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Abstract

Membrane proteins play several important roles in a cell. Among these proteins are
aquaporins (AQPs) and transient receptor potential (TRP) ion channels that mediate
water transport, temperature and noxious chemical sensation, respectively. The
function of some AQPs, for example the spinach isoform SoPIP2;1 is regulated by pH,
phosphorylation and heavy metals such as mercury. However, the mechanisms by
which mercury activate or inhibits AQPs are poorly understood. We suggest that
mercury binds to SoPIP2;1 close to the C-terminal end and that the binding of mercury
results in destabilization of the C-terminal region. This may affect its interaction with
the residues forming the gate and therefore lead to an increase of the water permeability
of SoPIP2;1 (Paper II). SoPIP2;1 is a highly selective water channel and can be
produced as a functional protein in high yield in a heterologous system which suggest
that SoPIP2;1 is a good choice for insertion in biomimetic membranes to be used for
water purification. However, the stability of SoPIP2;1 in artificial membranes needed
to be demonstrated. Thus we determined the stability of SoPIP2;1 in different lipids
and identified E. coli polar lipids as the best system for reconstitution of SoPIP2;1. The
results will contribute towards the effort to use SoPIP2;1 in biomimetic water filtration

technology (Paper I).

The animal TRP ion channel subtype A1 (TRPA1) from fruit fly, snake and mosquito
has been implicated in warm temperature sensation. However, the threshold
temperature which activates human TRPA1 (hTRPA1) is controversial. We addressed
this issue by reconstituting the purified hTRPAL1 in artificial lipid membranes. The
purified hTRPA1 was found to be activated by cold temperatures and electrophilic
chemicals. The results resolve the controversy surrounding the threshold temperature
for the activation of h\TRPA1 (Paper IV). The Anopheles gambiae TRPA1 (AgTRPA1)
was found to be activated by heat and electrophilic compounds when reconstituted in
artificial membranes after purification. The temperature activation as well as the
binding of electrophilic ligands to AgTRPA1 resulted in the quenching of fluorescence
suggesting that thermal and chemical activation brought about similar conformational
changes of the protein and perhaps reflect the dynamic change in the conformation of
residues involved in the gating process (Paper III). We also demonstrated that the N-
terminal domain of both human and mosquito TRPAI is not essential for
thermal/chemical sensation (Paper III and Paper IV) as opposed to previous reports.
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NOD-26 like intrinsic protein

Plasma membrane intrinsic protein
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Transient receptor potential

Transient receptor potential ankyrin
Transient receptor potential canonical
Transient receptor potential melastatin
Transient receptor potential mucolipin
Transient receptor potential NOMP-C
Transient receptor potential polycystin
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Introduction

The plasma membrane shields the interior of the cells from the outside environment
and essentially forms the barrier to the transport of several molecules and ions across
the membrane. This barrier function of the plasma membrane is essential to maintain
the homeostasis of the cell. However, the survival of organisms equally depends on their
response to the changing environmental cues. The plasma membrane of the cell forms
the interface that primarily communicates with the environment. It is therefore
expected that the membrane will relay the information from the outside environment
to the interior of the cells to constitute the cells response to the changing milieu.
However, the bland bilayer, which has characteristic composition and properties, is
limited in its capacity to integrate the great diversity of the stimuli that organisms
encounter during their life time. Therefore, cell membrane harbors an array of
specialized proteins involved in the reception of environmental signals and in transport
of molecules across the lipid bilayer. Several different types of proteins are found
attached to the lipid bilayer and together these are termed membrane proteins. The
proteins that are attached loosely to the plasma membrane are called as peripheral
proteins. These proteins are attached to the lipid bilayer by either covalent linkage such
as palmitoylation or myristoylation or non-covalently to the surface of the membrane.
The regulatory subunits of several enzymes and channels are present as peripheral
membrane proteins and play important roles in cellular signaling. The proteins that
span the membranes are called as integral membrane proteins. The importance of these
proteins to the cells can be judged by their involvement in vital functions such as in
light sensation, insulin binding, and growth factor reception. Some integral membrane
proteins act as channels and transporters for the transport of nutrients and ions across
the lipid bilayers. Despite the importance of water homeostasis in cellular function,
water cannot readily pass through the membrane and therefore require special channels
to be transported across the cell membrane. The water channels in the membranes are
formed by a type of integral membrane proteins known as aquaporins (AQDs).
Temperature influences several functions in living organsisms including growth,
reproduction and metabolism. Temperature sensation is therefore essential for animal
survival and is mediated by a group of integral membrane proteins called Transient
Receptor Potential ion channels (TRP). The TRPs are also important for anticipation
of noxious and harmful tissue damaging chemicals. The TRPs are abundant in animals
where they constitute cell response against temperature and noxious chemicals.
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However, they are not found in land plants. TRPs are also expressed in taste buds where
they help the animals in sensing the pungent chemicals found in food. For example, in
humans, TRPs are known to bind electrophilic compounds found in wasabi, thyme,
oregano, garlic etc. TRPs transport divalent cations such as Ca®* across the lipid bilayer,
upon activation by heat and/or chemicals. Altered expression and function of TRPs has
been linked to several diseases.

I have chosen to work with these two integral membrane proteins to understand the
basic mechanism that relate the structure of these proteins to their function. In the
subsequent paragraph, I will discuss more about the evolution, structure and
importance of their role in living organisms.
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Chapter 1

Aquaporins

Before the discovery of water channel proteins, it was assumed that water enter into the
cells through the lipid bilayer without the need of specialized channels. The work by
Paganelli and Solomon in 1957 provided the first evidence for the existence of water
conducting pores in human red blood cell membrane (1). The identity of the protein
responsible for water conduction in red blood cell was discovered in 1992 by the group
of Peter Agre (2). These proteins are now called as aquaporins (3) and recognized as a
large family of transmembrane protein ubiquitously present in all kingdoms of life.
Later on, several proteins sharing the same overall fold as aquaporin were discovered,
and found to transport water, and in some cases small uncharged solutes in addition to
water (4, 5, 6, 7). It was soon recognized that they belong to a superfamily of proteins
called Major Intrinsic Protein (MIPs) (9) named after AQPO, which is the major
intrinsic protein (60%) in eye lens fiber cells. The gene for a glycerol facilitator was
identified as early as 1972 (10), however, it was not known that this protein GlpF,
belonged to the aquaporin family. Now, more than 1500 sequences belonging to MIPs
(also addressed as by the generic term aquaporin in this thesis) have been identified in
the publicly available databases reflecting the vastness and diversity of this protein
family (8).
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Cell Membrane

Figure 1: An schematice representation of active and passive transport. Primary active transport can be
driven against a concentration gradient e.g. by the hydrolysis of ATP to ADP and inorganic phosphate
(P). The passive transport depends on a concentration gradient.

The MIPs function as channels for the passive transport of water and small solutes such
as glycerol, urea, hydrogen peroxide, ammonia, carbon dioxide and metalloids, depend
on the concentration gradient (11, 12, 13, 14, 15, 16, 17). Some members of the MIP
superfamily have been identified that so far not have been shown to display any channel
activity (18). The primary sequence, i.e the sequence of amino acids of the MIPs suggest
that an early gene duplication gave rise to the overall sequence of MIPs (19). The
sequence identity between individual members of the family can be 30% or less but the
overall topology is the same with six transmembrane helices and two half helices
forming a seven transmembrane domain (8). The pore contains a conserved region
called the aromatic/arginine (ar/R) region which is the narrowest part of the pore and
plays an important part in the substrate selectivity of the channel. The MIPs are also
characterized by the conserved NPA (aspergine, proline, alanine) motifs present at the
N-termini of the two half helices. Together they form the NPA domain which restricts
the passage of protons through the pore. In water specific aquaporins and in glycerol
and water transporting aquaporins (aquaglyceroporins) the NPA boxes are fairly
conserved although different between the two groups. In some other aquaporins like
SIPs and AQP11 and AQP12 there is some sequences variation in the NPA boxes (8).
Several high resolution structures of aquaporins have been reported over the years (20,
21, 22, 23, 24, 25, 26) which has led to the confirmation of the general topology and
the mechanism of water and solute transport in AQPs.
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Aquaporin function in animals and plants

The aquaporins (AQPs) are essential for water homeostasis and solute transport and
thus are important for the proper functioning of cells and tissues in living organisms.
The altered function or expression of some animal AQPs have been associated with the
diseased states. For example, mice lacking AQP2, AQP3 and AQP4 have defects in
urine concentration (27, 28). AQP3 overexpression has been linked to skin cancers
(29). The mice lacking AQP5 have defects in saliva secretion (30). Mice with altered
AQPO (missense mutation R33C) have congenital cataracts (31).

AQP4 is involved in water transport across the blood brain barrier (32). It has been
proposed that AQP4 inhibition may slow the brain swelling in mouse models of brain
edema. Down regulation of AQP7 has been linked to obesity (33). AQP9 is involved
in glycerol metabolism and could potentially be important in treating diabetes and
obesity (33). Similarly, plant AQPs are essential for survival and response to salt, water
and metal stress (33, 36). For example cucumber plant PIP1;2 and PIP2;4 are down
regulated by salt stress and polyethylene glycol (PEG) resulting in reduced leaf water
conductivity. However, the root hydraulic conductivity decreased only due to PEG
stress suggesting that the regulation of water conductivity by AQPs are stress and tissue

dependent (34, 35).

The redistribution of AQPs is also one of the responses to salt stress as seen in common
bean plant (37). Rice responds to cold stress by altering the expression of AQPs (38).
Plant AQPs are also implicated in CO, transport (39, 40) which is an important
substrate for the synthesis of sugar. For example, decreased NtAQP1 was associated
with decreased photosynthesis, which in turn is dependent on CO, availability (41).
The plant AQPs are also involved in responses heavy metals which are manifested in
reduced transport of water through aquaporins (42). Arsenic (43) and aluminum (44)
are two metalloids known to be transported by specific AQP isoforms. Other metals
such as mercury, cadium, lead and zinc are particularly involved in gating of plant and
animal AQP channels and thus contribute to the regulation of AQP activity. (45, 46,
47, 48, 49). Boron and silicon are also transported by specific AQP isoforms (50, 51).
Moreover, AQP are also involved in nitrogen metabolism owing to their role as urea
transporters (52). Reactive oxygen species (ROS) like H,O, which act as signaling
molecules are also known to be transported by specific AQPs (53). Thus AQPs are
central to plant water homeostasis and in stress responses against drought, salinity and
toxic metalloids and AQPs contribute towards plant growth and signaling through their
role in nitrogen acquisition and CO, and H,O, transport.
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General topology of AQPs

AQPs are small membrane intrinsic proteins with a molecular weight of 25-35 kDa.
The AQPs are composed of six transmembrane helices named as TM1, TM2, TM3,
TM4, TM5, TM6 and two half helices HB and HE.

A B

Loop A

NH;*

Figure 2: General toplogy of aquaporins. (A) Showing six transmembrane helices connecting with five
loops (three extracellular loops: Loop A, C and E and two are the cytosolic side of the membrane: Loop B
and D), both N and C termini are in the cytoplasm. (B) Represent the folding of helices. The half helices
of Loop B and E dip into the membrane from opposite sides and form a seven transmembrane domain.

These transmembrane helices are joined together by five loops which are named as loop
A, loop B, loop C, loop D and loop E. The N-terminal and C-terminal domains are
found in the cytoplasm. AQP monomers interact with each other to form a functional
homotetrameric unit in which each monomer possess a transporting water pore which
is around 20-25 A in length and is composed of an amphipathic pore lining (54). The
carbonyl groups from the backbone forms the hydrophilic surfaces that together with
NPA motifs in HB and HE provides the framework for hydrogen bonding which is
required for the transport of water or glycerol. The positive charges at the center of the
pore, generated by the dipoles of the two half helices HB and HE, represent a barrier
to protons. Molecular dynamics simulation suggest that the NPA motives prevents the
passage of protons through the pore by reorienting the water molecules thus breaking
hydrogen bonds between neighboring water molecules in the single file of water
permeating the pore (55). In AQP1 the residues opposite to asparagine of NPA motifs
are leucine and phenylalanine compared to two leucine residues at similar positions in
GIpF, thus providing the extra space for accommodating the bigger glycerol molecule
in GIpF (56). The constriction region towards the extracellular side of the membrane,
represented by the ar/R filter, determines the size and type of solute that can pass
through the channel. For example, in water specific aquaporins the diameter of the
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constriction formed by ar/R filter is approximately 2.8 A (AQP1) compared to 3.4 A
in aquaglyceroporins (GIpF).

G191

R195 W48

Figure 3: Selectivity filter of AQP1 (PBD ID 1J4N in yellow) and GlpF (PBD ID 1FXS8 in cyan).

The ar/R motif is formed by 4 residues, two of which are present in TM2 and TMS5,
while the invariant arginine and another residue is contributed by loop E. In AQPI,
these residues are F 56, H 180, C 189 and R 195. Corresponding residues in GlpF are
W48, G 191, F 200 and R 205. The histidine residue provides the hydrophilic surface
to facilitate water permeation in water specific AQPs. The histidine residue is replaced
by a glycine residue in glycerol channels. The C 189 provides the site of attachment for
mercury which inhibits AQP1 function. The GIpF is by comparison more hydrophobic
owing to the presence of two aromatic residues (W 48 and F 200) in the selectivity
filter and therefore is more suited to the transport of glycerol than water. Furthermore,
it was shown that removal of positive charge by the mutation of arginine and histidine
induced a pH dependent proton current in AQP1 which suggests a role also of the ar/R
region in proton exclusion through the pore (57, 58). There is a potential central pore
at the interface where the four individual monomers meets however, this region is not
believed to be involved in the water transport (59).
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Conduction of water through AQPs

Water enter the extracellular vestibule in AQP1 and makes contact with the hydrophilic
residues K 36 and S 123 in loop A and moves further towards the ar/R filter to hydrogen
bond to the residues lining the filter (60).

Figure 4: The movment of water molecules and their interaction with residue in AQP1 (PBD ID 1J4N)
(A) side view (B) Closer view of the pore region. Residues involed in hydrogen bonding with water
molecules (red) are shown in yellow sticks (C) Top view.
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The water molecules orient themselves so as to avoid the hydrophobic side chain of F56 and
make hydrogen bond interaction with R195 and H180.

Re-orientation of water molecule

Figure 5: Helix B (HB) and helix E (HE) create strong dipoles, that are focused on the asparagines of the
NPA boxes, that repel protons. The re-orientation of water molecules at the NPA box motifs is also
shown.

The water moves forward by making hydrogen bond interaction with carbonyl oxygene
of C 189, G 190 and I 191 and reaches the NPA boxes. The water molecule interacts
with the asparagine residues of the NPA motives and reorients due to the strong electric
field generated by the dipoles of the half helices HB and HE. The water molecules then
proceed by interacting with the carbonyl of the backbone residues of G 72 and A 73
and the side chain of H 74. Finally the pore widens and the water molecules can enter
the cell (53). The movement of water occurs both ways depending upon the
concentration gradient. The pore lining, and specially the ar/R and NPA regions,
determines the selectivity and permeability of the channel while the surrounding
residues and are important for the overall structure of the AQP and for the regulation
of channel function, for example by pH, metal ions and phosphorylation.

Classification of AQPs

The true understanding of the AQP family structure and functional diversity can only
be appreciated in terms of an evolutionary perspective. Several AQP classes have been
identified based on evolutionary relationships (61, 62, 8). The earliest split in the family
has been traced to the separation of aquaglyceroporins from the water specific channel
aquaporins, here termed water specific AQPs as phylogenetic group. The water specific
AQPs are greatly diversified in comparison to aquaglyceroporins, which show only
some degree of diversification in vertebrates, for example AQP3, AQP7, AQP9 and

AQP10. In comparison, the diversity in the water specific group is prevalent across all
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eukaryotes. Most bacteria have only one aquaglyceroporin and only one water specific
AQP and archaea have either AQPs or aquaglyceroporin/glycerol transporter (GlpF-
Like Proteins; GLPs). The fungi and unicellular eukaryotes do possess varied numbers
of GLPs and AQPs. Vertebrates and plants have a great diversity and number of AQP
genes reflecting their critical function in higher order organisms. GLPs are absent from
vascular plants but present in lower plants such as green algae and mosses where they
are grouped together with bacterial GLPs suggesting horizontal gene transfer (63).
Higher plants might have lost GLPs due to functional overlap since another subfamily
in plants, Nod26-like Intrinsic Proteins (NIPs) transport glycerol in addition of water
(63). The diversification of plant and animal AQPs is proposed to have arisen from the
gene duplication followed by functional and sequence variance. Based on phylogenetic
relationship, the plant and animal AQPs are clustered together into three major groups
which include i) Plant small and basic intrinsic proteins (SIPs) and AQP11 and
AQP12. (ii) Plant tonoplast intrinsic proteins (TIPs), X-intrinsic proteins (XIPs),
hybrid intrinsic proteins (HIPs) and AQPS. (iii) Plant plasma membrane intrinsic
proteins (PIPs) and AQPO, AQP1, AQP2, AQP4, AQP5 and AQPG6. This grouping of
animal and plant AQPs in a phylogenetic tree may invoke a deep orthology scenario in
which the diversity was achieved early in the ancestor genes (8). However, this scenario
is improbable, since the absence of homologs of fungi and invertebrates in these
groupings would require assuming many independent gene losses. Alternatively, it is
suggested that plant and animals AQPs have independent origin and their sequences
converged over the course of evolution in to these groupings, owing to the similar
function of these proteins in animals and plants (64). The C-terminal of SIPs are
composed of basic residues and they are found in intracellular membranes similar to
the mammalian AQP11 and AQP12. Many SIP members have been identified in plants
and green algae (61). Since, algal SIPs are basal to the plant SIPs it is suggested that this
family has an ancient origin in plants with independent losses of some family members
along the lineage or they might have been the result of horizontal gene transfer. SIPs
do not share the conserved residues identified in AQP11 and AQP12, therefore their
position in the phylogenetic tree might be due to Long Branch Attraction (LBA) (65).
The XIPs, HIPs and TIPs (which are similar to animals AQP8) are found in unicellular
eukaryotes, fungi, plants and animals suggesting the ancient origin of this family (8).
NIPs are only found in mosses and flowering plants. In the phylogenetic tree, they are
grouped together with cyanobacterial and archaeal NIP-like proteins, suggesting
horizontal gene transfer (66).
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Plant AQPs

The water homeostasis is critical for plant survival, which is indicated by the great
number and diversity of AQP family members in plants (67). Most of these AQPs are
present in the plasma membrane and tonoplast, two critical barriers to water flux. Based
on their location, these aquaporins are named plasma membrane intrinsic protein
(PIPs) and tonoplast intrinsic protein (TIPs) as mentioned before. The AQP family in
seed plants can be subdivided into five families, a) PIPs (b) TIPs (c) SIPs (d) XIPs (e)
NIPs. The mosses contain two additional families name HIPs and GIPs. In addition to
PIPs and GIPs, green algae have additional subfamilies (A-E) which are not found in
any other plants.

