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ABSTRACT 

Fluorogen activating proteins (FAPs) are genetically encoded tags made from single 

chain antibody fragments (scFv) designed to bind fluorogens with high specificity. Both 

the fluorogen and FAP can be modified to provide flexibility in properties such as 

affinity, membrane permeability, spectra, and quantum yield. The fluorogen Malachite 

Green (MG) has two excitation peaks, the maximum at 630 nm and a secondary peak at 

450 nm. The emission spectra of blue-emitting fluorescence proteins, such as 

mCerulean (mCer), overlap with the MG secondary peak, generating a FRET pair with 

large Stokes shift emission. Using 405 nm excitation of mCer, we observe acceptor 
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sensitized emission at wavelengths greater than 650 nm with no spectral crosstalk 

between the donor and acceptor channels. Additionally, donor only controls can be 

acquired for all cells as the acceptor is not present until after the addition of the 

fluorogen, providing intra-cellular control. 

The FAP-FRET system has been characterized using proof of principle constructs: FAP-

mCer-transmembrane (TM) as a positive FRET control and FAP-TM-mCer as a negative 

FRET control and expressed in HeLa cells.  Multiple MG derivatives were compared and 

imaging parameters were optimized to determine the optimal FRET pair. Analysis was 

performed using code written in Matlab to mask the cell membrane and quantify FRET 

efficiencies, based on donor intensity before and after addition of fluorogen. Data from 

several fluorogen showed high energy transfer efficiency (~30%) with the FAP-mCer-TM 

construct compared to negligible FRET (~4%) for FAP-TM-mCer. Additional techniques 

were performed to support the FRET efficiency data, including spectral imaging and 

FLIM, which also reported FRET efficiency around 30% with the positive constructs and 

negligible FRET with the negative constructs. The FAP-FRET system is currently being 

used to study the kinetics of signaling proteins within the FcεRI pathway. 
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Chapter 1 

Introduction 

1.1 Fluorescence 

Fluorescence microscopy has been a powerful tool used for decades to investigate 

biological questions because of the ability to specifically label and visualize only the 

cellular components of interest in either live or fixed specimens. Fluorescence was first 

described by G. G. Stokes in 1852 after observing that a mineral emitted red light when 

illuminated with ultraviolet light, and determined that the emission of fluorescence is 

always a longer wavelength than that used for excitation. The Stokes shift is the 

difference in wavelength between maximum excitation and emission of a fluorescent 

molecule (Lavis & Raines, 2007) (Figure 1.1 A). 

Identification and evaluation of a number of naturally occurring fluorescent substances, 

including aromatic amino acids such as tryptophan, showed that these molecules 

typically contain polyaromatic hydrocarbons or heterocyclic structures where electrons 

within pi bonds can become excited through interactions with photons (Teale & Weber, 

1957) (Zgierski, Fujiwara, & Lim, 2010) (Figure 1.1 B). Depending on the chemical 

structure of the fluorescent molecule, a photon of specific energy can excite an electron 

to a higher energy state and emit a photon of less energy during relaxation. A Jablonski 

diagram is frequently used to describe this event, where the ground state of an electron 

is labeled S0 and the excited singlet states are denoted S1 and S2 (Figure 1.1 C).  
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Each energy state is subdivided into additional vibrational energy states, indicated with 

thin horizontal lines. Excitation of an electron occurs within femtoseconds and is 

represented by a blue upward arrow. Vibrational relaxation within the higher energy 

states occurs within picoseconds and is represented by stepped lines. The energy lost 
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through this relaxation is what causes fluorescence emission of a longer wavelength 

(Lavis & Raines, 2007). The relaxation of an electron from the lowest level of S1 to the 

ground state, when released as a photon, occurs within nanoseconds and is termed 

fluorescence, represented by a green downward arrow. The molecule can also be 

quenched, where electrons return to the ground state without emitting a photon, 

shown as a dashed downward arrow in the Jablonski diagram (Berezin & Achilefu, 2010). 

Additionally, energy can be non-radiatively transferred to another molecule through a 

process termed Fӧrster Resonance Energy Transfer (FRET). 

Excited electrons can also cross to the excited triplet state, sometimes referred to as the 

dark state, shown as T1 in Figure 1.1 C. Molecules can remain in the dark state for a long 

period of time, up to milliseconds, but eventually either return to an excited singlet 

state or the ground state. If it relaxes down to the ground state, this process occurs at a 

much longer time scale than fluorescence, up to hundreds of seconds, and is termed 

phosphorescence. The presence of molecular oxygen can push electrons out of the dark 

state to the singlet state, allowing them to become excitable again, but oxygen can also 

cause irreversible photobleaching (Vogelsang et al., 2008). Molecules can cycle through 

the excitation and relaxation process up to millions of times but the formation of singlet 

oxygen from triplet state quenching can oxidize the structure leaving them permanently 

dark (Aitken, Marshall, & Puglisi, 2008). 

Each fluorophore has a specific absorption and emission spectrum that may change 

depending on the environment, but remains a characteristic of the fluorophore as the 

spectra are based on the chemical structure and the extent of electron delocalization 
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across the molecule. (Voicescu, Ionescu, & Gatea, 2014) (Liu, Zhang, & Jin, 2013) The 

excitation and emission spectra and chemical structures of Alexa Fluor® 488 and Alexa 

Fluor® 647 (Thermo Fisher Scientific) are shown as examples (Figure 1.2 A). The 

excitation spectrum is a representation of how well the molecule absorbs photons of 

different energy levels or wavelengths. The maximum absorbance peak (λmax) is the 

wavelength at which the fluorophore best absorbs photons. The emission spectrum of a 

fluorophore is a plot of the various wavelengths at which the molecule will emit light 

during relaxation, where the maximum peak (λem) represents the wavelength most likely 

to be emitted. The emission spectrum is independent of the wavelength used for 

excitation and simply shifts proportionally in intensity as the excitation wavelength 

deviates from maximum (Figure 1.2 B). 
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In addition to spectral characterization of a fluorophore, there are several other 

descriptive photophysical properties frequently used. The efficiency of a molecule to 

absorb a photon, the extinction coefficient (ε), can be determined using the Bouguer-

Lambert-Beer law, which defines the absorbance (𝐴) of light by a sample with the 

following equation: 𝐴 = 𝜀 ∙ 𝑐 ∙ 𝑑, where ε = molar absorption coefficient, 𝑐 = 

concentration, and 𝑑 = path length (Mäntele & Deniz, 2016). The higher the extinction 
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coefficient, the better the molecule can absorb energy to produce fluorescence. The 

efficiency of a molecule to emit a photon after excitation, as opposed to non-radiative 

relaxation, is termed the quantum yield or quantum efficiency (φ). This is a ratio of the 

number of photons in to the number of photons out, with a maximum efficiency of 1.0. 

Molecules with a quantum yield as low as 0.05 can still be visualized but higher quantum 

yields are preferred. The brightness of a fluorophore can be defined by the product of 

the extinction coefficient and the quantum yield (𝜀×𝜙) (Lavis & Raines, 2007). The 

lifetime (τ) of the fluorophore is the average length of time a molecule spends in an 

excited state before returning to the ground state. As an excited molecule can relax 

through both radiative and non-radiative decay, the lifetime can be described as the 

inverse of the sum of both rate constants, 𝑘𝑟 the radiative rate constant and 𝑘𝑛𝑟 the 

non-radiative rate constant, with the following equation: 𝜏 =
1

𝑘𝑟+𝑘𝑛𝑟
 (Berezin & Achilefu, 

2010). Lifetime is independent of concentration, photobleaching, or other intensity 

based fluorescence parameters but is very sensitive to environment and is therefore a 

useful measurement for scientists. Using Alexa Fluor® 488 (Thermo Fisher Scientific) 

again as an example, the extinction coefficient is 73,000 M-1 cm-1, the quantum yield is 

0.92, and the lifetime is 4.1 ns (www.thermofisher.com). 

1.2 Fluorophores 

While the understanding of fluorescence has grown, its application in biology was 

limited until Albert Coons was able to chemically conjugate a fluorophore to an antibody 

in 1942 and directly target pneumococci in fixed tissue (Coons, 1961). This was the 
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beginning of immunofluorescence and incredible scientific progress in the field of cell 

biology. Direct and indirect labeling methods were developed to identify proteins of 

interest in cells or tissue using the specificity of the antigen-antibody reaction (Mellors, 

1968). Direct labeling uses a small organic fluorophore directly conjugated to an 

antibody against an antigen, while the indirect method utilizes a dark primary antibody 

to the antigen and a fluorophore-conjugated secondary antibody against the primary 

antibody (Figure 1.3). While the direct method is simpler, the indirect method allows for 

more flexibility and brighter fluorescence as multiple secondary antibodies can bind the 

primary. Hundreds of organic fluorophores have been developed and applied to 

immunofluorescence and used within an expansive body of biological research. 

 

Improvements are continuously being made to enhance features such as the brightness 

and photostability of fluorophores. Quantum dots (QD) were developed in 1998 as a 
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biologically applicable fluorophore with several unique properties, including negligible 

photobleaching (Wegner & Hildebrandt, 2015). QDs are nanoparticles that range from 

2.7 nm to 4.8 nm, while the fluorescence emission increases with size, consisting of a 

CdSe fluorescent core with a protective shell of either ZnS or CdS, surrounded by 

functional groups that interact with other molecules, including antibodies, to target 

cellular components of interest (Figure 1.4). 

