Charles University in Prague, Faculty of Science
Department of Biochemistry

Ph.D. study program: Biochemistry

Summary of the Ph.D. Thesis

Functional and structural study of thermally activated TRP ion
channels:

The role of evolutionarily conserved motifs in the TRPA1 modulation

Mgr. Anna Kadkova

Supervisor: RNDr. Viktorie Vlachova, DrSc.

Prague 2016



Abstract

Ankyrin receptor TRPAL is an ion channel widely expressed on primary afferent
sensory neurons, where it acts as a polymodal sensor of nociceptive stimuli. Apart from
pungent chemicals (e. g. isothiocyanates, cinnamaldehyde and its derivatives, acrolein,
menthol), it could be activated by cold temperatures, depolarizing voltages or intracellular
calcium ions.

TRPAL channel is a homotetramer in which each subunit consists of cytoplasmic N
and C termini and a transmembrane region. The transmembrane part is organized into six
alpha-helices connected by intra- and extracellular loops. The N terminus comprises a
tandem set of 16 to 17 ankyrin repeats (AR), while the C terminus has a substantially
shorter, dominantly helical structure. In 2015, a partial cryo-EM structure of TRPAL was
resolved. However, the functional roles of the individual regions of the receptor have not
yet been fully understood.

This doctoral thesis is concerned to elucidate the role of highly conserved sequence
and structural motifs within the cytoplasmic termini and the S4-S5 region of TRPAL in
voltage- and chemical sensitivity of the receptor. The probable binding site for calcium
ions that are the most important physiological modulators of TRPA1 was described by
using homology modeling, molecular-dynamics simulations, site-directed mutagenesis
and electrophysiological techniques. Next, the molecular mechanism of a heritable
disorder called “familial episodic pain syndrome”, which is caused by a point mutation
within the S4-S5 region, has been proposed. The last part of this thesis is focused on the
functional role of T/SPLH motifs within the N-terminal ankyrin repeats AR2, AR6 and
AR11-13 in the TRPAL modulation.

Key words: Ankyrin receptor (TRPA), C terminus, N terminus, S4-S5 region, structure-
function relationship, calcium ions, voltage-dependent gating, point mutation.



1. Introduction

Transient Receptor Potential (TRP) channels represent a relatively ancient family of
cation channels that have been found in many eukaryotic organisms except for plants’.
They are expressed in both excitable and non-excitable tissues where they play key roles
in sensory signal transduction (such as nociception, chemical and temperature sensation
or taste transduction) and homeostatic functions (e. g. Ca’* and Mg** reabsorption or
osmoregulation). TRP channels exhibit membrane topology similar to voltage-gated
potassium channels (Kv), which is characterized by tetrameric organization of receptor
subunits (Fig. 1A). Each subunit contains six transmembrane helices (S1 - S6) with a
pore-forming loop between S5 and S6 and cytoplasmically located N and C termini?
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Figure 1. Topology of TRPAL. (A) Conserved architecture of tetrameric channels with six
transmembrane segments (S1-S6). Four S5 - pore helix — S6 motifs form an ion conducting
pore whereas helices S1-S4 from each subunit form a separate ,sensor domain®.
(B) Schematic of one hTRPAL channel subunit. Conserved threonines and serine from
ankyrin repeats (AR) containing T/SPLH tetrapeptide motifs are indicated in red, reactive
cysteine residues (C621, C641 and C665) are represented by green circles, reactive lysine
residue (K710) is depicted by a pink circle. Cysteine residues involved in forming disulphide
bonds are represented by either yellow or green circles with a red edge. The Ca**- binding EF-
hand like domain is depicted as “EF”.



TRPAL is unique among mammalian TRP channels in bearing an extensive
cytoplasmic amino terminus (720 of 1119 amino acids) consisting of a tandem array of 17
ankyrin repeats (AR1-AR17), and a linker that connects ankyrin repeat domain with the
first transmembrane segment®™. Five of the ARs contain a strictly conserved T/SPLH
tetrapeptide motif, a hallmark of the consensus ankyrin repeat sequence contributing
substantially to local conformational stability®’ (Fig. 1B). This non-selective cation
channel can be activated in response to various irritant chemicals, such as allyl
isothiocyanate or cinnamaldehyde, or, in the absence of any agonist, by depolarizing
voltages®®.

Probably the most important physiological modulators of TRPAL are Ca** ions. The
intracellular Ca?* from the endoplasmic reticulum or calcium ions passing through the
channel pore from the extracellular space can influence the most important properties of
the channel: conductance, ion selectivity and opening probability™®*%. At micromolar
concentrations, intracellular Ca®* strongly amplify the agonist- and voltage-induced
TRPAL currents. This potentiation is followed by an inactivation, which is almost
complete and irreversible and both these processes can be accelerated by a higher
concentration of Ca’* 3. The exact molecular mechanisms of these processes, however,
have not yet been fully understood.

Generally, the TRPA1l channel is associated with physiological and
pathophysiological pain. In addition, mutations within the Trpal gene cause heritable
pain disorders such as familial episodic pain syndrome™* and paradoxical heat sensation in
neuropathic patients®.

Despite more than a decade of intensive research on TRPA1, the molecular
mechanisms of channel gating remain largely unknown. This thesis focuses on the
functional and structural role of the evolutionarily conserved motifs within the TRPAL
cytoplasmic termini and the S4-S5 linker in agonist- and voltage-induced gating, and
calcium-dependent modulation.

2. Aims of the study

e To elucidate the involvement of strictly conserved S/TPLH motifs within the
N terminus of TRPAL in voltage-, Ca®*- and chemically-induced gating.

e To map the putative phosphorylation sites for cyclin-dependent kinase 5 (Cdk5)
within the TRPA1 channel.

e To clarify the structural basis of the TRPAL related channelopathy caused by
a gain-of-function mutation N855S within the S4-S5 linker.

e To investigate the contribution of the acidic cluster in the distal C terminus of
TRPAL in Ca**- and voltage-dependent potentiation and/or inactivation of
agonist-induced responses.

e To elucidate the function of the distal C terminus using truncated TRPA1 mutants.



3. Material and Methods

3.1 Cell cultures and transfection

Human embryonic kidney 293T (HEK293T) cells were cultured in Opti-MEM |
media (Invitrogen) supplemented with 5% fetal bovine serum. Cells were transiently co-
transfected with 400 ng of cDNA plasmid encoding wild-type (WT) or mutant human
TRPAL (wild type in the pPCMV6-XL4 vector, OriGene) and with 200 ng of GFP plasmid
(TakKaRa) per 1.6 mm dish using the magnet-assisted transfection (IBA GmbH.)
technique. The mutants were generated by PCR using a QuikChange Site-Directed
Mutagenesis Kit (Stratagene) and confirmed by DNA sequencing (GATC Biotech). The
cells were used 24-48 h after transfection. At least three independent transfections were
used for each experimental group. The wild-type channel was regularly tested in the same
batch as the mutants.

3.2 Electrophysiology

Whole-cell membrane currents were recorded by employing an Axopatch 200B
amplifier and pCLAMP 10 software (Molecular Devices). Patch electrodes were pulled
from a glass tube with a 1.65-mm outer diameter. The tip of the pipette was heat-polished,
and its resistance was 3-5 MQ. Series resistance was compensated by at least 70% in all
recordings. The experiments were performed at room temperature (23-25 °C). Only one
recording was performed on any one coverslip of cells to ensure that recordings were
made from cells not previously exposed to chemical stimuli. A system for rapid
superfusion and heating of the cultured cells was used for drug application®®.

