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ABSTRACT

At the neuromuscular junction, nicotinic acetylcholine receptors (AChRs) convert chemical
stimuli into electrical signals. They are heteropentameric membrane protein complexes assembled
from four evolutionary related subunits (two a subunits, and one each of the -, -, and g-subunits),
arranged around a central ion-conducting pore, which is regulated by the neurotransmitter
acetylcholine. Understanding how the binding of acetylcholine leads to channel opening is of
fundamental importance. While it is known that channel opening results from a global
conformational change involving the cooperative action of all five subunits, how the subunits
achieve this cooperativity is unclear. Our hypothesis is that this subunit cooperation is maintained
through coevolution of the subunits, and thus studies of subunit coevolution can provide insight
into subunit cooperativity. Using an ancestral reconstruction approach, combined with single-
molecule patch clamp electrophysiology, we have begun dissecting the mechanistic consequences
of preventing coevolution of the acetylcholine receptor B-subunit. This approach has allowed us

to identify new amino acid determinants of acetylcholine receptor function.
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CHAPTER 1.0: INTRODUCTION AND LITERATURE REVIEW

1.1 Ion channels

Ions are unable to pass through hydrophobic lipid bilayers. To solve this problem, cells
have evolved ion channel proteins to conduct ions across their membranes. Ion channels are
usually formed from multiple protein subunits arranged around a central ion-conducting pore.[1]
The number of subunits varies across different ion channel types. Subunits can either be identical
(homomeric channels) or homologous (heteromeric channels)[2]. Adding to this complexity,
different channels are gated open and closed by diverse stimuli, such as transmembrane voltage,
mechanical stress, or the binding of small chemical ligands[3-5]. Due to their ability to transmit
electrical signals, ion channels have important physiological roles and are considered promising
drug targets[6,7]. Thus understanding ion channel structure and function is not only important for

a molecular description of human physiology, it is immediately relevant to human health.[8]

1.2 Pentameric ligand gated ion channels

Opened by the binding of small molecule agonists, ligand-gated ion channels convert
chemical signals into electrical impulses[9]. There are many different ligand-gated ion channel
types distinguished by their agonist specificity, ion selectivity, and oligomeric structure[10].
Formed from five homologous or identical subunits arranged around a central pore, pentameric
ligand gated ion channels (pLGICs) are the largest and most structurally diverse family of ligand-
gated channels. [10-13]

Most famous for mediating neurotransmission in the mammalian nervous system, pLGICs

are found in almost all forms of life, including bacteria[9,14]. Eukaryotic pLGICs were originally



termed "cys loop" receptors because they are distinguished by a stretch of 13 amino acids flanked
by two cysteine residues that form a disulfide bond. This eponymous "cys loop" is highly
conserved and functionally important[15]. Mammalian cys loop receptors can be selective for
either positively or negatively charged ions[16,17]. Anion specific receptors, gated by either
GABA or glycine, conduct negatively charged ions and result in inhibitory responses[18,19].
Cation selective channels, such as those gated by 5-HT; and acetylcholine, transport sodium and
potassium and result in an excitatory response[2,20].

Due to the ease of expression and isolation, prokaryotic homologues of the eukaryotic Cys
loop receptors have been pivotal to our understanding pLGIC structure. The x-ray structures of
two bacterial pLGICs in particular, ELIC and GLIC, originating from Erwinia chrysanthemi and
Gloeobacter violaceus respectively, have been solved under a number of different conditions [21-
24]. In addition, the molluscan acetylcholine binding proteins (AChBPs), soluble homopentameric
homologs of the acetylcholine receptor extracellular ligand binding domain, have also provided
high resolution insight into the acetylcholine receptor ligand-binding domain[25,26]. Molluscan
AChBPs and bacterial pLGICs, combined with continued improvement of cryo-electron
microscopy of the AChR from the electric organ of Torpedo marmorata, have led to a detailed
picture of the architecture and structure of pLGIC superfamily of receptors. With advancement in
cryo-electron microscopy (cryoEM) technologies, attempts to use these methods on ion channels,
has yielded substantial information of the AChR structure[27]. In 2012, using cryoEM, both open
and closed AChR conformations were captured, providing insight into the gating movement of the
protein[28]. More recently, crystal structures have emerged for the neuronal 042 acetylcholine
receptor and of the GABA receptor [29,30]. Both of these structures provide insight into structural

characteristics of all pLGIC due to their similar evolutionary origins.



1.3 Acetylcholine receptors

There are 16 evolutionarily related mammalian nicotinic acetylcholine receptor (AChR)
subunits: nine a-, four B-subunits, as well as one each of the €-, -, and y-subunits. a-subunits are
distinguished by the presence of two adjacent cysteine residues that form a vicinal disulphide
bond[31]. The remaining subunits have been named based on their relative date of discovery or
their homology to the original Bl-subunit[32]. Some a-subunits can self-assemble, forming
homopentamers, while others combine with various B-subunits, or in the case of the muscle AChR
the remaining accessory subunits to form heteropentamers. The most complex subunit
combination is found at the neuromuscular junction, where muscle-type acetylcholine receptors
contain two a; subunits, with a ;-, a 6-, and an e-subunit[2].

Acetylcholine receptors are present throughout the body with high concentrations in the
nervous system[14]. Altered cholinergic signaling has been linked to a multitude of human
diseases including: Alzheimer’s, epilepsy, and Parkinson’s[33-35]. Nicotinic acetylcholine
receptors in the brain are also the targets for exogenous nicotine, and mediate nicotine
addiction[36]. Acetylcholine receptors are thus considered promising drug targets for the treatment
of a variety of diseases, as well as addiction. Unfortunately, the high homology of different
acetylcholine receptor types makes selective targeting of different subtypes difficult.[37]
Understanding structure-function relationships that orchestrate the opening of the ion channel

provide insight into improved target strategies.



1.4 Acetylcholine receptor structure

Early structural studies of acetylcholine receptors revealed densely packed rosettes, which
appeared as 80A wide cylindrical rods, projecting perpendicular to the cell membrane.[38]
Spanning the membrane, the rods also had both intracellular and extracellular projections.[39]
With a molecular weight of 250kDa for the full pentamer, individual subunit molecular weights
were determined by gel electrophoresis, with a 40kDa protein band corresponding to the a subunit,
a 50kDa band for the § subunit, a 60kDa band for the y subunit, and a 65kDa band for the 6
subunit[40]. Densitometry of the gels also suggested that two o subunits were present for each
copy of the other subunits. Torpedo and fetal muscle-type heteropentamers adhere to a strict
subunit arrangement of o —y — o — 0 — B, in a counterclockwise rotation (Figure 1A) [28]. Whereas,
the adult muscle type acetylcholine receptor, incorporates the € subunit in place of the y subunit,
which occurs during development[41]. The discovery of the soluble acetylcholine binding proteins
in snails, and their subsequent x-ray structure determination, combined with continued
improvements in cryo-electron microscopy, provided a seminal 4 A resolution structure of the
Torpedo acetylcholine receptor allowing placement of almost all the atoms in the pentamer
structure with the exception of ~100 residues within the intracellular domain (Figure
1A/B)[25,27].

