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Abstract

GABAA receptors are pentameric ligand-gated ion channels (pLGICs) that control multiple
aspects of animal physiology, including the rapid inhibitory neurotransmission within the
vertebrate central nervous system. They activate and desensitize in a few milliseconds,
which is a crucial requirement for accurate synaptic signalling. Such fast conformational
transitions, however, have proven impervious to investigation via conventional structural
biology methods. Moreover, GABAA receptors operate in cellular membranes with diverse
lipid compositions and biophysical properties. These are thought to play essential
modulatory functions, however, a molecular understanding of such impacts is lacking. As a
result, the mechanisms of GABA-ergic signalling, in physiologically meaningful
environments and time scales, remain among the most important unknowns in molecular

neuroscience.

To address these issues, I first sought to identify optimal reconstitution environments for
recombinantly expressed $3 homomeric and synaptic alB3y2L GABAAa receptors by testing
multiple nanodisc scaffolds and lipid compositions. Subsequently, with the optimal
condition established, I proceeded to investigate a series of GABAA receptor structures
bound to B-lactam antibiotics that are postulated to act as open channel pore blockers.
Surprisingly, complexes with the penicillin derivative nafcillin suggested that the GABAA
receptor gating motions might include conformations that diverge considerably from the

pseudo-symmetric arrangements observed previously.

To test whether the asymmetry observed is physiologically meaningful, and to achieve a
comprehensive characterisation of the GABAA receptor gating cycle, I employed a time-
resolved cryo-EM strategy that enables millisecond-scale time delays between agonist
application and sample freezing. This approach allowed the visualization of novel and
complex asymmetric gating motions involved in the activation and desensitization of the
receptor, ranging from side chain to major secondary structure rearrangements. Remarkably,
the asymmetric gating cycle is conserved among homomeric and heteromeric GABAA
receptors, with lipids such as cholesterol playing a crucial role in stabilizing the newly
formed interfaces. Moreover, these results have further revealed a novel inhibitory
mechanism driven by the lipid PIP,, which directly controls the opening of alf3 and

a1B3y2L receptors. Lastly, I will also demonstrate how positive allosteric modulators alter



the gating landscape and how the general anaesthetic propofol can directly activate the

receptor.

This work provides a new structural and mechanistic framework to explore and interpret the
action of pharmacological modulators and to design novel molecules with improved

therapeutic properties.
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Chapter I

Introduction






1.1 Historic overview and architecture of the pentameric ligand-gated ion channels

The central nervous system (CNS) operates through a delicate balance between excitatory
and inhibitory neurotransmission. In vertebrates, synaptic y-aminobutyric acid type A
receptors (GABAAa receptors) mediate the vast majority of inhibitory signalling on the
millisecond timescale. Upon binding the neurotransmitter GABA, these receptors open
chloride-permeable channels, inducing neuronal hyperpolarization and diminishing the
impact of excitatory signals (Mody and Pearce, 2004, Sieghart, 2006). Additionally, GABAA
receptors extend beyond the confines of the synapse and can also be found in the
extrasynaptic space. There, they facilitate tonic inhibition and regulate neuronal activity
through sustained background GABA signalling resulting from agonist spillover from the
synaptic cleft (Hannan et al., 2020). In the CNS, GABAA4 receptors play a crucial role in
information processing and memory formation. It has been shown that the miniature
inhibitory postsynaptic currents (mIPSC) amplitude rapidly increases after training,
indicating that during memory encoding the GABAAa receptor inhibitory synapse is
strengthened (Sakimoto et al., 2019). The molecular mechanism for this has been shown to
stem from prolonged exposure of the receptor to agonist which desensitizes it. This in turn
leads to an increase in receptor density on the postsynaptic membrane and this recruitment
is induced by the phosphorylation of the receptor’s intracellular domain after desensitization
(Field et al., 2021). Interestingly, GABAA receptors are also expressed outside the CNS. For
example, the receptor can also be found in the endocrine pancreas (Rorsman et al., 1989)
where GABA signalling induces membrane hyperpolarization of the o cells that suppresses
glucagon secretion (Xu et al., 2006), and membrane depolarization in 3 cells that increases
insulin secretion (Soltani et al., 2011). Furthermore, GABA 4 receptors can also be found on
the membranes of CD8" T Kkiller cells and activation of the receptor obstructs the T cell
response (Zhang et al., 2021a). Hence, these receptors embody a widely distributed

signalling mechanism that controls multiple physiological processes.

GABA receptors belong to the pentameric ligand-gated ion channels (pLGICs). Generally,
pLGICs can be categorized into two classes—cation-selective or anion-selective. Cation-
selective channels, permeable to Na* or Ca?* ions play a crucial role in depolarizing i.e.
exciting neurons. The vertebrate family includes nACh receptors (Unwin, 2005), 5-
hydroxytryptamine receptors (Pithadia and Jain, 2009), and zinc-activated cation channels
(Davies et al., 2003). Conversely, anion-selective channels hyperpolarize the neurons by the

influx of CI" down their electrochemical gradient, with GABAa receptors and glycine



receptors being members of the vertebrate family (Grenningloh et al., 1987). Unlike their
cationic counterparts, GABAa receptors are less selective for the ion that flows upon
opening. For example, GABAA receptors are also permeable to HCO3;~ with a permeability

ratio of HCO3;7/CI™ in the range of 0.2 to 0.4 (Kaila et al., 1997).

What is more, pLGICs are present in different organisms. In insects, the GABAAa receptor
homologue RDL is expressed in the mushroom bodies and plays a critical role in memory
acquisition and stability (Liu et al., 2007). Additionally, pLGICs can be found in
prokaryotes, exemplified by the Erwinia ligand-gated ion channel (ELIC) and the
Gloebacter ligand-gated ion channel (GLIC) (Miller and Smart, 2010). Nematodes also
feature family members, such as the Caenorhabditis elegans glutamate-activated chloride
channel (GluCl) which controls locomotion and feeding (Bidaut, 1980, Wolstenholme,
2012).

Figure 1.1 — Overall architecture of the pLGIC family

a) Overall architecture of the receptor highlighting the immunoglobulin-like B-sandwich fold of the ECD, the
alpha-helical TMD as well as the intracellular domain. b) The ECD domain viewed from above highlighting
the pseudo five-fold symmetry of the channel. ¢) The TMD bundles form the pore with the M2 residues lining
the lumen. Four helices named M1-M4 comprise the domain of one subunit. The figures were generate from

PDB: 2BG9 (Unwin, 2005).

From a structural perspective, the Torpedo nACh receptor is the prototypical family member
and pioneering studies revealed the channel's overall architecture. The agonist binding site
is located 30A away from the membrane whereas clearly identifiable rods assigned as

transmembrane helix 2 span the lipid bilayer forming the wall that lines the pore (Unwin,



1993, Unwin, 1996). Later on in 2005, the first high resolution structure of the Torpedo
nACh receptor was reported (Unwin, 2005). This study revealed that pLGICs are comprised
of five subunits arranged pseudo-symmetrically around a central pore. Each subunit consists
of three domains - an extracellular domain (ECD) made of a short N-terminal o helix absent
in prokaryotic receptors followed by a ten-strand B sandwich core (Fig. 1.la-b), a
transmembrane domain (TMD) composed of four transmembrane segments (M1-M4) that
fold into alpha helices, organized in a conserved bundle, with M2 crucial for the formation
of the pore (Fig. 1.1a,c) as well as an intracellular domain (ICD), which is absent in

prokaryotic pLGICs (Fig. 1.1a) .

This architecture was later confirmed to be conserved among other family members when
crystal structures of ELIC, GLIC, and GluCl emerged (Hilf and Dutzler, 2008, Bocquet et
al., 2009, Hibbs and Gouaux, 2011). In 2014, the first crystal structure of the f3 homomeric
GABAA receptor provided additional evidence for the conserved structural features across

the family (Miller and Aricescu, 2014).

1.2 The diversity of human GABAAx receptors

The human genome encodes 19 different GABAA receptors subunits — namely a1-6, $1-3,
v1-3,9, ¢, 0, w, p1-3 (Fig. 1.2) (Sigel and Steinmann, 2012). Receptor ensembles containing
different subunit types have distinct kinetic properties, pharmacology and cellular locations.
In general, neuronal GABAA receptors can be divided broadly into two classes — synaptic
i.e. those that are localized at inhibitory synapses and extrasynaptic that can be found in
somatic, dendritic and axonic regions. For example, receptors containing a1-3, f2-3 and y2
subunits are clustered on post-synaptic membranes thus directly facing the neurotransmitter
release sites (Nusser et al., 1998). Such receptors have low GABA affinity but activate much
quicker than their extrasynaptic counterparts which are mostly composed of a4, a6, 33 and
O subunits (Wisden et al., 1992, Farrant and Nusser, 2005). Moreover, a1p3 and o 1p36
receptors are also considered to be extrasynaptic (Smart, 1992, Brickley and Mody, 2012)
highlighting the importance of the y subunit for synaptic localization. The mechanism of
synaptic anchoring was recently identified and is mediated by the interaction between y2
subunits and the auxiliary protein GARLH4 (LH4) (Han et al., 2021). LH4 in turn binds to
Neuroligin-2 whose extracellular domain binds the presynaptic neurexins thus forming a
trans-synaptic nanocolumn (Craig and Kang, 2007). Moreover, al-2 subunits also

contribute to synaptic anchoring by interacting with the cytoskeletal proteins gephyrin and



collybistin, albeit to a lesser extent due to the low binding affinity between these proteins
(Papadopoulos and Soykan, 2011). Historically, heteromeric receptors were believed to
assemble from two o subunits, two 3 subunits and a fifth subunit usually y or & (Sigel and
Steinmann, 2012). Recently, however, several studies have shown that the combination of
receptor subunits in the mouse brain that can be part of the obligatory pentamer can be much
higher than anticipated with different o subunits forming tetraheteromers (Sun et al., 2023)
or different numbers of B subunits ranging from two to four being incorporated in the
heteropentamer in vitro (Sente et al., 2022). This is dictated by the relative subunit amounts
available during assembly as well as the strength of the interfaces between the subunits
present. Crucially, most neuron types express a considerable number of subunits which
suggests the possibility that neuronal surfaces may simultaneously display a diverse
population of receptors. What is more, GABA receptor-specific chaperons such as Clptm1
also play a critical role in the assembly pathways (Ge et al., 2018). Such complex networks
may therefore be important for the evolution of neuronal circuits and be determinants of

behaviour.

®
®
D
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Figure 1.2 — Phylogenetic tree of the 19 different GABAA4 receptor subunit types
The phylogenetic tree of the 19 different GABA4 subunits. Adapted from (Sigel and Steinmann, 2012)

1.3 The gating cycle of non-GABAA pLGIC family members

The intrinsic characteristic shared by all pLGICs is their fast activation upon agonist binding,
coupled with a rapid desensitization. The speed of such transitions is pivotal for precise
synaptic signalling and effective information processing. The entire sequence of motions

from resting to open to desensitized is collectively termed gating and typically unfolds



within the millisecond to second range, depending on the specific agonists and receptor

subtypes involved.

For example, the a7 nAChR desensitizes in just 90ms (McCormack et al., 2010), while the
GlyR takes approximately 500 milliseconds to desensitize (Yu et al., 2021, Legendre et al.,
2002). In contrast, the bacterial GLIC desensitizes a little bit slower in roughly 1 s
(Gonzalez-Gutierrez et al., 2017, Velisetty and Chakrapani, 2012), while ELIC is the slowest
member of the family and desensitizes in approximately 4 s (Laha et al., 2013). Following

desensitization, only small fractions of the receptors open to generate steady-state currents.

Therefore, it is unrealistic to expect a large proportion of the receptors to be in an active
(i.e., open) state after prolonged ligand incubations that are several orders of magnitude
longer than the time required for desensitization to occur. Surprisingly, however, structural
studies on the same receptors have shown marked disparities when compared to the
electrophysiology recordings. For example, GLIC and GluCl have been crystallized in
supposedly open conformations despite the fact that agonists were applied to the receptor
for days during crystallization (Hilf and Dutzler, 2009, Bocquet et al., 2009, Hibbs and
Gouaux, 2011). For the a7 nAChR, which is the fastest member of the family, an open state
has been postulated when ligand application was performed on the hour timescale (Noviello
et al., 2021). For the homomeric GlyR, a more time-controlled approach was undertaken
where ligand application was limited to 10s (Yu et al., 2021). This, however, is still 20 times
longer than the rate of desensitization. In this cryo-EM study, roughly half of the receptors
were reported in an apparent open state, with only 20% in a desensitized state. Moreover, an
expanded open state was observed in 25% of all particles, deemed non-physiological by the

authors.

Taken together, a distinct discrepancy emerges between the structural and functional aspects
of the gating cycle in pLGICs. This disparity can be attributed to the non-physiological
conditions imposed on the receptors during the aforementioned structural studies. Notably,
the structural elucidation of GLIC and ELIC involved the use of detergent micelles, a
methodology prone to introducing artifacts and disrupting the coupling between the
extracellular and transmembrane domains. This is highlighted in two crystal structures of
ELIC in the absence and presence of agonist (Gonzalez-Gutierrez et al., 2012, Zimmermann
and Dutzler, 2011). While electron density indicative of agonist was present in the ELIC

agonist binding pockets, no structural rearrangements were observed in the TMD. This



finding suggests that while agonist interaction occurs, it does not lead to significant
alterations in the structural configuration of the TMD pore suggesting that ECD and TMD
are uncoupled in this environment. Similar artifacts induced by detergents have also been
observed in the reconstitution of the GABA 4 receptor within detergent micelles, resulting in
the collapse of the entire transmembrane domain (Phulera et al., 2018, Zhu et al., 2018).
This challenge was successfully addressed through the utilization of nanodiscs, which create
a native-like lipid environment surrounding the receptor's TMD (Laverty et al., 2019,

Masiulis et al., 2019, Kim et al., 2020).

The decoupling of the receptor can be attributed to the loss of crucial lipids during the
solubilization process. As demonstrated in the case of nAChR, optimal membrane fluidity,
measured by the steady-state anisotropy of membrane probes, is essential for the transition
between resting and agonist-bound states (Fong and McNamee, 1986, Criado et al., 1982).
Notably, studies have revealed that receptors reconstituted in membranes containing both
cholesterol and negatively charged phospholipids exhibit gating motions. In contrast,
receptors in membranes lacking cholesterol, although capable of binding agonist, fail to gate
(Hamouda et al., 2006). This underscores the pivotal role of the membrane environment in

governing the gating dynamics of the receptor.

Moreover, the a7 nAChR and homomeric GlyR supposed open states were investigated in
the context of Saposin A nanodiscs and SMALPs, which mimic the physiological
environment more closely than the harsh detergent micelles and suggest that the open state
is symmetric (Dorr et al., 2016, Flayhan et al., 2018, Sigel and Steinmann, 2012, Noviello
et al., 2021, Yu et al., 2021). Significantly, it is worth noting that other pLGICs including
the heteromeric Gly receptor in detergent micelles and the SHT3a receptor in Saposin A
nanodiscs, have been proposed to undergo asymmetric gating in contrast to the
aforementioned studies (Liu and Wang, 2023, Zhang et al., 2021b). Nevertheless, it is crucial
to highlight that the emergence of these symmetric and asymmetric intermediate states
occurs on the hour timescale, likely not faithfully representing the dynamics within an in
vivo context. Taken together, the gating kinetics of all these studies are inconsistent with
electrophysiological recordings. I will demonstrate that these environments do not
adequately support the faithful representation of receptor gating dynamics, leading to the
collapse of the receptor’s transmembrane region, and discuss the most optimal method for

reconstituting the receptor in a physiologically meaningful context.



Insights from single-channel electrophysiology recordings have unveiled the existence of
multiple short-lived closed, open and desensitized states of different duration during a
receptor's gating cycle (Elenes and Auerbach, 2002, Mortensen et al., 2004, Kasaragod et
al., 2022, Bianchi et al., 2007). A complete structural overview of these transitions, however,
is currently lacking due to the fast nature of gating. Nonetheless, several studies conducted
in a native environment while also mirroring in vivo agonist stimulation timescales, have
unveiled a remarkable phenomenon. Despite the symmetric or pseudo-symmetric nature of
pLGICs in their resting states, gating appears to proceed through asymmetric motions. In
pioneering investigations, it was revealed that the Torpedo nAChR, upon exposure to a 5-
ms ligand application, triggers the § subunit to move away from the pore, thereby perturbing
the symmetry of the channel leading to the emergence of an asymmetric intermediate
(Unwin and Fujiyoshi, 2012, Unwin, 1995). This observation also appears to extend to the
homopentameric ELIC. "F-NMR on the millisecond to second timescale has suggested that
the channel exhibits multiple conformations within a given functional state, and the
transitions between these functional states are orchestrated through asymmetry (Kinde et al.,

2015).

1.4 Current overview of the GABAA\ receptor gating cycle

Virtually all pentameric ligand-gated ion channels initiate their gating cycle through a
common motion—the binding of the agonist to the extracellular orthosteric binding site.
This holds true even for the soluble AChBP, where agonist binding triggers the closure of
loop C and the capping of the bound ligand (Hansen et al., 2005, Brejc et al., 2001). Similar
mechanisms of agonist binding are observed in the structures of other pLGICs, including

the Gly and nACh receptors, and this pattern extends to the GABAAa receptors as well.

In the case of GABAA, only two states of the gating cycle have been structurally
characterized thus far—the resting-like state with the antagonist bicuculine and the
desensitized state bound to GABA or a combination of GABA and general anaesthetics or
benzodiazepines (Laverty et al., 2019, Masiulis et al., 2019, Kim et al., 2020). Structural
studies on both the canonical resting state and the canonical desensitized state with GABA
alone, undertaken by me, revealed consistent overall quaternary motion with the antagonist-

bound resting state and the desensitized state.

In the deep desensitized state i.e. the long-lived desensitized state, densities for GABA can

be identified below loop C at the B3*/al- interfaces. The closure of loop C results in an



overall counter-clockwise rotation of the entire extracellular domain as viewed from the
extracellular region, forming an iris-like constriction as it transitions into the deep-
desensitized, a motion termed ‘unblooming’ (Fig. 1.3a,d) (Changeux, 2014). The structural
impact of GABA binding extends to the transmembrane domain, with conformational
changes in the ECD transmitted through the M2-M3 loop—a critical element in the
conformational wave of all pLGICs (Fig. 1.3¢) (Bouzat, 2012, Bera et al., 2002, Lee et al.,
2009, Changeux, 2014, Grosman et al., 2000). Consequently, the TMD subunits rotate
clockwise and drift outward, significantly affecting the activation gate where all 9’ Leu turn
clockwise away from the pore and towards the inter-subunit space (Fig. 1.3b). This
rearrangement is reflected in the pore profile, with the 9’ gate widely open in the desensitized
state, the -2’ gate closing further, with the entire pore constricting to form a shallower slope

(Fig. 1.3¢).
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Figure 1.3 — Resting versus desensitized states of the GABAAx receptor

The structural rearrangement in the ECD of the apo (grey) and desensitized (coloured) state. a) GABA binding
under loop C leads to the closure of the ECD and an overall anti-clockwise motion. b) The conformational
change in the TMD, where 9’ Leucine gate rotates away from the pore and an overall clockwise motion takes
place. ¢) Pore profile comparing the apo and desensitized state highlighting the opening of the 9’ activation
gate during desensitization. Conformational change upon GABA binding in d) loop C, e) M2-M3 loop and f)
the TMD subunit interface.

Comparing the apo versus the deep desensitized states reveals distinct differences. GABA

binding initiates the closure of loop C and the unblooming of the ECD (Fig. 1.3d), translating
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these changes to the TMD region. Notably, loop C moves by 8A upon GABA binding. Loop
C is a flexible region of the receptor and can adopt many different conformations in the
resting state. Thus, the presence of GABA only stabilizes one of the conformations of the
loop by binding in an aromatic cage as well as by forming a critical hydrogen bond network
(Fig. 1.3d). The M2-M3 loop on the other hand plays a pivotal role in stabilizing both the
resting and desensitized states and in facilitating communication between the ECD and TMD
(Fig. 1.3e). The distances between adjacent subunit TMD interfaces also increases by
roughly 1.5A after desensitization and the TMD bundles of the individual subunits all rotate
clockwise by 6 to 7 degrees (Fig. 1.3f). However, these states represent only the endpoints
of the gating cycle, with no available structural information on the mechanisms underlying
receptor activation and desensitization. The reason for this is that GABAa receptors, just
like the other members of the family, desensitize quickly. Depending on the assembly of
choice, the rate at which the receptor will desensitize will differ — for example the a132y2
and a1B3y2 triheteromer will desensitize in roughly 200ms whereas the a332y2 subtype in
650ms (Barberis et al., 2007). Nevertheless, this is still much faster than what can be
captured by conventional structural biology techniques. For this to be overcome, a time-

resolved structural approach on the millisecond timescale is required.

1.5 Pharmacological modulation of the GABAA\ receptor

GABAA receptors serve as targets for a diverse array of allosteric modulators. Positive
allosteric modulators (PAMs) like the classical benzodiazepines (BZDs), including
diazepam (Valium) and alprazolam (Xanax), are effective in treating conditions such as
anxiety, epilepsy, and sleep disorders (Sieghart and Savi¢, 2018). BZDs modulate synaptic
GABAA4 receptors by binding to the a/y™ extracellular domain interface below loop C
(Masiulis et al., 2019). Crucially, only the synaptic a1-3,5 subunits at the principal position
with a y2 subunit in the complementary position are susceptible to classical BZD targeting
(Liischer et al., 2012). This specificity is facilitated by a conserved His residue contributed
by the o subunit (in the case of the human al His102), crucial for ligand stabilization
(Masiulis et al., 2019, Wieland et al., 1992). Notably, the 04 and a6 subunits feature a
substituted Arg in place of this conserved His, rendering them impervious to classic BZD
binding (Rudolph and Méhler, 2004). The y subunit is also critical for the specificity of BZD
binding as al1B30 receptors are not modulated by classical BZDs (Sigel and Steinmann,

2012).
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Interestingly BZDs can also function as negative allosteric modulators. One such example
is the partial inverse agonist Ro15-4513 which shifts the GABA ECso to the right (Sente et
al., 2022). This ligand binds the same pocket as diazepam; however, has a contrasting effect
on the receptor. Furthermore, flumazenil is a benzodiazepine pocket neutral antagonist i.e.
has no effect on GABA ECso and can be used for the treatment of benzodiazepine overdose.
Interestingly, flumazenil also binds the benzodiazepine pocket with a similar mode to that
of Valium or Xanax but notably has a different function. Flumazenil binding, however, does
not lead to any major conformational changes in the receptor compared to the desensitized
state with e.g. GABA and alprazolam (Phulera et al., 2018, Masiulis et al., 2019, Kim et al.,
2020, Kasaragod et al., 2023). It is therefore unclear how these ligands can bind to the same
pocket with a similar pose but have contrasting effects on the receptor and GABA action. A
plausible explanation is that they can interfere with the receptor during its gating cycle and

stabilize or destabilize particular conformations.

Additional PAMs have been identified to engage with other receptor ensembles as well. For
instance, histamine (HSM) binds to the B37/B3- interface and potentiates the olp3
diheteromer and 04P30 triheteromer (Kasaragod et al., 2022, Sente et al., 2022). Co-
application of HSM with GABA results in an increase in current amplitude. However, no
discernible conformational changes have been established between the histamine-bound and
histamine-free desensitized states. Consequently, the precise structural mechanism by which

histamine modulates the receptor remains unclear.

Another important class of modulators are the general anaesthetics, which can function as
both potent allosteric modulators as well as agonists (Martin and Lowery, 2018, Thompson
et al., 1996). For example, in the case of propofol, several major effects on the receptor can
be observed — firstly, low levels of propofol can potentiate the opening of the receptor at
3uM GABA concentration which is less than the concentration of GABA during synaptic
vesicle release (Orser et al., 1998). Secondly, propofol at higher concentration can directly
activate the receptor without the need for GABA to be present (Orser et al., 1998,
Mozrzymas et al., 2003b). This is also true for other general anaesthetics such as etomidate
(Guitchounts et al., 2012, Liao et al., 2019). Thus, general anaesthetics can serve a dual role
of both agonists and PAMs. Lastly, the desensitization and deactivation of the receptor are
also slowed down (Bai et al., 1999b). Recent structural studies have elucidated the binding
sites of propofol and etomidate, however, the study was performed on receptors pre-

incubated with GABA thus only showing how anaesthetics bind the deep-desensitized state
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(Kim et al., 2020). Therefore, how anaesthetics structurally modulate the receptor and are

capable of directly activating it is as of yet unclear.

