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water soluble and readily enter cells and tissu®.releasable HOzCa[NHN]@ o o7\ [, O
conjugate of cyclosporin A and octaarginine has been used for s s o*oAﬁS‘S SO 5
intradermal delivery and advanced to Phase Il clinical tfals. 5 " ¢ ?oeTa

A major challenge confronting the further advancement of this H%//’L“NH
field? is the development of linkers that would allow for the co
controllable release (if required) of a free drug/probe only after rejeasable linker. After much experimentation, a concise solution
cell entry. Realization of this goal is coupled directly to the g this synthetic problem was developed, as illustrated in Scheme
development of assays that would allow for the rapid real-time 1 |n this route, hydroxy thioll (a—c) is transformed with 2!2
quantification of transporterconjugate uptake and cargo release itjodipyridine to an activated disulfid(a—c). The chloroformate
in cells and animals. Transporters covalently conjugated to fluo- 3 (a—c) is then formed by reaction of disulfidin CH,Cl, with
rescent dyes can be used to measure uptake in vitro, but they cannof so|ution of phosgene in toluene (20%). Due to the limited
be used to measure cargo release in a cell or applied to real-times|pjlity of p-luciferin (6) in organic solvents, and to avoid
in vivo analyses. Radiolabeled conjugates can be used for in Viv0 protecting groups, the organic solvent is removed in vacuo and the
studies, but they neither establish whether the labeled conjugate isyotassium salt of luciferin is added with agueous base to the
intra- or extracellular, nor whether they are intact or have released cporoformates (a—c) to form, upon acidic workup, the carbonate
their cargo. We have shown that intracellular cargo release is 4 (a—c). This carbonate serves as a reagent for conjugation to a
possible and measurable when an oligoarginine transporter isyariety of transporters. For the purposes of this inaugural study,
attached through a cysteine disulfide bond to an otherwise cell- the thiopyridyl moiety of4 was displaced with acylatastcysteine
impermeable peptide cargéThe resultant conjugate enters cells 5 gctaarginine (AcNHGCONH;) to give the transporterlinker
and is then cleaved to the free bioactive peptide as determined incopjugate5 (a—c). The avoidance of protecting groups in this
a functional assay for ischemic damage. This assay, however, doegequence provides a flexible and step economical route to these
not lend itself to rapidly evaluating new transporters, linkers, or gensely functionalized transporter conjugates, which bodes well for
release systems, as it is labor intensive, time consuming, difficult ine yse of this system for the synthesis and study of other
to quantify, and only indirectly measures release of the active cargo. yransporter-linker conjugates.
To address these problems, we have developed, as reported herein, The stapilities of the conjugatéa—c were assayed by measuring
a new releasable linker system that can be used with various thejr decomposition when incubated in Hepes buffered saline (HBS,
transportet-drug/probe conjugates gnd t_hat_ allows fpr cargo release pH 7.4) at 37°C using analytical HPLC. The half-lives of the
only after cell entry. A second major finding of this study is the  copjugates differed significantly, ranging fro3 h for carbonate
development of an assay, based on this releasable linker andsy 1o 11 h for carbonatesb to 33 h for carbonat&sc. The
luciferin as a representative (reporter) cargo, which allows measure-gecomposition products were luciferin, alcohigl and CQ as
ment of conjugate uptake anc_j cargo release ir_1 real_ time in luciferase-gypected from slow hydrolysis of the carbonate (Scheme 2). The
transfected cells and potentially in transgenic animals through the pattern of increasing stability correlates with the increasing distance
emission of light, collectively emulating drug uptake, intracellular - petween the carbonyl group and the proximal sulfur atom, sug-
release, and receptor interaction. gesting a role for the latter in the hydrolysis step.
_ A major obstacle in implementing the above strategy proved — Tq determine if release of Iuciferin from the conjugates could
initially to be the synthetic difficulty of making Iuciferin conjugates. e induced by disulfide cleavage as desired for intracellular release,
While luciferin itself has figured prominently as a research tool gach conjugate was incubated with HBS pH 7.4 with the addition
for decades, little is known about its modification and no informa- ot 10 mMm dithiothreitol (DTT). Notwithstanding their widely
tion is available on its attachment to a transporter through a iffering intrinsic stabilities, all three conjugates were cleaved in
minutes. Free luciferin was formed without any observable inter-
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HOLC,
— '[NHN]@ . O“o/j; Figure 1. Real-time bioluminescence from a prostate cancer cell line stably
s s OH Y transfected with luciferase (PC3M-luc) treated with:@8 luciferin (6) or
6 15uM releasable luciferin conjugatesh or 5¢, in either HBS or K-HBS.
For the total luminescence see Supporting Information.
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observed, consistent with rapid disulfide cleavage, but slower
cyclization of the intermediate thiol with the carbonate due to the
required formation of a larger (seven-membered) ring.

While all three conjugates are sufficiently stable for cellular studies,
only the more stable carbonatgisand5c were examined for cell up-
take andrelease. Luciferinwas used as a positive control. To study up
take and release in cell culture, varying concentrations of luciferin,
5b, and5c were incubated separately with a prostate cancer cell
line stably transfected with a luciferase encoding gene, PC3M-luc.
After an incubation time of 1 min, selected to facilitate measurement

and not to maximize uptake, the cells were washed to remove any. :
into a cell, drug release, and drug turnover by an intracellular target.

extracellular luciferin or conjugate, and the number of photons The new disulfide-carbonate linker system can be tuned for

g;%?ggii;se?;lzr\ztgfo(g tgig;:nagﬂfse%ﬁgg dzcg:aAr?e'couPledstability (from hours to days) without affecting its rapid rate of

The luminescent signal from cells pulsed wBb, which is a cargo release (minutes) in cells through disulfide cleavage. The

measure of the intracellular release of free luciferin and its turnover ::glf:;ielugflfe\g:ijgstetgnvsvgir?e??gi?]edbé?ha?%ﬁs?ggggﬂcféfsn ;)I] q
by intracellular luciferase, increased slightly in the first few seconds . . - .

and gradually decayed, reaching background after approximatelytr(jmsgenlc anl_ma!s, therepy F’ro"'d'f‘g.' a fa_lcne me_thod o measure
1000 s (Figure 1). Cells treated wific generated a different curve and correlate in V|tr.o ant_j in vivo a(_:tlvmes in real time. Studies on
with less initial light, a slower rate of decay, and only two-thirds uptake in transgenic animals are in progress.

of the total photons produced when compared to that seeBbfor Acknowledgment. Support of this work by grants from the
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which all sodium salts were replaced with equimolar amounts of ~ Supporting Information Available: Experimental results and

the potassium salt (KHBS), a condition known to eliminate the  procedures for the synthesis and assays (PDF). This material is available
membrane potential and thereby the uptake of arginine-rich free of charge via the Internet at http://pubs.acs.org.

transporters but not the uptake of free lucifetriinder these

equivalent luminescence from both conjugates. Thus, the lower
signal arising from5c is consistent with the generation and
interference of a longer-lived intermediate under the short time
course of the experiments. Both conjugates ultimately release the
uciferin cargo efficiently.

The synthesis and performance of these releasable luciferin
conjugates establishes an operationally facile method to quantify
in real time uptake and release of new or established transporters
and linkers in a cellular assay that emulates ercmnjugate delivery
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