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ABSTRACT The synthesis of a novel class of reagents for fluorescence analyses of molecules and cells
is reported. These compounds consist of a highly fluorescent phycobiliprotein conjugated to a
molecule having biological specificity. Phycoerythrin-immunoglobulin, phycoerythrin-protein A, and
phycoerythrin-avidin conjugates were prepared. These conjugates bind specifically to beads contain-
ing a covalently attached target molecule and render them highly fluorescent. Femtomole (107'°
mole) quantities of phycoerythrin conjugates can be detected because of the high extinction
coefficient (em = 2.4 X 10° cm™" M~ for 2.4 x 10° daltons) and high fluorescence quantum yield (Q
= 0.8) of the phycobiliprotein moiety. An important feature of these conjugates is that they emit in
the orange-red spectral region, where background fluorescence is less than at shorter wavelengths.
Phycoerythrin conjugates are well-suited for two-color flow cytofluorimetric analyses employing a
single excitation line. The distributions of Leu antigens (also called OKT antigens) on the surface of
T-lymphocytes were analyzed using fluoresceinated antibody as the green-fluorescent stain and
biotinylated antibody counter-stained with phycoerythrin-avidin as the red one. This one-laser two-
color analysis showed that cells express Leu-3a and Leu-3b or neither antigen. In contrast, the
distributions of Leu-2a (a marker of suppressor and cytotoxic T-cells) and Leu-3a (a marker of helper
and inducer T-cells) are mutually exclusive. These studies show that phycobiliprotein conjugates can
be applied to fluorescence-activated cell sorting and analysis, fluorescence microscopy, and fluores-

cence immunoassay.

Single-cell analysis and sorting by flow cytofluorimetry, fluo-
rescence microscopy, and other fluorescence techniques are
important methods in cell biology (1-4). The scope and value
of these experimental approaches are closely tied to the avail-
ability of suitable fluorescent probes. In particular, there is a
need for orange and red-fluorescent probes to complement
fluorescein, a green emitter, in analyzing for multiple markers
on cells and macromolecules. Rhodamine and other currently
available longer wavelength emitters are not optimal in this
regard. For example, fluorescein and rhodamine cannot both
be excited with high efficiency by a single laser line. It seemed
to us that phycobiliproteins, a naturally occurring family of
highly fluorescent macromolecules, could serve as the fluores-
cent moieties of a broad range of specific reagents for analyses
of cells and molecules. Phycobiliproteins are constituents of
the light-harvesting apparatus of blue-green bacteria, red algae,
and cryptomonads (5, 6). The light energy absorbed by these
proteins is funneled by dipole-dipole energy transfer to chlo-
rophyll and then used in photosynthesis. Some characteristics
of phycobiliproteins that make them well-suited for fluores-
cence analyses are: (@) they contain multiple bilin chromo-
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phores and hence have extremely high absorbance coefficients
over a wide spectral range (Table I); (b) they have high
fluorescence quantum yields (~0.8) that are constant over a
broad pH range; (c) their strong visible absorption bands start
at ~440 nm and their intense emission bands begin at 550 nm
and extend into the red (Fig. 1); (4) their fluorescence is not
quenched by most biomolecules; (¢} they are highly soluble in
aqueous solution; and (/) they are stable in solution and in
solid state and can be stored for long periods.

We report here the synthesis of conjugates of phycobilipro-
teins with molecules having biological specificity—namely,
immunoglobulins, protein A, biotin, and avidin. These conju-
gates, which have the desirable fluorescence properties of the
native phycobiliprotein, can be used for a variety of fluores-
cence analyses. Here we show that phycobiliprotein conjugates
are excellent reagents for two-color fluorescence analyses of
single cells using a fluorescence-activated cell sorter (FACS).
The distributions of Leu antigens (also known as OKT anti-
gens), a family of proteins on the surface of human T-lympho-
cytes (14-19), were analyzed using fluorescein as the green
emitter and phycoerythrin as the red emitter by staining with
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TABLE |
Spectroscopic Properties of Representative Phycobiliproteins

Absarption Emission
eM'cm™
Protein* Mol wt x 1073 Amax % 107%) AlE, Amax Q References
nm nm
R-Phycoerythrin 240 565 19.6 81.7 578 0.82 7,8

B-Phycoerythrin 240 545 241 100.4 575 0.98 9,10

C-Phycocyanin 36.7 620 2.81 76.5 650 0.51 11,12

Allophycocyanin 33 650 2.32 70.3 660 0.68 10,13
* The molecular weights given are those of the phycobiliprotein at high dilution in phosphate-buffered saline. For sources of these proteins, see the references

cited.

