BIO

DOI: 10.1002/cbic.200700644

Self-Cleavable Bioluminogenic Luciferin Phosphates as Alkaline

Phosphatase Reporters

Wenhui Zhou,*™ Christine Andrews,*®' Jianquan Liu,® John W. Shultz,®’ Michael P. Valley,” Jim J. Cali,"’
Erika M. Hawkins,™ Dieter H. Klaubert,”™ Robert F. Bulleit,™ and Keith V. Wood™

Alkaline phosphatase (AP)—a  A) 0-0
stable enzyme with high specific OCH, 2 4 X COOH
activity for the hydrolysis of )’(O O,p\ /\ <j,
phosphate  esters—is  widely , 0 o °
used as a conjugated enzyme R
label in enzyme-linked immuno-
sorbent assays (ELISA)" and AMPPD : R'=H, R?= H 6-luciferin phosphate
e Q. CSDP:R'=Cl, R?=
DNA hybridization assays.” It is e 2
CDP-Star: R'=CI, R?=Cl

also used as an in situ probe to
monitor the expression and
translocation of fusion proteins
from the cytoplasm®™ and for vis-
ualization of the spatial distribu-
tion of target biomolecules, such
as cognate ligands or receptors

in cells, tissues, and embryos.” /'T\OH
Among the many methods for OH 1
detecting AP activity, there are
various phosphate substrates,
such as the colorimetric p-nitro-
phenyl phosphate,” the fluores-
cent AttoPhos®,® and the chemi-
luminescent adamantyl 1,2-di-
oxetane AMPPD derivatives”
(Scheme 1). It is the ultrasensitiv-
ity of chemiluminescence, specif-
ically with 1,2-dioxetane AMPPD
derivatives, that has made this
the overwhelming choice for
monitoring AP activity.

Although a luciferase-coupled
bioluminescent assay is not only
generically similar to the chemi-
luminescent assay and could
show similar sensitivity, it also
has the additional potential of
creating recombinant luciferase to AP protein fusions, which
might be preferable for the detection of AP activity in situ. The
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Scheme 1. Chemical structures of substrates for AP enzyme. A) Known chemiluminescent substrate AMPPD deriva-
tives and bioluminescent substrate 6-luciferin phosphate; B) proposed self-cleavable luciferin phosphates, amino-
luciferin trimethyl lock phosphate 1, and luciferin p-hydroxymethylphenyl phosphate 2.

development of a suitable substrate to reach this ultrasensitivi-
ty is needed in order to promote the bioluminescent AP assay
for practical applications. Chemical modification of the 6-hy-
droxyl group of luciferin (or the 6-amino group of aminoluci-
ferin) is an effective means to approach bioluminescent assays
for enzymes of interest,””! and 6-luciferin phosphate (Scheme 1)
has been previously shown to detect AP activity.” However,
the detection limit of 107" mol of AP was 2-3 orders of magni-
tude lower than that for the AMPPD assay.” Since the hydroly-
sis of phosphate monoesters is highly dependent on the pK,
of the leaving group”” and the lower pK, 8.5 of the luciferin
phenol compared to a pK, ~9.0” of the adamantyl dioxetane
phenol favors both nucleophilic attack and P—O bond fission
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for phosphate hydrolysis, we reasoned that the high back-
ground from nonenzymatic hydrolysis of 6-luciferin phosphate
might be responsible for the low sensitivity in this particular
case. We, therefore, hypothesized that the use of a self-cleava-
ble chemical adaptor that is bound to luciferin at one end and
phosphate at the other, could allow us to optimize the pK, of
the hydroxyl group at the phosphate-bonding site. This could
lead to enhanced stability, but still allow the release of free
luciferin upon AP activity.