The refined 4 A structure of the protein provided insights into intra-subunit and inter-
subunit protein interactions[27]. Structurally, each acetylcholine receptor subunit can be divided
into three domains: extracellular, transmembrane and intracellular domains[27]. Two functionally
important sites within the pentamer can be distinguished; the ligand binding site(s) and the ion-

conducting pore.



The extracellular domain of each acetylcholine receptor subunit is composed of one a helix
and ten P strands. These 10 B strands are distributed between an inner and an outer 3 sheet[1,42].
The outer B sheet, formed by 4 B strands, forms the peripheral face of the extracellular domain,
where interactions with ligands and allosteric molecules occur. (Figure 1C) The 6 remaining f
strands form the inner sheet which lines the ion-conducting pore. Structurally these § strands are
connected with varying lengths of linkers, which play important roles in signaling throughout the
pentamer. More specifically, the B6-B7 linker of the extracellular domain pertains to the Cys-loop,
which is responsible in the communication between the ligand binding domain and the pore[43].

The AChR transmembrane domain is composed of four a helices that span the membrane
denoted: M1, M2, M3, and M4. The M1 and M3 helices interact with the transmembrane domains
of adjacent subunits[44]. The M4 helix is most distal to the pore and interacts with surrounding
lipids in the membrane[45]. The M2 helix projects inwards to the ion-conducting pore, and is
responsible for opening and closing the pore[46]. The linkers connecting M1-M2 and M3-M4
project intracellularly contributing to the cytoplasmic domain, where ~100 residues of the
intracellular domain remain missing from crystal structures[47]. The M2 helix projects residues
into the ion-conducting pore. These residues are responsible for interacting with ions, and impart
a selectivity filter for the flux of cations[48,49]. Overall, these pore lining residues of the M2 have
a great influence on ion channel conductance and kinetics[50,51].

The AChR intracellular domain of each subunit is composed primarily by the residues
linking the M3-M4 helices, for which little structural information is known. Approximately 100
amino acid residues within the intracellular domain remain excluded from the crystal structures
due to the inability detect accurate structural models of these residues. This could be due to the

intracellular domain adopting a disordered or static conformation, impinging on the ability to



acquire accurate structural models. Each of the acetylcholine receptor subunits contains variability
in sequence and in length within this region. Despite advancements in cryoEM, the intracellular
region of the AChR remains the least characterized structural domain[52].

The extracellular ligand binding domain (LBD) of the AChR is nestled between adjacent
subunits[26,53]. The muscle-type AChR contains two ligand binding sites located at the interface
of'the o — € and a.—  subunits (Figure 1A). Acetylcholine (ACh), the endogenous ligand, and other
agonists bind at both binding sites to elicit opening of the ion channel. The binding site is made up
of seven strategically oriented loops, each contributing important residues that stabilize binding of
the agonist molecule. Acetylcholine is stabilized in the agonist binding site through interactions
between acetylcholine's charged amine group and the surrounding aromatic residues. The principle
(+) side of the binding site, is always contributed by the a subunit, while the accessory subunit
provides the complementary (-) side of the binding site. Loops A, B and C are contributed by the
a subunit, while loops D, E, F and G are contributed by either the 6- or the €/y subunit[5,26]. Once
an agonist molecule enters the ligand binding site, a conformational change of these 7 loops is
triggered, leading to a global conformational change which opens the ion-conducting pore.

The AChR ion-conducting pore allows flux of ions through the membrane and into cells.
When the pore is closed, the backbone of the M2 helices are kinked inward obstructing the flow
ofions. Upon opening of the pore, the M2 helices are retracted allowing for the passage of ions[54].
The opening of the pore is mediated through specific rings, comprised of homologous residues on
each of the five subunits, along their M2 helices. The widest portion of the pore is at the
extracellular lumen, while the narrowed section is at the midsection of the transmembrane domain.
Findings in the late 1980’s and early 1990’s by Imoto et al. provided insight into important residues

lining the ion channel pore. Four important rings of residues were identified[55,56]. Each of these



rings are made up of one residue from each of the five subunits in the pentamer. The internal,
intermediate and external rings are placed accordingly throughout the pore lining M2 helix.
Composed of negatively charged amino acids, these three rings locally concentrate cations, thereby
playing a role in ion selectivity. The fourth ring, discovered subsequently, is referred to as the
central ring and composed of five uncharged residues[57]. The central ring sits three residues
downstream of the intermediate ring. All four of these rings impart function in regulating the ion

concentrations, and interact with passing ions, imparting their potential effect on conductance.
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Figure 1: Muscle-type acetylcholine receptor heteropentamer (A/B) and individual subunit
(C) structure.

(A). Extracellular view of muscle-type acetylcholine receptor, 5 homologous subunits (2a, 3, 0,
and ¢) encircle the ion conducting pore. Agonist binding sites are present at the a-¢ and a-0
interfaces, denoted by *. (B) View of acetylcholine receptor through the plane of the cellular
membrane. Receptors are subdivided into three structural domains; extracellular, transmembrane
and intracellular. (C) Individual acetylcholine receptor subunit. Structural diagrams obtained from
PDB: 2BG9; Torpedo AChR at 4A resolution.



1.5 Techniques to study ion channels

Early experiments on excitable membranes, including those of Hodgkin and Huxley in the
1950s, measured the electrical potentials of giant squid axons[58]. What they were actually
measuring was electric current, generated from ion flux through ion channels. Building upon these
early studies, the idea of discrete sites within the cell membrane that are responsible for regulating
ion conductance emerged. These findings translate to modern day knowledge of ion channels, ion
selectivity and the role of proteins in electrical conduction. Performing research on ion channels
was limited to the techniques and their resolutions at hand, and the affordability of performing
such sensitive experiments[1].

It wasn’t until the invention of the patch clamp and the first single-channel recordings by
Neher and Sakmann in 1976, that the visualization of individual ion channel activity was made
possible [59]. The patch clamp technique allowed for single-channel recordings, and also
macroscopic recordings via whole cell voltage clamping at a much more sensitive scale. The
single-channel patch clamp technique involves a fire-polished glass pipette, containing an
electrode. The pipette is used to form a giga-ohm seal with a patch of cell membrane[60]. A second
reference electrode is present within the solution bathing the cells. Once the membrane is sealed
with the pipette, the user then "clamps" the voltage. 'Clamping' the voltage, a responsibility of a
patch clamp amplifier, maintains the voltage to a constant parameter, despite the current changing
based on the opening and closing of the ion channel. The researcher then is able to observe through
an oscilloscope, the rapid channel openings and closing through the patch clamp, as the amplifier
detects the changes in current as the channel opens and closes. This data can then be digitally
stored so kinetic analysis of the single-channel data can be performed. The patch clamp technique

has allowed researchers to identify functionally important residues present within ion channels.



