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Abstract

Protons are potent modulators of GABA, receptors (GABAARS) and a;Phe64 residue was
implicated in their pH sensitivity. Recently, we have demonstrated that this residue is
involved in flipping transitions which precede channel opening. We thus re-addressed the
mechanism of GABAAR modulation by protons by considering the gating scheme extended
by flipping. The impact of pH changes was examined on currents mediated by wild-type
aafP2y2 receptors or by their a;Phe64leu or a;Phe64Cys mutants and elicited by saturating
concentrations of full (GABA) or partial (piperidine-4-sulfonic acid) agonists. To describe the
impact of extracellular pH on receptor gating, we combined macroscopic analysis of currents
elicited by rapid agonist applications with single-channel studies. Acidification (pH 6.0)
increased current amplitudes (in the case of leucine mutants effect was stronger when P4S
was used) and decreased the rate and the extent of desensitization whereas alkalization (pH
8.0) had the opposite but weaker effect. Deactivation kinetics for wild-type receptors was
slowed down by acidification while in the case of mutants this effect was observed upon
alkalization. Moreover, a;Phe64 mutations enhanced GABAAR sensitivity to akaline pH.
Single-channel analysis revealed that acidification prolonged burst durations and affected shut
but not open time distributions. Model simulations for macroscopic and single-channel
activity indicated a novel mechanism in which protons primarily affected opening and
desensitization rates but not flipping/unflipping. This evidence for the impact of protons on
the receptor gating together with previously demonstrated effect on the agonist binding, point
to acomplex effect of extracellular pH on GABA AR macromolecule.



1. Introduction

GABA, receptors are ionotropic channels and play a arucle in mediating inhibitory
neurotransmission in adult mammalian CNS (Brickdeg Mody, 2012; Farrant and Nusser,
2005; Sieghart, 2006). pH level is regulated byiotes mechanisms — e.g. by carbonic
anhydrase, co-transporters or active and passawsport (Kaila, 1994). Typically, neuronal
activity induces relatively small pH changes - ab@@ in pH units (Chen and Chesler, 1992,
1991; Kaila, 1994). However, local pH changes m ¢losest vicinity of GABAergic synapse
can be larger due to permeation of HC&hions by GABARSs resulting in alkalization of
extracellular medium (Kaila and Voipio, 1987). O tother hand, dumping of highly acidic
vesicle content into synaptic cleft upon agonigtase may transiently reduce local pH level
(DeVries, 2001; Miesenbock et al., 1998; Palmeaal ¢2003). Moreover, Dietrich and Morad
(2010) provided evidence that Mid* exchanger contributes to synaptic acidificatiomeleds

to be also emphasized that in pathological conastisuch as ischemia, hypothermia or
inflammation, large changes of pH level (about 1 yotit) toward acidosis can be observed
(Hoffman et al., 1999, 1996; Kraig et al., 1987hus, several mechanisms may be involved
in regulation of extracellular pH in the vicinityf @&ABAergic synapses giving rise to
potentially large changes in proton concentratibrs known that GABARS can be strongly
modulated by extracellular concentration of prot¢@hen and Huang, 2014; Feng and
Macdonald, 2004; Huang and Dillon, 1999; Krishekl &mart, 2001; Krishek et al., 1996;
Pasternack et al., 1996; Robello et al., 1994). @revious papers related to this subject
(Mercik et al., 2006; Mozrzymas et al., 2003b; Whajicz et al., 2008) suggested that the
mechanism of this modulation involves binding arekehsitization processes. However,
previous investigations related to the mechanism&ABAARs by protons were based on
simplified gating models. Indeed, recent studiesd@b et al., 2015; Gielen et al., 2012; Kisiel
et al., 2018; Szczot et al., 2014) provided evigethat GABAR gating scheme needs to be
upgraded by so called flipping transition upon whichannel remains closed but its
propensity to opening is enhanced. The conceplipyifig transitions has been consistently
reported also for other members of Cys-loop receptamily (Burzomato et al., 2004,
Corradi and Bouzat, 2014; Jadey and Auerbach, 204 et al., 2008; Mukhtasimova et al.,
2009). Emerging multiplicity of gating transitionsthe GABA\Rs kinetic scheme (Kisiel et
al., 2018) points to the need to extend the apprdaased on investigations of non-
equilibrium macroscopic currents by single-chanaelysis (Colquhoun and Lape, 2012)
which turns out to be particularly reliable and ommhative when studying complex
mechanisms. Interestingly, (Huang et al., 2004prteyal that thex;Phe64 residue (loop D,
part of GABA-binding site) is involved in GABR sensitivity to pH whereas our study
(Szczot et al., 2014) provided evidence that momatf this residue strongly affects not only
agonist binding but also the flipping transitiorhig raises the possibility that the impact of
protons on GABARS can be related to modulation of flipping traosis. However, our more
recent study based on single-channel analysisdKatial., 2018) has demonstrated that the
a;Phe64 residue is involved not only in flipping lalgo in later gating transitions — openings
and closings. Considering that mutations of dflthe64 residue differentially affect specific
gating properties, we found it appealing to stuty itnpact of protons on different mutants at
this residue. These premises point to the needaangprehensive approach, enabling us to
extract reliable information on how changes in as@tlular pH affect specific gating
transitions of the GABA receptor. We addressed this issue by analysingaseapic and
single-channel currents mediated by wild-type (V&hp mutatedo;Phe64Cys/Leup 2y
receptors and evoked by saturating concentratiduallodr partial agonist. Our results indicate
that the mechanism of pH modulation involves attera of desensitization and
opening/closing transitions but flipping appears taobe affected. The impact of mutation at



the binding site residuen{Phe64) on modulation of GABM&R gating by protons further
confirms that this residue affects very distanudures of this macromolecule altering
thereby late phases of the receptor gating.

2. Material and methods

2. 1. Cdll Cultureand Transfection

The receptors were expressed in HEK293 cell linenfein Embryonic Kidney). Cells
were transfected using calcium phosphate predpitahethod (Chen and Okayama, 1987).
cDNA encoding rat GABAR subunits and human CD4 (cloned in pCMV vectorsyen
added in the following proportions;:,:y2.:CD4 — 1:1:3:1 (ug) in 1 ml of transfection
solution. To detect transfected cells, CD4 beadmébeads, Life Technologies) were used.
In the cases of excessive channel expression (priedace of overlapping single-channel
events in patch-clamp recordings) empty plasmid used and amounts of other plasmids
were decreased accordingly (total amount of cDNasplid was 41g). The plasmid encoding
the ;yPhe64Leu subunit was kindly given by Dr. Erwin ®ieg:Phe64Cys — by Dr. Andrea
Barberis and empty plasmids — by Dr. Lucia Sivilott

2. 2. Electrophysiological Recordings

Recordings were performed in voltage-clamp confgon of the patch-clamp
technique, using the Axopatch 200B amplifier. Signaere digitized using a Digidata 1440
card. For acquisition and analysis, pClamp 10 smfwwas used. Recording/acquisition
devices and software were from Molecular Devices.

Macroscopic currents were recorded in the whole-@#ted cell) or outside-out
configurations at a holding potential of -40 mVg&als were low-pass filtered at 10 kHz and
sampled at 100 kHz. Agonists were applied usingultirafast perfusion system based on
piezoelectric-driven (Physics Instrumente) thetsglpipettes (Hilgenberg; Jonas, 1995). The
onset of the open-tip junctional potential was BOQ- us. The resistance of patch pipettes
filled with intrapipette solution was 3-6 @ The internal solution consisted of (in mM): 137
KCI, 11 EGTA, 10 K-gluconate, 10 HEPES, 2 Mg@A ATP, 1 CaCl pH was set to 7.2 with
KOH. External saline contained (in mM): 137 Na@, ducose, 10 HEPES, 5 KCI, 2 CaCl
1 MgClh, with pH adjusted with NaOH. HEPES was used tddoigolutions with pH 7.2 and
8.0, 15 mM MES for pH 6.0. To maintain the osmaja@at a constant level, for GABA
concentrations higher than 10 mM, NaCl/KCI concatiins were reduced to 87 mM and
wash solutions were supplemented with glucose hedirtternal solution with 50 mM K-
gluconate (Szczot et al., 2014; Wagner et al., P08dcess resistance was controlled and its
typical value was below 10 81 The impact of compensation was negligible foreunts not
exceeding 2 nA and only such responses were indludethe analysis. For amplitude
comparisons only stable recordings were includedvinich run-down or run-up did not
exceed 25% of current initial amplitude. To assdss impact of pH changes, for each
recording at any considered pH, control currenk$ T®2) were measured before and after the
test recording (at equal time distances). This guace was applied to monitor the extent of
rundown and to correct it by interpolating the eohvalue at the time of the test recording.
This means that for each test recording an “indigltl control value was determined
(interpolated from two control recordings). Thisopedure allowed us to correct for the
rundown and to apply the paired tests to assessitimficance between control and test
groups. The macroscopic currents were recordedvildr type a1p2y, receptors (WT) or for
leucine (LEU) or cysteine (CYS) mutantsogPhe64 residue-aminobutyric acid (GABA) or
piperidine-4-sulfonic acid (P4S) were used as stehdind partial agonists, respectively.



Respective groups of recordings were named acaptdirihe receptor type and the agonist
used, e.g. WT-GABA or LEU-P4S.

Single-channel recordings for the wild-type GAB#Peceptors were performed in the
cell-attached configuration for currents evoked $sturating [GABA]. To assure the
consistency with our recent investigations, extensingle-channel data obtained at pH 7.4
presented in (Kisiel et al., 2018), were used adrots and compared to those recorded at pH
6.0. The intrapipette solution had the same contiposas the external one but also contained
the agonist and consisted of (in the case of swiatiwith 10 mM GABA) in mM: 102.7
NaCl, 20 Na-gluconate, 2 CatCP KCI, 1.2 MgC}, 10 HEPES, 20 TEA-CI, 14 D(+)-glucose,
15 Sucrose, with pH adjusted to 7.4 by 2 M NaOH.lo-chloride solution used in
experiments with 30 mM GABA contained in mM: 70@Mal10 Na-gluconate, 2 Cagl2
KCI, 1.2 MgCh, 10 HEPES, 20 TEA-CI and D(+)-glucose (in the antaweeded to obtain
similar osmolarity as for 10 mM GABA). Pipette diedes were pulled from borosilicate
glass capillaries (Hilgenberg), coated with Sylga8d (Dow Corning), and fire-polished to
6-10 MQ (with the internal solution). Single-channel cutsewere low-pass filtered at 10
kHz, and sampled at 100 kHz. Typically, recordingsre performed at different holding
voltages (-50 to +100 mV for conductance assessamht+100 mV for kinetic analysis) as
free run sweeps lasting for a few minutes.

All chemicals were from Sigma Aldrich. Experimenigere carried out at room
temperature.