 

Although a powerful technique, immunofluorescence is limited to evaluation of fixed 

samples as labeling intracellular structures with an antibody requires permeablization of 

the cell membrane. In the early 1990’s, decades of work by many people including 

Roger Tsien and Martin Chalfie culminated in the cloning of the Green Fluorescent 
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Protein (GFP) as an expressible fluorescent marker after GFP was identified in the 1960’s 

by Osamu Shimomura from jellyfish, Aequorea victoria (Zimmer, 2009). GFP is a 27 kDa 

protein that is approximately 24 Å wide and 42 Å long with a barrel of beta sheets 

surrounding a fluorophore, which helps to reduce photobleaching (Figure 1.4 A) (Walker 

et al., 2015) (Yang, Moss, Phillips, Phillips Jr., & Phillips, 1996). In the early 1990’s, 

Chalfie expressed and visualized GFP in Escherichia coli and then neurons of 

Caenorhabditis elegans, introducing GFP as an expressible fluorescent protein (FP) for 

live cells, while Tsien was responsible for developing the first GFP variant, a blue FP 

(Sanders & Jackson, 2009). Continued modifications to the GFP molecule has led to 

brighter fluorescence, enhanced GFP (EGFP), and many other color variants, such as 

Cyan FP (CFP) and Yellow FP (YFP) (Zimmer, 2009) (Figure 1.5). In 1999, Lukyanov 

discovered naturally red-shifted fluorescent proteins in reef coral, Discosoma, which 

allowed for expansion of FPs throughout the visible spectrum (Campbell et al., 2002; 

Matz et al., 1999). 
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The fusion of FPs to proteins of interest has been a powerful tool for cell biologist to 

visualize proteins of interest in living cells, but even the enhanced FPs still suffered from 

photobleaching and low quantum yields making quantification difficult. After continued 

work to improve fluorescent proteins, mCerulean3 was developed in 2011, an ECFP 

variant with 10 mutations and an increase in quantum yield from 0.37 to 0.87 (Mérola et 

al., 2014). mCerulean is a monomeric form that prevents dimerization due to a common 
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FP point mutation, A206K, that changes a hydrophobic residue to a positively charged 

residue (Zacharias, Violin, Newton, & Tsien, 2002). Dimerization has been shown to 

increase FRET efficiencies but can be an undesirable occurrence when studying protein 

function. 

1.3 Microscopy Basics 

As the advancement of fluorophores has grown, so has the technology to image them. 

The fluorescence microscope was first developed by two German physicists, Otto 

Heimstaedt and Heinrich Lehmann, between 1911 and 1913 to visualize autofluorescence 

in biological materials. A filter cube is necessary to separate the bright light used for 

excitation from the relatively dim fluorescence emission. The filter cube typically 

contains a bandpass excitation filter, a dichroic mirror, and an emission filter, either 

bandpass or long pass (Figure 1.6 A). Filter cubes are often designed to excite and detect 

a specific fluorophore or groups of spectrally similar fluorophores. Using the Alexa 

Fluor® 488 filter set from Chroma as an example, the excitation filter is a 10 nm 

bandpass filter centered at 488 nm, the dichroic reflects light below and transmits light 

longer than 498 nm, and the emission filter is a 50 nm bandpass centered at 525 nm 

(Figure 1.6 B). Bandpass emission filters are important when looking at multiple 

fluorophores to reduce crosstalk between fluorophores. Longpass emission filters are 

beneficial because they transmit more light. A fluorescence microscope will often have 

multiple filter cubes to look at a variety of fluorophores. 
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There are a several light sources as options for fluorescence excitation. Mercury lamps 

have been the standard for many years on fluorescence microscopes, as they are very 

bright and have a broad spectrum across the visible range with large peaks near 

excitation maximums for common fluorophores. While mercury lamps are a powerful 
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and flexible excitation source, they must be replaced frequently and disposed of as 

hazardous waste. Additionally, they can explode if not cool during ignition. Xenon lamps 

are similar to mercury lamps except they have a longer life and although less powerful, 

they provide a relatively even spectral profile across the visible range – a preferred 

feature for quantitative microscopy. Alternative options have been developed recently, 

including metal halide and L.E.D., and are quickly replacing mercury and xenon lamps. 

These new light sources last much longer and do not risk explosion while still providing 

high intensity across the visible spectrum. 

Fluorescence is often detected with a camera and there are a number of different 

options available depending on the application and budget. Images were traditionally 

acquired with film cameras but were quickly replaced with charge coupled device (CCD) 

cameras when the technology became available, with the significant advantage of the 

digital format allowing for instant image display. Electron multiplying-CCD (EM-CCD) 

cameras were developed in the early 2000s to be more sensitive than standard CCD 

through the addition of an electron multiplying register positioned before the standard 

amplification, enhancing the signal without introducing read noise. Recently, scientific 

complementary metal-oxide-semiconductor (sCMOS) cameras have gained popularity as 

they have a larger field of view and higher resolution than EM-CCD cameras, as well as 

better signal to noise when more than 5 photons are detected. The high sensitivity of 

both EM-CCD and sCMOS have allowed for increased acquisition speed, advancing live 

cell imaging. 
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1.4 Microscopy Techniques 

Microscopy has been such a powerful technique because of the ability to image live cells 

with fairly high resolution, approximately 200 nm laterally and 600 nm axially 

(Fernández-Suárez & Ting, 2008). Ernst Abbe first described the limit to the resolution of 

light in 1873 with the equations ∆𝑥, ∆𝑦 =  
𝜆

2𝑛 sin 𝛼
 and ∆𝑧 =  

2𝜆

𝑛 𝑠𝑖𝑛2 𝛼
 (Figure 1.7 A), 

where λ is the emission wavelength of the fluorophore and 𝑛 sin 𝛼 is the numerical 

aperture (NA) of the objective, with 𝑛 as the refractive index of the imaging medium and 

α as half the angle of light that the objective can collect (Hell, Dyba, & Jakobs, 2004) 

(Figure 1.7 B). A point of light in a sample will be refracted as it passes through the 

optics of the microscope. The refraction pattern is called an airy disc and the size of the 

disc depends on the NA of the objective – the larger the NA, the smaller the airy disc 

pattern and the better the resolution (Figure 1.7 C). The wavelength of the fluorophore 

also effects the size of the airy disc, with a longer wavelength resulting in a larger airy 

disc (Figure 1.7 D). 
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Confocal microscopy was introduced in the 1980’s to improve axial resolution and image 

clarity by removing out of focus light using a pinhole in the emission path. Although the 

entire z-plane is illuminated as in widefield, only fluorescence originating from the focal 

plane is detected, while out of focus light falls outside of the pinhole and is rejected 
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(Figure 1.8). Typically, the diameter of the pinhole can be adjusted to optimize the 

optical section thickness and collect one airy unit, based on the objective and the 

wavelength of light. Collecting more than one airy unit decreases the axial resolution 

and collecting less than one airy unit will quickly reduce the amount of light that can be 

detected. 
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Gas lasers, such as Argon and Helium-Neon, have been commonly used light sources for 

confocal microscopy because of their narrow spectral lines at wavelengths useful for 

exciting many fluorophores, but due to their inefficiency and large size have recently 

been replaced with diode lasers. Most confocal microscopes acquire an image by 

scanning the laser across a field of view and collecting the emitted photons with a 

photomultiplier tube (PMT) or more recently, GaAsP or Hybrid (HyD) detectors. A PMT is 

a vacuum tube that detects photons that pass through a window and hit a 

photocathode within the tube. The photon is converted to an electron which is then 

amplified through a series of dynodes before reaching the anode and recorded as 

current (Figure 1.8 B). A GaAsP detector is a PMT with a gallium-arsenide-phosphide 

coating on the photocathode, increasing the quantum efficiency of the detector from 

approximately 25% to 40%. HyD detectors are a hybrid of an avalanche photodiode 

detector and a GaAsP PMT, which offers the high dynamic range of a PMT with the low 

noise and sharp pulse of an avalanche photodiode detector, allowing for photon 

counting (Figure 1.8 C). 

Although many advancements in biology have been made and questions addressed 

within the resolution of light, there are a number of cellular events and structures that 

require higher resolution. A number of super resolution techniques have been recently 

developed to overcome this limit, such as Stochastic Optical Reconstruction Microscopy 

(STORM) or Photoactivated Localization Microscopy (PALM) which localize photons 

through photobleaching or photoswitching, Stimulated Emission Depletion (STED) which 

increases precision by reducing the area of a point of light, and Structured Illumination 
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Microscopy (SIM) which uses shifting interference patterns to collect high-frequency 

information. These techniques significantly increase resolution compared to standard 

fluorescence microscopy, bringing the resolution limit down to approximately 50 nm, 70 

nm, and 100 nm respectively (Schermelleh, Heintzmann, & Leonhardt, 2010). 

1.5 Introduction to FRET 

Although these super-resolution techniques have pushed imaging beyond the resolution 

of light there are still dynamic molecular interactions that occur at distances that remain 

unresolved, such as protein-protein interactions or conformational changes of proteins. 

In 1946, Theodor Fӧrster proposed the theory that energy can transfer non-radiatively 

from one fluorescent molecule, a donor, to another molecule, an acceptor, within a 

distance of 10 nm, and the efficiency of transfer is distance dependent to the inverse 

sixth power (Bajar, Wang, Zhang, Lin, & Chu, 2016). This theory has been termed Fӧrster 

Resonance Energy Transfer (FRET) and can be described using a Jablonski diagram 

(Figure 1.9). It is a powerful technique that can be used to visualize interactions that 

occur within 10 nm, below the resolution of super-resolution techniques. FRET has an 

advantage over biochemical techniques to optically localize and quantify transient 

interactions within intact cells. The development of GFP and the many derivatives have 

proven to be effective FRET pairs and allowed for these interactions to be studied in live 

cells (Bajar et al., 2016). 
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The first experiments using FRET were performed in cuvettes, before fluorescence 

microscopy was routine. In 1978, Lubert Stryer demonstrated that FRET could be used 

as a “spectroscopic ruler” to measure distances within proteins using intrinsic 

fluorescence or through chemical insertion of fluorophores, determining the distance 

between several positions of tRNA, for example, that agree with distances measured 

using crystallography (Stryer, 1978). With the development of fluorescence microscopy, 

FRET became a tool to visualize protein-protein interactions, as demonstrated by Anne 

Kenworthy using Cy3 and Cy5 as FRET pairs (Kenworthy, 2001). Fluorescent proteins 

have allowed for the development of FRET biosensors, in which biological changes such 

as the conformational change of a protein or the cleavage of a molecule leads to a 
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change in FRET signal (Li, Pham, & Truong, 2006). Seong et al. used a FRET biosensor to 

elucidate the activation of focal adhesion kinase within membrane microdomains 

(Seong et al., 2011). 

The occurrence of FRET can be described through several equations, most basically as a 

ratio of the FRET signal before and after a biological change. FRET efficiency is a more 

rigorous measurement of FRET and can be used to quantify the extent of FRET 

occurring. The equation for FRET efficiency (E) can be written as 𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
, where 𝐼𝐷𝐴 

is the donor fluorescence intensity when the acceptor is present and 𝐼𝐷 is the donor 

intensity when the donor is alone. Intensity can be substituted with donor lifetime 

values to calculate FRET efficiency (Kremers, Goedhart, Van Munster, & Gadella, 2006). 

