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Abstract

Lipid scramblases of the TMEM16 family are Ca?"-activated membrane proteins that
provide a pathway for bidirectional transport of lipids between the membrane leaflets.
Many TMEM16 lipid scramblases also function as ion channels with implications in
various physiological processes, including apoptosis, immune response, and cell vol-
ume regulation. Although physiological functions of ion channels heavily rely on
their ion selectivity, that of TMEM16 lipid scramblases remains elusive, demonstrat-
ing a notable variation among the experimental studies. Despite recent progress in
structural characterization of TMEM16 lipid scramblases, the molecular mechanisms
of their ion conduction and ion selectivity remain poorly understood. Here, we used
atomistic molecular dynamics (MD) simulations, as a means for bridging static struc-
tural and macroscopic functional data, to unravel atomic-level details of ion channel
functionality of TMEM16 lipid scramblases. We utilized the recently developed com-
putational electrophysiology algorithm, which mimics functionality of patch-clamp
experimental setup, to study ion conduction properties of fungal nhTMEM16 and hu-
man TMEM16K in various lipid membranes. We found that in the main ion con-
ductive state TMEM16 lipid scramblases conduct ions through a structured but yet
dynamic proteolipidic pore, which is partly formed by lipid headgroups. Lining the
ion permeation pathway, lipid headgroups directly interact with permeating ions and
shape the energetics of the ion permeation process. Notably, due to the dipole mo-
ment associated with lipid headgroups, their effect on the ion energetics depends on
polarity of the applied voltage, making the headgroups a voltage-sensitive element
of the pore. Moreover, our simulations demonstrated that lipid headgroups which
flank the neck region of the pore can directly affect its permeability. We also found
that positioning and orientation of charged residues in the pore of a TMEM16 lipid
scramblase define its basic ion selectivity, which, however, can be prominently altered
by membrane lipid composition via changing the pore electrostatics. We identified the
regions with changed electrostatic potential by applying a new tool g_elpot, which we
developed for quantifying biomolecular electrostatics from MD trajectories. Conclud-
ing, in this work we defined the structural basis of ion conduction and selectivity in
TMEM16 lipid scramblases and discovered the direct effects of membrane lipids on
the ion-conduction properties of these dual function proteins.
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Zusammenfassung

Ca’*-aktivierte Lipidskramblasen der TMEM16-Familie sind Membranproteine,
welche den bidirektionalen Transport von Lipiden zwischen den beiden Hailften
der Zellmembran ermdoglichen. TMEM16-Lipidskramblasen fungieren zusatzlich als
Ionenkanile und spielen wichtige Rollen in physiologischen Funktionen wie Zel-
Ivolumenregulation, Apoptose und der Immunabwehr. Obwohl die physiologis-
che Funktion von Ionenkandlen mafigeblich von ihrer Ionenselektivitidt abhéngt,
zeigt diese im Fall von TMEM16-Lipidskramblasen in verschiedenen experimentellen
Studien eine hohe Variabilitit und konnte daher bislang nicht eindeutig definiert
werden.  Trotz vieler Fortschritte in der strukturellen Charakterisierung von
TMEM1e6-Lipidskramblasen, sind die molekularen Mechanismen der Ionenleitung
und Ionenselektivitdt bislang unverstanden. In dieser Arbeit verwendeten wir
Molekulardynamik(MD)-Simulationen um die Ionenkanalfunktion von TMEM16-
Lipidskramblasen in atomarer Auflosung aufzukldren und eine Verkniipfung zwis-
chen den Proteinstrukturen und makroskopischen/funktionellen Daten herzustellen.
Mit Hilfe des kiirzlich entwickelten Computational Electrophysiology-Verfahrens zur
Simulation elektrochemischer Potentialgradienten, vergleichbar mit Patch-Clamp-
Experimenten, untersuchten wir die Ionenleitung durch nhTMEM16, einem Homolog
aus dem Reich der Pilze, sowie die humane TMEM16K-Isoform in verschiedenen
Lipidmembranen. Mit Hilfe dieser Simulationen konnten wir den hauptséachlichen io-
nenleitenden Zustand der TMEM16-Lipidskramblasen definieren, in welchem Ionen
durch eine dynamische, von Aminosduren und Lipidkopfgruppen begrenzte, Pore
permeieren. Auf Grund dieser komplexen Porenarchitektur, kénnen Lipidkopfgrup-
pen direkt mit permierenden Ionen interagieren und die Energetik der Ionenperme-
ation regulieren. Interessanterweise hingt die Orientierung der Lipidkopfguppen in
der Pore, auf Grund ihres intrinsische Dipolmomentes, von der Richtung der Trans-
membranspannung ab, woraus sich eine spannungsabhingige Regulation der Ionen-
permeation ergibt. Des Weiteren zeigen unsere Simulationen, dass Lipide, welche die
Engstelle der Pore begrenzen, auch ihre Permeabilitit direkt regulieren. Wahrend die
genaue Anordnung und Ladung der Aminosduren in der TMEM16-Pore die basale
Ionenselektivitdt bestimmen, wird die Selektivitdt zusétzlich durch die Lipidzusam-
mensetzung der Membran iiber elektrostatische Einfliisse auf die Pore reguliert. Die
Entwicklung des Programms g_elpot zur Berechnung elektrostatischer Potential aus
MD-Trajektorien, ermoglichte uns eine genaue Charakterisierung dieser, durch Mem-
branlipide vermittelten, Potentialinderungen in der Pore. Zusammenfassend hat un-
sere Arbeit die strukturellen Grundlagen der Ionenleitung und Ionenselektivitidt von
TMEMI16-Lipidskramblasen und neue regulatorische Effekte der Membranlipide auf
die Leitungseigenschaften dieser bifunktionellen Proteine aufgeklart.






Ignoramus et ignorabimus.
—Emil Du Bois-Reymond

Chapter 1

Introduction

The TMEM16 protein family (also known as anoctamins) comprises Ca?*-activated
ion channels and lipid scramblases, which facilitate passive transport of lipids across
the membrane. Many of TMEM16 lipid scramblases also operate as ion channels. Such
combination of rather distinct functionalities within a single protein family is directly
related to unique structural features of TMEM16 proteins. In this chapter, TMEM16
proteins are introduced with the focus on TMEM16 lipid scramblases and their ion
conduction. The introduction is done through an overview of various functions of
TMEML16 proteins, followed by a description of their molecular structures and discus-
sion of the ion-conduction models that have been proposed so far. At the end of the
chapter, the main aims of this work are outlined.

1.1 Functions of TMEM16 proteins

In mammals, the TMEM16 family consists of ten members, labeled with letters from
A to K, excluding I. The founding members of the TMEM16 family (TMEM16A and
TMEM16B) were first discovered in 2008 as long-sought molecular identities of Ca®*-
activated chloride channels [1-3]. TMEM16A and TMEM16B are mainly expressed
in epithelial and neuronal tissues, respectively [4]. These channels are engaged in
a plethora of physiological functions. In particular, TMEM16A regulates epithelium
Cl~ secretion [1], modulates nociception [5, 6], and blocks polyspermia in frog egg
membranes [2]. In turn, TMEM16B modulates signal transduction in hippocampus [7]
and in olfactory receptor neurons [8]. The channels are activated directly by Ca®" but
demonstrate slightly different Ca" sensitivity, so that EC50 ranges from hundreds
of nM in TMEM16A [9] to a few uM in TMEM16B [10]. The channel activation also
demonstrates voltage dependence so that membrane depolarization and Ca®" binding
synergistically promote opening of the ion conducting pore [11].

Other members of the family had been assumed to be Ca?*-activated anion channels
as well, until in 2010 TMEM16F was discovered to facilitate lipid scrambling, that
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is the bidirectional transport of lipids between leaflets of the lipid membrane [12].
The main physiological implications of the TMEM16F-mediated scrambling include
blood coagulation [12-14], bone mineralization [15], immune response [16], and pla-
centa development [17]. These functions rely on externalization of negatively charged
phosphatidylserine (PS) lipids [18], which are normally sequestered to the internal
membrane leaflet [19]. Experimental evidence suggests that most of the members
of the TMEM16 family can operate as lipid scramblases [20]. Whereas physiologi-
cal functions of majority of TMEM16 lipid scramblases remain largely elusive, their
ubiquitous expression suggests that they may play important roles in cellular physiol-
ogy [4]. In particular, TMEM16K lipid scramblase, which is localized to the endoplas-
mic reticulum (ER) membrane [21], was recently shown to regulate endosomal sorting
[22]. Finally, fungal homologs of the family were shown to scramble lipids when re-
constituted into liposomes [23, 24], unambiguously demonstrating innate scrambling
functionality of the TMEM16 family.

Intriguingly, many of TMEM16 lipid scramblases have also been shown to oper-
ate as ion channels [25]. These include TMEMI6F [13, 26-28], TMEMI16K [29],
and fungal afTMEM16 from Aspergillus fumigatus [23] and nhTMEM16 from
Nectria haematococca [30]. Various physiological functions of ion currents mediated
by scramblases include apoptotic cell shrinkage [26, 31], innate immunity [27, 32],
modulation of Ca?" signaling [13, 33], and cell volume regulation [29]. Compared
to TMEM16A and TMEM16B, TMEM16 lipid scramblases require higher concentra-
tion of Ca2t for their activation, with EC50 for TMEM16F being in a hundred-uM
range [34]. Whereas anion selectivity of bona fide channels TMEM16A and TMEM16B
is well established, lipid scramblases demonstrate a notable variation in ion selectiv-
ity between different studies [25, 35]. In particular, the TMEM16F lipid scramblase has
been variously reported to generate nonselective [36, 37], anion selective [26, 34, 38],
and cation selective [13, 39, 40] currents. Moreover, ion selectivity of TMEM16F has
recently been shown to depend on salt concentration [41, 42]. In addition, a lipid
scramblase obtained by a single mutation in TMEM16A demonstrated cation selectiv-
ity in contrast to the clear CI~ selectivity of the wild type channel [43]. Although ion
selectivity of the ER-localized lipid scramblase TMEM16K is hard to measure in the
cellular experiments due to its intracellular localization, this scramblase was shown to
be permeable to both cations and anions, when reconstituted into liposomes [21]. The
absence of strong ion selectivity was also shown for the fungal scramblases [23, 30].
Thus, despite high physiological importance, ion selectivity of TMEM16 lipid scram-
blases remains highly controversial, with its molecular determinants being poorly
understood.

1.2 Structures of TMEM16 proteins

The first structural insight into the TMEM16 protein family was obtained from the
X-ray structure of nhTMEM16 [24]. In agreement with previous FRET [44] and blue-
native gel electrophoresis experiments [45], the scramblase revealed a dimeric struc-
ture with a butterfly-like scaffold (Figure 1.1). Interestingly, the TMEM16 proteins are
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Figure 1.1: Structure of n(hTMEM16 in the Ca?*-bound fully open conformation (PDB
ID: 4WIS) resolved by the X-ray crystallography. Protomers are colored in gray and
white, Ca®" ions are shown as magenta spheres. Transmembrane helices that line and
border the subunit cavity are shown in pale and bright cyan, respectively. Membrane
borders are schematically depicted.

TMEM16K

Figure 1.2: a, b Cryo-EM structure of afTMEM16 (a; PDB ID: 6EOH) and X-ray struc-
ture of TMEM16K (b; PDB ID: 50C9) in the Ca®"-bound fully open conformations.
¢, d Cryo-EM structures of TMEM16F (c; PDB ID: 6QP6) and TMEM16A (d; PDB
ID: 50YB) in the Ca?*-bound closed conformations. a-d Protomers are colored in
gray and white, with pore-lining and cavity-bordering helices highlighted by pale and
bright colors, respectively. Membrane borders are schematically depicted.
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also known as anoctamins, reflecting the eight-transmembrane-domain topology sug-
gested by initial hydropathy analysis [3]. However, the nhTMEM16 structure showed
that each protomer comprises ten transmembrane (TM) helices, consistent with the re-
vised topology that was inferred from the biochemical assays [46]. The structure also
revealed molecular basis for the Ca®" activation: each protomer has an individual
Ca?*-binding site, which can be occupied by two Ca** ions (Figure 1.1). Notably, the
Ca?"-binding site is located within the transmembrane region of the protein, explain-
ing a polarization-induced enhancement of Ca®* sensitivity observed in TMEM16 CI~
channels [11, 47]. The most prominent topological feature of nhTMEM16 uncovered
by the structure is a so-called subunit cavity, that is a membrane-spanning groove
which is open to the hydrophobic interior of the membrane (Figure 1.1). The subunit
cavity is partly lined by hydrophilic residues, thereby providing an energetically fa-
vorable pathway for polar lipid headgroups across the membrane. As shown later
in a number of MD studies [21, 43, 48-51], lipids retain their hydrophobic tails in a
membrane core upon sliding along the subunit cavity with their polar headgroups,
consistent with the proposed ”credit card” mechanism of lipid scrambling [52].

The structural characterization of fungal nhTMEM16 was followed by a number of
cryo-EM studies on other TMEM16 proteins [21, 40, 53-57]. The resolved structures
demonstrated similar organization of protomers into dimers (Figure 1.2), which is
likely general for the whole family. Interestingly, an additional Ca?"-binding site
was found at TM10 in mammalian scramblases TMEM16F [40] and TMEM16K [21].
Although it was first overseen in the TMEM16A structure, this site was later de-
tected by reanalyzing the unassigned density in the original cryo-EM data [40] and
was recently shown to affect Ca?" sensitivity of TMEM16A [58]. Notably, the struc-
tures of TMEM16 ion channels and lipid scramblases revealed a variation in confor-
mation of the subunit cavity. Similar to nhTMEM16, the cavity was fully open in
Ca%t-bound afTMEM16 [57] and TMEMI16K [21]. In contrast, the extracellular part
of the cavity was sealed from the membrane in the Ca®>"-bound TMEM16F [57] and
TMEM16A [53, 54] structures (Figure 1.2). Such sealed cavity is structurally similar to
the closed conformation observed in absence of Ca*" and, therefore, likely represents
an inactive state of TMEM16A and TMEMI16F. Inability of the cryo-EM experiments to
resolve open conformations of these isoforms might have resulted from a lack of phos-
phatidylinositol bisphosphate (PIP2) lipids in the sample preparations, since PIP2 was
shown to be crucial for the full activation of TMEM16F [39] and TMEM16A [59].

1.3 Conduction models of TMEM16 lipid scramblases

Recent cryo-EM studies demonstrated that nhTMEM16 cavity adopts different con-
formations when reconstituted in lipid nanodiscs [56]. In particular, the protein was
found to be at equilibrium between fully open, intermediate, and closed conforma-
tions in the Ca%?T-bound state. Similar to the structure of TMEM16F, the subunit cav-
ity of nhTMEMI16 in the intermediate conformation is semi-sealed in its extracellular
part (Figure 1.3a). However, because of the slightly wider opening of the subunit
cavity it was suggested to be permeable to ions. The L302A mutation was found to
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a intermediate b fully open

proteolipidic
pore

protein-only
pore

Figure 1.3: a, b nhTMEMI16 in the intermediate (a) and fully open (b) conformations
together with the proposed models of ion conduction. Transmembrane helices 4 and
6 are highlighted. Lipid headgroups, Cl~ ions, and Na* ions are shown as orange,
green, and blue spheres, respectively. Membrane borders are schematically depicted.

stabilize nhTMEM16 in the intermediate conformation [49]. Notably, the L302A mu-
tant was permeable to ions, while its scrambling functionality was strongly attenuated
in the liposome experiments [49]. As a result, the ion conduction was proposed to
take place via the ”alternating pore-cavity” model [40], which suggests separation of
ion-conduction and scrambling functionalities, so that the intermediate conformation
represents the ion conductive state (Figure 1.3a), whereas the fully open conformation
corresponds to the lipid-scrambling state. Indirectly, this model is supported by recent
functional studies, which demonstrated that some mutations strongly attenuate lipid
scrambling but have a much milder effect on ion conduction of nhTMEM16 [49, 56].
In contrast, the proteolipidic-pore model assumes that both ions and lipids are trans-
ported via a single protein conformation, in which ions permeate through the open
subunit cavity lined by lipid headgroups [18], as illustrated in Figure 1.3b. This model
was corroborated by molecular dynamics (MD) simulations, where ion permeation
was observed through nhTMEM16 under applied voltage [43]. Summarizing, despite
certain progress, results from structural, functional, and computational studies have
not yet reached a consensus on the mechanism of ion conduction in TMEM16 lipid
scramblases.

1.4 Aims and outline of the thesis

Due to the lack of a detailed mechanistic model for ion conduction, some of the
functional properties of TMEM16 lipid scramblases remain controversial and poorly
understood. Resolving the molecular mechanism of ion conduction mediated by
TMEM16 lipid scramblases would be an essential milestone on the way to the full
understanding of their roles in cellular physiology. The main goal of this work was
to gain a dynamic atomic-level picture of the ion conduction mechanism of TMEM16
lipid scramblases by means of extensive MD simulations of fungal nhTMEM16 and
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human TMEMI16K, to fill the gap between static structural and macroscopic func-
tional studies. In particular, the present thesis sheds light on the following aspects
of ion conduction in TMEM16 lipid scramblases:

¢ the main ion conductive state (Chapter 3)

¢ detailed structure of the proteolipidic pore (Chapter 4)

¢ molecular details of ion-permeation process (Chapter 5)

¢ diverse roles of lipids in ion conduction (Chapters 5 and 6)
* molecular determinants of ion selectivity (Chapters 6 and 7)

¢ electrostatics within the pore (Chapter 7).

