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STRUCTURAL AND FUNCTIONAL EFFECT OF PHOSPHORYLATION ON
AMPA RECEPTORS
Cailtin Edmunds Nurik, B.A.
Advisory Professor: Vasanthi Jayaraman, Ph. D.

The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor is the
primary contributor to neuronal fast excitatory transmission, and plays a key role in
learning and memory. Previous studies have established that residues S818, S831,
and T840 in the C-terminal segment of GIluA1 homomeric AMPA receptor are
phosphorylated by PKC, and phosphorylation at these sites leads to an increase in
receptor conductance. We show that the domain inclusive of those sites alters its
secondary structure due to phosphorylation (using glutamate substitution as a
mimic) in a lipid charge dependent manner using Fourier transform infrared
spectroscopy. We also indicate a strong shift in the domain’s conformational
landscape using single molecule FRET. Using wild-type GIuAl receptors, as well as
glutamate and alanine to mimic phosphorylation and dephosphorylation respectively,
we show based on FRET measurements that the C-terminal segment moves away
from the membrane upon phosphorylation. Additionally, the FRET between the C-
terminal segment and inner leaflet of the plasma membrane increases upon
activation of the receptor for the triple alanine dephosphorylated receptor indicating a
further motion towards the membrane associated with activation of the receptor. The
phosphomimetic receptor, on the other hand, shows no change in FRET associated
with activation of the receptor. However, addition of the lipid sphingosine restores
this change in FRET due to activation for the phosphomimetic receptor. Using single

channel current recordings we confirm that there is an increase in all conductance



levels of the AMPA receptor in the phosphomimetic receptor and show that this
increase in conductance is reversed by incorporation of sphingosine in the
membrane or addition of poly-L-lysine. Thus using FRET and functional
measurements we show that the plasma membrane lipid content is critical in
mediating the phosphorylation mediated functional changes in GIuA1 AMPA

receptor.
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CHAPTER 1: INTRODUCTION TO AMPA RECEPTORS
Synaptic transmission and Balance of lon Channels

Synaptic transmission is the process by which neurons communicate with
one another. This occurs through the targeted vesicular release (pre-synaptic) of
signaling molecules known as neurotransmitters, which bind to receptors on the
receiving neuron (post-synaptic). The receptors, activated by the
neurotransmitter, then carry out the signaling process. This signal can be
inhibitory or excitatory according to the purpose of the cell-to-cell communication.
For instance, the activation of anion-specific GABA receptors is the most
common mechanism for inhibitory signaling in the mammalian central nervous
system, and it functions by coordinating with glutamatergic cellular activity (1-3).
It acts to repolarize the cell membrane, halting potential excitation of the cell by
cation specific ionotropic glutamate receptors. Neuronal health depends upon the
balance of these complex signaling pathways, and thus extensive research in the
fields of biophysics and cellular and molecular biology has been dedicated to the
understanding of the function and modulation of these receptors. My project

focuses on the excitatory proteins - ionotropic glutamate receptors.



An Introduction to lonotropic Glutamate Receptors

The primary mediators of excitatory neurotransmission in the central
nervous system are the ionotropic glutamate receptors. Ubiquitously expressed
and activated physiologically by glutamate, ionotropic glutamate receptors are
cation selective ion channels thus leading to an influx of predominantly sodium
ions under resting conditions resulting in depolarization of the neuron. In the
continued presence of glutamate the receptors eventually desensitize leading to
the closure of the transmembrane channel.

lonotropic glutamate receptors (iGIuRs) being the primary mediators of
excitatory neurotransmission in the mammalian central nervous system, their
function is critical to synaptic strength that underlie learning and memory (4-9).
There are three subtypes of iGIUR’s — NMDA, AMPA, and Kainate receptors.
They are categorized as NMDA and non-NMDA. Although all three subtypes are
activated by the same neurotransmitter (in NMDA'’s case both glutamate and
glycine must bind), they are delineated most acutely by their different gating
kinetics. The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPA receptor) is primarily responsible for the fast portion excitatory
neurotransmission, on the millisecond timescale (10-12). This begins the
depolarization required for NMDA to more slowly release a channel-blocking
Mg?* and activate to allow calcium ion flux, leading to further depolarization and
signal propagation (13-15). Another key quality differentiating not just iGIuRs but

even subtype specific iGIuRs is ion specificity. NMDA receptors are calcium



permeable(15). AMPA receptor are primarily Na* permeable; however, RNA
editing in a transmembrane loop yields Ca?* permeability (16, 17).
Architecture of the AMPA Receptor

AMPA receptors are composed of homomeric or heteromeric
combinations of 4 subunits GluA1-4, which convey unique trafficking and gating
properties to the receptors. iGluRs are modular in structure, comprising four
domains bound together by flexible linkers (18) (Figure 1). Extracellularly, there is
the amino terminal domain, as well as the more membrane-proximal ligand-
binding domain, to which agonists like glutamate bind and induce channel
opening. These are arranged as dimers of dimers (18) . The transmembrane
domain serves as the actual cation-channel pore while the carboxyl terminus
serves as the primary target for posttranslational modifications including
phosphorylation and palmitoylation (19-24). iGIuR’s have been extensively
characterized by x-ray crystallography as well as Cryo-electron microscopy. Most
structural studies in the field have explored the extracellular domains and their
roles in mediating channel gating and desensitization. Detailed crystal structures
for all three iGIuR subtypes have been used to correlate structural changes to
their functional consequences in the pursuit of potential therapeutic development

(25-27).



ATD

LTD

TMD

Figure 1. Crystal Structure of the AMPA Receptor.

The AMPA receptor is modular in nature, comprising four domains. The amino
terminal domain (ATD) and ligand binding domain (LBD) are extracellular, while
the transmembrane domain occupies the plasma membrane. The intracellular
carboxy-terminal domain has been crystallized. PDB ID: 3KG2 Used with
permission. (18) (Sobolevsky, A. I., M. P. Rosconi, and E. Gouaux. 2009. X-ray
structure, symmetry and mechanism of an AMPA-subtype glutamate receptor.

Nature 462: 745-756.)



Significance of AMPA GluA1l C-terminal Domain to Receptor Function

The AMPA receptor GluAl carboxy terminus, comprising residues 809-
889 of the receptor, is the least characterized of the four modular domains due to
the lack of crystallographic or electron microscopic data on the domain. Its
protein-protein interactions as well as known posttranslational modifications
modulate channel trafficking, stabilize the receptor synaptic sites via cytoskeletal
interactions, and affect receptor insertion into the membrane; of particular
interest is the role of phosphorylation in this segment (21, 28-40).

Phosphorylation by protein kinase A at S845 in GIuAl is necessary for
trafficking to the synapse but negatively affects channel function (19, 29). In the
intracellular loops that link together the transmembrane domains, CaMKiII
phosphorylation in the first intracellular loop of the domain (intracellular) at S567,
is necessary for receptor targeting to the synapse (41). PKC phosphorylation has
a number of effects on the receptor and on the channel. One of its four
phosphorylation sites binds to protein 4.1N which in turn binds actin to stabilize
the channel at the membrane (38, 40). Most relevant to my studies, PKC
phosphorylation at C-Terminal residues S818, S831, and T840 in the GluAl
AMPA receptor subunit results in increases in the conductance of the receptor by
about 25% (28, 29, 42). GluAl phosphorylation has been shown to be critical for
the strengthening of synapses known as long term potentiation (39).

These three sites and their effects on the receptor are the primary focus of
this dissertation project. The goal is to determine the mechanism of action

employed by these three modifications to affect the channel function. Their ability



to affect the channel without changing the receptor’s function drastically could
present a unique opportunity to modulate the channel population by tweaking
activity, rather than using a strong agonist or antagonist. The uniqueness of
these three sites to the GIuA1 subunit amongst AMPA receptor subunits also
presents the potential for subunit specific modulation. GIuAl subunit loss is
indicated in anxiety(43) and its overexpression is indicated in stress-enhanced
fear learning, a mouse model of post-traumatic stress disorder(44). GIluAl is also
overexpressed in the addictive response to cocaine and morphine in mouse
models, so a drug that could reduce function in these overexpressed pathologies
could potentially ameliorate drug-seeking behavior (45). Perhaps most
importantly, GIluAl expression and phosphorylation are altered greatly in mouse
models of Parkinsonism (46). Given the role of GIuAl and phosphorylation in
disease models understanding the structure-function modulation due to

phosphorylation becomes critical.

