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We demonstrate the utility of indotricarbocya-
nine (Cy7) conjugates of the phycobiliproteins phy-
coerythrin (PE) and allophycocyanin (APC) in flow
cytometry. This is the first demonstration of the use
of an APC tandem dye for fluorescence measure-
ments. These resonance energy transfer tandem
dyes can be excited by the phycobiliprotein-specific
excitation wavelengths and fluoresce at wave-
lengths above 780 nm. The tandem dyes, when con-
jugated to antibodies, are suitable for flow cytome-
try and other immunofluorescence applications.
These conjugates are easily detectable above the
very low autofluorescence in this part of the spec-
trum. Indeed, the Cy7-conjugated PE tandem
(Cy7PE) has a “brightness” (fluorescence signal

over cellular autofluorescence) comparable to that
of fluorescein, and the Cy7APC tandem has a
“brightness” comparable to that of APC. These tan-
dems are also easily distinguished from other com-
monly used fluorophores, making them suitable for
high-order multiparametric analysis. We show an
example of six-color immunofluorescence analysis
by flow cytometry, simultaneously measuring fluo-
rescences from fluorescein, PE, CySPE, Texas red,
APC, and Cy7APC. © 1996 Wiley-Liss, Inc.

Key terms: Phycoerythrin, allophycocyanin, cya-
nine, tandem dyes, resonance energy transfer, mul-
tiparameter measurements

There is always a need for more fluorophores (fluors)
that can be used in immunofluorescence applications.
New fluors should be bright (in comparison to cellular
autofluorescence at the wavelength used to detect them),
have minimal spectral overlap with other commonly used
fluors, and be readily conjugated to monoclonal antibod-
ies. These qualities are necessary for inclusion in immu-
nofluorescence assays in which multiple probes are to be
measured simultaneously. Successful fluors include small
organic molecules, such as fluorescein or Texas red, and
phycobiliproteins (PBP), such as phycoerythrin (PE) or
allophycocyanin (APC).

Cellular autofluorescence is often a limiting factor in
fluorescence detection. Therefore, considerable effort
has been spent to develop red (or infrared) fluorescent
dyes—those that emit at wavelengths longer than 600
nm. Waggoner and colleagues developed the fluorescent
molecules indodicarbocyanine (Cy5) and indotricarbo-
cyanine (Cy7) for this purpose (5,9). These fluors have
many qualities that make them extremely useful: 1) They
have a very high extinction coefficient, 2) they have a
high quantum efficiency, and 3) they emit in the red
(Cy5) and far red (Cy7). Consequently, they are very

bright when used in immunofluorescence applications.
In addition, Cy5 and Cy7 have relatively narrow excita-
tion and emission bands that overlap only minimally with
a variety of other fluors. This means that they can be used
simultaneously with several other fluors with minimal
correction for interchannel spectral overlap (i.e., fluores-
cence compensation).

Cy5, when conjugated to antibodies, requires excita-
tion at wavelengths around 630 nm [as provided by, for
instance, a helium-neon (HeNe) laser]. However, the
conjugation of the Cy5 to the phycobiliprotein PE gen-
erates a resonance-energy transfer (RET) probe. When
the emission spectrum of one fluor overlaps the excita-
tion spectrum of another, and they are sufficiently close
to each other (2—5 nm), then it is possible for the exci-
tation energy of the first fluor to be transferred to the
other through a nonradiative process termed RET (1). In
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this case, the first fluor is termed the donor, the second
the acceptor. When Cy5 is covalently linked to PE, the
tandem can be excited with 488 nm light (exciting the
donor, PE), and fluorescence emitted by Cy5 (the accep-
tor) can be detected (3,8,10).

Cy5PE has become an important fluor in flow cyto-
metric analyses. This tandem provides a very bright re-
agent that can be simultaneously used with fluorescein
and PE with excitation from a single laser line (488 nm).
These three fluors are commonly used in single-laser
flow cytometers for three-color immunofluorescence.

Development of tandem reagents is generally more dif-
ficult than development of simple fluors, primarily be-
cause of the added variable of the ratio of acceptor to
donor (A/D). In general, a high A/D yields the best trans-
fer efficiency; however, at such ratios, the acceptor often
self-quenches (resulting in lower fluorescence), and may
cause the tandem to become “sticky” and thereby have
undesired binding characteristics. Therefore, a compro-
mise between optimal transfer efficiency and optimal ac-
ceptor fluorescence is necessary.

