


 
 

ABSTRACT 

Conformational Dynamics of the Glutamate Receptors via Single 

Molecule Förster Resonance Energy Transfer 

by 

David Cooper 

Glutamate receptors perform a critical role in the nervous system, mediating 

synaptic transmission through cellular membranes. These proteins have developed 

a quick response to agonist presence and, when activated, undergo a conformational 

shift that allows calcium ion transport across the membrane. In a number of 

neurological diseases, genetic variants can cause mutations that disrupt the balance 

between fast binding response and desensitization resulting in over- or under- 

signaling in affected cells. Herein it describes the use of single molecule Förster 

resonance energy transfer to observe the bound form of the glutamate receptors 

and subsequent dynamics. For a complete understanding of the dynamics involved 

in the conformational landscape, the response of the receptor to a variety of known 

full and partial agonists is tested. Additionally multiple receptor types are 

investigated to determine if the conformational pathway is conserved between the 

different types of glutamate receptors. The results from this project allows for a 

more complete understanding of the relationship between conformation and 

functionality of glutamate receptors. 
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Chapter 1 

Introduction 

1.1. Motivation 

Understanding the relationship between structure and function of proteins 

and other biomolecules has been an expanding field in the last few decades.1-8 As we 

begin to explore the specific pathways of many diseases it has become increasing 

apparent that the dynamics of a protein’s tertiary motion is important to their 

functionality.8-11 Furthermore, pharmaceuticals are increasingly more bio-derived in 

the past ten years (Figure 1-1).12 This increase in demand for peptide based 

pharmaceuticals calls for an increase in the ability to understand how they function. 

Techniques such as x-ray crystallography and NMR spectroscopy reveal the overall 

structure of the protein, allowing for the chemical interaction between the agonist 

binding pocket and potential agonists to be tailored to best match thereby leading to 

better ways to design new drugs.13-21 However most of the basic structural 



 2 

understanding comes only from static determinations of the structure and does not 

account for large scale changes to the overall structure that may occur in vivo. In 

order to investigate the behavior of proteins in a more natural environment, 

fluorescence techniques such as ensemble Förster resonance energy transfer 

(FRET), fluorescence correlation spectroscopy, or time resolved protein auto-

fluorescence measurements can be used.22,23 

 

Figure 1-1: Number of protein or peptide based pharmaceuticals by retail 

sales in the US. Data obtained from Njaroarson research group J. Chem. Ed. 

2013, 90, 1403 

However many systems of interest are more complicated than ensemble 

techniques are able to resolve.  Systems with multiple interconverting states are 

averaged out to a singular value limiting the value in understanding real-time 

fluctuations in structure that are not predominantly driven by outside processes.23  
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To determine all of the partial conformational states hidden by ensemble 

measurements, single molecule techniques can be used. The single molecule regime 

allows for monitoring of each protein individually, thereby allowing an accurate 

picture of the conformational dynamics.6,24-28 

Another challenge that arises with studying protein structure is that the size 

scale of protein motion is on the order of Angstroms.  Simple fluorescence 

measurements are limited by the diffraction limit of light which is governed by 

Equation 1-1, which places the resolution limit on the order of hundreds of 

nanometers.22  To achieve finer resolution I used FRET to measure the distances as 

it allows for measurements of intensity to calculate distance changes.  The theory 

behind FRET is further explained in Chapter 3. 

𝑑 =  
𝜆

2 𝑛 sin 𝜃 
 

Equation 1-1: Diffraction Limit 

This work focuses primarily on the glutamate receptor family of proteins, 

specifically the α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor and the N-methyl-D-aspartate (NMDA) receptor, and their response to a 

variety of agonist, partial agonist, and antagonist molecules. A general overview of 

these proteins exists in Chapter 2, but their position as membrane ion gates 

implicates them in a number of neurological disorders including Alzheimer’s 

disease, Parkinson’s disease, and epilepsy.10,11,29-31 Understanding the gating 
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mechanisms of the glutamate receptors is key in being able to manufacture 

medication capable at fighting these illnesses. Not only are these proteins extremely 

important biologically, as mediators of ion transport in the synaptic cleft, but they 

provide an ideal system to expand the techniques for understanding protein 

dynamics on a single molecule level.30,32-35  

1.2. Specific Aims 

The primary goal of this work is to investigate the range of conformational 

states induced by full and partial agonists on the glutamate receptor and to 

investigate the kinetics between the states. A detailed study into the conformational 

states occupied during the binding and subsequent desensitization process for each 

receptor could reveal receptor specific pathways to be exploited for future drug 

development. To accomplish this I needed to expand on the existing technique for 

single molecule FRET measurements by improving the buffer conditions and 

labeling strategies.  Data analysis also can be improved allowing for states to be 

located in noise heavy data. 

1.2.1. Specific Aim I 

Utilize single molecule FRET to study the dynamics of the ligand binding 

domains of both the AMPA receptor and the NMDA receptor. This includes both 

detailed investigations into the dynamics of the receptors as well as investigating 

how their conformational landscape changes upon the substitution of partial agonist 

or antagonists instead of the primary agonist. Using the improvements developed 
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for Specific Aim II, capture experimentally for the first time the full range of 

conformational states that can be adopted by the ligand binding domainof these 

proteins.  My published work towards this aim includes the papers reproduced here 

in Chapters 5, 6 and 7.36,37 

1.2.2. Specific Aim II 

Optimize the experimental parameters for single molecule FRET experiments 

on biological systems. This means improving upon the existing single molecule 

FRET method through the use of both chemical means to prolong fluorophore 

fluorescence lifetimes as well as increasing the specificity of labeling for the protein 

systems with alternate fluorophore attachment strategies. By improving the system 

parameters this should help to allow a more thorough examination of the dynamics 

for both the glutamate receptors. In addition, these improvements are not limited to 

just the glutamate receptors and can be extended to any biological system of 

interest. Chapters 4 and 7 represent my published work towards this aim.36,38 

1.2.3. Specific Aim III 

Improve the current analysis methods for identifying states in single 

molecule FRET data. The two methods I used to assist this were through denoising 

techniques and by implementing unbiased state determination algorithms. Chapter 

3 contains a more detailed explanation of the methods used in my research as well 

as the algorithms I helped to create.39-41 
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1.3. Overview 

Chapter 2 details the background information on the glutamate receptors 

explaining their role in biology or regulation of cellular activities as well as the 

mechanisms of their function. It also details the methods for the modifications to the 

protein required for FRET studies.   

In Chapter 3 the theory of FRET, the principle tool of investigation, is 

explained. This chapter also overviews the photophysics involved with taking single 

molecule experiments as well as highlighting some of the other work utilized to help 

mitigate the effects of photobleaching and photoblinking. Finally this chapter also 

includes discussion on the working and use of data analysis tools used to help 

isolate states in the single molecule FRET data. 

Chapter 4 introduces work first published in ChemBioChem in 2013. This 

work is an investigation of the effects on the observable single molecule FRET 

lifetimes by changing the composition of the photoprotection solution used in the 

system. The findings of this work influenced the composition of the photoprotection 

solutions used in all of the glutamate receptor studies as they helped to prolong the 

amount of time that could be spent on an individual molecule. 

In Chapter 5, the conformational landscape of the AMPA receptor under 

exposure to an array of partial agonists is explored. Single molecule data from the 

ligand binding domain of the AMPA receptor is compared to the electro 

physiological response of the full ion channel during exposure to an array of partial 
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agonists from the willardiine family. This work was first published in 2012 by the 

Journal of Biological Chemistry. 

Chapter 6 represents work done on the NMDA receptor in effort to analyze 

the whole conformational landscape under glycine saturated conditions. This work 

represents the first use of the step transition and state identification method that 

can extract state information directly from the input data with little other user 

input. As of the time of this writing this manuscript has been submitted to Biophysics 

Journal. 

Chapter 7 expands on the use of single molecule FRET to analyze the 

conformational landscape of the NMDA receptor by comparing the results of 

primary and partial agonists and antagonists response to the overall performance of 

the ion channel. This work was published by the Journal of Biological Chemistry in 

2015. 
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Chapter 2 

The Glutamate Receptor Family 

2.1. Glutamate Receptors 

The glutamate receptors are a family of membrane proteins involved in 

neurotransmission, and play a key role in a number of neurological diseases 

including Parkinson’s and Alzheimer’s.10,29,31,42-44 They act as a gaiting mechanism 

for cation transportation across the synaptic cleft and through the cellular 

membrane and are controlled through the presence of signaling molecules known as 

agonists.45-48 By their nature, glutamate receptors need to respond quickly to 

agonist presence and undergo a conformational change which opens the ion 

channel.49 However in order to avoid overstimulation in the synapses, glutamate 

receptors have a built-in process called desensitization that causes the receptor to 

relax back to the closed state even with agonist bound.50-53 Understanding the 

balance between agonist binding and receptor desensitization and the pathway of 
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the desensitization process for a variety of agonists is vital if the glutamate 

receptors are to be used as a drug target site. 

2.1.1. Glutamate Receptor Structure 

 

 Figure 2-1: The full length crystal structure of the AMPA receptor. Each 

individual protien is a different color showing the formation of the tetramer. 

In each segment the top portion is the ATD, the middle section is the LBD and 

the bottom alpha helical section is the TMB. The C-terminal domain is not 

shown due to its highly unstructured nature. 

Glutamate receptors comprise four domains: an extracellular amino terminal 

domain (ATD), an extracellular ligand binding domain (LBD), a hydrophobic 

transmembrane domain (TMD), and an intercellular C-terminal domain.34,53 

Glutamate receptors come together as a set of four separate proteins to form the ion 
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channel forming a tetrameric unit comprised of a dimer of dimers. (Figure 2-1) The 

channel is opened in response to conformational change induced by a signaling 

molecule binding to the LBD as shown in Figure 2-2.50,54 In order for proper function 

of the channel opening this binding needs to occur quickly.45,55,56 However, it is also 

known that the conformational flexibility of the LBD extends beyond a simple two 

state open and closed system. The glutamate receptors can be partially activated by 

a number of partial agonists that induce conformational states that are different 

than the ones induced by full agonists. After initial binding, the glutamate receptors 

desensitize which causes a percentage of the molecules to undergo conformational 

change, returning the protein to the closed conformation.  

2.1.2. Glutamate Receptor Function 

Primarily the opening and closing of the ion channel is caused by a 

conformational change in the LBD induced by agonist binding (Figure 

2-2).46,47,50,53,56 The mechanism of binding causes the two lobes of the LBD to clamp 

down on the bound agonist causing an overall shift in the tetrameric unit. In 

addition to full agonists, there are a number of partial agonists that also cause the 

conformational change to occur.45,57,58 As part of our studies on the desensitization 

process I will be looking at three different partial agonists, the willardiines: chloro, 

nitro, and idol-willardiine. Figure 2-2 c and d shows the willardiine base structure 

compared to the full agonist glutamate. Enhancing the dynamic nature of glutamate 

receptors through partial agonists will help in understanding how these proteins 



 11 

function as well as lend insight into alternate pathways the desensitization process 

might undergo. 

 

Figure 2-2: Structures of (a) the unbound open LBD of AMPA receptor, (b) the 

closed bound form of the LBD, (c) the AMPA molecule, and (d) a willardiine. 

The blue and red dots on the protein indicate the sites for the ALEXA dyes. The 

R group in the willardiine is the placement of the variable functional group. 

(e) Depiction of the functionality of a glutamate receptor. Binding of glutamate 

or partial agonist results in a conformational change in the protein that opens 

up an ion channel through a cell membrane 
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Theoretical simulations have predicted that the bound form of the AMPA 

receptor contain discreet states which ensemble means do not show (Figure 2-3).59 

A previous study by our group has shown that using single molecule FRET to study 

the AMPA receptor interacting with the primary agonist glutamate was able, after 

denoising, to successfully return similar intermediate conformational state results 

as were predicted in simulation.59-61  

 

Figure 2-3: Umbrella sampling simulations of the AMPA receptor showing a 

broad conformational landscape. (a,c) The energy landscape across two 

energy coordinates on the left and reght side of the LBD cleft for the unbound 

(apo) and the glutamate bound (glu) crystal structures respectivly. (b,c) The 

diagonal cross section of (a) and (c) showing the depth of the energy well for 

the cleft closure. Figure modified  and reprinted with permission from Lau, A.Y. 

& Roux, B. Structure 2007, 15, 1203-121459 
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2.2. Categories of Glutamate Receptors 

There are three major subtypes of glutamate receptors: kainate receptors, α-

amino-5-methyl-3-hydroxy-4-isoxazole propionate (AMPA) receptors, and N-methyl 

D-aspartate (NMDA) receptors.62,63 Each of these receptors binds to glutamate but 

also bind preferentially to the agonist for which they are named: kainate, AMPA, and 

NMDA respectively. Additionally each type of receptor has a different number of 

subunits which comprise the tetramer; 4 for the AMPA receptors, 5 for the kainate 

receptors, and 7 among 3 different categories for the NMDA receptor.51,64 This thesis 

primarily covers only the most common AMPA receptor subunit, GluA2, and the 

glycine binding NMDA receptor subunit, GluN1.   

2.2.1. AMPA Receptor 

The AMPA receptor is the most common type of glutamate receptor and also 

the most well studied.9,37,42,44,54,58,60,65-72 It mediates fast synaptic transmission via 

the regulation of sodium ions through the cellular membrane in response to an 

increase in the extracellular concentration of glutamate.33,56,73 However after 

continued exposure to glutamate, the receptor undergoes rapid desensitization, 

closing the channel to further cation influx.58,65,74 Out of all of the glutamate 

receptors, the AMPA receptor has the fastest response to glutamate presence.30,32 

The AMPA receptor has four main subtypes, termed GluA1 - GluA4, as well as 

a number of smaller variations as the result of gene editing and splicing. It forms 
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both homo- and hetero- tetramers with GluA2 being the primary subunit in 

heterotetrameric formations. 

2.2.2. NMDA Receptor 

The NMDA receptor is similar in structure to the AMPA receptor but is 

responsible for slower ion transport.30 Unlike the other glutamate receptors which 

are usually comprised of four of the same subunits, the NMDA receptor is always 

comprised of a glycine binding subunit, GluN1, and a glutamate binding subunit, 

GluN2, making it a heterotetramer. The NMDA receptor is activated only upon 

concurrent binding of glutamate to the GluN2 subunit and glycine or D-serine 

binding to the GluN1 subunit as well as relief of a magnesium ion block.75,76 Upon 

opening, the NMDA receptor channel allows for a larger influx of both sodium ions 

as well as calcium ions which cannot pass through the GluA2 containing AMPA 

receptor channels. 75,76 

The structure of the NMDA receptor is similar to the AMPA receptor but is 

overall more crowded near the ion channel due to the magnesium binding sites 

(Figure 2-4).21 After the AMPA receptor has passed enough cations into the 

intercellular environment the magnesium ion block can be removed allowing for ion 

transport to occur. 75,76 As the ATD of the NMDA receptor is more centered over the 

opening of the ion channel it plays a larger role in channel activation than the AMPA 

receptor’s ATD. The NMDA receptor is unique among the glutamate receptors in 

that the CTD of the NMDA receptor is known to be involved with intercellular 

mechanisms that can further regulate the channel.77 Additionally the NMDA 
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receptor is more unstable than the AMPA receptor leading to a dearth in structural 

information with the first crystal structures of the full tetramer only being published 

within the past year. 

 

Figure 2-4: Comparison of the NMDA receptor to the AMPA Receptor. Figure 

reprinted with permission from Karakas E., Furukawa H. Science 2014 30 344 

992-997 

The LBD for the NMDA receptor is still the primary activator of channel 

opening. However, unlike the AMPA receptor’s LBD, the overall flexibility of the 

NMDA receptor’s LBD is closely paired with the ATD.78,79 This steric interference 

prevents the LBD from opening fully without cooperative binding of agonists to the 

ATD. 
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2.3. Mutation and Labeling Strategies 

In order to perform FRET studies on these receptors, fluorescent tags must 

be added to the protein at positions across the cleft opening.  Traditionally, a 

fluorescence dye pair with maleimide chemistry such as Alexa 555 / Alexa 647 or 

Cy3/ Cy5 is used as the FRET pair.28,37,54,60 To perform the attachment, the site must 

be mutated to a cysteine residue to provide for the sulfur anchor point. Typically 

this process works best in proteins which have few alternate native cysteine 

residues as the potential for misfolding is high due to the cysteine residues 

formation of disulfide bonds with other cysteine residues. Often it is advised that if 

possible native cysteine residues be mutated out of the protein to ensure proper 

placement. However this is often unfeasible as many proteins require the presence 

of cysteine in order for proper folding. 

The placement of the fluorophore attachment sites should be solvent 

accessible and allows for the use of any fluorophore that can be modified to include 

the maleimide base. For the experiments presented herein, both the maleimide 

Alexa 555 and the Alexa 647 constructs were used. Because FRET is only 1 

dimensional as long as the two labeling sites were bound to a single donor and a 

single acceptor, the order or identity of the donor site isn’t important. In the AMPA 

receptor’s LBD the two mutation sites were T394C and S652C while in the NMDA 

receptor’s LBD the sites were T193C and S115C. While multi labeling can be a 

problem, this can be overcome by statistical analysis of the data in order to 

eliminate data which displays characteristics of multi donor or acceptor labeling. 
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Since FRET is only able to observe molecules which contain at least 1 donor 

molecule the two dyes were added in a ratio of 3:1 :: Alexa 647 : Alexa 555. This 

helped minimized double donor labeling of the protein. 

Using cysteine labeling requires only a minimum amount of dye to be used in 

relation to the protein as an over saturation increases the probability to have 

internally labeled cysteine residues. One alternative to this procedure is to use 

custom designed unnatural amino acids (UnAA) in lieu of cysteines at the 

fluorophore attachment sites.80 The proteins were mutated at the same positions, 

T193C and S115C on the NMDA receptor, in order to allow for direct comparisons to 

be made. For this work I used the keytone terminated UnAA, although the UnAA can 

be designed with a number of different functional groups. In order to add the UnAA 

into the protein sequence, anticodons containing the UnAA of choice must be added 

to the E. coli producing the protein. By coding the UnAA anticodon with one of the 

natural stop codons and ensuring that the desired sites had the now false stop 

codon while the portions of the protein with desired terminations use alternate 

stops it is possible to embed the UnAA like any other amino acid (Figure 2-5). One 

drawback of using UnAA for dye attachment is the low yield of the desired protein 

sequence. Even with adding excess UnAA anticodons, there is still a large probability 

that the expression terminates at the hijacked stop codon instead of embedding the 

UnAA. Placing two such sites in the protein, as required by FRET, leads to a decrease 

in yield of about 1000 fold and introduces a large number of partially sequenced 

proteins. However because FRET requires both the acceptor and the donor 

fluorophores to be present in order for signal to occur single molecule FRET 



 18 

measurements are able to acquire data where other techniques would not be able to 

distinguish the partial proteins from the full ones. 

 

Figure 2-5: (a)In order to insert the unnatural amino acid the highlighted stop 

codon is supplied with the artificial amino acid tRNA compliment.80 (b) 

Structure of the keytone containing UnAA that allows for unique site specific 

chemistry. 
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Chapter 3 

Single molecule Förster Resonance 

Energy Transfer 

3.1. Single Molecule Studies 

The results and observations in this thesis would not be possible without 

utilizing the single molecule regime.  

