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1. INTRODUCTION

1.1. TRANSIENT RECEPTOR POTENTIAL CHANNELS (TRPS)

TRPs are polymodal signal detectors which are important for a wide range of physical
and chemical stimuli (Pedersen, Owsianik et al. 2005). They belong to the latest
discovered membrane ion receptors - the first transient receptor potential gene was
subcloned in 1989 (Montell and Rubin 1989). Then it was followed by molecular
identification and functional characterization of all the TRPs members. Nowadays we
are probably just at the beginning to get a deeper understanding of the molecular
structure, the biophysical properties, the functional role, and the pathophysiological
impact of this ion superfamily.

TRPs as a special nociceptive membrane receptors are responsible for the entry of
monovalent (K*, Na*, Li*) and divalent (Ca**, Mg?*, Zn®") cations into the cell (Gordon-
Shaag, Zagotta et al. 2008). They are represented by almost thirty-member family and
their variety is demonstrated by dozen of proposed functions: transmission of painful
stimuli, modulation of vascular tone, supply of intracellular calcium stores, modulation
of cell cycle, calcium oscillations after T cell activation, mechanotransduction,
thermosensation, regulation of cell adhesion, etc. (Cortright and Szallasi 2009,
Vennekens, Menigoz et al. 2012, Julius 2013, Carlstrom, Wilcox et al. 2015, Smani,
Shapovalov et al. 2015).

1.1.1. TRPS MEMBERS

The mammalian TRP channel superfamily encompasses 28 members subdivided into 7
families based on their protein homology: TRPC (canonical) subfamily, closest
homolog of Drosophila trp channels; TRPV (vanilloid) subfamily are named after a
founding member vanilloid receptor 1 (now TRPV1); TRPM (melastatin) subfamily
groups homologs of melastatin-1 (now TRPML1); TRPA (ankyrin) subfamily; TRPPs
and TRPMLs include mucolipins and polycystins, respectively; and finally TRPN
subfamily named after the 'NO-mechano-potential C' (NOMP-C) channel
of Caenorhabditis elegans (Voets and Nilius 2003) (Fig.1). In addition, TRP family is
also represented in fungi by a single member, TrpY1 (TRP yeast vacuolar conductance
1), which encodes a vacuolar membrane protein acting as a mechano-sensor of vacuolar
osmotic pressure in yeast. The overall protein sequence identity between subfamily
members in the same species is usually about 35%, but for duplication pairs (TRPC6
and TRPC7, TRPM4 and TRPMD5, or TRPV5 and TRPV6) can reach up to 50 % (Nilius
and Owsianik 2011). Intracellular C-terminus and N-terminus regulate channel
assembly and function. Number of typical domains like ankyrin repeats, coiled-coil
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regions, a TRP signature motif (TRP domain) and others differentiate TRP subfamilies
(Voets and Nilius 2003).

NOMPC
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FIGURE 1 Phylogenetic tree of TRPs based on their homology (Pedersen, Owsianik
et al. 2005).

1.1.1.1. TRPC

TRPC subfamily was established following the identification and cloning of TRPC1,
the first recognized mammalian TRP channel (Prawitt, Enklaar et al. 2000). TRPC
channels constitute a group of non-selective cation permeable channels that are
activated downstream of Gq/11-coupled receptors, receptor tyrosine kinases or receptor-
coupled PIP2 hydrolysis (Plant and Schaefer 2003, Trebak, Lemonnier et al. 2007,
Raghu and Hardie 2009). The mammalian members of the TRPC family can by divided
into 4 groups on the basis of functional similarities and sequence alignment: TRPC1,
TRPC2, TRPC3/6/7, and TRPC4/5. TRPC channels have frequently been proposed to
act as store-operated channels activated by depletion of intracellular calcium stores
(Ambudkar and Ong 2007) and they are not mechanically gated in physiologically
relevant ranges of force.

12



1.1.1.2. TRPV

Similar to the TRPC family, the TRPV family can be divided into four subfamilies on
the basis of structure and function, namely TRPV1/TRPV2, TRPV3, TRPV4, and
TRPV5/6 (Nilius, Vennekens et al. 2008). TRPV5 and 6 are the only highly Ca®-
selective channels in the TRP channel family (Nilius, Vennekens et al. 2000,
Vennekens, Hoenderop et al. 2000), whereas TRPV1-4 are non-selective cation
channels that are activated by temperature and by numerous other stimuli. All channels

of the TRPV family contain 3-6 NH,-terminal ankyrin repeats (Gaudet 2008).

1.1.1.3. TRPM

The genetically and functionally diverse TRPM subfamily is comprised of eight
putative members divided into three main groups: TRPM1/3, TRPM4/5, and TRPM6/7;
TRPM2 and TRPMB8 exhibit low sequence homology and therefore do not seem to
warrant grouping. TRPM1 has been suggested that it functions as a tumor suppressor
protein in melanocytes, TRPM3 as a hypo-osmolarity and sphingosine-activated
channel. TRPM4 and TRPM5 have been described as calcium-activated non-selective
cation channels, TRPM6 and TRPM7 as magnesium-permeable and magnesium-
modulated cation channels. TRPM2 acts as an ADP-ribose-activated channel of
macrophages, and TRPM8 acts as a cold receptor. TRPM2, TRPM6, and TRPM7 are
also unique TRPs known for as encoding enzymatically active protein domains fused to
their ion channel structures (Kraft and Harteneck 2005, Jiang 2007).

1.1.2. TRPS STRUCTURE

The structure of TRPs was predicted as tetrameric assemblies of six putative
transmembrane (TM) domains organized around a central aqueous pore. They can be
divided in two building blocks: the sensor, formed by helices S1-S4, and the pore,
formed by helices S5 and S6 (Owsianik, Talavera et al. 2006, Li, Yu et al. 2011). TRPs
mainly differ in their cytosolic N- and C-terminal domains, which are involved in
channel gating and mediating intracellular signalling. Some of TRPs contain specific
conserved unique sequences, e.g. TRPC, TRPV and TRPM include proximal C-
terminus short hydrophobic stretch so-called TRP domain (Montell 2011) (Fig. 2). This
highly specific region contains residues which were demonstrated to be required for
binding of small modulatory molecules (e.g. PIPs, Ca** binding proteins) influencing a
channel gating, or it could, under some conditions, serve as a coiled-coil zipper that
holds the channel in a closed conformation (Rohacs, Lopes et al. 2005). Another well-
known sequence present in TRPC, TRPV, TRPN and TRPA members include N-
terminal ankyrin repeats, a two-alpha-helices domain mediating protein-protein
interactions (Jung, Lee et al. 2002, Mosavi, Minor et al. 2002, Erler, Hirnet et al. 2004).
The TRPM2, TRPM6 and TRPM7 proteins have a large extension of the C-terminal
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intracellular region beyond the TRP domain encoding an enzymatic catalytic region
(Riazanova, Pavur et al. 2000, Perraud, Fleig et al. 2001, Runnels, Yue et al. 2001).

Pore region

Pore region
Extracellular

TRP
HN domain

Intracellular D
HOOC B

FIGURE 2 Schematic representation of TRPs assembly. (A) Transmembrane
topology and the (B) quartenary structure of TRPs. The TRP protein has six putative
TM domains, a pore region between the fifth and sixth transmembrane domains, N-
terminal and C-terminal (TRP domain) intracellular tails. The TRP protein assembles
into homo-tetramers or hetero-tetramers to form ion channels. The pore loop is formed
by fifth and sixth TM domain of each monomer unit (Takahashi, Kozai et al. 2013).

The structure of TRPs was unknown for a long time. Whereas that obtaining crystals for
membrane proteins, particularly of mammalian origin, is generally challenging, perhaps
especially so for TRP channels, which respond to diverse stimuli (chemical and
physical) and are therefore believed to be conformationally dynamic. Despite numerous
crystallization attempts, the structures of several examples have been determined only
by cryo-electron microscopy (CryoEM) measurements at ~ 4A resolutions in the past
few years. These include the transmembrane part of TRPV1 (Liao, Cao et al. 2013), the
whole TRPAL (Paulsen, Armache et al. 2015) and TRPV2 (Zubcevic, Herzik Jr et al.
2016).

Recent CryoEM studies revealed several similarities between TRPV1 and TRPAL
probably representing common TRPs features (Fig.3). Both channels assemble as
homotetramers that exhibit domain swapping within the transmembrane core, and
possess an ion permeation pathway. Additional modes of intersubunit interactions are
facilitated by discrete substructures within the cytoplasmic domain, although the exact
nature of these contacts is protein-specific (for example, B-strand—ARD interactions,
coiled-coil —TRP domain, etc.). These cytoplasmic intersubunit interactions may
regulate channel assembly and/or facilitate concerted conformational changes after co-

14



factor binding or agonist-evoked gating. Additionally, a-helix subsequent to S6 (TRP
domain) probably operates as a conserved allosteric regulatory structure that engages in
extensive interactions with pore-forming domains (Liao, Cao et al. 2013, Huynh, Cohen
et al. 2014, Paulsen, Armache et al. 2015). The last published CryoEM study about
TRPV2 joined this channel to the general dogma about TRPs, because confirmed the
predicted transmembrane topology with quartenary assembly (Zubcevic, Herzik Jr et al.
2016).
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FIGURE 3 Structural information in ribbon diagrams of TRPV1 in comparison
with TRPA1 atomic models obtained by CryoEM. Both channels are composed of
S1-S6 helices (membrane part) and intracellular N- and C- termini containing beta-
sheets and ankyrin repeats (ARD). Diagrams are shown in (A) side and view with 123
A° dimension (Paulsen, Armache et al. 2015).

1.1.3. TRPS ACTIVATION

The sensitivity of TRP channels to polymodal activation suggests that the
physiologically relevant stimulus for any given TRP will be managed by the specifics of
cellular context (phosphorylation, lipid environment, interacting proteins, and
concentrations of relevant ligands). Moreover, cooperativity intrinsic to TRP channels
may result in allosteric coupling of different activation stimuli, blurring the definition of
activator versus modulator. The activation of TRP channels may be divided into three
classes (Ramsey, Delling et al. 2006):

* Receptor activation: G protein—coupled receptors and receptor tyrosine kinases
that activate phospholipases C (PLCs) can modulate TRP channel activity with
subsequent release of Ca** from intracellular stores in at least three ways: (a)
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hydrolysis of phosphatidylinositol-4,5 bisphosphate (PIP2), (b) production of
diacylglycerol (DAG), or (c) production of inositol (1,4,5) trisphosphate (IP3).

e Ligand activation: Ligands activating TRPs can be exogenous small organic
molecules, including synthetic compounds and natural products (capsaicin,
icilin, 2-APB); endogenous lipids or products of lipid metabolism
(diacylglycerols,  phosphoinositides, eicosanoids, anandamide); purine
nucleotides and their metabolites; or inorganic ions (mainly Ca** and Mg?*).

* Direct activation: Ligands activating TRPs can be also intracellular ligands (i.e.
Ca®*, calcium binding proteins like calmodulin or SI00A1, etc); or channels can
be also activated through changes in ambient temperature which are strongly
coupled to the opening of some TRP members, but the mechanisms is still
poorly understood. Other putative direct activators include mechanical stimuli,
conformational coupling to 1P3 receptors, and channel phosphorylation. Heating
and cell swelling may also act indirectly to activate TRPs through second
messengers or other unidentified mechanisms.

1.1.4. TRPS AND HUMAN DISEASES

The discovery of TRPs has revolutionized our understanding of many sensory and
general physiological processes. TRPs generally act in concert with other ion channels
and proteins. Given that, in many cases, these mechanisms are evolutionarily conserved
from invertebrates to humans. It is not surprising that inherited impairments of TRPs
functions lead to disease. Several TRP genes has been found to participate in a wide
range of human diseases (Hsu, Hoenderop et al. 2007, Nilius 2007, Kang, Shin et al.
2012, Takada, Numata et al. 2013, Entin-Meer, Levy et al. 2014). These fall under
group of the 'channelopathies' defined as diseases caused by disorder channel functions,
resulting from either mutations in the encoding gene or an acquired mechanism, such as
autoimmunity (Nilius and Owsianik 2011). Supportive example of disorder channel
functions showed us that mutations in the TRPM4 gene have been associated with
cardiac conduction disorders (Kruse, Schulze-Bahr et al. 2009),

The important role of some TRPs members in cancer was also described. Expression of
TRPMS8 is associated with androgen-dependent prostate cancer cells (Tsavaler, Shapero
et al. 2001), regulation of cell proliferation and apoptosis (Prevarskaya, Skryma et al.
2007). Expression of TRPV®6 is increased in prostate cancer (Fixemer, Wissenbach et al.
2003), TRPML is highly expressed in early stage melanomas but its expression declines
with increases in the degree of aggressiveness of the melanoma (Duncan, Deeds et al.
1998). TRPV1 is expressed in neurones involved in sensing cancer pain, and is a
potential target for pharmacological inhibition of cancer pain in bone metastases,
pancreatic cancer and most likely in other cancers (Dométor, Peidl et al. 2005, Hartel,
Di Mola et al. 2006).
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Many TRPs members have been implicated in human diseases, however in no case the
functional link between channel activity and the disease process is clearly known.
Undoubtedly, the modulation of TRPs is strictly interrelated system which could have
relevant applications in important therapeutic areas of inflammation, pain, cancer, etc.
Nevertheless, the clinical translation of the 20-year research activity on the most
examined channel TRPV1 is still in its infancy (Morelli, Amantini et al. 2013).

1.2. INTRACELLULAR MODULATORY MOLECULES OF TRPs

1.2.1. CALCIUM BINDING PROTEINS

Calcium-binding proteins participate in calcium cell signalling pathways, contribute to
the control of calcium concentration in the cytosol and participate in numerous cellular
functions by acting as calcium transporters across cell membranes or as calcium-
modulated sensors (Kretsinger 1976). The role of calcium as a key and pivotal second
messenger in cells depends largely on a wide number of heterogeneous so-called
calcium binding proteins, which have the ability to bind this ion in specific binding
motif (Goodman, Pechére et al. 1979). This motif called EF-hand is composed of two
alpha helices (E and F) connected by a Ca**-binding loop. EF-hands have been
identified in numerous calcium-binding proteins by similarity of amino acid sequence
and confirmed in some crystal structures (Senguen and Grabarek 2012, Dunlap, Guo et
al. 2014, Lin, van den Bedem et al. 2016). Functional EF-hands seem always to occur in
pairs. To date, the EF-hand homologous family contains more than 160 different
calcium-modulated proteins which have a broad range of functions. Among them there
are the calmodulin (Chin and Means 2000), the S-100 proteins (Marenholz, Heizmann
et al. 2004), troponin C (Li and Hwang 2015), myosin regulatory light chain (Kitazawa,
Gaylinn et al. 1991), parvalbumin (Cates, Berry et al. 1999), and calbindins (Kojetin,
Venters et al. 2006).

1.2.1.1. CALMODULIN (CAM)

CaM is a ubiquitous, highly conserved 17 kDa Ca*" binding protein (148 amino acids)
functional as a monomer. It comprises of two globular domains connected by eight-turn
a-helix flexible linker that allows CaM to adopt different conformations (Barbato, Ikura
et al. 1992). In crystal structure, the N-terminal domain forms two EF-hand motifs (I
and I1) as does the C-terminal domain (I1l and IV) (Saimi and Kung 2002). Isolated
CaM binds Ca** at the physiological concentration range (Kd =5 x 10" to 5 x 10™° M),
but its Ca®" affinity is much higher when complexed with other protein (Jurado,
Chockalingam et al. 1999). CaM becomes more extended with each pair of EF-hands
upon Ca?* binding exposing a hydrophobic patch that is available to interact with a
target protein (Wriggers, Mehler et al. 1998). The X-ray and NMR studies revealed that
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the both CaM domains bind the target protein by combination of hydrophobic and by
van der Waals interactions, with the glutamate residues in the Ca®* coordinating loop in
each of the EF hands (lkura, Clore et al. 1992, Meador, Means et al. 1992). Similarly,
the known primary sequence of binding sites of target proteins are often amphipatic o-
helices with a hydrophobic side and a highly positively charged side (Fig.4) (Rhoads
and Friedberg 1997, Yap, Kim et al. 2000). Most of the CaM interacting proteins have
recognizable CaM-binding motifs (hydrophobic amino acids in positions: 1-5-10 and 1-
8-14) (Yap, Kim et al. 2000), but these features do not strictly dictate specific binding to
CaM. As much as half of CaM is associated with membranes, the rest remains soluble
in the cytoplasm and inside the nucleus (Santella and Carafoli 1997, Toutenhoofd and
Strehler 2000).

FIGURE 4 Structure of a basic amphipathic a-helix in complex with Ca?**~CaM.
Ribbon diagrams of amphipathic a-helix (cyan; example of TRPV1-CT binding domain
in this case) bound to Ca®*~CaM, shown in two different orientations; the view on the
right is rotated 70° around the vertical axis with respect to the one on the left. The CaM
N-lobes and C-lobes are yellow and orange, respectively, and the calcium ions are gray
(Lau, Procko et al. 2012).

1.2.1.1.1. CAM MODULATION OF TRPs

Nowadays, TRPs are a giant family of Ca®*-permeable cation channels of diverse
functions and distributions. Ca®* play an important role for TRPs as intermediator of the
interactions with CaM, which has been shown as its modulator. In most cases, the
regulation is achieved through direct binding of CaM on the intracellular N- or C-
termini. Multiple CaM binding sites were identified on different TRP proteins. There
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are many differences among various CaM-binding sites in terms of affinities to CaM, as
well as the precise conformations and the regions of CaM that are bound to these sites.

CaM bindig sites were identified for all three main subfamilies TRPC, TRPV and
TRPM. The first connection between CaM and TRPC subfamily is dated in 1992
(Phillips, Bull et al. 1992), later was demonstrated that TRPL is regulated by calcium in
a CaM-dependent manner (Chevesich, Kreuz et al. 1997). Some mammalian TRPC
have also been shown to bind CaM. The protein—protein interaction of TRPC4 with
CaM has been demonstrated in calmodulin-binding studies (Niemeyer, Bergs et al.
2001, TROST, BERGS et al. 2001). In functional studies the consequences of CaM
binding to TRPC4 revealed inhibition affect on channel function, as well as for TRPC3
(Zhu 2005). In vaniloid superfamily is CaM involved in the desensitization of TRPV1
channels (Numazaki, Tominaga et al. 2003). In TRPV4 there were four described CaM
binding site on N- and C- termini, respectively (Strotmann, Schultz et al. 2003).
Multiple CaM-binding sites were also identified for TRPV6 (Niemeyer, Bergs et al.
2001, Lambert, Drews et al. 2011). A CaM binding site found in human TRPV6 has
been shown to mediate Ca**-dependent channel inactivation. CaM binding at this site is
competitively regulated by the phosphorylation of a threonine residue by protein kinase
C. It was described that Ca®* entering through TRPM2 enhances interaction of CaM
with TRPM2 at the binding motif in the N terminus, providing decisive positive
feedback for channel activation (Tong, Zhang et al. 2006). CaM binding site together
shared with S100A1 and PIP2 binding sites was identified in the TRPM3 N-terminus
(Holakovska, Grycova et al. 2012, Holendova, Grycova et al. 2012). Hereafter, studies
with deletion mutants of TRPM4 suggest that the CaM bindig sites on C-terminus are
important for the Ca**-induced activation. For instance, CaM is involved in inhibiting
the kinase activity of TRPM7 (Ryazanova, Dorovkov et al. 2004). It appears that CaM
exerts multiple regulatory roles on TRPs, this can activate and/or inhibit channel
function via different mechanisms. One can anticipate that more CaM binding sites will
be identified in different TRP proteins and the functional implications of these
interactions will be very complex.

1.2.1.2. S100A1

S100 proteins are calcium binding proteins that use calcium influx to control a variety
of cellular processes such as cell differentiation and survival, cell growth and mobility,
regulation of cell cycle, modulation of enzyme activity, calcium homeostasis (Duarte-
Costa, Castro-Ferreira et al. 2014). S100A1, the most abundant representative of this
protein family, is formed into symmetric homodimer. The both monomer subunits are
composed from four helices containing two EF-hand calcium-binding loops. (Ritterhoff
and Most 2012). The solution structures of Apo- and calcium-S100A1 were determined
by NMR (Rustandi, Baldisseri et al. 2002, Wright, Varney et al. 2005). Upon binding of
Ca’*, the 3" helix of S100A1 undergoes a large reorientation and shifts from being
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almost anti-parallel to being perpendicular to the 4™ helix. This conformational change
reveals a large hydrophobic cleft that interacts with target proteins (Tong, Zhang et al.
2006). Correspondingly, the known primary sequence of binding sites of target proteins
(binding partners of S100A1) is usually interpreted as basic amphipathic a-helices with
a hydrophobic sides and a highly positively charged sides (Fig.5) These specific
domains conforming to primary sequence of its S100A1 binding sites are often
amphipathic o-helices with a hydrophobic amino acids consensus of the CaM
recognition motifs 1-5-10 or 1-8-14 (Zhu 2005). Additionally, it was confirmed that
basic amino acid residues in CaM recognition receptor motif are also involved in the
interactions with other calcium-binding proteins. There were also described some
shared or overlapped calcium-binding proteins interaction sites (Zhu 2005, Prosser,
Wright et al. 2008, Wright, Prosser et al. 2008, Rezvanpour and Shaw 2009, Friedlova,
Grycova et al. 2010, Prosser, Hernandez-Ochoa et al. 2011, Holakovska, Grycova et al.
2012, Holendova, Grycova et al. 2012, Bily, Grycova et al. 2013, Grycova, Holendova

et al. 2014).
s

FIGURE 5 The three-dimensional structure of the basic amphipathic a-helix with
S100A1 dimer. Ribbon diagram of amphipathic a-helix (red; example of Ca**-S100A1-
RyRP12 complex in this case) bound to Ca**~S100A1 (other colores) shown in upper
orientation, and the calcium ions are transparently orange (Wright, Prosser et al. 2008).
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1.2.1.2.1. S100A1 MODULATION OF TRPs

Calcium ions were previously shown to participate in the regulation of TRP channels
through interactions with calcium-binding proteins like CaM or S100A1 (Tong, Zhang
et al. 2006, Kwon, Hofmann et al. 2007, Rohacs 2013). S100A1 binding site is mostly
shared with CaM binding site and recognize the same interaction motif. These common
calcium binding proteins domains were reported in the N- and C- termini tails of
TRPM3 and TRPC6 (Friedlova, Grycova et al. 2010, Holakovska, Grycova et al. 2012,
Bily, Grycova et al. 2013). The interaction of the vanilloid family TRP channels TRPV5
and TRPV6 with the S100A10/AnexinA2 complex, that mediates trafficking to the
plasma membrane, was also reported (van de Graaf, Hoenderop et al. 2003, Rezvanpour
and Shaw 2009). Given that SI00A1 modulation of TRPs is still not well described and
understood, the best known and described interaction mechanism of S100A1 is with
ryanodine receptor (RyR), a calcium permeable channel present in sarcoplasma
(Prosser, Wright et al. 2008). It was shown that S100A1 and CaM can compete for a
binding site within the ryanodine receptor 1 where they function as activators (Prosser,
Wright et al. 2008, Wright, Prosser et al. 2008, Prosser, Hernandez-Ochoa et al. 2011).

