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Abstract

The molecular basis for the signal transduction through the classical Cys-loop receptors

(CLRs) has been delineated in great detail. The Zinc-Activated Channel (ZAC) constitutes a

so far poorly elucidated fifth branch of the CLR superfamily, and in this study we explore

the molecular mechanisms underlying ZAC signaling in Xenopus oocytes by two-electrode
voltage clamp electrophysiology. In studies of chimeric receptors fusing either the extracellular
domain (ECD) or the transmembrane/intracellular domain (TMD-ICD) of ZAC with the
complementary domains of 5HT 3A serotonin or a4 glycine receptors, serotonin and Zn2*/H*
evoked robust concentration-dependent currents in 5HT 3A/ZAC- and ZAC/a.1-Gly-expressing
oocytes, respectively, suggesting that Zn2* and protons activate ZAC predominantly through its
ECD. The molecular basis for Zn?*-mediated ZAC signaling was probed further by introduction
of mutations of His, Cys, Glu and Asp residues in this domain, but as none of the mutants tested
displayed substantially impaired Zn2* functionality compared to wild-type ZAC, the location of
the putative ZnZ* binding site(s) in the ECD was not identified. Finally, the functional importance
of Leu?46 (Leu9”) in the transmembrane M2 a-helix of ZAC was investigated by Ala, Val, lle
and Thr substitutions. In concordance with findings for this highly conserved residue in classical
CLRs, the ZACL9' X mutants exhibited left-shifted agonist concentration-response relationships,
markedly higher degrees of spontaneous activity and slower desensitization kinetics compared to
wild-type ZAC. In conclusion, while ZAC is an atypical CLR in terms of its (identified) agonists

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

"Corresponding author at: Department of Drug Design and Pharmacology, University of Copenhagen, Universitetsparken 2,
Eﬁopenhagen @ DK-2100, Denmark. aaj@sund.ku.dk (A.A. Jensen).

N.M. and E.M. contributed equally to this work and are co-first-authors.
CRediT authorship contribution statement
Nawid Madjroh: Data curation, Formal analysis, Investigation, Visualization, Writing - review & editing. Eleni Mellou: Data
curation, Formal analysis, Investigation, Visualization, Writing - review & editing. Laura Abelg: Data curation, Formal analysis.
Paul A. Davies: Formal analysis, Funding acquisition, Investigation, Supervision, Writing - review & editing. Pella C. Séderhielm:
Formal analysis, Investigation, Supervision, Writing - review & editing. Anders A. Jensen: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Project administration, Supervision, Visualization, Writing — original draft, Writing -
review & editing.
Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.


https://creativecommons.org/licenses/by/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Madjroh et al. Page 2

and channel characteristics, its signal transduction seems to undergo similar conformational
transitions as those in the classical CLR.
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1. Introduction

The Cys-loop receptor (CLR) superfamily contains pentameric ligand-gated ion channels
that mediate the fast signalling of the important neurotransmitters acetylcholine (ACh),
serotonin (5-hydroxytryptamine, 5-HT), y-aminobutyric acid (GABA) and glycine (Gly).
The nicotinic ACh, 5-HT3, GABAA and Gly receptors (NAChRs, 5-HT3RS, GABAARS
and GlyRs, respectively) govern a plethora of important physiological functions and

are implicated in numerous pathophysiological disorders, and these classical CLRs thus
constitute therapeutic targets for numerous indications [1-9].

The CLR is a homomeric or heteromeric complex assembled from five subunits and
comprises three distinct structural domains. The extracellular domain (ECD) is composed
by the B-sheets B1-p10 and interconnecting loops in the A-termini of the five subunits,

the transmembrane domain (TMD) is constituted by the four transmembrane a-helices (M1-
M4) from each of the five subunits, and the intracellular domain (ICD) is mainly composed
by the second intracellular loops from the five subunits [10-18]. Signal transduction through
the classical CLR is initiated by agonist binding to the orthosteric site formed by three

loops from each of two neighboring subunits (loops A-C and D-F) in the ECD. The
conformational changes in the ECD triggered by this agonist binding facilitates cross-talk
between the ECD and TMD via interactions between three ECD loops [B1-B2, B6-B7
(Cys-loop), B8-p9] and the extracellular M2-M3 linker in the TMD. This in turn causes an
outward rotation of the ion pore-lining M2 a-helix in the TMD leading to opening of the
ion channel and the flux of ions through it. The CLR exists in this active agonist-bound/open
state until it deactivates (agonist unbinding and a return to its resting unbound/closed state)
or desensitizes (collapse of the agonist-bound/open channel into an agonist-bound/closed
state) [10-16,19]. The diverse Kinetic properties exhibited by different CLRs are rooted in
the different energy barriers associated with the transitions of the receptors through their
resting, active and desensitized states [12,16,20,21].

With the discovery of the Zinc-Activated Channel (ZAC) in 2003, the CLR superfamily
was extended with a distinct fifth mammalian receptor subfamily [22]. Although the

ZAC protein shares very low amino acid sequence homology with the classical CLRs, it
comprises most of the structural hallmarks for a CLR subunit. Moreover, when expressed
in mammalian cells or Xenopus oocytes ZAC assembles into functional homomeric cation-
selective channels gated by zinc (Zn?*), copper (Cu?*) and protons (H*) [22-24]. ZAC has
been found to be expressed at the transcript level in several human organs [22,25,26], and
the agonists identified for ZAC so far could be indicative of a role for the channel as an in
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vivo sensor of changes in transient divalent metal ion concentrations and/or in pH. However,
presently very little is known about the putative physiological functions of the receptor.

ZAC is an atypical CLR, both when it comes to its identified agonists and its channel
characteristics. Although Zn?*, Cu?* and H* are known to modulate the signalling through
several of the classical CLRs via various allosteric sites [27-40] and proton-gated CLRs
have been identified in bacteria, C. elegansand D. melanogaster [41-43], the direct

gating mediated by these ions is unique for ZAC amongst the mammalian CLRs. In
addition to its distinct agonists, the gating characteristics exhibited by homomeric ZAC in
heterologous expression systems also differ substantially from those displayed by classical
CLRs [22-24]. Thus, ZAC has exhibited substantial levels of spontaneous activity, slow
activation and desensitization Kinetics, and low degrees of desensitization at subsaturating
agonist concentrations in both patch-clamp recordings from HEK293 and COS-7 cells
[22,23] and in two-electrode voltage-clamp (TEVC) recordings from Xernopus oocytes [24].

In the present work, we aimed to elucidate the molecular mechanisms underlying ZAC
signaling and shed light on similarities and differences in its signal transduction compared to
that of the classical CLR. To address this, we compared the functional properties exhibited
by wild-type (WT) ZAC with those displayed by chimeric receptors fusing the ECD or
TMD-ICD of ZAC with the complementary domains of two classical CLRs and by various
ZAC mutants expressed in Xenopus oocytes by TEVC electrophysiology.

2. Materials and methods

2.1. Materials

ZnCl,, 5-HT, glycine, and all chemicals for the buffers were purchased from Sigma-Aldrich
(St. Louis, MQ), picrotoxin (PTX) and tubocurarine (TC) were purchased from Tocris
Cookson (Bristol, UK), and antibiotics were obtained from Invitrogen (Paisley, UK).
PfuUltra Il High-fidelity DNA Polymerase was purchased from Stratagene (Santa Clara,
CA), restriction enzymes were obtained from New England Biolabs (Ipswich, MA), and
oligonucleotides were obtained from TAG Copenhagen (Frederiksberg, Denmark). The
original cDNAs for the human ZAC, the mouse 5-HT3A (m5-HT3A) and human a4

(ha1) GlyR subunits were kind gifts from Drs. E. Kirkness, D. Julius and P.R. Schofield,
respectively. Defolliculated stage V-VI oocytes harvested from female Xenopus laevis frogs
were obtained from Lohmann Research Equipment (Castrop-Rauxel, Germany) and from an
in-house facility. The care and use of Xenopus laevis from the in-house facility was in strict
adherence to a protocol (license 2014-15-0201-00031) approved by the Danish Veterinary
and Food Administration, in accordance with the Guide for the Care and Use of Laboratory
Animals adopted by the U.S. National Institutes of Health.

2.2. Molecular biology

The construction of the ZAC-pUNIV plasmid (encoding for the human WT ZAC that
contains a Thr in position 128) has been described previously [24]. The m5-HT3A and haq
GlyR cDNAs were subcloned from their original vectors into pUNIV (Addgene, Watertown,
MA\) using NVhel and EcoRl as restriction enzymes. The cDNASs for the chimeric ZAC/m5-
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HT3A, m5-HT3A/ZAC, ZAC/ha1-Gly, hat-Gly/ZAC, ZAC/m5-HT3A-11 and ha{-Gly/ZAC-
Il subunits were constructed using the splicing by overlap extension PCR technique [44]

and subcloned into the pUNIV vector using Ahel and E£coRl as restriction enzymes. The
C-terminus modifications in these four chimeras were introduced in their cDNAs in the same
way. Point mutations were introduced in cDNAs by use of the QuikChange mutagenesis

kit (Stratagene, San Diego, CA). The validity and absence of unwanted mutations in the
constructed cDNAs was verified by DNA sequencing (Macrogen Europe, Amsterdam, The
Netherlands).

2.3. Xenopus oocytes and two-electrode voltage clamp (TEVC) recordings

All cDNAs used for cRNA synthesis were inserted in the pUNIV vector. The cDNAs were
linearized and subsequently transcribed and capped using the mMessage mMachine T7
RNA transcription kit (Ambion, Waltham, MA). Volumes of 4.6-36.8 nL cRNA solution
and the following cRNA amounts were injected into the oocytes: 1.15 ng (WT ZAC, WT
m5-HT3AR, WT hay GlyR), 3.60 ng (m5-HT3A/ZAC, ZAC/ha;-Gly/ZAC), 4.32 ng (ZAC/
m5-HT3A, ZAC/m5-HT3A-I1, ha1-Gly/ZAC, ha1-Gly/ZAC-11), and 2.88-3.60 ng (the four
ZACL9"X mutants) for the experiments described in sections 3.1 and 3.3, and 1.84 ng

(WT ZAC and ZAC mutants) for the experiments described in Section 3.2. Oocytes were
incubated in a sterile modified Barth’s solution [88 mM NaCl, 1 mM KCI, 15 mM HEPES
(pH 7.5), 2.4 mM NaHCOg, 0.41 mM CaCly, 0.82 mM MgSQOy, 0.3 mM Ca(NOs),, 100
U/ml penicillin and 100 pg/ml streptomycin] at 16-18 °C. Based on experience gained with
WT ZAC in arecent study [24], all TEVC recordings were performed two days after CRNA
injection.

