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ABSTRACT
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by

Dhruba Prasad Adhikari

The University of Wisconsin-Milwaukee, 2024

Under the Supervision of Professor Valerica Raicu
Understanding the photophysical properties of fluorescent proteins (FPs), such as emission and
absorption spectra, molecular brightness, photostability, and photoswitching, is critical to the
development of criteria for their selection as tags for fluorescence-based biological applications.
My overall goal has been to study the photophysical properties of FPs under various excitation
conditions, quantify the contributions that photophysical effects make to Forster resonance
energy transfer (FRET) measurements, and provide appropriate experimental guidelines for
FRET studies.

Over the past two decades, we have witnessed a mounting interest in the study of protein
localization and interactions using two-photon excitation (TPE) of fluorescently labeled
proteins. While there is a plethora of information available regarding the photophysical and
photochemical properties of commonly used fluorescent proteins when subjected to single-
photon excitation, unfortunately, there is still very limited information regarding these
properties under TPE. Therefore, | started my research by investigating the photophysical

properties of several widely used fluorescent proteins using two-photon microscopy with
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spectral resolution in both excitation and emission. The results provided in the first part of this
dissertation indicate that a number of properties, including the excitation and emission spectra,
the relative brightness, and the extent of photobleaching and photoswitching, are markedly
different under TPE when compared to single-photon excitation.

The second part of this dissertation describes a detailed study of the nature and degree
of the contributions to FRET of the photophysical effects exhibited by FPs used as fluorescent
tags for the proteins of interest. FRET is a widely used technique to study the quaternary
structure of protein complexes (i.e., intermolecular distances and binding interfaces) in living
cells. Critical to the interpretation of the results of such studies is the theoretical treatment of
oligomers comprised of more than one donor and one acceptor that may exchange electronic
excitations via FRET. The question has been theoretically addressed by developing the Kinetic
theory of FRET. However, there is no detailed analysis how FRET and the kinetic theory of
FRET respond to photophysical effects such as photobleaching of the donor and acceptor tags.
Herein, we have presented a comparative analysis of different protocols for calculation of the
FRET efficiency. We studied the effects of changing the laser excitation power on FRET
measurements by quantifying the deviations from the kinetic theory of FRET, which does not
include photobleaching currently. We also used a simple but effective numerical method to
estimate the degree to which photobleaching of donors and acceptors was responsible for the
observed discrepancies between the two sets of FRET efficiencies. We found that under low
excitation power, and with carefully selected excitation wavelengths, the FRET efficiency of
an obligate trimeric construct, made by fusing one FRET donor and two FRET acceptors to one
another, is in agreement within less than 2% with the FRET efficiency predicted by the kinetic

theory of FRET. However, at higher excitation powers, the FRET efficiencies changed
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significantly, due to the photobleaching of both the donor, through direct excitation, and the
acceptor, mostly through FRET-induced excitation.

If ignored, these effects could cause systematic and random errors as large as 15% or
more in the FRET efficiency values obtained from experiments, which would cause significant
uncertainties regarding the quaternary structure to be determined. This study therefore provides
critical information for selecting appropriate fluorescent proteins and experimental conditions
for reliable FRET measurements in oligomeric complexes of associating molecules in living

cells.
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Chapter 1. Introduction

After the discovery of the wild-type green fluorescent protein (WtGFP) from the jellyfish
Aequorea Victoria [1], researchers have engineered a significant palette of wtGFP variants [2],
which possess diverse color characteristics, i.e., wavelength-shifted absorbance and/or emission
spectra as well as other photophysical properties such as quantum vyield and excitation
coefficient. In addition to those proteins which have been derived from Aequorea Victoria, there
are many other fluorescent proteins (FPs) with different spectral properties have been isolated
from other species, e.g., Anthozoa corals [3] and Clavularia coral [4]. The continued
development of this vast array of FPs has made fluorescence imaging one of the foremost
techniques in cell biology research.

Access to a large FP library with many different spectral variants has enabled
researchers to continuously develop and refine advanced fluorescence-based techniques for the
study of complex biophysical and biochemical processes. As such, those methods that rely on
Forster resonance energy transfer (FRET) have proved to be very effective in probing protein-
protein interactions in living cells [5-7]. A more recent addition to the family of FRET methods,
FRET spectrometry [8, 9], can estimate the size and geometrical parameters of the underlying
quaternary structure of the receptor of interest [6, 10]. In such applications, FPs with different
spectral properties [11-14] help advance life science research by allowing researchers to
judiciously choose suitable FPs to minimize technical hurdles that may arise in their particular
application.

The main objective of this chapter is to establish a general background for the research
presented in this dissertation, which ultimately focuses on the photophysical effects of FPs and

their implication in FRET studies. This chapter presents a brief overview of the green



fluorescent protein and its structure, along with the development of variants of the green
fluorescent protein and analogous fluorescent proteins derived from different species. In
addition, the basic principles underlying the concepts of fluorescence and Forster resonance

energy transfer (FRET) are presented.

1.1. Green fluorescence protein (GFP)

The green fluorescent protein (GFP) was discovered by Shimomura et al. [1] as a
chemiluminescent protein from the jellyfish Aequorea Victoria. In exposure to blue or violet
light, GFP exhibits green fluorescence. Along with the discovery of the GFP, the same group
confirmed that the emission spectrum of GFP has a peak at 508 nm. In 1979, the first chemical
structure model of the fluorophore in Aequorea GFP was proposed by isolating the fluorophore
and analyzing its components [15]. Later, a modified chemical structure model of the
fluorophore in Aequorea GFP was proposed by Ward et al. [16] and Cody et al. [17], which
confirmed that the functional portion of the chromophore is a 4-(p-hydroxybenzylidene)-5-
imidazolidine. Following those discoveries, the widespread use of this molecule was triggered
by the cloning [18] and demonstration of heterologous expression, i.e., expression in different
species [19], which confirmed that GFP could be used as a marker of gene expression and
protein localization in living cells [20-22]. The heterologous expression suggested that GFP
could be mutated to produce FPs with different fluorescence properties, for example,

fluorescence intensity, photostability, and shifted excitation and emission spectra.



1.1.1. Crystal structures of GFP

The crystal structure of GFP was first revealed in 1996 by Ormo et al. [23] using the techniques
such as multiple isomorphous replacements and anomalous scattering. Their approach involved
utilizing solvent flattening, phase combination, and crystallographic refinement to improve
experimental electron density maps. The three-dimensional structure of GFP consists of 11
stranded B-sheets wrapped around a single central helix forming a nearly perfect cylinder of 24
A diameter and 42 A long [23]. The chromophore p-hydroxybenzylidene-5-imidazolidine is

located centrally inside the cylinder, as shown in figure 1.1.

Figure 1.1. Stereo-view of the three-dimensional structure of GFP. The image on the left represents
the structure of GFP with a fluorophore at the center of the hollow cylindrical structure. The image on
the right is the same image on the left with a cut-away portion B-sheet to show central fluorophore
distinctively. The B-sheets are represented with the yellow ribbons and a-helices are represented with
pink helices, respectively. The centrally located multicolor ball-and-sticks represent the chromophore.
The figure is adapted from Wikipedia at https://en.wikipedia.org/wiki/Green_fluorescent_protein.
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Figure 1.2. Schematic representation of the overall fold of GFP and position of amino acids. The
structure comprises 11 stranded - sheets, each consisting of approximately 9 to 13 residues. The number
marks at the base and arrowhead of each strand give beginning and ending amino acid residue number
of that strand. The diagonal cylinder extending from amino acid number 56 to 72 represents the central
alpha-helix that contains the chromophore-peptide of the GFP. The three helices on the top end of the
B-sheet are represented with short cylinders. Figure is adapted from Ormo et al. [23].

1.1.2. Chemical structure of chromophore in GFP

The chromophore, responsible for the green fluorescence of Aequorea green fluorescent protein
(AGFP), is formed from the primary amino acid sequence of the protein and located at the
center of the B- sheet. The first chemical structure model of the chromophore (i.e., the model
structure of fluorophore sequence) in AGFP was proposed by Shimomura et al. [15]. According
to Shimomura et al., the core of AGFP chromophore was identified as a substituted 4-p-
hydroxy-benzylidene-5-imidazolidine based on amino-acid component analysis of
fluorophore-containing peptide and the comparison of the absorption spectra of the peptide [15,

24]. Later, a modified chemical structure model of the chromophore in AGFP was proposed by



Cody et al. [17], which confirmed the structure, but modified the overall structure of the

chromophore peptide as in figure 1.3.
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Figure 1.3. Proposed structure of the chromophore peptide of AGFP: (a) from Shimomura [15]; (b)
from Cody et al. [17].

Later, Tsien’s lab reported [23, 25, 26] that the autocatalytic chromophore formation in AGFP
is oxygen-dependent and proposed the biosynthetic scheme for chromophore formation shown
in Figure 1.4. According to Tsien [2], first, AGFP folds into a nearly native conformation, then
the imidazoline is formed by nucleophilic attack of the amide of Gly67 on the carbonyl of
residue 65, followed by dehydration. Finally, molecular oxygen dehydrogenates the a-p bond
of residue 66 to put its aromatic group into conjugation with the imidazolinone. At this stage,

the chromophore acquires visible absorbance and fluorescence [2].
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Figure 1.4. Schematic representation of the chromophore formation in AGFP. The cyclization of
the carboxyl carbon of the Ser65 followed by dehydrogenation reactions at the Tyr66 residue results in
the formation of the imidazoline-5-one ring. Thereafter, oxidation of the tyrosine (Tyr66) a-f carbon
bond by molecular oxygen causes the occurrence of fluorescence in AGFP. Figure adapted from
https://www.wikiwand.com/en/Green_fluorescent_protein.

1.1.3. Spectral characteristics of GFP

AGFP has two absorption maxima: major at about 395 nm and minor at 475 nm [27]. The
excitation at the primary absorption peak of 395 nm gives an emission maximum at 508 nm
with a quantum yield of 0.72 to 0.85 [1, 23, 26, 28]. The spectral properties of the AGFP can
be affected by concentration, temperature, and the ionic strength of its environment (pH) [16].
Self-association is favored at higher concentrations resulting in amplification of absorption
peak at 395 nm and suppression of the 477 nm absorption shoulder. The peaks at 395 nm and
477 nm correspond to the neutral and anionic states of the fluorophores, respectively. As such,
in a neutral aqueous buffer solution, AGFP lost half of the fluorescence at the temperature of
78°C. Increasing temperature from 15 to 65 °C decreases the excitation amplitude at 395 nm
and increases the excitation amplitude at 477 nm [16], whereas, at high pH AGFP loses
absorbance and excitation amplitude at 395 and gains amplitudes at 477 nm [16]. The emission
spectrum, i.e., the fluorescence intensity of AGFP measured as a function of wavelength when

the excitation wavelength is fixed, and the absorption spectrum of AGFP is shown in figure 1.5.
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Figure 1.5. Absorption spectrum (dashed line) and emission spectrum (solid line) of AGFP. The
adsorption spectrum of AGFP has a major peak at 395 nm and a minor peak at 477 nm, which correspond
with a protonated (neutral) chromophore and a deprotonated (anion) chromophore.

1.2. Variants of GFP and associated mutations

With the expansion of the fluorescence technique, scientists have been able to modify elements
of the chromophore yielding a wide variety of mutations that create opportunities for
researchers to assemble compatible fluorescent proteins for their potential application. Most of
the mutations are designed to obtain shifted emission and excitation spectra and improved
intensity; however, they are sometimes also designed for different pH sensitivity, dimerizing or
non-dimerizing modifications, etc. The main goal of these mutated fluorescent proteins is to
provide appropriate fluorescent markers for the desired measurements. In the case of GFP, the
hydrogen-bonding network and electron-stacking interactions with the sidechains of the barrel

influence the color, intensity, and photostability of GFP and its various derivatives [29].



1.2.1. Variants for shifted emission and excitation wavelengths

A broad range of GFP variants was created with fluorescence emission ranging from blue to
yellow regions of the visible spectrum. For example, enhanced green fluorescent protein
(EGFP) is a widely used variant of GFP, which contains two-point mutations: Ser65 to Thr
(S65T) and Phe64 to Leu (F64L) [25, 30]. These changes in the GFP coding sequence reduce
the excitation spectrum from a major peak at 395 nm and a minor peak at 477 nm to a single
peak at 488 nm. The mutations result in an enhanced GFP, which is 35 times brighter than wild-

type GFP with relatively more stable molecular brightness [31].

Yellow mutants of the green fluorescent protein (YFP) are another group of GFP
variants created by mutating Thr203 in the Aequorea victoria green fluorescent protein (GFP)
[2]. With that mutation, the resulting n-r stacking and increased local polarizability adjacent to
the chromophore are believed to be responsible for the ~20 nm shift to longer excitation and
emission wavelength [32]. However, the changes due to the internal hydrogen bonding and
electron stacking also made the fluorescent protein vulnerable to photobleaching [33, 34] and

photoswitching by protonation [35-37].



1.0 | ™~ Cyan
/’ ‘|
/’ |
05 | Do)
/ {
/ \
3 / \
c L. ‘\
8 o0 S
o
5 1.0 Green
=
L
o)
.S 0.5
IS
@)
(2]
o]
<< 00
© ]
r 10 i
I
[
[N
l'|
0.5 | It
/7
/ \
/ \
/ \
0.0 - ==

320 380 440 500 560 620
Wavelength (nm)

Figure 1.6. Representative spectra of main spectral classes of variants of GFP: Cyan (ECFP), Green
(EGFP), and Yellow (EYFP). The absorption spectra (dash lines) and emission spectra (solid lines) were

measured under single-photon excitation. Data is taken from the fluorescent protein database (i.e.,
fpbase.org).

The cyan variants of the green fluorescent protein, CFP, carrying a tryptophan-base
chromophore, provide many desirable features, such as increased pH balance and suitability for
stable transfection [38]. These features make CFP appealing to use as a fusion tag in many life
science applications, as such in vivo FRET measurements. The tryptophan accounts for the blue
shift in the absorption spectra to a single peak at 434 nm and indole formation that improves

luminosity [39, 40]. CFP variants have a unique emission spectrum that best fits a double



Gaussian. Along with these features, many of these variants of CFP may have several
disadvantages, such as a low quantum vyield, a low extinction coefficient [38, 41], and low
photostability [14, 42]. The absorption and emission spectra of three main spectral variants of

GFP, cyan, green, and yellow fluorescent proteins are shown in figure 1.6.

1.2.2. Variant with pH sensitivity

Numerous variants of GFP have been identified as visual indicators of intracellular pH in living
cells [36, 43]. It has been found that the fluorescence absorption and emission of variants of
GFP is strongly pH-dependent in aqueous solutions and the intracellular compartments of living
cells. An investigation of the high-resolution crystal structure of GFP S65T variant at pH 8.0
and 4.6 revealed changes in the hydrogen bond pattern with the chromophore [44]. This
suggests that the pH sensitivity derives from the protonation of the chromophore phenolate.
That study claims that the chromophore at the ground state of S665T consists of a pH-dependent
equilibrium between the neutral and anionic form with the heterocyclic ring nitrogen
deprotonated. Hence, the change in pH can change the state of chromophore from neutral
(protonated) to ionic (deprotonation) state, which causes major effects on the spectral emission
and absorption characteristics. It was observed that the S65T exhibits comparatively low
fluorescence upon excitation with UV light in the protonated state, i.e., at low pH value of ~
4.6. In the same investigation, mutations were designed in yellow fluorescent protein
(S65G/V68L/IST2AIT203Y) to change the solvent accessibility (H148G) and to modify polar
groups (H148Q, D22Q) near the chromophore. The pH titrations of these variants indicate that

the pKa value of chromophore can be modulated over a broad range from pH 5 to pH 9.
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Figure 1.7. Chromophore model of GFP: Protonated “neutral” chromophore model (left), the
“neutral” chromophore model with a positively charged side group (middle), and deprotonated “Anion”
model chromophore. Figure is adapted from L. Lammich et al [45].

1.2.3. Variants with monomeric or dimeric properties

Several observations, including spectral perturbations induced by changes in concentration
[16], yielded translational diffusion coefficients based on fluorescence correlation microscopy
measurements [46]. The molecular structure of GFP [24] and structural analysis of dimeric
mutants [47] suggest that protein tends to monomerize at low concentrations and dimerizes at
high concentrations. It was found that the structure of WtGFP is dimeric [24]. According to
Tsien [2], the dimer interface included hydrophobic residues Als206, Leu221, and Phe223 and
hydrophilic contacts involving Tyr39, Glul42, Asnl144, Serl47, Asnl149, Tyrl51, Argl68,
Asnl170, Glul70, Glul72, Tyr200, Ser202, GIn204, and Ser208. However, the same wtGFP
could still be crystallized as a monomer with the substitution of S65T mutation [48]. Likewise,
a truly monomeric mutation, A206K, has been introduced into most of the widely used variants
of GFP that produce a very minimal effect on the spectroscopy properties [47]. In the case of
cyan variants of GFP containing Y66W and N1461 mutation prevents dimerization at high

concentrations.

Monomeric variants of GFP are advantageous in fluorescence imaging, for example, to
image homo-oligomerization in living cells. The dimerization tendency of FPs may lead to

11



artifacts in fluorescence imaging by producing unwanted clustering events. Hence monomeric

FPs are more desirable in fluorescence imaging applications.

1.3. Photophysical properties of fluorescent proteins (FPs)

The genetically modified (or mutated) FPs have been broadly used as fluorescent tags in many
fluorescence applications based on their photophysical properties. Different FPs have different
photophysical properties, such as maximum emission and excitation wavelength, quantum yield
(QY), extinction coefficient (¢), brightness, pH sensitivity, photostability, etc. These properties
make them unique and appropriate for specific applications. For example, brightness is one of
the most desirable features of FPs in most of the fluorescence applications like FRET and FIF.
While the substantial overlap between the emission spectrum of one FP (donor) with the
excitation spectrum of another FP (acceptor) is highly desirable for FRET measurements. The
photostability of a fluorescent protein determined by its ability to undergo photoconversion
between different emission or excitation states and its susceptibility to photobleaching. Some
FPs possess photophysical properties that can be modified by light irradiation at specific
wavelengths. Irreversible photoconversion is a permanent modification where a non-
fluorescent state may get permanently photoactivated to a bright state or a bright state may
change to another with different emission wavelength (see Fig. 1.8). Reversible photoswitching
occurs when a chromophore switches between two molecular conformations [49], while
photobleaching is the permanent loss of fluorescence in a fluorescent molecule due to prolonged

exposure to high-intensity light.

12
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Figure 1.8. Light-induced irreversible photoconversion of various GFP-type chromophore. a. In
photoactivatable GFP (PA-GFP), decarboxylation of the Glu22 side chain stabilizes the anionic state of
chromophore. b. In mOrange, oxidation expands the chromophores n-electron system. c¢. In EosFP,
deprotonation and backbone cleavage extend the m-electron system that causes shift in emission
wavelength green to red. Figure is adapted from K. Nienhaus et al [49].
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Figure 1.9. Proposed chromophore structure of the doubly reduced/protonated IrisFP
chromophore CaN photobleached under high-intensity illumination. Figure is adapted from C.

Duan et al [50].
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Table 1.1 presents a summary of the photophysical properties of some widely used GFP

variants under single-photon excitation, showing the excitation and emission wavelengths,

extinction coefficient (e, capacity for light absorption), quantum yield (QY, the number of

photons emitted per excitation photon absorbed), fluorescence lifetime and Forster-radius (Ro)

[51] of some commonly used FRET pairs. A comparison of photophysical effects of these

widely used FPs under two-photon excitation will be presented later in chapter 3.

Table 1.1. Summary of the photophysical properties of some widely used FPs under single
photon excitation. The lifetimes of the FPs are taken from the fluorescent protein database
(fpbase.org) and all other information are obtained from the literature (indicated in the column for FPs).

FP Aex  Dem em?*M?1) QY Lifetime Donor/Acceptor Forster-
(nm)  (nm) (ns) radius, Ro (nm)

WtGFP [1, 15] 395 509 25,000 0.79 2.5 -

EGFP [26, 51] 488 507 56,000 0.6 2.6 EGFP/YFP (5.6)

GFP2 [5, 52] 395 507 21,000 055 - GFP2/YFP (5.5)

YFP [5, 26] 514 527 83,400 0.61 3.1 CFP/YFPP (4.7)

Venus [53, 54] 515 528 92,200 057 3.0 Cerulean/Venus (5.2)

SYFP2 [55, 56] 515 529 101,000 0.68 2.9 SCFP3/SYFP2 (5.4)

Citrine [55] 516 529 77,000 0.76 3.6 ECFP /Citrine (4.8)

Cerulean3 [57] 433 475 40,000 084 41 Cerulean3/Venus (5.7)

mTurquoise [58] 434 474 30,000 086 3.7 mTurquoise/Venus (5.7)

MTFP1 [4, 59] 464 492 64,000 0.85 3.2 mTFP1/Citrine (5.7)

14



1.4. Physical underpinnings of fluorescence

1.4.1 Jablonski diagram for fluorescence

The emission of light from any fluorescent molecule in the electronically excited state is
categorized into two categories: fluorescence and phosphorescence (see Figure 1.10 for an
illustration), based on the time it takes from excitation to emission. The electron in its singlet
ground state (So) absorbs the photon of appropriate energy and jumps to one of the excited
singlet states (S1 or above, depending on the amount of photon observed). Absorption is a very
fast process; it takes on the order of 101° seconds. Thereafter, the excited electron in the higher
excitation state starts dissipating energy to transit to the lowest vibrational level of the first
excitation state (Si1) through several different mechanisms. One pathway is by dissipating
energy to its surrounding, i.e., vibrational relaxation; however, this can’t occur for the isolated
molecules. The second pathway can be the coupling between a vibrational level of an
electronically higher excitation state and a vibrational level of a lower excitation state, which
is called internal conversion (IC). The transit from the higher electronic state to the lower
electronic state during internal conversion causes the emission of heat. Both the internal
conversion and the vibrational relaxation are non-radiational processes; these processes can
take 10 to 10" seconds. After the transition to the lowest vibrational level of the excitation
state, the system loses energy and transits to the ground state by emitting red-shifted photons.
This process of emission of photons is called fluorescence and occurs after 10”° to 10 seconds.
If the energy difference in the transit between two energy states is AE, then the planks relation
states that AE is equal to the product of the frequency of the emitted photon (v) and the Planck’s
constant (i.e., AE = vh, where h = 6.624 x 10* Js). During the fluorescence process, the average

lifetime of a fluorophore is the time between its excitation and return to the ground state, i.e.,

15



fluorescence lifetime depends only on the radiative de-excitation rate of the fluorophore from
S1 1o So.

Another pathway of transition to the lowest vibrational level is intersystem crossing
(I1SC). In this process, the electron from the excited singlet state transits to a state with a different
spin multiplicity, the triplet state (T1), which is forbidden by the selection rules. ISC is also a
non-fluorescence process that takes 1078 to 10 seconds. This transition of the electron to a state
with different spin multiplicity led to the phenomenon of phosphorescence. The
phosphorescence is the slowest process in the Jablonski diagram, and it can take 10 to several

seconds to occur.
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Figure 1.10. Jablonski diagram to describe the electronic transition between energy levels for
fluorescence and phosphorescence processes. The horizontal black solid lines represent singlet (S)
and triplet (T) energy states with the different vibrational energy levels depicted by thinner solid black
lines. The subscripts are given for different excitation states, such as 0 for the ground state, 1 for the first
excitation state, etc. Vertical solid blue line, solid green, dashed green line, and dashed black line
represent absorption, radiative emission, non-radiative decay, and internal conversion, respectively,
whereas solid red line, dash orange line, solid yellow line, and yellow dashed line represent Inter-system
Crossing (ISC), vibrational relaxation, phosphorescence and non-radiative de-excitation from triplet
state.
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1.4.2. Fluorescence lifetimes and quantum yields

Fluorescence lifetimes and quantum vyields are perhaps some of the most important
characteristics of a fluorophore. The fluorescence lifetime, t, of the fluorophore determines the
time for the fluorophore to be present in the excited state prior to its return to the ground state
[60]. The fluorescence lifetime is typically in the order of 10 ns, which needs a highly
sophisticated system to measure. Theoretically, it can be expressed in terms of de-excitation
(decay) rates of all the de-excitation pathways that occurred in the process. If T'"and I'"" are
the de-excitation rate for the radiative and non-radiative processes that occurred in the Jablonski

diagram, the lifetime of the fluorophore is given by

1

= [1.1]

T

The lifetime of the fluorophore in the absence of non-radiative decay is called the intrinsic or

the natural lifetime, which is given by
Ty = = [1.2]

The quantum yield (Q) of a fluorophore determines the efficiency of emission of the
photon. Theoretically, we can determine quantum yield as the fraction of de-excitation through

radiative decay and winch is given by

1"7’
Combining Eq. 1.1 and Eqg. 1.2, we get,
T
Th = 6 [14]

Hence, the intrinsic lifetime of the given fluorophore can be express in term of

fluorescence lifetime, 1, and the quantum vyield, Q, of the fluorophore with Eg. 1.4. The

17



fluorescence lifetime and quantum yield of the fluorophore in the present FRET will be

described in in Chapter 2.
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Chapter 2. Forster resonance energy transfer (FRET)

Following the basic introduction to FRET in Chapter 1, this chapter presents a detailed
derivation and describes the underlying principle of FRET and the kinetic model of FRET, as
it has been applied and verified both experimentally and theoretically later in Chapter 4. The
overall chapter has been organized into several sections; the first section is associated with the
elementary theory of FRET. The second section describes the classical derivation of energy
transfer efficiency by Perrin with necessary components and Forster’s modifications on the
classical derivative of energy transfer. The third section describes methods of FRET
measurement for different oligomeric complexes using various experimental procedures. The
fourth section describes the underline concept of the kinetic theory of FRET and its derivation
with a brief history coupled with the theory. Finally, in the fifth section, it offers a theoretical
guideline to address potential systematic errors in FRET measurements. This guideline
connects the theoretical foundations of FPs with their practical application in experimental

biology, especially in the study of protein structure and their interactions in living cells.

2.1. Overview of Forster resonance energy transfer (FRET)

Forster Resonance Energy Transfer is named after the German professor Theodor Forster. He
developed the theory for non-radiative resonance energy transfer and predicted the distance-
dependent rate of energy transfer and the theoretical/experimental value of Forster distance (Ro)
[61] using his predecessor’s (Kallman and London’s) knowledge in dipole-dipole interactions

[62] and resonance concepts [63].
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Figure 2.1. lllustration of the non-radiative energy transfer from an excited donor molecule to a
nearby acceptor molecule. (a) Donor (D) and acceptor (A) fluorescent molecules are separated by large
distances (greater than 10 nm), the excited donors emit as a result. (b) As the donor is brought closer to
an acceptor (less than 10 nm), FRET may occur, and the acceptor gets excited and emits photons.

