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In this paper we show that stergbolyether conjugateksa and
1b exhibit greater activity in promoting passive ion transport
across ergosterol-rich phospholipid bilayers as compared with
cholesterol-rich analogues. The relevance of this finding to the
rational design of new classes of antifungal agents is briefly
discussed.

Ergosterol

We have recently reported that a sterpblyether conjugate
(1a) promotes N4 ion transport across phospholipid bilayérs.
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Figure 1. (A) Plot of konsd Versus mol % ofla (50 °C) in bilayers
composed of DMPCH), DMPC + 20 mol % ergosterol&), and DMPC
+ 20 mol % cholesterol®). (B) Plot of kypsq versus (mol % ofLa)" in
DMPC (n = 2) (m); DMPC + 20% ergosterol{ = 2) (a); DMPC +
20% cholesterol( = 4) (@).

membraneg? In particular, canla (like AmB) exhibit signifi-

cantly greater ion transport activity in phospholipid membranes
that are rich in ergosterol (found in fungi) relative to ones that
are rich in cholesterol (found in mammalian cells)? It should be

This conjugate has been specifically designed, based on analogyoted, in this regard, that the therapeutic value of AmB is

to the antifungal agent, Amphotericin B (AmB)n particular,

the rigid hydrophobic unit (sterol nucleus), the flexible hydrophilic
chain (polyether moiety), and the pendant polar headgroup
(ammonium sulfate) mimic the heptaene, polyol, and carboxyl/
mycosamine components found in Amphotericin B, respectively.

presumed to derive from its ability to favor pore formation, ion
transport, and toxicity in ergosterol-containing cells, relative to
ones that contain cholesterol.

Using experimental protocols similar to those previously
described,la was incorporated into both leaflets (double-sided

On the basis of a strong activity-dependence on membraneaddition) of 200 nm unilamellar 1,2-dimyristogh-glycero-3-
thickness, as well as an exponential dependency of transport ratehosphocholine (DMPC) vesicles that were prepared in LiCl

on the concentration ota, a model was proposed in which
membrane-spanning aggregates are the active species. Thus,
one assumes that only a small fraction of the conjugate is

solution? After dilution with an aqueous NaCl solution containing
# shift reagent (DyG), the rate of entry of Nainto the vesicles
was monitored using®Na*—NMR spectroscopy at 50C. Gel

assembled into such aggregates, then it can be readily shown thafjjtration and analysis of the vesicle fractions established that more

Kypsa= K, + k[monomer{/K (6N}
wherekopsqiS the observed pseudo-first-order rate constdrnig

the equilibrium constant for dissociation of the aggregate imto
monomersk, is the rate constant for ion transport in the absence
of ionophore,k, is an intrinsic rate constant for transport, and
[monomer] is the analytical concentrationXdthat is present in
the dispersiod? The fact thatla and AmB are capable of
promoting ion transport across lipid bilayers, together with the

than 90% of the ionophore was bound to these membranes. Values
of kopsq that were calculated from these data showed a second-
order dependency on the mole percentLaf(Figure 1). Similar
experiments that were carried out in the presence of 20 mol %
ergosterol also showed a second-order dependency on the mole
percent ofla. When 20 mol % cholesterol was present in the
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Figure 2. Plot of kopsq Versus (mol % ofla)* in DPPC @), DPPC+
20% ergosterol£), and DPPC+ 20% cholesterol@).

Table 1. Kinetic Parameters for Passive lon Transport Mediated DPPC molecule are consistent with this model. Thus, even in

by 1a the absence of sterol, membrane-spanning tetramers are required
10%, 10%ko/K for Na* transport across this thicker membrane. The relative
phospholipid ~ sterol  (min™?) (min~I(mol %)y ™ n differences in the rate of ion transport between ergosterol- and
DMPC 6+ 1 240+ 40 5 chollesterol-contai.ning DPPC bilgyers are a likely consequence
Ergo 214+ 0.3 190+ 30 2 of differences in (i) membr_an_e thickness, _(_!l) the ppsmon (_)f the
Cho 1.6+ 0.2 90+ 10 4 monomer-aggregate equilibrium, and/or (iii) the microenviron-
DPPC 1.5+04 4.7+ 0.7 4 ment.
Ergo  1.6+£0.5 8+1 4 Finally, in an effort to demonstrate generality, we have
Cho 0.9+ 0.1 2.0£0.3 4

measured the rate of Ndransport acrossnsaturatedbilayers
a Ergo= ergosterol; Che= cholesterol. All measurements were made Made from 1,2-dimyristoleoydfr-glycero-3-phosphocholine [PC

at 50°C. The error inkopsaiS estimated to be-15%. (14:1)], using a homologue ofa (i.e., 1b); here, both the
phospholipid matrix and the structure of the ion conductor were
membrane, however, furth-order dependency dé,psqon the varied, as well as the temperature used (i.e.5@p Thus, using