The PIPs are further subdivided into PIP1 and PIP2 isoforms, mainly depending on
the length of N and C-termini. The PIP2 have longer C-termini (68) and higher water
transport activity compared to PIP1 isoforms. PIP1 isoforms seem to require the co-
expression of PIP2 isoforms in order to be targeted to the plasma membrane and in
order to show water transport function (69). The PIPs are found in algae to higher
plants suggesting that they evolved prior to the embryophyta (68). TIPs are divided
into five subfamilies TIP1-5 and they are related to XIPs and HIPs. SIPs are
intracellular AQPs that are subdivided into SIP1 and 2 isoforms in seed plants (61).
NIPs are also divided into four subgroups (NIP1-4).

Regulation of AQPs

It is remarkable that such a multitude of AQP isoforms are found in plants and for
example Arabidopsis thaliana and rice have 35 and 39 isoforms respectively. Animals
have fewer AQPs, e.g. 13 isoforms in mammalian species (8). The amazing diversity of
isoforms within living organisms hints to the importance of AQP function and at the
same time suggests that there might be redundency and regulation that fine tune the
response of plants and animals to diverse stimuli. Several reports have suggested that
plant AQPs are regulated by heteromerization (69), post translational modifications
(70), pH (39, 71) and metal binding (42). For example tonoplast intrinsic proteins
(TIPs) and plasma membrane intrinsic proteins e.g. (SoPIP2;1) were found to be
regulated by phosphorylation (72, 73). Two serine residues of SoPIP2;1 S 274 and S
115, are phosphorylated and found to influence water permeability of the channel when
phosphorylated, as shown by mutational studies. The tulip plasma membrane
TgPIP2;2 was also found to be regulated by phosphorylation at the corresponding
residues (S 116, S 274) (74). Moreover, the regulation of AQP function by Ca** was
suggested by the isolation of plasma membrane vesicles in the presence of chelators.
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The same experiments also identified the role of pH in regulation of AQP function
(49). Also, the cytosolic pH was found to regulate the root hydraulic conductivity by
gating of PIPs (71). Recently, amoeboidal Dictyostelium AqpB was found to be gated
by phosphorylation at a tyrosine residue in the D-loop (75). Besides water permeability,
the phosphorylation may also regulate the subcellular localization of AQPs, as has been
established for animal AQP2 and AQP4. For example, S 283 phosphorylation targeted
AtPIP2;1 to the plasma membrane (76). Also, a motif was identified in maize PIP2;5
which is essential for directing it to plasma membrane and this motif is highly conserved
in plant PIP2s (77). Proteomic analysis of Arabidopsis and rice also identified several
phosphorylation sites in aquaporins (78, 79). Later on it was demonstrated that
phosphorylation of AtPIP2;1 was necessary for leaf water conductivity in response to
circadian cycle (80). Several AQP isoforms have been shown to be phosphorylated, but
the kinases and phosphatases that cause the phosphorylation and dephosphorylataion

are largely unknown and need to be identified and characterized (81).

Structure of SoPIP2;1

The water transport activity of the spinach PIP2 isform SoPIP2;1 was found to be
regulated by the phosphorylation 7z vive at S 274 in the C-terminal region. In the same
study, another serine residue, S 115 in the cytoplasmic B-loop, was identified which
was found to be conserved in all 13 PIP1 and PIP2 isoforms. Together with mutational
studies in Xenopus oocytes, these residues are likely phosphorylation sites that regulate
the water channel activity of SoPIP2;1 (6, 82). The structural mechanism behind the
phosphorylation dependent effects on the water transport activity of SoPIP2;1 was
unknown until the crystal structure of its open and closed forms were reported in 2006
(83). This was the first crystal structure of a plant aquaporin and the first paper which
provided a structural mechanism for pH and phosphorylation dependent regulation of
an aquaporin. By different crystallization conditions SoPIP2;1 could be crystallized
both in an open (3.9 A) and in a closed conformations (2.1 A). The overall structure
of SoPIP2;1 resembles that of AQP1, with only 0.8 A root mean square deviation of
transmembrane C-alpha atoms. Seven water molecules were found in the structure
comprising a continuous unbroken water file along the length of the pore with a
distance of 3.4 A between each molecule. In a molecular dynamic simulation of water
permeation, the water molecules displayed a specific orientation near NPA motifes.
The structure of SoPIP2;1 was different to other aquaporins in the conformation of the
D-loop such that it blocks the pore entrance at the cytosolic side of the pore, in the
closed conformation.
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His 193

Figure 6: SoPIP2;1 close (PDB ID 1798) structure in ice cyan color and in open (PDB ID 2B5F)
structure in gold color are superimposed. Residues involved in gating are in stick representation (red).

The hydrophobic D-loop residue leucine 197 which is conserved in PIPs, projects into
the pore and narrows it down to 1.4 A therby preventing water molecules to permeate
the pore. The D-loop is displaced 16 A in the open conformation relative to its position
in the closed structure, At the same time helix 5 is extended into the cytoplasm. The
projection of helix 5 into the cytoplasm displaces the hydrophobic residues L 197, P
195 and V 194 away from the pore increasing the pore diameter to 4 A. The open
structure resembles AQP1 in this regard. The molecular dynamics simulation also
demonstrated the movement of D-loop causing the pore to open in response to the
phosphorylation of S 115 and S 274. The AQPO is suggested to be gated by a T 149,
which occupy the same place as L 197 in SoPIP2;1. The structure of SoPIP2;1 also
revealed the binding site of a divalent cation Cd*, which is involved in anchoring the
D-loop to the short a-helix in the N-terminal. The Cd** was interacting with a highly
conserved E 31, which makes hydrogen bond with the R 118 of Loop B, which is also
highly conserved. The side chain of R 118 in turn is connected with the D-loop residues
R 190 and D 191 through a hydrogen bonding network involving three water residues.
The phosphorylation of S 115 destabilizes the interaction involving the D-loop, the
Cd?** and the short N-terminal helix, thus opening the channel for water transport. The
S 274 which is conserved in all PIP2 isforms was found in the non-phosphorylated state
to interact with P 199 and L 200 at the end of the D-loop of the neighboring monomer
in the homotetramer resulting in a stabilization of the closed conformation of the D-
loop of the neighboring monomer. Phosphorylation of S 274 would destabilize these
interactions and result in the opening of the pore of the neighboring monomer. The L
197 would move to take up the place previously occupied by S 274 and the helix 5 will
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be projected further into the cytoplasm resulting in the opening of the channel. Low
pH would facilitate the protonation of H 193. When protonated H 193 forms a salt
bridge with D 28, this salt bridge will link the D-loop to the N-terminal, thus causing
the channel to close even in the presence of S 115 phosphorylation. The molecular
dynamic simulation confirmed the conclusion derived from the structural analysis. In
a follow up study the serine residues implicated in gating were mutated to glutamic
acid to mimic the phosphorylated state of the serine residues (84). It was expected that
these mutations would result in open structures. However, these mutants all crystallized
in closed conformations, suggesting that the mutations are not good enough to mimic
the actual phosphorylation. However the C-termini are found to be disordered in all
closed mutants structures as predicted from the earlier structural studies. The mutation
of S115E resulted in the disruption of the interaction with E 31, which act as a ligand
for the Cd*. The E 31 moved away from this site and the binding of Cd** was affected
by the mutation. The helix 5 is projected further into the cytoplasm and the structure
looks similar to AQP1 (22) and AQPO0 (85). The disruption of the Cd** binding site
destabilized the closed conformation of the channel. It is therefore likely that water
transport of PIPs are inhibited by Ca** and Cd**. That, loop D remains anchored to
loop B suggests that mutating serine residues to glutamates does not fully mimic the
phosphorylation state of the protein. Moreover, the water transport activities of the
mutants were similar to the wild type suggesting that the closed conformation of the
mutants were not the result of crystal packing. In the same study, another serine residue
was identified that increased the water transport activity compared to the other mutants
suggesting an open conformation of the protein. However, this mutant failed to
crystallize so the structural mechanism regulating the opening of channel could not be
ascertained.

Effect of mercury on SoPIP2;1

Mercury compounds are known to inhibit the water transport activity of aquaporins in
red blood cells (86). The inhibition was attributed to binding of mercury to AQP1(2).
In AQP1 the residue responsible for mercury binding was identified as C 189, which
is one of the amino acids comprising the ar/R region of the pore (2). The inhibition
was suggested to be the steric hindrance caused by the binding of mercury within the
pore (87). Not all AQPs are sensitive to mercury inhibition as they lack the critical
residue within the pore region responsible for mercury binding. For example, AQP1
and AQP3 (88) are sensitive to mercury while AQP4 is not (89). Like mammalian
AQPs, some PIPs are sensitive to mercury while others are insensitive despite having
the same cysteine residues. We (paper II) and other groups (48) have determined
independently that the water transport activity of SoPIP2;1 increased in the presence
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of mercury. The crystal structure demonstrated that mercury binds to three out of four
cysteine residues and these structures result in a closed conformation of the protein

(48).

Figure 7: Structure of SoPIP2;1 bound to mercury (PBD ID 4]JC6). The cysteines are shown as green
sticks , mercury are shown as pink spheres.

However, the water transport activity of mutants lacking these cysteines showed that
mercury binding resulted in activation suggesting that these residues do not contribute
towards the activation of mercury. The fourth cysteine residue (C 69) participates in
disulfide bond formation with the corresponding residue in adjacent protomer (90) and
therefore is unavailable for mercury binding.
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Figure 8: Structure of SoPIP2;1 (PBD ID 1798), (A) Cysteine 69 of each protomer are shown as stick.
(B) Closer view of C 69 of each proteomer in four different colors are involed in disulphide bond. (C)
cytosolic view shows the two Cd?** biding sites (D) Closer view of the Cd** binding sites. The residues
involved in hydrogen bonds with Cd** are represented as stick.

A detergent molecule was also found in the tetrameric center of the protein. The
structure also identified the binding site for a Cd* in the C-terminal region (48) in
addition to the N-terminal site previously identified. The activation of AQPs by
mercury is previously reported for AQPG6 (91). One of the residues in AQPG recognized
as responsible for the activation of water transport was the same residue that is
responsible for the mercury inhibition of AQP1, suggesting that mechanisms for
inhibition or activation by mercury is more complex than the simple arrangement of
cysteine residues in the protein. For plant AQPs the situation is even more complex
since five PIPs in Populus trichocarpa were inhibited by mercury (92) despite having the
same set of cysteines as SoPIP2;1. An alternate explanation is therefore needed in order
to understand the action of mercury on AQP function.

Future perspectives

The AQP field is still young and several challenges are still ahead, foremost among them
is to what exact role does each AQP isoform play and what is the overall contribution
of several AQP isoforms in animals and plants. To this end, genomics, transcriptomics
and proteomics based studies will further our understanding of AQPs. The structure
function relationship of one water specific plant AQP isoform has been established.
Representative structures from all different AQP subfamilies in plants such as SIP, NIP,
XIP and GLPs are needed to better understand their structure and transport function
in the evolutionary context. Besides that, AQPs are known to transport water but some
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isoforms transport solutes as well and therefore efforts aimed at identifying the solute
specificity of different isoforms will increase our appreciation of the role of AQPs in
plants. The role of AQPs in signaling as mediated through H,O, and Ca*, need in
depth analysis and more direct studies on plants in their natural settings are desired to
better put the role of AQP mediated signaling in perspective. The role of AQPs in
gaseous transport is still debated because of the difficulty in direct demonstration of gas
transport and therefore methods to directly visualize the transport of gases through the

AQP channels are desired.

My contribution to AQP research

In this thesis we have demonstrated the activation of spinach PIP2;1 by mercury and
suggested the possible mechanisms by which this activation is achieved (Paper II). We
have also characterized the stability of spinach PIP2;1 in the presence of detergents and
different lipid systems which ultimately will aid its commercial use in biomimetic
membranes for water purification (Paper I).
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Chapter 2

TRP ion channels

Responding to various environmental cues is the key to survival in a constantly
changing environment. Living organisms especially animals have developed specialized
and complex structures and protein to anticipate and respond to the various
environmental factors such as light, heat, moisture, chemical and mechanical stress.
One of the proteins that have been implicated in sensation of these stimuli are transient
receptor potential (TRP) ion channel. TRP channel is an intrinsic membrane protein,
which was first discovered in fruit fly Drosophila melanogaster in 1989 (93). Since then,
several TRP channels have been identified and characterized in animals including
vertebrates and invertebrates. The TRP channels are present in plasma membrane of
different cells and tissues, where they mediate sensory signaling (94, 95). However there
are some TRP family members such as TRPML and TRPP, which are present in
subcellular membranes (96). The TRPs found in intracellular membrane are suggested
to have role in signal transduction and intracellular trafficking. TRP channels are
functionally active as tetramer. Each subunit in a tetramer has six transmembrane
spanning helices named S1-S6. The pore region is formed by a reentrant loop region
between S5 and S6. Both N and C-terminal regions are located within the cytoplasm.
Some TRPs have an several ankyrin repeat domain (ARD) at the N-terminal. Ankyrin
repeats are small 33 residues long, characterized by the presence of repeating two anti-
parallel helices linked by beta hairpins. The ARD has been linked to thermal and
chemical sensation as well as for tetrameric assembly of TRP channels (97, 98).
Another feature present in some TRP channel is the presence of TRP box at the C-
terminus. This domain is presumably involved in Ca** binding and found in TRPM,
TRPN and TRPC Although, TRPA do not possess a TRP box a recent structure of
TRPA1 has been reported which showed an analogous TRP box like helix at the similar
position in the structure. TRPs are central to sensory signaling and transport of cations.
Mutations in these channels have been shown to result in neurodegeneration, kidney
disorder, muscle weakness and hypersensitivity to nociceptive stimuli (99).
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TRP classification

The TRP channels are evolutionary conserved and found in fungi, unicellular
choanoflagellates, green algae and animals including vertebrates and invertebrates
(100). However, land plants seem to have lost the channel over the course of evolution.
Fungi have only one representative of the TRP channels, called TRPY1, which is found
in vacuolar membrane and activated by mechanosensation and aromatic compounds
(101). The yeast TRPY1 has little similarity with TRPs of multicellular organism TRPs
and are therefore considered to appear in fungi only after divergence from animals. The
TRP channels are now part of a superfamily of protein that has been classified into
seven subfamilies based on the sequence similarity. The presence of six out of seven
TRP subfamilies in unicellular choanoflagellates, together with the status of these
organisms as common ancestor of animals suggest that TRP gene diversity already
appeared in a common ancestor of animal and later on gene duplication event have
increased the number of channels in the subfamilies further (100). The high sequence
similarity exhibited by the member of subfamilies may suggest a conservation of the
mechanism of activation, however, this is not the case as the function and mechanism
of activation is not conserved within subfamilies. The subfamilies of TRP include
TRPA (Ankyrin), TRPC (Canonical), TRPM (Melastatin), TRPN (NOMP-C),
TRPV (Vanilloid) and distantly related TRPP (Polycystin) and TRPML (Mucolipin).

Group 1

TRPC TRPA TRPV TRPM TRPN

Group 2
TRPP TRPML

Figure 1: The topology and type of TRPs present in animals. TRPs are divided into two groups (1 and
2) on the basis of sequence similarities. ARD Ankyrin Repeat Domain.

