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We have recently reported the synthesis of a molecule that
mimics the structure and antimicrobial properties of the naturally
occurring sterol, squalamirde® In this paper, we show that
this mimic possesses unusual ionophoric properties. Specifi-
cally, we show thatl favors the transport of ions across
negatively charged bilayers (egg phosphatidylglycerol, egg PG) 10 ‘ :
over ones that are electrically neutral (egg phosphatidylcholine, v
egg PC). To the best of our knowledge, this is the first example Ei . . . . .
of a synthetic ionophore that exhibits membrane as well as ion igure 1. Changes in fluorescence intensity as a function of time for

. . . - . i leased from egg PG vesicles using excess Triton X-100,
selectiity.* The potential ofl as a paradigm for the design of (a) pyranine rele L .
new clagses of a?ntibacterial a en[t)s is b?ieﬂ discussedg (b) egg PG vesicles containing 1 mol %XDfand (c) egg PC vesicles
Y y : containing 1 mol % ofl.
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In order to testl for ionophoric activity, we first examined
its ability to discharge pH gradients across phospholipid bilayers.
For this purpose, a pH-sensitive dye (pyranine) was entrapped
within target vesicles and its fluorescence intensity used to
monitor changes in intravesicular pH; i.e., deprotonation of the 0
dye (K, = 7.2) yields a highly fluorescent phenolate ffhin OO0 Ty T
a typical expe!'lment, qnllamgllar vesicles (1000 A d!a.meter) Figure 2. Plot of observed first-order rate constants for egg PG vesicles
were formed via extrusion using 40.0 mg of phospholipid plus as a function of mole percent af Two different symbols have been
0.63 mg (2.0 mol %] and 2.0 mL of an aqueous buffer that ,5eq 1o highlight the two linear regions.
contained 50 mM NacCl, 0.1 mM pyranine, and 25 mM HEPES
buffer (adjusted to pH 7.0 with NaOMY:” Non-entrapped
pyranine was then removed by gel filtration (Sephadex G-25).
A 200 uL aliquot of the resulting dispersion (2 mM phospho-
lipid) was diluted with 2 mL of a similar buffer that had
previously been adjusted to pH 8.0, and the fluorescence
intensity monitored as a function of time at 26.

In Figure 1, we show typical fluoresence versus time curves
that were observed using egg PG and egg PC targets. In contra

o

to the former, which showed a rapid pH discharge that obeyed
pseudo first-order kinetics, relatively little activity was observed
with the latter; i.e., the rate was very similar to that observed
in the absence df (not shown} A plot of the observed pseudo
first-order rate constant {9 as a function of ionophore
concentration generatetivo discrete linear regionswith a

iscontinuity occurring at ca. 0.5 mol % @f(Figure 2). Gel
iltration of a fully-discharged dispersion, and analysis of the
(1) Sadownik, A.; Deng, G.; Janout, V.; Regen, S. L.; Bernard, E. M.; Void volume fraction, confirmed that95% of the dye remained

Kik(%():hl\i/i K.; A[<msstr0\r/1\§;.hDI._J.SAmFé C(:jheml_.| Sgd995 l'\1/|7, E138- N3 entrapped within the vesicles. Thus, the observed increase in
oore, K. 5.; Wenrll, 5.; Roder, H.; Rogers, M.; Forrest, J. N., Jr.; H H H i Wi
McCrimmon. D.: Zasloff, MProc. Natl. Acad. Sci. U.S.A993 90, 1354, fluorescence intensity clearly reflects ionophoric activity and

(3) Moriarty, R. M. Enache, L. A.; Kinney, W. A.; Allen, C. S.; Canary,  Not the release of entrapped dye to the bulk aqueous phase. In
J. W.; Tuladhar, S. M.; Guo, LTetrahedron Lett1995 36, 5139. striking contrast1l showed negligible actity in egg PCuesicles

Julfit)nFOLr .'%:aer?cte‘?l’l‘aTP'Leg‘cgﬁnsg’:”te.ﬂfémo%h?\;leséhsgg é’%f regeer'l'(iﬁ]"- J.: over this same concentration rangé&stimates of binding of

Trans 2 1995 417. (b) Kragten, U. F.; Roks, F. M.; Nolte, R. J. NL. to egg PG and egg PC membranes were made using multila-

S:h\(/em.ES'?C.,ChemL. Cgmgmll@g5 V%gs.l g%g“i"{?,”&@# z<di<)e,T Q.t; Mﬁ_lleln, mellar vesicles that were prepared with 2.0 mol % of the
. V.; Echegoyen, L.; Gokel, G. id. . abushi, I.; ; : . R . .
Kuroda, Y - Yokota, K Tetrahedron Lett1982 23, 4601, (e) Lear, J. D  \onophore. Thin layer chromatographic analysis (ninhydrin,

Wassermann, Z. R.; DeGrado, W. $ciencel988 1177. (f) Fyles, T. M.. densitometry) before and after pelleting indicated that less than

James, T. D.; Kaye, K. CJ. Am. Chem. Socl993 115 12315. (g) 5% of the sterol was partitioned into the aqueous phase in both
Stankovic, C. J.; Heinemann, S. H.; Schreiber, SJLAm. Chem. Soc - i iqi
199Q 112,'3702.(h) Kobuke, Y. Ueda, K.; Sokabe, W.Am. Chem. Soc. SyStemf' 't'.e" a?alt;]/ss ﬁf lt.h.e;jsur%ematam showed a negligible
1992 114 7618. (i) Menger, F. M.; Davis, D. S.; Persichetti, R. A.; Lee, concentration of phospnolipid & .