3. Theory/calculation

3. 1. Macroscopic currents

The onset kinetics of current responses was asbessd0-90% Rise Time or by
fitting with an exponential function:

t
1(t) = Apeak (1-e7) Eq. 1

Apeak - the current amplitude; - the time constant. Then, the 10-90% Rise Time wa
calculated as - [n9. Kinetics of current deactivation was fitted withsam of exponential
functions.

t

) =YY" 4;-e Eq. 2

A is the amplitudeg; - the time constant (e.@iow Trasy, N - the number of components. The
deactivation mean time was calculated using tha@tmu t ... = D=, a;T;, Whereg; - the
normalized weight of a particular amplitude compungalculated as; = A4; - (X, 4,) 7"
The fast component of macroscopic desensitizatlseiwed upon prolonged application of
saturating agonist concentration was describedttayyf with a single exponential function to
the trace within a limited time window (typicallp350 ms):

t

I(t) = Apqst - € FastDes 4 C Eq. 3

Asnst IS the current amplitude of the fast componentpes - the time constant of fast
desensitization, an@ - the constant value representing the non-desangitcurrent. The
fraction of this current can be assesse@/48+C) or as thess/peakparameter. In the case of
mutated receptors or responses to partial agomiglications, for which desensitization
kinetics was too slow for exponential fitting, tetent of desensitization was evaluated as the



FR10parameter defined as a fraction of current remgimifter 10 ms from the peak relative
to the peak.

3. 2. Non-stationary variance analysis

Although single-channel conductance could be dyenteasured in our single-
channel analysis (see below), we have employedstationary variance analysis (NSVA) for
currents elicited by rapid agonist applications assess the maximum open probability
(Popenmay In the dynamic conditions. This was consideredpantant because direct
comparison of kinetic features of receptors in dyitaconditions (jumps) and in the steady-
state conditions (single-channel recordings) reaskalibstantial differences (see chapters 4.1
in Results and 5.2 in Discussion). NSVA was perfanon currents (at least 10 responses to
short application of saturating agonist concerdres) measured from the same patch. For this
analysis, the custom MatLab script (Mathworks) wasd. Current amplitudeg)(and noise
variances ¢°) were estimated for each time point from peak asefine (De Koninck and
Mody, 1994). The values of current amplitude weraded into 100 equal bins and the
corresponding variances were averaged. Plots @din@e versus current were fitted with the
equation:

2
o? =iA-"+c Eq. 4

wherei is the single-channel currem, - the number of channels and the baseline noise
(Ghavanini et al., 2006). The maximum open prolgbi{Popenma)y Was calculated

aS:POpenMax = Apeak (i N)_l-
3. 3. Single-channel analysis

Single-channel kinetic analysis was carried ouhgissCAN and EKDIST software
(kindly given to our group by David Colquhoun, DQOWrogs). Single-channel traces
selected for analysis had at least 10000 eventslustter activity evoked by saturating
[GABA]. Recorded traces (stored in the form of f.at&\xon Binary File) were filtered to get
the signal to noise ratio at least 15. Final cutaffuency (f) was determined as 14 1/f, +
1/f4, where f is analog filter frequency set upon recordingpi¢glly 10 kHz), § — digital
frequency (off-line filtering with 8-pole low-pagessel filter by pClamp software). Sampling
frequency (§ was reduced tosf= 10 - f.. Recordings with excessive activity, especially
fragments with multiple openings, were excludedrfranalysis. As described in detail in our
recent study (Kisiel et al., 2018) GABA-evoked s@ghannel activity revealed different
modes of activity which were also previously repdrby Lema and Auerbach (2006). Gating
modes clearly differed in open probability and amalysis was limited to the predominant
one (showing intermediate open probability, Kiselal., 2018). The fact that modal switch
could occur during a cluster (or even burst) agtimdicates a modulatory process of the
same channel rather than activity of distinct rémepubtypes. The latter possibility could be
a consequence of expressing receptors with unceelostioichiometry (e.gBzo1y201y2 and
Boa1y2PB2y. as reported by Botzolakis et al., 2016) but restm of our analysis to the
dominant mode is expected to eliminate the actiwitysuch receptors from our analysis.
Recordings selected for analysis were then idedlimetime-course fitting using the SCAN
software and information on shut/open intervals stased in the *.scn files which were used
in subsequent analysis. To construct the open aot tene distributions and to perform
fitting of exponential functions, EKDIST program svased. Time resolution for open and
shut times was identified separately for each whogrand it was in the range of 50-70 us
(the dead time for SCAN analysis was 10t&0shorter, typically in the range 30-A6) and



these values were then used in the subsequent miotdhtions. For open time distribution
weighted open time constant was calculated witretheation:

Topen = Z?:l Pi * T Eq 5

wheren — the number of component, — area (and respectively percenta@ = 100 -

P;) andt — open time of particular®) component.Clusters of activity were identified
manually (Kisiel et al., 2018). To identify burstsitical time (t;i;) was determined from the
shut time distributions of cluster activity whicterme typically fitted with four components.
Jackson’s criterion (Jackson et al., 1983) was rmostmonly used to determine the critical
time (for the & and 4 component in shut time distributions) defining star Microbursts
were defined by calculated using the same method for th&ahd the % component.
Individual bursts consisted of several events bey twere typically not sufficiently numerous
to reliably fit their distributions and for thisagon the mean burst duration was calculated as
arithmetic average. Open probability was estimaedhe ratio of the sum of open time
durations and the overall duration of the clusfdre current amplitude corresponding to a
particular holding voltageA{nod was calculated as a difference in mean amplitficiespen
and closed states and the conductance was estimatdtle slope of linear regression:

Avnota = f Vhota)-
3. 4. Model simulations

Model simulations for macroscopic currents werefqgreted using ChannelLab2
(Synaptosoft) software. The model framework waselasn the scheme proposed in our
recent study — “flipped” Jones-Westbrook’'s modelWm; Szczot et al., 2014) with one
flipped, one open and one desensitized state ctethedth a flipped state. The linear model
(with a desensitized state originating from an ogerte) was excluded as it does not explain
some macroscopic observations for responses mddigtéSABARS e.g. experiments with
pentobarbital by Feng et al. (2004) and for mutegiavhich uncouple desensitization from
deactivation (Bianchi et al., 2007). Since our presstudy is based on the analysis of
responses evoked by saturating agonist concemtsatet which conformational transitions
between singly bound states are expected to oteuloav probability, the singly bound states
were omitted. A possibility that this assumptiorulcobe not fulfilled is discussed for the
cysteine mutant (see chapters 4.5 in Results aBdin5Discussion). The values of rate
constants for recordings made at pH 7.2 were caingl as estimated by (Szczot et al.,
2014). To reproduce our results at different pHuga) the rate constants were altered to best
reproduce the kinetic features of recorded curresponses (amplitudes, onset kinetics,
macroscopic desensitization and deactivation) ur fgroups: WT-GABA, WT-P4S, LEU-
GABA, CYS-GABA.

For kinetic simulations of single-channel curreiCFIT software (DCWinprogs,
maximum likelihood method) was used. Since singlertiel recordings allow to distinguish
and reliably describe more microscopic states thawcroscopic recordings, more extensive
kinetic scheme than that from (Szczot et al., 204 to be used (with two open and two
desensitized states - model 1 from Kisiel et &18). Simulations for pH 7.4 were performed
as a part of our previous study (Kisiel et al., @0Model simulations for pH 6.0 were based
on the same kinetic schemes established for pldd4specified in the mentioned work. Rate
constants were fitted to the lists of events (ugdmhas *.scn files) with rate constants
evaluated for pH 7.4 by Kisiel et al. (2018, TaBlen the cited paper) as initial guesses. The
assessment of model fitting was based on comparisetween experimental data (open and
shut time distributions) and distributions predichbs the model.



3. 5. Statistical analysis

SigmaPlot 11.0 (Systat Software) and Excel 2010c(d&ioft) software were used to
perform the statistical analysis. Comparisons bebtwgroups were performed using the
Student t-test. Fisher test was used to comparangas of two groups and to choose the type
of t-test (2 or 3). For paired data (from the sgratch) Student’s t-test type 1 was used. The
confidence interval was set at 0.05. The resuéseapressed as mean + SEM.

4. Reaults

To assess the impact of changes in extracellulasrpM/T and mutated receptors, first
macroscopic currents were analyzed. As expectedMD (a1p2y2) receptors, amplitudes of
currents elicited by saturating GABA concentrat{@@ mM for pH 7.2 and 8.0, 30 mM for
pH 6.0) decreased with pH (Fig. 1Al left), beingamdarger for acidic pH (pH 6.0, relative
amplitudes with respect to those at control pH 220 + 0.10, p = 0.01, Fig. 1B) and
markedly smaller for basic pH when compared to mdntonditions (pH 8.0, relative
amplitude: 0.70 £ 0.13, p = 0.02, Fig. 1B). Thes¢adare thus in agreement with previous
reports (Mercik et al., 2006; Mozrzymas et al., 3@0Pasternack et al., 1996). We have
additionally checked effect of protons on curreew®ked by a saturating dose of a partial
agonist, P4S (1 mM). Modulation of these currengseltracellular pH was qualitatively
similar to that observed for GABA-evoked responsdtfiough a trend of a larger increase at
acidic and smaller reduction at basic pH values olE®rved (relative value for pH 6.0: 2.72
+0.491, p = 90 for pH 8.0: 0.91 + 0.13, p = 0.03, Fig. 1Al rigB). However, relative
changes determined for GABA and P4S at pH 6.0 abdi@ not reach statistical significance
(respectively p = 0.19 and p = 0.26).

Next, we have checked how mutation atdfithe64 residue affected pH sensitivity of
amplitudes for currents elicited by saturating @itfGABA] or [P4S]. For leucine mutation
(0;Pheb4Leu), the general trend of amplitude reducitancreasing pH was maintained (Fig.
1A2) but the relative increase at pH 6.0 (for sating GABA, 100 mM) was much smaller
than for WT receptors (1.22 + 0.07, vs. pH 7.2: p.64, vs. WT: p = 40°, Fig. 1B). For
basic pH, relative amplitude reduction of currentediated by the leucine mutants was
similar to that observed for WT receptors (0.77.860 p = 0.04 - comparison with pH 7.2,
Fig. 1B). Analogous recordings were made for respemmediated by leucine mutants and
evoked by saturating concentration of P4S. For padial agonist, acidic pH markedly
enhanced the current amplitude (1.77 + 0.10, p G2,0Fig. 1B) and this increase was
significantly larger than that observed for GABAag®nist (p = 4.0™) for this mutant. Basic
pH reduced P4S-evoked current amplitude to a sirakgent as in the case of GABA (0.67 £
0.05, p = 0.04, vs. GABA: p = 0.26, Fig. 1B). Thigeet of pH on current amplitude was
additionally checked for current responses eliciigdhigh [GABA] (100 mM) and saturating
[P4S] (10 mM) for the cysteine mutantg®he64Cys, Fig. 1A3, B). Interestingly, at pH 6.0,
in contrast to previously considered receptorssigmificant increase in current amplitude
was observed (relative amplitude for GABA: 1.18.22) p = 0.23; for P4S: 1.48 £ 0.14, p =
0.14) and highly significant difference was obsedrbetween the effect of pH 6.0 in WT and
in the cysteine mutants (p =i@or GABA, p = 0.04 for P4S, Fig. 1B). Converselye effect
of basic pH on GABA- and P4S-evoked currents medidty the cysteine mutants was
markedlgl stronger than for WT receptors (GABA: 0£20.04, vs. pH 7.2: p = 0.01; vs. WT:
p = 9107 P4S: 0.40 + 0.08, vs. pH 7.2: p = 0.04, vs. WE ®10°, Fig. 1).

