

converge
3D

-R
ISM

calculations
w

ith
each

solvent
system

.



Part III

R E S U LT S





7
A C O M PA R I S O N B E T W E E N M D A N D 3 D - R I S M

P
rotein Channels assist the selective permeation of molecules
across membranes. A common method to study such pro-
cess is the computation of the Potential of Mean Force
(PMF) (see Section 5.2) of solute permeation across the

channel pore. PMFs are typically calculated from Molecular Dynam-
ics (MD) simulations, often using enhanced sampling methods such
as Umbrella Sampling (US). In this chapter we present the results of
PMF calculations for water, ammonia, urea, molecular oxygen, and
methanol across Urea Transporter B (UT-B) and Aquaporin 1 (AQP1),
using MD simulations with US, as well as with the more computation-
ally efficient and accurate 3-Dimensional Reference Interaction-Site
Model (3D-RISM). While the calculation of PMFs using MD simulations
is a well established procedure, the suitability of 3D-RISM-based PMF

calculations has remained controversial. Therefore, we aim to com-
pare the PMFs calculated from 3D-RISM results to the PMFs calculated
from MD simulations, and to find out whether 3D-RISM may be con-
sidered as a computationally efficient replacement of MD simulations
for solute permeation studies.

7.1 pmf calculations from umbrella sampling

7.1.1 UT-B

Figure 7.1 A shows the PMFs ∆G(z) for the permeation of water, NH3,
urea, O2, and methanol across UT-B, which were computed as de-
scribed in Section 6.1. These PMFs are consistent with previous cal-
culations [63, 64, 244]. The free energy barriers ∆G‡ 6 15 kJ mol−1

suggest that UT-B facilitates the flux of small neutral solutes in a non-
selective fashion. The highest free energy barriers are observed in the
Sm region, at z ≈ 0, where the hydrophobicity of the pore hinders
the permeation of the polar solutes: water, NH3, and urea. O2 and
methanol, being more hydrophobic, exhibit lower free energy barri-
ers ∆G‡ in the Sm region.

Next to the Sm region, the PMF for urea (Figure 7.1 A, green line)
reveals several energy minima indicating the urea binding sites. Our
PMF for urea permeation is similar to the PMF presented by Levin et al.,

57
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Figure 7.1: PMFs from Umbrella Sampling and 3D-RISM for UT-B. PMFs ∆G(z)

for solute permeation along the channel coordinate z from US

simulations for UT-B, calculated with (A) US, and (B) 3D-RISM. Dif-
ferent solutes are represented by different colors (see legend).
(C) Radius of UT-B computed with PROPORES [216]. z = 0 corre-
sponds to the COM of the transmembrane residues in UT-B.
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in which the binding sites for crystallized selenourea in Si (z = −1nm)
and So (z = 0.4nm and z = 0.6nm) regions in the UT-B crystal are
indicated (see also Figure 2.2) [64]. Surprisingly, no selenourea was
bound to the crystal at the energy minimum at z = −0.6nm, probably
indicating that the packing of selenourea to the protein is different
compared to that of urea.

To compare the urea concentration at the binding site with bulk
water, we computed the IC50 concentration for urea binding as ex-
plained in Section 6.3. The resulting IC50 = 20mM suggests that urea
occupies a substantial fraction of UT-B channels at physiological con-
centrations [245].

The narrowing of the pore reduces the space sampled by the so-
lute, which leads to an entropic barrier. Hence, the free energy bar-
riers ∆G‡ ∼ 12 kJ mol−1 in the PMFs for water and NH3 reveal that
the permeation of such solutes is a mainly entropic process as the
molecules enter the narrow lumen of the pore (see Figure 7.1 A, black
and red curves, respectively, and Figure 7.1 C). These rather low free
energy barriers suggest that UT-B is an efficient water and NH3 chan-
nel, which is in agreement with previous studies [62, 63, 244]. Sim-
ilarly, the energy barriers observed in the PMFs for the permeation
of O2 and methanol are also low, suggesting that they might as well
permeate UT-B. It is important to stress that each PMF shows a dif-
ferent profile, as a result of the different characteristics —shape and
hydrophobicity— of each solute.

7.1.2 AQP1

Figure 7.2 A presents the PMFs ∆G(z) for the permeation of water,
NH3, urea, and O2 across AQP1, which were taken from ref. [207] (see
Hub & de Groot (2008) and the discussion therein) with the sole pur-
pose of comparing them with the PMFs ∆G(z) computed with 3D-RISM.

Briefly, the PMFs in Figure 7.2 A exhibit the highest energy bar-
riers at the aromatic/arginine (ar/R) constriction region, indicating
the selectivity filter of the channel. Small polar molecules permeate
across this selectivity filter, whilst hydrophobic and large ones are
excluded. Since the ar/R region is the narrowest part of the pore (see
Figure 7.2 C), large solutes such as urea remain exlcuded due to steric
hindrance. Small hydrophobic solutes such as O2 will not permeate
unless they displace the water molecules that establish strong hydro-
gen bonds with the conserved arginine residue [246]. Overall, these
PMFs reflect the steric, hydrophobic and polar interactions by which
the permeation of different solutes is modulated.
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Figure 7.2: PMFs from Umbrella Sampling and 3D-RISM for AQP1. PMFs

∆G(z) for solute permeation along the channel coordinate z from
US simulations for AQP1, calculated with (A) US, and (B) 3D-RISM.
Different solutes are represented by different colors (see legend).
(C) Radius of AQP1 computed with PROPORES [216]. z = 0 cor-
responds to the COM of the NPA motif in AQP1.
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Figure 7.3: PMFs for water permeation across UT-B and AQP1 Water PMFs

∆G(z) calculated with US simulations (brown), 3D-RISM with the
crystal structure (turquoise) and 3D-RISM after averaging over
100 different structures taken from equilibrium MD simulations
(black-dashed) for (A) UT-B and (B) AQP1. The Si, Sm, and So re-
gions are highlighted for UT-B, as well as the NPA motif and the
ar/R region for AQP1.

7.2 pmf calculations from 3d-rism

Here we compare the PMFs for the permeation of water, NH3, urea,
O2, and methanol across UT-B and AQP1 calculated with US, with the
PMFs computed with 3D-RISM (see Section 6.2). To allow quantitative
comparison with the PMFs computed with US, the PMFs computed
with 3D-RISM were normalized with respect to the monomer cross sec-
tion area using the trapezoidal correction between the entrance and
the exit regions of the pore (see Section 6.1.2) that was also applied
to the PMFs from US simulations.

7.2.1 3D-RISM PMFs for water permeation are consistent with US PMFs

Figure 7.3 shows the PMFs for water permeation across UT-B and AQP1

computed with 3D-RISM and US simulations. For UT-B, 3D-RISM results
in a PMF that exhibits higher free energy barriers as compared with
US, which can be translated into a lower water density inside the pore.
Nevertheless, differences of . 4 kJ mol−1 between the two curves in-
dicate a reasonable agreement between the two methods. To rule out
that 3D-RISM results may be affected by the structural conformation
of the crystal, we calculated, using 3D-RISM, the average PMFs over
100 structures taken from equilibrium MD simulations (black dashed
curve in Figure 7.3). Once these structural fluctuations are consid-
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3D-RISM (cryst.) 3D-RISM (av.) MD

UT-B 3.1 3.2 7.8

AQP1 8.3 10.4 10.4 (7.7)

Table 7.1: Average water occupancy in the narrowest region of the channel
lumen of UT-B (−0.8nm < z < 0.3nm) and AQP1 (−1nm < z <

1nm) as computed from the PMFs. 3D-RISM results computed using
only the crystal structure or from an average over 100 MD simu-
lations frames. MD result in brackets was computed by counting
water molecules during an equilibrium simulation, taken from ref.
[207].

ered, the PMFs calculated with 3D-RISM yield differences . 2 kJ mol−1

as compared with US, suggesting that the structural fluctuations of
the solute (protein) may influence the 3D-RISM calculations of solvent
density distributions.

To provide an additional quantitative comparison between the PMFs

computed with US simulations and 3D-RISM, we calculated the aver-
age water occupancy in the narrowest part of each channel from the
PMFs, as explained in Section 6.4. Table 7.1 presents the results ob-
tained with this approach. The average water occupancies ∼ 8 suggest
that a file of water molecules fills the channel pores in equilibrium
MD simulations, which is in agreement with previous MD simulations
[247–249]. Whereas the results for AQP1 are quantitatively consistent
between 3D-RISM and US, the average water occupancies in UT-B, as cal-
culated from the PMF obtained with 3D-RISM, are lower as compared
with US. However, given that the 3D-RISM calculations are orders of
magnitude faster than US simulations, the general correspondence is
noteworthy.

7.2.2 The solute size dominates the 3D-RISM PMFs

In contrast, the PMFs for the permeation of non-water solutes, calcu-
lated with US and 3D-RISM, are not as consistent as the PMFs for water
permeation (see Figure 7.1 B, and Figure 7.2 B). The PMFs computed
from US simulations of different solutes greatly differ, reflecting their
different chemical and steric features. However, the PMFs computed
from 3D-RISM barely show any difference for different solutes. The
stark resemblance between the PMFs for water, NH3, urea, O2, and
methanol in each channel is only broken at the Sm region in UT-B and
the ar/R constriction site in AQP1. In particular, the polarity of the
solutes does not seem to be reflected on the PMFs. The PMFs yielded
from 3D-RISM exhibit higher energy barriers the larger the solute, sug-
gesting that the energy profiles are intensely dominated by the solute
size. As a result, the urea binding sites in UT-B reported in this (Fig-
ure 7.1 A) and other computational studies [64] are not revealed by
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in the PMF calculated from 3D-RISM (Figure 7.1 B, and Figure 7.2 B).
The PMFs computed with 3D-RISM for urea, O2, and methanol show
pronounced energy barriers at the ar/R constriction site in AQP1, sig-
nificantly higher than those in the PMFs obtained with US.

7.2.3 Structural fluctuations strongly affect PMFs from 3D-RISM

Since 3D-RISM calculations are carried out using a static protein struc-
ture, it is not clear how the protein dynamics, which are explicitely
taken into account in US simulations, might affect the computation
of the PMF. To rule out that the PMFs obtained from 3D-RISM are bi-
ased by the particular structural conformation of the UT-B and AQP1

crystals, we took 100 different structures from equilibrium MD simu-
lations of UT-B and AQP1, and computed the PMFs for urea permeation
from 3D-RISM for each strucure (see gray lines in Figure 7.4 A/C ). In
addition, we computed the mean PMF by averaging the 100 resulting
densities from 3D-RISM (see Equation 6.5 in Section 6.2.1). The mean
PMF is represented by a black line in Figure 7.4 A/C, which exhibits
differences of ∼ 120 and ∼ 25 kJ mol−1, for UT-B and AQP1, respectively,
between the mean PMF and the PMF from a single structure. This is
indicative of a strong influence on 3D-RISM from the protein structural
fluctuations at narrow sites inside the pore. Besides, an energy barrier
∆G‡ ∼ 17 kJ mol−1 in the mean PMF for the permeation of urea across
AQP1 implies a urea permeating channel, which is not consistent with
experimental evidence [250].

