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Multiparameter Flow Cytometry
of Fluorescent Protein Reporters

Teresa S. Hawley, Donald J. Herbert, Shannon S. Eaker,
and Robert G. Hawley

Summary

Reporters based on the green fluorescent protein (GFP) from the jellyfish Aequorea victoria
and GFP-like proteins from other marine organisms provide valuable tools to monitor gene
transfer and expression noninvasively in living cells. Stable cell lines were generated from the
Sp2/0-Agl4 hybridoma that express up to three spectral enhanced versions of GFP, the
enhanced cyan fluorescent protein (ECFP), the enhanced green fluorescent protein (EGFP), and
the enhanced yellow fluorescent protein (EYFP), and/or a variant of the Discosoma coral red
fluorescent protein (DsRed). The panel of lines was used to demonstrate a flow cytometric
procedure for simultaneous analysis of all four fluorescent proteins that utilizes dual-laser
excitation at 488 nm and 407 nm. Additional schemes for simultaneous detection of two, three
or four of these fluorescent proteins are also presented.
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1. Introduction

Derivatives of the green fluorescent protein (GFP) from the bioluminescent
jellyfish Aequorea victoria have been demonstrated to be convenient and sen-
sitive vital markers of transgene expression in mammalian cells, including
hematopoietic stem cells (I-9). A number of spectral variants of GFP have
been developed in mutagenesis studies that are suitable for simultaneous use in
multiparameter flow cytometric applications (I-3,8—-16). The ability to detect
multiple fluorescent proteins simultaneously by flow cytometry provides the
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opportunity to differentiate noninvasively among various cell populations, or to
assess gene function and monitor protein—protein interactions in individual cells
(8,9,17-19) (see also Chapter 10 by Pruitt et al., Chapter 14 by Galbraith et al.,
and Chapter 15 by Chan and Holmes, this volume). In this regard, we and
others have found the combination of enhanced GFP (EGFP) (3), a blue-shifted
emission variant of GFP termed enhanced cyan fluorescent protein (ECFP)
(10), and a red-shifted emission variant referred to as enhanced yellow fluo-
rescent protein (EYFP) (14) to be useful for this purpose (9,15,16).

GFP orthologs have been isolated from other bioluminescent organisms, such
as the Atlantic sea pansy Renilla reniformis (20), the Gulf of Mexico sea pansy
Renilla mulleri (21), and the sea pen Ptilosarcus gurneyi (21). However, in no
instance has it been possible to produce stable far-red fluorescent GFP deriva-
tives. It was noteworthy, therefore, when a red fluorescent protein, drFP583 (com-
monly referred to as Discosoma coral red fluorescent protein [DsRed]), was
identified among a group of GFP-like proteins discovered in nonbioluminescent
Anthozoa reef corals (22). DsRed has an emission maximum that is shifted by
more than 50 nm toward the red end of the spectrum in comparison with the
most red-shifted GFP mutant (22). Approximately 30 GFP-like proteins have
now been cloned and spectroscopically characterized (23,24). While additional
red fluorescent proteins have been identified or generated by mutagenesis of non-
fluorescent purple-blue chromoproteins (23,25-27), new versions of DsRed that
exhibit improved folding and spectral properties make them well suited for simul-
taneous multicolor flow cytometric analyses with the ECFP, EGFP, and EYFP
variants (28).

This chapter will describe the derivation of cell lines stably expressing ECFP,
EGFP, EYFP, and/or DsRed. These cell lines are used to illustrate one partic-
ular flow cytometric detection strategy for simultaneous analysis of all four of
these fluorescent proteins. Additional detection strategies for different combi-
nations of these fluorescent proteins are discussed as well.

2. Materials

1. Sp2/0-Agl4 cells (American Type Culture Collection, Manassas, VA, cat. no.
CRL-1581).

2. GP+E-86 supernatant containing retroviral vectors carrying the ECFP, EGFP,

EYFP, or DsRed fluorescent protein gene plus the bacterial neomycin resistance

(neo) gene (see Note 1).

0.45-um Sterile filters.

4. Hexadimethrine bromide (polybrene): Make up a stock solution of 1 mg/mL in
distilled water. Filter sterilize. Store at 4°C.