These data show that both for WT and mutated rece@ monotonic decrease of
current amplitudes (evoked by saturating conceotrabf full or partial agonists) with
extracellular pH is observed. However, in the cak&/T receptors and leucine mutants a



trend toward a larger increase at acidic pH caoligerved when the partial agonist is used.
Moreover, amplitude modulation by acidic pH is regld in the leucine mutants and abolished
in cysteine ones whereas the sensibility to badievas particularly strong in the latter ones.

4. 1. Non-stationary analysis of variance shows that pH reduction increases maximum
channel open probability

Current amplitude can be affected by altered siogknnel conductance and/or
maximum open probability. In our recent study ($2czt al., 2014) we have estimated that
for a1B1y2 receptors in our expression model, the maximumm gpebability (Rpenmay Was
~0.65. It is thus puzzling to observe a nearly [B-iocrease in amplitude mediated by these
currents at pH 6.0 (Fig. 1B) and it may be expethed this change could result from change
of both Rypenmaxand the single-channel conductance. Mortenseh €2@10) has previously
observed an increase in the single-channel condeetimr other GABAR types although at
a much more acidic pH value (4.0). To check thissgulity we performed single-channel
recordings from currents evoked in WT receptorsdyrating [GABA] at two pH levels (6.0
and 7.4). However, single-channel analysis didaooifirm the impact of pH changes on the
conductance (pH 7.4: 24.7 + 1.5, n = 6; pH 6.06203.4, n = 11, data not shown). To assess
the impact of protons on maximum open probabilitydynamic conditions, non-stationary
analysis of variance for currents mediated by Wdeptors and evoked by applications of
saturating [GABA] was performed. We observed thatification significantly increased
Popenmax(pH 8.0: 0.53 + 0.03; pH 7.2: 0.67 + 0.04, pH Vs2pH 8.0: p = 0.03; pH 6.0: 0.81 +
0.03, pH 7.2 vs. pH 6.0: p = 0.02, data not showiowever, the effect of pH on the open
probability indicated by NSVA, is still insufficiénto reproduce the observed extent of
amplitude increase at pH 6.0 for WT receptors. TNBVA provides only a qualitative
indication about increased open probability upoidification but it is insufficient to clarify
the underlying mechanisms which we further purdagedombining macroscopic and single-
channel analysis (see below).

4. 2. Acidification slows down the onset kinetics of currents mediated by WT receptors
and evoked by GABA or P4S

Onset of responses to saturating [GABA] is knownbto very fast and therefore
recordings aiming at determining the 10-90% Risedlivere performed in the excised patch
(outside-out, see Methods) configuration. We fouhdt in the case of WT receptors,
acidification slowed down the onset kinetics bkalkation was ineffective (Fig. 2). The
effect of acidification is particularly strong whenpartial agonist (P4S) was used. 10-90%
Rise Time of currents mediated by WT receptorsearaked by GABA application at pH 7.2
was 0.37 £ 0.03 ms; at pH 6.0: 0.46 + 0.04 ms (p02) and at pH 8.0: 0.33 £ 0.04 ms (pH
7.2 vs. pH 8.0: p = 0.58). In the case of WT reseptacidification caused thus nearly 2-fold
slow-down of the onset of currents elicited by RP48r pH 7.2 10-90% Rise Time was 1.15 +
0.13 ms and for pH 6.0: 1.97 + 0.18 ms (p-£03, vs. GABA: p = 0.01) but the effect of
alkalization was negligible (pH 8.0: 1.07 £ 0.10,ms. 7.2: p = 0.69) similar to that observed
for GABA.

4. 3. Acidification reducestherate and extent of macroscopic desensitization

In agreement with our previous data (Mozrzymasl.et2@03a, 2003b; Szczot et al.,
2014) current responses mediated by the WT receptat elicited by prolonged applications
of saturating [GABA] in control conditions were chaterized by a fast onset and a rapid and
profound macroscopic desensitization (in the presenof recording$asipes 2.22 = 0.26 ms,
n = 23; ss/peak: 0.31 £ 0.03, n = 20, Fig. 3Al)lekcidification (to pH 6.0) reduced the rate



and the extent of macroscopic desensitization &mponses mediated by WT receptors
(relative Trasmes 1.68 + 0.11, p =203, relative ss/peak: 1.58 + 0.12, p &8*, Fig. 3A-C).
Alkalization of external medium (to pH 8.0) had aghgible effect on the rapid
desensitization time constant (relatigmpes 0.93 £ 0.12, p = 0.40, Fig. 3B) and caused a
relatively weak although significant effect on thesensitization extent (relative ss/peak: 0.85
+ 0.04, p = 0.02, Fig. 3C). In our recent studyc&x et al., 2014) we have found that current
responses mediated by WT receptors and evokedtbsasag [P4S] were characterized by a
slow macroscopic desensitization while the micrpscodesensitization (conformational
transition) was not abolished and proposed that mhanifestation of macroscopic
desensitization depended on flipping kinetics. deras thus interesting to check whether
alterations in extracellular pH could affect theselesitization kinetics of currents evoked by
P4S. For GABA-evoked currents mediated by WT, thiee of FR10 was 0.34 £ 0.03, n = 22
(Fig. 3Al left) whereas for currents elicited bySPdt pH 7.2, typically, were characterized by
a weak fading (FR10: 0.81 + 0.04, n = 29) with mpid component (Fig. 3A1 right).
Acidification (to pH 6.0) slightly but significantlincreased the FR10 value for currents
evoked by P4S (relative FR10: 1.19 = 0.08, p = 0wiliereas for GABA-elicited responses
this effect was markedly stronger (relative FR1072+ 0.25, p = 30°, WT-GABA vs. P4S:

p = 4103, Fig. 3D). In the case of WT receptors, the eftdcilkalization (pH 8.0) was weak
for GABA-evoked responses - relative FR10 was @904, p = 0.045 and no effect was
found for P4S-evoked responses (relative FR10: £.0D2, p = 0.24, WT-GABA vs. P4S: p
= 810°, Fig. 3D). Currents mediated by leucine mutants elitited by GABA application
were characterized by a smaller onset rate andhtestalesensitization than for WT receptors
(trastpes 6.21 + 0.55 ms, n = 18, LEU-GABA vs. WT-GABA: p810"; ss/peak: 0.50 + 0.04,
n=17,vs. WT: p=30* FR10: 0.64 + 0.04, n = 18, vs. WT: p 4@°, Fig. 3A). Acidic pH
increased the FR10 and ss/peak values and prolapngeg(relative FR10: 1.32 £ 0.08, p =
3110°, vs. WT: p = 0.01; for ss/peak: 1.33 + 0.06, pG=:1and fortssmes 2.08 + 0.17, p =
2010* Fig. 3B-D). Notably, for leucine mutants, alkaliion (to pH 8.0) produced a clearly
stronger effect on desensitization than in the cAST (relative FR10: 0.79 £ 0.03, p £1P

4 vs. WT: p = 0.04; relative ss/peak: 0.67 + 0.p7% 310* vs. WT: p = 0.045; relative
Trastoes 0.78 + 0.05, p = 80°, vs. WT: p = 210°; Fig. 3B-D). Currents mediated by these
mutants and evoked by saturating [P4S] showed niectdble rapid desensitization
component (FR10: 0.96 + 0.01, n = 13) and altenatiaf pH within the considered range did
not affect the desensitization kinetics (relatiV&lP close to unity, Fig. 3D). The same pattern
of the lack of rapid macroscopic desensitizatioRX6: 0.98 = 0.01, n = 43) which was
unaffected by extracellular pH was observed alsdhHe cysteine mutant for both GABA and
P4S (Figure 3D).

4. 4. Diversified impact of pH changes on deactivation kinetics

Deactivation after a short (1-2 ms) pulse of sdioga[GABA] applied to WT
receptors is known to show a time course charaetrby at least two components, the fast
one being in the range of a few milliseconds whetha slower one is roughly 100 ms (Jones
and Westbrook, 1995; Mercik et al., 2006; Mozrzyratal., 2003b; Szczot et al., 2014). The
latter component was implicated as a result of @onétional coupling involving
opening/closing, desensitization and unbinding é3oand Westbrook, 1995; Mozrzymas et
al., 2007; Scheller and Forman, 2002). In practiicanbinding is slow enough, sojourns in
closed, open and desensitized conformations mag pdéce several times prior agonist
unbinding, prolonging deactivation kinetics andleeting thus a functional “coupling”
between these states. Such a complex interdepentetween macroscopic current features
and rate constants is a consequence of a simgléhftahe time course of occupancy of each
state is given by a linear combination of exporastwith time constants which potentially



may depend on all elements of the Q matrix (ratestamts; Colquhoun and Hawkes, 1995;
Colguhoun, 1998). In the present study, deactinakioetics for responses mediated by WT
receptors and evoked by short GABA pulse was cheniaed by the following biexponential
kinetics (Fig. 4A left, for pH 7.2t 2.79 £ 0.35 ms, n = 22,:4¢ 0.70 £ 0.01, n = 250w
144 £ 10 ms, N = 2Igeaci 45.0 £ 6.9 ms, n = 19). Acidification from pH A& 6.0 strongly
affected the kinetics of this process (relativecwas 2.29 + 0.30 ms, p = $0Fig. 4B). This
change was associated with an increase in the tapedconstant (relativeast 2.71 £ 0.43, p

