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Tethered photoswitches are molecules with two photo-dependent
isomeric forms, each with different actions on their biological tar-
gets. They include reactive chemical groups capable of covalently
binding to their target. Our aim was to develop a p-subunit-teth-
ered propofol photoswitch (MAP20), as a tool to better study the
mechanism of anesthesia through the GABA, a1f3y2 receptor. We
used short spacers between the tether (methanethiosulfonate),
the photosensitive moiety (azobenzene), and the ligand (propo-
fol), to allow a precise tethering adjacent to the putative propofol
binding site at the p*a™ interface of the receptor transmembrane
helices (TMs). First, we used molecular modeling to identify possi-
ble tethering sites in $3TM3 and a1TM1, and then introduced cys-
teines in the candidate positions. Two mutant subunits [$3(M283C)
and a1(V227C)] showed photomodulation of GABA responses af-
ter incubation with MAP20 and illumination with lights at specific
wavelengths. The a1p3(M283C)y2 receptor showed the greatest
photomodulation, which decreased as GABA concentration in-
creased. The location of the mutations that produced photomodu-
lation confirmed that the propofol binding site is located in the
p*a~ interface close to the extracellular side of the transmembrane
helices. Tethering the photoswitch to cysteines introduced in the
positions homologous to $3M283 in two other subunits («1W288
and y2L298) also produced photomodulation, which was not en-
tirely reversible, probably reflecting the different nature of each
interface. The results are in agreement with a binding site in the
p*a~ interface for the anesthetic propofol.
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hile photoswitches have been a popular topic in numerous

reviews (1), their application in research is still very rare.
Photoswitches are freely diffusible molecules containing a pho-
tosensitive moiety which can alternate between two isomeric
forms depending on light irradiation at specific wavelengths.
These isomeric forms of the photoswitch possess different af-
finities or efficacies toward their biological target, such that their
pharmacological activity can be turned on or off depending on
the light wavelength used, thus providing temporal and spatial
control. When photoswitches covalently tether to a native or
engineered residue at the specific biological target, the resulting
conformation would determine the corresponding pharmaco-
logical activity. One way the tethered photoswitch can be acti-
vated is by positioning the tether in such a way that the ligand
moiety can reach its binding site in only one of the photoswitch
conformations. Additional major advantages of the tethered
photoswitches are high local concentration (the residue cannot
diffuse away) and spatial restriction within the biological target.
The ligand groups of photoswitches can possess diverse phar-
macological activities, acting as agonists, inverse agonists, or
antagonists at specific binding sites.
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The GABA, receptor is formed by five subunits (usually two
a, two P, and one vy or §) arranged in pseudosymmetry around a
central channel, in the following order (counterclockwise, viewed
from the extracellular side): y-B-a-p-o (2). Each interface is
named after the subunits that form it, with “+” and “—” designated
following the counterclockwise order (a model of the «lf3y2
GABA, receptor can be found in SI Appendix, Fig. S1). Each
subunit consists of an extracellular domain, attached to a sequence
of four transmembrane helices (TMs), with a large intracellular
loop inserted between TM3 and TM4. Multiple anesthetic drugs
that act through this receptor possess relatively low binding affin-
ities; therefore, precise identification and characterization of their
binding sites require the use of techniques like mutagenesis,
substituted cysteine modification protection (SCAMP), and pho-
tolabeling with photoreactive anesthetic analogs (3). Structures of
the GABA,4 receptor with bound anesthetic drugs have recently
been made available (4), but one unexplored way of obtaining
valuable, functional information would be by using appropriately
designed tethered photoswitches. In previous studies of GABAA
receptors, the photoswitches used have included diffusible propofol
photoswitches (5, 6) and a tethered propofol photoswitch with a
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very long spacer between the tethering cysteine (located in the
extracellular domain) and the propofol moiety (6). Though all
three positively modulated GABA, receptors, none could be used
to define the propofol binding site.

