Modulation of TRPV1 function by phosphorylation and site

directed mutagenesis: from structure to biophysics

Die Moduhktion der TRPV1 Funktion durcth&sphorylierung undortsspezifische

Mutagenese: von der Struktur zur Biophysik

gl -a

W A'.r-'
" .?§®- f J- 4\,.'

My EnX

Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften
(Dr. rer.nat.)
Der Fakultat fur Biologie undbrklinischen Medizin

der Universitat Regensburg

vorgelegt von

Thomas Jendryke

aus

Hagen

Im Jahr

2016



Das Promotionsgesuch wurde eingereicht am:

18.03.2016

Die Arbeit wurde angeleitet von:

Prof. Dr. C. H. Wetzel

Unterschrift



Table of contents
1 ZUSAMMENTASSUNG.....ciiiiiiiiieei ettt b eaaaa e a e e e e e e e e as 1
2 SUIMIMBIY ettt e e e s e e e e oot e e e e e et e e e e e e e e e e e e e eeaaaeateeeeeeeeeeeeeeeeenenes 2
I B 11 oo [F Tt i o] o [P P PP PPPP PRI 3
3.1 NOCICEPLION AN PAIN.......uiiiiiiiiiiiee e 3.
3.2 Transient receptor potential (TRP) ion channels...........ccccccccciiiinnnnnn 4
3.3 TRPV iochannel subfamily...........ooooiiiiiiiii e 5
3.4 Structural and functional features of the TRPV1 receptor.........cccccceveeeeeennnnns 6
3.5 Activation and inhibition of TRPV.L.........cccceviiiiiiiiiiiiee e 9
3.6 Regulatdn of TRPVL r€CEPLOLS.......ccccieiiiieiiiieee e 11
3.7 TRPV1 and Cycldependent KINASE 5............euvvivveiieeiiiiniiiiiissssssseeeeas 13
O N |10 PP PP PP PR PPPR 18
I |V (=1 [0 o £ P PP SPPPOPPPPPPPPPPPPR 19
5.1 Molecular biological Methods..............uuiviiiiiiiii e 19
5.1.1 ChemocompetenE.ColDaCteriaL. .........cuuviiiiiiiiiiieie e 19
5.1.2 Transformation of vectors into chemocompetent bacteria....................... 19
5.1.3 Isolation of plasmid DNA...........oooii i 20
5.1.4 Restriction digestion of plasmid DNA..........cccceeiiiiiii 20
5.1.5 Agarose gel electrophoresiS.......ccoooeeeiiiiiiiii e 20
5.1.6 Gl EXIrACHON. ....cciiiiiiiiieeiiii et 21
5.1.7 Ligation of digested DNA fragments..........cccoeeeiiiiiiiiiiiiiieeeeeiiie e 21
5.1.8 Polymerase chain reaction (PCR).........ccooviiiiiiiiiiiiiieieeeeeeevee e 21
5.1.9 Cloning of CdkBnCherry, p38CFP, and TRPNAFP fusion proteins............ 22
5.1.10 TRPV1 mutagenesis via Overlap extension.PCR..........cccccoeeiiveieriiiiinnnnn. 24
5.1.11 Sitedirected TRPV1 mutagenesis via pGEMNEctor cloning....................... 25
5.2 Cll CURUIE ... 28
5.2.1 Cultivation of CHO and HEK293 Cells.........ccvviiiiiiiiiieecceee 28
5.2.2 Transient transfection of CHO and HEK293 cells...........ccccccciiiiiiiiiinnnne. 28
5.3 Electrophysiological @XperimentsS.........cccooeeviiieiiiiiiieee e 30
5.3.1 The patchclamp teChNIQUE ........coiiiiiiieeiiee e 30



5.3.2  EXperimental deSign.........cooiiiiiiiiiiiieeee e 31

5.3.3  Electrode preparation..............cccuuiiiiiieiiieeeeeiieie e 31
5.3.4  APPlICAtION SYSIEML......uuiiiiiiiiiiiiee e 32
5.3.5 Preparation of TRPVL SUMUIL......cooiiiiiiiiiiiiieeee e 32
5.3.6 Voltageramp and voltagestep ProtOCOIS..........ceeeeeriiiiiiimiiiiiiiiieee e 32
5.3.7 Analysis of voltageamp and voltagestep protocols.............ccccceveiiiieinnnnnn. 33
5.3.8 Cellattached singlechannel recordings............ccciviiiiiiiiieeieiieeeee 34
5.3.9 Analysis of singlehannel recordings..........ccccceeiiiiiiiiiiiiiiiiee e, 34
5.4 FUF2 CA T IMAGING ..ottt ettt ee et ee e e e eenenens 35
541 EXperimental deSign.........ccoiiiiiiiiiiiiiiieie e 35
5.4.2 ReCOrding SEINGS......ccoiiiiiiiiiiiiiiiee et e e e e e e e 36
5.4.3 C&'imaging data analySiS..........c.cccceiiieieeeeeeeeeeeeee oo e, 36
5.5 LRl 41 Te (0 oT0] o ) VPR 36
5.6 Statistical analySIS..........ccoooiiiiiiii e ————————— 37
5.7 EQUALIONS. ... oo e 37
RESUILS ...ttt e e e e e et r e e e e e e e e s s an e bbb e e e e eeaaeeeeeanns 38
6.1 TRPV1 desensitization is modulated byegpression of Cdk5 and p35......... 38
6.2 TRPV1, Cdk5 and p35expression does not affect the capsaicin sensitivityl1
6.3 TRPYX T406 is located close to the TRP domain...............ceevvvevvivvvinnnnnnnnn. 42
6.4 TRPV1 T406 mutagenesis modulates receptor function..............cccceeveeeens 44
6.5 Usedependent activation of TRPYdep....oevvveeeeeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeee AT
6.6 Membrane trafficking of TRPV1 and TRRMINUtants.............ccevvevvvveviivvnnnnnns 51
6.7 T406D mutagenesis affects the voltadependence of TRPVI........ccccooee. 53
6.8 TRPVissmutation alters the capsaicin sensitivity..........ccccvvvvieiieieeeeeiiinnnnn. 57
6.9 TRPV1 T407 mutagenesis affects the proton activation............................. 62
6.10  Heatactivation of TRPMlospin C&*imaging experiments...........cccooveeeve.ns 68
6.11 TRPV1 singlehannel characteristics are altered in T406D mutants............ 70
6.12  What is the molecular mechanism that alters the ion channel gaiting?......74
6.13  Desensitization of transition pathway mutants...............ccccccceeeeeeeevevivinnnnn. 6
6.14  TRmutant capsaicin concentration/responselationship.............ccccccvvveeennee 78
6.15 Voltagedependence of transition pathway mutants...............ccccceeriirennnnen. 81
6.16  Low pH activation of TRPV1 transitionlpay mutants...............ccccevveeeeeeeen. 83



T DI CUS S ON. .t 87

7.1 TRPV1 phosphorylation and NOCICEPLION...........uuuvurieiiiiieiieieee e e e e 87
7.2 The molecular mechanism of TRPV1 phosphorylation...........cccccceevveenennn. 88
7.3 TRPV0sMULAJENESIS. ..o i e et 89
7.4 TRPVipepvoltagedependence............cccooeviiiiiiiieeeeeeeeeeeeeeee e 91
7.5 The TRPV1 ion channel sensitivity t0 capSaiCin.........ccccceveviiiiieeeiieeeeeeeeennn. 92
7.6 Proton and heat induced activation of TRRMdmutants..............coeevvvvveeen. 93
7.7 Single channel properties of TRRMdpreceptors..........ccccceevvevieiiiiieeeeeeeeeeee, 94
7.8 The high resolution structure of TRPVL..............oooiiiiiiiiieeeiiis 95
7.9 The TRPV1 transition pathway of Cdk&diated phosphorylation................. 96
7.10 TheCd&*dependent desensitization of TRPV1 MULANLS...........ccceevevereeennnns! 97

S I O] o od 1§10 o Q9
S Y = 1= = PP PPRTRR 100
9.1 CoNSUMADBIES.....cco oo 100
9.2 @4 1T 0 1= | 100
9.3 ENnzymes and DUTEIS. ... 101
9.4 (7 | I ol U] 10T [T [ = 102
9.5 SOIULIONS . ettt ————————- 103
9.6 DY o = 104
9.7 SO WA, ..t ————_- 106
9.8 DNA OligONnUCIEOTIAES: ......coeiiiiiiteee e 106
9.8.1 Overlap extension PCR PriMer.........cc.uuiiiiiiiiiiiiieiiiiieieeece e 106
9.8.2 pGEMT Vector Cloning Primer........ccuuuiiiiiiiieeeeeee i 106
9.8.3 TRPVAGFP fusion protein PriMerl..........cccooiiiiiiiiiiiieeeeee e 108
9.8.4  SeqUENCING PriMEL.......uuiiiii e 108

10 BIblOGraphy... .. —————— 109
5 Y o o = o | 117
111 PUDBICAIIONS. c.ciiiiiiiiiiiieeeeeeet e e e e e e e e e e e e e e e e e e e eeeaas 117
L11.2 POSIEN .. ettt e et e e e e e e e e eenaaas 117
11.3  DaAnKSAQUNG.....cceeeiiiiiiiiiiiiiiiiiiinirinieinnenaa s ss s s e e s s e e e e e e e e e e e e e aaaaaaaaaaaaeaaes 118



Zusammenfassung

1 Zusammenfassung

Der TRPVRezeptorist ein polymodal aktivierbarer Kationenkanal, der eine besondere
Rolle in der Nozizeption einnimmt. Es ist bekannt, dass die positive Modulation der TRPV1
Funktion durchProteinkinasevermittelte Phosphorylierungsprozesse zur Ausbildung von
Hyperalgesie und/oder Allodynie beitragt. Die vorliegende Studie hat das Ziel, die
funktionellen Auswirkungen der Cdkermittelten Phosphorylierung des TRPV1
Rezeptors an Position Thomein-406 aufzuklaren. Mit Hilfe von elektrophysiologischen
Messungen konnten wir zeigen, dass die Koexpression von TRPV1 und Cdk5 in CHO Zellen
eine C&™-abhangige Desensitisierung des TRPV1 lonenkanals verhindert. Um den
Zusammenhang zwischen Struktur uRdnktion der TRPV1 Phosphorylierung durch die
Cdk5 zu untersuchen, haben wir verschiedene TRigAMutanten erstelt, welche durch
Einflgen negativ geladener Aminoséaurereste die @ditingige Phosphorylierung am
Threonin406 imitieren, oder diese durclErsetzen des Threoninrests mit Alanin
inhibieren. Mit Hilfe elektrophysiologischer Gazell und Einzelkanal Messungen, sowie

mit Cé*—imaging und TIRF Mikroskopie, haben wir die Funktion dieser TRPV1
Mutanten durch ihre Reaktion auf verschiedene Slimwie Capsain, Hitze oder
Protonenumfassend loarakterisiert. Die Funktionsanalyse ergab, dass die Modifikation
an Position T406 weitreichende Folgen fur die Funktion des TRPV1 lonenkanals haben
kann. Das einbringen einer negativ geladenen Aminosawie, z.B. Asparaginsaure,
veranderte die Ligandensensitivitat, die Aktivierungsd Desensitisierungskinetik sowie

die Spannungsabhéngigkeit des TRPV1 lonenkanals. Die Einzelkanal Eigenschaften von
TRPViep lOnenkanalen zeigten ebenfalls deutliche Verénohgen, die auf einen
veranderten GatingMechanismus des Rezeptors hindeuten. Unter Bertcksichtigung der
publizierten hochaufgelosten 3D Struktur des TRPV1 haben wir einen moglichen
(mechanistischen) Ubertragungsweg unter Beteiligung der Position 406fizient und

diesen Weg durch gezieltes Einbringen von Algesten und elektrophysiologischer
Charakterisierung der TRPV1 Mutationen tberpriift. Eine Stérung des Ubertragungsweges
fuhrte ebenfalls zu einer veranderten Funktion des TRPV1 lonenkanal&rdgbnisse
zeigen, dass die Position T406 des TRPV1 eine funktionelle Schlusselrolle einnimmt und

durch Phosphorylierung an der Modulation der Kanalfunktion beteiligt ist.