The control bath solution contained 160 mM NacCl, 2.5 mM KCI, 1 mM CacCl,, 2 mM
MgCl,, 10 mM HEPES, 10 mM glucose, adjusted to pH 7.3 and 320 mOsm. The
extracellular bath solutions contained: 150 mM NaCl and 10 mM HEPES, with an added
2 mM HEDTA for the Ca**-free solution, and 2 mM or 10 mM CaCl, for the Ca*-
containing solution, adjusted to pH 7.3 with NaOH, 300 mOsm.

The whole-cell pipette solution contained the high buffer internal solution: 145 mM
CsCl, 5 mM EGTA, 3 mM CaCl,, 10 mM HEPES, 2 mM MgATP, pH 7.3, adjusted with
CsOH, 290 mOsm. All of the chemicals were purchased from Sigma-Aldrich.

3.3 Analysis of electrophysiological data

All of the electrophysiological data were analyzed using pCLAMP 10 (Molecular
Devices), and curve fitting and statistical analyses were done in SigmaPlot 10 (Systat
Software Inc.). Statistical significance was determined by Student’s t-test or the analysis
of variance, as appropriate. Differences were considered significant at P < 0.05.



4. Results and Discussion

4.1 Effects of mutations within strictly conserved T/SPLH motifs on
the TRPAL stability

The N-terminal part of TRPAL constitutes more than a half of the protein size. It is
characterized by a prominent ankyrin repeat domain (ARD) consisting of a tandem array
of 17 ankyrin repeats (ARs) and a linker region connecting the ARD with the fist
transmembrane segment** (Fig. 1B). Five of the ARs contain a strictly conserved
T/SPLH tetrapeptide motif, in which proline initiates the first a-helix, whereas the pair of
threonine and histidine forms intra- and inter-repeat bonds substantially contributing to
local conformational stability of the AR®”. We hypothesized that the strict conservation
within the evolutionary conserved T/SPLH motifs in AR2, AR6, AR11-AR13 across
different species suggests that an especially precisely tuned stability of these N-terminal
modules is essential for the proper functioning of the TRPAL channel. Thus, we
constructed mutants either within the T/SPLH motif or in the neighboring ankyrin repeat
to either stabilize (by inserting the consensus motif GXTPLH into the neighboring AR) or
destabilize (by mutation of threonine or serine to alanine or aspartate) the conformation of
each of the T/SPLH-containing AR.

Surprisingly, stabilization or destabilization of the T/SPLH consensus motifs resulted
in very different phenotypes depending on location of the ankyrin repeat containing the
motif within the N terminus. In addition, mutations within the T/SPLH motifs affected
different modalities of the TRPAL channel gating depending on the specific location of
the motif-containing ankyrin repeat.

The T100A mutant within the AR2 exhibited a decreased basal conductance at
negative membrane potentials, indicating disturbed closed—open equilibrium in favor of
the closed state. In contrast, the double mutation M131G/A133T in AR3 resulted in a gain
of function phenotype, where the channel displayed significant voltage-independent
gating at negative membrane potentials, suggesting that the energy required to activate
the pore opening is reduced (Fig. 2A and 2B). During the application of cinnamaldehyde,
the T100A-mediated whole-cell outward currents were almost identical to those of the
wild-type channels, but significantly reduced in an inward direction, matching the above-
described reduction in voltage-induced currents at hyperpolarizing membrane potentials.
The double mutant M131G/A133T channels displayed much larger responses to
cinnamaldehyde at both negative and positive holding potentials. These observations
identify AR2 to be a domain contributing to voltage-dependent gating.

Both mutations of threonine T241 in AR6 (T241A and T241D) remained functional,
which suggests that strict TPLH conservation is not crucial for TRPAL functioning. To
further investigate the role of TPLH in ARG, we next constructed two additional mutants.
The first, K239G, was anticipated to improve the ankyrin fold and allow for a more
compact L shape of the repeat AR6. The second mutant, H244R, was designed to perturb
ARG by decreasing its mechanical stability’’. Both the mutants yielded smaller currents in
response to depolarizing voltages and also smaller maximal responses to chemical
activators. This serious mutagenic impact was quite surprising in case of K239G
mutation, which conforms to the consensus glycine two residues prior to the TPLH motif,
most likely due to eliminating important interactions in the loop preceding AR6.

Our results suggest that the ankyrin repeats AR2 and ARG, although sequentially
distant from the transmembrane region, contribute to voltage-dependent gating. The
recently resolved structure of TRPAL provides a mechanistic explanation of how the
proximal part of ARD can communicate with the channel gate: the information from the



ARD can be transduced through the overlying helix-turn-helix motif of the linker region
that forms a network of packed interactions with the TRP-like domain.
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Figure 2. Mutations affecting the conformatial stability of the ankyrin repeat 2 and 3 affect
voltage-dependent TRPA1 channel gating. (A and B) Time course of average whole-cell
currents through wild-type and mutant hnTRPAL measured at +80 mV and -80 mV as marked. The
application of 100 uM cinnamaldehyde (CA) and subsequent addition of 2 mM Ca*" are indicated
above. Below, average rectification of currents shown above.

Notably, both mutations of serine S448 (S448A and S448D) in AR12 failed to
produce any measurable currents. Given a high degree of conservation among all TRPA1
channels in this region, we hypothesized that if S448 contributes substantially to ARD
stability through intra- and inter-repeat hydrogen bonding, then the threonine at this
position could improve ancillary interactions in its microenvironment by hydrophobic
interactions associated with the threonine methyl group®. A remarkable finding was an
apparent difference between the characteristic currents induced by cinnamaldehyde and
AITC in S448T. The currents induced by 100 uM cinnamaldehyde were significantly
greater and, upon the addition of Ca®" to the bath solution, reached amplitudes that were
~1.4-fold the amplitude of the wild-type channels. The currents resembled wild-type
TRPAL in terms of the extent of Ca?*-dependent desensitization. In a striking contrast, the
maximum currents induced by AITC were smaller than in the wild-type channels and
exhibited only a slight calcium-dependent desensitization (Fig. 3A and 3B).

While serine is statistically three times less favored than threonine in T/SPLH
tetrapeptides®, the role of S448 in TRPAL is likely to be specific and may be
evolutionarily fine-tuned. As the expression level of the S448T mutant did not



significantly differ from wild-type, we believe that the S448T mutation results in a gain-
of-function by mainly impacting the transition between the closed and open state of the
channel in a way that is independent of the putative voltage sensor.

Taken together, our data support the previous suggestion that calcium-dependent
desensitization of AITC-induced responses is specified by an AR cluster centered around
AR11'. Moreover, we show that subtle changes in AR12 stability affect the Ca*-
dependent desensitization to varying degrees according to the mode of chemical
activation, and increase the voltage-independent component of TRPAL channel gating.
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Figure 3. Strict conservations of the SPLH motif in AR12 is required for functional
interactions. (A and B) Time course of average whole-cell currents through wild-type and
mutant hTRPA1 measured at +80 mV. The application of 100 uM cinnamaldehyde (CA, in
panel (A)) or 100 uM allyl isothiocyanate (AITC, in panel (B)) and subsequent addition of
2 mM Ca®* are indicated above. Note that the S448T mutant exhibits greater currents in CA
but not in the presence of AITC. Mutations S448A and S448D are AITC-insensitive.

