SCIENTIFIC REPLIRTS

Orthosteric- versus allosteric-
dependent activation of the
- GABA, receptor requires
e numerically distinct subunit
et level rearrangements

Jahanshah Amin & Meena S. Subbarayan

Anaesthetic molecules act on synaptic transmission via the allosteric modulation of ligand-gated
chloride channels, such as hetero-oligomeric a;3,~, GABA, receptors. To elucidate the overall
activation paradigm via allosteric versus orthosteric sites, we used highly homologous, but homo-
oligomeric, p, receptors that are contrastingly insensitive to anaesthetics and respond partially to
several full GABA o,3,7, receptor agonists. Here, we coexpressed varying ratios of RNAs encoding the
wild-type and the mutated p, subunits, which are anaesthetic-sensitive and respond with full efficacy
to partial GABA agonists, to generate distinct ensembles of receptors containing five, four, three, two,
one, or zero mutated subunits. Using these experiments, we then demonstrate that, in the pentamer,
three anaesthetic-sensitive p, subunits are needed to impart full efficacy to the partial GABA agonists.
By contrast, five anaesthetic-sensitive subunits are required for direct activation by anaesthetics
alone, and only one anaesthetic-sensitive subunit is sufficient to confer the anaesthetic-dependent
potentiation to the GABA current. In conclusion, our data indicate that GABA and anaesthetics
holistically activate the GABA, p, receptor through distinct subunit level rearrangements and suggest
that in contrast to the global impact of GABA via orthosteric sites, the force of anaesthetics through
allosteric sites may not propagate to the neighbouring subunits and, thus, may have only a local and
limited effect on the p, GABA, receptor model system.

The excitatory and inhibitory ligand-gated ion channels play a central role in the control of synaptic transmis-
sion in the central nervous system. Extensively diversified GABA , receptors (y-aminobutyric acid-gated chloride
channels) constitute a principal component of the inhibitory processes' . GABA , receptors are pentamers that
can exist as either hetero- or homo-oligomers. Various combinations of homologous subunits with a nomen-
clature of o (six isoforms), 3 (three isoforms), ~ (three isoforms), §, €, w, and 6 constitute the hetero-oligomeric
receptor-channels (e.g., a,3,%, receptors); however, the p subunits (three isoforms) aggregate to assemble the
homo-oligomeric p GABA, receptors (previously known as GABA_ receptors, e.g., p; receptor)® In addition to
the GABA-dependent activation via the orthosteric site, structurally diverse compounds, such as anaesthetics,
can modulate the GABA-dependent activity of receptors and can directly activate GABA , receptors allosteri-
cally, except for the p, receptor, which is insensitive to anaesthetics®'!. A detailed picture has emerged regard-
ing the positions and the amino acid side chain requirements for anaesthetic- versus GABA-dependent action.
Specifically, GABA and anaesthetics act on separate sites, and the crucial amino acids that are required for the
effects of GABA are located in the extracellular domain of the receptor, while the residues that are needed for
the effects of anaesthetics are situated mainly in the second (TM,) and third (TM;) transmembrane domains.
Asn265 in the TM, and Met286 in the TM; of the 3,5 subunit have been shown to be the crucial residues for the
anaesthetic-dependent action on the hetero-oligomeric GABA , receptor. Converse mutations of the correspond-
ing residues in the p, subunit (Ile307-TM, and Trp328-TM;) confer sensitivity to structurally distinct classes of
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anaesthetics, such as barbiturates and benzodiazepines (e.g., diazepam), to the p, receptor” 1>-%. The imparted
TM action of diazepam on the p; receptor occurs in the micromolar concentration range (also demonstrated in
oy3,Y,) and is distinct from the high-affinity nanomolar effects of the benzodiazepine located at the o interface
in the extracellular domain of the «,3,7, receptors® 2238, Studies on the p, receptor have demonstrated flexibility
in the amino acid side chain requirements for the crucial TM, and TM; anaesthetic residues to confer anaes-
thetic sensitivity. By contrast, even conservative mutations in the crucial amino acids (e.g., Tyr to Phe) in the
GABA-dependent activation domain markedly impair the GABA sensitivity'* 4%,

The five subunits of a single GABA , receptor exists as a dynamic ensemble that shift between tense and relaxed
states in the absence of GABA**-%8. GABA binds preferentially to the relaxed state in the orthosteric site of the
receptor domain, leading to a systematic stabilization of the channel in the open configuration. Studies have
elucidated the number of GABA-binding steps that are crucial for maintaining the channel in an open configura-
tion, which is the mechanism underlying the GABA-dependent activation" *->2. For hetero-oligomeric GABA ,
receptors, such as 3,7, the number of GABA binding steps required to stabilize the channel in its open mode
has been shown to be two. In comparison, the number of binding steps (with one GABA binding per subu-
nit) required to maintain the channel in an open configuration in the homo-oligomeric p; receptor is three®*>!.
Despite a relatively thorough understanding of the processes involved in the GABA-dependent activation via the
orthosteric sites, the mechanism by which anaesthetics act allosterically to open or modulate the GABA , recep-
tors has remained an enigma® 7 11-53-5%,

In this study, we have shown that specific mutations in the TM, and TM; domains of the p, subunit not only
confer marked sensitivity to several classes of diverse anaesthetics, including midazolam, diazepam, barbiturate
pentobarbital, ketamine, propofol, and etomidate, but also impart the full efficacy of the known partial GABA
agonists to the p, receptor. We coexpressed complementory RNAs (cRNAs) corresponding to the wild-type and
the anaesthetic-sensitive p; subunits at different ratios to determine the number of anaesthetic-sensitive subunits
that are crucial for 1) imparting the full efficacy of partial GABA agonists, 2) conferring anaesthetic sensitivity
at the level of direct activation, and 3) conveying anaesthetic-dependent potentiation of the GABA currents. We
then demonstrate that, in the pentamer, the number of anaesthetic-sensitive p, subunits needed to impart full
efficacy to the partial GABA agonists is three. By contrast, the number of anaesthetic-sensitive subunits needed
for direct activation by anaesthetics alone is five, and the number of anaesthetic-sensitive subunits needed to
confer the anaesthetic-dependent potentiation to the GABA current is one. Given that GABA-induced subunit
level rearrangements to open the channel appear to be different than those that are induced by anaesthetics, the
potential characteristics of the interactions between ligands and orthosteric versus allosteric sites of the GABA ,
receptors are discussed.

Results

Imparting sensitivity to intravenous anaesthetics to the p; receptor. The homo-oligomeric
GABA, p, receptor is insensitive to the intravenous anaesthetics etomidate, propofol, ketamine, midazolam, and
pentobarbital®® *’. To impart sensitivity to these structurally diverse classes of anaesthetics to the p, receptor,
we mutated the p, subunit in TM,/TM, at positions 307(Ile)/328(Trp). We then examined the responses of the
resulting mutants to different concentrations of anaesthetics in the presence of their respective EC; GABA (for
ECs, values, see Table 1). Figure 1 shows the potentiating action of the GABA-evoked current from p, 307/328
mutants in response to these structurally diverse intravenous anaesthetics. Several 307/328 double mutations of
the p, receptor conferred striking sensitivity to all the aforementioned anaesthetics (Fig. 1). The double mutants
containing substitutions of Ile307 with Asn and Trp328 with Met or Ala exhibited a marked sensitivity to etomi-
date and propofol. Etomidate evoked 130 to 1700% potentiation at 10 to 50 uM of the przp;n/w32em receptor (see
Fig. 1b and Table 2 for the potentiation values). Propofol also markedly increased the GABA currents, result-
ing in approximately 50 to 500% potentiation of the pj3o;n/w32em a1d Pragynywazsa receptors (2 to 20 uM, Fig. 1c).
We also assessed the sensitivity of a number of p, 307/328 mutants to ketamine, which is a dissociative anaes-
thetic that acts mainly as an NMDA blocker and shows a positive modulatory action on the a3,;0 GABA,
receptor subtype®® . Regarding pizo;n/w32sa> Ketamine at 50, 100, and 200 uM potentiated the GABA currents by
approximately 30-200% (Fig. 1d). The benzodiazepine (midazolam and diazepam) and barbiturate (pentobar-
bital) classes of intravenous anaesthetics also significantly increased the GABA-induced currents in the 307/328
mutants (2 to 20 uM). The substitutions of Ile307 with Ser and then Ile307 with Asn produced the highest levels of
potentiation with midazolam and pentobarbital, respectively (Fig. 1e and f). Overall, the propofol-, etomidate-,
midazolam-, and pentobarbital-dependent modulation of the p, 307/328 mutants occurred at clinically relevant
concentrations. Thus, the 307/328 mutations conferred marked sensitivity to several classes of diverse anaesthet-
ics including midazolam, pentobarbital, ketamine, propofol, and etomidate.

Pentobarbital and benzodiazepine diazepam were capable of directly activating the p, 307/328 mutants at
relatively higher concentrations. Figure 2a and d depict the current traces and the concentration-response rela-
tionships for pentobarbital and diazepam in the p,, pr3075/w32s1 a0d Pr3gzs/waasy receptors. The wild-type p, receptor
was found to be insensitive to the direct action of these anaesthetics (Fig. 2). By contrast, both pentobarbital and
diazepam directly activated the p, 307/328 mutants in pM concentrations. Pentobarbital activated pisg;s/w3er With
an ECs, of 181 + 19 uM and a slope of 2.19 £ 0.09, while the corresponding numbers for the action of diazepam on
P13o7s/w3zey Were 102.3 £5.9uM and 5 + 1. The maximum current amplitudes that were elicited by pentobarbital
and diazepam relative to those elicited by GABA were approximately 0.94 in the pi3075/ws32sr receptors and 0.68 in
the pr3g75/w3aev receptors (see Table 3 for the relative maximum amplitudes).

