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Abstract

The advent of facile genome engineering technologies has made the generation of knock-in gene-

expression or fusion-protein reporters more tractable. Fluorescent protein labeling of specific 

genes combined with surface marker profiling can more specifically identify a cell population. 

However, the question of which fluorescent proteins to utilize to generate reporter constructs is 

made difficult by the number of candidate proteins and the lack of updated experimental data on 

newer fluorescent proteins. Compounding this problem, most fluorescent proteins are designed 

and tested for use in microscopy. To address this, we cloned and characterized the detection 

sensitivity, spectral overlap and spillover spreading of 13 monomeric fluorescent proteins to 

determine utility in multicolor panels. We identified a group of five fluorescent proteins with high 

signal to noise ratio, minimal spectral overlap and low spillover spreading making them 

compatible for multicolor experiments. Specifically, generating reporters with combinations of 

three of these proteins would allow efficient measurements even at low-level expression. Because 

the proteins are monomeric, they could function either as gene-expression or as fusion-protein 

reporters. Additionally, this approach can be generalized as new fluorescent proteins are developed 

to determine their usefulness in multicolor panels.
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Introduction

From the first successful use of Green Fluorescent Protein (GFP) as a marker for imaging in 

1994, fluorescent proteins have revolutionized research. Stemming from the development of 

GFP [1–3], a large number of fluorescent proteins have been discovered and generated, with 

origins outside GFP’s Aequorea victoria [4–9]. Most natural fluorescent proteins cloned 

from different organisms function as dimers or tetramers, which can lead to aggregation of 

protein in the cell [10]. Protein aggregates can cause cytotoxicity, limiting the biological 

applications of those fluorescent proteins. The development of monomeric proteins helped 

mitigate problems stemming from protein dimerization [11, 12] and more accurately 

functioned as protein-level reporters for genetically-encoded fluorescent tags [13] allowing 

for diversification of their applications.

Knock-in gene-expression or fusion-protein reporters can greatly improve the identification 

of cell populations where conventional surface marker profiling fails. The development of 

more sophisticated fluorescent proteins with a wide range of excitation and emission spectra 

have facilitated increasingly complex flow cytometry assays [14]. However, existing data on 

flow cytometry tested fluorescent proteins is quickly becoming outdated, as new fluorescent 

proteins are developed almost every year, with at least 28 new proteins developed in the last 

five years [15–41]. Review articles cover reported fluorescent protein characteristics for flow 

cytometry and microscopy, but comprehensive individual and combinatorial experimental 

testing in a cytometer is minimal[10, 42–44]. All of these factors make choosing a 

multicolor panel useful for knock-in gene-expression or fusion-protein reporters difficult, 

because the optimal combination of fluorescent proteins is unclear.

In order to address the need for concise data on the flow cytometric properties of fluorescent 

proteins that can be used for knock-in gene-expression or fusion-protein reporters, we 

selected a panel of 13 monomeric fluorescent proteins to examine: Venus [45], monomeric 

Infrared Fluorescent Protein (mIFP) [41], Long Stokes Shift monomeric Orange 

(LssmOrange) [46], Tag Red Fluorescent Protein 657 (TagRFP657) [47], monomeric 

Orange2 (mOrange2) [48], monomeric Apple(mApple) [48], Sapphire [49], monomeric Tag 

Blue Fluorescent Protein (mTagBFP2) [50], tdTomato [11], monomeric Cherry (mCherry) 

[11], Enhanced Yellow Fluorescent Protein (EYFP) [51], monomeric Cerulean3 

(mCerulean3) [52], and Enhanced Green Fluorescent Protein (EGFP) [53]. These proteins 

were chosen because they can be excited with common laser lines used in flow cytometry 

and have low concatemerization. Monomeric fluorescent proteins induce lower cytotoxicity, 

so these fluorescent proteins can be used for biological assays. Moreover, their monomeric 

nature also allows them to function as fusion proteins. Comparable assessments of 

combinations of fluorescent proteins exist for microscopy, underscoring the need for similar 

experiments in the context of flow cytometry [54]. Notably, we chose to include EGFP in the 

panel because of its widespread use and status as a gold standard fluorescent protein [10]. 

Similarly, EYFP was also included because it is a legacy reagent.