1.2.2. PHOSPHATIDYLINOSITOL PHOSPHATES (PIPS)

PIPs are widely present in the inner leaflet of the cell and are frequently involved in
membrane trafficking and signaling cell pathways. They are relatively variable in their
structure and can exist in one of eight molecular species, via phosphorylation at the 3, 4
or 5 position of the inositol head-group. Polyphosphoinositides are enzymatically
generated by a series of specifically phosphorylation or dephosphorylation reactions via
phosphoinositide kinases and phosphatases (Bridges and Saltiel 2015). The most
abundant representative PIP in signalling pathways - phosphatidylinositol-4, 5
bisphosphate (PIP2), was thought to be synthesized exclusively by phosphorylation of
phosphatidylinositol-4 phosphate at the 5th position of the inositol ring. It is the
substrate for phospholipase C (PLC), thus the precursor of the two classical second
messengers inositol-1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). It is also a
substrate for phosphoinositide-3 kinase (PI3K) to generate phosphatidylinositol-3,4,5
trisphosphate (PIP3). In most cells, PIP3 is the lowest abundance PIPs, and is generated
primarily by phosphorylation of PIP2 on 3rd position of the inositol ring by PI3K
(Wymann and Schneiter 2008). PIP3 as well as its analogue PIP2 are membrane
phospholipids that function in a number of crucial cellular processes, such as membrane
trafficking, plasma membrane-cytoskeleton linkages, second messenger signalling, cell
adhesion and motility and the regulation of proteins involved in phospholipids
metabolism (Rohacs 2014, Hille, Dickson et al. 2015).

PIPs in many cases serves as a membrane anchor for cytoplasmic proteins which bind
its via various lipid binding domains (Rosenhouse-Dantsker and Logothetis 2007).
PIP2 regulates a wide variety of ion channels, including inwardly rectifying Kir and
voltage gated K* and Ca®* channels, epithelial Na* channels (Suh and Hille 2005, Suh
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and Hille 2008) and as will be discussed here, TRP channels. Out of the many described
phospholipid-binding proteins, a number of different domain structures have been
defined that exhibit stereospecific recognition of specific phosphoinositide head groups
in the context of cellular membrane surfaces. These include the pleckstrin homology
(PH) and Phox-homology (PX) domains (Lemmon, Ferguson et al. 1995). The common
hypothesis to explain the binding of PIP2 is that positively charged residues present in
the binding domain of channel are responsible for the ligand-dependent modulation of
the channel activity through their binding of PIP2 negatively charged phosphate groups
(Suh and Hille 2005). The best explanation of the PIP2 interaction mode with channel
has been elucidated using crystal structure of Kir2.2 channel with bounded PIP2 (Fig.6).
This provided the first atomic resolution description of a molecular mechanism by
which PIP2 regulates channel activity and how it induces large conformation changes in
the protein (Hansen, Tao et al. 2011).

FIGURE 6 A detailed view of the PIP,-binding site in Kir2.2 channel. Ball and
sticks diagram of PIP2 (coloured according to atom type: carbon, yellow; phosphorous,
orange; and oxygen, red) in the interaction with PH domain of Kir2.2 channel (grey).
Basic amino acid residues involved in the PIP2 binding are colored green (nitrogen,
blue). (Hansen, Tao et al. 2011)
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1.2.2.1. PIPS MODULATION OF TRPs

The history of PIPs studies in the TRP field started in the late 1990s (Chyb, Raghu et al.
1999, Hwang, Cho et al. 2000) and knowledge has thus far expanded to cover various
aspects such as ligand binding, bilayer-protein interactions, sensitivity shift, upstream
metabotropic signaling. Nowadays, more than 50 endogenous lipids and lipid-like
molecules have been identified as direct activators or inhibitors of TRPs and the most
studied are PIPs (Nilius, Owsianik et al. 2008, Raghu and Hardie 2009, Rohacs 2014).

The picture of PIP2 regulation is probably best understood among the major TRP
channel sub-families on TRPM channels (Steinberg, Lespay-Rebolledo et al. 2014). For
almost all of the members have been identified PIP2 binding sites and for some of them
was confirmed PIP2 positive or negative modulation of TRPM channels. Recently has
been identified PIP2 binding site in N-terminal distal part of poorly examined TRPM1
(Jirku, Bumba et al. 2015). A shared binding domain for PIP2, CaM and S100A1 was
found in the TRPM3 N-terminus and was confirmed that these ligands can compete to
each other (Holakovska, Grycova et al. 2012, Holendova, Grycova et al. 2012). In the
TRP domain of TRPM4 intracellular C-terminus another PIP2 binding site was
described (Nilius, Mahieu et al. 2006). It was demonstrated that PIP2 enhances the
activity of TRPM4 Ca?* - activated cation channels by decreasing Ca* sensitivity,
shifting their voltage dependence, and provided evidence that these effects require an
intact C-terminal PH domain. Shared binding site for PIP2 and PIP3 in the proximal
part of the first TRPM4 TM domain described recently confirmed two identical arginine
residues involved in the interaction with both ligands (Bousova, Jirku et al. 2015).
Further, PIP2 promotes the gating of TRPM5 channel, which, after desensitization, was
activated by lower concentrations of Ca?* (Liu and Liman 2003). The hydrolysis of
PIP2 by phospholipase C -coupled hormones may represent an important pathway for
TRPMBG6 gating (Xie, Sun et al. 2011). Negative reagulation caused by PIP2 has been
reported for TRPM7, in which PIP, hydrolysis by PLCs inhibits channel activation
(Runnels, Yue et al. 2002). The breakdown of PIP2 also appears to underlie the
desensitization of TRPM8 (Yudin, Lukacs et al. 2011). Whereas the PIP2 is degraded
by PLC, its action may also underly the response of some TRPs to the stimulation of
PLC-coupled plasma membrane receptors (Runnels, Yue et al. 2002).

From other TRP subfamilies, it has been reported that TRPV1 is inhibited by PIP2
(Chuang, Prescott et al. 2001), and another PIP2 binding sites were revealed using
biophysical methods on both N- and C- termini of the channel (Grycova, Holendova et
al. 2012). TRPVS5 on the other hand was reported to be activated by PIP2 (Lee, Cha et
al. 2005). PIP2 inhibit the Drosophila TRPL, which is a homolog of the mammalian
TRPC channels (Estacion, Sinkins et al. 2001). TRPC and their non-mammalian
homologues are activated by G protein coupled receptors that activate PLC and
hydrolyze PIP2. TRPC3, TRPC6 and TRPC7 were shown to be activated by DAG
(Hofmann, Obukhov et al. 1999). It was also found that PIP3 binds TRPCG6 directly with

23



the highest potency (Kwon, Hofmann et al. 2007). An effect of PIP2 on mammalian
TRPCs was not yet published, but clearly, relief from PIP2 inhibition is an attractive
hypothesis that is worth testing. It is also possible that DAG and relief from PIP2
inhibition together lead to full activation as proposed (Hardie and Minke 1992).
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2. AIMS OF THE STUDY

TRP channels represent superfamily of important mediators which play critical roles in
sensory physiology: contributions to taste, olfaction, vision, hearing, touch and thermo-
and osmo- sensation. Many of these special ion transporters are activated by a variety of
different stimuli and function as signal integrators. The variety of functions to which
TRP channels contribute and the polymodal character of their activation predict that
failures in correct channel gating or permeation will likely contribute to complex
pathophysiological mechanisms.

The principal roles of this work are:

» to identify and characterize binding domain to the calcium binding protein S100A1
in the intracellular C- terminal part of TRPCG:

* determine basic amino acid residues playing important role in the interaction
with S100A1

* characterize secondary structural composition of S100A1 binding domain in
TRPC6

» to identify and characterize S100A1 binding site in integrative binding site of the
intracellular C- terminal part of TRPV1:

* confirm whether are basic amino acid residues playing important role in the
interaction with CaM and PIP2 also involved in the interaction with S100A1

* demonstrate calcium-dependency of TRPV1/S100A1 interaction

» to identify and characterize multiple PIPs binding site in the proximal part of the
intracellular N-terminus of TRPM4:

* determine basic amino acid residues in potential PH domain playing crucial
role in the interaction with PIP2 and PIP3

e characterize secondary structure composition of the TRPM4 identified by
binding domain facilitating the interaction with PIP2 or PIP3

* delineate the potential interaction mechanism of TRPM4/PIPs complexes
using De Novo molecular modeling approach

» to identify and characterize PIP2 binding site in the distal part of intracellular N-
terminus of TRPML.:

e determine basic amino acid residues which are involved in the interaction
with PIP2

* specify secondary structure composition of PIP2 binding domain in TRPM1,
determine secondary structural changes in TRPM1/PIP2 complex
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e describe the potential binding interface of TRPM1/PIP2 using de novo
molecular modeling approach
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3.MATERIALS AND METHODS

3.1. SUBCLONING AND SITE-DIRECTED MUTAGENESIS OF TRPS SEGMENTS

Complementary DNA of constructs encoding the selected TRP channel regions was
subcloned into the pET_32b expression vector (Novagen, Madison, WI, USA).
Mutagenesis of the appropriate DNA constructs was performed using Pfu Ultra High-
fidelity DNA polymerase according to the manufacturer’s protocol (Stratagene, Santa
Clara, CA, USA). Selected hydrophobic and basic amino acid residues were replaced to
get amino acids with different features in order to abolish the protein-protein (protein-
lipid) interactions. The integrity of the encoding sequences was verified by DNA
sequencing.

3.2. PROTEIN EXPRESSION AND PURIFICATION

3.2.1. TRPS SEGMENTS

Recombinant TRP protein was expressed as fusion with thioredoxin (to improve protein
solubility) on N-terminus and 2x His-tag anchors on N- and C- termini. The protein
expression was induced by isopropyl-1-thio-B-D-galactopyranoside (0.5 mM) for
approximately 20 hours at 25°C and purified from E. coli Rosetta cells using chelating
Sepharose fast flow columns (Amersham Biosciences, Little Chalfont, United
Kingdom) with bound Ni?* ions. The fusion TRP segment was obtained by eluting with
a buffer containing 10 mM PBS (pH depends on specific protein sequence; PBS
composition: 1.36 M NaCl, 0.027 M KCI, 0.0177 M KH,PO,, 0.05 Na,HPO, . 2 H,0),
500 mM NaCl, 2 mM p-Mercaptoethanol, and 400 mM imidazol. The second
purification step was gel permeation chromatography on Superdex 75 column
(Amersham Biosciences, Little Chalfont, United Kingdom). Protein was eluted with a
buffer containing 25 mM HEPES or Tris-HCI (pH depends on specific protein
sequence), 250 mM NacCl, 2 mM B-MerkaptoEtOH, 0.1% Tween and 10% glycerol. The
identity and purity of protein were verified using 15% SDS-polyacrylamide gel
electrophoresis (PAGE). Protein concentration was measured by UV absorption at 280
nm. Proteins were stored at -80°C for a maximum of 6 months.

3.2.2. CAM, S100A1

The S100A1 was subcloned into the pET_28b expression vector; CaM was subcloned
into the pET_3a expression vector. The proteins were expressed in E. coli BL21 cells by
inducing with isopropyl-1-thio-B-D-galactopyranoside (0.5 mM) for 12 h at 25 °C, then
they were purified using affinity chromatography (5 mM CaCl, was added to the
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supernatant) on Phenyl Sepharose CL4B (Amersham Biosciences, Little Chalfont,
United Kingdom) and eluted using a buffer containing 50 mM Tris-HCI (pH 7.5), 1.5
mM EDTA and 100 mM NaCl. The second purification step was performed using gel
permeation chromatography and Superdex 75 columns (Amersham Biosciences, Little
Chalfont, United Kingdom). Proteins were eluted with a buffer that contained 50 mM
Tris-HCI (pH 7.0), 250 mM NaCl, 2 mM CaCl,, 2 mM B-mercaptoethanol, and 10%
glycerol. The identity and purity of protein were verified using 15% SDS-
polyacrylamide gel electrophoresis (PAGE). Protein concentration was measured by
UV absorbtion at 280 nm. Proteins were stored at -80°C for a maximum of 6 months.

3.3. PROTEIN SEQUENCE VERIFICATION BY MASS SPECTROMETRY

The identities of proteins were verified by MALDI-TOF. Mass spectra were obtained
using an Ultra-FLEX 1l mass spectrometer (Bruker-Daltonics, Bremen, Germany).
Protein bands from SDS-PAGE gels were digested with trypsin endoprotease (Promega,
Madison, WI, United States) in the gel after destaining. The protein mixture was
extracted and loaded onto the MALDI-TOF/TOF target with a matrix of a-Cyano-4-
hydroxycinnamic acid. Peptide sequences were verified by manual interpretation of the
MS/MS tandem mass spectra of selected m/z signals.

3.4. LIPOSOME PREPARATION

The lipids L-a-phosphatidylinositol-4,5-bisphosphate (PIP2), 1,2-dioleoyl-sn-glycero-3-
phospho-(1'-myo-inositol-3',4',5'-trisphosphate) (PIP3) and 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (PC) were obtained from Avanti Polar Lipids, Inc (Alabaster, AL,
USA). A stock solutions of PIP2 and PIP3 were prepared in a chloroform: methanol:
H,O (20:9:1) mixture, a stock solution of PC only in chloroform. Liposomes of the
following compositions were prepared: PC, PC/PIP2 50/50% and PC/PIP3 50/50%.
After being dried under N2 stream, lipid films were hydrated with Hank s Balanced Salt
Solution (HBSS) buffer (25 mM HEPES, 250 mM NaCl) followed by extrusion 21
times through a polycarbonate membrane with Nuclepore Track-Etched membranes
with 100 nm pore diameter (Avanti Lipids, Alabaster, AL, USA). The liposomes
obtained were then centrifuged (50 000 g) for 30 min at 4°C. The vesicles were diluted
on 100 ug/ml concentration in HBSS buffer.

3.5. SURFACE PLASMON RESONANCE

Surface Plasmon resonance (SPR) measurements were performed at 25 °C using a
liposome-coated NLC sensor chip (Bio-Rad, Hercules, CA, USA) mounted on a
ProteOn XPR36 Protein Interaction Array System (Bio-Rad, Hercules, CA, USA). The
liposomes were prepared as above however the hydrated lipids were incubated with
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oligonucleotide modified at the 3' end with cholesterol (Generi Biotech, Hradec
Kralove, Czech Republic). The mixture was extruded through a 100-nm polycarbonate
membrane (Avanti Lipids, Alabaster, AL, USA) and the freshly-formed liposomes were
incubated with 8 mM anti-sense oligonucleotide modified at the 3' end with biotin
(Generi Biotech, Hradec Kralove, Czech Republic). The pelleted vesicles were
resuspended to a final concentration of 100 pg/ml in HBSS buffer and immediately
immobilized on the streptavidin-coated NLC chip surface. All SPR experiments were
carried out in HBSS buffer at a flow rate of 30 pl/min for association and dissociation
phases of the sensograms, respectively. The proteins were serially diluted in the running
buffer and injected in parallel over the immobilized liposome surfaces. Surfaces were
typically regenerated with 100 ul of 50 mM NaOH and 150 mM NaCl. The sensograms
were corrected for sensor background by interspot referencing and double referenced by
subtraction of analyte using a “blank” injection. The data were analyzed using a
ProteOn software (Bio-Rad, Hercules, CA, USA) and fitted with a 1:1 Langmuir-type
and heterogeneous binding models to determine association (ka) and dissociation (kd)
rate constants. The Langmuir-type model assumes the interaction between liposomes
(L) and protein (P) resulting in a direct formation of the final complex (LP)
ka
L+P=LP
kd

where ka and kd are the association and the dissociation rate constants, respectively.
The heterogeneous binding models assumes two binding sites on the ligand

kal ka2
L1+P=L1P; L2+P=1L2P
kd1l kd2

where L1 and L2 are two separate binding sites on the ligand and P is the analyte
protein. Note that there are two separate sets of association and dissociation rate
constants (kal/kdl and ka2/kd2) to describe each binding event. The binding response
of a sensorgram from a heterogeneous ligand then, is the sum of the binding response of
two separate binding events. An apparent equilibrium dissociation constant, KD was
determined as kd/ka.

3.6. LABELING OF CALCIUM BINDING PROTEINS

For fluorescence labelling, CaM or S100A1 were dialyzed overnight into 10 mM
NaHCO3 (pH 10.0) at 4 °C. After dialysis, the protein was mixed with a 0.6 M dansyl
chloride (DNS) solution (Sigma-Aldrich, St. Louis, Missouri, United States) at a molar
ratio of 1:1.5 and incubated at RT for 3 h. Then the mixture was dialyzed overnight at
4°C against 20 mM Tris-HCI (pH 7.5), 250 mM NaCl and 2 mM CacCl; to remove free
DNS. The labeled protein was checked by measuring the ratio of the fluorescence
intensities of the bound and unbound states (excitation at 340 nm, emission at 510 nm).
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3.7. STEADY-STATE FLUORESCENT ANISOTROPY

Steady-state fluorescence anisotropy measurements were performed at 25°C on an ISS
PC1TM photon counting spectrofluorometer. TRP/Ca”*-binding-protein binding assay
was performed at RT in 20 mM Tris-HCI (pH depends on specific protein segment),
250 mM NaCl and 2 mM CacCl, buffer with DNS-labeled CaM or S100A1. Sample was
titrated with increasing amounts of TRP protein about appropriate concentration. At
each TRP concentration, the steady-state fluorescence anisotropy of CaM-
DNS/S100A1-DNS was recorded (excitation at 340 nm, emission at 510 nm). The
fraction of bound TRP protein segment (Fg) was calculated from Equation 1 (Boura,
Silhan et al. 2007)

FB: (robs - Tmin) / [(rmax - 7"obs)Q + (robs - Tmin)] (Eq 1)

where Q represents the quantum yield ratio of the bound to the free form of the protein
and was estimated by the ratio of the intensities of the bound to the free DNS
fluorophore. The parameter rya IS the anisotropy at saturation, rops is the observed
anisotropy for any TRP segment concentration, and ryi, IS the minimum observed
anisotropy for the free CaM-DNS/S100A1-DNS. Fg was plotted against TRP protein
concentration and fitted using Equation 2 (Kohler and Schepartz 2001) to determine the
equilibrium dissociation constant (Kp) for TRP/Ca?*-binding protein formation.

_ Kp+[P1]+ [P2] -/ (Kp +[P1]+ [P2])2— 4[P1][P2]

Fp 2[P1]

(Eq. 2)

[P1] represents the CaM-DNS/S100A1-DNS concentration and [P2] is the TRP protein
concentration. Nonlinear data fitting was performed using the program SigmaPlot 12.0.
All experiments were performed at least three times. Control experiments were
performed to show that thioredoxine is not involved in binding to CaM or S100A1 in
the TRP fusion protein. To assess the role of Ca*" in binding of the TRP channel
segments to CaM or S100A1, we added 2 mM CacCl, to the buffer (20 mM Tis-HCI [pH
depends on specific protein segment] and 250 mM NacCl ) after purification. EDTA (10
mM) was then used to chelate all calcium ions in the buffer for verification of
decoupling of Ca** dependent interaction of TRP and Ca?* binding proteins.

3.8. CIRCULAR DICHROISM

The circular dichroism (CD) spectra of TRP protein segments were measured on a Jasco
J-815 CD spectrometer (Jasco Corporation, Tokyo, Japan) over a spectral range of 200-
300 nm using a quartz cell with a 0.05 cm path length at RT. The experimental setup
was usually as follows: 0.5 nm step resolution, 5 nm/min speed, 16 s response time, 2
accumulations and 1 nm bandwidth. TRP samples were kept in 25 mM HEPES (pH:
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depends on specific TRP segment), 2 mM CaCl, and 150 mM NaCl. After baseline
correction, the final spectra were expressed in terms of molar elipticity 6 (deg.cm?.dmol”
1) per residue (Whitmore and Wallace 2008). The secondary structure content of TRP
and its mutants was determined by CD analysis using CDPro software and the Contill
algorithm (standard deviation between 0.02 and 0.05) (Provencher and Gloeckner
1981).

3.9. MOLECULAR MODELING

The molecular models of selected TRP channel binding domains were generated de
novo using the I-Tasser, Robeta and Psi-Pred prediction servers (Kim, Chivian et al.
2004, Buchan, Minneci et al. 2013, Yang, Yan et al. 2015). The final 3D models of TRP
channel binding regions were carefully selected based on the specific requirement on
interacting amino acid residues to be exposed into the solvent, and also on geometric
constraints imposed on the ligand binding sites. The quality of the resulting structures
were assessed using STING Milenium (Neshich, Togawa et al. 2003) and ProSA-web
(Wiederstein and Sippl 2007). 3D refine freeware (Bhattacharya and Cheng 2013) was
used for hydrogen bonding network optimization and atomic-level energy minimization.
Ligand docking of PIP2 (3SPI) and PIP3 (1W1G) was performed in Molecular
Operating Environment (MOE) with the Induced Fit protocol (Deeth, Fey et al. 2005).
The docking of S100A1 protein into specific TRP molecular model was performed
using the pyDockWeb (pyDockRST) program (Jiménez-Garcia, Pons et al. 2013). The
optimal binding modes were selected based on interaction energy. The schematic
representations of the TRP/ligand complexes were generated using Chimera freeware
(Pettersen, Goddard et al. 2004).
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4. RESULTS

4.1. DESIGN OF POTENTIAL PIPS BINDING SITES IN TRPM4

For designing of potential PIPs binding sites in intracellular tails of TRPM4 channel we
searched PH domain (Fig.7) (Lemmon, Ferguson et al. 1995), which is abundant on
cluster of basic amino acids and demonstrably interacts with negatively charged
phosphate groups of PIPs (Suh and Hille 2005).

According to the secondary structure prediction of whole TRPM4 channel (Lu,
Slominski et al. 2010, Yang, Yan et al. 2015), we chose a region meeting requirements
for secondary structure formation of selected protein segment. This selection together
with localization of potential ligand binding site has provided us a proposal of specific
protein segment. Selected TRPM4 (E733-W772) segment has 186 amino acids and
molecular weight 20.012 kDa (Mw predicted in ProtParam tool, (Gasteiger, Hoogland
et al. 2005). Protein segment was recombinantly expressed and purified (Fig.8) in
sufficient yield and purity and it was used for binding assays with PIPs ligands and for
in silico experiments.

Extracellular

o SEE3 %‘;\‘
G e e S S

Infracellular

PIP2/PIP3 binding site

C-terminus

E733-W 772

N-terminus

FIGURE 7 Prediction of potential PIP2/PIP3 binding domain based on pleckstrin
homology domain presence. Predicted transmembrane topology of the TRPM4
channel: receptor has six putative transmembrane helices, a pore region between the
fifth and sixth transmembrane domains for transporting monovalent ions and
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intracellular N- and C-termini. The red block shows the potential PIP2/PIP3 binding site
in the proximal region of the TRPM4 N-terminus. The selected sequence of TRPM4
(E733-W772) segment based on secondary structure prediction is represent in red
frame. Basic amino acid residues (Lys and Arg) proposed to participate in the
interaction with PIP2/PIP3 are indicated by blue. The red highlighted arginines (R755
and R767) were confirmed as important partners for complex formation with PIP2 and
PIP3.
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FIGURE 8 The purification of TRPM4 (E733-W772) segment about 20.012 kDa;
(A) gel permeation chromatography on Superdex 75 column, (B) SDS-PAGE of
protein in sonicate - S and after gel permeation chromatography —G. Molecular weight
of standard — M.