The thesis ends with the main conclusions and perspectives of the study.



... credibile est, quia ineptum est.
—Tertullian

Chapter 2

Theory and methods

In this study, ion conduction mechanism of TMEM16 lipid scramblases was investi-
gated by means of MD simulations. In particular, the Computational Electrophysiol-
ogy (CompEL) method was used to apply voltage and induce ion permeation through
the pores formed by TMEM16 lipid scramblases. In this chapter, the foundations of
the methods are provided together with the simulation and analysis details. Since
MD simulations generally rely on a broad range of computational algorithms, here,
for the sake of conciseness, we describe the main ideas behind classical MD simula-
tions, putting particular focus only on the algorithms that were utilized in this study.

2.1 Molecular dynamics
Basic principles

MD is a method encompassing various numerical techniques, which allows for com-
putational investigation of atomic and molecular systems. Originally developed for
physical investigation of atomic systems, the method soon found its application in
molecular biophysics [60-62] and finally became an indispensable tool for studying
biomolecular structure and dynamics at atomic resolution [63]. The cornerstone of the
method is Newton’s equation

2.1)

mgt = T
where m; and r; are the mass and the position of atom 4, and U is a potential energy
function. Thus, the atoms are described as point particles obeying the laws of classical
mechanics. Assuming that positions (r) and velocities (v) of atoms are known at time
t, the equation of motion is numerically integrated to obtain r(t + At) and v(t + At),
so that the direct output of MD simulations is a trajectory of the system in the phase
space, that is a time series of atomic positions and velocities. The resulting trajectory
can be then analyzed to derive structural and dynamic properties of the system.
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Numerical integration

In MD simulations, equations of motion are integrated numerically. To correspond to
Hamiltonian dynamics as close as possible, the integration schemes have to be time-
reversible and area-preserving. The latter means that application of the integrator
does not change the (hyper) volume of phase space corresponding to a particular en-
ergy of the system. An important advantage of such algorithms is that they generate
a trajectory with minor, if any, long-term energy drift [64]. Among such schemes the
Verlet algorithm and its derivatives are the most commonly used. In this study, we
used the leap-frog algorithm, a variation of the Verlet scheme, in which the new parti-
cle positions r at the time step ¢ + At are obtained by using the velocities v calculated
at half-integer time step ¢ + $At as

r(t+ At) = r(t) + Ato(t + %At). 22)

In turn, the velocity is calculated from the force f acting on the particles at time ¢ and
the velocity at the previous half-step

ot + %At) ot — %At) + Atfg). 2.3)
Notably, the velocities and positions are not evaluated at the same time, and, therefore,
the total energy as a sum of kinetic and potential terms cannot be directly computed
at each time step. Although this limitation could be disadvantageous for simulations
in the microcanonical NV E ensemble, it is less relevant for the ensembles which are
closer related to experimental conditions.

Thermostat

In particular, not the total energy but temperature is kept constant in most biological
experiments. Therefore, the first step to a more realistic system description would be
simulations in the canonical NVT ensemble. The average temperature T is related to
the average kinetic energy K as

1 _
K = NiksT, (2.4)

where N; is the number of degrees of freedom and kp is the Boltzmann constant.
Analogously, in MD simulations, one defines instantaneous temperature 7" as

T

= Nkp' (2.5)

where K is the kinetic energy defined as

N 1 )
K=Y -mu}, (2.6)
=1

N}
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where N is the total number of particles, m; and v; are the mass and the velocity of the
i-th particle. Therefore, bringing temperature to its target average value is equivalent
to bringing the kinetic energy to K.

This can be achieved by a number of algorithms, which are called thermostats accord-
ing to their function. In particular, a system can be weakly bound to an external ther-
mal bath with the first order kinetics, so that the kinetic energy is changed according
to L

K K-K

a 7
where 7 is a time constant of the kinetic-energy decay. This scheme is used in the
Berendsen thermostat [65], which exponentially dampens deviations from the target
kinetic energy. In practice, velocities at ¢ + %At are scaled by a factor A\, which is given

by
At K ?
1+T<K<_;At>‘1)] ’ 2

to bring K closer to K. Although the algorithm generates the proper average value of
the kinetic energy, it does not correspond to any standard thermodynamic ensemble.

(2.7)

A=

Recently, the idea of velocity rescaling was further developed, to overcome the limi-
tations of the Berendsen scheme and to generate fluctuations that would correspond
to the canonical ensemble [66]. In the suggested scheme, a stochastic term is added to

the Berendsen thermostat so that the dynamics of the kinetic energy is described by
dKk K-K K dw
= 49— 2.
dt T + Ny Vit ’ (2.9)

where dIV is a Wiener noise. In turn, the velocity-rescaling factor A is obtained accord-
ing to

— Ny —

K K

A2 = e*At/T+W(1—e*At/7)(R%+§ jR?)+2eAt/T\/ W(l — e~AYTVR2 (2.10)
=2

where the R;’s are independent random numbers from a Gaussian distribution with
unitary variance [66]. The resulting thermostat quickly equilibrates systems, which are
far from the equilibrium, and samples the canonical distribution once the equilibrium
has been reached. Due to its general applicability, we applied this thermostat to both
equilibration and production phases of the simulations with 7 of 0.5 ps. To ensure
proper heating of every component of our heterogeneous systems, here we applied
the thermostat separately to lipid membranes, proteins and water-ion solutions.

Barostat

Since pressure rather than volume is controlled in the majority of biological experi-
ments, simulations have to be conducted in the isotherm-isobaric N PT ensemble to
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better match the experimental conditions!. The pressure tensor P in an atomic system
is defined as
2 1
P = v(K+§Zrij@]?ij), (2.11)
1<)
where V is the volume of the simulation box. A number of algorithms exists to ensure
a certain value of pressure in a simulated system, i.e. for pressure coupling. Similar to
the Berendsen thermostat, the Berendsen barostat relaxes the pressure P to the target
value P with the time constant 7p through

— = ) 2.12
dt TP ( )

In fact, pressure coupling is established by scaling coordinates and box vectors by the
scaling matrix p, which is given by

At —
fij = 0ij — Eﬁij(Pij - Py), (2.13)

where 3 defines the isothermal compressibility of the system, which was set to
4.5 x1075 bar~! in our simulations. The Berendsen barostat shares both the advan-
tages and disadvantages of the Berendsen thermostat: It efficiently equilibrates the
system but does not produce fluctuations in pressure, which would correspond to the
NPT ensemble.

The Parrinello-Rahman barostat [67, 68] can be used as an alternative to the weak cou-
pling scheme of Berendsen if fluctuations in pressure and volume are important. In
brief, an extended Lagrangian is built with box vectors as additional dynamic vari-
ables, and the dynamics of the box matrix h is described by

h=VW'h (P -P), (2.14)

where W1 is the inverse mass parameter matrix that determines the strength of the
coupling. The parameter matrix is defined as

B 471'2ﬁij

—1
W), =

(2.15)

where L is the largest matrix element of the box.

In this study, the Berendsen barostat was used for equilibration of the systems. For the
production runs either the Berendsen or Parrinello-Rahman barostat was used with 7p
of 5 ps. Because of the presence of membranes in our simulations, the pressure was
applied semi-isotropically, meaning separate coupling for zy and z dimensions.

Note, however, that due to the low compressibility of biological systems, simulations in the NVT
ensemble can provide relevant information as well.
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Force field

In MD simulations, a term force field is used to describe a potential-energy function,
which defines interatomic interactions. Thus the force filed is defined both by the func-
tional form of the potential energy and by the set of the parameters in this potential-
energy function. In practice, a particular choice of a force filed depends on the area of
application and on the availability of parameters for molecules to be simulated. In this
study, the CHARMM force filed was used, due to its ability to properly describe struc-
tural and dynamic properties of both proteins [69] and lipids [70]. Therefore, here we
discuss the details of the force filed organization for a particular case of the CHARMM
force field.

In general, the potential energy function can be divided into two terms, which describe
bonded and nonbonded interactions

U= Ubonded + Unonbonded- (216)

In turn, the bonded potential can be split into potential energy of interatomic bonds
Ubonds, valence angles Ugy,gics, improper dihedrals Uy, , and dihedrals Ugp,

Ubonded = Ubonds + Uangles + Uimp. + Udih.

=Y Ky(b—bp)?

bonds
+ ) Ky(0—6o)?

angles (217)
+ Y Kyd— o)

improper
dihedrals

+ Z Zme(l + cos(nyp — 6y)),

dihedrals n

where b, 6y, and ¢g are equilibrium values of bond lengths b, valence angles ¢, and
improper dihedral angles ¢ with force constants of Kj, Ky, and K, respectively, and
Ky, and 9, are the force constant and the phase for each multiplicity n of the dihe-
dral term. In this form the bonded potential is used in many popular biomolecular
force fields such as AMBER [71] and OPLS-AA [72]. In the CHARMM force filed, the
bonded potential also includes the Urey-Bradley term, that is a harmonic potential
applied to the distance d; 3 between end atoms forming a valence angle

Uvp = Z Kup(dis —di30)% (2.18)

angles

where Ky p is the force constant, d; 3 is the distance between the first and the third
atom forming the angle, and d; 3,9 is the equilibrium value of this distance. Finally,
the potential energy in the CHARMM force filed contains the protein-specific CMAP
term, which is applied to the backbone dihedrals for a better fit of the potential energy
surface to the one obtained with quantum mechanical (QM) methods [73]. Parame-
ters for the bonded interactions are derived from QM calculations and experimental
data [74].
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Stability of the simulation strongly depends on the integration time step, which should
be small enough to guarantee proper sampling of the fastest motions in the system. In
a classical molecular system, the fastest motion corresponds to bond vibrations. Since
macromolecular dynamics is dominated by rotations around the bonds and not by
the bond lengths, the latter are often constrained in simulations by algorithms such
as SHAKE [75] or LINKS [76]. The latter was used in this study to constrain all the
hydrogen-involving bonds, allowing us to use an integration time step of 2 fs.

The nonbonded part of the potential is given by

12 6
Unonbonded = ULJ + qu = Z4eij [(UZJ) - <%> ] + ﬂ, (219)
oy Tij Tij vy dmegri;

where the sums are over all the nonbonded atom pairs. The first term describes the
van der Waals (vdW) interactions and Pauli repulsion in form of the Lennard-Jones
(LJ) potential. The well depth of the L] potential is defined by ¢;;, and o;; defines
the interatomic distance at which the potential is zero. The second term describes the
Coulomb interactions between atoms with partial charges ¢ in vacuum with the per-
mittivity of eg. In the CHARMM force filed, the parameters for the L] potential are
based on reproducing such experimental properties as density and heat of vaporiza-
tion of molecular liquids [74]. The atomic charges, in turn, are optimized to reproduce
QM interaction energies as well as equilibrium distances between a parameterized
compound and a water molecule, which is placed at different sites around the moiety
to be parameterized. Notably, in contrast to some other force fields, no scaling factor
is applied to the electrostatic interactions between 1-4 atoms forming the dihedrals
in the CHARMM force filed. Finally, for the sake of compatibility with the other pa-
rameters, water molecules were described by a special TIP3P model, where hydrogen
atoms participate in the vdW interactions.

Periodic boundary conditions and nonbonded interactions

Due to high computational costs, a typical simulation box in atomistic MD simula-
tions rarely exceeds tens of nanometers. To approximate the bulk-phase behavior of
the system and to avoid artifacts at its boundaries, periodic boundary conditions are
usually applied. As a result, the simulation box is virtually surrounded by its peri-
odic copies. Importantly, atoms in the simulation box can interact with those from the
copies. To reduce computational costs and to make simulations plausible, the L] po-
tential is usually cut off at a certain distance, so that the discarded part of the potential
does not exceed a predefined tolerance value. In our simulations, the potential was
switched to zero between 1 nm and 1.2 nm in a way ensuring smooth transition of the
force at the cut-off distance. No dispersion correction was applied.

Whereas the cutting off of the L] potential is justified by its fast decay, the Coulomb
potential is long-ranged and requires special treatment in periodic systems. The total
electrostatic energy of a periodic system with unit cell vectors ay, ag, a3 reads



Theory and methods 13

1§~ 94
T2 ; ; ; 4meg|r; —jrj +n|’ (2.20)

where the outer sum is over the vectors n = nja; 4+ noas + ngag for all integers ny, no,
and n3, and the prime indicates that terms with i = j and n = 0 are omitted. Con-
vergence of this sum depends on the order of summation [77]. To reach absolute con-
vergence of the electrostatic energy in the periodic system, the Ewald method can be
used. In brief, the electrostatic energy is split into direct (Ug;r), reciprocal (Ug;©), and
correction (Ug?"") terms. The first two terms are convergent in the real and Fourier
spaces, respectively, and the correction term corresponds to the charge self interac-
tions. In particular,

; gigjerfe(Blr; —rj +n|)
Udir — J ] 2.21
4 Z Z dmeglr; —rj +mn| @21)

where 3 is an inverse width of the Gaussian distributed charge, which underlies the
reciprocal part of the energy, and erfc(z) = 1 — erf(x) is the complementary error
function. The reciprocal part of the potential reads

k2
yree — 1 oxp <_W)
qq 2
2Veg o k

S(k)S(—k), (2.22)

where the reciprocal lattice vectors k are defined by k = 27 (k1a] + kqa5 + kszaj), such
that a;‘f are defined by a}f a; = J;; and k; are nonnegative integers. In turn, the structure
factor S(k) is defined by

N
= Z gi exp(—ikr;). (2.23)
Finally,
U = —— Z @ (2.24)

Although the Ewald method provides the convergent result, it requires O(N?) opera-
tions to calculate Uy ©. More efficient computation can be done by using particle-mesh
Ewald methods, which utilize fast Fourier transform on the grid-distributed charge @
to calculate approximate structure factor S(k) = F(Q)(k1, ko, k3). In this study we
used the smooth particle-mesh Ewald (SPME) method [77], so that atomic charges
were distributed over the grid using Cardinal B-splines of n = 4 order. The grid
spacing was initially set to 1.2 A, but fluctuated during the simulations because of the
dynamic adjustment performed by the MD engine. The direct part of the potential
was cut off at 1.2 nm.

Limitations

As any other research technique, MD simulations have their limitations. First, any
simulation is as good as the model it is based on. While dynamics of an atomic system



14 Chapter 2

is fundamentally described by the Schrodinger equation, classical MD simulations are
based on Newton’s laws instead. However, the extensive use of MD simulations for a
few decades proved that classical dynamics can properly describe time evolution and
statistical properties of atomic systems in case of properly adjusted parameters for the
interatomic interactions in a force field. In turn, the classical force fields used for MD
simulations are themselves based on a rather strong assumption that the interatomic
forces are additive. This means that atomic polarization is discarded from the system
description. Although the polarization can be effectively taken into account by polar-
izable force fields [78], their usage requires larger amount of computational resources
compared to the simulations based on classic atomistic force fields. As a result, time
scales of the simulations based on polarizable force fields are inevitably shorter, pre-
cluding direct investigation of many biological phenomena. Finally, in classical MD
simulations, all the bonds in the simulation system are fixed, so that no chemical trans-
formations can be taken into account, including any change in the protonation state of
amino acids.

The second major limitation is specific to MD simulations of complex biomolecular
systems, which include folded proteins. Such simulations require an initial structural
model of a protein. Most of the time these models come from X-ray and cryo-EM
studies, where they are built based on electron-density and Coulomb-potential maps,
respectively [79]. Thus, the resolution of the original maps limit completeness and
precision of the models. Due to high computational demands even state-of-the-art
atomistic MD simulations of biomolecular systems are conducted on a microsecond
time scale, significantly limiting the volume of the phase space sampled in the sim-
ulation. In practice, this means that the effectively sampled volume is biased by the
point in the phase space that the system occupies at the start of the simulation. As
a result, the quality of the initial protein model strongly affects the results of the MD
simulations. To guarantee robustness of our conclusions, here we only used protein
structures of high resolution (3.2-3.7 A; Table 2.1) and conducted independent multi-
replica simulations, which allowed for proper statistical analysis of the results.

