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Background: Development of spectrally distinct green
fluorescent protein (GFP) variants has allowed for simultaneous flow cytometric detection of two different colored
mutants expressed in a single cell. However, the dual-laser
methods employed in such experiments are not widely
applicable since they require a specific, expensive laser,
and single-laser analysis at 488 nm exhibits considerable
spectral overlap. The purpose of this work was to evaluate
detection of enhanced cyan fluorescent protein (ECFP) in
combination with the enhanced green (EGFP) and enhanced
yellow (EYFP) fluorescent proteins by flow cytometry.
Methods: Cells transfected with expression constructs for
EGFP, EYFP, or ECFP were analyzed by flow cytometry
using excitation wavelengths at 458, 488, or 514 nm.
Fluorescence signals were separated with a custom optical
filter configuration: 525 nm shortpass and 500 nm long-

pass dichroics; 480/30 (ECFP), 510/20 (EGFP) and 550/30
(EYFP) bandpasses; 458 nm laser blocking filters.
Results: All three fluorescent proteins when expressed
individually or in combination in living cells were excited
by the 458 nm laser line and their corresponding signals
could be electronically compensated in real time.
Conclusions: This method demonstrates the detection of
three fluorescent proteins expressed simultaneously in living
cells using single laser excitation and is applicable for use on
flow cytometers equipped with a tunable argon ion laser. Cytometry 37:68–73, 1999. r 1999 Wiley-Liss, Inc.

The green fluorescent protein (GFP) (reviewed in 1) has
become a powerful tool in both mammalian and microbiological systems for a multitude of applications, including
assessment of gene expression, protein trafficking, or
localization and general cell labeling (2–7). The wild type
GFP (wtGFP) has a complex excitation spectrum with
major and minor absorption peaks at 395 and 475 nm,
respectively, but exhibits a single emission peak at 510 nm
(8). The fluorescence of wtGFP can be observed by
spectroscopy, fluorimetry, and fluorescence microscopy.
However, its utility in flow cytometry is limited because
most flow cytometers are not equipped with an excitation
wavelength at 395 nm, and the intensity of the fluorescence emission for wtGFP is low following excitation at
488 or 351–364 nm (9–11). However, site directed mutations of the GFP fluorophore have yielded additional GFP
molecules with enhanced spectral properties (12–14).
Some of these GFP mutants exhibit altered excitation
spectra with unimodal absorption in either the blue or

violet region of the spectrum and a corresponding emission at 510 nm (10,15,16). One of the most useful mutants
is the ‘‘red-shifted’’ GFP variant resulting from a serine to
threonine substitution at amino acid 65 which displays
increases in extinction coefficient and quantum yield
compared to wtGFP when excited at 488 nm (17,18). This
enhanced-GFP (EGFP) is now widely used in flow cytometry for many different applications including cell sorting,
gene therapy, and the identification of transfected cells
during cell cycle analysis (19–23). Recently, additional
EGFP variants have been constructed that, as well as
retaining high quantum yields, have excitation and emission maxima shifted to different regions of the visible
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spectrum. Two such mutants are the enhanced cyan
fluorescent protein (ECFP) and the enhanced yellow
fluorescent protein (EYFP). ECFP and EYFP have absorption peaks at 453 and 513 nm, respectively, which closely
match the commonly available excitation wavelengths of
the argon ion laser utilized on most standard flow
cytometers.
Imaging any one of these three fluorescent proteins
(EGFP, EYFP, ECFP) by microscopy is straightforward
provided that the correct filter sets are employed. However, dual and triple labeling experiments, especially with
EGFP and EYFP, are difficult due to the spectral overlap of
these signals (24). Flow cytometers allow for electronic
compensation of the spectral overlap arising from different
fluorochromes and this should provide for the ability to
detect and resolve these fluorescent proteins when expressed in cells either alone or in combination. Here, a
method is presented for the simultaneous detection of
ECFP, EGFP and EYFP in living cells using single-laser
excitation at 458 nm. This protocol is applicable for use on
flow cytometers equipped with a tunable multiline argon
ion laser and should increase the utility of these fluorescent proteins for all types of biological applications.
MATERIALS AND METHODS
Plasmids, Cells and Transfections
The pEGFPN-1, pEYFPN-1 and pECFPN-1 are from
ClonTech (Palo Alto, CA). U-2 OS cells and primary human
foreskin fibroblasts (PHFF) were maintained in DMEM
(Sigma, St. Louis, MO) containing 10% FBS (Hyclone
Laboratories Inc., Logan, UT). U-2 OS or PHFF cells were
transfected with 5 µg of the indicated plasmid(s) by
electroporation as described previously (19). For flow
cytometric analysis, cells were collected by trypsinization,
resuspended in PBS and analyzed immediately.
Flow Cytometry
Cells were analyzed for fluorescence using a FACS
Vantage (Becton Dickinson Immunocytometry Systems,
San Jose, CA) equipped with Coherent Innova 300, Spectrum and dye lasers (Coherent Inc, Santa Clara, CA). The
OmniCompensation option permitting interlaser compensation was used for dual laser analysis. For single laser
analysis, the primary laser (Innova 300) was tuned to 458
or 488 nm. For dual laser analysis, the second laser
(Spectrum) was tuned to 488 or 514 nm. Laser output
powers were set at 50 mW and verified using a power
meter (Coherent, model 210).
The ECFP fluorescence signal was separated from the
EGFP and EYFP fluorescence with a 500 nm longpass
dichroic (LPDi) and collected with a 480/30 nm bandpass
(BP) filter. The EGFP and EYFP signals were separated with
a 525 nm shortpass dichroic (SPDi) and collected with a
510/20 nm BP and 550/30 nm BP, respectively, as described previously (25). A 458 nm longpass laser blocking
(LPLB) filter was placed in front of each of the bandpass
filters. All optical filters were purchased from Omega
Optical (Brattleboro, VT).
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Table 1
Excitation and Emission Maxima for ECFP, EGFP and EYFP*
Protein
ECFP
EGFP
EYFP