J. J.J. Am Chem. S0d.99Q 112, 2451. (j) Ghadhiri, M. R.; Granja, J. R.; In order to test for Na transport activity,?Na® NMR
Buehler, L. K.Nature1994 369, 301. (k) Voyer, N.; Robitaille, MJ. Am. i i imi

Chem. S0c1995 117, 6599. (I) Murillo, O.. Watanabe, S.; Nakano, A.: mea_surelm%nts w_greagalrnegj _omet usmgtp_rtocedurei S'm'laé tfo those
Gokel, G. W.J. Am. Chem So0d 995 117, 7665. (m) Stadler, E.; Dedek, ~ Préviously described.” In Driet, no actvity was observed Tor

P.; Yamashita, K.; Regen, S. . Am. Chem. Sod994 116 6677. either egg PG or egg PC vesicles over a 48 h period (3 and
(5) Clement, N. R.; Gould, J. MBiochemistry1981, 20, 1534.
(6) Kano, K.; Fendler, J. HBiochim. Biophys. Actd978 509, 289. (8) Qualitatively, very similar selectivities were observed whewas
(7) Phospholipid and. were codesposited onto a glass surface using added, externally, to preformed vesicles. In this case, however, the kinetics
CHCI3/CH30H (80/20, viv). of the pH discharge for egg PG vesicles was complex.
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ClI Ton Channel independent of membrane viscosity since transbilayer movement
& / of the ionophore is not required. A recent study lends strong
& @ ~— ncgatively charged sulfatc support for this hypothesis, where a comparision of the rates of
. @ ~— protonacd nitrogen Na' transport across egg PC (fluid phase, €5 and 1,2-
()~ negatively charged phosphace dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) membranes
(gel phase, 28C) has confirmed the carrier mechanism for the

natural ionophore, monensin, and a channel mechanism for

gramicidin®® Thus, the fact that the activity associated with
.5 mol % of1 (6.3 x 1074 s71) in egg PG is very similar to

hat which is found in gel phase vesicles made from DPPG (3.1

x 1074 s™1), using the same ionophore concentration, strongly

suggests that ion channels are invol¢&éf

also 5 mol %); i.e., dilution of dispersions that were initially Both the membrane selectivity and ion selectivitylo€an
prepared in LiCl with aqueous NaCl containing a paramagnetic P& accounted for by use of an ion channel model. If one
shift reagent, and subsequent NMR analysis, showed that all of2SSumes that is drawn into the membrane as a “macrocyclic
the Na® remained in the bulk aqueous phase. Analysis of these Salt", having its sterol moiety and polyamine chain aligned
same dispersions fdiLi* further showed that the percentage Perpendicular to the membrane’s surface, then its head group
of entrapped Lt was unchanged after dilution. This finding would be zwitterionic. Since this zwitterionic head group may
not only confirms that the vesicles have remained intact, but then favor other zwitterionic head groups (e.g. those of egg PC)
also establishes thatis inactive for Li* transport as well. as nearest neighbors, internalized aggregates (channeis) of
The inability of 1 to promote N4 transport across egg PG~ Might be expected to be more stable in a “sea” of a negatively
bilayers indicates that either proton and/or anion transport charged phospholipids than ones that are zwitterionic (Figure
controls the rate of pH discharge. In order to distinguish 3)> Thus, we hypothesize that micelles that form on the
between these two possibilities, a pH discharge experiment wassurface of negatively charged phospholipid membranes are
carried out in the presence of 5 mol % of a protonophore; i.e., Partitioned into their hydrocarbon interior to a greater extent
carbonyl cyanidep-trifluoromethoxy phenylhydrazone (FC- than those that are formed at electrically neutral phospholipid
CP)919 This weak organic acid has been shown to effectively surfaces, which results in a greater percentage of internalized
increase the permeability of lipid membranes toward proténs.” ionophore. Results that have been obtained from high-sensitiv-
The fact that the rate of discharge was unaffected by the 'Y qm‘erentlal scanning calor]metry analysis of multilamellar
presence of FCCP implies that anion transport is rate-limiting. vVesicles of DPPG and 1,2-dipalmitogh-glycero-3-phospho-
Since it is not possible to experimentally distinguish between choline (DPPC) are consistent with this hypothesis. Thus,

