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The natural product prodigiosin 1, often described as an
H'/CI™ symport cotransporter, can transport Cl~ across lipid
vesicles via an anion exchange (or antiport) mechanism.

As the field of anion recognition develops,' there has been a
growing emphasis on identifying compounds that can transport
anions across lipid membranes. In particular, synthetic chloride
transporters have gained attention because of their potential to
mediate crucial biological processes.> For example, Gokel and
colleagues have shown that modified peptides form chloride ion
channels.> The A.P. Davis and Smith groups have developed
chloride carriers known as cholopads.*> Our own contribution
was the finding that a /,3-alt-calix[4Jarene amide,® and some
acyclic analogs,” could change the pH within vesicles in a Cl~
dependent fashion. The calix[4]arene amide, which we described as
an HY/CI™ co-transporter, supported ion channel conductance
across phospholipid membranes and cells.®

To better understand the mechanism of these calixarene-based
transporters our attention was drawn to prodigiosin 1 (Scheme 1),
the parent in a family of compounds isolated from Serratia
marcescens.® These natural products and synthetic analogs have
shown potent biological activities, particularly against human
cancer cell lines.” Several mechanisms have been proposed to
explain the prodigiosins’ biological activity. Manderville and
colleagues have shown that copper complexes of prodigiosins
cleave duplex DNA.'® Of interest to us, were reports that
prodigiosins acidified cellular organelles and vesicles by transport-
ing H'Cl™ across membranes.'""'> Other demonstrations that
prodigiosin analogs can bind Cl1~," coupled with findings from the
Gale, Smith and Sessler labs that prodigiosin analogs transport
CI™ anions across phospholipid membranes,'*!* strengthened our
conviction that 1 might serve as a standard for gauging the
potency and mechanism of other transmembrane chloride
transporters.

1 1eH™/CI"

Scheme 1 Prodigiosin 1 and its HCI bound ion pair.
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Thus, we planned to use prodigiosin 1 in two ways. First, we
needed a carrier standard to compare and contrast to the
calixarene analogs that we had found form ion channels.®
Second, we also sought a H/ClI™ symporter (or A /Cl™
antiporter) to help establish whether these calixarenes truly
functioned as H*/C1™ symporters. Below, we show that prodigiosin
1 acts as a chloride carrier in phospholipid vesicles. We also
demonstrate that prodigiosin 1 is able to exchange CI™ for NO3~
anions during transmembrane transport, without any concomitant
change in the internal pH of the liposomes. This finding is
consistent with prodigiosin 1 functioning via an anion exchange (or
antiport) mechanism.

Our first goal was to determine whether prodigiosin 1 functions
as a mobile ion carrier or whether it might form a transmembrane
channel. Although we expected prodigiosin 1 to act as an anion
carrier, this key mechanistic aspect has not yet been reported to
our knowledge. To distinguish carrier from channel function, we
measured CI™ influx into DPPC liposomes at temperatures above
and below that lipid’s gel-to-liquid crystalline phase transition
temperature (41 °C). An ion carrier’s efficiency, limited by
diffusion through the membrane, is significantly crippled in a
“frozen” gel-state.*'® We prepared DPPC liposomes (100 nm) that
contained 1 mM of the chloride-dye lucigenin®!'” and 100 mM
NaNO; in 10 mM sodium phosphate (pH 6.4). The DPPC
liposomes were diluted into a similar external solution (100 mM
NaNOs, 10 mM sodium phosphate, pH 6.4), and NaCl was added
to establish a 25 mM chloride gradient across the membrane. After
the NaCl pulse, we monitored the quenching of lucigenin’s
fluorescence (and thus the Cl™ influx into the DPPC liposomes) at
both 43 °C and 37 °C.

