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Abstract: The ion channel TRPA1 is one of the members of the transient re-
ceptor potential channel family. These channels have recently been an important
objective of research, because they play important roles in various cellular pro-
cesses and organismic mechanisms. Especially they are involved in most of the
senses. We focused mainly on the TRPA1 ion channel due to its involvement
in the pain sensation in humans. Because the molecular mechanisms behind the
gating of this channel are not fully understood, their description is a key for a
design of new analgesics targeting this channel. We used a homology modeling
and molecular dynamics simulations in conjunction with electrophysiological ex-
periments to provide a valuable new insight into the channel mechanisms. We
contributed by describing of a putative binding site for calcium ions. Further,
many functionally important amino acids were found in the S1–S4 transmembrane
domain.
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Introduction
Voltage-gated ion channels (VICs) and especially an unusual family of transient
receptor potential (TRP) channels are a great example of advances in biophysics
and biochemistry over the last two decades.

In 1997, the first mammalian TRP channel, the TRPV1, was characterized
(Caterina et al., 1997).

At that time, an atomic structure of any ion channel was considered a distant
milestone far in the future. This changed shortly after with the first ion channel
structure published in 1998 (Doyle et al., 1998). Since then, it’s true that the
structures of ion channels are hard to resolve but they are obtainable.

In the following years, the methods of functional characterization expand-
ed into the family of TRP channels, regardless of missing structures. The link
between the TRP channels and pain was established with the description of the
TRPV1 and since then it only strengthened. This naturally turned these channels
into an important target for a pharmacological pain treatment. The importance
can be seen on the number of drugs already in clinical trials, reviewed by Mickle
et al., 2016, as well as on the newly discovered relations to existing ones, such as
paracetamol and TRPV1 (Zygmunt et al., 2000).

When we started to study TRP channels in 2009, there were only a handful
of low resolution TRP structures available and bits and pieces of domains with
an atomic resolution. Over the years, we experienced a significant progress in the
field. First, the low resolution structure of TRPA1 was published in 2011 (Cvetkov
et al., 2011). In 2013, an unexpected boost in the electron cryomicroscopy allowed
a resolution of TRPV1 (Liao et al., 2013) followed by a TRPA1 in 2015 (Paulsen
et al., 2015).

The advances also affected the main obstacles we encountered in our studies.
In the beginning, missing atomic structures required challenging homology mod-
eling to provide reliable models of the TRP channels. With the atomic structures
resolved, the main focus moved to the functionally relevant interactions among
the channel residues and between the channel and ligands.

Even with available structures, the molecular mechanisms behind the channel
activation and gating are not yet fully understood. This thesis expands descrip-
tion of these mechanisms to improve their understanding, which is a critical step
for an effective drug design.
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1. Theory

1.1 Membranes

All living organisms have separated themselves from the environment by two lay-
ers of a lipid membrane. The membrane protects critical processes in cells against
unwanted interactions from the outside. In biological membranes, the lipid bi-
layer is mixed with a great number of membrane proteins. The bilayer itself is
composed of amphipathic lipids – mainly phospholipids and sterols. The amphi-
pathicity is a key feature of the membrane bilayer self-assembly with hydrophobic
tails inside and hydrophilic heads outside. Phospholipids in membranes are ester
or amine derivatives of glycerol or sphingosine with fatty acids. A phosphatidic
acid is the core of their hydrophilic heads.

The lipids forming the biological membranes can exist in multiple phases.
In the case of bilayers, excluding cases of fusion, fission etc., three phases are
described – liquid disordered, liquid ordered and solid gel. They differentiate by
two main characteristics, the lipid order and lateral diffusion coefficient (Meer et
al., 2008). The lipid order describes the degree of order of the acyl chains, formally
by measuring the angles between the bilayer normal and carbon-hydrogen bonds.

A liquid disordered phase is a highly fluid phase with a high lateral diffusion
coefficient and low lipid order. The unsaturated fatty acids commonly adopt the
cis conformation in which they extend chains into sides and effectively increase
the surface area per lipid. This liquid disordered phase is expected to occur in
most natural bilayers under physiological temperatures.

A completely opposite is the solid gel phase. Unsaturated acids usually switch
to the trans conformation, straightening their acyl chains, i.e. increasing the
lipid order. This results in a tight packing of lipids, a smaller surface area and
subsequently a low lateral diffusion.

A liquid ordered phase is somewhere between the two phases. It is usually
formed by addition of sterols into the lipid bilayer. The rigidity of sterols forces
an increase of the lipid order without the decrease of the lateral diffusion.

Apart from sterol concentration and temperature there are other factors which
affect the phase transition. Some of them, such as lipid composition induce the
phase transition indirectly, by modifying the melting temperature.

One of the key interests in studies of membrane phases is its effect on lipid-
protein interactions and protein functions. The presence of membrane proteins
may affect properties of membranes in their vicinity and vice versa protein func-
tions may be affected by properties of membranes in their proximity. It was
expected that lipids form rafts with the liquid ordered phase in otherwise dis-
ordered membrane. These raft were expected to concentrate membrane bound
proteins to facilitate cellular processes. A recent study revealed that high con-
centrations of proteins develop a steric pressure which induces raft decomposition
(Scheve et al., 2013). However, the opposite process was observed in membranes
of platelets during cooling (Tablin et al., 2001). The change of the lipid phase
from disordered to solid induced an aggregation of membrane proteins.

7



1.2 Voltage-gated ion channels
At biological conditions, the cellular membrane separates two environments with
a different ion composition. Calcium ions are almost completely pushed outside
of the cell or into organelles, leaving cytoplasm almost calcium free. While potas-
sium ions are mostly located inside cells, sodium and chloride ions are present in
high concentrations in the extracellular space. This uneven distribution results in
an about −80mV membrane potential, negative inside. It means that membranes
are polarized under standard conditions. The difference in ion concentrations is
critical for living cells. Hence, transport of ions through membranes must be pre-
cisely controlled. Therefore, a great number of proteins have developed early in
the evolution – transporters, pores and ion channels. Ion channels allow passage
of ions in the direction of their concentration gradient. They vary greatly in the
signals which trigger their opening and in a range of ions they transport.

One of mechanisms that opens channels is the change of membrane voltage.
VICs form a superfamily of ion channels, most of which respond to changes
in membrane voltage, families 1.A.1–1.A.5, 1.A.10 and 2.A.38 of Transporter
Classification Database (TCDB)1 (Chang et al., 2004; Saier, Jr., 2017).

NaV are the principal ion channels in the information transmission within
a neuron cell. Being open by slightly increased membrane potential, they let
sodium ions enter the cell, which increases a membrane potential even further.
As a result, most of the sodium channels in a given location open, creating a
macroscopic action potential and depolarization of membranes. Without the
presence of voltage-gated potassium (KV ) channels, it slowly decreases as the
NaV channels close (Ashcroft, 2000a).

KV channels open in response to depolarization of membranes caused by NaV

channels. Potassium ions are allowed to leave the cell, which causes a rapid
decrease of a membrane potential, much faster than would allow pumping of
sodium ions back to the extracellular space (Ashcroft, 2000a).

TRP channels, in response to a variety of different signals, are able to trigger a
slight increase of a membrane potential and, consequently, to trigger the opening
of the NaV channels.

NaV , KV and TRP channels are not only functionally linked but also struc-
turally related.

1.2.1 Structure of voltage-gated ion channels
In some families of VICs, such as in sodium channels, a fully functional channel is
formed by a single protein. In others, for example in potassium channels, a mature
channel is formed as a tetramer (Catterall, 1993). Common VIC is formed by
four regions, each of which contains six transmembrane helices, S1–S6 (Catterall,
1993). Some members of the VIC superfamily have only two transmembrane
helices in each domain, homologous to S5 and S6 (Ashcroft, 2000d). The pore is
formed in the middle of four pairs of S5 and S6 helices. The S5–S6 pairs are tilted
in a circle, one pair leaning on the next one, see fig. 1.1. The S1–S4 domains
are arranged around the pore helices, each connected to the helices from the

1For historical reasons the term VIC superfamily may reference both the VIC superfamily
as defined in text as well as VIC family 1.A.1. See TCDB FAQ for further details.
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neighbouring subunit forming the so-called swapped arrangement (Doyle et al.,
1998). The lower gate, which allows or prevents the ion transport, is located on
the intracellular side of the pore. The lower gate opens and closes by bending and
straightening the S6 helix (Jiang et al., 2002). The extracellular part of the pore
contains the selectivity filter, which governs the selectivity of the channel. The
selectivity filter is formed mainly by the S5–S6 linker, which dips back into the
membrane as a loop or helix, called pore loop/helix (Catterall, 1993). Between
the lower gate and selectivity filter is a large cavity with a diameter around 10Å
(Doyle et al., 1998).

Lately, an alternative, non-swapped, arrangement of the transmembrane do-
mains has been reported (Whicher et al., 2016; Tao et al., 2017). In this con-
figuration, each S1–S4 domain is packed next to its S5–S6 domain. In TRPV6
channel, both arrangements have been discovered, the non-swapped one was trig-
gered by a single point mutation (Singh et al., 2017), see fig. 1.1. Interestingly, no
impact of the alternative arrangement on the TRPV6 function have been found.
These findings raise questions whether this arrangement can ever occur in cells.

Helices S1–S4 not only act as a scaffold for the pore in the membrane, but also
provide the core functionality of the channel – they form the channel’s voltage
sensor, see fig. 1.2. The S4 helix usually contains between six to eight positively
charged residues, arginines and lysines (Ashcroft, 2000b). The arginines and
lysines in the S4 helices are attracted towards the negative membrane potential.
So that the whole S4 helix moves in response to changes in a membrane potential.
The movement of S4 is transmitted to the lower gate through the S4–S5 linker.
Mutations in the S1–S4 may also result in alternative pores, so-called omega pores
(Tombola et al., 2005).

The channels contain also variable intra- and extracellular segments. These
segments are often involved in inactivation of the channel (see below). They may
also bind β-subunits or other proteins which additionally modify the function of
the channel (Ashcroft, 2000b; Ashcroft, 2000c).

1.2.2 Gating of voltage-gated ion channels
The functional properties of the ion channels are best demonstrated at a single
molecule level. The contemporary equipment in electrophysiological laborato-
ries allows direct measurements of the current flowing through single or several
channels. That enables a direct observation of changes in channel conforma-
tional states, called gating. These observations revealed a probabilistic nature
of the channel gating. Channels quickly jump between closed and open states
and remain in them for a various amount of time (Ashcroft, 2000a), see fig. 1.3.
The probability of the state change is dependent on the changing environment
in which the channel exists. In the case of VICs this includes the membrane
potential, which is in turn affected by the ions passing through the channel itself.

One of the key functional characteristics of ion channels is the current gener-
ated by ions passing through the channel in the open state. When an ion channel
opens, ions start to move through the channel pore in the direction of the electro-
chemical gradient. The speed at which an ion moves from one side of the channel
to the other side of the channel, the permeability, is greatly dependent on the
structure of the pore pathway. It is clear that a wide straight pore allows more
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Schema of the VIC

Swapped
arrangement

Non-swapped
arrangement

Figure 1.1: Schematic assembly of the four regions into the channel from the
extracellular space (Zímová, 2015). Two structures of the TRPV6 channel are
an example of swapped (PDB code 5wo7) and non-swapped (PDB code 5wo6)
arrangements of the same channel caused by a single mutation (Singh et al.,
2017).

S1

S2

S3S4 S5 S6

Figure 1.2: Schema of an VIC region. Voltage sensor domain S1–S4 is in purple,
pore domain S5–S6 in green. Adapted from Mgrosasco, 2013.
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Figure 1.3: Currents measured on a single channel (Ashcroft, 2000a).

Figure 1.4: Cycle of the channel states. Channel is closed at resting potential
(left). When the channel is activated, it opens (middle). Shortly after, the
channel gets inactivated (right) and stays in this state for certain period of time.
Then it returns to closed state again. Adapted from Clara fcn, 2015.
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ions to pass through than is allowed by a narrow labyrinth. The observed cur-
rent of a single channel is then a product of the amount of ions passing through
the channel and their charge. This behaviour also affects a total current flowing
through cellular membranes, which is a commonly measured quantity. As there
are many channels in the cell membrane, the total current is determined by the
channel permeability, probability of its open state, membrane potential and a
number of membrane channels (Ashcroft, 2000a).

The gating of VICs is specific in several aspects. They are usually closed at
resting potentials and manifest an inactivated state. In the inactivated state, the
channel’s pore is closed as in the closed state, but it also disregards any impulses
to shift to the open state. Only after the channel stays at a resting potential for a
certain period of time, the block is released and the inactivated state transforms
to the closed state (Ashcroft, 2000a), see fig. 1.4.

1.2.3 Voltage-gated potassium channels
KV channels are one of four known families of potassium channels found in
mammals (Saier, Jr., 2017). But they have been first cloned from Drosophila
melanogaster (Papazian et al., 1987). Currently, twelve subfamilies are described,
noted KV 1 to KV 12, but individual channels are often referenced by their histor-
ical names (Saier, Jr., 2017). KV channels generally exhibit a strong selectivity
for potassium ions and high conductivity (Ashcroft, 2000c).

KV channels conform the overall structure of VICs as described above. Each
of the four subunits in the working channel is formed by a single protein molecule.
That allows an assembly of both, homo- and heteromers. Although heteromers
may be formed, only a small set of combinations seems to be allowed (Ashcroft,
2000c). Homotetramers also provide practical advantages for an experimental
work. Any single point mutation manifests in all four subunits multiplying its
effect.

On a level of primary sequence, the KV channels are strongly conserved, es-
pecially in the transmembrane region. In particular, the pore loop contains a
so-called K+ selectivity sequence, (T/S)xxTxGYG (Heginbotham et al., 1994).

General structure of KV channels can be observed on any available crystal
structure. Structure of a KV 1.2-KV 2.1 paddle chimera channel (Long et al.,
2007), PDB code 2R9R, is a model example of a sixfold helical potassium channel.
The potassium ions pass the channel from the intracellular side. A number of
negatively charged residues in the cytosolic part attracts the potassium ions to the
channel. Then ions move into the funnel formed by the lower part of S6 helices,
which directs them into the gate at the narrowest point. Once the ions passed the
gate, they flow into a small cavity in the middle of the channel, before they enter
a selectivity filter. In order to pass, the potassium ion has to almost completely
drop its solvation shell (Long et al., 2007). The interior of the selectivity filter is
lined by carbonyl oxygen atoms from the backbone of the pore loop. Every two
planes of oxygen atoms separates a space, where a potassium ion perfectly fits,
called cage. Totally a set of six cages, noted Sext and S0 to S4, are defined along
the selectivity filter (Doyle et al., 1998; Bernèche et al., 2001), see fig. 1.5. These
cages allow potassium ion to move one step at a time. The high conductance is
achieved by a ”knock-on” mechanism, see fig. 1.6. Potassium ions in the selectivity
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filter are pushed forward by the electrostatic repulsion from the next potassium
ion coming from the intracellular side (Bernèche et al., 2001). The selectivity
filter is approximately 12Å long, which provides space for two potassium ions at
the same time. The overall length of the pore is around 45Å.

One of the crucial aspects of the KV channel function is its selectivity. Cur-
rently there are two theories that explains unusual selectivity of potassium chan-
nels. Traditional thermodynamic theory claims that carbonyl oxygen atoms in
the selectivity filter are held at a specific distance (Ashcroft, 2000c; Bezanilla
et al., 1972). The cages of the selectivity filter are as big as needed to fit the
potassium ions. This makes the desolvation much more unfavourable for smaller
sodium ions. The opposing kinetic theory is based on mutually exclusive binding
sites in the selectivity filter. While potassium ions binds into cages, the sodium
ions bind in the centre of a single site created by four oxygen atoms. Under
normal circumstances, there is a prevalence of potassium over sodium ions in the
intracellular solution. As the selectivity filter is occupied by two potassium ions,
it is more favourable for another potassium to bind into the filter. The sodium
ion has to pass a higher energetic barrier, caused by the repulsive coulomb force
from the last potassium ion, which is close to the sodium binding site (A. N.
Thompson et al., 2009).

1.2.4 Voltage-gated sodium channels
NaV channel follows the overall structure of VIC. But except of the general topol-
ogy, there is a major difference between channels in prokaryotic and eukaryotic
organisms. In bacteria, NaV channels are formed by tetramers, similarly to KV

channels (Ren et al., 2001). On the other side, in vertebrates, all four transmem-
brane regions, which forms functional channel, were concatenated into a single
protein molecule (Noda et al., 1984). This difference may have also delayed the
investigation of the channel structure. While the first structures of bacterial NaV

channels appeared in 2011 (Payandeh et al., 2011), the structure of NaV from an
eukaryotic organism, American cockroach, was published in 2017 (H. Shen et al.,
2017).

The difference between prokaryotic and eukaryotic channels is also manifested
in the mechanism of the channel selectivity. The selectivity filter in bacterial
channels is formed by four glutamic acids, i.e. EEEE motif. Eukaryotic channels
instead form a DEKA motif, with different amino acid in each pore loop. Despite
different motifs, both groups are selective for sodium ions (Ren et al., 2001). The
underlying reason for two opposing selectivity mechanism are yet to discovered,
mainly due to the lack of eukaryotic channel structures.

1.2.5 NaK channel
The NaK channel is a bacterial nonselective ion channel (N. Shi et al., 2006).
Despite its close homology with the KcsA channel it transports both sodium and
potassium ions. Its lack of selectivity is based on the change of a signature se-
quence in the selectivity filter. The NaK channel replaced the conserved sequence
TVGYG from the selective potassium channel with TVGDG, see fig. 1.5. This
small change is severe enough to destroy the cages S1 and S2 in the selectivity
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S0

S1

S2

S3

S4

KcsA

SHFS

SCEN

SIN

NavAB

S0

S1

S2

S3

S4

NaK

TRPV1 TRPA1

Figure 1.5: Structures of selectivity filters of KcsA (PDB code 1K4C), NavAb
(PDB code 4EKW), NaK (PDB code 3E8H), TRPV1 (PDB code 3J5P) and
TRPA1 (PDB code 3J9P). Ion binding sites are indicated.
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S1

S2

S3

S4

KV

SHFS

SCEN

SIN

NaV

S3

S4

NaK

Figure 1.6: Conduction mechanisms of VICs. KV channels transport ions using a
”knock on” mechanism. The filter is filled with an alternating line of potassium
ion and water molecules. An incoming potassium ion pushes the whole line by one
step (Bernèche et al., 2001). NaV channels has three binding sites for partially
or fully solvated sodium ions. All three are usually occupied at once (Naylor
et al., 2016). Nonselective NaK channels conduct potassium ions similarly to KV

channels, but they have only two binding sites. This allows flux in a opposite
direction for partially solvated sodium ions which bind on the borders of the
potassium cages (Vora et al., 2008).
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filter and extend them into a cavity. Remaining two cages S3 and S4 are unable
to enforce selectivity for either sodium or potassium ions. Missing selectivity and
available structures of both open and closed states makes this channel a valid
object for investigation of selectivity mechanisms (Alam et al., 2009).

1.3 Transient receptor potential channels
TRP channels form an unusual family of VICs. All TRP channels are permeable
for cations, although with variable specificity (Montell, 2005). One of the main
differences from other VICs is the polymodality of TRP channels. That means,
one channel can be activated by various stimuli – temperature, voltage, ligands or
mechanical stimulation (Ramsey et al., 2006). Because different stimuli activate
a TRP channel from different activation sites, a single channel may combine
effects of multiple factors which naturally result in modulation. The combination
of several stimuli on a TRP channel may result in synergy. Otherwise neutral
impulses may affect the response in combination with specific stimuli (Voets et
al., 2004). Due to these properties, most of the TRP channels take place in
polymodal pain sensory pathways.