The expansive allosteric landscape within the GABAa receptor family, however, renders it
a potent off-target for noncompetitive antagonists, a characteristic that may introduce
undesired and unpredictable side effects (Olsen, 2018, Cascio, 2006). Among such
antagonists are the -lactam antibiotics, a class of molecules linked to myoclonic jerks and
seizures in clinical studies (Meyer, 2014, Sugimoto et al., 2003, Man and Fu, 2015). While
the neurotoxicity of P-lactam antibiotics has been known for close to a century, a
comprehensive structural understanding of the mechanisms behind these adverse side effects
is currently missing (Walker et al., 1945). Nevertheless, it has been shown that penicillin G,
a member of the B-lactam antibiotics, competes with picrotoxin for binding inside the
channel’s pore therefore likely playing the role of a pore blocker (Krishek et al., 1996, Bali

and Akabas, 2007). The exact mechanism for this block, however, remains unclear.

1.6 Aims of this thesis

In this thesis I will describe my attempts to address the unknowns mentioned above.

Aim 1 — The optimal environment for reconstituting recombinant GABA receptors

Our current understanding of the structure of pLGICs has increased exponentially following
several breakthroughs, including the structure of the Torpedo nAChR in its native membrane
and exposed to ligand in physiologically meaningful timescales (Unwin, 2005, Unwin and
Fujiyoshi, 2012). This in part was facilitated by the abundance of the receptor in the
electrical organ of the stingray. GABAAa receptors lack tissue sources with abundant protein
expression, thus studying them requires purification and in vitro reconstitution. However,
this approach involves detergent-solubilization, which, as demonstrated in GLIC, ELIC, and
GluCl, can damage the receptor and lead to the uncoupling of the TMD and ECD. Recent
efforts have involved reconstituting pLGICs into nanodiscs to better mimic the physiological
membrane. Despite these advancements, the obtained structures of the GlyR in SMALPs
and the a7 nAChR in Saposin A nanodiscs diverged from the established gating kinetics
observed through electrophysiological recordings (Noviello et al., 2021, Yu et al., 2021).
Establishing an in vitro reconstitution method that authentically replicates the native
membrane is therefore crucial. My investigation will focus on determining a physiologically

relevant environment for reconstituting GABAAa receptors.
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Aim 2 — The mechanism of inhibition of synaptic GABAA receptors by B-lactam antibiotics

After establishing the in vitro environment that most closely mimics the physiological
membrane, my investigation will delve deeper into elucidating the mechanism of
neurotoxicity of B-lactam antibiotics. I aim to provide detailed insights into the binding
modes of these antibiotics within the pore of the channel and to address how these molecules

can interfere with the gating of the receptor.

Aim 3 — [lluminating the millisecond structural dynamics of GABA receptor gating

The GABAA receptor undergoes activation and desensitization within a few milliseconds, a
critical requirement for precise synaptic signalling. However, these rapid conformational
transitions have proven challenging to investigate using conventional structural biology
methods. To address this issue, [ will employ the time-resolved cryo-EM strategy introduced
by Berriman and Unwin in 1994 (Berriman and Unwin, 1994). Through this methodology,
I aim to characterize the dynamic motions involved in the activation and desensitization of
homomeric and heteromeric receptors with a temporal resolution of less than 10
milliseconds. I will also aim to demonstrate how positive allosteric modulators such as
histamine alter the structural landscape of gating and how the general anaesthetic propofol

can directly activate the receptor.
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Materials and Methods
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2.1 Molecular biology

All GABAA constructs used in this thesis, except those used by collaborators to generate
stable cell lines, were synthesized as double-stranded cDNAs at Integrated DNA
Technologies (https://eu.idtdna.com/). The genes were digested with the restriction enzyme
of choice and cloned into the pHL vector for transient expression or pHR vector for lentiviral
transduction, respectively (Aricescu et al., 2006, Elegheert et al., 2018). The translated

sequences of all cDNA constructs used for this work are listed in the Appendix.

2.2 Protein production and purification

2.2.1 Protein production in stable HEK293S cell lines

The full-length human GABAA receptor variants al33y2L and alB3 were produced by
using previously published cell lines provided by Keith Miller, Harvard Medical School
(Dostalova et al., 2014, Dostalova et al., 2010). The cells were grown and proteins produced
as described previously (Laverty et al., 2019, Masiulis et al., 2019). Briefly, the cells were
grown in suspension at 37°C, 160 rpm, 8% CO: in FreeStyle 293 media (Gibco),
supplemented with 1% FBS (Invitrogen), 1% L-Glutamine (Gibco) and 1% non-essential
amino acids (Gibco). The appropriate antibiotics to select for the desired subunit were added
to the following concentration: 200 pg/mL Geneticin (for y2L), 50 pg/mL hygromycin-B3
(for B3), 250 pg/mL zeocin (for au1) and Spg/mL blasticidin (for the TetR repressor). Gene
expression was induced by the addition of 2ug/mL doxycycline at cell density of 2
million/mL. Kifunesine at 1pg/L (Toronto Research Chemicals) was added to ensure a
uniform, high-mannose composition of N-glycans (ManoGlcNAc,), representative for
neuronal receptors. Afterwards, the cell cultures were grown for 24h and harvested by

centrifugation. Cell pellets were snap frozen in LN> and stored at -80°C until further use.

2.2.2 Mammalian protein production in cell pools

Full length human 33 homomerirc receptors were produced in HEK293S GntI™ cell pools
generated upon lentiviral transduction, as described before (Elegheert et al., 2018).
Truncated o 1B3y2 receptors were produced in a cell pool generated by transduction with a
lentivirus mix encoding GABAA subunits in the following ratio - truncated a1-SBP tag :
truncated 33-SBP tag : truncated y2-1D4 tag = 1:1:0.8 and purification was carried out by
pulling on the y2-1D4 tag as described in sections 2.2.6 and 2.2.7. The plasmids for truncated
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ol-SBP tag and truncated y2-1D4 tag were provided by Paul Miller (University of
Cambridge) and the cell pool was generated by Veronica Chang (MRC LMB).

The cells were then grown under the same conditions as previously published protocols
(Laverty et al., 2019, Masiulis et al., 2019). No antibiotics were added to the media except
Sug/mL blasticidin, necessary to keep selective pressure on the TetR gene. Gene expression
was induced by the addition of 2pg/mL doxycycline at a cell density of 2 million/mL. The
cultures were then grown for additional 24h and harvested by centrifugation. The pellets

were snap frozen in LN; and stored at -80°C until further use.

2.2.3 Transient mammalian protein production

The truncated a1B3 heterodimer and truncated 3 homomer receptors were cloned into the
pHL vector and produced by transient transfection following published procedures (Miller
and Aricescu, 2014). For 1L of Expi293F cells (Thermo Fisher Scientific), 1.1 mg of the
required DNA was mixed with 33mL of Expi expression media (Gibco). In the case of the
truncated a1B3 I used plasmid mix containing a 5:1 ratio of a1:B3 vectors to favour the
presence of two al subunits in the pentameric GABA receptor assembly. The solution was
mixed with 33mL of media supplemented with 3mL (Img/mL) of PEI ‘MAX’
(PolySciences). After a 15min incubation at room temperature, the DNA+PEI mixture was
added to the cell suspension at cell density of 2 million/mL. The cultures were then grown
for 24h and harvested by centrifugation. The pellets were snap frozen in LN; and stored at -

80°C until further use.

2.2.4 MSP2N2 purification

The pET28a vector containing the MSP2N2 gene was acquired from Addgene and was
transformed into BL21(DE3) E. coli cells. Three liters of cells were grown in terrific broth
(TB) media to ODsponm=3 and the MSP2N2 gene expression was induced upon the addition
of ImM Isopropyl B- d-1-thiogalactopyranoside (IPTG) for 4 h at 28°C. Cells were collected
by centrifugation and the pellets were resuspended in 200mL 50mM Tris, 300mM NacCl
pH=8 supplemented with cOmplete protease inhibitor tablets (Roche). Next, the cells were
homogenized with a cell disruptor at pressure of 38,000 psi, and the lysate was centrifuged
at 30,000xg for 30 min at 4°C. The supernatant was incubated with 2.5mL of Ni-
nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher Scientific) for 2h at 11°C in batch mode
and kept in suspension by 111rpm rotation. The beads were collected onto a gravity flow

column (Bio-RadLaboratories) and were washed sequentially with:

18



1) 10 column volumes (CVs) 40mM Tris/HCl, 0.3 M NaCl, 1% Triton pH=8.0

2) 5CVs40mM Tris/HCI, 0.3 M NaCl, 50mM cholate pH=8.0

3) 10 CVs 40mM Tris/HCI, 0.3 M NaCl pH=8.0

4) 20 CV 40mM Tris/HCI, 0.3 M NaCl, 20mM imidazole pH=8.0.
MSP2N2 was eluted with 40mM Tris/HCI, 0.3 M NaCl, 0.3 M imidazole pH=8.0,
concentrated and applied on a S200 16/60 gel filtration column equilibrated in 40mM
Tris/HCI, 150mM NaCl pH=7.5. Fractions containing MSP2N2 were pooled and

concentrated to 5 mg/mL.

2.2.5 Saposin A purification

The pET45 vector containing the Saposin A gene was acquired from Addgene and was
transformed into Rosetta(DE3) E.coli cells (Sigma). Three liters of cells were grown in TB
media to ODsoonm=1 and the Saposin A gene expression was induced with ImM IPTG for 4
h at 28°C. Cells were collected by centrifugation and the pellets were resuspended in 20mM
HEPES, 150mM NaCl pH=7.6 supplemented with a cOmplete protease inhibitor tablet.
Next, the cells were homogenized with a cell disruptor at pressure of 38,000 psi, and the
lysate was centrifuged at 30,000xg for 30 min at 4°C. The supernatant was collected and
heated to 85°C for 10mins and centrifuged again at 30,000xg for 30 min at 4°C.

The supernatant after heating was applied on a HisTrap™ High Performance (Cytiva) SmL

column, washed and eluted with the following buffers:

1) Wash 1: 15CVs of 20mM imidazole, 20mM HEPES, 150mM NaCl pH=7.6
2) Wash 2: 15CVs of 40mM imidazole, 20mM HEPES, 150mM NaCl pH=7.6
3) Elution: 5CVs of 500mM imidazole, 20mM HEPES, 150mM NaCl pH=7.6

The eluate was dialyzed overnight in SnakeSkin 3.5kDa MW cutoff dialysis tubing (Thermo
Fisher Scientific) against buffer containing 20mM HEPES, 150mM NaCl pH=7.6. 3C
protease was added to Saposin A in a 1:100 molar ratio to cleave the Hise-tag during the
dialysis step. The sample was then purified with reverse nickel chromatography. The
flowthrough was collected, concentrated to 9mg/mL, snap frozen in LN> and stored at -80°C

until further use.

2.2.6 Generation of 1D4 beads
lg of CnBr-activated Sepharose 4B (GE Healthcare, Cat. Number 17-0430-31) were
incubated at room temperature with S0mL of ImM HCI for 15 minutes until the beads were

swollen. The beads were applied on a gravity column (Bio-Rad Laboratories) and washed
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with further 50mL of 1mM HCI followed by a wash with 50mL of 500mM NaCl, 100mM
NaHCO; pH=8.5. 14mg of the monoclonal Rho-1D4 (University of British Columbia) was
diluted in 10mL of PBS pH=7.4 and incubated with the beads overnight while rotating at
4°C. On the next day the excess liquid was removed by gravity flow and the efficient
coupling of the antibody determined by measuring the Azgonm absorption of the flowthrough.
The beads were then washed with 50mL of 200mM Glycine pH=8 and incubated with
further SOmL of 200mM Glycine pH=8 at room temperature while rotating for 2h. The beads

were then washed with the following buffers:

1) 50mL of 500mM NaCl, 100mM NaHCO; pH=8.5
2) 50mL of 500mM NaCl, 100mM NaOAc pH=4

3) 50mL of 500mM NaCl, 100mM NaHCO3 pH=8.5
4) 50mL of PBS pH=7.4

After the final washing step, the beads were resuspended in 15mL of PBS pH=7.4 and stored
at 4°C.

2.2.7 GABAA receptor purification and reconstitution into lipid nanodisc

Cell pellets were resuspended in PBS pH=7.4 supplemented with cOmplete protease
inhibitor tablet (Roche). For nanodisc reconstitution, a 10% (w/v) solution of lauryl maltose
neopentyl glycol (LMNG, Anatrace) was prepared in water and added at 1% (w/v) to the
cell suspension. Cells were solubilized for 1h at 4°C, and cell debris and other insoluble
material were removed by centrifugation (15,000%g, 15 min). The supernatant from 1L of
cells was incubated with 300uL of the desired affinity resin (1D4 beads (generated in house
as described in section 2.2.6) for the full-length a133y2L and truncated o133, Streptavidin
agarose (Thermo Fisher) for the truncated B3 homomer, FLAG M2 monoclonal antibody
affinity gel (Sigma) for the full-length o133 and Strep-Tactin Sepharose resin (IBA) for the
full-length B3 homomer) and gently mixed at 4°C for about 2 h.

The resin was recovered by centrifugation at 300xg, 4°C and washed 3 times with 50mL
PBS pH=7.4 containing 0.1% (v/v) LMNG. The beads were then collected by centrifugation
at 300xg, 4°C and incubated for 30min with 45ug of phosphatidylcholine (POPC, Avanti)
and bovine brain lipid (BBE) extract (type I, Folch fraction I, Sigma-Aldrich) mixture
(POPC:BBE = 70:30 w/w). In the case where different lipids other than POPC (listed in
chapter 2.3.1) were used to generate the lipid environment, the desired lipid of choice was

mixed with the BBE at the same ratio. For the cholesterol enrichment experiments performed
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during disc formation, the desired concentration (1.6mM to 13mM) of MBCD-cholesterol
(Sigma) was added together with the lipids. 100uL MSP2N2 (5mg/mL) was then added to
the beads and further incubated for 30min. Next, Bio-beads SM-2 (Bio-Rad) equilibrated in
PBS were incubated with the resin for 90 minutes. The beads were then washed 6 times with
ImL of PBS pH=7.4 and eluted overnight with the respective buffer for the resin of choice
(5mM 1D4 peptide, PBS pH=7.4 for 1D4 resin, 100png/mL FLAG peptide, PBS pH=7.4 for
FLAG resin and 2.5mM Biotin, PBS pH=7.4 for Streptavidin and Streptactin resins). When
cholesterol enrichment was performed after disc formation, 4mM MBCD-cholesterol was
added after the washes and further incubated for 2h followed by 6 more washes and

overnight elution.
For Saposin A reconstitution I used the same protocol as for MSP2N2 described above.

The procedure for reconstituting the receptor in SMALPs is similar to the one in nanodisc
but with the following differences. After the cells were resuspended, they were passed twice
through a cell disruptor at 25,000 psi and spun at 15,000xg for 15 minutes to remove cell
debris. The supernatant was collected and ultracentrifuged at 195,000xg for 1 hour at 4°C
to collect the membrane fraction. The membrane pellet was then resuspended in TBS (20mM
Tris pH=8, 150mM NaCl) and dissociated using a Dounce homogenizer. The membranes
were diluted to a final concentration of 80mg/mL. 1% (w/v) Xiran 30100 (from a 20% (w/v)
Xiran 30100 stock) was then added to the solution and incubated for 2 hours at 4°C. Cell
debris and insoluble material were removed by centrifugation (15,000xg, 15 min). The
supernatant was then incubated for 2h with 1D4-affinity resin, washed 3 times with 50mL

TBS pH=8 and eluted with 5SmM 1D4 peptide, TBS pH=8 overnight at 4°C.

2.2.8 Megabody (Mb) and nanobody (Nb) purification

Mb25 and Mb38 used in this thesis were generated and described previously (Laverty et al.,
2019, Masiulis et al., 2019, Uchanski et al., 2021) and were a generous gift from Jan
Steyaert’s group (VIB-VUB Center for Structural Biology, VIB, Brussels, Belgium). The
proteins were stored as 300uM stock solutions in 10mM Tris, 140mM NaCl at -80°C.

In the case of Nb38, the nanobody was cloned into the pMESD22c¢7 plasmid for periplasmic
expression and transformed into WK6 E. coli cells. Bacterial cell cultures (1 L) were grown
in TB media containing 100 pg/mL ampicillin, 0.1% Glucose and 2mM MgCl,. Gene
expression was induced by 1mM IPTG and the temperature adjusted to 28°C for 16 h. Cells
were collected by centrifugation at 6,000xg for 15mins at 4°C, resuspended in 200mM Tris,
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0.5mM EDTA, 500mM Sucrose pH=8 containing a protease inhibitor tablet (Roche) and
incubated for 2h at 4°C while rotating. Cell debris were removed by centrifugation for 30
min at 35,000xg and 4°C. The supernatant containing the periplasmic fraction was collected
and incubated with 2mL Ni-nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher Scientific)
for 1h at room temperature while inverting. The lysate containing the Ni-NTA resin was
transferred into a gravity flow column (Bio-Rad laboratories). The resin was washed with
15 CVs 100mM Tris, 500mM NacCl, 25mM imidazole pH=S8. The protein was eluted with 5
CV 100mM Tris, 500mM NaCl, 500mM imidazole pH=8 and was concentrated with a 10
kDa filter unit (Millipore). The eluate was then applied to a S200 16/60 size exclusion
column (GE Healthcare) equilibrated in 10mM Tris, 140mM NaCl pH=8. Fractions
containing Nb38 were collected and concentrated with a 10 kDa filter unit to Smg/mL.

Aliquots were flash frozen in liquid nitrogen and stored at -80°C.

2.3 Lipid solubilization and extraction

2.3.1 Lipid solubilization

All lipids were purchased from Avanti — either already in chloroform or as powder in which
case they were solubilized in chloroform. The solubilized lipids were moved to a glass
container and the chloroform was evaporated under nitrogen gas to reduce oxidation rates
with continuous vortexing. Once the chloroform was completely evaporated, the lipids were
washed with pentane to remove any residual chloroform and left under nitrogen gas
overnight. On the next day, PBS pH=7.4 was added to the lipids and vortexed extensively
followed by bath sonication (30s on, 30s off) until all lipids were in suspension. The lipids
were then transferred to a 15mL Falcon tube and LMNG was added to a final concentration
of 3% (w/w) from a 10% (w/w) stock in PBS pH=7.4. The lipids were then vortexed and
sonicated until the solution became transparent. For POPC, di20:1PC and di22:1PC the
concentration of lipids was 10mg/mL. For di24:1PC and Sphingomyelin (d18:1/24:0) the

concentration was 2.5mg/mL

2.3.2 Extraction of lipids from nanodisc samples

To analyse the lipid composition of the nanodiscs used for GABAA receptor reconstitution,
20uL samples were mixed with 200ul ice-cold MeOH, vortexed and sonicated in an ice bath
for 15 min. Then 400uL chloroform was added, and the sample was again vortexed and

sonicated for further 15 min. Next, 150uL ice-cold MilliQ Water was added, followed by
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vortexing and sonication for 15 min. The sample was then spun at 16,000xg for 15 min and
the organic layer (lower layer containing the lipids) was carefully removed. Another 400uL
of chloroform was added to re-extract the lipids, followed by vortexing, sonication and a
second 16,000xg, 15 min centrifugation. The 800uL sample was evaporated in a vacuum

desiccator at 45°C. The dried lipids were stored at -20°C until further use.

2.3.3 Cholesterol content measurement
The cholesterol concentration was measured with the Sigma cholesterol assay kit (CS0005)
following the manufacturer protocol. Samples were measured in triplicates and the

cholesterol concentration measured fluorometrically.

2.3.4 Mass spectrometry analysis of the nanodisc lipids

Prior to drying the lipids, SPLASH LIPIDOMIX Mass Spec Standard (Sigma) was added to
the samples as per the manufacturer’s protocol to serve as an internal control for the
experiment. The SPLASH LIPIDOMIX was also analysed by itself. Dried down sample
extracts were reconstituted in S0uL IPA, vortexed and sonicated for 10 minutes. The mass
spectrometry experiment was performed by Samantha Ferries and Nyasha Munjoma

(Waters Corp), as described previously (Munjoma et al., 2022).

2.4 Electron Microscopy

2.4.1 Cryo-EM sample preparation using commercial plungers

Prior to vitrification on EM grids, purified GABAA receptor samples were pre-incubated
with 2uM Mb38 or 3uM Mb25 for 30 min. All samples described in chapters III and IV
were vitrified using a Leica EM GP2 plunger (Leica Microsystems; 99% humidity, 14 °C)
or a Vitrobot Mark IV System (Thermo Fisher Scientific; 100% humidity, 14 °C). Samples
(3.5 pL) were applied to a freshly glow-discharged (PELCO easiGlow, 30 mA for 120s)
gold R1.2/1.3 300 mesh UltraAuFoil grid (Quantifoil) and blotted for 2.5s before plunge-
freezing in liquid ethane. For the fast application approach discussed in chapter III, the
ligand was added directly to the grid just before blotting resulting in a 10s exposure to the
drug. For the samples described in chapter IV, the f-lactams were mixed with GABA and
incubated with the receptors for 2 minutes on ice prior vitrification. The final concentrations
of B-lactams used were 10mM (for Penicillin G, Penicillin V and Piperacillin) or 3mM (for
Nafcillin). The final GABA concentration used was 50 pM. Grids were then stored in liquid

nitrogen before imaging.
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2.4.2 Cryo-EM sample preparation with a time-resolved plunger

The plunger used for the results presented in Chapter V was essentially the same as
previously described (Berriman and Unwin, 1994). Quantifoil 1.2/1.3 grids were manually
plunged in liquid ethane at ~8°C and ~95% humidity. The total ligand exposure time was
limited to ~10ms. GABAA receptor samples were sprayed as follows: full-length a133y2L
was sprayed with 100mM GABA + 7mM ETM, 2mg/mL Ferritin (Sigma) in PBS; the full-
length o133 was sprayed with 300mM GABA + 300mM HSM, 2mg/mL Ferritin in PBS;
the truncated 3 homomer was sprayed with 150mM HSM, 2mg/mL Ferritin in PBS; the
truncated o lp3-Mb25 complex with either 300mM GABA, 2mg/mL Ferritin in PBS;
300mM GABA + 300mM HSM, 2mg/mL Ferritin in PBS or 200mM PPF in MeOH.

2.4.3 Cryo-EM data collection

Cryo-EM datasets were collected on a Titan Krios G2 microscope at the MRC LMB
equipped with a Falcon 4 detector (later upgraded to Falcon 4i) in electron counting mode
at 300kV at a nominal magnification of 96,000 corresponding to a calibrated pixel size of
0.824 A. All datasets were acquired using EPU (Thermo Fisher Scientific) with total
exposure time of 6.43s (Falcon 4) or 4.33s (Falcon 41) and accumulated total dose of ~40 e
/A%, Before processing, all images were converted to the tiff format using
relion_convert to tiff and dose-fractionated into groups of 40 frames, corresponding to an

accumulated dose of ~1 e/A? per frame.

2.4.4 Cryo-EM image processing

The movies were motion and gain corrected using MotionCor2 (Zheng et al., 2017). Contrast
transfer function (CTF) estimation was performed with CTFFIND-4.1.13 (Rohou and
Grigorieff, 2015). Particle picking was performed using the neural networks WARP, Topaz
(Tegunov and Cramer, 2019, Bepler et al., 2019) or the Laplacian-of-Gaussian auto-picking
function in RELION4.0 (Kimanius et al., 2021) and extracted in RELION4.0. The picked
particles were subjected to 2D classification in cryoSPARC (Punjani et al., 2017). The
particles resembling intact receptor from the 2D classes were used for ab-initio model
generation with 2 seeds in cryoSPARC and were subject to several rounds of heterogeneous
refinement with 4 seeds to remove damaged particles or particles with preferential

orientation.

For the structures presented in Chapters III and IV, the particles that were part of the best

consensus reconstruction were re-extracted back in RELION4.0 and subjected to a focused-
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3D classification without alignment with a TMD mask. By using this approach, I could
separate resting from desensitized states as well as the asymmetric state described in Chapter

IV.

For the structures presented in Chapter V the aforementioned approach did not yield
satisfactory results. Therefore, all processing was performed in cryoSPARC. The consensus
particles were subjected to deep 3D classification with a TMD mask and no alignment with
~30 seeds for each dataset. Each of the states classified by this approach were visually
inspected and the structures which retained high-resolution features e.g. unambiguous
helical pitch in the TMD region helices, were subjected to homogenous refinement followed
by one round of heterogenous refinement with 3 classes using frequencies up to Nyquist.
The highest-resolution class was then subjected to non-uniform refinement and anisotropic

magnification, per-particle defocus and 4™ order aberrations corrected.