4.2 Conserved T/SPLH motifs as putative phosphorylation sites

Except for the role in the ankyrin repeat conformational stability, the T/SPLH motifs
may represent potential phosphorylation sites, particularly for proline-directed Ser/Thr
kinases. Among these, cyclin-dependent kinase 5 (Cdk5) is a neuron-specific kinase of
great functional relevance, known to regulate nociceptive signaling via the N terminus of
the related vanilloid receptor TRPV1.

We tested whether the co-expression of TRPA1 with Cdk5 and p35 protein, a Cdk5-
specific activator, may modulate voltage-dependent channel activation. The co-expression
of p35 alone or with Cdk5 in HEK 293T cells significantly increased the
cinnamaldehyde-evoked responses of hTRPAL. Thus, we hypothesized that TRPA1 may
be a substrate for the Cdk5/p35 complex and/or its interaction with p35 may stabilize the
activated state of the channel.

Bioinformatics analysis of the primary sequence of human TRPAL1 predicted
threonines T100, T241, T415, T484 and serine S448 to be consensus phosphorylation
sites for Cdk5 at a high stringency level. However, our data suggest that the examined
serine and threonine residues constituting the conserved T/SPLH motifs are not likely to
be involved in the phosphorylation of TRPA1 because the phosphonull alanine mutations



and phosphorylation mimicking aspartate mutations did not lead to opposite changes in
the channel functioning.

Further sequence prediction analysis of the TRPA1 N terminus revealed other three
putative phosphorylation sites for Cdk5, serine and threonine residues S344, S616 and
T673. Therefore, we constructed alanine and aspartate additional mutants of these
residues to obtain a complete picture of the role of the T/SP N-terminal motifs. Among
these, the T673D mutation resulted in channels whose responses to cinnamaldehyde were
increased almost threefold compared to wild-type. According to the recently resolved
TRPAL structure, threonine 673 is solvent-accessible and located in a flexible loop
connecting the B-strands to the helix-turn-helix motif preceding the pre-S1 helix,
indicating that it may represent a candidate target for Ser/Thr phosphorylation.

4.3 Structural basis of the heritable episodic pain syndrome

Our second study was motivated by the previous finding of a gain-of-function
mutation N855S within the S4-S5 linker of hTRPAL, which underlies familial episodic
pain syndrome™. In our work, we applied homology modeling, molecular dynamics
simulations and whole-cell electrophysiology to explore the structural basis of this
channelopathy.

The model based on the Kv1.2/2.1 structure (pdb code 2R9R) revealed an inter-
subunit interaction between the polar glutamate residue E854 located in the S4-S5 linker
in the immediate vicinity of N855, and lysine K868 in S5 transmembrane helix of an
adjacent subunit of TRPAL. According to this finding, we hypothesized that the
functional changes in the N855S mutant may originate, at least in part, from changes in
inter-subunit interactions (Fig. 4A).
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Figure 4. (A) Intracellular view of homology model of TRPA1 channel based on Kv1.2/2.1
paddle chimera with E854 and K868 residues indicated. (B) Time course of average whole-
cell currents through wild-type and mutant hTRPAL measured at +80 mV. The application of
100 pM allyl isothiocyanate (AITC) and subsequent addition of 2 mM Ca®* are indicated
above.

We used whole-cell patch clamp recordings to investigate, whether the predicted
inter-subunit interactions contribute to the TRPAL channel functionality. We constructed



charge-neutralizing (E854A, K868A) and charge-reversing (E854R, K868E) mutants of
TRPAL to test whether specific interactions between opposite charges are required for
proper channel functioning. Furthermore, we constructed the charge-swapping double
mutant E854R/K868E to test whether the double mutant might functionally rescue the
channel.

Our data indicate that substitutions at E854 and K868 result in channels with altered
gating Kinetics. Mutations at position K868 destabilized the closed, resting conformation
of the channel and strongly reduced responses to all stimuli (depolarizing voltage, AITC).
The E854A and E854R mutants expressed AITC-sensitive channels, however, their
responses to depolarizing voltage steps were smaller in amplitude than wild type. The
charge-swapping mutation E854R/K868E restored normal channel closure at
hyperpolarizing voltages, although it did not rescue normal voltage dependency.
However, the maximal amplitudes of AITC-induced responses of the double mutant were
not significantly different from wild-type channels, although the onset of the
E854R/K868E currents was apparently slower (Fig. 4B). The finding that the charge-
swapping double mutation substantially rescues the functionality of TRPA1 supports the
hypothesis that the spatial proximity of the two residues E854 and K868.

According to our data, the altered calcium sensitivity of the N855S mutant may arise
from its vicinity to the residues E854 and K868 that are involved in allosteric coupling
and voltage sensing. In addition, the selective disruption of voltage-dependent gating in
the charge-swap E854R/K868E indicates that these residues can be a part of a voltage-
sensing domain of TRPAL.

4.4 C-terminal acidic cluster is involved in Ca®*-induced
modulation of hTRPA1

Calcium ions belong to the most important physiological modulators of TRPAL.
Therefore, our last project was focused on elucidating molecular mechanisms of Ca?*-
dependent potentiation and inactivation of the TRPAL1 channel, which still remain a
matter of controversy.

The obvious candidates for a domain through which Ca®* can modulate TRPAL are
acidic residues on the intracellular side of TRPAL. Within the C terminus, a highly
conserved sequence of acidic amino acids, **’ETEDDD®? shares the sequence
similarity with so-called Ca?* bowl domain of the superfamily of BK channels®. To
confirm the involvement of the **’’ETEDDD'®? motif in Ca**- mediated modulation we
used site-directed mutagenesis, whole-cell electrophysiology, homology modeling and
molecular dynamics simulations.

As the first step, all negatively charged residues were individually mutated to alanine,
a neutral amino acid. Except for E1077A, none of the mutant exhibited a substantially
decreased relative sensitivity to cinnamaldehyde compared to WT TRPAL. However, the
kinetics of the Ca®* -dependent potentiation was dramatically changed in four out of the
six charge-neutralized mutants: E1073A, D1080A, D1081A and D1082A (Fig. 5A and
5B).

This observation further supports the idea that the whole region containing the
negatively charged cluster is structurally important and involved in the Ca?* -dependent
modulation of TRPAL. Therefore, we utilized molecular dynamics (MD) simulations to
probe the Ca®* -binding capability of the acidic region from TRPAL, using Ca*" activation
apparatus of the human BK channel®® as the template protein (pdb code 3MT5). After
replacing the stretch of 10 consecutive residues ®*°*QFLDQDDDDD®*% in the structure of



the Ca’* -binding domain of BK with 10 residues from human TRPALl
(““lISETEDDDS*™), the MD simulations confirmed that this region is capable of
binding Ca®". Furthermore, we showed that the two residues D1080 and D1082 use
oxygen atoms from their side chains for direct contact with calcium ions, which is in a
good agreement with our experimental data (Fig. 5C).
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Figure 5. Negatively charged motif “*IISETEDDDS™® is involved in Ca?*- dependent
modulation of human TRPA. (A) Average TRPAL1 currents evoked in response to
40 s exposure to 100 uM cinnamaldehyde (CA) and subsequent addition of 2 mM Ca®* as
indicated by horizontal bars. The currents are normalized to their maximal cinnamaldehyde
responses obtained prior to the addition of Ca®" to the bath solution. For D1080A, the average
current for nonpotentiated cells (in red) is overlaid onto the average current from all cells.
(B) Calcium-induced potentiation was measured as the fold increase in current, measured at
+80 mV, following the addition of 2 mM extracellular Ca**. The asterisks indicate significant
differences between mutant and wild-type TRPAL. (C) lllustration of calcium-binding site in
hSlo1l-TRPA1 chimera with surrounding structures. Residues from the TRPA1 protein are
shown in ball and stick representation.