Multiple studies point to propofol binding cavities being lo-
cated in the TM interfaces between GABA4 receptor subunits.
The observation that specific mutations in TM2 or TM3 of GABAA
f subunits could dramatically decrease propofol potentiation of
GABA responses, and even direct activation of the receptor (7-9)
led to the development of the p3(N265M) knockin mouse, which
showed either a greatly decreased or absent hypnotic effect of
propofol, depending on the test used (10). More recent studies have
focused on a more complete characterization of binding sites for
propofol as well as other intravenous anesthetics. A photoreactive
propofol analog labeled three amino acids in the f™ o interface
(B3M286, a1M236, and «11239) and one in the a*B~ interface
(p3M227) in a1p3 receptors. Using etomidate and R-nTFD-MPAB
[R-5-allyl-1-methyl-5-(m-trifluoromethyldiazirinylphenyl)barbituric
acid] to inhibit photolabeling established that propofol also binds to
the B*p interface, suggesting that propofol shows little selectivity
for either interface (11). Another study mutated photolabeled res-
idues (a1M236, p3M227, and their homologs, all located in TM1)
to tryptophan (causing steric occupancy of the pocket) and cysteine
(to test propofol protection against cysteine-specific labeling) (12).
SCAMP studies confirmed that propofol binds to the p*oa~ and
o B~ interfaces, and also to the y*f~ interface; there was no evi-
dence of binding to the o™y~ interface. A more recent study has
expanded the analysis of residues at the p*a~ interface that line a
putative propofol binding site (13) (SI Appendix, Fig. S1). And
cryoelectron microscopy (cryo-EM) structures of alp2y2 GABAA
receptors bound to intravenous anesthetics and benzodiazepines
have recently been published (4), consolidating the evidence toward
a propofol binding site at the p*a~ interfaces.

Our aim was to develop a B-subunit-tethered propofol pho-
toswitch, as a tool to better study the mechanism of anesthesia
through the GABA, alB3y2 receptor, merging both structural
and functional approaches. This tethered photoswitch (Fig. 14)
consists of propofol as the ligand group, linked to an azobenzene
group (which is photosensitive and can change between cis and
trans isomeric forms, Fig. 1B), and finally a tethering group
(methanethiosulfonate, that spontaneously forms a covalent bond
with the thiolate group of cysteines located in water-filled cavities).
This photoswitch was abbreviated as MAP20 (methanethiosulfo-
nate azobenzene propofol 2020). These three basic components of
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Fig. 1. Tethered photoswitch. (A) Methanethiosulfonate azobenzene pro-
pofol 2020 (MAP20) consists of propofol (ligand group), an azobenzene
moiety (photosensitive), and a tether (methanethiosulfonate). (B) The azo-
benzene moiety can change between cis and trans isomeric forms depending
on the wavelength of the light irradiated.

20fi8 | PNAS
https://doi.org/10.1073/pnas.2008178118

this tethered photoswitch are connected by short spacers, decreas-
ing the range between tethering and target residues. We used p3
subunits in our study because the immobilizing and hypnotic effects
of propofol are mostly mediated by f3-containing receptors (10).

Results

Before testing the photoswitch in relevant cysteine mutants,
endogenous cysteines located in the TM and extracellular domains
of the GABA, subunits were replaced by alanines, creating a
Cys-to-Ala background into which tethering cysteines could be
introduced without fear of endogenous cysteines interfering with
the interpretation of the photomodulation results. The function of
the resulting Cys-to-Ala a1p3y2 GABA, receptor was compared
with the wild-type receptor, and no differences were observed,
except for a modest, albeit significant, increase in propofol po-
tentiation (S Appendix, Fig. S2 and Table S1).

We used molecular modeling to position propofol in the pu-
tative binding site located in the o~ interface in a GABA4
receptor structure. This cavity is lined by several residues critical
for propofol action: fN265 and pM286, and «l.232 and aM236.
Then we added the rest of the MAP20 structure (photosensitive
and tethering groups with the corresponding spacers, Fig. 14)
and explored possible tethering sites among the residues within
reach of the methanethiosulfonate group. We identified three
residues in al TM1 as possible tethering points: a1V227, a11235,
and al1V243, and another three in f3 TM3 (B3M283, p3G287,
and $3V290). Only the resulting models for MAP20 attached to
B3(M283C) (Fig. 2 A and B) and «l1(V227C) (Fig. 2 C and D)
are shown.

