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Abstract

The studies discussed in this dissertation are aimed at the chemical-scale interactions
involved in neuroreceptor structure and function. Unnatural amino acids were
incorporated into several ligand-gated ion channels. Two different ionotropic glutamate
receptors (iGluRs), the N-methyl-D-aspartate (NMDA) receptor and the a—amino-3-
hydroxy-5-methyl- 4-isoxazolepropionic acid (AMPA) receptor were studied, along with
an acetylcholine receptor - the nicotinic acetylcholine receptor (nAChR), and all were
analyzed with electrophysiology—an assay of receptor function.

In Chapter 2, a highly conserved tryptophan (Trp607) in the ion channel pore of
the NMDA receptor was investigated for its role during extracellular Mg** block.
Previous studies hypothesized that a cation-r interaction between NR2BW607 and Mg
contributed to the receptor blockade. However, our studies suggest that Trp607 is not
involved in a cation-m interaction with Mg®', instead it is a structural component of the
pore. NR2B Trp607 acts as a steric “plug,” preventing Mg®" permeation through the ion
channel. These studies were the first to incorporate unnatural amino acids into a
glutamate receptor, extending the scope of nonsense suppression methodology to a new
class of neuroreceptors.

Chapter 3 describes the incorporation of unnatural amino acids into the ligand
binding domain (LBD) of NMDA and AMPA receptors. Previous structural studies of
AMPA receptors established the overall topology of the LBD to be a clamshell, two
domains clamp down around a central cleft. Further studies utilizing agonists that induce
full receptor activation and partial receptor activation demonstrate a relationship between
cleft closure and agonist efficacy, which is the ability to activate a receptor. Full agonists
correlate with more cleft closure than partial agonists, which induce less cleft closure. To
examine this relationship, we used unnatural amino acid mutagenesis to convert an NR2-
conserved tyrosine to homotyrosine and an NR1 glutamine to homoglutamine, residues
designed to disrupt clamshell closure by expanding the side chain without altering its
functionality. The development of our functional probe demonstrates that the clamshell
closure mechanism, previously shown for AMPA receptors, likely also applies to NMDA

receptors, but to different degrees in the NR1 and NR2 subunits.
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Finally, in Chapter 4 we use unnatural amino acids, mutagenesis, and
computational simulations to probe the binding interactions that are involved in agonist
selectivity at the muscle-type nicotinic acetylcholine receptor. Acetylcholine (ACh) and
nicotine, both agonists for nAChRs, have a high potency for neuronal receptors.
However, nicotine is a weak agonist for the muscle-type nAChRs, yet the amino acids
that contribute to the binding site remain the same between both types of receptors.
These studies use mutagenesis and unnatural amino acids to introduce changes in the
muscle-type receptor to increase nicotine potency. Although some of the mutations
increase nicotine potency, none of the mutations result in a muscle-type receptor with
nicotine potency as great as the neuronal receptors. A second set of studies generated a
mouse muscle homology model and used molecular dynamics to simulate movements in
the receptor with and without agonist bound. These structures demonstrate the
importance of a hydrogen-bonding network that contributes to the pre-organization of the

aromatic box.
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Chapter 1: Chemical-Scale Neuroscience

1.1 Introduction to Neurochemistry

1.1.1 Chemical Signal Transduction

The entire human experience is derived from four pounds of Nature’s most
intriguing and complex creation, the brain. The human brain (Figure 1.1a) is comprised
of more than 100 billion (>10'") neurons, and each one can connect with 1,000-10,000
(10°-10") other neurons through specialized connections, and synapses (/) (Figure 1.1b).
In four pounds of tissue, an unimaginable network of a quadrillion (10"°) connections
regulates communication and unconscious activities and structures our imagination. Yet
this complex communication can be traced back to synapses, or chemical junctions,
between neurons. In fact, Nature has cleverly devised a way to utilize chemicals, or
neurotransmitters, to facilitate communication along this complex pathway of neurons.
One of the most fascinating questions we can ask is how does the brain use these
chemicals to create and regulate the human experience? Is it possible to learn how the
human brain functions by understanding the chemical-scale communication between
neurons?

To study the chemical-scale communication of the brain, we turn to synapses.
Synapses are the junctures between neurons where synaptic transmission, or chemical
communication occurs (Figure 1.1¢). Synaptic transmission is initiated by an electrical
signal, an action potential, which travels down a neuron to its axon terminal. This axon
terminal must form a synapse with the dendrite from a neighboring neuron (Figure 1.1c)
in order to generate communication between neurons. Once the action potential reaches
the pre-synaptic terminal, vesicles containing neurotransmitters, such as glutamate or
acetylcholine (ACh), are released into the synaptic cleft. The neurotransmitters diffuse
across the cleft and bind to neurotransmitter receptors on the post-synaptic dendrite
(Figure 1.1c). Neurotransmitter receptors then regenerate, either directly or indirectly,
the electrical signal, which can activate or inhibit the generation of another action

potential. The overall flow of communication begins with an electrical signal in the pre-



synaptic cell, which turns into a chemical signal in between neurons. The electrical signal
is regenerated in the following neuron, and the cascade continues throughout thousands

of cells and occurs very quickly, on the millisecond timescale (2).

m Presynaptic
Axon
Terminal

.
?

Synaptic
Cleft

Dendritic
Spine

Vesicle

Neurotransmitter %,

Ligand-gated
ion channel

Figure 1.1 Synaptic Transmission. a) The human brain.
(http://www.healcentral.org/healapp/showMetadata?metadatald=40566 (John A Beal, PhD. Dept.
of Cellular Biology & Anatomy, Louisiana State University Health Sciences Center Shreveport))
b) Stained neurons and receptors. Yellow dots correspond to active synapses, adapted from (3).
c¢) Representation of the synapse where the pre-synaptic axon terminal meets with the post-
synaptic dendritic spine. An electrical signal in the pre-synaptic cell releases neurotransmitters
from vesicles into the synaptic cleft. Neurotransmitters flow across the synaptic cleft and bind to

neuroreceptors in the dendrtic membrane where an electrical signal is regenerated.



There are many types of neurotransmitters and neuroreceptors that intertwine to
produce a plethora of signals. Neurotransmitters come in many flavors, from small
molecules to fatty acids and peptides (4). There are two main types of neuroreceptors.
The first is the ligand-gated ion channel (LGICs), which directly binds a
neurotransmitter. Ligand binding triggers a conformational change in the protein,
opening the ion channel and allowing ion flux across the dendritic membrane (Figure
1.2). Ion flux across a membrane changes the voltage across the membrane, which can
result in the generation of an electrical signal if a sufficiently large change occurs. The
second type of neuroreceptor is a G-protein coupled receptor (GPCR), which causes
alterations that are indirectly related to neurotransmitter-receptor interactions. Upon
neurotransmitter binding, a cascade of second messengers are activated triggering
downstream changes in the neuron such as activation of other ion channels, signaling

pathways, and regulation of gene transcription (3).

100 A
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Figure 1.2 Ligand-gated ion channels are closed prior to neurotransmitter binding. Once a

neurotransmitter binds, the ion channel opens and allows ion flux across the cell membrane.

The essential goal of chemical-scale neuroscience is to study these
neurotransmitter/ neuroreceptor systems. To understand these systems, one must
examine at a molecular level how different neurotransmitters are recognized by different
neuroreceptors. In addition, one must analyze the structures of these complex, multi-
subunit proteins through their gating and activation mechanisms to determine how the

structure contributes to the specific cellular functions.



1.1.2 Ion Channel Functional Studies

The first ion channel characterization began in the early 1970’s by Hille (6).
Since the early studies, the development of molecular biology techniques, cloning, and
manipulation of DNA has evolved a typical method for analyzing ion channels. This
method generally involves a structure/function study where mutagenesis of amino acids
at the DNA level is followed by the production of the ion channel in a heterologous
expression system, typically a Xenopus laevis ooctye. Then using electrophysiological
techniques, primarily the two-electrode voltage clamp (TEVC), the functional channels
are analyzed. The principles behind TEVC electrophysiology utilize one electrode as a
voltage “clamp” of the cell membrane to maintain a constant potential, which is achieved
by injecting current into the membrane (Figure 1.3a). The second electrode measures the
voltage difference across the membrane in response to the opening of ion channels and
ion flux across the membrane (relative to a ground electrode). Typically a
neurotransmitter is applied to the oocyte to generate a current and the “clamp” electrode
must then inject more voltage into the membrane in order to maintain a constant voltage
(Figure 1.3b). Thus, a direct measurement of the ion flow through the channel is
recorded and provides information about the ion channel gating mechanism (7, §).

The Xenopus expression system is used to express either DNA or RNA of
mammalian ion channels. After an appropriate amount of time, the ion channels are
produced and trafficked to the oocyte membrane. A solution resembling the fluid at the
synapse is perfused around the oocyte followed by the application of varying
neurotransmitter concentrations. Many types of ligands are studied, such as, agonists
(molecules that activate the ion channel, e.g., ACh), antagonists (inactivate), blockers,
and potentiators. Electrophysiological recordings measure the response of the ion channel
to varying concentrations of ligand and dose-response curves are generated to analyze the

functional channels.
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Figure 1.3 Two-electrode voltage clamp. a) The Xenopus laevis oocyte with two electrodes, a
voltage “clamp” electrode and a second electrode that measures the current across the oocyte
membrane. b) An example of an electrophysiological trace. Application of a neurotransmitter
(ACh) produces a downward current, measured in nanoamperes (nA). Larger concentrations of
neurotransmitters produce larger currents. ¢) The Hill equation is used to fit dose-response
relationships producing ECs, a measure of the concentration of ligand required to produce half-

maximal current responses.

The Hill equation (9) is used to fit dose-response data. The equation produces a
value for ECso, which is defined as the amount of ligand required to produce a half-
maximal response from the neuroreceptors (Figure 1.3¢) and is a quantitative measure of

the potency of a ligand. Potency (ECsg) describes the combined effects of the



neuroreceptor’s ability to bind a drug or ligand (affinity) and the ability of the ligand to
activate the channel (efficacy). Comparing shifts in ECs values is a convenient method
for analyzing different ligands as well as mutations to the neuroreceptors. For example, a
rightward shift in ECso demonstrates the decreased potency of a ligand whereas a leftward
shift would indicate an increase in ligand potency (Figure 1.3c). General assumptions are
made when interpreting ECsy data. For example, mutations made to a receptor’s binding
site that shift ECs are believed to mostly affect affinity while mutations outside of the
direct binding site that shift ECs are treated as gating mutations affecting efficacy.
These assumptions are generally useful, although there are always exceptions to the rule.
Measuring ligand potency is a useful way to characterize the interaction between
drugs and receptors. However, different drugs do not activate receptors equally. Many
drugs only partially activate or gate a receptor and are termed partial agonists. One can
think of partial agonists as binding with full affinity to a receptor, but not fully gating the
receptor, resulting in lower efficacy. The most common method to determine the
efficacy of an agonist is to compare the amount of current generated by the receptor in
response to a saturating dose of each agonist. Full agonists will produce larger amounts
of current compared to partial agonists (Figure 1.4). Efficacy measurements are usually
reported as a fraction of one (1) determined from the ratio of the current from the partial

agonist divided by that generated by the full agonist.

Drug A Drug B

|

20s

Figure 1.4 Electrophysiological traces representing differences in agonist efficacy. Saturating
doses of both Drug A and Drug B generate different levels of current from a receptor. Drug A

demonstrates a partial agonist and Drug B demonstrates the response of a full agonist.



Utilizing different agonists, partial agonists, and blockers is very helpful when
analyzing these complex receptors. However, generating full pictures to describe the
structure and function of these receptors and their interactions with different ligands is
difficult. In fact, the atomic-scale details of ion channels, which are large, multi-subunit
proteins, is essential to understanding the biological function of these neuroreceptors and
their interactions with drugs. For example, agonists for several different ion channels
have binding sites that are more than 50 A away from the ion channel pore where gating
occurs. As chemists, we seek to study the atomic-scale interactions that underlie ion
channel function. However, there is limited atomic-scale structural data about these
receptors due to their complexity. Luckily, we can take advantage of molecular biology
tricks such as site-directed mutagenesis to probe chemical-scale interactions by altering
specific amino acids in the protein. However, from a chemist’s point of view, the 20
natural amino acids are severely limiting when trying to understand how specific bonds
and interactions influence the function of an ion channel. Therefore, standard
mutagenesis is not always sufficient. As a result, we combine molecular biology with
chemistry to utilize unnatural amino acid mutagenesis. Unnatural amino acid
mutagenesis allows us to study specific hydrogen bonds, hydrophobic interactions, etc.,
that influence LGICs. It provides a very clever and precise tool to probe the interactions

that underlie LGIC structure and function.

1.2 Introduction to Unnatural Amino Acid Mutagenesis

1.2.1 Unnatural Amino Acid Mutagenesis

Since the late 1980’s, site-specific incorporation of unnatural amino acids into proteins in
vivo has been possible using the nonsense suppression methodology (/0). This tool
provides many opportunities for the chemical biologist to explore. Using chemistry to
design unnatural amino acids facilitates the exploration of seemingly endless chemical
interactions that structure ion channels, which greatly surpasses conventional
mutagenesis techniques. For example, in order to study a phenylalanine residue in
protein structure and function our options using conventional site-directed mutagenesis

would allow us to incorporate alanine, tryptophan, and tyrosine. Alanine completely



obliterates the side-chain, which is not subtle by any means as it destroys hydrophobic,
aromatic, and steric interactions. Tryptophan on the other hand maintains aromaticity,
but is sterically bulky and tyrosine is similar, in size and aromaticity, yet introduces a
hydrogen-bonding component (Figure 1.5). Each of these options has significant
limitations from a chemical perspective.

The use of unnatural amino acid mutagenesis enhances the ability to study precise
chemical aspects of an amino acid. In the case of phenylalanine, amino acids like
cyclohexylalanine (Cha) can be incorporated to test the aromatic character of Phe without
perturbing steric interactions. The importance of the cation-r binding ability of Phe also
can be tested using fluorinated phenylalanine derivatives. Organic and inorganic cations
can be stabilized through a favorable electrostatic interaction with the rt surface of
aromatic rings (//-15). The & surface of aromatic rings, like those of Phe, Tyr, and Trp,
have a build up of negative electrostatic potential due to the quadrupole moment of the
ring. The ideal way to study the cation-rm interaction in proteins is to sequentially
fluorinate the aromatic side chain. Adding fluorines to an aromatic ring decreases the
negative charge density of the ring and makes it a weaker cation binder. Unnatural amino
acid mutagenesis provides a “series” of fluorinated derivatives that can be used to probe
these subtle interactions. Although these mutations are subtle, the chemical interactions
they probe are energetically non-trivial. In proteins, it is believed that for approximately

every 77 amino acids in the protein data bank there is a cation-m interaction (/3).
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Figure 1.5. The power of unnatural amino acid mutagenesis. a) Conventional mutagenesis
allows for alanine, tryptophan, and tyrosine mutations. b) The importance of side chain
aromaticity can be explored with the cyclohexylalanine (Cha) mutation without altering side

chain sterics. ¢) The cation-rm interaction can be tested with a series of fluorinated Phe derivatives.

1.2.2 Nonsense Suppression

Unnatural amino acids provide a powerful tool for chemical biologists to study proteins.
There are several different methodologies for incorporating unnatural amino acids site-
specifically into proteins. We utilize the nonsense suppression methodology (/6-21).
The basic procedure is outlined below in Figure 1.6, and makes use of one of the cell’s
stop codons, UAG (Amber stop codon), as the codon for the unnatural amino acid. The
UAG stop codon is incorporated into the ion channel mRNA at the site of interest using

mutagenesis. Additionally, a suppressor tRNAcuya (containing a CUA anticodon) that



10

recognizes the amber stop codon, is chemically prepared and appended with the unnatural
amino acid of choice (22, 23). During translation, the ribosome “reads” the UAG stop
codon and instead of terminating protein translation, it is suppressed by the tRNAcya,
and the unnatural amino acid is inserted into the protein in the same manner as any
naturally occurring amino acid. Protein translation continues and produces a full-length

protein with the unnatural amino acid inserted at a specified site.

Orthogonal suppressor
tRNA with unnatural

amino acid
NH,,
Ribosome
mRNA 3'- -5
mMRNA with TAG or
4-base codon at site Translated protein with
of interest

unnatural amino acid

HOOC ==

NH,,

Figure 1.6 Outline of the nonsense suppression methodology. The ribosome of the expression

system incorporates an unnatural amino acid at the site of interest (red dot).

A similar approach utilizes a four-base codon instead of the UAG stop codon.
This methodology, called frameshift suppression (24), uses the four-base GGGU codon.
The four-base codon normally would shift the ribosome out of the proper reading frame,
resulting in the production of mistranslated proteins. However, a specialized tRNA
containing the appropriate anticodon, ACCC, suppresses the mistranslation by inserting
an unnatural amino acid (chemically appended to the tRNAaccc) at the site of the

frameshift mutation. This methodology has also been extended to another stop codon,
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the opal suppressor (UGA), which has allowed for the incorporation of multiple unnatural
amino acids into a single protein (235).

Nonsense suppression blends together tools of molecular biology and chemistry.
Simple molecular biology allows for mutagenesis of the codon of interest. However, the
limiting step is chemical production of the aminoacylated tRNA. In the late 1970’s,
Hecht and coworkers were able to synthesize misacylated, chemically derived tRNAs
(23). Since then, several different groups have expanded the methodology to include a

large variety of unnatural amino acids and several different protein systems (26-28).

N(Bu),OAc
[FG]-N AN+ dCA aa-dCA
H 4 DMF
(o}
PG = X?LO/I:EOMO M~z
0o OMe
NVOC 4-PO
OY\ <1CA-0\|(\NH2
o]
_— LD
T4 RNA Deprotect
Ligase o -amine

Figure 1.7 The steps involved in the semisynthesis of suppressor aminoacylated tRNA. The
unnatural amino acid is protected by either NVOC or 4-PO and coupled to dCA in DMF.
Aminoacylated-dCA (aa-dCA) is ligated to a truncated 74-mer tRNAcya. The final step involves

deprotection of the ai-amine.

The nonsense suppression method begins with the transcription of a truncated 74-
mer suppressor tRNA lacking the final two nucleotides, C and A. A separate step
requires the chemical synthesis of the final two nucleotides, deoxy-C-A (dCA) (Figure
1.7). The unnatural amino acid is also chemically synthesized and it contains an o.-N-

protecting group that is either photolabile, 6-nitroveratryloxycarbony (NVOC) or I,-
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labile, 4-pentenoyl (4-PO) groups, chemistry that is orthogonal to tRNA functional
groups (29). The carboxyl group is synthesized with an activating group, a cyanomethyl
ester, for coupling to dCA, aminoacyl tRNA (aa-tRNA). The dCA is used as a handle for
acylation of the suppressor tRNA. Then, aa-dCA is enzymatically ligated with T4 RNA
ligase to the 74-mer tRNAcua to produce a full-length 76-mer tRNAcya (Figure 1.7) (18,
21, 22, 30-32). Additionally, the a-N-protecting group remains on the amino acid
through all of the coupling and ligation reactions to stabilize the bond between the

terminal adenosine and the amino acid.

. . a tRNA with:
gene for the protein with a: the appropriate anticodon
"stop" codon at site of interest : pprop . .
b: an unnatural amino acid
T I LS
mRNA ) )
STOP ("nonsense") unnatural amino acid
codon 1-10 ng chemically appended
(UAG - amber) =

"amber suppressing”

tRNA from
Tetrahymena thermophila
5-25ng

appropriate
U anticodon

@ inject both
into cell

Xenopus
oocyte

folding; processing;
assembly ;
transport to surface

Figure 1.8 In vivo nonsense suppression methodology. It begins with mRNA containing a UAG
(or 4-base) codon and aa-tRNA that are injected into an oocyte, where the endogenous ribosome
synthesizes the protein and traffics it to the surface. Then functional electrophysiological studies

are performed on the ion channels.

The deprotected amino-acylated tRNA and the mRNA containing the UAG codon
(or four-base codon) are manually injected into a Xenopus laevis oocyte (18-20, 22, 26,

31, 33). The mRNA and aa-tRNA are incubated in the cell, typically for 1-3 days to



13

allow for protein synthesis, folding, and trafficking to the surface (Figure 1.8). This

methodology allows for an almost limitless incorporation of amino acids into proteins.

Over 100 different amino acids have been incorporated into proteins (Figure 1.9) both in

vivo and in vitro (21). The method is very versatile as this approach allows the

incorporation of alpha hydroxy acids, hydrazides, and N-hydroxylamines (20, 34), along

with many other fluorescent and protonated amino acids, etc. However, this technique

has limits, as D-amino acids and -amino acids are not incorporated (335).
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Figure 1.9 Examples of some of the unnatural amino acid side chains that have been incorporated

into proteins.

In order to increase the integrity of the nonsense suppression technique, we utilize

two controls, both involving the suppressor tRNAcya. The first control experiment tests

for “readthrough” of the stop or 4-base codon by endogenous tRNAs. The mutated

mRNA containing the UAG or 4-base codon alone is injected; no ion channel production

should result, since translation should be blocked in the absence of suppressor tRNA. In
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the second control experiment, a full-length suppressor tRNA without an amino acid
appended to it is co-injected with the mutated mRNA into an oocyte to control for
misacylation. The “orthogonality” of the tRNAcya (its ability to be unrecognized) by the
cell’s endogenous tRNA synthetases is extremely important. tRNA synthetases are
enzymes that charge tRNAs with the appropriate amino acid during protein synthesis.
However, the tRNAcya must remain orthogonal, otherwise, after it incorporates the
desired unnatural amino acid into the protein, it could be “misacylated” with a natural
amino acid, producing mixtures of proteins, some with the unnatural amino acid and
some without. This would be problematic for our studies since we are unable to separate
the proteins. To gain orthogonality, Schultz and co-workers originally used a yeast
phenylalanine tRNAcya™ with the modified anticodon in an in vitro Escherichia coli
expression system (/0). In the in vivo Xenopus expression system, we utilized a
tRNAcyus™ from Tetrahymena thermophila, which is not recognized by the endogenous
Xenopus synthetases. This modified tRNA is often called THG73 and is also viable in an
in vitro E. coli system (22).

Since the suppressor tRNAcya is orthogonal to the expression system, it cannot be
reamino-acylated with the unnatural amino acid in the cell, and therefore is a
stoichiometric reagent. Theoretically, only one ion channel can be synthesized per aa-
tRNA using this methodology. In practice, even fewer ion channels are produced due to
complications such as amino acid hydrolysis from the tRNA. Luckily, we can take
advantage of a very sensitive assay for studying ion channels, TEVC electrophysiology.
Limited amounts of ion channels can be detected on the whole cell level, as low as 10
attomols (107'®) (27). In fact, electrophysiology is sensitive enough to detect single ion

channels as well.

1.3 Dissertation Work

The work described here can be divided into three sections, which combine the tools of
unnatural amino acid mutagenesis and electrophysiology to study several neuroreceptors.
The first studies, Chapters 2 and 3 will focus on a type of LGIC that is a member of a
large, superfamily of ionotropic glutamate receptors (glutamate-gated receptors), iGluRs.

Chapter 4 describes work performed to study a different LGIC, the muscle nicotinic
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acetylcholine receptor (nAChR), which is a member of a different superfamily, the Cys-
Loop superfamily of LGICs, and is gated instead by the neurotransmitter acetylcholine
(ACh).

The first study described will focus on the N-methyl-D-aspartate (NMDA)
receptors, which are members of the iGluR superfamily of neuroreceptors. Prior to the
work described, the unnatural amino acid methodology had not been used to study any of
the iGluR neuroreceptors. Our initial studies incorporating unnatural amino acids into an
NMDA receptor were to study a potential cation-rt interaction between an external Mg**
ion and a conserved tryptophan in the pore of NMDA receptors and are described in
Chapter 2. Since these were the first studies to incorporate unnatural amino acids into
any iGluR, we developed optimal conditions necessary for expression of these ion
channels and describe their characterization.

In Chapter 3 we continued to use unnatural amino acid mutagenesis to study the
NMDA receptors. In these experiments we used conventional and unnatural amino acids
to probe the interactions involved in agonist binding to the ligand-binding domain (LBD)
of an NMDA receptor. We also used unnatural amino acids to create a functional probe
of the mechanism that different agonists use to activate the NMDA receptor. We
developed a novel method for determining how a NMDA receptor responds to different
partial agonists.

Chapter 4 describes a series of studies designed to understand the mechanism by
which the muscle nAChR discriminates between several ligands, including ACh and
nicotine. Nicotine is a more potent agonist for neuronal nAChRs than it is for muscle
nAChRs, and we are interested in identifying the structural components involved in
ligand discrimination. These studies encompass a series of experimental work involving
unnatural amino acid mutagenesis, conventional mutagenesis, and computational

modeling.
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1.4 Conclusion

Every year, millions of people are affected by neurological disease and disorders.
Although great strides are being made towards understanding complications of the
nervous system, there is still a great deal to be determined. Neuroreceptors lie at the
nexus of regulating learning and memory, basic cellular homeostasis, and neurological
disorders and diseases, such as Alzheimer’s Disease, Parkinson’s Disease, and
Huntington’s Disease, and are implicated in drug addictions and non-degenerative
disorders as well. Ion channels in particular are the perfect targets for chemical biologists
to study due to their complicated structures that correspond to regulation of very specific
functions. Many current drugs target LGICs and their neurotransmitters, such as
Namenda® (AD), Xanax“ (anxiety disorders), and Aricept® (AD). One overarching goal
of our research is to use the chemical-scale structural information we obtain to enable
more precise drug design to target and regulate these neuroreceptors.

Our understanding and characterization of ion channels has come a long way
since the 1970’°s however, much is still unknown about their structure. These are trans-
membrane proteins that are often composed of multiple, different subunits. As such, ion
channels remain elusive targets of the crystallographer. As a result, direct structural
information available is very limited. That is why our functional studies to probe the
chemical interactions necessary to maintain ion channel structure and influence agonist

binding are optimal for determining how these essential receptors function.
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Chapter 2: Exploring the Chemical Nature of the N-methyl-D-
aspartate (NMDA) Receptor Pore Blockade

2.1 Introduction to Learning and Memory

2.1.1 Long-term Potentiation and Long-term Depression

In Chapter 1 we described and recognized the importance of neuroreceptors and
neurotransmitters in neurobiological functions. These proteins and chemicals are
implicated in both normal and abnormal or diseased biological function. The exploration
of these proteins and chemicals leads to more specific questions concerning the role of
these biological structures in learning and memory function. At a biological and
chemical level, how does the human brain learn? What biological processes contribute to
learning and the formation and function of a memory? These are complicated questions
to resolve. However, at the chemical-scale, we know that many of the neuroreceptors

and neurotransmitters mentioned in Chapter 1 play a vital role in these processes.
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Figure 2.1 LTP and LTD. a) Hippocampal slice depicting the major excitatory neural pathways
in the rat brain. b) Schematic outlining the stimulus (tetanus) applied to the hippocampal slice to

induce LTP. c) LTP shown as an increase in the excitatory post-synaptic potential (EPSP) over

*Reproduced in part with permission from McMenimen, K.A., Petersson, E.J., Lesater, H.A., Dougherty,
D.A. ACS Chemical Biology 2006, 1, 227-234. Copyright 2006 American Chemical Society
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the baseline. LTD is demonstrated by a decrease in EPSP and is maintained for hours. Figure is

adapted from (/, 2).

One approach to exploring learning and memory is to examine the manner in
which neurons communicate with one another. It has been established that the central
form of communication between neurons involves an electrical signal, the change to a
chemical signal, and then back to an electrical signal in the next neuron. Prior study also
established that for learning and memory to occur, the electrical to chemical to electrical
change between neurons must take place. This process of change in the signals is
referred to as synaptic plasticity. One form of synaptic plasticity occurs with the
strengthening of this signal over a period of time, referred to as long-term potentiation
(LTP). Its counterpart, long-term depression (LTD) is a reduction in the signal over time
(Figure 2.1). LTP was discovered in the mid 1960’s and has become the basis for

determining how learning and memory are achieved on the molecular level (3-5).
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Figure 2.2 Synaptic changes after LTP induction. A) iGluRs are inserted into the synapse of
cells that undergo LTP induction. Over several hours, not only is the composition of the synapse
altered as more receptors are inserted into the membrane, but new synapses are formed and
associated with new protein synthesis. B) LTP induces cell morphology changes as well, and

over several hours new dendritic spines are created. Adapted from reference (6).

Electrophysiology performed on slices of the hippocampus show LTP induced by
tetanus or large stimulus followed by recordings that remain above the baseline level

recorded prior to the tetanus (Figure 2.1). In the absence of a large enough tetanus, no
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LTP is recorded. The LTP counterpart, LTD results in a weakening of the synapse
between cells triggered by a less intense tetanus of a longer duration (Figure 2.1c¢) (/, 3,
7-10). Directly extrapolating these molecular events to learning and memory formation
is not possible, as many other events must take place for those large changes to occur,
such as new synapse formation (Figure 2.2 A-B). However, identifying a basis for how
cell-cell communication is altered over periods of time provides a starting point for
determining the factors that contribute to learning and memory. Using LTP and LTD as a
molecular framework will allow an exploration of the effect of changes in synaptic

strength on the processes of learning and memory.

2.1.2 Synaptic Plasticity and iGluRs
On a smaller molecular scale, the molecules that contribute to some forms of LTP and
LTD are LGICs(2). Although many different types of LGICs are important for
communication in the central nervous system (CNS), glutamate-gated receptors (GluRs)
and GABA (y-aminobutyric acid) receptors, both ionotropic and metabotropic types, are
essential for triggering synaptic transmission in learning and memory pathways (2, 11-
14). The iGluRs have been a focus of our study due to their essential contribution to
these intriguing and fundamental neuro-pathways and their role in diseases. The goal of
our study has been to expand the nonsense suppression methodology to a new family of
LGICs.

