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ABSTRACT We previously demonstrated that the supramolecular self-assembly of cyanines could be useful for developing fluorescent
enzymatic assays. We took that concept a step further by synthesizing a covalent adduct of the tetrapeptide Asp—Glu—Val—Asp (DEVD)
and a cyanine (DEVD—cyanine). The DEVD—cyanine due to its canonical sequence was recognized and hydrolyzed by the proteases,
Caspase-3 and -7 in 96- or 384-microwell plate reactions. The catalytically liberated cyanine self-assembled upon scaffolds of
carboxymethylamylose (CMA), carboxymethylcellulose (CMC), or a mixture of CMA and CMC resulting in a ] aggregate exhibiting
bright fluorescence at a 470 nm emission wavelength (optimum signal/background using excitation wavelengths of 415—440 nm).
The fluorescence intensity increased with enzyme and substrate concentrations or reaction time and exhibited classical saturation
profiles of a rectangular hyperbola. Saturation of the reaction was at 30 U/mL (1 ug/mL) Caspase-3 and 250 uM DEVD—cyanine. The
reaction kinetics was linear between 1 and 20 min and saturated at 60 min. The affinity constant (Km) for DEVD—cyanine was ~23
uM, similar to those of previously reported values for other DEVD substrates of Caspase-3. Maximal fluorescence emission was observed
by using a mixture of CMA and CMC scaffolds at 65 and 35 uM, respectively. The reaction kinetics of Caspase-7 executed in a 384-
well plate was similar to the reaction Kinetics of Caspase-3 conducted in a 96-well plate. We believe that this is the first demonstration
of a cyanine liberated from a covalent adduct due to protease action, leading to supramolecular self-assembly and the detection of
protease activity.
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INTRODUCTION
e previously reported that the nonfluorescent

cyanine dye 1 (Figure 1) formed fluorescent “J

aggregates” when the anionic biopolymer car-
boxymethylamylose (CMA) was added to solutions of 1 (1).
While the glucose polymer amylose exists in nonaqueous
media as a helical structure, the chemical addition of car-
boxyl groups renders the resultant CMA water-soluble.
However, repulsions between nearby carboxyl groups de-
stabilize the helical structure such that the CMA exists as an
“interrupted helix” in water. The association of 1 with CMA
is a cooperative self-assembly process, and the resulting
host—guest complex is helical, involving strong association
of 1 with each other and with CMA (1). The relatively broad
absorption of 1 becomes red-shifted and sharpened upon
association with CMA, and a sharp, strong fluorescence is
observed (1). These spectral features along with strong,
biphasic-induced circular dichroism were characteristic fea-
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FIGURE 1. Structure of cyanine 1 with a molecular mass of 408.39.
Cyanine 1 was modified to introduce a terminal amino group as
shown in Figure 2. This amino group was used to tether the cyanine
2a covalently to the DEVD tetrapeptide.

tures of the “] aggregate” of achiral 1, in which molecules of
1 were associated with each other in an end-on-end associa-
tion (1, 2).

Subsequent to our discovery of highly fluorescent J-
aggregate formation between 1 and CMA, we developed
bioassays based on cooperative self-assembly. We showed
that the addition of CMA to nonfluorescent solutions of 1
resulted in a strongly fluorescent 1—CMA complex, thus
detecting the presence of the biopolymer. We also found that
the salivary amylase enzyme unraveled the complex by
hydrolyzing CMA and leading to a decrease in the fluores-
cence, producing a dose—response tracing that was an index
of amylase activity (3, 4). Similar results were obtained with
complexes that were formed between 1 and other anionic
biopolymers such as carboxymethylcellulose (CMC) or hy-
aluronic acid (HA) (4, 5), and thus assays were developed
for the hyaluronidase enzyme in order to detect HA hydroly-
sis (5). Finally, we found that the fluorescent complex

Www.acsami.org

Published on Web 01/07/2009



Downloaded by 194.44.31.30 on November 3, 2009 | http://pubs.acs.org
Publication Date (Web): January 7, 2009 | doi: 10.1021/am800091h

0 0 2
@:io Ho ™~ Eﬁi;w A~ OH 1280 —Q_sbc'
=

Q 0 —
Crpr~ei-

\

0}

DCMITEA, it
" 14:;3" 0 overnight
4 5 62% §
OH
CI\©ZN>— 0 s N
Y o s
S N ,\/\:g 1.26q.C,HgONO N \N:/ o
130°C,6h mepq Hg(con.) N -
4 ., 3h
72% “ & oo e cl
d e
0
0 NH;

oot
5 130Csh

1.5eq.Ac;0/1.5eq.AcOH

90% 1.5eq.NaOAc in CHZCN
0C,2h
80%

f g

o~y
1.0eq. & C'\C[ N— ]@’ 40% aq, CH;,NHE

"=
8 S

overmght 2

68%

h

FIGURE 2. Synthetic scheme for cyanine 2a. The synthetic details are described in the Materials and Methods section of the paper.