Stochastic kinetic models have been used to gain insights into the channel gating mechanism and
how the protein changes from the closed to opened states[61]. Single-channel data is rich with

kinetic information making it possible to uncover different states of dynamic ion channels.[62]
1.6 Ion channel states: open, closed and blocked

According to the classic del Castillo-Katz scheme (Scheme I) first proposed in 1957,
activation of the AChR can be separated into two discrete steps: agonist "binding" and channel
"gating"[63]. The binding step relates to the reversible association between the receptor and an
agonist molecule. Once binding is complete, the ion channel remains in a non-conducting closed
state[43]. The proceeding step to opening the ion channel, gating, results from a conformational
change discrete from agonist binding[28,64,65]. The global conformational change of the gating
reaction is a result of movement within the five subunits that results in the widening of the pore to
allow for ion flux. Due to the presence of two binding sites present in the muscle type acetylcholine
receptor, the del Castillo and Katz scheme has been expanded to consider mono-liganded and di-

liganded channel openings.
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In this scheme, ‘R’ is the resting conformation of the receptor, ‘O’ is the open conformation of the
receptor, and ‘B’ corresponds with the non-conducting blocked channel state. ‘A’ refers to the
agonist molecule (i.e. acetylcholine), where k., and ky, are concentration dependent binding rates,
and ki, corresponds to the concentration depending blocking rates. ki, k.o, and k., all denote
unbinding events, which are not concentration dependent. 3; and 3, correspond to channel opening
rates, while o and a, represent the channel closing rates.

Agonists of nicotinic receptors are notorious for not only activating channel opening, but
also physically occluding the open channel pore at higher agonist concentrations[66,67]. Open
channel block by charged agonists is further exacerbated by increased transmembrane voltage,
thus the need for an additional state was included in the del Castillo and Katz kinetic
scheme[66,68]. Blocking of the ion channel by agonist molecules occurs when the agonist
molecule enters the pore of the channel and blocks the flow of ions, appearing as if the ion channel
is briefly closed. For this reason, an additional non-conducting state is included in the kinetic
scheme, referred to as a blocked state, which is connected to the doubly liganded open state[67,69].
This blocked state is agonist concentration dependent, and reversible upon removal of the agonist
molecule from the pore. Mono-liganded openings are too brief to exhibit substantial block and
thus, it is not of significant prevalence to include an additional state in the kinetic scheme.

Due to the complexity of AChRs, additional states in kinetic schemes have been included
to take into account different protein states. These additional states include additional intermediate
conformations which are not included in the classic del Castillo and Katz kinetic model. These
higher order schemes, with intermediate closed states include, the Monad-Wyman-Changeux

model (MWC)[70], the flipped model[71], and the priming model[72].
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An insight, built upon the classic del Castillo and Katz mechanism, was brought forth with
the finding of the desensitized state[73,74]. The desensitized state is a non-conducting state, that
forms after many successive channel openings, manifesting as with extended quiescent periods.
The identification of this refractory state led to the hypothesis of higher agonist affinity for
desensitized receptors, relative to that of resting state. To explain this, Katz and Thesleff proposed
a cyclic mechanism similar to the MWC model, taking into account the desensitized state[73].
Unfortunately, this cyclic scheme required the observation of unliganded openings, which are not
of high prevalence in AChRs.

Neither the MWC or the flip mechanism could explain the presence of long lived channel
openings, or the presence of multiple exponential components of unliganded channel openings
observed in some AChR pore mutants with measurable spontaneous opening events. [70,75]. In
these mutants, open and closed dwell time histograms displayed multiple exponential components,
which can be accounted for by closed primed states, that are adopted before the channel can open.
In this model, each of the primed states corresponds to a change in the agonist binding site, with
singly primed receptors eliciting brief openings, and doubly primed receptors giving rise to longer
lived openings. The primed mechanism, proposed in 2009, depicts the priming of the agonist
binding sites as sequential steps, rather than concerted, as proposed by the MWC and Flip

mechanisms[72].

1.7 Evolutionary biochemistry

Ancestral sequence reconstruction (ASR) holds great promise for uncovering structure-
function relationships in families of homologous proteins [76,77]. The pLGIC superfamily is
largest, and most structurally and functionally diverse family of ligand-gated ion channels

[10,12,78]. Composed of five homologous, and thus evolutionarily related subunits, they
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represent prime candidates for an ASR approach. As a proof of concept our lab previously
reconstructed the sequence of the muscle-type AChR B-subunit. We chose the -subunit for two
reasons. First, it is the least conserved of the four AChR subunits, and so represents the most
rigorous challenge to an ASR approach. Second, the B-subunit is the only subunit that does not
participate directly in agonist binding. Leaving the agonist/antagonist binding sites intact allowed
us to measure cell-surface expression of hybrid acetylcholine receptors containing the ancestral
subunit using a radiolabelled antagonist.

Ancestral sequence reconstruction of the ancestral § subunit began by searching the
NCBI databank for homologous protein sequences to the Homo sapiens B subunit. Initially 116
orthologous sequences were obtained, and aligned with MUSCLE, where sequences containing
insertions or deletions were removed[79]. The resulting 60 sequences were combined with 5
homologous outgroup nematode sequences, acting as an evolutionary reference. The 65
sequences were re-aligned with PRANK [80,81] and analyzed in ProtTest to determine the best-
fit evolutionary model[82]. PhyML3.0 used the obtained model to infer the maximum likely tree
topology, branch lengths and model parameters[83-85]. Within the PhyML software, topology
optimizations were completed, including subtree pruning and regrafting (SPR), nearest-neighbor
interchange (NNI) and SH-like approximate likelihood ratio tests (aLRT SH-like), to infer
phylogeny. Lazarus was then used to infer ancestral sequences and posterior probability
distributions of each site, and parsimoniously inserts gaps within the alignments according to the
Fitch algorithm[77,86].

The ancestral B-subunit DNA coding sequence was built upon the Homo sapiens AChR
B1-scaffold. The DNA sequence was built by maintaining the WT sequence at analogous sites,

introducing mutations according to the sequences of closely related extant species. The Homo
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sapiens (31 signal peptide was added to flank the N-terminus of the ancestral 3 subunit.
Additional overhangs were designed to allow for Gibson cloning into the multiple cloning site
(MCS) of the pPRBG4 vector. The adapted ancestral sequence was purchased as a synthetic
construct, cloned and sequence verified. Due to the historical significance of the Torpedo AChR,
the initial report, reconstructed the last shared common ancestor between Homo sapiens and
Torpedo marmorata, which was called BAnc81. The inferred ancestral sequence does not
represent an exact ancestor, but instead is a representative member of an entire population of
AChRs that existed within an ancestral species that lived ~430 million years ago[87].

Despite 132 mutations distributed throughout the protein, co-expression of the ancestral
construct with human subunits (o, d and €) resulted in functional acetylcholine receptors. These
hybrid AChRs containing the ancestral B-subunit (Banc81), formed a complex with the Homo
sapiens native a, 9, and € subunits, displaying both altered single-channel conductance and
kinetics. [87] The initial report did not examine the underlying mechanistic basis for the
observed differences in single-channel kinetics. This is precisely the gap that this thesis aims to

fill
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CHAPTER 2.0: OBJECTIVES

2.1 Approach

Using an evolutionary biochemistry approach, the ancestral fanc81 sequence was generated
(see Prinston et al.)[87]. In order to investigate the mechanistic differences in the observed kinetic
change, we take advantage of single-channel patch clamping. Performing patch clamp experiments
on ion channels containing the ancestral protein will provide insight into the mechanistic
differences in the binding and apparent gating steps of the kinetic scheme. Further experiments
will aim to discover the residues that are causing the changes within the ancestral subunit attributed

to the change in kinetics, and conductance.