4.2. CHARACTERIZATION OF PIPS BINDING SITE IN TRPM4 N-TERMINUS

To kinetically characterize the interaction of TRPM4 (E733-W772) with PIP2 and PIP3,
we utilized surface plasmon resonance (SPR) measurements. The liposomes containing
PIP2 and PIP3 were immobilised on a chip surface and conduction with TRPM4 fusion
proteins (wild type and mutants) were tested in running buffer at concentrations ranging
from 0 to 10 uM. Real time interaction of serially-diluted TRPM4 (E733-W772) with
lipid surfaces revealed typical concentration-dependent binding curves (Fig. 9). Binding
of the thioredoxin fusion was exclusively mediated through the TRPM4 segments, since
thioredoxin itself did not bind the lipid surface.

Figure 9 shows the experimental binding curves for the interaction of TRPM4 (E733-
W?772) with liposomes made from PC and PC enriched by PIP2/PIP3. The data showed
a close fit to a heterogeneous ligand model. The heterogeneous ligand model assumes
that analyte TRPM4 (E733-W772) binds two separate binding sites on the ligand
(liposomes) and each ligand sites bind the analyte independently with different set of
rate constants. The calculated association and dissociation rate constants (kal, ka2, kd1l,
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and kd2) as well as KD1 and KD2 for the interaction are listed in Table 1. The data
analysis revealed that the affinities of TRPM4 (E733-W772) to PIP2 and PIP3-enriched
liposomes were comparable and found to be KD1 = 0.3 uM and KD2 = 5.5 uM for
PIP2, and KD1= 0.5 uM and KD2 = 5.4 uM for PIP3, respectively. In view of the fact
that the heterogeneous ligand model assumes TRPM4 (E733-W772) binding at two
distinct sites with the binding affinity being approximately ten times higher for the first
than for the second site and simultaneously TRPM4 (E733-W772) interacts non-
specifically with liposome membranes made from PC alone. Thus, the heterogeneous
ligand model is the most likely model of the interaction of TRPM4 (E733-W772) with
PIP2- and PIP3-enriched vesicles.

Specificity of TRPM4 (E733-W772) to PIP2 and PIP3 was further analyzed on a
double-mutant carrying substitution of two arginine residues (R775 and R767) within a
putative motif of PH domain. In agreement with the wild-type construct, the binding
curves for the interaction of the TRPM4 (E733-W772) - R755A/R767A mutant with
lipid vesicles were fitted to the heterogeneous ligand model (Fig.9). The calculated
association and dissociation constants of double-mutant are also listed in Table 1.
Overall comparison of KD values revealed significant decrease in the binding affinity
for the double-mutant. Moreover, the kinetics of interaction of the double-mutant did
not prove any significant differences between binding to PC and PIP2- and PIP3-
enriched vesicles indicating a complete loss of PIP2 and PIP3 specificity. Thus, the
TRPM4 (E733-W772) segment interacts specifically with PIP2 or PIP3 on the
membrane surface and the R755 and R767 residues the important participants in
complex formation.
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FIGURE 9 SPR kinetic binding analysis of the interaction between TRPM4 (E733-
W772) and lipid vesicles. One-shot kinetic analysis of the interaction of TRPM4
(E733-W772) (A) and its double mutant TRPM4 (E733-W772) - R755A/R767A (B)
with PC, PIP2 and PIP3 enriched lipid vesicles. Serially diluted proteins were injected
in parallel over the sensor chip coated with 100-nm lipid vesicles and left to associate
(120 s) and dissociate at constant flow rate of 30 pl/min. Apart from the interaction of
TRPM4 (E733-W772) with PC, which could not be fitted to any of the binding models.
Kinetic data were globally fitted by using a heterogeneous ligand model. Fitted curves
are superimposed as black lines on top of the sensograms.
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TABLE 1 Kinetic and binding affinity constants for the interactions of TRPM4 (E733-
W772) with PC, PIP2 and PIP3 enriched lipid vesicles.

kalx10°  kd1x10™ KD1 ka2x10*  kd2x10* KD2

[M*s™]? [s"] uM]° M5 [s"] [uM]
TRPM4  PC - - -

(E733- PIP2 15+04 46+1.1 03+01 38+08 21+05 55+14

W772) PIP3 1.2+0.3 6.5+2.1 05+02 33+£07 18+04 54+13

R755/R767 PC 03+£0.1 98+25 33+09 41+12 06+02 15+04

PIP2 02+0.1 101+31 51+14 52+17 07+02 13+03

PIP3 02+0.1 99+29 49+15 32+09 06+02 19+03

# Results are means + S.D. from the analysis of two independent measurements.

® The equilibrium dissociation constants (KD1 and KD2) was determined as kd1/kal and kd2/ka2,
respectively.

4.3. TRPM4 (E733-W772) SECONDARY STRUCTURE CONTENT

The secondary structure of the TRPM4 (E733-W772) fusion protein was studied by CD
spectroscopy. Whereas the structure of cytosolic regions of TRPM4 is still unknown,
the secondary structural composition of TRPM4 (E733-W772) with thioredoxin was
determined as to be mostly disordered (Fig.10, Tab.2). CD spectra TRPM4 (E733-
W772) fusion confirmed that protein is mostly unstructured, which is in a good
agreement with the theoretical prediction based on its primary structure. According to
CD spectra, TRPM4 (E733-W772) in presence of liposomes formed by PC alone or PC
containing PIP2/PIP3 (50/50%) does not change its secondary structure content (Fig.10,
Tab.2). This suggests that binding PIP2 or PIP3 to TRPM4 (E733-W772) has no
significant influence on its structure.
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FIGURE 10 CD spectra of TRPM4 (E733-W772) [M4-P in figure] in presence of
liposomes. The interaction of TRPM4 (E733-W772) with PC, PIP2 and PIP3 enriched
liposomes shows that the secondary structural content of TRPM4 (E733-W772) was not
changed during the complex formation. CD spectra were expressed as molar elipticity Q
(deg.cm?.dmol™) per residue.

TABLE 2 Calculated incidence (%) of TRPM4 (E733-W772) secondary structure
content alone and of protein in complexes with PIP2 and PIP3 determined by CD
spectroscopy in 25mM HEPES (pH=8.0), 250 mM NaCl.

Helix  Anti-parallel Parallel B-turn  Random coil
TRPM4 (E733-W772) 17 13 13 17 40
TRPM4 (E733-W772)/PC 15 13 13 18 41
TRPMA4(E733 W772)/PIP2 15 11 14 17 42
TRPM4 (E733-W772)/PIP3 17 13 13 17 40

4.4. IN SILICO EXPERIMENTS

To predict the interactions of the PIPs binding site of TRPM4 N-termini with PIP2/PIP3
ligands, we created 3D model of the corresponding TRPM4 (E733-W772) in fusion
construct with thioredoxin. Model of human TRPM4 fusion protein segment was
generated using the I-Tasser prediction server. The thioredoxin structure was deleted
from the model and potential PIP2/PIP3 binding site was assigned by MOE. Eventually,
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PIP2 and PIP3 ligands were docked into the assigned binding site (Fig.11). To orient
PIP2/PIP3 ligands properly, we utilized structural information from the literature — in
particular the interaction of PIP2 with the proximal region of the intracellular tails of
potassium ion channels (Hansen, Tao et al. 2011) which is well characterized. For the
models of TRPM4-PIP2/PIP3 complexes we assumed that the interaction is
accomplished by an arginine/lysine cluster interacting with the phosphate groups of
PIP2 (PIP3). Positively charged amino acids are frequent in vicinity of the inner plasma
membrane leaflet where binding sites for regulatory molecules such as
phosphatidylinositol phosphates are expected to be abundant. Their mutation to alanine
residues causes a replacement of their charged - side chains in the binding site, which
makes it less favorable for interaction with PIP2 (Khelashvili, Galli et al. 2012,
Bodhinathan and Slesinger 2013, Pattnaik, Tokarz et al. 2013).

FIGURE 11 TRPM4 (E733-W772) domain binds PIP2 and PIP3. Schematic view of
TRPM4 peptide interacts with (A) PIP2 and (B) PIP3. Important arginine residues
bonded (dashed lines) to PIP2/PIP3 are colored green (R755 and R767). We used the
following color convention: green - protein backbone of the TRPM4 (E733-W772),
yellow - carbon atoms of PIP2, oxygen (O,) - red, nitrogen (N) - blue, phosphorus (P) -
orange.
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5. DISCUSSION TO THE INDIVIDUAL PUBLICATIONS

5.1. CHARACTERIZATION OF THE S100Al1 PROTEIN BINDING SITE ON
TRPC6 C-TERMINUS

The TRPC6 channel is permeable for Ca?* in eukaryotic cells, including sensory
receptor cells which response to external signals. Its activity is modulated by multiple
factors. Previously was shown that CaM acts as an important mediator of Ca®* -
dependent regulation (Zhu 2005, Kwon, Hofmann et al. 2007) and its binding site was
described (Friedlova, Grycova et al. 2010). S100A1 behaves similarly in terms of
mediating the activity of other ion channels (Wright, Varney et al. 2005, Prosser,
Wright et al. 2008, Wright, Prosser et al. 2008). To find out whether CaM binding site is
also available for another Ca®* binding protein S100A1, we tested the binding of the
S100A1 protein to TRPC6 C-terminus (801-878) (below as TRPC6-CT).

Using site-directed mutagenesis of the predicted basic amino acid residues of TPRC6-
CT in combination with steady-state fluorescence anisotropy measurements, we
characterized S100A1 binding site. Fluorescence measurements showed that
dissociation constant for SI00A1/TRPC6-CT (Kd 0.31 uM) interaction is in the same
range as well as for CaM/TRPC6-CT (Kd 0.31 uM) (Friedlova, Grycova et al. 2010)
and ligand binding sites are overlapping. As the amino acid residues important for CaM
binding are known, it was tested their role in SI00A1 interaction. Although the TRPC6
WT binding affinities to both ligands CaM and S100A1 are almost the same, according
to the results we obtained it seems that different residues are involved in the binding.
The mutations of K856A and R864A had the most striking effect which leaded to an up
to 3-fold decrease in the binding affinity to S100Al. According to our results,
interaction of both binding partners is similar but not exactly the same, because
different residues are essential for the interaction.

Numerical analysis of the experimental CD spectra enabled estimation of the relative
abundance of the various secondary structure elements. The a-helical conformation
(66%) was found to be the major component of the S100A1 protein, which is in good
agreement with the conformation found in its native state. The CD spectra analysis
confirmed the theoretical prediction, suggesting that the TRPC6 protein construct has
adopted its native form. The CD experiment was also used to observe changes in the
secondary structural elements during the TRPC6/S100A1 complex formation, we
suggest that the changes in the secondary structure of TRPC6 (801-878) have no
significant effect on its binding to S100A1.

Since S100A1 is a Ca**-binding protein and Ca** play a crucial role in TRPC6 activity
regulation, the role of Ca®* in S100Al binding to TRPC6-CT was assessed.
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Fluorescence measurements suggest that the binding is Ca®*-dependent. The same
behaviour has been revealed for the CaM/TRPC6— CT (Friedlova, Grycova et al. 2010).

5.2. CAZ" BINDING PROTEIN S100A1 COMPETES WITH CAM AND PIP2 EOR
BINDING SITE ON THE C-TERMINUS OF THE TPRV1 RECEPTOR

TRPV1 serve as important and the most examined nociceptor from TRP superfamily.
Regulation of its activity is proposed to be mediated through interactions with activating
agents as e.g. PIP2 (Liu, Zhang et al. 2005, Lishko, Procko et al. 2007, Lukacs,
Thyagarajan et al. 2007) or inhibiting agents as e.g. CaM (Lishko, Procko et al. 2007).
In previous reports, we found the C-terminal region of TRPV1 (TRPV1-CT) harbouring
the integrative binding site for CaM and PIP2 (Rosenbaum, Gordon-Shaag et al. 2004,
Grycova, Lansky et al. 2008, Grycova, Holendova et al. 2012). Since a family of the
Ca®*-binding S100 proteins was shown to interact with similar binding motifs like CaM
(Wright, Prosser et al. 2008) we sought to explore whether TRPV1-CT also shares
binding site for the SI00A1 protein.

S100A1/TRPV1-CT complex formation was determined using SPR measurement. The
kinetic parameters of the S1I00A1/TRPV1-CT interactions revealed that the rates of
complex formation are similar for both S100A1 and CaM, however the stability of the
complexes is significantly higher for S100A1, the binding affinity of TRPV1-CT to
S100A1 is about two times higher for ligand than for CaM. Based on the residues
identified in the TRPV1-CT/CaM complex as the most important, it was investigated
alanine scanning mutagenesis of the TRPV1-CT followed by SPR analysis to assess the
contribution of individual residues in Kkinetics of the interaction and stability of the
TRPV1-CT/S100Alcomplex. The results showed that TRPV1-CT bears the binding site
for both S100A1 and CaM. However, the binding of S100A1 is more specific than for
CaM.

In order to determine whether S100A1 competes with CaM for the same binding site on
the TRPV1-CT, CaM was mixed with TRPV1-CT in a molar ratio of 1:1 and the
capacity of the prepared TRPV1-CT/CaM complex to bind S100A1 was analyzed using
SPR. The binding of the TRPV1-CT/CaM complex was reduced to about 50% as
compared to TRPV1-CT alone, indicating that SI00A1 and CaM compete for the same
binding site within TRPV1-CT. In view of the fact that CaM shares the TRPV1-CT
binding site with PIP2, we examined whether S100A1 is also able to compete with PIP2
for TRPV1-CT binding. The measurements suggested that the S100A1 binding site
overlaps with the PIP2-binding site on TRPV1-CT. In conclusion, it was shown
competition between S100A1 with CaM and PIP2 for identical TRPV1-CT binding site.
While CaM participates in TRPV1 desensitization the physiological role of SI000AL in
TRPV1 activity modulation is still elusive.
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5.3. PIP2 AND PIP3 INTERACT WITH N-TERMINUS REGION OF TRPM4
CHANNEL

The regulation of TRPM channels by PIP2 has been widely demonstrated in last decade
(Steinberg, Lespay-Rebolledo et al. 2014). Similarly, TRPM4 channel also contain
intracellular domain clusters we have identified as potential PIPs binding pockets
(Lemmon, Ferguson et al. 1995, Suh and Hille 2005). To confirm presence of new PIPs
binding sites in intracellular regions of TRPM4 we utilized biophysical and
bioinformatics approaches. Our findings could improve understanding of the regulation
of the TRPMA4 by lipid ligands (PIP2/PIP3).

Concretely, we used SPR to directly study the binding affinity and specificity of PIP2
and PIP3 to TRPM4 selected regions. We proposed the putative PIPs binding site of
TRPM4 (E733-W772) in close proximity of the first TM domain based on its abundant
presence on positive charge residues willingly interact with negative charged
phosphates of PIPs. SPR demonstrated that TRPM4 (E733-W772) can interact with
lipid bilayer (induced by PC in our experiments) and binds both PIPs specifically.
Dissociation constants for TRPM4 (E733-W772)-PIP2/PIP3 complexes were in the
similar micro molar range suggested on high affinity bonds in the interaction. A similar
binding affinity for PIP2 (PIP3) was observed previously with the TRP family members
(Grycova, Holendova et al. 2012, Holendova, Grycova et al. 2012). Using alanine
scanning mutagenesis it was found that two residues R755 and R767 are important in
the N-termini PIP2/PIP3 binding domain. Their mutation caused complete loss of
specificity for PIP2/PIP3 binding.

Intracellular tails of TRPs are highly heterologous across the whole superfamily.
Whereas the structural data about TRPM4 are still missing, we decided to obtain
knowledge about secondary structure of TRPM4 PIPs binding site by circular dichroism
measurements. In effect, the secondary structure of TRPM4 (E733-W772) fusion
protein was determined to be mostly disordered. In complexes of TRPM4 (E733-
W772)-PIP2/PIP3 no changes of the protein structure during interaction has been
detected.

3D model of the TRPM4 (E733-W772) interacting with PIP2/PIP3 suggests the
phosphate head groups of PIP2 and PIP3 form ionic interactions with positively charged
arginines R755 and R767. According to the data from SPR, the binding affinity for
TRPM4 (E733-W772) - PIP2/PIP3 complexes is very similar. The molecular model
with PIP3 confirmed our SPR data, because specific one extra phosphate group of PIP3
does not have a particularly large influence on the strength of the interaction.

Surely, PIPs are the important regulators of TRPs and it is very likely that they could
regulate TRPM4 channel via binding its intracellular N-terminus in the same way as
was reported for other members of the TRPM family (Runnels, Yue et al. 2002, Liu and
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Liman 2003, Grycova, Holendova et al. 2012). Notwithstanding functional studies are
needed to elucidate the role of PIP2 and PIP3 in TRPMA4 gating and regulation.

5.4. CHARACTERIZATION OF THE PART OF N-TERMINAL PIP2 BINDING SITE
OF THE TRPM1 CHANNEL

The last publication reported about the first identified interaction of PIP2 with TRPM1
channel. As was described previously, the selection of potential interaction site was
choosen based on presence of positively charged residues cluster in the intracellular
tails of TRPML1. Thus, we have characterized the capacity of a N-terminal segment of
the TRPM1 channel (TRPM1-NT), encompassing residues A451 to N566, to interact
with PIP2 using biophysical and bioinformatic tools. Neutralizing the positive charges
in these regions usually results in a reduction of binding affinity of PH domains for
PIP2, indicating a direct interaction between the cytoplasmic regions of TRPM channels
with PIPs (Lemmon, Ferguson et al. 1995, Suh and Hille 2008, Grycova, Holendova et
al. 2012).

At first, fluorescence measurements provide strong evidence for the interaction of
TRPM1-NT with soluble PIP2 (labeled by fluorescent probe Bodipy). After, the SPR
measurements confirmed the TRPM1-NT/PIP2 binding and provided us kinetic data
during the association and dissociation of the complex. We found that the binding
affinity of TRPM1-NT is almost three-times higher for PIP2 than for PC (membrane
suplement during SPR measurement), indicating a higher specificity of TRPM1-NT for
PIP2 on the membrane surface. Moreover, the Kp value of TRPM1-NT for PIP2 is in
the micromolar range, which corresponds well to previous PIPx/receptor complex
characterization (Hansen, Tao et al. 2011, Holendova, Grycova et al. 2012, Bousova,
Jirku et al. 2015). To find concrete amino acids(s) involved in the interaction, we
performed alanin scanning mutagenesis. This suggested the basic side chain of lysine
residue at position 464 of TRPM1-NT mediates electrostatic interactions with the
negatively charged phosphate group(s) of PIP2 at the membrane surface. Additionally,
using CD measurements it has been discovered that TRPM1-NT/PIP2 complex
formation is accompanied by significant changes in the secondary structure content of
the protein. The 3D molecular model confirmed that the interaction is mediated through
the negatively charged phosphate groups of PIP2, which are coordinated by a patch of
positively charged residues on the TRPML1 surface.

Although we determined a possible PIP2 binding interface to the intracellular N-
terminus of the TRPM1 fragment, the question of whether this interaction is mediated
straightly by the N-terminus of the TRPM1 fragment remains unanswered. According to
structural data, potassium channels possess four PIP2 binding sites in the K;6.2
tetramer, one per subunit, with both the N- and C-termini domains of the Kj; channels
contributing to the PIP2 binding sites (Hansen, Tao et al. 2011, Whorton and
MacKinnon 2011). Specific intracellular portions of the channel are attracted to the
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plasma membrane due to direct interactions with the phospholipid. PIP2 exerts a
tangential force on the N- and C-termini to open the channel. The PIP2-binding site for
Ki6.2 lies at the interface between the N- and C-termini regions between two
neighboring subunits(Whorton and MacKinnon 2011). According to the tetramer
assembly and with respect to the close proximity of the N- and C-terminal regions of
TRPs (Liao, Cao et al. 2013, Paulsen, Armache et al. 2015, Zubcevic, Herzik Jr et al.
2016), we postulate that this pattern may occur for TRPM1. However, structural
findings concerning TRP channel intracellular regions, which are essential for
understanding the mechanism of the channel function will require further investigation.
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6. CONCLUSIONS

TRP channels respond to multiple activation triggers and therefore serve as polymodal
signal detectors. With respect to the complexity of the of TRPs function it is still a
needed to devote an effort to understand the complex regulation mechanisms of TRPs
function. The presented thesis is a summary of our results contributing to the
description and characterization of four independent binding sites for regulatory
molecules in the most important members of TRPs.

In the first publication the interaction of the Ca®* -binding protein S100A1 with the
TRPC6-CT conserved region (position 801-878) was investigated. It was found that
this domain binds S100A1 with high affinity and the binding is Ca®* -dependent. This
work confirmed that there are more Ca®* -binding proteins interacting with TRPC6-CT
conserved region, as it follows from identification of the same domain for another Ca**
dependent protein - CaM. The interaction of SI00A1 and CaM with TRPC6 is similar in
many ways but does not have exactly the same binding topology as was shown by
identification of different basic residues essential for the binding of Ca®* -dependent
proteins.

The earlier studies dealt with interactability of TRPV1-CT (position 712-838) domain
have revealed CaM and PIP2 common binding site. We succeeded to characterize the
region in the TRPV1-CT responsible for the interaction with previously mentioned
S100A1 protein using biophysical methods. We have shown that this domain overlaps
with CaM and PIP2 binding sites and that SI00A1 again competes in binding with these
two ligands. Similarly to the S100Al1 binding in TRPC6 —-CT, several positively
charged residues of this domain were identified as the most important in S100A1l
binding. The interaction of S100A1/TRPV1-CT was shown to be again Ca®*" -
dependent. Data obtained from steady-state fluorescent anisotropy and surface plasmon
resonance measurements provided a clue to a mechanism of the mutual PIP2, S100A1
and CaM regulation in TRPV1.

We succeeded to identify important multiple PIPs binding site for TRPM subfamily,
particularly at the proximal part of TRPM4 N- terminus (position E733-W772). By
combination of experimental and theoretical methods we identified two positively
charged amino acids - R755 and R767 at the TRPM4-NT crucial for the interaction with
PIP2 and PIP3. Simultaneous mutation of these residues caused a total loss of binding
affinity to both PIPs. We also experimentally proved that the TPRM4 domain can bind
PIP2 and PIP3 with a similar binding affinity to the binding domain. One can assume
that PIP2 and PIP3 binding site is the same for both ligands but this mechanism has to
be confirmed in future. Due to lack of structural information about TRPM4 channel we
decided to map secondary structure content of the selected TRPM4 intracellular binding
domain. The data from secondary structure prediction and CD spectroscopy revealed
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that the peptide terminus appears as mostly disordered and the binding of PIP2/PIP3 has
no significant influence on its folding. To visualize TRPMA4-PIP2/PIP3 binding
interfaces we utilized de novo molecular modeling methods.

The last study presented in this thesis was focused on the identification of new PIP2
binding site in the distal part of TRPM1 N-terminus. We have characterized that the
A451-N566 region of the TRPML1 interacts with PIP2, and we identified the lysine
residue K464 participating in the PIP2 binding. This is the first report showing that PIP2
interacts with member of TRPM1 subfamily. In the contrary to the previously identified
PIPs binding region in TRPM4, the characterization of TRPM1 binding domain
revealed high content of secondary structure elements and we also observed significant
increase of secondary structure elements upon PIP2 binding to the TRPM1. To
structurally characterize the TRPM1/PIP2 interaction mode we used molecular
modeling and docking methods similarly as for the TRPM4-PIP2/P1P3 complexes.