1GluRs are a superfamily of LGICs all activated by the endogenous
neurotransmitter, glutamate (Glu). There are three main classes of iGluRs- the AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid), NMDA (N-methyl-D-
aspartate), and kainate (KA) receptors- each named for their selective, synthetic agonists
(Figure 2.3) (15). All of the iGluRs are tetrameric, cation-selective channels (Figure 2.4).
NMDA receptors (NMDARS) are permeable to Ca**, K', and Na” and AMPA and KA
receptors are generally only permeable to Na" and K". AMPA and NMDA receptors are
directly implicated in LTP and LTD while KA receptors are indirectly associated with
LTP (6, 16, 17).
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Glutamate NMDA AMPA Kainate

Figure 2.3 iGluR endogenous and selective agonists.

There are two general forms of synaptic plasticity, both of which rely on an
alteration in AMPAR (AMPA receptor) and NMDAR in response to a stimulus (/8, 79).
The first form involves altering AMPARSs already present at the synapse. Typically,
AMPAR function is altered through a modification of an amino acid in the receptor, such
as protein phosphorylation (/8). Phosphorylation of serine (Ser), threonine (Thr), and
tyrosine (Tyr) residues is a posttranslational modification used in many signaling
pathways and other processes as a reversible method to change protein function. In the
context of AMPAR and NMDARSs, it is used repeatedly for targeting, trafficking, and
altering protein function (20). Phosphorylation of AMPARSs changes levels of
postsynaptic currents contributing to LTP and LTD, but these changes in AMPAR
phosphorylation are triggered by ion flow (Ca*") through NMDARs (18, 20-22).
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Figure 2.4 Schematic view of iGIuR classes. The NMDA receptors are shown binding both
glutamate and glycine. AMPA and Kainate receptors bind only glutamate. All of the iGluRs are

tetrameric receptors.

The second mode of synaptic plasticity arises from alterations in protein levels,
either by up or down-regulating protein production that corresponds to changes in the
numbers of receptors at the synapse. Phosphorylation of AMPARSs changes levels of
postsynaptic currents that directly contribute to LTP and LTD. The second form of
synaptic plasticity stems from changes in protein expression resulting from changes in
gene regulation. These are changes in protein expression within the cell, and occur over
longer time periods. Transcription of new proteins results in the formation of new
synaptic connections and new proteins (may be other iGluRs or other proteins) trafficked

to the membrane (23).
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LTP is a complicated and very dynamic process. However, a simplified version is
described to impart the importance of AMPAR and NMDARs in the process. Although
both AMPARs and NMDARs are mobile and trafficked in and out of the synaptic
membrane during LTP and LDP, the simplified outline begins with a few AMPARs in
the synaptic membrane followed by LTP induction via newly trafficked NMDARs.
AMPAR trafficking has been associated with many different proteins that associate with
the synaptic membrane, such as Stargazin, a transmembrane AMPA receptor associated
protein (TARP), PSD-95 (post-synaptic density protein-95), cytoskeletal proteins like
actin and myosin, and several different kinases (2, /2). In general, receptors are
synthesized within the cell, mobilized to the plasma membrane by exocytosis, and
removed from the membrane for degradation by endocytosis. Once the receptors are at
the cell surface in the membrane, they can diffuse latterly into and around the synapse (2,

12).
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Figure 2.5 Overview of LTP. A) Basal level of control at glutamatergic synapses relies on
AMPAR in the synapse. B) Sufficient membrane depolarization triggers VGCC and NMDAR
activation, producing significant Ca>* current into the post-synaptic cell activating kinase
cascades and inducing receptor phosphorylation. C) Over longer periods of time, new receptors

are trafficked into the synaptic membrane, strengthening the signal and inducing LTP.
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Over short time-scales (ms) and in the absence of LTP, the release of glutamate
at the synapse triggers response from AMPARs that are dynamically trafficked in and out
of the synapse (73, 24). When a sufficient number of AMPARSs have been activated, they
cause the post-synaptic membrane to depolarize enough to open voltage-gated calcium
channels (VGCCs) and NMDARs present in the membrane. The membrane
depolarization is necessary to trigger NMDAR activation, but is not always sufficiently
strong enough to trigger their activation (9). VGCC and NMDAR activation triggers a
large flux of Ca®" into the post-synaptic membrane causing activation of several kinases,
such as the calcium/calmodulin-dependent protein kinase II (CaMKII) (2). These kinases
can phosphorylate NMDARs, AMPARs, and other surrounding scaffolding proteins,
altering the function of iGluRs (amount and type of current passing through the channel),
channel trafficking and composition of the synapse (2). A change in synaptic
composition is associated with an increase in AMPARs and NMDARs for LTP and a
decrease in channels for LTD. These channels are typically located directly underneath
the cell surface in vesicles or immediately outside of the synapse, awaiting a “signal” to
send them to the synapse, which will increase the strength of the synapse by increasing
the amount of current that is passed into the post-synaptic cell, inducing LTP. On a
larger timescale, over hours and days, other kinases become activated (i.e., MAPK -
mitogen-activated protein kinase pathway), which up-regulate gene transcription leading
to new protein production (Figure 2.5). These new proteins contribute to the formation of

new synapses and physically altering synapses (6).

2.1.3 The LTP Switch: NMDA Receptor Mg”* Block

Although the details will be presented later in the chapter, it is important to mention one
difference between AMPARs and NMDARs - the NMDAR Mg*" block. It is important to
remember that large Ca®" currents traveling through NMDARS trigger LTP, since the
currents from VGCCs are not sufficient on their own. The process of NMDAR
regulation is extremely important, and one mechanism that prevents random LTP
induction by NMDAR-evoked current involves a NMDAR blockade. At resting
membrane potentials (no AMPAR-induced membrane depolarization) NMDARs in the

cell membrane are blocked by an external Mg”" ion, preventing Ca>" flux into the cell
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(even in the presence of Glu and Gly). Sufficient membrane depolarization (making the
cell more positive, less negative relative to the outside) ejects the Mg”" from the
NMDAR pore, allowing Ca** flux. Overall, Glu activates AMPARs, which can
depolarize the membrane enough to release NMDAR Mg* block followed by an influx
of Ca®" that triggers downstream signaling pathways. The function of this crucial trigger
is the first target of our NMDAR studies.

LTP and LTD induction is controlled through the trafficking and physical
movement of iGluRs and related proteins in and out of the synapse. These processes are
controlled through a variety of very dynamic protein-protein interactions that occur
between the receptors, kinases, scaffolding, and regulatory proteins (25). On a larger
scale, these proteins are imaged by electron microscopy and are shown to associate in
very concentrated groups (Figure 2.6A), yet are active and constantly moving depending
on the signals present at the synapse. In particular, iGluRs directly associate with
proteins that link to the cytoskeleton, which are involved in endo and exocytosis (Figure

2.6 B, C) (25, 26).
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Figure 2.6 The Postsynaptic Density. A) A pre-synaptic cell associating with two dendrites
forming two glutamatergic synapses. B) The synaptic interface from electron microscopy

demonstrates iGluRs in the post-synaptic membrane and electron density of the surrounding
associated proteins. C) Diagram representing some of the proteins that are found in electron

microscopy images of the post-synaptic density. Image adapted from Kennedy, M.B.(27).

The above overview demonstrates the importance of iGluRs in synaptic plasticity
and large biological processes such as learning and memory. The depicted processes
generate signals between cells and explain how the signals are strengthened or weakened
over time. Again, not only are the glutamate receptors important for maintaining cell-cell
communication, but their dysfunction is associated with many neurodegenerative
diseases. This exploration of glutamate receptors now will focus on the molecular-scale

representation of these receptors.

2.1.4 Glutamate Receptor Structure and Diversity
There are several structural aspects that are conserved among all ionotropic glutamate
receptors. Glutamate receptors are tetrameric, trans-membrane channels. Additionally,

the tetramers are thought to associate as a dimer of dimers. Many structural aspects of
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the iGluRs are different between the three families. For example, each family has a
different set of subunits that can form the ion channel. There are also pre-transcriptional
modifications that occur to impart diversity among the subunits, such as alternative gene
splicing, and pre-translational modifications such as RNA editing. All of these
modifications impart a lot of diversity among the iGluRs and create many mechanisms
that allow for the regulation of functional aspects of these neuroreceptors.

AMPARSs can be either homomeric or heteromeric channels comprised of GluR1,
2, 3, or 4 subunits, each containing approximately 850 amino acids. Typically, AMPARs
are heterotetrameric channels containing GluR2 and GluR1, GluR3, or GluR4 in a
symmetric “dimer of dimers” assembly (28-30). All AMPARs are activated by the
binding of L-glutamate (Glu), which can bind to one site on each subunit (30). NMDARs
are heterotetrameric channels composed of combinations of NR1, NR2A, 2B, 2C, and 2D
subunits, each approximately 1,500 amino acids, and pass both Na" and Ca*". More
recently, a third related gene family was discovered that codes for the NR3A and 3B
subunits, which possess an inhibitory effect on receptor function (37). Kainate receptors
are composed of GIuRS, GluR6, GluR7, KA1, and KA2 subunits. Homotetramers form
from GluR5-7 subunits while KA1 and KA2 subunits must be combined with one type of
the GluR5-7 subunits (/5).

All of the iGluRs gate in response to the endogenous neurotransmitter, Glu, but
NMDARSs also require another co-agonist for activation, which can be glycine (Gly) or
D-serine (D-Ser) (15). Both of these endogenous co-agonists bind to the NR1 and NR3
(if present) subunits (Gly-binding subunits), and are present in the cytoplasm (in the
CNS) at saturating concentrations required for NMDAR activation (32). Essentially, the
co-agonist is always present and NMDA receptors (NR2 subunits) are activated by

glutamate binding, after it is released at the synapse.

2.1.5 AMPA Receptor Diversity

Each of the GIuR subunits is coded for by a separate gene and is susceptible to
several post-translational modifications and RNA editing, which contributes to defining
the properties of each subunit. It was established that AMPARs are always able to

conduct Na" current. However, this is complicated by the presence or absence of the
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GluR2 subunit (present in most AMPAR channels) in the composition of the particular
ion channel. AMPARSs lacking the GluR2 subunit will be permeable to Na*, Ca*" and K
while most GluR2-containing receptors are Ca®" impermeable. The GluR2 subunit
contains a neutral glutamine (residue 586) in the gene transcript, which is edited to a
positively charged arginine residue in the mRNA called the Q/R site (33, 34). This is
believed to prevent excitotoxicity induced by excessive Ca>* flow into the cell. There is
another site of RNA editing, the R/G site (arginine becomes glycine), which is only
edited approximately 50% of the time in the adult brain. One additional site of editing is
the flip/flop exon that is alternatively spliced. This is a 38-amino acid sequence adjacent
to the final trans-membrane domain that alters the desensitization kinetics of the receptor,
as a receptor containing the flip form does not desensitize (35, 36). Although there are
only four GluR subunits, modifications to these subunits impart a lot of diversity that can
impact the function of the ion channel. These modifications are regulated and as new
receptors are transcribed, these different functionalities can be introduced into the

glutamate synapse, impacting LTP and LTD.

2.1.6 NMDA Receptor Diversity

Similar to the AMPARSs, the NMDARSs contain great diversity as well. A single gene
codes for the glycine-binding NR1 subunit. Nature cleverly uses exon splicing to produce
eight variants of the NR1 subunit, which interact with different intracellular proteins, and
are expressed at various developmental stages to regulate NMDAR function (37, 38). In
our discussion of NMDARSs we study the most common CNS splice variant, NR1a (39),
which we will reference as “NR1.” The glutamate-binding subunit of the NMDAR
comes in four flavors, 2A, 2B, 2C, and 2D, each one a separate gene. These subunits are
expressed during different developmental periods (NR2B is up-regulated prenatally and
NR2A is up-regulated postnatally) and localize in specific areas of the synapse or extra-
synaptic areas of the CNS. This diversity contributes to the role iGluRs play in LTP and
synaptic transmission. As will be explained, assumptions about one specific receptor will

not always apply to a related receptor.
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2.1.7 iGluR Subunit Topology

Relative to other neuroreceptors, a lot of structural information is known about the
agonist binding domain of iGluRs (discussed in more depth in Chapter 3), however much
less is known about the overall receptor structure. Limited structural data exists about the
subunit topology, however, many years of biochemical experiments and data suggest that
each of the iGIuR subunits (independent of receptor type) contain: a large extracellular
amino terminal domain (ATD), followed by an extracellular ligand-binding domain, three
trans-membrane domains, and an intracellular C-terminal domain (Figure 2.7A). The
size of the C-terminal domain (CTD) varies widely within the family as well as between
the receptor subtypes (40). The CTD is important for maintaining interactions with
scaffolding proteins in the PSD and with proteins involved in signal transduction
pathways. In the EM images from Sheng and co-workers, it appears that extra density in
the C-terminal region (Figure 2.7C) belongs to an AMPAR-associated protein, Stargazin
(41).
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Figure 2.7 A) Topology of an individual iGluR subunit. A large cytoplasmic N-terminal domain
(ATD or NTD) followed by the ligand-binding domain (LBD) composed of the D1 and D2
pieces, and three transmembrane domains with a re-entrant P-loop between TM1 and TM2.
There is also an intracellular C-terminal domain (CTD) of varying length. B) Image of known
crystal structures mapped onto the density map from electron microscopy of AMPARs. The

crystal structures used are: extracellular domain of mGluR1 (Protein Data Bank 1IEWV; dark blue
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and dark green); ligand-binding domain of GluR2 (Protein Data Bank 1LBC; light blue and light
green); and transmembrane segment of KcsA (Protein Data Bank 1BL8; red). Adapted from
Nakagawa, T., et al. (4/) C) Electron microscopy electron density maps of AMPARs showing

two types of receptor structures, adapted from (47).

Much more direct structural information is available on the iGluR glutamate and
glycine LBDs due to the work by Gouaux and coworkers (42-48), which we will describe
in subsequent chapters. Briefly, a soluble protein containing the D1 and D2 domains
(Figure 2.7A) of a NR1 or a related glutamate receptor subunit are linked together and
expressed, with crystallography providing detailed structural insights into this domain of
the protein. All of this work provides insight into our understanding of the function of
iGluRs, particularly the LBDs. However, the trans-membrane domains in particular
remain elusive.

The very limited direct structural information about the iGluRs is due to the
immense difficulty in crystallizing large trans-membrane receptors. The available
information suggests that the receptors are tetramers with unique subunit topology, due to
a re-entrant P-loop that is reminiscent of the P-loop of the distantly related K" channels
(49-51). The large ATD (Figure 2.7B), still un-crystallized (52), is structurally related to
bacterial periplasmic binding proteins (LIV binding proteins) and the ligand-binding
domain of the G-protein coupled receptor (GPCR), metabotropic glutamate receptors
(mGluRs) (42, 53). Crystal structures of the bacterial amino acid-binding proteins and
the ligand-binding domain of the mGluRs are modeled into electron density maps of the
GluRs along with the trans-membrane domains from the K channels to create a full
picture of these receptors, since crystallizing the entirety of the receptors remains elusive
(Figure 2.7B). This prompted our first studies of the trans-membrane region of the
NMDARs and a site implicated in binding of a magnesium ion that blocks the NMDAR

channel pore.

2.1.8 NMDA Receptor Mg’" Block
As mentioned above, glutamate and glycine bind to the extracellular portion of the

NMDAR receptor (Gly to NR1 and Glu to NR2), which initiates a conformational change
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that opens the pore of the ion channel. In order for the channel to function, the Mg”" ion
that blocks the pore of the channel must be removed first, before Ca®" can flow across the
membrane (Figure 2.8). Mg®" block is only alleviated by membrane depolarization (by
convention, the outside of the cell has a potential of 0 mV and the inside of the cell is
negative, usually -50mV to -100mV). Membrane depolarization moves the resting
membrane potential toward a more positive value (towards zero). The biological
implication is to make it more probable to fire an action potential. The Mg®" block is one
of nature’s ways of preventing too much Ca>* from flowing into a cell, which is directly
correlated to excitotoxicity and cell death. These processes seem to be an underlying
factor in the onset of some neurodegenerative diseases - just another reason why we are
interested in understanding the molecular mechanisms of the Mg”" block. Unfortunately,
there is little structural evidence related to the Mg®" binding site, which is deep within the
pore of NMDARs. These initial research studies focused on the NMDA receptor and the
Mg®" blockade site.

B. Subunit N Gly (NR1)
Toplogy

A. NMDAR Activation

Y Glutamate @ Glycine ) Mg?*

C a2+

Binding Depolarization

P-Loop C

Figure 2.8 A) Schematic overview of NMDAR Mg2+ activation. Binding of Glu and Gly does
not alleviate block, only the combination of Glu, Gly, and membrane depolarization allow Ca®
flux through the receptor. B) Individual subunit topology of the NMDAR. Mg*" is proposed to

bind in the trans-membrane region of the pore at a site on the P-loop.

This chapter will outline several experiments aimed at understanding chemical-
scale interactions involved in the pore of the NMDA receptor. The first studies will

examine a proposed cation-7 interaction between the Mg”" ion during receptor blockade
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and a conserved tryptophan (Trp607) located in the NR2 subunits. We will also examine
a possible inter-subunit interaction between this Trp and an arginine (Arg630) in the NR1
subunits. The second group of experiments will explore the role of the N/Q site that is
located at the narrowest constriction of the ion channel pore. We will use mutagenesis to
analyze the importance of several conserved asparagines (Asn615 and Asn 616) during

Mg** block and block attributed to small, synthetic organic molecules (i.e., Memantine).

2.2 Results

2.2.1 Previous Studies of the NMDAR Mg’" Binding Site

Early electrophysiological studies of the NMDA receptor were able to localize the site of
Mg®* block and provide insights into the interaction between the ion and receptor.
Studying the voltage dependence of the block led to the proposal that blockage occurs
deep within the pore of the ion channel (47, 54-57). At large hyperpolarized potentials
(the inside of the cell is highly negative), Mg®" can be driven through the membrane. It is
likely that in order for Mg*" to permeate the channel it must be dehydrated. Additional
evidence for this comes from the fact that divalent metal ion permeabilities correlate
inversely with dehydration energies (58). Hydrated Mg®" has a diameter of 0.64 nm,
which is larger than the NMDAR pore (<0.6 nm) (58-60). These studies suggest that in
order for Mg*" to permeate the pore, it must be stripped of its solvation shell (61).
Several studies of K™ channels demonstrate that ion conduction through a pore can
“rehydrate” or solvate dehydrated ions via ion-protein interactions as the ion travels

through the pore (49, 62, 63).
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A Sequence Alignment

NR1 AMWFSWGVLLNSGIGEGAPRSFSARIL
NR2A AIWLLWGLVFNNSVPVQONPKGTTSKIM
NR2B AIWLLWGLVFNNSVPVQONPKGTTSKIM
NR2C SVWLLWALVFINSVPIENPRGTTSKIM
NR2D SIWLLWALVFNNSVPVENPRGTTSKIM

KcsA ALWWSVETATTVGYGDLYPVTLWGRLV
* A

B C
Mutation Mg2+ IC50(uM) Mg?* Binding Site
WT 19 ¢ 0 )
NR1 W808L 19
NR1F609L 15
NR1W611L 21
NR2B W607L >300
NR2B W607N >300
NR2B W607A 217
NR2B W607Y 22

NR2B W607F 29
Figure 2.9 NMDA P-loop structure. A) Alignment of the P-loops of NR1 and NR2 subunits with

the prototypical potassium channel, KcsA (conserved Trp is shown with a star). B) Mutations for
some of the pore residues and their effect on Mg”" block is shown (64). C) Schematic of the

proposed Mg>* binding site (important residues are highlighted).

Based on these early studies, mutagenesis of different residues within the
NMDAR pore pointed to two different types of interactions important for Mg** binding,
arising from amino acids located on the P-loop. The first interaction occurs at a
hydrophobic site, a conserved tryptophan (NR2 W607) in the NR2 subunit (Figure 2.9A,
B, and C). Many mutagenesis studies were performed at sites within the P-loop of the
NR1 and NR2 subunits (Figure 2.9B). Williams ef al. performed mutagenesis at the
conserved Trp site in the NR1 and NR2 subunits and demonstrated the importance of the
NR2 tryptophan in Mg block, suggesting that the aromatic Trp side chain interacts via a
cation-7 interaction with the Mg”" ion (64). Mutagenesis experiments substituting non-
aromatic residues at the NR2B W607 resulted in a large increase in Mg ICso (the
concentration producing half-maximal inhibition, similar to ECsy) values from 19 uM to
greater than 300 uM (at -70 mV) (Figure 2.9B). Additionally, mutations at analogous

Trp residues in the NR1 subunit did not have any affect on Mg”" ICs values, indicating
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that only NR2B W607 was implicated in Mg®* block. A significant disparity was
observed with mutations replacing the Trp with the other aromatic residues, Tyr and Phe.
As seen in Figure 2.9B, ICs values for Mg increased only slightly (64) when the other
aromatic amino acids replaced Trp. Receptors containing aromatic amino acid mutations
in the P-loop all demonstrate wild type like responses to glutamate, glycine, and pH,
implying that they are otherwise unchanged. One important caveat is that receptors
containing the NR2B W607Tyr or W607Phe mutations are more permeable to Mg”" than
the wild-type receptors, which could be due to the size differences among the amino
acids or the relative cation-r binding abilities of the side chains.

The second interaction implicated in contributing to Mg”" block occurs between
several highly conserved asparagine residues (NR1 N616 and NR2 N615 and N616) that
appear on both NR1 and NR2 subunits (thought to lie at the apex of the turn) (Figure
2.9A,C) and the metal ion. Mutagenesis of the asparagines in NR1 and NR2 to Gly, Gln,
Ser, and Asp establish that they interact with the cation through an electrostatic
interaction instead of just through a steric occlusion of the pore (65-67). Wollmuth ef al.
found that block was slightly attenuated, but not abolished, when GIn was mutated to Gly
or Ser and did not substantially increase upon mutation to Asp (a fully charged
sidechain). Additionally, their results demonstrate that residues along the P-loop are
asymmetrically involved in Mg®" block. Wollmuth ez al. propose that Mg”" becomes at
least partially dehydrated during block and compensates for the reduced hydration shell
by obtaining a six-coordinate geometry (preferred) via interactions with the NR2A

asparagines (65). The asparagines replace the hydration shell around Mg*".



39

A
2~
151
E
8 L
o 1+t
w L
3
O
o, I
8 05
oL
| | | | |
15 20 25 30 35
Cation-rt Binding (kcal)
B
Trp F1-Trp F3-Trp Fa-Trp

Cation-rt Binding

Figure 2.10 A) Cation-n plot demonstrating a linear relationship between the cation-r binding
ability of the side chain aromatic amino acid and the shift in ACh ECs, with each mutation. B)
Electrostatic potential surfaces representing each of the fluorinated Trp side chains and the

calculated cation-m binding energies

The above work established a starting point for our analysis of the NMDAR Mg**
binding site. We began by focusing on the hypothesis postulated by Williams’ that Mg*"

binds to NR2 W607 via a cation-w interaction. Our group had successful prior experience
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incorporating fluorinated Trp residues into the ACh receptor to establish the existence of
a cation-m interaction with a cationic agonist; therefore, we wanted to harness this same
technique for this study (68-73). Using the fluorinated Trp series we would observe a
step-wise decrease in Mg>" block if a cation- interaction contributed to blockade. This
exact experiment was performed and identified a cation-m interaction between a
conserved Trp (residue 149) of the muscle nicotinic acetylcholine receptor and the
endogenous neurotransmitter, acetylcholine (68). The unnatural amino acid methodology
is perfectly aligned for these experiments, as fluorinated Trp analogs are a precise
chemical perturbation of this interaction. Fluorinated Trp is a much weaker cation-nt
binder than Trp, yet is almost completely isosteric, free from inflicting steric
perturbations. In order to study the cation-m interaction, we sequentially replace Trp with
monofluoro-, difluoro-, trifluoro-, and tetrafluoro-Trp and compared the calculated
(innate) cation-z binding ability of the aromatic side chain (kcal/mol) to the ECs; of the
agonist when the mutation is present (log ECs is plotted to maintain a similar energy
scale) (Figure 2.10). A similar scale was used for measuring ICsg as well. Initially, in the
case of ACh, an exceptional correlation was observed that was later extended to explain
the binding of additional agonists (68, 72).

Since we had developed a protocol for analyzing the importance of cation-n
interactions, we began our investigation at the NR2B W607 site. This site was implicated
in previous studies and believed to be the most important aromatic residue involved in
Mg®* block. It was first explored with the fluorinated Trp series. It was expected that
upon incorporation of the fluorinated tryptophan residues a step-wise decrease in Mg**
block would be observed if the cation-r interaction was implicated in the blockade. A
linear relationship would be observed between the calculated cation-n binding energies of
the fluorinated Trp side chains and the log of the measured ICsy from each mutation
compared to wild type. These initial studies were performed in collaboration with

another graduate student, E. James Petersson.

2.2.2 Wild Type NMDA Receptor Expression
Prior to unnatural amino acid mutagenesis in the NMDA receptor, a robust and

reproducible expression system needed to be established for the wild type receptors.
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Precedents reported in prior literature from the Williams laboratory for NMDA receptor
expression in oocytes were used and constructs for NR1a and NR2B (NMDARs most
sensitive to Mg”" block) were obtained. These constructs were originally cloned into the
pBluescript vector. However, more recent studies demonstrate that using a Xenopus
laevis expression vector for oocytes will increase the resulting receptor yields. Therefore,
both the NR1a and NR2B genes were subcloned into a vector designed for expression in
oocytes, pAMV vector. pAMYV is derived from pBluescript but contains an additional 5’

untranslated region from the alfalfa mosaic virus that aids in binding to the ribosome

(74).
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Figure 2.11 NMDA receptor Mg>* block. A) Dose-response curve generated for Mg”" block. B)
Electrophysiology trace of wild type NR1a/NR2B receptors. Red bar = 100 uM Glu + 10 uM
Gly. Blue bar = 500 uM Mg*".

Wild type NR1a/NR2B mRNA subunits were injected into Xenopus oocytes in a
1:1 ratio. Oocytes were incubated for a standard 2 days. A dose-response curve for Mg”"

block obtained of the wild type receptors (Figure 2.11A) to confirm expression.
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Protocols previously described by Williams and coworkers (64) were followed. Briefly,
a series of saturating doses of each agonist, 100 uM Glu and 10 uM Gly, were applied to
each oocyte for a given duration of time (Figure 2.11B). ECs values for Glu and Gly
were determined as 1.4 uM and 0.14 uM, respectively. When obtaining ECs, values for
Glu and Gly, a saturating dose of Gly (10 uM) or Glu (100 uM) was always applied,
respectively. Concentrations much larger than the ECs values are used during the
experiments to ensure that full receptor activation is achieved, which is important in
determining the effects of mutations on Mg”" block. After the initial application of Glu
and Gly (Figure 2.11B (a)), a dose of Mg”" that also contains the agonists was applied
(Figure 2.11B (b)), followed by a washout solution with just the agonists (Figure 2.11B
(¢)). This procedure reveals the receptor activation, Mg>" block, and the reversibility of
the blockade.

In order to generate the ICso graph (Figure 2.11A), the ratio of the response
(signal) in the presence and absence of Mg”" versus the concentration (doses) of Mg”"
used to generate the ICso was plotted. Previous studies have recorded the Mg®" ICs value
at 19 uM for the wild type NR1a/2B receptor (64). Using the OpusXpress ™ and the
cloned constructs, the wild type NR1a/2B receptor Mg>" block was recorded at 66.7 + 7
uM (Figure 2.11A). Although this number is different from that of the Williams’ lab, it
is not surprising, as previously obtained ECsgs from acetylcholine and GABA receptors
recorded on the OpusXpress™ were larger than those recorded on traditional

electrophysiological rigs.

2.2.3 Control Experiments

One set of control experiments was performed due to reports of homomeric NR1a
subunits forming functional channels in Xenopus ooctyes (75, 76). In order to confirm
that the responses analyzed were from properly formed heteromeric NR1a/2B receptors,
the NR1a subunit mRNA was injected into oocytes without NR2 mRNA. Doses of 100
uM glutamate and 10 uM glycine were applied to the oocyte (protocol shown above).
However, no current was recorded from these oocytes. This indicated that the previous
experiments that produced responses to 100 uM glutamate and 10 uM glycine were in

fact recording heteromeric NR1a/2B receptors.
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Based on previous studies with the nicotinic acetylcholine receptor, which
normally incubates for 1-2 days post mRNA injection, this incubation time was used
initially. However, in order to optimize the NMDAR expression, the incubation time was
altered by allowing the oocytes to incubate at 16°C for 2-4 days post mRNA injection.
After 4 days of incubation post wild type NR1a/2B mRNA injection, the oocytes were
unhealthy and useful data was not obtained or recorded. As a result, the optimal
incubation time for wild type NR1a/2B receptors was determined to be two days. One
reason why the oocytes may become unhealthy is due to the activation of Ca®" activated
CI channels, which would disrupt the membrane potential of the oocyte.

After successful expression of the appropriate wild type receptors and generating
reproducible results, the next step was to demonstrate the recovery of the wild type
receptor phenotype using nonsense suppression to incorporate Trp at position 607 in the
NR2B subunit (a “wild type recovery” experiment). Several experiments were performed
to optimize unnatural amino acid incorporation into functional NMDA receptors. The
experiments first began by making a TAG (stop codon) mutation at residue 607 in the
NR2B gene. Wild type recovery experiments were performed by co-injecting
NR1a/NR2BW607TAG mRNA (1:5 ratio) and tRNAcya-Trp. After optimizing
incubation conditions again, it was concluded that 2 days produced optimal results. In
order to increase expression, a “booster” injection was given to each oocyte after 24
hours of tRNAcya-Trp. The booster injection only contained tRNAcya-Trp because the
limiting factor in nonsense suppression is the amount of aminoacyl tRNA that is injected

into the oocyte.
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Figure 2.12 Misincorporation phenotype generated by receptors expressed from

NR1a/2B607TAG mRNA co-injected with tRNAcya.