between 1 and CMA was quenched by a cationic cyanine
absorbing at longer wavelengths than the 1—CMA J-ag-
gregate complex and that the fluorescence quenching re-
sulted in the sensitization of the quencher fluorescence (3).
We also reported that 1 formed fluorescent | aggregates with
nucleic acids, leading to a sensitive detection scheme for
several different nucleic acid (DNA and RNA) scaffolds (6).
We took these concepts to a higher level by focusing upon
the development of novel biosensing approaches based
upon the release of the cyanine chromophore from a cova-
lent adduct due to protease activity and thus demonstrating
a new approach to sensing that extended the scope of the
biopolymer—dye J-aggregate formation. The present work
involved studies with an unsymmetrical cyanine (2a) that
was synthesized according to a multistep procedure (Figure
2). The synthetic sequence affords a general method for
preparing unsymmetrical cyanine dyes that can be coupled
to biopolymers or oligomeric short peptides (as shown in
Figure 3). Such covalent conjugates can be useful in the design
of enzyme assays, such as, for example, the proteases like
Caspases that are involved in apoptosis (or programmed cell
death) (7—10) and therefore targets for drug discovery (11).

MATERIALS AND METHODS

Caspase-3 and -7 were purchased from Sigma-Aldrich (St.
Louis, MO) either as part of a “combo Kit” also containing
Caspase-2 or as individual reagents from Sigma-Aldrich. The
certificates of analyses received from the vendor for the specific
lots of enzymes purchased gave the following definitions for the
specific activities. (a) Caspase-3 and -7 (“combo Kkit”): one unit
will cleave 1 nmol of the caspase substrate DEVD—pNA (N-
acetyl-DEVD-p-nitroanilide) per 1 h at pH 7.2 at 37 °C. (b)
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Caspase-3 and -7 (individual reagent): one unit will hydrolyze
1.0 nmol of Ac-DEVD-AFC [N-acetyl-DEVD-7-amino-4-(trifluo-
romethyl)coumarin] per 1 min at pH 7.5 and 25 °C. The
enzymes were stored in small aliquots at —80 °C until use.
Enzyme aliquots were discarded after a single use and not
subjected to more than a single freeze—thaw cycle. The carbo-
hydrate scaffolds carboxymethylcellulose (CMC) and carboxym-
ethylamylose (CMA) were also purchased from Sigma-Aldrich,
dissolved in water as 1 and 2 mM solutions, respectively, and
stored refrigerated. The protected DEVD synthetic peptide
(except for the carboxy-terminal carboxyl group being free) was
purchased from Bachem BioScience (King of Prussia, PA). The
substrate DEVD—cyanine was synthesized and purified as
described below. The substrate was dissolved in methanol as a
4 mM stock solution and stored refrigerated. The assay buffer
consisted of 20 mM sodium phosphate, pH 7.5, supplemented
with 100 mM sodium chloride, 0.1 % 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate detergent, 10% glyc-
erol, and 2 mM ethylenediaminetetraacetic acid. Just prior to
use, freshly made dithiothreitol was added to the buffer at a
concentration of 5 mM. Enzymatic reactions were carried out
using 96- or 384-well white microplates (Optiplate, Perkin-
Elmer, Waltham, MA). Both the enzyme and the substrate were
diluted in the above buffer just prior to use.

DEVD—Cyanine Substrate Synthesis. The synthesis of the
unsymmetrical cyanine 2a was accomplished through a multi-
step scheme outlined in Figure 2 and is generally useful for
preparing cyanines of similar structure for covalent attachment.
The details for the synthesis are described below.

Synthesis of b: This was prepared by following the procedure
described in the literature (12).

Synthesis of ¢: To a solution of b (200 mg, 0.91 mmol) in 2
mL of dichloromethane, cooled to 0 °C for 5 min, were added
4-toluenesulfonyl chloride (208 mg, 1.09 mmol) and triethy-
lamine (184 mg, 0.25 mL, 1.82 mmol) under N,. The solution
was allowed to warm to room temperature and kept stirring
overnight. The product was extracted by ethyl acetate, washed
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FIGURE 3. Schematics of DEVD—cyanine 3 and hydrolysis by
Caspase-3 and -7. This cartoon depicts the chemical coupling
strategy of the deprotected DEVD tetrapeptide to aminocyanine 2a
resulting in 3 (downward-pointing arrow). The enzymatic reaction
(upward-pointing arrow) shows the hydrolysis of 3 through Caspase-3
and -7 proteolysis. The amino and carboxyl groups involved in the
chemical and enzymatic reactions are circled. The schematic does
not indicate any type of equilibrium existing between the chemical
coupling reaction and the enzymatic reaction.

by 5 mL of H,O, then washed by 2 x 5 mL of a saturated sodium
chloride solution, and dried by anhydrous MgSO,. The product
was purified by silica gel flash chromatography with a ratio of
2:1 hexanelethyl acetate to provide 211 mg of a white solid.
Yield: 62 %. 'H NMR (500 MHz, CDCl5): 0 7.835 (dd, J, = 3 Hz,
J. =5.5Hz, 2H), 7.792 (d, J = 8 Hz, 2H), 7.724 (dd, J, = 3 Hz,
J» = 5.5 Hz, 2H), 7.342 (d, J = 8 Hz, 2H), 4.069 (t, ] = 6 Hz,
2H), 3.661 (t, ] = 6.5 Hz, 2H), 2.436 (s, 3H), 1.707 (m, 2H),
1.317 (m, 2H).