5. Geneticin (G418): Make up a stock solution of 40 mg/mL in distilled water. Filter
sterilize. Aliquot and store at —20°C.
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6. Growth medium for Sp2/0-Agl4: Dulbecco’s modified Eagle medium (DMEM)
with high glucose, and 5% (v/v) fetal bovine serum.
7. Growth medium for GP+E-86: DMEM with high glucose, and 10% (v/v) calf
serum.
Analysis buffer: Phosphate-buffered saline (PBS) and 2% (v/v) fetal bovine serum.
9. Flow cytometer equipped with:

a. Excitation wavelengths: 488 nm as the primary beam and 407 nm (see Note 2)
as the secondary or tertiary beam.

b. Detection optics: 488/10-nm bandpass (BP) filters, 470/20-nm BP filter,
510/20-nm BP filter, 550/30-nm BP filter, 610/20-nm BP filter, 525-nm short-
pass (SP) dichroic mirror, and 610-nm SP dichroic mirror (BD Biosciences;
Omega Optical Inc., Brattleboro, VT; see Note 3).

c. Intra- and inter-laser compensation capability (see Note 4).

10. Calibration-grade alignment beads (see Note 5).

*

3. Methods

The methods described below outline: (1) the derivation of cells stably
expressing ECFP, EGFP, EYFP, and/or DsRed; (2) simultaneous detection of all
four of these fluorescent proteins; and (3) additional schemes for simultane-
ous detection of two, three, or four of these fluorescent proteins.

3.1. Derivation of Cells Stably Expressing Individual
or Multiple Fluorescent Proteins

Configuring the flow cytometer for simultaneous detection of multiple fluo-
rescent proteins requires cells expressing the individual fluorescent protein
genes (see Note 6). In addition, cells expressing multiple fluorescent protein
genes can be used to confirm correct delineation of different populations.

3.1.1. Cells

Many cell types can be used to express stably the fluorescent protein genes.
Sp2/0-Agl4 cells were chosen because of their ease of culture.

3.1.2. Introduction of the Fluorescent Protein Genes Into Cells

Retroviral vectors were used to introduce the fluorescent protein genes into
Sp2/0-Agl4 cells. Construction of the retroviral vectors and generation of the
producer cell lines have been previously described (16). Because of space limi-
tations, they are not described here in detail. In brief, each retroviral vector was
engineered by standard recombinant DNA methodology to coexpress the fluo-
rescent protein gene and the bacterial neo gene. The latter confers resistance to
the neomycin analog G418. The retroviral vectors were transfected into GP+E-86
ecotropic packaging cells (32). Supernatant from transfected GP+E-86 cells was
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harvested and passed through 0.45-um sterile filters. Filtration removed any con-
taminating cells from the retroviral vector particles.

Sp2/0-Agl4 cells were incubated with supernatant containing ECFP, EGFP,
EYFP, or DsRed retroviral vector particles for 4 h at 37°C, in the presence of
2 ug/mL polybrene. The procedure was repeated with fresh vector supernatant.
Two days later, cells expressing individual fluorescent protein genes were
selected by the addition of 750 pg/mL of G418. In addition, cells expressing
four fluorescent protein genes were generated by incubation with mixtures
of the retroviral vector supernatants using the same transduction protocol
(see Note 7).

3.2. Simultaneous Detection of Four Fluorescent Proteins

Because of overlapping excitation spectra, multiple fluorescent proteins can
be excited by a single excitation wavelength (15). As few as two laser lines
are sufficient to excite ECFP, EGFP, EYFP, and DsRed, and we have previ-
ously described a protocol for simultaneous detection of these four fluorescent
proteins on a flow cytometer equipped with tunable lasers (16). However, the
two lasers were tuned to 458 nm and 568 nm, excitation wavelengths that are
not widely available on current commercial flow cytometers. Many flow
cytometers are equipped with lasers providing fixed excitation wavelengths,
most commonly 488 nm and 633 nm. With the recent introduction of violet
laser diodes, new flow cytometers can also provide 405/407/408-nm excitation
(exact wavelength depends on the manufacturer of the laser). These small violet
laser diodes can also be retrofitted onto existing flow cytometers. The protocol
described here for the simultaneous detection of ECFP, EGFP, EYFP, and
DsRed utilizes dual-laser excitation at 488 nm and 407 nm. It is applicable to
many flow cytometers (see also Chapter 13 by Pruitt et al., this volume).

3.2.1. Configuring the Flow Cytometer (see Note 8 and Fig. 1)

1. Install the appropriate filters in front of detectors:

488/10-nm BP filters for forward scatter (FSC) and side scatter (SSC).

470/20-nm BP filter for the detection of ECFP.

510/20-nm BP filter for the detection of EGFP.

550/30-nm BP filter for the detection of EYFP.