34



All of the above mentioned TRP subfamilies members are found in mammals except
TRPN. The first TRP channel was identified in fruit fly having mutated Transient
receptor potential (#7p) locus. The mutant flies were defective in light response resulted
in tenfold decrease in calcium entry, suggesting that TRP protein is Ca®* channel (93).
This TRP channel is now recognized in mammals as TRPC. In mammals, TRPCs are
further subdivided into seven members. Most TRPC are widely expressed but some of
them are highly expressed in nervous system. The activation of TRPC is linked with
activation of Phospholipase C (PLC) and production of diacylglycerol (DAG). TRPC1
is suggested to be activated by mechanosensation as well (102). Humans have six
different TRPV channels most of which are activated by heat (except TRPV5 and
TRPVOG), noxious chemicals, pungent compounds and low pH (103) TRPV2 is
activated by cell swelling. TRPV3 is activated by spices such as clove, oregano and
thyme as well by menthol. There are eight different TRPM channels identified in
mammals, which all have TRP box domain at their C-terminal like TRPC. Mammalian
TRPMS is activated by menthol, eucalyptol, icilin and low temperature (23-28 °C).
TRPM4 and TRPMS are unique among TRPs as they are activated by voltage and are
selective for monovalent cations. In comparison, TRPM6 and TRPM7 are none
selective divalent cations. TRPM2, TRPM6 and TRPM?7 also possess enzyme domain
at their C-terminal, TRPM2 contain an ADP ribose pyrophosphatase domain and
TRPMG and 7 have a typical protein kinase domain and are therefore called as
chanzymes (104). TRPM?7 is activated by pH, ATP and also expected be activated by
physiological fluid flow (104). The TRPN have no mammalian homologues and are
present in worms, flies and fishes. TRPN are characterized by the presence of 29
ankyrin repeats and suggested to be activated by mechanical stimuli (105). The TRPP
and TRPML are grouped together as group 2 TRPs, which have little similarity with
so called group 1 TRPs (TRPA, TRPC, TRPM, TRPN and TRPV) and are
characterized by having a large loop between transmembrane segment one and two.
TRPP and TRPML are further subdivided into three members each. TRPP is activated
by mechanosensation (106). TRPML has three isoforms in humans and only one
among these isoforms (TRPMLI1) has channel function. TPML1 is localized to the
lysosome where it is suggested to work as monovalent cation channel involved in proton
flux and regulates intra lysosomal pH (107). Humans have only one type of TRPA
channel (108). In comparison, fruit fly Drosophila has four TRPA paralogues namely
TRPA1, Pyrexia, Painless and Waterwitch. The TRPA encoding gene has ancient
origin and it is believed to exist in all animals. A phylogenetic analysis of the TRPAI
gene identified that all electrophile sensitive TRPA1 from insects to vertebrates form a
monophyletic TRPA1 clade different from basal TRPAs which are insensitive to
electrophiles, suggesting that electrophile sensitivity has been conserved for 500 million
years (109).
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TRPs and disease

TRPs are important for various sensory signaling and mutation in their gene or
modulation of their function have been reported to result in several diseases. Mutation
in either TRPP2 or TRPP1 has been implicated in polycystic kidney diseases (PKD).
PKD is characterized by the appearance of cysts in several organs, including kidneys
resulting in kidney failure. TRPP2 is expressed in cilia-like appendages in most cells
where they are proposed be involved in detection of water flow by mechanosenstion
(106). Likewise, mutation in TRPC6, which is expressed in the barrier region between
kidney and capillaries results in disruption of the barrier. The disruption of the barrier
results in proteinuria and end stage renal disorders (110). A gain of function mutation
in TRPV4 results in bone growth disorder characterized by short trunk and mild short
stature. The channels is also involved in neurodegenerative disorders like
scapuloperoneal spinal muscular atrophy characterized by weakened muscles, bone
abnormalities and laryngeal palsy. TRPV4 is also implicated in Charcot-Marie-Tooth
disease type 2C, which is characterized by impaired vision, hearing, weakened distal
limbs (111). Several TRPs of melastatin family have been implicated in diseases. For
example, mutation of TRPM1 results in night blindness (112). The mutation of the
N-terminal region of TRPM4 results in increased channel concentration at the plasma
membrane due to defects in endocytosis, which in turn results in depolarization and
lead to blocking of heart contractions due to electrical conductance failure (113).
TRPMG is important for magnesium homeostasis in humans and mutation in this
channel results in hypomagnesaemia and secondary hypocalcemia (114). Mutation of
TRPML produces lysosomal storage defects which ultimately results in severe
neurodegeneration and psychomotor retardation disorder known as Mucolipidosis type
IV. TRPA1 channels are involved in sensation of nociceptive and nocifensive stimuli
in humans and a gain of function mutation of TRPA1 results in familial episodic pain
syndrome characterized by the episodes of pain in upper body induced by physical stress
and fasting.

Function/mode of activation of TRPAs

TRP channels are polymodal sensors and are expressed in wide range of tissues and
cells, such as sensory neurons, peripheral neurons, inner ear, skin and mucosal
membrane etc where they might have role in heat and chemical sensation,
mechanosensation, light perception and redox signaling. Noxious heat produces pain
and therefore animals use these sensors to seek ambient temperature. So called thermo

TRPs includes members from the TRPV, TRPA and TRPM subfamilies. TRPA1 from
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rattle snake, fruit fly, frog, lizard and mosquito are activated by heat at characteristic
threshold temperature (115, 116, 117).

Figure 2: The topology of thermosensor TRP isoforms. The representative chemicals (above) and the
temperature range (below) that activate TRP channels. ARD Ankyrin repeat domain. ( natural products
Images download from the following websites, chilli http://www.qvm.com.au/seasonal-produce/chilli/,
cinnamon http://rushnews.rush.edu/2014/07/11/cinnamon-may-help-halt-parkinsons-progression/,
garlic http://www.socalpain.com/garlic-pain-relief/, mint https://www.organicfacts.net/health-
benefits/herbs-and-spices/health-benefits-of-mint.html, ice https://serenitysecurity.co.uk/team-serenity-
take-ice-bucket-challenge/)

In comparison, mouse and human TRPA1s are activated by cold temperature ranging
from17-10°C (118, 119). However, the cold activation of human TRPAI is
controversial (120). Out of the four TRPA paralogues in Drosophila, three of them are
involved in thermal sensation from warm to hot (121). These paralogues include
painless, pyrexia and TRPA1. Work on the painless paralogues which is activated by
temperature around 42 °C suggests the role of N-terminal ARD in thermal sensation
(122). Pyrexia is also involved in heat sensation at temperature close to 40 °C (123).
In comparison, the TRPA1 homologue in Drosophila is activated in a temperature range
of 25-29 °C and is required for seeking ambient temperature (124). Due to alternative
splicing there are atleast four isoforms of Drosophila TRPA1 which are differ from each
other by the length of N-terminal and the presence of 37 residues long region between
ARD and the transmembrane helix S1. Presence of this region points towards the role
of N-terminal linker region in the thermal sensation the TRPA1 isoforms (125).
Studies on chimeric channel from human, snake and fruit fly also suggested a role of
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the N-terminal ARD in thermal and chemical sensation (97). However, several other
studies have suggested a role of the pore helix and the C-terminal domain in thermal
sensation of other thermo TRPs (126, 127, 128). Beside that, TRPMS, which is a cold
sensor, do not possess a N-terminal ARD, which have been implicated in thermal
sensation (130). The role of N-terminal ARDs in chemical and thermal sensation is
controversial and needs to be investigated further. Drosophila TRPA1 and Pyrexia also
play their part in circadian rhythms as thermal sensor (131). Caenorbabditis. elegans
TRPA1 is a cold sensor and play a role in aging by increasing the life span (129).
Sensing of cold temperature by TRPA1 in the intestine of the worm resulted in
activation of Ca** sensitive. Protein Kinase C, which in turn activated DAF16/FOXO
which play a role in increases of life span. Mosquito TRPA1 expressed in peripheral
neurons in the antennae is also activated by heat within the temperature range 25-40
°C (131). The mosquito larvae also used TRPA1l to seck ambient temperature
providing a means to control mosquito spreads by targeting TRPA1 (132). Fly and
mosquito TRP channels are also involved in detection of volatile and non-volatile
chemicals. For example fly TRPA1 is indirectly activated by volatile compound
citronellal (133). The same compound potently activate mosquito TRPA1 directly.
TRP channels from mammals and flies are also involved in taste sensation. The taste
sensation is mediated by TRPA1, Painless and TRPL in flies (109). TRPAL1 is also
involved in electrophilic compounds detection such as Allyl isothiocyanate (AITC)
present in wasabi. Pungent compunds from garlic such as diallyl sulfides and allicin also
activates mammalian TRPA1 (131). Other electrophiles such as cinnamaldehyde,
acrolein, iodoacetamide are also known to activate the TRPA1 channel (108). These
compounds activate the channel by covalent modification of cysteines and lysines in
the N-terminal region (134, 135). The cysteines and lysine residues involved in
electrophile detection were identified by mutagenesis. As mentioned already the N-
terminal region of TRPAI in flies, mammal and snake is implicated in thermal
sensation (97). Other studies have found that these cysteines are involved in disulfide
bond formation and therefore are important for structure and assembly and may not
be directly involved in electrophile binding and thermal detection (136). TRP channels
such as TRPA1 and Painless in worm and flies are also involved in mechanical sensation
respectively (137, 138). TRPA homologues, Painless and Waterwitch in flies are
involved in hygrosensation and noxious mechanical stimulus (139, 140). The
mammalian TRPAL1 is involved in O, sensing through cysteine modification resulting
in activation of the channel (141). Coexpression of TRPA1 with Hypoxia-induceible
factor-1a, strongly suggests its role in hypoxia (142). Similarly other ROS, NO and
prostaglandins are also sense by TRPA1 through modification of cysteine residues
(143). In addition mammalian TRPA1 is also activated by non-electrophilic
compounds, such as menthol, which do not modify cysteine residues (144). Menthol

38



activates the channel at low concentration but inhibits it at higher dose. The menthol
sensitivity of mammalian channel is linked with residues within the pore region
between S5 and S6 (145). Lidocaine, a local anesthetic also has bimodal effect similar

to menthol on TRPA1 activation (146). The A(9)-THC found in marijuana is another
compound that activates TRPA1 in non-electrophilic manner (147).

Whether thermal sensation and electrophile sensation is mediated by distinct domain
in thermosensitive TRP channel is an important pursuit. A few studies have
demonstrated that thermal sensation and electrophilic activation exert additive effect
on channel activation (148). These studies suggest that the thermal sensing domain is
distinct from electrophile binding domain. Moreover, a FRET based approach
suggested that binding of ligand did not affects the FRET efficiency, which is however
affected by thermal sensation.

Structure of TRPA1

The TRP channels are difficult to crystallize since they are very unstable and
conformationally heterogeneous. Structure of ankyrin repeat domains have been
published (149, 150) but the X-ray crystal structure of full length TRP channels has
not been reported yet. However, several electron microscopic structures of TRP
channels with low resolution are available (151, 152). Among these structures, human
TRPV1 with and without ligand is reported, close to 4 A resolution (153, 154). The
same group has also reported the structure of human TRPA1 very recently (155). The
structure of TRPA1 was possible only in the presence of AITC at 4.24 A or the
antagonist HC030031 with and without additional antagonist A-967079 at 3.9 and
4.7 A, suggesting the necessity to use agonist and antagonist to reduce the
conformational heterogeneity. The structural details was resolved for the proximal
cytoplasmic residues and transmembrane region spanning residues from lysine 446 to
threonine 1078, which are important in assembly and presumably in ligand binding.
The tetrameric assembly of TRPA1 resembles that of TRPV1 and the voltage-gated
potassium channel.
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Porehelix 2

linker
domain

Figure 3: (A) Structure of human TRPA1 (PDB ID: 3]J9P), side view . (B) Different structural domains
highlighted in the monomer.

Each subunit consists of six transmembrane helices (S1-S6) and a central pore formed
by the loop region between S5 and S6. In the structure, the C-terminal domain was
found to form an extended coiled-coil region in the center, (156), surrounded by five
Ankyrin repeats (ARs) number 12-16. The coiled-coil region of one subunit was shown
in the structure to form interaction with the other three subunits, together forming the
coiled-coil using the glutamine residues in the heptad repeats at one of the two
positions, which are normally occupied by hydrophobic residues in the canonical
heptad repeats. This is a novel mechanism by which subunits in TRPA1 are interacting
with each other. In comparison, TRPV1 seems to involve ARs on one subunit to
interact with three stranded {3-sheets on the adjacent subunit. The glutamine residues
in the heptad repeats of the coiled-coil can adopt either destabilizing or stabilizing
conformation depending on the suggested binding of inositol hexa phosphate. The four
positive charge residues of heptad repeats (K1046, R1050 from one subunit and K1048
and K1052 from another subunit) mediate binding with four negatively charged
phosphates from inositol hexa phosphate which in turn promotes the stabilizing
conformation of glutamine residues within the coiled-coil providing explanation for
the stabilization of channel function by the polyphosphates (157). The TRPA1 does not
contain a canonical TRP box still it form an analogous TRP-like helix close to the
cytoplasmic part of the pore. The TRP-like domain is proposed to regulate the channel
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function through an allosteric mechanism. In the TRPA1 structure, this domain was
found to interact with several substructures (pre S1 helix and linker region preceding
pre S1 helix) harboring cysteine (C 621, C 641, C 665) and lysine (K 710) residues
previously reported to be involved in electrophilic activation of the channel, thus
providing the structural basis for allosteric modulation. The authors speculated that
binding of electrophile to the cysteines and/or lysine will drive the conformational
changes in the TRP-like domain which ultimately relieve the steric hindrance/repulsion
resulting in the opening of the channel. However, the structure did not show the
binding of AITC (agonist) with any of the cysteine or lysine residues because of the low
resolution. Several residues in the transmembrane core and distal N-terminal region are
also proposed to bind electrophilic ligands and may therefore contribute toward
electrophilic activation. Besides that the TRP-like domain is also connected with the
coiled-coil region through a short helix which is proposed by the authors to regulate
the channel modulation by the phospholipids. The ARs region showed two distinct
regions (a) a stem region formed by the ARs 12-16 and (b) a crescent shaped structure
formed by eleven ARs, that were not resolved. The stem interacts with linker region
which in turn is in contact with TRP-like domain and therefore transfer of information
could take place between ARs and pore. In addition, the AR 12 of the stem makes
contact with C-terminal coiled-coil domain which supports the role of ARs in channel
assembly. The previous reports of ARs involvement in heat and chemical activation in
insect and snake TRPAIs led the authors to speculate that this region might also
modulate channel opening. The pore region contain two constrictions one at either
end. The TRPV1 has a similar pore structure except that in TRPA1 the extracellular
side of the pore region is lined by two short helices (154). Similar arrangement of two
outer pore helices is found in bacterial voltage-gated sodium channel. The outer
constriction in TRPA1 is slightly narrower (7.0 A) in comparison to TRPV1 (7.6 A)
and formed by aspartate 915. This residue has been implicated previously in calcium
permeability in mouse TRPA1. In comparison, the outer constriction in TRPVT1 is
formed by glycine 643 and methionine 644. The lower constriction in TRPAI is
formed by isoleucine 957 and valine 961 and measures 6.0 A which is sufficient to
block hydrated calcium. Only one residue isoleucine 679 is required to form the lower
constriction in TRPV1. The structure of TRPA1 with antagonists (HC030031 and A-
967079) suggests binding of A-967079 in a pocket formed by S5, S6 and the first pore
helix. This is the same region predicted by molecular modelling to bind A-967079.
Mutation of residue phenylalanine 909 to threonine in the region supposed to bind A-
967079 abolished the inhibition of TRPA1 by A-967079 but not by HC030031
suggesting that there are different binding sites for two antagonists. This region is
supposed to be mobile in the TRPV1 structure and the restriction of motion in this

41



region result that the lower gate cannot be opened. This site seems to be unique to A-

967079 as the TRPV1 ligands binds in the lower S2-54 region.

Future perspectives

The electron microscopic structures of TRPA1 provided significant understanding
towards mechanisms of inhibition by A-967079 (155). However, it does not resolve
the role of N-terminal ARD in electrophilic activation of the TRPA1 channel. Human
TRPA1 is activated by cold in comparison with TRPATs of flies, mosquitoes and snakes
which are activated by hot temperatures. How temperature sensation is achieved in
TRPAL or in other so called thermo TRPs is not yet known and therefore, high
resolution structures of TRP channels are needed in conjunction with molecular
dynamics simulation to solve this puzzle. Other biophysical tools are needed to be
developed, to better understand the dynamic nature of TRP channel activation and
regulation. The role of signaling molecules such as H,O, and NO in regulation of TRP
channel has been recently proposed which need to be investigated in further details.
The TRPs are implicated in several human diseases and various nociceptive and
nocifensive pathways resulting in pain sensation therefore their inhibitors may find
application as pain relief drug or as a tool to study further the structure-function
mechanism of TRP channels. The malaria mosquito TRPA1 channel has been
implicated in host seeking behavior. The channel is also used by mosquito larvae to
seek ambient temperature and therefore compounds that modulate the TRPA1 channel
function may represent one of the targets to control mosquitoes and the diseases they

spread.

My contribution to TRPA1 research

In this thesis, we have expressed and purified the heat sensing mosquito (Anopheles
gambiae) TRPA1 and compared it to the cold activated human TRPA1. The functional
and biophysical characterization of purified mosquito and human TRPA1 has not been
reported before. We investigated the role of TRPA1 with and without its N-terminal
ankyrin repeat domain (ARD), which is proposed to play role in thermal sensation and
subunit assembly. We found that the ARD are not essential for thermal sensation and
subunit assembly. Besides that, electrophilic activation was also not found to depend
on ARD (paper III and IV). The study undertaken in this thesis also highlights the fact
that thermal and chemical activation is intrinsic to the channel and do not depend on
accessory proteins and secondary messengers.
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Chapter 3

Methods

A detailed understanding, atomic level, of the structural and functional mechanism at
work in proteins can be accomplished by X-ray crystallography and NMR. However,
both the techniques are limited in their own capacity. For example, X-ray
crystallography required the protein to be studied, to form diffracting crystals of
sufficient size and quality. Most membrane proteins do not readily form crystals and
therefore, atomic understanding of these proteins might be obtained by NMR. NMR
studies, in comparison, are limited by the size of the proteins. Recent development in
cryoelectron microscopy has generated structures with near atomic resolution, of
proteins, which have eluded crystallization. TRP channels are among the proteins that
are difficult to crystallize due to their inherent instability and heterogeneity. TRP field
has especially benefited from the development of electron microscopy techniques, the
resulting in of the structure of TRPV1 and TRPAI. These studies have increased our
knowledge of the TRPs structure but the significant questions such as how thermal
sensation is achieved in thermo TRPs and the binding sites for the activating of
electrophiles, remain unanswered. The dynamic nature of thermal sensation in thermo
TRPs can be studied by low resolution structural techniques such as fluorescence
spectroscopy, circular dichroism (CD) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy and many more. These techniques can give better information about the
dynamic changes in the structure of the protein.

In this section, I will discuss very briefly techniques that we have used for the low
resolution structural and functional characterization of the SoPIP2;1 and TRPAL.

* Fluorescence spectroscopy.
* CD spectroscopy.
* Stopped flow spectroscopy of SoPIP2;1 in the reconstituted vesicles.