TRP channels have been first noted in 1969. A mutant of Drosophila pre-
sented a transient response to continuous light stimuli (Cosens et al., 1969). This
behaviour inscribed into the channels’ name. But it took 20 more years until the
first TRP protein was successfully cloned in 1989 (Montell et al., 1989) and 3
more years until it was found to be an ion channel (Hardie et al., 1992). Since
then the research continued much faster.

TRP channels have been found in various groups of animals, they have been
found in yeast (Palmer et al., 2001) and in a Chlamydomonas, a specie of algae
(Martinac et al., 2008). It seems that they are not present in plants. Currently,
TRP channels are divided into seven subfamilies - ankyrin TRPA, canonical TR-
PC, melastatin TRPM, mucolipin TRPML, polycystin TRPP, vanilloid TRPV
and no mechanoreceptor potential TRPN (Montell, 2005). The families are based
mostly, with the exception of TRPN, on channels present in mammals. Although
TRP channels are closely related to other VICs as regards their transmembrane
domains, their properties are greatly diverse. Characteristics of TRP channels
vary not only among subfamilies but also among different members of the same
sub-family. Due to this functional diversity, TRP channels play a number of roles
in probably all tissues in organism. In higher species, they are mainly involved
in sensory signalling. Apart from classical senses, vision, hearing, taste, smell
and touch, they participate also in pain perception and thermosensation (Mon-
tell, 2005). A selectivity of some TRP channels is important for the internal
regulation of organisms, such as magnesium homoeostasis (Schlingmann et al.,
2007).

1.3.1 Structure of transient receptor potential channels
An atomic resolution structure of the first ion channel, KcsA, was resolved in 1998
(Doyle et al., 1998). At the time, the ”divide and conquer” approach have been
used to obtain structures of soluble parts of channels. This approach yielded an
α-kinase domain of TRPM7 in 2001 (Yamaguchi et al., 2001) and ankyrin repeat
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Year Channel Organism Resolution [Å] Reference
2007 TRPC3 Mouse 15 Mio et al., 2007

TRPM2 Human 28 Maruyama et al., 2007
2008 TRPV1 Rat 19 Moiseenkova-Bell et al., 2008
2010 TRPV4 Rat 35 Shigematsu et al., 2010
2011 TRPA1 Mouse 16 Cvetkov et al., 2011
2014 TRPV2 Rat 13.6 Huynh et al., 2014

Table 1.1: List of available low-resolution TRP channel structures.

domain from TRPV1 and TRPV2 in 2006–7 (McCleverty et al., 2006; X. Jin
et al., 2006; Lishko et al., 2007), see table 1.2 for overview. In 2007, the first low-
resolution structures of TRPM2 and TRPC3 have been published (Maruyama et
al., 2007; Mio et al., 2007), see table 1.1 for overview. The first atomic structures
of the almost complete channel TRPV1 were published in 2013 (Liao et al., 2013;
Cao et al., 2013). Structures of TRPA1 followed in 2015 (Paulsen et al., 2015),
TRPV2 in 2016 (Zubcevic et al., 2016) and TRPP1 in 2017 (Grieben et al., 2017)
etc., see table 1.3 for overview.

As noted above, the TRP channels are related to other VICs, especially to
KV channels. All channels form functional units only as tetramers with a sin-
gle transmembrane domain in every protein chain. Functional channels usually
assemble as homotetramers, but heteromeric complexes have been also reported
(Fischer et al., 2014). The transmembrane domain is formed in the same way as
in KV channels. An important exception can be found in the S4 transmembrane
domain, which lacks the large amount of positive amino acids common in other
VIC families (Montell, 2005). Due to this fact, some of the TRP channels do not
respond to membrane voltage, others respond very specifically.

Channels are differently selective for a number of ions, what indicates impor-
tant differences in their selectivity filters.

Unlike potassium channels, the TRP channels contain large cytosolic domains,
on both N- and C- terminus. The N-terminus is often formed by numerous repet-
itive domains, for example ankyrin repeats. The C-terminus of some channels
starts with a conserved, approximately 25 amino acids long, sequence called the
TRP domain.

1.3.2 TRPV1 channel
TRPV1 is one of the six members of the TRPV subfamily in mammals. It is a
nonselective ion channel with an unusual preference for calcium ions (Caterina
et al., 1997). Unlike other ion channels, the selectivity rate of calcium is not
static and depends on an agonist concentration (M. K. Chung et al., 2008).

Similarly to other TRP channels, TRPV1 acts as a polymodal sensor of nox-
ious stimuli. It is known to be activated by high temperatures (Caterina et al.,
1997). It also responds to compounds which taste hot, such as capsaicin from
chilli peppers and gingerol from ginger (Caterina et al., 1997; Bandell et al.,
2004). These molecules contain the vanillyl group which gave the subfamily its
name (Caterina et al., 1997).

The structure of TRPV1 follows the general topology of TRP channels and
VICs. The high-resolution structure was determined using cryo-EM in 2013 (Liao
et al., 2013). As in other members of the TRPV subfamily, the N-terminus con-
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sists of six ankyrin repeats. The selectivity filter is formed by four amino acids,
643GMGD646, which form the central pathway using either the backbone carbonyls
or their side chains. The structure suggests two binding sites for ions in the selec-
tivity filter, see fig. 1.5. The selectivity filter may also significantly widen upon
activation, which may also be the mechanism behind the pore dilation observed
in several TRP channels (Cao et al., 2013; M. K. Chung et al., 2008). The lower
gate is formed by the isoleucine 679 (rat TRPV1) which forms a hydrophobic
barrier in the closed state of the channel (Susankova et al., 2007; Liao et al.,
2013). The isoleucine is well conserved not only among species, but also in other
TRP families. The C-terminus is critical for channel activation, mainly for its
thermal sensitivity (Vlachová et al., 2003).

1.3.3 TRPA1 channel
The TRPA1 channel is the only known member of the ankyrin subfamily of TRP
channels in mammals. It was found in various members of Animalia kingdom,
from insects to mammals and it is assumed that all animals possess TRPA1
channel (Nilius et al., 2012). An evidence of this channel being present in other
organisms is missing. Because there is only a limited number of trp-like genes in
unicellular organisms (Martinac et al., 2008), it can be assumed that TRPA1 is
restricted solely to animals.

The TRPA1 channel senses a variety of stimuli as other TRP channels. It is
expressed throughout the organism. Particularly, it can be found at high con-
centrations in membranes of sensory neurons, see appendix 6. It was found that
the TRPA1 channels are the molecular sensors in snake infrared vision (Gracheva
et al., 2010).

Despite differences among species, the TRPA1 channel generally responds to
reactive electrophiles, common compounds of irritant chemicals or psychoactive
drugs, see appendix 7. For example, the channel is activated by allyl isothio-
cyanate and cinnamaldehyde, the sensory-active compounds from mustard and
cinnamon, respectively (Bandell et al., 2004). An activation by temperature is
disputed for a long time. TRPA1 was accepted as a heat sensor in animals except
for mammals (Viswanath et al., 2003; Gracheva et al., 2010). In mammals, the
TRPA1 channel was found to respond to noxious cold (Story et al., 2003), but
this finding was not unambiguously accepted. Only lately, it was presented that
mammalian TRPA1 may act as a sensor for both cold and heat (Moparthi et al.,
2016).

Calcium ions play a significant role in the regulation of TRPA1 (Kadkova
et al., 2017). The channel itself is permeable for calcium ions, which affects both
activation and inactivation of the channel, see fig. 1.7, using a mechanism that is
not yet well understood (Zurborg et al., 2007; Wang et al., 2008; Doerner et al.,
2007).

Structurally, the TRPA1 channel conforms the overall design of TRP chan-
nels, as well as VICs. The most noticeable part of the channel are 14 – 19 ankyrin
repeats in its N-terminus, which inspired its name (Jaquemar et al., 1999). Al-
though the TRPA1 channel lacks the TRP domain in its C-terminus, it contains
structurally analogous domain, called the TRP-like domain (Paulsen et al., 2015).
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Figure 1.7: Typical response of TRPA1 to calcium ions. After the channels are
activated by cinnamaldehyde (Cin) in the calcium-free environment, addition of
calcium ions leads to rapid opening of the channels, followed by gradual inacti-
vation. Adapted from appendix 1.
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Year Channel Organism Resolution [Å] PDB code Reference
1999 PKD1 PKD domain Human 1B4R Bycroft et al., 1999
2001 TRPM7 α-kinase Mouse 2.8, 2.0 and 2.4 1IAJ, 1IA9, 1IAH Yamaguchi et al., 2001
2006 TRPV2 ARD Human 1.7 2F37 McCleverty et al., 2006

TRPV2 ARD Rat 2.2, 1.65 and 3.1 2ETA, 2ETB, 2ETC X. Jin et al., 2006
2007 TRPV1 ARD Rat 2.7 and 3.2 2PNN, 2NYJ Lishko et al., 2007
2008 TRPM7 coiled coil Rat 2.01 3E7K Fujiwara et al., 2008

TRPV6 ARD Mouse 1.7 2RFA Phelps et al., 2008
2009 TRPP2 coiled coil Human 1.9 and 1.9 3HRO, 3HRN Yu et al., 2009

TRPP2 EF-hand Human 2KLD, 2KLE Schumann et al., 2009
2010 TRPP2 EF-hand Human 2KQ6 Petri et al., 2010

TRPV4 ARD Chicken 2.3 and 2.8 3JXI, 3JXJ Landoure et al., 2010
2012 TRPP3 coiled coil Human 2.69 3TE3 Molland et al., 2012

TRPP3 coiled coil Human 2.8 4GIF Yu et al., 2012
TRPV1 C-terminus Rat 1.95 3SUI Lau et al., 2012
TRPV4 ARD Human 2.85 and 2.95 4DX1, 4DX2 Inada et al., 2012

2013 TRPGz coiled coil Gibberella zeae 1.25 3VVI Ihara et al., 2013
TRPV3 ARD Mouse 1.95 4N5Q D.-J. Shi et al., 2013

2014 TRPP2 EF-hand Human 2Y4Q Allen et al., 2014

Table 1.2: List of available TRP channel domains structures.
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Year Channel Organism Resolution [Å] PDB code Reference
2013 TRPV1 Rat 3.4 3J5P Liao et al., 2013

TRPV1 Rat 3.8 and 4.2 3J5Q, 3J5R Cao et al., 2013
2015 TRPA1 Human 4.24 3J9P Paulsen et al., 2015
2016 TRPP1 Human 3.0 5T4D P. S. Shen et al., 2016

TRPV2 Rabbit 3.8 5AN8 Zubcevic et al., 2016
TRPV2 Rat 4.4 5HI9 Huynh et al., 2016
TRPV6 Rat 3.25, 3.65, 3.85 and 3.8 5IWK, 5IWP, 5IWR, 5IWT Saotome et al., 2016

2017 TRPP1 Human 4.22 5K47 Grieben et al., 2017
TRPP1 Human 4.3 and 4.2 5MKE, 5MKF Wilkes et al., 2017
TRPN1 Fruit fly 3.55 5VKQ P. Jin et al., 2017
TRPV6 Rat 3.31, 3.25, 3.4, 3.7 and 3.9 5WO6, 5WO7, 5WO8, 5WO9, 5WOA Singh et al., 2017
TRPV6 Human, Rat 3.6, 4, 4.2 and 3.9 6BO8, 6BO9, 6BOA, 6BOB McGoldrick et al., 2017
TRPM4 Human 3.8 5WP6 Winkler et al., 2017
TRPM4 Human 3.2 and 3.1 6BQR, 6BQV Autzen et al., 2018
TRPM4 Mouse 3.14, 3.54, 2.88 and 3.25 6BCJ, 6BCL, 6BCO, 6BCQ J. Guo et al., 2017
TRPML1 Mouse 5.8, 5.8, 5.8 and 5.8 5YDZ, 5YE1, 5YE2, 5YE5 S. Zhang et al., 2017

2018 TRPV4 Xenopus tropicalis 3.8, 6.5, 6.31 and 6.5 6BBJ, 6C8F, 6C8G, 6C8H Deng et al., 2018
TRPV2 Rabbit 3.1 and 3.9 6BWJ, 6BWM Zubcevic et al., 2018
TRPV5 Rabbit 4.8 6B5V Hughes et al., 2018
TRPC3 Human 3.3 6CUD Fan et al., 2018
TRPC3 Human 4.36 5ZBG Tang et al., 2018
TRPC6 Human 3.8 5YX9 Tang et al., 2018
TRPC4 Zebrafish 3.6 6G1K Vinayagam et al., 2018
TRPC4 Mouse 3.28 5Z96 Duan et al., 2018
TRPM2 Nematostella vectensis 3.07 6CO7 Z. Zhang et al., 2018
TRPM8 Ficedula albicollis 4.1 6BPQ Yin et al., 2018

Table 1.3: List of available TRP channel structures.
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1.4 Molecular dynamics simulations of ion
channels

It is already 40 years since the molecular dynamics simulations became a part
of the biophysical toolbox (McCammon et al., 1977). The simulated system
consisted of 58 amino acid long bovine pancreatic trypsin inhibitor and four water
molecules. No explicit hydrogen atoms were included. The trajectory reached
8.8 ps. It revealed the flexibility of a folded protein at a room temperature.

Thirty years later, the same protein was the subject of the first simulation
reaching 1ms (Shaw et al., 2010). This time, all atoms and water molecules
were explicitly represented in this simulated system. A special purpose hardware
Anton was used to perform the computation (Shaw et al., 2009). Once again,
the protein flexibility was investigated, although on a completely different level of
detail. The simulation revealed two major conformations, both reproduced states
known from the experiments. Apart from these, three other minor conformations
were found. The balance between two major conformations was shifted, most
likely due to inaccuracies in the force field.

Nowadays, molecular dynamics is one of the key tools in understanding pro-
tein function. It provides a unique view into the molecular mechanisms behind
protein processes. Despite the inherent differences between models and real ob-
jects, models provide crucial insight. A good model should be created in close
contact with experiments. Models provide hypotheses for experiments and ex-
periments provide data for refinements of models. The ultimate result of this
endless cycle is a model that agrees with experiments.

Molecular modeling has given many invaluable insights on the atomic level into
the processes occurring in cell membranes, membrane proteins and ion channels,
examples are provided below.

1.4.1 Molecular dynamics simulations of lipid bilayers
The first simulation of a lipid bilayer was accumulated over three years and fin-
ished in 1993 (Heller et al., 1993). The trajectory reached a total length of 260 ps.
The self-aggregation of lipid molecules into bilayers is a known phenomena oc-
curring on time scales from 10 ns to 100 ns. Such simulation become available for
molecular dynamics studies in 2001 (Marrink et al., 2001). Atomistic models can
well represent lipid properties, such as the gel-liquid transition temperature, and
even allow predictions, such as that the lateral movement occurs as a flow (Falck
et al., 2008).

An influence of a membrane composition on its properties is also studied.
While early simulations reproduced the stabilization of the bilayer by the addi-
tion of cholesterol (W. D. Bennett et al., 2013), realistic plasma membranes with
dozens of lipid species are studied nowadays (Ingólfsson et al., 2014). One of the
key observations originating from simulations was the distribution of cholesterol
in a plasma membrane, which is difficult to measure experimentally. The fast
flip-flop rate, i.e. the switch from one leaflet to the other, of cholesterol allowed
to reach the equilibrium during the time span of a simulation. Results showed
that cholesterol is slightly more common in the outer leaflet of the bilayer (Ingólf-
sson et al., 2014). Apart its distribution between the leaflets, cholesterol is also
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heterogeneously distributed in the plane. It forms patches with higher and lower
densities. Regions with higher cholesterol concentrations also manifest a higher
lipid order and smaller lateral diffusion (W. D. Bennett et al., 2013). However,
these regions are not a static formation. They are rather a product of a dynamic
process of formation and dissolution (Ingólfsson et al., 2014).

Pore formation is one of the other topics often addressed through molecular
dynamics simulations. Initial studies covered simple cases, for example pores
made by the electric field (Marrink et al., 2009). Pores formed by antimicrobial
peptides became studied later (Lipkin et al., 2017).

Initial attempts to simulate effects of a membrane potential used the modified
Poisson-Boltzmann equation. Their goal was to compute the free energy of mem-
brane protein insertion into the membrane (Roux, 1997). With the growth of a
computational power, simulations of two membrane layers with uneven concen-
tration of ions become available (Sachs et al., 2004). This allowed simulations of
a membrane potential using the same principle, which is used by cells. The need
of having a large system with two lipid bilayers led to attempts to reduce the sys-
tem. A system of a half size can be used if one lipid bilayer is surrounded by two
layers of solvent, which are separated by air (Delemotte et al., 2008). Completely
different approach adds an external electric field to mimic a membrane potential
(Roux, 2008). Both approaches, the uneven distribution of ions and the external
electric field, were proven to be equivalent (Melcr et al., 2016). Methods that use
the uneven concentration of ions need to maintain this difference and compensate
the ions transferred from one compartment to another. This can be achieved by
an exchange of an ion in one compartment with a water molecule from the oth-
er (Kutzner et al., 2011). The simulations with a membrane potential are now
precise enough to provide realistic conductances (Li et al., 2017).

1.4.2 Molecular dynamics simulations of membrane
proteins

Regarding membrane proteins, major breakthroughs were simulations of aqua-
porin in 2002 (Tajkhorshid et al., 2002), followed by a mechanosensitive chan-
nel MscS in 2004 (Sotomayor et al., 2004), transport of potassium ions through
Kv1.2 channel (Khalili-Araghi et al., 2006), a molecular dynamics flexible fitting
(MDFF) driven simulation of a ribosome with a protein translocation channel
SecY in 2009 (Gumbart et al., 2009) and recently culminating with a simulation
of a complete chromatophore in 2014 (Chandler et al., 2014). The extended ver-
sion of the simulated system exceeded the 100 million atoms limit in 2016 (Sener
et al., 2016).

G protein-coupled receptors (GPCRs) are one the most studied transmem-
brane proteins. They are activated by an agonist binding from the extracellular
side. Upon activation, GPCR undergoes a small conformational change in the
binding site, but large change in the intracellular site, where the G proteins can
bind (Dror; Arlow, et al., 2011). In some GPCRs, the agonist itself stabilizes
the active conformation, while in others a co-binding of G-proteins is needed
(Nygaard et al., 2013). Molecular dynamics simulations allowed to identify key
amino acids which change their conformations during the transition of GPCRs
to the active state.
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Recently, a computational power increased to a level which allows to simulate
drug binding without any prior knowledge (Shan et al., 2011). GPCR become
a model system in studies of drug binding pathways. Simulations revealed the
major barrier which a drug molecule must overcome during its permeation into
the extracellular vestibule (Dror; Pan, et al., 2011). The second, smaller barrier
must be overcome to bind into the binding pocket. Also simulations of drug
dissociation provide an important insight in residues disrupting the association
process (D. Guo et al., 2016). Overall, molecular dynamics simulations help to
uncover the determinants of drug kinetics, such as drug size, flexibility of the
binding site and electrostatic interactions, which allows to design more effective
drugs (Pan et al., 2013). This will definitely be used in the future to find new ion
channel modulators.

In membranes, GPCRs form string-like clusters with various branching. This
process is significantly affected by the amount of cholesterol that surround recep-
tors (Periole, 2017). From our point of view, in the future, simulations of mutual
interactions between GPCRs and TRP channels will be of great interest to us.