1.2T A c-PC (NH,).80,. All of the above steps were carried out at 4°C. The precipitate was
collected by centrifugation, resuspended in 60% of saturation (NH,).SO, in 50
1.0 mM sodium phosphate, pH 7.0, and slurried with DEAE-cellulose (microgranu-
lar; Whatman, Inc., Chemical Separation Div., Clifton, NJ). The slurry was
packed into a column. The column was developed stepwise with decreasing
° 0.8 concentrations of (NHs),50, in 50 mM sodium phosphate, pH 7.0, down to 10%
g of saturation. At that point elution was completed with 200 mM sodium phos-
g 0.6 phate, pH 7.0. The phycoerythrin eluted between 10% saturation (NH,),$0,-50
2 mM sodium phosphate, pH 7.0, and 200 mM sodium phosphate, pH 7.0. The
< eluate was concentrated by (NH.),SO. precipitation, re-dissolved in 50 mM
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FIGURE 1 (A) Absorption and {B) fluorescence emission spectra of
R-phycoerythrin (R-PE), C-phycocyanin (C-PC), and allophycocy-
anin (AP).

(a) a fluoresceinated antibody directed against a particular Leu
antigen, and (b) a biotinylated antibody against a different Leu
antigen, followed by phycoerythrin-avidin. The densities of
pairs of Leu antigens on the surface of individual cells were
determined by measuring the green and red fluorescence emit-
ted by cells excited with a single laser line.

MATERIALS AND METHODS
Preparation of Phycobiliproteins

R-phycoerythrin was purified from red algae, Gastroclonium coulteri (Rho-
dymeniales), which were collected from Stillwater Cove, Monterey Peninsula,
CA. The fresh algal tissue was washed with distilled water, suspended in 50 mM
sodium-phosphate buffer at pH 7.0, and blended for 3 min at the highest speed
setting of an Osterizer blender. The homogenate was filtered through several
layers of cheese cloth and residual particulate matter removed by low speed
centrifugation. The supernatant was brought to 60% of saturation with solid
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sodium phosphate, pH 7.0, and (NH,);SO, added to 10% of saturation at 4°C.
The protein crystallized under these conditions upon standing at 4°C. The
purification and characterization of this R-phycoerythrin will be described in
detail elsewhere (D. J. Lundell and A. N. Glazer, manuscript in preparation).

Synechococcus 6301 C-phycocyanin (20), Anabaena variabilis allophycocyanin
(21), and B-phycoerythrin (9) were prepared as described previously.

Preparation of Phycoerythrin-Avidin

A 50 pl aliquot of 1 mg/ml N-hydroxysuccinimidobiotin (Sigma Chemical
Co., St. Louis, MO or Biosearch, San Rafael, CA) in dimethylsulfoxide was
added to 1 ml of 2.7 mg/ml R-phycoerythrin (or B-phycoerythrin) in 50 mM
sodium phosphate, pH 7.5, to give a reagent/phycoerythrin molar ratio of 13.
The use of avidin and biotin in labeling studies has been described previously
(22, 23). After 90 min at room temperature, the reaction was quenched by the
addition of 10 gl, 100 mM glycyl-glycine, pH 7.5, and then dialyzed for 3 d at
4°C against 50 mM sodium phosphate, pH 6.8. 1 ml of this mixture of biotinylated
phycoerythrin (Biot-PE) and unmodified phycoerythrin was added slowly with
stirring to 1 ml of 5 mg/ml avidin in the same buffer. The molar ratio of
tetrameric avidin to phycoerythrin was 20. This mixture of phycoerythrin-avidin
conjugates (PE-avidin), phycoerythrin, and avidin was fractionated by high-
pressure liquid chromatography.