* Single channel activity measurement of TRPAL in lipid bilayer.
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Fluorescence spectroscopy

Aromatic amino acids in proteins such as tryptophan, tyrosine and phenylalanine act
as fluorophore. The intrinsic fluorescence of these amino acids is sensitive towards any
change in the molecular environment, which can be monitored by the changes in
fluorescence properties such as emission intensity, the shift in excitation and emission
maxima. Fluorescence spectroscopy has been used to study the molecular interaction,
protein stability and tertiary structural changes in proteins. The fluorescence
spectroscopy is based on two processes, absorption and emission of light (Figure 1).
When molecules absorb the certain wavelength of light, their electrons get energy to
jump from a ground state to an excited state (Figure 2). When these electrons return
to their ground state, some of the energy absorbed at excitation is lost due the transition
between vibrational energy level (which is also called as internal conversion) therefore
the emitted light after transition is released at the longer wavelength and constitutes
specific emission spectra of the molecule. It follows that the excitation wavelength is
always shorter than the emission wavelength.
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Figure 1: An schematic representation of the fluorescence spectroscopy technique.
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Figure 2: The ground state is shown in green and the red line depicts the excited state. The blue horizontal
lines show the vibrational energy level in each state. The vertical arrow shows the energy which is absorbed
to jump up to excited state and arrow downward is the emitted light. Due to internal conversion (red line)
some energy of the excitation wavelength is lost, so that the emitted light is released at a longer wavelength.
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The fluorescence efficiency can be estimated by the quantum yield, which is the ratio
of photons emitted to the total photons absorbed. The quantum yield of phenylalanine
is very low, therefore, the fluorescence exhibited by the protein is mainly dependent on
tyrosine and tryptophan residues. The tryptophans in a protein can be selectively
excited at the wavelength of 295 nm (158). Tryptophan is highly sensitive towards the
electronic environment of its surrounding (159, 160) (Figure 3) and therefore, any
change in the electronic environment near a tryptophan affects its fluorescence
properties. For example, decrease in fluorescence intensity (quenching), shift in
emission wavelength to the shorter wavelength called as blue shift, which typically
indicates the burial of tryptophan residues in the nonpolar interior of a protein or a
lipid phase. The emission wavelength may shift to longer wavelength called a red shift,
which indicates the exposure of tryptophan residues to a polar environment and mostly
accompanied the unfolding/denaturation of the protein (161). These properties of the
intrinsic fluorescence can be exploited in order to study the protein-protein interaction,
conformational change, ligand binding and protein denaturation etc. In this thesis, we
have used the intrinsic fluorescence of the SoPIP2;1 and AgTRPA1lto determine their
thermal stability and ligand binding parameters.
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Figure 3: Hand drawn florescence emission spectra of a protein. The black curve represents protein
native state, the maximum of the emission move to the lower wavelength when residues are buried into
hydrophobic environment (blue curve) or to the longer wavelength when exposed to water (red curve).

Circular dichroism spectroscopy (CD)

The secondary structures of the protein can be inferred by using different types of
spectroscopic techniques such as CD and infra red spectroscopy (IR). The principle of
CD spectroscopy techniques rely on the absorption of left and right circularly polarized
light by the chromophore. In the case of proteins, amino acid are referred to as
chromophore because their chirality and therefore all amino acids except glycine have
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a tendency to absorb the left and right circularly polarized light to different extents.
The Far UV region (175 — 250 nm) in CD spectroscopy is commonly used for the
secondary structures determination due its sensitivity towards the peptide bond.
Different secondary structures show characteristic pattern on CD spectroscopy (Figure
4) such as o-helices give a positive peak at 190 - 195 nm and two negative peaks at 208
nm and 222 nm. Whereas, B-sheets give a positive peak at 195 - 209 nm and a negative
peak at 215 — 220 nm. The random coils exhibit a positive peak at 220 nm and a
negative peak at 200 nm. Therefore CD spectroscopy can be used to monitor the
protein stability (folding and unfolding of secondary structure of proteins in response

to temperature or chemical denaturants) (Paper I).
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Figure 4: Hand drawnCD spectra of different secondary structure. a-helix (black), B-sheet (red) and

random coils (green).

There are different algorithms such as CDSSTR, which can be used to deconvolute the
CD data for estimation of different types of secondary structure present in a protein.
We have used CD spectroscopy to report on the correct folding and thermal stability
of SoPIP2;1 in different lipids system (paper I). We have also used CD spectroscopy to
determine the secondary structure content of hTRPAI and thermal stability of
AgTRPALI protein in a reducing and non-reducing environment (paper I1I and IV).
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Functional characterization

Stopped flow spectrophotometry

Stopped flow spectrophotometry is mainly used to study the kinetics of a reaction in
solution. The principle of the technique is very simple as it allows, the rapid mixing of
two solutions and therefor to follow the reaction in milliscond up to seconds in time
scale. Absorption, fluorescence and light scattering are the detection methods in this
technique. We used the stopped flow kinetics to measure the functional activity of
SoPIP2;1 reconstituted the lipids vesicles thereby forming proteoliposomes. Different
LPRs (lipid to protein ratio) were used to optimize the activity. SoPIP2;1 was inserted
into the lipid vesicles, followed by extensive dialysis to remove the detergent. The
resulting proteoliposomes (SoPIP2;1 incorporated into lipid vesicles) were mixed with
a hypertonic solution and the increase in light scattering was measured due to out flux
of water. The presence of functionally active SoPIP2;1 causes the proteoliposomes to
shrink faster compared to control liposomes without SoPIP2;1. Below is a
representative trace to show water transport activity of SoPIP2;1. Red trace represents
the control liposome (empty), purple trace represents the peoteoliposomes in which
SoPIP2;1 had been reconstituted using E. coli polar lipids.
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Figure 5: Water transport activity measurement by stopped flow spectrophotometry. The proteoliposomes
with an active water channel shrink faster than control liposomes without protein, when challanged with
a hypertonic solution.
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Single channel patch clamp

Monitoring the functional activity of the purified ion channel is always challenging.
Here we have used single channel port-a-patch clamp, a recently modified device where
they have replace the patch clamp pipette with the planner-chip based sensor (Nanion
Technologies), to characterize the functional activity of the human and mosquito
TRPALI ion channel (Paper III and IV). By using this technique we have measured the
flow of current across the lipid bilayer through reconstituted purified ion channel
proteins over the time. Port-a-clamp single channel activity studies were carried out
using giant unilamellar vesicles (GUVs) which were formed by the electroformation
method. In response to applying negative pressure (-20 to -40 mbars), GUVs with size
between 1 to 100 pm depending on the lipids concentration will burst and form bilayer
with high seal (tens to hundreds of GQ) directly onto the chip. To prepare
proteoliposomes, the purified protein was inserted into GUVs by incubating the GUVs
and the detergent purified protein, followed by the removal of detergent with further
incubation of GUVs protein mixture with the biobeads. The planar lipid bilayer was
obtained after applying the negative pressure. Alternatively, the planar lipid bilayer is
first obtained from the GUVs and a much diluted detergent purified protein is later
added and was inserted into the planar lipid bilayer under a negative pressure. The
measurements were recorded once the good seal was achieved (162).

Formation of planner
lipid bilayer onto the chip
Single channel

Figure 6: An representation of the formation of lipid bilayer on the chip from gaiant unilamellar vesicles

(GUVs).

Patch clamp method records the ion channel activity by measuring the flow of current
through the channel. The functionally active ion channel exists in multiple
conformation states including close and open forms and it fluctuates between these
forms sporadically. The presence of agonist shifts the equilibrium towards open state
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by increasing the rate of the transitions from close to open state. To analyze the port-
a-patch recording several strategies can be applied. Mainly the open probability (Po) is
investigated, which reports the relative time period in the whole recording when the
channel is open by measuring the current flow. The second property that can be
measured by the port-a-patch is the conductance (Gs). Different ion channel shows
characteristic open probability and conductance in response to different agonists.
Further analysis of the channel kinetics can be carried out by the identification of the
different population of the open and closed states, called as event detection over the
time. In this thesis, we have used single channel patch clamp for the characterization of

temperature and ligand induced activation of purified human and mosquito TRPA1
channels (Paper IV).
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Figure 7: Single channel activity measurement using port-a-patch clamp. (A ) bilayer without protein
inserted (B) Reconstitued proteoliposome of A 1-776 AgTRPA1 activity stimulated with 100 uM AITC,
O and C are represented the open and close states. (C ) Reconstitued proteoliposome of AgTRPA1 activity
stimulated with 100 uM AITC.
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Paper summary

Paper 1

The hetrologously expressed spinach plasma membrane protein SoPIP2;1 is an ideal
protein for biotechnological applications owing to its high yield when expressed in yeast
and its selectivity towards water. The water transport activity of this protein is well
characterized and high-resolution structures are also available for this protein. However,
there is lack of data on the stability of SoPIP2;1 in detergents and different biomimetic
membranes, which is necessary for its use in biotechnological application, such as the
biomimetic water filtration technology. In this paper, we determined the folding
pattern and the thermal stability of secondary and ternary structure of SoPIP2;1 using
spectroscopic techniques. To assess the correct folding of SoPIP2;1, we measured the
far-UV circular dichorism (CD) spectra in a detergent solution and in different lipid
membranes. SoPIP2;1 gives characteristic helical spectra with two negative band at 209
and 222 nm in octyl glucoside (OG) detergent micelles. We tested whether SoPIP2;1
retains its native structure when reconstituted in different lipid membranes. We found
that the helical signature of SoPIP2;1 was conserved in different lipid membranes
including membranes of E. coli lipids, POPE:POPC:POPS:ergosterol and
POPE:POPC. The diphytanoylphosphatidylcholine (DPhPC) is known to form stable
lipid membranes and has been found to be appropriate for various biotechnological
applications. However, SoPIP2;1 lost its native structure in DPhPC as suggested by the
far-UV CD spectra. Thus, it is not a suitable lipid for reconstitution of SoPIP2;1. The
far-UV CD spectra were also used to obtain the percentage helical content of the
protein in detergent and in different lipid membranes. We found that the protein when
present in OG micelles had 63% helical content which is consistant with the values
obtained from the x-ray structure of SoPIP2;1. The percentage helical content of
SoPIP2;1 was also similar when protein was incorporated in proteoliposomes using E.
coli lipids. Although, the CD Spectra of SoPIP2;1 were similar also in proteoliposome
with POPE:POPC:POPS:ergosterol and POPE:POPC, the percentage helical content
were significantly lower in these lipids compared to proteoliposomes with E. co/i lipid.
Thus, E. coli lipids constitute the best system for SoPIP2;1 reconstitution based on CD
spectroscopy. Thermal unfolding experiments were also followed by CD spectroscopy
in order to discern the thermal stability of the secondary structure elements of SoPIP2;1
in lipids and in detergents. The SoPIP2;1 followed a two state irreversible unfolding in
OG detergent micelles and the midpoint of melting was found to be around 58 °C.
This observation was confirmed by the SDS-PAGE analysis where we showed that the
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SoPIP2;1 monomers and dimers were present at the temperature below the midpoint
but most of the protein aggregated and appeared in the well at temperature above 50
°C. The midpoint of thermal unfolding transition of SoPIP2;1 was higher in lipids
(above 70 °C) compared to the detergent micelles (58 °C) suggesting that the lipids
increased the thermal stability of SoPIP2;1. Moreover, the different mean residual
ellepticity (MRE) values obtained at 20 °C along with the different helical content in
various lipid membranes suggest that the protein is interacting differently with
membranes of different lipids. The intrinsic tryptophan florescence was used to
measure the thermal stability of the tertiary structure of SoPIP2;1. The emission
maximum for SoPIP2;1 was found to be 330 nm, which shifted to slightly lower
wavelength in E. coli lipids suggesting that tryptophans are aligned closely to the edge
of the detergent micelles and are relatively easily accessible to the water in detergent
micelles as compared to proteoliposomes made of E. coli lipids. The intrinsic
fluorescence of SoPIP2;1 was quenched at higher temperatures which suggested an
increased access of water to the tryptophan residues. This may result from increased
fluidity of detergent micelles and lipids at higher temperatures or due to the unfolding
or to a local conformational change of tryptophan of protein. The thermal unfolding
measured by the tryptophan quenching indicated a two-state unfolding with a
midpoint around 58 °C in OG micelles, which corresponds to the analysis obtained
from CD spectroscopy. However, the melting curve of SoPIP2;1 did show more than
one transition in E. coli lipids as opposed to the OG micelles. The first transition might
have resulted from the increased fluidity of the lipid membrane at higher temperature.
The midpoint of the other transition was more likely caused by the unfolding of
SoPIP2;1 above 70 °C, which is similar to the value obtained from the CD
spectroscopy. In conclusion, the results of this study identified the suitable lipids system
for reconstitution of SoPIP2;1 for biotechnological application.
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Paper 11

Aquaporins of the PIP subfamily are characterized by the presence of a conserved
cysteine residue in loop A (13). The PIPs form functional tetrameric units in which
each monomer constitutes a water channel and is capable of transporting water across
the membrane. The conserved cysteine residues of adjacent monomers in PIP
homotetramers are all aligned at the tetrameric center. The spinach PIP2 isoform
(SoPIP2;1) is a well-characterized member of the PIP family and possesses this
conserved cysteine residue (C 69) in loop A. In this paper we have determined the
nature of the interaction between the conserved cysteine residues and tried to assess the
role of cysteine interactions for the function of SoPIP2;1. We observed the dimeric
form of SoPIP2;1 during purification, suggesting the presence of at least one disulfide
bond. Since C 69 is conserved among plant PIPs it was hypothesized that perhaps this
cysteine is important for dimer formation. Site directed mutants C69A and C69S were
generated to confirm the role of this cysteine. We used the SDS-PAGE analysis to assess
the effect of reducing agents on SoPIP2;1 wild type and cys69 mutants. Compared to
wild type SoPIP2;1 the mutants appeared as monomers on SDS-PAGE confirming that
C 69 is involved in dimer formation. Thermal denaturation experiments were
conducted and followed by CD spectroscopy to determine the influence on the
thermodynamic stability by the disulfide bond. We found that the disulfide bond
contributed only modestly towards the stability of the protein. To determine the effect
of mutations on the function of protein, we reconstituted the wild type and C 69
mutants in liposomes for stopped-flow water transport assays. Remarkably, the mutants
were more active compared to the wild type suggesting that perhaps the tetrameric
central pore is leaking water. One way to test this hypothesis is to block the four main
pores of the homotetramer by the use of mercury, a well-known inhibitor of AQPs.
Surprisingly, mercury increased the water transport both in wild type and in the C 69
mutants. The binding of mercury resulted in quenching of tryptophan fluorescence
and the effect was reversed by the chelation of mercury by the addition of 2-
mercaptoethanol. An independent study carried out by others (48) demonstrated that
mercury activation did not depend on the cysteine residues. They identified two
binding sites for the metal atom cadium in a crystal structure, wherethe novel second
binding site was found to interact with the carbonyl of the C-terminus region. It is
known from the closed structure that the S 274 occupies the place in the tetrameric
centre of the protein and the C-terminal residues upstream of S 274 are placed between
the monomers. Phosphorylated S 274 cannot occupy the same position and the rest of
the C-terminal therefore becomes unordered resulting in the opening of the pore. Since,
the change in protein conformation upon binding of mercury was time-dependant, we
speculated that binding of mercury to the second cadium binding site similarly resulted
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in the destabilization of the C-terminal causing the pore to open. Also we found that
the effect of mercury on the C 69 mutants was additive. A previous mutational study
(13) on another PIP2;1 isoform using transient expression in Xenopus oocytes, did not
report any enhanced activity of loop A cysteine mutants, although maize PIP2s and
SoPIP2;1 are very similar to each other. The major difference between our system,
which was based on water transport assay in artificial liposomes, the mutant study in
oocytes, was the environment of the protein. In several AQP structures including the
one on SoPIP2;1 (89) a detergent molecule has been detected in the centeral pore. We
purified the protein in the presence of detergent, but the detergent was subsequently
removed by extensive dialysis during the liposome preparation. It is possible that in the
native environment a lipid molecule is present, in place of the detergent molecule, and
the lipid may prevent water leakage through the central pore. This is further supported
by the observation that several other AQP isoforms, which do not possess conserved
cysteine residues in loop A, do not leak water through the central pore. The results of
this study are discussed in the context of previous structural and functional studies and
it was concluded that the activation of SoPIP2;1 brought about by mutation of the
conserved C 69 may be due to the heterologous production of the protein. The
activation of the protein by mercury was proposed to be due to destabilization of the
C-terminal region and opening of the pore.