mole percent ofla was found. Within the concentration range 0.08 mol % oflb, values ofkshsaacross pure PC (14:1) bilayers,
examined, the presence of cholesterol resulted in a substantialPC (14:1) bilayers containing 20% ergosterol, and PC (14:1)
reduction inkysqrelative to pure DMPC bilayers; ergosterol also  bilayers containing 20% cholesterol were found to be 141,
appeared to lowekgpsg but the effects were only modest. 4.39x 1073, and 0.54x 1073, respectively, at 35C. These results_ _
Related experiments that were carried out using 1,2-dipalmi- clearly show ‘that the ergogterol/cholesteroI-based selectivity
toyl-snglycero-3-phosphocholine (DPPC) in place of DMPC gave reported herein is not an arﬂfapt of @he DMPGnd DPPC-
results that are summarized in Figure 2. In all cases, the observedsterol systems that have been investigdted.
Na' transport activity showed a fourth-order dependency onthe To the best of our knowledge, the findings reported herein
mole percent ofla. In sharp contrast to DMPC-based bilayers, represent the first example of significant ergosterol/cholesterol
the presence of 20 mol % of ergosterol resulted imaneasein selectivity by a synthetic ionophore. Detailed structtmetivity
transport activity relative to pure DPPC. Similar to DMPC-based studies, which are currently in progress, are aimed at understand-
membranes, cholesterol-rich bilayers of DPPC showed substan-ing and maximizing ion transport activity as well as membrane
tially diminished activity on the basis of the mol % & that selectivity. The results of these efforts will be reported in due
was present. course.
Because our kinetic analysis does not permit us to sepkrate
from K, our discussion is limited to an operational comparison  Acknowledgment. We are grateful to the National Science Foundation
of the activity of1a, and to the apparent size of the aggregates (Grant CHE-9612702) for support of this research.
that are responsible for Naransport. What is readily apparent JA002039+
from Figures 1 and 2 is thdta exhibits significant selectivity
such that ion tra.nSport is favored in the ergOSterOITgontammg (5) The fact that cholesterol induces an increase in bilayer thickness is well-
membranes relative to cholesterol analogues. Spekdifik/K, documented; see: (a) Vist, M. R.; Davis, J. Biochemistry199Q 29, 451.
and n values that have been obtained for each system are(b) Mcintosh, T. J.; Magid, A. D.; Simon, S. Aiochemistry1989 28, 17.

i i _ - _(c) Ipsen, J. H.; Mouritsen, O. G.; Bloom, Miophys. J199Q 57, 405. (d)
summarized in Table 1. The second- and fourth-order depend-ge i"F " gigom, M.Biophys. 11992 61 1176. (&) Urbina. J. A Pekerar,
encies ofkypsq 0N the mole percent dfa that is present implies S.; Le, H.; Patterson, J.; Montez, B.; Oldfield, Eiochim. Biophys. Acta995
the existence of transport-active dimers and tetramers, respec-123§ 163. . _
tively (6) Although, to the best of our knowledge, no data exist for the influence

) . . of ergosterol on membrane thickness, it is not unreasonable to assume that it
Although the precise structure of these transport-active ag- acts analogously to cholesterol, but is less effective. For example, ergosterol
gregates and the conformationId in its active form remain to has been found to be less effective than cholesterol in reducing the permeability

: ; . ; .of egg PC membranes toward glucose: Demel, R. A.; DeKruijfBBchim.
be established, one plausible model is illustrated in Scheme 1,Bi0phy5. Actal976 457, 100,

here, a hairpin conformation dfa is assumed. Thus, face-to- (7) Kleinberg, M. E.; Finkelstein, Al. Membr. Biol 1984 80, 257.
face dimers that span thinned regions of DMPC bilayers provide  (8) While DMPC bilayers that contain 20 mol % cholesterol are maintained
a contiguous passage way for Neansport. In the presence of in the fluid state at 50C, the broadening effect that 20 mol % cholesterol

. ) ! has on the melting DPPC bilayers is expected to leave a portion of the
cholesterol, @hickenednembrane requires back-to-back dimers membrane in the gge| phase: ,\)jabrey‘ S,’? Mateo, P. L.: Stuftevam, 1 M.

(i.e., membrane-spanning tetramers) for transport acfifiguch Biochemistry 1978 17, 2464. The melting temperature of PC (14:1) is
a model bears a resemblance to the hypothesis advanced bgsgg‘altgg tzoli)e ca-40 °C: Lewis, B. A;; Engelman, D. MJ. Mol. Biol.

Finkelstein and co-workers in describing the single- and double- ™ (g) values ofk,pafor Na* transport across egg PC bilayers containing 20
sided action of AmB. The finding that the active species is a mol % ergosterol and 20 mol % cholesterol in the presence of 2 mbb%
dimer in ergosterol-rich membranes would then imply that Were 11.7x 10°and 6.8x 10" respectively, at 35C; with 0.005 mol %

Id t b thickening to th t f AmB, the values were 5.% 1073 and <1 x 107, respectively. Using
ergosterol does not cause membrane thickening to the same exterg 001 mol % of gramicidin A, rate constants in ergosterol- and cholesterol-

as cholestserdlResults that have been obtained with the longer rich membranes were 2.8 102 and 2.4x 1072, respectively.