The data in Fig. 1 show that, in the presence of 0.004 mol%
prodigiosin (relative to lipid concentration), Cl~ influx was
relatively rapid at 43 °C, a temperature above the DPPC phase
transition. In contrast, little CI™ influx above background is
observed upon addition of the same amount of prodigiosin at
37 °C, a temperature where the DPPC is in its gel state. These
results are consistent with prodigiosin 1 acting as a chloride anion
carrier. As a positive control, the same assay using a calix[4]arene
tetrabutylamide, a compound that we believe forms a self-
assembled channel, showed that chloride transport was only
partially diminished at 37 °C (Electronic supplementary informa-
tiont). Chloride gradient assays using EYPC liposomes at 25 °C
(where the lipid is in its liquid crystalline state) showed that
the pseudo-first order rate constant for ClI™ influx was linear
with respect to prodigiosin concentration.t These latter data are
further evidence that prodigiosin 1 operates as a chloride
anion carrier.'®
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Fig. 1 Chloride influx into DPPC liposomes at 43 °C and 37 °C. The
data at each temperature is the average of 3 runs using 0.004 mol%
prodigiosin 1. The trace shown in grey represents a DMSO blank at 37 °C.

We next investigated the ability of prodigiosin 1 to exchange
other anions for the transported Cl~ anion. Transport processes
mediated by prodigiosins have been primarily studied using pH
sensitive dyes in both liposome and cell-based assays; the ability to
acidify cells and vesicles has led to the view that prodigiosins act as
H*/CI™ symporters.'"'? In their original reports, Ohkuma and
coworkers specifically noted that H*/Cl™ symport and OH™/Cl™
antiport are functionally equivalent.!! Over the years, however,
consideration of the OH/CI™ antiport mechanism seems to have
faded, and the prodigiosins are typically described as HY/CI™
symporters.'?

As depicted in Scheme 2, the symport pathway involves release
of bound HCI from 1-H'JA™; the neutral carrier 1 then diffuses
across the membrane to bind another HCI at the lipid-water
boundary. The antiport pathway requires that prodigiosin 1
remains protonated as 1-H*; after anion exchange the carrier
moves back across the membrane as a lipophilic ion pair 1-H'/A ™.
Prodigiosin 1 should exist primarily in its protonated form at acidic
or neutral pH, given that the pK, of 1-H" is between 7 and 8.%°

Previous reports of chloride transport mediated by prodigiosins
have typically employed assays that indirectly detect chloride
transport by following the dissipation of a pH gradient across the
liposomal membrane.' " 2> As mentioned above, the H'/CI™
symport process cannot be distinguished from an OH /Cl™
antiport mechanism using such base-pulse assays. We hoped to

710H+/Cl'

Cr
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Scheme 2 H'/CI™ symport (light grey, top part of image) vs. A™/CI~
anion antiport (darker grey, lower part of image) pathways.

overcome such mechanistic ambiguities by monitoring both CI™
influx and internal liposomal pH as a function of internal anion
using separate batches of liposomes that were prepared and
manipulated under conditions that were as similar as possible. In
this way, we hoped to simultaneously track C1~ and H" (or OH ")
transport.

EYPC liposomes (100 nm) containing 1 mM of the CI™ sensitive
lucigenin dye,>'” in an internal solution of 10 mM sodium
phosphate (pH 6.4), 75 mM Na,SO, were suspended in a similar
solution (10 mM sodium phosphate, pH 6.4, with 75 mM
Na,SOy,). This liposome suspension was then subjected to a 25 mM
sodium chloride gradient. Fig. 2A shows that in the presence of
0.02 mol% prodigiosin, Cl™ influx occurred as soon as the NaCl
pulse was applied. However, under these conditions anion influx
stopped at an internal CI~ concentration (5 mM) that was only
about 20% of its equilibrium value, as determined after rupture of
the liposomes with Triton-X (Fig. 2A). In complimentary
experiments using similar EYPC liposomes in sulfate solution
(Fig. 2B), but containing the pH sensitive dye HPTS,?' addition of
25 mM NaCl in the presence of 0.02 mol% prodigiosin resulted in
acidification within the liposomes (A pH = 0.25). These results
indicate that either a H" influx or OH ™ efflux occurs along with
CI™ transport into the liposomes. The results in Fig. 2A and B are
consistent with either the H'Cl™ symport or the OH /CI™
antiport mechanism.

