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Abstract

Goal To clarify how defined regions of the human P2X3 receptor govern channel
opening and ion passage, using mainly electrophysiological measurements.

Method The cytoplasmic cap was probed by controlled heteromer formation: chan-
nels carrying only one C-terminus or lacking the N-terminus were expressed. Two-

Electrode Voltage Clamp (TEVC) recorded current size and desensitisation. lonic

and hydrophobic contacts inside the cap were weakened or removed. Biochemical

assays tracked the approach of the termini on activation. A cysteine-scanning se-

ries (I323-V334) in TM2 was made and tested with TEVC. Charges at three pore

fenestration levels were changed, and a rat P2X5 TM2 domain was introduced into

the hP2X3 channel.

Results A single C-terminus still allowed opening, but loss of the N-terminus
terminated it, showing the cap’s asymmetrical control. Breaking key contacts
in the cap accelerated desensitisation, confirming cap stabilisation. 1323, T330,
and V334 acted as gate points; V326 contributed to partial dehydration of ions,
and G333 helped keep the pore wide. TM2 showed marked flexibility, matching
molecular-dynamics data and its link to the cap. Positive clusters at outer fenestra-
tions enhanced cation entry; Replacing the corresponding TM2 residues of P2X3
with those from P2X5 resulted in varied changes in ion permeation.

Discussion These observations give a biophysical picture of how the cap, TM2,
and fenestrations together shape P2X3 activity, mapping structural features di-
rectly onto gating and permeation behaviour.



Zusammenfassung

Ziel Ermitteln, wie definierte Doménen des humanen P2X3-Rezeptors Kanaloff-
nung und Ionentransport steuern, hauptsichlich mittels Elektrophysiologie.

Methode Kontrollierte Heteromerbildung, Deletion einzelner Cytoplasma-Termini,
TEVC-Aufnahmen, Cystein-Scanning in TM2 (1323-V334) und Austausch aus-
gewihlter P2X5-TM2-Reste; Auswertung von Stromhohe, Desensitisierung und
Selektivitit.

Ergebnisse Ein einzelnes C-Terminus erméglichte Offnung, N-Terminus-Entfernung
verhinderte sie. Aufbrechen zentraler Kontakte beschleunigte Desensitisierung.
1323, T330, V334 erwiesen sich als Gatepunkte; V326 erleichterte partielle Io-
nendehydration, G333 stabilisierte den offenen Zustand. TM2 zeigte ausgepragte
Flexibilitét. Positive Ladungscluster an d&ulleren Fenestrationen forderten Kationenein-
tritt; Einbau von P2X5-TM2-Resten verdanderte die Permeation.

Diskussion Kap, TM2 und Fenestrationen wirken zusammen und bestimmen die
P2X3-Funktion; die Daten liefern eine biophysikalische Grundlage fiir strukturgeleit-
ete Modulation.



1. Introduction

The biomembrane is one fundamental component of normal physiological activi-
ties, where various proteins reside, function, and participate in life cycles. Among
the abundant membrane proteins, membrane receptors perform crucial tasks in
signaling, allowing communication between cells and each other. Ionotropic and
metabotropic receptors are two categories into which membrane receptors can be
divided. ion channels are transmembrane ion channels that allow the passage of
ions such as Na™, K* and Cl~ as a result of the binding of specific chemicals
(known as ligands), while metabotropic ones can be further divided into enzyme-
linked receptors, which are receptors that are or associate with enzymes, and G
protein-coupled receptors, which activate G proteins in response to external sig-
nals and modify the level of second messengers, or thereby alter the function of
ion channels (Luckey, 2008).

The following part will focus on the ligand-gated ion channels, more specifically,
the P2X receptors that belong to the purinergic receptor family.

1.1 The Purinergic Receptors

Nucleosides, particularly adenosine, and nucleotides, notably adenosine diphos-
phate, ADP, and adenosine 5 -triphosphate, ATP, are best known for their role in
DNA/RNA synthesis and energy metabolism, fundamental processes in all bio-
logical systems. In addition, since the article about purinergic signaling was pub-
lished in the 1970s, it has become clear that ATP also serves as a neurotransmitter
(Burnstock, 1972, 1976, 1990). Over the years, the narrative about the purinergic



receptor family emerges and deepens from an outline to gradually enriched details
as research expands.

Three distinct receptor families mediate the effects of purine nucleotides and nu-
cleosides. Those are: (Ritter et al., 2019)

* Adenosine receptors (P1 receptors): G protein-coupled receptors that re-
spond primarily to endogenous adenosine. The P1 receptors are, up to date,
divided into 4 subtypes, namely A1, A2A, A2B, and A3. Those subtypes
take on various responsibilities, including mediation of immunological and
central nervous system (CNS) activities (Burnstock, 2018).

* P2Y metabotropic receptors (P2Y1-14), G protein-coupled receptors of-
ten prefer ATP over various adenine nucleotides among the endogenous lig-
ands they bind to. Eight P2Y receptors have been specifically identified
in humans so far: P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y 13, and
P2Y14. The depth of the studies demonstrates the complexity of their phys-
iological roles. The P2Y receptors are crucial components of the delicate
regulation that is active throughout life, controlling processes like cell pro-

liferation, platelet aggregation, immunological response, and ion transport
(Burnstock, 2018).

* P2X ionotropic receptors (P2X1-7), ATP-gated ion channels. Seven sub-
types of P2X receptors have been identified, from which homotrimeric or
heterotrimeric channels can be assembled. Similar to their close relatives,
those receptors are widely distributed and perform functions such as sig-
naling modulation, immunological response, and cell-death triggering in
sensory neurons, immune cells, and smooth muscle cells(Burnstock, 2018).
The relevance shall be described in detail in a later chapter.

1.2 The P2X receptors

The P2X receptor (P2XR) family is a group of proteins that includes mostly cation-
permeable ligand-gated ion channels that open in response to extracellular ATP
binding. The P2X receptors are divided into seven subtypes according to their
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different pharmacological characteristics. These receptors function at the inter-
faces between neurons as well as between neurons and smooth muscle cell junc-
tions upon the ATP released by exocytosis from various neurons (Saier Lab, 2023).
ATP-evoked currents were observed on neurons dissociated from several regions
of the mammalian brain, spinal cord, glial cells, primary sensory neurons, and
other positions, implying a wide range of overall expression (North, 2002). mRNA
that encodes specific P2X subtypes was detected in several retinal cell types too
(Franke et al., 2005). Though different tissues seem to have a preference for some
subtypes over others (Vial & Evans, 2000). The overlap of different subunit dis-
tributions seems to be more common.

1.2.1 Molecular properties

Similarities of more than 35% in sequences can be found across the different P2X
receptors, despite variability in amino acid composition and differences in overall
length (North, 2002). While sharing a similar topology, all subtypes start from
a cytoplasmic N-terminus followed by the first transmembrane domain, namely
TMI, to a bulk extracellular domain and span through the membrane the second
time via the TM2, the second transmembrane domain, and end with a cytoplas-
mic C-terminus. The C-termini, among all domains, carry the most amino acid
variability as reported, while the identity is mostly manifested in the extracellular
domains, where several glycyl residues and more unprecedentedly, 10 conserved
cysteine residues that form 5 disulfide bonds have been found (North, 2002; Saier
Lab, 2023).

Overall Architecture

As the first successful attempt at the crystallization of zebrafish P2X4 receptors
(zfP2X4Rs) (Kawate et al., 2009), and the following release of the crystal structure
of human P2X3 channels (hP2X3Rs) (Mansoor et al., 2016) as well as the full-
length human P2X7 channels (hP2X7Rs) (McCarthy et al., 2019), the piling up
researches have been providing more and more enriched details on the molecular
properties on the P2X receptors, also allows the crossing structural comparison
aligned with structure-function study within the different subtypes.

11



From crystallization of the N- and C-termini deleted homotrimeric zfP2X4 (AzfP2X4)
in apo state, which means the receptor is without ligand binding and thereby in-
activated, one receptor was observed to be constructed by 3 “dolphin-like” sin-
gle subunits with a large extracellular domain above the membrane plane and a
smaller hourglass-shaped TM region that consists of six helices spanning through
the membrane. The TM helices are placed antiparallel to one another within each
subunit, and wrapped into a left-hand twist before being inserted into the cyto-
plasm at a 45-degree angle close to the membrane. On the contrary, the extracellu-
lar regions from single subunits are grouped in a right-handed twist with extensive
subunit-subunit contact interfaces. The extracellular domain has an equilateral tri-
angle shape and a rigid surface. Due to a weak electron density of the TM domain,
not all residues were able to be correctly attributed (Kawate et al., 2009). In the
later released hP2X3 structure spanning from D6 to T364 (hP2X3-MFC) in apo,
activation state, which is defined as a ligand-bound and activated state, and de-
sensitized state, which is ligand-bound yet inactivated state induced by prolonged
ATP application, were identified. In addition to the hydrophilic extracellular do-
main mentioned above and the six helices that formed the TM domain, a part of
the intracellular termini, including D6-123 prior to the TM1 and N345-T365 after

Figure 1.1: The left panel shows a zebra fish P2X4 receptor in the apo state, the three
monomers are color-coded (PDB:4DWO0); the middle panel shows the human P2X3 chan-
nel in the open state, the monomers are color-coded. Notice the cytoplasmic cap below
the TMs (PDB: 5SVK). The right panel depicts the P2X monomer resembling a dolphin.
Each function domain is color-coded and specified.
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the TM2, were also established.

A striking observation was the presence of a single “cytoplasmic cap”, as shown
in Figure 1.1 during the activation state formed from the folded intracellular ter-
mini, implying that the intracellular domain is vital for establishing the open chan-
nel. Additionally, special extended TMs and the cytoplasmic domain of hP2X3-
MFC were characterized (Mansoor et al., 2016). The crystal structure of rat P2X7
(rP2X7) declared a large cytoplasmic domain of P2X7, also a permanent cytoplas-
mic cap in contrast to the activation-specific one from the hP2X3 (McCarthy et al.,
2019).

The dolphin-shaped protomer conveniently provides a proper and illustrative way
to describe its structure, as detailed in Figure 1.1. The dolphin rises above the
membrane, emerging the curved upper body that can be further broken down to the
head, beak, body, dorsal fin, and flipper domains, while leaving the fluke domain
under the “surface of the ocean” and in reality, penetrating the cell membrane and
conventionally referred to as the transmembrane domains. Three subunits curled
up along an axis of symmetry that projects perpendicularly from the cell membrane
(Khakh & North, 2012).

The Extracellular Domain

The crystal structure of AzfP2X4 demonstrates approximately 70A of which the
extracellular domain extends above the membrane (Kawate et al., 2009). It shows
an exact composition of thirteen B-strands and four a-helices. The B-sheets estab-
lish the rigid backbone crossing the subtypes. At the same time, the peripheral
a-helices and loops define the variances with three out of five suggested disulfide
bonds localizing on the head domain and stabilizing the loops and short -strands
in this area (Khakh & North, 2012).

From this stabilized head domain, the three subunits extend downwards, creating a
continuous cavity with three sections referred to as upper, central, and extracellular
vestibules defined by narrowing in pore-lining along the axis of hP2X3 (Mansoor
et al., 2016), as visible in Figure 1.2. Each subunit provides a 2-stranded 3 sheet
to build the wall of the upper vestibule, following the constrictive opening formed
from the loops at the head domain. The three-stranded B-sheets wall the central
and extracellular vestibules, define the lower body, and end at the membrane from
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Figure 1.2: Panel A zooms in the ATP binding pocket, with an ATP molecule docked.
The binding pocket is cradled by two subunits in different colors. Elements O (red),
P(yellow), and N (blue) are noted. The essential residues K63, K65, R281, and K299
are shown in bone and sticks and labeled. Panel B shows the proposed ion path, from
the extracellular fenestration to the cytoplasmic cap. The crystal structure is shown as
surfaces, with one chain hidden for better illustration. The rest 2 chains are colored
differently The grey balls indicate the ions traveling to the cytoplasm. Panel C shows
two chains out of 3, in ribbons and surfaces for a better boundary definition. From
top to bottom, the central, extracellular, and intracellular vestibules are indicated. Ad-
ditionally, the residue defining the extracellular boundary is noted as the gate. The
cytoplasmic cap is included and indicated. (All structures obtained from hP2X3R in the
open state, PDB code 5SVK)

where the transmembrane domains originate from the extension of B-sheets.

The extracellular domains cradle binding pockets for the endogenous ligand ATP
as well as other chemicals that function as orthosteric agonists/antagonists or al-
losteric modulators. The ATP binding pockets formed by adjacent subunits’ inter-
faces localized on large extracellular loops are generally conserved but still show
subtype-specificity to a certain extent (North, 2002).
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Exploring the zfP2X4 reveals that, to adapt the negatively charged triphosphate
tail of ATP, and to coordinate the a-phosphate group, the binding pockets carry
residues with positively charged side chains, most essentially, K70, K72, K316,
and R298 (zfP2X4 numbering)(Chataigneau et al., 2013), whose substitutions of
corresponding residues in crossing subtypes have been proven to greatly disrupt
the ATP potency Ennion et al., 2000; Hausmann et al., 2012; L. H. Jiang et al.,
2000. This finding also indicates how P2X receptors favor ATP considerably
over ADP, which lacks the y-phosphate group. The hydrophobic T189 and N296
(zfP2X4 numbering) that potentially participate in the coordination of adenine
moiety and B-phosphate group in respect also appear to be crucial as well (Chataigneau
et al., 2013). The non-conserved residues, on the other hand, had been proposed
to endow subtype-specific features (Kasuya et al., 2017; Wang & Yu, 2016).

As observed in the dolphin-shaped
structure, the extracellularly marked
subdomains cooperate and initiate the
activation of the P2X receptors by
binding ATP and falling into a changed
conformation. The head, flipper, and
body domains are responsible for ATP
binding and conduct the conforma-
tional changes, while the dorsal fin
contributes to the latter (Wang & Yu,
2016). Symmetrically placed lateral
portals (fenestrations) at the interfaces

of neighboring subunits, between [-
strands of the lower body and closing
up to the membrane, have been pro-
posed to be the ion pathway during
channel activation based on both crys-
tallized structure and function stud-

Figure 1.3: Zooming the allosteric modula-
tor binding pocket (PDB: 5SVK). Notice that
ATP is bound and the AM pocket is below
the ATP binding pocket. The binding pocket
is cradled by two subunits in different col-
ors. Elements O (red), P(yellow), and N
(blue) are noted. The essential residues
V61, V238, L265, G189, N190, L191, and

K176 in bone and sticks and labeled.
ies(Samways et al., 2011), as depicted

in Figure 1.2. This unobstructed pathway is deemed the most obvious route of ion
entry instead of the previously speculated central vestibule (central pathway), even
though fewer charged residues that could potentially facilitate ion permeation are
sitting on the former (Samways et al., 2011).

Another mention-worthy fact is the confirmed existence of allosteric binding sites
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on the P2XR, seen in Figure 1.3. A negative allosteric site of hP2X3 was identified
as contributed by one left flipper and the adjacent lower body domain (Wang et
al., 2018), as shown in Figure 1.3. In panda P2X7 (pdP2X7), another allosteric
site must be identified that is formed by two neighboring upper body domains
(Karasawa & Kawate, 2016). It is promising that more allosteric sites are expected
to be uncovered in other subtypes, as they could potentially serve as clinical drug
targets.

The Transmembrane Domains

The dolphin’s tail, noted as the fluke domain or transmembrane domain, is embed-
ded in the lipid bilayer, providing a channel pore for ion flow during activation.

The transmembrane domain is composed of the
peripheral TM1 and the pore-lining TM2, two
a-helices that span the membrane while con-
necting the extracellular and cytoplasmic do-
mains. The TM2s are widely separated from
each other viewing extracellularly, and ap-
proach until crossing and reaching down the cy-
toplasm. Each subunit devotes two helices, and
together, the ion permeation pore is formed.
While the TM2 defines the ion transmembrane
pathway, the TM1 tilts and contacts the mem-
brane (Oken et al., 2022).

Both TM1 and TM2 are connected directly
to the low body from the extracellular do-

: S : Figure 1.4: Transmembrane he-
main, thereby receiving the mechaplcal force 9% of the hP2X3 receptor in the
induced by the changed conformations above open state (PDB: 5SVK). TM1 he-

. . lices are shown in grey, TM2 in pur-
the membrane, ?md undergoing conformational ple. Residues 1323, V326, T330,
changes accordingly (Wang & Yu, 2016). The and V334 are highlighted on a sin-
stretching from the extracellular domain in- 9'€Subunitin bone representation.
duces an iris-like movement of TM2, thus di-
lating the channel into an ion-permeable size
(North, 2016). Studies have shown that TMI still lines the larger portion of the

extracellular pore opening, even though its contribution to ion penetration is min-
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imal (Heymann et al., 2013).

By capturing the hP2X3 in the apo, activated, and desensitized state, it has been
suggested that 4 residues on the TM2 helices that are one helical turn apart are
placed as pore occlusion (Mansoor et al., 2016). Among all, 1323 gates the chan-
nel from the extracellular side, V326 contributes as a barricade, and the narrowest
position is defined by T330, which potentially serves as an ion filter, as what has
been reported previously where the substitution of its equivalence in hP2X2 al-
tered the ion selectivity remarkably (Browne et al., 2011). Another residue, V334,
constricts the ion permeation during desensitization.

The Intracellular Termini

Though entire structures of the N- and C-termini have not been fully resolved
except for work of crystallization of rat P2X7 receptors (McCarthy et al., 2019),
relevant studies have elaborated to a certain extent.

It has been reported that the N-termini consist of approximately 30 amino acids,
while the C-termini are formed by B-strands of varying lengths across different
subtypes (Burnstock, 2000). Two sequential -strands from the N- and one from
the C-terminus come together to create a structure known as the ”’cytoplasmic cap”
that caps the pore from the cytoplasmic surface. The interaction between neighbor-
ing N- and C-terminal B-strands results in a compact -sheet structure, integrating
the receptor’s subunits by incorporating strands from different protomers (Man-
soor et al., 2016). The stability of this structure is crucial for channel opening, as
has been observed directly in the captured open state of P2X3, and implied so in
previous studies (Hausmann et al., 2014).

Mutagenesis on the N-terminus has resulted in a great impact on the P2XR be-
haviors, especially on desensitization. An early study suggested that a complete
replacement of the P2X1 receptors’ N-terminus with the non-desensitizing P2X2’s
ones diminished the fast-desensitization of the P2X1 Rettinger and Schmalzing,
2004. Later on, it was revealed that N-termini contain a highly conserved protein
kinase C consensus site, whose mutations ended with changed desensitization ki-
netics (Boué-Grabot et al., 2000). By mimicking the hydrophobic interaction in the
cytoplasmic domain by mutating three P2X3-specific residues into the correspond-
ing ones within the N-terminus of the P2X2 receptor, a fully non-desensitizing
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phenotype of P2X3 was successfully created (Hausmann et al., 2014). Besides the
contribution of desensitization kinetics, N-termini seem to play roles ion perme-
ation as well. A mutation between lysine and glutamic acid at the position of 17 on
mouse P2X5 dramatically alters the cation-anion selectivity (Tam et al., 2023). A
special uncharged region of the N-terminus of P2X6 has also been reported causing
ER retention of P2X6 homomeric receptors (Ormond et al., 2006).

Studies suggested that the modification of the C-termini also affects the desen-
sitization phenotype. For example, the rP2X2A variant desensitizes more slowly
compared to its C-terminally modified splice variant, rP2X2B (rP2X2B) (Smith et
al., 1999). The C-terminus is also involved in receptor trafficking. Studies proved
a conserved trafficking motif YXXXK (tyrosine — three variant amino acids - ly-
sine) within the C-terminus that is vital for surface expression, as it stabilizes the
P2X receptors on the cell membrane and avoids being internalized(Chaumont et
al., 2004). As one with a uniquely long C-terminus among all the subtypes, the
P2X7 receptor intrigues a specific interest. An 18-amino acid cysteine-rich re-
gion was identified on P2X7 by crystallography, termed “C-cys anchor”, which
anchors the cytoplasmic cap to the membrane through palmitoylation (McCarthy
et al., 2019). By stabilizing and anchoring the cytoplasmic cap to the membrane,
the C-cys anchor creates a permanent version of the cap, preventing the receptor
from falling into a desensitization state. Additionally, a sequence of approximately
200 amino acids forms a structure known as the “cytoplasmic ballast,” which is
believed to participate in downstream signaling (McCarthy et al., 2019).

Subunits Assembly

To form a functioning pore, the P2X receptors need to assemble into multi-protein
complexes termed oligomers, to enable insertion into the hydrophobic bilayer cell
membrane (Nicke et al., 1998b). This process can be done within identical sub-
units as homooligomeric complexes, or among different subtypes to form het-
erooligomeric complexes (Torres et al., 1999). Most P2X receptor subtypes can
form heteromers with other subtypes. However, P2X7 subunits tend to form ho-
momers, which are not directly related to their lengthy intracellular domain. Mean-
while, P2X6 cannot form a functional homotrimer due to sequence-specific ER re-
tention(Torres et al., 1999). The specificity of subunit assembly is not identified,
though it is suggested that P2X receptors might have extensive intersubunit inter-
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actions through their extracellular and TM domains, while the effect intracellular
termini play a minimal role (Murrell-Lagnado & Qureshi, 2008).

1.2.2 The Function Profile

Functional studies on the P2X receptors have been evolving over the decades,
especially upon the obtaining of multiple crystal structures. Not only have the
general activation-deactivation mechanics been elaborated, but subtype-specific
features have also been clarified to an extent.

Ligand Binding

Electron density maps from crystalized AzfP2X4-C—ATP indicate the localization
of binding sites for ATP, illustratively (Kawate et al., 2009). Those pockets sit
at 45A from the extracellular boundaries of the transmembrane domains and are
cradled by the head domain, upper body, lower body, left flipper, and dorsal fin
from two neighboring subunits. To form one open-jaw-shaped binding pocket in
the zfP2X4R, one subunit donates K70, K72, F188, and T189, while the other one
contributes with N296, F297, R298, and K316. These residues interact extensively
with ATP through hydrophilic interactions, initiating the action of the receptors.
The orientation of these residues suggests how ATP is accommodated within the
binding pocket, similar to the binding pockets observed in hP2X3 in Figure 1.2.

To define the open jaw structure, the head, left flipper, and upper body domain
seem like the upper jaw; the lower body and dorsal fin compose the lower jaw
(Hattori & Gouaux, 2012). Analyzed by molecular dynamics study (MD) and con-
firmed by the voltage clamp fluorometry (VCF) experiments (Fryatt et al., 2016)
along with crystal structure (Hattori & Gouaux, 2012), it was revealed that the
ATP molecules adopt an unusual U-shape when bound. This conformation is fa-
vored by the flexible head domain, causing 5 and y-phosphates to fold towards
the adenine ring instead of extending, while the adenine ring and the ribose ring
are facing away from each other. This shape is stabilized by hydrogen bonds be-
tween y-phosphates and one hydroxyl group on the ribose ring (Hattori & Gouaux,
2012). The negatively charged phosphate group establishes hydrogen bonds with
positively charged and polar residues described above in the jaw. As crucial par-
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ticipants, those residues exhibit highly conserved and coordinate ATPs similarly
across different subunits.

For example, the ammonium group from K70 is placed in the ATP’s U-turn, en-
abling its interaction of the oxygen atoms on the three phosphates groups from
the latter; R296, and K316 from the same subunit interact with B-phosphate, while
K72, R298 and another K316 contact with y-phosphate (Hattori & Gouaux, 2012).
The adenosine ring of ATP is facilitated by L191, L217, and 1232 via hydropho-
bic interaction to be stabilized in the correct position (zfP2X4 numbering). Com-
pared with other artificial ways of placing, it seems that only such a position of
the adenosine ring tightens the jaw and induces downward movement of the head
domain (Kawate, 2017). Although less conserved, hydrophobic residues at cer-
tain positions remain consistent across all subtypes, indicating a similar binding
profile(Kawate, 2017)

Though ATP is primarily bound in complex with Mg?™ under physiological condi-
tions, the Mg-ATP?~ activates only fast-desensitizing phenotypes such as P2X1/P2X3,
while the free ATP*~ acts as a more universal agonist(Li et al., 2013). This is fur-
ther confirmed by the free ATP-bound AzfP2X4 (Hattori & Gouaux, 2012) and
the Mg-ATP?~-hP2X3 (Mansoor et al., 2016). Overall, the mode and conforma-
tion of ATP binding were also confirmed in the crystal structure of human P2X3Rs
(Mansoor et al., 2016).

Multiple studies have investigated how ATP binding influences the activation of
P2X receptors, revealing complex cooperative interactions. Ding and Sachs pro-
posed that, during activation, P2X2 receptors exist in multiple closed and open
states rather than simply switching between being open and closed, and the dis-
tribution of these states changes with the concentration of ATP (Ding & Sachs,
1999).In the same study, they found out that, the associations of ATPs are not
independent but modify each other, the first ATP in the binding pocket included
transient conformational changes that accelerate the binding of the second one
(Ding & Sachs, 1999). Later experiments proved that the entering of the first ATP
molecule inside of the binding pocket likely induced an intermediate closed con-
formation (R. Jiang, Taly, Lemoine, Martz, Specht, & Grutter, 2012), facilitating
the binding of the following ATP, referring to “positive cooperativity” (Bhargava
et al., 2012). Therefore, the occupation of at least two ATP-binding pockets en-
ables activation of the channel (Chataigneau et al., 2013; Hattori & Gouaux, 2012),
but the binding of one ATP is by no means pointless.
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From ATP Binding to Channel Gating

Once ATP molecules bind to the P2X receptors, the receptors undergo confor-
mational changes that transition the channel from closed to open states. Confor-
mational changes take place once the binding of the first ATP molecule initiates,
to couple the positive cooperativity taking place simultaneously within separated
binding pockets (Moffatt & Hume, 2007). As more ATP molecules occupy the
binding pockets, the receptor stabilizes in the open state, while trapping the ago-
nist with even higher affinity(Bhargava et al., 2012).

Figure 1.6 illustrates the gating process. Upon entering ATP, the head domain
moves down and the dorsal fin domain moves up, manifesting as the closure of
the open jaw. During such a process, the presence of ATP not only triggers the
approaching of the upper and lower jaw by intermolecular force but also breaks
the formally established stable conformation defining the apo state. For exam-
ple, it was experimentally confirmed that E167 and R290 (P2X2 numbering) in
the binding pocket maintain bound, and the initiation of channel opening confir-
mation requires the rapture of such interaction from ATP insertion and usurps the
interaction with R290, thereby disturbing the closed state (Hausmann et al., 2014;
R. Jiang, Taly, Lemoine, Martz, Cunrath, & Grutter, 2012; Marquez-Klaka et al.,
2007).

Upon the jaw closure, the coupled lower body domain thereby moves outwards,
and the left flipper domain is pushed away. This movement of the lower body
encourages the dorsal fin to move outward and widen the lateral portals localized at
every subunit-subunit interface, allowing the subsequent ion flow (Kawate, 2017).
The flexibility of the low body is thus vital for the transition of conformational
changes (Habermacher et al., 2016). Linked to the B-sheets of the lower body,
the transmembrane domains undergo expansion, where the transmembrane helices
move outward and create a dilated pore that finally allows the passage through of
ion flows (Kawate, 2017).

Both of the transmembrane helices, pore-lining TM2 and surrounding TM1 rotate
upon the flexing of the lower body domain, to different extents (Kawate, 2017).
Comparing the crystal structures of apo and open states, it was observed that TM2
moves counterclockwise while the exact angle of rotation differs among the sub-
types. Details are described from the crystallized hP2X3. The gating residue de-
fines the extracellular boundary (1323 in hP2X3) moves toward the extracellular
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Figure 1.5: Comparisons of different TMs arrangements during the apo closed (5SVJ),
open (5SVK), and desensitized closed (5SVL)state of the gating process. Each state is
labeled and colored differently. The restriction sites in different states are noted, shown
in bone and sticks, and colored by elements.

surface and positions itself away from the ion pathway. The gate is now open
(Mansoor et al., 2016). This “iris-like” movement of the TMs turns the helices
away from the center and produces an ion-conductive pore. In addition to that, the
(G333-V334-G335 sequence as part of the a-helix composing channel of hP2X3
transmits it into a 3;0-helix with a more compacted structure, which allows the
transition from opening to desensitization (Mansoor et al., 2016). Many native
intersubunit contacts that keep the pore in the closed state diminish as the TMs
rotate, while new contacts form to stabilize the channel in the open state (Hattori
& Gouaux, 2012). An hourglass shape- determine residue, as T330 in hP2X3Rs,
defines the narrowest part of the channel, and it must be pulled away to make
the channel large enough for the hydrated ions to pass through. Moving down to
the cytoplasmic side, a highly conservative residue, the G333 (hP2X3 numbering)
raises interest as it was suggested to be the gating hinge (Hattori & Gouaux, 2012;
Khakh & North, 2012).

It is suggested that the cytoplasmic end of the TMs rearranges and establishes both
intersubunit and intrasubunit interactions, in contrast to the rotation of the upper
TM (Kawate, 2017). During the crystallization of hP2X3Rs, the cytoplasmic cap
was suggested to exist only during the open state, while the termini remains dis-
ordered without activation (Mansoor et al., 2016). When the P2X3 channel is
activated, the intracellular domains are linked and undergo further conformational
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Figure 1.6: Diagram depicts the process of gating. For simplification, only two
monomers are shown. The orange layers represent the membrane. During the apo
state, the binding pockets are available, and the TM2s close the pore via the restriction
of the I323 that defines the extracellular entrance of the pore. The termini are simpli-
fied and shown in dashes because of a lack of crystallography evidence. The green balls
in the middle and right panels represent one ATP molecule. Upon the binding, the head
domain descends due to the closure of the binding pocket, triggering a series of con-
formational changes and eventually leading to the rearrangement of the TM. The pore
thereby opens. The blue arrows stand for the ion flow, along with "+" representing
positively charged ions. Notice the lateral fenestration and the T330 within the pore
that defines the narrowest gate during the open state. The cytoplasmic terminus folds
and forms the cytoplasmic cap. While the ATP remains bound, the cap collapses and
leads to further rearrangements of the TM2, during which the V334 becomes the gate
of the desensitized pore and closes the transmembrane pathway.

changes due to the stretching conducted from the TMs above. Specifically, two
N-termini and one C-terminus from the third subunit each donate one B-strand
and knit into a B-sheet. These B-sheets further assemble into the cytoplasmic cap
structure, whose stability helps maintain the open state of the channel. These con-
formational changes fix the cytoplasmic end of TM2, inducing the a-helix of TM2
to transition into a 31¢-helix, whose vertical straightening creates a more compact
structure and aids in opening the channel pore (Kawate, 2017; Mansoor et al.,
2016).

Termination of Activation

There are two macro states that the receptors reach for the termination of acti-
vation, depending on whether ATP molecules escape from the binding pockets
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or not. This is also where two different types of P2X receptors diverge: the slow
desensitizing ones, exhibiting almost no visible fast desensitization within the sec-
ond’s scale, such as P2X2 and P2X4; the fast-desensitizing ones, such as P2X1 and
P2X3.

Once the ligands dissociate from slowly desensitizing P2XRs, the lower body
domain reverts quickly back to the resting conformation. Without extracellular
stretching, the TMs relax, narrow, and eventually close the open pore (Kawate,
2017). The desensitization, on the other hand, entails many more complex issues.
Instead of simply reverting to the conformation of the apo state, the desensitization
describes a distinct movement, initiated by the rotation of TM2’s cytoplasmic por-
tion and relaxing into an a-helix of the intensive 31-helix, described as a “helical
recoil”, an upwards translation of the promotor is prompt, as well as an inward
rotation of the V334 sits on the later part of the TM2, as shown in Figure 1.5 and
1.6. The three subunits hereby approach and narrow the ion pathway, with V334
creating a constrictive site deeper in the membrane bilayer than the constriction in
the apo state (Mansoor et al., 2016).

As mentioned in the section ?? extensive studies proposed that both N- and C-
termini have a great impact on fast desensitization, which agrees with the later
uncovering of the cytoplasmic cap in P2X3R. Identification of two conservative
glycines on both the N- and C-terminus that could serve as hinges, G24 and G347
in respect (hP2X3 numbering), suggests the high flexibility of the termini and the
possibility of their converging and the construction of a cytoplasmic cap (Mansoor
et al., 2016). The cause of TM2 recoiling is the collapse of the cytoplasmic cap.
In contrast, the C-cys anchor captured in the crystallized non-desensitizing rP2X7,
which extends from the end of TM2 to the cytoplasm, forms a loop that acts as a
hinge, keeping the cytoplasmic cap attached to the membrane while allowing its
flexibility. The recoiling of the TM2 is prevented in the presence of the C-cys
anchor, and further desensitization is stopped from there (McCarthy et al., 2019).

However, the desensitized receptors will be reset into the apo states eventually as
ATP molecules dissociate. The dissociation of the ATP is required for the recovery,
and this is considered the rate-limiting step of the long-lasting process (Rettinger &
Schmalzing, 2004), which is partially credited to the changes in the ligand binding
domain leading to more tightly held ATPs (Roberts et al., 2006). Further studies on
the hP2X3 reveal that, when the dissociation of ATP is taken out of consideration,
the conformational changes between desensitization and apo state are rapid (Pratt
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et al., 2005).

Besides the structural variants of different ligands, the participation and presence
of divalent cations is another factor that affects agonist dissociation. The hP2X3
inhabits a divalent cation-binding chamber that enables the ATP to access the bind-
ing pocket in the special form, for example, Mg?*-ATP, which is a special feature
that distinguishes such receptors from those subtypes that can only be activated by
ATP*~ (see “Ligand binding” section). The bound divalent cation increases the
ATP affinity, thus preventing the receptors from recovery, in which M ¢** shows
higher potency than Ca?*. It can be concluded that those divalent cations act as
an allosteric modulator (Li et al., 2019).

1.2.3 Ion Access And Selectivity

In the earlier subsection, the lateral portals were highlighted as the extracellular
ion pathway through which the ions enter the channel. Despite the extracellular
vestibule appearing to be a more constricted path, this counter-intuitive finding
has been demonstrated (Kawate et al., 2011a; Samways et al., 2011). Such a path-
way is constructed by Q52 and Q321 on one chain, and [328, D57, E59, and K195
on another (zfP2X4 numbering), blocked partially by lipids. Even though con-
structively existing as wide open pathways, the lateral portals expand more signif-
icantly during the activation (Khakh & North, 2012). The ion flows go through the
three lateral portals and merge at the central vestibule, where negatively charged
residues are localized and facilitate the passage of cations, creating a high concen-
tration of permeating ions locally.

As the ion flow moves downward toward the cytoplasm, it reaches the channel re-
gion clustered by TM2. During the activation, the constrictive residue determines
the narrowest part of the channel switch from the extracellular gate (T336 in P2X2
and 1323 in P2X3), to central residues within the TM2, forming an hourglass-
shaped constriction. Mutation of T339 in P2X2, which is such a kind of equiva-
lence, into positively charged lysine, resulted in a significant increase in chloride
permeability in contrast to the cation-selectivity of P2X2R. This provides direct
evidence that such residues extend their side chains and interact with permeation
ions (Browne et al., 2011).
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Finally, ions exit into the cytoplasm. Instead of escaping directly along the re-
ceptor’s central vertical axis, which is too narrow, the cytoplasmic cap and TM2
helices from adjacent units form the borders of a triangle-shaped opening, or ’cy-
toplasmic fenestration,’ located within the lipid membrane. This mechanism was
confirmed by MD simulation (Mansoor et al., 2016). Overall, ions enter through
lateral fenestrations on the extracellular side, travel through the TM2s cradled
channel, and exit through lateral fenestrations on the cytoplasmic side.

One way used commonly to describe ion selectivity quantitatively is the “relative
permeability”. In terms of “relative”, the results are often presented as a ratio be-
tween the permeability of one ion X and another particular ion, usually sodium,
as in P(X)/P(Na). The calculation is based on the experimental reverse poten-
tial or comparing how conductive a channel is in different ion environments, with
Goldman-Hodgkin-Katz (GHK) voltage and current equations. Though the ion
permeation that happens in an ion channel, in reality, might not strictly follow the
assumption of the GHK equation, the calculation still offers an approximate esti-
mation (Samways et al., 2014). What should be considered as a factor influencing
ion permeability can be roughly concluded as the size of the channel, electrical
environment, and ion interaction with the pore (Hille, 2001).

Generally speaking, P2XRs are mostly seen as non-selective cation channels, though
it may not be the most accurate description. It is considered that P2XRs do not
discriminate between KT and Na*, while Ca?*, on the other hand, seems to be
favored by P2XRs compared to other non-selective channels, as has been shown
in the studies on rat P2X1 and P2X4 receptors (Egan & Khakh, 2004; Samways
& Egan, 2007). Another notable receptor is the P2X5 with an unusually high C'1~
permeability. A recent study has found that a single lysine on the N-termini might
be the key to this behavior, indicating the presence of ion pathways of cytoplas-
mic fenestration (Tam et al., 2023). Besides small ions, some members of the
P2X receptor family were thought to adopt different conductive states where large
organic ions can also be allowed to pass. The theory of “pore dilation”, which
implies a gradually dilating pore during continuous activation, was proven wrong
by single-channel analyses of P2X7R (Riedel et al., 2007) and more recent studies
on the accumulation of ion species during prolonged activation (Li et al., 2015).

26



1.2.4 The Agonists, Antagonists and Allosteric Modulators

In the previous section, ATP was mentioned as a standard and most important
endogenous agonist for the P2XRs. Here, other compounds that bind to the P2XRs
as agonists, antagonists, and allosteric modulators will be discussed. The detailed
P2XR pharmacology was recently updated in the [UPHAR review no. 30 Illes
etal., 2021.

Angonists The structural differences of binding pockets among variants of sub-
types define their different binding profiles. Compounds structurally derived from
ATP, such as 2-meSATP (2-Methylthio-ATP), and ATPyS (adenosine-5’-O-(3-thiotriphosphate)),
have been reported as metabolically more stable P2XR agonists(Illes et al., 2021).
BzATP (2°,3°-O-(4-benzoyl benzoyl)), an ATP analog, has been reported as the
most potent unselective agonist. o,B-meATP (a,f-methylene ATP), on the other
hand, is selectively favored by P2X1 and P2X3, while demonstrating low potency
for the other (Saul et al., 2013). B, y -meATP (B, y -methylene ATP) exhibits sim-
ilar selectivity, as a potent partial agonist for P2X1 and P2X3 (Syed & Kennedy,
2012). Besides the ATP analogs, P2X1 exhibits sensitivity towards diadenosine
polyphosphates, though with very low efficiency (Conant et al., 2000).

Antagonists Derivatives of the antiparasitic agent suramin were among the firstly
reported antagonists. Suramin per se is a potent non-selective P2X antagonist, with

the exception of P2X7 with a much lower potency. Derived compounds such as

NF279 and NF449 are extremely potent and quite selective for P2X1 only (Syed &

Kennedy, 2012). PPADS and Reactive Blue 2 are other mentionable non-selective

antagonists, except for P2X7(Bennetts et al., 2022; Illes et al., 2021; North &

Jarvis, 2013).

Nucleotide derivatives negatively modulate P2X receptors as well. TNP-ATP
(trinitro phenyl-ATP), as one of these variants, blocks P2X1, P2X3, and P2X2/X3
heteromers at the nanomolar range (North & Jarvis, 2013).A-317491 was one of
the first developed P2X3 and P2X2/3 selective antagonists, showing the capabil-
ity of reducing chronic inflammatory and neuropathic pain in the rat (Jarvis et al.,
2002). P2X7 has been the most extensively targeted object for the antagonist’s
development, mainly allosteric ones (Illes et al., 2021; North & Jarvis, 2013).
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Allosteric Modulators Trace metals such as zinc and copper, are the first re-
ported P2X allosteric modulators with subtype-specific effects, among which, dis-
tinct effects might occur within the same receptors. For example, P2X2 and P2X4
are potentiated by low-concentration zinc, while suppressed by a high concentra-
tion (Coddou et al., 2011). Other metal ions can behave as allosteric modulators
as well. Magnesium and calcium are seen as ligand-facilitating for P2X3 (Li et al.,
2019). while these divalent cations inhibit P2X7 activity (Coddou et al., 2011).

pH affects the ATP-induced currents, indicating that hydrogen ions modulate the
receptors allosterically. The rP2X2 is potentiated by acidification, but all of the
P2XRs are inhibited by low pH. (Coddou et al., 2011). Alcohol, as another com-
mon factor of channel activation, also affects P2XRs, by inhibiting P2X2 and
P2X4 while potentiating P2X3 (Coddou et al., 2011; Dhuna et al., 2019).

Specific allosteric modulators have been developed. Ivermectin, an antiparasitic
agent, is proven to be a positive allosteric modulator (PAM) at P2X4Rs. Moreover,
it also targets hP2X7 (Illes et al., 2021). Another established P2X4 PAM reported
is ginsenosides, an active substance extracted from ginseng (Dhuna et al., 2019).
An anthraquinone sulfonic acid derivative, Cibacron Blue, is suggested to be PAM
for P2X3 and P2X4 while disrupting P2X4 at a higher concentration (Stokes et al.,
2020).

High-throughput screenings and later identification of an allosteric binding pocket
on P2X3Rs led to the discovery and development of a series of negative allosteric
modulators (PAM) for P2X3, such as AF-219 (Wang et al., 2018) and AF-353
(Ford et al., 2011). One P2X3 NAM named Gefapixant, previously as compound
MK-7264 (Illes et al., 2021), has been approved for relieving chronic cough in the
EU in September 2023 (European Medicines Agency, 2023).
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2. Aims of the Study

Since the crystal structure of the human P2X3 receptor has been revealed, signif-
icant progress has been made in understanding its overall architecture. However,
such structural data largely reflect fixed snapshots of the receptor and offer limited
access to the dynamic processes.

The present study was to investigate human P2X3 receptor under functional record-
ing conditions, focusing on the conformational behavior of the cytoplasmic do-
mains during gating transitions, the functional role of TM2 residues in channel
activation, and the structural contributions to ion permeation.

Firstly, the cytoplasmic cap domain was examined. The formation of a cytoplas-
mic cap structure plays a critical role in channel activation and deactivation. In
particular, the crystal structure of human P2X3 revealed a well-formed cap confor-
mation in the open state. In the present study, the structural determinants support-
ing cap formation were investigated, with a focus on how the N- and C-terminal
elements contribute to the gating process and overall channel function.

Following this, the study moved upwards to the transmembrane domain, focus-
ing on the directly adjacent TM2 domain. A systematic cysteine scanning was
performed to evaluate the functional role of individual residues within TM2. The
goal was to characterize the contribution of specific residues to channel activity,
therefore to understand how TM2 participates in the gating process.

Following detailed analysis of the TM2 helix, a key component of the ion channel,
the next aim was to comprehensively characterize the ion permeation and selec-
tivity of the P2X3 receptor, including both the central pore and possible lateral
fenestrations. The focus was to move beyond the identification of single decisive
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selectivity filters and instead to characterize the general ion permeation strategy
of the channels.

Two-electrode voltage clamp (TEVC) recordings performed in Xenopus laevis
oocytes served as the primary method throughout this study, supported by bio-
chemical assays and whole-cell patch-clamp recordings in HEK293 cells. This
combination of approaches enabled the analysis of receptor behavior under condi-
tions that preserve its activity in a controlled, functional context, thereby allowing
a more physiologically relevant understanding of the human P2X3 receptor.
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3. Materials and Methods

3.1 Materials

3.1.1 Chemicals and Reagents

General solutions and buffers are listed below. Others that were not mentioned
here were obtained from Sigma-Aldrich (St. Louis, MO, US) in analytical grade.
All restriction enzymes were purchased from New England Biolabs, USA.