Given the stark effect of protein structural fluctuations on 3D-RISM

calculations, we aimed to rule out the possibility that the PMFs for
urea permeation calculated from 3D-RISM did not reflect the urea bind-
ing sites in UT-B because the channel lumen structure was not adapted
to the presence of the solute. Therefore, we computed the PMF from
3D-RISM for each of the 100 structures taken from an umbrella win-
dow simulation, in which urea was bound to UT-B at z = 0.3nm
(Figure 7.4 B, gray and black lines). The expected energy minimum
at z = 0.3nm is absent in all PMFs, indicating that 3D-RISM could not
identify the urea binding site in UT-B even when the pore structure
has adapted to a urea molecule.

7.2.4 Alternative closure relations do not improve PMF calculations from
3D-RISM

3D-RISM solutions can be converged via several closure relations. In
this work, we mainly used the KH closure, but to rule out the effect
of the closure relation, we also tested the chained PSE-n closure as
suggested by other authors [215]. Figure 7.5 presents the PMFs for
the permeation of water, NH3, urea, O2 and methanol across UT-B

and AQP1 calculated from 3D-RISM using different closure relations to
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Figure 7.4: On the influence of structural fluctuations on PMFs from
3D-RISM. PMFs ∆G(z) of urea permeation calculated from 3D-RISM

across (A/B) UT-B and (C) AQP1 over 100 structures taken ei-
ther from an equilibrium simulation or the umbrella window in
which urea is at the binding site of UT-B (gray). The mean PMF of
the respective 100 structures is represented by a black line, and
the PMF obtained from the crystal structure by a red line. The Si,
Sm, and So regions are highlighted for UT-B, as well as the NPA
motif and the ar/R region by colored bars. The peaks of the single
structure PMFs in A and B were removed for clarity.
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Figure 7.5: PMFs from 3D-RISM with KH and PSE-n closures. PMFs ∆G(z)

for the permeation of water (A/B), NH3 (C/D), urea (E/F),
O2 (G/H), and methanol (I/J) calculated with 3D-RISM across
(A/C/E/G/I) UT-B, and (B/D/F/H/J) AQP1 using the KH closure
and the chained PSE-1/PSE-2/PSE-3 closure. The Si, Sm, and So
regions are highlighted for UT-B, as well as the NPA motif and
the ar/R region for AQP1.
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Figure 7.6: PMFs from 3D-RISM with KH, PSE-n, and HNC are used for DRISM.
PMFs ∆G(z) for water (A/B), and urea (C/D) permeation calcu-
lated wit either 3D-RISM-KH or 3D-RISM-PSE-2 (only red dashed
line) across (A/C) UT-B, and (B/D) AQP1 . The KH closure was
used to solve DRISM equations, as represented by the solid line.
The circles, crosses or triangles represent PSE-2, PSE-3 and HNC

closures, respectively.

converge the solution, namely, KH closure, the chained PSE-1/PSE-2
closure, or the chained PSE-1/PSE-2/PSE-3 closure. Overall, the PMFs

computed from 3D-RISM with either closure show no significant dif-
ferences. Exceptions are the PMFs for water and NH3 at the ar/R site
in AQP1, in which differences between ∼ 10 and ∼ 15 kJ mol−1, respec-
tively, are observed among different closure relations.

To solve the 3D-RISM equations, the solution to DRISM equations is
required, in which a closure relation is also used (see Section 5.4).
Therefore, we tested the effect of different closures applied to con-
verge DRISM solution on PMF calculation from 3D-RISM-KH. Figure 7.6
shows the PMFs for water and urea permeation across UT-B and AQP1

computed from 3D-RISM, in which the solutions for DRISM have been
converged with different closures, namely, KH, PSE-n, and HNC (see
Section 6.2). These PMFs do not exhibit any significant differences,
suggesting that the different closures applied to solve DRISM equa-
tions do not improve the DRISM-KH solutions.

Overall, these results suggest that the neither the chained PSE-n
closure, nor the HNC closure, improve the performace of 3D-RISM-KH

among the computation of PMFs for solute permeation across protein
channels.
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Figure 7.7: PMFs from 3D-RISM using different solvent sites. PMFs ∆G(z) for
the permeation of water (A/B), NH3 (C/D), urea (E/F), and
methanol (G/H) calculated with 3D-RISM across (A/C/E/G) UT-B,
and (B/D/F/H) AQP1 using different solvent sites.

7.2.5 Different solvent sites in 3D-RISM yield similar PMFs

Since the PMFs calculated from 3D-RISM are derived from the 3-dimensional
distribution function of a certain solvent-site among many possible,
one could argue that the choice of that certain solvent-site may be
determinant in the subsequent PMF. To rule out this possibility, we
further calculated the PMFs of solute permeation across UT-B and AQP1

using every possible solvent site. The results, presented in Figure 7.7,
indicate that in spite of the different solvent-site considered to cal-
culate the PMFs, none of them show any of the features present in
the PMFs computed from US simulations. Hence, the election of the
solvent-site density distribution, upon which the PMF is calculated,
does not seem to be of critical relevance.
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Figure 7.8: PMFs from 3D-RISM using different grid spacings. PMFs ∆G(z)

for the permeation of water and urea calculated with 3D-RISM

across (A) UT-B, and (B) AQP1 using grid spacings of 0.3Å, 0.4Å,
and 0.5Å.

7.2.6 More discrete grid spacing does not change the PMFs from 3D-RISM

To test the effect of the grid spacing used in 3D-RISM calculations, we
computed the PMFs for water and urea across UT-B and AQP1 using
grid spacings of 0.3Å, 0.4Å, and 0.5Å. These PMFs are shown in Fig-
ure 7.8. Despite the subtle differences, choosing a different grid size
does not improve the PMFs computed from 3D-RISM using a 0.5Å grid
spacing and, consequently, nor they improve the PMFs calculated from
US simulations.

7.2.7 Urea COM vs. C-atom and the LJ parameters on H-atoms do not
affect PMFs from US

It is important to stress that the PMFs calculated from US simulations
are not strictly equivalent to the PMFs computed from 3D-RISM for two
reasons: i) whilst the PMFs computed from US simulations usually take
the solute COM as the reaction coordinate, the PMF calculated from
3D-RISM takes the C-atom of urea as the referent solvent site. ii) The
H-atoms do not have LJ interactions in the US simulations carried out
in this work, whereas the H-atoms do have LJ interactions in 3D-RISM

calculations. Therefore, to test the impact of these differences on PMF

calculation, we computed the PMFs for urea permeation across UT-B

from US simulations in which the H-atoms of urea molecules have
the same LJ parameters as in 3D-RISM calculations, either using the
COM of urea, or its C-atom as the reaction coordinate reference. The
resulting PMFs, which are shown in Figure 7.9 (red and green curves),
exhibit slightly different profiles as compared with the conventional
PMF computed from US (black curve), but still present the energy min-
ima that correspond to urea binding sites. This suggests that neither
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Figure 7.9: PMFs from US using the C-atom of urea and LJ parameters for H-
atoms. PMFs ∆G(z) for urea permeation calculated from US simu-
lations across UT-B, either using urea COM or C-atom as the refer-
ence for the reaction coordinate, and different LJ parameters for
H-atoms. The blue curve represents the typical PMF for urea com-
puted from 3D-RISM, whereas the black curve shows the typical
PMF calculated from US, using a urea molecule with no LJ param-
eters for H-atoms. The red curve shows a PMF calculated using a
urea molecule with the LJ parameters for H-atoms used typically
in the 3D-RISM calculations, and the green curve shows the PMF

calculated from US using the urea C-atom as the reference for
the reaction coordinate, using a urea molecule with the 3D-RISM

conventional LJ parameters for H-atoms.
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the LJ parameters for the H-atoms used in 3D-RISM calculations, nor
the choice of the reaction coordinate reference (COM or C-atom) ex-
plain the large differences observed between the PMFs calculated from
US and the one calculated from 3D-RISM (blue curve).
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A S S I G N I N G T H E C RY S TA L L O G R A P H I C E L E C T R O N
D E N S I T I E S I N F L U C

M
any proteins bind ions and water at well-defined bind-
ing sites, where they play important roles in the functions
and structural stability of the proteins. For instance, wa-
ter and ions may contribute to the active site of enzymes,

water molecules may function as proton donor or acceptors, and ions
frequently bind into selectivity filters of ion channels. Hence, under-
standing protein function and structure at the atomic level requires
precise knowledge of binding sites for water and ions. Such binding
sites may be revealed by the appearance of small isolated electron
densities in the density maps derived from protein crystallography
or cryo-electron microscopy. However, the assignment of such densi-
ties to water, ions, or other small molecules is often far from obvious,
and instead requires substantial human supervision and experience.
Here, we argue that MD simulations and free energy calculations may
guide the assignment of isolated electron densities. As a test case, we
analyze isolated electron densities in the crystal structure of the fluo-
ride channel Fluc. The simulations suggest, in the light of the applied
force-fields, that four densities previously assigned to fluoride ions
more likely represent four water molecules.

8.1 water is more stable than f
−

inside fluc-bpe in free

md simulations

As explained in Chapter 3, four fluoride ions were assigned to four
disconnected electron densities found in the Fluc-Bpe crystal at F82
and F85 sites (Figure 3.2) [85]. To test the stability of fluoride ions
at F82 and F85, we performed MD simulations in crystallographic
and physiological conditions, i. e. with and without pore-blocking L2
monobodies, respectively (see details in Section 6.5). Accordingly, we
ran 10 replicas in which F− ions started at F82 and F85 and Fluc
was blocked by L2 monobodies (80 ns each), and 20 replicas in which
Fluc was free of L2 monobodies (40 ns each). Analogous simulations
were carried out with water molecules starting at F82 and F85. Fig-
ure 8.1 shows typical examples of the positions in time of F− and
water molecules along the Fluc z-axis in each system. In addition,
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w/ monobody w/o monobody

Figure 8.1: F− and water positions at the F82 and F85 sites in Fluc. Posi-
tion change in z-direction (normal to membrane) in MD simula-
tions. (A) F− position inside Fluc with pore-blocking L2 mono-
bodies. (B) Water molecule position in Fluc with pore-blocking
L2 monobodies. (C) F− position inside Fluc without monobod-
ies. (D) Water molecule position in Fluc without monobodies.
Orange curves represent the molecules starting at F82, and blue
curves represent the molecules starting at F85. Different shades
of orange and blue indicate starting positions in the two Fluc
homodimers.

to test the influence of the force-field in these simulations, we car-
ried out 10 additional replicas using the CHARMM36 force-field in
which Fluc was free of monobodies, and another 10 similar replicas
using the polarizable Drude force-field. The plots for all simulations
are shown in Appendix B.