Summary

2 Sunmary

The TRPV1 receptor is a polymodally activated cation channel acting as key receptor in
nociceptive neuronslts function is modulated by kinasemediated phosphorylation
which contributes tahe development ohyperalgesia and allodynia. tine present study,

we demonstrate that TRPV1 function is strongly modulated by the Gaficdliated
phosphorylation at amino acid residue T406. We observed thaxpoession of TRPV1
and Cdk5 prevents the €alependent desensitization of the ion channel and has
therefore severe consequences on receptor function. In order to understand the
structural/functional consequences of TRPV1 phosphorylation in detail, we generated
various TRPMlps receptor variants to mimic or inhibit the Cdkbediated
phosphorylation. Tafunction of these newly generated TRR}$mutants was analyzed

in a detailed characterizationby means of electrophysiological whatell and single
channel experimentsas well as C&imaging and TIRF microscopy. TRRétliated
currents were induced Y challenging TRPV1 expressing CHO or HEK293 cells with
capsaicin, low pH or heat. Our results revealed tthe function of TRPV1 receptors
highly depends oposition T406The introduction of negativiy charged amino ac&l(Asp

or Glu)modulates the ligad-sensitivity, activation and desensitization kinetics as well as
the voltagedependence of TRPV1 Moreover, he analysis of the singlehannel
properties of TRP\WW and TRPMVsprevealed that theintroduction of Asp at position
T406 alters the ion charel gating mechanismIn order to investigate il gating
mechanismn detail, weconsideredthe high resolutior8D structure of TRPV1 and found

a potential transition pathwayutatively involved in the mechanistic processes provoking
a conformational chage of the protein and leading to the opening of the channel pore
By mutating various amino acid residues lining thmansition pathway and
electrophysiological analysis of the recombinant receptors, we could sthat the
introduction of a negative chaegat position T406 induces conformational changethe
TRPV1 linker domaiwhich influence the gating mechanism of the TRPV1 receptor.
Therefore, we conclude that the Cdkaediated phosphorylation of TRPV1 at position

T406 is an important molecular swht¢hat influences the TRPVMediated nociception.
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3 Introduction

3.1 Nociceptionand pain

The appropriate perception of noxious or potentially painful stimuli by nociceptors is
crucial for life since it prevents harm and injuries. Nociceptors are specialized sensory
neurons of the trigeminal ganglion (TG) or the dorsal root ganglion (DRG). The free nerve
endings in the periphery perceive noxious stimuli and transmit the information to specific
nuclei in the central nervous systefidandel et al. 2000)rigeminal sensory neurons and
dorsal root ganglion neurons @rfunctionally and morphologically homologous, but the
regions they innervate are different. Trigeminal sensory neurons innervate cranial
structures such as face, lips, oral cavity, conjunctiva, and dura mater, whereas DRG
neurons transmit information fronthe limbs and trunKKandel et al. 2000)

Based on the stimulus type three classes of nociceptors can be distingumsketanical,
thermal and polymodal nociceptors. Mechanical nociceptors are excited by tactile stimuli
such as pinch or squeezing. Thermal nociceptors can be subdivided into nociceptors
excited by noxious heat (temperatures above°& or noxious cold (teperatures below

5°C). Polyradal receptors were excited byarious stimuli such as pinch, puncture,
noxious heat or cold as well as irritant chemidqi&landel et al. 2000However, the nerve

fiber that transmits the potential painful stimulus classifies the type of pain. Myelinated

I +fiber axons conduct the pain signal with an action potential speed of
20 meters/second ad induce thefirst or cutaneous pricking pairm hefirst painhas a high
spatial resolution, is well localized and easily tolerated. The much slower conducting non
myelinated Cfiber neurons only allow velocities of two meters/second inducing the
second pin or burning painwhich is poorly localized and poorly tolerated. In addition,
pain arising from viscera, musculature and joints is cahéd or deep painDeep pains

also poorly localized and can be chronic or is associated with referredainuel et al.

2000; Haslwanter et al. 2013Moreover, several substances such as histamirige, K
bradykinin, substance P, protons, ATP, serotonin, and acetylcholine were released by
injured and/or inflamed tissuenducing the direct or indirect activation of nociceptors

(Kandel et al. 2000)
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In order to develop new medical active substances, that may help to relieve from pain, it
is necessary taunderstandthe molecular mechanism of pain transduction in detail.
Therefore it is mandatory to investigate the molecular sensor, which initiatesiteal
transduction in nociceptorsA milestone that improved the understanding of signal
transduction in nociceptive neurons was the cloning and characterization of the capsaicin
receptortransient receptor potential vanilloid TRPV1) bZaterinaet al. (Caterina et al.

1997).

3.2 Transient receptor potential (TRP) ion channels
The TRPV1 ion channel belongs to the transient receptor potential (TRP) ion channel

superfamily. The first experiments that lead to the identification of the transient receptor
potential family were done by Cosens and Manning. In the electroretinogram) (&RG
Drosophila melanogastemutants they found a short transient response during bright
light exposure(Cosens & Manning 1969But it took another 20 years to identify the
mutated gene locus, finally Montell and Rubin cloned the gene containing the mutation
and termed ittransient receptor potentia{TRP)YMontell & Rubin 1989)Until today, 28
different mammalian TRP ion channels were identified and constitute one of the largest

ion channel family, the TRP superfianiFig. J.

“Vanilloid” TRPV4 TRPV3 TRpvs
TRPV2 ! TRPV6

TRPV1 “Melastatin”

TRPM1
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TRPMS
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TRPML3 TRPP2
TRPP5 TRPP3

TRPA1
“Polycystin”

Figurel. Phylogenetic tree of the mammalian TREperfamilyby Geeset al.including six
subfamilies and 28 ion channglSees et al. 2010)
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The mammalian TRP superfamily can be subdivided into six subfamilies: the-MRPC1
(canonical), TRPMWA (vanilloid), TRPM8 (melastatin), TRPA1l (ankyrin), TRBP1
(polycystin) and TRPMi3L(mucolipin)(Clapham 2003)All TRP channels const four
subunits and each subunit includes six transmembrane domainSgglwith a pore
forming loop between the fifth and sixth transmembrane domain and cytoplasmatic
located amino (N and carboxyl (¢ termini (Minke & Cook 2002)These regions angell
known and include domains and motifs that are involved in channel assembly, actjvation
and regulation. TRP ion channels are 1setective cation channels that respond to a
variety of physical and chemical stimuli such as temperature, mechanical force,
osmolality and chemical componentgMinke & Cook 2002)Additionally, is the TRP
channel function and expression triggered by several modifications such as
phosphorylation, dephosphorylation, -@otein-coupling or phosphateidylinositel,5
biphosphate (PIP2) bindingyenkatachalam & Montell 2007The polymodal activation

and regulation of the TRP ion channels is very important in the sensory system of animals,
espacially the thermal and chemical activation of TRIPRRV4, TR and TRPAL
(Dhaka et al. 2006)

3.3 TRPV ion channel subfamily

The TRPVL1 is the first member of the TRPV subfamily which includes six ion channels
(TRPVAITRPV6]jGunthorpe et al. 2002)Characteristior the TRPV subfamily members is

the large Nterminal domain, which contains six Ankyrin repeat domains (ARI)rre et

al. 2009; Jung et al. 2002hd the polymodal activation byeseral physical and chemical
(vanilloidg stimuli. Interestingly, TRPWMIRPV4 ion channels are also molecular
thermosensors with different thermal thresholds. Several studies using DRG or TG
neurons or the overexpression of TRPV ion channels in HEK, @$10r deog oocytes
revealed the different threshold temperatures of TRPV1 (~-42°C), TRPV2 (~52°C), TRPV3
(~33°C) and TRPV4 (~27{Ratapoutian et al. 2003)The activation of TRPVRPV4
receptors induces the noeselective influx of cations through the ion channel pore,
whereas the activation of TRPV5 and TRPV6 receptors leads to an highly selettive Ca
influx (Vennekens et al. 2000; Yue et al. 200he polymodal activation and modification

of TRPV ion channels in nociceptors, particularly the TRPV1 receptdfiegulem as

pharmacological targets.
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3.4  Structural and functional features of the TRPV1 receptor

The structure of the TRPV1 ion channel was investigated for a long time, but due to
technical limitations the resolution of the TRPVID 3tructure was very low
(MoiseenkovaBell et al. 2008)Only the 3D structure adhe N-terminal located ankyrin
repeat domain (ARD) was provided at relative higholution byLishkoet al.(Lishko et al.
2007) However, the further development of the electron crgocroscopy facilitated Cao

et al.and Liacet al.to provide a hi@-resolution 3D structure ofTRPV1 in the closed and
open stat as well as in an intermediagtate (Cao et al. 2013; Liao et al. 201Based on
these detailed 3D structures of the TRPW¥ig( 3, the fdlowing is a description of the

most important structures and domains of the TRPV1 ion channel.

Figure 2.3D structure of the TRPV1 ion channel by Leacal. presented as ribbon
diagram. &) Side view on the four subunits, each subunit comggif six transmembrane
domains and intracellular located-Nand C termini (b) Bottom view on the six
transmembrane domains (TMD) includimyiD1-4 and TMD5-P-6 with the central pore
(Liao et al. 2013)

The intracellular Nerminus of the RPV1 includes six ankyrin repeats and the linker
domain (P366v415), which connects the ARD to the D1 helix. Ankyrimepeats are
characterized by 3815 & A RdzS a (i Khklides WhitiNere @ahrected by loops. It is
assumed that the TRPV1 ankyrgpeat domains are involved in ion channel assembly
and subunitsubunit interaction(Erler et al. 2004; Hellwig 2005wvhich was verified by

the high resolution structure of the TRPV1.
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Caoet al. have shown that an atypical extended loop and two helices of ankyrin repeats 3
and 4 interact with a @ S NJY Asyfdnd (Cab et al. 2013Additionally, the ARD surface
forms an extensive cytoplasmic area that is proposed to facilitee binding and
interaction with calmodulin and AT{Rishko et al. 2007)The linker domiaa connects the
ARD o the preTMD1 helix andncludes -strandsl & ¢ S-helices|TRetightly packed
domain islocated between the six ankyrin repeats dhe Nterminal side and the
pre-TMD1 helix and TRP domain on tBderminala A RS ® ¢ KS Ay GttaNds OG A2y
from the linker domain with two ankyrinepeats of an adjacent-t@érminal subunit
indicates that the linker domain is important for TRPV1 ion channel assembly.
Furthermore, the linker domain contains an extended and kinked helix, which has
equivalent charateristics as the TRP domain. This helix probably affects the ion channel
gating since it is strategically located to interact with th&D4-5 linker and the
pre-TMDL helix(Fig. 3 (Liao et al. 2013 The six tansmembrane domains of TRPV1 are
structured into two sections, the surroundingransmembrane domaind-4 and the

central pore forming TMD-B-6 section.

a
w
““I:—C!!@D-!]

- £
Ankyrin repeat Linker Pre-S1 S4-S5

TRP domain C-terminal
domain

Xi|ay 8104
dooj aio4

domain  helix linker

Figure 3. TRPV1 structure by Liao et a) Schematic andbj ribbon diagrams of one
TRPV X ubunit, color code of the linear diagram matches to the ribbon diagi@m TMD)
(Liao et al. 2013)
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Thetransmembrane domain&-4 are connected to the TMB-P-6 sectionof an adjacent
subunit, establishing a pinwhetke structure.ln contrast to the pore formingMD5-P-6
region is the transmembrane domain-41section a solid anchor which is relative
stationary during channel activation, but provides the binding of lipophilic ligands such as
capsaicinor ResiniferatoxinRTX Connetion between the transmembrane domain4l

and the TMD5-P-6 secton is provided by the flexible TMD5 linker that facilitates the

ion channelgating. The TRPMan channelpore is divided into three compartments, the
outer pore region, the central selauity filter, and the lower gatglLiao et al. 2013)
Compared to Kchannels is the outer pore of the TRPV1 relatively wide open and has a
broad funnellike structure. The central selectivity filter has a relatsmall diameter and
consists of the amino acidgsGMGR4e, in which side chains or backbone carbonyls point
into the central pore and form the permeation pathway. In the remmnducting or closed
state the restriction point was found between diagonallgposed carbonyl oxygens at
G643 (4.6)). Whereasm the activated or open statéhe diameter of the selectivity filter

is increasd. Interestingly, no hydrogen bonding was found between the adjacent pore
helices of TRPV1 receptors, which results in adlexarchitecture that might provide the
phenomenon of pore dilatationA pore dilatation occurs when the TRPV1 is repetijive

or prolonged activated and lead to a dilatated pore which is permeable for large organic
cations. The lower gate consists of theur 1679 amino acid residues that form in the
closed state a hydrophobic seal with a distance off&613etween the specific sidehain
atoms. During the opening process several rearrangements occur in the selectivity filter
and the inner pore(Liao et al. 2013)To investigate these rearrangements Gztoal.
analyzed the TRPV1 structure in distinct conformations the apo TRPV1 structure, the
capsaicifbound, and the RTX/Dk¥ound. In the apo TRPV1 structure the widening of
the selectivity filter and the lower gate were at its narrowest point at G643a@dI679

5.3A, representing the closed TRPV1 ion channel. The capbaicil TRPV1 is in an
intermediated state, whereas the selectivity filter is unaffected, but the lower gate is
significantly widened t@ diameter of 7.6A. In the RTXIkTxbound TRPV1gpresenting

the open TRPV1 ion channel, the selectivity filter is expanded td a7G643 and the

lower gate is widened to a diameter of 943
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In conclusionthe three conformations of the TRPV1 reezhthat the TRPV1 ion channel
pore acts as dual getCao et al. 2013)Just after the pa forming TMD6 is the TRP
domain locatedthe TRP domain has 2% amino acids and can be found in many TRP
FLYAf @ YSYOSNHEO® ¢heliSal strueture tRa2rivikdésya shiarp behd after
the TMD6 and runs parallel to the inner membrane. The first #iwods of the TRP
R2YI Ay 6SNB 2B hie theSrést shifis into a random coil structure.
Interestingly the amino acid W697, which is close to the middle of the TRP domain forms
hydrogen bounds with the F559 of the-S8 linker(Cao et al. 2013)Additionally, it was
shown in a W697 mutagenesis study that the disruption of the hydrogen bound notably
affects the voltage and capsaicin evoked TRPV1 channel d&negorieTeruel et al.
2014) The detailed insights into the TRPV2 fructure may help to understand the

molecular mechaisms that occur during TRPVdtigation and/or modification.