In FRET, energy from an excited donor molecule transfer non-radiatively to a nearby
acceptor chromophore via dipole-dipole interaction [60, 63-65]. The fraction of the radiation
energy observed by a donor molecule transferred to an acceptor molecule during the FRET
interaction is called FRET efficiency. The elementary theory of FRET and associated derivation
for FRET will be presented thoroughly in the next sections. In brief, the efficiency of energy
transfer is inversely proportional to the sixth power of the distance between donor and acceptor
chromophore, which makes FRET extremely sensitive to distance and can only be observed
when the distance between the excited donor and acceptor is less than 10 nm. The distance
between the interacting donor and the acceptor is also much smaller than the wavelength of the
emitted light. Figure 2.1. the nonradiative energy transfer that may occur when a donor
molecule is close to an acceptor molecule.

In recent years FRET experiments have been designed to study the structure, dynamics,
and interaction of biological macromolecules in living cells using fluorescence microscopy

[66].
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2.1.1. Elementary theory of FRET

Forster resonance energy transfer (FRET) is a non-radiative transfer of energy from an excited
donor molecule to a nearby acceptor chromophore via dipole-dipole interaction [60, 63-65]. In
1946, Forster developed the theory for non-radiative resonance energy transfer and predicted
the distance-dependent rate of energy transfer. This extremely sensitive process can be observed
when the distance between the excited donor and acceptor is less than 10 nm (see Fig. 2.2). A

detailed derivation of Forster’s equation for FRET will be presented later in section 2.2.

FRET
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Figure 2.2. Non-radiative energy transfer from an excited donor molecule to a nearby acceptor
molecule. As donor (D) and acceptor (A) fluorescent molecules are brought closer to each other (less
than 10 nm), FRET may occur, and the acceptor gets excited and emits photons.

2.1.2. Jablonski diagram for FRET and Quantum Yields

A schematic representation of the process of energy transfer from an excited donor molecule to
a nearby unexcited acceptor molecule through FRET, also known as the Jablonski diagram for
FRET, is shown in Fig. 2.3. Spo, Sp1, and Sp2 are the ground, first, and second electronic states
of the donor, and Sa: and Saz are the ground state and the first excited state of the acceptor,
respectively. In the presence of an acceptor (i.e., fluorophore with lower excitation energy than

the emission energy of the donor) in proximity (<10 nm) to the excited donor, energy can
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transfer from the excited donor to the acceptor through dipole-dipole coupling. In this process,
the donor molecule loses its excitation energy through a non-radiative coupling between the
transition dipole of the excited donor to that of an unexcited acceptor. Hence, the acceptor
molecule gets excited non-radiatively from the ground to the first excited state and then de-
excites to the lowest vibrational energy state of the first excitation level via vibrational
relaxation from where it de-excites to the ground state either non-radiatively or with the

fluorescence emission.
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Figure 2.3. Jablonski diagram describing fluorescence resonance energy transfer (FRET) between
an excited donor (D) and a nearby acceptor (A) molecules. The horizontal black solid lines represent
singlet (S) states with the different vibrational energy levels depicted by thinner solid black lines. The
subscripts D is given for donors and A is given for acceptors with the different excitation states: such as
0 for the ground state, 1 for the first excitation state, etc. The solid red arrow pointing from D to A
represents the FRET. The terms I'™P and ™D are the rate constants of radiative, non-radiative decay,
whereas TFRET s the rate constant for resonance energy transfer (RET) between the single pairs of
donor and acceptor.
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The quantum yield (Q) of a fluorophore is the fraction of de-excitation (energy decay)
through radiative decay that determines the efficiency of the emission of the photon. If I'" and
I'™ the rate constants of radiative, non-radiative decay, then the quantum yields of a donor, Q?,

and an acceptor, Q4, can be written as:

b FT,D

Q = rrb 4 pnrD’ (2-1)
B FT,A

Q = l"r,A + Fnr,A’ (2-2)

where the sum of I'" and I'™ is equal to the inverse of the lifetime of the excited states of a
given fluorescence molecule, i.e., the excited state lifetime of donor (7)) and acceptor (z4) can

be expressed as:

1
U = Fro yprd (2.3)
and
1
Ta = pra g pral (2.4)

In the presence of FRET, it causes an additional pathway for de-excitation of the donor
(see Fig. 2.3). Thus, in the presence of FRET (i.e., acceptor) the quantum yield of the donor

(QP4) and lifetime of the donor (tp,) can be expressed as:

DA FT,D
Q™ = [7D 4 [nr.D 4 [FRET’ (2.5)
1
TpA = 77D ; pnrD y [FRET’ (2.6)
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where TFRET s the rate constant of the energy transfer. This shows that in the presence of FRET

both the quantum yield and lifetime of donor decrease from that in the absence of FRET.

2.2.2. Distance dependence transfer of energy
The rate of energy transfer from an excited donor (D) to a nearby unexcited acceptor (A) is

given by:

1 (Rp\°
[FRET =_(_°) , (2.7)
o\ T

where ,, = (I'"P? + I'"™"P)~1 is the lifetime of the donor in the absence of acceptor; r is the
distance between the donor and the acceptor and Ry, is the Forster distance. Forster distance is
the distance between excited donor and nearby acceptor when the rate of energy transfer
between the donor and acceptor is equal to the decay rate of the excited donor in the absence of
the acceptor, i.e., the distance at which the efficiency of energy transfer becomes half [64, 67-

70]. Derivation of Eq. 2.7 will be presented in section 2.2.

The efficiency of energy transfer can be defined as the fraction of donor de-excitation
through FRET. In terms of decay rate constant, the efficiency of energy transfer can be

expressed as:
FFRET

~— 7D + [nrD y [FRET' (2.8)

Substituting Eq. 2.3 and Eq. 2.6 in Eq. 2.8, we obtain:

E=1—-——. 2.
- (29)

Similarly, by substituting Eq. 2.3 and Eq. 2.7 in Eq. 2.8, we obtain:
1 (Rp\°
g(?) Rg

Lol@ ®e

(2.10)
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Hence, Eq. 2.10 shows that the FRET efficiency decreases rapidly as the separation
between donor and acceptor, r, increases (see Fig 2.4). Using Eq. 2.9, we can determine the
FRET efficiency by measuring the lifetime of donor in the presence and absence of the acceptor,

which in turn allows us to estimate the donor and acceptor distance using Eq. 2.10.

Forster distance, Ro

wo.5 /

Figure 2.4 Graphical representation of FRET efficiency (E) versus distance (r) between excited
donor and acceptor. Ry is the Forster distance. Figure is inspired from reference [71].

Forster distances are typically in the range of 1.5 to 6 nm, which is comparable to the
size of many proteins and thickness of membranes. Thus, FRET is an ideal tool to see protein
interaction and their distances both in solution and inside the living cells. When the distance
between donor and acceptor (r) is equal to Forster distance (R,), the FRET efficiency becomes

half, where 7, is half of 7.

2.3. Classical derivation of FOorster resonance energy transfer rate constant
2.3.1. Perrins’ theory of energy transfer

In 1927, the Nobel laureate J. Perrin provided the first theoretical explanation that energy could
be transferred from an excited molecule, called a donor (D), to a nearby unexcited molecule,

called an acceptor (A) via dipole-dipole interactions [72]. His theoretical explanation began
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with considering two electrically charged oscillators interacting through electrostatic force;
when the two oscillators share the resonant frequency, they exchange energy. In his classical

interpretation of energy transfer, he considers two identical oscillating dipoles Donor (D) and

Acceptor (A), with corresponding dipole moments /i, and ji, separated by a distance Rasin

Fig. 2.5.

Figure 2.5. Schematic representation of the orientation of donor dipole moment (i) and acceptor
dipole moment (gi,). @ represents the angle of intersection between the donor orientation plane (green
surface) and the acceptor plane (yellow surface). The solid green and yellow arrows represent the dipole
moment of the donor (gp) and acceptor (z4), whereas 8 and 04 represent the angle made by the

separation vector, R, with the dipole moment of the donor (pup) and acceptor (z4), respectively, and 61
represents the angle between gy, and i 4. Figure is inspired from reference [73].

The electric field (E,) due to the dipole moment of the donor (jip) in the above configuration

can be expressed as:

—

1 5 B\ -
Ep =W(3(,uD.R)R—MD), (2.11)
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where R is the unit vector along the separation vector R and n is the refractive index of the

medium. Now, in the presence of acceptor, dipole moment i, in the electric field ED, the

interaction energy E;,,; can be expressed as,

Eine = _ﬁA-ED = [(ﬁD'ﬁA) - 3(ﬁD-§)(ﬁA-§)]- (2.12)

n?R3
Consider the dipoles are identical, i.e., |ip| = |fi4| = u, with this Eq. 2.12 becomes
2

Ki

R (2.13)

Eine =

where k = [(@p. A4) — 3(fp-R)(da. R)] is the orientation factor of donor and acceptor dipole

moments. Now, using Planck’s quantum theory, i.e., E = hv, we can write

2
K
= Ry = hoig ~——
n2R3 int int Tint’

Eine =
where h is Planck’s constant and A = h/2m, w;y,, IS the angular frequency associated with the
interaction energy E;,;, and t;,. iS the period of the dipole oscillation. Rearranging above

equation we get:

An?R3

— 2.14
P (2.14)

Tint =

According to the theory of Hertzian oscillation dipole, the energy of radiation and radiation

time constant can be expressed as [67, 74]:

M2w3

Erad = ?, (215)
3hcd

Trad PEE (2.16)

where ¢ is the speed of light and w is the frequency of the dipole oscillation. Now, the

expression for the distance between the oscillating dipoles, R,, at which radiational decay of
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the energy is equal to non-radiative transfer of energy, can be obtained by equating Eq. 2.16
and 2.14 (i.e., T,rqq = Tine,), We get:

3hc®  hn®R§
u2w3 - K2 :

Rearranging above equation, we obtain:

3kc3 3k

R3 = =
© 7 n2w3  n2(2m)3

23~ 0.0123, (2.17)

where ¢ = wA/2m and roughly R, = 0.2 4, which means that half of the donor’s energy that
would have been emitted radiatively is transferred non-radiatively to the acceptor at a distance

roughly one-fifth of the wavelength radiating from the oscillating dipole.

2.2.2. FOrster correction to Perrin’s theory

Forster found that the calculated value of R, by Perrin’s model of energy transfer was overly
estimated because of the assumption of perfect resonance between the emission and absorption
spectrum of donor and acceptor. He noted that the spectra of the donor and acceptor are vastly
different, and he correctly took into account the broadened spectra and overlapped frequencies
of the excited donor and acceptor in the energy transfer calculation. The spectral overlap
between the emission spectrum of donor and absorption spectrum of acceptor occurs only in a
range of wavelengths, as shown in Fig. 2.6a. This suggests that the probability of occurrence of
resonance between a donor and acceptor is less than that when there is complete spectral

overlap.

28



. e
_
Wavelength (nm) ) Angular Frequency
a b « Q .

Figure 2.6. Spectra overlap between donor emission spectrum and acceptor absorption spectrum.
a. Spectral overlap represented with intensity vs. wavelength plot. The solid green line represents the
donor emission spectrum, and the dash yellow line represents the acceptor absorption spectrum. b.
Spectral overlap between donor emission and acceptor absorption in rectangular form. The shadow
region represents the spectral overlap between donor emission and acceptor absorption spectra. The
width of each spectrum is Q2 and the width of the overlapped rectangular area is Q.

Forster assumed that the spectra width of donor and accepter is similar and equal to Q
and the spectral overlap between donor emission and acceptor absorption spectra is £’ as. in
Fig 2.6b. Then the probability spectral overlap of donor and acceptor can be written as Q’/ Q.
Similarly, the probability of falling the bandwidth Q within a narrow coupling bandwidth of

Eine /R is (Eine/R)/Q. Now the probability of simultaneous occurrence of the above two events

2' Eint

is given by TR

Using this probability of simultaneous occurrence of spectral overlap and the spectral
bandwidth within coupling bandwidth of E;,;/h, the interaction energy is corrected to the

following expression [75].

E'. . = &,@ E. (2.18)
int Q hQ int. .
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2
Now, pugging E,; = % from Perrin’s calculation, i.c., from Eq. 2.13 in above Eq. 2.18, we

get:

E'ine = < 2.19
me =\ FmiRe 0z ) (219)

. . . . . 1 .
This equation shows that the interaction energy (energy transfer) is G dependent. Now, using

E' h .
int ™~ m, We Can express:

,  h*n*R®Q?
Tint = KZ‘U4 W (220)

Now, to obtain the expression for the corrected distance, also called Forster, between
the oscillating dipoles, R, at which radiational decay of the energy is equal to the non-radiative
transfer of energy, i.e., 7,44 = T'int, €Quating equations 2.16 and 2.20, we get:

3¢ h*n*RE Q2
e = 2t O

Rearranging above equation, we get:

o 3KPurct
RS = Fries o (221)
3
using T,qq = %and ¢ = wA/2m in above equation, we get:
Re=9(2) (5)2 () 222
07 “\2m) \nt)Q2\r, 4/ (222)

For an experimental situation with A = 600 nm and the spectra overlap ratio, Q’/ Q~1/10, the

Forster distance, Ry~ 10 nm.
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2.2.3. Forster’s quantum mechanical theory of FRET

After the earlier works by J. Perrin and F. Perrin, Forster corrected the expression of the
energy transfer by addressing the broadened spectra and overlapping frequencies of excited
donors and unexcited acceptor molecules. The effect of broadened energy distributions
had to be considered when calculating a rate of a kinetic process between two quantum
states [76]. Utilizing quantum theory, Forster derived quantitatively the correct expression
of the probability of energy transfer between the donor and acceptor molecules following
the Fermi Golden Rule, which quantitatively relates the rate of transition between
quantized stated of a perturbed system by an oscillating electromagnetic field.

Let us consider two separate molecules, a donor (D) and acceptor (A). Initially, if
the donor molecule is in an excited state and the acceptor molecule is in the ground state,
the antisymmetrized electronic wavefunctions for the initial state wavefunction, ¢;, in
which only the donor is excited, and the final state ¢f in which only the acceptor is

excited can be expressed as follows [77]:

1

¢ = NG (o (D) Pa(2) — Pp+(2)pa(1)), (2.23)
1

¢ = NG (¢p (DPa(2) = Pp(2)Pa- (1)), (2.24)

where 1 and 2 stand for the electrons and the asterisk refer to the excited state. The D and A
in subscripts stand for donor and acceptor, respectively.
The Hamiltonian of the system is given by

H = j{D + }[A + Vint' (225)
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where H, and H, are the unperturbed Hamiltonians of the donor and the acceptor
molecules, respectively, whereas V;,; is the interaction energy between the two molecules.
The interaction matrix element describing the coupling between the initial and final state can

be expressed as:

U = (7 ([Vine| ¢:). (2.26)

With Eq. 2.23 and 2.24, Eq. 2.26 becomes,
U = {(¢pp (DPar@)Vinelpp-(1)$a(2)) = (Pp(2)Par (D Vine|Pp- (1) pa(2))
= U, — U,y (2.27)
where U, is the Coulombic field term that describes the initially excited electron of the donor
returns to the ground state while the electron of the acceptor gets excited, whereas U,, is the
exchange term that describes when two electrons of D and A are physically exchanged. This
exchange of electrons is a quantum effect due to the symmetric properties of the electronic
wavefunctions, which causes the interaction between the electron clouds. This only happens
when the donor and acceptor are in contact or when their electron clouds overlap. Because the
electron density decays exponentially outside a molecule, the exchange of electrons is
considered only at short distances, which is not the case with FRET. Therefore, only the
Coulombic field term is considered for the energy transfer.
Now, the initial and excited state can be generalized in terms of original state energies
and the transfer energy E. Under the Born-Oppenheimer approximation, we can express the
initial and final wave functions of the system in terms of electronic and vibrational

components, as follows:

Vi =W a(Ep, Eg) = PpPaxp(Ep)xa(En), (2.28)
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Yy = Ypar(Ep, Ep) = ¢pdaxp(Ep — E)xa(Es + E), (2.29)
where E}, and E, are the energies of donor and acceptor, respectively, whereas ¢* and ¢ are the

excited and unexcited electronic wave function and y* and y are the excited and unexcited
vibrational wave function of the molecules. Subscript D and A stand for donor and acceptor.

The energy difference between the final (i.e., Ef = E*A + Ep)andinitial (i.e., E; = Ej + Ey)

can be expressed as:

AE = E*, + E, — E}, — E,. (2.30)

Since the energy lost by the donor due to de-excitation is equal to the energy gained by the

acceptor to its excited state, we can express:

1

Now, using the initial and final wavefunction of the system (i.e., with Eq. 2.28 and 2.29), the

Coulombic field term can be expressed as:
Ue =(bp PaVineldp daXxp(Ep — E)xp(Ep)Xxa(Es + E)lxa(EQ),
U, = WSp(E}, Epy — E)Sy(Ea Eg + E), (2.32)
where W=(¢p, ¢4 |Vint |0 P4) is the electronic interaction matrix, and
Sp(Ep, Ep — E) = (xp(Ep — E)Ixp(Ep)) and S,(Eq Ex + E) = (xa(E4 + E)|xa(E,)) are
the vibrational overlap integral, which is also known as Franck-Condon factor.
The electronic interaction matrix can be expended using multipole-multipole interactions, but

it is generally approximated using dipole-dipole interactions between the transition dipole

moments, which can be expressed as:
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fi=—e ) (gl (233)
k

where 7y, is the position vectors of the electrons. Now, in the presence of the transition dipole
moments of donor and acceptor (i.e., jip and fi,, respectively) the electronic interaction matrix,

W44 can be expressed as (using Eq. 2.11)

1 [fipefia _ G- PG )

W, =
ad = pz| 3 >

KhpHa
=73 (2.34)

where n is the refractive index of the medium and k = [(fip.f4) — 3(fp.7)(fis.7)] is the
orientation factor of donor and acceptor dipole moments. If 6, and 6,, are the angle between
the dipole moment the vector position vector # and the transition dipole moments of the donor
and acceptor, respectively, and 6, , is the angle between the dipole moments, the orientation
factor of donor and acceptor can be written as:
K = cosOp, — 3cosOpcosby. (2.35)
Note, the dipole-dipole approximation is valid only when the donor-acceptor distance is much
larger than the molecule’s dimensions.
Now, according to time-dependent perturbation theory, the transition probability
between ¥+, (Ep, Eq) to Wp 4+ (Ep, E) for a large interaction time, that is, for a very coupling

can be expressed as [78].

., [AEt
nt sin’ |7
P(D*A —» DA*) = ﬁﬂ UZ(Ep, E}) lim dEpdE;. (2.36)

t>c0  (AEL\?
n(7m) ¢
Let’s define Dirac delta function,
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500) = lim SLX]

2.37
tooo  TTtX ( 3 )

After, applying Dirac delta function (i.e., Eq. 2.37) in the expression of transition probability
(i.e., in Eq. 2.36) and solving we can obtain [78]:

2mt )
P(D*A - DA*) = F,f U:(E,0)dE. (2.38)

By substituting U, from Eq. 2.32a and W, from Eq. 2.34, in Eq. 2.38, we obtain:

* * 27Tt K'Z,U%‘Lli 2 * * 2
P(D*A > DA*) = FWf S2(E},Epy — E)SZ(E, E4 + E)dE. (2.39)

According to Fermi’s Golden Rule, the rate of transition per unit time is equal to the

rate of energy transfer, which can be expressed as:

[FRET _ 2mt K up 1

O [ 5385, B — E)S3(Ew B + E)E,

K UDHG [ op e oo 2
=W SD(ED,ED—E)SA(EA,EA‘l'E)dV, (240)
where v = E /2mh is the transition frequency. This expression is for the energy transfer from
an excited donors with energy E}, to unexcited acceptors in the ground state with energy E,. If

the molecules are in thermal equilibrium, the energy transfer rate can be obtained by introducing

the Boltzmann factor, [ g(E)dE=1.

where g(E) = kLT exp (— kE—T) and kg is the Boltzmann constant. With this Eq. 2.40 becomes,
B B

2

K
et = f 12 [ f 9(E5)SE(Ep, Ep — E)dEis]

.[uﬁ f G(E)S3(Es Eq + E)dEA] dv. (2.41)

The interactions between transition dipole moments of molecules and quantized

energies in spontaneous de-excitation and stimulated excitation can be defined with Einstein’s
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A and B coefficients [79]. The normalized fluorescence emission spectrum of donors, f, (v),

and absorption spectrum of acceptor €, (v), can be written as:

2°nt,m3v3u3
fotw) = 22 [ (8535555, B — E)E, (242)
2212 u% Ny
= E))S2(E, E E)dE 2.4
E4(v) 3000[n(10)nchfg( 4)S4(Eq, E4 + E)AEy, (2.43)

where t,, is lifetime of the donor and N, is the Avogadro’s number.

After substituting f, (v) from Eq. 2.41 and £, (v) from Eq. 2.42 into Eq. 2.41, we get:

9000xk2In(10)c* v)E,(v
FRET _ ( ) ffD( ) A( )d'l] (244)
12875n*N, T, 1° v4
Let us introduce the spectral overlap integral is defined as follow,
v)E4(v
j=BOL® 245

By combining Eq. 2.45 and Eq. 2.44, we can get the expression for the rate of energy transfer
as follows,

9000x2In(10)c* ]
128m5n*N,t, 16 ’

FRET _

(2.46)

where t,, is the fluorescence lifetime of donor, in order to express the fluorescence lifetime of

donor in term of experimentally measurable quantities, the following relation can be used.

QD

TTl
Tp

(2.47)

where QP is the quantum yield of the donor molecule, whereas 7, is the lifetime of the donor
in terms of de-excitation rated as defined in Eq. 2.4. With Eq. 2.47 and Eq. 2.46, the rate of
energy transfer becomes,
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9000x2QPIn(10)c?]

FRET — 2.48
12875n*N,tpr® (248)
By introducing the Forster distance (R,) as follow,
2NnD 4
. 9000x2Q”In(10)c?) (2.49)
128m5n4N,

Then Forster came up with the following expression for the rate constant of energy

transfer between the donor and acceptor because of dipole-dipole interaction.

1 /Ry\®
rFRETz—(—O) . (2.50)
Tp\ 7T

This expression is also known as the Forster energy transfer rate.

2.3. Methods of FRET efficiency measurement
In this section, we present the expressions of different fundamental quantities of FRET
measurements in terms of experimentally observable quantities, which have been derived

previously by Dr. Valerica Raicu [80].

2.3.1. Kinetic model of fluorescence and FRET

The relationships between the different rates of excitations, de-excitations, and the probabilities
of fluorescence molecules being in their excited state can be derived using a simple Kinetic
model presented in Fig. 2.7. Based on the model, for donors in the absence of acceptors (see
Fig. 1a), the rate of change of probability of donor in an excited state (pp+) can be expressed as,

dpp+
dt ’

Ppp — P +y"P)pp- = (2.51)

14
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where pj, and pp+ are the probabilities of finding donors in its ground state and excited state,
respectively, y*P is the rate of excitation of donors initially in the ground state (D), y"? and
y™P are de-excitation of donors in the excitation state through radiative (emission of photons)
and non-radiative (internal conversion) process, respectively.

Similarly, for acceptors in the absence of donors (see, Fig. 2.7.b), the rate of change of

probability of j' acceptor to be in an excited state (p,+) can be expressed as,

ex,ApA _ (yT,A + yT”"JA)pA* = (2.52)

where p4 and p,+ are the probabilities of finding acceptors in its ground state and excited state,

ex,A

respectively. y is the rate of excitation of acceptors initially in the ground state (A), y™4

nr,A

and y are de-excitation rate of acceptor in the excitation state through radiative (emission

of photons) and non-radiative (internal conversion) process, respectively.

a b

D A
yex,D‘ \ynr D |y yex,A‘ yrrA ‘yr,A
D A
C Energy transfer

D'A — DA
yex\yan,D yﬂ/yy//r,/l
DA

Figure 2.7. Schematic representation of the kinetic model of fluorescence and FRET. a) Donors
(D), in the absence of acceptor (A). b) Acceptors in the absence of donor, and ¢) Donors and acceptors
together (i.e., FRET). Figure is adapted with permission from reference [80].
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Now, for a single donor in the presence of n acceptors, if the acceptors are excited both directly by the

light and through FRET, then the kinetic model of FRET (Fig. 2.7¢c) gives.

n dpp*
Y Pppa — (WP +y" P )ppg — Z 1)/,” (1 —pa*aj )Pp'a = i = (2.53)
]:
exd(] — Y+yir(1 - ) (A 4 A _dpaa, 554
Y Paraj) T Para,j)Ppra — (¥ Y a = (2.54)

Where ppq, Dp*as Paa,j> and py+q j, are the probabilities of finding donors and acceptors in their

excited or unexcited states in the presence of each other, whereas y'" is the rate of transfer of
energy from excited donor to each of the n acceptors. These probabilities obey the relations
Ppat Ppra = 1 and py 4.+ Parq,j = 1. For single-photon excitation, the excitation rates of the
fluorophore obey the following relation.

yeX = I1€%(Apy), (2.55)

where X stands for A or D and I is the intensity of the excitation light with wavelength A,,,
whereas €% = £X(A,,)In(10)A,, (hcN 4)~T with £ the extinction coefficient, h Plank’s constant, ¢ the
speed of light, and N, Avogadro’s number, is an instrumental factor associated with the optics. This

shows that for the single-photon excitation the excitation rate of fluorophore linearly relates to the
extinction coefficient. However, in the case of two-photon excitation the excitation coefficient depends
on the second power of the excitation light intensity, the effect is only the different value of excitation

rate but not the kinetic behavior.