One possible complication due to the nonsense suppression method is the re-
acylation of tRNA by the oocytes’ endogenous aminoacyl tRNA synthetases after the
unnatural amino acid is incorporated into the protein. If this occurs, it will lead to
“misincorporation” of an undesired amino acid at the site of interest. In order to test the
amount of misincorporation current generated, NR1a/2B607TAG mRNA was injected
into oocytes without injecting the corresponding aminoacyl-tRNA. Glutamate and
glycine were co-applied to these oocytes and no current was recorded. To determine if
the synthetic tRNA could be used by the oocyte, as a control NR1a2B607TAG mRNA
was co-injected with an unaminoacylated tRNAcya (76 mer, biologically relevant un-
aminoacylated tRNA). The results produced substantial background currents. However,
Mg2+ could not block these receptors. Instead, they were permeable to Mg®" at
concentrations larger than ~1000 uM. In Figure 12, the currents produced at Mg*"
concentrations less than 1000 uM are typical Na** currents, and the amount of current
then increases as Mg2+ concentration increases (>1000 uM), indicative of more ion flow
across the membrane. A logarithmic relationship was observed between the magnesium
concentration and the NMDAR currents recorded, signifying that Mg*" does not block

the receptor but functions as a charge carrier (Figure 2.12) (77).
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Figure 2.13 Wild type recovery experiment producing an Mg”" ICs; of 82 £ 22 uM.
NR1a/2B607TAG mRNA was co-injected with tRNAcya-Trp.

Williams and co-workers also found that Mg”*" permeates the pore for some
poorly blocking mutant receptors, such as the NR2B 607Leu mutant (64). Optimization
experiments conducted as part of this study demonstrated that misincorporation currents
are greatly reduced when nonsense suppression experiments are performed 2 days after
the initial oocyte injection. With these conditions, it was concluded that the background
was sufficiently low to produce reasonable data for the unnatural amino acid experiments
of this study. The first wild type recovery experiments were performed and generated a
dose-response curve for Mg®" block by incorporating Trp via suppression at NR2B607.
The results were within error of the wild type ICsy value indicating successful nonsense

suppression of NMDARs (Figure 2.13).

2.2.4 Incorporation of F,-Tryptophans at NR2BW607

The above protocol was followed for expression of receptors containing F,-Trps.
NR1a/2B607TAG mRNA was co-injected with tRNAcya-F-Trp to determine the
importance of a cation-r interaction in Mg>* block. First, it was noticed that F-Trp
incorporation resulted in currents that were approximately 20% smaller than those from
Trp incorporation as well as more sporadic expression levels overall, yet dose-response

relationships were still generated without difficulty. As with most electrophysiological
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experiments, it is important to look at traces, which are shown below for wt (wild type),

Trp, and F-Trp (Figure 2.14).

5 125 25 50 100 250 500 1000 5000
wt — — — — — — — — —
W W Wy
S T S s U
F-Trp

50s

100 uM Glu + 10 uM Gly MgZ*

Figure 2.14 Electrophysiological traces for wt, Trp, and F-Trp incorporation in the
NR1a/NR2B607 receptors. Expression levels decrease and full Mg** block is not achieved with

suppressed receptors. Mg2+ concentrations are shown at the top in (uM).

The only observable difference between Trp and F-Trp incorporation is that full
Mg®* block is not observed with F-Trp incorporation. Even at high Mg®* concentrations,
full receptor block was not reached (Figure 2.13 and 2.14). It is likely that the small
amount of “misincorporation” currents skewed the results. However, despite this data,
reasonable 1Csy values were obtained and resulted in the dose-response data comparable

to wild type data.
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Figure 2.15 NR2BW607F Trp Data. A) ICs, values for Mg®* block at wt, Trp, and F-Trp
NMDARs. B) F,-Trp Electrophysiology data.

As seen above (Figure 2.15A) incorporation of F-Trp at NR2B607 did not result
in a rightward (or any) shift in Mg*" ICso with a value of 52 uM. Since no significant
rightward shift was observed with NR2BW607F-Trp, it appears that a cation-nt
interaction is not likely to occur between W607 and the metal ion. To rule out the
possibility of a cation-rn interaction, F,-Trp was incorporated at NR2B607. Initially,
small currents were recorded (Figure 2.15B), but with double injections of tRNAcya-
F,Trp increased expression was sufficient enough to determine an ICs, for Mg2+ of 52 +

10 uM.

Trp 5-F-Trp 5,7-F,-Trp Nap Cha

Figure 2.16 Electrostatic potential surfaces for Trp analogs used in the NR2B607 Mg binding

studies. Stick representations of the side chains are below.
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2.2.5 Calculated Magnesium Binding Energies

In previous studies, the calculated ab initio binding energy of a Na" ion to an aromatic
ring was used as a measure of the ring’s cation-n binding ability (68, 70) (Figure 2.16).
Fluorination of the aromatic ring reduces the cation-n binding ability by reducing the
negative electrostatic potential at the center of the ring. In order to verify that nothing
unusual occurred with Mg", high level ab initio calculations were performed using
indole and fluorinated derivatives with Mg”". In the gas phase, the binding of Mg*" to
indole gives a AE of —142.3 kcal/mol (vs. =32.6 kcal/mol for Na"). With 5-fluoroindole
the affinity is decreased by 11.3 kcal/mol (vs. 5.1 kcal/mol when Na' is the probe cation).
The cation-x interaction is much stronger for Mg than for Na* due to the larger charge
density on the divalent ion, an anticipated result for an interaction with a large
electrostatic component. Fluorination of the side chain also has a greater effect. Similar
calculations were performed using implicit solvation models for water, ethanol, and THF
(Figure 2.17). The calculations clearly establish that a substantial change would be seen
in the results if a direct cation-r interaction were important. For reference, in both the
serotonin and y-aminobutyric acid receptors, the ligands for each receptor (of the type
RNHj;"), resulted in decreased ligand affinity values ranging from 30-fold to 180-fold,

respectively (73, 78) to difluorination of a binding site aromatic amino acid.

Mg?* Binding Energy (kcal/mol)

Trp 5-F-Trp 5-F-Trp - Trp

Gas -142.3 -131.0 11.3
THF -24.2 -14.8 9.4
EtOH 4.0 1.3 7.3
H,O 6.7 15.1 8.4

Figure 2.17 Mg”" cation-7 binding energies calculated with Trp side chains. Counter-poise
corrections were used and all calculations performed at B3LYP/6-31""G (d,p) level of theory and

basis set.
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2.2.6 Mutagenesis studies of Inter-Subunit Contacts in the NMDAR Pore

Previous work demonstrated that only aromatic residues functioned in the pore at
NR2B607 (64). However, the results of this study rule out any interaction containing a
significant electrostatic component, i.e., the cation-r interaction and s-m interactions.
Moreover, a simple hydrophobic side chain such as Leu is not sufficient since the W607L
mutation demonstrates no Mg”>* block. The W607L mutation also rules out the
possibility of the cation-m interaction “jumping” to the NR1 subunit (NR1 W608) when
fluorinated derivatives are placed in NR2B. Another explanation is sterics - that a
relatively large, flat, hydrophobic side chain is required to “plug” the pore. In order to
probe this possibility, several additional Trp analogs were incorporated at NR2B607, 2-
Napthylalanine (2-Nap), Tyr, and cyclohexylalanine (Cha). These Trp analogs are
residues used to test steric interactions of the side chain. 2-Nap is structurally similar to
Trp but does not contain an indole moiety. Cha is the non-aromatic side chain
corresponding to Phe, structurally similar in size and shape to Phe. Incorporation of 2-
Nap results in wildtype Mg®" block. Incorporation of Tyr and Cha resulted in an
approximate 4-fold shift in Mg”" ICso, but still maintained some receptor block and were
essentially identical (Table 2.1). It thus appears that a rigid, relatively flat, hydrophobic
residue is required at position 607 for potent Mg** block.
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Table 2.1 ICso Data for Wild type and Mutant NMDA Receptors. The numbers in parenthesis are

the number of oocytes measured to obtain each value. ICs, values, d values, and K, 5 values are

shown as mean =+ s.e.m Cation-n binding values are computed as in (64, 70).

Cation-n
Binding
Mg2+ ICso (Na+) I Max Kos (0
Subunit/Amino Acid (uM) -60 mV | kcal/mol n Avg. (nA) o mV) (mM)
Wild-type NR1a/2B 76 (£ 5.5) 32.6 7 850 0.74 (£ 0.11) | 3.7 (¢ 2.9)
NR1a/2B607TAG W 82 (£ 22) 32.6 6 102 0.77 (£ 0.07) | 11 (¢3.2)
NR1a/2B607TAG 2-Nap 37 (£ 4) 28.9 5 102 0.54 (£0.15) | 0.5 (0.3)
NR1a/2B607TAG 5-F-Trp 52 (£5) 27.5 8 170 0.36 (£0.11) | 1.6 (x 1.1)
NR1a/2B607TAG 5,7-F2-Trp | 52 (+ 10) 23.3 5 35 0.73 (£ 0.03) | 2.9 (0.6)
NR1a/2B607TAG Cha 190 (£ 11) 8.4 4 160 0.39 (£ 0.06) | 1.1 (0.3)
NR1la/2B607L No Block 4 510
NR1a/2B607TAGY 170 (£ 28) 26.9 4 1100
NR1a/NR2BW607R No Block 4 100
NR1aR630W/2B NF
NR1aR630W/2BW607R NF
NR1a/2B607TAG 76mer No Block 5 25

2.2.7 Current-Voltage (I-V) Relationships

Since the Mg block is voltage-dependent, the agonist-induced current-voltage (I-V)

relationships were examined in the presence and absence of Mg*". One way to analyze I-

V relationships is by comparing a set of parameters discussed by Woodhull (63). The

Woodhull parameters were obtained by plotting the logarithm of the ICsy (LogICso) over

a range of voltage potentials versus the holding potentials. Then a straight line was fit to

the data to determine § and K¢ s (Table 2.1). The parameter & represents the portion of

the electric field sensed by the site and Ky 5 is the half-maximal block at 0 mV. This

study determined that wild type NR1a/NR2B receptors demonstrate the expected

concentration and voltage dependent Mg®" block (Table 2.1) (79). A mutation that has

similar size and cation-n binding ability to Trp, W607 2-Nap, was strongly concentration

and voltage dependent. Interestingly, the W607Y mutant does not reach full Mg*™ block

even though the cation-n binding ability of Tyr is very similar to Trp and 2-Nap (Figure

2.16). This suggests that the voltage-dependent Mg”" block is not correlated to the

cation-n binding ability at NR2BW607.
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W607 Cha WG607 Leu

Mg2+ Free

5 uM Mg2+
200 uM Mg2+
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Figure 2.18 Current-voltage (I-V) relations generated by voltage ramps; see methods.

NR1a/NR2B, NR1a/NR2BW607 2-Nap, NR1a/NR2BW607 Cha, and NR1a/NR2BW607L.

The voltage-dependence of Mg block for the NR2BW607 Cha mutant (Figure
2.18) also was determined. Although the I-V relationship demonstrates some
concentration and voltage-dependent Mg*" block of the receptor, the block is incomplete
at even the highest Mg”" concentration (2 mM). Additionally, the block is relieved at
high negative potentials. This suggests that Mg”" can permeate the pore and block the
pore with this mutation. On the other hand, the W607L mutation, also shown in previous
studies, displays no relevant Mg*" block at any concentration or voltage tested. From a
chemical perspective both Cha and Leu are hydrophobic residues with no significant

cation-7 ability, yet there are noticeable differences between the Mg*" block of Cha and
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Leu. The Cha-containing receptor partially blocks Mg®*, whereas the Leu-containing
receptor does not. The experiments conducted in this study suggest that the size and

shape of the side chain at NR2B607 influences Mg®* block more than aromaticity.

2.2.8 Similarities of the P-Loop of Glutamate Receptors and Potassium Channels

Since we determined that a cation-7 interaction between NR2BW607 and Mg®" doesn’t
exist, we were interested in investigating other roles for this conserved Trp in channel
function. Previous studies and sequence alignments suggest the structural similarity
between the pores of potassium channels and glutamate receptors (49) and are often used
for modeling purposes when creating images of glutamate receptor overall topology.
Sequence comparisons demonstrate a high homology between the pore-forming regions
of K" channels and the P-loop of glutamate receptors (49, 80), including conservation of
the residue that corresponds to NR2BW607. The KcsA K™ channel corresponding
residue, W67 (NR2BW607 equivalent), was identified as being involved in an inter-
subunit cation-n interaction with KesA R49 (Figure 2.19).
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A
NR2BW607
NR1aR630 @

Figure 2.19 Schematic of NMDA receptor pore. A) Schematic demonstrating a possible inter-
subunit cation-m interaction between NR1R630 and NR2BW607.B) Crystal structure of KcsA
showing the four inter-subunit cation-z interactions between W67 and R49, structure adapted

from (87). PDB file: 1BLS.

During the comparison of the receptors, it was noticed that the glutamate receptor
residue corresponding to KcsA R49 is either an Arg or Lys, which would be amenable to
a cation-m interaction. In order to determine if this inter-subunit interaction translated to
the glutamate receptors and to further probe the interaction, “residue swapping”
experiments were performed to evaluate NR2ZBW607R and NR1aR630W mutations and
the double mutation. The NR2ZBW607R mutant activated upon agonist application, but,
as expected, the block by extracellular Mg®" was abolished. The NR1aR630W single
mutant and NR1aR630W/NR2BW607R double mutant did not produce any current in

response to agonist application.



54

NON-PERMEABILIZED PERMEABLILIZED

CONTROL

NR1a OnNLY

WT

NR1a/
NR2BW607R

NR1aR630W/
NR2B

Figure 2.20 Immunolocalization of wild type, functional, and nonfunctional mutant NMDA
receptors expressed in HEK293T cells. Permeabilized and non-permeabilized membrane images

are labeled.

To determine whether the apparently non-functional mutant receptors were
expressing at the plasma membrane, the localization of these mutants was studied using
an NR1-specific antibody. HEK293T cells expressing the wild type or the functional
mutant (NR1a/NR2BW607R) showed clear labeling of the membrane in non-
permeabilized cells. In contrast, no such labeling was seen for the nonfunctional receptor
mutants (NR1aR630W/NR2B and NR1aR630W/NR2BW607R) (Figure 2.20).

Permeabilization of the membranes allowed labeling of intracellular NR1a subunits in all
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cases. While it is possible that expression patterns would be different in HEK293T cells
than in Xenopus oocytes, we feel the more reasonable explanation is that the receptors
that were “nonfunctional” in fact failed to fold and/or transport properly to the cell
surface. Although we hypothesized that the double mutant (NR1aR630W/NR2BW607R)
might rescue the receptor by re-establishing a cation-m interaction, the results suggest that

the Arg at position 630 in NR1a is necessary for receptor assembly and/or transport.

2.2.9 Asparagine Residues and NMDA Receptor Block by Extracellular Cations

After our characterization of the conserved Trp site involved in Mg*" block, this study
turned to an investigation of the conserved asparagines in both NMDAR subunits. There
are two conserved asparagines in NR2B at positions Asn 615 and Asn 616. Only one
exists in the NR1a subunit, Asn 616. By convention, the NR2 subunit N615 is labeled
the N site or N(0) site and, N616 is the N+1 site. Previous studies have implicated the
asparagine residues in Mg block. In addition, these Asn residues are also associated
with NMDA receptor block caused by extracellular cations, such as the synthetic small
molecules, phencyclidine (PCP), a common drug of abuse, MK-801, an NMDAR
antagonist, and memantine (Namenda©), which is a pharmaceutical currently on the
market for treatment of moderate to severe Alzheimer’s Disease (§2). Using
conventional mutagenesis, several studies demonstrated that the Asn residues did not
contribute equally to block by external Mg>* (65, 67). As demonstrated in Figure 9, the
asparagines are thought to lie at the narrowest constriction of the channel pore and at the
top of the P-loop (60), suggesting that one of the side chains can interact more favorably
with an extracellular cation compared to the other. Mutagenesis studies in the NR1 and
NR2A subunit have demonstrated that the N+1 site contributes to Mg”" block more than
the N site (65, 67) of NR2A, while the NR1 subunit Asn contributes very little to Mg
block.

Keeping in mind the previous studies, this exploration of the N and N+1 sites first
focused on the NR2B subunit. Mutagenesis of the Asn residues to Gln, Asp, Ser, and Gly
produced evidence that the N+1 site in NR2 provided an energy barrier to ion flux

through the channel, establishing a block. Wollmuth et. al postulated that the asparagines
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could act as a steric block since the size of hydrated Mg*" (> 0.7 nm) would be larger
than the pore (0.55 nm). On the other hand, the asparagines could act as a binding site
for Mg”" through ion-dipole coordination due to the polarity of the Asn side chain (65).
However, one would expect that if the latter were important for Mg”" block, then
mutation of the side chain to Asp (full negative charge) would enhance Mg”*" block,
which was never observed (83, 84). The novel chemical approach used in this study to
probe chemical-scale interactions involved incorporation of a series of fluorinated Asns
to decrease the side chain polarity. This essentially mirrored the fluorinated Trp

experiment, but with a different amino acid side chain.

0
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Figure 2.21 Analogs of asparagine that decrease the negative charge density on the amide
carbonyl. Electrostatic potential surfaces demonstrate the weaker (less red) amide carbonyl as

fluorination of the ketone increases.
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The chemistry of Asn would allow the amide carbonyl to chelate Mg*" during
NMDAR blockade. The negative electron density would coordinate to Mg®" through an
ion-dipole interaction forming an energy barrier to Mg”" release from the pore. This is an
ideal interaction to probe chemically. Analogs of Asn that would reduce the negative
charge density of the amide carbonyl were sought for incorporation. These analogs
would weaken the Mg -carbonyl interaction, and it was hoped this would result in a shift
in Mg”" ICs. In previous studies of the muscle type nAChR, the neutral Asn analog, 2-
amino-4-ketopentanoic acid (Akp, Figure 2.21), was used to delineate the effects of a

carbonyl side chain in stabilizing different agonists in the binding site (85-87).

To study the NR2B N and N+1 site residues the N615D, N615TAG, N616Q,
N616D, and N616TAG mutations were created. Conventional mutagenesis studies were
conducted and resulted in shifts in ICsy (Table 2.2). The experiments conducted
demonstrated that both the N and N+1 site influenced Mg*" block. Amino acid
substitutions at NR2B N615 resulted in no Mg** block whereas mutations at NR2B N616
resulted in greatly attenuated block. One noticeable shift was the N616D mutation,
which slightly decreased ICso. This shift supports previous suggestions that an ion-dipole
interaction stabilizes Mg”>" block (Table 2.2, Figure 2.22). Following the analysis with
conventional mutations, Akp was incorporated at the N and N+1 sites (Table 2.2). The
N615Akp mutation resulted in ablation of Mg®" block, whereas the N616Akp mutation
produced wild type like Mg** block. Although these results reinforce the unsymmetrical
contribution of the N and N+1 site Asns to Mg”" block, the results of this study suggest

that the amide carbonyl of the N site contributes more to Mg”" binding than the N+1 site.
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Table 2.2 ICs, values for Mg2+ block at the N and N+1 site in NR1a/NR2B NMDA receptors.

*The number of oocytes contributing to each 1Csy value is in parenthesis.

Mutation Mg®* (uM)* Hill
wild type 76.3+5.46 (7) | 1.22+0.086
2BN615D No Block (6)

2BN615Akp No Block
2BN616D 46.3£5.43(8) | 1.06+0.122
2BN616Q >2000 (5)

2BN616Akp ~90.0 + 5 (6)
1aN616D 607 + 168 (2) 1.07 £0.22
1aN616Q >3000 (4)

Following the analysis of Mg*" block for the Asn mutations, an investigation was
conducted of the chemical mechanisms of NMDA receptor block by other extracellular
cations. Due to the importance of NMDARSs in learning and memory and the
implications for these receptors in stroke and neurodegenerative diseases, much time and
effort already has been spent in an attempt to specifically target and regulate these
receptors with small molecules. Memantine (Namenda®©) is a cationic NMDAR blocker
that reversibly blocks the channel (88, §9). Memantine is often referred to as a “better
magnesium ion,” in that it has a higher affinity for the receptor, a slower unblocking rate,
and moderate voltage dependence (90-92). Several mutagenesis studies demonstrate that
there are two sites of memantine interaction with the NMDARSs. The primary binding
site occurs at N site Asns, the narrowest constriction of the pore. The secondary binding
site is more controversial, but appears to be located in a shallow extracellular vestibule

and/or a more extracellular region of the pore (92-97).
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Figure 2.22 Asparagine site ICs, curves. 1Csy dose-response data for NR1a/NR2B receptors with
mutations at the N and N+1 sites. Stick representations of the different conventional side chain

mutations for the Asp and Gln mutations compared to wild type Asn.

Similar to the Mg®" block, an electrostatic interaction was suspected in the block
by memantine. Therefore, parallel experiments were conducted with Asn site mutations
to record memantine ICsy data. Based on these experiments, memantine is a more potent
NMDAR channel blocker with a wild type ICso of 2.4 uM (Figure 2.23). As in previous
studies, the NR1a N616Q mutation results in the largest shift in ICso (~10-fold shift) and

the NR2 Asn site mutations produce no shift.

After obtaining several ICsq values for different N site mutations with both Mg**
and memantine, it was observed that not all of the mutations resulted in full receptor
block. This was a concern because the method used for comparing ICsy values for the
mutations was suspected to not provide an accurate account of the effects these mutations
were having on the receptor. For example, several of the mutations do not shift ICs
(NR2B N616Q mutation) significantly, but they do greatly attenuate block. Therefore,
this study then compared the total amount of receptor block at both the wild type receptor
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ICso value for each blocker and at maximal blocker concentration. Using this method it
was expected that large differences in how the mutation affects receptor blockade would

be detected.

—e— wildtype A,
—e—NR1a/2BN616D Memantine
—o—NR1a/2BN616Q
12 - |—«—NR1a/2BN615D
I NR1aN616Q/2B ity
1L
Mutation | Memantine (uM) Hill
- wi 24+08(6) 0.54 +0.07
08 | 3BNGISD 11203 (3) 08502
b5 [ 2BN616D 276203 (4) 11201
% A 2BN616Q 18802 (4) 13401
£ 06 ¢ 1aN616D 223+4.6(4) 1.3+02
5 i 1aN616Q 193£45(5) 08+01
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Figure 2.23 Asparagine ICs, curves with memantine. ICs, data for memantine block of wild type

(wt) and Asn site mutations in NR1a/NR2B receptors.

This analysis was performed for both Mg** and memantine block. The overall
results suggest that, for Mg block, the amide carbonyl of NR2BN615 contributes to
Mg** binding and block. However, altering the sterics of the NR2B N616 side chain with
the N616Q mutation resulted in ablation of Mg®" block (Figure 2.24). These results
suggest that the size and sterics of the N+1 site contribute to Mg*" block, and that the
amide carbonyl of the N site coordinates to the magnesium ion during block. The results
with memantine demonstrate that, on the whole, neither the NR2B N or N+1 site
contributes to block. In fact, although the block at ICsg levels of memantine varies
slightly with the mutations, a large shift is never observed and full receptor block is

maintained. These results, combined with those of prior studies using NR1a mutations,
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suggest that the N site in the NR1 subunit is involved with memantine block and the
NR2B mutations contribute very little to block. Interestingly, these results suggest that
these blockers utilize different electrostatic and steric interactions on binding to

NMDAR:s.
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Figure 2.24 Percent block for Mg®” and memantine. Studies of NR1a/NR2B receptor block at N
and N+1 site mutations. Receptor block was characterized at wild type ICs, values (red) and at

maximal concentrations for Mg2+ and memantine (blue).

2.2.10 Additional Studies of NMDA Receptor Blockade

There are many additional molecules that block the NMDA receptors. Investigations of a
couple of these were started. MK-801, which is a very potent open channel blocker that

binds in the pore of NMDARS, and phencyclidine (PCP), which also binds to and blocks
the NMDAR pore, were examined. Both of these molecules are cationic blockers and

bind within the pore of NMDARSs (Figure 2.25).
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Figure 2.25 NMDA receptor blockers. Structures of the NMDAR blockers MK-801 and PCP.

It quickly became clear that electrophysiology experiments using the OpusXpress
would be difficult with MK-801, which is a very potent blocker of the NMDAR and
binds at nanomolar concentrations. One issue with MK-801, which also makes it a less
than ideal pharmaceutical, is its inability to be “washed off” of the channel. In other
words, once it binds to the pore it sticks with such high affinity that it is not removed
easily. This can be observed by looking at electrophysiological recordings (Figure
22.26). This feature makes data acquisition very difficult, because in order to generate a
dose-response curve, the channel must be reactivated before each dose of blocker is
applied. Active channels cannot be reactivated with MK-801 because it remains in the
channel. The resulting responses to drug and blocker are not accurate and skew the dose-
response relationship, impeding experimentation. Although efforts were made to explore
MK-801 further, ultimately these experiments were put aside in place of other

experiments.
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Figure 2.26 Electrophysiology traces from two doses of MK-801. As the concentration of MK-

801 increases, more channels remained blocked and channels do not reactivate.

Following the examination of MK-801, the study turned to the blocker PCP. The
studies of NR1a/NR2B wild type receptor demonstrated that PCP also is a very potent
blocker. The ICsy value obtained for wild type receptor block was 204 nM. Two
subsequent mutations, NR1a N616Q/NR2B and NR1a/NR2B N615Akp, both shifted
PCP ICsy by ~ 4 and 7-fold, respectively (Figure 2.27). Although these studies did not
conclusively characterize the N and N+1 site Asns in PCP block, the initial results
suggest that PCP binds differently than either Mg*" or memantine. Since the N site of
both the NR1a and NR2B subunits influences PCP block, it appears that PCP contacts
more of the pore. The studies conducted were unable to determine if the PCP block is
mostly steric or electrostatic in character. Future studies may be able to clarify this

interaction.
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Figure 2.27 PCP ICs curves. ICs values for the wild type NR1a/NR2B receptor and two
mutations, NR1a N616Q and NR2B N615Akp.

2.3 Discussion and Conclusions

The studies conducted support the conclusion that Mg®" does not interact with the
NR2B Trp607 through a cation-m interaction. All previous studies using conventional
mutagenesis led to the conclusion that the aromaticity of Trp 607 was crucial for Mg*"
blockade. However, the results obtained from employing unnatural amino acid
mutagenesis via nonsense suppression have definitively demonstrated that the interaction
is not electrostatic in nature. The subtle results of this approach reveal that the more
likely interaction that Trp607 is involved in is steric. Simply put, a large, flat residue is

required at NR2B 607 (98).

Our studies with several different side chains support the idea that structural

requirements at W607 are necessary to maintain Mg”" block. For example, large, flat
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side chains such as Trp, 2-Nap, F»-Trp, and Cha all maintain levels of Mg*" block similar
to the wild type receptors. At the same time, we also noticed subtler effects on Mg*"
block such as the incorporation of Tyr and Cha, which seem to distort the receptor pore
enough for incomplete Mg”>" block (although it can be relieved at high negative
potentials). This implies that the size and/or shape of the Tyr or Cha side chains at
position 607 does subtly distort the pore, so that Mg>" can permeate more easily.
Additionally, the W607Cha data would suggest that an aromatic residue is not absolutely
necessary for receptor function, since partial block is observed in these channels. It is
reasonable to suggest that the important features of the Trp residue are its size, shape, and
hydrophobicity, which allow it to fit into the channel architecture to create the desired

Mg®** block during NMDA receptor function (98).

In studies conducted of the Mg block we have demonstrated that the conserved
N and N+1 site Asn residues in both NR1a and NR2B are important during Mg** block.
Prior studies suggested that the two NR2 sites do not contribute equally to Mg*" block.
Conventional mutagenesis studies concluded that the NR2 N+1 site contributed to Mg”*
block more than the N site of either subunit. By using the unnatural amino acid
mutagenesis technique, the importance of the amide carbonyl of Asn could be tested in an
electrostatic interaction with the metal cation. The experiments conducted, incorporating
the unnatural amino acid Akp, suggest that the amide carbonyl of NR2B N615 (N site) is
more important for Mg block than the amide carbonyl of the N+1 site. At the same
time, the conventional mutagenesis experiments also demonstrated the importance of the
N+1 site in Mg block. Combining these studies it is suggested that although the N+1
site Asn may provide a steric component to Mg®" block (it is thought to lie at the
narrowest constriction of the pore), the N site may coordinate to Mg*" through an ion-

dipole interaction.

The studies of the pore Asns also provided interesting suggestions about the
mechanism of memantine block of the NR1a/NR2B receptor. Memantine block is
complicated since there is a proposed primary and secondary binding site (90, 92).
Instead of the NR2 subunit Asns contributing to memantine block via electrostatic
interactions, the mutation with the most dramatic influence on memantine block was

NR1la N616Q. None of the other mutations at either site in NR2B resulted in a
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substantial shift in receptor blockade, likely suggesting that these are not the only
chemical interactions at play between the receptor and memantine during block.
Previous studies by the Lipton group have postulated that several binding sites for
memantine exist in and around the NMDAR pore (92). This can complicate mutagenesis
studies because as one set of NMDAR-memantine interactions is altered, other important
interactions between the receptor and blocker can (and likely do) compensate for the
mutations. However, the more subtle mutations, inherent in the technique used here,
provide precise evidence of the molecular nature of the interactions involved in
memantine block. These distinguish memantine block from Mg”* block. It is likely that
Mg®" interacts with the amide carbonyl via an electrostatic interaction of the NR2B N site
while memantine seems not to be influenced by the NR2B subunit at all during receptor
block. The use of unnatural amino acid mutagenesis has revealed that Mg”" and
memantine, although both cationic blockers, interact with the NMDAR pore via different

mechanisms.

The results of this study and prior studies demonstrate the limits of current
understanding of the action of cations in blocking the pore of NMDA receptors.
Additionally, recent evidence suggests that the pore region may not be the only area of
the protein involved in receptor blockade. Contributions from the LBD also may
influence the structure of the pore and how different cations interact in the pore domain
(99). This area of research is ongoing and provides a prime example for how biophysical
chemistry on the molecular scale contributes unique insights and understanding of these
complex biological processes. Several lab members, including Walrati Limapichat and

Wesley Yu, will continue future studies of the mechanism of block by memantine.

