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The transient receptor potential ankyrin 1 channel (TRPA1) belongs to the TRP cation channel superfamily that
responds to a panoply of stimuli such as changes in temperature, calcium levels, reactive oxygen and nitrogen
species and lipid mediators among others. The TRP superfamily has been implicated in diverse pathological states
including neurodegenerative disorders, kidney diseases, inflammation, pain and cancer. The intracellular C-
terminus is an important regulator of TRP channel activity. Studies with this and other TRP superfamily members
have shown that the C-terminus association with lipid bilayer alters channel sensitivity and activation, especially
interactions occurring through basic residues. Nevertheless, it is not yet clear how this process takes place and
which regions in the C-terminus would be responsible for such membrane recognition. With that in mind, herein
the first putative membrane interacting region of the C-terminus of human TRPA1, (corresponding to a 29
residue peptide, IAEVQKHASLKRIAMQVELHTSLEKKLPL) named H1 due to its potential helical character was
chosen for studies of membrane interaction.

The affinity of H1 to lipid membranes, H1 structural changes occurring upon this interaction as well as effects of
this interaction in lipid organization and integrity were investigated using a biophysical approach. Lipid models
systems composed of zwitterionic and anionic lipids, namely those present in the lipid membrane inner leaflet,
where H1 is prone to interact, where used. The study reveals a strong interaction and affinity of H1 as well as
peptide structuration especially with membranes containing anionic lipids. Moreover, the interactions and
peptide structure adoption are headgroup specific.
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1. Introduction ingredients [1,2]. Moreover, TRP channel activity is modulated by

calcium ions and lipid metabolites [3,4]. TRP ion channels are widely

The TRP superfamily comprises a large group of non-selective cation
channels. They respond to diverse stimuli such as temperature, pres-
sure, osmolarity, pH, and various chemical compounds including plant

Abbreviations: ATR-FTIR, attenuated total reflection Fourier transform infrared; CD, cir-
cular dichroism; DMPA, dimyristoyl phosphatidic acid; DMPC, dimyristoyl phosphatidyl-
choline; DMPG, dimyristoyl phosphatidyglycerol; DMPS, dimyristoyl phosphatidylserine;
DSC, differential scanning calorimetry; LUV, large unilamellar vesicle; MLV, multilamellar
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expressed in many different tissues and cell types, where they are impli-
cated in diverse pathological states, including neurodegenerative
disorders, kidney diseases, inflammation, pain and cancer [5,6]. TRP
channels are organized into six families: classical (TRPC), vanilloid
(TRPV), melastatin (TRPM), muclopins (TRPML), polycystin (TRPP),
and ankyrin (TRPA). Similarly to voltage-gated potassium channels,
TRP channels have four subunits, consisting of six transmembrane
segments (S1-S6) each, a pore region loop between S5 and S6 segment,
and long cytosolic N- and C-termini.

The transient receptor potential ankyrin 1 channel (TRPA1) is a
nociceptor and polymodal ion channel activated by deep cooling
(<17 °C), depolarizing voltages, calcium ions, environmental irritants
(such as allyl isothiocyanate from wasabi), endogenous mediators
involved in inflammation (including bradykinin), reactive oxygen and
nitrogen species, and lipid metabolites (such as arachidonic acid) |7,
8]. Furthermore, TRPA1 is regulated by phosphatidylinositol-4,5-
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bisphosphate (PIP,), yet the PIP, binding sites have not been deter-
mined [9-11].

The specific binding of anionic lipids to certain protein domains is
emerging as an important mechanism of channel regulation [12,13]. It is
thought that distinct positively charged side chains from the protein
interact with negatively charged lipid headgroups. Interactions between
nontransmembrane protein domains and the lipid membrane were
proposed to modulate ion channel activity [14-16]. The intracellular C-
terminus is an important regulator of TRP channel activity [17-19].
Positively charged residues at the C-terminus of TRP channels have
been shown to be putative PIP, interacting sites [20-22]. For the heat
and capsaicin receptor TRPV1, it has been demonstrated that association
of the C-terminus with the lipid bilayer alters channel sensitivity to ther-
mal and chemical stimuli [23]. Besides phosphoinositides, several other
negatively charged intracellular lipids, including phosphatidylglycerol,
were reported to support TRPV1 activity [24].

Negatively charged molecules present in the inner leaflet of the cell
membrane such as polyphosphates and phosphoinositides regulate
TRPAT1 from the cytoplasmic side, probably through interaction with
positively charged domains in the C-terminus [25]. Electrophysiological
studies show that basic amino acid residues in the C-terminus of the
pain and wasabi receptor TRPA1 play a vital role in activation behavior
and chemical sensitivity of the ion channel protein [25]. Therefore, it is
likely that the basic residues in the C-terminus of TRPA1 may participate
in channel-lipid interactions. Such polybasic clusters may be able to
specifically recognize negatively charged phospholipids, and to associ-
ate with the membrane to control channel gating.