On the day of the TEVC recording, all compound dilutions were prepared in a saline
solution [115 mM NaCl, 2.5 mM KCI, 10 mM MOPS (pH 7.5), 1.8 mM CaCl,, 0.1 mM
MgCl,], and pH was adjusted to 7.5 (if needed). Oocytes were placed in a recording
chamber continuously perfused with this saline solution, and the compounds were applied in
the perfusate. Both voltage and current electrodes were agar-plugged with 3 M KCI with a
resistance of 0.2-2.0 MQ. Oocytes were voltage-clamped at —50 mV (except in the studies
of the chimeras and their parent receptors where they were clamped at —-60 mV, section 3.1),
by a Gene Clamp 500B amplifier, and current signals were digitized by a Digidata 1322A
(both from Axon Instruments, Union City, CA). Currents were recorded using pCLAMP 10
(Molecular Devices, Sunnyvale, CA). The recordings were performed at room temperature.

In all recordings, compounds or compound combinations were applied in the bath until

the peak current decayed to a steady state (up to 30 s). As also observed in our recent
study of ZAC in oocytes [24], the currents evoked by sub-saturating concentrations of
Zn2* and H* at ZAC did not reach well-defined peaks during the 30-s application, but

the pharmacological properties displayed by the agonists at the receptor were nevertheless
reflected well by the data extracted from these recordings. At the beginning or end
(whenever appropriate) of all recordings determining concentration—response relationships
for agonists or concentration-inhibition relationships for antagonists, two consecutive
applications of an agonist concentration giving rise to a maximal current (I,,ax) at the
specific receptor were applied on the oocyte, and it was verified that these consecutive
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applications elicited responses of comparable current amplitudes (£20%). The antagonist
properties of compounds were determined by pre-application of the compound to the
perfusate for 30 s followed by co-application of the compound and the agonist. In all
recordings, washes of 1-5 min were executed between the ligand applications, the length
of the washes depending on the agonist concentrations used and on the return to baseline
current amplitude.

2.4. Data and statistical analysis

Analysis of the data from the TEVC recordings were performed using Clampfit software
version 10.5 (Molecular Devices, Crawley, UK) and GraphPad Prism version 7.0c
(GraphPad Software, La Jolla, CA). Unless otherwise stated, the inward currents induced by
agonists in oocytes were normalized to the maximal response elicited by a specific agonist
(agonist Ihax) on each oocyte. Concentration-response and concentration-inhibition curves
were fitted in GraphPad Prism by nonlinear regression using the equation for sigmoidal
dose-response with variable slope. Each data point represents the mean + S.E.M. value of
recordings performed on at least five oocytes in total from at least two different batches. For
the data where statistical analysis was performed, a one-way ANOVA was used. The null
hypothesis was rejected at £< 0.05, and the differences between the means were analyzed
by Tukey’s multiple comparisons test.

2.5. Homology model of ZAC

The construction of the homology model of the pentameric ZAC complex used in this study
has been described previously [24]. The model was created based on an alignment of the
amino acid sequences of the ZAC and m5-HT3A subunits in the Chimera software [45].
The homology model was not refined further, and in the present work the model is thus
exclusively used to get an idea of the approximate locations of specific residues in the ZAC
ECD and for illustration purposes.

3. Results

3.1. Functional characterization of chimeric receptors fusing ECD and TMD-ICD from ZAC
and classical CLRs

As outlined in Section 1, the agonist-induced conformational changes in the ECD of

the CLR are translated into gating of the ion channel in the TMD of the pentamer via
interactions between residues in the two domains. Despite this specificity of the molecular
interactions underlying this inter-domain cross-talk in each CLR, several chimeric CLR
subunits fusing the ECD of one CLR with the TMD and ICD of another have been shown
to be able to form functional receptors. Such functional chimeras have not only emerged
from fusions of ECDs and TMD-ICDs from orthologous subunits from different species or
from closely related subunits within the same CLR subfamily [46-51], but also from fusions
of domains from subunits from different CLR subfamilies (e.g., a7nACh/5-HT3A and p1-
GABA/a1-Gly chimeras) [52-55] and of domains from very distantly related eukaryotic
CLRs and prokaryotic CLRs (such as Gloeobacter violaceus and Erwinia chrysanthemi
ion channels, GLIC and ELIC) [56-59]. This inspired us to use this chimeric approach to
elucidate the signal transduction in ZAC.

Biochem Pharmacol. Author manuscript; available in PMC 2024 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Madjroh et al.

Page 6

3.1.1. Construction and characterization of the initial series of ECD/TMD-ICD
chimeras—Initially, we constructed four chimeric subunits fusing the ZAC ECD or TMD-
ICD with the complementary domains from either the m5-HT3A or the ha; GlyR subunit:
ZAC/m5-HT3A, m5-HT3A/ZAC, ZAC/ha1-Gly and haq-Gly/ZAC (Fig. 1A). The fusion
points between ECD and TMD-ICD in the ZAC/m5-HT3A and m5-HT3A/ZAC chimeras
corresponded to that in a previously published functional m5-HT3A/ELIC chimera [58],
whereas the fusion points in the ZAC/ha1-Gly and ha.1-Gly/ZAC chimeras corresponded

to that in a previously published functional GLIC/a.1-Gly chimera [57] (Fig. 1A). The four
chimeric subunits were expressed in Xenopus oocytes, and the effects of applications of
5-HT (300 uM) at ZAC/m5-HT3A and m5-HT3A/ZAC, of Gly (1 mM) at ZAC/ha1-Gly and
ha1-Gly/ZAC, and of Zn2* (10 mM) and H* (pH 4.5) at all four chimeras were investigated
by TEVC recordings (Fig. 1B). The agonist concentrations tested at the chimeras were
chosen based them being high (H*) or saturating (Zn*, 5-HT, Gly) concentrations at their
respective “parent” receptors (WT ZAC, WT m5-HT3AR, WT haj GlyR). The inclusion

of 5-HT (300 uM) and Gly (1 mM) in the testing of ZAC/m5-HT3A and ZAC/ha1-Gly,
respectively, was mainly done for reasons of consistency, since these orthosteric agonists of
m5-HT3AR and hay GlyR were not expected to gate these chimeras.

The ZAC/m5-HT3A chimera was found to be non-functional, as neither Zn2* nor H* evoked
significant currents in oocytes expressing this subunit (I1g mm zn2+ £ S.E.M.: —0.0038 £
0.0009 pA; IpH 45 = S.E. M.: =0.0033 + 0.0003 pA; both n = 5, Fig. 1B). We did not
investigate whether the chimera was expressed at the oocyte cell surface. Interestingly, 5-HT
evoked inward currents of substantial amplitudes in m5-HT3A/ZAC-expressing oocytes
(Fig. 1B and 1C). In contrast, neither Zn2* nor H elicited significant currents in the
m5-HT3A/ZAC-oocytes (119 mm zn2+ = S.E.M.: 0.0037 + 0.0013 YA, lpH 45 = S.E.M.:
-0.0027 + 0.0007 pA,; both n = 4, Fig. 1B). Both Zn2* and H* elicited robust currents

in ZAC/ha1-Gly-expressing oocytes (Fig. 1B and 1C). Finally, whereas applications of H*
or Gly did not mediate significant currents in ha;-Gly/ZAC-expressing oocytes (Ip 4.5 £
S.E.M.: -0.0045 + 0.0019 pA; Iy mm cly = S.E.M.: =0.0062 + 0.0022 pA; both n = 5), Zn2*
was observed to produce small but significant outward currents in these oocytes (110 mm zn2+
+ S.E.M.: 0.0298 + 0.0058 pA; n =5, Fig. 1B). Thus, out of the four chimeras, only m5-
HT3A/ZAC and ZAC/ha1-Gly were functional, in the sense that 5-HT or Zn2*/H* evoked
significant inward currents through them, and thus the functional properties exhibited by
these two receptors were characterised in further detail (Sections 3.1.2 and 3.1.3).

3.1.2. Functional characterization of the m5-HT3A/ZAC chimera—Although
oocytes were injected with a 3-fold higher quantity of cRNA for m5-HT3A/ZAC than

for WT m5-HT3AR and WT ZAC, the averaged current amplitudes evoked by 5-HT in

the m5-HT3A/ZAC-oocytes (Imax: 0.60 = 0.19 YA, n = 12) were substantially smaller

than those in WT m5-HT3AR-oocytes (Imax: 2.92 £ 0.13 YA, n = 7) and comparable to
those evoked by Zn2* in WT ZAC-oocytes (Imax: 0.58 + 0.10 pA, n = 19) (Fig. 1C).
Interestingly, the functional expression levels of the chimeric receptor in the oocytes varied
considerably, with the m5-HT3A/ZAC-oocytes grouping into two halfs characterized by
5-HT-evoked current amplitudes of 0.1-0.2 pA and 0.8-2.1 YA, respectively (Fig. 1C).
Importantly, however, the functional properties and signalling characteristics exhibited by
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m5-HT3A/ZAC in these low-expressing and high-expressing oocytes did not differ. In
agreement with previous TEVC recordings of 5-HT3AR signalling in oocytes [60-63],
5-HT induced current responses in WT m5-HT3AR-oocytes in a concentration-dependent
manner, exhibiting ECsg (pECsg + S.E.M.) and nH + S.E.M. values of 3.6 uM (5.44 £

0.13) and 1.3 £ 0.3 at the receptor (n = 7, Fig. 2A). Interestingly, the concentration-response
relationship displayed by 5-HT at the receptors in m5-HT3A/ZAC-oocytes was substantially
(12-fold) left-shifted [EC5q (PECsg £ S.E.M.): 0.30 uM (6.54 £ 0.05), n = 10] compared

to that at WT m5-HT3AR, and the Hill slope displayed by the agonist at the chimera was
higher (nH £ S.E.M.: 2.3 £ 0.6, n = 10) (Fig. 2A). Notably, at concentrations higher than

10 pM the amplitudes of 5-HT-induced currents through m5-HT3A/ZAC decreased in a
concentration-dependent manner, which could be indicative of a channel block (Fig. 2A).

Since Zn?* is known to act as an allosteric modulator of m5-HT3AR signalling
[33,36,37,64], we compared the modulatory properties of Zn2* at 5-HT ECgq-mediated
responses through the m5-HT3A/ZAC chimera and WT m5-HT3AR (Fig. 2B). In agreement
with previous findings [33], Zn%* potentiated the 5-HT-induced response through WT
m5-HT3AR at low-micromolar concentrations and inhibited it at higher concentrations

(Fig. 2B). In contrast to this biphasic profile, Zn2* displayed a monophasic concentration-
inhibition relationship at m5-HT3A/ZAC characterized by an ICsg value similar to that at
WT m5-HT3AR (Fig. 2B).