= 0.04, Fig. 4C) and a decrease in percentageeofast component (relativei£: 0.72 *
0.06, p = 3103, Fig. 4D) but also a large contribution to prolatign of tgeact came from
increased percentage of the slow component (reladis, 1.76 £ 0.21, n = 5, p = 0.02)
while the value of the slow time constant was ambakly affected (relativegon: 1.36 = 0.18,

n = 6, p = 0.13, data not shown). When alkalizing extracellular medium, deactivation
kinetics showed a trend to accelerate which waseclo the borderline of significance
(relativetgeaci 0.72 £ 0.11, p = 0.08, Fig. 4B). Deactivationdtios for currents mediated by
WT receptors evoked by short pulses was also detethfor the partial agonist P4S. In this
case, the pulse duration had to be extended toeatisat before agonist removal, the current
reaches its maximum value (Fig. 4A right). Deadtosa time course at pH 7.2 showed
predominantly a biexponential kinetic phenotyp@ati 18.1 + 0.6 ms, n = 14 5.24 +
1.02 ms, n = 141g0w 35.2 £ 1.4 ms, n = 13,:A: 0.57 £ 0.03, n = 14, Fig. 4A right).
Consistently with our previous finding (Szczot &t 2014) deactivation kinetics after P4S
application was much faster than for GABA (relatiygc 0.53 £ 0.08, n =4, p = 0.03). This
difference resulted primarily from the 4-fold retioa of 1oy (relativetgon: 0.25 £ 0.04, n =
4, p = 0.02) compensating a nearly 2-fold incremsé¢he percentage of this component
(relative Ajow: 1.97 + 0.04, n = 4, p =B0°), and with more than 2-fold prolongation s
(relativetist 2.24 £ 0.32, n = 4, p = 0.03, data not shown)d#ication to pH 6.0 resulted in
a slow-down of deactivation kinetics (relativ@aci 1.35 + 0.08, p =-80°, Fig. 4B) due to
significant increase in the fast time constant eglelativer;,s: 1.80 + 0.32, p = 0.045, Fig.
4C) with no impact on a slow component and on #regntage of each component (relative
Tsiow. 1.20 £ 0.17, n = 9, p = 0.29; relativg,& 0.89 + 0.16, n = 7, p = 0.61, Fig. 4D).
Alkalization of the extracellular medium had onlyrelatively weak impact on slow time
constant (relativasow: 0.85 + 0.03, n = 10, p = T with no effect on mean deactivation
constant (relativegeaci 0.96 + 0.04, p = 0.25, Fig. 4B). Deactivationaoirrents evoked by
short pulses of saturating agonist and mediatedhbyleucine mutants showed a single
exponential time course both for GABA and P4S tat7p2, for GABATgeaci 30.6 £ 2.6 ms, n

= 18; for P4Stgeaci 27.3 £ 2.4 ms, n = 8) and neither acidic nor basi affected these time
courses (Fig. 4B). In the case of cysteine muta®@8BA- and P4S-evoked current
deactivations were monoexponential (at pH 7.2 GABRsi 12.3 £ 1.5 ms, n = 25; P4S:
27.9 £ 1.83 ms, n = 5). Interestingly, for thesetants, in the case of GABA application,
acidic pH had no effect but deactivation kineticaswsignificantly slowed down when
alkalizing the external solution (relatiugeaci 1.21 + 0.07, p = 0.03, Fig. 4B). Contrary to
GABA, deactivation kinetics after short pulses atusating [P4S] was more sensitive to
acidification (pH 6.0 vs. pH 7.2 - relativReaci 0.84 £ 0.02, p = 0.04, Fig. 4B) than to
alkalization (pH 8.0 vs. pH 7.2 - relatiugeaci 1.04 + 0.01, p = 0.12, Fig. 4B). Thus, for
deactivation of currents evoked by short pulseaguhist, mutation ai;Phe64 residue leads
to enhanced effect of alkaline pH and weaker impéetidic pH.

In our previous work (Mozrzymas et al., 2007) itshbeen proposed that the
mechanisms of deactivation after short and londiegtmons substantially differ. While in the
former case, there is a prominent fast componéribated mainly to rapid desensitization, in
the latter one (for applications lasting hundredsms) the rapid component is basically
lacking and in both cases a slow component, resuftom above mentioned “state coupling”



is present. In our experiments we applied pulség6fms duration and for currents mediated
by WT receptors the deactivation kinetics was dbedr by a biexponential function (for
GABA - Tgow. 301 £ 19 ms, n = 19, Aw: 0.81 £ 0.04, n = 1855t 324 £ 6.3 ms, n = 12,
Tdeaci 257 = 20 ms, n = 19; for P4Sgow: 51.0 £ 3.8 ms, n = 26 14.5 £ 2.3 ms, n = 16;
Asiows 0.76 £ 0.05, n = 26%geaci 39.3 £ 2.4 ms, n = 26, data not shown). For negtat
receptors, deactivation kinetics after long pulgeswnonoexponential and witclose to that
after short pulse (LEU-GABA %geaci 31.1 £ 4.0 ms, n = 18; LEU-P4Staci 29.9 + 3.8 ms,

N = 8; CYS-GABA -tgeaci 13.1 £ 1.2 ms, n = 42; CYS-P48yzaci 29.5 £ 2.7 ms, n = 14; data
not shown). Generally, deactivation time courserdfing agonist pulse showed considerably
weaker dependence on extracellular pH than thatrded after short pulses. Indeed, for WT
receptors, acidification or alkalization did noflugnce this process in responses elicited
either by GABA or P4S. Interestingly, in the cadeleucine mutants alkalization slowed
down deactivation kinetics of currents evoked hygl@GABA pulses (relativegeacifor pH 8.0
vs. pH 7.2: 1.21 + 0.07, p =I0°) while acidification was ineffective (Fig. 4E).rSilar to the
leucine mutants, a slow-down of deactivation atidoggH was observed for responses
mediated by the cysteine mutants and evoked by GABWtivetgeaci 1.29 + 0.08, p =40

3 for pH 6.0 no significant effect, Fig. 4E). Hovegy in the case of mutated receptors,
deactivation of responses evoked by P4S was noifisantly affected either for acidic or
alkaline extracellular medium (Fig. 4E). Altogetheleactivation after long pulse showed
weaker pH sensitivity than that observed after tshgonist application, being resistant to
modulation by acidic pH but prolongation of thiopess by alkaline pH was present in the
case of both leucine and cysteine mutants.

4. 5. Simulations based on macroscopic recordings indicate three possible scenarios of
GABAAR modulation by protons

To interpret our experimental observations, modeltations were made to indicate a
minimum requirement model reproducing our results.this end, we have used the model
extensively discussed in our recent study (Szdzat €2014).

As we have previously shown (Szczot et al., 20fpping/unflipping rate constants
(62/v2) strongly influence several key kinetic featurdsnmacroscopic currents including
current amplitude, onset kinetics, macroscopic nkatieation and deactivation. Notably, all
these parameters are affected by protons raism@absibility that GABAR modulation by
pH alterations may concern flipping transitionsdded, using the scheme (Fig. 5A) and the
set of kinetic rate constants estimated by Szdzat €2014), even weak changesdgfcause
prominent alterations of all these parameters. drtiqular, our simulations indicate that a
decrease i, results in reduction of the current amplitude adlwas in diminution of the
current onset rate and macroscopic desensitizéign 5B). These predictions, however, do
not reproduce our experimental observations as @edse in current amplitude upon
alkalization (Fig. 1) is associated with enhancesbethsitization and a trend towards
accelerated current onset (Figs. 2, 3). Moreovstrang upregulation of current amplitude at
acidic pH (Fig. 1) is accompanied by a marked doggulation of onset and desensitization
rates (Figs. 2, 3). Thus, alterations of the flijgpirate 5, yield conflicting predictions
regarding current amplitudes and the time courseneésured responses, suggesting that
protons affect other conformational transitions.wdwger, it needs to be considered that
potentially all rate constants in the scheme magpsh(to a different extent) any kinetic
feature of the macroscopic currents (Colquhoun,8199o0zrzymas et al.,, 2003a). Thus,
considering a relatively complex gating scheme .(H§), the potential impact of each
individual rate constant (or group of rate conganeeds to be addressed.



Considering the model 1 (Fig. 5A) with initial paraters from (Szczot et al., 2014),
we performed trend simulations aiming at deterngriiow strong is dependence of particular
kinetic features of the macroscopic currents ortifipeate constants (Fig. 5). In the case of
WT receptors current amplitude, macroscopic deseason, onset and deactivation kinetics
were particularly sensitive to changesodef B, (channel opening), (channel closing), d
(microscopic desensitization) while changes.dexit from flipped state) and,k (unbinding)
strongly affected only deactivation kinetics, apdate constant (resensitization) — the extent
of desensitization (intensity of steady-state qurrgoon prolonged application of saturating
agonist) — Fig. 5B-D. Considering these predictjams made an attempt to ascribe respective
changes in the rate constants to observed kinétcte of protons on the time course of
macroscopic currents. In particular, we checked thvdrerate constants shaping channel
opening and closingB$/a,) and entry into desensitized statg) (dvere compatible with the
observed effects of protons. Simulations were peréd for 4 sets of receptors/agonists —
WT-GABA, WT-P4S, LEU-GABA, CYS-GABA (Table 1). Deease in gin all examined
cases caused an increase in current amplitudes, ddavn of the onset and macroscopic
desensitization kinetics (observations typical &midification). However, a decrease in d
resulted in acceleration of deactivation kinetmstrary to what observed when lowering pH
to 6.0. This discrepancy indicates that alteratiod, rate constant alone is not sufficient to
reproduce the effect of protons on the macroscoyients. Previously, it was postulated that
pH affects dr, and also binding kinetics {kand k¢, Mozrzymas et al., 2003b). However,
simulations presented by Mozrzymas et al. (2003b)ewbased on the model without the
flipping transition. Notably, an important novebfare of the “flipped” model is that the exit
from directly activable conformation (R, Fig. 5A) takes place via unflipping while the
receptor remains fully bound, whereas in the previmodel (Mozrzymas et al., 2003b) — by
unbinding. Thus, the reproduction of deactivatioH-gependence requires considering
additionally the unflipping y. rate constant. Qualitative reproduction  of
acidification/alkalization effects for WT receptas amplitudes and time course of responses
could be obtained by decreasing/increasing of bati constants,candy, (Fig. 5C). Table 1
(column “WT — GABA”) shows the values of these ratmstants assuring the reproduction
of our observations (simulated relative changesFBfLO, tgeact 10-90% Rise Time and
Popenmax consistent with experiment). Analogous qualitatitata reproduction could be
obtained when alteringz@nd ks (scenario Ib in the Table 1, not shown in Fig.Fwever,
the scenario Ib required large changesdgnwhich, in turn, would give rise to a substantial
alteration of agonist affinity beyond our previoestimations (Mozrzymas et al., 2003b).
Considering the similarity in predictions by sceadrased on alterations of/gh and &/Kos
they were considered as two variants of the sameasio (la and Ib) with a possibility that
bothy, and ks« are affected. It needs to be added that besidgs ©taanges in gdandy,/Kos
rate constants, this scenario required additionalilyor modifications of the resensitization
rate constant,rbut no changes i, were needed (Table 1, column “WT — GABA").
Importantly, the same mechanisms could be usedu#titatively reproduce the impact of
changes in pH on currents elicited by the partgdrést P4S for WT and for responses
mediated by LEU mutants and evoked by GABA (Tabldrterestingly, in the case of CYS
mutants, the scenario Ib (in contrast to la) ditlallmw us to reproduce four-fold reduction of
current amplitude upon alkalization. The explamatb this difference is that;Phe64CyB,y-
receptors are characterized by very slow flippnagsitions (in contrast to WT-GABA) which
are the major limiting factor for the receptor tet gctivated and in these conditions open
probability strongly depends on both ady, but not on k. It is worth noting that in the
case of WT receptors, when saturating [GABA] islegah acidification from control pH to
6.0 would be accompanied with larger change of bgt@mdy, (about 4-fold) than in the case
of P4S (about 2.5-fold change) or in the case diated receptors (lower than 1.5-fold). The



opposite situation is predicted for alkalization8@® — for most of examined groups (except
cysteine mutants),candy; increase less than 2 times. On the other handasoelb predicts
larger changes ofyk in the case of P4S than for GABA at acidificat(®T-GABA — 6-fold,
WT-P4S — more than 20-fold reduction; at alkali@atiwT-GABA — more than 3-fold, WT-
PAS — 2.5-fold k& increase). In the case ofiPhe64Lefl,y, receptors the impact of
acidification on ¢, v, and ki seems to be weaker than for wild-type receptoEJIGABA:
less than 2-fold decrease of mentioned rate cotsstan alkalization similar changes were
observed). Surprisingly, simulations suggest timathie case ofi;Phe64CyB,y, receptors
alkalization to pH 8.0 would be connected with mtbran 6-fold increase in,é&nd almost 4-
fold increase ofy, (Table 1). However, these simulations for the Qvi8tant need to be
interpreted with caution as they are based on mitiely postulating that at high [GABA]
used (100 mM) all receptors reach fully bound stashich was recently found to be
problematic due to particularly low flipping ratkigiel et al., 2018). This issue is discussed
in detail in Discussion (chapter 5.3).