In summary, concomitant substitutions of pyesg; with Asn or Ser and pr;3,5 with Met or Ala imparted sen-
sitivity to five structurally distinct anaesthetics to p; receptors. In the anaesthetic-sensitive hetero-oligomeric
8,7, GABA , receptor, Asn and Ser were found at the corresponding TM,, while Met and Ala were found at the
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GABA-dependent activation

o 0.6340.03 2.55+0.17 4
Pr1307s/w32s1 0.06 £0.004 2.28£0.17 4
Pr1307s/w328v 0.07£0.003 2.45+0.08 4
P13075/W328Y 0.47£0.01 3.04£0.12 4
P13075/W328A 1.00 £0.06 2.8740.09 7
Pr307N/w328A 6.9440.61 1.474+0.17 3
Pr3078/W3281 0.14£0.01 2.28£0.11 3
Pr307N/W328M 0.30+0.02 3.08+£0.13 4
P1307E/W328A 4.1740.69 1.754+0.12 4
P1307A/W328A 0.99 £0.06 2.66+£0.39 3
Pr3o7N/w32ss 26.30£1.17 1.6940.06 4
P1307G/W328A 0.9440.04 3.14+0.41 3
Pr307N/W328G 0.4840.03 3.15£0.08 4
Pr3o7M/w328A 23.40£3.72 1.4040.13 3
Pr3o7s/w32sM 0.1040.004 3.45+0.08 4
P1307Q/W328G 0.47£0.01 3.23£0.05 5
P 0.3040.01 2.61£0.07 5
Pw32sm 1.57£0.08 2.4340.05 4
14A A-dependent activation

P1 10.024+0.57 1.1440.04 6
P1307s/W3281 0.2740.02 2.284+0.17 5
Pr3o7s/w32sv 0.35£0.03 2.22+0.10 5
ZAPA-dependent activation

Pr307s/w32s1 2.22£0.09 1.7440.09 3
P13075/W328V 4.0140.26 1.874+0.14 5
Diazepam-dependent activation

P1307s/w328v 102.34£5.92 4.9740.82 5
Prsorswasvipr (6:1) 114.55+2.85 522+0.37 7
Pzo7s/wazsvipy (5:2) 119.62+7.38 3.85+£0.28 7
Pentobarbital-dependent activation

Praorsiwazst (1807741860 [2194009  [5

Table 1. Parameters determined from fitting the logistic equation to the data points of the GABA, I4AA,
ZAPA, diazepam, and pentobarbital concentration-response relationships. All data are presented as the
mean =+ standard error (s.e.m.).

equivalent TM; positions of the 3, and «, subunits, respectively, thereby validating the use of the p, receptor as a
model system to study the mechanism of action of anaesthetics.

Co-impartation of full efficacy to partial agonists. The GABA agonists imidazole 4-acetic acid (I4AA)
and (Z)-3-[(aminoiminomethyl)thio] prop-2-enoic acid (ZAPA) are partial agonists of the p, receptor but act as
full agonists at the 3,7, GABA , receptors®®°!. We then examined the action of the GABA agonists [4AA and
ZAPA in the p, 307/328 mutants. Several 307/328 mutations, which have been shown here to confer sensitivity
to anaesthetics to the p, receptor, also converted the partial agonists I4AA and ZAPA into full agonists. Figure 2b
and d show the GABA- and 14A A-induced current traces and the concentration-response relationships in the p;,
P1307s/w32sp AN Pr3gzsw3asy receptors. The maximal current amplitudes elicited by I4A A and ZAPA relative to those
elicited by GABA in the wild-type p, receptor were approximately 0.04. In marked contrast, both I4AA and ZAPA
were full agonists in pr3o7s/wazst OF Prsozswazsv (Both I4AA and ZAPA elicited maximal currents relative to that of
GABA that were greater than 0.95, Table 3, Fig. 2¢). In conclusion, the 307/328 mutations not only conferred
sensitivity to diverse classes of anaesthetics but also imparted full efficacy to the partial agonists I4AA and ZAPA
in the p, receptor.

Differential contributions of 1e307 and Trp328.  We then asked whether the 1le307 and Trp328 muta-
tions contribute differently to the conversion from partial to full GABA agonists and the impartation of anaes-
thetic sensitivity. To dissect the individual contribution of each mutation, the current maximal value of the [4AA
relative to that of GABA was determined in the mutants pj3os or ny a0d pyy3aem. The single substitution mutation
of 11e307 with Ser (py3975) or Ile307 with Asn (pys7y) conferred nearly full efficacy to I4AA (a maximum-induced
current of ~70% with respect to that of GABA). By contrast, [4AA was a partial agonist of py;3,sy With an efficacy
that was similar to that at the p, receptor (Table 3). It has been shown previously that ps,s displays a relatively
low pentobarbital sensitivity at the potentiation level (with no apparent direct agonist action)®. By contrast, a
substitution of Trp328 alone in the TM; with any hydrophobic residue (e.g., pwsaen) imparts a high sensitivity to
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Figure 1. Mutations of the 307/328 residues confer sensitivity to the structurally distinct intravenous
anaesthetics to the p, receptor. (a) Schematic representation of the p, subunit in the membrane bilayer. The
positions of the 307 and 328 residues in the TM, (II) and TM; (III) are delineated. (b) Current traces and bar
graphs represent the etomidate-dependent potentiation of the p, 307/328 mutants. The lines above the current
traces show the duration of the drug application. The vertical and horizontal bar scales denote 100 nA and

100 seconds, respectively. (c,d,e,f) The potentiation (as a percent increase) of the EC, GABA currents in different
p; 307/328 mutants following the propofol-, ketamine-, midazolam-, and pentobarbital-dependent modulation.

pentobarbital to the p, receptor at both the potentiation and direct activation levels (with maxima relative to that
mediated by GABA of 10 to 20%)". Thus, in the double mutant (e.g., pi3o7s/w32s1)> the 1le307 to Ser substitution
contribute to the increasing efficacy, whereas the Trp328 mutation is key to conferring anaesthetic sensitivity to
the p, receptor.

Distinct activation by GABA versus anaesthetics. We utilized the capacity of the p, 307/328 mutations,
which collectively impart full efficacy to otherwise partial GABA agonists and anaesthetic sensitivity, to com-
pare the mechanism of activation of GABA agonists to that of anaesthetics. Using co-injection of cRNAs for the
wild-type and the mutated p, subunits at different ratios to express different ensembles of receptors containing
five, four, three, two, one, or zero mutated subunits, we attempted to identify the number of mutated subunits
that is sufficient 1) to confer full efficacy to otherwise partial GABA agonists and 2) impart anaesthetic sensitivity.
Prior to the experiments, the maximal GABA-induced current amplitudes of the key mutants (py3o7s/w32er and
Pr3o7swizsy) Telative to that of wild-type were first examined following equivalent injections of each mutant versus
wild-type cRNAs (see Materials and Methods). These experiments yielded maximal GABA-induced currents
in pr3ozs/wazer a0d Pragzswaasy relative to that for wild-type p; of 0.93 and 0.43, respectively (Table 4). Thus, pysg;s
waze1 €xhibited a maximal GABA-induced current that was nearly equal to that of the p; receptor, while for the
Prso7s/wizsw this value was approximately half of that of the p, receptor. Then, the cRNAs of p; and pysgys/wazsr OF
p; and pr3ozs/waaey at ratios of 1:6, 2:5, 3:4, 4:3, 5:2, and 6:1 (p;: P307/328 mutants) WeTe co-injected to express distinct
ensembles of the following six subpopulations of receptors: homo-oligomers of wild-type and mutant subunits
and hetero-oligomers containing one, two, three, and four mutated subunit(s). For the controls, the cRNAs of p,,
P1307s/w32sD> OF Praozsyw3aev Were also injected individually. In each injected oocyte, we then determined the maximal
currents evoked by GABA, I4AA, ZAPA, and pentobarbital after injections of different ratios of p;: pi3075/w32sp P1
and py3g75w3ae We further determined the maxima of GABA, [4AA, ZAPA, and diazepam with varying ratios of
P1:P1307sw328w P1> @0 Pragzswazsy: The maximal currents that were evoked by I4AA, ZAPA, and the anaesthetics
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Etomidate-dependent potentiation (%) 10pM 20puM 50puM

P1 0.03£0.28 1.05+0.68 1.54+1.77 5
P1307Q/w328G 9.58+2.82 21.18+4.63 39.88+6.58 4
P1307N/W328G 13.06+1.84 32.01+£3.62 100.75+6.13 5
Pr307s/w32s1 37.90+2.88 75.18+11.39 176.27 +£18.45 4
P13078/W328V 49.55+2.14 92.84+2.60 223.80£4.66 4
P1307N/W3288 49.81£1.31 121.80£8.20 424.70 £29.90 5
P1307N/W3281 37.97+5.14 138.04 +24.77 541.96 +58.69 4
PI307N/W328M 129.37+15.21 368.57 £55.79 1699.83 +248.05 4
P1307N/W328A 26.78+2.91 64.29+6.16 311.00+9.55 5
Propofol-dependent potentiation (%) 2pM 6pM 12pM 20pM

