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Abstract 1 

In the past few decades, fluorescent proteins have revolutionized the field of cell biology. 2 

Phototransformable fluorescent proteins are capable of changing their excitation and emission 3 

spectra after being exposed to specific wavelength(s) of light. The majority of 4 

phototransformable fluorescent proteins originated from marine organisms. Genetic engineering 5 

of these proteins has made available many choices for different colors, modes of conversion, and 6 

other biophysical properties. Their phototransformative property has allowed highlighting and 7 

tracking of subpopulations of cells, organelles, and proteins in living systems. Furthermore, 8 

phototransformable fluorescent proteins paved new ways for superresolution fluorescence 9 

microscopy and optogenetics manipulation of proteins. One of the major advantages of 10 

phototransformable fluorescent proteins is their applicability for visualizing newly synthesized 11 

proteins that are en route to their final destinations. In this manuscript, we will discuss biological 12 

applications of phototransformable fluorescent proteins with special emphasis on the applications 13 

of tracking membrane proteins in vertebrate photoreceptor cells.
1
  14 

 15 

 16 

 17 

 18 

 19 

                                                           
1
 Parts of the data in this paper were presented during the 16th International Congress on 

Photobiology held in Cordoba, Argentina, in September (8th - 12th), 2014. 
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Introduction 1 

Beginning with the discovery and molecular cloning of the green fluorescent protein 2 

(GFP), fluorescent proteins (FPs) have contributed to the advances in biomedical sciences by 3 

allowing genetic and noninvasive labeling of cells, organelles, and proteins. Further 4 

improvements in spatial and temporal labeling of proteins and biological structures were 5 

accomplished through the use of a unique class of fluorescent proteins: phototransformable 6 

fluorescent proteins (PtFPs). PtFPs are capable of changing their fluorescence excitation and 7 

emission spectra after irradiation by unique wavelength(s) of light. PtFPs that change from one 8 

fluorescent state to another are called photoconvertible fluorescent proteins (PcFPs), whereas 9 

PtFPs that are irreversibly activated from a non-fluorescent (dark) state to an emitting state are 10 

specifically called photoactivatable fluorescent proteins (PaFPs).
1
 The unique photoconversion 11 

property was first discovered in what was identified as a GFP homolog, Kaede,
1, 2

 which turned 12 

out to be a green-to-red PcFP. The first PaFP, photoactivatable GFP (paGFP), was developed 13 

through a site directed mutagenesis study of GFP.
2
 Since the discovery of Kaede and paGFP, a 14 

number of PtFPs with distinct fluorescence properties were found and engineered. For the 15 

majority of PtFPs, the mechanism of phototransformation involves light-induced cleavage of the 16 

protein backbone and formation of a Cα-Cβ double bond in chromophore’s histidine
3, 4

 or in the 17 

oxazole ring formed during chromophore maturation
5
 (Fig 1A and B, respectively). In some 18 

proteins, light-induced decarboxylation of glutamate residue close to the chromophore is the 19 

cause of photoconversion
6
 or photoactivation (Fig. 1C).

7
 While those types of 20 

phototransformation are irreversible, light-induced conformational rearrangements of the 21 

chromophore and its environment are reversible and allow the protein to be switched between a 22 

fluorescent on-state and a non-fluorescent off-state (Fig. 1 D).
8, 9

 These reversibly transformable 23 
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FPs are known as photoswitchable fluorescent proteins (PsFPs). Furthermore, a class of PtFPs 1 

that combines the properties of reversibly photoswitchable and irreversibly photoactivatable 2 

fluorescent proteins are categorized as biphotochromic FPs.
10, 11

 For a comprehensive overview 3 

on PtFPs and their characteristics, we suggest the readers to refer to several excellent reviews 4 

published recently.
12-14

 In this review, we will discuss how these distinct photochemical 5 

properties of PtFPs contributed to the development of different methods for labeling cellular 6 

components and understanding the dynamics of cells, organelles, and proteins (summarized in 7 

Table 1 and Fig. 2).  8 

Among the biological applications, PtFPs are particularly suited for studying protein 9 

movement in individual cells and between different subcellular organelles (Fig. 2). Traditionally, 10 

vertebrate rod photoreceptor cells have served as valuable models for the studies of vectorial 11 

protein trafficking.
15

 Photoreceptors have been attractive models because of their polarized 12 

structure and highly active protein trafficking which enables rapid renewal of the photosensitive 13 

outer segment (OS).
16

 Until the advent of PtFPs, the technique to visualize protein trafficking in 14 

native rods, however, had been limited to autoradiography of radiolabeled proteins.
15

 The 15 

radiolabeling method is not suitable for monitoring the trafficking of specific protein(s), as 16 

labeling occurs randomly for any synthesized proteins. In addition, it is impossible to monitor 17 

protein trafficking in living cells and tissues using radiolabeling due to the requirement of 18 

chemical fixation. These problems are circumvented by the use of PtFPs fused to proteins of 19 

interest, since imaging can occur in vivo, and high contrast can be obtained for either most 20 

recently synthesized proteins or subpopulation of proteins in cellular organelles. In this review, 21 

we will discuss the recent advances and possible future applications of the phototransformable 22 
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technology to visualize trafficking of proteins and renewal of cellular organelles, with special 1 

emphasis on the studies of rod photoreceptor cells. 2 

 3 

  4 
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Tracking of Cells 1 

PtFPs offer advantages in studying cell fate, cell migration, tissue development and 2 

regeneration. A common technique involves expression of a PcFP in cells of interest followed by 3 

photoconversion of a single cell or a subpopulation of cells in specific location of tissue and 4 

animals (Fig 2A). Traditional FPs did not allow such localization-dependent subpopulation 5 

labeling, making it difficult to discriminate the cells from different origins. For example, green-6 

to-red photoconvertible Kaede was one of the earliest PcFPs to be utilized for specific cell 7 

tracking.
17

 In this case, red fluorescent (photoconverted) cells are followed via time lapse 8 

imaging. Such approach has been used for monitoring the development of neural networks in 9 

wide range of vertebrate species from teleost fish
18

 to mammals.
19

 In mouse neonatal brain, for 10 

example, usage of Kaede facilitated monitoring the movement of a progenitor cell from one 11 

compartment to another (from ventricular zone to subventricular zone) while permitting 12 

visualization of the division of the same cell. Discrimination of individual daughter cells was 13 

also possible by photoconverting one of the daughter cells shortly after mitosis. This specific 14 

photoconversion allowed tracking the fates of those cells which eventually migrated into 15 

different directions.
19

 Kikume Green-to-Red PcFP (KikGR) is highly suited for cell tracking due 16 

to its brighter fluorescence and more complete photoconversion compared to other PtFPs such as 17 

Kaede, paGFP, and cyan-to-green PcFP PS-CFP2, and thus was used for tracking neural crest 18 

cells in chick embryos
20, 21

 as well as monitoring cell fates in different organs of mouse 19 

embryos.
22

 Other PtFPs such as EosFP (green-to-red PcFP) were successfully used for 20 

monitoring the division and lineage of vertebrate embryonic cells for a period of up to two 21 

weeks.
23

 The cell tracking capability of PcFPs has also aided studies of tissue regeneration. In a 22 

zebrafish model, Kaede was used to determine how osteoblasts dedifferentiate and migrate to 23 
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damaged sites where they can regenerate bones.
24

 Likewise, cell movement associated with fin 1 

regeneration was studied using a new model called PhOTO zebrafish ubiquitously expressing 2 

green-to-red Dendra2 PcFP.
25

 3 

While the above applications are concerned about vertebrates, PcFPs have also been 4 

expressed in invertebrates to understand their developmental processes. For example, Kaede was 5 

used to label subpopulations of cells and track their divisions and eventual fate in a plankton 6 

species Oikopleura dioica.
26

 In this system Kaede photoconversion allowed identification of 7 

three cell types that exhibit long distance migration during development: a multi nucleated oral 8 

gland, endodermal strand cells and two subchordal cell precursors. PcFPs are not the only class 9 

of PtFPs used for monitoring cell dynamics. PaFPs can also be used for such approach as 10 

demonstrated by fusing paGFP to alpha-tubulin for monitoring mesoderm migration in the early 11 

embryonic development of Drosophila melanogaster.
27

 12 

In addition to tracking the fates of cells, PcFPs can be used for determining the birthdates 13 

of cells. Accurate determination of birthdates, however, is only possible if the PcFP is expressed 14 

under a promoter which triggers expression after the last cell division. After photoconversion, 15 

early-born cells contain converted PcFP as well as non-converted protein (newly synthesized 16 

after conversion), while late-born cells, which were not present at the time of photoconversion, 17 

contain only non-converted PcFP. This approach, also known as birthdating analysis by 18 

photoconverted fluorescent protein tracing in vivo (BAPTI), was used to distinguish early-born 19 

from late-born trigeminal sensory neurons in live zebrafish embryos by expressing Kaede under 20 

the huc promoter.
28

 BAPTI was further combined with an additional method to mark a 21 

subpopulation of cells with enhanced GFP (EGFP) which was expressed under the control of cis-22 

regulatory region of genes, such as TrpA1 and p2x3b. This combined method was coined 23 
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BAPTISM (BAPTI plus subpopulation marker) and allows discriminating the differentiation 1 

status of the early- and late-born cells. BAPTISM unraveled that late-born trigeminal sensory 2 

neurons, unlike early-born ones, do not form chemosensory neurons expressing the ion channel 3 