3.5 Activation and inhibition of TRPV1

TRPV1 receptors are ligagdted nonselective cation channels, that conduct’Oaith a

9x higher preferenceverNa' (Chung et al. 2008Yhe TRPV1 is polymotjakctivated by
several exogenous and endogenous chemical and physical stimuli such as the vanilloid
capsaicin, protons, heat or voltag€ortright & Szallasi 2004However, capsaicin and its
biological analogs as well as protons are sensgjzginceit binding lowers the voltage
activation thresholdf TRPV1, but due to the direct bindjriigis by convention allowed to

call them activators. In contrast, compounds that affect the TRPV1 function indirectly
without binding were called sensitize(¥riens J. et al. 2009/ ctivation of the TRPV1
opens the pore and cations flow through the permeation pathwdgder physiological
conditions the electrochemical gradiendrives cations from the extracellular into the
intracellular compartment but TRPV1 is also conductive in the opposite direction.
Furthermore,the TRPV1 ion channel outwardly-rectifying andhas a reversal potential

of 0 mV(Voets et al. 2004; Caterina et al. 199@ne of the first known TRPV1 activators

is Capsaicin. It is a specific TRPV1 agonist and the axredient in chili peppers that
induces in mammals a burning hot sensat{@aterina et al. 1997)he identification of

the capsaicirbinding site in the mammalian TRPVinigresting.
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Since birds does not perceive burning hot sensation induced by capsaicin, Jordt and Julius
compared the TRPV1 protein sequences and located the capsaicin binding site between
TMD3 andTMD4 involvingthe amino acid residues Y511, T512, M5diid T55{Jordt &
Julius 2002)The most effective naturally stimuli that activates the TRPYHeiditerpene
Resiniferatoxin (RTXyhich is a chemical compound &uphorbia resinifergSzallasi &
Blumberg 1989) RTX activates the TRPV1 almosk 2@bre potent than capsaicin
(Caterina et al. 1997But the TRPV1 ion channel is also activated by molecules with
similar structures such as quinazolif€ulshaw et al. 2006evodiamine(Pearce et al.
2004)and 17 -estradiol (Xu et al. 2008)as well as moleculesith long acyl and amid
chains, such as anandamigRoss 2003)olvaniol, and omeg& polyunsuturatel fatty

acids (JaraOseguera et al. 2008Further TRPV1 agonists are-HRETEHwang et al.
2000) anandamidgRoss 2003)NADA(Premkumar et al. 2004 AEA(Price et al. 2004)
piperine (McNamara et al. 2005)ugenol(Yang et al. 2003)zingerone(Liu & Simon
1996) and gingerols(Dedov et al. 2002) Apart from the activation by chemical
compounds the TRP\i4activated by low pH, via interaction of protons with amino acid
residues in the outer pore domain E600, E648, F660. To activate the TRPV1 peopirly
below 6 is required, but even small pH chang#s 67) sensitize the receptor sensitivity

to capsaicin or heatAneiros et al. 2011; Caterina et al. 1997; Jordt et al. 2000)
contrast to the wide variety of TRPV1 agosgjisiompetitive TRPV1 antagonists are rare.
Capsazepine was identifiecs first competitive antagonist for TRRVé&apsazepine
competes with capsaicin for the capsaibimding site and can also displace RTX from its
binding site.However,the potency of capsazepine is speesgecific, while it is relative
potent at human TRV it is much less potent at@t TRPVILiu & Simon 1997; Docherty

et al. 1997) Other TRPV1 antagorssare Thapsigargin which is also a potent ATPase
inhibitor (Toth et al. 2002as well as Yohine an indole alkald that inhibits the TRPV1
induced firing activity of DRG neuror(®essaint et al. 2004)Endogenous TRPV1
antagonists ar@lynorphins, a natural argininech peptide, adenosine, fatty acids such as
eicosapentaenoic or linolenic acids, and also polyasihave been reported to block
TRPV1(Matta et al. 2007; Puntambekar 2004Additionally, some noncompetitive
antagonists were known, for example Ruthenium Red (RR), which not interacts with the

ligand binding sit®f TRP ion channels but blocks the pore.
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Interestingly the RR induced pore blod&voltagedependent,i.e. inward currents were
blocked but outward currents were unaffecte@aterina et al. 1997)The classic K
blocker tetrabutylammonium (TBA) also blocks the TRPV1 in a veltagendent
manner, but it blocks the TRPV1 in the open state by interfeniitiy the closing of the
lower gate(Oseguera et al. 200.7n summary, the polymodal activation and inhibition of
the TRPV1 ion channels byxogenous and endogenous stimulacilitates tre

development of new tools for pain treatment.

3.6 Regulation of TRPV1 receptors

As already mentionedRPV1 activation involved in pathophysiological conditions such as
allodynia and hyperalgesia, therefore it is necessary to investigate the molecular
mechansms of TRPV1 ion channel regulation in more dé@aterina et al. @Q00; Bdlcskei

et al. 2005; Christoph et al. 2006for instance damaged tissue releases several
inflammatory mediators such as growth factors, neurotransmitters, peptides or small
proteins, lipids, chemokines and cytokines, which results in the sensitization of
nociceptors(Ma & Quirion 207). Via different pathways including receptor tyrosine
kinases or &rotein-coupled receptors, inflammatory mediators affédiRPV1 function by
kinasemediated phosphorylation. Phosphorylation in general affects the steric and
electric properties of ammo acids and lead to conformational changes in the adjacent
structures(Johnson & Barford 1993lt is known that phosphorylation of TRPV1 receptors
increasestheir sensitivity to endogenous and exogenousnmslli such as capsaicin,
protons, or heat and formerly neactivating concentrations or stimuli become activating
(Fig. 4. TRPVL1 is phosphorylated by several kinases: protein kinase A({loishire &
Nicol 1998; De Petrocellis et al. 2001; Varga et al. 2@06)ein kinase C (PK@esare et

al. 1999; Premkumar &hern 2000; Vellani et al. 2001¢&"/CaM-dependent kinase |I
(CaMKI)(Jung et al. 2004and Src kinaséJn et al. 2004)(Fig.5). While, the kinase
mediated phosphorylation sensitizes TRPV1 receptothe dephosphorylation
desensitizes the TRPV1 receptsr Cytosolic CGA and calmodulin form a
C&*/calmodulincomplex which activatethe protein phosphatase calcineurine (CaN)
dependent dephosphorylation ofTRPV1receptors The desensitization of TRPV1
decreases the spontaneous activity of TRPV1 and reduces the stiedifated activity
(Lishko et al. 2007; Koplas et al. 1997)
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Figure 4 TRPV1 activation and regtitan by Hoet al. (left side) GPChnhduced activation
of the adenylate cyclase pathway facilitates the PKe&diated phosphorylation of the
TRPV1. G4Calmodulin (CaMyomplex activates G&KII, which phosphorylates TRPV1.
(right side) GPChnediatedactivation of PLC cleaves Pifto IP3 and DAG, latter induces
the PK@nediated phosphorylation of TRPV1 receptdcenter) Polymodal activation of
TRPV1 induces cation influx, Cainds to calmodulin (CaM) and activates the
phosphatase Calcineurin (CahMhich dephosphorylates the TRPWD et al. 2012)

TRP Box
22696-701
(IWKLQR)

Figure 5.Functionally important amino acids and segments of the TRPV1 receptor by Ho
et al. Color coded phosphorylation sites of PKA, PKC, and CaMKII as well as capsaicin and
proton binding sites. Structural important domains of VRPsuch as ankyrin repeat
domains, transmembrane domains, pore region, and the TRP domain including the TRP
box. ATP and calmodulin binding side of at intracellular locateat I& termini (Ho et al.

2012)
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Furthermore is the TRPV1 modulated by,®#Phe first instance it was shown that RIP
binds to TRPV1 and inhibits TRPV1 activity, which was demonstrated el lafd
hydrolysis and antibodynediated block of PIf(Prescott & Julius 2003; Chuang et al.
2001) But in recent stdies it wasshown that the decrease of PjRcorrelates with
reduced activity of TRPVE,g. PIR binding increases the TRPV1 ion channel activity
(Lukacs et al. 2007; Yao & Qin 2009; Uffeicenty et al. 2011; Stein et al. 2006)
Therefore, it is necessary to study the modification of the TRPV1 function in order to
develop new analgesic drugs. In particular, the phosphorylaied dephosphorylation of

TRPV1 receptors is an important target.

3.7 TRPV1 and Cychtlependent kinase 5

In 2006 Pareek et al. showed that Cdk5 and the newmerific activator p35 were
expressed and active in nociceptors such as DRG or TG neuronslsthesvaaled that

the Cdk5 protein level and activity were increased during carragearced
inflammation. Moreover, they found in genetically engineered mice that the
overexpression of p35 (Tgp35) increased the Cdk5 activity and led to hyperalgesia,
whereas the knockout of p35 provoke a decreased Cdk5 activity and induced hypoalgesia
(Pareek et al. 2006Therefore, they assume that during inflamatory processes the €a

influx into nociceptors increases, which catalyzes th&-@ependent protease calpain.
Calpaindependenthydrolysisof p35 in p25 and pl10, p25 in turn increasedk5 activity.

That was supported by a study of Yaal., which showed that primary sensory neurons
express Cdk5 and p35 atithttheA Yy 2 SOG A2y 2 F CNB dzR n&rea€ed Y LI S i
the Cdk5 activity. Additionally, they could associate the increased Cdk5 activity to
hyperalgesigYang et al. 2007)tus, Kulkarniet al. investigaed the signal transduction
mechanism that is responsible for the modulation of nociceptive transmission in sensory
neurons. They ass@ted the Cdk5 actiwtto the MAPK signaling pathway proposing

that Cdk5/p35 regulates the MEK1/2 activity via a negative feedback(Pareek efal.

2006) Simultaneously, theymvestigatedthe downstream target of the signal cascade and
could show in 2007 that the Cdk5 directly phosphorylates TRPV1 reseptirsequently,

they analyzed th@RPV1 sequence for putative Cdk5 consesgas (S/T)PX(K/H/Rand

found three putative consensus sites: threonii®8 (TPPR), threonir®)7 (TPNR) and
serine612 (SPPH).
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Alignmentof different mammalian TRPV1 protein sequences revealed that threetiie

is highly conserved among different speciesd&monstrate that the endogenous TRPV1
was phosphorylated by Cdk5, the TRPV1 of genetically engineerdd @uk Cdk™ mice

was tested in kinase assays by using a specifiRPV1 antibody. Furthermore, they
investigated the effect of the Cdkdependent osphorylation on TRPV1 function.
Therefore, a Cd influx assay with DRG neurons was performed revealing that the
inhibition of Cdk5 activity reduceBRPVAmediated C& influx. Finally, it was shown that
the lack of Cdk5 in DRG neurons prevents the phospation of TRPV1 at position T407
and induced hypoalgesi@ared et al. 2007)In 2011 Uterast al, identified the signal
transduction pathway in odontobladsike MDP&3 cells. They found that during a
bacterial inflammation, TGFm 61 a NXf SIFaSR Ayid2 GKS SEGN
associated TGF M  NB O SdtiinrNSmaependent and independent pathways.
These pathways increase the Hgand p35 expression, which in turn activates Cdk5
kinase that phosphorylates TRPMteptors(Fig.6). The TRPV1 phosphorylation results in
enhanced C& influx into odontdlast cells, which may induce more action potentials and
an increased transmitter releagftreras et al. 2013)lo futher investigate the impact of
Cdk5 activity on TRPV1 function in deta&yr cooperation partners Kulkarret al.
performed several behavioral experimentdendryke et al. 2016Yhey tested tle pain
tolerance of mice with either increased or decreased Cdk5 activity by treating the animals
with stimuli that are known tactivate TRPVILherefore, he sensitivityto capsaicin was
tested in the different genotypesThe oral administration of capsaicin induces a burning
sensation and reduces the drinking behavior of mi€eaining sessions (water only)
allowed the animalsa habituate to the lickometer and the basal licking behavior of each
genotype was determinedThe training sessions revealed no difference in the licking
behavior of different mice straing.o investigate the TRPWediated aversive behavior,
15uM capsain were adjusted in the drinking water. Compared to the basal licking
behavior, capsaicin reduced the licking behavior of C54Biéce to 16.2%whereas the
licking behavior of p35 KO mice decreased to 35.5% and in Cdk5 CoKo mice td~89.5% (
7).

14



Introduction

TNF Proton Heat

Capsaicin Voltage

TNFR

CERKY/D

Figure 61 dzii I G A d&uced patbway based on the findings of Paraekl., TNF binds

to TNFreceptors and activates the MEK2-ERK1/2 signaling cascade, which induces the
Cdk5mediated phosphorylation of TRPV1.

The statistical analysis revealed thatthe presence of capsaicin the licking behavior of
Cdk5 or p35 knockout mice is less affected than the licking behavior otypadnice,
whereas the licking behavior of TRPV1 KO mice was unaffected (94fiésge data
revealed that the reduced actiyitor the lack of Cdk5 increases the pain tolerance to
TRPV1 specific stimuli. Challenging FVBN WT mice witiv 1&apsaicin reduced the
licking behavior to 51.8%, whereas the licking behavior of F\gpR5Tmice was reduced
to 36.2% Comparison of the liakg behavior of FVBN wilype and Tgp35 mice revealed
that Tgp35 mice were significantly more sensitive taqubb capsaicin than the WT mice
(unpaired t-test p<0.05 (Fig.7). These data indicate that an increased p35 activity
sensitizes the nociceptorsot capsaicin, probably by promoting Cekizdiated
phosphorylation of TRPV1.

15uM capsaicin
1504

-
=]
ind

Licking behavior (%)
o
bl

: :
WT p35KO Cdk5CoKo TRPV1KO WT Tgp35
C57BL6 FVEN
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Figure 7 Effect of capsaicin on drinking behavior of wiyge, p35 KO, Cdk5 CoKo, TRPV1
KO and Tgp35 mice. Water deprived mice were tested in the lickometer device with a free
access initially to plain water (for training), then to water containing different
coneentrations of capsaicin. The licking behaviodat-M capsaicin, is presented as % of

the basal licking behavior (plain water). Compared to ‘wifuk, the licking behavior of

p35 KO or Cdk5 CoKo was significantly less reduced, while the Tgp35 mice showed
significantly increased sensitivity to M capsaicin leading to reduced drinking behavior.
Data were presented as mean * SEM from four animals during five different
measurements (Ongvay Anova **p < 0.001, unpaired-test *p <0.05) (Jendryke et al.

2016)

Since the TRPV1 receptor is activated by hot temperatigikarniet al. setout to
investigate the thermal nociception of the genetically engineered njdemdrke et al.

