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Figure 4. The E94R mutant promotes PAC desensitization by enhancing its interaction with
the p10—p11 linker.

(A) A schematic figure shows the impact of E94/R94 on the $10-B11 linker of human PAC at pH4.

(B) The Ca atom root-mean-square-fluctuation (RMSF) of WT and E94R mutant simulations. As
indicated by black arrows, a decreased RMSF value is observed for the f10-B11 linker, as well as
TM1 and TM2 for E94R mutant.

(C) The non-bonded interaction energy (Coulombic and Leonard-Jones potential) between
E94/R94 with the f10-p11 linker of PAC at pH4.

(D) The number of hydrogen bonds between H94/R94 with 310-B11 loop.

(E) Representative whole-cell current traces of wild-type PAC, and mutants (H98R, E94R,
E94R/HI98R) at pH 4.0 and +100 mV. Cells were maintained in pH 7.3 solution before applying
acidic solutions.

(F) Percentage desensitization of wild-type PAC, and mutants (H98R, E94R, E94R/H98R) at pH
4.0. Desensitized current after 30 s of pH 4.0 acidic solution exposure was normalized to the initial
maximum current of that recording and expressed as a percentage. Data are mean + SEM of the
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pH-4.0-induced currents at +100 mV. ***p < 0.001; one-way ANOVA with Bonferroni post hoc
test.

(G) Desensitization time constant (mean £ SEM) of wild-type PAC, and mutants (H98R, E94R,
E94R/H98R) at pH 4.0. The desensitized currents were normalized to the initial peak current of
that recording and fitted to a single exponential function to estimate the time constant of the
desensitization. * < 0.05, ***p < 0.001, ns, not significant; one-way ANOV A with Bonferroni post
hoc test.
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Figure 5. D91 prevents PAC desensitization by destabilizing TM1 and lipid interaction.

(A) Representative time course traces of whole-cell currents of wild-type PAC (black), and
mutants D91R (red), and D91N induced by different extracellular acidic pH solutions (4.6, 5.0,
5.2,5.4,5.8, and 6.0) at +100 mV. Cells were maintained in pH 7.3 solution before applying each
acidic solution.

(B) Percentage desensitization of wild-type PAC, and mutants D91R, and D91IN at pH 5.0.
Desensitized current after 30 s of pH 5.0 acidic solution exposure was normalized to the initial
maximum current of that recording and expressed as a percentage. Data are mean + SEM of the
pH-5.0-induced currents at +100 mV. ***p < 0.001, ns, not significant; one-way ANOVA with
Bonferroni post hoc test.

(C) Desensitization time constant (mean + SEM) of wild-type PAC, and mutants D91R, and D91N
at pH 5.0. The desensitized currents were normalized to the initial peak current of that recording
and fitted to a single exponential function to estimate the time constant of the desensitization. **p
< 0.01, ns, not significant; one-way ANOVA with Bonferroni post hoc test.

(D) Quantification of desensitized currents of wild-type PAC, and mutants D91R, and D91N at
pH 4.6. Desensitized current after 30 s of pH 4.6 acidic solution exposure was normalized to the
initial maximum current of that recording and expressed as a percentage. Data are mean + SEM of
the pH-4.6-induced currents at +100 mV. *p < 0.05, ***p < 0.001; one-way ANOVA with
Bonferroni post hoc test.

(E) Desensitization time constant (mean £ SEM) of wild-type PAC, and mutants D91R, and D91N
at pH 4.6. The desensitized currents were normalized to the initial peak current of that recording
and fitted to a single exponential function to estimate the time constant of the desensitization. ***p
<0.001, ns, not significant; one-way ANOVA with Bonferroni post hoc test.

(F) Comparison of the D91 conformation between the desensitized and open states. D91 is facing
the lipid bilayer in the desensitized state, whereas it is pointing towards the ion-conducting pore
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in the open state. Mutation of D91R may destabilize the polar interactions with K95 and N305,
resulting in destabilization of the open state.

(G) The number of hydrogen bonds between D91/R91 with lipid molecules. R91 makes more
favorable hydrogen-bonding interactions with lipid head group, which contribute to the
stabilization of the desensitized state.
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Figure 6. The p10—p11 linker regulates PAC desensitization via interactions with the TMD.

(A) Interactions between E250 in f10-p11 linker with TM1-B1 linker (R93) and p14-TM2 linker
(D297). The left panel shows the desensitized state of PAC in which an arginine substitution at
position 250 would result in its side chain pointing away from the pocket formed by the TM1-$1
and p14-TM2 linkers. The right panel shows the recently determined open state structure of PAC
in which TM1-B1 adopts a different conformation which may pose less restriction to the side-chain
conformation of E250/R250.

(B) Representative whole-cell current traces of wild-type PAC, and mutants (E249R, E250R,
D251R) at pH 4.0 and +100 mV. Cells were maintained in pH 7.3 solution before applying acidic
solutions.