In this report, we show that Cy7 can be conjugated to
cither PE or to another PBP, APC. In the former case, the
result is a tandem that can be excited at 488 nm (eg., by
an argon ion laser) but emits at 780 nm, a Stokes shift of
300 nm. The Cy7PE can be measured independently
from FITC, PE, and Cy5PE, providing a fourth reagent that
can be independently and simultaneously measured with
a single excitation line. The Cy7APC tandem can be ex-
cited at 600—647 nm and also emits at 780 nm. This
bright dye provides a third color for dye laser (600 nm)
excitation and a second color for HeNe (633 nm) exci-
tation. These tandems are bright (with respect to cellular
autofluorescence) and do not have significant nonspe-
cific binding characteristics.

MATERIALS AND METHODS.
Materials

We obtained succinimidyl 4-(N-maleimidomethyl)cy-
clohexane 1-carboxylate (SMCC) from Pierce (Rockford,
IL), N,N’-biscarboxypentyl-5,5'-disulfonatoindotricarbo-
cyanine (bis-Cy7; molecular weight 1001) from Amer-
sham Life Sciences (Pittsburgh PA), N-ethylmaleimide
(NEM) from Calbiochem (La Jolla, CA), and anhydrous
dimethyl sulfoxide (DMSO) from Aldrich (Milwaukee,
WI). The DMSO is kept desiccated at all times. We iso-
lated PE and APC as previously described (2); the pro-
teins are stored as saturated ammonium sulfate precipi-
tates. We obtained all other chemicals from Sigma (St.
Louis, MO).

Protein Conjugations: General Hints

Conjugations are optimal when the antibody concen-
tration and the PBP concentration are at least 2 mg/ml.
Do not add sodium azide to any of the buffers listed
below (except, if desired, the final storage buffer); how-
ever, the use of pentachlorophenol (pHix®) as a preser-
vative does not interfere with the conjugations. Never
freeze solutions containing purified or conjugated PBP. It

is often helpful to remove aggregates by centrifugation
(5,000g for 10 min) or gel filtration prior to staining
cells. This is especially true for PE conjugates.

Cy7PBP Conjugations

PE or APC was dialyzed into carbonate buffer (500 mM
sodium carbonate, pH 9.0), with a resulting concentra-
tion of at least 5 mg/ml. Absorbance spectra of the PBP
were used to determine concentration as well as purity,
Le,, contaminants such as phycocyanin (PC): For APC, 1
mg/ml has an absorbance at 655 nm of 5.9; a ratio of
absorbances at 655 to 620 of greater than 1.4 indicates
adequate removal of PC, and a ratio of absorbances at 655
to 280 of greater than 4 indicates adequate removal of
other proteins (2). For PE, 1 mg/ml has an absorbance at
565 of 8.2; a ratio of absorbances at 565 to 620 of greater
than 50 indicates adequate removal of PC, and a ratio of
absorbances at 565 to 280 of greater than 5 indicates
adequate removal of other proteins. Consistent conjuga-
tions with Cy7 require that the PBP and the Cy7 be at the
same concentration every time.

bis-Cy7 was dissolved in anhydrous DMSO at an effec-
tive concentration of 10 mg/ml (10 mM reactive dye)
immediately prior to use. The appropriate amount of bis-
Cy7 (see Table 1) was added to the PBP; the reaction
tube was rotated at room temperature for 60 min. The
Cy7-conjugated PBP (Cy7PBP) was purified by passing
the reaction mixture over a PD-10 column preequili-
brated with phosphate buffer (50 mM sodium phosphate,
1 mM EDTA, pH 7.0).