2.2 Experimental design

Using single-channel patch clamping, dose responses ranging from 3uM to 300uM
acetylcholine will be used to interrogate the kinetics of the ion channels. Utilizing the evolutionary
tree generated in Prinston et al., the sequences of successive ancestors will be used to narrow down

residues that are responsible for the change in kinetics. [87]

2.3 Hypothesis

Previously published work provided evidence that the fanc81 containing receptors resulted
in altered conductance and kinetics of the ion channel, along with a shift in the EC50. Based on
the placement of the B subunit within the heteropentamers, and the fact that it does not structurally

contribute to the agonist binding site, we hypothesize that the apparent gating step of the del
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Castillo and Katz kinetic mechanism will be altered. We expect that the binding kinetics of the ion

channel will be minimally altered, due to the unchanged structure of the agonist binding sites.

2.4 Summary of goals and objectives

The goal of our work was set to determine the mechanistic differences in the altered kinetic
profile of Banc81 containing receptors. Full agonist dose responses will be completed of receptors
containing wild-type, or the ancestral version of the B subunit, to determine changes in binding
and apparent gating steps. Secondly, potential residues that are responsible for the altered kinetics
can be narrowed to a smaller subset of residues, using successive ancestral protein sequences along

the evolutionary trajectory.
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CHAPTER 3.0: MATERIALS AND METHODS

3.1 Ancestral sequence reconstruction

Ancestral sequence reconstruction of Banc81 subunit, and phylogenetic tree construction is

described in detail in Prinston et al. [87].

3.2 Sequence reconstruction — generation of mutants

DNA coding sequences corresponding to the investigated nodes in the evolutionary tree,
(Banc81 Panc84, Panc85 and Panc86) were built using the mammalian 1 background with introduced
mutation of DNA sequences according to most frequently used mammalian codons for the targeted
amino acid. For both ancestral proteins, the native B1 signal peptide of the human sequence was
flanked to the N terminus of the ancestral sequence. An additional 15-20 base overlap homologous
to the multiple cloning site were added to both the 5’ and 3’ termini of the ancestral DNA
sequences. The final ancestral subunit constructs were synthesized (gBlock from Integrated DNA
Technologies) and subsequently cloned via Gibson Assembly Reaction (New England Biolabs)
into the pPRBG4 expression vector.

Both single point mutants were generated via site directed mutagenesis. Primers were
designed to incorporate the appropriate mutation (2’ or 6° mutation). Amplification (ThermoFisher
Platinum Superfi), phosphorylation (NEB Polynucleotide Kinase), ligation (NEB T4 DNA ligase),
and sequence conformation resulted in both 2’ and 6’ single mutants. The sequences of all

constructs used in this study were verified (Génome Québec).
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3.3 Tissue culture

Ion channel expression, and patch clamp experiments were completed on BOSC23 cells,
which are modified HEK293 cells [88]. Cells were maintained Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% V/V of fetal bovine serum, and 100 w/mL penicillin and
100pg/mL of streptomycin. Cells growth was maintained at 37°C under 5% carbon dioxide to a

confluency of 70-80%.

3.4 Transfection/mammalian cell expression

Cells were transiently transfected with a combination of a, B, 8, and € subunit cDNAs in
the mammalian expression vector, pRBG4. A fluorescent marker, Green Fluorescent
Protein(GFP), was also co-transfected to facilitate the identification of transfected cells.
Transfections were completed out using a calcium phosphate mediated transfection for between 2-
5 hours with varying recovery time based on required protein expression. Transfection reactions

were quenched by changing the culture medium.

3.5 Electrophysiology

Single-channel patch clamp recordings were performed as described previously [89]. Patch
clamp recordings were performed on transiently transfected BOSC cells, with the combination of
a, B, 0, € and GFP subunits. Recordings were obtained using a cell attached patch clamp
configuration with a membrane potential of -120mV, and a room temperature of 19-22°C. External
bath solution contained 142mM KCI1, 5.4mM NaCl, 0.2mM CaCl,, and 10mM HEPES, which was
adjusted to a pH of 7.4 with KOH. The internal pipette solution contained 80mM KF, 40mM K-

Aspartate, 20mM KCI, 10mM HEPES, 2mM MgCl, and ImM EGTA, adjusted to pH 7.4 with
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KOH[72,90]. Acetylcholine was added to the internal pipette solution to the respective range of
concentrations through serial dilution (3uM, 6uM, 10uM, 18uM, 30uM, 60uM, 100uM, 180uM
and 300 uM) for dose response characterization of mutants

Patch pipettes were fabricated from type 7052 non-filamented glass capillaries (King
Precision Glass), with inner diameter of 1.15mm and outer diameter of 1.65mm. Capillaries were
pulled with a horizontal puller (Sutter Instruments P-1000) tapered to a final pipette opening of 1-
2um. Pipettes were coated with SYLGARD 184 (Corning), and heat polished to a final resistance
of 5 to 8Q.

Single-channel currents were recorded from an Axopatch 200B patch clamp amplifier with
a gain of 100mV/pA and an internal Bessel filter set to 100kHz. Using a data sampling interval of
lps and a BNC-2090 Analog to Digital converter with a PCI6111e acquisition card, data was

recorded using the program Acquire (Bruxton).

3.6 Single-channel analysis

Single-channel analysis was completed using a 50% threshold detection software, TAC
(Bruxton). Using a 50% threshold provides an equivalent probability of missing brief opening and
brief closing event [91], [92-95]. All data was digitally filtered using a Gaussian filter set to 10kHz
within TAC, and channel amplitude was determined from activity within each recording. All points
histograms provided Gaussian distributions of the baseline and open channel conductance, from
the mean of 15 segments of activity the unitary current amplitude was obtained. Threshold
detection was completed with a threshold at 50% of the unitary conductance. Data was analyzed
with the exclusion of any set of activities with two channels present, and activity with only one

opening present were also excluded. Dwell times were corrected for the filter frequency and placed
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into open and closed dwell time histograms, where the distributions of each histograms were fit by

a sum of exponentials.

3.7 Data correction

3.7.1 Digital filter correction

The data corrections of the single-channel recordings were completed in R (R Project for
Statistical computing). All recordings were first corrected for the limit of the machine, and the
time it takes to react to the opening of the channel, this value is based on machine used, and is
known as the risetime. Corrections also took into account an aliasing introduced by the 10kHz

digital filter, and corrected for the signal disruption. [96]

3.7.2 Burst definition — critical closed duration

Since analysis is restricted to single-channel activity, bursts were identified as clusters of
openings in a closely spaced event flanked by closings longer than a critical closed time(tcrir). The
Tt Was calculated based on the intersection of two exponential components, corresponding to the

longer lived closed states, within the closed time histogram.

3.7.3 Determine normality of burst pOpen

The probability of being open for each segment of activity within a recording (pOpen) was
plotted in a histogram, which resulted in a normal distribution, albeit with outliers that were later

removed. Bursts that contained 1 opening and closing were removed, since no kinetic variables
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can be obtained from this type of burst. Each of the recordings were fit with an overlay of a

Gaussian distribution, provided in a package in R. (R packages: ggplot, MASS, grid, gridExtra)

3.7.4 Removing non-normally distributed bursts

For each of the recordings, a Normality test (R package: extremevalues [97]), present as a
package in R was used to mathematically determine outliers from the normally distributed
data.[97] Outliers were removed based on this statistical test and subsequently the mean and

standard deviation of the normally distribution data was obtained.