P 4.68+2.35 6.41+3.04 8.71+3.71 12.56+4.83 5
P1307S/W3281 7.26 £1.97 8.31+4.06 7.35+4.34 1.874+3.26 5
P13075/W328V 13.34+3.67 33.01+8.88 50.50+12.99 60.23+17.23 5
Pr1307s/w328M 16.64 +3.00 32.34+5.73 46.59+9.88 53.74+9.13 5
Pr3o7n/w328M 48.34+3.62 174.72£11.19 274.60+£27.73 368.26 +35.08 6
P1307N/W328A 56.63+2.93 151.69 £ 6.60 315.06+20.58 488.10£63.72 5
Midazolam-dependent potentiation (%) 2pM 6pM 12pM 20pM

P 5.74+1.38 13.83£2.00 21.13+£4.39 30.31£6.67 6
Pr13o7s/w32s1 11.01+2.23 38.30+6.78 123.16 +21.64 231.55+42.51 5
Pr307s/W328v 13.69+1.49 33224261 63.10+6.20 106.96 +8.90 5
P1307S/W328M 33.89+3.34 87.79+7.71 186.714+20.44 374.12£63.21 6
PI307N/W328M 18.39+4.79 39.99+10.70 70.54+12.81 129.17 £ 15.90 4
PI307N/W328A 8.80+2.29 16.89£5.76 30.35+8.42 39.80+9.67 5
Pentobarbital-dependent potentiation (%) | 2pM 6pM 12pM 20pM

P 4.49+1.66 9.53+2.80 15.41+5.51 18.80+6.02 7
P1307S/W3281 33.10+8.77 72.18 £ 8.00 141.81+10.87 242.69 +24.64 6
P1307S/W328V 9.73+1.46 20.33+2.07 37.41+4.74 60.18 +8.67 5
P1307S/W328M 25.81+2.62 64.87 +5.43 137.28 £10.66 239.60 +25.59 5
P1307N/W328M 24.15+4.96 54.06 +8.48 95.14+13.02 155.92+19.61 9
P13o7n/w328A 49.97 +4.28 151.42+6.68 302.84+25.55 500.60 + 39.65 6
Ketamine-dependent potentiation (%) 50puM 100 pM 200 pM

P1 —2.08+2.08 4.17£4.17 5.05+3.08 4
P1307N/W328A 31.401+4.84 71.83+5.13 184.00 +31.56 5
P13o7M/w328A 2274227 7.70+3.09 9.36+1.94 4
P1307A/W328A 4.99+£5.10 14.44+6.48 32.02+£5.08 4
P1307E/W328A 23.69+£5.31 47.53+£9.72 66.27 £22.36 3
P1307G/W328A —3.72+6.83 —6.59+5.37 —8.06+5.50 4
Pentobarbital-dependent potentiation (%) | 20 pM 50puM 100 pM 200 pM

P 1.42+1.31 523+3.57 5
P1307S/W328A 226.92+14.34 869.90 + 88.52 6
22:1 (p1:p13o7s/w3zsa) 10.65+2.59 24.15+5.71 5
5:2 (p1:P1307s/w3284) 30.93+10.04 68.47 +10.72 5
4:3 (py:Prsozs/wazsa) 51.97+2.48 137.61+8.77 5
3:4 (pr:prsorsywazsa) 78.65+10.58 | 253.214+34.83 5
2:5 (py:Praorsiwsasa) 113.34+14.42 362.43+57.53 5
P 1.98+0.72 3.88+1.47 7.08+2.48 9.44+3.05 3
P1307s/w328A 260.08 +32.65 1195.71+£113.68 | 3369.08 +438.23 | 5038.85+-978.63 |3
22:1 (py:Pr3ozsiw3zsa) 9.884+0.31 18.68 +1.95 27.44+3.15 36.4542.84 4
Diazepam-dependent potentiation (%) 10pM 30pM

P 10.43+3.46 19.15+4.33 3
P1307s/w328Y 99.79+7.17 397.56+29.27 5
22:1 (py:Prsorswazsy) 18.23£4.92 42.17+5.88 4
5:2 (p1:Pi3ozswazsy) 19.25+5.68 58.8448.03 5
4:3 (p:praors/wszsy) 25.65+£5.60 93.03£11.49 6
3:4 (pr:Pi3ozswazsy) 40.47 £3.46 156.56+9.16 6
2:5 (p1:pr3orsiwszsy) 51.48+5.34 256.95+11.85 5

Table 2. Potentiation values (% increase) of etomidate, propofol, midazolam, and pentobarbital in the
presence of EC, GABA in the p, and p307/328 mutants. Pentobarbital- and diazepam-dependent potentiation
of ~ EC, GABA arising from p, and different ratios of p; mutant to wild-type. All data are presented as the
mean = standard error (s.e.m.).
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Figure 2. I4AA-, ZAPA-, pentobarbital-, and diazepam-dependent activation of p, 307/328 mutants.

(a) Pentobarbital (PB)- and diazepam (DZ)-induced current traces in the py, prg7sw32sp and Pragzs/wszsy
receptors. The lines above the current traces represent the duration of the drug application. (b) GABA- and
[4AA-evoked current traces in the py, prsgrswsasp and Pragzs/wazsy receptors. (¢) The current maxima of I4AA,
ZAPA, PB, and DZ relative to that elicited by GABA in the py, prag7s/w3asp and przozs/wzsy receptors. (d) The
GABA, I4AA, PB and DZ concentration-response relationships in the p;, pr3o7s/wa2sp a0d pr3grs/wazsy receptors.

Pentobarbital

o 0.02+0.01 6
Pr3o7sw32st 0.94+£0.01 4
P13078 0.08+0.01 3
Diazepam

P 0.02+0.01 7
Pr3o7siw32sv 0.68+£0.03 9
I4AA

P 0.05+0.003 17
Pr3o7sw32st 0.98£0.01 5
P13075/W328V 0.95+0.02 6
Pr3o7N 0.64+0.03 4
Pr3o7s 0.73£0.02 4
Pw32sm 0.03+0.01 4
ZAPA

o 0.04+0.01 11
Pr307s/ w328V 0.98+£0.02 3
Pr307s/w3281 0.98+0.01 3

Table 3. The current maxima for pentobarbital, diazepam, [4AA, and ZAPA relative to that of GABA in the p,
and p307/328 mutants. All data are presented as the mean + standard error (s.e.m.).

were then normalized to their respective GABA maximal current values (see Materials and Methods). The aver-
ages of the relative current maxima (to that elicited by GABA) with I4AA, ZAPA, or pentobarbital with p,; py3e7g/
waasp 1:6, 2:5, 3:4, 4:3, 5:2, and 6:1 cRNA ratios of p;: pzgys/w3asr are presented in Fig. 3 whereas the averages of the
relative current maxima (to that of GABA) with I4AA, ZAPA, or diazepam with p;; przo7s/waaevs and varying ratios
of p1: pragzs/wazsy are shown in Fig. 4. With increases in the ratio of the wild-type to mutated cRNAs, a progressive
reduction in the relative current maxima (to that elicited by GABA) for I4A A, ZAPA, pentobarbital, or diazepam
was discernible, but the degree of the overall decline at each ratio was markedly greater with the anaesthetics
(diazepam or pentobarbital) than the GABA agonists (I4AA or ZAPA). For example, for the 1:6 ratio of p;: pyyg/
w281 CRNAs, the relative current maxima (to that mediated by GABA) decreased to approximately 0.87 with
both GABA agonists, i.e., [4AA and ZAPA (from 0.98 in the homo-oligomeric py39;5/ws32s1); the corresponding
values of the 1:6 ratio of p;: pyg7s/wazsy declined to 0.79 and 0.82 with I4AA and ZAPA, respectively (from ~0.95
in pragzs/wazsys Supplementary Information-Datasets). By contrast, the relative current maxima of pentobarbital
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276 +28 (n=23)/296 £ 32

P13o7sw32st (n=19) 276/296=0.93
128 415 (n=25)/296 + 32
Pr3o7s/w328v (n=19) ( ) 128/296=0.43

334416 (n=20)/556 +43
Pr3o7s/w32sy (n=14) ( ) 334/556=0.60

1061 +£26 (n=11)/903+35
P1307s/W328A (n=14) ( ) 1061/903=1.18

Table 4. The GABA-induced maximal current of key p;;/3,s mutants (used in the mixing experiments) relative
to that of p, at equivalent cRNA injections. All data are presented as the mean =+ standard error (s.e.m.).
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Figure 3. Variable co-expression of the p, and 307/328 mutants reveals a distinct activation paradigm for
GABA versus pentobarbital. (a) The predicted quantities of the receptor sub-populations resulting from the
injection of different ratios of wild-type p, to mutant cRNAs. (b) Current traces represent the maxima of GABA,
I4AA, ZAPA, and pentobarbital (PB) in py, prag7s/w3asp and different ratios of p;:pi3g7s/w3aer- The lines above the
current traces represent the duration of the drug application. The vertical and horizontal bar scales represent
100nA and 100 seconds, respectively. (c) The current maxima of I4AA, ZAPA, and PB relative to that mediated
by GABA in py, pr3o7s/w3zsp and different ratios of p :p13g75/w3agr- The three simulated models are shown in three
shades of grey. The model representing the best fit is denoted by a hash # on the bar.

or diazepam (to that elicited by GABA) at 1:6 (p;: P307/328 mutants) €Xhibited a significantly greater decline compared
to that of [4AA or ZAPA, thereby diminishing the corresponding value of the 1:6 ratio of p: pr3gys/wazsr to 0.47
with pentobarbital (from 0.94 in pysg76/w3zsr) and of the 1:6 ratio of p:pi3e75/w3zsv t0 0.23 with diazepam (from
0.68 in prsgrs/wazsy)- The differential reductions in the relative current maxima (with respect to that induced by
GABA) between the GABA agonists and the anaesthetics continued after increasing the ratio of the wild-type
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Figure 4. Variable co-expression of the p; and 307/328 mutants demonstrates a distinct activation paradigm for
GABA versus diazepam. (a) Current traces represent the maxima of GABA, I4AA, ZAPA, and diazepam (DZ)
in py, Praozsywaasw and different ratios of p,:prsg7swsasy- The lines above the current traces represent the duration of
the drug application. The vertical and horizontal bar scales represent 100 nA and 100 seconds, respectively.