Synthesis of d: Compound c (1.662 g, 4.45 mmol) was added
into a 25 mL ground-glass flask, followed by 5-chloro-2-meth-
ylbenzol[d]thiazole (0.82 g, 4.45 mmol). The reaction mixture
was heated to 130 °C slowly under a N, atmosphere and
allowed to stir for 6 h. It was then cooled to room temperature,
and a solid was formed. Ethyl ether (5 mL) was added into the
resulting mixture, which was stirred for 10 min and then filtered
to provide a slightly green powder. The product was purified
by inverse silica gel chromatography to give 1.78 g of a white
solid product. Yield: 72 %. 'H NMR (500 MHz, CDCl5): 6 8.263
(d, /] =8.5Hz, 1H), 7.851 (s, 1H), 7.842 (dd, Jy =3 Hz, , =5
Hz, 2H), 7.748 (dd, J, = 3 Hz, J, = 5 Hz, 2H), 7.635 (d, ] = 8.5
Hz, 1H), 7.594 (d, j = 7.5 Hz, 2H), 7.058 (d, j = 7.5 Hz, 2H),
4.927 (t, ] = 7.5 Hz, 2H), 3.407 (s, 3H), 2.298 (s, 3H), 1.977
(m, 2H), 1.417 (t, ] = 8 Hz, 2H), 1.111 (m, 2H).

Synthesis of e: A solution of d (200 mg, 0.371 mmol) in 3 mL of
1-methyl-2-pyrrolidinone was cooled to 0 °C, and to this solution
was then added a 37 % hydrochloride solution (43 uL, 0.519 mmol)
and C4HoONO (0.05 mL, 0.445 mmol). The mixture was stirred
for 3 h at room temperature, and then 3 mL of dichloromethane
was added into the mixture to give a precipitate. The white solid
was provided after filtration, washed with dichloromethane and

164 IENAPPLIED MATERIALS

XINTERFACES

VOL. 1 ¢ NO. 1 ¢ 162-170 ¢ 2009

ethyl ether, and then air-dried to give 84 mg of product. Yield:
50%. The product was directly used for the next step without
further purification. '"H NMR (500 MHz, DMSO-de): 6 8.411 (s, 1H),
7.825 (s, 1H), 7.634 (d, ] = 9 Hz, 0.75H), 7.583 (d, ] = 8.5 Hz,
0.25H), 7.063 (d, ] = 8.5 Hz, 1H), 7.030 (m, 4H), 4.082 (t,/ = 7.5
Hz, 1.5H), 4.003 (t, ] = 8 Hz, 0.5H), 2.806 (t, ] = 6.5 Hz, 2H), 1.044
m, 4H).

Synthesis of g: This was prepared by following the procedure
described in the synthesis of d. Yield: 90 % . "H NMR (500 MHz,
CDCls): 6 8.093 (d, ] = 8.5 Hz, 1H), 7.848 (s, 1H), 7.633 (d, ] =
8.5 Hz, 1H), 7.591 (d, J = 8 Hz, 2H), 7.042 (d, / = 8 Hz, 2H),
4.900 (q, /= 7.5 Hz, 2H), 3.377 (s, 3H), 2.290 (s, 3H), 1.575 (t,
J =7 Hz, 3H).

Synthesis of h: A solution of e (100 mg, 0.222 mmol) in 1.5
mL of acetonitrile was cooled to 0 °C, and then g (85.2 mg,
0.222 mmol), acetic anhydride (34 mg, 0.333 mmol), acetic acid
(20 mg, 0.333 mmol), and sodium acetate (27 mg, 0.333 mmol)
were added into the mixture. The reaction was stirred at 0 °C
for 2 h. The resulting suspension was filtered and washed with
dichloromethane and a small amount of ice water to give a
yellow powder. The product was purified by inverse silica gel
chromatography to give 110 mg of a yellow solid. 'H NMR (500
MHz, DMSO-de): 6 8.240 (d, ] = 8.5 Hz, 1H), 8.115 (s, 1H), 8.067
(s, 1H), 7.801 (d, J = 8.5 Hz, 1H), 7.779 (d, J = 7.5 Hz, 1H),
7.570(d,J=7.5Hz, 1H), 7.741 (d, /= 8.0 Hz, 2H), 7.103 (d, J
= 8.0 Hz, 2H), 6.653 (s, 1H), 4,650 (g, / = 8 Hz, 2H), 2.825 (t,
J=7.5Hz,2H),1.911 (m, 2H), 1.742 (m, 2H), 1.378 (t, ] = 8.4
Hz, 2H), 1,265 (t, ] = 8 Hz, 3H).

Synthesis of 2a: Solid h (540 mg, 0.875 mmol) was added
into 30 mL of a 40 % CHsNH, aqueous solution, which was then
allowed to stir overnight at room temperature. The solvent and
CH5NH, were removed by rotary evaporation to give a yellow
solid. The product was purified by inverse-phase silica gel
chromatography to give 290 mg of a yellow solid. "H NMR (500
MHz, DMSO-de): 0 8.271 (d, ] = 8.5 Hz, 1H), 8.124 (s, 1H), 7.594
(d,J=8.5Hz, 1H), 7.465 (d,/J= 7.5 Hz, 1H), 7.101 (d,J=7.5
Hz, 1H), 6.72 (s, 1H), 5.74 (s, 1H), 4.701 (q, /= 8 Hz, 2H), 2.788
(t,/=7.5Hz, 2H), 2.273 (s, 2H), 1.822 (m, 2H), 1.645 (m, 2H),
1.371 (t,]=8.4 Hz, 2H), 1.225 (t, /] = 8 Hz, 3H). MS (ESI). Calcd:
mlz 450.06. Obsd: m/z 450.0627.