Bulk ensemble florescence measurements provide only a picture of the 

average response of the molecules within the system yielding a single value for the 

FRET efficiency.23 When working with systems that are well defined, with only a 

single expected system state, ensemble FRET can be accurate. However, when 

dealing with a system that is expected to be heterogeneous and broadly defined the 

average value and the value of interest are often not the same. Particularly, when 

looking for events that may be rare in occurrence, the ensemble measurements may 

miss entire conformational state populations. In contrast working in the single 

molecule regime allows for these more uncommon states to be able to be resolved. 
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Furthermore single molecule measurements allow for equilibrium dynamics 

of a system to be captured.81 The dynamics of the conformational changes brought 

about by an agonist binding to the glutamate receptors are complex enough that 

ensemble measurements cannot accurately report on all of the states that the 

protein can adopt.25,60,82,83 To determine all of the partial conformational states 

hidden by ensemble measurements, single molecule FRET can be used. Single 

molecule FRET allows for monitoring of each protein individually, thereby allowing 

an accurate picture of the conformational dynamics.6,24-28  

Single molecule studies also offer another unique advantage over ensemble 

measurements for protein studies, as each protein’s signal is collected 

independently from the others allowing for a statistical interpretation of the 

collected data before combining the results. Because the labeling process for 

proteins is not 100% efficient at placing only a single donor and a single acceptor 

fluorophore on any given protein, by removing the mislabeled proteins in the data 

analysis step it is possible to collect data for systems that would otherwise require 

massive purification techniques or other expensive and infeasible procedures to be 

used. Due to the increase in specificity, single molecule FRET allows for the use of 

labeling schemes that would otherwise provide little useful information due to 

extremely low signal to noise because of low yields. 
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3.2. FRET Theory 

FRET is a powerful technique in which a non-radiative energy transfer occurs 

after a dipole-dipole coupling between a donor fluorophore and a quencher which is 

often a second fluorophore. By measuring the ratio of the two fluorescence 

intensities, FRET can be used to gather real time information on the distance and, 

therefore, the current conformation of the monitored molecule.22,25,82-84 FRET occurs 

when two fluorophores are within close proximity to each other, and in order for 

FRET to occur the two fluorophores need to have significant spectral overlap 

between the emission spectrum of the donor fluorophore and the absorption 

spectra of the acceptor fluorophore. Energy is transferred non-radiatively from the 

excited state of the donor fluorophore to the acceptor fluorophore through a dipole 

interaction. The distance between the fluorophores can be determined using the 

Förster equation to relate the apparent efficiency of the fluorophores to the distance 

between them (Equation 3-1), as shown in where E is the efficiency, FA the  

𝐸 ≈
𝐹𝐴

𝐹𝐴 + 𝐹𝐷
≈ (1 + (

𝑅

𝑅0
)

6

)

−1

 

Equation 3-1: Förster Equation 

fluorescence intensity of the acceptor, FD the fluorescence intensity of the donor, R 

the distance between the molecules, and R0 the Förster radius, which is a constant 

dependent on the fluorophore and solution properties. Equation 3-2 demonstrates 

how to calculate R0, the Förster radius of the fluorophores, by taking into 
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consideration the orientation factor of the fluorophores (κ), the refractive index of 

the medium (n), the overlap integral of the fluorophore pair (J(λ)), and their 

respective quantum yields (QD). 

𝑅0 = 0.211(𝜅2𝑛−4𝑄𝐷𝐽(𝜆))1 6⁄  

Equation 3-2: Förster Radius 

3.2.1. Photophysics 

Single molecule FRET is not without its drawbacks and requires a more 

precise control of the surrounding solution conditions to get the best response. 

Since each single molecule measurement is dependent on both fluorophore 

molecules, unwanted photophysical effects can cause significant deviations in the 

recorded measurement. The two primary photophysical effects that affect FRET 

measurements are photoblinking and photobleaching. Photoblinking is the 

temporary entering of a fluorophore into a long lived non emissive state such as the 

triplet state.  Photobleaching is a permanently induced dark state, often caused by 

the reaction of the fluorophore with a reactive species such as singlet oxygen, which 

removes the electron from the excitation emission cycle. Through control of the 

buffer solution, it is possible to introduce compounds that are able to extend the 

lifetimes of the fluorophores by either providing alternate reaction sites or by 

interacting directly with the fluorophores to return them quickly back to the ground 

state while they are stuck in a long lived dark state.85-90 
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 There are a number of different oxygen scavenging solutions that have 

shown to be effective in extending the lifetimes of fluorophore photophysics and 

mitigating photoblinking and photobleaching.85-87,89,91,92 There are typically two 

portions to an oxygen scavenging system both of which are designed to increase the 

total number of fluorescent cycles a fluorophore can undergo. The first component 

seeks to remove as much of the oxygen from the system as possible.85,91 Singlet 

oxygen is highly reactive and interacts with the triplet state of the fluorophores to 

remove the excited electron causing the fluorophore to bleach.93 Due to the 

extended time that it takes a fluorophore molecule to relax back to the ground state 

from the triplet state, it is highly likely that in the presence of oxygen, this unwanted 

reaction will occur before the electron returns to the ground state. By removing as 

much of the oxygen as possible from the solution, one can limit the probability that a 

reaction will occur before the fluorophore can return to the ground state. 

The most common method of oxygen removal is through the use of 

glucose/glucose oxidase reaction with catalase as a catalyst for the process.85 

Another more recently developed method utilizes protocatechuic ac-

id/protocatechuate 3,4-dioxygenase pair to remove the oxygen present in the 

solution as it has a greater binding affinity for oxygen than the glucose/glucose 

oxidase pair.91 However not all oxygen is detrimental to fluorophore photophysics. 

Triplet oxygen has the opposite effect of singlet oxygen and will actually prod the 

fluorophore to return to the ground state faster.89 Because of this effect, some 

oxygen scavengers seek to remove only the unreacted singlet oxygen from the 
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system by introducing a competing reaction to the singlet oxygen/fluorophore 

reaction rather than just removing all of the oxygen from the system entirely. 

The second portion of an oxygen scavenging system generally attempts to 

reduce the time that fluorophores spend in the triplet state by introducing alternate 

pathways back to the ground state that are faster than the triplet state relaxation 

time. One common approach to accomplish this is to introduce a reducing agent and 

an oxidizing agent to the system.89 The triplet state of the fluorophore is either 

reduced or oxidized to a separate state and then oxidized or reduced back down to 

the ground state. The various pathways for reducing the triplet state lifetimes are 

shown in Figure 3-1. 

 

Figure 3-1: (a) Jablonski diagram for fluorescence. S0 in-dicates the singlet 

ground state, S1 the first singlet excited state, T1 the first triplet state, and P 

the photobleached state. (b) The ROXS scavenging system adds an additional 

oxidized or reduced state between the triplet state and either the ground 

singlet state or the photobleached state. This figure was adapted from 

Vogelsang et al.89 
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3.3. Instrument Setup 

 

Figure 3-2: Schematic of confocal microscope 

Experiments were performed on a custom built microscope designed to 

collect simultaneous emission from the two wavelength regimes of the chosen FRET 

pair. (Figure 3-2) The sample chamber was secured to a closed-loop x-y-z piezo 

stage (P-517.3CL; Physik Instrumente) with 100x100x20 μm travel range and 1 nm 

specificity (SPM 1000, RHK Technology) to allow for precise movement of the 

sample area. In order to extend the lifetimes of the fluorophores, an oxygen 

scavenging buffer solution of 33% w/w β-D-(+)-glucose (Sigma), 1% w/w glucose 

oxidase, 0.1% v/v catalase (Sigma), 1 mM methyl viologen (Sigma), and 1 mM 
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ascorbic acid (Sigma) in Phosphate-buffered saline (PBS) was continuously pumped 

through the chamber using a syringe-pump flow system at a rate of 1 μL/min.38 

Additionally, the above concentrations of the specific agonist-binding domain ligand, 

depending on the experimental conditions, were included in the buffer solution. The 

custom-built confocal microscope (Zeiss Axiovert 200 M) described previously was 

used for all single molecule FRET measurements.36-38,60,94,95 A 532 nm diode-

pumped solid-state laser (Coherent, Compass 315M-100 SL) focused through a 

FLUAR 100x 1.3 NA oil immersion microscope objective lens (Carl Zeiss, GmbH) to a 

power density of 50 W/cm2 at the sample was used to excite the sample. Emitted 

light was collected back through the same objective and was passed through a notch 

filter (zet532nf, Chroma Technology) and towards the detector box. The 

fluorescence emission light was separated by a 640 nm high-pass dichroic mirror 

(Chroma 640 DCXR) and collected by two corresponding avalanche photodiode 

detectors (SPCM AQR-15, Perkin Elmer) set to 570 nm and 670 nm using band-pass 

filters (NHPF-532.0, Kaiser Optical and ET585, Chroma Technology) for donor and 

acceptor signal collection. An area of 10x10 μm was raster scanned to locate 

individual molecules. After a single molecule was chosen for observation, the stage 

was moved to focus the laser on the particular molecule and then the donor and 

acceptor fluorescence signals were collected until the fluorophores photobleached.  
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3.4. Data Analysis 

3.4.1. Denoising 

Single molecule FRET data are typically very noisy due to the low signal 

count and intermittent blinking effects.61,96,97 Improving the lifetimes of the 

fluorophores can help in some respect with this by allowing for a higher initial 

intensity but this can only push the data so far. In order to get around the heavy 

noise in these systems, I used wavelets to help sort the noise from the signal in my 

data.61,97 Wavelet analysis breaks down the signal into short and long frequency and 

then rebuilds the signal back up with the short frequency reduced by some capacity. 

This technique helps to greatly reduce the noise in the system and allows for a more 

accurate picture of the FRET efficiency.  

Another method for denoising is by using numerically constructed 

estimators based on minimizing the bias, the absolute difference between the 

expected value of an estimator and the true value, or the risk, the average deviation 

from the true value, of the weighted sum.39  This method has an advantage of 

allowing for flexibility in the analysis depending on if a minimization of the bias or 

the risk is needed. However in order to perform this calculation an assumption on 

the probability distribution of the observed data must be used.  This limits this 

technique to only well modeled system where the theory of the underlying physical 

properties is well known. 
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3.4.2. State Determination 

Once the signal is denoised, I can use hidden Markov modeling (HMM) to 

determine the states that the protein is occupying.98-100 From there, state-to-state 

dwell times can be assessed and a kinetic picture of the conformational landscape 

can begin to be developed. However, HMMs require the number of states to be 

known before analysis can occur, which presents a challenge to correctly identify 

the transitions. 

Another possible method of state determination is through the use of error 

based extraction.41  This method works based on the max-flow min–cut theorem to 

create a transition disconectivity graph of each single molecule FRET.  To begin each 

trajectory is broken up into small subsections and assigned a local probability mass 

function based on the remaining points in the subsection.  The relative difference 

between each subsection and all of the others is calculated and based on the 

proximity is assigned to a state. These states are often overlapping and any point 

existing within an overlap can be associated with multiple states with a final 

determination based on local clustering for that subsection. After all of the states 

have been identified, their apparent distributions can be plotted (Figure 3-3). Once 

each state is located, the effective free energy landscape between the states is 

calculated resulting in the transition disconectivity graph shown in the inset of 

Figure 3-3. By combining the information in the graph with the weight of each state 

and transition numbers between each state pair an overall free energy diagram can 
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be created.  This method works well for determining states in systems where the 

effects of high noise and limited sampling exist such as in single molecule FRET data. 

 

Figure 3-3: (a) Single molecule FRET trajectory of the AMPA receptor bound to 

glutamate after analysis by the error based extraction method.  Segments in 

the upper sub-panels are colored with the color of their most probable states. 

Bar heights in the lower sub-panels correspond to the magnitude of the 

probability that a subsection is assigned to a particular state. (b) Results of the 

error based extraction method for the AMPA receptor LBD bound to 

glutamate. Inset is the transition diconnectivity graph which shows where the 

likely break point for each state is located energetically.  A weighted map of 

the states transitions is also shown for each data set with the number of 

individual transitions for each state pair labeled.41 
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Another method for unbiased state determination is the step transition and 

state identification method (STaSI).  STaSI was developed specifically to help cluster 

FRET traces into the optimum number of states with minimal user input,40 as 

opposed to other methods such as HMM or change point analysis which require 

either foreknowledge of the number of expected states or the data to be raw time-

tagged rather than binned.98,100,101 STaSI combines the advantages of the bias-free 

approach of an information theoretic analysis method with the ability to analyze 

binned data to allow for unbiased conformational state determination. STaSI first 

identifies all the transition points using Student’s t-test (Equation 3-3) based on 

similar analysis used in single photon counting experiments.102,103  
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Equation 3-3: T-test Scoring Equation 

This expression takes in 𝑁 data points and compares the averaged FRET 

efficiency value before (𝐼𝑏(𝑡1, 𝑡𝑖)) and after (𝐼𝑎(𝑡𝑖, 𝑡𝑁)) each possible splitting point 

𝑡𝑖, measured by the global standard deviation (𝜎), where 𝑛 is the number of data 

points for a section with 𝑛𝑏 = 𝑖 and 𝑛𝑎 = 𝑁 − 𝑖.  Once the t-test score (𝑍) has been 

calculated for every splitting point, the data is then separated into two sections at 

that value and the process is repeated on each of the two new sections until either 

there is a single data point in a section or the maximum 𝑍 for a section is less than 1. 



 31 

After that, a hierarchical clustering is applied on the segments. In each clustering 

level, the difference between every remaining two segment pairing is measured by 

the likelihood merit (M) (Equation 3-4).  

)()(),(
222

, kkjjkjkj InInInnkjM   

Equation 3-4: Log-likelihood Merit Function 

For each pair of existing segments, the sum of the likelihood of the weighted 

squared intensities individually is compared to their combined weighted squared 

intensity. The pair with the minimum difference between them is then combined 

and the process repeats until all of the segments have been grouped into a single 

state. 
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Equation 3-5: Measure of the Description Length 

Once a description of the data for each possible number of states is 

determined, a specially designed total description length (𝐷) (Equation 3-5) to 

determine the optimum number of states can be used. 𝐷 can be broken down into 

two parts, the goodness of fit (𝐹) and the complexity of the model (𝐺). 𝐹 compares 
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the measured observed FRET efficiency (𝐼𝑜𝑏𝑠) vs the FRET efficiency of the assigned 

state (𝐼𝑠𝑡𝑎𝑡𝑒) for each point in the data set of size 𝑁, based on the global standard 

deviation (𝜎). 𝐺 gives a weighting to the complexity of the chosen number of states 

and also includes the number of states (𝐾), the domain of the states (𝑉), the total 

number of transitions (𝑇), and the change in the FRET efficiency value at the 𝑗th 

transition (ΔI𝑇𝑗
). Simulation tests show that weighting it in this way avoids over-

fitting and under-fitting even with high noise level.40 
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Chapter 4 

Photobleaching Lifetimes of Cyanine 

Fluorophores Used for Single-Molecule 

Förster Resonance Energy Transfer in 

the Presence of Various 

Photoprotection Systems 
 

The contents of this chapter were originally published in Cooper, D.; Uhm, H.; 

Tauzin, L. J.; Poddar, N.; Landes, C. F. Chembiochem 2013, 14, 1075. and are 

reprinted here with permission. 

4.1. Abstract 

I investigated various photoprotection system combinations to find the 

combination that optimally extended the photobleach lifetime of a Cy3/Cy5 smFRET 

pair attached to a DNA hairpin in a single-molecule environment. I found that the 

glucose/glucose oxygen-scavenging solution in combination with redox-based 

photostabilization solutions yielded the longest average photobleaching lifetimes. 
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4.2. Introduction 

Single molecule Förster resonance energy transfer (FRET) allows the 

distance between two fluorophores to be determined, and when these probes are 

attached to biomolecules such as DNA and protein, both static and dynamic 

structural features can be quantified.22,60,82,83,94,104-106 However, when measuring 

single molecule FRET, photons from each single fluorophore can only be collected 

for a finite period of time, resulting in a fairly small window of time to observe 

structural changes.104 Longer single molecule FRET traces are desirable because 

they improve information content in both time and space domains.101,107  

The primary cause for truncated photon collection times is deleterious 

fluorophore photophysics and/or photochemistry. In some cases, the fluorophore 

quantum yield fluctuates due to transient interactions with residues on the 

biomolecule to which it is attached.108-111 Much more commonly, temporary 

photoblinking and irreversible photobleaching restrict photon collection. 

Photoblinking describes a temporary dark state for a fluorophore and is usually due 

to the molecule entering a long-lived, low-emissive triplet state.22,87,89,93,112 While in 

the dark state there is an increased risk of irreversible photobleaching by reaction 

with singlet oxygen or other highly reactive species present in solution.22,89 

Ameliorating unwanted photophysical and photochemical processes has 

been pursued by designing new fluorophores and introducing chemical extensions 

and blockers to biomolecules in order to reduce unwanted interactions.105,109,113,114 

The still ubiquitous photoblinking and photobleaching must be addressed, thus 
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motivating the development of a variety of photoprotection systems (PSs), involving 

different combinations of photostabilizing solutions and oxygen scavenging 

solutions to optimize the relaxation pathways and ultimately to extend the 

photobleaching lifetime.89,91,92 

Typically, photostabilization solutions reduce the time the fluorophore 

spends in the triplet state.86,89,90,92,93,115 An oxygen scavenging solution’s primary 

function is to react with aqueous oxygen preventing it from forming singlet oxygen, 

which will react with the fluorophores, and therefore allowing for maximum 

fluorescent cycles.85,91,116 The appropriate choice for PS elements depends on the 

fluorophore species and the surrounding environment.109 Single molecule FRET 

measurements, in particular, are even more complex, as there are at least two 

separate fluorophores that both need to respond well to a PS without the PS 

interfering with the energy transfer between the fluorophores. In PSs, the most 

commonly used oxygen scavenger is glucose/glucose oxidase (GGO) in conjunction 

with catalase.85 GGO provides a preferential binding site for oxygen, reducing the 

overall oxygen concentration present in the solution available for the 

photobleaching reaction. More recently, alternative options for singlet oxygen 

removal have included protocatechuric acid /protocatechuric-3,4-dioxygenase 

(PCA), which possesses a higher binding affinity for oxygen than GGO, and pyranose 

oxidase with catalase, which is a scavenger designed for pH sensitive systems.91,117  

Early on, β-mercaptoethanol was employed as a photo-stabilizing solution in 

order to quench the triplet state.118 Although it helped to limit photoblinking in 
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some cases, it failed to adequately limit photoblinking for Cy5, one of the most 

commonly used single molecule FRET fluorophores.119,120 Trolox was later 

introduced as an alternative to β-mercaptoethanol and is a commonly used 

photostabilizing system.121,122 The reducing and oxidizing system (ROXS) and the 

triplet state quenching system (TSQ) are two more recently developed 

photostabilizing solutions.86,89 ROXS operates by introducing a reducing agent and 

oxidizing agent to the solution, which opens up faster alternate pathways from the 

triplet state to the ground state.89,123 TSQ is a combination of Trolox, nitrobenzyl 

alcohol, and cyclooctatetraene and works similarly to the ROXS system by 

incorporating triplet quenching by energy transfer with cyclooctatetraene.86 The 

PCA solution can also act as a reducing agent and can serve as a partial 

photostabilizer.91 Because of this, the PCA system is known to interfere with 

photostabilization solutions designed around reducing and oxidizing the 

fluorophore, such as ROXS or TSQ.123 Thus, one should expect wide variability of 

photoblink/photobleach improvement as a function of both fluorophore and 

biomolecule chemistry.  

In order to demonstrate variability in PS effectiveness on a model single 

molecule FRET system and to show that optimizing PS chemistry can result in 

dramatic improvements in single molecule FRET observation time, I compared 

single molecule FRET photostability on a model DNA hairpin labeled with an FRET 

pair in the presence of PSs comprised of two commonly used oxygen scavenging 

solutions (GGO and PCA) alone and in combination with three commonly used 

photostabilizing solutions (Trolox, ROXS, and TSQ).85,86,89,91,92,122 The chosen 
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fluorophore pair was Cy3/Cy5, as the pair is commonly used in single molecule 

FRET studies, and with appropriate attention to position and spacer 

chemistry,86,87,89-93,112,115,124 photophysical interactions aside from photoblinking 

and photobleaching are minimal. 

4.3. Methods 

4.3.1. Sample Preparation:  

22 x 22 mm # 1 thick glass slides were plasma cleaned and functionalized via 

Vectabond treatment (Vector Laboratories, Burlingame, CA).94,122 A 100:1 mixture of 

5 kDa, methoxy-terminated, N-succinimidyl polyethylene glycol (PEG) (Fluka, 33% 

w/w PEG in MB water) and 5 kDa biotin-terminated PEG (NOF Corporation, 2.5% 

w/w in MB water) in sodium bicarbonate (1% v/v, pH 8.0) buffer was added to the 

slide surface and incubated for 5 hrs. A custom hybriwell chamber (Grace bio-labs) 

with dual silicon press fit tubing connectors (Grace bio-labs) was placed on top of 

the biotin-PEG glass slide. The biotin-PEG chamber was filled with streptavidin (40 

μL, 20% w/w, Invitrogen) in HEPES buffer solution, comprised of HEPES buffer 

(0.025 M, Sigma) and NaHCO3 (0.04 M), before being incubated in the dark for 10 

min. A mutant version of TAR DNA (2 nM , Trilink) was diluted in HEPES buffer 

solution and then heated to 80 °C then 60 °C before cooling at 0 °C for 2:30min 

apiece. The TAR DNA solution was added in two 17 μL increments into the chamber 

and incubated for 20 min. After incubation excess DNA was flushed out via HEPES 

buffer solution. The sample was placed over the objective and the PS for that trial 
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was flowed through the sample for 30 minutes to allow for the system to 

equilibrate. The outlet flow was monitored for pH changes using pH-indicator strips 

(colorpHast pH 5.0 – 10.0). 