Extensive trend analysis performed using model ify. (BA) revealed that several
major observations concerning modulatory effectscloinges in extracellular pH can be
reproduced by an alternative scenario - by altetive, rate constant (for WT receptors).
This scenario has been discarded in our previoysrpan proton effects on neuronal
GABAARs (Mozrzymas et al., 2003b) as for the valuesatd constants optimized to these
data in the classic Jones and Westbrook modelgaser inf, (to reproduce effects of
acidification) would lead to the onset acceleration responses to saturating [GABA],
contrary to experimental findings. However, usiig tflipped model with rate constants
adapted to the present data (Fig. 5A), increafe alone predicted a slow-down of the rising
phase. Moreover, as shown in Fig. 5D, increaséhim rate constant resulted in increased
amplitude and a slow-down of deactivation and msmopic desensitization in agreement
with the present findings. Reproduction of our a@bagons concerning the impact of
acidification on GABA-evoked responses mediatedthy WT receptors would require a
robust change in th@, rate constant but for P4S-elicited responses tlobs@ges were
smaller and required additionally a decreasexinand a slight increase iy (Table 1).
Alkalization to pH = 8.0 could be reproduced by ecrase i, for WT receptors and
leucine mutants but for cysteine mutants, for whielold decrease in current amplitude was
observed (Fig. 1), almost 5-fold decreas@Jimwas needed. Again, as mentioned above, this
different prediction for the CYS mutant could résubm a different pH-sensitivity of non-
fully-bound receptors whose activity could be pmadwant even at high [GABA] (Kisiel et
al., 2018). Similar to effect on P4S-evoked cusanediated by WT receptors, in the case of
the a;Phe64 mutants (activated by GABA) a reproductioral@lization effects required,
besides increase B, a decrease in the closing rate (Table 1). In addition, in all groups
except for WT-GABA a relatively minor correction the unflipping rate constant was
additionally needed (Table 1). It is worth notirgat two proposed mechanisms assume
changes of, in opposite directions (at acidification for firstenario — decrease, for second
one — increase). However, it seems rather unlikbt whereas the flipping rat& is
unaffected by changes in pH, the unflipping nates.

We also considered the third scenario in whichflipping/unflipping transitions are
unaffected by protons but changes in extracellpkhalter primarily d andp, rate constants
(Fig. 5E, Table 1). Interestingly, in thi&'3cenario, the major mechanism of modulation of
responses mediated by WT receptors was relateltetatzon of the opening rafe but in the
case ofa;Phe64 mutants, a considerably larger sensitivitgdesensitization kinetics to pH
changes (especially alkalization) was needed (Tapldt is noteworthy that in this scenario



good qualitative reproduction of our experimentatadwas achieved by altering only these
two rate constants (Table 1).

Taking altogether, macroscopic simulations basedegtended model assuming
flipping (Szczot et al., 2014) indicate possiblechisms of pH modulation including most
of available gating transitions comprising openintpsing, desensitization and unflipping.
However, it remains unclear which out of these éhseenarios is really responsible for
observed modulation. Taking this into account weidkd to extend this study by stationary
single-channel recordings and analysis.

4. 6. Protons affect shut time distribution and burst kinetics at saturating [GABA]

Considering above described difficulties in intetprg the model simulations of
macroscopic current responses, to get a more oleaght into mechanisms of GABR
modulation by protons, single-channel recordings amalysis were applied. Importantly, the
considered scenarios could be applied both to WA rantants and therefore the single-
channel analysis was limited to the WT receptarsodr previous work (Kisiel et al., 2018)
we have presented an extensive single-channel asaty GABA-evoked recordings at
control pH. In the present study, in attempt tatHer explore the mechanisms of proton
modulation of receptor gating, we extended thesesdtigations by recordings of single-
channel currents elicited by saturating [GABA] (®M) at pH 6.0, as macroscopic currents
mediated by WT receptors showed a particularlyngireensitivity to acidification. Fig. 6A
shows a typical single-channel activity evoked bjugting [GABA] at pH 7.4 and 6.0 for
WT receptors. Exemplary open and shut times didiobs for events recorded at pH 7.4 and
6.0 are shown in Fig. 6C, D and detailed comparibetween respective single-channel
characteristics (open and shut time distributitmsst and cluster parameters) is presented in
Table 2.

As explained in Theory/calculation, clusters in@dudur shortest components of shut
time distributions (typically up to 20-50 ms) andr&ts — three components (usually up to 5-
10 ms). In the present study we additionally dgished microbursts which include the
fastest closures (typically two components belownd duration). As explained previously
(Kisiel et al., 2018), assessment of parameteteeofourth (the longest) shut time component
is difficult because of its low percentage and,ssmjuently, in Table 2 we present statistics
for the three shorter components. Interestinglysadtirating [GABA], acidification caused a
significant burst prolongation and, surprisinglyicraburst shortening (Fig. 6A, Table 2).
Moreover, open probability clearly increased whandring pH which is consistent with our
results of noise analysis. We also observed areaser in open probability in microbursts
(Table 2). As presented in Table 2, there is naigant difference between parameters of
experimental open time distributions, including Weighted time constamtpenat the two pH
values. However, acidification induced some diffexes in the shut time distributions at
experimental resolution (between 60 andug] As it can be seen in Fig. 6A, bursts at pH =
6.0 are characterized by a larger proportion ofi-defined closures (visually more closures
within burst are reaching the baseline). This eéffedue to a larger percentage of the third
component of closures although the respective torestant is shortened (Table 2). There
was also a trend to shorten the first and the skcomponent of shut times with acidification
but it did not reach a statistical significancelflea2).

4. 6. 1. Analysis of single-channel activity atusating [GABA] indicates involvement of
classical gating but not flipping/unflipping tratisins in pH modulation

To interpret described observations in terms ofngatmechanism modulation, we
performed kinetic model fittings to the experimémiata using a model which was introduced



in our recent work (Kisiel et al., 2018) - modelizh two open and two desensitized doubly
bound states (Fig. 6B). First, the rate constahtdy® model were optimized and then the
dwell time distributions were simulated for thesedals and compared to the experimental
distributions (lines superimposed on distributipnssented in Fig. 6C, D). Statistics for such
simulated probability density functions is discldsen Table 2 (regular brackets -
experimental resolution, square brackets — afterection for missed events, analysis for pH
7.4 from Kisiel et al., 2018). Model fittings shogvao differences in open time distributions
between recordings performed at pH 7.4 and 6.perenental distributions (and also at
resolution Ous). Our simulations indicate that in the shut times distribution (< 1Q3) is
slightly shortened by acidification while, (~300 us) — is not. These observations are
consistent with increase of open probability in mobursts (Table 2). Kinetic simulations
showed also a lower percentage of closures withetigth ~30Qus (2'* component) at pH 6.0
(only at experimental resolution) and confirmedighkr percentage of third component of
closures (>1 ms, Table 2). However, no effect ofghldnges on the time constant of the third
shut time component{ — a few ms) was revealed although a shortenirthisfrate constant
was observed in experimental distributions. Thusdeh 2 allowed us to reproduce our major
experimental findings with a minor exception to #rtening ots at acidic pH.

As we extensively discussed in our previous worlsigd et al., 2018), there is a clear
correlation between changes in distribution comp&nevith alterations of specific rate
constants. Based on these relationships we can ent@ative interpretation of observed pH
effects in terms of the rate constants. In paricuthange i, of the shut time distributions
would indicate an alteration in the opening ratestant ), change in P suggests a
modification of unflipping {2) and change in f could suggest an alteration in the
desensitization rate constang)(dVioreover, the change ob,Ro some extent, can also result
from alteration of the opening or desensitization,dransitions what was actually indicated
by model fitting (see below). The lack of changés,argues against pH-induced alterations
of the flipping rated, (Table 3). Our simulations thus indicate that pnstaccelerate channel
opening and desensitization rates without affectiregflipping/unflipping transitions (Table
3). Furthermore, our model simulations confirmedification-induced burst prolongation
(due to increase ifi;) and microburst duration reduction (due to inceeas @&, Table 2).
Summarizing, presented results of single-channebrdengs reveal the global impact of
protons on classical gating but not on flippinglippiing transitions (Table 3).

Model fitting presented above allowed us to repoedaur major observations at the
single-channel level but gave a surprising althowgimsistent prediction regarding the
microscopic desensitization. Namely, while for nesoopic currents modeling, scenarios
predicting proton effect on this transition, indeé a decrease in @ith acidification while at
single-channel level the opposite trend is propobkedur recent study (Kisiel et al., 2018) we
have extensively discussed the fact that modelsng®d for steady-state single-channel data
may Yield poor predictions for responses elicitgddpid agonist applications, especially with
respect to the rate and extent of macroscopic désmtion. Within milliseconds of
saturating [GABA] application roughly 70-90% of pemise undergoes a macroscopic
desensitization, the process that is not cleasyjbig in the steady-state conditions. Notably,
the estimates of.drate constant based on fits to the macroscopiestetionary currents were
nearly one order of magnitude larger than thosdHersteady-state conditions (Tables 1 and
3). Conversely, using the model 1, which adequatghyyoduced macroscopic recordings, to
simulate single-channel data, we would predict aressively large proportion of closures
longer than 1 ms due to high dnd slow § rate constants (Fig. 6E, F) which is inconsistent
with experimental single-channel distributions (Fi§C, D; respective long-duration
components highlighted with grey squares). Thuthensteady-state, we could see different



desensitization states (not identified in macroscaogcordings) or just a remnant of
desensitization. As we proposed in (Kisiel et aD18), it is likely that the number of
conformations accessible for GARAreceptors are probably markedly larger than in the
considered models and imposing extremely diffecemtditions (steady-state vs. responses to
ultrafast applications) may result in involvememtnon-overlapping sets of conformations
and thereby in distinct kinetic behavior predictgdestimated rate constants. This might be
particularly relevant with respect to a varietyd&sensitized states. On the other hand, it is
worth emphasizing that the estimation of the ratestantsp,, 6, andy,, which shape two
fastest shut time components, based on the simglerel analysis (Kisiel et al.,, 2018),
yielded similar results to those obtained previpussing model fitting to macroscopic
currents evoked by ultrafast solution exchangeZ&zet al., 2014). This further indicates that
the desensitization process in these two extrediffigrent experimental protocols is a major
source of discrepancy while estimation of othere rabnstants is less dependent on
experimental conditions.

