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We have improved the synthesis of a previously published luciferin-linker, used in an assay enabling
rapid real-time quantification of luciferin–CPP conjugate uptake and cytosolic cargo release. We also
present the synthesis of a new luciferin-linker with the same conjugation ability. Both luciferin-linkers
are now available via an efficient one-pot procedure.
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Cell-penetrating peptides (CPPs) are a heterogeneous class of
peptides1 which have been used extensively as carriers in biology
and medicine.2 Numerous studies conclusively demonstrate the
potential of CPPs, both in vitro and in vivo, for intracellular delivery
of various cargoes, that otherwise have difficulties crossing the
plasma membrane, such as small molecules, proteins and oligonu-
cleotides.3 Today, as the number of reported CPPs is growing, reli-
able assays are urgently needed for evaluating the comparative
internalization efficacy and further characterization of CPPs as cel-
lular delivery agents.

Frequently used assays in the CPP field are, for example, dye-la-
belled CPPs for uptake and distribution experiments,4 and biologi-
cal read-out strategy, where peptide nucleic acid (PNA)–CPPs
conjugates are used for splice correction.5 In the former assay, CPPs
are bound to the cellular membrane or trapped in intracellular ves-
icles giving rise to false-positive results.6 These methods allow nei-
ther reliable evaluation of transporters in real time, nor give a
direct measure of internalization efficacy.

A recently published assay relying on luminescence from the
luciferin/luciferase reaction enables a real-time quantification of
a cytosolic luciferin–CPP conjugate in cells and in animal models.7,8

In this assay, free luciferin is released immediately upon cytosolic
entry of the luciferin–CPP conjugate due to the high concentration
of cytosolic glutathione. The presence of cytosolic luciferase en-
zymes results in a light-emitting reaction when free luciferin is
converted into oxyluciferin. Due to the luminescent origin of the
ll rights reserved.
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emitted light, this assay has the advantage of giving a strong signal
and low background.

The beauty of the releasable luciferin assay7 inspired us to
investigate its application for the real-time quantification of up-
take for a number of CPPs. The synthetic protocol described by
Jones et al.7 (Scheme 1, steps a–c) involves synthesis of activated
disulfide 5 by reacting hydroxyl-thiol 1 with three equivalents of
2,20-dithiodipyridine 2 (20-aldrithiol). After flash-chromatographic
purification, disulfide 3 (97%) was converted into the chlorofor-
mate 5 by reacting with triphosgene 4 at room temperature. The
organic solvent was removed in vacuo and 5 was used without fur-
ther purification in the reaction with the potassium salt of luciferin
6, yielding the carbonate 7, which after purification (58%) was used
for conjugation to an octaarginine transporter.

The synthetic route described to the luciferin conjugate with
activated disulfide is a concise solution for attachment of luciferin
to a transporter. However, in our hands, preparation of the conju-
gate was hampered by synthetic difficulties. The main issues were
(1) time-consuming purification of 3. (2) Reaction with triphos-
gene at room temperature was very problematic and resulted in
a very low yield of 7. (3) Long reaction time for conjugation to a
transporter.

We thought that a one-pot method avoiding isolation of inter-
mediates would improve the utility of this assay. To this end,
and supported by earlier reported investigations,9,10 we made
improvements to the reported synthesis. In addition, we present
a synthetic route to a new luciferin-linker.

20-Aldrithiol (2) is a well-known reagent used for the prepara-
tion of unsymmetrical disulfides.11 Normally, an excess of 2 is re-
acted with the thiol of interest in good yields (above 60-70%).11



Scheme 1. Synthetic route to luciferin-linker 7.
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However, the excess of 2 and the formation of mercaptopyridine
10 as a by-product makes laborious chromatographic purification
unavoidable. In order to achieve clean conversion into 3 we treated
1 with an equimolar amount of methoxycarbonylsulfenyl chloride
8 and thereafter with an equimolar amount of 2-mercaptopyridine
10 (Scheme 1, steps a0–a00), relying on the reactivity of the S-sulfe-
nylcarbomethoxy functionality in compound 9.9,10,12 Gratifyingly,
we obtained product 3 in nearly quantitative yield and of sufficient
purity to use without isolation (Fig. 1, Supplementary data).