2.3.2. Fluorescence emission with and without FRET
In FRET measurements the quantum yield (Q) of donors and acceptors in the presence or
absence of each other and the efficiency of energy transfer (or RRET efficiency, E) are the
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fundamental quantities. In general, quantum yield is the fraction of de-excitation (energy decay)
through radiative decay, i.e., the number of photons emitted divided by the total number of
excitations, that determines the efficiency of the emission of the photon. The total number of
excitations is equal to the sum of excitation lost through the radiative and non-radiative
processes. So, the quantum yield of donors (QP) and quantum yield of acceptors (Q*) in the
absence of FRET and quantum yield of donors in the presence of FRET (QP?) can be expressed

as,

t
QD fto yr’DpD*dt (2 56)
= T ) .
S, P +ymP)pp-dt
t . rA
=— , _
Jo, G+ ymA)p,-dt
t
D fto Y7 Pprqdt
QPa (2.58)

= t .
I, [(V“D + Y0Py, + LoV (1 - pA*d,j) pD*a] dt

In the same way, the FRET efficiency (E), the number of excitations transferred from donors
to acceptors divided by the total number of excitations of the donors can be expressed as,

t vn tr
S EJ=1 ¥ Py P g A

E = .
t
fto [(Vr’D +y" )Py, + Xioa Y] (1 - pA*d,j) pD*a] dt

(2.59)

Since the different excited-state de-excitation rates are all constant, Eq. 2.59 become,

40



r,D

Y
D _
Q"= yr,D+ynr,D'
a yr,A
Q" = yr,A+ynr,A’
Y"PPpa

QDA —
(" P+y ™ P)ppea + Xjo1 V) Pora

n tr
j=1Y; Pp*aPaq,

E = .
G2+ Yp e + Z v (1= 40, P

Solving, we get,

n t
F=1_ ™ +y"P)pp- j=1 yjrpD*apAd,j

r,D . )
Y Pp 0P+ Yoy + Xioa VY (1 - pA*d,j) Ppa

Now, plugging Eqg. 2.60 and 2.62 in above equation, we get:

DA
E=1_QQ_D'

This is a commonly used form of the FRET efficiency.

2.3.3. FRET efficiency for ensembles of pure oligomers

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

An oligomer is a group of multiple molecules coupled through weak interactions or covalent

bonds. To obtain the FRET efficiency and the experimentally measured quantities for pure

oligomer (i.e., in the absence of free monomers), we use equation 2.64 in different forms.

So, here we introduce steady-state integrated emission [80] of D or A per molecule in the

absence of FRET:
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@P = eP11,QP, (2.65)
@4 = 411,04, (2.66)
where 1, = fti) pal(t)dt and I, = ftz ppl(t)dt.

Similarly, the integrated emission per donor in the presence of FRET,
oPe = P, QP4 . (2.67)
With Eq. 2.64 the above Eq. 2.67 becomes,
@Pe = eP11,,0P — €PN, EQP. (2.68)

Similarly, the integrated emission of acceptor in the presence of FRET can be expressed as,
n
P44 = SAQAZ Mg + €PTp EQA. (2.69)
j=1

Now, using Eq. 2.65 and Eq. 2.67 in Eq. 2.64 and solving we get,

(pDaHD

E=1- .
®PII,,

(2.70)

Now, for constant excitation intensity 1, = ftto pal (t)dt = Ppl and I, = ft’; pPpal(t)dt =

Pp.I, so with this above equation becomes.

E=1 Py 2.71
- obpy,’ 271)
Now for the case of ultrashort-pulse excitation, 1, = Ilp,, EQ. 2.71 becomes,
CDDa
E=1-—5 (2.72)
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This equation only applies to pulsed excitation and is expected to give somewhat
erroneous results if used for continuous (CW) excitation, as in the case with wide-field or
confocal microscopes. Additionally, to avoid the acceptors bleaching or the use of multiple
wavelengths excitation while measuring the donor’s emission, we can combine Eq. 2.68 and

2.69 in the absence of the acceptor’s direct excitation, and we get:

D
QP <¢Da + Q_(pAd)_ (2.73)

— Py, Q4

Now, plugging QP from Eq. 2.73 and Q¢ from Eq. 2.67 into Eq. 2.64 we get

Q4 pPa -1
E = <1 + @W) . (2.74)

This expression for FRET efficiency has been purposed previously and has been utilized
successfully in various applications [8, 66, 81]. Because this equation is not dependent on
probabilities, it is independent of the excitation level regardless of whether excitation is
performed using CW or pulse laser excitations. Along with that, it does not require additional

excitation using different wavelengths.

2.3.4. FRET efficiency for mixtures of oligomers and free monomers

2.3.4.1 Determination of FRET efficiency using single wavelength excitations

Now, for the case of mixtures of oligomers and free oligomers, to estimate the emission
intensity for ensembles of excited donors and acceptors, we have to multiply the previously
obtained results for @ by the total concentration of acceptors or donors’ presence in the sample
volume, as appropriate. Here, we consider the more general case which consists of free donors
and acceptors, D-only and A-only oligomers, and we replace the probabilities with the

concentration. With that Egs. 2.68 and 2.69 can be modified in the following form.
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FPe = 8DQD{[D] + [D]d}HD + 8DQD[D]aHDa - 8DEoligoQDHoligoHDa' (2-74)

FAY = EAQA{[A] + [A]a}HA + EAQA[A]dHAd - EDEoligoQA.uoligoHDa' (2'75)

where FP% and F44 are the fluorescence of donor in the presence of acceptor and the total
fluorescence of acceptor in the presence of donor. [D], and [A], are the concentration of
donors within oligomers with acceptors and the concentration of acceptors in oligomers with
donors, respectively. Whereas RR [D] and [D], are the concentration of the free donors and
donors in complex with donors, respectively, and [A] and [4], are the concentration of the free
acceptors and acceptors in complex with acceptors, respectively.

For simplification, let us introduce some notations:

FP' = €2QP{[D] + [D]4}Ip + €2QP[D],Ilpq, (2.76)
FA" = eAQA{[A] + [A] 1T, + €4Q4[A] 4 T1ag, (2.77)
FFDRET = SDEoligoQD.uoligonDa' (2-78)
and
FI:ARET = SDEoligoQAﬂoligoHDa- (2-79)

Here, we introduce the idea of apparent FRET efficiency, Eapp, Of a mixture of free as

well as associated donors and acceptors, which is expressed by (ref 12,15),

Uoligo E . .uoligoE '
[D]+[D]a + [D], °"9° ~ [D]y ~°"9”

Eapp (2.80)
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where [D]; = [D] + [D]4 + [D],, introduced for simplicity. This expression connects the
FRET efficiency to the oligomeric size and configuration of the complexes.
Now, with these notations Eq. 2.74 and Eq. 2.75 become.
FPa = b’ _ b (2.81)
FAd = FA" L FA (2.82)

Solving Eq. 2.78 and 2.79 we get

QA
FFRET - QD FFRETI (283)
Now, from Eq. 2.82 and 2.83, we get
' QA

With this, the FRET efficiency can be defined as the extent to which the donors are
quenched by acceptors due of FRET, that is:

FFDRET FDa
Eapp = F—D =1- F, (285)

Assuming that the acceptors are only excited through the FRET, i.e., FA" ~ 0, with

these solving equations 2.81, 2.82, and 2.83 leads to the following expression

, QP
FP = FPa 4 WFf‘d, (2.86)
Now, solving Eq. 2.84 and 2.85, we obtain,
1 FDa QA -1
Enpp = [1+ Fba QA] = l1+ FAd Qb (2.87)
FAd QD
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This equation determines the apparent FRET efficiency, E,,,, at each pixel in a
fluorescence image obtained from micro-spectroscopy measurements using single wavelength
excitation. Eq. 2.87 will be utilized in Chapter 4 to measure the FRET efficiency of oligomeric

complexes in living cells for single wavelength excitation.

2.3.4.2. Determination of E,,, using two-wavelength excitations

Using a single wavelength excitation with the application of FRET provides an experimental
way to predict the most probable quaternary structure. Along with the estimation of FRET
efficiency and the quaternary structure, there is also other information that can be achieved by
using a successive second-wavelength excitation. The total signal emitting from donors and
acceptors in the absence of each other can be estimated when the donor and acceptors both were
present in the sample using a second, successive excitation [80]. These values alone do not
provide critical information but, combined with other known measurable quantities, can allow
for theoretical estimation of molar concentration [82-84]. The second excitation also addresses
some potential errors associated with the direct excitation of acceptors, which is neglected in
the theoretical formulation of the single wavelength excitation method. Let rewrite Eq. 2.81 and

2.84 for two-wavelength excitations methods.

F1Da = F1D - FFDRET,p (2.88)
;04
Ff% =Ff + @FFPRET,I' (2.89)
FzDa = FzD - FI?RET,Z' (2.90)
) A
FfA% = Ff + @FI?RET,Z’ (2.91)
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where the subscripts “1”” and “2” stand for the first and second excitation wavelength. Based on

the notation given in Eq. 2.91, we introduce the following new notations:

FP'
peP = — (2.92)
Fp
FA
ex,A 1
: _ 2.93
p i (2.93)

Hence, for a mixture of molecules in different oligomeric states, p®*? and p®*4 can be
determined by measuring FP or F# with the cells transformed with only the donor or only
acceptor fluorophores at the two wavelengths. Note, this holds only for the pulsed excitation
A
1

D
for which I, = Ip, = I, = 1,4 = 1 and therefore p®*P = i—}) and pexA = E_A
2

2

Now, dividing Eq. 2.88 by QP and Eq. 2.89 by @ and adding up the expressions, we get:

Da Ad D’ Al
Fi Ff™ K Fi

oo tor = ton (2.94)
Similarly, from Eq. 2.90 and Eq. 2.91, we obtain:
FDa FAd FD’ FA'
2 2 _ 12 2 (2.95)

Q> Tor TP T on
Plugging F{)' and F{" from Eq. 2.92 and 2.93, respectively, into Eg. 2.94 and dividing the

resulting equation by p*P, we get:

FPe 1 Ffd 1 EPT R pexa

QP pex,D + 04 pex,D - QP + QA pex,D' (2.96)
Then, subtracting Eq. 2.95 from Eq. 2.94 and rearranging the terms, we get:
, QA 1 QA pex,A ~

Ff = (Ff¢ — Fpe + FZDa@ — Fpa e @)(1 — pex’D) 1. (2.97)

ex,D
pP
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For pulse excitation, I = I, = 1, which yiled (using equation 32a and S2a) F?%/FP® =

pe*P for this case Eq. 2.97 becomes.

1 pemA -1
A _ rpAd Ad
Fff = (F§* — F{ pex,D) <1 —pex,D) (2.98)
Further, by solving Eq. 2.94 for F‘f' and plugging F{" from Eq. 2.93, we obtain

' QP ' QP
FP = FPe + Ffd i Fi pemF _ (2.99)
Now by inserting FlD'from Eg. 2.99 into Eq. 2.85, we obtain:

-1
FlDa QA

Ad A" _ex A QD
F1 _FZ p ',

op = 1+ : (2.100)

where FQ' is determined from experiments with Eq. 2.98. For pulse excitation, we may

substitute F2' from Eqg. 2.98 into Eq. 2.100 and obtain:

-1 -1

Da pexA
e (1-255) g1

0D
ex,A Q
!

Ebpp=| 1+ (2.101)

Fit—F%p

Using Eq. 2.201, we can determine the FRET efficiency in the presence of the direct
excitation of acceptors using additional (i.e., second) excitation wavelength while using pulse
excitation. Eq. 2.101 will be utilized in Chapter 4 to measure the FRET efficiency of oligomeric

complexes in living cells using two-wavelength excitations.
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2.3.5. Determination of molecular concentration

2.3.5.1. Donor concentration

To measure the donor concentration experimentally, we may use single wavelength excitation
with no direct excitation of the acceptor, so the donor and acceptor are chosen in such a way
that there will be no direct excitation of acceptors.

From Eq. 2.76 and 2.77, the donor-only and acceptor-only fluorescence emissions may be

expressed as
FP' = ¢PQP[D], I, (2.102)
FA" = ¢4Q4[A] 11, (2.103)
After combining Eq. 2.81 and 2.83, we have:

D
o' = ppe ~ L paa (2.104)

Now, combining Eq. 2.102 and 2.104, we obtain:

1 Da QD Ad
[D]ngf,QDf F —@F . (2.105)

Here, we substituted I = 1 for pulse excitation, the instrumental factor & account for detection
laser excitation power, detection sensitivity, etc.

2.3.6.1. Acceptor concentration

To determine the acceptor concentration, we use two-wavelength excitations method, the first
excitation wavelength chosen in such a way that p = F{"/FZA' = (0. With this condition by
combining Eq. 2.103 and Eqg. 2.98, we can obtain the following expression for the acceptor
concentration.

1
1 Q4¢

[A]; = (FzAd — F4d L) (2.106)

ex,D
P
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Here, we substituted IT,= 1 for pulse excitation, the instrumental factor ¢ account for
detection laser excitation power, detection sensitivity, etc. Then the total concentration can be

obtained as the sum of the donor and acceptor concentration.

2.4. Prediction of FRET efficiency using kinetic theory of FRET

2.4.1. Prediction of FRET efficiency

In a protein complex containing n protomers, with k donors and n-k acceptors, the FRET
efficiency of each individual donor, i, is a function of the energy transfer rates occurring
between the donor and each of the acceptors in the complex, according to the following
expression [85]:

- XK TEFET /(0P 4 TP) 2107
Lkn — 1+ Z;:f l-'iID'RET/(Fr,D + D) ’ @. )

where the summation index j represents a sum over all of the acceptors present in the oligomeric
complex. I'™P and I'™"? are the rate constants of de-excitation through radiative (i.e., photon
emission) and non-radiative (e.g., internal conversion) processes, respectively, and I"*" is the

rate constant for FRET between the i donor and j" acceptor.
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Figure 2.8. Schematic representation of a pentamer with two donors (D) and three acceptors with
possible pathways for energy loss from excited donors. Green circles represent the donors (D), and
yellow circles represent acceptors (A) fluorescent molecules. The various arrows indicate possible
pathways through which the excited donor loses energy. Wavy arrows indicate radiative loss (I'"P),
dashed arrows indicate non-radiative loss (I'™P), and solid arrows pointing toward A from D depict
energy transfer through FRET (I'FRET). Figure is adapted from reference [85].

The apparent FRET efficiency for a given complex can be predicted by averaging the E; x ,,

values from each individual donor:

k k
, 1 Z e 1 Z Yo TFET /(UTP 4 TRy (2.108)
pred — k - i,kn k - 1+ 27;{( l—-iI’?JRET/(Fr,D + l"nr,D)' )

If the protein complex contains only one donor (k = 1), as is the case for all of the constructs in

this study, Eq. 2.108 simplifies to [85]:

27;11 Ff}?ET/(Fr,D + Fnr,D)
Eprea = 1+ Z;lz—ll Ff}?ET/(Fr,D ) )

(2.109)
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2.4.2. FRET efficiency of multimeric complexes
For multiplexes containing only one donor and more than one acceptor, the predicted FRET
efficiency can be calculated using Eq. 2.109 if all the individual rates between the donor and

each acceptor, I’ X*", are known. The relationship between the FRET efficiency of a complex

containing a single D and single A and the rate of energy transfer between the D and A is given

as:
[FRET
E; = > (2.110)
] l"r,D + l"nr,D + FiFJRET' .
Combining Eq. 2.109 with Eq. 2.110 results in:
YILE /1 —E
Uit ! (2.111)

Fored = T SRR E/1- B,
where j is the different pathway of energy transfer, i.e., different pairs of D and Acceptor present
in the given multimeric complexes. FRET efficiency of multimeric complexes can be calculated
using Eq. 2.111 using FRET efficiencies of all possible individual donor (D) and acceptor (A)

pairs in the configuration.

2.4.3. Overview of the kinetic theory of FRET and its experimental testing

With regard to potential applications of FRET in determining the quaternary structure of
macromolecules, it is important to understand how FRET behaves when multiple donor and
acceptors are close proximity. The first rigorous treatment of the kinetic theory of FRET was
published in 2007 [85], which was further refined in 2019 [86]. This theory provides a
theoretical basis for predicting the FRET occurring in multimeric complexes. According to the

theory, the FRET efficiency of an oligomer containing multiple acceptors can be predicted
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based on the FRET efficiency between each individual donor-acceptor pathway within the
complex.

In 2009, the first attempt of experimental testing of the kinetic theory of FRET was
performed by Kaushik et al. [87] by measuring the ensemble FRET efficiency of the construct
containing a single fluorescence molecule Cerulean (a donor of energy, D) and two fluorescent
molecule Venus (an acceptor of energy, A), see Fig. 2.8. The FRET efficiency of the given
construct was determined from measurements as well as estimated using measured FRET
efficiency of individual donor-acceptor pairs present within these constructs utilizing the kinetic
theory of FRET. The FRET measurements for each construct were taken from the transfected
HEK 293 cells with the required construct in a culture medium. The FRET efficiency in each
individual donor-acceptor pair was measured systematically by eliminating all other acceptors
by introducing point mutation, a non-fluorescence place holder (N), in the original construct.
In this investigation, the FRET efficiency was estimated with two methods: SFRET and E-
FRET. The sFRET was performed using two-wavelength excitations based on the spectral
unmixing of the spectral images, whereas, E-FRET is a method of measuring FRET efficiency

based on acceptor desensitization using a one-photon excitation source [87].
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Figure 2.9. Schematic representation of cytoplasmic FRET constructs with energy transfer
pathways from the excited donor to the nearby acceptors. White cylinders represent Amber (a non-
fluorescent structural placeholder, N), cyan cylinders represent the fluorescent molecule Cerulean (a
donor of energy, D), and yellow cylinders represent the fluorescence molecule Venus (an acceptor of
energy, A). The solid arrows pointing toward A from D depict energy transfer through FRET. The figure
is adapted with the permission of reference [87].

Table 2.1. Comparison of FRET efficiency of constructs ADN, NDA, and ADA measured
using sSFRET, E-FRET, and the acceptor to donor ratio (A/D) for each construct.

ADN NDA ADA
FRET efficiency 0.44+0.08 0.36+0.09 0.64+ 0.05
(sFRET) Mean = SD, n=26 Mean + SD, n=26 Mean = SD, n=16
FRET efficiency 0.45+ 0.04 0.38+0.03 0.69+ 0.05
(E-FRET) Mean + SD, n=82 Mean + SD, n=52 Mean + SD, n=59
A/D 0.96+ 0.09 0.95+ 0.097 1.96+0.17
(E-FRET) Mean + SD, n=82 Mean + SD, n=52 Mean + SD, n=59

On the other hand, the predicted FRET efficiency of the ADA construct based on the
kinetic theory of FRET using equation 2.72 is 0.58+ 0.01 for SFRET and 0.59 + 0.01 for E-
FRET. Comparing the measured and predicted FRET efficiency of ADA, it is found that the
amount of energy transferred to the acceptors was significantly greater than predicted using the
kinetic theory of FRET. Based on these results, the authors claim that the Kinetic model of

FRET failed to predict the FRET efficiency. They suggest that there might exist some additional
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pathways of energy transfer between the donor and the acceptor besides FRET in the case of
multiplex containing one donor and multiple acceptors.

In 2015, an experimental test was performed using the same construct by Patowary et
al.[88] using two-photon excitation in conjunction with spectral FRET. They observed a much
smaller discrepancy (of ~ 4 %) between measured and predicted FRET efficiency than
previously reported by Koushik et al. [87]. This study reconfirmed that the kinetic theory of
FRET can predict the FRET efficiency of multiplex containing one donor and multiple
acceptors. This experimental test suggests that the previous study by Kaushik et al. may have
overlooked some important experimental (or calibration) factors in the formulation of FRET
which resulted in significant systematic errors.

Soon after, in 2017, a test of the kinetic theory of FRET was performed by King et al.
[89] using Monte Carlo simulations on membrane protein receptors forming constitutive
monomers, dimers, or oligomers for different values of surface density. The simulated total
apparent FRET efficiency was estimated by generating 2,700 data points at random total
concentrations with variable acceptor molar fractions and adding random error for each data
point using Gaussian distribution. Several distinct sizes of oligomers, ranging from dimers to
hexamers, were used for the simulations. For each order of the oligomerization, the simulated
results were fitted with two different models; the Veatch and Stroyer model[90] and the kinetic
model of FRET[85], to describe the dependence of the FRET efficiency measured in an
experiment on the interpolymeric FRET due to random proximity within the bilayer and the
interpolymeric FRET resulting from protein-protein interactions. It was found that the size of
oligomers for dimers at high protein concentration was not predicted correctly with the Veatch

and Stryer model. Whereas the fitting result with the kinetic model of FRET correctly predicted
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the size of dimers or tetramers at all the concentration values of the simulated data. The
agreement of the kinetic model of FRET with numerical simulation confirms the validity of the
kinetic theory of FRET theoretically.

Later, in 2019, utilizing the kinetic model of fluorescence in the presence and absence
of FRET, a set of rigorously derived FRET equations provided insights into the old puzzles
presented in the FRET theory [86]. The in-depth analysis of the FRET relationship with
measurable fluorescence quantities reveals some anticipated results and a few unexpected
explanations for known experimental FRET puzzles, which helps identify the associated errors
and theoretical background for optimizing measurement strategies. In the next section (i.e., in
section 2.4), we will describe the systematic errors associated with the old FRET puzzles and

strategies to optimize measurements based on this study [86].

2.5. Systematic errors in FRET calculations

2.5.1. Errors caused by integrated probability dependency of FRET efficiency
An oligomer (or oligomeric complex) is a group of two or more molecules associated together
with the week interaction, such as, van der Walls interaction, or covalent bonds. The efficiency
of energy transfer for pure oligomer under continuous wave (CW) excitation can be obtained
with experimentally measured quantities using Eq. 2.71,

q)DAPD

E=1- .
®Pp,,

where ®P4 and @Pare the emission intensity of donor in the presence and in the absence of
acceptor, respectively. P, and Ppare the probability of finding donors in their excited state in
the absence and in the presence of acceptor, respectively. For CW excitation Py and Ppy are
always less than unity.
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In case of ultrashort-pulse excitation there is always a chance of finding donors in their

excited state i.e., P = Ppp = 1, with this we obtained Eq. 2.72,

q)DA

E:].—d)—D.

This equation is a widely used equation to determine the FRET efficiency from steady-
state fluorescence intensities for pulse excitation. Nevertheless, this equation can lead to an
erroneous result if it is used for CW excitation. Also, we can see that for the case of pulse
excitation, the FRET efficiency (i.e., in equation 2.72) is independent of the integrand
probability (i.e., probability of molecules presents in their excitation state). So, the possible
systematic errors associated with integrated probability dependency of FRET efficiency can be

avoided by using pulse excitation

2.5.2. Potential errors in the presence of direct excitation of acceptor
As described in section 2.3.1, the FRET efficiency in the case of single-wavelength excitation

method can be determined using the following equation.

QAkDAWD -1
l , (2.112)

Egpp = I1+ QPR
where QPand Q4 are the quantum yield of donor and acceptor, respectively. k4 and k4P are
the donor fluorescence in the presence of acceptor and acceptor fluorescence in the presence of
donor, respectively. w? and w4 are the integral of the emission spectrum of D and A,
respectively.

In the presence of direct excitation of acceptor, Eq. 2.112 overestimates the FRET
efficiency. The FRET efficiency can estimate correctly using Eq. 2.112 only if there is no or

negligible direct excitation of the acceptor. So, in the single wavelength excitation method, the
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excitation wavelength should be chosen in such a way that it mostly excites the donors with no
or negligible direct excitation of the acceptor. To avoid such errors, we can also use two-

successive wavelengths excitation method as described in section 2.3.2.

2.5.3. Errors associated with photophysical effects of FPs

In the dual-wavelength excitation method, the sample cells were excited successively with two
excitation wavelengths one after another. This method overcomes associated errors caused by
direct excitation of the acceptor in FRET calculation using single-wavelength excitation. In
addition, the two-wavelength excitation method incorporates photophysical effects of the FP
during the measurement to some extent. To include such effects in the FRET calculation, some
calibration factors, such as p®*? and p*4, were introduced as described previously in Eq.
2.101,

-1
FlDa(l _pex,A /pex,D) Q_A

El. =11+
FAd — pAd pex, 4 QP

app —

However, the theoretical assumptions used in the formulas used to compute FRET
efficiency from experimental data may lead to systematic errors if not carefully considered in
the context of the experimental protocols used. For instance, if the FRET measurements were
performed in cells and the parameters (i.e., p*P and p¢4) were performed in an aqueous
solution, where the molecules in the solution diffuse faster than inside the cell and, therefore,
are less susceptible to photobleaching or photo-switching. As a result, it may cause an erroneous
estimation of the FRET efficiency, which may explain the possible cause for the wider
discrepancy in Koushik et al. [87]. Additionally, the two-wavelength excitations may add up

more photophysical effects due to two successive excitations. These facts and puzzles suggested
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possible explanations for the small but significant differences between measured and predicted
FRET efficiencies in the study by Patowary et al. [88]. Our attempt at clarifying remaining
differences between theory and experiment started with investigating the photophysical effects
of fluorescence proteins (see Chapter 3) and continued with a systematic analysis of their effects

on FRET measurements which will described in detail chapter 4.
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Chapter 3. Photophysical properties of fluorescent proteins (FPs)

In this chapter, we report our investigations of the photophysical properties of several
commonly used fluorescent proteins (FPs) using two-photon microscopy with spectral
resolution in both excitation and emission [7, 91]. The study of photophysical effects of FPs
begins with a brief introduction to the photophysics effects of some commonly used FPs and a
quantitative description based on previous studies conducted under single-photon excitation, as
outlined in Section 1.3 of the Chapter 1. Here in this chapter, we perform a comparative analysis
of the photophysical effects induced by light of different wavelengths of these fluorescence
proteins (FPs) is presented to provide general guidelines for choosing the right tag(s) for the
desired experiments under two-photon excitation. This chapter contains four sections, whereas
the first section presents a brief literature review on this topic. The second section describes the
materials and methods utilized to study the photophysical effects of FPs under two-photon
excitation conditions. Then, the results of this investigation are presented in the third section,
while the fourth section presents a brief discussion of the results on their significance.
Understanding the photophysical effects of FPs may help avoiding these effects and associated
errors on FRET measurements. The consequences of the photophysical effects of contributing

FPs on FRET measurements will be studied in detail in Chapter 4.

3.1. Photophysical properties of FPs

Fluorescent proteins (FPs) have proved to be powerful tools in applications where photolabeling
and tracking targeted objects in living cells and organisms is desired. Following the discovery
and purification of the wild-type green fluorescent protein (WtGFP) from the jellyfish Aequorea

victoria [1], researchers have engineered a wide palette of GFP variants with diverse spectral
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characteristics, i.e., wavelength-shifted absorbance and/or emission spectra. In addition to the
proteins derived from Aequorea Victoria, a large number of FPs which are homologous to
WtGFP have been found to occur naturally in other species, e.g., Anthozoa corals [3] and
Clavularia coral [4]. In recent years, researchers have expanded the FP palette by producing
many variants of coral-derived FPs [3, 4].