Summarizing, simulations based on macroscopic ardstopic recordings indicate
that the primary mechanism of GARR gating modulation by protons is the effect on
opening and on different forms of desensitization.

5. Discussion

5. 1. Protons affect gating by modifying desensitization and opening but not flipping

In the present study we have re-addressed the misoi& of modulation of GABA
a1B2y2 receptors by changes in extracellular pH by combimacroscopic and single-channel
analysis and by considering the novel GA®A kinetic scheme including flipping
(preactivation) transition (Kisiel et al., 2018;c3nt et al., 2014). The described here impact
of pH changes on the time course of macroscopic &&Bic currents, mediated by neuronal
or recombinantu B2y, receptors, is consistent with that described leefBrodzki et al., 2016;
Mercik et al., 2006; Mozrzymas et al., 2003b; Pastek et al., 1996). The use of a simple
Jones and Westbrook’'s model previously indicateat thhe major proton effect on the
receptor kinetics was to affect the desensitizatransition with some impact also on the
closing rate and on agonist binding (Mercik et 2006; Mozrzymas et al., 2003b). On the
other hand, previous reports presenting single+oblasiata (Huang and Dillon, 1999; Krishek
and Smart, 2001) did not indicate any protons irhpacclosing transitions. It is noteworthy
that the resolution of these single-channel recgsliwas much lower - their shortest shut
times were between 1 and 4 ms (while in our analygd shut components shorter than 1 ms
were detected). Thus, it is likely that in thesevwus analyses the resolution might have
been not sufficient to unravel the impact of preton closed time distributions.

Not surprisingly, an attempt to reproduce the mswopic observations of pH effect
using a more complex model including flipping, gaise to some difficulties in assigning a
unique mechanism, indicating rather a set of seemalt points to a common problem in
interpreting macroscopic results based on moddls aviarge number of free parameters for
which a unique interpretation becomes problemaiite show here that extension of
macroscopic investigations with single-channel sial was a crucial step in solving this
problem but a caution should be taken as GARAinetic behaviour in dynamic and steady-
state conditions shows profound differences, esflgciwith respect to the receptor
desensitization. Based on this combined approaehpnepose a revision of the mechanism
whereby protons affect GABRS gating by postulating that, besides the receptor
desensitization, opening transition is stronglyeetiéd by this factor but no evidence was
found for effect on flipping.



The major problem in combining the macroscopic, algic data with steady-state
single-channel recordings was the issue of deszaisin. This problem has been extensively
discussed in our recent paper (Kisiel et al., 20h8vhich the kinetic model for WT and
a;Phe64 mutants was constructed based on the singterel data. In particular, we have
shown that desensitization rate constants detedriimiestationary and dynamic conditions
differ by nearly one order of magnitude and, aseeigd, the model based on steady-state
single-channel recordings poorly reproduced theras@opic desensitization. It needs to be
stressed that also other models, based on theesthghnel stationary recordings (Dixon et
al.,, 2014, 2015; Keramidas and Harrison, 2010) dadlyi failed to reproduce rapid and
profound macroscopic desensitization observed uppid application of saturating [GABA]
(e.g. Jones and Westbrook, 1995; Mozrzymas e1299; Szczot et al., 2014). In the present
study we point to yet additional discrepancy betwpeedictions related to desensitization
transitions in the steady-state and dynamic camulti The simulated shut time distributions
for the model based on macroscopic recordings (®zet al., 2014), which properly
reproduced rapid macroscopic desensitization (timie constant ~2-3 ms), would contain a
prominent component of closed events with time taisin the range 20-30 ms (Fig. 6F)
which is nearly absent in distributions of singlenel events recorded in the stationary
conditions (Fig. 6C). On the other hand, as alreadytioned, other gating rate constants
such as opening, closing and flipping/unflippingowied only minor differences when
estimating them in dynamic (Szczot et al., 20143teady-state conditions (Kisiel et al., 2018
and the present study). These observations shotviridaed desensitization is the most
“neuralgic” aspect when confronting dynamic andtisteary GABAAR behaviour. It is
possible, as we proposed in our previous studies (dozrzymas et al.,, 2003b), that in
dynamic conditions, modulation of the desensit@atiate could contribute to regulate the
current amplitude as a relatively minor increas®men probability observed in the steady-
state single-channel activity upon acidificatiommat explain a much larger increase in the
amplitudes of currents elicited by saturating [GABRig. 1). However, the present data and
modelling, both dynamic and stationary, indicaten@avel mechanism in which, besides
desensitization, protons would affect primarily tbpening rate3; (Table 3). As already
mentioned, our analysis and model simulations mtdicthat flipping and unflipping
transitions are not clearly affected by protons.t@mother hand, the kinetic model including
the preactivation step, for the rate constantsneséid for the present data, predicted that the
increase i, gave rise to a slow-down of the rise time, in agrent with the experimental
data, whereas classic Jones and Westbrook’s madel an opposite prediction (Mozrzymas
et al., 2003b). Thus, even if changes in pH do alearly affect flipping/unflipping rate
constants, the extended kinetic model includingehteansitions allowed us to obtain a better
reproduction of experimental data, indicating a eloscenario postulating a major proton
impact on the opening rate. Considering the trgordsented in the scenario Ib, it cannot be
excluded that protons could modify to some extdr@ tnbinding rate but, as already
mentioned, such a robust modification gk las presented in Table 1 for this scenario is
unlikely because it would predict a strong chamg@&ABA-sensitivity of this receptor.

5. 2. Impact of pH on current amplitudes

Impact of changes in extracellular pH on currefitsted by a high [GABA] has been
studied in several reports and it is worthwhileectanpare them to the present findings. Chen
and Huang (2014) reported that lowering pH fromtd.8.4 caused only a weak increase of
currents elicited by 1 mM GABA whereas at low [GABAcidification reduced and
alkalization increased current responses. The newodiscrepancy at high [GABA] is not
clear although it needs to be emphasized that dews of Chen and Huang (2014) were
made from hypothalamic neurons and they used &vala slow application system which



practically precluded the detection of rapid cutremaracteristics such as e.g. rapid
macroscopic desensitization within millisecond tinseale. Notably, however, their
observations for currents evoked by low [GABA] (ahich application speed was less
critical) are in qualitative agreement with our ebh&tions made in similar conditions on
hippocampal cultured neurons (Mozrzymas et al.,3BPOA similar trend for amplitude
upregulation at acidic pH for responses evoked igh IGABA] was reported for acutely
dissociated pyramidal neurons (Pasternack et &96)1 There were some qualitative
difference between pH effect in our report (Meretlkal., 2006; Mozrzymas et al., 2003b) and
that of Feng and Macdonald (2004) in which no gigant amplitude increase was found for
currents elicited by 1 mM GABA upon acidificatiodowever, Feng and Macdonald (2004)
expressed receptors with different beta subya)t Which generated responses lacking rapid
desensitization component which was predominamiunrecordings. It is worth noting that
the type ofp subunit is crucial for pH modulation (Krishek dt, a996) and therefore
receptors with3, andps; can be differently affected by protons althoughhsa comparison
has not been systematically studied. Notably, Huamg) Dillon (1999) have reported that
alkalization (from pH 7.3 to 7.9) caused acceleratof desensitization kinetics of currents
mediated byu;f,y, receptors and evoked by 508 GABA which is consistent with our
observations.

Whereas (Mortensen et al., 2010) showed that apidimay increase the conductance
of GABAARS, this finding was not confirmed by our singlexhel analysis. However, it
needs to be pointed out that single-channel rengsdpresented by Mortensen et al. (2010)
were performed under different ionic conditionsnthia our study (outside-out, here: cell-
attached patches). Moreover, Mortensen et al. (R8li6wed that acidic pH may increase the
conductance of GABARs but they made this observation at much lower(4H) and used
receptors with different subunits combinationpgy,) which can be differently modulated by
protons thanuBzy.. On the other hand, amplitude increase of macmsamrrents for WT
receptors at pH 6.0 with respect to control condgi (pH 7.2) was larger than that for
Popenmax €stimated with noise analysis. It is puzzling lesea single-channel recordings
argued against any major pH-dependence of the eharonductance. This implies that
estimations made using the analysis of varianceldhuoe interpreted as a qualitative rather
than strictly quantitative estimation, at leasbur experimental conditions.

Yet another surprising result was that the valuéssingle-channel conductance
estimated here were relatively low (24.7 pS). Hoavewther authors indicated similar values
on the basis of single-channel recordings: ~24Lg&é and Auerbach, 2006), ~26 pS (Dixon
et al., 2014), ~27 pS (Mortensen et al., 2004 erbgtingly, relatively low conductance (~24
pS) was determined by (Lema and Auerbach, 2008)arcell-attached configuration (like in
our case), whereas higher ones: ~26 and ~27 p®1Bakal., 2014; Mortensen et al., 2004)
were measured from excised patches. It cannot s #xcluded that cell-attached
configuration might influence the measured cureamplitudes. In this mode, such parameters
as the membrane potential, the intracellular ctiorand bicarbonate concentrations (and
thereby the reversal potential for GABA-induced reats) are unknown and cannot be
controlled. In addition, it cannot be excluded ti@t conduction through the patch might
affect the resting potential — such a scenario been reported for cells characterized by a
high input resistance (Fenwick et al., 1982; Momrag et al., 1997). Moreover, at highly
positive pipette potentials applied here, the memérpatch is expected to be strongly
hyperpolarized and the predominant component obrad ions would flow outwardly
(inward current). Since intracellular concentratioh chloride ions is expected to be
considerably lower than the extracellular one, therent amplitude measured at strongly
negative membrane potentials may be lower thanoiamward currents (a rectification



predicted by Goldmann-Hodgkin-Katz current equatisee e.g. in Hille, 2001) therefore
giving rise to conductance underestimation.

In the case of P4S-elicited currents mediated bygihee mutants, acidification caused
a larger relative increase in amplitude than indhse of GABA (Figure 1). A similar trend
was observed for WT receptors. Our model simulatiprovide a plausible interpretation of
this finding. In the case of P4S, for which the umancy of the flipped state is low (because
of low 9), acidification causes a large relative increasine flipped state occupancy, whereas
in the case of GABA, for which and flipped state occupancy are higher at physicéd pH,
the relative increase due to acidification is sergléimulations not shown).