(b) The current maxima of [4AA, ZAPA, and DZ relative to that of GABA in py, pi3e7/w32sv> and different ratios
of p1:p1307s/wazsy The three simulated models are shown in three shades of grey. The model representing the best
fit is denoted by a hash # on the bar.

to the mutated cRNAs, showing a greater prominence with diazepam. The decline in the relative current max-
imum (to that of GABA) with diazepam was markedly greater than that with pentobarbital across the different
ratios, which may be due to 1) the lesser maximum current with diazepam (to that mediated by GABA) in the
homo-oligomeric p3975/w3zsv than that with pentobarbital in pr3g;gws.sr and 2) the lower GABA maximal current
(based on maximal GABA-induced current for pyg;s/waagv relative to that for wild-type, at equivalent cRNA injec-
tion) of pr3g7s/wazsy compared to that of the wild-type (Table 3).

We used a binomial equation to determine the relative quantities of the receptor sub-populations that con-
tained five, four, three, two, one, or zero mutated subunits at each ratio and assumed an equivalent assembly
of wild-type and mutated subunits (Fig. 3a, Supplementary Information-Datasets). Then, using an iterative
process, we conducted simulation studies to determine the likelihood of contribution of each sub-population
of receptor(s) in the ensemble toward the total response to I4AA, ZAPA, or the anaesthetics. In the subpopu-
lation ensembles at each ratio, the experimentally determined values were utilized for the homo-oligomers of
the wild-type or mutated receptors, while, depending on the model, all (homo-oligomeric mutant-like activity)
or none of the weight (wild-type-like activity) was assigned to the hetero-oligomeric receptors that contained
four, three, two, or one mutated subunits with unknown activity. Three different models were tested. In the first
model, the contribution of only the subpopulation of homo-oligomeric mutant receptors with all the weight
activity (homo-oligomeric mutant-like activity) given to the overall current was considered; the remainder of
the sub-populations was speculated to have wild-type-like activity (close to zero). In the second model, two
receptor sub-populations in the ensemble were simulated to have all the weight mutant-like activity, including
the homo-oligomer of the mutant and the hetero-oligomer with the four mutated subunits. The remainder of the
four subpopulations was presumed to have wild-type like activity. Finally, in the third model, three subpopula-
tions of receptors containing five, four, and three mutated subunits were assumed to exhibit mutant-like activ-
ity, while the remaining three subpopulations were believed to exhibit wild-type-like activity. In the simulation
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of the total activity at each ratio, the known (homo-oligomer) values and the presumed (hetero-oligomer) val-
ues for each receptor sub-population were multiplied by the corresponding sub-population fraction that was
present in the ensemble (determined using a binomial equation). The resulting values were then summed (For
details regarding the simulation procedures, see Methods and Supplementary Information-Datasets). In com-
parison to the wild-type, all simulations were corrected for the lower maxima current (relative to that mediated
by GABA) of diazepam or pentobarbital in the homo-oligomeric psg7s/w3zsv OF Praors/wazsp @s well as the lower
GABA maximal current of p3p75/w3asv (based on maximal GABA-induced current for mutant relative to that for
wild-type, at equivalent cRNA injection). The conclusions were unaffected even if no corrections for the differ-
ences in the GABA-induced maxima were included in the simulation steps for pr3g75ws.sv (see Supplementary
Information-Datasets). Figures 3 and 4 show the three simulations for the p,:p13075/w32e1 a0d p1:P3075/ w3287
co-expression studies (in the form of bars and different shades of grey). A comparison of the data points with the
three different simulations at each ratio demonstrated that the summation of the contributions of the receptors
containing three or more mutated subunits (i.e., the summation of the receptors containing five, four, and three
mutated subunits) with mutant-like activity best matched the experimental data of the GABA agonists [4AA and
ZAPA (denoted by a hash # on the bar, Figs 3c and 4b). In striking contrast, the model simulation that represented
only the contribution of the homo-oligomer of the 307/328 mutant subunits with mutant-level activity (only
the receptor sub-population of five mutated subunits) corresponded to the experimental data of pentobarbital
(Fig. 3¢, denoted by a hash #) and diazepam (Fig. 4b, denoted by a hash #).

Then, we constructed diazepam concentration-response relationships for the 1:6 and 2:5 ratios from the p;:
Prso7s/wazsy €Xperiments. These experiments were carried out to determine whether the diazepam-induced current
arises solely from a single sub-population of receptors (py3g75/w32sv) Or @ mixture of homo- and hetero-oligomeric
receptor-channels (with different ECs,s and slopes) in the co-expressional experiments. The derived EC5, and
Hill coeflicient in these experiments were nearly identical to the corresponding values in the pyz9;5ws.sv Feceptor
(Table 1), indicating that the diazepam-induced current observed in the experiment using the 6:1 or 2:5 ratios of
P1: Prsoys/wazsy CRNAs arose mainly from the sub-population of the homo-oligomeric pi30;5/ws2sv:

In summary, our data indicate that GABA and anaesthetics act via distinct mechanisms in terms of the num-
ber of mutated subunits that are necessary for direct activation; three 307/328 mutated subunits are sufficient
for the GABA-dependent action, while the corresponding mutations must be present in all five subunits for the
anaesthetic-dependent activation to transpire.

A single mutated subunit confers anaesthetic-dependent potentiation of GABA currents. We
then examined the mechanism underlying the anaesthetic-dependent modulation of the GABA current by deci-
phering the minimal number of mutated subunits that are necessary to confer potentiation. The co-expression of
cRNAs for the wild-type with pi3o75/w3asy OF Prsorswaasa at different ratios were used to determine the mechanism
underlying the anaesthetic-dependent potentiation at the subunit level. The pys;5/w3ay receptor showed a high
sensitivity to diazepam, while the pj30;5/w32sa receptor exhibited a marked sensitivity to pentobarbital in potentia-
tion action (see Tables 1, 3, and 4). At equivalent cCRNA injection, pys;s/wsasa €xhibited a maximal GABA-induced
current that was nearly equal to that of the p, receptor, while for the pj39;5/w32sy> this value was approximately 0.6
of that of the wild-type (Table 4). The GABA concentration-response relationship was constructed for pizo;s/w3zsa
and py3o7s/w3sy- These experiments demonstrated that the prag7s/wszsa a0d prgrs/wasy mutants had GABA ECqys
that were similar to those of the wildtype (~1 and 0.5, respectively, compared to 0.6 uM in the wild type). This
finding was an important consideration since the degree of the potentiation magnitude is highly dependent on
the relative GABA-induced activity of the receptor-channel*’. To determine the minimal number of mutated
subunits that are necessary to confer potentiation, the cRNAs of p; and pysg;5/w3zsy OF p1 and prsgrs/waasa Were
co-injected at ratios of 22:1, 5:2, 4:3, 3:4, and 2:5 (p: P307/328 mutant) - 11 the presence of the approximate EC, GABA,
the extents of the diazepam- (30 UM, for pi39;75/w32sy) and pentobarbital- (20 and 50 uM, for pi3975/w32sa) depend-
ent potentiation were then determined at each ratio. Figure 5 shows the pentobarbital (p;39;5w32s4)- and diaze-
pam (pr3o7s/waz2ey)-dependent potentiation levels of pi, prag7s/wszsar Prozsiwsasy as well as of different ratios of p;:
Pr3o7sw3zsa Ad 1z Prsezswaaey- In the presence of the EC; GABA, pentobarbital (50 uM) caused only a minuscule
change in the GABA currents arising from the p, receptor but increased the corresponding GABA current of
P1307s/w32sa DY 870 £ 89% (Table 2). At the 22:1 ratio (wild-type:mutant), assuming an equal assembly of wild-type
and mutant subunits, the binomial calculations predicted that 80% of the constituted receptors in the ensemble
were wild-type, while the remainder were comprised of primarily hetero-oligomeric receptors with only a single
mutated subunit (four wild-type, Fig. 5a). At the 22:1 ratio of p;: pz0;s/w32sa> pentobarbital (20, 50, 100, or 200 uM)
produced a potentiation that was significantly greater than that in the wild-type (Fig. 5c and d; statistically greater
than wild-type, p < 0.05, Supplementary Information-Datasets). In the diazepam-dependent modulation, there
was also a statistically greater potentiation compared to that in the wild-type in the experiments corresponding
to the 22:1 ratio of p;: py3g7s/w3ey (Supplementary Information-Datasets). Thus, in contrast to the direct receptor
activation by diazepam or pentobarbital, the modulatory properties of the anaesthetics can be imparted to the
receptor sub-population containing a single mutated subunit.