Finally, we compared the current responses evoked by sustained application of saturating
agonist concentrations at m5-HT3A/ZAC, WT m5-HT3AR and WT ZAC. Representative
traces are given in Fig. 2C and average kinetic characteristics extracted from all recorded
traces are given in Table 1. In agreement with our previous study of ZAC in oocytes

[24], currents evoked by sub-saturating Zn%* concentrations in WT ZAC-oocytes were
characterized by slow and negligible degrees of desensitization, and even though sustained
application of Zn%* (10 mM) produced currents characterized by a pronounced decay
component, the decay was slow and resulted in a substantial level of residual current

after 4 min (21%) (Fig. 2C, Table 1). In concordance with findings in previous studies of 5-
HT3ARS [60,63], the currents evoked through WT m5-HT3AR by sustained application by a
saturating 5-HT concentration (100 uM) were characterized by relatively fast desensitization
and complete return to baseline after 98 £ 12 s (mean + S.E.M., n = 7) (Fig. 2C, Table

1). In contrast, the currents evoked by a saturating 5-HT concentration (3 uM) through
m5-HT3A/ZAC were characterized by a substantially slower activation phase than observed
for WT ZAC and WT m5-HT3AR and even slower decay and higher levels of residual
current after 4 min (67%) than observed for WT ZAC (Fig. 2C, Table 1).

3.1.3. Functional characterization of the ZAC/ha.1-Gly chimera—Even though
oocytes were injected with a 3-fold higher quantity of cRNA for ZAC/ha.1-Gly than for
WT ZAC and WT hay GlyR, the current amplitudes evoked by saturating concentrations of
Zn2* in ZAC/ha1-Gly-oocytes (Imax: 0.24 + 0.03 A, n = 11) were somewhat smaller than
those in WT ZAC-oocytes (Imax: 0.58 + 0.10 pA, n = 19) and substantially smaller those
evoked by Gly in WT hay GlyR-oocytes (Imayx: 2.02 + 0.24 pA, n = 5) (Fig. 1C). Zn2*
mediated currents in WT ZAC-expressing oocytes in a concentration-dependent manner,
displaying an ECsq (pPECsg = S.E.M.) value of 500 pM (3.30 + 0.04, n = 8) (Fig. 3A).

Biochem Pharmacol. Author manuscript; available in PMC 2024 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Madjroh et al.

Page 8

Strikingly, the concentration-response relationship determined for Zn2* at ZAC/ha.1-Gly
was almost 100-fold left-shifted compared to that at WT ZAC, with Zn2* displaying an
ECsq (pPECsg = S.E.M.) value of 3.8 uM (5.36 £ 0.09, n = 10) at the chimera (Fig. 3A).

The Hill slopes of the fitted curves for the metal ion at the two receptors were similar
[nH£S. EM.:1.5%£0.2,n =8 (WT ZAC); 1.6 + 0.4, n = 10 (ZAC/ha1-Gly)]. Notably,

at concentrations higher than 100 pM the amplitudes of Zn%*-evoked currents through
ZAC/ha1-Gly decreased in a concentration-dependent manner, which could be indicative of
a channel block (Fig. 3A). Protons also mediated concentration-dependent responses in WT
ZAC- and ZAC/ha1-Gly-expressing oocytes (Fig. 3A). Since the H* concentration-response
relationships were not completed within the tested concentration range, ECsq (pHsg) values
at the two receptors could not be determined, but assessed from the pH values evoking
significant currents through WT ZAC and ZAC/ha.1-Gly, the agonist potencies displayed by
H™ at the two receptors did not appear to differ substantially (Fig. 3A).

Next, we characterized the functional properties of picrotoxin (PTX), a promiscuous channel
blocker characterized by substantially higher inhibitory potencies at anion-selective than at
cation-selective CLRs, at ZAC/ha1-Gly and its two parent receptors. In agreement with the
literature [31,65,66], PTX mediated concentration-dependent inhibition of Gly ECgqg-¢licited
responses through WT ha GlyR, exhibiting an estimated IC50 value slightly below 1 uM
(Fig. 3B). In contrast, application of PTX at concentrations up to 100 pM did not inhibit
Zn2* ECgg-mediated WT ZAC signalling significantly (Fig. 3B). PTX inhibited Zn?* ECgq-
induced currents in ZAC/ha.1-Gly-oocytes in a concentration-dependent manner, displaying
an estimated 1C5q value slightly above 1 uM at the chimera (Fig. 3B). Interestingly, the
30-sec preincubation of PTX was observed to result in substantial outward currents in the
ZAC/ha1-Gly-oocytes, indicating a significant level of spontaneous activity in this channel.
In contrast, no such outward currents were observed during the preincubation with PTX at
WT ha GlyR (Fig. 3B).

Finally, we compared the profiles of the current responses evoked by sustained agonist
application at WT ZAC, WT ha GlyR and ZAC/ha1-Gly (Fig. 3C, Table 1). As also shown
in Fig. 2C, sustained application of Zn?* (10 mM) at WT ZAC-expressing oocytes produced
a current response characterized by slow decay and significant residual current (Fig. 3C,
Table 1). In agreement with previous studies [10,15,67,68], the current evoked by 4 min
application of Gly (100 pM) through WT ha GlyR was characterized by a fast activation
phase followed by an initial decay phase yielding a plateau current that ultimately led to a
considerable level of residual current after 4 min (52%) (Fig. 3C, Table 1). Interestingly, the
profile of the current evoked by sustained Zn?* (30 uM)-application at ZAC/ha4-Gly was
qualitative similar to the Gly-evoked current through WT ha; GlyR. While the activation
phase for ZAC/ha1-Gly was slower than that for ha1 GlyR, the peak current observed for
the chimera also decayed into a plateau current that resulted in a substantial residual current
after 4 min (56%) (Fig. 3C, Table 1).

3.1.4. Construction and characterization of modified ECD/TMD-ICD chimeras
—It is by no means a given that fusion of an ECD and a TMD-ICD from two different CLR
subunits results in a subunit capable of forming a functional CLR complex, as the unnatural
combinations of ECD (pre-M1, p1-B2, 6-p7/Cys-loop, p8-p9) and TMD (M2-M3 linker,
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C-terminus) regions in the ECD/TMD-ICD chimeras are not always able to engage in the
interdomain cross-talk needed for signal transduction. In previous studies, exchanges of
selected of these ECD/TMD interface regions between the two CLRs fused in the ECD/
TMD-ICD chimera have been found to alter the signalling properties of the chimeric
receptor substantially [56,57,59,69] and in some cases even to convert nonfunctional
chimeras into functional ones [58,59]. Furthermore, the specific fusion point between ECD
and TMD-ICD in the chimeric subunit has also been found to be of key importance for
the ability of the constructed chimera to form functional receptor complexes [52,53]. In an
attempt to obtain functional ZAC/m5-HT3A and ha1-Gly/ZAC chimeras and to probe the
functional consequences arising from such modifications to the functional m5-HT3A/ZAC
and ZAC/ha1-Gly chimeras, we pursued both of these strategies.

As outlined above, the positions of the ECD/TMD fusion points in the ZAC/ha1-Gly and
ha1-Gly/ZAC pair and in the ZAC/m5-HT3A and m5-HT3A/ZAC pair of chimeras differed,
and only one chimera from each pair turned out to be functional (Fig. 1A). This prompted
us to construct alternative versions of ZAC/m5-HT3A and ha1-Gly/ZAC in which the fusion
points corresponded to those in ZAC/ha1-Gly and m5-HT3A/ZAC, respectively (termed
ZAC/m5-HT3A-Il and ha1-Gly/ZAC-II, Fig. 4A). However, just as the original ZAC/m5-
HT3A and ha1-Gly/ZAC chimeras both of these new chimeras were non-functional, as Zn%*
(10 mM) and H* (pH 4.0) did not evoke significant currents in ZAC/m5-HT3A-11-oocytes,
and Gly (1 mM) did not induce significant responses in ha1-Gly/ZAC-11-oocytes (data not
shown).

To probe the effects of exchanges of regions involved in the ECD/TMD cross-talk between
the two CLRs fused in a chimera on its functionality, we constructed 12 additional chimeras,
three for each of the four original chimeras (Fig. 1A). Inspired by the similar modifications
that have been introduced in a functional GLIC/ha1-Gly chimera [57], we swapped one

or both of two specific regions: the three-residue FPX (Phe-Pro-X) motif in the Cys-loop

of the ECD (FPR, FPF and FMP in ZAC, m5-HT3A and haq GlyR, respectively), which

is known to protude into proximity of the M2-M3 linker during the ECD/TMD cross-talk
[10,12], and the extracellular C-terminus of the TMD, which differs substantially in both
amino acid sequence and length between ZAC and the two classical CLRs combined with

it in the chimeras (Fig. 4B). When these 12 modified chimeras were tested for functionality,
only two of them were found to be functional. The concentration-response relationships
exhibited by 5-HT at m5-HT3AFPR/ZAC and and by Zn?* at ZACFPM/ha1-Gly were not
significantly different from those displayed by the agonists at m5-HT3A/ZAC and ZAC/ha ;-
Gly, respectively (data not shown). Furthermore, introduction of the FPF motif from m5-
HT3A into the ECD of ZAC/m5-HT3A (ZACFPF/m5-HT3A) and the FPR motif from ZAC
into the ECD of ha1-Gly/ZAC (ha;-GlyFPR/ZAC) did not convert these nonfunctional
chimeras into functional ones (data not shown). Finally, not only did the introduction of

the C-terminus from the ECD-contributing CLR into the non-functional ZAC/m5-HT3A
and ha1-Gly/ZAC chimeras not produce functional receptors (ZAC/m5-HT3ACHZAC and
ha1-Gly/ZACCtalPhal) the C-terminus swap was found to eliminate the functionality of
m5-HT3A/ZAC and ZAC/ha;-Gly (m5-HT3A/ZACCH3A and ZAC/ha1-GlyCt2AC) (data not
shown). In light of this, it was not surprising that the four chimeras comprising exchanges
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of both the FPX motif and the C-terminus also were non-functional (data not shown). Given
these findings, we did not pursue further experiments with these modified chimeras.