Reactive molecules capable of spontaneous intramolecular
cyclization or 1,4- and 1,6-elimination have been utilized in the
field of prodrugs for enzyme-triggered drug delivery, and in
solid-phase synthesis for the release of synthetic molecules
from solid supports.'? Specifically, substituted phenol propion-
ic acid derivatives, referred to as “trimethyl lock”,"® upon un-
masking of the phenol group either undergo a facile spontane-

ous intramolecular lactonization due to the steric interaction
of three methyl groups to form hydroxylcoumarin and release
the moieties attached to the carboxyl functional group
(Scheme 1B, 1); or spontaneous 1,6-elimination of p-hydroxy
benzylether derivatives'>'¥ triggers the liberation of the moi-
eties at the ether end by the formation of a quinone methide
(Scheme 1B, 2). Given that the adaptors of trimethyl lock and
p-hydroxy benzylether are alkylsubstituted phenoles, we esti-
mated that the pK, values of the hydroxyl group in adaptors
were close to the pK, 9.95" of phenol, and consequently, we
predicted that their corresponding phosphates would be more
stable than 6-luciferin phosphate. Therefore, we designed ami-
noluciferin trimethyl lock phosphate (1) and luciferin p-hydroxy-
methyl phenyl phosphate (2; Scheme 1).

The synthesis of trimethyl lock phosphate 1 was accom-
plished as shown in Scheme 2A. The known 2-(3-hydroxy-1,1-
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Scheme 2. A) Synthesis of luciferin trimethyl lock phosphate 1. i) TBDMS-CI/TEA/CH,Cl,, 73 %; ii) CIPO(OEt),/KO-tBu/THF, 60 °C, 83 %; iii) Jones'/KF/acetone, 87 %;
iv) isobutylchloroformate/N-methyl-morpholine/2-cyano-6-aminobenzothiazole, 60 %; v) (CH3);Sil/CH,Cl,, 75 %; vi) p-cysteine/TEA. B) Synthesis of luciferin p-hy-
droxylmethyl phenol phosphate 2. i) CIPO(OEt),/TEA/CH,Cl,, room temperature, 83 %; i) HCI/MeOH, 98 %; iii) CBr,/PhsP/CH,Cl,, 92%; iv) 6-hydroxylbenzothi-

azole/K,COs/acetone, 77 %; v) (CH5);Sil/CH,Cl,, 63 %; vi) D-cysteine/TEA.
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dimethyl-propyl)-3,5-dimethyl-phenol (3) was prepared by lac-
tonization of the commercially available 3,5-dimethylphenol
and methyl 3,3-dimethylacrylate in methanesulfonic acid fol-
lowed by reduction with lithium aluminium hydride.? Selec-
tive protection of the alkylhydroxyl group of 3 with tert-butyl-
dimethylsilyl chloride (TBDMS-CI) in methylene chloride under
basic conditions gave 4 in 73% yield. Compound 4 was then
phosphorylated with diethyl chlorophosphate under strong
basic potassium tert-butoxide conditions to produce 5 in a
yield of 83%. We found no phosphorylation of 4 under the
more common base conditions, such as with TEA. Compound
5 was converted into acid 6 by in situ deprotection with KF fol-
lowed by oxidation with Jones’ reagent in acetone; the oxida-
tion was sensitive to temperature. The aldehyde intermediate,
instead of acid 6, was often found as a dominant product at
low temperature (0°C), whereas at room temperature we
could drive the formation of 6 to completion with an average
yield of 87%. Compound 6 was activated with isobutylchloro-
formate, and then coupled to 2-cyano-6-aminobenzothiazole
to give 7. The coupling reaction had to be conducted for 4-
5 days at room temperature in the presence of excess base in
order to gain moderate yields (40-60%). We ascribe this slow
reactivity to the lack of nucleophility of the amine group of
the electron deficient benzothiale ring. Deethylation of 7 with
trimethyliodosilane, followed by treatment with toluidine gave
8 in a yield of 75%. The cyclization of 8 with p-cysteine under
basic conditions®®< gave the desired luciferin trimethyl lock, 1.