To study the mechanism underlying the anaesthetic-dependent modulation, we constructed models to carry
out potentiation simulations at each ratio. For these calculations, we used the experimentally determined potenti-
ation values for the subpopulation of receptors corresponding to the homo-oligomers of the wild-type or mutant
subunits. However, the values of the potentiation magnitude arising from hetero-oligomeric receptors contain-
ing one, two, three, or four mutated subunit(s) were unknown and were therefore estimated by reducing the
known potentiation values of the mutated homo-oligomers by ~0.5" (0.47", 0.5%, and 0.53" for pentobarbital;
0.57",0.6", and 0.63" for diazepam), where n represents the number of the wild-type subunits in the pentamer.
The numbers (~0.5") used in these simulations to estimate the potentiation values of the hetero-oligomeric
channels at the tested concentrations of the anaesthetics were derived using an iterative process. The total
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Figure 5. Hetero-oligomeric p; receptors containing a single mutated subunit confer anaesthetic potentiation.
(a) The predicted quantities of the receptor sub-populations expected from the co-expression of different ratios
of wild-type to mutant cRNA. (b) Current traces elicited by EC, GABA and EC, GABA plus 20 or 50 uM PB for
P1> Praozs/wazsa> and different ratios of p :przo7s/wazsa- The lines above the current traces represent the duration of
the drug application. The vertical and horizontal bar scales denote 50 nA and 100 seconds, respectively. (c) PB-
dependent potentiation of EC; GABA for p,, przo7s/w32sa> and different ratios of p:pi3975/w3zsa- (d) Potentiation of
the EC, GABA by 20, 50, 100, and 200 uM PB for p,, and 22:1 ratio of p:prsg7s/w32sa @S Well as prsgzs/wszsa (inset).
(e) Potentiation of the EC; GABA by 30 uM DZ for p,, and different ratios of p;:pi397s/w3sy- The three shades of
grey horizontal lines in ¢ and e are simulated models for the potentiation experiments. The differences in the
potentiation levels between the different ratios of the p,;:mutant and p, are statistically significant (p < 0.05).

potentiation simulations at each ratio, as shown in Fig. 5, were then calculated by multiplying the known (for
homo-oligomers) and the presumed (for hetero-oligomers) potentiation values by the corresponding fraction
of the subpopulations that were present in each ensemble (determined using the binomial equation) followed
by summing the resulting values (Supplementary Information-Datasets). Figure 5 depicts the three simulations
for each co-expression at different ratios of wild-type:mutant experiments (in the form of horizontal lines, dif-
ferent shades of grey). For each ratio, the simulation numbers corresponded closely to the data points of the
pentobarbital- or diazepam-dependent potentiation (Fig. 5c and e). An examination of the simulated potenti-
ation values of each receptor sub-population reveals that the sequential replacement of each wild-type subunit
with a mutant subunit in the pentamer did not appear to increase the potentiation levels synergistically in the
tested concentration range of the anaesthetics. For example, a single hetero-oligomeric receptor with two mutated
subunits (of pize7s/wazsa) geNerates a potentiation level (e.g., 0.5° of wild-type subunits): 8794 that is nearly equal to
the sum of the potentiation values of two receptors each having a single mutated subunit (e.g., 0.54* of wild-type
subunits):487()96 - 0.544870% = 2*0.5**870% = 1*0.5°*870%).

Collectively, these studies demonstrate that the magnitude of the potentiation declines sequentially along
with the reduction in the number of mutated subunits in the pentamer. Importantly, receptors that contain even
a single mutated subunit are sensitive to the potentiation action of the anaesthetics.
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Figure 6. A model of GABA- versus anaesthetic-dependent activation. (a) A model of the GABA-dependent
activation of o;3,, compared to that of the p; GABA , receptors. T and R represent tense and relaxed states,
respectively. Note that in this model, a single GABA binding can stabilize two subunits into a relaxed state and
cast a more widespread effect on the overall structure. For the o,3,, receptor, the intermittent binding of two
GABA molecules can stabilize four subunits into a relaxed state, while for the p, receptor, three consecutive
GABA binding events (three GABA molecules) are needed to achieve the same task. (b) Represents the
distinct model of the anaesthetic-dependent activation of the mutated p, receptors. In the presented model, the
anaesthetics produce a local and limited effect on the state of the subunits.

Discussion

Using coexpression of cRNAs for the wild-type and mutated (307/328) p, subunits at different ratios, we demon-
strate that the number of anaesthetic-sensitive p; subunits crucial for imparting full efficacy to the partial GABA
agonists in the pentamer is three, while the number needed to confer anaesthetic sensitivity at the level of direct
activation is five. Importantly, the number of anaesthetic-sensitive p, subunits needed to convey potentiation by
the anaesthetics is one.

Mutations in the key residues pyeso; and pryps,g play distinctive roles in the co-impartation of the full efficacy
to the partial GABA agonists (I4AA) and anaesthetic sensitivity to the p, receptor. Both Ile307 and Trp328 are
located at the hydrophobic/hydrophilic interface in the upper leaflet of the membrane bilayer; however, the Trp
side chain not only constitutes the largest volume among all amino acids, but it also has the potential to anchor
the TM; polypeptide to the membrane interface. Mutations in pry,3,5 could dislodge the TM; from the membrane
interface and create a void, thus exposing the delicate gating components to anaesthetic action. However, the
substitution of the highly hydrophobic py30; with the hydrophilic Ser can shift the gating component, which is
located in the TM,, closer to the hydrophilic upper leaflet, hence contributing to an increase in the efficacy of the
GABA agonists (and allosteric agonists). Collectively, the double 307/328 mutations may create novel relaxed
state(s) with relatively reduced free energy levels of activation*$, in which access to or efficient alignment with the
molecular actions of anaesthetics is probable.

Our key finding is that the activation of GABA, receptors by GABA via orthosteric sites compared to
that by anaesthetics via allosteric sites requires numerically distinct subunit level rearrangements. In the
GABA-dependent activation mode, the number of GABA binding steps (at the orthosteric sites) needed to open
the channel differs between the homo-oligomeric p, and the hetero-oligomeric o3, receptors®49-5262.63 Tt js
currently well-established that for the p, receptor, the required number of GABA bindings to open the channel
is three (one per subunit, with five total subunits)** !, while for the «,3,7, receptor, the required number of
GABA bindings is only two*® % (one per 3-o subunits; out of five). This raises the following question: what
are the underlying structural and mechanical differences underlying the lower efficiency that is observed in the
GABA-dependent activation of p, compared to that of o;3,y, receptor? The o,3,7, receptor exhibit fixed stoi-
chiometry with two non-equivalent, but predetermined, GABA binding sites intermittingly positioned at the
B-a interface of the pentamer (See Fig. 6), which is similar to the homologous hetero-oligomeric nicotinic ace-
tylcholine receptor®®. GABA agonists bind to the extracellular domain in the interface of the two subunits with
an asymmetrical geometry, presumably via a strong electrostatic bonds®® ¢’. Thus, the binding of GABA to the
higher affinity site may impart structural perturbation to the two subunits, leading to a facilitation of subsequent
secondary binding in the o,3,7, receptor. Consequently, the sequential but intermittent bindings of two GABA
molecules at the orthosteric sites have the capacity to impact four subunits, thus rendering them into the relaxed
state. In comparison, for the p, receptor, the first binding can occur randomly at any of the five potential GABA
binding sites at the interface, potentially transforming two subunits into their relaxed states. This first binding
then cooperatively facilitates the second consecutive binding at the adjacent subunit. However, the perturbation
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(stabilization) caused by the secondary binding to the p, receptor may transmit to only three subunits. Therefore,
to complete the stabilization of the four subunits into their relaxed states, GABA binding to a third consec-
utive site is needed (see the presented model in Fig. 6). Therefore, in a model where rendering four subunits
into the relaxed state via the orthosteric sites dictates an open configuration, the number of GABA molecules
required for the o,3,7, receptor binding is two, while for the p, receptor, the number required is three. Thus,
through efficient inter-subunit action (location) and the presumed strong nature of its binding force, GABA
can exert a relatively global action on the structure of the receptor-channel®. In contrast to GABA action, our
data support the notion that anaesthetics act locally and transmit a more limited force on the stabilization of
the channel in the open configuration. The following three findings support the local effects of anaesthetics: 1)
Anaesthetic molecules act allosterically in the channel in the transmembrane medium close to the gating com-
ponent likely through a weak hydrophobic interaction. 2) The five-subunit (the entire pentamer) requirement
to confer anaesthetic-dependent direct activation indicates the weak nature of the transduction in opening the
channel. 3) A single anaesthetic-sensitive subunit, paradoxically, confers an anaesthetic-dependent potentiation,
but the addition of each mutated subunit does not appear to increase the potentiation levels synergistically. How
can one explain the differences in the requirement for activation versus modulation (all 5 subunits versus 1 sub-
unit)? In the modulatory mode, in a model in which three sequential GABA binding events stabilize the channel
in the open state, the anaesthetic-dependent activation of a single subunit needs to enhance the binding of GABA
to the receptor only in the first binding step, thus increasing the efficiency of the subsequent GABA bindings and
the eventual channel opening. Collectively, these findings indicate that, unlike GABA, the force of anaesthetics
does not appear to propagate to the neighbouring subunits, is limited in its scope and poses only a local effect on
the channel.

