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Real-time monitoring of cellular dynamics in living organisms 

is highly challenging. We developed a multi-imaging vector 

based on 2A peptides. Live imaging of subcellular 

compartments can be performed following the transfection of 

cells with another vector, the multi-labeling vector, which 

contains localization signals and various fluorescent protein 

variants.  

 

Visualizing the complexity and dynamics of cellular events in living 

cells is important for understanding biological processes, such as 

normal physiology and disease progression. Multi-gene expression 

systems, which simultaneously generate more than two target 

proteins, offer a powerful tool for cellular imaging. For example, 

internal ribosomal entry site (IRES) vectors have been widely used 

to express two individual proteins in mammalian cells.1 Recently, a 

Gal4-dependent multicistronic expression system based on triple and 

quadruple Medusa vectors has been developed to monitor subcellular 

dynamics in developing zebrafish.2 However, these approaches have 

drawbacks, including low efficiency, disproportionate protein 

expression, and the requirement of a secondary vector as an 

initiator.3  

Here, we report a multi-imaging vector for real-time monitoring 

of cellular dynamics using the 2A peptide system, allowing the 

expression of multiple proteins within a single open reading frame 

(ORF) via a self-cleaving event. 2A peptides consist of 18-22 amino 

acid long peptide, including short consensus sequences (Asp-Val/Ile-

Glu-X-Asn-Pro-Gly-Pro); this sequence is cleaved between the Gly 

and Pro residues by a ribosomal skip mechanism.4 These peptides 

are used to generate multiple proteins from single transcripts by 

several RNA viruses, such as foot-and mouth disease virus (FMDV), 

equine rhinitis A virus (ERAV), the insect Thosea asigna virus 

(TaV), and the porcine teschovirus-1 (PTV-1).4,5 In the ribosomal 

skip mechanism, proteins become separated when a normal peptide 

bond fails to form during translation at the cleavage point, without 

affecting the translation of following proteins. Although the 2A 

peptide system is widely used to express multicistronic products in 

developmental biology during the generation of transgenic animal 

models.6-8 this system has rarely been used as a cellular imaging 

tool. Therefore, we developed a multi-imaging technique based on 

the 2A peptide system to monitor cellular dynamics in a live cell. 

First, we designed and constructed a multi-imaging vector that 

included commonly used restriction enzyme sites and three distinct 

2A peptides (named F2A from FMDV, T2A from TaV, and E2A 

from ERAV) to simultaneously express four proteins (Scheme. 1a). 

This combination of restriction enzyme sites and 2A peptides was 

synthesized, and the original multiple cloning site of the 

pcDNA4/HisMax. A backbone vector was then replaced with this 

construct to generate a multi-imaging vector (Scheme. 1b). While 

attempting to image a live cell at the subcellular level, we designed a 

multi-labeling vector based on the multi-imaging vector (Fig. 1a). 

The multi-labeling vector consists of four distinct fluorescent 

protein variants, including enhanced cyan fluorescent protein 

(ECFP), enhanced green fluorescent protein (EGFP), Discosoma red 

fluorescent protein2 (DsRed2), and infrared fluorescent protein670 

(iRFP670).9 These fluorescent proteins were selectively chosen to 

avoid overlapping excitation/emission spectra for distinct 

subcellular imaging (Table S1, ESI†). 
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Scheme 1 Construction of the multi-imaging vector and subcellular imaging 

using the multi-labeling vector. (a) Amino acid sequence of the 2A peptides 

F2A, T2A, and E2A. The cleavage site is indicated by an arrow, and 

conserved sequences are surrounded by boxes. (b) Design of multi-imaging 

vector constructs.  