Preparation of Phycoerythrin-Immunoglobulin
G (PE-1gG)

Thiolated phycoerythrin was prepared by the addition of 600 ul of 15.5 mg/
ml iminothiolane hydrochloride (Sigma Chemical Co.) (24) to 1.2 ml of 3.6 mg/
ml R-phycoerythrin in 125 mM sodium phosphate, pH 6.8. After 90 min at room
temperature, the reaction mixture was dialyzed overnight at 4°C against 50 mM
sodium phosphate, pH 6.8, and then for 2 d against pH 7.5 buffer. Titration of an
aliquot with 5,5-dithiobis-(2-nitrobenzoic acid) showed that the average content
of sulfhydryl groups per phycoerythrin molecule was 8.

A 30-ut aliquot of 1.1 mg/ml N-succinimidy! 3-(2-pyridylthio)-propionate
(SPDP) (Pharmacia Fine Chemicals, Piscataway, NJ) (25) in ethanol was added
to 700 ul of 4.2 mg/ml immunoglobulin G in 50 mM sodium phosphate, pH 7.5.
The immunoglobulin was a monoclonal y1 mouse anti-allotype antibody having
specificity for the a allotype of the mouse y2a subclass (26). The molar ratio of
SPDP to IgG was 5.3. The reaction was allowed to proceed for 2.5 h at room
temperature. Thiolated phycoerythrin (400 pl of 1.7 mg/m! in the same buffer)
was added to 500 ul of this reaction mixture. The molar ratio of activated IgG to
thiolated phycoerythrin was 4.7. After 12 h at room temperature, 100 ul of 80
mM sodium iodoacetate was added to block any remaining sulfhydryl groups.

Preparation of Phycoerythrin-Protein A

To 0.5 ml B-phycoerythrin (4.08 mg/ml) in 0.1 M sodium phosphate-0.1 M
NaCl, pH 7.4, 10 pl of SPDP in anhydrous methanol (2.65 mg SPDP/ml) was
added to give an SPDP/protein molar ratio of 10. The reaction was allowed to



proceed at 22°C for 50 min and was terminated by applying the reaction mixture
to a column of Sephadex G-25 (1.0 X 17 cm) equilibrated with 100 mM sodium
phosphate-0.1 M NaCl, pH 7.4. The phycoerythrin peak, eluted with the same
buffer, was collected and stored at 4°C.

To 0.5 ml protein A (Sigma Chemical Co.) from Staphylococcus aureus (27,
28), 2 mg/ml, in 100 mM sodium phosphate-100 mM NacCl, pH 7.4, 2.6 ul of the
above methanolic SPDP solution was added to give an SPDP/protein molar ratio
of 9.5. After 40 min at 22°C, the reaction was terminated by the addition of 25
ul of 1 M dithiothreitol in the pH 7.4 buffer. After 25 min at 22°C, the reaction
mixture was subjected to gel filtration as described above and the protein A peak
collected.

Appropriate volumes of the phycoerythrin-S8-S-pyridyl derivative and of the
thiolated protein A were mixed to give a molar ratio of phycoerythrin to protein
A of 1:2. The reaction mixture contained 0.77 mg phycoerythrin/ml and 0.27 mg
of protein A/ml. After 6 h at 22°C, the reaction mixture was stored at 4°C, and
the phycoerythrin-protein A conjugate generated in this manner was used without
further purification.

Preparation of Target Beads

IgG-Sepharose beads were prepared by adding 1.2 ml of 5.2 mg/ml IgG to 2
ml of a slurry of CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals). The
immunoglobulin was a mouse y2a myeloma antibody of the a allotype (29). After
2 h of end-over-end mixing at room temperature, the reaction was quenched by
the addition of 2 ml 1 M glycine, pH 7.5. The beads were then washed
exhaustively. Ovalbumin-Sepharose beads and avidin-Sepharose beads were
prepared similarly. Biotin-Sepharose beads were prepared by reacting ovalbumin-
Sepharose beads with N-hydroxysuccinimidobiotin.