Auxiliary subunits and its role.

iGluRs, including GluAl-containing AMPA receptors, are endogenously
co-expressed with a number of modulating proteins called transmembrane AMPA
Receptor regulatory proteins (TARPS) that help direct trafficking and enhance
function (increased conductance compared to receptors expressed alone) (47,
48). The most well-characterized TARP is TARP y2, which is widely expressed in
multiple brain regions including the hypothalamus (49). Our studies use TARP y2
to aid expression and trafficking of GIuA1 homomers, and to offer physiological

relevance to our data given that it is a membrane protein.



Since both TARP y2 and phosphorylation increase channel function, it is
key to determine phosphorylation mediated changes in the presence of TARP y2.
Functional changes due to phosphorylation have been shown to persist in the
presence of TARP y2 through noise analysis of electrophysiological data on
GIluAl homomers (28, 50). Here we have extended these studies to gain a more
comprehensive understanding by performing single channel current recordings
that provide detailed insight into changes in the conductance levels associated
with different substates and additionally spectroscopic studies are also obtained

to provide insight into conformational changes.



CHAPTER 2 : GENERAL METHODS AND THEORY
Vibrational Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a light-based technique
in which the absorption/emission spectrum of a sample is obtained to facilitate
analysis of secondary structure in protein samples (51-54).

The principle of the method is based on sample exposure to a broad beam
of light (comprising a spectrum of wavelengths). This light is processed through
an interferometer, which selectively exposes the sample to different wavelengths
via a system of mirrors within the instrument, one of which is controlled
mechanically to move toward or away from the beamsplitter (Figure 2). The
modulated light source is accompanied by a laser, whose frequency is used to as
a “clock” which triggers sampling.

The raw data produced, known as an interferogram, is then processed by
performance of a Fourier transform, yielding a spectrum. The raw data itself is by
definition a plot in which the independent variable is the degree to which the
moveable mirror has been displaced and the resultant dependent variable as
intensity received at the detector. This process can be described mathematically.
The signal an interferogram receives at its detector,/(x), is:

I(x) = B(v)cos2mvx
Equation 1.
where X is the displacement of the moveable mirror from its maximal possible
distance and B(v) is the intensity of the light source, presented as a function of

its frequency v.



+, Cixed Mirror

Beamsplitter

IR Source

/

Moving Mirror

- Detector

Figure 2. Interferometry in FTIR

. A set of multiple mirrors, including one that moves, is used to vary the
wavelength of light being exposed over time, to assess the ability of a sample to

absorb the light at different wavelengths. (ThermoFisher)



Equation 1 is actually a simplification of the related equation which applies more
aptly to FTIR, in which a range of frequencies is probed. In this case, the

interferogram’s intensity can be described by:
1 (o]
I(x) = —f B(v)cos2mvxdv
2w )_o,

Equation 2.

in which the range of v values is accounted for. This equation allows one to
relate the interferogram to the spectrum. Obviously, no instrument has an infinite
range of frequencies available, so in practice a truncation is made based on the
frequency limitations of a given source.

FTIR data is generally presented as an absorption spectrum, and as such
can be converted via the following equation based on intensity measurements:

A(w) = —log,,t(v) = —log,l /1, = a(v)lc
Equation 3.
in which A(v) is the absorbance, 7(v) is the transmittance of the sample, [ is path
length, c is concentration of the sample, and the /1, is the ratio of light intensity
radiated to that received by the detector. Spectra can be background subtracted
using air or nitrogen and buffer-only controls to reveal a final spectrum
representing only the sample of interest.

Previous studies have established distinct wavelengths (or wavenumbers
in cm™) at which known secondary structure makeup in a sample is to be
expected (54, 55). This allows for ensemble studies to assess the overall
secondary structure makeup of a protein sample in multiple conditions (ie ligand-

10



bound versus Apo in a receptor or over the course of denaturation) (56-60). An
example of the use of FTIR for assessing secondary structural changes due to
protein phosphorylation is shown in Figure 3.

FTIR harbors the advantage of fairly high signal-to-noise ratio as well as
that of being a fairly time-efficient technique, since the interferometer exposes
samples to a broad range of wavelengths quickly (61). Many samples and
controls can be measured in one day, even if, as in my studies, each sample is
repeated and averaged. Limitations to FTIR include that it is, like ensemble
FRET, only a measure of a population and is not applicable to single molecule or
single cell studies. Nevertheless, it offers an accessible way to assess overall
protein secondary structure. In our case, it allowed us to determine that a protein
domain largely dismissed as intrinsically disordered does indeed have secondary
structure elements, and that they are affected by modification (phosphorylation)

as well lipid charge environment.

11
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Figure 3. FTIR is Applied to Assessment of Secondary Protein Structure.

FTIR here is applied to assess the different absorbance spectra of a dentin
phosphoprotein P5 with and without phosphorylation. Initial spectra A) are
analyzed for secondary structure and corresponding curve analysis for each is
shown B) for the unphosphorylated and C) phosphoprotein. Used with
permission (62). (Villarreal-Ramirez, E., D. Eliezer, R. Gardufio-Juarez, A.
Gericke, J. M. Perez-Aguilar, and A. Boskey. 2017. Phosphorylation regulates
the secondary structure and function of dentin phosphoprotein peptides. Bone

95: 65-75.)
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Fluorescence Resonance Energy Transfer
Overview

Fluorescence resonance energy transfer is the passing of energy non-
radiatively from a donor fluorophore to an acceptor fluorophore. This technique is
widely referred to as a molecular ruler because it allows distance and distance
changes to be measured in fluorescently labeled samples (63, 64). This
technique depends upon the overlap, defined as an integral function, ], of the
donor emission and acceptor excitation spectra in order for transfer to occur.
Figure 4 explains this further. The overlap integral can be mathematically

described by this equation:

[e(D)f(D)A*dA
[ f)da

J(M~tem™lnm™) =

Equation 4.

where ¢ is the extinction coefficient, f (1) is the emission spectrum, 4 is the

wavelength.

FRET is a technique that often is accompanied by structural data such as
crystallography or Cryo-electron microscopy in order to aid in the selection of the
fluorophore labeling sites in protein/s of interest, gauge their proximity, and select
fluorophores accordingly. The overall range of the technique is approximately 10-
100 A and can be used to measure the change in distance between fluorophores

within that range (63, 64).

13
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Figure 4. Spectral Overlap in FRET Fluorophore Pairs

FRET pairs must have overlapping emission and excitation spectra. In order to
measure the efficiency of the non-radiative transfer, rather than direct emission of
the acceptor fluorophore, excitation wavelength must be selected to excite only
the donor directly (black arrow). The interval of overlap between the donor
emission (orange solid) and the acceptor excitation spectra (red dotted) is
integral to the interaction and affects the value of the pair's R, (R, will be

described further below).

14



This transfer’s efficiency is detected and then used to assess the distance
between fluorophores. This calculation uses the Forster equation, below:

__K&
~ R+ R§

Er
Equation 5.
where the distance R between fluorophores can be calculated based upon the
efficiency of the energy transfer Erand R, the distance at which the fluorophores
have half-maximal energy transfer efficiency. Many common commercial
fluorophores have published R, values, but they can also be calculated by this

equation with empirical knowledge of the refractive index of the experimental

medium:

8.79 X 10° X k% X ¢pp X | 1/
R0= n4

Equation 6.
where J is the overlap integral of the donor and acceptor emission and excitation

spectra respectively, ¢pis the donor quantum yield, x? is the orientation factor
(assumed to be g), and is n is the refractive index of the solution medium being

used. Selection of fluorophores must take their R, and any expected distance

between labeling sites of the sample into account.