4.5 Functional role of the distal C terminus of hTRPA1

As the final step of the study, we constructed two C-terminal truncation mutants,
TRPA1-A20 and TRPA1-A26 to investigate the role of the distal part of the hTRPA1
carboxy terminus. In the TRPA1-A20 mutant, stop codon was introduced at N1100,
which removed the last predicted C-terminal a-helix H6. In the TRPA1-A26 mutant, stop
codon was introduced at E1094 (within the H5 helix) to preserve the structure of the loop
containing the calcium-binding motif **"*IISETEDDDS*.

Mutation TRPA1-A26 did not produce measurable currents in response to any of the
stimuli tested, indicating an important functional role of the predicted H5 helix. In
contrast, the TRPA1-A20 truncation mutant was functional. Unlike the wild-type channel,
this mutant exhibited strikingly slower inactivation upon the addition of Ca®* while it
exhibited normal degree of Ca”* -potentiation and normal responsiveness to voltage and
Cin (Fig. 6). This set of experiments identified the distal C terminus as a critical
modulatory domain of TRPAL involved in its Ca** -dependent inactivation.
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Figure 6. Truncations in C terminus reveal region involved in Ca®-dependent
inactivation. (A) Amino acid sequence of the distal C terminus. Predicted secondary structure
for hTRPAL is indicated above the alignment. The region of interest is boxed. Residues
mutated in this study are indicated in bold. (B) Time course of representative whole-cell
currents through wild-type hTRPAL measured at -80 mV and +80 mV. The application of
100 uM cinnamaldehyde (CA) and subsequent addition of 2 mM Ca®* are indicated above.
(C and D) Voltage-ramp protocol as in (A) used for truncation mutants. Note the obviously
slower inactivation of the TRPA1-A20 truncation mutant upon the addition of 2 mM Ca®*
compared with WT.

5. Conclusions

e The most conserved N-terminal consensus T/SPLH tetrapeptide motifs, which
initiate the helix—turn—helix conformation of the repeats AR2, AR6, AR11, AR12
and AR13, are required for the proper functioning of TRPALl and distinctly
contribute to its multimodal activation.

e Stabilizing mutations of AR2 and its neighboring AR3 affect voltage-dependent
TRPAL channel gating. Strict conservation of the T/SPLH motifs in AR11-AR13
is required for functional interactions, and most likely not for targeting TRPAL to
the plasma membrane.

e Conserved T/SPLH motifs from ARD are not likely to be phosphorylated by
Cdk5. The only residue fulfilling the consensus requirement and upregulating the
function of TRPAL under phospho-mimicking conditions is T673, which is
outside the ARD.



10.

11.

12.

13.

14.

Homology modeling and molecular dynamics simulations revealed a salt bridge
between residues E854 within the S4-S5 linker of one TRPA1 subunit and K868
in S5 domain from another subunit. Disturbance of this interaction causes changes
in activation of the N855S mutant channel, which underlies the familial episodic
pain syndrome.

C-terminal acidic cluster E1077 — D1082 is capable for binding Ca®* and
contributes to Ca®* -dependent modulation of TRPAL.

Intact end (last 20 AA) of the C terminus is essential for proper calcium-
dependent inactivation of the TRPA1 channel.
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Abstrakt

Ankyrinovy receptor TRPAL je iontovy kanal exprimovany ptevazné na primarnich
aferentnich senzorickych neuronech, kde ptsobi jako polymodalni senzor pro bolestivé
a drdZzdivé podnéty. Kromé chemickych latek (napf. isothiokyanaty, skoficovy aldehyd
ajeho derivaty, akrolein, menthol) muze byt aktivovan chladem, depolarizaci
membranového potencialu nebo vapenatymi ionty z intracelulérni strany.

lontovy kanal TRPAL1 je homotetramerem podjednotek, jeZz jsou topologicky
uspofadany do transmembranové oblasti a cytoplazmaticky orientovanych N- a C-koncti.
Transmembranova oblast je tvofena Sesti alfa-helixy propojenymi intra-
a extracelularnimi klickami. N-konec receptoru se vyznacuje piitomnosti 16 az 17
ankyrinovych repetic (AR), zatimco C-konec je vyrazné krat$i a ma pievazné helikalni
strukturu. Presnd struktura TRPAT1 byla caste¢né rozieSena roku 2015 pomoci kryo-
elektronové mikroskopie, avSak funkéni tloha jednotlivych oblasti v polymodalni
aktivaci receptoru neni prozatim plné€ objasnéna.

Predkladana disertacni prace se zabyva ulohou mezidruhové konzervovanych
strukturnich a sekvenénich motivii v cytoplazmatickych koncich a v S4-S5 oblasti
TRPA1 v napétové a chemické citlivosti receptoru. Pomoci homologniho modelovani,
molekularné-dynamickych simulaci, bodové mutageneze a elektrofyziologickych technik
fyziologickymi modulatory TRPA1. V dalsi ¢asti prace byla navrZzena hypotéza, pomoci
niz byla vysvétlena molekularni podstata dédi€éného onemocnéni “familidlniho
epizodického bolestivého syndromu”, které je zpiisobeno bodovou mutaci N855S v S4-S5
oblasti receptoru. Posledni ¢ast prace byla zaméfena na objasnéni funkéni ulohy T/SPLH
motivil v ankyrinovych repeticich AR2, AR6, AR11-13 na aminovém konci v modulaci
TRPAI receptoru.

Kli¢ova slova: Ankyrinovy receptor (TRPA), C-konec, N-konec, S4-S5 oblast,
strukturné-funk¢ni vztah, vapenaté ionty, napétové zavislé vratkovani, bodova mutace.




1. Uvod

TRP receptory (z anglického , Transient Receptor Potential”) pfedstavuji evolu¢né
starou skupinu iontovych kanall, jez se vyskytuji v mnoha eukaryotnich organismech
s vyjimkou rostlin'. Jsou exprimovany v excitabilnich i neexcitabilnich tkanich, kde hraji
dalezitou roli v transdukci smyslovych signalti (napf. v nocicepci, vnimani teploty nebo
chemickych latek & chuti) a v homeostatickych funkcich (napf. reabsorpci Ca?* a Mg
nebo osmoregulaci).

Topologie ~TRP  iontovych  kanald je  charakterizovana  symetrickym
homotetramerickym uspofadanim podjednotek v plazmatické membrané¢ (Obr. 1A).
Kazda podjednotka je topologicky uspotadana do Sesti transmembranovych helixt (S1 —
S6) a cytoplazmatického N- a C-konce®. Por kanalu je tvofen segmenty S5 a S6, jeZ jsou
spojeny klickou obsahujici dva porové helixy (Obr. 1B).
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Obrazek 1. Topologie iontového kanalu TRPALl. (A) Schematické uspotadani
transmembranovych segmentl. Pérové segmenty S5 a S6 se nachazeji v blizkosti
senzorické ¢asti S1-S4 sousedni podjednotky. (B) Schéma podjednotky lidského TRPA1
kanalu. Konzervované seriny a threoniny z tetrapeptidovych T/SPLH motivll jsou
vyznaceny Cervené, reaktivni cysteiny (C621, C641 a C665) jsou oznateny zelenymi
kolecky, reaktivni lysinové reziduum K710 je oznaceno rizove. V ¢erveném krouzku jsou
oznacena rezidua tvofici intra- a intermolekularni disulfidické vazby. Symbolem ,,EF“ je
ozna¢ena doména podobna Ca**-vazebnému EF-motivu.