To quantify the results from the above-mentioned MD simulations,
we calculated the maximum likelihood estimates for the lifetime τml

of F− and water at F82 and F85, which are summarized in Table 8.1
(see Section 6.7). The estimates indicate that the lifetime of water is
one order of magnitude longer than that of F−. When Fluc-Bpe was
blocked by L2 monobodies, not a single water molecule escaped the
channel within a total of 1600ns whereas, in contrast, F− escaped
within 181ns and 25ns from F82 and F85, respectively. When Fluc-
Bpe was in the absence of monobodies, water presented slightly re-
duced lifetimes of 1600ns and 1595ns at F82 and F85, respectively.
F− lifetimes were even shorter. F− escaped within 108ns and 3ns
from F82 and F85, respectively. The simulations carried out using the
CHARMM36 or the polarizable Drude force-fields instead of Amber
ff99SB∗-ILDN yielded similar results in the absence of pore-blocking
monobodies (Table 8.1, numbers in parentheses). Overall, the simu-
lations showed that water molecules at F82 and F85 were more sta-
ble as compared with F− ions, regardless the presence or absence of
monobodies, and regardless the applied force-field, suggesting that
the disconnected electron densities at F82 and F85 are rather ordered
water molecules and not F−.
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Table 8.1: Maximum-likelihood estimates τml (nanoseconds) for the life-
time of F− and water molecules at Fluc-Bpe F82 and F85 sites.

w/ monobody w/ monobody w/o monobody w/o monobody

fluoride water fluoride water

F82 181 & 1600 108 (91; 44) & 1600

F85 25 & 1600 3(3; 1) 1595

The numbers not in parentheses have been calculated with the
Amber ff99SB∗-ILDN force-field, and the numbers in parentheses
have been calculated applying the CHARMM36 force-field and the
polarizable CHARMM-Drude force-field, respectively (first and
second number in parentheses).

8.2 difference in ∆∆Gbind between f
−

and water to fluc

favors water over f
−

In the previous section, free MD simulation results indicate that wa-
ter molecules are more stable than F− ions at the Fluc-Bpe F82 and
F85 binding sites. To rationalize these results, we used Thermody-
namic Integration (TI) to compute the relative binding free energy
differences ∆∆Gbind between F− and water at F82 and F85 (see Sec-
tion 6.6).

Figure 8.2A shows ∆∆Gbind as blue and green bars, in which a
negative value is equivalent to a higher probability of water binding.
When Fluc-Bpe is blocked by L2monobodies, and thus preventing the
water molecules outside the channel from solvating the molecules at
F82 and F85 (see Figure 8.3A/B/E/F), the free energy differences at
F82 and F85 are ∆∆Gbind ≈ −235 kJ mol−1, indicating a much more
favorable binding for water at those sites as compared with F− (Fig-
ure 8.2A, solid blue/green bars). This large difference is explained
by the large dehydration free energy for F− of ∼ 500 kJ mol−1, which
is only partially compensated by F−-protein interactions [251]. When
Fluc-Bpe was free of monobodies, the calculated ∆∆Gbind values were
less negative, although still indicating a higher probability for water
molecules over F− of binding at F82 and F85 (Figure 8.2A and Fig-
ure 8.3G/H). This trend is explained by the partial solvation of the F−

restrained at F82 and F85which, in the absence of monobodies, dragg
water molecules from bulk thereby stabilizing F− (see Figure 8.3C/D).
Thus, the calculated ∆∆Gbind are consistent with the results from Sec-
tion 8.1, indicating a more favorable binding of water as compared
with F− to F82 and F85, regardless of the presence or absence of pore-
blocking monobodies.
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Figure 8.2: Summary of free-energy calculations. (A) Difference ∆∆Gbind of
the binding free energy of water versus an ion, defined such that
a negative ∆∆Gbind implies a more favorable binding free energy
for water. Color code as follows. Orange: F−/water bound to F82
site; blue: F−/water bound to F85 site; olive: Na+/water bound
to TM3 site. Solid and dashed bars show results computed in
the presence and absence of the L2 pore-blocking monobodies.
(B) Absolute binding free energies ∆Gbind of water to F82 (or-
ange) and F85 (blue) sites in the WT channel, and to the F82I
(magenta) and F85I (dark teal) sites in the mutant channel. The
same filled/dashed bar scheme is followed. The two values for
each site correspond to the two Fluc monomers.
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Figure 8.3: Water and F− at F82 and F85 sites, taken from snapshots of the
relative binding free energy simulations. Several representative
snapshots taken from the alchemical transformation simulations
are depicted. Fluoride (A,B,C,D) is shown as purple spheres and
water (E,F,G,H) as red (oxygen) and white (hydrogen) spheres.
Some of the amino-acid side-chains in the F82 (A,C,E,G) and F85
(B,D,F,H) sites are depicted in colored sticks. Some of the hydro-
gen bonds established between the protein and the water/fluo-
ride are highlighted with black dashed triangles.
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Table 8.2: Absolute binding free energy ∆Gbind (kJ mol−1) of water at F82, F85, F82I, and
F85I sites.

F82 F85 F82I F85I

w/ L2 monobodies −11.2± 0.8 −23.5± 0.5 −10.2± 0.7 −11.4± 1
−9.1± 0.8 −22± 0.6 −9.7± 0.8 −11.6± 0.8

w/o L2 monobodies −6.6± 0.4 −22.1± 0.4 −12.9± 1.1 −0.3± 0.9
−6.9± 0.4 −21.1± 0.4 −4.5± 1.5 −0.8± 0.5

8.3 absolute binding free energy ∆Gbind of water to fluc

The ∆∆Gbind calculations between water and F− favour the binding
of water over F− to the F82 and F85 sites. However, since these num-
bers are mostly affected by the large F− dehydration penalty, they do
not prove that water molecules, per se, are able to bind to F82 and
F85, which is needed to justify the assignment of water molecules
to the disconnected electron densities at F82 and F85. Therefore, we
calculated the absolute binding free energy ∆Gbind of water to F82
and F85, i. e. the free energy for translocating a water molecule from
bulk solvent into the F82 and F85 sites, again either in presence or in
absence of pore-blocking monobodies (see Section 6.6).

Figure 8.2B and Table 8.2 show ∆Gbind of water at F82 and F85
in WT Fluc-Bpe. The negative ∆Gbind in both the presence and ab-
sence of monobodies (solid and shaded bars, respectively) indicate
a favourable water binding to these sites. The F85 site offers sev-
eral interaction sites as hydrogen bond donors and acceptors such
as Ser180, Tyr104, and Asn43, thus yielding large negative ∆Gbind of
≈ −20 kJ mol−1. The F82 site offers fewer interaction sites, namely the
hydroxyl group of Ser112, and the backbone carbonyl of Asn43 the
main interacting parters for water, which yields less negative ∆Gbind.
Overall, these values are consistent with the binding of water to F82
and F85.

8.4 rationalizing the disappearence of electron densi-
ties in the f82i/f85i mutant.

The loss of the disconnected electron densities associated to the F80I
and F83 sites in the non-functional F80I/F83I Fluc-Ecl mutant (ana-
logues of F82 and F85 sites in Fluc-Bpe), was interpreted by Last et al.
as an indication of the functional relevance of these F− binding sites
[97]. Since our results have hitherto suggested that F82 and F85 are
not F− binding sites, but rather water binding sites, we tested whether
the assignment of water to the electron densities is compatible to the
disappearence of such densities in the mutant channel. Hence, we fur-
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ther calculated the absolute free energy of binding ∆Gbind of water to
the F82I and F85I sites in Fluc-Bpe.

Figure 8.2B (magenta and dark green bars) shows the binding free
energies ∆Gbind of water to F82I and F85I remain mostly negative
upon mutation, indicating that water would occupy the mutant bind-
ing sites as well. The only exception is the F85I site when monobodies
are absent, in which, as soon as the binding water molecule is moved
to bulk, it is replaced by a water molecule from the bulk, yielding
a ∆Gbind ∼ 0. These results may seem incompatible with the disap-
pearence of electron densities in the mutant. However, the loss of
electron densities might also be explained by an increased disorder
of bound water molecules in the crystal, in consequence of the in-
creased volume of the cavity in the Phe→Ile mutant. We tested this
hypothesis by running free MD simulations, for 80ns each, of water at
F82, F85, F82I, and F85I, and we compared the disorder of the water
molecules between the WT and the mutant. Figure 8.4A/B shows an
overlay of the positions of water oxygen atoms taken from ∼ 2000 MD

snapshots of WT and mutant channels. More quantitatively, the vol-
ume sampled by water was calculated from the Root Mean Squared
Fluctuations (RMSF) of water oxygen atoms at F82 and F85 in each
simulation, taking the mean oxygen position as the reference. The av-
erage RMSF of oxygen atoms in WT Fluc-Bpe is 0.032nm, and 0.038nm
at F82 and F85, respectively, which is consistent with highly ordered
water molecules. In contrast, the average RMSF of oxygen atoms in the
mutant increases to 0.066nm, and 0.063nm at F82I and F85I, respec-
tively, which indicates that water molecules are significantly more
dispersed in the mutant as compared with the WT channel. These
findings rationalize the disappearance of the electron densities in the
mutants not as a consequence of loss of water binding, but due to
increased disorder of bound water molecules in the mutant crystal.

8.5 tm3 site is stabilized by na
+

Stockbridge et al. assigned Na+ to the disconnected electron density
at the TM3 site in Fluc-Bpe crystal, based on its coordination by four
main chain carbonyl oxygen atoms (Figure 3.2C, blue sphere) [85]. To
test whether MD simulations support this assignment, we computed
the relative binding free energy difference ∆∆Gbind between Na+ and
water at TM3. Figure 8.2A shows a ∆∆Gbind = −6 .2 ± 1 .4 kJ mol−1 ,
which suggests slightly more favourable binding of water over Na+.
However, it is important to stress that the hydration free energy of
Na+ is ∼ −350 kJ mol−1 , and hence the resulting ∆∆Gbind is a small
number derived as the difference between two large numbers, which
is certainly not within the accuracy of the force-fields. This leads to
the conclusion that free energy calculations, in this case, are insuffi-
cient to assign the isolated electron density.
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Figure 8.4: On the disappearance of electron densities at the F82I and F85I
in the mutant crystals. Water oxygen atoms (red spheres) posi-
tions in the 2000 snapshots taken from 80-nanosecond simula-
tions. (A) WT Fluc channel is shown in grey and white ribbons.
The F82 and F85 binding sites are highlighted in both monomers.
(B) Mutant Fluc channel is depicted as before. Here, the F82I and
F85I mutated residues are highlighted.

Therefore, we also tested the structural stability of the TM3 site in
free MD simulations with either Na+ or water coordinated at TM3.
Figure 8.5A/B shows the positions of G77 and T80 residues forming
the TM3 site, which were taken from 10 ns free MD simulations (thin
sticks), as compared with the positions of G77 and T80 residues in
the crystal (thick sticks). Both G77 and T80 residues remain close
to the crystal structure when Na+ is bound at TM3. However, when
water binds to TM3, its structure is more flexible and at least one G77
residue significantly changes its orientation as compared with the
crystal, possibly because water cannot establish four simultaneous
hydrogen bonds with the carbonyl groups [85]. Hence, whereas free
energy calculations yielded inconclusive results, free MD simulations
confirm Na+ as the most plausible species at the TM3 site.