Researchers often face a dilemma in creating a new reporter mouse; which fluorescent 

protein to use. There are multiple criteria to determine efficacy of fluorescent molecules in a 

multicolor panel and include brightness, degree of fluorescence spillover and spreading 

Kleeman et al. Page 2

Cytometry A. Author manuscript; available in PMC 2021 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



error. In this study, the performance of each fluorescent protein was characterized by 

examining these factors. We demonstrate the utility of five fluorescent proteins with optimal 

characteristics for multicolor experiments, three of which can be easily used simultaneously 

(GFP or Venus, mTagBFP2 and either mIFP or TagRFP657). They can be individually 

detected even at low levels and present little spectral overlap when used together. 

Additionally, this approach can be generalized to test new fluorescent proteins as they are 

developed.

Materials and Methods

Fluorescent Proteins

Protein sequences for each of the following fluorescent proteins were obtained from their 

respective publications, and DNA sequences were synthesized with optimized codon usage 

for murine and human cells (gBLOCKs; Integrated DNA Technologies, Coralville, Iowa): 

Venus, mIFP, LssmOrange, TagRFP657, mOrange2, mApple, Sapphire, mTagBFP2 and 

mCerulean3. Notably, while the encoded proteins are the same as the published protein 

sequence, the DNA sequence encoding them is different than the published sequence. 

Overhangs were designed to flank the fluorescent proteins, 43 bp on the 5’ end and 37 bp on 

the 3’ end, in order to insert the sequences into the MSCV Puro using the NEBuilder HiFi 

DNA Assembly Kit (New England Biolabs Ipswich, MA). All MSCVpuro constructs have 

been submitted to AddGene (AG; Cambridge, MA) and are available for distribution [Venus 

(AG #96940), mIFP (AG #96951), LssmOrange (AG #96937), TagRFP657 (AG #96939), 

mOrange2 (AG #96938), mApple (AG #96934), Sapphire (AG #96950), mTagBFP2 (AG 

#96935), tdTomato (AG #97079), and mCerulean3 (AG #96936)]. NEB 5-alpha Competent 

E. coli were transformed, and DNA was prepped (Qiagen Hilden, Germany) and sequence 

verified. EYFP (pMSCV-IRES-YFP II) was a generous gift from Mohammed Azam 

(CCHMC). EGFP (MIGR1; AddGene #27490), tdTomato-N1 (Addgene #54642) and 

pMSCV-mCherry (AddGene #52114) were obtained from AddGene.

Cell Culture

Mouse Kidney Epithelial 4 (mK4) cells were a kind gift from S. Steven Potter (CCHMC). 

mK4 cells were maintained in DMEM supplemented with penicillin, streptomycin, L-

glutamine, and 10% FBS. Sub-confluent cultures were maintained. 293T (Clontech, 

Mountain View, CA) cells were maintained in Opti-MEM supplemented with L-glutamine 

and 10% FBS. Sub-confluent cultures were maintained.

Virus Production, Cell Transduction, and Cell Selection

293T cells were transfected with TransitLT1 (Mirus Madison, WI) per the manufacturers 

protocol with the following modifications. In a separate tube, 9 μg of DNA, 9 μg of PCL Eco 

and 225 μl of OptiMem were combined. 54 μl of Transit LT1 were added dropwise to 600 μl 

of OptiMem, and incubated for five minutes before DNA and Transit mix was combined and 

added to a 10cm plate with 4 million 293T cells. Similar parameters were used for 

transfecting expression constructs for two fluorescent proteins.
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To transduce mK4 cells, the DMEM media was removed and replaced with retrovirus-

containing media from the 293T cells. The cells were spun at 500g for 30 minutes, then 

placed in an incubator for 24 hours, after which the transduction was repeated. All cells 

except EGFP, mCherry, and tdTomato contained cells were then selected with DMEM 

containing puromycin (2.0 μg/ml). Cells were considered selected after >95% of non-

transduced control mK4 cells plated to similar density as the transduced mK4 cells were 

dead. mK4 cells transduced with only vectors expressing EGFP, mCherry, and tdTomato 

(without puromycin resistance) were flow cytometry sorted with a 100 μm nozzle at 25 psi 

using a BD Biosciences FACSAria II (San Jose, CA) equipped with 5 lasers (355, 405, 488, 

561 and 640 nm) which is located in the CCHMC Research Flow Cytometry Core (RFCC). 

Instrument setup and QC was performed by core facility staff per manufacturer instructions. 

Positive cells were collected and expanded.