1.4.3 Molecular dynamics simulations of voltage-gated
potassium channels

Reliable simulations of ion channels have been enabled by the first available crys-
tal structure of a potassium channel (Doyle et al., 1998). It allowed studies of
mechanisms that lead to selectivity for potassium ions which is associated with
a high conductance. At first, free energy computations revealed two main ar-
rangements of potassium ions and water molecules in the selectivity filter (Aqvist
et al., 2000). Ions occupied either cages S1, S3 or S2, S4, respectively, with the
remaining sites filled by water molecules. These results were later confirmed by
molecular dynamics simulations of the whole channel in a lipid bilayer (Shrivasta-
va et al., 2000; Bernèche et al., 2000). The low energetic barrier between the two
states resulted in introduction of the ”knock-on” mechanism, which explained the
high conductance rate (Bernèche et al., 2001). The proposed conduction mecha-
nism was subjected to experiments, which eventually supported it (Morais-Cabral
et al., 2001).

Early free energy calculations confirmed differences between binding of potas-
sium and sodium ions into KV binding sites (Luzhkov et al., 2001). Although
these results supported the thermodynamic explanation of potassium selectivity,
it quickly faded. Subsequent simulations clearly contradicted the core assumption
of the thermodynamic theory, the rigidity of the selectivity filter. Soon, the ki-
netic theory of potassium selectivity was established (Noskov et al., 2004). It was
supported also by comparison with free energy calculations of an ion transport
in a mutated nonselective NaK channel (Furini et al., 2012a). A breakthrough
in modeling of potassium channels occurred with simulations of an ion transport
driven by a membrane potential (Khalili-Araghi et al., 2006; Jensen et al., 2010).

Further advances in computational power enabled simulations on millisecond
timescale, which corresponds to the time needed for a transition between closed
and open state. Thus, an opening of an ion channel on the atomic level could be
observed for the first time. Indeed, simulations of a KV channel gating followed
shortly after in 2012 (Jensen et al., 2012).
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These simulations provided insights into the general mechanisms behind the
gating of VICs. Individual steps of the transition between channel states were
described. Following simulations allowed to observe a realistic conduction rate,
however a membrane potential higher than physiologically relevant was needed
to be applied (Jensen et al., 2013). Suggested solutions include usage of polar-
izable force fields and improved membrane models. The polarizable force field
AMOEBA was already used to determine correct free energy profiles in channel
Gramicidin A (Peng et al., 2016). An alternative approach simulates a mem-
brane potential by an actual gradient of potassium ions yielded quite realistic
conduction rates for potassium channels (Köpfer et al., 2014). The selectivity
filter was occupied by a line of three to four potassium ions without a water,
which resembled the hard knock on mechanism. This challenged the commonly
accepted mechanism of line of interchanging ions and water molecules supported
by experiments (Hummer, 2014).

1.4.4 Molecular dynamics simulations of voltage-gated
sodium channels

Molecular dynamics simulations were also used to uncover the mechanisms of NaV

channel selectivity. Soon after the first NaV structure was released (Payandeh et
al., 2011), it was explored using molecular dynamics. This effort was boosted
by subsequent structures of the open state (McCusker et al., 2012; Tsai et al.,
2013; Sula et al., 2017). In contrast to potassium channels, simulations of NaV

channels confirmed the transport of sodium ions in a hydrated form (Furini et al.,
2012b; Ulmschneider et al., 2013; Li et al., 2017). Also the movement of sodium
ions through the selectivity filter is not as organized as in the case of potassium
channels. While potassium ions form a line of ions and water molecules, sodium
ions may deviate from the channel axis or switch their positions (Stock et al.,
2013). Another study found a significant difference between the inward and
outward conduction (Ke et al., 2014). It should be emphasized that only bacterial
sodium channels have been studied due to the lack of eukaryotic sodium channel
structures. In response to the recent publication of a structure of a cockroach
NaV channel (H. Shen et al., 2017), where differences in the selectivity filter
arrangements were reported, new results regarding the conduction mechanism of
sodium ions can be expected.

1.4.5 Molecular dynamics simulations of transient
receptor potential channels

In 2008, the first ever model of a full length TRP channel was published (Fernández-
Ballester et al., 2008). It was created from individual domains due to the limited
number of known homologous structures that could serve as templates. The com-
plete assembly of the channel was based on the low resolution cryo-EM structure
of TRPV1 (Moiseenkova-Bell et al., 2008). Despite apparent differences if com-
pared with the later high-resolution TRPV1 structure (Liao et al., 2013), this
early model provided an important insight.

Recent cryo-EM structures of TRP channels allowed to study their conduc-
tion mechanisms. The special interest focuses on differences distinguishing them
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from other VICs. To uncover the mechanisms behind the conduction of ions, free
energy maps for various ions have been created. These maps were created by
traditional (Darré et al., 2015) and bias-exchange metadynamics (C. Jorgensen
et al., 2016). Both approaches provided comparable results. They confirmed two
binding sites in the selectivity filter. Nevertheless, different rearrangements of the
selectivity filter are expected in the presence of either potassium or sodium ions
(Darré et al., 2015). Simulations of the TRPV1 conduction revealed missing cor-
relation among the movement of ions (C. Jorgensen et al., 2016). The selectivity
filter can be occupied by multiple ions as in KV or NaV channels. However, in
TRPV1, the translocation of ions between binding sites do not require multiple
ions and ions are not synchronized.

The gating mechanism of TRP channels is not fully described. While there
are two narrow points in the permeation pathway, the upper one, the selectivity
filter, remains open even in the closed state. Nevertheless, the selective filter is
very flexible, which may lead to the dilation of the pore. The lower narrow point,
the gate, differentiate the open and closed state using a hydrophobic seal (Wen
et al., 2016; Chugunov et al., 2016). While more or less organised motions of
individual domains were proposed (Zheng et al., 2015; Wen et al., 2016), other
publication describes an asymmetric opening of the channel (Chugunov et al.,
2016). Structure of TRPV1 allowed an investigation of the heat activation.

Interactions of TRP channels with other proteins are also intensively studied.
It was shown that Phosphatidylinositol 4,5-bisphosphate (PIP2) is able to bind
to the N-terminal domain of TRPM1 and TRPM4 (Bousova et al., 2015; Jirku
et al., 2015). Also S100 calcium-binding protein A1 was described to bind to the
N-terminus of TRPM1 (Jirku et al., 2016). Both molecules play important roles
in modulation of TRP channels.
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2. Methods
2.1 Molecular dynamics
Molecular dynamics is a numerical method to solve the equations of motion for
n bodies, the n-body problem. The n-body problem can be solved analytical-
ly for n <= 2. Under reasonable conditions, the analytical solution exists for
n >= 3 (Qiu-Dong, 1990). However, biomolecular simulated systems usually in-
volve thousands of particles and their dynamics can not be solved analytically.
One of the approaches to obtain trajectories of n bodies is to perform a numerical
simulation. The equations of motion are solved in a great number of small steps.
If the time step is small enough, the trajectories are realistic and close to the an-
alytical solution. First simulations of sets of particles were reported shortly after
the first computers were created (Fermi et al., 1955; Alder et al., 1959; Rahman,
1964). The first molecular dynamics simulation for a protein was performed in
1977 (McCammon et al., 1977).

Molecular dynamics is widely used for simulations of biologically relevant
molecules. However, atoms do not behave according to the classical mechanics.
Instead, the quantum mechanics has to be used in order to describe their motion
correctly. But the quantum mechanical computations are extremely demanding
and practically impossible for systems bigger than few dozens of atoms or on time
scales at least remotely relevant to biological processes. Some approximations are
needed.

2.1.1 Force field
The biggest obstacle in molecular dynamics simulation is the requirement of quan-
tum mechanics. Luckily, the main effect of quantum mechanics is inscribed into
the structure of individual molecules. Once the structure of molecules is estab-
lished, their motion can be then simulated by classical mechanics with sufficient
accuracy (Levitt et al., 1969). A force field is then a set of parameters simulating
the interaction between atoms. Depending on the relation between atoms, force
field potential is usually split to bonded and non-bonded terms.

Bonded parameters

The intramolecular potential U is usually composed from following contributions,
see fig. 2.1, (Brooks et al., 1983; MacKerell et al., 1998)

U = Ub + UUB + Uθ + Uφ + Uω

where Ub is the bond term

Ub =
∑
bonds

kb(r − r0)
2 ,

UUB is the Urey-Bradley potential

UUB =
∑
UB

kUB(S − S0)
2 ,
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Figure 2.1: Force field bonded parameters. The force constants of bonds kB,
Urey-Bradley kUB, angle kθ, dihedral kφ and improper dihedral angle kω are
denoted.

Uθ is the angle term
Uθ =

∑
angles

kθ(θ − θ0)
2 ,

Uφ is the dihedral angle term

Uφ =
∑

dihedrals

|kφ| − kφcos(nφ) ,

and Uω is the potential of improper torsions

Uω =
∑

impropers

kω(ω − ω0)
2 .

Variables r, S, θ, φ and ω are the bond length, Urey-Bradley distance, bond angle,
dihedral angle and improper torsion angle, respectively, kb, kUB, kθ, kφ and kω
are bond, Urey-Bradley, angle, dihedral and improper dihedral force constants,
respectively, r0, S0, θ0 and ω0 are geometric constants and n is a multiplicity
of dihedral angles. The Urey-Bradley term is used to achieve realistic molecular
vibrations (MacKerell et al., 1998). The dihedral term describes an angle between
the two planes formed by four atoms, each bonded to the previous one. The planes
are formed by the first and last three atoms, respectively. The improper term is
used to enforce planarity of molecules and it’s described as a torsion at the central
atom shared by three bonds. The improper angle is then an angle between one
of the bonds and a plane formed by the other two bonds.

Non-bonded parameters

Apart from intramolecular forces, the main forces which influences the system
are van der Waals and electrostatic. Both forces act on each pair of atoms in
a simulated system. As the system grows in the number of atoms, the number
of interactions and computational demand increase with the second power of the
number of atoms. Such increase can shortly become overwhelming and thus the
algorithm needs to be optimized at long range scale. The long range interaction
is modified differently for each force, based on its properties.
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The van der Waals force is usually represented by the Lennard-Jones potential
UvdW in form

UvdW =
∑
∀i<j

ϵij

(
Rmin,ij

r12ij
− 2

Rmin,ij

r6ij

)
(2.1)

where rij is a distance between atoms i and j, ϵij is a depth and Rmin,ij is a
position of the Lennard-Jones minimum, respectively (MacKerell et al., 1998).
In case of atoms of different types a Lorentz-Berthelodt combination rules

Rmin,ij =
Rmin,ii +Rmin,jj

2

ϵij =
√
ϵiiϵjj

are usually applied.
The Lennard-Jones potential converges to zero with the sixth power of dis-

tance. Therefore, its long-range contributions can be neglected. The distance
roff from which all contributions from Lennard-Jones potential are neglected is
called a cut-off distance. This allows us to reformulate eq. (2.1) into the form

UvdW =
∑
∀i<j

ϵij

(
Rmin,ij

r12ij
− 2

Rmin,ij

r6ij

)
sw(rij)

where sw(x) is a switching function

sw(x) =

{
1 x ≤ roff

0 x > roff
. (2.2)

The usual value roff is around 12Å, which is approximately six times further
than the potential minimum.

The introduction of cut-off introduces a jump in the Lennard-Jones potential
at the cut-off distance. Such discontinuity may disrupt the conservation of the to-
tal energy as the atoms move over the cut-off distance. To mitigate this problem,
the Lennard-Jones potential is smoothed to a continuous function. New param-
eter, the switching distance ron, is introduced to modify the switching function
eq. (2.2) into

sw(x) =

⎧⎪⎪⎨⎪⎪⎩
1 x ≤ ron
(r2off−x2)2(r2off+2x2−3r2on)

(r2off−r2on)
3 ron < x ≤ roff

0 x > roff

.

The switching distance is usually around 2Å smaller than the cut-off distance.
At this distance, the potential becomes smoothly reduced to reach zero at the
cut-off distance.

The electrostatic potential Uel is computed by Coulomb’s law

Uel =
∑
∀i<j

qiqj
4πϵ0rij

where qi is a charge of the atom i and ϵ0 is the vacuum permittivity. The electro-
static force decline with the power of two, much slower than the van der Waals
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force. Also it is not purely attractive at great distances because atom charges
are heterogeneous throughout the simulated system. Due to these properties, the
long range electrostatic forces can’t be simply neglected as van der Waals forces.
However, they can be computed just once in every several steps using the Particle
Mesh Ewald summation method, see section 2.1.4 below.

An additional optimization is usually used in force computation. Every two
atoms forming a bond in a molecule are influenced by three different potentials –
bond, Lennard-Jones and electrostatic. Because the bond length fluctuates close-
ly around the minimum of these potentials, it would be impractical to compute
all three potentials in each step of the simulation for every bond. Instead, the ef-
fects of Lennard-Jones and electrostatic potentials are incorporated into the bond
parameters in the force field. Thus, only a single harmonic potential is computed
for each bond in each step. A similar approach is also used for atoms which are
two bonds apart. For atoms which are three bonds apart, these interactions can
be scaled down by a factor defined or recommended by the force field.

Although it is possible to assign unique parameters to every set of atoms in
the simulated system, it is not a common practice. Instead, for each element
there are several types available, each with a set of slightly different parameters.
Specific types are chosen for individual atoms based on the environment in which
they are found in a particular molecule. For example, the methyl group will
always have one specific type assigned to all hydrogen atoms. In a single system,
all methyl groups will be parametrized identically, except for partial charges.

Force fields used for biomolecules

Common biologically relevant molecules, such as water and ions, and building
blocks of biomolecules, namely amino and nucleic acids, have their basic topol-
ogy defined as part of a force field, known as topology files. When a simulated
system is built, small molecules have their parameters directly assigned from these
topology files. Large molecules, such as proteins and nucleic acids, are assembled
from individual amino acids and nucleotides.

In our work, we use mainly the CHARMM force field in two versions, CHAR-
MM27 and CHARMM36. Both force fields are based on the protein parametriza-
tion first introduced in CHARMM22 (MacKerell et al., 1998). The original
CHARMM22 suffered from a number of issues (Mackerell, 2004), mainly incorrect
reproduction of the protein backbone angles. This was improved by introduction
of the correction map (MacKerrel et al., 2004; Mackerell et al., 2004). Parameters
for lipids and nucleic acids were optimized in CHARMM27 (Foloppe et al., 2000;
MacKerrel et al., 2000). The CHARMM36 contains an additional improvement
of lipid parameters to simulate correct area per lipid (Klauda et al., 2010; Pastor
et al., 2011). The protein parameters were also improved to counter the bias
towards the α-helices (Best et al., 2012). It also includes the first version of the
Drude model to simulate polarization effects (Lopes et al., 2013; Vanommeslaeghe
et al., 2015).

The CHARMM force field is primarily focused on proteins, lipids and nucleic
acids. Regarding other biomolecules, the CHARMM General Force Field covers a
number of other biologically relevant molecules or their parts (Vanommeslaeghe
et al., 2010). Other commonly used force fields are Amber (Maier et al., 2015)
and GROMOS (Reif et al., 2012).
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Tools to quickly generate reliable parameters for any small molecule by anal-
ogy with already parametrized molecules are also available (Vanommeslaeghe;
MacKerrel, 2012; Vanommeslaeghe; Raman, et al., 2012). Proper parametriza-
tion of a novel molecule is a difficult task, but there are tools that automate the
entire process (Mayne et al., 2013). Quantum mechanical methods are used to
find the optimal geometry, force constants and partial charges (Cremer, 2011;
Echenique et al., 2007).

Current force fields are so reliable that they allow to simulate folding of pep-
tides and small proteins. The effort to simulate protein folding focused first at
fast folding proteins with folding time under 1ms (Lindorff-Larsen et al., 2011;
Piana; Sarkar, et al., 2011). Folding of ubiquitin in ∼8ms simulation (Piana
et al., 2013a) and Top7-CFr dimer with cumulative trajectories of 3.2ms (Piana
et al., 2013b) followed. It was found that the final state was not dependent on
the force field or simulation parameters, but the folding pathway was (Piana;
Lindorff-Larsen; Shaw, 2011; Piana; Lindorff-Larsen; Dirks, et al., 2012). Fold-
ing rates and free energy barriers corresponded to the experimental data with
some exceptions in (Piana; Lindorff-Larsen; Shaw, 2012; Piana et al., 2014). Al-
so the transition states were in agreement with experiment (Sborgi et al., 2015)
and allowed to explain relatively slow folding rates of some proteins (H. S. Chung
et al., 2015).

Force fields usually provide a set of parameters for the most abundant lipids
(e.g. DPPC, POPC, DOPC and POPE). The choice of a force field determines
properties of the lipid bilayer, such as area per lipid, bilayer thickness, lipid chain
carbon-deuterium order, lateral diffusion etc. (Poger et al., 2016). Overall, the
modern force fields, such as CHARMM36, Slipids, GROMOS 43A1-S3, etc., pro-
vide quantitatively reliable results (Lyubartsev et al., 2016). CHARMM36 and
Slipids provide reasonable free energy barriers for permeating molecules (Palon-
cýová et al., 2014).

Water in a molecular dynamics is not a single entity, but there are several wa-
ter models. The most commonly used model is the TIP3P. It represents a water
molecule as the natural set of three atoms (W. L. Jorgensen et al., 1983). Despite
its widespread usage, TIP3P does not reproduce all physical properties, for ex-
ample dispersion energies, correctly (Kolář et al., 2010). Slightly more complex
model TIP4P have one additional dummy atom, which carries the whole nega-
tive charge, connected to the oxygen. Lately modified model TIP4P-D provides
better dispersion energies and more reliable results for unfolded proteins, which
in the TIP3P model, tend to be too compact comparing to experimental data
(Piana et al., 2015).

Ion parameters in the CHARMM force field are based on Beglov et al., 1994
and provide a reliable behaviour without noticeable artefacts (Noy et al., 2009).
One of the crucial artefacts in ion parametrization is a spontaneous formation of
ion clusters which was reported in some other force fields at higher than minimal
salt concentrations (Auffinger et al., 2007).

2.1.2 Numerical integration
Once all forces driving the motion of atoms in a simulated system are defined,
equations of motion can be solved. As stated above, equations of motion used in
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molecular dynamics are classical Newton’s equations. Their solution is obtained
by repetitive numerical integration with a defined time step. The algorithm
commonly used in molecular dynamics is the velocity Verlet algorithm (Verlet,
1967; Swope et al., 1982) in form

rn+1 = rn + hvn +
h2f(rn)

2
(2.3)

vn+1 = vn +
h(f(rn+1) + f(rn))

2

where rn and vn are position and velocity at time step n, respectively, h is a
time step length and f(r) is a force divided by a mass. The Verlet algorithm has
excellent numerical stability and conserves the total energy of a simulated system
without an additional computational cost.

The length of the integration time step is a crucial parameter. A short time
step will result in higher computational demands. On the other hand, a too long
time step will lead to numerical errors, their accumulation and unreliable results.
A rule of thumb recommends ten integration steps per the fastest motion in the
simulated system. In molecular dynamics, the fastest motion is a vibration of
bonded hydrogen with the period around 10−14 s. Therefore, the time step is
usually 1 fs.

Sometimes a longer time step is required, for example to reach longer tra-
jectories. To achieve this the hydrogen vibrations must be suppressed. One of
possibilities is to make hydrogen bonds rigid, thus removing the vibration com-
pletely. Then, the non-hydrogen atom and bound hydrogen atoms move as a
rigid body. This allows doubling the time step to 2 fs.

An alternative approach increases the mass of hydrogen atoms, while the mass
of non-hydrogen atoms is decreased to keep the overall mass unchanged. This
method allows increase of the hydrogen mass four times and the time step of up
to 4 fs (Feenstra et al., 1999).