As portrayed in Fig. 2C-D, we conducted a similar set of
transport assays using solutions that contain nitrate (AGnyg =
—300 kJ mol '), an anion that is more lipophilic than sulfate
(AGhya = —1080 kJ mol "), hydroxide (AGpyq = —430 kJ mol ")
and chloride (AGy,q = —340 kJ mol ).? Two populations of
EYPC liposomes were made containing 10 mM sodium phosphate
(pH 6.4), 100 mM NaNOs. Again, one set of EYPC liposomes
contained 1 mM of lucigenin dye to monitor Cl™ influx, and the
other set contained the HPTS dye to monitor internal pH. As
shown in Fig. 2C, Cl™ influx was again rapid, with an initial rate
similar to that shown for the sulfate-containing liposomes in
Fig. 2A. In contrast with the data in Fig. 2A, the chloride
transport in these nitrate-containing liposomes went nearly to
equilibrium (internal [CI7] = 20 mM) in a few seconds.
Furthermore, the corresponding liposomes containing the HPTS
dye showed that the liposomal pH did not change under these
experimental conditions with nitrate as the predominant anion
(Fig. 2D). The constant pH in a system that is experiencing a
significant change in Cl~ concentration indicates that prodigiosin 1
must promote anion exchange. In contrast, a symport mechanism
would predict a decrease in internal pH as HY/CI™ is co-
transported across the membrane by 1.

Although generally accepted as an HY/CI™ symporter,®'" our
results show that prodigiosin 1 can facilitate anion exchange
(antiport) with lipophilic anions such as nitrate. Of course, it is
possible that prodigiosin’s mechanism of CI™ transport may
change from antiport to symport,® depending on the assay
conditions. Finally, the results described in this communication
may have implications for those interested in developing
prodigiosin analogs as therapeutics. These studies should also
help establish prodigiosins, or analogs, as standards in CI™
transport assays. We hope that our findings will prompt others to
further probe the ion transport mechanism and utility of these
interesting natural products.
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Fig. 2 Chloride gradient assays on 100 nm EYPC liposomes in 10 mM sodium phosphate (pH 6.4) containing either 75 mM Na,SO, (A and B) or
100 mM NaNO; (C and D). The chloride gradient was initiated by adding NaCl to give an external concentration of 25 mM. Chloride concentration inside
the vesicles (panels A and C) was calculated from the fluorescence of entrapped lucigenin dye. The pH (panels B and D) is calculated from the fluorescence
ratio of HPTS dye emitted at 510 nm when excited at 403 and 460 nm in a dual wavelength assay. The trace shown in grey represents DMSO blanks.

This research was generously supported by the US Department
of Energy. We thank Professor Richard Manderville for a
generous gift of prodigiosin 1.We thank Beth McNally and
Professor Brad Smith for help in developing the lucigenin assay.
We thank Professor Jonathan Sessler for communicating results
before publication (ref. 15).

