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ABSTRACT
Rod photoreceptors are a group of specialized retinal neurons that convert light
into a neuronal signal in low light condition. The phototransduction function of rods
requires expression of a group of rod genes. The homeostasis of these genes is primarily
regulated by a photoreceptor regulatory network, which contains two major retinaspecific transcription factors, neural retina leucine zipper (Nrl) and cone-rod homeobox
(Crx). Nrl and Crx synergistically activate the expression of several phototransduction
genes, most notably rhodopsin. Base on the studies done in cell culture, the synergy is the
consequence of interaction of Nrl and Crx. However, the interaction of Nrl and Crx has
not been studied in live rods. The goal of thesis is to develop methods that can be used
for studying Nrl and Crx interaction in live rods.
In order to study Nrl and Crx in live rods without altering cell fate and inducing
cell degeneration, I developed a novel inducible system, G3U, which can regulate gene
expression in live rods. In this chapter, we investigated the characters of G3U by using
rhodopsin-mCherry as a reporter and monitoring the induction response in transgenic
Xenopus. The results of live rod imaging suggest that the inducible system has negligible
background expression before induction and significant fold increase of expression after
induction. Moreover, the induction response of G3U is reproducible in rods. These
findings suggest that G3U system is a good candidate for expressing Nrl and Crx
temporally in rods.
In the second part of my thesis, I developed a flow cytometry based FRET
method, FC-FRET, to study Nrl and Crx interaction in live cells. This method allows
non-invasively analysis of protein-protein interaction in large population of live cells in a
iv

very short time. Furthermore, researchers will be able to analyze the concentration effect
of FRET conveniently. In this study, I investigated the orientation of Nrl-Nrl, Crx-Crx
and Nrl-Crx interactions. Our studies revealed that the Nrl-Nrl homodimer has a head-tohead and tail-to-tail conformation. Both the Crx-Crx and the Nrl-Crx dimers have a headto-head conformation in interacting complex. I also performed structure-function studies
on both Nrl and Crx and classified the role of their different domains in the interactions.
In addition to the known Nrl basic leucine zipper domain (b-ZIP) and Crx homeobox
domain (HD), we found that the Nrl extended homology domain (EHD) plays an
important role in the Nrl-Crx interaction.
Two methods presented in this thesis are my major achievement during my
graduate studies. The G3U inducible can be used to generate transgenic animals carrying
inducible Nrl and Crx in rods. These transgenic animals allow researchers to study the
interaction of Nrl and Crx in live rods by FC-FRET assay.
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CHAPTER I. GENERAL INTRODUCTION

Overview
"For not only with a view to action, but even when we are not going to do
anything, we prefer seeing (one might say) to everything else." Aristotle (384-322 BC),
Metaphysics.
For thousands of years, light and vision are two of the paramount driving force in
human survival and evolution on the earth. Loss of sight is among humans' most fears
that second only to death. The importance of vision is perhaps most appreciated by
people who loss ability to see. Age related retinal degenerative diseases are among the
leading causes of blindness. Owing to rapidly aging populations in developed countries,
the prevalence of age related retinal degenerative diseases will increase dramatically. At
present, very few effective therapies are available to recover the lost vision or just
prevent the progression of vision loss in patients who suffer from these diseases. Most of
the retinal degenerative diseases are associated with the death of photoreceptors, which
sense the light and convert light signal to neuron signal. Rod photoreceptors are the most
populous cell in a human retina. Loss of rods leads to night blindness and even secondary
loss of cones, which eventually results in completely blindness.
A great portion of rod degenerative diseases associates with mutant malfunction
of phototransduction genes. These genes are specifically and exclusively expressed in
rods and maintained at a high level, which is essential to build up rods and maintain rods'
normal function. For example, rhodopsin, the most abundant protein in rod OS,
exclusively expresses in the rod cell. Its expression level is controlled primarily at
transcription initiation [1, 2]. Two essential activators of the rhodopsin promoter are Crx
and Nrl, whose interaction is essential in transcription regulation of rhodopsin and other
2

phototransduction genes. Mutations or malfunction of retinal genes, such as rhodopsin,
Crx and Nrl, cause retinal degenerative diseases, such as Retinitis Pigmentosa (RP) and
Leber congenital amaurosis (LCA). I developed two methods that can be used for
studying transcription factor function in live cells. First, I developed an inducible system
to control the expression of genes of interest in Xenopus rods. Second, I developed a high
capacity Förster resonance energy transfer (FRET) method to study transcription factor
interaction in live cells.
There are four sections in the introduction. First, I will review the current status of
research in photoreceptors and emphasize the importance of transcription regulation of
rod genes. Second, I will review several categories of inducible systems in vertebrates
and their applications. Third, I will review the current studies of FRET, including its
principle, methodology and applications. Finally, I will present the goals of my thesis.
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Retina and photoreceptor gene expression
Retina structure and function
In humans, vision involves many higher-order neuronal functions. Vision
composes about 30% of sensory input to the brain. A significant number of human
diseases are vision associated. The Online Mendelian Inheritance in Man (OMIM)
database shows that as many as 13% of total entries of diseases (2708 out of 21565) are
associated with vision dysfunction (http://www.omim.org).
Eye and retina
All vertebrate eyes share a similar structure to capture and process light signal. A
typical eye contains three layers of tissue that enclose a fluid-filled sphere. The outermost
layer of the eye consists of the sclera (a tough white fibrous tissue located at the back of
the eye) and the cornea (a transparent tissue located at the front of the eye). The
intermediate layer consists of the iris and ciliary body (located in the anterior part of the
intermediate layer, whose function is to adjust the amount and focus of light that passes
into the eye) and the choroid (posterior part of the intermediate layer whose function is to
absorb light and nourish the retina). The innermost layer is the retina, which contains
thousands of neurons and senses the light. Retinal pigment epithelium (RPE) is adjacent
to the outermost layer of the retina. Three chambers of fluid fill the space between the
different layers. The anterior chamber located between the cornea and iris contains
aqueous humor for supplying nutrients. The posterior chamber located between the iris
and lens is filled with aqueous humor. The third chamber located between the lens and
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the retina is called the vitreous chamber, which is filled with viscous vitreous humor to
maintain the shape of the eye and remove cellular debris in the eye [3, 4].
The retina is a part of the central nervous system (CNS) and is responsible for
organizing visual signals to the brain. It has a discrete laminar structure that lines on the
inner surface of the eye. In contrast to the mature brain which contains hundreds of
distinct types of neurons, the retina contains only five types of neurons and one type of
glial cell: photoreceptors, bipolar cells, ganglion cells, horizontal cells, amacrine cells
and Müller glial cells. All the retinal cells are derived from a common population of
progenitor cells that reside in the inner layer of the optic cup during retinogenesis. The
retina is made up of three nuclear layers, the outer nuclear layer (ONL), the inner nuclear
layer (INL) and the ganglion cell layer (GCL). The ONL consists of rod and cone
photoreceptors, which is the outermost layer of the neural retina. The INL consists of
horizontal, amacrine, bipolar and Müller glial cells. The INL receives the neural signal
from the ONL and transfers it to the GCL. There are two plexiform layers locate at the
outer and inner boundaries of INL. The signals from photoreceptors are received by
bipolar cells and modulated by horizontal cells in the outerplexiform layer (OPL).
Bipolar cells make synapse with amacrine cells and ganglion cells in the innerplexiform
layer (IPL) to transfer the neural signal. The GCL transmits the visual information to the
brain via ganglion cells’ axons in the nerve fiber layer (NFL) and optic nerve. In addition,
the Müller glial cells support the structure and function of neuronal cells across all retinal
layers [3, 5].

5

Figure 1. The anatomical structure of a human eye and retina.
The structure of a human eye. The retina is a thin layer of neurons that lies at the
back of the eye. Photoreceptors lie in the outermost layer of the retina and sense the light.
These images are adapted from Dr. Helga Kolb University of Utah
(http://www.webvision.med.utah.edu) [4-6].
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Photoreceptors and vision
Over 70% of cells in the human retina are photoreceptors [7], which convert light
into neuronal signals. Rods and cones are the two types of photoreceptors that coexist in
the retina. Rods outnumber cones by a ratio near 20:1[7]. Both types of photoreceptors
have specialized apical extensions for capturing light, called outer segments (OS). The
OS is packed with thousands of membranous disks that are rich with light sensitive visual
pigments and phototransduction components. The visual pigments consist of a
chromophore moiety, 11-cis retinal, and a protein moiety, opsin. The visual pigments
determine the responsive wavelength of light of the cell. The OS is adjacent to the retinal
pigment epithelium (RPE), which is critical in maintaining photoreceptors, (renewing
photopigments and phagocytizing the membranous disks). The OS connects to the inner
segment (IS) through a narrow connecting cilium, which is the only path to deliver
protein from the IS to the OS. The IS contains endoplasmic reticulum (ER), Golgi,
mitochondria and nucleus, which provide newly synthesized structural components,
functional phototransduction proteins and metabolic energy for the OS. At the base of the
IS are synaptic terminals that transmit the light signal to bipolar and horizontal cells.
These structures are specialized for photoreceptors as a light sensory neuron (Figure 2 a)
[8].
Rods and cones have different shapes, distribution, photopigments and synaptic
connection patterns. Rods have a slim rod-shaped structure and are distributed throughout
the retina except in the fovea. For most vertebrates, rods outnumber cones and take up
most of the space in photoreceptor layers. Rods also have their own visual pigment,
rhodopsin, which has an absorption spectra centering around 500 nm wavelength. In
7

contrast, cones have conical-shaped structures, which are much shorter than rods in
length (Table 1). There are fewer cones than rods, and they are concentrated in the fovea.
The inner segment of cones usually forms a single row in the ONL. In humans, three
major categories of cones exist in the vertebrate retina: L-, M- and S-cones. These cones
express different cone opsins that have different absorption spectra for color vision.
These structural and componential characters of rods and cones contribute to the different
physiological response to light in rods and cones.
Rods and cones respond to different intensity levels of light (Figure 2 b). Rods are
specialized for sensitivity, and are capable of detecting a single photon. However, the
spatial resolution of rod vision is very low. Therefore, rods are involved in the perception
of light at scotopic and mesopic levels of light. Conversely, cones are specialized for
spatial resolution at the expense of sensitivity. Cones are not as sensitive as rods, and
need more than 100 photons to produce a reliable response. Therefore, cones dominate
the perception of light at mesopic to photopic levels of light. The acuity of vision
provided by cones is crucial for daily reading, 'seeing' and color vision. In humans, cones
are concentrated at the central region of retina, called the fovea. Overall, the
specialization of rods and cones in vision primarily result from different photopigments
and structures in their OS and contacts.

8

Figure 2. Rod and cone photoreceptors.
(a) Rods and cones are two different types of photoreceptors. Both of them have
specialized OSs and ISs. Rods have rod-shaped OSs, which consist of thousands of
photopigment-enriched membrane disks. Cones have cone-shaped OSs, which consist of
continuous photopigment-enriched plasma membrane. (b) Rods and cones are specialized
to perceive different ranges of luminance levels. Rod vision is dominant at scotopic light
levels. Cone vision is dominant at mesopic and photopic light levels.
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Table 1. Sizes of rods and cones OS of different vertebrate species.
Rods Outer Segment

Species

Primate

Mouse

Cones Outer Segment

Frog

Primate

Mouse

Frog

(Macaca
(Mus
(Xenopus (Macaca
(Mus
(Xenopus
fascicularis) musculus
laevis)
fascicularis) musculus
laevis)
C57BL/6J)
C57BL/6J)
Length

25

23.6

40

13

13.4

4.3

2

1.4

6.4

1 to 3

1.2

1.6

[10]

[11]

[12]

[10]

[11]

(µm)

Diameter
(µm)

References [9]
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Rod OS
Rods are better studied photoreceptor cells than cones for several reasons. First,
they are the most populated cells in retina [7]. Second, unlike cones which can exist in
two to three types and each expressing their own types of visual pigments, rods have only
one type of visual pigment, rhodopsin (Rho), whose peak absorption is ~500 nm.
Rhodopsin proteins enrich in the rod OS.
The rod OS is filled with thousands of membrane disks (Figure 3 a and b), which
are the primary location of phototransduction. Each disk is completely internalized and
separated from each other with a distance of about 28 nm. These disks contain lots of
visual pigment (rhodopsin) and associate phototransduction proteins. Rhodopsin is the
most abundant protein in the OS, with ~108 molecules and a concentration of ~3 mM [13].
Other phototransduction proteins are also highly abundant in the OS, for example, ~107
molecules of transducin and ~2x106 molecules of phosphodiesterase (PDE) are found in
OS (Table 2).
Rhodopsin and other OS membrane proteins are synthesized in the IS and then
rapidly delivered to the base of rod OS and incorporated into newly built membrane disks.
The nascent membrane disks mature and progressively move outward. In mature disks,
there is almost no exchange of membrane components between disks in the axial
direction. Eventually, disks reach the apical end of the OS, where they shed and then are
phagocytized by the surrounding pigment epithelial cells. Therefore, the distance along
the OS axis from the base relates linearly to the time elapsed since biosynthesis began.
Rod OS is a calendar that record the history of membrane protein synthesis for up to 6
weeks (Figure 3 c).
11

Figure 3. Rod OS structure and renewing.
(a) A typical rod cell. (b) Electron microscopy image of a rod cell and high
magnitude zoom in images to show OS membrane disks. (c) Schematic diagram of a rod
cell that shows directional disk displacement. Visual pigment molecules are synthesized
in the IS and delivered to the base of the OS via the connected cilium. Fresh visual
pigment molecules are incorporated into newly synthesized membrane disks which
gradually displace the older disks outward. Ultimately, the disks reach the apical end of
OS and shed.
(Figures and images credit: Dr. Mohammad Haeri and Dr. Barry Knox)
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Phototransduction
Phototransduction in rod OSs is a typical G-protein signaling pathway whose
activation mostly changes membrane potential. In contrast to most sensory systems, light
stimulus of photoreceptors causes membrane hyperpolarization rather than depolarization.
In the dark, high levels of cyclic guanosine monophosphate (cGMP) exist in the OS,
which keep a cGMP-gated Na+ channel open. The opened Na+ channel in turn allows the
influx of Na+ and Ca2+ and depolarization of the cell. In the light, Rho absorbs a photon
and changes its chromospheres' configuration from 11-cis to all-trans retinal. This change
enables the enzymatic activity of rhodopsin. Each activated rhodopsin can activate 800
transducin (Gt) molecules on the disk surface. Activated transducin in turn activates
phosphodiesterase (PDE) at a one to one ratio. The activated PDE hydrolyzes up to 6
cGMP molecules at the disk membrane. Thus, each activated rhodopsin hydrolyzes
~4000 cGMP molecules which effectively lowers the cGMP concentration in the OS.
This results in the closure of ~2% of cGMP-gated channels in each rod that leads to
reduction of Na+ and Ca2+ influx and cell hyperpolarization (-1 mV) (reviewed in [1416]). (Figure 4 upper panel) The hyperpolarization reduces glutamate release at the
synaptic terminal that transmits the light signal to downstream bipolar and horizontal
cells and eventually reaches the brain. Thus, photoactivation of rhodopsin triggers the
phototransduction cascade and initiates the first step of vision.
Once the phototransduction pathway is activated, an additional pathway follows
to restore those phototransduction proteins to the inactivated state. The closure of cGMPgated channels reduces the concentration of Ca2+, which promotes Ca2+ release from
recoverin-2Ca (Rec-2Ca). The decreasing concentration of Rec-2Ca breaks down an
13

inhibitory complex of rhodopsin kinase (RK) and Rec-2Ca. The freed RK permits rapid
phosphorylation of Rho. The phosphorylated Rho is bound by arrestin (Arr). The binding
of Arr blocks the enzymatic activity of Rho and breaks down activated Rho. During the
breaking down process, all-trans retinal is released and replaced with 11-cis retinal from
pigment epithelium. The restoration of Rho to its inactive state is crucial for maintaining
the light sensitivity of rods (reviewed in [14-16]).
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Figure 4. Rod phototransduction.
Upper panel is the process of Rho activation. A light stimulus activates Rho,
which in turn activates transducin (Gt) molecules on the disk surface. The activated Gt α
subunit activates Phosphodiesterase (PDE). The activated PDE hydrolyzes cGMP
molecules near the disk membrane surface, which lowers the concentration of cGMP in
the OS. This results in the closure of the cGMP-gated Na+ channels that leads to
reduction of Na+ and Ca2+ influx. Lower panel is the process of Rho inactivation. The
closure of the cGMP-gated channels reduces the concentration of Ca2+, which promotes
Ca2+ releasing from recoverin-2Ca (Rec-2Ca). The decreasing Rec-2Ca breaks down an
inhibitory complex of rhodopsin kinase (RK) and Rec-2Ca. The activated RK permits
phosphorylation of Rho. Phosphorylated Rho is bound by arrestin (Arr) which results in
the inactivation of Rho.
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Table 2. Physical properties of the principal proteins in the phototransduction
cascade of rods in mammals
Protein

Holoprotein

MW (kDa)

structure

Ratio of

Molecule

Density or

Rhodopsi

s per rod

Concentratio

n per

n

protein
Rhodopsin (Rho)

36

1

108

25000 µm-2

Heterotrimer

81

10

107

3000 µm-2

(α, β, γ)

(39,36,6)
50

2×106

500 µm-2

400

2×105

50 µm-2

1700

6×104

500 µm-2

7
transmembrane
helices

Transducin (Gt)

Phosphodiesteras Heterotetramer
e (PDE)

(α, β, γ, γ)

215
(95,94,13,1
3)

Guanylyl cyclase

Homodimer (α, 224
α)

(112,112)

cGMP-gated

Heterotetramer

606

channel

(2α, 2β)

Na+/Ca2+,K+

Homodimer (α, 410

exchanger

α)

(205,205)

Rhodopsin

Monomer

65

(63,240)

(in PM)
>2000

16

>500 µm-2
(in PM)

500

kinase (RK)

>6×104

2×105

12 µM

Arrestin (Arr)

Monomer

48

8

1.2×107

800 µM

Recoverin (Rec)

2 EF hands

23

11

107

600 µM

1000

105

6 µM

26

800

1.2×105

8 µM

33

16

6×106

400 µM

functional
RGS9-Gβ5

Heterodimer

57/44

GC activating

3 EF hands

24

proteins

functional

Calmodulin

4 EF hands
functional

Phosducin

Monomer

Adapted from Pugh and Lamb 2000 Handbook of Biological Physics Chapter 5 [14]
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Photoreceptor development and differentiation
Vertebrate retina originates from the inner layer of the optic cup; where retinal
progenitor cells reside. The retinal progenitor cells possess multipotency until their last
division. Under the control of Rb (Retinoblastoma protein), the progenitor cells exit the
cell cycle and become retinal precursor cells. The postmitotic precursor cells are
committed to a particular cell fate under the regulation of specific combinations of
transcription factors [17, 18]. It is widely accepted that homeobox (Hx) factors determine
the precursor cells will reside in which layer; while basic helix-loop-helix (bHLH) factors
further regulate a specific cell fate inside this layer. For example, Hx protein Pax6 and
bHLH protein Math5 promote the GCL precursors to differentiate into ganglion cells
after mouse embryonic stage e11. Later, Hx protein Pax6, Six3 and Prox1 with bHLH
protein NeuroD and Math3 guide INL cell fate to amacrine cells. Simultaneously,
horizontal cells are determined by co-expression of Pax6/Six3/Lim1 and Math3. During
and after birth, Chx10 and Mash1/Math3 induce INL cells to differentiate into bipolar
cells. Later, Rax together with Hes1/Hes5/Hesr2 promotes the generation of Müller glial
cells at the expense of neuronal progenitor cells. Crx/Otx2 and NeuroD/Mash1 cooperate
to promote the cells in the ONL to become photoreceptors after e11 and through birth
[17-19] (Figure 5a).
Photoreceptor differentiation is regulated by a group of retina genes. After
multipotent progenitor cells exit the cell cycle under the control of Rb, Otx2
(Orthodenticle Homeobox) commits these postmitotic progenitor cells to photoreceptor
cell lineage (Figure 5 b). Nishida et al. found that a conditional knockout of Otx2 (under
Crx promoter) at middle embryonic stage (around e10) leads to severe loss of
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photoreceptors [20]. Meanwhile, retrovirus transfection of Otx2 in progenitor cells can
drive cells to photoreceptor cell fate [20]. However, Otx itself is not sufficient to induce
photoreceptor cell fate. This process requires Crx (cone-rod homeobox) expression [21,
22].
Crx is an Otx-like homeobox gene that is majorly found in photoreceptors [21,
22]. The expression of Crx in the developing retina begins at e12 in mice. Crx is a
downstream transactivation target of Otx2 [21, 22]. The Crx-/- mice have photoreceptors
but fail to elaborate OS in photoreceptors and lose sensitivity of electroretinogram (ERG)
response in both rods and cones [23]. Conversely, over-expression of Crx increases the
population of photoreceptor cells and decreases the population of amacrine and Müller
glial cells [21, 22]. Previous studies showed that Crx recruits histone acetyl-transferase
(HAT) to the proximal promoter region of some rod and cone genes and facilitate
photoreceptor gene activation [24]. Together, Otx2 and Crx assign retinal progenitor cells
to photoreceptor cell fate (Figure 5 b).
After cells have been determined to become photoreceptors, the presence of
neural retina-specific leucine zipper (Nrl) commits the photoreceptor precursor cells to
becoming rods (Figure 5 b). Nrl is a basic motif-leucine zipper transcription factor in the
Maf subfamily [25, 26]. Nrl expression is modulated by Crx, Otx2, cyclic AMP response
element-binding protein (CREB) and retinoid-related orphan nuclear receptor (RORβ)
[27-30]. Nrl-/- mice show an apparently gain in S-cones population at the expense of rods
[31-33]. Ectopic expression of Nrl in retinal by the Crx promoter reprograms cone
progenitor cells into rod-like cells [34]. Nrl directly activates the expression of orphan
nuclear receptor Nr2e3, which strongly represses the expression of S-cone genes [35, 36].
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The existence of Nrl and Nr2e3 contribute to the activation of rod specific functioning
genes, such as rod arrestin and PDE, to form a mature rod. [36-39] Thus, Nrl, Nr2e3 and
Crx together assign the rod photoreceptor fate from photoreceptor progenitors.
Photoreceptor progenitors are guided to cone cell fate in the absence of Nrl. The
default fate of cone progenitors is S-cones. RORβ and Crx together initiate S opsin
transcription and the formation of S-cone OS[40] (Figure 5 b). Meanwhile, the expression
of thyroid hormone receptor (TRβ2) leads to the development of M-cones and represses
S-opsin gene expression[41] (Figure 5 b).
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Figure 5. Photoreceptor cell differentiation.
(a) The differentiation of different retinal cells during mice early development.
Cones are majorly generated during the prenatal stage. Rods are generated after cones
and majorly within the first week of the postnatal stage. (Adapted from Livesey and
Cepko 2001 [18]; Marquardt 2003[19]) (b) A schematic diagram of rod and cone
differentiation from multipotent progenitors. Otx2 guides multipotent progenitor to exit
the cell cycle. Crx determines the progenitor cells into photoreceptor precursors. Nrl and
Nr2e3 guide precursor cells to become rods. RORβ and TRβ2 guide cone precursors to
become S- and M-cones. (Adapted from Oh et al. 2007 [36])
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Transcriptional regulation of rod photoreceptor homeostasis
Rods and cones have their own groups of specialized phototransduction
components. A gene regulatory network is essential to regulate the homeostasis of rod
photoreceptors and express rod phototransduction genes exclusively [42].
Rhodopsin is one of the most abundant proteins that is exclusively expressed in
rods. The expression level of rhodopsin is primarily regulated at the stage of transcription
initiation [1, 2]. Proper amount of rhodopsin is necessary for rod differentiation and
maintenance. The proximal promoter region of rhodopsin is highly conserved across
different vertebrate species (Figure 6 a and b). Transgenic experiments suggest rhodopsin
promoters are able to direct reporter genes exclusively expressed in photoreceptors across
different species. For example, bovine Rho promoter drives expression of a reporter gene
in mice ([43, 44] ; Xenopus Rho promoter functions in zebrafish [45]; pufferfish Rho
promoter expresses in mice and frogs [46]. There are three highly conserved sequences in
the rhodopsin proximal promoter region, called Ret-1, BAT-1 and NRE (Figure 6 a). The
Ret-1 and BAT-1 sites both contain a core ATTA sequence, which can be recognized by
Otx family homeobox proteins, such as Crx, in vitro [21, 22, 47]. NRE (TGCTGA) is
another conserved sequence that is recognized by Nrl and is essential for high promoter
activity in transfected cells and transgenic Xenopus [48-51]. Recent studies show a
majority (86%) of single nucleotide mutations on these binding sites have significant
effects on rhodopsin promoter activity in electroporated mouse retinas [52]. Instead of
simple addition effects, the coexpression of Nrl and Crx can synergistically activate
rhodopsin promoter activity [21]. Further studies showed the synergy of Nrl and Crx is
conserved in other rod phototransduction genes, such as arrestin [53] and PDE [54, 55].
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Studies showed some other transcription factors also have the ability to act synergistically
with Nrl on rhodopsin expression, such as Fiz1[56] and Nr2e3[57]. Nrl and Crx not only
play important roles in determining the rod cell differentiation; they also maintain a high
expression level in mature rods, which suggests they have an important function in rod
homeostasis [42].
Nrl is a large Maf (L-Maf) protein that has an N-terminal minimal transactivation
domain (AD) with an extended homology domain (EHD) and a basic leucine zipper
(bZIP) domain located at the C-terminus [58, 59] (Figure 6 d). The b-ZIP domain can
form a dimer with other b-ZIP proteins and recognize NRE DNA sequence. Previous
studies showed Nrl and Crx interaction using yeast two hybrid assays (Y2H) and in vitro
reconstitution [60]. In vitro biochemistry studies suggest truncations in this region impair
the interaction with Crx [60]. Other interaction partners of Nrl are flt3-interacting zinc
finger protein 1(Fiz1) [61], endothelial differentiation-related factor 1(EDF1/MBF1) [62],
c-Jun N-terminal kinase 1(JNK1) [63] and HIV tat-interacting protein 60 (Tip60) [63]
(Table 3), which are transcription coactivators or repressors of Nrl.
Crx is an Otx-like homeobox gene that has a homeobox domain (HD) at the Nterminus and a putative activation domain at the C-terminus [64] (Figure 6 e). The HD
domain recognizes and binds to ATTA DNA sequence. In vitro biochemistry studies
suggest that deletion of this domain severely decreases the strength of interaction with
Nrl [60]. Mutations of Arginine (Arg) 41, Lysine (Lys) 88 or Arg 90 residues in the HD
domain also significantly affect the transcriptional synergy with Nrl [60, 65-67]. Other
Crx interaction partners include Nr2e3 [37], retina and anterior neural fold homeobox 2
(Rax2 /Qrx) [68], importin 13 (IPO13/KAP13) [69], ataxin 7 (ATXN7) [70], general
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control of amino acid synthesis (GCN5) [71], p300/CBP [72], phosducin (PDC) [73],
Barrier To Autointegration Factor 1 (BANF1) [74], and SP4 [75] (Table 4). These are
transcription coactivators or repressors of Crx.
Here, we summarize the current model of rhodopsin activation (Figure 6 c). Crx
binds and recruits histone acetyl-transferase (HAT), CBP and p300 [24], to the proximal
promoter region of rod and cone genes, which acetylate promoter-bound histones and
open the chromatin[76]. Thus, the promoter become permissible, and its NRE sites
exposed to Nrl. The direct interaction between Nrl and Crx may facilitate the recognition
and binding of Nrl to DNA [60]. Nrl recruits TBP and general transcription factors to
activate rhodopsin gene expression [58]. The complex of Nrl and Crx also recruits other
rod transcription factors, such as Fiz1 [56, 61, 77], Nr2e3 [57, 78, 79], which also
synergistically activate the rhodopsin promoter and maintain rhodopsin expression.