A similar method was employed for the synthesis of luciferin
p-hydroxymethyl phenylphosphate 2 (Scheme 2B). Selective
protection of the alkyl hydroxyl group of p-hydroxymethyl
phenol followed by phosphorylation of the phenol group with
diethyl chlorophosphate yielded 10. Upon removal of the pro-
tecting group alcohol 11 was produced and then converted
into bromide 12 with CBr,/Ph;P in methylene chloride. The
subsequent alkylation of 2-cyano-6-hydroxybenzothiazole with
12 under basic conditions,®®9 followed by deethylation with
trimethyliodosilane and ring cyclization with p-cysteine yielded
the final compound 2.

The reactivity of 1 and 2 as substrates was examined in a
two-step assay format. In the alkaline phosphatase reaction
(step 1), calf intestinal AP (Promega) was incubated with the
substrate for 30 min at room temperature in a reaction
(100 pL) containing Tris-HCl (50 mm, pH 9.3), MgCl, (10 mm),
ZnCl, (0.10m), and spermidine (1 mm). In the luciferin-detec-
tion reaction (step 2), luciferin detection reagent (100 ulL),
which comprised of luciferase, ATP, and buffer, was added to
the AP reaction, and the luminescent signal was measured by
using a Veritas 96 microplate luminometer. The resulting lumi-
nescence with 1 and 2 in the presence of AP enzyme above
control background signal suggested that the compounds
were substrates for AP and produced aminoluciferin or lucifer-
in either by spontaneous intramolecular cyclization or 1,6-elim-
ination upon dephosphorylation. Only the starting compounds
and free luciferin or aminoluciferin were observed by HPLC,
and no intermediates were detected; this confirms that the
luminescent signal indeed reflected the oxidation of luciferin
by luciferase. The background controls for 1 and 2 yielded low

716

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

net signals without noticeable change upon increasing incuba-
tion time in the absence of AP; this implies insignificant non-
enzymatic hydrolysis for either compound. The apparent K.,
values for 1 and 2 were measured by varying the substrate
concentrations while AP enzyme concentration was main-
tained constant (Figure 1). Compounds 1 and 2 exhibited K,
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Figure 1. Michaelis-Menten kinetics of 1 and 2 with AP enzyme. The AP
reaction was conducted in a volume of 100 pL, and contained AP (14 pg),
MgCl, (10 mm), ZnCl, (0.10 m), spermidine (1 mm), and Tris-HCl (50 mm,
pH 9.3). After 30 min incubation, luciferin detection reagent (100 pL) was
added and the luminescent signal was measured. A) 1; B) 2.

values of (224+10) and (0.3440.04) um for AP, respectively.
This indicates that relative to the K, of 43 um reported for 6-O-
luciferin phosphate, 1 is a poor substrate for AP, whereas 2
appeared to be a good substrate.

We also performed the assay in a one-step format, similar to
that described above but with incubation of AP in the pres-
ence of luciferin-detection reagent. We found insignificant dif-
ferences between the one-step and two-step assay formats;
this suggested that the cleavage of the adaptors was not a
rate-limiting step, and thus we employed the one-step method
for evaluating the sensitivity of our assay. The sensitivity of 1
and 2 for AP was assessed by measuring the limit of detection,
which was defined as the amount of enzyme necessary to give
a net luminescent signal equal to three times the standard de-
viation of the background control. Compounds 1 and 2 exhib-
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ited a 100000-fold linear dynamic range with limits of detec-
tion of ~107%° and ~10"* mol of AP enzyme, respectively. The
lower sensitivity of 1 was most likely due to its approximately
three-times higher background than that of 2.'¥ However,
both compounds showed poor linearity at low concentration
of AP (< 10000 molecules; Figure 2). The same trend was ob-

Log RLU

T T T T 1

0 2 4 6 8 10
Log [AP molecules]

Figure 2. Comparison of the sensitivity of bioluminescent assays with 1, 2,
and CDP-Star for AP activity with variable amounts of enzyme. Compound 1
(@), 2 (0), and CDP-Star (2). A series of AP enzyme dilutions (10 pL) from