610/20-nm BP filter for the detection of DsRed.

525-nm SP dichroic mirror between the 510/20-nm and 550/30-nm BP filters.
g. 610-nm SP dichroic mirror between the 510/20-nm and 610/20-nm BP filters.

2. Using calibration-grade microspheres, align both lasers to obtain maximum
fluorescence intensity and minimum coefficient of variation (see Note 9).

&
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Fig. 1. Optical configuration for simultaneous detection of ECFP, EGFP, EYFP, and
DsRed using dual-laser excitation at 488 nm and 407 nm on a FACS Vantage SE/FACS-
DiVa equipped with Innova 70C-Spectrum argon-ion and Innova 302C krypton-ion
lasers. The two beams were spatially separated. The three-way split mirror directed
signals from the primary beam (488 nm) to the GFP, YFP, and DsRed detectors, and
signals from the tertiary beam (407 nm) to the CFP detector. 488/10 BP filters were
placed in front of the FSC and SSC detectors to enable triggering from the primary
beam (not shown). 470/20, 510/20, 550/30, 610/20 BP filters were used to capture
ECFP, EGFP, EYFP, and DsRed fluorescence, respectively. The 525 SP dichroic mirror
was used to separate the GFP and YFP signals. The 610 SP dichroic mirror was used
to separate the GFP/YFP and DsRed signals.




224 Hawley et al.

3.2.2. Instrument Settings on the FACSVantage SE/FACSDiVa
(see Note 10)

1. Laser power: 70 mW of 488 nm (primary beam) and 50 mW of 407 nm (tertiary
beam).

2. Voltages: CFP, 430 log; GFP, 450 log; YFP, 540 log; DsRed, 580 log.

3. Spectral overlap (%):

Colors/Channel CFP GFP YFP DsRed
CFP 100.0 2.72 1.81 0.90
GFP 0.52 100.00 43.96 11.52
YFP 0.04 58.75 100.00 33.65
DsRed 0.04 0.86 17.45 100.00

3.2.3. Data Acquisition and Analysis

1. Format a bivariate histogram correlating forward scatter (FSC) and side scatter
(SSC) using linear scales. Draw a region to exclude debris (typically low FSC
and SSC) and unhealthy cells (typically low FSC and intermediate-to-high SSC).

2. Format bivariate histograms (gated on cells of interest) encompassing all combi-
nations of fluorescence parameters using logarithmic scales.

3. Suspend cells in analysis buffer. While running the “negative” cells (cells not
expressing any fluorescent protein), adjust voltage for each fluorescence detector
so that the cells are confined to the first decade of the log scale on each his-
togram. Acquire at least 5000 events.

4. Run the following “positive” cells sequentially: cells expressing ECFP, EGFP,
EYFP, or DsRed. Acquire at least 5000 events of each sample.

5. Perform compensation among all parameters (see Note 11). A properly compen-
sated sample should have equivalent median values of fluorescence intensities for
negative and positive cells with respect to each parameter (33-35) (see Note 12).

6. Draw nonrectilinear markers to delineate different populations (see Note 13 and
Fig. 2).

7. Mix in equal proportions: Negative cells, ECFP-positive cells, EGFP-positive
cells, EYFP-positive cells and DsRed-positive cells. Run the sample. Acquire
50,000 events (Fig. 3A). Apply compensation (Fig. 3B).

8. (Optional) Mix in equal proportions: Negative cells, cells expressing individual
fluorescent proteins, and cells expressing all four fluorescent proteins. Acquire
50,000 events (Fig. 3C). Apply compensation (Fig. 3D).

3.2.4. Data Display

In cytometry, all measurements of signals are subject to at least two funda-
mental sources of variability: photon counting (counting error) and analog-to-
digital conversion (digital error), both of which are intensity dependent and
symmetric (see Note 14). Subtle but important problems result when data are
compensated and presented in a log display. Because signal compensation is a
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subtractive process, some of the events could have negative computed channel
values after compensation. If the data could be visualized adequately in linear
space, the measurement variability would manifest as an intensity-dependent
symmetric increase in the breadth of a control population. When these compen-
sated data are transformed back to a log display, negative and zero channel values
are normally set to 1, as the log function is undefined at less than or equal to 0.
This truncation of data has at least two undesirable consequences. First, the trun-
cated data are plotted on the axis and are not easily visualized in the display.
Second, the variability is no longer symmetric and, as a result, the data appear to
be undercompensated (Figs. 3D and 4A). The first problem can be circumvented
by adding a small random number to the data (Fig. 4B, WinList v5.0 “log bias”
feature). Although this feature allows the visualizaiton of events that are on the
axis, it does not address the more important problem of the loss of symmetry
and subsequent misinterpretation of the data. The second problem has been
recently solved by two new types of transforms, biexponential and hyper-log,
that have all the benefits of the log transform but are defined over the entire real
domain, which includes 0 and negative numbers (see Note 15 and cover illustra-
tion). The advantage of these transforms is that the symmetry of the measurement
error is preserved, making it far easier to visualize properly compensated data.