Table 3.1: Overviews of compounds, reagents and kits

Compound / Reagent / Kit

Manufacturer / Supplier

ARCA Cap

NTP mix (ATP/CTP/UTP/GTP)
SP6 RNA Polymerase

RNasin Inhibitor

RQ1 DNase

TurboFect Transfection Reagent
Zeocin (100 pg/mL)

Blasticidin (15 pg/mL)

Hygromycin B (100 pg/mL)
QIAquick Nucleotide Removal Kit
Oligonucleotides (cloning/sequencing)
Gateway BP Clonase II Enzyme Mix

Jena Bioscience, Germany

Jena Bioscience, Germany

Biozym Scientific GmbH, Germany
Promega, USA

Promega, USA

Thermo Scientific, USA
InvivoGen, USA

InvivoGen, USA

InvivoGen, USA

Qiagen, Germany

Eurofins Genomics, Luxembourg
Invitrogen, Thermo Fisher Scien-
tific, USA

31



Compound / Reagent / Kit Manufacturer / Supplier

Gateway LR Clonase Enzyme Mix Invitrogen, Thermo Fisher Scien-
tific, USA

Collagenase Type I Worthington Biochemical Corpora-
tion, USA

Phusion High-Fidelity HF PCR MasterMix 2x  New England Biolabs, USA
Dulbecco’s Modified Eagle Medium (DMEM), Gibco, Thermo Fisher Scientific,

high glucose, L-Glutamine, phenol red USA

Fetal Bovine Serum (FBS) Thermo Fisher Scientific, USA
4-(2-hydroxyethyl)-1-piperazineethanesulfonic ~ Carl Roth, Germany

acid (HEPES)

Sodium chloride (NaCl) Carl Roth, Germany
Trypsin/EDTA (100 mL) Pan Biotech, Germany

6x DNA gel loading dye Thermo Scientific, USA

Super Optimal broth (SOC) medium New England Biolabs, USA

3.1.2 Buffers and Solutions

The composition of general buffers and solutions used in this study is listed in
Table 3.2. Other specific solutions will be described in the corresponding section.
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Table 3.2: Overview of buffers and solutions

Buffer / Solution Components
Agarose gel loading buffer 0.05% Bromophenol blue, 40% Sucrose, 0.5% 0.1 M
(5%) EDTA pH 8.0

Oocyte ringer with calcium
(Ori™)

Oocyte ringer without cal-
cium (Ori™)

TAE buffer (50x)

TE buffer

Intracellular solution (patch
clamp)

Standard extracellular solu-
tion (patch clamp)

90 mM NaCl, 1 mM KCI, 1 mM CaCl,, 1 mM MgCl,,
10 mM HEPES, NaOH (pH adjustment), autoclaved
90 mM NaCl, 1 mM KCI, 1 mM MgCl,, 10 mM
HEPES, NaOH (pH adjustment), autoclaved

40 mM TRIS, 1.14 mM acetic acid, | mM EDTA, pH
8.5

5 mM TRIS, 0.5 mM EDTA, pH 8.0 (adjusted with
HCI)

140 mM NaCl, 2 mM MgCl,, 1 mM CaCl,, 10 mM
HEPES, 11 mM EGTA, pH 7.4 (adjusted with NaOH)
140 mM NaCl, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, pH 7.2 (adjusted with NaOH)

3.1.3 Water

Demineralized water was produced from tap water using ion exchange and further
purified to ultrapure grade (conductivity: 0.055 uS/cm) via ultrafiltration. This
ultrapure water, nominally DNase- and RNase-free, was used for all buffer and

solution preparations.

3.1.4 Equipment and Software

General equipment and software are listed below.

Table 3.3: General equipment, software and tools

Equipment / Software / Tool

Manufacturer / Developer

Incubator Function Line
Centrifuge 5415D
Gel documentation system

Heraeus, Hanau, DE
Eppendorf, Hamburg, DE
Phase, Liibeck, DE

33



Equipment / Software / Tool

Manufacturer / Developer

MasterCycler (PCR)

Microsoft Office

pH meter 605

Shaking incubator Minitron

VectorNTI Software

Vortex Genie 2

PC-100 puller

Nanoliter 2000 injector

Borosilicate glass with filament (1.20 x
0.69 x 80 mm)

EVH-9 valve system

VM-8 valve system

Zeiss Axiovert 135 TV inverted micro-
scope

Power Supply EA-PS 3016-10

P-1000 pipette puller

PatchStar Micromanipulator
PatchMaster v2x90.5

HEKA EPC 10 USB Patch-Clamp Ampli-
fier

Turbo Tec 05X amplifier

Cellworks 6.2.1

Cellworks Reader 6.2.2

FITMASTER version 2x92

Marienfeld glass coverslips

R Statistical Software (v4.2.3)

RStudio (2022.07.2)

GraphPad Prism 10.0.0

tidyverse, dplyr (R packages)
Swiss-Model (web service)

UCSF ChimeraX

BioRender

Eppendorf, Hamburg, DE
Microsoft, Redmond (WA), US
Metrohm, Herisau, CH

Infors, Bottmingen, CH
Invitrogen, Karlsruhe, DE

Bender & Hobein, Zurich, CH
Narishige Group, Japan

World Precision Instruments, USA
Science Products GmbH, Germany

Bio-Logic, France
ALA Scientific Instruments Inc., USA
Zeiss, Germany

ElektroAutomatik, Germany
Sutter Instrument, USA
Scientifica, UK

HEKA Electronic, Germany
HEKA Electronic, Germany

npi electronic GmbH, Germany

npi electronic GmbH, Germany

npi electronic GmbH, Germany

HEKA Electronic, Germany

Marienfeld GmbH, Germany

R Core Team

Posit, PBC, Vienna, Austria

GraphPad Software, Boston (MA), USA
R community
Swiss  Institute
Switzerland
University of California, San Francisco,
USA

BioRender, Toronto, Canada

of Bioinformatics,
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3.2 Molecular and Cell Biology

3.2.1 Vectors and Plasmids

Various vectors were used to fit different purposes in this study.

* PNKS2/ PNKS4: One of the commonly used vectors to adapt the Xenopus
laevis oocytes expression system. The PNKS2 vector targets the X./aevis
oocytes expression system, which is embedded with a restriction enzyme
cut site after the mRNA-protecting poly-A tails, in our case mostly Xhol
(Gloor et al., 1995). Compared to the PNKS2 vector, the PNKS4 carries a
different enzyme cut site. Since this difference has no significant impact in
this context and considering that new mutants were built on the previously
established plasmids, no distinction was made between these two vectors in
later analysis or discussion.

* pDONR: The donor vector for Gateway recombinational cloning carries
attP sites flanking the ccdB gene, whose successful substitution by the entry
clone during the BP reaction allows the growth of the positive clones. The
attP sites serve as recognition sites for the identification and localization
of entry clones with corresponding attB sites. Besides, pPDONR provides
kanamycin resistance, allowing the selective growth of E. coli that accepted
this plasmid on kanamycin-containing agar plates.

* pNKS-GW: One of the destination vectors used in Gateway recombina-
tional cloning. This is a modified PNKS vector that is Gateway-cloning
compatible with both oocyte expression and plasmid shuffling (Fallah et
al., 2011). The pNKS-GW features flanking attR sites to recognize the en-
try clone of pDONR. Unlike the pPDONR, PNKS-GW is characterized by its
ampicillin resistance, marking a selection on different plates.

* pcDNAS/FRT/TO (invitrogen, 2012): Inducible expression vector designed
for use with the Flp-In System. It contains a Flp Recombination Target
(FRT) site for Flp recombinase integration of the vector into the Flp-In host
cell line. Upon the successful integration of the target gene, the hygromycin
resistance is activated, thereby rescuing positively transfected cells during
hygromycin selection.
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* pOG44 (invitrogen, 2012): Flp-recombinase expression vector designed
for use with the Flp-In System. It codes the Flp recombinase enzyme during
the cotransfection with pcDNAS/FRT and facilitates the integration of the
desired vector.

* pFRT/lacZeo (invitrogen, 2012): Flp recombination target site vector de-
signed for use with the Flp-In System. This vector houses the lacZ-Zeocin
fusion gene as well as a single integrated FRT site. It provides a cell line gen-
eration technique combined with Zeocin and screening by [-galactosidase
activity assay.

3.2.2 DNA preparation

Site-directed Mutagenesis All desired mutants are introduced to previously es-
tablished plasmids via PCR (Polymerase chain reaction)-mediated site-directed
mutagenesis according to the Quick Change Protocol (New England Biolabs, 2012),
which provides a neat and accurate modification of DNA. The steps of the method
are as follows:

1. Primer design: Primer designing followed the general guidelines of primer
construction(New England Biolabs, 2012). The sequences of the primers are de-
signed via vectorNTI and synthesized accordingly by Eurofins Genomics.

2. PCR Amplification. In the following table, precisely controlled components
are described.

Table 3.4: Components for PCR

Template DNA 150ng
Primer (Oligonucleotides) 125ng
Dimethyl sulfoxide (DMSO) 3ul
2x Phusion High-FidelityHF PCR MasterMix 25ul
Distilled water add until the final volume of 50ul

The DMSO is sometimes incorporated as an optimization of the PCR processes.
The Phusion High-Fidelity HF PCR MasterMix contains the Phusion DNA Poly-
merase as the synthesis tool, INTPs as raw materials, and reaction buffers. The
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thermocycler protocols vary, but all involve three basic steps:

nealing, and extension. Examples are given below.

Table 3.5: Basic Conditions of Different PCRs

denaturation, an-

Single-point Mutation BP-PCR Large Insertion
Initiation 95°C, 5 min 98°C, 30s 98°C, 5min
Denaturation 95°C, 30s 98°C, 10s 98°C, 30s
Annealing 55°C, 1 min 55°C, 10-30s 55°C, 1 min
Extension 68°C , 2min/kb 72°C , 15-30s/kb | 68°C , 2min/kb
Final Extension 72°C, 10 min
4°C for cooling

The process of denaturation, annealing, and extension is repeated over multiple cy-
cles, with 25-35 cycles typically being sufficient, as outlined in the Quick Change
protocol (New England Biolabs, 2012). However, for large insertions, more cycles
are often required (GenomicsAgilent, 2007). The annealing temperature depends
on the primer length: the longer the primer, the higher the temperature needed. For
primers of average length, a temperature range of 55—-60°C was used. Although
the protocol suggests 30 seconds per kilobase for extension, a longer time of 2
minutes per kilobase was routinely used to ensure a more robust yield.

Dpnl digestion Plasmids served as templates for the PCR process are methylated,
due to their replication in E. coli, while the PCR products are not. Thereby, Dpnl,
which recognizes and cleaves methylated sites, can be used to digest the tem-
plate once the PCR is finished while leaving the desired products intact (Addgene,
2023). 2-3ul of Dpnl was added to the PCR tube and incubated for 2-3 hours,
followed by agarose electrophoresis to verify the degradation of parental plasmid
but not products.

The three different PCR schemes mentioned above were designed for different
purposes: the single-point mutation was the most universal plan, which was used
to introduce a point mutation into the template DNA. The BP-PCR is the initiating
step of Gateway Cloning (GW), which is a method aiming to incorporate DNA
sequences into different vectors. Following the instructions, the following steps
of BP-PCR, BP, and LR reactions are achieved via the Gateway BP Clonase II
Enzyme Mix and LR Clonase Enzyme Mix. The Large Insertion technique in-
troduces a large insertion in plasmids (GenomicsAgilent, 2007). The two-step
technique includes standard PCR that copies the desired fragment and the noted
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PCR procedure of inserting such a fragment into the new plasmid. All procedures
are performed according to the instructions, with plasmid-specific modification.

3.2.3 Transformation, Plasmid Isolation and Examination

Plasmid or PCR products are introduced as foreign DNA into bacteria via transfor-
mation, to replicate in this study. 1-5 pL of the prepared sample, either from Dpnl
digestion or a ready plasmid, was transformed into E. coli. Two strains of compe-
tent bacterta, DH5« and XLI1-Blue, were used for transformation.
All steps were conducted in a clean
environment, with disinfection using
ethanol and a lit flame to maintain
sterility. A routine procedure is

easily completed by adding the pre-

pared DNA to the defrosted compe- [ ,- u “ [
tent cell and evenly spreading it onto ' '

the warm agar plate with a sterilized L e

tool. For higher transformation effi-

ciency, a heat shock step and incuba- 4 _Control
tion with SOC medium were also em-
ployed. The plates were then incubated Figure 3.1: Example of test digestion re-
o . sults. The first 4 lanes were 4 samples of
at 37°C for approx1mately 16 hours to different digested plasmids from the same
allow colony growth. mini-prep extraction, where the control is
the digested template plasmid. Notice the

. . . different pattern between samples 2&4 and
After overnight incubation, transformed 1&3&control. The results suggested that

bacterial colonies appeared on the agar 2208 82 B2 € 28 RCe cirad position,
plates. To avoid overgrowth, plates and should be picked for further sequenc-
were transferred to a refrigerator. Se- 19 verification.

lected colonies were subsequently in-

oculated into LB medium and incu-

bated at 37°C for an additional 16 hours. Following incubation, the cultures were
harvested by transferring them into 2 mL centrifuge tubes for further plasmid iso-

lation.

Plasmid isolation was carried out using the GenElute Plasmid Miniprep Kit ac-
cording to the manufacturer’s instructions. The quality of the collected plasmids
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was assessed using agarose gel electrophoresis and Sanger sequencing.

During the design of the mutation, a distinct pattern of restriction enzyme diges-
tion between the template and the mutation site was used as one of the guiding
principles. All procedures were carried out according to the specific instructions
provided for each enzyme. Once the catalytic reaction was complete, samples were
verified using electrophoresis to visualize and compare the cutting pattern between
the mutated DNA and templates. Positive plasmids identified by electrophoresis
were subsequently sent for sequencing to confirm the results.

3.2.4 Linearization and RNA Synthesis

In the scenario where such confirmed plasmids are generated directly for the oocyte
expression system, it requires subsequent DNA strand linearization and linear
DNA template-based RNA synthesis.

Linearization and Purification An Xhol site serves as a linearizing site for
each of the plasmids used in this study. The Xhol catalyze procedure is finished
according to the enzyme instructions. The finished products were sampled and
proceeded with agarose electrophoresis in parallel with the un-linearized DNA as
a control.

After linearization, the remaining enzyme and any unincorporated nucleotides
were removed from the sample before proceeding with downstream applications.
Nucleotide removal was performed using the QIAquick Nucleotide Removal Kit.
The resulting product was further precipitated with sodium acetate (NaAc). The
next day, the sample was purified using ethanol to precipitate and collect the DNA
plasmid, which was subsequently resuspended in TE buffer.

RNA Synthesis A kit-free RNA synthesis method was used, whose recipe is
described as follows:

The TR buffer forests are an optimized environment for transcription. The rNTP
solution is a mixture of raw materials that constitute the new RNA chains, specifi-
cally 100 mM each of rATP, rCTP, rUTP, and rGTP. These elements are mixed in
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Table 3.6

Template DNA 10ul (varied according to the concentration)
Transcription buffer (TR buffer) Sul
Free ribonucleoside triphosphates (rNTPs) Sul
Anti-Reverse Cap Analog (ARCA Cap) 6ul
SP6 RNA polymerase lul
Recombinant RNasin Ribonuclease Inhibitor 3ul
RNAase-free water add until the final volume reaches 45pl

volumes of 120pul, 120ul, 120ul, and 24ul respectively, along with 16ul of RNAse-
free water; the ARCA Cap, also known as m;’?’”*OGPgG, is amodified cap analog
that serves as a variant of natural GTP, whose incorporation into the newly syn-
thesized RNA strands provides higher transcription efficiency and chain stability
(Addgene, 2023); SP6 RNA polymerase is the crucial enzyme that undertakes
the synthesis task, adapting the SP6 promoter embedded on the template chain;
Lastly, Recombinant RNasin Ribonuclease Inhibitor is RN Aase inhibitor that pro-
tects RNAs from any potential RNAase presence.

The synthesis procedures were carried
out according to the provided instruc-
tions. Midway through the process,
a sample of the mixture was taken
and tested via electrophoresis to mon-
itor the ongoing transcription and de-
termine whether termination was re-
quired in case of failure. After 2 hours
of incubation, the reaction was termi-
nated by further incubation with RQ1
RNase-Free DNase to remove the tem-
plate, followed by the addition of 0.5M
EDTA to deactivate the synthetic en-
zyme. The resulting RNA was precipi-
tated with LiCl and stored overnight at
-20°C, followed by cleaning the next
day using RNase-free 70% ethanol.
The final products were resuspended in
5 mM Tris-HCI buffer and stored at

After 1 hour

After 2 hour

Overnight

Figure 3.2: Examples of electrophoresis re-
sults from the RNA products during the RNA
synthesis. The time points of the sample
taken are noted.

-80°C. All processes and materials were
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strictly controlled to be RNase-free.

The very unstable nature of RNA due to the ubiquity of RNase requires rigorous
quality controls of the products. Three samples were drawn during one synthesis
for the electrophoresis tests. Besides the one sampled during and after the proce-
dures, an extra aliquot is kept in an RN Ase-free environment at room temperature
overnight, to examine whether the final resuspension is clean enough for long-
term RNA storage. The concentration and purity of the final RNA products are
evaluated by UV spectroscopy. Ideally, the yield RNA has a 260/280 OD ratio of
around 2 and a concentration of no less than Img/mL.

3.2.5 Generation of Stable Expression Cell Lines

In contrast to the transient cRNA injection performed on the frog’s oocytes, stable
P2X receptor-expressing cell lines were generated via cDNA incorporation into the
Flp-In System built within Human Embryonic Kidney (HEK) cells. All procedures
outlined here were carefully executed within a sterile biosafety cabinet except for
a microscope examination.

Cell Cryoperserving and Revive An established cell line was preserved as a
seed stock, as continuous culturing might have an undesirable impact on the health
of the cells, such as genetic drift or contamination. The method described here
is referred to as “cryopreserving”. A standing freezing medium utilized here is a
mixture of 20% FBS, 10% DMSO, and 70% antibiotics-free DMEM. The medium
was filtered and cooled down on ice before use.

Before transfection, an aliquot of the cell seed stocks was retrieved from liquid
nitrogen storage and revived according to the provided guidelines. The cells were
then cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing high
glucose and L-Glutamine, supplemented with 10% fetal bovine serum (FBS), 100
pg/mL zeocin, and 15 pg/mL blasticidin.

The details of the technique are described by Thermo Fischer (invitrogen, 2012).
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Routine Culturing and Kill Curve The native Flp-In 293 cell lines are em-
bedded with a zeocin resistance gene, which is “replaced” by a hygromycin B re-
sistance following successful transfection. This substitution is the foundation for
the selection, and determining an appropriate hygromycin concentration is crucial.
The procures is described by Mirusbio (Mirus Bio, 2023).

For a precise determination of the kill curve, it is essential to establish an approx-
imate cell count before plating the cells. The desired cell amount to perform a
kill curve test is 5X 10 cells, to be placed in 50041 per well in a 24-well tissue
culture plate, which usually could be reached by diluting the cultured cells until
the optimal cell density is achieved.

Here, the optimal killing dose was determined as 200u/ml, while the sustaining
dose for the stable cell lines is 100x/ml.

Transfection, Culturing, and Cryopreserving The transfection was performed
using a TurboFect Transfection Reagent (Thermo Scientific). While the manu-
facturer’s instructions served as a basic guideline, certain modifications were im-
plemented. The optimized protocol used 4 pg of mixed DNA, consisting of the
transfected plasmid and pOG44, along with 4 pl of transfection reagent per group.
After successful transfection, verified by cell survival in the presence of selection
antibiotics, routine culturing for experimental purposes was conducted, and excess
cells were cryopreserved according to Thermo Fisher protocol fro cell freezing
(Thermo Fisher Scientific, 2019).

Routine culturing required regular inspection of cell growth. The growth medium,
DMEM+10% PBS supplemented with 100 pg/mL hygromycin B and 15 pg/mL
blasticidin, was replaced with a fresh medium every 1-2 days to control cell colony
expansion. During the study, cells were split and diluted when confluence reached
70-80% to avoid an overly crowded population.

3.3 Electrophysiology

The electrophysiology experiments conducted in this research employ two method-
ologies: two-electrode voltage clamp (TEVC) and whole-cell patch clamp. TEVC
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is utilized to explore proteins expressed in Xenopus laevis oocytes, while the
whole-cell patch clamp is applied to stable cell lines derived from HEK cells.

3.3.1 Two-electrodes voltage clamp

As a conventional electrophysiology technique, TEVC has been extensively used
to study the properties of membrane proteins, especially ion channels.

Working Principle (Axon Guide, 2021) By applying voltage to the cell mem-
brane, the technique enables the examination of the cells’ electrical characteristics,
primarily driven by their membrane proteins. When two points where an electrical
potential difference (Voltage, abbreviated as V)exists in between, are separated by
an insulator such as a lipid membrane, the charges cannot move freely and the es-
tablished “transmembrane potential” is maintained. When such a barrier turns to
or is swapped to a conductor, in this context, the ion channels on the membrane
open, and electric charges flow under the potential, reducing the difference in po-
tential energy. This signal can be recorded as the flow of electrical charge passing
a point per unit of time, denoted as Current represented by I.

Two key principles establish the foundation of TEVC. In line with Kirchhoff’s
Law, which states that the current entering a circuit node equals the current leaving
it, the first principle infers that the measurement of injected ion flow into the cell
during the channel opening monitors also the ion channel flow, assuming that these
channels are the only conductive pathway. Secondly, a continuous path between
the potential differences is needed to allow the current to flow. Resistance, denoted
as R in Ohms (Q), barricades current flow, while conductance, denoted as G in
Siemens (S), facilitates it.

The potential difference between two points where current flows through is defined

as: s
AV =IR= — 3.1
- (3.1)
This is the well-known Ohm’s Law. In a voltage-clamp experiment, the total
conductance (G) is the sum of the conductances of all open channels. AV is
the electrochemical driving force; it multiplies the total conductance to determine

the current flow. The number of active channels changes as channels open and
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close, affecting the I measured by voltage-clamp. This is fundamental to observing
current changes and concluding changes in ion activity from that.

In electrophysiology, the Ag/AgCl electrode is commonly used to transmit cur-
rent from electrons on the wire into the solutions. By converting between Ag and
Ag+, the electrode makes a reversible circuit where currents can flow in both di-
rections. Despite being a perfect candidate material, one phenomenon needs to
be noted. When two Ag/AgCl electrodes face different concentrations of Cl—,
a steady potential difference occurs due to ions being driven by different elec-
trochemical gradients, termed the liquid junction potential. The liquid junction
potential can be calculated and then subtracted electronically from the measured
potential. One of the electrodes connecting to a clamping amplifier senses and
controls the voltage, while the other one measures the current. Besides the two
measuring electrodes, two electrodes are placed in the bathing solution(Gamper,
2013). The bath electrodes ground the system and establish the robustness of the
measurement, while the reference electrodes measure and control the solution side
potential in a TEVC setup.

In practice, glass micropipettes are attached to the wire of the electrode. Those
pipettes are filled up with 3M KCl, to minimize the liquid-liquid junction potential
existing between the pipette solution and the extracellular solution.

Xenopus laevis Oocytes as an Expression System The oocytes isolated from
the South African clawed frog Xenopus /aevis have been introduced as a heterolo-
gous expression system for proteins for decades. The researcher benefits from their
two most outstanding merits: the large size and the steady expression of proteins
induced by foreign RNA (Nathan, 1987). The large size allows easy handling, in-
cluding dissection and microelectrode penetration. Moreover, the RNA-mediated
expression simplifies the transfection process, often through direct RNA injection.

The oocytes obtaining and further follicle-removing procedures were performed
as described before (Schmalzing et al., 1991). The procedure is approved by the
governmental animal care and use committee of the State Agency for Nature, En-
vironment, and Consumer Protection (LANUYV, Recklinghausen, Germany) under
reference number 81-02.04.2019.A355. This entire process complies with the Eu-
ropean Parliament and Council’s Directive 2010/63/EU.
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Amplifier

Figure 3.3: Schematic demonstration of the TEVC employed on a Xenopus. oocytes.

The collected oocytes are wrapped in follicle cells, requiring defolliculation with
collagenase Type I before use. After surgery, the oocytes, still enclosed in follicle
cell sacs, were placed in Petri dishes containing Ori™ solution. Before collage-
nase treatment, the sacs were carefully opened using forceps to expose individual
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oocytes in the solution. Collagenase was dissolved in Ori™ with gentamycin (1
mg/mL), making the final concentration of the collagenase solution 1.5 mg/mL.
The solution was then filtered and aliquoted into Petri dishes.

The oocytes were rinsed in fresh Ori* and transferred into the collagenase solu-
tion. Care was taken to ensure a suitable density of oocytes in each dish, allowing
for effective digestion of follicle cells while minimizing potential damage to the
oocytes. The Petri dishes were placed on a slow-moving shaker inside a 19°C
incubator for 16 hours of digestion.

The following morning, the collagenase solution was removed, and the oocytes
were rinsed with Ori~solution. During this process, damaged cells and residual
material were carefully removed, leaving only intact Xenopus oocytes.

On the day of the injection, RNAs were retrieved from the -80°C freezer and kept
on ice. If necessary, the RNA was diluted to the required concentration. Oocytes
that were intact and properly sized were selected for the injection process. Glass
pipettes were pulled from borosilicate glass with filament of size 1.20x0.69x80
mm using a PC-100 puller. Under a microscope, the tip of each pipette was care-
fully pressed against a clean, RNAse-free surface, such as the side of a pair of
tweezers, to open the needle end to a size that allowed the RNA to pass through
under the pressure of the injector without being wide enough to cause permanent
damage to the cells during injection. To ensure a proper seal, each pipette was
filled with silicone oil, and any air bubbles were removed. The pipettes were then
attached to the end of a Nanoliter 2000 injector. RNA was dropped onto the lid
of a clean 1.5 mL tube, and under the microscope, the injector was used to fill
the pipette with the desired RNA. Subsequently, the oocytes were positioned on a
dish with grooves to limit their movement. Each oocyte was injected with approx-
imately 41 pL of RNA solution. After injection, the oocytes were either placed
in gentamycin-containing Ori™*-filled Petri dishes or transferred to 96-well plates,
with one oocyte per well when over-expression was expected to damage the cells
potentially. The containers were then placed in a 19°C incubator for overnight
incubation or longer, depending on experimental needs.

Noticeably, an oocyte is composed of two distinct hemispheres, termed the dark
“animal” and the white-yellow “vegetal” hemispheres. It is suggested that mi-
croinjection performed on the animal hemisphere would result in better expression
(Aguero et al., 2018). The principle is adopted here.
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Recording Procedures The TEVC recording is done via an NPI Turbo Tec 05X
amplifier controlled by Cellworks 6.2.1.. All perfusions are done via the magnetic
valve system-controlling gravity flow connected to the recording chamber.

Before the measurement, the amplifier was turned on, and the Ag/AgCl electrode
was oxidized in chlorine. While the instruments warmed up, the recording so-
lution was prepared. The recording buffer, typically based on Ori~, was freshly
prepared by diluting a 10x stock on the recording day. The composition of the
buffer was deliberately formulated without calcium ions to prevent the activation
of'the oocytes’ endogenous calcium channels, avoiding unwanted false signals that
could arise from the flow of Ca®* ions through the P2X channel.

Recording pipettes were pulled from borosilicate glass with filament, measuring
0.86x1.50x80 mm, using a PC-100 puller in a two-step protocol. This method
created pipettes with shorter, wider tails and narrower tips compared to those used
for injections. The pipettes were then filled with filtered 3M KCl and attached to
the ends of the oxidized electrodes.

The system was perfused with a background buffer, and the flow speed was ad-
justed as required. Both electrodes were carefully positioned using manipulators,
ensuring that the pipette tips were immersed in the buffer within the recording
chamber. The pipette parameters were checked via the amplifier, and the offsets
were zeroed. The ideal resistance was confirmed to be around 1 mQ.

As various recording schemas were employed, here the basic section is described,
while the detailed protocols will be elaborated in the Results chapter. Most pro-
tocols, though details may vary, typically include an activation step followed by
an off-washing step. In many experiments, this process is referred to as a “single
dose” session. During this session, ligands, most commonly ATP, are applied af-
ter a 10-second background wash. This is then followed by another wash step, all
while maintaining a holding potential of -60mV.

Another key session that was incorporated in many experiments was the I/V (current-
voltage) recording. This involves taking an I/V recording before activation, fol-
lowed by another recording after the ligand is applied, once the steady state is
reached (if any). Details of the I/V recordings will be introduced later.
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Substituted Cysteine Accessibility Method In later experiments, cysteine scan-
ning was adopted as a method to exploit the accessibility of residues. The substi-
tuted cysteine accessibility method (SCAM) is a highly versatile technique in ion
channel studies. The designated cysteine substitution not only elaborates on the
role the substituted residues might play in channel functioning but also reveals new
characteristics the inserted cysteines bring. Additionally, it enables the further ex-
ploration of the thiol group, such as testing thiol group-active reagent reactivity.
SCAM was employed in combination with TEVC recordings from Xenopus laevis
oocytes expressing the indicated cysteine substitution mutants and their respective
controls.

To optimize the results of the mutagenesis experiments, cadmium was selected as
the cysteine-reactive reagent. The thiol group from cysteine can coordinate metal
ions such as Ag™ and Cd?*, and when two or more cysteine side chains approach
close enough to coordinate the same ion, a “metal bridge” is formed and stabilizes
the conformation of the protein. Compared to direct disulfate bond formation,
the participation of the metal ion allows more flexibility on the three-dimensional
distance among the cysteine of interest, as the distance between Cd*" and one of
the sulfate ion of thiol groups is approximately 2.5A, implying an S-S distance of
5-6A, considering the size of one cadmium ions as around 1A, while a disulfate
bond is restricted to 2-3A (Linsdell, 2015a). Another commonly adopted accessi-
bility probe is MTS reagents. Yet, the size of those chemicals limits their passage
through the narrow part of one channel pore, which often makes them imperme-
able. Unlike these bulky chemicals, metal ions such as Cd** merit from their sim-
ilar or even smaller size compared to conducted ions such as K or Na™, allowing
more accessibility through the channel, hence more throughout the screening of
the cytoplasmic side of the ion channel (Linsdell, 2015a).

CdCl, and DTT, which were the oxidative reagents to reverse the Cd?*-cysteine-
specific bond, were prepared in Ori~. During the experiments, the concentration
of CdCl, was often set to 10 uM, but also varied in different cases. The details
will be described in subchapter 3.2 in the Results chapter. DTT was prepared in a
concentration of 1 mM.

To apply the cadmium ions during the open state of the channels, a mixed solu-
tion from 10uM ATP and Cd?* was perfused onto the oocytes for 20-30 seconds
after the pre-wash and ATP application described above. The solution was imme-
diately switched back to pure ATP for extended activation before ending rinsing
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with Ori~. During the record, the endpoint of the amplitude of the first part ac-
tivation to ATP is defined as “Currrent47p”, while the end of the Cd*T + ATP
application is “Currrent o7 p g2+ ~. The term “blocking efficiency” here evalu-
ating the Cd?* effect describes the fraction of the current that was blocked upon
the administration of the metal ions, calculated as follows:

Blocking efficiency = 1 —
£ Y CurrentATp

During the experiments, it was observed that for certain mutants with leak current,
the blocking sometimes exceeded the full response. In this scenario, the blocking
efficiency was considered 100% to avoid a negative value for blocking. For the
mutants exhibiting effective current blocking, a DTT + ATP solution was applied
after the current reduction was settled. When a current rebound was observed
during the DTT application, it was verified that the current reduction was caused
by the Cd?*-thiol group reaction.

In some cases, the current recovery after its reduction was evaluated, either un-
der the influence of DTT or not. The TEVC measurements were initiated with
baseline establishment achieved by short wash, proceeding with ATP activation
for 20 seconds. The maximal current obtained here was recorded as Amplitudel.
Subsequently, a 20-second perfusion with the combination of Cd** and ATP was
introduced. The amplitude recorded at this endpoint was referred to as Ampli-
tude2.

The following solution was either a switch back to solely ATP or a mixture of
ATP and DTT. The amplitude obtained at the end was Amplitude3. The recovery
is thereby defined as:

Recove Amplitude3 — Amplitude2
V ==
Y= Amplitudel — Amplitude?

To detect whether the cysteines were spontaneously crosslinked in the apo state,
DTT screening was performed as well. 20 seconds of DTT + ATP activation fol-
lowing 20 seconds of ATP application. Any increase in the current amplitude after
DTT addition was recorded as the DTT potentiation. Secondly, a DTT incubation
of 30 seconds was applied before the ATP activation, immediately followed by
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DTT + ATP solution perfusion, to determine whether the incubation altered the
DTT potentiation effect. The DTT potentiation is calculated as follows:

CurrentDTT+ ATP — Current ATP

DTT Potentiation =
Currentarp

Step-wise Ion Concentration Reduction Profiling the ion permeation gener-
ally requires changing the extracellular ion concentration to determine how the
channel conductance changes accordingly. Theoretically, the P2X channels do
not discriminate between K or Na', and the potential of chloride permeation
adds to the complexity.

The common expression of the Goldman—Hodgkin—Katz equation is shown below:

(3.2)

Viee = RT x In (P Na [Nt our + P [KH Jout + Pc1[C1]in)

Pua[Na® i + P [KTin + Pot[Cl |out

where P stands for ion permeability. Traditionally, V,.,; and V,.,2, as obtained
values from TEVC, can be used to evaluate the relative permeation (P, /Pyy,).
Exponentiate both sides of the original equation after rearranging the constants,
and divide equations of V,.,; and V..., and the following equation is derived:

eXp (%) _ PNa[Na-’_]outl + PK[K+]0utl + PC][Cli]in
exp (%2)  RulNalowr + P[K ouo + Pal[Cl i

(3.3)

Observing the equation, it’s clear that, when the chloride’s conductance has to be
considered, the term describing the intracellular chloride cannot be eliminated. In
other words, the initial consideration of both extra- and intracellular anion concen-
tration is required, thus making it impossible to calculate the relative permeability
without knowing the intracellular details, for example, when recording on TEVC
using oocytes as an expression system.

The variability of intracellular conditions can make even qualitative comparisons
unreliable when the changes are subtle. Although the equation suggests a direct
correlation between change in Vrev (exponential term) and Py, this relationship
becomes practically undetectable unless the mutation induces a large shift in chlo-
ride permeability. Moderate changes are often buried under the noise introduced
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by oocyte-to-oocyte differences in intracellular ions’ concentrations. This was ob-
served in preliminary experiments here when attempting to assess change in C1~
permeability solely based on changes in Vrev.

In addition to using whole-cell patch-clamp experiments, where intracellular con-
ditions are strictly controlled, efforts were made to establish robust TEVC experi-
ments to overcome the noise from varying intracellular environments in individual
oocytes. This was achieved by setting up self-control for each recording:

Oocyte underwent I/V recording in standard 90 mM NaCl-based Ori™ first with the
protocol described previously, followed by rinsing with the same 90 mM NaCl-
based buffer for 1-2 minutes; subsequently, the perfusion solution was switched
to a second buffer with an altered ion composition, with either decreased Na™ or
CI~ concentration, for a 10-second perfusion step, to rapidly change the chamber
solution without potentially altering the condition of the cell due to long exposure.
ATP prepared in the same solution was then applied, during which a second I/'V
recording was performed. Specifically, most activation sessions were kept brief
for 1-2 seconds to avoid extensive channel opening that could alter local ion con-
centrations.

Two parameters were taken from one measurement: maximal current I during ATP
application under standard clamping voltage -60 mV; current obtained in 90 mM
NaCl-based Ori~ termed I1, the one in altered Ori termed 12, 12/I1 was used for
analysis; similarly, Vrev obtained from the first measurements termed Vrevl, the
second termed Vrev2, Vrev2-Vrevl = AVrev was used for analysis.

The use of relative values (I12/11 and AVrev) serves to reduce the impact of the var-
ied intracellular environment of the oocytes. The 12/I1 ratio provides an indication
of changes in how easily ions pass (related to conductance), and AVrev indicates
changes in the channel’s ion preference (related to selectivity). For a better un-
derstanding of these observations, particularly how ions interact with the channel
concerning diffusion resistance and electrostatic driving effects, the principles of
the Poisson-Nernst-Planck (PNP) equation were applied:

J,=—-D,Vn, +n,u,(—Vo) (3.4)
where D
vRvE
[y = T (3.5
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The J, stands for flux of each ion species; n, stands for ions number density, which
could be seen as an analog of ion concentrations, therefore Vn,, could be seem as
the concentration gradient; D, is the diffusion coefficient defining defining how
easy ions diffuse inside of the pore. pv stands for ion mobility, meaning ion’s speed
in an electric field, associated with diffusion coefficient and z, e (electrical charge
carried by one ion, +1 for Na* and -1 for Cl™) via Einstein relation, as shown in
equation 1.5. V¢ stands for potential gradient.

Based on the principles of the PNP equation outlined above, the experimentally de-
termined parameters /2/11 and AVrev can be interpreted as follows: The current
ratio 12/11, reflecting changes in ion conductance under different ionic gradients
(at a constant voltage), is considered to be primarily influenced by the diffusional
component of ion flux — D, Vn,. Specifically, alterations in this ratio are taken to
indicate changes in the effective ’diffusion resistance’ that ions overcome during
diffusion, according to Ohm’s Law. Similarly, the reversal potential Vrev, the
point at which the net ion flux J,, becomes zero, signifies a balance where the dif-
fusional flux is exactly countered by the electromigrational flux. Therefore, shifts
in AVrev directly reflect changes in how the electromigrational term n, y1, (—V ¢)
must adjust to counter new chemical gradients, providing insight into the channel’s
selectivity and its interaction with the electric field.

As current was used for evaluation, rundown effects needed to be considered: most
of the triple-mutant-based constructs exhibited moderate but varied levels of run-
down, making the comparison between them and the triple mutant less trustworthy.
To address this, a control group was included: each constructs were also recorded
under the same 90mM NaCl-based buffer twice, and any intrinsic changes were
caused by the repetitive activation rather than by changes in ion composition.

During the recording, Na*t or the ClI~ were replaced by impermeable organic
molecules, either with choline™ (1) or gluconate™ ([C6H1107] . In the first ex-
periments where Na™t or the Cl1- was swapped completely, it was noticed first
that the liquid junction potential error was inevitable when swapping CI~ entirely,
causing reversal potentials to shift significantly towards the negative. Theoreti-
cally, this error is correctable by setting up an agar bridge; however, this added to
the complexity and failed to reach the expected effect after the trial. Besides using
a completely modified Ori~ resulted in abnormal activation, likely due to unpre-
dictable channel behavior when exposed to these unnaturally concentrated organic
ions. Subsequent tests showed that these disruptions wouldn’t be noticeable until
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the physical Na™/Cl~ was replaced by more than 50% (45mM). To minimize the
interference, the NaCl based Ori~ was mixed with Choline-Cl or Na-gluconate
in varying ratios to modify ion concentrations while maintaining osmolarity, and
the following solutions were prepared:

Table 3.7: Ionic compositions of solutions used for stepwise concentration alteration
protocol

70mM Na™ 50mM Na™ 70mM Cl— 50mM Cl1—
Cation (mM) Na | Choline | Na| Choline | Na| Choline | Na | Choline
70 20 50 40 90 0 90 0
Anion (mM) Cl | Gluconate | CI | Gluconate | Cl | Gluconate | Cl | Gluconate
90 0 90 0 70 20 50 40

Detailed analysis method will be described in the later section Two-way ANOVA.

3.3.2 Whole-cell Patch clamp

Working Principle As another classical electrophysiology method, the princi-
ple introduced above still applies to the patch clamp technique. Patch clamp can be
applied in various scenarios, while here, whole-cell measurements were adopted.

Only one electrode is utilized in the patch clamp technique. Similar to TEVC, a
glass micropipette is attached to the electrode whose wire bathes in an electrolytic
solution for conduction. Unlike the TEVC, the electrolytic solution mimics the
intracellular environment of the cell. In comparison, the patch clamp pipettes re-
quire high uniformity and smoother edges, which are achieved by fire polishing
after fabrication. Those prerequisites aim at forming a high-resistance(GQ) seal
between the pipette and the cell it is attached to, providing low-resistance electrical
access to the cell’s interior.

For whole-cell patch-clamp experiments, a pipette was brought into contact with
the cell to form a high-resistance seal. After establishing the seal, the membrane
patch in contact with the pipette was ruptured, typically using a pulse of suction,
to gain electrical access to the interior of the cell. This whole-cell configuration
allowed simultaneous voltage control and current measurement through the same
electrode.
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Cell Preparation The stable cell lines generated from HEK293 cells were used
as experimental objects. The cell lines are embedded with a tetracycline-regulated
mammalian expression system, allowing the on-and-off regulation of the protein
expression upon the presence or not of the tetracycline (ThermoFisher InducibleProteinExpressionSyst

The day before recording, 12mm round glass coverslips were prepared and placed
individually into each well of a 24-well plate. Cells were then diluted accord-
ing to the previously described protocol, adjusting the ratio based on the specific
cell growth conditions to ensure non-clustered, individual cell attachment after
reattaching overnight. Tetracycline solution was added to the cell suspension to
achieve a final concentration of 1 mg/mL, and the mixture was thoroughly pipet-
ted up and down to ensure uniform mixing. Next, 2-3 mL of the prepared cell sus-
pension was added to each well. This setup provided a movable surface for cell
attachment, facilitating their relocation during patch-clamp measurements. The
well plate was then returned to the incubator for overnight protein expression.

Recording The whole-cell patch clamp was performed by HEKA EPC 10 USB
Patch Clamp Amplifiers, controlled by HEKA PatchMaster v2x90.5 software. The
motorized PatchStar Micromanipulator is supplied by Scientifica, UK. A Zeiss
Axiovert 135 TV inverted microscope is equipped with a supplementary light
source controlled by Power Supply EA-PS 3016-10. The solution exchange is
mostly done manually, with the EVH-9 mechanical valve system. The measure-
ment setup is located on a vibration isolation table.

External solution stocks were prepared by dissolving individual components into
highly concentrated solutions. These concentrated stock solutions were autoclaved
and stored at 4°C. The stocks were discarded and prepared regularly to avoid pos-
sible contamination and alteration in salt concentration. The internal solution was
prepared and aliquoted into 10 mL, which were later stored -20°C.

On the day of recording, stock solutions were removed from the fridge and allowed
to reach room temperature. Each stock was pipetted into a volumetric flask based
on its concentration and the desired final volume of the external solution. After
adding distilled water, the solutions were titrated using a pH meter. The NaCl-
based and Na -based external solutions were titrated to pH 7.2 with NaOH, while
the Cl-based solution was titrated with [(CH3)3NCH2CH2OH]OH. The internal
solution was titrated to pH 7.4 with KOH. Once the pH was adjusted, the volume
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of each solution was brought up to the final mark using distilled water.

Micropipettes were pulled from 0.86x1.50x80 mm borosilicate glass using a P-
1000 micropipette puller (Sutter Instrument, USA) equipped with a 3 x3 mm box
heating filament. After pulling, the pipettes were fire-polished. Before pulling, the
ramp value was recorded three times to ensure the proper function of the filament
and to determine the appropriate heating value. The puller program was designed
to produce consistent pipettes with a resistance of 2-3 MQ, as described in detail
below:

Table 3.8: Parameter for P-1000 puller

Line Heat Pull | Velocity | Delay | Pressure
1 | ramp value-30 | 0 19 1 600

The parameters were slightly adjusted for aged heating filament to obtain repro-
ducibly consistent pipettes. The pipette was filled halfway with filtered, room-
temperature internal solution to prevent outflow when inserting the wire. The
installation of the pipette was meticulously performed to avoid any air bubbles.
Cells were retrieved from the incubator, and one cover glass was carefully picked
up using a sterilized tweezer and placed into the recording chamber. The cells
were rinsed with external solution, ensuring enough solution was added to fully
immerse them. Subsequently, the pipette’s qualification was verified by checking
its resistance in the software. Once confirmed, the pipette tip was gently attached
to the cell, and a high-resistance seal was established. The cell membrane was
then ruptured to achieve the whole-cell measurement configuration.

