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2.2.3 Trans MAM-6 inhibits LIGABAAR after PTL treatment

Next, we determined if binding of the PTL altered receptor sensitivity to GABA-
elicited current. Whole-cell patch clamp electrophysiology of GABA-elicited current from
Xenopus oocytes expressing a1(T125C)B2 showed that GABA responses before and
after PTL attachment are similar to GABA responses in the retracted cis conformation
whereas in the extended frans conformation GABA responses are reduced after PTL
attachment (Figure 2.3). The GABA responses to 300 yM GABA before and after PTL
attachment indicate negligible changes in receptor activity during the experiment. Only
in the presence of externally applied GABA was the receptor activated, irradiation with
light did not trigger receptor activation. Attachment of the PTL to genetically engineered
cysteine mutant receptors created light-regulated GABA, receptors (LIGABARS).

To determine if cysteine substitution or PTL attachment affected receptor
sensitivity to GABA we investigated GABA sensitivity of untreated, MAM-6 treated a-
cysteine engineered mutant receptors to that of untreated wild-type a1B2 receptors or
wild-type a5B2 receptors. The effect of MAM-6 attachment or engineered cysteine
residue substitution on receptor function was evaluated by quantifying the change in
current ratio elicited from responses to 3 uM to 3 mM GABA (Table 1). We determined
that the following cysteine mutation sites for a1: 41, 68, 171 had lower sensitivity to
GABA compared to wild-type and therefore these cysteine mutants were not optimal
sites for PTL attachment to study receptor subtype function in neurons because receptor
sensitivity was altered (Table 1). Further, the a1(T125C) mutation was chosen as the
optimal PTL attachment site because it allowed substantial photoregulation of a1 GABA
receptors without altering receptor sensitivity to GABA before or after PTL attachment
(Table 1). For a5 GABA receptors we determined the a5(S72C) mutation as the optimal

PTL attachment site.
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Figure 2.3. Attachment of Trans MAM-6 Inhibits Engineered GABAA
Receptors

Representative trace of GABA responses from a Xenopus oocyte expressing
a1(T125C)B2. The oocyte was first exposed to 3 yM GABA followed by 300 uM GABA,
then treated with 50 yM MAM-6 for 10 minutes to allow for cysteine tethering of the PTL.
After MAM-6 treatment the oocyte was irradiated with 500 nm light during 3 uM GABA
exposure followed by irradiation with 380 nm light during 3 uM GABA exposure, and
finally treatment with 300uM GABA during irradiation with 380 nm light.
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Table 1: GABA sensitivity of untreated and MAM-6 treated engineered a-mutants
mutation MAM-6 attached receptor untreated receptor
: Is00/I3s0 . I3m/Ism (380 nm) . T3m/ Imm . comments
site (mean * SEM)? trials 1’(Mmean + SEM)® trials (meax;mi SEM) ® trials
al
wild- 1.08 £ 0.02
type (untreated) 9 -- - 0.46 + 0.03 9
41 0.62 £ 0.03 10 0.41 + 0.03 9 0.33 + 0.03 3 c
68 0.47 £ 0.05 8 0.17 £ 0.03 4 0.34 + 0.03 3 c,d
121 0.52 + 0.03 14 0.34 £+ 0.03 14 0.49 + 0.02 4 d
125 0.60 + 0.03 10 0.44 + 0.07 7 0.45 * 0.05 4 e
171 0.63 £ 0.03 4 0.20 £ 0.01 4 0.20 + 0.01 3 c,d
[e®)
wild- 1.01 £ 0.01
gl (untreated) 3 0.43 + 0.01 7
72 0.95 £ 0.10 15 0.22 +£ 0.02 11 0.39 + 0.00 3
a. Current ratio was measured at 3 yM GABA (500 nm vs. 380 nm).
b. The effect of MAM-6 attachment or cysteine substitution on receptor function was

evaluated by the change in current ratio at 3 yM GABA vs. 3 mM GABA. The
ECso of wild-type a1B2 receptors is ~3 uM.