3.2. Search for the Zn?* binding site(s) in ZAC

Collectively, the robust Zn?*- and H*-evoked currents through ZAC/ha.1-Gly and the
contrasting inability of the two ZAC agonists to evoke significant currents through the
functionally expressed m5-HT3A/ZAC chimera strongly suggest that both the metal ion and
protons mediate their ZAC activation predominantly through its ECD. This prompted us to
search for the location of the putative Zn2* binding site(s) in this domain, a search guided by
the detailed insight into the structural requirements for Zn2* binding to proteins gained from
a plethora of crystal structures of enzymes and other proteins in complex with the metal

ion published over the years [70-74]. Zn?* binding to proteins is predominantly established
through interactions with imidazole rings of His residues and thiol groups of Cys residues,
but the metal ion also often forms ionic interactions with the carboxylate groups of Glu and
Asp in these Zn2*/protein co-structures. Zn2* binding is typically established via tetrahedral
coordination to four interaction partners, be it direct interactions with the side chains of

His, Cys, Glu or Asp residues in the protein or coordination to these via intermediate water
molecules, with the typical interaction distances between Zn2* and its binding partners being
2.5-3.0 A [70-74].

The ZAC ECD contains a total of 25 candidate Zn2*-binding residues: 6 His, 9 Glu and

9 Asp residues and a single Cys residue besides the two cysteines forming the Cys-loop

in the subunit (Fig. 5A). Based on a homology model of ZAC [24], we identified four
clusters (Clusters 1, 2, 3 and 4) of candidate Zn2*-binding residues in the ECD, which

each comprised a sufficient number of residues characterized by interresidual distances and
spatial orientations that could be envisioned to accommodate Zn?* coordination (Fig. 5B).
However, it should be noted that the grouping of these candidate Zn2*-binding residues in
clusters allowed for inter-residual distances between the thiol (Cys), imidazole (His) and
carboxylate (Glu, Asp) moieties of the candidate residues to be larger than the optimal
distances of 6-8 A (enabling Zn?*-residue distances of 2.5-3.0 A) and also for inter-residual
geometries to be less than ideal for Zn2* coordination (Fig. 5B, Table 2). This was done

in part because of the unrefined state of our ZAC homology model and in part to take

into account possible induced-fit binding of the metal ion to its coordinating residues.
Collectively, the four defined clusters comprised 20 of the 25 Zn2*-binding candidate
residues in the ZAC ECD, with the remaining five candidate residues being scattered across
the domain with distances to other Zn*-binding candidate residues (according to the ZAC
homology model) that were deemed to be too high to accommodate metal ion coordination
(Fig. 5A and B).

The putative involvement of candidate residues in Clusters 1, 2, 3 and 4 in Zn%* binding

to ZAC was investigated in by an elaborate alanine mutagenesis scanning. The functional
expression levels of the mutants were assessed and compared to that displayed by WT ZAC
in the oocytes by recording of the current amplitudes evoked by both Zn?* (10 mM) and H*
(pH 4.0). The determined I 40 value was used in part as a control and in part to enable the
distinction of ZAC mutants non-responsive to Zn2* due to elimination of their ability to bind

Biochem Pharmacol. Author manuscript; available in PMC 2024 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Madjroh et al.

Page 11

the metal ion from those where the mutation had eliminated cell surface expression and/or
disrupted overall functionality of the receptor complex. As we do not have an assay enabling
quantification of ZAC expression levels at the oocyte surface [24], ZAC mutants found to

be non-responsive to both Zn?* and H* as agonists could either be surface-expressed non-
functional mutants or mutants not expressed at the oocyte surface. In these relatively few
cases, the putative importance of the residue(s) mutated in the non-responsive mutants for
Zn2*-evoked ZAC gating were subsequently investigated in subsequent rounds of mutants.

As it will also be outlined below, the investigation was complicated by the agonist potency
displayed by Zn?* at WT ZAC in a couple of oocyte-batches being 5-10-fold higher

(ECsp ~100 pM) than the “normal” agonist potency displayed by the metal ion at the
receptor in the vast majority of oocytes in this work and in two other studies (ECgq ~0.5-1
mM) [24,75]. These differences in the Zn2* concentration-response relationship appeared
to be completely oocyte batch-dependent, as the ECsg values determined for the metal

ion at different WT ZAC-expressing oocytes originating from the same batch were highly
comparable. Reminiscent of this observation, we observed even more dramatic differences
in the agonist profiles for H* at ZAC expressed in oocytes from different batches in

a recent study, but here the agonist potency displayed by Zn2* was very stable across
various oocyte batches [24]. The reason(s) for those oocyte-dependent “high-potency” and
“low-potency” agonist profiles for H* and for the differences in Zn2* concentration-response
relationships at WT ZAC observed in this work are presently unknown. In view of this

and to enable a valid and reliable assessment of the impact of various mutations on Zn2*-
evoked ZAC signalling, we thus performed parallel TEVC recordings at WT ZAC and ZAC
mutants expressed in oocytes from the same batches to facilitate a direct comparison of the
concentration-response relationships exhibited by Zn2* at the receptors.

3.2.1. Cluster 1—This intra-molecular cluster comprises two subclusters of residues,
each of which potentially could form a Zn2* binding site (Fig. 5B and 6A, /ef?. Both
subclusters comprise the Asp16, Aspl18 and His!20 residues in the B5-B6 loop, which
are located 5-6 A from each other (Table 2). This triad of residues is supplemented with
His’® and His® in the B2-B3 loop positioned above the p5-B6 loop in one subcluster
(inter-residual distances of 8-13 A) and with Asp3? (B1), Asp®® (B2-B3 loop) and His16®
(B8) located on the opposite site of the B5-p6 loop in the other subcluster (inter-residual
distances of 5-19 A) (Table 2, Fig. 6A, /ef).

Alanine substitutions of all three residues shared by the two subclusters resulted in a
receptor that was close to non-responsive to Zn2* and H*, with 19 mm zn2+ and loH

4.0 ranges recorded from ZACD116A/DHEA/H210A gy pressing oocytes being 10-30 nA and
40-100 nA, respectively (Fig. 6A, middle). A single alanine substitution of His120 in
ZAC had a similar detrimental impact on Zn2*- and H*-evoked current amplitudes, with
110 mM zn2+ and I 4.0 values from ZACH210A-00cytes being 5-30 nA and 30-110 nA,
respectively, Fig. 6A, middle). These minute current amplitudes made it impossible to
determine the concentration-relationships for Zn2* at the two mutants. In contrast to the
negligible functionality of ZACH120A sybstitution of His!20 for a Leu or a Phe residue
yielded receptors characterized by robust functional expression, and interestingly Zn2*
exhibited slightly lower agonist potency at these mutants, with fitted ECsq values at both
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ZACH120L ang ZACH120F peing ~3-fold higher than that at WT ZAC (Fig. 6A). Substitution
of Asp!18 for Ala was not detrimental to functional expression of ZAC, and the agonist
properties displayed by Zn%* at ZACP118A did not differ substantially from those at the WT
receptor (Fig. 6A).

The putative involvement of three of the five other Cluster 1 residues in Zn?* binding

was probed by Ala substitutions of the His’®, His®2 and His1®® residues. Whereas Zn2*
exhibited WT-like agonist properties at ZACH82A and ZACH166A the fitted ECs value

for the concentration-response relationship displayed by the metal ion at ZACH79A was
2.4-fold higher than that at WT ZAC in parallel recordings (Fig. 6A, righf). The modestly
reduced agonist potencies displayed by Zn2* at ZACH9A and ZACH120F prompted us to
characterize the agonist properties of the metal ion at the double mutant combining these
two mutations and at the triple ZACH79AHB2A/H120F mtant. In the oocytes used for these
experiments, Zn2* consistently displayed higher agonist potency at WT ZAC (ECsg ~100
UM, Fig. 6A righ?) than its potency at the receptor at the vast majority of oocyte batches in
this work and in previous studies (EC50 ~0.5-1 mM) [24,75]. However, judging from the
agonist properties exhibited by Zn2* at the ZACH79AH120F 7 ACHB2A/H120F 5ndq Z ACHTIA/
H82A/H120F mytants and at WT ZAC expressed in oocytes from the same batches in parallel
TEVC recordings, the concomitant elimination of the imidazole ring systems in position 79,
82 and 120 did not appear to impair the ability of Zn2* to elicit ZAC signalling (Fig. 6A,

right).

3.2.2. Cluster 2—This intra-molecular cluster consists of the candidate Zn2*-binding
residues Glul36, His139 Aspl43 and Hisl44 in the Cys-loop (B6/B7) of ZAC (Fig. 6B,

lef?). According to the ZAC homology model, the distances between the carboxylate and
imidazole functionalities of these four residues are between 6.8 and 8.5 A and thus well
within a range where Zn?* coordination between them seems feasible (Table 2). That said,
metal ion coordination to residues in the Cys-loop does seem unlikely given the key role of
the loop in the ECD/TMD cross-talk and its need to be flexible and to move in order to fulfil
this role [10-16]. On the other hand, the proximity of the Cys-loop to the M2-M3 linker and
other extracellular TMD regions during the signal transduction through the receptor could
potentially lead to the formation of an inter-domain Zn2* binding site composed by residues
in the loop and residues from the TMD.

Alanine substitutions of all four candidate Zn2*-binding residues in the Cys-loop rendered
ZAC non-responsive to both Zn2* (10 mM) and H* (pH 4.0) in oocytes (ZACEL36AHI39A/
DI43AH144A  data not shown). We did not investigate the underlying reasons for this lack
of functionality, but it is most likely attributable to disruption of the ECD/TMD cross-talk
due to the dramatic modifications introduced in the Cys-loop. Asp43 in ZAC is completely
conserved as an Asp residue in all mammalian CLRs, and the carboxylate group of this
residue has been shown to form key ionic interactions in the ECD/TMD interface and to be
of key importance for the signal transduction [12,17,76]. In light of the conserved essential
role of this Asp residue for CLR gating, we did not subject Aspl43 in ZAC to mutagenesis
but instead focused on the two histidines in the Cys-loop. Zn2*-evoked currents through
ZACH139A and ZACH144A \were characterized by lower maximal amplitudes (119 mm zn2+)
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than those in WT ZAC-oocytes, but the functional properties of the metal ion as a ZAC
agonist were not altered significantly by either of the two mutations (Fig. 6B).