These experiments demonstrate that a new family of neuroreceptors (iGluRs), the
NMDA receptor in particular, is amenable to study using unnatural amino acid
mutagenesis. Now that a protocol has been established for use of the nonsense
suppression methodology to incorporate unnatural amino acids into these highly
important receptors, the role of many chemical interactions involved in their structure and

function can be explored.
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Chapter 3 will examine how this methodology has been used to focus on a
different domain of the NMDAR, the ligand-binding domain. Also, the efforts to expand
the methodology into another iGluR subfamily, the AMPA receptors, will be described.
Because glutamate receptors in general and, specifically, NMDA receptors, play such an
integral role in many neuronal functions and diseases due mostly to their high Ca**
permeability, they are an incredibly interesting set of neuroreceptors for exploration. The
long-term goal of these efforts is to study these receptors in a mammalian cell system and
explore how their structure and function interplay with different neuronal signaling

cascades within the cell.

2.4 Materials and Methods
2.4.1 Molecular Biology

The NR1a and NR2B subunits were subcloned from pBluescript into pAMV (700) for
increased expression in Xenopus laevis oocytes. For the NR1a subcloning, primers
complimentary to the 5’ and 3’ ends of the gene were synthesized (Integrated DNA
Technologies), the gene was amplified using PCR, and then subcloned into the pAMV
vector using the Ncol and BamHI restriction enzymes and DNA ligase. The NR2B
subcloning was more involved. Initially, the first 1.5 kb of the NR2B subunit (from the
5’ end) was amplified using PCR and subcloned into pAMYV utilizing overlapping
primers and PCR. The overlapping primers were constructed using 12 amino acids from
the AMV sequence that directly preceded the start codon of the plasmid and the first 12
amino acids from the NR2B gene (72 bp/primer). The second 3.0 kb of NR2B were
subcloned into the modified pAMYV containing 1.5 kb from NR2B by restriction digestion
between the plasmid and the fragment (3.0 kb) using BamHI and AfIII and ligating with
T4 DNA Ligase (Figure 2.28).
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Figure 2.28 NMDA receptor cloning. Cloning schematic for NR2B insertion into pAMYV from
pBluescript. Final vector map of NR2B in pAMYV with the TAG (stop) codon inserted at site 607.

Mutant NR1a and NR2B subunits were prepared by site-directed mutagenesis.
All mutant and wild type cDNA was linearized with Not/ and mRNA was synthesized by
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in vitro runoff transcription using the T7 mMESSAGE mMACHINE kit (Ambion).
Conventional mutants and wild type mRNA were injected in a NR1a:NR2B (1:5) ratio.
Synthetic amino acids were ligated to truncated 74 nt tRNA as described previously
(100). The aminoacyl tRNA was deprotected by photolysis immediately prior to co-
injection with mRNA. Typically, 5 ng mRNA and 25 ng tRNA-aa were injected into
oocytes in a total volume of 50 nL.. To increase expression of suppressed receptors, 1 day
after the first injection a “booster” of 25 ng tRNA-aa was given and the cells incubated

one additional day before electrophysiological measurements were made (48 hours total).
2.4.2 Electrophysiology

Stage V-VI Xenopus laevis oocytes were injected with 50nL/cell of mRNA/tRNA
mixtures. Oocytes were evaluated in a Mg®" and Ca®" free saline solution (96 mM NaCl,
5 mM HEPES, 2 mM KCI, 1 mM BaCl,). The receptors were activated in a Mg>" and
Ca’" free solution containing 100mM glutamate (Aldrich), 10 mM glycine (Aldrich), and
100 mM niflumic acid (to reduce activity of Ca*" activated CI” channels, Sigma). All
oocyte recordings were made 48 hours after initial injection in two-electrode voltage
clamp mode using the OpusXpress 6000A (Molecular Devices). Solutions were
superfused at flow rates of 1 and 4 mL/min during Mg*" application and 3 mL/min during
wash. Eight oocytes were simultaneously voltage clamped at -60 mV and dose-response
relationships were obtained by delivery of various concentrations of Mg*" in 1 mL

aliquots. The data were analyzed using the Clampfit 9.0 software (Axon).

The Hill equation was used to fit data: I/Inax=1/(1+(1Cso/[A]ng)), where I is peak
current at drug concentration (A), ICsy is the concentration of drug that inhibits 50% of
the maximal response, and ny is the Hill coefficient. Voltage ramps (—150 mV to +40
mV during 4 s) were used to construct [-V curves for (glutamate and glycine)-evoked
conductance in the presence and absence of Mg®". Leak currents measured in the absence
of glutamate, glycine, niflumic acid, and Mg*" were subtracted. The voltage dependence
of block (9, fraction of the electric field that the blocker experiences) and the affinity of
Mg”" at 0 mV (Kos) were calculated by determining the ICs at varying potentials (—40 to
—100 mV). The logarithm of ICsy was plotted against the holding potentials and a straight

line was fitted to the data to determine d and Kqs. The & and K 5 were calculated
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according to Woodhull (63): Kos5(V) =Kosx exp (zdVF/RT), V is membrane potential, z
is valence, R, T, and F have their traditional meaning. For the Mg2+ and memantine
block experiments, we measured % block at wild type ICsy levels by measuring the
amount of whole-cell current generated for each mutation (induced by glutamate and
glycine application) and the amount of current that was blocked by a dose of Mg** or
memantine at the ICsy value (determined for wild type receptor) of each blocker. We
determined the amount of current that was blocked vs. the amount of current generated
by agonist application. This was done for many oocytes and the amount of block was
averaged. Before plotting, we determined % block by subtracting the amount of block
from 1. To determine the % maximal block we used the largest concentration of either

Mg”" or memantine and used the same analysis previously described.

2.4.3 Immunolocalization of Wild type and Mutant NMDA Receptors.

These experiments were performed by adapting previously reported procedures (101,
102). HEK293T cells were calcium phosphate transfected with 10 ng of cDNA. Cells
were incubated at 37°C for 2 days. Transfected cells were washed with Tris-buffered
saline (3x) and fixed using ice-cold 4% paraformaldehyde in phosphate buffer. The
receptors were labeled with anti-NMDARI clone 54.1 (Zymed) at a 1:100 dilution in
phosphate-buffered saline. Inclusion of 0.3% Triton X-100 permeabilized the
membranes for detection of intracellular receptor expression. The cells were incubated
with primary antibody for 1 hour at room temperature. Cells were washed (3x) with
phosphate-buffered saline. Biotinylated anti-mouse IgG (Vector) was added to the cells
and incubated for 1 hour and then rinsed (3x) with phosphate-buffered saline.
Fluorescein isothiocyanate avidin D (Vector) was then added to the cells and incubated
for 1 hour. Coverslips were mounted in Vectashield mounting medium (Vector) and

immunofluorescence was observed using a confocal microscope.
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2.4.4.Computational Modeling

The indole -Mg** complex in Figure 16 and the analogous 5-F-indole complex were
optimized at B3LYP/6-31""G (d,p) level of theory. The geometries were optimized and
fully characterized as minima by analysis of frequency. Energies were calculated at the
B3LYP/6-317"G (d,p) level. Additionally, basis set superposition error (BSSE)
corrections were determined in the gas phase at the B3LYP/6-31""G (d,p) level using the
counterpoise correction method from Boys and Bernardi (/03). All calculations were

performed with the Gaussian 98 program (/04).
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Chapter 3: Studies of Partial Agonist Interactions in the
Binding Site of Glutamate Receptors using Unnatural Amino
Acid Mutagenesis

3.1 Introduction
Ionotropic glutamate receptors are multi-subunit, allosteric, ligand-gated ion channels
(LGICs) that undergo agonist-induced conformational changes between an open and
closed state. Early studies of many LGICs have demonstrated a step-wise mechanism
that controls this conformational change. One intriguing feature of many LGICs is that
the relatively small neurotransmitter generally binds in an extracellular domain, often
50A away from the channel pore. The ensuing conformational changes required to
transmit the signal of agonist binding to ion channel gating span a large distance and alter
the conformation of a large, multi-subunit protein complex. Exploration of how the
binding of a small molecule triggers these structural changes remains a topic of great
interest. Structural studies such as x-ray crystallography and NMR spectroscopy are
commonly employed to gather molecular level details of these interactions. However,
information is sparse due to the difficulty of using these methods on full-length
transmembrane receptors. Another approach utilizes chemistry-based methods to obtain
information about receptor structure, often by varying the structure of the ligand and/or
varying the structure of the receptor by mutagenesis. This method is useful in that full-
length receptors are studied and generate results using many structure-function assays.
We will employ the second method, utilizing functional, full-length glutamate receptors
in concert with several agonists and partial agonists to create a novel functional assay of
ligand binding in ionotropic glutamate receptors.
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-
D-aspartate (NMDA) receptors are the two main types of glutamate-gated ion channels
that couple the energy of glutamate binding to the ligand-binding domain with the
opening of the transmembrane ion channel domain (/). AMPA receptors mediate most of
the fast excitatory neurotransmission in the mammalian brain upon glutamate activation.

NMDA receptors play a unique role as ligand-gated ion channels as they require the
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binding of both glutamate and glycine to couple to ion channel function and membrane
depolarization for release of the magnesium block (2). The prerequisite for both
chemical and electrical stimuli, coupled with the calcium permeability of NMDA
receptors, establishes the key differences between them and the other ionotropic
glutamate receptor (iGluR) subtypes (Figure 3.1). Although members of the the iGIuR
family have unique biological roles, they are all implicated in learning and memory under
normal conditions and several disease states (including stroke, schizophrenia, and
neurodegenerative diseases), and identifying agonists that modulate their function could

be a useful treatment strategy (3-3).

NMDA Receptors

Ca2+
Binding Depolarization
# Glutamate @ Glycine ) Mg?*
AMPA Receptors Kainate Receptors
Na* Na*/ K*
' * * * *
i — i i —p i
\um )| Al o
Binding Binding

Figure 3.1 iGluR Familes, NMDARs, AMPARs, and KA Receptors.

The goal is to determine the interactions that guide the binding of glutamate to
these different receptors and map the interactions that remain conserved across the family
and the interactions that are different between NMDA and AMPA receptors. In
particular, we want to identify the chemical-scale interactions that influence the NMDA

NRI1 subunit preference for glycine and the NR2 subunit preference for glutamate. Our
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studies will begin by focusing on the NR2 ligand-binding domain and its interactions

with several agonists.

3.1.1 The Mechanism of Partial Agonist Action on Glutamate Receptors

Direct structural studies of full-length ion channels remain elusive, yet recent studies
have developed “tricks” to gain insight into these complicated transmembrane proteins.
Since 1998, a plethora of structural evidence for ligand interaction with the ligand-
binding domain of iGluRs has erupted. A methodology developed by Gouaux and co-
workers enabled the generation of high-resolution crystal structures of the ligand-binding
domain (LBD) of all types (AMPA, NMDA, and Kainate) of iGluRs in complex with
agonists, partial agonists, and antagonists (6). These structural studies have provided
many insights into the mechanism of agonist interactions with the different iGluR
subtypes. Additionally, crystal structures of many iGluR LBDs in complex with partial
agonists have provided insight into the mechanism of partial agonism of iGluRs. Another
important result of many of these studies is that although the iGluRs have structural
similarities in overall topology and specifically in their LBDs, there are many subtle
underlying differences between the subtypes within a family (e.g., GluR2 vs. GluR4) and
between families (e.g., AMPAR vs. NMDAR).

These structural studies are incredibly useful because they provide direct images of
the LBD from mammalian iGluRs, however they are not the full-length receptors and do
not directly correlate to functional representations of iGluR LBDs. These caveats are
important to remember when constructing hypotheses and conclusions about the function
of iGluRs that are solely based on these structural images. Additionally, it is important to
remember that differences exist between iGIuR subtypes, and the conclusions made
regarding one type of receptor will not always translate to another subtype. Nevertheless,
these crystal structures form a basis for our investigations into the mechanism of agonist

action with full-length iGluRs.
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Ligand Binding Domain (D1-D2)

D1

D2

Linker

Figure 3.2 A) Topology of iGluR subunit containing an amino-terminal domain (ATD), ligand-
binding domain (LBD), and three trans-membrane domains with a re-entrant P-loop followed by
the carboxy-terminal domain (CTD). The scissors depict where PCR reactions were used to
isolate fragments of S1 and S2 to produce a new ligand binding construct (called S1S2) used in x-
ray crystallography. B) Ligand-binding domain clamshell resulting from the D1 (blue) and D2

(green) portions connected by a linker region (red).

Prior to the crystallographic studies, several key experiments suggested that the
agonist-binding core consisted of two domains, similar to bacterial periplasmic proteins.
The first experiment inserted N-glycosylation and proteolytic sites into the protein,
digested the protein enzymatically, and analyzed the resultant fragments by gel shift to
indicate domain topology (7-10). The second experiment used that evidence in

combination with homology modeling to demonstrate that the agonist-binding domain
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had structural similarity to the crystallized bacterial periplasmic proteins (/7-13).

Figure 3.3 A) Topology of ligand-binding domain of GluR2 with glutamate bound in the cleft
between D1 (blue) and D2 (purple). B) Topology of LBD of GluR0 with glutamate bound in
cleft although in a different orientation from (A). Adapted from reference (/4).

These studies suggested that by using protein engineering, it would be possible to
isolate the ligand-binding domains. The isolated domains were water-soluble and
retained the agonist binding characteristics specific for AMPA receptors. The ATD was
removed, and the D1 and D2 portions of the LBD, normally separated by several of the
trans-membrane domains, were hooked together with a linker (Figure 3.2). Initial studies
performed in Escherichia coli (E. coli) yielded the excised soluble D1-D2 connected
domains of the GluR4 AMPA receptor subtype (/5), yet the soluble LBD was not
optimized for crystallization. Continued protein engineering and use of a special E. coli
strain, optimal for proteins containing disulfide bonds, generated high resolution
structures (1.5A) of the GluR2 AMPAR subunit in complex with the agonist kainate (6,
16, 17). These results spurred the isolation of other glutamate-binding cores from the
bacterial GIuRO subunit, mammalian GluR4, GluR6, NR2A, and the glycine-binding
NRI1 subunit (Figure 3.3) (/8-21).
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Figure 3.4 Extracellular ligand-binding domain of GluR2 AMPA receptor subunit co-crystallized
with the agonist glutamate. The ligand binds to a cleft formed between D1 and D2 of the LBD.
The GluR2 PDB file, 1FTJ, adapted from reference (22).

Not surprisingly, the results from the LBD crystal structures demonstrate a bi-lobed
domain topology with D1 and D2 enclosing a cleft where the agonist binds. The D1
portion (pre-TM1) forms the top portion of the cleft and D2 (post-TM2) encloses the
bottom of the cleft. The overall topology resembles a clamshell and is often referred to
as such. Initial structures were crystallized in the presence of kainate(6), but further
studies produced the clamshell in a ligand-free (apo) state and with many agonists, partial
agonists, and antagonists binding in the cleft between D1 and D2 (Figure 3.4) (18, 19,
22). Currently, there are more than 20 structures, and all iGIuR subtypes (AMPA,
NMDA, and Kainate) are represented, each in complex with many different ligands.
Additionally, to complement the static images of the LBD, NMR was used to obtain
dynamic data on the GluR2 LBD (23). The first and most studied iGluR LBD is the
GluR2 AMPAR subunit, which has provided the first mechanistic insights into ligand
binding.

A globular protein consisting of two-domains, each representing a lobe of a
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clamshell, encloses a cleft that characterizes the extracellular LBD (Figure 3.4). The two
lobes are connected by two anti-parallel B-strands and are structurally similar to a
periplasmic glutamine-binding protein, GInBP (24). Interestingly, the domains are
formed from peptide segments of both S1 and S2. The S1 segment corresponds to the
peptide from the pre-M1 domain and S2 is the peptide fragment corresponding to the
post-TM2/pre-TM3 segment. Both S1 and S2 contribute to D1 and D2 demonstrating
that these peptides are not discreet domains within the LBD (6).
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Figure 3.5 A) The agonists L-glutamate, AMPA, and Kainate with labeled carbon architecture.
B) Amino acid side chains involved in ligand recognition in GluR2 subunit. The figure was

adapted from reference (22).

Crystalization of the GluR2 LBD with the agonists glutamate and AMPA, the
partial agonist, kainate, and the apo state established the specific interactions that are
important for ligand activity and demonstrated that a large conformational change occurs
upon ligand binding (22, 25). The structural evidence coupled with additional
biochemical investigations (26) suggests a two-step process leading to channel activation.

The first step, ligand docking, occurs as the ligand binds to D1 (top lobe) amino acids via
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the a-amino and a-carboxy groups in the cleft between D1 and D2 (Figure 3.5A). Then
the y-carboxyl group interacts electrostatically with the base of helix F, the N-terminal
dipole of which points into the cleft (Figure 3.5B). This interaction is referred to as the
“locking” step and involves the movement of D2 toward D1, which closes or clamps the
binding cleft (/4). The structures with bound glutamate and AMPA demonstrated cleft
closure involving a rotation of D2 towards D1 by ~21° compared to the open-cleft apo
structure (22).

The ligand-binding domains form dimers with the S1-S2 linkers that replace the ion
channel pore positioned on the same side of the dimer interface. The dimers make
contact exclusively through D1, and the knowledge of this interaction combined with
agonist binding that involves D2 rotation towards D1 suggested a mechanism that would
open the ion channel. The dimers are connected such that each agonist binding cleft
points outward from the dimer interface and upon agonist binding the closed cleft
conformation is stabilized, and the linker regions of S1-S2 (on D2) swing apart from one
another. As D2 moves closer to D1 to close the cleft, it pulls or twists the ion channel
domain open (Figure 3.6).

The interactions that occur at the dimer interface also translate to differences
between the desensitization kinetics of each ion channel. Desensitization refers to a
physical state of the receptor where ligand is bound to the LBD, but the ion channel is in
a non-conducting state. The interactions that contribute to ion channel gating also affect
desensitization. Again, there are many structural similarities between the dimer
interfaces of all the iGluR subunits, however more subtle features contribute to varying
degrees of densensitization observed for each receptor. For example, most AMPARs
undergo rapid desensitization whereas NMDARSs experience much slower desensitization
and some do not desensitize at all. Many of these features can be attributed to chemical-

scale interactions at the dimer interface.
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Figure 3.6 Diagram for proposed ligand-induced activation. The ligand-binding core is attached

to the ion channel domain via a linker and as D2 moves toward D1, a conformational change

opens the channel pore domain.

Crystallographic evidence supports the assembly of dimers for GluR2 AMPAR:s,
the GIuRO bacterial homologue, and the NR1/NR2 NMDARs. This feature is unique
since the structurally related bacterial periplasmic-binding proteins do not assemble into
dimers in solution or in crystals. Additionally, the dimer interface of iGluRs is mostly
hydrophobic, whereas the homologous surface of the periplasmic proteins contains many
charged amino acids that do not establish complementary contacts when superimposed as
a dimer (27). The iGIluR dimer interface has evolved to support a structure that requires
subtle conformational changes during ion channel activation and desensitization and
remains a target for many different structural studies.

The extent to which these structural studies have expanded our knowledge of iGluR
structure, activation, and function cannot be expressed enough. Although all of the iGluR
families are related, the subtle features of each family do not always translate to another,

so we must perform biochemical experiments for all of the different iGluRs to understand
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them fully. We cannot assume that a mechanism that applies to one type of receptor will
automatically apply to another, as we will demonstrate below.

Another caveat to structural studies is that although they provide precise molecular-
level details, they do not assess the receptor in its native state or the full protein
conformation. This is where our functional studies are key. We will use the structural

evidence to guide our experiments and produce functional data for these ion channels.

3.1.2 Previous Studies of Partial Agonism and Structural Evidence for the Clamshell
Model of Partial Agonism in AMPA-Selective Receptors

The methodology developed by Gouaux and co-workers is not solely applied to studying
full agonists. Many studies have been performed using the S1-S2 LBD in complex with
competitive antagonists and partial agonists. Competitive antagonists bind to the agonist
recognition site but do not activate a receptor according to classical receptor models (27).
Studies of AMPA-selective receptors were first performed on the GluR2 S1-S2 LBD
structure, and we will summarize the observations of this receptor subtype, as they
formed the basis of analysis on additional receptors. The iGIuR competitive antagonists
are generally larger in size than the agonists, and therefore the basic assumption is that
they prevent ion channel activation via steric interference. Two GluR2 competitive
antagonists, DNQX (6,7-Dinitroquinoxaline-2,3-dione) and ATPO ((R,S)-2-amino-3-[5-t-
butyl-3-(phosphonomethoxy)-4-isoxazolyl]propionic acid), were crystallized with the
GluR2 S1-S2 LBD and both prevent receptor activation by steric interference, a
mechanism often referred to as the “foot in the door” (22, 28). From a chemical
standpoint these antagonists are unrelated; DNQX is a quinoxalinedione and ATPO is an
isoxazole (Figure 3.7). The 7-nitro group of DNQX is the likely “foot” that interacts with
threonine 686 in D2. ATPO is structurally similar to AMPA and binds in a similar
orientation. However, the 3-phosphono-methoxy moiety interacts with the base of helix
F as the “foot” since it is a more extended structure than AMPA. The resulting domain
closure is between 2.5 and 6.0°, insufficient for wild type receptor activation (compared
to ~21° for AMPA and glutamate). The main conclusion from the experiments with
antagonists is that they interact with pre-organized residues primarily in D1 and stabilize

the open-cleft state of the clamshell, similar to the apo structure.



89

DNQX ATPO

Figure 3.7 AMPA receptor antagonists, DNQX and ATPO.

The studies of GluR2 with full agonists and antagonists demonstrated a correlation
between activation of the ion channel and the amount of agonist-induced cleft-closure
between D1 and D2. The results with the partial agonist kainate provided more insight
into the mechanism of agonist action in iGluR LBDs. Ion channel activation is
characterized by at least two separate steps at the atomic level, the ligand-binding step,
dependent on the receptor’s affinity for the ligand, and the activation step described in
terms of agonist efficacy, its ability to activate the receptor. Partial agonists are very
useful molecules because they can probe the relationships among agonist binding,
conformational changes of the protein, and receptor activation. Partial agonists were first
described by del Castillo and Katz as ligands that have an open channel probability of
less than 1 despite occupying all of the ligand-binding sites (29). In the absence of direct
structural data, several models have been developed to explain the basis of partial
agonism.

The most common method is based on the Monod-Wyman-Changeux (MWC)
model for allosteric proteins (30). This model suggests that ligand-gated ion channels
have two possible states, the closed or resting state (T) and the active or open state (R),
which exist in equilibrium with each other. Agonists would shift this equilibrium in the
direction of the open state. Full agonists, the most efficacious, are maximally effective at
shifting the equilibrium to the open state, and partial agonists are less effective at shifting
this equilibrium (37). This model provides a clear, but simple explanation of efficacy.
However, this model may be too simple and unable to account for the ability of partial

agonists to activate a spectrum of receptor efficacies (/4).
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Crystal structures demonstrating the mechanism of partial agonism in GluR2
AMPARSs were solved for a variety of partial agonists. The first structures were with
kainate and quisqualate, followed by willardiine (and the derivatives, 5-F-willardiine, 5-
Cl-willardiine, 5-Br-willardiine, and 5-I-willardiine) (Figure 3.8), and an isoxazole series
((S)-2-Me-Tet-AMPA, (S)-ACPA, (S)-Br-HIBO) (28, 32, 33). One key attribute of the
partial agonists is that when they bind in the closed-cleft GluR2 LBD, some of the
structural water molecules that are present when glutamate is bound are excluded to
support the expanded ligand structure, and some of the full and partial agonists do not
bind in the same orientation as glutamate. However, this does not directly correlate with
agonist efficacy. For example, AMPA and glutamate bind in a similar orientation within
the cleft and are full agonists, however, the full agonists 2-Me-Tet-AMPA, quisqualate,
and ACPA all bind with different orientations (28, 33). This suggests that the orientation
of the agonist within the binding cleft is not as important for determining agonist activity
as the orientation of the binding cleft itself. In other words, the receptor responds to how

“full” the binding pocket is instead of how it is filled.
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Figure 3.8 Structures of the willardiine series of GluR2 partial agonists.

The structural studies demonstrate that there is a correlation between agonist
efficacy and the degree of cleft closure. The full agonists, AMPA and glutamate, induce
~20° of domain closure and kainate, a partial agonist, induces only 12° of domain
closure, relative to the apo conformation. These results suggest that the amount of
domain closure is related to the activity of the ion channel. Further studies with the
willardiine series (Figure 3.8) were performed and acted as an ideal test case since they
bind to the cleft in an orientation similar to glutamate. The willardiines act as partial

agonists due to the substitution of the 5-substituent on the uracil ring, which stericly
interferes with GluR2 Met708 preventing full cleft closure. The substituted willardiines,
5-H, F, Br, and I were studied (Figure 3.8) and as the size of the 5-substituent increases,
the extent of activation of the ion channel diminished (i.e., agonist efficacy decreases)

(32).
The extent of cleft closure in the GluR2 dimer was measured by evaluating the
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distance between the protomer linker regions. An increase in domain closure correlates
to an increase in the distance between the protomer linkers. The linkers replace the
region corresponding to the ion channel pore domain of the full-length receptor; therefore
an increase in the distance between the linkers suggests a physical mechanism for
channel activation. To demonstrate the correlation between agonism and domain closure,
plots were generated with relative agonist efficacy on the x-axis and linker separation (A)
on the y-axis (Figure 3.9) (28, 32, 34). One feature of these plots demonstrates a linear
correlation between agonist efficacy and linker separation, consistent with the domain-

closure hypothesis (Figure 3.9).
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Figure 3.9 A) Schematic representing the degree of domain closure induced by full and partial
agonists. Full agonists induce more domain closure relative to the apo state than partial agonists.
B) Plot of the relative efficacy of different agonists vs. the distance of linker separation measured

from the GluR2 S1-S2 crystal structures (A). Adapted from references (28, 32, 34).

Single-channel analysis of full-length ion channels suggests how structural changes
in the binding core couple to ion channel activation. Several conductance states have

been identified for iGluRs, some conducting more than others. Conductance states are
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open-state conformations of the ion channel defined by a particular ion flux. iGluR
partial agonists preferentially activate lower conductance states, and full agonists activate
higher conductance states. The existence of multiple conducting states for the ion
channel suggests that the degrees of domain closure exist along a continuum. More
importantly, it suggests that the conformational changes signaled to the ion channel
domain by the ligand binding domain exist as specific states along this continuum. In
other words, the degree of ligand binding domain closure promotes population of specific
conductance states (32) presumably that coincide with specific amount of ion channel
opening (Figure 3.10). Another study supporting this idea involved mutation of GluR2
Leu650 to Thr. The L650T mutation decreased AMPA efficacy without a change in
domain closure, but kainate efficacy increased, becoming a full agonist with an increase
in domain closure (25). These studies imply that agonists induce ion channel activation
via several mechanisms. However, further investigation of the structure and function of
1GluRs with partial agonists are necessary for a better, more complete understanding of

these mechanisms.
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Figure 3.10 Schematic representing the partial ion channel opening induced by partial agonists

and a larger channel opening induced by full agonists.

3.1.3 Structural Studies of NMDA-Selective Receptors

NMDA receptors are unique in the glutamate family of ion channels for many
reasons, but they are especially peculiar in terms of ligand binding, since the endogenous
ligand for the NR1 subunit (a requirement for channel function) is glycine or D-serine,
not glutamate (/). The first structural understanding of NMDA receptors came from
crystal structures of the S1-S2 region of the NR1 glycine-binding domain (/8). Gouaux
and coworkers demonstrated that similar to bacterial periplasmic proteins, bacterial
GluRO0, and mammalian GluR2 and GluR6, the NR1 LBD folds into a D1-D2 clamshell.
Several years after these structures were solved, the soluble S1-S2 NR1-NR2A
heterodimer was characterized (/9) in the presence of glutamate and glycine (Figure
3.11). These studies and biochemical studies, with disulfide crosslinked NR1-NR2

receptors, demonstrated that the native NMDAR forms a dimer of heterodimers instead
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of a composite of NR1 homodimers and NR2 homodimers (/9). Uniquely, NMDA
receptor dimer assemblies involve allosteric coupling between the two different subunits.
The heterodimer suggests that unlike the AMPAR LBD dimers, the NMDAR dimer
interface consists of both D1 and D2 contacts. This could be one contributing factor

affecting the differences observed among NMDA receptor assemblies (35, 36).

NRI1 NR2A

Glycine

D1

D2

Figure 3.11. NRI-NR2A heterodimer structure. Glycine is bound to the NR1 subunit and
glutamate is bound to the NR2A subunit. The dimer interface is composed of both D1 and D2
contacts. PDB file: 2A5T (79).

The NMDAR glutamate and glycine agonist-binding domains share several
characteristics with the GIuR S1-S2 structures, including conserved residues that appear
in all of the iGluR families. An arginine in Helix D forms the major binding site for the
a-carboxyl group of the ligand. Helix F contains a conserved threonine or serine, which
makes a hydrogen-bond contact with the y-carboxyl group (e.g., in NMDARs it contacts
the main-chain peptide bond). The a-amino group makes contact with a conserved

glutamate residue in AMPA and KA receptors, and in NMDA receptors it makes a
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solvent-mediated contact with an aspartate residue (Figure 3.12).
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Figure 3.12 A) Sequence alignment of helices D, F, and I, which are involved in ligand binding.
B) Conserved structural contacts between helices and glutamate (GluR6 S1-S2 domain), adapted

from reference (37). C) NR2A binding site with conserved residues highlighted, PDB file 2AS5T.

These structures demonstrate that in all of the binding pockets there is more than
enough room to accommodate glutamate and related structures with the exception of
NR1, which is just large enough to accommodate glycine and excludes the larger
glutamate residue (/8). The D2 portion of the clamshell provides subunit specificity for
different ligands. In all iGluRs, D1 has conserved structure and binding interactions with
the a-carboxyl and ai-amino groups from the ligands. The most important theme, which
we will revisit in our studies, is that the amount of agonist-induced domain/clamshell
closure varies between each of the receptor subtypes, as well as for individual agonists,

antagonists, and partial agonists (18, 20, 22, 27, 28, 38).
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3.1.4 Previous Studies of Partial Agonism and the Clamshell Model of Partial Agonism
in NMDA Receptors: The NRI Glycine-Binding Subunit

Partial agonism studies were performed on the NR1 S1-S2 LBD prior to the
characterization of the heterodimer complex. These studies paralleled those of GluR2,
but with NR1 specific partial agonists, 1-aminocyclopropane-1-carboxylic acid (ACPC),
l-aminocyclobutane-1-carboxylic acid (ACBC), and D-cycloserine (D-CS) (Figure 3.13)
and the antagonist, cycloleucine. The first study demonstrated that the partial agonist, D-
CS, induced similar domain closure to glycine, an unexpected result based on the
previous partial agonist studies with GluR subunits (/8). This study prompted a more

thorough investigation of NR1 partial agonism using additional partial agonists and

antagonists.