2.2 Computational electrophysiology

“The CompEL method [80] was used to apply voltage to the proteins. Briefly, a Com-
pEL system contains two lipid bilayers separating two compartments as a result of
periodic boundary conditions (Figure 2.1). The transmembrane voltage across the
membrane can thus be controlled by setting a charge imbalance (dQ in Tables A.1-A.8)
between the compartments. Due to the low capacity of the membrane, relatively few
ions (< 10 % of the total number) are needed to establish transmembrane voltages
of several hundred mV, so there is only a minor difference in the ion concentration
between the compartments. Insertion of one copy of a protein into each bilayer thus
enabled us to investigate the effects of both positive and negative voltages in a sin-
gle CompEL system. In practice, each CompEL system was created by stacking two
copies of a single bilayer system taken after a certain simulation time (starting time
in Tables A.1-A.8). To maintain a constant average transmembrane voltage, the al-
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Figure 2.1: ”(Left) Setup of a double bilayer simulation used to study ion conduction
by the CompEL method. Two copies of nhTMEM16 were embedded into the lipid
bilayers in a parallel orientation, with the top protein (teal) subjected to positive volt-
ages and the bottom protein (violet) to negative voltages via the higher number of
Na™ ions in the middle compartment. Phosphorus atoms and lipid tails are shown
as orange spheres and gray lines, respectively. Na*, C1~, and Ca?" ions are shown
as blue, green, and red spheres, respectively. Water is omitted for clarity.”[A] (Right)
The voltage profile through the system. A charge imbalance of 20 elementary charges
gave rise to a transmembrane voltage of about 400 mV. The figure was partly adapted
from [A].

gorithm swaps ions between the compartments once an ion permeation event occurs.
Thus, the method is conceptually similar to the experimental setups, where the trans-
membrane voltage is virtually controlled by adsorbing/releasing Cl~ ions from/to
the solution by Ag/AgCl electrodes. The intercompartment charge imbalance was
checked every 10 ps and averaged over 100 ps; ions were swapped only when the av-
erage value deviated by more than one elementary charge from the reference dQ. Full
information on the systems, including simulation times and voltages, can be found in
Tables A.1-A.8.”[A]
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Protein nhTMEM16 TMEM16K

PDB ID 4WIS [24] | 6QMA [56] | 50C9 [21]

Conformation | fully open | intermediate | fully open
Method X-ray cryo-EM X-ray
Resolution 33A 3.7 A 32 A

Table 2.1: Structures of TMEM16 lipid scramblases used in this study:.

2.3 Simulation and analysis details

Protein models

Models of TMEM16 lipid scramblases in different conformations were built based on
the structures listed in Table 2.1. In particular, “the fully open state of nh TMEM16 was
modeled based on the X-ray structure (PDB ID: 4WIS) [24] with a final residue range
of 18-722 and the cryo-EM structure (PDB ID: 6QMA) [56] was used to build a model
of the intermediate state with a final residue range of 13-722. The fully open state
of TMEM16K was modeled based on the X-ray structure (PDB ID: 50C9) [21] with a
final residue range of 14-642. In all protein models, the N- and C-termini were capped
with acetyl and N-methyl, respectively. All Ca®" ions present in the original struc-
tures of nhTMEM16 were preserved, whereas the luminally bound Ca?" ion present
in TMEM16K was removed after system equilibration because it almost immediately
dissociated when position restraints were removed. Missing residues that were unre-
solved in the original structures were restored using Modeller version 9.18 [81]. The
standard protonation state at neutral pH was assigned to all residues, except for pro-
tonated H611 in nhTMEM16, which is located at the dimer interface and forms a salt
bridge with residue E610 of the other protomer.”[A]

Simulation parameters

”All simulations were conducted using the GROMACS software package [82] ver-
sions 2016, 2018, and 2019. CHARMMS36 force field parameters were used for lipids
[83] and CHARMMB36m force field parameters for proteins [69]. Ions were described
using default CHARMM parameters and the CHARMM TIP3P model was used for
water molecules. Integration time step of 2 fs was used and all hydrogen-involving
bonds were constrained with LINCS [76]. Van der Waals interactions were calculated
with the Lennard-Jones potential and a cutoff radius of 1.2 nm, with forces smoothly
switched to zero in the range of 1.0-1.2 nm and no dispersion correction applied. Elec-
trostatic interactions were calculated by the particle mesh Ewald method [77], with a
real-space cutoff distance of 1.2 nm. All simulations were done in isothermal-isobaric
ensemble, with the temperature set to 310 K using the v-rescale thermostat [66] and a
time constant of 0.5 ps. The thermostat was applied separately to a protein with bound
Ca?* ions, a lipid bilayer, and a water solution containing ions. The same groups were
used for the removal of center-of-mass linear motion. A pressure of 1 bar was imposed
using either the Berendsen [65] or Parrinello-Rahman [67] barostat in a semi-isotropic
manner with a time constant of 5 ps.”[A]
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System preparation

“Protein models were embedded in the equilibrated lipid membranes us-
ing the g.membed functionality [84] in GROMACS. The initial protein ori-
entation within the membrane was guided by the corresponding structure
from the Orientations of Proteins in Membranes database [85].”[A] Mem-
branes of different lipid compositions were used: neutral POPC mem-
brane was composed of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC)
molecules, negatively charged POPE:POPG membrane was composed of
neutral  1-palmitoyl-2-oleoyl-phosphatidylethanolamine =~ (POPE) and an-
ionic 1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG) in a 3:1 ratio, and
negatively charged POPC:POPS membrane contained POPC and anionic
1-palmitoyl-2-oleoyl-phosphatidylserine (POPS) in a 1:1 ratio. “The lipids were
symmetrically distributed between the leaflets of the mixed membranes to model the
condition of lipid distribution equilibrated by an active lipid scramblase. Chloride
and sodium ions were added to reach a bulk salt concentration of 250 mM. All
bilayers were equilibrated in the 250 mM NaCl water solution for at least 500 ns prior
to protein insertion.”[A]

Equilibration

"The system comprising a lipid bilayer and embedded protein was equilibrated in
four steps. First, water and ions were equilibrated for 4 ns, with all Ca®*t ions and
protein and lipid heavy atoms restrained by a harmonic potential with a force con-
stant of 1000 k] mol~! nm~2. The lipid heavy atoms were restrained only in the z
dimension. The water oxygens resolved in the crystal structure of TMEM16K were
also restrained. Second, restraints on the lipid heavy atoms (except for phosphorus)
were removed and lipids were allowed to equilibrate in the xy plane around the pro-
tein for 50-200 ns. Third, restraints on the phosphorus atoms and on protein loops
that were missing in the original structures were released so that the latter could re-
lax for another 50 ns. Finally, side chains and Ca?* ions were allowed to equilibrate
for 10 ns, with restraints only on the backbone atoms of non-loop protein regions. In
TMEM16K systems, restraints on the water oxygens present in the crystal structure
were also released.”[A]

Analysis

“Prior to analysis, trajectories were translationally and rotationally fitted onto the
transmembrane region of the original protein structure and sampled every 100 ps.
To calculate the properties of ions and water in the subunit cavity the region of inter-
est was limited to a box of size 25 Ax40 Ax80 A built around the reference atom of
the pore center (Ca of S382 in nhTMEM16 and Ca of C412 in TMEM16K). The box
was symmetrical with respect to the reference atom in the y and z dimensions, but
was shifted by 7.5 A toward the protein periphery in the x dimension to exclude the
dimer interface from the analysis. The box was large enough to fully accommodate
the interior of the subunit cavity as well as the entrances to it.”[A]
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"GROMACS tools and bespoke python scripts using the MDAnalysis library [86] were
used for all analyses. All visualizations were done in PyMOL version 1.8.”[A]
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Chapter 3

Conductive states of TMEM16 lipid
scramblases

The mechanistic models of ion conduction! in TMEM16 lipid scramblases, which have
been suggested so far, are mainly based on the static protein conformations resolved
by the structural studies. The models are mutually exclusive, assuming that only
one of the resolved structures is compatible with ion conduction. However, since
the models differ only in molecular-level details, they can hardly be tested directly
by functional studies. In contrast, state-of-the-art MD simulations provide a means
for the model testing that allows for the direct assignment of the functional proper-
ties to the structural states of the proteins. In particular, such functional property as
ion conductance can be calculated from the simulations individually for a particular
conformation of the pore. In this chapter, we describe ion conductance, structural dy-
namics, and pore hydration of different conformations of n(hTMEM16 and TMEM16K,
to conclude on the main ion-conductive state of TMEM16 lipid scramblases.

3.1 Ion conductance

nhTMEM16

In the Ca®"-bound state, the subunit cavity of nhTMEM16 has been shown to adopt
closed, intermediate and fully open conformations [56]. The structural studies demon-
strated incompatibility of the closed conformation with ion conduction, whereas the
subunit cavity in the intermediate and fully open conformations was proposed to be
wide enough to allow ion permeation [49, 56]. The models suggested so far assume
that only one conformation is ion conductive. Therefore, we first tested competence
of nhTMEM16 in the intermediate and fully open conformations for ion conduction.

n this work, the term ‘ion conduction’ refers to the process of ion permeation, whereas the term “ion
conductance’ refers to the quantity that characterizes this process.
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Figure 3.1: a, b Time courses of number of ion permeation events through nhnTMEM16
protomers in fully open (a) and intermediate (b) conformations. The data are shown
for five protomers in each conformation with the highest total number of events. The
time courses are ordered from left to right in the descending order of the total number
of ion-permeation events. The starting times of the time courses are separated by 200
ns, for clarity.

In the simulations with applied voltage, both nhTMEM16 conformations were perme-
able to ions, which were conducted exclusively through the subunit cavity, in accor-
dance with the previously reported MD simulations of nhTMEM16 in the fully open
conformation [43]. Therefore, each event could be assigned to a particular protomer of
the dimeric nhTMEM16. Number of the ion-permeation events was then counted in
time for each simulated protomer. As an example, Figure 3.1 shows such time courses
for a number of protomers with the highest total number of ion permeation events.
Hundreds of ion permeation events were observed in the fully open conformation,
and only tens in the intermediate conformation, indicating higher ion conductance of
the former.

To quantify the difference in ion conductance between the intermediate and fully open
conformations, we calculated their mean ion conductance from the simulations. ”To
focus only on the conductive state of the pore and exclude the bias due to the pore
priming for ion conduction, we defined the mean conductance as

_ Np-e
G = =ty (3.1)

where N, is the total number of permeation events, e is the elementary charge, V" is the
transmembrane voltage, ¢ is the total simulation time, and ¢; is the time of the first per-
meation event. Thus, the part of the simulation prior to the first permeation event was
skipped to exclude from the analysis the phase of the initial transition of the pore to the
conductive state.”[A] Such transition is related to the delay in ion conduction, which
can be seen in Figure 3.1. The mean ion conductance was calculated for each simu-
lated protomer, as shown in Figure 3.2a. The median value of the mean conductance
calculated over the protomers in the fully open conformation was roughly doubled
compared to that in the intermediate conformation (9.1 pS vs. 4.5 pS; Figure 3.2a).
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Figure 3.2: a Mean conductance of nhTMEM16 in the intermediate and fully open
conformations. Each data point represents an independent protomer (n;=16, n¢,=39,
p=0.03.). Whiskers show the 5th and 95th percentiles. Significance was evaluated with
the Mann-Whitney test, one-sided: p < 0.05 (*). b Percent of conductive protomers
in simulations of nhTMEM16 in the intermediate and fully open conformations. The
figure was adapted from [A].

To estimate open-channel probability of nhTMEM16 in different conformations we
calculated the fraction of ion-conductive protomers in our simulations. In contrast to
experiments, high temporal and spatial resolution of atomistic MD simulations makes
it possible to detect a single ion-permeation event, providing for virtually infinite sen-
sitivity of ion-current detection. As a result, open-channel probability depends on a
threshold used to distinguish open and closed states of the channel. Figure 3.2b shows
a percent of ion-conductive protomers observed in the simulations for different values
of the conductance threshold. Regardless of the threshold value, percent of conductive
nhTMEM16 protomers (and therefore the open-channel probability) in the fully open
conformation was more than two times higher than that in the intermediate confor-
mation (Figure 3.2b). Moreover, none of the simulated protomers in the intermediate
conformation demonstrated the mean conductance higher than 20 pS, in contrast to
the fully open conformation (Figure 3.2a, b).

By definition, the mean conductance characterizes the channel in a certain macrostate,
which is defined by its initial structure. This macrostate can comprise different mi-
crostates, which are sampled during a simulation trajectory and are characterized by
different levels of ion conductance. Thus, the mean conductance reports on the av-
erage ion conductance of all the microstates constituting a single macrostate. Here,
we took advantage of the high resolution inherent to MD simulations, to character-
ize different conformations of nhTMEMI16 by the ion conductance of the dominant
microstate. To this end, we calculated the median instantaneous ion conductance for
each protomer during the simulation trajectory. ”“Instantaneous conductance was de-

fined as
e

VAt
where e is the elementary charge, V' is the transmembrane voltage, and At is the time

between two consecutive permeation events. Defined in this way, the instantaneous
conductance characterizes a particular microstate of the pore. In turn, the median

G; = (3.2)
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Figure 3.3: Instantaneous conductance of
nhTMEM16 protomers in the intermediate (i)
and fully open (fo) conformations. Each data point
corresponds to a single protomer (n;=16, n,=39,
p=0.02). Median values are indicated. Whiskers in-
dicate the 5th and 95th percentile. Significance was
evaluated with the Mann-Whitney test, one-sided:
p < 0.05 (*). The figure was adapted from [A].

value of the instantaneous conductance, calculated from a protomer trajectory, reports
on the dominant microstate.”[A] Because of the signal discretization in experimental
single-channel recordings, the dominant microstate would contribute most into the
resulting current. Therefore, the median instantaneous conductance should be closer
related to the experimental single-channel conductance than the mean conductance.
Figure 3.3 shows median instantaneous conductance calculated for each simulated
protomer with at least two ion permeation events. “The instantaneous conductance of
nhTMEM16 was notably higher in the fully open than in the intermediate conforma-
tion of the pore (median values of 31.3 pS and 10.7 pS, respectively; Figure 3.3).”[A]

"The values for instantaneous conductance are in a good agreement with
experimentally-observed single-channel conductances for the TMEM16F and fungal
TMEM16 scramblases. In particular, the median value of instantaneous conductance
for the fully open conformation is remarkably close to the experimentally-determined
single-channel conductance reported for TMEMI16F as an outwardly rectifying C1~
channel (50 pS) [26]. On the other hand, the lower ion conductance demonstrated by
nhTMEM16 in the intermediate conformation is closer to the single-channel conduc-
tance (~1 pS) reported in another TMEM16F study [13], suggesting that TMEM16F can
adopt different ion-conductive states similar to nhTMEM16 and that the experimen-
tal conditions might shift equilibrium between these states. Finally, the single-channel
conductance reported for afTMEM16 (~ 300 pS) [23] is of the same order of magnitude
as the conductance of a number of the fully open protomers that exhibited instanta-
neous conductances of above 100 pS, indicating full opening of the afTMEM16 cavity
in the experiment.”[A]

TMEM16K

In contrast to nhTMEM16, human TMEM16K was resolved only in the closed and
fully open conformations [21]. Since TMEM16K does not adopt a stable intermediate
conformation in the structural experiments, we could only study ion conduction of
the fully open conformation. Figure 3.4a shows the mean and instantaneous conduc-
tance of the protomers with at least two ion permeation events. The median values
of the mean and instantaneous conductance were 3.9 pS and 11.3 pS, respectively.
Thus, although the TMEM16K subunit cavity was fully open, its ion conductance was
closer to the intermediate than to the fully open conformation of nhTMEM16. Unfortu-
nately, we could not compare our results with experimental data, since single-channel
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Figure 3.4: a Mean conductance (G,,) and median instantaneous conductance (G;)
of TMEM16K protomers. Each data point corresponds to a single protomer. Median
values are indicated. Whiskers indicate the 5th and 95th percentile. b Percent of con-
ductive TMEM16K protomers depending on the conductance threshold.

conductance has not been yet measured experimentally for TMEM16K, despite re-
cent progress in its relocation to the plasma membrane [87]. In contrast to the ion
conductance, overall open-channel probability of TMEM16K (Figure 3.4b) was more
similar to the fully open rather than to the intermediate conformation of nhTMEM16
(Figure 3.2b). In particular, the majority of the simulated TMEM16K protomers were
conductive at low conductance threshold and some of the protomers demonstrated
mean conductance higher than 20 pS (Figure 3.4b). Thus, preserving high open chan-
nel probability, TMEM16K in the fully open conformation demonstrates the reduced
ion conductance compared to nhTMEM16.