3.2.3. Cluster 3—This inter-molecular cluster is composed by five acidic residues lining
the vestibule of the ECD in the ZAC subunit: Glu?4 (loop between the A-terminal a-helix
and 1), Glu8® (B3-p4 loop), Aspl® and Aspl® (B4-B5 loop) and Glul3? (B6) (Fig. 5A
and 7A, /eff). Several intra-molecular inter-residual distances (i.e. between residues in the
same subunit) as well as inter-molecular inter-residual distances (i.e. between residues in
two neighboring subunits) in this cluster are well within ranges that would make Zn%*
coordination between them feasible, keeping in mind the possibility of an induced-fit
binding mechanism and the ability of water molecules to bridge between Zn?* and its
interaction partners [70-74] (Table 2, Fig. 7A, /eff). The cluster can be divided into two
subsections each composed by Asp108 and two of the other acidic residues: an upper
subsection composed by Aspl%8, Glu24 and GIu® (intra-molecular and inter-molecular
distances: 6.7-11.3 A and 10.5-20.4 A, respectively) and a lower subsection composed by
Aspl08 Aspl05 and Glul3 (intra-molecular and inter-molecular distances: 8.0-14.8 A and
5.6-17.8 A, respectively) (Table 2, Fig. 7A, /efd.

Substitution of all five of these residues in Cluster 3 for alanines resulted in a mutant
receptor (ZACEZ4A/EBOA/DI0SA/DI0BA/ELS0A) that was non-responsive to both H* (pH 4.0)
and Zn2* (10 mM) (data not shown). Thus, we next characterized the functional properties
of Zn2* at ZACE24A ZACEB9A ZACD105A 7 ACD108A gnd ZACEL30A since both Zn2*
(10 mM) and H* (pH 4.0) elicited robust currents in the oocytes expressing these five
mutants (Fig. 7A, middle). Analogously to the higher agonist potency observed for Zn2*
at WT ZAC in some of the TEVC recordings performed for the Cluster 1 investigations
(outlined in section 3.2.1), the concentration-response curves determined for Zn2* at WT
ZAC in the oocytes used in these recordings were consistently left-shifted compared to
those typically observed for the metal ion, with Zn2* displaying an averaged ECs value
of 98 uM (pECsg £ S.E.M.: 4.01 + 0.03, n = 12) at the WT receptor in these recordings
(Fig. 7A, right). The concentration-response relationships determined for Zn2* at all five
point-mutated receptors did not differ significantly from that at WT ZAC, as the averaged
ECsg values for the mutants ranged from 71 pM (pECsp + S.E.M.: 4.15 £ 0.04, n = 5) for
ZACE24A t0 160 UM (PECsg + S.E.M.: 3.79 + 0.07, n = 7) for ZACESA (Fig. 7A, righd).
In other mutants, we combined alanine substitutions of two of the five residues. ZACP105A/
D108A. and ZACP105A/EL30A_expressing oocytes were found to be non-responsive to both
pH 4.0 and 10 mM Zn2* (data not shown). ZACE8IA/DI05A \yas functionally expressed in
the oocytes albeit at significantly lower levels than WT ZAC, and the Zn2* concentration-
response relationship determined at this mutant was very similar to that at WT ZAC (Fig.
TA, right).

3.2.4. Cluster 4—According to the ZAC homology model, the carboxylate groups of
Glul60 (37/88 loop) and Glul®2 (B8) and the thiol group in Cys® (B10) in Cluster 4 are
positioned 12-15 A from earch other (Table 2, Fig. 7B, /ef?). If the homology model is
representative when it comes to this region, Zn%* coordination between these three residues
would thus require an induced-fit mechanism with substantial movement of the residues
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towards each other. The functional expression level of the ZACE160A/EL62A/C195A mytant in
oocytes was found to be significantly lower than that of WT ZAC (Fig. 7B, righi), but the
concentration-response relationship exhibited by Zn2* at the triple mutant (ECs: 180 pM;
PECso + S.E.M.: 3.75 + 0.05, n = 6) did not differ substantially from that at WT ZAC (ECs:
310 uM; pECsg = S.E.M.: 3.51 + 0.05, n = 5) in parallel recordings (Fig. 7B, righi).

3.3. Investigation of the functional importance of the Leu9’ residue in ZAC

In the final part of the study, we probed the importance of the Leu?4% residue in the M2
a-helix in ZAC, hereafter termed Leu9’, for ZAC function. This Leu residue is highly
conserved throughout the members of the CLR superfamily, and the “leucine ring” in the ion
channel formed by molecular interactions between the sidechains of the five Leu9’ residues
in the pentameric complex constitutes the gate in the resting CLR conformation [12,16].
Even conservative mutations of Leu9’ in classical CLRs have been shown to dramatically
alter the channel properties, giving rise to slower desensitization kinetics, substantial levels
of constitutive activity and left-shifted agonist concentration-response relationships at the
receptors [77-81].

The putative importance of Leu9” for ZAC functionality was investigated by comparing the
functional properties exhibited by Zn?* at four mutants comprising Ala, Val, Ile or Thr in
this position with those displayed at WT ZAC. Zn2* was found to induce significant current
responses in a concentration-dependent manner through all four ZACL9'X mutants expressed
in oocytes (exemplified for ZACL9'!in Fig. 8A, top). However, while Zn2* exhibited largely
comparable concentration-response relationships at ZACL9A and at WT ZAC, displaying
ECsq (PECsg = S.E.M.) and ny £ S.E.M. values of 230 uM (3.64 £ 0.08) and 1.2 + 0.2 at
the mutant (n = 7), the metal ion displayed significantly higher agonist potencies and lower
Hill slopes at the three other ZACL® X mutants [ECsq (PECsp + S.E.M.) and ny + S.E.M..
ZACL9'V: 13 UM (4.88 +0.22) and 0.7 + 0.3 (n = 8); ZACLY'!: 24 M (4.62 + 0.15) and
0.8+ 0.2 (n=8); ZACL9'T: 66 uM (4.18 + 0.34) and 0.7 + 0.4 (n = 6)] (Fig. 8A, bottom).
As will be addressed below, the apparent activation, deactivation and desensitization Kinetics
observed for Zn?* at the four mutants were substantially slower than those at WT ZAC,

and thus the Zn2* concentration-response relationships for the four mutants extracted from
the recordings had to be based on current responses that did not reach saturation within the
30 s application of Zn2*. However, it was also evident by visual comparison of the current
responses mediated by various Zn2* concentrations in ZACL9 V-, ZACL9'l- ZACLO'T- and
WT ZAC-oocytes that the metal ion was a considerably more potent agonist at the mutants
than at the WT receptor, and we propose that the ECgq values extracted from these data for
the mutant receptors are reasonably representative.

The current amplitudes evoked by saturating Zn2* concentrations (Izn+ max) in ZACL9'A-,
ZACLO'V- ZACLY'1- and ZACL9 T-expressing oocytes were substantially lower than those
in WT ZAC-oocytes, in particular those in the ZAC'-9/A-oocytes. Interestingly, however,
the resting membrane potentials recorded in the ZACL9'V-, ZACL9'!- and ZACL® T-oocytes
were significantly higher than those in WT ZAC-oocytes, and the leak currents recorded
from mutant-expressing oocytes were also markedly higher than those in WT ZAC-
oocytes (Fig. 8B). This prompted us to assess and compare the levels of spontaneous
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activity exhibited by WT ZAC and the four ZAC mutants by use of tubo-curarine (TC),

a promiscuous antagonist of cation-selective CLRs, including ZAC [22-24]. Whereas
application of TC (100 pM) at WT ZAC- and ZACL9 A-expressing oocytes evoked

small but significant outward currents (I100 ym Tc), the outward currents induced by the
antagonist in ZACL9'V-, ZACL9'l- and ZACL? T-oocytes were characterized by substantially
higher amplitudes (Fig. 8C). The four mutant receptors exhibited very similar degrees of
spontaneous activity [assessed by the Itc 100 um/ (1200 um TC + 1zn2+ max ratio)], all of which
that were substantially higher than the degree of spontaneous activity displayed by WT ZAC
(Fig. 8D, /efd). Interestingly, the total current amplitude windows (assessed by the numeric
sum of Izn2+ max and l1go um Tc) recorded in ZACL'V-and ZACLY 1-0ocytes did not differ
significantly from that in WT ZAC-oocytes (Fig. 8D, righf). Even though it should be noted
that 2.5-3.2-fold higher quantities of ZACL® "X mutant cRNA than WT ZAC cRNA were
injected into the oocytes used for these experiments, this suggests that the lower Izno+ max
values recorded from ZACL® V- and ZACL 1-0ocytes are not rooted in substantially lower
functional expression of these two mutants compared to WT ZAC, but rather reflects that
the equilibria between conducting (active) and non-conducting (resting and/or desensitized)
ZAC conformations have been changed by the introduced L9"V/L9’1 mutation. Although
similar changed equilibria between receptor conformations was observed for ZACY'T and
ZACL9'A mutants (Fig. 8D, /efi), the lower total current amplitude windows recorded from
oocytes expressing these two ZACL' X mutants suggest that the functional expression levels
of these two mutants, in particular that of ZACLY'A also are significantly reduced compared
to that of the WT receptor (Fig. 8D, right).

It was noticeable already in the recordings delineating the Zn2* concentration-response
relationships that the channel properties displayed by the four ZACLI'X receptors were
markedly distinct from those exhibited by WT ZAC. One should be cautious when
extrapolating information about channel kinetics based on TEVC recordings from oocytes.
Nevertheless, these differences were assessed further by comparing the current responses
evoked by saturating Zn2* concentrations at WT ZAC (10 mM Zn2*) and at the mutants (1
mM Zn2*) in the oocytes. In these recordings, the apparent activation kinetics observed
for WT ZAC was considerably faster than those displayed by the ZACL9X mutants,

and the four mutants also deactivated much slower than the WT receptor (Fig. 9A).
Furthermore, the profiles of the current responses evoked by sustained applications of
saturating Zn2* concentrations at WT ZAC and the four mutants revealed that the already
slow desensitization kinetics of ZAC is decreased even further by the introduction of a L9’ X
mutation in the receptor (exemplified for ZACL'! in Fig. 9B).