(C) Percentage desensitization of wild-type PAC, and mutants (E249R, E250R, D251R) at pH 4.0.
Desensitized current after 30 s of pH 4.0 acidic solution exposure was normalized to the initial
maximum current of that recording and expressed as a percentage. Data are mean + SEM of the
pH-4.0-induced currents at +100 mV. ***p < 0.001, ns, not significant, one-way ANOVA with
Bonferroni post hoc test.

(D) Desensitization time constant (mean = SEM) of wild-type PAC, and mutants E249R, E250R,
D251R) at pH 4.0. The desensitized currents were normalized to the initial maximum current of
that recording and fitted to a single exponential function to estimate the time constant of the
desensitization. ***p < 0.001, ns, not significant, one-way ANOV A with Bonferroni post hoc test.

(E) The minimum distance between E250/R250 with D297 during MD simulation. E250R showed
a larger distance indicating a weaker interaction with D297.

(F) The frequency of forming hydrogen bonds between E250/R250 with D297. Due to the side-
chain occlusion, R250 seldom makes hydrogen bond with D297.
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Figure 7. A schematic model showing PAC channel pH-dependent activation and
desensitization. Representative cartoon of PAC, depicting a monomer of the homotrimeric
subunit, in the closed, open, and desensitized states. Excess extracellular acidification leads to
PAC desensitization as a result of remodeling of the transmembrane domain and this is governed
by critical interactions at the ECD-TMD interface, involving residues H98, E94, and D91 at the
extracellular extension of the TM1 and E107, D109, and E250 at the ECD-TMD interface. These
interactions likely facilitate PAC desensitization by stabilizing the desensitized conformation of
TML. Therefore, based on our structure-function analysis we propose that the previously observed
pH 4.0 and 4.5 structures of PAC*"® represent a desensitized state of the channel. Permeation of
Cl™ ions in the activated-open state is illustrated.
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Figure S1. The PAC channel does not exhibit steady-state desensitization and shows fast
recovery from desensitization.

(A) (left) Protocol and (right) representative whole-cell trace for measuring the recovery from
desensitization of the proton-activated chloride current at pH 4.0. The cells were perfused with pH
4.0 solution to elicit current and then returned to baseline by applying pH 7.3 solution for 5 to 10
s before a second application of the pH 4.0 solution.

(B) Maximum amplitudes of first (1) and second (2) pH-4.0-induced currents at +100 mV. Data
are mean = SEM. ns, not significant; two-tailed Student’s t test.

(C) (left) Protocol and (right) representative whole-cell current trace for measuring the steady-
state desensitization of the endogenous proton-activated chloride current in HEK293T cells. The
cells were perfused with control conditioning solution (pH 7.3) for 30 s, before inducing the
proton-activated chloride current by pH 4.0 acidic solution. Current was returned to baseline by
applying pH 7.3 solution. This was followed by a test conditioning solution (pH 5.8) for 30 s,
before another pH-4.0-induced current was elicited. The current was then returned to baseline with
pH7.3 solution.

(D) Maximum amplitudes of first (1) and second (2) pH-4.0-induced currents at +100 mV. Data
are mean = SEM. ns, not significant; two-tailed Student’s t test.

28


https://doi.org/10.1101/2022.08.30.505880
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.30.505880; this version posted August 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Materials and Methods

Cell culture

HEK?293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37°C in humidified
95% CO: incubator. PAC knockout (KO) cells were previously generated using CRISPR
technology®, and maintained in DMEM supplemented with 10% FBS and 1% P/S at 37°C in
humidified 95% CO> incubator. PAC KO cells were transfected with 800—-1000 ng/ml of plasmid
DNA using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s instruction.
Cells were seeded on 12 mm diameter poly-D-lysine coated glass coverslips (BD) and were
recorded ~1 day later after transfection.

Constructs and mutagenesis

The coding sequence of human PAC (NP_060722) previously subcloned into pIRES2-EGFP
vector (Clontech) using Xhol and EcoRI restriction enzyme sites® was used for whole-cell patch
clamp recording. Site-directed mutagenesis were introduced into plasmids using QuikChange II
XL site-directed mutagenesis kit (Agilent Technologies) and confirmed by Sanger sequencing.

Electrophysiology

Whole-cell patch clamp recordings were performed as previously described®?. Wild-type
HEK293T and PAC KO cells were plated on poly-D-lysine-coated coverslips for ~1 day before
recording. The KO cells were transfected with plasmids of human PAC or mutants. Cells were
recorded in an extracellular solution (ECS) containing (in mM): 145 NaCl, 1.5 CaCl,, 2 MgCly, 2
KCI, 10 HEPES, and 10 glucose (pH adjusted to pH 7.3 with NaOH and osmolality was 300-310
mOsm/kg). Acidic ECS was made with the same ionic composition without HEPES but with 5
mM Naz-citrate as buffer and the pH was adjusted using citric acid. Solution exchange was
achieved by using a perfusion system with a small tip 100-200 um away from the recording cell.
Recording pipettes with resistance 2 to 4 MQ were filled with internal solution containing (in mM):
135 CsCl, 1 MgCly, 2 CaClz, 5 EGTA, 4 MgATP, and 10 HEPES (pH adjusted to 7.2 with CsOH
and osmolality was 280-290 mOsm/kg).

