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The far red region of the spectrum is increasingly being utilised in many applications in the
biosciences. However, apart from the cyanine group of dyes, there are relatively few far red
fluorescent probes available which are of practical use. We have synthesised and characterised a
new class of far red fluorescent probes based on the perylene dione chromophore. The 2,10 di-
substituted perylene diones possess broad absorption spectra (>90 nm bandwidths), large Stokes
shifts (>60 nm) and quantum yields of up to 0.5 with a maximum absorption at 610-640 nm in
organic solvents or in solutions of non-ionic detergents. A number of derivatives have been synthe-
sised that can be used as membrane probes, as chromogenic substrates for alkaline phosphatase,
and for the labelling of macromolecules such as proteins and DNA. These novel far red fluorophores
have potential applications in diagnostic and research applications.
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INTRODUCTION

A large number of fluorescent dyes are available
commercially for use in direct fluorescence labelling
applications such as fluorescence microscopy and flow
cytometry, or as chromogenic or fluorogenic substrates
in enzyme-linked immunoassays. The application of
fluorescent reagents in these assays has advantages of
sensitivity and safety compared with colorimetric or
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radioactive reagents. Flourophores which absorb in the
far red region of the spectrum have a further advantage
in that they show little susceptibility to optical inter-
ference from biological samples, since most biological
chromophores absorb and emit light at much lower wave-
lengths[1,2]. In addition, they can be used in combination
with the small and inexpensive diodes and detectors that
have been developed for the telecommunications indus-
try [1-4].

Apart from the cyanine dyes[5—10] and the phycobi-
liproteins [11], few fluorescent probes which possess
absorption maximain the far red region have been devel-
oped for biological applications. The arylsulphonated
cyanine dyes (Cy5 and Cy5.5), in particular, have found
many usesin diagnostic[12,13] and fluorescence micros-
copy applications [14,15]. Cy5 and Cy5.5 probes have
absorption wavelength maxima of 650 nm and 670 nm,
respectively. It would be useful to also have available
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chromophores with absorption maxima near 630 nm as
these could be maximally excited with cheap and power-
ful He-Ne lasers as well as with 635 nm diode lasers.
Chromophores which absorb in the 590-630 nm wave-
length range are also optimised for procedures based on
energy transfer from phycoerythrin [16].

The red-violet compound dibenzo[a,j]perylene-
8,16-dione (Table 1) is reported to be fluorescent in
organic solvents [17-19]. Although this compound has
been studied previously for applications involving the
reversible addition of O, to a photoresponsive compound
[17,219-22], the far red absorbance and fluorescence of
members of this class of compounds have not previously
been explored. We have synthesised a series of perylene
diones [23] for applications as sensitive far red fluoro-
phoresin biological assays. We present the spectroscopic
characterisation of the compounds and demonstrate their
potential in a number of different applications.

EXPERIMENTAL

Reagents

Triton X-100, 1gG (sheep anti-rabbit), alkaline
phosphatase (bovine intestinal mucosa), p-nitrophenyl
phosphate (PNPP), dimyristoyl L-a-phosphatidylcholine
(DMPC) and L-a-phosphatidyl choline (egg yolk) were
from the Sigma Chemical Company (St. Louis, MO). The
cyanine dye Cy5.5 was from Amersham Life Sciences
(Pittsburgh, PA). 3,3'-diethylthiadicarbocyanine iodide
was from Acros Organics (New Jersey, USA). 5'-
Aminolink oligonucleotide with the sequence GCA AAC
AGC TAT GAC CAT G was synthesised by GeneWorks
(Adelaide, Australia). Perylene dione derivatives were
prepared using two separate synthetic routes as described
by Deady et al. [23] and were stored vacuum desiccated
at 4°C in the dark. The structures of the compounds are
shown in Table I. All other reagents were of the highest
grade available.

Spectroscopic M easurements

Stocks of the derivatives were prepared at a concen-
tration of 1 mg/ml in dimethylsul phoxide (DM SO) except
for 2,10-DPPD which was prepared in water containing
1% ammonia solution (vol/vol). Stocks were diluted into
the appropriate solvent so that the concentration of co-
solvent was <2% (vol/vol).

Absorption spectrawere recorded on aCary 1E UV-
Visible spectrophotometer using 1 nm dataintervals, 0.5
nm slit bandwidths and 0.2 sec integration times. Fluores-
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cence spectra were recorded on a Perkin-Elmer LS-50B
luminescence spectrometer containing a red sensitive
R928 photomultiplier using 10 nm excitation and emis-
sion dit widths and 0.5 nm dataintervals. Emission spec-
trawere recorded using excitation wavel engths across the
absorption band and were corrected for the wavel ength-
dependent artifacts of the instrument using correction
factors supplied by the manufacturer. All spectroscopic
measurements were performed at room temperature.