Paper 111

TRP channel subtype, TRPA1 has been involved in chemical and thermal sensation in
animals. The TRPAI isoforms from different animals exhibits distinct threshold
temperature for activation. Some insects, such as Anopheles gambiae has two TRPA1
isoform; AgTRPA1(A) and AgTRPAI1(B), which differ from each other by the presence
of additional amino acids at the N-terminal. Both of these isoforms are activated by
heat and electrophilic chemicals as demonstrated by heterologous expression studies.
Whether, purified AgTRPA1 exhibits thermal and chemical sensation is not known.
We have carried out expression of C-terminal c-myc epitope and hexa- histidine tagged
AgTRPAI1(A) in the methylotrophic yeast Pichia pastoris. The TRPA1 isoform has been
linked in host seeking and heat avoidance behavior. The TRPALI is characterized by the
presence of N-terminal ankyrin repeat domain (ARD), which has been implicated in
thermal and chemical sensation. Therefore we also expressed AgTRPA1 without N-
terminal domain (A1-776 AgTRPALI) to investigate the role of ARD in thermal and
chemical sensation. The membrane fraction from the cells expressing AgTRPA1 and
A1-776 AgTRPA1 were obtained and subsequently solubilized by the Fos-choline 12
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detergent. Nickel affinity chromatography followed by gel filtration chromatography
was performed for the purification of the proteins. The proteins were found to be
correctly folded as they eluted as tetramer from gel filtration column. The correct
folding of AgTRPA1 and A1-776 AgTRPAI was also confirmed by the characteristic
alpha helical signature in SRCD spectroscopy. Thermal denaturation of AgTRPA1 and
A1-776 AgTRPAL was also carried out, which suggested the complete loss of alpha
helical structure at 80 °C. The midpoint of thermal transition was found to be similar
for both the protein. However, a minor transition between 30 and 45 °C was also
identified in AgTRPA1l. The presence of these transitions was not conclusively
demonstrated or ruled out in A1-776 AgTRPA1 due to variability of the protein
samples. The intrinsic tryptophan fluorescence of the protein is sensitive to the changes
in local environment and may report on the conformational change exhibited by
proteins upon ligand binding and thermal denaturation. We were interested to know
whether AgTRPA1 exhibit conformational change upon ligand (AITC) binding or not.
The fluorescence spectra at on protein equimolar concentration were found to be
similar for both AgTRPA1 and A1-776 AgTRPAL1, which was quenched upon binding
of AITC. It may suggest that the tryptophan residues in the ARD do not contribute to
the fluorescence. The ECs values for AITC binding were found to be in similar range
for AgTRPAI and A1-776 AgTRPAL. Previously, the ECso value from functional
activation was found to be 70.7+12.4 pM, suggesting that some low affinity binding
sites required for complete quenching of fluorescence are not essential for activation.
We also monitored the intrinsic fluorescence change in AgTRPA1 at different
temperatures. Interestingly, the temperature also induced quenching of fluorescence
with a midpoint of transition around 38.5 °C. However, temperature failed to
completely quench the fluorescence of the proteins, which is consistent with our
reasoning that complete quenching of fluorescence is not required for activation. Thus,
the intrinsic tryptophan fluorescence can be used to infer the mechanism of AgTRPA1
activation by heat and electrophiles in membrane independent manner. The purified
AgTRPA1 with and without ARD was found to be activated by AITC and heat in
single channel patch clamp recordings (-100 to +100 mV in 2s). The open probability
(Po) was higher and single channel single channel conductance (Gs) was lower at test
potential of +60 mV for A1-776 AgTRPA1 compared to AgTRPAL. A Q10 value of
28 was calculated for TRPA1 using a simplified equation. The threshold temperature
for activation of AgTRPA1 was found to be 25 °C. The Gs was found to be lower for
A1-776 AgTRPA1 at 30 °C, compared to AgIT'RPA1 at steady state potential of +60
mV. The opposite behavior was seen at 40 °C, with a Gs increase for A1-776 AgTRPA1
and decrease for AgTRPAL. The differences in Gs and Po with and without ARD
suggest that N-terminal modulate the temperature and electrophile sensation of
AgTRPAL. The single channel activity measurement of AgTRPA1 in response to AITC
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was compared with human TRPA1 (hTRPALI) also, which revealed several differences.
For example, AgTRPAI mainly exhibited one single conductance level compared to
hTRPALI, which showed several sub conductance level. Also, the Gs of AgTRPA1 with
and without ARD were lower compared to hTRPA1. Similarly, Po was found to be
lower for A1-776 AgTRPA1 compared to human counterpart. These differences might
be attributed to the increased number of cysteines present in hTRPA1 (9) compared to
AgTRPA1 (4) in the region outside ARD. In conclusion, the results showed that
purified AgTRPAL1 is intrinsically activated by heat and electrophile, and that N-
terminal ARD is not required for this activation, although it may tune the response.

Paper IV

Responding to various chemical and environmental stimuli is important for the survival
of any organism. Numerous studies have demonstrated the a role of TRP channel
proteins in chemical and thermal sensation. Except for the rat TRPMS8 and TRPV1,
most of these studies were carried out in heterologous expression system, isolated
neuron patches and whole animals. It is therefore needed to establish whether the
thermal sensation is intrinsic to these proteins or there is an involvement of secondary
messenger(s) and accessory proteins for mediating the thermal sensation. To address its
role in intrinsic thermal and chemo sensation, N-terminal deca-histidine tagged human
TRPA1 (hTRPA1) with and without its N-terminal Ankyrin repeat domain (ARD)
(A1-668 hTRPA1) were expressed Pichia pastoris expression system. The hTRPA1 and
A1-668 hTRPA1 were extracted from the membrane using Fos-choline 14. Nickel
affinity chromatography was employed to purify the hTRPA1 and A1-668 hTRPAL.
In order to confirm that deletion of ARD do not affect the folding and tetramerization
of A1-668 hTRPA1l, we carried out size exclusion chromatography and CD
spectroscopy. The A1-668 hTRPA1 mainly eluted as tetramer and exhibited the
characteristic 0-helical signature in the CD spectrum. The secondary structure content
estimated from CD spectra using Dicroweb software was found to be between 35-45%,
which closely matched with the helical content predicted by the transmembrane hidden
Markov models and the sequence alignment of A1-668 h'TRPAI1 with the potassium
channel (Kv1.2). The purified hTRPAI and A1-668 hTRPA1 were reconstituted in a
lipid bilayer and their functionality was confirmed by measuring the ramp current (-
100 to +100 mV in 2 s) using Allyl isothiocyanate (AITC) and menthol respectively.
Cold sensation has been attributed to TRP family protein TRPMS8 and TRPA1 in
mammals. However, there are some conflicting reports regarding the role of TRPA1 in
cold sensation. We found out in this study that purified h"TRPA1 and A1-668 hTRPA1

reconstituted in lipid bilayer were inactive at room temperature (22 °C) and become
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activated at lower temperature (17-10 °C). The antagonist HC030031 blocked the cold
evoked activity of the hTRPA1 and A1-668 hTRPAI. The open probability (P,)
increased with the decreasing temperature and the Q10 values were calculated, which
showed similar dependence on the temperature as previously found out for the
heterologously expressed mouse TRPA1 in cell-attached and in inside-out patches.
Single-channel conductance (Gs) of " TRPAT at 10 °C was also found to be comparable
with mouse TRPA1. Electrophilic compounds, AITC, cinnamaldehyde (CA) and N-
methylmaleimide (NMM) were also found to activate the purified hTRPA1 and Al-
668 hTRPALI suggesting that chemical sensation, like cold sensation, do not essentially
require the N-terminal ARD. The activation was reversible and found to be blocked
by the antagonist HC030031. The Gs values for all the electrophilic compounds were
similar for " TRPAT and A1-668 h'TRPALI at -60 mV but the values differ for both the
constructs for AITC and NMM at +60 mV. The P, values were also different for the
hTRPA1 and A1-668 hTRPAL1. The rectification index for Gs and P, was also found
to deviate for hTRPAI and A1-668 hTRPA1 activated by electrophiles suggesting
voltage dependant changes imparted by N-terminal. The orientation of hTRPA1 and
A1-668 hTRPAI1 in the lipid bilayer was demonstrated by application of lipid
impermeable compounds MTSEA-biotin and Maleimide-biotin respectively. Both
compounds activated the respective constructs only when applied to the external
solution suggesting the uniform insertion of protein in the lipid bilayer. The non-
electrophilic compounds menthol, C16 and A’THC also activated hTRPA1 and Al-
668 hTRPA1, supporting direct interaction of these compounds with the proteins,
without requiring accessory proteins and secondary messenger. Both the constructs
showed differences in rectification index calculated from Gs and P, for non-
electrophilic compounds suggesting the N-terminal alters the response of hTRPA1
towards non-electrophilic compounds in a voltage-dependant manner. We also found
out that C16 activated the chimeric menthol insensitive Drosophila transmembrane
segment 5-hTRPA1 advocating distinct binding sites for C16 and menthol in
hTRPALI. Since menthol binds to the transmembrane region of hTRPA1, we use it as
an agonist at room temperature to further investigate the role of N-terminal ARDs. We
found difference in Gs and P, value for h\TRPA1 and A1-668 hTRPA1 at negative and
positive potential suggesting voltage dependant modification of hTRPAL1 activity by
ARD. In conclusion we demonstrated that hTRPAI is intrinsically active at low
temperatures and do not essentially require the N-terminal ARD for cold sensation.
Moreover, electrophilic and non-electrophilic compounds activate the channel without
the need for ARD and thus seem to binds to the C-terminal and/or transmembrane
region. However the N-terminal contributed to the modification of activity in a
voltage-dependent manner.
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Popular science summary

Cells are the basic unit of life that exhibit dependence on water and ambient
temperature to flourish and survive. So it is remarkable that the proteins responsible
for the interaction of water and heat with the cell were not discovered until relatively
recently. It was assumed for decades that water freely diffuse into and out of the cells
without support. The cells are surrounded by a lipid (fat) membrane which forms a
barrier to the passage of molecules that are not hydrophobic (fat soluble). Since lipid
and water are immiscible, water does not readily pass through the membranes and
require assistance in transport across the membranes. The identity of the proteins that
form the channel in the membranes for the transport of water molecules was discovered
in 1992. These proteins are now called as aquaporins (AQPs). In addition to water,
some AQPs also transport other nutrient molecules such as glycerol, urea, ammonia,
carbon dioxide and also signaling molecules such as hydrogen peroxide. The AQPs are
vital to plant and animal function as exemplified by growth defects and diseases
associated with AQP aberrant expression and function and therefore it is essential to
study their function. The mechanism of water and nutrient conduction through AQPs
is now well established but there are some aspects of the AQP function that are not very
well understood. For example, the function of some of these AQPs is known to be
inhibited by the mercury a toxic metal found in nature. However, some AQPs are
activated by mercury despite sharing the similar structure with the AQPs inhibited by
mercury. Although, the activation of AQP by mercury has been recognized for some
time, the mechanism of activation is not known. In this thesis, we found out that
mercury activate a spinach AQP. The structure of the spinach AQP is known which
suggests that some part of the AQP protein act as a gate and open up the channel for
water transport upon phosphorylation (a type of modification that is commonly known
to regulate the function of large number of proteins). We speculate that mercury
activated the spinach AQP by binding close to the gate of the channel and disrupting
interactions in the closed form and thereby open it in a similar way as phosphorylation.
Toxic heavy metals such as mercury and nickel produced by industrial waste are
increasingly incorporated in the food chain and known to modulate the function of
AQPs. Our finding shed new light into the mechanism of activation by mercury and
will contribute towards a better understanding of AQP function. The spinach AQP is
a highly selective water channel and it can be produced in abundance thus making it
attractive to use in biotechnological application such as biomimetic water purification
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systems. However, this application requires the demonstration of stability of spinach
AQP in different biomimetic membranes. We have conducted these studies and we
hope that it will contribute towards the efforts to use the spinach AQP in
biotechnological application. As mentioned earlier, the heat responsive proteins present
in the cell membranes were discovered very recently. These proteins are called transient
receptor potential (TRP) ion channels and have several different subtypes with a
distinct threshold for temperature activation. Some of these TRPs also lined our taste
buds and responsible for the strong taste sensation when activated by chemicals found
in food such as wasabi, pepper, chili, oregano, thyme, garlic, onion and compound
found in mustard oil, eucalyptus oil, lemon grass and menthol etc. The fruit fly, snake
and mosquito TRP type Al (TRPA1) mediate warm temperature sensation. However,
the temperature activation of human TRPALI is mired in controversy with different
researchers reporting disparate threshold temperatures. Moreover, there is no
demonstration of TRP activation by temperature in a pure system without presence of
accessory proteins and small molecules. We demonstrated the activation of human and
mosquito TRPA1 by cold and heat, respectively, in a purified system, thus proving for
the first time that temperature sensation is indeed intrinsic to TRPA1, which will
eventually resolve the controversy regarding the cold activation of human TRPA1. A
large part of the TRPA1 protein is formed by a repetitive unit known as ankyrin repeats.
Some researchers have proposed that these repeats are essential for thermal and chemical
sensation. We demonstrate in this thesis that TRPAT still retain the temperature and
chemical sensation even after the removal of these repeats. These results will contribute
towards a better understanding of TRPA1 function which has been recognized as a
target for pain management. Inhibitors of human TRPA1 will have an application as
painkillers. Similarly, mosquitos use TRPALI to identify hosts for sucking blood, thus
compounds that modulate the function of TRPAl may function as mosquito
repellants. However, these pursuits will require a better understanding of TRPA1
function. The results of this study may contribute towards these efforts by providing
the evidence that ankyrin repeats are not responsible for temperature and chemical
sensation and therefore future drug design should target other parts of TRPA1 proteins
for selective inhibition of chemical and temperature sensing domain.
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Abstract

Background: SoPIP2;1 constitutes one of the major integral proteins in spinach leaf plasma membranes and belongs to the
aquaporin family. SoPIP2;1 is a highly permeable and selective water channel that has been successfully overexpressed and
purified with high yields. In order to optimize reconstitution of the purified protein into biomimetic systems, we have here
for the first time characterized the structural stability of SoPIP2;1.

Methodology/Principal Finding: We have characterized the protein structural stability after purification and after
reconstitution into detergent micelles and proteoliposomes using circular dichroism and fluorescence spectroscopy
techniques. The structure of SoPIP2;1 was analyzed either with the protein solubilized with octyl-p-D-glucopyranoside (OG)
or reconstituted into lipid membranes formed by E. coli lipids, diphytanoylphosphatidylcholine (DPhPC), or reconstituted
into lipid membranes formed from mixtures of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPE), 1-palmitoyl-2oleoyl-
phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoyl-phosphatidylserine (POPS), and ergosterol. Generally, SoPIP2;1
secondary structure was found to be predominantly o-helical in accordance with crystallographic data. The protein has a
high thermal structural stability in detergent solutions, with an irreversible thermal unfolding occurring at a melting
temperature of 58°C. Incorporation of the protein into lipid membranes increases the structural stability as evidenced by an
increased melting temperature of up to 70°C.

Conclusion/Significance: The results of this study provide insights into SoPIP2;1 stability in various host membranes and
suggest suitable choices of detergent and lipid composition for reconstitution of SoPIP2;1 into biomimetic membranes for
biotechnological applications.
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Introduction

MIPs (major intrinsic proteins) are found in eubacteria, archae,
fungi, plants and animals [1]. According to substrate specificity,
MIPs are mainly classified into AQPs (aquaporins - or water
channels) if they are only permeable to water, or GLPs
(aquaglyceroporins - or glycerol-uptake facilitators) if they also
facilitate passive diffusion of small solutes such as glycerol or urea
[2,3]. In addition, a structural role in the formation of cell
junctions has been described for some MIPs [4].

Most members of the aquaporin super family have molecular
masses, ranging from 25 to 31 kDa. The three-dimensional
structures of several MIPs have been determined [5-7], and the
quaternary structures of the proteins reveal that they all form
homotetramers where each monomer acts as a functional unit [2].
Based on sequence similarity, the functional unit of all members in

@ PLoS ONE | www.plosone.org

this family are predicted to have six hydrophobic, membrane-
spanning o-helices connected by five loops of variable length that
delimit a polar channel with two wide vestibules and a narrow
pore [8,9]. Two of the connecting loops, namely B and E, interact
with each other from opposite sides through two highly conserved
NPA (Asn-Pro-Ala) motifs forming a seventh transmembrane
region that contributes to the pore region [10]. Highly conserved
residues that stabilize the structure are found in the helices, e.g. the
transmembrane helix-helix packing motif GXXXG [11], as well as
conserved polar and charged buried residues that have been
proposed to form hydrogen bonds and ion pairs [12].

Plants encode a very large and diverse MIP family. They have
been classified into at least five subfamilies in higher plants: plasma
membranes intrinsic proteins (PIPs), tonoplast intrinsic proteins
(T1Ps), the small basic intrinsic proteins (SIPs), NOD26-like
intrinsic proteins (NIPs), and the recently discovered X intrinsic
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protein (XIPs) [13,14]. PIPs form the most highly conserved
subfamily in plants and are further divided into two groups named
PIP1 and PIP2 [15]. In addition to several single amino acid
residue substitutions, PIP2s are characterized by a short N-
terminal and a longer C-terminal relative to PIP1s [16]. Moreover,
differences are found in the water transport activity in oocytes
where PIP2s are more active than PIPls [16]. It has been
suggested that PIP2s are specific for water, whereas PIP1s have
been reported to facilitate the transport of solutes such as glycerol,
boric acid, urea, and carbon dioxide in addition to water [17-19].

The spinach (Spinacia oleracea) genome contains at least three
PIP1 and four PIP2 genes [20]. Recently, a new nomenclature
which reflects the phylogenetic classification of plants MIP genes
and proteins has been adopted [14]. In accordance with this
nomenclature, the spinach PIPs PM28A, PM28B and PM28C
have been renamed SoPIP2;1, SoPIP1;1 and SoPIP1;2, respec-
tively. SoPIP2;1 can be overexpressed and purified with high
yields [21] and its structure has been solved with Angstrom
resolution [5,22]. However, the structural stability parameters of
SoPIP2;1 have not been examined neither when solubilized by
detergents nor after the protein reconstitution into membranes
subsequent to the heterologous expression.

Due to the fact that the transport characteristics of SoPIP2;1 is
well described (e.g. from protein reconstitution into oocytes and £.
coli membranes [23]) it is a good candidate for being used in
technological applications, and the high selectivity and water
permeability of SoPIP2;1 makes it particularly interesting for a
biomimetic water filtration technology. AQP mediated water
transport is a prominent example of how Nature itself has
developed an effective mechanism for purifying water, and many
technologies based on biomimetic membrane transport is now
attracting considerable interest (for a review see [24]). However,
successful reconstitution and stabilization of functional proteins in
biomimetic membranes depends on suitable choices of both
detergent and host lipid membrane components.

Detergents are commonly used to solubilize membrane
proteins, and many membrane proteins have been solubilized
with various detergents without the loss of biological activity [25].
Sugar-based detergents and poly(oxyethylen)-based detergents are
at presently the most commonly used. In the particular case of
SoPIP2;1 different detergents like octyl-B-D-thioglucopyranide
(OTG) and octyl-B-D-glucopyranoside (OG) have been used. We
encountered problems with protein stability using OTG, presum-
ably related to the low solubility of OTG at low temperatures,
leading to aggregation of the protein under these conditions.
Consequently we performed our work using OG micelles where
no stability problems occurred with any of the preparations used in
this work.

One of the major challenges in designing biomimetic systems
based on integral membrane proteins is the reconstitution of the
proteins into the membrane. A common strategy involves the
incorporation of detergent solubilized proteins into vesicles
followed by detergent extraction. The detergent-free vesicles are
then fused with a receiving membrane. Typical lipid species for
fusogenic vesicles are palmitoyl-oleoyl-phosphatidylethanolamine
(POPE) -phosphatidylcholine (POPC) and -phosphatidylserine
(POPS) lipids supplied with sterols e.g. ergosterol [26]. Other
common lipids for biomimetic membranes are F. coli lipid extracts
and diphytanoylphosphatidylcholine (DPhPC). In this study we
examine SoPIP2;1 stability in four different membrane systems: £.
coli lipids, DPhPC, POPE: POPC: POPS:ergosterol and POPL:
POPC mixtures.