Full Agonist Partial Agonist Partial Agonist Partial Agonist

Decreasing Agonist Efficacy

(0] o] 2
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OH (o)
Glycine ACPC D-cycloserine ACBC

Figure 3.13 Chemical structures of NR1 ligand-binding domain partial agonists.

The study used these different partial agonists, which increase in volume by ~11 A’
per molecule (/8). The conclusion of the study was that the NR1 S1-S2 core behaves
differently than the AMPA-sensitive ligand-binding core in the presence of partial
agonists. The NR1 glycine-selective subunit ligand-binding domain undergoes the same
degree of clamshell closure for partial agonists as it does for full agonists (39) (Figure
3.14). Previously established models depicting the interactions between ligand-binding
domain conformational states and how they translate to ion channel activity are
complicated by these results (32). Full agonists for AMPA-selective receptors appear to
shift the equilibrium towards the open state, with partial agonists stabilizing intermediate

states, but the NR1 partial agonists do not fit this model. An alternative model for ion
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channel activation is a two-state model in which both the ligand-binding domain and the
pore domain have two states, either closed or open. Full agonists are more effective at
populating an agonist-bound, open channel state than partial agonists, which are not as
effective at shifting the equilibrium constant (K.q) from the agonist-bound, closed
channel state to the agonist-bound, open channel state (3/). The second model can
account for the observations in the NR1 partial agonist bound LBD structures, but differs

from the mechanism thought to occur in GIuR2 receptors (Figure 12).
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Figure 3.14 A) Scheme of model depicting NR1 agonist efficacy and channel activation. B)
Graph of relative agonist efficacy versus S1-S2 domain closure for NR1 and GluR2 receptors.

No correlation is observed for NR1 compared to the GIuR2 subunit, adapted from reference (317).

To understand the binding of partial agonist to NR1, Gouaux and co-workers
analyzed the contacts between D1-D2 and the agonists. All of the agonists- glycine,
ACPC, and ACBC- interact with a similar hydrogen bond scheme among the domains



99

and the carboxy and amino groups. A hydrophobic surface of the LBD (Phe484, Val689,
and Trp731) interacts with the rest of the hydrophobic portion of the ligands and since it
is primarily composed of D2 residues, it is possible that these residues “sense” the size of
the ligand and undergo localized conformational changes in the clamshell that translate to
receptor activation (39). D-CS interacts similarly to glycine with a couple of subtle
differences. The nitrogen and exocyclic oxygen interact with Arg523 similarly to the
glycine a—carboxylate of glycine. The isoxazolidinone ring oxygen interacts with
Ser688 instead of the a—carboxylate oxygen (in glycine structure) (/8). NR1 Val689 is
implicated in changing the conformation of helix F and the inter-domain f strand,
believed to be implicated in receptor activation. It is possible that NR1 compensates for
increasing the ligand size, using a different mechanism than glutamate-gated subunits
(40). Since the amount of clamshell closure is not as important for NR1 subunits, this
suggests that the other regions of the protein (possibly the dimer interface) are more
important for translating conformational changes induced upon agonist binding. The
conclusion from the structural studies is that even though NR1 partial agonists induce the
same domain closure as full agonists, they do not stabilize the closed-clamshell as well as

full agonists, as evidenced by their efficacy.

3.1.5 Previous Studies of Partial Agonism and the Clamshell Model of Partial Agonism
in NMDA Receptors: The NR2 Glutamate-Binding Subunit
The S1-S2 heterodimer containing both NR1 and NR2A subunits is the only current
structural characterization of any NR2 subunits. Crystal structures of the NR2 agonist-
binding clamshell with partial agonist bound remain elusive. However, there has been a
plethora of biochemical and in silico studies performed on NR2 subunits. As mentioned
above, residues that interact directly with the ligands across all iGluRs are highly
conserved, and an increase in solvent-mediated interactions distinguishes the NR2
agonist binding cleft. The a-amino group of glutamate interacts with NR2A Asp712
(mature protein numbering) through a water-mediated interaction.

In addition, several hydrogen bonds have been identified between D1 and D2
residues that are thought to contribute to agonist-induced activation of the ion channel.

The Asp (712) residue also makes an inter-domain interaction with Tyr742. Another D2
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residue, Tyr711 (NR2A mature protein numbering), interacts with a D1 residue, Glu394,
as well as the y-carboxylate of the ligand (34, 47) (Figure 3.15). Mutagenesis studies
were performed on several of these residues, most notably a mutation in NR2B,
Tyr705Ala (NR2AY 711 equivalent), which resulted in a >400-fold shift in glutamate
ECso(42). Additional kinetic experiments also demonstrated that this residue was
important for receptor activation, possibly through inter-domain interactions. These
studies provide clear evidence that although crystal structures are useful for
understanding the nature of chemical-scale interactions, without full-length, functional
ion channels we cannot get a clear understanding of how structure relates to function, and

thus it is important to correlate mutagenesis with structural studies.

/ | I~

Figure 3.15 Ligand-binding domain of the NR2A subunit (PDB file 2A5T). The ligand,

glutamate, is highlighted and an inter-domain hydrogen bond between E394 (D1 residue) and
Y711 (D2 residue) is labeled.
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3.2 NMDA Receptor Ligand-Binding Domain Studies

3.2.1 Project Overview

To further explore the relationship between structure and function, we decided to
incorporate unnatural amino acids into the ligand-binding site of the NR2B glutamate-
binding subunit of the NMDA receptors. We hypothesized that amino acids that lie at the
agonist-cleft interface could interact with the agonist and induce ion channel activation.
Since previous studies had implicated NR2BY705 (NR2AY711, Figure 3.15) in an ion-
pair interaction with NR2BE387 (NR2AE394, Figure 3.15), we decided to begin our
studies with these residues (all numbering will be for the mature protein). In particular,
we sought an alternative probe of the clamshell mechanism, one based on receptor
function, rather than a series of structures of receptor fragments. Along with
complementing the structural work, such an approach could be more generally applicable
to a wide range of receptors. Our focus is on residues at the D1-D2 interface that have
been implicated to be important in receptor function, and that, based on the structural
studies, appear to be in a critical position with regard to clamshell closure. Using
unnatural amino acid mutagenesis, we have influenced clamshell closure by inserting a
“stick” in the clam to prop it open, and we then evaluated the impact on activation of the

receptor by agonists and partial agonists.

3.2.2 Studies of an lon-Pair Interaction at the NR2B D1-D2 Interface

To examine the inter-domain interactions, we utilized nonsense suppression to
incorporate Tyr, Phe, 4-Me-Phe, and 4-MeO-Phe at NR2BY 705 (Figure 3.16). We
analyzed full-length functional receptors to measure whole-cell currents and determine
ECs values and relative efficacies for each of the mutant receptors. Relative efficacies
were determined by measuring the I partial agonist/Im.x L-glutamate. Also, responses
to all of the NR2B agonists were measured in the presence of 10uM glycine. As
mentioned above, a previous study indicated that the conventional mutation,
NR2BY705A, resulted in >400-fold shift in L-glutamate ECsg (42). This result is not
surprising since the alanine mutation completely obliterates the side chain, a non-subtle

mutation eliminating a hydrogen bond donor and acceptor and aromaticity.
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Figure 3.16 Conventional and unnatural amino acid side chain analogs of Tyr, homo-tyrosine
(hTyr), phenylalanine (Phe), 4-methyl-phenylalanine (4-Me-Phe), and 4-methoxy-phenylalanine
(4-MeO-Phe).

The more subtle mutations Phe, 4-Me-Phe, and 4-MeO-Phe produced functional
receptors with manageable ECs shifts of 14-, 10-, and 9-fold for glutamate and 23-, 9-,
and 15-fold for NMDA respectively (Table 1). Overall, there are no significant
differences among these mutations. All mutations remove the hydrogen bond donating
ability of Tyr, but 4-MeO-Phe retains the hydrogen bond accepting ability. Our results
thus suggest that an important role of Y705 is to donate a hydrogen bond. Additionally,
each of these mutations produces a significant decrease in efficacy for NMDA with
respect to glutamate (Figure 3.17A). Compared to wild type, where NMDA shows an
efficacy of 0.88, the relative efficacies for the Phe, 4-Me-Phe, and 4-MeO-Phe mutants
drop to 0.14, 0.37, and 0.26, respectively (Table 1). The drops in efficacy suggest that
the hydrogen bond donating ability of Y705 is important for gating interactions that
stabilize the closed, ligand-bound conformation of the clamshell. The efficacy studies
also suggest that the Y705 hydrogen-bond donor is more important for stabilizing the
partial agonist, NMDA, compared to glutamate, although the presence of electron density
at the 4-position is important for function, even if there are no hydrogen bond donors or

acceptors, as evidenced by the relative efficacy with 4-Me-Phe (Table 3.1).
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Table 3.1 ECs, and relative efficacy for NR2B D1-D2 interface mutations with L-glutamate and
NMDA (N.E. is no expression). NMDA relative efficacy is compared to L-glutamate, (S.E.M.=

standard error measurement).

Glutamate Glu NMDA NMDA NMDA
ECs) pM = ECso pM =
Receptor S.E.M. (n) Hill S.E.M. (n) Hill Efficacy
wildtype (1a/2B) 2.6+ 0.6 (8) 1.2 20+ 1.3 (15) 1.6 0.88+0.009
1a/2BY 705 Phe 36+ 1.3 (6) 2.0 460 + 52 (5) 2.1 0.14+0.01
1a/2BY 705 4-MePhe 27+23(12) 1.5 190 £ 23 (5) 2.0 0.37+0.01
1a/2BY 705 4-MeOPhe 24+ 1.1(7) 1.4 310 + 24 (6) 1.2 0.26+0.01
1a/2BY 705 hTyr 43+2.4(5) 1.5 31£2.6(7) 1.5 0.79+0.01
1a/2BE387D 50+ 0.9 (5) 24 490 £110 (6) 14 0.29 +0.05
1a/2BE387Nha 92 +8.2 (10) 1.8 220 £ 21 (10) 1.9 0.39+0.02
1a/2BE413DY705 hTyr N.E. N.E.

E387 is the proposed D1 partner of Y705. Mutation of the glutamate side chain to
alanine was detrimental, producing a >200-fold shift in ECs¢(42). We again sought a
more insightful evaluation of the importance of the glutamate side chain, using more
subtle mutations. We introduced Asp, which contains the same charge as Glu but a
shorter side chain. This subtle mutation significantly affected ECso, raising it by ~20-fold
for both glutamate and NMDA. We next introduced the unnatural amino acid
nitrohomoalanine (Nha) (Figure 3.17B). Nha acts as an isosteric and isoelectronic
analogue of a Glu, but it lacks the negative charge and is also a significantly weaker
hydrogen-bond acceptor (43). Large increases in ECsy were again seen, but in this case
the effect was more than 3-times larger for glutamate than for NMDA. This suggests that

E387 may play an important role in distinguishing different agonists.
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Figure 3.17 A) NR2B full and partial agonists used to study receptor function, L-glutamate,
NMDA, homoquinolinic acid (HQA), and quinolinic acid (QA). B) Analogs of glutamate (Glu),

aspartate (Asp), and nitrohomoalanine (Nha).

As with mutations at Y705, a drop in relative efficacy was observed for NMDA
with each glutamate mutation. The effects were similar to those seen at the tyrosine, with
NMDA efficacies relative to glutamate dropping to 0.29 for E387D and 0.39 for
E387Nha (Table 3.1) (Figure 3.17B). All of the mutations result in a drop in relative
efficacy for NMDA, suggesting that the inter-domain hydrogen bond between E387 and
Y705 is directly involved in conferring changes induced by agonist binding to ion

channel activation.

It has been proposed that E387 interacts electrostatically with the amino group of
glutamate (4/). The stereochemical difference between L-glutamate and NMDA suggests
caution in directly comparing their binding behaviors, but the comparable responses of
the two agonists to the E387D mutation suggests that the ammonium groups may be
similarly positioned. Another difference between the two agonists concerns the nature of
the positive charge on the agonist. The added methyl group of NMDA creates a more
diffuse positive charge that spreads onto the N'-methyl hydrogens (34, 44, 45). In

contrast, L-glutamate has a more localized charge, focused primarily on its ammonium
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group. The more focused positive charge on glutamate should experience a stronger
electrostatic interaction with a nearby negative charge, and hence the Nha mutation is
more deleterious for glutamate. We propose that both agonists experience an
electrostatic interaction with E387. The penalty for the E387D mutation primarily
reflects the adjustments to protein structure and/or agonist orientation in response to
shortening the side chain, and both agonists are penalized to the same degree. However,
with Nha, for which no such adjustment is required, the larger penalty for glutamate
indicates that the intrinsic electrostatic interaction to E387 is larger for glutamate. This is
consistent with expectations based on the differing electrostatics for the higher charge
density of the R-NH;" of glutamate compared to the lower charge density of the R-
N(CH3)H," of NMDA.

3.2.3 Homo-tyrosine Incorporation at Y705

Having confirmed that Y705 and E387 are important for receptor function, we wished to
use them as a probe of the clamshell motion. The simple idea was to increase the size of
one of the residues by introducing the one-carbon homologue, in this case homotyrosine
(hTyr, Figure 3.16). This would be like inserting a stick in the clamshell, preventing full
cleft closure. We anticipated that full agonists would be more strongly influenced by the
stick than partial agonists, because the latter do not induce full clamshell closure
according to the GluR2-based structural model. Having established that the hydroxyl
group of Y705 is essential for proper receptor function, it is clear that hTyr is a superior
choice to other possible bulky residues, highlighting the value of the unnatural amino
acid methodology. In fact, this is the only method that could test our hypothesis without

making a less subtle mutation.
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Figure 3.18 A) Electrophysiology traces of the NR1a/NR2BY705hTyr receptor. The currents
were induced by glutamate and NMDA doses, as labeled. B) Example dose-response relationship

for the NR1a/NR2BY705hTyr receptor and glutamate.

Initially, we measured ECsg values for the Y705hTyr mutant with glutamate and
NMDA (Fig. 3.18). The respective ECsos were shifted 16- and 1.5-fold, respectively
(Table 3.1), the largest distinction between the two agonists we have seen and a result
much different from the other Tyr mutants we evaluated. We considered the possibility
that the new side chain geometry was affecting D1-D2 clamshell closure and that partial

agonists would respond depending on their relative efficacy.
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Table 3.2 ECsy and relative efficacy for NR2B D1-D2 interface mutations with homoquinolinic
acid (HQA) and quinolinic acid (QA). HQA and QA relative efficacies are compared to L-

glutamate.
HQA QA
ECso uM % S.E.M. ECso uM % S.E.M.

Receptor (n) Hill Efficacy (n) Hill Efficacy
wildtype (1a/2B) 8.1+1.0(16) 2.2 | 0.96%0.002 650 =90 (7) 1.9 | 0.86+0.005
1a/2BY705 hTyr 49+ 4.3 (11) 2.1 0.83+0.008 720 +90 (5) 2.4 | 0.32+0.009

1a/2BE387D 69+ 2.3 (16) 2.3 0.77 £ 0.02 690 + 120 (10) 2.0 | 0.02+0.003
la/2BE387Nha 85+ 6.1 (11) 1.8 | 0.86%0.006

To further investigate the effect of Y705hTyr, we studied two additional partial

agonists, homoquinolinic acid and quinolinic acid (Fig. 3.17A), with relative efficacies in

the wild type receptor of 0.96 and 0.86 compared to glutamate. In response to
homoquinolinic acid, Y705hTyr produced a 6-fold shift in ECsy, while the Y705hTyr

mutation essentially did not affect the ECsy of quinolinic acid (Table 3.2). A trend was

observed: increased efficacy of the agonist in the wild type receptor correlated with a

larger shift in ECsg in response to the Y705hTyr mutant. These results produced a

compelling relationship between agonist efficacy and receptor response (Figure 3.19).

The plot is similar to ones produced for other iGluR systems, except now the y-axis is a

measure of receptor function, rather than a structural parameter.
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Figure 3.19 Activity of partial agonists at the NR1a/NR2BY705hTyr receptor compared to each
agonists relative efficacy. A linear relationship is observed between receptor function and agonist

activity. Partial agonists are less affected by the mutation than full agonists.

Since E413 and Y705 are proposed to interact directly through a hydrogen bond,
we investigated whether the increased side chain length of the Y705hTyr mutation could
be compensated for by the comparably decreased chain length of the E413D mutation.
The double mutant E413DY705hTyr was prepared, but no electrophysiological responses
were seen. Studies involving anti-NR2B receptor antibody labeling established that
receptors were not trafficked to the surface of the oocytes (Figure 3.20), thwarting efforts

to evaluate this double mutant.
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Figure 3.20 TIRF images of Xenopus laevis oocytes injected with wild type and mutant NMDA

receptors. NR2B antibodies were used to label the NMDA receptors on the oocyte membranes.

3.2.4 Inter-domain Contacts and Mutations in the Glycine-Binding NR1 Subunit

There are many structural differences between the NR2 and NR1 subunits of the NMDA
receptor. In fact, there is approximately a 20% sequence identity between the subunits
(46), and the currently available structural information about NR1 does not correlate as
well with the previously mentioned GIluR2 structures as the NR2 structures do.
Additionally, previous studies of the NR1 ligand binding domain in complex with full
and partial agonists suggest that cleft closure around the agonist does not correlate with
agonist activity. However, studies with an antagonist, cycloleucine, suggest that an open-
cleft conformation contributes to receptor inactivation, similar to studies performed on
the AMPA receptor formed from homomeric GluR2 (39). Clearly, there is not much
consensus on the mechanism relating NR1 partial agonism to channel activation.

Previous structural studies of NR1, the glycine binding subunit, suggested that the
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clamshell effect was much less pronounced. As noted above, the homology between
NR1 and NR2 subunits is not high, and certainly glycine and glutamate are structurally
quite different. As such, we felt that applying the unnatural amino acid approach,
lengthening amino acid side chains in the NR1 subunit, would provide a good test of the

method and an opportunity to confirm previous structural studies.

The NR1 residues that correspond (based on sequence alignments) to the NR2
hydrogen bonding residues discussed above are Q403 and W731. Responses to the full,
co-agonist glycine and the partial co-agonists- ACPC (1-aminocyclopropane-1-
carboxylic acid), D-CS (D-cycloserine), and ACBC (1-aminocyclobutane-1-carboxylic
acid) (Figure 3.13) were measured for functional NR1a/NR2B receptors containing the
NR1 mutations Q403N, Q403E, and W731F (numbering for the mature receptors) always
in the presence of 100 uM glutamate (Figure 3.21).

Gin hGIn Asn

Figure 3.21 Analogs of glutamine (Gln) used in NR1 ligand binding studies, homoglutamate
(hGln) and asparagine (Asn).

The ligand-binding domain mutation, Q403N, produced ECs shifts of up to 17-
fold (with D-cycloserine and ACPC), suggesting that the length of the side chain in that
position of the ligand-binding domain significantly influences receptor activation. The
Q403N mutation also influenced the relative efficacies of both D-cycloserine and ACPC,
with a slight decrease in relative efficacy being observed for both partial agonists. The
mutations introduced at NR1Q403 produced several shifts in relative efficacy for the
partial agonist ACBC as well, with a large decrease in overall efficacy observed for the

NR1Q403N mutation, without a large shift in ECso (Tables 3.3 and 3.4).
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Table 3.3 ECsy and relative efficacy for NR1 D1-D2 interface mutations with glycine and

(ACPC). Relative efficacy for ACPC is compared to glycine.

Glycine Gly Gly ACPC ACPC ACPC ACPC
ECs £
Receptor ECsy+ SEM Hill SEM Hill n Efficacy
wildtype (1a/2B) | 0.98 +0.11 1.2+0.13 8 0.28+£0.033 | 1.13£.12 12 0.86+0.011
1.28
NR1aQ403N/2B 5.85+.13 2.3+0.09 6 497+ .40 0.081 7 0.27+0.0085
NR1aQ403E/2B No Current No Current
NR1aW731F/2B 437+ .11 29+0.19 | 4 0.43+0.08 1.43 + 37 5 1.31+£0.04
1.31 =+ 0.74 +
NR1aQ403hGIn 5.78+1.058 0.256 5 1.32 £0.36 0.12 6 0.56 £ 0.04

Table 3.4 ECsy and relative efficacy for NR1 D1-D2 interface mutations with ACBC and D-

cycloserine (D-CS). Relative efficacy for ACBC and D-CS is compared to glycine.

ACBC ACBC ACBC ACBC
Receptor ECsy+ SEM Hill n Efficacy
wildtype (1a/2B) 13.9 £ 1.61 1.16 £0.12 9 0.43 +£.008
NR1aQ403N 38.3 £7.1 1.64 +0.37 6 0.028 £ 0.0008
NR1aQ403E 25.7£2.4 0.90 £ 0.06 4 0.37+£0.011
NR1aW731F 101.59+6.8 | 1.28+0.09 5 0.87 £0.02
NR1aQ403hGln 18.6 7.0 1.13+£0.38 6 0.075 +0.0033
D-CS D-CS D-CS D-CS
Receptor ECsy = SEM Hill n Efficacy
wildtype (1a/2B) 6.02 £0.41 1.13+£0.08 9 0.66 £ 0.05
NR1aQ403N 99.6 £9.19 1.68 £0.21 12 0.50+0.018
NR1aQ403E 87.4+4.28 1.89 £0.15 5 0.42 +0.0197
NR1aW731F 78.8 £6.1 1.74 £ 0.18 5 0.57 +£0.044
NR1aQ403hGln 13.5+2.66 1.06+0.21 5 0.60 +0.022

The NR1Q403E mutation produces significant perturbations. The two agonists

with the highest efficacy, glycine and ACPC, are no longer agonists for this mutant

receptor (Table 3.3). However, the other two partial agonists, D-CS and ACBC, still

activate the receptor, with reduced potency. It is possible that the introduction of a

negative charge on the side chain and/or the loss of a hydrogen bond donor in the

glutamine side chain are important for agonist efficacy (Table 3.4).
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Considering the D2 section of the NR1 ligand-binding domain, we evaluated
W731F, a relatively severe mutation compared to the others considered here. For this
mutant, the functional receptors lost potency with all of the agonists, producing a 5-fold
shift for glycine and up to a 14-fold shift with D-CS (Table 3.4). This mutation not only
alter the sterics of the side chain, but also removes a hydrogen bond donor. Both of these
chemical aspects likely contribute to the decreased potency for all the agonists in the

experiment.

3.2.5 Homo-glutamine Incorporation at NR1 Q403

Studies with the conventional mutation Q403N suggested that this site could be a
candidate for the “stick in the clam” strategy. In order to probe clamshell closure around
different ligands, we incorporated homo-glutamine, hGln, at NR1 Q403. As discussed
above, introducing an additional methylene group to the side chain should disrupt
clamshell closure. Along with glycine, we considered the three partial agonists, with
efficacies at the wild type receptor ranging from 0.43 to 0.86. As shown in Tables 3.3 and
3.4, there is again a correlation between the change in ECs for the hGln mutant and the

efficacy of the partial agonist (Figure 3.22, 3.23).

However, it is clear that the NR1 subunit is much less sensitive than the NR2
subunit. The plot in Figure 3.23 reveals that there is indeed a strong correlation between
the efficacy of a given agonist on the wild type receptor and the magnitude of the
perturbation of ECs induced by the hTyr mutation. As anticipated, the stick in the clam
has a larger effect on full agonists, which require full closure, than on partial agonists. In
fact, our results demonstrate that it is important to study full-length, functional ion
channels especially when trying to determine the molecular-level interactions that govern
overall conformational changes in the protein. Additionally, we have demonstrated that
our method of studying the functional ion channel is much more sensitive to smaller

structural changes that affect the glycine-binding NR1 subunit.
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Figure 3.22 Shifts in ECs, for each mutant NR1a(A)/NR2B(B) receptor compared to wild type.
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Figure 3.23 The functional probe of clamshell closure: The relationship between partial agonist
efficacy for the wild type receptor and Log (ECs, responses mut/ECso responses WT) for
NR1a/2BY705hTyr and NR1aQ403hGIn/NR2B receptors. The relationship between relative
efficacy and Log (ECs, ratios) demonstrates a measurable energetic relationship between
clamshell closure and agonist efficacy. The steepness of the slope is related to the degree of

clamshell closure.

3.2.6 GluR2 Structural Study Correlation

The experimental results obtained from the study of the NMDAR binding sites are
supported by the available structural data on the homotetrameric GluR2 (AMPA)
receptor. The GluR2 residues E402 and L704 are homologous to Q403 and Y705.
Distances were measured between the a-carbons of these residues in GIuR2 in structures
that were 14.7A unactivated (apo), 13.3A partially activated (willardiine (HW) and 12.9A
5-iodowillardiine (IW)), and 12.5A fully activated (glutamate-bound) (Figure 3.24).
From the apo to the glutamate bound structure, as the relative efficacy of the agonist
increased, the distance between the a-carbons of E402 and L704 decreased (Figure 3.24).
Additionally, the NR2A/glutamate and GluR2/glutamate structures were overlaid, and the
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relevant C,-C, distances for the two glutamate-bound structures are very similar.
Therefore, we feel justified in relating our functional studies on the NMDA receptor to

the structural studies of GluR2.

Structure Ca E402- Ca L704 (GluR2)
GluR2_glutamate 1253 A
GluR2_HW 12.86 A
GluR2_IwW 13.31 A
GluR2_apo 14.73 A
NR2A_glutamate 12.88 A

GluR2 apo

Figure 3.24 Distances between alpha carbons of E402 and L704 in various GluR2 structures
(data from PDB files, 1FTJ, IMQJ, IMQG, 1FTO, and 2A5S). E402 and L704 in GluR2 are
homologous to NR2B E387 and Y705. Efficacy values from Jin, et al. (32).

3.2.7 Implications for the Functional Study of the Clamshell Mechanism of Agonist

Action

The most compelling structural studies of clamshell closure have been performed in the
homotetrameric AMPA and kainate receptors. It is not clear, however, the extent to
which observations for one member of a large class of receptors will apply to all the
members of the superfamily. In these studies, we sought an alternative way to evaluate

the clamshell mechanism seen in select iGluRs with several specific aims. First, although
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there is no denying the compelling images produced by structural biology, there is always
value in having complementary functional studies on intact receptors in biologically
relevant environments. Secondly, functional measurements allow for the study of a wider
range of structures than lower throughput crystallographic approaches. This also allows
us to address the third issue related to the risks of extrapolating mechanistic insights from

one receptor to all the members of the family.

Conceptually, the approach is straightforward. We engineer into the hinge region
of the clamshell a partial occlusion that will prevent full closure. A full agonist, that
requires full closure for maximal activation, should be quite sensitive to such an effect.
However, such a change should have a lesser impact on a partial agonist, which does not
require full clamshell closure to reach its maximum in activation. The approach relies on
the power of the nonsense suppression method for site-specifically incorporating
unnatural amino acids into receptors and ion channels expressed in vertebrate cells. The
subtlety and control that the method enables are essential to producing meaningful

results.

The goal of the method was to produce a plot as in Figure 21. We would expect
to see a clear correlation between GluR2 function and agonist efficacy, similar to that
observed for both NMDA subunits. Here the x-axis is identical to that used in the
structural studies, the innate efficacy of the agonist on the wild type receptor. But for the
y-axis, instead of a structural measure — a distance — we employ a measure of receptor
function. If the mechanistic model implied by the GluR2 structural studies is correct, the
structural changes must be accompanied by a comparable functional change. The
functional measure we use, ECs, is a composite number that reflects both agonist
binding and channel gating. The present analysis assumes that, for the sites considered
here, mutations affect ECsy primarily through changes in gating behavior. Earlier
mutagenesis studies (4/) of these residues and their analogues in other receptors have

reached just this conclusion.

Our strategy was to introduce homo-tyrosine, hTyr, at position 705. As illustrated
in Figure 3.25, the added CH, of hTyr extends the chain and can significantly expand the

effective size of the residue depending on the side chain geometry. The addition of a
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methylene group may not appear to be that significant at first glance, however, depending
on the adopted side chain geometry, a difference in several angstroms exists between the
Tyr and hTyr (Figure 3.25). The difference that this methylene unit makes would be the
“stick” that would block clamshell closure. It should be noted that all the functionality of
the natural residue Tyr is present; it has just been repositioned. The unnatural amino acid
hTyr was well-tolerated in the receptor (Figure 3.25), and it produced intriguing results.
As shown in Tables 3.1 and 3.2, the effect on ECsy ranged from ~17-fold for glutamate to
essentially no effect for the partial agonist quinolinic acid (QA). Introduction of a similar
residue, homo-glutamine, at NR1Q403, produced a similar result, although the magnitude

of the perturbation was attenuated compared to that of hTyr.

our 41
""8‘ «® °*

f"”"w i

Tyrosine Homo-Y

Figure 3.25 Side chain geometries of Tyr and hTyr minimized in GY G/GhTyrG peptides.