3.2 Width and hydration of the pore

nhTMEM16

Different conformations of TMEM16 lipid scramblases deffer mainly in the width of
the subunit cavity. In particular, the extracellular part of the cavity is sealed in the
intermediate and closed conformations. Given that the open-channel probability was
higher in the fully open conformation, we tested if the cavity width correlated with
the ion conduction. The width of the nhTMEM16 cavity was measured as distance be-
tween Ca atoms of T333 and Y439, which are located at the opposite sides of the cavity
in its central part (Figure 3.5a). In the intermediate conformation, the width of pro-
tomers which remained impermeable to ions during the simulation at applied voltage
was similar to that of the protomers simulated in the absence of voltage (Figure 3.5b).
In contrast, the ion-conductive protomers in the intermediate conformation demon-
strated a noticeable widening of the cavity (Figure 3.5b). In the fully open conforma-
tion, the subunit cavity was originally wider, so that the relative increase in its width
in the ion-conductive protomers was smaller than in the intermediate conformation
(Figure 3.5c). Notably, the subunit cavity of ion-conductive protomers in the fully
open conformation was still wider than in the intermediate conformation (1.4 nm vs.
1.1 nm), which indicates that the latter remained semi-closed.
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Figure 3.5: a Subunit cavity of nhTMEM16 in the fully open conformation is shown
in cyan, with the bordering helices highlighted. Atoms used to measure the width
are shown as spheres. b, ¢ Width of the nhTMEM16 pore in the intermediate (b) and
fully open (c) conformations. The width was measured as distance between Co atoms
of T333 and Y439. Each data point corresponds to a single protomer (n,,=4, 1n,,=23,
1e=16, Ppy,np=0.57, Pnv,=0.03, Ppp,=0.00011 in b; 1,,=8, npp=1, 1c=39, Py =0.0009 in
c). Whiskers indicate the 5th and 95th percentile. Significance was evaluated with the
Mann-Whitney test, one-sided: p > 0.05 (n.s.), p < 0.05 (*), p < 0.001 (***). The figure
was partly adapted from [A].

To estimate effect of the widening on the pore hydration, we calculated the number
of water molecules accommodated in the narrowest part of the pore in different con-
formations and states of nhTMEM16 (Figure 3.6a). The pore hydration indirectly re-
flects free space, which is potentially available for ions, and is, therefore, assumed to
be closer linked to the pore permeability than the pore width. In the intermediate
conformation, voltage application increased hydration of the nhTMEM16 pore, with
the effect being more pronounced in the ion-conducting than in the ion-impermeable
protomers (Figure 3.6b). When voltage was applied to nhTMEM16 in the fully open
conformation, only a mild increase in the pore hydration was observed (Figure 3.6c¢).
Importantly, the ion-conductive protomers demonstrated similar hydration regardless
of their initial conformation, with median values of 16 and 18 water molecules in the
intermediate and fully open conformations, respectively. Thus, although the subunit
cavity is less open in the intermediate compared to the fully open conformation, in
the ion-conductive state it can accommodate a similar number of water molecules,
indicating comparable amount of free volume within the pore.
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Figure 3.6: a Subunit cavity of nhTMEM16 in the fully open conformation is shown
in cyan, with the bordering helices highlighted. The region used to measure the hy-
dration is indicated. b,c Hydration of the nhTMEM16 pore in the intermediate (b)
and fully open (c) conformations. The hydration was measured as number of water
molecules in the extracellular part of the subunit cavity. Each data point corresponds
to a single protomer (1n,,=4, 1,p=23, 1:=16, Pyy np=0.006, pp, =0.002, pyyp =0.00003 in
b; 11v=8, npp=1, 1c=39, ppy =0.002 in c). Whiskers indicate the 5th and 95th percentile.
Significance was evaluated with the Mann-Whitney test, one-sided: p < 0.01 (**),
p < 0.0001 (****). The figure was partly adapted from [A].

TMEM16K

In TMEM16K, the subunit-cavity width was measured as the distance between
Ca atoms of S363 and T435, which are homologous to T333 and Y439 of
nhTMEM16 (Figure 3.7a). Width of the subunit cavity of ion-impermeable protomers
was unaffected by voltage application (Figure 3.7b). In the ion-conductive protomers,
the subunit cavity demonstrated higher variance in width, whose median value,
however, was only insignificantly increased compared to the zero-voltage conditions
(I.2nmvs. 1.1 nm). Similar trends were also observed in the pore hydration, which
closely reflected the changes in the pore width (Figure 3.7c). In particular, only a mi-
nor difference in the pore hydration was observed between the ion-conductive and
ion-impermeable protomers. Thus, very similar to nhTMEM16, the fully open confor-
mation of TMEM16K demonstrated only minor changes in width and hydration of the
subunit cavity upon voltage application.



26

Chapter 3

b
N
|

\

0
e

\
(
¥

&

) e
G s
¥ > Vi \
A XD
5 | QN N
Q) s SQUERISC N
.’:MX(,, -
ch‘ 2$7" %
AR5 (5 2
SO Y )
PA\_'/‘ %-'\\V L \é‘v
SN e
R I

I\ \, e

S$363-T435 (nm)

# water
molecules

2.0
1.6
1.2
0.8

50
40
30
20

10

i n.s
"n.s. n.s. '
| | 1 : |
i (g = 8) — ‘é
| ®
nv n'p c
[ n.s
| ' n.s. * !
| 1 ® |
L. O
nv n'p C

O no permeations (np)

@ no voltage (nv) @ conductive (c)

Figure 3.7: a Subunit cavity of TMEM16K in the fully open conformation is shown in
red, with the bordering helices highlighted. Atoms used to measure width are shown
as spheres and the region used to measure the hydration is indicated. b Width of the
TMEM16K pore measured as distance between Ca atoms of S363 and T435. ¢ Hydra-
tion of the TMEM16K pore measured as number of water molecules in the extracel-
lular part of the subunit cavity. b,c Each data point corresponds to a single protomer
(nnv=4, npp=5, 1¢=23, Prvnp=0.64, Ppy=0.07, pnp =0.053 in b; n,,=4, n,p=5, n.=23,
Prw,np=0.36, Dy =0.06, ppy, =0.04 in ¢). Whiskers indicate the 5th and 95th percentile.
Significance was evaluated with the Mann-Whitney test, one-sided: p > 0.05 (n.s.),
p < 0.05 (%).

3.3 Conclusions

We demonstrated that both the intermediate and fully open conformations of
TMEM16 lipid scramblases are ion conductive, refuting the “alternating-pore” model,
which assigns lipid scrambling and ion conduction to different conformations. More-
over, we showed that both ion conductance and open-channel probability are higher
in the fully open than in the intermediate conformation of nhTMEM16. The fully open
subunit cavity does not require a considerable widening to initiate ion conduction in
contrast to the cavity in the intermediate conformation. Having compared ion conduc-
tion of TMEM16 lipid scramblases in the intermediate and fully open conformations,
we conclude that more prominent ion conductance, higher open-channel probability,
and the less notable conformational changes to initiate ion conduction make the fully
open conformation the main ion-conductive state of TMEM16 lipid scramblases.
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Proteolipidic structure of the fully
open pore

The fully open subunit cavity provides a pathway for lipid headgroups across the
membrane and thereby underlies the scrambling functionality of TMEM16 lipid
scramblases. Therefore, in the main ion conductive state TMEM16 lipid scramblases
are assumed to conduct ions through the proteolipidic pore, which is formed by the
subunit cavity and lipid headgroups. In this chapter, we scrutinize structural organi-
zation of the proteolipidic pore with a particular focus on the lipid headgroups as its
dynamic cavity-stabilized element.

41 nhTMEM16

Lipid headgroups populated the fully open subunit cavity of nhTMEM16 both at pos-
itive and negative voltages, as can be seen from representative snapshots shown in
Figure 4.1a. To structurally characterize the headgroup arrangement within the cavity,
we calculated local probability density distributions of lipid phosphorus and nitrogen
atoms within the pore along the outward membrane normal (Figure 4.1b,c). Locality
was ensured by considering only four atoms closest to the pore center defined as Co
of S382. “The distribution peaks indicate the localization sites of POPC choline (ni-
trogen) and phosphate groups at the extracellular (pe, ne) and central (pc, nc) sections
of the cavity (Figure 4.1), consistent with previous reports [43, 48]. In turn, the wide
intracellular peaks in the phosphorus and nitrogen distributions correspond to the
lipid headgroups forming intracellular border of the membrane. Notably, the height
of the central phosphorus peak increased when a voltage was applied (Figure 4.1b),
suggesting that transmembrane voltages might affect lipid-scrambling rates by stabi-
lizing headgroups within the cavity.”[A]

To better understand molecular underpinnings of the lipid headgroup arrangement,
we estimated probability of the headgroup moieties to form contacts with cavity
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Figure 4.1: a Snapshots illustrating arrangement of POPC lipid headgroups in the sub-
unit cavity of nhTMEM16 at positive and negative voltages. The transmembrane part
of the protein is shown in white. Phosphorus, nitrogen, carbon, and oxygen atoms of
lipid headgroups are shown as orange, blue, white, and red spheres, respectively. b, ¢
Local probability density distribution of POPC phosphorus (b) and nitrogen (c) atoms
along the subunit cavity at negative, zero, and positive voltages. Distributions were
calculated with respect to the pore center. Average distributions across independent
protomer simulations are shown, with shaded areas representing the standard error
of mean. The figure was adapted from [A].

residues. ”“Lipid localization sites used for the analysis were defined based on the
phosphorus and nitrogen distributions and covered the following regions along the
pore axis (in A): pe [-3:7], nc [-5:0], pe [7:17], and ne [5:10].”[A] “We found that the pe
phosphate and nc choline groups! are rather loosely coordinated by the surrounding

!The labels of the distribution peaks are also used to specify a particular headgroup moiety that oc-
cupies a corresponding site.
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Figure 4.2: Probability that oxygen or nitrogen atoms of hydrophilic residues are in
a direct contact (distance of < 5 A) with either the phosphorus or nitrogen atoms
of POPC headgroups at their localization sites within the nhTMEM16 subunit cavity.
Only residues with a contact probability of > 10 % are shown (those with a contact
probability of > 35 % are highlighted in red). Each data point corresponds to a sin-
gle protomer. Error bars represent the standard deviation. The figure was adapted
from [A].

residues, with no residue demonstrating a greater than 20% probability of making di-
rect contact with headgroup moieties (Figure 4.2). At the same time, groups at the pc
and ne sites were notably stabilized by cavity residues (Figure 4.2). In particular, the
central lipid headgroup was held in position via a hydrogen bond between its phos-
phate and Y439 (Figure 4.2 and Figure 4.3a). Of note, a substantial role for this tyrosine
in both scrambling and protein activation, has recently been demonstrated [43, 49, 50].
In turn, the ne choline group is coordinated by E313 and T333, and tryptophan sub-
stitution of the former residue was previously shown to significantly decrease the ion
channel activity of nhTMEM16 [50]. Despite the importance of the E313/E318/R432
triad for the scrambling activity of nhTMEM16 [50], E318 and R432 seem to have less
prominent roles in headgroup stabilization compared with E313: R432 has a much
lower probability to coordinate the phosphate group at the pe site and E318 scarcely
makes any contact with the headgroups (Figure 4.2).”[A]

“Interestingly, due to their inherent dipole moment, lipid headgroups within the cav-
ity are oriented in accordance with the direction of the applied electric field (Figure
4.3). Difference in the orientation of headgroups in the presence of positive and neg-
ative voltages can be clearly seen in the central part of the cavity. More precisely, the
headgroup located at the central pc site adopts an upward orientation at positive volt-
ages and a downward orientation at negative voltages (Figure 4.3a,b). Consistent with
the difference in the headgroup orientation, the distribution peaks of choline nitrogen
atoms differ at positive and negative voltages (Figure 4.1c). In particular, the central
peak (nc) is prominent only when a negative voltage is applied, corresponding to a
downward orientation of the headgroup at the central site. At the same time, an ex-
ternal nitrogen peak (ne) is formed by a choline belonging to the headgroup located
at the pc or pe site, respectively, when a negative or positive voltage is applied.”[A]

“Notably, in our nhTMEM16 simulations we observed six complete lipid-scrambling
events, where lipids were transported along the fully open subunit cavity. While cross-
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Figure 4.3: a Snapshots illustrating coordination of POPC headgroups by nhnTMEM16
residues within the subunit cavity. Phosphorus, nitrogen, carbon, and oxygen atoms
of lipid headgroups are shown as orange, blue, white, and red spheres, respectively.
The residues coordinating the POPC headgroups are shown as sticks. b Distribu-
tion of angle between a POPC headgroup and the outward membrane normal in the
nhTMEM16 systems at negative, zero, and positive voltages. The upright and down-
right orientations correspond to 0° and 180°, respectively. The figure was adapted
from [A].

voltage polarity positive negative
scrambling direction | down down up | up up up
orientation angle 284 207 258 | 1409 1314 1424

Table 4.1: Summary of the POPC scrambling events observed in the nhTMEM16 sim-
ulations. The orientation angle was measured for a transported lipid headgroup when
its phosphorus atom occupied the central accumulation site.

ing the central site, the headgroup of the translocated lipids were oriented according
to the voltage polarity (Table 4.1). At positive voltage two out of three scrambled
lipids were translocated from the upper to the inner leaflet of the membrane. Another
lipid scrambled at positive voltage as well as all three scrambled lipids at negative
voltage were translocated in the opposite direction. Although these data may indicate
a possible correlation between the voltage polarity and headgroup orientation with
direction of the lipid translocation, a higher number of the scrambling events or usage
of enhanced-sampling techniques would be required for a robust conclusion on the
effects of voltage on the lipid scrambling mediated by TMEM16 proteins.”[A]

4.2 TMEMI16K

Similar to nhTMEM16, in the fully open conformation the subunit cavity of
TMEME16K is populated by lipid headgroups (Figure 4.4a). However, due to the
narrower intracellular part, the subunit cavity of TMEM16K accommodates higher
number of structured lipid headgroups compared to nhTMEM16. To take this into ac-
count, we used five instead of four lipid headgroups closest to the pore center, which
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Figure 4.4: a Snapshots illustrating arrangement of lipid headgroups in the TMEM16K
subunit cavity at positive and negative voltages. The transmembrane part of the pro-
tein is shown in white. Phosphorus, nitrogen, carbon, and oxygen atoms of lipid
headgroups are shown as orange, blue, white, and red spheres, respectively. b, ¢ Lo-
cal probability density distribution of POPC phosphorus (b) and nitrogen (c) atoms
along the subunit cavity at negative, zero, and positive voltages. Distributions were
calculated with respect to the pore center. Average distributions across independent
protomer simulations are shown, with shaded areas representing the standard error
of mean. The figure was adapted from [A].
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Figure 4.5: Probability that oxygen or nitrogen atoms of hydrophilic residues are in
a direct contact (distance of < 5 A) with either the phosphorus or nitrogen atoms
of POPC headgroups at their localization sites within the TMEM16K subunit cavity.
Only residues with a contact probability of > 10 % are shown (those with a contact
probability of > 35 % are highlighted in red). Each data point corresponds to a sin-
gle protomer. Error bars represent the standard deviation. The figure was adapted
from [A].

was defined as Ca of C412, to calculate the local distribution of their phosphorus and
nitrogen atoms along the subunit cavity. In accordance with generally more ordered
lipid headgroups, the number of peaks in the phosphorus and nitrogen distributions
is higher in TMEM16K (Figure 4.4b, c) compared to nhTMEM16 (Figure 4.1b, c).

In TMEM16K, the localization sites of the phosphorus and nitrogen atoms of the lipid
headgroups were defined as the following regions along the pore axis (in A): p1 [-15:-
10], p2 [-8:-2], p3 [0:5], p4 [10:15], n0 [-18:-13], nl [-12:-7], n2 [-4:1], n3 [4:9], n4 [8:13],
and n5 [13:18]. Analysis of the contacts between POPC headgroups and residues form-
ing the TMEM16K subunit cavity demonstrated that “the increased headgroup order
stems from an extended network of interactions that stabilize the headgroups (Figure
4.5): seven residues coordinate lipid headgroups with a contact probability of > 35 %
in TMEM16K (Figure 4.5), compared with three residues in nhTMEM16 (Figure 4.2).
In particular, at the extracellular part of the cavity the n4 and p4 groups are stabi-
lized by Q431 and E340 (Figure 4.5, Figure 4.6a), which are homologs of the N435 and
E313 residues that coordinate the pe and ne groups in nhTMEM16.”[A] In contrast to
nhTMEM16, however, lipid headgroups are also noticeably coordinated by residues at
the intracellular part of the cavity, with the p1, p2, and n1 sites being formed by R375,
N444, and D496, respectively (Figure 4.5). Notably, the bulky Y439, which coordinates
phosphate at the central pc site in nhTMEM16, is substituted by the short T435 in
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Figure 4.6: a Snapshots illustrating coordination of POPC headgroups by TMEM16K
residues within the subunit cavity. Phosphorus, nitrogen, carbon, and oxygen atoms
of lipid headgroups are shown as orange, blue, white, and red spheres, respectively.
The residues coordinating the POPC headgroups are shown as sticks. b Distribu-
tion of angle between a POPC headgroup and the outward membrane normal in the
TMEM16K systems at negative, zero, and positive voltages. The upright and down-
right orientations correspond to 0° and 180°, respectively. The figure was adapted
from [A].