The concentration of the Cy7PBP tandem was once
again determined spectrophotometrically (using the PBP-
specific absorption bands). Also, the relative absorbance
of the Cy7 (measured at 755 nm to the PBP) was calcu-
lated to ensure an appropriate degree of conjugation (see
Results), with the assumption that the extinction coeffi-
cient of the dyes was unaltered by the conjugation pro-
cedure. A fresh solution of 10 mg/ml SMCC in anhydrous
DMSO was prepared; 11 ul per mg PE or 6 pl per mg APC
was added to the Cy7PBP. The reaction tube was ro-
tated for 60 min at room temperature. The derivatized
Cy7PBP was purified by passing the reaction mixture
over a PD-10 column preequilibrated with morpholino-
ethylsulfonic acid (MES) buffer (50 mM MES, 2 mM
EDTA, pH 6.0). The derivatized Cy7PBP is stable for ex-
tended periods (at least 8 weeks) if kept refrigerated (not
frozen); we recommend the addition of pHix to preserve
the material.

Antibody-Cy7PBP Conjugations

The IgG to be conjugated was reduced with dithiothre-
itol (DTT). A fresh solution of 1 M DTT in purified water
was prepared; 20 pl of this solution was added per mil-
liliter of IgG to make the concentration 20 mM DTT. This
solution was gently mixed and then left standing at room
temperature for 30 min. The reduced IgG was purified by
passing over a PD-10 column preequilibrated with MES
buffer. The purified IgG was immediately conjugated.

In general, optimal conjugates are obtained at IgG con-
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centrations in excess of 2 mg/ml and PBP concentrations
in excess of 2 mg/ml. We used 3.2 mg of Cy7PE or 1.5 mg
of Cy7APC per mg IgG. The reactants (both in MES
buffer) were mixed and then rotated at room tempera-
ture for 60 min. A fresh solution of 10 mg/ml NEM in
anhydrous DMSO was prepared; 3.4 .l of this solution for
every 1 mg IgG was added to the reaction mixture, and
rotation was continued for another 20 min at room tem-
perature. Finally, the Cy7PBP-IgG conjugate was purified
by passing over a PD-10 column preequilibrated with an
antibody storage buffer (for instance, 10 mM Tris, 150
mM sodium chloride, pH 8.0, with pHix®).

Cell Staining and Analysis

Peripheral blood mononuclear cells (PBMC) were ob-
tained by standard methods; at least 10° cells were used
for each stain. Antibodies (conjugated and unconjugated)
were obtained from PharMingen (La Jolla, CA), except for
fluorescein isothiocyanate (FITC) Leu7 (CD57) from
Becton Dickinson (San Jose, CA). Cells were stained on
ice for 15 min with fluorescently conjugated antibodies
and then washed three times with staining medium (bi-
otin, flavin-deficient RPMI medium supplemented with
4% fetal calf serum and 0.02% sodium azide). Routine
fluorescence-activated cell sorting (FACS) analyses were
performed on a modified FACStarPlus. Cy7 fluorescence
was collected with a gallium-arsenide photomultiplier
tube (R636; Hamamatsu), using a 50-nm-wide band-
pass filter centered at 785 nm. Data were collected by
FACS-Desk (4). Six-color analysis, requiring (interlaser)
software compensation, was performed using software
developed in our laboratory (Adam Treister, Stanford
University).

RESULTS

We conjugated Cy7 to either PE or APC in an attempt
to make novel RET dyes (tandems) for use in flow cy-
tometry. The general method was to use a primary
amino-reactive Cy7-reactive dye (i.e., the succinimidyl
ester) to react directly with the PBP. The Cy7PBP tandem
was then conjugated with the heterobifunctional linking
reagent SMCC (also reacting with primary amines). The
SMCC moiety also has a sulfhydryl-reactive maleimidyl
group, allowing for site-specific conjugation to mono-
clonal IgG after the reduction of the immunoglobulin
hinge disulfide. This manner of IgG conjugation results in
a predictable ratio of PBP to IgG as well as rarely (if ever)
interfering with the antigen-combining region.

The primary variable in making these tandems is the
ratio of Cy7 (acceptor) to PBP (donor). The highest
transfer efficiency will be obtained at the highest ratios.
However, as the number of Cy7 molecules per PBP in-
creases, the potential for self-quenching becomes
greater, resulting in less net Cy7 fluorescence. In addi-
tion, solubility of the tandem may become a problem.