Following these thoughts, herein we propose to investigate the
potential of the C-terminal region of the TRPA1 channel for membrane
interaction. Since the C-terminal is extremely long (162 residues), we
have made a search for potential membrane interacting sequences
within this region. Taking into account that the interaction between
the TRPA1 channel and the membrane are postulated to occur through
positively charged amino acid residues, by the establishment of electro-
static interactions with anionic lipids, databases to predict antimicrobial
peptide activity were used. Thus, we employed a web server-based
method for predicting antibacterial peptides in a protein sequence to
identify regions in the C-terminus of human TRPA1 with a high propen-
sity for interaction with negatively charged phospholipids [26]. Indeed,
antimicrobial peptides, despite their great diversity with respect to their
amino acid sequence and secondary structure, they share as a common
feature an affinity for negatively charged phospholipids [26]. An impor-
tant property of antimicrobial peptides is their capability to distinguish
bacterial from mammalian cells based on the differences in plasma
membrane lipid composition [27]. In mammalian cells, the outer leaflet
of the plasma membrane is composed of zwitterionic lipids, whereas
substantial amounts of negatively charged phospholipids are present
on the inner (cytosolic) leaflet of the plasma membrane [28,29]. In
contrast, anionic lipids exposed on the outside of the bacterial mem-
brane govern cell selectivity of antimicrobial peptides [30]. We have
chosen the first membrane-interacting sequence in the C-terminus re-
gion of TRPA1 channel as potential site of interaction with the inner
lipid leaflet of the membrane. This corresponds to a peptide of 29
amino acid residues (IAEVQKHASLKRIAMQVELHTSLEKKLPL) harboring
5 positively charged residues and 13 hydrophobic ones, named H1
due to its predicted helical propensity. To investigate the potential inter-
action of H1 with the cell membrane inner leaflet, we have employed
lipid model systems containing anionic lipids (some of which present
in the membrane inner leaflet like PIP,, phosphatidylserine, phospha-
tidic acid). The interaction and structural changes induced by H1 in
the lipid systems were monitored using several biophysical techniques.
The possible functional role of Ca?* in membrane association and struc-
tural characteristics of the peptide was studied. Results show that the
peptide strongly binds to anionic lipids (dissociation constants in the
nM range) present in the inner leaflet of eukaryotic plasma membranes.
An enhanced affinity was observed in the case of PS. Calorimetry

(differential scanning calorimetry) and plasmon waveguide resonance
(PWR) reveal that peptide influence on lipid organization and packing
is highly dependent on the lipid composition. Higher membrane affinity
was observed in the presence of PS and PIP,. As per the peptide structur-
al changes upon lipid interaction, it was observed that H1 partially folds
into R-sheet structure in the presence of anionic lipids and in a
headgroup-specific manner. Therefore the first membrane-proximal
cluster of positively charged residues in the cytoplasmic C-terminus of
TRPA1 is implicated in protein-lipid interactions governed by electro-
static forces and lipid specificity akin to those found for other
membrane-active peptides with cell membranes.

2. Materials and methods
2.1. Materials

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL).
Calcein was obtained from Sigma. The peptide (H1, IAEVQKHASL-
KRIAMQVELHTSLEKKLPL) was purchased from Selleckchem (Houston,
TX) and used without further purification.

2.2. Preparation of MLVs and LUVs

Liposomes were prepared by dissolving the appropriate amounts
of lipid into chloroform or a mixture of chloroform and methanol 2/1
(v/v), followed by solvent evaporation under nitrogen to deposit the
lipid as a film on the wall of a test tube. Final traces of solvent were
removed in a vacuum chamber attached to a liquid nitrogen trap
during 3-4 h. Dried lipid films were hydrated with 10 mM Tris,
0.1 M NacCl, 2 mM EDTA, pH 7.6 (Tris buffer) (for DSC experiments)
or with 10 mM phosphate buffer, pH 7.6 (for CD experiments) and
thoroughly vortexed at a temperature superior to the phase transi-
tion temperature (Tm) of the lipid to obtain MLVs. To better mimic
biological conditions, the peptide was added to the lipids after
vesicle/liposome formation. To form LUVs, the MLV dispersion was
subjected to five freeze/thawing cycles and passed 11 times through
a mini-extruder equipped with two stacked 0.1 um polycarbonate
filters (Avanti, Alabaster, AL).

2.3. Calcein leakage

Calcein leakage assays are a quick and simple method to test lipid
membrane integrity upon peptide action. While liposome encapsulated
calcein is not fluorescent, perturbations in membrane integrity by
peptides (e.g. pore formation) result in a fluorescence increase.
Calcein-containing LUVs were prepared using the same protocol used
to make regular LUVs, except for the hydration step of the lipid films
performed in presence of 70 mM calcein. Free calcein was separated
from calcein-containing LUVs using size exclusion column chromatog-
raphy (Sephadex G-75) with Tris as elution buffer. The concentration
of lipids was estimated using Rouser protocol [31]. For the assay, the
lipid concentration was set at 1 uM and a P/L ratio of 1/50 and 1/25
used. All measurements were performed with a Perkin Elmer LS55 spec-
trometer (Buckinghamshire, UK). Data were collected every 1 s at room
temperature using a Nexc = 485 nm and \e,; = 515 nm with an emis-
sion and excitation slit of 2.5 nm in a cuvette of 2 mL. The fluorescence
from calcein at 70 mM concentration was low due to self-quenching,
but increased considerably upon dilution. The fluorescence intensity at
equilibrium was measured after 2.5 h. At the end of the assay, complete
leakage of LUVs was achieved by adding 100 pL of 10% Triton X-100
solution dissolving the lipid membrane without interfering with the
fluorescence signal. The percentage of calcein release was calculated
according to the following equation:

%Calcein leakage = (F-F;)/(F¢-F,) x 100 (1)
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where the percent of calcein leakage is the fraction of dye released
(normalized membrane leakage), F, is the measured fluorescence inten-
sity at time t, and F, and Frare the fluorescence intensities at times t = 0,
and after final addition of Triton X-100, respectively. A dilution correc-
tion was applied on the fluorescence intensity after injection of the
Triton X-100.

2.4. Differential scanning calorimetry

DSC experiments provide information about the thermodynamics of
lipid phase changes within membranes. By following the effect of the
peptide on the lipid phase transition properties (temperature, enthalpy,
cooperativity of the transition, etc), one can determine whether the
peptide interacts and inserts into the lipid fatty acid chains and whether
it affects the lipid fluidity. When applied to binary lipid mixtures
additional information can be obtained as further described in the
results section. Microcalorimetry experiments were performed with a
Nano DSC-II microcalorimeter (CSC) driven by a DSC-run software.
The peptide was gradually added to the same sample of lipid MLVs to
obtain peptide/lipid molar ratios of 1/100, 1/50 and 1/25. The total
lipid concentration used was 1 mg/mL (ca. 1.45 mM) for the single lipids
and 6 mg/mL (ca. 8.9 mM) for the binary lipid mixtures. For each
peptide concentration, a minimum of four heating and four cooling
scans were performed. A scan rate of 1 °C/min was used and there
was a delay of 10 min between sequential scans in a series to allow
thermal equilibration. A scan of the peptide alone dissolved in buffer
at peptide concentrations corresponding to those at the higher P/L
studied (1/10), exhibited no thermal events over the temperature
range of 0-80 °C. This indicates that endothermic events observed in
the presence of lipid arise solely from phase transitions of the phospho-
lipids vesicles. Data analysis was performed by the fitting program
CPCALC provided by CSC.