3.3. Additional Schemes for Simultaneous Detection
of Two, Three, or Four Fluorescent Proteins

Because of their broad excitation and emission spectra, detection of various
combinations of ECFP, EGFP, EYFP, and DsRed can be achieved with differ-
ent schemes. Some of the possibilities are described below.

3.3.1. Excitation and Emission Spectra of the Four
Fluorescent Proteins (39)

Excitation maximum (nm) Emission maximum (nm)
ECFP 434 477
EGFP 489 508
EYFP 514 527
DsRed 558 583

3.3.2. Feasible Excitation Wavelengths (nm) (see Note 16)

ECFP: 407, 413, or 458 (see Note 17).
EGFP: 458 or 488.

EYFP: 458, 488, or 514.

DsRed: 488, 514, 531, or 568.
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3.3.3. Feasible Detection Optics (nm) (see Note 18)

1. ECFP: 470/20- or 485/22-BP filter.

2. EGFP: 510/20- or 530/30-BP filter.

3. EYFP: 530/30-, 546/20-, or 550/30-BP.

4. DsRed: 585/42- or 610/20-BP filter.

5. Dichroic mirrors are used to separate the appropriate wavelengths: 500-longpass
(LP), 525-SP, 560-SP, or 610-SP filters.

6. Filters for scatter parameters: BP filters capturing the (primary) excitation

wavelength.
7. Laser line restriction band (RB) filters or notch filters, if necessary (see Note 19).

3.3.4. Feasible Detection Schemes (see Note 20)

Combination Excitation (nm)

EGFP/EYFP 488 (Fig. 5A)
EGFP/DsRed 488 (Fig. 5B)
EYFP/DsRed 488 (Fig. 5B)
ECFP/EGFP/EYFP 458 (Fig. 5C)
EGFP/EYFP/DsRed 488 (Fig. 5D)
ECFP/EYFP/DsRed 514 (primary) and 413 (tertiary) (Fig. 5E)
ECFP/EGFP/EYFP/DsRed 458 (primary) and 568 (tertiary) (Fig. 5F)
4. Notes

1. The pECFP, pEGFP-1, pEYFP-N1, and pDsRed-1 plasmids encoding ECFP, EGFP,
EYFP, and DsRed, respectively, were obtained from BD Biosciences Clontech
(Palo Alto, CA). DsRed.T1 and DsRed. T4 (developed by Benjamin Glick, Uni-
versity of Chicago, Chicago, IL) are improved versions of DsRed (28). DsRed.T1,
known commercially as DsRed-Express, is available from BD Biosciences Clon-
tech. BD Biosciences Clontech also sells other Anthozoa reef coral GFP-like pro-
teins (26,29). Other commercially available GFP-like proteins that may serve as
useful alternatives to the fluorescent proteins employed in this study include the

Fig. 3. (see opposite page) Bivariate histograms depicting simultaneous detection of
ECFP, EGFP, EYFP, and DsRed using 488-nm and 407-nm excitation as described in
Fig. 1. Data were acquired and analyzed using FACSDiVa software. A mixture of
Sp2/0-Agl4 cells and cells expressing the individual fluorescent proteins is shown
before (A) and after (B) spectral overlap compensation. A mixture of Sp2/0-Agl4
cells, cells expressing the individual fluorescent proteins and cells expressing all four
fluorescent proteins is shown before (C) and after spectral overlap compensation (D).
In addition to the markers shown in Fig. 2, nonrectilinear markers were drawn to delin-
eate double-positive populations in the first three plots (from left to right). “CG,” “GY,”
and “YR” represent ECFP/EGFP-positive, EGFP/EYFP-positive, and EYFP/DsRed-
positive, respectively. Cells expressing all four fluorescent proteins appeared as a
double-positive cluster in every histogram.
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W