The protocol used on the patch clamp was a single activation supplied with mul-
tiple I/V curve recordings. The single activation segment started with a measure-
ment of baseline and an I/V measurement before switching to ligand administra-
tion. After the ligand was applied, the I/V recording was performed again once
a steady state was reached. Subsequently, the flow was rapidly switched back
to a clean buffer. The amplitude record was performed at a membrane potential
of -60mV, while the I/V record was done by step, starting with a constant volt-
age of -60mV and dropping to -120mV for 50ms, stepping to +10mV at a rate of
+10mV/10ms, and finishing with returning to -60mV holding potential.
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3.4 Data Analysis

To handle the raw data from electrophysiology measurement, Cellworks Reader
6.2.2 was used for TEVC experiments, and FITMASTER version 2x92 for patch
clamp results. When further curve fitting was required, both GraphPad Prism ver-
sion 10.0.0 for Windows and R Statistical Software were used. To process the I/'V
curves, the R package tidyverse (Wickham et al., 2019)” and ”dplyr (Wickham
et al., 2023)” were used. Statistical analysis was performed with GraphPad Prism
version 10.0.0 unless noted otherwise.

Representative traces were generated with RStudio version 2022.07.2. Addition-
ally, traces shown in this dissertation may have been processed with a low-pass
filter (8-pole Bessel, cutoff ranging from 1- 10 Hz) for clarity and visualization
purposes. This filtering was used solely to enhance the presentation and did not
affect the outcome of the data analysis.

3.4.1 Double-mutant Cycles

The double-mutant cycles method probes the potential interaction between two
residues. Compared to the wild-type protein, when the sum of free energy changes
from two different single-point mutants does not equal the changes brought by a
protein that has mutations at both of these sites, it indicates that these two residues
are coupled. The coupling further suggests the interaction between these two
residues. Defining free energy differences between each mutant and the wild type
as AG, while X and Y represent two residues respectively, AGy_xy # AGo_x +
AGy_y suggests that, besides the mutant-altering energy changes, coupling en-
ergy from the X-Y interaction contributes as well (Horovitz, 1996).

The calculation originated from the equation for Gibbs free energy:
AG = —RTInK

Where R is the universal gas constant equal to 8.314 J/mol-K, T is the temperature
in Kelvin. 293K is generally used for a room temperature of 20°C. K represents
the equilibrium constant and can be defined in various ways. In this study, the
focus is on the desensitization kinetics, whereby K quantifies the balance between
receptor activation and desensitization during prolonged agonist exposure.
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Macroscopically speaking, the equilibrium between activation and desensitization
inclines to the former and moves to the latter over time during the extended expo-
sure of the receptor to the agonist, which visually manifests as signal inclination
and decline on the electrophysiology measurement. The maximal activation was
defined as the starting state, and the remaining amplitude in 20 seconds as the final
state, so the equilibrium constant K could be defined as the ratio between them.

During the double-mutant cycles, different mutants are generated from the back-
ground protein His-T13P, S15V, P161-hP2X3 (Hausmann et al., 2014). This non-
desensitizing version of the hP2X3 receptor, referred to as the “triple mutant™ later,
was previously established in our lab, presenting a K value of around 1. Based on
paired residues of interest, two single mutants (X and Y) and the corresponding
double mutants (XY) were built in groups, whose desensitization kinetics were
calculated, evaluated, and compared to the triple mutant (noted as 0):

AAG(X) = —RTInK(X) — (—RTInK(0))
AAG(Y) = —RTInK(Y) — (=RTInK(0))
AAG(XY) = —RTInK(XY) — (—RTInk (0))

Experiments also set up a threshold of +£0.35 kcal/mol where non-interacting residues
might possess (Hausmann et al., 2013). In other words, whether AAG(X) + AAG(Y)
- AAG(XY) > 0.35 or <-0.35 implies potential interactions between residues. Sim-
plifying the steps above, the criterion for the determination of the potential inter-
action between two residues was set up:

RTIn K(0)K(XY)
K(X)K(XY)

When the results are significantly higher than 0.35, the interaction between X-
Y destabilizes the structure, and vice versa. To overcome the small sample size
and more precise estimation of P values, R software was utilized to estimate the
difference from a specified value using a t-distribution, assuming that the sample
size was large enough for this statistical model to be appropriate.
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3.4.2 Correlations and Non-linear Curve Fitting

Non-linear curve fitting contains range statistical methods and is used to model
complex relationships between variables. The curve fittings were performed ex-
tensively in this study to describe the dynamics in different scenarios.

To evaluate the different potencies of potential antagonists or negative modulators
of the mutants, a modified Hill equation was used for the fitting to determine IC50
values for comparisons. The equation is as follows:

Top — Bottom
1+ 10(log(IC50)—X)XHillSlope

Y = Bottom +

The fitting was achieved by applying the ”dose-response inhibition — log(inhibitor)
vs. response — variable slope (four parameters)” model in GraphPad Prism. The

“variable slope” accommodates the unique characteristics of the biological re-

sponse observed. In the equation, X represents the logarithm of the compound

concentration, while Y represents the percentage inhibition observed following

the introduction of the antagonist during channel activation. The ”bottom” and

’top” represent the minimal and maximal inhibitory levels, in respect. The IC50

value is the concentration of the modulator that induces a response halfway be-

tween the Bottom and Top levels. Hill Slope describes the steepness of the curves.

For each mutant, full channel activation was considered as 0% inhibition. Upon

the release of, e.g., negative modulators in different concentrations, the percent-

age of diminished response was recorded and fitted against the logarithm of the

modulators’ concentration. The fitting reported and IC50 represent the efficacy of
the modulators.

Determining the IC50 values from several mutants led to further interest in the
correlation study. The correlation was attempted between the IC50 values and the
proposed a-C distance between residues of interest (details will be described in
the Results chapter). The Pearson correlation coefficient was employed to mea-
sure the strength and direction of the linear relationship between these two contin-
uous variables. Assuming the data was distributed normally, the Pearson correla-
tion provides a preliminary exploration of the potential co-dependency of the two
variables. For this analysis, a two-tailed test with a 95% confidence interval was
employed to determine the significance of the correlation.
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After establishing a significant correlation between the two variables, further anal-
ysis was conducted to model their relationship. An exponential growth model was
identified as the most suitable fit. The exponential growth or decay models sug-
gested a relationship where changes in one variable exponentially affect the re-
sponse of the other, typical of many biological processes where effects accelerate
over a range of conditions.

In this study, exponential decay models were adopted to study the onset rate of
negative modulators to the open channels. The exponential fittings are described
by the equations:

Y = (Y, — plateau) - e ** + plateau

for one-phase decay or
Y =Y0- ¥

In both equations, X" stands for the independent variable, which could be the time
in kinetic studies or the alpha carbon distance in structural analyses. Y™ represents
the dependent variable, such as IC50 values or the ratio of decayed response at
a specific time. ”Y0” is the initial value of ”Y” when ”X” is 0, indicating the
starting level from which changes occur due to the influence of ”X”. In the decay
model, the rate constant ”K” determines how quickly ”Y” approaches a stable
value known as the ”plateau”. In the kinetics study, 7, which was computed as the
reciprocal of k, was more commonly used. Conversely, in the growth model, ’k”
is the rate constant that dictates how rapidly ”’Y” increases.

Noticeably, one-phase decay was strictly used, despite occasions where two-phase
decay fit better. Firstly, the focus was primarily on the rate of decay rather than a
detailed description of the kinetic profile. The one-phase decay model, while less
precise in capturing complex dynamics, provides a clear, singular rate constant
that effectively summarizes the overall trend of the decay. Secondly, while the
two-phase decay model might offer more precision by describing transitions in
two distinct phases, traditional analysis often involves converting the constants
from the two-phase model into a geometric mean. This approach aligns with the
rationale of using the one-phase decay model—achieving a less precise but more
comprehensive understanding of the decay dynamics.

Another non-linear regression model used was the second-order linear regression.
Although an ideal I/V relationship is linear as described by Ohm’s Law, the ion
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channels often display non-linear characteristics that cannot be simply described
by simple linear models. The channels go through different states during activation
and inactivation, which adds to the complexity (Hille, 2001). To more accurately
assess the I/V curve, second-order non-linear regression is employed. The solution
of the functions provides an easy determination of the reversal potential. In the
cases of some mutants” rectification that interrupts the attempting of regression,
only when the I/V correlation around the x-axis (y = 0) could still be described
by a 2nd order polynomial equation, and only this part of the recordings was used
for the regression, as the rectifications happen at extreme voltages. In most cases,
the r2 of the regression is greater than 0.99. Meanwhile, as the recording results
with great noise were not excluded, the degrees of fitting were not only decided
by the r2, but most of the time also relied on individual inspection. Details of the
rationale will be explained in the I/V Curve analysis part.

3.4.3 I/V Curve Analysis

As described above, a complete I/V recording session requires ramping or stepping
scanning of the same cell before and during the application of antagonists. Later
processing differed between the TEVC and patch clamp experiments, depending
on different measurement protocols.
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Figure 3.4: The left panel illustrates and compares the recording from the stepping pro-
tocol on both patch-clamp and TEVC. Noticeably, the activation and apo currents have
the perfect overlapped voltage, while the values on the TEVC cannot match perfectly.
The right panel shows one example of non-linear regression of the I/V curve. The grey
curve describes the I/V profile, and the red curve is the fitting. The reversal potential
is estimated from the fitting curve.

The stepping protocol resulted in fewer data points, depending on how fast the
voltage increase was commanded to be, which points to a rougher but more man-
ageable outlining of the I/V profile of the channels. To compare the change in cur-
rent from the channel opening, subtract the current values measured successively
at the same voltage to determine the net current. With the simplicity of objects
measured on the patch clamp and the capability of the amplifier, the precise con-
trol of the voltage at each step was achievable. However, when the recording is
performed using the TEVC, as shown in Figure 3.4, the data points collected in
two sequences cannot achieve a perfect match at the clamping voltage. The de-
gree of mismatch can sometimes reach a level that cannot be ignored and thereby
makes the data unusable.

The ramping protocols significantly increase sampling density, from dozens to
ten thousand levels, effectively overcoming previous technical limitations. Two
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methods are used to process this large volume of data.

The first method involves setting a filter in Excel or GraphPad Prism to select one
data point for every few hundred, ultimately yielding a more manageable num-
ber of data points. This approach makes it easier to align data points between
the apo and activation phases due to the increased sampling density. However,
despite this advantage, the method still provides a rough description of the I/'V
behavior due to the limitations in data size. It requires manual inspection of each
dataset, significantly increasing the workload and difficulty. Lastly, this method
is constrained by the signal-to-noise ratio. When the conductance of the channels
is low or due to technical issues in the measurement setup, the noise is so pro-
nounced that it becomes comparable to the actual signal; the filtered data might
end up representing the noise, for example, a periodic wave, instead of the signal.
The second method, more extensively used in subsequent experiments, employs
R programming to process large datasets quickly. This method preserves detailed
and complete data points, allowing for a more precise description of channel be-
havior. It also lowers the quality threshold required for raw data, enabling the
observation and interpretation of channels with very low conductance.

The logic of handling each dataset is as follows: loading the complete 2 datasets
from the same experiment with both ends of 1000 data points cut off to avoid
capacity currents, then subtracting the apo current from the activation ones. The
I/V current will be fitted with a 2nd-order polynomial regression, whose solution
when [=0 defines the reversal potential, as illustrated in Figure 3.4.

In the cases of extremely high noise, the data is processed without a low-pass fil-
ter. This decision was based on the understanding that the least squares regression
method used for curve fitting in general acts as a form of noise reduction. By
seeking to minimize the sum of squared deviations, the regression naturally finds
a line that represents the central tendency of the data points, effectively averag-
ing out random fluctuations and thereby emphasizing the underlying signal. This
principle of identifying a central trend amidst noise is conceptually similar to the
operation of many dedicated signal filters, such as those that might determine a
median or other representative value by considering the distribution and spread of
the data.

I/V curve fitting was performed using least squares regression in R. A subsequent
visual inspection of each fit served as a quality control step. Data from individual
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recordings were included in the final analysis only if the fitted curve was consid-
ered a good representation of the data points, so that the obvious outliers would
not be included and bring significant distortions.

3.4.4 Statistical Analysis Methods

All statistical results presented in later chapters are derived from data processed
through the procedure described below unless specified otherwise.

General Statistics

Before performing any test, all results must be detected for potential outliers with
the ROUT test, with the threshold being set at Q = 5% to remove likely outliers.
The ROUT test does not assume a normal distribution of the data and can iden-
tify multiple outliers, thereby being chosen over tests such as Grubb’s test. The
removal procedures were performed solely once for each dataset, and the rest of
the data points were kept for further analysis.

To detect significant differences, t-tests and one-way ANOVA tests were per-
formed, depending on whether comparisons were made between two groups or
among more than two groups, respectively. When comparing two sets of data
with t-tests in GraphPad Prism, an F-test is always conducted at the same time,
which aims to determine whether the variances between the two groups are signif-
icant. When the F-test shows no differences, an unpaired t-test will be conducted;
otherwise, a Welch’s t-test is chosen instead, as it does not assume equal vari-
ances and provides higher reliability under this condition. Similar consideration
was adopted during one-way ANOVA tests. Here, Brown-Forsythe tests were per-
formed to assess the equality of group variances. When a significance of variances
is found, Welch’s ANOVA test is used for further statistical analysis; if not, an or-
dinary one-way ANOVA is chosen instead. All tests were two-tailed tests with a
confidence interval of 95%. Meanwhile, Dunnett’s T3 multiple comparisons were
performed as the recommended method, detecting significant differences between
two groups, usually between the control and a test group.

When the comparisons were meant to be noticed in the graph, the results were
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represented as follows: ”ns” stands for ’no significant differences”, stands
for significant differences with 0.01 <P values < 0.05, ”**” stands for P values
between 0.001 and 0.01, ”***” for P values between 0.0001 and 0.001, and ****”
stand for P < 0.0001.

Two-way ANOVA

During sections of ion permeability evaluation, two-way ANOVAs were used for
analysis. The design included two fixed factors— external ion concentration (90/90,
90/70, 90/50 mM NaCl) and channel construct (wild-type plus each mutant). The
90/90 group allows for better control of rundown-related variance and incorporates
that data in the same model to effectively reduce error. Therefore, the comparisons
always included at least 2 constructs and 2-3 different ion compositions, and two-
way ANOVA adapts well for such a kind of analysis. The two-way ANOVA is
explicitly suited when analyzing the simultaneous effect of two independent vari-
ables on a dependent variable. In the following section, the impacts of both ion
concentration and different constructs on the channels’ conductance were studied
to see how specific mutations within the P2X3 channels affect ion permeability
under varying conditions.

Although the focus was always on the differences brought by constructs, the ion
concentrations were incorporated as factors in a two-way ANOVA analysis. This
approach allowed better control of individual differences brought by oocytes and
standardization of measurements, as it allows including more results obtained from
multiple concentrations, including control construct and control concentration in
parallel in each comparison. By analyzing the two factors simultaneously, the
true impact of constructs was revealed by relative values, instead of absolute val-
ues that highly varied among different individuals. Details are described in the
experimental setup sections.

In the two-way ANOVA tests, all values obtained under different ion concentra-
tions from two different constructs, usually the control and one mutant, were com-
pared. The tests were meant to find whether the factors have contributed signif-
icantly to the differences in values between the two constructs. A mixed-effects
model was chosen for the two-way ANOVA, which is recommended for biolog-
ical data involving both fixed and random effects. The fixed effects are the con-
trollable variables (constructs and ion concentrations), while the random effects
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include random error and sample differences. The mixed-effects model allows for
the analysis of both these effects simultaneously, providing a more accurate and
generalizable understanding of the data. Sphericity tests to evaluate the variances
and effectiveness of matching were automatically performed at the same time as
the test. These tests were not as much considered due to the limitation of sample
size, though most comparisons passed these two tests.

After determining significant effects from the two-way ANOVA, further analysis
is conducted using Sidak’s multiple comparisons test. It was used to compare the
groups while taking one factor out of the considerations. It is particularly useful
for a detailed examination of how each mutant and condition differs from others,
providing a more detailed observation of the specific effects.
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4. Results

4.1 Characterization of the Cytoplasmic Cap

In this study, experiments on the TEVC were designed and performed to test the
predictions from the MD simulation, aiming to profile the structure and dynamics
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Figure 4.1: Overlapping of normalized traces from
the WT and the triple mutant on TEVC. Traces are
normalized to the maximal amplitude * (-1), and
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hP2X3.

4.1.1 The MD Simula-
tions Suggest Roles of
the N- and C-terminus

As has been identified for
P2XRs, the presence of the cy-
toplasmic cap seems to be cru-
cial for keeping the channel
open during activation. As the
wild-type P2X3 receptor is fast
desensitizing, the existence of
a transient cytoplasmic cap is
deducible. The establishment
of'its non-desensitizing pheno-
type, T13P,S15V,P16I-hP2X3,
referred to as the triple mu-



tant, provides a tool for an investigation of cytoplasmic cap rearrangements during
the functional cycle. The comparison between the kinetics of these two constructs
is as in Figure 4.1. All simulations were based on the triple mutant, and so were
the generated mutants unless specified.

The first hint from the simulation results indicated that during activation, in other
words, with the presence of the cytoplasmic cap, the N-terminus plays a crucial
role in cap folding. In case there is either one of the three N-termini lacking from
the structure, there was no sign of a cytoplasmic cap forming, which meant no
opening of the channel, as described in the left panel of Figure 4.2. However,
the participation of only one out of the three C-termini within a single receptor
appears to be sufficient for maintaining cap stability. While the channel achieves
optimal performance with intact termini, the absence of one or two C-termini is
tolerated and does not significantly impair channel opening. Yet, the absolute
absence of all of the C-terminus still eliminates the possibility of an open pore.
The left panel in Figure 4.2 also suggests that the C-N term contacts, reported by
the distance between paired residues located on C- and N-termini, decrease during
the activation. underlining a partial unfolding of the cap during deactivation.
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Figure 4.2: The left panel describes the simulation of the cytoplasmic cap with a twist
in participation of the N- or C-terminus and depicts the partial disassembly of the cap.
The different subunits are color-coded. While the N- and C-termini are both folded, the
cap is present. The lack of the C terminus does not affect the integrity of the cap struc-
ture, while the absence of both termini disrupts the cap. The right panel shows the
changes in the relative distances between V18-V361 and V15-F358. The water perme-
ation rate is equivalent to the pore opening, which decreases along with the channel
closure. Meanwhile, the interactions between these two residues are reduced or in-
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Figure 4.1.3: Residues of interest are located on the termini. Different subunits are
color-coded, and specified residues are represented using a ball-and-stick model with
the oxygen atoms colored in red. In the upper left panel, viewed vertically, D340 and
K357 from two subunits are labeled on the cap. The right upper panel illustrates parts of
TMs and the cap in a trimer viewed from the bottom, marking K14, K356, K357, and E359
from the bottom. The middle lower panel gives an example of the partial trimer without
the extracellular domain. Adjacent to it, the left panel zooms in on the approaching
sheets from the terminus, where 10Y, E11, T12 from one subunit, and residues 15-18,
all valines, located on another subunit, are noted. Residues 358-361 (FEEV in order) sit
on the third subunit. The right panel focuses on helices coming close during cap folding,
where 16V, V18, and 353K, K356 from two subunits approach.

To probe in detail, the attribution of the specific residues was introduced. These
residues are located on the terminus and are suggested to be crucial for maintain-
ing a steady cap. The residues of interest are noted in Figure 4.1.3. Both salt-
bridge interactions and hydrophobic interactions were proposed to play a part in
hinging the cap in a steady state. Primarily, D340-357K, K14-E359, K356-E359,
and K357-E359 were the four pairs of residues that were suspected to build salt
bridges and therefore enhance the cap structure. Moreover, the possible hydropho-
bic interactions between F8 and W21 might also contribute to stabilizing the cap.
Additionally, how single residues assist the stability of the cap was quantified by
the calculation of the free energy differences performed on single-point mutation,
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termed AAGstability. In these calculations, energy differences between the fold-
ing and unfolding of the cap were defined as the AG, and mutating the residues
of interest led to changes in these values as AAGstability. Comparing the mag-
nitude and the sign (positive or negative) of the AAGstability values reveals how
the residue network contributes to the global state of the cap. The importance of
those single mutants takes them into account for desensitization kinetics. In a se-
ries of simulations, mutations on F8, T12, 14E, V17, W21, D340, K356, K357,
F358, and E359 raised further interest in detailed explorations and later TEVC ex-
periments, where the residues were mutated into suggested amino acids and the
resulting changes of desensitization were studied.

Besides the calculations of the energy differences, distances between certain residues
were also estimated, as in the right panel in Figure 4.1.3. These simulations focus
on residues going through relocation during the folding of the cap, enabling obser-
vation of the relationship between the relative distances between two amino acids
and the opening of the pore. By attributing the residues, the travel trajectory of
the parts of the terminus, where the studied residues are embedded, could be de-
picted during the functioning of the receptors. The distance relationships between
V15-F358 and V18-F358 were recorded during the closure of the pore, where they
departed from a distance of around 5A to 15-20 A. By experimentally capturing
the distances between two paired residues during different states of the receptors,
one can infer the movements of the terminus along with the activation.

The MD simulations extensively characterized the cytoplasmic cap of the triple
mutant. Essentially, the findings demonstrated that the N- and C-termini played
varying roles in establishing the cap; a combination of salt bridges and a hydropho-
bic network contributed to the stability of the cap structure, and particular residues
marked the movements of the N/C-termini. In the later study, TEVC experiments
were performed to evaluate the simulation results.

4.1.2 Heteromer Assembly Defines the Incorporation of N- and
C-termini

As mentioned in the Introduction and shown in the MD simulations, it was high-
lighted that the N-terminus determines the stability of the open state extensively,
thereby playing a central role in the kinetics of desensitization. This is also con-
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firmed by the successful generation of the N-terminus-mutated triple mutant, where
the N-terminus has been altered, resulting in significantly slower desensitization
and thus cap stability. Here, the special feature of the triple mutant enabled the
investigation of the amount of mutated N-terminus to sustain a structurally stable
cap.

Triple Mutant Contributing N and Wild-type N7 The RNA from wild-
type hP2X3 and the triple mutant was first diluted at a ratio of 1:20. WT RNA
functions well without dilution; however, the triple mutant requires dilution to
reduce its expression level. For parallel expression, it is critical to ensure that both
the RNA quantity and protein expression levels are comparable. Therefore, all
RNA samples were diluted to achieve better control. In later experiments where
the two RNAs were mixed, they were combined based on volume, ensuring that
the overall RNA amount in the mixture remained comparable to the two individual
controls. Prepared RNA dilutions were injected into oocytes with the same volume
of 41nL,

Prepared RNA dilutions were injected into oocytes with the same volume of 41nL,
aiming to create various synthesized amounts of each protomer and alter the per-
centages of trimers containing either the wild-type N-terminus (noted as N7 or
the mutated N-terminus (indicated as N*) or various combinations of both. Pro-
vided that both cRNAs lead to a comparable amount of synthesized amount of
the corresponding protomer, changing the ratio for WT and triple mutant RNA
from 1: 2 to 1:1 and 2:1, ideally the ratio for N7/ NWT/ NWT. NWT/NM/NM.
NWIT/NM/NM: NM/NM/NM change accordingly, from 8:8:4:1 to 1:3:3:1, to 1:4:8:8.
The construct in majority should be the phenotype dominating the overall kinetic.

As noted in the representative traces in Figure A.1.4 (Appendix), the recording
routine went through three repetitions of the same sweep. Each sweep starts with
10 seconds of washing with Or~ buffer, proceeding with 10 seconds of 10uM
ATP administration, and wrapping up with further washing of 80 seconds. Dur-
ing the repetitive ATP application in intervals of 90 seconds, the signal from the
fast-desensitized WT should be significantly decreased and buried under the later
recording due to desensitization and run-down. This is crucial in the case where
the WT gives a supremely high amplitude.

The comparison of the first amplitude among different groups of injected cRNA
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ratios is shown in Figure A.1.1 (Appendix). As depicted in the figure, the wild-
type group possesses small signals of 147.4+33nA, compared to -3583+623, -
25824355, -3657+504, and -4213+501nA yielded respectively from the 2:1, 1:1,
1:2, and the complete triple mutant group. The huge differences ruled out poten-
tial interference of wild-type homomers during the first ATP application, as the
signals from WT homomers were most likely buried, which allowed the direct
comparison of desensitization kinetics of the biggest signal acquired from the first
activation without concerning the WT.

The conventional quantitative method to compare the desensitization kinetics is
to determine the kinetics (decay) time constant T obtained from regression fitting,
mostly exponential decay. In this case, the triple mutant, as one of the most impor-
tant controls, desensitizes too slowly to be depicted by an exponential decay within
one minute of recording. Thereby, the differences between the maximal ampli-
tude and the decay amplitude after 10 seconds were adopted, which were noted as
“remain”. By comparing how much the remaining current is away from the max-
imal response within a certain time course, the desensitizing speed is described in
such a way that a larger remaining current implies a slower desensitization.

The right lower panel in Figure A.1.3 (Appendix) demonstrates the differences in
the remains of all groups. The wild-type receptors significantly desensitize within
a 10-second time course, with a remaining current of 0.16+0.03, while the RNA-
mix groups exhibit a similar speed of desensitization compared to the control group
of the triple mutant, which exhibits the largest remaining current with 0.91+0.04 of
the maximal response in 10 seconds. The WT: triple mutant=2:1 group has shown
a great deceleration of desensitization, with a 10-second remaining of 0.74+0.03.
It 1s still significantly faster in contrast to the triple mutant, with a P value of
0.0289. The other two groups exhibited slow enough desensitization to show no
significant differences from the triple mutant groups, with the remaining 0.85+0.03
and 0.88+0.02, respectively. Qualitatively speaking, this experiment seemed to
aid the theory that the stability of P2X3Rs can be varied by substituting N7
with N judging from the increasing levels of remaining current along with the
increasing amount of triple mutant RNA. The existence of perfectly functioning
triple mutant homomers generates observable signals that potentially persist, even
when efforts are made to suppress them, which limits the interpretation, as it may
interfere with experimental outcomes. Additionally, the study faces a significant
shortcoming in that it not only fails to distinguish between the two heteromers
with different stoichiometries but also fails to determine whether the observed
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receptor behaviors are due to the presence of these heteromers or added/combined
properties of homomers, requiring further improvements. Together, it is intriguing
if the responses of the triple mutant homomers could be eliminated from the results.

NY_K63A Contributing N* and Wild-type or AC-WT N7 To obtain a non-
functional phenotype of the triple mutant, the lysine residue in position 63 was
substituted by alanine within the triple mutant. The lysine 63 is located in the
binding pockets and is vital for ATP activation. Former studies showed that K63 A
in P2X2/X3Rs retards the affme-ATP activation as its EC50 value increases from
4uM to >300uM (e.g. (Hausmann et al., 2012). By introducing alanine to ly-
sine 63 (K63A) in the triple mutant, the response of the receptors to 10uM ATP
was eliminated. Another advantage of K63A is that it helps to identify the two
heteromers of the NWV7/NM/N™ and NWT/NM/NM receptors. In the same study
(Hausmann et al., 2012), it was suggested that a trimer containing two neighboring
binding pockets without function shows no response to ATP, which agrees with
the conclusion from previous research stating a singular ATP-bound receptor is
not activated (Ding & Sachs, 1999). One can conclude that when the N -K63A-
hP2X3R monomer is incorporated into the trimer assembly, signals from the N"'7
/63A-NM /63A-NM and 63A-NM /63A-NM /63A-NM are diminished in TEVC
analyses.

Other improvements were the generation of N-terminus and C-terminus truncated
receptors. Those constructs were generated by the entire removal of either the N
or C-terminus of the WT receptors, thereby referred to as AN-WT and AC-WT.
As determined, the N-terminus possesses the first 20 amino acids of the protein
sequence, while the C-terminus is composed of the last 50 amino acids, numbering
from 348 to 397. One purpose of these mutants was to determine the importance
of the C- and N-termini for the receptors’ function.

In this part of the experiment, RNA-mixing groups were tested. Details are listed
in the table:

The three groups contain components: N"7-K63A RNA mixed with compo-
nents of either AN-, AC-WT, or WT RNA. Besides the RNA-mixing experimental
groups, all the RNAs were also tested using sole injections as controls.

The concentration differences between the two RNAs were increased to further
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Table 4.1: RNA mixing ratios in volume between indicated constructs for injection

NM_K63A

Group 1 | AN-WT | 4:1 | 1:1 | 1:4
Group 2 | AC-WT | 4:1 | 1:1 | 1:4
Group 3 | AC-WT | 4:1 | 1:1 | 1:4

amplify the differences among various heteromers, without the need to consider
the potential overexpression of homomers. Each group includes controls of the
corresponding sole-injected RNA. All oocytes were injected with 41nL. RNA in
total. The recording protocols on TEVC were kept in accordance with the previous
design, except for prolonged ATP application from 10 seconds to 20 seconds, to
allow a more comprehensive presentation of the desensitizing process.

During the experiments, none of the A N-incorporated groups exhibited functional
activity. Specifically, the efforts to express A/N-wt homomers or heteromers in
combination with N™-K63A did not yield detectable currents. Likewise, neither
the sole-injected AC-WT nor the N*-K63A control groups produced any cur-
rent responses following the application of 10uM ATP. Except for the previously
presented sole WT group, representative traces from the rest groups are shown in
Figure A.1.4 (Appendix). The results in the left panels state a few possible re-
sults. Firstly, the mixing groups from WT and N"W7-K63As appear to have better
functions. In other groups, where AC-WT substitutes WT RNA, it was surprising
that the AC-WT and NW7-K63A, despite failing to generate functional homomers
respectively, can assemble into activatable heteromers.

The right panels of Figure A.1.5 (Appendix) map the desensitization kinetics of
each group. Within the WT + NWT-K63A groups, the first observation is that
the WT desensitizes faster than the mixed groups, specifically the WT:63A =
1:1 and 1:4 groups. At the first activation, WT desensitizes to a remaining cur-
rent of 0.25+0.05 of the maximal response in 10 seconds, while the 4:1, 1:1,
1:4 groups showed 0.17+0.01, 0.39+0.05, 1.1£0.17 remaining current in respec-
tively. Intriguingly, the differences among groups become more pronounced in
subsequent activations. The WT stays within a similar range, of 0.25+0.06 and
0.25+0.08. The WT:63A = 4:1 group appears to desensitize slower, as 0.26+0.02
and 0.34+0.03. The WT:63A = 1:1 group shows a higher suppression of desen-
sitization, of 0.81+0.09 and 1.05+0.03. The WT:63A = 1:4 group, as it has been
showing non-desensitizing features in the beginning, the fashion sustains, as in
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0.98+0.08 and 1.08+0.05. The fact that the WT keeps the same desensitization
rates implies that the heteromers account for the deceleration of desensitization in
the other groups. In these groups, the phenotypes of the heteromers remained effi-
cient after the WT homomers were suppressed after repeated activations. Notice-
ably, though the 4:1 group showed no significant differences in the desensitization,
it performed better compared to the WT.

The AC + NWT_-K63A groups provide more evidence for those conclusions. The
AC:63A =4:1 is the only combination whose desensitization kinetic changes dur-
ing repetitive activations, from 0.31+0.04 to 0.65+0.08 and 0.60+0.06. The faster-
desensitized, as well as the bigger-in-size current obtained from the first activa-
tion, reveals that part of the receptors that desensitize fast is suppressed. This
phenomenon is quite similar to the WT, whose “rundown” is stated as a decreased
response to repetitive ATP activation. Here, the AC/AC/K63A dominates over
AC/K63A/K63A and is most likely responsible for the rundown. The AC/AC/K63A
contains one mutated N-terminus and only one C-terminus, proving that one C-
terminus is sufficient to support an open channel. Remarkably, the AC:63A =4:1
group appears to be more stable than the WT:63A = 4:1 group, revealed by the t-
test performed between them, giving a significant difference with P value = 0.01.
Although the WT homomers interfere with the interpretation, at least it could be
one piece of evidence that the lack of the C-terminus does not contribute to altered
desensitization kinetics. The results from the AC:63A = 1:1 and 1:4 groups are
more persistent, with the remaining from 0.56+0.06 to 0.60+£0.06 and 0.55+0.05,
and from 1.13+0.20 to 1.31+£0.20 and 0.85+0.22. While it agrees with the pre-
vious statement that increasing the NW7-K63A accompanies a decreasing signal
and more stable response, the decreased C-terminus, the fact that there are no sig-
nificant differences during the subsequent activations between the AC:63A = 1:1
and 1:4 groups proves that one C-terminus is enough to ensure a similar kinetics
compared to an integrated construction.

A lower concentration of ATP was also used to test the WT+K63A group. In these
experiments, WT contains N7 and K63A with N*. The initial intention was to
verify that the NWT/NWT/NM remained inactive in the previous experiments. Oth-
erwise, a difference would be expected to be observed, likely a fast desensitizing
profile under a lower concentration of ATP, as the NWVT/N"WT/NM s insensitive
to ATP compared to the WT homomers due to a decreasing in ATP binding pock-
ets, and should be more and more unlikely to be activated while ATP concentration
drops. In these recordings, ATP concentration was dropped to 1uM, and the rest of
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the conditions remained unchanged. Representative traces are shown. By compar-
ing these recordings to what was shown in Figure A.1.2 (Appendix), it is observed
that the amplitudes no longer decrease when less WT RNA was injected. On the
contrary, the WT: K63A = 4:1 group, which had the best performance under 10
uM, lost the feature when less ATP was used. The 1:1 group now appears to have
the best function, and the 1:4 group presents a similar response regardless of the
ATP concentration. Another observation was that desensitization kinetics barely
change with the different RNA ratios between the wild-type and K63A.

In conclusion, here heteromers that differ on N- and C- C-terminus were generated,
to prove that in a hP2X3 trimer, complete loss of all three N-termini or retention of
only one resulted in non-functional channels, while one C-terminus is enough for
channel opening. When mutations on one out of three N-termini are introduced, it
is sufficient to alter the desensitization kinetics. This effect appears to be enhanced
with the increasing amount of the mutated N-terminus. All of these observations
are similar to what was seen during the MD simulation.

4.1.3 Mutagenesis of Charged Residues Confirms Salt-bridge
Interactions

The stability of the cytoplasmic cap determines the desensitization kinetics to a
great extent. Generally speaking, the more stable the cap during activation is, the
slower the desensitization will be. The residue interactions within the cap were
investigated according to the possible salt-bridge networks within the cytoplasmic
cap suggested by the MD simulation. In this experiment, the charged residues
possibly forming salt bridges on the N- and C-terminus were mutated, either into
non-charged or reverse-charged amino acids, to examine whether they are keys to
maintaining a stable cytoplasmic cap.

The MD simulation was performed on the triple mutant and triple mutant-based
constructs. Free energy differences were calculated from caps of the triple mutant-
based single-point mutant and caps of the triple mutant in respect. The differences
between the constructs with and without mutations of interest were determined
as AAGstability. A positive AAGstability indicates a destabilizing effect of the
mutations, while a negative one implies the opposite. The observed changes in
stability reflect how much the analyzed residues help keep the cap structure intact.
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Further investigations focus on the potential interactions of amino acid residues
within the cap. Mutations were grouped, into two single mutations with reverse-
charged mutations and a double mutation containing both of these point muta-
tions, manifesting as a charge-swapped mutant. In the case where the two mutated
residues interact, single mutations are expected to exhibit changed desensitization
kinetics as the salt bridge is broken. If the desensitization is restored on the double
mutation, where the crucial mutants are introduced while the salt bridge is theoret-
ically maintained between two swapped charged residues, it is further confirmed
that the salt bridge contributes to the stability of the cytoplasmic cap. A double-
mutant cycle analysis is introduced as well, as a method to quantitatively determine
the interaction between two residues (described in Materials and Methods).

The following point mutations were suggested based on MD simulation results:

1. A potential interaction between D340-K357, where mutations D340A, K357A,
and K357R are predicted to destabilize the cap.

2. A potential interaction between K14-E359, where mutations K14E and E359K
are predicted to destabilize the cap.

3. A potential interaction between K356-E359, where mutation K356R is ex-
pected to further stabilize the cap.

4. A potential interaction between K357-E359.

The TEVC experiments were initiated with the single activation of the mutants.
All RNA of the mutations was injected one or two days before experiments, with a
volume of 41nL. The RNA was undiluted, except for a control group of the triple
mutant with a dilution of 1:20, to avoid overexpression and subsequent cytotoxi-
city, due to the non-desensitizing phenotype and the high ATP affinity.

Charge neutralization and reversal were first tested on the D340 and K357. As
is represented in Figure A.1.8 (Appendix), all mutations damage the function to
a great extent. Alanine or lysine substitution of D340 dramatically decreased re-
sponses of -39.27£12.05 and -30.77+4.97nA individually, with no significant dif-
ferences between. This similarity between the two mutants, and the large reduction
in comparison to the triple mutants in the same experiments, which has an overall
amplitude of -8753+1101 nA, suggests a crucial role of the aspartic acid in position
340. The K357 was also mutated into aspartic acid and alanine, and additionally,
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into arginine. Even though these mutants all showed reduced current amplitudes,
differences among them still drew attention. Charge reversal of K357 to K357D
appeared to have the greatest impact on the function, with a remaining current
amplitude of only -22.04+4.48nA. The K357A and K357R exhibited current am-
plitudes of -837.9+222.5nA and -3545+408.2nA, respectively. The combination
of D340K and K357D with an amplitude of -14.14+1.73 nA does not rescue the
function, indicating the crucial importance of the residues themselves rather than
the ionic interaction.

The triple mutant barely de-
crac sensitizes, as shown in Figure
ATP ATP 4.1, maintaining a remaining
amplitude of 0.94+0.01 com-
pared to the maximal current,
after 30 seconds of constant
exposure to ATP. The D340K
mutation accelerates this pro-
cess, though not significantly,
with a remain of 0.76+0.05
in 30 seconds. Interestingly,
though the extent of current re-
duction is similar for both, the
changes in desensitization ki-
netics differ between D340K
and D340A. The alanine substitution of D340 unstabilized the opening of the chan-
nel, with a remain of only 0.18+0.05. The K357D, on the other hand, exhibits a
remaining of 0.56+0.09 after 30 seconds, significantly different from the triple
mutant. The comparison within the K357 mutants suggests that K357A or K357R
accelerates the channel closure extensively, remaining 0.22+0.04 and 0.09+ 0.03
respectively. Finally, the combination of the D340K, K357D mutations recovers
the remaining into 0.85+0.03. Results are shown in Figure 4.1.4.

Current (nA)

N

Time ()

Figure 4.1.4: Representitive trace of K14C during a
double activation. ATP applications are as noted.

There are multiple residues suggested to be interacting with the glutamic acid
at position 359: K14 within the N-terminus; K356 and K357 located on the C-
terminus. The reversed mutations inhibit the current greatly for K14E, K357E,
and E359K, as their average currents were reduced to -23.17+9.43, -34.65+11.67,
and -2158+566.9 nA, respectively. The K14E remains 0.71+0.15 during constant
ATP exposure, despite poor function. E359K, on the other hand, remains only
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0.31+0.07 within the same time course. The charge-swapping between K14 and
E359 (K14E/E359K) reduces the function to -278.8+79.7nA, which is between
K14E and E359K and appears not to be able to completely rescue the fast desen-
sitization, as its remaining ratio of 0.324+0.02 significantly differs from the triple
mutant. A charge neutralization mutation K14C was generated (not based on MD
simulation). The disappearance of the charge affects the desensitization kinet-
ics but not the function, with an amplitude of -4029+1028nA and a remain of
0.40%0.05. Another observation from the K14C is that the second activation al-
ways exhibits a fairly slow desensitization, with a rather low amplitude, in contrast
to the first signal evoked by ATP, see in Figure A.1.9 (Appendix).

Energy calculations from MD simulations suggested that a substitution of argi-
nine (K356R) will further stabilize the cap. As in this study, the manifestation of
cap stabilization is slow desensitization, and the control group of triple mutants
has already shown extremely slow desensitization; it is imaginable that even if
this stabilizing effect of K356R exists, it is not observable or masked by the al-
ready very slow desensitization. The results agree with this presumption since the
K356R yields enormous amplitudes of -14563+2337nA and remains 0.9621+0.01
current in 30 seconds, both were not distinguishable from the triple mutant. To
probe into this mutation, the same alteration was also introduced to the wild-type,
aiming to exaggerate the possible stabilization effect.

However, the simulation was constructed based on the background of the triple mu-
tant and might not hold when experiments are done on the WT receptors instead.
The results, as expected, also failed to prove the effect of arginine, as shown in Fig-
ure A.1.6 (Appendix). The replacement of the K356 by glutamic acid also keeps
the high performance of the triple mutant, indicating that its side chain might not be
participating in the cap network. Its amplitude, -15093+4984 nA, does not differ
from the triple mutant. Meanwhile, unlike arginine, K356E accelerates the desen-
sitization into a remain of 0.41+0.03, outlining the importance of a positive charge
at this position on stabilizing the cap. The double mutation of K356E and E359K
shares similarities, with a non-significantly smaller amplitude of -6284+1570 nA,
and 0.34+0.06 of remaining current, which is faster than the triple mutant.

The lysine at 357 was mutated into a glutamic acid to investigate its potential pair-
ing with the E359. This mutant shows an extremely suppressed function, leaving
an amplitude of only -34.7+11.7nA. Its desensitization also exhibits facilitation
with a remain of 0.44+0.06 of the maximal current, significantly faster than the
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triple mutant. By combining the mutation of K357E and E359K, the function
is further impaired, to a level of -18.9+4.8nA. On the other hand, the slow de-
sensitization kinetics is slightly recovered, rising to 0.69+ 0.08, from where the
significant differences between the mutant and the triple mutant are erased.

For verification, the pairing residues were examined by the double-mutant cycles
method. Details of this analysis have been described correspondingly in Methods.
The remaining current ratio from each construct was adopted for the calculation.
Denoting the K value of the triple mutant as KO, the two single-point mutants as
K(X) and K(Y), and the combined double mutant as K(XY), taking both the mean
and SEM values into consideration, the AAG values of all the constructs were
calculated. Differences between AAG(X) + AAG(Y) and AAG(XY) were further
compared to a threshold of+0.35 kcal/mol with a t-test. When a significant differ-
ence is raised, a potential interaction is hinted at. The calculation was processed
with the values listed in Table A.1.1 (Appendix).

The double-mutant cycle analysis indicates that the D340-357K, K356-E359, and
K35-E359 are potentially interacting with each other, while K14-E359 does not
show enough evidence for the same suggestion.

In summary, the point mutation technique was applied in this project, and TEVC
experiments were subsequently carried out. The main focus was on how the mu-
tation alters the maximal amplitude and the desensitization rate during consis-
tent ATP-induced activation. The mutations consist of removing or reversing of
charges of the amino acids, and in the case of two paired residues whose interac-
tion was suspected, charge-swapping. The manipulation of the charges reveals the
role that these charged amino acids play. It was established that 14E, D340, K356,
K357, and E359 are crucial for channel functioning and for holding a stable cy-
toplasmic cap, and there are pieces of evidence that suggest interactions between
D340 and K357, K356 and E359, 357 K and E359, but not K14-E359.