Notes and references

1 P. D. Beer and P. A. Gale, Angew. Chem., Int. Ed., 2001, 40, 487.
2 J. M. Boon and B. D. Smith, Curr. Opin. Chem. Biol., 2002, 6, 749.
3 P. H. Schlesinger, R. Ferdani, J. Liu, J. Pajewska, R. Pajewki, M. Saito,
H. Shabany and G. W. Gokel, J. Am. Chem. Soc., 2002, 124, 1848.
4 A. V. Koulov, T. N. Lambert, R. Shukla, M. Jain, J. M. Bood,
B. D. Smith, H. Y. Li, D. N. Sheppard, J. B. Joos, J. P. Clare and
A. P. Davis, Angew. Chem., Int. Ed., 2003, 42, 4931.
B. A. McNally, A. V. Koulov, B. D. Smith, J. B. Joos and A. P. Davis,
Chem. Comm., 2005, 1087.
6 V. Sidorov, F. W. Kotch, G. Abdrakhmanova, R. Mizani, J. C. Fettinger
and J. T. Davis, J. Am. Chem. Soc., 2002, 124, 2267.
7 V. Sidorov, F. W. Kotch, J. L. Kuebler, Y.-F. Lam and J. T. Davis,
J. Am. Chem. Soc., 2003, 125, 2840.
8 A. Furstner, Angew. Chem., Int. Ed., 2003, 42, 3582.
9 R. A. Manderville, Curr. Med. Chem. Anti-Cancer Agents, 2001, 1, 195.
10 M. S. Melvin, J. T. Tomlinson, G. R. Saluta, G. L. Kucera, N. Lindquist
and R. A. Manderville, J. Am. Chem. Soc., 2000, 122, 6333.
11 T. Sato, H. Konno, Y. Tanaka, T. Katoaka, K. Nagai,
H. H. Wasserman and S. Ohkuma, J. Biol. Chem., 1998, 273, 21455.
12 T. Kataoka, M. Muroi, S. Ohkuma, T. Waritani, J. Magae,
A. Takatsuki, S. Kondo, M. Yamasaki and K. Nagai, FEBS Lett.,
1995, 359, 53.

W

13

14

16
17

19

20

21
22

23

24

For X-ray structures of prodigiosin analogs bound to CI": J. L. Sessler,
D. A. Ford, M. J. Cyr and H. Furuta, J. Chem. Soc., Chem. Commun.,
1991, 1733; A. Furstner and E. J. Grabowski, ChemBioChem, 2001, 2,
706; M. S. Melvin, J. T. Tomlinson, G. Park, C. S. Day, G. S. Salua,
G. L. Kucera and R. A. Manderville, Chem. Res. Toxicol., 2002, 15,
734.

P. A. Gale, M. E. Light, B. McNally, K. Navakhum, K. I. Sliwinski and
B. D. Smith, Chem. Comm., 2005, 3773.

J. L. Sessler, L. R. Eller, W.-S. Cho, S. Nicolaou, A. Aguilar, J. T. Lee,
V. M. Lynch and D. J. Magda, Angew. Chem., Int. Ed., 2005, 45, 5985.
S. Krasne, G. Eisenman and G. Szabo, Science, 1971, 174, 414.

The use of lucigenin to monitor Cl™ transport by synthetic carriers has
recently been described by Smith ez al in ref. 5. For earlier uses of
lucigenin as a CI™ dye: J. Biwersi, B. Tulk and A. S. Verkman, Anal.
Biochem., 1994, 219, 139.

W.-B. Chen, X. B. Shao and S. L. Regen, J. Am. Chem. Soc., 2005, 127,
12727.

K. Tanigaki, T. Sato, Y. Tanaka, T. Ochi, A. Nishikawa, K. Nagai,
H. Kawashima and S. Ohkuma, Febs. Lett., 2002, 524, 37.

For a discussion of the pK, of prodigiosin conformers, see Manderville’s
paper in ref. 13 and V. Rizzo, A. Morelli, V. Pinciroli, D. Sciangula and
R. D’Alessio, J. Pharm. Sci., 1999, 88, 73.

K. Kano and J. H. Fendler, Biochim. Biophys. Acta, 1978, 509, 289.
Recent papers by Smith and Gale (ref. 14) and by Sessler et al. (ref. 15)
have described the use of Cl selective electrodes to measure Cl™
transport across vesicle membranes.

The Gibbs energies of hydration (AGyyqg) are experimental values found
in Table 1 in Y. Marcus, J. Chem. Soc. Faraday Trans., 1991, 87, 2995.
We thank a referee for advising us about a pseudo-hydroxide exchange
mechanism that may manifest itself as an H'/Cl~ symport, see:
T. G. Levatskaia, B. A. Moyer, P. V. Bonneson, A. P. Marchand,
K. Krishnudu, Z. Chen, Z. Huang, H. G. Kruger and A. S. McKim,
J. Am. Chem. Soc., 2001, 123, 12099.

This journal is © The Royal Society of Chemistry 2005

Chem. Commun., 2005, 5781-5783 | 5783