The synthesis of the DEVD—cyanine covalent conjugate was
carried out as described below.

Synthesis of protected DEVD—cyanine: A solution of pro-
tected DEVD (100 mg, 0.134 mmol) in 2 mL of N,N-dimethyl-
formamide was cooled to 0 °C, and then hydroxybenzotriazole
(27.2 mg, 0.201 mmol) and diisopropylcarbodiimide (20.3 mg,
0.161 mmol) were added into the mixture. The resulting
mixture was allowed to stir for 10 min, followed by the addition
of 2a (65 mg, 0.134 mmol). This mixture was stirred overnight,
and then the solvent was removed by vacuum evaporation with
an oil pump to give a yellow solid. The product was purified by
inverse-phase silica gel chromatography to provide 139 mg of
product. Yield: 85% . 'H NMR (500 MHz, DMSO-dj): 6 8.258 (d,
J=7.5Hz, 1H), 8.116 (s, 1H), 7.885 (m, 3H), 7.732 (m, 2H),
7.577 (d,J=8.5Hz, 1H), 7.468 (d,] = 7.5 Hz, 1H), 7.183 (d, J
=7.5Hz, 1H), 7.101 (s, 1H), 6.713 (s, 1H), 5.293 (m, 2H), 4.698
(m, 2H), 4.344 (m, 4H), 2.622 (m, 6H), 2.154 (m, 4H), 1.585
(m, 2H), 1.408 (s, 36H), 1.208 (m, 4H), 1.058 (t, /] = 7 Hz, 3H),
0.725 (d, J = 6.5 Hz, 6H). MS (ESI). Calcd: m/z 1176.47. Obsd:
mlz 1176.4669.

Synthesis of DEVD—cyanine: A solution of protected DEVD—
cyanine (100 mg, 0.085 mmol) in 1.8 mL of a CFsCOOH
solution was cooled to 0 °C. To this solution was then added
0.1 mL of H,O and 0.1 mL of triisopropylsilane (TIPS), and
the resulting mixture was stirred overnight. The solvent was
removed by vacuum evaporation to give a yellow oil. The
product was further purified by inverse-phase silica gel
chromatography to provide 77 mg of a yellow solid. Yield:
92%. 'H NMR (500 MHz, DMSO-dy): 0 8.558 (d, ] = 7.5 Hz,
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1H), 8.250 (s, 1H), 8.120 (m, 3H), 7.860 (d, = 8.5 Hz, 2H),
7.573 (d,J=7.5Hz, 1H), 7.453 (d,J= 7.5 Hz, 1H), 7.077 (s,
1H), 6.700 (s, 1H), 4.677 (m, 3H), 4.380 (m, 1H), 3.645 (m,
4H), 3.116 (m, 5H), 2.351 (m, 2H), 2.275 (m, 2H), 1.878 (m,
2H), 1.445 (m, 4H), 1.222 (m, 3H), 0.969 (m, 6H). MS (ESI).
Calcd: m/z 908.23. Obsd: m/z 908.0247.

Caspase Protease Assay. Reactions were carried out in 96-
or 384-well white microplates. Both the enzyme and substrate
were diluted using an assay buffer with the composition de-
scribed in the Materials and Methods section of the paper (vide
supra). Typically, 5 uL of the enzyme solution was mixed with
5 uL of the DEVD—cyanine substrate. The enzymatic hydrolysis
of the substrate was carried out at 37 °C after tightly sealing
the plate using commercial sealing tape (ImmunoWare Sealing
Tape, Pierce, Rockford, IL) in order to minimize evaporative
losses arising due to assay miniaturization. Reactions were
terminated by dilution to a total volume of 280 uL (96-well
plate reactions) or 95 uL (384-well plate reactions) using a
mixture of methanol/water (20:80). Unless indicated otherwise,
] aggregation of the liberated cyanine was initiated by the
addition of 20 uL (96-well plate reactions) or 5 uL (384-well plate
reactions) of a mixture of CMA and CMC scaffolds, such that
the final concentrations of the twin scaffolds were approxi-
mately 65 uM CMA and 35 uM CMC. The final volume in each
well was thus 300 uL (96-well plate reactions) or 100 uL (384-
well plate reactions). The plates were then incubated at room
temperature (~25 °C for 30 min) before taking fluorescence
measurements. Control reactions to determine background
fluorescence included reaction wells containing enzyme only,
substrate only, or the reaction buffer without enzyme and
substrate.

Fluorescence Measurements. Fluorescence measurements
were taken using a Molecular Devices (Sunnyvale, CA) micro-
plate reader. Samples were excited over the wavelength range
of 415—440 nm, and the emission intensity was measured at
470 nm. In some experiments, both the excitation and emission
wavelengths were varied in order to achieve optimal conditions
for fluorescence detection of DEVD—cyanine cleavage by pro-
tease. Fluorescence emission was corrected for the small extent
(typically <10 % of maximal fluorescence from the J aggregate)
of intrinsic light emission from the DEVD—cyanine intact
substrate molecule. Microplate-based assays were designed,
keeping the design principles described by us recently (13).