Whole Cell FRET Acquisition

FRET has many applications as a technique, from whole cell expression

to single molecule acquisition. Whole cell studies can quantify FRET using the

15



rate of decay of the donor fluorophore to measure energy transfer efficiency by
the following equation:

kFRET

E =
kFRET + Z kother

Equation 7.

where kprpr represents only the rate of decay due only of energy transfer, and
kerer + X kotner represent additive total decay rate for the donor fluorophore.
This decay equation can be converted to fluorophore lifetimes by converting each

rate to its inverse:

Equation 8.

where the lifetimes of the donor while transferring energy t,, and that of the
donor-only T, are used to determine efficiency of transfer. This process can also
be performed by measuring sensitized acceptor emission — emission by the
acceptor during FRET- to assess transfer efficiency. This technique is an
adapted form of FRET called luminescent resonance energy transfer (LRET)
which uses lanthanide dyes like terbium chelate, as donors. The lifetime of the
organic dyes like tetramethyl-rhodamine used as acceptors are orders of
magnitude shorter than the donors, and therefore can be treated as the donor
lifetime (65, 66). Commonly used in our lab, this technique carries the advantage
of avoiding the measurement of donor fluorophores that do not have an
associated acceptor molecule due to uneven labeling or loss of active acceptor

molecules to photobleaching (65).
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For my studies that expressed AMPA receptors in cells, a genetically
encoded labeling approach was used in order to allow for complete labeling of
two intracellular protein domains. GFP- an RFP-tagged proteins were used. In
these experiments, FRET is less a molecular ruler and rather a gauge of relative
shifts between fluorophores. Protein/s can be over-expressed and measured in a
cuvette using a spectrometer. Then, comparisons can between controls a)
expressing the donor-only to gauge how much the donor could fluoresce with no
acceptor absorbing its energy, and b) expressing the acceptor only to gauge
potential bleed-though (direct excitation of the acceptor leading to fluorescence).
This technique was also applied to single cell FRET measurements using
fluorescent microscopy to narrow acquired data to the plasma membranes of
individual cells. The basal and condition-induced shift (in my case, activation of
the receptor by glutamate) can be measured over time by the scope, in the case
of basal FRET, and by simple division to determine fold change in FRET upon

condition change.

Single Molecule FRET Acquisition

For my studies, single molecule FRET on fluorescently labeled peptides
was performed to assess changes in conformational preference due to protein
modification by phosphorylation. This method is intensity based, and acquires

both donor and acceptor intensity measurements for single molecules over time.
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These intensity measurements can be integrated over that time, then used to
calculate the relative proximity ratio, Epg,

Cp + 1,

EPR

Equation 9.
where I, and I, are the integrated intensities of the acceptor and donor
fluorophores(67).

Although Epy is an indicator of molecular shifts, it is not a precise
measurement of FRET because it fails to account for differences in the
fluorophores’ quantum yields and the differences in their detection efficiency by

the scope. Thus, a correction factor,y, can be applied such that:

Al
T Al

Equation 10.
Thus, the correction factor can be applied to the relative proximity ratio to
normalize it:

E — IA,corr — ( IA
corr ID,corr + IA,corr ID + IA

)Y

Equation 11.

where 1, .o and Ip ., are the corrected integrated intensities for the acceptor
and donor fluorophores, and E.,,.- is the resultant calculated efficiency of energy

transfer.
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There are multiple types of single molecule FRET instruments which can
be divided into those which use immobilized samples and those whose samples
are diffusing freely through a small volume. Each type has advantages and
disadvantages. Diffuse samples do not struggle with potential reduced mobility of
the protein of interest (68, 69). However, that freedom comes at the cost of losing
the wash steps taken for an immobilized sample to aid in purification and
especially removal of any free fluorophores that remain unattached to protein but
in solution. This means that purification is of the utmost importance for diffuse
samples. All acquisitions for this dissertation project were acquired using
immobilized samples which used a biotin-streptavidin linkage to bind peptides to
slides. Although protein purification is not a major concern, the slides and each
reagent required to treat them serve as a potential source of contamination,

which must be prevented for reliable data acquisition.

Assessment of FRET Techniques

Each FRET-based technique has different benefits to offer its users.
Whole cell FRET techniques do not require extensive protein purification, which
can disrupt protein stability if too harsh. Moving to single cell acquisition in whole
cells offers localization of the acquisition to a targeted area, which can help
reduce unwanted acquisition of internalized protein during ensemble
spectrometric studies of surface-expressed proteins. Single molecule FRET is
unique in that it offers the opportunity to examine a range of conformational

diversity in a given molecule rather than an ensemble of protein. However, it
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comes at the cost of needing a purified sample. In the case of synthetic peptides,

purification was not of great concern for my single molecule acquisitions.
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CHAPTER 3: STRUCTURAL STUDIES OF AMPA GLUA1 C-TERMINAL
SEGMENT
Introduction

The goal of the project is to determine the mechanism of PKC
phosphorylation on AMPA GIluA1l receptor function. To form a hypothesis
regarding the mechanism, and given the dearth of structural information
available, we first needed to obtain some structural information about the
domain.

The cytoplasmic domain of GluA1, comprising residues 809-889, has
been largely dismissed as intrinsically disordered. It is a fair assessment that a
degree of disorder is present in the domain because a looser conformation could
logically allow conformational changes to facilitate protein-protein binding events.
Multiple proteins which bind to the domain are key to the channel’s trafficking and
function including as SAP97 and m-LIN-10, which participate in receptor
localization, and 4.1 which facilitates a stabilizing cytoskeletal interaction (40, 70-
72). The challenges this domain has presented in crystallization also defend a
disordered structure but could be equally explained by the existence of multiple,
stable conformational states.

Recent studies as well as the data to be presented in this chapter suggest
that at least local levels of structure exist in the domain. A previous study which
analyzed a small part of the C-terminal segment, a peptide composed of amino
acids 828-849, via solution-state NMR suggested that long-range conformational

shifts may occur due to S831 phosphorylation and suggested potential helical
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content based of molecular modeling (28). Residue composition analysis using
Composition Profiler also suggested that the amino acid makeup of the domain
does not match that of a classically disordered protein library (Figure 5) (73).
Here, | have used vibrational and single molecule FRET based

spectroscopic measurements to study the overall secondary structure and
conformational landscape of the domain. Structural studies were specifically
focused upon the domain region containing the three sites of interest (S818,
S831, and T840); peptides comprising residues 809-842 were used for the

following studies presented in this chapter.
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Figure 5. Composition Analysis of GIuA1 CTD

Composition Profiler analysis comparing the GIuAl carboxy-terminal
domain’s percent residue composition to that of canonical libraries of disorder
(DisProt, charted in pattern). Percentage residue content Cy for both are
compared to percentage residue content Cqer Of @ canonical ordered library
available through Composition Profiler with permission of (74) and plotted.
Negative values indicate that the sample contains more of a given residue than

the ordered library and vice versa.
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Methods Specific to this Chapter

Peptide Sample Preparation for Fourier Transform Infrared & Single Molecule
FRET

Peptides were synthesized by Peptide 2.0 and NeoBio Labs and their
purity was verified by HPLC. Peptides represents the first half of the domain with
the sequences for unphosphorylated protein as
efcyksrseskrmkgfSlipqqgsineairtStIC and for the phosphomimetic protein as
efcyksrseEkrmkgfSlipggEineairtSEIC. Capitalized residues are modifications to
the wild type sequence including glutamate phosphomimic sites S818E, S831E,
and T840E, as well as a central C->S mutation to allow for maleimide cysteine
labeling at only desired sites bookending the phosphorylation sites).
Phosphomimetic proteins were selected to ensure that degree of
“‘phosphorylation” remained constant between experiments and due to previous
characterization confirming the functional replication of PKC phosphorylation by
glutamate substitution in the domain (29, 75). Peptides were ordered with an
amino-terminal biotin tag to facilitate single molecule studies. Samples were
dissolved and aliquoted for storage at -20°C. For single molecule FRET studies,
samples were diluted to 2 uM for labeling in 1X PBS (137 mM NacCl, 2.7 mM KClI,
10mM NapHPO4, 1.8 mM KH,PO,4, PH=7.4). FTIR samples were run at 6 mg/mL
in 1X PBS in D,0 to prevent water contamination. For single molecule studies,
fluorescent labeling with donor Alexa555 and acceptor Alexa647 maleimide dyes
was performed in buffer at a 1:1:3 mole ratio of peptide:donor:acceptor. Samples

were rotated 1 hour prior to dilution for single molecule acquisition. Free dyes
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were cleared from the sample once it was loaded and bound to slides by

sequential washes.

Lipid Vesicle Preparation.

Because GluAl is a membrane protein, lipids were present in all of the
structural studies. All lipids for vesicle preparation were purchased from Avanti.
Neutral lipid was 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
18:1/16:0 and charged were 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS) 18:1/16:0. All lipids were purchased as sodium salts. Lipid stocks were
prepared at 20 mg/ml total, in 1X PBS (137 mM NacCl, 2.7 mM KCI, 10mM
NazHPO,, 1.8 mM KH,PO,). Stocks were aqueous for single molecule and
fluorescence studies. Stocks for FTIR studies were made in 1X PBS in D,0O-

based buffer.

Fourier transform infrared spectroscopy measurements.