The candidates for tethering points were mutated to cysteine
and their GABA sensitivity and modulation by flunitrazepam,
propofol, and zinc were tested in pilot experiments. All the
mutated receptors expressed on the surface of the oocyte, as
shown by their activation by GABA. Their submaximal GABA
responses were potentiated by 2 pM propofol and 0.1 pM flu-
nitrazepam, and they showed small inhibition by 10 pM Zn*™,
indicating expression of the y2 subunit. Results are shown only
for alp3(M283C)y2 and al(V227C)B3y2 (SI Appendix, Fig. S3
and Table S1).

Structural characterization of MAP20 can be found in SI
Appendix. The photoswitching behavior of MAP20 when irradi-
ated with violet (380 nm) and green (520 nm) lights was reflected
in the changes of its ultraviolet/visible (UV/Vis) absorption spec-
tra (SI Appendix, Fig. S4). We tested the cysteine mutant receptors
for photomodulation after incubation with MAP20. The al1f3y2
Cys-to-Ala GABA, receptor (control) showed very small modu-
lation upon irradiation with either violet or green light (Fig. 2E).
The only mutated receptors to show photomodulation after in-
cubation with 50 pM MAP20 were alp3(M283C)y2 (Fig. 2F) and
al(V227C)p3y2 (Fig. 2G). A quantitative summary of photo-
modulation results for each receptor is shown in Fig. 2H (F =
9.348, P < 0.01). Violet light (that induces the cis isomer)
produced positive modulation of the GABA response, while green
light (that induces the trans isomer) reversed this effect. The other
mutated receptors showed very small modulation upon irradia-
tion, similarly to Cys-to-Ala receptors (representative tracings can
be observed in SI Appendix, Fig. S5).

Two control experiments were carried out: first, a control
photoswitch identical to MAP20 but lacking the propofol (meth-
anethiosulfonate azobenzene 2020, MA20, SI Appendix, Fig. S6A)
was synthesized and its structure characterized (described in SI Ap-
pendix). Oocytes expressing alp3y2 Cys-to-Ala and a1p3(M283C)y2
GABA, receptors were incubated with 50 pM MA20, following
the labeling protocol used with MAP20. After incubation with
MAZ20, there were no significant changes in the GABA responses
of Cys-to-Ala receptors, nor the $3(M283C)-containing receptors
(SI Appendix, Fig. S6 B and C). The second control experiment
was the acute application of MAP20 to a1f3y2 Cys-to-Ala and

Borghese et al.

Modulation of a1p3y2 GABA, receptors expressed in X. laevis oocytes using a propofol

photoswitch tethered t&WN/VWokRGHadeaelixCOM


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008178118/-/DCSupplemental
https://doi.org/10.1073/pnas.2008178118

Downloaded at Palestinian Territory, occupied on November 23, 2021

E alp3y2 Cys-to-Ala

1 uM GABA
E
w0
G V G V S
60s
G al(v227C)B3y2
2 UM GABA
E
GV GV G 2
60s

B

F a1B3(M283C)y2

1 M GABA

60

**

[$))
o o

-
o o

c
2
=
8
=

5

4
g

S 30
°
92

[=%
R

o

Cys-to-Ala B3(M283C) a1(V227C)
a1B3y2

Fig. 2. GABA, receptors containing p3(M283C) or a1(V227C) subunits. (A-D) Models of the p*a~ interface (B in light gray, « in dark gray), with MAP20 at-
tached to p3(M283C), depicted in blue (A and B) and «1(V227C), depicted in cyan (C and D). Propofol moiety from MAP20 in purple, residues lining the putative
binding site of propofol at this interface in green. Side view of the interface as seen from the membrane in A and C. View of the interface from the extracellular side in
B and D. The relative position of the models is indicated by the rotation axis and degree symbol. (E and H) Photopotentiation of submaximal GABA responses in
a1$3(M283C)y2 and a1(V227C)p3y2 GABA, receptors. Representative tracings of photomodulation in (E) a13y2 Cys-to-Ala, (F) a1p3(M283C)y2, and (G) a1(V227C)p
3y2. Light wavelength: G (green), 520 nm; V (violet), 380 nm. (H) Quantitative summary of photomodulation in these receptors. Data are shown as mean + SEM and
were analyzed using one-way ANOVA, followed by Dunnett’s multiple comparisons test, *P < 0.05, **P < 0.01 versus Cys-to-Ala receptor (n = 4 to 5).