8.6 the role of the force-field in modeling ion-phenylalanine

interactions

We further tested whether force-field unertainties may influence our
conclusions on the nature of the isolated electron densities in Fluc-
Bpe. To this end, we computed the relaxed Potential Energy Sur-
face (PES) between F− and benzene —used as a model for the Phe
side chain — using quantum-chemical calculations, and we compared
them with results from additive and polarizable force-fields (see Sec-
tion 6.8). The PESs in Figure 8.6B reflect a strong interaction between
F− and the quadrupole of benzene, revealing a potential energy of
binding in vacuum of ∼ −50 kJ mol−1. The fluoride-phenyl interac-
tions modelled by the additive Amber ff99SB∗-ILDN force-field with
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Na
+

Figure 8.5: G77 and T80 residue positions in MD simulations. (A) Posi-
tions of G77 and T80 residues in a 10 ns MD simulation in which
Na+ is bound to TM3. The positions of G77 and T80 residues
are shown as thin sticks in which oxygen is colored in red, hy-
drogen in white, nitrogen in blue, and carbon in cyan. The po-
sitions of the G77 and T80 residues in the crystal structure are
depicted in thick sticks following the same color scheme. The
protein secondary structure is showed in white and gray ribbons.
(B) Positions of G77 and T80 residues in a 10 ns MD simulation
in which a water molecule is bound to TM3 . The G77 residue
that adopts a systematically different orientation in the simula-
tion as compared with the crystal structure is highlighted in a
dashed circle.

the ion parameters by Joung & Cheatham III are significantly under-
estimated, suggesting that the relative binding free energy difference
∆∆Gbind between F− and water, showed in Figure 8.2A, is overesti-
mated by ≈ 40 kJ mol−1 in favour of water. It is important to high-
light that such correction would not lead to different qualitative con-
clusions, given the ∆∆Gbind ∼ −235 kJ mol−1 yielded by the additive
force-field in the crystallographic conformation. Besides, the fluoride-
benzene interactions modelled by the polarizable CHARMM-Drude
force-field were stronger and more consisitent with QM calculations.
However, despite the stronger F−-benzene interactions modelled by
CHARMM-Drude, the estimated lifetime of F− at F82 and F85 in sim-
ulations carried out with that same force-field was even shorter as
compared with Amber ff99SB∗-ILDN simulations (Table 8.1, second
numbers in parentheses). This result indicates that the stability of
F− at these binding sites is not critically dependent on the fluoride-
phenyl interactions.

Additionally, we computed the relaxed PESs between Cl− and ben-
zene via QM calculations and compared them with results from addi-
tive and polarizable force-fields. Figure 8.6C shows that the chloride-
phenyl interaction modelled by the B3LYP/ma-def2-TZVP —which
uses the most accurate basis set among the ones tested in this study—
yields a potential energy of binding in vacuum of ∼ −23 kJ mol−1,
whilst the same interaction modelled by the additive force-field is
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B3LYP / ma-def2-SVP
B3LYP / ma-def2-TZVP
MP2 / aug-cc-pVDZ
Amber99sb / Joung-Cheatham
CHARMM-Drude

F- Cl-

Figure 8.6: Relaxed PESs of ion-benzene interactions. (A) Illustration of the
coordinate R as the distance of ion (cyan sphere) from the cen-
ter of mass of the benzene ring (green/white spheres), taken in
the plane of the ring. The left cyan sphere indicates the position
of the potential energy minimum. (B) Relaxed PESs of fluoride-
benzene using QM calculations at different quantum levels and
using different basis sets, as indicated in the legend (black, red,
and green curves). (C) Relaxed PESs of chloride-benzene using QM

calculations, as well as the additive Amber ff99SB∗-ILDN and the
polarizable CHARMM-Drude force-field.
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underestimated by ∼ 10 kJ mol−1 as compared with the B3LYP/ma-
def2-TZVP result. Again, the results from the polarizable CHARMM-
Drude force-field are in better agreement with the QM calculations.
This calls into question the suitability of additive force-fields to un-
veil the selectivity mechanism of Fluc.
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T H E P E R M E AT I O N M E C H A N I S M I N F L U C - B P E

I
on channels mediate the selective flux of ionic species
across cell membranes. Their function and structure can
be studied by a wide range of experimental techniques,
such as electrophysiology and crystallography. Yet com-

putational methods are essential to understand in atomic detail the
permeation and selectivity mechanisms of ion channels. In this study
we use MD and US simulations to analyze the structural and functional
properties of the suggested permeation pathway in the fluoride chan-
nel Fluc-Bpe. Accordingly, each Fluc-Bpe homodimer presents two
permeating pores. In turn, each pore can be identified by the two
vertically aligned electron densities that were assigned to fluoride in
the crystal structure. Our results indicate that i) the structure of the
channel opens upon keeping the fluoride ions restrained at the F82
and F85 binding sites owing to water molecules entering the pore,
and ii) that this open structure allows the efficient and non-selective
permeation of water, F−, and Cl−.

9.1 water enters fluc-bpe when f
−

ions are restrained

in the channel

The results shown in Chapter 8 leave open the question about the
permeation mechanism in Fluc channels. With the aim to find a F−-
conducting state of Fluc, we carried out MD simulations of the Fluc-
Bpe system, in the absence of pore-blocking monobodies, in which a
restraining potential was applied to the fluoride ions at F82 and F85.
We ran 20 replicas with the Amber ff99SB∗-ILDN force-field (80ns
each) and, to test the influence of the applied force-field, we ran an-
other 10 replicas with the CHARMM36 force-field (80ns each). Fig-
ure 9.1 shows the result of one such simulation, in which the water
molecules in bulk enter the pores and solvate the restrained F− ions.
The trans-membrane helices TM2, TM3a, and TM3b move to accom-
modate the increasing number of solvent molecules that surround the
ions. These additional water molecules occupy the lumen of the pore
bewteen the ions, transforming Fluc-Bpe into a water-filled channel.

More quantitatively, Figure 9.2 shows typical time traces of the
running average number of water molecules inside Fluc-Bpe as com-

83
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Figure 9.1: The structure of Fluc-Bpe when the pores are filled with wa-
ter molecules. A single snapshot taken from one simulation in
which Fluc-Bpe pores are open and filled with water molecules
while the F− ions remain restrained at the crystallographic bind-
ing sites. The F− ions are represented as blue spheres, the water
molecules as red/white spheres, and the F82 and F85 residues as
thick sticks.
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Figure 9.2: Number of water molecules inside Fluc-Bpe. Typical time traces
of the running average number of water molecules inside Fluc-
Bpe in the absence of pore-blocking monobodies. The running
averages are taken from simulations with the (A) Amber ff99SB∗-
ILDN force-field, (B) the CHARMM36 force-field, or (C) the
CHARMM-Drude force-field, in which F− ions were restrained
at the F82 and F85 binding sites, or (D) in which water molecules
were bound to F82 and F85. Each color represents one of the
pores.

Table 9.1: Number of water molecules in Fluc-Bpe pores.

Molec. at F82/F85 F− (Amber99SB) F− (CHARMM36) F− (CHARMM-Drude) Water

avg. nr. of water
molec. / pore

10.29 9.96 9.05 3.01

avg. RMSD (nm) 0.23 0.24 0.29 0.11

puted from the simulations. The number of water molecules inside
each pore was calculated as the number of water-oxygen atoms within
the volume of a cylinder. The geometric center of the cylinder is
defined as the COM of the pore Cα atoms, with radius r = 0.4nm
and height h = 2nm. To compare these results with the number
of molecules that enter Fluc-Bpe in the simulations in which water
molecules are bound to the binding sites, we also computed the run-
ning averages in such simulations. The plots of running averages of
each simulation can be seen in Appendix C. Overall, the results show
that more water molecules enter Fluc-Bpe when F− ions are kept in-
side, as compared with the simulations in which four water molecules
are bound to F82 and F85.

The results shown in Figure 9.2 and in Appendix C are summa-
rized in Table 9.1. The results indicate that the restrained F− ions
inside Fluc-Bpe drag ∼ 10 water molecules to each pore, whereas
the two water molecules bound to F82 and F85 drag only ∼ 1 water
molecule (the number in Table 9.1 already includes the two water
molecules bound to Fluc-Bpe). In addition, we calculated the average
Root Mean Squared Deviation (RMSD) between the backbone atoms
of the last frame of the simulations and the crystal structure. With
average RMSD values > 0.2nm, the Fluc-Bpe structure clearly devi-
ates from the crystal, reflecting the deformation of TM2, TM3a, and
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Figure 9.3: PMFs of solute permeation across Fluc-Bpe. PMFs ∆G(z) for the
permeation of F− , Cl− , and water across Fluc-Bpe while being
open and filled with water molecules. z = 0 corresponds to the
COM of the transmembrane residues in Fluc-Bpe. The position of
the F82 and F85 binding sites are highlighted. (A) Cycled and
bootstrapped PMFs. (B) Non-cycled PMFs

TM3b due to the large amount of water molecules solvating the ions.
In contrast, a RMSD value of ∼ 0.1nm indicates that the channel struc-
ture barely changes along the simulations in which water is bound
to Fluc-Bpe as compared with the crystal. Taken all together, these
results indicate that the structure of the proposed permeation path-
way in Fluc-Bpe is significantly different to the crystal in simulations
with both polarizable and non-polarizable force-fields upon restrain-
ing the fluoride ions inside. Besides, the channel structure remains
similar to the crystal when water molecules are at the binding sites.
Overall, these results suggest that the functional conductive-state in
Fluc may be an open and partially hydrated channel.

9.2 pmfs of solute permeation across an open fluc-bpe

To investigate the permeability of a Fluc-Bpe channel that is open and
fully hydrated, we computed the PMFs for the permeation of F−, Cl−,
and water with US simulations (see Section 6.5.2) (see Figure 9.3). The
PMF for the permeation of water exhibits a free energy barrier ∆G‡

of ∼ 7.5 kJ mol−1 close to the F82 binding site, which is compatible
with a fully hydrated pore and a highly efficient water channel such
as the ones previously analyzed in this thesis, i. e. UT-B and AQP1. At
the F85 binding site, the water PMF is ∼ 5 kJ mol−1 lower than at F82.
This is consistent with the free energy calculations seen in the previ-
ous chapter, which resulted in a absolute binding free energy ∆Gbind
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at F85 of ∼ 10 kJ mol−1 lower than at F82 (see Section 8.3). The PMFs

for fluoride and chloride permeation showed in Figure 9.3A present
free energy barriers ∆G‡ of ∼ 18 kJ mol−1, which is compatible with
the permeation of these ionic species. These results indicate that the
Fluc-Bpe open structure may be the conductive state of the channel.
However, some uncertainties regarding the permeation and selectiv-
ity mechanisms remain. For instance, the energy barrier in the PMF of
F− is slightly higher than in the PMF of chloride, indicating that this
open Fluc-Bpe is not selective to F− over Cl−, in contrast with exper-
imental evidence [74]. At the F85 binding site, the PMFs for F− and
Cl− exhibit a steep increase, with energy values similar to those of the
PMF for water. These values reflect the permeation of an anion that is
partially or fully hydrated, and clearly diverge from the relative bind-
ing free energies ∆∆Gbind between water and fluoride, in which water
is favored by at least a 40 kJ mol−1 difference (see Figure 8.2).