A Nicolet Nexus 870 spectrometer was used to collect FTIR spectra.
Spectra were obtained using an adjustable path length infrared cell holder
(Aldrich). The protocol for acquisition was adapted from those previously used in
our lab (76-78) and used to obtain the FTIR spectra of phosphomimetic and
unphosphorylated GIuAl C-terminal peptides. Because spectra in the infrared
region of 1600-1700 cm™* exhibit a large absorption of water at =1600 cm™, all
FTIR studies were conducted in D,O based buffer system and prepared
immediately before acquisition to reduce contamination from ambient humidity.
Samples were loaded by injection into a sealed liquid transmission cell, and a
path length of 50 ym was used. Spectra were collected at 4 cm™ resolution and
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held at a constant temperature of 15°C. Spectral peaks arising from buffer/lipid
content were subtracted using a background buffer spectrum of each sample.
Data analysis and collection were performed using Omnic (ThermoFisher
Scientific) and Origin 8.6/9.0 software (OriginLab). Data was normalized to allow

visualization of changes between samples.

Single Molecule Measurements & Analysis.

All single molecule measurements were acquired using protocols
developed previously by the Landes lab and in collaboration with the Jayaraman
lab (27, 79). Clean slides were passivated using polyethylene glycol solution to
reduce nonspecific binding and dried under nitrogen. Labeled sample peptides
prepared as noted above were flowed into the chamber and allowed to bind
through via a biotin streptavidin linkage. Unbound fluorophores were removed by
sequential wash with buffer (1X PBS) and sealed in a solution of lipid vesicles
with oxygen scavenging solution to preserve fluorophore stability. The prepared
sample chamber was secured to the P-517.3CL Physik Instrumente closed-loop-
X-y-x-piezo stage, which allows for precise movement of the slide and sample to
enable focusing at high resolution (80, 81). The laser was used to excite single
molecules at a time using a power density of 50 watts/cm2. Emitted light
collected and subsequently passed through a Chroma Technology zet532nf
notch filter toward the detector box. It was then passed through a 640-nm high-
pass dichroic mirror (Chroma 640 DCXR) and collected with two corresponding
avalanche photodiode detectors (SPCM AQR-15, Perkin Elmer). The filters used

were set to 570 (donor) and 670 (acceptor) nm by band-pass filters (NHPF-
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532.0, Kaiser Optical and ET585, Chroma Technology) in accordance with the

emission peaks of the fluorophores. Molecules were selected within 10 x 10 um
raster-scanned areas at a time. The laser was focused on them and donor and

acceptor channels recorded until photobleaching occurred, generally 5-15

seconds.

SMFRET Data Analysis.

Emission intensity trajectories were recorded at 1ms-resolution, then
binned into 10-ms frames to improve signal-to noise ratios (27). In-house
MATLAB script was used to analyze and denoise by wavelet decomposition, as

described previously (26, 82, 83).

Results

Vibrational Spectroscopy Examining the AMPA GluAl C-terminal Segment

In order to examine secondary structure in the GluA1 CTD, we collected
the vibrational spectra of the unphosphorylated and phosphomimetic proteins
(Figure 6). These experiments show a difference in secondary structures of their

GluAl carboxy-terminal domains (Figure 6).
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Figure 6. FTIR Spectra of AMPA GIuA1 CTD

FTIR spectra of the unphosphorylated (UP, dashed) and phosphomimetic (PM,
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Wavenumber

1720

solid) peptides of the GIuA1 C terminus show varied levels of secondary

structure. Peptide samples were run in the presence of small unilamellar vesicles

of net neutral (blue, NEU) and charged lipids (red, CHG) for unphosphorylated

and phosphomimetic peptides.
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The unphosphorylated protein exceeds the phosphoprotein in helical
content regardless of lipid charge, as shown by the higher 1620 -1650 cm™
peaks (dotted traces). However, in the phosphomimetic peptide (solid traces),
this shift in alpha helix was accompanied by an increase at the 1620 cm™ peak,
indicative of increased beta-sheet in the protein. Most importantly, the
phosphoprotein shows an additional increase beta-sheet in the charged lipid
environment (red solid trace). Horizontal misalignment of the peaks is most likely
due to altered solvation between the peptides (84).

Firstly, and most fundamentally, these data confirm that this domain is not
completely disordered but rather possesses multiple secondary structure
elements. The molecular model predicting both a helix and a large degree of
random coil in the domain is in agreement with the peaks at 1620-1650cm™ and
1670cm™ in both phosphorylation states in both lipid conditions (29, 85).
Interestingly all four conditions tested showed nearly identical peaks for coil,
suggesting that the ultimate charge environment yielded by phosphorylation state
and lipid environment did not affect the degree of disorder in the protein but
rather mediated the proportions of alpha helix to beta sheet. These data also
align with the previous study in which NMR spectroscopy upon a small segment
of the domain suggested long range conformational shifts due S831
phosphorylation (29). These data indicate that the mechanism by which PKC
phosphorylation affects the GluAl channel could include a conformational shift in
the protein, and that this conformational change is regulated in part by the

surrounding lipid charge environment.
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Single-molecule FRET Studies of the AMPA GIuAl C-terminal Segment

In conjunction with our vibrational spectroscopy, we performed single
molecule FRET experiments to examine the conformational landscape of the
GluAl carboxy-terminal domain. (Figure 7). We found that phosphorylation
profoundly affected the structure and resultant dynamic range in the domain via
SMFRET.

The phosphomimetic proteins exhibited a narrower range of efficiencies
and as well a stronger preference for one efficiency state near E=0.4 in both net-
neutral and charged lipid environments compared with the unphosphorylated.
These data support the conclusions of the vibrational data, indicating a shift in
conformational preference accompanying the secondary structure shift observed by
FTIR.

The effects of lipid charge on the domain’s conformational preference are
not as conclusive; this is potentially due to the limitation of the technique that
individual peaks in data may represent more than one conformation in three-
dimensional space. However, charged lipid proximity did appear to increase the
overall FRET efficiency probed by the phosphomimetic domain, with an opposite
overall effect on the unphosphorylated protein as compared to net-neutral

surroundings.
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Figure 7. Single Molecule FRET in the GIUAL CTD

Single molecule studies in neutral (NEU, blue) and charged (CHG, red) lipid

environments show reduced dynamics due to phosphomimicry. The

phosphomimetic peptide (PM, left) showed a narrower range of FRET efficiency

than the unphosphorylated protein (UP, right). Denoised data represent N=43

(UP NEU), N=32 (PM NEU), N= 49 (UP CHG), N=43 (PM CHG) molecules.

Weighted average FRET efficiency u is shown for each sample.
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Discussion

To investigate the mechanism of PKC phosphorylation on the function of
the AMPA GIuA1l receptor, we have examined the structure and conformation of
the AMPA GIluA1 subunit carboxy-terminal domain. We took the vibrational
spectrum of the domain in the unphosphorylated state and mimicked
phosphorylation with glutamate substitutions in presence of net neutral and
charged lipids. All conditions showed clear secondary structure elements
indicating that the domain contains local levels of order. Phosphorylation reduced
helical content in the domain and increased beta sheet content; this increase was
more pronounced in the presence of charged lipids indicating lipid regulation in
PKC’s mechanism of action on the channel. To examine the conformational shifts
that accompany the secondary structure changes due to phosphorylation, we
performed single molecule FRET upon the domain. Phosphorylation clearly
narrows the range of conformations probed by the protein, causing a strong
preference for one peak surrounding E=0.4. The shifts in both the
unphosphorylated and modified proteins in the charged lipid compared with the
net neutral surroundings may account for the shifts in helical and sheet content
observed in the FTIR investigation. Together, these data support the hypothesis
that PKC phosphorylation causes a physical shift of the domain, altering and
limiting its conformation. The independent effect of lipid charge on the domain
indicates that this shift may constitute a motion with regard to the plasma
membrane; thus we next moved on to verify this mechanism in functional

receptors.
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CHAPTER 4 CONFORMATIONAL AND FUNCTIONAL CHANGES IN THE FULL

LENGTH RECEPTOR

Introduction

There is great precedent for the use of fluorescence-based structural and
dynamics investigations, and functional characterization, in the AMPA receptor
and other iGIuRs. However, these studies have been largely applied to the outer
three domains, where there is evidence of structural stability, replicable
conformational shifts, and well-characterized patterns of gating/kinetics.

With evidence of secondary structure content and conformational shifts in
the intracellular segment of GIuAl due to phosphorylation (Chapter 3), we set
about to apply functional and fluorescence-based techniques to the understudied
carboxy-terminal domain. Fluorescence studies are a useful tool for measuring
conformational shifts, and as such were an ideal application for investigating
motion of the C-terminal domain relative to the negatively charged plasma
membrane. Upon identifying an activation-induced motion of the domain, which is
disrupted by phosphorylation, we correlated our hypothesis to actual channel
function using single-channel electrophysiology.