The Fӧrster radius (R0) is described as the distance between the donor and acceptor at 

which the FRET efficiency is 0.50 and written with the following equation: 𝑅0 =

(𝐽𝐾2𝑄0𝑛−4)
1

6×9.7×103Å, where 𝐽 is the integral of the spectral overlap of donor 

emission and acceptor absorption, 𝐾2 is the orientation factor for a dipole-dipole 

interaction, 𝑄0 is the quantum yield of the donor, and 𝑛 is the refractive index of the 

medium (Stryer, 1978). This value is useful to determine if a fluorophore pair is likely to 

FRET within the distance of the interactions in question. 

1.6 Requirements for FRET 

There are three physical requirements for FRET to occur: spectral overlap, distance, and 

orientation. The probability of FRET increases as these parameters are optimized and 

are discussed in the paragraphs below (Hochreiter, Garcia, & Schmid, 2015). The 



21 
 

emission spectrum of the donor must overlap with the acceptor absorption spectrum, 

ideally greater than 30% (Figure 1.10 A). FRET is very sensitive to distance, where the 

efficiency decreases with distance between fluorophores with a maximum distance 

around 10 nm (Figure 1.10 B). Third, the relative orientation of the donor and acceptor 

molecules is important for proper dipole-dipole coupling to occur (Figure 1.10 C). 

 

The degree of overlap between the donor emission and acceptor absorption spectra is 

an important consideration when selecting fluorophores to be used as FRET pairs – the 

higher the overlap, the better the FRET pair. The integral of spectral overlap (𝐽 or 𝐽𝐷𝐴) 
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can be determined with the following equation, 𝐽 = ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆
∞

0
, where 𝐹𝐷(𝜆) 

is the normalized, wavelength dependent fluorescence intensity of the donor, and 𝜀𝐴(𝜆) 

is the wavelength dependent extinction coefficient of the acceptor (Bajar et al., 2016). 

The 𝐽𝐷𝐴 of CFP and YFP is 2.0320e-13, for example. 

The sensitivity of FRET efficiency to distance can be expressed with the equation: 𝐸 =

1

1+(𝑟
𝑅0

⁄ )
6 with efficiency decreasing to the 6th power with distance. It can be useful to 

plot 𝐸 vs 𝑟 for a given donor and acceptor to determine the range at which FRET is likely 

to occur. Calculating R0 and plotting 𝐸 vs 𝑟 for the common FRET pair, CFP and YFP, 

shows that FRET can be detected at distances up to 7.3 nm, as reported by Müller et al. 

(Müller, Galliardt, Schneider, Barisas, & Seidel, 2013). 

The third requirement for FRET is the orientation of the fluorophores, with efficiency 

decreasing as the angle between the dipole-dipole transition moments increases. The 

orientation factor can be calculated with the following formula: 𝐾2 = [𝑑×𝑎 −

3(𝑑×𝑟𝑑𝑎)(𝑎×𝑟𝑑𝑎)]2, where 𝑑 and 𝑎 are the dipole moments of the donor and acceptor, 

respectively, and 𝑟𝑑𝑎is the vector between the two. Often 𝐾2 is simply estimated to be 

2/3, assuming free rotation of the dye molecules and complete sampling of all possible 

orientations (Khrenova, Topol, Collins, & Nemukhin, 2015). 

1.7 Standard Techniques for Measuring FRET 

Although incredibly informative, quantifying FRET can be quite complicated, which has 

limited the application of this technique. There are several methods for acquiring and 
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analyzing FRET, including intensity-based methods, such as acceptor photobleaching and 

sensitized emission, and measuring fluorophore lifetime with FRET-FLIM (Hochreiter et 

al., 2015). There are advantages and limitations to each method, which will be discussed 

with a description of each technique. 

Acceptor photobleaching reports FRET by measuring an increase in donor intensity after 

bleaching the acceptor, although this technique should only be used with fixed samples 

as there could be diffusion after bleaching live cells. Using cells expressing both the 

donor and the acceptor, the donor is excited and emission is measured. Next, the 

acceptor is photobleached and the donor emission is again measured with direct 

excitation. If FRET was occurring and the acceptor was sufficiently bleached, the donor 

signal will increase when the acceptor no longer available. A ratio of this change can be 

used to determine relative changes in FRET and imaging the same cell before and after 

bleaching controls for variability in protein expression. 

FRET efficiency could be calculated with the following equation: 𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
, where 𝐼𝐷𝐴 

is the donor fluorescence intensity before bleaching the acceptor and 𝐼𝐷 is the donor 

intensity after bleaching, although a correction for cross-talk of YFP into the CFP channel 

must be applied. Including the corrections, the equations is the following: 1 −
𝐼𝐷𝐴−𝛼𝐴

𝐼𝐷−𝛼𝐴
, 

where αA is the normalized cross-excitation cross-talk, determined using cells only 

expressing the acceptor. Acceptor only control samples are also important to determine 

proper bleaching of the acceptor, as donor bleed-through can make this difficult to 

determine in cells expressing both fluorescent proteins. Donor only control samples are 
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necessary to determine the settings required to prevent unintentional bleaching of the 

donor. 

Sensitized emission is the measurement of the acceptor emission from donor excitation. 

Unfortunately, the spectral overlap that is required for FRET to occur also makes 

identifying this signal difficult using typical fluorophores, such as CFP and YFP; excitation 

of CFP and detection of YFP in the FRET channel will include CFP emission. There are 

several controls required to determine the FRET signal: CFP only expressing cells, YFP 

only expressing cells, and untransfected cells to identify the contribution of 

autofluorescence. Images of these control samples as well as the CFP and YFP 

expressing cells are acquired under three imaging conditions to calculate for cross-talk 

(Table 1.1 A): donor channel (A) with donor excitation, FRET channel (B) with donor 

excitation, and acceptor channel (C) with acceptor excitation. An additional 

complication when using fluorescent proteins is variability in protein expression, which 

must be normalized using correction factors (Table 1.1 B). Mean intensity data from 

these images are then used to determine the contribution of cross-talk and calculate 

sensitized emission with the following equation: 𝐸 =
𝐵−𝐴×𝛽−𝐶×(𝛾−𝛼×𝛽)

𝐶×(1−𝛽×𝛿)
 (Qian, Yao, Wu, 

& Wu, 2014). Although sensitized emission directly calculates the FRET signal and can be 

used with live cells, the numerous control images and calculations required are 

prohibitive. 
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The change in lifetime of a fluorophore can also be used to measure FRET as lifetime is 

very sensitive to environmental changes, such as pH or the availability of an acceptor for 

FRET. Lifetime can be measured several ways, including Fluorescence Lifetime Imaging 

Microscopy (FLIM). Time correlated single photon counting FLIM records the lifetime of 

a fluorophore using a picosecond pulsed laser and precisely clocked detectors that can 

measure the time between the laser pulse and the detection of a photon per pixel of an 

image (Figure 1.11 A). As the relaxation of a fluorophore is a stochastic process, the 

lifetime of a fluorophore must be measured many times, generating a histogram of the 

decay rate (Figure 1.11 B). 
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The lifetime of a fluorophore can be described as the inverse of the sum of both rate 

constants, 𝑘𝑟 the radiative rate constant and 𝑘𝑛𝑟 the non-radiative rate constant, with 

the following equation: 𝜏 =
1

𝑘𝑟+𝑘𝑛𝑟
 (Berezin & Achilefu, 2010). The rate constant for 

FRET can be described with the equation 𝑘𝑇 = 𝑟−6𝐾2𝐽𝑛−4𝑘𝐹×8.71×1023𝑠𝑒𝑐−1, where 

𝑟 is the distance between the center of the chromophores, 𝐾2 is the orientation factor, 

𝐽 is the integral of the spectral overlap, 𝑛 is the refractive index, and 𝑘𝐹 is the donor rate 

constant for fluorescence emission (Stryer, 1978). The rate of energy transfer can be 

added as an additional rate constant when calculating the lifetime of a fluorophore 

participating in FRET, 𝜏 =
1

𝑘𝑟+𝑘𝑛𝑟+𝑘𝑇
, showing the lifetime of the fluorophore decreases 

with FRET. FRET efficiency based on lifetime can be calculated as 𝐸 = 1 −
𝜏𝐷𝐴

𝜏𝐷
, where 

𝜏𝐷𝐴 is the donor lifetime when the acceptor is present and 𝜏𝐷 is the donor lifetime when 

the donor is alone. The lifetime of the donor alone can be obtaining by imaging cells 

expressing only the donor and as lifetime is not influenced by concentration, the 
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variability of protein expression is not an issue. Although the acquisition of lifetime data 

is simpler compared to intensity based measurements, it demands an understanding 

beyond basic fluorescence and requires expensive, specialized hardware that is not 

routinely available. Additionally, the time required to excite enough photons to 

generate a decay curve eliminates the potential to measure events occurring within 

several seconds. 

1.8 Fluorogen Activating Protein 

Unfortunately, the many complications involved with measuring FRET has limited the 

application of the technique; intensity-based measurements require many control 

samples and images to correct for cross-talk, while FLIM-FRET is an advanced technique 

requiring specific hardware. Our group is developing a technique to overcome these 

inherent complications and simplify FRET measurements using a unique expressible 

protein, a Fluorogen Activating Protein (FAP), with a fluorogen as a FRET acceptor. 

A FAP is a non-fluorescent, modified antibody that can be expressed by cells, developed 

by our collaborators at Carnegie Mellon University. It is composed of only the single-

chain variable fragment (scFv) region of an antibody, either the light chain and heavy 

chain together or two light chains, which were randomly mutated and screened for 

binding specific fluorogens (Christopher Szent-Gyorgyi et al., 2008). The two 

components are joined by a linker and are arranged in parallel (Figure 1.12). The FAP 

can be genetically tagged to a protein of interest and expressed in tandem. 
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The fluorogen is a small organic molecule that is only fluorescent when bound to a FAP. 

It can be added to cells at any time during an experiment, binding rapidly and with high 

specificity; the fluorogen does not bind to cells that are not expressing the FAP. 

Additionally, two different FAPs can be expressed within a population of cells and their 

respective fluorogens can be added without crosstalk (Christopher Szent-Gyorgyi et al., 

2008). Depending on the demands of the experimental design, the fluorogen can be 

modified in several ways, including the affinity to the FAP, the permeability through the 

plasma membrane, the spectral properties, and the quantum yield. The permeability of 

the fluorophore is an extremely useful modification that can be exploited to limit 

labeling to the extracellular portion of the plasma membrane or to allow for binding to 

FAPs tagged to intracellular proteins. 