Maxima in absorption and emission spectra (Amnay)
were determined as the wavelength at which the first
derivative of the spectrum was zero. Spectral bandwidths
(BW) were calculated as the full-width at half maximum.
Quantum yields (QY) were calculated from corrected
emission spectra[24,25] using 3,3'-diethylthiadicarbocy-
anine iodide in methanol as the reference:

Areas n (1 — 10 aps,)
Area, n? (1 - 10(—Abs§

QYs = QY; D
where n is the refractive index of the solvent, Abs is the
absorbance of the sample at the excitation wavelength,
Area is the integrated area under the emission spectrum
and subscripts r and s refer to the reference and sample,
respectively. The quantum yield of the reference (QY,)
is 0.33 [26].

Fluorescence anisotropy measurements were
recorded on a Hitachi 650-10S fluorescence spectropho-
tometer fitted with a polarization accessory. The excita-
tion and emission wavelengths were 600 and 700 nm,
respectively, with corresponding dlit widths of 10 and
10—-20 nm. An emission filter (Wratten gelatin filter No.
2A, Kodak) was employed to reduce the background
signal. The temperature of the sample was controlled
using awater bath and recorded with atemperature probe
in the cuvette. The anisotropy (r) was calculated
according to:

Glyw)/(lvy + 2Glyp) )

r=(w -

where lyy and lyy are the emission intensities recorded
with the emission polariser in the vertical and horizontal
orientations, respectively, following excitation with verti-
caly polarised light, and G is an instrumental factor
caculated as G = lyy/lyn, Where Iy and Iy are the
intensities recorded with the emission polariser in the
vertical and horizontal orientations, respectively, follow-
ing excitation with horizontally polarised light.

The susceptibility of the various compounds to pho-
tobleaching was quantitated by monitoring the loss of far
red absorbance of samples exposed to the 633 nm line
of a 35 mW He-Ne laser (Model 127, Spectra-Physics).
Solutions (5 ml) with absorbance of 0.20-0.35 at 633
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Tablel. Structures of Dibenzo[a,j]Perylene-8,16-Dione and the Perylene Dione Derivatives Examined in this Study

Structure/functional

group Compound name Abbreviation

Dibenzo[a,j ]perylene-8,16-dione

—OCHj, 2,4,10,12-Tetramethoxydibenzo[a,j] perylene-8,16-dione 2,4,10,12-TMPD

—OCHj, 2,12-Dimethoxydibenzo[a,j ] perylene-8,16-dione 2,12-DMPD

—OCHj, 2,10-Dimethoxydibenzo[a,j | perylene-8,16-dione 2,10-DMPD

—OCH3 7,15-Dimethoxydibenzo[a,j ] perylene-8,16-dione 7,15-DMPD

—OPO,H, 2,10-(8,16-Dihydro-8,16 dioxodibenzo [a,j ]perylenediol) 2,10-DPPD

bis(dihydrogen phosphate)

—OH 2,10-Dihydroxydibenzo[a,j | perylene-8,16-dione 2,10-DHPD

—O(CHy)sNH, 2,10-Bis-(3-Aminopropyloxy) dibenzo[a,j]perylene-8,16-dione 2,10-DPAPD
Di-N-Succinimidyl 4,4'-[2,10-(8,16-dihydro-8,16-dioxo 2,10-DSPD

o)
i
—O(CHsC—0—N

[¢)

dibenzo[a,j ] perylene)bis(oxy)]bisbutanoate

nm were placed in 1.2 cm diameter glasstubesand irradi-
ated from below.

Kinetics of Alkaline Phosphatase Hydrolysis of
2,10-DPPD and PNPP

The enzyme substrates, 2,10-DPPD and PNPP, were
dissolved in 100 mM diethanolamine, 100 mM NaCl,
pH 9.5 (DEA buffer). Aliquots (150 wl) were added to
multiple wells of a 96-well microplate and akaline phos-
phatase (50 wl, 0.002 units) was added to each well. The
reaction was stopped by the addition of 2 M NaOH (50
wl). Product formation was determined spectrophotomet-
rically by monitoring the absorbance (A) at 750 and 405
nm for the 2,10-DPPD and PN PP substrates, respectively,
using a Spectramax 250 (Molecular Devices) 96 well
plate reader. Product formation (P) at each time was
calculated according to:

P=(A~ &S~ &)V ®)

where g, and & are the effective extinction coefficients
of the product and substrate, respectively, and V is the
reaction volume. To establish the nature of the product
formed with 2,10-DPPD asasubstrate, mass spectrometry
was performed using a PE-Sciex API-300 electrospray
ionisation mass spectrometer.