Results published in this thesis extend our knowledge about the existing binding sites
for important signal integrators in TRPs. Their documented large structural and
functional variability allows further characterization of not yet identified binding
sites for common modulatory molecules whose regulatory functions have already been
demonstrated on other TRPs subfamilies. Newly provided receptor-ligand
characteristics drive us to better understanding of regulation complexity for TRPs
members. To summarize our achievements — we documented features of four
independent ligand binding domains localized in 3 main families of TRPs — TRPC,
TRPV and TRPM. Based on that, we can constitute a few noticeable general
characteristics of this binding. First, the interaction of proteins with TRPsis Ca®*
dependent and often realized via intracellular regions of TRPs enriched by positively
charged amino acids arginine and lysine. Second, the interaction of PIP2 and PIP3
utilizes very similar binding interface as identified for another TRPs partners. We can
hypothesize that PIPs interaction could be facilitating in large extent by the same of the
positively charged residues. Last but not least, the process of any ligand binding to
TRPs can induce conformational changes of their rather unstructured characters and
increase a secondary structural content contributing to the binding selectivity.

These findings raising awareness about potential modulation of TRP receptors, which
can lead further to cation transport and consequently to possible treatment of human
diseases linked with disorders in TRPs. On the other hand, the overall functional role of
TRPs within physiological processes such as hormonal cellular control, nociception or
cellular calcium homeostasis is still not clear as these extensive processes often involve
multi-cooperation of protein complexes. Deeper and comprehensive understanding of
the molecular structure, biophysical properties, functional and pathophysiological roles
of the TRPs is therefore more needed than ever before.
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Abstract

The transient receptor potential (TRP) protein superfamily consists of seven major groups, among them the “canonical TRP”
family. The TRPC proteins are calcium-permeable nonselective cation channels activated after the emptying of intracellular
calcium stores and appear to be gated by various types of messengers. The TRPC6 channel has been shown to be expressed
in various tissues and cells, where it modulates the calcium level in response to external signals. Calcium binding proteins
such as Calmodulin or the family of S100A proteins are regulators of TRPC channels. Here we characterized the overlapping
integrative binding site for S100A1 at the C-tail of TRPC6, which is also able to accomodate various ligands such as
Calmodulin and phosphatidyl-inositol-(4,5)-bisphosphate. Several positively charged amino acid residues (Arg852, Lys856,
Lys859, Arg860 and Arg864) were determined by fluorescence anisotropy measurements for their participation in the
calcium-dependent binding of S100A1 to the C terminus of TRPC6. The triple mutation Arg852/Lys859/Arg860 exhibited
significant disruption of the binding of ST00A1 to TRPC6. This indicates a unique involvement of these three basic residues
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Introduction

TRPC6 is a member of a large group of transient receptor
potential (TRP) channels, a diverse group of cation-permeable
channels. This family includes more than 30 proteins that play
critical roles in various biological processes [1]. They are widely
expressed in the nervous system and non-excitable cells. TRP
channels are involved in many physiological processes, they are
important regulators of cation homeostasis in cells and many of
them serve as biological sensors for the detection of various
environmental stimuli [2]. TRP channels can be divided into
seven subfamilies (C - canonical, V - vanilloid, M - melastatin, ML
- mucolipin, P - polycystin, A — ankyrin, N — no mechanoreceptor
potential C) on the basis of sequence homology [3]. TRP channels
contain six putative transmembrane domains, a pore region
between domain 5 and 6, and amino- and carboxy- intracellular
termini [3,4]. Many conserved domains have been identified
within the intracellular termini, and they serve as important
interaction sites for various regulatory molecules [2].

Members of the TRPC subfamily (TRPC1-TRPC7) typically
contain 3—4 ankyrin repeats on their N-terminus and a conserved
region called TRP box at the C-terminus, also present in TRPVs
and TRPMs. These channels are non-selectively permeable to
cations, nevertheless their selectivity for calcium over sodium
varies among their members. It has been proposed that TRPC
channels can be activated by the stimulation of phospholipase C,
but a number of different modulators such as signaling proteins,
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cytoskeletal elements, scaffold molecules and also other ion
channels have been reported to modulate their activity. All TRPC
channels have been described as store-operated channels (SOCis),
that are activated when intracellular Ca”* stores become depleted
[5].

TRPC6 was reported to be modulated by Ca®" ions together
with calmodulin (CaM) [6,7,8]. The CaM binding region on the
C-terminus was described in detail [6,3]. The domain contains
several consensus CaM binding motifs with hydrophobic residues
in specific positions and was also shown to interact with the IP3
receptor (IP3R) and described as the so-called CaM and IP3R
binding domain (CIRB) conserved among all TRPC members [6].

S100A proteins are a large family of calcium-binding proteins
found in Vertebrates. It was assumed that these proteins simply
function as cellular calcium buffers, but they have been later
reported to take part in the regulation of many cellular processes
[9].

S100AT1 is a small dimeric protein that is highly expressed in
cardiomyocytes, and also in fast and slow twitch muscles, brain
and hippocampal neurons [10]. It contains two EF-hand motifs
that are able to bind Ca** ions, causing a conformational change
by moving one helix and exposing a broad hydrophobic surface
that enables the protein to interact with a variety of target proteins
and ion channels [11,12]. In contrast to CaM, the first EF hand
motif binds Ca®" with a lower affinity than the second EF hand
[13,14].
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The TRPC6 channel modulates the calcium levels in eukaryotic
cells, including sensory receptor cells in response to external
signals. Its activity is modulated by multiple factors. It was recently
shown that CaM, a Ca®' binding protein, acts as an important
mediator of Ca**-dependent regulation [6,8] and the interaction
site was characterized [7,8]. SI00A1 behaves similarly in terms of
mediating the activity of other ion channels [15,16]. For this
reason we tested the binding of the S100A1 protein to TRPC6 C-
terminus (C'T) (801-878), which interacts directly with CaM [7,8].
Using site-directed mutagenesis of the predicted basic amino acid
residues of TPRC6 CT combined with steady-state fluorescence
anisotropy measurements, we found that the SIO0A1 protein is
able to bind to the TRPC6 C-terminus. Moreover, this binding
site overlaps with the previously reported CIRB binding site on the
same receptor.

Materials and Methods

TRPC6 Cloning, Expression and Purification

The coding region for the C-terminal part of rat TRPC6 (amino
acids 801-878) was cloned into the pET42b expression vector
(Novagen). Point mutations of several basic amino acids, namely
Arg852, Arg864, Lys 856 and Ile 857, as well as the triple
substitutions  Arg852/Lys859/Arg860 and Lys859/Arg860/
Arg864 were performed by site-directed mutagenesis according
to the manufacturer’s protocol (Stratagene). All the constructs
were confirmed by DNA sequencing.

The proteins were expressed as fusion proteins with a His-tag on
their C-termini in . coli Rosetta cells (Novagen). The expression of
the proteins was induced by 0.5 mM isopropyl-1-thio-f-D-
galactopyranoside for 16 hours at 20°C. The proteins were
purified by Chelating Sepharose Fast Flow (Amersham Bios-
ciences) according to the manufacturer’s protocol. Gel permeation
chromatography on Superdex 75 (Amersham Biosciences) was
used as a final purification step. A 25 mM Tris-HCI buffer
(pH 7.5) containing 500 mM NaCl and 2 mM CaCl, was used for
the elution. The protein samples were concentrated using spin
columns (Millipore) and the purity was verified by 15% SDS-
PAGE (Fig. S1). The concentration of the constructs was estimated
by measuring absorbance at 280 nm. The integrity of the proteins
was verified by MS-MS analysis. The expression and purification
of the (His)6-tagged proteins was described in detail previously

[17].

S100A1 Protein Cloning, Expression, Purification and
Labeling

cDNA coding for human S100A1 was cloned into the pET28b
expression vector (Novagen). The protein was expressed in E.coli
BL21 cells. Its expression was induced by 0.5 mM isopropyl-1-
thio-b-D-galactopyranoside for 12 hours at 25°C.. The protein was
purified using Phenyl Sepharose CL4B (Amersham Biosciences)
equilibrated with 50 mM Tris-HCl (pH 7.5), 100 mM NaCl,
2 mM CaCl,. Bound S100A1 was eluted with 50 mM Tris-HCI
(pH 7.5), 100 mM NaCl, 1.5 mM EDTA and concentrated using
a spin column for protein concentration (Millipore). Concentrated
protein solution was loaded into a Superdex 75 column
(Amersham Pharmacia Biotech) and eluted with 25 mM Tris-
HCI (pH 7.5), 100 mM NaCl, 2 mM CaCl, as a final purification
step. The purity of the protein was verified by 15% SDS-PAGE
(Fig. S2). The concentration of the protein was assessed by BCA’s
assay using BSA as a standard protein [18].

The SI100A1 protein was then dialyzed against 10 mM
NaHCOg buffer (pH 10.0) and 100 mM NaCl for 8 hours at
4°C. The protein sample was mixed with 0.6 dansyl chloride
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(DNS) solution (Sigma) in a molar ratio of 1:1.5 and incubated at
4°C for 12 h. The sample was dialyzed for 8 hours against 25 mM
Tris-HCI (pH 7.5), 150 mM NaCl and 2 mM EDTA to remove
the free DNS-chloride and then against the same buffer containing
2 mM CaCly instead of EDTA at 4°C overnight [19]. The
incorporation stoichiometry was determined by comparing the
peak protein absorbance at 280 nm with the absorbance of the
bound DNS measured at 340 nm, using an extinction coefficient
of 4,300 m~" cm™'T [20].

Steady-state Fluorescence Anisotropy Measurements

Steady-state fluorescence anisotropy measurements were used
as a binding assay to determine the binding affinity between
fluorescently labeled S100A1 protein and the C-terminal part of
TRPC6 and its mutants. The experiment was performed using an
ISS PC1™ photon-counting spectrofluorimeter The monochro-
mator excitation and emission wavelengths were set to 340 nm
and 520 nm for all measurements. The fraction of bound TRPC6
protein (IB) was calculated from the equation 1:

(robs - rmin)

Fr=
b (rmax - robs)Q + (robs - rmin)

where 1., 1s the observed anisotropy for any TRPC6 protein
concentration, I,y is the anisotropy at saturation and ry,;, is the
minimum observed anisotropy for the free DNS-S100A1. The
parameter Q) represents the quantum yield ratio of the bound to
the free form, and was estimated by calculating the ratio of the
intensities of the bound to the free fluorophore. To determine the
equilibrium dissociation constant (Kp), the values of the bound
fraction of the protein were plotted against the TRPC6 protein
concentration and fitted using the equation 2:

Ko+ [P [Pa) [ (Kp+ [Pr] +[P2]? —4[P Py
B 2[P1]

B

where Kp is the equilibrium dissociation constant, [P1] is the
DNS-S100A1 concentration, and [P2] is the concentration of the
TRPC6 protein. Non-linear data fitting was performed using the
program SigmaPlot10 [17]. All experiments were carried out in at
least triplicate.

Mass Spectrometric Analysis

The excised protein band from SDS-PAGE, TRPC6, was
digested with trypsin endoprotease (Promega) directly in the gel
after destaining and cysteine modification by iodoacetamide [21].
The resulting peptide mixture was extracted, loaded onto the
MALDI-TOF target with a-cyano-4-hydroxycinnamic acid as the
matrix, and positively charged spectra or MS/MS were acquired
using an UltraFLEX III mass spectrometer (Bruker-Daltonics,
Bremen, Germany) with internal calibration (monoisotopic
[M+H]" ions of the TRPC6 peptides with known sequences).

Circular Dichroism Spectroscopy

Circular dichroism (CD) experiments were carried out in a Jasco
J-815 spectrometer (T'okyo, Japan). The protein concentration was
kept constant for all measured samples and was 0.35 mg/ml. The
spectra were collected from 200 to 300 nm using a 0.1 cm quartz
cell at room temperature. A 0.5 nm step resolution, 20 nm/min
speed, 8 s response time and 1 nm bandwidth were used. After
baseline correction, the final spectra were expressed as a molar
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Figure 1. Circular dichroism spectroscopy measurement of TRPC6go1_g75)WT, ST00A1 and the complex of ST00A1 and TRPC6 (g01-
878)WT. Examples of CD spectra of TRPC6gp1_g7)WT, ST00A1 and the complex of ST00A1 and TRPC6 (go_g78)WT expressed as a molar elipticity Q

(deg-cm?-dmol™") per residue.
doi:10.1371/journal.pone.0062677.g001

elipticity Q (deg-cm?+dmol ') per residue. Secondary structure
content was estimated using Dichroweb software [22].

Results and Discussion

TRPC6 and S100A1 Expression and Purification

The TRPC6 C-terminal protein construct (801-878) and its
mutants were expressed as fusion proteins with a 6x His-tag on
their C-termini in E. coli Rosetta cells. The SI00A1 protein was
expressed in E.coli BL21 cells. All proteins were purified by a two-
step purification process. The proteins were soluble and in
sufficient amount to perform the binding experiments (Fig. Sl
and S2). The integrity of the proteins was verified by circular
dichroism spectroscopy measurement. Numerical analysis of the
experimental spectra enabled estimation of the relative abundance
of the various secondary structure elements. (Fig. 1, Tab. 1). The
o-helical conformation (66%) was found to be the major
component of the SI00A1 protein, which is in good agreement
with the conformation found in its native state. The structure of
the TRPC6 C-terminus is unknown. According to the theoretical

COmpIeX of TRPC6(801_878) WT/S100AT1.

prediction of the secondary structural elements using computa-
tional tools, the region was predicted to be mostly unordered. The
CD spectra analysis confirmed the theoretical prediction, suggest-
ing that the TRPC6 protein construct was adopting its native
form. The experiment was also used to observe changes in the
secondary structural elements during the creation of the TRPC6/
S100A1 complex (Fig 1, Tab 1). We compared the CD spectrum
of the complex with the CD spectra of the proteins alone. Because
the CD spectra of the mixture are the sum of the TRPC6 protein
construct and S100A1 individually, we suggest that the changes in
the secondary structure of TRPC6 (801-878) have no significant
effect on its binding to ST00A1.

S100A1 Binds to TRPC6 (801-878) C-terminus

S100 protein family is known to act as calcium-signaling
molecules by converting changes in cellular calcium levels to
a variety of biological responses. In this manner, many of the S100
proteins have been shown to modulate enzyme activities,
oligomerization of cytoskeletal protein components (tubulin,
desmin, glial fibrillary acidic protein), modulate ubiquitination,

Table 1. Calculated incidence (%) of secondary structures of ST00AT and TRPC6go1_g75) WT and TRPC6 single mutant R852A and

Protein Helix Antiparallel Parallel Beta Turn Random Coil
TRPC6(501_875WT 0,18 0,15 0,12 0,20 0,36
TRPC6s01-878) R852A 0,22 0,14 0,11 0,20 0,34
S100A1 0,66 0,03 0,03 0,12 0,15
S100AT+ TRPC6g01_g78)WT 0,43 0,07 0,07 0,17 0,25
doi:10.1371/journal.pone.0062677.t001
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Figure 2. Steady-state fluorescence anisotropy measurement of TRPC6go1-g78y WT and selected mutants to fluorescently labeled
S100A1 protein. DNS- ST00AT protein (232 uM) was titrated with TRPC6 fusion protein and the Fb was calculated using equation 1 as was
described in material and methods.Binding isotherms and dissociatin constants were calculated by fitting the data to the equation 2 as was described
in material and methods. Values are expressed as the mean = standard deviation (SD) measured from at least from three independent experiments.
Binding isotherms of wild-type TRPC6 (g91-g78) is represented as black circles, single mutant is TRPC6go1-g7g) RB64A as white circles and triple mutant

TRPC6g01-878) KB59A/R860A/R864A as black squares.
doi:10.1371/journal.pone.0062677.9g002

control membrane vesicle formation and participate in trafficking
of proteins to the inner surface of the plasma membrane [11]. The
interaction between the transient receptor potential cation channel
proteins TRPV5 and TRPV6 with SI00A10 has been shown
using two-hybrid and co-immunoprecipitation experiments
[23,24]. In this role, the SI00A10-annexin A2 complex is thought
mediate trafficking of the TRV5 and TRV6 proteins to the plasma
membrane where they act as calcium-selective channels. Recently
our research group has also shown a direct interaction between
S100A1 protein and TRPMS3 ion channel, where this protein was
able to compete with CaM for the overlapping binding site [25].

The protein samples were used for steady-state fluorescence
anisotropy measurement to characterize the binding ability of the
S100AL1 protein to TRPC6 C-terminal region 801-878. Increasing
amounts of the TRPC6 protein construct were titrated into the

DNS-S100A1 solution. The equilibrium dissociation constant of

the TRPC6g01-g78)/ Ca*-S100A1 complex was estimated to be
0.31+/—0.04 uM (Fig. 2). The value of the equilibrium dissoci-

NKRNEEKKFG ISGSHEDLSK FSLDKNQLAH NKQSSTRSSE

DYHLNSFSNP PRQYQKIMKR LIKRYVLQAQ IDKESDEV

Figure 3. Amino acid senquence of TRPC6 fusion protein. Native
rat TRPC6 801-878 amino acid sequence containing integrative binding
site was investigated. Predicted important basic amino acids that were
replaced by alanine are in red.

doi:10.1371/journal.pone.0062677.g003
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ation constant is nearly the same as was estimated for CaM
binding to be 0.320+/—0.019 uM [8]. As the amino acid residues
important for CaM binding are known (Fig. 3), we tested their role
in S100A1 binding (Fig. 2). The single substitution of R852A and
triple substitution of K859A/R860A/R864A had almost no effect
on its binding. (Fig. 2, Tab. 2). Interestingly, in comparison to the
CaM binding, where the neutralization of this residue had the
most striking effect [8], the R852 residue did not influence the
mteraction with SI00AL at all. Although the TRPC6 W'T binding
affinities to both ligands CaM and S100A1 are almost the same,
according to the results we obtained it seems that different residues
are involved in the binding. The mutations of K856A and R864A

Table 2. Summary of estimated equilibrium dissociation
constants of the complex of TRPC6go1_g7g)WT and its mutants
with ST00AT.

Protein KoM

TRPC6(g01-878)WT 0.31+-0.04
TRPC6g01_a78) R852A 0.48+—0.11
TRPC6(g01-878) K856A 0.76+—0.09
TRPC6(g01_578) R864A 0.92+—0.08
TRPC6(g01-878)R852A/K859A/R860A 2.62+—-0.22
TRPC6(g01_878)K859A/R860A/R864A 0.40+—0.05

doi:10.1371/journal.pone.0062677.t002
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Figure 4. Steady-state fluorescence anisotropy measurement of interaction between TRPC6go1-g7s) WT and DNS- S100A1 protein in
presence and absence of calcium ions. Titration of DNS-S100A1 protein (232 uM) with TRPC6 fusion protein in presence of calcium ions resulted
in an increase of bound fraction (Fb) (white dots) compared to when the DNS-S100A1 protein was titrated with TRPC6 fusion protein in absence of of
calcium ions (black dots). Values are expressed as the mean = standard deviation (SD) measured from at least three independent experiments.

doi:10.1371/journal.pone.0062677.g004

lead to an up to 3-fold decrease in the binding affinity to ST00A1.
These results are in a good agreement with TRPC6/CaM binding
data. The R852A/K859A/R860A triple mutation caused the
most significant decrease in binding ability (Tab. 2).

Binding of TRPC6 801-878 to S100A1 is Calcium-

dependent

Since S100Al is a Ca**-binding protein and Ca*" ions play
a crucial role in TRPC6 activity regulation, the role of calcium
ions in S100Al binding to TRPC6 (801-878) was assessed. The
experiment was performed in a solution without calcium. There
was no increase in fluorescence anisotropy when calcium was
absent (Fig. 4), suggesting that the binding is calcium-dependent.
The same behavior has been detected for the CaM/TRPC6- CT
(801-878) interaction [8].

In this report the interaction of the Ca**-binding protein
S100A1 with the conserved region (801-878) of the TRPC6-CT
was investigated. We found that these proteins bind with high
affinity and the binding is Ca®"-dependent, analogous to that of
CaM. According to our results, the interaction is similar but not
exactly the same, because different residues are essential for the
mteraction. Here we show the role of some basic amino acid
residues from the so-called CIRB region of TRPC6 affecting its
binding to SI100AI. These results could suggest potential
physiological consequences which will need further investigation.
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Ca?* Binding Protein ST00A1 Competes with Calmodulin and PIP2 for
Binding Site on the C-Terminus of the TPRV1 Receptor
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ABSTRACT: Transient receptor potential vanilloid 1 ion channel (TRPV1)
belongs to the TRP family of ion channels. These channels play a role in many
important biological processes such as thermosensation and pain transduction.
The TRPV1 channel was reported to be also involved in nociception. Ca*" ions
are described to participate in the regulation of TRP channels through the
interaction with Ca®"-binding proteins, such as calmodulin or SI100AL.

N - terminus 5 = n PIP
Calmodulin is involved in the Ca’*-dependent regulation of TRPVI via its Intracellular e Lo # .2‘\}:. ity

binding to the TRPV1 C-terminal region. However, the role of the Ca**-binding
protein S100A1 in the process of TRP channel regulation remains elusive. Here
we characterized a region on the TRPV1 C-terminus responsible for the interaction with S100A1 using biochemical and
biophysical tools. We found that this region overlaps with previously identified calmodulin and PIP2 binding sites and that
S100A1 competes with calmodulin and PIP2 for this binding site. We identified several positively charged residues within this
region, which have crucial impact on S100A1 binding, and we show that the reported SI00A1—-TRPV1 interaction is calcium-
dependent. Taken together, our data suggest a mechanism for the mutual regulation of PIP2 and the Ca**-binding proteins

S100A1 and calmodulin to TRPV1.

KEYWORDS: TRPV1, vanilloid receptor, calmodulin, SI00A1, calcium binding protein, surface plasmon resonance,

fluorescence anisotropy

he TRPVI1 receptor is a member of the TRP channel
family. This channel functions as a polymodal signal
transducer of noxious stimuli. Recently, its predicted tetrameric
structure and the membrane topology of its subunits have been
confirmed: TRPV1 consists of six transmembrane helixes with a
central pore region located between the fifth and the sixth
transmembrane domain.' These structural features were
verified by cryo-microscopy with sufficient resolution to reveal
the principles of its gating mechanisms.” The intracellular
termini contain important interaction sites for its agonists and
regulatory molecules such as adenosine triphosphate (ATP),
calmodulin, (CaM) and phosphatidyl inositol-4,5-bisphosphate
(P1P2);>® however, the structure of the intracellular regions
has been solved only partially. The crystal structure of the
isolated TRPV1 ankyrin repeat domain on the N-tail is the only
known intracellular part.®
The activity of TRP channels is modulated by a wide range of
stimuli. Usually the Ca** ions play an important role in these
processes.'’ Calcium cellular level ranges from resting levels
near 100 nM to signaling levels near 1 mM,'! and regulates
diverse amount of cellular processes through the interaction
with a large number of calcium-sensor proteins such as CaM
and S100Al. As reported previously, calcium takes part in the
process of desensitizing TRPVI1 receptors. This type of
regulation is commonly tightly connected with Ca** binding
proteins, such as CaM or SI100Al protein.> TRPVI is
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inactivated via interactions with Ca?*—CaM.>*"* Similarly,
Ca’*-dependent cleavage of PIP2 and depletion of PIP2 is
thought to play a major role in desensitization."*™"” In contrast,
the role of SI00AI in the process of TRP channel regulation
remains elusive.