The final half-maps from both processing strategies were subjected to post-processing in
RELION4.0 for resolution estimation. Local resolution plots were generated with
RELION4.0. All map and model rendering were performed in ChimeraX (Meng et al.,
2023). An example of the detailed processing strategy can be seen in Appendix Figure 3.

2.4.5 Model building and refinement

The models in Chapter III, IV and VI as well as the $3y2 models in chapter V were built and
refined by me. The truncated 3 and truncated a1B3 models described in Chapter V were
built and refined by Tomas Malinauskas (University of Oxford). The initial models used for
building were the highest resolution reported models published for both truncated and full-
length GABAA receptor subunits. For the full-length a1 subunit, full-length B3 subunit and
full-length y2L subunit — PDB: 7QNE; for the truncated 33 subunit — PDB:7A5V; for the
truncated a1 subunit — PDB: 7PBD. Restraints for all ligands were generated by the Grade
webserver (Global Phasing Ltd; https://grade.globalphasing.org/) using Simplified
Molecular Input Line Entry System (SMILES) strings from PubChem as input. Iterative
rounds of refinement and model building were performed in Coot v0.9.6 (Emsley et al.,
2010) and Phenix v1.19.2 (Afonine et al., 2018). The models were validated by MolProbity
v4.2 (Chen et al., 2010).
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Chapter III

The environment of the reconstituted GABAAa receptor
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3.1 Introduction

Ion channels function in the context of cellular membranes and multi-protein complexes in
which they are integrated. However, the functional impact of this environment, in most
cases, remains poorly understood. There has been extensive research on the functional
connection between lipids and members of the pLGICs going back to the 1980s. These
studies showed that the muscle-type Torpedo nicotinic acetylcholine receptor (nAChR)
requires specific lipids to be present in the cell membrane in order to evoke a response upon
agonist application. It was determined that a certain level of membrane fluidity was required
to allow the transition between the low and high agonist affinity states of nAChR (Fong and
McNamee, 1986, Criado et al., 1982). Furthermore, it was shown that only receptors
reconstituted in a membrane containing both cholesterol and negatively charged
phospholipids could undergo gating. On the other hand, receptors in membranes which lack
cholesterol could bind agonist but did not undergo gating motions (Hamouda et al., 2006).
This suggests that the lipids surrounding the receptor are crucial for the physiologically

meaningful transitions during the gating cycle.

The functional effect of the lipid environment has also been extensively explored in the
context of the GABA4 receptor as well. Increasing the concentrations of phosphatidyl serine
enhanced the effect elicited by benzodiazepines (Hammond and Martin, 1987), whereas
depleting the cholesterol content of WSS-1 cells with MBCD diminishes the GABAAR
currents in a dose-dependent manner (Nothdurfter et al., 2013). It is therefore important to
establish if the structures of the GABAAR which are detergent-solubilized and then
reconstituted into lipid nanodiscs retain the necessary lipids required by the receptor to

undergo gating motions.

To test this, I will discuss the roles of the nanodisc scaffolding proteins, the membrane
thickness as well as its rigidity. Furthermore, thus far all cryo-EM structures of GABAaRs
were solved in the presence of antibody-derived fiducials (e.g Fab fragments, nanobodies or
megabodies) which were thought to be necessary for particle alignment during image
processing. I will therefore first explore the structural impact of nano/megabody fiducials

on reconstituted receptor conformations.

3.2 The functional impact of nanobody-derived fiducials
Until recently, solving a heteromeric GABAAR structure by cryo-EM required the presence

of additional binding partners that served the role of fiducials during 3D reconstruction.
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Otherwise, the native differences between receptor subunits were too small to be picked up
by the computational algorithms available at the time and the lack of fiducials would lead to
misalignments. This problem was further complicated by the low detective quantum
efficiency (DQE) of older generation direct electron detectors (DED). To overcome these
issues, binders specific to subunits or to inter-subunit interfaces had to be added to the
receptor samples. Such molecules, especially inter-subunit binders, could also be potent
allosteric modulators of the receptors. Therefore, in order to study the gating dynamics of
the receptor, it is essential to establish if the nano/megabody binders typically used in our
laboratory for particle alignment during reconstruction have a structural impact on the

receptor.

To test this, I focused on the synaptic full-length a.133y2L GABA 4 receptor subtype and the
Mb38 megabody commonly used in our group. Mb38 was generated by grafting the Nb38
nanobody onto the HopQ scaffold (Uchanski et al., 2021). At concentrations higher than
3uM, Mb38 can directly activate the receptor and desensitize it perhaps in combination with

an unknown buffer component (Laverty et al., 2019).
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Figure 3.2 — The impact of nanobody-derived fiducials on the GABAA4 receptor

a) Comparison between the Mb38-bound desensitized state (PDB: 6153) in white and Mb38-bound resting
state (coloured). b) Pore profiles of the Mb38-bound desensitized state, the Mb38-bound apo state and the
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Figure 3.2 continued

canonical apo state with no fiducials and ligands bound. ¢) Ca RMSDs between the Mb38-bound apo and
Mb38-free apo state. d) Comparison between the desensitized states bound to GABA and with Mb38 (white),
without Mb38 (coloured). e) Pore profiles of the Mb38-bound, GABA-bound desensitized state and Mb38-free,
GABA-bound desensitized state. f) Ca RMSDs between the Mb38-bound desensitized and Mb38-free
desensitized state. The structures of the apo state with Mb38 and desensitized state with Mb38 were solved in

collaboration with Jonas Miehling.

I therefore tested Mb38 at 2uM, a concentration where it does not directly activate the
receptor but can potentiate it. At this concentration, Mb38 predominantly binds to the
al?/B3 interface (Fig. 3.2a) but importantly the receptor remains in the closed/apo state with
both activation and desensitization gates closed as judged by the pore profile (Fig. 3.2b).
Furthermore, loop C remains open and the M4 helices of the TMD bundles have not
undergone the rotation present in the desensitized state further indicating the receptor is in
a resting state (Fig. 3.2a). However, in order to fully show that Mb38 had no structural
impact at 2uM, an apo state structure that lacks Mb38 is required. To overcome this issue, |
took advantage of the recent advances in DED and the high DQE of the F4 camera, which
have recently enabled the structural characterization of the GABAA B3 homomer to 1.7A
resolution (Nakane et al., 2020). These hardware developments allowed me to solve the
structure of the full-length o1B3y2L receptor in the absence of any fiducials. Particle
alignment was likely facilitated by the presence of notable differences between the subunits
including the canonical 3 glycans and the structured al ICL regions, stabilized by PIP>
molecules. The structure revealed that in the apo/resting state, without Mb38, both the
activation (9’) and the desensitization (-2°) gates are shut (Fig. 3.2b).

Most importantly, the Coo RMSDs between the resting structures with and without Mb38
calculated across the five subunit chains are below 0.4 A suggesting that the receptor adopts
almost identical states (Fig. 3.2¢). One notable difference, however, is that the M2-M3 loop
in the structure without Mb38 is better resolved than the structure with Mb38 bound. This
together with the higher resolution of the map allows its unambiguous modelling leading to
slight difference in the local Coo RMSDs. The resting state without Mb38 has a resolution
of 2.4 A whereas the resting state with Mb38 has a resolution of 3 A, allowing more accurate
model building of the flexible M2-M3 loop in the higher resolution map. Despite this, the
presence of Mb38 at low concentrations does not have a substantial structural impact on the

apo state. I further solved the a1B3y2L receptor structures with and without Mb38 in the
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presence of ImM GABA, in order to drive the receptor into the desensitized conformation.
In this experiment Mb38 also has no structural impact based on the Cao RMSDs which are
below 0.5 A across the five subunits (Fig. 3.2d,e). I therefore conclude that Mb38, at 2uM
(potentiating) concentration, does not render the receptor inactive and does not uncouple the
ECD from TMD as the end states of the cycle, namely resting and desensitized, remain

unaffected.

3.3 The structural impact of nanodisc scaffolds

Choosing a suitable nanodisc scaffold is a crucial consideration to ensure that reconstituted
receptors can illustrate functionally-meaningful states. So far, all the structures I have
presented were solved in nanodiscs formed by the MSP2N2 scaffolding protein. MSP2N2
produces nanodiscs, which have a uniform size of ~16 nm (Ritchie et al., 2009) and can
theoretically accommodate two or three full-length GABAAa receptors per disc. However,
before nanodisc reconstitution, the receptors are solubilised from the cell membrane with
detergents. It is important to note that the right choice of detergent is critical when working
with GABAARSs. Previously it has been shown that solubilization of heteromeric receptors
with DDM leads to the collapse of the y2 subunit in particular and to the uncoupling of the
ECD and TMD regions (Zhu et al., 2018, Phulera et al., 2018). This was overcome by using
LMNG followed by MSP2N2 nanodisc reconstitution which leads to receptors with pseudo-
fivefold symmetry around the pore and with intact contacts between the ECD and TMD
(Laverty et al., 2019, Masiulis et al., 2019). Nevertheless, it is unclear if such receptors are
indeed functionally active. To test this, I turned my attention to two other reconstitution
approaches. Firstly, I tested the role of the scaffolding protein by replacing MSP2N2 with
the Saposin A scaffold (Flayhan et al., 2018). Secondly, to avoid detergent solubilization, I
used styrene-maleic acid (SMA) copolymers which disrupt membranes and extract receptors

surrounded by a layer of native cellular lipids (Postis et al., 2015).

3.3.1 The Saposin A scaffold

The MSP2N2 scaffold generates nanodiscs which are uniform in size. Although, as
mentioned above, these are wide enough to accommodate multiple full-length GABAA
receptors, one cannot exclude the possibility that they might somehow restrict the range of
possible conformational changes. No structure of an open state GABAA receptor has been
reported so far, therefore one might argue that receptors cannot sample such conformations

in nanodiscs. Instead, they appear to undergo direct transitions between the resting and
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desensitized states. I therefore turned my attention to Saposin A which is a scaffold that can

adapt to the size of the incorporated membrane (Flayhan et al., 2018).

Previously, truncated a1B2y2 GABAA receptor structures were successfully resolved within
saposin A discs (Kim et al., 2020). Prompted by this study, I reconstituted the alB3y2L
receptor in the same disc type. The structures I could solve in saposin A illustrate resting
and desensitized states with pseudo-symmetrical pores (Fig. 3.3.1a-b), and only minor
variations when compared to the MSP2N2 structures with RMSDs between the five subunits
below 0.6 A for the resting state and 0.45 A for the desensitized state. However,
approximately one-third of the desensitized receptors exhibit a collapsed y2L subunit, with
uncoupled ECD and TMD (Fig. 3.3.1c). Such states have not been observed for MSP2N2

disc structures.

Saposin A resting Saposin A desensitized Saposin A collapsed

Figure 3.3.1 - a1p2y2L GABAA receptor reconstituted in Saposin A nanodisc

a) The activation gate of the apo/resting state in Saposin A. b) The activation gate of the desensitized state in
Saposin A. ¢) The collapsed y2L subunit in Saposin A discs and a cross-section at the level of the activation

gate.

It is important to mention that although Kim et al. did not specifically address these
collapses, they did observe fragmented y2 subunit density and applied local 3D classification
techniques to remove particles with uncoupled y2 subunit. Moreover, further studies have
revealed that saposin A effectively maintains a membrane thickness of approximately 3nm
in the case of the a7 nicotinic acetylcholine receptor (Noviello et al., 2021). This finding
presents a contradiction to the previously established range for the membrane thickness of
neurons (Ingolfsson et al., 2017, Gentet et al., 2000, Caspar and Kirschner, 1971, Unwin,
2022). Taken together, saposin A nanodiscs therefore may not be representative of the actual

membrane environment and could result in the emergence of non-physiological states.
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3.3.2 The GABAA receptor in SMA lipid nanodiscs

SMA copolymers allow the direct isolation of membrane-embedded receptors in complex
with endogenous lipids, in disc-like particles called SMALPs. These might therefore be
more representative of a physiologically relevant environment in terms of the lipid
composition (Dorr et al., 2016). However, it is unknown whether receptors isolated in this
way can undergoes motions in a meaningful timescale and whether such motions are
functionally accurate. Recently, the structure of the glycine receptor (GlyR) was solved in
SMALPs (Yu et al., 2021). The authors of this study reported several distinct states of the
receptor bound to the full agonist glycine as well as the partial agonists taurine and GABA.
Along the canonical apo and desensitized states, the authors also present a putative open and
‘expanded-open’ state. The authors use the term ‘expanded-open’ to describe a state where
the pore has a minimum diameter of ~7 A. This radius, however, is bigger than the reported
maximum size of the pore by electrophysiological sizing experiments (Lynch, 2004).
Interestingly, the open state reported in this study is perfectly symmetrical along the pore
and the RMSDs between the open and desensitized state in the TMD region is 0.6 A. This
also contrasts to studies where ligand application in the millisecond timescale on a
heteromeric nAChR embedded in its native lipid environment report an asymmetric gating
cycle for an otherwise pseudo-symmetric receptor in the apo and desensitized states (Unwin

and Fujiyoshi, 2012).

It is important to note that the experiments reported by Yu et al. were performed under time
constraints, namely the sample was frozen within 10s. The authors therefore propose that by
using their ’time-resolved’ approach one could capture the gating cycle of the channels. The
states observed indeed have a pore radius large enough to allow a fully dehydrated chloride
ion to go through. However, it is crucial to discuss if such states are physiologically
meaningful. Yu et al. report that in the presence of 10mM glycine, the GlyR adopts an open
state in 55% of all particles, 15% of the particles are desensitized and 35% are ‘expanded-
open’. The percentage of particles in the three states, however, is not consistent with the
electrophysiological experiments performed in the very same study which reports that the
receptors in a patch desensitize and reach steady-state currents in around 500ms meaning
that most if not all receptors will be already desensitized under the 10s experimental
condition. This, together with the fact that the authors report an ‘expanded-open’ state brings
up the question whether any of these structures resemble the actual open states of the GlyRs

in native membranes. Moreover, the authors of the study also report that in the same
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timescale, all receptors are desensitized when reconstituted into MSP2N2 nanodiscs which

is what is expected based on the electrophysiology data.

Y/ 5.
SRS . ‘*Q’l}-

MSP2N2 resting

Figure 3.3.2 - GABA4 receptor reconstituted in SMALPs.

a) The activation (middle) and desensitization (right) gates of the apo/resting state in SMALPs. b) The
collapsed y2 (left) and broken a.1/53 interface (middle) upon GABA binding in SMALPs. Cross-section of the
TMD at the 9’ level (right). ¢) Comparison between the lipid composition in SMALPs (top) and MSP2N2

nanodisc (bottom).

To explore whether SMALP nanodiscs may allow a structural analysis of the GABAa
receptor gating motions, I solubilized the a1B3y2L assembly using the GlyR protocol used
by Yu et al. The GABAAx receptor was supplemented with ImM GABA by applying the
ligand directly to the sample on the grid followed by immediate blotting and plunging into
liquid ethane resulting in a 10s exposure to GABA. The dataset was cleaned-up by 2D
classification and heterogenous refinements in cryoSPARC leaving 400k ‘good’ particles
that were used to generate a consensus map. The particles were then classified into distinct
classes by focused 3D classification on the TMD region. In total, 20% of all particles were

in the resting states (Fig. 3.3.2a). Crucially, 80% of the particles had densities for GABA
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bound below loop C at the B3"/al" interfaces, however, upon the activation of the receptor,
the TMD region was dramatically distorted. Unlike the uncoupled state in Saposin A, in the
SMALPs dataset the density for the y2 subunit’s TMD is entirely fragmented and is no
longer contacting the neighbouring subunits. Moreover, the interface between the a1-A and

3-B subunits is also broken (Fig. 3.3.2b).

What is the cause for this dramatic collapse remains unclear, however, one explanation could
be that the SMA co-polymers cannot provide enough lateral support to the disc leading to
less rigidity relative to native membranes and MSP2N2 nanodiscs. It is therefore evident
that the receptor cannot undergo physiological gating in SMALPs because it cannot reach
the ‘canonical’ desensitized state. Therefore, pLGICs conformations in SMALPs should be

considered with caution.

Nevertheless, the resting/apo state in SMALPs is intact with coupled ECD to TMD in all
subunits, which suggests that the collapse may only happen in the presence of an agonist.
Despite the collapse of the desensitized state, the resting state in SMALPs sheds light on the
native lipid environment of the receptor. By comparing it to the resting state in MSP2N2
discs, no significant differences regarding lipid densities can be observed (Fig. 3.3.2¢). The
lipids are indeed even better resolve in the MSP2N2 nanodisc due to the higher resolution
of the reconstruction. Since MSP-reconstituted receptors show a similar lipid profile (Fig.
3.3.2¢), it appears that essential lipids remain associated with the receptors during detergent

solubilization.

3.4 The impact of nanodisc thickness

Neuronal cells must transmit signals between each other effectively and fast which is critical
for information processing in the networks they form (Markram et al., 2015). This property
of the neuron is driven by its capacitance which is determined by the membrane thickness
and the lipid composition of the cell. In the case of the cultured neuronal cells, the membrane
thickness has been estimated to be ~3.5nm (Liu et al., 2020), which is consistent with the
disc thickness i.e. the distance between the lipid headgroups, I observe in MSP2N2
nanodiscs. However, the native lipid composition required for GABAAa receptor gating may
be different. When forming nanodiscs we use lipids in ratio 70:30=POPC:BBE (bovine brain
extract) (w/w) but it is possible that the lipids present in this mixture cannot mimic the
neuronal cell membrane entirely. To test if this is the case, I reconstituted the receptor in the

nanodisc scaffolding protein MSP2N2 and varied the acyl chain length of the 16:0-18:1

36



POPC lipids used. POPC has two acyl chains with 16 and 18 carbons respectively which
may not be long enough to support a functional receptor. I therefore replaced POPC keeping
the same proportion to BBE with di20:1 POPC for the FL 3 homomer (Fig. 3.4a), di22:1
POPC for the FL B3 homomer (Fig.3.4b), di24:1 POPC for the FL al1B3y2L (Fig. 3.4¢c) and
Sphingomyelin (d18:1/24:0) for the FL alp3y2L (Fig. 3.4d) to form the nanodisc.
Furthermore, these lipids are more unsaturated which allows a higher mobility of the acyl
chains. For the FL 3 homomer I used 100uM of the general anaesthetic etomidate (ETM)
that directly activates this receptor subtype (Miller and Aricescu, 2014, McMullan et al.,
2023) and incubated it with the sample for 10s with the aim of visuailizing an open state of
the receptor (using the same approach as described in chapter 3.3.2). Virtually all particles
in this dataset however have ETM bound and are driven into the desensitized state indicating
that changing the acyl chain length does not affect the structure of the receptor (the RMSDs
between the structures were around 0.3 A) and it does not interfere with the equilibrium

between open and desensitized states at this timescale (Fig. 3.4a-b).
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Figure 3.4 - GABAA\ receptors reconstituted in discs with different acyl chain lengths.
a) Comparison between the FL f3 homomer in the desensitized state bound to ETM in di20:1PC versus POPC
nanodiscs. b) Comparison between the FL 3 homomer in the desensitized state bound to ETM in di22:1PC
versus POPC nanodiscs. ¢) Comparison between the FL a.13y2L in the resting state in di24:1PC versus POPC
nanodiscs. d) Comparison between the FL alf3y2L in the resting state in Sphingomyelin (d18:1/24:0) versus
POPC nanodiscs.
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I then turned my attention FL alB3y2L in nanodiscs loaded with di24:1 POPC and
Sphingomyelin (d18:1/24:0) and compared the resting state in these environments to the
canonical nanodisc with POPC and BBE. Once again there is little deviations in the Ca
RMSDs when comparing the structures. In both cases the overall RMSDs between the five
subunits were below 0.5 A (Fig. 3.4c-d). It therefore seems that variations in the lipid
composition and acyl chain length have limited or no structural impact, likely because our
purification strategies ensure the preservation of an inner layer of lipids that surrounds the
receptors and originates directly from the cell as evident from the SMALPs reconstitution

where the resolved lipids between SMALPs and MSP2N2 discs are similar (Fig. 3.3.2¢).

3.5 The influence of cholesterol on the nanodisc

The GABAA receptor functions in a complex environment situated at the synaptic cleft.
There are many auxiliary proteins which associate with the receptor such as gephyrin, LH4,
Neuroligin-2 and Neurexinf} (Choii and Ko, 2015, Yamasaki et al., 2017, Zhang et al., 2010).
These proteins are necessary to tether the receptor in the synaptic cleft in close proximity to
the neurotransmitter release site thus forming trans-synaptic nanocolumns (Siidhof, 2018,
Tang et al., 2016). This, however, is only one among a myriad of mechanisms by which
location, trafficking and signalling of neurotransmitter receptors can be modulated (Allen et
al., 2007). It has been established that the composition of the inhibitory synaptic membrane
is mainly composed of cholesterol and sphingomyelin which form membrane microdomains
with high rigidity termed lipid rafts (Cotman et al., 1969). These are likely to further restrict
the distribution of the receptors at the cell surface (Simons and Toomre, 2000). Interestingly,
it has been shown that depleting cholesterol from cell membranes can negatively affect the
modulation of GABAA receptors by diazepam (Nothdurfter et al., 2013). Furthermore,
cholesterol has been shown to play a key role in signalling and localization of the Torpedo
nAChR (Unwin, 2022). I therefore tested the effect of cholesterol and membrane rigidity on
the GABAA receptor by artificially adding extra cholesterol to the disc. This was done by
the addition of the soluble MPCD-cholesterol complexes, a strategy that has been
extensively used to enrich the level of cholesterol in cellular membranes (Zidovetzki and

Levitan, 2007).
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Figure 3.5.1 — Cholesterol content of the MSP2N2 disc upon MBCD-cholesterol
application

A plot showing the cholesterol content of MSP2N?2 discs under different conditions. Cholesterol enrichment
after the disc is already formed is not possible, however, cholesterol levels can be increased linearly with
increasing MBCD-cholesterol concentration when enrichment is performed during disc formation. Saturation

is achieved roughly at 7mM MBCD-cholesterol.

As shown in Fig3.5.1, the ‘standard’ MSP discs contain only small amounts of cholesterol
(~0.1 pg in 20pL sample), which translates to ~5 molecules of cholesterol per disc. In
comparison, nAChR receptors in membranes with low cholesterol content could bind
agonist but did not undergo gating motions (Hamouda et al., 2006). Therefore, the amount
of cholesterol in our disc may not be sufficient to allow the gating of the receptor. To
overcome this problem, I added MBCD-cholesterol after the formation of the disc. However,
no substantial increase in cholesterol levels could be observed (Fig. 3.5.1). This implies that
MBCD-cholesterol loading could only happen during disc formation. Evidently, the
cholesterol levels could be increased substantially when MBCD-cholesterol was added
during the disc formation. In the case where 6.6mM MBCD-cholesterol was added, 1ug of
cholesterol could be detected in the sample which is a 10-fold increase when compared to
the normal prep and translates to ~80 cholesterol molecules in the disc. Importantly, the
cholesterol content becomes saturated as adding 13mM MBCD-cholesterol cannot

incorporate more cholesterol in the nanodisc (Fig. 3.5.1). It has been estimated that the
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number of Dipalmitoylphosphatidylcholine (DPPC) lipid molecules in an empty MSP2N2
disc is ~300 (Grinkova et al., 2010). In the case where a membrane protein is inserted the
amount of lipid will dramatically decrease. The GABAAR can be estimated to take up
roughly 1/3 of the nanodisc volume therefore leaving space for ~200 lipids. Since cholesterol
has a molecular weight of 386.7g/mol and an ‘average’ lipid has a molecular weight of
~600g/mol, we can approximate that when 13mM MPBCD-cholesterol is added, the
concentration of cholesterol is roughly 40-50 mol % of the total lipids which is similar to

the amount seen in acetylcholine receptor Torpedo membranes (Rotstein et al., 1987).

