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AbstractÐN-Octyloxycarbonyl-R110 (1), with enhanced cell penetration and retention properties, was prepared from rhodamine
110. The tetrapeptide substrate N-Ac-DEVD-N0-octyloxycarbonyl-R110 (3) was prepared and shown to be e�ciently cleaved by
human recombinant caspase-3 and by apoptotic HL-60 cells. This substrate should prove useful in cell-based assays for apoptosis
inducers and inhibitors. # 2000 Elsevier Science Ltd. All rights reserved.

Organisms eliminate unwanted cells by a process known
as programmed cell death or apoptosis.1,2 Apoptosis
occurs as a normal aspect of animal development as well
as in tissue homeostasis and aging. However, improperly
regulated apoptosis can lead to many pathological con-
ditions. Excessive apoptosis could lead to organ failure,
including myocardial infarction, congestive heart fail-
ure, liver failure, ischemic stroke, and neurodegenera-
tive diseases.3 Inadequate apoptosis, on the other hand,
can lead to other diseases such as cancer.4 Apoptosis is
mediated by a group of cysteine aspartyl proteases
known as caspases.5 Among these caspases, caspase-3
has been found to be the key member that cleaves many
protein substrates in cells and leads to apoptosis.

We have been interested in the development of ¯uoro-
genic caspase substrates for cell-based high throughput
screening of apoptosis inhibitors or inducers.6 Ideally, a
¯uorogenic enzyme substrate used for this purpose
should be cell permeable, should accumulate within the
cell, and should be non¯uorescent and colorless before
cleavage and highly ¯uorescent after cleavage. In addi-
tion, the ¯uorescent dye should be retained inside the cell
after cleavage, and it should ¯uoresce at wavelengths
>500nm to avoid ¯uorescent signal from the screening
compound. Due to their short emission wavelengths
(<500nm), coumarin-based ¯uorogenic caspase-3 enzyme
substrates, such as Ac-DEVD-AFC and Z-DEVD-
AMC,7 are not suitable for high throughput screening.

Traditional rhodamine 110 (R110) based protease sub-
strates are bis-peptide-R110 derivatives,8 such as (Z-
Ala-Ala)2-R110. Because these molecules contain two
peptide groups, they are relatively large, which limits
their ability to penetrate cells. The problem of cell
penetration is even worse for caspase substrates con-
taining one or more carboxylic acid groups since these
charged groups further impede passage of the substrate
across the cell membrane. In addition, the requirement
that both peptide groups must be cleaved from the bis-
substrates in order to generate a maximal signal limits the
linear dynamic range of these substrates, as shown in the
recently prepared (Z-DEVD)2-R110 caspase-3 substrate.9

Since the mono-peptide R110 is ¯uorescent and it is not
necessary to have two peptides to make a substrate, we
took the approach of using one of the amino groups in
R110 to introduce a blocking group as an enhancer
moiety. The blocking group was designed to increase
membrane penetration, resulting in the accumulation of
the substrate inside the cell, and increased retention of
the ¯uorescent moiety inside the cell after substrate
cleavage. The other amino group was then used for the
preparation of substrate. Herein we report the synthesis
and characterization of N-octyloxycarbonyl-R110 (1) as
a new R110 derived dye and N-Ac-DEVD-N0-octyloxy-
carbonyl-R110 (3) as a new caspase-3 substrate.

N-Octyloxycarbonyl-R110 (1) was prepared by reaction
of R110 with octyl chloroformate (Scheme 1).10 As
expected, compound 1 was less ¯uorescent than R110
(relative ¯uorescence (Rf)=0.16 versus R110 in 1:1

0960-894X/01/$ - see front matter # 2000 Elsevier Science Ltd. All rights reserved.
PI I : S0960-894X(00 )00590-4

Bioorganic & Medicinal Chemistry Letters 11 (2001) 39±42

*Corresponding author. Tel.: +1-858-860-2306; fax: +1-858-860-
2300; e-mail: scai@maxim.com



Figure 1. Staining of HL-60 cells by (a) N-octyloxycarbonyl-R110 (1);
and (b) R110. HL-60 cells were placed in 5 mL of Iscove's medium
(without serum or phenol-red) containing 10mM N-octyloxycarbonyl-
rhodamine 110 (1) or rhodamine 110. The cells were incubated for 2 h at
37 �C in a CO2 incubator, recovered by centrifugation, and washed in
50mL of ice-cold medium. The cells were re-centrifuged and the ®nal
pellet was resuspended in 50mL of fresh medium. Aliquots of each cell
suspension were placed in microslides and viewed on a Nikon inverted
microscope with epi¯uorescent illumination using an FITC ®lter set.