Spectroscopic Measurements

Absorption spectra were obtained on a Beckman model 25 spectrophotometer
(Beckman Instruments, Inc., Fullerton, CA). Fluorescence spectra were obtained
on a Perkin-Elmer model 44B fluorimeter equipped with a DCSCU-2 corrected
emission spectra unit, or on a Spex Fluorolog instrument. Fluorescence micros-
copy was carried out using a Zeiss Universal microscope with epi-illumination
optics.

High-pressure Liquid Chromatography

Coupling reactions were followed by high-pressure liquid chromatography on
a Waters instrument with a Varian G3000SW gel filtration column which
separates molecules primarily according to their hydrodynamic radii. For analy-
ses, 20 pg protein was applied in a volume of 10-20 ul. In preparative experiments,
750 pl of sample was applied and 400-pl fractions were collected. The eluting-
buffer was 200 mM sodium phosphate, pH 6.8, and the flow rate was 1 ml/min.

Fluorescence Staining of Lymphocytes

Human peripheral blood leukocytes were prepared using Ficoll-Hypaque
gradients. Viability counts of the cells recovered were done by staining the cells
with acridine orange and ethidium bromide and counting fluorescent cells with
a fluorescence microscope using standard fluorescein optics. This dye combina-
tion stains live cells green and dead cells orange-red (30). Cell preparations were
always >95% viable.

The anti-Leu antibodies used in this study were all monoclonally derived
hybridoma antibodies kindly provided by the Becton, Dickinson & Co. Mono-
clonal Center (Mountain View, CA). The green fluorescence signal came from
directly fluoresceinated antibodies. The red fluorescence signal came from bioti-
nylated antibodies counter-stained with phycoerythrin-avidin. Fluorescent anti-
body staining was done in one or two steps. Directly fluoresceinated antibodies
were incubated with 10° cells in 50 pl of HEPES-buffered (10 mM) RPMI-1640
medium (deficient in phenol red and biotin) containing 5% (vol/vol) horse serum
and 0.02% (wt/vol) azide for 20 min on ice. The amount of antibody added had
been previously determined to be optimal for staining this number of cells. For
two-color staining, both the directly fluoresceinated antibody and the biotinylated
antibody were incubated with 10° cells in 50 gl of medium for 20 min on ice.
After washing the cells twice with medium, the phycoerythrin-avidin conjugate
was added to the cells in 50 pl of medium. This mixture was incubated for an
additional 20 min on ice before finally washing the cells three times in medium.
Cells were resuspended in 0.5 ml of medium for fluorescence analyses using the
fluorescence-activated cell sorter.

Fluorescence-activated Cell Analyses

A modified Becton, Dickinson & Co. Fluorescence-activated Cell Sorter
(FACS II) was used for fluorescence analyses of single cells. A 560 nm dichroic

mirror divided the emission into a shorter wavelength component (the “green”
channel) and a longer wavelength component (the “red” channel). Logarithmic
amplifiers with a 3.5 decade logarithmic range were used for both channels;
hence our fluorescence intensity data are shown on a logarithmic rather than a
linear scale. Electronic compensation (31) corrected for fluorescein spillover into
the red channel and for phycoerythrin spillover into the green channel. These
corrected signals will be referred to as green and red fluorescence. Our fluores-
cence data are displayed as contour maps which resemble topographic maps. The
contour lines depict cell density on a linear scale. The number of cells in a region
of the map is proportional to the volume represented by the contours in that
region. The computer program that acquires and displays FACS data in this
manner was written by Wayne Moore (Stanford University) and will be described
in detail elsewhere.