2016) Therefore, the OPAD system (Orofacial Pain Assessment Device, Stoelting) was
used to measure the licking behavior of mice in the presence of noxious heat.° &, 37

the consumption of 30% sucrose was equal in all genotypies8g), bu increasing the
temperature to 45°C induced an altered licking behavibig.8b). The licking behavior of
C56BL6WT mice was significantly reduced, whereas the licking behavior of p35 KO and
Cdk5 CoKo mice was nearly unchanged (unpaitedttp<0.05).In FVBN mice the licking
behavior was reduced by 4€, but mice overexpressing p35 were significantly more
sensitive than wildype mice. The unaffected licking behavior of p35KO and Cdk5 CoKo
mice as well as the decreased licking behavior of mice opegeging p35 indicates that
Cdk5 activity strongly affects the heat tolerance of mice. In conclusion, the in vivo results
reveal that an increased or decreased Cdk5 activity has severe comseguenthe
TRPV4nediated nociception. Increased Cdk5 activity induces hyperalgesia and allodynia,
whereas the lack of Cdk5 or a reduced Cdk5 activity induces hypoalgesia. The increased
TRPV1 sensitivity is probably a result of direct phosphorylation of TRPC&kaybut

until today hardly any functional characterization of the Gdk&diated phosphorylation

of the TRPVL1 is publishedherefore, we set out to investigate the effect &dk5
dependent phosphorylation of TRPWlvitro.
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Figure 8 Impact of heat o the licking behavior of wikype, p35 KO, Cdk5 CoKo and
Tgp35 mice.(a) At 37°C, all mice showed similar consumption rates of the sucrose
reward. (b) At 45°C, the Tg35 micerevealedan aversive licking behavior, while the p35
KO mice showed a sigmiintly increased number of licks compared to wilde controls.
Data are presented as mean + SEM from four animals measured five times usi@g 37
and three times at 48C (unpaired-test *p < 0.05, ***p <0.001)(Jendryke et al. 2016)
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4 Aims

In order to investigate the effect of Cdkbediated plosphorylation on the TRPV1 ion

channel function, we set out to analyze
the impact of Cdk&mediated phosphorylation ofTRPV1n vitro.

T The C&-dependent desensitization and capsaicin sensitigityTRPV1 receptors
will be characterizetby means of electnehysiological experiments usit@HO cells

co-expressing combination offRPV1, Cdk5, and p35
the effect of TRPV{gsmutagenesis on the ion channel function.

1 The activation and desensitization kinetics, the sensitivity to capsaicin or protons
as well aghe voltagedependence of TRPYzbs mutantswill be characterized by
means of é&ctrophysiological wholeellrecordings of transfected CHO cells.

1 The heat sensitivity of TRP}3s mutants,generated tomimic or inhibit the Cdkb
mediated phosphorylatiorof TRPV1, will be analyzed by meansCaf-imaging
experiments in transfected HEK293 cells

1 The plasma membrane expression @FFtagged TRPVi4 s mutants, will be
investigated by means GilRF microscopy

1 Theion channel gating mechanism of TRRYAnd TRPV4espSinglechannels will
be characterized by means oleetrophysiologicalcelltattached recordings of

transfected CHO cells

the transition pathwaywhich connects the Cdkbediated phosphorylation of T406 to
the TRPV1 gating mechanism.

1 The activation and desensitization kinetics, the sensitivity to capsaicin or protons
as well as the voltagdependenceof TRPV1 transition pathwayill be analyzed
by means of kectrophysiological wholeell recordings of CHO cells expressing

TRPV1 double muté receptors.
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5 Methods

5.1 Molecular biological methods

The plasmids used in this thesis were provided by Prof. Dr. D. Julius, University of
California, USA (pcDNABRPV1), Prof. Dr. M. Hollmann, Rumiversitat Bochum,
Germary (pcDNASGFP), Prof. Dr. A. Kulkarni, NIH/NIDCR, Bethesda, USA (pCORBA3
pcDNA3p35), Dr. V Milenkovic UKR, Germany (pGENM The pcDNA3 vector is a
mammalian expression vector including the CMV promotor, a multiple cloning site (MCS),
and the bacterial resistance ampicillin. Reproduction or manipulation of coding DNA

(cDNA) requires various molecular methods that were described in the following.

5.1.1 Chemocompeten€.colibacteria

In order to amplify pcDN#vectors weutilized chemocompetentscheichiacoli bacteria
OSft t a Thebefore,5Quidf the E. coli glycerol stock were plated onto aalg@r plate
and incubated overnight at 37C. Thenext day, one colony was picked and transferred
into 4 ml of LBmedium and grew overnight in a hot ahaker(120rpm) at 37°C.500pl

of this preparatoryculture were diluted into 750ml of LB medium and incubated in a hot
air shaker at 37C. The cell growth was stopped atd®.5-0.7 by coolinghe bacteria
solutionon ice for 15min and centrifugation at 3500x g and 4 °C The supernatant was
discarded and te pellet was resuspended in 188 icecold 0.1M MgC} and incubated
for 10min on ice. In a second centrifugation step atCtand 2508 g for 10min the
bacteria were pelleted again. Aftediscarding the supernatant, the pellet was
resuspended in 6énl 0.1M CaCland incubated for 2@nin on ice. In a last centrifugation
step at 4°C and 2508 g for 10min the bacteria were collected (discard the supernatant)
and finally resuspenakin 12ml 85mM CaGl + 15% glycerol. 10@ aliquots of the
chemocompetentE. coli5 | p " shidc&aBenand stored in 1.5ml Eppendorf tubes
at-80°C.

5.1.2 Transformation of vectors into chemocompetent bacteria
In order to introducecodingDNA into chemocompent E coli, one bacteria aliquot was

thawed on ice an@0-50 ng of ligation producbr 5-20ng ofvector DNA waadded.
After 30min on ice the transformation mixture was heat shocked at@5or 45 seconds

and subsequently incubated on ice forrin. 500ul SOC medium were added and the
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mixture was incubated on a thermal shaker atrpth and 37 °C for 60min. Finally, 10qul
of the bacteria were spread on 4Biciin plates and incubatedernight at 37°C. Once
the transformation of the pcDNARPV1 vector was successful, only the ampicillin

resistant bacteria survived and appeared as colonies on thg,kRragarplate.

5.1.3 Isolation of plasmid DNA
In order to isolate plasmid DNA from trsformed bacteriaone successfully transformed

colony was inoculated t0 LBmpiciinmediumand incubatecat 37°C in a hot air shaker at
150rpm. 5to 100 ml of saturatedE.coli culture were used for Mirpreparation or
Midi/Maxi-preparation (QuiaprepSpin Mini, Midi, Maxprep Kit, Qiagen, Hilden,
Germany) dependingon the amount of plasmid DNAeeded The preparation was
LISNF2NYSR o0& GKS YIFydzZFl OGdzZNBNRaE LINR G202t =
quantified by Nanodrop spectrophotometry (Nanoprdechnologies, Wilmington, USA)

as well as agarose gel electrophoresis.

5.1.4 Restriction digestion of plasmid DNA
Digestion of Plasmid DNA was performed by restriction enzymesrestriction mix ian

agueous solutionwhichcontairs 0.2-5 ug of DNA, %l of 10x restriction enzyme buffer,
and 1pl of restriction enzyméfinal volume=50pl). Depending on the optimal working
temperature of the restriction enzyme the mixture was incubated fe2 Hours at the

appropriate temperature (usually 3T).In orderto verify the digestion and to separate

the DNA by their length we used tlagarose gel electrophoresis

5.1.5 Agarose gel electrophoresis
The agarose gel electrophoresis technique separates DNA fragmerkeibytength in

base pairsin the electric fieldof the gel electrophoresjdarge DNA fragmentmigrate
slower than small DNA fragmentBo prepare d% agarose gele mixed and boiled g
agarose and 10l 1x TAEbuffer, andadded 3ul ethidium bromideto visualize the DNA
under UV-light. The hot miture was transferred into the gel chamber to let the gel
polymerizefor 30-60 minutes DNA fragments were separated by applying-120V for
about1 h and visualized by means of a{d&mera.Finally, he size of the DNA fragments

was determined by compaon to 1kb Plus DNA Ladder (Invitrogen, Karlsruhe, Germany).
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5.1.6 Gel extraction
In order to extract DNA fragments from agarose get¢susedthe NucleoSpin Extract kit

(Macherey Nagel, Duren, Germanyhe gel slicencluding the target DNAvas cut out
and dissolvedin NTI buffer at 50C for 510 min. Then theDNA was washetice with
NT3 buffer utilizing cleanup column and centrifugation for 3®at 1100 g. Finallythe
clean DNA fragments were eluted in @0dHO and collected in a fresh On&l Eppendorf

tube.

5.1.7 Ligation of digested DNA fragments
In order to ligate the purified DNA fragments the T4 DNA ligase (Promega) was used. The

10 ul reaction volume contained digested and purified vector RdAinsert DNAas well
as1pul 10x ligase buffer, anddl of T4 DNA ligase. Depending on the relative size of the
insert and the vector DNA the amount of vector and insert DNA ranges between
equimolar ratios to ratios of 1:10 (vector:insert). The ligation reaction wasbated

overnight at 14°C.

5.1.8 Polymerase chain reaction (PCR)
In order to amplify DNA we used the polymerase chain reaction (PCR) adapted from Saiki

(Saiki et al. 1988)rhePCR mix is an agueous solution that contaipslymerase specific
reaction buffer which provides the optimal chemical emenment for the DNA
polymerase and the four triphosphate nucleotidesadenine, guanine, cytosine, and
thymine. Additionally, the PR mix contains the DNA template5s(100ng) a
complementary primer pair that binds to the sensedaantisense strand of the DNA as
well asthe DNApolymerase, which amplifies the DNA. @enerate errorfree DNA
replicates the proofreading PfuUltra HF DRélymerasgAglient)was used. The reaction
tubes containing the PCR mix were placed in a thermocycler, which heats and cools the
PCR mix. The thermocycler performs three discrete temperature chan@&s35 cycles.
Initially, the PCR miwasheated up to a temperature of 94C for 10min to activate the
DNA polymerasd). In the firststep of the PCR cycthis temperature 0f94°Cwas held
for 1 min (ii). At that time, the doublestranded DNA was separated into two
singlestranded DNA moledes, by disrupting the hydrogen bonds between the
complementary bases. In the annealing stée temperature wagoweredto 50-65 °Cto

allow the oligonucleotideo anneal to the complementary sequence of tterget DNA.
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The annealing temperature is veryitical, since low temperatures lead to insufficient
primer bindings and high temperatures lead to unspecific primer bindings. The last step of
the PCR cycle is the elongation step, its temperature depends on the optimum activity
temperature of the used NA polymerase. For the PfuUltra HF DNA Polymerase we set
the temperature to 72C(iv). The synthesis velocityf the DNA polymerasevas about
1000bases/min therefore the elongation time depends on the length of the DNA
fragment to amplify. A final eloragion step at 72C for1l0 min was performed after the

last PCR cycle to make sure that all remaining sistgéanded DNA were fully amplified

(v). Finally the temperature was set to 16 for infinity timgvi) (Fig.9).
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Figure 9. PCR temperature steps(i) initial, (i) denaturation, (iii) annealing, (iv)
elongation,(v) final elongation, andvi) final holding temperature

5.1.9 Cloning ofCdk5mCherry, p35CFRPand TRPWAGFP fusion proteins

In order to identify TRPV1 transfected CElls we ceransfected the cells with TRPV1
and green fluorescent protein (GFP) coding DNAIdEntify cells ceexpressingTRPV1,
Cdk5 and p35,we Gterminally taggedCdk5 and p3%ith either redfluorescent protein
mCherry or cyaifluorescent proteinCFRrespectivelyTherefore, we subcloned the cDNA
of mCherry or CFP into theDNA3Cdk50r pcDNA3p35 vector, respectively. The coding
DNA of mCherry was extracted from the pcDNAGherry vector and introduced into the
pcDNA3Cdk5 vector by using the siction sites NotApal. The coding DNA of CFP was
extracted from the pcDNABFP vector and introduced into the pcDN#85 vector by
using the restriction sites Xhdélpal (Fig.10). Finally, we checked the pcDNE&8kS5
mcherry and pcDNAB35-CFP construdbr unwanted mutations by DNA sequencing.
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The TRPMGFP fusion protein was created by introducing the cDNA of GFP into the
PcDNA3¢ wt +m @OSOG2NXP ¢KSNBEF2NBEX 4SS Ayentl&RdzZOSR
the TRPV1 cDNAI(@.11). This Apal and thNotl restriction sites were used to insert the

GFP cDN# frame.