4. Discussion

The present work represents the first investigation into the molecular basis for the signal
transduction through ZAC, a hitherto largely unexplored CLR. The findings offer the first
glimpses into the mechanisms underlying ZAC signalling and the extent to which they
resemble those underlying the signalling of the classical CLRs.
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4.1. Signal transduction through ZAC investigated by ECD/TMD-ICD chimeras

Although m5-HT3A/ZAC and ZAC/ha1-Gly are not the first functional chimeric receptors
arising from fusions of ECDs and TMD-ICDs from distantly related receptors, their ability
to translate agonist binding to the ECD into channel gating in the TMD is nevertheless
remarkable. The atomic level insight into the signal transduction through classical CLRs
offered by numerous recent high-resolution structures, including several m5-HT3AR and
GIyR structures [10-12,16,19], identify notable differences between the key residues/motifs
for the ECD/TMD cross-talk in the classical CLRs and those in ZAC (Fig. 10A). Yet, these
differences do not render the ZAC ECD and TMD-ICD unable to engage in cross-talk with
their respective complementary ha.y GlyR and m5-HT3AR domains. While key residues
located in the p6-B7 and p8-B9 loops of 5-HT3R and NAChR ECDs also are conserved in
ZAC, three residues highly conserved in all classical CLRs (a Glu/Asp in p1-p2 loop, an
Arg in pre-M1, and a Tyr/Phe in M1) are not found in ZAC (Fig. 10A) [12]. Of specific
interest for ZAC/ha.1-Gly, the Thr’0 residue in the B1-B2 loop that interacts with a highly
conserved Pro residue in the M2-M3 linker in TMD in a1 GlyR, an interaction that has been
proposed to be of key importance for its gating [10], is not conserved in ZAC either (Fig.
10A). As evidenced by the lack of a negatively charged residue in $8-p9 of anion-selective
CLRs and GLIC and of a negatively charged residue in 1-p2 of ELIC, not all of these
residues/motifs need to be present in a CLR to enable ECD/TMD cross-talk (Fig. 10A).
Still, it is striking that not less than three of these otherwise highly conserved residues

are substituted for residues with distinct physicochemical properties in ZAC, and it seems
plausible that these ECD/TMD interface differences could contribute to the distinct gating
characteristics exhibited by ZAC compared to classical CLRs [22-24]. Analogously, the
“unnatural” ECD/TMD interface interactions in the four chimeric subunits in this study
are likely to determine whether functional pentameric complexes can be assembled from
them or not. Thus, even though the modifications to the Cys-loop FPX-motif and/or to the
C-terminus did not induce functionality into ZAC/m5-HT3A and ha1-Gly/ZAC (Fig. 4B),
it is certainly possible that other modifications to their ECD/TMD interfaces could have
yielded functional chimeras. As for the two functional chimeras, the ECD/TMD interface
compositions in m5-HT3A/ZAC and ZAC/ha1-Gly most likely also contribute to their
distinct functional properties and channel characteristics compared to their parent CLRs that
will be addressed in the following sections.

The 12-fold and 100-fold higher agonist potencies exhibited by 5-HT at m5-HT3A/ZAC
compared to WT m5-HT3AR and by Zn2* at ZAC/ha.1-Gly compared to WT ZAC,
respectively, are truly striking (Fig. 2A and 3A), but the left-shifted agonist concentration-
response relationships at the chimeras actually align well with previous findings. While
cyste-amine has been reported to display similar or slightly increased ECsg values at
ELIC/a7-nACh chimeras compared to WT ELIC [59], orthosteric agonists have exhibited
significantly higher potencies at a7-nACh/5-HT3A (5-10 fold), 5-HT3A/ELIC (3-10 fold)
and GLIC/a¢-Gly (30 fold) chimeras than at their respective ECD-contributing parent
receptors [52,57,58], and H* has exhibited a biphasic concentration-response relationship
at GLIC/p1-Gly chimeras with fitted pHsq values higher and lower than its pHsg at WT
GLIC [56]. While the increased agonist potency exhibited by 5-HT at m5-HT3A/ZAC could
be rooted in the slower desensitization characteristics exhibited by the chimera compared to
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WT m5-HT3AR, the dramatically higher Zn?* potency at ZAC/ha.1-Gly that at WT ZAC is
more difficult to explain. Judging from the agonist profiles at m5-HT3A/ZAC and ZAC/haq-
Gly, the two chimeras appear to be allosterically stabilised in active conformations compared
to WT m5-HT3AR and WT ZAC, respectively, a notion corroborated by the significant
spontaneous activity exhibited by the chimeras, which at least in the case of ZAC/ha-Gly
appears to be of a substantial higher degree than those of its two parent receptors (Fig.

1B, 2B and 3C) [24]. Notably, however, the dramatically increased agonist potency of Zn2*
at ZAC/ha1-Gly compared to WT ZAC is contrasted by the apparent comparable agonist
potencies displayed by H* at two receptors (Fig. 3A). This suggests that the molecular
mechanisms underlying Zn2*- and H*-elicited ZAC gating could differ, but the present data
does not warrant elaborate speculations about this.

Just as their pharmacological properties, the channel characteristics exhibited by other ECD/
TMD-ICD chimeras derived from distantly related CLRs have often differed considerably
from those of their parent receptors [52,56-59]. While the desensitization properties
displayed by the two functional chimeras in this study largely resembled those of their
respective TMD-ICD-contributing parent receptor (Fig. 2C and 3C), the desensitization
characteristics of a7-nACh/5-HT3A and ELIC/a.7-nACh chimeras have conversely been
reported to be intermediate to those of their parent receptors [52,59]. Moreover,

analogously to findings for GLIC/a1-Gly and GLIC/p1-GABAA chimeras [56,57], the
robust spontaneous activity exhibited by ZAC/ha1-Gly contrasts the lack of constitutive
activity in WT ha GlyR (Fig. 3B). One interpretation of this would be that the molecular
determinants for the spontaneous activity exhibited by WT ZAC resides within its ECD, but
caution is probably in order when extrapolating from the spontaneous activity in a chimera
to speculations about the molecular origin of this characteristic in the WT channel. Although
the functionalities of these ECD/TMD-ICD chimeras certainly underline the modular nature
of the CLR, the energy barriers between conducting and non-conducting states of any CLR
will invariably arise from the pentameric complex in its entirety. Thus, the Kinetic basis for
and the molecular origin of the spontaneous activity exhibited by WT ZAC and one of the
two functional chimerast derived from it could be fundamentally different.

4.2. Molecular basis for agonist-induced ZAC activation

Collectively, the robust currents elicited by Zn2* and H* through ZAC/ha1-Gly and the
lack of significant agonist activity of them at m5-HT3A/ZAC strongly suggests that both
agonists induce ZAC activation through its ECD. That said, the black-and-white differences
in H* functionality at the two chimeras do not rule out that proton-mediated ZAC gating
also could involve protonation of residues (proton sensors) in its TMD. In this connection it
is interesting to note that while GLIC/a.1-Gly and GLIC/p1-GABA, chimeras analogously
to ZAC/ha1-Gly are activated by H* [56,57], WT GLIC activation has been proposed to
arise from protonation of a Glu residue in the ECD that subsequently triggers channel
gating via formation of water-mediated hydrogen-bond networks through electrostatic triads
of residues located on both sides of the ECD/TMD interface [82,83]. It is possible that
protonation of residue(s) in the ZAC ECD is propagated through the receptor complex and
induce channel gating by a similar mechanism, even though the similar agonist potencies
displayed by H* at WT ZAC and ZAC/ha1-Gly certainly points to the ECD as the key

Biochem Pharmacol. Author manuscript; available in PMC 2024 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Madjroh et al.

Page 18

domain. The putative existence of additional Zn?* binding site(s) located in the ZAC TMD
seems far less likely. In this connection, the Zn?*-mediated inhibition of 5-HT-evoked
signalling through m5-HT3A/ZAC is interesting (Fig. 2B), albeit interpretations about the
molecular origin of this inhibition are complicated by the fact that Zn2* targets both parent
receptors of this chimera. To our knowledge, the location of the Zn2* binding site(s) in
m5-HT3AR has not been identified, but given that Zn2* certainly seems to target the ECD
of ZAC and that the metal ion exhibits comparable antagonist potencies at the chimera and
at WT m5-HT3AR, it seem more plausible that the metal ion mediates its inhibition of this
chimera through a site in the ECD (m5-HT3A) than in the TMD-ICD (ZAC).

The importance of the ECD for Zn2*- and H*-mediated gating of ZAC could be argued

to align well with the location of the orthosteric site in this domain of the classical CLR
[1,6,18]. However, considering the vastly different sizes and physicochemical properties of
the two ZAC agonists (and of Cu2*) compared to ACh, 5-HT, GABA and Gly and the
conserved overall structural architecture of the orthosteric site in the classical CLRs, it
seems unlikely that the three ZAC agonists act through the corresponding site in ZAC. It

is obviously not surprising that the residues in loops A-F forming interactions with ACh,
5-HT, GABA or Gly in the classical CLRs are not conserved in ZAC (Fig. 10B). However,
these six loops in ZAC also only comprise four candidate residues for putative Zn2* binding
and protonation (for the latter: residues with sidechain pK; of 4-7); GIu1% (loop A) and
Aspl16 Aspll8 and His!20 (loop E). According to our homology model the former residue
is located too far apart from other candidate residues to accommodate Zn2* binding, and the
latter three residues have been investigated in the mutagenesis study (Figs. 5 and 10B).

Given the unlikely involvement of loops A-F in Zn?* binding to the ZAC ECD, we
attempted to identify its binding site(s) by an elaborate alanine scan of putative candidate
residues in this domain (section 3.2). Since none of the introduced mutations in ZAC
resulted in significantly reduced agonist potency for Zn2* at the receptor, we can not

claim to have identified this site. Assuming that the ZAC ECD indeed does comprise Zn2*
binding site(s), there thus has to be alternative explanations for these negligible effects

of the introduced mutations. As Zn2* typically will coordinate to the side-chains of 3 or

4 residues in its protein binding [70-74], the lack of significant effect of a mutation of

one of four coordinating residues on Zn?* binding affinity could perhaps be ascribed to
spatial rearrangement of the remaining Zn2*-coordinating residues or to substitution of

the mutated residue in the binding site for another candidate Zn%*-binding residue located
in its proximity, thus compensating for the lost interaction in the mutant. Cluster 1 in
particular comprises several candidate Zn%*-binding residues positioned with inter-residual
distances that in addition to making it feasible for them to form the Zn2* binding themselves
also potentially could substitute for a mutated other residue in a proximate site (Table 2).
However, it seems unlikely that several of Zn%* site-forming residues could be mutated
without any of the mutations causing substantial impairment of its binding affinity, and the
fact that Zn2* exhibited WT-like agonist functionality at several mutants comprising double
or triple mutations of proximate residues within a cluster also challenges this hypothesis.
Another possibility is that the ECD comprises more than one Zn?* binding site, and

that metal ion binding to either one of these sites is sufficient to induce ZAC activation.
However, this would entail that Zn2* potency at ZAC is unaffected by the elimination/
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impairment of either of these distinct binding sites, which also seems improbable. Finally, in
view of the meagre outcome of the mutagenesis study, we obviously can not completely rule
out that some of the ECD candidate residues not included in the mutagenesis study, be it the
few residues in the four defined clusters that were not subjected to mutagenesis or the five
“non-cluster” residues, could be involved in Zn?* binding to ZAC. All in all, however, none
of these explanations are particular satisfactory, and in light of the negligible effects of all
tested mutations we are admittedly puzzled about how Zn?* mediates its ZAC activation.