Each individual protein in the vast FP library exhibits a unique combination of
photophysical qualities, including excitation and emission spectra, brightness, photostability,
and sensitivity to external conditions such as pH. These differences have been exploited in
several types of studies. For example, localization and colocalization studies in which different
macromolecules are tracked within a cell need FPs with distinct spectra when the molecules of
interest can be colocalized in the same pixel [5, 52, 92, 93]. In another example — that of FRET
applied to the determination of protein association stoichiometry — fluorescent proteins with
different spectral properties [5, 6, 11, 94-96] ensure that the emission maxima of the donor and
acceptor are distinguished from each other while at the same time the emission spectrum of the
donor and excitation spectrum of the acceptor overlap considerably in order for resonance
energy transfer (RET) to occur [66, 97]. In other experiments, it is the propensity of the
fluorescent proteins to photobleach under repeated excitation with laser light that is being
exploited in order to determine molecular complex stoichiometry [98, 99].

In addition to the emission and excitation spectra, a major consideration when choosing
an FP for use in a fluorescence imaging technique is the overall brightness, which is a measure
of the amount of light emitted by the FP. The brightness of an FP is a function of intrinsic
properties of the FP, e.g., the extinction coefficient and quantum yield, environmental factors,

such as pH and temperature, and instrumentation settings, such as the excitation light intensity
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and excitation wavelength [12, 59]. In order to be reliably imaged, the brightness of an FP
should be chosen such that it provides sufficient signal above the background noise and cellular
autofluorescence signal. Choosing an FP with a relatively high brightness value allows one to
lower the excitation power or expression level (or both), which is typically advantageous in
many fluorescence imaging techniques.

Over the past two decades robust imaging tools have been developed using 2p excitation
[66, 100, 101], and there is an abundance of studies of 2p fluorescence, such as 2p absorption
cross-section of FPs [12], fluorescence dynamics of single GFP molecules [102], and single-
particle photophysical properties of commercial quantum dots [103]. However, most of the
time, a newly developed fluorescent protein is characterized and advertised based on its single-
photon-derived spectroscopic properties, and there is still very limited information available on
photobleaching and photo-switching properties of many FPs under 2p excitation, while the 2p
relative brightness of various fluorescent proteins is not consistently reported.

The relative brightness under two-photon (2p) excitation of the various FP variants,
which is proportional to the 2p absorption cross-section [104], cannot be inferred directly from
the relative brightness of the same FPs measured using the more common one-photon (1p)
excitation. In other words, just because a particular FP is brighter than another one under 1p
excitation, it is not necessarily brighter under 2p excitation. Hence, detailed measurements with
2p excitation are necessary to estimate 2p brightness, which helps researcher to choose the most
appropriate FP for a 2p based fluorescence imaging technique.

While the absorption/emission spectrum and brightness are typically given the most
attention when choosing the correct FP, the photostability of the FP is also an important

characteristic to keep in mind when selecting the correct FP for long-term (i.e., repeated
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measurements) or alternating excitation wavelengths fluorescence imaging. The photostability
of an FP is its ability to emit a steady fluorescence signal by resisting photophysical (or
photochemical) changes during its optical excitation. Since in an excited state a molecule may
be chemically reactive, fluorescent molecules are highly likely to interact with nearby
molecules, such as oxygen, and thus change their properties permanently [105]. Multiple factors
contribute to the overall photostability of an FP, namely the extent to which the FP undergoes
photobleaching [105, 106] and photo-switching [42, 107], which will be described in more
detail next.

In fluorescence microscopy, photobleaching is a common phenomenon that occurs
when a fluorophore permanently loses its ability to fluoresce due to photo-induced chemical
changes. Depending upon the molecular structure and the local environment, a fluorescent
molecule can go through a certain number of excitation and emission cycles before it
completely loses its ability to fluoresce. Hence, a prolonged exposure to excitation light can
destroy the ability of the fluorescent molecule to fluoresce [106]. Photobleaching is a complex
phenomenon that depends on multiple factors, including the power of the excitation light and
the time of FP exposure to it, along with whether the surrounding environment is oxidizing or
reducing. Generally, photobleaching is stronger in response to excitation wavelengths
corresponding to the peak of the excitation spectrum of the FP, because the FP will go through
excitation and emission cycles at a higher rate using this wavelength and hence be more prone
to photobleaching.

Photo-switching occurs when fluorophores undergo a change in their spectral properties
in response to irradiation with light of a specific wavelength and intensity [107-109]. Photo-

switchable FPs are categorized into three broad classes: irreversibly photo-switchable from a
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dark to a bright state (i.e., from non-fluorescent to fluorescent), irreversibly photo-switchable
from one emission color to another, and reversibly photo-switchable enabling bright-to-dark
switching capability [108, 110]. In the case of irreversibly photo-switchable from a dark to a
bright state, the peak wavelength of the excitation spectrum changes and, sometimes, can shift
to a different excitation wavelength as the chromophore changes from the neutral (protonated)
state to anionic (deprotonated) state in response to the irradiation of light of certain wavelength
and intensity [110, 111].

Both attributes described above (i.e., photobleaching and photo-switching), are the two
main factors that determine the photo-stability of an FP. Lack of photo-stability in an FP is
often detrimental but sometimes desirable in measurements. For a gamut of fluorescence-based
techniques, such as FRET [8, 97, 112], FCS [113, 114], and fluorescence intensity fluctuation
(FIF) spectroscopy [101, 115], FPs with high photostability are preferable. Multiple scans or
long-term scans of a fixed region of interest is common in these methods to follow the dynamic
nature of the biological system of interest at the molecular level. In these techniques, it is
expected that the first excitation does not significantly alter the usual behavior of the FP in the
next excitation.

There are also situations when photobleaching is useful. For example, fluorescence
recovery after photobleaching (FRAP) [116], which allows one to monitor the diffusion of
fluorescent molecules as they diffuse into a photobleached region immediately following
excitation due to high-intensity laser light. In addition, identification of the number of
molecules within a supra-molecular complex has become possible by counting photobleaching
steps in single-molecular complex measurements [98, 99]. Likewise, development of photo-

switchable FPs has helped advance fluorescence imaging techniques and permitted optical
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control of protein activity [42, 117], information storage [118], and super-resolution imaging
[107]. Having a good understanding of the photophysical properties of FPs, therefore, is
essential for choosing the right tag(s) for a desired experiment. Numerous studies have been
published characterizing the photophysical properties of GFP variants using confocal
microscopy [13, 119].

In this study, we present a comparative analysis of the photophysical properties under
two-photon excitation of some widely used FPs. These investigations have been performed via
two-photon micro-spectroscopy with spectral resolution in both the excitation and emission
channels [7, 66], with the aim of providing guidelines for screening of FPs as tags in various
2p fluorescence microscopy applications. We used purified FPs embedded in a polyacrylamide
gel, which allowed us to scan the same molecules successively a number of times in order to
measure the fluorescence intensity as a function of scan number, as well as excitation and
emission wavelengths. By quantifying the fluorescence intensity and monitoring changes in the
emission and excitation spectra of an FP occurring due to repeated scans using a pair of
excitation wavelengths, we were able to quantify the level of photobleaching for each FP as
well as to determine whether a particular FP underwent photo-switching. We have also
estimated the 2p brightness (relative to mEGFP) of each FP by performing z-stack acquisitions
of FP-doped gels (see section 2.5 below) using an excitation wavelength that corresponds to the
peak of the FP’s 2p excitation spectrum. Comparing our 2p-excitation measurements to single-
photon measurements reported in the literature, we conclude that not only the excitation (and
sometimes emission) spectra, but also the photobleaching, photo-switching, and brightness

properties of FPs may be markedly different under single-photon and two-photon excitation.
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3.2. Materials and methods

3.2.1. Preparation of stock solutions

For the experiments presented herein, we prepared several stock solutions for use in making the
polyacrylamide gels embedding fluorescent proteins. All reagents were either purchased from
Fisher Scientific, or otherwise specified below. A 10% ammonium persulfate (AP; Sigma-
Aldrich, MO) solution, prepared by dissolving 0.1 g of AP in doubly distilled (DD) water to a
final volume of 1 ml, was used for inducing the polymerization of the polyacrylamide (PAA)
solution. A 30% PAA stock solution was prepared by dissolving 6 g of powder polyacrylamide
(PAA; Sigma-Aldrich, MO) and 0.3 g of bis-acrylamide (BAA; Sigma-Aldrich, MO) in DD
water to a final volume of 20 ml of solution. This solution was then mixed thoroughly using a
3D nutating shaker (BioMixer; Benchmark Scientific Inc., NJ) for at least one hour, and
thereafter the solution was degassed under a vacuum of 0.1 m®/s for 30 minutes at room
temperature. Finally, a number of different phosphate-buffered saline solutions were prepared
at various pH values; the final pH of each solution was achieved by addition of NaOH or HCI
to a stock solution of Dulbecco’s phosphate buffered saline (DPBS; REF: 14190-144, Life
Technologies, NY). All stock solutions were stored at 4°C and were used in the preparation of
FP-doped polyacrylamide gel samples (see section 2.3 below) for up to two weeks after their

initial preparation date.

3.2.2. Glass surface cleaning
All glass slides and coverslips were cleaned following a rigorous, multi-step process before use.
A clean surface is essential to prevent undesirable signals that may arise due to excitation of

unwanted surface impurities. For example, organic or inorganic matter located at the plane of
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excitation (i.e., on the surface), during the fluorescence measurements. In addition, preparation
of slides and coverslips in this manner also helped to prevent binding of the FPs to the surface.
For this, glass slides were kept in acetone for at least 24 hours. The coverslips were kept in
piranha solution (a 3:1 mixture of sulfuric acid and 30% hydrogen peroxide) for 24 hours, and
then rinsed with DD water, and acetone sequentially. Next, both glass slides and coverslips
were dried with clean, dry, compressed air and then treated with oxygen plasma by exposing
them to the wire electrode of a plasma generating device (BD-20AC Laboratory Corona
Treater; Electro-Technic Products, IL) for approximately 15 min [120, 121]. The cleaned slides
were used immediately, i.e., FP-doped polyacrylamide gel (see section 2.3 below) samples were

deposited on the slides within minutes after being treated with the oxygen plasma.

3.2.3. Preparation of FP-doped polyacrylamide gel samples

The fluorescent proteins mGFP2 [52, 66], mEGFP [38, 43, 122], mYFP [26], mCitrine [35,
53], SYFP2 [55], mVenus [53, 55], mTurquoise (mTq) [58], mCerulean3 [57], and mTFP1 [4]
were expressed and purified using standard bacterial expression systems. Note that the “m”
before the fluorophore name refers to the fact that it contains the A206K point mutation, to
reduce dimerization [123]; the same mutation was incorporated also into SYFP2, although in
the literature “m” is usually omitted from its name. The plasmid DNA was transformed into
C41(DE3) chemically competent cells, which were then grown in LB buffer at 37 °C, in the
presence of antibiotic (carbenicillin), until the culture showed an absorption optical density at
600 nm 0.D.5%° = 0.6. Following the growth phase, protein overexpression was induced by
treating the cultured bacteria with ImM IPTG (VWR Life Science) overnight at 25 °C. Finally,

chloramphenicol was added at a final concentration of 200 ug/ml for 2 hours, to allow for
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fluorophore maturation. Cells were then lysed chemically (with DNAse, RNAse, and lysozyme)
and mechanically (through sonication). The soluble fraction was passed through a Ni-NTA
column (Fisher Scientific), which bound the protein of interest through their polyhistidine tag.
Following washing and elution with 250 mM imidazole, the protein of interest was further
purified using size exclusion chromatography (AKTApure, GE with S300 column). Unless
otherwise mentioned, all chemicals and competent cells were purchased from Sigma-Aldrich.
Purified proteins were then embedded separately at desired concentrations in
polyacrylamide (PAA) gel following a method by Dickson et al [124] and using the stock
solutions described in section 2.1. The average size of the gel pores may be tuned from 2 nm to
several hundred nm in diameter [124, 125] by altering the acrylamide and cross-linker final
concentrations. In all of our samples, we used final concentrations of 15% (w/w) for the
acrylamide gel and 5% (w/w) cross-linker to achieve pore sizes of approximately 2 nm.

The FP-doped PAA gel was prepared by first adding 244 uL DPBS buffer of known
pH, 244 uL of 30%-PAA stock solution, 12.5 uL of 40 uM FP of interest, 2.4 uL of 10% AP
stock solution, and 0.5 pL Tetramethylethylenediamine (TEMED; Sigma-Aldrich, MO)
sequentially to an Eppendorf tube to achieve a solution with a final FP concentration of 1 uM.
Thereafter, the solution was vortexed for 5 to 10 seconds to ensure homogeneity. The gel was
left undisturbed at room temperature for three minutes after vortexing, and then 7.5 pL of the
gel was pipetted onto the surface of a freshly cleaned glass slide before it being sandwiched
between the glass slide and a clean coverslip (see Section 2.2 above). Approximately three
minutes after the sample was placed between the glass slide and coverslip, the sample was fully
polymerized. In order not to avoid photobleaching of the FPs before micro-spectroscopic

measurements, we covered the slide with aluminum foil.
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Each FP sample was prepared and measured under the same environmental conditions.
Exposure to fluorescent light with wavelengths which could potentially photobleach the FPs
was avoided by preparing all samples in a room where the only illumination was from a dim
yellow fluorescent light bulb. The fluorescent-protein-doped samples were measured
immediately after preparation to avoid complete evaporation of water from the gel. The
measurements, which took 3 to 4 hours, were performed in a dark room. Finally, positioning
the FP-doped gel within the focal plane of the optical micro-spectroscope (see Section 2.4
below) was accomplished using a lower laser intensity (compared to the actual measurements)

to avoid unwanted photophysical effects before the actual measurements were performed.

3.2.4. Two-photon (2p) excitation micro-spectroscopy measurements

The instrumentation used to carry out 2p excitation micro-spectroscopic measurements in this
investigation has been described previously [66, 91]. Briefly, measurements were performed
with a 2p optical micro-spectroscope comprised of an inverted Nikon Eclipse Ti™ microscope
(Nikon Instruments, Inc., Melville, NY) and an OptiMiS™ scanning/detection head (Aurora
Spectral Technologies, Grafton, WI) equipped with a line-scan module. A mode-locked Ti-
Sapphire laser (Mai Tai™, Spectra Physics, Santa Clara, CA) which generates 100 fs pulses
with central wavelengths tunable between 690 nm and 1040 nm was used for the fluorescence
excitation. The excitation beam was focused into a line in the sample by an infinity corrected
oil-immersion objective with 100x magnification. The OptiMiS detection head used a non-
descanned detection scheme in which emitted light was spectrally resolved by passing it
through a transmission grating and projecting onto a cooled electron-multiplying charge-

coupled device (EMCCD) iXon Ultra 897 cameras (Andor Technologies, South Windsor, CT).
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The emission wavelengths of the fluorescence were separated as a function of pixel position on
the EMCCD array. For all the measurements we have used a fixed spectral resolution of 5 nm,
which allowed us to capture 2D fluorescence images for 40 different wavelength channels
ranging from 415 nm to 615 nm.

To characterize the photostability of the fluorescent molecules, we performed a series
of micro-spectroscopic measurements (what is hereby referred to as an excitation time series)
using two different excitation wavelengths; each series of measurements was performed on the
same region of interest (ROI) within a particular sample. Specifically, an excitation time series
was carried out on a sample by first scanning the sample ten successive times using a fixed
wavelength (e.g., 960 nm for mGFP2). Then, an additional set of ten scans was performed while
using a different excitation wavelength (e.g., 800 nm for mGFP2). This process of alternating
between a series of ten scans at two different excitation wavelengths was repeated two (or three)
additional times, meaning that each sample was scanned in the same location a total of thirty
(or, in some cases, forty) times for each of the two different excitation wavelengths, to detect
possible effects of photo-switching. For both excitation wavelengths, an average laser light
power (measured in the sample plane) of 200 mW/line (corresponding to 0.5 mW per pixel)
and integration time of 200 ms/line were used. The excitation wavelengths for a particular FP
were chosen to be similar (or equal) to those previously used in FRET [9, 10, 66, 112] or other
fluorescence-based studies [101, 126, 127], and which, in certain cases, have caused the FP to
elicit some peculiar behavior, e.g. photo-switching. Immediately before and after each series of
micro-spectroscopic measurements were performed, an excitation spectrum of the sample was
acquired, in order to study the effect of successive excitations on the spectral characteristics of

the FPs. The excitation spectra were acquired by scanning the sample multiple times, each time
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with a different wavelength, ranging from 780 nm to 1000 nm in increments of 20 nm. The
average laser power and integration time were kept constant for each excitation throughout the
course of an excitation spectrum acquisition, namely at 100 mW/line and 50 ms/line,
respectively. From the 2p excitation time series, the extent of photobleaching for each FP was
quantified by calculating the fraction of total fluorescence lost during first 10 the first excitation
scans, as follows:

TF1 - TF10

PB __
Rop = TF,

x 100, (3.1)

where TF; and TF;, represent the total fluorescence (integrated over the entire emission
spectrum) detected after the 1% and 10™ scans, respectively, of the sample using an excitation
wavelength (A excmax) COrresponding to the peak wavelength of the excitation spectrum of the

particular FP under study.
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Figure 3.1. Log-log plot of the total fluorescence emission as a function of the pulse energy under
two-photon excitation. The fluorescence sample is mMEGFP-doped PAA gel at pH 8 with a final
concentration of mMEGFP of 1 uM. The measurements were taken with an excitation wavelength of 960
nm using different powers (per entire excitation line) ranging from 50 mW to 400 mW in increments of
50 mW, and a camera integration time of 50 ms. The slope of the fitted line is 1.97, nearly identical to
the expected value of 2 expected for two-photon excitation.
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To test for the expected quadratic dependence of the fluorescence emission vs. laser
pulse energy for two-photon excitation, we used mEGFP prepared as described in Section 2.1.
The sample was excited at 960 nm at several average excitation powers ranging from 50 mw
per entire laser line to 400 mW/line in increments of 50 mW/line. To minimize the unwanted
photobleaching we avoided taking multiple measurements from the same spot of the fluorescent
sample. The resulting log-log plot (see Fig. 3.1) of total fluorescence emission as a function of

the laser pulse energy exhibited a quadratic dependence, as expected.

3.2.5. Measurements of FP-doped PAA gel for two-photon relative brightness
To determine the 2p brightness (relative to mEGFP brightness) of all the FPs investigated,
micro-spectroscopic measurements were performed on FP doped gel using a similar imaging
system as described in Section 2.4 above, except that the OptiMiS™ scanning/detection head
was modified to employ a pseudo-line-scan protocol. In this protocol, the appearance of a line
was generated by rapidly sweeping a point-focused laser beam along a line in the sample, while
integrating the signal on the camera during the course of the sweep. The inverted microscope
used in conjunction with the OptiMiS™ scanning/detection head in this system was a Zeiss
Axio Observer equipped with a water-immersion objective with 63x magnification and NA=
1.2.

In order to assure the FPs were uniformly distributed throughout the gel, z-stack
acquisitions were performed, in which micro-spectroscopic measurements were taken at
multiple planes within the FP-doped gel. Specifically, the initial measurement was taken at a
plane within the gel located ~5 pm away from the coverslip-gel interface. Then, the microscope

objective was moved by 2 um in the z-direction such that the focus of the laser was moved
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further into the gel, and micro-spectroscopic measurements were taken again. This process was
repeated until the focus of the laser beam reached to ~5 pm away from the top gel-microscope
slide interface. For all z-stack acquisitions, an average laser power of 12 mW/point and a dwell
time of 195 us/point were used. The excitation wavelengths were chosen to correspond to the

peak of the FP’s excitation spectra (e.g., an excitation wavelength of 960 nm was used for

mEGFP and 800 nm for mGFP2).

3.2.6. Spectral unmixing and calculation of total emission intensity

Emission spectra of the FP-doped polyacrylamide (PAA) gel obtained using the micro-
spectroscopic measurements described above contained contributions not only from the FPs
embedded in the gel but other sources as well. For example, the polyacrylamide gel was also
seen to be excited in the optical micro-spectroscope. In order to separate the FP signal from the
other contributing sources of signal, a previously described spectral unmixing procedure was
applied to the composite emission spectra [5] obtained from each gel sample. Briefly, a single
composite emission spectrum was obtained from a micro-spectroscopic scan by averaging the
intensity values over a 1000 pixels region for each wavelength channel obtained from the scan.
Then the composite emission spectrum was deconvoluted into the FP and PAA components
using a least-squares fitting algorithm [5, 7, 88] (implemented using Solver in Microsoft
Excel™) along with separately determined elementary spectra of the FP and PAA gel. In order
to determine the elementary spectra of the FP and the PAA gel, separate micro-spectroscopic
measurements were performed on PAA gel alone (i.e., without FP embedded in it) and the FP
in solution (i.e., not embedded in gel); each of the elementary spectra was normalized to their

respective maximum intensities before being used in the unmixing algorithm.
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The unmixing procedure provided two best-fit parameters, k™ and k%!, which are
proportional to the emission intensity of the FP and PAA gel, respectively. In other words, k™
and k%' are the parameters multiplying each respective elementary spectrum comprising the
theoretical function used to fit the measured composite emission spectrum. Once it was
extracted using the unmixing procedure, the k™ value was multiplied with the spectral integral
of the FP (i.e., area underneath the elementary spectrum of the FP) to obtain the total emission
intensity (also known as total fluorescence) of a given FP. Under certain experimental
conditions — for example, in measurements using relatively low excitation powers or short
exposure times (or both) —, there was no detectable contribution of the PAA gel to the emission
spectra of the FP-doped PAA gel. In those situations, the FP signals were separated from the
measured emission signal simply by subtracting the minimum intensity of the emission
spectrum from the observed emission signals, which corresponds to the DC-bias and shot noise
distribution of the camera. Then the total detected emission intensity was calculated by

integrating the entire FP spectrum (after background subtraction).

3.3. Results

In order to quantify and compare the photophysical properties, i.e., the excitation and emission
spectra, molecular brightness, level of photobleaching and photo-switching, and sensitivity to
pH, of widely used FPs, we performed a series of two-photon (2p) micro-spectroscopic scans
of FPs samples according to the procedure described in detail in Section 2.4 (and which we
refer to as an excitation time series). The FPs samples were PAA gel doped with one of the

following FPs: mGFP2 [52, 66], mMEGFP [38, 43, 122], mYFP [26, 128], mCitrine [35], SYFP2
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[55], mVenus [55], mTurquoise (mTq) [58], mCerulean3 [57], and mTFP1 [4]. These FPs were
separately immobilized in PAA gel, as described in Section 2.3, to reduce their molecular

diffusion [124] before and during the series of measurements.

The degree of 2p photobleaching of each FP was quantified using the relative two-
photon photobleaching (R%;, see Eq. 3.1 above), which we defined as the fraction of total
emission intensity lost after the first ten successive excitations using an excitation wavelength

corresponding to the excitation maximum of each FP. The relative 2p photobleaching reported

for a particular FP was determined by averaging the Rﬁ’g over multiple sets of excitation scans

performed on different samples containing the tested FP. It should be noted that for samples

that exhibited strong photo-switching properties, we were not able to calculate a value for Rﬁ’g :

as the reduction of the total intensity during the repeated time series excitations was the result
of the combined effect of photobleaching and photo-switching. All the properties investigated
are first presented and discussed in detail in the following sub-sections and then summarized in

Table 3.1.
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3.3.1. Photostability of FPs investigated using 2p excitation time series

3.3.1.1. Green variants of GFP

Fig. 3.2 illustrates the results obtained from mGFP2-doped PAA gel samples subjected to an
excitation time series consisting of ten successive excitation scans at 960 nm alternating (four
times) with ten successive excitation scans at 800 nm. As seen in panel a, the total emission
intensity decreased during the course of the ten successive excitation scans. The rate of decrease
in the total emission intensity was higher for excitation at 800 nm in comparison to excitation
at 960 nm. In addition, (i) the fluorescence intensities acquired upon excitation at 960 nm
jumped significantly upwards when those measurements followed the excitation scans at 800
nm, (ii) while excitation at 960 nm had little to no effect on the results of subsequent 800 nm
excitation series. This second observation suggests that, while the slight decrease in emission
intensity within each set of ten 960 nm excitation scans was caused primarily by
photobleaching, the marked decreasing trend in the intensities during each of the ten excitation

scans at 800 nm was caused instead by photo-switching induced by excitation at 800 nm.
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Figure 3.2. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Green Fluorescent Protein 2 (MGFP2) at pH 8. (a) Changes in total emission intensity (integrated
over all emission wavelengths) induced by acquiring time series of ten successive excitation scans at
960 nm (empty red circles), followed by ten successive excitation scans at 800 nm (filled blue circles).
The couple of 960-nm/800-nm scans was repeated three additional times, for a total of forty excitation
scans at each wavelength. The total emission was computed by integrating over the entire emission
spectrum. (b) Comparison of two-photon excitation spectra, measured as emission intensity, before (
—e— ) and after (—o—) the sample was subjected to the entire excitation time series as shown in (a).
(c) Emission spectra of mGFP2 observed at an excitation wavelength of 960 nm, where the red solid
line represents the first and the red dashed line represents the last emission spectrum obtained from the
repeated excitation time series. (d) Emission spectra of mGFP2 observed upon excitation at 800 nm,
where the blue solid line represents the first and the blue dashed line represents the last emission
spectrum obtained from the repeated time series excitations. All plots were normalized to the maximum
value observed in the respective data set. The final concentration of mMGFP2 in the FP-doped
polyacrylamide gel was 1 pM. For repeated excitation time series, the integration time of the camera
was 200 ms and the excitation power per entire excitation line was 200 mW (corresponding to an
excitation energy of 100 pJ per pixel). For the excitation spectra measurements, the integration time was
50 ms and the excitation power was 100 m\W/line (corresponding to an excitation energy of 12.5 puJ per
pixel).

77



The above interpretation is also supported by the results shown in panels b, ¢ and d of
Figure 3.2, as follows. As seen by comparing the two mGFP2 excitation spectra of Fig. 3.2b
(one obtained before and one after performing the excitation time series on the sample), a shift
in the maximum two-photon excitation wavelength from 800 nm to 960 nm (or perhaps an even
longer wavelength) occurred as a result of repeated excitation scans. Fig. 3.2c-d shows
comparatively the changes in fluorescence intensities at excitation wavelengths of 960 nm
(panel ¢) and 800 nm (panel d) at the beginning and the end of the entire excitation time series.
Notice the unchanged maximum emission wavelength, which may imply that the new mGFP2
species resulting from photo-switching may in fact be different forms of the same fluorescent
protein, as described below.