HindIll BamHI

PCDNA3-p35-CFP

7080 bp

Figure10. Plasmid maps of pcDN@dk5mcherry and pcDNA35CFP. pcDNAS includes
the cytomegalovirus (CMV) promoter ftransient high-level expression in mammalian
cells. The multipleloning sites (MCS) include various restrictidtess which facilitates
cloning Moreover, the plasmid contains tlenpicillin resistance gene fonaintenance in
bacteria. All remaining restriction sites of the MCS were highlighted.

rTRPV1-GFP

7195 bp

Figure 11 Plasmid map of TRPVGFP fusion proteinPlasmid includes the cDNA for
TRPVAGFP fusioproteins, the ampicilin resistance gene, and the multiple cloning site as
well as the CMV promoter.
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5.1.10 TRPV1 mutagenesis via Overlap extension PCR

The overlap extension P@Reds two primer pairs, primer pair A for the cDNA sequence
upstream of the targeted amino acid.). T406) and primer pair B for the cDNA sequence
downstream of the targe(Higuchi et al. 1988)The reverse primer A and the forward
primer B irsert the desired mutation, while forward primer A bound 14 upstream
and the reverse primer B bound 16Bf downstream of the T406 codon. In two
A Y RS LISy R,Ssier pair/ Aer(Bavas used to generate two mutated TRPV1 cDNA
subfragments: Fragment A (144p) and Fragment B (16 ). The generated overlap
was used tannealfragmentA and B in a secorfliCR. The new fragmeAB was 307®p
long and included thantended mutation at position T406. In order to transfer the
mutated cDNA into the pCDARPV1 vector the purified PCR product and the
pPpCDNATRPV1 vector were digested with the restriction enzymes BstEIl and Sacll. Finally,
the 701bp longBstEHSacll fagment, including the T406 mutation was ligated into the
pPpCDNASTRPV1 vectoffFig. 12) All mutants were confirmed and checked for unwanted

mutations by DNA sequencing.

pcDNA3 TRPV1 pcDNA3 TRPV1

A A
0 8305 b,

8305 bp

o
= > o
S 2
g

pcr1 | forward pr_\'mer A PCR 2 forward primer B
reverse primer A reverse primer B

|T4l36X |T405X

819 2258 2217 3894

[ o N o3

Fragment A Fragment B
1440 bp 1678 bp

forward primer A

Overlap extension PCR K
reverse primer B

A 4
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BstEll  Sacll
| Ta0sx)| pcDNA3 TRPV1

819 3894

[ v 3

Fragment A+B
3076 bp

Restriction | BstEll / Sacll

Restriction I

Insert
Fragment BstEll / Sacll
BstEll-Sacl!

= T406X

pcDNA3 TRPV1 T406X

Figure 12 The overlap extension PCR. The mutagenic primess, éAd B,) and the
flanking primers (Avand Be) Were used to generate fragment A and B. Both, fragment
A and B were denatured wheused as template DNA for theverlap extension PCR. The
overlapping strands of each product hybridize and introduce the desired mutation
(indicated by T406X). Amplification of fragment AB in theertap extension PCR was
driven by primers Ay and Bey Final productragment AB was inserted via BstEll and
Sacll restriction sites into pcDNA3 TRPV1 vector.

5.1.11 Site-directed TRPV1 mutagenesis \W&EMT vector cloning

To insert sitedirected mutations into theeDNA of theTRPVeceptorwe also used tha-
overhang cloning system.oTthis end two different parts of the TRPV1 cDNA were
subcloned, the first part included the TRP¥NAsequence betwen the restriction site
BstEHSacll and the second part includes fhiePV1 cDN#equence between Sadébal.
The targeted sequences were amplifiedtwo independentPCR aising pcDNA-TRPV1
as template and BstEIl forward and Sacll reverse primer oF fSagard and Xbal reverse
primer. The purified and linearized PCR products wer¢aifed and ligated into the
linearized Tailed pGEM vectorThe ligation preparation was transformed inte. coli
bacteria to amplify and identify via blue/white screeninige successfully cloned
pGEMTRPV1 vectors, the pGENRPV1 constructs were checked by colony (F@RL3).

Positive clones were amplified via Mini preparations.
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In order to insert the intended mutations miu- ISy Saixa t/ wQa 6SNB

PGEMTRPV1 vectors were used as template and forward and reverse mutagenesis

primer inserted the mutationThe long elongation timef this mutagenesis PCRd to

the full replication of the pGEMRPV1 vectors. The amplification of the plasmid DNA in

bacteria eads to DNA methylationwhereas the amplification via PCR results in

un-methylated DNA. Therefore, the methylation specific restriction enzyme Dpnl was

used to remove the template pGEWRPV1 vectordhe mutated pGEMIRPV1 and the

pPpCDNASTRPV1 vectors werdigested with either BstERacll or SaeKbal to insert the

intended mutation into the pcDNABRPV1 vectafFig.14). Finally, pcDNAFRPVIDNA

was checked for unwanted mutation by DNA sequencing.
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Figure 13 Construction of pGEM-TRPV1. TRPV1 fragnts (BstEiSacll and SaeXibal)
were restricted and subcloned into pGEMby TA cloning.
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Figure 14 Construction of pCDNABRPVinutants. Mutagenesis primergand Be,and
pGEMTRPVBstEHSacll or pGEMRPV4iSacHXbal were used to introducthe desired
mutation. Dpnl restriction eliminates the template DNA and Bs3&dll or SaeXbal
restriction was used to subclone the fragments into the pcDNR®V1 vector.
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5.2 Cell culture

5.2.1 Cultivation of CHO and HEK293 cells

In order to investigate theunction of recombinant rat TRPV1 receptors we utilized
immortalized Chinese hamster ovary (CHO) and human emiaryadney (HEK) 293T
cells. These cells are characterized by low endogenous expression of ion channels and
their simple and reliable cultivain. Chinese hamster ovary (CHO) cells were cultured in
MEM (PAMNBiotech, Aidenbach, GermanyyhereasHEK293T cells grown in DMEM (Life
Technologies, Carlsbad, USA). Both media were supplemented with fetal calf serum
10%(v/v) and anti/anti 1%v/v) (SigmaAlderich, St. Louis, USAoth cells lines were
splitted into @10cm cell culture dishes (TPP, Trasadingen, Switzerland) and incubated at
37°C and 5% GQAfter 48h to 72h of growth, CHO and HEK293T cells formed adherent
monolayers At a confluencyf 80- 90%,the cells were washedwice with 5ml PBS

(PBS, Sigma Life Science, Sigma Aldrich St. Louis) to remove death cels.dndt@a
following, the cellsvere detachedby incubation in1 ml trypsin/EDTA at 37°C for32min.

The trypsin readbn was stopped by adding ml medium Then we transferredhe cell
suspension into 15l falcon tubes and centrifugethem for 4min at 1000rpm. The
supernatant was discarded and the pelletized cells wersuspended in 2nl medium,
300ul of the cell sspensionwas diluted in 10ml fresh media and seeded in @&
culture dishes. Foelectrophysiologicalexperiments 50k 100k cells were seeded on
@3cm cell culture dishes (Sarstedt, Niimbrecht, Germafhg) C&*-imaging or TIRF
microscopy about 200k @lls were seeded on @5 cm glass coverslips (Menzel,

Braunschweig, Germany).

5.2.2 Transient transfection of CHO and HEK293 cells
In order to introduce foreign cDNA into eukaryotic host ¢cel® made use of the

Cd*-phosphate precipitatiortechnique (Gormanet al. 1983) The transfection misis an
aqueoussolution containinghe targetcDNA, C&, and the phosphate buffer HBSShe
cDNAwas diluted in distilled wateand C&" as well as HBSS waslded. After an
incubation period of 1%nin at room temperatre, 100l of the transfection mixwas
added to a cell culture dish of CHO or HEK293 ¢&lblel). 12-24 hours after the
transfection, we used the cells for electrophysiological experiments -i@aging

experiments, or TIRF microscopy.

28



Methods

In electrophysiological experiments we used one cell per dish, therefore the transfection
efficacy of about 10% was sufficient. To increase the transfection efficiency for
Cd&*imaging and TIRF microscopy experiments we pretreated the cells with chlorogine.
60 minutes before the transfection, we added cloroquif@1%) which increased the
transfection efficiency to about 30%. The transfection of rTRPV1, -@0K&rry, and
P35CFP by means of the Gphosphate method was inefficienalfout 3%),therefore,

we made use of the ipofectamine 2000 reagent. The Lipofectamine reagent is optimized
for cotransfection of eukaryotic cells and increased the transfection efficiency to about
10%. The Lipofectamitransfection mix contained -6 ug of the target cDNA and the
appropriate amount of the Lipofectamine. The cDNA and the Lipofectamin reagent were
separately diluted in equal volumes of Optimem and incubated fomitD In the
following, we mixed the compoundsand incubatedthe solution for 5min at room
temperature (Table2). Finally,we addedthe transfection mixture to the cells anafter

incubation for 1218 h we used the cells in electrophysiological experiments.

Table 1.C&*-phosphate transfection mix

Volume per dish Concentration

Distilled water 36 ul
cDNA TRPV1 5 ul 1 pg/ul
cDNA GFP 4 ul 1 pg/pl
oF: 5 ul
HBSS 50 pl

Table 2 Lipofectamin 2000 transfection mix

Volume per dish Concentration

Optimem 100ul

cDNA TRPV1 4 ul 1 pg/pl
cDNA CdksnCherry 6 ul 1 pg/ul
cDNA p38CFP 6 pl 1 pg/pl
Lipofectamin 2000 4 ul
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5.3 Electrophysiological experiments

5.3.1 The patchclamp technique

The patchclamp technique was developed by Erwin Neher and Bert Sakimaonaer to
investigate the function of ion channe(sleher & Sakmann 1976yor that purposeéwo
electrodes were either placed in the bath solutior{(ground electrode)or in a glass
micropipette (recording electrode)To close the electric circuibhé micropipetteis filled
with an electrically conductive solutioMhe tip of themicropipette is taracterized by a
small opening (£ um), whichdefinesthe diameter of thepatchand the series resistance
(4-6a m.0In our experiments, we usedvb patch configurations, the cell attacheat
whole-cell configurationThe ceHattached configuratiorenabkd us tocharacterie single
ion channes, whereas the wholeell configuration allowed us to investigate the function
of multiple ion channels in the plasma membrame.order to establistihe cellattached
configuration the tipof the micropipettewas paced close to theellmembrane so that
tip and membrane forna tight connectiond DA 3| & S ' We either re@ndéd single
channel events or thevhole-cell configuration wasstablished,by disruptng the cell
membrane in the microppette opening The pre-amplifier or headstage is th&ey
component of tke patchclamp setup.It contains the operating amplifier and the
feedback resistor RThese electronic components facilitate inject currens and to
measure voltagewith the same electrod. The cellitself acts as electronic component
the lipid membrane is an insulator that is surrounded by conductive saline solution, which
is the definition for a capacitoAdditionally, the membrane has a defined resistange R
lon channels that conduct ions thronghe membrane affect the capacitor and resistance
characteristics of cell membrang$ig.15). The opening of ion channels lowers the
memlbrane resistance and the electbemical gradient drive the ion flux through the ion
channel pore. These currents cdme detected and amplified by the patatamp

technique.
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Figure 15. (a) Schematic and simplified circuit diagram of the patdamp technique,
including the electric properties of the plasma membrane, patch pipette, and pre
amplifier. (b) Used patctclamp configurations, for single channel characterization the cell
attached configuration and for multiple ion channel characterization the wiele
configuration.

5.3.2 Experimental design

Shortly before the patcitlamp experimentstart, the cell culturemedia was replaced by
extracellular solutionThe recording chamber, including the transfectmils, wasplaced

on the stage of annverse microscope and the ground electrode was positioned in the
bath solution. Fluorescent ells were magnifiecby meansof a 32x objective and 10
oculais and identifiedby utilizinga xenon shorarclamp Osram GmbH, Munich, Germany
Thetip of the application systenwas placed next to the target cell by means of @nm
manipulator. In order toadjust and calibratéeakcurrents,capacity and series resistance

we usedthe integratedcompensation algorithmmof the amplifier Patchclamp recordings
were performed at room temperature2@ °C) using a HEKA EPC10 amplifier (HEKA,

Lambrecht, Germany) and HEKA Patchmaster softwasused for data acquisition.

5.3.3 Electrode preparation
To preventvoltage differences between ground andecording electrode both were

chlorinated. Therefore, the surface of the silver wires were roughened and incubated for
5to 10min in FeGlsolution. Patch pipettes were pulled with a horizontal pipette puller
(Zeitz Instruments, Munich, Germany) from borosilicate glass (1L.BDx100mm) and

had a resistance of-3a K T 2 NielbdK @8t X T 2-althcbed €ohfiguration.
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5.3.4 Application sytem
In order to apply stimuli on the targeted cellhe tip of the application systentALA

Scientific Instruments, Farmigdale, USWs placed next to the cells. The velocity of the
outward flow was air pressure driven and adjustedatoout 20 dropgmin. 8 reservoirs
that contained the different stimuli were connected via silicone tubes to the 8 in 1 mixing

chamber and the flow was controlled by squeeze valves.

5.3.5 Preparation of TRPV1 stimuli
In order to induce TRPMWhediated currents the TRPV1 spec#igonist capsaicin was

used in different concentrations (0.0%.1, 0.3, 1, an®.3uM). Therefore, capsaicin
powder was dissolved in DMSO at a stock concentration ofrBR13this stock solution

gl & RAfdzGSR Ay wihtghdes NdRcentrétia. indxaier ® geneia®thell K S
low pH stimulus weeduad the pH of the extracellular solution from 7.35 td@ adding

HCI

5.3.6 Voltageramp and voltagestep protocols
To measureTRPVinediated inward and outward currents imvhole-cell configuration

cells wereheld at -60mV and voltage ramp protocols were appliedery secondVoltage
ramps started at the holdingpotential of-60 mV for 100ms, followed by a voltage step to
-100mV for 100ms to record inward currentd o obtain outward currents ad® ms long
linear ramp segment frorAlOOMV to +100mV was applied and then the ramp was held
for 100ms at +100nV. The voltage ramp protocol was completed by a last $tep
-60mV for 100 ms (Fig.16d). In order D investigate the currenvoltage relatimshipwe
made use ofvoltagestep protocols The wltagestep protocol begn with an initial
voltage of0 mV for 20ms, followed by 200ms long stepswhichincreased from120mV

to +160mV in 20mV intervals After eachvoltagestep the cell was held at60mV for
20ms (Fig.16b). Voltageramp and voltagestep protocolswere acquired with 2 kHz or

50kHz additionally, dow pass Bessel filter at 2kHzwas used to reduce noise
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a +100 mV b
+160 mV

+60 mV

-60 mv —— -60 mV

-120mv
-100 mV 200 ms 20 ms

Figure 16 Electrophysiological protocols for measuring whoddl curents. @) Voltage
ramp protocols{100mV to +100mV) were used to record inward and owdvd currents.
(b) Voltagestep protocols {120mV to +160mnV) were used to analyze the voltage
dependence of TRPV1 receptors.