RESULTS

Phycoerythrin can readily be coupled to other proteins. The
PE-avidin conjugate was prepared by biotinylating phycoery-
thrin and then adding an excess of avidin. An average of one
biotin per phycoerythrin was incorporated when a 13-fold
molar excess of N-hydroxysuccinimidobiotin was reacted with
phycoerythrin for 90 min. The reaction mixture obtained upon
subsequent addition of a large excess of avidin was analyzed
by high-pressure liquid chromatography (Fig. 2). Phycoery-
thrin-avidin conjugates eluted first, followed by phycoerythrin
and biotinylated phycoerythrin and then by avidin, as expected
on the basis of their hydrodynamic radii. As shown, in Fig.
2 C, the reaction mixture contained a substantial amount of
PE-avidin conjugates (peaks / and 2), in addition to phycoer-
ythrin (peak 3) and avidin (peak 4). It seems likely that peak
2 corresponds to a conjugate containing one avidin molecule
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FiGure 2 High-pressure liquid chromatography elution profiles of
(A) biotinylated phycoerythrin (Biot-PE), (B) avidin, (C) a mixture
of Biot-PE and avidin, and (D) fraction 2 from the chromatographic
run shown in C. The labels on the peaks denote: 1, void volume
fraction containing phycoerythrin-avidin conjugates; 2, included
volume fraction containing phycoerythrin-avidin conjugates; 3, un-
modified or biotinylated phycoerythrin; and 4, avidin.
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joined to one molecule of biotinylated phycoerythrin, whereas
peak ! and the region between peaks / and 2 consist of
conjugates made up of three or more protein molecules. Frac-
tions corresponding to peak 2 were collected and pooled. The
elution pattern of these pooled fractions is shown in Fig. 2 D.
The major species is PE-avidin. Some unreacted phycoerythrin
and a small amount of unreacted avidin (the shoulder labeled
4) remained after this fractionation step. The capacity of this
PE-avidin preparation for biotin was tested by adding it to
biotin-Sepharose beads. These stained beads displayed intense
orange-red fluorescence characteristic of phycoerythin. The
prior addition of avidin to biotin-Sepharose beads, or of biotin
to the PE-avidin conjugate, blocked the binding of PE-avidin
to these beads, as evidenced by the fact that they appeared
dark under the fluorescence microscope. Likewise, biotin-Seph-
arose beads stained with either phycoerythrin or biotinylated
phycoerythrin did not fluoresce in the orange-red spectral
region. These experiments, as well as the fluorescence-activated
cell analyses to be discussed shortly, demonstrate that the PE-
avidin conjugate binds specifically to biotin and biotinylated
molecules. Furthermore, the quantum yield and emission spec-
trum of the PE-avidin conjugates are virtually the same as
those of native phycoerythrin. A 1 ml sample of 107* M
phycoerythrin (or phycoerythrin conjugate) excited at 520 nm
gives a fluorescence signal at 576 nm that is twice as large as
the Raman scattering at 631 nm from water. Thus, 107'° mole
of phycoerythrin in a standard fluorescence cuvet can readily
be detected.

It is of interest to compare the fluorescence intensity of
phycoerythrin with that of fluorescein. The fluorescence inten-
sity of a dilute solution of a chromophore is proportional to
ceQ, where c is the molar absorbance coefficient at the excita-
tion wavelength, and Q is the fluorescence quantum yield. For
excitation at 488 nm (an argon-ion laser line): € = 1.28 X 10°
cem™! M~ and Q = 0.82 for phycoerythrin; and € = 8 X 10*
em™ M~! and Q = 0.9 for fluorescein. Hence, a solution of
phycoerythrin excited at 488 nm has a fluorescence intensity
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FIGURE 3 Two-color fluorescence-activated cell sorting analysis of
human peripheral blood lymphocytes. (A) PE-avidin control; (B)
fluorescein-stained for Leu-3b; (C) phycoerythrin-stained for Leu-
3a; (D) stained for both Leu-3a and Leu-3b. The stain for Leu-3b
was a fluorescein-labeled anti-Leu-3b antibody. The stain for Leu-
3a was a biotinylated anti-Leu-3a antibody, followed by PE-avidin.
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14.5 as high as that of an equimolar solution of fluorescein.
The observed intensity ratio depends also on the efficiency of
the detection system with respect to emission wavelength. A
phycoerythrin/fluorescein intensity ratio of 10 was measured
when equimolar solutions of these substances were flowed
through the cell sorter. We estimate that 10° molecules of
phycoerythrin bound to a cell could be detected in flow cytom-
etry experiments.