4.1.4 Investigation of Hydrophobic Network

Besides investigating the potential salt bridges, similar methods were also applied
to investigate the hydrophobic networks that potentially affect the stability of the
cytoplasmic cap. The MD simulation suggested a potential hydrophobic inter-
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action between F8 and W21. Residues T12, 17D, and 358 A might contribute to
the overall constructs as well. All simulations and experiments were constructed
on either the triple mutant or the it-based mutants. In this part of the study, the
residues of interest were mostly substituted by alanine, because of its rather small
side chain (Ennion et al., 2000). By manipulating the size of the hydrophobic side
chains, the possible roles that these hydrophobicities play can be revealed. The
same scheme of experiments described above was applied here as well. Except
for the paired F8 and W21, all other mutants were studied individually.

During the investigation of F8A and W21A, the first intriguing observation was
that the replacement of amino acids with a rather big side chain with alanine ap-
pears not to be interfering with the current amplitudes. Nevertheless, the ala-
nine on position 8 further increases the amplitude to -20215+2890 nA, while the
W21A retains a similar function to the original triple mutant with an amplitude of
-18201£2589nA. The double mutant F8A, W21A gains even more improvement
on the conductivity of the channels, as it yields a current response of -29167+3049
nA in response to ATP. The changes appear in the desensitization kinetics. While
the W21A successfully maintains the slow desensitizing feature, with a remain
0f 0.92+0.02, the F8A shows a faster desensitization with a remain of 0.26+0.03,
and the desensitization of the double mutant is further accelerated, with remain
0f 0.19+0.0°3. The double-mutant cycle analysis method was also conducted to
investigate the relationship between these two residues, with the triple mutant de-
noted as K(0), F8A as K(X), W21A as K(Y), and the double mutant as K(XY).
The results are shown in Table ?? (Appendix).

The calculation suggests that a potential interaction between F§A and W21A might
be responsible for supporting the cytoplasmic cap.

Other single amino acids were suggested to contribute to the cap stability as part
of the hydrophobic networks. The T12, V17, and F358 were highlighted dur-
ing the MD simulation, and their roles were studied by single-point mutation. The
T12A and V17D showed severely impaired function, yielding current responses of
only -72.4+20.1 and 26.24+4.8nA, respectively. Both of them showed accelerated
desensitization, with remains of 0.21+0.03 and 0.29+0.03, respectively, signifi-
cantly different from the triple mutant. The alanine on F358, on the other hand,
didn’t largely reduce the current to the least, with an amplitude of -136814+2457nA.
However, the stability of its opening was also affected, as it exhibits a remain of
0.24+0.03 of the maximal current after 30 seconds.
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In short, the outlining of the hydrophobic networks was elaborated by single- and
double-point mutation, examined by the TEVC. By mutating the hydrophobic
residues and evaluating the induced changes in function and desensitization ki-
netics, the importance of W21, T12, and V17 for supporting a stable cytoplasmic
cap during the open state was elaborated. Moreover, the positive results from the
double-mutant cycle analysis confirmed that the interaction between 8F and 21W
affects the stability of the cytoplasmic cap.

4.1.5 OQOutlining the Conformational Rearrangement of the N-
and C-terminus during the Functional Cycle

Suggestions on details of the
terminus movement during the
ATP channel functioning have been
made from the MD simula-
tion. To determine the move-
ment trajectory, several repre-
sentative residues within the
termini were identified, whose
75 iple mutant relative distances. from one an-
— C330S-triple mutant other could be evidence for the
100 conformational changes that
10 [ ©) 25 30 the termini undergo during

the transition between the apo

Figure 4.1.5: Normalized representative traces of closed, ATP-bound activated,
the C339S mutant and the triple mutant. Traces are o

normalized to their maximal amplitude. ATP appli- an_d desensitized states. In
cations are noted. The C339S is in purple while the this study, we took advantage

triple mutant is grey. Notice that though the over- . . .
lapping is not perfect, the two constructs share a re- of cysteine-reactive crosslink-

semblance in desensitization kinetics. ers with different lengths to

determine the change of dis-
tances between cysteine-substituted residues in positions of interest during dif-
ferent states of the receptor.

N}
a

-l/lmax (%)

The MD simulations suggest distances between the Ca atoms of two residues of
interest. A proper distance hints at the possibility of interaction between these
residues, while changes in distance indicate their relative relocation during the
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gating cycle. The following table details the estimated distance that is close enough
to interact and labels those too far apart as ’no interaction™:

Table 4.1.2: Suggested distances between the paired residues on cytoplasmic termini
during different states of the channel

Residue | Location Apo-state Open-state Desensitization

Ell N-term

V15 N-term No interactions | SA; interactions | 10A, possible interactions

V18§ N-term

No interactions | 5A; interactions No interactions
V361 C-term ’

V15 N-term

No interactions | 5A; interactions No interactions
F358 N-term ’

In this table, three pairs of residues were identified as reporter residues to estimate
C-/N- relevant distances and their changes during channel gating. The relation-
ship of E11-V15 represents an interaction within the N-termini. MDS provided
evidence that both residues approach each other during activation (transition from
the apo closed state to the ATP-bound open state) and separate upon desensitiza-
tion. The changes in the distance between V18-V361 and V15-F358 pairs, respec-
tively, describe a similar movement between adjacent C- and N-termini during the
transition from the apo closed state to the ATP-bound open state, but these residues
might move apart from each other during desensitization.

The designated cysteine-substitution mutants were generated based on a variant
of the triple mutant, containing a serine substituting 339C within the distal TM2
helix (C339S-triple mutant), to avoid possible spontaneous crosslinking between
C339 residues of adjacent subunits, as well as possibly newly inserted cysteines.
This mutation does not bring observable changes to the triple mutant, as shown in
Figure 4.1.5. Both single and double cysteine mutations, according to suggestions
in Table 4.1.2, were generated.

Three crosslinkers with desired lengths were selected: MTS-2-MTS, BMOE, and
BMB. MTS-2-MTS is expected to be able to crosslink two cysteines within 54,
while BMOE and BMB have a spacer arm length of 8.0A and 10.9A respectively.
To verify the hypothesis proposed by the simulation, the constructs were grouped
as shown in Table 4.1.2, each containing two single mutants as controls and a
combined double mutant. By applying different crosslinkers to the intact (non-
denatured) receptors within the plasma membrane of the oocytes, either before
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or after activation, it was expected that in double mutants, crosslinking would
trap the cytoplasmic cap in a specific conformation, where two cysteine residues
approached the optimal crosslinking distance for the applied crosslinker. In all
cases, this was predicted to correspond to the open state, as suggested in the table
above, through successful crosslinking between cysteines on the C- and N-termini.
This kind of trapping is expressed as 1) a steadily constructed cap, which could
be seen as a consistent channel opening from TEVC recording, and 2) covalently
crosslinked subunits, after protein-labeling, affinity purification, and SDS-PAGE
analysis.

The first attempt was to see whether the successful results could be recorded via
the TEVC.

RNA from each group was injected in dilutions from 1 to 10 to avoid damage
caused by overexpression, as neither introduced cysteine had shown evidence of
extensive damage to the channel expression level or overall conductance. After
1-2 days of incubation, the oocytes were tested for activation on the TEVC. The
standard measuring scheme starts with 10 seconds of washing with the background
buffer, proceeding with 10 seconds of 10uM ATP administration, and finishes with
further washing.

The representative traces are shown in Figure A.1.11 (Appendix). Among three
constructs of interest, the E11C,V15C mutants exhibited no affected desensitiza-
tion kinetics, which erases the possibility of observing a further stabilization of the
cap, if any. The V15V, F358C, and V18C, V361C, on the other hand, exhibited
accelerated desensitization compared to the C339S-triple mutant. A successful
crosslinking within the cytoplasmic cap during activation is expected to lock the
cap in the open state, thereby halting the desensitization.

In the crosslinking experiment, the mutants were divided into two groups: 15C-
358C and 18C-361C. Each group included single-point cysteine mutants, a

mixed RNA sample containing both single mutants in a 1:1 ratio, and the corre-
sponding double cysteine mutant. The mixed RNA group was used to rule out the
possibility of inter-oocyte crosslinking. Oocytes from the same injection batch
were either pre-incubated in a 0.5 mM crosslinker solution (prepared in the back-
ground buffer) or in the buffer alone before TEVC recording. Meanwhile, oocytes
that had not undergone pre-incubation were instead exposed to the crosslinker so
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lution for 10-15 minutes after the
first activation, during the wash-off
phase. Following this brief exposure,
the crosslinker was washed out, and
a second activation was performed.
The goal in both conditions—pre-
incubation before activation and post-
activation exposure—was to determine
whether crosslinking induced kinetic
changes.

Ideally, successful crosslinking during
activation of the double mutants will
result in noticeable stabilization of the
open state. However, the specificity of
this crosslinking was questioned.

While some double mutants exhib-
ited altered desensitization kinetics af-
ter crosslinker incubation, seen in
the example trace of Figure 4.1.6,
changes of kinetics in 18C,361C af-
ter BMOE incubation, similar changes
were observed in single cysteine mu-
tants and even in WT receptors (Fig-
ure 4.1.6, panel B). The WT receptor
contains an intrinsic cysteine residue
(C339). The fact that incubation with
the crosslinker non-specifically mod-
ified kinetics in both mutants and
WT, despite the absence of designed
crosslinking sites in the latter, strongly
suggested that the procedure lacked
specificity, suggesting the crosslinking
approach was unsuccessful.



Figure 4.1.6: Representative traces during
the attempt to crosslink. All applied
compounds are indicated, and BMOE
incubation processes are indicated. A,
traces of V18C,V361C activation.
Comparing the activations, the one that
comes after crosslinker incubation exhibits
slower opening and no desensitization; B,
traces of the hP2X3R WT activation. After
incubation, the desensitization is
dramatically slower; C, application of
solely CaCl; onto the WT. Only after
crosslinker incubation, CaCl; induces an
extensive current.

It was preliminarily proposed that the incubation in the crosslinker might have
changed the membrane permeability of the oocytes, further altering the intracel-
lular environment and affecting the ion channel activity. To initially investigate
whether the crosslinker incubation had an impact on the membrane integrity, a
testing experiment was conducted using calcium-activated chloride channels that
the Xenopus oocytes intrinsically express, which are activated by calcium ion in-
flux (Barish, 1983). Normally, calcium is excluded from the bathing buffer used
in TEVC measurements to prevent activation of these chloride channels, as in-
tracellular calcium levels can be elevated upon the opening of Ca**-permeable
P2X3 channels. In this experiment, SmM of CaCl, was prepared using Ori~ and
applied as an agonist with the same recording protocol. The upper trace in panel
C of Figure 4.1.6 shows the recording under CaCl,, which exhibits a negligible
current.

Together, these experiments suggested that the change in hP2X3R desensitization
kinetics might not be specific to the cross-linking of the target cysteine residues.
The crosslinker incubation could change the membrane status of the oocytes, po-
tentially affecting channel behaviors. Consequently, further experiments using the
TEVC with the same protocol may not be reliable and thus cannot be continued.

The other approach to verifying crosslinking was through biochemical experi-
ments, aiming to directly detect crosslinked dimers or trimers formed when the
crosslinker reacted with the termini that came into proximity, specifically during
the open state. The mutants constructed based on the triple mutant exhibited a
relatively stable open state, as shown in Figure 4.1.6, providing sufficient time
for the crosslinker to react and accumulate, facilitating polymer formation under
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continuous ATP exposure.

The oocyte injection followed the protocol described above. Additional incuba-
tion of the oocytes with 5U/ml apyrase after the injection was included, aiming
to secure an absolute close state. On the day of the experiments, all oocytes were
washed three times with oocytes” PBS (pH 7.0), and treated with either 10U/mL
apyrase in Ori™ or pure Ori™ for 10 minutes. The apyrase-treated groups were
divided into two groups and incubated in either 500 puM crosslinker solution or
DMSO as controls for a specified period. ATP was then added to reach a final
concentration of 300 uM for 1 minute, followed by a 5-minute incubation with
a 10 mM cysteine solution to saturate the excess crosslinker. After crosslinking,
the membrane fraction of hP2X3Rs was fluorescence-labeled, affinity-purified,
and samples were denatured by SDS sample buffer and separated by ready SDS-
PAGE gel electrophoresis. This treatment should have abolished the natural non-
covalently assembled dimers or trimers, leaving only the dimers and trimers formed
from covalent crosslinking intact.

In the biochemical study, the analysis of 11E-15V was no longer pursued, as the
suggested interactions are within the same subunit.

The result given in Figure A.1.11 (Appendix) demonstrates an experiment with
variable incubating time ( 5 or 10 min.) of oocytes with the crosslinker BMOE.
During the experimental optimization, it was found that 10 minutes of incubation
with the crosslinker BMOE achieved the maximal efficacy. Lanes 1-4 demon-
strate the ATP-treated double mutants 15C/358C and 18C/361C groups, containing
strong bands showing a large amount of dimers and some trimers in comparison
to the single mutant 15C and 18C (compare lane 1 or 3 with 2 or 4, respectively).
Lanes 5-8 are from oocytes without ATP treatment after crosslinker incubation.
Strong signals were also raised from the double mutant group 15C/358C. How-
ever, the 18C/361C double mutant group shows markedly less strong bands of
dimers and trimers, as compared to the corresponding bands after ATP-treatment
(compare lane 7 to lane 3). These results indicate less (efficient) crosslinking in
the absence of ATP (and thus in the apo closed state) as compared to crosslinking
in the presence of ATP (and thus the ATP-bound open state). Lanes 9-12 gave ex-
amples of how less crosslinker incubating time of BMOE with the receptors leads
to a little lower crosslinking efficiency. Lanes 13-16 are the negative controls in
the absence of any crosslinking (but in the presence of a similar concentration of
DMSO as in the crosslinker buffer). Please note that only monomers were present
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in the absence of BMOE, showing that no spontaneous crosslinking occurs.

The biochemical experiments visualized the crosslinking among the subunits when
channels are opened, providing evidence of the residues on the terminus drawn
near to each other in this process, from which the approach of N- and C-terminus
during activation is imaginable.

In summary, a few pairs of residues located on the terminus, E11-V1, V1-F358,
and V18-V361, were suggested to come close during the receptor activation, as
the cytoplasmic terminus contacts and knits the cytoplasmic cap. Those amino
acids were mutated into cysteines, and with a size-appropriate crosslinker, BMOE,
the converging of two cysteines could be locked, accompanied by a steady cap
and covalently bound dimers/trimers. These multimers were captured on the gel
where the natural multimerization was abolished, proving the N- and C-termini
move towards each other during the open state.
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4.2 Investigation of the transmembrane domain (TM2)

The TM2 regions are known to form the pore of the P2X receptors. As shown in the
upper panel of Figure 1.1, the pore is composed of the 3 a-helixes donated from the
three subunits. In addition to the crystal structure, which represents only a static
snapshot, TEVC experiments provide a dynamic approach for the investigation of
receptors at work.

In the following section, the TM2 of hP2X3R will be characterized in detail by
utilizing the substituted cysteine-accessibility method analysis, combined with the
TEVC. MD simulation based on the distance among residues located on the three
protomers, providing additional evidence on the ion pathway of the receptors

4.2.1 MD Simulations Estimate the a-carbon Distance of Residues
on the TM?2

To dynamically analyze the conformational changes that the TM2 undergoes dur-
ing activation, the Co-Ca value was chosen for the readout. Ca-Ca describes the
distance between every two a-carbons of the residue at the same position from
different monomers. It conveniently provides an illustrative way to describe the
size of different parts of the pore.

Preliminary simulations were based on the triple mutant in the open state as de-
scribed in the previous section. As shown in the middle-left panel of Figure 4.2.1,
the Ca-Ca distances between residues at each position were estimated, and their
frequencies were analyzed. The higher frequency indicates a higher likelihood
of that specific distance occurring. The peak values were thereby collected, as a
reference for future characterization.
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Figure 4.2.1: The upper panel shows the representation based on the crystal structure
of the P2X3 in the open state (PDB: 5VSJ). The upper-left gives the full-length structure,
with different monomers color-coded individually. The upper-right zooms in at the TM2
(TM1 was hidden for better viewing). Residues 321-341 are labeled with both positions
and amino acids. Labeled ones are shown in sticks. The middle-right panel depicts how
the Ca distances are determined, with vertical viewing of the TM2 from the extracellu-
lar side. Each monomer is color-coded differently. The exemplified residues are T330
with Cas shown in spheres colored in orange. The distance is described as the dashed
line noted with “Ca-Ca”. The middle-left panel gives an example of the Ca distances
simulation results. The plot shows a dist Bution centered around a peak distance of
approximately 16A, suggesting that this distance is the most common and likely con-
formation in the ATP-bound open state. The bottom graph shows columns representing
the peak values from each simulation.



4.2.2 Cysteine-substitutions merely Alter Channel Function

The amino acids on TM2 were mutated into cysteines one by one based on the
template of the C339S-triple mutant, which has previously been established in the
Results as indistinguishable from the triple mutant. Here in the later study, these
two were not specified differently unless needed. The mutagenesis was carried
out from 321st to 341st residues, excluding residues 339th and 340th. The WT
TM2 contains an endogenous cysteine at position 339, and 340C has been proven
to be barely functioning in previous work. The rest of the cysteine mutations of
the TM2 were all tested on TEVC.

RNA from all mutants, as well as the triple mutant serving as the control, was in-
jected into oocytes with a dilution of 1:10. After 1-2 days of incubation at 19°C,
the oocytes were tested on TEVC. The function tests provided with a single acti-
vation, as previously described, started with 10 seconds of washing with the Ori—,
proceeded with activation from 10uM ATP for 20-30 seconds, and finished with
further washing.

The comparison of the am-
plitudes from each mutant,
aligned with the control, is
shown in Figure A.2.1 (Ap-
25 pendix). The triple mutant
yielded an overall amplitude
-50 of -8009 + 961.7nA, while
most cysteine insertions did
75 G333C not vary the channel function-
{riple mutant ing profile: T321C at -7523
+100 = = 5 o o = 1038nA, S324C at 9488 +
Time (s) 1256nA, S325C at -8265 =+

839.1nA, V326C at -13618

Figure 4.2.2: Overlapped recording traces from the + ]633nA, A327C at -7034
triple mutant and G333C mutant. The traces are
color-coded as indicated. The ATP application is + 1072HA, A328C at -12875

shovyn. The responses were normalized to their 4 2326nA, F329C at -12215
maximal amplitudes. + 1203nA, T330C at -12331

+ 1304nA, 332C at -6632 +
653.6nA; G335C at 7996 £ 1611nA, T336C at 12188 + 1247nA, V337C at -12574

ATP

I/lmax (%)

91



+2253nA, L338C at -5096 + 1462nA and 1341C at -6288 + 682.2nA. On the other
hand, the mutation at 1322, 1323, S331, G333, and V334 raised significant differ-
ences. The replacements of isoleucines with cysteines at positions 322 and 323
dramatically decreased the responses, with current amplitudes of -2488 +£359.3nA
and -297.4 + 29.6nA, respectively. Similar effects were also observed on S331C,
G333C, and V334C mutants, whose response to 10uM ATP dropped to -3022 +
414.5nA, -2280 £ 378.4nA, and 1369 £ 226.7nA respectively.

Although it was noticeable that some mutants exhibited a slightly accelerated de-
sensitization, the relevant collective statistics were not performed, as most alter-
ations were not as extensive, except for G333C, as shown in Figure 4.2.2. The
cysteine at position 333 seems to not only decrease the amplitude but also able to
accelerate the desensitization to an extent.

Cysteine substitutions can affect different functional attributes of the protein, in-
cluding gating, trafficking, and conductance. The general function studies de-
scribed here aimed to exclude the possible impact brought by the mutagenesis.
Overall, the mutagenesis on the TM2 had minor impacts on most positions, al-
though some residues were notably sensitive to the changes. These basic profiles
of the mutants provide us with a solid foundation for a more detailed investigation.

4.2.3 Metal Bridge Characterizes Aligned Residues within TM?2

As described in the Materials and Methods, Cd*>* selectively interacts with cys-
teine residues in the ion channel, forming metal bridges through non-covalent co-
ordination with thiol groups (Linsdell, 2015b). Unlike disulfide bonds, which are
covalent, Cd*" bridges rely on coordination, where the metal ion binds to cysteine
thiol groups without forming covalent bonds. During the recording, 10uM CdCl,
dissolved in Ori~ was used to start the screening.

DTT could break metal bridges formed between two cysteines by competing with
cysteine side chains to coordinate the metal ions (Alliegro, 2000). Besides, the
application of DTT helps screen for spontaneous cross-linking between cysteine
residues in the later experiments. 1 mM DTT was used to reverse possible Cd*"-
induced thiol group reactions.

The accessibility-testing protocol was modified based on the single activation one.
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After 10-20 seconds of activation induced by ATP, the 10uM CdCl; + ATP solu-
tion was applied directly. A significant reduction in the currents represented the
cysteine accessibility of the mutant. The Cd?* blocking efficiency obtained from
each construct was calculated and used for further comparison and statistical anal-
ysis.

(G333C was not a suitable candidate for this part of the experiments and relevant
calculations due to specific desensitization. Therefore, it was excluded from this
analysis and will be discussed separately.

The representative recording traces from mutants identified as significantly differ-
ent from the control, as well as the control, are shown in Figure A.2.4 (Appendix).
The statistical results are shown in the left panel of Figure A.2.2 (Appendix). The
triple mutant exhibits extreme insensitivity to 10uM Cd?*, with a blocking ef-
ficiency of 0.05 + 0.02, providing a solid negative control in the experiments.
Compared to it, 10 out of 17 mutants showed no significant differences.

Viewing from the extracellular environment, T321C, and 1322C, lining the path-
way before the gating 1323, were not significantly blocked by 10uM Cd?*, with
a blocking efficiency of 0.13 £+ 0.05 and 0.04 £+ 0.03 in respect; the subsequent
residues following the gate at 1323, S324C, S325C, and C326C exhibited a block-
ing efficiency 0f 0.06 + 0.03 0.15 + 0.02, and 0.16 = 0.02 respectively, and A328C
as well as F329C displayed blocking of 0.09 &+ 0.05 and 0.09 £ 0.02 each. Surpass-
ing the 330C, only three mutants did not show any significant cadmium-induced
current decrease: S331C with a blocking of 0.08 + 0.02, G335C with 0.07 = 0.03,
and 1341C with 0.13 + 0.03.

1323C, which already showed a significantly altered response amplitude, displayed
a significantly increasing current reduction upon applying Cd**, with a blocking
efficiency of 0.37 + 0.07. The blocking efficiency obtained from A327C was 0.51
+ 0.06, while T330C showed a blocking efficiency of 0.85 £+ 0.04. The majority
of residues located on the cytoplasmic end of TM2 seem to be sensitive to Cd?™:
V332C with 0.70 + 0.10, V334C with 1.00, T336C with 0.62 + 0.07, and V337C
with 0.57 £ 0.11.

The V334C resulted in complete channel blocking, as the blocked efficiency ex-
ceeds 100% in most cases. As mentioned in the Materials and Methods, when
certain mutants exhibited leak currents, the observed blocking sometimes exceeded
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100%, indicating a more significant reduction than the initial ATP-induced re-
sponse. To prevent negative values in the calculations, the blocking efficiency
was set to 100% in these cases.

In comparison to the control group, the mutants sensitive to Cd>* showed P val-
ues below 0.0001, whereas the rest groups resulted in P values exceeding 0.995,
exhibiting a robust and clear binary response. The mean values of blocking effi-
ciency plotted against the simulated Ca-Ca distances are shown in the right panel
in Figure A.2.2 (Appendix) with P value = 0.0252, indicating a significant corre-
lation.

To test the reversibility of the Cd** inhibitory effect, and thereby verify the very
nature of the blockage, DTT-reducing experiments were introduced to the groups
that showed apparent Cd?* sensitivity. The resulting reactivity profiles were var-
ied, recording trace examples of which are shown in Figure A.2.3 (Appendix).

After undergoing a current reduction after application of cadmium, 1323C reacted
dramatically to the DTT. The amplitude not only bounced back but also increased
further compared to the original ATP-induced current. A327C, on the other hand,
did not appear to be rescued by DTT. T330C exhibited a full recovery upon a
prolonged administration of 1 mM DTT. As for mutants located after T330, as
shown in the example trace of V334C, the inhibited current displays a rapid and
full recovery. Overall, all inhibitory effects, except for what is shown on A327C,
seemed to be reversible by the application of DTT, though the degrees and speeds
might vary.

In summary, the Cd?>" sensitivities of the TM2 cysteine mutants were profiled.
The screening showed that 1323C, A327C, T330C, V332C, V334C, T336C, and
V337C exhibited sensitivity towards Cd*", presenting as a decrease in ATP-induced
current and varying in degree. Except for A327C, all current clocking from other
mutants was able to be reversed by the application of DTT.

4.2.4 Cd?>" Experiments Raise Residue-specific Exploration

To build metal bridges, Cd** ion is coordinated by one to multiple amino acids
with increased sensitivity (Linsdell, 2015b). In the experiments described above,
different degrees of current blocking with position specificity throughout the ion
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channel were observed. From the extracellular side, most residues that reacted to
Cd?T that are located above, including T330, reported a stable and DT T-reversible
inhibitory effect of the Cd>*, except for A327C. Cysteine mutations close to the
cytoplasmic end were more likely to be more reactive, with, however, a less stable
effect. Those results suggested that the Cd** effect observed here is most likely
caused by the coordination covalent bond between Cd** ions and -SH groups from
the cysteines (Giles et al., 2003).

Some residue-specific investigations were carried out to further explore the infor-
mation provided by the metal bridge experiments.

V326C The first experiment took advantage of the distance sensitivity of the
cadmium reaction and the particular location V326C, attempting to insert cadmium
ions into the channel as an artificial selective filter, aiming to distinguish different
ions passing through the channel by size.

The S-S distance in a disulfide bond is typically around 2 A, with an associated
Ca-Ca distance ranging from 3.8 to 6.8 A. When a cadmium ion forms a metal
bridge between two sulfide atoms, the total S-S distance increases, accounting for
the sum of the cadmium ion’s radius and its bond length to each sulfide atom.
This extension results in an estimated Ca-Ca distance of approximately 7-11 A.
However, this calculation assumes an idealized structure and may not fully capture
the flexibility and variations in real protein environments

As revealed by the crystal structure, four occlusions within the pore of the P2X3
channel were reported within the P2X3 channel: 1323, V326, T330, and V334.
Among all, cysteine substitution at V326 did not exhibit significant sensitivity
to 10uM CdCl,, unlike the other occlusion sites where such substitutions led to
notable current inhibition. This unique response suggests that at position V326,
the substituted cysteines are not positioned closely enough to coordinate CdCl,
effectively through interactions involving multiple thiol groups.

However, the moderate distance between residues at V326 may still allow for par-
tial coordination with CdCl,, potentially involving cysteines from two out of the
three monomers in the trimeric structure. Meanwhile, less participation of the
residues requires a higher CdCl, concentration. The stable complex of SH-Cd?* -
SH potentially narrows the channel as an artificial filter that could differentiate
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ions based on their size, providing valuable insights into the ion conduction mech-
anisms of the P2X3 receptor, particularly regarding its selectivity for hydrated ver-
sus dehydrated cations, which has not been systematically explored on hP2X3Rs
pore.

Ion selectivity often depends significantly on ionic radius and hydration shell size
(Degréve et al., 1996). Typically, smaller ions like Li* tend to be more strongly
hydrated (thus effectively larger in aqueous solutions), while larger ions like K*
have relatively weaker hydration shells, making their effective radius in solution
comparatively smaller (Mahler & Persson, 2012). Although P2X channels gen-
erally permeate monovalent cations, Li™ and K were specifically chosen here
due to their pronounced hydration differences compared to Na*t. Thus, the metal-
thiol barrier introduced by Cd**would affect these ions differently based on their
hydration state and effective radii.

In these experiments, 90 mM LiCl and KCl1 were prepared to substitute the NaCl in
the standard Ori~ solution individually. A concentration of 30uM instead of 10uM
of CdCl, was used in these experiments, to facilitate more reactions between Cd?*
and cysteine residues. 10uM ATP was applied as an agonist as before. During the
TEVC experiments, the oocytes were washed with either Lit or K*-based Ori™,
and activated for 20 seconds by ATP prepared in the corresponding buffer. The
first activation was followed by 2 minutes of rinsing, then the ATP was applied
again. After 20 seconds of activation, perfusion was switched to the 30uM Cd?*
contained ATP solution. Both amplitudes before and after the co-application were
recorded. The aim was to compare the blocking efficiency between the Li™ Ori~
and K+ Ori~ groups to determine if the Cd**-induced inhibitory effect was influ-
enced by the permeating ions. The triple mutant was used as the control group.

The results are shown in Figure ?? (Appendix). The amplitudes for the triple
mutant and V326C in both backgrounds were first compared to evaluate the con-
ductance preliminarily. As is described in the left panel, both channels functioned
in different Ori~ solutions. The triple mutant did not distinguish the two differ-
ent permeating ions, with a current amplitude of -6553 + 1280 nA in K*-based
solution and -5638 + 1080 nA in Li*. Conversely, V326C was sensitive to the
switching between Li™ and Kt with current amplitudes of -3313 +295.4 nA and
-6652+740.2 nA, with a P value of 0.0003.

The addition of Cd** during the activation did not raise any observable changes
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in the triple mutant, as indicated in the right panel, regardless of the permeating
ions. In the KT solution, the blocking efficiency of 30uM Cd?* was recorded as
0.06 £ 0.02, and 0.04 + 0.01 in Li*. By contrast, the same concentration of Cd**
successfully induced a current decrease for V326C. In the K* background, the
current was inhibited by 0.30 + 0.05, and this number was further increased to
0.54 + 0.04 when the background buffer was switched to Li*-based (P = 0.0005).

In summary, this experiment aimed to induce Cd*"-SH interactions at position
326 within the ion channel, to create a spatial obstacle serving as a potential filter
for the ion channel. By evaluating the different degrees of impediments of ion
conduction between Li™ and K* caused by the same amount of Cd?*, additional
information on how the cations passed through the TM2 was provided.

A327C Itwasnoticed in the crosslinking experiments that, although the blocking
efficiency observed in A327C is not numerically special, this construct exhibits
unique behavior in terms of reversibility. While A327C also exhibited current
reduction upon Cd?*application, it showed resistance to DTT treatment, and the
current could not be effectively recovered, as shown in Figure A.2.3 (Appendix).
Because of this, it was speculated that the Cd** blocked the A327C channel in a
distinct pattern.

To start with, it was examined whether the differences in reversibility indeed sig-
nificantly existed between A327C and the others. T330C was selected for compar-
ison, for its steadily induced and reversed inhibitory. The TEVC experiments were
conducted as previously described in the paragraph Substituted Cysteine Accessi-
bility Method of the Method chapter. The recovery discussed here was defined
as how much the reduced current recovered during the perfusion of solely ATP or
ATP+DTT.

The results are shown in Figure A.2.5 (Appendix). In these experiments, A327C
recovered 0.17 £ 0.07 in solely ATP perfusion after the current was reduced in
CdCl12, while T330C recovered 0.09 + 0.02. After adding DTT to the post-Cd2+
perfusion, the inhibited currents of A327C recovered by 0.17 = 0.07, meanwhile,
a ratio of 1.06+0.13 currents of T330C bounced back. T tests were conducted
between A327C with/without DTT, T330C with/without DTT, A327C /T330C
without DTT, and A327C /T330C with DTT groups. While no significant differ-
ences were detected within the A327C experiments, different conditions resulted
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in different recoveries for T330C, with a P value = 0.0039. When DTT was not
applied, A327C and T330C recovered in a similar pattern that showed no signif-
icant differences. The addition of DTT dramatically encouraged the recovery of
T330C but not A327C, raising a P value = 0.0016.

Subsequently, the onset kinetics of
Cd?* in A327C was investigated and
compared with other mutants. To as-
sess onset kinetics, it was preferred to
initiate with determining the individual
concentration-response analysis IC50s
of Cd?* for the mutants of interest, and
then proceed to evaluate and compare
the kinetics using different Cd** con-
centrations that correspond to a partic-
M 1 2 ular IC value for each. This method
0.2+ allowed concentrating on the differ-
Ig[Cd?*)(uM) ences in kinetic behavior while mini-
mizing the impact of varying sensitiv-
Figure 4.2.3: Concentration-dependent in- ities among the mutants.
hibitory effect of Cd22++ on dF32?:IC.d-|I:::1 :tei:;
::T::relge;ai?lgﬁzr:,efntc‘:edutl::iotlzcin this mu- A Wwide range of Cd** from 0.01-
tant, from negligible to around 80% of in- 1000uM was tested. Different ranges
hibitory effect. Hence, a reliable IC50 value . . .
was not retrieved from the plotting. of concentrations were applied to dif-
ferent mutants, depending on the mea-
surability: the chosen concentrations
could comprehensively cover and define a reliable IC50 curve. The TEVC pro-
tocols remained similar. After 20 seconds of ATP activation, different concentra-
tions Cd?** were applied with further ATP perfusion for 20 seconds. The blocking
efficiency data were collected as described. Besides, an exponential decay fitting
was applied to the first few seconds of Cd**-induced current reduction, thereby
calculating the onset constant T.
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Both MD simulations and previous experiments suggested that the segments below
T330C, observed from the extracellular side, display high flexibility, reflected by
relatively more unstable and unexpected results (a more detailed discussion of this
flexibility will be provided in the Discussion).

98



Therefore, mutants S324C, S325C, V326C, F329C, and T330C were chosen for
the comparative analyses. These extracellular end residues, positioned from 324
to 327 on a single a-helix, were selected due to their adjacent alignment and
demonstrated higher robustness during preliminary experiments. By targeting
these residues, the focus was on the similarities and differences in channel open-
ing onset when cysteine side chains are oriented differently. Specifically, T330C
served separately as a highly sensitive positive control, while the neighboring
F329C mutant was included to provide additional insights into the structural dy-
namics of the channel.

The first observation from these experiments was that all mutants displayed a sure
yet varied sensitivity to Cd**. Highly concentrated Cd?>* was able to block cur-
rents of 324-326 as well as F329C cysteine mutants to different degrees, as shown
in Figure A.2.7 (Appendix). F329C was not included for further analysis, as the
testing concentration appeared to fail to cover a reliable interval where IC50 can
be predicted, see in Figure 4.2.3.

Results for S324C were obtained from Cd?* concentration of 30/100/300/1000uM,
as inhibitory effects in lower concentrations were unable to be recorded. The on-
set T values from tested concentration were 3.46 + 0.35, 2.62+0.39, 2.80+0.50,
3.3040.29nA/s, with corresponding blocking efficiency of 0.33+0.13, 0.53+0.05,
0.74+0.20, and 0.82+0.10 in respect. The dose-response curve fitting was achieved
and reported an IC50 value of 110.5uM. S325C was tested under [Cd?>T]=0.1/1/10/
100/300/1000uM, and only the last three concentrations induced sufficient inhibi-
tion to allow reliable exponential fitting of onset kinetics, of 3.74+0.40, 4.98+0.79,
and 2.49+0.34nA/s. The blocking efficiencies for the ranging concentrations were
0.01+0.03, 0.02+0.00, 0.01+0.01, 0.36+0.09, 0.60+0.02, and 0.98+0.01. Dose-
response curve fitting reveals an IC50 value of 430.8uM. V326C was tested under
Cd?* concentration of 1/10/30/100/ 300/1000uM, while t values were collected
from 30/100/300/1000uM, as of 3.34, 5.17+0.83, 4.00+0.22, and 2.48+0.60nA/s.
The blocking efficiencies were 0.00, 0.00, 0.19+0.01, 0.68+0.05, 0.80+0.08, and
1+0.08, respectively. IC50 obtained from the fitted curve was 63.11uM. - A327C
as well as T330C were only tested under 0.01/0.1/1/10uM as both were highly sen-
sitive to Cd?**. The t values for A327C and T330C in a concentration-ascending
order were 3.05+0.58, 3.09+0.43, 1.58+0.07, and 1.42+0.18nA/,s and 2.71+0.38,
2.49+0.23, 2.36+0.13, and 1.62+0.40nA/s in respect. It was observed that during
these experiments, neither of them showed a clear Cd** concentration-dependent
blocking efficiency. This was confirmed by the one-way ANOVA test, as multi-

99



ple comparisons between every two values of blocking were compared for each
of the mutant,s and no significant differences were detected. This indicated that
even at the lowest concentration, 0.01uM, a maximal level of current inhibition
was observed. In this case, the T values were compared only between A327C and
T330C, to investigate whether increasing inhibitor concentration could further en-
courage the binding speed of Cd** onto the channels when the blocking efficiency
has reached the maximum.

The comparisons between the onset kinetics of A327C and T330C were done via
one-way ANOVA multiple comparison tests, sorting the T from each mutant by the
same concentration. The first test was conducted within the same concentration,
where no significant differences were detected. The second test performed was
within the same mutant, where onset kinetics from both mutants at the same con-
centration were compared. The test revealed that all t values of T330C, regardless
of changes in Cd?** concentration, showed no differences. In contrast to it, A327C
exhibited acceleration of Cd?* association along with increased [Cd**]. 0.01uM
and 0.1uM Cd?* bind significantly slower than 1 or 10uM, with P values of 0.01-1
=0.0369, 0.01-10 =0.0486, 0.1-1 = 0.0211, and 0.1-10 = 0.032. The acceleration
effect is indicated in Figure A.2.6 (Appendix).

Another intriguing effect observed was that, despite a lower sensitivity, other cys-
teine mutants were still able to be blocked by an increased amount of Cd?* in
the solution. It was interesting to find out whether the sensitivity is determined
by the a-atom distances obtained from the simulation, or does the directions of the
sidechains also play an indispensable role. Results are shown in Figure A.2.7 (Ap-
pendix). The IC50 values of S324C, S325C, and V326C were plotted against the
simulated distance of the carbon atom at these positions. As A327C and T330C
appeared to be extremely sensitive to Cd?", and their IC50s could be considered
nearly zero when in micromolar units, these two points were plotted on the x-axis.
The plotting of available data strongly hinted at a positive correlation between
Cd?* IC50 for each position and the a-c distances. A nonparametric Spearman
correlation between the x and y coordinates of all data points was analyzed, re-
sulting in P values = 0.0333, strongly suggesting a positive correlation. In Figure
A.2.8 (Appendix), an exponential growth model was adopted for the fitting; the
curve was plotted with 12 = 0.9842.

During the preliminary function test of the cysteine mutants, it was observed that
G333C exhibited a unique desensitization behavior compared to the other mutants
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and the triple mutant. As a result, this mutant was analyzed separately.

To characterize G333C, minor modifications were made to the TEVC methods.
Instead of reaching a plateau of ATP-evoked current before the perfusion of Cd**
or DTT in the ATP solution, the G333C was activated directly by the ATP only or
directly by the ATP + Cd?* solution after baseline establishment. In some cases,
the activation induced by Cd*"+ATP was followed by the application of DTT +
ATP to test for reversibility, as shown in the left panel of Figure A.2.9 (Appendix).

The stabilization of activation observed under the influence of ATP+DTT is pre-
sented in the left panel of Figure A.2.9 (Appendix). After the current activated by
ATP in Cd** reached a plateau, the substitution of Cd** with DTT abolished the
steady state and facilitated the current decrease. This effect is presented as DTT-
specific, as a simple removal of Cd** did not lead to such a rapid and dramatic
change in the channel behavior. In comparison, activation of channels with only
ATP raised more dramatic desensitization, which appeared to be unaffected when
DTT was added in addition. Unlike other mutants that were sensitive to Cd**, no
amplitude-decreasing effect was observed. As shown in the middle panel of Fig-
ure A.2.9 (Appendix), the G333C yielded similar amplitudes in the ATP solution,
with (-3868+959.4 nA) or without (-5414+£1009nA) 10uM Cd>*. Yet strikingly,
Cd?* seems to be far from insignificant here. The right panel shows that, under the
perfusion of the combination of the ATP and Cd?*, the channels are not desensi-
tized to the full extent, remaining 0.68+0.08 of the maximal current in 20 seconds,
while the pure ATP-induced current decreased to 0.25+0.05 in the same time.

4.2.5 Further Investigation of the Proposed Gating Residues

The crystal structure of P2X3R revealed four occlusions of its TM2 that potentially
serve as gates: 1323 as the extracellular gate;, V326 that narrows the ion pathway;,
T330 that defines the narrowest part of the channel and potentially serves as a filter,
V334 that gates during desensitization (Mansoor et al., 2016). The role of V326
and T330 has been described in the last section, and the 1323 and V334 residues
were further characterized and presented here, aiming to provide more information
about these positions and the roles that the residues here might play.
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1323 The earlier results proved that 1323C was sensitive to 10uM Cd**, most
likely caused by the approaching of the cysteines’ side chains at this position,
which leads to effective Cd®>" coordination. Another feature noticed was that
1323C was the only mutant that was potentiated after DTT rescuing the Cd?* in-
hibitory effect, meaning the current amplitude not only recovered but also un-
derwent additional growth. This phenomenon appeared to hint at a spontaneous
crosslinking of the cysteines, which requires proximity of them to each other in
addition to an oxidizing environment.

To verify this hypothesis, further experiments were conducted. The first experi-
ment was to perform a DTT screening on all mutants (triple mutant as a control
included), also to find out whether 1323 was the only residue that approached ex-
tremely closely in the apo state. 10uM ATP, ImM DTT solution, and a solution
containing both compositions were used. All mutants were tested for the DTT
effect, by 20 seconds of DTT + ATP activation following 20 seconds of ATP ap-
plication. Any DTT addition caused the amplitude to further increase and was
recorded as the DTT potentiation. The screening did not include 333C, 338L, or
339C. The DTT potentiation calculation has been described in the Method chap-
ter. To test whether the release of cysteines could be induced at an earlier stage,
an additional DTT incubation of 30 seconds was applied to 1323C before the ATP
activation, immediately followed by DTT + ATP solution perfusion, to determine
whether the DTT pre-incubation altered the DTT potentiation effect. Representa-
tive traces and results are shown in Figure A.2.10 (Appendix).

During the DTT scanning, it was observed that I323C was indeed the only cysteine
mutant in the TM2 that exhibited sensitivity to | mM DTT (lower panel in Figure
A.2.10 (Appendix)). As the upper right panel is shown in Figure A.2.10 (Ap-
pendix), the 1323C current was dramatically increased upon the additional release
of DTT into the ATP perfusion, and the current overall increased by 2.93+0.27.
The triple mutant showed no reaction to DTT+ATP compared with ATP activa-
tion in the absence of DTT, with a current change of -0.014+0.02. Except for 1322C
with a slight yet not significant current increase of 0.18 £ 0.05, the DTT applica-
tion brought negligible changes in amplitudes for the others: 1321C by 0.04 +0.06,
S324C by 0.01 + 0.02, S325C by 0.07 £ 0.07, V326C by 0.06 + 0.04, A327C by
0.04 £0.02, A328C by 0.01 £0.02, F329C by 0.14 + 0.07, T330C by 0.06 + 0.09,
S331C by 0.03 + 0.01, V332C by 0.01 £ 0.01, V334C by 0.05 + 0.04, G335C by
-0.01 £0.01, T336C by 0.07 £ 0.09, V337C by 0.05 £ 0.04, 1341C by 0.05 £ 0.02.
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The DTT incubation experiments provided extra information on the position. As
the trace in Figure A.2.10 (Appendix) shows, the pre-activation DTT incubation
decreases the post-activation DTT potentiation effect, as the current from the no
pre-incubation group was enhanced by 2.93 £ 0.27 times, while the number of the
DTT pre-incubation group was merely 0.40+0.11. Multiple comparisons found
a significant difference between the potentiations with a P value < 0.0001, sug-
gesting that either encountering the receptor before or during its activation, the
DTT facilitates the channel function similarly, likely involving the release of the
channel from an SH-trapped state.