TMEM16K. Despite this fact, the central phosphate-localization site (p3) is preserved
in TMEM16K, because of the accompanying substitution of A444 in nhTMEM16 by
5440 in TMEM16K, which stabilizes the p3 phosphate group and contributes to coordi-
nation of the n2 choline group (Figure 4.5, Figure 4.6a). “In turn, T435 as well as S363
is involved in coordination of the choline group at the extracellular n3 site. Finally,
neither the n0 nor n5 choline groups form stable contacts with any of the cavity-lining
residues.”[A]

“The orientation of lipid headgroups in the TMEM16K cavity demonstrates the same
sensitivity to voltage polarity as in the nhTMEM16 cavity (Figure 4.6).”[A] However,
this sensitivity is pronounced in a much longer region of the pore, which roughly
corresponds to the region of the ordered lipid headgroups. This suggests that pro-
tein stabilization is an important factor for the polarity-induced change in the lipid-
headgroup orientation. Due to the higher number of ordered lipid headgroups, more
of them are switching orientation upon the voltage-polarity switch. In particular, “the
n0 peak depends on the headgroup orientation at the p1 site and, therefore, on voltage
polarity (Figure 4.4¢c): It is much more prominent at negative voltages similar to the nc
peak in nhTMEM16 (Figure 4.1c). Relatedly, at negative voltages the choline groups at
the n1 and n2 sites are part of headgroups whose phosphates localize to the p2 and p3
sites, respectively, whereas at positive voltages the same choline sites are occupied by
headgroups whose phosphates localize to the p1 and p2 sites (Figure 4.6a).”[A] Finally,
occupation of the n5 site is more pronounced at positive voltages (Figure 4.4c), when
the n5 choline group belongs to the headgroup whose phosphate is stabilized at the
p4 site (Figure 4.6a).
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4.3 Conclusions

We demonstrated that in the main ion conductive state the pore of TMEM16 lipid
scramblases is lined by lipid headgroups, in consistency with the proteolipidic-pore
model. Moreover, we found that the pore-lining headgroups are well ordered within
the subunit cavity. While “protein residues provide a general scaffold for energetically
favorable lipid interactions with the subunit cavity, the transmembrane voltage signif-
icantly influences the specific lipid headgroup arrangement.”[A] In particular, choline
groups of POPC lipids exchange their localization sites within the subunit cavity upon
switching voltage polarity, which defines orientation of lipid headgroups lining the
pore. Comparing fungal nhTMEM16 and human TMEM16K lipid scramblases, we
also found that it is the cavity-stabilized lipid headgroups that demonstrate the most
prominent dependence of their orientation on voltage polarity. Summarizing, in the
main ion-conductive state TMEM16 lipid scramblases conduct ions through a struc-
tured but still dynamic proteolipidic pore, whose lipidic part constitutes its voltage
polarity-sensitive element.
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Permeation and blockage of ions
within the proteolipidic pore

The proteolipidic nature of the ion-conducting pore suggests that both the subunit
cavity and lipid headgroups lining the pore can directly influence the ion permeation
process. In this chapter, we describe atomic-level details of ion-protein and ion-lipid
interactions in the pores of nhTMEM16 and TMEM16K, and demonstrate how these
interactions shape the energetics of the permeating ions and control the permeability
state of the proteolipidic pore.

5.1 Ion accumulation sites

nhTMEM16

To better understand the details of ion permeation in nhTMEM16, we first focused
on the ions that crossed the membrane and thereby contributed to the ionic current
observed in our simulations. The trajectories of the permeating Cl~ and Na™ ions
through the nhTMEM16 pore are illustrated in Figure 5.1a. These trajectories were
used to calculate probability density distributions of the permeating ions, which are
shown in Figure 5.1b,c. Based on the distributions, a few ion accumulation sites were
identified along the ion permeation pathway. In particular, Na™ ions dwell at three
sites: intracellular Na;, vestibular Na,, and extracellular Na.; and Cl~ ions are ac-
cumulated at the vestibular C!, and extracellular CI, sites. To characterize ions in a
site-specific manner, we defined regions along the pore which corresponded to the lo-
calization sites. The region bounds along the pore axis (in A) were: Cl, [-16:-1], Cl.
[2:17], Na; [-25:-15], Na, [-8:2], and Na. [5:15].

We first evaluated the maximum dwell time of ions at the accumulation sites as the
time of the longest visit of an ion to a site during a protomer trajectory. Table 5.1
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Figure 5.1: a Snapshots illustrating trajectories of permeating C1~ and Na* ions visit-
ing the nhTMEM16 pore region in a representative system with the protein at a nega-
tive (left) and positive (right) voltage. Each sphere represents a particular position of a
Cl~ (green) or Na* (blue) ion in a single frame of the simulation. The transmembrane
part of the protein is shown in white, and the membrane borders are schematically
depicted. b, ¢ Probability density distributions of permeating Na™ (b) and Cl~ (c)
ions along the pore. Ion-localization sites (Na;, Na,, Na., Cl,, Cl.) are indicated. The
figure was partly adapted from [A].

site Cl, Cl. Na; Na, Nae pe pe
time(ns) | 86 81 86 43 59 1185 1048

Table 5.1: Maximum dwell time of ions and lipid headgroups at the accumulation sites
in the nhTMEM16 pore. Presented are median values calculated over all the simulated
protomers.

lists the median values that were calculated over all the simulated nhTMEM16 pro-
tomers. All the ion accumulation sites were characterized by a maximum dwell time
of < 10 ns, indicating fast dynamics of ions within the nhTMEM16 pore. To compare
the time scales of ion and lipid presence within the subunit cavity, we also estimated
maximum dwell time of phosphate groups at the pc and pe accumulation sites (Ta-
ble 5.1). Notably, lipid headgroups stayed at their accumulation sites at least one or-
der of magnitude longer than ions, indicating a clear time-scale separation between
ion permeation and lipid scrambling.

We then scrutinized the molecular interactions stabilizing ions at their localization
sites. Specifically, we calculated frequency of an ion to be in contact (distance of
< 5 A) with oxygen or nitrogen atoms of polar residues or phosphorus or nitrogen
atoms of lipid headgroups. When CI~ ions occupy the extracellular site, they form
contacts with all the polar residues lining the narrow extracellular mouth of the pore,
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Figure 5.2: “a,b Probability that oxygen or nitrogen atoms of hydrophilic nhTMEM16
residues or phosphorus or nitrogen atoms of POPC headgroups are in direct contact
(distance of < 5 A) with a permeating C1~ (a) or Na* (b) ion at a particular localization
site (Na;, Na,, Nae, Cl,, Cl.) within the pore. Only residues with a contact probability
of > 20 % are shown. Each data point corresponds to a single protomer. Error bars
represent the standard deviation. ¢ Residues indicated in a and b are mapped onto the
nhTMEM16 subunit cavity structure. The transmembrane part of the protein is shown
in white, and the membrane borders are schematically depicted.”[A] The figure was
adapted from [A].

including R432, N435, Q436, and E313 (Figure 5.2a,c). Additionally, the C1~ ions are
stabilized by the positively charged choline group of POPC (Figure 5.2a). Notably,
the position of the Cl. peak in the ion distribution depends on the voltage polarity
(Figure 5.1c): “It moves closer to the pore center when a negative voltage is applied.
The shift results from a change in permeation direction that causes Cl~ ions to accu-
mulate either below or above R432 and the coordinating choline group.”[A] In the CI,
site, C1~ ions are stabilized by R505 and choline groups of POPC lipids lining the pore
(Figure 5.2a,c). “The position of the vestibular Cl, peak in the permeating C1~ distri-
bution also depends on the electric field orientation, such that at negative voltages the
effluxing anions are stabilized closer to the pore center (Figure 5.1c).”[A] This peak
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shift results from the general asymmetry of the pore and orientation of the central
lipid headgroup, which attracts CI™ ions by its choline moiety at the nc site.

When Na™ ions occupy the intracellular Na; site, they mainly interact with D367
(Figure 5.2b,c). In turn, the attraction center at the extracellular Na. site is formed
by POPC phosphate and E313, corroborating the importance of this glutamate for ion
conduction shown experimentally [50]. Notably, the vestibular Na, site is mainly
formed by the central phosphate group of POPC (Figure 5.2b), and is only present
when a positive voltage is applied (Figure 5.1b). At negative voltages, the nc choline
group screens the phosphate group at the pc site and prevents the Na™ accumulation.
”“In conclusion, although protein residues (in particular E313 and R432) play the ma-
jor role in shaping the extracellular part of the ion permeation pathway through the
nhTMEM16 pore, lipid headgroups and their voltage polarity-dependent orientation
strongly affect ions in the intracellular vestibule of the pore.”[A]

TMEM16K

In TMEM16K, ion current is mainly mediated by Na™ ions, as we shall discuss in more
details in Chapter 6. Although we observed a few C1~ permeation events through the
TMEM16K pore, the poor statistics prevented us from quantitative analysis of C1~
distribution along the pore. The distributions of the permeating Na™ ions are shown
in Figure 5.3a, and their trajectories are illustrated in Figure 5.3b. In total, we identi-
fied three Na™ localization sites within the TMEM16K pore: intracellular Na;, central
Na,! and extracellular Na, (Figure 5.3a). To quantify maximum dwell time as well as
contacts between ions and TMEM16K residues or lipid headgroups, we used the fol-
lowing bounds for the sites along the pore axis (in A): Na; [-20:-10], Na,. [-10:0], and
Na, [4:12]. In TMEM16K, Na™ ions leave their localization sites faster than lipid head-
groups (Table 5.2), similar to ions in the nhTMEM16 pore. However, dwelling time
of lipid headgroups at their localization sites is about two times shorter in TMEM16K
compared to nhTMEM16, suggesting faster exchange of the lipid headgroups between
the sites during the translocation.

Analysis of the ion-protein contacts demonstrated that the network of residues
stabilizing Na™ ions within the TMEM16K pore is extended in comparison with
nhTMEM16 (Figure 5.3¢,d). The residues that coordinate permeating Na™ ions include
E340, D496, and E371. However, similar to nhTMEM16, ions are mainly coordinated
at the extracellular mouth of the TMEM16K pore, where Na* ions are in contact with
Y336, E340, S363, 5415, and 5432 (Figure 5.3¢c,d). At the central Na, site, ions are stabi-
lized by E371, N444, and D496, with the latter also forming the N q; site (Figure 5.3c,d).
“Notably, Na* ions are stabilized at their accumulation sites by TM3, TM4, and TM5
residues (Figure 5.3d). In contrast, lipid headgroups are mainly coordinated by TM6
residues (Figure 4.5 and Figure 4.6a)”[A], suggesting a certain level of structural sep-
aration between ion-conduction and lipid-scrambling pathways.

!The central Na. in TMEM16K corresponds to the vestibular Na, site in nhTMEM16, but is named
differently due to the absence of a real vestibule in the TMEM16K cavity.
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Figure 5.3: a Probability density distributions of permeating Na*t ions along the
TMEM16K pore at positive and negative voltages. Ion-localization sites (Na;, Nac,
Na,) are indicated. b Snapshots illustrating trajectories of permeating Na™ ions in a
representative system with TMEM16K at a negative voltage. Each blue sphere repre-
sents a particular position of a Na™ ion in a single frame of the simulation. ¢ Probabil-
ity that oxygen or nitrogen atoms of hydrophilic TMEM16K residues or phosphorus
or nitrogen atoms of POPC headgroups are in direct contact (distance of < 5 A) with a
permeating Na™ ion at a particular localization site (Na;, Na,, Na.) within the pore.
Only residues with a contact probability of > 20 % are shown. Each data point corre-
sponds to a single protomer. Error bars represent the standard deviation. d Residues
indicated in ¢ are mapped onto the TMEM16K subunit cavity structure. b, d The
transmembrane part of the protein is shown in white, and the membrane borders are
schematically depicted. The figure was partly adapted from [A].

Interestingly, all three Na™ localization sites are partly formed by the lipid phosphate
groups and demonstrate a dependence on voltage polarity (Figure 5.3c). In particular,
the Na; site is prominent only at positive voltages, when there is no adjacent choline
group at the n0 site, and the Na, site is formed only when a negative voltage is ap-
plied, so that there is no choline group at the n5 site (Figure 5.3a and Figure 4.4c).
“Thus, Na* ions can be freely coordinated by a corresponding phosphate group at
the pl or p4 site in the absence of an interfering choline group. In turn, the Na, site
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site Na; Na. Nae pl p2 »3 p4
time(ns) | 7.0 149 78 595 499 450 40.8

Table 5.2: Maximum dwell time of ions and lipid headgroups at the accumulation sites
in the TMEM16K pore. Presented are median values calculated over all the simulated
protomers.
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Figure 5.4: a,b Probability density distributions of blocked C1~ and Na™ ions along
the nhTMEM16 (a) and TMEM16K (b) pores. ¢,d Hydration profile of the nhTMEM16
(c) and TMEM16K (d) pores, represented by the number of water molecules in 1 A
sections along the pore axis. a-d The neck region is indicated by dashed lines and
error bars represent the standard error of mean. The figure was adapted from [A].

demonstrates a voltage polarity-dependent shift, following the location of the phos-
phate p2 site (Figure 5.3a and Figure 4.4b).”[A] Summarizing, the more structured
pore of TMEM16K is characterized by a higher number of interactions between per-
meating ions and the subunit cavity compared to nhTMEM16, but the ion localization
sites remain sensitive to the orientation of the lipid headgroups.

5.2 Permeability of the proteolipidic pore

Neck region

In our simulations, not all the ions that visited the subunit cavity eventually perme-
ated through the pore. Figure 5.4a,b demonstrates the distributions of such blocked
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Figure 5.5: a,b Number of water molecules within the first hydration shell of Cl~
or Na™ ions depending on the position along the nhTMEM16 (a) and TMEM16K (b)
pores. Dashed lines indicate the neck region of the pores and error bars represent
the standard error of mean. Average distributions over all simulated protomers are
shown. The figure was adapted from [A].

ions along the pores of nhTMEM16 and TMEM16K. “In contrast to permeating ions,
blocked ions show clear gaps in the distributions.”[A] Therefore, “we defined the
neck region as the section of the pore with a negligible probability density of blocked
ions.”[A] In nhTMEM16, “the neck region extends for a distance of about 7 A from the
pore center to its extracellular entrance (Figure 5.4a).”[A] In TMEM16K, the neck re-
gion includes also the intracellular part of the pore (Figure 5.4b), thereby being about
10 A longer than the neck region of nhnTMEM16.

We then calculated the hydration profile of the pore as the distribution of the num-
ber of water molecules in 1 A sections along the pore axis (Figure 5.4c,d). Comparing
the hydration profiles and distributions of blocked ions, we found that the neck re-
gion corresponds to the least hydrated part of the pore. Notably, this part coincides
with the region of high sensitivity of lipid headgroups to voltage polarity in both
nhTMEM16 and TMEM16K (Figure 4.3b and Figure 4.6b), indicating that the head-
groups are polarity-sensitive mainly in the dehydrated region of the cavity. We then
calculated number of water molecules within the first hydration shell of ions in the
pore. The radius of the first hydration shell was 3.8 A for ClI~ and 3 A for Na*, as
found from the positions of the first minima in the radial distribution functions. De-
spite low hydration of the neck region, permeating ions retain their first hydration
shells upon crossing it, as can be seen from Figure 5.5. This suggests that the ions bind
rather loosely to the pore-forming residues and that dehydration penalty is unlikely
the reason for the ion blockage.