Having the disc loaded with cholesterol, I proceeded to study the gating motions of the FLL
alB3y2L receptor in such environments. When FL alB3y2L are gated by GABA, they
desensitize very rapidly. Therefore, I used the general anaesthetics etomidate (ETM) and
propofol (PPF) and a 10s ligand application approach described in section 3.3.2 above. ETM
and PPF can directly activate the receptor with a slower desensitization rate when compared

to ImM GABA.
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Figure 3.5.2 — Etomidate and propofol directly activate a1p3y2L. GABAAx receptors

a) A representative current trace evoked by a 40s application of etomidate (100 uM) to outside-out patches.
The insets show the activation and closing phases of the current at an expanded scale. b) A representative
current trace obtained from outside-out patches with the standard two-pulse protocol. The current trace is
normalized to the peak current amplitude obtained with ImM GABA in the second pulse. ¢) A representative
current trace obtained from a 40s application of 10uM propofol to outside-out patches. The inset shows the
activation phase with an expanded time scale. d) Using the standard two pulse protocol with 10uM propofol.
The electrophysiology experiments were performed by Rooma Desai, Harvard Medical School.
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Nevertheless, after 10s of ligand application, most of the receptors have already reached
steady state so one would expect only a small population of all receptors to be open (Fig.
3.5.2). For each dataset I could separate 2 states — resting and anaesthetic-bound
desensitized. Despite extensive 3D classifications and efforts to separate a class in the open
state, no such class could be observed (Fig. 3.5.3a,c,e). Surprisingly, I also could not observe
density for a cholesterol binding site in the end states of the gating cycle, despite the fact
that binding sites have been postulated to exist based on molecular dynamics simulations
(Dédmgen and Biggin, 2021). Moreover, when I compare the receptor in discs without
additional cholesterol and discs where 13mM MPBCD-cholesterol is added during disc
formation, no major difference can be seen and the Ca. RMSDs between the structures were

below 0.6 A (Fig. 3.5.3b,d,f).
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Figure 3.5.3 — The GABAAx receptor in cholesterol-rich nanodiscs

a) The apo state in cholesterol-enriched disc. b) Ca RMSDs between the apo state in normal MSP disc versus
the apo state in cholesterol-enriched MSP discs. ¢) The desensitized state with ETM bound in cholesterol-
enriched disc. d) Ca RMSDs between the desensitized state with ETM in normal MSP disc versus cholesterol-
enriched MSP discs. e) The desensitized state with PPF bound in cholesterol-enriched disc. f) Ca RMSDs

between the desensitized state with PPF in normal MSP disc versus in cholesterol-enriched MSP discs
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Taken together, this suggests that cholesterol does not directly bind the alB3y2L. GABAA
receptor and perhaps modulates its function solely through the rigidity of the membrane.
Alternatively, cholesterol may be needed for the transition into the open state where it could
stabilize newly formed interfaces which are not present in the resting and desensitized states.
Such transitions, however, happen on the millisecond timescale, and hence are not sampled

with the 10s approach used here and for the GlyR (Mortensen et al., 2004, Yu et al., 2021).

To further determine the physiological significance of the cholesterol enriched disc, I
performed mass spectrometry analysis of the lipid contents from nanodisc extracts. As
shown in Fig 3.5.4, a large number of lipids with variable acyl-chain length can be detected
in our discs. Furthermore, sphingomyelin (SM) seems to be the most predominant lipid
present. Since SM is a major component of lipid rafts and it is present in high quantities,
together with the physiological cholesterol content upon enrichment, the lipid composition
of the nanodiscs appears to be as close to physiological as possible. This further supports
the hypothesis that during detergent-solubilization with LMNG, the GABAa receptors

retains an inner layer of lipids emerging directly from the cell membrane (Chapter 3.4).
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Figure 3.5.4 — Mass spectrometric analysis of nanodisc lipid extracts

Mass spec results of the lipids present in the MSP2N2 nanodiscs. The discs are particularly enriched in
sphingomyelin ~ (SM) as well as  phosphatidylglycerol (PG), phosphatidylcholine  (PC),
phosphatidylethanolamine (PE), lysophosphatidylcholine (LPC) and lysophosphatidyethanolamine (LPE)

with variable acyl-chain lengths. The experiments were performed by Samantha Ferries and Nyasha Munjoma,

(Waters Corp).
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3.6 Discussion

All integral membrane proteins carry out their functions within the context of a lipid bilayer.
Hence, it is crucial to comprehensively understand the impact of lipids when studying such
proteins. For instance, having an incorrect lipid composition for the Torpedo nAChR can
result in the receptor becoming uncoupled and non-functional. However, in contrast to the
nAChR, investigating the signalling mechanism of the GABAAa receptor in its native
environment is challenging. This challenge is partly attributed to the absence of a tissue
source that expresses large quantities of the receptor, as is the case with the Torpedo electric
organ. Currently, high-resolution structural analysis in entirely physiological environments
would only be feasible through in sifu cryogenic electron tomography (cryo-ET). However,
it is worth noting that this approach is currently limited to large and abundant targets such
as the ribosome and viruses (Gemmer et al., 2023, Bharat et al., 2011). While cryo-ET
structural studies on GABAA receptors have been attempted, the achievable resolution thus
far is not sufficient to gain insights into the signalling mechanism (Liu et al., 2020). It is
therefore important to establish what artificial environment would work best to study the

detailed gating motions of GABA 4 receptors by high-resolution reconstruction.

In this chapter, I conducted a systematic investigation to assess the impact of different
scaffolding proteins within the nanodisc environment. The results clearly demonstrate that
when reconstituted in Saposin A or SMALPs discs, GABAA receptors assumes non-
physiological conformations. In both cases, the receptor fails to undergo desensitization in
the canonical pseudo-symmetric conformation. The y2 subunit, in particular, becomes
uncoupled, resulting in disrupted contacts between its extracellular and transmembrane
domains. Conversely, this uncoupling phenomenon is not observed in MSP2N2 nanodiscs.
Consequently, it can be inferred that MSP2N2 represents the optimal scaffolding protein for
studying the receptor dynamics within an artificial environment. I further expanded my
investigations to explore the impact of disc thickness by altering the acyl-chain length of the
lipids incorporated during nanodisc reconstitution. To my surprise, no discernible changes
were observed in the receptor's structure, even when the predominant lipid component in the
disc was di24:1PC. This finding strongly implies that a significant portion of the lipids
present in the discs likely originates directly from the cell, a conclusion supported by mass
spectrometry analysis of the nanodisc contents. Furthermore, this is also reinforced by the
consistent lipid profile observed in the SMALPs resting state structure (Fig. 3.3.2). Finally,

I explored the influence of cholesterol on the GABAA receptor by enriching the nanodisc
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with approximately 50 mol% cholesterol, aiming to closely mimic the actual membrane
environment. Intriguingly, no significant structural disparities were detected between the
receptor structures within discs with little cholesterol and those within discs with around 50
mol% cholesterol content. Additionally, I could not identify a specific cholesterol binding
site within either the resting or desensitized states, suggesting that cholesterol might exert
its influence on the receptor indirectly. An alternative possibility is that cholesterol is a
requisite component for transitions to the short-lived intermediate states. However, it is
important to note that such states could not be observed within the limitations of classical

plunge-freezing on a 10-second timescale.

To overcome these limitations, I decided to test open-channel blockers that could stabilize
the receptor in an active conformation by using the most physiologically relevant
environment for the GABAa receptor, namely reconstituted in cholesterol-enriched

MSP2N2 nanodiscs and supplemented with POPC and bovine brain extract lipid mix.
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Chapter IV

Inhibition of synaptic GABAA receptors by B-lactam

antibiotics
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4.1 Introduction

GABAA receptors are crucial for many aspects of animal physiology. Therefore, they are
targets for a diverse set of drugs (Sieghart and Savi¢, 2018). Positive allosteric modulators
such as diazepam and alprazolam effectively treat anxiety, epilepsy, and sleep disorders. On
the other hand, general anaesthetics, widely used during surgery, can function as both potent
allosteric modulators and agonists (Martin and Lowery, 2018, Thompson et al., 1996, Bai et
al., 1999a).

The vast allosteric landscape of the GABA receptor family, however, also makes it a potent
target for noncompetitive antagonists that could lead to unwanted and unpredictable side
effects (Olsen, 2018, Cascio, 2006). One such class of molecules are the -lactam antibiotics,
which have been associated with myoclonic jerks and seizures in clinical studies (Meyer,
2014, Sugimoto et al., 2003, Man and Fu, 2015). The first recorded report of neurotoxicity
linked to B-lactam antibiotics, which are widely used for the treatment of bacterial infections,
dates back to 1945 (Walker et al., 1945). However, mechanistic understanding for these
adverse side effects is currently lacking. Nevertheless, electrophysiology experiments have
shown that the prototypical f-lactam penicillin G (PenG) can cause severe side effects in the
CNS by acting as a channel blocker for the GABA receptor (Twyman et al., 1992). This is
further supported by evidence for a competitive interaction between PenG and the
prototypical channel blocker picrotoxin (PTX) (Bali and Akabas, 2007, Fujimoto et al.,
1995, Krishek et al., 1996). At the same time, the mechanisms of PenG and PTX action are
different because agonists can dissociate in the presence of PTX but cannot when PenG is
bound (Rossokhin et al., 2014, Bali and Akabas, 2007). This is also in line with recent
structural data that reports the structure of the a1B3y2L GABAA4 receptor bound to GABA
and PTX, where the receptor is reported in a closed state despite the fact that GABA is
bound, likely representing an intermediate step before agonist dissociation or alternatively
the receptor could be trapped in a pre-active state with agonist bound but the TMD still in
the resting state (Masiulis et al., 2019). PenG on the other hand has been proposed to act as
an open channel blocker, based on the presence of tail currents upon the termination of co-

application of GABA and PenG (Rossokhin et al., 2014).
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Figure 4.1 — The chemical structures of the different B-lactams associated with

neurotoxic effects

The chemical structure of the f-lactams used in this chapter. The variable groups are highlighted in green for
penicillin G, purple for penicillin V, cyan for piperacillin and orange for nafcillin

To elucidate the inhibitory effects of B-lactams on GABAergic signalling and their role in
the receptor’s gating cycle, I conducted structural studies on the synaptic a13y2L GABAA
receptor subtype in complex with four different antibiotics: penicillin G (PenG), penicillin

V (PenV), piperacillin and nafcillin along with GABA (Fig. 4.1).

My findings reveal a shared mechanism of channel blocking through binding within the
TMD. However, despite their similar chemical structures, the B-lactams exhibit distinct
binding modes. Additionally, I demonstrate that nafcillin can both potentiate and inhibit the
receptor by binding to the benzodiazepine and general anaesthetic pockets while also
blocking the pore. Furthermore, I report a novel receptor state with one f3/a1subunit pair in
a rotated conformation, breaking the pseudo-symmetry of the pore. This suggests that the
gating motions of GABAa receptors might include asymmetric intermediate states.
However, this state was only observed in the presence of nafcillin and GABA, and not for
the other B-lactams tested, indicating that nafcillin has different properties compared to

PenG, PenV and piperacillin.

48



Taken together, the results in this chapter shed light on the mechanisms of GABA 4 receptor
modulation by B-lactam antibiotics and propose that co-administration of a GABAA4 receptor
positive allosteric modulator might prevent potential neurotoxic side effects when high-dose

B-lactam treatments are required.

4.2 Mechanism of GABAa receptor inhibition by PenG and PenV co-applied with
GABA

I first determined the structure of the benzodiazepine-sensitive al3y2L GABAAa receptor
bound to 10mM PenG and 50uM GABA (Fig.4.2). PenG binds lower in the channel pore
compared to PTX, obstructing the channel between the -2’ and 6’ positions of the M2 helices
(Fig. 4.2a). This disagrees with previous molecular modelling results, which have predicted
that PenG, like PTX, binds between the 2’ and 9° M2 levels (Rossokhin et al., 2014).
Nonetheless, there is an overlap between the binding sites of PenG and PTX which explains
their competitive interaction (Bali and Akabas, 2007). PenG is stabilized in the pore by the
formation of putative hydrogen bond interactions with the 6 residues B3Thr256 and
v2Thr271 (Fig. 4.2a). The critical role of B3Thr256 has been previously identified for the
mouse 2 gene where the mutation of Tyr256 to Phe greatly reduces the efficacy of PenG
channel blocking (Sugimoto et al., 2002). Although the mutational analysis was performed
on the mouse B2 gene, it has been previously demonstrated that mouse [ subunits can
functionally replace human B subunits (Darlison, 1992, Harvey et al., 1991). The PenG
benzyl tail is buried in a hydrophobic pocket formed by the 2’ and -2’ residues and blocks
the -2’ desensitization gate (Fig. 4.2a). Notably, it has been shown that in the presence of
GABA and PTX, the 9’ and -2’ gates can close, leading to a ‘trapped’ PTX molecule.

However, this cannot happen in the presence of PenG (Fig. 4.2a,c).

Previous reports have suggested that PenG binds to the open state of the channel and
stabilizes it, owing to the emergence of tail currents after the co-application of GABA and
PenG is terminated (Rossokhin et al., 2014). The conformations I observe, however, are
desensitized with an open 9’ gate and closed -2’ gate with a radius of ~1.5 A that is too small
to permit the passage of a fully dehydrated chloride ion (Fig. 4.2¢) (Laverty et al., 2019) and
have little deviation to the canonical desensitized state in the presence of GABA alone as

judged by the 0.45 A Ca RMSDs between the five subunits (Fig. 4.5a).
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Figure 4.2 — Binding modes of PenG and PenV to the a1B3y2L. GABAA receptor

a) The binding mode of PenG (green) in the pore. b) GABA (magenta) bound to the B3*/0l agonist binding
pockets. ¢) Pore profiles of the PenG and PenV blocked states generated with HOLE. d) The binding mode of
PenV (purple) in the pore.

Since Penicillin G could not stabilize an open state, I decided to test B-lactams with longer
variable groups (Fig 4.1) with the rational that the longer group may protrude past the -2’

desensitization state and trap the GABA 4 receptor in intermediate, open-like conformations.

I therefore further solved the structure of 10mM PenV in complex with 50uM GABA and
surprisingly observed an almost identical binding mode to that of PenG (Fig. 4.2d). The
similar binding modes of these molecules perhaps arises through the flexibility of the
phenoxymethyl group in PenV, which allows the benzyl ring to occupy the same
hydrophobic pocket (Fig. 4.2a,d). PenV is stabilized in the pore through the formation of
putative hydrogen bonds with f3Thr256 and y2Ser267 and just like PenG binds in the region
between the -2° and 6° M2 levels. The receptor, however, again adopts a desensitized
conformation as determined by the pore radius and the Co. RMSDs which deviated by 0.5 A

when compared to the canonical desensitized state (Fig. 4.2¢c, Fig. 4.5b).

4.3 Differential blocking properties of piperacillin

To further understand the mechanism of action of B-lactam antibiotics on GABAA receptors
I sought to solve the structure of a penicillin with a longer and bulkier variable group —
namely piperacillin (Fig. 4.1). It has been reported that the administration of piperacillin
could lead to neurotoxicity manifested by slurred speech, mental confusion and seizures

with neurotoxic side effects present in 50% of patients where high dose of piperacillin is
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required (Roger and Louart, 2021, Malanga et al., 1997, Lin et al., 2007, Meyer, 2014).
These high doses be as high as 10g of piperacillin (Lin et al., 2007). Despite these adverse
side effects, little is known regarding its mode of action. To address this issue, I solved the
structure of the a1B3y2L GABAAa receptor bound to 10mM piperacillin and 50uM GABA
(Fig. 4.3).
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Figure 4.3 — Mechanism of channel block by piperacillin.

a,b) The binding mode of piperacillin in the pore (cyan; the three molecules are coloured in different shades

of cyan for representation purposes),; ¢) Pore profiles of the Piperacillin blocked state

Strikingly, the piperacillin binding mode is completely different to that of PenG and PenV.
Specifically, I could identify three prominent piperacillin densities inside the channel pore
stretching from the 2’ ring all the way to the 17’ level. The molecules are stabilized by a
putative hydrogen bond network between a1 Thr268-D, a1 Thr261-A, y2Thr275, y2Thr271
and the oxygen atoms of the penicillin and dioxopiperazine groups. The hydrophobic benzyl
rings of piperacillin form n-stacking interactions between themselves or are buried at the
hydrophobic interface between the y2L and al subunits (Fig. 4.3a,b). Notably, the presence
of the 4-ethyl-2,3-dioxopiperazin group in piperacillin leads to the adoption of a different
binding mode but not to a change in function. Piperacillin is a channel blocker despite the
chemical difference to PenG and PenV thus illustrating yet again the vast allosteric
landscape of the GABAA receptor. Furthermore, analogous to the PenG and PenV bound
structures, the piperacillin bound receptor also adapts a desensitized state with the narrowest
point of the pore at the -2’ desensitization gate and 0.7 A difference in the Ca. RMSDs
compared the desensitized state with GABA alone (Fig. 4.3c, Fig. 4.5¢).

4.4 Nafcillin is a multi-site allosteric modulator of the a1B3y2L GABAA4 receptor
To further test the role of the variable group of the B-lactam antibiotics I next explored the

binding mode of nafcillin at 3mM concentration. Nafcillin crucially is also a potent
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neurotoxic agent (Meyer, 2014). In contrast to PenG, nafcillin harbors an ethoxy-naphthoyl
group instead of a benzyl group but keeps its hydrophobic properties thus perhaps allowing
it to protrude past the -2’ gate and into the cytoplasmic space (Fig. 4.1).
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Figure 4.4.1 - Nafcillin binding sites in the symmetrically and asymmetrically
desensitized states

a) The binding mode of Nafcillin in the pore of the symmetrically desensitized state. b) Binding pocket at the
al*/B3" TMD interface in the symmetric state. ¢) Pore binding mode in the desensitized asymmetric state. d)
Pore profiles of the symmetric and asymmetric states. e) Nafcillin binding the benzodiazepine pocket of both
states. f) The p3/al™ TMD binding site in the asymmetric state.

Following an exhaustive 3D classification of the cryo-EM dataset, I detected the
manifestation of two discrete states — symmetrically desensitized and asymmetrically
desensitized. Importantly, the emergence of these states synchronizes with the interaction of
nafcillin at distinct binding sites within the channel pore, as well as discrete pockets within
the B3"/al- TMD interfaces that are known binding sites for a diverse set of general

anaesthetics (Kim et al., 2020) (Fig. 4.4.1).

In the symmetrically desensitized state, nafcillin binds inside the channel pore, situated
between the 6' and 13' M2 levels. This engagement is stabilised by putative hydrogen bond
interactions with y2Thr271. Notably, the orientation of the penicillin ring is directed toward
the intracellular side, while the hydrophobic ethoxy-naphthoyl group assumes a position
facing the extracellular environment, surrounded by the 9' Leu residues (Fig. 4.4.1a). Within
this state, nafcillin additionally binds at the interface of the al*/B3- TMD, in the same pocket

as the general anaesthetic 4-benzoyl-propofol (Jayakar et al., 2019). In this context, the
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ethoxy-naphthoyl moiety of nafcillin projects into the hydrophobic lipid surroundings,
achieving stability within the pocket through multiple hydrophobic interactions and a
putative hydrogen bond with a1Ser270 (Fig. 4.4.1b).

Surprisingly, in the asymmetrically desensitized state, the pore binding mode of nafcillin is
completely different to that of the symmetrically desensitized. In this state, the ethoxy-
naphthoyl group faces the intracellular side, protrudes past the -2’ gate and forms a putative
hydrogen bond with y2Ser267 (Fig. 4.4.1c). Even though I could separate two distinct states,
the pore radius at the -2’ gate in both remains too narrow to allow the passage of chloride
ions suggesting they are both desensitized (Fig. 4.4.1d). Furthermore, the subunits in the
symmetric desensitized state reported do not deviate from the conformation observed in the
‘canonical’ desensitized state (Masiulis et al., 2019). However, the a1-A and f3-B subunits
of the asymmetric state adopt novel conformations (Fig. 4.4.2a-b, Fig. 4.5d-e). Nafcillin is
also present in the benzodiazepine pocket at the al*/y2- ECD interface in both states,
stabilized by hydrogen bonds with a1 Thr207 and y2Tyr58. The ethoxy-naphthoyl on the
other hand lies in a hydrophobic pocket formed by al1Tyr160 and y2Phe77 (Fig. 4.4.1e).
Intriguingly, nafcillin does not bind al®/B3- TMD interface in the asymmetrically
desensitized state. However, I observe two unambiguous densities corresponding to the [3-
lactam at the B3*/al- TMD interfaces, in pockets where the general anaesthetics etomidate

and propofol have been shown to bind (Forman and Miller, 2011, Kim et al., 2020).

In contrast to etomidate and propofol, however, nafcillin binds further inside the anaesthetics
pocket with the ethoxy-naphthoyl sandwiched between the f3/a1- M2 helices and is held
in place mainly by hydrophobic interactions (Fig. 4.4.1f). Taken together this suggests that
nafcillin could both potentiate the receptor through binding pockets usually occupied by
positive allosteric modulators and inhibit it by blocking the pore. The occupancy of these

pockets is importantly state dependent.

The nafcillin-bound asymmetrically desensitized state provides a hint that the gating cycle
of the GABAA receptors may include asymmetric steps, such as the partial rotation of a 3/
al pair reported here (Fig. 4.4.2a,b). The state arises from an overall translation and rotation

of the B3-B/a1-A module, consisting of two subunits.
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Figure 4.4.2 — Comparison between the symmetric and asymmetric states.

a) Comparison between the asymmetric state (coloured) and the symmetric state (grey) as view from the
intracellular region. b) Representation of the helices and their overall rotation in asymmetric state compared
to the symmetric state at the level of the 9’ activation gate as seen from the intracellular region. ¢) Comparison
between the overall differences between ol.D in the symmetric and asymmetric states, showcasing the more

discorded ICD and lack of PIP: in the asymmetric state.

By comparing the Ca R.M.S.D of the al-A in the asymmetrically desensitized receptor to
the ‘canonical’ desensitized state, it is evident that the al-A subunit undergoes the most
significant changes (Fig. 4.5¢), displaying clear 3.6° rotation and translation of the four-
helical bundle. The B3-B subunit also experiences a 1.1° rotation (Fig. 4.4.2b). The rest of
the subunits are already desensitized and arranged symmetrically around the central pore
(Fig. 4.4.2b, Fig. 4.5¢). Moreover, the ICD of al-A is more disordered than in the
‘canonical’ apo and desensitized states which coincides with the binding site of PIP». In the
asymmetric state conformation, importantly, PIP; is no longer resolved which implies that
the lipid may play a role in controlling the rate of opening and overall receptor motion by
structuring the al M3-M4 intracellular loop and enabling its interaction with the 3 ICD
(Fig. 4.4.2¢c). Notably, the resolved part of the ICD region of the asymmetric al1-A is shorter
since it is only structured when PIP; is present further implying that PIP; is not bound in the

asymmetric state.

4.5 Discussion

In this chapter I present cryo-EM structures of the synaptic a1B3y2L GABA receptor bound
to four different B-lactams in the presence of GABA. I show that the f-lactams share the
same mechanism of inhibition of GABAA receptor currents by binding to the pore and
blocking the influx of chloride ions. Surprisingly, despite the shared mechanism between
these molecules, they have different binding modes. This change is dictated by the presence
of variable groups attached to the penicillin ring that have an impact on the binding site but

not on their function as channel blockers. For PenG and PenV I identify one unambiguous

54



density deep in the channel’s pore between the -2’ and 6’ levels. In contrast to PenG and
PenV, piperacillin has three binding sites in the pore stretching all the way between the 2’
and 17’ level and completely blocking the pore. These structures, however, are desensitized
as judged from the pore profiles and Co RMSDs values relative to the ‘canonical’

desensitized state (Fig. 4.5a-d).
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Figure 4.5 - Ca RMSDs between f-lactams plus GABA bound and GABA only bound
receptors

a) Co RMSDs between PenG+GABA and GABA only states. b) Co. RMSDs between PenV+GABA and GABA
only states. ¢) Ca RMSDs between piperacillin+GABA and GABA only states. d) Ca RMSDs between
nafcillint GABA symmetric and GABA only states. e) Ca RMSDs between nafcillin+GABA asymmetric and
GABA only states

These results appear to contradict the electrophysiology experiments which propose that
PenG binds and stabilizes the receptor in the open state (Rossokhin et al., 2014). This
discrepancy could be explained by the fact that when PenG is bound, agonist dissociation is

precluded. Thus, during the wash out of both GABA and PenG, PenG dissociates first due
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to its high on and off rates while GABA may remain bound allowing the receptor to open
(Chow and Mathers, 1986, Twyman et al., 1992). Another possibility is that PenG binds
both the desensitized and open states without interfering with the conformational dynamics
of the receptor during the gating cycle. The observed tail currents therefore may arise from

receptors that have reached steady-state and become unblocked after the PenG wash out.

I further determined the structure of alB3y2L GABAAa receptor bound to nafcillin and
GABA. Unexpectedly, I could separate two distinct conformational states from this dataset
— asymmetrically and symmetrically desensitized. The fact that nafcillin binds to the
benzodiazepine pocket as well as pockets usually occupied by general anaesthetics, in
addition to blocking the channel pore, suggests that it can play a dual allosteric role i.e.
simultaneously potentiating and inhibiting the receptor. The major motion in the asymmetric
state occurs for al-A subunit, which moves away from the B3-E subunit. This is triggered
by the overall rotation of the 3-B*/a1-A" pair which harbours the GABA binding site. This
suggests that GABA binding to the ECD can lead to the overall movement of the f3-B*/a1-
A" pair as a cohesive unit. The remaining subunits have already transitioned into a
‘canonical’ desensitized conformation, as indicated by their Ca RMSD compared to the
desensitized receptor (Fig. 4a, b, Fig. 4.5). Intriguingly, PIP, is not resolved in the
asymmetric al-A subunit (Fig. 4c). This implies that PIP2 may indeed play a role in the
gating the GABA receptors, as previously proposed (Laverty et al., 2019, Masiulis et al.,
2019).