Therefore, we titrated the reactive Cy7 dye in the con-
jugation reaction to obtain a range of Cy7 to PBP ratios
(Table 1). As shown is in Figure 1, the absorbance spectra
of the tandems reflect the presence of both the Cy7 and

Table 1
Cy7PBP Conjugations®
Input Conjugate
[PBP]° [bis-Cy7]° Cy7:PBP Cy7:PBP°

(mgml)  (pM)
Cy7APC conjugations
6.3

(molar ratio) (absorbance ratio)

. 260 4.6 0.59
6.3 390 6.9 0.84
6.3 530 9.2 1.20
5.4 340 7 1.03
5.4 490 10 1.37
5.4 640 13 1.77
5.4 840 17 2.38
5.4 1,080 22 3.80
83 760 10 1.86

Cy7PE conjugations
10 620 15 0.53
10 500 12 1.10
10 380 9 0.32
10 620 15 1.21
9.4 1,180 30 3.70
9.4 590 15 0.93
9.4 390 10 0.58
10 500 12 1.25
10 620 15 222
10 750 18 2.63
10 880 21 3.22
10 330 8 0.62
10 420 10 0.95
10 500 12 1.47
10 580 14 2.00

“In general, there is a very good correlation between the input
ratio of Cy7 to PBP and the resulting absorbance ratio, suggest-
ing that the available reactive sites on the PBP were not being
saturated with Cy7 at these molar ratios.

PConcentrations of APC, PE, or Cy7 during the first conjuga-
tion reaction. Generally, the total volume of the reaction was
0.5-1.0 ml (3—5 mg PBP total).

“Ratio of absorbances at 754 nm (Cy7) to 654 nm (APC) or
565 nm (PE).

the PBP moieties. The ratio of the PBP-specific absor-
bance band (565 nm for PE, 655 nm for APC) to the
Cy7-specific absorbance band (755 nm) is useful for cal-
culating the relative amounts of these two fluors present
in a mixture.

The absorbance spectra of Cy7PE conjugates do not
show appreciable differences from what would be ob-
tained from an unreacted mixture of the molecules (Fig.
1). The PE-specific absorbance bands are identical for
both the unconjugated PE and the tandem; the Cy7 ab-
sorbance band is slightly red shifted (5—10 nm), which is
commonly observed for cyanines conjugated to proteins
(L. Ernst, personal communication). There is also a slight
increase in the relative absorbance at 700 nm, which is
indicative of Cy7-dimer formation.

The spectra of the Cy7APC conjugates are also similar
to those of the unconjugated molecules (Fig. 1). How-
ever, for the APC-specific absorbance, there is a decrease
at 656 nm relative to 630 nm. This change is specific for
APC conjugated to Cy7; it was not observed for APC
conjugated to antibody or for APC reacted with SMCC
prior to conjugation with Cy7 (data not shown). Regard-
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Fic. 1. Absorbance and fluorescence spectra of Cy7, PE, APC, and
Cy7PBP tandems. The left panels focus on the Cy7PE tandem conjugates,
the right panels on the Cy7APC tandem conjugates. Except for Cy7, all
spectra were taken from dyes conjugated to immunoglobulin. The ab-
sorbance spectra (top panels) show a shoulder at 700 nm that is char-
acteristic of Cy7-dimer formation; because Cy7 dimers are much less
fluorescent, conjugation conditions should be selected to minimize this
peak. The excitation spectra of the Cy7 tandems (middle panels) both
show a significant increase of a very narrow, red-shifted excitation band
of the Cy7 moiety for both PBP (~70 nm; arrows ); this band may indicate
the presence of highly fluorescent aggregates (see text). Emission spectra
(bottom panels) demonstrate that RET is observed between the PBP and
Cy7 when covalently linked. This proves that the overlap in the emission
spectrum of the PBP and the excitation spectrum of the Cy?7 is sufficient
for this process to occur. Notes: Excitation and emission spectra are
uncorrected for detector sensitivity. The excitation spectrum of PE was
measured at 590 nm, of APC at 750 nm, and of Cy7 and Cy7PBP tandems
at 850 nm. The emission spectra of PE and Cy7PE were measured at 488
nm, those of APC and Cy7APC at 590 nm. Spectra are independently
scaled for presentation purposes; the ordinate is a linear scale.