CaM is a small ubiquitously expressed protein, and its
expression level ranges from nanomolar to micromolar
levels."™" Tts structure in complex with various fragments
derived from CaM-regulated proteins, both with and without
Ca®" ions (apocalmodulin), has been solved many times using
NMR and X-ray diffraction. CaM has been described to interact
with its targets in several ways. CaM contains four so-called EF
hand motifs and undergoes large conformational changes upon
Ca®* binding. Two domains which participate in CaM binding
in a Ca’*-dependent manner have been identified within the
intracellular termini of the TRPV1 receptor.”* Nevertheless,
the structure of TRPVI in complex with CaM has not been
determined yet.

S100 proteins are calcium-signaling molecules, which convert
changes in cellular calcium levels to a variety of biological
responses such as protein phosphorylation, cell growth and
motility, cell-cycle regulation, transcription, differentiation and
cell survival. S100A1 is one of the first proteins of this family to
be characterized. It is a small (10.5 kDa) protein that forms
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dimers. Along with CaM, S100A1 is a member of a large group
of EF hand signaling proteins. CaM is present in all cells, and it
is highly conserved among species. In contrast, S100 proteins
are specific for vertebrates and have diverse tissue distribu-
tions.”” S100A1 contains two EF-hand domains that bind Ca®*
ions with different affinities (500 uM and 1—50 uM),*"** and
the S100A1 protein binds calcium and undergoes a conforma-
tional change by moving one helix and exposing a broad
hydrophobic surface.”> Several interactions of S100A1 protein
with target molecules in Ca**dependent manner were
described. Similarly to CaM, the dissociation constants of the
S100A1 for its target range from nanomolar to micromolar
levels.>* ¢ Recently, some members of the TRP family were
identified as biological targets of the S100 proteins. TRPVS and
TRPV6 interaction with the S100A10—annexin A2 complex is
thought to mediate its trafficking to the plasma membrane.””
Moreover, intracellular tails of TRPC6 and TRPM3 possess
overlapping binding sites for S100A1 protein and CaM.***°
CaM and S100A1 also compete for binding sites within RyR1
receptor where they play a regulatory role.””

S100A1 and CaM have similar structural features, but no
structural-functional studies or known physiological conse-
quences of S100A1 binding to TRPV1 have been published yet.
Here we utilize site-directed mutagenesis in combination with
biophysical tools (steady-state fluorescence anisotropy, surface
plasmon resonance (SPR)) to characterize the interaction of
S100A1 with TRPV1. We show that S1I00Al binds to TRPV1
and competes directly with CaM for the overlapping binding
site on the C-terminus of TRPV1 (TRPV1-CT). Furthermore,
we show that the interaction is calcium-dependent and that
TRPV1 undergoes conformational changes upon binding to
S100A1. In addition, we identified important basic residues of
TRPV1 that actively participate in S100Al binding.

B RESULTS AND DISCUSSION

S100A1 Binds to TRPV1-CT. The C-terminus of TRPV1
contains a CaM binding site.*'**® CaM typically recognizes
motifs of hydrophobic and basic amino acid residues.”’
According to the CaM Target Database, the TRPV1-CT
binding site has an atypical sequence but matches the so-called
1-8-14 conserved motif.>° In previous reports, we found that
the C-terminal region of TRPV1 (TRPVI-CT) harbors the
integrative binding sites for CaM and PIP2.**" Since a family of
the Ca’*-binding S100 proteins was shown to interact with
similar binding motifs like CaM,*>*? we sought to examine
whether TRPV1-CT also shares binding site for the S100A1
protein. Ca’* ions bind to two canonical EF hand motifs of
S100A1 triggering a conformational switch of the S100Al
molecule and allowing the interaction between target protein
and S100A1.>* Hence, only the Ca**-bound conformation of
S100Al is able to recognize TRPV1 binding site. Thus, the
experiments were done in Ca*" excess to ensure only one
population of S100A1 conformation occurs. First, steady-state
fluorescence anisotropy measurements were employed to
determine the role of Ca’ in the interaction between
TRPV1-CT and S100Al. As shown in Figure 1, titration of
TRPV1-CT with fluorescently labeled SI00A1 in the presence
of 2 mM Ca® ions revealed an increase in fluorescence
anisotropy indicating the formation of the TRPV1-CT/S100A1
complex with an estimated equilibrium dissociation constant of
169 + 21 nM (mean =+ SD, n = 3). In contrast, no changes in
fluorescence anisotropy were observed during the titration
experiments in the absence of Ca®" ions suggesting that calcium
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Figure 1. SI00Al binds TRPVI-CT in Ca**-dependent manner.
Fluorescently labeled S100A1 was titrated with TRPV1-CT in the
absence (O) and presence of 2 mM calcium ions (®), and the
formation of the TRPVI1-CT/S100Al1 complex was followed by
steady-state fluorescence anisotropy measurement. Fluorescence
anisotropy was expressed as the bound fraction (FB) calculated
according to eq 1 in the Methods. The solid line represents the
binding isotherm determined by fitting the experimental data using a
nonlinear least-squares analysis (see eq 2 in the Methods). The results
are means + SD from three independent experiments.

ions are strictly required for interaction between TRPV1-CT
and S100Al. The kinetics of interaction between TRPV1-CT
and S100A1 was further assessed by surface plasmon resonance
(SPR). S100A1 was immobilized to a GLC chip at coupling
level of 300 RU and washed in parallel by serially diluted
TRPVI-CT at a flow rate of 30 yL/mL. Interaction of TRPV1-
CT with S100A1 was specific, since negligible binding of
thioredoxin alone was detected to the chip coated with SI00A1
(Figure 2). Kinetic parameters of the interaction were
calculated from global fitting of concentration-dependent
binding curves (Figure 2A). The data were fitted to both a
simple 1:1 Langmuir-type binding model and a conformational
change model. We found that the interaction between S100A1
and TRPV1-CT is better described (in terms of reduced y* and
residual statistics) by the conformational change model
indicating that formation of the complex occurs in two phases;
a transient interaction of the TRPV1-CT and S100A1 subunits
followed by a conformational transition of TRPV1-CT within
the bound complex. Similar binding kinetics was also observed
during the interaction of TRPVI-CT with CaM. As shown in
Figure 2, the binding curves fit well to the conformational
change model indicating that the formation of the TRPV1-CT/
CaM complex is associated with a structural rearrangement of
TRPV1-CT upon binding to CaM. The kinetic parameters of
the interactions revealed that the rates of complex formation
(represented here as association rate constants, k,;) are similar
for both S100A1 and CaM, but the stability of the complexes
(represented by dissociation rate constant, ky;) is significantly
higher for SI00A1. Thus, the binding affinity (Ky;) of TRPV1-
CT to S100ALl is about two times higher for SI00A1 than for
CaM. (Table 1).

Alanine Scanning Mutagenesis of Basic Amino Acid
Residues Engaged in Binding Site of TRPV1-CT. The
importance of specific residues involved in binding of TRPV1-
CT to CaM has been already investigated.”** Based on the
contact residues identified in the TRPV1-CT/CaM complex,
alanine scanning mutagenesis of TRPV1-CT was performed
followed by SPR analysis to assess the contribution of
individual residues in kinetics of interaction and stability of
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Figure 2. SPR kinetic binding analysis of the TRPV1-CT interaction with SI00A1 and CaM. One-shot kinetics data of the wild-type TRPV1-CT
(left column), the K770A/R778A/R785A mutant (middle column), and thioredoxin (right column) interacting with the Ca**-binding S100A1
protein (upper row) and CaM (lower row). The proteins were serially diluted (500, 250, 125, 62.5, and 31.25 nM) and injected in parallel over the
sensor chip at flow rate of 30 yL/min. The kinetic data were globally fitted by using a conformational change model (see Methods). The fitted curves

are superimposed as thin black line on top of the sensograms.

Table 1. Kinetic and Binding Affinity Constants for the Interactions of the C-Terminal Region of TRPV1 (TRPV1-CT) with the

Ca**-Binding S100A1 Protein and Calmodulin (CaM)

k, (x10* M~ s7H)2

kg (X107 s7H)°

Ky, (x1077 M)*® ky, (X1072 57 kg (x107* s71)°

WT S100A 43 + 0.8 0.7 + 04 1.6 + 0.4 1.5+ 0.3 73 +£09
CaM 3.0+ 04 123 + 3.1 4.1+ 09 1.7 +£ 0.2 64 + 02
K770A/R781A/R785A S100A 47 + 1.1 0.6 + 0.2 1.3 +0.3 1.3 + 04 74 + 1.5
CaM 2.0+ 0.5 24+ 0.5 12 +£02 22 +03 S1+11
K770A/R785A S100A 4.8 + 1.1 1.8 + 09 3.8+03 13 £0.S5 84+ 21
CaM 163 + 0.5 1.5+ 0.6 0.9 + 0.4 19 + 0.3 9.0 + 1.0
K770A/R778A/R785A S100A ND ND ND ND ND
CaM 42 + 0.5 03 +0.1 0.7 + 0.6 0.5 +0.3 3.1 +0.7
R771A/R781A S100A 48 + 0.5 8.8 + 04 18.0 + 0.6 1.1 £0.3 73 + 0.5
CaM 258 +2.5 09 + 0.3 35+ 08 1.1 + 03 79 + 3.8
R771A/R778A S100A 22 +03 1.1 £ 0.7 5.0+ 0.7 12 + 04 76 +0.5
CaM 119 + 2.4 19 + 09 1.6 + 04 1.7 £ 0.5 6.0 + 1.2
R881A S100A 1.5+ 0.1 1.1 + 04 73 +24 22 +03 43+ 2S5
CaM 53 +02 0.5 +02 09 + 0.3 1.1 £ 0.3 S1+4S

“The results are means + SD from the SPR analysis of two independent experiments carried out in triplicate. The equilibrium dissociation constant

of the initial phase of the interaction, Ky;, was determined as ky,/k,;.

the TRPV1-CT/S100Alcomplex. Overall comparison of Ky,
values revealed significant decrease in the binding affinity
(increase in Ky;) for the TRPV1-CT mutants (Table 1). The
predominant mechanism that contributed to the decreased
binding affinity of the mutants to S100A1 was the faster
dissociation rate of the encounter complex (represented by k;;)
indicating a lower stability of the complex as compared to the
wild-type. On the other hand, a significant decrease in the
association rates of the encounter complex (k,;) was detected
for the R771A/R778A and R881A mutations suggesting that
the formation of the complex is also affected in these mutants.
The mutation K770A/R781A/R785A did not affect the binding
of TRPV1-CT to S100Al. The double mutation (K770A/
R785A, R771A/R778A) and the single substitution (R881A)
caused up to 5-fold decrease in the binding affinity, while the
affinity of S100A1 for the R771A/R781A mutant was about 1

order of magnitude lower than for the wild-type. In contrast,
the binding of the K770A/R778A/R78SA triple mutant to
S100A1 was completely inhibited indicating that these three
residues play an important role in formation of the TRPV1-
CT/S100A1 complex. The identical triple mutant has been
previously shown to block interaction of TRPV1-CT with PIP2
embedded in the membrane of liposome.>" However, the triple
mutant K770/R778/R785 was still able to interact with CaM,
even with a higher binding affinity than for the wild-type. It
should be also emphasize that several TRPV1-CT mutants
(namely K770A/R785A and R771A/R778A) had faster
association rates (k,;) for CaM resulting in higher tendency
of these mutants to form the complexes with CaM. Such
differences would be attributed to substantial divergences in the
tertiary structures of S100A1 and CaM.>® Taken together, these
results showed that TRPV1-CT harbors the binding site for
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both S100A1 and CaM; however, the binding of S100Al is
more specific than that of CaM, which is likely to influence an
intimate regulation of the TRPV1 channel.

S100A1 Competes with CaM and PIP2 for Binding to
TRPV1-CT. In order to determine whether SI00A1 competes
with CaM for the same binding site on the TRPV1-CT, CaM
was mixed with TRPV1-CT in a molar ratio of 1:1 and the
capacity of the prepared TRPV1-CT/CaM complex to bind
S100A1 was analyzed by using SPR. As shown in Figure 3, the

250
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Figure 3. SI00A1 and CaM share the binding site within the TRPV1-
CT. TRPVI-CT (8 uM) and the TRPVI-CT/CaM complex (8 uM)
were injected in parallel over the SPR sensor chip coated with S100A1
at flow rate of 30 yL/min. Inhibition of binding of the TRPV1-CT/
CaM complex to SI00A1 is represented by a decrease of SPR signal
response.

binding of the TRPV1-CT/CaM complex was reduced to about
50% as compared to TRPV1-CT alone, indicating that S100A1
and CaM compete for the identical binding site within TRPV1-
CT. In view of the fact that CaM shares the TRPVI1-CT
binding site with PIP2, we sought to examine whether S100A1
is also able to compete with PIP2 for binding to TRPV1-CT.
The PIP2-enriched liposomes were immobilized to the sensor
chip and the capacity of the preformed TRPV1-CT/S100Al
complex to interact with the membrane-bound PIP2 was
probed by SPR. As shown in Figure 4A, the binding of the
TRPV1-CT/S100A1 complex was almost completely inhibited
as compared to TRPV1-CT alone suggesting that the binding
site for S1I00A1 overlaps with the PIP2-binding site on TRPV1-
CT. Reversely, only a very small portion (about 1/10) of the
TRPV1-CT molecules attached to the PIP2-enriched liposomes
were shown to interact with S100A1 (SPR response of 470 and
50 RU for TRPV1-CT and S100Al, respectively) indicating
that S100A1 is not able to form a 1:1 complex with TRPV1-CT
when bound to PIP2.(Figure 4B). Collectively, these data
indicated that SI00A1 competes with CaM and PIP2 for the
binding site on TRPV1-CT.

TRPV1 is an important nociceptor. Regulation of its activity
is proposed to be mediated via interactions with sensitizing
agents as for example PIP2>'*7'7% or desensitizing agents as
for example CaM.>*®"3 Both of these ligands interact with the
TRPV1-CT integrative binding site. We showed here that the
third ligand, S100A1 protein, competes with CaM and PIP2 for
identical binding site on TRPVI1-CT and triggers the
conformational changes of TRPV1 upon binding. The calcium
sensor proteins CaM and S100A1 often interact with the same
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Figure 4. S100A1 and PIP2 share the binding site within the TRPV1-
CT. (A) TRPVI-CT (8 uM) and the TRPV1-CT/S100A1 complex (8
UM) were injected in parallel over the SPR sensor chip coated with the
PC/PIP2 (80:20) liposomes at flow rate of 30 yL/min. Inhibition of
binding of the TRPV1-CT/S100A1 complex to the PIP2-enriched
liposomes is represented by a decrease of SPR signal response. (B)
SPR kinetic binding of SI00A1 to TRPV1-CT bound to the PIP2-
enriched liposome. TRPVI-CT (8 yM) was injected over the SPR
sensor chip coated with PC/PIP2 (80:20) liposomes, left to dissociate,
and immediately overlaid with subsequent injection of SI00A1 (8 uM)
onto the identical surface. The arrows represent injection of individual
proteins. The flow rate was maintained at 30 mL/min during the
whole experiment.

target proteins”> and S100A has been shown to play a
regulatory role.*® While CaM participates in TRPV1 desensi-
tization the physiological role of S1000A1 in TRPVI1 activity
modulation is elusive. The binding affinity of TRPV1-CT for
S100A1 and CaM is comparable and ranges in submicromolar
levels. Typical concentrations of S100Al protein and CaM in
the cell cytosol are estimated to be in a broad range (from
nanomolar to micromolar levels),*”** but they are strictly tissue
and cell specific. Whether the TRPV1/S100A1 interaction has a
regulatory function thus remains to be tested as more
electrophysiological information on S100 proteins in complex
with TRP channels become available.

B METHODS

TRPV1-CT Expression and Purification. The C-terminal part of
rat TRPV1 (amino acids 712—838) (TRPV1-CT) was cloned into the
bacterial expression vector pET32b (Novagen) as was described in
detail previously.>" Point mutations of several amino acid residues for
alanine (R771A, R778A, K770A/R785A, R771A/R781A, R771A/
R778A, K770A/R778A/R785A, K770A/R781A/R785A) were intro-
duced by using PfuUltra high-fidelity DNA polymerase (Stratagene).
The results of the mutagenesis were verified by sequencing. TRPV1-
CT and all its mutant versions were expressed fused with the
thioredoxin protein and a His-tag on the N-terminus in Rosetta
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Escherichia coli cells. The protein expression was induced by isopropyl
1-thio-f-p-galactopyranoside (Roth) for 12 h at 20 °C. Proteins were
purified using Chelating Sepharose Fast Flow (GE Healthcare)
according to the standard protocol followed by gel permeation
chromatography on a Superdex 75 column (GE Healthcare). Protein
concentration was assessed by measuring the absorption at 280 nm.
The purity was verified using 12% SDS-polyacrylamide gel electro-
phoresis (PAGE).

S100A1 Cloning, Expression, Purification, and Labeling.
c¢DNA coding for the human S100Al protein was cloned into the
pET28b expression vector. The protein was expressed in BL21 E. coli
cells. Protein expression was induced by isopropyl-1-thio-f-D-
galactopyranoside (Roth) for 12 h at 25 °C. The cells were pelleted
by centrifugation and resuspended in 50 mM Tris-HCI buffer (pH 7.5)
containing 2 mM EDTA and 0.2 mM PMSF. The cells were disrupted
by sonication and centrifuged. CaCl, was added to the supernatant
(final concentration S mM). The protein was purified using affinity
chromatography on Phenyl Sepharose CL4B (Amersham Bioscien-
ces), where SO mM Tris-HCI buffer (pH 7.5) containing 1.5 mM
EDTA and 100 mM NaCl was used for the elution. Gel permeation
chromatography on a Superdex 75 column (Amersham Pharmacia
Biotech) was used as a final purification step. The protein was eluted
with S0 mM HEPES buffer (pH 7.0) containing 250 mM NaCl, 2 mM
CaCl,, 2 mM p-mercaptoethanol, and 10% glycerol. Protein samples
were concentrated using spin columns for protein concentration
(Millipore). Protein concentration was assessed by measuring
absorption at 280 nm. The purity was verified using 15% SDS-
polyacrylamide gel electrophoresis (PAGE).

The protein was then dialyzed overnight into 10 mM NaHCO3
(pH 10.0) at 4 °C. For fluorescent labeling, SI00A1 was mixed with
0.6 M dansyl chloride (DNS) solution (Sigma) at a molar ratio of
1:1.5 and incubated at room temperature for 8 h. The mixture was
dialyzed overnight at 4 °C against 20 mM Tris-HCI buffer (pH 8.0)
containing 250 mM NaCl and 2 mM CaCl, to remove the free DNS.
The level of protein labeling was checked by measuring the ratio of the
fluorescence intensities of the unbound and bound states (excitation at
340 nm, emission at S00 nm).

CaM Expression, Purification, and Labeling. CaM was
expressed and purified according to the protocol published in our
previous work.>” The protein was labeled with the fluorescent probe
DNS, as described above for S100A1.

Preparation of the TRPV1-CT/CaM and TRPV1-CT/S100A1
Complexes. The proteins were mixed with a 1:1 molar ratio and
incubated for 1 h at room temperature in the presence of 2 mM Ca®*
followed by gel permeation chromatography on a Superdex 75 column
(GE Healthcare). The freshly prepared complexes were immediately
used for the binding experiments.

Steady State Fluorescence Anisotropy Binding Assay.
Fluorescence anisotropy was measured in an ISS photon counting
steady-state spectrofluorimeter (ISS PC1TM) at room temperature in
a buffer containing 20 mM Tris-HCI (pH 7.5), 6 mM CaCl,, and 2.66
mM DNS-S100A1. The final concentration of the fluorescently labeled
protein in the measuring buffer in the cuvette was 10 nM. Increasing
amounts of the solution of TRPV1-CT protein were titrated into the
cuvette. DNS-S100A1 was excited at 340 nm, and fluorescence was
collected at S00 nm. Steady-state fluorescence anisotropy was recorded
at each protein concentration. The fraction of TRPVI1-CT bound to
the fluorescent probe, Fy, was determined from the anisotropy changes
using eq 1:

(robs - rmin)
(rmax - robs)Q + (robs - rmin) (1)

K=

where r,,;, and r,,,, are the anisotropies of the free and bound DNS-
S100AL1, respectively, 7, is the observed anisotropy, and Q is the ratio
of the fluorescence intensities of the free and bound protein (f,,../
Fuoin)-*0 All experiments were carried out at least in triplicate. Fy was
plotted against TRPV1 protein concentration and fitted using equation

Kp + [B] + [B] — {(Kp + [B] + [B])* — 4[RI[B]

F, =
2(R]

)
to determine the equilibrium dissociation constant (Kp) for TRPV1/
S100A1 complex formation.** Nonlinear data fitting was performed
using the package SigmaPlot 2000 (6.1) SPSS Inc. P, is the
concentration of DNS-S100A1, and P, is the concentration of
TRPV1 fusion protein.

Surface Plasmon Resonance (SPR). All SPR measurements were
performed at 25 °C using CaM- and S100A1-coated GLC sensor chip
mounted on a ProteOn XPR36 protein interaction array system (Bio-
Rad, Hercules, CA). CaM and S100A1 proteins were diluted to a final
concentrations of 10 yg/mL in 10 mM acetate buffer (pH 3.5) and
washed over the sensor chip using a ProteOn amine coupling kit (Bio-
Rad) at a flow rate of 30 xL/min followed by the injection of 1 M
ethanolamine (pH 8.5) to block nonreacted groups. The subsequent
SPR measurements were carried out in 10 mM HEPES (pH 7.4), 150
mM NaCl, 2 mM CaCl,, and 0.005% Tween 20 at a flow rate of 30
uL/min. The proteins were serially diluted in running buffer to the
indicated concentrations, and injected in parallel (“one-shot kinetics”)
over the CaM and S100AL1 surface. Surfaces were typically regenerated
with 100 uL of S0 mM EDTA, 1 M NaCl. The binding curves were
processed by using a ProteOn Manager software (Bio-Rad) and
corrected for sensor background by interspot referencing (the sites
within the 6 X 6 array which are not exposed to ligand immobilization
but are exposed to analyte flow), and double referenced by subtraction
of analyte (channels 1—5) using a “blank” injection (channel 6). The
data were analyzed globally by fitting both the association and the
dissociation phases simultaneously for five different protein concen-
trations using both a 1:1 Langmuir-type binding model and the two-
state (conformational change) model to determine the kinetics
association and dissociation rate constants. The Langmuir-type
mode] assumes the interaction between protein A and B resulting in
a direct formation of the final complex (AB):

ka
A+B2AB
kg

where k, and ky are the association and the dissociation rate constants,
respectively. The two-state (conformational change) model assumes
the two-step association process:

kal kal
A+ B 2 [AB]* & AB
kqy kg

where [AB]* and AB represent encounter complex (transition state)
and final docked state, respectively. Parameters k,; and kg, are the
association and the dissociation rate constants for the first step
(encounter complex formation), while k,, and kg, are forward and
reverse rate constants for the second step (conformational change).