TrpA1b. 
28

 4 

The photoconversion approach was harnessed for tracking immune cells as well.
29, 30

 For 5 

example, Kaede was used for tracking the destiny of different leukocyte populations in skin. 6 

After exposure to photoconverting UV light, CD4
+
CD25

–
 non-Treg and CD4+CD25+ nTreg 7 

leukocytes (labeled in red) moved from the skin into draining lymph nodes at steady state.
30

 8 

Applying two-photon excitation
31

 for photoconversion allowed the use of infrared light to 9 

photoactivate cells buried deep within tissues in a three-dimensionally confined pattern without 10 

highlighting undesired cells or causing phototoxicity in the light path. Use of two-photon 11 

excitation was effective in labeling subpopulation of follicular B cells and subsequent monitoring 12 

of their dissemination between spatially separated lymphoid organs within a living adult 13 

mouse.
32

 14 

The mechanism of host-pathogen cell-cell interactions have also been clarified from the 15 

use of PcFPs. A green-to-red PcFP monomeric KikGR (mKikGR) was expressed in Leishmania 16 

major, a pathogenic species of protist, in order to study pathogen reaction to the immune 17 

response.
33

 Biochemical analysis indicated that the activity of ribosome promoter can be used as 18 

proxy for metabolic and proliferative activities of the parasitic cells. Thus, the expression of 19 

mKikGR was regulated by the ribosome promoter, and the promoter activity was determined as 20 

the recovery of fluorescence originating from newly synthesized (non-photoconverted) mKikGR 21 

which can be visualized after photoconversion. By utilizing this fluorescence recovery after 22 

conversion (FRAC) method, host-parasite interaction was studied. In the presence of nitric oxide 23 
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produced by the immune system, the replacement of red (old) protein with green (new) protein 1 

was slowed and initial burst in protein synthesis was absent, suggesting the decrease of the 2 

parasite’s metabolism due to nitric oxide-mediated oxidative stress. Thus, the photoconversion 3 

technique unraveled a possible defense mechanism against this pathogenic species, and provided 4 

an opportunity to further dissect how the immune system affects pathogen metabolism. 5 

 6 

Studies of organelle dynamics. 7 

Subcellular organelles continuously exchange their contents and are highly dynamic. 8 

PtFPs can be used to specifically label individual subcellular organelles, and improve the method 9 

of visualizing organelle dynamics. In these applications, PtFPs are targeted to specific organelles 10 

through fusion with specific targeting signal or protein domain (Fig. 2B). For instance, 11 

mitochondria are highly dynamic organelles. Their fission and fusion play critical roles in 12 

maintaining their integrity and connectivity. Fusing mitochondrial matrix and outer membrane 13 

targeting sequences to paGFP allowed tracking mitochondria dynamics in cultured mammalian 14 

cells (Fig 2B-1).
34

 After photoactivation of a single mitochondrion or small group of 15 

mitochondria, redistribution and dilution of activated mitochondria protein-paGFP can be 16 

monitored and quantified in real time.
35, 36

 This methodology was applied on different cell types 17 

and helped unravel the mechanisms of mitochondrial morphogenesis
37

 and fission
38

 as well as 18 

the role of mitochondrial fusion in activating apoptosis.
35, 39

 In adult rat cardiomyocytes 19 

preparation, the method revealed additional modes of inter-mitochondrial interactions, called 20 

“kissing” and “nanotunneling”.
40

 These transient interactions have important implications for 21 

rapid signaling among mitochondria and for metabolic regulation in the heart.
40

 Prior to the 22 
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advent of PtFPs, the mitochondria fusions were usually studied by fusing two haploid cells 1 

whose mitochondria were labeled with two different fluorescent probes (e.g. GFP and RFP). 2 

Fusion of two differently labeled mitochondria leads to mixing of fluorescence probes. Such 3 

experimental paradigm requires two haploid cells to be fused through treatment by virus or 4 

polyethylene glycol, which may disrupt membrane physiology and was not applicable to intact 5 

tissues or animals.
41-44

 To improve the method for monitoring mitochondria dynamics in vivo, a 6 

transgenic mouse line was generated to ubiquitously express mitochondrially localized version of 7 

Dendra2, which was successfully used to monitor  mitochondrial fusion events in cultured cells 8 

as well as tissues such as skeletal muscle.
45

 Similar to mitochondria, the study of paGFP fused to 9 

a lysosomal membrane protein lgp120 demonstrated a surprisingly dynamic exchange of proteins 10 

among lysosomes.
2
 Peroxisomal targeting sequence was also fused to mEos2, an improved 11 

version of EosFP engineered to be bright/photostable, monomeric and mature efficiently at 37 12 

˚C.
46

 A transgenic mouse model was created to label subpopulation of peroxisomes specifically 13 

in oligodendrocytes.
47

 In theory, such a model is useful for tracking the fate of individual 14 

peroxisomes and comparing healthy and disease model mice with afflicted peroxisome functions. 15 

In addition to the study of organelles in mammalian cells, PcFPs have also contributed to the 16 

studies of plant organelle dynamics. Plastids, subcellular organelles of plants and algae 17 

specialized for manufacturing and storing nutrients and other useful compounds, have been 18 

hypothesized to exchange materials among each other.
48

 In the past, studies were conducted 19 

using GFP targeted to stroma of the plastids. GFP was photobleached in one of apparently 20 

connected multiple plastids to test if GFP from the other plastids would diffuse into the bleached 21 

plastid. Although the fluorescence recovered in photobleached plastids, the single colored GFP 22 

did not allow testing where recovered GFP originated from, and thus did not prove that 23 
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recovered GFP was derived from interconnected plastids.
48, 49

 The use of green-to-red 1 

photoconvertible EosFP (mEosFP) allowed testing of the interconnectivity. For this purpose 2 

mEosFP was fused to a part of plastid ferredoxin NADP(H) oxidoreductase and expressed in 3 

plant cells. Photoconversion of mEosFP in individual plastids allowed differential coloring of 4 

individual plastids.
50

 This approach demonstrated that plastids do not form a network for 5 

exchanging large molecules with size equivalent to mEosFP. Thus, such absence of material 6 

exchange could be one of the bases for generating functionally diverse plasmids within a single 7 

plant cell.
50, 51

 Thus, PcFPs and PaFPs are useful for the studies of protein exchange (or the lack 8 

of exchange) among different cellular compartments in plants and animals. 9 

Dynamic processes associated with Golgi, specifically the secretory pathway, have also 10 

been successfully studied using PtFPs. Proteins of interest directly fused to paGFP can be 11 

activated at the Golgi apparatus to track fluorescence of nascent proteins without having 12 

background of pre-existing proteins (Fig 2B-2). For instance, this technique combined with 13 

multiplex confocal microscopy elucidated the trafficking route of the Amyloid Precursor Protein 14 

(APP)-paGFP fusion in murine neuronal cell line.
52

 The paGFP was fused to the APP’s C-15 

terminal (Ct) tail which is cleaved off through posttranslational proteolysis. This cleavage 16 

renders APP to be amyloidogenic. To distinguish different cellular compartments occupied with 17 

APP-paGFP, the Golgi apparatus was labeled with a cyan fluorescent protein while lysosomes, 18 

early and late endosomes were labeled with a red fluorescent protein. Using cyan labeling as a 19 

guide, Golgi-APP-paGFP was photoactivated only in Golgi and followed over time. From Golgi 20 

apparatus, the photoactivated APP-paGFP was predominantly delivered to the lysosomal 21 

compartment (labeled as red), where paGFP was cleaved off and APP was processed to a shorter 22 

isoform with increased propensity of forming beta-amyloid. In addition to mammalian cells, 23 
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Golgi dynamics were also studied in plant cells. The Golgi apparatus experiences dynamic 1 

changes during the cell cycle including the new synthesis of Golgi membrane protein sialyl 2 

transferase. After photoconversion of Kaede-sialyl transferase fusion protein, newly synthesized 3 

Kaede fusion can be appreciated in green, thus allowing the rate of new protein synthesis to be 4 

measured.
53

 This measure was useful to determine that the synthesis of this Golgi marker 5 

increases during the second half of the G1 phase and persists during S and G2 phases of the cell 6 

cycle.
54

 This is likely a mechanism to adapt to the need for cell growth as Golgi is a critical 7 

organelle for biogenesis of cellular components. 8 

Another organelle responsible for cell cycle regulation is the centrosome. The centrosome 9 

consists of two centrioles that reside at the microtubule organizing center (MTOC); for the 10 

majority of cell types, the centrosome is copied once per cell cycle and both the mother and 11 

daughter cell each inherit one copy of the centrosome. Kaede fused to a centrosome marker has 12 

been used to study the inheritance pattern of centioles.
55-57

 In this setting, cells are 13 

photoconverted prior to cell division, so that a pair of centrioles in a single cell is red. After the 14 

first cell division, centrioles originating from the mother cell are red, while centrioles synthetized 15 

in the daughter cells are green. After the second cell division, it becomes possible to clarify 16 

which cells received the mother centriole and which received the daughter centriole (Fig 2B-3). 17 