Imaging

Imaging of the cells was performed using the Nikon A1R LUN-V Inverted Confocal 

Microscope with 6-laser lines (405nm, 445nm, 488nm, 514nm, 561nm, 647nm) and GaAsP 

detectors located in the CCHMC Confocal Imaging Core (CIC). Cells were treated with 

trypsin and plated on a #1.5 cover-glass bottom 48 well plate. Cells were imaged 48 hours 

after plating. Imaging was conducted utilizing the parameters indicated in Table 1.

Flow Cytometry and Data Analysis

Flow cytometry was conducted using a BD LSRFortessa located in the CCHMC Research 

Flow Cytometry Core (RFCC). Instrument QC was performed daily by core facility staff, 

per manufacturer instructions. The instrument configuration consisted of 5 lasers (355 nm 

(20mW), 405 nm (50mW), 488 nm (50mW), 561 nm (50mW), and 640 nm (40mW)) and 20 

parameters (FSC, SSC and 18 fluorescence detectors) with optical filters as listed in Table 1. 

Prior to analysis, cells were washed twice in PBS with 2% Fetal Bovine Serum and then 

filtered. Non-transfected or non-transduced cells were used as a negative control. Data files 

were exported and analyzed via FlowJo v10.4 (FlowJo LLC). Sensitivity Index (SI) gives a 

value for the detection sensitivity of a fluorescent protein using a specific laser and filter set. 

We calculated SI using the following formula: SI = (median fluorescent cells - median non-

expressing cells) / (robust SD) where robust SD = (84 percentile non-expressing cells) / 

(median non-expressing cells) [17]. Spillover spread [55] was calculated in FlowJo.

Results

Imaging of Fluorescent Protein Expression by Microscopy

A murine kidney cell line (mK4) was transduced with viral vectors expressing each of the 

fluorescent proteins (Table 1). Cells were examined via confocal microscope (Fig 1A) by 

plating into individual wells of a #1.5 cover-glass bottom 48 well plate in indicator-dye-free 

media. Laser exposure was minimized to avoid photobleaching of the fluorescent proteins. 

The PMT gains were adjusted so that fluorescence intensity was within the linear range of 

the PMT detectors across fluorescent proteins. As expected, each well containing transduced 

cells displayed detectable fluorescence (Table 1).
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Characterization of Individual Fluorescent Proteins by Flow Cytometry

Once we confirmed fluorescent protein expression via microscopy, we assessed each protein 

utilizing flow cytometry. All fluorescent protein expression was driven by the MSCV-

retroviral-vector LTR to achieve similar protein levels. To compare the relative brightness of 

each protein, we calculated the Sensitivity Index (SI) as indicated in the histogram plots of 

each in select channels (Fig 1B). SI gives a value for the detection sensitivity of a 

fluorescent protein when using a specific laser and filter set. SI is also influenced by 

instrument sensitivity and PMT voltage as well as auto-fluorescence based on cell type. To 

observe signal and predict potential spillover we acquired data in all commonly used 

channels. We noted that mCherry and tdTomato displayed the best detection sensitivity in 

their indicated channels. EGFP, mApple and Venus displayed a moderate level of sensitivity 

compared to the other proteins. LssmOrange, mTagBFP2 and mIFP displayed a lower level 

of sensitivity while Sapphire, EYFP, Cerulean and TagRFP657 had the lowest sensitivity of 

the proteins tested. From these results, we concluded that the fluorescent proteins with the 

highest SI values were the best candidates as reporters for low expression targets. However, 

we observed contribution into neighboring PMTs for some of the fluorescent proteins. To 

determine the best candidates that would minimize fluorescence spillover in a multicolor 

flow panel, we focused on commonly used fluorescent proteins that were distributed over 

405 nm, 488 nm, 640 nm and 561 nm lasers. EGFP, Venus, EYFP, mCherry, mApple and 

tdTomato were chosen because their prevalence in literature. With the 488 and 561 nm lasers 

occupied by the aforementioned proteins, we focused on mTagBFP2 for the 405 nm laser 

and TagRFP657, and mIFP for the 640 nm laser.