2.5. Circular dichroism

CD experiments were performed both on the H1 peptide in solution
and in contact with liposomes of varied lipid composition. With this
method the secondary structure of the peptide is obtained, and one can
determine whether the lipid contact changes the peptide structure. CD
data was recorded on a Jasco J-815 CD spectrophotometer with a 1 mm
path length. Far-UV spectra were recorded from 185 or 195 to 250 nm
with a 0.5 nm step resolution and a 1 nm bandwidth at 300 K. The scan
speed was 50 nm/min (1 s response time), and the spectra were averaged
over 7 scans. CD spectra were collected for peptide samples in a 10 mM
phosphate buffer at concentrations varying from 20 to 120 uM for the
peptide alone and in presence of the lipid whose concentration was
1250 uM (P/L ratios investigated ranged from 1/100 to 1/10). Measure-
ments with different DPC/SDS molar ratios mixed micelle (9/1, 4/1, 1/1)
as well as SDS alone were also acquired. For each sample, the background
(buffer or liposome/micelle in absence of peptide) was automatically
subtracted from the signal. Spectra were smoothed using a Savitzky-
Golay smoothing filter and data are reported as A (M~ ' cm™!). Spectra
deconvolution is performed using CDFriend, a software developed by S.
Buchoux (unpublished). Like CDNN, CDpro and other tools, this program
allows the determination of the secondary structure content of peptides
and proteins based reference protein structures from a database.

2.6. Plasmon waveguide resonance (PWR) spectroscopy

PWR provides information about the affinity (from the pM to mM)
and kinetics (in the msec) of molecular interactions in real time, directly
(no labeling needed) and with high sensitivity (down to femtomole
quantities of material). When applied to anisotropic oriented objects
such as the case of lipid membranes it can also provide structural infor-
mation (anisotropy, membrane thickness). PWR experiments were
performed on a beta PWR instrument from Proterion Corp. (Piscataway,

NJ) that had a spectral angular resolution of 1 mdeg. Resonances can be
obtained with light whose electric vector is either parallel (s-polariza-
tion) or perpendicular (p-polarization) to the plane of the resonator
surface. The principles behind the technique and information obtained
have been reported and will not be developed here (as example refer
to [32-34]). The sample to be analyzed (a lipid bilayer membrane)
was immobilized on the resonator surface and placed in contact with
an aqueous medium (10 mM Tris-HCl pH 7.6, 100 mM NaCl), into
which the H1 peptide is then introduced. The self-assembled lipid bilay-
er was formed using a solution (in butanol/squalene, 0.93:0.07, v/v) of
8 mg/mL of lipid (Avanti Polar Lipids). The method used to prepare
the lipid bilayer is based in on the procedure by Mueller and Rudin
[35] to make black lipid membranes across a small hole in a Teflon
block, the method has been reported [36,37]. After bilayer formation,
H1 peptide is incrementally added to the cell sample compartment
and the spectral changes monitored with both polarizations. Affinities
between the peptide and the lipids were obtained by plotting the
PWR spectral changes that occur upon incremental additions of ligand
to the cell. Data fitting (GraphPad Prism) through a hyperbolic satura-
tion curve provides the dissociation constants. It should be noted that
concomitantly with the binding process other processes such as
membrane reorganization and solvation occur and thus the dissociation
constants correspond to apparent dissociation constants.

2.7. Attenuated total reflexion infrared spectroscopy

Polarized ATR-FTIR provides information about the secondary
structure of peptides and their orientation in contact with lipid mem-
branes. Additionally, information about the effect in the lipid ordering
and hydration can be obtained. Spectra were recorded on a Nicolet
6700 FT-IR spectrometer (Nicolet Instrument, Madison,WI) equipped
with a liquid nitrogen cooled mercury-cadmium-telluride detector
(ThermoFisher Scientific, San Jose, CA, USA), with a spectral resolution
of 4 cm™ ! and a one-level zero filling.

Lipid bilayers adsorbed on a germanium ATR crystal were obtained
by spontaneous fusion of small unilamellar vesicles (SUV) of pure
POPC or a mixture of POPC with anionic lipids. The total lipid concentra-
tion used was 1.5 mg/mL (ca. 1.96 mM). SUV were prepared by tip
sonication for 30 min after direct hydration of lipid films by D0 buffer
containing 0.1 M of NaCl. After bilayer formation at the crystal surface,
the excess of SUV was removed by a buffer solution in D,0. Since ATR
spectroscopy is sensitive to the orientation of the lipid and peptide
[38], spectra were recorded with a parallel (p) and perpendicular
(s) polarization of the incident light. All the orientation information is
then contained in the dichroic ratio Rarg = Ap/As, where Ap and As rep-
resent the absorbance of the considered band for the p or s polarization
of the incident light, respectively (for more details see [39]). H1 peptide
at 1 mM was incubated for 10 min with the bilayer, the non-interacting
peptide was removed by washing three times with D-0.

2.8. Nuclear magnetic resonance spectroscopy

Two samples of peptide H1 (IAEVQKHASLKRIAMQVELHTSLEKKLPL)
were prepared: one in 10 mM phosphate buffer with 50 mM NaCl at
pH 6.8 solution and one in a membrane mimicking interface composed
of deuterated DPC/SDS 9/1 (mol/mol) mixed micelle (Avanti® Polar
Lipids) in the previously mentioned buffer. The sample in aqueous
solution is prepared by dissolving 1.2 mg of peptide H1 in buffer and
10% (v/v) D,0 for a total volume of 255 pL in a standard 3 mm NMR
tube for a final concentration of 1.5 mM. The membrane mimicking
sample was prepared by dissolving 3.5 mg of peptide H1 in a buffer so-
lution containing 20.6 mg of dDPC and 1.8 mg of dSDS and 10% (v/v)
D,0 for a total volume of 400 pL. The concentration of peptide H1
(2.7 mM) and detergents (162 mM) were defined in order to conserve
a peptide/micelle ratio of 1/1 according the aggregation number 60 of
DPC. In order to have a homogeneous mixture of micelles and peptide,
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the sample was submitted to 5 freeze/thaw cycles and transferred to a
standard 3 mm NMR tube. The pH 6.8 was checked directly in NMR
tube using a PH 211 microprocessor pH meter (Hanna® instruments).