Interaction of TRPV1-CT and the TRPV1-CT/S100A1 complex
with the PIP2-enriched liposomes was performed as previously
described® In brief, the liposomes (100 nm in diameter) made
from 1,2-dimyristoyl-sn-glycero-3-phosphocholine (PC) and vr-a-
phosphatidylinositol-4,5-bisphosphate (PIP2) (Avanti Lipids, Alabast-
er, AL) were immobilized to a neutravidin-coated NLC chip (Biorad,
Hercules, CA) using a pair of two complementary oligonucleotides,
modified at their 5" ends by biotin and cholesterol, respectively. The
proteins were injected at identical concentrations (8 uM) at a flow rate
of 30 yL/min.
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ABSTRACT

The transient receptor potential melastatin 4 (TRPM4) is a calcium-activated non-selective ion channel broadly
expressed in a variety of tissues. Receptor has been identified as a crucial modulator of numerous calcium
dependent mechanisms in the cell such as immune response, cardiac conduction, neurotransmission and insulin
secretion. It is known that phosphoinositide lipids (PIPs) play a unique role in the regulation of TRP channel
function. However the molecular mechanism of this process is still unknown. We characterized the binding
site of PIP2 and its structural analogue PIP3 in the E733-W?772 proximal region of the TRPM4 N-terminus via
biophysical and molecular modeling methods. The specific positions R755 and R767 in this domain were
identified as being important for interactions with PIP2/PIP3 ligands. Their mutations caused a partial loss of
PIP2/PIP3 binding specificity. The interaction of PIP3 with TRPM4 channels has never been described before.
These findings provide new insight into the ligand binding domains of the TRPM4 channel.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Transient receptor potential channels (TRPs) are non-selective ion
channels that play a unique role in cell sensor systems and are involved
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in many calcium-mediated cell functions [1,2]. TRPs are a diverse family
of proteins expressed in many organisms, tissues and cell types. Their
variety is demonstrated by proposed functions: transmission of painful
stimuli, modulation of vascular tone, involvement in pathogenesis of
diabetes mellitus, supply of intracellular calcium stores and modulation
of cell cycle, [3,4]. In sensory neurons, TRPs contribute to many of activ-
ities including thermal sensation, homeostasis of body temperature and
pain [5]. In the central nervous system (CNS), they have been associated
with synaptic transmission, neurogenesis and brain development [6,7].
These special nociceptive receptors are transporters of mono and
bivalent cations into the cell [3]. The structure of TRPs was unknown
for a long time, despite numerous crystallization attempts to resolve
their structure, recently almost the entire three-dimensional structure
of the vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1) receptor was deter-
mined by single-particle electron cryo-microscopy [8-10]. All members
of the TRP superfamily share the same membrane topology. They have
six transmembrane helices (TM) with a pore region between TM5-
TM6 (Fig. 1A) and all of them have a homotetrameric structure [11-14].
Intracellularly located N- and C-tails are responsible for the regulation
of TRP channels, which carry binding sites for signal ligands such as
the intracellular calcium binding protein calmodulin [15,16] or plasma
membrane lipid phosphatidylinositol-4,5-bisphosphate (PIP2) [17-20].

There is significant sequence similarity between TRPV, TRP canonical
(TRPC) and TRP melastatin (TRPM), but no conservation between the
N-terminal region of TRPM and those of TRPV and TRPC has been
noted. On the other hand, the C-terminal domains of those three channels
exhibit very high conservation in the proximal region (so-called TRP
box) [21-24]. The TRPM family consists of eight members, which can
be subdivided into four groups based on their sequence homology:
M1 and M3, M4 and M5, M6 and M7, M2 and M8 [25]. TRPM4 is a
calcium-activated non-selective ion channel that mediates the trans-
port of monovalent cations (Fig. 1A). The activity of the encoded protein
increases with increasing intracellular calcium concentration, but this
channel does not transport calcium [26-28]. TRPM4 participates in
ongoing processes in neurons [29,30], cardiomyocytes [31], pancreas
cells [32], T-cells [33,34] and a link has been proven between defects
in the TRPM4 receptor and progressive familial heart block type 1B [31].

Nowadays, more than 50 endogenous lipids and lipid-like molecules
have been identified as direct activators or inhibitors of TRP channels.
Regulators form lipids from a variety of metabolic pathways, including

TRPM4

metabolites of the cyclooxygenase, lipooxygenase and cytochrome
P450 pathways, phospholipids and lysophospholipids [35]. The most
studied modulators of TRP channel function are phosphoinositides
[18,38-40], which appear as the major regulators of this family ion
channels. PIP2 and its structural analogue phosphatidylinositol-3,4,5-
trisphosphate (PIP3) belong to the group of phosphoinositides that
are low-abundant members of plasma membrane. These phospholipids
function in a number of crucial cellular processes, such as plasma
membrane-cytoskeleton linkages, second messenger signaling, regula-
tion of proteins involved in phospholipid metabolism, cell adhesion
and motility, and membrane trafficking [36,37]. PIP2 binding and regu-
lation in TRPM receptors have also been studied extensively. It has been
found that PIP2 activates TRPM3 [19], TRPM4 [41], TRPMS5 [42], TRPM7
[43,44] and TRPMS [45] channels. Analysis of the primary structure of
the TRPM4 N-terminus revealed that PIP2 binding motif is conserved
[46]. Under physiological conditions the phosphatidylinositols (PIPs)
are negatively charged, the interactions of PIPs with the intracellular
regions of ion channels, including TRPs, involve regions characterized
by the presence of several positively charged residues [47-49].
Mutation of these positive residues has a critical role on PIP2 binding
and this can lead to a PIP2-mediated channel regulation [39,50,51]. In
some cases, binding is mediated by dedicated lipid-binding domains,
one of the most known is the Pleckstrin Homology (PH) domain [52].
The elucidation of the crystal structure of K* channels with bound
PIP2 provided the first atomistic description of a molecular mechanism
by which PIP2 regulates channel activity and how it induces large
conformation changes in the protein [53,54]. Whether or not the PIP2
modulation of TRPs involves similar conformational changes is still
unknown. Moreover, some specific positively charged regions (e.g. PH
domains) in TRPs could mediate the interaction with other PIPs with
higher binding affinity — e.g. PIP3 [49,55,56].

In this study we addressed the localization of putative PIP2 and PIP3
binding site in the cytoplasmic domain of TRPM4 N-terminus using a
combination of biophysical and molecular modeling tools. The proximal
region E733-W772 of the N-terminus directly interacts with PIP2 and
PIP3. According to the data presented, the binding affinity of PIP2 and
PIP3 to studied N-terminus region of TRPM4 is approximately the
same. The key residues R755 and R767 have been determined to be
involved in PIP2/PIP3 binding. These findings provide new insight into
the ligand binding domains of the TRPM4 channel.
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Fig. 1. Architecture of TRPM4 channel. The violet and yellow colored ovals show the location of the putative PIP2/PIP3 binding sites on N-terminus of TRPM4. The frames displayed
proposed fusion (thioredoxin in green) protein constructs M4-D and M4-P. Their sequences displayed bellow show putative PH binding domains (blue letters). M4-P sequence shows
amino acids involved in the interaction with PIP2 and PIP3 (red letters). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2. Materials and methods
2.1. Cloning of expression vectors and site-directed mutagenesis

cDNA constructs coding the appropriate human TRPM4 (UniProtKB/
Swiss-Prot: Q8TD43.1) N-termini distal (residues S583-A669, hence-
forth denoted as M4-D) and proximal (residues E733-W772, hence-
forth denoted as M4-P) regions. These were subcloned into the BamHI
and Notl sites of the pET32b expression vector (Novagen). Muta-
genesis was performed using Pfu Ultra High-fidelity DNA polymerase
(Stratagene) according to the manufacturer's instructions. Selected
positive amino acid residues were replaced with Ala. All clones were
verified by DNA sequencing.

2.2. Fusion expression and purification of TRPM4 N-termini constructs

M4-D and M4-P constructs and double mutant were expressed
fused with thioredoxin and 2 x His-tag on the N- and C- termini in
Rosetta cells. Bacteria were transformed with the indicated construct.
Overnight starter cultures (5 ml) were used to inoculate cultures,
these were grown at 37 °C until they reached ODgpp = 0.6 Isopropyl-
1-thio-3-p-galactopyranoside (0.5 mM) was then added and induction
proceeded for 20 h at 25 °C. After pelleting the bacteria, cells were
resuspended in solutions containing the following: 10 mM PBS,
1 M NacCl, 10 mM imidazole, 0,05% NP-40, 0.1 mM PMSF and 1 mM
p-mercaptoethanol, (pH 7.7 for M4-D and pH 8.2 for M4-P). Large
scale bacterial cultures were lysed with a sonicator (Misonix Sonicator
300, USA). Lysates were spun at 40,000 rpm for 40 min at 4 °C. The
fusion proteins were purified in two step chromatography techniques.
At first, affinity chromatography was used in a chelating Sepharose
fast flow column (Amersham Biosciences). The fusion proteins were
eluted with the following: 10 mM PBS, 500 mM NaCl, 2 mM
p-Mercaptoethanol, and 400 mM imidazol, (pH 7.7 for M4-D and
pH 8.2 for M4-P). Gel permeation chromatography in a Superdex 75
column (Amersham Biosciences) was used as a second purification
step. The proteins were eluted with 25 mM HEPES, 250 mM Nadl,
2 mM B-MerkaptoEtOH, 0.1% Tween and 10% glycerol, (pH 7.7 for
M4-D and pH 8.2 for M4-P). Protein samples were concentrated using
spin columns for protein concentration (Millipore). The purity was
verified using 15% SDS-polyacrylamide gel electrophoresis (PAGE).

2.3. Mass spectrometry

The integrity of purified fusion proteins was checked by MALDI-TOF,
mass spectra were acquired using an UltraFLEX IIl mass spectrometer
(Bruker-Daltonics, Bremen, Germany). Protein bands from M4-D and
M4-P, were digested with trypsin endoprotease (Promega) directly in
the gel after destaining and cysteine modification by iodoacetamide
[57]. The resulting peptide mixtures were extracted and loaded onto
the MALDI-TOF/TOF target with a-cyano-4-hydroxycinnamic acid as
the matrix. Peptide identities were verified using MS/MS fragmentation
of the molecules, determination of the molecular mass of the fragments,
and comparison with predicted (UniProtKB/Swiss-Prot: Q8TD43.1) and
experimentally obtained fragmentation patterns.

2.4. Liposome preparation

The lipids L-a-phosphatidylinositol-4,5-bisphosphate (PIP2), 1,2-
dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-3’,4’,5'-trisphosphate)
(PIP3) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (PC) were
obtained from Avanti Polar Lipids, Inc. A stock solution of PIP2 and
PIP3 was prepared in a chloroform: methanol: H,0 (20:9:1) mixture,
a stock solution of PC only in chloroform. Liposomes of the following
compositions were prepared: PC, PC/PIP2 50/50% and PC/PIP3 50/50%
by mixing appropriate volumes of the stock solutions. After being
dried under an N2 stream, lipid films were hydrated with Hanks'

Balanced Salt Solution (HBSS) buffer (25 mM HEPES, 250 mM NaCl)
followed by extrusion 21 times through a polycarbonate membrane
with Nuclepore Track-Etched Membranes with 100 nm pore diameter
(Avanti Lipids, USA). The liposomes obtained were then centrifuged
(50,000 g) for 30 min at 4 °C. The vesicles were diluted to a final concen-
tration of 100 pg/ml in HBSS.

2.5. Surface plasmon resonance

SPR measurements were performed at 25 °C using a liposome-
coated NLC sensor chip (Bio-Rad, USA) mounted on a ProteOn XPR36
Protein Interaction Array System (Bio-Rad, USA). The liposomes were
prepared as above besides that the hydrated lipids were incubated
with 8 mM oligonucleotide 5’-TATTTCTGATGTCCACCCCC-3’, modified
at the 3’ end with cholesterol (Generi Biotech, Czech Republic). The
mixture was extruded through a 100-nm polycarbonate membrane
(Avanti Lipids, USA) and the freshly-formed liposomes were incubated
with 8 mM anti-sense oligonucleotide 5'-TGGACATCAGAAATACCCCC-
3/, modified at the 3’ end with biotin (Generi-Biotech, Czech Republic).
After 15 min of incubation, the non-bound biotinylated oligonucleotide
was removed by centrifugation (50,000 g for 30 min at 4 °C). The pelleted
vesicles were resuspended to a final concentration of 100 pg/ml in HBSS
buffer and immediately immobilized on the streptavidin-coated NLC
chip surface. All SPR experiments were carried out in HBSS buffer at a
flow rate of 30 pl/min for both association and dissociation phases of
the sensograms. The proteins were serially diluted in the running buffer
and injected in parallel (“one-shot kinetics”) over the immobilized
liposome surfaces. Surfaces were typically regenerated with 100 pl of
50 mM NaOH and 150 mM NaCl. The sensograms were corrected for
sensor background by interspot referencing (the sites within the 6 x 6
array which are not exposed to ligand immobilization but are exposed
to analyte flow), and double referenced by subtraction of analyte
(channels 1-5) using a “blank” injection (channel 6). The data were
analyzed by using a ProteOn software (Bio-Rad, USA) and fitted with a
1:1 Langmuir-type and heterogeneous binding models to determine
association (ka) and dissociation (kd) rate constants. The Langmuir-
type model assumes the interaction between liposomes (L) and protein
(P) resulting in a direct formation of the final complex (LP)

L+P 2 1p
kd

where ka and kd are the association and the dissociation rate constants,
respectively. The heterogeneous binding models assumes two binding
sites on the ligand

L1+p 2 e, 12+p € 12p
kd1 kd1

where L1 and L2 are two separate binding sites on the ligand and P is the
analyte protein. Note that there are two separate sets of association and
dissociation rate constants (kal/kd1 and ka2/kd2) to describe each
binding event. The binding response of a sensorgram from a heteroge-
neous ligand then, is the sum of the binding response of two separate
binding events. An apparent equilibrium dissociation constant, KD
was determined as KD = kd/ka.

2.6. Circular dichroism measurements

The electronic circular diochroism (ECD) spectra of M4-D and M4-P
were collected with a Jasco J-815 CD spectrometer (Jasco Corporation,
Tokyo, Japan) in spectral range 200-300 nm using 0.1 cm path length
quartz cell at room temperature. The experimental setup was as
follows: 0.5 nm step resolution, 10 nm/min speed, 16 s response time
and 1 nm bandwidth. The sample concentration was kept constant
0.1 mg/ml in 25 mM HEPES (pH = 8.0) and 250 mM NaCl. The proteins
were measured also with trifluorethanol (TFE) mixture (50% v/v TFE)
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and in the presence of liposomes (final liposome concentration was
5 uM). After baseline correction, the final spectra were expressed as a
molar ellipticity 6 (deg-cm?-dmol ™) per residue. Secondary structure
content was determined using an online circular dichroism analysis
program Dichroweb software [58].

2.7. Molecular modeling

The 3D model of fusion construct — human TRPM4 N-terminus
(UniProtKB/Swiss-Prot: Q8TD43.1; positions E733-W772, M4-P) with
thioredoxin was generated by the I-Tasser prediction server [59,60].
The final model for construct was carefully selected, satisfying the
criteria of Arg residue exposure to the solvent and geometry constraints
of the potential ligand binding site. Docking PIP2 (ligand in 3SPI) and
PIP3 (ligand in 1TW1G) ligands were performed in Molecular Operating
Environment (MOE) with the Induced Fit protocol [61]. The optimal
binding mode was selected by applying the lowest interaction energy
and best geometry fit criteria. Two molecular representations were
generated using Chimera [62].

3. Results
3.1. Design and purification of TRPM4 constructs

We localized arginine and lysine rich regions to search for potential
PIP2/PIP3 binding motif present in the intracellular termini of human
TRPM4. Two putative PIP2/PIP3 binding sites M4-D and M4-P (regions
583-669 and 733-772) were predicted (Fig. 1). We cloned cDNA
of these regions into a pET32_b vector for protein expression in Rosetta
cells. To improve the solubility and expression yield of the proteins
(wild type and its site directed mutants), we expressed and purified
all of them as fusion proteins with the thioredoxin-tag at the
N-terminus and 6x His tag at both N-termini. All expressed fusion
proteins were soluble and in sufficient amounts to perform the binding
experiments.

3.2. Analysis of PIP2/PIP3 binding to M4-D and M4-P peptides by surface
plasmon resonance

To gain insight into the interactions of M4-D and M4-P with PIP2 and
PIP3, we utilized surface plasmon resonance (SPR) technology. PIP2 or
PIP3 was incorporated into liposomes by extrusion of the hydrated
lipid mixtures (PC, PC/PIP2 and PC/PIP3) through membranes with a

100-nm pore size and the freshly-prepared lipid vesicles were
immobilized to a neutravidin-coated NLC sensor chip through a biotin/
cholesterol-functionalized DNA linker. The DNA linker consists of a
short DNA sequence that is bi-functionalized with cholesterol and
biotin, which the former is embedded within the lipid bilayer of
liposomes, while the latter associates with neutravidin on the sensor
chip to couple the lipid vesicles to the sensor surface. To minimize mass
transfer effect, several coupling concentrations of liposomes leading to
refractive index changes of 500, 1000, and 1500 RU were tested. Initial
experiments at each of these liposome-coating concentrations were
conducted with the TRPM4 fusion proteins at concentrations ranging
from 0 to 10 uM. Initial estimates of koff values showed concentration
dependence at coupling levels of 1000 and 1500 RU indicating mass
transfer effects. However, coupling level of 500 RU resulted in clear
responses and concentration independence of koff at flow rates of
30 pl/ml (data not shown). Consequently, coupling level of about
500 RU and flow rate of 30 pl/ml were used for the remaining
experiments.

Real time interaction of serially-diluted M4-D and M4-P proteins
with lipid surfaces revealed typical concentration-dependent binding
curves (Figs. 2 and 3). Binding of the thioredoxin fusions was exclusively
mediated through the TRPM4 segments, since thioredoxin itself did not
bind the lipid surface (Fig. 2A-C). Kinetic parameters of the interaction
between M4-D and PC, PIP2 and PIP3 enriched vesicles were calculated
from global fitting of concentration-dependent binding curves (Fig. 2D-
F). The experimental binding curves for M4-D fitted well to a simple 1:1
Langmuir binding model, revealing that the interaction of M4-D with
lipid membrane follows pseudo first order kinetics and the adsorption
of M4-D on lipid surfaces is limited by a finite number of identical
binding sites. Moreover, the interaction of M4-D with lipids appears to
be transient, suggesting that the M4-D segment of the TRPM4 channel
does not embed in the lipid bilayer. However, kinetic rate constants
were of similar values regardless of the presence or absence of PIP2 or
PIP3, indicating no specificity of the M4-D segment of TRPM4 for polar
heads of PIP2 and PIP3 lipids protruding out of the lipid membranes
(Table 1).

Fig. 3A shows the experimental binding curves for the interaction of
M4-P with liposomes made from phosphatidylcholine (PC) alone. The
extensive fitting of the binding curves showed that these data could
not be fitted to either 1:1 Langmuir binding model or other binding
models, such as, heterogeneous analyte, heterogeneous ligand, and
conformation change models. Moreover, the intensities of the response
(RU) at the end of the association phases (120 s) were found to be
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Fig. 2. SPR kinetic binding analysis of the interaction between M4-D and lipid vesicles. One-shot kinetic analysis of thioredoxin (A-C) and M4-D (D-F) interaction with liposomes
containing phosphatidylcholine (PC) alone (A,D) or liposomes enriched with PIP2 (B,E) and PIP3 (CF). Serially diluted proteins were injected in parallel over the sensor chip coated
with 100-nm lipid vesicles and left to associate (120 s) and dissociate at constant flow rate of 30 pl/min. The kinetic data were globally fitted by using a heterogeneous ligand model

(see Section 2). The fitted curves are superimposed as black lines on top of the sensograms.
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Fig. 3. SPR kinetic binding analysis of the interaction between M4-P and lipid vesicles. One-shot kinetic analysis of the interaction of M4-P (A-C) and its double mutant M4-P — R755A/
R767A (D-F) with PC (A,D), PIP2 (B,E) and PIP3 enriched (CF) lipid vesicles. Serially diluted proteins were injected in parallel over the sensor chip coated with 100-nm lipid vesicles and
left to associate (120 s) and dissociate at constant flow rate of 30 pl/min. Apart from the interaction of M4-P with PC (A), which could not be fitted to any of the binding models, the kinetic
data were globally fitted by using a heterogeneous ligand model (see Section 2). The fitted curves are superimposed as black lines on top of the sensograms.

linearly dependent on the concentration of the injected protein,
indicating a non-specific interaction of M4-P with the lipid surface. In
line with this observation, the data for the interaction of M4-P with
PIP2 and PIP3 could not be fitted to a simple 1:1 binding model. Linear
transformation of the association phase of the binding curves revealed
nonlinear plots, demonstrating a more complex kinetics of the interac-
tions. We then attempted to fit the binding curves to complex models
to investigate the nature of these interactions. The data showed a close
fit to a heterogeneous ligand model (Fig. 3B-C). The heterogeneous
ligand model assumes that analyte (M4-P) binds two separate binding
sites on the ligand (liposomes) and each ligand site binds the analyte
independently with a different set of rate constants. The calculated
association and dissociation rate constants (ka1, ka2, kd1, and kd2) as
well as KD1 and KD2 for the interaction are listed in Table 2. The data
analysis revealed that the affinities of M4-P to PIP2 and PIP3-enriched
vesicles were comparable and found to be KD1 = 0.31 uM and KD2 =
5.5 uM for PIP2, and KD1 = 0.54 uM and KD2 = 5.4 uM for PIP3, respec-
tively. In view of the fact that the heterogeneous ligand model assumes
M4-P binding at two distinct sites with the binding affinity being
approximately ten times higher for the first than the second site and
simultaneously M4-P interacts non-specifically with liposome mem-
branes made from PC alone, one can speculate that low-affinity KD2
values of the model corresponds to the non-specific interaction of
M4-P with the PIP2- or PIP3-enriched vesicles, while high-affinity KD1
values could be attributed to the specific interaction of M4-P with
polar heads of PIP2 or PIP3 on the lipid surfaces. Thus, the heterogeneous
ligand model is the most likely model of the interaction of M4-P with
PIP2- and PIP3-enriched vesicles.

Specificity of M4-P to PIP2 and PIP3 was further analyzed on a
double mutant carrying substitution of two highly conserved arginine
residues (R775 and R767) within a putative consensus motif (R/K-
X12-14-R/K-X-R) that usually mediates high affinity binding of the PH
domain to PIP3. In agreement with the wild-type construct, the binding
curves for the interaction of the M4-P-R755A/R767A mutant with lipid
vesicles were fitted to the heterogeneous ligand model (Fig. 3D-F).
The calculated association and dissociation rate constants are listed in
Table 2. Overall comparison of KD values revealed significant decrease
in the binding affinity for the mutant. The main reason that contributes
to the decreased binding affinity of the mutant was the faster dissocia-
tion (kal) and slower association rates (kd1) of the arising complex.
Moreover, the kinetics of interaction of the double mutant did not reveal
any significant differences between binding to PC and PIP2- and PIP3-

enriched vesicles indicating a complete loss of specificity for binding
to PIP2 or PIP3. Thus, the M4-P segment of TrpM4 appears to interact
specifically with PIP2 or PIP3 on the membrane surface and arginine
residues R755 and R767 play an important role in this process.