Data Analysis. All reactions were carried out in triplicate, and
the values were calculated as average + standard deviation for
each determined parameter. Kaleidagraph software (version
4.03, Synergy software, Reading, PA) was used to generate the
tracings shown for the various experiments. The control reac-
tion giving the maximal background fluorescence was used to
correct the signal arising from the complete enzymatic reaction.
In these experiments, the low intrinsic fluorescence arising from
DEVD—cyanine (minus the Caspase) was used for correction,
and the resultant tracing was represented as relative fluores-
cence units (RFUs). Values are the average of triplicate measure-
ments for each determined parameter. Where not visible, error
bars are masked within the symbol. The limits of detection and
quantitation were calculated as described previously (14). Data
obtained from a study of the effects of the substrate concentra-
tion on the reaction velocity were transformed using the
Eadie—Hofstee equation [V/(VIS)] using the software program
EnzymeKinetics Prol (version 2.36, SynexChem LLC, Fairfield,
CA). This transformation allowed us to calculate the enzyme
kinetic parameter Km. Km, sometimes called the Michaelis
constant, involves the equilibrium between the formation of the
enzyme—substrate (ES) complex as well as its breakdown into
enzyme and products (E + P). While Km does not refer to the
binding constant or binding strength of the substrate to the
enzyme, it does encompass the affinity of the substrate for
the enzyme as well as the rate at which the substrate bound to
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the enzyme is converted into product(s). A basic definition of
Km is that it represents that concentration of a given substrate
at which the enzyme-catalyzed reaction reaches half of the
maximal velocity. Thus, Km = Vi, /2. In other words, a high
Km value denotes a substrate that is not efficiently converted
into product because it requires a larger concentration of
substrate to achieve half of the maximal velocity. Conversely,
a low Km indicates a greater affinity of the substrate for the
enzyme and a higher rate of substrate conversion into product.
In certain experiments, the S/B ratio was used to evaluate the
data.

RESULTS AND DISCUSSION
In the present study, a protected tetrapeptide containing

the canonical sequence Asp—Glu—Val—Glu (DEVD) for spe-
cific recognition by Caspase-3 and -7 (7—10) was covalently
linked to a modified unsymmetrical cyanine (2a; Figure 3).
Compound 2a was synthesized in good overall yield by the
scheme outlined in Figure 2. The reactions used in this
synthetic scheme can be generally useful for the synthesis
of unsymmetrical cyanines for covalent attachment. Herein,
2a was coupled using N-hydroxysuccinimide activation with
a synthetic protected peptide (DEVD) at the unprotected
carboxyl terminus to afford a protected tetrapeptide. The
protected peptide was then deprotected in a one-step reac-
tion with trifluoroacetic acid in dichloromethane to yield the
DEVD—cyanine peptide 3. The DEVD—cyanine peptide 3
was designed as a substrate for the proteases Caspase-3
and -7 (7—10).

The synthetic tetrapeptide 3 (DEVD—cyanine, shown as
a deprotected peptide in Figure 3) was selected as a proto-
type for a wide array of biomolecules incorporating a
sequence that is recognized by a specific enzyme and can
subsequently be reacted to release a reporter molecule, in
this case 2a. The sequence recognized by Caspase-3 and -7
is a short tetrapeptide, DEVD (7—10). DEVD when linked to
cyanine 2a and then deprotected (3) is a dianion at neutral
pH (Figure 3). As anticipated, 3 in an aqueous solution did
not associate with CMA or CMC, and the appended cyanine
was nonfluorescent both in aqueous media and in aqueous
solutions in the presence of anionic biopolymers such as
CMA or CMC. However, the dicationic cyanine 2a (in neutral
aqueous solutions) is released by the enzymatic cleavage of
3. For hydrolysis of the DEVD—cyanine substrate, we pur-
chased Caspase-3 and -7 from Sigma-Aldrich. The enzymatic
reaction was carried out essentially as described by us
previously (10). The “free” 2a that was liberated by enzy-
matic hydrolysis readily self-assembles upon CMC or CMA
scaffolds to form a fluorescent | aggregate and provides a
sensitive assay of Caspase-3 and/or -7 to hydrolyze 3.

There was an increase in fluorescence between 450 and
550 nm emission wavelengths as a function of the enzyme
concentration when Caspase-3 was incubated with 3 and
then either CMC or CMA was added postcatalysis (Figure 4A).
The excitation wavelength was varied from 415 to 440 nm
in 5 nm intervals. For each excitation wavelength, fluores-
cence from the ] aggregate of the released cyanine 2a self-
assembling upon the scaffold was measured over an emis-
sion wavelength range of 410—550 nm (Figure 4A). It is
important to note that in these experiments the intact
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FIGURE 4. (A) Emission wavelength scan of the reactions of
DEVD—cyanine with increasing concentrations of Caspase-3. Only
a representative example of the scan for 1.x = 400 nm is shown in
this figure. The various tracings represent progressively increasing
concentrations of Caspase-3 (0, 1, 2.5, 5, 10, 15, 30, and 60 U/mL)
utilized to catalyze the hydrolysis of the DEVD—cyanine substrate.
Fluorescence emission was scanned over the indicated wavelength
range in 2 nm intervals. (B) Exploded view of the desired range of
fluorescence emission wavelengths between 450 and 480 nm. This
figure is intended to show clearly the Caspase-3 concentration-
dependent increase in the peak fluorescence at 470 nm. The
Caspase-3 concentrations used and the scan intervals were the same
as those listed in part A.