This research design was applied to mouse neocortex, and led to a discovery that specific 18 

inheritance of mother centriole is required for the stemness and the maintenance of radial glia 19 

progenitors.
57

 20 

The primary cilium is a subcellular organelle which plays critical sensory and signaling 21 

roles.
58

 For proper ciliary signaling, dynamic exchanges of signaling components are necessary 22 

for many sensory functions but have been difficult to visualize. In the past, studies on protein 23 
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dynamics in cilia have been constrained by the limitation of the fluorescence recovery after 1 

photobleaching (FRAP) technique. With conventional FPs, one can observe fluorescent fusion 2 

protein entering the cilia after bleaching, but cannot observe protein leaving the cilia 3 

simultaneously. Instead, fusion protein consisting of PcFP can be highlighted and then tracked as 4 

it exits the cilia. By labeling a ciliary-localized protein with a PcFP, such as mEos2, it is possible 5 

to utilize low-intensity photoconversion light in place of intense photobleaching light.
59

 6 

Photoconversion beam can be focused on the cilia to proteins only in this subcellular 7 

compartment. Under this condition, proteins existing outside of the cilia at the time of 8 

photoconversion remain in green. Thus, both the import and export of ciliary proteins can be 9 

investigated through monitoring of converted and non-converted fluorescent fusion proteins (Fig. 10 

2B-4). This technique elucidated how the ciliary exchange of smoothened, a component of 11 

Hedgehog pathway, can be modulated by different small molecules. The study revealed that 12 

cyclopamine selectively inhibits the ciliary entry whereas ciliobrevin initially inhibits the ciliary 13 

exit of smoothened fused to mEos2.
59

  14 

  15 

Improvements of PtFPs for labeling proteins 16 

Many first generation PcFPs (including Kaede and EosFP) form oligomers at low 17 

concentrations.
60

 While oligomer formation may not be a major concern for tracking entire cells, 18 

it is a major concern when tracking individual protein components. The tendency for fluorescent 19 

proteins to form oligomers is problematic as dimeric and tetrameric complexes can alter the 20 

function or localization of the partners to which these FPs are fused to. Thus, it has been 21 

desirable to engineer PcFPs with propensity to form monomers at high concentrations (~ 100 22 
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µM). For example: a monomeric form of EosFP was successfully engineered and named 1 

mEosFP, which is suitable for localization studies.
61, 62

 Dendra fluorescent proteins also have 2 

monomeric versions,
63

 and similarly mKikGR
64

 is a monomeric version of KikGR.
65

 Likewise, 3 

PaFP (paGFP) and PsFP (Dronpa) were engineered to be monomeric.
2, 8, 66

 While those 4 

monomeric versions of PtFPs have much less tendencies to form oligomers, it is crucial to note 5 

that some PcFPs may still form oligomers at high concentrations (10 - 100 µM).
10

 For example, 6 

mEos2 was originally considered monomeric, but was later found to form dimers at 7 

concentrations higher than 20 µM.
46, 67, 68

 An improvement of mEos2 lead to the design of 8 

mEos3.1 and 3.2, which barely oligomerize at the concentrations higher than 200 µM.
67

 Other 9 

than oligomerization status, critical limitation for protein labeling is that the majority of PcFPs 10 

may not quickly and fully mature in warm-blooded animals (36 – 37 ˚C). To overcome this 11 

limitation, efforts were made to improve the maturation rate of PcFPs at high temperature as 12 

exemplified by Dendra2
69, 70

 and mEos proteins (mEos2, 3.1 and 3.2).
46, 67

 13 

While substantial improvements have been made to FPs to increase their viability for 14 

accurate labeling of proteins,
71, 72

 an unavoidable shortcoming is their relatively large size (~25 15 

kDa). Fusing a FP to a protein of interest may sterically hinder critical transport or localization 16 

signals, or may even compromise the function(s) of the tagged protein.
73

 Furthermore, 17 

overexpression of PtFP fusion proteins may lead to undesirable dominant negative effects; even 18 

PtFPs not fused to any protein may be potentially toxic to cells.
74

 In addition to the protein 19 

toxicity, the activating/excitation light source of the PtFP could cause photodamage to the cell 20 

and induce artifacts or abnormal cell function.
75

 Thus, control experiments should be carefully 21 

designed in order to verify that neither the light source nor the PtFP being expressed is affecting 22 
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protein function, localization, or cell health, any of which would negatively impact proper 1 

interpretation of the results.
76

 2 

 3 

Tracking proteins in the endolysosomal and secretory pathways. 4 

PtFPs have been effectively used to study the process of protein endocytosis and 5 

exocytosis. G protein-coupled receptors (GPCRs) are one of the most important classes of 6 

receptors, and are the targets of a large number of pharmaceuticals.
77

 Agonist stimulation of 7 

GPCRs often causes their internalization through endocytosis, resulting in their desensitization. 8 

Internalized GPCRs may be recycled back to the plasma membrane, or delivered to and degraded 9 

by lysosomes. Traditionally, trafficking of proteins was studied by fusing them to a FPs in 10 

combination with FRAP methodologies; however, in the case of recycling GPCRs, it is 11 

impossible to discriminate between receptors that have been recycled and have returned to the 12 

plasma membrane from newly synthesized receptors arriving from the secretory pathway. In 13 

these cases, conventional recycling assays such as biotin-labeling of cell surface receptors 14 

followed by immune-precipitation should be used. Fates of GPCRs after internalization can be 15 

effectively determined by using GPCR-PcFP fusion protein.
78

 After agonist stimulation, 16 

endosomes containing GPCR-PcFP fusion protein can be locally photoconverted and its fate can 17 

be monitored over time. Using this methodology, it was demonstrated that corticotropin-18 

releasing factor receptor type 1 belongs to the family of recycling GPCRs.
78

 19 

PtFPs also contributed to the understanding of insulin secretion. Tracking individual 20 

insulin granules using traditional FPs has been challenging due to a large number of granules 21 

which are simultaneously secreted. Thus the conventional technique was more accessible to 22 
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readily releasable pool of granules which are proximately located to the plasma membrane and 1 

do not travel long distances.
79-81

 Fusing granule membrane (phogrin) or cargo (neuropeptide Y) 2 

protein with paGFP or Dendra2 followed by photoactivation or photoconversion, respectively, 3 

allows reliable long-distance tracking of individual granules through the cytoplasm until their 4 

fusion with the plasma membrane and subsequent insulin release. This method revealed that the 5 

rate of granule movement after starvation and subsequent glucose stimulation was higher when 6 

cells were pre-incubated with a higher concentration of glucose. This knowledge may partly 7 

explain how defects in pancreatic insulin secretion occur in diabetic patients.
82

 Such a method 8 

employing a paGFP or PcFP may also elucidate the poorly understood mechanisms of insulin 9 

granule fission and fusion.
82

 10 

 11 

Monitoring of soluble proteins and their surrounding microenvironment 12 

 Using conventional FPs, diffusion of fusion proteins has been traditionally assessed by 13 

FRAP and florescent loss in photobleaching (FLIP) techniques.
83

 Although successful in 14 

determining diffusion coefficient of multiple proteins, these techniques require relatively long 15 

and high-energy illumination of specific region of the cell and they cannot be utilized to analyze 16 

either fast diffusions or diffusion of proteins buried deep in a tissue. They also suffer from low 17 

signal to noise ratio and production of toxic products during photobleaching. Because of the use 18 

of short and low-energy illumination required for photoconversion/photoactivation, PtFPs can 19 

overcome those disadvantages and be used in determining proteins diffusion coefficients through 20 

measurement of fluorescence decay after photoactivation (FDAP), in which emigration of PtFP 21 

fusion proteins results in decreased fluorescence from photoactivated/photoconverted area (Fig. 22 
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2C). This FDAP approach was harnessed to understand the diffusion of cytoplasmic proteins. 1 

One example of such approach is measuring the diffusion dynamics of a transcription factor Oct4 2 

in mouse embryos. The study revealed that Oct4-paGFP diffusion kinetics depends on its 3 

interaction with methyltransferase ERG-associated protein with SET domain.
84

 The Oct4 4 

kinetics is more critical than its expression level to determine the developmental cell lineage 5 

pattering in early mouse embryos.
85

 FDAP approach, when combined with two-photon infrared 6 

excitation, improve the accuracy of the experiments by enabling 3-dimensionally confined 7 

photoactivation of PtFPs. Thus, for example, two-photon excitation of paGFP fused β-actin 8 

allowed 3D-restricted highlighting of F-actin and monitoring its movement in live neurons, 9 

revealing the three pools of F-actin underlie spine structure and plasticity.
86

 Moreover, 10 

measuring the diffusion of paGFP in different regions of highly polarized photoreceptor cells 11 

including OS and connecting cilium (CC) provided direct evidence that CC obstruct soluble 12 

proteins movements from the cell body to the OS, but it does not pose a major barrier to protein 13 

movement. Axial diffusion of soluble proteins within the primary cilium, on the other hand, was 14 