The mutant receptor’s sensitivity to GABA is lower than that of the wild-type a1p2
receptors (indicated by Isum/lzmm).

The receptor’s sensitivity to GABA is reduced in both 500 nm and 380 nm lights
after MAM-6 attachment.

The receptor’s sensitivity to GABA is unaltered in 380 nm light after MAM-6
attachment. This feature makes a1(T125C) the best mutant for downstream
applications in neurons.
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2.2.4 Identification of critical PTL components for LIGABAAR control
To determine the critical components required for the PTL to photoregulate
GABA receptors of interest we altered the structure of the MAM-6 PTL design. Both the
muscimol ligand and spacer moieties of MAM-6 were altered and the resulting PTLs
were tested for their ability to photoregulate 10 yM GABA sensitivity of a1(T125C)
GABAA4 receptors or a5(S68C) GABAA receptors. Muscimol is negatively charged at
physiological pH, enabling receptor binding. Consistent with this mechanism, replacing
muscimol with a neutral analogue 4-hydroxylbenzylamine reduced the photoregulation
effect in a1(T125C) GABAA receptors; this PTL was named MAB-6 (Figure 2.4A, Figure
2.4B). Photoregulation was nearly completely suppressed in a1(T125C) GABAa
receptors when the 6-carbon spacer of MAM-6 was removed; this PTL was named
MAM-0 (Figure 2.4A, Figure 2.4B). Surprisingly, removal of the 6-carbon spacer and
substituting muscimol with neutral analogue 4-hydroxylbenzylamine (MAB-0), increased
the photoregulation effect in a1(T125C) GABAA receptors, resulting in an effect greater
than that by MAM-6, suggesting that the muscimol ligand was not a required component
of the PTL design for photoregulation (Figure 2.4A, Figure 2.4B). Interestingly,
a5(S68C) GABAa receptors were only photoregulated with MAM-6 attachment,
suggesting both a flexible linker and a negatively charged ligand are required for
photoregulation of a5 receptors (Figure 2.4C). In summary, screening of engineered
cysteine-mutant receptors and PTLs revealed the best combination for creating light-
regulated GABAa receptors (LIGABARs) was a1(T125C) tethered to MAB-0 and
a5(S68C) tethered to MAM-6.
The strong photoregulation by MAB-0 suggests that its ligand binds strongly to the

GABA-binding pocket when the azobenzene is photoswitched to the trans isomer
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suggesting MAB-0 prevents GABA binding by blocking the GABA-binding site. To
investigate the increased photoregulation effect of MAB-0 in a1(T125C) GABAa
receptors, we used molecular modeling to dock trans and cis MAB-0. Docking trans
MAB-0 in a homology model of a1(T125C)B2 dimer suggested that the PTL spans the
GABA binding site and the binding pocket (Figure 2.4D, top). Aromatic residues in the
GABA-binding pocket are indicated in yellow (Figure 2.4D). Trans-to-cis isomerization of
azobenzene retracts MAB-0 from the GABA binding site subsequently relieving receptor

antagonism (Figure 2.4D, bottom).
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Figure 2.4. Critical Components of PTL for Photocontrol of LIGABAARSs

A) Series of PTLs

B) Photoregulation of a1(T125C)B2 receptors with MAM-6, MAB-6, MAM-0 and MAB-0.
The ratio (mean + SEM) of current amplitude (elicited from 10 yM GABA, -70 mV,
HEK293T cells) elicited from irradiation with 380 nm vs. 500 nm (lzgo/ls00) light was used
as an index of photoregulation, where a ratio of 1 indicates no light sensitivity of the
tested cysteine-mutant receptor.

C) Photoregulation of a5(S68C)B2 receptors with MAM-6, MAB-6, MAM-0 and MAB-O0.
The ratio (mean + SEM) of current amplitude (elicited from 10 yM GABA, -80 mV,
Xenopus oocytes) elicited from irradiation with 380 nm vs. 500 nm (lsgo/ls00) light was
used as an index of photoregulation, where a ratio of 1 indicates no light sensitivity of the
tested cysteine-mutant receptor.