*®

Vitality® humanized Renilla reniformis GFP (Ex,,,.. = 500 nm; Em,,,. = 506 nm)
distributed by Stratagene (La Jolla, CA) (20), and the humanized CopGFP™
(EXppax = 482 nm; Em,,, = 502 nm), Aequorea coerulescens AceGFP™
(EXpppax = 480 nm; Em,,,. = 505 nm) (24), and PhiYFP™ (Ex,,,,, = 525 nm;
Em,,,.. = 537 nm) fluorescent proteins marketed by Evrogen (Moscow, Russia).
The tunable water-cooled krypton-ion laser can provide 407 nm. Violet laser
diodes can provide 405, 407, or 408 nm (depending on the manufacturer), and
can be retrofitted onto existing flow cytometers (30). At present, the following
flow cytometers are equipped with (or can be upgraded as an option) air-cooled
lasers that provide excitation wavelengths including 488 nm and 405/407 nm:
LSR, LSR II, FACSAria (all from BD Biosciences, San Jose, CA), CyAn (Dako-
Cytomation, Fort Collins, CO), and CyFlow ML (Partec GmbH, Miinster, Ger-
many). The model of flow cytometer and the type of laser are not critical (31).
Chroma Technology Corp. (Rockingham, VT) is another supplier of optical filters.
Compensation for spectral overlap among all fluorescence parameters can be per-
formed by utilizing hardware user-manipulated pairwise corrections during acqui-
sition or software computer-aided calculations post-acquisition. For flow cytometers
not equipped with inter-laser compensation electronic circuitry, software post-acqui-
sition compensation is the only option. Available commercial software includes
WinList (Verity Software House, Topsham, ME), FlowJo (Tree Star Inc., San
Carlos, CA) and FCS Express (De Novo Software, Thornhill, Ontario, Canada).
Some free software can perform compensation as well. A catalog of free cytometry
software is available on the website managed by the Purdue University Cytometry
Laboratories at http://www.cyto.purdue.edu/flowcyt/software/catalog.htm.
Calibration-grade alignment beads are available from many suppliers including
Molecular Probes (Eugene, OR), Polysciences Inc. (Warrington, PA), Spherotech
Inc. (Libertyville, IL), Beckman Coulter (Miami, FL), BD Biosciences, and Bangs
Laboratories Inc. (Fishers, IN).

. The authors welcome requests for Sp2/0-Agl4 cells expressing the various

fluorescent protein genes.

(Optional) Pure populations of cells expressing all four fluorescent proteins were
isolated by fluorescence-activated cell sorting. Cell sorting was performed on a
FACS Vantage SE/FACSDiVa (BD Biosciences) equipped with two tunable lasers,
an Innova 70C-Spectrum argon-ion laser and an Innova 302C krypton-ion laser
(both from Coherent Inc., Santa Clara, CA), providing excitation wavelengths of
488 nm and 407 nm, respectively. A three-way split mirror allowed the 488-nm
beam to be directed along the first laser pathway (primary position) and the
407-nm beam along the third laser pathway (tertiary position), maximizing their
spatial separation and minimizing laser noise as well as crosstalk between the
signals. Data were acquired and analyzed using FACSDiVa software.

Cells were analyzed on the same flow cytometer as described in Note 7.
AlignFlow Plus 6-um flow cytometry alignment beads (Molecular Probes) were
used for 488-nm excitation. Fluoresbrite Calibration Grade 6-um YG microspheres
(Polysciences Inc.) were used for 407-nm excitation.
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10.

11.

12.

13.

14.

15.

The degree of spectral overlap correction depends on the voltages applied to the
detectors. Depending on laser power and the orientation of dichroic mirrors
(especially the 525 SP between the GFP and YFP detectors), comparable results
can be achieved with different settings on different instruments.

The FACSVantage SE/FACSDiVa has digital electronics. Data are stored uncom-
pensated in the linear domain. Compensation is performed by FACSDiVa soft-
ware with matrix algebra. For flow cytometers equipped with analog circuitry and
logarithmic amplifiers, compensation is performed by pulse subtraction. The per-
centages of compensation are adjusted by the user while viewing the data in a
log display during acquisition. In this case, some negative cells should be added
to each sample of positive cells so that the median values of fluorescence inten-
sity for both populations can be compared. Alternatively, compensation can be
applied using third-party software post-acquisition (see Note 4).

The photon counting statistics error is one of the errors intrinsic to the measure-
ment process. It contributes to the spread of compensated data on a log scale.
High degrees of spillover (as in the case of fluorescent proteins) and increased
number of parameters exacerbate the error, especially for high fluorescence inten-
sity populations. Consequently, visual adjustment of spectral overlap is prone to
overcompensation. Computer-aided adjustment is highly recommended (36).
Owing to the spread of compensated data on a log scale, the use of quadrant
markers will erroneously classify some single positives as double positives.
Nonrectilinear markers should be used instead.