Our functional method has resulted in a new probe of the clamshell. By
expanding the size of a specific amino acid side chain, while keeping all functionality the
same, the importance of a clamshell-like domain closure can be probed. This “stick-in-
the-clam” approach using the one-carbon homologue of the natural amino acid should be
more consequential for full agonists — which require full clamshell closure — than for
partial agonists, which require only partial closure. We find for the glutamate-binding
NR2 domain of the NMDA receptor a very strong correlation between agonist efficacy

and the impact of the homologation experiment. A similar correlation was observed for
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the glycine-binding NR1 domain, however, now the slope is much smaller, suggesting
that clamshell closure of the NR1 subunit is less critical to receptor function than it is in
the NR2 subunit. This, of course, agrees with structural studies, which found no effect in
the NR1 subunit. The non-zero slope of Figure 3.23 suggests that perhaps there is a small
but significant clamshell effect in NR1, but one that may be too subtle to be revealed in
the crystal structures. These results are intriguing, particularly because they suggest that
glycine-binding subunits use an attenuated version of the clamshell mechanism to induce
structural changes correlating to ion channel activation. More importantly though, along
with providing valuable insights into the function of the NMDA receptor, this work
introduces a potentially generalizable strategy for probing structural changes associated

with receptor activation.

3.3 AMPA Receptor Ligand-Binding Domain Studies

In order to test the generality of our new functional test of the clamshell mechanism in
iGluRs, we decided to expand our repertoire of glutamate receptor studies to the
homomeric GluR2 receptor. Our goal was to use the nonsense suppression methodology
to incorporate the —CH; elongated amino acid residues that lie at the interdomain hinge
region of the ligand binding site. Based on previous GIuR2 structural studies, we
hypothesized that we would obtain a similar trend as observed above in the NR2BY 705
studies. Our studies will parallel those performed by Gouaux and co-workers with the

partial agonist series of substituted willardiines.

We acquired the GIuR2 construct containing the “flip” sequence. The flip/flop
sequence is an alternatively spliced exon consisting of 38 amino acids just prior to the
final transmembrane domain and is involved in determining receptor kinetics (47, 48).
We also use a GluR2 construct containing the unedited glutamine at the Q/R site, which
determines the Ca*" permeability of the receptor. The Q-containing receptor is Ca*"
permeable. The GluR2 construct also contains the mutation L483Y (504 in the immature
protein). This is a non-desensitizing mutation that is thought to stabilize the closed-cleft
ligand binding domain (24, 49). Our construct is a non-desensitizing, Ca®" permeable

GluR2 subunit that forms homotetrameric ion channels.
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3.3.1 Mutational Probe of the GIuR2 Clamshell

We began our GluR2 investigations by testing the wild type receptor response to
glutamate (Figure 3.26). For consistency, we decided to mutate the D1 and D2 amino
acids that corresponded to those in our previous NR1 and NR2B studies (Figure 3.15).
The corresponding GluR2 D1 amino acid is E402 (mature protein numbering) and the D2
amino acid is not a tyrosine, but L704. These two amino acids cannot interact via a
hydrogen bond as in NR2B, but if our hypothesis is based on the size of the amino acid

side chain and its ability to “put a stick in the clam,” then our method should work for the

GluR?2 receptor.
GIuR2 L483Y Flip/Q (wild type)
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Figure 3.26 Dose-response relationship obtained for wild type GluR2 homomeric channels in

response to glutamate.

The first mutations we introduced into GluR2 were at E402- Asp, Asn,

homoglutamine (hGln), and nitrohomoalanine (Nha). hGln was incorporated into the
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receptor instead of hGlu due to synthetic availability. We also made the L704A
mutation, which we felt was appropriately different from Leu in that it is a sterically,
much smaller amino acid, but still hydrophobic. One goal of this study was to determine
the ECso and efficacy sensitivity of the full and partial agonists at these sites upon
mutagenesis. We first recorded responses of all of the homomeric GluR2 receptors to

glutamate (Table 3.5).

Table 3.5 ECs, values and Hill coefficents for homomeric GluR2 AMPA receptors (n= number

of oocytes).

Glutamate Glutamate Glutamate

Receptor EC5) £ S.E.M. Hill n

wildtype GluR2 (L483Y) 223+1.16 1.4+.08 11

E402D 20.9 +1.81 1.62+0.18 5

E402N 246 + 21 1.9+ 0.21 9

E402TAG hGln 2020 + 1060 0.90+0.18 20

E402TAG Nha >3000 £+ 1060 0.58+0.16 8

L704A 5.47+0.31 1.91 +£0.19 13

Not surprisingly, the conservative mutation from Glu to Asp at GluR2402 resulted
in no shift in ECsy value; however, the mutation to Asn resulted in a ~20-fold shift in
ECso (Table 3.5). Clearly, the negatively charged side chain at position 402 is required
for proper interaction with the agonist. We also incorporated the unnatural amino acids
homoglutamine (hGln) and nitrohomoalanine (Nha), which expanded the Gln side chain
by one methylene group (in the case of hGln) and neutralized the charge on the side chain
of Glu with an isosteric nitro group (in the case of Nha). Both of these mutations
drastically shifted ECsy by ~100-fold, indicating glutamate is very sensitive to the charge
and the size of the amino acid at this position of the GluR2 binding site. Previous studies
have also indicated that mutation of E402 results in shifts in ECs values and glutamate
affinity (26, 50-53). These studies suggest that E402 is involved in an inter-domain
hydrogen bond with Thr686. The stability of clamshell closure around the agonist is
directly correlated with the affinity of the agonist. We also made the conventional
mutation L402A, which maintains the hydrophobicity of the side chain, but reduces the

size. A little surprisingly, this mutation appears to increase agonist affinity and reduces
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ECso by ~3.5-fold. It is possible that the smaller side chain, L402A, allows glutamate to

fit into the binding site and make more favorable interactions with the receptor.

In order to study the effects of these mutations on partial agonism, we decided to
use the willardiine series of partial agonists that were used in the structural studies of
GluR2 (Figure 3.9). In addition to the structural work, studies of willardiine action at the
GluR2 subunit have been examined using FRET (fluorescence resonance energy transfer)
analysis (54). The FRET studies determined that the interactions between the LBD and
the a-amine group of the agonist contributed to clamshell closure, however this is
probably not the only contributing factor. According to the previous GluR2 ligand
binding domain studies, the order of partial agonism affinity for the willardiines is:
HW~FW>CIW>IW, with HW, FW, CIW, and IW producing 62%, 60%, 53%, and 24%
of the currents produced by glutamate, respectively. Overall, this trend follows that as

the size of the 5-substituent increases, ion channel activation decreases (33, 54).
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Table 3.6 ECs values and efficacy measurements for the willardiines in GluR2 receptors.
Efficacy measurements are always compared to the full agonist, glutamate. (SEM = standard

error measurment)

5-FW 5-FW 5-FW 5-FW
Receptor EC,,+ SEM Hill n Efficacy + SEM
wildtype GluR2
(L483Y) 0.44 +0.031 1.79 +£0.20 14 0.984 +0.028
E402D 097 =.112 134 +0.154 7 0.943 +0.047
E402N 1.32+0.024 1.75+0.04 7 0.998 +0.013
E402TAG hGlu 0.15+0.016 143 +0.17 1
L704A 0.098 + 0.005 1.74+£0.13 12 0.913 +0.0093
(S)-HW (S)-HW (S)-HW (S)-HW
Receptor EC,,+ SEM Hill n Efficacy + SEM
wildtype GluR2
(L483Y) 15.80 +0.33 1.94 +0.06 13 0.936+0.014
E402D 579 +10.7 1.25+0.17 11 0.922 +0.073
E402N No Current No Current 8 00+0.016
L704A 8.24 +0.355 | 144 +0.0753 12 0.936 +0.012
5-CW 5-CW 5-CW 5-CW
Receptor EC,,+ SEM Hill n Efficacy + SEM
wildtype GluR2
(L483Y) 1.323 £0.053 | 1.321 £0.056 13 0.617+0.010
E402D 5.864+1.171 | 0.873 +0.111 7 0.716 + 0.020
E402N 76.89 £8.60 | 1.521 +£0.151 5 0.501 £0.016
L704A 1.018+0.13 | 1.141 £0.139 6 1.365+0.126
5-IW 5-IW 5-IW 5-IW
Receptor EC,, + SEM Hill n Efficacy + SEM
wildtype GluR2
(L483Y) 4.11+£0.28 1.63+0.15 16 0.34 +0.005
E402D 13.64 +1.08 1.55+0.11 11 0.46 + 0.008
E402N 115.6 £ 80.0 1.30+0.143 8 0.097 £0.010
L704A 4.51+0.29 1.37+0.09 8 0.57+0.012

Our results are summarized in Table 6, and demonstrate a similar trend for the
willardiine series, with 5-HW~5-FW > 5-CIW > 5-1W at wild type GluR2 receptors. The
mutations at E402 do not drastically shift efficacy for any of the willardiines, however
several of the ECsg values do shift. The E402N mutation results in ~70-fold shift in ECsy
for 5-CIW, yet efficacy only decreases slightly (Table 3.6). Our results indicate that
these conventional mutations are implicated in the affinity of ligand binding to GluR2
more than they are implicated in ion channel activation. Alternatively, since relative

efficacy is measured for each partial agonist against glutamate, and the conformation of
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the closed cleft conformation depends on the mutation and not the agonist, the effects on
agonist affinity would be evident by ECs, but the relative efficacy would not change

because it reflects the effect that the mutation has on both glutamate and the partial

agonist.
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Figure 3.27 Shifts in ECs, values for mutations in the GluR2 ligand binding domain with the

willardiine partial agonists.

Overall, our first studies of the GluR2 binding site are intriguing in that all of the
partial agonists, except for 5-IW, respond more favorably to the L704A mutation (Figure
3.27). This is likely due to the positioning of the 5-substituent on the willardiines, which
the alanine mutation can accommodate more easily than the leucine side chain. There is
precedent for this type of accommodation where previous structural evidence has
demonstrated that a GluR2 methionine side chain, M708, swings out of the binding cleft
to prevent a steric clash with 5-IW (32). Additionally, our results demonstrate larger
ECs increases for the asparagine mutation versus the aspartate mutation; so clearly,

maintaining the charge at E402 is necessary for optimal agonist binding.
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Our initial studies incorporating the unnatural amino acids, hGln and Nha, at
GluR2 E402, resulted in significant ECs shifts for glutamate (Table 3.5) of
approximately 100-fold. These measurements become difficult to accurately determine
since we have to use very large concentrations of glutamate in order to get full receptor
activation. Further studies by a new lab member, Maggie Thompson, using the
willardiine partial agonists in combination with hGln and hGlu will determine if our

model for the clamshell mechanism of iGluR activation is upheld in the GIuR2 receptor.

3.3.2 Studies of Ligand Binding Domain Hinge Residues Involved in Receptor Activation

Studies of the stability of the ligand binding domain dimer, measured by equilibrium
centrifugation, correlate with the degree of desensitization of the ion channel (55). As the
stability of the ligand-binding domain dimer increases, the amount of receptor
desensitization decreases. These observations have led to the proposal that a
rearrangement of the dimer conformation is required for desensitization to occur (535).
Further mutational analysis found the non-desensitizing mutation, GluR2L483Y, an
interfacial residue thought to stabilize the dimer through a potential cation-m interaction.
Corresponding mutations have also been identified in the GluR3 and GIuR6 subunits as

well (56, 57).

In GluR2, the suggested binding partners for the L483Y mutation are L748 and
K752. In GluR2, L/Y483 interacts with K752 across the dimer interface. This is the
non-desensitizing mutation that we use for our wild type GluR2 receptor. However, we
thought that by using the nonsense suppression methodology, we could subtly probe the
residues at the dimer-dimer interface to determine the chemical-scale interactions that
contribute to dimer stability. We began by studying L/Y483 and incorporating a series of
unnatural amino acids that would probe the nature of the proposed electrostatic and or
hydrophobic interaction at this site. We incorporated Phe (both with conventional
mutagenesis and nonsense suppression), 4-Me-Phe, 4-MeO-Phe, and Cha. We expected

that both the kinetics and potency of the agonist could be altered by the mutations.
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Table 3.7 ECs5, values for mutations at GluR2L/Y483 (S.E.M.= standard error measurements).

Glutamate Glutamate | Glutamate
Receptor ECso uM + SEM Hill N
wildtype GluR2

(L483Y) 223+1.16 1.4+ .08 11

Y483F 47.6+5.6 1.2+.19 14
Y483TAG Phe-THG73 60.4+6.2 1.4+0.19 12
Y483 4-Me-Phe 335+54 1.8+ .48 10
Y483 4-MeO-Phe 107 £ 21 1.2+.23 10
Y483 Cha >2500 5

Our initial studies show an ~2-fold shift when Phe is incorporated at this site.
Interestingly, eliminating the 4-position hydroxyl group doesn’t drastically alter ECsy.
Additionally, replacing the hydroxyl group with a methyl (4-Me-Phe) produces results
similar to the wild type receptor and adding the methoxy group (4-MeO-Phe) increases
ECso ~5-fold. The largest shift in ECsy value was observed for the Cha mutation, which

results in an almost non-functional receptor (Table 3.7).

GIuR2 Y483TAG 4-MeO-Phe n=10

| Normalized

| " At a s aaal PR A e e |
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Figure 3.28 Dose-response curve for glutamate at the GluR2 Y483 4-MeO-Phe mutant.
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Based on our first observations with unnatural amino acid mutagenesis at the
L/Y 483 site and using previous knowledge that this site possibly interacts with the
hydrophobic L748 and the positively charged K752, we can infer that there are
hydrophobic and or electrostatic interactions at the dimer-dimer interface. If a cation-n
interaction were involved between Y783 and K752, we would expect to see the largest
shift with the Cha mutation. In fact, we see the expected outcome, where mutation to a
side chain with similar sterics to Phe but no aromatic component, results in an ~100-fold
shift in ECs¢. In addition, the shift in ECs, obtained with the 4-MeO-Phe analog is
somewhat expected since the oxygen would draw electron density out of the aromatic

ring, reducing its cation-n binding ability with the positively charged lysine (Table 3.7).

Although these results are preliminary, they are suggestive of the power of the
unnatural amino acid mutagenesis to determine the chemical-scale interactions involved
in regulating the function of iGluRs. We have established a method for unnatural amino
acid incorporation into several iGIluR receptors and further work in the group by Maggie

Thompson will continue to evaluate the ligand-binding domain of GluR2 AMPARs.

3.4 Conclusions and Future Work

We have demonstrated that we are able to incorporate unnatural amino acids into both the
NMDA and AMPA families of iGluRs. We have also introduced a new probe of receptor
function that utilizes unnatural amino acid mutagenesis. We expanded the side chains of
NR2BY705 and NR1aE403 and demonstrated that clamshell-like domain closure around
an agonist is more important for full agonists and less so for partial agonists, which
required only partial domain closure. We find for the glutamate-binding NR2 domain of
the NMDA receptor a very strong correlation between agonist efficacy and the impact of
the homologation experiment. This provides a functional evaluation of the clamshell
mechanism. Interestingly, the analogous experiment performed on the glycine-binding
NR1 domain shows a much weaker correlation. These results are consistent with current
structural studies and demonstrate a more precise probe of partial agonist action,

particularly with the NR1 subunit. Along with providing valuable insights into the
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function of the NMDA receptor, this work introduces a potentially generalizable strategy

for probing structural changes associated with receptor activation.

In addition, we have begun studies in the AMPA-binding GluR2 receptor. Our
initial characterization of interactions in the LBD demonstrates the importance of several
residues, i.e., E402 and L704, in determining ligand affinity for the receptor.
Additionally, we have evaluated a Tyr mutant (Y483), which lies at the dimer-dimer
interface within the ligand binding domain of GluR2 and alters ion channel kinetics
resulting in a non-desensitizing receptor. Our initial experiments at this site indicate a
potential cation-w interaction with a positively charged arginine in the complementary
ligand binding domain, K752. These experiments suggest that a cation-m interaction
introduces enough stability at the LBD dimer interface to stabilize the open channel
conformational state of the receptor, preventing a shift to a desensitized state. Continued
studies by other lab members will confirm the interactions at the dimer interface. In
addition, future studies could examine similar interactions in related iGluRs, such as
GluR6 that is a KA receptor, which also contains a homologous non-desensitizing Tyr
mutation (56, 57). Our studies demonstrate the importance of studying these interactions
on the chemical-scale with a precise probe, unnatural amino acids, in combination with
functional electrophysiology analysis. We are able to expand our repertoire of
investigations to a new family of ion channels, with the potential for many further

investigations.

3.5 Methods
3.5.1 Electrophysiology

Stage V-VI Xenopus laevis oocytes were injected with 50nL/cell of mRNA/tRNA
mixtures. NMDAR subunits are cloned into the pAMYV vector as described previously,
and the GIuR2 subunit was obtained from Dr. Yael Stern-Bach in the pPGEMHE
expression vector. Oocytes with NMDARs injected were evaluated in a Mg”" and Ca®*
free saline solution (96 mM NaCl, 5 mM HEPES, 2 mM KClI, and 1 mM BaCl,). The
receptors were activated in a Mg®" and Ca®" free solution containing 10 uM glycine

(Aldrich) or 100 uM glutamate (Aldrich) and 100 mM niflumic acid (to reduce activity of
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Ca’" activated CI” channels, Sigma) depending on the mutations being studied. For
oocytes containing AMPARs, we utilized a standard Ca®* free saline solution (96 mM
NaCl, 5 mM HEPES, 2 mM KCI, and 1 mM MgCl,). All oocyte recordings were made
48 hours after initial injection in two-electrode voltage clamp mode using the
OpusXpress 6000A (Molecular Devices). Solutions were perfused at flow rates of 1 and
4 mL/min during agonist application and 3 mL/min during wash. Data were sampled at
125 Hz and filtered at 50 Hz. Eight oocytes were simultaneously voltage clamped at —60
mV, and dose-response relationships were obtained by delivery of increasing
concentrations of L-glutamate, NMDA, homoquinolinic acid, or quinolinic acid in 1 mL
aliquots for 15s for the NR2B mutations. Increasing concentrations of glycine, ACPC
(Sigma), ACBC (Sigma), and D-cycloserine (Sigma) in 1 mL aliquots for 15s were
applied to the NR1 mutations. Increasing concentrations of 5-HW, 5-FW, 5-CIW, and 5-
IW were applied to the GluR2 mutations. (S)-5-Fluorowillardiine (FW), (S)-5-
Chlorowillardiine (C1W), and (S)-Willardiine (HW) were obtained from Ascent Scientific
(Somerset, England, United Kingdom), and (S)-5-Iodowillardiine (IW) was obtained
from Tocris Bioscience (Ellisville, MO). All agonists were prepared in sterile ddi water
and diluted in Mg®*, Ca*" free saline solutions (Ca”" free solutions for GluR2).
Additionally, all of the drug solutions were maintained at a pH of 7.5. L-glutamate,
glycine, NFA, quinolinic acid, and NMDA were all purchased from Sigma Aldrich RBI.
Homoquinolinic acid was purchased from Tocris. The data were analyzed using

Clampfit 9.0 software (Axon Instruments).

The Hill equation was used to fit data: I=I./(1+H(ECso/[A]™)), where I is peak
current at drug concentration (A), ECsy is the concentration of drug that evokes 50% of
the maximal response, and ny is the Hill coefficient. Efficacy values were measured for
all agonists relative to the maximal glutamate currents evoked on the same cell. Standard

error was calculated for both ECsy and relative efficacy values.

3.5.2 Mutagenesis and preparation of cRNA and Unnatural Amino Acid Suppression

Mutant NR2B and NR1 constructs were made following the QuickChange mutagenesis
protocol (Stratagene). All mutant and wild type cDNAs were linearized with Not/, and
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mRNA was synthesized by in vitro runoff transcription using the T7 mMESSAGE
mMACHINE kit (Ambion). All NR2B mutant mRNA was injected with wild type NR1a
mRNA in a NR1a:NR2B (1:5) ratio. All NR1 mutant mRNA was injected with wild type
NR2B mRNA in a NR1a:NR2B (5:2) ratio. Wild type receptors were injected in a
NR1a:NR2B (1:1) ratio. Synthetic amino acids were ligated to truncated 74 nt tRNA as
described previously (58). As a negative control for suppression, dCA was ligated to
tRNA and co-injected with mRNA. No currents were observed in these experiments.
The aminoacyl tRNA was deprotected by photolysis immediately prior to co-injection
with mRNA (58, 59). Typically, 5 ng mRNA and 25 ng tRNA-aa were injected into

oocytes in a total volume of 50 nL.

3.5.3 Immunolocalization of Wild type and Mutant NMDA Receptors

These experiments were performed by adapting previously reported procedures. Xenopus
laevis oocytes were injected as reported above. Cells were incubated at 16°C for 2 days.
The primary antibody, anti-NMDAR2B (Invitrogen; 0.5 mg/mL dilution in phosphate-
buffered saline) was used with the Zenon Rabbit IgG Labeling Kit (Molecular Probes) as
per labeling instructions. The cells were incubated with primary antibody for 1 h at room
temperature. Cells were washed (3x) with phosphate-buffered saline and stored in Mg*",
Ca®" free saline. Oocytes were placed into a hypertonic solution (96 mM NaCl, 5 mM
HEPES, 2 mM KCl, 1 mM MgCl,, 1.8 mM CacCl,, and 200 mM Sucrose) for 10 min and
the vitelline membrane was removed with fine tweezers. Alexa-Fluor 488 labeled

receptors on the oocyte membrane were analyzed using TIRF microscopy.
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Chapter 4: Studies of the Binding Site of the Mouse Muscle
Nicotinic Acetylcholine Receptor’

4.1. Introduction

This chapter describes initial studies of the prototypical nicotinic acetylcholine receptor
(nAChR), the mouse muscle nAChR. These studies were performed several years ago,
and since then many advances and experiments have obtained a much more thorough
understanding of the structure and function of the nAChR. A current description of these
receptors is outlined along with the reasoning behind our studies of this receptor.
Additionally, we incorporated computational models of the nAChR to enhance our
understanding of the functional studies we performed on the receptor. In addition,
background information regarding previous computational models of the receptor will be
provided. There will be a discussion of how these contribute to our understanding of

these ligand-gated ion channels.

4.1.1. The Nicotinic Acetylcholine Receptor

The nAChR is a ligand-gated ion channel in the Cys-loop family of ion channels. The
Cys-loop family also encompases the serotonin receptors, glycine, and y-aminobutyric
acid (GABA) receptors (/-4). The nAChR is the prototypical Cys-loop receptor, and it is
active in both the central nervous system and at the neuromuscular junction. This
receptor is the target of acetylcholine, but also responds to nicotine (Nic) and many
pharmaceuticals aimed at memory enhancement and Parkinson’s disease (5). The
nAChR became the prototype for ion channel studies in part due to its natural abundance
in the Torpedo ray electroplax (where the receptors provide the ray’s electrical shock),
which allowed for the first cloning in 1982 (6-8). Further biochemical studies by Unwin
have produced cryo-electron micrograph (cryo-EM) images of the full-length receptor

(9).

"Reproduced in part with permission from Cashin, A.L., Torrice, M.M., McMenimen, K.A., Lesater, H.A.,
Dougherty, D.A. Biochemistry 2007, 46, 630—639. Copyright 2007 American Chemical Society
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Figure 4.1 Pentameric architecture of the muscle-type nAChR with a, 8, §, a, and y subunit

arrangement.

The Cys-loop receptors all have a cylindrical, pentameric assembly and are
sometimes referred to as the pentameric LGICs (Figure 4.1). The five subunits
(approximately 400 amino acids in size) are pseudosymmetrically arranged around the
ion-conducting pore (/0). There are several different subunits- a, f3, 8, vy, and ¢- that
assemble in different configurations depending on the type of a subunit present. The a
subunit is required for assembly and to date there are 10 types of a subunits (a1-a10);
similarly, there are four types of § (f1-4). The nAChRs found at the neuromuscular
junction are referred to as the muscle-type receptor and are composed of two a1 subunits,
and one B1, 9, and y subunits. The neuronal nAChRs are composed of different
combinations of a and 3 subunits; for example, several common neuronal nicotinic
receptors are the homopentameric a7 receptors and the a4f32 receptors, which
demonstrate the diversity of these receptors (4). Topology is conserved for all subunit
types, with each containing an extracellular, N-terminal ligand-binding domain (LBD)
followed by four transmembrane spanning helices (TM1-4), and a short extracellular C-
terminus. Structural analysis of a homologous protein, acetylcholine binding protein
(AChBP), has provided much of the structural analysis of the LBD and will be discussed
below (/7). The LBD also contains the conserved Cys-loop, for which these receptors

are named (Figure 4.2). Although the arrangement of the transmembrane domains
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around the pore are not conclusively determined, a lot of biochemical evidence suggests
that TM2 is the pore-lining helix and TM4 is aligned closest to the membrane (Figure
4.2).

Cys-loop —_

Extracellular

Intracellular

Figure 4.2 A) Structural topology of the muscle-type nAChR. B) Subunit topology of nAChR
with the Cys-loop in the extracellular domain and the four TM helices, adapted from reference

(12).

All of the experiments described were performed on the muscle-type receptor and

will be the focus of the discussion. The early studies of the nAChR using unnatural
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amino acids were preceded by many biochemical studies of the muscle-type receptor.
These biochemical studies identified key residues likely to contribute to the ligand-
binding sites in the receptor. The muscle-type receptor has two ligand-binding sites,
which are located at the a/y and o/d subunit interfaces (4, /3, 14). Near the agonist
binding site is a conserved disulfide bond (Cys192-Cys193, mouse muscle numbering),
which was discovered by Karlin and co-workers (/5). Several conserved loops are
present in the extracellular domain and contribute to the agonist-binding site. The
primary face of the binding site is located on the a-subunits and presents residues from
loops A, B, and C (Figure 3). The complementary binding face is located on the d/y
subunit and contributes loops D, and possibly E and F, to the binding site (Figure 4.2)

(16).

Ion Channel Pore Agonist Binding Site

Acetylcholine Nicotine

Figure 4.3 The agonist binding site is primarily comprised from a-subunit residues in loops A, B,
and C. The y-subunit contributes to the complementary face and the ligands, acetylcholine and

nicotine, bind to this site.

4.1.2. Acetylcholine Binding to the nAChR
Pioneering work by Changeux using photoaffinity labeling and radio-ligand binding
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studies identified many aromatic residues near the agonist binding site (/7-19). This
plethora of aromatic residues suggested that a cation-m interaction between the aromatic
residues and the quaternary ammonium group of acetylcholine (ACh) may be
contributing to ligand binding. We have previously demonstrated the cation-n interaction
is primarily electrostatic and involves a cation binding to the electron-rich face of an
aromatic ring (20). All of the tyrosine (Tyr) and tryptophan (Trp) residues in the binding
site were evaluated for a cation-m interaction, however only Trp149 in loop B of the o
subunit (Figure 4.3) was involved in the interaction with acetylcholine, as demonstrated
by Zhong et. al (21). Incorporation of the fluorinated tryptophan series (introduced in
Chapter 2) resulted in increasing ECs shifts for ACh (Figure 4.4). These studies
established that Trp 149 in the “aromatic box” contributes to ligand binding through a

cation-7 interaction.
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Figure 4.4 EC; shifts for ACh at the mouse muscle nAChR with F,-Trp incorporation at Trp149.

Further evidence for the aromatic box, along with more detail about the structure
of the ligand binding domain of nAChRs, was established due to crystallography on the
acetylcholine binding protein (AChBP), which is homologous to the extracellular ligand
binding domain of nAChRs (77, 22). AChBP is a soluble, homopentameric protein found
in snail glial cells and is 20-26% identical in sequence to nAChR LBDs and most similar
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to the homomeric a7 receptor (11, 22). Crystal structures of AChBP, complexed with
different ligands, demonstrated the presence of the “aromatic box” containing five

aromatic amino acids that form a cavity where the cationic ligand binds (Figure 4.5).

/ ' ¢ U 1:7 m & y55/557

~ b % Y190

Figure 4.5. A) Pentameric structure of AChBP. B) Agonist binding site in AChBP. C) The

aromatic box residues that create the binding pocket in AChBP, adapted from reference (23).

Currently, there are no crystal structures of any nAChRs. Therefore it is
important that when we use AChBP as a guide for designing experiments, it serves as a
model for the receptor with the caveat that it is on/y a model and not necessarily an
accurate representation of the true receptor. The loops previously identified in
biochemical experiments that contribute to the agonist binding site overlap well with
those in the AChBP structure (22, 23). Additionally, in the original AChBP crystal

structures, a molecule of HEPES, a cationic buffer, was positioned in the agonist binding
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site cavity where the cationic portion of the molecule was in close proximity with AChBP

Trp 143 (homologous to Trp 149 in mouse muscle) (22, 23).

4.1.3. Nicotine Binding to the nAChR and Ligand Discrimination

The initial studies confirming the presence of a cation-m interaction between ACh and the
muscle nAChR were intriguing and led us to pursue the presence of additional cation-n
interactions involved in recognition of other nAChR agonists. Due to the cationic nature
of (-)-nicotine (Figure 4.3), it was hypothesized to bind the nicotinic acetylcholine
receptor in a similar manner to ACh (i.e., via a cation-x interaction) (24). Cohen et al.,
used photoaffinity labeled nicotine analogs to investigate how nicotine binds to the
muscle nAChR. Interestingly, these experiments identified the same aromatic residues
involved in ACh binding, suggesting that ACh and nicotine utilize the same residues for
agonist binding (25). However, incorporation of the F,-Trp derivatives at Trp149 of the
muscle receptor did not produce a similar trend in the fluorination plot compared to ACh
binding, which suggested that nicotine does not utilize a cation-n interaction (26). The
other residues within the agonist binding box were also tested for the presence of a

cation-m interaction, but did not demonstrate the interaction (Figure 4.6).
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Figure 4.6. A) ECs shifts for F,-Trp incorporation at a149 in mouse muscle nAChR. No shift is
observed after F-Trp incorporation. B) Fluorination plot for ACh and nicotine binding to muscle
nAChR. A linear relationship is observed for ACh but not for nicotine, indicating the absence of a

cation-7 interaction.