V334 During the previous experiments, cysteine scanning was done using the
template of the non-desensitizing triple mutant. As no effects on desensitizing
behavior were observed on the V334C-triple mutant, the cysteine mutation at this
position was also generated on the fast-desensitizing P2X3 wild type to investigate
further the potential role that V334 plays in desensitization, since this position was
suggested to be the desensitization gate.

10uM ATP was applied twice on the same oocyte, each for 20 seconds, separated
by 120 seconds of washing, and ending with a further wash step. The amplitudes
yielded from both activations were recorded, and so were the remains of currents
for 20 seconds. The ratio between the second and the first current was recorded
as recovery. The WT was used as the control group. The results are in Figure
A.2.11 (Appendix) (amplitudes comparisons in the scattered points graph were
obtained only from the first activation). Both the hP2X3R-WT channel and the
non-desensitizing triple mutant were selected as controls.

The V334C appeared not to significantly affect the current amplitude as compared
to the WT receptors, as the results are shown in panel B of Figure A.2.11 (Ap-
pendix). The first activations recorded from both constructs presented to be not
statistically different from each other, as the amplitude yielded from the WT was
-2173 £ 431.8nA, -4197 + 1150nA for the triple mutant, and -1236 + 208.6nA
from the V334C-WT. The great variances found during recording for the V334-
WT might account for no statistical differences.

However, the constructs behaved distinctively in terms of kinetics and recovery
from desensitization. The P2X3R WT has been known for its fast desensitization
and “rundown” effect, as shown in the trace in Figure A.2.11 (Appendix) upper left
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panel, manifesting as a dramatically decreased current from the second activation,
while the non-desensitizing triple mutant exhibits less level of rundown. On the
other hand, the mutation at V334 slows down the desensitization to a moderate ex-
tent and almost lacks rundown. The fast desensitizing WT remained at 0.09+0.02
by the end of 20 seconds of activation, the triple mutant remained at 0.93 + 0.03,
and the V334C-WT remained at 0.32+0.06. After 120 seconds of washing, the
second ATP application revoked an amplitude of 0.18 = 0.10 on the WT compared
to the first one, 0.54+0.06 for the triple mutant, and 1.04 + 0.14 for V334C-WT.
Multiple comparisons between every two constructs found significant differences
in both comparisons.

Overall, in these investigations, cysteine scanning on the TM2 region of the P2X3
receptor was conducted to examine the functional behavior of hP2X3 channels
using TEVC. The mutant functions were characterized, and the reactive properties
of cysteine side chains were exploited through the application of Cd** and DTT
to investigate the structural details of the TM2 domain. In the Discussion, the
TM2 structure will be further interpreted based on the general cysteine scanning
data. Several mutants highlighted in this chapter will be analyzed in greater detail
to clarify their structural roles within the pore and provide additional functional
insights.
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4.3 Profiling the ion pathway

The P2X family is usually described as non-selective cation channels, except for
P2X5Rs with a remarkable permeability to chloride ions. The rapid desensitiza-
tion of P2X3R wild types has limited the exploration of the ion permeability in
these channels, besides knowing that they display fundamental properties like the
rest of the family members. Taking advantage of the 13P, 15V, 161-hP2X3 triple
mutant, which exhibits a stable open state, the following investigation will focus
on profiling the ion permeation properties of the P2X3Rs, mostly emphasizing
the determinants of cation versus anion selectivity by comparing the differences
between P2X3 and P2XS5 receptors.

4.3.1 Aligning the Ion Pathways of P2X3 and P2XS5 Channels

The ion pathway in P2XRs, as described in the introduction, can be divided into
three sections: the extracellular fenestration, the pore (TM2), and the cytoplasmic
fenestration. The ions can enter or exit the pore through these lateral fenestrations,
which may also play a role in the regulation of the ion flux.

To identify the structural differences among hP2X3, rP2X5, and hP2X2, the amino
acid sequences were aligned, as illustrated in Figure 4.3.1. Remarkably, rP2X5

3|0 -’}0 510 BIO 70
hP2Xx2 DYETPKVIVVRNRRLGVLYRAVQLLILLYFVWYVF I\IEKSYQE Elgle

hP2X3 TYEATTKSVVVKSWTIG I INRVVAQLL I ISYFVGWVFLHEKAYQV DA
rP2X5 pvy KSYQDIIDus

TAKFVVAKSKKVGLLYRVLOQL I ILLYLLIWVFLI

™1

350 360 370
hP2x2 SLIPTI INLATALESVGVGSFLCDWI LL

hAP2X3 NI IPTIISSVAAFUISVGVGTVLCDI ILL
FP2X5 S IPTVINIGSGLLLMGAGAFFCDLVL I

™2

Figure 4.3.1: Sequence alignment of the lateral fenestration pathway among hP2X2,
hP2X3 (WT), and rP2X5. TMs are noted. Residues of interest are colored in green. The
numbering refers to hP2X2 )
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processes a unique lysine at position 17 within the ion pathway, in contrast with
hP2X2 and hP2X3, which both carry a glutamic acid with the opposite charge.
The variation between the K and the E has been shown to dramatically alter the
chloride permeability in P2X2 by single-point mutation experiments (Tam et al.,
2023). Beyond the TM1 and examining the extracellular fenestration ion path-
way starting from residue E46 (numbered according to hP2X3 unless otherwise
specified), where hP2X2 carries a glutamine (Q) and rP2X5 with a lysine (K), the
residues’ variance is proposed for further investigation. Another residue of inter-
est is R52 in hP2X3 (S70 in hP2X2), as amino acids at this position exhibit quite
a diversity, and the arginine is shared only between P2X3 and hP2X6. The T54
(T72 in hP2X2) is an additional feature only observed across P2X2/X3/X5, thus
raising certain interest as well.

TM2, being the core structure of the pore, has been extensively studied in non-
desensitizing P2X2. Specifically, threonine-to-lysine mutation at position 336
(T336K) in hP2X2 has been shown to enhance chloride permeability (Cao et al.,
2009). This raises the question of whether a similar mutation at position T330 in
hP2X3, which corresponds to this residue, would yield comparable effects. Be-
sides, the sequence of rP2X5 TM2 shows a domain full of small and hydrophobic
residues, which is different from both TM2s from hP2X2 and hP2X3 channels;
whether the entire pore structure of rP2X5 contributes to its pronounced prefer-
ence for chloride ions remains intriguing.

The experiments inspired by sequence comparison were designed to alter the part
of the structure of hP2X3 accordingly, aiming to find out how modifications to
the structure influence ion permeation. Details included single, partial, and com-
plete mutation of the hP2X3 TM2 region and targeted single-point mutations at
the residues of interest near the lateral portal.

In the following investigation, the triple mutant will still serve as the most impor-
tant control. The P2X5, on the other hand, will not be included in most cases, due
to its well-known biphasic current which gradually grows over time in the open
state, making it hard to determine the current amplitude and will also cause other
unwanted effects such as inaccurate identification of the reversal potential during
the recording of the I/V curve due to the gradual current increase.
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4.3.2 TheP2X3 Channel Survived a Complete Swapping of rP2X5R’s
TM regions

As a key structural component transporting ion currents, the TM2 domain was the
primary focus. The entire TM2 sequence, derived from rP2X5 using the megaprimer
technique, was integrated into the triple mutant to substitute the native TM2, re-
ferred to as the P2X3/X5 TM2 chimera. To investigate whether the pairing of
TM1 with its corresponding TM2 within the same channel is essential for main-
taining biophysical properties, additional constructs were generated. These in-
cluded a TM1 chimera (P2X3/X5 TMI1 chimera) and a TM1/2 chimera (P2X3/X5
TM1/2 chimera) created by swapping domains between the two receptors. Fur-
thermore, a reverse swapping experiment was conducted, where the TM2 region
from P2X3R was transplanted into rP2X5R, resulting in the creation of P2X5/X3
TM2 chimeras.

Upon obtaining the constructs, the corresponding cRNA was injected into oocytes,
with an undiluted concentration and a volume of 41nl. The triple mutant served
as the control group, injected with 1:10 dilution and a volume of 41nL. After 1-2
days of incubation at 19°C, the oocytes were recorded on the TEVC.

The characterization of the mutants was initiated with examinations of the ion
channel function, with ATP as the agonist. The background buffer was the Ori~
as in the routine, and the clamping voltage was -60 mV. ATP concentration was
10uM. The single-activation protocol was adopted, where recording started with a
brief buffer perfusion, followed by 20-30 seconds of ATP application, and ended
with further rinsing with Ori~.

The reversal mutations, specifically the P2X5-based chimera incorporating TMs
from P2X3 (P2X5/X3 TM2 chimera), completely lost function when tested with 10
uM ATP perfusion. In contrast, all P2X3 channels remained functional after TM
swapping, despite varying degrees of functional impairment. The current kinetics
of all mutants closely resembled those of the triple mutant. Detailed functional
results are presented in the upper left panel of Figure 4.3.1. Under identical acti-
vation conditions, the triple mutant displayed a peak amplitude of -7903 + 1781
nA. The P2X3/X5 TM1 chimera experienced the most significant loss of func-
tion, with an average current amplitude of -96.37 + 20.0 nA. The P2X3/X5 TM2
chimera was least affected, yielding an amplitude of -2139 + 384.8 nA, though it
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still showed decreased function compared to the triple mutant. Interestingly, the
two domain-swapped P2X3/X5 TM1/2 chimeras exhibited only moderate impair-
ment compared to the TM1 substitution alone, with an average amplitude of -1047
+176.6 nA.

As discussed in the Method chapter, the Goldman-Hodgkin-Katz (GHK) equation
cannot be used to calculate relative permeabilities in this case. In standard appli-
cations, the GHK equation is simplified by eliminating intracellular ion terms,
which is only valid when minor currents, such as those carried by Cl™ in typi-
cal cation channels like P2X3Rs, are negligible, as it is minor and not of interest.
However, in this study, C1~ permeability is the object of investigation. Since both
Na™ and C1~ flow in opposite directions, and the intracellular C1~ concentration
is unknown, the key mathematical conditions required to apply the GHK equa-
tion are not met. Therefore, the equation cannot be used to reliably determine C1~
permeability under these conditions.

A general solution is to examine the channels in the system where the internal
solution is strictly controlled. Those constructs were therefore further transfected
into the HEK293 cell lines and measured by the patch clamp. The external solu-
tion was dominated by 140mM NaCl and was used as the background solution.
The initial function of the transfected constructs was tested under the NaCl exter-
nal solution with 10uM ATP, the same as in the protocol described for the TEVC
experiments. Besides the background of NaCl, a second external solution based
on Choline-Cl with the same concentration and osmolarity was used. By substi-
tuting the Na™ with impermeable organic cations, it was expected to observe the
remaining current purely driven by Cl~. The current amplitude measured in both
solutions was compared; results are shown in panel B in Figure A.3.1 (Appendix).

Unlike the observed reduced current amplitudes of the chimeras in TEVC exper-

iments, the amplitudes of the mutants obtained in patch clamp analysis displayed

more similarity among different constructs, including the triple mutant. The triple

mutant yields -3.56x 10724£2.59x107!% A in NaCl and -6.35x 10710423 x 1010

A in Choline-Cl (C17); the TM1 chimera yields -5.43x107°£1.59x107% A in
NaCland-7.31x1071943.2x 1071 A in C1~; the TM2 chimera yields -4.40x 107946.73 x 1010
A in NaCl and -8.90x1071941.78x107 1Y A in C1~; the TM1/2 chimera yields -
6.95x107945.79x1071° A in NaCl and -1.71x1071°

+9.75x1071% A in CI~. The One-way ANOVA did not detect any differences

under both conditions.
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After confirming the function of the channels in HEK cells compared to the ones
in oocytes, stepped voltage protocols were utilized for the I/V measurement. Af-
ter establishing the baseline of the cells clamped at -60 mV in the background
buffer, the first baseline I/V curve was measured. Subsequently, the solution was
switched to 10uM ATP. The activation was maintained briefly until the second
I/V measurement took place. The differences between those two measurements
are seen as the activation I/V curve of the channels. The differences between the
two measurements on the same constructs also provide the possibility of calculat-
ing the relative permeation of the chloride ions.

The normalized I/V curves are shown in Figure A.3.1 (Appendix), with the middle
panels describing the full measurement in the NaCl solution and the bottom panel
of zoomed-in and comparable curves of the same channels in different extracel-
lular solutions as indicated. A 2nd-order polynomial regression has always been
fitted with each 1/V curve to find out the reversal potential. The non-linear fitting
yielded the following Vrev values for each construct under NaCl and Choline-Cl
external solutions: triple mutant (NaCl = -9.42 mV, Choline-CI = -37.12 mV),
TMI chimera (NaCl = -5.99 mV, Choline-Cl = -38.70 mV), TM2 chimera (NaCl
= -3.95 mV, Choline-Cl = -36.67 mV), and TM1/2 chimera (NaCl = -5.18 mV,
Choline-Cl = -27.61 mV). These Vrev shifts suggest a slight change in ion selec-
tivity for the TM1/TM2 chimera, potentially indicating modifications in the pore
region or selectivity filter.

Although Vrev values were collected and analyzed to evaluate P¢;/P,using the
GHK equation, no significant differences were observed brought by the chimeras.
However, MD simulations suggest that permeant ions were concentrated at the
pore entrance, creating local ion levels much higher than bulk values. Because the
GHK equation relies on the actual local concentrations, these accumulations made
the calculated permeability ratios unreliable, and the error increased with longer
channel openings.

In view of this limitation, the plan for precise, concentration-controlled patch-
clamp measurements was set aside. Instead, TEVC was chosen for qualitative
assessment as it provides a simpler system of experiments. The TEVC protocol
was adjusted with shorter activation steps and rapid solution exchange to minimise
local ion build-up.
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4.3.3 The T330K-hP2X3 Protomer Could Only be Expressed
as Heteromers

Upon the general study of how the TM2 region affects the conductance of the ions,
a more specific interest in a single residue arose. As mentioned above, the single
mutation T336K of the P2X2 has been reported to dramatically change the ion se-
lectivity of the channel to favor chloride. It was intriguing to see whether a similar
effect could be reproduced on the corresponding T330 of the hP2X3Rs. The T330
residue, as has been discussed in detail in chapters discussing TM2 structure, was
proposed to build the narrowest constriction within TM2 and potentially serves as
an ion filter. The idea of lysine substituting was to insert a positive charge that at-
tracts negatively charged ions without losing the ability to facilitate the hydration
of the passing ions

The RNA of the mutated channel was injected into the oocytes with an undiluted
concentration and volume of 41 nL. After 1-2 days of incubation, the oocytes were
tested for function on the TEVC using 10uM ATP.

The TEVC results revealed that the T330K mutant was not functional, despite
increasing the ATP concentration to 1 mM. Further biochemical experiments re-
vealed that the T330K mutant abolished cell surface (plasma membrane) expres-
sion of the T330K-hP2X3R channel, explaining the lack of detectable current.
Radio-labeling of the potential intermediate products of the protein synthesis, try-
ing to locate which step was interfered with extensively, yielded no conclusive
results. For comparison, a similar mutant that also carries a positive charge, the
T330R, was generated as well, and the arginine appeared to be lethal to the channel
at the expression level.

Eventually, it was suspected that the existence of positive charges in a very close
proximity area might have interfered with the trimer assembly. The TM2 has
been suggested to be the crucial area where subunit-subunit interaction takes place.
When two lysines are forced to approach at an inappropriately close distance, the
charges they carry compel each other, thus disrupting the interaction between two
subunits, and further leading to the failure of the expression of an intact trimer.
To confirm this assumption, T330K RNA was injected after mixing, either with
hP2X2 or the previously discussed K63 A-triple mutant, which eliminated channel
function when more than one of them was incorporated into one trimer. Those
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were attempts to artificially decrease the number of charges on lysine to eliminate
the charge-collision-caused interference. The creation of P2X2/X3 heteromers
was to test the final product with a,B-methylene-ATP, a specific form of ATP that
can selectively activate P2X3 and P2X2/3 channels, but not P2X2 channelswhen
used in concentrations up to 30 uM. The co-injection with K63A (with a T330
as WT) was to see whether it was still possible to create a pure hP2X3 channel
despite the problem of 330K.

Both assays confirmed that the P2X2/T330K-P2X3 heteromers and the K63A-
T330K triple mutant channels are properly expressed and functional. For the work
that follows, only the hP2X3-based construct (the K63A/T330K heteromer) was
carried forward, as the P2X2/P2X3 combination differs more from the native P2X3
receptor and requires a distinct agonist.

4.3.4 Preliminary Examination of Mutants’ effect on the TEVC

Function Study Besides the functional study of P2X3/X5 TM2 chimera and
T330K described above, the remaining mutants, mostly focusing on single charge-
reversal or polarity-altering variants (E11K, E46K, R52E, and VT54), were sys-
tematically investigated. MD simulations suggested that those mutants might play
roles in ion permeation of the P2X3 channels. E11K was highlighted as a critical
determinant of anion selectivity, while E46K was suggested to enhance extracel-
lular cation attraction. R52E and VT54 were predicted to play essential roles in
ion permeation, requiring further experimental validation.

After the RNA synthesis, the mutants were injected into oocytes with a 1:10 di-
lution of 41nL. The P2X3/X5 TM2 chimera and T330K were used in parallel for
better comparison between different modifications on TM2, and so was the control
of the triple mutant. The TM2 chimera and the T330K (heteromer) were injected
without any dilution due to an expected reduced function, while the triple mutant
was diluted by 1:20 as usual. The injection of hP2X2 (1:200 dilution)and K14C
mutant (undiluted) was included in parts of the experiments. After 1-2 days of in-
cubation, the oocytes were tested by TEVC, using 10uM ATP for activation. The
protocols, as a single activation, were as described previously.

None of the constructs demonstrated altered kinetics compared to the non-desensitizing
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triple mutant when tested in the Ori~. The function test results are shown in the
left panel of Figure ?? (Appendix).

Compared to the control, all mutants, with the exception of the E46K, showed a
reduced function as compared to the triple mutant. While the triple mutant has an
overall current amplitude of -5678+530.9 nA, the TM2 chimera, as reported be-
fore, remained half of that of 2835+305.6 nA. The R52E and the T54V functioned
similarly, with currents of -1692+232.2 nA and -1472+£396.9nA in respectively.
The T330K expressed in heteromers with the K63 A-triple mutant was similar to
the chimera, with a response of -2773+411.4 nA. The E11K appeared to be affected
the most, with currents of -558.2+ 77.23 nA. Multiple comparisons detected signif-
icant differences between the control and every other construct (P<0.001) except
for the E46K.

Preliminary Establishment of TEVC Protocol After confirming a measurable
current, I/V curve measurements were performed. The following specific im-
provements on the methods were assured:

First, the activation time of the channels was shortened to 2 seconds to minimize
dramatic ion accumulation resulting from prolonged pore opening;

Secondly, measurements were conducted on the same cells under different solu-
tions rather than relying on comparisons between separate groups of cells. This
approach aimed to directly compare results within identical cellular environments,
thereby reducing the variance caused by individual differences, such as variations
in channel expression levels, intracellular ion concentrations, or membrane prop-
erties, which potentially buried changes induced by mutants. By using paired mea-
surements on the same cells, it was possible to isolate the effects of external solu-
tions with greater precision, enhancing the reliability of the data.

Those procedures aimed to decrease the disruption of the locally concentrated ions
while establishing a robust and sensitive framework for evaluating changes in ion
permeability. In particular, the ability to perform solution exchange within the
same cell helps minimize variability caused by differences in intracellular envi-
ronments or expression levels across oocytes. As a result, subsequent experiments
using TEVC could be carried out more reliably.
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The principle of these TEVC experiments was to replace the Na™ or the C1~ with
impermeable organic molecules, either with Choline+ or gluconate- respectively.
The first attempt was to compare the reversal potentials measured from the con-
structs in normal Ori~ and modified extracellular solutions.

The measuring protocol was set up to test different ion environments within the
same oocytes. The right panel in Figure ?? (Appendix) describes the protocol
schematically. This approach involved measuring the same oocytes twice under
controlled conditions to reduce variance and improve the reliability of the results.
The detailed steps of the protocol are as follows:

Baseline Measurement (Baseline 1): The first I/V ramping measurement was
performed before channel activation to establish the baseline voltage-current rela-
tionship.

Activation Measurement (Activation 1): The channel was activated for 2-3 sec-
onds to ensure proper opening while minimizing ion accumulation around the pore.
A second I/V measurement was then recorded in the ATP-induced open state.

Rinse and Reset: ATP was rapidly rinsed off for 2 minutes to recover channels
that may have been affected by the rundown effect.

Switch to New Solution(Baseline 2 & Activation 2): The external solution was
replaced with desired solutions, after which the protocol was repeated.

The I/V curves were obtained by fitting the current differences between activation
and baseline (apo) measurements, from which the reversal potentials (Vrevl and
Vrev2) were calculated. The change in reversal potential, AVrev, defined as the
difference between Vrev2 and Vrevl, was documented for each construct and used
to evaluate changes in ion permeability. This approach was for detecting subtle
shifts in ion selectivity, which might otherwise be buried under variability between
different oocytes.

Additionally, the ratio of current amplitudes between the first and second activa-
tions (I2/I1) was recorded. This provided a direct measure of the change in ion
flow under different external environments.

As described in Chapter 3, Section 3.3.1, the assessment of [2/I1 and AVrev is to
evaluate the change in ion permeation from two perspectives: 12/I1 was used to
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evaluate how sensitively the current responds to changes in external ion concentra-
tions under the same voltage. A larger [2/11 indicates that current decreases faster
as the concentration gradient decreases, suggesting lower diffusion resistance be-
tween the ion and the pore. Conversely, a smaller 12/I1 indicates that the current
is less responsive to concentration changes, reflecting a buildup of diffusion re-
sistance. AVrev was used to assess how stable the pore’s ion preference remains
when external ion concentrations are altered. A smaller AVrev indicates that the
pore maintains its preference for a particular ion even when its external gradient is
reduced; a larger AVrev suggests that the pore’s selectivity is more easily shifted
by concentration changes.

Accumulative Effect of E11K and TM2 Chimera Extreme experimental con-
ditions were used initially with the modified TEVC protocol, with either Na*t or
Cl~ being completely swapped by choline or gluconate. The background buffer
was 90mM Na-gluconate-based Ori~ (90 Na*/0 C17), and the second buffer was
90mM Choline-C1 (0 Na*/90 C17). 12/I1 and AVrev values of each construct in
these experiments were therefore referred to as how current or Vrev obtained in
90mM Choline-Cl Ori~changes in relative to the values in 90mM Na-gluconate
Ori—,

To test the sensitivity of the TEVC protocol, a double mutant combining the TM2
chimera and E11K was selected, as these two constructs would theoretically ex-
hibit the most distinct ion permeation profiles compared to the triple mutant. Their
combination was expected to produce a cumulative effect on ion selectivity and
conductance properties. This preliminary screening aimed to determine whether
such large differences could be detected despite the remaining limitations of the
early TEVC protocol.

The double mutant, E11K-TM2 chimera-triple mutant, referred to as 11K-X3/X5
TM2 chimera, was prepared. After the RNA synthesis, it was injected undiluted
with a volume of 41nL, alongside the triple mutant, as well as P2X3/X5 TM2
chimera and E11K as controls. The latter were injected as previously described.
The oocytes were examined on TEVC after incubation.

Data points obtained from different Ori~ of all constructs were analyzed compre-
hensively via two-way ANOVA with a mixed effect model (o = 0.05), instead of
being compared one-to-one. The experiment results are presented in Figure 2?2,

114



and the detailed experimental results are listed in Tables A.3.1.

The statistical results regarding 12/I1 and the AVrev values are shown in Table
A.3.2, which summarizes the overall results. Analysis shows that significant dif-
ferences among all constructs were detected both in 12/I1 and AVrev values. Tables
A.3.4 and A.3.5 are post-hoc Sidak’s multiple comparisons test between every two
constructs. Comparing the I2/I1 values, it was observed that significant differences
were detected between the triple mutant and single mutant of E11K or another
single (component) mutant, P2X3/X5 TM2 chimera. The E11K-TM2 chimera
showed a similar current ratio in comparison with any other construct. When com-
paring the AVrev values, the E11K-TM2 chimera was significantly different from
both of the single-component constructs but not the triple mutant. Taken together,
the E11K-TM2 chimera exhibits a compromised instead of an accumulative effect
from E11K and P2X3/X5 TM2 chimera regarding the ion permeation profiles.

4.3.5 Characterizing Single Mutations on the Ion Permeation
Pathway

In the above experiments, the TEVC method was established, and a signal of sig-
nificant ion permeation behavior was detected as 12/I1 and AVrev values. How-
ever, as previously noted in the Chapter 3, Section 3.3.1, when the original 90mM
Na't/Cl~ was replaced by more than 50% by the impemeable oganic molecules,
unpredictable behaviors (i.e., baseline drift and increased noise) were consistently
observed in the recordings, which were likely due to excessive amounts of imper-
meant ions in the solutions. baseline drift and increased noise. Besides, complete
substation of C1~ caused a false signal caused by liquid junction potentials. There-
fore, instead of complete substitution, a stepwise reduction of Na* or C1~ from 90
mM to 70 or 50 mM was used in the following experiments.

Besides, considering the rundown effect of P2X3Rs, which might affect the eval-
uation of 12/I1 signal, a control group was established for each construct to doc-
ument potential intrinsic shifts in 12/I1 due to repetitive measurements. In this
group, the second solution remained the standard 90 mM NaCl (Ori™), ensuring
that AVrev primarily reflected the effects of solution changes rather than measure-
ment artifacts.
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Varied [C1™] Changes 12/I1 and AVrev

The detailed results are presented in Tables 1-4 and Figure A.3.2; two-way ANOVA
with a mixed effect model (o = 0.05) was used to analyze the overall comparison
between the triple mutant and every other construct.

Alterations of ion concentration and constructs were used as two independent pa-
rameters, and three fixed effects were tested: chloride concentration (/CI~]), con-
struct type (Construct), and their interaction (/CI~] x Construct). Effect [Cl™]
suggested for constructs react to the change of extracellular chloride concentra-
tion; a significant difference suggests that, taking the constructs in comparison to-
gether, changes in 12/11 or Vrev were observed in response to alterations of [CI™].
Significant differences of effect Construct, on the other hand, indicate a general
difference was observed between constructs, which is stable across chloride lev-
els; ifa difference is detected for /CI~ ] x Construct, different extracellular chloride
concentrations might induce different construct-dependent effects. Each oocyte is
treated as a random replicate to absorb oocyte-to-oocyte variability.

When comparing the change in Vrev, the hP2X2 and K14C were included ex-
plicitly. hP2X2 served as an additional control due to its well-characterized CI~
permeability (Samways et al., 2014), allowing direct comparison with P2X3 con-
structs. In contrast, K14C, as the only functional K14 mutant, provided an opportu-
nity to examine if that lysine residue, though not directly in the ion pathway, could
influence Cl1~ selectivity. However, these two constructs were excluded from the
12/11 amplitude ratio comparison. Although 12/I1 was not used to indicate recov-
ery here, it was still calculated from two consecutive activation responses, only
under different conditions. Since hP2X2 shows no rundown and K14C displays
extremely low recovery, as shown previously, both differ significantly from the
other constructs with moderate recovery ratios resembling the triple mutants. To
avoid introducing bias from their distinct rundown behaviors, they were excluded
from this comparison.

Tables A.3.6, A.3.7 (Appendix), and Figure A.3.2 show 12/11 values for each con-
struct when CI~ concentration was changed. Table A.3.7 (Appendix), shows that
construct differences in diffusion resistances occur when Cl~ passes through the
pores were detected between the triple mutant and every other tested constructs
except for T54V, with P values of 0.0383 (vs. E46K), 0.0259 (vs. R52E), <0.0001
(Vs. P2X3/X5 TM2 chimera, T330K heteromers and E11K). This suggested that
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all constructs but T54V changes have impacts on the resistance that C1~ ions have
to overcome when travelling through the pores, while P2X3/X5 TM2 chimera,
T330K heteromers, and E11K might have more dramatic effects; however, com-
paring results from the triple mutant vs. E46K, R52E, and T54V, changes in CI~
extracellular concentration are only significant for triple mutant vs. T54V group.
In other words, while E46K and R52E change the CI~ ion diffusion pattern, T54V
introduces differences in the concentration dependency of the CI- permeation.

Tables A.3.8 and A.3.9 (Appendix)show the data and analysis of Vrev shifts of the
constructs upon the changed C1~ concentration. Example I/V curves could be seen
in Figure A.3.2. Although E46K/R52E show different C1~ ion diffusion patterns,
statistical results suggest that they do not change the overall chloride preferences,
which agrees with the results where the changes in C1~ concentration are not sig-
nificant for either of them when compared with the triple mutant. Similarly, T54V
has no impact on CI~ preference either. P2X3/X5 TM2 chimera, though with a dif-
ferent C1~ diffusion pattern, does not show any changed C1~ selectivity. hP2X2Rs
shows a difference in CI~ selectivity, with P value = 0.0111. while P <0.0001 was
detected when comparisons between T330K heteromers and E11K, suggesting an
increase in CI~ selectivity of those constructs: Vrevs of them shifted less during
the changing of extracellular chloride concentration, seen in Figure A.3.2.

Varied[Na*"] Changes 12/I1 and AVrev

Unlike highly varied intracellular Cl concentration, intracellular Na™ is negligible.
Therefore, the decrease in extracellular sodium concentration constantly resulted
in decreased concentration gradients.

Table A.3.10 and A.3.11 (Appendix) show I2/I1 values of the constructs under
the changed Na™ concentrations. Similar to the 12/I1 values during the chloride
experiments, the 12/I1 of Na*t current is an analog of how fast the resistance that
sodium ions encounter during permeation changes, along with a decreased driving
force of the concentration gradient. The Two-way ANOVA detected significant
differences except for comparisons between the triple mutant versus E46K. E11K,
R52E, and T330K heteromers both show dramatic sodium permeation, with P val-
ues < 0.0001, 0.0005, and < 0.0001, respectively, revealing that those constructs
differ from the triple mutants regarding sodium ions permeating resistance within
the channel. T54V and P2X3/X5 TM2 chimera showed not only different diffusion
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resistance, with P values in factor construct of 0.0002 and <0.0001, but also differ-
ences in factor [Na™" ] x construct, with P value of 0.008 and 0.0259. Those results
together suggest that the diffusion of Na™ in T54V or P2X3/X5 TM2 chimera is

significantly different from the triple mutant.

Table A.3.12 and A.3.13 (Appendix) show Vrev shifts from the constructs under
different concentrations of Na™, with examples of the shift shown in A.3.3. Two-
way ANOVA analysis detected no differences in absolute Na™ preference between
the triple mutant versus R52E or P2X3/X5 TM2 chimera; however, P2X3/X5 TM2
chimera still presents overall changes in sodium permeation compared to the triple
mutant, with a P value of 0.0039. E46K and T54V both showed differences in
factor construct, but not the [Na™] x construct, suggesting that those two constructs
have altered sodium selectivity, but not differ from the triple mutant in how to
respond to changed Na* concentration. T330K heteromers and E11K, on the other
hand, differ from the triple mutant in the factor construct, both P < 0.0001, as
well as [Na*t] x construct, with P = 0.0002 and 0.0011, respectively. exhibiting
significant behavior of those two constructs from the triple mutant.
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5. Discussion

5.1 The Cytoplasmic Cap Network

The first characterization of the cap was to determine how the intracellular termini
plays various roles in the construction of the cap.

5.1.1 Participantion of N-/C- Termini

The Role of N- or C- Terminus To investigate the distinct roles of the N- and
C-termini in the assembly and functionality of the cytoplasmic cap, a series of
RNA co-expression experiments were conducted, using varying ratios of the WT,
triple mutant, and mutants based on these two constructs.

In the first part of the experiments, mixed RNA from wild-type hP2X3 and the
triple mutant were co-expressed in varying ratios (2:1, 1:1, 1:2). The enormous
amplitudes from the activation of triple mutant homomers could mask the response
ofthe NWT /NM/NM and NWT / NM NM/NM receptors. To minimize this mask-
ing effect, the amount of triple mutant RNA injected was reduced. The wild-type
homomers, due to their fast onset but slow recovery of desensitization and thus
relatively small amplitudes did not significantly interfere with the overall channel
opening kinetics.

The 2:1 group (WT to triple mutant ratio) showed the most noticeable reduction
in this masking effect, as the overall current was large enough to cover the con-
tribution from the WT component. Compared to the triple mutant, a change in
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kinetics was observed, indicating that the contribution from heteromers could not
be ignored. This suggests that despite the remaining interference from the triple
mutant, the heteromers could still be successfully detected. Overall, the results
from each group show a clear trend of decrease in desensitization rate with in-
creasing proportions of the triple mutant RNA. These observations suggest that as
the proportion of triple mutant RNA increases, leading to more mutant subunits in
heteromeric channels, the desensitization becomes slower. This indicates that the
incorporation of the mutated N-terminus into heteromers alters the desensitization
kinetics.

For precisely determining the changes in the desensitization phenotype caused by
different termini assemblies during trimerization, it was preferable to rely on sig-
nals from specific heteromeric channels. The introduction of the K63A muta-
tion effectively removes functional responses of homomeric hP2X3 triple mutant
channels from subsequent experiments. Meanwhile, truncation of either the N-
or C-terminus of the WT protomers resulted in non-functional homomeric WT
channels, further eliminating any possible interferences from the signal of WT ho-
momers. These attempts of interference elimination ensured that only heteromers
produced measurable currents in the following experiments.

The initial experiments involved co-injecting oocytes with RNA combinations of
AN-WT and N™-K63A. None of these oocytes responded to 10uM ATP, rais-
ing questions about the underlying cause. A key consideration was whether these
mutations directly interfered with trimer assembly. However, it is unlikely that
either AN-WT or N™-K63A disrupts trimerization, as neither mutation has been
shown to engage in the trimerization process of P2X3 channels extensively. pre-
vious studies indicate that K63 A does not affect subunit assembly(Hausmann et
al., 2012), and there is no direct evidence linking the cytoplasmic N-terminal do-
main to trimerization (Murrell-Lagnado & Qureshi, 2008). Thus, the lack of ATP
response is likely due to other mechanisms.

If trimerization had occurred and heteromeric receptors were present, two possi-
ble configurations would be AN/AN/K63A or AN/K63A/K63A. As described in
Section 4.1, receptors containing two K63 A-mutated ATP-binding pockets (N -
K63 A protomers) were reported to be non-functional (Stelmashenko et al., 2012),
explaining why the AN/K63A/K63A heteromer could not generate a response.
This leaves the AN/AN/K63A configuration, which also appeared non-functional,
leading to the conclusion that the absence of two N-termini within a trimer si-
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lences the receptors under TEVC conditions. In other words, the loss of two or
three N-termini severely disrupts the formation of the cytoplasmic cap, prevent-
ing receptor function. This conclusion aligns with MD simulation results, which
predict a closed pore when the N-terminus is absent.

In the experiments where WT and K63 A-triple mutant RNA were co-injected, dif-
ferent channel functions were observed. The possible receptor assemblies in this
case include WT homomers, WT/WT/K63A, WT/K63A/K63A, and K63 A homo-
mers. As previously discussed, the last two configurations were non-functional
despite their possible existence. Knowing this, the remaining functional assem-
blies can be classified based on their N-terminus composition as N7/ NWT/NWT
and NVT/NWT/NM which N represents the mutated N-terminus introduced by
the K63 A mutation.

The co-injection groups, with WT: N- K63A ratios of 4:1 and 1:1, exhibited
significantly higher signal amplitudes compared to the WT-only group, where
only NWT/NWT |NWT existed. These observations suggest that NWVT/NWT/NM
heteromers may enhance channel function primarily by stabilizing the open state
through the mutated N-termini, a conclusion supported by the altered kinetics.
Since K63 A substantially decreases ATP affinity, it is unlikely to account for this
improved performance. Notably, the K63 A mutation does not impede the assem-
bly and surface expression of the receptor subunits (Bodnar et al., 2011). Ad-
ditionally, a recent study suggested that mutations in the N-terminal region do
not appear to interfere with subunit assembly or membrane trafficking (Lin et al.,
2024). Therefore, while other possibilities cannot be entirely excluded, the stabi-
lizing effect of N is the most likely explanation for the increased current. Al-
though no significant differences were observed between WT and WT: K63A =
1:4 group, the latter still responded to ATP with bigger amplitudes, indicating a
minor enhancement in channel activity.

Repeated activations led to “rundown” effects, manifesting as decreased ampli-
tudes of the responses in the WT groups due to the accumulation of desensitized
receptors. The same phenomena were also observed in WT: K63A =4:1 and 1:1
groups, as the amplitudes during the 2nd and 3rd activations were decreasing in
both groups. Noticeably, the 4:1 group showed a more severe response suppres-
sion compared to the 1:1 group. The 1:4 group, conversely, resembled the triple
mutant rather than the WT, maintaining a consistently similar response magnitude
regardless of repetitive ATP applications.
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Throughout three activations, both the sole WT and the WT: K63A=4:1 groups
exhibited progressive desensitization, indicating that a higher fraction of WT sub-
units drives stronger desensitization. Meanwhile, mixtures with fewer WT sub-
units (such as 1:4) displayed weaker desensitization, consistent with lower level
of rundown. As an intermediate, the 1:1 group initially showed moderate desensi-
tization (between 1:4 and 4:1) but gradually shifted toward the 1:4 behavior upon
repeated activation. This shift may reflect preferential suppression of WT subunits
by rundown, reducing their influence and thereby making the channel behave less
like the WT channels. Specifically, the 1:4 group maintained a smaller yet stable
response, likely driven by two opposing effects: a more stabilized cap-enhancing
function vs. the reduced ATP-binding pockets diminishing channel conductivity.
Together, these forces produce the 1:4 group’s intermediate phenotype.

1uM ATP was also tested on the WT+K63A groups. Although statistical analysis
was not possible due to the small sample size, the recording traces suggested that
the differences in desensitization kinetics, which were previously observed among
groups with different RNA ratio mixtures, were no longer present This suggests
that either the N"W7/NWT/NM and WT homomers behave similarly under 1uM
ATP or one of them was less responsive at this concentration.

Given that only two bound ATP molecules are required to open the channel(Chataigneau
et al., 2013), it is expected that the NWT/NWT/NM did not lose the high sensitiv-

ity to ATP. However, due to the cooperative nature of ATP binding (Ding & Sachs,
1999), the absence of the third binding site may result in a receptor that, while still
responsive, exhibits reduced maximal current amplitude.

The similar rundown effect observed across all groups challenges the notion that
both receptor types behave identically at 1uM ATP, as previous studies have shown
that WT receptor desensitization is highly sensitive to nanomolar ATP levels (Pratt
et al., 2005). Therefore, it’s plausible that at this lower ATP concentration, the
NWT/NWT/NM heteromer phenotype becomes more pronounced, as WT homo-
mers may respond with even smaller magnitudes. The heteromers exhibit slower
desensitization compared to WT receptors, providing evidence that incorporating
a single mutated N-terminus can significantly stabilize the cytoplasmic cap.

The AC-WT + NM_K63A groups revealed additional insights and provided fur-
ther support. Neither AC-WT nor K63A solely injection groups could be activated
by 10uM ATP, suggesting that functional heteromers are assembled by two con-
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structs that cannot form functional homomers by themselves, which compensate
for each other’s deficiencies when expressed together. Furthermore, heteromers
containing two K63 A-incorporated subunits are supposedly not activated by 10uM
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Figure 5.1.1: textbfSchematic representation on incorporation of AN- / AC-WT and
K63A-triple mutant in trimeric assemblies. The details of each construct (resulting in
the indicated protomer) are specified in the upper panel. Based on the WT, AC-WT lacks
the C-terminus, and AN-WT is deficient of the N-terminus (notice that without the N-
terminus, WT and triple mutant are identical and thus are not distinguished, here it's
referred to as AN-WT, as it was generated from the wild type). The three mutations
of the triple mutant (T13P, S15V, V16I) on the N-terminus are colored in green, and
the ATP-binding deficient K63A substitution is colored in red. In the lower panels, all
possible assemblies are listed. The ones that are crossed are non-functional, accord-
ing to literature and /or from TEVC observation; detailed discussion is in the text. The
homomers of WT and triple mutant (lower left panel) are functional, but when lacking
three N or C-termini or having no non-mutated ATP binding pockets, the function is
disrupted. Heteromers are described in the lower-right panel. Any heteromers bearing
more than one K63A protomer should not be activated by 10pM ATP. The K63A with
two AN protomers appeared to be non-functional as seen in TEVC. AC/ AC/K63A should

be retained as the functional heteromers here, which contributed to the signal also ob-
served in TEVC(Created in https://BioRender.com)
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ATP, as mentioned above, the observed TEVC signals must originate from the
AC/AC/K63A heteromer. This indicates that a single C-terminus is sufficient to
support the formation of the cytoplasmic cap and enable the activation. This find-
ing aligns with simulation results showing that the pore remains open under con-
ditions where both termini are intact, as well as when one or two C-termini are
removed.

Additionally, no significant changes in desensitization were observed in the 4:1
and 1:1 AC-WT + K63A groups compared to the WT + K63A groups, where ex-
cessive WT participation led to pronounced desensitizing and rundown effects.
Meanwhile, the 1:4 AC-WT + K63A group, where the K63 A-triple mutant was in
excess, demonstrates poor performance, which may be caused by the decreased
expression level of C-termini truncated WT subunits, thus also a reduced amount
of AC/K63A/K63A heteromers, leading to a decreased formation of functional
AC/K63A/K63A heteromers. When K63 A was the less abundant component, this
issue was largely resolved. Both observations aligned with what has been pre-
viously reported that the C-terminus facilitates the expression (Chaumont et al.,
2004). Consequently, the K63 A protomers with an intact C-terminus were ex-
pressed more proficiently, ensuring that, even with a reduced RNA injection ratio,
sufficient K63 A-expressed proteins were available to form heteromers with AC-
WT, ensuring functional receptor assembly.

Figure 5.1.1 summarizes the subunit assembly in the above experiments, and func-
tional/dysfunctional trimers are specified. In conclusion, these experiments pro-
vided evidence that 1). deficiency of the N-terminus prohibits the construction of
the cytoplasmic cap, thus preventing the channel from normal function; 2). On
the contrary, even one C-terminus is sufficient to support functional receptors; 3).
The incorporation of only one cap-stabilizing mutated N-terminus into a trimer is
sufficient to enhance the stability of the cap and significantly decelerate the overall
desensitization kinetics of the P2X3Rs.

5.1.2 Cap Structure Supported by Residues and Residue-interaction

Later, the specific residues on the cytoplasmic termini were studied, aiming to
outline the details of how the cap is constructed and to determine the role of specific
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residues on cap stability.

Ionic Interaction The salt bridge study began by examining the relationship
between residues D340 and K357. The two residues are conserved in human iso-
forms of the P2XRs, and a potential salt bridge between D340 and K357 has been
reported earlier(Oken et al., 2022). To investigate their functional significance,
the aspartic acid at 340 was mutated to both alanine (D340A) and lysine (D340K).
Both mutants yielded poor functioning performance with responses reduced to
barely 1% of the triple mutant.

The dramatical impairment of function lays out the crucial importance of the native
aspartic acid. MD simulations have highlighted the importance of D340 and its in-
teraction with K357 in maintaining the integrity of the cytoplasmic cap. Addition-
ally, D340 is located within the cytoplasmic fenestrations (Mansoor et al., 2016)
suggesting its potential interaction with ion flow due to its charged side chain.
Experiment data here showed that substituting the negatively charged D340 with
a neutral alanine or a positively charged lysine disrupts the facilitation of cation
passage through the channel, manifesting as a current reduction. This disruption
could be due to destabilization of the open state or altered electrostatic interactions
within the pore, leading to decreased current. Thus, the presence of a negatively
charged residue at this position appears crucial for both channel stability and effi-
cient ion conduction.