3.7.5 Removing data beyond two standard deviations of the mean

From the data set that was corrected for normality, the mean and standard deviation were
used to remove bursts beyond 2 standard deviations from the mean[97]. Only ~95% of the

normally distributed data was brought forth to kinetic fitting.

3.7.6 Kinetic fitting in MIL

A kinetic scheme was fitted to each global dataset using a maximum likelihood method
within MIL software[98]. MIL performed dead time corrections to 18.833us, and provides a
kinetic rate constant for each component in the kinetic scheme, with an estimated standard error

obtained based on the likelihood curvature at the fits maximum([61,98].
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CHAPTER 4.0: RESULTS

4.1 Kinetic analysis of Ban.81 containing receptors

Previously, our group showed that an ancestral B-subunit (Banc81) can act as a surrogate
for the human AChR B-subunit forming hybrid ancestral-human receptors [87]. These hybrid
Banc81 containing AChRs were functional, but displayed a reduced agonist sensitivity, a different
unitary conductance, as well as an altered single-channel kinetic profile. The mechanistic origins
of the qualitatively different kinetic profile were unclear and not examined in the initial report[87].
The first objective of my thesis was to quantitatively characterize the mechanistic difference
between wild-type human, and Banc.81-containing, AChRs.

In the presence of agonist, single-channel activity in cell-attached patches containing
human muscle-type AChRs manifests as bursts of closely spaced openings and closings (Figure
2). The long-closed periods between bursts represent long-lived desensitized states, while activity
within bursts portrays state transitions within an activation scheme (Scheme I). Single-channel
activity recorded in the presence of increasing concentrations of agonist leads to bursts where the
channel spends more and more time in an open state (Figure 2). This is formally represented as a
burst pOpen (i.e. the probability that the channel is open within a burst). Plotting burst pOpen as a
function of increasing acetylcholine concentration leads to dose response plot that is similar to the
dose response relationship derived from previous whole cell macroscopic measurements (Figure
3C and Figure 3D). In both cases, Panc81-containing AChRs show a reduced sensitivity to
acetylcholine, in that the maximal response elicited by ACh is reduced, as well as the EC50 for

the dose response[87].
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Figure 2: Single-channel burst distinction
(A) Single-channel activity of human adult muscle type acetylcholine receptor. Acetylcholine
elicited single-channel recordings obtained at -120mV, at 30uM ACh, where openings are upward
deflections. Data was recorded at 100kHz, and subsequently digitally filtered with a Gaussian filter
to a bandwidth of 10kHz. The recording contained multiple bursts of single-channel activity,
numbered [1], [2], [3], and [4]. The boxes, displaying the individual bursts, themselves represent
scales bars indicating 20pA and 250ms respectively. A critical closed time(t.i), used to define a
burst as shown. (B) Digitally idealized opening and closing events from the above single-channel
activity. Selected closings are displayed within [1] and between [2] — [3] are highlighted.
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Figure 3: Microscopic and macroscopic activity changes of fa,.81 containing AChRs

(A) Single-channel activity of wild type (Bwr) and Ban.81combined with Homo sapiens, o, € and &
wild type subunits. Acetylcholine elicited single-channel recordings obtained at -120mV, at 10uM,
30uM and 100uM, where openings are upward deflections. Data was recorded at 100kHz, and
subsequently digitally filtered with a Gaussian filter to a bandwidth of 10kHz. (B) Macroscopic
whole cell currents of Bwr and Panc81 receptors combined with complementary Homo sapiens
subunits (a, €, and d). Acetylcholine was applied for a 2 second interval (bar above traces) for
denoted concentrations. Data originally presented in Prinston et al. (2017) [87](C) Mean pOpen of
receptors over recorded concentration range of acetylcholine ranging from 3uM to 180uM. Error
bars representing standard deviation within the triplicate recordings analyzed for each
concentration. Wild Type () and Pan81 containing receptors displayed on a logarithmic
concentration scale. Denoted B subunit was combined with Homo sapiens, o, € and & wild type
subunits. Data was fit with a sigmoidal dose response with variable slopes in GraphPad Prism 7.0.
(D) Dose response relationships for WT AChRs (circles, n=5) and Panc81 containing AChRs
(squares, n=5). Error bars indicate + 1 standard deviation from the mean.
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The shift in EC50 and reduced overall macroscopic response of Ban.81-containing AChRs
must originate from microscopic changes in the underlying channels[87]. To tease these
differences apart, we acquired, in triplicate, single-channel recordings over a ACh concentration
range encompassing the complete dose response. Qualitatively, for both WT and Panc-containing
AChRs pOpen increases over the concentration range. To identify the origins of the changes in
pOpen the single-channel activity was globally fit to Scheme 1. Over the complete concentration
range (Figure 4), the sequence of single-channel dwell durations from wild-type AChRs fit the
modified del Castillo-Katz scheme well. Over an analogous acetylcholine concentration range,
Banc81-containing AChR data (Figure 5), while not fitting the del Castillo and Katz scheme as well
as WT could be fit with sufficient convergence to yield, rates that can inform the mechanistic

changes that result from the ancestral subunit (Table 1).
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Figure 4: Single-channel analysis of wild type (WT) receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on log axis, with the global fit of the del Castillo and Katz kinetic scheme
(Scheme I) overlaid. Rate constants for global fits are displayed in Table 1. (B) Wild type 3 subunit
was combined with Homo sapiens, a, € and 6 wild type subunits. Acetylcholine elicited single-

channel recordings obtained as described in Materials and Methods 3.5-3.6
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Figure 5: Single-channel analysis of .81 containing receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on log axis, with the global fit of the del Castillo and Katz kinetic scheme
(Scheme I) overlaid. Rate constants for global fits are displayed in Table 1. (B) Ancestral Banc81
subunit was combined with Homo sapiens, a, € and 6 wild type subunits. Acetylcholine elicited
single-channel recordings obtained as described in Materials and Methods 3.5-3.6

-27 -



Introducing the 132 amino acid mutations (125 substitutions & 7 insertions/deletions),
dispersed throughout the Banc81 subunit results in a widespread change in kinetics. Despite not
being structurally involved in the agonist binding sites, the presence of the ancestral  subunit
decreases all forward and reverse binding rates (Table 1). In the presence of the Banc81 subunit,
singly-liganded openings become more favorable, with a decrease in double liganded openings, as
a result. The first binding equilibrium rate decreased, favouring the forward binding, whereas the
second binding equilibrium increased, favouring agonist dissociation. The same trend is present
within the gating equilibrium rates, where the first gating equilibrium rate is increased, while the
doubly liganded gating equilibrium is reduced. These changes in gating equilibriums can be
attributed to the changes of the forward gating rates (B), while the channel closing remain
consistent. Blocking rates remain consistent, supporting the pore architecture results in block to

the same degree.
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4.2 Relationships in evolutionary generated P sequences

WT and Panc81-containing AChRs differ by 132 mutations [87]. To identify which of these
mutations are responsible for the observed mechanistic differences, we returned to the original
Banc phylogeny and sequence alignment. In the original tree, ancestral nodes were sequentially
numbered, and Banc81 corresponds to node 81. For this reason, we refer to this ancestor as fanc81.
There are several nodes of interest along the trajectory from Ban.81 to WT (Figure 6). In particular,
Banc84, Banc85, and Panc86 subdivide the 132 differences between Pan.81 and human WT (Figure
6). We resurrected each of these ancestors along the evolutionary trajectory, and qualitatively
assessed the single-channel activity of hybrid AChRs containing each of the resurrected ancestral
B subunits. Implicating one or more of the residues in the interval between Panc85 and Panc86,
single-channel conductance regains wild-type phenotype over this period (Figure 7). In contrast,
single-channel pOpen changes between Panc81 and Panc84, indicating residues within this

evolutionary interval are largely responsible for the kinetic differences between Pan.81 and WT.
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X. maculatus

N. brichardi
H. burtoni

[ D. rerio

O. latipes
P. nyererei
O. niloticus
T. rubripes
——————— H. monopterygium
|_|: T. marmorata
T. californica
X. laevis

P. sinensis
Q A. mississippiensis

E. telfairi

T. manatus latirostris
\—‘—<>Boreoeuthen’a (39 taxa; H. Sapiens)
A. suum
H. contortus

C. elegans
E C. remanei
C. briggsae

Figure 6: Maximum likelihood phylogeny of the muscle type AChR B subunit guided by
amino acid sequences.