Although the exact location of Zn2* binding site(s) and the residue(s) involved in H*-evoked
gating of ZAC thus remains to be determined, both agonists are bound to act through
site(s)/residue(s) in other ZAC ECD regions than that corresponding to the orthosteric site

in the classical CLR. This in turn raises the questions of whether Zn2* and H* can be
considered the orthosteric agonists of ZAC, and whether they in fact act as pure agonists

at the receptor. It is a distinct possibility that an yet unidentified endogenous ligand targets
the ZAC ECD subunit interface cavity formed by loops A-F and thus constitutes the true
orthosteric ZAC agonist, which per definition this would make Zn2*, Cu?* and H* allosteric
ligands. Considering that Zn?*, Cu2* and H* act as pure allosteric modulators without
significant intrinsic activity at other CLRs [28,29,31-40], it is thus tempting to speculate that
the ZAC signalling evoked by Zn?* and H in fact could arise from them acting as positive
allosteric modulators (PAMSs) or allosteric agonists/PAMs (ago-PAMs) on the significant
inherent constitutive activity of the ZAC complex.

4.3. Functional importance of Leu9’ for ZAC function

In concordance with previous findings of the key importance of the M2 Leu9” residue for
classical CLR function [77-81,84], ZAC signalling was substantially altered by introduction
of four conservative mutations of this residue (Figs. 8 and 9). The specific impact of

a L9’ X mutation on functional properties and channel characteristics will inevitably

be closely linked to the inherent properties of the channel it is introduced in. Thus,
introduction of conservative L9"X mutations in all five subunits of a7 and muscle-type
nAChRs have yielded dramatically decreased desensitization kinetics and left-shifted agonist
concentration-response relationships [77-79], whereas L9’ X mutations in other CLRs

have mediated more subtle changes in these two properties while changing other kinetic
properties and still inducing spontaneous activity in the receptors [81,84]. The aim of the
ZACL9X mutants was thus to probe the impact of changes to the intermolecular interactions
forming the leucine ring in a channel that already exhibits atypical characteristics compared
to other CLRs

Although its low functional expression made it somewhat of an outlier, ZACLY'A overall
exhibited very similar characteristics to those of the other three ZACL9"X mutants, with the
WT-like Zn2* agonist potency as its only distinctive property (Figs. 8 and 9). Together with
L9’T, the L9’ A mutation represent the least conservative of the four Leu9” substitutions,
and while the substitution of the isobutyl group of Leu9” for a methyl group does not

seem to impact ZAC functionality differently than the other three L9”X mutations, it

may impair the ability of the ZACL9'A subunit proteins to be expressed as pentameric
assemblies at the cell surface of the oocyte. ZACL'V, ZACL'l and ZACL9'T all exhibited
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substantially (8-30 fold) left-shifted Zn2* concentration-relationships, and all four L9"X
mutants displayed robust increases in spontaneous activity compared to WT ZAC (Fig. 8).
Interestingly, removal of the isobutyl group of Leu9” (L9"A) as well as the substitution

of it for other branched-chain aliphatic (L9"V, L9"I) or polar hydrophilic (L9’T) residues
induced very similar degrees of constitutive activity, with all four mutants displaying l1gg
uM Tc/(Izn2+ max * 100 um TC) ratios of 34-40% (Fig. 8D, /eff). This “all-or-nothing”
pattern indicates that the structural requirements to the Leu9’ sidechain in terms of forming
the intermolecular interactions in the leucine ring stabilizing the resting conformations

are very strict, since even slight modifications to the sidechain and impairment of these
interactions result in a pronounced displacement of the equilibrium between non-conducting
and conducting conformations towards the latter. As evidenced by the 1100 yv Tc/(Izn2+ max
+ 1100 um TC) ratios and the robust Zn2*-induced currents through the four mutants, the
majority of the ZAC-9'X receptors in the oocyte still exist in resting conformation(s), and

it is possible that other less conservative L9’X mutations could have induced even higher
degrees of spontaneous activity in the channel. However, the present data certainly illustrate
the dramatically altered energy barriers between non-conducting and conducting states in
the ZACL9'X mutants and the key importance of Leu9’ for the conformational transitions

of ZAC, something also evident from the substantially slower activation, deactivation and
desensitization kinetics displayed by the ZACL9"X receptors compared to WT ZAC (Fig. 9).

In conclusion, the functionality of the m5-HT3A/ZAC and ZAC/ha1-Gly chimeras and the
dramatical impact of L9"X mutations on ZAC signalling properties strongly indicate that the
molecular mechanisms underlying signal transduction through ZAC resemble those of the
classical CLRs. The ECD appears to be the key domain for Zn2*- and H*-mediated ZAC
gating, but the exact locations of the metal ion binding site(s) and the proton sensor(s) within
this domain still remain to be delineated. While ZAC thus is an atypical CLR in terms of

its (identified) agonists and channel characteristics, its signal transduction seems to undergo
similar conformational transitions as those of the classical CLR.
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Fig. 1. Chimeric receptors fusing the ECDs and TMD-ICDs of ZAC, m5-HT3AR and haj GlyR.
A. Topologies of WT m5-HT3A, WT ZAC and WT ha; GlyR subunits and chimeric

ZAC/m5-HT3A, m5-HT3A/ZAC, ZAC/ha1-Gly and ha-Gly/ZAC subunits and illustration
of the pentameric complexes assembled from them. The amino acid sequences of the ECD-
into-TMD sequences in the three WT subunit proteins are given. The borders between 10
(ECD) and M1 (TMD) reported for m5-HT3AR [11] and ha; GlyR [15] and the fusion
points in the four chimeras (“fusion”) are indicated. B. Functionalities of the constructed
chimeric receptors. Representative traces from the testing of the putative agonists at
ZAC/m5-HT3A-, m5-HT3A/ZAC-, ZAC/ha1-Gly- and ha1-Gly/ZAC-expressing oocytes
by TEVC electrophysiology. C. Averaged agonist-evoked current amplitudes in oocytes
expressing the functional m5-HT3A/ZAC (fop) and ZAC/ha-Gly (bottom) chimeras and
their respective parent receptors. Saturating agonist concentrations for the different receptors
were used: 300 UM 5-HT (WT m5-HT3AR), 3 uM 5-HT (m5-HT3A/ZAC), 10 mM Zn?*
(WT ZAC), 30 pM Zn2* (ZAC/ha-Gly), and 1 mM Gly (WT hay GlyR). The averaged
data are given as means + S.E.M. and are based on data from recordings performed on the
receptors expressed in at least two diffent oocyte batches (n = 5-19).
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Fig. 2. Functional properties exhibited by the chimeric m5-HT3A/ZAC receptor.
A. Agonist properties displayed by 5-HT at m5-HT3A/ZAC. Representative traces for 5-

HT-evoked currents in WT m5-HT3AR- and m5-HT3A/ZAC-expressing oocytes (/ef?) and
averaged concentration-response relationships displayed by 5-HT at WT m5-HT3AR and
m5-HT3A/ZAC (means £ S.E.M., n = 7-9) (righ?). B. Modulatory properties displayed

by Zn2* at m5-HT3A/ZAC. Representative traces for the Zn*-mediated modulation of
5-HT (ECgg)-evoked currents in WT m5-HT3AR- and m5-HT3A/ZAC-expressing oocytes
(/ef?) and averaged concentration-effect relationships displayed by Zn2* at the 5-HT (ECgg)-
mediated currents through WT m5-HT3AR and m5-HT3A/ZAC (means + S.E.M., n=7-
8) (righ®. 5-HT (30 uM) and 5-HT (1 uM) were used for WT m5-HT3AR and m5-HT3A/
ZAC, respectively. C. Representative traces of the currents evoked by 4 min-applications
of saturating agonist concentrations at WT m5-HT3AR-, WT ZAC- and m5-HT3A/ZAC-
expressing oocytes. 5-HT (100 uM), Zn2* (10 mM) and 5-HT (3 uM) were used at WT
m5-HT3AR, WT ZAC and m5-HT3A/ZAC, respectively.
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Fig. 3. Functional properties exhibited by the chimeric ZAC/ha1-Gly receptor.

A. Agonist properties displayed by Zn* and H* at ZAC/a.1-Gly. Representative traces

for Zn2*- and H*-evoked currents in WT ZAC- and ZAC/a1-Gly-expressing oocytes
(/efd, and averaged concentration-response relationships displayed by Zn?* and H* at WT
ZAC and ZAC/a1-Gly [means + S.E.M., n = 8-10 (Zn2*) and n = 8-11 (H™)] (righd.

B. Antagonist properties displayed by picrotoxin (PTX) at ZAC/ha.1-Gly. Representative
traces for picrotoxin-mediated inhibition of Gly (ECgg)-evoked currents in WT ha GIyR
and Zn2* (ECqp)-evoked currents in ZAC/a.1-Gly-expressing oocytes (/ef?), and averaged
concentration-inhibition relationships displayed by picrotoxin at WT ha GlyR, WT ZAC
and ZAC/ha1-Gly (means + S.E.M., n = 9-12) (righ. Zn?* (1 mM), Zn2* (10 uM) and
Gly (100 uM) were used for WT ZAC, ZAC/a1-Gly and WT haj GlyR, respectively. C.
Representative traces of the currents evoked by 4 min-application of saturating agonist
concentrations at WT haq GlyR, WT ZAC- and ZAC/a.1-Gly-expressing oocytes. Zn2* (10
mM), Zn?* (30 uM) and Gly (100 pM) were used as agonist contrations for WT ZAC,
ZACla1-Gly and WT haq GlyR, respectively. The trace for WT ZAC is the same as that

shown in Fig. 2C.
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Fig. 4. The alternative ZAC/m5-HT3A-11 and ha1-Gly/ZAC-11 chimeras and the ECD/TMD-ICD
chimeras with Cys-loop and/or C-terminus modifications.