Methods Specific to this Chapter
Mutagenesis & Construct Selection

Triple glutamate (GIuA1P) and triple alanine (GIuUA1AAA) mutants were
made by sequential point mutation in the GluAl wild type gene in a pcDNA3.1(+)
vector at S818, S831, and T840. For whole cell FRET studies, fluorescent clones
GIluA1P-RFP and GIuA1AAA-RFP, as well as wild type GluA1-RFP, were made
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by fast cloning and sequential mutation and sequencing verified (Genewiz).
Expression was confirmed via Western blot and for RFP clones also confirmed
visually by appearance of RFP in cell samples. Lyn-GFP was selected as the
donor fluorophore due to its direct trafficking to cell inner leaflet, and was kindly
sent by Dr. Takanari Inoue and expression and localization verified by visual
inspection of transfected cells (86).

Cell culture and Transfection for Spectrometry and Imaging

HEK293T cells were maintained in DMEM with 10% fetal bovine serum
and antibiotics. Cells were transfected with GIuA1P-RFP or GIuA1AAA-RFP
mutants with TARP y2 to aid in trafficking and expression and with Lyn GFP as
donor at a ratio of 4:1:0.25 for spectroscopy and 1:1:.04 or 1:2:.04 for imaging
using jetPRIME transfection reagent (Polyplus), and media changed after 4-6
hours. Transfections were maintained under 100 puM NBQX to inhibit channel
activation prior to experimentation. For imaging, cells were imaged 48 hours
post-transfection. For spectroscopy, transfected cells were harvested after 48-72
hours and washed three times with extracellular buffer (145 mM NacCl, 1.8 mM
MgCl,, 1 mM CaCl;, 3 mM KCI, 10 mM glucose, and 10 mM HEPES, pH 7.4).

For experiments with altered lipid environment, 100 uM sphingosine
(Avanti) was added into the culture medium 4 hours prior to harvesting the cells
at 37°C. Sphingosine (Avanti) solution was prepared by repeated sonication in

extracellular buffer before addition into culture medium (86).
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Spectrometry & FRET Imaging

Spectroscopic acquisition was performed with a QuantaMaster model
QM3-SS (Photon Technology International) spectrometer. GFP and RFP
excitation wavelengths used were 420 nm and 520 nm, respectively. Emission
spectra for Apo were collected with real-time background correction enabled with
step size 5 nm, and 1 s integration time using Felix32 software over the range
440-700 nm. After Apo acquisition, cells were activated with 1 mM glutamate and
100 uM cyclothiazide to prevent desensitization. Data analysis was completed in
Origin Pro. Spectra were measured in triplicate, and all transfections were
repeated at least three times. HEK cells with no transfection (control for scatter)
and donor-only samples were acquired as background controls. Significance of
changes in spectra due to activation and due to phosphorylation was evaluated
by repeated measure t- tests and independent two-tailed t tests, respectively,
significance was defined at P < 0.05.

Single cell imaging acquisition used a Nikon Eclipse Ti confocal
microscope and MetaFluor version 7.8.3.0 to acquire the FRET signal. FRET
protocols were written in-house (Darren Boehning lab, McGovern Medical School
at UTHealth) and were optimized based on the level of receptor expression to
maximize image quality. Regions of interest were selected only at the plasma
membranes. Logged imaging data were analyzed using Origin Pro. Basal FRET
and fold change upon activation with 1 mM glutamate and 100 for each sample
was averaged (data points are plotted with averages for clarity). For single cell

Apo samples, N= 15, 16, 20, and 15 cells for GIUA1AAA, GlulAAA+sphingosine,
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GIuA1P, and GIuA1P+sphingosine, respectively. For each activation induced
single cell sample, N=5 cells per group, and the significance of change between
cells expressing GIUALIAAA and GIUA1P groups was assessed using
independent two-tailed t tests. Significance of changes due to activation was
assessed by repeated measure t test, as in the ensemble measurements.
Cell culture and transfection for electrophysiology

For the patch-clamp experiments, HEK 293T cells were cultured in DMEM
with 10% fetal bovine serum and antibiotics. Cells seeded on poly-L-lysine
coated glass coverslips were transiently transfected with 1 pg of total cDNA
GIuA1P or GIuUA1AAA per coverslip X-tremeGENE 9 DNA transfection reagent
(Roche) according to the manufacturer instructions. Wild-type GIluAl or GIUA1P
and TARP y2 cDNAs were co-transfected at ratios of 1:1 to 1:2. The enhanced
green fluorescent protein (eGFP, 0.2 pg) was included in all the transfections to

aid in identifying transfected cells.

Patch-clamp recording

Single channel recordings from outside-out patches excised from
transfected cells were performed 24-72 hours after transfection. All recordings
were done at room temperature with an EPC-9 patch clamp amplifier (HEKA)
and PatchMaster (HEKA) acquisition software. The recordings were made at a
holding potential of -100 mV. Patches were held in external solution (150 mM
NaCl, 3mM KCI, 2mM CacCl,, 1 MgCl,, and 10 HEPES (pH adjusted to 7.4 with

NaOH). Patch pipettes with open tip resistance 4-10 MQ were filled with internal
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solution (135 mM CsF, 33 mM CsOH, 2 MgCl,, 1 CaCl,, 11 EGTA and 10
HEPES, pH 7.4.

A theta glass pipette mounted on a piezoelectric bimorph was used to
deliver external solution with and without 10 mM glutamate to excised outside-out
patches (87). The rate of solution exchange as measured from open tip
responses was 200-400 ps. The bath was superfused constantly with external
solution at a rate of 1-2 ml/min. Low-pass filtered voltage pulses were applied
across the piezoelectric bimorph with protocols controlled by the PatchMaster
acquisition software. Patches were screened for peak inward currents < 25 pA in
response to 100 ms applications of 10 mM glutamate to avoid recording large
numbers of receptors. Unitary currents were recorded during the continuous
application of glutamate. The proportion of closed time in all the records was high
(0.82 £ 0.02, N = 20 patches) and did not differ significantly for the different data
sets. No patches contained evidence of double openings during continuous
application of glutamate.

For experiments with reduced charge along the inner leaflet, poly-L-lysine
(10 pg/ml) was added into the internal pipette solution. In some experiments
transfected cells were incubated with 100 uM sphingosine as in the whole cell

studies.

Analysis of unitary AMPA-receptor currents

Single-channel currents recorded during continuous application of 10 mM
glutamate were analog low-pass filtered sequentially by two 4-pole Bessel filters

in the EPC-9 (cut-off frequencies 10 kHz and 3 kHz), sampled at 20 kHz, and
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written directly to the hard drive of the computer in segments of 250 ms.
Individual segments were inspected and the holding (baseline) current (1 to 7 pA)
was set to zero. Recordings inspected for obvious artifacts and stable baseline
currents before being analyzed with QuB (88). Individual data segments were
concatenated in QuB and the resulting data file was subjected to digital Gaussian
low-pass filtering at 2 kHz, resulting in closed-channel r.m.s noise values of 200-
400 fA. Drift or transient shifts in the closed-channel current were manually
corrected.

The time resolution was set at 5 sample intervals 250 us, and the data file
was then idealized with QuB analysis software to identify single-channel
transitions and estimate conductance levels and open channel durations (89).
The kinetic model used for the idealization contained two closed states and one
open state for each of the four open levels present in AMPA receptor records
(90). All states were connected to each other, allowing in principle all types of
transitions between the five different conductance levels. The resultant
idealization was superposed on the data and inspected to verify that it accurately
represented the results and edited to remove spurious events.

Shut times and open durations for each of the four open levels and log-
likelihood fitting of the relevant distributions were determined in QuB (91, 92).
The records contained many brief open events, which were excluded at a
threshold of 300 or 400 ps. Final analysis was performed with IGOR Pro
(Wavemetrics). Histograms of the amplitude of open events were constructed (10

bins per pA) and fitted with an equation consisting of four Gaussian components;
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the mean for each Gaussian component was converted to conductance by
dividing by the holding potential (-100 mV). Mean conductance values were
compared with one-way or two-way ANOVA (Tukey HSD test). P values < 0.05
were considered statistically significant. Values are reported as mean + SEM

unless otherwise indicated.