Substitution of its supposed counterpart K357, which is also located on ion fen-
estration (Mansoor et al., 2016), with aspartic acid (K357D) resulted in a dra-
matic decrease in function while neutralizing K357 (K357A) caused less exten-
sive functional damage, yet the currents were still significantly smaller than the
ones of the K357 channels. This variability indicates that the positive charge at
residue 357 is crucial for function. This is further confirmed by mutating K357 to
arginine (K357R) and glutamic acid (K357E). The charge-reversed K357 nearly
abolished channel function, while a replacement by an arginine, where the side
chain is changed structurally but the positive charge remains, maintains the current
amplitudes comparable to the triple mutant. These results indicate that the posi-
tive charge at position 357 enhances channel conductivity primarily by stabilizing
the cytoplasmic cap through ionic interactions, as suggested by MD simulations.
Given the channel’s strong cation selectivity, it is unlikely that this lysine residue
directly facilitates ion permeation—an alternative mechanism by which charged
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residues might typically enhance ion flow. Instead, the observed functional im-
pairment upon mutation highlights its structural role in maintaining protein in-
tegrity.

Consistent with these observations, the charge-neutralized mutation K357A results
in less severe functional impairment compared to the charge-reversed mutation
K357D. This clear trend—where function progressively declines from positive (K,
R) to neutral (A), and finally negative (D, E)—further supports that electrostatic
interactions strongly contribute to the structural integrity provided by K357.

Interestingly, despite severe functional impairment, the K357D mutation exhibited
desensitization kinetics similar to the triple mutant, whereas K357A showed no-
tably faster desensitization and a more unstable open state. Given that both lysine
and aspartic acid possess relatively large side chains, this observation suggests that
beyond charge, side-chain size and flexibility at position 357 might also contribute
to structural stabilization. However, the distinct kinetics observed with K357A
indicate that structural features alone cannot fully compensate for the absence of
appropriate electrostatic interactions. Thus, the residue’s electrostatic properties
appear dominant, but its non-electrostatic structural attributes may also influence
the receptor’s open-state stability, as has been suggested (Schwehm et al., 2003).

The double mutant D340K, K357D which was expected to restore the ionic residue
interaction by compensating for the charge reversal by charge swapping, exhibited
an even greater loss of function. Despite the functional loss in terms of current am-
plitudes, the desensitization kinetics of the double mutant were re-established to
resemble the triple mutant. This suggests that the ionic interaction between D340
and K357 is crucial for the slow desensitization kinetics observed in the triple mu-
tant and thus stability of the cytoplasmic cap, but it is not solely responsible for the
observed functional impairments, as interactions between local protein structural
and individual residues might play a crucial role in protein overall function, as
discussed above. In support of this, positive results of interaction suggestion from
the double-mutant cycle further evidence the interaction between D340 and K357,
which significantly contributes to the stability of the open state of the receptor.

Similar investigations were done on E359 and its suggested interaction partners
of K14, K356, and K357. The mutation K14E showed severely damaged channel
function, suggesting that K14 is highly involved in the gating processes. Despite
the loss of function, the glutamic acid at 14 does not impair the desensitization ki-
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netics significantly. This site appears to be highly mutation-sensitive, where K14
is structurally and electrostatically optimized for gating, and even minor modifica-
tions (such as K to Q or E) disrupt function. In a previous study, it was suggested
that the aligned residues TXK (X representing uncertain residue), from position 12
to 14, form a critical motif in P2X3 receptors, a most likely target for phosphory-
lation, in which, neither T12E nor K14Q resulted in measurable current (Paukert
et al., 2001). Similarly, the TI2A mutation also led to poor functioning, which
will be discussed in a subsequent study.

Interestingly, a cysteine substitution at K14 does not significantly affect function,
as current amplitudes remain largely unchanged. TEVC recordings of K14C re-
vealed extensive rundown between the first and second activations, with a small
second current contrasting the large, fast-desensitizing initial signal. Since Po-
sition 14 is located in the cytoplasm, where the reductive environment does not
favor disulfide bond formation, the effect of cysteine substitution is likely due to
its smaller side chain rather than specific chemical interactions. Although K14C
reduces the current to a lower level, its rapid desensitization and pronounced run-
down, resembling WT behavior, indicate that it significantly disrupts open-state
stability. This reinforces the idea that K14 is crucial for maintaining sustained
activation.

Size reduction may introduce compensatory flexibility that minor modifications,
such as K to Q, do not provide. The suggestion would align with previous conclu-
sions that small amino acids such as alanine or cysteine were found to be consider-
ably less disruptive, indicating that smaller or flexible side chains can sometimes
be better tolerated than bulkier changes, as they introduce adaptability that helps
accommodate local conformational changes (Gray et al., 2017). While K14 is es-
sential, the surrounding region appears highly sensitive to mutations yet retains a
degree of flexibility, permitting certain small substitutions, like K14C, to preserve
gating function despite the loss of charge. The balance between mutation sensi-
tivity and structural adaptability highlights the dynamics of this gating region.

The mutations on 356K surprisingly didn’t impair the function, regardless of sub-
stitution with a bulkier side chain (356R) or reversed charge (356E). The results
reveal that the 356K might not directly interfere with the pore opening, gating or
the fenestration pathway with its charged side chain. When mutated to arginine
(356R), the receptor remained slow desensitization, whereas reversing the charge
with 356E affected desensitization, indicating that the positive charge at this posi-
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tion may be important for cap stability.

In contrast, substituting lysine with glutamic acid at residue E359 (E359K) sig-
nificantly impaired both receptor function and cap stability. As there is a lack of
comparisons among different substitutions, it is challenging to determine precisely
how E359 facilitates receptor function. When combining E359K with other mu-
tants located in positions suggested to be interacting with E359, more information
is obtained.

The simultaneous charge-reversing and thus charge swapping between K14 and
E359 suppresses receptor function further, without restoring desensitization kinet-
ics, providing weak evidence for their direct ionic interaction. The combination of
K356 and E359K resembles both of the single mutants, suggesting that their inter-
action does not exhibit additive effects. However, the 357E,359K double mutant
successfully restored desensitization kinetics through charge swapping, although
receptor function remained impaired. The restoring of the desensitizing behav-
iors suggests that interactions between these residues contribute to cap stability.
Double-mutant cycle analysis is further evident that the salt bridge formations be-
tween K356-E359 and K357-E359 are critical for receptor stability, whereas the
K14-E359 interaction does not appear to be significant.

Single and double mutants were also generated to probe the role of the hydropho-
bic network in maintaining the structure of the cytoplasmic cap. This network is
especially important around the area with hydrophobic residues oriented towards
the lipid environment and hydrophilic residues lining the pore(Nicke et al., 1998a).
The hydrophobic interactions in this area are critical for the receptors to maintain
the structures and function normally.

The phenylalanine at position 8 and tryptophan at 21 within the N-terminus was
suggested by MD simulations to form direct hydrophobic interactions crucial to
the intracellular protein domains and the cytoplasmatic cap. Single and double
mutants, all to alanine (F8A and W21A) were generated accordingly. It was ob-
served by TEVC analysis that the alanine substitution of the alanine substitution
on the W21 seems to be similar to the WT, with neither function nor desensiti-
zation kinetics affected by substituting W with A. This outcome was unexpected,
given that the tryptophan possesses a large and complex aromatic side chain capa-
ble of extensive hydrophobic interactions with surrounding residues. The fact that
the smaller, less hydrophobic alanine can maintain the structural stability of the
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cytoplasmic cap suggests that even modest hydrophobic side chains are sufficient
to stabilize the local environment.

In contrast, F8A resulted in an increased function and accelerated desensitization.
The phenylalanine resembles tryptophane, possessing a large aromatic side chain
that contributes to hydrophobic interactions. The observation of the faster desen-
sitization after alanine substitution indicates that the side chain of F8, being larger
and more hydrophobic than alanine, plays a more critical role in maintaining the
structural stability of the cytoplasmic cap. However, the flexibility introduced by
alanine could allow a high level of freedom for local conformation adoption, which
potentially leads to a more conducive open pore, which might explain why F8A
increased the current amplitudes.

Furthermore, the double mutant 8A,21A exhibited enhanced performance with
desensitization accelerating beyond that of 8A alone. Double-mutant cycle anal-
ysis between F8A and W21A confirms that the two single alanine substitutions
do not add up to the double mutant, leading to a conclusion that both residues
are functionally coupled and a hydrophobic interaction exists between residues
F8 and W21. This interaction is essential for the stabilization of the cytoplasmic
cap, as disrupting both hydrophobic interactions simultaneously results in distinct
functional outcomes.

To further explore the hydrophobic network, the single mutations were performed
on T12 and V17 located in the N-terminus, and F358 of the C-terminus. As men-
tioned above, the T12 is highly conserved and was suspected to be involved in
constructing a critical motif on the N-termini. Substituting the T12 with an A was
observed to indeed significantly weaken the function while accelerating the de-
sensitization. Similarly, aspartic acid mutation at position 17 (V17D) resulted in
comparable functional impairments and accelerated desensitization. It suggests
that the negatively charged D can be a great disturbance to a local hydrophobic
network, thereby disrupting receptor stability, especially near the membrane.

The F358A resembles the F8A on the accelerated desensitization kinetics, without
providing any functional improvement. This similarity suggests that replacing
phenylalanine with alanine at both positions reduces structural stability due to the
smaller, less hydrophobic side chain of alanine. However, unlike F8A, the F358A
mutation does not enhance channel current amplitudes. This difference indicates
the distinct local environments of the F8 and F358. At position 358, the same
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alanine substitution might not have induced significant conformational changes
that affect receptor function, compared to the F§A which enhances the flexibility
and increases channel conductance. Therefore, F8A is slightly favored in terms
of functional enhancement, while F358A appears to have a negligible impact on
function. This outcome highlights the importance of the local structural context
in determining how hydrophobic residue substitutions influence receptor activity
and stability.

5.1.3 Movements of the Intracellular Termini during Channel
Gating

It was one of the key interests in understanding how the termini moved during the
transition from the apo state to the open state of the channel. MD simulations indi-
cated that certain residues on the termini experience significant changes in their rel-
ative distances to each other during activation. Residue pairs E11-V15, V15-F358,
and V18-V361 were selected as reporter sites for conformational changes during
the activation. These residues were mutated into cysteines, and with a crosslinker
with appropriate length, it was expected to be able to capture and crosslink the
approaching of the residues.

All single cysteine substitutions show similar levels of current amplitudes com-
pared to the triple mutant on TEVC, with only slight reductions on E11C, V15C,
and V18C. Regarding desensitization kinetics, mutants V18C and F358C showed
mildly accelerated desensitization, while desensitization kinetics ofthe E11C, V15C,
and V361C mutants remained unaffected.

E11 is both polar and charged, yet substituting it with cysteine does not affect
desensitization, suggesting that it does not significantly contribute to local elec-
trostatic interactions or structural constraints that maintain the cytoplasmic cap’s
integrity. Accordingly, the unchanged desensitization of E11C indicates that E11
is unlikely to play an active role in stabilizing the cytoplasmic cap. However,
the mild reduction in current amplitude suggests that E11 contributes to ion con-
ductance. As E11 has been reported to participate in cytoplasmic fenestration of
the channel (Tam et al., 2023), its substitution may slightly alter ion flow without
affecting gating dynamics.
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Valine at position 15 is critical for stabilizing the cytoplasmic cap, as proven by the
previously reported S15V-hP2X3R and the triple mutant (13P,15V,161-hP2X3R)’s
performance (Hausmann et al., 2014). Since valine stabilizes the cytoplasmic cap,
its substitution with cysteine is expected to destabilize, leading to faster desensi-
tization which may also manifest as a reduction in maximal current, as was seen
during the TEVC measurement.

Molecular dynamics simulations have suggested that V18 plays a significant role
in constructing hydrophobic interactions essential for channel function. Conse-
quently, mutating V18 to cysteine disrupts these interactions, leading to loss of
channel function, which is consistent with the observations. Similarly, V361 was
relatively more sensitive to the cysteine substitution, manifesting as moderate ac-
celeration of the desensitization, suggesting that its hydrophobicity is crucial for
maintaining structural stability as well.

As mentioned in the Results chapter, crosslinking experiments could not be suc-
cessfully conducted with readouts of the functions, using current TEVC protocols.
Therefore, biochemical experiments were performed instead, to analyze whether
the proximity of specific residue pairs changes during channel activation. These
experiments aimed to detect crosslinking by covalently linked dimers and trimers
on SDS-PAGE gels. Given that the triple mutant exhibits a relatively stable open
state, the prolonged exposure of residues in close proximity should increase the
likelihood of successful crosslinking. A successful capture of these conforma-
tional states is reflected in the formation of SDS-resistant dimers and trimers, con-
firming that the cysteine residues were trapped upon approaching each other during
channel activation.

In these experiments, the E11-V15 was ruled out in the early stage, because their
proposed interactions are intrasubunit (within the same subunit) and thus would not
be detectable by SDS-PAGE because crosslinking does not concatenate adjacent
subunits.

For the residue pairs V15C-F358C and V18C-V361C, SDS-PAGE analysis showed
that dimers formed regardless of ATP presence, while trimers appeared almost ex-
clusively with ATP. The appearance of trimers in the ATP condition confirms that
these double mutants successfully report the movement of the termini during chan-
nel activation. This supports the idea that in the open state, these residues move
into proximity, enabling trimer formation.
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Meanwhile, the fact that the dimer signal was always present suggests that it does
not provide a usable readout. However, its exclusive appearance in double mu-
tants, and not in single mutants, confirmed that spontaneous, unspecific dimeriza-
tion does not occur. Given that crosslinkers react within a tolerance of 3 A beyond
their theoretical distance (Merkley et al., 2014), it is possible that dynamic move-
ment of the termini allows crosslinking to occur even before full activation. The
consistently strong dimer signal as well as the weaker and open-state-exclusive
trimer signal suggests that trimer formation requires a more precise subunit ar-
rangement and is inherently less favorable. This aligns with previous observations
that higher-order oligomers form less frequently in biological systems, as their as-
sembly is constrained by both energetic costs and structural requirements (Danielli
et al., 2020). While dynamic movement of the termini and the crosslinker’s toler-
ance range may allow dimers to form even outside the fully open state, trimeriza-
tion likely depends on a much stricter conformational alignment. This makes the
trimer signal naturally weaker.

A key factor limiting trimer formation could be the structural effects of the cys-
teine mutations. Although the triple mutant stabilizes the open state, the additional
double cysteine mutations accelerate the desensitization as shown by the TEVC
recording traces, prevent the perfect alignment needed for efficient crosslinking.
Since trimer formation requires a precise relative distance between all three monomers,
even small deviations from this ideal conformation could reduce crosslinking ef-
ficiency. This suggests that, while the experiment successfully reports the move-
ment of the termini, the extent of trimer formation might have been lower than
expected due to these structural constraints.

Overall, in these experiments, the purpose was to establish the critical role of the
intracellular termini in the structural integrity and functional dynamics of the cy-
toplasmic cap in hP2X3 receptors. It was found that the absence of N-termini
disrupted receptor function, whereas a single remaining C-terminus was sufficient
for activation. The cap was stabilized by both ionic interactions and hydrophobic
networks, with disruptions in these interactions leading to impaired receptor func-
tion and altered desensitization kinetics. Structural rearrangements of key residues
during channel gating were observed, indicating that precise spatial organization of
the termini is necessary for maintaining receptor activity. These findings demon-
strate that the cytoplasmic cap is indispensable for receptor stability and function,
governed by specific residue interactions that regulate gating and desensitization
dynamics.
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5.2 Structural-function Study on the TM2

The following section describes the structural implications of the SCAM results
for the TM2 structure and its dynamic changes during gating.

5.2.1 SCAM Study Potentially Outlines TM2 Structural Dy-
namics

To investigate the ion channel pore formed by TM2 of the P2X3 receptor, cysteine
mutations were introduced across the entire TM2 region. TEVC measurements on
the cysteine mutants were performed to establish the background of the following
study. TEVC confirmed the functionality of the mutations and provided direct
observation of any alterations in channel biophysics. These basic assessments
ensured that subsequent studies on channel dynamics and access pathways were
built upon reliable and functional mutants.

The functional test results demonstrated that the substitutions of cysteine at most
positions were not destructive to the channel function. Compared to the control
group of the triple mutant, mutants [322C, 1323C, S331C, G333C, and V334C ex-
hibited a decreased channel function (reduced current amplitude), while the others
behaved similarly to the control (with the exception of D340C). The introduction
of cysteine at certain positions leads to a loss of function, suggesting that the cor-
responding residues play an irreplaceable role in ion conduction and that even a
subtle structural change can result in notable effects on the ion channel’s function-
ality, for example, S331C. The change in desensitization behavior of the G333C
also raised interest. This will be discussed in a later section where G333 is profiled.

Cadmium was chosen as the cysteine-evaluating reagent. Compared to MTS reagents
that are usually used, metal ions such as cadmium or silver have a similar size as bi-
ological cations passing through ion channels such as sodium or potassium, which
allows the ion to access the entire channel, and the restrictions in channels that
limit the biological ions should also apply to the cysteine-reactive ones (Linsdell,
2015b). Another feature that distinguishes the binding profile of metal ions from
MTS reagents is that the reaction between cysteines and the ions is expected to
have moderate stability. The coordination bond between metal ions and the cys-
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teine side chain is more easily disrupted compared to the covalent bond between
MTS reagents and the side chain. Previous studies recorded changes in single-
channel conductance over channel exposure to Cd**, suggesting an occasional
release of the metal ions from the cysteines that eased the blockage brought by
the ion coordination in the pore (Choi et al., 2013). While adding redox reagents
such as DTT can break both kinds of interaction, simply removing the metal ions
by washing or chelation also disrupts their binding to the cysteine residues (Peris-
Diaz et al., 2020).

The binding affinity variants are another key to the interpretation of the result.
Although favoring coordination via four cysteines with extremely high affinity, it
is reported that Cd®™ can still be attached to one cysteine, which requires a much
higher concentration of Cd**. Each additional cysteine coordinating with Cd**
can increase binding affinity by approximately 1000-fold (Linsdell, 2015b). As
Tsushima et al. reported, a 50-fold of Cd?*-sensitivity alteration for cysteines at
different positions was observed (Tsushima et al., 1997).) Besides the accessibility
and local environmental features, the spatial relationship between cysteines and
side-chain orientation plays a role, which means a transient conformational change
and protein flexibility potentially decide on the formation and breaking of effective
Cd?* coordination. An approach between cysteines during conformational change
can result in metal bridge formation, while a protein geometry-suboptimal Cd?**
coordination that is beyond the adapting ability of the receptors will be ruptured
from the tension or lead to distortion of protein secondary structure (Gao & Hwang,
2016).

The selected concentration for the Cd** examination was 10uM. This concentra-
tion is sufficient to facilitate coordination with three cysteine residues when they
are in close proximity, allowing for the detection of such specific interactions.
However, it is not so high that Cd** would coordinate with cysteines that are not
as closely spaced, which could diminish the assay’s sensitivity to spatial differ-
ences between cysteine residues. The results of the preliminary Cd** screening
suggested that compared to the non-reactive C339S-triple mutant, 323C, 327C,
330C, 332C, 334C, 336C, and 337Chave shown a significantly reduced current
amplitude induced by 10uM CdCls.
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Cytoplasmic End of TM2 is Highly Flexible

The hP2X3R crystal structure reports that 1323, V326, T330, and V334 are pore-
lining residues, while 1323, T330, and V334 were observed to be gating the chan-
nel in the apo, open, and desensitized state in respect (Mansoor et al., 2016). These
structural observations align closely with the results of the current study. The high
Cd?* sensitivity observed in cysteine mutants at these positions strongly suggests
structural features associated with spatial proximity and side-chain orientation to-
ward the pore, creating ideal conditions for Cd** coordination. Meanwhile, the
sensitivity of residues 332C, 336C, and 337C to low concentrations of Cd?* im-
plies distinctive characteristics in the TM2 segment near the cytoplasmic end.

Considering the proposed hourglass-shaped ion pathway and simulation results
regarding the distances between Ca atoms, the narrowest part of the channel is
around residue T330. As the pathway moves deeper toward the cytoplasmic side,
it was expected that the residues on neighboring protomers would become more
separated. However, the results indicate the opposite, showing a closer spatial
proximity between residues in this region. This finding suggests that the structural
dynamics of the channel are more complex than previously thought.

MD simulation suggested a highly flexible region of the TM2 cytoplasmic end,
where precise estimation of the distance relationship was harder to achieve. The
presence of small side chains, notably two glycines, likely contributes to this flex-
ibility. TEVC recordings revealed that cysteines at these flexible positions exhibit
high reactivity and efficiency when inhibited by Cd?*, however, these inhibitory
effects are less stable compared to those at other positions. A comparison of the
Cd?* washing profiles between residues at the extracellular end (323C, 330C) and
the cytoplasmic end (332C, 334C, 336C, and 337C) showed that removing Cd**
from ATP perfusion resulted in a loss of current blocking at the cytoplasmic end,
but not at the extracellular end. The instability of the reaction between the residues
and the metal ion might result from the flexible nature of the protein, which might
disfavor the temporary trapping of the cysteines, resulting in the interruption of
the coordination from the dynamic movements.
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Extracellular End Is Not Completely Rigid

When plotting the blocking efficiency of each cysteine mutant against the simula-
tion result according to Ca-Ca distance, a negatively correlated relationship was
observed, as seen in Figure A.2.8. This negative correlation indicates that as the
distance between cysteine residues decreases, their ability to coordinate with Cd**
increases due to closer spatial proximity. Thus, IC50 values can serve as an indi-
rect measure of residue distances, providing a dynamic and functional approach
to evaluating pore structure in real time.

However, this interpretation is primarily based on measurements taken near the
extracellular end, where the structure is more rigid and residue positions remain
relatively stable. In contrast, the lower part of TM2 is more flexible, which could
affect how reliably IC50 reflects static distances. While structural models sug-
gest that residues in this region may be farther apart, their flexibility could allow
transient conformations where they still frequently come into close proximity. As
a result, IC50 measurements in this area might still provide meaningful insights,
even if their interpretation might be less straightforward.

Mutants S324C, S325C, V326C, A327C, A328C and T330C were tested under
concentration range of of Cd*". The results first reported a Cd**-induced cur-
rent blocking at the positions where Ca-Ca is supposed to be far apart. Specifi-
cally, for positions 324, 325, and 326, Ca-Ca distances were suggested to exceed
15 A by simulations in respect, and almost fully blocked currents were observed
when Cd?* was highly concentrated. Cysteines that are sufficiently far apart tend
to bind Cd** independently, influenced by the distance between them, their side
chain orientations, and the local environment, all dictating the reactivity between
the residues and the metal ions. Higher concentrations of Cd?* lead to increased
current blocking, raising questions about the role of excess Cd?*, given that mul-
tiple Cd** ion accumulation within the same channel is unlikely. This observation
is supported by previous research, which found no evidence of a second ion bind-
ing (Choi et al., 2013), and by control experiments of the triple mutant, which
dismissed the possibility of unspecific binding at high concentrations.

It is proposed that, despite the region’s rigid structure, the flexible nature of the
a-helix permits conformational changes that affect the positioning of amino acid
side chains. At high Cd?>* concentrations, these rare but favorable conformations
are more likely to be captured, leading to stable metal bridge formation. Once
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these bridges form, they persist and effectively block ion flow. The strong corre-
lation between IC50 values and residue distance suggests that blocking is mainly
caused by metal bridge formation rather than multiple Cd** ions binding sepa-
rately to different cysteines. This aligns with observations from the cytoplasmic
end, where the structure is more flexible, allowing Cd*" to bind frequently but not
remain trapped. In contrast, at the extracellular end, occasional but stable Cd*"
coordination leads to stronger and longer-lasting channel inhibition, especially at
high concentrations.

The curve-fitting results suggested an unambiguous correlation between the simu-
lated Ca-Ca distance and IC50 values, as in Figure A.2.7. Particularly for residues
T330C and A327C, where IC50 values are less than 10nM, these values effectively
appear as zero on the micromolar-to-millimolar concentration scale, resulting in
an exponential decrease in Cd?* sensitivity with increasing distances between the
residues. This trend implies that spatial distance is a dominating factor in Cd?* re-
activity, possibly because the side chain orientation can be readily adjusted by the
protein’s flexibility. This adjustment allows for effective Cd** coordination even
when initial alignments are not ideal. Although this correlation appears to weaken
towards the cytoplasmic end of the residues, where reactivity is predictably higher,
the potential to accurately define the shape of TM2 by extrapolating the Cd reac-
tivity measurements of individual residues remains intriguing.

In this section, Cd**-induced current blocking was observed during the SCAM
experiments, from which an overall structure analysis of the TM2 was conducted.
A dynamically transforming TM2 during channel opening was seen, with a rela-
tively rigid extracellular end and a highly flexible cytoplasmic end. Moreover, the
concentration dependency of the Cd** inhibitory effect provided valuable infor-
mation on the details of the structure.

5.2.2 Crucial Residues Regulate The Ion Pore

Although X-ray crystallography has provided detailed insights into the TM2 struc-
ture of the hP2X3R, exploring how these structural details manifest during channel
function is crucial, especially to determine if the interpretations from crystal struc-
tures accurately represent the receptor’s state in a living system. Focusing on the
functional study of the key residues, a more profound understanding of the de-
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tailed changes and roles of the TM2 in dynamic receptor activity was expected to
be obtained.

1323 Controls the Opening and Closing of the Ion Channel

The cysteine mutagenesis performed at position 323 initially impaired the channel
function significantly compared to all cysteine mutants. The amplitude compari-
son between the control and the 1323C showed approximately 20-fold differences.
In the 10uM Cd?* screening experiments, 1323C exhibited a sensitivity towards
Cd?* binding. While taking a look at the recording trace shown in Figure A.2.3
and A.2.10, a fast onset of the Cd?>* effect was noticed, which resulted in an av-
erage blocked current of 37%. A prolonged exposure to Cd?" seemed to raise
further current decrease, with a significantly slower binding. Despite this, among
all mutants that were significantly 10pM Cd?*-reactive, I1323C current was inhib-
ited to the least extent. This suggests that while the position of 1323C may permit
the formation of metal bridges, such a reaction may not be structurally favored,
judging by the relatively low level of inhibition observed.

After applying DTT to the Cd?"-bound channel in the open state, a dramatic in-
crease in the ATP-induced current, approximately threefold, was observed. This
potentiation was specific to the [323C mutant, as determined from DTT screen-
ings conducted across all cysteine mutants. However, if the channels were pre-
incubated with DTT before activation, the subsequent potentiation effect of DTT
was markedly reduced. In these cases, a second application of DTT led to less
than a 1-fold increase in current potentiation compared to those not treated with
DTT beforehand.

The hP2X3R crystal structure describes the 1323 as the extracellular boundary in
the apo state, with pore radius = 0.29 A, rejecting dehydrated Na* when the chan-
nel is closed (Mansoor et al., 2016). The captured open-state structure displays
an upward and outward rotation of the 1323, seen in Figure 5.2.1, resulting in the
opening of the pore. While artificially introduced cysteines at this position resulted
in reduced ion conductance, this effect could be partially reversed by DTT. A rea-
sonable hypothesis is that a spontaneous disulfide bond forms among the 323C
residues during the apo closed state. This assumption was further established by
a decreased potentiation during activation caused by a DTT treatment performed
during the apo closed state. When the entrance of the ion pathway is “locked”
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by the disulfide bond and restricted by the bond length to 2A, the pore can no
longer adapt to a completely open conformation, whose naturally opened entrance
is estimated to be around 6A (Mansoor et al., 2016). Treating the receptors with
DTT, either before or during activation, breaks the disulfide bond and enables ac-
tivation of the “locked” receptors. A DTT pre-incubation preponed frees most of
the channels that are closed and decreases the number of channels that could be
released during ATP+DTT application, which explains the different potentiation
efficiencies observed between the two treatment protocols.

The fact that no other mutants responded similarly confirmed that position 323 is
the strictest restriction in the apo closed state, as cysteines at other positions do not
approach into enough to form a disulfide bond. Therefore, it could be concluded
that I323 defines the entrance of the pore and determines whether the channels are
closed or open, thus gating the pore during the apo closed state.

Although DTT treatment recovers part of the channel function, it was still no-
ticeable that the rescued current was smaller than the WT channel. The disulfide

Figure 5.2.1: Viewing the trimer TM2 from a top-down perspective on the external side
(PDB: open-state 5SVK, apo-state 5SVJ). The apo closed state is colored in red, and the
ATP-bound open in green. The a-helixes are shown in the ribbon representation, with
I323 noted in sticks. The left panel shows overlapped apo- and open-state. The two
right panels show the distances among three I323 in dash lines in apo- and open-state
in respect.
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bond trapping the ion entrance appears not to be fully responsible for the function
impairment. As mentioned above, the pore radius at position 323 was estimated
to be small enough to expel any conductive ions, and the cysteines inserted were
expected to be positioned in extreme spatial proximity as well. However, it’s less
common for reactive cysteine residues to come so close (side chain distance of less
than 0.5 A as the pore radius) in the natural environment. When the cysteines are
placed like this via specific guidance, as in this case, the formation of a disulfide
bond distorts the local conformation of the protein. When the distortion surpasses
the adaptive ability of the protein, the structure could face permanent damage,
leading to a decrease in the channel function (Pu et al., 2018). Besides the disul-
fide bond causing the function loss, the different properties between isoleucine and
cysteine, such as polarity and hydrophobicity, should also be taken into account.

Although, in theory, one out of three 1323Cs may remain uncrosslinked and retain
some movability, relocation of this single residue might not be sufficient for a sin-
gle channel opening. Single ATP binding is not sufficient for pore opening in P2X
receptors (Ding & Sachs, 1999), and intersubunit crosslinking has been shown to
abolish channel function (Stephan et al., 2016), suggesting that the mobility of only
one protomer is not enough to support P2X3 channel opening. Therefore, despite
their dramatically reduced currents, the partial functionality of the I1323C channels
indicates that spontaneous crosslinking occurs only in a portion of the expressed
channels in the apo state, otherwise, no current should have been observed during
ATP application. This indicates that, despite the distance favoring disulfide forma-
tion, there is significant dynamic movement in the local structure. This movement
likely rotates the 323C residues away from each other, allowing the channels to re-
main partially open despite rapid disulfide bond formation. Spontaneous opening
in the absence of ATP was not observed, suggesting the flexibility reaches cer-
tain limits and does not allow a dramatic translocation of the gating residues. The
conformational changes likely occur at the level of side chains rather than involv-
ing significant backbone rearrangements. Even though the 323C residues are far
apart during activation, the formation of metal bridges still occurs, which partially
blocks the currents. While there is indeed a blockage of a small magnitude, it not
only indicates a movement of the I323Cs in the open state that results in a tem-
porary metal bridge trapping among the three cysteines but also suggests that the
structure strongly favors keeping the I1323Cs separated during channel opening.

In summary, the examination of 1323C suggested that position 323 takes responsi-
bility for controlling the opening and closing of the pore. While comparing the data
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from the crystal structure, additional information was provided about the flexible
local environments that allow gentle relocation at this position. Yet these dynamic
changes are still limited, suggesting that the consistency of such structure is vital
for the initiation of the channels’ functional cycle.

T330 Defines the Narrowest Part of the Channel

The TEVC experiments performed on T330C suggest first a certain level of tol-
erance toward cysteine substitution at this position. As no significant differences
in function in terms of current amplitudes were observed between the T330C mu-
tant and the non-desensitizing triple mutant control, a slight desensitization of the
T330C mutant was seen, suggesting a more unstable open pore. Contrary to this, it
was reported that a cysteine substitution at the equivalent 339T in P2X2Rs desta-
bilizes the apo closed state of the P2X2 channels (Cao et al., 2009). The fact that
no change in function or spontaneous crosslinking was observed in DTT screen-
ing indicates that in neither of the states, the 330C side chains approach into the
distance range within 2A, and the substitution with cysteines shows no evidence
of altering the pore dramatically. The hP2X3R crystal structure suggests a pore
radius of 0.7A at T330, implying a smaller pore observed in crystallography com-
pared to the ones in living cells.

In the Cd?* screening experiments, a rapid inhibition was observed when Cd?*
was introduced during channel activation of the T330C channels, which could be
profoundly reversed at a moderate rate by DTT perfusion. Different concentrations
of Cd*" were tested on this mutant as well, leading to the surprising conclusion
that effective current blocking was achieved with a concentration of Cd** under
10nM.

T330 was observed as the cytoplasmic boundary of the pore, which defines the
second restriction site. During the activation, T330 undergoes rotation and re-
sults in an up and outward relocation, leaving the pore open to approximately 4A
(Mansoor et al., 2016). The proximity, even in the open state where residues at po-
sition 330 are separating, allows the effective formation of the metal bridge when
Cd?* is added. The sensitivity to low concentrations of Cd?*, a stable inhibitory
observed when Cd?* was removed from the solution and a moderate reversing
process under DTT treatment, see in Results Figure A.2.3, collectively suggest a
strong interaction between 330C and Cd** ions. Both the optimal distance and
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the orientation of the 330C side chains contribute significantly to this interaction.
Despite an outward relocation, the side chains at position 330 still point into the
pore for effective multi-side chain coordination; this conclusion agrees with pre-
vious results showing that 339T interacts with passing ions in P2X2 channels and
potentially serves as a selectivity filter (Migita et al., 2001).

The strong interaction between the 330C side chains and the Cd*", however, did
not achieve the maximal inhibitory effect when compared with mutants, which
showed complete pore blocking, such as V334, with 85% current blocked on av-
erage, regardless of the Cd?* concentration. The maximal effect without achieving
a full blocking suggests that the position of Cd?* in the center of the pore does not
result in a full occlusion. The geometry of the pore changes during activation, such
as the coiling of the helix, causing the rearrangement of the residues on the helix.
Despite being constrained by the metal bridge, subtle movements at position 330
might still occur, potentially creating small gaps that allow limited amounts of ions
to pass.

A327 Movements Reveal the Rotation of the Local Helix

The A327C mutant behaved in a specific way that distinguished itself from the
other mutants. First, the substitution of cysteine did not alter the channel func-
tion regarding both current amplitudes and desensitization kinetics. Comparing
the cysteine to the alanine, a more polar and slightly more bulky side chain was
observed. The lack of significant functional alterations indicates that the local en-
vironment tolerates such a kind of subtle modification of the residues, and the
cysteine contributes to the helix stability in a comparable way as the alanine.
Moreover, the reactive side chain of the cysteines, when the channel is activated
normally, does not manifest itself, which means no extra critical polar contact or
spontaneously formed disulfide bond was introduced.

After 10uM Cd*" was applied to the channel, the current of A327C was signifi-
cantly blocked. Yet, noticeably, this current decrease was not reversed by further
perfusion with DTT. Manipulating the concentration of the Cd**, from 0.01 to
30uM, resulted in only the differences in the onset kinetics of the current block
but not the blocking efficiency. This suggests two possibilities: either the 327C
residues are positioned so closely that rapid formation of metal bridges occurs,
similar to what is observed with T330C, or a different mechanism underlies the
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Cd?*-induced current reduction

A close positioning of 327 residues contradicts the crystal structure data, which
shows up-and-outwards movements at position 327, and therefore, theoretically,
will not increase the approaching possibility, as shown in Figure 5.2.2, and a sin-
gle cysteine-Cd?" reaction cannot explain such a high reactivity. Additionally, if
coordination between A327Cs and Cd>" is responsible for the pore blocking, it
should be expected to see an effective to almost full blocking, as what was seen on
330C, as such a high reactivity would require all 327Cs to engage and inevitably
constrict the pore and reduce the current to a great extent. This was not observed
during the experiments. Besides, the current reduction at A327C showed minimal
reversability to DTT treatment. This suggests that the Cd**—SH complex at this
position may be either inaccessible to the reducing agent or stabilized in a way that
prevents its reversal.

Taken together, these inconsistencies suggest that a different mechanism may un-
derlie the Cd?*-induced current reduction at A327C. A commonly proposed alter-
native for ion channel current inhibition by metal ions involves their function as
channel blockers. The A327C mutation may introduce or expose a binding cavity
for Cd?*, thereby leading to inhibition through a mechanism distinct from direct

Figure 5.2.2: The left panel views the trimer TM2 from a top-down perspective on the
external side (PDB: open-state 5SVK, apo-state 5SVJ). Apo-state is colored in red and
open-state in green. The a-helixes are shown in the cartoon, with 1323 noted in sticks.
The left panel shows overlapped apo- and open-state. The two right panels show the
distances among three I323 in dash lines in apo- and open-state in respect. Panel B
proposes the Cd?t docking within the pore during the open state. Cd?* is represented
by the red sphere. S atoms from the 327Cs are marked in yellow.
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thiol coordination.

To do a preliminary confirmation of this theory, an onset kinetics assessment was
performed. When comparing both T330C and A327C under a series of Cd** con-
centrations — all producing maximal blocking effects for both constructs—a con-
sistent acceleration of Cd** onset was observed only in A327C and not T330C.
These saturated concentrations ensured that differences in onset kinetics were not
due to insufficient Cd*>" binding, thus validating the comparison between mutants.
If Cd?>* functions as a channel blocker on the A327C channel, the results can
thereby be explained: at low concentrations, Cd?* may saturate this site, result-
ing in maximal blocking. At higher concentrations, the occupancy of this binding
site may be accelerated, thereby hastening the onset of current reduction without
altering the degree of block. When cysteines are incorporated in this region, Cd**
may be positioned near the pore, where it exerts steric and electrostatic hindrance.
Since the number of available binding pockets for Cd?* is limited, those that are
occupied may exclude further Cd?>* binding, leading to a rapid yet incomplete
current block.

As the current blocking of the 327C channel was not a consequence of multiple
sulfide groups coordinating a Cd** ion, it might be concluded that the side chains
of the cysteines moved away from each other during the opening, especially when
the estimation of the distance among residue at this position does not deny the
possibility of metal bridge formation. As described in Figure 5.2.2, the movement
of the cysteines promotes more exposure of their backbone and probably buries
the side chain. The more reactive side chain of the cysteine might allow for spatial
approaching(s) between them. Although the interactions are minor and do not
impact the function, they could be sufficient to alter the orientation or position
of the backbone. The subtle conformation adjustment can be enough to cluster a
binding pocket for the Cd>*.

Although 327A was not explicitly discussed in the crystallography study from
the study of Mansoor. et al, the corresponding T336 in P2X2Rs were studied in
previous research (Li et al., 2008, 2010). It was concluded that the 336T was lining
the pore of P2X2 channels and was accessible to large MTS reagents in both the
apo and open states, which indicates a relatively fixed position of T336 and, thus,
a fixed TM2 at this position in the P2X2 channel during channel opening. In the
case of P2X3R, the A327C was seen to be away from the pore, especially in the
open state. The movement of 327C depicts a counter-clockwise rotation of the
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right-hand helix in detail. The formation of the cavity from the backbone of the
327C and the surrounding environments allows the binding of the Cd?**, further
elucidating the overall rigid but still dynamic local helix.

G333 Serves as the Essential Hinge in the Open-state

As introduced in the Introduction, the G-V-G motif from positions 333 to 335 in
P2X3R is conserved through the P2X family. Therefore, the research conducted on
other subtypes is interesting to note for the sake of comparisons. The G333C mu-
tant stood out for its unique kinetics during the function test. As a construct built
on the non-desensitizing background of the triple-mutant, G333C exhibited fast
desensitization, with only 20% of remaining current left after 20 seconds of expo-
sure to ATP. The maximal current obtained from the mutant was also significantly
smaller than the one from the control, with a comparable ratio of approximately
1:4. This function-impairing mutation was reported as functionally well-tolerated
in P2X2 (G342C) (Cao et al., 2009) and does not alter kinetics in P2X7 (G345C)
(Browne et al., 2013)

Activation by ATP or ATP+10uM Cd?* solution raised similar maximal responses
on G333C, as shown in Figure A.2.9. However, ATP+Cd>" activated channels
sustained a larger current amplitude after 20 seconds of agonist exposure, about
three times more than the ones with ATP alone, which showed continued desen-
sitization. As the example in Section 3.2, Figure 4.2.2 indicates, applying DTT
eliminated the “current stabilization ” effect from the Cd**. After a transient cur-
rent rebound, the response to ATP with DTT quickly fell to levels similar to those
with ATP alone. In other recordings where mutated channels were only activated
by ATP+DTT, similar kinetics to sole ATP activation were observed (trace not
shown). The facilitation of channel opening from Cd?" is explicit on G333C, and
the reversibility under DTT implicates that this effect is SH-Cd** coordination-
specific, as a simple removal of Cd?* out of ATP perfusion did not cause the same
effect. DTT + ATP application without any previous Cd?* involvement did not
cause any difference, suggesting that spontaneous disulfide bond formation among
333C cannot explain the phenomenon.

As suggested by the hP2X3R crystal structure, the G333 advantage of its small size
enhances the flexibility of the helix. Mutating equivalent 342G in P2X2 into pro-
line or alanine either helps or damages the flexibility feature individually, resulting
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in increasing or decreasing current flows, respectively (Habermacher et al., 2016).
Figure 5.2.3 describes the differences in conformation between 3;phelix and a-
helix, where the involvement of G333 is essential for the former. In previous
research, it was observed on P2X2 channels that MTSEA led to the potentiation
of the G342C mutant, but not MTSES or MTSET (Rassendren et al., 1997). Addi-
tional research showed that the MTSEA-caused increase in channel function was
only observed when 20 mM intracellular cysteine was present (Egan et al., 1998).
Those results together proposed that the positively charged thiol group modifi-
cation reagent MTSEA, with a proper size, potentiates the P2X2 channels with
G342C mutations.

The crystal structure of hP2X3Rs in the open state shows that pore opening in-
volves an outward repositioning of TM2, accompanied by a structural transition
from an a-helix into a 3, helix at the G-V-G hinge. Based on this observation, it
has been proposed that the cytoplasmic cap, which links directly to the TM2 re-
gion, stabilizes this 3, helix conformation. The cap is thought to anchor TM2 to
the membrane, thereby maintaining the expanded conformation required for sus-
tained pore opening (Mansoor et al., 2016). Mansoor et al. thereby offered an
insight into the energetic aspects of this structural coupling: the 3, helix confor-
mation is known to be less stable compared to an a-helix (Vieira-Pires & Morais-
Cabral, 2010), suggesting that the stable cytoplasmic cap (as observed in the triple
mutant) helps offset the energy cost associated with this structural transition.

In the case of G333C, compared to glycine, cysteine is larger and less flexible,
making the TM2 transition into 3; helix more complex; in other words, it requires
more energy. This resembles a stretched spring, which is energetically strained and
prone to snapping back into the more stable a-helix. In the triple mutant channel
(with WT TM2), this strain is balanced by the cytoplasmic cap, which connects
the TM2 and anchors to the membrane, thereby stabilizing the open conformation.
However, the G333C mutation increases this internal potential energy, leading to
a even more energetically unfavored 3 helix: the likelihood of 3, helix forming
is dramatically reduced, explaining current reduced by 80% in G333C channel,
and when the 3, helix is indeed formed, this spring is tighter, composing higher
level of potential energy and causing the cap to be “’pulled out”, in terms of spring
recoiling, or simply collapse, manifesting as fast-desensitizing kinetics during ac-
tivation, resultingfrom the dissembling of the cytoplasmic cap.

The insertion of Cd*" ions provides additional structural support through the cys-
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teine side chains. Although Cd?* coordination may partially decrease ion flow due
to its charge and size, this is counterbalanced by its stabilizing effect on the open
state. As a result, the maximal current amplitude remains largely unchanged. This
assumption might explain why DTT application resulted in a current renounce
followed by fast desensitization of the channel: removing the Cd** temporarily
clears ion pathway before the structural support collapses. This reversibility con-
firms that the effect is cysteine-specific and supports the interpretation of Cd?™ as
a conformational support.