3.3. Analysis of the secondary structure of M4-D and M4-P by circular
dichroism

The secondary structure of the M4-D and M4-P fusion proteins was
studied by ECD spectroscopy. Whereas the structure of cytosolic regions
of TRPM4 is still unknown, the secondary structural composition of
M4-D and M4-P fusion proteins with thioredoxin was determined as
to be mostly disordered (Fig. 4 Table 2). ECD spectra of M4-D and
M4-P fusion proteins confirmed that proteins are mostly unstructured,
which is in a good agreement with the theoretical prediction based on
their primary structure. According ECD spectra, both proteins M4-D
and M4-P in the presence of liposomes formed by PC alone or PC
containing PIP2/PIP3 (50/50%) do not change their secondary structure
content (Fig. 4A, B and Table 2). This suggests that binding PIP2 or PIP3
to M4-D and M4-P proteins has no significant influence on their struc-
ture. According to our results based on 3D modeling of M4-P construct
(Fig. 5), the model showed higher alpha helix content. While TFE is
known as helix promoting solvent we also measured ECD spectra of
M4-D and M4-P in the presence of TFE (Fig. 4C, D and Table 3) to
estimate their ability to form o-helical structure [63-65]. The ECD
spectra revealed that in the presence of TFE both proteins adopt helical
structure more easily. A fraction of particular secondary structures
obtained by analysis of ECD data corresponds to theoretical predictions
from molecular modeling. This suggests that M4-D and M4-P in TFE
environment could probably adopt a structure similar to their predicted
fold. (See Table 4.)

Table 1
Kinetic and binding affinity constants for the interactions of M4-D with PC, PIP2 and PIP3
enriched lipid vesicles.

kax 102 [M~'-s~ 12 kd x 1074 [s71] KD [uM]P

M4-D PC 43412 6.5+ 2.1 1.5+ 06
PIP2 25+08 6.6+ 24 26+£08

PIP3 40413 65+1.9 1.6+ 0.7

¢ Results are means + S.D. from the analysis of two independent measurements.
b The equilibrium dissociation constant (KD) was determined as ka/kd.
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Table 2
Kinetic and binding affinity constants for the interactions of M4-P proteins with PC, PIP2 and PIP3 enriched lipid vesicles.
kal x 10° [M~'-s™ 1] kd1 x 1074 [s7] KD1 [uM]® kal x 10* [M~'-s71] kd2 x 107" [s7] KD2 [uM]
M4-P PC - - - - - -
PIP2 1.5+ 04 464+ 1.1 03401 38+08 21405 55+ 14
PIP3 12+03 6.5 + 2.1 05+ 0.2 33407 1.8+ 04 54+13
R755/R767 PC 03 +0.1 9.8 £ 2.5 33+09 41+12 0.6 +£0.2 15+ 04
PIP2 0.2 £ 0.1 10.1 + 3.1 51+14 52+17 0.7 +£0.2 13+03
PIP3 0.2 £ 0.1 99 +29 49+ 15 32+09 0.6 + 0.2 19+03

¢ Results are means + S.D. from the analysis of two independent measurements.

b The equilibrium dissociation constants (KD1 and KD2) was determined as kd1/ka1 and kd1/ka1, respectively.

3.4. 3D modeling and PIP2/PIP3 docking of M4-P

To predict the interactions of the phospholipid binding site of TRPM4
N-termini with PIP2/PIP3 ligands, we created a 3D model of the corre-
sponding M4-P N-terminus in fusion construct with thioredoxin
(thioredoxin, 2 x His-tags and TRPM4E733-W772 sequence). A model
of human TRPM4 fusion protein was generated using the [-Tasser
prediction server. The thioredoxin structure was deleted from the
model and potential PIP2/PIP3 binding site was assigned by MOE.
Eventually, PIP2 and PIP3 ligands were docked into the assigned binding
site (Fig. 5). To orient PIP2/PIP3 ligands properly, we utilized structural
information from the literature — in particular the interaction of PIP2
with the proximal region of the intracellular tails of potassium ion
channels [53,54,66] which is well characterized. For the models of
TRPM4-PIP2/PIP3 complexes we assumed that the interaction is accom-
plished by an arginine/lysine cluster interacting with the phosphate
groups of PIP2 (PIP3). Positively charged amino acids are frequent in
the vicinity of the inner plasma membrane leaflet where binding sites
for regulatory molecules such as phosphatidylinositol phosphates are
expected to be abundant. Their mutation to alanine residues causes a
replacement of their charged-side chains in the binding site, which
makes it less favorable for interaction with PIP2 [67-69]. According to
this hypothesis, our in silico predictions support that R755A and
R767A mutations result in the loss of non-covalent interactions with
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the phosphate groups of PIP2/PIP3 which is in agreement with our
experimental data.

4. Discussion

PIP2 and PIP3 are short-lived phospholipids found on the cytosolic
side of eukaryotic cell membranes and act as regulators of signaling
proteins in the plasma membrane that induce a TRP channels [46,67].
It has been shown that many ion receptors — inward-rectifier and
voltage-gated K* channels, Ca?™ channels, cyclic nucleotide gated
channels, epithelial Na* and Cl~ channels are regulated by PIP2 [70].
Of the many described phospholipid-binding proteins, a number of
different domain structures have been defined that exhibit stereospecific
recognition of specific phosphoinositide head groups in the context of
cellular membrane surfaces these include the pleckstrin homology
(PH) and Phox-homology (PX) domains. The common hypothesis to
explain the binding of PIP2 is that positively charged residues present
in the domain are responsible for the ligand-dependent modulation of
the TRP's activity. Similarly, TRP channels also contain intracellular
domain clusters which have been identified as PIP2 binding pockets
[49,71]. The regulation of TRPs by phosphoinositides, especially by
PIP2 and PIP3, has only been described for the TRPC subfamily [55]. It
was found that PIP3 bound TRPC6 directly with the highest potency.
Biophysical and bioinformatics methods were used to improve our
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Fig. 4. ECD spectra of peptide M4-D and M4-P in presence of liposomes and TFE. Peptide M4-D (A) and M4-P (B) in the interaction with PC, PIP2 and PIP3 enriched lipid vesicles. Peptides
M4-D (C) and M4-P (D) in the presence of 50% (v/v) TFE. CD spectra were expressed as molar ellipticity Q (deg-cm?-dmol~") per residue.
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B

Fig. 5. M4-P domain binds PIP2 and PIP3. (A) Schematic view of the interactions of M4-P/PIP2 and (B) M4-P/PIP3. All arginines exhibit similar binding to the PIP2 and PIP3. Important
arginine residues bonded (dashed lines) to PIP2/PIP3 are colored green (R755 and R767). We used the following color convention: gray — protein backbone of the M4-P, yellow — carbon
atoms of PIP2, oxygen (0,) — red, nitrogen (N) — blue, phosphorus (P) — orange. (C) Solvent accessible surface representation of the M4-P/PIP2 and (D) M4-P/PIP3 complexes; surfaces of
lysine and arginine R755, R767 colored blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

understanding of the regulation of the TRPM4 channel by two similar
ligands (PIP2/PIP3) and identify the binding sites or actual potential
gating sites on the N-termini.

The regulation of TRPM channels by PIP2 was demonstrated [72].
A binding site for PIP2, calmodulin and calcium-binding protein Al
protein (S100A1) was found in the TRPM3 N-terminus and these
ligands can compete with each other [14]. As for TRPMS5, PIP2 promotes
the gating of this channel, which, after desensitization, was activated by
lower concentrations of Ca>* in the presence of PIP2 [42]. The hydrolysis
of PIP2 by phospholipase C (PLC)-coupled hormones may constitute an
important pathway for TRPM6 gating [37,40,73]. The importance of PIP2
has also been reported for TRPM7, in which PIP, hydrolysis by PLCs
inhibits channel activation [43,44]. The breakdown of PIP2 also appears
to underlie the desensitization of TRPMS [45]. Because PIP2 is degraded
by PLC, the action of PIP2 may underlie the response of some TRPs to the
stimulation of PLC-coupled plasma membrane receptors, as mentioned
above for TRPM7 [44]. In the intracellular C-terminus region of the
TRPM4 channel, the PIP2 binding site in the TRP box domain was
described by electrophysiology experiments. The group of Nilius et al.
|41] investigated whether mutations in TRPM4-K1059, and R1062 in
the TRP box domain affect the response to PIP2. It was demonstrated
that PIP2 enhances the activity of TRPM4 Ca®"-activated cation
channels by decreasing Ca®™ sensitivity and shifting their voltage
dependence, and provided evidence that these effects require an intact
C-terminal PH domain. In contrast, the binding of PIP2 to the
N-terminus of the TRPM4 channel has not been reported before.

Here we used surface plasmon resonance to directly study the spec-
ificity and binding affinity of TRPM4 constructs to liposomes containing

PIP2/PIP3. We proposed the two putative binding sites M4-D and M4-P
in close proximity to each other and rich in Arg/Lys residues, which can
be important for interaction with PIP2 and PIP3. It was found out that
M4-D could interact with lipid bilayer but without any specificity for
PIP2 or PIP3 lipids, but M4-P fusion protein binds both ligands specifi-
cally. Dissociation constants for M4-P-PIP2/PIP3 complexes were very
similar and were in the micro molar range. A similar binding affinity
for PIP2 (PIP3) was observed previously with the TRP family members
[19,20]. Two important residues in the N-termini PIP2/PIP3 binding
domain were found, namely R755 and R767, their mutation caused
complete loss of specificity for PIP2/PIP3 binding. Here it is shown that
PIP3 binds the same region on the TRPM4 N-terminus with almost the
same affinity as PIP2. Moreover, the mutations of positively charged

Table 3

Calculated incidence (%) of secondary structure content. M4-D and M4-P fusion protein
constructs and their complexes with PIP2 and PIP3 determined by CD spectroscopy in
25 mM HEPES (pH = 8.0), 250 mM NaCl.

Helix Anti-parallel Parallel B-turn Random coil
M4-D 22 11 11 17 38
M4-D/PC 22 11 11 17 39
M4-D/PIP2 21 11 11 17 38
M4-D/PIP3 22 11 12 17 38
M4-P 17 13 13 17 40
M4-P/PC 15 13 13 18 41
M4-P/PIP2 15 11 14 17 42
M4-P/PIP3 17 13 13 17 40
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Table 4

Calculated incidence (%) of secondary structure content. M4-D and M4-P fusion protein
constructs determined by CD spectroscopy in 25 mM HEPES (pH = 8.0), 250 mM Nacl
and 1 mM CaCl,, and in the same buffer with 50% TFE added.

Helix Anti-parallel Parallel p-turn Random coil
M4-D 22 11 11 17 38
M4-D + TFE 44 6 7 15 27
M4-P 17 13 13 17 40
M4-P + TFE 95 0 0 4 1

residues within this domain affected the binding to PIP3, as was
observed for PIP2.

Intracellular N- and C-termini are highly heterologous for every
subfamily of the whole superfamily of TRPs. Circular dichroism mea-
surements were used to obtain knowledge of the secondary structure
of TRPM4 N-termini fusion proteins — individually, in complexes with
ligands PIP2/PIP3 and in the TFE environment. The secondary structure
of TRPM4 N-termini fusion proteins was determined to be mostly
unstructured. In complexes of TRPM4-PIP2/PIP3 no changes were
detected in the secondary structure of proteins. According to these
data we can assume that TRPM4 proteins do not undergo structural
changes upon complex formation. Moreover, both M4-D and M4-P
fusion proteins readily adopt a helical structure in TFE buffer, it follows
that these regions may acquire more structural characteristics in the
in vivo environment.

Molecular model of the TRPM4 N-termini proximal regions
interacting with PIP2/PIP3 suggests that the phosphate head groups of
PIP2 and PIP3 form ionic interactions with positively charged arginines
R755 and R767. PIP2 binding pocket is present in the M4-P region.
According to the data from SPR, the binding affinity for M4-P-PIP2/
PIP3 complexes is very similar. The molecular model with PIP3 supports
our data from SPR, because the one extra phosphate group of PIP3 does
not have a particularly large influence on the strength of the interaction.
Using methods of molecular modeling, we localized a possible interac-
tion mode of the PIP2 binding pocket in the proximal M4-P of TRPM4
domain with PIP2/PIP3, but the structural basis of the action by lipids
on TRP channel activity has not been determined yet.

In conclusion, we have identified proximal region E733-W772
TRPM4 N-terminus as PIP2 binding pocket using SPR measurements.
The basic amino acid R755 and R767 residues are crucial in the interac-
tion with PIP2 and PIP3, their mutation caused a total loss of binding
specificity to ligands. This is the first report to show that PIP3 binds
directly to TRPM4 family channel. M4-P domain can bind both PIP2
and PIP3 with a similar binding affinity to share the same binding site.
It can be assumed that the binding site for PIP2 is always shared for
PIP3. It was confirmed, from the in silico docking experiments, that
R755 and R767 residues interact with the phosphates of the PIP2/PIP3
molecules directly, according to the same mode as was previously
published [53,54,67]. During the interaction of fusion proteins with
LUVs enriched by PIP2/PIP3, M4-D and M4-P do not change their
secondary structure content. Surely, phosphatidylinositol phosphates
are important regulators in TRP channels and it is very likely that
they could regulate TRPM4 channel via binding to its intracellular
N-terminus in the same way as was reported for other members of
the TRPM family [19,42-44,72,73], nevertheless more functional studies
will be required to elucidate the role of PIP2 and PIP3 in TRPM4 channel
gating and regulation.
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1. Introduction

Transient receptor potential channels (TRPs) are special nociceptive
membrane proteins that are responsible for the entry of mono- and
bivalent cations into the cell [1]. These proteins are a group of unique
ion channels that play many critical roles in cellular processes such
as calcium oscillations after T cell activation, mechanotransduction,
thermosensation and the regulation of cell adhesion [2-4]. The three-
dimensional structure of the membrane portion of vanilloid 1 (TRPV1)
and ankyrin 1 (TRPA1) receptors was recently described [5,6]. However,
structural information on the intracellular regions of TRPs is still lacking.
According to structural analyses, TRP channels are tetramers assembled
with four-fold symmetry from individual subunits that contain six puta-
tive transmembrane (TM) domains. The region between the fifth and
sixth TM domains, which includes a putative pore loop, forms the ion
permeation pathway [7-9]. The intracellular amino and carboxy termini
of TRPs vary greatly in their lengths and amino acid sequences. These
cytoplasmic regions contain various well-known domains and motifs
that are likely to be involved in channel assembly, activation and regu-
lation through protein-protein and/or protein-ligand interactions [10].

TRPM1, a non-selective cation channel, belongs to the transient
receptor potential melastatin family [11]. This ion channel plays impor-
tant roles in the depolarizing photo-response of retinal bipolar cells
[12]. TRPM1 is capable of forming ion-conducting channels in the
plasma membrane and can form ion channels outside of retinal bipolar
cells [13]. Additionally, TRPM1 localized to the tip of melanocytic
dendrites probably regulates the release of melanin from melanosomes
[14]. Whereas the functions of most melastatin channels have been
described [15-22], the properties and cellular roles of the TRPM1
channel remain to be explored. TRPM channels are regulated by a
variety of different stimuli, and in many cases, involves interactions be-
tween channel proteins and intracellular signaling molecules such as
phospholipids and Ca®"-binding proteins [23-27]. Direct interaction
and regulation by phosphatidylinositol-4, 5 bisphosphate (PIP2) has
been observed for most TRPM channels [23-33]. Rampino and Nawy
[34] found that the depletion of PIP2 together with the inhibition of
PLC depresses TRPM1 current, indicating that a metabolite downstream
of PIP, modulates the channel ON-state. We focused on TRPM1, which
shows sequence similarity to the third known member of the melastatin
TRP family — TRPM3 [35].Multiple binding sites for Ca®"-binding
proteins and PIP2 have already been characterized on the N-terminus
of TRPM3 [25,26].

Phosphatidylinositol phosphates (PIPs) are widely present in the
inner leaflet of the plasma membrane and are frequently involved in in-
tercellular signaling. PIP2 is the most abundant of these molecules and
appears to participate in the regulation of many membrane receptors
[36-38]. Through direct interactions, PIP2 modulates the functions of
many ion channels (inward-rectifier and voltage-gated K* channels,
voltage-gated Ca™ channels, cyclic nucleotide-gated channels, etc.)
[39-41], and PIP2 has also emerged as a versatile regulator of TRPs
[22,23]. The atomic-level description of the molecular mechanism by
which PIP2 regulates channel activity, as well as how PIP2 induces
conformation changes in the protein, was determined from crystal
structures of a K* channel/PIP2 complex [42,43]. Apart from the similar
general architecture of TRPs, PIPs are likely to be the only common
factor regulating these proteins. Modulation by PIP2 has been shown
in detail for vanilloid [44-46], melastatin [47-49] and polycystin [50]
TRPs, for a large number of which PIP2 acts as both an activator and
an inhibitor [22,23]. Although great advances have been made regard-
ing the modulation of TRP channels by PIP2, a detailed molecular under-
standing of the regulation of TRP channel gating is still needed.

Here, we have identified the N-terminal A451-N566 region of
TRPM1 as a potential PIP2 binding domain. Generally, domains
interacting with phosphatidylinositol phosphates are usually identified
as PH regions which are abundant on clusters of lysine and/or arginine.
Our preliminary analysis of primary sequence of A451-N566 part of

TRPM1 N-terminus pointed out on occurrence of this important do-
main. Results from biophysical and molecular modeling approaches
suggest that basic amino acid K464 participates on formation of
putative PH domain, which can formnon-covalent bonds with the
phosphate groups of the PIP2 ligand in TRPM1 channel. Whether PIP2
acts as activator and/or inhibitor of TRPM1 remains unclear and will
require further investigation. This is the first report to address the direct
binding of PIP2 to TRPM1.

2. Materials and methods
2.1. Protein sample preparation and purification

The coding region of rat TRPM1 (TRPM1-NT; UniProtKB/Swiss-Prot:
Q2WEAD5; residues A451-N566) was ligated into the pET32b expression
vector (Novagen, Madison, WI, USA) using the BamHI and Xhol sites
(New England BioLabs, Ipswich, MA, USA). The amino acids K457,
K461, K463, K464, K471 and K479 were mutated to Ala using Pfu Ultra
High-fidelity DNA polymerase according to the manufacturer's protocol
(Stratagene, Santa Clara, CA, USA). All clones were verified by DNA
sequencing.

The TRPM1-NT protein was expressed as a thioredoxin-fusion
protein by induction with Isopropyl-1-thio-3-p-galactopyranoside
(0.5 mM) for 20 h at 25 °C and then purified from Rosetta Escherichia
coli using a chelating Sepharose fast flow column (GE Healthcare, Little
Chalfont, UK). The fusion protein was eluted with the following buffer:
10 mM PBS, 500 mM NaCl, 2 mM B-Mercaptoethanol, and 400 mM
imidazole (pH 8.0). Gel permeation chromatography in a Superdex 75
column (GE Healthcare, Little Chalfont, UK) was used as a second puri-
fication step, and the protein was eluted in buffer containing 25 mM
HEPES, 250 mM Nacl, 2 mM B-MercaptoEtOH, 0.1% Tween and 10%
glycerol (pH 8.0). The protein concentration of purified TRPM1-NT
was determined from UV absorption at 280 nm using an extinction
coefficient of 20,970 M~ '-cm™ . The purity was verified using 15%
SDS-polyacrylamide gel electrophoresis (PAGE). All mutants were
prepared in the same manner. All expressed proteins were soluble,
and expression yields were sufficient to perform spectroscopic and bio-
chemical studies.

2.2. Mass spectrometry

The integrity of the TRPM1-NT fusion protein was verified by
MALDI-TOF. Mass spectra were acquired using an Ultra-FLEX III mass
spectrometer (Bruker-Daltonics, Bremen, Germany). The TRPM1-NT
protein band from SDS-PAGE was digested with trypsin endoprotease
(Promega, Madison, WI, USA) in the gel after destaining and cysteine
modification with iodoacetamide [51]. The resulting peptide mixture
was extracted and loaded onto the MALDI-TOF/TOF target with a matrix
of a-cyano-4-hydroxycinnamic acid. Peptide identities were verified
using manual interpretation of MS/MS tandem mass spectra of the
selected m/z signals.

2.3. Fluorescent measurements

A fluorescent PIP2 analogue labeled with BODIPY (TopFluor
PI(4,5)P2, Avanti Polar Lipids Inc., Alabaster, AL, USA; here after referred
to as BODIPY-PIP2), was used to monitor PIP2 interactions with the
TRPM1-NT protein. The concentration of BODIPY-PIP2 was 5 uM, and
the spectra were measured in buffer containing 20 mM Tris, pH 7.5,
250 mM Nacl, and 2 mM CaCl2 in the absence or presence of 5 pM
TRPM1-NT. Corrected excitation and emission spectra for RH421 were
measured on a Fluorolog-3 spectrofluorometer (Horiba? Kyoto, Japan)
with both excitation and emission bandpass set at 3 nm, a 1-nm step
size, an integration time of 0.5 s per point, and with the temperature
set at 20 °C (Peltier controlled). For free BODIPY-PIP2, the excitation
spectrum was collected at an emission wavelength of 510 nm, and the
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emission spectrum with an excitation wavelength of 495 nm. For
protein-bound BODIPY-PIP2, the excitation spectrum was collected at
an emission wavelength of 465 nm, and the emission spectrum with
an excitation wavelength of 355 nm. The signal from pure buffer or
protein solution, respectively, was subtracted as the background. FRET
between tryptophan residues in TRPM1-NT and BODIPY-PIP2 was
evaluated from the emission spectrum collected with an excitation
wavelength of 295 nm. All other experimental conditions were the
same.

24. LUV preparation

The lipids 1, 2-dimyristoyl-sn-glycero-3-phosphocholine (PC) and
L-a-phosphatidylinositol-4, 5-bisphosphate (PIP2) were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). PC and PIP2 were dis-
solved in chloroform and a mixture of chloroform/methanol/H,0
(20:9:1), respectively, and mixed at a molar ratio of 1:1 for the prepara-
tion of PIP2-enriched vesicles. The lipids were dried under a stream of
nitrogen and hydrated with Hank's Balanced Salt Solution (HBSS) buffer
followed by extrusion using an Avanti Mini-Extruder (Avanti Polar
Lipids Inc., Alabaster, AL, USA) through a Nuclepore Track-Etched
Membrane (Avanti Polar Lipids Inc., Alabaster, AL, USA) with 100-nm
diameter pores. The 100-nm LUVs were centrifuged at 50,000 g for
30 min at 4 °C and diluted to the desired concentrations in HBSS. For
surface plasmon resonance (SPR) experiments, the lipids were hydrated
in the presence of 8 mM of the oligonucleotide 5'-TATTTCTGATGTCCAC
CCCC-3’ modified at the 3" end with cholesterol (Generi-Biotech, Hradec
Kralove, Czech Republic), and the mixture was extruded as above. The
lipid/DNA ratio was 1200:1. The vesicles were then incubated with
8 mM anti-sense oligonucleotide 5'-TGGACATCAGAAATACCCCC- 3/,
modified at the 3’ end with biotin (Generi-Biotech, Hradec Kralove,
Czech Republic), centrifuged (50,000 g) for 30 min at 4 °C and diluted
to a final concentration of 100 pg/ml in HBSS.