Conjugation of 2,10-DSPD to 1gG and DNA

2,10-DSPD (200 nmol in 5 pl DMSO) was added
to the aminolink oligonucleotide (7 nmol) in 55 ul 80

mM NaHCOs. The reaction was allowed to proceed over-
night at room temperature in the dark. The sample was
centrifuged to sediment any undissolved dye and the
supernatant was applied to a Sepharose 4B column (Phar-
macia, Uppsala, Sweden) and eluted with PBS. The con-
jugate, possessing the far red absorbance of the perylene
dione and the UV absorbance of DNA, eluted prior to
the total volume of the column. For mass spectroscopic
analysis of the product, buffer exchange with 10 mM
ammonium acetate was achieved by gel filtration. For
labelling of protein, 2,10-DSPD (190 nmol in 10 pl
DMSO) was incubated overnight at room temperature
with IgG (15 nmoal) in 500 wl 0.12 M NaHCO;, 1% Triton
X-100 (vol/vol) and purified using a 1 ml Protein G-
Sepharose column (Pharmacia, Uppsala, Sweden).

Examination of 2,10-DPAPD and 2,10-DMPD as
M embrane Probes

Small unilamellar vesicles (SUVs) were prepared
fresh daily by drying egg yolk phosphatidylcholine or
DMPC (13 pmol in chloroform or methanol, respec-
tively) under a stream of nitrogen and resuspending the
lipid in PBS (1.5 ml) by vortexing. The suspension was
placed in an ice-water bath (egg yolk phosphatidylcho-
line) or at > 30°C (DMPC), sonicated for twenty 30
second intervals with a Model XL2000 Microson Ultra-
sonic Homogeniser (Misonix, Farmingdale, NY) and cen-
trifuged to sediment traces of titanium particles. DMPC
SUVswere maintained at > 30°C until required. Perylene
diones were added to the SUVs from stocks in methanol



so that the final methanol concentration was < 2% (vol/
vol). For all measurements involving SUV's, appropriate
corrections were made for light scattering utilising sam-
ples not containing probe.

Erythrocyte ghosts were prepared as described pre-
viously [27]. Perylene diones were added from stocks in
DMSO to a 10% suspension of erythrocytes or ghosts
and centrifuged to remove any unincorporated probe. A
final molar ratio of about one probe molecule per 100
lipid moleculeswas achieved. Livemouse NS-1 myeloma
cells (2 X 10° cells) were washed by centrifugation with
PBS and incubated with 10 pg of 2,10-DPAPD at 37°C
for 45 minutes. The cells were washed 2 times with
PBS then resuspended in culture medium (Dulbecco’'s
modified Eagle’'s medium plus 10% foetal calf serum)
and cultured at 37°C.

Flow cytometric analysis was performed on a
Coulter EPICS® Elite flow cytometer. |llumination of
the bound dye was with a 10mW He-Ne laser at 633 nm.
Red fluorescence was detected at 675 nm. Forward angle
and 90 degree light scatter signals were recorded from
illumination at 488 nm with an Argon ion laser. Data
collection was triggered from the forward angle light
scatter signal and red cell ghost fluorescence was gated
on the main population of particles detected by light
scatter. Confocal microscopy on red cell ghosts was per-
formed using a Leica TCS-NT laser scanning confocal
microscope, equipped with a krypton/argon laser using
the 647 nm line. The confocal scan head was mounted
on a Leica TCS microscope. For confocal microscopy of
NS-1 cells, an Optiscan® F900e confocal scanning head
was used, mounted on an Olympus BX60 microscope.
Illumination was with an krypton/argon laser using the
568nm line and emission was observed at greater than
590nm.

RESULTS

Spectral Properties and Stability of Perylene
Dione Derivatives

The parent compound dibenzo[a,j ]perylene-8,16-
dione has an absorption maximum of 570 nm and an
extinction coefficient of 23—-29,000 M ~'cm™1 in organic
solvents [17,19], and forms a colourless endoperoxide
when it is exposed to visible light in the presence of
oxygen [17,19,21]. To examine the potential of the pery-
lene dione class as probes for use in biological applica
tions, we prepared a series of derivatives containing
methoxy substituents at different positions on the ring
structure (Table 1) and examined the influence of the
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functional groups on the spectral properties and stability
of the chromophore.

Each of the methoxy derivatives examined absorbs
in the far red region of the spectrum and possesses a
similar extinction coefficient in DMSO (19,000-25,000
M~lecm™1; Tablell) to the parent chromophore. However,
the absorption maxima exhibit a red shift up to 70 nm
relative to the parent chromophore with the absorption
maxima conforming to the following series:

7,15-DMPD < 2,12-DMPD < 2,10-DMPD
< 2,4,10,12-TMPD

The red shift is associated with a broadening of both the
absorption and emission spectra, an increasein the Stokes
shift, and a large decrease in quantum yield (Table I1).