DEVD—cyanine substrate did not self-assemble upon the
carbohydrate scaffolds. Consequently, there were only very
low levels of light emission from the substrate in the absence
of the Caspase-3 enzyme. We considered this as background
and either corrected for it (ARFU) or used the background
emission values to calculate the ratio of signal to back-
ground (S/B). It was only the cleaved product, the “free”
cyanine, that was capable of efficient self-assembly upon the
twin carbohydrate scaffolds (Figures 4 and 5). A clear
increase in the fluorescence emission was particularly no-
ticeable between wavelengths of 460 and 470 nn (Figure
4B). The maximum fluorescence was detected at a peak
emission wavelength of 470 nm (Figure 4B). A chart of the
S/B values showed that the excitation wavelengths between
420 and 440 nm gave optimum fluorescence emission
without serious signal degradation due to the rising blank
fluorescence (Figure 5). At excitation wavelength values
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FIGURE 5. Effect of the excitation wavelength on the fluorescence
emission intensity at 470 nm and the S/B of Caspase-3 catalysis.
Caspase-3 (30 U/mL) was used to catalyze the hydrolytic reactions
of DEVD—cyanine. The open circles represent the S/B values, and
the closed circles represent the fluorescence emission intensity
corrected for background fluorescence (ARFU) from DEVD—cyanine
in the absence of enzyme. The reaction samples were scanned over
excitation wavelengths of 400—460 nm in 5 nm intervals.

above or below this threshold, S/B declined, even though the
fluorescence signal strength continued to increase up 450
nm excitation wavelength and decline thereafter (Figure 5).
However, we considered the deterioration in the S/B values
at excitation wavelengths of 450 nm or higher as unaccept-
able in the delivery of a robust protease assay. Therefore,
in all further experiments, the emission wavelength was
fixed at 470 nm and the fluorescence from the reaction
samples was measured by excitation of the samples be-
tween the wavelengths of 420 and 445 nm at 5 nm intervals.
It is also important to note that the results shown in
Figures 4 and 5 were conducted under assay conditions that
had not yet been sufficiently optimized. There were also
some differences in the magnitude of the separation be-
tween the tracings of the various concentrations of Caspase-3
enzyme depending upon the excitation wavelengths (Figure
4). These experiments were done for the sole purpose of
establishing the optimal excitation and emission wave-
lengths. This might also explain the differences in the
tracings of Figure 4 compared to Figure 6 that are discussed
elsewhere in this paper.

The ] aggregation may be perturbed by enzymatic reac-
tion components such as buffer salts, sodium chloride,
detergent, or thiol reagent (2, 6). We therefore investigated
the effects of well volume upon the fluorescence emission
intensity and S/B. We found that diluting the well volume
30-fold (96-well reactions) or 10-fold (384-well reactions)
using a methanol/water mixture before adding CMA and
CMC facilitated a more optimal self-assembly of the liberated
cyanine upon the carbohydrate scaffolds. Preliminary ex-
periments showed that for 96-well plate reactions a final well
volume of 150—300 uL yielded maximum fluorescence
emission and higher S/B values. The decline in the fluores-
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FIGURE 6. Caspase-3 dose—response chart. Increasing and indicated
concentrations of Caspase-3 enzyme were reacted with 250 uM
DEVD—cyanine substrate at 37 °C for 90 min. The various tracings
represent increasing fluorescence emission intensities observed at
470 nm emission wavelength and several different excitation
wavelengths as follows: open circles, 420 nm; closed circles, 425
nm; open triangles, 430 nm; closed triangles, 435 nm; open squares,
440 nm. All other conditions are as described in the Materials and
Methods section of the paper.

cence intensity and S/B values observed with well volumes
flanking these limits (50 and 100 uL and 350 and 400 uL,
respectively) could be due to interference from assay buffer
components at lower volumes and suboptimal scaffold
concentrations due to increased dilution at higher volumes.
At the lower well volumes of 50 and 100 uL, there might also
be an “inner filter effect” arising from the higher scaffold
concentrations and resulting in a fluorescence quench (5).

Two different batches and lots of Caspase-3 were tested
in order to confirm the hydrolysis of the DEVD—cyanine 3
substrate in our new high-throughput screening (HTS) assay
system for proteases. The results were overall similar to
those of proteolytic digestion of the substrate taking place
linearly between Caspase-3 concentrations of 0.5 and 15
U/mL (or 0.1 and 1.0 ug/mL) and reaching a plateau in the
reaction rate, thereafter indicating saturation of the reaction
velocity (Figure 6). Because the canonical sequence DEVD
is recognized by both Caspase-3 and -7 (7—10), our novel
synthetic peptide substrate was hydrolyzed by both en-
zymes (see below for the data on Caspase-7). These reactions
were demonstrated by two different investigators working
in two separate laboratories located several miles apart. This
showed the reproducibility, repeatability, and robustness of
the assay.