50-fold slower than predicted.
87

 In addition, a model was provided to explain the distribution of 15 

soluble proteins in distinct cytoplasmic volumes of rod OS and inner segment (IS). In this model, 16 

steric hindrance leads to reduction in the effective volume for larger molecules to diffuse in, 17 

leading to size dependent exclusion of soluble proteins from the OS. This model was supported 18 

by a study monitoring the steady-state distributions of GFP monomer and concatemers, 19 

demonstrating the size dependent exclusion of GFP concatemers from the OS. paGFP monomer 20 

and concatemers (3xpaGFP) allowed monitoring their movements from IS to OS. This 21 

photoactivation experiment provided evidence that protein flux through the ciliary transition 22 

zone was not significantly different between monomeric and paGFP concatemer, and thus size-23 
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dependent distribution was not a result of a possible size-dependent diffusion barrier for soluble 1 

proteins at the base of the OS. While remains to be tested, this steric hindrance model may 2 

explain the expulsion of another soluble protein, arrestin, from the photoreceptor OS during dark 3 

adaptation and after its release from photoactivated rhodopsin.
88

  4 

While the majority of the previously described applications include PcFPs and PaFPs, PsFPs 5 

provide specific advantages in understanding fast, dynamic protein exchange between different 6 

cellular compartments.
8
 PcFPs and PaFPs can be highlighted only once. However, PsFP Dronpa 7 

allows reversible highlighting of the same proteins multiple times (Fig. 2D). Dronpa was 8 

introduced to study the dynamics of ERK1 translocation.
8
 ERK1 fused to Dronpa is initially 9 

localized in the nucleoplasm and cytoplasm under steady state with minimal exchange between 10 

those two compartments. Upon EGF stimulation both ERK-Dronpa import and export were 11 

accelerated contradictorily to the previously proposed models of one-directional (cytosol to 12 

nucleus) ERK translocation. This study took advantage of the photochemical property of Dronpa, 13 

which allowed highlighting nuclear ERK1-Dronpa and observation of its export to cytosol. After 14 

erasing all the fluorescence in the same cell followed by highlighting cytosolic ERK1-Dronpa, its 15 

import to nucleus can be monitored in real-time. This process can be repeated multiple times for 16 

PsFPs and thus is useful to visualize dynamic import and export of proteins in the same cells 17 

over time. 18 

In addition to monitoring protein mobility, PsFP Dronpa found another application as a 19 

sensor for viscosity of cytoplasmic volume.
89

 Bright-to-dark photoswitching kinetics of the 20 

Dronpa and its Dronpa-3 mutant significantly slow down with increasing viscosity of the 21 

cytoplasmic microenvironment where the proteins are exposed. This kinetics property made 22 

these PsFPs useful tools for mapping out spatial distributions of viscosity and macromolecular 23 
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crowding in the living cells that could play important role in different cellular processes such as 1 

protein assembly, signal transductions, diffusion of different (macro)molecules or nuclear 2 

envelope function and chromatin localization as demonstrated for cell nucleus by histone-3 

Dronpa-3 fusion protein.
89

 4 

 5 

Diffusion of membrane proteins. 6 

Application of PtFPs also gave new insights into diffusion of proteins across compartmentalized 7 

membranes. Two-photon excitation allowed production of very small volume of photoactivated 8 

GPCR rhodopsin-paGFP. Tracking rhodopsin-paGFP movement after the photoactivation 9 

demonstrated that its lateral diffusion is highly heterogeneous within rod photoreceptor disks and 10 

allowed examination of the influence of the membrane geometry on GPCR mobility.
90

 Single-11 

particle tracking in live cells also allowed examination of the impact of the heterogeneities on 12 

individual protein movement.
91-93

 For single-particle tracking, proteins are labeled with gold 13 

beads 
94

 or FPs 
92

. For conventional single-particle tracking, only small number of molecules can 14 

be labelled and tracked in one experiment, because those particles need to be sufficiently 15 

separated by a distance more than a diffraction limit of light. To improve imaging resolution and 16 

monitor the trajectories of many particles in one experimental session, photoactivated 17 

localization microscopy (PALM) was used for single-particle tracking in a new method termed 18 

sptPALM. This technique allows reconstruction of the molecular trajectories by connecting the 19 

positions of a photoactivated protein from consecutive frames. As this method allows iterative 20 

processes of photoactivating, imaging and bleaching molecules in the same cells, unlike 21 

traditional approaches where single molecules are imaged until bleached only once in the sample. 22 
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Thus sptPALM, is capable of visualizing multiple single molecule-trajectories in the same small 1 

area. When HIV-1 protein Gag or vesicular stomatitis virus glycoprotein (VSVG) were fused to 2 

EosFP and expressed in COS7 cells, several orders of magnitude more trajectories per cell were 3 

obtained in comparison with conventional single-particle tracking making this method suitable 4 

for obtaining spatially resolved information about membrane protein dynamics.
95

 Trajectories of 5 

two distinct protein populations, one fused to monomeric photoactivable red fluorescent protein 6 

(paTagRFP) and another to paGFP, were compared in the same cell. The trajectories of 7 

epidermal growth factor receptor, VSVG and transferrin receptor were compared to that of 8 

clathrin light chain (CLC), marker for clathrin-coated pits. This experiment demonstrated that 9 

epidermal growth factor and transferrin receptors, but not VSVG, move together with CLC-10 

positive plasma membrane domain. The experiment also suggested that a subpopulation of 11 

epidermal growth factor and transferrin receptors continuously localize in CLC-positive plasma 12 

membrane domains both in the presence and absence of ligand activation
96

     13 

 14 

Application of PtFPs for studying protein-protein interactions. 15 

PtFPs can also be used for studying protein-protein interactions and determining the 16 

oligomerization status of proteins through the use of the Förster resonance energy transfer 17 

(FRET) technique. FRET is a phenomenon in which energy from an excited fluorophore (donor) 18 

is non-radiatively transferred to a nearby chromophore (acceptor) if the donor and acceptor are in 19 

close proximity (within approximately 10 nm).
97

 For example, non-photoconverted and 20 

photoconverted Kaede can serve as donor and acceptor, respectively. If Kaede-fused proteins 21 

form high-order oligomers, then during photoconversion FRET first increases as green Kaede is 22 
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converted to red acceptor and then decreases as the green donor becomes depleted. This 1 

methodology was harnessed to confirm that chloroplast 2-cys peroxiredoxin homo-aggregation 2 

was dependent on a living plant cell redox state.
98

 An orange-to-far red PcFP, PSmOrange2, can 3 

be used in combination with green fluorescent proteins such as T-Sapphire for the study of 4 

protein-protein interactions.
99

 In this case, green fluorescent protein acts as a donor and 5 

PSmOrange2 can serve as an acceptor. Because of the fast photoconversion kinetics of 6 

PSmOrange2, FRET results in the photoconversion of PSmOrange2. This FRET-facilitated 7 

photoswitching was successfully used for monitoring rapamycin-induced dimerization of human 8 

FK506-binding protein (FKBP) and FKBP-rapamycin binding domain (FRB); FRET-facilitated 9 

photoswitching was also employed for studying interactions between epidermal growth factor 10 

(EGF) receptor and Grb2 after stimulation with EGF in HeLa cells.
99

 This new mode of FRET-11 

based technique will enhance the study of protein-protein interactions. As photoconversion of 12 

PSmOrange2 is irreversible, it will allow tracking of photoconverted protein subsequently to 13 

protein-protein interactions, or will allow in situ integration of FRET signals derived from 14 

transient protein-protein interactions.
99

 15 

In addition to monitoring protein-protein interactions, PtFPs provide an opportunity to 16 

manipulate protein-protein interactions by light that can ultimately lead to changes in protein 17 

(enzyme) activity and function. While wild type Dronpa is a monomeric PsFP,
8
 the Dronpa 18 

K145N mutant forms tetramers even at low micromolar concentrations at initial fluorescent state, 19 

but redistributes to monomeric dark state upon photoswitching with 500 nm light. Furthermore, 20 

it photoswitches back to the original state with 400 nm light with reestablishing tetrameric state. 21 

In cultured cells, Dronpa K145N was used to control the protein-protein interactions by fusing it 22 

to K-Ras Ct isoprenylation motif (CAAX) and to far-red FP mNeptune. DronpaK145N-CAAX is 23 
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targeted to the membrane through isoprenylation. Prior to light manipulation, a subpopulation of 1 

mNeptune-DronpaK145N was membrane bound through hetero-oligomerization with 2 

DronpaK145N-CAAX. Turning off Dronpa fluorescence resulted in release of mNeptune-3 

DronopaK145N from the membrane due to its monomerization, and turning Dronpa fluorescence 4 

back on resulted in binding of mNeptune-DronpaK145N to the membrane again. Thus, reversible 5 

photo-manipulation of protein interactions is possible with DronpaK145N. This approach 6 

allowed design of enzymes with light-controllable activity by fusing mutants to the enzyme’s N- 7 

and Ct ends and keeping it in “caged” inactive state prior the light-induced Dronpa 8 

dissociation.
100

 Thus, as exemplified by Dronpa mutant, PsFPs have potential to become widely 9 

applicable optogenetics tools, as the structure of PsFP
9
 is well established for further engineering 10 

and optimization of novel functions. 11 

In optogenetics, light-regulated ion channels and pumps are frequently used to 12 

manipulate the activities of neurons. One challenge of these studies is that, after stimulation of 13 

tissues or animals by activating light, it can be difficult to ascertain which specific cells were 14 

affected. A solution to this challenge is to co-express a PcFP along with the optogenetics tools 15 

such as light-gated ion channels and pumps. For example, in a study seeking correlate 16 

inactivation of a subset of neurons in zebrafish with how these specific cells influence behavior, 17 

a PcFP was co-expressed along with a plasma membrane ion channel or pump that is activated 18 

by light.
101

 By focusing an appropriate light source onto a subset of these neurons, the ion 19 

channel/pump can be gated while simultaneously photoconverting the PcFP expressed by the 20 

cell, thereby labeling the cells irreversibly in red.
101

 In this way, these optogenetically 21 

manipulated cells can be identified or can be further characterized for their connectivity with 22 

other neurons.  23 
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 1 

Biosensors based on PtFPs 2 

In the past two decades, the number of fluorescence-based and genetically encodable 3 

biosensors has expanded dramatically. For example, FP-based sensors take advantage of the fact 4 

that GFP can remain fluorescent even after inserting a foreign protein into the GFP. If the 5 

inserted protein changes its conformation upon ligand binding while modulating GFP 6 

fluorescence, then this fusion protein can be used to indicate specific biological activity or the 7 

state of their ambient environment (e.g. local ion concentration) at high spatial and temporal 8 

resolution. For example, insertion of calmodulin (CaM), a calcium binding protein, into ECFP, 9 