FAP-tagged proteins have been used successfully in conjunction with several imaging 

techniques including confocal imaging, single particle tracking, and super-resolution. 
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Pratt et al. has shown that a single expressing FAP that binds both a green membrane 

permeable fluorogen and a red membrane impermeable fluorogen can be used to 

visualize endocytosis of membrane proteins using live cell confocal microscopy (Pratt, 

He, Wang, Barth, & Bruchez, 2015). FAP expressed on the extracellular region of FcεR1 

has allowed for single particle tracking of the receptor without labeling with IgE 

(Schwartz et al., 2015). It has been demonstrated that super-resolution images of FAP-

tagged actin could be acquired with STED in fixed cells and in live cells using the 

technique, FAP-Binding Activated Localization Microscopy (Fitzpatrick et al., 2009; Yan 

et al., 2014). 

Malachite green (MG) is a fluorogen commonly used with the FAP and has a unique 

excitation spectrum; the excitation maximum is around 630 nm but has a secondary 

excitation peak near 450 nm (Figure 1.13 A). When MG is free in solution, the molecule 

can absorb energy but is not fluorescent; non-radiative relaxation releases energy as 

vibration due to rotational freedom of the dye (Figure 1.13 B). When bound to a FAP, 

the mobility is restricted and can release energy as far red photons. The fluorescence is 

approximately 10,000 times brighter when the fluorogen is bound to a FAP compared to 

when unbound, with a maximum emission peak around 650 nm. 
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1.9 Using FAP/MG for FRET 

There are two properties of the FAP/MG pair that make this system ideal for FRET: the 

unique excitation spectrum of MG and the ability to add the fluorogen at any time. 

Using a blue-shifted fluorescent protein as a donor, such as mCerulean, the emission 

spectrum overlaps with the secondary excitation peak of MG (Figure 1.14). As the 

emission of MG is far red, there is no crosstalk of donor signal into the FRET channel, 

allowing for direct detection of sensitized emission without the need for corrections. 

The flexibility to add MG as a FRET acceptor at any time allows for donor intensity to be 

measured before and after adding the fluorogen for the same cell, providing 

intracellular control for variability in protein expression. 
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These two major benefits provide significant advantages over using traditional FRET 

pairs, such as CFP and YFP. When measuring FRET through intensity-based 

measurements, single expression control images for crosstalk correction are not 

necessary to detect sensitized emission. The FRET signal can be measured directly as the 

crosstalk is negligible. Additionally, acceptor photobleaching is not necessary to acquire 

intensity data for donor with acceptor and donor alone for calculating FRET efficiency 

with the equation, 𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
; 𝐼𝐷 can be measured before adding MG and 𝐼𝐷𝐴 can be 

measured after adding MG. Lifetime measurements are also simplified as independent 

donor only control samples are not necessary to determine the lifetime of the donor 

alone; the lifetime can be measured before and after adding MG. 
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1.10 Additional Microscopy Techniques to Measure FRET 

 Intensity based FRET and FLIM-FRET as described above will primarily be used in this 

work to measure FRET. However, a number of other imaging methods can be used to 

monitor FRET and are briefly described below.  

Spectral imaging is a technique frequently used to separate fluorophores with 

overlapping spectra or to remove autofluorescence from an image. These images are 

typically acquired by applying a narrow emission window, such as 10 or 20 nm, and 

stepping through wavelength across the desired range, while the excitation wavelength, 

power, and exposure time remain constant. This produces a series of images where the 

intensity changes based on the emission of the fluorophores and can be used to create 

an emission spectrum. Control images of individual fluorophores and autofluorescence 

can then be used to generate spectra to linearly unmix multicomponent images. The 

image series can also be evaluated by selecting a region of interest (ROI) to determine 

the spectral properties within different regions of the image. Spectral imaging can be 

used to measure FRET by evaluating the change in the emission profile between positive 

and negative FRET samples when exciting the donor and collecting the acceptor 

emission. 

TIRF is a technique that is used to visualize membrane events occurring at the coverslip. 

This is accomplished by using a high NA objective, ideally 1.45 or greater, and setting the 

angle of the excitation light such that it reaches the critical angle for TIRF (Figure 1.15). 

Beyond the critical angle, excitation light is reflected at the coverslip back into the 
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objective but creates an evanescent wave that can excite fluorescent molecules within 

approximately 100 nm of the coverslip. The result is a very thin optical section at the 

membrane, where fluorescence originating from within the cell are not illuminated. TIRF 

can be used to measure FRET in live cells using standard methods with the advantage of 

only exciting fluorophores at the basal membrane.  

 

Single molecule imaging is useful to look at molecular interactions, such as receptor 

dimerization. This is frequently done using TIRF with a subpopulation of labeled 

molecules to allow for localization of individual fluorophores. Multiple fluorophores, 

such as two different quantum dots, can be used to spectrally distinguish spatially 

overlapping and potentially interacting molecules. These interactions can be further 

evaluated using single molecule FRET to confirm the distance between two molecules is 

less than 10 nm. 
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1.11 Hypothesis and Specific Aims 

Based on preliminary work with MG-FAP and understanding the properties of 

fluorescent proteins and FRET, we hypothesize that MG-FAP will make a robust FRET 

acceptor with blue-shifted fluorescent proteins donors for live cell imaging. The 

following aims were developed to test our hypothesis. 

• Aim 1: Demonstrate the feasibility of FAP-FP FRET. 

• Aim 2: Quantify FRET efficiency of mCerulean-FAP FRET pair. 

• Aim 3: Determine if YFP-FAP make a good FRET pair using FLIM. 
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Chapter 2 

Methods 

2.1 Proof of Concept Constructs 

The Bruchez lab has provided us with two proof of principle constructs, FAP-mCer-TM 

and FAP-TM-mCer, to determine if FAP-MG can be used as an acceptor for FRET. FAP-

mCer-TM is a positive FRET control; the FAP and mCerulean are expressed in tandem so 

that when MG is added, FRET is likely to occur (Figure 2.1 A). FAP-TM-mCer is a negative 

FRET control; there is a transmembrane domain that separates mCerulean from the 

FAP. The plasma membrane is approximately 6 to 8 nm in thickness, which positions the 

fluorophores far enough apart that FRET is unlikely to occur (Figure 2.1 B). 

Each construct contains an Ig κ-chain leader sequence and Platelet-Derived Growth 

Factor Receptor Transmembrane domain (PDGFR-TM) that target the proteins to the 

membrane. In the positive FRET construct, both mCerulean and the FAP are located 

extracellularly. In the negative FRET construct, the FAP is positioned on the extracellular 

side of the membrane and mCerulean is intracellular. The FAP is the dL5** variant and is 

approximately 26 kD (Saunders et al., 2013). It is composed of two light chain portions 

of an antibody coupled with a glycine-serine linker (G4S)4, that form an antiparallel 

dimer (Chris Szent-Gyorgyi et al., 2013) (Figure 2.1 C). mCerulean3 is the fluorescent 

protein, which is a brighter derivative of Cerulean with a quantum yield of 0.87 

compared to 0.49 for Cerulean and 0.60 for mCerulean2 (Goedhart et al., 2012). It 
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contains the common point mutation A206K that prevents dimerization. The constructs 

are expressed in pcDNA vectors and include a myc tag. 
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Similar constructs were developed that replace mCerulean3 with SuperYFP2 as a second 

option for a fluorescent protein donor for FRET with FAP-MG (Figure 2.1 D). SuperYFP2 

is a brighter variant of EYFP with a higher extinction coefficient, 101,000 M-1cm-1 

compared to 72,000 M-1cm-1 for EYFP. Other than replacing the fluorescent protein, the 

YFP constructs are identical to the mCerulean proof of concept constructs. 

2.2 Fluorogens 

We received a number of fluorogens from the Bruchez lab at Carnegie Mellon University 

that display various properties, including membrane permeability, quantum yield, and 

spectral properties (Table 2.1). The MG fluorogen has a primary excitation maximum, 

the x band, as well as a secondary excitation peak, the y band, whereas the other 

fluorogen, MHN, does not have a secondary peak. The peaks have been shifted in some 

of the variants to be used for different purposes, such as optimizing compatibility with 

other fluorophores. Modifications that increase the quantum yield of the fluorogen is 

always desirable in microscopy and improves efficiency of FRET. 

Modifying the fluorogen to regulate permeablization through the plasma membrane is 

an important property to control. Preventing the fluorogen from passing through the 

membrane provides confidence that measurements are from the extracellular surface of 

the membrane and not FAP that may be intracellular. Alternatively, if the FAP is 

expressed with an intracellular protein, it is important for the fluorogen to be able to 

pass through the membrane of living cells. The membrane impermeable fluorogens 

contain a hydrophilic linker preventing passage through the plasma membrane, whereas 
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the permeable fluorogens are small enough and the right charge that they can passively 

diffuse through the cell membrane (Yan et al., 2015). 

 

2.3 Cell Culture, Transfections, and Plating 

Three cell lines were used for the initial experiments: HeLa, Chinese Hamster Ovary 

(CHO), and Rat Basophilic Leukemia (RBL) cells. Before transfection, cells were grown to 

approximately 80% confluency and transfected through electroporation with the Amaxa 

Nucleofector. For transfection of HeLa cells, 3 μg of DNA were used per 1.5 million cells, 

using program I-013 and solution R, as recommended by the manufacturer for high 

transfection efficiency. When transfecting RBL cells, program T-020 was used with 
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solution L. CHO cells required a higher concentration of DNA per transfection, 4 μg per 1 

million cells, and program U-023 was used with solution V. After transfection, cells were 

plated at low density on #1 or #1.5 piranha etched 15 mm round coverslips in 6-well 

plates and left to grow for at least one day before imaging. 

2.4 Confocal Imaging 

Live cells grown on 15 mm coverslips were placed into quick release (QR) magnetic 

imaging chambers from Warner Instruments (Order No. 64-1945; Model No. QR-42LP) 

with 150 μl of Tyrode’s medium. Cells are imaged one, two, and three days after 

transfection on a Leica SP8 confocal microscope with a 63x 1.2NA water objective with 

the correction collar set to 0.17 for #1.5 coverslips or 0.15 when using #1 coverslips. For 

the mCerulean constructs, a 405 nm laser diode is used at 1% laser power for excitation. 

The 633 nm line from the White Light Laser (WLL) is used at 5% for direct excitation of 

the MG dye. Emission is collected from 450-550 nm for mCerulean and 640-740 nm for 

direct MG excitation (ex 633 nm) or FRET (ex 405 nm) with HyD detectors in photon 

counting mode. The 514 nm laser line from the WLL is used at 3.5% to excite YFP. 