5.3.7 Analysis of voltageamp and voltagestep protocols

The average inward and outward current was automatically calculated by the
PatchMaster software and plotted as current vs. ramp index graph. Following, the current
vs. index graph was transformed into a current vs. time [s] graph and expastégbr file

for further analysisin order to analyze the currentoltage relationship the PatchMaster
software calculated the average current at the end of each voltage step. The current vs.
voltage graph was exported as lIgor file for furthanalysis(Hg.17). The Igor Pro
(WaveMetrics, Oregon, UyAvasused to collect all necessary data for the statistical
analysis e.g. the baseline current, the maxinmaluced current or the time to the half
maximal activationMoreover, we used the Igor Pro softwat@ calculate the Efgor the

conductance G.

+100 mV

l l +160 mV
2nA

-120 mV

-100 mv

Figure 17 Data acquisition of voltageamp and voltagestep protocols. § The
Patchmaster software calculated the average currentl&t0mV and +100 mVb] The
current'voltage-relationship of TRPV1 was obtained at the end of each voltage step. The
area between the arrows was used to calculate the average current.
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5.3.8 Celtlattached singlechannel recordings
Single TRPV1 channels were recorded in-at&lthed configuration with a series

resistance of >1D K(Gigaseal)and leak currentsbelow 3 pA. To equilibrate the
membrane potentiako about OmV the extracellular N& ionswere replaced by' ions
Additionally, the pipette solution contained ¥sand B&" to block endogenous K
channels. Depending on the experimental approachp3capsaicin was added to the
pipette solution and the pipette potential waseld at -60mV. Data were collected for

<2min with a sampling rate of 1kHz and filtered with a 2.Bw pass Bessel filter.

5.3.9 Analysis of singlehannel recordings
In order to analyze the singlghannel recordings, sweeps were exported from

PatchMaster and loaded in the TAC software (Bruxton Corporation). If necessary the
sweep was fitted and coected by integrated algorithms. The open probabilityiR) and

the amplitudes of the opening events were analyzbeg means of thesweep histograms
(Fig.18).
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Figure 18 Tac Software for TRPV1 singleannel analysisal Exemplary event analysis of
TRPV1singlechannel open and closing events. The green line indicates the open or
closing of the receptor.b) The sweep histogram (counts vs. amplitude) was used to
calculate the open probability NRnd the amplitude.
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Following the open and close events wercollected and exported for further analysis.
The dwell time distribution of open and close events was calculdtgdmeans of the
TacFit softwareFinally, we calculated in excel (Microsoft) the average open probability
(NRy). The normalized dwell time diribution and the state time constants of the open
and closed states were fitted in Igor Pro with polynomial functions to discriminate
between the different open and closed statd=or illustration of single channel recordings

a 1kHz low pass filter weedded.

5.4 Fura2 C&'imaging

The C& imaging technique was designed to investigate the calcium status of cells or
tissue by means of fluorescent indicators. We used the ratiometri¢ iG@icator Fura2-

AM, which is based on the €@helator BAPTA. The €anbound fura2 is exitedbestat
wavelength of about 388m, whereas the Ca bound fura2 is excitedbest at

wavelength of about 34@Gm, while the emission wavelength is at about 51i0.

5.4.1 Experimental design

C&"imaging experiments were performed ngia ZEISS live cell imaging setup, based on

an Observer Z.1. HEK293T cells expressing the TRPV1 of,§f3R€te pretreated with

the solubilizer Pluronic acid 420min before the measurement and loaded withuP
Fura2-AM (1mM) that was diluted in Inl OpttMEM. Shortly before the measurement

0KS OdzA §dz2NB YSRAdzy 2F GKS f2FRSR OStfa ol a
were placed into the recording chamber. The illumination control system was equipped

with a UMlight source and a high speedavelength switch (Lamda DG&utter
instruments, Novato, USAincluding optical filters for the wavelengths 3dih and

380nm (Carl Zeiss GmbH, Jena, Germarihe excitation light was guided trough a
410nm dichroic mirror ad a 20x PlaiNeofluar or a @x Fluar objective onto the cells.

Before the emitted light was captured by the CCD MRm AxioCam, it was filtered by a
BF510 emission band filter. Image recording and control of the microscope and Lambda
DG4 was performed with the Zen imaging softwaBar{Zeiss GmbH, Jena, Germany
TRPVinediated CAA Yy Ff dzE 61 & Ay RdzOSR o6& | LXK AOI A2y
42°C) or 3.3M capsaicin.
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The 8inl inline application system with an integrated Pek&dement Warner

Instruments, Hamden, U$Alloved a fast change from cold to hot temperatures.

5.4.2 Recording settings

Fura2 is excited by 340m or 380nm of light and the ratio of the emission &10nm is
directly related to the amount of intracellular €aDependent on the fur loading the
exposure time varied between 20 and 20@ and the binning was set tox%. The ratio
was automatically calculated by the Zen softwdfearl Zeiss GmbH, Jena, Germany)
Regions of interest (ROI) were defined in order to analyze only the cells, and haukgro

correction was used to reduce noise.

Ny "o% 0T 4&ta
wo £ P
U ST

5.4.3 C&"imaging data analysis
A detailed description of the €amaging analysis can be found in the Masterthesis of G.

Nordmann(Nordmann 2015)By using a MATLAB algorithm an automated and unbiased
response detection systemwas evolved. Additionally, the MATLAB program was able to
evaluate the maximal induced response and the rise timgd}t for each cell and each

stimulus.

5.5 TIRF microscopy

In order to investigate the plasma membrane expression of TRPV1 andii&RMiants

we used the total internal reflection fluorescence (TIRF) microscopy. The TIRF microscopy
was developed to investigate a thin region of a specimen. Therefore, CHO cells were
seeded on glass cover slips and were transientindfected with GFRagged RPVir,
TRPVi406a Or TRPVELgspplasmids. By means of a Leica AF 6000LX system using a HCX PL
APO 100x/1.47 oil objective, we monitored 24ater the GFP fluorescence (48&) of

the transfected cells. The penetration depth was set ton80to gain thebest signal to

noise ratio. The GFP fluorescence was imaged in presenceofv@ay 3 SNDa & 2 f dzii A
5min after the application of a high concentration of capsaicin resulting in a final
concentration 6.6uM. Cells were selected and used to analyze theeticourse of the

fluorescence by capturing images every.5
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5.6 Statistical analysis

The statistical analysis of mouse behavioral tests was performegulikarniet al. with

GraphPad Prism software, version 6 (GraphPad, San Diego, CA, USA). Data are expressed
as mean = SEM, with n = number of animals. Statistical differences were assessed by
unpaired ttestorby Oneg I &€ ! bh+! F2ff26SR 08 isbndags. S Qa
Data of electrophysiological, €amaging, and TRIF microscopy experiments are also
expressed as mean + SEM (n = numbecatis). Data were analyzed andualized by

means of Igor Pro 6.3AMaveMetrics, Oregon, UBATAC x4.3.3, and TACTHrxton
Corporation,Seattle, USA), Microsoft Office (Microsoft Corporation, Redmond, USA), and
CorelDraw X6 (Corel Corporation, Ottawa, Canada). Prior to the statistical analysis, we
0SaGSR GKS RIGF F2NJ y 2 Ni¥tas (Rdfdr painétriziataz y @ ¢ F
and the Wilcoxon signerank test for noaparametric data. The level of significance was

set to p<0.05. In order to calculate the Bfor Vi, of the capsaicin concentration
response relationship or conductance/voltaggationship, weused the Wavemetrics

Igor Pro 6.37 software

5.7 Equations
| Af € Wa: 9ljdzr GA2Y

O [
O 00 W

| = current, }hax= maximakurrent at saturating concentration, x = concentration of tested
agonist, E€ = the calculated concentration that elicits 50% of maximal current, and n =
Hill coefficient.

Sigmoidal function

0 0

N o
o Aodr O

G = conductance, a = maximal conductance, fa = minimal conductance, V = applied
voltage Vi, = voltage at half maximal conductance angh¥= slope of the activation
curve
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6 Results

6.1 TRPVXesensitization is modulated by eexpression of Cdk5 and p35

Since C&d-dependent desensitization is a characteristic feature of TRPV1 receptor
function and may have impact on the sensitivity of TRPV1 expressing nerve fibers, we set
out to investigate the effect of Cdk®ediated phosphorylation of TRPV1 receptors on ion
chanrel function. To this end, CHO cellsee@ressing TRPV1, Cdk&herry and p3&FP

or TRPV1 and GFP were patched in wAoelé configuration and voltageamp protocols
(-100mV to +100mV) were consecutively applied to investigate inward and outward
currents. The ceexpression of fluorescent proteins was required to visually select
transfected CHO cells. In untransfected CHO cells the application of vodtags
induced only minor voltagdependent currents (few endogenous voltagependent K
ion-channels) which were not affected by the application of 1Bl capsaicinKig.19). In
TRPVZexpressing CHO cells, TRIPWdiated currents were induced by perfusing the
recorded cell with 3.% a OF LJAFAOAY Ay LIKe&aAz2f ZITheOl f wA
capsaiciAnduced inward and outward currents were characterized by fast activation

kinetics as well as a strong acute desensitization in the presence of the agogi208).

a b
1004 3.3 puM capsaicin
+100 mV 1001

100 ms

current [nA]

50 4
-60 mV

+100 mV

current [pA]

-100 mv

-100

100

voltage [mV]

-100 mV

50/ 0 0 4 6 8 1£o? 120 140 160 180
Figure19. Untransfected CHO cells do not show capsdinituced currents. Cells were
LI 6§ OKSR Ay wAy3aSNDa S@pMi daps@icnt iasizipplibd, but2rio dzi A 2 y
TRPV4nediated currents were recordeda)(Voltage rampgnduced currents-000mV to
+100mV) inthe presence or absence of 3u81 capsaicin.lf) Temporal course of inward
(-100mV) and outward (+10MV) currents before, while and after the washout of BN
capsaicin (r¥5).
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In CHO cells eexpressing TRPV1, Cdk5 and p35, the capsamtirced curents showed

still fast activation kinetics, but did no longer desensitize in the presence of capsaicin
(Fig.20b). The desensitization ratio of TRPW&diated outward currentg+100 mY was
0.54+0.04 and 43+ 0.05 for inward current¢-100 m\j, wherea the ceexpression of
TRPV1, Cdk5, and p35 indueesignificant reduction of Gadependent desensitizain,

with ratios of 0.78:0.06 at +100 mV and 0.680.07 at-100 mV (unpaired WRtest
p<0.05). Since the desensitization of TRPV1 ion channekhasn to depend on
extracellular C& (Rosenbaum et al. 2004; Koplas et al. 1999 set out to analyze the
TRPV1 receptor desensitization in the absence of exterrfdl The data revealed that

the lack of external A prevented the acute desenstttion of TRPV1 receptors
(Fig.20c). The maximal currents recorded in TRPV1, Cdk5 and p8&%pcessing cells
were analyzed and compared to the currents evoked in cells expressing TRPV1 only, and
revealed a slight but significant reduction in the maximal currempaired WRtest

p <0.05) Fig.20d). This reduction in amplitude may reflect reduced expression levels of
receptor proteins, since the size of the recorded cells was consistent at22HpF
(n=91). The acute desensitization of the receptors waslyred by calculating the ratio

of the maximal current and the plateau of the steady state currepdyiflallsteasy (FigQ.

20f). The desensitization ratio of TRPW#&diated outward currents (+100mV) was
0.54+0.04 and 0.4% 0.05 for inwardcurrents (-100mV), whereas the caxpression of
TRPV1, Cdk5, and p35 u#ed in ratios of 0.7&0.06 at+100mV and 0.68+0.07 at
-100mV. The activation kinetics represented as time to tmtximal response 4§) of

cells ceexpressing TRPV1, Cdk5, and p35 wasfantly increased (TRPV1: 3.2.2sat
+100mV, and 4.5+0.3s at -100mV;, TRPV1, Cdk5, p35: 48.8s at +100mV, and
12.6+3.2s at -100mV; unpairedWRtest p<0.05) Fig.20e). These data indicate that
Cdk5mediated phosphorylation of TRPW1L CHO cells eexpressing TRPV1, Cdk5, and
p35 has severe consequences on TRPV1 function. Therefore, we hypothesize that the
reduced C&-dependent desensitization in cells -eapressing TRPV1, Cdk5 and p35
induces an increased receptor efficacy and poves the development of allodynia and

hyperalgesia in sensory neurons.

39



Results

d TRPV1 (Ringer)

8 1 3.3 uM capsaicin
+100 mV ii 107 P
Ul
= 8 1
<
o
= 6 1
g4 £,
5 = &
-100 mV o it 5,1 +100 mv
4 ol X
100 50 o /i 0
o +100 21 -100 mV
voltage [mV] -4
-6 —Tr—r—r— T T —T—T—T—
4 0 40 80 120 160 200 240
time [s]
b TRPV1, Cdk5, p35 (Ringer)
49 a 3.3 pM capsaicin
+100 mV 5 A - -
2\
— b s
<<
&
£ 3
-100 mv 3 'E
I
2
-100 -50 0 d
L o T —C
+50 +100
voltage [mV]
2 r T T — r —r— T ™
0 40 80 120 160 200 240
-2- time [s]
C TRPV1 (Ca*-free Ringer)
8 q 3 3.3 uM capsaicin
+100 mV b 101
K b
8 /
z 6
= 4] = +100 mVv
c
o =
-100 mv £ S 4
3 3]
£ 24
-100 °
1 0 d 0 ’
voltage [mV] +100 .
21 w100 myv
-4 T T T T T T T T T T T T 1
0 40 80 120 160 200 240
4- time [s]
d Ca®™-free e f Ca*-free
Ringer Ringer - +100 MY == -100 mV __Ringer  Ringer
81 1.07 == +100 mV * *
+100 mV w100 mv
67 TRPVL ]
- 0.8
4] ) .
< ™ £
c = 3 E
=21 TRPV1+ * — 06
o Cdk5+p35 3
= 4 * 3
50 _% 0.4
-2 = Q
o TRPV1 ER 0.21
B T3
6 -100 mV ® 0.0
TRPVL TRPVI+ TRPV1 o 5 10 15 20 "~ TRPVL TRPVI+ TRPVL
Cdks+p3s L ls] Cdk5+p35

Figure 20 Functional characterization of capsaitimiuced TRPVhediated currents.
(@) Application of 3.3IM capsaicin in the presence of extracellula’daduced fast
activating TRPVediated currents. The €adependent desensitization decline the
TRPV1 currents to a steadtate. p) Coeexpression of TRPV1, Cdk®&herry and p3&FP
inhibits the C&-mediated desensitization, similar t) the capsaicifinduced TRPV4
mediatedcurrents in the absence of extracellularCa
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(d) Maximal currents, ) time to halfmaximal response represented ag tand f)
desensitization as ratiGdady/ Imaximai Of N=10-36 independent measurements. Asterisk
(*) indicates significant differences compared to the corresponding parameter recorded
under C&*-containing conditions (unpaired/Rtest p<0.05).