The emergence of the asymmetric state can occur through one of two mechanisms - either
the binding of nafcillin disrupts the receptor and induces the conformation, or nafcillin binds
to the receptor when it is already in this conformation. I propose that this conformation
represents an open-like state of the f3-B*/a1-A" pair, while the remaining subunits adopt a
desensitized state. The observed state represents a two-subunit asymmetric intermediate,
suggesting that gating may propagate through pairwise movements of $3-B*/al-A" pair,
consistent with the number of agonist pockets. This further implies that the fifth subunit in
the ensemble may move independently of the two B3/al pairs. Moreover, single channel
recordings indicate that the channel can assume at least two open and four desensitized states
at saturating GABA concentration (Mortensen et al., 2004). This finding provides additional
evidence supporting the hypothesis of such gating intermediates. Hence, it is likely that
nafcillin binds to the receptor when it is in the open state; however, it prevents the

desensitization of the B3-B*/a1-A- module. Interestingly, in the asymmetrically desensitized
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state, the -2' gate remains too narrow for chloride ion permeation, indicating that one two-

subunit pair in an open-like conformation is not sufficient to activate the receptor.

It is worth noting that this particular conformation has not been observed in other open state
structures proposed for other pLGICs. For the 5-HTsa serotonin receptor, a7 nicotinic
acetylcholine receptor and glycine receptors no such pronounced rotation of the subunits is
evident, which suggests that these conformational changes may be unique to the GABAA
receptors (Zhang et al., 2021b, Yu et al., 2021, Noviello et al., 2021). In the case of the 5-
HT;a serotonin receptor, the authors report an asymmetric gating cycle with conformation
that appears different to the one I observe. However, structures obtained in the nanodisc
scaffolding protein Saposin A should be considered with caution because they are likely

non-physiological, as discussed in Chapter III.

Nonetheless, I cannot disregard the possibility that the nafcillin asymmetric state may arise
from the binding pocket occupied by the B-lactam, which could potentially interfere with
the structural integrity of the P3-B/al-A pair and induce the conformational change
observed. Therefore, in order to fully interpret the results I have presented, it is crucial to
obtain structures of a GABAAa receptor in open states. Electrophysiological experiments
suggest that the transitions between these states are of very short durations and several
distinct open states may exist (Macdonald et al., 1989, Chakrapani and Auerbach, 2005).
Capturing the open states using the currently available structural techniques poses a
challenge due to their transient nature. To overcome this, time-resolved cryo-electron

microscopy is required. I will discuss this approach in detail in Chapter V.

The structures I report are complexes with four B-lactams heavily used in the clinic which
have been shown to cause myoclonic jerks, convulsions and seizures in patients by various
clinical studies. Therefore, these structures may provide useful information for the
generation of anti-microbials that will not have a negative impact on the inhibitory
neurotransmission mediated by the GABAa receptors. Furthermore, I propose that when a
high dose B-lactam therapy is required, a GABAA receptor positive allosteric modulator such

as benzodiazepines could be co-administered to reduce neurotoxic side effects.
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Chapter V

Structural dynamics of GABAA receptor gating on the

millisecond timescale
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5.1 Introduction

All pLGICs have evolved to transmit signals in a quick and timely manner (Salari et al.,
2014). Upon agonist binding, the channel opens briefly and desensitizes quickly on the
millisecond timescale as shown by single-channel recordings (Mortensen et al., 2004).
Generally, the activation mechanism of the Cys-loop receptor family is described through
the Monod—Wyman—Changeux (MWC) model for allostery (Monod et al., 1965). The model
is widely accepted due to the fact that there are two or more orthosteric ligand binding sites,
which have been proposed to work cooperatively based on electrophysiological analyses
(Mozrzymas et al., 2003a).

! r=n"

D «— DX «— |DX2| High affinity

? |

|

A -« AX -— IAX2 I High affinity
? I

r— == — |

I_R > RX - RX2_| Low affinity

C

AX2 states DX2

Potential energy

Conformation coordinates

Figure 5.1 — The MWC model and energy landscape of GABA 4 receptor gating

a) The MWC model for channel activation where X is ligand, R is resting state, A is active state and D is
desensitized state, upon exposure to non-saturating ligand concentrations, the receptor can go through RX to
AX and finally DX. When saturating concentrations of ligand are present the receptor will follow the encircled
in purple dashed line pathway. Some receptors have also been observed to gate spontaneously in the absence
of ligand depicted with question marks on the scheme. b) The conformational changes of the ECD of the full-
length al p3y2L upon GABA binding. The ECD undergoes an iris-like motion with the closure of loop C
contracting the ECD and an overall anti-clockwise rotation takes place. ¢) A schematic energy diagram of the
GABA 4 receptor gating cycle. The presence of agonist would lower the activation energy required for entry

into the active states.
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The general scheme for Cys-loop channel gating starts with the resting state (R) where no
ligand is bound. The affinity for ligand in this state is low and the state is considered to be
generally stable (Fig. 5.1 a,c) (Gonzalez-Gutierrez et al., 2017). Upon ligand binding, the
receptor enters the high-affinity state which is associated with the closure of loop C and the
unblooming of the ECD. As viewed from the extracellular side, the receptor’s ECD works
analogous to an iris. In the resting state the ECD is dilated, however, upon agonist binding
the ECD constricts, and the receptor enters the high-affinity state (Fig 5.1b). This is
associated with the activation of the channel which now enters the active i.e. open state (A),
where several local minima and distinct active states could be present (Fig. 5.1c). It is
important to note that a further state between the resting and active is postulated to exist,
termed pre-active or ‘flipped’ with the ECD bound to agonist but the TMD still in the resting
state, depicted as RX> in the MWC scheme described in Fig 5.1c (Gielen and Corringer,
2018). Soon after the receptor activates, it quickly enters the high affinity desensitized (D)
state with the -2’ gate closed and the channel non-conducting, which is the most
thermodynamically stable state. Importantly, at high GABA concentrations, the receptor
would only undergo the transitions highlighted in the dashed area in Fig 5.1c¢ with both
GABA pockets fully occupied. Nevertheless, single-channel experiments have shown that
several active and desensitized states are associated with the gating of the channel
(Mortensen et al., 2004). The conformational changes between these states, however, are

extremely rapid and as of yet not structurally characterized.

Due to the transient nature of the transitions during the activation of pLGICs, it is impossible
to obtain structural insights into their gating cycle in timescales several orders of magnitudes
longer than a few milliseconds. There have been many structural studies which propose to
have solved an open channel state for a range of pLGICs as well as different timescales
ranging from days (Hilf and Dutzler, 2009), hours (Zhang et al., 2021b, Noviello et al., 2021)
to several seconds (Yu et al., 2021). Nevertheless, such states make little to no physiological
sense as the channels would have entered the last desensitization state in a fraction of the
time for all of the above examples. The emergence of such states is therefore likely stemming
from the fact that the channels are reconstituted in non-physiological conditions therefore
implying that the open states observed are also different to what actually happens in vivo
(discussed in more detail in Chapter III). It is therefore important to determine the gating
cycle of such channels in a physiologically meaningful timescale and environment. Such

studies have been performed previously for the Torpedo nAChR in a native membrane by
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Nigel Unwin and colleagues (Berriman and Unwin, 1994, Unwin, 1995, Unwin and
Fujiyoshi, 2012), where an asymmetric gating cycle for the nAChR when imaged after ~5ms
ligand exposure was reported. I therefore sought to determine the gating motions of the

GABAAR using this approach.

5.2 Experimental setup and considerations

The experimental setup was similar to that described previously (Berriman and Unwin,
1994), with the grid placed 3.5cm above the liquid ethane level and an atomizer spray
adjusted to ~0.5cm above the surface of the ethane (Fig. 5.2.1). The atomizer sprayer
generates a jet of small droplets containing the ligand which is controlled by an optical

switch at the top of the plunger. Using Newton’s law of gravity one can calculate how long
it takes for the grid to plunge: d = % gt?, where d is the distance the object has to travel, g
is the gravitational constant of 9.8m/s? and ¢ is the time it takes to travel the distance.

a

Figure 5.2.1 — Experimental setup

a) The grid is placed 3.5cm above the surface of the ethane and the atomizer aligned in such a way that the
grid passes through the middle of the ligand droplets. b) The atomizer is placed ~0.5cm above the ethane’s

level ensuring 10ms ligand exposure.

Therefore, at free fall from 3.5cm the grid will be plunged in 84ms. Since the sprayer is
located 0.5cm above the ethane’s surface, the grid will reach the spray droplets in 76ms.
This therefore limits the exposure to the ligand to ~10ms. The resulting droplets on the grid
varied in size but generally had a radius of around 2-5 um (Fig. 5.2.2a-b). When 2mg/mL
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ferritin, chosen for the fact that it has an iron core readily detectable via electron microscopy,
was added to the ligand, one could observe it diffusing to the edge of the droplet where the
ice is still substantially thick (Fig. 5.2.2a-b). This limits the achievable resolution by cryo-
EM due to fact that more inelastic scattering takes place (Dickerson et al., 2022). To
overcome this, one has to collect data just next to the ligand droplet. Nevertheless, since
GABA is smaller, it will diffuse further due to its larger diffusion coefficient, Dgapa = 0.8
um?/ms (Rusakov et al., 2011, Longsworth, 1953), whereas Dferritin= 0.01 pm?/ms (Berriman
and Unwin, 1994, Clough and Michel, 1981). To determine the concentration of the
diffusible molecule, one can use the equation for diffusion from a cylindrical source such as

the sprayed ligand droplet (Crank, 1979).
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In this equation C is the final concentration of the ligand, Cy is the initial concentration of
the ligand, ¢ is the time for diffusion, in this case 10ms, D is the diffusion constant of the
molecule, r is the total diffusible distance from the center of the droplet and a is the initial
radius of the droplet. This equation was fitted to the available experimental data for ferritin
and falls well in line with it (Berriman and Unwin, 1994). Since the ice is only thin
immediately next to the droplet and the droplets differ in size, the concentration of GABA
will also differ. The ice thickness where one can perform high resolution imaging is optimal
at a range between 1um to 3um away from the edge of the droplet (Fig. 5.2.2b). Therefore,
in the case of a small droplet with radius a = 2um, the concentration of GABA at 1um to
3um away will range from 0.06X Cy to 0.02X Cy. Moreover, the further one collects from the
center of the droplet, the lower is the exposure time to the ligand allowing a temporal
resolution of 2ms or less. As the droplet becomes larger, the concentration of GABA near
the droplet also increases and a droplet with a radius of Sum will therefore have 0.3XCyto
0.1xCy of GABA immediately next to it (Fig. 5.2.2c). Moreover, this also assumes diffusion
in 3D space which is not the case for a grid. On a grid, the ligand also has to diffuse over the
carbon support which is covered by a thin layer of liquid. What is more, this also assumes
the source to be cylindrical which is not the case. Lastly, the droplet is flying at high speeds,
therefore upon impact the liquid can first expand and then retract which may further limit
the diffusion of GABA. Importantly, when 1M NaCl was used in the spraying mix with
erythrocyte bodies as osmotic detectors, NaCl diffused only 3um further than ferritin for a
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droplet with a 2um radius (Berriman and Unwin, 1994). Na?*, however, has a larger
diffusion coefficient than GABA hence GABA will diffuse slower. Therefore, to ensure an
optimal concentration of agonist regardless of the size of the droplet that would lead to a
maximal Popen 0f the channel, I used between 100mM and 300mM of the ligand of choice
for spraying.

10 pm
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Figure 5.2.2 — Spray distribution and ligand diffusion

a) A representative image at atlas magnification showing the spray distribution across the whole grid. All dark
spots on the gridsquares are ligand droplets. b) A zoom-in image of a gridsquare with 6 distinct ligand droplets
ranging in radius from 2 to 5 um. ¢) Plot using the equation for diffusion from a cylindrical source of radius
2 um and 5 pm for both ferritin and GABA and diffusion time of 10ms. The concentration of ferritin drops
sharply with distance whereas the concentration for GABA decreases more gradually. The calculations and

plots discussed here were done in collaboration with Dr. Katerina Naydenova, MRC LMB.
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5.3 The B3 homomeric GABA4s receptor gates through asymmetric short-lived
intermediate states

The GABAA receptor forms pentameric channels consisting of five subunits, and the
complexity of these pentamers, as well as the pharmacological modulation they undergo,
can be finely tuned by variable subunit composition (Sente et al., 2022). This versatility
allows GABAA4 receptors to take on different configurations, such as homomers (Miller and
Aricescu, 2014), diheteromers (Kasaragod et al., 2022), triheteromers (Sente et al., 2022,
Masiulis et al., 2019, Laverty et al., 2019) and even tetraheteromers (Sun et al., 2023). By
assembling from different subunits, these receptors alter their signalling landscapes,

introducing an added layer of complexity to their gating mechanisms.

For instance, in the case of the a1B3 diheteromer, single-channel electrophysiology studies
have revealed the presence of at least two open state and three desensitized states (Kasaragod
et al., 2022). In contrast, the alfB3y2 triheteromer demands at least two open and four
desensitized states to accurately fit the exponential curves in single-channel recordings
(Mortensen et al., 2004). Therefore, as the number of different subunits in the assembly
increases, so does the intricacy of the receptor's gating cycle. To investigate the disparities
in gating behaviors among these diverse ensembles, I initially focused on the simplest
receptor type: the truncated B3 homomer, which is activated by the neurotransmitter
histamine (HSM) (Miller and Aricescu, 2014, Nakane et al., 2020). The reason for choosing
the truncated subunit is that the full-length B3 homomer tends to aggregate on the EM grid
and requires substantially longer data collection. Notably, since the receptor is a homomer
it has a five-fold symmetry in respect to the center of the pore. Upon spraying the (3
homomer with the agonist HSM, I determined six distinct states with spatial resolution
ranging from 3.5 A to 2.5 A and temporal resolution better than 10 ms. These included the
canonical apo state and the desensitized state, both of which displayed perfect five-fold
symmetry. Additionally, a state emerged where the ECD was in the activated state, with
loop C closed and HSM bound, while the TMD remained in the resting state, and this
structure too exhibited five-fold symmetry. This likely represents the pre-active state of the
receptor, denoted as RX> in Figure 5.1a, and its determination was facilitated by the high
temporal resolution of the millisecond-scale experimental setup. Importantly, in contrast to
al1B3y2 heteromer, which has a single activation gate at the 9’ level, the B3 homomer

introduces an additional gate at the 17’ position, formed by His 267 (Fig. 5.3.1b).
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5.3.1 — The asymmetric gating cycle of the 3 homomer

a) The extracellular domain and the agonist binding site for all 6 states classified from the dataset. Binding of
HSM to the orthosteric site leads to the closure of loop C. Interestingly, only 4 HSM molecules were identified
bound to asymmetric 3. Asterisk (*) denotes HSM is not bound to this interface. b) Cross section of the TMDs
for the 6 states highlighting the rotations and symmetry break facilitated in part by the His 267 17 activation
gate. ¢) Pore profiles of the pre-active state compared to the apo and desensitized states. Pore profiles of d)
the asymmetric 1 state compared to the apo and desensitized states, e) the asymmetric 2 state compared to the

apo and desensitized states, f) the asymmetric 3 state compared to the apo and desensitized states.
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This gate occludes the pore in the apo and pre-active states but opens in the desensitized
state together with the 9’ activation gate, as previously established (Miller and Aricescu,
2014, Nakane et al., 2020). In the case of the desensitized state, the pore closure is driven

by the -2’ gate (Fig 5.3.1c).

Surprisingly, during this study, I was able to determine three additional states from the
dataset. These structures, labeled as asymmetric 1, asymmetric 2, and asymmetric 3,
deviated from the previously observed symmetrical configurations. Importantly, these
asymmetric states had not been identified when the ligand was incubated with the receptor
for prolonged periods e.g overnight (Nakane et al., 2020) or two hours (McMullan et al.,
2023), suggesting that they represent transient transitions in the gating cycle occurring on
the millisecond timescale. The order of events in these transitions could be readily
determined by assessing the extent of the 17’ gate opening. In the asymmetric 1 state, chain
C undergoes a notable movement away from the receptor bundle, and His267 flips away
from the central pore. it is important to note that the initial subunit to move is labeled chain
C for descriptive purposes, but this sequence of events could occur with any subunit in the
homomeric receptor. Subsequently, this state transitions into asymmetric 2, characterized by
the rotation and translation of both chain A and chain E, intensifying the level of asymmetry.
In the final state, asymmetric 3, chain C moves entirely out of the bundle, resulting in the
formation of the pore primarily by the M2 helices of the remaining four subunits (Fig.
5.3.1b). To verify whether these states indeed represent open conformations of the receptor,
I conducted an analysis of their pore profiles using HOLE (Smart et al., 1996). To classify
a pore as open, it should exceed the diameter of a fully dehydrated chloride ion, which has
a Pauling radius of approximately 1.8 A (Laverty et al., 2019). Consequently, the analysis
revealed that asymmetric 1 maintains a closed pore with constrictions at the levels of all
three gates (Fig. 5.3.1d). In contrast, asymmetric 2 and asymmetric 3 both exhibit minimum

pore radii of 2 A and 2.2 A, respectively, meeting the criteria for an open state (Fig. 5.3.1e-
f).

The sequencing of events within the gating cycle of the B3 homomer is intricate,
characterized by subunits moving in a coordinated manner rather than independently. To
illustrate these concerted motions, I conducted an analysis of the inter-subunit movements
by plotting the distances between the Ca atoms of specific residues, including Leu259 (part
of the 9° gate in M2), Thr233 (M1), Phe435 (M4), and Val290 (M3), which are situated
roughly on the same plane (Fig. 5.3.2a).
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Figure 5.3.2 — Gating of the B3 receptor is orchestrated by concerted motions

a) A cross section at the level of the TMD of the apo state highlighting the residues (M2’s 9° gate Leu 259,
M1’s Thr 233, M3’s Val 290 and M4’s Phe 435) used to generate the tetragons used thereafter. The orange
circle depicts the center of the pore of the apo state. b) The tetragons of the apo state highlighting its perfect
symmetry generated from the Co atoms of the residues in panel a). ¢) The tetragons of the pre-active state
whose TMD does not deviate substantially from the apo state. For all panels d-g, rotations were measured by
calculating the angle between the M4’s Co atoms and the center of the pore of the apo state whereas translation
were measured by determining the distance between the M2’s Co atoms. Comparison between the tetragons
in d) the pre-active and asymmetric 1, e) asymmetric 1 and asymmetric 2, f) asymmetric 2 and asymmetric 3,
g) asymmetric 3 and the desensitized state. Cryo-EM map density of h) asymmetric 1 at the level of the 9° gate,
i) asymmetric 2 at the level of the 9° gate, j) asymmetric 3 at the level of the 9’ gate also highlighting the lipid
block.
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Upon binding of the agonist HSM, the receptor transitions from the apo state to the pre-
active state with almost no structural rearrangements in the transmembrane domain (TMD)
(Fig. 5.3.2b-c). However, in the case of asymmetric 1, chain C undergoes a counter-
clockwise rotation and translation, consequently breaking the receptor's symmetry,
particularly disrupting the 17’ ring (Fig. 5.3.1b, 5.3.2d). Subsequently, during the transition
from asymmetric 1 to asymmetric 2, chain E experiences further clockwise rotation, chain
D translates, and chain C undergoes a clockwise rotation, creating a contrast between these

two states (Fig. 5.3.2¢e).

As the receptor moves from asymmetric 2 to asymmetric 3, both chain C and chain E
continue to rotate clockwise, eventually leading to the exclusion of chain C from the pore
and the opening of the interface between chains D and E (Fig. 5.3.2f). Throughout the
desensitization process, chain C and chain D undergo substantial translation, while chain E
experiences a pronounced clockwise rotation. Interestingly, chain B does not display such
pronounced conformational changes. it is noteworthy that I have previously established that
asymmetric 1 is a non-conducting state and is closed, as confirmed by pore profile
measurements. In contrast, asymmetric 2 and 3 appear to be in an active state. However, it
is crucial to acknowledge that, in the case of asymmetric 3, the exclusion of chain C from
the pore bundle and the opening of the interface between chain D and chain E enable lipid
molecules to enter and obstruct the receptor's pore. The opening of the interface is also
supported by the lack of HSM at the chain D*/E- binding site (Fig. 5.3.1a) Consequently,
even though the pore radius of asymmetric 3 is wide enough to permit the passage of chloride
ions, it is actually occluded by lipid molecules (Fig. 5.3.2h-j), rendering this state non-

conducting.

The mechanism of lipid block, a phenomenon not previously demonstrated for pLGICs,
appears to represent a significant mechanism for channel closure. In electrophysiological
experiments, this state would likely be categorized as short-lived desensitized, revealing a
novel modulation mechanism within the Cys-loop receptor family. This further reinforces

the importance of the lipid environment, as discussed in Chapter II1.

To better understand the conformations taking place during the gating cycle of the B3
homomer, I conducted an analysis of the Ca RMSDs between subsequent states (Fig. 5.3.3).

During the transition from the pre-active to asymmetric 1, chain C undergoes the largest
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conformational change (Fig. 5.3.3a), which in turn pushes the M2-M3 loop of the

neighboring chain B subunit downwards.
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Fig 5.3.3 - The B3 homomer gates via an intersubunit conformational wave

a) Ca RSMDs between asymmetricl and pre-active. b-c¢) Conformational changes and hydrogen bond
interactions that stabilize asymmetric 1 when compared to pre-active. d) Ca RSMDs between asymmetric 2
and asymmetric 1. e-f) Conformational changes and hydrogen bond interactions that stabilize asymmetric 2
when compared to asymmetric 1. g) Co RSMDs between asymmetric 3 and asymmetric 2. h-i) Conformational
changes and hydrogen bond interactions that stabilize asymmetric 3 when compared to asymmetric 2. j) Ca
RSMDs between desensitized and asymmetric 3. k-I) Conformational changes and hydrogen bond interactions

that stabilize the desensitized state when compared to asymmetric 3.
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The new state is stabilized by hydrogen bond interactions from Lys 274.B to the backbone
of chain C’s M2 helix. Furthermore, His 267.C flips out and now forms a hydrogen bond
network with Thr 271.C and Glu 270.B (Fig. 5.3.3b). Notably, Lys 274 is critical for the
transitions through the gating cycle as mutations to the equivalent GlyR al Lys276Glu lead
to much slower gating (Lape et al., 2012). The novel conformation of chain C is further
stabilized by a hydrogen bond network formed from Arg 269.C, Asp 282.C and Tyr 220.D
(Fig. 5.3.3c). The critical significance of Arg 269 in the B3 subunits has been well-
established, and it is worth noting that substitutions of the equivalent Arg 271 in GlyR al
are the most prevalent cause of hyperekplexia. Furthermore, the disease mutations
Arg271Leu or Arg271Gln in the GlyR lead to the uncoupling of the ECD and TMD further
highlighting the importance of this residue during gating (Rajendra et al., 1995). The trigger
for this stems from the f3-D/B3-E- ECD interface which leads to the counter-clockwise
rotation of their TMDs and in turn pushes the B3-C subunit clockwise by 3.3 A (Fig. 5.3.3.a).
This implies that the gating mechanism of the B3 homomer involves an intersubunit
conformational wave previously proposed to exist for nAChRs (Grosman et al., 2000). In
the proposed nAChR mechanism, opening occurs during the conformational wave from the
resting to the desensitized states. However, for the f3 homomer, I determined distinct states
corresponding to closed and open receptors. Notably, gating is initiated by agonist binding
to the ECD between adjacent subunits (f3-D*/B3-E") thus triggering the motion of the
subunit immediately clockwise to the ECD interface that gets activated - f3-C. This gives

rise to a stable short-lived asymmetric intermediate pre-active state (Fig. 5.3.3a).