2.1.3 Periodic boundary conditions
Today, the most common boundary conditions are periodic boundary conditions.
They are usually applied on a cell in a shape of a rectangular cuboid. Periodic
boundary conditions connect opposing faces of the cell in a way that the atoms
which escape through one of the face emerge in the cell through the opposing
face. Effectively, the periodic boundary conditions form a virtual infinite crystal
created from images of a single cell, see fig. 2.2. A positive consequence of this
approach is a limited amount of particles which are subjected to the calculation.
However, forces acting on particles must be computed also from virtual atoms.
Computational artefacts may arise from a false crystallization in case the cell
is too small and the simulated structure is able to interact with itself through
the boundary. This is usually prevented by a sufficient solvent layer around the
simulated molecule with thickness bigger than a cut-off distance.

2.1.4 Long range electrostatic potential
Although there are several methods to compute the long range electrostatic po-
tential, the most widely used one is probably the particle mesh Ewald (PME).
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Figure 2.2: Periodic boundary conditions. Opposite faces of the cell are connected
to form a virtual infinite crystal (Salvato-Vallverdu, 2009).

The original Ewald summation was published in 1921 and was used to calculate
electrostatic energies in crystals (Ewald, 1921). It was revived when the method-
ology of molecular dynamics simulations was formed. The Ewald summation was
adapted and turned into the PME method (Darden et al., 1993). In principle,
the simulated system is covered with a grid of points. The charges of individu-
al atoms are then transformed onto the grid points in order to simulate electric
potential of the system. The grid allows an effective computation of the Ewald
summation using the fast Fourier transform. The long range electrostatic forces
are then obtained as an interaction between the particle and the grid. On the
other hand, this method requires periodic boundary conditions and a neutral to-
tal charge of the simulated system. The accuracy of calculations depends on the
grid spacing with common value around 1Å.

2.1.5 Temperature and pressure control
Simulations of a biomolecular system under periodic boundary conditions con-
serve energy, volume and a number of particles. This corresponds to the micro-
canonical, NVE, ensemble. On the other hand, experiments in laboratory are
usually performed under constant temperature and pressure, which corresponds
to isothermal-isobaric, NPT, ensemble. Because the ensembles differ, it may be
difficult to compare results of simulations and experiments. In order to avoid
this situation, simulations needs to be performed under ensembles corresponding
to the experiment, such as NPT ensembles. Also a numerical computation itself
may introduce errors which may result in drift in temperature or pressure. To
prevent these problems, temperature and pressure needs to be under the direct
control of a thermostat and barostat, respectively.

A common thermostat used in molecular dynamics is a Langevin thermostat.
It is based on a heat bath with a fixed reference temperature. The bath is coupled
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to every simulated particle through the additional friction and random term in
equations of motion. Therefore, the equations of motion become (Schneider et al.,
1978)

ṗ = F − γp+ σ(t)

where p is momentum of an atom, F is force applied on the atom, γ is a damping
constant and σ(t) is a random force satisfying

< σ(t)σ(t′) >= 2mγkBTδ(t− t′) .

The m is an atomic mass, kB is the Boltzmann’s constant, T is the bath tempera-
ture and δ is the Dirac delta function. When combined with the Verlet algorithm,
eq. (2.3), it forms the Brünger-Brooks-Karplus method (Brünger et al., 1984)

rn+1 =
1

1 + γh
2

[
2rn − rn−1 + (F − σ(t))h2

(
m+

1

2
rn−1γh

)]
.

Due to the introduced friction, the behaviour of the simulated system if af-
fected by the choice of the damping coefficient. Usual values of γ range from
1 ps−1 to 5 ps−1.

Common barostats are often based on the Andersen’s barostat (Andersen,
1980). It introduces a virtual piston, whose virtual coordinate is a system volume
V , with mass M and external pressure P0 applied on the piston. This yields
following equations of motion

ṙi =
pi

m
+

ri

3

d lnV

dt

ṗi = F i −
pi

3

d lnV

dt

V̈ =
P − P0

M

where ri and pi are coordinates and momentum of the atom i, respectively, F i is
force applied on the atom, m is the mass of the atom and P is the instantaneous
pressure in the simulated system.

2.1.6 Molecular dynamics flexible fitting
The MDFF method fits atomic structures onto electron density maps (Trabuco
et al., 2008). The fit is flexible and stimulates conformational changes required
to reach a good correspondence between the atomic structure and the template
electron density map.

The method is based on an additional potential UEM which is applied to
selected atoms. The potential is derived from the electron density map Φ(r) as

UEM =
∑
j

wjVEM(rj)

VEM(r) =

{
ξ Φ(r)−Φthr

Φmax−Φthr
Φ(r) ≥ Φthr

ξ Φ(r) < Φthr
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Figure 2.3: Thermodynamic cycle for binding of ligands L and I to receptor R.

where ξ is an arbitrary scaling factor, wj is a weight, usually the atomic mass,
and rj is the position of the atom j. The maximum value Φmax is the highest
value of potential in the electron density map. The threshold value Φthr is used
to remove contributions of solvent from the electron density map (Trabuco et al.,
2008).

Usage of the MDFF potential in this form may result in unrealistic distortions
of the protein secondary structures, i.e. an overfitting. To prevent this, an
additional potential USS is applied to constraint the φ and ψ dihedral angles in
helices and β strands

USS =
∑

dihedrals

k(X −X0)
2

where X is the dihedral angle, X0 is the equilibrium value, usually the initial or
the ideal angle, and k is a force constant (Trabuco et al., 2008).

2.1.7 Free energy perturbation
Free energy perturbation (FEP) is one of the free energy methods which takes
advantage of the thermodynamic cycle. Assume that we have two ligands L and
I and receptor R and we need to compare binding energies of ligands. Direct
computation of free energies of binding of both ligands would require very long
simulations. Instead, we apply the basics of thermodynamics, which states that
the free energy difference between two states is the same regardless of the path if it
is composed of equilibrium states. This allows us to form a thermodynamic cycle
using non-physical alchemical transmutations of one ligand to another, fig. 2.3.
The thermodynamic cycle provides an equality of differences between the binding
free energies of ligands L and I to the receptor R and between differences of free
energies of alchemical transformations of ligand L into I performed in the receptor
R and in water (Tembre et al., 1984):

∆G2 −∆G1 = ∆G4 −∆G3 .

FEP enables to determine the difference between free energies G of two states
A and B using the difference of intermolecular potentials according to the so-
called Zwanzig equation:

∆G(A→ B) = −kBT ln⟨e−
EB−EA

kBT ⟩A

where kB is Boltzmann’s constant, T is the temperature and En is an energy of
the state n (Zwanzig, 1954). This equation is expected to be accurate in the
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case of small differences between both states, i.e. one of the states can be seen
as a perturbation of the other, which was reflected in the name of the method
(Beveridge et al., 1989).

The size of the free energy difference is commonly limited by 2kBT , i.e.
∼1.5 kcalmol−1 (Straatsma et al., 1986). With higher differences, a set of in-
termediate steps must be defined along the reaction coordinate λ.

In principle, the initial and target state are interchangeable. Therefore, com-
mon implementations allow molecular dynamics simulations in both directions,
A → B and B → A, called forward and backward, respectively. Comparison of
free energy differences obtained in opposite directions helps to assess an accuracy
of the calculation (Beveridge et al., 1989).

To obtain an estimate of the free energy difference from both, forward and
backward, runs the Bennett acceptance ratio (BAR) method is usually used (C. H.
Bennett, 1976). The free energy ∆Gij between two intermediate states i and j is
found as a numerical solution of⟨

1 + e
∆Uij−C

kBT
⟩
i
=

⟨
1 + e

−
∆Uji−C

kBT
⟩
j

where
C = ∆Gij + kBT ln

(
Nj

Ni

)
.

Here, the ∆Uij and ∆Uji are forward and backward energy differences, respec-
tively, Ni and Nj are numbers of microstates for states i and j respectively, kB
is Boltzmann’s constant, T is the temperature (Klimovich et al., 2015).

In FEP calculations, both ligands are usually present in the simulated system
at the same time, but they do not interact with each other and their interac-
tions with the environment are scaled by the parameter λ. This may result in
singularities especially in the case of appearing atoms, i.e. λ ∼ 0. Because ap-
pearing atoms do not interact with the rest of the system at λ = 0, they may
take positions so close to another atoms that non-bonded forces reach too high,
or even infinite, values once λ becomes nonzero. One of approaches to avoid these
singularities, which are sometimes called end point catastrophes, is the soft-core
potential. A λ-dependent offset is added to distances between particles (Beutler
et al., 1994). There are several options in choice of the soft-core potential shift.
One of them modifies the distance for appearing particles to

√
r2 + α(1− λ),

where α is the shifting coefficient (Zacharias et al., 1994).

2.1.8 Adaptive biasing force
Another method for free energy calculations is the adaptive biasing force (ABF)
method. This method provides a complete free energy profile along the reaction
coordinate λ. It is based on thermodynamic integration

∆G(A→ B) =

∫ B

A

⟨∂E(r, λ)
∂λ

⟩λdλ

where A and B are the initial and final state, respectively, E is an energy of the
state (Beveridge et al., 1989). A downside of the thermodynamic integration is a
risk of undersampling in the case of high energy differences and insufficiently long
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simulations. To avoid this issue, λ is split into a number of bins and an average
force F λ acting on λ is computed for each bin. The free energy G is reconstructed
by integration over λ because

∇λG = ⟨F λ⟩λ

applies (Darve et al., 2001).
This approach still results in an unequal sampling which may have significant

effects on results. To balance the sampling over the λ, the ABF method adds
additional biasing force F ABF which levels the free energy profile

F ABF = ∇xG̃(λ)

where G̃ is the current estimate of the free energy. As the sampling proceeds,
the estimate G̃ converges towards the G and the biasing force adapts, hence the
name, towards the equal sampling along λ (Darve et al., 2008).

2.2 Molecular dynamics procedures
This section contains description of tools and procedures we have used.

2.2.1 Protein Data Bank
Protein Data Bank (PDB) is the repository of three dimensional structures of
large biomolecules, mainly proteins and nucleic acids. All structural data are
publicly and freely available. PDB was established in 1971 at Brookhaven Na-
tional Laboratory (Bernstein et al., 1978). Since 1998 it is maintained by Re-
search Collaboratory for Structural Bioinformatics (Berman et al., 2000). Today,
it provides a web interface for searching, analysis and visualization of deposited
structures (Rose et al., 2017). Despite the fact that it started with only seven
structures, in 40 years it accumulated more than 77 000 structures (Berman et al.,
2012). Over the last 6 years, the number of structures almost doubled and there
are over 140 000 structures.

2.2.2 Homology modeling
Homology modeling is a method for building of models of proteins with unknown
structures. It is based on the observation that small changes in a protein se-
quence result in small changes in the corresponding protein structure (Chothia
et al., 1986). This allows to create a model of a protein of interest with an un-
known structure, i.e. the target, based on another suitable protein with a known
structure, i.e. the template (Bajorath et al., 1993).

Usual procedure contains four steps: template selection, alignment, model
creation and evaluation (Šali, 1995).

The template selection can be made either manually or by searching in PDB
using one of the available algorithms such as BLAST. These algorithms search
for available structures with similar sequences. Of course, the final choice of
templates is made by a person performing homology modeling.
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The alignment step results in a pair-wise alignment of model and template
protein sequences. Today, there are many tools which can generate an alignment
of two or more sequences, such as Clustal Omega or Muscle. The alignment may
be further manually cured for example on the base of functional data.

In the next step, the homology model is generated. Usually several models
are generated and the best one is then selected as part of the evaluation phase.
There are several approaches, but the most commonly used software package
MODELLER is based on spatial restraints. The alignment and available tem-
plate structures are used to generate a set of geometrical restraints forming a
probability density functions. Models are then obtained by optimization of this
function.

In the evaluation phase, the best model is chosen for further use. The choice
is based on various criteria, which may range from potential energy computation
to visual inspection. However, the actual validation can only be performed by
subsequent molecular dynamics simulations, which provide information about the
stability of a model in a relevant environment.

2.2.3 Simulation protocol
Similarly to laboratory experiments, molecular dynamics simulations need to fol-
low certain protocols to limit potential artefacts. The workflow is typically split
into three stages: minimization, equilibration and production runs. This divi-
sion may be no longer accurate, because multiple steps are commonly involved.
Division into two parts, preparatory and production runs, is more accurate.

The main purpose of preparatory runs is a suppression of effects arising from
an initial conformation and introduction of external forces. The initial conform-
ers of biomolecules are usually based on structures from PDB. These structures
are obtained experimentally and thus they may be incomplete or may contain
non-negligible artefacts resulting from the method used to resolve them. These
structures are then subjected to series of modifications, such as addition of miss-
ing atoms, water and ions, performed by simple, powerful but not very smart
and flexible tools. As a result, the initial structures may contain a number of un-
favourable clashes, atoms which are too close to each other. This would result in
exaggerated and physically irrelevant forces which would cause premature crash
of the simulation.

To mitigate this problem, the first stage is typically a minimization. At first,
the steepest descent algorithm resolves severe bad contacts. Then follows a con-
jugate gradient minimization, which is slower but more effective. According to
our experience, 1000 steps of minimization are sufficient to reach a reasonable
configuration of most simulated systems.

In the next step, the simulated system is warmed up to a target temperature.
There are several methods that can be used for heating. A naive assignment
of velocities based on the Maxwell-Boltzmann distribution may cause random
failures when two atoms are set collision velocities. In our experience, the best way
to avoid this problem is to increase the temperature gradually. Once every 1000
steps, new velocities are assigned with the overall temperature increased by 10K,
until the target temperature is reached. Although, in principle, this approach
has the same problem as the one step assignment, the time passed before the
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temperature reaches values close to the target value helps the simulated system
reach a more stable state than the one at the end of the minimization phase.
This especially helps in simulated systems with phase transitions, such as lipid
bilayers in water.

In the case of simulated systems with a lipid bilayer, it is recommended to
include one additional step between the minimization and heating phase (Aksi-
mentiev et al., 2016). The goal is to melt lipid tails, while all other atoms in the
simulated system are fixed. We have experience, that this melting prevents water
from entering the interior of a lipid bilayer, especially near the protein-membrane
interface.

The next steps are dependent on parameters that are selected for a particular
simulation. This may involve one time or gradual introduction of external forces,
gradual release of external forces applied during minimization and warming phas-
es etc.

In any case, the last stage of the preparatory runs is equilibration. It should
allow the simulated system to recover from any remaining defects originating
from initial configuration or procedures performed in preparatory runs and reach
an equilibrium. Whether the equilibrium was reached can be decided based on
various criteria. In may be decided from the time evolution of volume and poten-
tial and kinetic energies and especially from root mean square deviation (RMSD)
values.

The production runs generate trajectories which allow an investigation of
studied phenomena on the atomic level. Often, the simulations are simply con-
tinuation of a previous setup for a defined number of steps. Alternatively, a
computational experiment, such as free energy computation, may take place in
the production runs.

2.2.4 Hardware
To produce simulations of the TRPA1 channel presented in this thesis, we used
hardware available in our lab. It consists of retail computers with four to six
core processor and retail grade GPUs. This allows simulations of a system with
∼300 000 atoms at a rate of 10 ns per week. Some computations were performed at
MetaCentrum, an organisation which allows sharing of computational resources
among academic institutions in the Czech Republic. Systems with ∼30 000 atoms
were simulated on 12 CPUs at a rate of 10 ns per week.

Our computational power is several orders behind the world’s top. Specialized
supercomputer Anton 2 is able to run simulations for 24 000 atoms at a rate of
80 µs per day (Shaw et al., 2014). The biggest simulated system, chromatophore,
consisted of over 100 million atoms. On Titan, the prime supercomputer in the
Oak Ridge Leadership Computing Facility, the simulation speed reached 20 ns a
day (Mei et al., 2011; Sener et al., 2016).

2.2.5 Developed software
Over the course of this thesis, we have developed several libraries and utilities
which greatly facilitated our work. These utilities are collected in appendices 8
to 10.
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The most advanced of the tools is the pyvmd library. It provides a high-level
pythonic interface for the VMD Python shell. It is hosted at https://github.
com/ziima/pyvmd and contains a full documentation. The library was used for
the preparation and analysis of simulations.

Another utility is a NAMD project template which contains scripts and di-
rectory structure to ease the creation of a new project. It splits the NAMD
configuration file into several Tcl scripts with a hierarchical structure. Basic pa-
rameters are set on the highest level and simulation specific parameters on the
lowest level. Most projects in this thesis utilized this gradually developed tem-
plate. It is hosted at https://github.com/ziima/md-project-template and
contains a documentation.

The last utility is a group of Python scripts for VMD, which helped us with
either preparation of simulations, or with their analysis. The scripts are designed
as single purpose utilities, not as programmes which can be used multiple times,
so they need to be adjusted for every usage. The repository with the scripts is
hosted at https://github.com/ziima/md-scripts and contains a basic docu-
mentation.
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3. Aims of the thesis
The general purpose of this work is to identify functional hot spots in the struc-
ture of TRPA1 using the sequence alignment, homology modeling and molecular
dynamics simulations.

We are particularly interested in crucial interactions in the transmembrane
domain of TRPA1 responsible for gating of the ion channel and putative structural
domains responsible for calcium regulation of the TRPA1 channel, see fig. 3.1.

The intent is to use computer modeling to find specific amino acids, whose
functional significance could be verified by point mutations and electrophysiolog-
ical experiments done in the Institute of Physiology of the Czech Academy of
Sciences. The experimental results are then interpreted at the atomic level by
means of computer modeling again.

The specific aims are described below.

• Verify whether the C-terminal acidic cluster of amino acids could serve as
a binging site for calcium ions.

• Explain the gain-of-function effects of the TRPA1 mutation N855S causing
a human pain-related hereditary disease.

• Propose the role of conserved acidic and basic amino acids in the S4–S5
linker.

• Construct a model of open TRPA1 based on the structure of open TRPV1.

• Find possible conformers of the extracellular loop S1–S2.

• Construct a homology model of the complete S1–S4 sensor domain and
identify potentially functionally important polar amino acids within its in-
ternal cavity.

• Examine the possibility of PIP2 binding to the sensor S1–S4.

• Test the potential of connection of molecular dynamics simulations, ab ini-
tio calculations and spectroscopic methods in examining conformational
preferences of peptides.

• Compare the openness of the so-called lower gate in structures of TRPV1,
TRPV2 and TRPA1 channels by using ABF free energy calculations.

• Determine relative binding free energies of ligands in the sensor domain of
the NaV chimera channel.
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Figure 3.1: Schema of the TRPA1 channel with important sites highlighted.

42



4. Results and discussion
The paragraphs in following four chapters have the same structure. First, there
is a brief description of our motivation for the study. Computer modeling, which
served to create the initial hypothesis, is described first. Then follows a brief
list of the experimental results, which supported or confirmed our hypothesis.
However, the experiment usually provided additional incentives, which were of-
ten impossible to be interpreted at the atomic level at the time of writing our
publications. This is what the final discussion part of each chapter tries. It puts
our results in the light of new information, mostly due to the ever increasing
number of TRP channel structures in the protein database. It could stimulate
further research in the near future.

4.1 Identification of a possible calcium
regulation domain in TRPA1

One of the phenomena that fascinated us when we were writing initial overview
papers, see appendices 6 and 7, was the critical dependence of the TRPA1 on
calcium ions, which was recognized (Jordt et al., 2004; Nagata et al., 2005) soon
after the TRPA1 was cloned (Jaquemar et al., 1999; Story et al., 2003). Calcium
ions are either released from intracellular stores (Jordt et al., 2004) or enter
the TRPA1 through its pore (Nagata et al., 2005). Calcium ions can activate
TRPA1 and substantially enhance responses of the channel to agonists, such as
cinnamon. On the other hand, calcium ions are responsible for subsequent channel
closure (Nagata et al., 2005; Wang et al., 2008) that prevents persistent TRPA1
activation, which may otherwise cause cell and tissue damage. Low concentrations
of calcium delay both activation and deactivation whereas high concentrations
accelerate these processes. Potentiation of TRPA1 currents could be induced by
a Ca2+ concentration as low as 12 µM. At 50 µM Ca2+, the magnitude of the
response is saturated (Wang et al., 2008). In contrast, the rate of inactivation
varied with concentration over a wide range, 12 µM to 10mM (Wang et al., 2008).