The PMFs in Figure 9.3A have been calculated using a cyclic ver-
sion of WHAM, which renders a periodic PMF G(z) within the interval
[zmin, zmax], as expected for the permeation in case of equal chemi-
cal potential in the two water compartments [181]. The PMFs in Fig-
ure 9.3B are not cycled, thereby showing offsets of ∼ 15 to 20 kJ mol−1

for fluoride and chloride, respectively, between each side of the mem-
brane, demonstrating that the PMFs are not converged. In general,
these results suggest that i) the crystal structure of Fluc-Bpe is most
likely a closed pore, and that ii) we derived a conductive state of Fluc
as confirmed by a low free energy barrier for F− permeation. How-
ever, some key challenges remain. Most importantly, the mechanism
of selectivity of F− over Cl− is not yet understood. We speculate that
force-fields that accurately model the anion-protein interactions will
be required to achieve this goal.





Part IV

D I S C U S S I O N A N D C O N C L U S I O N S





10
D I S C U S S I O N

10.1 is 3d-rism more suitable than md to calculate pmfs

of solute permeation?

We have presented a systematic comparison between two different
methods for the calculation of PMFs of solute permeation across mem-
brane channels, namely, 3D-RISM and MD simulations via Umbrella
Sampling (US).

For water, we found significant agreement between the PMFs cal-
culated with 3D-RISM and MD simulations, supporting many other
studies in which 3D-RISM has been used to calculate water density
distributions in biological systems [252–257]. The small discrepancies
between the water PMFs from MD and 3D-RISM may be ascribed to i)
the lack of protein structural fluctuations in 3D-RISM calculations; ii)
the different water models used in MD simulations and 3D-RISM [198];
iii) the sampling limitations inherent to MD; and iv) the orientational
averaging carried out in RISM calculations.

In contrast to our findings for water, for the rest of the permeating
solutes we found significant deviations between the PMFs obtained
from MD and 3D-RISM. The PMFs calculated from MD simulations are
determined by the polarity, size, and shape of the solute, responding
to different solute-protein interactions. For instance, the PMFs exhibit
lower profiles in the apolar regions of the pore in which certain so-
lutes establish partially apolar contacts with the channel (e. g. O2,
methanol, and urea), thereby replacing unfavorable water-protein in-
teractions. Many other authors have calculated similar PMFs from MD

simulations, which are consistent with our results [62–64, 244, 258].
By contrast, the PMFs computed from 3D-RISM did not reveal any of
the features arising from the chemical specificities of the solutes. The
different PMFs calculated from 3D-RISM were too similar. The only vari-
ations in the profiles seem to originate from solute size but not from
solute polarity, thereby missing any modulation due to hydrophobic
effects. The lack of hydrophobic contributions to 3D-RISM has been no-
ticed before, and thus several corrections that allow the calculation
of more accurate solvent Radial Distribution Functions (RDFs) around
a hyrophobic solute, such as the ones indicated by Cao et al., might
improve the PMFs calculated from 3D-RISM [259].

91
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One of the most striking deficiencies exhibited by the PMFs com-
puted from 3D-RISM for urea permeation across UT-B is the lack of
urea binding sites (Figures 7.1A, 7.4A/B, 7.5E, 7.6C, 7.7E, 7.8A, and
7.9). Apparently, 3D-RISM fails to capture the different roles that urea
may play at its binding sites, i. e. as an h-bond donor and acceptor.
Urea is a planar molecule whose edges are polar whilst the faces
are apolar. These particular features are leveraged in the urea bind-
ing site at So shown in Figure 10.1A/B, in which urea establishes an
h-bond with residue T334 as acceptor, and with residues I228 and
Q227 as donor. Simultaneously, the planar and less hydrophylic faces
may interact favorably with the apolar residues F283, L123, L127, and
L287. These residues form a highly optimized binding site, in which
urea is coordinated by a combination of polar and apolar contacts
leading to an energetically stabilitized pose, as reflected by the min-
imum of ∼ −5 kJ mol−1 in the PMF calculated from MD (Figure 7.1A,
green curve). For comparison, Figure 10.1C/D shows the binding site
at So as interpreted by 3D-RISM, with the density distribution of the
urea carbon atom depicted in turquoise. Notably, 3D-RISM suggests
reduced density at the binding site, incompatible with the binding of
urea. These results suggest that, given the relevance of the orienta-
tional dependence of certain solutes to establish stable solute-protein
interactions, the final 3-dimensional density ditributions of solvent
molecules across protein channels may be critically affected by the
loss of information owing to the orientational averaging performed
by DRISM [190, 193].

We further tested the effect of several parameters relevant to DRISM

and 3D-RISM calculations, such as water model, solvent site, grid spac-
ing, solute concentration, and error tolerances. None of these had a
significant effect on the resulting PMFs. However, changes in the sol-
vent site or the grid spacing may lead to larger variations and should,
therefore, be tested with care (Figures 7.7, and 7.8). Additionally, we
tested different closure relations, such as HNC and PSE-n, as an alter-
native to the commonly used KH closure, for both DRISM and 3D-RISM

calculations. Unfortunately, converging the equations with HNC or
PSE-n closures is more difficult as compared with the KH closure [193,
260]. Besides, when the HNC and PSE-n solutions converge, the result-
ing PMFs resembled the PMFs obtained with the KH closure (Tables 6.1,
and 6.2; Figures 7.5, and 7.6).

Furthermore, we tried a different approach, which consisted in the
computation of PMFs for the permeation of non-water solutes using
the hydration free energies calculated from 3D-RISM. In this approach,
the protein and the permeating molecule were defined as the “so-
lute” according to the 3D-RISM conventions, and water was defined
as the only “solvent”. Then, the hydration free energy of the so-
lute —protein and permeating molecule— is computed with 3D-RISM

as a function of the permeating molecule position across the chan-
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Y131

L127

L123

L287

Figure 10.1: Urea binding site in UT-B So region. The protein secondary
structure and volume is shown in silver, urea as spheres, and
some side chains as thick sticks. The color coding for the atoms
is as follows: carbon (turquoise), oxygen (red), nitrogen (blue),
and hydrogen (white). The snapshots where taken from US MD

simulations. (A/C) Hydrogen bonds formed between the urea
oxygen and T334 hydrogen, as well as between a urea hydrogen
and I228 oxygen are depicted in black dashed line. (B/D) 90deg
rotation of A, illustrating favorable apolar contacts between
urea and residues F283, L287, L123, and L127. V64 and Y131
are also depicted filling the space. (E) 3D density of the urea
carbon from 3D-RISM. The turquoise surface indicates g(r) > 2,
and the void space in the density distribution function is high-
lighted with a dotted circle.
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nel z, being performed over many conformations of the permeating
molecule and finally averaged. These calculations, however, poorly
converged, even when the protein coordinates were frozen, indicat-
ing that 3D-RISM hydration free energy based calculations are not an
alternative to 3D-RISM calculations with solvent mixtures.

3D-RISM was previously used to calculate PMFs of solute permeation
across AQP1. In 2010, Phongphanphanee et al. computed the PMFs

for the permeation of water, Ne, CO2, NO, NH3, urea, and glycerol
across AQP1 [99]. However, our PMFs computed from 3D-RISM differ
from their PMFs, deserving more explanations. First, the free energy
barriers of 10 to 12 kJ mol−1 present in our PMFs of water permeation
cannot be observed in the profiles computed by Phongphanphanee
et al., which are, to a large extent, flat. The free energy barriers of
at least 10 kJ mol−1 do not reflect a channel empty of water, instead,
they account for the entropic penalty due to the narrowing of the
pore as compared with the bulk region [261]. Indeed, our PMFs of
water permeation across UT-B and AQP1 are the result of water-filled
channels (Table 7.1). Before translating the 1D density profile g(z)
into a PMF (Section 6.2.1), Phongphanphanee et al. divided g(z) by
the cross section area of the pore (Equation 4 in ref. [262]), yielding
a flat profile. This corresponds to the solute density only inside the
channel, instead of to the solute density along the reaction coordinate
z, leading to profiles that are not PMFs as such and, therefore, cannot
be compared with the PMFs presented in this study.

10.2 the nature of the crystallographic electron den-
sities in fluc-bpe

Many structural and functional properties of proteins depend on
water-protein and ion-protein interactions. The latter play an essential
part in many enzymatic reactions, shaping the free-energy landscape
of chemical reactions, and by stabilizing structural motifs. Many of
these relevant ions and water molecules are detected in crystallo-
graphic electron densities, the proper assignment of which is pivotal
for deriving functional mechanisms from structural data. However,
the correct assignment of densities is not straightforward and often
requires a considerable amount of human expertise [48, 263–272]. In
this thesis we used a combination of MD simulations and free energy
calculations to assign the five disconnected elctron densities in the
crystal structure of the bacterial fluoride channel Fluc-Bpe.

Overall, our results suggest that the four disconnected electron den-
sities, provisionally assigned to F− in the crystal structure by Stock-
bridge et al., are most likely ordered water molecules. Regarding the
fifth density, which is at the center of the channel (TM3), the relative
binding free energy calculations yielded inconclusive results. Conse-
quently, short free MD simulations were used to evaluate the struc-
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tural stability of the TM3 binding site, corroborating the assignment
of Na+, as indicated by the authors of ref. [85].

The limited precision of ion-protein interactions in additive force-
fields proved to be a source of uncertainty, which makes the absolute
and relative binding free energy calculation results highly dependent
on the applied force-fields. For example, the interactions between a
cation and carboxylate along distance in vacuum, calculated with
both quantum-chemical calculations and older versions of common
force-fields, may differ by tens of kJ mol−1, which triggered the devel-
opment of several force-field fixes in the last years [232–234]. Here, we
computed the relaxed Potential Energy Surface (PES) along fluoride-
benzene and chloride-benzene distances in vacuum with quantum-
chemical calculations and compared them with the profiles derived
from a non-polarizable force-field (Amber ff99SB∗-ILDN) and a po-
larizable force-field (CHARMM-Drude) (see Figure 8.6). In both cases
(fluoride-benzene and chloride-benzene), the results calculated with
the Amber force-field in combination with the ion parameters from
Joung & Cheatham III underestimated the anion-benzene interactions
by tens of kilojoules per mol, whilst the profiles derived from CHARMM-
Drude were fairly consistent with the PESs from QM calculations. These
results indicate the appropriateness of using polarizable force-fields
when ion-protein interactions come into play. However, since the rel-
ative binding free energy differences ∆∆Gbind between F− and water
at F82 and F85 are larger than the inaccuracies derived from the non-
polarizable force-field, and given that fluoride is equally unstable at
the binding sites with CHARMM-Drude as it is with Amber99SB, the
qualitative conclusions regarding the nature of the electron densities
seem to be unaffected by the force-field defects.