Color
Cyan
Green
Yellow-green

Excitation
maximum (nm)
433, 453
490
513

Emission
maximum (nm)
475
509
527

*Data from ref. (26).

RESULTS AND DISCUSSION
Initially, U-2 OS cells transfected separately with each
expression construct for the three fluorescent proteins
were analyzed by flow cytometry to determine the optimal
excitation wavelength and optical configuration for the
system. The excitation maximum for each of the fluorescent proteins has been previously determined (26) and is
summarized in Table 1. Using single laser analysis, ECFP
was excited well at 458 nm producing bright fluorescence
collected at 480 nm (Fig. 1A). The EGFP fluorescence,
collected at 510 nm, was detected following excitation at
458 or 488 nm. In each case, bright fluorescence was
observed with resolution of the different levels of EGFP
expression (Fig. 1B,C). The percentage of EGFP(⫹) cells
detected at either excitation wavelength was comparable,
but the mean fluorescence intensity (MFI) was higher
when excited at 488 nm (Table 2). As expected, the EYFP
fluorescence was optimal following excitation at 514 nm
with some loss of fluorescence observed following excitation at 488 nm (Fig. 1E, F). Interestingly, when cells
expressing EYFP were analyzed with excitation at 458 nm,
a bright emission signal detected at 550 nm was still
observed (Fig. 1D). The percentage of EYFP-expressing
cells detected at each of these three excitation wavelengths was comparable, but the MFI of these positive cells
decreased 2.5- and 9-fold when excited at 488 and 458 nm,
respectively, when compared to excitation at 514 nm
(Table 2). Excitation of EYFP was achieved even though
the protein shows less than 35% of maximum absorbance
at 488 nm and 12% at 458 nm (25). The ability to detect the
EYFP fluorescence following excitation at 458 nm may
also be due to the lower levels of autofluorescence at
wavelengths below 488 nm (27–29). Indeed, this was
observed as being a major factor in the ability to achieve
increased signal resolution from blue-emitting fluorochromes when using the 407 nm line from the violetenhanced krypton laser (9,15).
U-2 OS cells that expressed two fluorescent proteins
were also analyzed. Either cells expressing a single type of
fluorescent protein were co-cultured after transfection
(mixed) or cells were cotransfected with equal amounts of
each of the indicated expression plasmids (cotransfected).
For the mixed samples separately expressing pairs of
fluorescent proteins ECFP/EGFP, EGFP/EYFP, or ECFP/
EYFP, all fluorescence signals were well resolved when
excited at 458 nm, but the latter pair exhibited less
spectral overlap as seen from analysis of the uncompensated data (Fig.2A1–A3). This suggests that for dual color
analysis, ECFP and EYFP may provide for better resolution
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Table 2
Quantitation of the Expression of EGFP, EYFP or ECFP in U-2
OS Cells by Flow Cytometric Analysis Using Three Separate
Excitation Wavelengths*
Fluorescent
protein
ECFP
EGFP
EYFP