All NMR spectra were acquired on Bruker® Advance 700 MHz NMR
spectrometer equipped by a TXI triple resonance 'H/'°N/'3C/?H and z-
axis gradient standard probe. Chemical shifts were referenced relative
to internal H,0. The 1D 1H NMR experiments were acquired at 300 K
using excitation sculpting with gradients for water suppression [40].
Two-dimensional NOESY and TOCSY using the same water suppres-
sion sequence for the two samples, [41] were acquired at the same
temperature and a mixing time of 250 ms for the NOESY and a
spinlock of 90 ms for the TOCSY. All spectra were processed using
the standard programs TopSpin 3.2 (Bruker®), and displayed using
Ccpnmr Analysis [42]. Both amide and alpha protons chemical shifts
were manually assigned from 2D homonuclear 'H-'H NOESY and
TOCSY spectra. The NOESY experiment provides both the intercon-
nectivity of the amino acids and the inherent local structuration of
the peptide by revealing spatial interatomic distances between pairs
of protons for distances shorter than 6 A. The chemical shift was
then used to determine ¢ and s angle and the secondary structure
of the peptide using the software DANGLE (Nicole Cheung, Tim
Stevens, Bill Broadhurst, University of Cambridge). The helical wheel
projection was displayed using Heliquest web tool [43]. A manual
assignment was produced following well known protocols based on
amide and alpha protons sequential interconnectivities (NHi
NHi + 1). The 2D TOCSY spectrum was used to unambiguously
assign some peak profiles to a specific amino acid and corroborate
the sequential assignment of all amino acids in the peptide.

3. Results and discussion

3.1. Study of the human TRPA1 C-terminal region propensity for membrane
interaction

The whole C-terminus of human TRPA1 protein (1957-P1119,
IGLAVGDIAEVQKHASLKRIAMQVELHTSLEKKLPLWFLRKVDQKSTIVYPNK
PRSGGMLFHIFCFLFCTGEIRQEIPNADKSLEMEILKQKYRLKDLTFLLEKQHEL
IKLIQKMEIISETEDDDSHCSFQDRFKKEQMEQRNSRWNTVLRAVKAKTHH
LEP, GenBank® accession number NM_007332) was tested for predic-
tion of antibacterial activity with AntiBP Server (http://www.imtech.
res.in/cgibin/antibp/antibp1.pl). Prediction was done by using SVM
based method [26]. As mentioned in the introduction, the idea behind
is that potential membrane interaction regions of the C-terminus region
of TRPA1 should resemble potential antimicrobial peptides. Indeed
membrane interaction of both molecules should be ruled by similar
properties, mainly electrostatic interactions between basic residues in
the peptide and anionic lipids in the membrane.

Prediction results (Table 1) indicate a high propensity for
membrane-active regions in the predicted two long and four short
a-helices and in adjacent regions bearing positively charged
residues in the C-terminus of human TRPA1 [25]. The first proximal
part of the C-terminus of human TRPA1 channel was predicted to
form a long a-helix and contains several basic amino acid residues
which govern voltage and chemical sensitivity of the ion channel
protein [25]. Since this domain is assumed to be situated in the
immediate vicinity of the cytosolic leaflet of the lipid membrane, it
was chosen as the peptide sequence for membrane interaction
potential in the present study.

A peptide was synthesized corresponding to the predicted first C-
terminal helix of TRPA1 (H1, 1964-1992, IAEVQKHASLKRIAMQVELHT-
SLEKKLPL), and its interaction with model membranes of various lipid
composition (zwitterionic, anionic, PIP,) was studied by differential
scanning calorimetry, plasmon waveguide resonance, circular dichro-
ism spectroscopy, attenuated total reflexion infrared spectroscopy,
and nuclear magnetic resonance spectroscopy.

Table 1
Mapping of antibacterial peptides within the C-terminus of human TRPA1 channel protein
sequence performed by AntiBP Server.

Peptide Start position Score
FHIFCFLFCTGEIRQ 61 1.477
TVLRAVKAKTHHLEP 149 1.178
RWNTVLRAVKAKTHH 146 1.046
HTSLEKKLPLWFLRK 27 0.861
GDIAEVQKHASLKRI 6 0.712
IVYPNKPRSGGMLFH 48 0.659
DIAEVQKHASLKRIA 7 0.598
VGDIAEVQKHASLKR 5 0.542
VYPNKPRSGGMLFHI 49 0.490
DRFKKEQMEQRNSRW 133 0.465
RNSRWNTVLRAVKAK 143 0.394
ILKQKYRLKDLTFLL 88 0.376
MEILKQKYRLKDLTF 86 0.358
LEMEILKQKYRLKDL 84 0.350
QRNSRWNTVLRAVKA 142 0.350
IFCFLFCTGEIRQEI 63 0.347
QMEQRNSRWNTVLRA 139 0.263
FLRKVDQKSTIVYPN 38 0.251
GGMLFHIFCFLFCTG 57 0.246
NKPRSGGMLFHIFCF 52 0.233
KSTIVYPNKPRSGGM 45 0.151
VDQKSTIVYPNKPRS 42 0.118
TIVYPNKPRSGGMLF 47 0.110
EVQKHASLKRIAMQV 10 0.079
DSHCSFQDRFKKEQM 126 0.060
DDDSHCSFQDRFKKE 124 0.036

Note: All peptides showed antibacterial potential.

3.2. The effect of H1 on membrane integrity and lipid phase transition

Calcein leakage assays were performed with POPC, POPA, POPS and
POPG liposomes in presence of H1 at P/L ratios of 1/50 and 1/25. No
leakage was observed with any of the lipids, indicating that this peptide
does not perturb the membrane integrity (e.g. pore formation) (data
not shown).