We next investigated the reaction kinetics by conducting
a time course of Caspase-3 hydrolysis of the DEVD—cyanine
3. The results are presented in Figure 7 and show that the
novel substrate was utilized rapidly and efficiently by Caspase-
3. Hydrolysis of the DEVD—cyanine substrate was evident
within 2 min of mixing of the enzyme at a concentration of
0.2 ug/mL with 250 uM substrate and incubating at 37 °C
(Figure 7). These results are reminiscent of our earlier study
with Caspase-3 enzyme (10). Saturation of the reaction was
progressively reached between 20 and 90 min of reaction.
The purpose of the experimental results described in Figures
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FIGURE 7. Caspase-3 reaction kinetics. This chart shows the reaction
progress curves for Caspase-3-catalyzed hydrolysis of the DEVD—
cyanine substrate. Caspase-3 (0.2 ug/mL) was reacted with 250 uM

substrate at 37 °C for the indicated reaction time periods. All other
conditions were as described in the legend of Figure 6.

6 and 7 was to establish the initial reaction rate conditions
wherein substrate depletion does not take place. Such
conditions will enable us to determine the affinity constant
for the DEVD—cyanine 3 substrate for the Caspase-3 enzyme
(described below).

A rectangular hyperbola type of tracing was obtained
when increasing concentrations of the DEVD—cyanine 3
substrate were titrated into reaction wells containing a
constant amount of enzyme (10 U/mL) (Figure 8A,B). This
type of chart indicated that the classical Michaelis—Menten
type of enzyme kinetics was operating during hydrolysis of
the substrate by Caspase-3. There was a progressive increase
in both blank-corrected fluorescence (Figure 8A) and S/B
(Figure 8B) between DEVD—cyanine 3 concentrations of 10
and 250 uM. The Caspase-3 catalysis was saturated at
concentrations greater than 250 uM. We utilized the Eadie—
Hofstee transformation of these data to obtain an affinity
constant of the substrate for the enzyme, a Km value of 22.7
+ 2.6 uM DEVD—cyanine 3. This value is similar to the
micromolar Km values reported in the literature using
substrates that contained the same canonical DEVD tet-
rapeptide sequence but different reporter molecules such as
coumarin derivatives (fluorescent assays) or p-nitro deriva-
tives (colorimetric assays) (15—21). This observation sug-
gested that the catalytic behavior of the Caspase-3 enzyme
was not significantly altered due to the cyanine reporter
group in our substrate relative to the chromogenic or fluo-
rogenic reporter molecules tethered to the DEVD sequence
in these earlier reports. We therefore used the 250 uM
DEVD—cyanine 3 concentration routinely in our experi-
ments, this value being 10-fold greater than Km and assured
of substrate excess in order to maintain first-order reaction
rate conditions.

We next focused our attention upon further assay opti-
mization by determining the concentration of the carbohy-
drate scaffolds CMA and CMC necessary to generate maxi-
mal fluorescence following supramolecular self-assembly of
the cyanine released from the DEVD—cyanine 3 covalent
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FIGURE 8. (A) DEVD—cyanine substrate dose—response curve.
Increasing and indicated concentrations of the DEVD—cyanine
substrate was reacted in the presence and absence of Caspase-3
under conditions described in the legends of Figures 6 and 7. A
substrate concentration-dependent increase in the fluorescence
emission intensity was observed up to 250 uM DEVD-—cyanine,
followed by a plateau at 500 uM substrate. The reaction samples
were monitored for emission at 470 nm following excitation at the
several different wavelengths of 420 nm (open circles), 425 nm
(closed circles), 430 nm (open triangles), 435 nm (closed triangles),
440 nm (open squares), and 445 nm (closed squares). It is seen that
the fluorescence emission intensity increases as the excitation
wavelength increased from 420 to 445 nm. (B) Effect of the
DEVD—cyanine concentration upon S/B. All reaction conditions were
as described in the legend of part A. Unlike the fluorescence
emission intensity (Figure 8A), the S/B increased with increasing
excitation wavelength only up to 440 nm. The S/B at 445 nm was
sharply lower relative to the S/B values observed at the other
excitation wavelengths.

adduct through Caspase-3 catalysis. The results showed that
a minimum concentration of approximately 20 uM CMA was
necessary to detect fluorescence (Figure 9). The fluorescence
intensity increased linearly between 25 and 70 uM CMA
followed by a decline between 150 and 300 uM CMA (Figure
9). The reasons for the decline in fluorescence emission at
high concentrations of the scaffold were documented by us
previously and included perturbations to the ] aggregate and
“inner filter” effects (4—6). We next fixed the CMA scaffold
concentration at 65 uM and executed a titration experiment
with increasing concentrations of CMC. The data showed
that approximately 40 uM CMC resulted in a 3-fold increase
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FIGURE 9. Optimization of the CMA scaffold. Increasing and indi-
cated concentrations of the CMA scaffold were added to 0.2 ug/mL
Caspase-3-catalyzed reactions carried out at 37 °C for 30 min. The
fluorescence emission was monitored at 470 nm following excitation
of the samples at 420 nm (open circles), 425 nm (closed circles),
430 nm (open triangles), 435 nm (closed triangles), and 440 nm
(open squares).