One could argue about the convenience of simulating in a physi-
ologically realistic environment instead of the crystallographic unit
cell. On one hand, the simulations with the crystallographic unit cell
would be carried out in conditions more similar to experiment and,
in addition, such simulations would allow high-throughput free en-
ergy calculations. On the other hand, a system including the lipid
bilayer, solvated with explicit water molecules and counter-ions, al-
lowed us to neutralize the overall charge while transforming a water
molecule into fluoride in bulk, and fluoride into a water molecule in
the protein, during the alchemical transformation simulations. With
a non-neutral box, the PME method for computing the electrostatic in-
teractions would have built up a so-called background charge density,
whose interactions with the system ions lead to artifacts [273]. How-
ever, our simulation set-up, which includes the lipidic membrane and
explicit solvent molecules, is not suitable for high-throughput free en-
ergy calculations. It is important to stress, however, that alchemical
transformations in the unit cell are not possible under neutral overall
charge conditions, unless enough volume of bulk water is provided
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to add counter-charges. Therefore, to perform such calculations in the
unit cell, it would be desirable to apply analytical corrections similar
to the ones already developed for hydration free energy calculations
of ions in a uniform solvent, or even for simple heterogeneous sys-
tems, such as hydrophobic slaps or spheres in water, which alleviate
the effects due to the background charge, the finite size of the simu-
lation system, or the finite volume of the ion [96, 273–281]. Although
such corrections are not suitable for more complex heterogeneous sys-
tems such as protein crystals, we hope that approximations might be
established based on the above-mentioned studies.

10.3 the permeation mechanism in fluc-bpe

We used a combination of free MD simulations and US simulations
to test the suggested permeation mechanism in Fluc-Bpe by Stock-
bridge et al. The authors proposed that fluoride permeation takes
place through a fully dehydrated pore, in which the contacts between
the permeating ion and the residues that form the polar-track of the
protein, including the quadrupolar interactions with F82 and F85,
play a major role [85, 98].

Our results suggest that Fluc-Bpe undergoes a pore opening tran-
sition —regardless of the applied force-field— if fluoride ions are
restrained at F82 and F85. This transition takes place after water
molecules from bulk solvent enter the channel to hydrate the ions.
In contrast, when water molecules are bound at F82 and F85, no ad-
ditional water molecules enter Fluc, and its structure remains similar
to the crystal. Many ion channels need a transition from a close- to an
open-state to facilitate the ionic flux [47, 282–285]. In the case of Fluc
channels, single channel current experiments indicate that F−-flux is
independent from gating events [74]. The absence of gating events
does not mean that there are not open and closed states, it rather
means that the functional state in Fluc is mainly open or conductive.
In its crystallographic form, Fluc is bound to pore-blocking monobod-
ies, which may affect the functional state of the channel, thereby leav-
ing Fluc-Bpe in a close- or non-conductive state. However, recent anal-
yses of pore-blocking monobody binding to Fluc-Bpe rule out global
and local allosteric mechanisms that would change the Fluc structure
significantly [87, 88, 286]. But in the study by McIlwain et al., the Fluc
channel blocked by one monobody has a conductivity up to 10-15% of
unblocked Fluc-Bpe. Hence, we cannot ignore the possibility of an al-
ternative fully conductive open-state. In our simulations, we observed
opening transitions when the F− ions were restrained at F82 and F85.
It is important to highlight that these results were replicated in the
simulations with the polarizable CHARMM-Drude force-field indi-
cating that, even when ion-protein interactions are accurately mod-
elled, Fluc-Bpe cannot conduct dehydrated ions. Overall, the qualita-
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tive agreement between the results yielded by non-polarizable and
polarizable force-fields suggests that reaching the conductive state of
Fluc implies structural changes that lead to partially hydrated pores.

Accordingly, we calculated the PMFs for solute permeation with this
open structure (Figure 9.3). The PMF for water suggests that water
would permeate Fluc-Bpe as efficiently as other well-known water
channels such as UT-B or AQP1. For F− and Cl−, the PMFs exhibit a free
energy barrier compatible with the permeation of either ion. Hence,
the PMFs do not reproduce the experimentally established selectivity
for F−. This could be explained by the balance between ion-water and
ion-protein interactions. In the case of non-polarizable additive force-
fields, this balance clearly favours the ion-water interactions. Hence,
key ion-protein contacts might be absent in our simulations, in which
the ions are constantly solvated along the permeation pathway. The
PMFs for ion permeation did not fully converge, leaving room for im-
provement. On one hand, it is not surprising that water molecules
may permeate Fluc, as similar mechanisms have been observed in
other ion-channels such as K+-channels and Na+ channels [287–290].
On the other hand, the PMFs do not reflect a clear selectivity for F−

over Cl−, raisesing doubts about the robustness of the conclusions on
ion permeation across Fluc. We speculate that, given that the fluoride-
Phe / chloride-Phe interactions as modelled by additive force-fields
are underestimated, the usage of the more accurate CHARMM-Drude
force-field will be critical for analyzing the function of Fluc-Bpe in
particular, and ion-channels in general.

The permeation mechanism proposed by Stockbridge et al. and
by Last et al. implies that a dehydrated fluoride ion would be per-
meated by a Fluc channel that is structuraly similar to the crystal.
Then, fluoride would establish key contacts with certain residues that
form a polar-track across the pore, in which the conserved pheny-
lalanine residues would have a preferent role. This mechanism con-
trasts with the results of our simulations. In the simulations fluo-
ride rapidly escapes Fluc when in direct contact with the pheny-
lalanines. In addition, when fluoride is restrained inside the chan-
nel, it drags water into the pore leading to a conductive open state.
These results can be reproduced with the polarizable CHARMM-
Drude force-field, by which the anion-phenylalanine interactions are
more accurately modelled as compared with non-polarizable additive
force-fields. A recent study has measured the magnitude of the anion-
quadrupole interactions in protein residues, which range from ∼ −60

to 0 kJ mol−1, highlighting the relevance of such interactions [291].
Hence, we agree with Stockbridge et al. in the critical role fluoride-
phenylalanine contacts may play for permeation. We add that the se-
lectivity mechanism might be rationalized by the potential energy dif-
ference between fluoride-benzene and chloride-benzene interactions,
as revealed by the PES scans. Thanks to this difference, which was of
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∼ 20 kJ mol−1, the more favorable fluoride-phenyalanine interactions,
as compared with the chloride-phenylalanine ones, may help Fluc
channels to facilitate the selective flux of F− over Cl−.

Our insight into the functioning of Fluc channels can be summa-
rized as follows: i) The conductive state of Fluc channels entails a
pore opening transition leading to an open structure that is different
from the structure resolved by crystallography; ii) water molecules
populate the open pores in Fluc, partially solvating the permeating
fluoride ions; iii) the selective permeation of fluoride in Fluc chan-
nels may arise from favorable F−-Phe edgewise contacts which, being
stronger than the Cl−-Phe interactions, would efficiently discriminate
fluoride from chloride. Several questions about the permeation and
selectivity mechanisms in Fluc channels remain open nevertheless:

• Is the open state a plausible state in conductive Fluc? Since we did
not observe any opening transition unless the fluoride ions were
restrained inside, we cannot rule out the possibility that the
open state is an artifact caused by the presence of F− inside
Fluc. Therefore, to confirm the plausibility of the conductive
open state on Fluc, it would be desirable to reproduce the open-
ing transition in the absence of restrained fluoride ions. Prob-
ably this would require long MD simulations in the range of,
at least, tens of microseconds. In addition, Nuclear Magnetic
Resonance (NMR) spectroscopy might help to characterize the
structural properties of Fluc in native-like conditions, thereby
confirming the open conductive state suggested in this thesis.
NMR has been already used for membrane proteins [292, 293].
However, the classical protein size limit of ∼ 30 kDa in NMR

studies might be too tight even for the relatively small bacterial
Fluc channels (∼ 32 kDa). A suitable alternative, then, may be
solid-state NMR, which does not suffer from the classical size re-
strictions and has been already used in structural studies with
liposomes [294, 295].

• Is there an alternative permeation pathway? The permeation path-
way in Fluc channels has been suggested according to i) the
position of the four electron densities that were assigned to flu-
oride in the crystal, and ii) to the fluoride flux disruption upon
mutating the conserved Phe residues. It is clear now that the
electron densities correspond to ordered water molecules, so
the first clause can be ignored. Hence, the question remaining
is what different permeation pathways, dependent on the con-
served phenylalanines, are still possible. To tackle this question
we suggest to perform fluoride steered MD simulations across
Fluc. In theory, a sufficiently slow pulling should allow the ion
being pulled to find the less restrictive path across the channel.
Such approach has been already used to understand the molec-
ular mechanism of ion permeation in different systems. Steered
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MD simulations can be used as well to calculate PMFs of ion
permeation, which would give a more complete picture of the
permeating process [296–298]. Since ion-protein interactions are
crucial in ion permeation processes, the use of polarizable force-
fields will be relevant to account for the proper magnitude of
ion-protein energetic contributions.

• What is the role of water in the channel? If the conductive state of
Fluc is not the open state, but a close state similar to the crystal,
then the four ordered water molecules observed in the crystal
could play an important structural role. For instance they might
fix the position of the conserved Phe residues so that the perme-
ating fluoride ion establishes properly oriented edgewise con-
tacts. If, instead, the conductive state of Fluc is similar to the
hydrated open state observed in the simulations, then the main
role of water molecules might be to lubricate the pore. Thus wa-
ter would partially hydrate the permeating fluoride ions which,
otherwise, would have to overcome a dehydration penalty of
∼ 500 kJ mol−1. Without a detailed structural characterization of
the conductive state of Fluc, this question promises to be quite
difficult to answer. Even in this scenario, the role of water in
ion channels still sparks lively debates that are far from being
closed. This is the case with potassium channels, in which it is
not clear whether water molecules participate in the permeation
mechanism [48, 267, 268, 285, 299].

• Which is the selectivity mechanism? Regardless of the open or
closed form of its conductive state, the way Fluc selectively per-
meates fluoride and excludes chloride remains a mystery. On
one hand, the ionic radius of F− (1.2Å) is slightly smaller than
that of Cl− (1.7Å). This difference could be exploited by Fluc
channels to discriminate between the two species. Similar molec-
ular filtering has been proposed for other channels such as Ca2+

release-activated Ca2+ (CRAC) channels or 5-HT3A receptors.
The structural characteristics of such channels determine the
size of the largest permeating ion that can diffuse through them
[300, 301]. On the other hand, as suggested by the PES calcula-
tions, the difference of ∼ 20 kJ mol−1 in the interaction energy
between F−-Phe and Cl−-Phe might be enough to allow the effi-
cient and selective fluoride flux. We speculate that the selectivity
in Fluc channels might stem from one of the discussed mecha-
nisms or the combination of both. To answer this, it would be
required the computation of PMFs for ion permeation with dif-
ferent ionic species using polarizable force-fields.
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C O N C L U S I O N

T
his thesis has clarified an open question about the suit-
ability of 3D-RISM to calculate PMFs for solute permeation
across protein channels. It has proposed a new method to
ascertain the nature of isolated electron densities in pro-

tein crystals, and it has developed a solid hypothesis about the per-
meation mechanism and selectivity in Fluc channels.