The effect of the peptide on the lipid phase transition of DMPC,
DMPG, DMPS and DMPA and the binary lipid mixtures of DMPG/
DMPS (1/1 mol/mol), DMPG/DMPA (1/1 mol/mol), and DMPA/DMPS
(1/1 mol/mol) were investigated by DSC. By following changes in the
pre-transition (L3’ to the P3’) and main transition (PP’ to Lot) temper-
ature and enthalpy, information about the mode of interaction and
lipid effect on the lipid headgroup and fatty acid chain regions can be
obtained (such as effects in the headgroup tilting, cooperativity of the
transition and membrane fluidity). One should refer that DSC studies
are usually performed with lipids whose phase transition temperature
is around room temperature and in any case the phase transition tem-
perature can be outside the measurable instrument range (0-100 °C).
In the present study dimyristoyl (DM) fatty acid chain lipids where
used because these lipids meets the above mentioned criteria. The
data indicates that H1 does not affect the Tm and slightly affects the en-
thalpy of DMPC main phase transition with a decrease in the
cooperativity of the transition (Fig. 1, Table 2). This indicates that the
peptide does not strongly perturb the fatty acid chain packing so it
does not deeply insert into the lipid hydrophobic core of DMPC. In the
case of the anionic lipids DMPG, DMPS and DMPA the scenario is quite
different, the peptide strongly affects both the Tm and the enthalpy of
the transition that is almost abolished in the case of DMPG at P/L 1/10.
This indicates that H1 is strongly perturbing and disrupting the fatty
acid chain packing of these lipids. The reduction in AH follows the
sequence: PG (~90%) > PS (~50%) > PA (~40%). H1 effect on the Tm of
anionic lipid is very different, with a decrease in Tm for PG and an
increase for PS and PA. This indicates that H1 leads to an increase in
membrane fluidity of PG and a decrease for PS and PA, therefore it
inserts and perturbs differently PG and PS or PA. Such headgroup specif-
ic behavior has been observed for the interaction of other peptides with
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Fig. 1. High-sensitivity DSC heating scans illustrating the effect of the addition of increasing quantities of H1 peptide on the thermotropic phase behavior of DMPC (A), DMPG (B), DMPS
(C) and DMPA (D) multilamellar vesicles. The solid line corresponds to the lipid alone and dotted and dashed lines correspond to peptide addition and P/L ratio of 1/50 and 1/25 respec-

tively. Thermodynamic parameters are given in Table 1.

membranes such as the case of protegrin-1 where calorimetry studies
have evidenced a headgroup specific behavior for interaction with
anionic lipids [44].

For the binary lipid mixtures composed of equimolar amounts of
two anionic lipids (DMPG/DMPS, DMPG/DMPA and DMPS/DMPA), the
rationale behind such experiment was to investigate if the peptide H1
would selectively affect one of the two lipids in the mixture. Such
analysis is possible because each lipid has a sufficiently different Tm
that allows it to be identified in the mixture but not too different so
that the mixture is still miscible (the general rule being that lipids
with Tm farther apart than ~40 °C are not miscible) [45]. H1 leads to
an increase in Tm for all binary lipid compositions, the lowest effect
being on DMPG/DMPS with an increase of about 2.4 °C in Tm, an inter-
mediate effect for DMPG/DMPA with an increase of 3.6 °C and the
highest effect in DMPS/DMPA with an increase of 5.3 °C in Tm
(Table 1 in SI). If one compares H1 effect on the binary lipid mixtures
compared to the single lipids, one can observe that the effect is not
simply additive (an average of the effect observed on the two lipids
alone). In the two mixtures containing PG (PG/PS and PG/PA) there is
anincrease in Tm since PG alone leads to a decrease in Tm, this indicates
that PS and PA in these mixtures is the main contributor to the response.
Additionally, for the PS/PA mixture the peptide response is increased
when compared to each lipid alone. This will be further discussed in
the next section, in the context of the binding affinity of H1 and effect
on lipid organization.

Relative to the decrease in AH following H1 addition, the larger
decrease was observed in the two mixtures containing PG (about 42%
and 36% decrease for PG/PS and PG/PA, respectively) and the lowest
decrease was observed for PA/PS (~16%). The decrease in enthalpy
indicates that the peptide perturbs the fatty acid chain packing of
these lipids due to its intercalation, the perturbation being greater
when PG is present.

Table 2
Thermodynamic parameters obtained by DSC for the interaction of H1 with MLVs com-
posed of DMPC, DMPG, DMPS and DMPA at P/L ratios of 1/50 and 1/25.

Lipid P/L T (°C) AHy, (keal/mol) AT,(°C)
DMPC 0 23.1 6.7 0.4
1/50 231 5.7 05
1/25 23.1 53 07
DMPG 0 224 63 07
1/50 206 33 1.9
1/25 192 07 22
DMPS 0 355 5.1 11
1/50 37.0 33 2.0
1/25 384 25 25
DMPA 0 52.0 49 32
1/50 535 43 35
1/25 56.3 3.0 36