5. 3. Mutations of a;Phe64 alter receptor sensitivity to alkalization

Interestingly, mutations ofi;Phe64 residue appear to make various aspects of the
receptor functioning (manifested macroscopically amplitude, desensitization and
deactivation) more sensitive to alkaline pH whishparticularly evident for the cysteine
mutant (Figs. 1, 3, 4). It is noteworthy that cys¢e-SH group can dissociate with pKa = 8.37
implying that at pH 8.0 a part of receptors wouldriegatively charged. This could explain
stronger impact of alkaline pH on cysteine mutantsomparison with WT and leucine
mutants. However, a prolongation of deactivationeticonstanttge,c) after long pulse was
also observed for the leucine mutant (Fig. 4E)jcaiihg that ionization of the sulphydryl
group at the cysteine residue could not be a seehanism underlying increased sensitivity
to alkalization. Especially analysis of deactivatikinetics reveals how subtle and complex
the mechanism of modulation by changes in extralegllpH is. The mechanism emerging
from these studies points to alterations paddp, rate constants. However, changes in these
parameters can cause acceleration, slow-down arhaoges in deactivation kinetics, as a
modification of each of them separately may prodyggosite effects on this process and the
overall result depends on the balance between timgacts. It is worth emphasizing that
mutations ofa;Phe64 residue seem to enhance the sensitivity iefipexf d, rate constant to
alkaline pH. This is surprising as it has been médggroposed by Gielen et al. (2015) that the
desensitization gate is very distant from the gdsite and is regulated by interactions
between the second and third transmembrane segmaigetsing the channel lumen close to
its intracellular side. Thus, mutation @fPhe64 residue have far reaching, distant from the
binding site structural consequences, affectingethyelate stages of receptor gating including
opening and desensitization. On the other hand,worth noting that simulations based on
macroscopic recordings were carried out under $seraption of saturating conditions while
in our recent paper (Kisiel et al., 2018) we pcsed that at 100 mM of GABA (used in
macroscopic recordings for mutated receptors) han dase ofi;Phe64CyB,y,, activity of
singly bound GABAR is particularly abundant. Thus, for this mutattered pH-sensitivity
could reflect, at least in part, the propertiessofgly bound receptors. This could be an
additional aspect of different sensitivity of @ndp, rate constants to pH in the case of WT
receptors and cysteine mutants.

It needs to be pointed out that considered heRhe64 residue is not the only one
implicated in GABA\R pH-sensitivity. The structural determinants of ptbdulation are
present at GABA binding sit@,Tyr205,a0;Phe66 andi;Phe64 (Huang et al., 2004) but there
are also some charged residues in the vicinityhef ¢hannel gateB,His267, B.Lys279
(Wilkins et al., 2005). It cannot be excluded thatoncomitant interaction of protons with
these residues may exert a global effect on GABAmacromolecule comprising large
portions of the channel structure and thereby fiecaits gating. This hypothesis is somehow
reminiscent of proposal by Xiu et al. (2005) thatle interface of Cys-loop receptors the



overall charging pattern is crucial to transmit ttenformational transition rather than any
specific, singular electrostatic interactions.

6. Conclusions

The present study combines high resolution, dynamécroscopic recordings and
single-channel investigations to extend our knog#edn mechanisms whereby protons affect
GABAAR gating. We show that, in addition to binding s@#ions and desensitization
(Mozrzymas et al., 2003bjprotonsmarkedly affect also receptor opening, alteringstita
efficacy. a;Phe64 residue is involved in pH-sensitivity of théxeptor gating implying that
mutation at this binding site residue strongly eifidistant parts of the channel macromolecule
which are believed to be involved in late gatingnsitions of GABAR. Taken altogether,
these findings suggest that different conformafiotr@nsitions and their structural
determinants may be strongly coupled and therdidtge studies of gating mechanisms will
most likely require a more “holistic” approach batifunctional and structural level.
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Figure legends

Figure 1. Acidification increases and alkalizationrdecreases the amplitude of current responses evokésy

saturating concentration of full (GABA) or partial (P4S) agonist. Al, typical traces of current respses
mediated by wild-type (WT) GABA4 receptors in response to saturating concentrationsf the full agonist

— 10 mM (pH 7.2 and 8.0) and 30 mM (pH 6.0) GABA ¢fft) or a partial agonist — 1 mM P4S (right) at
different pH values indicated by the gray scale andhe inset. A2 and A3, typical currents evoked by a0

mM GABA applied to a;F64L (LEU) and a;F64C (CYS) mutants, respectively at different pH vhes. B,

statistics for relative amplitude values measureddr WT and for mutated receptors at different pH values.

Each data point at a given pH value (6.0 or 8.0) mresents the relative amplitude which was determirg

by normalization to the amplitude measured at pH 22 from the same cell. Note that for WT, acidic pH
tends to exert a larger effect, whereas in mutants trend toward a higher sensitivity to alkaline pHis

observed. Insets above current traces indicate agh applications. Asterisks mean a statistically
significant difference.

Figure 2. The onset kinetics (10-90% Rise Time) afurrent responses mediated by WT receptors and
elicited by saturating [GABA] or [P4S] is slowed davn by acidification of extracellular medium whereas
alkalization is ineffective. A, typical normalizedtraces showing a reduction of the onset rate at atic pH
in comparison to control pH for responses evad by GABA (left) and P4S (right). B, statists of
10-90% Rise Times for GABA- and P4S-evoked currentdnsets above current traces indicate agonist
applications. Asterisks indicate a statistically gjnificant difference.

Figure 3. The rate and the extent of rapid desens#ation are sensitive to alterations of extracelladr pH.
Al, A2, typical normalized traces of currents medited by WT (A1) and LEU (A2) receptors showing fast
component of desensitization at pH 6.0, 7.2 and 8.When currents are evoked by saturating P4S, the
rapid desensitization component is not present foWT receptors. B, statistics of relative fast compoent of
desensitization for acidic and alkaline pH in GABAevoked currents. Note that for WT receptors the
effect of alkalization was not significant and forboth receptors, the impact of acidic pH on desensiiation
is large and significant. C, statistics for saturahg [GABA] applications showing that significant
differences for both acidic and basic pH are foundor relative ss/peak parameter demonstrating the
impact of protons on the extent of desensitizatiorD, statistics for macroscopic desensitization assged as
FR10 parameter. Note that acidification slowed dowmesensitization kinetics and alkalization acceletad
it except for groups showing weak desensitizationitketics (LEU-P4S, CYS-GABA, CYS-P4S)lInsets
above current traces indicate agonist applicationsAsterisks indicate a statistically significant diference.

Figure 4. The impact of changes in extracellular pHon the time course of deactivation. A, typical
normalized current traces showing deactivation kingcs after a short pulse of saturating [GABA] or [P4S]
for WT receptors. Insets above traces indicate agast applications. Note that in the case of P4S in,A
agonist pulse duration was extended to assure tha&urrent reaches its maximum value. B, statistics of
relative weighted deactivation time constants ... Note that in the case of WT receptors, only acidipH
significantly prolonged this parameter whereas inhe case of the CYS mutants, alkalization slowed dow
the deactivation process (when GABA was applied) anhacidification to pH 6.0 accelerated it (for P4S
application). C, D, statistics for the time constan(C) and its percentage (D) for the rapid componenof
deactivation following a brief agonist applicationfor WT receptors (deactivation was fitted with a sun of
two exponential functions, see Results). E, statiss of relative tqest fOr current responses elicited by long
(500 ms) applications of agonists. Note that similato B, in the case of GABA-evoked responses for
mutants, alkalization slowed down deactivation timecourse. Asterisks indicate a statistically signifiant
difference.

Figure 5. Model simulations for macroscopic currens based on the frame of flipped Jones-Westbrook’s
model (Szczot et a., 2014). A, the scheme presenting fJW model (model 1) wherR — the unbound
receptor, A — an agonist, states: F — flipped, D desensitized, O — open. Drawings B-E show result§ o
model simulations in which controls were simulatedas in Szczot et a., (2014). For non-mutated a5y,
GABA,Rs (in E additionally simulations for the CYS mutart is shown) three scenarios described in
chapter 4.5 were considered to reproduce the impagif protons on recorded currents. B, simulations of
the impact of §, rate constant decrease (displayed using grayscalei macroscopic currents evoked by
saturating [GABA]. Traces in panels C-D show simultions for two scenarios of pH modulation — in the
first d, and y, are changed either separately (for pH 7.2 in darlgrey, C1) or both of them are modified
with an additional correction of r, (C2), in the second ong, is altered (D). In chapter 4.5 we additionally
described a scenario Ib (not shown in this figureln which variation of d,/r, and ks (instead ofy,) were
considered to make similar predictions. E, simulatins for wild-type receptor (upper row) and cysteine



a;Phe64 mutants (lower row) for the scenario in whictprotons affect both the operf3, and desensitization
d, rates. Note a difference in the impact of alkalinggH for WT and the CYS mutants. The rate constants
(in ms*, numbers located next to simulated traces) optimen for these scenarios are presented in Table 1.
In C, D and E, drawings are made for the rate consints optimized to reproduce currents’ features at
acidic (black), control (dark grey) and alkaline (ight grey) pH values (insets in the gray scale).

Figure 6. The impact of extracellular pH on the sigle-channel cluster activity at saturating [GABA] for
wild-type a,By, receptors. A, typical traces of single-channel recdings evoked by saturating [GABA] at
pH 7.4 (10 mM) and 6.0 (30 mM). B, modified flippedlones-Westbrook’s model with two doubly bound
desensitized and two open states (model 2). R — unind receptor, A — agonist, states: F — flipped, D' —
desensitized, O, O’ — open. C, D, typical fitting®f experimental open and shut time distributions of
cluster activity elicited by saturating [GABA] at pH 7.4 (C) and 6.0 (D) performed with model 2. Thin
lines present specific components of shut and opetime distributions with respective parameters
(percentages P%> 1 and time constantsr) at experimental resolution. Grey dashed lines shoidealized
(at resolution 0 us) probability density functions. Data for pH 7.4 ae from (Kisiel et al., 2018). E. Gating
part of flipped Jones-Westbrook's model (model 1Szczot et al., 2014, to model GABALR at saturating
[agonist]) and shut time distribution (F) simulated for this model at resolution 60pus, using the rate
constants evaluated from macroscopic recordings b$zczot et al. (2014). Note that for saturating [GABA],
the model based on macroscopic recordings (E) prexds a very prominent shut time componentt, F)
which is very small in distributions of shut timesdetermined in the single-channel recordings (C an®,
grey boxes). This difference points to distinct inelvement of desensitization transitions in dynamic
conditions (rapid agonist applications) and singleshannel recordings in stationary conditions (see
chapters 4.5, 4.6 and 5.1).



Tables

Table 1. Rate constants of flipped Jones-Westbroak’model reproducing macroscopic currents mediated
by WT, LEU and CYS receptors and evoked by saturatig concentrations of GABA or P4S for various pH
values. Rate constants for pH 7.2 were evaluated lf§zczot et a., 2014). Since fitting was performed for
saturating concentrations of agonists, the bindingate constants were not relevant and were not disazted
in the table. The rate constants differing from th@e for pH 7.2 are marked as bold text. The symbol #
mean that for CYS — GABA and pH 8.0 fits with scengdo Ib were unsuccessful.