We found in 3D-RISM a computationally cheap and reasonably ac-
curate method to compute PMFs for water permeation. On one hand,
free energy differences of ∼ 2 kJ mol−1 between the UT-B PMFs yielded
a 50% lower water occupancy in 3D-RISM as compared with MD. On
the other hand, the agreement between 3D-RISM and MD for the AQP1

PMFs is nearly quantitative. Therefore, 3D-RISM stands as an efficient
alternative to MD simulations for water-density predictions. In con-
trast, the treatment of non-water solutes in 3D-RISM calculations led
to PMFs which significantly diverged from those computed with MD,
even when different closures, solvent-sites, or the structural fluctu-
ations of the protein were considered in 3D-RISM. The origin of such
divergence might be the result of i) the intrinsical limitations imposed
by the orientational averaging carried out in RISM, and ii) the incorrect
treatment of hydrophobic interactions in 3D-RISM.

We further proposed and demonstrated a new method based on
MD simulations and free energy calculations for assinging crystallo-
grahic electron densities. We found that i) relative binding free en-
ergies ∆∆Gbind between two different molecular species may deter-
mine which species binds with higher affinity to a certain binding site.
However, when the balance between ion-protein and water-protein in-
teractions is involved in ∆∆Gbind calculations, current additive force-
fields, in which ion-protein interactions are poorly modelled, do not
provide accurate results. Therefore, conclusions may only be drawn
when the ∆∆Gbind values clearly deviate from zero, as they did for the
F−/water alchemical transformations. ii) ∆∆Gbind clarifies whether
the binding of one species is more plausible over another. However,
∆∆Gbind does not confirm whether one species binds per se . The bind-
ing can only be confirmed upon the calculation of absolute binding
free energies ∆Gbind, which reveals whether a certain species actually
binds to a particular binding site. Binding is only plausible when
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∆Gbind . 0, which is needed for a molecule to be observed in the
crystal. Furthermore, the fraction of binding sites occupied by that
molecule also depends on its bulk concentration. iii) Short, free MD

simulations may be useful for analyzing the structural stability of the
crystal. Fast and reproducible deviations from the crystal structure
may indicate wrong assignment of electron densities. In our case, the
recurrent instability of fluoride ions at the F82 and F85 binding sites,
regardless of the applied force-field, and the systematic drift in the
TM3 site upon binding of water, helped to determine the nature of
the densities in those sites. It is important to stress, however, that
the opposite is not true, i. e. the structural stability in short, free MD

simulations does not confirm an assignment, since many structural
deviations may be random and occur beyond the available time scale.
Hence, solid conclusions may only arise from multiple independent
simulations that corroborate comparative stability analyses.

Finally, we elaborated a hypothesis about the permeation mecha-
nism and selevtivity in Fluc channels. We found that the presence of
fluoride ions inside the pores transforms Fluc into an open, hydrated
channel, which is structurally different to the crystal. We therefore
conclude that Fluc channels undergo an opening transition to reach
the conductive functional state. According to the calculated PMFs for
solute permeation, the open-state is permeable to water, fluoride and
chloride. Thus, the experimentally observed selectivity for fluoride
was absent in our model. In addition, the PES scans revealed a differ-
ence of ∼ 20 kJ mol−1 between F−-Phe and Cl−-Phe contacts. Hence,
we propose that the specificity for fluoride in Fluc channels stems
from favorable F−-Phe edgewise-interactions.
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E N T R O P Y I N A F L AT- B O T T O M E D C Y L I N D R I C A L
P O T E N T I A L

During US simulations of solute permeation across UT-B (see Section 6.1
for details), the solutes were restrained to a cylinder via a cylindrical
flat-bottomed potential Vcyl(r) = kc(r− rc)

2/2 ·H(r− rc). Thus, when
solutes are in bulk, they may diffuse laterally along an area defined by
the cross section area Acyl of the cylinder. Therefore, the correspond-
ing PMF relates to a density of one channel per cross section area of
the cylinder. In other words, the cross section area of the cylinder
might be regarded as the bulk reference area of the PMF. Hence, to
translate the PMF into a new reference area Aref, a correction for the
change in entropy of the bulk upon changing the reference area from
Acyl to Aref has to be applied. That change in entropy is defined as

∆S = kB ln

(
Aref

Acyl

)
. (A.1)

For a “hard-core” cylinder, the cylinder area would be simply Ahc
cyl =

πr2c. However, for a “soft” cylinder, the entropy of the solute density
defined by the flat-bottomed potential has to be calculated. The solute
density is

ρcyl(r) = N
−1

 1 if r 6 rc,

exp
(
−

(r−rc)
2

2σ2c

)
if r > rc,

(A.2)

where σc = (kBT/kc)
1/2 is the width of the Gaussian-shaped decay

of the density in the quadratic region of the flat-bottomed potential.
The normalization constant is

N = π
(
r2c + 2σ

2
c +
√
2πrcσc

)
, (A.3)
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106 entropy in a flat-bottomed cylindrical potential

such that ρcyl(r) is normalized,
∫∞
0 2πrρcyl(r)dr = 1. The Shannon

entropy of the distribution is

Scyl[ρcyl] = −kB

∫∞
0

2πrρcyl(r) ln ρcyl(r)dr (A.4)

=
kBπr

2
c

N
lnN

+
2kBπσc

N

[
σc(1+ lnN) + rc

√
π

2
(
1

2
+ lnN)

]
. (A.5)

The Shannon entropy of a uniform distribution over the new refer-
ence area is

Sref = kB lnAref. (A.6)

Thus, the corrected free energy in bulk is defined as

∆Gbulk = −T(Sref − Scyl), (A.7)

where T is the absolute temperature. Since the free energy of the bulk
state is often defined to zero, it is convenient to apply the correction
to the PMF in the inside region of the channel by −∆Gbulk. Otherwise
the bulk region should be corrected by ∆Gbulk.

Taking numerical example, let rc = 0.7nm, kc = 500 kJ mol−1nm−2,
T = 300K, and Aref = 10.3nm2, which is the cross section area of an
AQP1 monomer [172]. Then, we calculate ∆Gbulk = 3.851 kJ mol−1. Ap-
proximating the cylinder area as Acyl = π(rc + 2σc)

2 yields a correc-
tion of 3.824 kJ mol−1, which is consisitent with the analytic result, as
suggested before [212]. On the contrary, approximating the cylinder
area as Acyl = πr

2
c, and thus neglecting the density outside of the flat

region of the flat-bottomed potential, yields an inaccurate correction
of 4.74 kJ mol−1.
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Figure B.1: F− positions in Fluc-Bpe blocked by L2 monobodies. Orange
and blue curves represent the molecules starting at the F82 and
F85 sites, respectively. Different shades of orange and blue indi-
cate starting positions in the two homodimers of Fluc-Bpe.

0 20 40 60 80
0

5

10

z
-a

x
is

 (
n

m
)

Water w/ monobodies

0 20 40 60 80
0

5

10

0 20 40 60 80
0

5

10

0 20 40 60 80
0

5

10

0 20 40 60 80
0

5

10

0 20 40 60 80
0

5

10

z
-a

x
is

 (
n

m
)

0 20 40 60 80
0

5

10

0 20 40 60 80

Time (ns)

0

5

10

0 20 40 60 80
0

5

10

0 20 40 60 80
0

5

10

Figure B.2: Water molecule positions in Fluc-Bpe blocked by L2 monobod-
ies. Orange and blue curves represent the molecules starting at
the F82 and F85 sites, respectively. Different shades of orange
and blue indicate starting positions in the two homodimers of
Fluc-Bpe.
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Figure B.3: F− positions in Fluc-Bpe free of monobodies. Orange and blue
curves represent the molecules starting at the F82 and F85 sites,
respectively. Different shades of orange and blue indicate start-
ing positions in the two homodimers of Fluc.
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Figure B.4: Water molecule positions in Fluc-Bpe free of monobodies. Or-
ange and blue curves represent the molecules starting at the F82
and F85 sites, respectively. Different shades of orange and blue
indicate starting positions in the two homodimers of Fluc-Bpe.
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Figure B.5: F− positions in Fluc-Bpe free of monobodies, simulated
with the CHARMM36 force-field for the protein and
Joung/Cheatham parameters for F−. Orange and blue curves
represent the molecules starting at the F82 and F85 sites, respec-
tively. Different shades of orange and blue indicate starting posi-
tions in the two homodimers of Fluc-Bpe.
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Figure B.6: F− positions in Fluc-Bpe free of monobodies, simulated with
the CHARMM-Drude force-field for the protein and the po-
larizable fluoride model by Lamoureux & Roux. Orange and
blue curves represent the molecules starting at the F82 and F85
sites, respectively. Different shades of orange and blue indicate
starting positions in the two homodimers of Fluc-Bpe.
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Figure C.1: Average number of water molecules inside Fluc-Bpe when F−

is restrained at F82 and F85 (Amber99SB). Green and magenta
curves represent running average number of water molecules
inside Fluc-Bpe when F− ions are restrained at the F85 and F82
binding sites. Each color corresponds to one pore.
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Figure C.2: Average number of water molecules inside Fluc-Bpe when
F− is restrained at F82 and F85 (CHARMM36). Green and
magenta curves represent running average number of water
molecules inside Fluc-Bpe when F− ions are restrained at the
F85 and F82 binding sites. Each color corresponds to one pore.

Figure C.3: Average number of water molecules inside Fluc-Bpe when F−

is restrained at F82 and F85 (CHARMM-Drude). Green and
magenta curves represent running average number of water
molecules inside Fluc-Bpe when F− ions are restrained at the
F85 and F82 binding sites. Each color corresponds to one pore.
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Figure C.4: Average number of water molecules inside Fluc-Bpe when wa-
ter is bound to F82 and F85. Green and magenta curves rep-
resent running average number of water molecules inside Fluc-
Bpe when water molecules are bound to the F85 and F82 bind-
ing sites. Each color corresponds to one pore.