A putative calcium binding EF-hand domain was proposed in the N-terminus
of TRPA1 between the 11th and 12th ankyrin repeat (468DISDTRLLNEGDL480)
(Zurborg et al., 2007; Zayats et al., 2013). Since then, no substantial progress has
been achieved in localization of the binding site of calcium ions or deciphering
the exact mechanism of their action on TRPA1.

Therefore, we turned our attention to the C-terminus of TRPA1. The obvi-
ous candidates for a domain through which calcium ions could modulate TRPA1
are clusters of acidic residues. It has attracted our attention to the sequence
1077ETEDDD1082, see fig. 4.1, which is surrounded by basic residues whose im-

Figure 4.1: Sequence of the distal C-terminus of human TRPA1 with a cluster of
strongly conserved acidic residues highlighted. Adapted from appendix 1.
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Figure 4.2: An example of channels with calcium binding domains which mediate
important inter-subunit interactions. Left: Human BK channel (Schreiber et al.,
1997) Right: Bestrophin calcium-activated chloride channel (Kane Dickson et
al., 2014).

portance for activation of TRPA1 was already presented (Benedikt et al., 2009;
Samad et al., 2010). Acidic residues in the sequence are strongly conserved among
the species, which suggests their importance for channel function, see appendix 1.

In fact, this sequence strongly resembles the calcium binding domain found in
human BK channel, called Ca2+-bowl (Schreiber et al., 1997), or in the Bestrophin
calcium-activated chloride channel (Kane Dickson et al., 2014). In both cases
calcium ions mediate important inter-subunit interactions, see fig. 4.2.

The best TRPA1 structure available at that time had a low resolution and
presented only an overall topology of the channel (Cvetkov et al., 2011). The
structure consists of the transmembrane and cytoplasmic regions. The cytoplas-
mic part is created mostly by the N-terminal domains with no significant signs of
C-terminal domains. The 12 ankyrin repeats (residues 1 to 667) could be placed
within the density map, leaving an open cavity in the centre of the cytoplasmic
domain. In Cvetkov et al., 2011, a model of the C-terminus (residues 964 to 1125)
was based on the crystal structure of the SecA protein, and was manually placed
into the cryo-EM density map immediately below the predicted transmembrane
region. Therefore, we assumed that a calcium binding site on the C-terminus
would directly present itself to the calcium ions passing through the pore.

To investigate the possibility of existence of the calcium binding site at the
C-terminus of TRPA1, we created a homology model of the 1077ETEDDD1082

sequence, produced molecular dynamics simulations and compared their output
with results from electrophysiological experiments as described in detail in ap-
pendix 1 and below.

4.1.1 Homology modeling and molecular dynamics
simulations

At the time, the TRPA1 C-terminus did not have a suitable template structure,
which would allow us to create a homology model. In order to overcome this
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Figure 4.3: Top: An alignment of sequences of calcium binding domains of BK
and TRPA1 channels. Bottom: Detail of the BK-TRPA1 chimera with bound
calcium ion (green). The TRPA1 amino acids are displayed in a licorice represen-
tation and labelled according to the TRPA1 sequence. Adapted from appendix 1.

obstacle, we decided to use the similarity with the BK channel. The BK chan-
nel structure was known, including the calcium binding domain (Yuan et al.,
2010). We used the BK channel structure as a scaffold, into which we planted the
1077ETEDDD1082 sequence from TRPA1. Thus, we formed a BK-TRPA1 chimera.
This model allowed us to investigate the target sequence in the environment which
naturally hosts a calcium binding site.

To correctly form the BK-TRPA1 chimera, a proper selection of the corre-
sponding sequences from BK channel and TRPA1 was critical. In the BK chan-
nel, we selected residues 889 to 998 (BK channel numbering). Q889 is the first
acidic residue which forms a salt bridge with the calcium ion and D998 is the last
acidic residue holding the calcium ion. Based on the alignment of correspond-
ing sequences of both channels produced by Clustal W (J. D. Thompson et al.,
1994), we selected the sequence from I1074 to S1083 (TRPA1 numbering). Both
sequences have the same length.

The homology model, fig. 4.3, was constructed using the MODELLER soft-
ware package (Narayanan et al., 2006). The BK channel structure (PDB code
3MT5) was used as a template and the sequences mentioned above were replaced
to produce the BK-TRPA1 chimera.

An all atom system was then finalized by the program LEaP from the AMBER
suite (Case et al., 2010). The BK-TRPA1 chimera was solvated in water and
neutralized by ions. After a minimization, the system was warmed to 310K and
equilibrated for 1 ns with the 1 fs step using NAMD 2.7 (Phillips et al., 2005).
For production runs we used the ACEMD software package (Harvey et al., 2009)
and a local workstation equipped with an NVIDIA graphics processing unit. The
hydrogen mass repartition scheme allowed the 4 fs step. The total length of
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production trajectories reached 200 ns. See appendix 1 for further details.
An analysis of the trajectories was performed using the program PTRAJ from

the AMBER suite. It revealed that the RMSD of the calcium ion relative to the
1077ETEDDD1082 sequence from TRPA1 was under 1Å, see fig. 4.5. Additionally,
the number of ionic bonds between the calcium ion and surrounding amino acids
reached the value of four during most of the simulation. These results confirm
the ability of the TRPA1 acidic cluster to bind a calcium ion.

Further, we studied the roles of individual amino acids. We found that two
residues, D1080 and D1082, bind the calcium ion through their side chains, while
residues I1074 and E1077 use backbone carbonyl oxygen, see fig. 4.4. In order
to confirm the individual roles of these residues, an effect of mutations E1079A,
D1080A, D1081A and D1082A was simulated as well. Results of these 20 ns long
simulations confirmed the importance of the D1080 and D1082 for the calcium
binding. While the mutations E1079A and D1081A had no effect on the stability
of the calcium ion, mutations D1080A and D1082A led to disruptions in the
calcium binding site after 11 ns and 4 ns, respectively, see fig. 4.5.

4.1.2 Mutagenesis and whole-cell electrophysiology
Simultaneously with the homology modeling and molecular dynamics simulations,
the 1077ETEDDD1082 sequence was studied experimentally by colleagues in the
Institute of Physiology of Czech Academy of Sciences, see appendix 1.

D1080 and D1082 are really involved in calcium regulation of TRPA1

Many mutants of TRPA1 covering all negatively charged residues in the sequence
1077ETEDDD1082, namely E1073A, S1076A, S1076D, E1077A, E1077K, T1078A,
T1078D, E1079A, E1079K, D1080A, D1081A, D1082A, D1080I and D1082I were
created.

To test the overall chemical sensitivity of these mutants, a protocol was used,
see fig. 4.6, in which currents were first induced by an electrophilic partial agonist
100 µM cinnamaldehyde. The agonist was then washed out and 2mM Ca2+ was
added to the extracellular solution to assess the allosteric effects of permeating
calcium ions. The membrane potential was linearly ramped up from −80mV to
+80mV at a rate of 1V s−1.

Out of the mutants mentioned above, four exhibited strong effects on the
calcium- and voltage-dependent potentiation of TRPA1, specifically E1077A,
D1080A, D1081A and D1082A, see appendix 1. A neutralizing or charge-reversing
mutation of E1077 had sensitizing effects on TRPA1. The E1073A mutation
strongly increased the degree of calcium-dependent potentiation at two Ca2+

concentration levels and caused a delay in the peak potentiation time.
In terms of confirmation of our observations of molecular dynamics simula-

tions, it was more interesting for us what happened to mutants of D1080 and
D1082. Indeed, calcium-dependent potentiation was most apparently blunted in
the D1080A mutant. Weaker, but similar effects were observed in D1081A and
D1082A. These three neutralizing mutations led to a marked slowing down of the
rise time and delayed the peak potentiation time. They also led to a strongly
reduced averaged degree of potentiation observed within an interval of ∼120 s
after the introduction of calcium ions.
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Figure 4.4: Time development of distances between the calcium ion and atoms
of amino acids in the calcium binding domain. Adapted from appendix 1.
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Figure 4.5: Top: RMSD of protein atoms and calcium ion within a binding site.
An increase in RMSD at the end of simulation is caused by the loose end, formed
by residues 833–869 of the protein chain. The calcium-binding motif was relaxed
after 110 ns. The displacement of the calcium ion was less than 1Å for most of the
simulation. Bottom: Disruptions of the calcium-binding pocket were observed
in D1080A and in D1082A after 11 and 4 ns of molecular dynamics simulation.
Adapted from appendix 1.
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Figure 4.6: Disturbed potentiation of the TRPA1 mutants D1080I and D1082I by
extracellular calcium in response to cinnamaldehyde (Cin). The average current
for wild type TRPA1 is shown in grey. For D1080I, the average current for
nonpotentiated cells is displayed in red and the average over all cells in green.
Adapted from appendix 1.

Further, it was studied whether the volume of side chains at positions D1080
and D1082 is important for the functionality of the TRPA1, see fig. 4.6. The
D1080I mutation produced TRPA1s that responded normally to cinnamaldehyde.
Nevertheless, in three of seven D1080I-expressing cells, that were treated with
Ca2+, no potentiation was observed at all. The D1082I mutant exhibited even
more pronounced defects in comparison to D1082A and the wild type. These
TRPA1s produced robust currents in response to cinnamaldehyde, but external
2mM Ca2+ did not exert any noticeable effect. It indicates that the side chain
volume at D1082 is important for channel function and that isoleucine substitu-
tion at this position may create steric hindrance for a calcium ion access to the
acidic region.

Overall, these results confirmed the importance of the 1077ETEDDD1082 se-
quence for calcium dependent modulation of the TRPA1. Moreover, these results
showed that D1080 and D1082 pointed out by our simulations are really involved
in calcium regulation of TRPA1.

Region involved in calcium-dependent inactivation further confirmed
by truncations in the C-terminus

Further, introduction of stop codons at E1094 and N1100, i.e. in the immediate
vicinity of the 1077ETEDDD1082, resulting in two C-terminal truncation mutants
was tested. Truncation of the C-terminus at E1094 by 26 residues did not pro-
duced any measurable currents. Truncation of the C-terminus at N1100 by only
20 residues slowed down the calcium-dependent inactivation 2.9 times. Other
functional parameters were not affected. It provides further evidence that this
region is important for calcium dependent regulation of TRPA1.

4.1.3 Discussion
Since our results were published in 2012, appendix 1, the TRPA1 structure has
been resolved and calcium regulation of TRPA1 has been studied further.

In 2015, the cryo-EM structure of TRPA1 was published (Paulsen et al.,
2015). Its C-terminus is terminated just before the putative Ca2+-bowl predicted
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Figure 4.7: Our Ca2+-bowl is situated spatially close to the site in the N-terminus
of an adjacent monomer of TRPA1, where the putative calcium-binding EF-hand
domain was proposed. Calcium ions could mediate important inter-subunit inter-
actions in TRPA1 reminiscent of those in the BK channel and in the Bestrophin
calcium-activated chloride channel.

in our paper, appendix 1. Nevertheless, the TRPA1 structure indicates, that the
Ca2+-bowl should be situated spatially close to the sequence in the N-terminus
of an adjacent TRPA1 monomer, where the putative calcium-binding EF-hand
domain was proposed, see fig. 4.7.

Putative inter-subunit contacts between the Ca2+-bowl and EF-hand
domains mediated by calcium

However, according to the TRPA1 structure, the putative EF-hand domain does
not form a binding site for calcium ions. It seems to correspond with partly
contradictory data in the literature. Zurborg et al., 2007 found that the D468A
and D479A mutants of the EF-hand were completely insensitive to increases in
Ca2+ concentrations. Nevertheless, Doerner et al., 2007 reported only L474 to
be critical for the sensitivity of TRPA1 to the calcium. D468A retained calcium
sensitivity analogous to wild-type TRPA1 and D479A mutant was non-functional.
Wang et al., 2008 found that mutation of L474 had no effect on Ca2+ potentiation
following cinnamaldehyde or MO activation, whereas mutation of D479 abrogated
channel function. Recently, Nilius et al., 2011 reported that point mutations
D468A and D479A still show functional channels but with significantly decreased
current amplitude. Intriguingly, the D468A mutant can still be activated by
Ca2+.

All together, these partly contradictory data do not confirm existence of a
putative EF-hand calcium-binding site at the N-terminus of TRPA1. Neverthe-
less, involvement of D479 in calcium sensitivity of TRPA1 can not be excluded.
We believe, that this negatively charged amino acid could complete a Ca2+-bowl
binding site in an adjacent monomer of TRPA1. In that case, calcium ions would
mediated important inter-subunit interactions in TRPA1 strongly reminiscent of
what we observed in the BK channel (Schreiber et al., 1997) or in the Bestrophin
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Figure 4.8: Binding of calmodulin close to the S1–S4 sensor domain. It could stim-
ulate substantial rearrangements of cytoplasmic parts of the TRPA1 C-terminus
including helix 1040–1071 which could move into the position of helices known
from cryo-EM structures of TRPM4 and TRPC4, see positions of red helices. It
would move the Ca2+-bowl into the central position immediately below the pore
of TRPA1.

calcium-activated chloride channel (Kane Dickson et al., 2014).

Putative relocation of the Ca2+-bowl domain below the pore of
TRPA1

Recently, calmodulin was shown to be involved in calcium regulation of TRPA1
(Hasan et al., 2017). Its binding site is located in the C-terminus between amino
acids P994 and N1011 (mouse TRPA1 numbering). Binding of calmodulin close
to the S1–S4 domain can stimulate substantial rearrangements of cytoplasmic
parts of TRPA1. One can even imagine that the whole helix 1040–1071 could
move into the position of helices that were found in recent cryo-EM structures of
TRPM4 and TRPC4, see red helices in fig. 4.8.

Such rearrangement would be in accordance with what was observed in the
first cryo-EM map of TRPA1 (Cvetkov et al., 2011), where no coiled-coil C-
terminal helices reaching deep into the cytoplasm, as those in 3J9P (Paulsen et al.,
2015), were visible. The repositioning of the whole helix 1040 to 1071 would move
the Ca2+-bowl (1077ETEDDD1082) into the central postion immediately below the
pore of TRPA1, where it could for example mediate the calcium-induced block
of TRPA1.
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4.2 Study of pain-related mutation N55S
reveals inter-subunit salt bridges stabilizing
the TRPA1 open state

Mutations of amino acids may change protein structures and their functions. De-
pending on the location, they sometimes lead to severe health conditions. Chan-
nelopathies caused by changes in NaV , KV and voltage-gated calcium channels
account for many cases of migraine and epilepsy (Kremeyer et al., 2010). Muta-
tions of TRPA1s in nociceptive sensory neurons may affect pain signalling and
perception. Notably, the N855S point mutation in the S4 transmembrane seg-
ment causes the Familial Episodic Pain Syndrome characterized by episodes of
debilitating upper body pain. It is triggered by tiredness, fasting and physiologi-
cal stress (Kremeyer et al., 2010). The N855S mutation causes a defect in TRPA1
gating which results in a 5 fold increase in inward current on activation at normal
resting potentials. In our next study, see appendix 2, we tried to shed some light
on molecular mechanism underlying this gain-of-function mutation and related
heritable pain disorder.

4.2.1 Homology modeling and molecular dynamics
simulations

Multiple sequence alignment of 22 TRPA1 proteins from distinct species shows
that N855 is replaced by lysine in cows and goats, serine in frogs and boas,
and arginine in zebrafish, see appendix 2. Interestingly, the charged residues
in the immediate vicinity of N855 are conserved even better, see fig. 4.9. E864
is conserved in mammals, however, it is shifted right by one position in non-
mammalian organisms. Further, basic amino acids, i.e. either lysine or arginine,
were found in positions 868 and 872 almost exclusively. In particular, R852
and E854 are conserved unanimously, see fig. 4.9. It indicates their important
functional roles under evolutionary constraint.

Based on the sequence homology of TRPA1 with other TRP channels, we
deduced that N855 and conserved charged amino acids, namely R852, E854,
K868 and R872, are positioned in the S4–S5 linker connecting the S1–S4 voltage
sensor with pore-forming helices S5 and S6.

It was clear that only a complete atomic model of the tetrameric transmem-
brane domain of TRPA1 could provide sufficient insight into the functional roles
of N855 and conserved charged amino acids. At that time, there were available
only fragments of TRP channels in PDB. None of them involved the transmem-
brane helices, see table 1.3. To obtain a homology model of TRPA1, we used
remarkable similarities between TRP and KV channels. The structure of the
Kv1.2-2.1 chimera (PDB code 2R9R, Long et al., 2007) was picked as a suitable
template.

The initial alignment of the template and target sequences was produced au-
tomatically using Clustal W (J. D. Thompson et al., 1994). It was then manually
adjusted to ensure a good agreement for functionally important parts, especially
for the selectivity filter and the S4–S5 linker, see fig. 4.10. Positions of trans-
membrane helices in TRPA1 predicted by TOPCONS (Bernsel et al., 2009) were
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Figure 4.9: Top: Schema of the TRPA1 channel with the S4–S5 linker highlighted
in red. Bottom: Sequence conservation of the S4–S5 linker. Conserved amino
acids R852, E854, N855, E864, K868 and R872 are denoted by asterisks. Adapted
from appendix 2.

Figure 4.10: Alignments of the S4–S5 region of TRPV1 and TRPA1. Two alter-
native alignments with Kv1.2-2.1 are provided. Adapted from appendix 2.

cross-checked against positions of helices in Kv1.2-2.1 that were assigned by the
DSSP algorithm.

The homology model of the S1-S6 monomeric subunit of TRPA1 was creat-
ed by means of the MODELLER software package (Narayanan et al., 2006). A
complete homology model of the whole tetrameric transmembrane domain TR-
PA1 was then built from four identical copies of the S1–S6 monomeric subunit,
which were regularly rotated around the pore, see fig. 4.11. Further, two sodium
ions were manually inserted into the channel pore. The TRPA1 tetramer was
embedded into a lipid bilayer and solvated in the 0.5M solution of NaCl in water.

Molecular dynamics simulations were produced using the NAMD2.9 software
package (Phillips et al., 2005). The simulated system was minimized, heated up to
310K and equilibrated for 5 ns using cylindrical boundary conditions. To main-
tain the protein conformation, harmonic constraints of 10 kcalmol−1 Å−2 were
applied to all α-carbon atoms and to all atoms in the selectivity filter of TRPA1.
After the equilibration, the simulated system was reduced to an orthorhombic
cell and resolvated in 0.5M NaCl. The cubic system was minimized, heated and
equilibrated for another 5 ns in the NTP ensemble, without any additional con-
straints. The production run reached a total of 30 ns, with snapshots recorded
every 5 ps, see appendix 2 for further technical details.

To pinpoint key interactions involved in gating of TRPA1, we have analysed
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Figure 4.11: Homology model of the transmembrane region of human TRPA1
based on 2R9R structure with denoted E854–K868 interactions. Adapted from
appendix 2.

salt bridges formed throughout the trajectory in the ion channel structure. Thus,
we have identified interactions between side chains of conserved and charged
amino acids E854 and K868 from adjacent subunits of the TRPA1 tetramer, see
figs. 4.11 and 4.12. Intriguingly, these interactions take place directly next to the
crucial residue N855. These salt bridges were stable for up to 22 ns. Taking into
account the low sequence similarity between the TRPA1 and Kv1.2-2.1 channels
leading to the inherently limited quality of the model, we considered the time
scale of ∼20 ns to be completely satisfactory to enable us to create a hypothesis
that the E854-K868 salt bridges could be important for proper gating of TRPA1.
To support this hypothesis, we have created two additional models containing
either N855R or charge swapping E854R/K868E mutations. In both simulations
with a length of 15 ns, the E854/K868 or R854/E868 salt bridges were similarly
long-living, see fig. 4.12.