In this paper we present results from an extended secondary and
ternary structural characterization of the protein in detergent
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micelles and in lipid membranes using spectroscopic techniques.
Specifically we study the thermal secondary structure stability of
SoPIP2;1 when reconstituted in detergent micelles or in lipid
membranes using a detailed analysis by Circular Dichroism
spectroscopy. In addition we performed Emission Fluorescent
spectroscopy analysis of the six tryptophan (Trp) amino acids
present in the primary sequence of SoPIP2;1 in order to obtain
information about the thermal ternary structure stability of the
protein.

Results

First we characterize the folding patterns for SoPIP2;1 in
detergent and lipid. Then we characterized the thermal stability of
SoPIP2;1 secondary and tertiary structure.

SoPIP2;1 a-helical content in different systems

The far-UV CD spectra of SoPIP2;1 dissolved in PBS with 1%
OG display the characteristics of a predominantly o-helical
protein with negative bands around 209 nm and 222 nm
(Figure 1, full line). The deconvolution analysis reported a a-helix
content of 63% (Table 1). This value matches perfectly with the
one obtained after the analysis of the PDB file 1298 from the X-
ray diffraction data of this protein [22]. Although light scattering
tend to flatten out the CD spectra obtained from protein in lipid
vesicles making a direct comparison to micelles difficult, the
characteristic o-helical structure for aquaporins is rather well
preserved when the SoPIP2;1 is reconstituted in lipid complex
membranes of E. coli lipids (Figure 1 and Table 1). This is
consistent with previous results demonstrating protein activity
(water flux) regardless if SoPIP2;1 is purified in OTG [21] or OG
(unpublished results, J.S. Hansen). Other aquaporins have also
been successfully reconstituted in E. coli lipid membranes [27,28].

We then tested whether SoPIP2;1 could be reconstituted in
DPhPC membranes as DPhPC is generally recognized as forming
stable black lipid membranes [29-31], making this lipid, in
principle, suitable for being used in the design of water-filtration
systems. However our CD analysis of the SoPIP2;1-DPhPC
mixture suggested that this lipid does not preserve the structure of
this protein. Although spectra could be obtained (see Figure 1)
reproducibility was low for SoPIP2;1-DPhPC mixtures. White
precipitate particles were commonly observed during the recon-
stitution process which may be directly related to the apparition of
denatured protein aggregates. The aggregation of the protein in
DPhPC could be related to the difficulties encountered in forming
liposomes even when extrusion methods were used. Also dynamic
light scattering analysis of the DPhPC suspension reported very
broad structural features. Specimens with diameters ranging from
51 to 2669 nm (range of the diameters taken from the calculated

Table 1. Summary of the SoPIP2;1 secondary structure
results.

%

a-Helix p-sheet Turns Random
OG micelles 63 20 3 15
E. coli lipid 61 17 7 16
POPE:POPC:POPS:Ergosterol 48 25 6 18
POPE:POPC 43 27 9 21
DPhPC 42 30 7 21

doi:10.1371/journal.pone.0014674.t001
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Figure 1. Far-UV CD spectra of SoPIP2;1. The measurements were
obtained at 20°C in phosphate buffer, pH 7.5, NaCl 150 mM containing
1% OG and in different lipid membranes.
doi:10.1371/journal.pone.0014674.g001

Gaussian distribution of the sizes between 10% and 90% of the
total distribution) were found in the same sample. The
polydispersity index was 0.308, confirming a high liposome
structural heterogeneity. These results suggest that this lipid does
not provide a good membrane environment for a successful and
stable SoPIP2;1 membrane incorporation. Hence, we exclude
DPhPC bilayers as a host lipid membrane for SoPIP2;1.

We then examined POPE:POPC:POPS:Ergosterol (2:1:1:1
molar ratio) as this mixture has been shown to be as a good
fusogenic lipid mixture [32] applicable for the further incorpora-
tion of aquaporins into industrial membrane water-filtration
systems. The CD spectrum from SoPIP2;1/POPE:POPC:POP-
S:Ergosterol mixture does not look very different from the one
obtained when the protein is reconstituted into . coli lipid
membranes (Figure 1). However, the o-helical content reported
after the deconvolution analysis is lower (Table 1) and associated
with an increase in the B-sheet content and the other analyzed
structures. The spectra obtained with another suitable fusogenic
lipid mixture, POPE:POPC (7:3 molar ratio), showed even less
helical-like spectra although the deconvolution results report
values similar to those obtained with the more complex fusogenic
mixture (Figure 1 and Table 1).

Taken together we conclude that the best lipid system identified
for the reconstitution of SoPIP2;1 is E. coli lipid membranes,
followed by POPE:POPC:POPS:Ergosterol and POPE:POPC. In
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contrast DPhPC was found not to be suitable for the SoPIP2;1

membrane reconstitution.

Thermal stability of SoPIP2;1 secondary structure

One method to characterize the unfolding process of a protein is
to study the effect of temperature changes on its structure. This
provides important information about the conformational stability
of protein. The thermal stability of SoPIP2;1 was found to differ
between detergent micelles and the different lipid species studied
here, as evidenced by CD spectroscopy (Figure 2). The changes in
the secondary structure spectra associated with temperature
increase was found to be larger for the protein reconstituted into
detergent micelles (Figure 2, A) compared to £. coli lipids (Figure 2,
B), the POPE:POPC:POPS:Ergosterol mixture (Figure 2, C) and
the POPE:POPC mixture (Figure 2, D).

A summary of the results can be found in Figure 3 for the
thermal stability of the secondary structure where the Mean
residue ellipticity (MRE) at 222 nm were plotted as a function of
the temperature for all systems studied. The different MRE values
at 20°C (initial state) demonstrate that the protein is structured or
interacting in different ways with the different detergents or lipids
used. Therefore it can be assumed that the protein acquires
different structural initial states as quantified by the deconvolution
analyses in the different environments tested (Table 1). The
SoPIP2;1 structure is more sensitive to the temperature changes
when it is reconstituted into detergent micelles than when it is
reconstituted into lipid membrane systems. Although the unfolding
transition is not reversible, the transition midpoint can be used to
quantify the thermal stability of the protein [33].

The variation of MRE 222 nm with increasing temperature
shows that the protein in detergent micelles solution has a melting
temperature around 58°C. The decreasing temperature ramp
measurement failed to report the same initial state (data not
shown), indicating an irreversible unfolding of the protein under
these conditions. A white precipitate in the sample after incubation
at the melting temperature was observed probably caused by the
presence of unfolded protein aggregates that precipitated at the
bottom of the sample cuvette. Thus the structural stability of the
protein can be maintained up to 50°C. The melting temperature
value around 58°C was also confirmed by SDS-PAGE (Figure 4).
Presence of monomers and dimer bands can be observed at
temperatures below 58°C but these bands disappear at higher
temperatures and aggregated protein was retained in the well.
Bands corresponding to complexes larger than the tetrameric
protein are visible between 55 and 60°C.

Protein reconstitution in complex membranes lipid mixtures (.
coli or POPE:POPC:POPS:Ergosterol) increases the stability of
SoPIP2;1 against temperature changes in the system. The spectra
of the protein reconstituted in these membranes exhibited a
different behavior in response to the temperature increase
compared to the protein reconstituted in detergent-micelles
(Figure 2). In this case of reconstitution in membrane lipid
mixtures, only minor changes were observed in the spectra and
appeared first above 70°C. This is clearly evident in the MRE
222 nm value representation (Figure 3).

Thermal stability of SoPIP2;1 tertiary structure

SoPIP2;1 contains six tryptophan (Trp) residues in the primary
sequence. These residues can be used as intrinsic fluorophores for
analyzing the protein ternary structure (see the cartoon in
Figure 5A) as the Trp fluorescence emission spectrum is sensitive
to both the polarity and the dynamics of the environment
surrounding the aromatic side chain. Therefore, the variation in
the Trp fluorescence emission spectra reports changes in tertiary
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Figure 2. Thermal unfolding of the secondary structure of SoPIP2;1. Protein was reconstituted in A) OG micelles, B) E. coli lipid membranes,
C) POPE:POPC:POPS:Ergosterol membranes and D) POPE:POPC membranes. Temperatures are represented by the grayscale colors from black, 20°C to

very light gray, 95°C.
doi:10.1371/journal.pone.0014674.g002

structure of the protein. Thus the Trp is generally blue-shifted
from 350 nm in environments of low polarity such as the
hydrophobic interior of a protein or in a lipid membrane
environment and Trp fluorescence in proteins has been classified
into five classes by Reshetnyak et al. [34]. According to this
classification, the dominant fluorescence around 329 nm corre-
sponds to a class of Trp side chains that are in a relatively non-
polar environment and H-bonded in an 2:1 exciplex that
fluoresces at 331 nm [34]. Inspection of the three-dimensional
structure of SoPIP2;1 indicated that the Trps of this protein are
positioned close to the surface of the protein (see cartoon i in
Figure 5A) [22]. SoPIP2;1 reconstituted into detergent-micelles

';@é_: PLoS ONE | www.plosone.org
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exhibited a maximum fluorescence at 330 nm indicating that the
region of the protein where the Trps are located is positioned at
the edge of the detergent micelles thereby facilitating the contacts
between Trps and water molecules (see cartoon ii in Figure 5A and
experimental results in Figure 5B). The easier accessibility of the
water to the Trp environment is due to the loosely packed
hydrophobic tails of the detergents interacting with the protein in
detergent-micelles. A shift to lower wavelength values was always
observed when the protein was reconstituted into lipid membranes
(representative spectra showed with the . coli membranes in
Figure 5B). It demonstrates that the lipid membrane environment
offers a more extensive hydrophobic surface for interaction with
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Figure 3. MRE at 222 nm as a function of temperature. SoPIP2;1
in OG micelles (@), E. coli lipid membranes (1), POPE:POPC:POPS:Er-
gosterol ( 0) and POPE:POPC (<).
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the transmembrane protein (cartoon iii in figure 5A). It is also
consistent with the higher temperature stability exhibited by the
protein in the membrane systems. Thermal stability of the protein
was also monitored by following the Trp fluorescence vs.
increasing temperature. The Trp fluorescence was quenched at
higher temperatures while the wavelength at which maximum
emission took place was not affected significantly (Figure 5B and
6).

For transmembrane proteins two components are generally
contributing to a higher water access to the Trp location. One is
the fluidity of the micelles or membranes and the other is the
progressive unfolding of the protein. In case of detergent micelles,
the effect of possible micelle fluidity is not very high. The protein
reconstituted into micelle solution exhibited a very similar profile
to the protein unfolding analyzed by CD. In this situation the
principal transition occur around 58°C (Figure 6). When the
protein is reconstituted in lipid membranes the profile is more
complex with more than one transition indicating the contribution
of both components to the final state (Figure 6). The first transition
may reflect a change in the lipids that allows water to access the
Trp environment without any structural change in the protein. In
any case the steeper slope, likely to be related to the protein
unfolding, occurs around 70°C correlating well with the data
obtained by CD spectroscopy.

Discussion

The structural stability of the protein is important as a
precedent for good functionality after reconstitution. Here we
used CD spectroscopy as an effective and fast tool for testing the
structural properties of SoPIP2;1 and its stability in different
environments. CD spectroscopy has already been used with many
other proteins and it has been used for determining the melting
temperature of proteins [33,35,36].

A high-resolution X-ray structure (PDB data 17298) has been
published for untagged SoPIP2;1 [22], but the structural stability
properties of SoPIP2;1 have never before been studied after
overexpression and reconstitution into different membrane or
membrane-like environments. A helical content of 60% was
reported in the 17298 SoPIP2;1 crystallographic structure.
However, the helical content determination is not complete as
1798 does not report the first 23 and the last 7 residues of the
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St 26 50 55 56 57 58 89 60 65

=

Figure 4. Thermal denaturation of SoPIP2;1. It can be visualized
by SDS-PAGE since large aggregates are formed that cannot enter the
gel. After incubation at room temperature the normal bands
corresponding to monomeric, dimeric, trimeric and tetrameric SoPIP2;1
are evident. No aggregates were found at 50°C whereas at the melting
point, 58°C, as determined by CD, part of the protein was aggregated.
At 65°C the aggregation was complete. The samples were incubated at
the indicated temperatures (25-65°C) for 10 minutes before sample
loading buffer was added followed by 10 minutes incubation at room
temperature. St, standard with indicated Mw in kDa in the left side of
the gel.

doi:10.1371/journal.pone.0014674.g004

protein. Our CD measurements of His-tagged SoPIP2;1 in OG
micelles, the same detergent also used to solubilize the protein for
crystalization, showed a 63% helical content, a value that matches
well with the high resolution structure of SoPIP2;1 demonstrating
that CD spectroscopy is a very useful tool for testing the secondary
structure stability of the protein reconstituted in different systems.

Regarding the tetrameric quaternary structure of SoPIP2;1, two
mechanisms could explain the results shown in Figure 3: unfolding
or dissociation of the tetrameric protein complex. The moderate
change in MRE as function of temperature observed when the
protein is reconstituted in phospholipid membranes could be
related to protein unfolding in a small protein population.
Considering that the CD results are giving an average value of
the folding pattern this would imply that most of the protein is
correctly folded. However, it is also possible that the change in
MRE is due to dissociation of the aquaporin tetrameric complexes.
In that case also monomers and dimers may occur in the
membrane at higher temperatures giving rise to the changes in
MRE as observed.

The information obtained by CD was also validated with Trp
fluorescence emission. These measurements provided information
about the protein tertiary structure and incorporation into the
membrane. Our results revealed that POPE:POPC:POPS:Ergos-
terol, POPE:POPC and E. coli lipids all are appropriate lipid
systems for reconstitution of SoPIP2;1 as they supported structural
and thermal stability of the protein. The results from the latter
system is consistent with the work by Karlsson et al. [21] using
stop-flow measurements demonstrating water transport function-
ality for SoPIP2;1 in E. coli lipids. In contrast DPhPC does not
provide a suitable host lipid membrane for SoPIP2;1.

It have been suggested that aquaporins exhibit greater stability
[37-42] compared to the structurally closely related glycerol
facilitators (aquaglyceroporins) [28,43-45]. Galka and collabora-
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Figure 5. Fluorescence spectroscopy analysis of the protein ternary structure behavior. A) Cartoons illustrating the Trp residues (green)
position in the protein ternary structure SoPIP2;1. The structure derives from the PDB file 1298 [22] using VMD software is shown in i [50], an
illustration of the protein position in detergent micelles in ii and in lipid bilayers in iii. B) Thermal unfolding of SoPIP2;1 monitored by tryptophan
fluorescence. To the left, the protein is reconstituted into OG micelles and to the right the protein is reconstituted into E. coli lipid membranes.
Temperatures are represented by the grayscale colors from black, 20°C to very light gray, 95°C.

doi:10.1371/journal.pone.0014674.9g005

maltoside (DDM). The same temperature was obtained for the
tertiary structure monitored by Trp fluorescence [36]. When these
authors studied the secondary thermal stability by far-UV CD

tors [36] showed using SDS-PAGE electrophoresis that £. coli
GlpF aquaglyceroporin has an unfolding temperature of the
tetramer around 60°C in detergent solutions of dodecyl B-D-
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Figure 6. Fluorescence intensity at the maximum of the
emission spectra as a function of temperature. The protein
reconstituted in detergent micelles show one principal transitions in
comparison with the protein reconstituted in lipid membranes where at
least three different transitions can be observed. Fluorescence intensity
values are normalized to the higher intensity value observed with the
protein in micelles suspension at 20°C.

doi:10.1371/journal.pone.0014674.g006

spectroscopy they observed a two-state unfolding transition
occurring around 70°C for GlpF in DDM. When GlpF was
reconstituted into lysomyristoylphophatidylcholine (LMPC) mi-
celles, the tetramer unfolded around 80°C. and the thermal
stability of the secondary structure was reported to have a
transition temperature of 87°C. Compared with our results
obtained for SoPIP2;1, GIpF in LMPC micelles apparently has a
higher stability than SoPIP2;1 in OG micelles and phospholipid
bilayers. On the other hand SoPIP2;1 reconstituted into the
bilayer-forming phospholipid mixtures tested here shows a similar
melting temperature as GlpF in DMM. Unfortunately a direct
comparison is not possible as we do not have the same GlpF/lipid
systems to compare with.

In conclusion we have shown that SoPIP2;1 can exist as a stable
folded protein in OG detergent micelles solutions and that the
protein can be transferred from detergent micelles solutions and
reconstituted into selected phospholipid membranes preserving its
structural characteristics. It is likely that more suitable reconsti-
tution systems exist for SOPIP2;1 than those studied in the present
work. In order to efficiently test a range of systems, new methods
are called for. Presently we are working on developing a new
microscopic method that will allow us to test at the same time the
incorporation and distribution of the protein in different
membrane systems and evaluate the yield of the incorporation
and characterize the protein functionality.

Materials and Methods

E. coli lipids total extract, 1,2-Diphytanoyl-sn-Glycero-3-Phospho-
choline (DPhPC), 1-palmitoyl-2-oleoyl-su-glycero-3-phosphoethano-
lamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (so-
dium salt) (POPS) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Octyl-B-D-glucopyranoside (OG) was purchased
from Anatrace (Maumee, OH) and Sigma-Aldrich (Brondby,
Denmark). Ergosterol and all the other chemicals were obtained
from Sigma-Aldrich (Brondby, Denmark).
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Heterologous protein overexpression

Functional SoPIP2;1 was overproduced in the methylotrophic
yeast Pichia pastoris as His-tagged protein with a myc epitope [21].
The fusion protein has 303 amino acid and a molecular weight
(Mw) of 32512 Da. The strain was grown in a 3 L fermentor
typically resulting in 230 g wet cells/L culture after 24 h of
methanol induction. Urea/NaOH washed membranes were
prepared as described previously [21] and SoPIP2;1 was
solubilised in 5% OG. Solubilized His-tagged material was
purified using Ni-affinity chromatography as previously published
[21]. The ecluted protein was concentrated using a VivaSpin 20
concentrator (cutoff MW 10 kDa, VivaScience) and the buffer was
then changed to 10 mM phosphate buffer, pH 7.5, NaCl 150 mM
(PBS) supplemented with 10% glycerol and 1% OG using a PD-10
column resulting in a final concentration of 10-15 mg/ml as
determined by Bearden [46].