The interaction between the GABA agonist and the orthosteric sites required to open the channel has been
evolutionarily optimized through precise/specific positioning of the GABA binding sites, the tuning of the
inter-subunit dynamics, and the facilitation of the transduction/stabilization processes. Anaesthetic effects, by
contrast, appear to be more generic, their site of action is not as fine-tuned, and their transduction/stabilization
is not as enhanced. In the evolutionary ladder of ligand-gated ion channels, the hetero-oligomeric receptors (e.g.,
,3,7,) evolved more recently®. The fact that two versus three GABA molecules are needed to bind the receptor
to open the hetero- versus homo-oligomer of GABA , receptors suggests that the optimization in terms of the
tuning of the inter-subunit dynamic and the facilitation of the transduction/stabilization processes has resulted in
a binding/opening process in the hetero-oligomeric 3,7, that is more efficient than that in the p; receptor. Thus,
the difference in the o, (3,7, receptor versus the p, receptor predicts that in the allosteric-dependent activation by
anaesthetics, the number of subunits required to bind (sense) the anaesthetic may be lower in the 3,7, receptors
relative to that in the p; GABA 4 receptors.

Our findings demonstrate that, in comparison to GABA, anaesthetic molecules not only use a different site of
action but also exhibit a different activation paradigm to maintain the channel in the open state. Thus, allosteric
molecules such as anaesthetics can modulate GABA-gated ion channels in a dynamically distinct fashion.

Methods

Oocyte preparation and electrophysiology. The oocyte isolation, site-directed mutagenesis, comple-
mentary RNA (cRNA) synthesis, cRNA injection into the oocyte, the drug perfusion system, and the oocyte elec-
trophysiology have been previously described®> 8. The quality of the cRNAs was determined by electrophoresis
of set dilutions of the cRNA on a 1% formaldehyde-containing agarose gel. The amount of cRNA was first deter-
mined and matched by interpolation of lanes containing different dilutions of the cRNA and then quantified spec-
trophotometrically. Following the injection, the oocytes were incubated in a solution containing the following (in
mM): 5 HEPES, 82.5 NaCl, 2.5 KCl, 1 CaCl,, 1 MgCl,, 1 Na,HPO,, and 2.5 Na pyruvate, with the pH adjusted to
7.5 with NaOH. This mixture was supplemented with 50 U/ml penicillin, 50 ug/ml streptomycin, and 2% horse
serum. The oocytes were maintained at 14 °C. The recording solution (OR,) contained the following (in mM): 5
HEPES, 92.5 NaCl, 2.5 KCI, 1 CaCl,, and 1 MgCl,, with the pH adjusted to 7.5 with NaOH. All methods relating
to animal procedures were approved by Animal Care and Use Committee of University of South Florida, and were
carried out in accordance with Guidelines of the National Institute of Health for the Use of Laboratory Animals.

Comparison of the wild-type and mutant expression levels. To measure the expression levels of
the key mutant subunits (przgzs/wa2sp Prsorsiwsasw Prsorsiwsasy a0 Pragzsiwazsa) relative to those of the wild-type
subunits, the cRNAs of the wild-type or mutant p, subunit were injected individually into sets of oocytes at equal
quantities. The same needle was used for the injections of the wild-type and the mutant cRNA to ensure equal
quantities of the cRNA injection. The needle was washed several times between injections to avoid cross contam-
ination. The maximal GABA-induced currents were then determined 4 days post-injection (see Supplementary
Information-Datasets). To evoke the maximal GABA current in the wild-type and mutant subunits, concentra-
tions of GABA equivalent to 20 to 100 times the corresponding ECy, values were used. The average and SEM
of the maximal elicited GABA current were first determined for each injection set of the wild-type and mutant
subunits. To calculate the relative expression levels of the key mutants, the average of the maximal GABA current
in the mutant was divided by the average of the maximal GABA current in the wild-type (Table 4).

Determination of the maximal current in the co-expressional studies. To evoke the maximal cur-
rent for the wild-type, mutant, and different wild-type:mutant ratios, concentrations of agonists equivalent to 3 to
100 times the corresponding ECs, values were used. To determine the maximal-induced current of the different
agonists, each oocyte injected with cRNA of p;, pr3o7s:w3281 Praozsiwsasys different ratios of py: pragzs/wazsp OF that of
P12 Pr3ozswaagy Was tested with two applications of GABA, followed by applications of two GABA agonists (I4AA
and then ZAPA), anaesthetics, and finally GABA again. Washes of several minutes each were conducted between
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applications. To determine the relative maxima, the maximal current values for each I4AA, ZAPA, or anaesthetic
were then normalized to their respective maximal GABA current values. The current values used in the calcula-
tions were limited to those with a magnitude that was less than 1 pA.

Data fitting and binomial calculations. The data points for the concentration-response relationships
were fitted to the following logistic equation:

1=1,/(1 + [ECs/Al") )
where I is the peak current at a given concentration of agonist A, and I, is the maximum current. ECs, is the
concentration of the agonist yielding a half-maximal current, and n is the slope.

The EC, values were determined based on the concentration-response relationships. The extrapolated values
were tested and then adjusted empirically.

The fraction of each sub-population of receptors (containing five, four, three, two, one, or zero mutated sub-
units) at each ratio was determined using the binomial equation based on the following assumptions: (1) the
receptor is a pentamer, (2) the efficiency of the assembly was not affected by the mutations, and (3) the two differ-
ent stoichiometries present in the receptor chimaeras containing two or three mutated subunits are equivalent in
function. The binomial equation is as follows:

P(r) = p'q" "(n!/r!(n — 1)!) )

where for a given ratio, r is the number of wild-type subunits incorporated at a given time (e.g., 3); n is the num-
ber of subunits in the receptor complex (5); P(r) is the sub-population fraction of the receptor comprising the r
wild-type subunits; and p and q are the probabilities of the wild-type and the mutant subunit assimilation, respec-
tively. For example, for the 6:1 ratio of the wild-type to mutant injection, p is equal to 6/7, while q is equal to 1/7.

The percent increases in the GABA currents induced by the anaesthetic (% potentiation) were calculated using
the following equation:

% Potentiation = [(IGapa  Anaesthetic — Iara)/Iasal * 100 (3

where I, is the current value elicited by a given concentration of GABA, and Ipa; anaesthetic 1 the evoked cur-
rent induced by the same concentration of GABA plus the anaesthetic.

Mathematical simulations. To determine the number of mutated subunits that are required for the acti-
vation by the GABA agonist compared to that required for the activation by the anaesthetics, simulations were
carried out by assigning experimentally determined values to the sub-population of the homo-oligomers of the
wild-type (wild-type-like, close to zero activity) or mutated receptors (mutant-like, close to 100% activity). For
the hetero-oligomer receptors containing four, three, two, or one mutated subunits (with unknown activity),
depending on the model, either all (homo-oligomeric mutant-like activity) or none weight (wild-type-like activ-
ity) was assigned to each receptor sub-population. Three models were considered as follows:

1) The contribution from only the subpopulation of the homo-oligomeric mutant receptors with all weight
activity (homo-oligomeric mutant-like activity, ~100%) on the overall current was considered; the remain-
der of the sub-populations was then speculated to have wild-type-like activity (close to zero).

2) Two receptor sub-populations in the ensemble were simulated to have mutant-like activity. These includ-
ed the homo-oligomer of the mutated subunit and the hetero-oligomer with four mutated subunits. The
remaining four subpopulations were presumed to have wild-type-like activity.

3) Finally, three subpopulations of receptors containing five, four, and three mutated subunits were assumed
to exhibit mutant-like activity, while the remaining three subpopulations were instead assumed to have
wild-type-like activity (Figs 3 and 4; see Supplementary Information-Datasets for the simulation steps).

To derive the final value of each ratio, the known (homo-oligomers) and the presumed values
(hetero-oligomers) of each receptor sub-population were multiplied by the corresponding sub-population
fraction present in the ensemble (determined using binomial equation), and the resulting numbers were then
summed.

To correct for the differences in the expression levels (determined based on maximal GABA-induced current
for mutant relative to that for wild-type, at equivalent cRNA injection), between the wild-type p, and py3o7s/wazsv
and the p; and prsg75/ws2sy in the simulations, the relative sub-population (fraction) of the receptors containing
five, four, three, two, one and zero mutated subunit(s) at each ratio was first estimated using the binomial equa-
tion, which assumed the equal assembly of wild-type and mutated subunits. Each subpopulation of receptors was
then corrected for the difference in GABA maximal using the following procedure. First, the determined fraction
(binomial calculation) of each receptor subpopulation containing 3 or more mutated subunits in each ensemble
was multiplied by the relative GABA maximal determined for the mutant (e.g., ~0.5 for pj3o;s/w32ev» mutant-like
expression), while the expression of the receptor subpopulations containing 3, 4 and 5 wild-type subunits was
corrected by the wild-type-like expression in terms of GABA maximal (~1). Second, the products from the first
step were summed. Finally, each receptor sub-population, corrected for its GABA maximal levels, was normalized
to the derived sum in the second step (Supplementary Information-Datasets). Notably, the number of required
mutated subunits for the GABA agonist-dependent versus the anaesthetic-dependent activation and the number
of mutated subunits needed for potentiation were unaffected if the lower maxima of py3g7/w328v OF Pr3o7s/w3zsy Were
not considered in the calculations of the simulation studies (Supplementary Information-Datasets).
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To conduct the simulation of the anaesthetic-dependent potentiation at each ratio, we used experimentally
determined potentiation values for the sub-populations of homo-oligomers of py37s/w3zsa @1d Prag7s/wazsy recep-
tors in the ensemble. The values of the potentiation magnitude arising from hetero-oligomeric receptors con-
taining one, two, three, and four mutated subunit(s) (unknown) in the ensemble were estimated by reducing
the known potentiation values by ~0.5" (0.47", 0.5, and 0.53" for pentobarbital, 0.57", 0.6", and 0.63" for diaz-
epam), where n represents the number of the wild-type subunits in the pentamer. The numbers (~0.5") used
for these simulations were determined using an iterative process. To calculate the final values for the potentia-
tion simulations at each ratio, the known (homo-oligomers) and the presumed (hetero-oligomers) potentiation
values for each receptor sub-population were multiplied by the corresponding sub-population fraction pres-
ent in the ensemble (determined using the binomial equation). The resulting values were then summed. The
detailed steps of all simulation procedures corresponding to the I[4AA-, ZAPA-, anaesthetic-dependent direct
activation, and anaesthetic-dependent potentiation are presented as excel spreadsheets in the Supplementary
Information-Datasets.