3.3. Binding affinity of H1 for lipids and effects on lipid membrane
anisotropy

The interaction of H1 peptide with planar solid-supported lipid
bilayers composed of varied lipid composition was monitored by
PWR. For all the lipid compositions, H1 addition to the membrane
leads to shifts in the resonance angle position (no changes in the TIR
angle at the investigated concentrations) (Table 2 in SI). Since no chang-
es in resonance where observed when H1 was added to the PWR cell (at
similar concentrations) in absence of lipid bilayer this means that the
observed lipid interactions are specific. Fig. 2 panels A and B represent
such spectral changes for the formation of a lipid bilayer made of
POPS and subsequent H1 interaction at saturating concentrations.
Such spectral changes can be due to mass change induced by the
peptide itself and/or lipid reorganization to accommodate such interac-
tion (in those experiments we cannot discriminate between the two
possibilities). In all cases from the analysis of the changes in the
minimum position for incremental addition of peptide, dissociation
constants for the peptide/lipid interaction where determined (Fig. 2,
panel C; detailed information can be found in Materials and Methods).
An affinity from the low to the high nanomolar range was observed
for the lipid mixtures investigated, the affinity being the lowest for the
zwitterionic lipid POPC (~480 nM) and the highest for the anionic
lipid POPS (7 nM) (Table 3). The results indicate that electrostatic inter-
actions between the peptide and the lipid are important but not essen-
tial for the binding. Moreover, the affinity for different anionic lipids
(PG, PA and PS) is significantly distinct which indicates a certain level
of specificity in those interactions. Interestingly the highest affinity is
observed for PS, a lipid that is highly present in the internal leaflet of
mammalian cells [28,29,46] where the peptide H1 is prone to interact.
Taking into account the composition of the internal leaflet of the
membrane and the growing reported importance of PIP, in regulation
of ion channel function [20-22,47-50], we have also looked at the inter-
action of H1 with a POPC membrane containing 5% of PIP, (usual
maximal concentration found in the membrane internal leaflet). The
presence of PIP, in the POPC membrane increased the affinity of the
H1 peptide to the membrane (from 480 to 73 nM), showing the impor-
tance of this lipid. Considering the important role of Ca? " in the regula-
tion of TRPA1 channel activity [51-55], this ion was added to the buffer
used in these experiments (2 mM). The presence of Ca>* reduced the
affinity of the peptide for all the lipids except for POPC. Strong electro-
static interaction of calcium ions with anionic lipid headgroups has
been well documented in literature [56-59] therefore the decrease in
affinity observed here should result from simple competition between
calcium ions and peptide for interaction with the anionic headgroups.

As for the direction of the resonance shifts induced by the peptide,
mostly positive spectral shifts were induced by the peptide, except for
POPG lipid (Table 2 in SI). Positive spectral changes for both polariza-
tions are mainly correlated with an increase in the mass of the system



1152 K. Witschas et al. / Biochimica et Biophysica Acta 1848 (2015) 1147-1156
1.0 1.0 — £ 3
[} . .
o 08 @ 09— = " .
2, 04—
5 06 5 08— o
@ @ d 3 'g
T 04 T 8 < 10
[ € 07— 5 &
3 c
0.2 273 o
1 1 a 0
T T T T T T T T @ T 0 4o 6w sbo 1000
61.8 620 622 624 626 658 659 660 661 66.2

Incident angle, deg

Incident angle, deg

[H1], nM

Fig. 2. Interaction of H1 peptide with a POPS planar solid-supported membrane investigated by PWR. PWR spectral shifts observed for buffer (1) after formation of a POPS membrane
(2) and following saturating addition of H1 (3) (1 uM) obtained with the p- (panel A) and s- (panel B) polarized light. Binding curve for H1 interaction with POPS with p- (¢) and s-

polarized light (M) (panel C).

due to peptide adsorption. This may or not be accompanied by reorga-
nization in the lipid bilayer, in this case the positive spectral shifts ob-
served (larger for p- than s-pol) can be explained by an increase in the
packing and lipid ordering (decrease in the area per lipid). This can be
the case here because the shifts in p-pol are larger than in s-pol, indicat-
ing an increase in ordering resulting in a high packing of the membrane.
In the case of POPG, a negative shift is observed for both polarizations.
Since peptide addition by itself can only result in a mass increase in
the membrane, such negative shifts (decrease in mass) can only arise
from lipid reorganization to accommodate H1. A decrease in mass of
the membrane can result from lipids being removed from the mem-
brane (e.g. detergent effect of some peptides or pore formation) or
from a decrease in the lipid chain packing (decrease in the mass density
of the membrane). Since calcein leakage experiments indicate that H1
does not lead to membrane leakage, the first hypothesis is refused.

Such results correlate well with calorimetry data that shows that H1
leads to an increase in the phase transition temperature (Tm) of all
lipids investigated except PG. Such increase in Tm indicates that H1 dis-
favors the gel/fluid phase transition or in other words rigidifies the
membrane. This agrees well with the increase in mass and lipid packing
inferred from PWR data. In the case of PG, the decrease in mass observed
by PWR results from a decrease in the lipid packing that agrees with the
decrease in Tm and fluidification effect of H1 on PG.

Relative to the magnitude of the spectral changes induced by H1, the
values resemble those observed by the interaction of other membrane
active peptides with membranes [60,61]. For all lipid systems, shifts
observed with p-pol were larger than s-pol, indicating a certain degree
of anisotropy with changes occurring in the perpendicular direction to
the membrane being larger than those on the parallel direction (this
has been discussed above). The magnitude of the spectral changes was
larger for zwitterionic than anionic lipids. Calcium ions had no effect
on the magnitude of the spectral changes, only on the affinity.

Table 3
Affinity of H1 to a solid supported lipid bilayer of varied lipid com-
position in absence and presence of Ca** in the buffer.

Lipid mixtures Kp (nM)
POPC 480 4 59
POPG 82+9
POPS 7+1
POPA 25+£5
POPC/PIP, 5% 73 +£38
POPC + Ca®™ 515 + 47
POPG + Ca®* 65+7
POPS + Ca®™ 474+ 6
POPA + Ca?* 210 £ 32
POPC/PIP, 5% + Ca>* 98 4+ 12

Note: The buffer used was Tris-HCl 10 mM (pH 7.4), 100 mM Nacl,
2 mM EGTA without or with 2 mM Ca?*.