IgG-Sepharose beads displayed bright orange-red fluores-
cence after staining with the phycoerythrin-protein A conju-
gate, as anticipated, since protein A is known to bind to the F.
portion of mouse y2a immunoglobulins (27, 28). This staining
of the beads was inhibited by the addition of soluble IgG2a.
Likewise, the conjugate of phycoerythrin with a monoclonal
anti-allotype antibody stained Sepharose beads containing co-
valently attached target immunoglobulin. These beads did not
become fluorescent if soluble target immunoglobulin was
added first to the phycoerythrin-antibody conjugate, or if
soluble anti-allotype antibody was added first to the beads.
Thus, the specific binding characteristics of protein A and of
the anti-allotype antibody were retained in their conjugates
with phycoerythrin.

The PE-avidin conjugate was used as the red-fluorescent
stain in two-color fluorescence-activated cell analyses. We
investigated the distribution of Leu antigens (OKT antigens)
on the surface of human T-lymphocytes.' Leu-1 and Leu-4 are
known to be present on all T-cells, whereas Leu-2a and Leu-
2b are associated with suppressor and cytotoxic T cells, and
Leu-3a and Leu-3b with helper and inducer T cells. The
densities of Leu-1, Leu-2a, Leu-3b, and Leu-4 were determined
by staining cells with a fluoresceinated antibody specific for
one of these antigens and measuring the green fluorescence of
these cells. The density of Leu-3a was ascertained by staining
T-lymphocytes with biotinylated antibody specific for Leu-3a,
followed by PE-avidin, and measuring the red fluorescence.
The two-color analysis of T-lymphocytes for Len-3a and Leu-
3b is shown in Fig. 3. The control experiment, in which cells
were stained with PE-avidin but not with an antibody, is shown
in Fig. 3 4. The peak near the origin of this plot arises from the
autofluorescence of these cells, inasmuch as unstained cells
give the same pattern. Thus, PE-avidin has virtually no affinity
for these cells. The result of staining these cells with fluores-
ceinated anti-Leu-3b is shown in Fig. 3B. Two peaks are
evident: the one near the origin arises from cells (~50%) devoid
of Leu-3b on their surface, whereas the other comes from cells
(~50%) expressing Leu-3b. The green signal is 50 times as
bright as the autofluorescence of the Leu-3b negative cells,
whereas their red signals are the same. The converse result,
shown in Fig. 3C, was obtained when T-lymphocytes were
stained with biotinylated anti-Leu-3a, followed by PE-avidin.
The red fluorescence of cells containing Leu-3a on their surface
is 30 times as high as that of negative cells, whereas the green
signals of these two populations are the same. The result of a
simultaneous analysis for Leu-3a and Leu-3b is shown in Fig.
3 D. The peak near the origin arises from cells that express
neither antigen. The other peak comes from cells that contain
both Leu-3a and Leu-3b. In other words, every cell that
expresses Leu-3a also expressed Leu-3b, and vice versa. This
binding is expected, because 3a and 3b are known to be
nonoverlapping determinants on the same protein molecule.

! The identity of Leu and OKT antigens has recently been determined
(17): Leu-1 = OKTI; Leu-2 = OKTS8; Leu-3 = OKT4; and Leu-4 =
OKT 3.
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FIGURE 4 Two-color fluorescence-activated cell sorting analyses of
human peripheral blood lymphocytes. The patterns on the left side
of the figure are for cells stained with fluoresceinated antibody
specific for (A) Leu-1, (C) Leu-2a, and (£) Leu-4. The patterns on
the right side of the figure are for cells additionatly stained with a
biotinylated anti-Leu-3a antibody, followed by PE-avidin. Thus, B is
stained for Leu-1 and Leu-3a, D for Leu-2a at Leu-3a, and F for Leu-
4 and Leu-3a. The pattern for cells stained only for Leu-3a is given
in Fig. 3 C.