Parameter
FL3
FL1
FL2

Excitation
wavelength
(nm)
458
458
488
458
488
514

Percent
positives
29.4
47.9
48.1
51.9
52.3
52.9

MFIa
(positives)
207.4
195.0
317.3
92.9
322.0
878.6

*Data are representative of three experiments. Cells were
analyzed for fluorescence at each excitation wavelength with
detector settings constant. The percentage of cells positive for
fluorescence was determined by comparison to cells transfected
with control vector pSP72.
aMFI, mean fluorescence intensity (arbitrary units).

FIG. 1. Flow cytometric analysis of U-2 OS cells expressing EGFP, EYFP,
or ECFP. Cells were transfected with pECFPN-1 (A), pEGFPN-1 (B,C) or
pEYFPN-1 (D–F), harvested 48 h later and analyzed for fluorescence on a
FACS Vantage using an excitation wavelength at 458 nm (A,B,D), 488 nm
(C,E) or 514 nm (F) at 50 mW. The ECFP fluorescence emission was
separated with a 500 LPDi and collected as the FL3 parameter with a
480/30 BP filter. The EGFP (FL1) and EYFP (FL2) signals were separated
with a 525 SPDi and collected with a 510/20 BP and a 550/30 BP,
respectively. For each analysis, the respective laser blocking filter was
placed in front of the BP filter. The data are representative of three
experiments.

than ECFP and EGFP or EGFP and EYFP. However, the
signals from all three pairs of fluorescent proteins could be
compensated and the single color subpopulations resolved
(Fig.2B1–B3). Analysis of cotransfected samples expressing two fluorescent proteins indicated that the double-

positive and single-positive subpopulations could also be
resolved for each pair of fluorescent proteins expressed in
combination (Fig.2C1–C3). Identical results were observed with the PHFF cells (not shown).
Additionally, the ability to analyze expression of three
fluorescent proteins simultaneously was then determined
using single or dual laser excitation. Once again, both
mixed and cotransfected samples of either U-2 OS or PHFF
cells were utilized. Single laser excitation of the three
fluorescent proteins was performed using a 458 nm laser
line. Typical instrument settings used for this analysis of
the PHFF cells are given in Table 3. Note that it is
important to be able to independently compensate the
spectral overlap between FL1 (EGFP) and FL3 (ECFP). All
three fluorescence signals could be resolved and compensated in real time, which allows for optimal identification
of the possible multicolor combinations for the PHFF cells
(Fig. 3). A dual laser analysis with configurations for the
first and second lasers tuned to either 458 and 488 nm or
458 and 514 nm was also employed. The initial configuration was used to collect ECFP excited at 458 nm and EGFP
and EYFP excited at 488 nm, whereas the latter configuration was used to excite ECFP and EGFP at 458 nm and
EYFP at 514 nm. Due to the excitation of one or more
fluorescent proteins in both lasers, crossbeam compensation was required to eliminate this spectral overlap (not
shown). However, it was not possible to compensate the
fluorescence emission of the EYFP (a second laser parameter) that resulted from actual excitation of EYFP by the
first laser, producing spectral overlap with the EGFP signal
(a first laser parameter). Although it may be performed in
software after acquisition, this would preclude the ability
to accurately sort any subpopulations of cells expressing
the EYFP. This suggests that the ability to simultaneously
quantitate the expression of EGFP, EYFP, and ECFP using
single laser excitation is preferable. Identical results were
obtained with U-2 OS cells (not shown).
The development of fluorescent proteins with diversity
in their spectral properties has provided for the ability to
independently analyze expression of two reporter con-
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FIG. 2. Flow cytometric analysis of two fluorescent proteins expressed in U-2 OS cells using excitation at 458 nm. Co-cultured (mixed) cells expressing a
single fluorescent protein or cells cotransfected with equal amounts of each of two of the expression plasmids for EGFP, EYFP, and ECFP were analyzed for
fluorescence as described. For the mixed samples, two-color dotplots illustrating the spectral overlap of EGFP, EYFP and ECFP fluorescence are shown
(uncompensated data: A1–A3). When compensation is applied (B1–B3), the fluorescence emissions of these fluorescent proteins can be completely
resolved. Two-color analysis (compensated) of cells cotransfected with expression plasmids for pairs of the fluorescent proteins (C1–C3) indicates that cells
expressing two of the fluorescent proteins simultaneously can be resolved from the single-positive cells for each pair of fluorescent proteins expressed in
combination. Data are representative of three experiments. Due to the bright fluorescence of cells which appear in the upper channel or just off scale,
compensation required to eliminate spectral overlap resulted in an apparent over-compensation of cells expressing intermediate levels of the fluorescent
proteins. However, this does not limit resolution of the EGFP, EYFP, or ECFP fluorescence signals.