In this very efficient route to 3, the starting materials were com-
pletely consumed and the only side-products formed were car-
bonyl sulfide gas and methanol.13 This reaction is driven by the
release of gaseous carbonyl sulfide and the reaction course is easily
monitored by the disappearance of the yellow colour of 10.

In the next step (Scheme 1, step b), we experienced great diffi-
culties in obtaining chloroformate derivative 5 using triphosgene
at room temperature. The main product was a symmetrical dialky-
lated carbonate side-product, which is in agreement with the fact
that it is often essential to keep phosgene/triphosgene reactions
at low temperature to minimize the formation of symmetrical dial-
kyl carbonate side-products.14 In our hands, decreasing the tem-
perature from room temperature to �10 �C was a crucial factor
in the synthesis of 5. Another important factor that had to be con-
sidered was the ratio of the alcohol and triphosgene reactants. We
found that a 1:1 ratio of 3-(2-pyridinyldithio)-1-propanol (3) and
triphosgene (4) resulted in a very clean synthesis of 3-(2-pyr-
idinyldithio)-1-propanyl chloroformate (5) while a 3:1 ratio gave
a 1:1 mixture of product 5 and a symmetrical dialkyl carbonate
side-product (Fig. 2, Supplementary data).

Chloroformate 5 was used without purification in accordance
with Jones’ method.7 It was treated with luciferin potassium salt
6 in water to form the luciferin-linker 7 (Scheme 1, step c). The
luciferin-linker 7 was purified by RP-HPLC and conjugated to three
different cysteine-containing CPPs (Table 1, Supplementary data)
according to Jones.7 Also, employing conditions routinely used in
our laboratory for similar conjugation reactions, we were able to
demonstrate that all the reactions were complete within 30 min
(Fig. 3, Supplementary data). This short reaction time allows this
procedure to be carried out without an inert gas atmosphere,15

which further simplifies this step. We also found that a 1:1 molar
ratio of luciferin-linker to transporter CPP was as effective as the
1:2 ratio employed by Jones.7

In an attempt to further advance our study, we synthesized the
novel activated carbonate derivative 12 (Scheme 2).16 Here, S-sul-
fenylcarbomethoxy-functionalized thiopropanol 9 was directly
converted into the chloroformate 11, which was then reacted with
salt 6 to give the desired product 12 in high purity. Both reaction
steps a and c go to completion, however, our analysis showed that
conversion of 9 into 11 (step b) was not complete (ca. 60% yield).
We believe that increasing the reaction time or raising the temper-
ature to �5 �C could improve the yield. Crude product 12 was ob-
tained in 48% yield. The high purity of crude 12 synthesized in one
pot (Fig. 4, Supplementary data) is in sharp contrast with that of
crude 7, which is also prepared in one pot (Fig. 5, Supplementary
data), despite several attempts to improve the purity. This high
purity potentially allows direct conjugation of crude 12 to the
carrier.

Pure 12 was equally effective as pure 7 in the conjugation
reaction with the three CPPs, giving clean and complete conver-
sion into luciferin-transporters in 30 min (Fig. 6, Supplementary
data).17

In summary, we have presented an improved and practical pro-
tocol for the synthesis of luciferin-linker 7. We have also described
a simple procedure allowing the one-pot preparation of a novel
luciferin-linker 12. Our synthetic route to the activated luciferin
carbonate is very effective in terms of time and purity, allowing
the total synthesis of the desired luciferin-transporter in two to
three days.



Scheme 2. Synthetic route to luciferin-linker 12.
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