 

 

To target specific organelles, the fluorescent proteins were fused 

to well-known localization signals. We fused a mitochondrial 

targeting sequence derived from subunit VIII of human cytochrome 

C oxidase10 to the N-terminus of DsRed2 (termed Mito-DsRed2) 

(Fig. S1, ESI†) and an endosomal targeting protein from human 

RhoB GTPase11,12 to the N-terminus of EGFP (termed EGFP-Endo) 

(Fig. S2, ESI†). We also attached three copies of the nuclear 

localization signal (NLS) from simian virus 40 large T-antigen13 to 

the C-terminus of ECFP (termed ECFP-NLS) and attached the 

membrane localization sequence of neuromodulin14 to the N-

terminus of iRFP670 (termed Memb-iRFP670).  

To validate the expression of each of these subcellular localized 

fluorescent proteins, we transfected the multi-labeling vector into 

HeLa cells. After transfection, confocal images showed the multi-

expression of the fluorescent proteins in their respective targeting 

compartments in a single cell (Fig. 1b). These images revealed that 

each fluorescent signal was consistently localized (Fig. 1c; DsRed2 

in mitochondria, EGFP in endosomes, ECFP in the nucleus, and 

iRFP670 in the membrane). The localization was confirmed by 

immunofluorescence using early endosomal marker (EEA1) for fo-

staining of EGFP-Endo as an example (Fig. S4, ESI†).  Interestingly, 

it appeared that the C-terminal addition of the 2A fragment did not 

affect the subcellular localization of the fluorescent proteins, 

indicating the possibility of simultaneously expressing multiple 

cellular-labeled fluorescent proteins in a single cell.  

Subsequently, we explored using the multi-imaging vector to 

track target proteins during biological processes. We generated a 

multi-monitoring system to monitor the redistribution of apoptosis-

inducing factor (AIF) and Bcl-2 associated X protein (Bax) during 

programmed cell death (PCD) in a single cell. Upon the induction of 

apoptosis, the mitochondrial intermembrane flavoprotein AIF is 

translocated from the mitochondria to the nucleus to participate in 

large-scale DNA fragmentation and chromatin condensation as a 

proapoptotic factor in a caspase-independent pathway.15,16 AIF is 

known to be a key player in cell death mechanisms under various 

pathological conditions, including ischemic injury, cancers, and 

neurodegenerative disorders. More recently, Bax-mediated 

mitochondrial release of AIF has been shown to be a critical step in 

PCD. Bax promotes apoptosis by antagonizing the Bcl-2 protein. 

The redistribution of Bax from the cytosol into the mitochondria has 

been found to be important for the ability of Bax to promote cell 

death during apoptosis.17 According to recent reports, activated Bax  

 
 

Fig. 1 (a) Schematic representation of the multi-labeling vector for 

subcellular imaging, which is based on the multi-imaging vector. A multi-

labeling vector containing subcellular labels for mitochondria (Mito-DsRed2, 

red), endosome (EGFP-Endo, green), nucleus (ECFP-NLS, blue), and 

membrane (Memb-iRFP670, purple). (b) Illustration of a cell transfected with 

the multi-labeling vector. (c) Fluorescent images of HeLa cells expressing a 

multi-labeling vector. DsRed2 labeled the mitochondria in red; EGFP labeled 

the endosome in green; ECFP labeled the nucleus in blue; and iRFP670 

labeled the membrane in purple. Scale bar = 20 µm.  

 

induces outer mitochondrial membrane permeabilization and allows 

AIF to be released into the cytosol.18,19 

Although efforts have been made to discover the mechanism of 

AIF and the relationship between AIF and Bax in PCD, the 

mitochondrial permeabilization event still remains unclear, 

especially during caspase-independent PCD. To elucidate the 

mechanisms underlying mitochondrial permeabilization, general 

protocols, such as differential cell-permeabilization, 

submitochondrial fractionation, and immunostaining, have been 

developed.20,21 However, the development of a real-time monitoring 

approach is necessary to monitor cellular dynamics. Therefore, we 

designed a multi-monitoring vector to detect the AIF-Bax 

redistribution. As described in Fig. 2a, we fused EGFP to the C-

terminus of AIF (termed AIF-EGFP) and iRFP670 to the C-terminus 

of Bax (termed Bax-iRFP670). EGFP-Endo and Memb-iRFP670 in 

the multi-labeling vector were then replaced with AIF-EGFP and 

Bax-iRFP670, respectively. 