EGFP or EYFP at position Tyr145 resulted in a Ca
2+

-sensitive fluorescent protein. In EYFP-10 

CaM fusion protein Ca
2+

 binding causes an increase in the 490-nm absorbance peak and a 11 

decrease in the 400-nm absorbance peak characteristic for Ca
2+

 free protein.
102

 Those initial 12 

calcium sensors suffered from low signal-to-noise ratio. Another approach produced calcium 13 

sensors by fusing circularly permutated EGFP to CaM and M13 peptide fragment from myosin 14 

light chain kinase (a target interactive partner of CaM) at the different ends (N- or Ct). In this 15 

sensor, Ca
2+

 binding leads to association of M13/calmodulin and changes in the chromophore 16 

environment, increasing the fluorescence intensity 4 - 5 fold.
103

 This concept can be also applied 17 

to circularly permutated PaFPs and PcFPs, such as EosFP, Kaede, and paGFP, and to generate 18 

phototransformable calcium sensor.
104, 105

 CaMPARI (calcium-modulated photoactivable 19 

ratiometric integrator) is an example of such a circularly permutated [Ca
2+

] sensor based on 20 

green-to-red photoconvertible EosFP, and was applied to entire zebrafish, Drosophila, and 21 

mouse brain.
105

 CaMPARI photoconverts at a much higher rate than EosFP while in the presence 22 
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of high [Ca
2+

] 
105

, however, cannot photoconvert efficiently under low [Ca
2+

]. This calcium 1 

sensitivity allows labeling of cells that are activated only transiently in response to a stimulus or 2 

during short-term behavior. Unlike conventional calcium sensors that are used to monitor [Ca
2+

] 3 

changes in a small population of the cells, CaMPARI can be expressed in a large area of tissue 4 

such as mouse brain or freely moving zebrafish larvae and imaged to understand the [Ca
2+

] 5 

changes in the entire neural circuit in response to various environmental stimuli, including odor, 6 

light, and vibrations.
105

 7 

Based on PcFPs and PaFPs, fluorescence-based sensors were generated to monitor the 8 

autophagy and proteasome-mediated break down of a cell’s components. Because 9 

photoconversion and photoactivation are irreversible, a decrease in the fluorescence originating 10 

from photoactivated and/or photoconverted FPs directly correlates with their degradation rate. 11 

Using this principle, fluorescence-based sensors of autophagic activity can be devised by fusing 12 

PcFPs to a component of autophagy, enabling fluorescence imaging of the formation and 13 

decomposition of autophagic vesicles. By the same principle, fluorescence-based indicators of 14 

specific degradation activities can be derived by fusing PcFPs to degron motifs, which are 15 

subject to degradation by one of cellular degradation machineries. Macroautophagy is the major 16 

mechanism by which the cell breaks down its components, which may include aggregated 17 

proteins, lipid membranes, damaged organelles, or other cytoplasmic material. This literal “self-18 

eating” ability of mammalian cells is known to play roles in cell maintenance, energy availability 19 

during starvation, differentiation, and disease.
106, 107

 The activity of autophagosomes depends on 20 

their rates of turnover, which could not be studied by traditional FPs.
108

 Thus, sensors for 21 

measuring autophagosome life time were designed by fusing Autophagy-related protein 8 (Atg8, 22 

also called LC3 in mammals), a protein present on autophagic membranes
109

, to a paGFP or 23 
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PcFP. For instance, LC3, a mammalian homolog of Atg8, fused to paGFP allowed monitoring 1 

lifespan of starvation-induced autophagosomes in normal rat kidney (NRK) cells and 2 

demonstrated that the autophagosomes turnover in less than an hour.
110

 Another approach was 3 

used for quantification of protein turnover by autophagy in tobacco BY-2 cells. In this case the 4 

sensor was composed of Cyt b5-KikGR fusion protein that makes aggregates and thus behaves as 5 

a substrate for autophagy. Cyt b5-KikGR allows measuring autophagy activity under different 6 

starvation conditions.
111

 7 

Sensors were generated to monitor other specific forms of protein degradations, 8 

chaperone mediated autophagy (CMA) and proteasome-mediated degradation. CMA is a 9 

selective process of protein removal by lysosomes. Substrates of CMA contain KFERQ motif 10 

which is recognized by the heat shock cognate protein of 70 kDa (hsc70). Hsc70 delivers the 11 

substrates to lysosomes for their degradation.
112

 Thus FP fused to the degron motif KFERQ 12 

could be a sensor for measuring dynamics of protein association and degradation by lysosomes 13 

through CMA. In the past, monitoring of CMA was only possible with in vitro assay using 14 

isolated lysosomes. As an initial attempt to visualize CMA in living cells, KFERQ was fused to 15 

EGFP with an expectation that this fusion would serve as a CMA sensor. However, the 16 

lysosome-bound pool of KFERQ-EGFP, because of its low quantity, could not be discriminated 17 

from the cytoplasmic pool of KFERQ-EGFP. To overcome this issue of low contrast, KFERQ-18 

motif was fused to photoactivatable or photoconvertible protein. In these cases, only proteins 19 

present at photoconversion (or photoactivation) could be highlighted. Because of specific 20 

degradation by CMA, the level of cytoplasmic pool decreased overtime, resulting in increased 21 

contrast for lysosome-bound pool of KFERQ-PtFPs. Through monitoring the decrease in the 22 

level of photoactivated/photoconverted pool, it was possible to determine the rate of KFERQ-23 
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PtFP degradation in living cells without the need for blocking protein synthesis or 1 

lysosome/proteasome-mediated degradation. Sensors such as KFERQ-PS-CFP2 and KFERQ-2 

pa(photoactivatable)-mCherry1 were used for measuring basal and induced CMA activity. The 3 

study revealed that basal CMA activity is variable among cell types and upregulated under 4 

oxidative stress. It also led to the identification of a new crosstalk between CMA and 5 

proteasome-mediated proteolysis. Inhibition of proteasome caused increase in basal CMA 6 

activity, however had no effect on inducible activity.
113

 A CMA sensor was also used in studying 7 

CMA activities among different cancer cells. The study demonstrated high basal CMA activities 8 

in cancer cells that were necessary for their tumorigenesis. The CMA activity was dependent on 9 

the status of macroautophagy in normal cells but not in cancer cells.
114

 Likewise CMA- mediated 10 

degradation pathway, proteasome-mediated degradation can be effectively studied by PcFP fused 11 

to proteins that are well-characterized proteasome substrates. Such proteasome sensors include 12 

Dendra2 fused to uncleavable ubiquitin mutant (Ub-G75A/G76V) or ornithine decarboxylase 13 

PEST motif.
115

 Those different sensors have potential to discriminate ubiquitin dependent 14 

(ubiquitin sensor) and independent (PEST sensor) proteasome pathways.   15 

 16 

Monitoring protein trafficking and renewal of outer segment in photoreceptor 17 

cells 18 

Differential pre-Golgi and post-Golgi sorting of membrane proteins.  19 

The outer segment (OS) is the compartment responsible for light-mediated signaling and 20 

is a part of the modified primary cilia in photoreceptor neurons. In rod photoreceptors, GPCR 21 

rhodopsin accounts for about 90% of all the membrane proteins in the OS. Unique sorting and 22 
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compartmentalization of membrane proteins play critical roles in formation of OS, as well as 1 

spatially organizing rhodopsin and the downstream components of the GPCR cascade within the 2 

OS. How membrane proteins are sorted, carried by motor-cytoskeletal elements, and 3 

accommodated at appropriate membrane domains are still unresolved issues for complicated 4 

proteins such as GPCRs. It’s been challenging to monitor GPCR transport in real time in vivo, 5 

because of the lack of technologies to increase contrast for newly synthesized over preexisting 6 

proteins. Here, PcFPs provide a unique opportunity to increase contrast for the most recently 7 

synthesized proteins. For those purposes, PcFPs which can irreversibly change the emission 8 

spectra are suitable, whereas, PaFPs which are not fluorescent prior to conversion are not. After 9 

photoconversion of an entire pool of proteins within the cells, fluorescence originating from non-10 

photoconverted PcFPs can be used for monitoring newly synthetized proteins, whereas 11 

fluorescence originating from photoconverted PcFPs can be used for monitoring old and 12 

preexisting proteins. This concept was proven by using human rhodopsin fused to a green-to-red 13 