In the transition from asymmetric 1 to asymmetric 2, noteworthy conformational changes
are observed predominantly in chains C, D, and E (Fig. 5.3.3d). Interestingly, asymmetric 2
features stabilization through a hydrogen bond network involving Arg 269.C and Gln 224.D
(Fig. 5.3.3e). Chain D's stability in the asymmetric conformation is further supported by
hydrogen bonds formed between Arg 269.D, the M2-M3 loop backbone, and Tyr 220.E.
This interaction pushes the M2-M3 loop upward, facilitating the interaction between Lys
274.D and GIn 185.E, a component of the B9 ECD loop (Fig. 5.3.3f). In the case of
asymmetric 3, chain C is entirely displaced from the pore bundle, opening the interface
between chains D and E for lipid entry, effectively blocking the pore and rendering the
receptor non-conductive (Fig. 5.3.3g). The stability of this state is established through a
hydrogen bond network featuring Arg 269.B, Gln 224.C, Tyr 220.C, and His 267.C (as Fig.

5.3.3h). Simultaneously, chain E is drawn closer to chain A, with conformational stability
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notably reinforced by hydrogen bonds formed between Arg 269.E and Glu 270.E, as well as
His 267.A and Gln 224.A (Fig. 5.3.31). As the gating cycle progresses towards the final deep
desensitized state, chains C, D, and E undergo substantial movements, while chains A and
B are already close to a desensitized conformation (Fig. 5.3.3j). This desensitized state
derives stability from an extensive hydrogen bond network established at the TMD
interfaces between His 267, Gln 224, and Glu 270, Arg 269, as well as Asp 282 of adjacent
subunits (Fig. 5.3.3k-1).

Taken together, the B3 homomer exhibits an intriguing asymmetric gating cycle, a
remarkable departure from the perfect five-fold symmetry observed in its apo and
desensitized states. This asymmetry in the gating cycle is orchestrated through an
intersubunit conformational wave, triggered by the binding of agonists to an adjacent ECD
interface (Fig. 5.3.3a). Notably, the receptor's five identical agonist binding sites allow for
the occurrence of an occasional rotation of one of the five subunits, initiating the breakdown
of symmetry, followed by two subsequent asymmetric states before the receptor ultimately
desensitizes. These transitions are predominantly driven by the formation of newly
established hydrogen bond networks, involving key residues such as the M2-M3 loop Lys
274 as well as key M2 residues His 267, Glu 270, and Arg 269. Additionally, I have
uncovered a novel mechanism of receptor modulation through lipid block, rendering the
asymmetric 3 state non-conductive and therefore assigning it as short-lived desensitized.
Interestingly, the gating of the B3 homomer is primarily driven by the subunit in position C.
To explore the effect of this position on the gating of the channel, I next explored the $3y2
diheteromer comprised of four B3 subunits and one y2 subunit which replaces the B3-C

subunit on the homomer.

5.4 The B3y2 diheteromer gating motion

The B3 homomer displays an asymmetric gating cycle, initiated by a single subunit that
disrupts the five-fold symmetry observed in resting and pre-active states. To delve deeper
into the function of this subunit, I replaced just one of the five 3 subunits with a y2 subunit
by expressing the B3 and y2 subunits in a lenti viral generated cell pool (Fig. 5.4a). In
contrast to the homomer, this GABA receptor assembly features only three agonist binding
sites due to the presence of three B3*/B3" interfaces. To elucidate the gating dynamics of this
receptor, I employed a 300mM GABA spray. While low concentrations of GABA lack the
potency to affect the B37/B3" interfaces like HSM, higher GABA concentrations of 10mM

or greater leads to channel opening (Miller and Aricescu, 2014).
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Figure 5.4 — The activation and desensitization of the f3y2 diheteromer

a) View from the ECD of the desensitized [3y2 diheteromer highlighting the three copies of Mb25 bound to
each of the B37/B3" interfaces as well as GABA bound under loop C. b) GABA is stabilized under loop C by a
hydrogen bond interaction with Asn64. ¢) View of the TMD of the resting state of 32 highlighting the closed
17’ His267 and 9’ Leu gates. d) View of the TMD of the desensitized state of 32 highlighting the open 17’
His267 and 9’ Leu gates. e) The gating cycle of the [3)2 depicted in tetragons generated from Co atoms of
the highlighted residues for the resting state. The orange circle depicts the center of the pore of the resting
state. In all figures the grey tetragons represent the previous state of the cycle whereas the coloured tetragons
the current state of the gating cycle. For all panels rotations were measured by calculating the angle between
the M4’s Ca atoms and the center of the pore of the pre-active state whereas translations were measured by
determining the distance between the M2’s Ca atoms. Cryo-EM map density of f) asymmetric 1 and g)
asymmetric 2. h) Pore profiles of the resting, asymmetric 1, asymmetric 2 and desensitized states of the 32

diheteromer.

The decision to use GABA instead of HSM was motivated by the desire to validate the
calculations regarding agonist diffusion discussed in Chapter 5.2. As estimated in Fig. 5.2.2,
the agonist concentration is approximately ~0.1xCo, translating to 30mM GABA, depending
on the size of the droplet. Notably, GABA binding at the orthosteric ligand site was

observed, leading to the closure of loop C and the formation of a crucial hydrogen bond with
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B3Asn64 (Fig. 5.4b). Since the B37/B3- interfaces do not bind GABA below 10mM, it
becomes evident that the estimations discussed earlier are indeed accurate, and the GABA

concentration approximates 30mM in the vicinity of the ligand droplet.

Once again, from this dataset I could separate two pseudo-symmetric states — a resting state
with no agonist present under the orthosteric binding site and a desensitized state. In the case
of the resting state, both 17° His267 and 9’ Leu gates are closed rendering the channel non-
conducting (Fig. 5.4c. h). On the other hand, in the desensitized state both 17° and 9’ gates
open whereas the channel is closed by the -2’ gate at the intracellular end of the TMD
(Fig.5.4d, h).

Alongside these two states, however, I also distinguished two asymmetric states. Notably,
during the activation of the 3y2 diheteromer, akin to the B3 homomer, one subunit breaks
the symmetry. In asymmetric 1, however, it is the y2 subunit that notably translates away
from the center of the pore (Fig. 5.4e). Surprisingly, the remaining B3 subunits do not

undergo substantial motion and largely maintain their positions from the resting state.

During the transition from asymmetric 1 to asymmetric 2, the y2 subunit translates and
rotates, accompanied by significant clockwise rotations of the 3-A and B3-B subunits,
bringing them closer to a desensitized-like conformation. Comparing the desensitized state
with asymmetric 2 reveals that the B3 subunits in asymmetric 2 are already close to a
desensitized state, requiring only the rotation and translation of the y2 subunit for the
receptor to desensitize (Fig. 5.4¢). This highlights a difference in the gating cycle between
the B3 homomer and the B3y2 diheteromer. For the B3 homomer, one subunit initiates the
gating cycle by breaking the pore's symmetry, with the rest of the subunits also undergoing
significant rotation and translation during gating. In contrast, the B3y2 receptor gates
predominantly through the y2 subunit, dictating the transition of the cycle. Nevertheless,
similarities exist between the gating of these receptors. Like the B3 homomer, the 3y2
receptor is highly sensitive to the lipid environment, with lipids playing a crucial role in its
gating. In asymmetric 1, a distinct lipid density obstructs the pore, rendering the channel
non-conducting (Fig. 5.4f), despite its pore profile supporting the passage of chloride ions
(Fig. 5.4h). Conversely, asymmetric 2 features an unobstructed pore (Fig. 5.4g), with a pore
profile exhibiting a minimum radius of 2 A, meeting the criteria for an open channel pore.
Importantly, the pore constricts to 2 A at the level of the 6° Thr gate which provides a

hydrophilic environment and facilitates the passage of chloride ions.
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Taken together, the B3y2 diheteromer, just like the B3 homomer, also gates via an
asymmetric gating cycle with short-lived intermediate open and non-conducting states with
lipids playing a key role in blocking the pore. Crucially, in both cases the gating cycle is
initiated by one subunit breaking the symmetry of the pore in the resting state. Interestingly,
however, replacing just one of the B3 subunits in the homomer with a y2 subunit,

dramatically changes the landscape of gating motions.

In the B3y2 receptor, the primary driving force behind the gating cycle is the y2 subunit,
whereas the remaining subunits undergo minimal motion, contrasting with the homomer's
gating behavior. This disparity likely stems from the weaker interfaces of the y2 subunit
compared to B3. This observation finds further support in studies demonstrating the y2
subunit's susceptibility to collapse when exposed to harsh detergents like DDM (Zhu et al.,
2018), a phenomenon not observed in the B3 homomer (Miller and Aricescu, 2014).
Additionally, the y2 subunit's collapse within the pore in Saposin A nanodiscs (Chapter I1I)
underscores its frail interface contacts which is likely the reason for the differences observed

in the gating cycles of these two assemblies.

Nevertheless, it is essential to underscore the need for a comparison between the gating cycle
of homomers and diheteromers with three or more agonist binding sites and that of di- and
triheteromers, where only two agonist binding sites are present, and significantly, these two
binding sites are not identical. This divergence may introduce further complexity into the
gating cycle. To explore this, I shifted my focus to the a1B3 diheteromer and the alB3y2

triheteromer.

5.5 PIP; controls the opening of full-length a 183 and a1p3y2 receptors

In the instance of the full-length (FL) a1B3 diheteromer and the FL a133y2 triheteromer, in
contrast to the B3 homomer and the f3y2 diheteromer, only two orthosteric ligand binding
sites are present, located at the f3*/al- ECD interface (Fig. 5.5.1b-c, e-g). This observation
implies a potential divergence in their gating mechanism compared to receptors with three
or five agonist binding sites. To unravel their gating cycle, I sprayed 300mM GABA and
300mM HSM to the al1PB3 receptor. HSM is a recognized PAM for receptors containing the
B3%/B3"interface, that also functions as an agonist for B3 homomers (Kasaragod et al., 2022).
Including HSM in the spraying mix aimed to maximize the open probability (Popen) of the
receptor. However, contrary to expectations, the FL alB3 receptor did not open despite

exposure to millisecond-scale ligand application.
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Figure 5.5.1 — FL a1p3 and FL a1B3y2 do not undergo gating

The FL alf3 receptor assumes three pseudo-symmetric states — a) apo, b) pre-active and c¢) desensitized upon
300mM GABA and 300mM HSM spray. d) Pore profile of the alf3 states. The FL alf33y2 like the FL alf3
does not undergo gating when sprayed with 100mM GABA and 7mM ETM and assumes three states — e) pre-
active state, d) desensitized state with GABA bound and g) desensitized state with GABA and ETM bound. h)
Pore profile of the alf3y2 states.

I could separate three distinct states in this dataset — namely apo, pre-active and desensitized.
In the case of the pre-active state, only GABA was bound to the ECD region. Upon
desensitization, however, density for HSM was observed at the f3/B3 ECD interface (Fig.
5.5.1a-c). These states are all pseudo-symmetric and cannot be assigned as open states based
on their pore profiles (Fig. 5.5.1d). Nevertheless, alf3 diheteromers are categorized as
extrasynaptic receptors and have a lower Popen €ven at saturating agonist concentrations
when compared to synaptic GABA receptors (Smart, 1992). Therefore, these receptors may
have a very small population in the open state even when ligand exposure is limited to less
than 15ms and at saturating concentration. To test this, I further sprayed the synaptic FL
al1B3y2 with 100mM GABA and 7mM ETM. The a1B3y2 will have a Popen = 1 at saturating

GABA concentrations but to further make sure that the receptor will open upon spraying, |
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also added 7mM Etomidate to the spraying mixture. At this concentration ETM will serve
the role of a PAM and hence further shift the equilibrium towards an open state (Yang and
Uchida, 1996). Surprisingly, yet again I could not classify an open state. Only three states
were present in this dataset, namely pre-active with GABA bound to the ECD and the TMD
still in the resting state (Fig. 5.5.1 e), desensitized with only GABA bound (Fig. 5.5.1 f) and
desensitized with both GABA and ETM bound (Fig. 5.5.1 g). All of these states are however
pseudo-symmetric and non-conducting based on their pore profiles (Fig. 5.5.1 h). I further
collected two more separate datasets on the FL al1B3y2 sprayed with 100mM GABA. On

both occasions, however, only the pre-active and desensitized state could be separated.

It therefore becomes evident that unlike the B3 homomer and the B3y2 diheteromer, FL al-
containing di- and triheteromers cannot undergo gating. What is the reason for this inhibition
however remains unclear. In order to determine a factor that could play a role in inhibiting

the receptor I turned my attention to the SMALPs dataset discussed in detail in Chapter III.

@ Chain p3-E Chain 3-E
o L

]
Chain al-A  Chain al-D Chainal-A  Chain al-D Chain al-A  Chain al-D Chain al-A  Chain al-D 4

49% of particles 17% of particles 19% of particles 15% of particles :
PIP2 receptor occupancy in the overexpressing cell
308 386

P14867 |Hs_GBRAl NYFTKRGYAWD FNS|VSKIPRLS
P47869 | Hs_GBRA2
P34903 |Hs_GBRA3
P48169 |Hs_GBRA4
P31644 |Hs_GBRAS5
016445 | Hs_GBRA6

NYFTRRGWAWD FNS[VSKI[RMS
NYF/TKRSWAWE YNS[VSKVIMKIS
NYF/TNIQMEKA GsGrSKIpkYa | NP W .
NYFTKRGWAWD YNS|TSK[I{NKMS Chain al-D

NYFTNLOQTQOKA FGGTSKIPOYS

Figure 5.5.2 — PIP; modulation of FL a1B3y2 in a native lipid context

a) The PIP> GABA4 receptor occupancy in the overexpressing cell. Roughly half of the receptors have 2 PIP>
molecules bound. The remaining 50% have either one PIP> bound to one of the binding sites or none PIP>
bound. b) The binding site of PIP: stabilizes the ICL M3-M4 loop of ol as well as the ICL of the neighboring
3. ¢) Sequence alignments between the human ol subunit and the rest of the GABAA receptor o. subunit. The
residues coloured in orange for the ol subunit form hydrogen bonds with PIP>. The conserved residues in
other subunits are also coloured in orange if identical or yellow if similar. The image was adapted from

(Laverty et al., 2019).

Despite the fact that GABAAa receptors cannot undergo desensitization and gating in

SMALPs and collapse upon GABA exposure, the apo state is still intact and may shed light
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into the inhibition mechanism since the receptor in SMALPs is purified directly in a native

membrane context.

Strikingly, upon careful classification of the particles in the apo state, I could separate four
distinct classes with different occupancy of PIP». Half of the particles have two PIP;
molecules bound to each al subunit. Nevertheless, I could also separate classes with only
one PIP> bound to each a1 subunit as well as receptors without PIP> (Fig. 5.5.2 a). PIP, binds
the al subunit towards the end of the TMD region and its inositol headgroup structures the
al ICD (Laverty et al., 2019). This in turn also stabilizes the neighboring B3 subunit’s ICL
essentially gluing the two subunits together (Fig. 5.5.2 b). Therefore, it seems that when
PIP; is present, the receptor cannot undergo gating and enters the desensitized state
immediately. Currents recorded by electrophysiology may therefore be generated from

receptors that have one or none PIP; bound which amounts to a half of all receptors.

What is more, the PIP; binding residues of the al subunit are also shared among other
members of the family based on their sequence alignments (Fig. 5.5.2 ¢). In fact, 02, a3 and
a5 subunits will also be able to bind PIP, (structures of the FL a2B3y2 and FL a33y2 have
been solved by other members of the Aricescu lab with PIP; present, unpublished data). a4
and a6 subunits on the other hand will not be able to. This is evident in 0430 triheteromers
that lack PIP; (Sente et al., 2022). It therefore appears that a subunits which are associated
predominantly with synaptic GABAA receptor assemblies — al, 02, a3 and a5 - will have
PIP; bound, whereas o subunits that are present in extrasynaptic ensembles — 04 and a6 -
will not. The inhibition mechanism will be thus important for shaping the GABAergic
signalling. Synaptic plasticity is known to be modulated by the probability of
neurotransmitter release as well as the number of activatable receptors present at the synapse
(Citri and Malenka, 2008). The inhibition by PIP», however, introduces another layer of
complexity to synaptic communication and emerges as an additional mechanism through
which synaptic plasticity is modulated. The strength of the GABAergic synapse will thus be
dependent not only on the number of receptors present and neurotransmitter release but also

on the number of activatable receptors that lack PIP».

Further evidence for the involvement of PIP; in the gating of the receptor was discussed in
Chapter IV. The B-lactam Nafcillin stabilized an asymmetric state in the FL a133y2, where
one B3/al module was displaced away from the pore. Notably, the absence of PIP> was

observed in the al subunit undergoing motion. Such receptors, however, were just a small

79



fraction. Furthermore, electrophysiological experiments with the PIP, scavenger poly-L-
lysine resulted in an increase in the peak-current amplitudes upon the addition of etomidate
(Hille et al., 2015, Laverty et al., 2019). Collectively, these findings underscore the
significant role of PIP; in GABAergic signalling. However, the precise mechanism of PIP»
cleavage and removal from GABAA receptors in the synapse remains elusive. Nonetheless,
previous studies have explored the oscillations of PIP, levels in neurons. Activation of
muscarinic acetylcholine (mAChR) or group I metabotropic glutamate (mGIluRI) receptors
in CA1 hippocampal neurons induces transient depletion of PIP; in both the soma and
dendritic tree in situ. This process is facilitated through the activation of the Gogq G-protein,
which directly activates PLCP, leading to a reduction in PIP; levels (Hackelberg and Oliver,
2018). PLCp is activated and sequestered to the plasma membrane by the activated G-protein
which also orients its active site for optimal PIP; cleavage (Falzone and MacKinnon, 2023).
Significantly, the major GABAA subunits expressed in CA1 neurons are the PIP>-sensitive
al, a2, a3, and a5, along with B3 and y2 (Palpagama et al., 2019). This highlights the
potential for a feedback loop between metabotropic and electrical neuronal activity, as the

reduction of PIP: levels would also enhance GABAergic signalling.

To experimentally assess the impact of PIP, on receptor gating, my focus turned to ol
mutations designed to prevent PIP; binding to the receptor. The necessity for generating
mutants arose from the prevalent presence of PIP; in nearly all receptors reconstituted in a
nanodisc. This prevalence likely stems from the addition of bovine brain extract during disc
formation, which however is required as it supplements the receptor with essential lipids
needed for the binding newly formed interfaces or to block the pore and might be lost during
solubilization. In the case of SMALPs reconstitution, 50% of receptors lack one or two PIP,
molecules. However, when reconstituted in the MSP2N2 disc, virtually all receptors have
PIP; bound. The nafcillin dataset revealed that out of 700,000 desensitized receptors, only
18,000 were in the asymmetric state with only one PIP» site occupied—constituting 2.5% of
all receptors. None of these receptors lacked two PIP> molecules. Therefore, to achieve high-
resolution structure determination with a time-resolved approach, it is essential to have
receptors that are consistently PIP>-less. To achieve this, I generated the
K312N/R3131/S388G al mutant, introducing mutations in all PIP>-contacting amino acids
to match those present in the o4 subunit, which does not bind PIP> (Fig. 5.5.2).
Unfortunately, the expression of this mutant proved significantly poor, hindering its

structure determination. This was also the case for a second mutation, a.1R249E, which
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exhibited insufficient expression. The diminished expression could be attributed to the
unstructured state of the intracellular loop, preventing pentamer assembly and leading to

subunit degradation in the endoplasmic reticulum.

To overcome this, my focus shifted to the previously described truncated al subunit which
lacks the PIP; binding region (Kasaragod et al., 2022). Attempting to replicate wild-type
receptor conditions as closely as possible, I co-expressed the full-length B3 subunit with the
truncated a1 subunit to eliminate PIP; stabilization of the ICD loops. The expression of such
mixed receptors, combining a full-length and truncated subunit, was again very poor,
precluding the acquisition of their structures via cryo-EM. Therefore, I redirected my
attention to the truncated B3 subunit, building on previous success where the truncated ol
subunit was expressed alongside a B3 subunit lacking its ICD. Notably, receptors
incorporating the truncated ol and B3 subunits maintained electrophysiological properties
akin to WT receptors (Kasaragod et al., 2022), which likely fire only in the absence of PIP».
This was also the case for alfB3y2 with truncated subunits which showed gating kinetics

similar to non-mutant receptors (Phulera et al., 2018, Zhu et al., 2018).

5.6 a1P3 receptors gate via two branches

To unravel the gating cycle of PIP>-less diheteromers, I exposed the double-truncated o133
receptor to a 300mM GABA spray, limiting ligand application to less than 10ms.
Surprisingly, analysis of this dataset revealed nine distinct states with resolutions ranging
from 3.4 A to 2.5 A. Importantly, spraying PBS alone, as a control, did not result in the
emergence of any other state other than the apo state indicating that the states observed are
a result of GABA spraying on the millisecond timescale. The removal of PIP> evidently
unleashed the receptor's gating cycle. Intriguingly, the alf3 combination exhibited two
distinct gating branches, a departure from the 3 homomer and the 3y2 diheteromer, which
featured a linear gating cycle initiated by the break of symmetry from one subunit (Fig.
5.6.1, Fig. 5.3.1). This disparity likely arises because the alB3 receptor possesses two
inequivalent agonist binding sites that can dictate the branch through which the receptor
gates. Despite this, however, in all resolved structures, GABA was bound to both orthosteric
binding sites (Fig. 5.6.1a), including the pre-active state likely due to the saturating agonist
concentration. Given the receptor's full occupancy by GABA, the likelihood of entering
either branch would be dependent on the specific GABA interface. The particle numbers in
the reconstructions, however, suggest an equal probability of gating through either branch

upon GABA exposure. Nevertheless, the emergence of two gating branches may hold
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significance for the actions of PAMs and NAMs, which could modulate the receptor by

potentially favoring one of these branches.
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Figure 5.6.1 - a1B3 GABAA4 receptors gate via two branches

a) View of the ECD domains of 4 different states showing GABA is bound to the two p3+/al- interfaces. No
major differences can be observed at the level of ECD when comparing branch 1 asymmetric 1, branch?2
asymmetric2 and desensitized to pre-active. b) The olf3 receptor gates via two branches with major
conformational changes in the TMD. Branchl has 4 asymmetric states, whereas branch 2 has 3 asymmetric
states. Both branches emerge from the pseudo-symmetric pre-active state and ultimately converge into the

pseudo-symmetric desensitized state.
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Interestingly, the emergence of these distinct branches is orchestrated by the B3 subunit in
position C, positioned adjacent to the two GABA binding sites. In a1B3y2 triheteromeric
synaptic receptors, this position is occupied by the y2 subunit. In the first branch, the initial
asymmetric state unfolds as chain C B3 undergoes an outward drift. This drift weakens the
a1-D/B3-C interface, with 3-C primarily interacting with the TMD of f3-B. Consequently,
the states in branch 1 likely stem from GABA binding at the B3-E/al-D interface. Four
asymmetric states are observed in branch 1 before the receptor ultimately transitions into the

pseudo-symmetric desensitized state.

Similarly, in branch 2, 3-C is the first subunit to break symmetry. However, in this branch,
the B3-B*/B3-C interface weakens, and B3-C predominantly interacts with o1-D. Thus, in
contrast to branch 1, branch 2 originates from GABA binding to the other orthosteric site,
specifically the B3-B*/a1-A" interface. Three distinct states can be seen for branch 2 before
the receptor undergoes desensitization, leading to the same pseudo-symmetric desensitized
state as in branch 1. Moreover, the final asymmetric states in both branches exhibit notable
differences. In asymmetric state 4 of branch 1, chain al-D is displaced from the TMD
bundle, resulting in a pore formed from only four subunits, similar to the 3 homomer.
Conversely, in asymmetric state 3 of branch 2, chain al-A is pushed away, forming a pore
from the remaining four subunits. This observation further supports the hypothesis that the
receptor gates through two distinct branches, and that the a1 subunit that determines which

branch the receptor will select, ultimately gets displaced from the bundle (Fig. 5.6.1b).

The high resolution of the reconstructions not only facilitates the precise categorization of
states as conducting or non-conducting but also reveals that, akin to the f3 homomer, the
a1B3 undergoes modulation through lipid blocks in both branches of its cycle. In branch 1,
three states—branch 1 asymmetric 1, branch 1 asymmetric 2, and branch 1 asymmetric 4—
display evident lipid densities within the pore, hence can be assigned as transient
desensitized states. Notably, branch 1 asymmetric 3 exhibits a clear, unobstructed pore and,
accordingly, can be identified as open and conductive, supported by the pore profile (Fig.
5.6.2a, e). Similarly, branch 2 mirrors this behavior, as branch 2 asymmetric 1 and branch 2
asymmetric 3 are obstructed by lipids. In contrast, branch 2 asymmetric 2 features an
unobstructed pore with a radius exceeding 2 A, designating it as a conducting state (Fig.
5.6.2a, e). However, the involvement of key lipid molecules extends beyond mere pore
blockade; they play a crucial role in facilitating the transitions between asymmetric states.