structs within a single cell. This has been demonstrated
using a dual-laser, flow cytometric technique (10,15,30)
but requires that each fluorescent protein be excited by a
separate wavelength. These techniques have required the
use of either a 407 nm line from the violet-enhanced
krypton laser or ultraviolet (351–364 nm) excitation. More
recently, dual-color flow cytometric analysis of cells expressing EGFP and EYFP was demonstrated using a single
488 nm laser line and a custom set of optics for optimal
resolution of the fluorescence signals (25). Here, we
describe a method to assess the expression of EGFP, EYFP,
and ECFP in live cells using one excitation wavelength at
458 nm. Although the excitation spectrum of EYFP suggests that it has minimal absorbance at 458 nm, practical

Table 3
Instrument Settings for Simultaneous Analysis of Three
Fluorescent Proteins Expressed by PHFF Cells Using SingleLaser (458 nm) Flow Cytometry*

Parameter
FL1
FL2
FL3

Fluorescent
Protein
EGFP
EYFP
ECFP

PMT
Voltage
400
400
575

Compensation
(⫺%FL1)
—
51.6
45.6

(⫺%FL2)
55.6
—
3.4

(⫺%FL3)
58.4
28.2
—

*Parameter settings were adjusted for cells expressing each of
the fluorescent proteins to position fluorescence signals on scale.
Compensation was set using CellQuest software and OmniCompensation. This allows for the spectral overlap of the FL1 and FL3
signals to be adjusted independently of the FL2 parameter.
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FIG. 3. Simultaneous analysis of three fluorescent proteins expressed in PHFF cells using single-laser excitation at 458 nm. PHFF cells cotransfected with
pEGFPN-1, pEYFPN-1, and pECFPN-1 were cultured for 48 h and subsequently analyzed for fluorescence on a FACS Vantage using an argon ion laser tuned to
458 nm at 50 mW. Compensation for spectral overlap was set using cells expressing each fluorescent protein individually with CellQuest software and
OmniCompensation. The dual-parameter dotplots for EGFP versus EYFP (A), EGFP versus ECFP (B), and EYFP versus ECFP (C) are shown. Cells expressing
all three fluorescent proteins [EGFP(⫹)/ECFP(⫹)/EYFP(⫹)] simultaneously are shown in gray. The possible subpopulations were enumerated by Boolean
gate logic: EGFP(⫹)/ECFP(⫺)/EYFP(⫺) ⫽ 4.8% ; EGFP(⫺)/ECFP(⫹)/EYFP(⫺) ⫽1.4%; EGFP(⫺)/ECFP(⫺)/EYFP(⫹) ⫽ 5.2%; EGFP(⫹)/ECFP(⫹)/EYFP(⫺) ⫽
1.6%; EGFP(⫹)/ECFP(⫺)/EYFP(⫹) ⫽ 8.0%; EGFP(⫺)/ECFP(⫹)/EYFP(⫹) ⫽1.6%; EGFP(⫹)/ECFP(⫹)/EYFP(⫹) ⫽ 13.2%.