A. Topologies of the chimeric ZAC/m5-HT3A-1l and ha.1-Gly/ZAC-11 subunits and
illustration of the pentameric complexes assembled from them. The amino acid sequences
of the ECD-into-TMD sequences in the three WT subunit proteins are given, and the
alternative fusion points in ZAC/m5-HT3A-I1 and ha-Gly/ZAC-II (“fusion-11"") compared
to those in the original ZAC/m5-HT3A and ha1-Gly/ZAC chimeras (“fusion”) are indicated.
B. Schematic outline of the modifications made to the PFX-motif in the Cys-loop and in

the C-terminal in the ECD-parts and the TMD/ICD-parts of the ZAC/m5-HT3A, m5-HT3A/
ZAC, ZAC/ha1-Gly and ha1-Gly/ZAC chimeras.
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Fig. 5. Candidate Zn%*-binding residues in the extracellular domain of ZAC.
A. Amino acid sequence of the ZAC ECD. The indicated signal peptide, the p-sheet p1-p10

and the M1 a-helix segments in ZAC are predicted based on amino acid sequence aligment
of the ZAC and m5-HT3A subunits and these segments in the m5-HT3AR cryo-EM
structure (PDB ID: 6HIN) [11]. The 25 candidate Zn2*-binding residues in the ZAC ECD
are given in bold with their residue numbers above. The candidate Zn2*-binding residues

in the four defined clusters are given (Cluster 1: green; Cluster 2: cyan; Cluster 3: red;
Cluster 4: dark-blue), with the five candidate residues not included in a cluster given in
grey (“X”), and the two cysteines forming the Cys-loop are indicated with asterisks. B.
Homology model of ZAC based on the cryo-EM structure of m5-HT3AR (PDB ID: 6HIN).
The pentameric ZAC complex (/eff) and the ECD for two neighbouring subunits in the ZAC
complex viewed from the outside (middle) and from the vestibule (righf). The candidate
Zn2*-binding residues in this domain defined as Cluster 1 (green), Cluster 2 (cyan), Cluster
3 (red) and Cluster 4 (dark-blue) are indicated in the ECD dimer, with the five candidate
residues not included in a cluster shown in grey.
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Fig. 6. Probing the importance of candidate Zn2*-binding residues in Clusters 1 and 2 of the
ZAC ECD for Zn?*-mediated ZAC activation.

A. Cluster 1. Left: Cluster 1 residues (in green, detail of ZAC homology model). Middle:
Averaged Ipn 4.0 and 119 mm zn2+ Values recorded from oocytes expressing WT ZAC and
various ZAC mutants [means + S.E.M., H*: n = 5-8 (mutants), n = 14 (WT); Zn?*: n = 6-8
(mutants), n = 16 (WT)]. Right: Averaged concentration-response relationships displayed
by Zn2* at oocytes expressing WT ZAC and various ZAC mutants [Top graphs: means

+ S.E.M,, n = 6-8 (mutants), n = 14 (WT). Bottom graph: means + S.E.M., n = 6-8].

B. Cluster 2. Left: Cluster 2 residues (in cyan, detail of ZAC homology model). Middle:
Averaged Ipn 4.0 and 119 mm zn2+ Values recorded from oocytes expressing WT ZAC and
various ZAC mutants [means + S.E.M., H*: n = 6-8; Zn*: n = 6-7]. Right: Averaged
concentration-response relationships displayed by Zn2* at oocytes expressing WT ZAC,
ZACH139A gnd ZACH144A [means + S.E.M., n = 7-8 (mutants), n = 14 (WT)].
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Fig. 7. Probing the importance of candidate Zn2*-binding residues in Clusters 3 and 4 of the
ZAC ECD for Zn?*-mediated ZAC activation.

A. Cluster 3. Left: Cluster 3 residues (in red, detail of ZAC homology model). Right, top.
Averaged Ipy 4,0 and 110 mm zn2+ Values recorded from oocytes expressing WT ZAC and
various ZAC mutants [means + S.E.M., n = 5-8]. Right, bottom. Averaged concentration-
response relationships displayed by Zn2* at oocytes expressing WT ZAC and various ZAC
mutants [means = S.E.M., n = 5-8 (mutants), n = 12 (WT)]. B. Cluster 4. Left: Cluster

4 residues (in dark-blue, detail of ZAC homology model). Middle. Averaged lpy 4,0 and
l10 mm zn2+ Values recorded from oocytes expressing WT ZAC and various ZAC mutants
[means = S.E.M., n = 5-6]. Right: Averaged concentration-response relationships displayed
by Zn2* at oocytes expressing WT ZAC and ZACELE0A/EL62A/C195 [means + S.E.M., n =
5-6]. WT ZAC- and ZACE160AELI62A/C195 gaeytes were injected with 1.84 ng and 3.68 ng
CRNA, respectively.
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Fig. 8. Functional importance of the Leu9’ residue in ZAC. ,

A. Representative traces for Zn%*-evoked currents in ZAC-? -expressing oocytes (Zgp), and
averaged concentration-response relationships exhibited by Zn?* at WT ZAC, ZACLY'A,
ZACL'V, ZACLY' ! and ZACLO'T (means + S.E.M., n = 6-8) (bottom). B. Resting membrane
potentials (/eff) and leak currents (righf) recorded from oocytes expressing WT ZAC,
ZACLY'A ZACLY'T ZACL9'Y and ZACL?'!. Data are given as mean + S.E.M. values (n

= 40-60). C. Representative traces for Zn?*- and TC (100 uM)-evoked currents in WT
ZAC- and ZAC'-9/'-expressing oocytes (fop), and averaged current amplitudes evoked by a
saturating concentration of Zn2* and by TC (100 uM) in WT ZAC-, ZACL9'A-, ZACL9'V-
ZACLY'1- and ZACL® T-oocytes (means + S.E.M., n = 6-8) (bottorm). 10 mM Zn2* were
used for WT ZAC and 1 mM Zn2* were used for ZACL9'A, ZACL9'V, ZACL9'! and
ZACL9'T. D. Degrees of spontaneous activity [defined as: 1100 um ¢/ (Izn2+ max + 1100 um
tc)] (/eff) and total current amplitude windows (defined as: Izpo+ max + 1100 um TC) (17941
exhibited by WT ZAC, ZACLY'A, ZACL'V, ZACL9'! and ZACLY T expressed in oocytes.
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Fig. 9. Signalling characteristics exhibited by the ZACY X mutants.

A. Representative traces of currents evoked by saturating Zn2* concentrations in WT
ZAC-, ZACL9'A. ZACL'V- ZACLY'l- and ZACL T-expressing oocytes. 10 mM Zn2*
was used for WT ZAC and 1 mM Zn2* was used for the ZACL2 X mutants, respectively.

B. Representative traces of currents evoked by sustained application of saturating Zn*
concentrations in WT ZAC- and ZACL9 l-expressing oocytes. 10 mM Zn2* and 1 mM Zn2*
were used for WT ZAC and for ZACL9'!, respectively.
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A

hol GABAA
hpB2 GABAA
hpl GABAA
hal Gly
ZAC
m5-HT3A
ha7 nACh
ho4 nACh
hpB2 nACh
GLIC

ELIC

B

hol GABAA
hP2 GABAA
hal Gly
ZAC
m5-HT3A
ha4 nACh
hfB2 nACh

p1-p2
PVSDHD
MVSEVN
SISEVD
SIAETT
NVDILR
NVDEKN
DVDEKN
DVDEKN
SVHERE
SLDDKA
GVNTLE

loop D
VFFRQSW
IFLRQQW
LLLRLSW
IWYRQYW

VWLTQEW

pre-M1 Ml

THFHLKRKIGYFVI
LSFKLKRNIGYFIL
YINFTLRRHIFFFL
ARFHLERQMGYYLI
VTLRLKNTALKSII
FYVIIRRRPLFYAV
FTVTMRRRTLYYGL
YAFVIRRLPLFYTI
YDFITIRRKPLFYTI
YQLRISRQYFSYIP
VRIDAVRNPSYYLW

po-p7 p8-p9
HLEDFPMDAHAC  RLNQYDLLG
DLRRYPLDEQNC  ELPQFSIVD
DFSRFPLDTQTC  SLSQFLIQE
DLKNFPMDVQTC  TLPQFILKE
ELLHFPRDHSNC  VKREYVVYD
DIYNFPFDVONC  NQGEWELLE
DVRWFPFDVQHC  PNGEWDLVG
DVTFFPFDQONC  ESGEWVIVD
EVKHFPFDQONC  PSGEWDIVA
DFRRYPFDSQTL  FLTGWDIES
DFRLFPFDRQQF  EIDEWWIRK
loop A loop E
RITEDGTLLYTMR
VPDTYFLND
KPDLFFANE RISRNGNVLYSIR
TPRLTILEA RVDQDGHVKLNLA
VPDILINEF YVHHRGEVQNYKP
RPDIVLYNS
VVSYDGSIFWLPP

loop B

LEIESYGYT
MQLESFGYT
LSFYALSNT
LTFTSWLHT
MKFGSWTYD

loop F
VVAEDGSR

VQVADGLT
SDKSIFIN

ASLDDFTP

Fig. 10. Key residues involved in signal transduction through the CLR.
A. Residues involved in ECD/TMD cross-talk in the classical CLR. Alignment of the amino

acid sequences of the p1-p2, p6-p7 (Cys-loop) and B8-p9 loops, the pre-M1/M1 segments
and the M2-M3 linkers in ZAC, selected classical CLRs and the prokaryotic CLRs GLIC
and ELIC. The conservation of key residues for the ECD/TMD cross-talk are indicated
(negatively charged or charge-neutral, polar residues in red and positively charged residues
blue, structural residues in green). B. Residues involved in orthosteric agonist binding to the
classical CLR. Alignment of the amino acid sequences of loops A-F in ZAC and selected
classical CLRs. The residues in the loops directly involved in orthosteric agonist binding

to m5-HT3AR [12], ha4f, NAChR [14], ha 1By 2 GABAAR [13] and hay GlyR [10] are
indicated in bold and highlighted in yellow.
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Table 1

Averaged Kinetic characteristics of the current traces evoked by sustained (4 min) applications of saturating
agonist concentrations in oocytes expressing WT m5-HT3AR (100 uM 5-HT), WT ZAC (10 mM Zn2*), WT
ha, GlyR (100 uM Gly) and the chimeric receptors m5-HT3A/ZAC (3 UM 5-HT) and ZAC/ha.1-Gly (30 uM
Zn2%), Atgtart-to-peak: time from the start of the agonist application until peak current is reached (in s); Atpeak-to-
plateau (WT hay GlyR and ZAC/ha3-Gly): time from the peak current to plateau is reached (in $); lresigual, 4
min: residual current after 4 min of agonist application (in % of peak current). Data are given as mean + S.E.M.

values with the number of traces (n) upon which the respective data are based. Representative traces are given
in Fig. 2C and Fig. 3C.

Receptor Atgiarttopeak (S Alpeak-to-plateau (S residual, 4min -~ N
(% of lpear)

WT m5-HT,AR 2.1+ 0.4 - ~0(none) 7

m5-HT3A/ZAC  46+7.2 - 676 5

WT ZAC 4805 - 21+3 8

ZAC/hay-Gly 10+£1.9 56 + 3.8 63+6 8

WT ha; GlyR 2.7+0.3 52+5.9 51+5 7
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