Emission is collected from 520 – 575 nm for the donor signal and 660 – 750 nm was 

used for the FRET (ex 514 nm) channel and direct excitation of MG (ex 633 nm). The 

FRET channel is red-shifted from the mCerulean settings to reduce cross-talk of YFP into 

the FRET channel. See supplement for detailed acquisition settings exported from LAS X 

(S2.1). 
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For FRET efficiency data, the ‘Mark and Find’ feature is used to acquire images at 

multiple positions before adding dye and then returning to image the same positions 

after adding dye. The Adaptive Focus Control within the Leica software is used to 

maintain focus over time. Images are acquired with the 405 nm or 514 nm laser only to 

measure intensity in the donor channel before and after addition of dye for use in the 

FRET efficiency calculation, to confirm there is no bleed-through of mCerulean or 

autofluorescence into the FRET channel before adding dye, and to measure intensity in 

the FRET channel after adding dye. Images with the 633 nm laser only are acquired to 

measure any background or autofluorescence of cells from 633 nm excitation before 

adding dye and to confirm direct excitation after adding dye. When adding dye, 50 μl of 

2 μM MG is added to the 150 μl of Tyrode’s buffer to make a final concentration of 500 

nM. For the membrane impermeable dyes, the after dye images are acquired shortly 

after addition of dye. For the membrane permeable dyes, a 15 min wait time is added to 

ensure dye has time to pass through the membrane and bind to internal FAP. 

2.5 Confocal Image Analysis 

To calculate intensity based FRET efficiency, we used the average intensity value from 

the donor mCerulean images acquired on the Leica SP8 confocal microscope, before and 

after addition of dye. To ensure that we only included properly localized construct, we 

created an automated script using Matlab to extract only donor signal from the cell 

membrane. The script opens the images from the original Leica file (.lif), masks the 

membrane of the cells using a defined thickness, and uses the average intensity values 
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within the mask to calculate the FRET efficiency per image (Figure 2.2). The script can be 

found in the supplement (S2.2). 

 

The equation used to calculate FRET efficiency is 𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
, where 𝐼𝐷𝐴 is the mean 

intensity from the donor with acceptor image (after dye addition) and 𝐼𝐷 is the mean 

intensity from the donor only image (before dye addition), calculated for individual cells. 

A student’s two-tailed t-test was used to compare groups. The R0 value was calculated 

for several FRET pairs using a script written by Joshua Vaughan 

(http://web.mit.edu/5.33/www/5.33%20R%20Exp%203%20Laser_Appendix2-05.pdf). 

The equation used to determine the Fӧrster radius is 𝑅0 = 8.8×10−25(𝑄𝐷𝐾2𝑛−4𝐽𝐷𝐴)
1

6⁄  

cm, which is described in detail in the introduction. 
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2.6 Spectral Imaging 

Spectral images were acquired on the Leica SP8 confocal microscope and the 63x 1.2 NA 

water objective, using LAS X software in xyλ mode. The 405 nm laser was used to excite 

mCerulean and images were acquired from 450 nm – 750 nm, acquiring images with a 

20 nm band and a 10 nm step between images. See supplement for detailed spectral 

imaging parameters (S2.3). 

2.7 FLIM Imaging 

The YFP proof of concept constructs were used for acquiring FLIM data for YFP-MG 

FRET. The pulsed WLL is required for FLIM and the shortest wavelength from that laser 

is 470 nm, which does not excite mCerulean well. The 514 nm line is used at 3.5% laser 

power to excite YFP and lifetime values were recorded from the donor channel, 520 – 

575 nm. The FLIM wizard from the LAS X software is integrated with PicoQuant’s 

PicoHarp 300 TCSPC and SymPhoTime 64 software to acquire lifetime measurements. 

FLIM data was acquired until 1000 photons were accumulated in a pixel within the 

image. Mark and Find is disabled while using the FLIM wizard so images acquired before 

and after dye are not necessarily the same cell. See supplement for detail of FLIM 

imaging parameters (S2.4). 

2.8 FLIM Analysis 

SymPhoTime 64 software was used to quantify lifetime values. Masked pixels for 

analysis were selected using the magic wand tool and actively selecting membrane 

regions of the cells (Figure 2.3 A). A two-component fit was used and a χ2 value near 1 
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was considered a good fit (Figure 2.3 B). Lifetime from amplitude weighted tau (τAvAmp) 

from five images in each condition were averaged to calculate lifetime and FRET 

efficiency values using the equation: 𝜏𝐴𝑣𝐴𝑚𝑝 =
𝐴1𝜏1

𝐴1+𝐴2
+

𝐴2𝜏2

𝐴1+𝐴2
. 
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Chapter 3 

Results 

Aim 1: Demonstrate the feasibility of FAP-FP FRET 

3.1 FAP-mCer-TM and FAP-TM-mCer constructs express at the membrane and bind MG 

Two proof of concept constructs, FAP-mCer-TM and FAP-TM-mCer shown in Figure 2.1, 

were used to characterize FRET between mCerulean and FAP-MG and determine if they 

make a good FRET pair. As described in the methods, FAP-mCer-TM is a positive FRET 

construct and FAP-TM-mCer is a negative FRET construct, but both have a 

transmembrane domain that target the proteins to the plasma membrane. In the 

positive FRET construct, the FAP and mCerulean are expressed in tandem on the 

extracellular side of the membrane; when the fluorogen binds the FAP, the donor and 

acceptor are close enough that FRET should occur. In the negative construct, the 

transmembrane domain separates the FAP from mCerulean so that even when the 

fluorogen is bound, the distance between the donor and acceptor is large enough that 

FRET is unlikely to occur. 

As the proof of concept constructs are large compared to most expressed proteins, 

initial experiments were performed to optimize expression and confirm that the 

constructs express properly, localizing to the plasma membrane with the ability to bind 

the fluorogen, MG. The constructs were expressed in three cell lines and imaged using 

confocal microscopy to evaluate expression of the constructs. In two cell lines, RBL and 

CHO, MG bound to the FAP but localization to the membrane was rare and large 
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aggregates formed within the cytosol. Expression in HeLa cells showed expression at the 

membrane and fewer cytosolic aggregates (Figure 3.1 A). As the constructs expressed 

best in HeLa cells, they were used in all subsequent experiments with the proof of 

concept constructs. Between the positive and negative FRET constructs, expression of 

mCerulean in cells transfected with FAP-TM-mCer was typically less bright and there 

were more aggregates than in cells expressing the FAP-mCer-TM construct. Average 

photon counts are 75 in cells expressing the positive FRET construct compared to 30 in 

the negative construct (Figure 3.1 B). 
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It was also confirmed that the membrane permeable and impermeable fluorogens bind 

to both constructs as expected (Figure 3.2). MG binds to extracellular FAP within 

seconds, as seen by the immediate appearance of fluorescence under the microscope. 

The membrane permeant fluorogen, MG-nBu, shows intracellular binding to FAP several 

minutes after addition with maximum binding around 15 min. The membrane 

impermeable fluorogen, MG-βTau, binds to FAP expressed on the membrane but does 

not cross the plasma membrane even after long periods of time, well past the 15 min 
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seen with MG-nBu. Neither fluorogen binds non-specifically to untransfected cells, 

indicating that any detected signal is specific binding to FAPs. 

 

3.2 FRET can be visualized through sensitized emission and spectral imaging 

Sensitized emission is a common method to measure FRET and as the large Stokes shift 

of MG allows for mCerulean to participate as a FRET donor without contaminating the 

FRET signal, this technique was used to evaluate the FRET with the proof of concept 

constructs. A 405 nm laser was used to excited mCerulean and the sensitized emission 

signal was collected in the far red, 640 nm to 740 nm (Figure 3.3). The simplicity of this 

procedure should not be taken for granted; this is not possible when using traditional 

FRET pairs, such as CFP and YFP. The bleed-through of CFP into the FRET channel makes 
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visualizing FRET impossible. Using a standard YFP emission filter, such as 550/50, 21% of 

emission from CFP will be collected, masking the FRET signal, as shown in Figure 1.12 A. 

This makes measuring sensitized emission difficult, especially considering that FRET 

signals are typically low, requiring the many controls and corrections discussed in the 

introduction. 

 

A HyD detector was used to collect the FRET signal, a photon counting detector capable 

of acquiring raw photon counts where gain is not applied to the image, allowing for 

intensity to be quantified. Unfortunately, raw FRET signals are typically low and images 

from the FRET channel can be dim when using this detector. Displaying the images as a 
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ratio of the FRET channel over the donor channel enhances the visualization of the FRET 

signal (Figure 3.4). 

 

In addition to sensitized emission, FRET can be visualized with spectral imaging and was 

used here to compare the positive and negative constructs to further evaluate the 

mCerulean/MG FRET pair (Figure 3.5). With 405 nm excitation, images are acquired 

across most of the visible spectrum, from 450 nm to 730 nm. The primary peak is 

mCerulean emission but in cells expressing the positive FRET construct, FAP-mCer-TM, 

the FRET signal is clearly visible as a small bump around 650 nm. This bump is greatly 

reduced in cells expressing the negative construct, FAP-TM-mCer. The peak is 15% of 

max in the FAP-mCer-TM image compared to 3% in the FAP-TM-mCer image.  
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3.3 R0 value supports mCerulean-MG as a suitable FRET pair 

The Fӧrster radius, R0, is a useful calculation to determine the distance at which FRET is 

likely to occur for a given FRET pair based on the properties of the fluorophores. The 

larger the R0 value, the greater the distance can be between fluorophores with energy 

transfer remaining possible. The R0 value for mCerulean and MG was calculated using 

the following formula: 𝑅0 = (𝐽𝐾2𝑄0𝑛−4)
1

6×8.8×103Å, as described in the introduction, 

and automated with the Matlab script described in the Methods section. R0 was found 
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to be 6.09 nm for mCerulean and MG (Figure 3.6 A), a value similar to R0 calculated for 

other commonly used FRET pairs, such as ECFP/EYFP (R0 = 4.9 nm), mCerulean3/mVenus 

(R0 = 5.7 nm), and EGFP/mRFP1 (R0 = 4.7 nm) (Müller et al., 2013). The spectral overlap 

between mCerulean emission and MG absorption used in the calculation of JDA is shown 

in Figure 3.6 B. FRET efficiency versus distance was plotted to determine the range at 

which detecting FRET is possible, with 5% FRET efficiency around 10 nm, indicating a 

reasonable distance for measuring protein-protein interactions with this FRET pair 

(Figure 3.6 C). 
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Aim 2: Quantify FRET efficiency of mCerulean-FAP FRET pair 

3.4 FRET efficiency is significantly different between FAP-mCer-TM and FAP-TM-mCer 

After demonstrating that mCerulean and MG should make a good FRET pair, the FRET 

efficiency of both constructs was quantified to support the hypothesis. Confocal images 

of the donor, mCerulean, were acquired to quantify FRET efficiency. The ability to add 

the acceptor MG at any time allows for ‘donor only’ and ‘donor with acceptor’ images to 

be acquired for the same cell (Figure 3.7 A). The decrease in intensity seen in the ‘donor 
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with acceptor’ image is not due to photobleaching, this is FRET. The Matlab script 

described in the Methods section was used to determine the average intensity value 

from the cell membrane of donor images acquired before and after adding the 

fluorogen (Figure 2.2). The average intensity from the masked regions were applied to 

the following FRET efficiency equation: 𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
, where 𝐼𝐷𝐴

is the intensity from the 

‘donor with acceptor’ image, after the addition of MG, and 𝐼𝐷is the intensity from the 

“donor only’ image, before MG is added (Figure 3.7 B). 
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Cells expressing the positive FRET construct, FAP-mCer-TM, had FRET efficiencies of 29% 

and 34% with MG-βTau and MG-nBu, respectively, whereas cells expressing the 

negative FRET construct had FRET efficiencies of 3.7% and 5.8% using the same 

fluorogens (Figure 3.8). A student’s t-test showed a significant difference between FRET 

efficiency values for the positive and negative FRET constructs with both fluorogens. 