4.3.2. Photostabilization System Preparation: 

 A PCA stock solution was prepared by making a solution of 3-4 

dihydroxybenzoic acid (0.2 M, Aldrich), by adding NaOH (1 M, Sigma-Aldrich) until 

all of the acid had dissolved and the pH of the solution was approximately 9. An 

entire bottle of protocatechuric-3,4-dioxygenase (~9 mg, Sigma) was dissolved in a 

0.45 mL buffer solution containing Glycerol (10 %, Sigma-Aldrich), Tris HCl pH8 

(100 mM, Sigma), KCl (50 mM, FisherChemical), and EDTA (1mM, Sigma). Volumes 

were adjusted so that the final PCA oxygen scavenger solution contained 10 mM 

protocatechuric acid and 60 nM protocatechuric-3,4-dioxygenase. The initial pH for 

the PCA solution was ~7.5 at the beginning of data collection and remained there 

throughout the experiment. 

Stock solutions of glucose were prepared by adding glucose (3 g, Sigma) to 

water (7 mL). The solution was then vortexed and filtered before adding to the final 

solution cocktail. Glucose oxidase (3 mg, Sigma) was added to water (3 mL) to 

create the glucose-oxidase stock solution. Catalase (20 μL Sigma) was added to 

HEPES buffer (3980 μL, 1 M, Sigma). The final GGO solution concentrations were 

3.3% w/w β-D-(+)-glucose, 1% w/w glucose oxidase, and 0.1% v/v catalase. The 

GGO solutions had a pH value of ~ 7.5 after the equilibrating period and pH slowly 

dropped to between 7.5 and 70 throughout the experiment. 
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Trolox solution was prepared by adding 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (50 mg, Aldrich) to water (2 mL) 

immediately before use in PS. The solution was vortexed vigorously and filtered. 

The filtered Trolox solution was used in lieu of water as the dilution agent for PS 

preparation. 

To prepare the three solutions that comprise the TSQ system, nitrobenzyl 

alcohol (6.2 mg, Aldrich) was dissolved in DMSO (1 mL, Sigma), Trolox (10 mg) was 

dissolved in DMSO (1 mL) and cyclooctatetraene (5 μL, Sigma-Aldrich) was added to 

DMSO (495 μL). The nitrobenzyl alcohol solution (50 μL), Trolox solutions (50 μL), 

and cyclooctatetraene solution (22 μL) were added to the oxygen scavenger cocktail 

and after the oxygen scavenging system was diluted to a total volume of 1 mL. 

The ascorbic acid and methyl viologen redox pair was selected for use in the 

ROXS solution. Ascorbic acid (100 μL,10 mM, Sigma) was mixed with methyl 

viologen (100 μL, 10 mM, Aldrich). This mixture was added to the oxygen scavenger 

and diluted with water to the 1 mL mark.  

4.3.3. Microscope Set-up 

All single-molecule fluorescence measurements were performed using a 

custom built confocal microscope.94 The sample was excited with a 532-nm diode- 

pumped solid-state laser (Coherent, Compass 315M-100 SL). The light was 

expanded to overfill the back aperture of a Fluar 100x 1.3 NA oil immersion 

microscope objective lens (Carl Zeiss, GmBH) resulting in a beam radius of ~ 250 
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nm and height of ~ 1 µm. A closed-loop-x-y-z piezo stage (P-517.3CL; Physik 

Instrumente) with 100 x 100 x 20 µm travel range and 1-nm specificity (SPM 1000; 

RHK Technology) was used to locate individual molecules and perform the scanning 

routine. The power of the laser was set to approximately 2 μW at the sample for all 

experiments. Fluorescence emission was collected back through the objective and 

was passed through a notch filter (zet532nf, Chroma Technology) and towards the 

detector box. The emitted light was separated by a second dichroic mirror (640-nm 

high pass filter) (Chroma 640 DCXR) to split donor emission and acceptor emission 

by wavelength, and these fluorescence signals were collected by two avalanche 

photodiodes (SPCM-AQR-15; Perkin-Elmer) fitted with an additional filters (NHPF-

532.0, Kaiser Optical and ET585, Chroma Technology) selected to further increase 

the selectivity of each detector. 

4.3.4. Data Collection 

A 30 um x 30 um sample region was raster scanned until a majority of the 

molecules present initially no longer appeared in the acceptor channel or the donor 

channel. The images were then processed by an in-house MATLAB script that 

identified molecules in the first frame of the acceptor channel and tracked them 

throughout the experiment to account for sample drift.125 Molecules were screened 

based on their relative intensities and size in order to remove false positives due to 

clustering, with identified positions closer than 600 nm center to center being 

removed. Photon counts at the remaining identified positions were stored and then 

summed up in a 350 nm x 350 nm area for both the donor and the acceptor channels 
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and then fit to a normal Gaussian distribution where a 95% confidence interval was 

set and molecules whose sum counts existing outside the tolerance being removed 

(see Figure 4-2 for sample distribution). After screening, the sum counts for each 

molecule in every frame were collected in order to determine a threshold for on/off 

state from the resulting full-Gaussian/half-Gaussian distribution and set at three 

times the sigma for the half-Gaussian representing off state molecules. For each 

molecule, the on/off state was determined in every frame and the photoblinking and 

photobleaching rates determined. For each PS, the percentage of acceptor on state 

molecules vs. the total number of identified molecules was plotted for every frame 

and fit to a single exponential decay, where the decay rate constant was extracted 

along with the R2 for the fit. To determine the photoblinking rate, the number of 

times that a molecule returned to the on state from the off state was divided by the 

total length of time that a molecule was determined to be on. To determine the 

photoblinking dark state percentage the number of off frames were divided by the 

sum of both the on and off frames before a molecule was determined to have 

photobleached. For both the photoblink rate and photoblink dark percentage 

bootstrapping was used to determine the error of the averages with a 95% 

confidence limit. 

4.3.5. Anisotropy 

Lifetime and anisotropy data were acquired using a Fluotime 300 

(PicoQuant, Germany) with a pulsed diode laser excitation source 640 nm PDL-D-C 

640 (PicoQuant, Germany) driven by a PDL 820 (PicoQuant, Germany) laser driver. 
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The emission monochromator was set to 665 nm. Photons were detected using a 

PMT model PMA-C 182-N-M (PicoQuant, Germany) DNA solutions, 100 nM, were 

placed in 1 cm polystyrene cuvettes for analysis. Data analysis was conducted using 

Fluofit software (PicoQuant, Germany). Fluorescence decay curves measured with 

the polarizer set to the magic angle were analyzed using reconvolution analysis to 

extract the fluorescence lifetimes. Fluorescence decay curves were then measured 

with the emission polarizer set parallel and perpendicular to the excitation 

polarizer. These curves were analyzed using reconvolution analysis and the 

previously measured florescence decay times to extract the rotational lifetimes. 

4.4. Results 

The mutant version of trans-activation response element (TAR) DNA hairpin 

(Figure 4-1) was selected because it has been well-studied by single molecule FRET 

and has been shown to be conformationally stable and static.84,94,95,126-128 This is 

important because, for the purposes of evaluating the variability of photostability of 

single molecule FRET fluorophores, it is necessary to keep all other control 

parameters constant. The ensemble single molecule FRET distribution shown in 

Figure 4-1B is from a series of single molecule traces under GGO ROXS conditions 

and confirms that, as shown previously, the overall FRET efficiency is tightly 

grouped near an efficiency of 1, demonstrating that the hairpin, and the expected 

FRET values, can be expected to be static throughout the measurement. The FRET 

efficiency distribution did not change with different PS. Thus, the current 

experiment reports only the effects of PS on single molecule FRET via Cy5 emission,  
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Figure 4-1: (a) The structure of the mutant TAR DNA. The structure has been 

modified to remove intermediate bulges, add thymine spacers to reduce 

fluorophore-base interactions, attach the Cy3 and Cy5 to the ends of the 

hairpin, and place a biotin molecule on the loop for the immobilization 

procedure. (b) Ensemble histogram of the single molecule FRET efficiency 

response as accumulated from 51 single molecule traces using the GGO ROXS 

system 

with none of the complications of relating photocycles with hairpin conformational 

changes.  

An additional complication arises from interactions between PS and the 

fluorophores that alter photophysics or hinder free rotation. Such interactions 

would distort the calculated decay rate. Although unwanted photophysical 

interactions have not been reported for this fluorophore/hairpin system,94,126,128 in 

order to rule out hindered rotation of Cy5 as a source of any FRET efficiency 
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fluctuations, I investigated the rotational lifetime of the fluorophore in the various 

oxygen scavenging solutions, the results of which are shown in the Appendix. In all 

cases, measured lifetimes were in the range of tens to hundreds of picoseconds. The 

PCA solution in combination with the TSQ and ROXS, proved much more difficult to 

fit with traditional multi-exponential kinetics. This could be a sign of complex 

interaction kinetics or alternate excitation relaxation pathways and warrants 

further study. However, all rotational lifetimes are at least seven orders of 

magnitude faster than the bin time used for the single molecule FRET experiments, 

and therefore the rotation of the fluorophore is not a significant contributor to FRET 

efficiency fluctuations.  

Some PSs can induce rapid pH changes upon being introduced to the system 

and there has been recent research on oxygen scavenging solutions that do not 

affect the pH.117,129 To reduce the effects of changing pH in these experiments, a 

HEPES buffer solution was used, as discussed in the Experimental section. Also, each 

sample was equilibrated for 30 min after the introduction of the PS before beginning 

measurements, and overall photon counts were compared to identify any changes in 

quantum yield. No significant changes in pH (or in pH-induced quantum yield 

changes) were observed over the course of the experimental measurements (data 

not shown). 

Next, as summarized in Figure 4-2, statistical benchmarks were established 

for identifying single Cy3/Cy5 labeled hairpins and for distinguishing photoblink 

and photobleach criteria. I used an automated routine to determine molecule 
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positions from the initial frame at time = 0, and corrected for drift in subsequent 

frames as described in previous work.125 Once located, the background corrected 

sum total photons for each molecule’s 350 x 350 nm region (i.e. 3 x 3 pixels) were fit 

to a 2 D normal distribution and screened with a 99% confidence level to remove 

false positives and closely clustered molecules, as shown in the Figure 4-2 inset for 

the GGO ROXS solution. The photons from identified molecules were collected over 

the course of the experiment from all subsequent frames and the resulting 

distribution was fit to a full normal plus a half-normal cumulative distribution 

function corresponding to an ‘on’ distribution and an ‘off’ distribution (Figure 4-2).  

 

Figure 4-2: Example emission intensity distribution for the acceptor channel 

for all identified molecules in all frames for GGO ROXS solution. The threshold 

value for determining on/off states was determined to be approximately 6500 

photons/s with values above it being considered to be in the on state and 

values below to be in the off state. The inset shows the intensity distribution 

for molecules in the first frame before molecule selection process with the 

Gaussian fit with the two threshold points 
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A threshold for determining the on/off status of a molecule was set based on the 

95% confidence level for the off state and all of the molecules in each frame 

assigned to the appropriate state based on whether the sum photon counts fell 

inside or outside the confidence level. 

After the identification of ‘on‘ and ‘off‘ molecules in initial and subsequent 

frames, it was necessary to classify ‘off‘ molecules as either photoblinks, if 

reversible, or photobleaches, if irreversible, as shown in Figure 4-3. When a 

molecule‘s signal dropped below the threshold discussed earlier, it’s status was 

termed a photoblink if the emission recovered for at least one frame subsequent to 

the first ‘off‘ occasion, or a photobleach if the emission did not recover. Both cases  

 

Figure 4-3: Example initial and subsequent donor and acceptor frames for 

GGO ROXS solution. Identified molecules are marked as being either ‘on’ 

(yellow triangle), ‘photoblinking’ (green circle), or ‘photobleached’ (blue 

square) for the shown duration based on their status in frames 2 and 8 
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are shown in Figure 4-3 in sample frames, with identified molecules and cases 

indicated. 

The decay in the percentage of FRET pairs remaining in the ‘on‘ state over 

the course of photoexcitation is shown in Figure 4-4 for the range of PSs compared, 

demonstrating that the photostability of the FRET pair/DNA hairpin used in the 

present study varied considerably as a function PS conditions. Shown are all of the 

combinations of the two different oxygen scavenging systems, GGO and PCA, and 

three different photostabilization systems, Trolox, TSQ, and ROXS, tested in order to 

determine which combination of oxygen scavenger and photostabilizer form the 

best solution for prolonging fluorophore lifetimes in single molecule FRET 

experiments for the Cy3/Cy5 FRET pair on the TAR DNA hairpin. The variability 

 

Figure 4-4: Percentage of on state molecules as a function of excitation time 

for each combination of oxygen scavenger and photostabilizer. A single 

exponential decay curve was fit to each series in order to extract the rate 

constant for each scavenging solution. PSs were listed in order of effectiveness 

from most effective to least effective. 
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in photostability as a function of PS was quantified by a single exponential fit of the 

decay data to yield the relative photobleach rate constants included in the first two 

columns of Table 4-1 and the solid lines in Figure 4-4. The values are plotted against 

the calculated exposure time for each molecule based on the beam size, effective 

cross sectional area of the molecule, and scan rate.  

It is important to note that, although the photostability was highly variable as 

a function of the specific PS, as shown in Figure 4-4, all of the PSs offer an 

improvement in comparison to a buffer alone (buffer data/curve shown in black). 

By introducing a PS, the photobleaching decay rate is reduced, yielding an improve-

ment factor of 4.9 for the standard solution GGO, and 15.2 for PCA. When both an 

Solution Photobleaching 

Rate Constant 

(1/s)     R
2 

Photoblink 

Dark % 

 

Buffer 24.7    0.99  NA 

GGO 5.04    0.96 16 ± 4 

GGO Trolox 1.33    0.99 15 ± 4 

GGO TSQ 0.86    0.99 26 ± 6 

GGO ROXS 1.06    0.98 24 ± 6 

PCA 1.62    0.94 22 ± 6 

PCA Trolox 1.23    0.98 18 ± 6 

PCA TSQ 4.35    0.94 20 ± 4 

[a] The combination of PCA ROXS solution resulted in a vigor-

ous reaction and was not measured for photobleaching and 

photoblink analysis 

 

Table 4-1: Photobleaching and photoblinking for each PS combination[a] 
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oxygen scavenging solution and a photostabilizing solution are present the decay 

rate of the acceptor is reduced even further than just using an oxygen scavenging 

solution, up to 28.7 times for the GGO ROXS combination. For the GGO systems, 

adding a photostabilization solution decreased the decay rate over simply using an 

oxygen scavenging solution by itself, whereas the PCA systems showed less 

consistent results for combinations with a photostabilizer with only the PCA Trolox 

combination yielding improved lifetimes over PCA alone. 

TSQs and ROXS, the two more complicated photostabilization solutions, were 

highly dependent on the oxygen scavenging solution used. When used with GGO, 

both resulted in decreased photobleaching decay rates compared to either oxygen 

scavenging solution paired with Trolox. However when paired with the PCA solution 

the results were very different. PCA caused a visible reaction with the ROXS system 

(data not shown), likely a redox reaction between protocatechuric acid and methyl 

viologen, resulting in the inability to measure a decay rate for that combination. The 

PCA TSQ pairing resulted in faster bleaching of the fluorophores than PCA by itself 

and just slightly shorter times than the GGO system by itself. 

As discussed earlier, reduction in photoblinking is another important 

property of PSs. The photoblink dark fraction, calculated as described below in the 

experimental section, is included in Table 4-1. Unlike the large variability observed 

in photobleaching rate constants, the photoblink dark fraction statistics were very 

similar for the PSs studied. Because the FRET pair photobleached so quickly in 

buffer, it was not possible to calculate reliable photoblink statistics for this system. 
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It is important to note that the observed lack of variability in photoblink dark 

fraction as a function of chosen PS likely results from the relatively long observation 

times and low time resolution necessary in the present study to collect adequate 

photobleach statistics. Because photoblinking occurs on faster time scales, a 

comparison at kHz collection frequency, outside the scope of the current study, 

might resolve differences in photoblink rates among the PSs. 

Due to the single molecule protein measurements involving a different 

system as well as the Alexa 555/ Alexa 647 FRET pair, the PS needed to be tested 

with single molecule measurements under the protein buffer conditions. The AMPA  

  
Figure 4-5: Comparison of the average time to photobleach for the TAR system 

and the AMPA receptor system. 
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receptor was used as the representative for the glutamate receptors interaction. In 

order to determine which PS would extend the observation times of the protein, the 

top two PS systems, GGO TSQ and GGO ROXS, along with the more commonly used 

GGO Trolox were tested (Figure 4-5). The results show that both the GGO ROXS 

combination and the GGO TSQ outperform the GGO Trolox system for both FRET 

systems.  However, unlike for the TAR system, the GGO TSQ pairing was less 

effective than the GGO ROXS system for the AMPA receptor. 

4.5. Conclusions 

In conclusion, I have demonstrated that PS selection can have a drastic effect 

on the photobleaching lifetime. Selecting the proper combination of oxygen 

scavenging solution and photostabilization solution can significantly increase the 

observable lifetime of a FRET pair, even for a relatively simple biomolecule and a 

well-characterized FRET pair. I determined which PS had the biggest effect for 

Cy3/Cy5 labeled DNA in single molecule FRET environment. My results showed that 

using the GGO oxygen scavenging solution in combination with the TSQ 

photostabilization solution yielded the longest average photobleaching lifetimes but 

that the GGO ROXS PS out performed it for the Alexa555/Alexa647 labeled AMPA 

receptor. I also found that significant differences in photoblinking between the 

different PSs were not observed under the measurement conditions. All of the PSs, 

except for the combination of PCA/ROXS, were effective at increasing the 

observation time for single molecule FRET with the Cy3/Cy5 system, but PS 

optimization is worthwhile given the strong variability.  
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Chapter 5 

Role of Conformational Dynamics in α-

Amino-3-hydroxy-5-methylisoxazole-

4-propionic Acid (AMPA) Receptor 

Partial Agonism 
 

The contents of this chapter were originally published in Ramaswamy, S.; 

Cooper, D.; Poddar, N.; MacLean, D. M.; Rambhadran, A.; Taylor, J. N.; Uhm, H.; 

Landes, C.; Jayaraman, V. Journal of Biological Chemistry 2012, 287, 43557. and are 

reprinted here with permission. 

5.1.  Abstract 

I have investigated the range of cleft closure conformational states that the 

agonist-binding domains of the α-amino-3-hydroxy-5-methylisoxazole-4-propionic 

acid (AMPA) receptors occupy when bound to a series of willardiine derivatives 

using single-molecule FRET. These studies show that the agonist-binding domain 

exhibits varying degrees of dynamics when bound to the different willardiines with 

differing efficacies. The chlorowillardiine- and nitrowillardiine-bound form of the 

agonist-binding domain probes a narrower range of cleft closure states relative to 
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the iodowillardiine bound form of the protein, with the antagonist UBP-282-bound 

form exhibiting the widest range of cleft closure states. Additionally, the average 

cleft closure follows the order UBP-282 > iodowillardiine > chlorowillardiine > 

nitrowillardiine-bound forms of agonist-binding domain. These single-molecule 

FRET data, along with our previously reported data for the glutamate-bound forms 

of wild type and T686S mutant proteins, show that the mean currents under non-

desensitizing conditions can be directly correlated to the fraction of the agonist-

binding domains in the “closed” cleft conformation. These results indicate that 

channel opening in the AMPA receptors is controlled by both the ability of the 

agonist to induce cleft closure and the dynamics of the agonist-binding domain 

when bound to the agonist. 