25

Figure 6 Transcriptional regulation of rhodopsin promoter.
(a) Diagram of rhodopsin gene. Proximal promoter region is a black box. (b) Rhodopsin
proximal promoter region is highly conserved across different vertebrate species included
seven primates, five rodents, one erinaceid, two lagomorphs, three ungulates, one camelid,
one loxodonta, two carnivores, one cetacean, one tenrec, one megabat, two marsupials,
one monotreme, one reptile, two birds and two Xenopus. The height of symbols, value of
BITS, indicates the sequence conservation and relative frequency of each nucleic acid at
that position. (c) A simplified transcriptional regulation model of rhodopsin promoter.
Nrl and Crx bind to NRE site and BAT1, Ret4 sites and synergistically activate rhodopsin
expression. (d) Diagram of potential Nrl structure. Two Nrl molecules form a dimer and
bind to DNA. Different domains are labeled: AD in purple, EHD in gold, bZIP in brown.
DNA double helix in black. (e) Diagram of potential Crx structure. Crx molecule bind to
DNA. Different domains are labeled: HD in dark blue, AD in cyan. DNA double helix in
black.
(Figures a b and c were drawn by Dr. Barry Knox)

26

27

Table 3. Nrl interaction partners
Protein

Function

Evidence

Reference

Crx

coactivator

Y2H, GST pull

[60]

down
Fiz1

suppressor of Nrl

Y2H, GST pull

[61]

down and Co-IP
from bovine retinal
extracts
EDF1 (MBF1)

coactivator ;

GST pull down

[62]

phosphorylate S50

IP from mouse

[63]

of Nrl

retina

facilitate

IP from mouse

acetylation of

retina

histone
acetyltransferase
JNK1

Tip60

H3/H4 in promoter
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[63]

Table 4. Crx interaction partners
Protein

Function

Evidence

Reference

Nrl

coactivator

Y2H, GST pull

[60]

down
Nr2e3

coactivator/repressor Y2H, IP

[37]

Rax2 (Qrx),

coactivator

[68]

in vitro Co-IP and
IP

IPO13

nucleus location

GST pull down

[69]

ATXN7

coactivator

Co-IP

[70]

GCN5

coactivator, Lysine

FLAG pull down

[71]

acetyltransferase

(ATXN7
dependent)

p300/CBP

PDC

coactivator, Lysine

mammalian 2H and [72]

acetyltransferase

biotin pull down

inhibitor

Y2H, GST pull

[73]

down
BANF1

negative regulator

Y2H,

[74]

SP4

coactivator

in vivo Co-IP

[75]
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Figure 7. Mapped and identified retinal disease genes.
With the advance of new diagnostic and sequencing techniques, more and more
retinal disease-associated genes have been mapped and identified.
(Data of RetNet database 2013 July https://sph.uth.edu/retnet/)
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Retinal Diseases
Diseases in the retina lead to visual loss or blindness. With the advance of
diagnostic techniques in recent years, more and more genes associated with retinal
diseases have been identified (RetNet database) (Figure 7). Here, we focus on diseases of
photoreceptor degeneration associated with mutations in Rho, Nrl and Crx genes.
Retinitis pigmentosa (RP)
RP is a heterogeneous group of inherited progressive retinal degenerative diseases,
which have prevalence of 1 in 3,000 to 5,000 people [80, 81]. As one of the leading
causes of blindness in people aged 20-64 years, RP accounting for 25-30% of patients [80,
81]. The onset age of RP symptoms ranges from early childhood to mid-adulthood. This
disease can be autosomal recessive (50-60%), autosomal dominant (30-40%) and Xlinked (5-15%)[80]. RP starts with the loss of rod cells and results in night blindness. As
the condition progresses, RP is also associated with a gradual loss of cone cells, which
causes the development of tunnel vision (loss of vision in the mid-peripheral field).
Ultimately, patients will lose their central vision and become blind. RP is characterized
with visible retinal pigment deposits by fundus examination [80, 81]. However, the
reason for cone cells survival being affected by loss of rod cells remains unclear.
Scientists have identified at least 45 loci associated with RP. Mutations in rod
genes, such as Rho, Nrl and Crx, were found in RP patients. More than 140 mutations in
the Rho gene have been found in RP patients, called RP4. Rho mutations cause ~30% of
autosomal dominant RP [80-82]. Most mutations of Rho cause folding and transportation
defects in rod cells. The rho Pro23His (P23H) mutation is the most prevalent mutation in
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this class, which accounts for 10% of autosomal dominant RP in US Caucasians[82].
Other mutations found either remain constitutive activation or interfere with essential cell
function (summary in [80-82]). RP27 is associated with Nrl mutations; these mutations
are either missense or frameshift [83, 84].
Leber congenital amaurosis (LCA)
LCA is a group of diseases that is associated with early-onset retinal dysfunction
and visual impairment, which accounts for at least 5% of all retinal dystrophies. LCA is
the most common cause of inherited blindness in childhood [85, 86]. LCA in patients
usually presents at birth with non-recordable Electroretinogram (ERG) responses. At
least six genes associated with LCA have been identified. Except for the different onsets,
LCA has some genetic overlap with RP and similar retinal dystrophy phenotypes [81].
LCA7 is caused by mutations in the Crx [67, 87].
Cone-rod dystrophy (CORD)
CORD is an inherited retinal dystrophy (prevalence 1/40,000), which leads to
early impairment of vision [88]. CORD is characterized by retinal pigment deposit
predominantly in the macular region by fundus examination [88]. This disease is initiated
with the loss of cone cells in the macular region, which impairs color vision and visual
acuity in central visual field. In later stage, CORD patients lose cone cells and rod cells in
periphery, which leads to loss of vision in the peripheral field and night blindness. In
contrast to RP, CORD affect cones first and impair vision at an earlier stage than RP [89].
At least four major CORD causative genes have been identified [88]. CORD2 is caused
by mutation in the CRX gene [90, 91].
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Congenital stationary night blindness (CSNB)
CSNB is a heterogeneous group of non-progressive retinal disorder diseases. This
group of diseases associates with night vision loss and decreased visual acuity. Unlike RP,
CSNB does not affect daytime vision. (Summarized by [92]). At least four mutations in
the Rho gene have been found to cause autosomal dominant CSNB [93-95]. These
mutations cause the mutant Rho proteins to be continually activated, which prohibits rods
to generate meaningful signals in response to light stimuli.
Strategies to study photoreceptor gene expression
As the most abundant protein in rod OS, rhodopsin expression is a good model to
study photoreceptor gene expression. Nrl and Crx are two key factors that play important
roles in rod gene-regulatory network [42]. Previous studies suggest that Nrl-Crx
interaction account for the synergistically activation of rhodopsin promoter, which is
essential to maintains rhodopsin express in rod at a proper level [42, 60, 84].
To study Nrl and Crx interaction in vivo, we need a transgenic system with
inducible Nrl and Crx expression in rods. It is a challenge to perform transgenic studies
on Nrl and Crx, due to dual roles of Nrl and Crx during both early and later
developmental stages [42]. First, Nrl and Crx are two transcription factors that regulate
progenitor cells differentiating into rod photoreceptors during vertebrate eye development
[17, 18, 42, 96-98]. They are also crucial for regulating transcription of phototransduction
genes to maintain adult photoreceptor normal function [21, 31, 34, 39, 51, 68, 99].
Mutations of Nrl and Crx in human may cause retinal degenerative disease in adult, such
as retinitis pigmentosa (RP) or Cone rod dystrophy [78, 84, 100]. Knock out of Nrl or
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Crx in mice leads to either cell fate change or cell death [23, 31, 32]. Because it is
problematic to express Nrl and Crx in transgenic animal constitutively, researchers need
an inducible system study Nrl and Crx expression in desired spatial and temporal
condition.
Förster resonance energy transfer (FRET) is one of few non-invasive methods to
study protein interaction in live cells. It is a physical process of non-radiative energy
transfer from an excited donor (D) to un-excited acceptor (A). The energy transfer
happens when the donor and acceptor are very close, typically within 10 nm, which is
considered as an evidence of physical interaction between two proteins. This method can
avoid the artifact of in vitro biochemistry analysis. Therefore, we can use FRET to study
Nrl and Crx interaction in live rods.

34

Inducible systems
Advantages of inducible system
Conventional transgenic technologies study gene function in animals by
irreversible ectopic expression or over-expression. This approach is invaluable for
studying genetic disorders and animal development. Normally, a traditional transgenic
approach employs a promoter to drive desired genes constitutively expressed in a specific
tissue or region at particular developmental stages. The expressed genes are usually
modified, either by inactivation or tagging. However, these technologies are inflexible
and have several drawbacks. The genes of interest are produced in all cells or certain cell
types that are determined by the promoter. The consequence of a genetic change maybe
embryonic lethality or cell fate change, which can lead to lack of cells or tissues subject
for study at a later stage [101]. Alternatively, animals carrying an aberrant amount of the
gene of interest may have to compensate the effect by boosting the expression of other
genes to replace the function of the gene of interest, and may express no obvious
phenotype. In addition, transgenic animals could yield a complicated secondary
phenotype, which is difficult to distinguish from the primary phenotype [102].
The cell fate of rods is determined by transcription factors including Nrl and Crx.
The aberrant expression of Nrl or Crx would change the fate of rod cells [21-23, 31-33].
We needed an inducible system to understand the Nrl-Crx interaction in mature rods, due
to the limitation of overexpressing and tagging. The inducible expression system can
flexibly control the spatial and temporal expression of genes by driving the expression of
genes of interest in response to external stimuli. Compared with constitutive expression,
inducible expression has several distinguishing features. First, the induction response is
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rapid and specific. Second, it quickly returns to a basal, inactive state when the stimulus
is removed. Third, the level of response can be adjusted by the amount of inducer.
Furthermore, multiple copies of inducible systems or multiple cells' response to stimuli
are highly synchronized.
The inducible system is widely employed in investigating biological function of
genes across different animal species. Although the regulation can take place at the level
of DNA modification, transcription, post-transcription or translation level, the activation
of gene transcription is the rate limiting step of inducible expression [103]. There are two
strategies to induce gene expression, an activation (system always off unless inducer
present) or a repression (system always on unless repressor present) system. Theoretically,
an activation system has several advantages over a repression system. The concentration
of the inducer is less essential in an activation system, which just needs to pass a critical
concentration threshold to activate gene expression, than the repressive system. The
activation system has fewer pleiotropic effects that are induced by overexpression of
genes or a high concentration of inducer. Furthermore, the magnitude of an activation
system can be adjusted by fusing multiple activator binding sites to the basal promoter.
The tissue or cell specificity of an activation system can be achieved by using a promoter
for transactivator expression. The above reasons make an inducible system favorable over
a repressive system when studying endogenous regulatory proteins, such as Nrl and Crx,
which usually express at a low level. This review will concentrate on several widely used
inducible systems and their applications.
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Different categories of inducible systems
Steroid hormone
Some early developed inducible systems use promoters containing glucocorticoid
-responsive elements (GREs). These promoters can be induced by activating
Glucocorticoid receptor (GR) with Glucocorticoid hormone [104], which induces the
dimerization and translocation of GR. The nucleus localized GRs recognize the GREs
and activate the transcription of reporter transgenes. Based on the original design,
researchers have developed several strategies to improve induction response,
transcription level and specificity in different cell types. However, this system suffers
significant basal level activity in the non-induced state and pleiotropic effects due to the
existence of endogenous GR [105, 106].
A newer hormone based inducible system is the ecdysone -inducible system[107].
Ecdysone, a Drosophila hormone, triggers the heterodimerization of ecdysone receptor
(EcR) and ultraspinacle (USP, a homologue of vertebrate retinoid X receptor). The
heterodimer translocates to the nucleus and recognizes EcR/USP DNA binding domains
(EcREs), which drive the expression of the transgene. Because ecdysone is an insect
hormone, it is less likely to have a pleiotropic effect. It has been modified and applied to
the study of the roles of apolipoprotein in Alzheimer's disease [108], the function of
PTEN tumor suppressor [109] and apoptosis in human colon carcinoma [110] in cell
culture. However, the requirement of tri-transgene (carrying EcR, USP and EcREs) limits
the application of this system in vivo.
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Inducible Gal4
Taking advantage of the regulatory mechanism of vertebrate steroid hormone
receptors, researchers designed a series of inducible systems based on the yeast
transcription factor Gal4 and its promoter [101, 111], and its DNA binding domain fused
to the transactivation domain of the herpes viral protein VP16 and the receptor domain of
hormone receptors. A basal promoter with tandem repeats of Gal4 response elements
(UAS, upstream activation sequence) can drive the expression of the transgene under its
control. These Gal4 chimerical transcription factors remain inactive until the hormone
stimulus is added. Once the transcription factors are activated by hormones, they bind to
Gal4 response elements of promoters and drive the inducible expression of genes of
interest. Several hormone receptors were used for building the inducible system, such as
GR, ER (estrogen receptor) and PR (progesterone receptor). Because Gal4 is a yeast
protein that is not endogenously expressed in vertebrates, a lower basal expression level
is achieved in the non-induced state than inducible systems that simply use hormone
response elements [101, 112].
Gal-GR consists of a Gal4 DNA binding domain and a GR hormone ligand
binding domain [113]. This system can be induced by Glucocorticoid hormone or an
analog, such as Dexamethasone. The addition of an inducer induces the translocation of
Gal-GR protein. Once it enters the nucleus, Gal-GR recognizes the UAS sequence and
drives the expression of reporter genes.
Gal-ER is the inducible chimerical transcription factor that uses the hormone
binding domain of human ER or modified ER. Since ER is not expressed in most
mammalian cells, the basal expression and pleiotropic effects are almost negligible. In rat
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fibroblasts cells, the induction response reach its maximum, 100-fold increase, within 2
hours [114].
Gal-PR uses a mutant PR that binds to RU486, a progesterone antagonist.
Therefore, Gal-PR can be induced by RU486 and produces a 10-50 fold increases in
expression of the reporter gene in cell culture. Expression of the reporter gene reaches a
maximum within 10 hours after induction [115].
Tetracycline
The tetracycline inducible system, initially developed by Bujard and coworkers, is
one of the most widely used systems [116, 117]. Tetracycline is an antibiotic that inhibits
the prokaryotic translation process. Pharmacological studies show tetracycline has low
toxicity to mammalian cells and high affinity for the E.coli tetracycline repressor (tetR).
Tetracycline prevents the binding of tetR to DNA. The original version of this system
uses tetracycline transactivator (tTA), which is a chimeric protein comprising the tetR
and herpes simplex viral transcriptional activating domain VP16. A basal CMV promoter
composed of tandem repeats of binding sites (tetO) upstream of the TATA box is
employed to drive the expression of reporter genes. In a stable transfected HeLa cell line,
the expression of a reporter gene can be significantly inhibited by the presence of 0.1
µg/ml of Tetracycline in culture media [116]. However, the original tetR is a repression
system, which requires long term exposure of tetracycline to suppress transgene
expression. Bujard and colleagues developed a second version of the tetracycline
inducible system (rtTA) by replacing tetR with reverse tetR (rtetR) [117]. The rtetR has
the opposite DNA binding property to tetR. In the presence of tetracycline, rtetR binds to
tetO sites. Thus, rtTA activates reporter gene expression only in the presence of
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tetracycline. In HR5-CL11 cells transfected with the rtTA system, the reporter gene
increased over 100-fold after 5.5 h and reached a maximum induced level (~600-fold)
within 24 hours [117]. However, there are several drawbacks of the tetracycline inducible
system. The tetracycline dependent transactivators are toxic at high expression levels in
cells [118]. Cells may develop a mechanism to compensate for high expression of
tetracycline-dependent transactivators. The basal expression of this system is highly
variable in different cell lines and tissues [119].
Heatshock
A heatshock inducible system is based upon the heatshock response of hsp
promoter and uses hyperthermia to activate gene expression. The hsp promoters are
conserved among different species, from bacteria to vertebrates. Drosophila hsp70
promoter was employed to express c-myc in mammalian cells [120, 121]. Later,
C.elegans hsp16 was introduced into mouse cells [122]. Kothary et al. generated
transgenic mice carrying a hsp68-lacZ hybrid gene to study fetal development [123].
Huang et al. used human hsp70 for targeted cancer gene therapy on a mouse melanoma
tumor model [124]. Hsp70 was also combined with the cre/loxP system for mutagenesis
in transgenic mice and zebrafish [125, 126]. All the applied hsp promoters are inactivated
at 37ºC or lower. A shift from 37ºC to 42-43 ºC will rapidly activate the transcription of
downstream reporter genes and produce more than a ten-fold increase in activity, usually
within one hour. When returned to normal temperature, the induced expression lasts for
several hours then subsides to basal level. However, the high temperature is a stress
factor to the cell and limits the use of heat shock inducible systems to be only suitable for
short term studies.
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Applications of inducible systems in Xenopus
Xenopus offers a number of advantages for studying the molecular mechanisms
that regulate retinal gene expression and development, including well studied
embryology and development [127], embryos accessible throughout development [128],
fast retinal development process [129], rapid transgenesis methods [130-132] and large
photoreceptors suitable for electrophysiology [133] and high resolution live imaging [134,
135]. Developing an inducible system for regulating gene expression in Xenopus rods is
important for vision research. To date, Gal4UAS, Tet-On and heatshock are three
primary inducible systems that have been applied in Xenopus. Inspired by studies in
Drosophila and Arabidopsis, the Gal4 DNA binding domain was fused with a ligand
binding domain from progesterone [136] or glucocorticoid [137] hormone receptors to
study Xenopus development. Although these Gal4 inducible systems show good response
to induction with low concentration of inducer during Xenopus development, they have
potential leakiness and pleiotropic issues due to the hormone inducer. The Tet-on
inducible system was successfully employed to study thyroid hormone response gene
expression and metamorphosis in Xenopus [138]. Heatshock promoter was used to study
Wnt signaling [139, 140] and HNF1 related organogenesis [141]. Despite the advantages
of being drug-free, the heat-shock promoter systems are very loosely controlled by
temperature and are not suitable for long term treatment. Because all current inducible
systems either have slow response to induction or high background of leaky expression,
we had to develop a new inducible system for studying protein functions in Xenopus rods.
To employ a new inducible system for investigating regulatory proteins functions,
we first studied the essential characteristics of this system. (1) The magnitude of
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induction response. High peak expression level of reporter genes and narrow range of
peak distribution is essential for a successful inducible system. (2) The lack of expression
in the absence of induction. To express toxic or developmentally vital regulatory proteins,
the inducible system should avoid leakiness before performing induction. (3) The
stability of induction. Researchers need to investigate how the concentration of inducer
and the duration of induction determine the reporter gene expression. (4) The
repeatability of induction and recovery following removal of the inducer. In order to
manipulate reporter gene expression, we must confirm the reporter gene expression will
be shut down after removal of the inducer and resumed once the inducer is reapplied to
the system. Thus, we need to investigate the above mentioned characteristics of inducible
systems in both in vitro cell culture and in vivo animal models. A good inducible system
should fulfill the following criteria: high magnitude of induced response, lack of
expression in the absence of inducers, high stability of response and repeatability of
induction.
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FRET
Förster resonance energy transfer (FRET) is one of few non-invasive methods to
study protein interactions in live cells. It is a physical process of non-radiative energy
transfer from an excited donor (D) to an unexcited acceptor (A). This process requires
spectral overlap of donor emission and acceptor excitation (Figure 8 b). The energy
transfer occurs when the distance between donor and acceptor is very short, typically
within 10 nm. The energy transfer efficiency can be written as a function of distance:
=𝑅