The photostability of the methoxy derivatives was
examined by exposing them to the 633 nm line of a
He-Ne laser. All the derivatives exhibit a decrease in
absorbance over time (Fig. 1) which correlates with a
decrease in their fluorescence (data not shown). Samples
which were kept in the dark did not exhibit any
absorbance loss (data not shown). The compounds exhibit
an increasing stability in the order:

7,15-DMPD < 2,10-DMPD < 2,12-DMPD
< 2,4,10,12-TMPD

Since the spectral properties and stability of the 2,10-
and 2,12-DMPD derivatives are similar, there is a good
correlation between the above trends in the spectral prop-
ertiesand the stability of the various methoxy derivatives.

The absorption and emission spectra of 2,10-DMPD
in DM SO are shown in Fig. 2, and the spectral properties
of 2,10-DMPD in various solvents are summarised in
Tablelll. Thegeneral structureof the absorption spectrum
in similar in DM SO, chloroform and methanol although
there are small changes in N\ (blue shifts up to 10 nm
relative to DM SO). However, the absorption spectrum in
PBS is broader and contains a pronounced shoulder or
second peak (Fig. 2, inset). This type of spectrum is aso
observed in the cyanine dyes and is attributed to the
presence of non-fluorescent dimers or higher order aggre-
gates [28-30]. Evidence that the perylene diones form
aggregates in PBS also comes from gel filtration experi-
ments in which the perylene diones are observed to elute
in the void volume (data not shown).

The fluorescence of 2,10-DMPD is sensitive to sol-
vent (Table I11). The chromophore is highly fluorescent
in chloroform (QY = 0.48) but shows a substantial
decrease in fluorescence in the more polar\protic sol-
vents, DMSO (QY = 0.29) and methanol (QY = 0.03).
The reduction in the quantum yield is associated with a
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Tablell. Spectral Properties of Perylene Dione Derivatives in DMSO
Absorption Emission

Compound Amax (NM) BWR (nm) e (M~lcm™?) Stokes shift (nm) BWA (nm) QY
2,4,10,12-TMPD 638 105 21,200 94 120 0.06
2,10-DMPD 617 94 21,800 64 111 0.29
2,12-DMPD 609 89 25,200 64 109 0.36
7,15-DMPD 586 74 19,400 29 82 0.82
2,10-DPPDP 617° 133 9,000 76 117 0.02
2,10-DHPD 637 107 23,000 71 105 0.14
2,10-DPAPD 622 101 28,200 67 111 0.25
2,10-DSPD 623 97 29,600 63 110 0.26

a Spectral bandwidth.

b Compound possesses an extinction coefficient of 9,600 M~'cm™! at 622 nm in water under basic conditions (0.01 M NaOH).

¢ Spectrum exhibits double peak with other maximum at 588.

broadening of the emission spectrum and an increase in
the Stokes shift. No fluorescence is observed from 2,10-
DMPD in PBS. However, the compound is fluorescent
in PBS in the presence of detergent (Table I11).

The spectral properties of 2,10-DMPD in PBS in
the presence of 1% Triton X-100 (vol/vol) approach those
observed in chloroform and DM SO (Tablel). Thisindi-
cates that the chromophore is located in a less polar
and protic environment presumably at the lipid-water
interface or within the hydrophobic interior of the deter-
gent micelle. The reduction in the absorption bandwidth
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Fig. 1. Stabilities of 2,4,10,12-TMPD (V), 2,12-DMPD(A), 2,10-
DMPD (@),7,15-DMPD (#) in DMSO and 2,10-DMPD in PBS\1%
Triton X-100 (O) upon exposure to He-Ne laser. The loss of far red
absorbance upon exposure to light from a He-Ne laser was quantitated
as described in Materials and Methods. The profiles are compared with
that of Cy5.5 in PBS ((J).

upon association further indicates that the chromophore
is associated with the micelles in a“monomeric” or non-
aggregated form. The photostability of 2,10-DMPD is
increased whenit isassociated with Triton X-100 micelles
compared to its stability in DM SO (Fig. 1). Indeed, under
these conditions, the chromophore shows alower suscep-
tibility to photobleaching compared to Cy5.5 in PBS
(Fig. 2).

A series of disubstituted derivatives containing vari-
ous functional groups at the 2 and 10 positions were
synthesised to examine their potential for usein different
biological applications. The spectral properties of these
derivativesin DM SO are compared in Table I1. We make
the following points regarding the effects of replacing
the methoxy groups in the derivatives. Firstly, replacing
the methoxy group with a propoloxy-based group in the
2,10-DPAPD and 2,10-DSPD derivatives has little effect
on the spectral properties of the chromophore. Secondly,
substituting the methoxy group with a hydroxyl group,
as in 2,10-DHPD, produces a 20 nm red shift and a 2-
fold reduction in the quantum yield. Thirdly, the presence
of the phosphate group in 2,10-DPPD resultsin a substan-
tial reduction in the extinction coefficient and quantum
yield. In addition, the absorption spectrum exhibits a
double peak. This feature may reflect an aggregated state
of this chromophore in DM SO (see above).