Results

Changes in FRET between the GluAl C-terminal segment and the plasma

membrane

For our FRET investigations into the mechanism of PKC phosphorylation
on the AMPA GIuAl channel, we first sought to observe the FRET between the
AMPA GIuAl C-Terminus and plasma membrane to determine if the domain lay
in proximity to the membrane. We expressed our acceptor RFP-tagged wild type
protein with the donor inner leaflet marker Lyn-GFP and TARP y2. The emission
spectrum with excitation at the donor frequency (420 nm) is shown in Figure 8.

The higher intensity peak at 620 nm (RFP emission peak) for GluA1-RFP
with TARP y2 in the presence of Lyn-GFP relative to the spectrum of HEK-293
cells with donor-only, indicates that there is basal FRET between GluA1-RFP
and Lyn-GFP. The emission spectrum of HEK-293 cells transfected with only the
acceptor GIuA1-RFP shows no significant RFP intensity at 620 nm upon
excitation at 420 nm, showing that there is no significant bleed through due to
direct excitation of acceptor, further confirming that the intensity seen in GluA1-

RFP with TARP y2 and Lyn-GFP expressing cells is due to FRET.
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Figure 8. FRET Showing GIuA1 Proximity to Inner Leaflet
The GIuAl C-terminal domain tagged with RFP shows FRET with the inner

leaflet of the plasma membrane tagged with Lyn-GFP, indicating their relative
proximity. Emission spectrum of whole cells is shown expressing GIuA1l-RFP
with TARP y2 in the presence of donor Lyn-GFP (red trace, FRET), versus the
donor Lyn-GFP alone (blue trace, no FRET). GIuA1-RFP with TARP y2 alone

(black, no FRET) with 420 nm excitation.
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The precise distance between the two cannot be obtained due to limitations in
the method (such as the large size of donor and acceptor). However, the relative
changes in the FRET in the different conditions provide insight into motions
between the donor and acceptor fluorophores.

Phosphorylation affects channel function, so we next sought to determine
what changes in the relative proximity of wild type GIuAl to the plasma
membrane are induced by channel activation. We collected the emission
spectrum before and after addition of saturating concentrations of glutamate and
cyclothiazide. The presence of cyclothiazide stabilizes the open state of the
receptor, yielding a homogenous receptor population, and hence allows for a
comparison of changes between the Apo and activated state of the protein.
(Figure 9). Comparing the emission spectrum in the Apo state (red trace) with
that of the predominantly open channel form of the receptor (blue trace), it is
evident that there is a concurrent decrease in the donor intensity and increase in
the acceptor intensity upon activation.

There is a clear change in the FRET between the receptor and Lyn-GFP;
these changes are most evident in the difference spectrum obtained from the
spectra in Apo and open conditions measured for the same batch of cells (Figure

9, black trace, Apo minus activated).
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Figure 9. Movement of the GIuA1 CD toward the Plasma Membrane Upon

Channel Opening

Emission spectrum of whole cells expressing GIUA1-RFP with TARP y2 in the
presence of donor Lyn-GFP in the Apo state (red trace) and in the presence of 1
mM glutamate and 100 uM cyclothiazide (blue trace) is shown. The difference
between the spectra obtained under Apo and under predominantly open channel
conditions (Apo minus activated) is shown below (black), enhanced to 5x for

clarity.

42



To confirm that the observed changes were specifically due to a change in
FRET efficiency, we also expressed the donor Lyn-GFP and acceptor GluA1-
RFP individually to test their response to activating conditions. Such a change is
not observed in either the donor-only or the acceptor-only emission spectrum
(Figure 10, solid vs dashed traces), further confirming that the change is due to a
change in FRET efficiency. The increase in FRET upon addition of glutamate and
cyclothiazide indicates a decrease in distance between the fluorophores, thus,
between the receptor domain and Lyn. These data suggest that the C-terminal
segment moves towards the inner leaflet of plasma membrane upon activation of

the receptor.
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Figure 10. Lack of Change in Fluorescent Cells Expressing Donor only and

Acceptor only

Emission spectrum of whole cells expressing GluA1-RFP with TARP y2 (red
traces) and Lyn-GFP (blue traces) with 420 nm excitation in apo (solid traces)
and primarily open in presence of 1 mM glutamate and 100 uM cyclothiazide
(dashed traces) for, and for GIuA1-RFP with TARP y2 with 550 nm excitation

(black trace).
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Having confirmed basal FRET and an activation-induced increase in
FRET in the receptor, we then investigated the changes in these qualities
induced by PKC phosphorylation. We mimicked phosphorylation in the domain
by using glutamate substitutions at S818, S831, and T840 to make a triple
mutant, GIuUA1P-RFP. We co-expressed the phosphomimetic GIuUA1P-RFP
receptor with TARP y2 and Lyn-GFP and collected emission spectra with the
same protocol as with the wild type to investigate basal FRET. The GIuA1P-RFP
(black trace) is compared to that of GIuA1-RFP receptor with TARP y2 and Lyn-
GFP (red trace) in Figure 11. The lower intensity at the acceptor emission
wavelength (620 nm) for the cells expressing the phosphomimetic GIUA1P-RFP
receptor indicates lower FRET. This reduction FRET in turn can be correlated to
a longer distance between RFP and Lyn-GFP in the phosphomimetic GIuAl
receptor relative to the wild type receptor.

To determine if, there was any change in FRET induced by activation in
the phosphomimetic GIUA1P-RFP, a difference spectrum was obtained between
the emission spectrum in the absence and presence of saturating concentrations
of glutamate and cyclothiazide (Figure 12). The difference spectrum (black trace)
is essentially flat, a strong indication that receptor activation does not lead to
significant changes in the distance between the C-terminus and the inner leaflet
of the plasma membrane for the phosphomimetic GIuA1 receptor. The results of
the wild-type GIuA1-RFP and phosphomimetic GIluA1l-RFP were compared to the

triple alanine phosphodeficient GIUA1A-RFP (Figure 12, blue).
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Figure 11. Lower FRET between GIuAl1 CTD and Lyn-GFP at the Plasma

Membrane upon Phosphorylation

Emission spectrum of whole cells expressing GIuA1-RFP (red trace) and
phosphomimetic GIuA1P-RFP (black trace) both in the presence of TARP y2 and
donor Lyn-GFP at excitation 420 nm. The phosphomimetic mutant exhibits

reduced RFP emission (620 nm) relative to GIuA1-RFP.
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Figure 12. Phosphorylation Eliminates Activation-Induced Changes in FRET

and is Restored by Positive Lipid

Difference spectra (Apo minus activated) are shown for GIuA1-RFP (red),
GIuA1P-RFP (black), phosphodeficient GIuUA1A-RFP (blue), GIuA1-RFP with
sphingosine addition (green), and the restored GIuA1P-RFP with sphingosine

addition (magenta).
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The difference spectrum for the phosphodeficient GIuA1-RFP was similar to that
obtained with the wild-type GIuA1-RFP receptor, indicating that the wild type

receptor is predominantly dephosphorylated in these experiments (not shown).

Effect of local membrane charge on the position of the GluAl C-terminal segment

Given that our FRET data indicate that the C-terminal domain is in close
physical proximity to the inner surface of the membrane leaflet, and since the
inner leaflet has a significant fraction of lipids with negatively charged
headgroups in mammalian cells, we next tested the effect of changing the net
charge of the lipid leaflet on the motions of the GIuAl C-terminal segment. We
reduced the endogenous negative charge in HEK cells along the membrane
incorporating sphingosine, a positively charged lipid, into the membrane prior to
the FRET measurement (86, 93). Treatment with sphingosine had no effect on
the FRET signals for the pattern of activation-induced FRET in the
phosphodeficient receptor (Figure 12, compare blue and green). In contrast,
altering the charge on the inner leaflet rescued wild type behavior of activation-
induced FRET in the more negatively charged phosphomimetic receptor, and the
difference spectrum (magenta) was similar to that seen for the wild-type and
phosphodeficient receptor (Figure 12). These experiments verified that the
mechanism by which phosphorylation alters the motion of the C-Terminus
relative to the plasma membrane is dependent on lipid charge environment, and

can be eliminated depending on the local composition of lipid charge.
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Imaging based FRET measurements

One limitation of the ensemble FRET technique is the potential for internal
receptors (those not inserted into the plasma membrane) to fluoresce upon
excitation and contribute to the basal fluorescence spectrum. However, these
would not contribute to the activation-induced change in the emission spectrum
since only surface-expressed receptors activate due to the addition of
extracellular agonist. In order to narrow our results to the plasma membrane and
to verify our ensemble measurements we obtained images of single cells
expressing GIuA1-RFP with TARP y2 and Lyn-GFP and determined FRET for
defined regions at the plasma membrane. Figure 13A shows representative
images of the cells. Consistent with the ensemble measurements, the
phosphodeficient GIuA1-RFP showed increased FRET upon activation by 1 mM
glutamate and 100 yM cyclothiazide, with no substantive change upon
sphingosine treatment as expected (Figure 13C). The Apo states of the receptors
showed a pattern similar to what we saw in the ensemble experiments, with
phosphodeficient proteins exhibiting a higher ratio (FRET/Donor) compared to
the phosphoprotein (Figure 13B). Phosphomimetic receptors showed no change
upon activation, but activation-induced FRET was recovered in the sphingosine-

treated cells (Figure 13C).
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Figure 13. Single Cell Imaging Verifies FRET Change due to Phosphorylation.