5.2. Introduction 

Glutamate receptors mediate excitatory neurotransmission by forming 

cation selective transmembrane channels upon binding to the neurotransmitter 

glutamate.30,53,71,130-133 They are involved in learning and memory and are 

implicated in neurodegenerative disorders such as Huntington, Parkinson, and 

Alzheimer diseases and in neurodegeneration associated with stroke and 

amyotrophic lateral sclerosis.10,11,29,35,42,44,134,135 Glutamate receptors are classified 

into three subtypes: α-amino-5-methyl-3-hydroxy-4-isoxazole propionate (AMPA), 

N-methyl-D-aspartate (NMDA), and kainate receptors, based on their sequence, 

functionality, and pharmacological profiles.130 The recent full-length structure of the 

antagonist-bound form of the AMPA receptor shows that the receptor is a dimer of 
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dimers, with each subunit being made up of modular segments of the N-terminal 

domain, agonist-binding domain, transmembrane segments, and intracellular C-

terminal domain.72 This structure, along with FRET investigations of the full-length 

receptor, establishes that the isolated agonist-binding domain is a good model of the 

domain in the full-length receptor, thus validating its use in detailed structure and 

dynamics investigations.69,74,136 There are currently numerous structures available 

for the agonist-binding domain of the AMPA receptor determined in complex with 

antagonists, as well as agonists of varying efficacy.9,18,48,56,67,137 Based on the x-ray 

structures, it was initially thought that the extent of cleft closure is the primary 

mechanism by which agonists mediate receptor activation, i.e., increased cleft 

closure leads to increased activation.56 However, there were several structures such 

as those of the glutamate-bound form of the T686A mutant and the structures of the 

AMPA bound form of the L650T mutant that do not follow this trend.48,67,138,139 

Ensemble FRET investigations with the wild type and L650T mutant were 

consistent with the x-ray structures, further validating these deviations from the 

cleft closure hypothesis.45,54 

Recent single molecule FRET investigations of wild type and T686S mutant 

receptors provide additional insight into the complete structural landscape in terms 

of cleft closure.60 These studies showed that both the most probable state and the 

average state probed by the T686S mutant showed a closed cleft conformation 

consistent with the x-ray structures. However, the T686S mutant protein also 

probed a wider range of cleft closure states that covered more open states than the 

glutamate bound wild type receptor. Thus, the probability that the T686S mutant 
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was in the closed state was lower than that of the wild type protein when bound to 

glutamate, and this decrease in probability could lead to lower activation.60,139 These 

single molecule FRET investigations emphasized the need to study the overall cleft 

closure landscape and dynamics of the agonist-binding domain to obtain a better 

insight into the role of cleft closure in activation. The single molecule FRET results 

are also consistent with NMR investigations that show wide variation in the 

dynamics of the agonist-binding domain upon binding to different agonists. In 

particular, NMR studies investigating the methyl group dynamics indicate that at 

slower time scales, willardiines, which are partial agonists of the AMPA receptor, 

exhibit the largest flexibility in the agonist-binding domain relative to full agonists 

and antagonists.16,140 Here I have performed single molecule FRET investigations 

with substituted willardiines bound to the agonist-binding domain and compared 

the spectrum of states that the protein probes to the previously reported NMR-

based dynamics and additionally correlated these results with activation of the 

receptor. 

5.3. Methods 

5.3.1. Purification and Labeling of the Agonist-binding Domain of GluA2 

Subunit of the AMPA Receptor 

The plasmid expressing the agonist-binding domain of the GluA2 subunit of 

AMPA receptors was provided by Dr. Eric Gouaux (Oregon Health and Science 

University). Mutations T394C and S652C were made by standard mutation reactions 
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using Pfu Turbo DNA polymerase (Agilent Technologies). Plasmid expressing this 

double mutant was transformed, and the protein was expressed in Escherichia coli 

origami DE3 cells (EMD Chemicals) in LB broth, Miller (Fisher Scientific) containing 

ampicillin (Sigma Aldrich), kanamycin (Fisher Scientific), and tetracycline (Shelton 

Scientific) at concentrations of 50, 15, and 12.5 µg/mL, respectively. The protein 

expression was induced using isopropyl β-D-1-thiogalactopyranoside (Fisher 

Scientific) when cells reached an optical density of 0.8– 0.9. After isopropyl β-D-1- 

thiogalactopyranoside addition, cells were grown at 20 °C for 24 hr. The cells were 

harvested and lysed in 20 mM Tris buffer containing 150 mM NaCl, 1 mM glutamate, 

5 mM MgSO4, 0.5 mM PMSF, 50 µg/mL lysozyme, 125 µg/mL sodium deoxycholate, 

25 g/mL DNase I. The lysed cells were centrifuged at 35,000 rpm, 4 °C for 45 min. 

The supernatant was then purified using a HiTrap nickel column (GE Healthcare). 

The purified protein was dialyzed in phosphate-buffered saline containing 1 mM 

glutamate. The protein was labeled with a 1:3 ratio of maleimide derivatives of 

Alexa 555 (donor) and Alexa 647 (acceptor) (Invitrogen), respectively. The ratio 

was confirmed using absorbance measurements. Protein was allowed to conjugate 

with the fluorophores by incubating overnight at 4 °C in dark. The protein sample 

was dialyzed to remove the excess unbound fluorophores in phosphate-buffered 

saline without glutamate, and the appropriate willardiine derivative (Abcam 

Biochemicals) was added to the protein. This sample was then treated with sulfolink 

resin for 30 min. The resin was removed by centrifugation, and supernatant was 

conjugated with biotin conjugated anti-His antibody (Rockland Immunochemicals) 

and used for single molecule FRET investigations. 
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5.3.2.  Sample Preparation for Single Molecule FRET 

Standard 22x22-mm glass microscope slides were plasma cleaned to remove 

the organic residues and other impurities from the surface. The surface was then 

functionalized with aminosilane groups through the Vectabond procedure. In this 

procedure, the slides were first treated with Vectabond-acetone 1% (w/v) solution 

(Vector Laboratories) for 5 min, rinsed with molecular biology grade water 

(HyClone) for 30 s, and dried with an N2 gas stream. The functionalized area was 

then exposed with 100:1 mixture of 5-kDa, methoxy-terminated, N-succinimidyl 

polyethylene glycol (Fluka; 33% w/w PEG in molecular biology grade water) and 5-

kDa biotin-terminated PEG (NOF Corporation, 2.5% w/w in molecular biology grade 

water) in sodium bicarbonate (1% v/v, pH 8.0) buffer for ~3 hr. A sample chamber 

was assembled by placing a custom hybriwell chamber (Grace Bio-labs) with the 

help of two silicon ports (press fit tubing connectors; Grace Bio-labs) on top of the 

biotin-PEG glass slide.141 The silicon ports provided the inlet and outlet for the flow 

system. The biotin-PEG chamber was filled with 40 µL of 20% w/w streptavidin 

(Invitrogen) in PBS buffer (pH 7.4) and incubated in the dark for 10 min. The 

streptavidin acts as linker between the biotin-PEG slide and the biotin-conjugated 

antihistidine antibody bound to GluA2 subunit. A PBS solution containing ~250 nM 

protein tagged with biotin-conjugated anti-histidine monoclonal antibody was then 

added in ten 17-µL increments into the chamber and incubated for 20 min. The 

excess protein was then rinsed with PBS buffer.  
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5.3.3. Oxygen Scavenging System 

To minimize the photobleaching and blinking of fluorophores, all of the 

experiments were performed in the presence of an oxygen scavenger system, 

consisting of 33% w/w β-D-(+)-glucose (Sigma-Aldrich), 1% w/w glucose oxidase, 

0.1% v/v catalase (Sigma Aldrich), 1 mM methyl viologen (Sigma Aldrich), and 1 

mM ascorbic acid (Sigma Aldrich) in molecular biology grade water saturated with 

phosphate buffer.142 In addition, 1 mM of the substituted willardiine was also added 

to the oxygen scavenging system, depending on the experimental conditions. 

5.3.4.  Experimental Setup for Single Molecule FRET 

All single-molecule fluorescence measurements were performed using a 

custom built confocal microscope.94,95 A 532-nm diode-pumped solid state laser 

(Coherent, Compass 315M-100 SL) was used for sample excitation. The light was 

expanded to overfill the back aperture of a Fluar 100 1.3 NA oil immersion 

microscope objective lens (Carl Zeiss), which resulted in the expansion of the laser 

light in a 1/e2 beam radius of ~250 nm and height of 1 µm, respectively. The sample 

chamber with the flow system for oxygen scavenger was placed on top of a closed-

loop x-y-z piezo stage (P-517.3CL; Physik Instrumente) with 100x100x20-µm travel 

range and 1-nm specificity (SPM 1000; RHK Technology, Maryville, TN). The power 

of the laser was controlled as necessary using neutral density filters. Fluorescence 

was collected and refocused by the same objective and was separated from the 

excited light by using a dichroic mirror (z532rdc; Chroma Technology). 

Fluorescence was collected and refocused by the same objective and the excited 
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light was filtered via a notch filter (zet532nf, Chroma Technology). The refocused 

signal was further passed through a dichroic mirror (640dcxr, Chroma Technology) 

to split donor emission and acceptor emission by wavelength, and these 

fluorescence signals were collected by two avalanche photodiodes (SPCMAQR-15; 

PerkinElmer Life Sciences). The signal to noise ratio was improved by the use of 

additional emission filters (NHPF- 532.0, Kaiser Optical; and ET585, Chroma 

Technology) placed in front of the photodiode detectors.  

5.3.5. Data Collection and Analysis 

To obtain the single molecule FRET trajectories for the individual protein 

molecules, a 10x10-µm area of the sample was scanned to spatially locate 20–25 

molecules. The fluorescence signals of the donor and the acceptor were collected 

until the fluorophores were photobleached. The emission intensity trajectories were 

collected at 1-ms resolution and later binned up to 10-ms time steps to improve the 

signal to noise ratio. All of the data were analyzed with programs written in-house 

using MATLAB (R2009b; Mathworks). The corrected fluorescence signal trajectories 

were used directly to calculate the apparent FRET efficiency (E) using Equation 3-1. 

The distance between the two fluorophores was calculated using the second half of 

the equation where R is the inter-dye distance, and R0 is the Förster radius, which, 

for the Alexa 555-Alexa 647 pair, is ~5.1 nm (Molecular Probes).  

All the raw trajectories were analyzed by the above mentioned processing 

algorithm, and traces were automatically characterized into single step bleaching, 

multistep bleaching and high acceptor background. Traces were excluded if they 
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met with the conditions of multistep bleaching and higher acceptor background. 

Details of the wavelet denoising technique have been described previously.60,61,97 

For experiments requiring multiple solution conditions on the same proteins, a 

secondary method of data collection and analysis was used. Single-molecule 

samples were prepared as described above along with two buffer solutions 

following the stated procedure for oxygen scavenging solutions and using glutamate 

(1 mM) and iodowillardiine (1 mM) as agonists. A dual syringe pump system 

initially delivered glutamate containing buffer with a flow rate of 0.001 mL/min 

followed by both the glutamate and iodowillardiine buffers and then finally 

iodowillardiine alone. A 30x30 µm area was repeatedly raster scanned using the 

same confocal setup as above, with a 30 s repetition rate between images. The 

images were analyzed using a custom-designed program that locates and tracks 

single molecules to correct for possible stage drift. Molecules were selected from the 

final frame of the acceptor channel images to avoid skewing of intensities by 

photobleaching and to ensure FRET occurred in all molecules during the imaging 

period. 

5.3.6.  Electrophysiology 

The GluA2-flip plasmid was donated by Dr. Seeburg (Max Planck Institute, 

Heidelberg, Germany). Endogenous accessible cysteine residues were removed, and 

the T394C and S652C mutations were introduced into wild type GluA2 as described 

above. This construct was co-transfected with enhanced GFP into human embryonic 

kidney 293 tSA201 (HEK 293) cells (ATCC CRL 11268) using the calcium phosphate 
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technique with 1–2 µg of GluA2/mL for 10–12 hr. Electrophysiological experiments 

were performed 48–72 hr later. Alexa 555 (100 nM) was added to the recording 

dish 10–20 min prior to recording. Whole cell recordings were obtained using thick 

walled borosilicate pipettes with resistances of 2– 4 MΩ and filled with solution 

containing 135 mM CsF, 33 mM CsOH, 2 mM MgCl2,1mM CaCl2, 11 mM EGTA, and 10 

mM HEPES (pH 7.4). The extracellular bath solution consisted of (in mM) 150 NaCl, 

2.8 KCl, 1.8 CaCl2, 1 MgCl2, 5 mM glucose, and 10 mM HEPES (pH 7.4). All of the 

ligand solutions were prepared in extracellular buffer and kept at pH 7.4. 

Cyclothiazide at a concentration of 100 μM was used for all experiments. Cells 

expressing mutant GluA2 were voltage-clamped at 60 mV, and solutions were 

locally applied using computer controlled valve switcher (VC-6; Warner 

Instruments) and homemade application pipette. All of the recordings were 

performed using an Axon 200B amplifier (Molecular Devices), with data acquired at 

10 kHz, low pass filtered at 3 kHz (8-pole Bessel, 3 dB) and under the control of 

pCLAMP 10.1 software (Molecular Devices). Two-tailed repeated measures t test 

was performed for statistical analysis of differences in the responses evoked by the 

different ligands. 

5.4. Results 

5.4.1. Functional Characterization of Willardiines 

Whole cell currents were obtained using saturating concentrations of 

glutamate (10 mM) and chlorowillardiine (1 mM), nitrowillardiine (1 mM), 
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iodowillardiine (1 mM), and (2 mM) UBP-282, on GluA2-flip receptors under 

nondesensitizing conditions in the presence of 100 μM cyclothiazide. To compare 

these results directly with the single molecule FRET experiments, agonist-evoked 

responses were recorded from the same agonist-binding domain mutations, i.e., 

T394C/S652C GluA2. The currents evoked by the willardiines were normalized to  

 

Figure 5-1: (a) Sample traces of electrophysiological responses evoked by 

glutamate(Glu), chlorowilladiine (Chloro), nitrowillardiine (Nitro), 

iodowillardiine(Iodo), and UBP-282 (UBP) under nondesensitizing conditions 

from cellsexpressing the T394C/S652C GluA2. Saturating concentrations of 

Glu (10mM), chlorowilladiine (1 mM), nitrowillardiine (1 mM), 

iodowillardiine (1 mM),and UBP-282 (2mM) were used in the continual 

presence of 100 µM cyclothiazide. (b) Summary data showing the 

electrophysiological response of each willardiine compared with glutamate in 

the same cell. 
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10 mM glutamate responses and are shown in Figure 5-1. The data shown in the bar 

graph are consistent with the numerous previous more detailed investigations and 

show that the willardiines are partial agonists with iodowillardiine have a lower 

response relative to chloro- and nitro-willardiines.16,46,140  

A two-tailed repeated measures t test was performed for statistical analysis 

of differences in the measured currents, and a p value of 0.05 was considered 

significant. The p values for chlorowillardiine, nitrowillardiine, and iodowillardiine 

were calculated to be less than 0.0005, 0.0025, and 0.0005, respectively, in 

comparison with mean currents with glutamate. As expected, the antagonist UBP-

282 produced no response beyond the base-line noise. These willardiines, along 

with glutamate, thus provide a spectrum of ligands that allow us to draw 

correlations between the single molecule FRET-based states and receptor 

activation.  

A representative single molecule FRET trace of a single GluA2 subunit 

agonist binding domain tagged with donor and acceptor fluorophores is shown in 

Figure 5-2. The sites tagged with the donor and acceptor fluorophores are T394C 

and S652C, similar to those used in our previous single molecule FRET 

investigations.60 The single molecule FRET data from a number of such traces (170–

210 traces) for each willardiine were then processed for background and cross-talk 

correction and denoised using wavelet decomposition as described 

previously.94,95,97 The data were then plotted as histograms of fraction of occurrence 

versus the FRET efficiency to determine the spread of states that the protein 
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Figure 5-2: (a) Representative single molecule FRET trace measured from a 

single agonist binding domain of GluA2 subunit in complex with 

chlorowillardiine showing the raw trajectory for donor (blue) and acceptor 

(red) photons as a function of time. (b) The resulting calculated FRET 

trajectory (green) and its denoised counterpart (black). (c-d) Histograms of 

calculated single molecule FRET values from the raw data (c) and following 

denoising (d). 

explores (Figure 5-3).  

5.4.1. Conformational Changes in the Agonist-binding Domain 

The denoised histograms for the chlorowillardiine, nitrowillardiine, 

iodowillardiine, and the antagonist UBP-282-bound forms are shown in Figure 5-3. 

The distances calculated for the average state for the glutamate-, UBP-282-, and 

willardiine-bound forms, based on the FRET efficiencies are listed in Table 5-1. The 

average distances follow the rank order glutamate < nitrowillardiine < 

chlorowillardiine < iodowillardiine < UBP-282. Although the correlation of cleft 

closure with activation is present for the extreme cases, this does not hold true for 
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Figure 5-3: Denoised ensemble FRET histograms for single agonist binding 

domains of GluA2 subunit of AMPA receptors in complex with (a) 

chlorowillardiine, (b) nitrowillardiine,(c)iodowillardiine and (d) UBP-282. 

   

Compound 
Distances from average 
conformation in single 

molecule FRET (Å) 

Distances from crystal 
structure (Å) 

Glutamate 40.5 29.6 

Chlorowillardiine 42.1 30.3 

Nitrowillardiine 41.7 30.4 

Iodowillardiine 42.8 30.6 

UBP-282 43.9 37.7 

 

Table 5-1: Comparison of the distances between residues Thr-394 and Ser-652 

in the x-ray structure and single molecule FRET studies 
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nitrowillardiine and chlorowillardiine. Nitrowillardiine and chlorowillardiine have 

similar electrophysiological responses; however, the average single molecule FRET 

distances indicate that the nitrowillardiine-bound state is on average slightly more 

closed relative to chlorowillardiine bound state. A similar breakdown was observed 

in the crystal structures where no significant changes were observed in the 

distances at the positions labeled for the FRET measurements between these 

willardiines (shown in Table 5-1).46 The single molecule FRET studies provide 

insight into possible reasons for this discrepancy because they are able to provide 

the spread of closed cleft states that the protein occupies (Figure 5-3). Because the 

time resolution of the single molecule FRET measurements is in milliseconds, the 

breadth of the histograms reflects the dynamics in the millisecond time scale. The 

histograms show that the chlorowillardiine-bound form probes a narrower range of 

cleft closures relative to the nitrowillardiine, whereas the iodowillardiine-bound 

form exhibits a wider range of cleft closure states (Figure 5-3). The willardiine-

based antagonist, UBP-282, showed the broadest distribution of closed cleft 

conformations (Figure 5-3d). These data suggest that the cleft is more stabilized 

when bound to chlorowillardiine relative to nitrowillardiine, with the 

iodowillardiine- and UBP-282-bound forms being the most destabilized, exploring a 

wide range of cleft closures and consequently spending little time in conformations 

able to activate the receptor.  
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Figure 5-4: (a) Plot of average single molecule FRET efficiency over time 

during a wash from glutamate to glutamate plus iodowillardiine to 

iodowillardiine alone. Note the progressive decrease in FRET efficiency as 

glutamate is displaced by iodowillardiine. (b) Single molecule histograms 

from the experiment in panel (a) 

To confirm that tethered and tagged ligand-binding domains retained their 

function during imaging, I performed a displacement experiment. A collection of 

single ligand-binding domains were imaged in the presence of 1 mM glutamate 

alone for 20 min. Subsequently, the perfusing buffer was switched to a glutamate 

and iodowillardiine containing solution for 20 min and finally 1 mM iodowillardiine 

alone for the final 20 min. As seen in Figure 5-4, the average FRET intensity from 

this experiment progressively decreases from 0.81 in glutamate alone to 0.76 in 
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iodowillardiine. This demonstrates that the labeled and tethered single ligand-

binding domains retain their ability to bind and unbind ligands. Single-molecule 

histograms from this experiment also exhibit a progressive shift from a narrow, 

focused distribution in glutamate to a broader distribution in iodowillardiine 

(Figure 5-4) similar to the trends seen in the detailed histograms shown in Figure 

5-3. 

5.4.2. Fraction in Closed Cleft Conformations versus Activation 

Based on the histograms, the fraction of the protein exhibiting efficiencies 

higher than 0.76 was determined for each of the willardiine bound state. The 

fraction for the glutamate-bound forms of GluA2 and T686S mutant protein, as well 

as the apo state of the protein, was also determined from the previous report.60 The 

FRET efficiency of 0.76 was chosen because it corresponds to a FRET distance of 42 

Å, which is less than the most probable (46 Å), as well as the average state (43 Å) of 

the apo state, and thus is expected to be the least distance at which the cleft closure 

could trigger channel opening. This fraction of the protein exhibiting efficiencies 

higher than 0.76 shows a strong correlation with the currents mediated by the 

agonist, as shown in Figure 5-5. 
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Figure 5-5: Plot of the fraction of the agonist binding domain of the GluA2 

subunit exhibiting FRET efficiencies higher than 0.76 versus normalized mean 

currents obtained with the corresponding agonists activating the full length 

receptors. Data for the glutamate bound and apo form of wild type as well as 

glutamate bound form of T686S mutant were obtained from Landes et al.60 

The activation shown for the glutamate-bound form of T686S mutant is 

relative to that obtained with quisqualate on the same mutant.48,67,138 Quisqualate 

and glutamate mediate similar currents in wild type receptors.48,67,138 The linear 

dependence both for the willardiines and the T686S mutant indicates that the 

fraction of agonist-binding domains in the closed cleft conformation, which takes 

into account the ability of the agonist to induce cleft closure, as well as the range of 
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states that the protein probes, is a good determinant of the ability of an agonist 

drive activation rather than the most probable state or the average state that the 

protein agonist complex occupies. 

