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This paper reports the design and synthesis of a molecular M m m
umbrella (), derived from three biogenic precursors (cholic acid,
spermidine, and arginine), which readily transports adenosine
5-triphosphate (ATP), but not glutathione (GSH), across phospho-
lipid bilayers made from 1-palmitoyl-2-oleysrglycero-3-phos- A
phocholine (POPC) and 1-palmitoyl-2-oleait-glycero-3-phos- ‘

phatidylglycerol (POPG). The selectivity of such transport in a
model system is without precedent, suggesting that umbrellas of

this type may find use as drug delivery devices. mém

:

Figure 1. Hypothetical umbrella mechanism of bilayer transport, involving
complex formation & to B), monolayer insertion B to C), bilayer
permeation € to D to E), and release of the polar permeadatt¢ F). This
stylized illustration does not include the possibility that such transport may

occur via an antiport or a symport process.
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Devising methods for enhancing the passive transport of polar
agents across biological membranes represents one of the greatest To distinguish among three different mechanisms of ATP release
challenges currently facing medicinal chemis@ur own approach (i.e., umbrella-assisted transport, leakage, and membrane rupture),
to this problem has focused on the creation of “molecular umbrellas” GSH was co-entrapped within the vesicldsere, our presumption
as membrane transportérén essence, a molecular umbrella is was that guanidiniumphosphate interactions would be stronger
composed of two or more facially amphiphilic units that are attached than guanidinium-carboxylate interactions and that an umbrella-
to a central scaffold. When drawn into a hydrocarbon environment mediated transport should favor APRSiven the fact that GSH is
(e.g., the interior of a lipid bilayer), the molecular umbrella can smaller in mass and less polar than ATP, a release that occurs by
adopt a shielded conformation, thereby masking the hydrophilicity a leakage mechanism should result in a greater percentage of GSH
of an attached polar agent. being released relative to ATP. In contrast, a release that is due to
Previous studies from our laboratories have demonstrated thea rupture mechanism, whereby the vesicles “spill” their contents,
feasibility of using molecular umbrellas to transport covalently should be reflected by the release of a similar percentage of GSH
attached glutathione, and also adenosin®-%3-thiotriphosphate, and ATP?

across phospholipid bilayets?Recently, we have obtained kinetic The synthesis of umbrelthproved to be straightforward. Thus,
evidence for a fundamentally new mechanism of transport in which condensation ofN!,N3-spermidinebis[cholic acid amide] with
the active species appears to involve a shielded confoiimer. No,Ns,N,,-tri-CBZ-L-arginine (Fluka), which had been activated with

The primary aim of the work that is reported herein was to 3-hydroxyl-1,2,3-benzotriazin-4(3H)-one, and subsequent depro-
establish tha& suitably designed molecular umbrella can promote tection via hydrogenolysis afforded the requisite conjugate (Scheme
bilayer transport, een when the polar agent is not zaently 1). Examination of the surface tension of aqueous solutiodsof
attached to it For this purposel was chosen as a prototype due buffer (2 mM PIPES, 10 mM NaCl, 1 mM EDTA, pH 6.8) as a
to the known affinity of the guanidinium moiety toward organic function of umbrella concentration yielded a critical micelle
phosphates. Such affinity is presumed to result from hydrogen concentration of 33@M.
bonding and/or electrostatic associatfd®pecifically, we hypoth- Large unilamellar vesicles (150 nm diameter, extrusion) were
esized thafl would form a complex with phosphorylated agents of prepared from POPC/POPG (95/5, mol/mol) in buffer containing
interest and that the resulting complex would readily cross lipid 5.0 mM ATP and 3.0 mM of GSH. Removal of nonentrapped ATP
bilayers (Figure 1). and GSH via dialysis and subsequent dilution in buffer afforded a

To test this hypothesis, ATP was selected as a model perrheant. dispersion that was 4.0 mg/mL (5.26 mM) in phospholipid. In a
Experimentally, we chose to entrap ATP within the aqueous interior typical transport experiment, 0.25 mL of the dispersion was mixed
of large unilamellar vesicles and to measure its release into thewith 0.60 mL of a 10Q«M solution of 1 in buffer and incubated at
external aqueous phase. 35 °C with mild agitation for 48 h. The extent of ATP release was
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phorylated peptides, antisense oligonucleotides, and DNAs across
phospholipid bilayer$?17 Studies aimed at exploring such pos-
sibilities are currently in progress.
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then determined by withdrawing an aliquot, separating external ATP
from vesicle-entrapped ATP via dialysis, and measuring the
nucleotide concentrations by UV. In selected cases, the quantity
of ATP that was released was confirmed by use of a Luciferase
assay® Under the experimental conditions used, spontaneous
hydrolysis of ATP was negligible. The extent of GSH release was
quantified by use of 5;&dithiobis-(2-nitrobenzoic acid) (Ellman’s
reagenty?2

Analysis for ATP in the external aqueous phase showed ca. 75%
of that which had been entrapp®th sharp contrast, the quantity

of GSH that was present in this phase was negligible. In the absence

of 1, less than 1% of ATP was detected in the external aqueous
phase. No difference in the extent of ATP releaselhyas found

in vesicles that were made from 100% POPC or in vesicles that
were devoid of GSH.

Control experiments that were carried out in which the same
quantities of molecular umbrella, ATP, and GSH were added
externallyto empty vesicles showed significant (ca. 15%) adsorption
of ATP, but not GSH, to the vesiclé8.In the absence of the
molecular umbrella, the extent of binding of ATP to the vesicles

was negligible. These results are consistent with the selective uptake

and transport of ATP by vesicle-bound umbrella molecules.

In an effort to drive the release of ATP into the external aqueous
phase to completion, a combination of enzymes (Apyrase plus
3-Nucleotidase) was added, externally, to ATP-loaded vesicles. This
combination converts ATP to adenosine. Under experimental
conditions that led to an ca. 75% ATP release after 48 h (absence
of enzymes), inclusion of the enzymes resulted in 100% ATP release
with 97% retention of GSH. A control experiment that was carried
out in which only the enzymes were added to the vesicle dispersion
showed less than 6% ATP in the external agueous phase after
48 h.

Based on the experimental conditions described above, the molar
ratio of /ATP was ca. 1.5. In an effort to demonstrate thatan
act in a catalytic sense (i.e., there can be turnover), a similar
experiment was carried out using BM 1, 10 mM entrapped ATP
(corresponding to 148&M ATP in the entire volume of the
dispersion), a lipid/umbrella ratio of 132, and 0.25 units of each
enzymet! This corresponds to a molar ratio &fATP equalling
0.34. In this case, a turnover 2.4 was observed after 48 h at 35
°C; that is, 81% of the ATP was present in the external aqueous
phase. In this experiment, less than 4% of co-entrapped GSH (3
mM) was released. Taken together, these results provide compelling
evidence for an umbrella-assisted bilayer transport favoring ATP
over GSH.

The present findings suggest that conjugates sudmaey find
use in the area of drug delivery. For example, one can envision
applying this approach to the transport 6fazido-3-deoxythymi-
dine AZT 5-triphosphate, 23 -dideoxyuridine-triphosphate, phos-
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