Coincidentally, at that time, three TRPV1 structures were determined by
cryo-EM and released under PDB code 3J5P, 3J5Q and 3J5R (Liao et al., 2013;
Cao et al., 2013). We used one of these milestone structures, namely 3J5P, as a
template for homology modeling. Nevertheless, in many places, there is a poor
sequence similarity between TRPA1 and TRPV1 channels. Therefore, we were
afraid that any potential discrepancy in our model, even if situated outside the
S4–S5 linker, may somehow disturb key interactions between the S4–S5 linkers
from adjacent subunits of TRPA1. Taking into account that heteromeric TRPV1-
TRPA1 tetramers are fully functional, we produced a model of the TRPV1-A1
chimeric structure. We used the S1–S6 transmembrane domain of TRPV1 as
a template and scaffold. Amino acids in the S4–S5 linker were replaced with
corresponding amino acids from TRPA1.

Subsequent simulations rather failed to reproduce salt bridges found by means

54

http://www.rcsb.org/pdb/explore/explore.do?structureId=3J5P
http://www.rcsb.org/pdb/explore/explore.do?structureId=3J5Q
http://www.rcsb.org/pdb/explore/explore.do?structureId=3J5R
http://www.rcsb.org/pdb/explore/explore.do?structureId=3J5P


2
4
6
8

10
12
14

0 5 10 15 20 25 30

D
ist

an
ce

[Å
]

Time [ns]

TRPA1 model

2
4
6
8

10
12
14

0 5 10 15 20 25 30

D
ist

an
ce

[Å
]

Time [ns]

TRPA1 model K868E/E854R

2
4
6
8

10
12
14

0 5 10 15 20 25 30

D
ist

an
ce

[Å
]

Time [ns]

TRPA1 model N855R

Figure 4.12: Time development of distances between side chains of E854 and K868
from molecular dynamics simulations of TRPA1 homology models. Different
colours represent individual bonds in tetramer. Adapted from appendix 2.
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of the previous TRPA1 model based on the Kv1.2-2.1 structure. Even additional
harmonic constraints of 10 kcalmol−1 Å−2, which were temporarily applied to
push the E854 and K868 amino acids sufficiently close to each other, were unable
to produce stable salt bridges. We assumed that this could be caused either by
subtle differences between the TRPA1 and TRPV1 ion channels or more probably
by a potential channel state-dependency of these salt bridges.

In fact, the structure of Kv1.2-2.1 channel (PDB code 2R9R) was determined
by an X-ray in the open state, mainly because such is the native state of KV

channels in a depolarized environment. In contrast, activation potentials of TRP
channels are shifted into the non-physiological positive voltage range (Nilius et
al., 2005). Therefore, the 3J5P structure of TRPV1 was determined by cryo-
EM in the closed state. Binding of various ligands to TRP channels shifts their
voltage dependence towards physiologically relevant potentials. It enabled to
capture the 3J5Q structure of TRPV1 in complex with toxins in the open state.
Nevertheless, this open state stabilized by non-covalent binding of large ligands
into the transmembrane part of TRPV1 can be very different from the open
state of TRPA1 that develops slowly as a consequence of covalent binding of tiny
electrophilic agents in the N-terminus. Therefore, we assumed that it would be
difficult to ever gain a reliable TRP template representing the open state and, for
that moment, we were satisfied with the fact that simulations based on TRPV1
confirmed the mutual proximity of side chains of E854 and K868 from adjacent
subunits of the TRPV1-A1 chimeric structure.

Further, the available TRPV1 structure allowed a direct comparison with
the Kv1.2-2.1 chimera. The analysis of sequences and structures yielded an al-
ternative alignment of the S4–S5 linker with a shift by just one position when
compared to our original alignment. To explore the effects of this shift, we in-
troduced a double mutation K308E/R322K into the Kv1.2-2.1 chimera to mimic
E854 and K868 from TRPA1 in corresponding positions. The simulation showed
salt bridges between the residues K308E and R322K lasting as long as in the
original simulation, see appendix 2.

Overall, our simulations indicated important interactions between charged
amino acids E854 and K868 from adjacent TRPA1 subunits in the immediate
vicinity of crucial N855. We expected, that the N855S mutation introducing a
less bulky side chain could facilitate formation of these salt bridges.

4.2.2 Mutagenesis and whole-cell electrophysiology

Measurements support the predicted E854-K868 salt bridge

To examine whether the predicted inter-subunit interactions contribute to the
functionality of the TRPA1, charge-neutralizing E854A, K868A, charge-reversing
E854R, K868E and charge-swapping E854R/K868E mutants of human TRPA1
were constructed and characterized using whole-cell patch clamp recordings by
colleagues in the Institute of Physiology.

Mutations at position K868 destabilized the closed, resting conformation of
the channel and strongly reduced responses to all stimuli. Nevertheless, the
charge-reversal mutants E854R and K868E and a charge-swapping mutation
E854R/K868E were the most distinctive. The charge-reversal mutants E854R
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Figure 4.13: Charge swap mutation of E854R/K868E restores the behaviour of
wild type TRPA1. Left: Response to the allyl isothiocyanate (AITC) after
addition of 2mM Ca2+. Middle: Average maximum AITC-induced currents.
Right: Average conductances obtained from voltage step protocol. Adapted
from appendix 2.

and K868E exhibited dramatically reduced responses to chemical and voltage
stimuli, which were restored by the charge-swapping mutation E854R/K8686E,
see fig. 4.13. These findings strongly supported our hypothesis about the exis-
tence of inter-subunit salt bridges between E854 and K868 residues from adjacent
S4–S5 regions and about their importance for stabilizing the open state of TR-
PA1.

Interestingly, the charge-swapping mutation E854R/K868E restored normal
channel closure at hyperpolarizing voltages, without chemical stimuli, although
it did not rescue normal voltage dependency, see fig. 4.13. It means that E854
and K868 residues may comprise the voltage-sensing domain of TRPA1 itself.

R852E lost calcium induced potentiation

Further, we reasoned that introducing of an additional negative charge to the
vicinity of E854 could affect channel’s gating equilibrium towards the open state.
Indeed, a gain-of-function phenotype of R852E with an increased basal channel
activity was found. Moreover, during the 40 s application of cinnamaldehyde, the
currents became close to saturation. It indicated an increased sensitivity to the
chemical agonist.

In wild type TRPA1, the addition of 2mM Ca2+ to the bath solution induces
a marked potentiation that is followed by an almost complete inactivation with-
in 1min. Interestingly, the R852E mutant produced a very different pattern of
responses, see fig. 4.14. An addition of 2mM Ca2+ to the bathing solution im-
mediately inhibited the currents and only a small and delayed potentiation was
observed. At that time, the loss of calcium-induced potentiation and an accelerat-
ed calcium-dependent inactivation were rather confusing properties of the R852E
mutant. This is further discussed below and we have returned to this topic in our
later study, see appendix 4.

N855 and R872 do not play roles of analogous residues from TRPV1

Also, it was found that N855 and R872 are not likely to be involved in roles
analogous to those of the cognate residues from TRPV1, i.e. Q561 and R579. In
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Figure 4.14: Mutation R852E exhibits loss of calcium-induced potentiation.
When exposed to the 2mM Ca2+, after activation by cinnamaldehyde (CA), the
channel deactivates and only a small and delayed potentiation can be observed.
Adapted from appendix 2.

TRPV1, mutation Q561R causes a gain-of-function phenotype and strong toxici-
ty when expressed in Sacharomyces cerevisiae. R579 contributes to the voltage-,
lipid- and cholesterol-dependent modulation of the TRPV1 channel. The R579E
mutation is completely non-functional. In TRPA1, the N855R mutation, in con-
trast to Q561R, does not represent a gain-of-function channel as it is not sponta-
neously active at resting membrane potentials. The R872E mutant, in contrast
to R579E, is fully functional. These findings were surprising at that time. A
possible explanation came later, as discussed below.

4.2.3 Discussion
Further support for E854-K868 inter-subunit salt-briges came from
later cryo-EM structures

The cryo-EM structure of TRPA1 (PDB code 3J9P, Paulsen et al., 2015), which
appeared in 2015, captures the channel in a closed state where we do not expect
the salt bridge E854-K868. The non-resolved density of the C-terminus, amino
acids 1007 to 1030, reaches between the E854 and K868 amino acids. Interest-
ingly, mutations at position K868 destabilized the closed, resting conformation of
the channel. It seems, that these mutants were unable to interact with the 1007
to 1030 part of the C-terminus. We assume that full activation of TRPA1, via
calmodulin binding to the partially overlapping area between amino acids P994
and N1011, will result in a substantial rearrangement of the C-terminus that will
release the space between the E854 and K868 to allow for the formation of the
predicted salt bridge.

The importance of the contacts between the S4–S5 linker and TRP helix was
highlighted in a subsequent study of TRPV4 Teng et al., 2016. A hydrogen
bond formed between the side chain of W733, in the TRP helix, and the main
chain oxygen atom of L596, in the S4–S5 linker, was found. This interaction
stabilizes the closed state of TRPV4 and a shift of L596 towards the centre of
the tetrameric structure is required for channel opening. Authors suggested that
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Figure 4.15: Residues corresponding to E854-K868 from TRPA1 in TRPV1 and
TRPV2 structures. In TRPV2, the side chain of Q520 (E854 in TRPA1) is
directed to R535 (K868 in TRPA1), which supports our hypothesis about the
E854-K868 salt bridge.

the same mechanism may apply in other channels, especially in TRPV2.
Indeed, the cryo-EM structure of TRPV2 (PDB code 5HI9) shows such re-

arrangement when compared to the reference structure of TRPV1 (PDB code
3J5P). Interestingly, the side chain of Q520, homologous to E854 in TRPA1,
is directed to R535, K868 in TRPA1, which supports our hypothesis about the
E854-K868 salt bridge, see fig. 4.15. Moreover, reorientation of the H521 side
chain, N855 in TRPA1, indicates, that the N855S mutation, i.e. replacement of
asparagine with less bulky serine, could facilitate rearrangements leading to the
E854-K868 formation.

Further, the structure of constitutively active TRPV6 (PDB code 6BO8) has
G488 in position of K868 in TRPA1. The G488 allows bending of the S4–S5 helix
to open the channel TRPV6. A similar effect could probably be triggered by the
predicted salt bridge E854-K868 in TRPA1.

Last but not least, the structure of the TRPV6 mutant (PDB code 5IWK)
shows the non-swapped arrangement of subunits that seems to be fully functional.
Interestingly, in hypothetical non-swapped TRPA1, the E854 and K868 amino
acids would form intra-subunit salt bridges. There are no signs that the wild
type TRPA1 could create a non-swapped tetramer, but in case of its mutants it
needs to be taken into account.

R852E lost of calcium induced potentiation

In fact, at the time of writing of our paper, we expected that the R852E side
chain is directed to the S4–S5 linker from an adjacent subunit of TRPA1. It
was not even known whether TRPA1 possesses the TRP domain. We knew that
there is a conserved sequence 992LWFLRK997, which shows a remarkable sequence
similarity to the TRP box of TRPV1 696IWKLQR701. However, the sequence
alignment showed that this sequence is not appropriately positioned to serve as a
TRP domain in TRPA1. The later cryo-EM structure 3J9P revealed that R975
has replaced classic tryptophan in the TRP box of TRPA1. The presence of
the TRP-like box under the S1–S4 sensor then results in R852 from the S4–S5
linker pointing to the sensor. Therefore, we have returned to this topic in our
later study, see appendix 4 or section 4.4. It lit a little bit of light on the loss of
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calcium-induced potentiation and an accelerated calcium-dependent inactivation
of the R852E mutant found here.

Why N855 and R872 do not play roles of analogous residues from
TRPV1

In the original 3J5P structure of TRPV1, location and orientation of side chains
of R579 and D576, homologous to R872 and N855 in TRPA1, do not provide any
justification for strong effects caused by their mutations. They are for example
situated far away from E684 from S6, which is situated under the lower gate.

Nevertheless, the later 5HI9 structure of TRPV2 shows mutual contacts be-
tween analogous R539, D536 and E647 amino acids that could facilitate or sta-
bilize the open state of the channel. It could explain, why in TRPV1, the charge
reversing R579E mutation is completely non-functional and why it can be par-
tially rescued by the charge-swapping mutations R579E/D576R. Moreover, the
side chain of H521, Q561 in TRPV1, is directed toward R539, D536 and E647.
It could explain, why Q561R causes a gain of function phenotype and strong
toxicity when expressed in Sacharomyces cerevisiae. R561 can form additional
salt bridges with acidic amino acids D536 and E647 and can thus participate in
stabilization of the open state.

In TRPA1, there is R872 analogous to R579 and R539 in TRPV1 and TRPV2
channels, respectively. Nevertheless, acidic amino acids, analogous to D576, E684
and D536, E647 of TRPV channels, are missing in TRPA1. It could explain, why
it was found in our study appendix 2 that N855 and R872 are not likely to be
involved in roles analogous to those of the cognate residues from TRPV1, i.e.
Q561 and R579.
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4.3 The S1–S2 extracellular linker is important
for several aspects of the gating mechanism
of TRPA1

The only available conformation of TRPA1 structure is the closed one (PDB
code 3J9P, Paulsen et al., 2015). But an open state conformation of a channel is
required to understand molecular mechanisms behind its gating.

In experiments, the TRPA1 channel opens very slowly. Therefore, obtaining
open TRPA1 using unbiased molecular dynamics simulations is not realistic. The
D. E. Shaw group was able to simulate gating of a KV channel using a special-
purpose supercomputer Anton. In 2017, they succeeded to open the TRPA1
channel using a trick with a point mutation near the lower gate. Unfortunately,
there is only a conference abstract, which mentions this approach.

We have tried to open TRPA1 using the MDFF method. This attempt to
open the channel in the lower gate area then paradoxically highlighted the po-
tential importance of the extracellular S1–S2 loop, which we have systematically
explored, as described in detail below and in enclosed appendix 3.

4.3.1 Molecular dynamics simulations
A structure of TRPV1 in the open state was available (PDB code 3J5Q, Cao et
al., 2013). In principle, it could be used as a template for homology modeling of
open TRPA1. However, we have taken into account the PDB code 3J9P structure
of closed TRPA1 (Paulsen et al., 2015) and decided to guide it into the open state
using the MDFF method.

At first, the transmembrane part of TRPV1 in the open state, specifically
amino acids K431 to S693, was turned into a pseudo-electron density map using
VMD. Then the transmembrane part of TRPA1 in the closed state was rigid
docked into this density map. The density map was converted to an MDFF
potential that guided TRPA1 into the open state in simulation produced by
NAMD, see appendix 3 for technical details.

The resulting tetrameric structure of TRPA1 possessed significantly opened
lower gate, see fig. 4.16. Another conformational change occurred on the inter-
face between the S1–S4 sensor domain and the S5–S6 helices from an adjacent
monomer of TRPA1. Specifically, a reorganization of V737 (S1), P742 (S1–S2
linker), W832 (S4) and I890 (S5) indicated a potentially functionally important
hydrophobic interface between the adjacent subunits of TRPA1. Also, the side
chain of F746 sitting on top of the voltage sensor was buried among the S1–S4
helices throughout the whole MDFF simulation. It indicated that F476 could be
potentially functionally important either for stability of the S1–S4 sensor domain
or for mediating a connection between the S1–S2 linker and the S1–S4 sensor
domain.

In TRPA1, the S1–S2 linker extends into the extracellular space, see fig. 4.17,
and a poorly resolved density map in this location suggests that it possesses
intrinsic structural flexibility and thus may be actively involved in channel func-
tion. A long simulation was needed to find conformers of the S1–S2 linker that
would fit into the cryo-EM density map. In order to achieve a sufficient length
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Figure 4.16: Top: MDFF guided TRPA1 from the close (yellow) to the open
(cyan) state mimicking the TRPV1 arrangement (grey). Bottom: Reorganiza-
tion of V737 (S1), P742 (S1–S2 linker), W832 (S4) and I890 (S5) amino acids
indicated a potentially functionally important hydrophobic interface between the
adjacent subunits of TRPA1.

Figure 4.17: Sequence conservation of the S1–S2 linker and its location on a
TRPA1 schema. Adapted from appendix:s1-s2.
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Figure 4.18: Conformations I. (blue) and II. (red) of the S1–S2 linker with im-
portant residues depicted. Adapted from appendix 3.

Figure 4.19: An overview of the TRPA1 with the two conformations of the S1–S2
linker. Left: TRPA1 structure 3J9P with the two conformations of the S1–S2
linker. Right: Same structure as the one on the left overlayed on electron density
map EMD-6267. Adapted from appendix 3.

of trajectories, a simpler simulated system was constructed. The model consisted
of a single S1–S4 domain, specifically residues S725–L850, immersed in TIP3P
water. The AMBER ILDN force field (Lindorff-Larsen et al., 2011) was used to
describe simulation parameters. Since no phospholipid membrane was included
in the simulated system, the hydrophobic transmembrane part of the S1–S4 do-
main was constrained to prevent its unwanted unfolding or misfolding. Thus, only
the S1–S2 linker was allowed to move in simulations, produced by GROMACS
(Abraham et al., 2015), while the rest of the protein structure was fixed. Be-
cause the S1–S2 linker forms an extracellular loop, no artefacts were expected to
appear due to missing lipids. To speed up conformational changes, temperature
was maintained at 410K throughout the 500 ns simulation.

Subsequent analysis of the trajectory revealed two main conformers of the
S1–S2 linker, see fig. 4.18, both corresponding to formations in the cryo-EM den-
sity map of TRPA1, see figs. 4.18 and 4.19. Conformer I is a hairpin-like structure,
that is stabilized by hydrophobic interactions among I751, I752, I761 and L762
amino acids. Conformer II is more flexible and represents states where the S1–S2
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Figure 4.20: Protoxin-I, in red, docked to the TRPA1 structure. Adapted from
appendix 3.

linker interacts with the upper part of the S1–S4 sensor domain, including F746,
see appendix 3 for details.

Next, we hypothesized that protoxin-I, which binds to the S1–S2 linker of
TRPA1 (Gui et al., 2014), may help to explain the importance of the F746. To
investigate mutual interactions between TRPA1 and protoxin-I we build a model
of the transmembrane part of the TRPA1 channel that included the S1–S2 linker.
Based on structure of TRPV1 with bound vanillotoxin and using structural ho-
mology between vanillotoxin and protoxin-I, we created a model of TRPA1 and
protoxin-I complex, see fig. 4.20. This model was embedded into the phospholipid
bilayer and surrounded by water molecules. The subsequent simulation produced
using NAMD confirmed that protoxin-I is able to bind to the S1–S4 sensor of
TRPA1, see appendix 3 for details.

4.3.2 Mutagenesis and whole-cell electrophysiology

Mutations of amino acids P742, G743, I751 and I752 pointed out by
computer modeling have significant effects

Many mutants of TRPA1 were constructed and characterized using whole-cell
patch clamp recordings by colleagues in the Institute of Physiology to under-
stand the role of the individual amino acids of the S1–S2 linker: T755A, S759A,
L761A, L762A, I751W/I752W, K741A, M744A, T749A, A745G, I751P/I752P,
QNQN, H758A, S748A, S756A, S756G, G750I, I751F/I752F, N747T/N753T,
F746A, I751A, I751G/I752G, I752A, P742A/G743A, I751A/I752A.

Most of the mutants were close to wild-type TRPA1, see fig. 4.21, from the
less voltage-dependent T755A to the gain-of-function mutant G750I. Mutations
at S748 and S756 increased the relative amplitude of the allyl isothiocyanate-
induced inward currents. Mutants F746A and N747T/N753T were clearly set
apart from the other constructs, indicative of their specific functional roles. Sur-
prisingly, an experiment showed that protoxin-I, which inhibits the wild type
TRPA1, increased an activity of F746A mutant.