𝑅0 6

0

6 +𝑟 6

; where R0 is the Förster distance, the distance between the donor and acceptor

that gives a FRET efficiency of 50% [142, 143](Figure 8 c). Because of the strong
distance dependence of FRET around the Förster distance, FRET is considered as an
indicator and spectroscopic ruler of interaction between donor and acceptor molecules
[144]. Moreover, FRET analysis is a powerful tool used to study biological events that
associated with structure and conformational change of proteins [145].
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Figure 8. Example of FRET between eGFP and mCherry
(a) A fusion protein containing eGFP and mCherry is excited at 488 nm
wavelength. The eGFP protein absorbs the 488 nm light and emits green fluorescence.
When these two proteins are adjacent to each other, within a distance of 10 nm, a
proportion of energy from eGFP is transferred to mCherry, which emits red fluorescence.
(b) The excitation and emission spectra for eGFP (donor) and mCherry (acceptor) show
the spectral overlap between the donor emission and acceptor excitation (Khaki region).
The cyan bar indicates the donor excitation laser at 488 nm. The yellow-green bar
indicates the acceptor excitation laser at 561 nm. The dashed boxes indicate the donor
and FRET/Acceptor detection channels. The hatching region on the blue bar indicates the
direct acceptor excitation at the donor excitation wavelength. The hatching region inside
the FRET detection channels shows donor bleed through into the FRET channel. (c)
FRET efficiency is very sensitive to the change of distance. The Förster equation was
used to determine the change in FRET efficiency as a function of the distance between
the eGFP and mCherry. R0 is 5 nm.
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Principle of FRET
Characteristics of FRET
The rate of energy transfer between donor and acceptor is inversely proportional
to the sixth power of the distance between donor and acceptor, 𝑟:
1 𝑅0 6
𝑘𝑇 (𝑟) = � �
𝜏𝐷 𝑟

Where, 𝜏𝐷 is the donor decay time in the absence of acceptor; 𝑅0 is the Förster

distance, which gives a FRET efficiency of 50% between donor and acceptor. The FRET
efficiency is the fraction of energy transfer to acceptor in the total photon released by the
donor [142, 143, 146]. This can be written as:

𝐸=

𝑘𝑇 (𝑟)
+ 𝑘𝑇 (𝑟)

𝜏𝐷−1

At the Förster distance, the rate of transfer is equal to the decay rate of the donor
(1/𝜏𝐷 ). Moreover, this equation can rearrange with 𝑘𝑇 (𝑟), and yield [142, 146]:
𝐸=

𝑅0 6

𝑅0 6 + 𝑟 6

The FRET efficiency is strongly depending on distance when the distance is near
𝑅0 (Figure 8 b). Within the range of 0.5𝑅0 and 2𝑅0 , FRET efficiency is quickly changing

with distance and drops from 98.5% to 1.54%. For commonly used fluorescent dyes and

fluorescent proteins, the 𝑅0 usually range from 2 to 9 nm, which is comparable to the size
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of most bio-molecules [146]. FRET has already been used to quantify the change in the
distance between different subunits of a protein and measured the conformational change
of a protein [147, 148].
The 𝑅0 can be calculated from a complex of physical constants as follows:
𝑅06

∞

9000(ln 10)𝜅 2 𝑄𝐷
=
� 𝑓𝐷 (𝜆)𝜀𝐴 (𝜆)𝜆4 𝑑𝜆
5
4
128𝜋 𝑁𝑛
0

Where, 𝑄𝐷 is the donor fluorescence quantum yield in the absence of acceptor; 𝑁

is Avogadro's number; 𝑛 is the refractive index of the medium, which is typically

assumed to be 1.4 for calculation in aqueous solution of biomolecules [146]; 𝑓𝐷 is a

normalized donor emission spectrum. 𝜀𝐴 is the acceptor molar extinction coefficient; 𝜅 2

is orientation factor that depends upon the relative orientation of donor and acceptor

dipole, ranging from 0 to 4. When donors and acceptors are randomized by rotational
diffusion in solution, 𝜅 2 =2/3. In a frozen solution, where donors and acceptors distributed
randomly while fluorescent dipole orientations are fixed, 𝜅 2 =0.476. Because this

equation uses the sixth root to calculate the distance, there are not major errors due to the

variation of 𝜅 2 [146, 149, 150].
Donor and acceptor selection
The selection of donor and acceptor is the first step of a FRET experiment. This
requires optimized spectral overlap between donor emission and acceptor excitation. In
order to avoid spectral bleed-through, selection of donor and acceptor require minimum
donor and acceptor excitation-overlap and emission-overlap. Chemical dyes and
genetically encoded fluorescence proteins are two major classes in FRET pairs. Using
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chemical dyes to label molecules specifically is the original way to perform FRET
analysis. Thousands of chemically synthesized dyes are available for researchers to select
according to their favorite excitation/emission spectrum, brightness and photo-stability.
However, the applications of chemical fluorophore in biological studies are usually very
invasive and case-specific, which limit their application [146, 151, 152]. To perform
FRET in living cells, expression of genetically encoded fluorescent proteins is a more
suitable strategy than using chemical dyes.
The majority of genetically encoded fluorophore are engineered from Aequorea
and Coral (Anthozoa) fluorescent proteins, such as eGFP and mCherry. The eGFP and
mCherry proteins share a similar shape, which can be approximated well by a cylinder
with a diameter of 3 nm and a height of 4 nm (Figure 9 a and b). They have a significant
portion of effective spectrum overlap for FRET (Figure 8 b khaki colored region).
The eGFP is a protein variant derived from Aequorea GFP, with improved
brightness, photo-stability and efficiency of protein maturation at 37⁰C. It has a peak
excitation at 477 nm and emission at 507 nm (Figure 8 b). Its extinction coefficient is
56000 M-1cm-1 and quantum yield is 0.60 [153-155]. The eGFP primarily exists as a
monomer with a tightly packed beta-barrel structure, which imparts a high level of
stability to the protein. This structure results in lacking clefts and gaps that restrict the
access of small ligands, such as ions and oxygen. The chromophore is located near the
center of the eGFP protein and almost perpendicular to the barrel axis (Figure 9 a). These
structural characteristics partially explain the extraordinary photo-stability of eGFP,
which is resistant to changes in pH, temperature, fixation (paraformaldehyde), and many
common denaturing agents. Furthermore, both the amino and carboxyl termini of eGFP
48

are exposed on the surface of the barrel, which provide positions to link to other proteins
without significantly affecting the structural integrity of the fluorophore (Figure 9 a)
[153-155].
The mCherry protein is a high performance monomeric variant of the Discosopma
Striata DsRed protein. It has a peak excitation at 587 nm and emission at 610 nm (Figure
8 b). Its extinction coefficient is 72000 M-1cm-1 and quantum yield is 0.22, which reaches
47% brightness of the eGFP monomer [151, 154-156]. Despite only 23% sequence
homology between mCherry and original GFP, their beta-barrel structures are very
similar. The beta-barrel in mCherry is more elliptical in geometry than eGFP when
viewed from the top or bottom of the barrel [154-156]. The chromophore of mCherry
also positions near the center of the structure (Figure 9 b) and like eGFP has high photostability. In addition, the exposed amino and carboxyl termini of mCherry make it a very
good candidate for labeling the protein at both ends (Figure 9 b) [151, 154-156].
The fluorescent and structural properties of eGFP and mCherry make them
excellent FRET pair candidates. Both proteins have bright and stable fluorescence
emissions. The emission spectrum of eGFP (52%) overlaps with the mCherry excitation
spectrum (35%). Compared with the more widely used CFP-YFP(Citrine), the eGFPmCherry pair shows less misexcitation (7.6% of mCherry vs. 99.8% eGFP excitation at
488 nm, 0.4% of eGFP vs. 63.9% mCherry excitation at 561 nm) and spectral bleedthrough (1.3% of eGFP vs. 19.8% of mCherry total emission is collected by 610/20
optical filter) to complicate the background correction during FRET quantification. In
addition, eGFP-mCherry uses longer wavelength for illumination, which reduces phototoxicity and allows the sample to be imaged for prolonged periods of time with fewer
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adverse effects [157]. Furthermore, the light of longer wavelengths used for the eGFPmCherry pair is less scattered and generates less auto-fluorescence than light of shorter
wavelengths, which allows samples be imaged at greater depth. Finally, eGFP-mCherry
is compatible with FLIM-FRET. Both eGFP and mCherry have a single exponential
decay of fluorescence after excitation [158] rather than a complex decay lifetime
(multiple exponential model) found in CFP [159], which is valuable when analyzing their
fluorescence lifetime. Therefore, eGFP and mCherry are suitable FRET pair for our study.
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Figure 9. Architecture of eGFP and mCherry proteins
Both eGFP (a) and mCherry (b) have a tightly packed beta-barrel structure. When
viewed from top and bottom, mCherry is more elliptical in geometry than eGFP. Both
proteins positioned their chromophores near the center of their structure, which
contributes to the high photo-stability of both proteins. Both proteins have flexible
termini that hang outside of the beta-barrel.
(Adapted from Zeiss microscopy online campus
http://zeiss-campus.magnet.fsu.edu/articles/probes/index.html)
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Stochastic FRET/collision FRET
FRET efficiency is determined by the distance between donor and acceptor. A
high concentration of donor and acceptor in a solution would result in shorter average
distance between donor and acceptor. When the donors and acceptors inside biological
cells reach the order of a particular high concentration, the apparent FRET may contain
both FRET between interacting monomers within complexes and non-specific FRET
between non-interacting molecules (Figure 10 a). The latter case generates undesired
energy transfer, known as stochastic FRET or collision FRET, which is difficult to
distinguish from FRET of specific interacting proteins and can hinder the study of
functional interactions.
The most common example of stochastic FRET is in a three-dimension
homogeneous solution. If ideal acceptors and donors, who have no excluded volume,
randomly distribute in this three dimensions free diffusion solution, the decay function of
donor fluorescence intensity can be written as (Figure 10 c):

𝐼𝐷𝐴 (𝑡) =

𝐼𝐷0

𝑡
𝑡 1/2
exp �− − 2𝛾 � � �
𝜏𝐷
𝜏𝐷

Where, 𝐼𝐷0 is the initial intensity of donor immediately after excitation; 𝑡 is the

decay time; 𝜏𝐷 is the donor decay in the absence of acceptors; γ =

Γ(1/2) 𝐶
2

𝐶0

, the relative

concentration of acceptor. 𝐶0 is called the critical concentration. At 𝐶0 , the average

distance between donor and acceptor molecules is equal to R0. This concentration in
moles/liter (M) can be calculated from: 𝐶0 = 4
3
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1024

𝜋 𝑅0 3 𝑁

. Γ is the complete gamma function.

𝑡

N is Avogadro number. Making the definition: = 𝜏 . The transfer efficiency can be
𝐷

written as:

∞

1/2

∞
∫0 𝑒 −𝜆−2 𝛾 𝜆 𝑑𝜆
𝐼𝐷𝐴
1/2
𝐸 =1−
=1−
=
1
−
�
𝑒 −𝜆−2 𝛾 𝜆 𝑑𝜆
∞ −𝜆
𝐼𝐷
∫0 𝑒 𝑑𝜆
0

The transfer efficiency can be obtained by using numerical integration. It also can
be transformed and approximated by [146]:
𝐸 = √𝜋 γ 𝑒𝑥𝑝(γ2 ) [1 − 𝑒𝑟𝑓(γ)]

For C=C0, where 𝛾 = 1, the acceptor concentration that produces a 72% energy

transfer [146] (Figure 10 b and d). For instance, the mCherry and eGFP pair has 𝑅0 = 5

nm in a free diffusion solution, then 𝐶0 = 3.6 mM (5.1 nm [160] (4.7nm [161]) (5.24nm

[162]). However, if the mCherry and eGFP are in a completely frozen solution, which

provide an extremely slow rotational movement, the orientation factor 𝜅 2 is 0.476 [146,
163]. Therefore, here 𝑅0 is about 4.73 nm and 𝐴0 is 4.3 mM.

For randomly distributed acceptors in a two-dimension free diffusion solution
with no excluded volume, the decay function of donor fluorescence intensity is [146, 164,
165](Figure 10 c):

𝐼𝐷𝐴 (𝑡) = 𝐼𝐷0 exp �−
Where, β =

Γ(2⁄3) 𝐶(2𝐷)
2

𝐶0(2𝐷)

𝑡
𝑡 1/3
− 2𝛽 � � �
𝜏𝐷
𝜏𝐷

, the relative density of acceptor in an area equal to 𝜋𝑅0 2 .

At 𝐶0(2𝐷) , the average distance between donor and acceptor molecules is equal to R0.
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This concentration in moles/m2 can be calculated from: 𝐶0|2D = 𝜋 𝑅

0

𝑡

2

𝑁

. Making the

definition: = 𝜏 . The transfer efficiency can be written as [146, 164, 165]:
𝐷

∞

1/3

∞
∫0 𝑒 −𝜆−2 𝛽 𝜆 𝑑𝜆
𝐼𝐷𝐴
1/3
𝐸 =1−
= 1−
= 1 − � 𝑒 −𝜆−2 𝛽 𝜆 𝑑𝜆
∞ −𝜆
𝐼𝐷
∫0 𝑒 𝑑𝜆
0

This equation contains an infinite series that cannot be expressed in closed-form.
Thus, the transfer efficiency can be obtained by using numerical integration. For
convenience, many analytical approximations have been developed for this equation,
such as 𝐸 = 1 − {1 + [(πC0 ⁄2)(R 0 ⁄r)4 ]}−1 [165]. For C=C0(2D), where 𝛽 = 1, the

acceptor concentration that produces a 67% energy transfer (Figure 10 d) [146]. This

model has been used in the studies on the lipid bilayer, such as the dimerization of
rhodopsin [166].
For randomly distributed acceptors in a one-dimension free diffusion solution
with no excluded volume, the decay function of donor fluorescence intensity is [146, 167]
(Figure 10 c):

𝐼𝐷𝐴 (𝑡) =
Where, β =

Γ(5/6)
2

𝐶(1𝐷)

×𝐶

0(1𝐷)

𝐼𝐷0

𝑡
𝑡 1/6
exp �− − 2𝛿 � � �
𝜏𝐷
𝜏𝐷

, the relative number of acceptor molecules in a linear

distance of 2R0. At 𝐶0(1𝐷) , the average distance between donor and acceptor molecules is
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equal to R0. This concentration in moles/m can be calculated from: 𝐶0|2D = 2×𝑅
𝑡

Making the definition of = 𝜏 . The transfer efficiency can be written as:
𝐷
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0 ×𝑁

.

∞

1/6

∞
∫0 𝑒 −𝜆−2 𝛿 𝜆 𝑑𝜆
𝐼𝐷𝐴
1/6
𝐸 =1−
=1−
= 1 − � 𝑒 −𝜆−2 𝛿 𝜆 𝑑𝜆
∞ −𝜆
𝐼𝐷
∫0 𝑒 𝑑𝜆
0

This equation contains an infinite series that cannot be expressed in closed-form.
Thus, the transfer efficiency can be obtained by using numerical integration. For C=C0(1D),
where 𝛿 = 1, the acceptor concentration that produces a 64% energy transfer (Figure 10

d)[146]. This model has been used in studies of double helical DNA [167].
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Figure 10. Stochastic FRET in a three dimensional solution
(a) One hundred donor and acceptor molecules randomly distributed in a three
dimensional spherical solution. The estimated concentration is about 40 µM. Green dots
are donor molecules. Red dots are acceptor molecules. Blue linkers between green and
red dots indicate a distance less than 10 nm. (b) Estimation of stochastic FRET for
different R0 in a free diffusion solution with no excluded volume. Stochastic FRET
occurs between non-specific interacting donors and acceptors. When acceptor
concentration is very high, close to critical concentration A0, the stochastic FRET is
significant. The stochastic FRET is also determined by R0; larger R0 leads to lower A0
and higher stochastic FRET. (R0 = 6 nm is green; 5 nm is black; 4 nm is red; 3 nm is cyan;
2 nm is magenta) (c) Relative fluorescence intensity decay of 𝐼𝐷𝐴 ⁄𝐼𝐷0 when C = C0. τD is
the fluorescence lifetime of the donor. 𝐼𝐷 is in black; one-dimension solution is in red;

two-dimensional solution is in green; three-dimension solution is in blue. (d) FRET

efficiency at different relative amount of acceptors, C/C0. C0 is critical concentration.
One-dimension solution is red; two-dimension solution is green; three-dimension solution
is blue.
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Figure 11. Fluorescence lifetime and intensity change in FRET
(a) Donor fluorescence lifetime is reduced by energy transfer. The Green (donor
only, no FRET) and Red (donor and acceptor, FRET) curves are donor fluorescence
decay over time after excitation. The dashed line indicates the point at which 36.7% (~
1/e) of donor fluorescence remains. The intersection of the donor decay curve and the
dashed line indicates the lifetime of the donor, τ, which ranges from 1 to 20 ns in most
fluorophores. (b) Donor and acceptor fluorescent intensity are changed by energy transfer.
The sample is illuminated with 488 nm donor excitation light (cyan bar). The green
curves are donor emission in the no FRET sample (light) or the FRET sample (dark). The
red curves are acceptor emission in no FRET sample (light, direct excited by 488 nm
laser) or FRET sample (dark). A reduction in donor fluorescence (donor quenching) and
an increase in acceptor fluorescence (acceptor sensitized emission) are observed in each
respective filter channel when FRET occurs.
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Methods to quantify FRET
Different approaches were developed to investigate FRET in live cells based on
fluorescence lifetime or intensity. First, the fluorescence lifetime imaging microscopy
(FLIM) method measures fluorescence lifetime of a donor in the presence or absence of
acceptor (Figure 11 a). Second, the acceptor photobleaching (APB) method measures
donor fluorescence dequenching after removing the acceptor (Figure 11 b). Third, the
intensity based ratio-metric imaging (sensitized emission) method measures the induced
acceptor fluorescence after excitation of the donor (Figure 11 b). Fourth, the spectral
imaging and linear unmixing of spectral components method measures the emission
spectrum of the donor or acceptor (Figure 11 b).
FLIM-FRET
FLIM analyzes the reduction in the donor fluorescence lifetime when FRET
occurs (Figure 11 a). The fluorescence lifetime is an intrinsic property of a fluorophore,
which is independent of fluorophore concentration and light path length [168]. When a
fluorophore absorbs an excitation photon, it may transit from its ground state to an
excited state. Then, the fluorophore returns to the ground state and emits a photon.
Fluorescence lifetime is the average time a fluorophore molecule spends in the excited
state before returning to the ground state, typically between 1 to 10 nanoseconds. To
measure the fluorescence lifetime, researchers need a femtosecond-picosecond level
pulsed-light source to excite the fluorophore, and count the fluorescence photon arrival
time with time-correlated single-photon counting (TCSPC). The data are compiled to
generate the fluorescence decay histograms, which can be used to estimate the
fluorescence lifetime [147, 148, 158, 168, 169]. From these parameters, the FRET
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efficiency can be derived from the following equation: = 1 −

𝜏𝐷𝐴
𝜏𝐷

; where 𝜏𝐷𝐴 is the

donor fluorescence lifetime in the presence of acceptor; 𝜏𝐷 is the donor fluorescence

lifetime in the absence of acceptor. Because FLIM-FRET is relatively independent of
fluorophore concentration and is insensitive to wavelength depending light scattering, it
does not require extensive calibration and is more robust than other methods [158, 169].
In addition, because FLIM-FRET only needs to measure the donor fluorescence lifetime,
a non-fluorescent acceptor can be used [170, 171]. Moreover, FLIM-FRET can be used to
investigate the fraction of molecules involved in an interaction [146, 169, 172]. However,
FLIM-FRET requires a microscope equipped with a high frequency pulsed laser and a
high speed detector, which is not available for most standard confocal microscopy setups.
In addition, because FLIM-FRET uses fitting to estimate the fluorescence lifetime, a
fluorophore with complicated decay components would be problematic, such as CFP
[159]. Thus, FLIM-FRET favors a fluorophore with a simple component exponential
decay. Finally, the acquisition of FLIM data is slow, which requires at least 30 seconds to
achieve sufficient photon counts, and is thus not suitable to study dynamic events [147,
148, 169].
Acceptor Photobleaching
APB measures the donor fluorescence intensity before (quenched) and after (dequenched) selectively bleaching the acceptor in a FRET specimen (Figure 11 b).
Theoretically, the measurement of the intensity of the same donor molecules in the
absence (𝐹𝐷 ) and the presence (𝐹𝐷𝐴 ) of acceptor molecules can directly yield the FRET
energy transfer efficiency: = 1 −

𝐹𝐷𝐴
𝐹𝐷

. The APB method uses the same specimen to
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determine the quenched and dequenched donor fluorescence intensity, which avoids
intense calibrations and multiple control experiments that are required in other methods.
In addition, this method is not depended on the relative concentration of donor and
acceptor. Moreover, this method is compatible with standard confocal microscopy and
two-photon microscopy [173-175]. However, the APB method uses irreversible
photobleaching, which takes a significant amount of time for imaging. In addition, the
photobleaching process limits APB to a single measurement at each fluorescence
intensity level, which eliminates the possibility for time-lapse imaging. Furthermore,
during photobleaching, diffusion of the protein can cause artifacts in the measurement,
which makes it only suitable for immobilized proteins, i.e. fixed samples [147, 148, 169].
Sensitized Emission FRET
Sensitized emission FRET is one of the most widely used approaches for FRET
studies in live cells (Figure 11 b). Sensitized emission FRET measures the acceptor
fluorescence emission resulting from donor excitation [147, 148, 169]. This method
illuminates the FRET pairs with a donor excitation light source (Figure 8 b cyan bar) and
collects the fluorescence emission in the acceptor or FRET channel (Figure 8 b black
dashed box). However, the signal collected from the FRET channel is not only acceptor
fluorescence resulting from donor excitation (Figure 8 b area circulated by red spectral
curve and black dashed box, pale red), but also pollution from direct excitation of
acceptor with donor excitation light (Figure 8 b hatching area in cyan bar) and the bleedthrough of donor emission into FRET channel (Figure 8 b hatching area encircled by
green emission spectral curve and black dashed box). Youvan and colleagues developed
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an approach to correct for the polluted fluorescence signal, which is also called the three
cube method [176].
𝑛𝐹 = 𝐹 𝑒𝑥𝐷,𝑒𝑚𝐴 − 𝛼 𝐹 𝑒𝑥𝐴,𝑒𝑚𝐴 − 𝛽 𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷

In their approach, FRET samples were illuminated with donor excitation light,
and the emission was collected in the donor channel (𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷 ) and FRET (acceptor)

channel (𝐹 𝑒𝑥𝐷,𝑒𝑚𝐴 ). Then, FRET samples were also illuminated with acceptor excitation
light, and the emission was collected in the acceptor channel (𝐹 𝑒𝑥𝐴,𝑒𝑚𝐴 ). Here, they

introduced two proportionality constants: First, the constant for the direct excitation of an
acceptor by donor excitation light: 𝛼 =