Ankyrinovy receptor TRPA1 je jedinym ¢lenem sav¢i rodiny ankyrinovych TRP
proteint. N-konec receptoru tvoii piiblizné 64% proteinu TRPAL. Obsahuje nezvykle
velké mnozZstvi ankyrinovych repetic (AR1 — AR17) a ¢ast propojujici cytoplazmatickou
ankyrinovou doménu s prvnim transmembranovym helixem*®™. P&t ankyrinovych repetic
obsahuje pfisn¢ konzervovany tetrapeptidovy motiv T/SPLH, jenz je typickou
konsensualni sekvenci, kterd ptispiva k lokalni konformacni stabilité akyrinové repeticeﬁ’7
(Obr. 1B).

TRPAL je neselektivni iontovy kanal, jenZ mize byt aktivovan fadou drazdivych
latek, jakymi jsou napf. allyl isothiokyanat nebo skotficovy aldehyd, nebo depolarizaci

membréanového potencialu v nepiitomnosti dalSich aktivatora®®.

Pravdépodobné nejdilezitéjsimi fyziologickymi modulatory TRPA1 jsou véapenaté
ionty. Intracelularni Ca®* z endoplasmatického retikula nebo vapenaté ionty prochézejici
porem iontového kandlu z extracelularniho prostoru mohou ovlivnit nejdalezitéjsi
vlastnosti TRPAT1 kanalu: vodivost, iontovou selektivitu a pravdépodobnost otevieni'®™2,
Vnitrobunééné vapenaté ionty jiZz v mikromolarni koncentraci silné zesiluji proudové
odpovédi TRPA1 vyvolané depolarizaci nebo agonistou. Tato potenciace je nasledovana
inaktivaci, jeZ je tém¢f Uplnd a nevratnd, a oba tyto procesy mohou byt urychleny pfti
vys$i koncentraci Ca®* 3. Presné molekularni mechanismy téchto procesti viak nebyly
doposud pln¢€ objasnény.

Fyziologicka dloha TRPA1 receptoru je spojovana s fyziologickou i patologickou
bolesti. Mutace v Trpal genu zpusobuji dédi¢nd onemocnéni: familidlni epizodicky
bolestivy syndrom** a paradoxni vnimani chladovych podnétd u pacientd s neuropatickou
bolesti™.

I pies vice nez desetileti vyzkumu nebyly piesné molekularni mechanismy vratkovani
TRPAL kanélu dosud plné objasnény. Predkladana disertaéni prace je zaméfena na
funk¢éni a strukturni ulohu evoluéné konzervovanych motivii v cytoplazmatickych
koncich a S4-S5 oblasti TRPAL v nap&tové a chemické citlivosti receptoru a v jeho Ca**
modulaci.

2. Cile prace

e Objasnit ulohu piisné konzervovanych S/TPLH motivi na N-konci TRPAL
V napétové-, chemicky a vapnikové-zavislém vratkovani kanalu.

e Zmapovat predikovana fosforyla¢ni mista pro cyklin-dependentni kindzu 5 (Cdk5)
v TRPAL kanalu.

e Vysvétlit strukturdlni podstatu kanalopatie zptsobené ziskanou mutaci N855S
v S4-S5 helixu TRPAL receptoru.

e Zjistit, do jaké miry pfispivé distalni C-konec TRPAL k Ca**- a nap&tove zavislé
potenciaci a/nebo inaktivaci odpovédi vyvolanych agonistou.

e Objasnit funkéni tlohu distalniho C-konce vyuZitim zkracenych mutaci TRPAL
receptoru.



3. Material a metodika

3.1 Tkanové kultury a transfekce

Lidské embryonalni ledvinné bunky HEK293T byly kultivovany v5 % roztoku
fetalniho teleciho séra v médiu Opti-MEM | (Invitrogen). Buiiky byly ptfechodné
transfekovany 400 ng DNA kodujici divoky nebo mutantni typ receptoru TRPAL (divoky
typ ve vektoru pCMV6-XL4, OriGene) spolu s 200 ng plasmidu kddujiciho zeleny
fluorescenéni protein (TaKaRa) pomoci metody MATra (IBA GmbH.). Mutantni
konstrukty byly pfipraveny vyuzitim PCR reakce za pouziti synteticky pfipravenych
primera a Kitu “QuikChange Site-Directed Mutagenesis Kit” (Stratagene). Vysledné
produkty izolace DNA byly ovéteny sekvenaci (GATC Biotech). Membrénové proudy
byly z bun¢k snimany 24-48 h po transfekci. Pro dany typ experimentu byly provedeny
nejméné tii nezavislé transfekce. Ve vSech experimentech s mutantnimi receptory byl
zéaroven testovan divoky typ receptoru.

3.2 Elektrofyziologicka méreni

Membranové proudy byly snimany pomoci elektrofyziologické techniky tercikového
zamku (“patch clamp”). Proudy byly méteny z celych bunék zesilovacem Axopatch 200B
a programem pCLAMP 10 (Molecular Devices). Sklenéné meétici elektrody byly
vytazeny z borosilikatovych kapilar o vnéj§im praméru 1,65 mm, odpor elektrod se
pohyboval mezi 3 — 5 MQ. Sériovy odpor byl u vsech méteni kompenzovan minimalné
na 70%. M¢teni byla provadéna pii pokojové teploté (23-25 °C). Na kazdy pokus bylo
pouzito nové sklicko s buitkami. Pro definovanou aplikaci chemickych latek o presné
teploté byl pouzit aplikacni systém s moznosti rychlé¢ vymény roztoki™®.

Kontrolni roztok obsahoval 160 mM NacCl, 2.5 mM KCI, 1 mM CaCl,, 2 mM MgCl,,
10 mM HEPES, 10 mM glukosu, pH bylo upraveno na hodnotu 7.3, osmolalita byla
320 mOsm. Extracelularni roztok bez vapenatych iontii obsahoval: 150 mM NaCl, 10
mM HEPES a 2mM HEDTA. Extracelularni roztok s obsahem vépenatych ionta
obsahoval: 150 mM NaCl, 10 mM HEPES a 2 mM nebo 10 mM CaCl,. pH
extracelularnich roztokd bylo 7.3 a jejich osmolalita 300 mOsm.

Pro plnéni elektrod byl pouzit intracelularni roztok obsahujici 145 mM CsCl, 5 mM
EGTA, 3 mM CacCl,, 10 mM HEPES, 2 mM MgATP, pH 7.3 (upraveno pomoci CsOH),
osmolalita 290 mOsm. Veskeré chemikélie byly zakoupeny u firmy Sigma-Aldrich.

3.3 Hodnoceni ziznamii a statisticka analyza

Nameétend data byla analyzovana programem Clampfit 10.2 (Molecular Devices), pro
statistické vyhodnoceni a tvorbu grafii byl pouzit program SigmaPlot 10.0 (Systat
Software). Statisticka vyznamnost byla vypoctena pomoci parového t-testu nebo analyzy
rozptylu. Za statisticky vyznamné byly povazovany rozdily s hladinou vyznamnosti P <
0.05.