Co-Expression of Fluorescent Proteins Revealed Five Optimal Proteins

293T cells were transduced with combinations of viral vectors and fluorescence was assayed 

after 48 hours. We assessed the feasibility of detecting a single fluorescence signal when co-

expressing two fluorescent proteins in one cell as well as testing that coexpression did not 

affect the expression of either fluorescent protein. We wanted to identify proteins with 

relatively low fluorescence spillover and spreading error to facilitate detection of low-level 

signals and to allow easy implementation into multicolor flow panels. To assess spectral 

overlap and the efficacy of combining certain fluorescent proteins into a single panel, we 

calculated compensation values and a spillover spreading matrix (SSM) (Fig 2A, 

Supplementary Table 1, Supplementary Fig 2). EGFP, a fluorescent protein with relatively 

high SI, displayed little spectral overlap or spillover spreading with every combination 

except for TagBFP2, with only moderate compensation and spillover spreading (3.0% and 

1.97). In addition, no other proteins exhibited significant spillover nor spreading into the 

GFP channel indicating that eGFP and any of the other proteins tested can be coexpressed 

without significant impact on resolution. Venus and YFP also exhibited little spectral overlap 

or spillover spreading into the other channels, however YFP expression was much dimmer 

than that of Venus and eGFP. Based on this data, eGFP and Venus are most compatible in a 

multicolor panel. Both mCherry and mApple contributed significant fluorescence spillover 

and spreading into the red laser channel used to detect TagRFP657 and mIFP. Spreading 

error was also very high for mApple into the violet laser used to detect mTagBFP2. In 

contrast, dTomato performed moderately better in this combination. While dTomato is 

detected in a separate channel than mCherry, there is significant overlap and it is preferable 
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to use dTomato and not both. Both TagRFP657 and mIFP presented little spectral overlap or 

spreading error in combination with the other fluorescent proteins. But as these fluorescent 

proteins are detected in the same channel, only one can be utilized. We note that TagRFP657 

has a higher SI (Fig 1) and, therefore, is preferable over mIFP. Finally, mTagBFP2, while 

only moderately bright based on the SI, was easily compatible with the other fluorescent 

proteins based on its spectral overlap and minimal spillover spreading. Alternative filter 

selections made the detection of individual signals from EGFP-Venus and EGFP-EYFP 

signals co-expressing cells possible (Fig 2B). As expected, separation of Venus and EYFP 

when they are co-expressed is not possible. Alternate filters selections also allowed for the 

separation of mCherry-mApple signals, as well as TagRFP657-mIFP signals at high 

fluorescence intensities (Fig 2B). Detecting mCherry-tdTomato co-expressing cells with 

different filters showed a slight increase in separation from the original filter choices. Most 

of the fluorescent proteins tested could be expressed with, and separated from, each other. 

Care should be taken not to combine fluorescent proteins that heavily contribute to or have 

high spillover spread in other channels in use. From these data, EGFP, Venus, mTagBFP2, 

TagRFP657 and mIFP emerge as the best candidates for creating a multicolor flow panel 

(Fig 2). We suggest that 3 fluorescent proteins can be easily combined (EGFP or Venus, 

mTagBFP2 and either mIFP or TagRFP657) without significant compensation or spillover 

spread (Supplementary Table 1).

Discussion

Generating knock-in gene-expression or fusion-protein reporters is now more tractable 

because of recent advances in genome engineering. The objective of this study was to 

provide flow cytometry data on common fluorescent proteins to understand their utility in 

multicolor flow panels consisting of more than one knock-in reporter. To construct this list, 

we selected fluorescent proteins that would fit a general cytometer, and opted for monomeric 

proteins so that they could be utilized as fusion proteins. Importantly, we wanted to ensure 

that the fluorescent proteins could function as accurate reporters even when expressed at low 

levels (in the context of a second or third fluorescent protein).

Both EGFP and Venus demonstrated good performance and compatibility with relatively 

high SI values, minimal spectral overlap and low spillover spread values. We note that 

mApple, tdTomato, and mCherry, while having high SI, exhibited spillover into adjacent 

PMTs, and have the highest spillover spread values of the fluorescent proteins from Fig 2 

making them less desirable, particularly for resolving dim signals. Specifically, five proteins: 

EGFP, Venus, mTagBFP2, mIFP, and TagRFP657, can be easily utilized (EGFP or Venus, 

mTagBFP2 and either mIFP or TagRFP657). Venus represents a good alternative to EGFP in 

a multicolor panel. mTagBFP2 is especially versatile based on the data shown here.