5.5. Discussion 

The modular nature of the AMPA receptors has allowed for the study of the 

isolated agonist-binding domain by crystallography, NMR, FRET, and FTIR 

spectroscopy.9,16,18,45,46,48,49,53,56,62,67,70,132,137,140,143-150 The initial crystal structures 

indicated a correlation between cleft closure and activation.70 However, later 

investigations showed a number of partial agonists and mutant proteins that did not 

follow this trend. NMR and more recently single molecule FRET experiments, along 

with functional studies, showed that the stability of closed cleft states and the 

spread of conformations that the protein explores play a key role in translating cleft 

closure to activation, thus accounting for some of these discrepancies.16,60,148 Indeed, 

as seen in Figure 5-5, the single molecule FRET data allow us to explicitly determine 

the fraction of agonist-binding domains that exist in a “productive” closed cleft 

conformation, which correlates with the extent of activation even in previously 

“discrepant” cases such as the T686S mutation.60 The willardiines were initially 

thought to be classical examples for showing a graded cleft closure consistent with 

their activation.70 However, further studies using crystal structures and NMR 

showed that the correlation is not as straightforward as first thought.16,46,148 NMR 

studies investigating the exchange at the side chain methyl groups showed 

differences among the various willardiines and indicated that the dynamics must 
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also play a role in the activation. Specifically, these studies show that the number of 

residues exhibiting exchange was higher for chlorowillardiine relative to 

iodowillardiine. The single molecule FRET investigations reported here are 

consistent with this observation, with the chlorowillardiine bound form exhibiting a 

narrower range of states than the protein probes relative to iodowillardiine-bound 

form (Figure 5-4) and add to these studies by showing the whole range of 

conformations probed. Additionally, the crystal structures of GluA2 and GluA3 

agonist-binding domain in complex with chlorowillardiine show that despite the 

small size of the chloro substituent, the chlorowillardiine-bound form is on average 

more open than the glutamate-bound form.46 The nitrowillardiine bound form, 

despite nitro being a larger substituent, is more closed in six of the nine structures 

studied relative to the fluorowillardiine bound form. The larger nitro group was 

accommodated by the change in the rotamer state of the -carbon of M712 as well as 

elimination of a water group. Furthermore, the structures showed that the 

nitrowillardiine-bound form exhibited a wider range of lobe openings relative to the 

glutamate bound form of the protein. The single molecule FRET data presented here 

are in agreement with these structures and show that the chlorowillardiine-bound 

form is on average slightly more closed than the nitrowillardiine bound form (Table 

5-1) and that the nitrowillardiine bound form has a broader range of cleft closure 

states relative to the chlorowillardiine-bound form. The single molecule FRET data 

are also consistent with recent crystal structure “lobe-locking” experiments, which 

found that ligand-binding domains could be trapped in closed conformations when 

bound by partial agonists or even antagonists.50,66 Taken together, these data 
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provide strong support for recent proposals that agonist efficacy at AMPA 

receptors,139 and perhaps kainate receptors,151 is governed not by the extent of 

closure in a single state of the binding domain but by the relative stability of a range 

of variously productive closed cleft conformations.  

5.6. Conclusions 

The average FRET efficiencies follow the order glutamate>nitrowillardiine> 

chlorowillardiine~ iodowillardiine. On the other hand, the activation as determined 

by the maximum current mediated at saturating concentrations follows the trend 

glutamate > chlorowillardiine ~ nitrowillardiine > iodowillardiine. The data suggest 

that while nitrowillardiine on average has a more closed cleft relative to 

chlorowillardiine, it activation is not significantly higher due to the fact that it 

exhibits a broader range of states that it probes suggested a more dynamic cleft. 

Similarly, while the average FRET efficiencies between chlorowillardiine and 

iodowillardiine are similar, suggesting on average the two agonists induce similar 

cleft closures, the iodowillardiine probes a broader range of cleft closure states 

relative to the chlorowillardiine, leading to a lower activation. The single molecule 

FRET data are consistent with the mechanism of activation being dictated by a 

combination of extent of cleft closure and the stability of the closed cleft state of 

when bound to a given ligand. 
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Chapter 6 

Conformational State Transitions in 

the Glycine Bound GluN1 NMDA 

Receptor Ligand Binding Domain via 

Single Molecule Förster Resonance 

Energy Transfer 
 

The contents of this chapter are currently under review for publication in 

Cooper, D. R.; Dolino, D.; Jaurich, H.; Shuang, B.; Ramaswamy, S.; Nurik, C. E.; 

Jayaraman, V.; Landes, C. F. Biophysical Journal 2015 Under revisions 

6.1. Abstract 

The N-methyl-D-aspartate receptor (NMDA) is member of the glutamate 

receptor family of proteins and is responsible for excitatory transmission. Activation 

of the receptor is thought to be controlled by conformational changes in the ligand 

binding domain (LBD), however glutamate receptor LBDs can occupy multiple 

conformations even in the activated form. This work probes equilibrium transitions 
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among NMDA receptor LBD conformations by monitoring the distance across the 

glycine bound LBD cleft using single-molecule Förster resonance energy transfer 

(FRET). Recent improvements in photoprotection solutions allowed us to monitor 

transitions among the multiple conformations. Also, I applied a recently developed 

model-free algorithm called Step Transition and State Identification (STaSI) to 

identify the number of states, their single molecule FRET efficiencies, and their 

inter-state kinetics. Reversible inter-state conversions, corresponding to transitions 

among a wide range of cleft widths, were identified in the glycine bound LBD, on 

much longer time scales compared to channel opening. These transitions were 

confirmed to be equilibrium in nature by shifting the distribution reversibly via 

denaturant. I found that the NMDA receptor LBD proceeds primarily from one 

adjacent single molecule FRET state to the next under equilibrium conditions, 

consistent with a cleft-opening/closing mechanism. Overall, by analyzing the state-

to-state transition dynamics and distributions, insight into specifics of long-lived 

LBD equilibrium structural dynamics, as well as obtain a more general description 

of equilibrium folding/unfolding in a conformationally dynamic protein can be 

determined. The relationship between such long-lived LBD dynamics and channel 

function in the full receptor remains an open and interesting question. 

6.2. Introduction 

The N-methyl-D-aspartate receptor (NMDA receptor) is a member of the 

glutamate receptor family of proteins, along with the AMPA receptor and the 

kainate receptor. These receptors mediate ion transport in the cellular membrane 
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and are considered potential drug targets for treatment of a number of neurological 

diseases including Alzheimer’s and Parkinson’s.10,42,44,152-154 The NMDA receptor is 

unique among the glutamate receptors in that it forms hetero-tetrameric complexes 

using two glycine binding GluN1 subunits, and two other subunits, either the 

glutamate binding subunit GluN2 or the glycine binding GluN3 subunit.30,33,51,64,75,155-

159 Each subunit is comprised of four main domains, the extracellular N-terminal 

domain, the ligand binding domain (LBD), the intracellular C-terminal domain, and 

the transmembrane domain.30,52,64,75,78,160 The LBD cleft, comprised of two lobes 

connected by a hinge, is responsible for inducing large conformational changes that 

control the opening and closing of the cation channel, allowing for the regulation of 

ion concentration into the cell.21,63,160-168 Agonist binding induces a closing of the 

LBD cleft (see Figure 6-1 inset),21,161 which in turn opens the ion channel in the full-

length protein.20,21,53,55,161-163,167-170 The average distance of isolate LBD cleft closure 

has been shown to directly correlate to channel transport efficiency for multiple 

glutamate receptor types,36,37,60,78 allowing the isolated LBD to be used for as a 

model for further conformational analysis and predictor of channel transport 

efficiencies. 

 The NMDA receptor has a lower conformational stability and a higher 

range of conformations than the other glutamate receptors, including reported 

structure/function fluctuations with time constants as long as seconds.51,53,55,169,170 

This increased instability likely plays a key role in the functionality of the NMDA 

receptor.21,161-163,167,168 Simulations of the NMDA receptor LBD suggest that the 

energy landscape of the protein is broad, even when bound to the primary agonist, 
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indicating that there are many conformations that are weakly stable.160,171 In 

addition to the conformational changes experienced during normal receptor 

function, the protein can also unfold due to loss of stability of the folded state.28,78,172 

Traditionally, structural determination through crystallographic methods has 

allowed for a detailed picture of only the most stable conformation to be 

obtained.52,64,75,171,173 Such information is static and must be paired with 

electrophysiological measurements to correlate current flow through the channel 

with static conformations. Due to the complex nature of protein folding, it is 

believed that the folding energy landscape contains a number of partially stable 

conformational states and that these energy minima help explain how proteins can 

fold into non-native states.1,8 However, a link between the theory of broad 

conformational distributions and experimental studies of equilibrium transitions 

among conformations is lacking.  

Single molecule FRET experiments allow us to probe protein folding / 

unfolding dynamics on the millisecond to second time scale.5,7,60,94,174 By collecting a 

statistically meaningful distribution of single molecule FRET time trajectories, the 

entire ensemble equilibrium single molecule FRET distribution, and therefore a 

detailed understanding of equilibrium dynamics, can be acquired.36,37,53,60,94,165,171 

Here, I applied single-molecule Förster resonance energy transfer (FRET) to record 

the dynamics occurring in the LBD cleft (see Figure 6-1), under saturating glycine 

conditions. At the high concentrations of glycine used in the experiments, the 

binding rate constant is about 8 µs-1,68 which is much faster than the collection rate 

of 1 ms-1. Therefore, any unbinding event is associated with a corresponding binding 



 77 

event faster than the time resolution, and only equilibrium transitions among a 

manifold of conformations that comprise the time-averaged glycine-bound LBD 

state are observed.  

My results provide several new insights. First, the resulting single molecule 

FRET distribution for the NMDA receptor LBD correlates well to the derived energy 

landscape seen in simulation studies of the glycine bound NMDA receptor LBD,32,171 

which along with another recent single molecule FRET study,36 supports the 

conclusion that I am indeed monitoring LBD cleft conformational states. More 

importantly, I introduced a model-free step transition and state identification 

method (STaSI) to identify additional cleft states in the isolated LBD that are too 

wide to any observed in the full hetero-tetramer. Using STaSI and recent advances 

in extending single molecule FRET trajectories,38,40,59,89,175 transition analysis 

confirm that inter-state conversions follow equilibrium statistics. Although it is 

unclear how these long-lived states relate to channel function in the full receptor, 

the states identified by single molecule FRET correlate well to the broad distribution 

of states identified in umbrella sampling models of the LBD cleft in both NMDA and 

AMPA receptors.59,171 In addition, it is possible with both the AMPAR and NMDA 

receptor LBD to relate average single molecule FRET values for a variety of agonist 

conditions to both agonist binding strength and macro-scale ion transport across 

the channel.36,37,60  

In order to further test the hypothesis that the observed transitions 

represent equilibrium dynamics across the LBD cleft, guanidinium chloride (GdmCl) 
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was used to shift the distribution of identified states towards more open, and upon 

reversal, more closed form. Although it is unknown whether such denaturants as 

GdmCl and urea induce protein denaturation through the normal folding pathway or 

via alternate energy wells,8 it is nonetheless useful to demonstrate that the broad 

distribution of states identified for the NMDA LBD can be reversibly shifted using 

such methods. Due to both experimental and computational limitations, most 

protein folding dynamics studies focus on sub millisecond time scales,176,177 thus I 

hope the studies presented here also provide guidance on how to combine 

denaturants with single molecule FRET to understand folding dynamics that occur 

on longer time scales. Overall, the observed transition statistics provide insight into 

the relationship between conformational dynamics and function in the NMDA 

receptor LBD, as well as provide mechanistic detail about the more general topic of 

protein folding/unfolding dynamics. 

6.3. Methods 

6.3.1. Protein Preparation 

A pet22B vector encoding N-terminal His-tagged NMDA receptor GluN1 

isolated ligand-binding domain was provided by Eric Gouaux (Oregon Health and 

Science University, OR). Serine 115, located at the end of helix C in domain 1, and 

Threonine 193, located in the middle of helix G in domain 2, (S507 and T701 in the 

full-length protein) were mutated to cysteines using standard PCR methods with Pfu 

Turbo DNA polymerase AD (Agilent Technologies) and primers obtained from 
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Sigma-Aldrich. These plasmids were then transformed into Origami B (DE3) E. coli 

(Novagen) and plated onto LB Agar (Fisher Scientific) supplemented with 50 μg/mL 

Ampicillin (Sigma), 15 μg/mL Kanamycin (Fisher), and 12.5 μg/mL Tetracycline 

(Calbiochem). Isolated colonies were grown at 37°C in liquid LB Broth, Miller 

(Fisher), and protein production was induced when the culture reached an OD600 

of 0.8.  

To induce protein production, isopropyl β-D-1-thiogalactopyranoside 

(Fisher) was added to a final concentration of 0.5 mM. For unnatural amino acid 

(UnAA) experiments, S115 and T193 were mutated to the amber stop codon, TAG, 

while the original stop codon was mutated from amber to ochre, TAA.36 The 

machinery to incorporate the UnAA was included by cotransforming the Origami E. 

coli with the pEVOL plasmid obtained from Peter Schultz (The Scripps Research 

Institute, CA).80 The pEVOL plasmid contains the AcP (also known as AcF) tRNA 

synthetase developed from the Methanococcus jansaschii TyrRS, as well as the 

suppressor tRNACUA. Nonspecific read-through of the amber stop codon by natural 

amino acids, while possible, would result in protein that would not be labeled with a 

FRET pair and would thus be invisible to single molecule FRET experiments. The 

pEVOL plasmid was maintained using 50 μg/mL chloramphenicol (Acros Organics). 

For these experiments 0.02% arabinose (Sigma) and 1 mM p-acetyl-L-phenylalanine 

(RSP Amino Acids) was added in addition to IPTG. The E. coli were then allowed to 

grow for 24 hr at 20°C before pelleting the cultures down and storing at -80°C. The 

UnAA NMDA receptor was analyzed by MALDI-TOF mass spectrometry to ensure 

proper expression (Fig. S1 in the Supporting Material). 
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On the day before scanning, the pellets were thawed and lysed using a cell 

disruption vessel (Parr instruments). Cell debris was pelleted at 40000 rpm for 1 hr 

at 4°C, and the supernatant was further filtered through a 0.45 μm nylon membrane 

(Fisher). This filtrate was then purified via FPLC (Akta) using a linear imidazole 

gradient (Buffer A: 200 mM NaCl, 20 mM Tris, 1 mM glycine, pH 8.0; Buffer B: 200 

mM NaCl, 20 mM Tris, 1 mM glycine, 400 mM imidazole, pH 8.0), and a HiTrap 

Chelating column (GE Lifesciences) that had been charged with NiSO4 

(Mallinckrodt). Purified protein was then dialyzed for 2 hr in PBS supplemented 

with 1 mM glycine (Fisher).  

6.3.2. Protein Labeling 

On the day of scanning, dialyzed protein was quantified and labeled with 

Alexa 555 and Alexa 647 maleimide (Invitrogen) to label cysteines, or the hydrazide 

versions of the dyes for the UnAA experiments. Dye was added to give a 1 : 1 : 4 

protein : Alexa555 : Alexa647 molar ratio. After a 30 min labeling time, protein was 

separated from unreacted fluorophores using a PD-10 desalting column (GE 

Lifesciences). After this, protein was then further dialyzed in PBS with 1 mM glycine 

for 30 min. After dialysis, protein was then incubated with SulfoLink resin (Thermo) 

for another 30 min. Finally, 1 μg of biotin-conjugated anti-His epitope antibody 

(Rockland) was added to 500 μL of the prepared protein  



 81 

6.3.3. Anisotropy Measurements 

Polarization anisotropy measurements were performed on the cysteine 

labeled NMDA receptor LBD using an OD470 single photon counting spectrometer 

(Edinburgh Instruments). A 657.2 nm excitation, 200 ns pulsed laser beam was 

emitted by a picosecond pulse diode laser (Edinburgh Instruments) and photons 

were collected at 675 nm. Four decay curves were recorded comprised of both 

horizontal and vertical detection polarizations after excitation in both the horizontal 

and vertical direction. The anisotropy curve was calculated from the decay curves 

and shown in the Supporting Information (Fig. S2). 

6.3.4. Microscope Setup 

All single-molecule fluorescence measurements were performed using a 

custom built confocal microscope described previously. 60,94 Briefly, the sample was 

excited with a continuous wave 532 nm laser (Coherent, Compass 315M-100 SL) 

and focused through an oil immersion 100x 1.3 NA objective lens (Carl Zeiss, GmbH) 

onto the sample with a power density of approximately 50 W/cm2 at the sample. 

Sample position was controlled with a scanning x-y-z piezo stage (P-517.3CL; Physik 

Instrumente) and the sample was moved to focus the confocal spot onto single-

molecules. Emitted light was collected back through the same objective and 

separated with a 640 nm high-pass dichroic mirror (Chroma 640 DCXR), then 

collected by two avalanche photodiodes (SPCM-AQR-15; Perkin-Elmer) tuned to 

570 nm and 670 nm with band-pass filters (NHPF-532.0, Kaiser Optical and ET585, 

Chroma Technology) for donor and acceptor signal collection respectively. 
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6.3.5. Sample Chamber Preparation 

A sample chamber was prepared similar to that described previously in 

single-molecule measurements with the glutamate receptors.37,60 Plasma cleaned 22 

x 22 mm #1 glass coverslips were treated with a Vectabond-acetone solution (1% 

wt./vol Vector Laboratories, Burlingame, CA) and stored under vacuum. Using 

silicone templates, a small section of the Vectabond treated slides were then 

covered with a mixture containing 5 kDa biotin-terminated PEG (NOF Corporation, 

2.5% w/w in MB water) and sodium bicarbonate (Sigma) and allowed to dry in the 

dark for 4-6 hours. Excess PEG was washed off and the pegylated area was covered 

with a custom 13 µL hybriwell chamber (Grace Bio-Labs) fitted with two press fit 

silicon ports (Grace Bio-Labs) for entry and outlet flow tubes before taking a control 

image of the pegylated slide with PBS buffer. A solution of 0.2 mg/mL streptavidin 

(Invitrogen) in PBS buffer was added to the chamber and incubated for 10 min. 

Approximately 60 µL of 20 nM protein was added to the chamber in three 

successive injections and incubated for 20 min before being flushed with excess 

buffer solution and the sample was placed on the piezo stage for binding 

conformation. 

6.3.6. Flow System Preparation 

A number of advances in the preparation and protection of the fluorescent 

tags used in single-molecule measurements enables for individual molecules to be 

observed for multiple seconds, so that kinetics within the millisecond to second time 

scale can be captured.38,89 Increasing the available observation time of each NMDA 
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receptor LBD also increases the probability of observing dynamics for that protein. 

To prolong photobleaching lifetimes, all experiments were performed in the 

presence of an oxygen scavenging buffer system, consisting of 33% w/w β-D-(+)-

glucose (Sigma), 1% w/w glucose oxidase (Sigma), 0.1% v/v catalase (Sigma), 1 mM 

methyl viologen (Sigma), 1 mM ascorbic acid (Sigma) in MB water saturated with 

phosphate buffer.38,89 In addition, 1 mM of glycine was added to the oxygen 

scavenging system, depending on the experimental conditions. This solution was 

continuously pumped through the chamber at a rate of 1 μL/min. In all of the 

denaturant studies an additional flow system was set up containing 8 M 

guanidinium chloride (Aldrich) and 1 mM glycine. For my measurements, the mean 

lifetime of the protein during observation was 4.96 s, assuming first order 

exponential decay process for photobleaching (Fig. S3). Concentration of denaturant 

in the chamber was controlled by varying the flow rate in combination with the 

oxygen scavenging system flow to get the desired concentration from the final 

mixed flow. For the single-molecule denaturant study the system was allowed to 

equilibrate for 30 min before data collection. 