Previously, all cationic agonists were believed to interact with the receptor in a
similar way. However, these results separated the ligands into two classes, the
“cholinergic” agonists such as ACh, and the “nicotinic” agonists that bind similarly to
nicotine. One intriguing feature of the nicotine fluorination plot is that it begins with a
shift in ECs, like the cholinergic agonists, and then changes its path. These plots
correspond to a Hammett-like plot and the “break™ in the curve (two different slopes)
suggests that nicotine binds using one mechanism and then fluorination of c149 could
result in a change in the binding mechanism. On the other hand, it is possible that
nicotine never interacts with the binding site through a cation-n interaction at the muscle
nAChR. Another noticeable difference between ACh and nicotine binding to the muscle
nAChR is that nicotine is approximately 100-fold less potent than ACh, indicating that
other interactions are involved in the binding and/or gating mechanisms for Nic. This
establishes that the receptor is able to discriminate between different types of ligands.
Previous modeling studies suggested that nicotine makes a hydrogen bond between the

N"-H to the backbone carbonyl of aTrp149 (27, 28). Sixma and co-workers
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simultaneously published a crystal structure of AChBP with nicotine bound, confirming
the presence of the hydrogen bond between nicotine and the backbone carbonyl of

aTrpl49 (29). Although both ACh and nicotine agonists bind to the same site in the

receptor, they utilize different non-covalent interactions to do so.
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Figure 4.7. A) Schematic of the hydrogen bond between the tertiary ammonium ion of nicotine

and the backbone carbonyl of aTrp149. B) Structures of three different nAChR ligands. C)
Fluorination plots for ACh, epibatidine, and Nic, demonstrating the presence and absence of a

cation-7 interaction.

Given the previous experiments, additional agonists were investigated to further
explore the difference between cholinergic and nicotinic ligand binding to the nAChR.
As stated before, nicotine is a low affinity agonist at the muscle-type nAChR although it
is much more potent for several of the neuronal receptors (30, 37). Therefore, the highly
potent agonist at both muscle and neuronal nAChRs (30, 32), epibatidine (Epi), was also

studied using the F,-Trp series and demonstrated the presence of a cation-n interaction at
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aTrpl49 (33). As such, epibatidine serves as a probe of “nicotinic” interactions for the
nAChR. It is similar in structure to nicotine although it contains the potency of ACh,
making it an appropriate probe for studying nicotinic interactions at the binding site

(Figure 4.7).

4.1.4 Computational Modeling of nAChRs

Many advances since the early 1970’s allow for detailed experimentation exploring
structure/function relationships in ion channels. The use of unnatural amino acids
provides one of these tools, which helps us gain a more thorough understanding of these
proteins. Another method of analysis involves using computational (in silico) models of
either the entire LGIC or portions of the LGIC. Several types of modeling are often
employed, varying in both computational intensity and accuracy. Some of those used in
our lab are ab initio quantum mechanics (QM) and molecular mechanics force fields
resulting in molecular dynamics (MD) simulations. QM calculations are very precise,
computationally intensive calculations that allow for the calculation of interactions
between individual molecules. On the other hand, MD simulations are much less precise,
but allow for calculations on larger proteins and solvent molecules (34, 35). One major
drawback to MD simulations is the reliance on MM force fields, which do not accurately
represent many non-covalent interactions because they do not explicitly treat electrons
(36, 37). Nevertheless, we generated models of the extracellular domains for both the
neuronal a7 nAChR and the mouse muscle nAChR utilizing the most recent AChBP
crystal structure and produced MD runs using these models. These models provided
“dynamic” information about different chemical-scale interactions involved in
maintaining the structure of the agonist binding site. In particular, we explored the role

of a conserved aspartate, aD89, in shaping the aromatic box.

4.1.5 Project Goals

A critical feature of nicotine as an agonist is the extreme difference in potency between
the muscle and neuronal nAChRs (32, 38). Nicotine is a very potent agonist for the
neuronal nAChRs and has been implicated in a number of neurological diseases. In

addition to its obvious role in nicotine addiction, it also plays a role in Alzheimer’s and
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Parkinson’s disease, making it an interesting drug target (39). Nicotine and ACh have
similar ECs values (concentration of drug required to activate 50% of the channel
current) for the neuronal receptors, particularly a4p2 (40, 41). However, nicotine is not
a potent agonist for the muscle nAChR. The ECs, for nicotine at the muscle receptor is

approximately 70-fold greater than that of ACh (Table 4.1) (32).

Table 4.1 ECsy Values for wild type muscle and neuronal nAChRs. The mouse muscle data was

aquired in the Dougherty lab (33) and the Human o4p2 data was obtained from references (41)°
and (42)".

Ligand Mouse Muscle Mouse Muscle p9' Human a4p2
ACh 50 uM 0.33 uM 3.3 uM*
Nic >500 uM 30 uM 3.9 uM*
Epi 13 uM 0.6 uM 43 nM®

Unfortunately, the low affinity of the muscle nAChR for nicotine is a
complication that makes experimentation on this receptor with nicotine difficult due to
the high concentrations of nicotine required in order to obtain electrophysiological data.
The binding difference between the agonists complicates the challenge of understanding
the binding modes of these small molecules to the receptor, which is important when
designing drugs to modulate receptor function. The goal of these studies was to
determine the residues underlying subunit specificity for nicotine binding to allow for
better drug design that could target each receptor subtype. At the time of the study
expression of neuronal receptors in the heterologous Xenopus oocyte was not feasible.
However, recent advances have allowed incorporation of unnatural amino acids into

several neuronal nAChRs (43).
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4.2 Results

4.2.1 Conventional Mutations of the Outer Shell of the mouse muscle nAChR Binding Box
The first approach taken to determine the subunit specificity of nicotine binding involved
scanning the sequence alignment between the neuronal and muscle nAChR subunits
(Figure 4.8). The focus of our experiments was directed on the o subunit, which
contributes to the primary face of the binding site. We used sequence alignments to
determine residues that were significantly different between the receptor types, for
example if there was a charged amino acid in place of a hydrophobic residue, etc. Since
the aromatic binding box is conserved throughout all types of nAChRs, this would
suggest that there are structural subtleties introduced by amino acids other than those
directly contributing to the binding pocket. As such, it is likely that the residues that form
the binding site involve a more complex organization of interactions that help to shape

b

the “aromatic box” in such a way that facilitates or destabilizes certain binding
interactions. Further, these residues may be key to understanding the difference in agonist
potency and specificity between the muscle and neuronal receptors, or even between the

different neuronal subunits.

*A1l MOUSE : NVRLKOOWVDYNLKW :++« K HWVFYECC TTIIYL.D
*A2 RAT 3 NVWLKOQEWNDYNVRW ==~ K KYIpCC AENYPD
*a4 human : NUWVKQEWHDYKLRW *** R KY[ECC AENYFD
*A7 HUMAN : NIW IEWTDHYLOW «»+ KRSERFYECC KEHY"D
*B2 HUMAN : TTNVWLTOEWEDYRLTW:+++ R RNENF’D DSTYVD
*D MOUSE : NVWIDHRWVDSRLOW «»« K D D HOD
*G MOUSE : NVWIEMDWCDYRLRW ¢ « « DSVAPAE EAGHOK
Consensus : s WeDe=lall ==—ccccccccc=- Y=D
W55* Y190+ Y198+

Figure 4.8 Alignment of nAChR subunits including several o subunits (muscle and neuronal)

and 2, §, and y. We introduced mutations at the residues denoted by a red asterix.

When studying low potency agonists or nAChRs where mutations reduce receptor
activation, we introduce a “background” mutation that compensates for this decrease in

ligand potency. A Leu-to-Ser mutation in the M2 transmembrane region of the 3 subunit
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at a position known as 9’ produces a hypersensitive receptor (44-46). The 9’ (a
distinction between 9’ and “regular” wt is made) mutation is almost SOA from the
agonist binding site, located in the channel pore and has been shown to lower agonist
ECsg values by 40-fold without altering any other trends (45). As such, it is important to
remember that ECs is a measure of channel function and is representative of equilibria
between binding and gating, not just a measure of agonist affinity. Often the trends that
we observe in ECsg are a result of changes that are due to the agonist binding interaction
and not due to gating processes.

Previous studies indicate that the amino acids surrounding the aromatic box are
clearly involved in determining the potency of different agonists and likely influence the
binding of the same agonist at different receptor subtypes (30). Amino acids directly
adjacent to the conserved aromatic box were evaluated for conservation of charge, size,
and chemical properties. Residues aS191, aT196, and 8D59/yES57 are all physically near
the aromatic box based on the AChBP structure. Additionally, these residues are not
conserved between nAChR subunits, such as a42, as seen in the subunit alignment
(Figure 8). Conventional mutagenesis was used to mutate these residues to the
corresponding amino acids of the a4p2 subunits. Since o432 receptors bind nicotine
with a greater potency than muscle, we hypothesized that the mutations would allow the
muscle receptor to have an equal potency for nicotine and ACh (i.e. increase the potency
of nicotine relative to ACh). The mutant receptors were characterized by

electrophysiology (Figure 4.9).
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Figure 4.9 Electrophysiology traces of the inward current produced from mutant receptors

aT196EB 18y receptors and wild type muscle nAChRs in response to increasing doses of ACh.

Mouse muscle nAChR aS191 and aT196 are polar and hydrophilic groups
containing hydroxyl side chains that have the potential to hydrogen bond. However, in
the neuronal nAChRs, a191/196 are acidic residues, mostly glutamate (Figure 4.8). We
hypothesized that introducing a charged side chain at these sites could create ionic
interactions that shape the box allowing nicotine to be a more potent agonist. One goal of
these experiments is to increase nicotine potency at the muscle nAChR relative to ACh.
This approach examines the significant differences among the side chains near the
aromatic box to determine their potential contributions towards agonist binding.
Additionally, residues in the d/y subunits near the complementary face of the binding box
were also significantly different when comparing the muscle and neuronal receptors. The
residues dD59 and YES57, which are both acidic, were mutated to glutamine, a polar and
hydrophilic amino acid that does not contain a negative charge. In the crystal structure of
AChBP the amino acids in the o subunit are facing the extracellular matrix, however

these residues are likely not aligned identically in the muscle type nAChR. In fact, these
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residues may be able to participate in non-covalent interactions with other residues that
surround the aromatic box, shaping the binding pocket.

We introduced several side chain mutations at these sites, the single mutations
aS191E and aT196E, the double mutation aS191E T196E, and we combined the o.-
subunit mutations with those in 8/y, dD59Q and YE57Q. By combining the a-subunit
mutations with the 0/y mutations we were able to study the combined effects of mutations
to both faces of the agonist binding site for ACh and nicotine. These recordings were
made in the presence and absence of the $9° mutation as well, to ensure that we were
recording accurate responses from the mutant receptors with both traditional wild type
and the 9’ wild type (Table 4.2). Plots of the ratio of ECs, for the mutant receptors
compared to the ECs for the wild type receptor demonstrate the change in receptor
potency for both ACh and nicotine (Figure 4.10). As a reference the ECs values for
a4p2 wild type receptors were also plotted against the muscle receptor. This provides a
“baseline” for which we can compare our mutated muscle receptors since one goal is to

make a muscle receptor respond to nicotine similarly to the neuronal nAChRs.

Table 4.2 ECs data for mutations of the outer shell residues near the muscle nAChR binding site.

Mutations ECso uM ACh Hill Value (ACh) ECs) uM Nic Hill Value (Nic)
WT 57 1.17 >500 N/A
aT196E 2.5 1.65 75 1.48
aS191E 2 1.01 82.2 0.88
aS191E T196E 10.5 1.45 350 0.93
aT196E6YE57Q 3.6 1.95 101 1.76
aT196E5D59Qy 7.5 1.34 135 1.41
aT196ESD59QYE5S7Q 11.3 2.04 111.5 2.21
WTR9' 0.33 1.34 30 1.52
dD59Qp9" - - 77 1.26
YE57Qp9" - - 75 1.76
oT196ER9’ 0.35 1.7 3.8 1.43
aS191ER9" 0.42 0.89 6.5 2.07

All of the mutations introduced into the a-subunit and the 8/y subunits resulted in
a decrease in ECsg value for both ACh and nicotine (Figure 4.10). However, using o432

wild type values for comparison, none of the mutations resulted in producing a muscle
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receptor with the same potency for ACh or nicotine as a neuronal receptor. The goal of
these studies was to obtain a mutant receptor that had the same ECs, for ACh and Nic,
making them more neuronal-like in function. The largest shift was obtained for the
aT196E mutation, which resulted in a 8-fold shift for nicotine and 12-fold shift for ACh.
Interestingly, this site appears to affect ACh more than Nic, and turns ACh into a more

potent agonist than it is at the wild type a4p2 receptor (Figure 4.10).
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Figure 4.10 Ratio of ECs values for binding site mutants vs. wild type muscle nAChR in
response to ACh (blue) and nicotine (red). The ECs, for wild type a4p2 is shown (light blue and

red, respectively) as a reference.
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Combining the a-subunit mutations with 6/y mutations generally resulted in larger
decreases in ECsy (increase nicotine and ACh potency) than with the single mutations.
This was particularly evident by the aT196E mutant, which shifted more when combined
with other mutations (Table 4.2, Figure 4.10). Residues homologous with o196 lie
directly behind o198 in the AChBP crystal structure, and a.198 is one of the aromatic box
residues that make direct contact with the agonist (22). In AChBP the aT196 homologue
is exposed to solvent, which suggests that a charged side chain such as glutamate would
be even more stable than threonine in the solvent-exposed hydrogen-bonding
environment. The crystal structure does not indicate a clear bonding partner for a196,
however it remains a possibility that the muscle receptor residues in this area are not
solvent exposed, but instead making intrasubunit contacts. We assume that the structure
of muscle nAChR is similar to AChBP, but it is not likely that all the side chains are
oriented in the same direction in both proteins. This does not explain the decrease in
ECso values we observe for both ACh and Nic, and there is no obvious reason why

mutating aT196 alters ligand potency.

Nicotine ™
g

-

Figure 4.11. Binding site of AChBP with nicotine bound to the aromatic box. Mutations are

shown in CPK colors and the aromatic box residues are blue.
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There are additional reports that other non-a subunit residues, D59N and yG57S
(similar to the above reported mutations), when mutated, demonstrate decreased affinity
for ACh (32). Interestingly, these non-o amino acids form the lower part of the binding
site, according to the AChBP structure (Figure 4.11). Carbamylcholine (another choline
agonist) binding is influenced by 0D59 and yE57, but that amino acid does not appear to
influence ACh or nicotine binding (47). However, our mutations in d/y did not result in a

large increase (or decrease) in ACh or nicotine potency.

4.2.2. Chimera Experiments Between Mouse Muscle and Neuronal nAChRs

Although the 0196 mutant increased muscle nAChR potency for nicotine, it did not
increase the potency to equal that of the neuronal receptors. We thought that expanding
our region of analysis to include additional residues in the outer binding shell could result
in larger ECs shifts. To investigate whether the effects of larger scale alterations to the
outer shell of the binding pocket would induce a larger shift in potency we examined
several “loop” areas in the extracellular domain previously implicated in determining
agonist specificity and generated chimeras (mutant receptors containing segments from at

least two different subunits) between the muscle and neuronal receptors.

185 199

0l KHWVFYSCCPTTPYL
04 NTR KYECC AEIYP

Figure 4.12 Alignment of $9-$10 loop from muscle a1l and neuronal a4 subunits. The loop is

highlighted in green in the AChBP structure and is directly adjacent to the aromatic box, and

includes Y190 and oY 198, two aromatic box residues.
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Previous experiments constructed chimeras between the a4 and a7 neuronal
nAChR subunits (4). These chimeras focused on residues o.186-0.194, which are in a
loop identified to contribute in part to some of the differences in agonist specificity
between the neuronal a7 and a4B2 receptors (4). This loop, the $9-f10 loop, contains
the 196 residue described above which we found to alter nicotine potency, therefore it is
reasonable to infer that this region shapes the agonist “box” and could make the mouse
muscle receptor more sensitive to nicotine.

To increase agonist potency at the muscle type nAChR, we constructed a chimera
between mouse muscle (al)231dy and the human a4p2 receptor at the $9-10 loop area
(Figure 4.12). The o subunit chimera was expressed in oocytes with wild type 3, 0, and vy
subunits. Unfortunately, protein expression was very low for these receptors and
responses to ACh and nicotine could not be reliably obtained. One possibility is that this
loop is important for receptor assembly, therefore substantial mutations prevent proper
ion channel formation. Additionally, it is possible that this region of the protein is
important for receptor trafficking, and our mutations prevented the ion channels from
reaching the cell surface. Since the chimera did not express we decided to make several
point mutations within the chimera loop. We wanted to explore the role of several
nonconserved amino acids in shaping the aromatic box. The mutations aV188L,

a V188K, and aL199P were constructed, however all of these mutations produced ion

channels with little to no expression in response to ACh or nicotine.

4.2.3 Unnatural Amino Acid Mutagenesis of Outer Shell Amino Acids

Our previous efforts to understand how contributions from the outer binding shell amino
acids contribute to agonist specificity remained unclear; therefore we turned to exploring
the role of hydrogen bonds in shaping the aromatic box. Using unnatural amino acid
mutagenesis we can introduce subtle mutations to alter hydrogen-bonding properties of
the amino acid side chains. A nAChR conserved Trp, a W86, was previously studied for
its role in a potential cation-m interaction with ACh (none was found), but the hydrogen
bonding potential of the indole N-H was not investigated. aW86 is in close proximity to

another conserved residue, aD89, in the AChBP crystal structure, which has been
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implicated in shaping the binding site (29). We were interested in exploring the potential

hydrogen bond between aW86 and D89 in mouse muscle nAChR (Figure 4.13).

Trp 2-Nap

Figure 4.13 Potential hydrogen bond between aW86 and aD89 involved in shaping aromatic
box. Hydrogen bonds in Trp can be probed by introducing the unnatural amino acid 2-

napthylalanine (2-Nap).

A Trp derivative, 2-napthylalanine (2-Nap, Figure 4.13) was incorporated into the
aW86 residue of mouse muscle nAChR to investigate the importance of this position as a
hydrogen bond donor with its potential proximal partner, aD89. The derivative, 2-Nap is
similar in size and structure to Trp, but does not contain the hydrogen bond donor (N-H)
in the indole ring. However, 2-Nap retains the aromaticity of the natural Trp sidechain,
and allows us to probe the hydrogen bond characteristics of aW86 without significantly
altering the electronic aspects of the side chain.

Incorporation of aW86 2-Nap did not result in an ECs shift for ACh. If the
hydrogen bond were important for shaping the aromatic box we would expect a rightward
shift in ECs, which was not observed (Figure 4.14). One difference upon 2-Nap

incorporation is an increase in the Hill coefficient, which is an indication of the
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cooperativity between the binding sites of the receptor. This higher Hill coefficient
suggests that there is more cooperativity between the binding sites when 2-Nap is
incorporated compared to Trp. This suggests that this residue may be important for
gating interactions or conferring conformational changes between subunits of the
receptor. Hydrogen bonding and the cation-rn interaction are not requirements of aW86,
yet this Trp is conserved in all o subunits, suggesting that this residue plays a role in
maintaining correct protein structure. To test this hypothesis we incorporated an alanine
residue at a86, which completely obliterates the side chain. The aW86A mutation
drastically decreased the amount of currents generated in response to ACh, suggesting
that this is a structural residue, however ECs, values could not be determined. This result
is consistent with the hypothesis that a large, hydrophobic amino acid is structurally

important at this highly conserved site.
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Figure 4.14 ECs, plot of 086 wild type recovery and a86 2-Nap data demonstrating no shift in
ECs.
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Two additional, highly conserved residues that physically surround the aromatic
box were also examined in the o subunit. The residues, aP21 and oY 151 were mutated
in order to determine the importance of their conservation in receptor function. These
residues are positioned on either side of a86 in the AChBP structure, suggesting that
these conserved residues could interact with one another during agonist binding and/or
the receptor gating process.

We perturbed oY 151 by incorporating the unnatural amino acid 4-Me-Phe which
is sterically similar to Tyr but unable to form hydrogen bonds since it lacks both a
hydrogen bond donor and acceptor. Tyr is conserved at this position throughout all
nAChRs as well as several other Cys-loop family receptors. Since Tyr is both a hydrogen
bond acceptor and donor we wanted to test the implications of altering these
characteristics at this site by replacing the hydroxyl with a methyl group. We
hypothesized that aT151 4-Me-Phe would be worse at structuring the aromatic box,
resulting in ECs shifts to the right (decreasing agonist potency). Replacement of the
hydroxyl with a methyl group did shift ECs, rightward approximately 5-fold for both
ACh and nicotine (Table 4.3). This suggests that the hydroxyl plays an important role in
hydrogen bonding at that site, possibly influencing the general shape of the aromatic box

for both cholinergic and nicotinic agonists.

Table 4.3 ECs, data for mutations of conserved residues, a.151 and a21 in mouse muscle

nAChR.

Mutations ECso uM ACh | Hill Value (ACh) | ECs uM Nic | Hill Value (Nic)
WTpR9' 0.33 1.34 30 1.52
aY151TAGB9' Phe 3.8 2.08 - -
aY151TAGRB9' 4-
Me-Phe 2.04 1.71 154.6 1.86
aP21Fp9’ 1.05 2.45 100.5 1.68
aP21Gp9’ 0.7 1.51 13.9 1.47

The conserved proline, a21, is present in all Cys-loop family receptors. The
orientation of aP21 above aW86 (in AChBP) suggests that P21 is another structural

residue that holds the formation of the residues in the outer shell of the binding box in
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place. In general, prolines are rigid and often found in protein turns because they can
induce a kink within helices. Since proline residues provide a distinct structure-function
relationship, we were interested in determining if this proline residue played a role in
structuring the agonist binding site. We introduced the conventional mutations, Phe and
Gly, at a21. Incorporation of the large, aromatic group, aP21F, resulted in a 3-fold shift
in ECsp for both ACh and Nic. The more interesting effect came with the aP21G
mutation, which resulted in a 2-fold increase in ECso for ACh while lowering that of
nicotine 2-fold. These results suggest that “locking” the binding site into one
conformation (Phe mutation) reduces overall agonist potency while introducing a more
flexible residue (Gly mutation) is more beneficial for nicotine binding, possibly allowing
the binding site to accommodate the different steric constraints of nicotine. The mutation
aP21G results in an increase in nicotine potency, which suggests that nicotine might
require a larger box structure in order to bind more tightly to the receptor. Proline could
constrain the binding site and the increased flexibility introduced by glycine may allow
the binding site to reorient around nicotine for a better “fit.” The conservation of aP21 in
all nAChR subtypes suggests that although this amino acid is important for structuring
the aromatic box, it does not likely define subtype specificity between muscle and

neuronal nAChRs.

4.2.4 A Computational Model of Extracellular Domain of Mouse Muscle nAChR

The goal of these experiments was to generate models of the entire binding site (all outer
shell residues) of the nAChR. The structure of AChBP provides a good model for the
extracellular domain, yet there is good reason to believe that it does not accurately
describe the structure of the binding site in the nAChRs, especially the heteromeric
receptors. Previous models have been generated using different templates, alignments,
and structural refinements; producing similar yet subtly different results (27, 28, 48-50).
The variations in the binding between ACh, nicotine, and epibatidine for the different
receptor subtypes also indicate that many differences must be present in each receptor.
Ideally, we could generate models of the binding site that take into account these

differences and not just evaluate the conserved aromatic residues. We need to account
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for the outlying residues, the equivalent to the first and second solvation shell of a small
molecule, which impart the differences contributing to ligand specificity.

A model for the human o7 homomeric nAChR extracellular domain was
generated by E.J. Petersson (57). This model used the backbone architecture of the
AChBP structure as a basis for “threading” on the a7 subunit sequence. The a7
homology model was generated using the AChBP structure with nicotine bound (Subunit
A, of ITUW6). Refinements were made to the structure and then MD simulations were
performed to generate several nanoseconds of movement of the extracellular domain of
the a7 LBD. We utilized this model of a7 as a guide to generate a model of the mouse

muscle extracellular domain a1,50y.

L L.240

Figure 4.15 A) Alignment of the alpha subunit from Torpedo marmorata with o.1 mouse. The

beginning and end of the LBD sequence in the final PDB file is denoted by (*).

We constructed sequence alignments between 7. marmorata from Unwin’s model
of the nicotinic receptor (/2) and the different mouse muscle subunits using the program
T-coffee (52); Figure 4.15 has examples of the a subunit alignments. 7. marmorata has
almost exact sequence homology to the mouse muscle receptor subunits therefore, the fit
was ideal. The program Prime, part of the Schrodinger (53) suite of software, was used
to develop a homology model based on the 7. marmorata structural model, PDB file
2BGY (10, 12). We generated three models of a7 and mouse muscle (mm_nachr), one

without ligand, one with nicotine bound, and one with carbamylcholine (CCh) bound.
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A single subunit of 7. marmorata (without ligand) was used as a template for
generating mm_nachr. During the build step side chains were allowed to move. Each
subunit was built and exported individually and exported as a PDB file. A pentamer was
built in Swiss PdbViewer (54) by aligning each subunit onto the 7. marmorata pentamer.
The pentamer was exported back into Prime, where loop refinement algorithms and side
chain predictions were performed. We performed refinements for the C loop, which is
directly implicated in forming the binding site in nAChRs. Residues homologous among
the mm_nachr subunits and 7. marmorata were held fixed. The final chain assignments
were made, Chain A (al), Chain B (8), Chain C (f), Chain D (a), and Chain E (y).
Chain A of the Torpedo structure was used as the template for both of the o subunits of
the mouse muscle nAChR This pentamer was then exported as a PDB file to
GROMACS for molecular mechanics minimizations (54).

The mm_nachr heteropentamer was converted to a GROMACS format for
molecular mechanics. The pentamer was placed in a hexagonal periodic box with 7 A
gaps between the edge of the box and the protein. Explicit solvation was added to the
box using SPC water molecules (55), followed by the addition of ions (Na" and CI') to
the box at a concentration of 150 mM. Extra Na’ ions were added to the box to

neutralize the -62 total charge of the protein.
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Carbamoyl Choline (CCh) Atom Atom ProDRG HF  Modified
c10 Type = Charge Charge Charge

07 C3 g_©8 CH3 C8 0073 0270 0.270

" N1 NL N1 0782 -0.090 -0.090

HAA = CH3 C9 0072 0270 0270

el 204 L A CH3 C10 0073 0270 0.270

HAB c2 CH2 C2 0.104 0.150 0.150

cs2 C3 0.263 0.420 0.330
(015 04 -0.138 -0.610 -0.500
C C5 0414 1.240 0.840
(o] 07 -0.643 -0.720  -0.600
NT N6  0.000 -1.200 -0.760
H HAB 0.000 0.500 0.410

H HAA 0.000 0.500 0.410

Nicotine (Nic) Atom Atom ProDRG HF
C10 Type #  Charge Charge
CH3 C10 0.075 0.210

NL N2 0.653 -0.070

H HAA 0.053 0.270

CH2 Cc9 0.110 0.180

CH2 c8 0.109 0.110

CH2 C7 0.000 0.050

CH1 Cc6 0.000 0.150

cB c2 0.086 -0.250

CR61 C3 0.034 0.260

CR61 c4 0.034 -0.240

CR61 Ccs 0.034 0.580

NR6 N1 -0.188 -0.730

CR61 C1 0.000 0.480

Figure 4.16 Charges generated for the agonists, CCh and Nic. The ProDRG charges are listed
and the modified charge determined using Hartree-Fock (HF) calculations, which were
determined by HF/6-31G** computations. These also produced the electrostatic potential
surfaces that correspond to an energy range of 10 to 130 kcal/mol (blue is more positive and red

is less positive).

We generated three separate mm_nachr models, one without ligand, and two with
ligands (Nic and CCh). Into the mm_nachr model we inserted either nicotine or CCh at
the two binding sites, a/0 and a/y. This was performed by aligning the binding site of the
AChBP structure with nicotine (IUW6) and CCh (1UV6) with the mm_nachr pdb file.
We generated the parameters for nicotine and CCh using the ProDRG

(http://davapcl.bioch.dundee.ac.uk/programs/prodrg/) website, although the charges it

generated were determined to be unacceptable because it placed most of the positive
charge on the nitrogen atoms of the ammonium groups (56), therefore modified charges

were used (Figure 4.16). The modified CHELPG charges from HF/6-31G** calculations
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were used for nicotine (57). In the case of CCh, the partial charges generate large
intramolecular forces between carbamyl oxygens and protons, which GROMACS cannot
resolve. Therefore these charges were lessened and labeled as the “Modified Charge” in
Figure 4.16. The Nic-bound and CCh-bound mm_nachr proteins were also placed in

periodic boxes containing solvation and counterions, as described above.

The three mm_nachr proteins (apo, Nic, and CCh bound) began with seven
minimizations prior to the MD simulations:
Minimization 1: Identical residues frozen, protein (ligand) strongly restrained
Minimization 2: Identical residues frozen, protein backbone strongly restrained
Minimization 3: Identical residues frozen, protein backbone weakly restrained
Minimizaiton 4: No residues frozen, identical residues strongly restrained
Minimization 5: No residues frozen, identical residues weakly restrained
Minimization 6: All non-hydrogen atoms strongly restrained

Minimization 7: Completely unrestrained proteins

The resulting minimized structures were the basis for our MD simulations using the
GROMACS force field. We began the MD simulations at 0 K, and slowly warmed up to
310 K, using a linear annealing function over the first 25 ps of simulation time. The
protein (and ligand, when present) was held under strong restraints during the warm-up
sequence and over the next 125 ps the restraints were relaxed. The system began to

equilibrate (energies leveled out) after the first 1 ns of run time.

4.2.5 Computational Studies of the Mouse Muscle nAChR Binding Site

The mouse muscle homology model was used to evaluate several intrasubunit chemical
interactions that form the agonist binding site. Previous mutagenesis studies
demonstrated that interactions between muscle receptor D89 and loop B residues (Figure
4.17) influence the binding of ACh and epibatidine differently than Nic (58, 59).
Incorporation of several unnatural amino acids at D89, Nha and Akp, and at loop B

residues W149 and T150 (alpha hydroxy acids tryptophan alpha hydroxy acid (Wah) and
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threonine alpha hydroxy acid (Tah), respectively) resulted in different ECs, shifts for
ACh, Epi, and Nic (59, 60).

Figure 4.17 A) Image of the agonist binding site including the positioning of D89 and Loop B
residues, T150 and T148. B) Schematic of potential hydrogen bonds (i-iv, red) between D89
(loop A, blue) and Loop B residues.