In these experiments, it was further confirmed that G333 acts as a necessary hinge,
enhancing the open state. Substitution with cysteine at this position revealed func-
tional consequences of the conformational change during gating. The G333C mu-
tant showed significant current reduction and rapid desensitization, indicating that
cysteine at this position interferes with the formation or stabilization of the 3
helix required for channel opening. Coordination with Cd** at this site compen-
sates for the energetic instability, acting as a structural brace that helps preserve
the 3¢ helix and thereby prolongs the open state without increasing maximal con-
ductance.

Figure 5.2.3: Panel A, Overlapped the TM2 in 310-helix and a-helix in the open state
(5SV3J). 310-helix (green) contains a G333 (cannot be seen here), a-helix (pink) con-
tains a 333C, which shows in sticks; Panel B, illustration of possible metal bridge forma-
tion in G333C when the pore is open and the 310-helix is formed (5SVJ). The cysteines
are shown in ball-sticks, and -SH groups are colored in yellow. Cadmium ion is indicated
by the orange ball, and the metal bridge by the dashed line.
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While structural evidence suggests that the transition into 3, helix couples TM2
and the cytoplasmic cap during the gating process, the current functional exper-
iment provides more evidence: Disruptions in TM2 stability can reflect on the
distabalized cap structure, compromising its anchoring role and ultimately lead-
ing to pore closure. Together, these findings reveal that the gating process relies on
a finely tuned structural coordination between the TM2 helix and the cytoplasmic
cap to maintain a stable open state.

V334 Determines Desensitization Actively

When moving down to the cytoplasmic end of the TM2, V334 was reported as the
last constrictive site. The V334C, built on the background of the triple mutant, ex-
hibited a significantly smaller response when compared to the control, with almost
unchanged desensitization behaviors. Yet when taking a close look at the recording
trace, what stood out was that these channels appeared to have larger leak currents
sometimes, which manifested as a more negative baseline. The amplitude was de-
fined as the differences between the maximal current and the baseline, and a leaky
baseline could be taken into account for the smaller amplitude.

During the Cd** modification, V334C was blocked by 10uM Cd?* rapidly and ex-
tensively. For those samples with large leak currents, the inhibitory effect always
surpassed 100%. As discussed earlier, the fast-blocking effect suggests a high sol-
vent accessibility of 334C. In earlier research, similar results were reported on the
equivalent V343C in rP2X2 channels (Li et al., 2010). The MD simulation results
did not support the possibility of a metal bridge establishment due to the unfavored
distance among the cysteines. Other simulations raised the same question, as they
found out that 351Ls of zfP2X4 channels (corresponding to V334 in P2X3) were
far apart as well (Habermacher et al., 2016).

Here, these disagreements were suggested to be explained by a rearrangement of
the TM2 and an electrostatic change brought by the Cd?*. This assumption also
aligns with the flexible structure addressed earlier. The fast and effective Cd**
coordination suggested a frequent approach of the 334Cs during the opening state.
On the other hand, a less stable binding between the Cd?>* and sulfur group, as the
current blocking effect was gradually erased by simply removing Cd?* from the
ATP application, describes that this kind of approach is not rigid. On the contrary,
it is not as easy to trap the V334C within the same position, as the dissociation also
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showed a high tendency. Together with the similar results observed on other cys-
teine mutants from positions 332 to 337, an extremely dynamic structure during
channel opening in this area was observed. As no function decrease was observed,
the dynamic movement of the TM2 must be still limited within a certain range, so
an extreme approach among the 334C shall only happen during desensitization
which is unlikely to take place on the non-desensitizing channels, otherwise spon-
taneous crosslinking caused gradual function decreasing at this position should
have been observed.

To find out how the
V334 affects desensi-
tization, as it was de-
termined as the gating
residue during desen-
sitization, the V334C
was constructed on the
fast-desensitizing WT
receptor as well. Sur-
prisingly, an indispens-

334V >

Dasiv,

Figure 5.2.4: Viewing part of the trimer in the desensitization ;

state from the extracellular side. The left panel shows the able impact on de-
WT (wild type) channel, with V334 displayed in sticks and gensitization behavior
colored in yellow. The right panel shows the V334C channel, .

with 334C shown in sticks and colored in green. was indeed observed.

As shown in Figure
A.2.11, it was noticed that V334C-WT exhibited significantly slower desensitiza-
tion compared to the typical fast-desensitizing WT, with larger remaining currents
during continuous exposure to ATP perfusion. Compared to the triple mutant, the
stability of the open state introduced by V334C within WT was moderate. How-
ever, when comparing the “run-down” effect, V334C even surpasses the triple
mutant, showing almost 100% recovery during repetitive activations.

The moderate level of desensitization observed for V334C-WT strongly suggests
that residue V334 actively stabilizes the desensitized state in hP2X3Rs. The con-
formational change between opening and desensitization was suggested based on
the crystal structure. The suggested disassembly of the cytoplasmic cap releases
the TM2, leading to its subsequent movement. As described above, the 3;phelix
on the TM2 resembles a stretched spring that falls back to a more relaxed a-helix
after the absence of the fixation at the end from the anchoring of the cap. The recoil
of the helix causes an upward rotation (from the extracellular side) of the residues,
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during which valines at position 334 approach and form the new restriction gates
in the desensitization. become a new constriction site (Mansoor et al., 2016), as
shown in Figure 5.2.4.

In V334C-WT, even though cytoplasmic cap disassembly and TM?2 recoil still
occur, the cysteine substitution at position 334 reduces the residue’s ability to sta-
bilize the desensitized conformation. Unlike valine, which forms an effective gate
through hydrophobic interactions and steric bulk, cysteine has a smaller and more
flexible side chain. No disulfide bond formation was observed at position 334,
likely due to its position near the cytoplasmic end of TM2, where the reducing en-
vironment disfavors crosslinking. Additionally, local conformational changes in-
troduced by the cysteine substitution may subtly alter the alignment of side chains,
further reducing the likelihood of effective gating interactions. As a result, these
cysteines do not form a stable gate and fail to provide sufficient structural resis-
tance to support complete pore closure. This weakened gating mechanism directly
explains the slower desensitization kinetics observed for V334C-WT channels.
Together, these findings support that V334 actively contributes to the transition
into the desensitization state.

What is more interesting is that, degree of desensitization kinetics observed during
channel activation and the level of recovery do not correlate straightforwardly.
While the WT channels were characterized by a low level of recovery, or run-
down”, the V334C-WT channels displayed a notably high recovery ratio, even
higher compared to the triple mutant, which desensitizes minimally yet exhibits
only partial recovery.

Earlier research found that the rate-limiting step for recovery is the dissociation of
ATP from the receptor; however, this process per se is restricted by the desensitized
conformation, which traps the agonist within the binding pocket (Giniatullin &
Nistri, 2013; Li et al., 2019; Pratt et al., 2005; Sokolova et al., 2004). As a result,
the channel remains locked in the desensitized state until ATP unbinding allows
the conformational reset back to the apo state.

Interestingly, the degree of desensitization does not directly correlate with recov-
ery levels in the V334C experiments. In the triple mutant, stabilization of the
cytoplasmic cap was expected to prevent the channels from entering the desensi-
tization state during opening, but the recovery level is restricted. The previously
proposed “High Affinity Desensitization” (HAD) suggested that P2X3 channels
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can be desensitized by a nanomolar level of ATP without eliciting macroscopic
current (Sokolova et al., 2006), and a direct transition between desensitization and
apo states of the triple mutant can explain the moderate recovery here. This is
supported by the fact that, despite a higher open probability, the peak current
in the triple mutant was not significantly larger than that of WT under 10pM
ATP: If almost all channels completely avoided desensitization, a much larger
current increase would be expected. In other words, a portion of channels were
never activated, both in WT and the triple mutant receptors. The cap-dissmeble-
independent desensitization happens repeatedly when the triple mutant channel
encounters ATP; hence, the accumulation of desensitized channels is reflected by
the incomplete recovery.

In contrast, the V334C mutation impairs the formation of the desensitization gate
itself. Without this gate, channels are far less likely to enter any desensitized state,
whether from open or apo, and therefore exhibit nearly complete recovery. This
comparison strongly supports the suggested kinetics model, that, unlike P2X1Rs,
which must enter the open state before desensitizing (Rettinger & Schmalzing,
2003), P2X3Rs can transit from apo directly into the desensitization state.

Although no structural evidence has yet shown the direct transition from apo to
desensitized state, the strong sensitivity to the V334C mutation suggests that TM2
movement, especially at position 334, still plays a key role in forming and hold-
ing the desensitization gate during the alternate desensitization. In support of this,
V334C channels often show a higher level of leak currents, which can be partially
elevated during the Cd*" treatment, where current clocking efficiency exceeds
100%, suggesting that spontaneously opened channels might be responsible. This
raises the possibility that a small amount of naturally existing ATP might trigger
partial TM2 transitions in some channels, or, considering the previously proposed
view that 1323 can spontaneously rotate away from the pore axis, such a rotation it-
self might transiently expose the pore entrance, requiring a rapid protective closure
at V334. In that case, separation around 1323 might drive the opening, while po-
sition 334 works to simultaneously seal the pore from the cytoplasmic end, which
is weakened or missing in the case of V334C.

In summary, changing a key gating residue in TM2 strongly affects the desensitiza-
tion process, not by modifying the cap directly, but by disrupting how TM2 closes
the channel. This disruption weakens desensitization, makes ATP unbinding eas-
ier, and allows for more recovery. These findings highlight how movements at
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the lower end of TM2 can influence not just pore closure but also upstream do-
mains like the agonist binding site, showing that gating and desensitization involve
dynamic, tightly linked steps across the entire receptor.

5.2.3 V326C Provides Evidence of Ion Passing From

When the channels are in the apo state, the ions and water molecules diffuse freely
over the extracellular domain. Once the channels are opened, the ions are gath-
ered at the entrance of the lateral portals and pore, where the inward flows start.
Thereby, it was suggested that the ions are hydrated at least while entering the
channel (Samways et al., 2014). Whether the ions are going through full/half-
dehydration while travelling in the pore is intriguing.

As discussed, the V326 is located at one of the constriction sites within the TM2.
The insensitivity of V326C to 10uM Cd** suggests a relatively large spatial dis-
tance relationship among the cysteine at position 326 and a relatively rigid local
structure during channel opening. In the later experiments, a higher Cd** concen-
tration was used, aiming to increase the attachment of Cd** to the 326C, thereby
artificially inserting a barricade to the passing ions. Cd*" not only acts as a steric
barrier but also brings an extra electrostatic factor interfering with the ion flow.
The P2X3R is described as “non-selective” to monovalent cations, thus, the aim
here was to compare how different alkali metal ions are discriminated by the Cd?*
filter.

The K and Li* current amplitudes comparisons reveals that, unlike the nonse-
lective triple mutant, V326C conducted more K+ flow than the Li™ one, while
no differences were observed between the 326C and the triple mutant in currents
obtained from K*-Ori~. The attachment of the Cd** onto the cysteine further
restricts the channel. It was observed that the Li* flow in the V326C was more
sensitive to the Cd?" filter, manifesting in a higher percentage of current blocking.

K, with its larger ionic radius, forms a thinner and less compact hydration shell
than Li™, whose small size and high charge density result in a compact and multi-
layered water shell. The immediate increase in the preference for K* in V326C
channel, and the different blocking efficiency of Cd** to Li™ and K™ currents,
suggests the half-dehydration process of the different ions when passing the pores.
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Figure 5.2.5: Left panels schematize ion permeation through the upper part of the pore,
whose outline is based on estimation of simulated Ca-Ca distances for residues 321-
330 (horizontal gray bars) in the right panel. I323, V326, and T30 are noted, with V326
specified in green ball. The green trace reflects the relative spatial constriction along
the pore, but does not represent the actual pore radius as it considers no side chain
volume. V326C mutations are specified in brown. Residue-induced dehydration effects
are specified in the colored lines, with density representing dehydration efficiency. The
upper describes that in the V326 pore, both K+ and Li™ (as named circles, water shells
are the outer light-blue rings) undergo partial dehydration at 326. Both ions shed the
outer layer of water and pass through the narrowest part of the channel; the lower
describes the V326C with weakened dehydration drive, from which K+ still partially
dehydrates and passes, while Li™ faces more difficulty passing the T330 with its more
intact hydration shell, as it is more compact.

Flanking from 1323 to T330, the hydrophobic environment of the TM2 channels,
from 1323 to 329F, disfavours the stabilization of water molecules and thereby
promotes dehydration as ions enter the pore. Along the path, V326 is suggested
to be the first occlusion in the pore beyond the gating V326, whose hydrophobic
side chain is oriented towards the pore and contributes significantly to ion dehy-
dration. Compared to valine, V326C slightly raises the polarity and reduces the
ions’ dehydration ability. As shown in Figure 5.2.5, this shift might be sufficient
for discriminating between K* and Li™: tightly bound Li* carries more water and
fail to pass the subsequent narrowest gate at T330, whereas KT still manages to
loose part of the water shell and permeates further.

The insertion of Cd?* into the V326C background further differentiates ions. Cd**
introduces both spatial obstruction and electrostatic changes: besides a direct re-
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pulsion effect, which is similar for monovalent cations like Li™ and K™, the charge
promotes local water polarization and thereby the hydration shell of nearby ions.
carrying ions, it not only potentially changes the local energetic environment, but
also further reduces the dehydratization of passing ions by facilitating the polar-
ization state of the water molecules. This stabilization reduces the efficiency of
dehydration during permeation. As a result, the more pronounced current reduc-
tion observed for Li* likely reflects both its larger hydrated size and its increased
difficulty in shedding water, which collectively limit its ability to pass through the
Cd?*-narrowed pore.

Half-hydration state, where ions in the pore reduce in size by shedding only outer
layers of water molecules, is usually favored by ions when passing a non-selective
pore, as fully hydration requires an unrealistic large pore while fully dehydration is
highly energy-consuming. In the P2X3 pore, V326 contributes significantly to ion
dehydration, helping ions to reach a size compatible with the filter at T330. T330
restricts the pore and may interact with the left hydration shell of ions and stabilize
this intermediate state. The presence of this polar residue is further evidence that
ions are not fully dehydrated: complete dehydration would lead to excessively
strong interactions with T330 and a risk of getting stuck in the pore.

A similar role of polar residues within the TM2 segment of P2X2 was also de-
scribed, where threonines at positions 336 and 339 were suggested to aid ion per-
meation through the pore (Migita etal., 2001). T339 in P2X2 is positionally equiv-
alent to T330 in hP2X3, indicating a conserved role in stabilizing partially dehy-
drated ions at the narrowest region of the pore. Although the residue equivalent to
V326 in P2X3 is A335 in P2X2, experimental data suggest that T336, which faces
the pore interior, is likely the key contributor to ion interaction and size restric-
tion at this location (Li et al., 2008). Compared to P2X2, P2X3 TM2 possesses
not only fewer polar residues, but also filters ions more strictly due to a smaller
pore(Mansoor et al., 2016; Rokic & Stojilkovic, 2013). Together, these might
suggest different dehydration strategies between P2X2 and P2X3 pores. The big-
ger P2X2 pore can accommodate more hydrated ions, thereby a theonin at 336 is
tolerated, as it assists in stabilizing the hydration shell during permeation without
reducing ion passing. This could explain why Migita et al. observed a clear pref-
erence for Li™ in the T336 but not T336V pore, as the strongly binding hydration
shell of Li*T making it greatly benefits on polar interactions provided by theonine,
also suffer the most from hydrophobic mutations.
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In summary, V326 represents a critical point along the P2X3 permeation pathway
where dehydration likely initiates. Its hydrophobic nature facilitates the removal
of'loosely bound hydration water, preparing ions for passage through the narrower
gate at T330. Mutation to cysteine, while only modestly increasing local polarity,
significantly alters dehydration efficiency—preferentially affecting Li*™ due to its
tighter hydration shell and greater dependence on a permissive dehydration envi-
ronment.

In this part of the study, SCAM was applied to systematically evaluate the func-
tional contribution of individual residues within TM2 of the hP2X3 receptor. Sev-
eral positions, including 1323, T330, and V334, were identified as functionally
critical, supporting their proposed roles as gating determinants. The residue V326
was found to influence ion access, offering insight into its potential involvement
in pore occlusion. Furthermore, the analysis of A327 and G333 clarified how
TM2 may act not only as the pore-forming segment but also as a functional inter-
face linking the extracellular gate to the cytoplasmic cap. Together, these findings
contribute to a broader understanding of how TM2 coordinates with surrounding
domains to regulate receptor activation.
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5.3 The structure-permeation relationship study

The following discussion will outline the keys of ion permeation regulated by the
P2X3 structure, which were derived from the experimental data.

5.3.1 Extracellular Ion Pathway

The sequence alignment between the hP2X3 and rP2X35, together with MD sim-
ulation, highlighted E46, R52, and T54 as the residues of interest. Later, charge-
reversal mutants of E46 and R52 were tested in parallel with the triple mutant,
while a hydrophobic valine substituted for hydrophilic threonine at position 54.

Data from TEVC functional experiments revealed that the current amplitude of
E46K was not reduced compared to the triple mutant, while those of both R52E
and T54V were reduced to a certain level. It appeared that the substitution of the
negatively charged glutamic acid with a positively charged lysine did not affect the
ion flow significantly, even though it was suggested by the MD simulation that this
glutamic acid might help with forming a local electrostatic environment, attracting
cations at the entrance of the pore. None of the mutants exhibited a kinetic that
dramatically differed from the triple mutant.

To find out how the mutations affect the ion flow, by altering ion selectivity or
conductance, components in the Ori~ solution were substituted by organic ions
stepwise, concerning those described: choline™ replacing Na™ or gluconate™ re-
placing C1~. The study assessed changes in ion flow from two perspectives: first,
by comparing the ratios of current amplitudes of the same construct between two
solutions to evaluate changes in conductance; and second, by analyzing shifts in
the reversal potential (AVrev) as the extracellular ion environment varied, which
provides insights into the ion selectivity of the channels. Two-way ANOVA was
conducted to increase the sensitivity of detecting differences among groups. Ad-
ditionally, due to a rundown effect, repetitive measurements at the same concen-
tration within individual channels were required to capture the varying degrees
of rundown observed across different constructs. Incorporating this control data
into the analysis enabled a more accurate interpretation of the changes associated
with each construct. As a result, two-way ANOVA allowed for simultaneous com-
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parison across multiple groups within the dataset, enhancing both sensitivity and
interpretability. This approach also permitted the isolation of construct-specific
effects by statistically controlling for other sources of variability.

Choline ions were introduced into the background buffer, substituting for sodium,
during which a significant current decrease was expected to be observed. The
change in current amplitude observed in the triple mutant served as a control, to
which the levels of current reduction in the mutants were compared. During the re-
duction of sodium concentration, the concentration gradient across the membrane
decreases, resulting in a smaller sodium current. The extent of current reduction re-
flects how efficiently sodium ions contribute to conduction in each channel variant.
Similarly, where gluconate molecules gradually replace extracellular C1~ ions, the
extent of current decrease is also positively correlated to chloride conductance.

In parallel, changes in the Vrev reflect the electrochemical equilibrium estab-
lished by key permeable ions, which, in these cases, involve intracellular K+,
extracellularNa™, and C1~, and are directly related to the channel’s ion selectivity.

When comparing different constructs, a more pronounced negative shift in Vrev
during decreasing extracellular Na™ concentration suggests a higher relative per-
meability to Na™t. This larger shift occurs because, for such constructs, Na™ permeation
plays a more dominant role in determining the electrochemical equilibrium poten-
tial. Similarly, higher sensitivity of Vrev shifts during Cl removal suggests that
the construct has a higher chloride preference. Together, these two approaches—
current amplitude changes and Vrev shifts—independently capture diffusion effi-
ciency and selectivity, respectively.

Compared to the triple mutant, the E46K displayed a higher level of rundown ef-
fect, as the level of current decrease was significantly larger when measured twice
in the same NaCl-based Ori~. Although not statistically significant, the E46K mu-
tant consistently showed a slightly greater sensitivity, compared to the triple mu-
tant, to decreasing extracellular sodium concentrations during the stepwise Na™
reduction protocol, where P values from the ANOVA tests were 0.06 and 0.08 for
factors of /[Na™ ] and construction variable, respectively. Those results suggest that
E46K shows no significant change in Na™ conductance relative to the triple mu-
tant. However, the stronger rundown observed in E46K may have masked subtle
effects caused by the E-to-K substitution at the extracellular fenestration, making
it harder to detect actual differences in sodium conductance.
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The 2-way ANOVA test of the AVrev values between the E46K and the triple
mutant indicated a significant difference with a P value of 0.0269 when evaluat-
ing the importance of changes in constructs (factor “construct’ ), suggesting that
the substitution of E46 into K resulted in a change in Na* selectivity. Specifi-
cally, the E46K mutant exhibited lower sodium preference than the triple mutant,
as reflected by smaller AVrev shifts under varying sodium concentrations. When
both sodium concentration and construct identity were considered together (fac-
tor [Na™ Jx construct), no significant interaction was detected. This suggests that
while the E46K mutation does affect sodium selectivity, the effect is modest and
may not strongly depend on sodium concentration.

R52 is an intrinsically positively-charged residue, and its precise role at the fenes-
tration site was difficult to predict. To investigate its function, R52 was mutated
to glutamic acid (R52E). Compared to the triple mutant, the RS2E mutation sig-
nificantly altered the current response to changes in sodium concentration (P =
0.0007). Further analysis showed that while the triple mutant’s current dramati-
cally decreased upon Na*removal, the R52E mutant was significantly less sensi-
tive to this change. This result suggests a significantly smaller Na* conductance of
R52E. Similar findings were observed for the T54V mutant. Two-way ANOVA
detected a significant difference in the current reduction in response to sodium
reduction between constructs (P = 0.009 when comparing T54V to the triple mu-
tant’s response to decreasing ion flow). This result suggests that the T54V mu-
tation also significantly reduced the channel’s Na*conductance. Furthermore, a
significant interaction effect between “/Na™|x Construct” was observed for the
T54V mutant (P = 0.0149). This significant interaction (P = 0.0149) means that
the difference in Na™ conductance between the T54V mutant and the triple mutant
changes depending on the extracellular Na™ concentration.

The R52E exhibited a negligible impact on the sodium ion selectivity of the chan-
nels. Comparing the shifting of the AVrev when sodium decreased, the mutant
and the control were indistinguishable from each other, with a P value of 0.9123.
This result suggests that charges of R52 do not affect the cation selectivity. T54V,
on the other hand, displays a lower sensitivity to the ion concentration alterations,
with a P value of 0.0308, indicating a decreased selectivity for the Na™.

To assess chloride permeability, the external C1~ concentration was reduced while
other solution components were kept constant. Such alteration reduces the driving
force for Cl~ efflux, leading to a change in outward Cl~ current, and the resulting
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12/11 ratio indicates the change in chloride conductance

The relationship between Vrev shifts and C1~ selectivity was then considered. For
a channel with high C1™ selectivity, its Vrev is expected to shift significantly. Con-
versely, for a channel with lower Cl™ selectivity, the Vrev shift will be smaller.
In this scenario, the Vrev is more influenced by the electrochemical gradients of
other significantly permeable ions (Na*and K1) within the system.

When comparing the amplitudes of the chloride current, the two-way ANOVA de-
tected a P value 0f 0.0353 between E46K and the triple mutant, with a significantly
lower amplitude decrease for E46K compared to the triple mutant. Notably, under
standard 90mM NacCl conditions, the current amplitudes of E46K’s are comparable
to those of the triple mutants, implying that its overall channel function, includ-
ing general conductance and gating, remains intact. Therefore, the altered current
observed under chloride-specific conditions is more likely attributable to changes
in chloride permeability rather than a general loss of channel function. However,
the chloride selectivity of the E46K remained largely unchanged, with a P value
of 0.7414. Together, the E46K might conduct the chloride current less effectively,
but it does not show any statistically significant changes in chloride selectivity.

Similarly, the R52E mutant exhibited altered Cl~conductance but not selectivity.
The reversal potential changed to a similar degree when comparing the two con-
structs, with a P value of 0.4525, with multiple comparisons showing a small but
insignificant bigger shifting of the R52E. The conductance comparisons, on the
other hand, resulted in a higher sensitivity to the chloride change of the mutant,
with a P value of 0.011.

Although the T54V had shown a significant impact on the sodium flow, no evi-
dence indicated a change in chloride permeation induced by the mutation. The test
results of the amplitude ratio approached but did not reach significant differences,
with a P value of 0.0501. The multiple comparisons between the control and the
mutant suggested that the current flows of the control changed to a greater extent
compared to the mutant. The shifts of the reversal potential were similar between
the two constructs, with a P value of 0.345.

In Figure 5.3.1, the residues studied here are labeled on a trimer. The region shown
in ribbons is residue 46-54, which was suggested to be where the lateral fenestra-
tion is located (Samways et al., 2014). Previous calculations of the electrostatic
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Apo state Open state

54

Figure 5.3.1: Residues 46E, 52R, and 54T on a trimer. The left structure shows a trimer
of the hP2X3 channel in the closed, apo state (5SVJ]), with the segments and intracel-
lular termini shown in surface representation, while the rest are in ribbons. 46E, 52R,
and 54T are specified in sticks. Different monomers are color-coded. The middle part
zoomed in on the residues 46-54 with partial TM2s. 46E, 52R, and 54T are labeled and
shown in sticks. The right part shows the same region in the open state. (5SVL).
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accessibility of the lateral fenestration on the zfP2X4 and rP2X2 channels have
suggested that the sodium ions are energetically favored on this pathway (Kawate
et al., 2011b). A negative electrostatic surface might play a role in the ion selec-
tion. Thereby, the negatively charged E46, which is located around the entrance
of the pore, caught interest. Cysteine and alanine scanning, including equivalent
residues in other P2X channels, have been carried out. Cysteine substitutions at
this position, either in rP2X4 or hP2X1 channels, did not result in a change of
function. However, when the equivalent ES1 in rP2X4 was replaced by alanine,
the current decreased (Allsopp et al., 2011; Rokic & Stojilkovic, 2013). It ap-
peared that, compared to the charge, losing the polar (and slightly bulkier) side
chain seems to matter more for the conductance of Na'-influx: in this part of
the experiments, the E46K channel behaved similarly in the function tests. How-
ever, results suggested glutamic acid might still play a role in cation selectivity, as
part of the electrostatic negative pathway. A decreased selectivity of sodium was
found when the E was replaced by the K, suggesting the positively charged lysine
tampered with the sodium ions’ preference. These findings somewhat match the
previous conclusions that the equivalent E on the P2X1 channels regulates the cal-
cium flow (Samways & Egan, 2007). The Cl~ selectivity of the E46K reflected
by the AVrev remained unchanged compared to the control, though the current
conductance was less effective.

Overall, the maintenance of polarity at E46 is crucial for sodium conductance,
probably because the hydration of sodium at the entrance is key for the ion dif-
fusion through the pore with relatively low resistance. However, although a mu-
tation into lysine retains the polarity contact, thus keeping the diffusion difficulty
unchanged, the positively charged lysine still disturbs the passing Na™ electrostat-
ically. In other words, the E46 is the most optimal amino acid at this position for
P2X3 channels for proper cation permeation: the polar, negatively charged side
chain holds a stable shell of water around incoming Na*t and, at the same time,
is electrostatically favored. At this position, a substitution with lysine might have
been too late to be decisive on chloride preference, as the main energy barriers are
presented upstream, but the positive charge does reduce the Cl~diffusion resis-
tance by flipping the original repulsion from the negatively-charged E, allowing
a moderate Cl™ current increase. Interestingly, rP2XS5 possesses exactly a lysine
at this position, suggesting the E/K is likely indeed engaged in the ion selectivity
strategies of the P2XRs.

The R52 stands out as a positive charge located in a generally negatively charged
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area. Only human P2X6 carries an arginine at the same position alongside the
P2X3Rs compared across the family. A study of the equivalent threonine on the
rP2X4 suggested that while the threonine is structurally involved in the extracellu-
lar vestibule, it does not play a crucial functional role in receptor activation (Rokic
& Stojilkovic, 2013; Rokic et al., 2014). Here, the substitution of arginine for glu-
tamic acid not only decreased the function, regardless of the sodium or chloride
current the channels conduct, but also had no impact on ion selection. This result
suggested that the arginine at this position might be involved in the lower body gat-
ing process instead of participating in the lateral fenestrations. It implies a unique
local conformation that the hP2X3 undergoes during activation.

The T54 is highly conserved in P2XRs. The substitution of the T54 with valine
caused a decrease in current during function tests in hP2X3Rs function, also sug-
gesting a crucial role that it plays in maintaining the normal channel function.
The threonine is located beyond the pore’s entrance, especially in the apo state,
where the clustered T54s, as shown in Figure 5.3.1, are embedded as part of a
polar environment likely favouring transient Na® gathering. While having no
impact on chloride permeation, the T54V had a distinct sodium permeation pro-
file compared to the triple mutant: both conductance and preference for sodium
changed, and the conductance decreasing is sodium concentration depend, as the
factor [Nat] x construction was detected as significant during these comparisons
between T54V and the triple mutant.

As discussed above, the polarity environments near the pore entrance seem over-
whelmingly important, so it is seen on T54V as well. During the mutation from T
to V, the local polarity that attracts Na™ and helps to keep them hydration is greatly
disturbed. While comparing T54 to the E46, the gathering of ions at T54 is purely
dependent on polarity interaction, while, besides the polarity, a more active elec-
trostatic attraction is observed at E46, which could explain why ion accumulation
at T54V shows changes that are ion-concentration-dependent; meanwhile, E46K
creates a fixed electrostatic barrier that is difficult to be overcome by increasing
in ion concentration. The moderate shifts of Vrev suggested a mild loss of Na*
selectivity of T54V as well. As the sodium influx is highly dependent on the po-
larity in this area, the removal of T54 directly causes a decrease in sodium current,
which might increase the favoring of outward K* current during the I/V voltage
ramping.

Overall, R52 by the entrance of the pore might be directly engaged in the gating, as
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its replacement reduces current without altering selectivity, implying a structural or
kinetic effect rather than direct ion interaction; E46K and T54V show how a highly
polar local environment is critical for inward cation flow. The addition negative
charge of E46 further enriches Na™ near the pore, whose electrostatic effect might
even barricade the outward Cl~ current as a small energy barrier, helping explain
the low chloride conductance of the typical P2X3 conductance.

5.3.2 The Transmembrane Domain

The transmembrane domains dominate the ion conduction of the channel to a great
extent, as the pathway guides ions to travel through the cell membrane along their
electrochemical gradient. In these experiments, the TMs were to be swapped with
the ones from the rP2X5 channels, to investigate whether the TMs of the rP2X5
channel carry any structural features that contribute to the favoring of chloride.

The P2X3/X5 TM chimeras were first tested after expression in Xenopus oocytes.
The TEVC results showed that all mutants generated on hP2X3 channels survived
the domain swappings, while the rP2X5R with the TM2 region obtained from the
hP2X3R did not. The TM1 domain, together with the TM2 domain of the hP2X3
channels, was later replaced by the ones obtained from the rP2X5. Function-
damaged channels were seen on both the TEVC and patch clamp. Previous re-
search also successfully created P2X1 channels that survived entire TMs swap-
ping from P2X2Rs (Werner et al., 1996). This different tolerance level suggested
that P2X5 might be composed of a unique architecture or undergo special confor-
mational change during activation, which restricts its normal function within its
TMs. From the perspective of biosynthesis, the more hydrophobic TM2 domain
of the rP2X5 potentially requires an explicit terminus to provide a minor level
of stabilizing effect during the transmembrane anchoring compared to the rest of
the isoforms in the P2XR family (Ojemalm et al., 2013). Therefore, substituting
rP2X5R TM2 with the TM2 domain from other isoforms might not collaborate
with the rest of the rP2X5R structure. Performing further experiments to deter-
mine the expression level should help identify the reason for the silence of this
construct.

The I/V curve of single activations obtained from the chimeras on the patch clamp
revealed that no significant shifting of the reversal potential was observed for all
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function TM chimeras. When comparing the I/V curves measured in NaCl-based
or choline-Cl-based external solutions within each construct, the negative shifting
of the Vrev varied, but without reaching significant differences. Similar results
were seen when comparing the current amplitudes in different solutions of differ-
ent constructs. The transmembrane domains appeared not to be the key to the high
conductance and selectivity for chloride of the rP2X5 channels.

Subsequent experiments switched to TEVC, as the method improvement allowed
such a kind of measurement. Compared to patch clamp, TEVC is also more
straightforward, so it became the preferred approach. When comparing the shifts
in Vrev observed in both sodium and chloride experiments, the ANOVA test did
not identify construct differences as a statistically significant factor, suggesting
neither a decrease in Na™ nor an increase in Cl1~ preference is detected during the
TM2 from rP2X5 into hP2X3 channel.

However, in the sodium-based experiments, the differences in constructs, while
not directly influencing the AVrev, were still relevant. The two-way ANOVA re-
vealed that although the *construct’ factor itself was not significant, the interaction
of ’construct x [Nat]” was significant with a P value of 0.0048. This indicates
that, although the differences between selectivities in the two constructs do not
reach a significant level, the two constructs react differently as external Na™ con-
centration changes. The triple mutant exhibited a more pronounced response to
changes in [Na'], indicating distinct permeation characteristics of the different
channels. Such differences were not observed in the permeation of the chloride,
as the factor of “/CI~] x construct” had a P value of 0.9168. Overall, a better ac-
commodation of accumulated Na™ but not Cl~ions of the P2X3 TM2 is seen, as in
hP2X3 TM2, an increasing selectivity accompanies the increasing concentration
of extracellular Na*.

Despite less impact on selectivity changes, the P2X3/X5 TM2 chimera is dis-
tinct from the triple mutant while focusing on ion conductance. Compared to the
triple mutant, current amplitudes of the TM2 chimera dropped more slowly in re-
sponse to decreased extracellular concentration; vice versa, a more rapid amplitude
change was observed in the chimera when extracellular C1~changed. P<0.0001
was detected in both experiments concerning the factor ’construct”. Those data
revealed distinctive ion diffusion patterns in different TM2, suggesting that dif-
ferent pore structures in hP2X3 and rP2X5 contribute to their specific ion perme-
ation: compared to the P2X5 TM2, the TM2 from rP2XS5 is intrinsically smoother

164



for Cl™ions traveling while creating a higher level of barricades for Na™.

Together, the results suggest that the TM2 of rP2X5 alters the conducting prop-
erties of the channel, likely by reducing the energy barrier for chloride while in-
creasing it for sodium. This shift leads to a relative increase in chloride current
and decrease in sodium current, without changing the intrinsic preference of the
hP2X3 channel for conducting cations over anions.

The structural comparison of the different TM2 is shown in Figure 5.3.3, with
hydrophobicity/hydrophilicity specified in the surfaces. Compared to the TM2 of
hP2X3, the TM2 segment of rP2X5 enriches more small and hydrophobic residues,
especially leucine, glycines, and alanines. These residues not only contribute to
the local hydrophobicity, but the small size of glycines and alanines also poten-
tially allows greater structural flexibility. Altogether, the rP2X5 channel possibly
possesses a wider and more dynamic pore structure.

As discussed in the previous chapter, when cations such as Na™ travel through the
pore, they most likely go through mild dehydration before arriving at the T330,
due to the restricted pore size and hydrophobicity of the pore lining V326 (relevant

Figure 5.3.2: Top-down views of the TM2 helices of hP2X3 (PDB: 5SVJ) and rP2X5 (ho-
mology model generated by Swiss-Model) from the extracellular side, showing as sur-
faces with hydrophobicity color-coded from hydrophobic (yellow) to hydrophilic (blue).
The narrowest points of the pore—residues T330 and V334 in hP2X3, and A345 and L346
in rP2X5, are labeled. Note that the hP2X3 pore is more constricted from the pore-lining
residues' sidechain and more hydrophilic, while the rP2X5 pore is wider and more hy-
drophobic.
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discussion see in Chapter 5.2.3). Subsequently, the T330 facilitated the partially
hydrated ions passing the narrowest part of the pore. The partial dehydration is a
compromise of low dehydration energy cost and size reduction of the passing ions.
In the case of rP2X5 TM2, the small side chains of pore lining residues before the
corresponding restriction side of A345/L346 do not encourage partial dehydration
as V326 in P2X3 TM2; therefore, more Na™ ions still carry intact hydration shells
when reaching the restriction site. Attempts to generate rP2X5-A345K homo-
mers were unsuccessful (similar to the expression failure of T330K in the hP2X3
triple mutant context, which will be intepretated below), suggesting that this pore
constriction cannot accommodate bulky, charged residues and is thus unlikely to
permit passage of a fully hydrated Na*(radius around 5 A (Degréve et al., 1996)).
Therefore, NaTions, having undergone less efficient dehydration yet still need-
ing to significantly dehydrate to pass the constriction site, encounter A345/L.346,
which both lack polarity to effectively coordinate and stabilize these necessarily
dehydrated Na™ions. This combination of inefficient initial dehydration followed
by an unassisted passage through a very restricted site lined by Alanine likely ac-
counts for the observed decrease in Na*conductance in rP2X5.

As for the chloride outflux, the hydrated chloride ions are easy to go from the en-
trance to the restriction of both TM2s of hP2X3 and rP2XS5, due to the remarkably
flexible area, as previously discussed: a highly flexible area is seen in hP2X3 TM2
(see Chapter 5.2.1). When considering the segment extending from the pore con-
striction site towards the intracellular side (e.g., corresponding to residues 331-341
in hP2X3), rP2X5 shares strong sequence similarity with hP2X3 in this specific
region, suggesting that their flexibility in this particular segment is likely compara-
ble. Although the restriction positions might differ in size, T330 in P2X3 might act
as the first barrier for chloride ions. After the efflux passes the restriction site, the
chloride ions in rP2X5 are surrounded by another highly flexible area, given the
appearance of glycines and alanine, while in p2x3, as discussed, the corresponding
area is significantly more rigid. As a consequence, the rP2X5 TM2, compared to
the hP2X3 one, exhibits increased Cl~conductance and decreased Nat conduc-
tance.

Besides the complete TM2 swapping, the T330 residue in hP2X3, which was pre-
viously proposed as part of the ion filter, was also mutated to lysine. In contrast
to the equivalent T339K in P2X2, which expressed normally, the T330K mutant
in P2X3 failed to express as a homomer, as did the T330R and the corresponding
A345K inrP2X5. This suggests that lysine at this position is less tolerated in P2X3
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and P2XS5, possibly due to structural constraints within the pore. A similar effect
has been observed in AMPA receptors, where four arginines at adjacent positions
within a tetramer disrupted proper assembly (Greger et al., 2003). Compared to
the tolerance of three lysines at the same position in P2X2 pore, the incapability
of P2X3 and P2X5 pores to accommodate may reflect their more restricted trimer
architecture.

In theory, the successfully generated heteromers of T330K and T330-based K63 A
construct contain two lysines at the position of 330 (T330-T330K-T330K as in
one heteromer), as only one K63 A monomer was allowed to be incorporated in a
functional trimer, to ensure at least two out of three binding pockets are available
for ATP docking, as activation of the channel requires a minimum of two bound
ATP molecules. This also implies that, while the T330K mutant cannot be assem-
bled as homomers, the pore can still tolerate up to two lysine substitutions at this
position.

The 2-way ANOVA detected significant differences in all tests and revealed a dis-
tinctive ion permeation pattern induced by the lysine insertion. During the de-
crease of extracellular sodium concentration, significant differences between the
triple mutant and the T330K homomers were not only detected in the factor con-
struct (12/11 and AVrev values)but also factor construct x [Na*t] (AVrev values).
Those results indicated that the T330K exhibits less conductance and a preference
for sodium ions, while the two constructs also differ in their sodium concentration
dependency. Similarly, the significance in the tests from 12/11 and AVrev values
comparisons in Cl~-decreasing experiments suggests more pronounced Cl~ion se-
lectivity and conductance of the T330K heteromers compared to the triple mutant.
Taken together, the insertion of lysine in the narrowest part of the pore has a great
impact on both Na* and CI~ flows, and from the perspectives of both ion diffusion
resistance and active selectivity.

The insertion of lysines within the pore creates electrostatic barricades for sodium
influx, while compensating energy cost that the chloride eflux requires. Moreover,
the charged site directly repels cations and attracts anions, amplifying the selectiv-
ity between them. This demonstrates that although conductance and selectivity are
deliberately distinguished as diffusion resistance versus ion preference, strongly
charged residues at key pore positions can influence both properties in parallel.
Due to the intrinsic expression problem, it cannot be concluded whether a ho-
momeric T330K-hP2X3 channel could further increase the chloride preference as
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observed on rP2X2Rs by Browne et al (Browne et al., 2011). However, it indeed
suggests that the clustered positive charge in the pore could serve as an ion filter.

In summary, while a positively charged residue at position 330 clearly alters both
conductance and selectivity, swapping the entire TM2 from P2XS5 into hP2X3
leads to increased chloride conductance without altering selectivity. This implies
that although TM2 can, in principle, contribute to ion selectivity, as shown by the
T-to-K substitution, it does not function as a selectivity filter on its own in the
P2X5 background. This indicates that while TM2 does not determine chloride
selectivity in P2XS5, it facilitates chloride conductance.

5.3.3 Intracellular Cytoplasmic Fenestration

The cytoplasmic fenestration is supposedly the ion pathway connecting the trans-
membrane pore and the intracellular side. Like the extracellular fenestration, the
pathway is hypothesized to be tilted away from the central axis, allowing the ions
to exit and enter the pore via the sides of the cytoplasmic cap instead of the central
pore (Mansoor et al., 2016).

Sequence alignment among P2X channels showed that a positively charged ly-
sine is inhabitant on the N-termini of P2X5 and P2X6 channels, where the rest of
the family possesses a negative charge. Replacing the original negative charge in
the P2X2 channel caused an increased anion permeation (Tam et al., 2023). The
equivalent glutamic acid at position 11 of the hP2X3R was mutated into K in this
part of the experiments, to test whether the charge reversal affects the ion pref-
erence. Besides, the previously discussed K14C was added in parallel in part of
the experiments as well, to find out whether the conserved cytoplasmic lysine also
contributes to the intrinsic anion permeation of the channel, though it is located
away from the proposed cytoplasmic fenestration.

The replacement of E11 with lysine, E11K, reduced the current amplitudes exten-
sively. up to 90% compared to the triple mutant. In Chapters 4.1 and 5.1, where
the cytoplasmic cap was characterized structurally, the same E was also mutated
into cysteine (E11C), from where no such dramatic functional interferences was
observed. This result was in accordance with what was reported for the equiv-
alent E17C in rP2X2 channels by Tam etc. al (Tam et al., 2023). These results
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together report that rather than the loss of the negative charge, the addition of a
positive charge is more likely responsible for the functional damage. Besides, no
change in kinetics during activation was observed in either mutant, which, adding
up to similar results observed from the E11C, implied that the contribution of the
glutamic acid to the stability of the cytoplasmic cap might be minor as well.

Like the T330K channels, the E11K mutant demonstrated a dramatically altered
ion permeation. A significant increase in the chloride current and a decrease in the
sodium current together proved that the E11K channel favored chloride current. In
the 12/11 comparisons, E11K showed significant differences from the triple mutant
in both Na™ and Cl~ experiments, with p-values below 0.0001. AVrev compar-
isons also indicated that the E11K mutant preferred C1~ over Na™ ions. Inter-
estingly, the factor “/Na*] x Construct” was found to be significant only in the
AVrev comparison under Na™ conditions, similar to what was seen with T330K,
suggesting that the concentration-dependence of sodium selectivity of the E11K
changes compared to the triple mutant.