𝐴𝑒𝑥𝐷 ,𝑒𝑚𝐴
𝐴𝑒𝑥𝐴 ,𝑒𝑚𝐴

, relating the ratio of acceptor emission

at donor excitation to acceptor excitation. α is obtained from the reference samples with
only acceptor. The emissions in the acceptor channel were collected at donor excitation
(𝐴𝑒𝑥𝐷,𝑒𝑚𝐴 ) and acceptor excitation (𝐴𝑒𝑥𝐴,𝑒𝑚𝐴 ). Second, the constant for the bleed-through
of donor emission into FRET channel: =

𝐷 𝑒𝑥𝐷 ,𝑒𝑚𝐴

𝐷 𝑒𝑥𝐷 ,𝑒𝑚𝐷

, relating the ratio of donor emission

detected in the FRET(Acceptor) channel to the donor channel. β is obtained from the
reference samples with only donor. The reference samples were excited with donor
excitation light and their emission were collected in the FRET (Acceptor) channel
(𝐷𝑒𝑥𝐷,𝑒𝑚𝐴 ) and donor channel (𝐷𝑒𝑥𝐷,𝑒𝑚𝐷 ). The donor excited by acceptor excitation light
and acceptor bleed-through into the donor channel is neglected. This method is widely
accepted and compatible with most imaging approaches. Theoretically, any fluorescence
detection system equipped with donor and excitation light sources and auto-switching
filter sets of donor and acceptor channels can be adapted for this FRET measurement,
including wide field microscopy and flow cytometer [147, 148, 169, 176, 177].
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The nF only provides information approximate to acceptor fluorescence resulting
from donor excitation. To obtain FRET efficiency, several different methods have been
proposed to normalize nF with apparent donor (𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷 ) or apparent acceptor (𝐹 𝑒𝑥𝐴,𝑒𝑚𝐴 )
fluorescence intensity [145, 177-179]. Xia and Liu's method has been the most popular in
recent years and has been adopted by many imaging device manufacturers and software
developers [178]:

𝑁𝐹𝑅𝐸𝑇 =

𝑛𝐹

√𝐹 𝑒𝑥𝐴,𝑒𝑚𝐴 × 𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷

For this method, they minimized the dependence of FRET efficiency (E) to the
fluorescence intensity of either donor or acceptor. This method also has high resistance to
changes in the acceptor/donor ratio, within 0.1 to 10 range [180]. However, NFRET is
nonlinear with respect to changes in the fraction of the donor or acceptor when excessive
amounts of the donor or acceptor are present in the FRET sample [180].
Compared with FLIM-FRET and APB-FRET, sensitized emission FRET is
preferable for observing the dynamic changes of donor-acceptor interaction in live cells
and calculating donor-acceptor stoichiometry, which is proportional to the fluorescence
intensity of donor and acceptor molecules. To obtain accurate data, the control
experiments must be repeated for each experiment, which increases the burden of time
and labor of this method. Photobleaching during imaging is another limitation for
expanding these methods to time-lapse and three dimensional FRET analyses. Because
the correction relies on measurements from separate reference samples containing
acceptor-only and donor-only fluorophores, the method is very sensitive to the
fluorophores and optical parameters of the imaging system used in the experiment, which
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prevents comparison of FRET results done in different laboratories [147, 148, 169].
Moreover, this method cannot discriminate FRET efficiency and fractions of donor and
acceptor involved in FRET [181].
FRET Stoichiometry
FRET stoichiometry investigates the fractions of donor and acceptor in a complex
in living cells, which is an extension of the sensitized emission method. Lakowicz
proposed an equation of FRET efficiency E, which associates with the fraction of
interacting components [146]:

𝐸=

𝑒𝑥𝐷

𝜀𝐷

𝑒𝑥𝐷

𝜀𝐴

𝑒𝑥
𝜀𝐷 𝐷

𝑒𝑥 ,𝑒𝑚𝐴

𝐹𝐷𝐴 𝐷
× �

𝑒𝑥𝐷 ,𝑒𝑚𝐴

− 𝐹𝐴

𝑒𝑥 ,𝑒𝑚
𝐹𝐴 𝐷 𝐴

1
�×� �
𝑓𝐴

𝑒𝑥𝐷

Where, fA is the fraction of acceptor in the donor-acceptor complex. 𝜀𝐴

and

are the extinction coefficients of acceptor and donor under the donor's excitation

light. However, this equation is only for a hypothetical condition in which the acceptor

emission is measured without the energy transfer and bleed-through from the donor. To
solve this problem, Hoppe and colleagues applied nF to the E·fA to address the FRET
[181]:

𝐸𝐴 = 𝐸 × 𝑓𝐴 = 𝛾 ×

𝑛𝐹
𝛼 × 𝐹 𝑒𝑥𝐴,𝑒𝑚𝐴

Here, EA is the apparent FRET proportional to the fraction of acceptor molecules
in a complex. A new constant was introduced, 𝛾 =

𝑒𝑥
𝜀𝐴 𝐷

𝑒𝑥
𝜀𝐷 𝐷

, which is the ratio of the

extinction coefficient of the acceptor to the donor at donor excitation. For example, the
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𝑒𝑥

488
extinction coefficient of eGFP at 488 nm laser excitation 𝜀𝑒𝐺𝐹𝑃
= 0.998*56,000M-1cm-

1

𝑒𝑥

488
=55,888 M-1cm-1; extinction coefficient of mCherry at 488 nm excitation is 𝜀𝑚𝐶ℎ𝑒𝑟𝑟𝑦
=

𝑒𝑥

𝑒𝑥

488
488
0.076*72,000M-1cm-1=5,472 M-1cm-1; therefore, 𝛾𝑚𝐶ℎ𝑒𝑟𝑟𝑦⁄𝑒𝐺𝐹𝑃 = 𝜀𝑚𝐶ℎ𝑒𝑟𝑟𝑦
�𝜀𝑒𝐺𝐹𝑃
=

𝑛𝐹

0.097. 𝛾 also can be addressed by 𝛾 = 𝐸𝑐 ��𝛼×𝐹𝑒𝑥𝐴,𝑒𝑚𝐴 � through experimental

measurement. Here, Ec is characteristic FRET efficiency of a specific FRET complex,
which is usually addressed by measuring a tandem acceptor-donor pair with FLIM-FRET.
Hoppe and colleagues further developed an equation to resolve apparent FRET
proportional to the fraction of donor in complex, ED, by taking FRET induced donor
quenching into account [181]:

𝐸𝐷 = 𝐸 × 𝑓𝐷 = 1 −
Where, 𝜉 =

𝛾×𝐹𝑒𝑥𝐷 ,𝑒𝑚𝐷 ×𝐸𝑐
(1−𝐸𝑐 )×𝑛𝐹

𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷
𝑛𝐹 × (𝜉 ⁄𝛾 ) + 𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷

, is a constant of proportionality that relates the

sensitized acceptor emission to the decrease in donor fluorescence due to FRET. 𝜉

contains information about the donor and acceptor quantum yield and the detection
efficiency of the device. Given that the wavelength transmission in optical filters and
detector response are very complicated, ξ was determined empirically in their method,
𝜉=

𝛾×𝐹 𝑒𝑥𝐷 ,𝑒𝑚𝐷 ×𝐸𝑐
𝑛𝐹×(1−𝐸𝑐 )

through experimental measurement of references.

They further solve the acceptor to donor ratio in a FRET sample [181]:

𝑅𝑡 =

[𝐴𝑡 ]
𝜉
𝛼 × 𝐹 𝑒𝑥𝐴,𝑒𝑚𝐴
=
�
�
×
[𝐷𝑡 ]
𝛾2
𝑛𝐹 × (𝜉 ⁄𝛾 ) + 𝐹 𝑒𝑥𝐷,𝑒𝑚𝐷
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Where, At and Dt are the total number of acceptors and donors. FRET
stoichiometry not only quantitatively analyzes FRET efficiency, but also studies the
effect of the fraction of the donor or acceptor in FRET complex. However, additional
reference measurements are needed to determine γ and ξ, which hinder the popularity of
FRET stoichiometry [148].
Spectral FRET
Unlike three-cube sensitized emission methods that collect fluorescence in certain
ranges of wavelength, spectral FRET samples the whole spectral range of the emission
wavelength, which is called λ [148]. The information of λ, allows the researcher to study
the spectral characteristics of emission for the donor-only, acceptor-only and FRET
samples. As in the nF method, the contribution of donor and acceptor pollution in FRET
sample need to be compensated for with spectra of donor-only and acceptor-only
reference, called linear unmixing [182]. Wlodarczyk et al. apply the principle of FRET
stoichiometry to spectral FRET, called Lux-FRET, which studies the FRET in the
presence of free donors and acceptors that exist in the FRET sample but not in FRET
complex [183].
𝑖,𝑟𝑒𝑓

𝐹 𝑖 (𝜆) = 𝛿 𝑖 × 𝐹𝐷

𝑖,𝑟𝑒𝑓

𝐹𝐷

(𝜆) + 𝛼 𝑖 × 𝐹𝐴𝑖,𝑟𝑒𝑓 (𝜆)

Where, 𝐹 𝑖 (𝜆) is the spectrum of a FRET sample at an excitation wavelength i.

(𝜆) and 𝐹𝐴𝑖,𝑟𝑒𝑓 (𝜆) are reference spectra from controls containing the donor-only and

the acceptor only samples. 𝛿 𝑖 is the apparent concentration of donor, which can be

calculated from the reference donor concentration [𝐷𝑟𝑒𝑓 ] in the donor-only control
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sample: 𝛿 𝑖 =

��𝐷 𝑡 �+[𝐷𝐴]×(1−𝐸)�
�𝐷 𝑟𝑒𝑓 �

. 𝛼 𝑖 is the apparent concentration of acceptor, which can

be calculated from the reference acceptor concentration in the acceptor-only control

sample : 𝛼 𝑖 =

𝑖

𝜀
��𝐴𝑡 �+ 𝑖𝐷 ×𝐸×[𝐷𝐴]�
𝜀𝐴

�𝐴𝑟𝑒𝑓 �

. Then, they introduced a new ratio constant, 𝑟 𝑒𝑥,𝑖 , the

ratio of the donor to acceptor excitation strength at an excitation wavelength i. Thus,
apparent FRET is proportional to the fraction of donor in the FRET complex, 𝐸𝐷 =
�𝛼2 −𝛼1 �

𝛿 1 ×(𝑟 𝑒𝑥,2 −𝑟 𝑒𝑥,1 )+(𝛼2 −𝛼1 )

; apparent FRET is proportional to the fraction of acceptor in the

�𝐷 𝑟𝑒𝑓 �

�𝛼2 −𝛼1 �

FRET complex, 𝐸𝐴 = �𝐴𝑟𝑒𝑓 � × (𝛼2 ×𝑟 𝑒𝑥,1 −𝛼1 ×𝑟 𝑒𝑥,2 ) . This method uses photons from the

whole spectrum, which has better photon usage efficiency than the three cube method. It
also allows us to measure donor quenching and acceptor sensitized emission
simultaneously, which means higher accuracy and reliability of measurement.
Furthermore, the image acquisition of λ is rapid, which allows for the application of
measuring FRET dynamic. However, this method requires that the fluorescence
acquisition device provides a spectral resolution option, such as a LSM510META
confocal microscope and spectrofluorometer. In addition, this method inherits some of
the weaknesses from the sensitized emission FRET method: it relies on additional
measurement of reference samples with known concentrations of donor-only and
acceptor-only expression [148].
Applications of FRET to study transcription factors
Various FRET methods have been used in studies of transcription factor
interaction. For example, Fos and Jun are transcription factors that regulate cell
proliferation and apoptosis. They can form heterodimers and recognize activator protein69

1(AP-1) binding sites in the promoter region of downstream genes. The crystal structure
of whole Fos and Jun proteins remain unknown. Camuzeaux and colleagues use APBFRET and FLIM-FRET to measure the FRET efficiency between YFP-Fos and CFP-Jun
in HeLa cells. Their results showed a FRET efficiency of 7.5%, which suggest a compact
conformation of transactivation domains in the N-termini [184]. Vamosi and colleagues
labeled the c-termini of Fos and Jun with eGFP and mRFP1. They used two intensity
based sensitized emission FRET approaches, flow cytometry and confocal microscopy, to
measure the FRET efficiency. They obtained a 3-4% FRET efficiency and confirmed the
interaction of Fos and Jun in live cells. These results are in good agreement with their
molecular dynamic simulation prediction [185, 186].
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Goals of the research project
Although the expression of rhodopsin has been extensively studied in recent years,
the mechanism of regulating expression levels of rhodopsin specifically in rods is still not
completely understood. The expression level of rhodopsin is controlled primarily at
transcription initiation [1, 2] by Nrl and Crx [42]. Mutations or malfunction of rod genes,
such as Nrl, Crx and Rho, can cause several retinal degenerative diseases, most notably
RP and LCA [42]. Previous studies conducted in our lab [48-51] and other labs [21]
suggest that the interaction of Nrl and Crx is essential in transcription regulation of
rhodopsin and other phototransduction genes. However, these studies of interaction were
done in vitro using reconstituted protein complex [60]. Furthermore, no direct evidence
of Nrl-Crx interaction in live cells has been reported. Thus, the focus of this dissertation
is to develop methods that facilitate the study of how Nrl and Crx interaction mediate
transcription of rhodopsin in rods.
Chapter 2 of this thesis presents an inducible system that can control gene
expression in live rods specifically. Some proteins, such as Nrl and Crx, play essential
roles in both cell differentiation and rod maintenance, making them unsuitable for
constitutive expression. In this chapter, we use rhodopsin as a reporter to monitor the
induction response of an inducible system in transgenic Xenopus. The imaging results
suggest that the inducible system is tightly controlled, and the induction response is
reproducible, which is essential for expressing critical or toxic proteins. Therefore, we
can use this system to express Nrl and Crx in mature rods.
Chapter 3 presents a flow cytometry based FRET method for studying the
interaction between Nrl and Crx. This new method makes FRET analysis possible in
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large populations of cells in a very short time. It also provides opportunities to study the
concentration effects and stoichiometry of FRET. Using this method, we investigated the
Nrl-Crx interaction and the effect of mutations in live cells. In addition, we also studied
the homo-dimerization of Nrl-Nrl and Crx-Crx.
The final chapter will outline the prospects of these new methods in the study of
rod-specific gene expression. The inducible system and FC-FRET reported here still can
be optimized. Lots of applications of these two methods have been planned. Using FRET
to analyze the interaction of inducible Nrl and Crx in live rods is the ultimate goal of this
project.
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Abstract
We developed an inducible transgene expression system in Xenopus rod
photoreceptors. Using a transgene containing mCherry fused to the carboxyl terminus of
rhodopsin (Rho-mCherry), we characterized the displacement of rhodopsin (Rho) from
the base to the tip of rod outer segment (OS) membranes. Quantitative confocal imaging
of live rods showed very tight regulation of Rho-mCherry expression, with undetectable
expression in the absence of dexamethasone (Dex) and an average of 16.5 µM of RhomCherry peak concentration after induction for several days (equivalent to >150-fold
increase). Using repetitive inductions, we found the axial rate of disk displacement to be
1.0 µm/day for tadpoles at 20 ⁰C in a 12 h dark /12 h light lighting cycle. The average
distance to peak following Dex addition was 3.2 µm, which is equivalent to ~3 days.
Rods treated for longer times showed more variable expression patterns, with most
showing a reduction in Rho-mCherry concentration after 3 days. Using a simple model,
we find that stochastic variation in transgene expression can account for the shape of the
induction response.

Key words: inducible system, rhodopsin, rod, outer segment, live cell imaging,
transgenic Xenopus
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Introduction
Xenopus photoreceptors have played an important role in understanding the cell
biology of membrane assembly [1-4], retinal disease [5-7] and ciliary transport [8]. A
major advantage is that Xenopus has much larger photoreceptors than mammals, which
make them an exquisite system for high-resolution microscopic imaging [5,9-11]. The
photoreceptors develop rapidly, forming light-sensitive outer segment (OS) membranes
within a week post-fertilization [12,13] and expression of fluorescently tagged proteins
are readily expressed [14]. The OS contains high concentrations (~3 mM) of the integral
membrane protein rhodopsin [15], which is synthesized in the inner segment and then
rapidly delivered to the base of the OS for incorporation into disk membranes [16-20].
Rhodopsin is free to move laterally within a disk membrane [21], however there is no
axial movement between disks. OS renewal is accomplished as membrane disks are
displaced progressively outwards, with eventual phagocytosis by the retinal pigment
epithelium [16-19,22,23]. Therefore, the distance along the OS axis from the base is
linearly related to the time elapsed since incorporation for 4-6 weeks and thus offers an
opportune model to investigate membrane protein synthesis and processing (Fig. 2A).
In order to more precisely control expression of the transgene in Xenopus rods, an
inducible expression system is invaluable. There have been three inducible systems
developed in Xenopus based upon the Gal4-UAS [24,25], Tet-On [26] and heat shock
[27-29] strategies. The Gal4-UAS systems (Gal4 DNA binding domain was fused with a
ligand binding domain from progesterone [24] or glucocorticoid [25] hormone receptors)
respond well to low concentration of inducer during Xenopus development. However,
they have significant leakiness in the absence of inducer and pleiotropic variation. The
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Tet-On inducible system was successfully employed in Xenopus to study thyroid
hormone response gene expression [26]. However, rtTa binds to tetO weakly even
without doxycycline, which leads to a basal level expression of reporter genes [30,31].
Heat-shock promoters have been used to study Wnt signaling [27,28] and HNF1 related
organogenesis [29]. A big advantage of this system is that only a short-term heat shock is
needed to turn on the system and no inducer is needed. However, the heat-shock
promoter systems are not suitable for long-term treatment. To overcome these limitations,
we designed a system that would have tight control of expression and provide
reproducible induction responses (Fig. 1A and 2A). This system is based upon a GAL4VP16 transcriptional activator fused to a fragment of the glucocorticoid receptor, which
makes nuclear localization dexamethasone (Dex)-sensitive [32]. An eGFP protein is
fused to the C-terminus of GAL4-VP16-GR chimeric protein to allow detection of
transcriptional activator translocation. This system was placed under control of the
Xenopus rhodopsin promoter (XOP) to direct expression specifically in rods. To follow
rhodopsin transport, a Rho-mCherry fusion protein was placed under the control of a
UAS-hsp promoter. Thus, Dex addition triggers GAL4-VP16-GR-eGFP (G3) transport
into the nucleus and initiates the transcription of the Rho-mCherry reporter. We used
high-resolution confocal microscopy of single rods treated with Dex to characterize
spatial and temporal characteristics of induction responses and displacement rates of
rhodopsin in the OS.
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Materials and methods
Expression constructs
Fusion constructs were spliced by overhang extension PCR primers (IDT,
Coralville, IA) with Cloned Pfu (Stratagene, La Jolla, CA). Point mutations and small
deletions or insertions were generated using QuickChange methods with Turbo Pfu
(Stratagene, La Jolla, CA). All constructs were confirmed by DNA sequencing. The
Gal4-VP16-GR module (consisting of 147 amino acids of S. cerevisiae Gal4 N-terminal
transactivation domain, 59 amino acids of herpes viral protein VP16 and 266 amino acids
of rat glucocorticoid receptor protein C terminal domain) was amplified from TOPtkiGFP plasmid [25] and inserted into peGFP-N1 vector (Clonetech, Mountain View, CA)
with poly-Gly linker (LEPLEGTGGGGG) to create the pCMV:G3 plasmid. The CMV
promoter was replaced with XOP (-503/+41) promoter [33] to create the XOP:G3
construct. A fragment containing five copies of UAS immediately upstream of Hsp
promoter was amplified from pUAS:GFP [34] and subcloned into pGL2 (Promega,
Madison, WI) to create pUASLuc, pmCherry-N1 (Clonetech, Mountain View, CA) to
create pUAS:mCherry and replacing XOP promoter in pRho-mCherry [5] to create
pUAS:Rho-mCherry. All plasmids were linearized with Nhe I (NEB, Ipswich, MA) prior
to transgenesis.