Ion blockage

As illustrated in Figure 5.6, the ordered headgroups within the cavity line the neck re-
gion of the pore, suggesting that accessibility of the neck region to ions and, therefore,
the permeability state of the pore could also be affected by lipid headgroups. "To test
this, we measured the distances from headgroup moieties to the ion permeation path-
way and compared these between the open (ions are permeating) and closed (ions are
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Figure 5.6: Snapshots illustrating the trajectories of blocked ions visiting the pore re-
gion together with the density of the lipid headgroups in the subunit cavity. Shown
are representative systems of nhTMEM16 (top) at a negative voltage and of TMEM16K
(bottom) at a positive voltage. Each sphere represents a particular position of a C1~
(green) or Na* (blue) ion in a single frame of the simulation. The neck region is in-
dicated by dashed lines. Contoured at 200, meshes represent the density of the phos-
phorus (orange) and nitrogen (blue) atoms of POPC located nearest to the pore center.
The localization sites of headgroup moieties that were used in the blockage analysis
(nc, pc, ne, and pe in nhTMEM16, and p1, nl, p4, and n4 in TMEM16K) are indicated.
The transmembrane parts of the proteins are shown in white, and the membrane bor-
ders are schematically depicted. The figure was partly adapted from [A].
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Figure 5.7: “a The minimum in-plane distance between the ion permeation pathway
and the nitrogen or phosphorus atoms of POPC headgroups was measured at the
indicated headgroup localization sites of the open (o) and closed (c) microstates of
the nhTMEM16 pore. The central (pc and nc) and extracellular (pe and ne) sites were
used for the analysis of the efflux (left) and influx (right), respectively. Each data
point represents a single protomer, whiskers indicate the 5th and 95th percentiles,
and p-values were evaluated with the Mann-Whitney test, one-sided: p > 0.05 (n.s.),
p < 0.05 (*), p < 0.001 (*). Number of data points and p-values (n,, n., p): top
row - (13, 16, 0.034), (17, 18, 0.00003), (12, 18, 0.5), (9, 17, 0.0009); and bottom row -
(13,17, 0.01), (20, 19, 0.00004), (11, 13, 0.3), (12, 15, 0.07). b Schematic representation
of the efflux of fully hydrated (water oxygens shown in red) C1~ ions (green) through
the nhTMEM16 pore in the open state and of the blockage of permeation by lipid
headgroups (orange and blue) in the central part of the pore. TM5: transmembrane
domain 5.”[A] The figure was adapted from [A].

blocked) microstates? of the pore.”[A] More precisely, the distances were measured as
follows. “When a permeating ion was present in a region corresponding to a specific
lipid localization site, its coordinates relative to the reference atom of the pore center
were saved. Then the x and y components of the coordinates were averaged over all
the visits in all simulations. The distance of a lipid headgroup moiety to the ion per-
meation pathway in the zy plane was thus defined as the distance from this average
ion position. When an ion visited the part either 2.5 A above (influx) or 2.5 A below
(efflux) the center of the region, the distance from a specific moiety to the permeation
pathway was measured if the moiety was present in the region and average distances
over the time of the visit were then calculated. Thus, each continuous ion visit to a re-
gion that was accompanied by the presence of a headgroup moiety in the same region
resulted in one distance value. These distances were then averaged over the whole
trajectory to provide a single data point for each independent protomer. This analy-

>To avoid confusion, here we use term ‘microstate’ to describe open or closed states of the pore in the
fully open "macrostate’.
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Figure 5.8: RMSD of Ca atoms of the pore-lining residues, calculated separately for
the open (0) and closed (c) microstates of the nhTMEM16 and TMEM16K pores. Each
data point represents a single protomer, whiskers indicate the 5th and 95th percentiles,
and p-values were evaluated with the Mann-Whitney test, one-sided: p > 0.05 (n.s.),
p < 0.05 (*). The number of data points and p-values (n,, n., p) for each panel (left to
right) were (14, 18, 0.2), (13, 18, 0.04), (12, 21, 0.1), (21, 21, 0.5), (9, 14, 0.64), and (14, 14,
0.4). The figure was partly adapted from [A].

sis was done separately for permeating and blocked ions to enable an assessment of
interference between lipid headgroups and ion permeations.”[A]

As entry to the neck region was sufficient for the most ions to permeate through the
pore, we measured the blocking effects only of the headgroup moieties, which flanked
the neck region and could potentially block ion flux. In nhTMEM16, we separately
evaluated the effect of the extracellular pe and ne groups on ion influx, and the effect
of the intracellular pc and nc groups on ion efflux. “"When the central part of the pore
was open and ion efflux was permitted, both the choline and phosphate groups of
the central lipid headgroup were significantly further from the ion permeation path-
way than when the pore was in the closed microstate (Figure 5.7a). The blockage is
likely to be mediated by steric hindrance as, regardless of their polarity, both head-
group moieties interfere with C1~ and Na™ efflux.”[A] The mechanism of the efflux
block is schematically depicted in Figure 5.7b. “Ion influx was less affected by lipid
headgroups: only the extracellular phosphate group (pe) significantly affected Cl1~ in-
flux through the pore (Figure 5.7a).”[A] The blocking effect of lipids on ion influx is
less pronounced, likely because influxing ions lack the vestibule state and enter the
pore directly from the bulk solution. To test if ion blockage could correlate with some
conformational changes of the cavity, we calculated RMSD of the Ca atoms of the
pore region separately for open and closed microstates of the pore (Figure 5.8). No-
tably, only blockage of C1~ influx correlates significantly with the changes in the pore
structure, whereas Cl~ efflux and Na™ flux in either direction demonstrate no such
correlation. Summarizing, in nhTMEM16 ion efflux is controlled by lipid headgroups
that can sterically block access to the neck region and the ion permeation pathway;,
whereas ion influx is regulated by both lipids and protein conformational dynamics.

In TMEM16K, we found that the conformation of the cavity was also rather stable and
did not differ between the open and closed microstates (Figure 5.8). We then measured
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the blockage effect of the intracellular pl and n1 groups on ion efflux (Figure 5.9a),
and that of the extracellular p4 and n4 groups on ion influx (Figure 5.9b). Interest-
ingly, we found no significant difference in distances from the headgroup moieties to
the ion permeation pathway in open and closed microstates of the TMEM16K pore.
Taken together with the clear spatial separation of the residues that coordinate either
permeating ions or lipid headgroups, this indicates a looser coupling between lipid
scrambling and ion conduction in TMEM16K compared to nhnTMEM16.

5.3 Conclusions

MD simulations with atomistic resolution allowed us to analyze separately permeat-
ing and blocked ions within the pore region of TMEM16 lipid scramblases. We iden-
tified a number of dwelling sites of permeating ions along the permeation pathway
and showed that ions occupy these sites for a much shorter time compared to the
dwelling time of the lipid headgroups in their localization sites. Permeating ions are
stabilized at the dwelling sites by the cavity-lining residues and lipid headgroups,
which shape the permeation pathway in a voltage-polarity dependent manner. No-
tably, the network of protein interactions, which stabilizes permeating ions, is isoform-
specific and is extended in TMEM16K compared to nhTMEM16. Based on the analy-
sis of blocked ions we defined the low-hydrated neck region in the nhTMEM16 and
TMEM16K pores. The neck region is lined by structured lipid headgroups, which
can sterically block the ion access to the pore entrances and thereby control perme-
ability state of the pore. Being isoform-specific, such blockage was not detected in
TMEM16K, presumably because of the structural separation between ion- and lipid-
coordinating residues, which provide less interdependent pathways for ion conduc-
tion and lipid translocation in TMEM16K compared to nhTMEM]16.
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Chapter 6

Molecular mechanisms of ion
selectivity

Ion selectivity is one of the main characteristics that define physiological roles of ion
channels. In contrast to bona fide C1~ channels of the TMEM16 family, ion selec-
tivity of TMEM16 lipid scramblases is still under debate. The existing experimen-
tal data are highly controversial, reporting TMEM16 lipid scramblases to generate
anion-, cation-, or nonselective ion currents. Yet, the mechanisms behind such vari-
ation in ion selectivity are poorly understood. In this chapter, we first describe the
molecular determinants of the basic ion selectivity, demonstrated by nhTMEM16 and
TMEM16K in neutral POPC membranes. We then show that the ion selectivity can be
affected by the arrangement of lipid headgroups within the cavity. Finally, we demon-
strate that membrane lipid composition can drastically alter the ion selectivity in salt
concentration-dependent manner and thereby suggest a molecular mechanism for the
highly variable ion selectivity of TMEM16 lipid scramblases.

6.1 Basic ion selectivity

Structural basis

To quantify ion selectivity of the scramblases from our CompEL simulations, we used
Na*-to-Cl~ permeability ratio (Pn,/P¢;), defined as a ratio between Na™ and C1~ ion
conductances. We first calculated Py, /P¢; globally as

N
NG

EJViN (6.1)

2i Ga

where G, and G%,, are mean Na™ and Cl~ conductances in the i-th protomer, and the

sums are over all the simulated protomers. The global permeability ratios calculated

for nhTMEM16 and TMEM16K are shown in Table 6.1. Whereas nhTMEM16 demon-
strated in general nonselective current in agreement with previous experimental [30]

Pna/Pcr =
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protein Pnao/Pci (global) Pna/Pei(V+)  Pna/Per (V-)
nhTMEM16 1.3 1 0.1
TMEM16K 4.3 - 4.2

Table 6.1: Ion selectivity of nhTMEM16 and TMEM16K in POPC membranes.
Pna/Pci was calculated globally, and separately for protomers at positive (V+) and
negative (V-) voltages.
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Figure 6.1: Alignment of nhTMEM16 and TMEM16K sequences for the regions form-
ing the intracellular (TM3 and TM6) and extracellular (TM4 and TM7) entrances of the
pore that contain negatively and positively charged residues highlighted in red and
blue, respectively. TM: transmembrane domain. The figure was partly adapted from
[A]

and computational [43] studies, TMEM16K turned out to be about four times more
permeable to Na™ than to Cl1™.

To uncover the molecular basis of the difference in ion selectivity between nhTMEM16
and TMEM16K, we scrutinized the amino acid sequences of their pore-lining regions
(Figure 6.1). To this end, we used Jalview [88] and the ClustalW program [89] to do
sequence alignment of nhTMEM16, afTMEM16, and all murine and human mem-
bers of the TMEM16 family, excluding TMEM16H. We found that the extracellular
entrance of the cavity was lined by charged residues of TM3 and TM6, whereas TM4
and TM7 adopted charged residues lining the intracellular entrance. In Chapter 5,
we showed that “the conserved acidic residues, which form the Ca2+-binding site
(D503 and E506 in nhTMEM16, and D497 and E500 in TMEM16K), did not interact
directly with permeating ions. Therefore, these residues were discarded from the
consideration.”[A] Compared to nhTMEM16, TMEM16K has higher number of posi-
tively charged residues in TM6 and TM4 and negatively charged residues in TM3 and
TM?7. Thus, the simple sequence comparison was ineffective in deriving a basis for the
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Figure 6.2: a, b Snapshots showing the distribution of charged residues (labeled)
within the subunit cavities of TMEM16K (a) and nhTMEM16 (b). Oxygen and ni-
trogen atoms of the side chains are colored red and blue, respectively. The figure was
adapted from [A].

higher Na™ selectivity of TMEM16K. Therefore, we then mapped the charged residues
on the nhTMEM16 and TMEM16K structures, to get molecular details of the distribu-
tion of the charged residues over the cavity. As can be seen from Figure 6.2, “all three
charged residues of the nhTMEM16 cavity point toward the inside of the groove, while
some of the TMEM16K residues (especially the basic ones) point toward the outside.
In particular, the side chains of both K427 and R430 are oriented such that they can-
not neutralize the negative charges of D425 and E340 that are directed toward the
extracellular entrance. The same region is effectively neutral in nhTMEM16 due to the
close positioning of R432 to E313. At the intracellular entrance, R505 creates an anion-
attracting environment in nhTMEM16, whereas its acidic homolog D496 is effectively
neutralized by R378 in TMEM16K. The human scramblase has three charged residues
(R378, R375, and E371) in the pore-lining stretch of TM4, whereas nhTMEM16 con-
tains only neutral residues in the same region. In the crystal structure, R375 points out
of the cavity; however, during the simulations R375 reoriented its side chain toward
the cavity interior, where it coordinated the p1 phosphate (Figure 4.6a) and thus could
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Figure 6.3: Distribution of simulated nhTMEM16 and TMEM16K protomers over the
selectivity classes. Shown are the combined data collected from the simulations at
positive and negative voltages. The simulations were conducted in POPC membranes.
The figure was adapted from [A].

not effectively screen the negatively charged E371. Taken together, the positioning and
orientation of the charged residues likely lead to the difference in pore electrostatics,
resulting in the different ion selectivities of the homologs.”[A]

To gain further insight into variation in ion selectivity, we calculated Py,/Pc; sep-
arately for each simulated protomer. To increase the robustness of the analysis, we
discarded protomers with less than five ion permeation events. We note that because
of the overall stochasticity of the ion permeation process and the submicrosecond time
scale of the simulations, a particular protomer could demonstrate zero current medi-
ated by one of the ion types. In particular, we observed no CI~ permeation events in
TMEM16K under negative voltages, so that Py, /P¢; could not be defined (Table 6.1).
Therefore, to quantify variation of ion selectivity between the protomers, we sorted
the protomers into five selectivity classes. ”Selectivity classes were defined as follows:
Na™ selective, Py, /P> 10; moderately Na* selective, Py, /Pci€ [2,10); nonselec-
tive, Pno/Pci€ (0.5,2); moderately C1™ selective, Py, /Pcie (0.1,0.5], and Cl~ selec-
tive, Pno/Pci< 0.1.”[A] Notably, despite global Px,/Pc; of 1.3 makes nhTMEM16
nonselective, the protomer-wise analysis revealed that the majority of the simulated
protomers demonstrated higher permeability to Cl~ than to Na* ions (Figure 6.3).
In agreement with the overall cation selectivity of TMEM16K (Table 6.1), all simu-
lated TMEM16K protomers were more than twice more permeable to Na™ than to C1~
(Figure 6.3).

Effect of voltage polarity

To see if ion selectivity of TMEM16 lipid scramblases could be sensitive to polarity of
the applied voltage, we calculated Py, /P¢; as defined by equation 6.1 separately for
protomers at positive and negative voltages (Table 6.1). Whereas TMEM16K proved
to be NaT-selective regardless of the voltage polarity, nhTMEM16 was nonselective
at positive voltages but demonstrated a certain level of Cl™ selectivity at negative
voltages. This was further confirmed by the analysis of ion selectivity of individual
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Figure 6.4: a, b Number of nhTMEM16 (a) and TMEM16K (b) protomers in each se-
lectivity class at positive (left) and negative (right) voltages. The simulations were
conducted in POPC membranes. The figure was adapted from [A].
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protomers, shown in Figure 6.4. At positive voltages, the majority of nhTMEM16
protomers were nonselective, with no protomer demonstrating solid CI~ selectivity.
In contrast, nhTMEM16 protomers at negative voltages were mainly Cl~ selective.
Notably, no such drastic variation in ion selectivity was observed in TMEM16K.

Structurally, the voltage polarity dependence of ion selectivity in nhTMEM16 stems
from the asymmetry of its subunit cavity, in which the intracellular vestibule serves
as a priming site for effluxing ions. As we have shown in Chapter 5, lipid headgroups
interact with permeating ions and shape the energetics of ions along the permeation
pathway. ”Since differences in the energetics of the different ions define the ion selec-
tivity of the pore, we propose that lipids may have a profound impact on ion selectiv-
ity.”[A] In particular, the priming site for effluxing ions is partly formed by the central
lipid headgroup, which is oriented in accordance with the polarity of the applied volt-
age. At positive voltages, the central lipid headgroup is upward oriented and exposes
its phosphate group to the intracellular vestibule of the pore, thus creating a priming
site for Na™ and destabilizing C1~ ions at the same time. As a result, the efflux of Na™
is enhanced, making the nhTMEM16 pore nonselective at positive voltages.

6.2 Effect of anionic lipids

Shift in ion selectivity

All the results discussed above were obtained from the simulations in neutral POPC
membranes. Given the aforementioned impact of lipid headgroups on the ion se-
lectivity, we assumed that it could also be affected by membrane lipid composition.
To test this, we conducted additional simulations of nhTMEM16 in membranes con-
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Figure 6.5: Distribution of nhTMEM16 protomers over the selectivity classes, when
simulated in POPE:POPG and POPC:POPS membranes at different salt concentra-
tions. Shown are the combined data collected from the simulations at positive and
negative voltages.

membrane [NaCl] [CagCl] PNa /PCl PNa /PCl PNa /PCl

(global)  (V+) (V)
POPE:POPG 025M 0mM 87 9.6 6.8
POPC:POPS 025M 0mM 14 41 6

POPC:POPS 1M OmM 0.7 31 0.6
POPC:POPS 02M  1mM 14 1.6 13

Table 6.2: Ion selectivity of nhTMEM16 in anionic POPE:POPG and POPC:POPS
membranes at different salt concentrations. Py, /Pc; was calculated globally, or sep-

arately for protomers at positive (V+) and negative (V-) voltages. Bulk concentrations
of NaCl and CasCl are indicated.

taining POPE, POPG, and POPS lipids. "When we changed the lipid composition
of the membrane to a 1:1 mixture of POPC and negatively charged POPS, keeping
NaCl concentration of 250 mM, we observed a drastic change in ion selectivity, such
that the proteolipidic pore of fully open nhTMEM16 became effectively Na™ selective
(Figure 6.5; Table 6.2). Notably, the same effect was evident in a 3:1 mixture of neu-
tral POPE and negatively charged POPG (Figure 6.5; Table 6.2).”[A] Despite similar
distribution of the protomers over the selectivity classes (Figure 6.5), Na™ selectivity
was more prominent for nhTMEM16 in POPC:POPS membrane than in POPE:POPG
membrane with Py,/Pc; of 14 and 8.7, respectively (Table 6.2). This indicates that
higher concentration of anionic lipids in a membrane leads to a stronger preference
for Na™ in ion conduction by nhTMEM16. Notably, the effect of the voltage polarity is
also evident in anionic membranes, so that the nhTMEM16 pore is more Na™ selective
at positive voltages (Table 6.2).
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Figure 6.6: a-d Distributions of phosphorus atoms of POPE (a), POPG (b), POPC (c),
and POPS (d) along the nhTMEM16 subunit cavity in either POPE:POPG or
POPC:POPS membrane in 250 mM NaCl at negative, zero, and positive voltages. Dis-
tributions were averaged over all simulated protomers and shaded areas represent the
standard error of mean. The figure was adapted from [A].