D) Docking pose of trans or cis MAB-0 in a homology model of a1p2 dimer. A positional
constraint was used to mimic tethering at a1(T125C) shown in orange. Aromatic
residues in the GABA-binding pocket are in yellow.
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2.2.5 Photoregulation of mIPSC of a1- and a5-GABA, receptors

Once the optimal PTL design and attachment site for a1- and a5-GABAa
receptors was determined, we investigated if synaptic inhibition in primary neurons could
be controlled optically with these LiIGABAARs. These experiments were to test if a1- and
a5-GABAA enable photoregulation of phasic and tonic inhibition. Primary dissociated
cultures of hippocampal neurons isolated from rat brains were transfected with a bi-
cistronic construct encoding either a1(T125C) or a5(S72C), along with eGFP as a
transfection marker. When these neurons were synaptically active, between DIV 17-21
days, they were treated with MAB-0(a1) or MAM-6(a5) for 15 minutes. To investigate
phasic inhibition, we acquired whole-cell patch clamp electrophysiology recordings of
endogenous mini inhibitory postsynaptic currents (mIPSCs) from neurons expressing
a1(T125C) or a5(S72C) after PTL treatment (Figure 2.5A). Both a1(T125C) or
a5(S72C) LiGABAARSs enabled photoregulation of endogenous mIPSCs. The amplitude
of the mIPSC were increased upon irradiation with 380 nm light when the PTL was in the
retracted cis conformation whereas the amplitude decreased upon irradiation with 500
nm light when the PTL was in the extended frans conformation (Figure 2.5A, Figure
2.5B). To quantify the amount of photoregulation, the average mIPSC when the PTL
was in cis or trans conformation was calculated. Neurons with a1(T125C)-LiGABAARS,
cis-to-trans photoisomerization had a 38 + 2% decrease in peak amplitude and a 57 +
4% decrease in total charge transfer (n = 6, P < 0.001; Figure 2.5B, Figure 2.5C).
Neurons with a5(S72C) LIiGABAARSs cis-to-trans photoisomerization had a 29 + 3%
decrease in peak amplitude and 34 £ 4% decrease in total charge transfer (n = 6, P <

0.001; Figure 2.5B, Figure 2.5C).
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Figure 2.5. LIGABAAR Mediated Photoregulation of mIPSCs

A) Representative traces of mIPSC recordings from a cultured hippocampal neuron
containing MAB-0 tethered to a1(T125C) subunits (top) or MAM-6 tethered to a1(S68C)
subunits (bottom). Neurons were held at -60 mV. To convert the PTL to its cis isomer,
cells were exposed to 380 nm light for 5 seconds, then no light where the majority of the
PTL remains in the cis conformation.

B) Representative average mIPSC traces when the PTLs were in the frans (green trace)
or cis (violet trace) conformation from the cells shown in A. MAB-0 tethered to
a1(T125C) subunits (top panel) or MAM-6 tethered to a1(S68C) subunits (bottom
panel).

C) Group data (mean = S.E.M.) of mIPSC photoregulation in cultured hippocampal
neurons (n = 6 for each isoform). The degree of photoregulation was quantified as the

percent decrease (in peak amplitude or charge transfer) when the PTL was
photoswitched from cis to trans.
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2.2.6 MAB-O selectivity

Control experiments were completed to confirm that PTL were target-specific and
did not photoregulate or confer light sensitivity on wild-type neurons. These control
experiments were completed to confirm off-target receptors were not altering their
function in response to light. These controls were necessary because the PTL contains
a maleimide moiety could potentially allow for cysteine tethering to receptors containing
endogenous cysteine residues. Treatment of PTL on wild-type neurons did not
photoregulate wild-type GABA, receptors, ionotropic glutamate receptors, or voltage-
gated channels, confirming that photocontrol is specific to the engineered LiIGABAAR
(Figure 2.6). The designed PTL only photosensitizes the mutant receptor containing the

a subunit of interest.
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