4. Vysledky a diskuse

4.1 Vliv mutaci v prisné konzervovanych motivech T/SPLH na
stabilitu TRPA1

Aminovy konec tvoii vice nez polovinu velikosti TRPAT proteinu. Je charakterizovan
vyraznou ankyrinovou doménou (ARD), jez sestava ze 17 ankyrinovych repetic (AR)
a oblasti propojujici ARD s prvnim transmembranovym helixem®*. P&t ankyrinovych
repetic obsahuje piisn¢ konzervovany tetrapeptidovy T/SPLH motiv, v némz prvni a-
helix zac¢ina prolinem a threonin s histidinem tvofi vodikové mustky uvnitf repetice
a mezi repeticemi, &imz piispivaji k lokaIni konformaéni stabilitd ankyrinové repetice®’.
Zakladnim pifedpokladem této studie bylo, ze pfisnd konzervovanost T/SPLH motivil
v ankyrinovych repeticich AR2, AR6, AR11-AR13 napti¢ zivo¢iSnymi druhy a pfesna
stabilita t€chto N-terminalnich repetic je nezbytna pro spravnou funkci TRPA1 kanélu.
Byla vytvofena série mutantnich konstruktt uvnitt T/SPLH motivii nebo v sousednich
ankyrinovych repeticich s cilem stabilizovat (vnesenim GxT/SPLH motivu do sousedni
AR) nebo destabilizovat (zaménou threoninu/serinu za alanin ¢i aspartat) konformaci
ankyrinové repetice obsahujici motiv T/SPLH.

Stabilizaci ¢i destabilizaci konsensualniho motivu T/SPLH piekvapivé doslo
k vytvofeni velmi rozlicnych fenotypti zavisle na tom, kde pfesné v N-konci se AR
obsahujici konsensuélni motiv nachazi. Mutacemi v T/SPLH motivech zaroven doslo ke
zménam citlivosti vaéi riznym aktivaénim podnétim opét v zavislosti na umisténi
prislusné AR v N-konci.

U mutace T100A v AR2 bylo pozorovano sniZeni bazélni vodivosti na zapornych
membranovych potencialech, jez je znamkou poruSeni rovnovahy otevieného a zaviené¢ho
stavu kanalu ve prospéch zavien¢ho stavu. Naproti tomu dvojmutace M131G/A133T
Vv AR3 byla konstitutivné aktivovana; kanal vykazoval napé&tové-nezavislou aktivaci na
zapornych membranovych potencidlech, coz naznacuje sniZeni energie potiebné pro
otvirani péru (Obr. 2A a 2B). Béhem aplikace skoficového aldehydu byly proudové
odpovédi mutantu T100A na +80 mV srovnatelné s odpovéd'mi divokého typu, zatimco
na zapornych membranovych potencialech byly signifikantné¢ snizeny. Proudové
odpovédi na agonistu byly u dvojmutantu M131G/A133T naopak vyrazné¢ zvysSeny na
obou membranovych potencidlech. Z vyse uvedenych vysledkta vyplyva, Ze druha
ankyrinova repetice AR2 ptispiva k napétoveé zavislému vratkovani TRPAL kanalu.

Destabilizujicimi mutacemi threoninu T241 v AR6 (T241A a T241D) vznikly
fenotypy se zachovanou citlivosti ke v§em testovanym podnétim, Ize se tedy domnivat,
ze prisna konzervovanost TPLH motivu v AR6 neni nezbytna pro spravnou funkci
TRPAL. Pro dalsi prozkoumani funkéni Glohy TPLH motivu v Sesté ankyrinové repetici
byly vytvofeny dalsi dvé mutace. Prvni z nich, K239G, byla piedpovézena uloha ve
stabilizaci Sesté ankyrinové repetice tim, Ze dojde ke kompaktngjsimu uspofadani AR do
tvaru ,L“. Druhy mutant H244R mél destabilizovat AR6 snizenim jeji mechanické
stability'”. Ob& mutace vykazovaly nizsi proudové odpovédi na depolarizujici napéti i na
chemické aktivatory. Tento fenotyp byl piekvapivy zvlasté u mutace K239G, jez
odpovidéa konsensudlnimu glycinu dvé rezidua pfed TPLH motivem. Ke zméné funkce
této mutace nejspise prispélo poruseni dilezitych interakci v oblasti kli¢ky, kterd
ptedchazi ARG.

Ziskané vysledky naznacuji, ze ankyrinové repetice AR2 a AR6 piispivaji k napétove
zavislému vratkovani kanalu, pfestoZze se nachdzeji v N-konci znacné vzdaleném od
transmembranové oblasti. Nedavno vyieSena struktura TRPAI1 piinesla mechanistické
vysvétleni, jak mize komunikovat proximalni ¢ast ankyrinové domény s vratky kanalu:



informace z ARD muze byt pfevedena pomoci motivu helix-otocka-helix v oblasti, ktera
spojuje ARD s prvnim transmembranovym helixem a jez dale vytvafi sit’ interakci
s ,,TRP-like* domeénou.
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Obrazek 2. Mutace ovliviiujici konformacni stabilitu ankyrinovych repetic 2 a 3 zpisobuji
zménu napétové-zavislého vratkovani TRPAL kanalu. (A a B) Casovy ziznam pramérné
proudové odpovédi divokého typu a mutantnich receptori TRPA1 méfené na -80 mV a
+80 mV. Aplikace 100 uM skotficového aldehydu (CA) a pfidani roztoku 2 mM vapenatych
iontd jsou vyznaéeny nad zaznamem. Nize, pramérna rektifikace vy$e uvedenych proudu.

Ob¢ mutace serinu S448 (S448A a S448D) v AR12 pickvapivé ztratily citlivost na
vSechny testované podnéty. Byla vyslovena hypotéza, ze pokud S448 podstatné ptispiva
ke stabilitt ARD tvorbou vodikovych mustkd uvniti ankyrinové repetice a mezi
repeticemi navzajem, potom by mohl threonin na stejné pozici pomoci zlepsit vzajemné
interakce rezidui ve své bezprostiedni blizkosti zvySenou hydrofobicitou diky pfitomnosti
methylové skupiny v postrannim fetézci®. Piekvapivym zjidténim bylo, ze mutace S448T
vykazovala patrné rozdily mezi charakteristickymi proudy vyvolanymi agonisty
skoficovym aldehydem (CA) a allyl isothiokyanitem (AITC). Zatimco proudy vyvolané
100 pM CA byly vyznamng v&tsi a po pfidani 2 mM Ca** do extracelularniho roztoku
dosahovaly asi 1,4 krat vyssi amplitudy nez divoky typ receptoru (WT) pti zachovani
kinetiky Ca?*-desensitizace, proudy vyvolané plnym agonistou AITC (100 pM) byly
naopak nizsi neZ u WT a desensitizace vapenatymi ionty byla u mutace vyrazné slabsi
(Obr. 3).



I ptesto, ze je serin vV T/SPLH tetrapeptidech statisticky tfikrat méné uptednostiiovany
nez threonin, role S448 v TRPA1 se jevi specifickd a pravdépodobné je evoluéné
podminéna. ProtoZe se mira exprese mutace S448T vyznamné neliSila od divokého typu,
1ze ptedpokléadat, Ze konstitutivni aktivita mutace ma vliv na prechod mezi otevienym a
zavienym stavem kanalu napét'oveé nezavislym zptsobem.
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Obrazek 3. Prisna konzervovanost SPLH motivu v AR12 je nezbytna pro funkéni
interakce. (A a B) Casovy zdznam priimérné proudové odpovédi divokého typu a mutantnich
receptori TRPA1 méfené na +80 mV. Aplikace 100 uM skoticového aldehydu (CA, (A)) nebo
100 uM allyl isothiokyanatu (AITC, (B)) a nasledné ptidani roztoku 2 mM véapenatych iontl
jsou vyznaceny nad zaznamem. VSimnéte si, Ze mutant S448T vykazuje vétsSi proudové
odpovédi v piitomnosti CA, ale niz§i v AITC. Mutace S448A a S448D jsou necitlivé na AITC.