6.3.7. Single Molecule Data Collection 

To obtain the single molecule FRET trajectories for the individual protein 

molecules, a 10-µm-by-10-µm area of the sample was scanned to spatially locate 20-

25 molecules. Once a molecule had been located, the stage was moved to place it 

under the laser focus and the fluorescence signals of the donor and the acceptor 

were collected until the fluorophores were photobleached. The emission intensity 
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trajectories were collected at 1 ms resolution and later binned to 10 ms time steps 

to improve signal-to-noise ratio. Example trajectories are shown with the collected 

photon counts for the acceptor and donor channel (see Figure 6-4, a and d) used to 

calculate the observed and denoised FRET signals (see Figure 6-4, b and e).  

6.3.8. Denaturation Experiments  

For the denaturation experiments, a 30-µm-by-30-µm area was raster 

scanned three times and its location was recorded. Power of the laser was set to 

approximately 25 W/cm2 at the sample and the speed of the scan was set to 1000 

pixels per s with 256 pixels per line and 256 lines per image for a final per image 

time of 65.7 s. After the area image had been collected, the flow was adjusted to a 

new concentration of denaturant and left for 20 min to equilibrate, after which the 

area was rescanned under the new denaturant conditions. This process built up a 

series of images of the same molecules under all conditions of denaturant.  

6.3.9. Data Processing 

All data was analyzed with programs written in-house using MATLAB 

(R2009b, The MathWorks). The signal was processed via the wavelet denoising 

technique and the FRET efficiency was calculated from the denoised signal using the 

Förster equation (Equation 3-1).97 Wavelet denoising should not change the 

identification of the states as verified by simulation (Fig. S4). A post-processing 

algorithm was used to characterize the trajectories and ensure that they matched 

the criteria for a single-molecule, single FRET pair signal. Of the 238 trajectories 
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collected, 76 were excluded after meeting the conditions of multistep bleaching or 

abnormally high background based on a normal distribution leaving 162 single 

donor and single acceptor labeled molecules.61 

The raster scanned area images were also analyzed with MATLAB. Each area 

was averaged with its repeats to enhance signal-to-noise. Molecules were located in 

the acceptor channel via a cutoff value set at the maximum intensity of the control 

image and grouped according to a Gaussian fitting to exclude clusters and single 

pixels of bright noise. The areas were spatially corrected to account for drift in the 

sample over the duration of the experiment. The FRET signal for each molecule was 

obtained and tracked throughout the experiment to build a denaturation profile of 

the protein. 

6.3.10. Step Transition and State Identification Analysis 

 The step transition and state identification (STaSI) method was developed to 

help cluster FRET traces into the optimum number of states with minimal user 

input,40 as opposed to other methods such as Hidden Markov Modeling or change 

point analysis which require either foreknowledge of the number of expected states 

or the data to be raw time-tagged rather than binned.98,100,103 STaSI combines the 

advantages of the bias-free approach of an information theoretic analysis method 

with the ability to analyze binned data to allow for unbiased conformational state 

determination. STaSI first identifies all the transition points using Student’s t-test 

(Equation 3-3) based on similar analysis used in single photon counting 

experiments.102,103 These identified transition point breaks down the FRET trace 
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into different segments, and the t-test is applied to each segment until no further 

transition points are identified. After that, a hierarchical clustering is applied on the 

segments. In each clustering level, the difference between every remaining two 

segment pairing is measured by the likelihood merit (Equation 3-4). The two 

clustered segments corresponding to the lowest difference are grouped into a single 

state and treated as a singular cluster in the next iteration. This process is repeated 

until the entire data set is in a single state. Then the minimum description length 

(MDL) equation (Equation 3-5) is applied to the data set for each state assignment 

set and the optimum number of states is determined. The MDL equation considers 

both the goodness of fit and the complexity of the fitting model. Simulation tests 

show MDL avoids over-fitting and under-fitting even with high noise level.40 

6.4. Results 

I collected 162 molecules over five samples of the isolated NMDA receptor 

LBD under conditions of saturating glycine. The FRET efficiencies of the single-

molecules were combined to produce the distribution shown in Figure 6-1. The 

highest probability FRET value in the ensemble single molecule FRET distribution is 

approximately 0.95. This value corresponds to a cross-cleft distance of 3.2 nm, 

correlating well with the 3.4 nm cross-cleft distance calculated from the crystal 

structure for the glycine-bound LBD (1PB7 in the protein data bank) observed in 

static structural analyses.21 The overall single molecule FRET distribution, however, 

is very broad, indicating a wide variety of different conformations in addition to the  
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Figure 6-1: Measured ensemble single molecule FRET distribution for the 

NMDA receptor LBD with glycine bound. Gaussian fits for each state are shown 

by the dashed curve while the total sum of Gaussians is shown by the solid 

magenta curve to provide a visual estimate for the goodness of fits of the 

seven state model. Inset shows the structure of the NMDA receptor GluN1 

isolated LBD bound to glycine based on the 1PB7 crystal structure. The 

protein strand was mutated at T193 (red marker) and S115 (blue marker) to 

cysteine to attach the acceptor and donor fluorophores. A His-tag was added 

to the protein at the N-terminus (yellow marker) to allow for immobilization. 

The FRET distance is indicated by the green dashed line and changes as the 

protein opens and closes the cleft. 

most probable conformation. In fact some single molecule FRET values (e.g. those 

lower than ~0.60) represent such open conformations that they would not be 

observable in the full heterodimer construct due to steric hindrance, but are 

possible in the isolated LBD. The small amount of protein exhibiting FRET efficiency 

values above 1 are due to the background correction using the average value 
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resulting in noise bringing the donor signal below 0 before FRET efficiency is 

calculated. 

The FRET efficiency distribution in Figure 6-1 is best described by seven 

underlying states (Figure 6-2). The seven states are located at FRET efficiency 

values of 0.96, 0.87, 0.79, 0.68, 0.53, 0.43, and 0.28 (Table 6-1). To determine the 

number, location, and state-to-state transition points, I first reduced the noise of 

each single molecule FRET trajectory using the wavelet denoising method,61,97 then I 

analyzed the trajectories using the step transition and state identification (STaSI) 

method,40 which was specifically developed to work with binned single molecule 

FRET data. Based on state determination methods for single photon counting and 

the minimum description length (MDL) principle,102,103 STaSI was tested for validity 

with simulated trajectories with similar level of noise to the presented data (Fig. S5). 

Individually each of the identified states has a relatively tight distribution, with a  

Table 6-1: Summary of the states found for both the cysteine labeled NMDA 

receptor LBD and the UnAA labeled NMDA receptor LBD 

Cysteine States FRET 

Efficiency 

0.96 

± 0.03 

0.87 

± 0.03 

0.79 

± 0.03 

0.68 

± 0.05 

0.53 

± 0.05 

0.43 

± 0.05 

0.28 

± 0.04 

Cysteine State % 27.0 21.6 15.6 13.7 12.3 6.0 3.8 

UnAA States FRET 

Efficiency 

0.98 

± 0.03 

0.90 

± 0.04 

0.81 

± 0.04 

0.65 

± 0.05 

0.53 

± 0.05 

0.43 

± 0.05 

0.21 

± 0.03 

UnAA State % 31.1 23.9 18.7 6.2 5.5 12.0 2.7 



 89 

 

Figure 6-2: The STaSI method determines the number and location of the 

states based on the denoised data. (a) All of the denoised single molecule 

FRET trajectories were combined after local background subtraction and 

blink filtering, to provide a large enough basis for the change point method to 

accurately locate the states, a 100x downsampled portion of which is shown. 

(b) The percentage assigned to each state from the total data set. FRET 

efficiency can be tracked horizontally from the data trajectory to the 

histogram. The contour of the distribution reflects the distribution of the 

measured FRET efficiency in Fig. 1. 

FRET efficiency standard deviation of +/- 0.04 FRET efficiency on average, which is 

consistent with the measured noise level. 

A comparison of the FRET response from a modified version of the NMDA 

receptor LBD containing an alternate labeling scheme shows that the FRET response 

is independent of labeling strategy and only occurs under normal labeling 

conditions (Fig. S6). This is an important control because the traditional 

fluorescence labeling strategy binds the maleimide construct of the desired 

fluorophores to the sulfur atom of a point mutated cysteine residue. However, inside 

the NMDA receptor LBD there exist native cysteine residues that cannot be mutated 

out, introducing potential alternate binding sites in the protein. The control involved 
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an alternative method of dye attachment recently introduced by the Schultz group 

that uses unnatural amino acids (UnAA) containing functional groups not found in 

the standard 20 eukaryote amino acids to elicit greater binding site 

specificity.36,80(37,57) By point mutating an UnAA at the desired labeling site, it is 

possible to have much higher specificity for fluorescence labeling. I used STaSI to 

compare the data from the ketone UnAA construct of the NMDA receptor LBD in 

glycine saturated conditions to the data obtained from the cysteine mutation labeled 

NMDA receptor LBD (Fig. S7).36 STaSI analyses of both systems suggest seven states 

that match very closely to each other within the measurement and extraction error 

(Table 6-1). Furthermore, to ensure that rotational hindrance caused by the 

attachment of the dyes to the protein did not affect the single molecule FRET results, 

I used time-resolved rotational anisotropy to measure the rotational correlation 

time. The cysteine labeled NMDA receptor LBD had a correlation relaxation time of 

0.34 ns indicating that the dye had sufficient rotational freedom to justify the use of 

2/3 for the orientation factor in the FRET calculation (Fig. S2).178 These controls 

show that the contribution of the labeling scheme to the breadth of the single 

molecule FRET distribution is minimal. 

In order to show that the range of FRET efficiencies is related to 

conformation shift, I performed a denaturant assay to shift the state distribution. 

Upon the addition of the denaturant GdmCl to the NMDA receptor LBD solution, the 

average FRET efficiency decreases linearly with increasing concentration of GdmCl 

(Figure 6-3). This shift is much more apparent when the average FRET values of all 

the molecules are plotted against the concentration of GdmCl (Figure 6-3, b).  
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Figure 6-3: Low resolution raster scanned image analysis shows how the 

average single molecule FRET value from a single population of NMDA 

receptor LBD proteins changes as a function of GdmCl concentration. (a) A 

shift from high FRET efficiency to low FRET efficiency as denaturant 

concentration is increased can be seen in the histograms for the calculated 

FRET efficiency for identified molecules under each condition. (b) Combined 

average FRET efficiency for all of the areas as a function of GdmCl 

concentration. (c) Replotting the calculated average FRET efficiency against 

time elapsed for the denaturation experiment shows that by lowering the 

denaturant concentration the protein was able to recover and that the 

denaturant’s effect on the NMDA receptor LBD is a reversible process, but 

time-dependent photobleaching of the acceptor dye is also observed. The 

error bars plotted represent the distribution in the average among the 

different areas. 

Additionally, the shift toward lower FRET efficiencies in the presence of 

denaturant is reversible when denaturant concentration is lowered, as seen when 

the average values are replotted as a function of experimental time (Figure 6-3, c). 



 92 

This effect is seen more clearly in the single molecule trajectories taken for 

molecules before exposure to denaturant, during high concentrations of denaturant, 

and after denaturant concentration had been lowered (Fig. S8). The rebuilt 

ensemble distributions show a loss of the high FRET efficiency states in the 

presence of GdmCl, but the original state distribution is recovered after the 

denaturant is washed out, demonstrating that the conformation shift is a reversible 

process. 

 Due to the low signal-to-background ratio intrinsic to the image analysis 

method (as compared to trajectory analysis), some populations of molecules are 

identified as having a FRET efficiency value of 1 or 0, because at these positions 

either the donor signal or the acceptor signal were indistinguishable from the 

background (Figure 6-3, a). For statistical reasons, these values are not removed 

from the histograms, but do not reflect any physically meaningful structural 

information. Besides the effects of the denaturant concentration, there is an 

apparent drop in calculated FRET efficiency values occurring from the time-

dependent photobleaching of the acceptor dye for labeled protein molecules. This 

explains why at the two final concentrations, the average FRET values return to a 

slightly lower FRET efficiency than would be predicted. Regardless, the overall trend 

is consistent, namely that the population of lower-FRET states correlates well with 

denaturant. 

A broader explanation for the wide range of FRET values is that they reflect 

the equilibrium folding/unfolding landscape of the NMDA receptor LBD. The exact 
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physical cause of the low FRET states is a matter for further investigation and 

debate, but by exploring the interactions of the states with one another from the 

single-molecule trajectories, and by observing the shift in the conformational 

distribution as a function of denaturant, we can begin to get insight into the broader 

topic of protein conformation dynamics, not just for the NMDA receptor LBD. The 

remainder of this work represents an effort to establish a relationship between the 

conformations of the NMDA receptor LBD in particular as it is related to ion-channel 

protein function, as well as the more general topic of equilibrium protein 

folding/unfolding, based on an analysis of inter-state equilibrium dynamics 

The seven states can be generally grouped into either high FRET efficiency or 

low FRET efficiency regions. The four states with high FRET efficiency (0.96, 0.87, 

0.79, 0.68; corresponding to inter-cleft distances of 3.0, 3.7, 4.1, and 4.5 nm 

respectively) can be further divided into two categories: the 0.96 and 0.87 FRET 

efficiencies which correspond to closed-cleft conditions;21 and the 0.79 and 0.68 

FRET efficiencies which are associated with more open conformations. The division 

for these assignments is based on the known crystal structure of the agonist (1PB7 

in the protein databank) which show cleft distances of 3.4 nm and antagonist bound 

NMDA receptor LBD (1PBQ in the protein databank) that is known to be the open-

cleft form of the protein and has a cleft distance of 3.9 to 4.0 nm.21  

The states with low FRET efficiencies (0.53, 0.43, 0.28; corresponding to 

distance of 5.0, 5.3, and 5.9 nm respectively) indicate that the protein can visit 

unexpected conformations that are more open than any values observed in the full 
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receptor for bulk ensemble studies and are expected not to be present in a 

functional full-length receptor. Based on the glycine bound crystal structure,21 the 

furthest attainable distance for any type of motion of the LBD, and thus the 

maximum possible distance between the two dye attachment sites, is ~5.0 nm. Thus, 

further opening of the LBD fragment may be due to the lack of steric hindrance 

experienced by the isolated LBD structure used in these experiments as compared 

to the spatially constrained LBD in the membrane-imbedded tetramer, and could 

also include partial unfolding. In the full-length NMDA receptor, neighboring 

segments of the tetrameric structure limit the possible distance achievable for any 

motion of the LBD greater than ~5 nm.64,75 Thus, although open conformational 

states of the agonist-bound LBD are predicted from the theory, in these single 

molecule FRET studies the cleft can explore even more extreme conformations than 

would exist in the full-length protein. 

There are 145 single molecule FRET trajectories (86% of the traces; 80% of 

the data points) that occupy only one or two states and therefore only contain a few 

transitions (Figure 6-4, a-c). Of these, 78 trajectories (46% of the traces; 37% of the 

data points) display only a single state for the duration of observation. Due to the 

stochastic nature of photobleaching, many of these trajectories are shorter than the 

mean lifetime of observation, and hence do not fluoresce long enough to visit 

multiple states. These trajectories do not contribute to the transition analysis but 

are still valuable in recreating the overall conformational landscape. Furthermore, 

each of the seven STaSI identified states is well represented within the individual 

static trajectories. 
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 Figure 6-4: Two example single-molecule trajectories with the calculated 

FRET efficiency and state distribution. (a, d) The acceptor and donor signal for 

a single identified NMDA receptor LBD. The signal has been background 

corrected and blink filtered and shows a strong anti-correlation between the 

donor and acceptor which is indicative of single molecule FRET. (b, e) The 

corresponding apparent FRET efficiency for the signal in a and d respectively. 

The STaSI state at each time point is overlaid. (c, f) The single molecule FRET 

histogram for each individual trajectory. The STaSI state histogram has also 

been overlaid and rescaled so that the maximum peak is the same height as 

the denoised maximum (a, b, c) Example protein that remained stable in a 

high FRET efficiency state before transitioning into a stable lower FRET 

efficiency state and thus a more open-cleft conformation. (d, e, f) State-to-state 

movement is not one directional and the NMDA receptor LBD can recover into 

the original state after visiting the open-cleft conformation. 
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 Figure 6-5: Matrix of transition counts between the STaSI states. The state of 

the protein before the transition point defines the vertical axis and the state 

that the NMDA receptor LBD transitions to is the horizontal axis. State 

transitions cannot occur between a state and itself, which nullifies the 

diagonal. The color indicates the total number of transitions for that state 

pair. 

 The remaining 24 trajectories (14% of the traces; 20% of the data points) 

exhibit reversible interstate dynamics (Figure 6-4, d-f). The protein not only 

transitions back and forth between two different states but also remains stable in 

both states for hundreds of milliseconds at a time before reverting again. This 

reversible transition suggests that the protein is actively exploring alternate 

conformations and that the protein is unlikely to be simply degrading and/or 

completely unfolding. The reversible nature of these trajectories indicates that all of 

the states that they visit lie in equilibrium with each other and represent real 

conformational states that the LBD experiences. 
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 This method is unable to comment on dynamics faster than could be 

detected by the 1 ms bin time used for data collection. However for the ranges 

presented, there is good agreement with the ion channel studies for the NMDA 

receptor LBD.162,163,167 The apparent semi-stable states that exist near the distance 

corresponding with ion channel activation could be responsible for the inability of 

the NMDA receptor to activate unless all four subunits of the full tetramer act 

together. Further work is needed to observe the effects that alternate agonists have 

on the conformational landscape of the NMDA receptor. 

The number of transitions from each state to every other state was extracted 

from the single molecule FRET time trajectories, and their transition pattern is 

consistent with the previous theoretical predictions (Figure 6-5).32,59,171 The 

transition counts in Figure 6-5 show that the major transitions happen primarily 

between adjacent states, represented by the warm colors of the transitions along 

the diagonal. As the analysis describes motions between states that are further away 

from each other, the number of observed transitions decays quickly. Given that the 

positional placement of the acceptor and donor attachment sites are on opposite 

sides of the cleft, adjacent FRET states also being adjacent conformational states 

suggests that the observed motion is an ordered opening and closing of the cleft. 

This property agrees well with predicted models of the NMDA receptor LBD 

dynamics published by Yao et.al.,171 who postulated that the protein moves along a 

well ordered opening pathway between adjacent conformations. This also agrees 

well with the predicted clam shell model often used to describe the motion of the 

glutamate receptor LBDs.60 
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The transitions have a high degree of symmetry across the diagonal in Figure 

6-5, indicating that the protein is undergoing equilibrium transitions, even among 

the lowest FRET states. These reversible transitions suggest that the low FRET 

efficiency states are indeed metastable states within the folding/unfolding 

equilibrium. Non-equilibrium unfolding, due to either unfavorable mutations or the 

immobilization process, could also cause transitions between FRET states to occur 

but would not be reversible processes. Thus, the data is strongly suggestive of inter-

conversions among a broad range of conformations that reflect both those that 

would occur in the native, membrane-imbedded NMDA receptor, as well as 

transitions to more open states within the underlying highly dynamic LBD that is 

otherwise constricted in the full heterodimer construct. Buried within the broad 

range of conformations, however, is information about the conformational flexibility 

within the ligand-bound form, possible pathways for functional activation, and 

insight into reversible protein folding/unfolding.37,60,160,171  

 Because we observe such a wide range of reversible transitions, and because 

conformational flexibility is a required hallmark of activation within the full NMDA 

receptor heterodimer,155 the observed transitions within isolated single NMDA 

receptor LBDs could give some insight into the activation process. Based on crystal 

structures it has been hypothesized that the cleft closure conformational change is 

the primary mediator of activation. In fact, among all of the possible inter-state 

transitions, the most probable occurs between 0.87 and 0.79 FRET efficiencies 

(Figure 6-5), just at the break between the two closed-cleft FRET states and the two 

open-cleft FRET states. The distance of the open-cleft conformation of the LBD from 
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crystal structure is just above 0.82 FRET efficiency.21 Thus, it is interesting to 

observe that the most probable observed transition corresponds to the distance at 

which a cleft closure conformational change would result in an active channel. 

Further experiments and theoretical modeling would provide more direction as to 

how the varying single molecule FRET states could be of value in understanding the 

cleft closure mechanism. 