It is beyond the scope of this chapter to describe all of the potential errors asso-
ciated with compensation. A discussion on software compensation can be found
in the classic paper by Bagwell and Adams (37).

The biexponential transform (38) is a derivative of the hyperbolic sine and its
inverse has many of the properties of the log distribution. The hyper-log transform
developed by Verity Software House (Bruce Bagwell, personal communication) is
a log-type transformation that smoothly moves from a log domain to a linear

Fig. 5. (see opposite page) Alternative optical configurations for simultaneous detec-
tion of different combinations of fluorescent proteins. Some of the optical filters shown
here represent filters that are commonly used in other applications and are supplied
with flow cytometers as standard filters. In some cases, resolution of the fluorescent
proteins can be improved by custom-designed filters. (A) Detection of EGFP and EYFP
using 488-nm excitation. (B) Detection of EGFP and DsRed, or EYFP and DsRed
using 488-nm excitation. (C) Detection of ECFP, EGFP and EYFP using 458-nm exci-
tation as described in ref. 15. (D) Detection of EGFP, EYFP, and DsRed using 488-nm
excitation. (E) Detection of ECFP, EYFP, and DsRed using 514-nm and 413-nm exci-
tation. (F) Detection of ECFP, EGFP, EYFP, and DsRed using 458-nm and 568-nm
excitation as described in ref. 16.
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domain around the first decade. In addition, the FCOM feature in WinList can be
used to define properly all combinations of fluorescence (2%, where x is the
number of fluorescence parameters). This approach is readily scalable to as many
parameters as required.

The required laser power for each wavelength depends on the detection sensitiv-
ity of the flow cytometer. In general, 15-35 mW is adequate for cuvet flow cell
detection while 50-70 mW may be necessary for stream-in-air detection. Other
factors also contribute to the efficiency of light collection. For example, lowering
the stream velocity will increase the dwell time of the particle in the laser beam
and enhance signal detection.

With the Innova 302C krypton-ion laser, the power output at 407 nm is half of that
at 413 nm. However, at 50 mW of laser power, both wavelengths of excitation
generate comparable data (data not shown).

The filter of choice for each fluorescence parameter is the one that allows the
lowest spillover signals from other fluorescent proteins while capturing adequate
signal from the primary fluorescent protein. It is not necessarily the filter that
captures the maximal primary signal. Some of the optical filters suggested here
represent filters that are commonly used in other applications (such as
immunophenotyping) and are supplied with flow cytometers as standard filters. In
some cases, resolution of the fluorescent proteins can be improved by using
custom-designed filters.

It is critical to ensure that the detection optics do not capture the excitation wave-
lengths; under certain circumstances, notch filters that block out the excitation
wavelengths should be included. For example, in the absence of a 514-nm notch
filter, using 514 nm as the excitation wavelength precludes the detection of EGFP
with a 510/20-BP filter. For simultaneous analysis of ECFP/EGFP/DsRed utiliz-
ing excitation wavelengths of 488 nm and 407 nm, a 488-nm notch filter is
required for the detection of ECFP if a 485/22 BP filter is used (31). When the
excitation wavelength is in close proximity to the wavelengths spanned by the
detection filter, addition of a laser line restriction band filter to remove stray laser
light may be required. As shown in Fig. 5F, the 568-nm RB filter ensures that
detection of EYFP with a 550/30-BP filter is free of laser noise (16). When Beavis
and Kalejta developed the detection scheme depicted in Fig. 5C, they installed
457-nm RB filters in front of all three fluorescence detectors (15).

Fluorescence resonance energy transfer studies utilizing CFP and YFP can be per-
formed with excitation wavelengths of 413 nm and 514 nm (19) (see also Chap-
ter 15 by Chan and Holmes, this volume). In addition, the detection schemes
described here can be combined (depending on the availability of detectors and
excitation wavelength) with red-shifted fluorochromes in other studies. Commonly
used red-shifted fluorochromes excited by 488 nm include PerCP-Cy5.5 and
tandem conjugates of phycoerythrin (PE); those excited by 633 nm include allo-
phycocyanin (APC) and tandem conjugates of APC. Alexa Fluor dyes and their
tandem conjugates (Molecular Probes) of the appropriate excitation and emission
wavelengths can be used as well.
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