The 2,10-disubstituded derivatives show the same
general trends in their spectral properties in various sol-
ventsas2,10-DMPD. Theexceptionsare (i) the phosphate
derivative, 2,10-DPPD, which is weakly fluorescent in
PBS in the absence and presence of detergent (QY 0.004
and 0.01, respectively); and (ii) the hydroxy derivative,
2,10-DHPD, which under basic conditionsin water exhib-
its a 100 nm red-shift in its absorption spectrum (Fig.
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Fig. 2. Absorption (——) and emission spectra (——) of 2,10-DMPD in DMSO. Inset:
Absorption spectrum of 2,10-DMPD in PBS.

3A) and is non-fluorescent even in the presence of deter-
gent. The red-shift reflects the ionisation of the hydroxyl
group(s) and occurs with a pKa of 9.5 (data not shown).

Potential Applications of 2,10-DPPD as an Alkaline
Phosphatase Substrate

The ability of alkaline phosphatase to convert the
phosphate derivative, 2,10-DPPD, to the hydroxy deriva-
tive, 2,10-DHPD, was examined, making use of the red
shifted absorbance of the hydroxy derivative at alkaline
pH. The absorption spectrum of asample containing 2,10-
DPPD exhibits a time-dependent change in the presence
of alkaline phosphatase at pH 11 (Fig. 3B). The spectrum
produced after extensive incubation with enzyme (Fig.
3B, solid line) resembles that of 2,10-DHPD under basic

Tablelll. Spectral Properties of 2,10-DMPD in Various Solvents

Absorption Emission
Nmax BW Stokes shift BW

Solvent (nm) (nm) (nm) (nm) QY
Chloroform 613 94 61 101 0.48
DMSO 616 94 64 111 0.29
Methanol 605 101 100 137 0.03
PBS 6212 150 nf nf nf
PBS/Tx-100° 613 101 67 117 0.08
PBS/SUVs® 611 98 61 111 0.10

2 Spectrum exhibits double peak with other maximum at 589 nm.

b 2,10-DMPD in PBS in the presence of 1% Triton X-100 (vol/vol).

¢ 2,10-DMPD (1 wM) in PBSin the presence of egg yolk phosphatidyl-
chaoline SUV's (1 mM). nf, no fluorescence detected.

conditions (Fig. 3A). This indicates that the time-depen-
dent spectral change reflects the enzyme catalysed hydro-
lysis of the 2,10-DPPD substrate to form the 2,10-DHPD
product. The removal of both phosphate groups by alka-
line phosphatase was confirmed by negative ion mass
spectrometric analysis (data not shown).

The kinetics of alkaline phosphatase hydrolysis of
2,10-DPPD were examined at pH 9.5. The enzyme activ-
ity was quenched at various times by the addition of
NaOH and product formation was quantitated using the
750 nm absorbance, which is predominantly due to the
ionised form of 2,10-DHPD under these conditions. As
shown in Fig. 3C, the rate of product formation is linear
and corresponds to the production of 0.07 wmol product/
min/unit enzyme or 0.14 pmol phosphate/min/unit
enzyme. Thisis comparable to the activity of the enzyme
towards the PNPP substrate which it hydrolyses at a
rate of 0.16 wmol phosphate/min/unit enzyme (Fig. 3C).
However, the assay employing 2,10-DPPD as the sub-
strate exhibits a 10-fold lower sensitivity for enzyme
detection. This reflects the lower extinction coefficient
of the product, and the significant absorbance of the
substrate at the wavelength utilised in the assay (see
Fig. 3A).

Fluorogenic substrates are commonly employed in
alkaline phosphatase assays[31,32]. A fluorescence assay
was developed which makes use of the large quantum
yield of 2,10-DHPD in organic solvents. The assay was
performed in a96-well format using atwo phase detection
system where the fluorescent product is extracted into an
equal volume (100 pl) of the organic phase (butanol). A
time dependent increase in fluorescence intensity related



Novel Far Red Fluorescent Probes

Absorbance
(normalised)

500 600 700 800 900
Wavelength (nm)

Absorbance

500 600 700 800 900
Wavelength (nm)

Product
(umol / unit enzyme)

| | 1 1 T T
0 20 40 60 80 100 120
Time (minutes)