D
A B O U T T H E L AT E R A L D I S T R I B U T I O N O F
C H O L E S T E R O L I N B I N A RY L I P I D M I X T U R E S

d.1 introduction

Cholesterol can be found in the vast majority of animal cell mem-
branes. With concentrations up to 50mol%, the presence of choles-
terol in lipidic bilayers increases their order and packing density,
which has deep implications in several physicochemical properties,
such as the bending moduli, mebrane curvature, line tension, lateral
diffusion, or permeability [302–306]. Analyses on the lateral distribu-
tion of cholesterol in ternary lipid mixtures with saturated and un-
saturated lipids have concluded that the domain formation in such
membranes is favored by enthalpic contributions of cholesterol in sat-
urated bilayers as compared with unsaturated ones [307–311]. How-
ever, in cholesterol-containing binary mixtures, despite the formation
of nanoscopic domains in saturated membranes, or the absence of
well-defined domains in unsaturated membranes, the lateral organi-
zation of cholesterol remains unclear [312–315]. As a consequence,
the local cholesterol density fluctuations produced by lateral diffu-
sion are not quantitatively understood. For instance, it is not known
whether the enthalpy-favored packing of cholesterol with saturated
lipids lead to different degrees of lateral domains. Hence, based on
the statistical theory of solutions, we studied the relation between the
fluctuations in cholesterol concentration and domain formation with
the chemical potential of cholesterol in several binary lipid mixtures.
In this work, I analyzed the influence of the chemical potential differ-
ences on the formation of cholesterol-depleted domains by means of
Coarse-Grained (CG) Molecular Dynamics (MD) simulations of choles-
terol in increasingly unsaturated membranes, namely, in membranes
of 1,2-dipalmitoyl-sn-phosphatidilcholine (DPPC) and 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) membranes [316].
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Water Cholesterol DPPC DOPC

Figure D.1: CG representation of water and lipids in Martini FF. Purple: wa-
ter bead; blue/orange: phospholipid head groups; white: glyc-
erol; silver: hydrocarbon; green: unsaturated groups; red: hy-
droxil.

d.2 materials and methods

d.2.1 System Set-up for MD simulations

The simulation systems contained ∼ 800 phospholipid-cholesterol molecules
and ∼ 13000 water beads. The total area of the equilibrated square
membranes was between 198 and 263nm2. Molecular interactions
were described by the CG Martini force-field [36], which models three
to four heavy atoms as one CG bead. The CG representation of the
molecules used in this study is showed in Figure D.1. The suitability
of this particular force-field for this kind of study is confirmed by the
successful simulations of phase separation in ternary lipid mixtures,
which reproduced the favoured cholesterol packing with saturated
lipids [317, 318].

d.2.2 Pulling simulation details before US

Once the membrane systems were equilibrated, we carried out pulling
simulations along the reaction coordinate ξ to create a circular cholesterol-
depleted domain. The reaction coordinate was taken from Tolpekina
et al. and is defined as [319]:

ξ =
(Σ− Σ0)

(N− Σ0)
, (D.1)

where Σ =
∑N
i=1 tanh(ri/ζ), and Σ0 is the equilibrium value of Σ,

computed analytically assuming a random distribution of cholesterol
in the membrane. ζ = 1.5nm specifies the approximate radius of the
cholesterol-depleted domain when ξ is close to one. N is the num-
ber of cholesterol molecules, ri is the COM distance in the membrane
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A B

Figure D.2: CG system in pulling simulations. (A) Simulation system of
DPPC (white) + 30 mol % cholesterol (orange) in which ξ = 0.
(B) Same simulation system after forming a cholesterol-depleted
domain of radius R (ξ = 0.9).

plane of cholesterol molecule i from the center of the cholesterol-
depleted domain. The reaction coordinate ξ is normalized such that
ξ = 0 corresponds to a homogeneous cholesterol distribution, whilst
ξ ∼ 1 corresponds to the fully formed domain. Figure D.2 shows a
typical pulling simulation system before and after pulling along the
reaction coordinate ξ.

d.2.3 US simulation and PMF calculation details

We computed the PMFsWD(ξ) for the formation of a circular cholesterol-
depleted domain with US simulations. Accordingly, we generated 21
equally spaced umbrella windows from each pulling simulation. The
sampled region of the reaction coordinate was chosen to be between
ξ = 0 and ξ = 0.9, and the force constant of the umbrella potential
was k = 12500kJ mol−1. We simulated each window for 1µs. The
first 40ns of each trajectory were removed for equilibration. The PMFs

were computed using WHAM, and the histograms were bootstrapped
for computing statistical errors of 6 1 kJ mol−1 [179, 181]. Since ξ is
little intuitive, we translated the PMFs WD(ξ) into functions of the ap-
proximate radius R of the cholesterol-depleted domain, where R was
defined as the radius where cholesterol density reached 50% of the
value far away from the domain center, thereby obtaining the PMFs

WD(R) for domain formation.
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d.2.4 Loss of lateral entropy calculations

The loss of lateral entropy ∆Slat(R) = Slat(R) − Slat(R = 0) upon
cholesterol-depleted domain formation was calculated via the Shan-
non entropy:

Slat(R) = −kB

∫
box

dxdy pR(x,y) lnpR(x,y), (D.2)

where pR(x,y) denotes the lateral density of cholesterol at domain
radius R, taken from the respective US simulations. Slat(R = 0) is the
lateral entropy in the absence of a domain, and was analytically calcu-
lated by assuming a homogeneous cholesterol density pR=0(x,y) =

N/Ab, where Ab is the area of the membrane. The loss of lateral en-
tropy depends on Ab, approximately via

∆Slat(R) ≈ kB ln
(
1−

πR2

Ab

)
. (D.3)

d.2.5 Calculation of ∆Wµ(R) contributions

The contribution of the chemical potential to the PMFs for domain
formation, ∆Wµ(R), was calculated in the following way. The number
of cholesterol molecules that is transferred from the region of reduced
cholesterol content into the region of higher cholesterol content, as
a consequence of forming the cholesterol-depleted domain, can be
calculated as

NR = ρπR2 (D.4)

where ρ = N/Ab is the average cholesterol 2D density. Since the
cholesterol-depleted domain area is much smaller than the total mem-
brane area, the cholesterol concentration xc outside the domain is con-
sidered constant. Then, we have

∆Wµ(R) =

∫NR
0

dN ′R
[
∆µ(xDc (N ′R)) −∆µ(xc)

]
, (D.5)

where xDc (N ′R) = N
′
Rxc/(ρπR

2) is the cholesterol concentration inside
the domain if N ′R cholesterol molecules are left. If we approximate
the curves in Figure 2D of reference [316] by

∆µ(xc) = m1xc +m2x
2
c , (D.6)

which yields for the integral

∆Wµ(R) = πR
2ρxc

(
1

2
m1 +

2

3
m2xc

)
. (D.7)
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d.3 results and discussion

The main findings of the study may be summarized as follows [316]:

1. Cholesterol molecules are repelled from cholesterol-enriched
domains, which explains why cholesterol does not form such
domains in binary mixtures [314].

2. Despite the fact that cholesterol packs more favorably with sat-
urated phospholipids, the excess chemical potential difference
∆µex, i. e. the change in chemical potential with increasing choles-
terol fraction, is not influenced by the saturation degree of phos-
pholipids in cholesterol concentrations xc < 40mol %.

3. The excess chemical potential µex, computed from TI, increases
with the number of double bonds in the lipid tails, which is
consistent with experimental evidence [311, 320].

4. The lateral distribution of cholesterol is less compressible, i. e.
more homogeneous, than that of a 2D ideal gas, as suggested
by the computed chemical potential µ(xc). In turn, µ(xc) can
be related to the lateral 2D compressibility of cholesterol χchol

thanks to the statistical theory of solutions.

5. The lower compressibility of the lateral distribution of choles-
terol is independent from the type of phospholipid, as ∆µex

hardly changes with different lipids.

To aid to understand the effect of the chemical potential differences
on the formation of cholesterol-depleted domains, we calculated the
PMFsWD(R) for cholesterol-depleted domain formation in cholesterol-
DPPC and cholesterol-DOPC binary mixtures (see Section D.2).

The PMFs WD(R) for cholesterol-depleted domain formation pre-
sented in Figure D.3 (solid lines) exhibit a fast increase with increas-
ing radius R, which indicates that the spontaneous formation of such
domains is unlikely. Furthermore, whereas the steepness of the PMFs

and the free energy of domain formation increase with increasing
concentrations of cholesterol, the profiles show similar trends irre-
spective of the different degree of saturation of the tested lipids, DPPC

and DOPC, which is consistent with the results of the excess chemical
potential difference. To relate the differences in the excess chemical
potential ∆µex to the PMFs WD(R) of domain formation, we can de-
compose the latter into two components:

i The lateral entropy Slat of cholesterol decreases upon domain for-
mation, which can be calculated via the Shannon entropy (see
Section D.2.4). Accordingly, the entropic contribution −T∆Slat(R)

plotted Figure D.3 (dashed lines) was calculated from simulations.



120 about the lateral distribution of cholesterol in binary lipid mixtures

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

100

75

50

25

0

DPPC DOPC

R (nm) R (nm)

W
D
(R

) 
(k

J
 m

o
l-1

)

PMF (15% chol)

-T Slat(R) (15% chol)

PMFest (15% chol)

PMF (30% chol)

-T Slat(R) (30% chol)

PMFest (30% chol)

PMF (45% chol)

-T Slat(R) (45% chol)

PMFest (45% chol)

Figure D.3: PMFs WD(R) for cholesterol-depleted domain formation. The
PMFs for domain formation have been calculated in binary
lipid mixtures of cholesterol-DPPC (left) and cholesterol-DOPC

(right), with varying concentrations of cholesterol (see legend).
Solid lines: PMFs from US simulations; dashed lines: loss of lat-
eral entropy −T∆Slat(R); circles: PMFs estimated via ∆Wµ(R) −
T∆Slat(R)

ii The contribution of the chemical potential due to the formation
of the cholesterol-depleted domain ∆Wµ(R), which can be calcu-
lated following the derivation in Section D.2.5. This contribution
arises from transferring cholesterol molecules from a cholesterol-
depleted domain into a cholesterol-enriched domain.

The sum of the two components, ∆Wµ(R) − T∆Slat(R), is presented in
Figure D.3 (circles) labelled as the “estimated” PMFest. It is notewor-
thy that these PMFest are in excellent agreement with the PMFs WD(R)

calculated from US simulations (solid lines), which confirms the de-
pendence of the lateral distribution of cholesterol on the combination
of i) the lateral entropy Slat, and ii) changes in the chemical poten-
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tial of cholesterol with the concentration of cholesterol. Furthermore,
the balance between these two factors changes with the concentra-
tion of cholesterol xc. Whilst at low xc the formation of cholesterol-
depleted domains is dominated by the lateral entropy (Figure D.3,
black lines), similar to a 2D ideal gas, at high xc the major contri-
bution comes from the repulsive cholesterol-cholesterol interactions
(Figure D.3, blue and yellow lines). Overall, these results indicate that
the free energy cost for adding a cholesterol molecule increases with
packing, and given that tighter packing is associated with lower en-
thalpy, we suggest that the contribution to that the increasing cost
in free energy is mainly entropic. We, therefore, propose that the
cholesterol molecules, which are like solvent molecules solvated in a
solvent of phospholipids, modify the structure of the solvent, which
indirectly repells the incoming cholesterol molecules.

d.4 conclusion

In this study we quantified the lateral organization of cholesterol via
chemical potentials, which were translated into density fluctuations
that are far lower than those of the 2D ideal gas, and into free energies
of cholesterol-depleted domain formation. In particular, the results
presented in this appendix, i. e. the free energies of domain forma-
tion, are in agreement with the chemical potentials and the density
fluctuations computed by my colleagues. All together, we found that
the lateral distribution of cholesterol in binary lipid mixtures is dom-
inated by the lateral entropy Slat only at very low concentrations of
cholesterol. In contrast, the cholesterol-cholesterol repulsive interac-
tions dominate at higher concentrations of cholesterol. Besides, we
analyzed the influence of unsaturations in the lateral distribution of
cholesterol, which were found to play a minor role. This might be
non-intuitive, given the preferred packing of cholesterol with satu-
rated lipids [310, 321, 322]. It is important to stress, however, that
the packing of cholesterol is related to the magnitude of µex, which is
strongly influenced by the lipid unsaturations [320, 323, 324], but that
the lateral distribution of cholesterol is related to ∂µex/∂xc, which we
found to be similar regardless of the lipid unsaturations. We hope
that the quantitative analysis carried out in this work helps future
researchers to understand better the functional implications of lateral
distribution in membranes.
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