in fluorescence over 65 uM CMA alone. On the basis of these
results, we used a combination of 65 uM CMA and 35 uM
CMC to effect scaffolding. We thus formulated a 1:1 mixture
of 2 mM CMA and 1 mM CMC for addition to the reaction
wells as described under the Materials and Methods section
of the paper. By combining the twin scaffolds into a single
solution, we also eliminated one operational step in the
reaction protocol and simplified the assay conditions.
Fluorescence was detected immediately (less than 1
min) after the addition of the CMA + CMC scaffolds to the
reaction wells. A 2-fold or greater increase in fluorescence
resulted when the entire reaction mixture (postaddition
of the scaffolds) was allowed to incubate at room tem-
perature (~25 °C) for 30 min before taking fluorescence
measurements (Figure 10). This suggested a time depen-
dence to the self-assembly process of cyanine upon the
carbohydrate scaffolds, hinting at the self-assembly kinetics
as well as the stability of the self-assembled ensemble. Thus,
the self-assembly kinetics of the cyanine upon the carbohy-
drate scaffolds of CMC and CMA are also reminiscent of the
self-assembly of the same cyanine upon various nucleic acid
scaffolds of DNA and RNA as reported by us recently (6).
Depending upon the end-user requirements, the overall
assay may be configured for either speed (2 min Caspase-3
catalysis as seen in Figure 7 and measurement of the
fluorescence emission intensity “immediately”) or for greater
sensitivity (by waiting 30 min postaddition of the scaffolds
mixture before taking fluorescence measurements).
Finally, we executed the Caspase-7 assay using the
DEVD—cyanine substrate in 384-well plates for document-
ing the activity of this enzyme toward our novel peptide—
cyanine substrate and for qualifying our assay to the HTS
format appellation. The results are presented in Figure 11.
Caspase-7 also utilized DEVD—cyanine as a substrate be-
cause it too recognized the canonical DEVD tetrapeptide
sequence. Similar to Caspase-3 reaction kinetics (Figure 7),
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FIGURE 10. Self-assembly kinetics. Increasing and indicated con-
centrations of the Caspase-3 enzyme was reacted with a 50 uM
DEVD—cyanine substrate at 37 °C for 2 h. Fluorescence emission
was detected immediately after the addition of the CMA + CMC
scaffolds mixture (closed circles) or 30 min postaddition of the
scaffolds (open circles). All other conditions were as described in
the Materials and Methods section of the paper.
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FIGURE 11. Caspase-7 HTS assay format. In this experiment, 2 ug/
mL of Caspase-7 was reacted with 500 xM DEVD—cyanine in an
assay buffer at 37 °C for the indicated reaction periods. Caspase-7
catalysis was stopped at the various time intervals by diluting the
reaction well volume to 95 uL using a methanol/water mixture. At
the end of 60 min, the CMA and CMC scaffolds mixture was added
to the wells, followed by fluorescence measurements. The reaction
samples were monitored for fluorescence emission at 470 nm
following excitation at 420 nm (open circles), 425 nm (closed
circles), 430 nm (open triangles), 435 nm (closed triangles), and 440
nm (open squares). The data were fitted using a polynomial (second-
order) curve fit using Kaleidagraph software.

the Caspase-7 reaction proceeded linearly up to 20 min and
began to plateau thereafter. The data scatter observed in
Figure 11 required a polynomial (second-order) curve fit
using Kaleidagraph, unlike the interpolative tracings of Figure
7. We attribute the data scatter to manual pipetting opera-
tions with the tiny wells of a 384-well microplate. Such
scatter might be eliminated through robotic liquid handling,
enabling more precise reagent dispensing and mixing that
is a routine practice in high-throughput industrial laborato-
ries (13). It must be noted that we have not yet optimized
the protease assay completely in the 384-well plate format
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with either Caspase-3 or -7. Such optimization will also
involve a thorough characterization of Caspase-7 Kinetic
parameters with the DEVD—cyanine substrate (for example,
Km).

In conclusion, we demonstrated the utility of supramo-
lecular self-assembly processes to generate a new class
of enzyme substrates. Potentially, our substrate may be
used to detect intracellular Caspase-3 and -7 activities
because the cyanine also self-assembled upon nucleic acid
scaffolds of DNA and RNA (6) in addition to the carbohy-
drate scaffolds (present data; also refs 1, 3, and 5). In this
respect, our substrate is at the same time similar and
different from the thiazole orange derivative of a DNA
intercalating dye that was coupled to DEVD as a substrate
for caspases (22). We are aware that the cyanine J-aggregate
fluorescence is sensitive to environmental milieu (6, 23) and
that the toxicity (cytotoxicity and antiproliferative activities)
or the lack thereof of the cyanines (24, 25) will influence any
utilities involving intracellular events tracking. These studies
will be the focus of our future efforts with DEVD—cyanine.

The cyanine dye offers the prospect of self-assembly upon
a broad range of scaffolds including CMA, CMC, HA, and
single- and double-stranded, linear, or circular DNA and RNA
(1, 3—6). Future studies will also involve the coupling of other
signaling molecules in addition to cyanine as well as the
exploration of other types of organic and inorganic scaffolds
(such as proteins and clay nanoparticles) for the sensitive
detection of a wide range of biochemical analytes. We plan
to use our novel scaffold formation, disruption, destruction,
or dye release enzymatic assays in a HTS format for the
multiplexed, in vitro detection of a broad range of chemical—
biological analytes.
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