Fig. 3. 2,10-DPPD asasubstrate for alkaline phosphatase. (A) Absorp-
tion spectrum of 2,10-DHPD in PBS (——) and in 0.01 M NaOH
(——). (B) Effect of akaline phosphatase on the absorption spectrum
of asample containing 2,10-DPPD at pH 11. The absorption spectrum
of a1l ml sample containing 46 uM 2,10-DPPD in 100 mM diethanolam-
ine, 100 mM NaCl, 0.1 mg/ml abumin was recorded before (——)
and 5, 15, 45 and 150 minutes after the addition of 1 unit of alkaine
phosphatase (.......). The spectra show a progressive decrease in
absorbance at 600 nm with time. An additional 35 units of enzyme was
then added and the spectrum recorded following a 30 minute incubation
(—). (O). Kinetics of akaline phosphatase catalysed hydrolysis of
2,10-DPPD ([J) and PNPP (O). The enzyme (0.002 units) was added
to the substrates (540 wM) in DEA buffer, pH 9.5. The absorbance was
monitored over time and converted to wmol product as described in

to the amount of enzyme added was observed (data not
shown).

Potential Applications of 2,10-DSPD for Covalent
Labelling of Macromolecules

To assess the usefulness of the amino-reactive deriv-
atives as fluorescent tags for proteins and DNA, 1gG and
aminolink oligonucl ectide conjugates were prepared. The
purified conjugates possess characteristic protein or DNA
absorption in the UV region and perylene dione
absorbance in the far red region (data not shown). The
absorption spectra were used to estimate the molar ratio
of perylene dione to macromolecule as 1:1 and 0.6:1 for
the DNA and IgG conjugates, respectively. The quantita-
tive labelling of the DNA and the 1:1 stoichiometry of
the DNA conjugate were confirmed by positive ion mass
spectrometric analysis (observed mass: 6553.4 += 0.7 Da,
expected mass: 6553.6 Da). The presence of conjugated
1gG was confirmed by SDS-PAGE using 10% acrylamide
under non-reducing conditions. This revealed the pres-
ence of a red fluorescent band under UV light which
corresponded to the 1gG band (data not shown).

The 1gG-perylene dione conjugate is not fluorescent
in aqueous solution (PBS) or when immobilised onto a
nitrocellulose membrane. The oligonucleotide-perylene
dione conjugate exhibits a weak fluorescence in PBS
(QY = 0.007). Both compounds exhibit a weak fluores-
cence in PBS in the presence of 1% Triton X-100
(QY = 0.01-0.02).

Potential Applications of 2,10-DMPD and 2,10-
DPAPD as Membrane Probes

The ability of the methoxy derivative, 2,10-DMPD,
and the aminopropyloxy derivative, 2,10-DPAPD, to
interact with membranes and act as probes of the lipid
environment was examined by titrating them with egg
yolk phosphatidylcholine SUVs. The compounds exhibit
a relatively rapid fluorescence increase when they are
added to the SUV's as methanolic solutions, with greater
than 80% of the fluorescence developed in the first five
minutes. The increase in fluorescence is dependent on
the phospholipid concentration (Fig. 4A). In the case
of 2,10-DMPD, the fluorescence reaches a maximum

<
Materialsand Methods. Thelinesrepresent theresult of linear regression
over the linear parts of the curves and possess slopes of 0.16 and 0.07
umol product/min/unit enzyme for the PNPP and DPPD substrates,

respectively.
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Fig. 4. 2,10-DMPD and 2,10-DPAPD as membranes probes. (A) Effect
of phospholipid concentration on the fluorescence of 2,10-DMPD (O)
and 2,10-DPAPD ([J). The probes (1 uM) were titrated with egg yolk
phosphatidylcholine SUVs in PBS. (B) Effect of temperature on the
fluorescence anisotropy of 2,10-DMPD (1.2 uM) in PBSin the presence
of 1% Triton X-100 ((J) and 1 mM DMPC SUVS(O). The temperature
was scanned from highest to lowest temperature.

intensity at a concentration of 700 wM phospholipid
(lipid:probe ~ 700:1) with an apparent dissociation con-
stant of ~ 90 wM with respect to phospholipid. The
fluorescence intensity of 2,10-DPAPD does not reach
saturation even in the presence of 3.2 mM phospholipid
(lipid:probe ~ 3200:1) indicating a much lower affinity
of the interaction (apparent dissociation constant > 300
pwM). Thisis consistent with the more polar 2,10-DPAPD
having a greater solubility in the agueous phase. The
spectral properties of 2,10-DMPD associated with phos-
pholipid SUVs are similar to those of 2,10-DMPD in the
presence of detergent (Table I11).