While our initial question concerned selection of optimal fluorescent proteins to use for 

generating new reporter constructs, these data can also inform combinations of existing 

reporters. For example, if EGFP must be used, the most optimal combination would be 

EGFP, mTagBFP2, and mTagRFP657. While EYFP is outdated and relatively dim, it could 

be easily combined with the fluorescent proteins tested here. tdTomato and EGFP also make 

a good combination due to minimal spillover and spreading error. Moreover, the 
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compensation values illustrated within the plots in Figure 2 demonstrate other possible two-

color combinations that could be separated easily. The purpose of our study, however, was to 

identify fluorescent proteins which work exceptionally well together with a minimal need to 

apply compensation and while resolving low intensity expression. We suggest that three 

fluorescent proteins can easily be combined and more colors can be selected based on the 

data shown. While sensitivity, spectral overlap and spillover spread will be similar in 

cytometers with similar configurations, instrument variations may effect the performance of 

fluorescent proteins. Autofluorescence contributed by cell type is also an important 

consideration since it will directly effect the sensitivity index of the fluorescent protein and, 

therefore, resolution of dim signals. Additionally, the approach described here can be used to 

evaluate newer proteins such as mScarlet or mNeonGreen [17, 33]. These are similar to 

mApple and Venus (respectively) and while they are reportedly bright, utility in multicolor 

panels would need to be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 –. Analysis of fluorescent protein brightness and spectral overlap.
(A) Representative confocal images of mK4 cells transduced with a viral vector encoding a 

single fluorescent protein. (B) Colored bars represent laser wavelengths (as noted). Emission 

filters used to detect fluorescent proteins listed in colored bar. Details of optical 

configuration found in Table 1. Histograms generated from data on mK4 cells transduced 

with a viral vector encoding a single fluorescent protein. Bolded histograms (with small 

black box) indicate detection channel for the fluorescent protein based on its reported max 

excitation and emission spectra. Sensitivity Index (SI) for each fluorescent protein is 

indicated (top right of histogram), and was calculated as described in the Materials and 

Methods. No compensation was applied to allow visualization of spectral overlap levels in 

the other channels.
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Figure 2 –. Specificity of fluorescent protein co-expression.
Colored bars represent laser wavelengths (inset, left). Emission filters used to detect 

fluorescent proteins listed in colored bar. (A-B) Viral vectors expressing the two fluorescent 

proteins indicated were co-transfected in 293T cells alone or together. Plots for co-

expression (orange) were overlaid with single fluorescent protein expression data (red or 

blue). (A) Compensation values are indicated, however, plots are displayed without 

compensation applied. (B) Alternative emission filters for the detection of EYFP/Venus with 

EGFP; RFP657 with mIFP; mApple with mCherry; and mCherry with tdTomato. No 

compensation was applied to allow visualization of spectral overlap levels in the other 

channels.
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Table 1 –

List of fluorescent proteins used in the panel. Properties of lasers and filters used in flow cytometry and 

confocal microscopy experiments are listed. Alternative filters designate a filter change performed to separate 

fluorescent proteins which would otherwise be detected in the same channel.

Fluorescent 
Protein

Excitation 
Maximum 

(nm)

Emission 
Maximum 

(nm)
Cytometer 
Channel

Cytometer 
Excitation 
Laser (nm)

Cytometer 
LongPass 

Filter (nm)

Cytometer 
BandPass 

Filter (nm)

Confocal 
Excitation 

Laser

Confocal 
Emission 

Filter

mTagBFP2 399 454 Pacific Blue 405 N/A 450/50 405nm
BP 425–475 

450/50

mCeruleanS 433 475 Pacific Blue 405 N/A 450/50 445nm
BP 465–505 

485/40

Sapphire 399 511 BV510 405 505 525/50 405nm
BP 500–550 

525/50

LssmOrange 437 572 BV510 405 505 525/50 488nm
BP 570–620 

595/50

EGFP 488 507 FITC 488 505 530/30 488nm
BP 500–550 

525/50

EGFP 
(alternative 

filter) 488 507 FITC 488 495 510/20 N/A N/A

Venus 515 528 FITC 488 505 530/30 5l4nm
BP 518–558 

538/40

Venus 
(alternative 

filter) 515 528 PerCP 488 525 540/20 N/A N/A

EYFP 513 527 FITC 488 505 530/30 5l4nm
BP 518–558 

538/40

mOrange2 549 565 PE 561 575 582/15 561nm
BP 570–620 

595/50

mApple 568 592 PE 561 575 582/15 561nm
BP 570–620 

595/50

tdTomato 554 581 PE 561 575 582/15 561nm
BP 570–620 

595/50

mCherry 587 610 PI 561 600 610/20 561nm
BP 570–620 

595/50

TagRFP657 611 657 APC-Cy5.5 640 690 710/50 647nm 660nm LP

mIFP 683 704 APC-Cy5.5 640 690 710/50 647nm 660nm LP
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