All recordings were done at room temperature with MultiClamp 700B amplifier and 1550B
digitizer (Molecular Devices). Data acquisition were performed with pClamp 10.7 software
(Molecular Device), filtered at 2 kHz and digitized at 10 kHz. Proton-activated CI™ currents were
recorded by applying voltage ramp pulses every 3 s from —100 to +100 mV at a speed of 1 mV/ms,
and at a holding potential of 0 mV. For desensitization quantification, pH-induced (5.0, 4.6, 4.0 or
3.6) currents measured at +100 mV were normalized by taking a ratio of the desensitized current
amplitude at 30 s (lso0s) after acidic exposure to the peak amplitude (Imax) of that recording. This
was then expressed as a percentage: 100 X (Isos/Imax). TO measure desensitization time constant,
desensitized currents were normalized to the initial maximum current and analyzed by fitting to
GraphPad prism one phase decay equation (Y=(Yo - Plateau)*exp(-K*X) + Plateau) to estimate
the time constant (tau), where Yo is the Y value when X (time) is zero, Plateau is the Y value at
infinite times and K is the rate constant. Steady-state desensitization was measured by perfusing
cells with a control (pH7.3) and test (pH5.8) conditioning solutions for 30 s before applying the
pH 4.0 acidic solution. The initial maximum amplitudes of the first (1) and second (2) pH4.0-
induced currents after conditioning were compared to assess the fraction of channels that
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desensitize after the test conditioning. Recovery from desensitization was recorded by perfusing
cells with a pH 4.0 acidic solution for at least 60 s, followed by a recovery pH at 7.3 for 5-10 s,
and then a second application of pH 4.0 solution. The peak current amplitudes of the first (1) and
second (2) pH4.0-induced currents were then compared to assess the fraction of channels that had
desensitized to the closed state after applying the pH 7.3 solution. All data were analyzed using
Clampfit 10.7 and GraphPad Prism 8 software was used for all statistical analyses.

Molecular dynamics (MD) simulations

PAC structure in desensitized state (PDBID: 7IJNC) is used as the starting conformation for the
simulation'®. The protein is oriented with respect to membrane normal using the OPM webserver?®.
CHARMM-GUI is used to generate the membrane bilayer system for simulation®*. During the
system setup, the protonation status of titratable residues is determined based on propka 3.0 and is
assigned to the predominant protonation state®. Of note, the E94, H98, E250, D297 are protonated,
whereas D91, E107, D109 are non-protonated. Point mutations including H98R, E94R, and D91R
are generated during the system preparation in CHARMM-GUI. The membrane bilayer consists
of POPC/POPE/cholesterol in 1:1:2 ratio. Protein is dissolved in TIP3P water model and the
system charge is neutralized with approximated 150 mM NaCl. The simulation system contains
about 157k atoms with box size of 92Ax92Ax180A. CHARMM36m force field is used to
parameterize the system®. LINCS algorithm is used to constrain hydrogen atoms®. The Verlet
scheme is used to determine the neighbor list for calculating short-range non-bonded interactions
with a cut-off of 12A. GROMCS v2020.1 is used as the simulation engine®*. Energy minimization
is conducted using steepest descent method such that the Fmax is less than 1000 kJ/mol. We
conducted three rounds of equilibration in canonical ensemble by bringing the system temperature
to 310K using Berendsen thermostat®. The protein, membrane and solute atoms are assigned to
separate atom groups for temperature coupling. A timestep of 1 ps is used for equilibration runs at
canonical ensemble with heavy atom position restraint gradually relaxed. Subsequently, Berendsen
barostat is enabled to keep the system pressure to 1 bar®. Position restraint is further relaxed during
the isothermal—-isobaric ensemble runs with an integration step of 2 ps. Production simulation is
conducted in isothermal-isobaric ensemble without position restraint. Three independent
simulation runs are carried out for each condition (WT, H98R, E94R and D91R) for 200 ns. The
trajectory is saved and combined for data analysis. Because PAC is a trimeric complex, we
combined the statistics obtained for each subunit of PAC and reports the summarized result.
Analyses of the MD data, including the residue clustering, distance measurement, hydrogen bond
detection, and energy calculation, are conducted using the build-in routines of GROMACS®,
Results are visualized using custom Python script powered by matplotlib and seaborn library. PAC
structures are visualized using PyMOL v2.5%.

Quantification and statistical analysis

Data and statistical analyses were performed using Clampfit 10.7, GraphPad Prism 8, and Excel.
Statistical analysis between two groups were performed using two-tailed Student’s t test, unless
reported otherwise. Multiple-group comparisons were performed using one-way analysis of
variance (ANOVA) with Bonferroni post hoc test. Non-significant ‘ns’ p values were not reported.
All numeric data are shown as mean = SEM and numbers per group are represented in bars or
legends of each panel. The significance level was set at P < 0.05.
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Data availability

All data generated during this study are included in the manuscript and supporting files.
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