In addition to changes in intensity, the fluorescence
anisotropy of 2,10-DMPD is also affected by its associa-
tion with SUVs. The fluorescence anisotropy of 2,10-
DMPD is low when it is present in chloroform (0.005)
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and exhibits a substantial increase (0.14-0.27) when it
is in PBS in the presence of Triton X-100 or DMPC
SUVs(Fig. 4B). Thisisconsistent with the probe associat-
ing with the micelles and vesicles and thus having slower
and/or more restricted rotational dynamics. The maxi-
mum anisotropy measured in this study (0.27) represents
a lower limit estimate for the limiting anisotropy of the
perylene dione chromophore.

The anisotropy in the presence of Triton X-100
shows a steady increase with decreasing temperature. In
contrast, the anisotropy exhibits a sigmoidal dependence
on temperature when the probe is associated with DMPC
SUVs (Fig. 4B). A similar dependence is observed with
the commonly used probes of membrane fluidity diphe-
nylhexatriene [33,34] and the anthroyloxy fatty acid
series [35]. The probe therefore appears to sense the
phase transition of DMPC SUV's which occurs over the
temperaturerange 14—-27°C withamid-point at 21°C[34].

To determinewhether 2,10-DMPD and 2,10-DPAPD
might be useful asgeneral membrane probesin cytometric
applications, erythrocyte ghosts and intact erythrocytes
were incubated with a small volume of the probe in
DMSO, then subjected to flow cytometry. The back-
ground signa from the ghosts was very small and a
large increase in the measured fluorescence intensity was
observed upon addition of 2,10-DPAPD (Figs. 5A and
B). The intact erythrocytes gave a higher background
signal. However the addition of 2,10-DPAPD was again
associated with a substantial increase in the fluorescence
signal (Figs. 5C and D). Similar results were observed
using 2,10-DMPD (data not shown).

Staining of live NS-1 myeloma cells with 2,10-
DPAPD resulted in the acquisition of strong red fluores-
cence by the cdlls (Figs. 5E and F) which remained high
for 4 hours then decreased progressively with time. How-
ever, the red fluorescence was significantly above back-
ground when the cells were analysed 4 days after
labelling. The cell viahility, assessed by light scatter, was
reduced by approximately 15% post staining, but the
remaining viable cells had incorporated the dye. Cell
viability recovered with time in culture and the red fluo-
rescence was retained in the viable cell population. Co-
culturing of labelled cells with an unlabelled cell popula-
tion indicated that the dye is capable of diffusing between
the cells after 24 hoursin culture (data not shown). These
data suggest that these probes may be useful for whole
cell labelling in some flow cytometric applications and
would suffer little interference from compounds such as
haemoglobin that absorb strongly at lower wavelengths.
Under the conditions used for flow cytometry (dual illu-
mination with 488 and 633nm light), there was no signifi-
cant fluorescence emission recorded in the green
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Fig. 5. Flow cytometric analysis. 2,10-DPAPD was added to erythrocytes ghosts (B) intact
erythrocytes (D) and (F) NS-1 myeloma cells to achieve a final molar ratio of about one
probe molecule per 100 lipid molecules. Flow cytometric analysis was performed using
excitation from a 10mW He-Ne laser at 633nm with fluorescence detection at 675nm. Data
collection was triggered from the forward angle light scatter signal and red cell fluorescence
was gated on the main population of particles detected by light scatter. A, C, E: unlabelled
preparations of ghosts, intact erythrocytes and NS-1 cells, respectively.

fluorescence channel (525nm) or the orange fluorescence
channel (575nm) even when the cellswere heavily loaded
with 2,10-DPAPD.

Confocal fluorescence microscopy of 2,10-DPAPD-
labelled erythrocyte ghosts and NS-1 myeloma cells was
performed using the 647 nm line of akrypton-argon laser.
Only membrane-associated probe was visualised with
both cell types, athough some adherent material on the
exterior of the NS1 cells appeared to be aso labelled
(Figs. 6A and B.) The labelling procedure did not cause
extensive vesiculation of the erythrocyte ghosts or
myeloma cells as judged by comparison with controls
labelled with other membrane-associated probes such as
ethidium bromide. Labelling of internal cell membranes
of NS-1 cells was observed in cells that were obviously
damaged, as determined by their morphol ogy under white

light illumination (Fig. 6D). Cell nuclei showed only
traces of internal staining.