Nodes investigated in this study are highlighted. The human wild-type subunit, highlighted in grey,
is present within Boreoeutheria. Banc81 (black) the last common ancestor shared between Torpedo
marmorata and Homo sapiens. Other important nodes; Panc84 (blue), Panc85 (green) and Panc85
(pink) are also highlighted. For the detailed phylogenetic tree, see Prinston et.al. [87]
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Figure 7: Amino acid substitution change along evolutionary tree and associated single-
channel activity.

Amino acid substitutions between evolutionary time points as displayed. Amino acid substitutions
from wild type Homo sapiens 3 subunit sequence denoted in brackets. Mutant/Ancestral 3 subunits
were combined with Homo sapiens, a, € and o wild type subunits. Single-channel recordings were
elicited in the presence of 30uM Acetylcholine. Recordings obtained as described in Materials and
Methods 3.5-3.6

-1 -



Banc84 is the following ancestor along the evolutionary trajectory after Banc81, which
differs by 31 amino acids (31 substitutions) from PBanc81, and 122 (7 insertions/deletions & 115
substitutions) residues from WT. Both the open and closed dwell time histograms could be fit to
the del Castillo and Katz kinetic scheme over the entire concentration range. Heteropentamers
containing the Panc84 subunit regain WT pOpens (Figure 8), implicating residues within this
evolutionary timeframe. To confirm Pan.84 exhibits wild-type like kinetic behavior, a full dose
response was performed (Figure 9). Both the binding and apparent gating rates of heteropentamers

containing the Ban.84 subunit, are shifted to be more wild-type like (Table 1)
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Figure 8:Open probabilities as a function of acetylcholine concentration

Mean pOpen of receptors over the recorded concentration range of acetylcholine ranging from
3uM to 180uM. Error bars representing standard deviation within the triplicate recordings analyzed
for each concentration. Wild type and receptors containing denoted ancestral B subunit with

complementary wild type subunits displayed on logarithmic scale. Data was fit with a sigmoidal
dose response with variable slopes in GraphPad Prism 7.0.
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Figure 9: Single-channel analysis of .84 containing receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan84 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods

3.5-3.6
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4.3 Pore mutations of P,.81

Having confirmed that Ban.84 exhibits kinetics closer to WT, we wanted to determine
which residues were responsible for regaining the WT-like phenotype. Banc81 and Ban.84 differ by
31 amino acids. The questions is: which of these 31 residues are most responsible for the shift in
phenotype? Based on observations made by J. Emlaw, an MSc student in the lab studying the
origins of the differences in conductance between Panc81-containing and WT channels, we
focused on the pore-lining second transmembrane segment (M2) of the AChR pore (Figure 10).
This privileged region of the pore is a well-known determinant of both single-channel conductance

and gating kinetics[49,51,99].
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Figure 10: B-subunit M2 transmembrane helices.

M2 helix domain along the evolutionary tree. The pore lining helix residues are denoted as prime
numbers increasing from N-terminus to C-terminus. Residues highlighted denotes residues that
have changes along the evolutionary path between Banc81 to the Homo sapiens wild type sequence.
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Residues within the M2 a-helix are numbered 0' ("zero prime") to 25', in the N- to C-
terminal direction (Figure 10). Of note, the 2’ residue, a known determinant of
conductance[48,55,57,100,101], is a threonine in Pan.81 and mutates to a glycine between Panc85
and Panc86, coinciding with the main increase in single-channel conductance along the trajectory
to WT. Substitutions of a glycine to threonine resulted in a 20% decrease in single-channel
conductance. [48,55,57,100,101] Consistent with these previous findings, unpublished
observations by J. Emlaw, and confirmed here, show that when the threonine residue in Banc81 is
substituted for the WT glycine, WT single-channel conductance is restored (Figure 7). The only
other difference between Banc81 and WT in the M2 region is the residue in the 6’ position, which
is a serine in Panc81, and a phenylalanine in WT. Interestingly, substitution of phenylalanine for
the serine in fanc81 happens in the evolutionary gap between Pan.81 and Panc84 coinciding with

the qualitative change in single-channel kinetics towards WT (Figure 7).
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4.4 Banc81 pore mutant Kinetic analysis

Based on the hypothesis that the 6' residue was responsible for the change in single-channel
kinetics, we substituted the 6' serine in Ban.81 to the 6' phenylalanine present in both WT and
Banc84, and collected a single-channel data set encompassing the full acetylcholine concentration
range. The Banc81 S6’F substitution to phenylalanine leads to an increase in burst pOpen over the
entire ACh concentration range (Figure 11). This increase in pOpen, which is large enough to be
discerned by the eye, does not reach that observed in the WT AChRs. Kinetic fitting shows that
the presence of the 6' phenylalanine, both the mono-liganded and di-liganded binding and
unbinding rates are slower (Figure 12). Consistent with what was observed in Ban.81 containing
receptors, apparent gating of doubly liganded AChRs is favored over mono-liganded openings (®,
greater than ©,). The di-liganded opening rate (3,) is faster than that observed in the Ban.81, which
leads to increased openings, and higher saturation of channel open times. Although the kinetics
are not identical to wild type, the S6’F substitution in Ban.81 leads to a notable shift in kinetics

towards that observed in wild type receptors (Table 1 & Figure 14).
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Figure 11: Open probabilities as a function of acetylcholine concentration

Mean pOpen of receptors over recorded concentration range of acetylcholine ranging from 3uM
to 180uM. Error bars representing standard deviation within the triplicate recordings analyzed for
each concentration. Wild type and receptors containing denoted ancestral [ subunit with
complementary wild type subunits, displayed on both regular and logarithmic scales. Data was fit
with a sigmoidal dose response with variable slopes in GraphPad Prism 7.0.
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Figure 12: Single-channel analysis of PAnc81 S6’F receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral Banc81 S6’F subunit was combined with Homo sapiens, a, € and ¢ wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
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To examine the contribution of the 2' residue to kinetics, we also installed a T2'G
substitution, and collected a complete single-channel data set encompassing the full ACh
concentration range. In the Ban81 background, despite the T2'G substitution leading to a marked
increase in single-channel amplitude (and thus conductance), from a kinetics standpoint the
substitutions leads to a marginal increase in burst pOpen (Figure 11). Kinetic fits confirm that the

T2’G Banc81 mutant exhibits similar kinetics to those of Banc81(Figure 13) (Table 1 & Figure 14).