Figure 3. Hypothetical scheme depicting an aggregated forni of
bearing zwitterionic head groups and a channel, which allows the
passage of anions such as chloride ion; in this model, a second channe,
in the adjoining monolayer leaflet (not shown) would be required in
order to produce a contiguous channel across the bilayer.

proton permeability and hydroxide permeability, bott/gl~  Whereas inclusion of 10 mol % df in DPPG significantly
symport and CI/OH- antiport pathways must be considered lowers the gel to liquid-crystalline phase transition temperature
as being equally likely. (Tm) of the main transition (40.7 to 40°€) and eliminates the

The two linear regions that are apparent in Figure 3 provide Pre-transition peak, similar inclusion dfhad no effect on the
compelling evidence for the existence oftafo discrete forms ~ thermotropic properties of DPPC. Finally, the inabilitylofo
of active ionophoré? The simplest interpretation of this result, Promote Na and Li* transport can be readily accounted for
we believe, is that a “cross-over” occurs from a monomer-active by charge repulsion by proton-ionized channels that permit the
to a monomer- plus aggregate-active form of the ionophore. Passage of only protons and anions. ]
Specifically, we propose that monomerslqfavoring the inner The ability of 1 to recognize negatively charged bilayers
and outer surface of the bilayer) are solely responsible for Should make it attractive as a paradigm for the design of new
promoting the pH discharge in the low concentration regime. classes of antibacterial agents. In particular, the fact that t_he
At 0.5 mol % of1, a critical micelle concentration is reached outer monolayer leaflet of the plasma membrane of bacterial
on the membrane surface, which leads to a cooperative insertiorcells is negatively charged, while those of mammalian cells are
of anaggregate-actie form.12 In order to test our hypothesis electrically neutral suggests that s_,terol conjugates that_are
that an aggregate-based ion channel is involved at ionophoremodeled afted may be able to selectively destroy the integrity
concentrations that exceed 0.5 mol %, we have compared theOf bacterial membrané$. Efforts aimed at controlling the
activity of 1 in fluid egg PG membranes relative to analogous 2adgregation behavior of relat_ed sterol-baseq |onophqres W_|th|n
gel-phase membrane made from 1,2-dipalmisyglycero-3- negatively chargeq and electrically negtral b|_Iaygrs, WIFh aview
phosphatidylglycerol (DPPG). The basis for such an experiment towards drug design, are now under intensive investigation in
may be briefly summarized as follows: An ion carrier is OUr laboratories.
expected to S.how greatly dlmlr_ush_ed activity In gel_-phase Acknowledgment. We are grateful the National Institutes of Health
mempranes since the rate of diffusion across thg _bllayer IS (PHS Grant Al28220) for support of this research.
significantly reduced®4 In sharp contrast, the activity of a

membrane-spanning ion channel is expected to be almost Supporting Information Available: Schematic representations of
the selectivity ofl when added, externally, to preformed egg PC and
(9) Gennis, R. BBiomembranes: Molecular Structure and Function  egg PG vesicles and the influence bbn the endotherms (DSC) of

Springer-Verlag: New York, 1989. DPPG and DPPC (3 pages). See any current masthead page for
(10) (a) Hartsel, S. C.; Benz, S. K.; Peterson, R. P.; Whyte, B. S. ordering and Internet access information.

Biochemistry1l991, 30, 77. (b) Bolard, J.; Legrand, P.; Heitz, F.; Cybulska,

B. Biochemistry1991, 30, 5707. JA961269E
(11) Deng, G.; Merrit, M.; Yamashita, K.; Janout, V.; Sadownik, A,;
Regen, S. LJ. Am. Chem. S0d.996 118 3307. (14) Although conductance experiments can clearly distinquish between

(12) A monomer-active species would be expected to have a first-order carriers and channels, such measurements do not have sufficient sensitivity
dependency on the concentration of ionophore that is present. An aggregatefor determining the ion flux associated with For this reason, we have
active form would be expected to show an exponential dependency of the chosen what is considered by most researchers to be “the next best
concentration of that is presenpnly if the monomer/aggregate equilibrium  experiment” (i.e., to measure ionophoric activity in fluid-phase versus gel-
strongly favored the monomeric forthlf the equilibrium were to strongly phase vesiclesf
favor the aggregate form, however, then a first-order dependency on the (15) In preliminary studies, we have found that removal of the sulfate
“analytical” concentration (i.e., the total concentrationldhat is present group of 1 (leaving a hydroxyl moiety at the C-3 position) essentially
in the dispersion) would be expected, which is what we observe. eliminates its ionophoric activity in egg PG membranes at 1 mol %.

(13) Stein, W. D.Channels, Carriers, and Pumps: An Introduction To (16) Matsuzaki, K.; Sugishita, K.; Fujii, N.; Miyajima, KBiochemistry
Membrane TransportAcademic Press: New York, 1990. 1995 34, 3423.