Mammalian cell culture and luciferase reporter assay
HEK293T cells (ATCC, Manassas, VA) were cultured in DMEM with 10% FBS
and 1 mM L-Glutamine. Cells were seeded at 75,000 cells/ml one day before transfection.
Cell transfections were performed using a total of 1 µg of DNA and 3 µl Fugene 6
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(Roche, Branchburg, NJ) in 100 µl DMEM for 2 ml of culture. Cells were transfected
with pCMV:G3 and either pUAS:Luc or pUAS:mCherry constructs. Empty pCS2 (D.
Turner, University of Michigan) was included in the transfection medium to bring the
total DNA to 1 µg. Cells were harvested 48 h post-transfection and luciferase activity was
determined with Bright-Glo Luciferase Assay System (Promega, Madison, WI) using a
Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, VT) according to the
manufacturer's instructions.
Transgenesis and induction procedure
Transgenic Xenopus laevis were generated by restriction enzyme mediated
integration [35-37]. Tadpoles were raised in a 12 h dark/12 h light cycle at 20 ⁰C. During
induction, tadpoles had daily water changes and replenished with fresh 10 µM Dex
(Sigma-Aldrich). All animal handling and experiments were in agreement with the
animal care and use guidelines of the Association for Research in Vision and
Ophthalmology (ARVO). This study was done under the approval of the SUNY Upstate
Medical University Committee on the Human Use of Animals (CHUA No. 209).
Confocal microscopy image acquisition setting
Cells were imaged with a confocal microscope (LSM510 META; Carl Zeiss,
Germany) using LSM acquisition software (Carl Zeiss, Germany). Images were acquired
with a Plan-Apochromat 63× oil immersion objective (NA 1.4). The pinhole was adjusted
to obtain 1.24 Airy units for the fluorophore of shortest wavelength excitation/emission
properties. mCherry fluorescence was detected by using an HeNe1 laser (excitation at
543nm, power 20–60%), a main dichroic beam splitter (MBS) HFT UV/488/543/633-nm
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followed with a dichroic beam splitter (DBS) NFT490-nm for excitation, and a 650/710nm band pass filter. GFP fluorescence was detected using an Argon laser with an
excitation line at 488 nm (power 0.5–2%), a MBS HFT UV/488/543/633-nm follow with
a DBS NFT545-nm for excitation, and a 500/530-nm band pass emission filter. Hoechst
33342 staining was detected using a two-photon Chameleon laser with an excitation at
800 nm (power 4-8%), a MBS HFT KP650-nm follow with a DBS NFT490-nm for
excitation, and a 435/485-nm band pass emission filter. For dual-color acquisition,
images were sequentially acquired in line scan mode (average line = 2).
Immunohistochemistry
Dark-adapted tadpoles were fixed with 4% paraformaldehyde in PBS overnight
and processed for cryostat section and immunostaining as previously described [5].
Live Rod imaging
Xenopus were dark adapted for at least five hours before being euthanized for the
experiment. The retina was isolated and cut into small pieces in oxygenated Ringer’s
solution, (111 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 0.5 mM MgSO4, 0.5
mM NaH2PO4, 3 mM HEPES, 10 mM glucose, 0.01 mM EDTA, pH 7.6). Portions of
retina were loaded into a glass chamber (No. 1 coverslip affixed to the bottom of a Fisher
3 cm petri-dish with a 3 mm milled hole) and then sealed with a No.1 coverslip [9]. A
dim red light was used for all steps of tissue manipulation.
Calibration of fluorescence protein concentration with confocal microscope
Purified mCherry concentration was determined with a UV-visible
spectrophotometer (Beckman, Brea CA) using the extinction coefficient 72 x 103 M-1cm-1
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at λ=587 nm [38]. The mCherry protein stock was diluted at various concentrations with
Tris-HCl (pH 7.8-8.8) and then loaded into a 15 µl chamber. Fluorescence intensity was
measured using the LSM confocal microscope with the same optical settings as described
in live rod imaging. The mCherry measurements were obtained 10 µm away from the
surface of the cover glass. The mCherry solution was imaged with the HeNe1(543 nm)
laser at various power and gain values. The measured fluorescence intensity was plotted
versus concentration at different laser power levels. We then used these plots to calibrate
mCherry concentration from fluorescence intensity in images of live rods.
Analysis of confocal image data
Images from live rods were analyzed with Image J software (NIH). Central axial
z-sections of rods were extracted from stacks. Heat-maps of rods were plotted with
"Heatmap from stacks" plug-in for Image J (http://www.samuelpean.com/heatmap-fromstack). Fluorescence intensity of each rod along their axis were measured, constrained
normalized with the maximum intensity set to 100% and plotted against the distance from
IS/OS junction. The average Rho-mCherry fluorescence intensity distribution in OS from
multiple rods was calculated as follows. First, the position corresponding to the 50%
maximal intensity in the rising phase of each induction response in each rod was set to 0
µm. The rods were then aligned at this reference position. The fluorescent intensities
from different induction responses were then averaged and constrained normalized. All
intensity profiles, dot plots and bar graphs were generated with Sigma Plot 11.0 (Systat
Software, Inc., Chicago, IL). The statistical analysis was done using Student’s t-test in
Sigma Plot 11.0 (Systat Software). Gaussian, exponential and sinusoidal curve fitting also
used corresponding global fitting function in Sigma Plot 11.0 (Systat Software).
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Fig. 1. G3U inducible system in mammalian cell culture.
(A) Diagram of G3U system using luciferase (pCMV:G3 and pUAS:Luciferase)
or mCherry reporters (top, pCMV:G3 and pUAS:mCherry). A CMV promoter drives
transcription of a chimeric transcription factor, G3, which encodes contains a GAL4
DNA binding domain, the VP16 transcription activation domain, a rat glucocorticoid
receptor binding domain (GR) and eGFP. Synthesized G3 protein localizes to the cytosol.
Dex treatment triggers the dimerization of G3, which translocates into the nucleus.
Nuclear G3 activates a second construct containing five tandem repeats of the UAS
sequence upstream of the hsp70 minimal promoter. The reporter gene (luciferase or
mCherry) is under the control of this system. (B) Luciferase assay of G3U inducible
system in cell culture. HEK293T cells transfected with pCMV:G3 and pUAS:Luciferase
were lysed and luciferase activity measured at different concentrations (0-80 µM) and
treatment durations (2-24 hr) of Dex. Relative luciferase activity is plotted as a function
of duration and Dex concentration. (C) Live cell imaging of G3 translocation after
induction. HEK293 cells were transfected with pCMV:G3 and pUAS:mCherry and
induced with 10 μM Dex at 27⁰C and 37⁰C. Confocal images were taken before and 20
min after induction; G3 (eGFP), nucleus (Hoechst). Scale bar is 10 μm. (D) Nuclear
translocation rate of G3 in HEK293T cells at different temperatures. Fluorescence
intensity was measure in nuclear and cytoplasm of live 293T cells at 27⁰C and 37 ⁰C.

Dex (10 μM) was added and mixed into medium. Error bars represent standard deviation
(n = 17 at 37 ⁰C and n = 15 at 27 ⁰C). (E) mCherry reporter expression after induction.

HEK293T cells transfected with pCMV:G3-GFP and pUAS:mCherry were induced with

10 μM Dex and fixed at different times after induction. G3 (eGFP) and mCherry images
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show the movement of G3 and expression of mCherry. Scale bar is 10 μm.
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Results
Dexamethasone induced expression: Cell culture
To determine the efficiency of regulation achievable by the G3U inducible system,
we first utilized transfected HEK293 cells to measure the magnitude of induction and the
leakiness of the UAS promoter. Cells were transfected with pUAS:Luc and either
pCMV:eGFP (control) or pCMV:G3 for luciferase assay. Different concentrations of Dex
(0-100 μM) were added into the medium and incubated for various periods of time (0-24
h) prior measurement of luciferase activity (Fig. 1B). In the absence of Dex, cells
transfected with either pCMV:eGFP (control) or pCMV:G3 had no significant luciferase
activity compared to untransfected cells. We observed robust responses (~150-fold
induction) in cells transfected with pCMV:G3 when Dex was included in the culture
media, even at the lowest concentrations tested (5 μM). We were able to detect
expression of luciferase within 6 hours of Dex addition, and the expression steadily
increased after that time. Thus, the G3U system exhibits tight control of expression and
rapid induction in HEK293 cells. To study G3U translocation using confocal microscopy,
we induced cells transfected with pCMV:G3 and pUAS:mCherry with 10 μM Dex and
observed the fluorescence distribution pattern over time (Fig. 1C and 1D). The eGFP
nuclear/cytoplasm intensity ratio equilibrated within 20 min of Dex addition, with a half
time to reach a steady distribution was ~3 min at 37 ⁰C, in close agreement to previously
reported values of a GFP-GR protein [39]. Since we intend to utilize this system in

transgenic Xenopus, which are housed at lower temperatures, we also measured the rate
at 27 ⁰C (Fig. 1C and 1D) and found that it is 2.2-fold slower than at 37 ⁰C. We also

tested Rho-mCherry, which is suitable for measuring rhodopsin transport in transgenic
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Xenopus rods [5], for induction response in transfected cells. We first observed RhomCherry fluorescence in cells after 4 h of treatment (data not shown) with steady
increases after 4 h (Fig. 1E). Thus, these preliminary experiments suggested that G3U
system functions as designed in mammalian cells and thus be studied in transgenic
Xenopus.
Dexamethasone induced expression: transgenic rods
We generated transgenic Xenopus tadpoles, iXRC, with two separately integrated
transgenes: XOP:G3 and pUAS:Rho-mCherry (Fig. 2B). Rod-specific expression is
accomplished using the Xenopus rhodopsin promoter (XOP) driving transcription of G3.
Dex treatment of iXRC animals induces synthesis of Rho-mCherry that is transported to
the rod outer segment (OS) disk membranes. The fluorescent disks are moving outward
continually. Thus, the distance of disks from the base of the OS correlates to the time
after induction (Fig. 2B). All animals exhibited Dex-dependent expression of RhomCherry and one male founder, iXRC1, was chosen for expansion and F1 animals were
subjected to detailed imaging analysis. We produced tadpoles (Stage 54-58) from the
iXRC1 founder and treated them with various concentrations of dexamethasone (0 to 500
µM) for seven days, during which time we did not detect any significant adverse effects
on tadpole health (data not shown). Dexamethasone treatment had no obvious effect on
organization of the retina or cell number, and the OS appeared normal (data not shown).
Transgenic tadpoles were examined for Dex induction response in whole retina.
iXRC1 tadpoles were treated with 10 µM Dex for three days and placed in Dex-free
water. After three more days, tadpoles were fixed, retina were cryosectioned and
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examined using DIC and fluorescence confocal microscopy (Fig. 3A). Dex induced the
expression of Rho-mCherry in rods and the Rho-mCherry fluorescence was found
primarily near the base of the OS (Fig. 3A, right panel). In contrast, there was no
detectable Rho-mCherry in iXRC1 tadpoles only treated with DMSO for the same period
of time (Fig. 3A, left panel). Epifluorescence micrographs show G3 translocated into
nucleus after induction (data not shown). The majority of rods (at least 70%) in
transgenic tadpoles responded to Dex induction (data not shown).
To quantify the expression level of the Rho-mCherry reporter, we used highresolution confocal imaging on live rods [5,9,21,40]. Using constitutive promoters,
several features of the Rho-mCherry distribution have been described in Xenopus rods
that will influence the response profile to Dex (Fig. 2C) [5,40]. First, the rhodopsin
transgene is synthesized and transported to the OS in a diurnal cycle producing an axial
banding pattern with a ~1.5 μm periodicity in animals housed in 12 h dark /12 h light
cycles [5]. Second, there is a long-term variation in transgene expression along OS axis
with an approximate period of 7-10 days in animals housed in 12 h dark /12 h light cycles
[5]. The transgene variation is unsynchronized between cells in the same retina and we
call this stochastic variation, since it reflects temporal variation in transgene expression
[5]. Thus, we expect a combination of diurnal banding (Fig. 2C, middle) and long-term
variation (Fig. 2C, bottom). For example, in rods, which constitutively express RhomCherry under the XOP promoter, periodic axial banding and long-term variation are
observed (Fig. 3B and 3C). The expression of Rho-mCherry can be observed in both
retinal explants (Fig. 3B and 3D) and in isolated cells (Fig. 3C and 3E), but the latter
gives the highest resolution images and were used for all the analysis to follow.
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To examine background expression and induction response magnitude, we
continuously treated tadpoles with 10 µM Dex for seven days (Fig. 2D) and sacrificed the
tadpoles for live rod imaging immediately after the treatment. Non-transgenic cells had
undetectable fluorescence intensity (Fig. 3F and 3G) while cells from transgenic that
constitutively expressing Rho-mCherry showed fluorescence throughout the OS (Fig. 3B
and 3C). Dex treatment did not alter the fluorescence intensity distribution in these two
groups. In cells from iXRC1 animals, the fluorescence intensity in the distal (preinduction) region was undetectable and equivalent to a concentration of Rho-mCherry of
<0.2 µM (SD = 0.26, n = 68 rods) which is not significantly different from nontransgenic rods (p = 0.396, t-test). In rods from iXRC1 tadpoles that received 7-day Dex
induction, Rho-mCherry fluorescence was only detected at the base of OS where newly
synthesized OS membranes are located (Fig. 3D, 3E and 3H). Rho-mCherry extended 7-8
µm away from IS/OS junction, close to the distance expected from metabolic labelling
studies for OS disk displacement over this period [16,17] (more details see below). It is
possible to detect both types of axial variation in these examples (Fig. 3 H).
There was a range in the maximal concentration achieved in these rods (Fig. 3I
and 3J). The average peak Rho-mCherry concentration was 64.6 µM in rods received 7day induciton (SD=54.4, n=28 rods, Fig. 3I and 3J), representing a >300-fold increase of
Rho-mCherry concentration after induction. This value represents a significant fold
increase over the pre-induction levels. However, since the uninduced Rho-mCherry
fluorescence level is below our detection limit, we cannot confidently establish the
magnitude of the fold increase; in most cells, it was >100. It is important to note that even
though there is a large increase in Rho-mCherry concentration following Dex induction,
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the levels of Rho-mCherry are significantly lower than the 3 mM endogenous rhodopsin
[41]. Rods that were treated for a shorter length of time had lower peak Rho-mCherry
concentrations but had less variability (Fig. 3I).
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Fig. 2. An inducible expression system for Xenopus rods.
(A) Schematic diagram of a Xenopus rod. In Xenopus, there is a daily synthesis of
approximately 80 discs, and the previous disks are displaced apically. Thus, the distance
of disks from the base of the OS is linearly related to the time after induction. (B)
Schematic diagram of a XOP:G3U-Rho-mCherry system (left) and a XOP:Rho-mCherry
constitutive expression system (right). Rod-specific expression is accomplished using the
Xenopus rhodopsin promoter (XOP) driving transcription of G3. Dex treatment of
animals transgenic for both XOP:G3 and pUAS:Rho-mCherry induces synthesis of RhomCherry that is transported and integrated into the rod outer segment (OS) disk
membranes. Rods with XOP:Rho-mCherry express the Rho-mCherry constitutively. (C)
Constitutive expression of XOP:Rho-mCherry transgene (top). There are two kinds axial
variation of Rho-mCherrry expression in the OS: diurnal variation (middle) and longterm variation (lower). (D) Dex induction treatment paradigm 1. Tadpoles (St. 54) were
treated with 10 µM Dex for 7 days and then sacrificed immediately before imaging. (E)
Dex induction treatment paradigm II. Tadpoles (St. 54) received repetitive 3-day 10 µM
Dex inductions (black boxes), each followed by a 5 day interval without Dex. Seven days
after the last induction, retinas were explanted immediately before imaging.
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Fig. 3. Induction responses of G3U system in Xenopus rods.
(A) Micrographs of retinas from iXRC1 tadpoles transgenic for both XOP:G3 and
pUAS:Rho-mCherry (G3U+). Tadpoles (St. 52-56) were treated (right) or untreated (left)
with Dex for three days. Three days later, retinas were fixed and processed for
fluorescence (top) or DIC (bottom) microscopy. Fluorescence was merged with DIC for
reference. Retinal layers are indicated as follow: OS, rod outer segment; ONL, outer
nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar is 50 μm. (BG) Live rod imaging. Tadpoles (St. 52-56) were treated with 10 μM Dex for seven days,
dissected under dim red light and imaged using confocal microscopy (left) and merged
with DIC for reference (right). (B), (C) Rods in a retinal chip and single rod from
tadpoles constitutively expressing Rho-mCherry. (D), (E) Rods of retinal chip and single
rod from tadpoles transgenic for XOP:G3 and pUAS:Rho-mCherry treated with Dex for 7
days prior to imaging. (F), (G) Rods of retinas chip and single rod from wild type
tadpoles. Scale bar represents 5 μm. (H) Diurnal banding in rods treated with Dex for
seven days. Fluorescent micrograph of the rod (left) with the cell body outlined, with
enlarged image of the IS/OS junction (middle) and relative fluorescence intensity along
the axis (right). (I) Peak concentration of induction response varies with length of
induction in rods (2-day, 3-day and 7-day induction). (J) Frequency histogram of peak
Rho-mCherry concentration in live G3U+ rods that received Dex treatment for seven days.
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Reproducibility of induction responses
To study the reproducibility of Dex responses in iXRC1 rods, we performed 3day repetitive induction on transgenic tadpoles (Fig. 2E). In this experiment, animals
were treated with 10 µM Dex for three days and then without Dex for five days, and then
repeated twice more. Finally, the tadpoles were placed in water without Dex for seven
days and then sacrificed for imaging. In most rods, there were three bands of RhomCherry fluorescence appear in the OS (Fig. 4B). These Rho-mCherry fluorescent bands
reflect the inductions. They were equally separated by non-fluorescent areas. Because OS
disk displacement is unidirectional outward [42,43], the outermost fluorescent band
represents the first induction. The fluorescence of Rho-mCherry along the axis of OS was
measured and profiled with the distance to OS base (defined as OS/IS junction) to
examine kinetics and compare maximal intensity of the various induction responses (Fig.
4C). We also found rods with fewer Rho-mCherry bands (see below) in cells from the
same retina. To compare the reproducibility of the induction responses for repetitive
treatments, we chose rods that had two to three detectable responses, which comprised
approximated 70% of all responding rods. We normalized the Rho-mCherry induction
responses to its peak fluorescence intensity and then averaged them (Fig. 4D and Fig. S1).
There were close overlap in all responses during most of the response period (Fig. 4D).
However, most responses do not reach pre-induction fluorescence levels during the fiveday resting period between inductions and it took seven days for the Rho-mCherry levels
to return to pre-induction intensities after the last induction. The Rho-mCherry
concentration in the troughs between responses (Fig. 4C) was 2.1 μM (SD = 2.1, n = 117)
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but still above F0. These experiments show that iXRC1 rods are able to reproducibly
respond to Dex treatment over several weeks.
We examined the reproducibility of the peak magnitude of the induction between
the first, second and third inductions. We measured the fluorescence intensity in the distal
part of OS (F0) (arrow in Fig. 4C) of all rods, which indicates the background expression
level of Rho-mCherry before induction, which is <0.22 µM (SD = 0.03, n = 68) (Fig. 4E)
and is at the same level as in non-transgenic rods. In the first induction, the peak response
was 13.9 µM (SD = 9.4, n = 61), representing a 130-fold increase over F0 (Fig. 4E). The
second and third induction responses had Rho-mCherry peak concentrations of 19.2 (SD
= 13.6, n = 66) and 16.1 µM (SD = 12.0, n = 45), respectively (Fig. 4E). The peak RhomCherry concentrations in the three induction responses were significantly above F0 (P <
0.001) but not statistically different from each other (one way ANOVA, alpha=0.05).
Across all responses, the mean peak response was 23.8 µM (SD = 13.1, n = 68), a 222fold increase over F0 (Fig. 4 E). Altogether, the activation and inactivation response
profiles of G3U are reproducible in most iXRC1 rods. However, in some rods, there were
fewer than three responses (Fig. 5A and Fig. 5B). The shapes of the responses were not
affected, as the remaining responses overlay well (Fig. 5C). The most likely reason for
the lack of responses to some but not all Dex treatments is the long-term variation in
transgene expression, which is stochastic and not correlated between cells in the same
retina (Fig. 2E). Thus, while the response kinetics and peak magnitude were similar in all
responses, iXRC1 rods exhibits transgene variation that in turn can have a significant
influence on individual responses. The quantitative impact of the long-term variation in
transcriptional activity is considered further in the modelling section.
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Fig. 4. Repetitive induction responses in individual rods.
(A) Schematic diagram of the Dex treatment paradigm. (B) Fluorescence (top)
and merged with DIC (bottom) images of a live rod that received three Dex treatments.
Labels I, II and III indicate fluorescence responses corresponding to the different
inductions. Scale bar is 5 μm. (C) Relative fluorescence intensity profile of the rod in (B).
For reference, the position of IS/OS junction was set as 0 μm. The maximum intensity
(Peak) and minimum intensity (trough) between two induction responses are indicated.
F0 indicates the pre-induction background expression level. (D) Average normalized
fluorescence intensity distribution of rods that received repetitive induction. Data were
pooled from 112 inductions of 44 rods whose profiles were extracted from confocal
images of 4 tadpoles ranging from St. 52-56. The fluorescence distribution for each rod
was aligned at the position where fluorescence in the rising phase is 50% of maximum
(designated as 0 μm, dotted line). The average relative fluorescence intensity for all
responses is plotted (black line). The average lines of for induction I (red), II (green) and
III (blue) are shown. Error bars represent 95% confidence. (E) Average peak and trough
Rho-mCherry concentrations derived from the fluorescence intensity for the three
different inductions are shown. The 'Ave' is the average concentration of all inductions.
The 'Max' is the maximum response in each rod. Error bars represent standard deviation
(n = 61, 66, 45, 172, 68 respectively).
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Fig. 5. Distribution of Rho-mCherry in live rods after repetitive 3-day induction.
(A) Live rods with one to three responses in a retina chip are shown with the
fluorescence merge with DIC. Scale bar is 10 μm. (B) Five individual rods with two (2-3)
or one (4-5) responses are shown with fluorescence and merged with DIC . Scale bar is 5
μm. (C) Relative mCherry fluorescence intensity profiles of several different live rods,
which received same treatment but exhibited different responses. Top scan is from the
cell in A with three responses and the others from cells indicated in B. Scale bar on the xaxis represents 10 μm.
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Correlation of spatial and temporal induction response profile
We measured the axial position of the Rho-mCherry fluorescent bands in OS of
rods following repetitive 3-day inductions (Fig. 6A). The average location of the first
induction peak is 24 µm (SD = 5.1, n = 44) from the OS base, the second response is 16
µm (SD = 3.5, n = 47) and the third is 8 µm (SD = 3.1, n = 42) (Fig. 6B). The first
response had a slightly larger variance, which is probably due to OS stretching or
swelling during ex vivo imaging. Because all rods received the same Dex treatment, we
can attribute each Rho-mCherry fluorescent band to a specific induction period and thus
estimate the time for the Rho-mCherry band to migrate from OS base to these positions.
The fluorescent bands showed a strong linear correlation of distance along the OS and
time of induction (R2 = 0.99), with a slope of 1.0 µm/day (SE = 0.3) (Fig. 6B) and an
intercept on the time axis at 1.9 days. There is some uncertainty in this measurement
because of the uncertainty in determining accurately the position of response initiation.
To better estimate disk movement rates, we also analyzed the peak-to-peak distances for
sequential responses. The distribution of peak-to-peak distance passed the normal
distribution test (Fig. 6C) and had an average distance between peaks of 8.0 µm (SD =
2.4, n = 72), which encompassed a period of 8-day (three day treatment with
dexamethasone and a five day recovery interval). These results suggest that the daily disk
displacement towards the OS tip is 1.0 µm, which matches the estimation of daily OS
displacement rates in Stage 54 Xenopus raised at 20⁰C in 12 hours dark/light cycle
[13,16,17,22,44-46]. The disk displacement rate among rods is very close, with a
standard deviation 0.3 µm/day.
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Fig. 6. Disk displacement measured from the spatial distribution of induction
response peak.
(A) Diagram of the Dex treatment paradigm. (B) Correlation of distance of the
peak response to the IS/OS junction and time of Dex treatment (Error bar is standard
deviation, dash line is the linear regression line. (C) Histogram of peak-to-peak distances
in following repetitive inductions with the eight day paradigm. The distance distribution
was fit to a Gaussian curve with an R2 = 0.96. The mean of peak-peak distance was 8.0
μm (SD = 2.4, n = 72).
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Activation phase of the induction response
We investigated the kinetics of activation by analyzing the rising phase of the
induction response and response peak position in iXRC1 tadpoles that are treated with
Dex for seven days prior to imaging. The induced rods were imaged and analyzed for
profiling the information of fluorescent intensity and distance (Fig. 7 A and B). The
fluorescence intensities of different rods were normalized and profiles were aligned. We
found two groups of rods, group one with an early termination profile (Fig. 7A) and
group two with a prolonged response (Fig. 7B). Both groups had a similar activation
phase (Fig. 7C) which was also similar to that observed in 3-day repetitive induction
experiments (Fig. 7D and 7E). In fact, even rods treated for either one or two days
showed the stereotypical activation shape (Fig. S3).
To estimate the time for the induction response to reach its peak, we measured the
distance between the initiation of the response and the peak of Rho-mCherry fluorescence
intensity (Fig. 7C). We defined the initiation site as the point where average RhomCherry fluorescence intensity was >2 standard deviations above the background
fluorescence (Fig. 7C and Fig. S2A). In 7-day inductions, we found an average distance
of 3.0 µm (SD = 1.0, n = 28) (Fig. S2B) while for the first response in rods treated
repetitively for 3-days, the average distance to reach peak fluorescence was 3.2 µm (SD =
1.0, n = 33) (Fig. S2E). Together, the average distance to reach peak fluorescence in rods
was 3.2 µm (SD = 0.96, n = 61). Thus, using the estimate of disk displacement rate 1.0
µm/day, it appears that Rho-mCherry expression takes approximately 3 days to reach the
peak concentration following Dex treatment. Thus, there is significant delay in achieving
maximal rates of Rho-mCherry incorporation into the OS. This delay may result from a
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combination of pharmacokinetics of Dex in rods and kinetics of transgene expression
(See Discussion). Based on the above rate of disk displacement, the first detectable
fluorescence in 7-day treated rods should be ~7 µm from the IS/OS junction. The
measured distance was less at 6.5 µm from IS/OS junction (SD = 1.2, n = 28) (Fig. 7F).
The 0.5 µm difference translates to ~0.5 day suggesting this as an estimate for the delay
between initiation of Dex treatment and the appearance of detectable Rho-mCherry
assembled in OS.
Inactivation phase of the induction response
We investigated the inactivation kinetics which is the falling phase of the
induction response from the peak intensity. As mentioned above, rods that received 7-day
induction exhibited highly variable inactivation falling phases. Group I had responses that
had returned substantially to baseline levels even though Dex was still present (Fig. 7A
and C). This group had very similar inactivation phases to 3-day induction rods (Fig. 7D).
By contrast, Group II had more sustained responses (Fig. 7B and C). Nonetheless most
responses in this group had reductions in fluorescence intensity after three days (Fig. 7E).
To estimate the time for the induction response to return to baseline, we measured the
distance between the peak of Rho-mCherry in OS to the basal level (less than 10% of
peak intensity) (Fig. S2A). The 3-day induction rods have an average inactivation phase
of 5.5 μm (SD = 1.9, n = 26) (Fig. S2F). This result indicates additional 5-7 days after the
peak response is required for the rods return to pre-induction status. All average
inactivation phases from different induction paradigms could be fit by an exponential
decay function (R2 > 0.97) (Fig. S3 and Fig. 7G). The inactivation phase for the 3-day
induction has an estimated decay rate of 0.40 μm-1. This decay rate suggests that these
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rods took more than 5.6 days to return to 10% peak fluorescence intensity, which is
consistent with above estimations. The decay constant calculated for each induction
paradigm (Fig. 7H) shows a positive correlation between length of treatment with Dex
and the half time for decay. This suggests that there may be some process regulating the
recovery of the system that is affected by long-term treatment with Dex.
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Fig. 7. Comparison of activation and inactivation phase of inductions.
(A-B) Tadpoles (St. 54) were treated with 10 µM Dex for seven days and then
sacrificed immediately before imaging. Individual rods were classified into two groups
based upon the shape of the Rho-mCherry fluorescence intensity distributions (see text
for details): early terminated responses (Group I, A) and prolonged responses (Group II,
B). Heat-maps (top) show the fluorescence intensity distribution of two transgenic rods
from each group. The relative fluorescence intensity (F/Fmax) of these two rods is profiled
(bottom) from the central z-section along the main axis of their OS (dashed line). (C)
Average fluorescence distributions of all (black), Group I (red) and Group II (blue) rods
treated for seven days with Dex. Error bars indicate the 95% confidence level. Dash line
indicates expected induction start position; solid line indicates the position where the
fluorescence is two standard deviations above pre-induction levels. (D-E) Comparison of
average responses from rods treated for seven (black) and three days (red) with Dex.
Error bars are 95 % confidence levels. (F). Frequency histogram of the distance from
response initiation position to outer segment base. An average of 6.5 μm distance was
observed (SEM=0.23, n=28) and fit to a Gaussian curve (R2 = 0.97). (G) Decay rate of
the induction responses from rods that received various lengths of Dex treatment was
estimated by fitting to an exponential. Error bar represents standard error from
exponential fit. (H) The time for the induction response to drop to 50% of the peak
response (Half-decay) as a function of the length of induction is shown.
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Discussion
We have developed an inducible expression system in Xenopus and implemented
this system for rod-specific expression, characterizing the magnitude and kinetics of
induction and recovery in a cell that uniquely records reporter expression levels for
weeks. We showed that the G3U system exhibits very tight control, having no detectable
expression in the absence of Dex yet exhibiting peak concentrations of membrane protein
reporter of >10 µM after induction. Besides the iXRC1 line characterized here, we also
found similar induction responses in four other iXRC transgenic lines (data not shown).
Furthermore, the G3U system allows repetitive inductions with quantitatively similar
responses in a majority of cells.
This inducible system also provides a new approach to study rod OS disk
displacement. Here, we induced Rho-mCherry expression, whose history was recorded
along the OS axis. We found a displacement rate 1.0 µm for tadpoles at stage 54-56
(raised in 20ºC with 12 h light/12 h dark cycle). Traditional methods studied disk
displacement using pulse-chase methods with radioactive amino acids to label newly
synthesized protein followed by autoradiography [42,43]. Our method allows us to use
much higher resolution of microscopy via live imaging. Disk displacement is very
sensitive to temperature and varies from 0.65 µm/day at 18 ºC to 2.4 µm/day at 28 ºC
[47]. Our results agree well with those values. However, other membrane proteins cannot
be easily studied using radiolabeling methods because of their low abundance and the
lack of specificity of the radiolabeling approach. Thus, the G3U system opens the way to
extend work testing other genetically altered membrane proteins via induced expression.