3.4. Secondary structure of H1 in buffer and upon lipid interaction

CD spectra were recorded to obtain structural information on the
peptide both in buffer solution and when bound to vesicles composed
of zwitterionic and anionic lipids. All experiments were performed in
10 mM phosphate buffer above the phase transition temperature of
the lipids at P/L of 1/25. This is the P/L ratio at which a major effect on
the phase transition of the lipids was observed. The CD spectra are
presented in Fig. 3. The peptide was unstructured in buffer and also in
the presence of zwitterionic lipids (DMPC, POPC, POPE). In the presence
of anionic lipids (DMPG, POPG, POPS, POPA), the peptide secondary
structure showed major changes. Generally, analysis of CD spectra of
H1 peptide in the presence of anionic lipids demonstrated a marked
contribution of B-sheet structure. Indeed the percentage of random
coil is about 55% and the percentage of 3-sheet is about 45% with
POPG and POPA. In case of POPS the percentage of random coil is
about 60% and the percentage of 3-sheet is about 33% with a minor
contribution of a-helix (6%). The helical content increases to 23% with
DMPG while the percentage of random coil is about 46% and the
percentage of 3-sheet is about 31%. Thus is seems that the fatty acid
chain length also influences the secondary structure adopted by the
peptide, shorter fatty acid chains promoting increase in the helical
content. The highest structural contribution of 3-sheet (about 70%) is
found when PIP, is present (POPC/PIP,, 9/1 mol/mol) and the percent-
age of random coil is about 30%. These results indicate that electrostatic
interactions between lipid and peptide as well as lipid specificity govern
the conformation change to a -sheet structure.

In order to elucidate the role of calcium ions in the structural transi-
tions of H1 peptide, Ca>* was added to the buffer used in these experi-
ments (1-2 mM). With POPS liposomes (SI Fig. 1 A) the presence of
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Fig. 3. CD spectra of H1 peptide in phosphate buffer (solid line) and in presence of LUVs
(1 mg/mL) of POPC (O), POPG (*), POPC/PIP2 (9/1 mol/mol) (+), POPS (A) and POPA (A).
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2 mM Ca? " induces a profound change in the secondary structure of H1,
leading to unstructured peptide devoid of any (3-sheet content. In
contrast, in the presence of DMPG and POPG liposomes (SI Fig. 1 B and
C, respectively) the peptide secondary structure does not change signif-
icantly after addition of Ca?™. Indeed the percentage of p-sheet is
between 40 and 60% in the presence of 2 mM Ca?* with DMPG and
POPG, indicating that H1 peptide interacts with anionic lipids in a
headgroup-specific manner. These findings were confirmed with differ-
ent peptide concentrations and P/L ratios (not shown).

With POPC liposomes containing PIP, (POPC/PIP,, 9/1 mol/mol), the
structural content of 3-sheet after addition of Ca?>* was dependent on
peptide concentration (SI Fig. 2 A and B). In the presence of 1 mM
Ca’*, the peptide is mostly unstructured at a P/L ratio of 1/50, the per-
centage of random coil is about 93% and the percentage of 3-sheet and
a-helix is 3-4% (SI Fig. 2 A). In contrast, at a higher peptide concentra-
tion, the percentage of random coil is about 80% and the percentage of
p-sheet is about 20% with POPC/PIP2 liposomes in the presence of
1 mM Ca?™ (SI Fig. 2 B). These results allow the speculation that confor-
mational transitions of the H1 peptide enable this domain to function as
a sensor of PIP, and Ca®™*.

As NMR studies have been performed in presence of SDS and DPC,
CD spectra of the peptide in SDS and SDS/DPC (9/1) at a P/L ratio of 1/
60 are presented in SI (Fig. 3) and indicate a typical helical signature.
It is not clear why the peptides adopt a a-helical structure in presence
of SDS and DPC/SDS (9/1 mol/mol) while in presence of anionic lipids
a 3-sheet structure is predominant. One possibility is that, despite the
fact that one is comparing lipids with detergents, the membrane
thickness of the two objects is quite different and could affect peptide
structure adoption. Indeed, as mentioned above, the helical content
increased from about none to 23% when going from POPG (C16, C18)
to DMPG (C14). Thus following the same order, one would except that
for DPC (C12) the helical content would increase which was the case.
To test this hypothesis, the DPC/SDS micelles were doped with POPC
(10 mg, 33 mM) and the NMR spectra acquired. Even though no attribu-
tions were possible with this sample as objects become large and in the
limit of NMR resolution, there was a marked decrease of helical struc-
ture (data not shown). This is in agreement with the hypothesis that
longer lipid chains induce lost of helical structure. The part that
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Fig. 4. p-polarized ATR-FTIR spectra of H1 in presence of different lipid bilayer used as
membrane model in D,0. From bottom to top, pure POPC membrane, mixture POPC-
POPA (7/3 mol/mol), mixture POPC/POPS (7/3 mol/mol), mixture POPC/PIP2 (9/
1 mol/mol) and mixture POPC/POPG (7/3 mol/mol). For all the spectra baseline subtrac-
tion were performed, the spectra were normalized on the band at 1740 cm™! (vC = O
of the phospholipid).

remained helical was still visualized by the 2D NMR spectra and
comprised residues 1 to 7.

Polarized ATR-FTIR experiments were performed to evaluate the
structure of H1 interacting with the various model membranes. Lipid
bilayers were formed by the fusion of SUVs onto the ATR germanium
crystal. The formation and the organization of the bilayer was moni-
tored by the dichroic ratio (Ratr) of the v, (CH; — 2923 cm™!) and vy
(CH, — 2853 cm™!) band of the lipid chain (Fig. 4 in SI), as described
by Castano and Desbat [39]. The protein H1 (1 mM) was added to lipids
and incubated (10 min at room temperature after which the ATR cell
was rinsed with D,0 avoiding the exposure to air. The H/D exchange
leads to a better observation of amide I band and the determination of
the secondary structures of the peptides, however due to this exchange
the amide Il band is shifted to lower wavenumber around 1450 cm™ .
The ATR-FTIR spectra were recorded with s- and p-polarization. Fig. 4
shows the p-polarized ATR-FTIR spectra of H1 bound to membrane.
The band at 1740 cm™ ! band is assigned to the (=0 stretching mode
of the phospholipids. No significant binding of H1 was observed on
the pure POPC membrane, in agreement with the lowest affinity
constant determined by PWR. Similar result was obtained with the mix-
ture POPC-POPA (7/3). A broad amide I band was observed for H1
interacting with POPC-POPS (7/3) membrane revealing the presence
of different secondary structures for H1. The absorbance is weak and
due to the presence of TFA (at 1670 cm™ ') in the sample a decomposi-
tion of the amide I band cannot be performed. Including PIP, (POPC/
PIP,, 9/1 mol/mol) in POPC favors the interaction of H1 with the mem-
brane, a broad amide I’ band was observed on the ATR-FTIR spectrum
(Fig. 4). As previously described the broad band indicates preferentially
various secondary structures for the H1 bound to the membrane. H1
interacting with POPC-POPG (7/3) membrane induces a large modifica-
tion of the shape of amide I band. The band is mainly at 1615 cm™ ! with
a small contribution at around 1685 cm™ . These bands are characteris-
tics of an antiparallel 3-sheet organization [62-64]. The 30% of POPG
leads to a large structuration of the H1 peptide.