Reagents. Drugs and chemical were purchased from Sigma-Aldrich, except for diazepam and propofol
(Biomol) and ZAPA (Tocris). Diazepam, propofol, etomidate and midazolam were first dissolved in DMSO. The
final solutions of these drugs were prepared by adding the stock to a rapidly agitating solution of OR,. Other
drugs were directly dissolved in OR,.

Statistics. A student’s t-test (two-tailed, Sigma Plot) was used to determine the statistically significant dif-
ferences between the values of the anaesthetic-dependent potentiation at different ratios of wild-type to mutant
versus the p, receptor (Supplementary Information-Datasets). All data are presented as the Mean =+ Standard
error (s.e.m.).

References

1. Miller, P. S. & Smart, T. G. Binding, activation and modulation of Cys-loop receptors. Trends in pharmacological sciences 31, 161-174
(2010).

2. Olsen, R. W. & Sieghart, W. International Union of Pharmacology. LXX. Subtypes of y-aminobutyric acidA receptors: classification
on the basis of subunit composition, pharmacology, and function. Update. Pharmacological reviews 60, 243-260 (2008).

3. Hevers, W. & Luddens, H. The diversity of GABAA receptors. Pharmacological and electrophysiological properties of GABAA
channel subtypes. Molecular Neurobiology 18, 35-86 (1998).

4. Schofield, P. R. et al. Sequence and functional expression of the GABA A receptor shows a ligand-gated receptor super-family. Nature
328,221-227 (1987).

5. Sieghart, W. Allosteric Modulation of GABAA Receptors via Multiple Drug-Binding Sites. Diversity and Functions of GABA
Receptors: A Tribute to Hanns Mohler 53 (2015).

6. Rudolph, U. & Knoflach, F. Beyond classical benzodiazepines: novel therapeutic potential of GABAA receptor subtypes. Nature
Reviews Drug Discovery 10, 685-697 (2011).

7. Franks, N. P. & Lieb, W. R. Molecular and cellular mechanisms of general anaesthesia. Nature. 367, 607-614 (1994).

8. Pritchett, D. B. & Seeburg, P. H. gamma-Aminobutyric acid type A receptor point mutation increases the affinity of compounds for
the benzodiazepine site. Proceedings of the National Academy of Sciences of the United States of America. 88, 1421-1425 (1991).

9. Pritchett, D. B. et al. Importance of a novel GABAA receptor subunit for benzodiazepine pharmacology. Nature. 338, 582-585
(1989).

10. Nicoll, R., Eccles, J., Oshima, T. & Rubia, . Prolongation of hippocampal inhibitory postsynaptic potentials by barbiturates. Nature
258, 625-627 (1975).

11. Lugli, A. K,, Yost, C. S. & Kindler, C. H. Anaesthetic mechanisms: update on the challenge of unravelling the mystery of anaesthesia.
European journal of anaesthesiology 26, 807 (2009).

12. Twyman, R., Rogers, C. & Macdonald, R. Intraburst kinetic properties of the GABAA receptor main conductance state of mouse
spinal cord neurones in culture. The Journal of Physiology 423, 193-220 (1990).

13. Sigel, E., Baur, R., Kellenberger, S. & Malherbe, P. Point mutations affecting antagonist affinity and agonist dependent gating of
GABAA receptor channels. The EMBO journal 11, 2017 (1992).

14. Amin, J. & Weiss, D. S. GABAA receptor needs two homologous domains of the beta-subunit for activation by GABA but not by
pentobarbital.[comment]. Nature. 366, 565-569 (1993).

15. Wafford, K. et al. A novel allosteric modulatory site on the GABA A receptor (3 subunit. Neuron 12, 775-782 (1994).

16. Wingrove, P. B., Wafford, K. A., Bain, C. & Whiting, P. J. The modulatory action of loreclezole at the gamma-aminobutyric acid type
A receptor is determined by a single amino acid in the beta 2 and beta 3 subunit. Proceedings of the National Academy of Sciences 91,
4569-4573 (1994).

17. Belelli, D., Lambert, J. J., Peters, J. A., Wafford, K. & Whiting, P. ]. The interaction of the general anesthetic etomidate with the
~-aminobutyric acid type A receptor is influenced by a single amino acid. Proceedings of the National Academy of Sciences 94,
11031-11036 (1997).

18. Mihic, S. J. et al. Sites of alcohol and volatile anaesthetic action on GABA(A) and glycine receptors.[comment]. Nature 389, 385-389
(1997).

19. Amin, J. A single hydrophobic residue confers barbiturate sensitivity to gamma-aminobutyric acid type C receptor. Molecular
Pharmacology. 55, 411-423 (1999).

20. Belelli, D., Pau, D., Cabras, G., Peters, J. A. & Lambert, J. J. A single amino acid confers barbiturate sensitivity upon the GABA rho 1
receptor. British Journal of Pharmacology. 127, 601-604 (1999).

21. Gerard-Reves, J., Glass, P. & Lubarsky, D. Anesthesia 5th edition. (Churchill Levingston, 2000).

22. Walters, R. J., Hadley, S. H., Morris, K. D. & Amin, J. Benzodiazepines act on GABAA receptors via two distinct and separable
mechanisms. Nature Neuroscience. 3, 1274-1281 (2000).

23. Bali, M. & Akabas, M. H. Defining the propofol binding site location on the GABAA receptor. Molecular pharmacology 65, 68-76
(2004).

24. Morris, K. D. & Amin, J. Insight into the mechanism of action of neuroactive steroids. Mol Pharmacol 66, 56-69 (2004).

25. Ernst, M., Bruckner, S., Boresch, S. & Sieghart, W. Comparative models of GABAA receptor extracellular and transmembrane
domains: important insights in pharmacology and function. Molecular pharmacology 68, 1291-1300 (2005).

26. Hosie, A. M., Wilkins, M. E., da Silva, H. M. & Smart, T. G. Endogenous neurosteroids regulate GABAA receptors through two
discrete transmembrane sites. Nature 444, 486-489 (2006).

27. Hilf, R.]. & Dutzler, R. X-ray structure of a prokaryotic pentameric ligand-gated ion channel. Nature 452, 375-379 (2008).

SCIENTIFICREPORTS|7:7770 | DOI:10.1038/s41598-017-08031-9 14



www.nature.com/scientificreports/

28.

29.
. Chen, Z.-W. et al. Neurosteroid analog photolabeling of a site in the third transmembrane domain of the 33 subunit of the GABAA

31.
32.
33,
34.

35.
36.

37.
38.

39.
40.

41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.

52.
53.

54.

55.

56.

57.

58.
59.
60.
61.
62.
63.
64.
65.
66.

67.
68.

69.

Bocquet, N. et al. X-ray structure of a pentameric ligand-gated ion channel in an apparently open conformation. Nature 457,
111-114 (2009).
Nury, H. et al. X-ray structures of general anaesthetics bound to a pentameric ligand-gated ion channel. Nature 469, 428-431 (2011).

receptor. Molecular pharmacology 82, 408-419 (2012).

Gielen, M. C., Lumb, M. J. & Smart, T. G. Benzodiazepines modulate GABAA receptors by regulating the preactivation step after
GABA binding. The Journal of Neuroscience 32, 5707-5715 (2012).

Mortensen, M., Patel, B. & Smart, T. G. GABA potency at GABAA receptors found in synaptic and extrasynaptic zones. Frontiers in
cellular neuroscience 6 (2012).

Spurny, R. et al. Multisite binding of a general anesthetic to the prokaryotic pentameric Erwinia chrysanthemi ligand-gated ion
channel (ELIC). Journal of Biological Chemistry 288, 8355-8364 (2013).

Yip, G. M. et al. A propofol binding site on mammalian GABAA receptors identified by photolabeling. Nature chemical biology 9,
715-720 (2013).

Miller, P. S. & Aricescu, A. R. Crystal structure of a human GABAA receptor. Nature (2014).

Maldifassi, M. C., Baur, R. & Sigel, E. Functional sites involved in modulation of the GABA A receptor channel by the intravenous
anesthetics propofol, etomidate and pentobarbital. Neuropharmacology (2016).

Desai, R., Ruesch, D. & Forman, S. A. y-Amino butyric acid type A receptor mutations at 32N265 alter etomidate efficacy while
preserving basal and agonist-dependent activity. The Journal of the American Society of Anesthesiologists 111, 774-784 (2009).
Jones-Davis, D. M., Song, L., Gallagher, M. J. & Macdonald, R. L. Structural determinants of benzodiazepine allosteric regulation of
GABAA receptor currents. Journal of Neuroscience 25, 8056-8065 (2005).