2.5. Surface plasmon resonance

SPR analyses were performed at 25 °C using a ProteOn XPR36 Pro-
tein Interaction Array System (Bio-Rad, Hercules, CA, USA) equipped
with a neutravidin-coated NLC chip (Bio-Rad, Hercules, CA, USA).
LUVs were immobilized on a streptavidin-coated NLC chip at a flow
rate of 30 pl/min for 120 s and washed in SPR running buffer containing
HBSS supplemented with 0.005% Tween-20 for an additional 30 min.
The TRPM1-NT proteins were serially diluted in the running buffer
and injected in parallel over the lipid surface at a constant flow rate of
30 p/min. The lipid surfaces were typically regenerated by injecting
5 mM NaOH and 150 mM NaCl for 2 min. The sensograms were
corrected for sensor background by interspot referencing (the sites
within the 6 x 6 array that were not exposed to ligand immobilization
but were exposed to analyte flow) and double referenced by subtraction
of the analyte using a “blank” injection. Assuming a Langmuir-type
binding between the protein (P) and protein binding sites (S) on
vesicles (i.e,, P + S « PS), Req values were then plotted versus protein
concentration (Pg), and the Kp value was determined by nonlinear
least-squares analysis of the binding isotherm using the equation
Req = Rimax / (1 + Kp / Po).

2.6. Electronic circular dichroism spectroscopy

Electronic circular dichroism (ECD) spectra were measured at
room temperature in a quartz cell with a 0.1-cm path length using a
Jasco ]J-815 CD spectrometer (Jasco Corporation, Tokyo, Japan). The
experimental setup was as follows: step resolution, 0.5 nm; speed,
10 nm/min; response time, 16 s; and bandwidth, 1 nm. The TRPM1-
NT fusion protein concentration was in the 0.3-1.0 mg/ml range, the
thioredoxin concentration was 0.14 mg/ml, and both were kept in
25 mM HEPES (pH 8.0) and 250 mM Nacl. The final LUV concentration

was 5 UM. The spectra were obtained in the 200-300 nm range. Three dif-
ferent samples were measured: TRPM1-NT fusion protein, TRPM1-NT in
complexes with LUVs formed by PC or PC/PIP2, TRPM1-NT mutants
(K471A/K479A, K463A/K461A/K457A/K464A and K463A/K461A/K457A/
K464A/K471A) in the same arrangement and thioredoxin alone. After
baseline correction, the final spectra (averages of three scans) were
expressed as molar residue ellipticities 0 (deg-cm?-dmol™!-number of
residues—!). Secondary structure content was determined using the soft-
ware Dichroweb [52].

2.7. Molecular modeling and ligand docking

To determine the potential PIP2 binding site in the wild-type
TRPM1-NT peptide we performed ligand docking in the program
Molecular Operating Environment (MOE) using the Induced Fit Protocol
[53,54]. The optimal binding mode was selected based on most favorite
docking score interaction energy and geometry criteria being satisfied
simultaneously. For the purpose of the docking procedure, the molecu-
lar model of TRPM1-NT (UniProtKB/Swiss-Prot: Q2WEA5; positions
A451-N566) with thioredoxin was generated by the Robetta prediction
server [55]. The final TRPM1-NT model was carefully selected based on
the requirements for Lys residue placement (oriented towards the
solvent) and the geometric parameters of the potential PIP2 binding
site. The quality of the structure was assessed using STING Millennium
[56] and ProSA-web [57,58]. We also used 3D refine [59] to optimize
the hydrogen bonding network and for atomic-level energy minimiza-
tion. Schematic and solvent-accessible-surface representations of the
TRPM1-NT/PIP2 complex were generated using Chimera freeware [60].

3. Results and discussion
3.1. The TRPM1-NT domain interacts with PIP2

In this report, we characterized the capacity of an N-terminal
segment of the TRPM1 channel (TRPM1-NT; purified peptide sequence
verified by Mass Spectrometry Fig. S1), encompassing residues A451 to
N566, to interact with PIP2. This segment is characterized by a cluster of
positively charged residues that are predicted to constitute a PH do-
main. Similar protein regions are present in other TRPM members that
interact with PIPs anchored within biological membranes [16-22].
Neutralizing the positive charges in these regions usually results in a re-
duction in the binding affinity of PH domains for PIP2, indicating a direct
interaction between the cytoplasmic regions of TRPM channels with
PIPs [61-63]. Specifically, the N-terminal segment of TRPM3 contains
at least two PIP2 binding sites, which are also shared by calcium-
binding proteins such as calmodulin (CaM) and S100A1; thus, these
ligands compete with each other for binding to the TRPM3 cytoplasmic
tail [25-27]. A similar PIP2 (and its structural analogue PIP3) binding
site was recently described in the TRPM4 N-terminus [28]. Furthermore,
the PIP2 binding site in the TRPM4 C-terminal TRP-box domain was
described using electrophysiology experiments [29]. PIP2 also promotes
the gating of the TRPM5 and TRPM7 channels [30,32]. Moreover,
disrupting the putative PIP2-binding sites in TRPM6 completely abro-
gated channel function [31]. In contrast, PIP2 depletion in the vicinity
of TRPMS8 plays an important role in its adaptation to cold and the de-
sensitization of menthol-induced currents [33]. Dissociation constants
for the interaction of PIP2 with TRPM channels are almost always in
the micromolar ranged [25,28]. However, the putative PIP2 binding
site in the N-terminal segment of TRPM1 does not share any homology
with those previously described in TRPM channels, which paves the
way to our understanding of the regulation of TRPM1 activity.

We observed the interaction of TRPM1 with BODIPY-labeled PIP2 in
fluorescence experiments. This interaction was manifested by large
shifts in both the excitation and emission spectra of BODIPY-PIP2, as
well as by Forster resonance energy transfer (FRET) between trypto-
phan residues and BODIPY-PIP2. The excitation and emission spectra
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of free BODIPY-PIP2 in buffer showed maximum fluorescence (\yax) at
495 nm and 505 nm, respectively (Fig. S2). In the presence of TRPM1-
NT, both the excitation and emission spectra were substantially blue-
shifted, peaking at 355 nm and 465 nm, indicating changes in the
environment of the BODIPY moiety. The primary amino acid sequence
of TRPM1-NT contains three tryptophan residues, which can be selec-
tively excited at 295 nm, yielding an emission spectrum with a Njax of
335 nm. The emission spectrum of tryptophan overlaps strongly with
the excitation spectrum of protein-bound BODIPY-PIP2 (Fig. S3), sug-
gesting that tryptophan and bound BODIPY-PIP2 can form a FRET pair.
Indeed, FRET was evident in the emission spectrum of TRPM1-NT/
BODIPY-PIP2 excited at 295 nm. Upon the formation of the complex
between TRPM1-NT2 and BODIPY-PIP2, we observed both a decrease
in donor (tryptophan) fluorescence and an increase in acceptor
(BODIPY-PIP2) fluorescence, which are typical characteristics of FRET
(Fig. 1). Thus, fluorescence measurements provide strong evidence for
the interaction of TRPM1-NT with soluble PIP2.

The interaction of TRPM1-NT with membrane-bound PIP2 was
quantified using a surface plasmon resonance (SPR) binding assay.
Control (PC only) and PIP2-enriched LUVs (100 nm in diameter) were
immobilized on neutravidin-coated (NLC) sensor chips using a biotin/
cholesterol-functionalized DNA linker at a coupling level of 500-1000
RU. The SPR response is linearly proportional to the mass accumulated
at the sensor surface, and the relative intensity of the SPR signal
corresponds to the density of LUVs. Hence, the intensity of SPR binding
curves is directly dictated by the density of LUVs, but it does not affect
the binding affinity of the analyte to the ligand at low LUVs coupling
levels (500-1000 RU) [28]. The kinetics of the interaction of TRPM1-
NT with PC and PIP2-enriched lipid vesicles was further analyzed by
parallel injection of serially diluted (10-5-2.5-1.25 uM) TRPM1-NT pro-
tein over the sensor chip surface at a constant flow rate of 30 pl/min. As
shown in Fig. S4, the concentration-dependent binding curves revealed
that TRPM1-NT bound to the lipid vesicles with typical association and
dissociation phases of the sensograms. The binding of the TRPM1-NT-
thioredoxin fusion protein was strictly mediated through the TRPM1-
NT segment, as thioredoxin alone was not able to interact with the
lipid surfaces (Fig. S4E-F). The experimental binding curves for the
TRPM1-NT interaction were globally fitted to several kinetic binding
models, such as a simple 1:1 L, heterologous ligand, bivalent analyte
or conformational change (two-state) models, but none of these models
provided satisfactory results in terms of %2 and residual statistics. Thus,
the binding affinity of TRPM1-NT to PIP2-enriched LUVs was calculated
from steady-state binding data. Near equilibrium values (Req) taken
from the end of the association phase of individual binding curves
were plotted as a function of the TRPM1 concentration and, the

» x10
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wavelength (nm)

Fig. 1. FRET analysis of the TRPM1-NT/PIP2 interaction. The emission spectra of free
TRPM1-NT (dotted line), free BODIPY-PIP2 (dashed line, magnified by a factor of 10)
and the complex of TRPM1-NT and BODIPY-PIP2 (solid line).

equilibrium dissociation constant (Kp) was determined via nonlinear
least squares analysis of the binding isotherm. As shown in Fig. 2, the in-
teraction of TRPM1-NT with LUVs exhibited concentration-dependent
and saturable binding, with Kp values of 18.3 & 11.4 uM and 7.4 +
3.9 uM for PC and PIP2-enriched lipid vesicles, respectively. Thus, the
binding affinity of TRPM1-NT is almost three-times higher for PIP2
than for PC, indicating a higher specificity of TRPM1-NT for PIP2 on
the membrane surface. Moreover, the Kp value of TRPM1-NT for PIP2
is in the micromolar range, which corresponds well to previous
observations using homologous PH domains from related TRP channels
[25,28,42].

3.2. Basic residue K464 of TRPM1-NT involved in the PIP2 interaction

PIP2 typically binds with protein domains containing a cluster of
basic amino acid residues. To identify the TRPM1-NT residues that
could be involved in the interaction with PIP2, lysine residues at
positions 457,461, 463, 464, 471 and 479 were substituted with alanine,
and the capacity of the single (K463A and K471A), double (K463A/
K461A and K471A/K479A), triple (K463A/K461A/K457A), quadruple
(K463A/K461A/K457A/K464A) and quintuple (K463A/K461A/K457A/
K464A/K471A) mutants to interact with the lipid surfaces was analyzed
by SPR (Fig. 3, Suppl. Figs. S4C, D, S5). The binding affinities of TRPM1-
NT proteins for PC and PIP2 are listed in Table 1. An overall comparison
of the Kp values revealed that the binding affinity of the single (K463A),
double (K463A/K461A) and triple (K463A/K461A/K457A) TRPM1-NT
mutants remained nearly unaffected, indicating that these three
proximal lysine residues (K457, K461, K463) do not play a major role
in the interaction of TRPM1-NT with PIP2 (Fig. S5A-C).

The first significant changes in PIP2 binding affinity appears in the
K463A/K461A/K457A/K464A TRPM1-NT mutant (Fig. S5D). The Kp of
the interaction (16.2 uM) shows 2-fold decrease in binding affinity to
PIP2-enriched LUVs compared with the wild type. Whereas this mutant
shows a light decline in binding affinity for PC LUVs (Kp = 30.8 uM),
which indicates to specificity for PIP2. The results suggest that K464 is
involved in the interaction with PIP2.

Mutating five of the lysine residues (K463A/K461A/K457A/K464A/
K471A) resulted in the complete loss of binding affinity to both types
of LUVs (Fig. S5E). This could be explained by significant changes in

TRPM1-NT
1200

+PC

1000 | @ pc/pip2

800

SPR response at equilibrium

0 2 4 6 8 10
protein concentration [uM]

Fig. 2. TRPM1-NT specifically interacts with membrane-embedded PIP2. SPR equilibrium
binding analysis of the TRPM1-NT interaction with PC (black diamonds) and PIP2-
enriched lipid vesicles (red dots). The 100-nm LUVs were coupled to a neutravidin-coated
(NLC) sensor chip using a biotin/cholesterol-functionalized DNA linker, and serially dilut-
ed TRPM1-NT was injected at a flow rate of 30 pl/min to allow the association phase of in-
dividual binding curves to reach near-equilibrium values (Req). The Req values were
plotted as a function of the TRPM1-NT concentration, and Kp values were determined by
nonlinear least-squares analysis of the binding isotherm (solid lines) using the equation
Req = Rmax / 1 + Kp / Py), where Req stands for the SPR response value at equilibrium,
Rmax is the maximum response and Py is the protein concentration.
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Fig. 3. Lysine residues at positions 464, 471 and 479 are involved in TRPM1-NT binding
to PIP2. SPR equilibrium binding analysis of the interaction of wild-type TRPM1-NT, the
single K463A and K471A, the double K463A/K461A and K471A/K479A, the triple K463A/
K461A/K457A, the quadruple K463A/K461A/K457A/K464A and the quintuple K463A/
K461A/K457A/K464A/K471A mutant constructs with PIP2-enriched LUVs. The proteins
were injected at the indicated concentrations at flow rate of 30 pl/min over the lipid
surface to reach near-equilibrium values (Req) in the association phase of the sensogram.
The solid lines represent binding isotherms determined by nonlinear least-squares analy-
sis as described above.

the secondary structure content of the quintuple mutant in LUVs
environment. Using ECD was found out that the secondary structure
of quintuple mutant alone showed no major changes against to the
other prepared mutants, nevertheless the alpha helical content of quin-
tuple mutant suddenly increase in LUVs (PC and PC/PIP2) environment
(data from ECD are showed and discussed below). Based on this result
we cannot say that K471 is involved in the interaction. In contrast,
whereas almost no change in Kp was observed upon replacement of
the single K471 residue (Fig. S5F), the double substitution of two distal
lysine residues (K471 and K479) produced a notable decrease in the
binding affinity of the K471A/K479A mutant for PIP2-enriched LUVs
(Table 1). The interaction of this double mutant with PC LUVs as a
positive control shows a decrease in binding affinity (Fig. S5G). As in
the case of the quintuple mutant, there are no clear indicia whether
K479 and K471 are involved in the PIP2 binding.

Collectively, these data suggested that the basic side chain of lysine
residue at position 464 of TRPM1-NT mediates electrostatic interactions
with the negatively charged phosphate group(s) of PIP2 at the
membrane surface. Using SPR method, which was performed with
multiple-lipid LUVs (PC + PIP2), it was not possible to determine the
specificity of PIP2 to the K471 and K479. However, based on homology
of putative PH domain of the TRPM1 and PH domain present in the Kir
channel [64-66] can be assumed, that the K471 and K479 could at
least partially interact with PIP2. Molecular modeling confirmed that
the K464, K471 and K479 are closer to PIP2 ligand in predicted binding

Table 1
Equilibrium dissociation constants (Kp) for the interactions of TRPM1-NT proteins with PC
and PIP2-enriched LUVs.

TRPM1-NT Kp (uM)

PC PIP2
WT 183+ 11.4 74439
K463A 152 4+ 5.6 6.2+ 3.1
K463A/K461A 265+ 22 59+ 13
KA463A/K461A/K457A 225+ 49 59+29
K463A/KA461A/K457A/KAG4A 30.8 £ 136 162 4+ 11.3
K463A/KA461A/K457A/KA64A/KAT1A >150 >150
K471A 117 +£15 62+ 13
K471A/K479A >150 >150

The above results represent the means + S.D. from two independent experiments.
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Fig. 4. Secondary structure of wild-type TRPM1-NT during complex formation with PIP2-
enriched LUVs. ECD spectra of TRPM1-NT alone, in complex with LUVs formed by PC and
in complex with LUVs formed by PC:PIP2 (1:1) in buffer containing 25 mM HEPES
(pH 8.0) and 250 mM NacCl. CD spectra were expressed as molar residue ellipticities 6
(deg-cm?-dmol~1).

pocket than the other mutated amino acids (results see below in capitol:
Modeling the TRPM1-NT/PIP2 interaction).

3.3. The TRPM1-NT/PIP2 complex formation is associated with structural
changes in TRPM1-NT

ECD spectroscopy was used to determine whether the TRPM1-NT
protein undergoes changes in its secondary structure content during
the formation of the TRPM1-NT/PIP2 complex. The ECD spectra of
TRPM1-NT revealed a baseline conformation consisting of approximate-
ly 11.9% at-helix, 58.6% [3-strands and 29.5% random coil (Fig. 4, Table 2).
The formation of the TRPM1-NT/LUVs (enriched by PIP2) complex is
accompanied by secondary structure changes, wherein the protein
becomes more structured. The presence of helices increased the overall
alpha-helical content of TRPM1-NT by 14.7% at the expense of a de-
crease in beta-strands by approximately 9.4%. The TRPM1-NT/LUVs
(PC only) complex displayed only minor changes in secondary struc-
ture. Thus, according to the ECD study, the formation of the TRPM1-
NT/PIP2 complex is accompanied by significant changes in secondary
structure content.

Overall secondary structure content was also studied for the TRPM1-
NT mutants in which residues that were found to participate or could be
involved in the interaction with PIP2 (Figs. S6-S8, Table 2): K471A/
K479A, K463A/K461A/K457A/K464A and K463A/K461A/K457A/KA64A/
K471A. All three alanine mutants showed greater alpha-helical content.
For most of the interactions, the increase in secondary structure content
came in the form of helices. Nevertheless, the interaction of the K463A/
K461A/K457A/K464A mutant with LUVs formed by PC:PIP2 (1:1)
showed an approximately 10% decrease in helical content, whereas the
interaction of the quadruple mutant with PC alone showed a 12.5%
increase in helicity. This supports our suggestion that the binding of the
quadruple mutant to PIP2 is specific.

3.4. Modeling the TRPM1-NT/PIP2 interaction

Using molecular modeling, we were able to characterize the poten-
tial interaction interface of the N-terminal TRPM1 domain with PIP2. A
de novo structural model of the rat TRPM1-NT peptide (A451-N566)
was constructed based on the primary sequence, as described in the
Methods. The final model was chosen from among the several Robetta
server models generated. To determine the interaction mode of the
PIP2-binding domain of TRPM1-NT, the PIP2 ligand was docked into
the assigned binding pocket (Fig. 5). The orientation of PIP2 in the
binding pocket was addressed based on information from structural
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Table 2

Secondary structure content (%) of TRPM1-NT and its mutants after interaction with PC and PIP2-enriched LUVSs.
TRPM1-NT LUVs «a-Helix p-Strand B-Turn Random coil
WT - 119 414 17.2 29.5
WT PC 22.6 34.0 16.4 27.0
WT PIP2 26.6 287 20.5 24.2
K471A/K479A - 25.6 341 224 179
K471A/K479A PC 38.1 32.0 23.6 10.7
K471A/K479A PIP2 14.8 275 20.5 37.2
K463A/K461A/K457A/K464A - 27.8 233 225 26.4
K463A/K461A/KA57A/KA64A PC 288 22.7 231 253
K463A/K461A/K457A/K464A PIP2 343 204 194 25.8
K463A/K461A/K457A/K464A/K471A - 203 238 211 349
K463A/K461A/KA57A/KA64A/KAT1A PC 374 215 18.6 225
K463A/K461A/K457A/K464A/K471A PIP2 343 204 194 25.8

Fig. 5. Structural view of the putative PIP2-binding pocket of the TRPM1 channel. The 3D
model of TRPM1-NT (A451-N566) was generated by the Robetta server. Ligand docking
was performed in the MOE program using the Induced Fit protocol. (A) Schematic view of
the interaction of TRPM1-NT with PIP2. The K464, K471 and K479 residues use a similar
binding mechanism to PIP2. Although mutations at K457, K461, and K463 in the TRPM1
channel do not alter binding affinity, all three critical residues K464, K471 and K479 lie in
close proximity to and directly interact with the phosphate groups of PIP,. Important lysine
residue bonded (dashed lines) to PIP2 is colored violet (K464 ), another suggested lysine are
colored green (K471, K479). The following color convention was used: gray — protein back-
bone, yellow — carbon atoms of PIP2, oxygen (O,) — red, nitrogen (N) — blue, phosphorus
(P) — orange. (B) Solvent-accessible-surface representation of the TRPM1-NT/PIP2 complex.
Surfaces of lysine residues bonded to PIP2 are colored violet (K464) and the suggested ones
by blue (K471, K479).

studies of PIP2 with the intracellular regions of the K. channel [23,32,67].
Electrostatic potential surface maps of the K;; model revealed
patches of positively charged amino acids on the protein surface.
These regions are known to be located proximal to the membrane,
making them accessible to the negatively charged phosphate groups
of PIP2. The 3D model confirmed that the interaction is mediated by
the negatively charged phosphate groups of PIP2, which are coordi-
nated by a patch of positively charged residues on the TRPM1 sur-
face. The model shows amino acid residues K457, K461, K463,
K464, K471 and K479 forming a hypothetical PIP2 binding site. Ac-
cording to the arrangement of amino acids in the 3D model, residues
K464, K471 and K479 are predicted to be crucial for the interaction
with the PIP2 phosphate groups. K457, K461, K463 do not participate
directly in PIP2 binding, which is in agreement with the SPR studies.
The criteria for a reasonable model were set based primarily on the
accessibility of lysine residues.

Although we determined a possible PIP2 binding interface to the
intracellular N-terminus of the TRPM1 fragment using both biophysical
and molecular modeling approaches, the question of whether this
interaction is mediated purely by the N-terminus of the TRPM1
fragment remains unanswered. It has been reported that potassium
channels possess four PIP2 binding sites in the K;6.2 tetramer, one per
subunit, with both the N- and C-terminal domains of the K;; channels
contributing to the PIP2 binding sites [42,43]. Specific intracellular
portions of the channel are attracted to the plasma membrane due to
direct interactions with the phospholipid. PIP2 exerts a tangential
force on the N- and C-termini to open the channel. The PIP2-binding
site for K;;6.2, much like the ATP-binding site [68,69], lies at the interface
between the N- and C-terminal regions, in close proximity to and be-
tween two neighboring subunits, as suggested by previous structural,
functional and 3D molecular studies [69-72]. The position of the
ligand-binding site at the subunit interface appears to be a common
motif for ion channels and likely serves to precipitate a larger, coordi-
nated conformational change in the whole channel upon ligand binding
[69,73]. According to the tetramer assembly and with respect to the
close proximity of the N- and C-terminal regions of TRP channels [5,6],
we postulate that this pattern may also hold true for these receptors.
However, structural findings concerning TRP channel intracellular re-
gions, which are essential for understanding the mechanism of channel
function, are still lacking.

Here, we have shown that the A451-N566 region of the TRPM1 N-
terminus is involved in the interaction with the PIP2 ligand. The
amino acid residue K464 takes part in the putative PIP2 binding
pocket (PH domain) in the N-terminal part of the TRPM1. According
to previous studies, the interaction domain is also accessible to other
phosphatidylinositides [74]. The present study is the first report to
show that PIP2 interacts with the TRPM1 channel. The structural basis
for the effect of lipid binding on TRPM1 channel activity has yet to be de-
termined, and unraveling the physiological significance of this binding
will require further investigation.
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