The cause for the photo-switching observed in the mGFP2 sample can be ascertained
from previously made observations regarding WtGFP [25, 48, 129], as follows. The wtGFP
chromophore exists in either a neutral (i.e., protonated) form, which has a single-photon (1p)
excitation maximum at 397 nm, or an anionic form that is maximally excited at 475 nm. Upon
either single photon excitation (at 397 nm) or two-photon excitation (at about 800 nm), the
neutral chromophores can undergo photoisomerization and be converted to their anionic form.
The equilibrium between the neutral and anionic states is regulated by a complex hydrogen-
bond network which forms between the amino acids of the fluorophore and surrounding water
molecules. The breaking and forming of multiple hydrogen bonds facilitates a proton transfer
from the side chains of the fluorophore to the chromophore, resulting in the stabilization of the

chromophore in the anionic state [48].

78



S 1.2 o 960 nm S 1.0 | —e— Before
‘w10 ® e 800nm r After
0 : o 0.8 ;
€ 08 %“%nm €
w oooqh) w 0.6
E 06 ooo E
L 04 Ty O
Ej 02 E 0.2 1
| ®0senpgyey L
0.0 — 0.0
O 10 20 30 40 50 60 780 840 900 960
a Scan Number b Ex. Wavelength (nm)
1.0 —— First scan 1.0 1 — First scan
.S 08 ——— Last scan _5 08 | ——— Last scan
2 o6 2 06
g E
W04 W 04|
[0 ©
® 02 X 02 ;
0.0 : - ‘ : 0.0
420 480 540 600 660 420 480 540 600 660
c Em. Wavelength (nm) d Em. Wavelength (nm)

Figure 3.3. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Enhanced Green Fluorescent Protein (MEGFP) at pH 8. (a) Changes in total emission intensity
(integrated over the entire emission spectrum) induced by acquiring time series of ten successive
excitation scans at 800 nm (solid blue circles), followed by ten successive excitation scans at 960 hm
(empty red circles). The pair of 800-nm/960-nm scans was repeated two additional times, for a total of
thirty excitation scans at each wavelength. The total emission intensity was computed by integrating
over the entire emission spectrum. (b) Comparison of excitation spectra for before (—@—) and after (
—o—) the entire excitation time series as shown in (a). (c) Emission spectra observed upon excitation
at 800 nm, where the blue solid line represents the first and the blue dashed line represents the last
emission spectrum obtained from the repeated time series excitations. (d) Emission spectra observed at
an excitation wavelength of 960 nm, where the red solid line represents the first and the red dashed line
represents the last emission spectrum obtained from the repeated excitation time series. All plots were
normalized relatively to the maximum value observed in the respective data set. The final concentration
of mEGFP in the FP-doped polyacrylamide gel was 1 uM. For repeated excitation time series, the
integration time of the camera was 200 ms and the excitation power per entire excitation line was 200
mW (corresponding to an excitation energy of 100 pJ per pixel). For the excitation spectra
measurements, the integration time was 50 ms and the excitation power was 100 mW/line
(corresponding to an excitation energy of 12.5 pJ per pixel).
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By replacing the serine amino acid at position 65 in the wtGFP sequence with threonine
[130] (i.e., the S65T mutation, possessed by, e.g., the EGFP variant), the population of neutral
(protonated) chromophores, and thereby the excitation peak at 397 nm, is effectively
suppressed; this peak suppression occurs due to a rearrangement of hydrogen bond patterns in
the nearby amino acid Glu222, which in turn suppresses the negative charge on Glu222 and
allows the chromophore to assume an anionic form. We confirmed the decrease of the neutral
population of chromophores due to the S65T mutation by observing the effect of applying the
excitation time series to EGFP-doped PAA gel (see Fig. 3.3). It is apparent from the results
shown in (see Fig. 3.3) that no photo-switching is observed during excitation time series
measurements of EGFP-doped PAA gel, due to the fact that all chromophores are presumably
already in the anionic form prior to being exposed to any 800 nm excitation scan. However,
mGFP2, which does not have the S65T mutation and therefore maintains a population of
chromophores in the neutral form (and maintains an excitation peak at 397 nm in 1p excitation
and 800 nm in 2p excitation), is susceptible to ionization when excited using 2p excitation at
800 nm. This ionization causes the significant amount of photo-switching seen in Fig. 3.2a and
the shift in excitation spectrum seen in Fig. 3.2b.

These results suggest that mGFP2 could be used in experiments where photo-switching
is useful or necessary. Nevertheless, it needs to be used with caution in other studies where such
effects might introduce challenges, such as in FRET experiments that rely on two different
excitation wavelengths to determine both FRET efficiency and concentrations of donors and
acceptors [10, 66, 80, 95]. To further explore the latter case, we performed experiments
(illustrated in Fig. 3.4) in which the order of the wavelengths used in the excitation time series

was switched. While a reduction in intensity is still seen during the repeated excitation scans,

80



exciting first at 800 nm appears to have photo-switched some of the fluorescent proteins to the
subspecies (i.e., from protonated state to deprotonated state) the one that is excited more
efficiently at 960 nm prior to the first excitation scan at 960 nm being measured. Therefore,
scanning the sample using this order of excitation wavelengths (i.e., 800 nm first, and 960 nm
second) may lead to a false impression that mMGFP2 emits more upon excitation at 960 nm than
compared to excitation at 800 nm. However, if we compare Fig. 3.4c and Fig. 3.2c, we conclude
that the emission intensity at an excitation of 960 nm was actually less than that observed after
the successive excitations at 800 nm. Hence, in general, for long-term measurements with
multiple-wavelengths excitations, it is always better to start the measurement with the excitation
wavelength that produces minimal unwanted photophysical effects (in this case, to avoid

significant effects in the subsequent measurements).
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Figure 3.4. Changes in photophysical behavior of mGFP2 caused by switching the order between
the two excitation wavelengths. (a) Changes in total emission intensity (integrated over the entire
emission spectrum) induced by acquiring time series of ten successive excitation scans at 800 nm (filled
blue circles), followed by ten successive excitations scans at 960 nm (empty red circles). The couple of
800-nm/960-nm scans was repeated three additional times, for a total of forty excitation scans at each
wavelength. The total emission was computed by integrating over the entire emission spectrum. (b)
Emission spectra of mGFP2 observed upon excitation at 800 nm, where the blue solid line was the first
and the blue dashed line was the last emission spectrum obtained from the repeated time series
excitations. (c) Emission spectra of mGFP2 observed at an excitation wavelength of 960 nm, where the
red solid line represents the first and the red dashed line represents the last emission spectrum obtained
from the repeated excitation time series. All resulting plots were normalized relatively to the maximum
fluorescence observed in the respective data set. The final concentration of mGFP2 in the FP-doped
polyacrylamide gel was 1 uM and pH value of the sample was 8. Performed using same excitation
power and integration time as in Fig. 3.3.
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3.3.1.2. Cyan fluorescent proteins

Unsurprisingly, not all GFP variants exhibited the same photophysical behavior. For example,
a cyan variant of GFP known as monomeric Turquoise (mTq) (see Fig. 3.5), when exposed to
alternating time series of excitation scans using a pair of wavelengths (920 nm and 880 nm)
that correspond to the peaks in its two-photon excitation spectrum (Fig. 3.5b), underwent
marked photobleaching, but no noticeable photo-switching, i.e., there was no increase in
fluorescence signal under 920 nm excitation that followed 880 nm excitation scans (Fig. 3.5a),
and no shift of excitation maxima (Fig. 3.5b). Similar results were obtained when switching the
order of the excitation wavelengths in the excitation time series (see Fig. 3.6). The
photobleaching of mTq was so pronounced — as seen from an overall signal decrease by
approximately 65 % after the first ten repeated scans at 880 nm (Fig. 3.5)- that it makes it an
unlikely choice for fluorescent tagging in single-molecule studies. This observation also invites
caution when using mTq in any FRET studies where one expects the molecules to be immobile
during their excitation (vs. molecules freely diffusing in solution), as photobleaching more
significantly affects molecules that spend longer time within the excitation volume.
Nevertheless, in-cell studies of fluorescence recovery after photobleaching could benefit from

the propensity of mTq to photobleach.
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Figure 3.5. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Turquoise (MTq) fluorescent proteins at pH 8. (a) Changes in total emission intensity induced by
acquiring time series of ten successive excitations at 920 nm (empty red circles), followed by ten
successive scans at 880 nm (filled blue circles). The couple of 920-nm/880-nm scans was repeated two
additional times, for a total of thirty excitation scans at each wavelength. The total emission was
computed by integrating over the entire emission spectrum. (b) Comparison of two-photon excitation
spectra, measured as emission intensity, before (—e—) and after (—o—) the sample was subjected to
the entire excitation time series as shown in (a). (c) Emission spectra of mTq observed at an excitation
wavelength of 920 nm, where the red solid line represents the first and the red dashed line represents the
last emission spectrum obtained from the repeated excitation time series. (d) Emission spectra of mTq
observed upon excitation at 880 nm, where the blue solid line represents the first and the blue dashed
line represents the last emission spectrum obtained from the repeated excitation time series. All plots in
the figure were normalized relatively to the maximum value observed in the respective data set. The
final concentration of mTq in the FP-doped polyacrylamide gel was 1 M. For repeated excitation time
series, the integration time of the camera was 200 ms and the excitation power per entire excitation line
was 200 mW (energy, 100 uJ per pixel). For the excitation spectra measurements, the integration time
was 50 ms and the excitation power was 100 mW/line (energy, 12.5 uJ per pixel).
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Figure 3.6. Changes in photophysical behavior of mTq caused by switching the order between the
two excitation wavelengths at pH 8. (a) Changes in total emission intensity induced by acquiring time
series of ten successive excitation scans at 880 nm (filled blue circles), followed by ten successive
excitations scans at 920 nm (empty red circles). The pair of 880-nm/920-nm scans was repeated two
additional times, for a total of thirty excitation scans at each wavelength. The total emission intensity
was computed by integrating over the entire emission spectrum. (b) Emission spectra of mTq observed
upon excitation at 880 nm, where the blue solid line was the first and the blue dashed line was the last
emission spectrum obtained from the repeated time series excitations. (c) Emission spectra of mTq
observed at an excitation wavelength of 920 nm, where the red solid line represents the first and the red
dashed line represents the last emission spectrum obtained from the repeated excitation time series. All
resulting plots were normalized relatively to the maximum fluorescence observed in the respective data
set. The final concentration of mTq in the FP-doped polyacrylamide gel was 1 puM. For repeated
excitation time series, the integration time of the camera was 200 ms and the excitation power per entire
excitation line was 200 mW (energy, 100 wJ per pixel).

Due to the significant amount of photobleaching observed for mTq, we investigated
other FPs from the cyan family in order to gauge whether this is a property seen across this
entire subfamily of wtGFP variants. Excitation time series performed on the fluorescent protein
mCerulean3 (see Fig. 3.7), using the pair of excitation wavelengths 920 nm and 886 nm also
demonstrations that a significant amount of photobleaching occurs after repeated scans;
specifically, the total fluorescence intensity of mCerulean3 is reduced by more than 61 % after
ten repeated scans at 886 nm (see Table 3.1). In addition, mCerulean3, like mTq, did not show

any propensity to photo-switch under 2p excitation at either excitation wavelength.
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Figure 3.7. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Cerulean3 (mCerulean3) Fluorescent at pH 8. (a) Changes in total emission intensity induced by
acquiring time series of ten successive excitation scans at 886 nm (solid blue circles), followed by ten
successive excitation scans at 920 nm (empty red circles). The pair of 886-nm/920-nm scans was
repeated two additional times, for a total of thirty excitation scans at each wavelength. The total emission
intensity was computed by integrating over the entire emission spectrum. (b) Comparison of excitation
spectra for before (black line with filled circles) and after (gray line with empty circles) the entire
excitation time series as shown in (a). (c) Emission spectra observed upon excitation at 886 nm, where
the blue solid line represents the first and the blue dashed line represents the last emission spectrum
obtained from the repeated time series excitations. (d) Emission spectra observed at an excitation
wavelength of 920 nm, where the red solid line represents the first and the red dashed line represents the
last emission spectrum obtained from the repeated excitation time series. All plots were normalized
relatively to the maximum value observed in the respective data set. The final concentration of
mCerulean3 in the FP-doped polyacrylamide gel was 1 pM. For repeated excitation time series, the
integration time of the camera was 200 ms and the excitation power per entire excitation line was 200
mW (energy, 100 pJ per pixel). For the excitation spectra measurements, the integration time was 50 ms
and the excitation power was 100 mW/line (energy, 12.5 uJ per pixel).
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The photobleaching propensity of both mCerulean3 and mTq is potentially a result of
the manner in which these FPs (and all of the cyan derivatives of wtGFP for that matter) have
been engineered, i.e., by altering the covalent structure of the chromophore through the

substitution of amino acids for Tyrosine at amino acid position 66.

In contrast to the wtGFP-derived cyan FPs, which have been engineered via the Y66W
substitution in the wtGFP chromophore, there are a number of naturally occurring cyan FPs
found in various coral species which possess an anionic tyrosine-derived chromophore that is
chemically identical to that of enhanced wtGFP [131]. The challenge posed by many of these
naturally occurring cyan FPs found in coral species is that they have a propensity to form strong
dimers or even tetramers. Fortunately, optimization of a tetrameric cyan FP found in Clavularia
coral (i.e., sp. CFP484 [4]) has led to a monomeric form of the FP, namely monomeric teal
fluorescent protein (mTFP1), which is potentially a favorable alternative to wtGFP-derived

CFPs with tryptophan-derived chromophores such as enhanced CFP or Cerulean [4, 131].
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Figure 3.8. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
TFP1 Fluorescent Protein at pH 8. (a) Changes in total emission intensity induced by acquiring time
series of ten successive excitation scans at 890 nm (filled blue circles), followed by ten successive
excitation scans at 930 nm (empty red circles). The couple of 890-nm/930-nm scans was repeated two
additional times, for a total of thirty excitation scans at each wavelength. The total emission was
computed by integrating over the entire emission spectrum. The inset displays only the results obtained
between scans 10 and scan 40 and serves the purpose of highlighting the increase in emission signal at
930 nm scan due to excitation time series at 890 nm, which most likely occurs due to photo-switching.
(b) Comparison of two-photon excitation spectra, measured as emission intensity, before (—e—) and
after (—o—) the sample was subjected to the entire excitation time series as shown in (a). (c) Emission
spectra observed upon excitation at 890 nm, where the blue solid line represents the first and the blue
dashed line represents the last emission spectrum obtained from the repeated time series excitations. (d)
Emission spectra observed at an excitation wavelength of 930 nm, where the red solid line represents
the first and the red dashed line represents the last emission spectrum obtained from repeated excitation
time series. All plots were normalized relatively to the maximum value observed in the respective data
set. The FP-doped polyacrylamide gel sample was prepared and measured as described in Fig. 3.2
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Figure 3.9. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
mTFP1 at pH 8. (a) Changes in total emission intensity induced by acquiring time series of ten
successive excitations at 930 nm (empty red circles), followed by ten successive scans at 890 nm (filled
blue circles). The pair of 930-nm/890-nm scans was repeated two additional times, for a total of thirty
excitation scans at each wavelength. The total emission intensity was computed by integrating over the
entire emission spectrum. (b) Comparison of excitation spectra before (black line with filled circles) and
after (gray line with empty circles) the entire excitation time series as shown in (a). (c) Emission spectra
of MTFPL1 observed at an excitation wavelength of 930 nm, where the red solid line represents the first
and the red dashed line represents the last emission spectrum obtained from the repeated excitation time
series. (d) Emission spectra of mTFP1 observed upon excitation at 890 nm, where the blue solid line
represents the first and the blue dashed line represents the last emission spectrum obtained from the
repeated excitation time series. All plots in the figure were normalized relatively to the maximum value
observed in the respective data set. The final concentration of mTFP1 in the FP-doped polyacrylamide
gel was 1 uM. For repeated excitation time series, the integration time of the camera was 200 ms and
the excitation power per entire excitation line was 200 mW (energy, 100 wJ per pixel). For the excitation
spectra measurements, the integration time was 50 ms and the excitation power was 100 mW/line
(energy, 12.5 pJ per pixel).
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Figure 3.10. Shift in emission spectrum (normalized to its maximum value) in repeated two-
photon excitation scans of PAA gel doped with monomeric mTFP1 at pH 8. Changes in total
emission spectrum followed by eight successive scans at 890 nm, where —@— represents the emission
spectrum before the successive scans and the —o— represents emission spectrum after the successive
scans. The plots in the figure were normalized separately with respect to their maximum emission
intensity. The full width half maximum of the emission spectrum before the and after the successive
scans are ~ 63 nm and ~ 60 nm, respectively; the emission peaks shifted from 499 nm to 509 nm. The
final concentration of mTFP1 in the FP-doped polyacrylamide gel was 1 uM.

Interestingly, a minute but noticeable, reversible photo-switching effect is also observed
for mTFP1 (Fig. 3.8 and Fig. 3.9). A slight increase in fluorescence signal obtained from 930
nm excitation scans was observed after each set of 890 nm excitation scans was performed (see
Fig. 3.8a). The effect of photo-switching on mGFP2, presented above, manifested itself as a
change in the mGFP2 excitation spectrum (Fig. 3.2b) with no noticeable change in the emission
spectrum. However, in the case of mTFP1, the reverse occurred. While no discernible change
to the excitation spectrum was detected for mTFP1 (Fig. 3.8b), the emission spectrum of
MTFP1 was altered as a result of repeated excitation scans at 890 nm, in that it became both

narrower and red-shifted (see Fig. 3.9). Similar results were obtained after switching the order
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of the excitation wavelengths in the excitation time series (see Fig. 3.10 and in ref. [14]) . A
more detailed biochemical study of the crystal structures of mTFP1 is needed in order to
determine the exact mechanism which causes this slightly altered photophysical behavior when

compared with the cyan variants of wtGFP.

Under two-photon excitation, mTFP1 presents slightly different photophysical
properties when compared to mCerulean3 and mTq. The results obtained from performing an
excitation time series (using the pair of excitation wavelengths 930 nm and 880 nm) on mTFP1-
doped PAA gel are shown in Fig. 3.10 As seen, mTFP1 is still appreciably photobleached after
repeated scans; however, the extent of the photobleaching is noticeably less (total fluorescence
intensity was reduced by 47%) compared to the reduction in fluorescence intensity of mTq
(65%) and mCerulean3 (61%). Furthermore, mTFP1 was found to be significantly brighter than
mTq and mCerulean3, with the relative 2p brightness (relative to mEGFP; see Table 3.1) of
mTFP1 (1.56) nearly two times higher than mTq (0.85) and ~2.5 times higher than mCerulean3.
Therefore, it appears that mTFP1 is a favorable alternative to some of the Aequorea victoria

FPs in the cyan family.
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3.3.1.3. Yellow variants of GFP

The final subset of GFP variants we investigated were those belonging to the yellow fluorescent
protein subfamily. The photophysical properties of the monomeric yellow fluorescent protein
(mYFP) were probed by exposing mYFP embedded PAA gel to an excitation time series using
the pair of excitation wavelengths 960 nm and 800 nm (see Fig. 3.11). A very modest reduction
in the fluorescence signal (~9 %) was observed after repeated excitations using the peak
excitation wavelength (960 nm) of mYFP. Furthermore, the mYFP excitation spectrum before
and after the repeated time series excitation (see Fig. 3.11) were nearly identical, both in overall
shape and intensity values. These results indicate that mYFP neither photo-switches nor
photobleaches significantly under 2p excitation. These results were identical, i.e., the extent of
photobleaching and photo-switching, when switching the order of the excitation wavelengths
in the excitation time series (see Fig. 3.12). Similar results were obtained for other yellow
variants of the wtGFP, i.e., mVenus, mCitrine, and SYFP2 in that very little photobleaching
was observed after subjecting the samples to excitation time series (Figures 3.13 to 3.15).
Within the yellow protein subfamily, the maximum amount of photobleaching (~17%) was
observed for SYFP2 after repeated excitation scans at 960 nm; this is still appreciably less than
the amount of signal lost due to photobleaching for any of the cyan FPs tested or even for EGFP
(see Table 3.1. for comparison). Furthermore, there was no photo-switching observed for any

of the yellow FPs.
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Figure 3.11. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Yellow Fluorescent Protein (mYFP) at pH 8. (a) Changes in total emission intensity induced by
acquiring time series of ten successive excitation scans at 800 nm (filled blue circles), followed by ten
successive excitation scans at 960 nm (empty red circles). The pair of 800-nm/960-nm scans was
repeated three additional times, for a total of forty excitation scans at each wavelength. The total
emission intensity was computed by integrating over the entire emission spectrum. (b) Comparison of
excitation spectra for before (—e—) and after (—o—) the entire excitation time series as shown in (a).
(c) Emission spectra of mYFP observed upon excitation at 800 nm, where the blue solid line represents
the first and the blue dashed line represents the last emission spectrum obtained from the repeated time
series excitations. (d) Emission spectra of mYFP observed at an excitation wavelength of 960 nm, where
the red solid line represents the first and the red dashed line represents the last emission spectrum
obtained from the repeated excitation time series. All plots were normalized relatively to the maximum
value observed in the respective data set. The final concentration of mYFP in the FP-doped
polyacrylamide gel was 1 pM. For repeated excitation time series, the integration time of the camera
was 200 ms and the excitation power per entire excitation line was 200 mW (energy, 100 uJ per pixel).
For the excitation spectra measurements, the integration time was 50 ms and the excitation power was
100 mW/line (energy, 12.5 uJ per pixel).
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Figure 3.12. Changes in photophysical behavior of mYFP caused by switching the order between
the two excitation wavelengths. (a) Changes in total emission intensity induced by acquiring time
series of ten successive excitation scans at 960 nm (empty red circles), followed by ten successive
excitations scans at 800 nm (filled blue circles). The pair of 960-nm/800-nm scans was repeated two
additional times, for a total of thirty excitation scans at each wavelength. The total emission intensity
was computed by integrating over the entire emission spectrum. (b) Emission spectra of mYFP observed
at an excitation wavelength of 960 nm, where the red solid line represents the first and the red dashed
line represents the last emission spectrum obtained from the repeated excitation time series. (c) Emission
spectra of mYFP observed upon excitation at 800 nm, where the blue solid line was the first and the
blue dashed line was the last emission spectrum obtained from the repeated time series excitations. All
resulting plots were normalized relatively to the maximum fluorescence observed in the respective data
set. The final concentration of mYFP in the FP-doped polyacrylamide gel was 1 puM. For repeated
excitation time series, the integration time of the camera was 200 ms and the excitation power per entire
excitation line was 200 mW (energy, 100 wJ per pixel).