Throughout the gating process, subunits undergo drifting and rotation, exposing
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hydrophobic cavities to the environment. Specific lipids stabilize these cavities at the
interfaces between moving subunits, exemplified by branch 1 asymmetric 2, where an

unidentified lipid stabilizes the B3-B*/a1-A- TMD interface.
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Figure 5.6.2 — Lipids orchestrate the transitions of the o133 gating cycle

a) Cross-section at the level of the 9’ activation gate of the maps with fitted models for all asymmetric states
and the desensitized state highlighting the lipid blocks in five out of the seven asymmetric states. b) An
unidentified lipid stabilizes the al-D*/B3-C interface of branch 1 asymmetric 2. ¢) An unidentified lipid
stabilizes the al-D*/B3-C interface of branch 1 asymmetric 4. d) Cholesterol stabilizes the al-D*/(3-C of
branch 2 asymmetric 1. e) Pore profiles of the pre-active, desensitized, branch 1 asymmetric 3 and branch 2

asymmetric 2 states.

Importantly, this interface serves as the binding site for two widely used clinical
anaesthetics, propofol and etomidate. Thus, anaesthetics may be able to modulate the
receptor by stabilizing the newly formed interfaces during the gating cycle. In addition, an
unidentified phospholipid provides stability to the al-D*/B3-C- interface in branch 1
asymmetric 4 (Fig. 5.6.c). Notably, I observed a distinct density corresponding to cholesterol
at the a1-D*/B3-C" interface in branch 2 asymmetric 1 (Fig. 5.6.2d). As previously discussed

in Chapter II1, cholesterol is recognized for its significance in receptor gating, and depleting
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cholesterol from the membrane results in the uncoupling of the ECD from the TMD. The
presence of cholesterol proves essential for the gating process, as the emergence of branch
2 asymmetric 1 would not be feasible without cholesterol in the membrane (Fig. 5.6.2d).
Collectively, membrane lipids assume a dual role in the GABAA receptor's gating cycle.
They are indispensable for the transitions between asymmetric states stabilizing new
hydrophobic cavities that arise during the asymmetric motions, essentially functioning as
grease in a machine engine, thereby positively modulating the receptor. However, lipids also
play a pivotal role in closing the receptor by obstructing the pore in six out of the eight

asymmetric states, thereby finely tuning the channel's open times of the channel.

The sequential progression of events within the gating cycle of the o133 diheteromer, akin
to the B3 homomer and the B3y2 diheteromer, is characterized by coordinated movements
of subunits. In branch 1, the conformational change induced by GABA binding to the ECD
B3-E*/al1-D interface results in an overall translation of B3-E and a clockwise rotation of
al-D. Consequently, the interface between a.1-D*/B3-C- weakens, prompting B3-C to rotate
counter-clockwise, predominantly interacting with $3-B. As the branch transitions to its
second state, 33-B undergoes an outward drift, while al-D is carried away, rotating further
counter-clockwise, intensifying the asymmetry of the pore. The shift from branch 1
asymmetric 2 to branch 1 asymmetric 3 involves the collective translation and rotation of
B3-B, al-A, and B3-E as a bundle. Meanwhile, 3-C experiences a substantial counter-
clockwise rotation of 14.8°. This collective movement leads to the translation and rotation
of al-D, which is now excluded from the pore. In branch 1 asymmetric 4, f3-B rotates
counter-clockwise, and B3-E translates away from al-D, further excluding it from the pore.
Consequently, the pore in this state is formed by only four subunits: al-A, B3-B, B3-C, and
B3-E. During the deep desensitization of branch 1, chains al-A, f3-B, al-D, and B3-E
undergo significant conformational changes, whereas chain 3-C is already in a state close

to desensitized (Fig. 5.6.3a).

In contrast to branch 1, where the conformational wave is initiated by GABA binding to the
ECD of the B3-E*/al1-D" interface, the gating of branch 2 commences with GABA binding
to the ECD B3-B*/al-A" interface. This initiates the clockwise rotation of al-A TMD and a

significant outward drift, accompanied by the counter-clockwise rotation of $3-C TMD.
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Figure 5.6.3 — a1B3 receptors gate via a dual-branch conformational wave

A cross section at the level of the TMD of the pre-active state highlighting the Co atoms of the residues used
to generate the tetragons used thereafter. The orange circle depicts the center of the pore of the pre-active
state. In all figures the grey tetragons represent the previous state of the cycle whereas the coloured tetragons
the current state of the gating cycle. For all panels rotations were measured by calculating the angle between
the M4’s Ca atoms and the center of the pore of the pre-active state whereas translations were measured by
determining the distance between the M2’s Co atoms. a) Branch 1 of the al 33 gating cycle starting from the
pseudo-symmetric pre-active and finishing with the pseudo-symmetric desensitized state showing the motions
that take place. b) The motions and states of branch 2 starting and ending with the same pre-active and

desensitized states as branch 1.

This movement nearly completely disrupts the interactions between B3-C*/B3-B-
transmembrane domains, with $3-C now predominantly interacting with the al-D TMD,
supported by the presence of cholesterol (Fig. 5.6.2d). During the second stage of branch 2,
al-D moves away from the pore, while f3-C undergoes a substantial clockwise rotation,
bringing it closer to the centroid of the pre-active state. In branch 2 asymmetric 3, B3-E drifts
significantly toward the center of the pore, alongside 3-B. This results in the overall drift

of al-A away from the bundle, and the pore is now formed by the remaining four subunits.
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Throughout the desensitization of branch 2, B3-E translates, while al-A rotates counter-

clockwise.
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Conformational changes and hydrogen bond interactions that stabilize the desensitized state when compared

to branch2 asymmetric3.
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The other three subunits are already close to the desensitized state and therefore do not
undergo substantial conformational changes. Taken together, the gating via the two
asymmetric branches ultimately converges to the same pseudo-symmetric desensitized state.
Importantly, the entry into either of the branches is dictated by a conformational wave
triggered by GABA binding specifically to one of the two orthosteric sites. The analysis of
the Cao RMSDs between pre-active and branch 1 asymmetric 1 further highlights the effect
of GABA binding to the f3-E"/a1-D" interface during the initial steps of activation of branch
1 (Fig. 5.6.5a). Upon GABA binding, the B3-E M2-M3 loop moves upwards allowing Lys
274 to form a hydrogen bond with a1Ser276-D. Furthermore, the displacement of the $3-E
M2 helix brings Arg 269 in proximity to alGIn229-D further stabilizing the newly formed
interface (Fig. 5.6.5b). Due to the increased contacts between B3-E and al-D and overall
translation of the two subunits, the TMD interface between B3-C and al-D weakens
allowing B3-C to rotate away from the pore and hence to form new interaction with $3-B
stabilized by a hydrogen bond network comprising B3His267-C, f3Thr266-C, B3GIn224-B,
B3Arg269-C, B3Asp282-C and B3Lys274-C (Fig. 5.6.5¢).

In contrast to branch 1, branch 2 enters the asymmetric cycle via GABA binding to the $3-
B*/al-A" interface. This pushes B3-C towards al-D, which is exactly opposite to what
happens during the transition into branch 1 where B3-C rotates away from al-D (Fig.
5.6.5d). The newly formed interaction between B3-C and al-D is notably stabilized by the
critical insertion of cholesterol at the interface which makes a hydrogen bond with a1 Arg274
as well as van der Waals interactions with Phe398. The interface is further stabilized by a
hydrogen bond network formed between f3Tyr220 and al Asp287, B3His267 and a1Ser270
as well as B3Glu270 and alArg274 (Fig. 5.6.5¢). GABA binding to the B3-B*/al-A-
interface, on the other hand leads, to the rotation of B3-B thus weakening its contacts to 33-
C. The new conformation is stabilized by a hydrogen bond network formed by a1GIn229,
B3Arg269 and B3Asp282 (Fig. 5.6.5f). The pivotal role of B3Arg269 and al1GIn229 was
further shown in disulfide crosslinking experiments (Bali and Akabas, 2012). By expressing
the all228CPB3R269Cy2 receptor, the authors of the study report robust initial GABA-
induced currents. Interestingly, however, the observed currents decreased upon GABA
reapplication which was fully reversed by the application of the reducing agent DTT This
strongly suggests that upon GABA binding, residue Arg269 and Ile228 get in close
proximity. This is also the case in the activation for both branches (Fig. 5.6.5a-b).

Nevertheless, B3Arg269 and a11le228 are also close to each other in the desensitized state,
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thus, the crosslinking observed between the two residues may happen during both the

activation as well as during the deep desensitized state.

The desensitization of the receptor is intricately influenced by hydrogen bond interactions
and lipid molecules, which play a crucial role in stabilizing the TMD interfaces between 33
and ol subunits. Specifically, B3Arg269 establishes hydrogen bonds with the al M1 helix
and B3Asp282, contributing to the desensitization process. Additionally, the pivotal residue
of the B3 M2-M3 loop, Lys274, interacts with alSer270, thereby stabilizing the position of
the a1 M2 helix. The state is further fortified by the presence of POPC, forming hydrogen
bonds with the al subunit. Notably, one of its lipid tails extends between the p3*/al-
interfaces, providing stabilization for the binding pocket where etomidate and propofol

interact (Fig. 5.6.5 g-1).

Crucial dynamics unfold during the transition to the desensitized state. Notably, in branch 1
asymmetric 4, the two B3%/al" interfaces exhibit distinct and contrasting movements. The
B3-E subunit undergoes an outward motion relative to the pore, while f3-B moves inward.
Concurrently, in both interfaces, the al-A subunit exhibits an inward movement (Fig.
5.6.5h-1). In contrast to branch 1 asymmetric 4, branch 2 asymmetric 3 is closer to a
desensitized state, evident from the Ca RMSDs (Fig. 5.6.5g, j). During this transition, the
B3-E subunit undergoes an outward motion relative to the pore, whereas al-D adopts a
conformation closer to desensitized (Fig. 5.6.5k). Conversely, in the other interface, the 33-

B subunit is close to desensitized, while the al-A subunit moves inward (Fig. 5.6.51).

Collectively, the removal of PIP, from the a1 33 receptor gave rise to a nine-state dual branch
gating cycle with both branches emerging from and converging into the same pseudo-
symmetric state. The initiation of one of the branches is notably triggered by GABA binding
to one of the two orthosteric binding sites, inducing a break in symmetry. I further establish
the manifestation of two open states in each of the branches. This falls well in line with
single-channel electrophysiology experiments which demonstrate that two open states with
different duration times could be detected. Short and long open dwell times (termed to1 and
To2 respectively) were approximately to1 = 0.65 ms and 102 = 4.3 ms in duration (Kasaragod
et al., 2022). However, based on the data presented here, it is not possible to assign which

branch has the short duration open state and which one has the long duration open state.

Importantly, the entry into the asymmetric gating cycle is consistently manifested by the $3-

C subunit which is also the case for B3y2 receptors where y2-C initiates the gating cycle.

89



Notably, this position in the tri-heteromeric alp3y2 receptors is also a y2 subunit. This
substitution could be a crucial determinant for the occurrence of different open or short-lived
desensitized asymmetric states, adding a layer of complexity to the gating process. What is
more, similar to the B3 homomer and f3y2 diheteromers, lipids emerge as pivotal players in
the gating dynamics of a1B3 receptors. Beyond acting as pore blockers to finely tune channel
open times, lipids are indispensable for facilitating transitions between asymmetric states.
This is exemplified in branch 2 asymmetric 1, where cholesterol is identified at the al-

D*/B3-C- interface thus stabilizing it (Fig. 5.6.5c¢).

5.7 Positive allosteric modulators and general anaesthetics may tune alp3 GABAA
receptors by branch selection

While the emergence of a dual branch gating cycle adds complexity to the gating
mechanism, it may also hold significance for the modulation of the receptor through PAMs.
In an effort to elucidate the mechanism of action of positive allosteric modulation, I directed
my attention towards histamine, which has been demonstrated to increase the amplitude of
a1B3 currents when co-administered with GABA (Kasaragod et al., 2022). I also specifically
focused on elucidating the mechanism of direct activation of the receptor by the general

anaesthetic propofol.

Upon spraying the alfB3 receptor with a combination of 300mM GABA and 300mM
Histamine (HSM), the receptor once again gated, however, in contrast to the GABA only
spray where the manifestation of two branches was observed, in the presence of the PAM
HSM the receptor gated only through branch 1 (Fig. 5.7.1a). The mechanism for this
modulation likely stems from the fact that HSM stabilizes the B3-C*/B3-B- subunit pair, thus
the only TMD interface that can break to initiate gating is al-D*/B3-C thereby allowing
only branch 1 to manifest. This implies that the emergence of two branches is also critical

for the modulation of the receptor by PAMs.

Furthermore, when 200mM of the general anaesthetic propofol (PPF) was sprayed on the
receptor once again one branch was selected over the other. At higher concentration PPF
can act as an agonist itself (Fig. 3.4.2) therefore GABA was not added to the spraying
mixture. This aimed to determine the effect of agonist binding to the TMD rather than the
ECD orthosteric site. In contrast to HSM, however, PPF selects branch 2 with prominent
PPF densities in branch 2 asymmetric 1 and the desensitized state. The other two asymmetric

states had a lower resolution in the TMD region and no unambiguous density for PPF could

90



be observed. There could be two explanations for this. Either PPF is bound but cannot be
resolved due to the limited interpretability of the map or PPF only binds initially thus
pushing the receptor to enter branch 2 by stabilizing branch 2 asymmetric 1 and lowering
the activation energy barrier. The progression through the branch then can happen
independently from PPF and it is not required to be bound in the following states in the
branch. Once the receptor desensitizes, propofol can then bind to the last state of the cycle
(Fig. 5.7.1b). Interestingly, this is also the case for HSM. Its density could not be observed
for branch 1 asymmetric 3 (Fig. 5.7.1a) further highlighting that the branch is selected by
the initial state and progression through the branch then becomes independent of the PAM

or agonist present.

! r .—12 50 - — 7
F435 T233 HSM /
Chain p3-B Chain p3-C f‘
V290 \ | / |
2 y /
LasS o 1204 D28 S~ ) —
/\ 7 oy
ﬁ .
1239 1,402 mm pre-active GABA + HSM | ety |
o 6.9A
Chain al-A y
wmm pre-active GABA + HSM
Chain p3-E Chainal-D | branchl asym4 |
Branch 1 * hain f3- mm desensitized

pre-active branchl as; )‘ml : / branchl asymz\) branchl asym3
L = branchl asym] mmm branchl asym2 wmm branchl asym3 (no HSM) mm branchl asym4 1
FJ'H Chain p3-C

F435 R T233 lencw T233 a @
V290 \20()’@ @

2!
! 1259 - Lﬁ L’Jodg 298 e_ ‘0 &
1239 ’q < Q @?‘ 228 S QL 6‘ m'f
L402  Chainal @ @ o 1402 PR
PPF

v X Chain al-D <% =
= apo Chain B}-ha Chain al-A “X v de;emmzed
- apo
Branch 2 h Chain ] B3- r + Propofol

r .. =~ o~ T NS/ /1
e & Do NG
| s ’ ’ ) ﬁ |
2\
rrNY  LF = PP &\‘
| 15 - —-> —> |
e e ) g e
\ 48A / 624 ! (' 2 S6A
| Y A W g’ |
3.9A 3
PPF { \ | £ ooud
| \
| apo branch2 asym1 / branch2 asym?2 branch2 asym3 |
L mm branch2 asyml mmm branch?2 asym?2 = branch2 asym3 mm desensitized

Figure 5.7.1 — Histamine and propofol modulate the receptor by branch selection

a) In the presence of GABA and HSM the olf3 receptor gates only via branch 1. Notably, branchl
asymmetric3 has no density for HSM present indicating that branch selection happens during the first state of
the cycle. b) When PPF is used as an agonist for the receptor only branch 2 emerges. PPF is bound to branch2

asymmetricl and desensitized state but not to the two other states.



Importantly, in both GABA/HSM and PPF spray, the states are essentially identical to the
states observed when GABA alone is sprayed as judged by the Ca. RMSDs which are below
0.7 A. Therefore, it becomes clear that regardless of the agonist or modulator present, the
receptor undergoes the same gating cycle. It is hence likely that once a PAM is added, the
duration of the open states increases in order to account for the increase in current amplitude
and slower rates of desensitization. Alternatively, the duration of the open times can remain
the same but the number of events i.e. the number of times the receptor enters the open state
could increase. Importantly, however, when PPF is used as an agonist, the activation of the
receptor is suboptimal when compared to ImM GABA, but the rate of desensitization is
slower (Chapter III, Fig. 3.4.2). This is also the case for ETM suggesting PPF and ETM
exert their effects by a shared structural mechanism. The lower conductivity levels likely
stem from the fact that branch2 is the lesser conducting branch and perhaps branch 2
asymmetric 2 is the short-lived open state. Nevertheless, to fully interpret the branch and
state separation, it will be crucial to perform single-channel recordings with propofol or
GABA plus HSM and determine the open state duration of each condition, the number of
open states detected as well as the number of times the receptor opens. With this in hand it
will be possible to unequivocally assign branch 1 asymmetric 3 and branch 2 asymmetric 2

as the short or long lived open states (Kasaragod et al., 2022).

Moreover, it becomes evident that modulators and agonists favoring branch 2 over branch 1
are particularly influenced by the cholesterol levels in membranes, as exemplified by
propofol. Notably, studies indicate that depleting membrane cholesterol in dissociated
hippocampal neurons moderately diminished the potentiation of GABA by PPF, albeit not
to a significant extent (Sooksawate and Simmonds, 2001). This could be attributed to the
high affinity for cholesterol in the newly formed interface. In contrast, increasing the
cholesterol content significantly enhanced the potentiation of GABA by PPF. This
reinforces the observation that PPF selects branch 2 over branch 1 and that the cholesterol
level in the membrane is critical for the action of propofol on the receptor and for the
transition of the states in branch 2. Thus, propofol may have a larger impact on receptors
embedded in membranes with higher cholesterol content further increasing the scope of

anaesthetics modulation.
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Chapter VI

Conclusion and outlook
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6.1 Conclusion

In this thesis I discussed in detail the structural effects of the environment surrounding the
receptor on its gating cycle. A systematic exploration was undertaken to evaluate the
influence of different scaffolding proteins within the nanodisc environment on the GABAA
receptor. The findings underscore the significance of MSP2N2 nanodiscs, revealing they
most faithfully preserve the physiological conformations and desensitization capabilities of
the receptor. Notably, Saposin A and SMALPs discs on the other hand induced non-
physiological states, particularly impacting the y2 subunit and disrupting essential domain
contacts leading to the uncoupling of the ECD and TMD. Expanding the investigation, |
delved into the impact of altering disc thickness by modifying the acyl-chain length of
incorporated lipids during nanodisc reconstitution. Surprisingly, this manipulation did not
yield notable changes in the receptor's structure, pointing toward the likelihood that a
significant proportion of the lipids originates directly from the cell. Mass spectrometry
analysis provided additional support for this conclusion. Furthermore, an examination of the
influence of membrane rigidity was conducted by enriching nanodiscs with approximately
50 mol% cholesterol, however, no structural impact was observed on the resting and
desensitized state. Nevertheless, the presence of cholesterol in the disc is essential for gating
as it orchestrates the entry into branch 2 of the gating cycle for o133 receptors by stabilizing

the first asymmetric state.

Having established an accurate lipid environment replicating the in situ context of the
receptor most accurately, my focus shifted to unveiling the mechanism through which (-
lactam antibiotics interfere with the GABAA receptor gating and function as channel
blockers. This study investigated the binding modes of four distinct B-lactams in the
presence of GABA on the synaptic alp3y2L. GABAAa receptor. Remarkably, all four -
lactams employ the same inhibition mechanism, binding to the pore and obstructing chloride
ion influx. Despite this commonality, however, they exhibit diverse binding modes,
influenced by the variable groups attached to the penicillin ring. Interestingly, while PenG
and PenV reveal a single clear density in the channel's pore, piperacillin has three binding
sites, completely obstructing the channel pore from the 2’ to the 20’ levels. Expanding the
analysis, I determined the structure of the a1B3y2L GABAA receptor bound to nafcillin and
GABA, revealing two distinct states — asymmetrically and symmetrically desensitized. What
is more, nafcillin binds to the benzodiazepine pocket and pockets usually occupied by

general anaesthetics, implying a dual allosteric role, simultaneously potentiating and

95



inhibiting the receptor. The asymmetric state exhibits a significant motion at the B3-B*/al-
A" subunit module, suggesting this state represents an intermediate stage in the gating cycle.
Notably, PIP: is no longer resolved in the asymmetric al-A subunit, hinting at a potential
role in receptor gating, consistent with its known modulation of ion channels (Suh and Hille,
2008). However, the emergence of this state may be influenced by the deep B-lactam binding
pocket, potentially interfering with the P3-B*/al-A- pair and inducing the observed
conformational change. To comprehensively interpret these findings, I moved on to

determine the gating cycle of the receptor on the millisecond timescale.

To unveil the entirety of the receptor's gating cycle in the presence of agonist alone, I
employed the time-resolved cryo-EM strategy pioneered by Berriman and Unwin in 1994
(Berriman and Unwin, 1994). Utilizing a manual plunger and a ligand deposition spraying
nozzle, this technique enables the structural investigation of the receptor with millisecond-
scale time intervals between activation and plunge freezing. This approach allowed the
exploration of the orchestrated motions involved in receptor activation and desensitization,
including side chain and secondary structure rearrangements in both homomeric and

heteromeric receptors.

I determined that the first step of receptor activation is agonist binding to the ECD thus
priming the receptor. The TMD, however, is still in the symmetric resting state meaning that
these states are pre-active (Fig. 6.1). I further revealed that the gating cycle progresses
through asymmetric intermediate states and the entry into the gating cycle is initiated by a
single subunit in position C breaking the symmetry of the pore for all GABAA receptor
subtypes. This was also observed for the Torpedo nAChR in a native membrane (Unwin and
Fujiyoshi, 2012). The displacement of the first chain from the bundle is triggered by agonist
to the adjacent ECD interface. This weakens the interaction with the subunit in position C
thus allowing it to rotate and break the TMD interface. Subunit C at the level of the TMD
then interacts mainly with the other neighbouring subunit (Fig. 6.1). I also showed that the
open states for homomeric and diheteromeric receptors are always asymmetric with

unobstructed pores (Fig. 6.1).

Surprisingly, lipids were identified as crucial modulators throughout the receptor's gating
cycle in both homomeric and heteromeric receptors. Remarkably, these lipids were observed
binding in the pore thus obstructing the chloride ion flow—a previously undocumented

phenomenon in pLGICs. This lipid block mechanism represents a significant means of
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channel closure, categorizing such states as short-lived desensitized/closed in
electrophysiological experiments, unveiling a novel modulation mechanism within the Cys-
loop receptor family (Fig. 6.1). For all receptors, the last long-lived desensitized state

transitions back to be pseudo-symmetric/symmetric (Fig. 6.1).
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Figure 6.1 — Diverse assemblies of human GABAAx receptors gate by a shared structural
mechanism

The first step of the gating cycle of the GABA receptor is the binding of the agonist to the ECD as depicted in
1). In this state the ECD is primed and the loop Cs are closed, however, the conformational change has not
reached the TMD yet and it is in the resting state. 2) During activation, initially only one subunit breaks the
asymmetry of the receptor and this is triggered by agonist binding to the ECD interface immediately next to
subunit C. The interfaces with weakened contacts are highlighted with a green crossed line 3) All open states
of diverse GABA4 receptor assemblies are asymmetric with clear pores. 4) Lipids play a key role in shutting
the receptor by blocking the pore leading to the emergence of short-lived closed/desensitized asymmetric

states.

Additionally, I demonstrated that in the presence of PIP,, which binds to al1,2,3, and 5
subunits typically associated with synaptic receptors, the full-length a1B3 and alp3y2
receptors failed to undergo gating. Strikingly, upon PIP, removal through subunit truncation,
the receptor could undergo asymmetric gating. In the case of the truncated a.1p3 diheteromer,
a single dataset revealed a gating cycle comprising nine distinct structural states at spatial
resolutions from 3.5 A to 2.4 A and temporal resolution less than 10 milliseconds. Notably,

the diheteromer gates by two branches, with entry into either branch facilitated by structural
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changes triggered from one of the two orthosteric GABA binding sites (Fig. 6.1).
Furthermore, I demonstrated that positive allosteric modulators and general anaesthetics can
fine-tune the receptor by selecting one branch over the other. In the case of HSM and GABA
spray on alB3 receptors, only branch 1 is present since HSM stabilizes the $3-B*/B3-C
interface, not allowing it to be disrupted which is required for entry into branch 2. On the
other hand, the a1-D*/B3-C" is not stabilized and can be disrupted to initiate branch 1. In
contrast, when I sprayed PPF at high concentrations to act as an agonist, only branch 2 was
manifested. The exact mechanism for this selection, however, remains unclear. Branch
selection is hence an important mechanism for modulation of the receptor and may be shared

with other members of the pLGICs and more complex GABAAa receptor assemblies.