129

We used a mathematical model to simulate induction response and to study
potential reasons for the variation in the inactivation phase (Fig. 8 A). The system
produces detectable Rho-mCherry in hours after treatment of animals with
dexamethasone. However, it is slower at reaching steady state and recovery than expected,
typically taking several days to reach peak synthesis rate and longer to return to baseline
after removal of inducer. The reasons for the relative slow rate to reach peak synthesis are
unclear. Dex enters the eye equilibrates in the retina within hours in mammals [48] and it
has a relatively long half-life (36-54 h) [49] so a steady level of Dex should be reached
and maintained relatively rapidly. Although we were not able to use live imaging to
determine the rate of transfer of G3 into the rod nucleus, we estimate that the half time
for G3 transport is less than 1 hour at 20⁰C base on the cell culture results (Fig. 1B). G3
binds cooperatively to UAS and activates transcription at a concentration as low as 5 μM
(Fig. 1B) and the rate of Gal4 binding is, ~10 min [50,51]. Rho-mCherry is transported
from the Golgi to OS within 1-2 h [20]. Thus, it appears that the concentration of G3 is an
important determinant of the induction rate and suggests that the long-term variation in
G3 levels could limit the rate of Rho-mCherry production. The long-term variation of
transgenic expression in most rods constitutively expressing Rho-mCherry can be fit with
a sinusoidal function (Fig. S4). Thus, we explored the implications of this type of
variation on the induction response using a simple linear model.
In this model (Fig. 8B, Appendix), transcription and translation were combined to
a single synthesis step to yield a model with only five parameters: variable sinusoidal
synthesis of G3, concentration of Dex, rate of synthesis kact and two degradation steps
γcyto and γnuc for degradation (Details in Appendix). A random phase in the sinusoidal
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function was selected to represent Rho-mCherry expression unsynchronized among rods
in the same retina [5,52]. Since induction may occur at any point in the varying G3
expression cycle, we expect a variety of Rho-mCherry induction response shapes (Fig.
8C). The shapes of induction responses were sensitive to the G3 half-life used (Fig. S5).
Since we were not able to measure the G3 degradation rate, we used a half-life of four
hours based on pulse-chase measurement of Gal4-VP16 degradation rates [53]. This
value also generated relatively stable responses in our simulation. Using these parameters,
we found that application of Dex during the phase of G3 cycle when concentrations are
increasing generates a single peak. Conversely, when induction starts at later points of the
cycle where G3 concentrations are falling, several weaker peaks are generated (Fig. S5).
When we averaged many induction responses that were generated at random phases of
the G3 cycle and aligned them at the 50% peak intensity, we found an induction response
with fast activation and slow inactivation phase which was similar to the actual induction
responses in Xenopus rods (Fig. 8C represent 7-day induction). The rate of inactivation
was relatively insensitive to the length of Dex treatment, as was found in the
experimental results. Thus, the stochastic long-term variation in G3 expression could
explain the basis for the shape of the induction response.
Many regulatory proteins expressed in the vertebrate eye have functions early
during development, cellular differentiation and later maintaining normal function in the
adult. Disturbance in the structure or function of the protein may alter both differentiation
and cell maintenance. In order to overcome this experimental difficulty for studying
transcription factor function in adult rods, a tightly controlled inducible system is needed.
The system described here has potential utility for these future studies.
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Fig. 8. Model to simulate induction response.
(A) Schematic of the G3 inducible system. This model includes transcription,
translation and transport of Rho-mCherry reporter with both nuclear and cytoplasmic
mRNA and protein degradation. (B) Simplified model of inducible system. Transcription
and translation steps were combined to yield a model with five parameters: variable
sinusoidal synthesis of G3, Dex, kact, γcyto and γnuc for degradation (See Supplemental
AppendixS for details). (C) Simulation of induction responses to seven Dex treatments.
Upper panel shows constant G3 expression and lower panel shows variable G3
expression with 10-day period. Color arrows in left-most panel indicate induction at
different phases of a 10-day period. The corresponding average induction responses (Rho
expression) are plotted in the corresponding color. These responses were obtained by
averaging hundreds of simulations responses with randomized phases. The rightmost
plots show how the phase of G3 expression changes the characteristic positions in
induction response: rising midpoint (red), peak (purple) and falling midpoint (green).
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Supplemental materials
Fig. S1. Repetitive induction responses in individual rods from each Dex treatment.
The fluorescence distribution for each rod was aligned as described in Fig.4. The
average relative fluorescence intensity for the indicated number of rods is plotted (solid
line). The average line of induction I (red), II (green) and III (blue) are listed from top to
bottom. Error bars are 95% confidence levels.
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Fig. S2. Spatial distribution of induction responses.
(A) Schematic diagram of a rod that was treated for seven days with Dex prior to
imaging. The point of Rho-mCherry response initiation (1) and peak intensity (2) are
indicated. “Origin” indicates the position of outer segment base. (B). Frequency
histogram of the distance from response initiation to peak (1 to 2). The average distance
is 3.0 µm (SEM = 0.18, n = 28) and the distribution fits a Gaussian curve (R2 =0.99). (C).
Frequency histogram of the distance of the response peak to IS/OS junction (2 to Origin).
The average distance of response peak to outer segment base is 3.5 µm (SEM = 0.23, n =
28) and the distribution fits a Gaussian curve (R2 = 0.98) (D).Schematic diagram of a rod
after repetitive 3 days inductions. The position of minimum fluorescence between
inductions is indicated (3) and the other labels are the same as in A. (E-F) Average width
of rising (E) and falling (F) phases are shown for the different responses. Error bars
represent standard deviation.
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Fig. S3. Comparison of induction responses in rods treated with Dex for different
durations.
Average fluorescence distribution in rods from iXRC1 tadpoles that received 1day, 2-day, 3-day and 7-day induction. The average line of 3-day induction was drawn in
other three plots for comparison (red). Error bars are 95% confidence levels.
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Fig. S4. Long-term and diurnal variation in rods constitutively expressing RhomCherry.
A rod constitutively expressed Rho-mCherry shows considerable axial variation
in the fluorescence intensity distribution (Upper panel). The axial fluorescence intensity
profile of Rho-mCherry along the axis of OS is shown below (black line). The smoothed
fluorescence intensity profiles (red line) had two components that could be isolated. First
the long term variation (green line) can be fit with sinusoidal function (black dashed line)
and the diurnal variation (pale green line) which is less well fit by a sinusoidal function
with a shorter period. This rod was from an animal housed at 22 ºC and has a faster disk
displacement rate than those in the Dex experiments.
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Fig. S5. Simulation of induction responses with different G3 half-life.
Simulation of induction responses with 10-day induction and a G3 has a 10-day
sinusoidal expression pattern. The G3 expression levels (red line) are shown for four
unsynchronized hypothetical rods as a function of time. Note that Dex induction (blue
line) occurs at different phases in the G3 expression cycle. The calculated Rho-mCherry
expression level is shown (black line) as a function of the G3 degradation rate. The gray
indicates a duration of 7 days to aid in comparisons with experimental results.
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Appendix: mathematical model
The model is based on the simplified scheme as described in discussion (Figure
8B). Only the G3 input, degradation and transportation was taken into account. All
transcription and translation steps were considered as a linear function of G3 transcription
factor concentration. Thus, the G3 expression is given by:
 t − φ ph
Input (t ) = k1 × sin 
 T
 pb


 + G3min



G3min is the minimal expression level of the G3, phase of
in a range from 0 to 1 and

Tpb

φ ph ,

(1)

k1 is amplitude of G3 expression

is the period of long-term variation in expression of G3.

The synthesized G3 is continuously deposited into the cytoplasm of the cell and
will leave the cytoplasm via degradation (γcyto) and transport induced by Dex; both
processes are functions of G3 concentration in cytoplasm, [G3cyto]. Dex concentration is
either 0 or 1, thus the change of G3 concentration with time is given by:
dG3
= Input − γ cyto × [G3cyto ] − Dex × [G3cyto ]
dt

(2)

The change in the amount of free G3 inside nucleus equals the inflow of G3 from
cytoplasm and degradation of G3 in the nucleus. The overall expression for the rate of
change in Rho-mCherry (R) concentration is determined by constant kact and the
concentration of G3 in nucleus, [G3nuc]. This constant was estimated by curve fitting of
the initial phase of Rho-mCherry inductions. Thus:

dR
= k act × ( Dex × [G3cyto ] + (1 − γ nuc ) × [G3nuc ])
dt
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(3)

The model was written and simulated in Matlab (Mathworks, Natick, MA). G3
expression was simulated with various phases. Different degradation rates of G3 were
iterated to test the stability of the model. Rho relative amount were determined and
aligned with 50% peak position and averaged. Therefore, the average responses represent
a mixture of hundreds of random phase transgenic cassettes activation.
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Abstract
We studied the interaction of rod transcription factors, Crx and Nrl, in live cells.
Previous studies in Crx and Nrl lack direct evidence of a physical interaction. Here, we
developed a flow cytometry based FRET method, FC-FRET, to study the interaction.
This method is ratiometric approach that employed the NFRET sensitized emission concept.
It can analyze much larger population of cells in a much shorter time than traditional
microscopic methods. Moreover, the acceptor fluorophore intensity based analysis in FCFRET allows higher resolution of FRET efficiency assay to differentiate two FRET pairs.
Using FC-FRET, we are able to investigate the potential conformation of Nrl-Nrl, CrxCrx and Crx-Nrl complex in live cells. We further analyzed the roles of several
functioning domain of Nrl and Crx in the formation of homo- or hetero- complex. The
results suggest, EHD, a little known homological domain in Nrl, plays a significant role
in the formation of Crx-Nrl complex.
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Introduction
Nrl and Crx are transcription factors that play important roles in rod
differentiation and cellular maintenance [1]. Together, they regulate numerous genes
including those that function in phototransduction and cellular specializations such as the
outer segment [2-4]. Nrl has a minimal transactivation domain (MTD) in the N-terminal
activation domain (AD) and an extended homology domain (EHD) and a basic leucine
zipper (bZIP) domain at the C-terminus [5, 6]. Crx has a homeobox domain (HD) near
the N-terminus and an activation domain towards the C-terminus [7]. In cultured cells,
Nrl and Crx synergistically activate the transcription of rhodopsin and many other genes
[8, 9]. Nrl and Crx bind to each other in in vitro immunoprecipitation and also yeast 2hybrid assays [9]. The bZIP domain not only serves as a DNA-binding domain, but also
plays a role in the interaction with Crx [9]. The Crx HD domain plays an important role
in the interaction with Nrl [9]. However, there is only indirect evidence that Crx and Nrl
physically associate in vivo. Several mutations that cause retinopathy in humans have a
defective ability to transactivate the rhodopsin promoter synergistically with Crx in cell
culture assays, implying an interaction between the two proteins [10]. A quantitative
method to observe and investigate physical interactions between transcription factors
would be an important step toward understanding the regulation of gene expression in
photoreceptors.
Forster resonance energy transfer (FRET) is a widely used approach for studying
protein-protein interactions in living cells [11], most commonly employing microscopy
[12]. Many approaches have been developed to quantify the FRET signal: fluorescence
lifetime imaging microscopy, acceptor photobleaching, sensitized emission, spectral
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imaging and linear un-mixing of spectral components (reviewed in [13, 14]). However,
data collection is limited by the relatively small number of cells that can be processed in a
given time. Flow cytometry has been adapted as an alternative for analysing FRET
signals from a large population of cells in a short time [15-23]. FC-FRET has also been
used to study the interaction of transcription factors, Fos and Jun, in live cells [22, 24].
In this paper, we adapted an FC-FRET method [22] to investigate interactions
between the photoreceptor transcription factors Nrl and Crx in live HEK293T cells. We
used sensitized emission for FRET signal detection and developed an easily adapted and
standardized data acquisition workflow. The assay was validated using various mCherryeGFP (mG) fusion proteins separated by different length linkers. We then characterized
by FC-FRET the interactions of proteins containing Nrl and Crx fused to the fluorescent
proteins mCherry and eGFP.
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Materials and methods
Expression constructs.
Fusion constructs and large deletions were generated by overhang extension PCR
primers (IDT, Coralville, IA) and cloned Pfu DNA polymerase (Stratagene, La Jolla, CA).
Point mutations and small deletions or insertions were generated using QuickChange and
Turbo Pfu DNA polymerase (Stratagene, La Jolla, CA). All constructs were confirmed by
DNA sequencing. A nuclear localization signal (NLS), MAPKKKRKVNRSKA, was
inserted in the N-terminal region of the pEGFP-N1 and pmCherry-N1 vectors (Clonetech,
Mountain View, CA). For intramolecular FRET experiments, eGFP and mCherry fusion
proteins (mG) were designed with various linkers (Fig. 2a). The helical linkers were
based on a repeated (n=2-7) helix-forming peptide, EAAAK [25] flanked by two proline
residues to terminate the helical region.
Mammalian cell culture and transfection.
HEK293T cells (ATCC, Manassas, VA) were cultured in DMEM with 10% FBS
and 1 mM L-glutamine. Cells were seeded at 75,000 cells/ml one day before transfection.
Cells were transfected with a total of 1 µg of DNA using Fugene 6 (Roche, Branchburg,
NJ) according to the manufacturer’s instructions.
Confocal Microscopy FRET.
In sensitized emission FRET and live cell imaging experiments, HEK293T cells
were seeded in collagen coated No. 1.0 cover-slip bottom 3.5 cm dish (MatTek, Ashland,
MA) for transfection. One day after transfection, the media was changed to one with no
phenol (Gibco, Carlsbad, CA) and 0.1 µg/ml of Hoechst 33342 (Sigma-Aldrich, St. Louis,
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MO) for one hour. Cells were placed an environmental chamber (PeCon GmbH,
Germany) in 5% CO2 at 37oC for 15 min before imaging. Confocal images were collected
using a LSM510 META microscope (Carl Zeiss, Germany) equipped with a PlanApochromat 63× oil immersion objective (NA 1.4). The pinhole was adjusted to obtain 1
Airy unit for the fluorophore with shortest wavelength. Imaging was performed using an
LSM-510 confocal microscope (Zeiss) equipped with an Argon laser generating 488 nm
laser line and a HeNe 543 laser. To reduce contamination signals across the two
fluorescent channels, 500-535 nm band pass and 560LP long pass filters were used to
filter fluorescence excited by Ar and HeNe lasers respectively. The scanning objective
for both channels was a Plan-Neofluor 63x/1.4 N.A. oil lens (Zeiss). The FRET signal
was detected using the Argon laser 488 nm line and a 560LP long pass filter. Hoechst
33342 staining was detected using a two photon Chameleon laser exciting at at 800 nm
(power 4-8%) and a 435/485 nm band pass filter. For dual color acquisition, images were
sequentially acquired in a line-scan mode (average line = 2).
In APB FRET, HEK293T cells were seeded in 8 well chamber slides (Nunc LabTek), transfected as described above and then fixed with 2% paraformaldehyde for 15
min. Slides were mounted in glycerol prior to image acquisition as described above.
Acceptor was sequentially photobleached using the HeNe laser at 100% power. Images
were analyzed using Image J software (NIH) and Sigma Plot 11.0 (Systat Software, Inc.,
Chicago, IL)
FC-FRET
The workflow for FC-FRET is illustrated in Fig.1. Cells were transfected with
donor or acceptor only, donor plus acceptor, donor fused with acceptor and mock
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transfected. After 24 hours, cells were treated with 0.1% trypsin for 5 min and then
washed in phenol-free DMEM containing 10% FBS. Cells were centrifuged at 250 g for
5 min and suspended with Dulbecco's phosphate buffered saline (DPBS, 2.7 mM KCl,
1.5 mM KH2PO4, 136.9 mM NaCl, 8.9 mM Na2HPO4•7H2O) at ~106 cells/ml. FC-FRET
measurements were performed using LSRII (BD Bioscience) equipped with 405 nm, 488
nm, 561 nm and 633 nm lasers. A 19 µs delay was set between 488 nm and 561 nm laser
interrogation positions. To measure eGFP and FRET fluorescent intensity, cells were
excited with 488 nm laser and fluorescence was collected in the eGFP channel with a
530/30 nm filter, while the FRET signal was collected with a 610/20 nm filter. To
measure mCherry, cells were excited with the 561 nm laser and fluorescence was
collected in the mCherry channel with a 610/20 nm filter. Channel settings were
optimized and calibrated before performing experiment. First, the voltage of each
photomultiplier was adjusted to balance the fluorescence intensity for eGFP and mCherry.
Second, fluorescence intensity for each channel was calibrated with beads having known
amounts of fluorophore attached (Sphero Rainbow Calibration Particles (Spherotech)).
Third, the FSC (forward scattering) and SSC (side scattering) were calibrated with beads
of known size (Sphero Size standard kits (Spherotech)).
For each experiment, four control groups were analyzed. The mock transfected
cells were used to set background fluorescence levels for donor, FRET and acceptor
channels. Cells expressing only eGFP were used to generate a constant, Dc, to measure
the bleed-through of donor emission (eGFP) into FRET channel (610/20 nm). β was
calculated as the ratio of donor emission detected in FRET (acceptor) channel (FDA) to
donor channel (FD), Dc= FDA/FD. Similarly, cells expressing only mCherry were used to
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generate a constant, Ac , for correcting the excitation of acceptor (mCherry) by donor
excitation light (488 nm). α was calculated as the ratio of acceptor emission with donor
excitation (FDA) to acceptor fluorescence (FA), Ac=FDA/FA. The variation in α and β
between cells decreased as both acceptor and donor fluorescence intensity increased,
respectively and we used a value of 30% variation in α and β to set the lower limit of
mCherry and eGFP intensities for including cells in the analysis. We used a sensitized
emission calculation, also called the three-cube method [26], to determine the normalized
FRET efficiency: 𝑁𝐹𝑅𝐸𝑇 =

𝐹𝐷𝐴 −𝐷𝑐 ×𝐹𝐷 −𝐴𝑐 ×𝐹𝐴
�𝐹𝐷 ×𝐹𝐴

. Flow cytometry data files were imported to

custom software for data processing in the Matlab (Mathworks, Inc) environment
(available upon request). Different group mean or median values were compared with
student’s t-test or ANOVA analysis (Holm-Sidak method) in Sigma Plot 11.0 (Systat
Software, Inc., Chicago, IL) using p<0.05.
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Figure 1. Flow cytometry to detect FRET (FC-FRET)
(a). The experiment setup and data processing work flow of FC-FRET. Live
HEK 293T cells were transfected with nuclear localized mCherry-eGFP fusion protein
(mG) were analyzed on a BD LSRII flow cytometer. Cell were transported in a sheath
fluid and streamed to the laser beams for interrogation. Two lasers, 488nm and 561nm,
are used in this system with different focusing position. 488nm laser excite eGFP and
FRET signals, which directed by 530/30 and 610/20 optical filters to Donor (FD) and
FRET PMT Channels (FDA) accordingly. 561nm laser excite mCherry signal that directed
by 610/20 optical filters to Acceptor PMT Channel (FA). The FRET signal (FDA ) were
corrected for background fluorescence, spillover from Donor (DDA) with Dc and misexcitation from acceptor (ADA) with Ac. The corrected FRET signal is called nF, which is
then normalized with Donor and Acceptor signal to generate FRET efficiency ( 𝑁𝐹𝑅𝐸𝑇 ).