4.2 Role konzervovanych T/SPLH motivi ve fosforylaci TRPA1

Konzervované¢ motivy T/SPLH mohou, krom¢ role v konformacni stabilité
ankyrinovych repetic, hrat tlohu fosforyla¢nich mist pro Ser/Thr kinazy rozpoznavajici
prolin. Jednim z téchto enzymi je cyklin-dependentni kinaza 5 (Cdk5b), jeZ je ptitomna
v neuronech a hraje dilezitou roli v nociceptivni signalizaci modifikaci threoninu na N-
konci ptibuzného vaniloidniho receptoru TRPV1 19,

Pro ovéfeni hypotézy, zda muze byt i TRPA1 modulovan Cdk5, byl receptor
exprimovan spole¢né s kindzou a jejim aktivatorem p35. Exprese TRPAL s aktivatorem
p35 samotnym a s kombinaci p35 a Cdk5 vedla k vyznamnému zvySeni proudovych
odpovédi vyvolanych skoficovym aldehydem, coz naznacuje, ze TRPA1l je moznym
substratem pro komplex Cdk5/p35 a/nebo interakce receptoru s proteinem p35 stabilizuje
aktivovany stav iontového kanalu.

Bioinformatickou analyzou priméarni sekvence TRPAL byly predikovany threoniny
T100, T241, T415, T484 a serin S448 jako mozna fosforylacni mista pro Cdk5 s vysokou
pravdépodobnosti. Ziskana data vSak naznacuji, Ze uvedena rezidua spise nehraji roli ve
fosforylaci TRPA1L, nebot’ nefosforylovatelna mutace za alanin a fosfomimikujici mutace
za aspartat nevedly k protichtidnym zménam funkce kanalu.

Nasledna sekvencni analyza odhalila dalSi tfi mozna fosforylacni mista pro CdkS5,
serinova rezidua S344, S616 a threonin T673. Pro doplnéni celkové piedstavy o roli
vSech N-terminalnich T/SP motivi byla rovnéz tato rezidua mutovana za alanin



a aspartat. Mezi nové vytvofenymi konstrukty vykazovala pouze mutace T673D témét
trojnasobné proudové odpovédi ve srovnani s divokym typem receptoru. Podle
publikovaného strukturniho modelu TRPAL se reziduum T673 nachazi v oblasti, jeZ je
flexibilni a pfistupna rozpoustédlim, c0Z naznacuje jeho moznou ulohu potencialniho
fosforylaéniho mista.

4.3 Strukturalni podstata dédi¢ného bolestivého syndromu

Druhéd studie, jez je soucasti predkladané disertacni prace, byla motivovana
predchozim objevem konstitutivné aktivované mutace N855S v S4-S5 oblasti TRPA1,
ktera je pfi¢inou onemocnéni familidlniho epizodického bolestivého syndromu”. Pro
prozkoumani strukturdlni podstaty této kanalopatie bylo vyuZito homologni modelovani,
molekuldrné¢ dynamické simulace a elektrofyziologicka technika terc¢ikového zamku
v konfiguraci sniméani z celé buriky.

Homologni model transmembranové oblasti TRPA1 byl vytvoien na templatu
struktury chiméry napétim aktivovanych draselnych kanald Kv1.2/2.1 (pdb kdd 2R9R).
V tomto modelu byla objevena interakce mezi polarnimi rezidui glutamatem E854, jenz
se nachazi v S4-S5 oblasti jedné podjednotky v tésné blizkosti N855, a lysinem K868
v patém transmembranovém helixu sousedni podjednotky. Na zakladé tohoto zjisténi byla
vyslovena hypotéza, ze funk¢éni zmény zptisobené mutaci N855S mohly byt, alespont do
jisté miry, zpisobeny porusenim této interakce mezi podjednotkami (Obr. 4A).

Mozny vliv predikované interakce mezi podjednotkami na funkéni vlastnosti TRPA1
byl experimentdlné¢ ovéfen pomoci elektrofyziologickych snimani z celé buiky. Pro
zjisténi, zda jsou specifické interakce mezi nabitymi rezidui nezbytné pro spravnou funkci
iontového kanalu, byly vytvofeny mutace nabitych aminokyselin za neutralni alanin
(E854A a K868A) a za aminokyseliny s opa¢nym nabojem (E854R a K868E). Déle byla
vytvofena dvojmutace E854R/K868E pro zjisténi, zda by mohl dvojmutant navratit
funkci TRPA1 kanalu.

A TRPA1 (2R9R) B

100 uM AITC 2 mM Ca”

8- o WT (20)
0 E854R (23)
o, & & K868E (16)
% o E854R/K8BSE (12)

Proud na +80 mV (nA)
D

Obrazek 4. (A) Intracelularni pohled homologniho modelu TRPAL kanalu podle chiméry
napétové fizenych draselnych kanali Kv1.2/2.1 svyznaCenymi rezidui E854 a KS868.
(B) Casovy zaznam pramérné proudové odpovédi divokého typu a mutantnich receptorti
TRPA1 méfené na +80 mV. Aplikace 100 uM allyl isothiokyanatu (AITC) a nasledné ptidani
roztoku 2 mM vapenatych iontl jsou vyznaceny nad zdznamem.



Ze ziskanych dat vyplyva, ze mutace rezidui E854 a K868 vedou ke zménam
v kinetice vratkovani kandlu. Mutace na pozici K868 destabilizuji zavienou, klidovou
konformaci kanalu a silné snizuji odpovédi na vSechny testované podnéty (depolarizujici
napéti, AITC). Mutace E854A a E854R byly citlivé na agonistu AITC, ale jejich
odpovédi na depolarizujici napét'ové skoky mely mensi amplitudu nez v ptipadé divokého
typu receptoru. Dvojmutace s opaénymi naboji E854R/K868E obnovila normalni zavirani
kanalu na hyperpolarizacnich membranovych potencidlech, prestoze neméla zachovanou
normalni napétovou zavislost. Maximalni odpovéd’ dvojmutantu na agonistu AITC vSak
nebyla signifikantné pozménéna oproti divokému typu, pfestoze nastup AITC-vyvolané
odpovédi byl zjevné pomalejsi (Obr. 4B). Zjisténi, ze dvojmutaci za opacné nabitad
rezidua dojde k ¢aste¢nému navraceni funkce TRPAI1, podporuje hypotézu prostorové
blizkosti rezidui E854 a K868.

Vysledky experimentd naznacuji, Zze zvySena aktivace na zapornych potencialech
a pozménéna citlivost mutace N855S k vapenatym iontim mohla byt zptisobena blizkosti
asparaginu N855 kreziduim E854 a K868, jez se ucastni alosterické modulace
anapétové citlivosti receptoru. Selektivni poruSeni napétové zavislého vratkovani
u dvojmutace E854R/K868E navic naznaCuje, Ze tato rezidua mohou byt soucasti
napétove citlivé domény TRPAT1 receptoru.

4.4 C-koncovy klastr kyselych aminokyselin se podili na modulaci

lidského TRPAL receptoru vapenatymi ionty

K nejvyznamnéjsim fyziologickym modulatorim TRPA1 patii vapenaté ionty, pifesné
molekularni mechanismy Ca?*- zavislé potenciace a inaktivace véak prozatim zistavaji do
zna¢né miry neobjasnény.