Figure 3. Staining of HL-60 cells by N-Ac-DEVD-N0-octyloxy-
carbonyl-R110 (3): (a) Vinblastine-treated cells: and (b) Vinblastine-
treated cells with 50 mM N-Ac-DEVD-CHO added in the assay stage.
HL-60 cells were treated with 10mg/mL vinblastine for 4 h to induce
apoptosis. Following apoptosis induction, the cells were incubated
with 50mM N-Ac-DEVD-N0-octyloxycarbonyl-R110 (3) in caspase
assay bu�er (40mM PIPES, pH 7.2; 100mM NaCl; 10% sucrose;
1mM EDTA; 10mM DTT). The cells were then transferred to a glass
microslide and viewed by epi¯uorescent illumination on a Nikon
inverted microscope.

Figure 2. Cleavage of N-Ac-DEVD-N0-octyloxycarbonyl-R110 (3) by (a) hrCasp3; and (b) apoptotic lysate from vinblastine-treated HL-60 cells.
The assays were carried out at 37 �C in 96-well plates in a 100mL incubation containing 30mL of hrCasp3 or cell lysate, 10mM of substrate 3, and
caspase assay bu�er (40mM PIPES, pH 7.2; 100mM NaCl; 10% sucrose; 0.1% CHAPS; 1mM EDTA; 10mM DTT). At the end of the incubation
period (0.5, 1, 2, and 3 h for hrCasp3 and 3 h for apoptotic lysates), the ¯uorescence was measured on a Bio-Tek FL500 ¯uorescence microplate
reader using excitation and emission wavelengths of 485 and 530 nm, respectively. Two di�erent controls were run: (1) an enzyme blank consisting
of samples containing substrate, without enzyme or cell lysate; and (2) an inhibitor control, consisting of samples which contained the caspase
inhibitor, Ac-DEVD-CHO (10 mM). The controls gave essentially equivalent values in the hrCasp3 assay.
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methanol/1mM Tris bu�er). However, cells incubated
with N-octyloxycarbonyl-R110 (1) were highly ¯uo-
rescent (Fig. 1a). In contrast, cells incubated with R110
were not very ¯uorescent and there was a high degree of
¯uorescence in the medium (Fig. 1b). This suggests that
compound 1 is more cell-permeable than R110 and is
retained better by the cells.

The caspase-3 substrate N-Ac-DEVD-N0-octyloxy-
carbonyl-R110 (3)10 was prepared by coupling the t-Bu
protected tetrapeptide Ac-DEVD-CO2H with 1 to give
2,10 followed by deprotection of the t-Bu groups (Scheme
1). As expected, the reaction converted the ¯uorescent
molecule of 1 into a non¯uorescent molecule 3.

The cleavage of the caspase-3 substrate N-Ac-DEVD-
N0-octyloxycarbonyl-R110 (3) was ®rst tested using
human recombinant caspase-3 (hrCasp3). Incubation of
3 with hrCasp3 gave a strong ¯uorescent signal, while
incubation of 3 with bu�er alone gave a very low back-
ground signal. The cleavage of 3 by hrCasp3 was inhib-
ited by the caspase-3 inhibitor Ac-DEVD-CHO
(Fig. 2a). Substrate 3 also was cleaved by lysates pre-
pared from HL-60 cells treated with the apoptosis-
inducing mitotic inhibitor, vinblastine. Treatment of 3
with these lysates gave a strong ¯uorescent signal simi-
lar to hrCasp3 and this cleavage was inhibited by Ac-
DEVD-CHO, suggesting that most of the cleavage was
mediated by caspase-3-like proteases (Fig. 2b).

Incubation of vinblastine-treated, apoptotic cells with
N-Ac-DEVD-N0-octyloxycarbonyl-R110 (3) resulted in
cells which were highly ¯uorescent (Fig. 3a). In the pre-
sence of Ac-DEVD-CHO, the cells showed almost no
¯uorescent signal (Fig. 3b), indicating that the cleavage
of 3 in vinblastine treated cells was due to caspase-3-like
proteases.

In conclusion, we have prepared a new R110-derived
¯uorescent dye, N-octyloxycarbonyl-R110 (1), which is
more cell-permeable and has better cell retention prop-
erties than R110. We also have used 1 to prepare a
novel, ¯uorogenic caspase-3 substrate, N-Ac-DEVD-N0-
octyloxycarbonyl-R110 (3). Substrate 3 is an excellent
substrate for hrCasp3 and it is e�ciently cleaved by
lysates prepared from apoptotic cells. In addition, sub-
strate 3 strongly stains vinblastine-treated, apoptotic
HL-60 cells. Substrate 3 should be useful for detect-
ing apoptosis in whole cells and for cell-based high
throughput screening of apoptosis inhibitors or indu-
cers.
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