Mutations of amino acids that were pointed out by molecular dynamics sim-
ulations had significant effects, see fig. 4.21. The most noticeable were P742,
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Figure 4.21: Effects of the I751G/I752G mutant. Left: Response of the wild type
TRPA1 to the allyl isothiocyanate (AITC) in the absence (white horizontal bar)
and presence (black horizontal bar) of 1mM Ca2+. Middle: Response of the
I751G/I752G mutant to the same protocol as in right panel. Right: Correlation
of the maximum currents induced by depolarizing voltage and AITC. Adapted
from appendix 3.

involved in a potentially functionally important hydrophobic interface, and I751
and I752, which stabilized a hairpin-like structure in Conformer I by hydrophobic
interactions. The single or double alanine mutants of P742, G743, I751 and I752
had very low voltage dependent responses at +200mV, and even lower ampli-
tudes of allyl isothiocyanate-induced inward currents. Specifically, double mu-
tants I751A/I752A and I751G/I752G exhibited lower sensitivity to voltage and
chemically-induced currents at negative potential. These effects were stronger
in mutation to glycine than to alanine. This suggests that the volume of these
residues is important for channel activation.

The double mutant of amino acids I751G/I752G pointed out by
computer modeling change responses to calcium block

Moreover, it was found that calcium ions, in addition to its well described poten-
tiating and inactivating effects, reversibly block the flow of monovalent cations
through TRPA1. The extent of this block is state-dependent, so the less inacti-
vated channels are more blocked and the blocking mechanism substantially differs
in wild-type TRPA1 and in the I751G/I752G mutant, see appendix 3.

In wild-type TRPA1, removal of the Ca2+ from the extracellular solution
immediately unblocked monovalent cation flow through channels, see appendix 3.
If the external calcium was removed once again 20 s later, the recovery from
the block was not complete. In the second protocol, wild-type TRPA1 was first
activated by allyl isothiocyanate. The addition of calcium ions caused a rapid
increase in currents followed by calcium-dependent inactivation. The subsequent
removal of external Ca2+ only partially recovered channels from inactivation.

The I751G/I752G mutant exhibited qualitatively different behaviour, see ap-
pendix 3. It appeared to be blocked by calcium ions right from the beginning,
and was only transiently unblocked by removing the external Ca2+. When allyl
isothiocyanate was initially applied, very slowly developing responses were ob-
served. The addition of calcium ions potentiated and inactivated the channels.
In contrast to the wild-type, the channels recovered fully from the block after the
removal of Ca2+ from the bath.
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Figure 4.22: In TRPV6 (PDB code 6BO8), the S1–S2 extracellular loop contacts
the S5-P and P-S6 loops. Amino acids 365NTLL368 highlighted as spheres are
involved in these interactions.

The removal of external calcium ions had immediate and reversible effects on
TRPA1, which suggests an external binding site for Ca2+. The S1–S2 linker in
human TRPA1 has four negatively charged amino acids. However, when all of
them were neutralized (E754Q/D757N/E760Q/D763N), no significant changes in
either the voltage or the chemical responsiveness were observed.

Therefore, the acidic amino acids around the pore or in the pore are rather
responsible for the calcium block. And the S1–S2 linker, specifically I751 and
I752 amino acids pointed out by our computer modeling are able to influence
them. A tentative explanation is discussed below.

4.3.3 Discussion

The S1–S2 linker of TRPA1 resembles the S1–S2 linker of TRPV6

Structures of the representatives of all TRP channels, i.e. TRPA1, TRPC,
TRPM, TRPML, TRPP and TRPV, have been available in the Protein Data
Bank for several weeks. Their comparison shows that extracellular linkers from
the S1–S4 sensor often interfere, or even interact, with the central helix S5 and S6.
It is quite specific for TRPML and TRPP channels, where extracellular linkers
are very large and form independent domains. In the case of TRPV6, howev-
er, the linkers are dimensionally comparable to the S1–S2 linker from TRPA1.
TRPV6 structures could therefore provide insight relevant for TRPA1.

Interestingly, glycosylation of S1–S2 linkers modulates channel activity of both
TRPV6 and TRPA1 channels. There is conserved N-linked glycosylation site
N357 located in the middle of this loop in TRPV6. In TRPA1, there are two
glycosylation consensus sites 747NST and 753NETS, see fig. 4.17.

In TRPV6 (PDB code 6BO8), the S1–S2 extracellular loop contacts the S5-P
and P-S6 loops, see fig. 4.22. In particular, amino acids 365NTLL368 are involved
in these interactions. We believe that similar residues 751IIN, i.e. I751 and I752
pointed out by our computer modeling, could play the same role in TRPA1. It
would require a conformational change that would include the fact that the F746
is detached from the S1–S4 sensor. This may not be in contradiction with what
we have identified through mutagenesis and electrophysiology. Undoubtedly it
will be the subject of further studies using molecular dynamics simulations.
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Among other things, this direct interaction between the S1–S2 linker and S5-
P/P-S6 loops could shed some light on qualitatively different behaviour of the
I751G/I752G mutant concerning calcium blocking. Different interaction or its
absence due to the I751G/I752G mutation could influence the acidic amino acids
around the pore or in the pore that are responsible for the calcium block.

Could contacts between the S1–S2 and S5-P-S6 loops stimulate
transition of TRPA1 into the non-swapped arrangement?

Interestingly, the S1–S4 and pore domains of tetrameric ion channels have ei-
ther swapped or non-swapped arrangements. There are many examples of the
non-swapped transmembrane architecture, e.g. HCN, CNG, Slo1, Slo2.2, Eag1.
In TRP channels, the swapped transmembrane architecture is prevailing. The
non-swapped transmembrane domain arrangement was found in TRPV6 with
the L495Q spontaneous mutation. Interestingly, the swapped and non-swapped
TRPV6 structures are almost identical including the interaction between S1–S2
and S5-P/P-S6. It raises the possibility that some TRP channels or their mutants
can fold into either arrangement in vivo at the level of the monomer or tetramer.
It could affect their functions or even lead to disease. Due to the above-mentioned
similarities between the S1–S2 linkers of TRPV6 and TRPA1, which could facil-
itate the non-swapped arrangement due to their intra-subunit interactions with
S5-P/P-S6, it seems that an interesting area for further research opens here.
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4.4 Identification of phosphoinositides binding
site in TRPA1

In appendix 2, we reported that the addition of 2mM Ca2+ to the bath solu-
tion induced a marked potentiation of TRPA1 that was followed by an almost
complete inactivation within 1min. In contrast, in the R852E mutant, the same
calcium levels immediately inhibited the currents and only a small and delayed
potentiation was observed.

At the time, the TRPA1 structure was completely elusive including the exis-
tence of a potential TRP box. In fact, we expected that the R852E side chain
is directed to the S4–S5 linker from an adjacent subunit of TRPA1. However,
the cryo-EM structure of TRPA1 (PDB code 3J9P Paulsen et al., 2015) clearly
shows that the R852 side chain is directed into the cavity inside the S1–S4 sensor
domain.

It drawn our focus to the S1–S4 sensor domain, which plays important role in
signal transduction and gating of TRP channels, despite its lack of charged and
mobile helix S4 similar to NaV and KV channels, see fig. 4.23. We have decided to
systematically explore the role of individual polar amino acids inside the S1–S4
cavity in gating of TRPA1. Moreover we anticipated a possible modulation of
this process by specific membrane lipids because the importance of their binding
into the S1–S4 domain has been manifested in closely related TRPV1 (Gao et al.,
2016).

4.4.1 Homology modeling and molecular dynamics
simulations

The S1–S4 domain is only partially solved in the cryo-EM structure of TRPA1
(PDB code 3J9P, Paulsen et al., 2015). The loop between helices S2 and S3 is
missing. It was modeled using the Swiss-Model web server (Waterhouse et al.,
2018; Bienert et al., 2017; Nicolas et al., 2009; Benkert et al., 2011; Bertoni
et al., 2017) based on homology with TRPP1 (PDB code 5K47, 5MKE, 5MKF
and 5T4D Grieben et al., 2017; P. S. Shen et al., 2016; Wilkes et al., 2017) and
incorporated into the tetrameric structure of TRPA1. The tetramer was inserted
into a lipid bilayer and solvated in 0.5M solution of NaCl in water using VMD.
The simulated system was minimized, warmed to 310K and equilibrated using
NAMD2.9 (Phillips et al., 2005), see appendix 4 for technical details.

The production simulation confirmed a cavity in the lower part of the S1–S4
domain filled with water, see fig. 4.24. The cavity was surrounded by hydrophilic
residues, namely H719, N722, K787, Q791, Q794, K796, D802, S804, N805, E808,
Y849, R852 and K989.

To further investigate properties of the S1–S4 cavity, we determined electro-
static potentials of TRP channels using the UCSF Chimera software package
(Pettersen et al., 2004). Comparing to TRPV1 (PDB code 5IRZ Gao et al.,
2016), a unique cloud of the positive electrostatic potential reaching into the in-
terior of the S1–S4 cavity of TRPA1 was found, see fig. 4.24. In fact, it could be
even more pronounced due to K671 and K672 from the unresolved N-terminal
loop situated just below the S1–S4 domain.
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Figure 4.23: Schema of the TRPA1 monomer and alignment of sequences of the
S2–S3 linker between TRPA1 and TRPP1. Adapted from appendix 4.

Figure 4.24: Top: A cavity in the lower part of the S1–S4 domain is surrounded
by hydrophilic residues. It can be filled with water molecules or occupied by
PIP2. Bottom: A cloud of the positive electrostatic potential reaching into the
interior of the S1–S4 cavity. Adapted from appendix 4.
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Figure 4.25: PIP2 headgroup bound into a cavity in the TRPA1 S1–S4 domain.
Amino acids involved in PIP2 binding are displayed on the atomic level: N722,
H719, R852, K969, K796 and K787. Adapted from appendix 4.

This suggested a possible phosphoinositides binding site, with the most abun-
dant and obvious candidate PIP2. To address this hypothesis, we docked PIP2

into the S1–S4 cavity of TRPA1 using UCSF Chimera. Subsequent molecular
dynamics simulations revealed polar residues H719, N722, K787, K796, R852,
and K989 as those, which bind the PIP2 headgroup, see fig. 4.25.

4.4.2 Mutagenesis and whole-cell electrophysiology

Polar amino acids identified by computer modeling regulate
voltage-dependent gating of TRPA1

Polar amino acids predicted by computer modeling to face the cavity of the
S1–S4 sensor domain of TRPA1 were individually mutated in the Institute of
Physiology. Activation properties of mutants transiently expressed in human
embryonic kidney cells were measured using the whole-cell electrophysiology to
assess their functional roles.

In cells expressing the H719A, N722A, N722I, K787A, R852A and K796A
mutant channels, the conductance to voltage curves were significantly shifted
rightward compared to wild-type channels, see fig. 4.26. That is, non-negligible
currents were observed only at non-physiologically positive potentials. Notably,
the H719A, N722I, K787A and R852A mutants exhibited significantly decreased
currents even at membrane potentials of +200mV. In several experiments, a low
buffer intracellular solution containing 100 µM instead of 100 nM free Ca2+ was
additionally used. It caused slightly increased currents through wild type TR-
PA1. Nevertheless, through less responsive mutants currents were either further
suppressed (H719A and N722I) or not significantly affected (K787A), indicating
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Figure 4.26: Average voltage-induced conductances of wild type TRPA1 and
selected mutants. Measurements in low buffer intracellular solution (LB-ICS) are
denoted. Adapted from appendix 4.

the involvement of these residues in calcium sensitivity, see fig. 4.26.
In contrast, the E788A, E788K, N805A, E808A and K989A mutants exhibited

significantly increased currents at positive membrane potentials.
These distinctive effects of groups of mutants located either deep in the S1–S4

sensor cavity or in the S2–S3 loop argued against a mechanism of simple electro-
static interactions among the charged residues. Rather, they indicated that some
additional intermediary factor is required for a proper regulation of TRPA1.

Mutations of polar amino acids pointed out by computer modelling
influence calcium induced responses

In H719A, N722I, and K787A, the allyl isothiocyanate-induced currents were
slowly developing, see fig. 4.27. In N722A, the currents activated slowly, but
ultimately reached their maximum amplitude similar to the wild-type TRPA1.
K787A was partially rescued by increasing intracellular Ca2+. It indicated that
these amino acids are important for the coupling between voltage and agonist
sensing and gate opening. Moreover, the addition of extracellular calcium in-
duced in the above mutants an immediate inactivation in contrast to the potenti-
ation seen in wild-type. It was almost complete at negative membrane potentials.
Apparently, mutagenesis of polar residues in the inner cavity of the S1–S4 sen-
sor strengthen the coupling between domains responsible for calcium-dependent
inactivation and the channel’s gate.

In contrast, the E788A and E808A mutants showed robust, twofold com-
paring to wild type TRPA1, responses to cinnamaldehyde. Nevertheless, the
subsequent exposure to extracellular calcium again caused a rapid inactivation of
cinnamaldehyde-induced currents that was more pronounced at negative mem-
brane potentials.

Again, these partly distinctive effects of mutants located either deep in the
internal cavity of the S1–S4 sensor or in the S2–S3 loop indicated that some other
intermediary factors are required for a proper regulation of TRPA1.
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Figure 4.27: Effect of allyl isothiocyanate (AITC) induced responses to TRPA1
and its mutants. Adapted from appendix 4.

Figure 4.28: Responses of TRPA1 and mutant E808A to cinnamaldehyde (CA)
induced with and without sequestration of membrane PIP2. Adapted from ap-
pendix 4.
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Experimental evidence for proposed PIP2 binding into the S1–S4
sensor domain

Recall that our computer modeling suggested a possible PIP2 binding site in-
side the S1–S4 sensor domain. However, there were rather inconsistent results
regarding the effects of PIP2 on TRPA1. Some reports suggested a positive mod-
ulatory effect, other reports suggested that PIP2 either does not affect or even
down-regulates TRPA1.

Here, mutations of amino acids putatively involved in PIP2 binding, H719,
N722, K796, R852, and K989, resulted in a partial loss of functional response to
voltage and cinnamaldehyde. Therefore, we expected that the depletion of mem-
brane PIP2 could down-regulate the wild type TRPA1. Three different approach-
es to manipulate the membrane PIP2 levels were used and produced consistent
results.

As an example, sequestration of PIP2 by MARCKS had detrimental effects on
wild type TRPA1 responses upon voltage stimulation, see fig. 4.28. TRPA1 was
completely inactivated at negative potentials. Interestingly, the conductance-
voltage curves were significantly shifted rightward resembling the currents me-
diated by H719A, K787A, N722I and K796A. The cinnamaldehyde-induced cur-
rents were significantly smaller and responses were delayed at negative membrane
potentials. Recall that the same was observed in N722A, K787A and R852A mu-
tants, which we predicted to be disruptive for the TRPA1-PIP2 interaction.

We supposed that the neutralization of E808 might positively influence a pu-
tative TRPA1-PIP2 interaction. Therefore, we expected that sequestration by
MARCKS should attenuate increased current responses of E808A. Indeed, the
voltage-gated currents were suppressed to the wild-type level at positive hold-
ing potentials and the channels were completely blocked at negative potentials.
The cinnamaldehyde-induced currents also decreased to the wild-type level and
subsequent exposure to calcium caused an immediate block see fig. 4.28.

4.4.3 Discussion
Soon after our paper was released, new structures of TRPM4 and TRPC4 chan-
nels appeared (Winkler et al., 2017; Autzen et al., 2018; Duan et al., 2018). These
structures uncovered a new binding site in the S1–S4 sensor domain, where either
monovalent or divalent ions can be bound. The binding site is formed by residues
E828, Q831, N865 and D868 in TRPM4 (PDB code 6BQV) and E417, Q420,
N435 and D438 in TRPC4 (PDB code 5Z96), which are homologous to E788,
Q791, N805 and E808 in TRPA1. Interestingly, the E788 and E808 correspond
with amino acids E1550 and D1571 in NaV (PDB code 5EK0) and E236 and
D259 in KV (PDB code 2R9R) channels that interact with basic amino acids of
mobile S4 responsible for voltage gating in NaV and KV channels.

A monovalent or divalent cation bound to this binding site within the sensor
domain can undoubtedly further increase the positive electrostatic potential inside
the S1–S4 cavity, which stimulates binding of PIP2. PIP2 and cation do not
interfere in any way and their simultaneous binding into the cavity is possible.

At this point, it seems that the two groups of amino acids whose mutations
have distinctly different effects on voltage or agonist stimulated gating of TRPA1
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are almost the same as residues which are in a putative contact with either PIP2,
H719, N722, K787, R852 and K796, or ion, E788, N805 and E808.

Remarkable is the finding that even calcium ions can bind into the S1–S4
cavity in TRPM4. This way it could co-participate in significant effects, such as
activation or inactivation of TRPA1 upon addition of extracellular calcium. It
would then be synergistic effect of calcium ions bound to at least three different
sites: the calmodulin bound to the proximal C-terminus (Hasan et al., 2017), the
Ca2+-bowl formed by the C-terminal cluster of acidic amino acids identified in
our first study in 2012, appendix 1, and the cavity in S1–S4 sensor domain.

It will undoubtedly be the subject of further research.
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4.5 Conformational distribution of peptides
using molecular dynamics

Although the PDB is now pleasingly filled with TRP channel structures, it is
becoming increasingly clear that structures of some of their parts, e.g. flexible
loops, will never be uniquely solved by cryo-EM or X-ray. In appendix 3, we
managed to define two conformers of the S1–S2 linker in the cryo-EM map using
very long molecular dynamics simulations. An alternative option for determining
conformation preferences of peptides could be a combination of long molecular
dynamics simulations and spectroscopic methods. Spectroscopy methods are a
powerful tool for gaining an insight into a protein structure. Raman and infrared
spectroscopy and electronic circular dichroism can provide valuable information
about the structure of a protein with an unknown conformation. We examined the
combination of molecular dynamics simulations and spectroscopic experiments in
the study on a short segment of a serum response factor, see appendix 5. A level
of agreement between spectra measured and those computed based on molecular
dynamics and subsequent density functional theory calculations was assessed.

The serum response factor is one of the transcription factors which share a
conserved segment, called the MADS box (Schwarz-Sommer et al., 1990). Because
the MADS box determines the DNA-binding specificity, it is used as a model of the
DNA recognition domain. We focused on the octamer between residues 168 and
175 which forms portions of the DNA binding element. Although the structure
of this element is known, a different conformation is expected in solution.

Therefore, the sequence Ac-IMKKAYEL-amid was subjected to electronic cir-
cular dichroism, Raman and infrared spectroscopy to measure its spectra under
pH 3.2, 5.0 and 11.0.

Independently, a model of the same sequence, see fig. 4.29, was constructed
with protonation corresponding to pH 5.0 (neutral) and 10.0 (basic), with overall
charge +1 and 0, respectively. The basic model was created by replacing the
tyrosine by tyrosinate. The tyrosinate parameters were generated by the R.E.D.
server. All models were solvated in TIP3 water. The neutral model was created
by addition of a chloride ion.

Both systems were minimized, warmed to 310K and equilibrated for 20 ns in
the NPT ensemble with a time step of 2 fs. Production runs were performed in
the NVT ensemble with the time step of 4 fs which was enabled by the hydrogen
mass repartition scheme. The initial 4 ns of the production run were discarded
due to possible artefacts caused by the addition of the hydrogen mass repartition
scheme. This resulted in pair of 400 ns long trajectories with a snapshot taken
every 20 ps, see appendix 5 for details.