Electrophoresis

Pure protein (5 pug) in 20 pul. of phosphate buffer (10 mM
potassium phosphate, 150 mM NaCl, 1% OG and 10% glycerol
pH 7.5) was incubated for 10 minutes at different temperatures
(25°C—65°C). After incubation, sample loading buffer (125 mM
Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 10% (v/v) PB-
mercaptoethanol 0.1% bromophenol blue) was added to the
protein and further incubated for 10 minutes at room tempera-
ture. SDS- PAGE (12%) of the sample was performed as described
by Laemmli [47]. Protein was visualized by staining the gel with
Coomassie brilliant blue R250.

Dynamic Light Scattering (DLS)

Multilamellar 4 mg/ml DPhPC  vesicles were formed by
evaporation of the chloroform solvent by nitrogen gas and drying
30 minutes in the dessicator, followed by resolvation of the lipid
film in sterile filtered 0.2 M KCI in double distilled water. The
vesicle solution was extruded 11 times through a 100 nm
polycarbonate filter. DLS size distribution analyses of 0.1 mg/ml
DPhPC vesicles in 0.2 M KCI at 25°C were performed with a
Malvern Zetasizer NanoZS instrument courtesy of LiPlasome
Pharma A/S. Standard cuvettes (67.740 from Hounisen, Den-
mark) were used. 3 measurements of 13 runs each were taken and
averaged. The analysis was carried out with the software program
DTS 5.10, using an in-built general purpose analysis model.

Liposome and Protoliposome reconstitution

Purified SoPIP2;1 was reconstituted into vesicles by mixing with
E. coli lipids total extract or DPhPC or POPE:POPC:POPS:Er-
gosterol (2:1:1:1 mol ratio) (complex fusogenic mixture) or
POPE:POPC (7:3 mol ratio) (binary fusogenic mixture) solubilized
in 1% OG at a lipid-to-protein molar ratio (LPR) of 200 in
phosphate buffer 10 mM, NaCl 150 mM, pH 7.5 at a final
0.1 mg/mL concentration of protein. The mixture was dialyzed in
Slide-A-Lyzer® Dialysis Cassettes from Thermo Scientific, Pierce
Biotechnology, (Rockford, IL) with a molecular cut-off of 10,000
Mw at room temperature for 4 days with two buffer changes per
day. Control vesicles were made in the same manner without
protein.

Circular Dichroism (CD) and Fluorescence

CD spectra were acquired with a Jasco 815 spectrometer (Jasco
UK, Essex, UK). The sample temperature was controlled by a
built-in Peltier device. The protein or lipid-protein solutions were
placed in a quartz cuvette with a 0.1 cm path length and the
spectra were collected at 20 nm/min between 250-190 nm with a
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response time of 0.25 s and a data pitch of 0.1 nm. Baselines were
collected in the same manner and spectra were baseline corrected.
CD spectra for samples without protein, i.e. buffer or buffer with
detergent and lipid did not exhibit ellipticity. Mean residue
cllipticity (MRE) ([6] x10™? deg cm? dmol ™ ") as calculated using
the equation [0]y=M6/10-1-c'n, where M is 32512 g/mol, 0 is
the measured ellipticity in millidegrees, 1 is the cell path length, c is
the protein concentration in grams per liter, and n =303 residues.
Deconvolution of the CD spectra into pure component spectra
was performed using the algorithm CDSSTR [48] accessed
through Dichroweb [49]. o-helical changes were followed
observing the variation in MRE at 222 nm for the temperature
stability measurements between 20°C and 95°C.
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Fluorescence spectra were collected in an ISS Chronos fluorom-
eter (ISS Champaign, IL) using a 280 nm diode as excitation source.
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We have purified and reconstituted human transient receptor
potential (TRP) subtype A1 (hTRPA1) into lipid bilayers and recorded
single-channel currents to understand its inherent thermo- and che-
mosensory properties as well as the role of the ankyrin repeat
domain (ARD) of the N terminus in channel behavior. We report
that hTRPA1 with and without its N-terminal ARD (A1-688 hTRPA1)
is intrinsically cold-sensitive, and thus, cold-sensing properties of
hTRPA1 reside outside the N-terminal ARD. We show activation
of hTRPA1 by the thiol oxidant 2-((biotinoyl)amino)ethyl methane-
thiosulfonate (MTSEA-biotin) and that electrophilic compounds ac-
tivate hTRPA1 in the presence and absence of the N-terminal ARD.
The nonelectrophilic compounds menthol and the cannabinoid A°-
tetrahydrocannabiorcol (C16) directly activate hTRPA1 at different
sites independent of the N-terminal ARD. The TRPA1 antagonist
HC030031 inhibited cold and chemical activation of hTRPA1 and
A1-688 hTRPA1, supporting a direct interaction with hTRPA1 out-
side the N-terminal ARD. These findings show that hTRPA1 is an
intrinsically cold- and chemosensitive ion channel. Thus, second
messengers, including Ca?*, or accessory proteins are not needed
for hTRPA1 responses to cold or chemical activators. We suggest
that conformational changes outside the N-terminal ARD by cold,
electrophiles, and nonelectrophiles are important in hTRPA1 chan-
nel gating and that targeting chemical interaction sites outside the
N-terminal ARD provides possibilities to fine tune TRPA1-based
drug therapies (e.g., for treatment of pain associated with cold
hypersensitivity and cardiovascular disease).

cold sensing | irritants | pain | sensory neuron | TRP channels

Anumber of vertebrate and invertebrate transient receptor
potential (TRP) ion channels have been implicated in
temperature sensation (1-3), but only the rat menthol receptor
TRP subtype M8 (TRPMS) and the rat capsaicin receptor TRP
subtype V1 (TRPV1) have been shown to possess intrinsic ther-
mosensitivity (4, 5). In 2003, Story et al. (6) proposed that the
mouse TRPALI is a noxious cold sensor. Story et al. (6) showed
that TRPA1 was present in nociceptive primary sensory neurons
and that CHO cells heterologously expressing the mouse TRPA1
displayed cold sensitivity. Most subsequent studies of cold
responses in heterologous TRPA1 expression systems, isolated
primary sensory neurons, and whole animals have provided evi-
dence in support of mouse and rat TRPAI being involved in
noxious cold transduction (7). Interestingly, a familial episodic
pain syndrome triggered by cold is caused by a gain-of-function
mutation in the TRPALI gene, indicating that TRPA1 may have
a key role in human noxious cold sensation (8). Thus, human
TRPA1 (hTRPA1) may be a relevant drug target for treatment of
this condition and other pathological conditions, such as in-
flammation, nerve injury, and chemotherapy-induced neuropathy,
that are characterized by TRPA1-dependent cold allodynia or
hypersensitivity (7). However, in vitro studies of the expressed
hTRPA1 have generated conflicting findings (8-15), and no
study has provided evidence that mammalian TRPAI1 channels

www.pnas.org/cgi/doi/10.1073/pnas. 1412689111

are, indeed. intrinsically cold-sensitive proteins, which would
require examination of the purified protein in a defined membrane
environment.

Heterologous expression studies of chimeric or mutated
TRPALI channels have proposed that the N-terminal region plays
an important role in thermal and chemical sensitivity of both
mammalian and insect TRPA1 (14, 16-19). Initial studies in-
dicated that mammalian TRPA1 is activated by cysteine-reactive
electrophilic compounds and oxidants, such as diallyl disulfide in
garlic (9, 10, 20, 21). Targeted gene mutations have identified
cysteines present in the N terminus of TRPA1 as important for
electrophilic and oxidative TRPA1 channel activation (22, 23).
Because several of these cysteines are involved in protein disulfide
formation (24-26), it is not unlikely that such mutations will have
pronounced effects on the overall TRPA1 channel structure and
function (7). Electrophilic compounds can also covalently bind to
cysteines in the transmembrane segments and the C-terminal
domain of mammalian TRPA1 (23, 26), and the electrophiles
p-benzoquinone, isovelleral, and polygodial robustly activate the
heterologously expressed triple mutant hTRPA1-3C (27, 28) that
was initially used to identify certain N-terminal cysteine residues
in hTRPA1 as key targets for electrophiles (22). However, it is yet
to be shown that covalent binding sites outside the N-terminal
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ankyrin repeat domain (ARD) contribute to the regulation of
channel gating.

Another key feature of mammalian TRPAI is the re-
sponsiveness to nonelectrophilic compounds with very different
chemical structures, such as menthol and the cannabinoids
A’-tetrahydrocannabinol (A°-~THC) and A°-tetrahydrocannabiorcol
(C16) (7). However, if nonelectrophilic compounds activate
TRPAL directly and at the same site on TRPA1 is not known. The
site of action of nonelectrophilic TRPA1 activators is important to
clarify, because some TRPALI activators are antinoiceptive (29, 30),
and nontissue-damaging TRPA1 activators may be used clinically
for pharmacological regulation of TRPA1 channel activity (29).

Here, we have purified and inserted hTRPA1 with and with-
out its N-terminal ARD (A1-688 hTRPA1) into lipid bilayers for
functional studies using patch-clamp electrophysiology to ex-
plore the inherent thermo- and chemosensitivity of hTRPAL.
Because of the great potential of TRPAI as a drug target for
treatment of human pain and the existence of mammalian TRPA1
species differences (7), the human variant of TRPA1 was chosen
for these studies. We addressed the role of the N-terminal ARD in
cold and chemical sensitivity by deleting the N-terminal ARD,
something that cannot be studied in cells heterologously express-
ing TRPAI, because the N-terminal ARD is needed for insertion
of the ion channel into the plasma membrane (31). Our findings
consolidate hTRPAI1 as a multimodal nocisensor responding to
cold and chemicals. It is suggested that conformational changes
outside the N-terminal ARD by cold, electrophiles, and non-
electrophilic compounds are important in hTRPA1 channel gat-
ing. Targeting chemical interaction sites outside the N-terminal
ARD may provide possibilities to fine tune TRPAl-based drug
therapies [e.g., for treatment of pain associated with cold hyper-
sensitivity (7) and cardiovascular disease (32)].

Results

Purification of Functional hTRPA1. To purify hTRPA1 and A1-688
hTRPA1, we used a Pichia pastoris expression system previously
proven to be successful in the purification of other integral
membrane proteins (33, 34). Initial screening of various deter-
gents identified a series of fos-choline detergents as particularly
effective for extraction of hTRPA1 and A1-688 hTRPAI from
P. pastoris cell membranes. Out of this screening, we chose fos-
choline-14 for the purification and functional studies of the
hTRPALI channels. Intact hTRPAI and A1-688 hTRPAI1 with
N-terminal decahistidine tags, which did not compromise the
functionality of hTRPA1 when expressed in HEK293 cells (Fig.
S1 A-D), were purified by Nickel affinity chromatography (Fig.
1); A1-688 hTRPAI1 was obtained at a higher yield (3 mg/10 g
cells) and purity than hTRPA1 (0.3 mg/10 g cells) using a one-
step purification procedure. Based on Image Quant analysis, the
purities of hTRPA1 and A1-688 hTRPA1 were estimated to be
50% and 95%, respectively.

In contrast to the heterologously expressed hTRPALI, there is
no information on the functional properties and folding of A1-688
hTRPAI. Therefore, gel filtration and circular dichroism (CD)
spectroscopy were implemented to evaluate the consequences of
the removal of the N terminus on tetramerization and folding of
the protein. As shown by the chromatogram, A1-688 hTRPALI
eluted mainly as a tetramer (Fig. 1C), and the far UV CD spectra
showed that A1-688 hTRPAL1 has the characteristics of a pre-
dominately a-helical structure with minima at 208 and 222 nm
(Fig. 1D). The secondary structure composition was estimated
by the Dicroweb software using CDSSTR, SELCON3, and
CONTINLL algorithms, suggesting that A1-688 hTRPA1 con-
tains 35-45% of a-helices, 15-20% of p-strands, 20-25% of turns,
and 20-25% of unordered structure. The expected minima of
a-helical content based on prediction of transmembrane domains
(transmembrane hidden Markov models) and sequence alighment
of A1-688 hTRPA1 with the potassium channel (Kv1.2) with
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Fig. 1. Purification of hTRPA1 with and without the N-terminal ARD. (A)

hTRPA1 was expressed either intact (1-1,119 aa) or without the ARD of the N
terminus (A1-688 hTRPA1; 689-1,119 aa) with N-terminal decahistidine tags
(10xHis). (B) Affinity-purified hTRPA1 (lanes 3, 5, and 7) and A1-688 hTRPA1
(lanes 2, 4, and 6) visualized by Coomassie staining (lanes 2 and 3) and
Western blotting (lanes 4-7) using either tetrahistidine antibody (lanes 4 and
5) or hTRPA1 antibody (lanes 6 and 7). The amounts of protein were 5 pg for
Coomassie staining and 200 ng hTRPA1 and 40 ng A1-688 hTRPA1 for
Western blotting. (C) As shown by the chromatogram, using a Superdex 200
size exclusion column, A1-688 hTRPA1 eluted mainly as a tetramer (*). V,
and # indicate void volume and monomer, respectively. (D) CD spectroscopy
analysis disclosed typical characteristics of A1-688 hTRPA1 as a folded protein
of high a-helical content. Mw, molecular mass.

known structure were 27% and 36%, respectively, which are in
good agreement with the experimental data. Both the CD spectral
data and the tetrameric oligomeric state of the purified protein
suggest that it is correctly folded and functionally intact. In line
with the general view that functional TRP channels are tetrameric
protein complexes (2, 24), initial electrophysiological experiments
measuring ramp currents (—100 to + 100 mV in 2 s) showed that
hTRPA1 and A1-688 hTRPAL reconstituted into planar lipid
bilayers are functional proteins, because they responded to allyl
isothiocyanate (AITC) and menthol, respectively, with single-
channel currents at both negative and positive test potentials (Fig.
S1E). Because AITC is supposed to activate TRPA1 by binding
to the N terminus (22, 23), menthol was used to assess the
functionality of A1-688 hTRPAI, because this nonelectrophilic
compound presumably interacts with the S5 transmembrane
domain (35).

Activation of hTRPA1 by Cold. TRPAL1 activity was rarely observed
at room temperature (22 °C), whereas cooling consistently acti-
vated hTRPA1 and A1-688 hTRPA1 at both positive and neg-
ative test potentials (Fig. 2, Figs. S2B and S3 A4 and D, and Table
S1). Bilayers without proteins did not respond to cooling (Fig.
S2C). Exposure to the TRPAT blocker HC030031 inhibited cold-
induced activation of hTRPA1 and A1-688 hTRPA1 by 71% and
76%, respectively (Fig. 2 C and D). Cooling from 22 °C to 10 °C
dramatically increased single-channel open probability (P,) (Fig.
2 A, B, and E). Our experimental setup did not allow us to obtain
stable temperatures below 10 °C, which is why P, values between
22 °C and 10 °C were used to calculate Q10 values of 0.025 and
0.018 from Arrhenius plots for hTRPA1 and A1-688 hTRPA1,
respectively (Fig. 2E). A similar temperature dependence of the
heterologously expressed mouse TRPAI was observed in cell-
attached and inside-out patches (36, 37) and with single-channel
conductance (Gg) values at 10 °C, comparable with what we
found for hTRPAL (Gs = 50 + 4 pS, n = 4). The G values at
10 °C differed between hTRPA1 and A1-688 hTRPA1 (P < 0.05,
one-way ANOVA followed by Bonferroni’s multiple comparison
test) (Table S1). Notably, the cold-induced activity was re-
versible, and the G, but not P, decreased by 49% + 10% (n = 3;
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Fig. 2. The hTRPA1 is intrinsically cold-sensitive with and without the N-terminal ARD. Purified hTRPA1 and A1-688 hTRPA1 were inserted into planar lipid
bilayers. (A-C) As shown by representative traces, cooling evoked substantial \TRPA1 and A1-688 hTRPA1 single-channel activity at a test potential of +60 mV
(upward deflection shows open-channel state, and ¢ shows closed-channel state). Amplitude histograms corresponding to each trace are shown in Fig. S2A.
(C) Traces showing inhibition of cold responses of hTRPA1 and A1-688 hTRPA1 by the TRPA1 antagonist HC030031 (100 pM). (D) Graph with P, values
calculated from a time period of 1 min before and a time period of 1 min after treatment of hTRPA1 (n = 3) and A1-688 hTRPA1 (n = 4) with HC030031 at
15 °C. Complete inhibition was achieved after 1 min. Data are represented as means + SEMs. *P < 0.05 indicates statistically significant differences using the
Student’s paired t test. (E) Plots summarize the P, at various temperatures (number of experiments within parentheses) for (Left) hnTRPA1and (Right) A1-688
hTRPAT1. Insets show Arrhenius plots of the same data, with P, values as the natural logarithm (In) and temperature (T) as reciprocal Kelvin. Single-channel
currents were recorded with the patch-clamp technique in a symmetrical K* solution.

P < 0.05, one-sample ¢ test) when hTRPA1 was repeatedly ex-
posed to 15 °C (Fig. S34). This decline in G, may reflect an in-
herent calcium-independent change in pore size, but it should not
affect our analysis of cold-induced responses, because the analysis
was based only on a first exposure to the indicated temperatures.