examination indicates that EYFP can be excited well in the
violet-blue region of the spectrum producing bright emission at 550 nm (Fig. 1D). However, the intensity of
fluorescence is reduced compared to excitation at 514 nm
(Fig. 1F), so this may place limitations on the use of the
EYFP when excited at 458 nm. It may be preferable to use
EYFP in cases when expression levels are expected to be
high analogous to the manner in which bright and dim
fluorochromes are matched for the detection of low or
high density antigens, respectively (31).
This method provides clear advantages for the analysis
of EGFP and its variants since the 458 nm laser line is
available on flow cytometers equipped with a tunable
argon ion laser. Furthermore, since the EGFP, EYFP and
ECFP fluorescence signals are collected over a narrow
range of wavelengths from 480 to 550 nm, a wide band of
the spectrum is still available for multicolor analysis (32) in
combination with other fluorochromes that could be
excited in a second and/or third laser configuration. The
ability to simultaneously quantitate expression of fluorescent proteins other than EGFP may be particularly useful
in analyses where EGFP is already employed to label or
identify specific cell types. Thus, EYFP and ECFP could
then be used to study gene expression or protein localization in such EGFP-positive cells using single laser excitation.
ACKNOWLEDGMENTS
We would like to thank Tom Shenk for critical review of
the manuscript. This work was supported by NIH grant
number CA 38965 awarded to TS. RFK is a fellow of the
Leukemia Society of America.
LITERATURE CITED
1. Tsien RY. The green fluorescent protein. Annu Rev Biochem 1998;67:
509–544.

2. Wang S, Hazelrigg T. Implications for bcd mRNA localization from
spatial distribution of exu protein in Drosophila oogenesis. Nature
1994;369:400–403.
3. Flach J, Silver PA. A yeast RNA-binding protein shuttles between the
nucleus and cytoplasm. Mol Cell Biol 1994;14:8399–8407.
4. Cole NB, Smith CL, Sciaky N, Teraski M, Edidin M, LippincottSchwartz J. Diffusional mobility of Golgi proteins in membranes of
living cells. Science 1996;273:797–801.
5. Valdivia RH, Hromockyj AE, Monack D, Ramakrishnan L, Falkow S.
Applications for green fluorescent protein (GFP) in the study of
host-pathogen interactions. Gene 1996;173:47–52.
6. Cormack BP, Bertram G, Egerton M, Gow NA, Falkow S, Brown AJ.
Yeast-enhanced green fluorescent protein (yEGFP) a reporter of gene
expression in Candida albicans. Microbiology 1997;143(pt2):303–
311.
7. Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. ‘‘Green
Mice’’ as a source of ubiquitous green cells. FEBS Lett 1997;407(3):313–
319.
8. Heim R, Prasher DC, Tsien RY. Wavelength mutations and posttranslational autooxidation of green fluorescent protein. Proc Natl Acad Sci
(USA) 1994;91:12501–12504.
9. Ropp JD, Donahue CJ, Wolfgang-Kimball D, Hooley JJ, Chin JYW,
Hoffman RA, Cuthbertson RA, Bauer KD. Aequorea green fluorescent
protein analysis by flow cytometry. Cytometry 1995;21:309–317.
10. Ropp JD, Donahue CJ, Wolfgang-Kimball D, Hooley JJ, Chin JYW,
Cuthbertson RA, Bauer KD. Aequorea green fluorescent protein:
simultaneous analysis of wild-type and blue-fluorescing mutants by
flow cytometry. Cytometry 1996; 24:284–288.
11. Yang TT, Cheng L, Kain SR. Optimized codon usage and chromophore mutations provide enhanced sensitivity with the green fluorescent protein. Nucleic Acids Res. 1996;24:4592–4593.
12. Li X, Zhang G, Ngo N, Zhao X, Kain SR, Huang CC. Deletions of the
Aequorea victoria green fluorescent protein define the minimal
domain required for fluorescence. J Biol Chem 1997;272:28545–
28549.
13. Wachter RM, Elsliger MA, Kallio K, Hanson GT, Remington SJ.
Structural basis of spectral shifts in the yellow-emission variants of
green fluorescent protein. Structure 1998;6:1267–1277.
14. Cubitt AB, Woollenweber LA, Heim R. Understanding structurefunction relationships in the aequorea victoria green fluorescent
protein. In: Sullivan KF, Kay SA editors, Methods in cell biology. San
Diego: Academic Press; 1999. Vol 58, p 19–30.
15. Anderson MT, Tjioe IM, Lorincz MC, Parks DR, Herzenberg LA, Nolan
GP, Herzenberg LA. Simultaneous fluorescence-activated cell sorter
analysis of two distinct transcriptional elements within a single cell
using engineered green fluorescent proteins. Proc Natl Acad Sci USA
1996;93:8508–8511.