A) Representative images of cells expressing GluA1-RFP and Lyn-GFP with
donor excitation (left), acceptor excitation (center), and FRET signal
(FRET/Donor) (right). B) Bar graphs showing FRET signal (FRET/Donor) from

plasma membrane segments of cells. Bars represent N=15, 16, 20, and 15 cells
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(left to right) cells selected for plasma membrane signal analysis, with S.E.M.
visualized as an error bar. C) Bar graphs representing single cell measurements
for activation-induced FRET change (FRET/donor fold change upon activation by
1 mM glutamate and 100 uM cyclothiazide). For these data, each bar is N=5 with
error bars as S.E.M. Individual data points are overlaid. All FRET signals are
reported as FRET/Donor to account for potential bleedthrough. All experiments

were repeated in at least triplicate.
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Together with our ensemble FRET measurements, the data for cell
surface receptors support a mechanism in which PKC phosphorylation causes a
repulsive interaction between the GIuAl carboxy-terminal domain and the
plasma membrane, which is removed by either eliminating the phosphorylation or

reducing the negative charge of phospholipids along the inner leaflet.

The effect of PKC phosphorylation and lipid composition on GIuA1 function at the
single-channel conductance

Previous work has shown that phosphorylation at the three C-terminal
PKC sites increases the average unitary conductance of GIuAl receptors (28,
29, 50). Our FRET-based data would suggest that elimination of this effect
should be achievable by altering the charge environment along the inner leaflet.
To functionally verify this hypothesis, single-channel currents were recorded in
outside-out patches from cells expressing phosphomimetic GIuUA1P and the
results compared with those for wild-type GIluAl. Both GIuA1l constructs were co-
expressed with TARP y2.

Figure 14 shows examples of unitary currents recorded in these
experiments. The currents were evoked at -100 mV by the continuous application
of 10 mM glutamate. Columns A and B show unitary currents through wild-type
GluAl receptors and GluAl phosphomimetic receptors with normal internal
solution (no charge alteration). Four open levels (subconductance states) were

detected in each of the patches analyzed, as expected in AMPA receptors.
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Figure 14. AMPA Receptor Unitary Conductance Influenced by Interactions

with Inner Leaflet of Plasma Membrane

Examples of unitary AMPA receptor currents evoked at -100 mV by the

continuous application of 10 mM glutamate in outside-out patches from cells

transfected with TARP y2 and either wild-type GIluAl (A) or the GluAl1

phosphomimetic mutant (GIuA1P; B and C). Dashed lines in each column

indicate the current values corresponding to the four open levels detected in the

patch, which were obtained from multiple-Gaussian fits to amplitude distributions

of several hundred events. The data shown for the phosphomimetic mutant (B

and C) are from recordings with cells without and with pre-incubation with

sphingosine (100 pM).

53



The individual subconductance levels (O1, 02, O3 and O4), which were
obtained from multiple Gaussian fits to amplitude distributions of hundreds of
single-channel events (see Methods Specific to this Section), are indicated by the
dashed traces in each panel of Figure 14. Each of the four open levels was 15-
40% larger for the phosphomimetic GIuA1l receptors (GIUA1P) than for wild-type
GIuAl. Figure 14C shows representative data obtained from a patch excised
from a cell expressing TARP y2 and the GIuAl phosphomimetic that was pre-
exposed to 100 uM sphingosine. The currents and conductance levels seen in
this patch were recovered to the corresponding data for wild-type receptors.
Similar data that were suitable for detailed analysis were obtained with
sphingosine and phosphomimetic GIuA1 from one additional patch. The
conductance levels measured in these patches were not significantly different
from the levels measured for GIuAl wild-type, but both sets of open levels were
significantly smaller than the levels measured for phosphomimetic GIuAl
receptors without pre-exposure to sphingosine (P < 0.01, two-way ANOVA).
Thus, reducing the net negative charge on the inner leaflet by incorporating
sphingosine into the inner leaflet prevents the increase in unitary conductance
seen for the phosphomimetic GIuA1 mutant receptor.

The outside-out configuration used to record the unitary GIuA1l receptor
currents affords direct access to the inner leaflet of the plasma membrane. To
test further our hypothesis that electrostatic interactions with negatively charged
head groups on the inner leaflet play a key role in the increased conductance

seen with phosphomimetic GIuAl receptors, we screened these interactions by
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including poly-L-lysine, a small poly cation, into the pipette solution and
comparing the single channel data for wild-type GIuAl and GIUA1P mutant
receptors to the results obtained with control pipette solution. As in all the patch-
clamp experiments, the pipette solution did not contain ATP or any other
substrate for phosphorylation. Representative amplitude histograms for the
phosphomimetic mutant GIUA1P with (Figure 15B) and without (Figure 15A) the
addition of poly-L-lysine (PK) to the pipette solution are shown in Figure 15. As
can be seen, the unitary conductance for each of the four open levels is
substantially smaller for the GIUAL1P mutant when inner leaflet charge was
screened.

Figure 15C shows the mean data obtained for the four different conditions tested
(wild-type or mutant GIuAl with TARP y2 receptors, with and without reducing
surface charge on the internal membrane leaflet). Each of the four open levels
observed for the GIuA1 mutant receptors with normal internal solution in the
recording pipette was significantly larger than the corresponding values seen for
wild-type GIuAl or mutant GIuAl receptors with poly-L-lysine in the pipette when
the data were compared with a two-way ANOVA (P < 0.01). The absolute
difference in unitary conductance was smallest for O1, but when the results for
the four groups were expressed as the percentage difference from the mean
value for wild-type receptors with normal internal solution, the difference seen for
the mutant receptors was biggest for the smallest open level, O1, and inversely
correlated with the absolute conductance of the four sublevels (inset in Figure

15C).
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Figure 15. Screening C-terminal Membrane Interactions Prevents

Phosphorylation-Induced Increase in Unitary Current

A, B. Amplitude histograms for inward unitary currents from two patches for
GIuA1P/TARP y-2 receptors without (A) or with (B) poly-L-lysine (PK) added to

the pipette solution. Currents were recorded during the continuous application of
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10 mM glutamate. Data was fitted to 4 Gaussians (solid trace). Conductance
estimates for the four open levels obtained from the fit are indicated in each
panel. C. Bar graph illustrating the mean conductance values obtained for each
open level under the four conditions tested (GIuAl or GIuA1P, with or without
poly-L-lysine). Individual conductance values were obtained from 4-Gaussian fits
to amplitude histograms for each patch (3-6 patches per group). The
conductance values obtained for GIuA1P without addition of poly-L-lysine to the
pipette solution were significantly greater than the corresponding values for the
other three groups (* P < 0.01, two-way ANOVA). Inset shows the mean change
relative to control values for each of the four open levels. The values for the
GIuA1P mutant differ significantly from the corresponding values for the other
three groups and the O1 mean for the GIuA1 phosphomimetic was significantly
different from the mean change values for O3 and O4 (one-way ANOVA, * P <