Activation of hTRPA1 by Electrophiles in the Absence of the N-Terminal
ARD. Having established that the N-terminal ARD of hTRPAL is
not required for activation by cold, we asked if electrophiles can
activate hTRPAL in the absence of its N-terminal ARD at room
temperature. Single-channel currents were rarely observed at test
potentials of —60 and +60 mV or in voltage ramp recordings from
—100 to +100 mV in the absence of TRPAL1 activators (Fig. 24, B,
and E, and Figs. S1E and S34). However, AITC, cinnamaldehyde
(CA), and N-methylmaleimide (NMM) but not the vehicle (1%
ethanol) produced activation of both hTRPA1 and A1-688
hTRPA1 at —60 and +60 mV, whereas no activity was observed in
the presence of activators on empty bilayers (Fig. 34 and Figs. S5,
S6B, and S7). As shown for cinnamaldehyde, the effect was re-
versible (Fig. S3B). The activities of hTRPAl and A1-688
hTRPA1 were blocked by HC030031 in a reversible manner (Fig.
3B and Fig. S3C): P, = 0.56 + 0.09 and P, = 0.03 + 0.02 as cal-
culated for 1 min before and 1 min after the addition of
HCO030031, respectively, for hTRPAL (n = 4). Whereas the Gq
values for hTRPAL1 and A1-688 hTRPAI at —60 mV were similar
in the presence for all electrophilic compounds, the G; values at
+60 mV differed between hTRPA1 and A1-688 hTRPALI in the
presence of AITC and NMM (Fig. 44 and Table S1). Comparison
of P, values revealed differences in ligand activation between
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hTRPAI1 and A1-688 hTRPAL at both positive and negative test
potentials (Fig. 4B and Table S1). Additional calculations of the
rectification index (+60/—60 mV) for Gy and P, showed clear
differences between hTRPA1 and A1-688 hTRPA1 when exposed
to electrophiles (Fig. 4C), indicating that the N terminus modified
hTRPA1 channel behavior in a voltage-dependent manner.

The ability of the hydrophilic thiol oxidant 2-((biotinoyl)
amino)ethyl methanethiosulfonate-biotin (MTSEA-biotin; Fig.
S4), which is active on TRPAI from the intracellular side (23), to
activate hTRPAT1 (G, = 128 + 2 pS and P, = 0.71 + 0.02 at +60
mV; n = 5) only when applied in the bath solution (Fig. S4)
indicates a uniform orientation of the protein in the lipid bilayer.
Based on our findings that NMM activated the N-terminal ARD-
deleted hTRPA1 and its ability to bind cysteine residues outside
the N-terminal ARD (23, 26), we used a hydrophilic maleimide-
biotin derivative (Fig. S4) for studies of A1-688 hTRPA1. Our
data suggest a similar uniform orientation for A1-688 hTRPA1
in the lipid bilayer, because maleimide-biotin only activated this
protein when applied to the bath solution (Fig. S4). The Gs and
P, values for maleimide-biotin (Gs = 46 + 6 pS and P, = 0.41 +
0.03 at +60 mV, n = 4) are similar to those obtained with NMM
at a test potential of +60 mV (Fig. 4 4 and B Table S1).

Activation of hTRPA1 by Nonelectrophilic Compounds. In addition to
being a chemosensor of thiol-reactive electrophiles and oxidants,
TRPAL is also activated by nonelectrophilic compounds, including
A°-THC, C16, menthol, carvacrol, clotrimazole, and dihydro-
pyridines (7). A few heterologous expression studies using
site-directed mutagenesis, chimeric channel constructs, or isolated
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Fig. 3. Electrophilic and nonelectrophilic compounds activate purified

hTRPA1 with and without the N-terminal ARD. (A) Representative traces
show single-channel activity (upward deflection shows open-channel state,
and ¢ shows closed-channel state) for (Left) hTRPA1 and (Right) A1-688
hTRPA1 without the N-terminal ARD when inserted into planar lipid bilayers
and exposed to the electrophilic compounds AITC (100 pM), cinnamaldehyde
(CA; 100 pM), and NMM (100 pM) and the nonelectrophilic compound C16
(100 pM). Multiple distinct open-channel levels (dotted lines) were observed
for AITC in A1-688 hTRPA1, of which the main level (Os) was used for cal-
culations of the G, values presented in Fig. 4 and Table S1 (Fig. S5 presents
responses at —60 mV). As shown by representative traces, the vehicle (eth-
anol at 1%) used for all test compounds evoked no activation of either
hTRPA1 variant (n = 3). Amplitude histograms corresponding to each trace in
A are shown in Fig. S7. (B) The TRPA1 antagonist HC030031 (100 pM) blocked
CA-induced hTRPA1 (n = 4) and A1-688 hTRPA1 channel activity (n = 2).
Channel currents were recorded with the patch-clamp technique in a sym-
metrical K* solution at a test potential of +60 mV.

inside-out patches suggest that nonelectrophilic compounds, in-
cluding menthol and A°-THC, directly interact with TRPA1 (35,
38). In this study using the purified channel, we provide final proof
that A>~THC, C16, and menthol directly activate h"TRPA1 without
the involvement of other cellular proteins or second messengers,
including inositol triphosphate and Ca?* (Figs. 34, 4, and 5 and
Figs. SIE and S5-S7). As with electrophilic compounds, menthol
and C16 also activated hTRPA1 without the N-terminal ARD
(Figs. 34, 4, and 5 and Figs. S5 and S7). Importantly, the very
lipophilic and potent cannabinoid receptor agonist CP55940,
which in contrast to A’THC and C16, does not activate
hTRPA1 expressed in HEK293 cells (29), did not trigger
hTRPAI1 channel activity, whereas A’-THC produced activa-
tion when subsequently applied to the same bilayer (Fig. S6A4);
G, for A’-THC at +60 mV was 87 + 7 pS (n = 5). This phar-
macological profile together with our finding that electrophilic
and nonelectrophilic TRPAT activators are without effect on
lipid bilayers in the absence of protein (Fig. S6B) support
a specific interaction with hTRPAI.

Analysis of single-channel behavior revealed differences in the
action of menthol and C16 on hTRPAI and A1-688 hTRPA1
(Fig. 4 and Table S1). At +60 mV, G, was larger and P, was smaller
for A1-688 hTRPA1 than hTRPAT1 in the presence of menthol but
not C16, whereas at —60 mV, P, was larger for hTRPAI than Al-
688 hTRPAL in the presence of C16 but not menthol (Fig. 4 4 and
B and Table S1). The rectification index (+60/—60 mV) for G, and
P, showed clear differences in single-channel behavior between
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hTRPAI and A1-688 hTRPA1 when exposed to nonelectrophilic
compounds (Fig. 4C). Furthermore, C16 activated the menthol-
insensitive chimera Drosophila transmembrane segment 5 (dTMS5)
-hTRPA1 between D. melanogaster (ATM5) and hTRPAL (Fig. S8).
Taken together, these findings are consistent with distinct binding
sites for menthol and C16 and indicate that the N terminus
modifies hTRPA1 channel responses to nonelectrophilic com-
pounds in a voltage-dependent manner.

To further explore the influence of the N terminus on single-
channel behavior, we used menthol as an hTRPALI activator at
room temperature. This ligand is assumed to bind to the trans-
membrane region of the channel protein and therefore, should
not interfere with the integrity of the N terminus (35). As re-
vealed by comparing single-channel currents and P, between
hTRPALI and A1-688 hTRPALI at different test potentials, the
presence of the N-terminal ARD increased P, at positive test
potentials, while decreasing P, at negative test potentials
(Fig. 5). In contrast, the presence of the N-terminal ARD de-
creased G at positive test potentials, while leaving G unaffected
at negative test potentials (Fig. 5).

Discussion

The ability to detect and avoid noxious temperatures is crucial
for organism survival, but the underlying mechanisms of this
beneficial property may also contribute to thermal allodynia
or hypersensitivity, hallmarks of many chronic pain conditions
in humans. Understanding the molecular mechanisms behind
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Fig. 4. The N-terminal ARD influences the channel behavior of the purified
hTRPA1 when exposed to electrophilic and nonelectrophilic compounds. (A
and B) Bar graphs summarize the mean G; and P, values for the TRPA1
activators AITC (100 pM), cinnamaldehyde (CA; 100 pM), NMM (100 pM),
menthol (500 uM), and C16 (100 pM) at a test potential of either —60 or
+60 mV. Multiple distinct open-channel levels were observed for AITC in
A1-688 hTRPA1 (Fig. 3A and Fig. S5), of which the main levels (O3 at +60 mV/
and O; at —60 mV) were used for calculations of G, values. Single-channel
currents of purified hTRPA1 and A1-688 hTRPA1 inserted into planar lipid
bilayers were recorded with the patch-clamp technique in a symmetrical K*
solution. (C) Analysis of the rectification index (+60/-60 mV) using the G
and P, data shown in A and B (Table S1). The dotted line indicates the level
where no rectification would occur. Data are represented as means + SEMs.
*P < 0.05, **P < 0.01, and ***P < 0.001 indicate statistically significant dif-
ferences between the hTRPA1 variants using (A and B) one-way ANOVA
followed by Bonferroni’s multiple comparison test or (C) a priori contrast
analysis with adjustment for the degrees of freedom in the F test according
to the Welch-Satterthwaite procedure.
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Fig. 5. The N-terminal ARD modifies hTRPA1 activity induced by menthol in
a voltage-dependent manner. Purified hTRPA1 and A1-688 hTRPA1 were
inserted into planar lipid bilayers. (A) As shown by representative traces,
menthol (500 uM) evoked (Left) hnTRPA1 and (Right) A1-688 hTRPA1 single-
channel activity (upward deflection shows open-channel state at positive
test potential, downward deflection shows open-channel state at negative
test potential, and ¢ shows closed-channel state). (B) Single-channel current-
voltage (I-V) relationship and (C) single-channel P,-voltage (P,-V) re-
lationship of the hTRPA1 and A1-688 hTRPA1 when activated by menthol
(500 pM). The calculated mean slope G, values were 77 + 4 pS for hTRPA1
and 54 + 6 pS (-100 to —25 mV) and 152 + 7 pS (+25 to +100 mV) for A1-
688 hTRPA1. These values are in good agreement with G values obtained
at —60 and +60 mV in separate experiments (Fig. 4 and Table S1). Single-
channel currents were recorded with the patch-clamp technique in a sym-
metrical K* solution at the various test potentials indicated on the right in A.
Data are represented as means + SEMs of four separate experiments. (B)
P <0.01(+50 mV) and P < 0.001 (+60, +80, and +100 mV), and (C) P < 0.05
(+25 mV), P < 0.01 (-60 and +50 mV), and P < 0.001 (-50, —25, +60, +80,
and +100 mV) indicate statistically significant differences at each test po-
tential between the hTRPA1 channels using one-way ANOVA followed by
Bonferroni’s multiple comparison test.

thermosensation is, therefore, of importance from both bi-
ological and medical perspectives (1, 39). Several TRP channels
have recently been proposed as thermosensors, of which the
majority is involved in warm sensation (1-3, 39). However, to
define a TRP channel as a thermosensor would require ex-
amination of the purified channel protein in a defined mem-
brane environment, and to date, only rat TRPMS8 and rat TRPV1
have been shown to be intrinsically thermosensitive proteins (4, 5).
Here, we show for the first time, to our knowledge, that the pu-
rified hTRPALI inserted into artificial lipid bilayers is an inherently
cold-sensitive protein. Thus, the mammalian TRP channel family
consists of an additional cold senso—TRPA1—that, together with
TRPMS, covers noxious to pleasant cold temperatures.
Mutational and chimeric strategies have been used to suggest
specific thermosensitive regions and drug binding sites in TRP
channels (8, 11, 13, 14, 16, 17, 19, 40). In this study, using the
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purified N-terminal ARD-deleted hTRPA1 to avoid potential
artifacts in TRPAL1 function caused by mutations or the creation of
xenogeneic channels (7), we clearly show that the cold sensitivity
and the binding site for HC030031, an inhibitor of rodent TRPAL1
and hTRPAL (7, 41), are located outside the N-terminal ARD.
The search for a specific cold-sensitive region in mammalian
TRPAI1 channels should, thus, be directed toward the trans-
membrane and the C-terminal domains of TRPAI.

As shown for cold, electrophilic compounds also evoked ro-
bust hTRPA1 activity in the absence of the N-terminal ARD,
providing a more complex picture of electrophile activation of
hTRPAL than generally believed. By comparing G, and P, values
at +60 and —60 mV, we found voltage-dependent differences in
channel behavior between the two hTRPA1 variants when exposed
to electrophilic compounds. Interestingly, a triple cysteine mutation
of the hTRPA1 N-terminal region (hTRPA1-3C) changed the
voltage-dependent electrophilic activation of hTRPAIL by p-ben-
zoquinone, an acetaminophen (paracetamol) metabolite (28, 29).
Furthermore, the N-terminal region may suppress hTRPA1 chan-
nel gating, because the response to NMM was intact in the
N-terminal ARD-deleted hTRPA1 (this study) but lost in the
N-terminal triple cysteine mutant (22), having a greatly reduced
capacity to form disulfide bonds (25). The response of hTRPALI to
the nonelectrophilic compounds menthol and C16 also did not re-
quire the presence of the N-terminal ARD, which however, modi-
fied hTRPAI channel behavior in a voltage-dependent manner.

Although our data clearly show that electrophilic and non-
electrophilic compounds activate hTRPA1 outside the N-terminal
ARD, random protein orientation in the artificial lipid bilayer and
the existence of multiple levels of channel opening could com-
plicate the analysis of the voltage-dependent channel behavior. A
uniform protein insertion was not confirmed in each single ex-
periment, but separate experiments showed the ability of the bi-
otin derivatives of 2-((biotinoyl)amino)ethyl methanethiosulfonate
and maleimide to activate hTRPAI and the N-terminal ARD-
deleted hTRPAL, respectively, only when applied to the bath so-
lution, supporting a consistent asymmetric orientation of both
proteins in the lipid bilayers. For comparison of G, between the
hTRPAL variants at different voltages, we analyzed the current
magnitude only for the main open-channel level. Because dis-
tinct multiple open-channel levels were frequently observed for
AITC in the N-terminal ARD-deleted hTRPA1, G, values
and the rectification index obtained with AITC in hTRPA1
without the N terminus should be interpreted with caution. In-
terestingly, the hTRPAI single-channel Gy values for electro-
philic and nonelectrophilic compounds vary greatly, although
within the wide range of values reported for mammalian TRPA1
(7). Whether this ligand-dependent variation in single-channel
G; is caused by pore dilation and modified by the N terminus
warrant additional investigations. Based on our electrophysio-
logical data, it is difficult to provide a simple biophysical fin-
gerprint of hTRPA1, which may not be surprising considering
the great variety of chemical interactions between ligands and
TRPAT1 (7). Nevertheless, our data raise the possibility that the
N terminus modifies " TRPA1 channel behavior in a voltage-
dependent manner.

The ability of TRPA1 to respond to nonelectrophilic com-
pounds is intriguing but could indicate that endogenous TRPA1
modulators with similar chemical structures or properties exist
(7). In this study, we show that menthol and the cannabinoids
C16 and A°-THC dlrectly activate hTRPA1 without the need for
cytoplasmic (e.g., Ca**) or cell membrane-associated factors. We
found that the menthol-insensitive dTM5-hTRPAT1 chimera (35)
expressed in HEK293 cells was activated by C16, indicating that
menthol and cannabinoids interact with distinct binding sites. Fu-
ture studies identifying the binding sites for C16 and other can-
nabinoids may help us to understand nonelectrophilic regulation of
TRPALI and the potential of these binding sites as targets for
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analgesics, including nontissue-damaging TRPA1 activators (29).
Perhaps such TRPALI activators can also be used to modulate aging
in humans, because the TRPA1 activator AITC extended lifespan
in transgenic Caenorhabditis elegans expressing hTRPAL (42).

Although this study clearly shows that hTRPALI is an inherently
cold-activated ion channel, it does not resolve why studies of the
expressed hTRPA1 have generated such conflicting findings
regarding its cold sensitivity (8-15). However, we know that the
regulation of TRPA1 is complex and that the channel sensitivity
to ligands is dependent on the cellular context, including the
redox state in the cell, the phosphoinositide composition of the
cell membrane, and the intracellular activities of proline hy-
droxylase and protein kinase/phosphatase enzymes (7). Many of
these factors are probably dependent on the cell expression
system and the experimental conditions, and their future dis-
closure may pinpoint novel drug targets other than TRPA1 for
treatment of clinical conditions characterized by TRPA1-dependent
cold allodynia or hypersensitivity (7).

In conclusion, we show that hTRPA1 is an intrinsically cold-
activated ion channel that constitutes a molecular thermosensor
explaining TRPA1-dependent behavioral responses to noxious cold
(7). The N-terminal ARD is not needed for activation of hTRPA1
by cold, electrophiles, and nonelectrophilic compounds or inhibition
of hTRPA1 by HC030031. However, the N-terminal ARD may
modify hTRPA1 channel behavior in a voltage-dependent manner.
Targeting chemical interaction sites outside the TRPA1 N-terminal
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ARD may offer possibilities to fine tune TRPA1-based drug ther-
apies [e.g., for treatment of pain associated with cold hypersensitivity
(7) and cardiovascular disease (32)].

Materials and Methods

P. pastoris cell membranes, containing hTRPA1 or A1-688 hTRPA1, were
collected and solubilized with fos-choline-14 detergent (Anatrace). Both
proteins were purified using Ni-nitrilotriacetic acid affinity chromatogra-
phy; A1-688 hTRPA1 was also subjected to size exclusion chromatography.
Purified hTRPA1 (after Ni-nitrilotriacetic acid purification) and A1-688
hTRPA1 (tetrameric fraction from size exclusion chromatography) were
reconstituted into preformed planar lipid bilayers or giant unilamellar
vesicles. The vesicles were formed by electroformation using Vesicle Prep
Pro Station (Nanion Technologies). Lipid stock was made by dissolving
10 mM 1,2-diphytanoyl-sn-glycero-3-phosphocholine:cholesterol (9:1) in
trichloromethane. All lipid bilayer recordings were done on a Port-a-Patch
planar patch-clamp system (Nanion Technologies) in a symmetrical K*
solution at room temperature (22 °C) or below. Group data are expressed
as means + SEMs from n independent experiments (lipid bilayers or cell
transfections). S/ Materials and Methods has full details.
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