"Despite the drastic change in the ion selectivity, the general ion-conduction mech-
anism of nhTMEM16 in anionic membranes remained similar to that in the pure
POPC membrane.”[A] In particular, the ion-permeation pathway was lined by lipid
headgroups, as can be seen from distribution of lipid phosphate groups along the
nhTMEM16 cavity (Figure 6.6). "Notably, unlike the POPC and POPE headgroups in
the mixed membranes, which have a localization pattern similar to that of the pure
POPC membrane, the headgroups of anionic lipids rarely visited the central part of
the pore (Figure 6.6). Such depletion suggests slower kinetics of scrambling for phos-
phatidylserine compared with phosphatidylethanolamine lipids, in full agreement
with experimental observations [23].”[A] The exclusion of anionic lipids from the cen-
tral region of the pore indicates that their effect on ion selectivity mainly results from
changing the membrane charge at the entrances of the pore.

Salt-induced reversal of the selectivity change

Since high salt concentrations can effectively screen membrane surface charge [90], we
then tested if such screening could affect ion selectivity of nhTMEM16 in an anionic
membrane. “When we increased the NaCl concentration from 250 mM to 1 M, the ion
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selectivity of nhTMEM16 embedded in POPC:POPS membrane reversed to partially
restored preference for Cl~ (Figure 6.5, Table 6.2). The increased salt concentration
seems to result in ion selectivity that is intermediate between those of neutral and an-
ionic membranes at the lower salt concentration. Thus, as the protein demonstrates
nonselective current at positive voltages in the POPC membrane, its ion selectivity is
shifted towards Na* in the POPC:POPS membrane even at the higher salt concentra-
tion (Table 6.2).”[A] We then tested if divalent Ca®* ions reverse the ion-selectivity
change as well. Since Ca?" ions screen the surface charge of anionic membranes more
efficiently than Na* [91], we reduced NaCl concentration to 200 mM and added Ca?*
ions to the solution to reach bulk concentration of ~1 mM. At these conditions, the
majority of the simulated nhTMEM16 protomers demonstrated nonselective current
(Figure 6.5) with overall Py,/Pc; of 1.4 (Table 6.2). Note that nhTMEM16 in the
pure POPC membrane and 250 mM NaCl solution had Py, /P¢; of 1.3 (Table 6.1).
Interestingly, the screening effect of Ca®" was especially pronounced at positive volt-
ages, making nhTMEM16 as nonselective as at negative voltages (Table 6.2). Recently,
similar salt-induced effects on ion selectivity have been shown in experiments on
TMEMI16F [41]. Various types of cations were used and the prominence of the effect
grew with the valency of a cation, so that di- and trivalent cations switched TMEM16F
from the cation- to anion-selective state [41].

6.3 Conclusions

In this chapter, we investigated the molecular mechanisms of ion selectivity in
nhTMEM16 and TMEM16K. We found that TMEM16K demonstrates clear cation se-
lectivity in contrast to the generally nonselective nhTMEM16. We unraveled the
molecular basis for the difference in ion selectivity between the homologs, which re-
lates both to the positioning and to the orientation of charged residues within the
subunit cavity. We also demonstrated that ion selectivity depends on voltage polarity.
In particular, the scramblases are more Na™ selective at positive voltages owing to the
pore asymmetry and polarity-dependent orientation of lipid headgroups within the
cavity. Furthermore, we found that anionic lipids can drastically change ion selectiv-
ity of TMEM16 lipid scramblases by bringing negative charge to the cavity entrances.
Finally, we showed that this selectivity change is sensitive to the concentration of salt
in the solution because of the screening of the membrane charge by mono- and di-
valent cations. Thus, our results are in full agreement with the recent experimental
observations, and augment them with a mechanistic explanation, pointing at lipids as
an important modulator of ion selectivity in TMEM16 lipid scramblases.
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Chapter 7

Electrostatics within the
proteolipidic pore

Electrostatics often plays the main role in ion selectivity of ion channels by shaping
the energetics of their interaction with ions. Both the channel and its environment
contribute to the charge distribution and, thereby, to the electrostatic potential of a
system. However, experimentally resolved structures rarely provide information on
the membrane and water solution, which together form the surroundings of ion chan-
nels. In particular, no detailed information is available on the arrangement of lipid
headgroups within the subunit cavities of TMEM16 lipid scramblases from the struc-
tural experiments. As was shown in Chapter 4, such information can be obtained from
atomistic MD simulations. However, a tool that could robustly quantify biomolecular
electrostatics based on MD trajectories was missing. To fill this gap, we developed
g-elpot, a tool that takes advantage of water molecules explicitly present in the sim-
ulations to reliably calculate distribution of the electrostatic potential in a simulated
system. In this chapter, we first expound the theoretical basis and implementation de-
tails of g_elpot, and then demonstrate how our tool can be used to gain high-resolution
insights into ion-channel electrostatics. In particular, by applying g_elpot to our sim-
ulations of TMEM16 lipid scramblases, we could quantify and compare the effects of
membrane lipid composition and protein mutations on the electrostatics within the
pores of nhTMEM16 and TMEM16K.

7.1 Computing biomolecular electrostatics

”In the absence of detailed structural information on a biomolecular environment,
the distribution of the electrostatic potential around a biomolecule can be evaluated
by continuum methods based on the Poisson—-Boltzmann (PB) equation [92]. Numer-
ous insights into the biophysical properties of proteins and nucleic acids have been
gained using continuum methods [92] implemented in a number of software pack-
ages, including the widely used DelPhi [93] and APBS [94, 95]. However, due to
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their implicit representation of the biomolecular environment, continuum methods
do not take into account a number of molecular-level phenomena (e.g. the orienta-
tion of solvent molecules at the interface with biomolecules [96] and the orientation
of lipid headgroups around membrane proteins), which can significantly affect the
electrostatics of the system [97]. Moreover, PB methods represent the environment
in terms of electric permittivity, which is arbitrarily assigned to different parts of the
system [98, 99]. Lastly, calculations based on the PB equation ignore the natural dy-
namics of the studied biomolecules. These features limit the amount of quantitative
details on biomolecular electrostatics that can be obtained using PB methods.

Nowadays, MD simulations are commonly used to obtain information on the dynam-
ics and functions of biomolecular systems at atomistic resolution [63, 100]. During
an MD simulation, the biomolecule and its environment sample the conformational
space, with each trajectory frame containing information on the instantaneous dis-
tribution of electrostatic potential, as defined by the atomic positions. Due to the
nanoscale size of the systems studied in MD simulations, periodic boundary condi-
tions are commonly used to avoid undesirable edge effects [99, 101]. In a periodic
system, the long-range nature of the electrostatics makes the direct sum of contribu-
tions from the periodic copies only conditionally convergent [99]. This problem can be
tackled by a number of approaches [99, 101], including widely used methods based on
the Ewald summation [77, 102]. Briefly, the potential is split into short- and long-range
parts that converge in real and Fourier spaces, respectively. Whereas the short-range
part has singularities at the atom positions, the long-range part can be used to calcu-
late a smooth distribution of the electrostatic potential over the simulation box.

The idea of using the long-range part of the potential (calculated by the smooth par-
ticle mesh Ewald (SPME) method [77]) to characterize electrostatics in biomolecular
systems based on the MD trajectories was first realized in the pmepot plug-in [103] of
the Visual Molecular Dynamics (VMD) package [104]. The plug-in generates a map
of the average distribution of the long-range part of the SPME potential and, to the
best of our knowledge, has been so far the only tool for extracting electrostatic poten-
tials from MD trajectories. However, the resulting map can be substantially smeared
due to the free translation and rotation of a biomolecule during an MD simulation.
This smearing cannot be avoided by rotational fitting of the trajectory onto the ref-
erence structure prior to the SPME calculation because subsequent application of the
periodic boundary conditions results in an artificial electrostatic-potential map. The
smearing problem can be solved by using short MD trajectories [105] or simulations
with positional restraints applied to the biomolecule [106]. However, the absence of
a fitting procedure limits the usage of pmepot mainly to the qualitative analysis of
electrostatics in long MD simulations of free proteins and nucleic acids. Additionally,
although MD trajectories inherently contain time-resolved information on a biomolec-
ular system, pmepot can only derive the average distribution of the potential and not
its time course. Furthermore, we will demonstrate that direct quantification of elec-
trostatics from the long-range part of the SPME potential should be interpreted with
caution due to its slow convergence over the parameters used for the calculations.”[B]
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7.2 g elpot

"Here we present the g_elpot tool, which overcomes the aforementioned limitations
and enables the efficient quantitative analysis of electrostatic potential in biomolecu-
lar systems based on MD trajectories. On-the-fly fitting of trajectory frames enables
the generation of high-resolution maps of electrostatic potential around biomolecules.
Based on a computational scheme that harnesses the explicit water molecules present
in an MD system, g_elpot generates the maps that are easily converted into convergent
electrostatic-potential profiles.”[B]

Theory

”To decide whether it is electrostatically favorable for a charged solvable substance to
locate at particular sites on a biomolecule, we consider the potential (®) created at a
point (r) of a system with respect to the bulk solution

(I)(I‘) — ¢local(r) _ ¢bulk. (71)

Here we only consider the hydrated regions of the system because, in most biologi-
cally relevant processes, a charged soluble substance interacts with a biomolecule at a
hydrated site. The local electrostatics at the water-populated regions of the system can
be quantified by water-molecule potentials that are calculated at a certain point (ry,)
within each water molecule, e.g. its center of geometry. The water-molecule potential
can be then split into two parts

¢local (rwm) = ¢wm (rwm) + ¢sur(rwm)7 (72)

where ¢y, (rywm) accounts for the contribution of the water molecule itself to the po-
tential and ¢y, (rwm ) is the contribution of the rest of the system, i.e. the surroundings
of the water molecule. In turn, we define the system bulk potential as

¢bu”€ =< wam >Spulk + < ¢sur > bulks (73)

where < --- >3, denotes averaging over all water molecules in the bulk region of the
system. Thus,

(I)(rwm) - ¢wm(rwm) + Qbsur(rwm)_ < ¢wm Shulk — < ¢sur >bulk - (74)

Contribution of the water molecule to the potential at r,,,,, depends on geometry of the
water molecule but not on its position or surroundings. Therefore, if water molecules
are assumed to have only small geometric fluctuations,

¢wm(rwm) ~< Qwm >bulk (7.5)

and
@(rwm) ~ (bsur(rwm)_ < ¢sur >bulk - (76)

Notably, in case of absolutely rigid water molecules, the approximations in Egs. 7.5
and 7.6 become equalities.”[B]
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Figure 7.1: a "Dependence of the short-range part of the electrostatic potential on
the distance from the source atom is shown for different 5 values.”[B] b Schematic
showing exclusion volume of a water molecule. Because of the interatomic repulsion,
each water molecule has an exclusion volume (enclosed by dashed line), where no
atoms of other molecules can enter, justifying omission of the short-range part of the
potential. The water-molecule center of geometry is indicated by the cross. The figure
was partly adapted from [B].

”In a periodic point-charge system where the unit-cell edges are defined by vectors a;,
ap, and a3, the distribution of electrostatic potential can be calculated with the SPME
method [77] by splitting the potential into the long-range and short-range parts

o(r) = ¢ (x) + ¢*(r), (7.7)

where the long-range part is created by Gaussian-distributed charges p(r), approxi-
mating the original charge distribution

AN
p(r) = Z (ﬁ) Zqi exp(—B%r — r; + n|?), (7.8)
i=1

where N is number of atoms, ¢; and r; are the charge and position of an atom ¢, 3 is
the inverse width of a Gaussian, and the outer sum is over n = nja; + nsas + nsas,
for all integers n1, ng, n3. The long- and short-range parts of the potential converge
in Fourier and real space, respectively. The higher the value of 3, the faster the short-
range part decays (Figure 7.1a); therefore the value of the § parameter can be cho-
sen such that the short-range part of the potential created by an atom is negligible at
a predefined distance. In MD simulations, interatomic repulsion at short distances
prevents atoms from overlapping and guarantees a nonzero distance between them
(Figure 7.1b). Therefore, the short-range part of the potential created at ry,,, by the
atoms surrounding the water molecule can be made negligible by assigning /3 a value
greater than some critical value ., so

Gsur(Twm) = lscw(rwm) + Pour (Twm) =~ (b?ur(rwm)ﬂ (7.9)

and ® can be found as

P (rym) ~ Qbérur(rwm)_ < ¢?§” > bulk - (7.10)
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Thus, the proper choice of 5 ensures that only the long-range part of the potential
is enough to obtain a rigorous quantification of local electrostatics in the hydrated
regions of the simulation system.”[B]

In a periodic system, charges distributed according to Eq. 7.8 “create an electrostatic
potential
K2 N
1 exp (7 W) | |
- Ve g;o 3 exp(ikr) ; qi exp(—ikr;), (7.11)

o' (r)

where ¢ is the permittivity of vacuum, V is the volume of the unit cell, 3 is the inverse
width of the Gaussian, N is number of atoms, ¢; is a charge and r; is a position of an
atom 7. The outer sum is over vectors k = 2wk1a} + 2wkqal + 2wksaj for all integers
k1, k2, and k3 excluding {0, 0, 0}, where a;‘- is a reciprocal vector defined by a;fal = 0ji,
and §;; is the Kronecker delta. The rightmost sum defines the structure factor of the
system. Following the SPME method [77], the structure factor can be approximated
by S which is calculated on a grid using cardinal B-spline interpolation of the charge
and fast Fourier transform. The long-range part of the SPME potential ¢ 5, (r) on
the grid can be then obtained by inverse Fast Fourier transform:

exp (~ 1)

1 —457 ) -

Hpnp(r) = —FPT' | — 250k | . (7.12)
€0 k2

It is this potential that is used by g_elpot to calculate and assign a potential value to

water molecules.”[B]

Implementation

" g_elpot exploits the presence of explicit water molecules in MD simulations to gener-
ate detailed information on the electrostatics in a biomolecular system. First, the long-
range part of the SPME potential is calculated on a regular grid (Figure 7.2, step 1), and
then each water molecule is assigned a potential, referred to as water-molecule poten-
tial (Figure 7.2, step 2). This potential is the average of the long-range SPME potentials
at the grid nodes within a sphere of 0.15-nm radius around the center of geometry of
the water molecule. The averaging smoothens the resulting potentials by suppressing
changes in the potential caused by minor changes in the water-molecule geometry.
Thus, provided that § > 3., the water-molecule potential reports on the electrostatic
potential created by the water-molecule’s surroundings. To avoid smearing of the final
electrostatic-potential map (which is built around a biomolecule), the trajectory frame
is superimposed on the reference structure of the biomolecule (Figure 7.2, step 3).
Each water-molecule potential is then added to the map nodes that are within 0.15 nm
of the water-molecule’s center of geometry. After all water-molecule potentials are
added to the final electrostatic-potential map, the potential at each node is normalized
by the number of contributing water molecules (Figure 7.2, step 4). This procedure is
repeated for each frame of the trajectory, resulting in an average electrostatic-potential
map around the biomolecule. g_elpot also generates a map that reports the fraction
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Figure 7.2: "Water-based scheme to calculate the electrostatic potential. First, the long-
range part of the potential is calculated by solving the Poisson equation on the grid
using the SPME method. Second, each water molecule is assigned a potential aver-
aged over a sphere around its center of geometry, resulting in a distribution of water-
molecule potentials. Third, the frame is fitted onto the reference structure and the grid
of the final electrostatic-potential map is built around the biomolecule. Fourth, the
water-molecule potentials are distributed over the nodes of the electrostatic-potential
map, followed by normalization of the node potential based on the number of con-
tributing water molecules. The final map is used for the quantitative analysis of elec-
trostatics, e.g. to generate a potential profile.”[B] The figure was adapted from [B].
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of trajectory frames in which a particular node has water molecules in its vicinity.
Since this map is used to mask the dehydrated regions of a system, it is referred to
as water-occupancy map. As the water-occupancy map has the same dimensions as
the electrostatic-potential map, combining both maps is a straightforward way to ob-
tain the electrostatic-potential profile along a coordinate of interest, for instance along
the pore axis of an ion channel. Optionally, the water-molecule-based scheme can be
switched off so that the final map is obtained by linear interpolation of the SPME po-
tential instead of the average water-molecule potential. When calculated in this way;,
the electrostatic-potential map can be used to qualitatively describe the distribution of
the electrostatic potential in nonhydrated regions of the system.”[B]

”g_elpot is written in C/C++, with fast Fourier transform as part of the SPME calcu-
lation done using FFTW library [107] version 3. OpenMP is used for optional thread
parallelization over the trajectory frames. The tool is GROMACS based and, therefore,
takes input files in GROMACS formats. In particular, the atomic charges and reference
conformation are read from a tpr file, and the trajectory can be in any GROMACS-
supported format (including xtc, tng, trr, and pdb). The atomic groups used for the
analysis are defined by the GROMACS-style index file.”[B]

The source code of g_elpot is available at:
https://jugit.fz-juelich.de/computational-neurophysiology/g_elpot

7.3 TMEM16 pore electrostatics

TMEM16K

To quantify electrostatics in the subunit cavity of TMEM16 lipid scramblases, we used
our single-bilayer simulations in which no transmembrane voltage was applied. We
first used g_elpot to analyze the first 100 ns of a TMEM16K trajectory. “"We gener-
ated electrostatic-potential and water-occupancy maps around the whole protein and
then separated the regions corresponding to the different protomers to calculate their
electrostatic-potential profiles (Figure 7.3a). In the fully active state, the scramblase
cavity is bound to two Ca®" ions, which were partly hydrated in the simulations.
Since the activating Ca*" do not directly interact with the permeating ions, we also
excluded from the analysis the regions in direct proximity to the Ca®" ions (distance
of < 5 A).”[B] Finally, we masked the regions with a low water presence (< 10 %
of frames). Figure 7.3a illustrates the resulting electrostatic-potential and the masked
water-occupancy maps. We then calculated the electrostatic-potential profile along the
TMEM16K pore by averaging the potential map over the plane perpendicular to the
pore axis (Figure 7.3b). The resulting profile was strongly dependent on the value of
the 3 parameter used in the g_elpot calculations. Notably, in case of 3 < 5 nm™!, the
potential was positive within the pore, contradicting cation selectivity of TMEM16K.
However, the higher 3 values led to more negative potentials, with the profiles con-
verging at 8 > 20 nm~!. To demonstrate advantage of the water-based scheme to
quantify electrostatics in the pore, we also calculated the potential profiles using the
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Figure 7.3: a Example of the electrostatic-potential map (yellow) and the masked
water-occupancy map (cyan) that were used to calculate the electrostatic-potential
profiles in TMEM16K. The water-occupancy map was contoured at an occupancy level
of 0.1. The electrostatic-potential map was calculated with 3 = 20 nm~! and con-
toured at -200 mV. The protein and phosphorus atoms of POPC are shown in white
and orange, respectively. b Electrostatic-potential profiles along the TMEM16K pore,
calculated by applying g_elpot to the first 100 ns block of the 1 us long trajectory using
different values for the 3 parameter.

raw long-range SPME potential combined with a water density map produced using
GROmaps [108] (Figure 7.4a). Similar to the g_elpot results, the pore potential was
positive at low /3 values and decreased upon increasing (.