The photo-stable behaviors of the yellow FPs (mYFP, mVenus, mCitrine and SYFP2)
we have found using 2p excitation stand in direct contrast to findings of previous studies [38,
132], which have shown that the yellow variants are generally less photostable than mMEGFP
and the cyan variants when excited using 1p wide-field illumination. Therefore, this photostable
behavior of the yellow FPs make them a strong candidate for fluorescent tagging in single-
molecule studies as well as in FRET studies which utilize 2p excitation. However, it should be
noted, that a major drawback to the palette of FPs in the yellow subfamily of wtGFP variants is
that they typically have larger pKa values, especially mYFP (pKa value of 6.9), which make
them more susceptible to pH variations in the sample when compared to other subfamilies of

WtGFP, and this drawback exists regardless of the choice of excitation.
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Figure 3.13. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Fluorescent Protein Venus (mVenus) at pH 8. (a) Changes in total emission intensity induced by
acquiring time series of ten successive excitation scans at 800 nm (filled blue circles), followed by ten
successive excitation scans at 960 nm (empty red circles). The pair of 800-nm/960-nm scans was
repeated three additional times, for a total of forty excitation scans at each wavelength. The total
emission intensity was computed by integrating over the entire emission spectrum. (b) Comparison of
excitation spectra for before (black line with filled circles) and after (gray line with empty circles) the
entire excitation time series as shown in (a). (c) Emission spectra observed upon excitation at 800 nm,
where the blue solid line represents the first and the blue dashed line represents the last emission
spectrum obtained from the repeated time series excitations. (d) Emission spectra observed at an
excitation wavelength of 960 nm, where the red solid line represents the first and the red dashed line
represents the last emission spectrum obtained from the repeated excitation time series. All plots were
normalized relatively to the maximum value observed in the respective data set. The final concentration
of mVenus in the FP-doped polyacrylamide gel was 1 uM. For repeated excitation time series, the
integration time of the camera was 200 ms and the excitation power per entire excitation line was 200
mW (energy, 100 pJ per pixel). For the excitation spectra measurements, the integration time was 50 ms
and the excitation power was 100 mW/line (energy, 12.5 uJ per pixel).
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Figure 3.14. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Fluorescent Protein Citrine (mCitrine). (a) Changes in total emission intensity induced by acquiring
time series of ten successive excitation scans at 880 nm (filled blue circles), followed by ten successive
excitation scans at 950 nm (empty red circles). The pair of 880-nm/950-nm scans was repeated two
additional times, for a total of thirty excitation scans at each wavelength. The total emission intensity
was computed by integrating over the entire emission spectrum. (b) Comparison of excitation spectra
for before (black line with filled circles) and after (gray line with empty circles) the entire excitation
time series as shown in (a). (c) Emission spectra observed upon excitation at 880 nm, where the blue
solid line represents the first and the blue dashed line represents the last emission spectrum obtained
from the repeated time series excitations. (d) Emission spectra observed at an excitation wavelength of
950 nm, where the red solid line represents the first and the red dashed line represents the last emission
spectrum obtained from the repeated excitation time series. All plots were normalized relatively to the
maximum value observed in the respective data set. The final concentration of mCitrine in the FP-doped
polyacrylamide gel was 1 pM. For repeated excitation time series, the integration time of the camera
was 200 ms and the excitation power per entire excitation line was 200 mW (energy, 100 uJ per pixel).
For the excitation spectra measurements, the integration time was 50 ms and the excitation power was
100 mW/line (energy, 12.5 uJ per pixel).
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Figure 3.15. Response to repeated two-photon excitation scans of PAA gel doped with monomeric
Super Yellow Fluorescent Protein 2 (SYFP2) at pH 8. (a) Changes in total emission intensity induced
by acquiring time series of ten successive excitation scans at 800 nm (filled blue circles), followed by
ten successive excitation scans at 960 nm (empty red circles). The pair of 800-nm/960-nm scans was
repeated two additional times, for a total of thirty excitation scans at each wavelength. The total emission
intensity was computed by integrating over the entire emission spectrum. (b) Comparison of excitation
spectra for before (black line with filled circles) and after (gray line with empty circles) the entire
excitation time series as shown in (a). (c) Emission spectra observed upon excitation at 800 nm, where
the blue solid line represents the first and the blue dashed line represents the last emission spectrum
obtained from the repeated time series excitations. (d) Emission spectra observed at an excitation
wavelength of 960 nm, where the red solid line represents the first and the red dashed line represents the
last emission spectrum obtained from the repeated excitation time series. All plots were normalized
relatively to the maximum value observed in the respective data set. The final concentration of SYFP2
in the FP-doped polyacrylamide gel was 1 pM. For repeated excitation time series, the integration time
of the camera was 200 ms and the excitation power per entire excitation line was 200 mW (energy, 100
wJ per pixel). For the excitation spectra measurements, the integration time was 50 ms and the excitation
power was 100 mW/line (energy, 12.5 uJ per pixel).
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3.3.2. pH dependence of the photophysical properties of mGFP2

Typical results obtained from performing an excitation time series (using the pair of excitation
wavelengths 960 nm and 800 nm) on mGFP2 doped PAA gel at two different pH values (i.e.,
pH = 6 and pH = 4) are shown in Fig. 3.16. These results could also be compared to those
obtained at pH 8, shown in Fig. 3.2. As seen, the emission intensity traces for successive
excitation scans at 960 nm (open red circles in Fig. 3.16a-b) were significantly different for
different pH values. For pH 6 (see Fig 3.16a), an increase was observed in total emission
intensity under 960-nm excitation (i.e., photo-switching) after successive excitations at 800 nm.
The effect of photo-switching at this pH was weaker than that observed at pH 8 (Fig. 3.2a) and
much stronger than seen at pH 4 (see Fig 3.16b); in the latter case, the effect of photo-switching
was completely eliminated, i.e., there was no increase in emission signal under 960-nm
excitation following successive excitations at 800 nm. Likewise, the degree of change in the
excitation spectrum (see Fig. 3.2b, 3.16¢-d) decreased with pH. Overall, these changes suggest
that mGFP2 chromophore switching from protonated (neutral) to anionic forms occurs less
frequently when the pH of the gel was lowered from pH = 8 to pH = 6 and is completely
eliminated for pH 4. This result confirms the mechanism underlying the observed photo-
switching: as the pH decreases the concentration of the protonated form of GFP2, relative to
the deprotonated form of the molecule will increase, due to the presence of excess H* in the gel
at low pH. In other words, any photo-switching to the anionic version of the chromophore
would be short-lived, due to the composition of the surrounding gel, and therefore the
concentration of the protonated form of GFP2 will remain significantly higher than the

deprotonated form, even after repeated excitations at 800 nm. Unfortunately, even though there
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was less photo-switching at low pH, most FPs, including GFP2, lose fluorescence at a pH lower

than their neutral pKa, and so it is not practical to use solutions with low pH.
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Figure 3.16. Effects of pH on photophysical properties of mMGFP2 in response to repeated time
series excitations. (a-b) Change in total emission intensity mGFP2 induced by acquiring time series of
ten successive excitation scans at 960 nm (empty red circles), followed by ten successive excitation
scans at 800 nm (filled blue circles) for mGFP2 doped PAA gel samples at pH values of 6 (panel a) and
4 (panel b), respectively. The couple of 960-nm/800-nm scans was repeated three additional times, for
a total of forty excitation scans at each wavelength. (c-d) Comparison of excitation spectra before (
—e— ) and after (—o—) the entire excitation time series as in (a-b) for the sample at pH 6 (panel c) and
pH 4 (panel d), respectively. All plots were normalized relatively to the maximum value observed in the
respective data set. The final concentration of mGFP2 in the FP-doped polyacrylamide gel was 1 pM.
For repeated time series excitations, the integration time of the camera was 200 ms and the excitation
power per entire excitation line was 200 mW (corresponding to 0.5 mW per pixel). For repeated
excitation time series, the integration time of the camera was 200 ms and the excitation power per entire
excitation line was 200 mW (energy, 100 uJ per pixel). For the excitation spectra measurements, the
integration time was 50 ms and the excitation power was 100 mW/line (energy, 12.5 uJ per pixel).
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In contrast to the large effect pH had on the ability of mGFP2 to undergo photo-
switching, we found no significant change to the extent of photobleaching for mGFP2 samples
with pH (cf. Figs. 3.2 and 3.16). Specifically, repeated excitations at 800 nm caused a decrease
in the total emission intensity for the samples at all three pH values, due, in part, to
photobleaching of the sample. For the particular case of the mGFP2 sample, it is difficult to
quantify the extent of photobleaching which is occurring as a result of the 800 nm excitations,
because the decrease in emission intensity is a result of two factors, photobleaching and photo-
switching of some of the chromophores to the anionic state and is difficult to decouple the
effects of these two factors. Therefore, it might be the case that there is some small quantitative
difference between the exact percentage of molecules which are photobleached in the three

different pH cases, although, qualitatively, such differences appear to be minimal.

3.3.3. Relative brightness of FPs under 2p excitation

In addition to photostability, the intrinsic brightness, which is linearly proportional to the
number of photons an FP emits per measurement period, is a vital characteristic to keep in mind
when selecting the correct FP to use. The intrinsic brightness of any fluorescent molecule
depends on two properties of the molecule, namely the extinction coefficient (or the excitation
cross-section) of the FP, which is a measure of the ability of the FP to absorb light, and the
quantum yield, which is a measure of the efficiency of photon emission once the FP is in an
excited state. These properties could be affected by various environmental as well as

instrumental factors such as pH, temperature, excitation light intensity, and wavelength.
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Figure 3.17. Comparison of the total emission intensity of a variety of FPs. The FP-doped
polyacrylamide gel samples were prepared using DPBS buffer (pH = 8) with a final FP concentration of
1 uM. Z-stack acquisitions (see Methods section) were taken for each FP sample with an average power
of 12 mW/point and at integration time of 100 ms (corresponding to an excitation energy of 0.75 uJ per
pixel). The excitation wavelength chosen for the z-stack acquisitions corresponded to the peak of the
respective FP’s excitation spectra, as described above.

Because the brightness of an FP depends on an array of different parameters, in this
work, we sought to determine the relative 2p brightness of all the FPs which have been
investigated in this study by using the same acquisition settings and sample preparation protocol
for each. In order to accomplish this, each prepared sample of PAA gel-embedded FP was
scanned by focused light at different depths and the fluorescence intensity determined at each
depth, to create a “sample uniformity curve” (see Fig. 3.17). The purpose of the uniformity
curve was to assure that the FPs were not distributed inhomogeneously throughout the sample,
which would negate one of the crucial parameters which needs to remain constant for a proper

comparison of brightness values, i.e., the concentration of the sample. Only emission intensity
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profiles were used for further analysis that formed a plateau which consisted of at least four
approximately equal total emission intensity values acquired from consecutive planes in the
center of the gel sample. The decrease in intensity on both sides of the plateau was due to the
decrease in the overlap between the point spread function of the focused light and the sample
film.

We have defined the 2p relative brightness to be the ratio of total emission intensity of
an FP to that of mEGFP, whereas total emission intensity was found by averaging the results
of the multiple measurements along the plateau of the uniformity curve. Based on the total
emission intensities, the fluorescent protein mTFP1 is the brightest of the measured FPs
followed by mEGFP, mCerulean3, mTg, mGFP2, mVenus, SYFP2, mCitrine, and mYFP (see
Fig. 3.17). The results of this assay are summarized in Table 3.1, alongside with those regarding
photobleaching and photo-switching described in previous sections. Interestingly, the results
shown in Table 3.1 reveal that the relative brightness of the various FP subfamilies using 2p
excitation are significantly different than the relative brightness values of the FPs determined
using 1p excitation. For example, the yellow subfamily of proteins is the brightest using 1p

excitation, but the dimmest using 2p excitation.
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Table 3.1. Summary of photophysical properties of FPs investigated in this study. Values resulting
from 2p excitation were determined as described in this work, while those resulting from 1p excitation,
as well as pKa values and lists of mutations were obtained from the literature (indicated in the column

for 1p Brightness).

FP pKa  1p Relative 2p Relative 2p Photo- 2p Photo-
Brightness” Brightness’ bleaching? switching
mEGFP? 6.0 1.00 [4, 26] 1.00 + 0.06 0.25+0.09 No
mGFP2P - 0.34[52,66]  0.63+0.06 - Yes
mYFP° 6.9  151[26 128] 0.41+0.05 0.09 + 0.07 No
mVenus® 6.0 1.56 [53, 55] 0.52+0.04 0.11+£0.05 No
SYFP2° 6.0 2.04 [55] 0.50 +0.04 0.17+£0.09 No
mCitrine’ 5.7 1.74 35, 53] 0.47 +0.12 0.03 +£0.02 No
mCerulean3® 3.3 1.03 [57] 0.85+0.09 0.61 +£0.06 No
mTq" 4.5 0.75 [58] 0.63+0.03 0.65+0.04 No
mTFP1# 4.3 1.60 [4] 1.56 £ 0.07 0.47 £0.02 Yes

Notes: *Relative to the brightness of mEGFP, which is 33,600 m*M-for 1p excitation. 1p brightness
was calculated by multiplying the extinction coefficient (€) and quantum yield (Q) using in Table 1.1
from Chapter 1. TObserved emission intensity for given FP at pH 8 relative to the observed emission
intensity of mEGFP. *Fraction of total fluorescence bleached from first 10 excitation scans using the
specific peak excitation wavelength of each FP. The variants of green fluorescent protein incorporated
the following mutations relative to the wild-type: @ mMEGFP: F64L, S65T, A206K; ® mGFP2: F64L,
A206K; ¢ mYFP: S65G, V68L, Q69K, S72A, T203Y, A206K; ‘mVenus: F46L, F64L, S65G, V68L,
S72A, M153T, V163A, S175G, T203Y, A206K; ¢ SYFP2: F46L, F64L, S65G, S72A, M153T, V163A,
S175G, T203Y, A206K; f mCitrine: S65G, V68L, Q69M, S72A, T203Y, A206K; 9 mCerulean3: F64L,
Y66W, S72A, Y145A, N146T, S147H, H148G, M153T, V163A, K166G, 1167L, R168N, H169C,
A206K; "mTq: F64L, Y66W, S72A, N146l, H148D, M153T, V163A, S175F, A206K. ‘mTFP1: a
variant of cFP484 derived from Clavularia coral, not from jellyfish.
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3.4. Discussion

Along with the experimental parameters used in the imaging system (power, wavelength,
spectral resolution, and exposure time), the source of illumination and detector used in an
imaging system could also alter the observed intensity of the fluorescent molecules. Our
comparative analysis of the photophysical properties of a large number of widely used FPs
provided some interesting insights.

Of the FPs studied in this work, we found that mMEGFP is the brightest among those
which have been derived from wtGFP, and it exhibited only moderate photobleaching and no
noticeable photo-switching under 2p excitation. Because of these features, mMEGFP is one of
the best options for those fluorescence applications that require high photostability and
brightness such as FRET [8, 97, 133] and Number and Brightness (N&B) analysis [134].
Nevertheless, other factors may factor in when choosing a good FRET pair for a certain
experiment, including good separation between donor and acceptor emission spectra, which is
necessary in imaging experiments without spectral resolution. Another green variant of wtGFP,
GFP2, exhibited strong irreversible photo-switching from one sub-population (excitation state)
to another, which are excited maximally by different wavelengths. This photo-switching effect
significantly depends on the pH of the sample.

Cyan variants of wtGFP, namely mCerulean3 and mTq showed high propensities to
photobleach with no significant effect of photo-switching. This observed result suggests that
mTq and Cerulean3 could be appropriate options for the FRAP experiments because of their
high propensity to photobleach. These FPs (i.e., mTq, and mCerulean3) were brighter than all
the yellow variants of wtGFP measured in this study. Another Cyan FP (but derived from

CFP484 [4]), mTFP1, is the brightest among the measured FPs in this investigation. Based on
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our measurements, mTFP1 exhibits a pronounced effect of photobleaching; however, not as
pronounced as the other cyan FPs. In addition to that, a minute but noticeable, irreversible
photo-switching from one fluorescence color to another was observed under 2p excitation on
PAA gel-doped mTFP1.

The yellow variants of the wtGFP measured in this investigation, namely mCitrine,
mYFP, mVenus, and SYFP2 were dimmer than both green variants and cyan variants tested in
this study. Among these yellow variants of wtGFP, we found mVenus is brightest and mYFP
is the dimmest under 2p excitation. This entire subclass of FPs showed a small effect of
photobleaching with essentially no effect of photo-switching under 2p excitations. Based on
these results we conclude that yellow FPs studied here are likely to be a good choice for
measurements that require strong photostability.

Based on those observations, we note that the choice of FPs depends on the specific
application considered. For instance, for FRAP studies one could choose cyan variants, while
for applications that require switching, GFP2 and perhaps mTFP1 could be used. At the same
time, for experiments where steady, long-lasting fluorescence is needed, there are several
choices available. Even in this case, FPs that exhibit photo-switching and photobleaching may
still be used by choosing less intense laser light with an excitation wavelength that minimizes
photobleaching and photo-switching while maintaining a relatively high brightness, if
applications do not require FP immobilization under continuous excitation.

In conclusion, our study adds to the body of evidence that the specific photophysical
properties of fluorescent proteins under two-photon excitation, including excitation and
emission spectra, as well as their propensity to undergo light-induced changes, may not be

simply inferred from one-photon excitation. Lack of knowledge or appreciation of such
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properties may lead to erroneous conclusions in, e.g., FRET studies [80]. Thus, the choice of
fluorescent proteins for a particular experiment depends, among other things, on whether one
uses single- or two-photon excitation. The next chapter (i.e., Chapter 4) will present how FRET
efficiency behaves with changing photophysical effects of fluorescent molecules utilizing both

experimental measurements and numerical simulations.

105



Chapter 4. Impact of photobleaching of FPs on FRET

In this chapter, we investigate the impact of photophysical effects of fluorescent proteins (FPs)
on FRET measurement at various experimental condition under two-photon excitation (see
reference [135]). Our investigation follows the understanding gained in Chapter 1 and 3
regarding the FPs and their photophysical properties, and the underlying concept of FRET
theory as discussed in Chapter 2. Expanding upon this foundation, we aim to thoroughly analyze
FRET efficiencies under various excitation conditions, using dimeric and trimeric FRET
constructs expressed in the cytoplasm of CHO cells. Herein, our study delved deeper by
quantifying how photobleaching significantly impacts FRET measurements, and offers

guidelines for conducting these measurements accurately.

4.1. Overview
Forster resonance energy transfer (FRET) is a physical phenomenon that involves the non-
radiative transfer of energy between an excited fluorescent molecule, called a donor (D), and a
neighboring unexcited fluorescent molecule called an acceptor (A) via dipole-dipole interaction
[60, 64, 65]. FRET has been used to probe the proximity of individual molecules within protein
complexes [136, 137], track complex formations [138], monitor dynamic protein interactions
[7, 139], and detect conformational changes of macromolecules [133, 140-142] in living
organisms. More recently, a FRET technique, called FRET spectrometry, has been developed,
which can determine the relative distances between protomers within oligomeric complexes
(i.e., quaternary structure) in living cells [6, 8-10, 143, 144].

In order to determine the quaternary structure of biological macromolecules using
FRET, it is crucial to understand how the mechanism of FRET works when more than one

acceptor are close to an excited donor, as can occur for macromolecules larger than a dimer.
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Fortunately, the kinetic theory of FRET [85] provides a theoretical basis for predicting the
FRET occurring in multimeric complexes. According to the theory, the FRET efficiency of an
oligomer containing multiple acceptors can be predicted from the FRET efficiency occurring
between each individual donor-acceptor pathway present in the complex. The theory was tested
using simulated data [89] and found to accurately predict the FRET occurring in oligomeric
complexes in the particular situation where proximity FRET [89] is minimal. The first
experimental attempt to test the kinetic theory of FRET [87] found an ~15% discrepancy
between the measured FRET efficiency of a multimeric complex consisting of a single donor
and three acceptors vs. the FRET efficiency predicted by the kinetic theory. A separate
investigation of the same constructs found a substantially smaller discrepancy (4%) but still
concluded the discrepancy was statistically significant [88].

A recently published thorough theoretical analysis of the FRET equations identified
numerous theoretical assumptions traditionally used to compute FRET efficiency from
experimental data could lead to significant systematic errors if not carefully considered in the
context of the experimental protocols used [80]. These improperly applied assumptions explain
some of the discrepancies between measured and theoretically predicted FRET values, which
were observed in experiments testing the kinetic theory of FRET. For instance, in FRET
measurements performed using continuous wave (cw) excitation, the equations for determining
the FRET efficiency depend on the ratio between the probability of donors to be in the ground
state in the presence and absence of FRET; these probabilities have typically been set equal to
one in traditional FRET applications, even though when using cw excitation, the value is

significantly different than one.
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The error caused by the dependence on the integrated probability can be avoided by
using pulsed lasers, as it is done in systems relying on two-photon excitation. For two photon
excitation of, any discrepancies between measured and theoretical FRET efficiency values are
due to a general inability to assess the contributions of photophysical effects, such as
photobleaching [14, 145] and photoconversion [14, 117, 146] of donors and acceptors, to the
measured FRET efficiencies for chosen laser excitation powers.

In addition, since most fluorescent proteins present short Stokes shifts the excitation
wavelengths available to excite the donors quite often also lead to direct excitation of the
acceptor, which results in an erroneous FRET efficiency readout. Contributions of direct
excitation of the acceptor to the measured FRET efficiency can be corrected for by scanning
the sample of interest at two [10, 80], or sometimes three [147] different excitation wavelengths
instead of one. This in turn may result in additional, caused by the additional excitation
wavelengths, which are typically not taken into account but could also affect the FRET
efficiency calculation as these effects inevitably change the proportion of donors and acceptors
actively involved in FRET.

To avoid significant errors in FRET spectrometry studies and thus accurately determine
the interprotomeric distances within oligomers, it is critically important to map out the
contributions of photophysical effects to experimentally determined FRET efficiencies under a
range of experimental conditions. In this work, we performed two-photon (2P) micro-
spectroscopy measurements on living cells expressing FRET constructs of the type used in
previous studies [88, 148, 149], consisting of single donor molecule linked to either its C- or
N-terminus with one acceptor to form dimers, or linked to both termini with acceptors and

therefore form FRET trimers. The kinetic theory of FRET was used to determine the range of
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excitation powers and combination of wavelengths for which the correct relationship exists
between the FRET efficiency of dimers and those of trimers. In addition, for comparatively
higher excitation powers, we used a simple but effective numerical method to estimate the
degree to which photobleaching of donors and acceptors was responsible for the observed
discrepancies between the two sets of FRET efficiencies. In light of these analyses, we
quantified photobleaching effects and the extent of their contributions to FRET investigations,
as well as identified the general conditions for performing accurate FRET spectrometry

measurements using fusion fluorescent proteins [9, 10, 143, 144].

4.2. Materials and methods

4.2.1. Fluorescent protein constructs

The plasmids for all the protein constructs used in this work are gifts from Dr. Stephen VVogel.
They were expressed and localized in the cytoplasm of Chinese hamster ovary (CHO) cells (see
section 2.2). The fluorescent protein fusion constructs [148] used to study FRET were made
from combinations of three domains (see Fig. 4.1): Cerulean, as a donor (D) of energy, Venus,
as an acceptor (A) of energy, and Amber, a non-fluorescent (N) structural place holder
containing a point mutation preventing chromophore formation. Two of the constructs (denoted
as NDA and ADN hereafter) are dimeric from the FRET standpoint, as they consisted of a
single D and a single A involved in energy transfer. The third construct (denoted as ADA) is
referred to below as a trimer, since it contains three fluorescent domains, consisting of two As
and one D. Cells expressing a construct consisting of Amber fused to Cerulean (i.e., Amber-5-

Cerulean, A5C) were also imaged to obtain the emission spectrum for Cerulean. Finally, the
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emission spectrum of the acceptor was acquired by imaging CHO cells expressing the Venus

protein, which is also localized in the cytoplasm.

N A A
FRET FRET
FRET FRET
Fr,D rr,D l"r,D
o D D oD
Fnr,D l—*nr,D I‘nr.D

Figure 4.1. Schematic representation of cytoplasmic FRET constructs and the various pathways
for energy loss from the excited donor. White cylinders represent amber (a non-fluorescent structural
placeholder, N), cyan cylinders represent the fluorescent molecule Cerulean (a donor of energy, D), and
yellow cylinders represent Venus (an acceptor of energy, A). The various arrows indicate possible
pathways through which the excited donor loses energy. Wavy arrows indicate radiative loss (I'"P),
dashed arrows indicate non-radiative loss (I'™P), and solid arrows pointing toward A from D depict
energy transfer through FRET (I'FRET),

4.2.2. Cell culture and protein expression

CHO cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 1% L-glutamine, 1% penicillin/ streptomycin, and 1% non-essential
amino acids. All reagents were purchased from Fisher Scientific unless noted otherwise. Cells
were seeded onto 35-mm No. 1.5 coverglass culture dishes (Part No. NC079415, Cellvis, CA),
at a density of 7 x 10* cells per dish; the dishes incubated for 48 h at 37 °C in a humidified
environment with 5% CO>. One such dish was prepared for each of the samples mentioned in
section 2.1, for a total of 5 dishes. After incubation, each dish was transfected with a single
plasmid encoding for one of the five constructs described above. A total of 2 pg plasmid DNA

was used for the transfection procedure, along with 8 ul lipofectamine 2000 (Invitrogen,
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Carlsbad, CA) and diluted in 250 pl OptiMEM (Invitrogen), according to a previously described
procedure [150]. After transfection, the dishes were returned to the incubator. After 24 h, the
dishes were removed from the incubator and taken for imaging. For imaging, the cell growth
medium was removed, and the cells were first rinsed with Dulbecco’s phosphate-buffered saline

(DPBS; REF:14190-144, Life Technologies, NY) then resuspended in DPBS.

4.2.3. Spectrally resolved imaging

Spectrally resolved fluorescence images of CHO cells expressing the cytoplasmic fluorescent
constructs were acquired using a previously described two-photon (2P) optical micro-
spectroscope [66]. This imaging system consisted of a mode-locked Ti-Sapphire laser (Mai
Tai™, Spectra Physics, Santa Clara, CA), which generated 100 fs pulses with tunable central
wavelengths between 690 nm and 1040 nm and was used as the excitation source, an OptiMiS™
scanning/detection head (Aurora Spectral Technologies, Grafton, W1), and an inverted Nikon
Eclipse Ti™ microscope (Nikon Instruments, Inc. Melville, NY) equipped with an infinity-
corrected oil-immersion objective (NA=1.45, 100x). The OptiMiS detection head used a non-
de-scanned acquisition scheme in which emitted fluorescence was spectrally resolved by
passing it through a transmission grating and projecting it onto a cooled electron-multiplying
charge-coupled device (EMCCD) camera (iXon Ultra 897; Andor Technologies, South
Windsor, CT), similar to previously described systems [6, 66, 91]. The excitation beam was
focused to a diffraction-limited spot which was scanned across the sample along an entire line
consisting of 440 pixels (with a pixel dwell time of 35 milliseconds) while the camera integrated
the fluorescence signal during the course of the entire sweep. 300 such lines were scanned,

which each such line providing an entire emission spectrum for each pixel. By raster scanning
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the beam across the sample in this manner, we acquired 3D fluorescence micro-spectroscopic
image stacks, with two dimensions representing spatial distribution of the fluorophores and the
third dimension corresponding to the emission spectrum. The spectral resolution was set at 1.1
nm.

Three different pairs of excitation wavelengths (800 nm/880 nm, 800 nm/960 nm, and
880 nm/960 nm, maintaining their order) and various excitation powers (15 mW/point, 42
mW/point, 52 mW/point, and 62 mW/point) were used to explore the impact of excitation
wavelength and power on the determination of FRET efficiency. Each field of view was
scanned using a single excitation power and a single pair of excitation wavelengths. For each
excitation power, four to five experiments were conducted, each of which generated a complete
set of measurements of all FRET constructs, acquired using all three pairs of excitation
wavelengths (~10 fields of view, or about 30 cells, per excitation power per wavelength pair).
All measurements were taken by focusing the laser on the cross-sections of CHO cells,
particularly the parts corresponding to the cytoplasm, which were cultured on the coverslip

surface as described in section 2.2.

4.2.4. Image analysis and calculation of FRET efficiency

4.2.4.1. Spectral unmixing and segmentation of intensity map

The composite emission spectrum from each pixel in the micro-spectroscopic images of cells
expressing cytoplasmic trimeric FRET constructs was deconvolved (unmixed) into donor (D)
and acceptor (A) components using linear regression, as described elsewhere [5, 10, 66]. The
elementary spectra for Cerulean [151] (donor) and Venus [152] (acceptor) used in the unmixing

procedure were obtained by imaging cells expressing A5C only and Venus only, respectively
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[88]. By applying the unmixing procedure to each pixel of a fluorescence micro-spectrograph,
we obtained 2D maps of donor intensity in the presence of acceptor, kP2, and acceptor intensity
in the presence of the donor, k"°. The kP and kAP values thus obtained were multiplied by the
area underneath the elementary spectra of D and A, respectively, to obtain the total donor
fluorescence emission in the presence of the acceptor, FPA, and total acceptor fluorescence
emission in the presence of donor, FAP, for each image pixel. Pixel-level apparent FRET
efficiency values, E,,,,, were calculated using the corresponding F°* and F" at each pixel (see
section 4.2.4.2). FPA map were used to manually demarcate regions of interest (ROISs) in the
micro-spectroscopic scans, which were then segmented into areas of ~900 pixels using a
moving-square algorithm described in a previous publication [101]. The pixel locations for each
segment were saved and paired to the corresponding image source. In the dual-wavelength
excitation approach, segment-level FRET efficiency values were calculated using the average

FPAand FAP obtained for the corresponding segment (see section 4.2.4.3).

4.2.4.2. Eqpp determination using single-wavelength excitation
For excitation wavelengths that do not lead to appreciable direct excitation of the acceptor, the
FRET efficiency can be calculated from using the following equation [66]:

ApDA1~1
O°F l , (4.1)

Esingte = I1+ W

where QP and Q4 are the quantum vyields of the donor (D) and acceptor (A), respectively.

Determining FRET efficiency values using the single-wavelength excitation method is simpler
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to implement and less prone to calibration errors but it could lead to inaccurate FRET efficiency
values when its underlying approximation does not hold.