PcFP Dendra2, and expressed in Xenopus rod photoreceptors (Fig. 3A).
116, 117

 Within 30 min of 14 

photoconversion, newly synthesized proteins, which exhibit green fluorescence, were 15 

appreciated in the rod inner segments (ISs) where protein biogenesis occurs (Fig. 3B, left panel, 16 

arrow). Some of Rhodopsin-Dendra2 containing vesicles were observed to move vectorially 17 

toward the OS. Those moving vesicles transiently shifted from spherical to tubulovesicular shape, 18 

indicating that vesicle’s shape is influenced by tension due to active trafficking along 19 

cytoskeletal element (Fig. 3C, arrows). During our imaging sessions, disk membranes located at 20 

the base of the OS incorporated newly synthesized rhodopsin-Dendra2. Thus, active transport of 21 

rhodopsin carrier vesicles can be monitored through the use of PcFc (Fig. 3). To the best of our 22 

knowledge, this is the first demonstration of GPCR transport from the site of biogenesis to the 23 
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final membrane destination. In theory, this technique should be applicable to any membrane 1 

proteins fused to PcFPs. 2 

With a technology to visualize transport of membrane protein cargo, previously 3 

unanswered questions can be addressed. For example, it is currently unclear how different 4 

sorting mechanisms are orchestrated to deliver membrane proteins to the site of OS 5 

morphogenesis (see the next section). Within the rod OS, some membrane proteins interact 6 

directly while others interact indirectly. Peripherin/rds and cGMP-gated channel are an example 7 

of direct interacting partners,
118

 and their interaction may play structural role in the OS. Whether 8 

this interaction occurs during biogenesis, transport, or after reaching the respective membrane 9 

compartments is not entirely clear. On the other hand, rhodopsin and peripherin/rds are 10 

considered to be trafficked through different pathways, post-Golgi conventional pathway and 11 

unconventional secretory pathway.
119

 Either presence or absence of co-trafficking, as well as the 12 

interacting site, can be investigated using in situ biomolecular fluorescence complementation 13 

(BiFC) assay.
120

 For this assay, interacting proteins are fused to complementary fragments of 14 

fluorescent proteins. When these proteins interact and bring the complementary fragments of a 15 

fluorescent protein in close proximity, then the fragments form a functional fluorophore. Thus by 16 

analyzing the fluorescence one can visualize the site of interaction within the cells. While 17 

previously not attempted, BiFC assay may be combined with PcFPs to clarify the timing of the 18 

interaction. In this case, newly formed interactions, instead of newly synthesized proteins, can be 19 

labeled by BiFC of PcFPs. Such method would also be useful to visualize co-trafficking of two 20 

interacting proteins. The major shortcomings of BiFC, however, are time consuming process of 21 

chromophore formation (T1/2 ≈ 3000 s)
121

 and irreversibility of protein-protein interactions. 22 

Therefore application of BiFC would be limited to the monitoring of stable protein-protein 23 
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interactions, and moreover irreversible natures of BiFC would facilitate the detection of artificial 1 

interactions enhanced by BiFC itself. In these regards, FRET-facilitated photoswitching would 2 

be used in a complementary manner to study relatively transient and reversible protein-protein 3 

interactions in situ, because FRET-facilitated photoswitching is a very rapid process (T1/2 = 50 ~ 4 

100 ms).
99

 Transient interactions may occur between small G-proteins and membrane protein 5 

cargoes such as rhodopsin, peripherin/rds and cGMP-gated channels in photoreceptor 6 

neurons.
122-124

 Detection of such interactions would be promoted by FRET-facilitated 7 

photoswitching, because concurrent confocal microscopes allow local photoswitching at the 8 

selected regions where cargo trafficking occurs (e.g. inner segment in the case of photoreceptor 9 

neurons). For both BiFC and FRET-facilitated photoswitching, the expression levels of fusion 10 

proteins should be carefully controlled and compared with those of endogenous proteins, because 11 

overexpression of fusion proteins will lead to their accumulation and interaction at aberrant 12 

cellular locations.  13 

 14 

Rod photoreceptor outer segment morphogenesis 15 

The OS requires two separate membrane compartments: disk membranes and OS plasma 16 

membrane. Two major models of OS morphogenesis have been proposed. One model is the 17 

“endosome model” in which the disk membranes are formed via fusion of multiple endosomes 18 

into larger disks.
125-127

 Another model is the “evagination/rim model”. In this model, disk 19 

membrane is generated by initial plasma membrane evagination, which then becomes sealed into 20 

mature disks as rim and plasma membrane compartments form simultaneously.
128

 Both models 21 

were based on different EM studies of mouse rod photoreceptors in which evaginations were 22 
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either present or absent dependent on chemical fixation or sample preparation methods. As high-1 

resolution electron microscopy is able to capture only the static intermediate process of OS 2 

membrane morphogenesis, the methods have been limited to test the hypotheses regarding this 3 

dynamic event. Essentially, photoconversion technique allows us to delineate the sequence of 4 

events associated with disk morphogenesis. By fusing representatives of each membranous 5 

domain to Dendra2 (rhodopsin – disk marker
129

; peripherin/rds – disk rim marker
130

 and cGMP 6 

gated channel – OS plasma membrane marker
131

), we were able to visualize renewal process of 7 

each OS membranous domain under normal and experimentally-manipulated conditions. In 8 

normal retina, rhodopsin was added to the evaginations. cGMP gated channel was added to the 9 

base of OS lateral plasma membrane, and the process of plasma membrane renewal is 10 

synchronized with disk membrane rim formation (Fig. 4A top row). In conjunction with the 11 

previous studies, we were able to study the role of F-actin in the sealing of the evagination (Fig. 12 

4A, middle and bottom rows); when F-actin filaments were disrupted experimentally by 13 

cytochalasin D, overgrown evaginations were observed as a result of failed sealing of the 14 

evaginations.
132, 133

 Photoconversion allowed us to discriminate pre-existing evagination which 15 

contains old proteins from newly formed evaginations which shall contain only newly formed 16 

proteins. Pre-existing and newly formed structure can be discriminated after photoconversion of 17 

rhodopsin-Dendra2. After photoconversion and F-actin disruption (Fig. 4A), overgrown 18 

evaginations contained both green and red rhodopsin-Dendra2 (Fig. 4A, middle and bottom rows, 19 

arrows). Thus, the overgrowths were not formed de novo, but formed from the preexisted 20 

evaginations. In addition, failure of disk sealing upon F-actin disorganization is apparent from 21 

aberrant trafficking of disk rim and OS plasma membrane components, peripherin/rds and 22 

cGMP-gated channels. Aberrant subciliary trafficking of cGMP gated channel was evidenced by 23 
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accumulation of newly synthesized CNGA1-Dendra2 at the basal OS PM (Fig. 4A, bottom row, 1 

asterisks), and aberrant trafficking of peripherin/rds (Fig. 4A, bottom row, arrow heads) was 2 

evidenced by peripherin/rds-Dendra2’s failure to enter the mature disk rim region.  3 

While the study so far delineates the process of OS morphogenesis, the detailed 4 

molecular mechanism of disk sealing (rim formation) is still unclear. Prior to rim formation, 5 

evaginations contain prominin-1 and photoreceptor-specific cadherin (PCDH21).
134-137

 During 6 

rim formation, it is likely that those two proteins are displaced by peripherin/rds (Fig. 4B). In 7 

addition to displacement, the PCDH21 undergoes proteolytic cleavage
138

 which may be 8 

associated with the disk closure event. Thus, membrane morphogenesis and trafficking of 9 

multiple membrane proteins are highly coordinated and synchronized events. Therefore, to fully 10 

understand disk membrane morphogenesis it is desirable to visualize the relative timing of 11 

membrane protein incorporation or displacement by simultaneous imaging of two or more 12 

components. We envision that such co-visualization would be possible since PcFPs with distinct 13 

emission/excitation spectra (e.g. combination of PS-CFP2
70

 and PSmOrange
5
) are becoming 14 

available to discriminate new and old pools of two distinct protein populations (e.g. 15 

peripherin/rds and prominin-1).  16 

In addition to the above mentioned advance in visualizing multiple components, 17 

improving the imaging resolution for visualizing individual disk morphogenic event is the next 18 

step to refine our understanding of OS membrane morphogenesis (Fig. 4B). Disk membranes are 19 

separated by interdiskal cytoplasmic space at a distance of ~ 15 nm. Thus with the thickness of 20 

disk at ~ 5 nm, single disk or evagination is observed every ~ 20 nm.
128, 139

 Conventional light-21 

microscopy can only resolve structures separated longer than ~ 200 nm distance, and thus has 22 

limited capability to resolve the structures associated with disk morphogenesis. For example, any 23 
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resolution improvement surpassing diffraction limit would facilitate the analysis of gradual 1 

growth in evagination structures which was not possible with conventional light microscopy. 2 

Recent developments of new PtFPs contributed to the high-resolution imaging techniques that 3 

could possibly resolve this issue. RsFP such as rsEGFP is essential for the imaging technique 4 

called RESOLFT. RESOLFT is similar to STED microscopy in terms of the mechanism, but 5 

requires much less light energy to accomplish sub-diffraction resolution, and thus suitable for 6 

live imaging.
140, 141

 RsFP Dronpa and its variants have been successfully used in live imaging by 7 

a technique called photochromic stochastic optical fluctuation imaging (pcSOFI).
142