 

Preliminary intensity based FRET efficiency data was collected using the additional dyes 

that were synthesized in the Bruchez lab and listed in Table 2.1. These data were 

analyzed using an older version of the Matlab code that didn’t mask the cell membrane 

as accurately as the code used to analyze the MG-nBu and MG-βTau data. This data 
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must be re-analyzed using the newest code for accurate comparison. All MG dyes from 

the additional list will have the same R0 value as MG-nBu and MG-βTau. 

Aim 3: Determine if YFP-FAP make a good FRET pair using FLIM 

3.5 R0 value for YFP-MG indicate they are a good FRET pair and show proper expression 

After determining that mCerulean can be a FRET donor for MG, we were interested in 

determining if any other fluorescent proteins could act as a donor. We chose to evaluate 

YFP as an option because it is a common fluorophore used for FRET and we can excite 

YFP with the white light laser on the Leica confocal microscope, allowing for FLIM-FRET 

measurements. The Bruchez lab made proof of concept constructs identical to the FAP-

mCer-TM and FAP-TM-mCer constructs where mCerulean is replaced with SuperYFP2: 

FAP-YFP-TM and FAP-TM-YFP, as described in the Methods (Figure 2.1). Although it 

doesn’t seem intuitive that FRET should occur between YFP and MG based on their 

spectra (Figure 3.9 B), the Bruchez lab at CMU measured FRET between YFP and MG 

using purified protein and sent us the new constructs to use for FLIM-FRET. The R0 value 

was calculated for this YFP and MG using the Matlab script described in the Methods 

and was determined to be 5.58 nm, suggesting they will make a good FRET pair (Figure 

3.9 A). Plotting FRET efficiency vs distance shows that 5% FRET efficiency can be 

detected when the fluorophores are approximately 9 nm apart, allowing for sufficient 

distance to measure protein-protein interactions (Figure 3.9 C). 
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HeLa cells expressing the new constructs were imaged on the Leica confocal microscope 

to evaluate protein expression and fluorogen binding. Images show that both YFP 

constructs do express well, with proper membrane localization, few intracellular 

aggregates, and sufficient fluorogen binding (Figure 3.10). Interestingly, the negative 

FRET construct, FAP-TM-YFP, appeared brighter and contained fewer intracellular 

aggregates than the mCerulean version. 
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3.6 Lifetime decreases at the membrane when the acceptor is present with FAP-YFP-TM 

To evaluate YFP as a donor for FRET with MG, the lifetime of YFP was measured before 

and after adding the acceptor, MG, for both proof of concept constructs, as the lifetime 

of a fluorophore will decrease with FRET. YFP was excited with the 514 nm line from the 

white light laser and donor lifetime values were recorded from 520-575 nm. Lifetime 

images were acquired before and after adding the membrane impermeable dye, MG-

βTau. As lifetime values are measured for each pixel, localized changes in lifetime are 

visible. In cells expressing FAP-YFP-TM, the lifetime clearly changes at the membrane 

after adding MG-βTau, but not in cells expressing FAP-TM-YFP (Figure 3.11 A). ROIs of 

the cell membrane were used for FLIM analysis to determine the average lifetime at the 

membrane in each condition. As YFP has two lifetime components, a two component fit 

was applied. The average lifetime of YFP decreased in the presence of the acceptor in 

cells expressing the positive FRET construct, FAP-YFP-TM, from 2.4 ns to 1.7 ns, 
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indicating FRET with MG. There was no change in lifetime from cell expressing the FAP-

TM-YFP when the acceptor was added (Figure 3.11 B). 

 

3.7 FRET efficiency is significantly different between constructs with MG-βTau 

For further evaluation of YFP as a FRET donor to MG, FRET efficiency can be calculated 

from lifetime values using the equation 𝐸 = 1 −
𝜏𝐷𝐴

𝜏𝐷
, where 𝜏𝐷𝐴 is the lifetime of donor 

in the presence of the acceptor (after dye) and 𝜏𝐷 is the lifetime of donor alone (before 

dye). As we fit for two components, we use amplitude averaged tau (τ_Av_Amp) in the 
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FRET efficiency calculation to account for both lifetime components. The τ_Av_Amp 

values from each image are averaged within each condition for use in the FRET 

efficiency calculation. Cells expressing the positive FRET construct were calculated to 

have a FRET efficiency of 29%, consistent with intensity-based calculations, whereas 

cells expressing the negative construct showed a FRET efficiency of 0% (Figure 3.12). 
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Chapter 4 

Discussion 

4.1 Introduction 

In this work we have generated and tested two proof of concept fluorescent constructs 

that demonstrate the utility of the FAP as a FRET acceptor, and have detailed the 

improvements to FRET detection made possible by the FAP system. Two membrane 

spanning constructs were generated by our collaborators at Carnegie Mellon University; 

a positive FRET construct in which the donor and acceptor fluorophores are expressed in 

tandem within the same sequence, and a negative FRET construct in which the donor 

and acceptor fluorophores are expressed on opposite sides of a biological membrane, 

and at a distance predicted to be too far for efficient energy transfer. These constructs 

were expressed in HeLa cells and it was demonstrated that the MG fluorogen, when 

bound to the FAP, can be a FRET acceptor for both mCerulean and YFP.   

4.2 FRET efficiency 

FRET efficiency was calculated to be approximately 30% in cells expressing the positive 

FRET construct when analyzed using both intensity-based and lifetime measurements. 

Different donor fluorophores were used for each technique, mCerulean for intensity-

based measurements and YFP for lifetime. Additionally, two fluorogens were tested as 

FRET acceptors, MG-βTau and MG-nBu.  These results match previous experiments 

carried out by the Bruchez lab at CMU, in which a FRET efficiency of ~30% was found 

using purified donor/acceptor proteins at high concentrations in solution (personal 
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communication). The consistency across techniques and constructs is impressive and 

strengthens the validity of the data. 

There is an incredibly wide range of published FRET efficiencies, with reports higher 

than 90% (Ding, Cargill, Das, Medintz, & Claussen, 2015), depending on the size and 

optical property of the probe as well as the specific substrate being measured. 

Calculating 30% FRET efficiency for the positive proof of concept construct may be 

reasonable considering that with mCerulean as a donor, the spectral overlap with the 

secondary absorption peak of MG is only 50% of the primary peak, reducing the 

fluorescence emission from MG by 50%. Interestingly, using red-shifted YFP as a donor 

there is little spectral overlap with the secondary absorption peak of MG yet the FRET 

efficiency was also calculated to be approximately 30%, likely from sufficient overlap 

with the primary absorption peak. The R0 values calculated for both donors were similar, 

6.09 nm for mCerulean-MG and 5.58 nm for YFP-MG, supporting the similarity in FRET 

efficiency. Additionally, the barrel surrounding the fluorophore of mCerulean and YFP is 

not insignificant in size, approximately 2 nm x 4 nm, and will always limit the FRET 

efficiency when using fluorescent proteins. 

Sensitized emission is a common technique to measure FRET, which was used here to 

evaluate the FP-FAP system for FRET. It was important to use a traditional method as a 

comparison to previously published FRET data to validate the results as well as 

demonstrate the simplicity of the FP-FAP FRET system. With a large Stokes shift 

between a blue-shifted donor and the far red emitting acceptor, MG, sensitized 

emission can be measured directly with FP-FAP FRET. This eliminates the need for 
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multiple transfections that are typically required for imaging controls, such as CFP alone 

and YFP alone, and the many corrections required to correct for cross-talk and 

variability in protein expression. Unlike FRET studies with two fluorescent proteins, 

using the FAP-MG as the acceptor, the donor image can be acquired with and without 

the acceptor for the same cell, simply by acquiring an image of the donor before and 

after adding the acceptor fluorogen. Therefore, calculating FRET efficiency is 

significantly simplified and data can be measured for individual cells and regions within 

cells. 

The FP-FAP system greatly simplifies measuring sensitized emission and calculating FRET 

efficiency but precise pixel masking is necessary for accurate FRET data. Although FRET 

efficiency was calculated to be approximately 30% and standard error of the mean was 

reported, the standard deviation is large, approximately 0.133 and 0.077 for FAP-mCer-

TM with MG-βTau and MG-nBu, respectively, for corresponding FRET efficiency values 

of 28.7% and 33.8%. The standard deviations were 0.07 for FAP-TM-mCer with MG-βTau 

and 0.095 with MG-nBu, for corresponding FRET efficiencies of 3.7% and 5.8%, nearly 

twice the values. This is likely due to poor membrane masking from the current Matlab 

script used for analysis. Once the proof of concept construct is expressed, the 

fluorescent protein is excitable regardless of the location in the cell, but the membrane 

impermeable fluorogens only have access to bind FAPs that have localized to the 

membrane with the proper extracellular orientation. Although membrane permeable 

fluorogens can bind intracellular FAPs, sufficient binding can take up to 15 min as the 

fluorogen diffuses across the membrane. Additionally, if the FP-FAP is within 



63 
 

intracellular vesicles in transport to the membrane, the fluorogen will be required to 

pass the vesicle membrane as well to bind vesicular FAPs. Depending when the donor 

with fluorogen image is acquire will affect the level of fluorogen binding to FAPs and 

therefore the amount of FP that cannot FRET. As the FP intensity before and after 

adding fluorogen are used to calculate FRET efficiency, masking FP pixels that are 

inaccessible to fluorogen will blunt FRET efficiency values. Variability in the morphology 

of the cell can also cause FRET positive regions of the plasma membrane be excluded 

from the mask, also reducing FRET efficiency. Inaccurate masking creates variability 

when calculating FRET efficiency and improvements to the masking code should 

continue. Dr. Bernd Rieger, at Delft University of Technology in The Netherlands, is an 

expert in image analysis and has agreed to help improve the script. A student, Wessel 

Hoff, applied a “snaking” technique to create a more accurate membrane mask. 