SINGLE-LASER (458 NM) ANALYSIS OF EGFP, EYFP, AND ECFP
16. Anderson MT, Baumgarth N, Haughland RP, Gerstein RM, Tjioe T,
Herzenberg LA, Herzenberg LA. Pairs of violet-light-excited fluorochromes for flow cytometric analysis. Cytometry 1998;33:435–444.
17. Heim R, Cubitt AB, Tsien RY. Improved green fluorescence [letter].
Nature 1995;373:663–664.
18. Cormack BP, Valdivia RH, Falkow S. FACS-optimized mutants of the
green fluorescent protein (GFP). Gene 1996;173:33–38.
19. Kalejta RF, Shenk T, Beavis AJ. Use of a membrane-localized green
fluorescent protein allows simultaneous identification of transfected
cells and cell cycle analysis by flow cytometry. Cytometry 1997;29:286–
291.
20. Kalejta RF, Brideau AD, Banfield BW, Beavis AJ. An integral membrane
green fluorescent protein marker, Us9-GFP, is quantitatively retained
in cells during propidium iodide-based cell cycle analysis by flow
cytometry. Exp Cell Res 1999;248:322–328.
21. Jiang W, Hunter T. Analysis of cell cycle profiles in transfected cells
using a membrane-targeted GFP. BioTechniques 1998;24:348–354.
22. Galbraith DW, Anderson MT, Herzenberg LA. Flow cytometric analysis and FACS sorting of cells based on GFP accumulation. In: Sullivan
KF, Kay SA editors. Methods in cell biology. San Diego: Academic
Press; 1999. Vol 58, p 315–341.
23. Pestov DG, Polonskaia M, Lau LF. Flow cytometric analysis of the cell
cycle in transfected cells without cell fixation. BioTechniques 1999;26:
102–105.
24. Haseloff J. GFP variants for multispectral imaging of living cells. In:

25.
26.
27.
28.
29.
30.
31.

32.

73

Sullivan KF, Kay SA editors: Methods in cell biology. San Diego:
Academic Press; 1999. Vol 58, p 139–151.
Lybarger L, Dempsey D, Patterson GH, Piston DW, Kain SR, Chervenak R. Dual-color flow cytometric detection of fluorescent proteins
using single-laser (488-nm) excitation. Cytometry 1998;31:147–152.
ClonTechniques 1998;13(3):24, (web:gfp.clontech.com), ClonTech
Inc, Palo Alto, CA.
Aubin, JE. Autofluorescence of viable cultured mammalian cells. J
Histochem Cytochem 1979;27:36–43.
Thorell B. Flow cytometric analysis of cellular endogenous fluorescence simultaneously with emission from exogenous fluorochromes,
light scatter and absorption. Cytometry 1981;2:39–43.
Thorell B. Flow cytometric monitoring of intracellular flavins simultaneously with NAD(P)H levels. Cytometry 1983;4:61–65.
Stauber RH, Horei K, Carney P, Hudson EA, Tarasova NI, Gaitanaris
GA, Pavlakis GN. Development and applications of enhanced green
fluorescent protein mutants. BioTechniques 1998;24:462–471.
Zola H. High-sensitivity immunofluorescence/flow cytometry: Detection of cytokine receptors and other low-abundance membrane
molecules. In: Robinson JP, Darzynkiewcz Z, Dean PH, Dressler LG,
Rabinovitch PS, Stewart CC, Tanke HJ, Wheeless LL editors, Current
Protocols in Flow Cytometry. New York: John Wiley and Sons, Inc;
1998. Vol 1, p 6.3.1–6.3.13.
Beavis AJ, Pennline KJ. Detection of cell surface antigens using
antibody-conjugated fluorescent particles: Application for six-colour
immunofluorescence. BioTechniques 1996;21:498–503.