We then tested convergence of each approach over 3 parameter by comparing the pro-
files (®(z)) at different 3 values with the reference profile (®,.¢(2)) at 8 = 40nm ™. To
quantify the difference between the profiles, we used the root mean square difference
(RMSpig) defined as

N 3
RMSpig = (;, Z(@(zz‘) - (I)ref(zi))Q) ) (7.13)

where z; is the i-th position along the pore axis, and the sum is taken over all the
points in the profile. As can be seen from Figure 7.4b, the raw-SPME profiles demon-
strated poorer convergence over  compared with those calculated using water-based
potentials with g_elpot. ”A possible explanation for this is that during the trajectory
protein and lipid atoms overlap with the average water-density map and, therefore,
contribute to the resulting potential profiles. However, due to difference in the config-
uration between water and nonwater molecules, the 5 parameter affects their internal
potentials differently, leading to the poorer convergence. Since 3 = 20 nm ™! provided
convergent results, we used this value to calculate the average potential profile along
the TMEM16K pore from the whole 1 ps trajectory.”[B] Consistent with the cation se-
lectivity of the TMEM16K scramblase, the pore in its whole length was characterized
by the negative electrostatic potential (Figure 7.5).

In Chapter 6, we identified charged residues which line the cavity of TMEM16K and
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Figure 7.4: a The electrostatic-potential profiles along the TMEM16K pore, calculated
based on the raw-SPME potential and the water-density map, are shown for different
B values. The water density was normalized to the average and a threshold of 0.5¢
was used to define the hydrated region of the pore. The profiles were calculated from
the first 100 ns block of the 1 us TMEM16K trajectory. b Root mean square difference
(RMSpig) of the potential profiles along the TMEM16K pore calculated at different 3
values with respect to the one calculated at 5 = 40. The electrostatic potential was
calculated by either g_elpot (red) or using the raw-SPME potential combined with the
water-density map (raw+dens; black).

100 Figure 7.5: Average electrostatic-potential
ot profile along the TMEM16K pore based
on the 1 pus trajectory.  The profile

potential (mV)

—100F was calculated based on the electrostatic-
—200¢} potential map produced with g_elpot and
~300 , , , , B=20nm~!. Shaded area indicates the
-20 O 20 40 standard deviation of the potential, as cal-

pore axis (A) culated for 10 separate 100 ns blocks.

suggested their importance for ion selectivity of the TMEM16K pore. Two of these
residues, E340 and E371, interact with permeating Nat ions, as we have shown in
Chapter 5. To quantify the effect of these residues on the pore electrostatics, we con-
ducted a series of simulations on E340K and E371K mutants of TMEM16K (Tables A.7
and A.8) and applied g_elpot to the resulting trajectories. In accordance with their
positions, the charge-reversing mutations alter the potential either in the intracellular
or extracellular part of the pore, leaving the other part unchanged (Figure 7.6a). The
E371K mutation locally increases the potential by ~300 mV, and thereby changes the
polarity of the potential in the intracellular part of the pore. As a result, the region that
has the lowest potential in the wild type protein acquires the highest potential within
the mutant pore (Figure 7.6a). The effect is less prominent in case of the E340K muta-
tion, which increases the potential by ~200 mV and does not lead to a reverse in the
sign of the potential. In agreement with the change in the electrostatic potential, the
mutants demonstrated a clear shift in their ion selectivity towards more CI~ selective
currents (Table 7.1). We note that the effect of the mutations on the pore electrostatics
would be less prominent in case the glutamates were in the protonated state. How-
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Figure 7.6: a Electrostatic-potential profiles along the pores of the E371K and E340K
mutants of TMEM16K in POPC membrane. b Electrostatic-potential profiles along
the nhTMEM16 pore in POPC and POPC:POPS membranes. a, b Each profile was
calculated based on a 1 yus trajectory, with shaded areas representing standard error
of mean, as calculated for 100 ns blocks. Average electrostatic-potential along the
TMEMI16K pore in POPC membrane is shown by dashed line.

mutant Py,/Pc; (global) Pno/Pci(V+) Pna/Pci (V-)
E340K 0.25 - 0.25
E371K 0.56 0.2 0.61

Table 7.1: Ion selectivity of the TMEM16K mutants in POPC membranes. Py,/Pc;
was calculated globally, and separately for protomers at positive (V+) and negative
(V-) voltages.

ever, both E340 and E371 remain well hydrated during the MD trajectories, implying
that the pK, values stay close to the standard ones and therefore justifying usage of
their deprotonated state in the simulations.

nhTMEM16

Aiming to quantify the effect of anionic lipids on the electrostatic potential within the
nhTMEM16 pore, we applied g_elpot to the trajectories of nhTMEM16 in either POPC
or POPC:POPS membrane. The profiles calculated from the resulting electrostatic-
potential maps are shown in Figure 7.6b. Addition of anionic POPS lipids to the POPC
membrane reduced the potential within the nhTMEM16 cavity, making it negative
along the whole pore region. “The most notable difference between the POPC and
POPC:POPS profiles is seen near the extracellular entrance of the pore (at 10-20 A
along the pore axis), where the potential is about 100 mV more negative in the anionic
membrane. Interestingly, the potential in this region of nh TMEM16 in the POPC:POPS
mixture is extremely similar to that of TMEM16K (Figure 7.6b)”[B] Thus we conclude
that, similar to charged residues, charged lipids can have a prominent impact on the
electrostatics in the proteolipidic pore of TMEM16 lipid scramblases.
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7.4 Conclusions

In this chapter we described a method for calculating the electrostatic potential in
biomolecular systems based on MD trajectories. The method was implemented in the
g-elpot tool, which was applied to our MD simulations of TMEM16K and nhTMEM16.
"Using g_elpot on ps-long MD trajectories overcame the limitations of static exper-
imental structures related to the complex and dynamic nature of the proteolipidic
pores of nhTMEM16 and TMEM16K. This enabled us to identify the regions respon-
sible for the diverse ion selectivities of these lipid scramblases.”[B] “In summary, we
have demonstrated that g_elpot is well suited to analyze electrostatics in biomolecular
cavities with complex structures and identified the relationship between electrostatics
and ion selectivity in TMEM16 lipid scramblases.”[B]
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Ignoramus et ignorabimus.
—Emil Du Bois-Reymond

Chapter 8

Conclusions and perspectives

Ion conduction mediated by TMEM16 lipid scramblases has various physiologi-
cal implications. Their full understanding is obscured by the lack of a detailed
ion-conduction model, which could explain controversial functional properties of
TMEM16 lipid scramblases as ion channels. In this thesis, we employed extensive
atomistic MD simulations to bridge structural and functional data, thereby providing
an atomic-level description of the ion conduction facilitated by lipid scramblases of
the TMEM16 family. We demonstrated that in the main ion-conductive state TMEM16
lipid scramblases conduct ions through the proteolipidic pore, which is formed by
the subunit cavity and lipid headgroups. The isoform-specific network of interactions
provides a scaffold for the headgroup arrangement that additionally depends on po-
larity of the applied voltage. We identified the localization sites of permeating ions,
which are stabilized there by both the cavity residues and lipid headgroups. These
lipid headgroups shape energetics of the permeating ions and can control permeabil-
ity of the scramblase pore by blocking its entrances. Pronounced in nhTMEM16 but
not in TMEM16K, this effect suggests existence of the isoform-dependent coupling
between lipid scrambling and ion conduction. Circumventing limitations associated
with experimental investigation of TMEM16K, we demonstrated that it forms a cation-
selective channel, in contrast to the nonselective nhTMEM16. Moreover, we revealed
structural basis for the difference in ion selectivity between the two homologs. Finally,
we found that membrane lipid composition can have a drastic effect on the observed
ion selectivity of TMEM16 lipid scramblases. In particular, addition of anionic lipids
rendered a slightly C1~ selective pore of nhTMEM16 Na™ selective. We showed that
addition of mono- and divalent cations reverses the selectivity change by screening
negative charge created by anionic lipids at the pore entrances. By this, we provided
the mechanistic explanation for the high variability of ion selectivity observed in ex-
perimental studies on TMEM16 lipid scramblases.

Aiming to quantification of electrostatics within the proteolipidic pore, we developed
a water-based scheme for calculating electrostatic potential around biomolecules and
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implemented this scheme in the g_elpot tool. Applying g_elpot to our simulations,
we identified the regions of the nhTMEMI16 pore which are mostly affected by an-
ionic lipids. Additionally, we quantified the effect of mutations on the electrostatics
of the TMEM16K pore. Although in this thesis we describe applications of g_elpot
only to TMEM16 proteins, the tool can be used to study electrostatics of other macro-
molecules, including, but not limited to, transporters, globular proteins, and DNA [B].
We believe that g_elpot can become a tool of choice for the initial biophysical charac-
terization of newly resolved biomolecular structures in the experimental studies that
are now often complemented with MD simulations. All in all, we anticipate that the
insights obtained with g_elpot will result in the deeper understanding of the roles of
electrostatics in physiological functions of biomolecules.

Lipid species of cellular membranes are well known to play import roles in function-
ing of a wide range of membrane proteins [109, 110]. However, most of the reported
effects that lipids have on ion channels and their ion conduction have been limited
to indirect influence via allosteric modulation or via changes in mechanical proper-
ties of the membranes [109, 110]. In contrast, here we report the direct modulatory
effects of lipids on ion permeation and ion selectivity in TMEM16 lipid scramblases.
Intriguingly, the structures of TMEM16 Cl~ channels are compatible with partial pres-
ence of lipid headgroups at the vestibules of their pores. Therefore, we propose that
lipids might also have direct impact on ion conduction mediated by the bona fide
channels of the TMEM16 family. Moreover, close positioning of the Ca®"-binding site
to the intracellular vestibule of the subunit cavity suggests that lipids may have di-
rect impact on the Ca?* binding, thus opening another perspective on the mechanism
of Ca?" activation of TMEM16 channels and lipid scramblases. Finally, we note that
the structural implication of lipids in the ion permeation pathway is not unique to
the TMEM16 family. In particular, lipids have been recently shown to line the pore
entrances and thereby to guide ion permeation in an ionotropic receptor of the P2X
family [111, 112]. Given the ever growing number of structurally characterized mem-
brane proteins, more examples of ion channels that integrate lipids into their pores
can be foreseen. We expect that lipids will directly modulate functional properties of
such ion channels and we believe that our findings will provide a general foundation
for the mechanistic understanding of their functions.
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Appendix A

Summary of simulated systems

no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns) (mM) replica (mM) dQ  V(mV) time (ns)
1 250 14 304+ 34 1000
2 250 20 397 +29 500
3 250 28 533+ 38 1000
sl 2000 250 4 250 30 524+ 36 400
5 250 22 509+ 26 500
6 250 22 478+ 32 500
1 250 24 471+ 29 500
s2 1000 250 2 250 26 488+ 37 500
1 250 16 348 + 28 500
s3 1000 250 2 250 24 460 + 38 500
54 1000 250 1 250 20 453 + 33 500

Table A.1: Summary of simulations of nhTMEM16 in the fully open conformation in
POPC membrane. Each system with no voltage gave rise to several CompEL replicas.
Values for the charge imbalance (dQ) and resulting transmembrane voltage (V) are

indicated.
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no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns) (MM) replica (mM) dQ  V(mV) time (ns)
1 250 14 292 +28 500
2 250 24 502 442 500
sl 1000 250 3 250 28 659 + 36 500
4 1000 24 559 + 41 500
5 1000 28 539 +51 500
1 250 20 427432 500
52 1000 250 2 250 22 442431 500
s3 1000 250 1 250 20 480+ 32 500
1 1000 22 484 + 44 500
s 1000 1000 2 1000 24 550 +25 500

Table A.2: Summary of simulations of nhTMEM16 in the fully open conformation in
POPC:POPS membrane. Each system with no voltage gave rise to several CompEL
replicas. Values for the charge imbalance (dQ) and resulting transmembrane voltage
(V) are indicated.

no voltage CompEL
system Sgrr;ueljﬁs)n [E\Trr?l\%] replica [(Ijr?l\(/jll)] dQ V (mV) Sgrr?mleljﬁg)n
R R S
2 | w0 | 8 00 im0
S | 0 30 | S 36 swim 50

Table A.3: Summary of simulations of nhTMEM16 in the fully open conformation in
POPE:POPG membrane. Each system with no voltage gave rise to several CompEL
replicas. Values for the charge imbalance (dQ) and resulting transmembrane voltage
(V) are indicated.
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no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns)  (MmM) replica (mM) dQ  V(mV) time (ns)
1 250 16 481+ 30 500
2 250 18 549 +£27 500
sl 1000 250 3 250 20 518436 500
4 250 24 660 + 35 500
5 250 28 727+ 68 500
1 250 16 511+24 500
2 250 18 515+27 500
s2 1000 250 3 250 20 585+ 34 500
4 250 22 646 +27 500
5 250 24 701 +35 500

Table A.4: Summary of simulations of nhTMEM16 in the intermediate conformation
in POPC membrane. Each system with no voltage gave rise to several CompEL repli-
cas. Values for the charge imbalance (dQ) and resulting transmembrane voltage (V)
are indicated.

no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns) (mM) replica (mM) dQ  V(mV) time (ns)
1 200 22 551 +45 500
2 200 22 629+ 36 500
3 200 22 605+ 44 500
s1 100 200 4 200 22 654434 500
5 200 22 654+ 35 500
6 200 22 651 +36 500

Table A.5: Summary of simulations of nhTMEM16 in the fully open conformation
in POPC:POPS membrane at 1 mM CaCl,. One system with no voltage gave rise to
several CompEL replicas. Values for the charge imbalance (dQ) and resulting trans-
membrane voltage (V) are indicated.
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no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns) (mM) replica (mM) dQ  V(mV) time (ns)
1 250 10 250429 1000
2 250 14 362 + 38 500
s1 1000 250 3 250 18 470434 500
4 250 24 607 + 41 500
1 250 16 426 + 26 500
s2 1000 250 2 250 20 490+ 34 500
3 250 24 588 +44 500

Table A.6: Summary of simulations of TMEM16K in POPC membrane. Each system
with no voltage gave rise to several CompEL replicas. Values for the charge imbalance
(dQ) and resulting transmembrane voltage (V) are indicated.

no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns) (mM) replica (mM) dQ  V(mV) time (ns)
sl 1000 250 1 250 20 564 +28 500
s2 1000 250 1 250 20 530426 500

Table A.7: Summary of simulations of the E340K mutant of TMEM16K in POPC mem-
brane. Each system with no voltage gave rise to one CompEL replica. Values for the
charge imbalance (dQ) and resulting transmembrane voltage (V) are indicated.

no voltage CompEL
simulation [NaCl] . [NaCl] simulation
system time (ns)  (mM) replica (mM) dQ  V(mv) time (ns)
sl 1000 250 1 250 20 471+54 500
s2 1000 250 1 250 20 458 +34 500

Table A.8: Summary of simulations of the E371K mutant of TMEM16K in POPC mem-
brane. Each system with no voltage gave rise to one CompEL replica. Values for the
charge imbalance (dQ) and resulting transmembrane voltage (V) are indicated.
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