The cell by cell FRET result then undergoes desired statistical analysis.
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Results
Quantitative FC-FRET: mCherry-eGFP fusion protein
To quantitatively compare FRET efficiencies determined by FC-FRET with those
determined using imaging methods, we utilized a fusion protein which contain eGFP and
mCherry. In this fusion protein, eGFP and mCherry were separated by a linker of 10
amino acid (mG10, Fig. 2a), which will undergo intramolecular FRET when eGFP is
excited (Fig. 3a). Because we want to examine FRET between transcription factors, a
NLS is tagged at its N-terminus. Thus, we only detected mG10 in the nucleus. The
unfused eGFP and mCherry also had NLSs. Two different imaging methods were used to
measure the FRET efficiency (Fig. 3b, c and Fig. S1). Cells co-expressing both mCherry
and eGFP (hereafter, these cells will be designated as mCh+eG) had a mean normalized
FRET efficiency (NFRET) of 0.80% (n=31, SD = 1.09%) as determined using sensitized
emission. Cells expressing mG10 had a mean NFRET of 9.9% (n=37, SD = 2.7%). This is
likely an underestimate of the actual FRET efficiency because sensitized emission
methods are very sensitive to instrument settings and cross-talk between donor and
acceptor channels.
As an alternative approach, we utilized acceptor photobleaching to determine the
FRET efficiency [27]. In this method, the acceptor is sequentially photobleached and the
donor fluorescence is monitored. To eliminate diffusion into and out of the
photobleached region, cells were fixed before imaging. In mCh+eG cells, there was a
negligible change in eGFP fluorescence intensity (Fig. 3b and Fig. S1), even after
complete photobleaching of mCherry, leading to an extrapolated FRET efficiency of 0.0%
(n= 31, SD = 2.2%). In mG10 cells, there was a significant increase in eGFP fluorescence
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intensity after photobleaching mCherry (Fig. 3 c and Fig. S1), leading to an extrapolated
FRET efficiency of 26.8% (n=37, SD = 4.4%).
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Figure 2. Fluorescent protein constructs transiently expressed in 293 cells and
analysed by FC-FRET.
(a) Diagrams illustrated NLS-mCherry, NLS-eGFP and NLS-mGs. All of them
were labeled with a nuclear location signal (NLS) at N-terminal. Size of proteins or
domains were written on their sides. Red boxes are mCherry; Green boxes are eGFP;
Grey boxes are NLS; Black boxes are linker sequence. Fused mCherry-eGFP(mG)
proteins are linked with linkers with various length. The amino acid sequence of those
linkers are listed in a table. For mG20 to mG45, their linkers contain 2-7 repeats of
EAAAK sequence, which will form α-helix. A diagram of spiral structure peptide shows
linker peptide sequence with three EAAAK repeats, which form α-helix and stabilized by
salt bridge between E and K. A wenxiang diagram illustrates two tandem EAAAK
repeats and demonstrates the disposition of alpha helices in heteropolar environments. (b)
Diagrams of Nrl and Crx. (Top panel) Different functioning domains of Nrl and Crx are
annotated with different colors. The length of protein and position of domains are
annotated as well. (Middle panel) Nrl and Crx are fused with mCherry and eGFP at Nand C-terminals. Nrl is drawn in orange; Crx is drawn in blue. (Bottom panel) Three
different mutants of Nrl (NrlbZIP, NrlΔAD, NrlΔEHD) are fused with mCherry at Nterminal. One mutant of Crx (CrxΔHD) are fused with eGFP at N-terminal.
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Figure 3. Sensitized emission and acceptor photobleaching FRET using confocal
microscopy.
(a) Confocal microscopy image show an example cell expressing NLSmCherry+NLS-eGFP (mCh+eG) and NLS-mG10 (mG10). DIC, Hoechst (Blue), eGFP
(Green), mCherry (Red), FDA (FRET, Yellow). Scale bar is 25µm. (b) Acceptor
photobleaching (APB) FRET of a cell expressing mCh+eG and a cell expressing mG10.
Plots show eGFP and mCherry fluorescence changes after bleaching with 543nm laser in
those two cells. Black dots are the measurement of relative fluorescence intensity after
each pulse of bleaching laser. Red line is linear regression of eGFP and mCherry
fluorescence intensity after gradually photobleaching.
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In the FC-FRET experiments, there were five groups of cells that were analyzed:
cells transfected with donor or acceptor only, donor plus acceptor, donor fused with
acceptor and mock transfected . We analyzed the number of FRET-positive cells by
determining the number that had exceed background fluorescence intensity in acceptor
channel when excited with the donor channel (we term this condition FDA). Although
~12.5% of cells were transfected under these conditions (Fig. S2), there were virtually no
cells that expressed either mCherry or eGFP that exceed background FDA intensity [23].
However, in mCh+eG cells, there were approximately 4.6% (197/4250) and, in mG10
cells, approximately 80.0% (5474/6845) that reached criteria level. Under these
conditions, there was a wide range of fluorescent protein expression levels (Fig. 4 and Fig.
S3). We eliminated cells whose expression ratio for mCherry/eGFP was outside of a 0.1 10 range, whose signal is no reliable [28]. The FRET efficiency calculated from the
restricted population of mG10 cells was FRET efficiency (Fig. 5a) was 23.5% (n=6987,
SD=3.8%) while in mCh+eG cells the FRET efficiency (Fig. 5b) was 0.4% (n = 5267, SD
= 1.4%). A comparison of the various methods (Fig. 6) shows good agreement between
FC-FRET and acceptor photobleaching for determining FRET efficiency and qualitative
agreement with sensitized emission FRET using imaging. The small difference in FRET
efficiency between the FC-FRET and acceptor photobleaching arises from a biased
selection in the latter method of cells that have the highest expression level. There is a
significant increase in normalized FRET efficiency with fluorophore expression level
(see below). These results show that FC-FRET is a quantitative method for determining
FRET efficiency in a large number of cells rapidly, with comparable sensitivity to
microscopic methods.
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Figure 4. Expression level of various fluorescent proteins transiently expressed in
HEK293T cells analysed by Multi-channel flow cytometry.
(a) and (b) Scatter plot of mCherry and eGFP concentration of mCh+eG and
mG10. (c) Histogram of mCherry and eGFP expression level in cells transfected with
non-fluorescence, NLS-mCherry-only, NLS-eGFP-only, mCh+eG and mG10.
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Figure 5. Procedure of processing raw FRET signal in FC-FRET.
Histogram of raw FRET intensity (FDA , upper panel) of HEK293T Cells
expressing mG10 (a) and mCh+eG (b). The raw FRET signals were corrected with
spillover and mis-excitation. Histogram of corrected FRET intensity (nF, middle panel).
The corrected FRET signals were then normalized with donor and acceptor fluorescence,
which were shown in histogram of normalized FRET efficiency (𝑁𝐹𝑅𝐸𝑇 , lower panel).
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Figure 6. Compare of FC-FRET efficiencies with microscopic methods.
(a) FC-FRET results of cells expressing mCh+eG (n=5267) and mG10 (n=6987)
undergo. (b) Accepter Photobleaching FRET results of cells expressing mCh+eG (n=31)
and mG10 (n=37). (c) Sensitized emission FRET results of cells expressing mCh+eG
(n=31) and mG10 (n=37). Red line indicates mean value. Black line indicate median
value.
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Distance measurements with FC-FRET
In order to examine whether FC-FRET capable of quantifying FRET efficiencies
as a function of donor-acceptor distance change, we designed a series of fusion proteins
between eGFP and mCherry that were separated by linkers of different lengths (Fig. 2a).
One group of fusion proteins had flexible poly-glycine residues surrounding a core
proline motif, designated mG6, mG10 and mG15 for the number of amino acids
separating mCherry from eGFP (Fig. 2a). There was no difference FRET efficiency
between these fusion proteins (Fig. 7A), suggesting the average distance between the
donor and acceptor was similar. Therefore, we employed a second group containing a
linker design with a rigid structure, having EAAAK repeating sequence that forms a
stable alpha helix [25]. In previous studies suggested that the structure of the linker with
4-5 repeats has been confirmed by X-ray analysis and shown to influence FRET
efficiency between BFP and GFP [29-31]. We flanked the linker with two proline
residues to isolate the alpha helices from its upstream and downstream fluorescent
proteins in order to avoid potential interference between the alpha helical linker and
fluorescent proteins. These proteins with 2 to 7 repeats were designated mG15-45. The
FRET efficiency was very sensitive to the number of repeats, with a steady reduction as
the linker became longer (Fig. 7a) and was quite reproducible in different sorting
experiments. These results suggested that FC-FRET is a reliable tool to quantify distance
between donor and acceptor. We expect the FRET efficiency between mCherry and
eGFP to depend on the distance according to the Foster equation: FRET
efficiency=k1(Ro6/ (Ro6 + (k2R+k3)6)) where k1 is the magnitude of apparent FRET
efficiency, k2 is a factor determined by the angle between the linker and fluorescent
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protein and k3 is the minimal distance between two fluorescent proteins determined by
the steric exclusion. The data fit to this equation quite well, (R2= 0.998, k1=0.49, k2=0.27,
k3=5.56, Fig. 7b). We estimated the real FRET efficiency and distance between mCherry
and eGFP (Fig. 7c). In summary, FC-FRET is suitable for quantitative distance
measurements in living cells.
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Figure 7. FRET efficiency varies with different linker length in mGs.
(a) Compare mGs with different linkers. For one single experiment, results are
shown as box plot in left panel. Red lines in middle of boxes are mean values. Black lines
in middle of boxes are median values. Number of cell been analyzed was shown on right
side of the plot. For multiple experiments, results are shown as bar graph in right panel.
Black bars represent mean values of multiple experiments' means. White bars represent
mean values of multiple experiments' median. N is the time of repeat experiments. Error
bars are standard deviation. (b) Use FRET equation to fit FRET results of mGs with
different linkers. Blue circles are FC-FRET result. Green line is the fitting line of
modified FRET equation. (c) Transformed FRET result with standard FRET equation.
Restore FRET efficiency by transforming modified FRET equation to standard FRET
equation of distance. Red circles are transformed FRET results in (c). Red line is the
standard FRET equation. Red dash line is the inaccessible distance of mCherry-eGFP
pair due to exclusive volume of fluorescent proteins.
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Concentration Dependence of FC-FRET Efficiency
There is a wide range of expression level in transiently transfected cells (Fig. S4),
and the large number of analyzed cells allowed us to examine how donor or acceptor
concentrations influenced FRET efficiency. At high donor and acceptor concentration,
FRET may also occur between transiently associated molecules, which is called
stochastic FRET [32]. Because fluorescence intensity is proportional to fluorophore
concentration, we plotted the FRET efficiency versus the donor or acceptor concentration
for the mG fusion proteins (Fig. 8). FRET efficiency from cells expressing unlinked
mCherry and eGFP also increased as expression levels increased, but the slope of the
curve was significantly smaller. The difference in slopes can be used to distinguish a
small FRET signal from stochastic FRET more reliably than a mean value comparison
because it is not as sensitive to protein expression level as algorithm mean.
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Figure 8. FRET efficiency depends on expression level of fluorescent protein.
FRET efficiency of cells expressing different groups of fluorescent protein were
plotted against mCherry and eGFP intensity. The moving average lines of FRET were
plotted along the effective mCherry (a) and eGFP (b) fluorescence intensity level.
Different colors of lines indicate different linkers, from 6 aa to 45 aa. Fluorescence
intensity is shown in log scale. Cells expressing NLS-mCherry+NLS-eGFP (mCh+eG)
serve as negative control.
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Nrl dimerization and orientation by FC-FRET
We used FC-FRET to examine the oligomeric state of Nrl, a member of basic
leucine-zipper family that forms homodimers and also heterodimers with other proteins
in in vitro experiments [33]. We made four different constructs that have mCherry or
eGFP fused to either the N- or C-terminus of human Nrl (Fig. 2b). FRET efficiency was
sensitive to the relative position of the two fluorescent proteins (Fig. 9a) and was highest
(5.3%, p<0.001, α=0.05, Holm-Sidak test) when they were both on the C-terminus. The
FRET efficiency was lower (2.5%, p<0.001, α=0.05) when the fusion proteins were on
the N-terminus. The FRET efficiency was at background levels when the fusion proteins
were on different termini for both combinations. Control experiments in which cells were
transfected with an Nrl-fusion protein and a soluble fusion protein (Nrl-mCh + eG or NrleG + mCh) also exhibited background FRET signals. Thus, these data suggest that Nrl
forms homodimers in live cells, and that the dimer aligns head to head. The FRET
efficiency for the C-terminal FRET pair is similar to that observed (~ 4%) for a
heterodimer of Fos and Jun, both of which are bZIP proteins [22]. The difference
between Nrl homodimers and the background FRET is more apparent when the FRET
efficiency is plotted as a function of acceptor intensity (Figure 9a bottom panel).
Nrl has several function domains, including transcriptional activation domain
(AD), an extended homology domain (EHD) and bZIP domain [5, 6]. We generated
mCherry labeled Nrl truncation mutants mNrlΔAD, mNrlΔEHD and mNrlbZIP (deletes
both AD and EHD). Deletion of AD and EHD alone did not significantly change the
FRET efficiency (p=0.517, p=0.689 respectively, Mann-Whitney Rank Sum test), but
deletion of both MTD and EHD caused FRET efficiency to drop to background levels
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(p=0.023, Mann-Whitney Rank Sum test), (Fig. 9b). The difference between Nrl and Nrl
mutants is more apparent when the FRET efficiency is plotted as a function of acceptor
intensity (Figure 9b bottom panel). Thus, there are sequences in these domains that are
important for dimer formation, orientation or both.

177

Figure 9. FC-FRET to study Nrl-Nrl dimerization.
(a) Bar graph of Nrl-Nrl FRET efficiency (upper panel). mCherry and eGFP are
labeled to either N- or C-terminal of Nrl. Accepter intensity dependent analysis (lower
panel). FRET efficiency of cells expressing fluorescence tagged at N- or-C-terminal of
Nrl were plotted as a function of mCherry intensity. (b) Bar graph of Nrl and mutants'
FRET efficiency (upper panel). mCherry and eGFP are labeled to N-terminals of Nrl and
mutants. N indicates number of experiments. Accepter intensity dependent analysis
(lower panel). FRET efficiency of cells expressing fluorescence tagged at N-terminal of
Nrl and Nrl mutants were plotted as a function of mCherry intensity. In the bar graph,
error bar is standard error of mean. Every experiments in bar graph has more than 1000
cell been analyzed. In the intensity plot, the moving average lines of FRET were draw
along the effective mCherry fluorescence intensity level. Every point represents mean of
FRET in 100 cells. Fluorescence intensity is shown in log scale. Error bar is standard
deviation of FRET at different fluorescence intensity level. Cells expressing mCh+eG
serve as negative control.
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Crx dimerization and orientation by FC-FRET
As a homeobox protein, Crx also has the potential to form homo-dimers in vivo.
We used FC-FRET to examine the oligomeric state of Crx, using four different constructs
that have mCherry or eGFP fused to either the N- or C-terminus of human Crx (Fig. 2b).
As with Nrl, FRET efficiency was sensitive to the relative positive of the two fluorescent
proteins (Fig. 10a) and was highest (3.3%, p<0.001, α=0.05, Holm-Sidak test) when they
were both on the N-terminus. The FRET efficiency was lower (1.6%, p<0.001, MannWhitney Rank Sum test) and not significantly different from background (p=0.39, MannWhitney Rank Sum test) when the fusion proteins were on the C-terminus. The FRET
efficiency was at background levels when the fusion proteins were on different termini
for both combinations (both p=0.79, Holm-Sidak test). Control experiments in which
cells were transfected with a Crx-fusion protein and a soluble fusion protein also
exhibited background FRET signals. The difference between Crx homodimers, Crx HD
mutant and the background FRET is more apparent when the FRET efficiency is plotted
as a function of acceptor intensity (Figure 10 bottom panel). Thus, these data suggest that
Crx forms homodimers in live cells, and that the dimer aligns head to head.
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Figure 10. FC-FRET to study Crx-Crx dimerization.
(a) Bar graph of Crx-Crx FRET efficiency (upper panel). mCherry and eGFP are
labeled to either N- or C-terminal of Crx. Accepter intensity dependent analysis (lower
panel). FRET efficiency of cells expressing fluorescence tagged at N- or-C-terminal of
Crx were plotted as a function of mCherry intensity. (b) Bar graph of Crx and mutants'
FRET efficiency (upper panel). mCherry and eGFP are labeled to N-terminals of Crx and
Crx mutants. N indicates number of experiments. Accepter intensity dependent analysis
(lower panel). FRET efficiency of cells expressing fluorescence tagged at N-terminal of
Crx and Crx mutants were plotted as a function of mCherry intensity. In the bar graph,
error bar is standard error of mean. Every experiments in bar graph has more than 1000
cell been analyzed. In the intensity plot, the moving average lines of FRET were draw
along the effective mCherry fluorescence intensity level. Every points represent mean of
FRET in 100 cells. Fluorescence intensity is shown in log scale. Error bar is standard
deviation of FRET at different fluorescence intensity level. Cells expressing mCh+eG
serve as negative control.
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Nrl-Crx interactions by FC-FRET
Nrl and Crx are thought to form heterodimers to functionally activate
transcription in vivo [9]. Here, we studied the Nrl-Crx interaction in live cells by FRET at
the first time. FRET efficiency depended on the position of the fluorescent protein for
both Nrl and Crx. Fusions at the N- terminus gave FRET efficiency of 1.8% (p<0.001, ttest) while fusions at the C-terminus were at background levels (1.1%, p=0.998) (Fig.
11a). This preference of orientation was true whether mCherry or eGFP was used on
either protein. There was also FRET when the fusion proteins were on opposite termini,
except for the N-terminal eGFP-Nrl and C-terminal Crx-mCherry set. Deletion of the Crx
homeodomain domain reduced FRET efficiency between Nrl and Crx to 1.4% (p=0.06,
one tail t-test), although still above background levels (p=0.004, one tail t-test). Deletion
of the Nrl activation domain did not alter the FRET efficiency significantly (1.8%,
p=0.059 , t-test one tail), while more extensive truncations with EHD reduced the
efficiency to background levels or below (0.22%, p<0.001, t-test) (Fig. 10b). The deletion
of EHD alone significantly reduce the FRET efficiency (0.90%, p=0.001 one tail t-test).
Distinguishing the small FRET signals from background is more apparent when the
FRET efficiency is plotted as a function of acceptor intensity (Fig. 11, bottom panels).
We also measured FRET using both microscopy approaches for comparison (Fig. 12).
The nuclear distribution pattern for both Crx and Nrl was similar and but not uniform,
rather it was patchy (Fig. 12a). Both acceptor photobleaching and sensitized emission
approaches demonstrated significant FRET efficiencies between N-terminal fused eGFPCrx and mCherry-Nrl, 5.5% and 3.7% respectively. This confirms the FRET observed
183

with FC-FRET. The microscopic methods give a higher efficiency than FC-FRET
because the measurements were performed on nuclear regions with high fluorescence
while the FC-FRET measurements are derived from the entire nucleus. Taken together,
these results suggest that Nrl and Crx form heterodimers in living cells. Moreover, the
Nrl EHD domain plays an important role in the interaction between Nrl and Crx, while
the Crx homeodomain is not essential for their interaction.
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Figure 11. FC-FRET to study Nrl-Crx interaction.
(a) Bar graph of Nrl-Crx FRET efficiency (upper panel). mCherry and eGFP are
labeled to either N- or C-terminal of Nrl and Crx. Accepter intensity dependent analysis
(lower panel). FRET efficiency of cells expressing fluorescence tagged at N- or-Cterminal of Nrl and Crx were plotted as a function of mCherry intensity. (b) Bar graph of
Nrl and Crx mutants' FRET efficiency (upper panel). mCherry and eGFP are labeled to
N-terminals of Nrl, Crx and mutants. Accepter intensity dependent analysis (lower panel).
FRET efficiency of cells expressing fluorescence tagged at N-terminal of Nrl, Crx and
their mutants were plotted as a function of mCherry intensity. N indicates number of
experiments. In the bar graph, error bar is standard error of mean. Every experiments in
bar graph has more than 1000 cell been analyzed. In the intensity plot, the moving
average lines of FRET were draw along the effective mCherry fluorescence intensity
level. Every points represent mean of FRET in 100 cells. Fluorescence intensity is shown
in log scale. Error bar is standard deviation of FRET at different fluorescence intensity
level. Cells expressing mCh+eG serve as negative control.
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Figure 12. Investigate Nrl and Crx interaction with different FRET approaches.
(a) microscopy images of cell expressing Nrl(Red) and Crx(Green), cell is
counterstained with Hoechst to show nuclear (Blue). (b) Compare FRET result of Nrl and
Crx via three different FRET methods: APB (left), sensitize emission (middle) and FCFRET (right). n is number of cells been analyzed. Here, FC-FRET only show results from
one experiment.
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Discussion
Advantages of FC-FRET
Our study describes a flow-cytometer based method for obtaining FRET
efficiency measurements on a large scale. We have improved on previous flow cytometer
based FRET methods [15-23] in a number of ways. First, FC-FRET we have standardized
and calibrated the data collection and analysis including an intuitive software, and
quantitatively compared it to two widely used microscopy-based methods. Second, FCFRET has a delay between exposure of the cell to the 488 nm and 561 nm lasers, thus
avoiding crosstalk between fluorescent proteins during their fluorescent lifetime. Third,
FC-FRET analysis uses individual cell FRET efficiencies for statistical analysis to
determine significance and includes information on donor and acceptor fluorescence
intensities. This method is highly reproducible from each flow cytometry run, even with a
wide range of expression levels. Fourth, we showed that FC-FRET is very sensitive to
linker length and thus distance. Together, FC-FRET is a powerful way to quantitatively
study protein interactions in live cells.
Limitations of FC-FRET
Although FC-FRET has many advantages, it also has several inherent limitations.
This approach lacks the detailed information subcellular structure and provides the
average fluorescence intensities. If a donor and acceptor are concentrated in a particular
location, the background FRET efficiency could be higher than expected and be mistaken
for protein-protein interactions. FC-FRET sensitivity is limited by the fraction of the
donor and acceptor that are interacting. For example, if the donor and acceptor only

188

interact in certain compartments, but are also found in other compartments then the FRET
efficiency will be reduced. A strategy that combines microscopy and flow cytometer
would overcome this limitations.
FC-FRET and Sensitized Emission
FC-FRET is based on the principle of sensitized emission. Beside sensitized
emission, there are several popular FRET methods [14] used in microscopy, such as
APB-FRET, FLIM-FRET and Spectral FRET. These FRET methods either require
additional specific laser sources or special cameras, which are adaptable to current flow
cytometers. Sensitized emission only requires regular laser sources and PMT/CCD
camera that are found in most commercial flow instruments. FC-FRET employs one of
the most widely used sensitized emission methods, called 𝑁𝐹𝑅𝐸𝑇 [34] to calculate FRET

efficiency. 𝑁𝐹𝑅𝐸𝑇 minimizes the dependence of FRET efficiency (E) on the donor and

acceptor fluorescence intensities. However, 𝑁𝐹𝑅𝐸𝑇 deviates dramatically from expected

behavior when excessive amounts of donor or acceptor are present in FRET sample [14].
We addressed this issue in FC-FRET by limiting the acceptor/donor ratio to 0.1 - 10
range, where 𝑁𝐹𝑅𝐸𝑇 is stable to changes of acceptor/donor ratio [28]. Thus, FC-FRET

only includes cell that have balanced accepter/donor expression and perform 𝑁𝐹𝑅𝐸𝑇
analysis.