alp3(M283C)y2 GABA, receptors (SI Appendix, Fig. S7). No
significant changes were observed in the GABA responses of
Cys-to-Ala GABA, receptors, while the p3(M283C)-containing
receptors developed a sustained photomodulation of the GABA re-
sponses, as observed after incubation with MAP20 and subsequent
electrophysiological recording. The absence of photomodulation due
to the noncysteine residue 283 and lack of propofol moiety in the
MAZ20 photoswitch clearly identify MAP20 as a tethered photoswitch.
MAP20 is only capable of photomodulating the receptor when the
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tethering cysteine is present at a suitable location, with minimal ef-
fects on the GABA responses of the Cys-to-Ala receptor when
coapplied, and virtually none after washout. Therefore, tether and
ligand moieties in the photoswitch, and a precisely located tethering
residue are the key elements for direct photomodulation of GABA
by MAP20.

When a183(M283C)y2 receptors were tested at different GABA
concentrations after incubation with MAP20, the photomodulation
decreased as the GABA concentration increased (F1,8 = 15.93,
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P < 0.01, effect of receptor; F2,14 = 12.40, P < 0.001, effect of
concentration; F2,14 = 5.705, P < 0.05, receptor X concentration
interaction), as expected for an allosteric modulator (Fig. 3).

To test other TM interfaces, the residues homologous to $3M283
were replaced with cysteine in the other subunits and MAP20
modeled in the corresponding interfaces. Thus, when MAP20 was
tethered to al(W288C), its propofol group was predicted to bind to
the a*p~ interface in the model (Fig. 4 A4 and B). The binding of
MAP20 to the oy~ interface was not modeled, as there is evidence
that it does not possess a propofol binding site. Similarly, when
MAP20 was tethered to y2(L298C), the propofol group was pre-
dicted to bind to the y*B~ interface in the model (Fig. 4 C and D).

The replacement of these residues with cysteine did not greatly
modify the functionality of the receptor when expressed in oo-
cytes; the GABA sensitivity was not altered (SI Appendix, Fig. S84
and Table S1), and there was only a small increase in the propofol
potentiation in alf3y2(L298C) (SI Appendix, Fig. S8B).

Photomodulation of MAP20 tethered to these cysteines resulted
in potentiation in both receptors (Fig. 4 E-G). However, some
differences from the previous results were apparent. Photo-
potentiation of al(W288C)p3y2 was highly variable, it was induced
by the wavelength producing the trans isomer but could be induced
in some cases by either wavelength. The photopotentiation in
alp3y2(L298C) was induced by the cis isomer [as in p3(M283C)],
but its magnitude was not different from the Cys-to-Ala receptor
(Fig. 4G). In both mutants, after inducing photopotentiation with
one wavelength, irradiation with the other did not totally reverse it,
suggesting that for these interfaces, reversing the isomerization after
the propofol was bound was not entirely possible. Fig. 4G shows the
magnitude of the photopotentiation for the first light irradiation
during submaximal GABA application [580 nm for al(W288C)p
3y2, 380 nm for a1p3y2(L298C)] (F2,14 = 4.994, P < 0.05). A list of
all the mutants tested and results obtained with each can be found
in SI Appendix, Table S2.

Fig. 5 shows a summary diagram with MAP20 at each of the
interfaces after tethering to each subunit. Since not all trans-
membrane interfaces possess propofol binding cavities, the rel-
ative position of the tethering residue determines how many sites

A q1B3y2 Cys-to-Ala %3 HM GABA
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the photoswitch propofol can reach. When MAP20 is tethered to
both B subunits (Fig. 54), the propofol moieties of MAP20 can
occupy two binding sites (3o~ interfaces). But even when MAP20
is tethered to both o subunits (Fig. 5B), only one propofol moiety
of the tethered MAP20 reaches a binding site (a*p~ interface, no
propofol binding site in the a*y~ interface). When MAP20 is
tethered to the y subunit (Fig. 5C), there is only one propofol
binding site that the propofol moiety of MAP20 can occupy (y*p~
interface). Therefore, depending on the tethering subunit, the
propofol moiety of MAP20 can reach one or two binding sites.
Of all the tethering positions tested, p3(M283C) was the one
that offered the best photopotentiation with MAP20. We intro-
duced that cysteine in a 3 wild-type background (i.e., a subunit
with all its endogenous cysteines), and tested its GABA sensitivity
(ST Appendix, Fig. S94), modulation by GABAergic drugs (ST Ap-
pendix, Fig. S9B), and its photopotentiation (SI Appendix, Fig.
S9 C-E). The presence of p3(M283C) in addition to the endoge-
nous cysteines did not modify the receptor functionality, and after
incubation with MAP20, it showed a robust photopotentiation.