This hydrogen bonding network (Figure 4.17B) was perturbed most significantly
by the D89N mutation, which eliminated the negative charge, eliminated a hydrogen
bond, and introduced a possible dipole-dipole clash N> ~H**ee*H>*~N°®". This mutation
increased ECso for both ACh and epibatidine, suggesting that hydrogen bonds i and ii
were most influential during binding (Figure 4.17B). Additionally, double mutations
between D8IN/T150Tah and D89IN/W149Wah were performed. The D8IN/W149Wah
mutation recovered wild type receptor activity, but DSON/T150Tah did not. These
indicate that the hydrogen bonding network is asymmetric in its contributions to the
agonist binding site (59, 60).

To further investigate this hydrogen bonding network the homology model of the
mouse muscle extracellular domain was utilized to study these interactions. The

mm_nachr models with CCh and without were used to monitor hydrogen bonds i through
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iv analyzing both carboxylate oxygens (named OD1 and OD2) shown in Figure 18,
resulting in a total of 8 possible hydrogen bonds. Two additional “control” hydrogen

bonds within a well defined o helix were also monitored.

Agonist Free CCh Bound

Figure 4.18. Agonist free and CCh bound structures of the mouse muscle agonist binding site
from the homology model (mm_nachr). The structures were generated using the GROMACS

g_cluster program taken from the final 500 ps of the 5Sns mm_nachr MD simulations.

In the agonist free structure one of the carboxylate oxygens, OD2, makes
hydrogen bonds with the backbone NH groups, i and ii. The other carboxylate, OD1,
makes hydrogen bonds with the side chain hydroxyls, iii and iv (Figure 4.18). These are
strong hydrogen bonds that frequently appear in the MD simulations, meaning they do
not fluctuate (relative to the control hydrogen bonds). In contrast, when CCh is bound
these hydrogen bonds begin to fluctuate significantly, being present only 34% of the time
versus 94% in the agonist free structure. Overall, this difference is mostly observed
between hydrogen bonds i and ii while iii and iv remain present (Figure 4.19).
Additionally, the distance between D89 and W149 increases when agonist is bound. The
MD simulations indicate that D89 is rotated into a less symmetrical position with respect

to loop B upon agonist incorporation.
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Figure 4.19 A) The “control” hydrogen bonds monitored between backbone amine of K10 and
the backbone carbonyl of R6 (white bar) and backbone amide of L11 and backbone carbonyl of
L7 (black bar). The hydrogen bonds (8) analyzed for the agonist free (B) structure and the CCh
bound structure (C) are shown between OD1 (white) and OD2 (black) carboxylate oxygens. All
of the data were acquired during the equilibrated final 500 ps of the 5 ns MD simulations. Data
are expressed as the numbers of frames out of 1000 observed frames where the given hydrogen

bond is present.

The mutagenesis studies performed by Sine and coworkers (58) established that
the D89N mutation affects the kinetics of the association between the agonist and the
unbound receptor. Therefore, we used our homology model to generate a new mm_nachr
structure containing the DS9N mutation, which we used for analysis of the hydrogen
bonding network. We only constructed a model in the agonist free state since the
mutation is implicated in the kinetics prior to agonist binding. Due to the orientation of
the D89N mutation, we considered two different models labeled D89N1 and D89IN2,
which correspond to the positioning of the amide nitrogen relative to OD1 or OD2,
respectively. Introduction of the DSIN mutation disrupted the interactions between loop
B and the side chain. In the agonist bound structure there are an average of 4.7 hydrogen
bonds between the side chain and loop B, while in the D§IN mutant there are ~1.5
hydrogen bonds (many are different than the original i-iv) (Table 4.4). These results
indicate the importance of this hydrogen bonding network during agonist binding and

establish important chemical-scale interactions between D89 and loop B.
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Table 4.4 Molecular dynamics simulations of the D89/Loop B hydrogen bonds.

D89/Loop B | Mean # of D89/Loop B | Loop B RMSD
Structure Distance (A)" Hydrogen Bonds" (wt vs. mutant)®
wt agonist free 43+0.2 4.7+0.8 -
wt CCh bound 52+£03 34+£0.8 -
D8I9NI1 53+£03 1.6 + 0.6 2.5+£0.1
D8IN2 8.1+0.5 1.5+0.9 3.8+0.3

All data were acquired over the last 500 ps of each simulation and are reported as the mean *
standard deviation. “Distance measured between D/N89 (y carbon) to the W149 a carbon. PAll
hydrogen bonds i-iv including both OD1 and OD2. ‘RMSD is calculated compared to the
averaged last 500 ps from the agonist free wild type mm_nachr simulation. The average structure

was determined using the program g_cluster.

4.3 Discussion and Conclusions

The muscle and neuronal nAChRs have many similarities, particularly with respect to the
conservation of the aromatic box amino acids. However, there are many more subtle
structural differences that contribute to agonist specificity, particularly nicotine, between
these receptors that are a challenge to uncover. Conventional mutagenesis studies were
performed to make nicotine a more potent agonist for the muscle nAChR. The
introduction of a charged residue at aT196 provided the greatest increase in potency of
the muscle nAChR for nicotine. Although this mutation does not equalize the muscle and
neuronal nAChR potency for nicotine and ACh, this mutation provides enough of a shift
so that analysis on the muscle receptor can be performed without using doses of nicotine
that block the receptor. However, all of the mutations that increased the potency of
nicotine increased that of ACh as well.

In the unnatural amino acid studies, it is surprising that altering the hydrogen
bonding properties of several of the conserved residues in the extracellular domain of the
nAChR did not alter agonist potency. This suggests that many of the conserved amino
acids outside of the “box™ are not as structurally important as the conserved residues that
compose the agonist binding site. A more accurate description is that these outer box
residues are important for shaping the agonist binding site, however individually they

contribute less than the aromatic box residues to agonist binding.
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After these initial studies, further mutagenesis was performed on several of these
residues. One study evaluating the importance of backbone hydrogen bonds near the
aromatic box discovered that the backbone N-H of S191 (one of the outer box mutations
discussed above) makes an inter subunit hydrogen bond with the complementary face
residues yD174/0D180 after agonist binding (67). This residue is important for
transferring crosstalk between the subunits that contribute to the agonist binding site.

Additionally, as discussed above, a series of mutagenesis studies was performed
analyzing the hydrogen bonding network surrounding the aromatic box. These studies
were performed on the loop A residue, D89, which is part of the highly conserved WxPD
motif in loop A of the a subunit. These studies demonstrated that no single hydrogen
bond was crucial for maintaining the structure of the agonist box, yet they all contribute
to forming contacts between loops A and B. Additionally, it was determined that the
charge on D89 did not interact with the cationic agonist, but instead contributed to a
hydrogen bonding network with the backbone amides of aW149 and aT150.
Differences were also observed between the more potent agonists ACh and epibatidine as
compared with the less potent agonist nicotine. Nicotine only makes one contact with
loop B (33), and perturbations between the D89 and loop B network do not shift ECs
values of nicotine as much as they do for both ACh and epibatidine. Therefore, ACh and
epibatidine are more sensitive to these perturbations and the outlying structure of the
protein surrounding the binding site than nicotine.

The molecular dynamics simulations correlate well with the experimental data
from our lab and others. Interestingly, the MD simulations suggest that D89 is positioned
to interact with loop B in the agonist free structure and establishing more optimal
interactions than in the carbamylcholine bound structure. Agonist binding (at least with
CCh) does not dramatically shift the positioning of loop B, suggesting the agonist does
not contribute to the structural orientation of the loop after binding. On the other hand,
introduction of the D89N mutations into the simulation also reduces the number of
interactions between loops A and B. When Asn is incorporated into the structure, loop B
alters its conformation to accommodate the new side chain, however this changes its

structural organization around the aromatic box. Our conclusion from these studies is
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that the hydrogen bonding network between D89 and loop B originates to “preorganize”
the aromatic box in anticipation of ligand binding (62).

Further advances and familiarity with unnatural amino acid mutagenesis have
allowed for our exploration of structure/function studies with neuronal nicotinic
receptors. These studies demonstrate that the cation-st interaction is conserved in the
a4p2 receptor where it contributes to the high affinity for both ACh and nicotine (43).
The aromatic box is conserved in all receptors, and a cation-7t interaction is present for
both ACh and nicotine in the neuronal 0432 receptor, which has a high affinity for both
agonists. Yet the muscle receptor does not utilize a cation-7 interaction to bind the low
affinity nicotine even though the same aromatic residues contribute to the binding site.
These studies only reiterate the subtleties that contribute to the differences between
nicotinic receptor subtypes.

In conclusion, all of the above studies indicate that the structural aspects of the
acetylcholine receptor important for agonist specificity between muscle and neuronal
types lie in the immediate vicinity outside of the “aromatic box”. These amino acids
ultimately shape the box to accommodate the proper orientation of agonists important for
necessary receptor function. It is likely that these residues also contribute to maintaining
a preferred “preorganized” structure, optimal for ligand binding. Overall, many questions
remain about the interactions involved in nicotine binding to the muscle and neuronal
nAChRs, and continued studies probing receptor structure and function on the chemical-

scale will enable our understanding of these important neuroreceptors.

4.4 Materials and Methods

4 4.1 Mutagenesis and Unnatural Amino Acid Suppression

The mouse muscle nAChR subunits, o, 3, 9, and y were all transcribed into mRNA from
the pAMYV vector as previously described (63) by in vitro runoff transcription using the
Ambion (Austen, TX) T7 mMessage mMachine kit. Wild type mouse muscle nAChR
subunits were injected in a 2:1:1:1 ratio; nonsense suppression experiments used a
10:1:1:1 ratio of a::8:y. Unnatural amino acids and aminoacyl-tRNA were prepared
using previously reported methods and conjugated to the dCA dinucleotide as described

(64). Aminoacyl tRNA was photolyzed (5 minutes) for deprotection prior to co-injection
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with the mRNA (65). In several of the experiments noted above, the Leu9’Ser mutation
in the [ subunit ($9’) was used to lower all ECs values by approximately 40-fold (26,
66). Stage V-VI Xenopus laevis oocytes were injected with S0nL. of mRNA/tRNA
mixtures per injection. All oocytes used to study the nAChR were recorded in a Ca**-free

ND96 solution (96 mM NaCl, 5 mM HEPES, 2 mM KCI, 1 mM MgCl,).

4 4.2 Electrophysiology

All of the electrophysiological recordings were performed on the Axon Instruments,
OpusXpress™ . Stage V-VI Xenopus laevis oocytes were employed in all of the studies.
Eight oocytes were simultaneously voltage clamped at -60 mV and dose-response
relationships were obtained by delivery of various concentrations of ACh, nicotine, or
Mg> in 1 mL aliquots. Oocytes were superfused with Ca>* free ND96 solution at a flow
rate of 1mL/min before application, 4mL/min during drug application, and washed at
3mL/min. Drug application was 15 s. Data were sampled at 125 Hz and filtered at 50
Hz. Acetylcholine and nicotine were purchased from Sigma/RBI/Aldrich. Epibatidine
was purchased from Tocris as (+) epibatidine dihydrochloride. All the drugs were
dissolved in sterile ddi water and diluted in Ca®>" free ND96. The data were analyzed
using the Clampfit 9.0 software. The Hill equation was used to fit data where I/1,,, =
1/(1+(EC4/[A]™)), L is current peak at drug concentration (A), EC, is the concentration

of drug that activates 50% of the maximal response, and n, is the hill coefficient.

44.3 Mouse Muscle Homology Model of D89N Mutant Structures
The D89N mutation was introduced into the mouse muscle homology model by mutating
a89 to Asn in the PDB file of both a subunits in SwissPDB viewer. The two structures
differed in the positioning of the NH, group of the side chain, D§9N1 placed the NH,
group in the same position as the OD1 group of the wild type mm_nachr structure, and
D89N?2 placed the NH, group in position with OD2. The D89N mm_nachr models were
placed in a hexagonal periodic box, solvated, and treated using the same protocol
developed for the wild type model.

All five of the mm_nachr structures (agonist free wt, CCh wt, nicotine wt, D89N

agonist free, and D89 CCh) were treated similarly. The MD simulations were started at 0
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K and warmed to 310 K over the first 25 ps of the run. Large restraints were used at first
for both the protein and drug (if applicable) and slowly released over the next 100 ps.
Then the protein was run unrestrained for an additional 5000 ps (wt) or 7500 ps (D89N
structures). The D89N structures were generated with Michael M. Torrice and the
analysis of the bonding network from g_cluster was performed by M.M.T (60, 67). The
a7 homology model and molecular dynamics simulations were performed by E. James
Petersson (51).

All of the molecular dynamics simulations were analyzed over the final 500 ps of
trajectories to ensure equilibration of the system energies. Each of the trajectory files
analyzed contained data for every 0.5 ps, producing 1000 frames/simulation. The
programs g_dist and g_hbond within GROMACS were used to analyze distances and
hydrogen bonds. The default cutoffs for determining hydrogen bonds were a distance of
3.5 A with an acceptor-donor angle of 30°. RMSD values were calculated using g_rms
and compared to the final 500 ps of data from the wild type, agonist free mm_nachr

structure using g_cluster.
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Appendix A:

Studies of Ionotropic Glutamate Receptors in Mammalian Cells

A.1 Introduction

The use of nonsense suppression to incorporate unnatural amino acids into ion channels
has greatly enhanced our ability to probe structure/function relationships in many
different ion channels, from Cys-loop ligand-gated ion channels (LGICs) to ionotropic
glutamate receptors and GPCRs (/-5). One large hurdle for nonsense suppression has
been the expansion of this technique into mammalian cells. There are clear benefits to
performing structure/function studies in mammalian cells not limited to the opportunity
to use a more relevant biological system and the ability to study complex signaling
networks. Generally, the Xenopus laevis oocyte is the primary heterologous expression
system utilized for these studies, primarily due to ease of experimental procedure.
Injection of DNA, mRNA, and aminoacyl tRNA into an oocyte (1 mm diameter) is much
easier than transferring these material into very small, thin, and transparent mammalian
cells. Early studies were able to incorporate small amounts of DNA, mRNA, and
aminoacyl tRNA into mammalian cells using an electroporation protocol (6).

These protocols were difficult to perform, particularly in a high throughput
manner. Additionally, electrophysiological assays performed on a single mammalian cell
are not adapted for high-throughput structure/function analysis. Another complication
arises due to the availability of the “limiting reagent,” aminoacyl tRNA. In order to
electroporate mammalian cells, a small dish of adherent cells are used, but within that
dish are approximately 5,000 cells. Electroporation results in only several hundred viable
cells, an inefficient use of materials. In order to develop the mammalian cell method, we
attempted to use new techniques to increase efficiency of transfection and assay analysis.
The techniques we utilized in this study were the gene gun (for DNA transfection) and
the Flexstation® as a high throughput assay of dose-response relationships.

The gene gun was initially developed as a biolistic particle delivery system for
use in transformations performed on plants (7, §). It is a mechanical method for
transfecting cells that involves high-speed propulsion of subcellular particles coated with

DNA/RNA/tRNA into cells. One feature of biolistic transfection is that the biochemical
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nature of the material does not influence the transfection (i.e. being a lipid, etc.), which is
a great advantage to the system. Additionally, more than one type of DNA (or additional
biological molecule) may be introduced during the transfection. One of the most relevant
advantages to this method is its efficiency, which has been demonstrated to be 160-fold
more effective than lipofection, 189-fold more than electroporation, and 450-fold more
effective than calcium phosphate precipitation, when analyzed by a luciferase activity
assay (9). Recently, methods using the gene gun have been developed for transfections in
mammalian cells and tissue slices, expanding this efficient transfection method to many
different cell types (/0-12). Three basic steps are required to use the gene gun; 1) coating
the microcarriers with DNA or other biological material, 2) transferring the microcarriers
to a cartridge used to make a “bullet,” and 3) firing the microcarriers into a mammalian
cell using a pulse of helium gas (12).

Using a gene gun requires a hand held gun, such as the Bio-Rad Helios gene gun
(used in the studies below). Several metal particles are often used for the microcarriers,
such as gold and tungsten. We utilized gold particles due to their uniformity of size and
shape and the increased stability of DNA on gold. The microcarriers are turned into a
cartridge by attaching them to the inside of a piece of tubing. The cartridges are loaded
into the gun and using an inert, diffusible, and low-density gas propellant (typically
helium), the microcarriers are stripped from the cartridge and delivered into the cells.

Increasing transfection efficiency is one issue we wanted to address during our
experiments with incorporating unnatural amino acids into mammalian cells. The other
issue, developing a high-throughput assay, was the second. A new high-throughput
system developed for studying mammalian cells was the Flexstation®, produced by
Molecular Devices (Sunnyvale, CA). It is a fluorometric plate reader with a fluid transfer
system. When used with reagents, such as the Membrane Potential Assay Kit®
(Molecular Devices), devised for FLIPR (fluorometric imaging plate reader) and
Flexstation®, a change in membrane potential (membrane potential dyes) can be
observed and recorded. One advantage to these dyes is their sensitivity and fast response
times, enabling accurate detection of changes in membrane potential due to ion channel
activation. This membrane potential assay has been utilized in place of traditional patch

clamping data (/3-15).
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Project Goals

The structure/function studies we envisioned for our mammalian cell experiments
paralleled our previous studies of glutamate receptors in Xenopus oocytes (Chapter 2).
Our goal was to generate NMDA receptors containing the homotyrosine mutation in the
ligand-binding domain, and observe results re-confirming the previously determined
relationship between clamshell closure and ligand efficacy. Ultimately, we wanted to use
wild type NR1a/NR2B and NR1a/NR2BY705TAG THG73-hTyr NMDA receptors,
expressed in human embryonic kidney (HEK293) cells. For our initial experiments, we
tested the wild type NR1a/NR2B and NR1a/NR2BY705F mutant NMDA receptors.
Although we wanted to perform experiments with the NMDA receptors, we also tested
Cys-loop receptors (glycine and 5-HT3) to gain more experience using the fluorescence

assays and the Flexstation®.

A.2 Results and Discussion

Previous studies by K.L. Price and S.C.R. Lummis (University of Cambridge)
demonstrated that the Cys-loop LGIC, 5-HT3, could be studied using both Ca®" and
membrane potential-sensitive dyes on the Flexstation® (/6). We utilized these methods
for our examination of the NMDA receptor. The NMDAR experiments did not require
the use of aminoacyl tRNA, therefore standard cell electroporation was utilized for
transfection of wild type and mutant (NR1a/NR2BY705F) DNA into HEK293 cells. All
of the NMDARs were transfected as cDNA and were in the pcDNA3.1 vector optimized
for mammalian cell expression. To optimize the transfection efficiency we used the
Nucleofector® System from AMAXA Biosystems (Lonza Walkerrsville Inc.,
Walkerssville, MD). This system allows for direct transfection into the nucleus using

electroporation.
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Gene Gun Transfection

The gene gun was utilized to co-transfect the LGIC, 5-HT3AS183TAG cDNA and
THG-73-Lah (leucine alpha hydroxy acid) into HEK293 cells. These experiments were
performed with John O’Brien and S.C.R. Lummis at the University of Cambridge,
Laboratory of Molecular Biology. Using the protocol developed by O’Brien and Lummis
(11, 12) we generated functional 5-HT; mutant receptors that responded to 5-HT (5-

hydroxytryptamine) also known as serotonin.

Flexstation Analysis of Ligand Gated lon Channels

We analyzed both wild type NMDA and 5-HTj3 receptors using the Flexstation.
All of the cells were plated in 96-well plates designed for the fluorescence plate reader.
Two different assay kits, the Membrane Potential Assay Kit and the Calcium Assay Kit
(both from Molecular Devices), were used to analyze the response of the LGICs to
varying drug applications. All cells were treated with the Flexstation buffer (see
methods) optimized for use on the Flexstation. The buffer is used to wash the cells plated
in 96-well plates (3X) prior to incubation with the fluorescent dyes. The dyes are also
mixed with the Flexstation buffer (Methods) for dilution. The dyes are diluted as
indicated by the protocols provided and incubated for 45 minutes (total) after addition to
the cells in 96-well plates. The first 35 minutes the plates are stored in the dark at 37°C,
followed by a 10-minute incubation at room temperature (~25°C).

The agonist solutions used for NMDA receptor activation were either glutamate
and glycine or a NMDA/glycine combination. The agonists were always co-applied at
3X the desired final concentration. For example, to apply a 300 uM glutamate dose, a
900 uM sample was prepared. The concentrations of agonist are added at [3X] and
added in 25 pL aliquots to the wells, which already contain 125 uL of solution prior to

agonist (drug) application. The same protocol was used for serotonin applications.

Flexstation Acquired Data
Transformation of NMDA receptors expressed in HEK293 cells always resulted
in unhealthy cell cultures. The cells would lose adhesion to the plates and become

misshapen and often died. When these cells were put in the Flexstation and glutamate
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and glycine were applied, often no change in membrane potential was observed. The
FLIPR membrane potential assay kit measures a change in the potential across the cell
membrane. Hyperpolarization results in less dye inside the cells and leads to a decrease
in the signal. Membrane depolarization results in more dye inside the cells and leads to
an increase in fluorescence signal. The signal is measured in relative fluorescent units
(RFU). Previous experiments with 5-HT; receptors produced RFUs of ~5000 to 10,000.
The studies with NMDA receptors did not result in consistent results and often the largest
concentrations of agonist that were applied (glutamate and glycine) resulted in the largest
decrease in fluorescence, indicating cell death (Figure A.1). The responses were
inconsistent and further work will be required to increase cell viability after NMDA

receptor transfections.

NR1a/NR2B wild type Receptors 5/13/2008
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Figure A.1 Wild type NR1a/NR2B receptors response in cells on the Flexstation. The

concentrations of glutamate are provided and always given in the presence of 30 uM glycine.
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Although we continued to study the NMDA receptors, in order to gain more
experience with the fluorescence assays and the Flexstation, we studied wild type 5-HT;
receptors and the mutation, 5-HT3;A S183TAG Lah-THG73, which were transfected
using the gene gun. The wild type 5-HT; receptors responded to concentrations of
serotonin as expected (Figure A.2). The RFU signal increases as the concentration of

applied 5-HT increases.

SHT3A Wild type
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Figure A.2 Wild type 5-HT;A receptors responding to increasing concentrations of serotonin.
All fluorescence measurements are well above 0 RFU (the bottom axis). The largest signals

appear over 20,000 RFU, (RFU = y-axis).

Similar results were observed for the 5-HT;A S183Lah mutation. We only had
enough of the aminoacyl Lah-THG73 tRNA to perform one injection with the gene gun,
so our goal was to determine if this was a viable method of transfection. We did observe
suitable receptor expression. We observed increasing RFU values as the concentration of
applied 5-HT increased, similar to wild type 5-HT3A receptors (Figure A.3).

Control experiments were performed to ensure that untransfected cells (Figure
A.4) and cells transfected with only aminoacyl tRNA (Figure A.5) did not produce
signals on the Flexstation. These results demonstrated no response in relative
fluorescence units in response to varying doses of 5-HT. A very small amount of RFU
was detected for one 5-HT application on the tRNA only cells (Figure A.5), which is an

anomaly and likely undetectable when compared to cells expressing viable receptors.
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Figure A.3 Fluorescent responses from SHT3;A S183TAG Lah-THG-73 mutant receptors to
varying concentrations of serotonin. Both the cDNA and aminoacyl tRNA were transfected using

the gene gun.

These results establish that we can generate viable cells via transfection with the
gene gun, and that the Flexstation is a useful tool for high-throughput analysis of
mammalian cells expressing ion channels via nonsense suppression. These studies
should enable future experimentation of effective methods for transfecting aminoacyl
tRNA and other biological compounds into mammalian cells. Additionally, our results
suggest that using the Flexstation for analysis of ion channels expressed in mammalian
cell lines is an effective, high-throughput strategy to parallel our other studies using the
OpusXpress and oocytes. Further method development should optimize these procedures

for use of mammalian cells to study a variety of LGICs.
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Figure A.4 Flexstation measurements of untransfected HEK293 cells to varying concentrations

of 5-HT. No fluorescence was observed, as all above measurements are below zero.
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Figure A.S Flexstation measurements of HEK293 cells transfected with Lah-THG73 tRNA only.
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No relative fluorescence was observed except for with the first concentration of 5-HT applied.

A.3 Methods
Protocol for NMDAR Transfections:
The following protocol was used:
1) Trypsin Digest 35 mm dish of HEK293 cells
a) add 1-2 mL EDTA, rinse and remove media
b) Mix trypsin w/ EDTA and add 1mL/35 mm plate, let sit for 5 minutes
2) Rinse cells with 5 mL media and resuspend 1 mL of cells in 15 mL media in a
separate culture tube
3) Spin at 1000 rpm for 5 min.

4) Remove media (pellet should remain at the bottom of the tube)
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5)*For use with AMAXA electroporator. Add 100 uL of Solution V to pellet of

HEK?293 cells and mix
a) Add DNA to solution with cells (1.0 ug/mL and add total of 5 uLL
cDNA, 2.5 uL of NR1a and 2.5 uL. NR2B)

6) Put cells + Solution V + cDNA (~120 uL) into AMAXA cuvette

7) Electroporate with AMAXA

8) Remove cells with 1 mL warm media and resuspend in 15 mL culture tube

9) Plate into 96-well Flexstation® plate. 1.8 mL of cells/media get used per 3

rows of wells. 1 drop/plate well, using 5 mL pipette.

Gene Gun Protocol

The protocols outlined in O’Brien and Lummis (//, /2)were adapted for our
experiments with aminoacyl tRNA. Microcarriers constructed from gold particles were
used. cDNA was plated on a 1.0 uM diameter particle (Bio-Rad) by placing all material
in a 1.5 mL microfuge tube and adding 50 uL spermidine with 25 uL. cDNA (1 mg/mL)
for transfection and 25 uLL Lah-THG73 (1 ug/ulL). The tube is vortexed and then 50 uL
of 1 M CaCl, is added dropwise. This solution is incubated at room temperature for 5
min. then centrifuged for 3 sec. at 3000 rpm. Bullets were prepared as described in

O’Brien and Lummis (17, 12).
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Flexstation Buffer:
Concentration (mM)  Volume mL (total of 100 mL)
Na' 115 11.5
Ca®' 1 1
K* 1 1
Mg** 1 1
HEPES 10 10
Glucose 0.9 0.9
H,O - 74.6

*All of the cations are in solution with Cl” counter ions.

Flexstation Data Workup

All data acquired on the Flexstation was analyzed in Excel (Microsoft).



184

A.4 Cited References

10.

11.

12.

13.

14.

15.

16.

Beene, D. L., Brandt, G. S., Zhong, W., Zacharias, N. M., Lester, H. A., and
Dougherty, D. A. (2002) Cation-pi interactions in ligand recognition by
serotonergic (5-HT3A) and nicotinic acetylcholine receptors: the anomalous
binding properties of nicotine, Biochemistry 41, 10262-10269.

Lummis, S. C., Beene, D. L., Lee, L. W., Lester, H. A., Broadhurst, R. W., and
Dougherty, D. A. (2005) Cis-trans isomerization at a proline opens the pore of a
neurotransmitter-gated ion channel, Nature 438, 248-252.

McMenimen, K. A., Dougherty, D. A., Lester, H. A., and Petersson, E. J. (2006)
Probing the Mg2+ blockade site of an N-methyl-D-aspartate (NMDA) receptor
with unnatural amino acid mutagenesis, ACS Chem Biol 1,227-234.

Rodriguez, E. A., Lester, H. A., and Dougherty, D. A. (2007) Improved amber
and opal suppressor tRNAs for incorporation of unnatural amino acids in vivo.
Part 2: evaluating suppression efficiency, RNA 13, 1715-1722.

Torrice, M. M., Bower, K. S., Lester, H. A., and Dougherty, D. A. (2009) Probing
the role of the cation-pi interaction in the binding sites of GPCRs using unnatural
amino acids, Proc Natl Acad Sci US A 106, 11919-11924.

Monahan, S. L., Lester, H. A., and Dougherty, D. A. (2003) Site-specific
incorporation of unnatural amino acids into receptors expressed in Mammalian
cells, Chem Biol 10, 573-580.

Christou, P., McCabe, D. E., and Swain, W. F. (1988) Stable Transformation of
Soybean Callus by DNA-Coated Gold Particles, Plant Physiol 87, 671-674.
Klein, T. M., Wolf, E.D., Wu, R., and Sanford, J.C. (1987) High-velocity
microprojectiles for delivering nucleic acids into living cells., Nature 327, 70-73.
Wirth, M. J., and Wahle, P. (2003) Biolistic transfection of organotypic cultures
of rat visual cortex using a handheld device, J Neurosci Methods 125, 45-54.
Joshi, P., and Dunaevsky, A. (2006) Gene-gun transfection of hippocampal
neurons, J Vis Exp, 121.

O'Brien, J. A., and Lummis, S. C. (2006) Diolistic labeling of neuronal cultures
and intact tissue using a hand-held gene gun, Nat Protoc 1, 1517-1521.

O'Brien, J. A., and Lummis, S. C. (2006) Biolistic transfection of neuronal
cultures using a hand-held gene gun, Nat Protoc 1, 977-981.

Emkey, R., and Rankl, N. B. (2009) Screening G protein-coupled receptors:
measurement of intracellular calcium using the fluorometric imaging plate reader,
Methods Mol Biol 565, 145-158.

Sidach, S. S., Fedorov, N. B., Lippiello, P. M., and Bencherif, M. (2009)
Development and optimization of a high-throughput electrophysiology assay for
neuronal alpha4beta2 nicotinic receptors, J Neurosci Methods 182, 17-24.
Vasilyev, D. V., Shan, Q. J., Lee, Y. T., Soloveva, V., Nawoschik, S. P., Kaftan,
E. J., Dunlop, J., Mayer, S. C., and Bowlby, M. R. (2009) A Novel High-
Throughput Screening Assay for HCN Channel Blocker Using Membrane
Potential-Sensitive Dye and FLIPR, J Biomol Screen.

Price, K. L., and Lummis, S. C. (2005) FlexStation examination of 5-HT3
receptor function using Ca2+ - and membrane potential-sensitive dyes:
advantages and potential problems, J Neurosci Methods 149, 172-1717.



185



	TOC
	KAM_thesis.pdf

