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It is well-established that lateral diffusion of a phospholipid
through one leaflet of a bilayer membrane is very rapid, whereas
translocation of a phospholipid from one side of the bilayer to the
other (a process also known as flip-flop) is quite slow.1 In most
animal cells, phospholipid translocation is controlled by membrane-
bound proteins called translocases.2 Some of these translocases are
energy-consuming, active-transport systems, which means they
produce transmembrane phospholipid distributions that are not
symmetric. These asymmetric distributions control a range of
important cellular functions such as signal transduction, membrane
fusion, blood coagulation, and cell apoptosis.3 We are attempting
to develop low-molecular-weight synthetic translocases that promote
phospholipid translocation and thus alter transmembrane phospho-
lipid distributions. Synthetic translocases should be useful as
pharmaceuticals or as chemical tools for biological membrane
research.4 Previously, we have reported that tris(2-aminoethyl)amine
(tren)-derived translocases can facilitate phosphatidylcholine trans-
location across synthetic vesicle and erythrocyte membranes.5

Mechanistic studies indicate that these synthetic translocases form
hydrogen-bonded complexes with the highly polar phosphate
portion of the zwitterionic phosphocholine headgroup which
promotes diffusion across the lipophilic interior of the membrane.5d

This current contribution describes the development of a new series
of significantly more active synthetic translocases derived from
cholic acid.6

Cholate derivatives1-5 were prepared using previously reported
methods.7 Phospholipid translocation was monitored via the well-
established 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)/dithionite
quenching assay which uses probe phospholipid containing an NBD
group in one of its acyl chains.5,8 Exo-labeled vesicles were prepared
by addition of a small aliquot of NBD-lipid (0.5 mol % of total
phospholipid) in ethanol to a solution of unlabeled 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles. The NBD-
lipid readily inserts into the outer monolayer of the fluid-phase
vesicles. Upon treatment with sodium dithionite (Na2S2O4), the
NBD fluorescence is quenched due to reduction of the NBD nitro
group. Vesicle membranes are effectively impermeable to dithionite;
therefore, only NBD-phospholipid located in the outer leaflet is
chemically quenched. At any given time, the fraction of probe
located in the outer monolayer can be determined from the drop in
fluorescence intensity when a portion of the vesicles is subjected
to dithionite quenching.

All translocation measurements were conducted in 5 mM TES/
100 mM NaCl buffer at pH 7.4 and 25°C with 120 nm unilamellar
vesicles prepared by membrane extrusion.5

The inward translocation of PC-NBD across vesicle membranes
composed of POPC and 5 mol % of one of the “membrane-
anchored” translocase candidates1-5 is illustrated in Figure 1. It
is clear that the bis(phenylurea) derivatives1 and2 are very efficient
translocases (they are approximately an order of magnitude more
active than our previously reported tren-derived systems5) with
translocation half-lives of∼15 min and expected final equilibrium
states of 60% PC-NBD probe in the outer monolayer. The failure
of control compounds3-5 to facilitate any phospholipid trans-
location suggests that1 and 2 do not simply disrupt the bilayer
structure and generate local “flip sites”.9 Moreover, vesicle leakage
experiments show that large fluorescent dyes (e.g., calcein) are
retained inside POPC vesicles containing compounds1-5 (5 mol
%) for at least 12 h. Concentration studies with bis-urea1 indicate
that observed PC-NBD translocation rate constants have a first-
order dependence on translocase concentration. The membrane-
anchored translocases1-5 were also evaluated for their abilities
to translocate PE-NBD and PS-NBD across POPC vesicle mem-
branes. With compounds1 or 2 (5 mol %) the order of facilitated
translocation is PC-NBD (t1/2 ≈ 15 min) > PE-NBD (t1/2 ≈ 50
min) . PS-NBD (t1/2 > 180 min), whereas compounds3-5 do
not improve inward translocation of any phospholipid probe.
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In an effort to gain structural insight, a series of NMR titration
studies were conducted.5b The binding of POPC to1 or 2 in CDCl3
is too strong (>105 M-1) to be determined quantitatively by NMR;
however, the complexed-induced changes in chemical shift are
consistent with the 1:1 supramolecular complexI .10 In the case of
bis(amide)3, a relatively weak POPC association constant of 44
M-1 was obtained under the same conditions. Attempts to measure
binding of phosphatidylethanolamine and phosphatidylserine by
NMR titration methods were hampered by self-aggregation of these
aminophospholipids, although qualitatively it appeared that binding
to the translocases was quite weak. This conclusion was confirmed
by a series of UV titration studies in 99:1 CHCl3/CH3OH. Addition
of POPC to translocase1 produces an increase in translocase
absorbance, and an association constant of (1.2( 0.1)× 105 M-1

was extracted using nonlinear methods.11,12In contrast, addition of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) or
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) to1 pro-
duced such slight changes in absorbance that association constants
could not be determined reliably. We tentatively attribute this very
weak binding to inter- or intramolecular hydrogen bonding involv-
ing the cationic ammonium and anionic phosphate (and carboxylate)
residues.

For employment as a pharmaceutical or as a reagent for cell
biology,4 a synthetic translocase needs to be formulated so that it
can be delivered to a biological sample. With this goal in mind we
prepared the partially water-soluble, methyl cholate bis(phenylurea)
6 and evaluated its ability to promote PC-NBD translocation across
erythrocyte cell membranes. As shown in the Supporting Informa-
tion, cholate-derived6 is significantly more effective as a phos-
phatidylcholine translocase than our previously reported tren-derived
sulfonamide system.

In summary, cholate bis(phenylureas) are highly effective
promoters of phosphatidylcholine translocation across vesicle and
cell membranes. They are approximately an order of magnitude
more active than our previously reported tren-derived systems.5 The
urea side chains are essential for strong binding of the highly polar

phosphate portion of the headgroup and apparently cannot be
replaced by simple amide, alcohol, or amine moieties. A future
goal is to develop cholate-derived translocases with increased
activity for phosphatidylserine and phosphatidylethanolamine. Our
previous success with the tren-derived translocases,5c plus the
knowledge that naturally occurring binders of phosphatidylserine13

and phosphatidylethanolamine14 are known, augurs well for this
effort.
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Figure 1. Percent exo PC-NBD in the outer leaflet of POPC vesicles (25
µM) containing 5 mol % of1 ([), 2 (O), 3 (0,), 4 (×), or 5 (4) in 5 mM
TES/100 mM NaCl buffer at pH 7.4, 25°C. Each point represents the
average of three separate experiments with an uncertainty of(4 percentage
units.
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