1.4 fgmL™" to 140 ngmL™" in Tris-HCI (50 mwm, pH 9.3), MgCl, (10 mm), ZnCl,
(0.1 mm), and spermidine (1 mm) were placed into wells of a microtiter
plate. Luciferin detection reagent (100 uL) was added to each well, which
contained AP substrate 1 (400 um) or 2 (1 pum), ATP (2 mm), MgCl, (10 mm),
Tris-HCl (50 mm, pH 8.5), ZnCl, (0.1 mm), and UltraGlo luciferase

(100 pgmL™"); after 30 min incubation at room temperature the luminescent
signal was measured by using a Veritas microplate luminometer.

served for the chemiluminescent assay with the commercially
available AMPPD derivative (CDP-Star, Tropix). We postulate
that at low concentration alkaline phosphatase might dissoci-
ate into monomers that show higher activity than the dimeric
species.”

The immunobioluminescence assay with 2 as a reporter for
AP activity was further evaluated by employing rabbit anti-cas-
pase-3 polyclonal antibody (Promega) and purified Schistomso-
ma japonicum glutathione-S-transferase (GST; Sigma) as anti-
gens, and goat anti-rabbit IgG-AP conjugate (Promega) and
rabbit anti-GST-AP conjugate (Sigma) as enzyme labels, re-
spectively. As a comparison, standard immunoassay protocols
were performed."® Figure 3 shows that the bioluminescent im-
munoassay exhibited a 10000-fold linear dynamic range from
19ng to 1.9 ug for anti-caspase-3 polyclonal antibody and
80 ng to 80 pug for S. japonicum GST, with limits of detection of
190 and 650 pg, respectively.

In summary, this report describes the use of a reactive chem-
ical adaptor to stabilize bioluminogenic phosphates for report-
ing alkaline phosphatase activity. Trimethyl lock and 1,6-elimi-
nation based latent luciferin phosphates were successfully pre-
pared. The 1,6-elimination based luciferin phosphate exhibited
the ability to detect ~107* mol of AP enzyme in a homogene-
ous solution, and picograms of protein in an immunoassay;

ChemBioChem 2008, 9, 714-718
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Figure 3. Immunoassay with 2 as a bioluminescent reporter for AP activity;
0: rabbit anti-caspase-3 polyclonal antibody as antigen, and goat anti-rabbit
IgG-AP conjugate as antibody; e: S. japonicum GST as antigen, and rabbit
anti-GST-AP conjugate as antibody. A series of antigen dilutions (100 pL)
were incubated in wells of an Immulon4 microtiter plate for 1 h at room
temperature, washed three times with TBST (0.1 %), and then treated with
blocking reagent (200 pL) containing bovine serum albumin (BSA; 3.0%) and
TBST (0.1%); the plates were incubated for 1 h at room temperature, and
washed three times with TBST (0.1 %). AP-conjugate solutions were diluted
(1:7500 for goat anti-rabbit IgG-AP conjugate and 1:400 for rabbit anti-
GST-AP conjugate) in TBST (0.1%), and 100 pL was added to each well; the
plates were incubated for 1 h, and washed three times with TBST (0.1 %).
The detection reagent (100 L) containing 2 (1 pm), ATP (2 mm), MgCl,

(10 mm), ZnCl, (100 mm), Tris-HCI (50 mm), and UltraGlo luciferase

(100 pg mL™"), pH 8.5, was added, and plates were incubated for 30 min
before the light output was measured.

this indicates that the bioluminescent reporter could be an al-
ternative to the ultrasensitive chemiluminescence assay for
monitoring AP activity. This chemical-adaptor strategy could
be applied to the development of other fluorogenic or biolu-
minogenic substrates with an additional means of tuning
chemical structures and functionalities for other enzyme
assays. The luciferase-coupled bioluminescent assay also pro-
vides a unique potential for in situ probing of enzyme activi-
ties in combination with protein fusions.
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