Therefore, the insertion of lysine, either within the transmembrane channel (T330K)
or in the cytoplasmic fenestration (E11K), functioned as a C1~ selector by reduc-
ing the sodium current and enhancing the Cl~current. Because of the similarity,
the comparison between the two lysine mutants was performed. Results demon-
strated that no differences in effect were seen as the factor construct was insignif-
icant; meanwhile, the factor [ion] x construct was significantly different, indi-
cating that their overall impact on chloride permeability is comparable, but the
Cl~ concentration dependency is different.

The 14K is highly conserved within the P2X family, substitutions of which are of-
ten (functionally) lethal. In previous experiments, the K14C channel was found to
be damaged to a minor level and was thereby tested in this part of the experiments.
This mutant was only tested for the AVrev values in varied C1~ concentrations, as
its 12/11 values might be distorted by its dramatically larger rundown effect. No
significances were found during the comparison between the mutant and the con-
trol (0.0737), however, the value approaching the threshold made it intriguing to
evaluate the trend of the comparisons. Multiple tests showed that K14C was not as
sensitive to the change in [Cl™] as the triple mutant, indicating a tendency towards
lower CI~ selectivity. In other words, the hP2X3 channels possess an intrinsic and
weak chloride selectivity.
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Figure 5.3.3: TMs and cytoplasmic cap of the hP2X3 trimer in the open state (5SVJ).
The main structure is meshed in surface with monomers in different colors. The left
image provides a horizontal view of the structure (with the central axis perpendicular
to the cell membrane), where E11 is shown in sticks. It can be observed that E11 is
located at the lateral entrance of the cap. The right image shows the structure after
being rotated 90° along the horizontal axis, viewed from the direction of cytolasma. It
reveals that the cap center, formed by the three monomers, has created a pore, with
each contributing a lysine (K14) approaching at this location.
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The two residues studied here are indicated in Figure 5.3.3. The El11 is located
adjacent to the pore from the intracellular side. while the K14 is at the central pore
constructed by the cap. The enormous changes brought by the E11K but not the
K14C, proved the importance of the lateral fenestration for ion selectivity.

Overall, E11K demonstrates a clear gain in C1~and loss in Na™ selectivity, whereas
the rP2X5 TM2 provides a more ideal ion pathway for C1~without adding fur-
ther selectivity. Together, E11K sets the preference, and the TM2 swap improves
conductance, providing two distinct yet complementary mechanisms to enhance
chloride flow.

After establishing a robust method and clearly validating the effects of E11K and
the TM2 chimera individually, the earlier experimental approach, which was ini-
tially discarded due to higher noise and a weaker signal-to-noise ratio and brought
extra error (details described in Results), was revisited. By directly comparing
these previously obtained data with the current validated results, the reliability of
the initial experiments for detecting sufficiently strong mutant effects could be as-
sessed. If so, the data of the double mutant, E11K-TM2 chimera-triple mutant,
collected under the original experimental conditions, are also valid for analysis
and comparison to an extent.

The double mutant, E11K-TM2 chimera, was initially tested alongside the triple
mutant and single mutants (E11K and TM2 chimera) under the following exper-
imental design: channels were activated first in standard Ori~ solution and sub-
sequently reactivated after washout in solutions lacking either sodium or chloride
ions. Current ratios reflecting changes in conductance and shifts in AVrev, indicat-
ing ion selectivity differences, were recorded. This step aimed to verify whether
comparisons made under the initial conditions between the triple mutant and sin-
gle mutants (E11K and chimera) yielded results comparable to those obtained later
under more robust experimental conditions.

The solution factor used for these two-way ANOVA analyses was switched from
the concentration gradient for each ion to a comprehensive inclusion of standard
NaCl, sodium-only, or chloride-only conditions, while other aspects of the analysis
remained unchanged. When comparing values obtained in both solutions, the TM2
chimera showed a distinct conductance profile compared to the triple mutant, with
a P value of construct differences less than 0.0001. Meanwhile, its ion selectivity,
represented by the AVre,v was similar to the triple mutant (P = 0.1569). In the
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case of E11K, both results were significantly different from the triple mutant, with
P values of 0.0015 and less than 0.0001 in respectively, demonstrating changes in
both conductance and selectivity. These findings were consistent with the previ-
ously established results, confirming that the initial experimental approach was at
least trustworthy at the qualitative analysis level.

After validating the initial experimental conditions through the adjusted two-way
ANOVA, the analysis was then extended to the double mutant, E11K-TM2 chimera.
When comparing the 12/11 values obtained in both solutions, the differences be-
tween the triple mutant and the E11K-TM2 chimera were identified, with a P
value of 0.0007. Further multiple comparisons indicated that the significant dif-
ference primarily arose from comparisons between the two tested conditions: the
E11K-TM2 chimera exhibited higher 12/I1 ratios when solutions were switched
from standard NaCl to chloride-only conditions than when switched to sodium-
only conditions. Given that there is currently no evidence suggesting that chang-
ing between sodium-only and chloride-only solutions would differently affect the
rundown effect, the higher 12/I1 ratio in chloride-only conditions indicates that
the double mutant exhibits improved conduction in the Cl~solution, implying en-
hanced chloride permeability. However, when comparing the double mutant with
the single mutant, no significant difterences were detected, with P values of 0.4988
(vs. TM2 chimera) and 0.4932 (vs. E11K).

A similar effect was found during the test of AVrev values. The E11K-TM2
chimera still showed an altered selectivity, with a significant difference of 0.005
when compared to the triple mutant. However, the differences between the control
and were smaller than the one with E11K.

Overall, the double mutant of E11K and the TM2 chimera did not show any addi-
tivity to the ion permeation modifications. On the contrary, the resulting channels,
while still exhibiting similarity to the single mutants, behaved not as dramatically
differently from the triple mutant. Instead of inheriting from both mutants, the
double mutant was a more moderate construct, from the perspectives of both con-
ductance and selectivity. This result implies an interaction or coupling between
the pore and the cytoplasmic fenestration.

In summary, the ion permeation properties of the hP2X3 channel were examined
through three structural domains: the extracellular fenestration, the transmem-
brane pore, and the cytoplasmic fenestration. Charge clusters near the lateral fen-
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estration appear to assist hydrated cations in reaching the pore entrance, though
single-residue mutations showed only minor individual effects. The TM2 pore of
hP2X3 exhibits intrinsic chloride conductance, and the incorporation of the rP2X5
TM2 further increased conductance without enhancing Cl1[] selectivity, suggest-
ing that structural differences in the pore region influence general ion flow rather
than strict ion preference.

In contrast, mutating residues at the cytoplasmic fenestration had a strong and se-
lective impact, shifting the channel’s overall cation/anion selectivity and thereby
altering net ion permeation. While permeation was assessed in terms of both con-
ductance and selectivity, changes in selectivity were found to have a greater influ-
ence on global ion flow. This also indicates that conductance differences between
hP2X3 and rP2X5 are relatively modest.
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6. Summary

In this study, the human P2X3 receptor was investigated from a biophysical per-
spective to reveal how specific structural domains regulate receptor gating and ion
permeation under functional conditions. Guided by available crystal structures
and electrophysiological data, the research focused sequentially on the cytoplas-
mic cap, the adjacent TM2 helix, and the receptor’s ion permeation pathway.

The cytoplasmic cap was shown to be essential for receptor activation and func-
tional stability, with structural integrity maintained primarily by ionic and hy-
drophobic interactions. Experiments revealed that while removal of the N-terminus
disrupted receptor function, the presence of a single C-terminus was sufficient for
receptor gating. These findings indicate a critical role for precise spatial organi-
zation within the cap region for proper receptor function.

The TM2 domain was systematically investigated by cysteine scanning mutagen-
esis, identifying residues 1323, T330, and V334 as critical determinants of channel
gating. Additionally, residue V326 appeared to influence ion accessibility to the
pore region, suggesting involvement in gating and pore occlusion. The results fur-
ther clarified TM2’s dual role: it forms the primary pore structure and serves as a
functional interface linking extracellular and intracellular domains.

Lastly, the study assessed ion permeation through extracellular fenestrations, the
TM2 pore, and cytoplasmic fenestrations. Although extracellular fenestration residues
individually contributed minimally, charge clusters near these regions facilitated
cation entry. Intrinsic chloride conductance of the TM2 pore was sensitive to struc-
tural variations, as introducing the rP2X5 TM2 to the hP2X3 channel resulted in
increased ion conductance without affecting selectivity. In contrast, mutations
within the cytoplasmic fenestrations profoundly altered channel selectivity, sig-
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nificantly impacting overall permeation characteristics. These findings identify
key structural determinants governing the ion permeation profile of the hP2X3
receptor.

Together, this study provides insights into the structural and functional interplay
among key receptor domains, contributing to a more comprehensive understanding
of P2X3 receptor function under physiological conditions.
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A. I: Result Figures
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Figure A.1.1: The amplitudes

from the first ATP application for
each group, results are shown as
mean + SEM. The WT group has an
overall amplitude of -147.4 1+ 33
nA, the 2:1 group response is with
-3583 + 623 nA, the 1:1 group is at
-2582 + 355 nA, the 1:2 group yields
-3657 + 04 nA, and the triple mutant
has an amplitude of -4213 + 501 nA.
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Figure A.1.2: Representative current traces
of WT + K63A- triple mutant elicited by 1 pM
ATP. cRNAs encoding for the indicated con-
structs (WT with NW7T; K63A with N) were
mixed in ratios as indicated within the titles.
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Figure A.1.3: The left panels, as well as the upper and middle right panels, give ex-
amples of traces for each group from TEVC. 10uM ATP application is noted. Constructs
are specified in the titles. The right lower panel shows the comparison of the first re-
sponse’s remaining current in 10 seconds from wild-type, different ratios of RNA-mixed
groups, and the triple mutant. The groups are as noted. From left to right, the ratios
all refer to the RNA volume ratio of WT: tfigle mutant. Error bars mark the SEM. n=5.
The ratios of remain after 10 seconds of ATP activation are as follows: WT 0.16+0.03;
2:1 groups 0.74+0.03, 1:1 groups 0.851+0.03; 1:2 groups 0.88+0.02; triple mutant =
0.91+0.04. Multi-comparisons were performed between every two groups; significant
differences exist between: WT vs. 1:1 group (WT: triple mutant, p = 0.0297), WT vs.
ratio = 1:2 group (p = 0.024), and WT vs. pure triple mutant group (p = 0.0131).
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Figure A.1.4: Representative current traces for each group of mixed cRNAs encoding

bar.
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for the indicated constructs. The application of 10uM ATP is indicated by the horizontal
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Figure A.1.5: Group comparison of amplitudes and ratios of remain from three subse-
quent ATP applications (1st application: upper panels; 2nd application: middle panels;
3rd application: lower panels). The y-axis is kept similar to highlight changes in abso-
lute values across activations. Error bars represent SEM. Significant differences from
the multiple comparisons are labeled. n = 5, except for the AC:K63A = 1:4 group (n =
4) due to poor function. During the three activations, the WT group shows amplitudes
of -396.6+125.9, -42.6+7.5, -30.6+7.0 nA, with a remain of 0.251+0.05, 0.25+0.06,
0.261+0.08. The WT:K63A = 4:1 group has amplitudes of -4132+860.8, -1054.0+212.2, -
552.81+77.2 nA, with aremain of 0.17+0.01, 0.26+0.02, and 0.341+0.03. The WT:K63A =
1:1 group has amplitudes of -3259.0+627.8, -964.0+219.5, -785.0+176.9 nA, with a re-
main of 0.39+0.05, 0.81+0.09, and 1.05+0.03. The WT:K63A = 1:4 group responds with
-411.7+84.1, -265.1+72.2, -250.4+65.4 nA, with a remain of 1.10+0.17, 0.98+0.04,
and 1.08+0.05. The AC:K63A = 4:1 group has amplitudes of -43.7+12.1, -12.6+2.0,
-10.0+2.7 nA, with a remain of 0.31+0.04, 0.65+0.08, and 0.60+0.06. The AC:K63A
= 1:1 group shows amplitudes of -109.91+25.2, -34.5+6.8, -23.8+6.0 nA, with a re-
main of 0.56+0.06, 0.60+0.06, and 0.55+0.05. The AC:K63A = 1:4 group responds
with -16.1+1.5, -8.0+1.6, -4.4+1.3 nA, with a remain of 1.13+0.20, 1.30+0.19, and
0.841+0.22. Multi comparisons in ANOVA tests were performed between every two
groups within the WT/K63A groups and the AC/K63A groups.
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Figure A.1.6: Comparison of current amplitudes and desensitization time constants in
scattered points between the WT and the K356R-WT. n>5. The left panel describes the
amplitudes from both groups. The WT yields an average response of -3405+512 nA,
and the K356R mutant has an amplitude of -34831+483 nA. The right panel lays out the
T values from the exponential decay fitting of the desensitization. The 1 of the WT is
5286+715nA/ms, while the K356R mutation brings a result of 4079+837nA/ms. No
significant differences were detected.
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Figure A.1.7: Representative traces are shown in the upper panel, with mutants indi-
cated in the titles. ATP applications are as noted. The paired mutant group F8-W21 is
overlapped, and amplitudes are normalized to the maximal responses. The lower pan-
els display the statistics of amplitudes and ratios of remain in comparison to the triple
mutant, with mean + SEM noted. Significant differences from multiple comparisons
are labeled. n = 5. The amplitudes and ratios of remain for each group are as follows:
triple mutant = -8683+1037 nA, remain = 0.931+0.01; F8A = -202151+2890 nA, remain =
0.26+0.03; W21A = -18201+2589 nA, renl§ih = 0.92+0.02; F8A,W21A = -29167+3049
nA, remain = 0.19+0.03; T12A = -72.4+20.1 nA, remain = 0.21+0.03; V17D = -26.21+4.8
nA, remain = 0.291+0.03; F358A = -13681+2457 nA, remain = 0.24+0.03. Multiple com-
parisons were conducted (1) between the triple mutant and each group, and (2) within
mutants targeting the same residue. Significant differences are labeled.
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Figure A.1.8: Representative traces are shown in the upper panel. ATP applications are
as noted. Charge-reversing and -swapping mutants are grouped and overlapped, with
amplitudes normalized to the maximal responses. The bottom panels display the statis-
tics of amplitudes and ratios of remain at 30 seconds in comparison to the triple mutant,
with averages + SEM marked. Significant dffferences from multiple comparisons are la-
beled. n = 5. The amplitudes for each group are: triple mutant = -8683+1037 nA,
D340A = -39+12 nA, K357D = -22+4 nA, double mutant D340K,K357D = -14 nA. Within
mutants targeting the same residue, significant differences are noted. In the kinetics
bar graph, multiple comparisons were applied: (1) between the triple mutant and all
other mutants, (2) within all D340 mutants, and (3) within all K357 mutants. In the
amplitude scatter plot, multiple comparisons were applied within D340 mutants and
within K357 mutants. Significant differences are noted.
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Figure A.1.9: Representative traces are shown in the upper panel. ATP applications are
as noted. Charge-reversing and -swapping mutants are grouped and overlapped, with
amplitudes normalized to the maximal responses. The lower panels display the statis-
tics of amplitudes and ratios of remain at 30 seconds in comparison to the triple mutant,
with averages + SEM marked. Significant differences from multiple comparisons are la-
beled. n = 5. The amplitudes and ratios of remain for each group are as follows: triple
mutant = -150931+4984 nA, remain = 0.93+0.01; E359K = -2158+566.9 nA, remain =
0.31+0.07; K14E = -231+9.4 nA, remain = 0.721+0.15; K14E, E359K = -278.8+79.7 nA,
remain = 0.32+0.02; K356E = -159031+4984 nA, remain = 0.41+0.03; K356E, E359K
= -62841+1570 nA, remain = 0.341+0.06; K357E = -34.71+11.7 nA, remain = 0.4410.06;
K357E, E359K = -18.9+4.08 nA, remain = 0.381+0.08; K14C = -402811058 nA, remain =
0.40+0.05; K356R = -14563+2337 nA, remain = 0.96+0.01. Multiple comparisons were
conducted: (1) between the triple mutant and each group (significance not noted), (2)
within mutants targeting the same resid here significant differences are labeled.
In the kinetics bar graph, multiple compuﬁdlns were applied: (1) between the triple
mutant and all mutants, (2) within all D340 mutants, and (3) within all K357 mutants.
In the amplitude scatter plot, multiple comparisons were applied within D340 mutants
and within K357 mutants. Significant differences are noted.
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Figure A.1.10: Crosslinking of N- and C-terminal residues of the V15C-F358C and V16C-
V361C groups. SDS-PAGE analysis of the samples was performed in parallel with a
molecular mass marker (MM). Yellow asterisks (**) highlight the dimeric bands of the
18C/361C-hP2X3R, which could be cross-linked to a greater extent in the presence of
300 pM ATP as compared to apyrase (compare lane 3 versus lanes 7 and 11). Without
BMOE, no crosslinking was observed (DMSO control, lanes 13-16).
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Figure A.1.11: Representative traces from the mutants. Each mutant is specified in the
title, and ATP applications are noted.
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Figure A.2.1: The TEVC results of current amplitude elicited by 10pM ATP from the
cysteine mutations and the control group, n>10. All constructs are as indicated. The
meanxSEM is specified for each group. 10uM ATP yielded the following amplitudes (nA):
-8009+961.7 from the triple mutant; -7523+1038 from 321C; -2488+359.3 from 322C; -
297.41+29.6 from 323C; -9488+1256 from 324C; -8265+839.1from 325C; -13618+1633
from 326C; -7034+1072 from 327C; -12875+2326 from 328C; -122151+1203 from
329C; -12331+1304 from 330C; -3022+ 414.5 from 331C; -6632+653.6 from 332C; -
2280+378.4 from 333C; 1369+226.7 from 334C; -7996+1611 from 335C; -12188 +1247
from 336C; -12574+2253 from 337C; -5096+1462 from 338C; -6288+ 682.2 from341C.
All constructions were compared to the triple mutant, significant differences were indi-
cated. 322C, 323C; 331C, 333C, and 334C were significantly different from the control,
with P values of <0.0001, <0.0001, 0. 0003, <0.0001, and <0.0001, respectively.
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Figure A.2.2: The left panel shows the Cd>t blocking efficiency of each mutant in a col-
umn chart. The mean £ SEM are indicated (n > 3). The Cd2t-induced blocking efficiency
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341C. Each group was compared to the control using multiple comparisons. Significant
differences were observed for 323C, 327C, 330C, 332C, 334C, 336C, and 337C, all with
a P value < 0.0001. All significant differences are noted. The right panel shows the plot
of blocking efficiency against the simulated Ca-Ca distance. A non-parametric Spear-
man correlation was calculated, revealing a correlation between the efficiency and the
distance with a P value of 0.0252 (correlation r? = -0.51)
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Figure A.2.3: Traces of example showing different DTT-induced reaction after Cd?+
blocking. Mutants are as indicated in the titles. ATP, Cd>t, and DTT applications are

marked and color-coded.
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Figure A.2.4: Recording traces from mutants exhibit a significant blocking effect in re-
sponse to Cd?>t. The constructions are as described in the titles. The ATP and Cd>+
applications are indicated and color-coded.
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same conditions. Significant differences were indicated.
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Figure A.2.6:
Representative
traces of Cd2t block-
ing effect onset on
327C. Traces are
normalized to the
maximal amplitude.
Concentrations of
Cd?t are color-coded
and indicated. The
time scale is noted.

Figure A.2.7: Plotting
of a=C distance
against IC50 values
from the tested
mutants. The de-
tails about the axis
indication and each
data point's origin
are noted. A corre-
lation of exponential
growth is indicated
as a fitted curve.
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Figure A.2.8: The onset kinetics and dose-related blocking efficiency for the mu-
tants. The left panel depicts the change in T by different concentrations; the con-
centration of Cd?* is specified on the x-axis. Results are shown in mean*SEM.
The right panel shows different blocking efficiencies varied by Cd?* concentration.
Cd>t concentrations are logarithms of concentration in pM. Results are shown in
the column with mean+SEM specified. The constructions are noted. n=3. Re-
sults of 324C were obtained under [Cd2*] = 30/100/300/1000uM, with correspond-
ing 1=3.46+0.35, 2.62+0.39, 2.80+0.50, 3.30+0.29nA/s, and blocking efficiency of
0.33+0.13, 0.53+0.05, 0.741+0.20 and 0.821+0.10; Results of 325C were obtained under
[Cd?>t] =0.1/1/10/100/300/1000uM. T were collected from 100/300/1000uM, with a
value of 3.74+£0.40, 4.981+0.79 and 2.491+0.34nA/s. Corresponding blocking efficiencies
were 0.01+0.03, 0.02+0.00, 0.01+0.01, 0.36+0.09, 0.60+0.02 and 0.98+0.01; V326C
results were from 1/10/30/100/300/1000uM. T of 1 and 10uM Cd2* could not be mea-
sured, the rest resulted in 3.34, 5.171+0.83, 4.00+0.22 and 2.48+0.60nA/s. The block-
ing efficiencies were 0.00, 0.00, 0.19+0.01, 0.68+0.05, 0.80+0.08 and 1+0.08; A327C
was tested for 0.01/0.1/1/10uM, with T values of 3.05+0.58, 3.09+0.43, 1.581+0.07
and 1.42+0.18nA/s, and blocking efficiencies of 0.63+0.09, 0.57+0.14, 0.49+0.03 and
0.641+0.13. T330C was tested under the same conditions, with T values of 2.711+0.38,
2.49+0.23, 2.36+0.13 and 1.62+0.40nA704 and blocking efficiencies of 0.76+0.13,
0.78+0.05,0.721+0.06 and 0.85+0.09. Multiple comparisons were performed 1) for the
onset kinetics, every value with the adjacent one; 2) for blocking efficiency, all values
within A327C and T330C. The significant difference was as indicated.
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Figure A.2.9: The left panel shows representative traces of G333C, being directly acti-
vated by ATP in Cd2* and subsequently DTT solution, or solely ATP and subsequently
ATP+DTT as indicated. The middle panel shows amplitudes of 333C in different condi-
tions (indicated )in scattered points, mean+SEM are marked. 333C activated by ATP
yielded overall -5414+1009nA, and -3868+959.4nA. The unpaired t-test detected no
differences between them. The right panel exhibits the remaining currents after 20 sec-
onds of constant activation by ATP. Different conditions are noted. Results are shown
in columns with mean+SEM marked. ATP group remained 0.25+0.05 in the 20s, while
ATP+Cd?* group remained 0.68+0.08. Unpaired t-tests reveal significant differences
between the two groups with a P value < 0.0001. All statistical results are noted.
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Figure A.2.10: 14 The upper and the left panels in the middle are to show represen-
tative traces of I323C and the control from TEVC. The constructions are noted in the
title, chemical applications are color-coded and marked. The right panel in the mid-
dle demonstrates the effect of DTT preincubation on the overall potentiation. The
conditions are described. The results are shown in columns with mean+SEM (n>7).
The amplitudes from the groups that underwent preincubation recorded a DTT po-
tentiation by an additional current increase of 2.931+0.27, while the non-incubated
group was potentiated by 0.40+0.11. T-test detected a significant difference with
p-value < 0.0001 as marked. The bottom panel depicts the overall results of the
DTT potentiation experiments. The results are shown in columns with mean+SEM
(n>3). Results are presented in additional current growth: triple mutant = -0.01+0.02,
321C = 0.04+0.06, 322C = 0.181+0.05, 323C = 2.93+0.27, 324C = 0.01+0.02, 325C
= 0.07+£0.07, 326C = 0.061+0.04, 327C = 0.04+0.02, 328C 0.01+0.02, 329C
0.14+0.07, 330C = 0.0.06+0.09, 331C = 0.03+0.01, 332C 0.01+0.01, 334C
0.05+0.04, 335C = -0.01+0.01, 336C = 0.07+0.09; 337C = 0.05+0.04, 341C
0.05+0.02. Multi-comparisons were perfpfifped between the triple mutant and every
other mutant and detected only a significant difference between I1323C and the control
with a P value < 0.0001. The test result is marked.
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Figure A.2.11: Panel A shows representative traces. The solutions are indicated in the
trace above. The constructions are as noted on the left. Panel B shows the statistical
results, n>6. The upper panel describes the amplitudes from the first activations of
the constructions. The results are shown in scattered points with mean+SEM marked.
The WT yielded -2173+431.8nA, while the V334C-WT yielded -1236+208.6nA, and the
triple mutant yielded -4197+1150nA. Multi-comparisons found a significant difference
with P-value = 0.0463, with no differences found between every two constructs during
multiple comparisons. The left bottom panel describes the remaining currents in 20 sec-
onds in columns with mean+SEM. The WT remained 0.09+0.02, the V334C-WT remained
0.47+0.09, and the triple mutant remained 0.931+0.03 in 20 seconds. Multi-comparisons
found a significant difference with P<0.0001, multi-comparisons revealed differences
between every 2 groups, and results are noted. The right bottom panel showed recov-
ery between two activations, results represented in columns with mean+SEM. The WT
recorded 0.32+0.06 during repetitive activations, V334-WT recovered 1.04+0.14, and
the triple mutant recovered 0.54+0.06. The one-way ANOVA test found a significant
difference with P<0.0001, multiple comparisons revealed differences between every 2
groups, and results are noted.
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Figure A.3.1: shows the current amplitude on TEVC (oocytes) under 10 pM ATP; re-
sults are scatter points with mean + SEM (n>8). Triple mutant: -7903 + 1781 nA;
TM1 chimera: -96.37 4+ 20.0 nA; TM2 chimera: -2139 + 384.8 nA; TM1/2 chimera: -
1047 + 176.6 nA. Panel B addresses the current amplitudes on the patch clamp. Re-
sults are grouped by constructs (color-coded as indicated by legends) with different
solutions indicated on the axis. Results are shown in columns with specified SEM.
The triple mutant yields -3.56x10-9+2.59x10-1° A in NaCl and -6.35x1010+2.3x10-10
A in Choline-Cl (ClI~); the TM1 chimera yields -5.43x107°4+1.59x10-° A in NaCl and
-7.31x10-104£3.2x10719 A in CI—; the TM2 chimera yields -4.40x10°4+6.73x10 10
A in NaCl and -8.90x10-10+1.78x10-19 A in Cl—; and the TM1/2 chimera yields -
6.95%x10945.79x10- 19 Ain NaCland -1.71x10-194+9.75x10-1° Ain CI—. Panel C shows
the I/V curve obtained from the patch clamp of the four constructs, with results nor-
malized to the maximal current. Panel D shows normalized I/V curves (-60 mV to +10
mV) under NaCl and Cl— conditions (color-coded).
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Figure A.3.2: The left panel from the observing orientation describes the representa-
tive I/V curves showing shifting of the Vrev during the decrease of [CI~]. The differ-
ent concentrations are color-coded and noted. Details of the constructs are indicated
in the titles. The curves are zoomed in at -30 to +10 mV intervals for a clear view.
The upper right panel shows grouped I2/I1 values of each construct under different
conditions, all constructs are color-coded and indicated in the legend, and the condi-
tions are specified on the axis. The triple mutant defined the baseline of current re-
covery, apart from 2 minutes of rinse, as the I12/I1 of the group 90mM/90mM NacCl
with a ratio of 0.66+0.07. During the decrease of CI~ to 70mM and 50mM, the ratio re-
duced to 0.631+0.06 and 0.451+0.05, respectively. The TM2 chimera yielded an I12/I1 of
0.87+0.03 in 90/90 solution, 0.90+ 0.03 in 90/70 CI— and 0.77+0.06 in90/50 Cl—. The
E46K mutation resulted in ratios of 0.43+0.07, 0.48+0.08, and 0.451+0.08; while the
R52E variant showed 0.84+0.10, 0.70+£0.12, and 0.851+0.14. The T54V mutant ratios
were 0.68+0.04, 0.81+0.11, and 0.61+0.08. The T330K mutant demonstrated a higher
I2/1I1 ratio in general, with 1.22+0.17, 0.89+0.07, and 0.86+0.07. E11K had ratios
of 1.33+0.49, 1.03+0.31, and 0.92+0.55. The lower right panel shows grouped AVrev
values of each construct under different conditions, all constructs are color-coded and
indicated in the legend, and the conditions are specified on the axis. The triple mutant
establishes the baseline of AVrev after a 2-minute rinse, with a value of 0.66+0.07 in the
group exposed to 90mM/90mM NaCl. When the CI~ concentration is decreased to 70mM
and then to 50mM, the AVrev diminishes correspondingly to 0.63+0.06 and 0.45+0.05.
The TM2 chimera shows AVrev values of 0.87+0.03 for 90/90 NaCl, 0.90+0.03 for
90/70 Cl—, and 0.77+0.06 for 90/50 Cl-. For the E46K mutation, the AVrev values
are 0.431+0.07, 0.48+0.08, and 0.451+0.08 across the decreasing Cl— concentrations.
The R52E variant yields AVrev values of 0.841+0.10, 0.70+0.12, and 0.85+0.14. The
AVrev values for the T54V mutant are 0.68+0.04, 0.81+0.11, and 0.61+0.08, while the
T330K mutant demonstrates higher overall AVrev values of 1.221+0.17, 0.89+0.07, and
0.861+0.07. Lastly, the E11K mutation presents AVrev values of 1.33+0.49, 1.03+0.31,
and 0.9210.55 for the respective CI— concentrations.
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Figure A.3.3: The left panel from the observing orientation describes the representa-
tive I/V curves showing shifting of the Vrev during the decrease of [Nat]. The different
concentrations are color-coded and noted. Details of the constructs are indicated in the
titles. The curves are zoomed in at -30 to +10 mV intervals for a clear view. The upper
right panel shows grouped I2/1I1 values of each construct under different conditions, all
constructs are color-coded and indicated in the legend, and the conditions are specified
on the axis. The triple mutant defined the baseline of current recovery, apart from 2
minutes of rinse, as the I2/11 of the group 90mM/90mM NaCl with a ratio of 0.66+0.07.
During the decrease of CI- to 70mM and 50mM, the I2/I1 ratio reduced to 0.63+0.06
and 0.4510.05 respectively. The TM2 chimera yielded an I12/I1 of 0.87+0.03 in 90/90
solution, 0.90+0.03 in 90/70 Cl- and 0.77+0.06 in 90/50 Cl-. The E46K mutation re-
sulted in I2/1I1 ratios of 0.43+0.07, 0.48+0.08, and 0.45+0.08; while the R52E vari-
ant showed 0.84+0.10, 0.70+0.12, and 0.851+0.14. The T54V mutant I2/I1 ratios were
0.681+0.04, 0.81+0.11, and 0.61+0.08. The T330K mutant demonstrated a higher I2/I1
ratio in general, with 1.22+0.17, 0.89+0.07, and 0.86+0.07. E11K had I2/11 ratios of
1.33+0.49, 1.03+0.31, and 0.92+0.55. The lower right panel shows grouped AVrev
values of each construct under different conditions, all constructs are color-coded and
indicated in the legend, and the conditions are specified on the axis. The triple mutant
showed a mean AVrev of -1.414 + 0.8863 at 90mM Na™, which progressively decreased
to -14.57 £+ 0.5519 at 50mM Nat. E46K exhibited a less negative AVrev at higher Na*
levels (-0.5611 + 0.6992 at 90mM Na*) but became more negative as Na™ decreased
(-11.97 = 1.526 at 50mM Na*). The R52E mutation followed a similar trend with a
AVrev of -1.17 + 0.6856 at 90mM Na' and -13.41 + 1.245 at 50mM Nat. T54V had a
AVrev of -1.128 + 0.575 at 90mM Na* and -12 + 0.3809 at 50mM Na+. The P2X3/X5
TM2 chimera's AVrev decreased from -3.276 + 1.519 at 90mM Na+ to -10.37 £+ 1.02 at
50mM Nat. The T330K (hetero) construct showed an increase in the negative AVrev
with a decrease in Nat concentration, from -0.5927 + 0.4846 at 90mM Na™ to -8.521
0.6891 at 50mM Nat. Lastly, E11K had a AVrev of 1.722 + 0.1464 at 90mM Na™, turning
more negative with decreasing Na+ to -6.665 + 0.676 at 50mM Na+.
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A. II: Result Tables

Paring residues | 340-357 | 14-359 356-359 | 357-359
KO0 0.943+0.0113
K(X) 0.765+£0.0542 | 0.711£0.151 \ 0.40940.0343 \ 0.44140.0561
K(Y) 0.55940.0908 0.44140.0561
K(XY) 0.85240.0326 | 0.32040.0249 | 0.34540.0594 | 0.694+0.0793
P values <0.0001 0.0760 0.0030 0.0009
Summary skeokokok ns % seokok
Table A.1.1: Double mutant cycle analysis of pairing residues potentially forms salt
bridges. KO refers to the triple mutant, K(X), K(Y), and K(XY) represent single and

double mutant constructs, respectively. Calculated values correspond to the coupling
energies of indicated residue pairs, with the summary column denoting statistical sig-
nificance of differences.

Pairing residues 8-21
KO 0.943+0.0113
K(X) 0.289+0.0407
K(Y) 0.967+0.0077
K(XY) 0.227+0.0343
P values 0.0250
Summary *

Table A.1.2: Double mutant cycle analysis of pairing residues with potential hydropho-
bic interactions. KO refers to the triple mutant, K(X), K(Y), and K(XY) represent single
and double mutant constructs, respectively. Calculated values correspond to the cou-
pling energies of indicated residue pairs, with the summary column denoting statistical
significance of differences.
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Triple mutant P2X3/X5 TM2chimera E11K 11K-X3/X5 TM2chimera
mean SEM n mean SEM n mean SEM n mean SEM n
Na 0.07904 0.01208 8 0.2468 0.05432 9 0.2173  0.06422 10 0.1559  0.02945 10
cr 0.03492 0.006078 9 0.1542 0.02196 9 0.1943  0.04485 10 0.1889 0.05039 9
Table A.3.1: I2/1I1 ratio of each construct in either Nat or CI— Ori—.
Triple mutant P2X3/X5 TM2chimera E11K 11K-X3/X5 TM2chimera
mean SEM n mean SEM n mean SEM n mean SEM n
Na* -26.49 1.617 11 -32.67 3.56 11 -8.981 2.9 9 -21.69 3.834 7
cr -44.95 1.493 11 -45.36 1.265 11 -9.115 5.153 11 -33.48 1.917 8

Table A.3.2: AV,eyv value of each construct in either Na* or Cl— Ori—.

12/11 AVrev

Pvalue summary Pvalue summary

Component 0.3033 ns <0.0001 ok
Construct 0.0033 ok <0.0001 ok
Component x Construct 0.5144 ns 0.0286 *

Table A.3.3: Summary of 2-way ANOVA results where all constructs are analyzed col-
lectively. I2/I1 and AV,ev values of all constructs were compared, respectively, as in-

dicated in the headings.

Triple mutant

P2X3/X5 TM2chimera

E11K
Summary P Value Summary P Value Summary P Value
P2X3/X5 TM2chimera o 0.0097
E11K o 0.0053 ns >0.9999 \
11K-X3/X5 TM2chimera ns 0.0538 ns 0.9846 ns 0.96

Table A.3.4: Summary of Sidak's multiple comparisons between I12/11 values of every
two constructs. Comparison results are shown in the summary and P values.
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Triple mutant P2X3/X5 TM2chimera E11K

Summary P Value Summary P Value Summary P Value
P2X3/X5 TM2chimera ns 0.853
E11K R <0.0001 oK <0.0001 \
11K-X3/X5 TM2chimera ns 0.0809 *k 0.0041 oAk <0.0001

Table A.3.5: Summary of Sidak's multiple comparisons between AV,ey values of every
two constructs. Comparison results are shown in the summary and P values.
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Triple mutant
mean  SEM n
90mM CI° 0.663 0.0689 16
70mm Cl” 0.6288 0.0616 13
50mM CI° 0.4498 0.0514 13

E46K R52E T54V

mean SEM n mean SEM n mean SEM n
90mM CI° 0.4251 0.0723 14 0.8405 0.1007 14 0.6835 0.0439 11
70mM CI° 0.4799 0.0768 20 0.7027 0.1165 16 0.8086 0.111 11
50mM CI° 0.4495 0.0816 20 0.8536 0.1441 17 0.6066 0.0842 9

P2X3/X5 TM2chimera T330K (hetero) E11K

mean SEM n mean SEM n mean SEM n
90mM I 0.8727 0.0253 8 1.215 0.1707 11 1.328 0.1627 9
70mM CI° 0.8993 0.0324 17 0.8946 0.0692 16 1.032 0.099 10
50mM Cl 0.7704 0.0571 17 0.8556 0.0712 15 0.9222 0.1646 11

Table A.3.6: I2/1I1 values from each construct under 90/70/50mM [CI— ], results pre-
sented in mean, SEM, and n (humber of measurements).

vs. E46K vs. R52E vs. T54V
P value Summary P value Summary P value Summary
[cr 0.3062 ns 0.4119 ns 0.0317 *
Construct 0.0383 * 0.0259 * 0.0757 ns
[CI'] x Construct 0.2855 ns 0.2367 ns 0.4734 ns
vs. P2X3/X5 TM2 chimera vs. T330K (hetero) vs. E11K
P value Summary Pvalue Summary P value Summary
[cr] 0.0087 . 0.0107 * 0.0151 *
Construct <0.0001 HokRx <0.0001 Horokx <0.0001 HorRk
[CI] x Construct 0.6686 ns 0.2391 ns 0.4245 ns

Table A.3.7: 2-way ANOVA results of comparing I12/I1 values between triple mutant
and mutants, indicated as (triple mutant) vs. constructs as indicated. Each comparison
is composed of P values and summaries regarding different effects as indicated.
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Triple mutant hP2X2 K14cC
mean SEM n mean SEM n mean SEM n
9OmM Cl -1.44  0.63 7 -3.28  1.52 6
70mmMmClT -3.92  0.40 13 -6.70 1.09 7 -5.17  0.21 3
50mmMmcl -7.70 0.83 14 -9.47 1.39 7 -6.54 1.19 3
E46K R52E T54V
mean  SEM n mean SEM n mean  SEM n
9omm ClI© -0.57 0.54 7 -1.17  0.69 -1.13  0.58 10
70mmcl -3.92 1.18 13 -4.47  0.83 13 -2.80 091 9
sommCl” -9.36 0.55 14 -8.95 1.24 8 -7.87  0.33 9
E11K T330K (hetero) P2X3/X5 TM2 chimera
mean  SEM n mean SEM n mean  SEM n
gomm clI”  1.72 0.15 10 -0.59 0.48 10 -0.33  1.04 6
70mM ClI”  0.49 0.52 10 -1.74  0.24 10 -3.53 0.59 13
sommclm -5.87 0.52 9 -4.89  0.47 13 -7.15  0.83 15

Table A.3.8: AVrev values from each construct under 90/70/50mM [CI—], results pre-

sented in mean, SEM, and n (humber of measurements).
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vs. hP2X2 vs. T54V
P value Summary Pvalue  Summary
[cr <0.0001 o <0.0001 o
Construct 0.0111 * 0.4685 ns
[CI'] x Construct 0.8079 ns 0.6197 ns
vs. E46K vs. R52E
P value Summary Pvalue  Summary
[Cl] <0.0001 HoHhx <0.0001 ok
Construct 0.7019 ns 0.4527 ns
[CI'] x Construct 0.3075 ns 0.6896 ns

vs. P2X3/X5 TM2 chimera

vs. T330K (hetero)

P value Summary Pvalue  Summary
[Cl] <0.0001 Horokk <0.0001 ok
Construct 0.442 ns 0.0002 HHK
[CI'] x Construct 0.843 ns 0.2696 ns
vs. E11K vs. K14C
Pvalue Summary Pvalue  Summary
[cr <0.0001 o 0.0193 *
Construct <0.0001 o 0.0737 ns
[CI'] x Construct 0.0973 ns 0.083 ns

Table A.3.9: A2-way ANOVA results of comparing AVrev values between triple mutant
and mutants, indicated as (triple mutant) vs. constructs as indicated. Each comparison
is composed of P values and summaries regarding different effects as indicated.

Triple mutant
mean SEM n

g90mM Na® 0.663 0.0689 16
70mM Na® 0.3147 0.0758 6
50mM Na® 0.3593 0.055 10

E46K R52E T54V
mean SEM n mean SEM n mean SEM n
90mM Na~ 0.4251 0.0723 14 0.8405 0.1007 14 0.6835 0.0439 11
70mM Na~ 0.3437 0.0825 9 0.7941 0.1344 12 0.8573 0.1278 9
50mM Na~ 0.3468 0.1073 10 0.6334 0.1076 10 0.5791 0.0682 8
P2X3/X5 TM2chimera T330K (hetero) E11K
mean SEM n mean SEM n mean SEM n
90mM Na~ 0.8727 0.0253 8 1.215 0.1707 11 1.328 0.1627 9
70mM Na® 0.9116 0.0434 9 0.8455 0.028 6 0.7894 0.0925 11
50mM Na~ 0.6084 0.0635 11 0.5561 0.0518 10 0.6414 0.0987 10

Table A.3.10: I12/I1 values from each construct under 90/70/50mM [Na™], results pre-

sented in mean, SEM, and n (humber of measurements).
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vs. E46K vs. R52E vs. T54V
P value Summary Pvalue  Summary Pvalue  Summary
[Na] 0.0309 * 0.0354 * 0.0431 *
Construct 0.3535 ns 0.0005 Howk 0.0002 ok
Na+] x Construc 0.1536 ns 0.3479 ns 0.008 o
vs. P2X3/X5 TM2 chimera vs. T330K (hetero) vs. E11K
P value Summary Pvalue  Summary Pvalue  Summary
[Na] 0.0003 oAk <0.0001 A <0.0001 R
Construct <0.0001 Horokx <0.0001 HoHkx <(0.0001 ook
Na+] x Construc 0.0259 * 0.1339 ns 0.1351 ns

Table A.3.11: 2-way ANOVA results of comparing I2/I1 values between triple mutant
and mutants, indicated as (triple mutant) vs. constructs as indicated. Each comparison
is composed of P values and summaries regarding different effects as indicated.

Triple mutant

mean SEM n
90mM Na®™ -1.414 0.8863 8
70mM Na® -5.727 0.789 9
50mM Na~ -14.57 0.5519 11
E46K R52E T54V
mean SEM n mean SEM n mean SEM n
90mM Na® -0.561 0.6992 12 -1.17 0.6856 9 -1.128 0.575 10
70mM Na~ -4.842 0.6024 10 -6.891 0.9077 6 -5.01 0.9214 8
50mM Na® -11.97 1.526 3 -13.41 1.245 3 -12 0.3809 8
P2X3/X5 TM2chimera T330K (hetero) E11K
mean SEM n mean SEM n mean SEM n
90mM Na~ -3.276 1.519 6 -0.593 0.4846 10 1.722 0.1464 10
70mM Na~ -6.67 0.5472 3 -4.457 0.3688 7 -0.585 0.3837 6
50mM Na~ -10.37  1.02 7 -8.521 0.6891 9 -6.665 0.676 9

Table A.3.12: AVrev values from each construct under 90/70/50mM [Na+], results pre-
sented in mean, SEM, and n (hnumber of measurements).

vs. E46K vs. R52E vs. T54V
P value Summary Pvalue  Summary Pvalue  Summary
[Na+] <0.0001 Ak <0.0001 w A <0.0001 ook
Construct 0.0269 * 0.9092 ns 0.0423 *
Na’] x Construc 0.4851 ns 0.426 ns 0.2236 ns
vs. P2X3/X5 TM2 chimera vs.T330K (hetero) vs. E11K
P value Summary Pvalue  Summary Pvalue  Summary
[Na+] <0.0001 Horokx <0.0001 HoHkx <0.0001 ook
Construct 0.5735 ns <0.0001 R <0.0001 o
Na+] x Construc 0.0039 o 0.0002 ok 0.0011 wok

Table A.3.13: 2-way ANOVA results of comparing AVrev values between triple mutant
and mutants, indicated as (triple mutant) vs. constructs as indicated. Each comparison
is composed of P values and summaries regarding different effects as indicated.
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