Discussion

Tethered photoswitches have distinct advantages over photo-
affinity labeling and SCAMP in the study of anesthetics. Pho-
toaffinity labeling requires a modified anesthetic to come close
to an attachment point to allow the covalent reaction in the
presence of light. High ligand occupancy at a specific location is
therefore reinforced or detected by the formation of the covalent
bond, but only in the presence of an activating light source once
the ligand positioned at the target site. Furthermore, the modi-
fication of the ligand to include a photosensitive tethering group
could result in substantial changes in the ligand chemical struc-
ture. SCAMP is similar in that “a side-chain hypothesized to be
in or near an anesthetic binding site is mutated to cysteine,
providing a free sulthydryl. These cysteine substituted receptors
are then exposed to sulthydryl-reactive chemical probes, and after
washout of these reagents, electrophysiology is used to detect
whether covalent bond formation produced an irreversible func-
tional change” (3). In the case of tethered photoswitches, a cysteine

1 uM GABA 3 uM GABA
<
O
3 uM GABA 0
o
60s
<
3
60s
520 nm
380 nm

Fig. 3. Photomodulation at different GABA concentrations after incubation with 50 pM MAP20. Representative tracings of (A) a1p3y2 Cys-to-Ala and (B)
a1$3(M283C)y2 GABA receptors. (C) Quantitative summary of the photomodulation at different GABA concentrations. Data are shown as mean + SEM, error
bars not shown are smaller than symbols. Data were analyzed using two-way repeated measures ANOVA, followed by Dunnett’s multiple comparisons test,

***P < 0.01 versus 0.3 pM concentration (n = 4 to 5).
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Fig. 4. GABA, receptors containing o1(W288C) or y2(L298C) subunits. (A and B) Model of the o*p~ interface (« in dark gray, p in light gray), with MAP20
attached to a1(W288C) (in cyan). (C and D) Model of the y*a™ interface (y in gold, « in dark gray), with MAP20 attached to y2(L298C) (in cyan). Propofol moiety
from MAP20 in purple, residues lining the putative binding site of propofol at this interface in green. Side view of the interface as seen from the membrane in
A and C. View of the interface from the extracellular side in B and D. The relative position of the models is indicated by the rotation axis and degree symbol.
(E-G) Photopotentiation of submaximal GABA responses in a1(W288C)p3y2 and a1p3y2(L298C) GABA, receptors. Representative tracings of photomodulation
in (E) a1(W288C)p3y2 and (F) a1p3y2(L298C). Light wavelength: G (green), 520 nm; V (violet), 380 nm. (G) Quantitative summary of photomodulation in these
mutants. Data are shown as mean + SEM and analyzed using one-way ANOVA, followed by Dunnett’s multiple comparisons test, *P < 0.05 versus Cys-to-Ala,

(n =4 to 8).

mutation in the region close to anesthetic binding is introduced
like in SCAMP, and a photoswitch is covalently linked to the
engineered cysteine without the need for photoactivation. Then
the light is used to switch the conformation to produce a con-
trollable on/off transition which is detected electrophysiologically.
This is distinct from the SCAMP method because SCAMP does
not involve the photo-dependent “switching” capabilities. The
covalent bond created in SCAMP can be reduced, but not recre-
ated unless more reagent is applied. In contrast, once the photo-
switch is tethered, it can be turned on-off using light in a temporal
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and spatially controlled manner. Most importantly, photoswitches
can be activated/deactivated multiple times in functional studies of
live cells or animals.

A recent publication described cryo-EM structure of the o1p3y2
GABA, receptor bound to propofol (4). The cryo-EM-derived
structure is highly similar to our model, including the position of
the propofol binding site in the interface (SI Appendix, Fig. S10).
The minor differences could be attributed to our model being
based on an open channel template (used because anesthetics are
known to stabilize the open state of the GABA, receptor), while
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Fig. 5. Diagram of the GABA, receptor transmembrane domains viewed from the extracellular side. MAP20 tethered to (A) p subunits, (B) a subunits, and (C)
y subunit. Orange circles mark the interfaces where putative binding sites for propofol exist (four binding sites, the o*y™ interface is apparently lacking a
propofol binding site). MAP20 is shown as a black and purple sphere-shaped molecule, with purple representing the propofol moiety.

the cryo-EM structure is most likely that of a desensitized state.
While the propofol molecules in the cryo-EM structure were only
detected in the two B interfaces, there is evidence suggesting
that propofol binds to two other interfaces (SI Appendix, Fig. S1C).