Amin, J. & Weiss, D. Homomeric rho 1 GABA channels: activation properties and domains. Receptors & channels 2, 227-236 (1993).
Monod, J., Wyman, J. & Changeusx, J.-P. On the nature of allosteric transitions: a plausible model. Journal of molecular biology 12,
88-118 (1965).

Nakagawa, T., Cheng, Y., Ramm, E., Sheng, M. & Walz, T. Structure and different conformational states of native AMPA receptor
complexes. Nature 433, 545-549 (2005).

De Smet, E, Christopoulos, A. & Carmeliet, P. Allosteric targeting of receptor tyrosine kinases. Nature biotechnology 32, 1113-1120
(2014).

Unwin, N. Nicotinic acetylcholine receptor and the structural basis of neuromuscular transmission: insights from Torpedo
postsynaptic membranes. Quarterly reviews of biophysics 46, 283-322 (2013).

Forman, S. A. Monod-Wyman-Changeux allosteric mechanisms of action and the pharmacology of etomidate. Current opinion in
anaesthesiology 25,411 (2012).

Forman, S. A. & Miller, K. W. Anesthetic sites and allosteric mechanisms of action on Cys-loop ligand-gated ion channels. Canadian
Journal of Anesthesia/Journal canadien danesthésie 58, 191-205 (2011).

Kenakin, T. Analytical pharmacology and allosterism: the importance of quantifying drug parameters in drug discovery. Drug
Discovery Today: Technologies 10, €229-e235 (2013).

Kenakin, T. & Christopoulos, A. Signalling bias in new drug discovery: detection, quantification and therapeutic impact. Nature
Reviews Drug Discovery 12, 205-216 (2013).

Hibbs, R. E. & Gouaux, E. Principles of activation and permeation in an anion-selective Cys-loop receptor. Nature 474, 54-60
(2011).

Baumann, S. W, Baur, R. & Sigel, E. Individual properties of the two functional agonist sites in GABAA receptors. The Journal of
neuroscience 23, 11158-11166 (2003).

Chang, Y. & Weiss, D. S. Channel opening locks agonist onto the GABAC receptor. Nature neuroscience 2, 219-225 (1999).

Amin, J. & Weiss, D. S. Insights into the activation mechanism of rhol GABA receptors obtained by coexpression of wild type and
activation-impaired subunits. Proceedings of the Royal Society of London Series B: Biological Sciences 263, 273-282 (1996).
Maconochie, D. J., Zempel, J. M. & Steinbach, J. H. How quickly can GABAA receptors open? Neuron. 12, 61-71 (1994).

Ueda, 1., Suzuki, A. & Kamaya, H. Do anesthetics act by competitive binding to specific receptors? Phase transition of firefly
luciferase. Toxicology letters 100, 405-411 (1998).

Tang, P., Mandal, P. K. & Zegarra, M. Effects of volatile anesthetic on channel structure of gramicidin A. Biophysical journal 83,
1413-1420 (2002).

Tang, P. & Xu, Y. Large-scale molecular dynamics simulations of general anesthetic effects on the ion channel in the fully hydrated
membrane: the implication of molecular mechanisms of general anesthesia. Proceedings of the National Academy of Sciences 99,
16035-16040 (2002).

Kusama, T. et al. Pharmacology of GAB A p, and GAB A o/f receptors expressed in Xenopus oocytes and COS cells. British journal
of pharmacology 109, 200-206 (1993).

Shimada, S., Cutting, G. & Uhl, G. R. gamma-Aminobutyric acid A or C receptor? gamma-Aminobutyric acid rho 1 receptor RNA
induces bicuculline-, barbiturate-, and benzodiazepine-insensitive gamma-aminobutyric acid responses in Xenopus oocytes.
Molecular Pharmacology. 41, 683-687 (1992).

Hevers, W., Hadley, S. H., Liiddens, H. & Amin, ]. Ketamine, but not phencyclidine, selectively modulates cerebellar GABAA
receptors containing a6 and & subunits. The Journal of Neuroscience 28, 5383-5393 (2008).

Anis, N, Berry, S., Burton, N. & Lodge, D. The dissociative anaesthetics, ketamine and phencyclidine, selectively reduce excitation
of central mammalian neurones by N-methyl-aspartate. British journal of pharmacology 79, 565 (1983).

Chebib, M. & Johnston, G. A. The ABCof GABA receptors: a brief review. Clinical and experimental pharmacology and physiology
26, 937-940 (1999).

Karim, N. et al. Potency of GABA at human recombinant GABAA receptors expressed in Xenopus oocytes: a mini review. Amino
acids 44, 1139-1149 (2013).

Baumann, S. W,, Baur, R. & Sigel, E. Forced Subunit Assembly in o,3,5, GABAAReceptors INSIGHT INTO THE ABSOLUTE
ARRANGEMENT. Journal of Biological Chemistry 277, 46020-46025 (2002).

Tretter, V., Ehya, N., Fuchs, K. & Sieghart, W. Stoichiometry and assembly of a recombinant GABAA receptor subtype. The Journal
of neuroscience 17, 2728-2737 (1997).

Sigel, E. & Steinmann, M. E. Structure, function, and modulation of GABAA receptors. Journal of Biological Chemistry 287,
40224-40231 (2012).

Karlin, A. & Akabas, M. H. Toward a structural basis for the function of nicotinic acetylcholine receptors and their cousins. Neuron
15, 1231-1244 (1995).

Bergmann, R., Kongsbak, K., Serensen, P. L., Sander, T. & Balle, T. A unified model of the GABA A receptor comprising agonist and
benzodiazepine binding sites. PLoS One 8, €52323 (2013).

Carpenter, T. S. & Lightstone, E. C. An Electrostatic Funnel in the GABA-Binding Pathway. PLoS Comput Biol 12, €1004831 (2016).
Chang, Y. & Weiss, D. S. Site-specific fluorescence reveals distinct structural changes with GABA receptor activation and
antagonism. Nature neuroscience 5, 1163-1168 (2002).

Chen, Y, Reilly, K. & Chang, Y. Evolutionarily conserved allosteric network in the Cys loop family of ligand-gated ion channels
revealed by statistical covariance analyses. Journal of Biological Chemistry 281, 18184-18192 (2006).

SCIENTIFICREPORTS|7:7770 | DOI:10.1038/s41598-017-08031-9 15



www.nature.com/scientificreports/

Acknowledgements

The authors thank Stephen Hadley for his technical assistance during the initial stages of the work, and Joshua
Ortiz and Rajay Seudath for their help with the collection of the preliminary data. We would also like to extend
our gratitude to both reviewers of the manuscript for their accurate assessments and just criticisms, which have
resulted in significant improvements in the manuscript. This work was funded by the Established Investigator
Award from the American Heart Association (to J.A.).

Author Contributions
J.A. designed the research study; M.S.S. and J.A. conducted the experiments, performed the data analysis and
contributed to the writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08031-9

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:7770 | DOI:10.1038/s41598-017-08031-9 16


http://dx.doi.org/10.1038/s41598-017-08031-9
http://creativecommons.org/licenses/by/4.0/

	Orthosteric- versus allosteric-dependent activation of the GABAA receptor requires numerically distinct subunit level rearr ...
	Results

	Imparting sensitivity to intravenous anaesthetics to the ρ1 receptor. 
	Co-impartation of full efficacy to partial agonists. 
	Differential contributions of Ile307 and Trp328. 
	Distinct activation by GABA versus anaesthetics. 
	A single mutated subunit confers anaesthetic-dependent potentiation of GABA currents. 

	Discussion

	Methods

	Oocyte preparation and electrophysiology. 
	Comparison of the wild-type and mutant expression levels. 
	Determination of the maximal current in the co-expressional studies. 
	Data fitting and binomial calculations. 
	Mathematical simulations. 
	Reagents. 
	Statistics. 

	Acknowledgements

	Figure 1 Mutations of the 307/328 residues confer sensitivity to the structurally distinct intravenous anaesthetics to the ρ1 receptor.
	Figure 2 I4AA-, ZAPA-, pentobarbital-, and diazepam-dependent activation of ρ1 307/328 mutants.
	Figure 3 Variable co-expression of the ρ1 and 307/328 mutants reveals a distinct activation paradigm for GABA versus pentobarbital.
	Figure 4 Variable co-expression of the ρ1 and 307/328 mutants demonstrates a distinct activation paradigm for GABA versus diazepam.
	Figure 5 Hetero-oligomeric ρ1 receptors containing a single mutated subunit confer anaesthetic potentiation.
	Figure 6 A model of GABA- versus anaesthetic-dependent activation.
	Table 1 Parameters determined from fitting the logistic equation to the data points of the GABA, I4AA, ZAPA, diazepam, and pentobarbital concentration-response relationships.
	Table 2 Potentiation values (% increase) of etomidate, propofol, midazolam, and pentobarbital in the presence of EC4 GABA in the ρ1 and ρ307/328 mutants.
	Table 3 The current maxima for pentobarbital, diazepam, I4AA, and ZAPA relative to that of GABA in the ρ1 and ρ307/328 mutants.
	Table 4 The GABA-induced maximal current of key ρ307/328 mutants (used in the mixing experiments) relative to that of ρ1 at equivalent cRNA injections.