Monitoring of the AIF-Bax redistribution was performed using 

HeLa cells, which underwent staurosporine (STS)-induced apoptosis 

after transfection with a multi-monitoring vector. STS, an alkaloid 

from a Streptomyces species, is known to be a strong apoptosis 

inducer in several cell types, including HeLa cells. After transfection, 

cells were exposed to 5 µM STS for 5 hrs and then observed under 

confocal microscopy to monitor the fluorescent signals. Fig. 2b 

shows the time-dependent fluorescence signals from HeLa cells 

bearing the multi-monitoring vector. There was no indication of AIF  
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Fig. 2 Multi-monitoring system for examining AIF-Bax redistribution during 

apoptosis. (a) Design of the multi-monitoring vector for the detection of 

apoptotic protein trafficking. (b) Illustration of the redistribution of AIF and 

Bax following the induction of apoptosis by STS treatment. (c) Fluorescent 

images of target protein translocation in HeLa cells transfected with the 

multi-monitoring vector. After transfection, HeLa cells were treated with 5 

µM STS for 5 hrs. Bax was labeled with iRFP670 in purple, and AIF was 

labeled with EGFP in green. DsRed2 labels the mitochondria in red, and 

ECFP labels the nucleus in blue. Scale bar = 20 µm.  

 

or Bax translocation in cells until 3 hrs after STS treatment. The 

purple fluorescence of Bax-iRFP670 was detectable in the 

mitochondria but not in the cytosol 4 hrs after STS exposure.  

The green fluorescence of AIF-EGFP was observed in both the 

cytosol and nucleus 5 hrs after STS treatment. In cells that were not 

treated with STS, AIF and Bax were localized to the mitochondria 

and cytosol, respectively. Upon the induction of apoptosis by STS, 

Bax was found in the mitochondria, whereas a large portion of AIF 

was translocated into the nucleus (Fig. 2c). Similar results were 

obtained with another anticancer drug (0.5 mM etoposide) after cells 

were exposed for 6 hrs (Fig. S5, ESI†), indicating that this system is 

able to monitor the cellular dynamics of protein translocation 

induced by an apoptotic stimulus. Moreover, the 2A peptide 

cleavage efficiency of the multi-monitoring vector was confirmed by 

western blot analysis (Fig. S6, ESI†). And, we confirmed the 

phototoxicity by taking time-lapse images of multi-monitoring 

vector-transfected cells without anticancer drug as control cell 

(Movie.S1, ESI†) 

In conclusion, we demonstrated a novel multi-imaging vector 

and validated its potential for monitoring cellular dynamics. 

Previous attempts to detect protein redistribution or trafficking of 

target molecules in live single cells required sample fixation and 

other treatments with antibodies or subcellular compartment labeling 

dyes. In contrast, the multi-imaging vector developed in this study 

can be used to express four distinct proteins in a single cell without 

performing chemical labeling, to stain the subcellular compartments 

or target proteins. Furthermore, this system would be able to express 

five proteins if another 2A peptide (P2A from PTV-1) is combined 

with the current 2A peptide. Finally, the combination of subcellular 

localizing signals and fluorescent proteins as labeling moieties in 

this 2A peptide system makes it possible to monitor complex cellular 

dynamics, such as apoptosis, using a conventional confocal 

microscope. It is important to design the vector appropriately to 

target subcellular organelles with fluorescent proteins according to 

the specific application needed. This robust imaging tool offers the 

ability to visualize complex cellular dynamics in live cells in real 

time, which could aid in drug development for disease treatment. 
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