0.01; T P < 0.05).
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In previous work (50), C-terminal phosphomimetic mutations in GIuA1
were shown to increase the proportion of openings to the larger subconductance
levels (O3 and O4) without significantly altering the conductance of the different
open levels. Because we co-expressed the mutant receptors with the auxiliary
subunit TARP y2, we cannot directly compare our data with these previous
results. The proportion of openings to O3 and O4 was larger for the GIuUA1P
receptors (normal internal), but the difference did not reach statistical
significance. To account for this additional, albeit modest effect, we calculated
the weighted mean unitary current for each of the groups by multiplying the
relative area for each open level and the mean current for that level (values
obtained from the 4-Gaussian fits to the amplitude histograms). To increase the
power of the comparison, the sphingosine and poly-L-lysine data were pooled.
The mean unitary current (at -100 mV holding) obtained in this way for the
GIuA1P receptors (2.81 == 0.21 pA, N = 5) was larger than the corresponding
values for wild-type receptors (2.10 = 0.21 pA and 1.92 = 0.12 pA without and
with poly-L-lysine or sphingosine, respectively; N = 6 and 5 patches) or mutant
receptors under conditions where internal surface charge was reduced (2.17 =
0.22 pA, n =5). The means for GIuA1P without charge screening and wild-type
GluA1l with charge screening were statistically significant (one-way ANOVA, P <
0.05), and the size of the increase in the weighted unitary current for the
phosphomimetic mutant compared with the other three groups (30-46%) agrees
well with results obtained previously for GIuA1 with TARP y2 receptors from

stationary noise analysis (50).
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Discussion

The cytoplasmic carboxy-termini of AMPA receptors convey trafficking and
regulatory properties in a subunit-specific manner. The GluAl C-terminal domain
promotes targeting, trafficking, as well as stable protein interactions with the
cytoskeleton at the synapse. Phosphorylation in this domain had been previously
shown to affect trafficking through phosphorylation at site S845, and PKC
phosphorylation at sites S818, S831 and T840 has been shown to increase
channel conductance (19, 28, 29, 50, 94). We used multiple biophysical
techniques to examine the mechanism of this functional modulation, based upon
the hypothesis that a physical shift relative to the plasma membrane occurred
due to phosphorylation (hypothesis based on data presented in Chapter 3).

Our ensemble and single cell FRET data support a mechanism of action in
which PKC phosphorylation alters direct charge interactions between the
membrane and the GluAl C-terminal domain. The wild type receptor-and
similarly behaved phosphodeficient receptor-show a clear activation-induced shift
in FRET indicating increased membrane proximity, which is absent in the
phosphomimetic protein. This argues in favor of a mechanism by which the wild-
type protein shifts to accommodate channel opening and avoids affecting
channel conductance, whereas the phosphoprotein does not and thereby affects
channel activity. The rescue of wild type behavior in receptors with decreased
negativity along the plasma membrane establishes the electrostatic basis of PKC

phosphorylation’s functional effect on AMPA GIluA1.
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Our patch-clamp results support previous data demonstrating an effect of
phosphorylation of C-terminal residues on the unitary conductance of AMPA
receptors (50). Unlike the prior work, we found that the absolute conductance
values associated with each of the four subconductance states were significantly
increased. It is important to note, however, that our data do not contradict directly
the data of Kristensen and colleagues (2011), who found that introducing a
phosphomimetic mutation at GIuA1 S831 increased the frequency of large-
conductance openings without altering the conductance values of the different
subconductance levels. Our single-channel results were obtained for wild-type
and the GIUALP receptors with auxiliary subunit TARP y2, whereas the earlier
single-channel data were obtained in the absence of TARPs. The inclusion of
TARP y2 in receptor assemblies itself shifts the relative occupancy of the four
open levels toward larger-conductance states (90, 94), which may limit or mask
any additional effect of C-terminal mutations. TARPs are also known to alter
rectification behavior and directly affect ion permeation (48, 95-97). Indeed, we
did see some effect on the relative occupancy of the four open levels with the
phosphomimetic mutant. For example, openings to O4 in normal internal solution
were more frequent for GIuA1P-containing receptors than for receptors with wild-
type GIuAl. In total, however, the differences did not reach statistical
significance. As noted in the Results, the percentage increase in the weighted
mean single-channel current we found here for the GIuA1 phosphomimetic

mutant is in excellent agreement with the increase in the apparent unitary current
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estimated previously from noise analysis when TARP 2 was co-transfected with
GluAl (29, 50).

Our findings provide strong indications that the effect on unitary
conductance we observed here for the GIuA1 phosphomimetic mutant is directly
related to electrostatic interactions with negatively charged phospholipid head
groups on the internal membrane leaflet. When these charges were reduced by
pre-exposure of the cells to sphingosine or screened by including poly-L-lysine in
the pipette solution, the conductance values obtained for each of the four open
levels were indistinguishable from receptors that contained wild-type GIuALl.
Inclusion of poly-L-lysine in the pipette or pre-exposure to sphingosine had no
effect on the conductance of wild-type GluAl-containing receptors, arguing
against an independent effect of these treatments on unitary conductance.
Interestingly, although the absolute change in unitary conductance was greatest
for the largest open level, O4, the percentage change in conductance was largest
for O1 and scaled inversely with the amplitude of the subconductance states
(Figure 15C). This result would appear to be unexpected if the effect of altering
C-terminal or membrane charge resulted from changes in the local concentration
of permeant ions near the pore. Together with our FRET data, which indicate that
the functional changes in unitary conductance are associated with changes in the
conformation of the GIuAl C-terminus, the patch-clamp results seem most
consistent with the conclusion that the conformation of the C-terminus can have
a direct effect on the conformation of the conductance pathway itself, perhaps

changing the height of an energy barrier to ion permeation. Given the known
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correlation between receptor occupancy and the likelihood of openings to the
various substates (98, 99), this effect of the GluA1 C-terminus would appear to
scale inversely with the number of subunits contributing to activation gating. The
allosteric effect of phosphorylation-mediated position shifts in the C-terminus may
therefore be of greatest consequence at glutamate concentrations where
receptor occupancy is low.

The strong correlation between our FRET results and the single-channel
data indicate that phosphorylation of sites in the C-terminus of AMPA receptor
core subunits shifts the C-terminus away from the membrane, which in turn alters
the rate of ion flux through the pore. Our data support the idea that the position
shift is the result of direct charge-charge interactions between the
phosphorylated C-terminus and the membrane inner leaflet, suggesting the
possibility that changes in the lipid composition or charge of the plasma
membrane could influence phosphorylation-mediated changes in AMPA receptor
function.

One remaining question from these studies is precisely how the changes
in the C-terminus of AMPA GIuA1l physically translate to altered ion flux, and
multiple mechanisms acting either singularly or in concert can be considered. A
clear potential answer lies in the simple notion that phosphorylation, or glutamate
substitution, alters the local charge environment of the intracellular side of the
pore, thereby changing the charge gradient affecting ions traveling through the
channel. For a hydrated channel without restrictive gating, this would seem to be

the obvious mechanism of choice. However, glutamate receptors possess
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complex gating properties, which work in concert to move dehydrated ions
through multiple pockets in the permeation pathway. The properties (degree of
steric/charge restriction to hold the ion in place) of these pockets are dictated by
the side chains of nearby amino acids. The shifting of these side chains in the
transmembrane domain due to post-translational modifications in another domain
is a distinct possibility, and these shifts may alter the environment of ions as they
move through the channel. Precedent for the importance of steric and charge
environment in the channel pore can be appreciated by an examination of
potassium channels, which share demonstrably similar topology to iGluRs (100-
102). This family of cation channels have gating properties which regulate the
flow of dehydrated ions through their pore. They possess not only a canonical
five-amino acid motif at their narrowest point, known as the selectivity filter, but
also multiple other sites which stabilize the filter and regulate ion flow through the
channel by creating vestibules where potassium ions are stabilized within the
pore (103, 104). Mutations within the pore of both potassium channels and
iGluRs have been shown to significantly affect ion flux (105-107). It follows that
shifts within the domain translated from post-translational modifications like

phosphorylation in the C-terminus could greatly affect flux as well.
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DISCUSSION - FINAL THOUGHTS & FUTURE DIRECTIONS

Future Directions

The most novel aspect of this work verified that phosphorylation by protein
kinase C (mimicked with glutamate substitutions in this work) negates an
activation-induced domain shift that occurs in wild type protein, and in fact shifts
the domain away from the membrane at the basal level, prior to the channel
opening. This mechanism is dependent on lipid charge environment as shown in
the cells with altered inner leaflet charge, which showed recovery to wild type
behavior. Future studies could expand our understanding by investigating how
and which lipids may be functioning as regulators of AMPA receptors at the
synapse (for instance, if lipid composition changes are induced specifically to
shepherd receptors into clusters or to increase the probability of membrane
insertion or recycling). These studies could use lipid-specific markers to
investigate precise lipid content at the synapse in order to expand our

understanding of the AMPA receptor’s extensive regulatory pathways.

Final Thoughts

These studies constitute a step toward our understanding of the
significance and potential therapeutic use of carboxy-terminal domains in
membrane receptors. As more information is garnered from these functionally
significant yet largely discounted domains, the biomedical field will move closer

to an enlightened understanding of neuronal activity.
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