ing the Cy7PE tandem, the Cy7 moiety shows a slight red
shift in absorbance after conjugation.
The fluorescence spectra of the tandems (Fig. 1) dem-

onstrate the RET that can be achieved when the Cy7 is
within 2—5 nm of the PBP (e.g., covalently coupled). The
spectra of the tandems (shown for immunoglobulin con-
jugates) are essentially unchanged compared to those of
tandems not conjugated to immunoglobulins (data not
shown). The PE-specific emission and excitation bands
are essentially identical for the tandem and the unconju-
gated PE. For the APC tandem compared to unconjugated
APC, there is a reduction in the 656 nm excitation band
and a slight blue shift of the APC-specific emission spec-
trum. Most importantly, both tandems show Cy7 emis-
sion (i.e., >780 nm) when the PBP is excited. For Cy7PE,
this represents a Stokes shift of 300 nm.

The excitation spectrum of the Cy7 moiety when con-
jugated to the PBPs shows a red shift. In particular, the
spectrum is biased towards a very narrow excitation peak
centered at approximately 760 nm; the peak at 740 nm is
relatively diminished. Together with the mild bathochro-
mic shift in the absorbance spectrum, this suggests the
presence of “J” aggregates (L. Ernst, personal communi-
cation). These aggregates tend to display a slight red shift
in excitation and a significant increase in fluorescence in
comparison to monomer fluors.

In the unmodified APC molecule, there are two fluors
with primary excitations at 630 nm and 650 nm. The RET
from the 630 fluor to the 650 fluor is very efficient. Two
changes in the APC spectra of the Cy7APC tandem sug-
gest that the Cy7 moiety is interacting with the 650-
excited fluor. First, both the absorbance and excitation of
this fluor are diminished approximately 30—50% in com-
parison to the 630 band. Second, the APC-specific emis-
sion in the tandem is significantly blue shifted, suggesting
that the 630-excited fluor is directly emitting (as op-
posed to transferring to the other APC fluor) much more
frequently than in the unconjugated molecule, This may
also explain the incomplete quenching of the APC fluo-
rescence by Cy7 (see below).

We conjugated the different tandem PBP dyes (with
different Cy7:PBP ratios) to monoclonal antibodies di-
rected against human and mouse peripheral blood cell
antigens (e.g., antihuman CD5). We evaluated the differ-
ent Cy7 conjugates based on flow cytometric analysis of
cells stained with the antibody conjugates.

Figure 2 shows some typical uncompensated contour
plots of cells stained with these tandem conjugates of
human anti-CD5. As these plots show, different ratios of
Cy7 to PBP result in significantly different brightnesses in
both the Cy7 channel (acceptor fluorescence) and the
PBP channel (donor fluorescence). In general, as the ra-
tio of Cy7 to PBP increases, the donor fluorescence de-
creases as a result of increased efficiency of energy trans-
fer. Unfortunately, as the ratio of Cy7:PBP increases
above a certain point, the total Cy7 fluorescence begins
to decrease, suggesting that significant self-quenching oc-
curs. The relationship of brightness and transfer effi-
ciency to the ratio of Cy7 to PBP is shown in Figure 3.

Similar to the case with Cy5PE tandems, enough Cy7
can be conjugated to PE that the PE fluorescence is es-
sentially completely quenched, and only Cy7 fluores-
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FiG. 2. Sample contour plots for both conjugates. PBMC were stained
with CD5 conjugated to different preparations of Cy7PE (A) or Cy7APC
(B). Shown are 5% probability contour plots of the uncompensated
PBP signal (ordinate ) and Cy7 signal (abscissa). Different ratios of Cy7 to
PBP were used in these preparations; the ratio of Cy7 absorbance to PBP
absorbance for the conjugate is given in the upper right corner of each
panel. At lower ratios of Cy7 to PBP, higher Cy7 fluorescence can be
seen, but greater compensation is required as well (ie., higher PBP
fluorescence is seen). For PE, enough Cy7 can be conjugated to quench
essentially all PE fluorescence, with retention of some Cy7 fluorescence.
Cy?7 fluorescence was collected with a 785/50 filter (50 nm bandpass
centered at 785 nm), PE with a 575/26 filter, and APC with a2 660/22
filter.