4.3 Spectral imaging 

Spectral images were also used to evaluate FRET within the proof of concept constructs. 

The FRET signal in the far-red is clearly visible in cells expressing the positive FRET 

construct, FAP-mCer-TM and is correlated with mCerulean intensity. While the signal is 

nearly negligible in cells expressing the negative FRET construct, FAP-TM-mCer, a small 

bump can be detected when the intensity of mCerulean is high. This could be from 

direct excitation of MG in regions of high protein expression or low levels of FRET across 

the plasma membrane. Two controls could be tested to determine the origin of the 

bump. Far red signal from 405 nm excitation of cells expressing a FAP only construct 

with MG would indicate direct excitation of the fluorogen and not FRET. Additionally, a 
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spectral image of cells expressing the proof of concept constructs acquired before the 

addition of MG would generate the pure mCerulean spectra, while a spectral image of 

untransfected cells would show any contribution of autofluorescence. Regardless of the 

source, the increase in FRET signal is clear in cells expressing the positive FRET construct, 

FAP-mCer-TM. 

4.4 FLIM 

Although FLIM-FRET is more sensitive than intensity-based techniques, it used less often 

because of the specific hardware required to acquire the data. Fortunately, the Leica 

SP8 has the ability to measure lifetime, allowing for evaluation of the constructs using 

FLIM. The lifetime of a fluorophore is not affected by typical parameters that affect 

intensity based measurements but is very sensitive to changes in environment, such as 

pH or the availability of an acceptor for FRET, as noted by the decrease in lifetime of a 

fluorophore with FRET and described in the introduction. The preliminary data of 

lifetime measurements of our two constructs suggest that FRET is occurring at the 

membrane in cells expressing the positive FRET construct, with a reduction in lifetime by 

about 30% when the acceptor MG-βTau is present. Cells expressing the negative FRET 

construct show no change in lifetime when MG-βTau is added, indicating the change in 

lifetime in cells expressing FAP-YFP-MG is due to FRET and not simply the presence of 

the fluorogen. 

The sensitivity of FLIM-FRET maybe required when using the FP-FAP system in biological 

applications where FRET efficiency is potentially less than what was found with the 
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proof of concept constructs. Using the E vs r plot and an R0 value of 6.09 nm for MG and 

mCerulean, the fluorophores of the FRET pair must be approximately 7 nm apart in the 

positive construct with a FRET efficiency of 30%. Considering that the size of the 

mCerulean barrel and the FAP are not insignificant, it is likely that the two proteins are 

less than 5 nm apart (Figure 4.1). When using the FP-FAP system in a biological 

application, the FRET signal is likely to be low as the proteins of interest must be quite 

close to detect FRET, and a technique as sensitive as FLIM may be advantageous. 

 

4.5 Additional dyes 

The fluorogens that have been developed by the Bruchez lab at CMU have a wide range 

of FRET efficiencies, likely due to differences in quantum yields. Of the MG dyes tested, 

the MG-nBu and MG-βTau had the highest FRET efficiency with mCerulean but other 

variants could be useful in other applications, such as the need for reduced binding 

affinity. In addition to the MG variants, there are two versions of another fluorophore, 
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MHN. Both MHN fluorogens have a single excitation peak around 480 nm, but one has 

an emission peak around 533 nm, similar to GFP, while the other is red-shifted with a 

maximum peak around 588 nm. Although not tested here, the red-shifted version of 

MHN could be used as a FRET acceptor with a blue-shifted fluorescent protein, such as 

mCerulean, with similar advantages of mCerulean-MG-FAP FRET. The benefit of using 

MHN over MG would be significantly higher spectral overlap between mCerulean 

emission and MHN absorption, but the cross-talk of mCerulean into the FRET channel 

would be higher than when using MG as the acceptor. 

4.6 Conclusion 

Through the use of proof of concept constructs, this work has shown that FAP-MG is a 

viable FRET acceptor with two different fluorescent proteins as donors, mCerulean and 

YFP, with several advantages over traditional FRET pairs. The large Stokes shift between 

the emission of the donor and MG allows for direct detection of sensitized emission, 

eliminating the need for the many imaging controls and correction factors typically 

required to measure sensitized emission. Additionally, without the cross-talk from 

typical pairs, such as CFP and YFP, FRET efficiency can be calculated with the simple 

equation: 𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
. Another advantage of FP-FAP FRET is the ability to add the 

acceptor at any time, allowing for ‘donor only’ and ‘donor with acceptor’ images to be 

acquired for the same cell, inherently controlling for variability of protein expression 

and allowing for FRET efficiency to be determined within regions of cells. When 

comparing the R0 value of FP-MG to standard FRET pairs, the Fӧrster radius is congruent 
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with other pairs. The R0 value of ECFP and EYFP is 4.9 nm (Hochreiter et al., 2015), which 

is smaller than the R0 value for mCerulean3 and MG (6.09 nm) as well as SuperYFP2 and 

MG (5.58 nm), meaning that FP-MG allows for a wider range of distance at which FRET is 

detectable compared to ECFP and EYFP. Finally, the FP-FAP system can be applied to the 

same range of biological applications as the expression of fluorescent proteins, while 

the FAP and fluorogen variants increase the versatility of this tool. Taken together, the 

benefits offered by the FP-FAP FRET system are clear and can expand the use of FRET 

beyond the traditional capacity.  
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Chapter 5 

Future directions 

5.1 Introduction to IgE, FcεR1, and signaling proteins 

Thorough characterization of the proof-of-concept constructs, provides confidence that 

the FP-FAP system can be applied to investigate biological interactions to simplify 

calculating FRET between proteins of interest. The Lidke lab studies signaling of the high 

affinity IgE receptor, FcεRI, and while the signaling players have been identified the 

kinetics of these interactions remain unknown. The ability to measure transient 

interactions that occur between proteins in living cells is incredibly challenging and 

requires techniques such as FRET to confirm specific interactions. The FP-FAP FRET 

system simplifies acquisition and calculation of FRET data compared to traditional FRET 

methods, and can be applied to study signaling proteins associated with FcεRI. 

The FcεRI is a multi-chain immune recognition receptor, a family of membrane spanning 

receptors that contain an extracellular ligand binding region and an intracellular 

signaling motif, the immunoreceptor tyrosine-based activation motif (ITAM) (Figure 5.1 

A). ITAMs are sites of tyrosine phosphorylation commonly found on immune cells, 

including B cells and T cells, and are essential for appropriate reactions to the 

environment and communication between cells. For example, antigen binding to IgE on 

the FcεRI results in several kinases binding to and phosphorylating the ITAM, initiating a 

signaling cascade that concludes with degranulation. 
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FcεRI is found on the surface of mast cells and basophils, which are white blood cells 

involved during an immune reaction through the release of granules containing 

cytokines and mediators of an allergic response. The receptor is a tetramer, composed 

of an α-chain, β-chain, and two γ-chains (Figure 5.1 B). The α-chain has a long 

extracellular portion that binds the Fc region of IgE with high affinity. The β and γ 

subunits each contain an ITAM for signaling upon receptor activation, leading to 

degranulation (Kraft & Kinet, 2007). 

Two kinases involved in the initial signaling events of the IgE receptor are Lyn and Syk. 

Lyn is a Src family kinase approximately 55 kDa with an SH4 domain that results in 

association with the beta subunit of the IgE receptor in resting mast cells, and an SH2 

domain that can phosphorylate tyrosine residues within ITAMs of β and γ subunits of 

cross-linked IgE receptors (Ortega et al., 1999; Vonakis et al., 2005). Additionally, Lyn 

can be found in membrane domains due to myristoylation of the protein (Wilson, 
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Pfeiffer, & Oliver, 2000). Syk is another kinase within the Src family that is approximately 

72 kDa and contains two SH2 domains that can bind to the ITAM residues 

phosphorylated by Lyn. Binding of Syk to the IgE receptor tail leads to activation of the 

enzyme and downstream signaling. It is an essential signaling protein that when active, 

eventually results in cellular degranulation (Siraganian, Zhang, Suzuki, & Sada, 2001). 

We can express the FP-FAP components on these two proteins to measure their activity 

when the IgE receptor is activated.  

The Bruchez lab has developed a number of constructs to study IgE receptor signaling 

(Table 5.1). Will Kanagy, a graduate student the Lidke lab, has transfected most of these 

constructs in RBL cells and evaluated them for proper expression. All have shown proper 

localization and response to receptor activation except Lyn-FAP, FcεR1-γ-FAP, and FAP-

LAT, which still need to be optimized and are indicated with an asterisk in Table 5.1, 

while plasmids that have not been tested are indicated with two asterisks. 
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5.2 Examining the association of Lyn with FcεRI 

There are several questions surrounding the interactions of Lyn and the IgE receptor 

that can be addressed using FAP-FP FRET, including confirming association of the two in 

resting cells, determining if there is an increase in Lyn recruitment upon stimulation, 

and understanding whether Lyn remains associated with the receptor or becomes 

excluded after receptor aggregation. Wilson et al. has shown that Lyn is associated with 

the beta subunit of the IgE receptor under resting conditions (Wilson et al., 2000). To 
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investigate this first question, we will transfect the Lyn-FAP construct and the FcεR1-γ-

mCerulean3 into RBL cells. Using a Leica SP8 confocal microscope for intensity based 

FRET measurements in photon counting mode, we will take advantage of the ability to 

withhold the acceptor and acquire donor only images to get a baseline level of no FRET. 