 This 8 

technique allows two- to threefold improved spatial resolution over the resolution attainable by 9 

conventional optical microscopy.
143

 Although the improvement is not as high as in techniques 10 

such as photoactivated localization microscopy (PALM), pcSOFI is more suited than PALM for 11 

live imaging. pcSOFI and RESOLFT can accomplish ~50 nm resolution, and likely useful to  12 

visualize gradual growths of evaginations in Xenopus laevis rod photoreceptors. In addition, 13 

pcSOFI offers better temporal resolution, does not require specialized equipment, and can 14 

produce superresolution images over different range of imaging conditions. Recently, a green-to-15 

red photoconvertible Dronpa mutant was engineered (pcDronpa2) that is compatible with 16 

pcSOFI microscopy and PALM,
144

 accomplishing the superresolution imaging for both non-17 

photoconverted (green) and photoconverted (red) isoforms of pcDronpa2. A Dendra2 mutant 18 

NijiFP combines photoconvertible and biphotochromic properties, and thus would be compatible 19 

with PALM
10

 which can accomplish ~20 nm imaging resolution. Therefore, these new PcFPs 20 

with unique photochromic natures will, in theory, allow obtaining high resolution images for 21 

newly forming disks.  22 

 23 
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Fate of mislocalized rhodopsin. 1 

While rhodopsin is localized to the OS under normal conditions, it mislocalizes to IS 2 

plasma membrane as well as somatic and synaptic plasma membrane under many different 3 

pathological conditions including retinitis pigmentosa (RP). While these genetic and other 4 

pathological conditions can lead to the mislocalization, defects in the trafficking signal located at 5 

rhodopsin Ct tail cause some of the most severe forms of RP.
124

 For example, a naturally 6 

occurring mutation in rhodopsin that causes loss of last five amino acids at Ct tail, Q344ter, 7 

mislocalizes in the rod photoreceptors.
145

 Other than rhodopsin mutations, defects in trafficking 8 

machineries, such as molecular motors
146

 or small guanine nucleotide-binding proteins,
147

 can 9 

cause rhodopsin mislocalization and associated diseases. At the plasma membrane, mislocalized 10 

rhodopsin likely activates aberrant signaling pathways that are proapoptotic. This toxicity is 11 

dependent on the amount of mislocalized rhodopsin
146, 148

 which makes it critical to analyze how 12 

the mislocalized rhodopsin is regulated. The amount of any membrane proteins would be 13 

regulated by the balance between new synthesis, delivery of new protein to the membrane, and 14 

removal of protein from the membrane. PcFPs are highly suited for monitoring each of these 15 

steps.  16 

To test the hypothesis that the level of plasma membrane mislocalized rhodopsin is 17 

renewed, we took advantage of rhodopsin Q344ter mutant fused to Dendra2 (RhoQ344ter-18 

Dendra2). This allowed us to discriminate old rhodopsin Q344ter preexisting in the plasma 19 

membrane and newly synthesized rhodopsin Q344ter that are trafficked to the plasma membrane. 20 

After several days post-photoconversion, we noticed that the compartments of the photoreceptor 21 

that exhibited the most mislocalization (IS plasma membrane and calyceal processes) had slowly 22 

changed from red, to yellow, and lastly to green, indicating a renewal of protein to those regions 23 
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(Fig. 5A, arrows).
116

 Then this observation suggested that red Q344ter was removed and 1 

eliminated form rod cells. In the previous studies with mouse models of rhodopsin 2 

mislocalization,
149, 150

 numerous rhodopsin baring vesicles were observed in the 3 

interphotoreceptor matrix. In Xenopus model expressing mislocalization prone RhoQ344ter-4 

Dendra2, similar extracellular vesicles were observed to contain RhoQ344ter-Dendra2 (Fig. 5A, 5 

arrowheads), indicating that mislocalized proteins are removed through vesicle release.
116

 6 

Photoconversion technique was instructive to the source of vesicles as well. The color of 7 

extracellular vesicles showed gradual shift of color from green to yellow and to red (Fig. 5B).
116

 8 

This transition of old to new protein coincides with the color shift of the plasma membrane, 9 

suggesting that the protein originated from mislocalized rhodopsin on the plasma membrane. In 10 

addition to vesicle release, lysosome may also mediate the degradation of RhoQ344ter (Fig. 5B). 11 

In rod cells expressing RhoQ344ter-Dendra2, lysosome membrane protein, LAPM1, was highly 12 

upregulated,
116

 suggesting that lysosome-mediated pathway is affected by rhodopsin 13 

mislocalization. In this regard, specific labeling of lysosome or autophagosome structures using 14 

far-red fluorescent proteins,
151

 along with RhoQ344ter-Dendra2, will facilitate the study of 15 

lysosome-mediated degradation (Fig. 5B). For example, labeling of lysosomes and 16 

autophagosomes were previously accomplished with LAMP1
152

 and LC3
110, 153

 fused to 17 

fluorescent proteins, respectively. In addition to the Q344ter mutant, rhodopsin mislocalization 18 

can be caused by its aberrant arrestin binding such as in constitutively active rhodopsin mutants 19 

(K296E and K296M) or light-independently hyperphosphorylated rhodopsin mutants (R135A 20 

and R135L).
124

 In general, arrestin binding causes targeting of GPCRs to the endolysosomal 21 

system, and other rhodopsin mutants may also depend on lysosome for their degradation.
124

 Thus 22 
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the approach taken for RhoQ344ter could be applied to study the transport and degradation of 1 

rhodopsin mutants whose mislocalization depends on aberrant arrestin binding. 2 
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Table 1. Properties of PtFPs for which applications were mentioned in this manuscript 1 

Protein λmax ((ex/em (nm))
a 

 

ε  

(mM
-1

cm
-1

)
a 

Φfluo
a Actinic 

light
b
 

(nm) 

Application 

PRE POST PRE POST PRE POST 

Photoconvertible fluorescent protein (PcFPs) 

Kaede
1
 508/518 572/580 98.8 60.4 0.88 0.33 405 Cell migration during embryogenesis, tissue 

regeneration and immune response
17-19, 24, 26, 29, 30, 32

; 

Determining birthdates of cells
28

; Dynamic processes 

associated with Golgi
53, 54

 and centrosome
55, 56, 154

; 

Protein endocytosis
78

 and homo-oligomerization
98

; Ca
2+

 

sensors
104

 

KikGR
64

 507/517 583/593 53.7 35.1 0.70 0.65 405 Cell migration during embryogenesis in different 

animal models
20-22

; Autophagy activity sensor in 

plants
111

 

mKikGR
64

 505/515 580/591 49.0 28.0 0.69 0.63 405 Pathogen/host interaction
33

  

EosFP
61

 506/516 571/581 72.0 41.0 0.7 0.55 405 Monitoring the division and lineage of vertebrate  

embryonic cells
23

; single particle tracking
95

; Ca
2+

 

sensor
104, 105

 

mEosFP
61

 505/516 569/581 67.2 37.0 0.64 0.62 405 Plastids dynamics
50

  

mEos2
46

 506/519 573/584 56.0 46.0 0.84 0.66 405 Tracking peroxisomes
47

; Monitoring protein dynamics 

in cilia
59

 

Dendra2
70

 490/553 507/573 45.0 35.0 0.50 0.55 405/ 

488 

Cell movement during fin regeneration in zebrafish
25

; 

Mitochondria dynamics
45

; Tracking individual insulin 

granules
82

; Measuring proteasome activity
115

; 

Monitoring protein (mis)trafficking in rod 

photoreceptor cells and ROS
a
 morphogenesis

116, 133, 155, 

119
 

PSmOrange2
99

 546/561 619/651 51.0 18.9 0.61 0.38 488 Protein-protein interactions in combination with green 

FP
a
 (FRET

a
-facilitated photoswitching) 99

 

PS-CFP2
70

 400/468 490/511 43.0 47.0 0.20 0.23 405 CMA
a
 sensor

113
 

Photoactivable fluorescent proteins (PaFPs) 

paGFP
2
 400/515 504/517 20.7 17.4 0.13 0.79 405 Monitoring mesoderm migration in the early embryonic 

development of Drosophila melanogaster
27

; 

Mitochondria,
34-40

 lysosome,
2
 Golgi

52
 and protein

84-86,
 

87, 88, 90
 dynamics; Tracking individual insulin 

granules
82

; Ca
2+

 sensors
104

; Autophagy activity 
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sensors
110

  

pa-mCherry1
6
 (404)/ND

a
 565/595 6.5 18.0 ND

a 
0.46 405 CMA

a
 sensor

114
 

paTagRFP
96

     - 564/595 - 66.0 - 0.38 405 Two-color single-particle tracking
96

     

Photoswitchable fluorescent proteins (PsFPs) 

Dronpa
8
 (392)/ND

a 
503/518 ND

a 
95.0 ND

a 
0.85 405/ 

488 

Manipulating protein-protein interactions by light
100

; 

Monitoring protein exchange among different cellular 

compartments
8
 and comparing viscosity of different 

cytoplasmic compartments
89

 
a
abbreviations: λmax ex/em: maximum of excitation/emission spectrum; ε: molar extinction coefficient; Φfluo: fluorescence quantum yield; ROS: rod outer 1 

segment; FP: fluorescent protein; FRET: Förster resonance energy transfer; CMA: chaperone mediated autophagy; ND: not determined; 2 
b
Light wavelengths needed for the phototransformation.  3 

 4 
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Figure legends 1 

Figure 1. Light-induced chromophore transformations in phototransformable fluorescence 2 

proteins (PtFPs). Examples of irreversibly photoconvertible fluorescent proteins (EosFP and 3 