The secondary structure was assigned by the DSSP method throughout both
molecular dynamics simulations. The results showed largely unordered conforma-
tions with occurrences of β-turns, ∼20% in the neutral and ∼10% in the basic
model. Traces of α helices have been found with ∼10% and ∼5% contribution in
the neutral and basic system, respectively. These findings are in good agreement
with experimental results.

In order to compute the vibrational spectra, a representative set of conforma-
tions is required. The set can be a result of a cluster analysis of a long molecular

75



Figure 4.29: Illustrative snapshot of the octamer from the MADS box. Adapted
from appendix 5

dynamics trajectory. Due to a large number of snapshots in our production
run, only every fifth was used for cluster analysis, i.e. 4000 frames 100 ps apart.
Cluster analysis was performed using an average-linking algorithm with the lim-
it distance at 2.5Å. The analysis yielded 21 and 16 clusters for neutral and
basic system, respectively, see appendix 5. Clusters with occurrence under 4%
have been discarded, leaving eight neutral and five basic conformers representing
approximately 80% of conformations in each simulation.

All conformers were energy minimized with backbone torsion angles fixed and
spectra were computed for each of the conformers. The resulting spectra of each
model were computed as weighted average based on occurrences of each conformer
in the trajectory. To allow a direct comparison of computed and experimental
spectra, an empirical scaling was applied based on five, equally distributed dis-
tinctive bands.

The resulting spectra are in good agreement with the experimental ones, es-
pecially in the neutral form, see appendix 5.
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4.6 ABF simulation of TRP channels

The critical factor as regards conductance of TRP channels is the state of their
lower gate. When a new structure of the TRP channel is released, its state is
determined by the smallest diameter of the inner pore pathway measured by the
distance between the α-carbon atoms. Nevertheless, TRP channels are usually
closed by a hydrophobic seal formed by side chains of amino acids which can be
quite flexible (Susankova et al., 2007). While in some cases, such as in TRPV1
structures (Liao et al., 2013; Cao et al., 2013), authors clearly claim the state of
the channel. In other cases, such as TRPV2 (Huynh et al., 2016), the state of
the channel is not explicitly described.

Using close structural relations among VICs we can learn about the differ-
ence between the open and closed state of a channel by comparing structures of
NavAb (PDB code 4EKW, Payandeh et al., 2011) and NavMs (PDB code 4F4L,
McCusker et al., 2012) channels. The sequence alignment of the S6 helix with
its proximal C-terminal region of NavAb, NavMs and all known human TRP
channels, see fig. 4.30, clearly shows conserved N212 (NavMs numbering). It in-
dicates that this residue may play a crucial role in gating of channels. Indeed,
when comparing the structures of open and closed bacterial NaV channels, this
amino acid adopts significantly different positions. While in the closed state, this
residue points into a channel pore, in the open state it points outwards.

Corresponding N639 in the TRPV2 structure (PDB code 5HI9) is also directed
outward from the channel pore. But this structure contains another amino acid,
M645, which seems to create a hydrophobic seal in the lower pore. Nevertheless,
its side-chain is quite flexible. Therefore, it is questionable whether this channel
is open or closed.

The difference between the channel states will cause changes in the free energy
profile during the passage of a sodium ion around the lower gate. Thus, we
determined these free energy profiles for TRPV1 in the open and closed state
and for TRPV2. To provide an insight regarding the TRPA1 lower gate, we
created also a TRPV2-A1 chimeric channel.

We assumed that the free energy profile is dependent only on the conformation
of the S5–S6 domain and other parts of the TRP channel can be ignored. Thus,
all simulated systems consisted of the S5–S6 domain inserted into a lipid bilayer
and 0.2M NaCl solution. In the pore, the water was added with a slightly higher
density – the minimum distance between atoms was lowered to 1.2Å. To prevent
large conformational changes, a modest harmonic constraint of 1 kcalmol−1 was
applied to all α-carbon atoms. Four simulated systems were created – open
TRPV1, closed TRPV1, TRPV2 and TRPV2-A1 chimera. The TRPV2 system
was based on PDB code 5HI9, the TRPV1 systems on PDB code 3J5Q and PDB
code 3J5P and the TRPV2-A1 chimera was based on TRPV2 with residues close
to the lower gate (i.e. 639NMLIALMSE647) replaced with homologous sequence
from TRPA1 (NLLIGLAVG).

All simulated systems were subjected to 10 000 step minimization and 0.5 ns
melting of lipid tails. Then they were warmed and equilibrated for 5 ns. All stages
were done with all heavy atoms in proteins constrained. Before the production
run, an additional 10 ns equilibration was performed. The production run of each
simulated system reached 60 ns.
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The ABF profiles were collected for a selected sodium atom in the z dimension
(parallel with the channel pore) in the range of 5Å around the centre of mass of
gating residues. The TRPV1 system based on PDB code 3J5P was apparently
closed, the sodium ion was not able to pass through the lower gate. All other sim-
ulated systems produced ABF profiles with at most 2 kcalmol−1 barrier passing
the lower gate, which well corresponds with the open conformation of the channel
gate, see fig. 4.31. Therefore, it seems that our TRPA1 could be opened by the
conformational change of S6 that was found in the TRPV2 structure PDB code
5HI9.
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↓
PK2L2_HUMAN --------ILGP-IYFITFIFFVFFVLLNMFLAIINDTYSEVKADYSIGRRLDFELGKMIKQSYKNVLEKFRLKK------
PK2L1_HUMAN --------ILGP-AYFVTYVFFVFFVLLNMFLAIINDTYSEVKEELA-GQKDELQLSDLLKQGYNKTLLRLRLRKE-----
PKD2_HUMAN ---EEANRVLGP-IYFTTFVFFMFFILLNMFLAIINDTYSEVKSDLA-QQKAEMELSDLIRKGYHKALVKL----------
TRPA1_HUMAN ---ELAHPVLSF-AQLVSFTIFVPIVLMNLLIGLAVGDIAEVQKHA------SLKRIAMQVELHTSLEKKLPLWFLR----
TRPC1_HUMAN SYGEELQSFVGA-VIVGTYNVVVVIVLTKLLVAMLHKSFQLIANHE--DKEWKFARAKLWLSYFDDKCT------------
TRPC4_HUMAN --------FVGA-TMFGTYNVISLVVLLNMLIAMMNNSYQLIADHA--DIEWKFARTKLWMSYFEEGGTLPTPFNVI----
TRPC5_HUMAN --------FVGA-TMFGTYNVISLVVLLNMLIAMMNNSYQLIADHA--DIEWKFARTKLWMSYFDEGGTLPPPFNII----
TRPC3_HUMAN --------NIGY-VLYGIYNVTMVVVLLNMLIAMINSSYQEIEDDS--DVEWKFARSKLWLSYFDDGKTLPPPFSLV----
TRPC6_HUMAN --------NIGY-VLYGVYNVTMVIVLLNMLIAMINSSFQEIEDDA--DVEWKFARAKLWFSYFEEGRTLPVPFNLV----
TRPC7_HUMAN --------NIGY-VLYGVYNVTMVVVLLNMLIAMINNSYQEIEEDA--DVEWKFARAKLWLSYFDEGRTLPAPFNLV----
TRPM8_HUMAN --------WITI-PLVCIYMLSTNILLVNLLVAMFGYTVGTVQENN--DQVWKFQRYFLVQE-YCSRLNIPFPFIVFA---
TRPM2_HUMAN ------PEWLTV-LLLCLYLLFTNILLLNLLIAMFNYTFQQVQEHT--DQIWKFQRHDLIEE-YHGRPAAPPPFIL-----
TRPM4_HUMAN -----YANWLVV-LLLVIFLLVANILLVNLLIAMFSYTFGKVQGNS--DLYWKAQRYRLIRE-FHSRPALAPPFI------
TRPM5_HUMAN -----YANWLVI-LLLVTFLLVTNVLLMNLLIAMFSYTFQVVQGNA--DMFWKFQRYNLIVE-YHERPALAPPFI------
TRPM1_HUMAN --------WLTP-ALMACYLLVANILLVNLLIAVFNNTFFEVKSIS--NQVWKFQRYQLIMT-FHDRPVLPPPMIILS---
TRPM3_HUMAN --------WIVP-AIMACYLLVANILLVNLLIAVFNNTFFEVKSIS--NQVWKFQRYQLIMT-FHERPVLPPPLIIFS---
TRPM6_HUMAN -------SFLTP-FLQAVYLFVQYIIMVNLLIAFFNNVYLDMESIS--NNLWKYNRYRYIMT-YHEKPWLPPPLILL----
TRPM7_HUMAN -------TWLTP-FLQAVYLFVQYIIMVNLLIAFFNNVYLQVKAIS--NIVWKYQRYHFIMA-YHEKPVLPPPLIIL----
TRPV5_HUMAN -------PFMFS-IVNFAFAIIATLLMLNLFIAMMGDTHWRVAQER--DELWRAQVVATTVMLERKLPRCLWPRSG-----
TRPV6_HUMAN -------PFMYS-ITYAAFAIIATLLMLNLLIAMMGDTHWRVAHER--DELWRAQIVATTVMLERKLPRCLWPRSG-----
TRPV2_HUMAN -----HFRGMVL-LLLLAYVLLTYILLLNMLIALMSETVNSVATDS--WSIWKLQKAISVLEMENGYWWCRKKQ-------
TRPV1_HUMAN ----YDFKAVFI-ILLLAYVILTYILLLNMLIALMGETVNKIAQES--KNIWKLQRAITILDTEKSFLKCMRKAFRSGKLL
TRPV3_HUMAN -QQNSKYPILFL-FLLITYVILTFVLLLNMLIALMGETVENVSKES--ERIWRLQRARTILE----FEKMLPEW-------
TRPV4_HUMAN ----TKYPVVFI-ILLVTYIILTFVLLLNMLIALMGETVGQVSKES--KHIWKLQWATTILDIERSFPVFLRKAFRSGEMV
MCLN1_HUMAN ----SSLVWLFSQLYLYSFISLFIYMVLSLFIALITGAYDTIKHPG------GAGAEESELQAYIAQCQDSPTSGKF----
MCLN2_HUMAN ----SILVWLFSRLYLYSFISLFIYMILSLFIALITDSYDTIKKFQ----QNGFPETDLQE--FLKECSSKEEYQKE----
MCLN3_HUMAN ----SYLVWLFSRIYLYSFISLFIYMILSLFIALITDTYETIKQYQ----QDGFPETELRT--FISECKDLPNSGKY----
A0L5S6_MAGMM --NVHPNAW----VFFIPFIMLTTFTVLNLFIGIIVDAMAITKEQEE-EAKTGHHQEPISQTLLHLGDRLDRIEKQL----
A8EVM5_ARCB4 -MEVYPYAW----VFFIPFIFVVTFVMINLVVAIIVDAMAILNQKE--EQHIIDEVQSHEDN-INNEIIKLREEIVELK--

Figure 4.30: Alignment of the S6 and nearby C-terminal residues of human TRP channels and NavAb (A8EVM5_ARCB4) and NavMs
(A0L5S6_MAGMM) channels.
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Figure 4.31: Free energy profiles of a sodium ion in pore of TRP channels and
their illustrations.

80



4.7 Relative binding free energies of ligands in
the sensor domain of the voltage-gated
sodium channel

The ultimate goal of studies of ion channel structures is the rational design of
drugs. This can be based on the so-called alchemical calculations of the relative
binding free energy of ligands. In order to test this type of calculation and also
to test the limits of this method, i.e. how structurally remote ligands can be
to obtain reasonable results, we have selected the NaV 1.7-VSD4-NavAb chimera
which has a known structure of its complex with a ligand GX-936 PDB code
5EK0 (Ahuja et al., 2015), see fig. 4.32. Moreover, for several ligands of NaV 1.7-
VSD4-NavAb there are available experimentally determined data which may be
used to obtain binding free energies.

For our study we have selected ligands GX-936, GX-629, GX-545 and GX-
674, see fig. 4.33. Their inhibition constants Ki were transformed into binding
free energies ∆G using

∆G = RT ln
Ki

cθ

where R is the ideal gas constant, T is the temperature and cθ is the standard ref-
erence concentration 1M. This yielded the binding free energy of −10.5 kcalmol−1,
−10.4 kcalmol−1, −11.4 kcalmol−1 and −9.3 kcalmol−1 for GX-936, GX-629, GX-
545 and GX-674, respectively.

Further, we computed relative binding free energies of these ligands and com-
pared them with experimental results. In every molecular dynamics run, we
compared binding of the GX-936 with one of other ligands.

To determine free energy differences on the base of the thermodynamic cycle,
we have always prepared two simulated systems - ligands in water and ligand
bound to the NaV 1.7-VSD4-NavAb S1–S4 domain. More specifically, the first
simulated system consisted of ligands solvated in water and neutralized using
chloride ions. The second simulated system was created from the S1–S4 domain
of the NaV 1.7-VSD4-NavAb chimera bound to ligands, specifically residues from
1493 to 1617 were taken. To gain results faster, the S1–S4 domain was solvated
in water. The simulated system was neutralized by addition of chloride ions.

Both simulated systems were minimized, warmed to 300K and equilibrat-
ed for 1 ns. Transformed ligands were represented using a dual topology, the
simulated system was energy minimized and equilibrated for another 1 ns before
the FEP was started. The force field parameters for ligands were determined
using CGenFF running on ParamChem server (Vanommeslaeghe et al., 2010;
Vanommeslaeghe; MacKerrel, 2012; Vanommeslaeghe; Raman, et al., 2012).

These parameters for different ligands showed significant charge redistribu-
tions. Therefore, when creating a dual topology of ligands, a number of atoms
that are structurally shared by both ligands was split due to a change of their par-
tial charges. To reduce a separation between these parts of ligands in simulations,
we have added additional constraints of 10 kcalmol−1 between the corresponding
atoms which differ only in charge.

The free energy perturbation between pairs of ligands was computed for both,
forward and backward, directions. The reaction coordinate was split into 130
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Figure 4.32: S1–S4 domain of NaV 1.7-VSD4-NavAb with bound GX-936.

sections with at most 0.01 length, gradually shortening towards the ends. In
each step along the reaction coordinate, 1000 steps were run to equilibrate the
simulated system and data were collected for another 5000 steps. To increase the
accuracy of computed energies, each alchemical transformation was performed
repeatedly in five independent molecular dynamics runs. Apart from free energy
differences obtained from forward and backward runs by the FEP method, these
results were subjected to the BAR method, see table 4.1.

To conclude, we averaged free energies obtained by the BAR method for each
set of simulations and compared them with experimental values, see fig. 4.34.
The computed differences in binding free energies qualitatively agree with the
experimental values in the sense that the more potent ligand was determined
correctly in all cases. The quantitative degree of matching depends on structural
similarity of transformed ligands. For alchemical transformations of GX-936 to
GX-629 and GX-545, the difference is approximately 0.5 kcalmol−1. In contrast,
in the case of structurally more distant ligand GX-674, the difference reaches
1.5 kcalmol−1.
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Figure 4.33: Structures of selected ligands: GX-936, GX-629, GX-545 and GX-
674.
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Pathway System Forward Backward BAR
GX-936 → GX-629 water −1.22 1.17 −1.16(2)

−1.19 1.24 −1.20(2)
−1.21 1.18 −1.21(3)
−1.11 1.20 −1.16(2)
−1.11 1.90 −1.52(2)

GX-936 → GX-629 channel −0.68 0.75 −0.69(2)
−0.64 1.13 −0.88(2)
−0.39 0.59 −0.43(2)
−0.44 0.44 −0.42(3)
−0.55 0.73 −0.60(3)

GX-936 → GX-545 water −7.03 8.32 −7.67(23)
−7.07 8.60 −7.63(22)
−6.61 7.70 −7.05(24)
−6.90 7.66 −7.17(20)
−7.54 7.35 −7.35(21)

GX-936 → GX-545 channel −6.33 8.25 −6.97(21)
−8.08 8.31 −8.20(25)
−7.56 6.77 −7.77(24)
−7.38 8.37 −8.02(24)
−7.36 9.55 −8.36(17)

GX-936+ → GX-674+ water −52.28 53.49 −54.63(25)
−51.46 52.51 −53.74(26)
−52.47 53.07 −54.65(25)
−50.78 53.12 −53.22(27)
−52.80 52.33 −53.47(25)

GX-936+ → GX-674+ channel −47.54 48.90 −49.68(23)
−47.43 51.26 −50.84(28)
−48.49 50.60 −51.48(25)
−48.23 49.04 −50.09(27)
−49.71 54.34 −54.00(26)

Table 4.1: Free energy differences of the selected transformations determined by
the FEP. All energies are in kcalmol−1.
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Figure 4.34: Thermodynamic cycles with the results of FEP simulations.
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Conclusions
The presented thesis was focused on the structure-function relationships in the
TRPA1 channel.

At the beginning, two overview papers were created (appendices 6 and 7).
They provided stimuli and impulses, which eventually resulted in several other
studies. Computer modeling has been used to identify potentially functionally
important sites and specific amino acids in the TRPA1 structure. These predic-
tions were then verified by point mutations and electrophysiological experiments
at the Institute of Physiology of the Czech Academy of Sciences. The experimen-
tal results were subsequently interpreted at the atomic level again using computer
modeling.

In the first study (appendix 1), we identified a possible location of a long
sought calcium regulation domain as the cluster of acidic amino acids in the
C-terminus. Using homology modeling and molecular dynamics simulations we
have provided an evidence which confirmed the ability of the acidic cluster and
specific amino acids therein to bind calcium ions, see fig. 4.35. These findings
were confirmed in subsequent experiments.

In the next step (appendix 2), we have created a homology model of the
transmembrane part of the TRPA1. Even though the model was based on a
remote template of the Kv1.2-2.1 chimera, its molecular dynamics simulations
helped to lit a little light on the mechanism of TRPA1 gating. We have identified
a salt bridge between the pair of residues E854 and K868, see fig. 4.35, from
adjacent subunits as potentially important for proper channel gating. Subsequent
simulations and experiments confirmed the hypothesis. Moreover, it sheds some
light on effects of the N855S mutation that cause a human pain-related hereditary
disease.

Further, the growing number of available structures of TRP channels allowed
us to create using the MDFF method a model of open TRPA1 based on the
available structure of TRPV1. Its analysis indicated a possible importance of
the extracellular S1–S2 linker. It was studied in detail by subsequent molecular
dynamics simulations and experiments. The results pinpointed the hydrophobic
residues in the S1–S2 linker and its neighbourhood and described their crucial
role in channel gating (appendix 3).

Then, we have created a complete model of the S1–S4 sensor domain of TR-
PA1, which revealed a possible phosphoinositides binding site in its intracellular
cavity. Also this finding as well as the role of specific amino acids in it, were
successfully confirmed by subsequent experiments (appendix 4).

Connection of molecular dynamics simulations, ab initio calculations and spec-
troscopic experiments in examining conformational preferences of peptides we
examined in a study of a short segment of a serum response factor (appendix 5).

Next, we computed free energy profiles for the passage of a sodium ion through
the lower gates of several TRP channels. Based on these results, it seems that
TRPA1 could be opened by the conformational change of S6 that was found in
the TRPV2 structure PDB code 5HI9.

The ultimate goal of ion channel studies is the rational drug design. We have
selected the NaV 1.7-VSD4-NavAb chimera which has a known structure of its
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Figure 4.35: Scheme of human TRPA1 sequence with important domains and
residues. Residues are grouped by a study in which they were investigated –
calcium regulation (blue), gating (green), S1–S2 linker (cyan), PIP2 binding site
(magenta).

complex with a ligand and produced the so called alchemical molecular dynamics
simulations to gain relative binding free energies of several ligands. The computed
differences qualitatively agreed with experimental values, the more potent ligand
was determined correctly in all cases.

All together, our results provided a further understanding of molecular mech-
anisms behind the activation and gating of TRPA1, an important receptor in the
pain perception and other senses.
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