6.2 TRPV1Cdk5 and p35 cexpression doesot affect the capsaicin

sensitivity

To investigate the effect of Cdkbediated phosphorylation on capsaicisensitivity of
TRPV1, we set ouib analyze the concentration/responsgelationship of CHO cells
expressing TRPV1 or TRPV1, Cdk5 and p35. Again valtageprotocols {L00mV to
+100mV) were used to drive outward andhward currents and various capsaicin
concentrations (0.05, 0.1, 0.3, 1 and BI®) were successively applied in the absence of
extracellular C&. Representative recordings of CHO cells expressingRPV1 orbj
TRPV1, Cdk5, and p35 are shown in Figiend reveal that increasing concentrations of
capsaicin induce increasing TRRWddiated responses(Fig.21). For analysis, the
TRPV4nediated responses were normalized to the maximal response induced IwB.3
capsaicin and the Hill equation was used talculate Ef; values. Due to the
voltagedependence of TRPV1 receptors, the outward currents were increased compared
to the inward currents, leading to different Esvalues for outward and inward signals.
EGo values were alculated to be 0.2%0.05uM at +100mV and 0.63t0.13puM at
-100mV, whereas ceexpression of TRPV1, Cdk5, and p35 resulted § Elues of
0.28+£0.04uM at +100mVand 0.55t 0.08uM at -100mV. The statistical analysis of £C
values revealed no significant sensitization ofPVR ion channels due to the -co
expression of Cdk5 in CHO cells (unpairezst +100mV:p =0.34,-100mV: p=0.51). In
conclusion the concentraticresponse relationship of TRPV1, Cdk5, and p35 indicates
that the sensitivity of TRPV1 to capsaicin isaftected by Cdk#nediated
phosphorylation.
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Figure 21. Capsaicin concentratidgresponserelationship of CHO cells -®xpressing
TRPV1 or TRPV1, Cdk5 and p35. Voltage protocols {100mV to +100mV) were used

to record TRP\inediated outward andnward currents in absence of extracellulaCa

(@, b Increasing capsaicin concentrations induced increasing responses in CHO cells
expressing TRPV1 or TRPV1, Cdk5, and @3%.Normalization to the maximal response

and calculation of Bgvalues bymeans of the Hill equation of inward and outward
responses revealed that Cdk5-erpression does not affect the TRPV1 sensitivitgg EC
values: TRPV1 (+100 mV): 0£&B05, (100 mV): 0.6320.13; TRPV1Cdk5 p35
(+100mV): 0.28:0.04, €100 mV): 0.5%0.08; unpairedt-test (+100 mV):p=0.34,
(-100mV):p=0.51; (n=8-10).

6.3 TRPV1 T406 is located close to the TRP domain

Thein vivoandin vitro findings revealed that the eexpression of Cdk5 modulates the
TRPVL1 ion channel function and has severe physiological consequences. Furthermore,
Pareek et al. could show that the TRPV1 is phosphorylated by Cdk5 at thrd@Tine

mice, which correspondo threonine-406 in rat (Pareek et al. 2007)In order to
invesigate the functional impact of Cdkbediated phosporylation on rTRPV1 at
position T406 in detail, we made use of the high resolution-ocnycroscopy structures of

rTRPV1, which were published by Cao eamadl Liao et alin 2013(Liao et al. 2013; Cao et
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al. 2013) Three different conformations of the TRPV1 are available: The apoprotein (3j5p)
representing the closed state, the capsaicin bound (3j5r) showing an intermediated state,
and the RTX/DKTx bound (3j5q) representing the open skEte22). Thestructure of the
apoprotein reveals that the amino acid T406 is located in a flexible loop. Considering the
conformational change in the capsaicin bound state, T406 moves to the end of an
alphahelix and resides in the opestate near to the alphdelix Due to the relative
proximity of this flexible loop to the TRI®mian, which is connected to the peferming
transmembrane domainTMD) 6, we assume that the structural changes could be part of
the gating mechanism. Thus, we aim to characterize the fanaticonsequences of steric

and electric alterations at position T406. To this end T406 was replaced by the negatively
charged amino acids Asp or Glu, the posltivdlharged amino acids His, Lys, and Arg and
the neutral amino acids lle, Ala, Met, Phe, Tamd Pro. Since, the introduction of a
negatively charged phosphate group at T406 led to significant functional changes, we
were especially interested in the effect of negatively charged residues. Due to the steric
properties of proline (helix breaking) vadso replaced prolind07 by alanine to evaluate

its functional effect. To replace the amino acids we made use of-dsieted
mutagenesis and verified each TRPV1 mutant via sequencing. By this approach we force
the TRPV1 structure in namative conformdéions, but we were able to characterize the
effect of this specific amino acid on TRPV1 function in detail. In particular, we were
interested in TRPV1 ion channel desensitization, sensitization, vedi@gendence,

polymodal activation as well as singleadnel properties.

T406

]LL 3j5r ‘(

Figure 22. TRPV1 structure in distinct conformations revealed structural changes at
position T406. Analysis of the TRP&)1afpoprotein, b) capsaicin bound ana)(RTX/DkTx
bound revealed that T406 is located in a flexible linker close to the TRP domain including
the TRP box. Relevant TRPV1 structures were color cédetiransmembrane domain
(TMD) 16, PurpleTRP domair, TRP box, anGreenCdk5 consensusts.
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6.4 TRPV1 T406 mutagenesis modulates receptor function

In order to investigate the effect of TRRYE mutagenesis on receptor function, CHO
cells expressing mutant receptors were challenged withuB/3capsaicin for 208 in the
presence of extracellutaC&". Figure23 shows representative capsaisimduced outward

and inward currentsof (a) TRPWJ, (b) TRPVLosn () TRPVdss (d) TRPMLosn (€)
TRPViaoek (f) TRPVoer (9) TRPVds, (h) TRPMEbo7a (1) TRPVoea () TRPV Ldem (K)
TRPViosr (I) TRPVLosy and (m) TRPW4oep(Fig.23). 3.3uM capsaicin induced robust
inward and outward currents in all TRPV1 mutants, but major differences were found in
the activation kinetics and desensitization. The amplitudes of the TRiediated
currents were highly variable, which is probably due to different expression rates
(Fig.24a). The most conspicuous effects were related to the activation kinetics of
TRPViyepand TRPMVLoes With tsp values of 380s demonstrating significantly slowed
receptor kinetics (¢ at +100mV: WT 3+0.2s, T406D 3&6 s, T406E 163 s,at-100mV.

WT 4+0.2s, TA06D 5F12s, T406E 315s) ¢ dz] Sedt®<40.05) Fig.24b). Moreover,

the Cé*—dependent desensitization of TRRMlsteady/ Imaximaiat +100mV: 0.47+0.04, at
-100mV: 0.39+ 0.04) was affected by introducing at position T406 the negatively charged
Asp or Glu, the positively charged His or Lys, as well as the bulky Pro. Analyzing the acute
desensitization of the TRPYJ3s mutants revealed a ignificant reduction of Ca&
dependent desensitization of CHO cells expressing TRRYH100mV: 0.85+0.04,
-100mV:  0.86+0.03), TRPMlpe (+100mV:0.80+0.04, -100mV: 0.81+0.04),
TRPVioen (+100mV:  0.76+0.06), TRPMdsk (+100mV:0.87+0.06, -100mV:
0.86+0.04), or TRPMWlogp (+100mV: 0.90+0.02, -100mV: 0.86+0.04) ¢ dz] 8e5tQ &
p<0.05 (Fig.24c). In contrast no differences were found in the other T406 mutants
compared to TRPVW4 Neither the activation kinetics witty values of 3 to & nor the
acute desensitization Withsiadgy/ Imaximal ratios of 0.2 to 0.6 were significantly different
from the TRP\W 4. In conclusion, these data show that position T406 is crucial for TRPV1
function. In particular, negatively chged amino acid residues affect the activation
kinetics and acute desensitization, but also the positively charged amino acids His and Lys,
as well as the bulky Pro prevent the’Gdependent desensitization. Interestingly, the
exchange of P407 to alanir the directly adjacent position had no effect on the TRPV1

ion channel gating.
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In summary, the reduced desensitization in T406D and T406E musantine with our
previous findings. Introduction of a negative charge at T406 (by -Gekbated
phosphoylation) inhibits the Cd-induced desensitization. However, the slow activation
kinetics of TRPWlpsp and TRPV ks are an exclusive hallmark of the mutations, not
found in the wildtype TRPV1 channels. Thus, we set out to investigate this aspect of

TRM/1 activation in detail.
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Figure23. Representative inward and outward currents of CHO cells expressing JRPV1

or TRPV{,0s mutants. Application of 3.BM capsaicin for 208 induced TRPWhediated
currents in CE O2y Gl AyAy3 SEGNI OSft f dzf I NI whinid SN &
desensitization. Inward-100mV) and outward €100mV) currents of &) TRPVy, (b)
TRPVi4o6p (€) TRPVibes (d) TRPVAoen (€) TRPVLosk and €) TRPVikosr (@) TRPVidsos:

(h) TRR1pso7a () TRPVisosa () TRPVAwem (K) TRPVAssr () TRPViswey and (m)
TRPVi406r
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The activation kinetics {f) of TRPWkospand TRPV hosewere remarkably slowedown
and the introduction of negatively (Asp,Glu) or positively (His,tyajged amino acid
residues, as well as Pro at position TAPBevented the C&-induced desensitization
(n=7-14).

a b c = L100mV W - 100mV
16 == +100mV ™= -100 mV TRPVL B 1.0 ok .
$ok
PA07A ok
12 1 408y = = +100mV *
T = 100 mV 0.8
T406F W
84 -
- Tapep NEEE—
ié' a4 T406M : s 0.6+
€ i
E T4061 =
2 o4 T406A : H 04
TA0ER -
-4 4 T406K — "
T406H [ 0.24
Tiosn E—
-12- 0.0-
At (O & > ko PR & 0 20 40 60 80 DT D o g & T R
SO E T F P 6 @ ,\,J‘QQ’.\,Q(Q“QQ/’\@Q’@Q’}Q R ,\\.

& 90
&M AU DU IASIL \3 '\" o, «5‘ t,, [s] 43' Dl A

Figure 24. Statistical analysis of data obtained from TRRM1mutants. Data are
presented as meattsem. @) Maximal TRPMhediated reponse induced by 3.6M
capsaicin.lf) Activation kinetics presented ag tevealed that TRPWosp TRPVHoseand

the inward current of TRPVAecwere significantly reduced¢(dz] Sebt(p&0.05). €)

Acute desensitization presented as ratieghy/ Imaxima) indicates that in TRPYbep
TRPViuss TRPVios TRPVibek of TRPViepthe C&*-dependent desensitization was
significantly reduced®( dz| Se5tQp& 0.05)(n=7 - 14).