Several photoswitches have been developed to target the
GABA, receptor, and most are competitive antagonists that
tethered near the GABA binding site at the 8%« interface in the
extracellular domains (14, 15). Three are modulators, with pro-
pofol as the ligand group: two diffusible (5, 6) and the other
(MPC100) tethers to the extracellular domain of the y subunit
(6). Most of the experiments were carried out with the diffusible
photoswitches. To our knowledge, the tethered photoswitch used
in this study (MAP20) is the first for any target that is tethered
to a residue in a transmembrane domain whose location on the
side of the receptor is only accessible from within the membrane
itself.

We identified possible tethering sites using a a1f3y2 GABAA
receptor model based on the crystal structure of GluCl bound to
ivermectin (Protein Data Bank [PDB]: 3RIF). Our decision to
use this as the basis of the model was based on the fact that
kinetic studies show that anesthetics bind most favorably to and
stabilize activated receptors (open channels) (16, 17), and GluCl is a
pentameric ligand-gated ion channel that shows the proper char-
acteristics of an activated receptor with an open channel bound to
two separate activating ligands, glutamate and ivermectin (18).

Most of the tethering positions at the p™a~ interface that we
identified via molecular modeling, either in the f or « subunit,
did not result in photomodulation after preincubation with
MAP20 (SI Appendix, Fig. S10). Only receptors containing either
B3(M283C) or al(V227C) showed photomodulation. MAP20,
once tethered, potentiated GABA-mediated currents in the cis
isomeric form, while the trans isomer produced no potentiation.
This agrees with the molecular models, that show propofol in an
interface cavity only when MAP20 is in the cis isomeric form.
This binding cavity is in good agreement with the putative binding
site supported by evidence provided by mutagenesis, photolabeling,
SCAMP (13), and cryo-EM structures (4). The magnitude of pro-
pofol modulation is dependent on the GABA activation: at low
GABA concentrations, propofol modulation is larger than that at
the higher GABA concentrations (19), and MAP20 behaved in a
similar way, providing further evidence for them sharing the same
mechanism of action on the GABA, receptor. Even though the
irradiation of MAP20 with green light did not fully reverse the
isomerization to the trans isoform in the spectroscopy experiments,
the photopotentiation of GABA currents in response to violet light
was fully reversed upon green light illumination.

The absence of photomodulation when the residue 283 is not a
cysteine, along with the development of photomodulation inde-
pendently of the application method only in the p3(M283C)-
containing receptors, indicate that MAP20 is only capable of
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photomodulating the receptor when the tethering cysteine is
present at a suitable location. Similarly, the absence of photo-
modulation when the propofol moiety is lacking from the com-
pound (MA20), indicate that the photomodulation is a specific
effect due to the propofol moiety, and not due to the tethering of
an azobenzene derivative to a residue critical for receptor func-
tion. Therefore, these results clearly identify MAP20 as a tethered
photoswitch, that lacks a direct effect on receptors lacking a
suitable cysteine.

The actions of MAP20 both agree and contrast with those of
MPC100, the other tethered propofol photoswitch (6). As
with MPC100, MAP20 produced light-sensitive potentiation of
submaximal GABA currents (mediated by GABA, receptors
expressed in oocytes), after incubation with the photoswitch and
subsequent perfusion to remove the untethered compound. This
photopotentiation was not observed in the control GABA, re-
ceptors, indicating that both photoswitches covalently reacted
with the cysteine introduced in the mutated receptors. The main
two differences are the active isomer and the position of the
tethering cysteine in each case. MPC100 potentiation was in-
duced after irradiation with high-intensity visible light, which
produces the trans isomer, and inactivated with UV light, which
produces the cis isomer (6). In contrast, MAP20 produced
photopotentiation after UV light, whereas green (visible) light
eliminated it. The tethering residue for MPC100 was in the ex-
tracellular domain of the y2 subunit; the most effective tethering
place for MAP20 was in TM3 of the B3 subunit. These differ-
ences are due to the chemical structure of the photoswitches.
MPC100 has a long spacer between the tethering group and the
photosensitive group (separated by a chain formed by 84 C/O/N
atoms), while MAP20 has a much shorter spacer (4 C/N atoms).
The best way for the propofol in MPC100 to reach the binding
cavity is for the photoswitch to be in the trans isomeric form,
while the reverse is true for MAP20. MAP20’s short spacers
between the structural components (tethering, photosensitive,
and ligand groups) require the tethering residue to be near to the
propofol binding cavity for photoswitching to occur.