However, whatever the studied membrane, no significant difference
was observed for the dichroic ratio (R = Ap/As), comparing the spectra
in presence or in absence of the H1 (Fig. 4 in SI). Thus, the organization
of the membrane is poorly affected by the binding of H1, excluding a
strong insertion of H1 in the lipid bilayer and there is no preferential
orientation of H1 on the membrane.

3.5. Folding of H1 peptide in membrane model systems followed by NMR
spectroscopy

NMR spectroscopy was used to monitor the structural changes of H1
peptide from an aqueous solution to a membrane model environment.
Due to the important loss of tumbling in the NMR time scale for H1
peptide in membranes composed of phospholipids such as POPG,
POPC or DMPG, small micelles composed of mixtures of LMPG and
DPC/SDS (10% SDS) were chosen for NMR studies. Yet, LMPG membrane
models in presence of peptide are not ideal, since from the NMR 2D
spectra a very limit number of peaks and all very broad were observed,
indicating a tumbling rate out of the suited range for solution NMR
experiments. Therefore, NMR studies were performed in presence of
SDS and DPC, which enable a much better acquisition of 2D spectra.
The peptide secondary structure was investigated by CD spectroscopy
prior to the NMR measurements (as described above). DPC has been
used in several examples as a simpler membrane model that is more
compatible with NMR (as an example see [65]). In buffer solution the
TH-"H NOESY spectra of H1 peptide (Fig. 5, purple contours) shows a
typical pattern of a random coil with most aH-NH connectivities
collapsed in a small region (7.5-8.5 ppm). In addition a much lower
number of H-H connectivities are observed in the entire spectrum.
Once the peptide is transferred to PC/SDS mixtures, the number of
aH-NH and NH-NH cross peaks increases and spread over a much
larger chemical shift range indicating the formation of a structured
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Fig. 5. "H-"H NOESY NMR spectra of peptide A1 in solution and in membrane mimicking
interface, purple and red-orange-green contours, respectively. The spectra shows the for-
mation of a helical structure once the peptide is immersed in DPC:SDS (9:1) micelles. The
2D NOESY zoom in the spectra clearly shows the formation of N-H-NH short and i + 3 and
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jection (bottom).

peptide (orange-green spectra). The determination of the degree of
folding was addressed by using the differences between the observed
amide chemical shift coefficients and random coil values (delta HN).
The result of this analysis is plotted in Fig. 5 indicating that most of
the peptide forms a a-helix when in contact with negatively charged
micelles (see also Fig. 5 in SI). It should be noted that the helical part
spans over 25-27 residues, which is larger than the minimal amount
of residues necessary to span a typical cellular membrane, e.g., 20-21
residues. The results are contrasting with the secondary structure
observed by CD and IR in anionic liposomes and flat membranes.
Besides the fact that the fatty acid chain length may influence the
peptide structural changes, shorter chains promoting helical structure
(as described in the CD section above), it should also be pointed out
that the size of the micelles used in NMR are way smaller than LUVs
(1-5 nm vs 100 nm, respectively). Therefore the surface presented to
the peptide in the case of detergent micelles is very small and so the
peptide cannot interact superficially as in the case of LUVs (CD studies)
and flat membranes (IR studies). In micelles the peptide is probably
located in the center of the micelle which forces it to adopt a different
secondary structure.

4. Conclusions

The studies performed have clearly shown that the H1 peptide,
corresponding to the first putative membrane interaction region in the
C-terminus of TRPA1 channel, interacts with lipid membrane model
systems. A marked interaction and increased affinity is observed for
membranes containing anionic lipids. The peptide also changes its
secondary structure from random to mostly [3-sheet upon contact
with anionic membranes. The study reveals that the anionic character
of the membrane is important for the P/L interaction. Moreover, the
mode of interaction with the lipid membrane is also headgroup specific
as both the affinity, the effect in membrane fluidity and peptide second-
ary structure adopted is rather different between PS, PG and PIP,
containing membranes.

Other ion channels' activity has been shown to be highly modulated
by the lipid environment not only indirectly by the collective physical
properties of the membrane, but by direct interactions of lipids,
especially anionic ones through specific basic amino acids in the protein.
Phosphoinositides and in particularly PIP, have been shown to regulate
almost every class of ion channel [47-49]. Indeed, in the case of the
potassium channel (Kir), anionic lipids would act very much like pre-
localized ligands being able to induce quite rapid gating motions in
the channel, considerably faster than classical ligands that would need
to diffuse to the channel binding site to exert their action [66].

The fact that the affinity of H1 to PIP, containing membranes is quite
high and enhanced relative to other lipids suggests that important
electrostatic interactions occur between the peptide H1 (comporting 5
basic residues) and the negatively charged lipid headgroup. The idea
that electrostatic interactions are important for the P/L interaction is
reinforced by the fact that Ca*2 ions in the medium decrease the binding
of H1 to all the anionic lipids. Therefore, the TRPA1 channel could, like
other channels use this membrane binding sites in the C-terminal region
to modulate its conformational change, activity and gating properties.

Many questions remain yet open, including the nature of the confor-
mational changes induced by anionic lipid interaction, whether the lipid
binding will activate or inhibit the channel (as both cases have been
observed depending on the channel) and the physiological relevance
of such regulation. It also remains to be investigated whether the
other putative membrane interacting domains in the C-terminal region
of TRPA1 share the same membrane interaction properties.
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