We can then add the acceptor and acquire images to measure the FRET efficiency of 

mCerulean with MG in resting cells (Figure 5.2 A). As the association of Lyn with FcεRI-γ 

occurs at the membrane, these images can be analyzed using the membrane masking 

code as well as looking directly at changes in intensity in the FRET channel. 
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To investigate additional recruitment of Lyn after receptor activation, it is essential to 

measure changes in FRET between Lyn and the IgE receptor in live cells, acquiring 

images continuously over time. Generating intensity based FRET data to monitor 

recruitment is preferred as acquisition of FLIM and spectral images would take longer 

and could potentially miss the graduated increase in FRET signal. We will use RBL cells 
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and the same Lyn-FAP/ FcεRI-γ-mCerulean3 constructs from the first experiment to 

monitor changes in FRET after receptor crosslinking. We can acquire a donor only image 

at the beginning of the time series but it is necessary to add the acceptor before adding 

the crosslinker to measure the baseline FRET signal before activation. Additionally, the 

FAP is intracellular and therefore we will need to use the membrane permeable dye and 

wait 15 min to acquire the first donor with acceptor baseline image. This also means 

that the donor only image used to calculate FRET efficiency would not be available 

throughout the time series and it will be important to take advantage of the large Stokes 

shift between the donor and acceptor to directly monitor an increase of sensitized 

emission of MG over time (Figure 5.2 B). Any background or cross-talk is determined 

from images acquired before adding dye, which can be subtracted and average intensity 

from the FRET channel can be plotted over time. 

It will be interesting to determine if FRET between Lyn and FcεRI-γ increases overtime 

and then reaches either a plateau or a peak followed by a decrease in FRET signal, 

indicating possible dissociation of Lyn from the receptor tail. Ortega et al. has shown 

evidence for this to occur (Ortega et al., 1999). Additionally, does the plateau or peak 

FRET signal coincide with the rate and size of receptor clustering? Receptor clustering 

can be measured using intensity and spatial data from the FcεRI-γ-mCerulean3 channel 

and compared to the FRET channel across time. Once the kinetics have been elucidated, 

additional FRET methods can be implored to investigate the level of Lyn dissociation 

from the receptor. Using the same cells and constructs as in the previous experiments 

and with a better understanding of the kinetics, cells can be fixed at critical time points 
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to allow for donor only (no fluorogen) and donor with acceptor (fluorogen added) to 

calculate FRET efficiency over time. If Lyn does disassociate from the receptor at some 

point after activation, we should see a decrease in FRET efficiency when Lyn is no longer 

associated. These experiments would strengthen the results from the live cell time 

series FRET data and confirm that a decrease in signal was not due to photobleaching 

over time. 

5.3 Determining resting interactions of Syk with FcεRI and kinetics during activation 

Investigating the specific interactions of Syk with FcεRI-γ is also of interest. If Lyn does 

FRET with the receptor tail in resting cells, this could indicate there are phosphorylated 

sites for Syk to bind in resting cells, and as Syk is critical for signal propagation, this is an 

important question to address. Live cell FRET imaging could capture these transient 

interactions in resting cells. As the association of Syk with the IgE receptor tail in 

unstimulated cells is thought to be infrequent and transient, it may be easiest to begin 

by measuring this potential interaction in fixed cells to get an estimate of the 

percentage of receptors associating with Syk at any given time. As FLIM is a relatively 

simple method to provide localized FRET measurements, this would be the preferred 

technique for these initial experiments, and as the cells are fixed, there is no concern 

about acquisition time. The Bruchez lab is currently developing an FcεRI-γ-YFP construct 

that could be used with Syk-FAP to measure FLIM FRET in fixed and unstimulated RBL 

cells. 
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We are also interested in the kinetics of Syk binding after activation and want to 

compare the accumulation of Syk at the receptor tail over time with the FRET data from 

Lyn. Using the FcεR1-γ-mCerulean and Syk-FAP constructs and following the same 

protocol for intensity based live cell FRET as used to acquire the kinetic data for Lyn 

would allow for this comparison. It will be interesting to see if Lyn and Syk are recruited 

to the receptor tail on the same time and at similar levels, or will it be possible to see 

that Lyn binds at earlier time points compared to Syk and potentially with differences in 

sensitize emission (Figure 5.3). FLIM-FRET could be used to determine if differences in 

the FRET signal were due to distance or protein concentration, as lifetime is insensitive 

to concentration. 
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5.4 Using FAP-FP FRET to investigate the relationship between cluster size and signaling 

The details of receptor clustering after activation is not well understood. It is known that 

cluster size increases with dose whereas degranulation occurs once antigen reaches a 

threshold (Andrews et al., 2009). We would like to use FAP-FP FRET to investigate 

recruitment of Lyn and Syk to the IgE receptor as a function of antigen dose and valency 

to better understand the signaling response to cluster size. Does recruitment of these 

kinase increase with cluster size, follow a similar pattern as degranulation, or something 

unique? 

To answer this question, we will use live cells to measure the accumulation of FRET 

signal between FcεR1-γ-FP and either Lyn-FAP or Syk-FAP after activation, using a range 

of antigen doses (0, 0.001, 0.01, 0.1, 1, 3, and 10 μg/ml DNP-BSA) as well as antigens of 

low, medium, and high valency, such as DNP4-BSA, DNP12-BSA, DNP25-BSA, respectively. 

As we will be investigating FRET signal at receptor clusters, it will be advantages to use 

FLIM to acquire localized FRET data, and as clusters form on a relatively long time scale, 

approximately 2 min, FLIM will be fast enough to capture these events. Another 

advantage of using FLIM is the lifetime of the donor is not expected to change under the 

various conditions so donor alone data is not necessary to acquire throughout the time 

series. We can acquire control FLIM time series data without the acceptor at several 

doses and with different antigens to confirm this, and then simply monitor the change in 

lifetime when FRET is occurring. It will be interesting to see if the change in donor 

lifetime, mCerulean3 on the receptor tail, is different for the different acceptor kinases, 
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either Lyn or Syk, and to characterize the recruitment pattern of each under the 

different antigen conditions. 

If we find evidence of FRET between Syk and the IgE receptor tail in resting cells, it will 

be important to determine the length of these interactions, requiring live cell single 

molecule FRET measurements. FcεRI and the signaling molecules that interact with the 

receptor are all events that occur at the cell membrane, therefore TIRF can be used to 

image protein-protein interactions through FRET in live cells at the single molecule level. 

It will be important to image continuously over time to possibly capture these 

interactions. Using the FcεR1-γ-mCerulean and Syk-FAP constructs in live unstimulated 

RBL cells, we can acquire an image of donor alone, add the membrane permeable 

acceptor, wait 15 min, and then acquire images continuously until reaching the limit of 

photobleaching. Similar to the Lyn live cell FRET images, the FRET channel would be 

directly analyzed to identify any interactions and determine their length of time. 

Overall, there are many applications of the FP-FAP FRET system including the 

experiments described here to study the kinetics of FcεRI signaling molecules. 
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Chapter 6 

Setting up TIRF for single molecule FRET 

6.1 Using TIRF for single-molecule FRET 

As described in the introduction, TIRF allows for imaging of fluorescence at the 

coverslip-cell membrane interface by adjusting the angle of the laser through the 

objective such that only molecules within approximately 200 nm of the coverslip are 

excited. This optical section is much thinner than what can be achieved using a confocal 

microscope and is the preferred imaging technique to examine events occurring at the 

basal membrane. We can use TIRF to observe single molecule FRET and measure the 

kinetics of signaling proteins with the FcεR1-gamma subunit. An EM-CCD camera is used 

to collect fluorescence and can detect very low signal, a significant advantage when 

measuring FRET at the single molecule level with even fewer photons than ensemble 

FRET. Single molecule FRET can provide detail about the length of time that Syk or Lyn 

associates with the IgE receptor tail. TIRF allows for proper tracking of single molecules 

by restricting illumination to a thin optical section and eliminating background that 

would obstruct protein localization. 

6.2 Redesigning the optics on the Olympus IX-71 

The Olympus IX-71 in the Cancer Center Microscopy Facility has been set up for TIRF but 

needed to be updated. The two original lasers had been used in Keith Lidke’s lab and 

donated to the facility but were not performing optimally. The 472 nm laser was very 

unstable and continuously fluctuated power while the 635 nm laser power output was 
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too low; both lasers needed to be replaced. It was also necessary to add lasers with 

different wavelengths to the optical table for excitation of mCerulean and YFP to use the 

TIRF microscope for FP-FAP FRET. The addition of two lasers required a number of other 

components be added to the optical path, including a new optical fiber, an aspheric lens 

for three of the lasers, and several mirrors and filters. The previous optical path and new 

design are shown in Figure 6.1 and the new components are underlined in Figure 6.1 B. 
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Two diode lasers, a 40 mW 405 nm and a 50 mW 520 nm, were purchased to excite 

mCerulean and YFP, as well as a 150 mW 488 nm diode laser to replace the unstable 472 

nm laser, and an 80 mW 642 nm diode laser to replace the 633. An electronic shutter 

was purchased to quickly shutter the light during live cell experiments and can be 

controlled through the imaging software. Aspheric lenses are required to collimate the 
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light for the 405 nm, 520 nm, and 642 nm lasers diodes. The 488 nm laser is collimated 

so an aspheric lens is not necessary. Calculations for the lens were based on a desired 

beam diameter of 1 mm. The achromatic lens corrects for the four different 

wavelengths coupling into the optical fiber. See supplement for lens calculations and a 

list of purchased parts. (S6.1 and S6.2) 

To date, most of the optics have been assembled on the optical table, except the 488 

nm laser, which has not yet arrived. Once the 488 nm laser has been added to the table, 

the lasers can be aligned to the fiber couple. The lasers can be used for excitation in 

either wide field or TIRF and can be broadly applied to microscopy experiments beyond 

single molecule FP-FAP FRET. 
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Supplement 

S2.1 Detail of confocal imaging parameters 

Confocal images were acquired with three imaging parameters at multiple positions 

before and after adding the fluorogen. 405 nm laser = 1%, 633 nm = 0% parameters: 
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405 nm laser = 0%, 633 nm = 5% parameters: 
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405 nm laser = 1%, 633 nm = 5% parameters: 
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These parameters were repeated over the same positions after adding dye, which was 

additionally repeated for cells expressing FAP-TM-mCer and FAP-mCer-TM. 
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S2.2 Matlab script  

Script to extract original Leica images (.lif) and run the “createMembraneMask” script: 
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“createMembraneMask” script: 
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S2.3 Detail of spectral imaging parameters 

Spectral confocal images were acquired with two imaging parameters before and after 

adding the fluorogen. 405 nm laser = 1%, emission 450 nm – 750 nm: 
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633 nm laser = 5%, emission 640 nm – 750 nm: 
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S2.4 Detail of FLIM imaging parameters 

FLIM images were acquired with the following imaging parameters before and after 

adding the fluorogen: 
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S6.1 Lens calculations for TIRF 

 

 

 

 

 

 



99 
 

S6.2 Purchased components for TIRF 
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