Roli vazebné domény pro vépenaté ionty mohou hrat kyseld rezidua na
cytoplasmatické strané¢ TRPA1. Vysoce evoluéné konzervovand sekvence kyselych
aminokyselin na C-konci receptoru, **’ETEDDD'®?, je sekven&né podobnd tzv. “Ca**
bowl” doméné draselnych BK kanald®®. Mozny vliv **”’ETEDDD'® motivu na Ca**-
modulaci TRPAL byl studovan pomoci cilené mutageneze, elektrofyziologickych technik,
homologniho modelovani a molekularné-dynamickych simulaci.

Nejprve byla viechna kysela rezidua postupné mutovana za neutralni alanin. Zadny
z mutanti krom& E1077A nevykazoval vyrazné snizenou citlivost na skoficovy aldehyd
ve srovnani s divokym typem receptoru, ale kinetiku Ca®*- vyvolané potenciace mély
pozménénou hned ¢tyfi mutace ze Sesti: E1073A, D1080A, D1I081A a D1082A (Obr. 5A
a 5B).

Tyto vysledky naznacuji, Ze cely klastr kyselych aminokyselin je strukturadlné dilezity
a ovliviiuje modulaci TRPA1 vapenatymi ionty. Pro prokézani schopnosti kyselé oblasti
vézat Ca** byly dale provedeny molekularng dynamické simulace za pouziti lidského BK
kanalu jako templatového proteinu (pdb kdd 3MTH5). Po nahrazeni deseti rezidui templatu
¥90FLDQDDDDD®*® ve struktufe Ca** vazebné domény BK proteinu motivem
1074 |SETEDDDS™® z TRPAI bylo po provedeni molekularné dynamickych simulaci
proké&zano, Ze tento Usek je schopen vazat vapenaté ionty. Dale bylo zjisténo, ze dvé
rezidua D1080 a D1082 jsou v piimém kontaktu s Ca?* prostiednictvim kysliku svého
postranniho fetézce, coz je v souladu se ziskanymi elektrofyziologickymi daty (Obr. 5C).
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Obréazek 5. Motiv “IISETEDDDS'® ovliviiuje modulaci lidského TRPA1 receptoru
vapenatymi ionty. (A) Casovy zaznam pramémé proudové odpovédi divokého typu
a mutantnich receptort TRPA1 méfené na +80 mV. Aplikace 100 uM skoticového aldehydu
(CA) a ptidani roztoku 2 mM vapenatych iontu jsou vyznaceny nad zdznamem. Proudy jsou
normalizovany na jejich maximalni CA odpovédi ode¢tené pied piidanim Ca” do
extracelularniho roztoku. Zaznam nepotencovanych proudti mutantu D1080A (Cervené) je
umistén pred primérnym zaznamem ze vSech bunék. (B) Potenciace odpovédi na skoficovy
aldehyd vynesena jako nartist amplitud proudovych odpovédi indukovany roztokem 2 mM
Ca®* na +80 mV. Hvézditkou jsou oznaleny statisticky vyznamné rozdily mezi hodnotami
pro divoky a mutantni typ receptoru. (C) Model vazebného mista pro Ca”* v hSlo1-TRPA1
chiméte. Aminokyselinova rezidua z TRPA1 jsou zobrazena jako kulickovy model.

4.5 Funkéni uloha distalniho C-konce lidského TRPA1L

Pro zjisténi funkéni role distalniho karboxylového konce lidského TRPA1 receptoru
byly vytvofeny zkracené mutantni konstrukty TRPA1-A20 a TRPA1-A26. V mutantu
TRPA1-A20 byl odstranén posledni predikovany helix (H6) na C-konci vnesenim stop
kodonu na pozici 1100, mutace TRPA1-A26 vznikla vnesenim stop kodonu na pozici
1094, ¢imZ doslo ke zkraceni patého predikovaného helixu H5 a zaroven k zachovani
struktury Ca®* vazebného motivu “*"*IISETEDDDS'%,

Mutaci TRPA1-A26 doslo ke ztraté citlivosti konstruktu ke vSem testovanym
podnétim, coz ukazuje na funkéni duleZitost patého predikovaného helixu. Zkraceny
konstrukt TRPA1-A20 zistal funkéni, ale oproti divokému typu receptoru vykazoval
vyrazn¢ pomalejsi inaktivaci v pfitomnosti 2 mM vapenatych iontl pii zachovani stejné
miry Ca?* potenciace a citlivosti na skoficovy aldehyd a na depolarizacni napéti jako WT.
Touto sérii experimentu byl potvrzen vyznam distalniho C-konce TRPA1L jako nezbytné
souéasti Ca®*-zavislého inaktivaéniho mechanismu.
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Obréazek 6. Zkréaceni C-konce odhalilo oblast, jez se i¢astni Ca®*- zavislé inaktivace. (A)
Aminokyselinova sekvence distalniho C-konce. Predikovana sekundarni struktura je uvedena
nad sekvenci. Aminokyseliny mutované v této studii jsou vyznaGeny tuéné. (B) Casovy
zdznam reprezentativni proudové odpovédi divokého typu TRPAI méfené na -80 mV
a +80 mV. Aplikace 100 uM skoticového aldehydu (CA) a pridani roztoku 2 mM vapenatych
iontll jsou vyznaCeny nad zadznamem. (C a D) Rampovy protokol pro zkracené mutace.
Vsimnéte si vyrazn€é pomalejsi inaktivace zkracené mutace TRPA1-A20 po pifidéni 2 mM
Ca’* ve srovnani s divokym typem receptoru.

5. Zavéry

Nejvice konzervované N-koncové konsensualni tetrapeptidové T/SPLH motivy,
které se nachazeji na zacatku ankyrinovych repetic AR2, AR6, AR1l, AR12
a AR13, jsou nezbytné pro spravnou funkci TRPA1 a vyznamné pfispivaji k jeho
multimodalni aktivaci.

Stabilizujici mutace v AR2 a v sousedni AR3 ovliviiuji napétové zavislé
vratkovani TRPA1 kandlu. Pfisna konzervovanost T/SPLH motivii v AR11-AR13
je nezbytna pro funkéni interakce, ale ne pro cileni TRPAL1 proteinu do
plasmatické membrany.

Konzervované T/SPLH motivy nejspiSe nehraji roli fosforyla¢nich mist pro CdkS5.
Jediné reziduum splilujici podminku konsensudlni sekvence pro Cdk5 a naristu
citlivosti receptoru vici testovanym podnétim pii fosfomimikujicich podminkach
je threonin T673, jenZ se nachdzi mimo ARD.

Homologni modelovani a molekularné-dynamické simulace odhalily solny mustek
mezi rezidui E854 v S4-S5 oblasti jedné receptorové podjednotky a K868 v S5
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11.

12.

13.

14.

helixu vedlejSi podjednotky. ZvysSena aktivace a zména citlivosti k vapenatym
iontim mutantu N8558, jenz je pfi¢inou familidlniho epizodického bolestivého
syndromu, jsou pravdépodobné zptisobeny narusenim této interakce.

Klastr kyselych aminokyselin E1077 - D1082 v distlnim C-konci pfispiva
k Ca?*- modulaci TRPAL a je moznym vazebnym mistem pro vépenaté ionty.

Usek poslednich dvaceti C-koncovych aminokyselin je nezbytny pro plnou
inaktivaci TRPAL receptoru vyvolanou vapenatymi ionty.
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