Scenariola|  WT- GABA WT - P4S LEU - GABA CYS - GABA
pH|60 72 80|60 72 80|60 72 80|60 72 80

Koft 1.16

5, 4.03 0.16 2.2 0.27

V2 11 446 9 |17 446 5 | 14 20 25 170 195 750
B |ms. 16.5

o) 1.69

d, 7 238 36| 9 238 26 | 22 288 45 | 22 288 180
r 0.17 0.12 0.09|0.15 012 |0.24 021 0.18 0.21
Scenariolb|  WT - GABA WT — P4S LEU - GABA CYS - GABA
Koft 02 116 4 |005 116 3 |06 1.16 1.9 | 0.4 1.16 >100"
5, 4.03 0.16 2.2 0.27

V2 4.46 20 195

B |ms 16.5

o) 1.69

d, 7 238 36| 5 238 25| 21 288 43 | 5 288 >675"
) 017  0.12 0.12 0.25 0.21 0.18 0.21
Scenario I WT - GABA WT - P4S LEU - GABA CYS - GABA
Koft 1.16

5, 4.03 0.16 2.2 0.27

V2 4.46 4.7 4.46 22 20 14 | 210 195 150
B Ims | 60 165 10 |264 165 15 | 20 165 13 | 20 165 3.5
a0 1.69 0.9 1.69 1.2 169 25 1.69

d, 23.8 28.8

) 0.12 0.21
Scenario Il | WT - GABA WT — P4S LEU - GABA CYS - GABA

Koft 1.16

5, 4.03 | 0.16 2.2 0.27

V2 4.46 20 195

B» |ms | 55 165 12 | 50 165 15 | 25 165 14 | 20 165 5
a; 1.69

d, 21 238 25 | 21 23.8 28 288 35 | 25 288 50
r 0.12 0.21




Table 2. Parameters of single-channel recordings (R area,t — time constants of shut and open time
distributions, burst duration and open probability calculated for clusters of bursts, bursts or for
microbursts (t.; betweent, - 15, T3 — T4 O T, — T3, respectively). Time constants and areas (unbracted
values) were obtained from fitting experimental dw# time distributions for saturating [GABA] for wil d-
type a,f.y- receptors at pH 7.4 and 6.0 with sums of exponentg@a Time constants and areas in brackets
represent values from distributions simulated with model 2 (Fig. 6B) which was optimized to the
experimental data as described in Theory/calculatio (normal brackets for experimental resolution and
square brackets after correction for missed events)Data were expressed as the mean + SEM and
calculated from 3-8 patches in each group. Bold téxand * mean p < 0.05 for comparison to pH 7.4. The
longest closures were not presented. Data for pH4/are from (Kisiel et d., 2018).

Open times P T, [ms] P T, [ms] Topen [MS]
0.39+0.06 1.61+0.22 0.59+0.06 5.15+0.55 3.62+0.32
pH 7.4 (0.38+0.07) (0.8640.12) (0.62+0.07) (5.36+0.81) (3.65+0.35)
[0.67+0.05] [0.86+0.12] [0.33£0.05] [3.8410.83] [1.67+0.18]
0.55+0.13 1.99+0.20 0.45+0.13 6.68+0.66 4.0510.39
pH 6.0 (0.53+0.10) (1.9640.19) (0.47+0.10) (7.60+0.43) (4.090.57)
[0.81£0.03]  [1.07£0.10] [0.19£0.03] [4.59£1.30] [1.650.22]
Shut times P, T, [ms] P T, [ms] P T, [ms]
0.63+0.04 0.06+0.01 0.29+0.04 0.30+0.04 0.05+0.01 2.27+0.30
pH 7.4 (0.6110.04) (0.074£0.01) (0.30+0.03) (0.31+0.04) (0.07£0.02) (2.11+0.44)
[0.66+0.04] [0.06+0.01] [0.2620.03] [0.30£0.04] [0.05+0.01] [2.34£0.43]
0.65+0.04 0.04+0.003 0.18+0.03 0.22+0.03 0.16+0.03* 1.1510.17*
pH 6.0 (0.66+0.05) (0.04£0.002)*  (0.18+0.03)* (0.26+0.03) (0.15+0.03) (1.45+0.36)
[0.70+0.05] [0.04+0.002] [0.1620.03] [0.2620.03] [0.13+0.03]* [1.44£0.36]
pH Burst duration [ms] Open probability (in Microburst duration [ms] 0|?en probability in
clusters) microbursts
7.4 198439 (58.5) 0.725+0.035 56.61£12.5 (17.6) 0.863+0.010
6.0 380+56* (148) 0.83910.025* 17.615.2* (7.81) 0.91610.007*

p <0.05: * WT pH 6.0 vs. WT pH 7.4



Table 3. Rate constants describing cluster kineticevoked by saturating [GABA] for wild-type a;f,y»
GABARs at pH 7.4 and 6.0. In simulations, the model wittwo doubly bound open states was used (Fig.
6B-D). Rate constants for pH 7.4 were previously msented in(Kisiel et al., 2018). The rate constants
differing from those for pH 7.4 are marked as boldtext (* p < 0.05). Desensitization rate constants
describing relatively slow transitions (d, r,, do’, ro’ marked with grey colour), assessed in steady-st&t
conditions, substantially differ from those assessefor macroscopic experiments using rapid solution
exchange system.

Rate constants [ms_l] pH 7.4 pH 6.0

5, 5.07 +0.81 4.83 +0.64
Y, 2.82+0.43 3.38+0.57
a, 1.35+0.20 0.96 + 0.09
B, 9.29+1.62 15.36 + 1.70*
a,’ 0.33+0.05 0.36+0.18
B 4.49 +0.91 3.50+0.61
d, 0.76 +0.23 2.37 £0.52*
r 0.78 £0.25 0.94+0.21
d,’ 0.28 +0.12 0.16 + 0.06
r, 0.05 +0.01 0.05 +0.02

resolution [us] 66.0+1.6 60.0+4.1




Al WT A2  LEU

sat. GABA sat. P4S sat. GABA
L I
<
o
o
- g
200 ms 200 ms
*
A3 B 30 | s pH 6.0/pH 7.2
CYS . pH 8.0/pH 7.2
sat. GABA S 25 |
— L— S |
200 ms 220 1
i ®
™ E *
® 1.0 1 —
i
W 0.5 - |l‘ ﬂ ﬂ ﬂ
;é‘ 0.0 - N 6
3 ® ao ao [
SN Y 5°®
T SR N 82 5© c.*
\WWW’M W I ¥ | ct

| * | |~k




A

_

WT
sat. [GABA] sat. [P4S]
_
1ms
2ms
= pH 6.0
e DH 7.2

mm pH 6.0
mmpH 7.2
pH 8.0

» 2.5 1 * ~
£.20 -

£ 1.5 -

= 1.0 e o
- 1

7] 1 *

£05

2 | B
S 0.0 -

WT: GABA P4S



WT A2 LEU B 251

sat. GABA sat. P4S sat. GABA *g
. _ | =201
L . 10 ms 2 15_
S 1.
\ $ |
=~ — pH6.0 G 051
— pH 7.2 e
pH 8.0 0.0-
2.0 D 25
r— o
15 Ez.o— s pH 6.0/pH 7.2
o ™ | pH 8.0/pH 7.2
) . 1.5
o 1.0 >
3 3§'L0 .
® 0.5 Q ]
o o 0.5 ﬂ ﬂ
m .

o
o

LEU
GABA GABA GABA




A | sat. [GABA] WT T sat. [P4S] B © 2.5 1 * mmmm pH 6.0/pH 7.2
50 pH 8.0/pH 7.2
&5 2.0 -
w2 *
£ 1.5 *
05 *
=< 10 1ll— . —H=
50 ms Cc ¢
—_—
&.90-5' H g 1o 1CE7 7
O
© OO‘ T T T T T
WT LEU CYs
GABA P4S GABA P4S GABA P4S
C 30 D E *
587 390124 T * T
8L 25 ol , © 1.2 T T
(S < > ——++—J—F so I
+ 220 = 2094 % 85 T @l [ 1
8-%' : %-g = Q0.9 A
S < _O%OB > $ 06
=210 c2 = 90
o Q o © 031Kl 10 o o 0318l ®id Eid Bl7 Eid E
o 09 X5 =
m - T T T T T
0.0 0.0 - ‘ 0.0 WT LEU CYs

GABA P4s GABA  P4S GABA P4S GABA P4S GABA P4S



A Model1- flipped Jones- A,D B sat.caBa  changesof §,
Westbrook’s model — Jrate e
dy ||r. 40 p—
2 k k 62 BZ constant
Rg \A R < 2 AZR € 2 AZF € 2 Azo 4 1.5ms
Kot T2 ko Y2 a;
0 4 e, POpen 0.1
C1 1ascenario '
WT changes of d, changes of y, Jrate
sat. GABA normalized sat GABA constant
- :0.15 !
Open
3 e POpen 01 30 ms
\ ‘ 4 ms open: 0.1
N 11
; 9‘- 4.46
C2 1a scenario - changes of d,/r, and v, ,
normallzed
WT sat. [GABA] -
5ms pA:
—| —_ 6.0
POpen 20 ms — 72
8.0
Il scenario - changes of B,
lized
WT sat. [GABA] norma
- 3ms — . I—‘
/\ 3 ms —
! o5 Jrate
— constant
E 1l scenario - changes of B, and d,
normalized

WT sat. [GABA]_I |

5ms

Fror N |

"1ms ¥
sat. [GABA] normalized
N 01
CYS
> ms 500 ms

Popen: 0-005 |

150 ms



States: o —open, s - shut

’W;M_WLWW il

pH 6.0 N 150 ms
BRCheL o e ik s w010
A,D
B Model 2 | dlerz B, A0
2k, k 152

C—

Kott 2 Ko Y2 \ 2
(o (s | ’ ’
— rz'T d:} A,0

a
Re==AR =2 AR T2 AF &

C pH 7.4 D pH 6.0

P% Tt [ms]

>
x
(%]
C 0+ T T T 1
% 102 1070 10° 10! 10° 102 100 10° 100 102
> Open times [ms]
O
C s 4 o - o
(] P% t[ms] B P% t[ms]
> 69 0.10 144 54 0.04

144
GLJ 27 0.48 27 0.23
w o] 64

16 16

0 0 =

107 107! 10° 10t 107 102 10-! 100 101

Shut times [ms]

fyd
- fJWm A n 576
c ™
dy[|r2 ) k
\
15 T 256 -
2 v >
E=AF 0 2
1 Y2 A g
a O
2 BZ 8 0 T T T T
v W 10-2 10-! 10° 10! 102

A,O Simulated shut times [ms]



Highlights
* Extracellular pH changes affect open probability of GABA A receptor.

* Protons affect GABAAR by altering primarily desensitization and opening rates.
* Flipping transitions appear not to be affected by pH changes.

* a,Phe64 mutations enhance receptor sensitivity to alkalization.