PSmOrange) (A,B), photoactivatable green fluorescent protein (paGFP) (C), and 4 

photoswitchable fluorescence protein (Dronpa) (D). Ox, oxidant molecule; OxH, reduced 5 

oxidant molecule; hν, irradiation with light.  6 

Figure 2. Application of PtFPs in visualizing biological processes. (A) Tracking of cell 7 

movement and differentiation, determination of cells’ birthdates, and monitoring of metabolism 8 

in pathogens. After photoconversion/photoactivation, individual cells can be distinguished from 9 

their surrounding and monitored over time. (B) PaFPs and PcFPs were used to study 10 

mitochondria interactions (1); Golgi dynamics and secretory pathway (2); inheritance pattern of 11 

centrioles (3) and exchange of signaling components in cilia (4). (C) Models of monitoring 12 

protein diffusion by fluorescence decay after photoactivation (FDAP), monitoring membrane 13 

protein endocytosis, and tracking single particle. (D) Visualization of protein translocation by 14 

PsFPs.  15 

Figure 3. Application of the PcFP Dendra2 for imaging of rhodopsin trafficking in live Xenopus 16 

laevis rod photoreceptor cells. (A) Schematic representation of the photoconversion (PC) 17 

technique. Rhodopsin fused to Dendra2 (rhodopsin-Dendra2) is green prior to PC, and is 18 

switched to red after PC. New rhodopsin-Dendra2 (green) is synthetized in the inner segment 19 

and trafficked to the outer segment where it gets incorporated into disks. (B, C) Live Xenopus 20 

laevis rod photoreceptor cells expressing rhodopsin-Dendra2. Newly synthetized rhodopsin-21 

Dendra2 can be observed in the inner segment shortly after PC (B, left panel, arrow); Rod outer 22 
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segments are renewed over days (B, middle and right panel). (C) Vesicles containing newly 1 

synthetized rhodopsin-Dendra2 can be seen moving from the inner toward the outer segment. 2 

Images are maximum projections of optical slices. Scale bars, 10 µm. Images in (B) and (C) 3 

were adopted from Lodowski et al.
116

 4 

Figure 4. Application of PcFP Dendra2 for monitoring photoreceptor outer segment 5 

morphogenesis. Under normal conditions newly synthetized (green) rhodopsin-Dendra2 is 6 

incorporated into the evaginations, peripherin/rds-Dendra2 into the disk rim region, and cGMP 7 

gated channel (CNGA1-Dendra2) into the plasma membrane (A, upper row). When F-actin is 8 

disrupted, disks fail to mature and precursors of disks (evaginations) overgrow (A, middle and 9 

bottom row). Overgrown evaginations contain preexisting (red) and newly added rhodopsin-10 

Dendra2 (green) (A, middle and bottom rows, arrows) and only newly synthetized 11 

peripherin/rds-Dendra2 (A, middle and bottom rows, arrow heads). In the absence of disk 12 

formation, CNGA1-Dendra2 cannot enter the outer segment (A, middle row, asterisk). Images 13 

are maximum projections of optical slices. The top panel of CNGA1 was adapted from Nemet et 14 

al.
133

 Scale bars, 10 µm. (B) A model describing rod disk membrane morphogenesis. In this 15 

model, evaginations grow gradually at the base of the outer segment. The growth accompanies 16 

with accommodation of PCDH21 and prominin-1 which facilitate the formation of membrane 17 

protrusion. After complete growth of evagination, rim region of disk is formed, leading to 18 

accommodation of peripherin/rds, expulsion of prominin-1 and proteolysis of PCDH21. Rim 19 

formation coincides with sealing of evagination and separation of disk from the plasma 20 

membrane. 21 

Figure 5. Monitoring removal of mislocalized mutant rhodopsin (Q344ter) in live Xenopus 22 

laevis rod photoreceptor cells. (A) RhodopsinQ344ter-Dendra2 mislocalizes to the inner segment 23 
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plasma membrane including calyceal processes (arrows). Over time mislocalized rhodopsin is 1 

renewed at the plasma membrane (arrows). At 2 days post photoconversion (2 d post-PC), the 2 

plasma membrane is yellow because it is occupied with both old (red) and new (green) 3 

RhodopsinQ344ter-Dendra2. At 6 days post photoconversion (6 d post-PC), old 4 

RhodopsinQ344ter-Dendra2 was removed and new RhodopsinQ344ter-Dendra2 was added, 5 

resulting in green fluorescent plasma membrane. Images are maximum projections of confocal 6 

sections, and were adopted from Lodowski et al.
116

 Scale bar, 10 µm. (B) Schematic 7 

representations of hypothetical mechanisms involved in removal of mislocalized rhodopsin, and 8 

how a green-to-red PcFP can be used unravel those mechanisms. MVB stands for multivesicular 9 

body.  10 
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Figure 1. Light-induced chromophore transformations in phototransformable fluorescence proteins (PtFPs). 
Examples of irreversibly photoconvertible fluorescent proteins (EosFP and PSmOrange) (A,B), 

photoactivatable green fluorescent protein (paGFP) (C), and photoswitchable fluorescence protein (Dronpa) 

(D). Ox, oxidant molecule; OxH, reduced oxidant molecule; hν, irradiation with light.  
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Figure 2. Application of PtFPs in visualizing biological processes. (A) Tracking of cell movement and 
differentiation, determination of cells’ birthdates, and monitoring of metabolism in pathogens. After 

photoconversion/photoactivation, individual cells can be distinguished from their surrounding and monitored 
over time. (B) PaFPs and PcFPs were used to study mitochondria interactions (1); Golgi dynamics and 

secretory pathway (2); inheritance pattern of centrioles (3) and exchange of signaling components in cilia 
(4). (C) Models of monitoring protein diffusion by fluorescence decay after photoactivation (FDAP), 
monitoring membrane protein endocytosis, and tracking single particle. (D) Visualization of protein 

translocation by PsFPs.  
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Figure 3. Application of the PcFP Dendra2 for imaging of rhodopsin trafficking in live Xenopus laevis rod 
photoreceptor cells. (A) Schematic representation of the photoconversion (PC) technique. Rhodopsin fused 

to Dendra2 (rhodopsin-Dendra2) is green prior to PC, and is switched to red after PC. New rhodopsin-

Dendra2 (green) is synthetized in the inner segment and trafficked to the outer segment where it gets 
incorporated into disks. (B, C) Live Xenopus laevis rod photoreceptor cells expressing rhodopsin-Dendra2. 
Newly synthetized rhodopsin-Dendra2 can be observed in the inner segment shortly after PC (B, left panel, 

arrow); Rod outer segments are renewed over days (B, middle and right panel). (C) Vesicles containing 
newly synthetized rhodopsin-Dendra2 can be seen moving from the inner toward the outer segment. Images 

are maximum projections of optical slices. Scale bars, 10 µm. Images in (B) and (C) were adopted from 
Lodowski et al.116  
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Figure 4. Application of PcFP Dendra2 for monitoring photoreceptor outer segment morphogenesis. Under 
normal conditions newly synthetized (green) rhodopsin-Dendra2 is incorporated into the evaginations, 

peripherin/rds-Dendra2 into the disk rim region, and cGMP gated channel (CNGA1-Dendra2) into the plasma 

membrane (A, upper row). When F-actin is disrupted, disks fail to mature and precursors of disks 
(evaginations) overgrow (A, middle and bottom row). Overgrown evaginations contain preexisting (red) and 
newly added rhodopsin-Dendra2 (green) (A, middle and bottom rows, arrows) and only newly synthetized 

peripherin/rds-Dendra2 (A, middle and bottom rows, arrow heads). In the absence of disk formation, 
CNGA1-Dendra2 cannot enter the outer segment (A, middle row, asterisk). Images are maximum 

projections of optical slices. The top panel of CNGA1 was adapted from Nemet et al.133 Scale bars, 10 µm. 
(B) A model describing rod disk membrane morphogenesis. In this model, evaginations grow gradually at 
the base of the outer segment. The growth accompanies with accommodation of PCDH21 and prominin-1 

which facilitate the formation of membrane protrusion. After complete growth of evagination, rim region of 
disk is formed, leading to accommodation of peripherin/rds, expulsion of prominin-1 and proteolysis of 

Page 53 of 55 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



PCDH21. Rim formation coincides with sealing of evagination and separation of disk from the plasma 
membrane.  
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Figure 5. Monitoring removal of mislocalized mutant rhodopsin (Q344ter) in live Xenopus laevis rod 
photoreceptor cells. (A) RhodopsinQ344ter-Dendra2 mislocalizes to the inner segment plasma membrane 

including calyceal processes (arrows). Over time mislocalized rhodopsin is renewed at the plasma membrane 

(arrows). At 2 days post photoconversion (2 d post-PC), the plasma membrane is yellow because it is 
occupied with both old (red) and new (green) RhodopsinQ344ter-Dendra2. At 6 days post photoconversion 

(6 d post-PC), old RhodopsinQ344ter-Dendra2 was removed and new RhodopsinQ344ter-Dendra2 was 
added, resulting in green fluorescent plasma membrane. Images are maximum projections of confocal 

sections, and were adopted from Lodowski et al.116 Scale bar, 10 µm. (B) Schematic representations of 
hypothetical mechanisms involved in removal of mislocalized rhodopsin, and how a green-to-red PcFP can be 

used unravel those mechanisms. MVB stands for multivesicular body.  
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Phototransformable fluorescent proteins are GFP orthologs whose emission and excitation properties are 
modulatable by light. These reporter proteins give specific advantages to study protein trafficking in a 

spatiotemporal manner.  
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