Two-color fluorescence-activated cell analyses of the distri-
bution of Leu-3a relative to Leu-1, Leu-2a, and Leu-4 on
human peripheral blood lymphocytes were also carried out.
The profiles of cells stained only with fluoresceinated antibody
specific for one of these antigens (green fluorescence) are
shown on the left side of Fig. 4, whereas the right side of that
figure shows the profiles for cells additionally stained with
biotinylated anti-Leu-3a followed by PE-avidin (red fluores-
cence). The Leu | staining pattern (Fig. 44) indicates that
~60% of peripheral blood lymphocytes from this donor are T-
cells because the Leu-1 antigen is known to be present on all
human peripheral T-cells. The profile obtained by also staining
for Leu-3a (Fig. 4 B) shows that not all T-cells bear the Leu-3a
antigen. About 80% of the T-cells carry Leu-3a and Leu-I.
These doubly-positive ceils include the helper and inducer T-
cell subpopulations. A different result was obtained for the
distribution of Leu-2a and Leu-3a. As shown in Fig. 4 C, only
10% of all lymphocytes analyzed express Leu-2a, an antigen
known to be associated with the suppressor and cytotoxic T-
cell subpopulations. The profile shown in Fig. 4 D demonstrates
that a T-cell expresses Leu-2a or Leu-3a but not both antigens.
This mutual exclusion is in harmony with the fact that a
particular T-cell may be either a suppressor-cytotoxic or a
helper-inducer cell, but not both (17, 18). The distribution of
Leu-4 (Fig. 4 E) is similar to that of Leu-1, as expected because
Leu-4 is known to be present on all human peripheral T-cells

(16, 17). As shown in Fig. 4 F, all cells positive for Leu-3a are
also positive for Leu-4.

DISCUSSION

These experiments show that phycobiliprotein conjugates are
a valuable class of fluorescent reagents for analyses of mole-
cules and cells. The fluorescence-activated cell analyses de-
picted in Figs. 3 and 4 demonstrate that phycoerythrin conju-
gates can be used together with fluorescein-labeled reagents for
two-color analyses. The high extinction coefficient of phycoer-
ythrin at 488 nm, the position of an argon-ion laser line, makes
it possible to simultaneously excite fluorescein and phycoery-
thrin with high efficiency. Their fluorescence emission maxima
lie at 515 and 576 nm, respectively, and so their emission
contributions can readily be separated by appropriate filters.
An argon-ion laser and a rhodamine 6G dye laser have recently
been used to carry out two-color analyses with fluorescein and
Texas Red as labels (R. Hardy, K. Hayaleawa, J. Haaijman,
and L. A. Herzenberg, manuscript submitted for publication).
An advantage of using phycoerythrin is that a single laser line
suffices for two-color analyses. Phycobiliprotein conjugates
open up the possibility of carrying out three-parameter analyses
with two laser sources. For example, allophycocyanin could
serve as the third fluorescent chromophore. In such a three-
color experiment, fluorescein and phycoerythrin could be ex-
cited by the 488 nm argon-ion line, and allophycocyanin by
the 625 nm output of a dye laser (or by a krypton or helium-
neon laser). The absorption and emission spectra of phycobi-
liproteins (Fig. 1) point to the possibility of four-color analyses
if C-phycocyanin conjugates were also employed. The scope
and power of fluorescence-activated cell analyses and sorting
will undoubtedly be enhanced by the feasibility of detecting
multiple distinctive fluorescence signals. For example, chang-
ing patterns of cell-surface antigens in differentiation and in
disease states could be monitored by multi-colored fluorescence
analyses. A case in point is that some malignant T-cell lines
express both the Leu-2a and Leu-3a antigens (17). A fluores-
cein-phycoerythrin two-color analysis of the kind shown in
Fig. 4 D would readily detect such aberrant cells. Three and
four-parameter cell analyses might be even more revealing.

The bead-staining experiments reported here suggest that
phycobiliprotein conjugates are well-suited for fluorescence
immunoassays. The fluorescence of femtomole quantities of
phycobiliproteins such as phycoerythrin can readily be de-
tected. Furthermore, background fluorescence from body fluids
and supporting media, diminishes markedly in going to the red
end of the spectrum. The orange-red emission of phycobilipro-
teins is particularly advantageous in this regard. Our conjuga-
tion experiments show that phycobiliproteins can readily be
linked by standard coupling reactions to immunogiobulins,
protein A, biotin, and avidin. We think it likely that phycobi-
liproteins can be conjugated with equal facility to lectins,
toxins, hormones, growth factors and other biologically inter-
esting molecules for application to a wide range of highly
sensitive fluorescence analyses.
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