Following, pixel-level Eg;p, 4. calculation, we split the ROls in each cell into segments,
as described above, and a histogram of E;,, 5. values was constructed for each segment using
a bin size of 0.005. Then, the dominant peak of each individual segment histogram was
extracted and used to create a “meta-histogram” of the dominant peak positions. The bin size
used to construct the meta-histogram was chosen to be equal to 0.02, as described previously[6,
143, 144]. Finally, we extracted a measured value of the FRET efficiency, E;,, 4, from the
meta-histogram for each FRET construct using the dominant peak (mode) position of the meta-

histogram.

4.2.4.3. Eapp determination using single-wavelength excitation

Scanning the sample at two excitation wavelengths allowed us to obtain the concentrations of
both Ds and As, and to correct the computed FRET efficiency from inadvertent contributions
from direct excitation of the acceptors. Spectral unmixing of such images resulted in four
separate 2D maps: the fluorescence signal of the donor obtained from the first (F24) and second
(FP4) excitation wavelengths and the acceptor emission at the first (F/A°) and second (F;'P)
excitation wavelengths. In this case, the FRET efficiency was computed via the following
equation [80]:

(PP = p 4 fp=?) ]

E =11 ,
R I

(4.2)
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where QP and Q4 are the quantum yields of the donor and acceptor, respectively, the subscript
in (EP4Y or (EAP) is x = 1 for the first excitation wavelength, and x = 2 for the second; while
the () symbol represents the average over all pixels in an ROl segment. The quantities
p®* P and p®* 4 are the intensity ratio of the donors and acceptors, respectively, between the
two excitation wavelengths, i.e., p®* = (E”)/(F;)) where y=D or A; these ratios were
obtained by scanning samples expressing only the donor or only the acceptor using the same
pair of excitation wavelengths. The dual-wavelength excitation scheme compensates for any
direct excitation of the acceptor and also provides the donor and acceptor concentration — which
enables the straightforward calculation of the acceptor molar fraction, as described in detail in
previous publication [6].

In this study, we used three different excitation wavelength pairs for the dual-
wavelength excitation protocol: 800 nm/880 nm, 800 nm/960 nm, and 880 nm/960 nm. The
values of p®&4 and p®* 2 are dependent on the specific pair of excitation wavelengths used
to implement the dual-excitation scan. Therefore, the cells expressing Venus and A5C were
measured separately to acquire the calibration factors p* P and p®*4 for each pair of
wavelengths. A single value of E,;,,,; was calculated per image segment (as opposed to per pixel
as described in the previous section) using the average values of F24, FAP, FP4 and F{'P from
the corresponding segment, because molecules can diffuse into and out of a pixel within the
time it takes to change the excitation wavelength of the laser and scan the sample again.
Subsequently, we determined the measured FRET efficiency for the dual-wavelength excitation
method by averaging E;,,,; values across all segments from all measurements for each specific

construct.
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4.2.4.4. Calculation of the weighted average and standard error of the FRET
efficiency

Four to five datasets were collected for each of the three FRET constructs at each of the
excitation powers and pairs of excitation wavelengths. Those results were used to compute a
weighted average for each construct for a specific power and excitation wavelength pair using

following equation:

E=—™m—, (4.3)

where, E,,, and a,, represent the average and standard deviation, respectively, of the FRET
efficiency distribution for each dataset, m.

Similarly, the variability associated with each of the weighted average of the FRET
efficiency values was obtained from the weighted standard deviation of the corresponding

FRET values, using following equation:

SE,, = (zm i)_z, (4.4)

where, E,, and g, are the measured FRET efficiency and standard deviation, respectively,

obtained for each dataset.
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4.2.5. Relationship between FRET dimers and trimers

For the ADA multiplexes containing more than one acceptor, the FRET efficiency may not only

be measured directly but also predicted using Egn. (2.111) in section 2.4.2,

Epred _ 2;:11 Ej/]‘ B Ej
PN B/ - E

(4.5)

inwhich n =2, and E; for j =1,2 are replaced by the measured FRET efficiencies of the dimeric

FRET constructs NDA and ADN to obtain:

Epred _ ENDA/(1 - ENDA) + EADN/(1 - EADN)

_ ) (4.6)
ADA 1+ ENDA/(]‘ — ENDA) + EADN/(l - EADN)

A value of EP7%* was computed using this relationship for each excitation condition (i.e.,
excitation wavelengths and powers) using the values obtained from separate measurements on
the constructs NDA and ADN using the same imaging conditions.

The kinetic theory of FRET was tested by comparing the measured FRET efficiency of
the ADA construct, E,p,,, with the predicted FRET efficiency of the same construct, E76%,
obtained using Eq. 4.6 and the measured FRET efficiencies of the ADN and NDA complexes.
In order to gauge whether any significant difference between E,,, and Ej’gjd was found, we
needed to the find the variability (error) associated with both the measured and predicted

quantities. The error associated with the predicted FRET value of the ADA complex, SEP15%,
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was found using linear error propagation of the individual NDA and ADN measurements as

follows:

OEnpa OE4pn

_.|_
(1 —Eypa)® (1 —Epy)?
5Ef£id — NDA ADN ’ (4.7)

ENDA EADN ) ( ENDA EADN )
+ 1+ +
(1 - ENDA 1- EADN (1 - ENDA) (1 - EADN)

where og, ,, and o, are the standard deviation (SD) of the measured FRET efficiency for

the constructs NDA and ADN, respectively.

It should be noted that a value of X35 was calculated for each excitation condition
(i.e., for various excitation wavelengths and powers) using the values obtained from separate

measurements on the constructs NDA and ADN using the exact same imaging conditions.

4.2.6. Numerical method for estimating the degree of photobleaching

To estimate the effect of D and A photobleaching on the FRET efficiency we used a protocol
illustrated in Figures 4.2 and 4.3. The initial step in the numerical simulation involved randomly
dispersing the trimeric FRET constructs (ADA) onto an array of 1,200 pixels, with 20 constructs
assigned to each pixel. Then the construct-level fluorescence signals of donor and acceptor were
computed for all possible forms of the construct, are given in the table at the top of Figure 3.
These construct level fluorescence signals were determined from known absorption
coefficients, quantum yields, and the measured FRET values of the constructs (Expn, Enpas
and E,, ) obtained at the lowest excitation power of 15 mW/point (i.e., the power at which
photobleaching was minimal). Next, individual donors and acceptors in the pixel array were

randomly “turned off” (i.e., photobleached), so that they do not participate in FRET. The
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decision process for photobleaching relied on one of the inputs photobleaching parameters. For
the first step, the parameters needed were the probabilities that a donor or acceptor undergoes
photobleaching after the excitation at 11 was completed, i.e., P}y and P}, respectively. If the
fluorescent molecule was assumed as photobleached, it was then converted into a non-
fluorescent molecule, N, and the original ADA construct was reclassified as a different species.
If, for example the random decision process resulted in the first A in an ADA construct being
photobleached while the other two molecules remained unbleached, the resulting construct after
this step became NDA. If the donor was assumed as photobleached the same construct became

ANA, which is not FRET productive.

FP4 and FAPcalculation based on input values

Construct ADA ADN NDA NDN ANA ANN NNA NNN
Eapp 0.739 0.597 0.534 0.000 0.000 0.000 0.000 0.000
FPA 0.144 0.223 0.257 0.552 0.000 0.000 0.000 0.000
F{AP 0.473 0.352 0.320 0.000 0.098 0.049 0.049 0.000
F{P 1.519 0.969 0.911 0.000 0.840 0.420 0.420 0.000
Pre-bleach: Assign a number of distinct complexes
ADA, ADA, ..|ADA, ADA, ..|ADA, ADA,.-f [ aD | I Shhale
ADA, ADA, ..|ADA, ADA, .. _ADA,':&bA, . ,_.?’""“AC;!N simy
ADA, ADA, ..| ADA, ADA:"-| ADA, ADA, .. . | S
Bleachat1tScan ~ b—x i BT N
—— DN ___________________ S Y E*"9t calculation
, s .. . ........... o Summing l ;A: 1AD
ADA, ANA | |..ooee2 S oy TR | Fi™ Fy
ADN, NNA, .. 1 andh FP* FP dual ,
Bleach at 2™ Scan {Esimu calculation
! each a ca - Egimil
F 12
NDN, ADN, .. Summing | 2 | [esim
ADA,ANN, .| ... | I .
F3 and F AD ESimu
NDN, NNA, .. F; dual

Figure 4.2. Flowchart illustrating the step-by-step process of the numerical simulation for
analysing the effect of photobleaching on the FRET efficiency of a trimeric FRET

construct, ADA.
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Figure 4.3. Flowchart illustrating the data fitting procedure for determining donor and acceptor
photobleaching probabilities under a specific excitation condition. The procedure applied an array
of photobleaching parameters to a numerical simulation of FRET complexes (workflow for the
numerical simulation shown in Fig. 4.2). For each set of parameters, a FRET efficiency value was
determined. These values, incorporating photobleaching probabilities, were compared with
experimental FRET efficiencies using the fitting residual (Eq. 4.11). The set of parameters resulting in
the minimum residual were taken as the specific contributions of donor and acceptor photobleaching in
the FRET measurement under the excitation.

After repeating the process of assigning photobleached (i.e., N) status to a fraction of
the molecules in each simulated pixel, we computed the total donor fluorescence signal (FP4)
and acceptor fluorescence signal (F{*P) by summing up the emitted signal from each construct
in said pixel. This is akin to collecting the fluorescence intensity values resulting from the 1
excitation wavelength in the measured data. The values of FP4 and FAP were calculated

according to the following formula:
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FPA = ZlFf}q = 2(ePQPNP — ePEQP), (4.8)

FfP = ZlFf;) = Yi(efQANA + €PEQ4), (4.9)

where the summation extends over all the constructs, 1, in that particular pixel, and N? and N
are the number of D and A in a given construct arrangement, [, and E,; the FRET efficiency of
said construct arrangement. Due to the possibility of undergoing photobleaching, there are [ =
8 potential arrangements of the ADA construct which could arise due to photobleaching, i.e.,

ADA, ADN, NDA, NDN, ANA, ANN, NNA and NNN.

Next, we simulated the effect of random photobleaching during the second excitation
step, i.e., at the second excitation wavelength. The process was similar to the first simulation
step, except for utilizing a different set of input photobleaching parameters, i.e., Py, and Pjy.
The fluorescence intensities of each pixel were calculated according to the following formula

(which is similar to the one used at step 1):
P = Y FP = D (407N + e E0%) (410)
l l

Finally, utilizing the pixel-level fluorescence intensities, we estimated the apparent
FRET efficiency for each simulated pixel. We use eq. 4.1 to estimate simulated FRET
efficiency for the single-wavelength excitation (E;};gg;e) method and eq. 4.2 to estimate
simulated FRET efficiency for the dual-wavelength excitation ( ESI™*) method. After

calculating the FRET efficiency in each pixel of the simulated camera array using eq. 4.1, we

constructed a histogram of :},’[gfe values, and extracted the peak of this histogram. We also

computed the average ESI™% value over the array of pixels using equation 4.2.

121



As stated above, we employed a 3D array of donor and acceptor photo-bleaching
probabilities. Each point in the 3D array contained a unique combination of Py, P}, and Pj5.
A separate numerical simulation was performed for each point in the 3D array of photo-
bleaching probabilities. Furthermore, to reduce potential errors, we repeated the simulation 20
times for each set of photo-bleaching probabilities. For the dual-wavelength method, the value
of ESIM* js estimated from the average of the FRET efficiencies obtained from all 20
repetitions. Whereas for single-wavelength method, the dominant peak of histogram from each
repetition was extracted and used to create a “meta-histogram” of the dominant peak positions
using a bin size of 0.01, similar to what was performed for the measured FRET efficiency values
obtained using the single-wavelength method (described previously in the section 4.2.4.2).
Ultimately, for a single set of photobleaching probabilities, we obtained an average simulated
FRET efficiency for both excitation methods, single- and dual-wavelength excitation. This

array of simulations was performed for all the FRET constructs, i.e., NDA, ADN, and ADA.

Once the simulated FRET efficiencies were estimated for all three FRET constructs, the
predicted FRET efficiency (Egi’;‘;) for the trimeric construct was also estimated utilizing
simulated FRET efficiencies of dimeric constructs ADN and NDA. Thereafter, the discrepancy

AE,p, = EST™ — ;?gg was determined for the trimeric construct, similar to what we have

done for the measured data.

We found a high fitting error when calculating the residual by comparing individual
construct’s measured and simulated FRET efficiencies. Thus, we fixed the photobleaching
probabilities of donor and acceptor to the same values across both dimeric (NDA and ADN)
and trimeric construct (ADA) to estimate the simulated FRET efficiencies. This was achieved
by comparing the simulated FRET efficiencies of all the constructs for each set of bleaching
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probabilities with those measured experimentally, by computing fitting residuals using

following equation:

Residueal

2
Z(Erlneas single SLmul smgle) + Z( meas,dual ~— sllmul dual) (4'11)

where i is a summation index that stands for the constructs “NDA,” “ADN,” and “ADA,”

i l .- . - . .
meas,single N0 Esimu1 singie are FRET efficiencies measured using the single-wavelength

protocol and simulated, respectively, for each construct, while E} oq guq; @nd Esiimul,dual are
FRET efficiencies measured using the dual-wavelength excitation protocol and, respectively,
simulated for each construct. The input photobleaching parameters were varied from 0 to 1 in
steps of 0.5, as illustrated in Figs. 4.2 and 4.3. The photobleaching probabilities of D and A for
a particular excitation power and excitation wavelength pair were determined based on the set

of photobleaching probabilities corresponding to the lowest overall residual.

4.3. Results

4.3.1. Validation of the experimental and data analysis protocols under low
excitation power

The overall goal of this study is to evaluate the impact of the excitation conditions on the
photobleaching of FRET donors and acceptors and how photobleaching affects the accuracy of
the results. To do this, we took advantage of important tools available to us, including: (1)
Pulsed excitation light (see Methods) to avoid errors caused by the acceptors and donors being

simultaneously in an excited state and therefore unable to be involved in FRET (see
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Introduction). (2) A trimeric acceptor-donor-acceptor (ADA) construct that presents a high
FRET efficiency that is relatively easy to determine with high accuracy, and two additional
dimeric constructs, NDA and ADN (where N is a dark place holder) whose FRET efficiencies
are used to predict (for comparison to experiment) the FRET efficiency of the ADA construct.
(3) An optical microspectroscope with high signal-to-noise ratio, which allows us to accurately
determine FRET efficiencies at low as well as high excitation powers, i.e., in the presence or
absence of photobleaching, respectively.

Two methods have been used in the past to determine the FRET efficiency of oligomeric
constructs: single and dual-wavelength excitation schemes. In the first approach, the FRET
efficiency is determines using only one excitation wavelength that excites the donor
significantly while exciting the acceptor only minimally [66, 80]. This method simplifies the
process and avoids calibration errors that could be caused by an additional scan of the sample.
The dual-excitation method, on the other hand, involves scanning the sample at two different
wavelengths. The second excitation scan allows for both the correction of the contribution to
FRET of the unintended direct excitation of the acceptor at the first excitation wavelength and
the estimation of the concentration of donors and acceptors [10, 80]. In this section we compare
the accuracy of these two methods using the lowest excitation power we could achieve without
compromising the signal to noise levels.

For the single-wavelength excitation method, we tuned the center wavelength of the
laser pulses to 800 nm. This wavelength is known to induce appreciable two-photon excitation
of Cerulean but negligible excitation of Venus fluorescent proteins [14]. Typical results for the
trimeric construct ADA expressed in the cytoplasm of CHO cells are illustrated in Fig. 4.4.

After spectrally unmixing the composite microspectroscopic images of the samples (Fig. 4.4a
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and b), the FRET efficiency was computed using Eq. (4.1) for every pixel to generate two-
dimensional FRET efficiency maps (Fig. 4.4c) on which regions of interest (ROI) were
manually drawn and divided into smaller segments (Fig. 4.4c) as described in Materials and
Methods. A histogram was then generated from the Eapp values of all pixels within a particular
segment (Fig. 4.4d). Finally, the peak positions of each Eapp histogram were collected and used
to generate a final distribution of the frequency of occurrence of each peak value, i.e., a meta-
histogram of Eapp (Fig. 4.4a). The process was repeated for each FRET construct for all the cell
samples investigated. From the peak position (i.e., mode) of each meta-histogram (Fig. 4.4e),

the weighted average Eg; g7, £ SD,, was computed for all the ROIs for each construct using

each chosen excitation power.

Average FRET efficiencies obtained in the case of single excitation wavelength (at for
each of the three FRET constructs at the lowest excitation power used in this work (15 mW per
point) are listed in Table 4.1, and all four excitation powers in Tables 4.5-4.7. As we it will
become apparent momentarily, the FRET efficiencies obtained for the 15 mW laser power
provide good reference points for the subsequent assays, in that they are minimally affected by
photobleaching. We note for now that difference between the FRET efficiency value measured
for the ADA fusion protein stands in good agreement with the one computed, or "predicted,”
from measurements of the NDA and ADN constructs using a relationship obtained from the
kinetic theory of FRET (see Ref. [88] and Materials and Methods section 4.2). The overall
difference is 0.027 or about 3.5%, which is within the standard deviation for these

measurements.
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Figure 4.4. Typical result obtained from imaging CHO cells co-expressing cytoplasmic FRET
constructs using two-photon excitation at 800 nm. Unmixing of the original fluorescence micro-
spectrographs resulted into two-dimensional intensity maps were generated for the signal of (a) donors
in the presence of acceptors, kP, and (b) acceptors in the presence of donors, k"°. Apparent FRET
efficiency, Eapp, maps (c) were computed from the pixel-level values of k*° and kP*. Hand-drawn regions
of interest for the Eapp, maps are divided into smaller segments (red squares) using the moving-squares
method (see Materials and Methods). Panel (d) shows individual Eapp histograms generated (using a bin
size of 0.005) for the randomly selected segments labeled with 1 (red line, filled circles) and 2 (blue
line, empty circles) in c. A meta-histogram (e) obtained for the FRET construct ADA from a typical
experimental dataset (~ 20 images) was generated by combining the peak positions of individual Eapp
histograms generated from each ROI segment of all the cells imaged expressing this construct.

Table 4.1. Apparent FRET efficiencies (weighted averages = weighted standard deviation,
SD,, or propagated error, 8) for cytoplasmic FRET constructs using single-wavelength
excitation at 800 nm and average laser power of 15 mW/point (energy, 0.38 pJ per pixel).
The total error computed by adding individual errors in quadrature is shown in parentheses.

Constructs Apparent FRET efficiencies
Egingiet SDw EPredy sppred AEjpat SAEppa
NDA 0.581 + 0.023 — —
ADN 0.628 + 0.022 — —
ADA 0.781 + 0.040 0.754 £ 0.017 0.027 £ 0.057 (0.043)
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We also computed the average FRET efficiency for each of the three constructs using
Eq. 4.2, which incorporates measurements from a second excitation wavelength in the
calculation. To compare the effect of photobleaching induced at different excitation
wavelengths, we performed separate experiments using three pairs of excitation wavelengths:
800 nm/880 nm, 800 nm/960 nm, and 880nm/960 nm. The results obtained from all three pairs
of excitation wavelengths at the lowest excitation power (of 15 mW/point) are summarized in
Table 4.2. In this case, the differences between the FRET efficiency values measured for the
ADA fusion protein and the ones computed, or "predicted,” from measurements of the NDA
and ADN constructs were even smaller than reported above (i.e., 1.9%, 1.5%, and 2.4%, for the
800 nm/880 nm, 800 nm/960 nm, and 880nm/960 nm wavelength pairs, respectively) and well

within the calculated error for these quantities.

Table 4.2. Apparent FRET efficiencies (weighted averages + weighted standard deviation,
SD,,, or propagated error, 8) for cytoplasmic FRET constructs measured using the two-
wavelength excitation protocol for three different pairs of wavelengths average laser
powers of 15 mW/point (energy, 0.38 nJ per pixel) for all the excitation wavelengths used.
Total error computed by adding individual errors in quadrature is given in parentheses.

Constructs ~ Wavelength Apparent FRET efficiencies

pairs (nm/nm) E g SDw Efl’gi‘ii s E}f;id AE, pat SAE p,

800/880 0.539 + 0.022 — —

NDA 800/960 0.532 +0.020 —_ —_

880/960 0.530 +0.023 —_ —_

800/880 0.606 £ 0.021 —_ —_

ADN 800/960 0.594 + 0.019 —_ —_

880/960 0.592 + 0.017 — —
800/880 0.744 £ 0.014 0.730+£0.017 0.014 +0.031 (0.022)
ADA 800/960 0.733£0.014 0.722 £0.016 0.011 £ 0.030 (0.021)
880/960 0.739 £0.019 0.721+£0.016 0.018 £ 0.035 (0.025)
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By comparing the results shown in Table 4.2 to those shown in Table 4.1, it becomes
evident that the FRET efficiencies extracted from the single-wavelength excitation method
were consistently higher (by 5% or more) than those obtained from the dual-wavelength
excitation scheme, for all the constructs investigated. These differences originated from an

overestimation of the Eg;; o7, due to weak by non-negligible direct excitation of the acceptors

at 800 nm, which is not accounted for in Eq. 4.1 but is included in Eq. 4.2 through the quantity

pe* 4 (see Table 4.3).

Table 4.3. The intensity ratio of the donors p®* 2) and acceptors (p®*4) between two
excitation wavelengths at various excitation powers. The measurements were performed
for three different excitation wavelength pairs: 800 nm/880 nm, 800 nm/960 nm, and 880
nm/960 nm and four different excitation powers: 15 mW/point (corresponding to an excitation
energy 0.38 wJ per pixel), 42 mW/point (energy, 1.07 wJ per pixel), 52 mW/point (energy, 1.32 uJ
per pixel), and 62 mW/point (energy,1.58 uJ per pixel).

Ejévelengths Coefficient 15 mW/point 42 mW/point ?nZW/point ?nZW/point

800 nm /880 nm Z - Oéi g:ii 8:?2 8223
800 nm /960 nm Z - lé:gg 3;82 33; Z):é;
880 nm /960 nm Zi 23:2# 13:32 18:4113 13}712

Table 4.4. The input FRET efficiencies for numerical simulation. These values are weighted
average FRET efficiencies across all excitation pairs at power 15 mW/point (energy, of 0.38 uJ
per pixel).

Constructs AvQ. E 4,4 Of all ex. pairs at 15 mW/point
NDA 0.534
NDA 0.597
ADA 0.739
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Table 4.5. Weighted average of apparent FRET efficiencies + SE of all datasets obtained
for each FRET construct measured using both single and dual excitation methods for the
experiments carried out at 800 and 880 nm. The following average excitation powers per
point were used: 15 mW (energy, 0.38 uJ per pixel), 42 mW (energy, 1.07 uJ per pixel), 52 mW
(energy, 1.32 pJ per pixel), and 62 mW (energy,1.58 wJ per pixel). Total error computed by adding
individual errors in quadrature is given in parentheses.

P Excitation Apparent FRET efficiencies
ower
Constructs Wavelength
(mW) (nm) Emeast SDw  Epreat 0Epreq AE o5 = SAE
NDA 800 0.556 + 0.023 — —
800/880  0.539 +0.022 — —
800 0.631 +0.021 — —
15 ADN
800/880  0.606 £ 0.021 — —
ADA 800 0.778£0.026  0.748 £ 0.017 0.030 £ 0.043 (0.031)
800/880 0.744£0.014  0.730 +0.017 0.014 £ 0.031 (0.022)
NDA 800 0.568 + 0.019 — —
800/880  0.504 +0.020 — —
800 0.629 + 0.020 — —
42 ADN
800/880 0.571 £ 0.020 — —
ADA 800 0.773+0.026  0.751 £0.015 0.022+0.041 (0.030)
800/880 0.696 +£0.022  0.701 +0.017 -0.005+0.039 (0.028)
NDA 800 0.549 + 0.029 — —
800/880 0.471 £ 0.027 — —
800 0.635 + 0.020 — —
52 ADN
800/880  0.550 £ 0.018 — —
ADA 800 0.786 £0.025  0.747 £0.019 0.039+0.044 (0.031)
800/880 0.704 £0.022  0.679 +0.019 0.025 £ 0.041 (0.029)
800 0.554 + 0.026 = =
NDA
800/880  0.452 £ 0.033 — —
62 ADN 800 0.637 £ 0.021 — —
800/880 0.517 £ 0.024 — —
ADA 800 0.776 £0.028  0.750 £ 0.018 0.026 + 0.046 (0.033)

800/880 0.665+0.035  0.655 + 0.025 0.010 + 0.060 (0.043)
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Table 4.6. Weighted average of apparent FRET efficiencies + SE of all datasets obtained
for each FRET construct measured using both single and dual excitation methods for the
experiments carried out at 800 and 960 nm. The following average excitation powers per
point were used: 15 mW (energy, 0.38 uJ per pixel), 42 mW (energy, 1.07 uJ per pixel), 52 mW
(energy, 1.32 pJ per pixel), and 62 mW (energy,1.58 wJ per pixel). Total error computed by adding
individual errors in quadrature is given in parentheses.

P Excitation Apparent FRET efficiencies
OWEr ConstructsWavelength
(mW) (nm) Emeast SDw  Eprea® 0Epreq AE 005 £ SAE
800 0.575 £0.021 —_ —
SIDEA 800/960 0.532 +0.020 S —_—
800 0.615£0.017 - —
= s 800/960 0.594 +0.019 —_ —_—
ADA 800 0.779 £ 0.048 0.747 £0.015 0.032 + 0.063 (0.050)
800/960 0.733 £0.014 0.722 £0.016 0.011 £0.030 (0.021)
800 0.575 +0.020 —_— —_—
NIRZA 800/960 0.503 +£0.019 —_ —_—
800 0.629 £ 0.017 —_— —_
2 s 800/960 0.577 £0.016 —_— —_—
ADA 800 0.781 + 0.035 0.753 £0.014 0.028 + 0.049 (0.038)
800/960 0.715+0.01%8 0.704 £ 0.015 0.011 £0.033 (0.023)
800 0.583 +0.026 —_— —_
SR 800/960 0.470 + 0.027 —_— —_
800 0.646 +0.018 o S
e BIN 800/960 0.556 £ 0.021 —_— —_—
ADA 800 0.764 + 0.023 0.763 +0.016 0.001 + 0.039 (0.028)
800/960 0.671 £0.021 0.681 +£0.021 -0.010 £ 0.042 (0.029)
800 0.557 +£0.024 —_— —_—
SIREA 800/960 0.428 +0.027 —_ —_
800 0.623 + 0.020 —_ —_
62 ADN  o00i060 0513+ 0.024 — —
ADA 800 0.763 = 0.030 0.744 +£0.017 0.019 +0.047 (0.035)
800/960 0.643 + 0.035 0.643 + 0.023 -0.000 £ 0.058 (0.042)
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Table 4.7. Weighted average of apparent FRET efficiencies + SE of all datasets obtained
for each FRET construct measured using both single and dual excitation methods for the
experiments carried out at 880 and 960 nm. The following average excitation powers per
point were used: 15 mW (energy, 0.38 uJ per pixel), 42 mW (energy, 1.07 uJ per pixel), 52 mW
(energy, 1.32 pJ per pixel), and 62 mW (energy,1.58 wJ per pixel). Total error computed by adding
individual errors in quadrature is given in parentheses.