6.5 Usedependent activation of TRPMW1gep

The next step was tanvestigate the activation kinetics of TRR)dp in detail. In
particular, we were interested in the characteristics of the first and second series of
responses induced by consecutive applications of capsaicin. Therefore, CHO cells
expressing TRPW1 TRPYr6a O TRPVio7p were recorded in the wholeell

O2y FAAdzNI GA2Y dzAAyYy 3 wA Yy 2RiNE &10@nYV. Véltagaanp dzi A 2 Y
protocols (€100mV to +100mV) were used to drive inward and outward currents through
activated TRPV1 receptorshd initial TRP\Winediated response was evoked by the
application of 0.3uM or 3.3uM capsaicin for 226, the second response was induced by

the same capsaicin concentratiomiin after the capsaicin washouti@y.25). In CHO cells
expressing TRPW1and TRPWgsa the first application of 0.8M capsaicin induced fast
responses (WTsg, at +100mV: 4+0.4s, at -100mV: 6+ 0.8s) with maximal currents of
WTat +100mV: 3.5+ 0.8nA,at-100mV: 1.8+ 0.8nA.
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These TRPWhediated responses were alacterized by a strong acute desensitization
With  Isteady/ Imaximal ratios about 0.6 (WT at +100mV: 0.59+0.04; at -100mV:
0.50+£0.05). CHO cells expressing TRRVbr TRPV{i0sa Were also challenged with
3.3uM capsaicin. The TRPWiediated currens had similar activation kinetics and
desensitization ratios as the responses evoked byuM3Xapsaicin, but 3.8M capsaicin
evoked significantly increased maximal responses (unpaWVe&dest p<0.05). CHO cells
expressing TRPY bspwere also held at #00mV for >2 min and challenged with 03U
capsaicin, but the TRPWediated currents were characterized by significantly slowed
activation kinetics T406Dtsp, at +100mV: 63+ 4.4s, at-100mV: 66+ 6.4s) ¢ dz| Se5tQ &
p <0.05) and maximal amplites$ of 2.0t 0.6nAat +100mV and0.4+0.1nAat -100mV.
Furthermore, the deady/ Imaximaratios 0.94+0.02at +100 mVand 0.94+0.01at -100 mV
revealed that TRPW4yspdid not desensitize. Interestingly, the second application of the
same stimulus (0.AM capsaicin) induced a fast TRiPAdomediated responseT406D
tso, at +100mV: 2+£0.2s, at -100mV: 3+0.4s) with maximal amplitudes of 1#0.5nA

at +100mV, and 0.3+0.2nA at -100mV. Comparing the tand 2'¥ maximal currents of
TRPV{r and TRPVkea revealed that the 2 response was significantly reduced
(unpairedWRtest: p<0.05).However, in TRPYAsowe did not found a reduction of"2
maximal curreh supporting the hypothesis that the T406D mutation prevents th&-Ca
dependent desensitization. Moreover, challenging TRERWI with 3.3uM capsaicin
evoked currents with activation kinetics and desensitization rates which were similar to
the currents eoked by 0.3uM capsaicin, but with increased maximal responses.
Additionally, we analyzed the TRPMgdiated currents of CHO cells -erpressing
TRPVi06p Cdk5, and p35. Interestingly, we found no difference in activation and
desensitization kinetics oopared to cells only expressing TRPWeb (Fig.26). The T
TRPVieszmediated response in cslco-expressing TRPY bsn Cdk5, and p35 showed
slowed activation kinetics of about 40at +100mV and about 6@ at-100mV (Fig26c).
The analysis of théeady/ Imaximal ratios revealed that the cexpression of TRPYiben
Cdk5, and p35 prevents the ion channel desensitization ZB@). These data
demonstrate that a preceding voltage stimulus of +10Y or the coexpression of
TRV14060 Cdk5, and @@does not affect the initial slow activation kinetics of TRR)3

However, the pming of TRPV{,0epWith capsaicin accelerates the activation kinetics of
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TRPViepreceptors In conclusion the usdependent activation of TRPY$sprevealed

that a negative charge at position T406 had severe consequences on TRPV1 the activation
and desensitization kinetics. Since we found these altered activation kinetics, we were
interested in the molecular mechanismwhichlead to this usedependent behavior. Two
medanisms could play a role, the expression of TRPV1 ion channels in the plasma

membrane or thaon channel gating mechanism.
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Figure25. Capsaicianduced currents of TRPW4, TRPV40sa and TRPMVloepin presence
of extracellular C4. CHO cells expressing TRRYITRPV0sa OF TRPViosp Were
challenged with 0.3IM or 3.3uM capsaicin after a continuous voltage stimulus of
+100mV for 2min. (a, b) TRPV-mediated currents of TRPW1or TRPV{yeainduced by
0.3uM or 3.3uM capsaicinThe activation kinetics of the™and 2 responses were fast
(tso < 6s) and the responses underlie a strong?'@ependent desensitization.cf In
TRPVioep the activation kinetics of the®1responses was sloweds{t> 60s), but the
second responsdo the same stimulus was fast activatingo(k 3s). @) Maximal
responses of TRPW4 TRPV{ipsa and TRPVfloepto 0.3uM or 3.3uM capsaicin. €, f)
Activation kinetics presented as time to half maximal activatiag),(reveal that the
activationkinetics of the I TRPViyepresponses were significantly slowegal<{0.05). )
Normalized desensitization of TRRM1TRPV06a and TRPMVlggpindicate a significant
reduction in C&-dependent desensitization of TRRYso (UnpairedWilcoxon rank tst:
p <0.05) (mean + sem+n4-11).
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Figure 26. TRPVAmediated currents of CHO cells-erpressing TRPYbsy Cdk5, and
p35. @ Representative TRPMdspmediated inward {L00mV) and outward (+10MV)
currents, induced by 38M capsaicin in thepresence of CA&O2y (I AYAY I wAY
solution. p) maximal induced response;) (time to half maximal activationgj), and ()
normalized desensitization. Asterisk (*) indicates significant differengedred or
unpairedWRtest respectively; p<0.05), na@m + SEM of B 6 independent measurements
(Jendryke et al. 2016)

6.6 Membrane trafficking of TRPV1 and TRRYstmutants

In order to analyze the molecular mechanisms that lead to the altered activation kinetics
of TRPV{40ep and to address the question of whether changes in response kinetics might
be dependent on dynamic receptor trafking, we monitored the dynamics of membrane
localization of directly @®rminally GFRagged TRPMWlps receptor variants.
Electrophysiological recordings of the &GBfged receptor variants (TRRMIGFR
TRPVi060GFR and TRPMVloesGFP proved thatthey were functional and showed the

characteristic behavior ohe respective untagged receptor.
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TRPVJ+~GFP and TRPVi406sGFP mutants showed fast activating capsatimuced
currents, and C&dependent desensitization, whereadRPViospGFP receptors
exhibited slow activation kinetics paralleled by reduced"@apendent desensitization
(Fig.27). The membrane expression of the fluorescent TRPV1 receptors was visualized by
means of TIRF microscopy before, during and after application of a -sugt@rum
concentration of capsaicin (6)6M) (Fig28a). Fluorescence analysis of TRRMGFP
receptors revealed that treating the cells with capsaicin does not change the fluorescence
of TRPVIGFP receptors in the membrane (Fig8b,c), indicating that the

density/expression of TRPV1 receptors in the membrane is not altered dcaypgpicin

treatment.
a TRPV1WT- GFP 3.3 uM capsaicin b TrPv1T406D - GFP 3.3 uM capsaicin
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Figure 27. TRPVInediated currents of TRPMAFP fusion proteinsRepresentative
capsaiciAnduced inward {L00mV) and outward (+100V) currents of ) TRPVAGFP
and ) TRPViLossGFP in presence of CavA Yy IS NN & az2f dziazy o6y T
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Figure 28. Trafficking of GFRagged TRPV1 receptors in the plasma membrane of CHO

cells expressing GRRgged TRPV1 receptor variants). Representative GHRiorescence

of CHO cells expressing TRgMEFP, TRPYssGFP or TRPYbspGFP fusion proteins

AY WAYISNWa az2fdziAzy | y M chpsaicis. ITime coursg of i NB I U
the GFP fluorescence of selected regions of interests (ROI)fAIRPV\-GFP,#
TRPV406sGFP oreTRPVi4060GFP, image capturing was stopped during the capsaicin
application (grey bar).cf Mean GFFF f dz2 NB & O Sy O Stiod (if and 3mjh BN & & 2
the application of capsaicin (ii). Mean + SEM of n-53gells

6.7 T406D mutagenesis affects the voltagiependence of TRPV1

Interestingly, in addition to the markedly altered channel activation and desensitization
kinetics, weobserved that the TRPYszmediated outward currents (at +100V) after
maximal stimulation did not reach baseline, but stayed at a higher activation level, which
is suggestive of an altered voltagependence. In order to investigate the
voltagedependance of TRP\Wly7p Vvoltageinduced currents were measured before,
during the application of 3.4M capsaicin, and after the capsaicin washout. To avoid
Cd*-dependent desensitization, a Edree extracellular solution was used. TRRY1
TRPVi7a and TRV 4o7pcells were patched in wholeell configuration and defined

voltage steps-020mV to +160mV) were applied.
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TRPVYrand TRPMLozarecordings revealed the TRPV1 characteristic outward rectifying
voltagedependent currents, but hardly any currentgere found in the TRPVi7p
recordings (Figz9a). However, application of 318V capsaicin induced in TRRM1
TRPV474 and TRPVLo7p(after priming for 20%) robust inward and outward currents
with maximum currents of about 0 0.7 pA/pFat +1@ mV (Fig29b). Finally,
voltagedependent currents were recorded rhin after the washout of capsaicin
(Fig.29c). The currents mediated by TRRyand TRPV ky7ashowed neither sensitization
nor desensitization (Fig29d, e), while the voltagéinduced curents of TRPWlop
mutants were significantly increased (pairdetest p<0.05) (Fig29f). Additionally,
voltageinduced currents of TRPY$spwere measured 2, 3, andrBin ater the capsaicin
washout (Fig30). To further evaluate theroltagedependence, the conductance G was
calculated and the ratio of G/« (Gnax= maximal conductance) was plotted against the
voltage (Fig31). In this conductance/voltage relationship, the data revealed changes in
the voltagedependence of TRPV1 chuats. Therefore, the data were fitted by means of
a sigmoidal fit and the ¥ (Vi = voltage at half maximal activation) was calculated
(Fig.31a,b,c). Analyzing the conductance of TRRV1TRPViosa and TRPMlosp
receptors revealed that the applitan of 3.3uM capsaicin led not only to an increase in
conductance, but also to a marked reduction i ¥om about 120mV to about-20 mV.
However, in contrast to TRPWAand TRPVWLeea Where the conductance recovered after
washout, TRP\flggppersisedin a high conducting state with a significantly reduced (left
shifted) M, from about +110 toabout +69mV after the washout of 3.@M capsaicin
(pairedWRtest p<0.05)(Fig.31d). This significant reduction of,¥was also persistent 2,

3, and 5 minafter the capsaicifinduced activation (Figle, f), which indicates that the
priming of TRPWleep With capsaicin has severeonsequences on the voltage
dependence of the ion channel. In conclusion, these data demonstrate that the mutation
of T406 to a mgatively charged aspartic acid (T406D) strongly affects the veltage
dependence of TRPV1 receptors, which also indicates that thelegendent behavior is

related to an altered ion channel gating.
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Figure ®. T406 mutagenesis affects the voltagependence of TRPV1 receptors.
Transiently transfected CHO cells were measured by voltage step protocols with
depolarizing pulses from120mV to +160mV. @) In CA&~FNBES wAy3ISNRa
voltagedependent currentswere recorded in TRPYZ and TRPV s but not in
TRPViwsp () Application of 3.3IM capsaicin induced robust voltagiependent
currents in CHO cells expressing TRRV1ITRPVihosa Or TRPViien (€
Voltagedependent currents evoked one minute aftetashout of capsaicin, revealed an
increased voltagelependence of TRPY4bep Whereas the voltagenduced currents of
TRPWt, TRPVisosarecover to the same level as under Ringer conditions. Normalized
voltagedependence of ) TRPVily, (€) TRPViosa ard (f) TRPVikosp Asterisk (*)
indicates significantly increased outward currents of TREsgafter priming with 3.3uM
capsaicin (pairetiVRtest p <0.05) (n=6-7).
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Figure30. Voltagedependence of TRPYjbszmediated currents 2, 3, and 5 min aftire
capsaicin washout. Same experimental setup as in the previous step protocol
measurements n = 4.
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Figure 31. Conductance/voltage analysis of TRRVITRPViosa and TRPWlosp The
normalized conductance (Gf) was fitted witha sigmoidal equatiorio analyze Y.
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Representative conductance/voltagelationships of §) TRPVdy, (b) TRPVieeaand €)
TRPVi0ep dzy RS NJ wA y 3 S NPM cagsaidindaindk @iy after ahe @apsaicin
washout. @) Statistical analysisf V1, of TRPVyeprevealed asignificant decrease after
the priming with 3.3uM capsaicin (unpaired-test p <0.05). €,f) Analysis of voltage
induced currents 1, 2, 3 andmin after the capsaicin washout revealed that,\Vof
TRPViyepWas significantly reduced evenniin after the washout of capsaicin (paired
t-testp <0.05).

6.8 TRPV44emutation alters the capsaicin sensitivity

In order to investigate the capsaicin sensitivity of the different TRPV1 receptor mutants,
we analyzed theconcentratiordresponserelationship. Therefore, various capsaicin
concentrations (0.05, 0.1, 0.3, 1, and BN) were applied to stimulate TRPV1 receptors.
TRPV1 receptor desensitization was prevented by usindg ‘&r€a extracellular solution.
Due to theusedependent activation of TRPY,pthe capsaicin concentratidnesponse
relationship was analyzed in two consecutive sets of application (before and after priming
with 3.3uM capsaicin). To analyze thesgE@lues the responses were normalized to the
maximal induced response and the concentratresponse curves were approximated by
the Hilkequation. In TRPWE, TRPVi4er and most of the neutral TRPMds mutants
(expectT406P), we found no changes between theo&@lues of the T and 2 capsaicin
series (Fig32) (Table 3 Introduction of proline or the positively charged residues
histidine or lysine induced a left shift of thé“2concentrationresponse curves, with
decreased Egvalues (Fig32d, e, n) (Table 3 The low responsivenes$ TRPV{pspand
TRPV406ein the first set of capsaicin application prevented an accurate approximation to
the Hillcurves. The second set of capsaicin application after priming withuN3.3
capsaicin induced robust responses (BRpb, c). The sensitityy of TRPVyep OF
TRPViyeewas significantly increased after priming the receptors with BvBcapsaicin,
compared to TRPV& (¢ dz] Se5t®&0.05). EE values at-100 mV were for TRPVW%

1% 0.63+0.13uM, 2" 0.66+0.14 pM; TRPMoes 2™ 0.26+0.03uM and at +100 mM:
TRPV{7: 1%0.25+0.05uM, 2% 0.28+ 0.06 uM; TRPVikoss 2™ 0.11+0.01uM (Table 3.
Different EGy values for inward and outward currents were based on the
voltagedependence of TRPV1 ion channels, demonstrating that ipespotentials

(+100mV) increased the TRPV1 receptor sensitivity to caps@ieinthorpe et al. 2000)
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The altered capsaicin sensitivity of TRRWImutants, especially the sensitization of
TRPViyspand TRPMVLoeeduring the second application series supports the hypothesis
that amino acid properties such as charge or bulkiness had severe consequences on

TRPV1 ion channel function.
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