cence remains. (At this point, the Cy7 fluorescence is
significantly dimmer than at lower conjugation ratios).
However, for APC, complete quenching was not ob-
served. This may be a result of the fact that the 630 fluor
of APC is no longer efficiently transferring energy to the
650 fluor and does not efficiently transfer to the Cy7
moeity. In the case of the PE tandem, the Cy7 conjuga-
tion has not interfered with the intramolecular RET be-
tween fluors (there are no significant changes in the
spectra of the unmodified and Cy7-conjugated PE mole-
cules); thus, complete quenching is attained at high Cy7
conjugation ratios. In any case, with our flow cytometric
configuration, the Cy7APC conjugate can be easily re-

Cy?7 Fluorescence

PBP Fluorescence

Cy7/PBP
Fluorescence ratio
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Fic. 3.  Plot of brightness vs. conjugation ratio. Various preparations of
Cy7PE (left) and Cy7APC (right) conjugated to CD5 were tested by flow
cytometry. The absorbance ratio measured at the Cy7 band to the PBP
band is proportional to the Cy7 to PBP molar ratio. Top: The median
fluorescence in the Cy7 emission channel for the positively stained cells
is shown as a function of the ratio of absorbance of the Cy7 to the PBP
(i.e., the conjugation ratio). Note that, as the Cy7 to PBP ratio drops to
zero, the Cy7 fluorescence must also drop to zero: thus, the curve must
begin at the origin. At conjugation ratios above a certain point, the Cy7
density (on the PBP) is high enough that self-quenching occurs; hence,
the Cy7 fluorescence decreases. Middle: The median fluorescence in
the PBP emission channel for the positively stained cells. Bottom: The
ratio of the Cy7 fluorescence to the PBP fluorescence. The inverse of this
ratio is approximately equal to the compensation (i.e., the magnitude of
the cross-channel spillover correction) required to normalize these
channels.

solved from APC conjugates with instrument compensa-
tion values less than 50%.

To demonstrate the utility of this dye in multiparamet-
ric analysis, we simultaneously stained human PBMC with
six different fluorescent conjugates. Each of the six fluors
can be independently (i.e., orthogonally) measured and
quantitated, allowing (in this case) many different sub-
sets of T cells to be simultaneously identified and enu-
merated.

Figure 4 shows an example of such a six-color experi-
ment, one designed to explore the phenotype of the
CD577 T cells in peripheral blood. We stained cells with
CD3, CD4, and CD8 to identify uniquely and resolve the
T cell lineages. In addition, we used CD45RA and CD62L,
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FiG. 4. Six-color staining of T cells. PBMC from a healthy adult donor
were stained with FITC CD57, PE CD45RA, Cy5PE CD4, Texas red (TR)
CD8, APC CD62L, and Cy7APC CD3. The letter designating each plot
(for B-F) corresponds to the letter of a gate used to define those cells;

which can identify stages of differentiation of mature T
cells [ie, naive T cells are CD4SRA™ and CD62L-bright;
memory cells are either CD45RA™ or CD62L-dim (6,7)].
The final antibody in the six-reagent combination was
CD57. Progressive gating shows that the CD57 expres-
sion is restricted to CD8 T cells and, in particular, to
memory CD8 T cells. In fact, the CD57" cells belong
almost exclusively to the class of memory CD8 T cells
that express CD45RA (but are dim for CDG2L). This is
another example of the failure of CD45RA by itself to
identify uniquely naive or memory T cells.

DISCUSSION

Conjugation of PE or APC with Cy7 results in new
fluorescent probes that can be excited with PBP-specific
laser lines (i.e., 488—530 nm for PE, 600—650 nm for
APC) and emit at wavelengths longer than 780 nm. Rel-
ative to autofluorescence, immunoglobulin conjugates of
these tandems are as bright or brighter than fluorescein
conjugates. The Cy7 tandems also are easily distin-
guished from other commonly used fluors.

Cy7 conjugation of PE does not significantly alter the
PE molecule itself, as evidenced by the absence of change
in the PE spectral characteristics. However, Cy7 conjuga-

for example, the cells in panel B are defined by gate B in panel A. The
vast majority of CD57* T cells express CD8 but not CD4 and express
high levels of CD45RA, but low levels of CD62L, a phenotype consistent
with a specific subset of memory CD8 T cells.

tion of APC apparently interferes with the fluorescence
properties of one of the internal APC fluors. This may be
why we did not observe complete quenching of APC
fluorescence, even at relatively high Cy7 conjugation ra-
tios, and in spite of the fact that the spectral overlap of the
Cy7 excitation is much greater with the emission of APC
than of PE. It is possible that other red-excited phycobil-
iproteins (such as phycocyanin) may be conjugated with
Cy7 in a manner that completely quenches their fluores-
cence, while they still retain significant Cy7 fluores-
cence.