Excitation Apparent FRET efficiencies
Power Constructs Wavelength
(mWwW) . Epmeast SDw  Epreat 0Epreq AE cqs £ OAE
NDA 880 0.649 £ 0.019 — —
880/960  0.530 £ 0.023 — —
15 ADN 880 0.628 £ 0.022 — —
880/960  0.592 £ 0.017 — —
ADA 880 0.781£0.040 0.754 £0.017 0.027 £ 0.057 (0.043)
880/960  0.739+0.019 0.721 +0.016 0.018 £ 0.035 (0.025)
880 0.677 £ 0.017 — —
NDA 880/960  0.477 £ 0.023 — —
42 ADN 880 0.713 £ 0.015 — —
880/960  0.565 £ 0.020 — —
ADA 880 0.839+£0.019 0.821+£0.011 0.018 = 0.030 (0.022)
880/960  0.683+0.026  0.688 +0.018 -0.005 + 0.044 (0.032)
880 0.670 £ 0.020 — —
NDA 880/960  0.460 £ 0.026 — S
880 0.732 £ 0.016 — S
52 ADN
880/960  0.536 £ 0.021 — —
ADA 880 0.849+£0.019 0.826 £0.012 0.022 + 0.031 (0.022)
880/960  0.658 £0.027  0.667 +0.021 -0.010 £ 0.048 (0.034)
880 0.680 + 0.019 — —
NDA 880/960  0.436 = 0.030 — —
62 ADN 880 0.716 £ 0.014 — —
880/960  0.513 +0.024 — —
ADA 880 0.850 £ 0.020  0.823£0.011 0.027 £ 0.031 (0.023)
880/960  0.645+0.033  0.646 = 0.024 -0.001 + 0.057 (0.041)

Overall, the above observations support the notion that the use of the second excitation
wavelength is warranted and confirm the validity of measurement method based on two

excitation wavelengths.
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4.3.2. Effect of higher excitation power on FRET efficiency

Having established the accuracy of the method in the absence of significant photobleaching of
the donors or acceptors, we next wanted to use it to explore the effect on the FRET efficiency
values of increased excitation power and, hence, the likelihood that the molecules are
photobleached. We performed measurements using three additional excitation powers (42
mW/point, 52 mW/point, and 62 mW/point) for both the single and the dual-wavelength
excitation schemes. The measured FRET efficiency values of the ADA construct for all
excitation wavelength pairs, presented in Fig. 4.5, decreased significantly with increasing the
excitation power, due to photobleaching of either the donor or the acceptor. (The specific degree
of photobleaching of the donors and acceptors has been assessed using computer simulations
and will be discussed in the next section.) By contrast, the gray solid circles representing FRET
efficiencies for single-excitation at 800 nm only show no significant effect of the increased
power on FRET. The results for the other two FRET constructs (ADN and NDA), shown in
Tables 4.5-4.7, showed similar behavior for all the excitation wavelengths used. These changes
suggest that the acceptors were photobleached during the measurement process through direct

excitation, energy transfer, or both.
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Figure 4.5. Apparent FRET efficiencies (Eap) obtained using single- and dual-wavelength
excitation methods at various powers for the cytoplasmic FRET construct, ADA. The experiments
involved four excitation schemes; single-wavelength excitation at 800 nm, and dual-wavelength
excitation at three pairs of wavelengths: 800 nm/880 nm, 800 nm/960 nm, and 880 nm/960 nm. (a) The
measured FRET efficiencies using various schemes of excitation, gray solid circles represent the FRET
efficiencies for single-wavelength excitation at 800 nm, black empty circles represent the FRET
efficiencies excitation pair 800 nm/880 nm, blue solid squares represent for excitation pair 800 nm/960
nm, green empty squares represent for excitation pair 880 nm/960 nm, and the red symbols x with red
line represent the weighted average FRET efficiencies across all three pairs of excitation wavelength
utilizing dual-wavelength excitation method. The FRET efficiency for each excitation scheme was
estimated from the weighted average FRET efficiencies of four or five different experiments obtained
for that scheme at a distinct power. (b) Difference between FRET efficiencies of individual excitation
pair and the weighted average FRET efficiencies across all excitation pairs. Black striped bars, blue
solid bars, and green hatched bars represent the variance of FRET efficiency for excitation pairs 800
nm/880 nm, 800 nm/960 nm, and 880 nm/960 nm, respectively, from their combined weighted average
indicated by the red dashed symbols in a. To enhance the legibility of the results, symbols for some
measurement schemes were slightly shifted to the right or to the left of the actual power point marked
by the red symbol X.
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Interestingly, analysis of the data in Table 4.5-4.7 suggests that there is virtually no

effect of the excitation power on the discrepancy between the measured (i.e., E,p,) and

predicted (EP75%) FRET efficiency for both excitation methods. In addition, for the dual-
wavelength excitation method, the rate of FRET efficiency decrease with the increase in
excitation power was similar for both the dimeric (NDA and ADN) and the trimeric (ADA)
constructs (see Table 2 and Tables 4.5-4.7). This is because, although currently the kinetic
theory of FRET does not incorporate photobleaching effects, its contribution to dimeric FRET
efficiencies is simply transferred to the FRET efficiency of the trimeric construct via the
mathematical formula used (see section 4.2.5 and Ref [88]).

Also quite remarkably, for the single-wavelength excitation method using 800 nm laser
light, the FRET efficiency remained the same for both the dimeric and the trimeric constructs
across all four powers, although we have established that photobleaching must have occurred.
By contrast, when the single excitation wavelength was 880 nm, the single-wavelength
excitation method produced FRET efficiencies that increased with the average excitation power
(see Table 4.7). We hypothesize that these changes were caused by generation of acceptor-only
complexes via photobleaching of donors, which were directly excited to a modest but
significant degree (see above) by the laser light at 800 nm, and to a higher degree when the
single excitation wavelength was 880 nm. The additional acceptor signal produced by those
acceptors was the inadvertently taken as contributing to the emission caused by excitation via
FRET, therefore compensating for the loss of signal due to photobleaching of acceptors residing
within complexes with fluorescently active donors.

We will provide a more quantitative analysis of all the above observations in the next

section.
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4.3.3. Modeling the power dependence of the FRET efficiency using numerical
simulation

To model the dependence of the measured FRET efficiency on the average excitation power
(see Fig. 4.5), we performed numerical simulations to compute pixel-level FRET efficiencies
for a population of FRET constructs residing at each pixel, which used a range of different
photobleaching probabilities. The photobleaching probabilities represent the likelihood of a
single fluorophore in the simulation transitioning from an active to a dark state for each
excitation wavelength. The resultant FRET efficiency of the population of constructs residing
at a pixel was recorded for each different set of photobleaching probabilities and compared to
the actual measured FRET efficiency for the construct, using a fitting residual defined as the
sum of the squares of the differences between measured and simulated FRET efficiencies (see
Eq. 4.11).

We generated three-dimensional plots with the three photobleaching probabilities
(corresponding to D photobleaching during the first scan, A photobleaching during the first
scan, and A photobleaching during the second scan) on the three axes and the fitting residual
represented via a color code as the fourth dimension. Individual plots are displayed in Fig. 4.6
for three different sets of experimental powers (42 mW, 52 mW, and 62 mW) obtained for dual
excitation at 800 nm and 960 nm (additional fitting residual distributions generated for 800/880
nm and 880/960 nm wavelength pairs are displayed in Fig. 4.7 and Fig. 4.8. The lowest residual
values correspond to the dark blue or black regions of the plots (see scale bar inset of Fig. 4.6).
Fig. 4.9 compares the best-fit simulated FRET efficiencies, which incorporate the possibility of
both D and A undergoing photobleaching at different probabilities, with the experimentally

obtained values for each excitation power using the excitation wavelength pair of 800nm and
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960nm (equivalent plots generated for 800/880 nm and 880/960 nm wavelength pairs are
displayed in Fig. 4.10 and Fig. 4.11. The results showed a good agreement between simulations
and experiments, indicating that the change in FRET efficiencies is explained well by differing
photobleaching levels of D and A, which are collected in Table 4.8.

Inspection of the photobleaching values in Table 4.8 indicates wide variability between
different and even the same experimental conditions (such as the same 4,), due to the fact that
the donor photobleaching at the second wavelength only affected an already small correction
term in Eq. (4.2). Therefore, this minor effect is not discussed any further.

Overall, our simulations revealed a clear pattern of increasing photobleaching
probability of both donor during the first scan at higher power, with donors exhibiting a wider

range of photobleaching probabilities depending on the excitation power (see Table 4.8).
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Figure 4.6. Distribution of fitting residual as a function of photobleaching probabilities, calculated
comparing simulated and measured FRET efficiencies of all three constructs under 800 nm/960
nm excitation for three different excitation powers. (a) 3D residual map that show probability of
donor bleaching at the first wavelength along x-axis, the probability of acceptor bleaching at the first
wavelength along y-axis, and the probability of acceptor bleaching at a second wavelength along z-axis,
with color gradients indicating the magnitude of residuals. (b) The modified version of panel a by
substituting the vertical axis with residual values, offering a refined analysis of residual distribution
keeping the probability of acceptor bleaching at second wavelength fixed corresponding to minimum
residual. (c) Top view of panel b, highlighting residual distribution in 2D map. The figure is organized
into rows corresponding to different excitation powers: the top row (a-c) for excitation power 42
mW/point, the middle row (d-f) for 52 mW/point, and the bottom row (g-i) for 62 mW/point, showcasing
how variations in excitation power influence the photobleaching dynamics and FRET efficiency
residuals.
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Figure 4.7. Distribution of fitting residual as a function of photobleaching probabilities, calculated
comparing simulated and measured FRET efficiencies of all three constructs under 800 nm/880
nm excitation for three different excitation powers. (a) 3D residual map that show probability of
donor bleaching at the first wavelength along x-axis, the probability of acceptor bleaching at the first
wavelength along y-axis, and the probability of acceptor bleaching at a second wavelength along z-axis,
with color gradients indicating the magnitude of residuals. (b) The modifies version of panel a by
substituting the vertical axis with residual values, offering a refined analysis of residual distribution
keeping the probability of acceptor bleaching at second wavelength fixed corresponding to minimum
residual. (c) Top view of panel b, highlighting residual distribution in 2D map. The figure is organized
into rows corresponding to different excitation powers: the top row (a-c) for excitation power 42
mW/point (corresponding to an excitation energy of 0.38 pJ per pixel), the middle row (d-f) for 52
mW/point (corresponding to an excitation energy of 1.07 pJ per pixel), and the bottom row (g-i) for 62
mW/point (corresponding to an excitation energy of 1.58 uJ per pixel), showcasing how variations in
excitation power influence the photobleaching dynamics and FRET efficiency residuals.
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Figure 4.8. Distribution of fitting residual as a function of photobleaching probabilities, calculated
comparing simulated and measured FRET efficiencies of all three constructs under 880 nm/960
nm excitation for three different excitation powers. (a) 3D residual map that show probability of
donor bleaching at the first wavelength along x-axis, the probability of acceptor bleaching at the first
wavelength along y-axis, and the probability of acceptor bleaching at a second wavelength along z-axis,
with color gradients indicating the magnitude of residuals. (b) The modifies version of panel a by
substituting the vertical axis with residual values, offering a refined analysis of variance between
measured and simulated data keeping the probability of acceptor bleaching at second wavelength fixed
corresponding to minimum residual. (c) Top view of panel b, highlighting residual distribution in 2D
map. The figure is organized into rows corresponding to different excitation powers: the top row (a-c)
for excitation power 42 mW/point (corresponding to an excitation energy of 0.38 pJ per pixel), the
middle row (d-f) for 52 mW/point (corresponding to an excitation energy of 1.07 pJ per pixel), and the
bottom row (g-i) for 62 mW/point (corresponding to an excitation energy of 1.58 pJ per pixel),
showcasing how variations in excitation power influence the photobleaching dynamics and FRET
efficiency residuals.

139



0.9 -

0.8 -

........................

0.7 - ®

Eapp
[ ]

= 1 @ 800 nm/960 nm measured
{ © 800 nm measured

05 1 800 nm/960 nm simulated

1 ———- 800 nm simulated w/ DE

s 800 nm simulated w/o DE

0,4----u----|----|--'-|----|---'
10 20 30 40 50 60 70

Power (mW)

Figure 4.9. Comparison of measured and simulated FRET efficiencies (Eapp) for the cytoplasmic
FRET construct, ADA, obtained using 800 nm/960 nm at various excitation powers per point. The
black solid circles represent the measured FRET efficiencies using dual-wavelength excitation method
with 800 nm/960 nm. Blue empty circles represent the measured FRET efficiencies for single-
wavelength excitation at 800 nm. Whereas, cyan solid line represents the simulated FRET efficiencies
curve for excitation pair 800 nm/960 nm. Dark red dashed line represents the simulated FRET
efficiencies using single excitation at 800 nm with (w/) direct excitation (De) of acceptor. Pink dotted
line represents the simulated FRET efficiencies using single excitation at 800 nm without (w/0) direct
excitation of acceptor.

This analysis explained a second key trend observed in our experimental data, that the
FRET efficiency values obtained from the single-wavelength excitation method remained
constant regardless of excitation power. While this trend might initially suggest that the single-
wavelength FRET values are impervious to photobleaching, a closer examination of the data
shown in Fig. 4.9 reveals otherwise: Fig. 4.9 also displays the best-fit simulated FRET
efficiency values obtained using the single-wavelength approach, with the contribution from

acceptor direct excitation (DE) subtracted and plotted as a pink dotted line. This curve does
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indicate a monotonous decrease in Eapp With increase in excitation power, which parallels the

results of the dual-excitation scheme (compare the pink dotted line to the solid cyan line).
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Figure 4.10. Comparison of measured and simulated FRET efficiencies (Eapp) for the cytoplasmic
FRET construct, ADA, obtained using 800 nm and 880 nm at various excitation powers per point.
The black solid circles represent the weighted average FRET efficiencies across all measurements
performed using dual-wavelengths excitation method at 800 nm and 880 nm. Blue empty circles
represent the weighted averaged FRET efficiencies across all the measurements for single-wavelength
excitation at 800 nm. The cyan solid line represents the best-fit simulated FRET efficiencies for the
excitation pair 800 nm/880 nm. Dark red dashed line represents the simulated FRET efficiencies using
single excitation at 800 nm with (w/) direct excitation (De) of acceptor. Pink dotted line represents the
simulated FRET efficiencies using single excitation at 800 nm without (w/o) direct excitation of
acceptor.
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Figure 4.11. Comparison of measured and simulated FRET efficiencies (Eapp) for the cytoplasmic
FRET construct, ADA, obtained using 880 nm and 960 nm at various excitation powers per point.
The black solid circles represent the weighted average FRET efficiencies across all measurements
performed using dual-wavelengths excitation method at 880 nm and 960 nm. Blue empty circles
represent the weighted averaged FRET efficiencies across all the measurements for single-wavelength
excitation at 880 nm. The cyan solid line represents the best-fit simulated FRET efficiencies for the
excitation pair 880 nm/960 nm. Dark red dashed line represents the simulated FRET efficiencies using
single excitation at 880 nm with (w/) direct excitation (De) of acceptor. Pink dotted line represents the
simulated FRET efficiencies using single excitation at 880 nm without (w/o) direct excitation of
acceptor.

The apparent stability of the FRET efficiency across different excitation powers in the
single-wavelength excitation method (brown dashed line) is deceiving and can be attributed to
a balancing act: Increased excitation power leads to more donor photobleaching, which
increases the number of free acceptors by inactivating the donor from the construct. This raises
the measured FRET efficiency value due to the direct excitation of free acceptors. However,
increased power also causes more acceptor photobleaching due to FRET, which tends to reduce
FRET efficiency. Thus, in the single-wavelength excitation method, the increase in Eapp caused
by direct excitation balances out the decrease from acceptor photobleaching, resulting in a

stable FRET efficiency across different power levels (see grey solid circles in Fig. 4.5).
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Table 4.8. Summary of photobleaching probabilities, based on numerical simulation for
three schemes of excitation pairs, at various excitation powers per point. The probabilities

were estimated by fitting experimental results with simulated FRET efficiencies.

Ex. Pairs Power (W) Py P{ P
42 0.0 0.0 1.5
800 nm - 880 nm 52 18.0 8.0 9.5
62 10.5 8.0 4.5
42 3.5 4.0 0.0
800 nm - 960 nm 52 10.0 9.0 0.0
62 34.5 16.5 4.5
42 2.0 6.5 7.5
880 nm - 960 nm 52 24.0 6.0 11.5
62 39.0 14.0 17.0

In contrast, in the dual-excitation method, corrections were made for the possible
overestimation of FRET value caused by the direct excitation of the acceptor. However,
acceptor photobleaching at the first excitation wavelength still leads to reduced FRET
efficiency as excitation power increases. This is particularly relevant in FRET experiments, as

FRET provides an extra pathway for acceptor photobleaching [153, 154].

4.4. Discussion

One of the key findings in this study was the impact of the excitation power on FRET efficiency.
With increasing the power, the FRET efficiency steadily decreased across all constructs and
when measured and analyzed appropriately. This observation underlined the role of
photobleaching in FRET experiments. Our constructs were comprised of the fluorescent
proteins Cerulean (donor) and Venus (acceptor). Based on available information, the

fluorescent protein Cerulean may be rather easily photobleached under direct excitation by light
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[14]. At the same time, while Venus is quite stable under direct excitation by light [14], in our
study it was photobleached significantly through excitation by FRET, which is in agreement
with the existing literature [153, 154].

The inadvertent decrease in FRET efficiency following excitation with relatively high
laser powers (in our case, powers above 42 mW/point) may be erroneously interpreted as a
larger distance between donor and acceptor molecules. This may have significant implications
for applications where the actual distance between molecules is of interest, such as in studies
focused on determination of the quaternary structure of protein oligomers [8, 10, 155].
Fortunately, at comparatively lower excitation powers, such as those corresponding to the first
two datapoints in Fig. 4.9, both the single- and the dual-excitation wavelength methods provide
results that are accurate within a few percent. To be meticulous, however, the single-wavelength
excitation scheme may suffer from small systematic errors caused by the direct excitation of
acceptors, which may be reduced by proper choice of acceptors.

Besides using low excitation powers, photobleaching may be reduced by reducing the
dwell time of the excitation beam and developing fluorescent tags with better photostability. In
addition, the present study also highlighted the importance of selecting the right excitation
wavelengths. Excitation at 800 nm minimized direct excitation of the acceptor (Venus) while
still efficiently exciting the donor (Cerulean). In contrast, the simulations indicated that the
photobleaching of the donor and acceptor was relatively high when using 880 nm as the first
excitation wavelength compared to 800 nm. Furthermore, while results from the dual-
wavelength excitation method confirmed a consistent trend of decreasing FRET efficiency with
higher excitation power across all excitation wavelength pairs, the pair 800 nm/960 nm showed

the most consistent overall weighted average FRET efficiency.
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Another path forward would be to extend the kinetic theory of FRET, by incorporating
photobleaching rates in addition to spontaneous emission and energy transfer rates, so that one
can tease apart the contributions of these effects to the FRET efficiencies determined from data
affected by photobleaching. Once available, this could be used together with methods described
above for reducing photobleaching or just by itself. Such a theoretical undertaking will require
a good understanding of all the photophysical and photochemical phenomena involved. This
process, initiated through the computer simulations presented in this paper, needs more rigorous
treatment in the future and will benefit from analysis of existing [153, 154] and future
experimental studies. This will allow experimentalists to use the theory as a means of obtaining
correct results from experiments rather than as a toll of assessing the errors introduced by harsh

experimental conditions.

145



Chapter 5. Vista conclusions and suggestions for future research

5.1. Conclusions regarding the photophysical properties of FPs investigations

In chapter 3, we presented a detailed comparative analysis of the photophysical properties of
some widely used FPs under two-photon excitation condition. This analysis aimed to establish
guidelines for screening FPs as fluorescent tags in various fluorescence applications. For this
investigation, we used purified FPs embedded in a polyacrylamide gel. This approach allowed
us to scan the same molecules repeatedly several times using the time series excitation. With
this, we were able to quantify the fluorescence intensity and monitoring changes in the emission
and excitation spectra of an FP occurring during the repeated scans. Specifically, we were able
to accurately estimate the level of photobleaching and determine whether a specific FP
exhibited photo-switching properties. Furthermore, we estimated the 2p brightness using an

excitation wavelength that corresponds to the peak of the FP’s excitation spectrum.

Based on these investigations, we concluded that mEGFP is the brightest variant of
WtGFP measured in our investigation. It exhibited only moderate photobleaching and no
noticeable photo-switching under 2p excitation. Another green variant of wtGFP, GFP2,
exhibited strong irreversible photoswitching from one sub-population (excitation state) to
another, which are excited maximally by different wavelengths. This photoswitching effect
significantly depends on the pH of the sample. In the case of cyan variants of WtGFP,
mCerulean3 and mTq showed high propensities to photobleach with no significant effect of
photoswitching. Another Cyan FP (but derived from CFP484 [4], mTFP1, is the brightest
among the measured FPs in this investigation. In contrast, the yellow variants of the wtGFP
measured in our investigation, namely mYFP, SYFP2, and Citrine, showed a small effect of

photobleaching with essentially no effect of photoswitching under 2p excitations. This entire
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subclass is more stable but dimmer compared to both the green and cyan variants tested in this

study.

Our study adds to the body of evidence that the specific photophysical properties of
fluorescent proteins under two-photon excitation, including excitation and emission spectra, as
well as their propensity to undergo light-induced changes, may not be simply inferred from
one-photon excitation. A lack of knowledge or appreciation of such properties may lead to
erroneous conclusions in, for example, FRET studies [80]. Therefore, the choice of fluorescent
proteins for a particular experiment depends, among other things, on whether one uses single-

or two-photon excitation.

5.2. Conclusions regarding the effect of photobleaching on FRET
measurements

In the investigation presented in Chapter 4, we measured the fluorescence from dimeric (NDA
and ADN) and trimeric (ADA) FRET constructs expressed in the cytoplasm of CHO cells [135].
This was performed under two-photon excitation using various excitation wavelengths and
powers. This methodological approach enabled us to explore the effect of photobleaching on
FRET measurement under various experimental conditions, thereby assisting to establish
optimize experimental conditions for the accurate for FRET measurement. Along with the
measurements, we performed numerical simulation to see how FRET and the kinetic theory of

FRET respond to the photophysical effects of participating FPs.

Our findings highlight the critical impact of the excitation power on the accuracy in the
determination of FRET efficiency; at high excitation powers (above 42 mW/point), high

photobleaching of both donor and acceptor during the first excitation was a major factor. This
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led to a decrease of the FRET efficiency with increasing the excitation power. In the single-
wavelength method, donor photobleaching can increase the number of free acceptors,
potentially raising the FRET efficiency due to direct excitation. However, increased power also
causes more acceptor photobleaching due to FRET, which tends to reduce FRET efficiency. In
contrast, in dual-excitation method, corrections were made for the possible overestimation of
FRET value caused by the direct excitation of acceptor. As a result, the acceptor photobleaching
at the first excitation wavelength led to a decrease in FRET efficiency as the excitation power
increased. The decrease in FRET efficiency observed in the dual-wavelength excitation method
suggests an apparent increase in the distance between donor and acceptor molecules, especially
at powers above 42 mW/point. Therefore, at higher excitation power, where photobleaching is
more pronounced, the inferred size of the oligomer under study appears bigger than its actual

size.

Our study also emphasizes the importance of selecting optimal excitation wavelengths.
Exciting at 800 nm minimizes both acceptor and donor photobleaching compared to 880 nm,
while 800 nm/960 nm pair yield the most consistent FRET efficiency under varying excitation
powers.

Furthermore, our experimental results showed that even at higher excitation powers, the
discrepancy between the directly measured FRET efficiency values for the trimeric construct
(ADA) and that computed from its dimeric counterparts using the kinetic theory of FRET
remains consistent, indicating a proportional decrease in FRET efficiency due to
photobleaching for both the dimeric and trimeric constructs. The observed discrepancy between
measured and predicted FRET efficiency across all excitation pairs using the dual-wavelength

method is less than 2% for all excitation powers. Even with the single-wavelength excitation
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method, the maximum discrepancy we observed was ~ 4.4% at a high excitation power of ~62
mW/point; however, for other used powers, the discrepancy was typically within 3.5%. Despite
significant fluctuations in FRET efficiencies, the relationships between trimeric and dimeric

construct efficiencies remained the same.

5.3. Suggestions for future research

Gowing forward, besides using low excitation powers, photobleaching may be reduced by
reducing the dwell time of the excitation beam and developing fluorescent tags with better
photostability. The present study also highlighted the importance of selecting the right
excitation wavelengths. Excitation at 800 nm minimized direct excitation of the acceptor
(Venus) while still efficiently exciting the donor (Cerulean). In contrast, the simulations
indicated that the photobleaching of the donor and acceptor was relatively high when using 880
nm as the first excitation wavelength compared to 800 nm. Furthermore, while results from the
dual-wavelength excitation method confirmed a consistent trend of decreasing FRET efficiency
with higher excitation power across all excitation wavelength pairs, the pair 800 nm/960 nm
showed the most consistent overall weighted average FRET efficiency.

Another path forward would be to extend the kinetic theory of FRET by incorporating
photobleaching rates in addition to spontaneous emission and energy transfer rates, so that one
can tease apart the contributions of these effects to the FRET efficiencies determined from data
affected by photobleaching. Once available, the expanded theory could be used together with
methods described above for reducing photobleaching or just by itself. Such a theoretical
undertaking will require a good understanding of all the photophysical and photochemical

phenomena involved. This process, while initiated through the computer simulations presented
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in this thesis, needs more rigorous treatment in the future and will benefit from analysis of
existing [153, 154] and future experimental studies. This will allow experimentalists to use the
theory as a means of obtaining more accurate results from experiments rather than as a tool for

assessing the errors introduced by harsh experimental conditions.
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