Mutagenesis, photolabeling, and SCAMP studies suggest that
propofol binds to at least four cavities at interfaces formed be-
tween bundles of transmembrane alpha helices, with only the
aty™ interface lacking a propofol binding site (12). We tested
photomodulation of GABA, receptors containing cysteine mu-
tations in either the a or y subunits, in the homologous positions
to 3M283. Tethering MAP20 to either al(W288C) or y2(L298C)
did not produce as clean a photomodulation as p3(M283C) has
shown. The photopotentiation observed after tethering MAP20 to
v2(L298C) and irradiating with violet light (which induces the cis
isomer) was not fully reversible with green light (which induces the
trans isomer). In addition, the photopotentiation was smaller than
that observed for p3(M283C), which is likely due to MAP20
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occupying only one binding site, instead of two as when it binds to
the B subunit. The case of al(W288C) is more complex; photo-
potentiation was variable and in some cases observed after either
wavelength, which means that either the cis or the trans isomer
can photopotentiate the GABA-mediated currents. We did how-
ever notice that when MAP20 was tethered to al(W288C) and in
the trans configuration, its propofol group was near B3H267,
which has been previously labeled with the photoreactive ortho-
propofol diazirine (20). This putative binding site located near the
extracellular side of the p-interfaces (between TM1 and TM2 of
subunits and TM2 of the neighboring subunit) is closer to the pore
than to the lipid membrane. It is possible that in a fraction of
receptors, the propofol group of MAP20 reaches this putative
propofol binding site when it is in the trans isomeric form,
therefore producing potentiation in both isomeric configurations.
Unfortunately, we were not able to identify an additional suitable
residue to which we could tether MAP20 in order to directly test
this binding site for photomodulation.

The exact number of propofol binding sites in the GABAA
receptor remains undetermined. The goodness of fit of functional
data from olp2y2 receptors (propofol concentration-response
curves) does not vary when the number of sites is set at values
between 2 and 5 (21). As mentioned above, there is considerable
evidence supporting a propofol binding site present at four of the
interfaces, near the extracellular side. Previous studies have
suggested that each of these four propofol binding sites are
equal and independent when it comes to energetic contributions
to propofol effects on a concatemeric version of the trimeric re-
ceptor, with mutations located in either the p* or B~ interfaces
(22). However, the differences in the residues present in each kind
of interface are sufficient to produce significant pharmacological
differences. This has been demonstrated by the differential affinity
of photoreactive analogs of etomidate for * and mephobarbital
for p~ interfaces (23, 24), even though the photoreactive analog of
propofol did not discriminate among these four interfacial binding
sites (11). A more in-depth study using competition photolabeling
concluded that propofol has 5.6-fold higher affinity for the p*a~
interfaces than for the p~ interfaces (25). This is in agreement with
the recently published cryo-EM structures of a1$2y2 receptors in
combination with propofol (4). However, as mentioned before,
there are limitations to these data.