-A1 -



A Closed Open

A
AT T

UL AL AL

[N

3uM ACh ol P/\ .
8,
6uM ACh N M .
10uM ACh R N/é\\ o F\\
18uMACh | Nf\ o
£ -
s
2
c
g
m gl
30uMACh < f\f\ o KG\
o ~—
60uM ACh S O
o =
100uM ACh S
o =
8,
180uM ACh f\\ _ r\\
ol =

5 4 3 2 -1 0 5 -4 3 -2 -

log Duration (sec)

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral Ban.81 T2’G subunit was combined with Homo sapiens, a, € and d wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods

3.5-3.6

-AD -

AL

(N L

L

..

L

LN
i

Figure 13: Single-channel analysis of fAnc81 T2’G receptors.

50ms



Table 1: Kinetics of muscle type AChR-activation by acetylcholine.

Single-channel kinetic rates of wild type receptors, and receptors containing denoted ancestral 3
subunit with complementary wild type subunits. Binding and gating rates and errors were
computed by MIL software. The channel gating equilibrium constants ®=f,/a, and the dissociation
constant K = k. /ks;. All calculated rates are rounded, with exact rate values provided in
supplemental Table 1. Example of error propagation calculation or equilibrium constants provided

in supplemental information.

Binding Wild Type BAnc84 BANnc81 S6'F BAnc81 T2'G BAnc81
k+1 650 + 34 317 +9 304 £6 189 5 72 +2
k-1 14400 + 1000 4100 + 140 3500 £ 110 660 + 50 140 £ 10

K1 (uM) 22 +1.9 13+0.6 12+0.4 3+0.3 2+0.2
k+2 325 + 20 160 £5 150 £ 3 1002 36 +1
k-2 26500 = 400 27000 = 240 24000 =170 8500 + 220 6500 =200

K2 (uM) 815 172 £5 158 +3 90+ 3 179 £ 6
k+b 215+ 3 175+ 4 160 £5 190 £ 2 160 =2
k-b 106500 + 800 120000 + 1200 108000 + 1500 52000 + 450 70000 = 700

Kb (uM) 500 +8 700 +17 690 + 22 280 +3 450 + 7

Gating Wild Type BAnc84 BANc81 S6'F BAnc81 T2'G BANc81
B1 33+2 77 +3 32+3 400 +10 300 +4
al 8800 + 650 10400 + 400 1300 + 35 13000 + 450 15000 + 400
o1 0.004 +0.0004 0.007 +0.0004 0.025 +0.002 0.03 +0.001 0.02 + 0.0006
B2 14000 + 450 35000 + 700 42000 + 625 2950 + 95 2900 + 90
a2 1100 £ 10 1900 + 22 5100 =57 2000 + 20 2300 + 20
02 13+0.4 18 +0.4 8+0.2 1.5+0.1 1.3 +0.04

Rate constants were estimated from kinetic fitting of del Castillo and Katz scheme (Scheme I) to a global data set over a range of acetylcholine
ACh concentrations. Errors were computed by MIL software. The channel gating equilibrium constants ®=p,/a, and the dissociation constant K =

ka/ky.
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were computed by MIL software. Denoted error bars refer to computed rate constant standard
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To further validate the influence of the 6’ residue on AChR kinetics, we reverse evolved
the WT human [ subunit by substituting a 6' serine for the phenylalanine present in WT.

Qualitatively, burst pOpen decreases as hypothesized (Figure 15).
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Indicated B subunit was combined with Homo sapiens, o, € and & wild type subunits. 30uM
Acetylcholine elicited single-channel recordings obtained at -120mV, where openings are upward
deflections. Single-channel recordings obtained as described in Materials and Methods 3.5-3.6

- AR -



CHAPTER 5.0: DISCUSSION OF RESULTS

Using single-channel analysis we have quantified the kinetic differences between Panc-
containing and WT AChRs. Contrary to what might be expected for a subunit that does not
participate directly in agonist binding, kinetic fits show that replacement of the human WT B-
subunit with Banc results in changes in both the kinetics of channel gating and agonist binding.
Taking advantage of our mapped evolutionary trajectory (Figure 6), we narrowed in on which of
the 132 mutations between Panc and the human WT subunit are responsible for these kinetic
differences. Our analysis led us to the interval between Panc81 and Pan.84, which only differs by
31 residues. Of these we focused in on the 6’ position of the M2 pore-lining helix and substituted
a phenylalanine present in Banc84 into Panc81. This single point mutation caused the Panc81-
containing kinetics to be more WT-like. Consistent with the hypothesis that this residue contributes
to AChR single-channel kinetics, reverse evolving the 6’ position of the human WT subunit, by
substituting serine for the WT phenylalanine qualitatively shifts the kinetic behavior to resemble
Banc81-containing AChRs. The finding of the 6’ position contributes to AChR single-channel
kinetics is novel and has not been shown previously.

The only other residue in M2 to change between Banc81 and WT is in the 2’ position, a full
helical turn from 6’. In Banc, this residue is a threonine, while in WT it is a glycine. Substitution of
a glycine into Panc fails to shift the single-channel kinetics towards WT, despite having a marked
effect on single-channel conductance. It is surprising that these two residues, which are in close
proximity to one another, in a privileged location of the pore, appear to have divergent
contributions to single-channel kinetics. To demonstrate independent contributions to kinetics, our

lab has begun mutant-cycle analysis (i.e. comparison with the 2’ and 6° double mutants).
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To facilitate comparisons, all mutants were kinetically characterized within the framework
of the modified del Castillo- Katz scheme (Scheme I), which included a di-liganded open-channel
agonist blocked state. Wild type, Banc84-containing, and Banc81S6’F-containing heteropentamers
were all well fit by this mechanistic scheme, as kinetic fits superimposed well over dwell time
histograms encompassing the entire agonist concentration range (Figures 4, 9 and 12). In contrast,
dwell time histograms for both Pan.81-containing, and Pan.81T2’G-containing heteropentamers
did not superimpose nearly as well, especially at lower agonist concentrations (see Figure 5 and
13), where fits overestimated the incidence of short-lived openings and underestimated the
prevalence of short-lived closings. This discrepancy hints that a more complicated kinetic model,
including intermediate closed states [72,89], may be necessary to adequately describe the single-
channel data for these mutants. Determining which model best describes the data is a priority for

future work.