The origin of the transitions among the states with FRET lower than 0.60, 

however, is not clearly relatable to function in the full membrane-imbedded 

receptor, but still provides valuable insight into the reversible folding/unfolding at a 

few key points of the cleft, as mentioned earlier. The shifting of the equilibrium of 

the FRET values to the lower states during high concentration of GdmCl indicates 

that the lower states may be associated with partial unfolding of the protein. GdmCl 

should weaken the bonds in the backbone structure of the protein, increasing its 

overall structural flexibility.179 As the flexibility of the protein increases, the hinge 

between the top and bottom regions of the NMDA receptor LBD becomes looser, and 

the protein moves to an overall more open conformation and therefore lower FRET 

states. The recovery of the FRET states with reduced denaturant concentration 

suggests that the structural change is reversible. When the hinge region is partially 

unfolded, the protein’s equilibrium would shift toward the open-cleft lower FRET 

states with the two arms well separated. When the hinge region reforms, the protein 

can stiffen again and fold back to the base structure. This model is consistent with 

my results, but could potentially relate to the functional issue of LBD activation 
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and/or desensitization. Further work is required to elucidate any possible 

relationship. 

6.5. Conclusion 

I have shown that the glycine saturated LBD of the GluN1 subunit of the 

NMDA receptor has a complex conformational landscape. Using single molecule 

FRET I was able to measure and locate conformational states that the protein adapts 

on a time scale on the order of milliseconds to seconds. Introducing increasing 

concentrations of denaturant shifts the protein’s equilibrium toward open 

conformations and is a reversible process. The denaturant-induced shift toward 

open conformations maintains reversibility, which supports the notion that we are 

observing equilibrium folding/unfolding transitions. The protein moves primarily 

from adjacent states and can migrate to both more open conformations and more 

closed conformations similarly, matching both theoretical calculations as well as a 

simple model of opening and closing of the binding cleft. The most probable 

transitions are consistent with cleft distances related to the opening/closing 

transitions in the full protein. These findings can be helpful in further studies to 

address the complex functionalities of the NMDA receptor LBD and have a possible 

impact on drug design for treating NMDA receptor related disease.  
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Chapter 7 

Structural Dynamics of the Glycine-

Binding Domain of the N-Methyl-D-

Aspartate Receptor 
 

The contents of this chapter were originally published in Dolino, D. M.; 

Cooper, D.; Ramaswamy, S.; Jaurich, H.; Landes, C. F.; Jayaraman, V. Journal of 

Biological Chemistry 2015, 290, 797. and are reprinted here with permission. 

7.1. Abstract 

N-methyl-D-aspartate receptors mediate the slow component of excitatory 

neurotransmission in the central nervous system. These receptors are obligate 

heteromers containing glycine- and glutamate-binding subunits. The ligands bind to 

a bilobed agonist-binding domain of the receptor. Previous X-ray structures of the 

glycine-binding domain of NMDA receptors showed no significant changes between 

the partial and full agonist-bound structures. Here I have used single molecule 

Förster Resonance Energy Transfer (FRET) to investigate the cleft-closure 
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conformational states that the glycine-binding domain of the receptor adopts in the 

presence of the antagonist 5,7-dichlorokynurenic acid (DCKA), the partial agonists 

1-amino-1-cyclobutanecarboxylic acid (ACBC) and L-alanine, and full agonists 

glycine and D-serine. For these studies we have incorporated the unnatural amino 

acid p-acetyl-L-phenylalanine for specific labeling of the protein with hydrazide 

derivatives of fluorophores. The single molecule FRET data show that the agonist-

binding domain can adopt a wide range of cleft-closure states with significant 

overlap in the states occupied by ligands of varying efficacy. The difference lies in 

the fraction of the protein in a more closed-cleft form, with full agonists having a 

larger fraction in the closed-cleft form, suggesting that the ability of ligands to select 

for these states could dictate the extent of activation. 

7.2. Introduction 

N-methyl-D-aspartate (NMDA) receptors, a subtype of the ionotropic 

glutamate receptors, are cation channels which contribute to the slow component of 

the excitatory neurotransmission in the mammalian central nervous system.30,76 The 

NMDA receptors play an important role in many physiological and pathological 

processes, such as synaptic plasticity, learning and memory, neuropathic pain, 

Parkinson’s disease, and Alzheimer’s disease.10,30 One of the central questions in this 

family of proteins is how agonist binding leads to channel activation. Insight into the 

glutamate receptor structure and function has been dominated by studies on the α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) subtype of this family. 

Such studies have illustrated the overall structure of the glutamate receptors as 
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tetramers.72 Each individual subunit is structured in a modular fashion, containing 

the extracellular amino-terminal domain and agonist-binding domain, a 

transmembrane pore domain, and an intracellular C-terminal domain.72 The 

agonist-binding domain folds into a clamshell-like shape that can close upon its 

ligands, inducing a conformational change that results in channel opening. Crystal 

structures show that the extent of this cleft closure correlates with the efficacy of 

the ligand, with weak agonists inducing partial closure, and full agonists inducing 

full cleft closure and full channel activation.45,54,70,137,180,181 Such a relationship 

between agonist-binding domain cleft closure and ion channel activation provides 

an elegant means of explaining the link between conformational changes at the 

agonist-binding site and opening of the channel pore.56 Single molecule FRET 

experiments as well as NMR show that, in addition to the inherent ability of a ligand 

to induce cleft closure, the dynamics also play an important role in dictating 

activation.16,37,50,60,65,148 

The overall architecture of the AMPA receptors has been shown to correlate 

well with the NMDA receptor,64,72,75 albeit with several significant differences. One 

striking difference between the two receptors is that the NMDA receptor arranges 

as obligate heteromers that require both a glycine-binding subunit and a glutamate-

binding subunit. More importantly, ensemble LRET measurements show that, while 

at the glutamate-binding site of the NMDA receptor the extent of cleft closure at the 

agonist binding-domain does appear to correlate to activation, such a graded cleft 

closure was not observed in the crystal structures or ensemble LRET measurements 

for the glycine-binding domain.21,79,161,182 Based on the crystal structures, it has been 
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suggested that the glycine-binding GluN1 subunit could follow a mechanism of 

conformational selection wherein the apo state probes both the closed- and open-

cleft conformations. In this mechanism, agonist efficacy is governed by the 

stabilization of the closed conformation rather than the formation of intermediate 

states. Consistent with this hypothesis and with the distinction from AMPA 

receptors, theoretical investigations of the apo state of GluN1 reveal a narrowly 

distributed closed-cleft population in addition to an expected broad open-cleft  

  

Figure 7-1: Crystal structure of the GluN1 agonist-binding domain. (a) Sites 

507 and 701 were chosen to probe the dynamics of the GluN1 agonist-binding 

domain and are shown here in stick form with AcF side chains. Native 

cysteines involved in disulfide bridges are shown in magenta, with the free 

cysteine shown in yellow. (b) Overview of the reaction between the AcF side 

chain and the hydrazide functional group. The ketone of AcF reacts with the 

hydrazide to form a covalent hydrazone bond 
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population.171 While the theoretical studies shed light on the apo- and glycine-

bound states of the NMDA receptor, the mechanism of partial agonism at the 

agonist-binding domain is still largely unknown. 

To address this question, here I used single molecule FRET, which allows us 

to examine the conformational landscape that the isolated glycine-binding GluN1 

agonist-binding domain (GluN1 S1S2) probes in the presence of full agonists, partial 

agonists, or an antagonist. Additionally, in order to specifically label the protein at 

desired sites, we incorporate the unnatural amino acid p-acetyl-L-phenylalanine 

into the protein.80 The unique ketone group of p-acetyl-L-phenylalanine can be 

coupled to hydrazide-conjugated fluorescent dyes for the single molecule FRET 

studies. Although single molecule FRET on glutamate receptors has been done 

before through the labeling of cysteine residues,37,60 this new procedure allows us to 

investigate the protein without concern of labeling or mutating out inherent 

cysteine residues. I found that there is significant overlap between the different 

liganded states with the antagonist-bound protein samples exhibiting both the 

closed- and open-cleft conformations, similar to what is predicted with the 

molecular dynamic simulations. Interestingly, I also found that the ACBC partial 

agonist-bound proteins show greater rigidity in its population distribution, which is 

different from what has previously been observed in the AMPA receptors.37 
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7.3. Methods 

7.3.1. Generation of Site-directed Mutants 

 A pET22B vector encoding the rat GluN1 isolated agonist-binding domain 

was provided by Eric Gouaux (Oregon Health and Science University, OR).21 Sites 

were chosen based on accessibility and distance across the cleft. S507 and T701 

(Figure 7-1, a) were mutated to TAG using standard site-directed mutagenesis with 

Pfu Turbo (Agilent) so that they would encode the amber stop codon UAG upon 

transcription. The original stop codon of this construct was also mutated from the 

amber stop codon to encode an opal stop codon (UAA) to allow for successful 

translation termination. 

7.3.2. Protein Expression 

Mutant plasmid was co-transformed into Origami B (DE3) cells (Novagen) 

along with the pEVOL plasmid containing the genes for the suppressor tRNA and 

aminoacyl-tRNA synthetase needed to incorporate p-acetyl-L-phenylalanine (pEVOL 

plasmid was provided by Peter Schulz, Scripps Research Institute, CA).80 1-liter 

liquid cultures were grown in LB broth, Miller (Fisher) supplemented with 50 

μg/mL ampicillin (Sigma), 15 μg/mL kanamycin (Fisher), 12.5 μg/mL tetracycline 

(CalBioChem), and 50 μg/mL chloramphenicol (Acros) until they reached an OD600 

of 0.8. Then, protein expression was induced by adding IPTG (Fisher) to a final 

concentration of 0.5 mM. Simultaneously, the unnatural amino acid machinery was 

induced by adding 0.02% arabinose (Sigma) and 1 mM AcF (RSP Amino Acids). 
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Induction was carried out at 20°C for 20-24 hours. The cultures were then pelleted 

down, and the pellets were stored at 80°C until use.  

7.3.3. Protein Purification 

Pellets were thawed and lysed with a cell disruption vessel (Parr 

Instruments). Then, cell debris was pelleted by spinning at 40 000 rpm for 1 hr. at 

4°C. The supernatant was collected and purified by binding with 1 mL of Ni-NTA 

agarose resin (Qiagen). Protein was then eluted with 200 mM imidazole (Sigma), 

concentrated down, and then brought to 500 μL in PBS, pH 7, supplemented with 1 

mM glycine (Fisher). Western blots of the purified mutant protein confirm 

expression of the full 35 kDa His-tagged agonist-binding domain only upon 

induction of the unnatural amino acid machinery, showing successful incorporation 

and utilization of the unnatural amino acid (Figure 7-2, a). 
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Figure 7-2: Characterization of the GluN1 agonist-binding domain after 

incorporation of p-acetyl-L-phenylalanine. (a) Western blots showing lysates 

from 1L cultures probed with an antibody against domain 2 of the GluN1 

agonist-binding domain of wild type protein and S507 and T701 double-

mutant protein with or without induction of unnatural amino acid machinery 

(UAA) Wild type protein was diluted ten times to prevent oversaturation of 

the blot. (b) Isothermal titration calorimetry data from the GluN1 agonist-

binding domain having incorporated p-acetyl-L-phenylalanine. The Kd for 

binding MDL 105,519 is 7 ± 3 x 10-8 M similar to the Kd determined previously 

with wild type agonist-binding domain.21 
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7.3.4. Labeling 

Fluorescent dyes were added to the above protein sample. Alexa 555 

hydrazide and Alexa 647 hydrazide (Invitrogen) were used as the donor and 

acceptor, respectively. For cysteine labeling the maleimide derivatives were used. 

To label the unnatural amino acids, we used ketone-reactive, hydrazide-conjugated 

fluorescent dyes (Figure 7-1, b). Donor and acceptor dyes were pre-mixed, then 

added such that dye : protein molar ratios were 1:1 for donor and 4:1 for acceptor, 

in order to minimize proteins labeled with only donor fluorophores. Protein was 

labeled overnight at 4°C. The following day, excess dye was removed from the 

protein by dialysis in 2L of PBS for 6 hours, changing the dialysis buffer every 2 

hours. Glycine was added to the dialysis buffer up to 1 mM for the glycine samples. 

For samples liganded to D-serine (Acros Organics), L-alanine (Acros Organics), 

ACBC (Aldrich), or DCKA (abcam), the dialysis buffer contained no ligand, but the 

appropriate ligand was added to the dialysis sample before and after each exchange 

(1 mM, 15 mM, 10 mM and 1 mM, respectively, based on differential affinities for 

each ligand). This type of ligand substitution was also performed for glycine. No 

significant changes were noted and the glycine data was pooled for final analysis. 

For single molecule FRET experiments, 1 μg of biotin-conjugated anti-His epitope 

antibody (Rockland) was added to a 500 μl sample. 

7.3.5. Isothermal Calorimetry 

The functionality of the GluN1 agonist-binding domain protein with 

unnatural amino acids tagged with fluorophores was determined using isothermal 
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calorimetry (Figure 7-2, b). For these experiments the protein was extensively 

dialyzed to the apo state in buffer containing 20 mM HEPES (pH 7), 150 mM NaCl, 1 

mM EDTA, and 10% glycerol. Calorimetric titrations were performed with VP-ITC 

(MicroCal) using 1 µM protein with twenty 10 µL injections of 15 µM (E)-4,6-

dichloro-3-(2-phenyl-2-carboxyethenyl)indole-2-carboxylic acid (MDL 105,519) 

(Sigma) at 23°C. Data analysis was performed using Origin (OriginLab). 

7.3.6. Single Molecule FRET Sample Preparation 

For all single molecule measurements in this study, plasma-cleaned 22x22 

mm micro glass coverslips (VWR) were immersed in a VECTABOND-acetone 

solution (1% w/v, Vector Laboratories, Burlingame, CA) for 5 minutes, rinsed with 

molecular-biology grade water, dried with nitrogen, and stored under vacuum to 

prevent contamination. A silicon template was placed on the VECTABOND-

functionalized slide to allow filling of the future chamber area with PEG solution (5 

kDa biotin-terminated PEG (2.5% w/w in MB water, NOF Corporation) and sodium 

bicarbonate (Sigma)) and the filled slide was allowed to dry in the dark for 4-6 

hours. Excess PEG was washed off with 10-12 mL MB water and, after nitrogen-

drying the slide, a custom Hybriwell chamber (Grace Bio-Labs) fitted with an inlet 

and outlet port (press-fit tubing connectors, Grace Bio-Labs) was arranged precisely 

over the Pegylated area. After filling the chamber with PBS buffer, a control image 

was taken to ensure a clean sample, followed by insertion of 0.2 mg/mL streptavidin 

(Invitrogen) in PBS buffer. Biotin-streptavidin binding was allowed to progress for 

10 minutes. The protein of interest, with the biotin-conjugated anti-His-antibody for 
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streptavidin association, was added to the chamber at an approximate 

concentration of 20 nM and incubated for 20 min. Unbound protein was washed out 

by flushing the chamber with an excess of PBS buffer.  

7.3.7. Measurements 

The sample chamber was secured to a closed-loop x-y-z piezo stage (P-

517.3CL; Physik Instrumente) with 100x100x20 μm travel range and 1 nm 

specificity (SPM 1000, RHK Technology) to allow for precise movement of the 

sample area. In order to extend the lifetimes of the fluorophores, an oxygen 

scavenging buffer solution of 33% w/w β-D-(+)-glucose (Sigma), 1% w/w glucose 

oxidase, 0.1% v/v catalase (Sigma), 1 mM methyl viologen (Sigma), and 1 mM 

ascorbic acid (Sigma) in PBS was continuously pumped through the chamber using a 

syringe-pump flow system at a rate of 1 μl/min.38 Additionally, the above 

concentrations of the specific agonist-binding domain ligand, depending on the 

experimental conditions, were included in the buffer solution. The custom-built 

confocal microscope (Zeiss Axiovert 200 M) described previously was used for all 

single molecule FRET measurements.94,95 A 532 nm diode-pumped solid-state laser 

(Coherent, Compass 315M-100 SL) focused through a FLUAR 100x 1.3 NA oil 

immersion microscope objective lens (Carl Zeiss, GmbH) to a power density of 50 

W/cm2 at the sample was used to excite the sample. Emitted light was collected 

back through the same objective and was passed through a notch filter (zet532nf, 

Chroma Technology) and towards the detector box. The fluorescence emission light 

was separated by a 640 nm high-pass dichroic mirror (Chroma 640 DCXR) and 
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collected by two corresponding avalanche photodiode detectors (SPCM AQR-15, 

Perkin Elmer) set to 570 nm and 670 nm using band-pass filters (NHPF-532.0, 

Kaiser Optical and ET585, Chroma Technology) for donor and acceptor signal 

collection. An area of 10x10 μm was raster scanned to locate individual molecules. 

After a single molecule was chosen for observation, the stage was moved to focus 

the laser on the particular molecule and then the donor and acceptor fluorescence 

signals were collected until photobleaching of the fluorophores occurred.  

7.3.8. Data Analysis 

A 1 ms time resolution was used to record the emission intensity trajectories 

and then binned up to 10 ms frames during data processing to improve the signal-

to-noise ratio. The data analysis was performed by an in house script using Matlab 

(R2009b, Mathworks) which processed the signals via the wavelet denoising 

technique.61,97 The denoised signal was then used to calculate the FRET efficiency at 

each time point, using Equation 3-1.37,60 From this FRET efficiency, the distance was 

determined through the same equation. The Förster radius, the distance at which 

the efficiency of energy transfer is half-maximal, is 51 Å for the Alexa 555-Alexa 647 

fluorophore pair used for these experiments. Error in FRET efficiencies was set at 

0.03 based on measurements under the same conditions performed with a rigid 

DNA double strand. The standard error of the mean for the fraction of proteins with 

FRET efficiencies higher than 0.96 was calculated using the above error in FRET 

efficiency and determining the fractions at the two extremes in error and by 
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dividing by the square root of the number of molecules studied for each ligand-

bound state.  

After processing the data, the traces were further filtered for single molecule 

verification and excluded if they showed criteria of multistep bleaching or 

exceptionally high background adapted from a normal distribution. 

7.4. Results 

7.4.1. Cysteine Labeling versus Unnatural Amino Acid Labeling 

Previous protocols to study single molecule dynamics typically make use of 

cysteine residues to enable site-specific labeling.37,60 An important first step for such 

approaches is to remove endogenous cysteines that may be undesirably labeled. In 

the GluN1 agonist binding domain there is one non-disulfide-bonded cysteine at 

position 459 (Figure 7-1). The C459S mutant S1S2 protein could not be expressed 

well in E. coli. Further, single molecule FRET investigations of wild-type protein 

labeled with thiol-reactive dyes shows signal at the donor emission frequency but 

not at the acceptor frequency (FRET signal) relative to the blank slide studied under 

the same conditions (Figure 7-3, a and b). This result indicates that the single 

cysteine is accessible under these labeling conditions, while the disulfide bonded 

cysteines are not labeled. This is further confirmed by the double cysteine mutant at 

positions S507 and T701 which shows signal in both the donor and acceptor 

frequencies (Figure 7-3, c). 
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Figure 7-3: Labeling of wild type proteins and mutant protein. Blue and red 

images show the donor and the acceptor channel response, respectively, for 

the same areas. (a, d) Blank slides without any protein bound. (b) Purified 

wild type protein labeled with 1:1 ratio of maleimide derivatives of Alexa 555 

and Alexa 647 showing labeling of the C459. (c) Purified protein with 

cysteines at positions 507 and 701, labeled with 1:1 ratio of maleimide 

derivatives of Alexa 555 and Alexa 647. (e) Purified wild type protein labeled 

with 1:1 ratio of hydrazide derivatives of Alexa 555 and Alexa 647. (f) Purified 

protein with AcF inserted at positions 507 and 701 labeled with 1:1 ratio of 

hydrazide derivatives of Alexa 555 and Alexa 647. 

These considerations made it difficult to use cysteines for analyzing dynamic 

data. To address this issue, we introduced the unnatural amino acid p-acetyl-L-

phenylalanine (AcF) by mutating to an amber stop codon at site 507 in domain 1 

and at site 701 in domain 2 (Figure 7-1).   

In contrast to the experiments with the thiol reactive fluorophores, the wild 

type protein shows no signal even after overnight treatment with ketone-reactive 

dyes, similar to the blank control (Figure 7-3, d and e), indicating that none of the 
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natural amino acids are reactive to the ketone-reactive dyes. Additionally, the 

mutant protein with AcF at positions 507 and 701 showed signal at both the donor 

and acceptor frequencies showing that the dyes specifically label only the 

introduced AcF (Figure 7-3, f).  