DISCUSSION

We have prepared a series of methoxy derivatives
and examined the effect of substituting this functional
group at various positions on the perylene dione chromo-
phore. The 2,10- and 2,12-disubstituted perylene diones
possess the most favourable spectral properties with
respect to their stability and quantum yield. In addition,
the absorption maxima of the compounds are close to the
633 nm line of the He-Ne laser so that this may be used
as a light source to efficiently excite the compounds.
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Fig. 6. Confocal scanning microscopy of mouse myeloma (NS-1) cells
labelled with2,10-DPAPD. Thecellswerelabelled asfor flow cytometry
and observed by microscopy as a suspension in PBS. Optical sections
were taken through the median plane of the cells. A, B: Cells showing
staining of the plasma membrane and some external cell processes and
adherent material. C: Cells with damaged membranes showing staining
of interior cell membrane structures. N: Cell nuclei, P: plasmamembrane
A: adherent material.
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The extinction coefficients of the 2,10-disubstitued
perylene diones (23—30,000 M ~1cm™1; Tablelll) arefive
to ten fold lower than those of the cyanine dyes [5—8,36].
However, the absorption spectra of the perylene diones
are considerably broader (90—-120 nm bandwidths; Tables
Il and I1l) compared to the cyanine dyes (40 nm band-
widths [5,8]). The perylene dione chromophore could be
used with a greater variety of light sources without large
sacrificesin the population of molecules excited. In addi-
tion, the large spectral bandwidth means there is substan-
tial overlap between the absorption spectrum of the
chromophore and the emission spectra of a number of
probes which emit in the region of 500—700 nm. The
perylene dione chromophore may therefore be useful as
an acceptor in applications involving fluorescence reso-
nance energy transfer where the efficiency of transfer may
be monitored by the quenching of the donor fluorescence.

The perylene diones exhibit much greater Stokes
shifts (> 60 nm) compared to the cyanine dyes (20 nm
[5,8]). As aresult, alarger proportion of their emission
can be collected using appropriate filters without prob-
lems arising from scattering artifacts. However, the broad
emission spectrum of the compounds could represent a
disadvantage in multi-colour applicationsinimmunofluo-
rescence microscopy and flow cytometry.

The perylene diones exhibit a large fluorescence in
chloroform but are less fluorescent in the other solvents
examined (Table I11). Although 2,10-DMPD is not fluo-
rescent in PBS, the weak fluorescence exhibited by 2,10-
DPPD and the DNA conjugate, both representing more
“water-soluble”’ forms of the chromophore, suggests that
the chromophore may have some weak fluorescence in
PBS when it is not in an aggregated form. The presence
of little or no fluorescence in water severely limits the
application of perylene diones as fluorescent labels in
macromolecules. Indeed, both the 1IgG and DNA conju-
gates exhibit little fluorescence even in the presence of
detergent.

The diphosphate perylene dione derivative has
potential applications as a substrate for alkaline phospha-
tase. The spectral properties of 2,10-DPPD and its
hydrolysed product, 2,10-DHPD, are not optimal for use
in assays based on chromogenic substrates, however, the
perylene dione chromophore has the advantage of being
less susceptible to interference from other absorbing and
fluorescing compounds when compared to the commonly
used chromogenic substrates such as PNPP.

The 2,10-DMPD and 2,10-DPAPD perylene dione
derivatives possess a humber of properties which would
make them useful as membrane probes. The compounds
(i) spontaneously associate with membrane structures;
(i) posses a reasonable quantum yield when they are
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associated with these structures but are not fluorescent
in water; (iii) absorb and emit in the far red region so
measurements are less susceptible to scattering artefacts
or to other absorbing compounds such as haemoglobin
which absorb strongly at lower wavelengths; (iv) have
a large limiting anisotropy (> 0.27); and (v) are less
susceptibleto photobleachingin alipid environment com-
pared to Cy5.5.

Inaflow cytometry application, |abelled erythrocyte
ghosts, intact erythrocytes and mouse myelomacellswere
very readily distinguished from the background signal
following excitation of the membrane-embedded probe
with a He-Ne laser at 633 nm. Labelling with the dyes
did not appear to adversely affect the viability of NS-1
myeloma cells and the fluorescence intensity observed
with these cells was much greater than that of erythro-
cytes, as aresult of their greater size. The small degree
of cell death observed during the staining procedure could
be attributed to the effects of extended incubation in the
saline solution. The dye was readily taken up into the
cell membranes and appeared to be stably associated with
the cells. The reduction of cellular fluorescence observed
with time after labelling can be accounted for by some
loss from diffusion of the dye out of the cell membranes
but also from dilution asthe cellsreplicated and produced
unlabelled membrane. In a confocal microscopy applica-
tion, labelled cells were conveniently visualised by exci-
tation of the membrane-embedded probe using the 647
nm line of a krypton-argon laser. No fluorescence was
observed from the probe popul ation in the aqueous phase.

In conclusion, the novel far red fluorophores
described in this work have spectroscopic properties
which may be useful in a number of biologica applica
tion, in particular applications involving flow cytometry,
confocal microscopy and measurements of membrane
fluidity. These perylene dione chromophores may be par-
ticularly useful for samples which contain haemoglobin
or other absorbing compounds that could interfere with
fluorescence measurements.
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