We propose that our MAP20 photoswitch could be a valuable
tool to identify brain regions that are essential to each phar-
macological effect of propofol. MAP20 could be infused into a
specific brain region of a knockin mouse with a cysteine in the
appropriate location of the GABA, receptor. MAP20 applica-
tion does not modify GABA responses in the wild-type GABA A
receptor, indicating that the endogenous cysteines present in that
receptor do not provide tethering points with a functional conse-
quence. The labeling of p3(M283C) in the wild-type background
with MAP20 produced the same kind of photomodulation as in
the Cys-to-Ala background, indicating that it is not necessary to
replace the endogenous cysteines with alanines in the knockin
mice (SI Appendix, Fig. S7). This engineered mouse could then be
subjected to appropriate behavioral tests, and MAP20 activated
and deactivated using light delivered to the same brain region via
an optic fiber during testing. Thus, the precise spatial-temporal
control of the drug activity could reveal if that brain region par-
ticipates in the drug effect. Furthermore, as the photoswitch would
only bind to pf3-containing receptors, it possesses a -subunit se-
lectivity (B3 over 1/2) that is not possible to achieve with currently
available drugs. The high homology among  subunits, and the fact
that propofol does not differentiate among them also suggests that
it would be possible to replicate these experiments by introducing
a cysteine in the homologous position of p1 and p2, thus obtaining
a way to test the relevance of each subunit in different behavioral
tests when each one is positively modulated in turn in specific
brain regions.
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In summary, we designed and tested a tethered photoswitch
that can be covalently bound to an engineered cysteine in the
TM helices of the GABAA receptor, and then controlled via
lights at specific wavelengths to potentiate GABA-mediated
currents in a propofol-like manner. Even though the results
obtained in the p*oa~ interface did not translate directly to the
other interfaces where propofol is predicted to bind, the location
of the tethering cysteines that led to photomodulation confirmed
that propofol binds in the previously proposed cavity present
between fTM3 and oTM1. It is worth noting that these experi-
ments were carried out before the structures of propofol bound
to a GABA,4 receptor were published, proving that other ex-
perimental approaches can be combined with molecular mod-
eling to correctly identify a binding site and predict suitable
tethering points for photoswitches.

Materials and Methods

Molecular Modeling. The «183y2 GABA, receptor model was based on the
crystal structure of GluCl bound to ivermectin and glutamate in its open
form (PDB: 3RIF) (S/ Appendix, Fig. S1). The optimized pose and conforma-
tion of a native propofol molecule docked to the GABA, receptor were
obtained from our previous work (26, 27). The MAP20 compound was sep-
arately created in vacuo and optimized using molecular mechanics with the
optically active double bond being restrained in the cis conformation. The
propofol moiety end of MAP20 was manually overlapped with the afore-
mentioned optimally docked propofol in the GABA, receptor and the native
propofol was removed. We identified GABA, receptor residues for possible
mutation to Cys for induced disulfide linkage to the sulfhydryl end of
MAP20. This was done by fixing the propofol end of MAP20 in the binding
site and rotating the torsion of the bond which links the propofol moiety to
the rest of MAP20 through 360°. Residues in reasonable proximity to the
sulfhydryl end of the MAP20 for such linkage are noted in capital letters: p3
TM3 sequence containing dMylmGcfV and a1 TM1 sequence containing
ViqtyLpcIM. All the molecular graphics shown were created using the Uni-
versity of California San Francisco Chimera package version 1.14 (28).

Oocyte Isolation and Injection. Xenopus laevis frog surgery was performed in
accordance with a protocol approved by The University of Texas at Austin’s
institutional animal care and use committee and the NIH Guide for the Care
and Use of Laboratory Animals. Manually isolated X. /aevis oocytes were
injected with capped complementary RNAs encoding wild-type or mutant
subunits. The injected oocytes were incubated for 3 to 5 d before recording.
Complete methods are described in S/ Appendix, Experimental Procedures.

Recording Protocols. The responses of GABA, receptors expressed in oocytes
were studied using a two-electrode voltage clamp. Complete methods are
described in SI Appendix, Experimental Procedures.

Photoswitch Tethering and Irradiation. Oocytes expressing GABA, receptors
were incubated in 50 pM MAP20 (Fig. 1, Toronto Research Chemicals) for 20
to 120 min. Following the MAP20 incubation, the oocyte was placed in a
two-electrode voltage clamp rig, surrounded by a Faraday cage and black-
out curtains. An optical fiber placed directly above the oocyte in the re-
cording chamber provided light generated by high power light-emitting
diode (LED) sources connected to a beam combiner (Prizmatix) allowing the
illumination of the oocyte with either 520 nm (green) or 380 nm (violet)
lights. Identical procedures were followed for labeling with MA20. Complete
methods are described in SI Appendix, Experimental Procedures.

Statistical Analysis. Complete information is described in S/ Appendix,
Experimental Procedures.

Data Availability.. All study data are included in the article and/or supporting
information.
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