Previous whole-cell data has shown reduced apparent cooperativity of agonist-induced
macroscopic currents for Banc-containing AChRs [87]. In principle, this reduction in apparent
cooperativity could have arisen from changes in agonist binding and/or channel gating. Our kinetic
fits corroborate the apparent negative cooperativity, and show that it results from a ~20-fold
reduction in the relative affinity of the first and second binding steps (i.e. Kpi/Kpz for Banc vs. WT),
as well as the ~100-fold reduction in the relative efficiency of di- vs. mono-liganded gating (i.e.
02/01 for Banc vs. WT) (see Table 1)

Using the evolutionary biochemistry approach to investigate structure-function
relationships in the AChR, we uncovered the importance of the 6’ residue on AChR single-channel
kinetics. Previously reported by Charnet et al (1990), and in Hilf et al (2010), the 6’ residue was

found important for ion channel block [68,102]. Aside from ion channel block, our findings are
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the first to note the 6’ residues importance on the kinetics of the adult muscle type AChR. In the
late 1990’s, researchers discovered the importance of 9’ residues importance in regulating ion
channel kinetics[51]. Mutating the 9’ residue increases spontaneous opening, destabilizing the
closed conformation of the ion channel. It is appropriate that the 6’ residues, one helical turn away,
impacts the kinetics of the ion channel, and rescues wild-type like function[103] (Figure 16).
Despite successfully rescuing wild-type kinetics, other residues within the Bl structure are
influencing both the binding and apparent gating kinetics of the receptor. To fully understand
which other residues are influencing the kinetics of the receptor, along with the 6’ site, additional

studies must be performed.
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Figure 16: Location of the M2 2’ and 6’ residues along the channel axis

Acetylcholine receptor subunit structure with the pore lining transmembrane helix (TM2)
highlighted. Ribbon diagram (right) depicts important residues from one subunit that lines the ion
conducting pore/channel axis. Highlighted residues include; 9°, which has been previously proved
to influence channel kinetics, and the 6° and 2’ residues, discussed throughout which play a role
in the functional changes of the receptor, on both the kinetics and conductance, respectively.
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Further investigation into a higher order mechanistic scheme is required to elucidate the
origins of the overestimation of short-lived openings and underestimation of short-lived closing.
The current phylogeny used to generate Banc81 (84, 85 and 86) was generated entirely based on
protein sequence, a molecular phylogeny. As published in Tessier et. al (2017), a species
phylogeny differs from the molecular phylogeny but, ensures that the included sequences are of
high quality and follow the accepted tree of life[104]. For this reason, our lab is generating new
phylogenies to reconstruct more representative ancestors of the 4 subunits (al, B1, 9, €/y). Once
complete, the activity of ancestral heteropentamers will be quantified, and will provide insight into
other functional residues within the 4 subunits of the receptor that contribute to their ability to

cooperate with one another.
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CHAPTER 6.0: CONCLUSIONS

In conclusion, the ancestral reconstruction led to the identification of two residues that are
responsible for a significant amount of the functional changes. The 6’ residue, which evolved along
the evolutionary trajectory had a greater impact on the kinetics of the ion channel, compared to the
2’ position which primarily influences channel conductance. Using an ancestral reconstruction has
thus proven useful for the identification of residues that are functionally important. The 6’ residue
was shown to be important in channel kinetics, restoring wild-type like kinetics within the Banc81

background.
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SECTION &8.0: SUPPLEMENTAL INFORMATION

APPENDIX I:
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Supplemental figure 1: Duplicate single-channel analysis of wild type (WT) receptors.
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(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan84 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
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Supplemental figure 2: Duplicate single-channel analysis of fAn.81 containing receptors.
(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan81 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental figure 3: Duplicate single-channel analysis of PAn..84 containing receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan84 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
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Supplemental figure 4: Duplicate single-channel analysis of fan.81 T2’G receptors

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral Ban81 T2’G subunit was combined with Homo sapiens, a, € and d wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental figure 5: Duplicate single-channel analysis of Ban.81 S6’F receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral Banc81 S6’F subunit was combined with Homo sapiens, a, € and ¢ wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental figure 6: Triplicate single-channel analysis of wild type (WT) receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan84 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental figure 7: Triplicate single-channel analysis of fA,.81 containing receptors.
(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan81 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental figure 8: Triplicate single-channel analysis of fA,.84 containing receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlayed. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral PBan84 subunit was combined with Homo sapiens, a, € and 6 wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
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Supplemental figure 9: Triplicate single-channel analysis of .81 T2’G receptors

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral Ban81 T2’G subunit was combined with Homo sapiens, a, € and d wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental figure 10: Triplicate single-channel analysis of Bon.81 S6’F receptors.

(A) For each of the denoted acetylcholine (ACh) concentrations, closed and open dwell time
histograms are displayed on a log axis, with the global fit of the del Castillo and Katz kinetic
scheme (Scheme I) overlaid. Rate constants for global fit data are displayed in Table 1. (B)
Ancestral Banc81 S6’F subunit was combined with Homo sapiens, a, € and ¢ wild type subunits.
Acetylcholine elicited single-channel recordings obtained as described in Materials and Methods
3.5-3.6.
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Supplemental table 1: Kinetics of muscle type AChR- activation by acetylcholine
Single-channel kinetic rates of wild type receptors, and receptors containing denoted ancestral 3
subunit with complementary wild type subunits. Binding and gating rates and errors were
computed by MIL software. The channel gating equilibrium constants ®=f,/a, and the dissociation
constant K = k_i/k+;. Example of error propagation calculation or equilibrium constants provided
in supplemental information.

Binding Wild Type BAnc84 BANnc81 S6'F BAnc81 T2'G BAnc81
k+1 651.5 +34.3 317.41 £8.77 303.84 +5.82 189.05 + 4.61 72.37 £1.37
k-1 14380.18 + 1010.73  4097.88 + 137.76 3518.17 +110.93 660.46 +51.82 140.69 +9.84
K1 (pM) 22 +1.93 13 £ 0.566 11.6 +0.428 3 +0.246 2+0.145
k+2 325.75 +17.13 158.71 £+4.38 151.92 + 2.91 94.53 +2.30 36.18 +0.69
k-2 26452 + 407.51 27271.18 £ 239.47 23917.64 +173.41  8463.46 +218.61 6450.83 +189.92
K2 (pM) 81 +4.45 172 £+4.98 158 +3.22 90 +3.18 179 +6.25
k+b 213.60 +£3.15 172.27 +3.88 157.43 + 4.53 186.13 +1.51 157.52 +1.98
k-b 106568.66 + 802.06 120083.07 + 1191.72 108321.12 +1499.34 51620.10 + 430.27 68605.30 + 686.68
Kb (uM) 500 + 8.26 698 + 17.16 688 +21.97 277 +3.23 435 +7.00
Gating Wild Type BANnc84 BANnc81 S6'F BAnc81 T2'G BAnc81
B1 33.18 £ 2.41 76.95 +2.96 31.54 +2.69 397.00 +9.46 296.35 +4.18
ai 8756.74 + 651.07 10436.91 + 407.74 1284.39 + 34.79 12948.20 + 446.16 14835.54 + 398.17
o1 0.0038 + 0.00039 0.0074 +0.0004 0.025 + 0.0022 0.031 +0.0013 0.02 +0.0006
B2 14146.65 + 448.18 34706 + 708.53 41814.48 + 623.22 2946.58 +94.90 2893.54 + 87.23
a2 1079.81 £10.45 1887.00 +21.92 5122 +56.90 1972.57 £+ 19.50 231210 £17.77
02 13.1 +0.434 18.4 +0.432 8.2 +0.152 1.5 +0.050 1.3 +0.039

Error Propagation calculation. (Example provided from Wild type K;)

WT: ki1 =651.5+343
k.=14380.18 £ 1010.73
Ki=22+727?

Az Ax\?*  [Ay\?
- @@
A cx y

Az ( 1010.73 )2 N ( 34.3 )2
22 \14380.18 651.5

Az
52 =+0.007711951
Az = 0.087817715 % 22 = 1.93
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