Variation of the ratio of Cy7 to PBP results in signifi-
cantly different dyes. In general, the brighter (Cy7 fluo-
rescence) tandems also require more compensation with
cither APC or PE; lower compensation can be achieved at
the expense of brightness. Therefore, the choice of an
optimal ratio of Cy7 to PBP will depend on the needs of
the application: When sensitivity is not an issue, a conju-
gate with a small compensation (but not very bright)
might be chosen; for low-density antigens, a conjugate
that is very bright (but requires greater compensation)
might be chosen.

For our laboratory, we chose a Cy7 to PBP ratio that
results in a reagent that is intermediate in brightness and
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intermediate in the amount of compensation required.
Because coupling of the tandem to monoclonal antibod-
ies does not change the ratio of Cy7 to PBP fluorescence,
we prepared a large quantity (30 mg) of this conjugate to
allow for conjugation of many monoclonal antibodies;
therefore, a constant compensation value can be used for
all these conjugates. We have successfully conjugated the
tandems to over a dozen monoclonal antibodies.

The Cy7PE dye has a significant advantage over Cy5PE
when used on two-laser cytometers. Insofar as the Cy7PE
tandem has little or no excitation at either 600 nm (dye
lasers) or 633 nm (HeNe laser), it can be used in con-
junction with APC without requiring substantial interla-
ser compensation. The Stokes shift (300 nm) is so large
that this first-laser-excited tandem essentially “bypasses”
the second laser.

Another advantage over Cy5PE is that the Cy7 tandems
do not have the unusual “nonspecific” binding that has
been observed with Cy5PE (when staining human
PBMC). It has been suggested that human monocytes
might have a “Cy5” receptor, insofar as they have very
high background binding of CySPE that is attributable to
the Cy5 moeity. Cy7PBP conjugates of antibodies that do
not react with human monocytes do not show any in-
creased fluorescence on monocytes (data not shown).
This is a significant advantage of the Cy7 tandems over
CySPE when studying PBMC or other cell types that bind
Cy5 nonspecifically.

A significant application of the Cy7APC conjugate is on
newer two-laser cytometers, such as the FACSCalibur®.
This instrument collects three distinct fluorescent emis-
sions from the 488 nm laser and one from a 633 nm laser.
Typically, four-color experiments on this machine use
FITC, PE, PerCP, and APC. Cy5PE as a third color on the
first laser is not very useful: It is efficiently excited by the
second laser and emits with a spectrum very similar to
that of APC; i.e, it requires significant cross-laser com-

pensation. However, using Cy7APC instead of APC (and
using a 780 nm bandpass filter) removes this drawback:
The amount of Cy5PE fluorescence in the Cy7 channel is

quite small, and little or no compensation is required.

This allows the use of three very bright fluorescent dyes

(PE, Cy5PE, and Cy7APC) simultaneously with FITC. For
this application, a ratio of Cy7 to APC would be chosen to
give the maximal Cy7 fluorescence, because the amount
of APC emission by the tandem would be irrelevant.

Of course, another 51gmf1cant apphcatlon of the
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three-color single-laser system that is verv similar to the
combination FITC, PE, and CYSPE. An example of this
six-color staining is shown in Figure 4.
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We have already extended this system in two ways: 1)
to collect the Cy7PE fluorescence and 2) with a 400-nm-
excitable dye together with a third laser. This system
allows us to collect eight colors (and two scattered light
parameters) for immunofluorescence experiments (Roe-
derer et al, in preparation). Finally, because the Cy7PE
can be excited independently of the second laser dyes,
we can simultaneously measure seven fluors from just the
two visible lasers (488 nm and 600 nm).

The Cy7PBP tandems are bright fluors that are easily
coupled to monoclonal antibody reagents. These re-
agents are well suited to a variety of fluorescence appli-
cations, including flow cytometry and microscopy.
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