6.2 Outlook and future directions

6.2.1 The gating cycle of triheteromeric receptors

I determined that the gating cycle of both homomeric and heteromeric receptors consists of
asymmetric intermediate states. Additionally, the transitions between these states involve an
orchestrated motion, notably triggered by the displacement of one subunit to initially break
the pseudo-symmetry of the receptor. Interestingly, in the alfB3 diheteromer, the subunit
initiating the gating cycle in both branches is f3-C, which is substituted by the y2 subunit in
the triheteromeric al1B3y2 synaptic receptors. This is also the case for the B3y2 diheteromer
where the y2-C subunit is the driving force of the gating cycle of the receptor. This implies
that the complexity and number of states in the gating cycle are influenced by the interface
contacts of the subunit in this position. Notably, the y2 subunit in this position exhibits
weaker interface contacts than B3, as evidenced by the propensity of y2 to collapse in
SMALPs and in Saposin A, as discussed in Chapter III. What is more, when o1p33y2
receptors are solubilized with harsh detergents such as DM or DDM, the y2 collapses inside
the pore of the resting receptor and the ECD/TMD coupling is completely lost (Phulera et
al., 2018, Zhu et al., 2018), which is not the case for the f3 homomer in DDM for example
(Miller and Aricescu, 2014). This complexity is further underscored by single-channel
electrophysiology recordings, which indicate that, unlike alp3 receptors, the alB3y2
receptor enters the longer-lived open state more frequently and has a higher open probability

(Kasaragod et al., 2022).

To elucidate the gating of triheteromeric receptors, I purified the PIP>-less truncated a.1B3y2
(Miller et al., 2018). Due to the lack of ICD density in the truncated receptor, breaking the
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pseudo-symmetry computationally posed a challenge. To address this, Nb38 was added to
the receptor (Fig. 6.2.1a). Upon reconstructing a trial cryo-EM dataset, however, I
determined that the cell pool generated consists of two different receptor ensembles: al-
A/B3-B/y2-C/al1-D/B3-E and al-A/B3-B/y2-C/B3-D/B3-E. The latter, however, will not be
gated by GABA at lower concentration as it lacks one of the orthosteric binding sites. This
was evident from the weaker density of the al.D subunit and specific B3 markers in this
position, such as His267 pointing towards the pore and density for the B3-specific Asn149
glycan (Fig. 6.2.1b,c). To resolve this issue, B3/B3 interface-specific Mb25 will be added in
order to separate the al-A/B3-B/y2-C/B3-D/B3-E class in silico, focusing on the remaining
al-A/B3-B/y2-C/a1-D/B3-E assembly. This dataset should reveal whether a1B3y2 receptors
also gate via a dual-branch gating cycle and determine the order of its progressions, possibly

also involving short-lived asymmetric intermediates.

B3-E_ al-D
2 Q.o

B3N149 glycan
remnants

90°

His2,
remnants

Figure 6.2.1 — Truncated a1B3y2 receptor cryo-EM reconstruction

a) Side view of the receptor highlighting Nb38 bound to the al-A*/B3-B interface. The al-A has no features
of other subunits present and the density is not fragmented. b) Side view of the receptor highlighting the ol-D
subunit (purple). The density for this subunit is fragmented towards the ECD and some features of the p3-
specific Asnl49 glycan are present suggesting this position is a mixture of al and p3. ¢) Slice at the level of
the TMD showing remnants of the 3-specific His267 density emerging from the a.1-D subunit.

6.2.2 Allosteric modulation of triheteromeric receptors

With the activation and desensitization mechanism of a1B3y2 receptor in hand, it will be
important to establish the structural mechanism of action of different classes of allosteric
modulators on the GABAA receptor. As discussed in this thesis, for alp3 receptors the
positive allosteric modulator histamine was shown to modulate the receptor via branch

selection and selected branch 1 over branch 2. On the other hand, when the general
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anaesthetic propofol was used as an agonist, it selected branch 2 over branch 1. It therefore
appears that different allosteric modulators can select one branch over the other thus
modulating the mean-open times on the level of single channels or their burst frequency and

duration.

In the case of the triheteromeric a1pB3y2 receptors, however, many more allosteric ligands
are known to modulate the receptor. One such class of ligands are the benzodiazepines that
bind to the ECD (Fig. 6.2.2a) which alone cannot gate the receptor at clinically relevant
concentrations but can potentiate the GABA response. In general, benzodiazepines fall into
three categories. Classical benzodiazepines such as Valium or Xanax are positive allosteric
modulators which shift the GABA response curve to the left and increase the mean open
times of the channel (Twyman et al., 1989). On the other hand, other benzodiazepines like
flumazenil do not affect the GABA curve and are therefore called ‘benzodiazepine pocket
antagonists’ (Corda et al., 1989). The third class of molecules are the benzodiazepine pocket
inverse agonists. One such drug is Ro15-4513 which shifts the GABA response curve to the
right thus lowering the effect of GABA on the receptor (Corda et al., 1989). Despite the
diversity in benzodiazepine classes, the exact mechanism of their modulation remains
unknown. Notably, structural analyses involving compounds such as diazepam, flumazenil,
Ro15-4513, and a5-specific benzodiazepine NAMs and PAMs reveal no major structural
conformational changes in both the resting and deep desensitized states (Phulera et al., 2018,
Masiulis et al., 2019, Kasaragod et al., 2023, Sente et al., 2022). This observation suggests
that these molecules likely modulate the receptor only during channel activation and
millisecond-scale desensitization. They may selectively influence one branch over the
others, stabilize specific states of the gating cycle, or potentiate different open states than
those observed with GABA alone. The complex details of these modulatory effects,

however, require further investigation.

Moreover, just like homomeric and diheteromeric receptors, the triheteromeric alf3y2 can
also be influenced by small molecules binding to its TMD region. A specific class of such
molecules are the anaesthetics, which, as previously discussed, can function as both
modulators and agonists. Notably, in the a1B3y2 receptor, two new interfaces emerge on
either side of the y2 subunit, offering additional targets alongside the remaining interfaces
which are also present in the a1p3 receptor. For instance, 4-benzoyl-propofol can activate
the receptor directly by binding to the a1/y2" and al*/B3- TMD interfaces. In contrast,

pentobarbital can bind to four different interfaces, including the y2*/al interface. This raises
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the question of how different anaesthetics modulate the receptor, especially when compared
to compounds like propofol and etomidate, which bind the f3%/al" interface (Fig. 6.2.2b).
Furthermore, the impact on the gating cycle remains unclear when multiple anaesthetics
targeting distinct interfaces are used simultaneously. Will there be synergy and additivity
between the two drugs, or will one predominantly drive the transitions during activation and
desensitization? This aspect of receptor modulation and the interplay between various
anaesthetics targeting different interfaces will be a key in understanding their mechanism of

action.

. Etomidate
Propofol
. 4-benzoyl-propofol

. Pentobarbital

ECD T™MD

Figure 6.2.2 — Allosteric modulation of the a1B3y2 receptor

a) View of the extracellular domain indicating the benzodiazepine and GABA binding pockets. b) View of the
transmembrane domain showing the binding sites between subunit interfaces for a diverse set of anaesthetics

including etomidate, propofol, 4-benzoyl-propofol and pentobarbital

Furthermore, the TMD region can also be targeted by yet another class of potentiators — the
neurosteroids (Hosie et al., 2006). Neurosteroids, just like benzodiazepines can function
both as PAMs e.g allopregnanolone (Diviccaro et al., 2022) and NAMs e.g pregnenolone
sulfate (Akk et al., 2001). How would these molecules compare to ligands modulating the

receptor via the ECD or to anaesthetics that also function through the TMD?

6.2.3 The mechanism of GABAA receptor deactivation

In this thesis, I have extensively explored the mechanism of GABAA receptor activation and
desensitization triggered by GABA and small molecules upon application on the millisecond
timescale. However, to complete the full gating cycle, it is imperative for the receptor to
deactivate—releasing GABA from the orthosteric binding site and transitioning from the

desensitized to the resting state.
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The process of deactivation in the synaptic environment is complex and primarily driven by
the rapid reuptake of GABA through GAT]1 transporters in presynaptic terminals and
adjacent glial cells (Lavoie et al., 1997). Unfortunately, structurally characterizing the
deactivation process requires GABA to be released from the receptor, which is impossible
to achieve on the cryo-EM grid. To address this challenge, I employed the GABA
competitive antagonist Bicuculline (BCC). It has been demonstrated that, in the presence of
BCC, recorded currents fully deactivate even when GABA is still present in the solution

(Lavoie et al., 1997).

To wvalidate this hypothesis, I used the alP3 receptor fully desensitized by a 2-hour
incubation with 0.5 uM GABA. Subsequently, 100 uM (-) BCC methiodide was added to
the receptor and incubated for an additional 2 hours, aiming to return all particles to the
resting state. Upon reconstruction of this dataset, density for BCC can be seen under both
orthosteric binding sites (Fig. 6.2.3a-b). Just as for the al1B3y2 reported previously. BCC
binding under loop C flips it out thereby stabilizing the resting state. Additionally, it is
evident that the receptor has indeed reverted to the resting state, with both 17’ His and 9’
Leu gates fully closed (Fig. 6.2.3c). Comparing the pore profiles between the apo state,
BCC-bound state and desensitized state further confirms that the receptor has transitioned

back to the resting state (Fig. 6.2.3d).
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Figure 6.2.3 — Deactivation of a1B3 by bicuculline

a) Side view of the cryo-EM map highlighting the density for BCC under loop C. b) BCC stabilizes loop C in
an outward conformation by a hydrogen bond network as well as 7 rwinteractions. c¢) View of the TMD regions
highlighting that the 17 and 9’ gates are closed. d) Pore profiles of the apo state, BCC-bound state and

desensitized state

Notably, however, no intermediate states could be classified at this timescale. This is well

in line with electrophysiology recordings which show that the transitions during deactivation
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also occur on the millisecond timescale (Lavoie et al., 1997). To address this limitation, my
plan is to spray BCC on receptors desensitized by prolonged GABA incubations limiting the
BCC application to ~40ms, capturing the millisecond-scale dynamics of deactivation. This
approach aims to provide a comprehensive structural model of the complete GABAA

receptor gating cycle.

6.2.4 Updated model for GABA4 receptor gating

In this thesis, I have demonstrated that the GABAA receptor gating cycle on the millisecond
timescale involves transient asymmetric states, both conducting and non-conducting, each
of short duration. What is more, the gating of the GABA receptor is always initiated by the
subunit in position C of the bundle that breaks the symmetry of the pore. Notably, the
influence of lipids emerges as a crucial factor, finely regulating receptor open times by
blocking the pore as well as stabilizing newly formed interfaces. Furthermore, all open states
of the receptors are asymmetric with unobstructed pores (Fig. 6.1). The groundbreaking
time-resolved methodology pioneered by Berriman and Unwin in 1994 has been
instrumental in unraveling the details of the gating cycle. This not only enhances our
understanding of the receptor's dynamics but also opens up new avenues for exploring the
interactions and modulation of the GABA receptor by clinically relevant drugs as well as

for the development of novel therapeutics.

It is crucial to note, however, that the study discussed herein is based on in vitro reconstituted
receptors. A comprehensive understanding of the GABAA4 receptor's gating cycle within the
brain remains a crucial next step. While recent advances in cryo-electron tomography
represent a significant step toward achieving this goal, it is essential to acknowledge that, to
date, no membrane protein has been resolved by cryo-ET to high enough resolution required
to study the dynamics of the receptor. The promise of unveiling the nuanced details at the
secondary structure and side chain levels of the receptor's gating cycle within the brain relies
on crucial advancements in microscope hardware and processing software in the coming
decades. As technology progresses, the potential to achieve higher resolution becomes
increasingly attainable, paving the way for a more comprehensive understanding of the

receptor's dynamics within its native neural environment.
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Appendix Figure 1 — FSC plots for structures discussed in Chapter III and IV. The

plots were generated with a script written by Dr. Katerina Naydenova, MRC LMB
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Appendix Figure 2 — FSC plots for structures discussed in Chapter V.
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Appendix Figure 2 continued — FSC plots for structures discussed in Chapter V.
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Appendix Figure 3 — Processing strategy for the p3 homomer sprayed dataset
a) The detailed processing pipeline used for the 3 homomer. b) A soft TMD mask was used to classify the

multiple states. In total 30 seeds were used. Classes with well-defined high-resolution features i.e. clear helical
pitch were subjected to further refinement. Classes which are the same but rotated along the z-axis were
manually aligned. ¢) Cross-sections at the level of the 9’ activation gate for the final maps including the number

of particles in the final reconstruction.
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Appendix Figure 4 — Processing strategy for the alp3 homomer sprayed dataset
a) The detailed processing pipeline used for the alf3 diheteromer. b) A soft TMD mask was used to classify

the multiple states. In total 30 seeds were used. Classes with well-defined high-resolution features i.e. clear
helical pitch were subjected to further refinement. c) Cross-sections at the level of the 9' activation gate for

the final maps including the number of particles in the final reconstruction.
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Constructs

1. Full length a1 GABAAx receptor subunit FLAG tag

MKKSPGLSDYLWAWTLFLSTLTGRSYGDYKDDDDKQPSLQDELKDNTTVFTRIL
DRLLDGYDNRLRPGLGERVTEVKTDIFVTSFGPVSDHDMEYTIDVFFRQSWKDER
LKFKGPMTVLRLNNLMASKIWTPDTFFHNGKKSVAHNMTMPNKLLRITEDGTLL
YTMRLTVRAECPMHLEDFPMDAHACPLKFGSYAYTRAEVVYEWTREPARSVVV
AEDGSRLNQYDLLGQTVDSGIVQSSTGEYVVMTTHFHLKRKIGYFVIQTYLPCIMT
VILSQVSFWLNRESVPARTVFGVTTVLTMTTLSISARNSLPKVAYATAMDWFIAV
CYAFVFSALIEFATVNYFTKRGYAWDGKSVVPEKPKKVKDPLIKKNNTYAPTATS
YTPNLARGDPGLATIAKSATIEPKEVKPETKPPEPKKTFNSVSKIDRLSRIAFPLLFGI
FNLVYWATYLNREPQLKAPTPHQ

2. Full length B3 GABA4 receptor subunit without tag

MCSGLLELLLPIWLSWTLGTRGSEPRSVNDPGNMSFVKETVDKLLKGYDIRLRPD
FGGPPVCVGMNIDIASIDMVSEVNMDYTLTMYFQQYWRDKRLAYSGIPLNLTLD
NRVADQLWVPDTYFLNDKKSFVHGVTVKNRMIRLHPDGTVLYGLRITTTAACM
MDLRRYPLDEQNCTLEIESYGYTTDDIEFYWRGGDKAVTGVERIELPQFSIVEHRL
VSRNVVFATGAYPRLSLSFRLKRNIGYFILQTYMPSILITILSWVSFWINYDASAAR
VALGITTVLTMTTINTHLRETLPKIPY VKAIDMYLMGCFVFVFLALLEYAFVNYIFF
GRGPQRQKKLAEKTAKAKNDRSKSESNRVDAHGNILLTSLEVHNEMNEVSGGIG
DTRNSAISFDNSGIQYRKQSMPREGHGRFLGDRSLPHKKTHLRRRSSQLKIKIPDLT
DVNAIDRWSRIVFPFTFSLFNLVYWLYYVN

3. Full length B3 GABA4 receptor subunit with TwinStrep tag

MGILPSPGMPALLSLVSLLSVLLMGCVAEYPYDVPDYAGGSGGSGGSAWSHPQFE
KGGGSGGGSGGSAWSHPQFEKGGSTGQSVNDPGNMSFVKETVDKLLKGYDIRLR
PDFGGPPVCVGMNIDIASIDMVSEVNMDYTLTMYFQQYWRDKRLAYSGIPLNLTL
DNRVADQLWVPDTYFLNDKKSFVHGVTVKNRMIRLHPDGTVLYGLRITTTAACM
MDLRRYPLDEQNCTLEIESYGYTTDDIEFYWRGGDKAVTGVERIELPQFSIVEHRL
VSRNVVFATGAYPRLSLSFRLKRNIGYFILQTYMPSILITILSWVSFWINYDASAAR

VALGITTVLTMTTINTHLRETLPKIPYVKAIDMYLMGCFVFVFLALLEYAFVNYIFF
GRGPQRQKKLAEKTAKAKNDRSKSESNRVDAHGNILLTSLEVHNEMNEVSGGIG
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DTRNSAISFDNSGIQYRKQSMPREGHGRFLGDRSLPHKKTHLRRRSSQLKIKIPDLT
DVNAIDRWSRIVFPFTFSLFNLVYWLYYVN

4. Full length y2L. GABAA4 receptor subunit 1D4 tag

MSSPNIWSTGSSVYSTPVFSQKMTVWILLLLSLYPGFTSQKSDDDYEDYASNKTW
VLTPKVPEGDVTVILNNLLEGYDNKLRPDIGVKPTLIHTDMY VNSIGPVNAINMEY
TIDIFFAQTWYDRRLKFNSTIKVLRLNSNMVGKIWIPDTFFRNSKKADAHWITTPN
RMLRIWNDGRVLYTLRLTIDAECQLQLHNFPMDEHSCPLEFSSYGYPREEIVYQW
KRSSVEVGDTRSWRLYQFSFVGLRNTTEVVKTTSGDYVVMSVYFDLSRRMGYFTI
QTYIPCTLIVVLSWVSFWINKDAVPARTSLGITTVLTMTTLSTIARKSLPKVSYVTA
MDLFVSVCFIFVFSALVEYGTLHYFVSNRKPSKDKDKKKKNPLLRMFSFKAPTIDI
RPRSATIQMNNATHLQERDEEYGYECLDGKDCASFFCCFEDCRTGAWRHGRIHIRI
AKMDSYARIFFPTAFCLFNLVYWVSYLYLGGSGGSGGSGKTETSQVAPA

5. Megabody 38

QVQLQESGGGLVQTKTTTSVIDTTNDAQNLLTQAQTIVNTLKDYCPILIAKSSSSN
GGTNNANTPSWQTAGGGKNSCATFGAEFSAASDMINNAQKIVQETQQLSANQPK
NITQPHNLNLNSPSSLTALAQKMLKNAQSQAEILKLANQVESDFNKLSSGHLKDYI
GKCDASAISSANMTMQNQKNNWGNGCAGVEETQSLLKTSAADFNNQTPQINQA

QNLANTLIQELGNNPFRASGGGSGGGGSGKLSDTYEQLSRLLTNDNGTNSKTSAQ
AINQAVNNLNERAKTLAGGTTNSPAYQATLLALRSVLGLWNSMGYAVICGGYTK
SPGENNQKDFHYTDENGNGTTINCGGSTNSNGTHSYNGTNTLKADKNVSLSIEQY
EKIHEAYQILSKALKQAGLAPLNSKGEKLEAHVTTSKYGSLRVSCAASGRTFTTYI
MAWFRQAPGKEREFLAAMDQGRIQYYGDSVRGRFTISRDY AKNSVDLQLDGLRP
EDTAVYYCAAGAGFWGLRTASSYHYWGQGTQVTVSSHHHHHHEPEA

6. Truncated a1l GABAA receptor subunit 1D4 tag

MGILPSPGMPALLSLVSLLSVLLMGCVAETGHASQDELKDNTTVFTRILDRLLDGY
DNRLRPGLGERVTEVKTDIFVTSFGPVSDHDMEYTIDVFFRQSWKDERLKFKGPM
TVLRLNNLMASKIWTPDTFFHNGKKSVAHNMTMPNKLLRITEDGTLLYTMRLTV
RAECPMHLEDFPMDAHACPLKFGSYAYTRAEVVYEWTREPARSVVVAEDGSRLN
QYDLLGQTVDSGIVQSSTGEYVVMTTHFHLKRKIGYFVIQTYLPCIMTVILSQVSF
WLNRESVPARTVFGVTTVLTMTTLSISARNSLPKVAYATAMDWFIAVCYAFVFSA
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LIEFATVNYFTKSQPARAAKIDRLSRIAFPLLFGIFNLVYWATYLNREPQLKAPTPH
QGTTETSTQVAPA

7. Truncated ol GABAA receptor subunit SBP tag

MGILPSPGMPALLSLVSLLSVLLMGCVAEMDEKTTGWRGGHVVEGLAGELEQLR
ARLEHHPQGQREPDYDIPTTENLYFQGTGQPSQDELKDNTTVFTRILDRLLDGYDN
RLRPGLGERVTEVKTDIFVTSFGPVSDHDMEYTIDVFFRQSWKDERLKFKGPMTV
LRLNNLMASKIWTPDTFFHNGKKSVAHNMTMPNKLLRITEDGTLLYTMRLTVRA
ECPMHLEDFPMDAHACPLKFGSYAYTRAEVVYEWTREPARSVVVAEDGSRLNQY
DLLGQTVDSGIVQSSTGEYVVMTTHFHLKRKIGYFVIQTYLPCIMTVILSQVSFWL
NRESVPARTVFGVTTVLTMTTLSISARNSLPKVAYATAMDWFIAVCYAFVFSALIE
FATVNYFTKSQPARAAKIDRLSRIAFPLLFGIFNLVYWATYLNREPQLKAPTPHQ

8. Truncated B3 GABAA receptor subunit SPB tag

MGILPSPGMPALLSLVSLLSVLLMGCVAEMDEKTTGWRGGHVVEGLAGELEQLR
ARLEHHPQGQREPDYDIPTTENLYFQGTGQSVNDPGNMSFVKETVDKLLKGYDIR
LRPDFGGPPVCVGMNIDIASIDMVSEVNMDYTLTMYFQQYWRDKRLAYSGIPLNL
TLDNRVADQLWVPDTYFLNDKKSFVHGVTVKNRMIRLHPDGTVLYGLRITTTAA
CMMDLRRYPLDEQNCTLEIESYGYTTDDIEFYWRGGDKAVTGVERIELPQFSIVEH
RLVSRNVVFATGAYPRLSLSFRLKRNIGYFILQTYMPSILITILSWVSFWINYDASA
ARVALGITTVLTMTTINTHLRETLPKIPYVKAIDMYLMGCFVFVFLALLEYAFVNY
IFFSQPARAAAIDRWSRIVFPFTFSLFNLVYWLYYVN

9. Truncated y2L. GABAA4 receptor subunit 1D4 tag

MGILPSPGMPALLSLVSLLSVLLMGCVAETGQKSDDDYEDYTSNKTWVLTPKVPE
GDVTVILNNLLEGYDNKLRPDIGVKPTLIHTDMY VNSIGPVNAINMEY TIDIFFAQT
WYDRRLKFNSTIKVLRLNSNMVGKIWIPDTFFRNSKKADAHWITTPNRMLRIWND
GRVLYTLRLTIDAECQLQLHNFPMDEHSCPLEFSSYGYPREEIVYQWKRSSVEVGD
TRSWRLYQFSFVGLRNTTEVVKTTSGDYVVMSVYFDLSRRMGYFTIQTYIPCTLIV
VLSWVSFWINKDAVPARTSLGITTVLTMTTLSTIARKSLPKVSYVTAMDLFVSVCF
IFVFSALVEYGTLHYFVSSQPARAAKMDSYARIFFPTAFCLFNLVYWVSYLYLGTG
GTTETSQVAPA
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10. Megabody 25

QVQLVESGGGLVQTKTTTSVIDTTNDAQNLLTQAQTIVNTLKDYCPILIAKSSSSN
GGTNNANTPSWQTAGGGKNSCATFGAEFSAASDMINNAQKIVQETQQLSANQPK
NITQPHNLNLNSPSSLTALAQKMLKNAQSQAEILKLANQVESDFNKLSSGHLKDYI
GKCDASAISSANMTMQNQKNNWGNGCAGVEETQSLLKTSAADFNNQTPQINQA
QNLANTLIQELGNNTYEQLSRLLTNDNGTNSKTSAQAINQAVNNLNERAKTLAGG
TTNSPAYQATLLALRSVLGLWNSMGYAVICGGYTKSPGENNQKDFHYTDENGNG
TTINCGGSTNSNGTHSYNGTNTLKADKNVSLSIEQYEKIHEAYQILSKALKQAGLA
PLNSKGEKLEAHVTTSKYGSLRLSCAASGHTFNYPIMGWFRQAPGKEREFVGAIS
WSGGSTSYADSVKDRFTISRDNAKNTVYLEMNNLKPEDTAVYYCAAKGRYSGGL
YYPTNYDYWGQGTQVTVSSHHHHHHEPEA
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