7.4.2. Single Molecule FRET Investigations of the GluN1 Agonist-binding 

Domain with Full Agonist, with Partial Agonist, and with Antagonist 

The GluN1 agonist-binding domain was examined by single molecule FRET in 

the presence of the full agonists glycine and D-serine, the partial agonists L-alanine 

and 1-amino-1-cyclobutane carboxylic acid (ACBC), and the antagonist 5,7-

dichlorokynurenic acid (DCKA) (Figure 7-4). Donor and acceptor photon counts of 

excited proteins were measured with millisecond resolution, collected into 10 ms 

bins for efficiency determination, denoised using wavelet decomposition, and then 

plotted as separate histograms as described previously.37,60,95  

The single molecule FRET histograms of the different ligand-bound states 

show FRET efficiencies that range from 1 to 0.5 with a peak at 0.95. The FRET 

efficiency of 0.95 corresponds to a distance of 31 Å. This distance is similar to the 34 

Å measured in the crystal structure between the Cα of residue 507 and the Cα of 

residue 701, which is in good agreement with the FRET data, given that the FRET 

distances are measures between the fluorophores.21 A smaller peak appears around 

an efficiency of 0.72, corresponding to a distance of 44 Å. This distance is  
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Figure 7-4: Denoised single molecule FRET histograms showing the 

population distribution of the GluN1 ligand-binding domain in various 

liganded states. Distribution of FRET values for the GluN1 agonist-binding 

domain when bound to (a) full agonist glycine (85 molecules), (b) full agonist 

D-serine (28 molecules), (c) partial agonist L-alanine (38 molecules), 

(d) partial agonist ACBC (166 molecules), and (e) antagonist DCKA (121 

molecules). 

comparable to the 41 Å distance measured in the apo crystal structure. The fact that 

the different liganded states show occupancy covering this entire range suggests 

that the protein probes both the “closed’ and “open” cleft conformational states.171 

The small fraction of occupancies (less than 10%) at efficiencies below 0.6 reflect 

hyperextended open-cleft conformations that are most likely accessible due to the  
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Figure 7-5: Comparison of the single molecule FRET histograms. (a) 

Comparison of the single molecule FRET histogram for the agonist-binding 

domain when bound to antagonist DCKA (dark red) or with the full agonist 

glycine (green). (b) Comparison of the single molecule FRET histograms for 

the GluN1 agonist-binding domain when bound to full agonist glycine (green) 

or partial agonist ACBC (orange). 

isolated nature of the agonist-binding domain and the absence of the membrane and 

amino-terminal domain.  

A shift toward lower efficiency states is seen when comparing the single 

molecule FRET data of full agonists to that of the antagonist DCKA (Figure 7-5, a). 

Specifically, the DCKA-bound form of the protein has a reduced number of 

occurrences at 0.96 or higher efficiencies and a much larger fraction at 0.88 

efficiency (37 Å) relative to the forms bound to the full agonists glycine or D-serine. 

This trend to lower efficiencies is again consistent with the crystal structures which 

show an open-cleft conformation for the antagonist-bound protein.21 Interestingly, 
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the common 0.95 peak underlies the significant overlap in the single molecule FRET 

data between the antagonist- and agonist-bound forms of the GluN1 agonist-binding 

domain. This data is consistent with theoretical calculations of the apo state of the 

glycine-binding domains of the NMDA receptor, which show that the protein probes 

both open- and closed-cleft conformations.171 The single molecule FRET data, 

however, do not show a clear appearance of a new, distinct population between the 

two liganded forms, but only a shift in the population from a more closed-cleft 

conformation in the full-agonist-bound state to a more open-cleft conformation in 

the antagonist-bound state (Figure 7-5, a). 

The histograms for the GluN1 agonist-binding domain when bound to the 

partial agonists ACBC or L-alanine also show a peak FRET efficiency at 0.95, which 

corresponds to a distance of 31 Å (Figure 7-4). This distance is in agreement with 

the distance of 32 Å measured in the crystal structure of the ACBC-bound agonist-

binding domain between the Cα of residue 507 and the Cα of residue 701.161 The 

agonist-binding domain in complex with L-alanine has not been crystallized. The 

peak efficiency seen in the partial agonist-bound forms of the agonist-binding 

domain is similar to that found in the glycine-bound state of the protein, again 

consistent with the crystal structures that show a similar closed-cleft conformation 

with all activating agonists. Crucially, both of the partial agonist-bound forms of the 

agonist-binding domain probe smaller ranges of conformations and are thus more 

rigid compared to the glycine-bound state of the protein (Figure 7-5, b). Moreover, 

between the two partial agonists, the ACBC-bound form seems even more rigid than 

L-alanine, in line with ACBC being a less effective partial agonist than the 
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latter.161,183 This finding seems to be in direct contrast to the AMPA receptor, which 

shows a broader range of closed-cleft conformations when comparing partial 

agonist-bound forms to full agonist-bound forms.37 

7.5. Discussion 

Here, I show that the mechanisms of agonist action at GluN1 are different 

from those of AMPA receptors due to the fact that the protein tends to occupy a 

much narrower spread of states in the full agonist-, partial agonist-, and antagonist-

bound forms. The differences are more evident in the partial agonist- and 

antagonist-bound forms, as a decrease in agonism for the AMPA receptors is 

reflected by a large increase in the spread of cleft-closure states. In the GluN1 

agonist-binding domain the shifts are much less dramatic. The decreased spread in 

the cleft-closure states probed by the GluN1 agonist-binding domain could be one of 

the reasons that no significant changes were observed in the extent of cleft closure 

in the crystal structures between the partial agonist- and full agonist-bound forms.  

While the two receptors show differences in terms of dynamics of the 

agonist-binding domain between the various ligand-bound states, there is still a 

linear dependence for the GluN1 agonist-binding domain between activation and 

the fraction of protein exhibiting FRET efficiencies greater than 0.96 (Figure 7-6). 

This result is similar to what was observed in the AMPA receptors where a similar 

linear dependence between the fraction of receptors in high-efficiency states versus 

activation was observed.37 Thus, while the dynamics are different for the two  
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Figure 7-6: Cleft closure versus activation. Plot of the fraction of the agonist-

binding domain of the GluN1 subunit that exhibits FRET efficiencies higher 

than 0.96 versus normalized mean currents obtained with the corresponding 

ligands in full-length GluN1/GluN2B receptors.161,183 

subtypes, the underlying mechanism wherein the extent of cleft closure controls 

extent of receptor activation still seems to be preserved. 

Apart from the characterization of the GluN1 agonist-binding domain 

dynamics, the studies performed here show that unnatural amino acids can be used 

as a means to label proteins for single molecule FRET. The ability to introduce 

amino acids with a unique ketone functional group allows for labeling of proteins 
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with high specificity. Avoiding the conventional thiol-maleimide chemistry allows 

investigators to disregard any problems with cysteines native to the protein, as well 

as alleviating worries about the formation of disulfide bridges with the introduced 

cysteines. The commercial availability of p-acetyl-L-phenylalanine, as well as the 

commercial availability of various hydrazide-conjugated fluorescent labels, allows 

for the use of a wide variety of FRET fluorophore pairs with various distance ranges. 

7.6. Conclusions 

I have demonstrated here the use of ketone-containing unnatural amino 

acids for single molecule FRET measurements to analyze the conformational 

dynamics of the GluN1 agonist-binding domain in complex with the full agonists 

glycine and D-serine, the partial agonists L-alanine and ACBC, and the antagonist 

DCKA. The use of unnatural amino acids allows for the specific labeling of proteins 

and has the flexibility of being used with a wide variety of fluorophores. The single 

molecule FRET histograms of the GluN1 agonist-binding domain show a common 

high-efficiency peak, corresponding to a closed-cleft conformation accessible to all 

examined liganded forms of the protein. These data are consistent with previous 

theoretical results where the closed conformation was seen in both apo- and 

glycine-bound forms of GluN1. Additionally, the difference in efficacy appears to be 

correlated with the ability of the ligand to select specifically for the closed 

conformation. 
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Chapter 8 

Conclusions 

8.1. Conclusions 

In conclusion, I have performed single molecule FRET studies on the LBD for 

the AMPA receptor and the NMDA receptor in order to study the conformational 

landscape of the protein as it interacts with a range of agonists, partial agonists and 

antagonists. Specifically I found that the LBD follows a well ordered transition from 

conformational states along the opening pathway and that these conformations 

exist in equilibrium with each other. Furthermore partial agonists affect the LBD by 

moving the equilibrium to lower FRET states thus suggesting that the full tetrameric 

channel is partially open. 

For the AMPA receptor, I was able to show that the average FRET efficiencies 

follow approximately the same order of effectiveness for varying partial agonists as 

does the maximum current mediated ion channel at saturating concentrations. The 
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data also suggests that not only the average FRET value but also the spread in the 

overall distribution plays an important role in determining the effectiveness of ion 

transport. Specifically the relation of the nitrowillardiine complex shows that while 

the overall average FRET efficiency indicates that it should be a more effective 

agonist than it really is, only by looking at the full distribution of the single molecule 

signal can it be seen that it has a much broader distribution than chlorowillardiine. 

Additionally the iodowillardiine complex has the broadest conformational 

landscape which matches to its performance as the weakest of the willardiines. 

Overall the single molecule FRET data is consistent with the mechanism of 

activation being dictated by a combination of extent of cleft closure and the stability 

of the closed cleft state of when bound to a given ligand 

I also showed that by altering the solution conditions and adding in a 

reducing and oxidizing chemical system that I could extend the observable lifetimes 

of the molecules allowing for more transitions to be observed. Without utilizing 

these advances, I would have been unable to record enough transitions between 

states to be able to report on the equilibrium kinetics of state to state transitions. 

When comparing the effect that various photo stabilization solutions had on a FRET 

pair I found that the use of glucose and glucose oxidase with catalase when 

combined with a reducing and oxidizing pair such as methyl viologen and ascorbic 

acid had a drastically improved effect on the Alexa555/Alexa647 FRET pair over 

traditional PS systems. 
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I was also able to improve upon the use of single molecule FRET to analyze 

protein systems in general by utilizing the recently implemented unnatural amino 

acids as fluorophore attachment sites rather than the conventional cysteine 

residues. UnAAs offer greater site specificity for fluorophore attachment by 

providing chemically unique site, thus avoiding the potential for mislabeling. I was 

able to show successful integration of two UnAA sites into a single protein strand 

and was able to confirm the success by positively matching the results to a cysteine 

based labeled LBD. While the overall yield of the doubly labeled UnAA construct was 

much lower than traditional labeling schemes, because single molecule FRET 

requires only a very small concentration to be available and will not report on single 

labeled truncated strands it makes it the ideal technique for taking advantage of the 

specificity offered by UnAA by mitigating one of the largest drawbacks of the 

technique. 

8.2. Future Directions 

8.2.1. C-Terminal Domain 

While the primary path for channel signaling is done through the LBD, 

glutamate receptors also have signaling pathways from the intercellular portions. Of 

all of the domains in the glutamate receptors, the C-terminal domain is the least well 

studied. This is primarily due to the fact that it is incredibly difficult to crystalize and 

as such has not had its structure investigated. The most likely pathway for 

modulation is via phosphorylation of the serine residues. I believe that using single 
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molecule FRET structural changes for the C-terminal peptide can be analyzed.  

Because of the mechanisms built into the NMDA receptor for unblocking the ion 

channel after a large presence of intercellular ions, I have started investigating the 

NMDA receptor C-terminal structure changes in the presence of both changing 

phosphorylation conditions as well as the presence of charged and neutral lipids. I 

believe that a stiffening of the C-terminal peptide should be observed in the 

presence of the phosphorylation agents. 

8.2.2. Full Length Receptor 

Due to limitations in both protein synthesis and preparation, this study 

focuses solely on the isolated LBD of both the AMPA receptor and the NMDA 

receptor. While I was able to show that there exists strong correlation between the 

conformational state of the LBD and the effectiveness of the protein as an ion 

channel I was still only observing the protein in isolation. In order to be able to more 

effectively translate the motions of the protein to the effect that agonist binding has 

on the protein, research into more cell like conditions including observing the full 

length protein should occur. This has a number of potential difficulties mostly 

involved with the fact that as a membrane bound protein normal functionality of the 

protein would only be expressed if the protein was able to exist in a hybrid 

hydrophobic and hydrophilic environment. Some early preliminary studies on the 

full length NMDA receptor have shown that it is possible to express the full length 

protein and have it form stable dimers.  
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Mass Spectrometry 

Gel samples were cut into 1mm size pieces or smaller and placed into separate 0.5 

mL polypropylene tubes. After the sample was digested with trypsin, 3 µL of the sample 

was injected into the mass spectrometer. Nano-LC/MS/MS was performed on a Thermo 

Scientific Orbitrap Fusion system with CID and ETD capability, coupled with a Dionex 

Ultimat 3000 nano HPLC and auto sampler with 40 well standard trays. The sample was 

injected onto a nano trap (100um i.d. x 1cm, C18 PepMap 100) and then followed by a 

C18 reversed-phase home-packed column (SB-C18, ZORBAX, 5 micron from Agilent).  

Flow rate for the column was set to 400 nL/min with 60 min LC gradient, where the 

mobile phase is A (5% ACN, 0.1% FA) and B (100% ACN, 0.1% FA). Once the sample 

elutes from the column, it was sprayed through a charged emitter tip (PicoTip Emitter, 

New Objective, 10+/- 1um) and into the mass spectrometer.  Settings for the mass 

spectrometer were as follows; tip voltage at +2.2 kV, FTMS mode for MS acquisition of 

precursor ions (resolution 120,000); ITMS mode for subsequent MS/MS of top 10 

precursors selected; MS/MS was accomplished via CID. 

Proteome Discoverer 1.4 was used for protein identification and modification 

analysis.  For protein identification, the appropriate taxonomy (human, mouse, etc.) is 

searched in NCBI and/or UniProt databases.  Other parameters include the following:  

selecting the enzyme as trypsin; maximum missed cleavages = 2; variable modifications 

include oxidation (M) and other customer modifications; precursor tolerance is set at 

5ppm; MS/MS fragment tolerance is set at 0.6 Da; and peptide charges are considered as 

+2, +3 and +4.  The significance of a peptide match is based on expectation values. The 
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expectation value is the number of matches with equal or better scores that are expected 

to occur by chance alone.  The default significance threshold is p<0.05, so an expectation 

value of 0.05 is considered to be on this threshold.   

 

SIFIGURE 1: Mass spectrometric analysis of NMDAR LBD with unnatural amino 

acid expression. The NMDAR LBD was isolated as described and analyzed via 

MALDI-TOF mass spectroscopy, yielding the above range of peptide fragments. 

419 peptides were analyzed to yield a total of 885 identified amino acids. Of 

high scoring peptides analyzed, over 99% showed expected amino acid 

sequence. Peptides showing expected incorporation of unnatural amino acid 

are marked in red and mismatch in blue. 
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SIFIGURE 2: Wild type LBD was isolated as described and examined by circular 

dichroism (CD). Far-UV CD spectra (190-260 nm) of the LBD were collected on a 

JASCOJ815 CD spectrometer using a 0.2-cm quartz cuvette at room temperature. 

The continuous scanning wavelength was set to 1 measurement/nm at 50 nm/min, 2 

second response time. The spectra shown are averages compiled from 5 separate 

acquisitions. (a) The GdmCl and higher concentration LBD curves hover around 

zero due to the machine’s maximal absorbance having been reached, preventing 

accurate background subtraction. For this reason, the lack of signal for GdmCl and 

LBD samples at higher concentrations should not be interpreted as a total loss of 

secondary structure. (b) Rescaled CD spectrum of NMDA LBD protein at 0.5 

mg/mL in PBS buffer with 1 mM glycine, reported in molar ellipticity, 

demonstrating that secondary structure of the modified LBD is maintained. 
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SIFIGURE 3: Anisotropy curve for the cysteine labeled NMDAR LBD. The 

rotational correlation coefficient was calculated to be 0.34 ns and the signal 

decayed fully after about 2 ns from the peak of the pulse. 

 

SIFIGURE 4: Photobleaching times of smFRET traces fit to a single exponential 

decay curve to get the average decay time for an individual trajectory. 

Trajectories were sorted based on length and then the total amount past a given 

length was plotted. The blue line represents the fit for a single exponential decay 

curve in the form e
-x/τ

 and has an average time τ equal to 4.96 s. 
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SIFIGURE 5: Labeling controls for cysteine mutation and unnatural amino acid 

mutation LBD. For overnight cysteine labeling there is some partial labeling of 

wildtype protein indicating non-specific binding (A-C).  However for the unnatural 

amino acid data (D-F) labeled overnight no such non-specific binding can be seen in 

the wildtype but there are FRET spots which appear with the double mutant 

construct.  If the cysteine conjugated dyes are used under standard short time 

labeling conditions (G-I) very little binding is observed in either channel for the 

wildtype protein.  This effect is also seen in the relative concentrations of the protein 

vs dyes as determined by absorption measurements of the wildtype vs the double 

mutant.  For the wildtype protein, a ratio of 1 : 0.014 : 0.05 protein : donor : 

acceptor is observed, whereas the average concentration ratio in the double mutant 

studies is 1 : 0.5 : 1.2. 
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SIFIGURE 6: Demonstration of wavelet denoising inducing no states bias using 

simulated FRET trace. The input FRET states were 0.95, 0.5 and 0.1, and the total 

number of photons during one sampling time was 20. Poisson noise was added to 

both acceptor and donor channels. (a), Simulated signal of donor and acceptor 

channels and the corresponding wavelet denoised signals. (b), Calculated FRET 

efficiency trace from the raw data and the denoised data. (c), Comparison of the raw 

data distribution, denoised data distribution, and the true distribution. The 

simulation at different FRET efficiency shows wavelet denoising induces no bias on 

the FRET efficiency value. 

 

 

SIFIGURE 7: STaSI performance tested by simulated system with six FRET states. 

(a) The total 100 simulated FRET traces (blue) and the STaSI fit (red). (b) The 

optimum number of states (six states) determined as the lowest MDL points. (c) The 

distribution of the simulated FRET efficiency (blue bar), the fitting (red bar) and 

the true distribution of the six states (green stem). 
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Input States Input State 

distribution 

STaSI Returned 

States 

STaSI Returned % 

distribution 

0.22 15.9 0.22 15.5 

0.26 23.3 0.26 23.8 

0.39 11.7 0.39 11.6 

0.52 12.4 0.52 12.5 

0.67 18.4 0.67 18.1 

0.72 18.3 0.72 18.6 

SITABLE 1 Simulation results for the STaSI algorithm with FRET data.  

 

 

SIFIGURE 9: STaSI identified states for unnatural amino acid labeled protein in 

comparison to the STaSI identified states for the cysteine labeled protein. The seven 

identified states in the unnatural amino acid NMDAR LBD construct are at FRET 

efficiency values of 0.21, 0.39, 0.53, 0.65, 0.81, 0.90, and 0.98.  
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Denaturation Single Molecule 

 

The smFRET trajectories of the 

NMDAR LBD, collected before, during the 

presence of 6 M GdmCl, and after washing 

out the denaturant (Fig. S9), but on different 

protein molecules, also show that the protein 

predominantly and reversibly enters lower 

FRET efficiency states in the presence then 

removal of high concentrations of 

denaturant, while avoiding the effects of 

photobleaching and low signal-to-noise 

present in the raster scanned image analysis. 

The FRET efficiency distributions of the 

pre- and the post-denaturant measurements 

match very well (Fig. S9, a and c), 

indicating that the fraction of protein that 

does recover reverts back to the original 

FRET efficiency states of 0.96, 0.87, and 

0.79. In the presence of the denaturant (Fig. 

S8, b), the protein’s equilibrium has shifted 

to be predominantly in the lower FRET 

efficiency states in the range of 0.79 to 0.54, 

whereas the highest states are almost 

completely absent.  

 

 

 

 

SIFIGURE 9 Single molecule histograms of the GluN1 protein before, during, and 

after a high concentration of denaturant was flowed through the cell. (a) Initially the 

NMDAR LBD favored the three highest FRET efficiency states. (b) While 

denaturant was present the overall FRET efficiency dropped indicating the protein 

entered a more open conformation. (c) Once the denaturant flow was stopped, the 

protein returned to the original distribution profile with a majority in the high 

FRET efficiency states. Gaussian fits for each state are shown by the dashed curves 

while the total sum of Gaussians is shown by the magenta curve to provide a visual 

estimate for the goodness of fits of the seven state model. 
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