Stochastic FRET
FC-FRET is a convenient strategy to account for stochastic FRET in a sample and
this undesired FRET may reduce sensitivity when studying low FRET efficiencies..
Lackowiz et al. summarized and proposed an equation to estimate the stochastic FRET
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efficiency, 𝐸 = √𝜋 × Γ × 𝑒𝑥𝑝(Γ 2 ) × |1 − 𝑒𝑟𝑓(Γ)|, where Γ =

[𝐴]
𝐴0

, the ratio of effective

acceptor concentration to critical concentration A0 , which represents the acceptor
concentration that results in 76% energy transfer [32]. In the case of mCherry and eGFP,
the stochastic FRET will be noticeable (>1%) when concentration of mCherry and eGFP
are higher than 20 µM. The result of our acceptor concentration dependent FRET
measurement with mCherry and eGFP is close to this equation at a concentration around
10 µM (data not shown), suggesting the increasing FRET efficiency may be attributed to
stochastic FRET. However, this equation is only proposed for fluorescent molecules
without exclusive volume in three dimensional freely diffusing system. Therefore, a more
involved analysis is needed to take into account restricted spatial dimensions. For
example, the ER and membranes have different effective volumes for fluorescent proteins
than the cytoplasm, due to their exclusion volumes, and they exhibit higher FC-FRET
efficiencies as well (data not shown). Because a significant number of cells were
analyzed in these experiments, we were available to account for stochastic FRET.
FRET between Nrl-Nrl and Crx-Crx homodimers
FC-FRET results show that both Nrl and Crx form dimers in live cells. In addition,
we found the Nrl-Nrl and Crx-Crx homodimers are oriented head-to-head. We could use
the FRET efficiency of N- and C-termini of Nrl or Crx to estimate the distance between
them. However, several factors affect the FRET efficiency besides distance. First, the
formation of donor-donor and acceptor-acceptor dimers masks the FRET efficiency,
since only about 50% of Nrl and Crx are expected to form heterodimers. Second, the
extent of Nrl-Crx binding at different concentrations is not known, again potentially
masking the FRET efficiency (see Appendix for an analysis). Third, there may be
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competition from endogenous partners that compete for either Nrl or Crx. In HEK293
cells, there is negligible expression of Nrl and Crx, however there are homologous
proteins that could potentially interact with them. Fourth, the fluorescent protein fusion
might impair or alter the dimerization. Finally, the relative orientation of the two
fluorescent proteins may influence the FRET efficiency. Most of these considerations
would cause an underestimation of the actual FRET efficiency, thus leading to maximum
distance constraint. FC-FRET results suggest that Nrl and Crx N-termini are within at
least 9 nm of each other. It is also important to note that the distribution patterns of Nrl
and Crx were not identical, which suggests that a not all of the Nrl and Crx can interact
because of spatial restrictions. We generated series mutations of Nrl and Crx protein and
compared the FRET efficiency with their full-length proteins. The Nrl EHD domain
played a role in Nrl-Crx interaction while the AD domain did not. On the other hand, the
Crx HD was not essential for interaction in vivo.
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Conclusion
FC-FRET has several advantages over existing methods. It inherited the fast and
convenience features of flow cytometry. The standardized procedure and data processing
software allows it to perform versatile quantitative statistical analysis. The results of FCFRET were reproducible and have been validated using microscopic FRET approaches.
In principle, FC-FRET can be applied to any sortable cells from culture or tissues.
Therefore, these properties make this method powerful to study protein-protein
interaction in live cells. We have used this approach for the first time to gain structural
information on the orientation Nrl and Crx homo- and heterodimers. Moreover, we have
shown that several domains in Nrl and Crx are necessary for formation of a normal
complex.
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Supplemental materials
Figure S1. Acceptor -photobleaching FRET using confocal microscopy.
(a) Confocal microscopic images of HEK293T cell expressing NLSmCherry+NLS-eGFP and NLS-mG10. Cells were bleached with 543 nm laser with 50
iterations at full power each time and imaged with both mCherry and eGFP channels at
pre-bleached, after 1-round of bleaching, after-5-round of bleaching and after 15-round of
bleaching. (b) and (c) Fluorescence intensity change during APB FRET in cell expressing
NLS-mCherry+NLS-eGFP (b) and NLS-mG10 (c). Red line indicates mCherry. Green
line indicates eGFP. Arrow indicates photobleaching.
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Figure S2. Procedure of performing semi-quantitative FACS-FRET.
(a) The experimental strategy of FACS-FRET. Live HEK293T cells were
transfected with non-fluorescence control plasmid, NLS-eGFP only, NLS-mCherry only,
NLS-mCherry+NLS-eGFP and NLS-mG10. Cells were suspended and analyze with
LSRII flow cytometer. Cells were gated for double positive (top panel). False positive
FRET signal from mCherry is excluded. The remaining cells are highlighted in red
(middle panel). Cells expressing NLS-mCherry+NLS-eGFP were used to define the
threshold of FRET positive. Cells with positive FRET were highlighted in magenta
(bottom panel).
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Figure S3. Multi-channel flow cytometry of cells expressing mG10.
(a) The histograms of a population of cells expressed NLS-mG10 in Donor, FRET
and Acceptor channels. X-axis show fluorescence intensity in log scale. (b) The scatter
plot of Donor and Acceptor intensity show the expression pattern of NLS-mG10
expressed cells. Fluorescence intensity is shown in log scale. (c) Scatter plot of Dc and
Ac. Upper panel is scatter plot of spill over correction factor Dc vs. donor fluorescence of
cells expressing eGFP-only. Lower panel is scatter plot of mis-excitation correction
factor α vs. acceptor fluorescence of cells expressing mCherry-only. (d)Histogram of raw
FRET intensity (FDA, upper panel), corrected FRET intensity (nF, middle panel) and
normalized FRET efficiency (𝑁𝐹𝑅𝐸𝑇 , lower panel).
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Figure S4. Multi-channel flow cytometry of cells expressing different linkers.
The fluorescence intensity of mCherry and eGFP were converted to concentration
and listed in y- and x-axis in log scale. All mGs with different linkers are listed here.
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Appendix: Proposed method to derive binding constants from FC-FRET
Beside stochastic FRET, the binding kinetic also contribute to the
Donor/Acceptor fluorescence intensity dependent FRET increasing. The mCherry and
eGFP have monomer structures, which will not suppose to interact with each other. The
increasing of FRET is only account to stochastic FRET. If the donor and acceptor interact
𝑘

with each other, the binding equilibrium can be applied: [𝐷] + [𝐴] ↔ [𝐷𝐴]. Here, k is

Donor and Acceptor interaction disassociation constant; [D] , [A] and [DA] are

concentration of donor, acceptor and donor-acceptor binding complex. Thus, the equation
would be written as:
[𝐷𝐴] = 𝑘 ∗ [𝐷] ∗ [𝐴]

(x1)

Meanwhile, the characteristic FRET efficiency is Ec, which is the real FRET

efficiency and does not affected by the concentration and ratio of donor and acceptor. E is
the apparent FRET efficiency, which is the measurement FRET value and prone to
change with donor and acceptor concentration. Thus,
𝐸𝑐 =

𝑛𝐹

�𝑓𝑎 ∗𝐹𝑎 ∗𝑓𝑑 ∗𝐹𝑑

=

𝐸

(x2)

�𝑓𝑎 ∗𝑓𝑑

Here, 𝑓𝑎 is the fraction of total Acceptor molecules in DA complex, 𝑓𝑎 =

the fraction of total Donor molecules in DA complex, 𝑓𝑑 =

𝐷𝐴
𝐷𝑡

𝐷𝐴2

𝑓𝑎 ∗ 𝑓𝑑 = 𝐴 ∗𝐷
𝑡

. Thus

𝐷𝐴
𝐴𝑡

; 𝑓𝑎 is

(x3)

𝑡

We introduced a new volume constant, V, which convert concentration
equilibrium (x1) to total molecules equilibrium:
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𝐷𝐴
𝑉

𝐷

𝐴

= 𝑘 ∗ 𝑉 ∗ 𝑉 . Thus, we bring 𝑓𝑎 and

𝐷𝐴 =

𝑘∗𝐷∗𝐴
𝑉

𝑓𝑑 into this new equation:

=

𝑘∗(1−𝑓𝑎 )∗𝐴𝑡 ∗(1−𝑓𝑑 )∗𝐷𝑡

(x4)

𝑉

Thus, equation (x3) can be transformed to:
𝐷𝐴2

𝑓𝑎 ∗ 𝑓𝑑 = 𝐴 ∗𝐷 =
𝑡

𝑡

(𝑘∗(1−𝑓𝑎 )∗𝐴𝑡 ∗(1−𝑓𝑑 )∗𝐷𝑡 )2
𝑉 2 ∗𝐴𝑡 ∗𝐷𝑡

Here, equation (x2) can be written as:

𝐸 = 𝐸𝑐 ∗ �𝑓𝑎 ∗ 𝑓𝑑 =

=

𝐸𝑐 ∗𝑘∗(1−𝑓𝑎 )∗(1−𝑓𝑑 )∗�𝐴𝑡 ∗𝐷𝑡
𝑉

2

�𝑘∗(1−𝑓𝑎 )∗(1−𝑓𝑑 )� ∗𝐴𝑡 ∗𝐷𝑡
𝑉2

=

(x3.1)

𝐸𝑐 ∗𝑘∗(1−𝑓𝑎 )∗(1−𝑓𝑑 )∗�𝐶𝑎 ∗𝐹𝑎 ∗𝐶𝑑 ∗𝐹𝑑
𝑉

�𝐸𝑐 ∗ (1 − 𝑓𝑎 ) ∗ (1 − 𝑓𝑑 ) ∗ �𝐶𝑎 ∗ 𝐶𝑑 ⁄𝑉 � ∗ 𝑘 ∗ �𝐹𝑎 ∗ 𝐹𝑑 = σ ∗ 𝑘 ∗ �𝐹𝑎 ∗ 𝐹𝑑

=

(x2.1)

Here, Fa or Fd are fluorescence intensity of total Acceptor or Donor; Ca or Cd are
conversion factors to convert Acceptor and Donor fluorescence intensity to molecules
amount. �𝐸𝑐 ∗ (1 − 𝑓𝑎 ) ∗ (1 − 𝑓𝑑 ) ∗ �𝐶𝑎 ∗ 𝐶𝑑 ⁄𝑉 � is a complex of constant, which can be
written as a new constant, σ. Thus, E can be written as a linear function of �𝐹𝑎 ∗ 𝐹𝑑 . The

slope of this function is proportional to k. Therefore, the FC-FRET intensity dependent
FRET assay reflect the binding kinetic of donor-accepter interaction.
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CHAPTER IV. PERSPECTIVE

The broad goal of this thesis was to study the regulation of rhodopsin expression
by developing new approaches for studying the mechanism of rhodopsin transcriptional
activation in live cells. We developed an inducible system which allows for temporal
regulation of gene expression in Xenopus rod photoreceptors. We also developed a new
approach, FC-FRET, which provides a fast and non-invasive method to study the
interaction of proteins in live cells. Thus, with these tools, we were able to investigate the
interaction between Nrl and Crx in live rod cells.

Summary of G3U inducible system
Features of G3U inducible system
Our G3U inducible system is a powerful tool to study gene expression in Xenopus
rods. First, the response of the inducible system is rapid, taking less than 30 minutes to
transport the induced activator into the nucleus and less than 4 hours to detect induced
reporter expression in cell culture. However, due to the low fluorescence intensity in
transgenic rods, we cannot monitor the expression and movement of activators with live
rod imaging. Second, the inducible system is tightly controlled. There is no detectable
reporter expression before induction. Third, the G3U system produces a high magnitude
of induction response. We found more than a 100-fold increase of reporter expression
after induction. Fourth, this inducible system is reversible. After the removing the inducer,
the reporter expression eventually returns to undetectable levels. Fifth, the induction
response of G3U system can be reproduced. The same G3U transgenic rod can be
induced repeatedly, and the pattern of induction responses is highly similar between
inductions.

207

Limitations of G3U system
We observed various variations of rhodopsin expression in induced Xenopus rods
within individual retinas. A mosaic protein expression pattern is a primary feature of
transgenic animals [1-3], which is determined by the varying expression levels of the
reporter in each cell. Furthermore, a diurnal variation as well as a long-term (10-15 days)
variation of transgene expression occurs in Xenopus rods [4]. We also observed a
stochastic variegation, which leads to an asynchronized expression pattern in different
cells of the same retina. These variations need to be considered when analyzing the
induction response.
In addition to understanding the biological variation of rod gene expression, the
inducible system needs to be further characterized. We were not able to monitor the
transportation of G3 in live rods, due to the low expression level of the G3 transactivator.
Furthermore, due to the limitation of microscopy in measuring time lapse images, we
were not able to measure the real time induced expression of Rho-mCherry in rods for
longer time periods (hours). The sensitivity of microscopy also limits the ability to detect
varying levels of Rho-mCherry expression. Therefore, an optimized optical filter set and
higher sensitivity PMT or CCD detectors would increase the imaging quality and
improve the measurement accuracy. Moreover, the induction response must be calibrated
with different concentrations of Dex. Although these experiments have been tested in cell
culture, they have not been conducted in live retinas.
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Applications of G3U system
In chapter 2, we used the G3U system to study rhodopsin transportation in
transgenic Xenopus rod OS. Induced mCherry labeled rhodopsin transport occurred at a
rate of approximately 1 µm/day, which is consistent with the disk displacement rate in
OS at the 20 ºC and 12/12-hour light-dark cycle [5-7]. The banding pattern of RhomCherry distribution in OS reflected the location of membrane disks that were
synthesized at the time of the induction response. Moreover, we have verified the
temporal and spatial relation of induction response. Thus, this inducible system can be
potentially applied to study the distribution pattern of mutant rhodopsin proteins. For
example, the P23H rhodopsin mutant has been shown to form aggregates in OS, which
leads to the disruption of OS structure and degeneration of rods [4]. The inducible
expression system will allow us to monitor the process of mutant aggregation and study
the mechanism of rod degeneration.
One goal of developing the G3U system was to apply it to study Nrl and Crx
interaction. Nrl and Crx are critical transcription factors that are essential for determining
the rod cell differentiation during early development [8-14]. Knockout of Nrl or Crx
results in changing photoreceptor progenitor cell fate and a rod-less retina [10-13].
Abnormal expression of Crx or Nrl leads to dysfunctional rods [8, 9, 14]. The inducible
system provides the opportunity to study gene function in mature rods. Nrl and Crx also
play critical roles in maintaining phototransduction gene expression [8, 15]. A reversible
inducible system would be very useful for studying Nrl and Crx function in rods without
causing degeneration. Thus, an inducible system of modified Nrl and Crx would benefit
the study of rod gene expression. Introducing various mutant forms of Nrl and Crx into
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the G3U system would be valuable in studying the structure and function of these
proteins. I have generated transgenic Xenopus that carry inducible full length and
dominant negative Nrl. These animals have yet to be examined in detail by confocal
microscopy and histology.
The G3U inducible system could be used potentially for studies in other organs
and tissues. Currently, we have only tested this system in rod cells. I have also generated
a construct, RCOP-G3U, which replace XOP with red cone opsin promoter (RCOP) [16].
This construct would directly induced expression in cones, which would allow us to study
the cone OS membrane disk movement, as well as the function of other cone genes in
mature cones. Moreover, we could introduce ectopic expression of exogenous genes in
cones while avoid changing cone cell fate or lead to apoptosis. In addition, we have
tested this inducible system in Xenopus and mammalian cell culture. Since GAL4hormone inducible systems have already been applied in other vertebrates, researchers
should be able to apply the G3U inducible system in other animal models, such as mice
[17, 18] and zebrafish [19].

Summary of FC-FRET
Features of FC-FRET
Our FC-FRET approach is a powerful tool for measuring protein-protein
interactions. First, it can estimate the relative distance between two interacting proteins
non-invasively. Second, a large population of cells can be analyzed to obtain a statistical
FRET value that indicate the strength or distance of interaction. Third, the FC-FRET data
can be collected rapidly by flow cytometry, which takes much less time than microscope
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to obtain FRET information. Fourth, I developed a convenient software package for
processing FC-FRET data, which allows a researcher to analyze the FRET of thousands
of cells in a timely manner. Fifth, this method can analyses the effect of donor and
acceptor ratio. Sixth, this method provides the opportunity to study the effect of
transcription factor concentration on the FRET signal.
FC-FRET can be adapted for high through-put FRET assays. Cells expressing
various donor and acceptor proteins can be dispensed at similar concentrations in a multiwell plate, which can then undergo flow cytometer sorting and analysis. Modified FCFRET software for this purpose can compute hundreds of interactions in a short time
frame.
Limitations of FC-FRET
Despite the advantages described above, FC-FRET still has several limitations.
First, the FRET assay cannot distinguish between the real FRET signal for true proteinprotein interactions and the contamination from the random collisions of donors and
acceptors at high concentrations [20]. This non-specific FRET signal needs to be
compensated in the FRET assay to distill the real FRET. Second, the fraction of donors
and acceptors involved in the interactions determines the FRET efficiency [20, 21],
which associated with binding kinetics of donors and acceptors. Third, the most widely
used method, NFRET, is susceptible to error when excessive amounts of the donor or
acceptor are involved [22]. Finally, FC-FRET cannot distinguish between the spatial
distributions of donor/acceptor in cells due to lack of imaging features in the flow
cytometer used in these experiments. This limitation can be overcome by using flowmicroscopy.
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Applications of FC-FRET
The FC-FRET results suggested that the interaction of Nrl-Nrl and Crx-Crx occur
in live cells. In addition, we found that Nrl-Nrl formed a homodimer with a head-to-head
and tail-to-tail conformation. The FC-FRET analysis also suggests that Crx interacts with
itself in live cells. We found that Crx-Crx formed homodimer with a head-to-head
conformation. Since no structural information for both full length Nrl and Crx is available,
information from FC-FRET is valuable. Furthermore, we can use the FRET efficiency of
the N-termini and C-termini of Nrl-Nrl and Crx-Crx to estimate the distance between
them. We generated a series of deletion mutations of the Nrl and Crx proteins and
compared their FRET efficiency with the full-length proteins. The FC-FRET results
indicate that the Nrl AD domain is not involved in the interaction of Nrl-Nrl. However,
truncation of both the AD and EHD domains affect the formation of the dimer. In
addition, the FC-FRET results confirmed the importance of Crx HD domain in Crx-Crx
interactions.
The FRET efficiency of the Nrl and Crx homodimer could be determined by some
factors other than interaction. First, the formation of donor-donor and acceptor-acceptor
dimers dilutes the FRET efficiency. In this scenario, only about 50% of Nrl and Crx
molecules would participate in FRET, which would lead to an approximately 50%
dilution of the FRET efficiency. Second, it is possible that only a fraction of Nrl and Crx
molecules are involved in the interaction. According to binding kinetics, this fraction
would increase as the Nrl and Crx effective concentration increased. Third, competition
from endogenous Nrl and Crx and their homologous could also affect FRET. Although
the endogenous Nrl and Crx concentrations are negligible in non-eye cells, both Nrl and
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Crx have homologous proteins that could potentially interact with the overexpressed
Nrl/Crx proteins [23-25]. Fourth, the labeling of fluorescence protein might impair
protein interaction [26]. We found the fluorescence Nrl/Crx transcription activity is not
identical to the unlabeled Nrl/Crx (data non shown). Therefore, the true FRET efficiency
of Nrl-Nrl/Crx-Crx dimerization could be much higher than the measured FRET
efficiency, which may be diluted by 50% or more.
The FC-FRET results suggest that Nrl and Crx interact in live cells. The Ntermini of both proteins are within 9 nm to each other in the heterodimer form, which is
the first experimental evidence of the potential orientation preference of Nrl and Crx
heterodimer. Many factors could cause the FRET efficiency of Nrl-Crx complex to be
lower than its real value. First, the FRET efficiency of the heterodimer is most likely
diluted by the existence of non-interacting Nrl and Crx and competition from endogenous
homologous proteins. Second, the distribution patterns of Nrl and Crx could be different,
which represents a fraction of Nrl and Crx not involved in the interaction. Third, the
formation of Nrl-Nrl/Crx-Crx homodimer could affect the interaction of Nrl and Crx. In
addition, the ratio of Nrl and Crx in the complex could also affect the FRET efficiency.
Therefore, the FRET of the Nrl-Crx interaction is more complicated to interpret than the
FRET of homodimers. The real FRET efficiency could be much higher than the measured
FRET efficiency, which could also be diluted by 50% or more from real value.
We generated a series of deletion mutations in the Nrl and Crx proteins and
compared their FRET efficiency with the full-length proteins. First, the FC-FRET results
suggest that the Nrl EHD domain played a role in the Nrl-Crx interaction. Second, the
FC-FRET results indicate that the Nrl AD domain was not involved in the interaction of
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Nrl-Crx. Third, the results confirm the importance of the Crx HD domain in Nrl-Crx and
Crx-Crx interactions [27]. Altogether, these results increase our understanding of the
interaction between of Nrl-Crx, which is essential for the synergistic activation of rod
genes. Thus, FC-FRET is a fast and efficient method to study protein structure and
function in live cells.

Future directions: using the inducible system to study Nrl-Crx mediated
rhodopsin expression in live rod cells
The current model of rhodopsin regulation involves the interaction of Nrl and Crx
to activate transcription synergistically. Many of the studies supporting this model have
been conducted in cell culture models. Studying interaction of transcription factors in live
rod cells is a challenge. With the G3U inducible system, we are able to regulate the
temporal expression of Nrl and Crx, which will allow FRET analysis in live rods. This
approach are less likely to alter the cell fate during differentiation or induce cellular stress
than conventional transgenic methods. FC-FRET is a valuable technique to examine the
interaction between Nrl and Crx non-invasively in a large population of cells, which
theoretically analyzes all of the Nrl and Crx expressing cells. This method overcomes the
limitation of sample number in microscopy assay. To achieve this goal, the two
transgenic Xenopus lines, XOP-G3U-Nrl and XOP-G3U-Crx, will need to be crossed to
generate animals that carry both inducible Nrl and Crx. The animals can then be induced
at later developmental stages and sacrificed for the FC-FRET assay.
To investigate further how the Nrl-Crx interaction regulates rhodopsin expression
in live rods, we will introduce an extra XOP reporter system into the transgenic animals.
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This reporter system will use a minimal rhodopsin promoter driving a short wavelength
(Blue/UV) fluorescent protein, such as eBFP2 [28] or T-Sapphire [29], which has little
interference with eGFP and mCherry. Using this transgenic model, we can then correlate
the FRET efficiency of Nrl-Crx interaction and XOP promoter activity in individual rods.
This correlation parameter will be valuable in deciphering the regulatory mechanisms of
rhodopsin transcription initiation.

Conclusion
Vision is a complicate biological process, which contains multiple steps to
perceive light signals. My research focused on the expression of proteins that play an
important role in the first step of light signaling in rods. I have developed two methods
that will expand our comprehension of rhodopsin expression, which is essential for
understanding the mechanisms of vision and vision-related diseases. This knowledge is
valuable to develop therapeutics for treating rod degenerative disease in the future.
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