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In recent years, there has been growing interest in the design
and synthesis of molecules that mimic the structure and function 1.0 y . ; —— - :
of naturally-occurring ionophorés While considerable attention o 10 2 30 40 50 60 70 & 90
has focused on structure/activity relationships, the possibility Time (h)
that such compounds may operate through multiple mechanismsrigure 1. Typical first-order plots of percentage of Néhat remains
has not, to the best of our knowledge, previously been con- to enter egg phosphatidylcholine vesicles containipi, (&) 2, @)
sidered. In this paper, we report the results of a kinetic inves- 3, and @) 4 mol % of 1 at 25°C.
tigation of the ion transport properties of four steroligo-

(ethylene glycol) conjugates that have been modeled after the 3.01
heptaene macrolide antibiotic, Amphotericir? BSpecifically,

we report the activity ol, 2, 3, and4 in promoting the transport

of Na" across egg phosphatidylcholine bilayers as a function
of their membrane concentrati8nOur kinetic results not only
provide compelling evidence for the existencetwb discrete 2.0
forms of an actie ionophore in each cadaut also serve as a
cautionary note for interpreting ionophoric activity based on

single-CO| centration experi ents.
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)j\ 3 4, cis-A/B ring juncture Figure 2. Plot of kepsa@s a function of mol % ol. The smooth curve
0. h .
CH,0 o” O K represents a nonlinear leasts squares fit of the data based on eq 2.

. potential that drives the ion transpdrtSpecific protocols that
In this work, we have use&Na NMR spectroscopy as @ \yere used in this work were similar to those previously

means of monitoring Natransport# In brief, a solution of = jeqcribedt Under our experimental conditions, the rate ofNa

NaCl plus a paramagnetic shift reagent is added to an egg PCqnry \was found to obey pseudo first-order kinetics where

dispersion (1000 A Qiameter, Iarge unilamellar \{esicles) tha}t d[Na]/dt = kons{Na']; typical plots that were obtained are
has _been prepared in aqueous LIiCl . If the shift reagent is ¢pown in Figure 1. A piot of thépsqversus the mol % of
confined to the external aqueous phase, then thethit enters is presented in Figure 2.

the vesicular compartments will appear as a separate (unshifted) The strong dependency #ueq 0N the concentration of
S

resonance. An obligatory tiexit (antiport) and/or Cl entry . . .
(symport), which is necessary in order to maintain electroneu- indicates the involvement of sterol aggregates in the transport
process. If each of these aggregates is composed nof

trality on both sides of the membrane, permits the complete onophore molecules, and if the dissociation constant that defines
discharge of the concentration gradient and the transmembran P ’ B o .
he aggregatemonomer equilibrium within the membrane is

(1) (@) Pregel, M. J.; Jullien, L.; Canceill, J.; Lacombe, L.; Lehn, J. M. represented b¥, then it can be readily shown thkf,sq will

J. Chem. SocPerkin Trans 2, 1995 417. (b) Kragten, U. F.; Roks, F. M; depend uporK, the concentration of membrane-bound iono-
Nolte, R. J. M.J. Chem. So¢Chem. Commuril985 1275. (c) Nakano, P P '

A.; Xie, Q.. Mallen, J. V. Echegoyen L.; Gokel, G. Wibid. 199q 112 phore [orjophore}, and an intringic rate constank)(that
1287. (d) Tabushi, I.; Kuroda, Y.; Yokotetrahedron Lett1982 23, 4601. characterizes the aggregate-mediated transport according to eq
(e) Lear, J. D.; Wassermann, Z. R.; DeGrado, WSEiencel988 1177. 12 When the majority of ionophores exists as membrane-bound

(f) Fyles, T. M.; James, T. D.; Kaye, K. @. Am. Chem. S0od993 115,
12315. (g) Stankovic, C. J.; Heinemann, S. H.; Schreiber, $.Am. Chem.
Soc 199Q 112 3702. (h) Kobuke, Y.; Ueda, K.; Sokabe, M.Am. Chem. k[Ionophore}

Soc.1992 114, 7618. (i) Menger, F. M.; Davis, D. S.; Persichetti, R. A.; ko - - (1)
Lee, J. JJ. Am. Chem. Sod99Q 112, 2451. (j) Ghadhiri, M. R.; Granja, bsd— K

J. R.; Buehler, L. KNature1994 369 301. (k) Voyer, N.; Robitaille, M.
J. Am. Chem. Sod995 117, 6599. (I) Murillo, O.; Watanabe, S.; Nakano,

A.; Gokel, G. W.J. Am. Chem S0d 995 117, 7665. (4) Preliminary’Li* NMR studies carried out witd indicate that the
(2) Stadler, E.; Dedek, P.; Yamashita, K.; Regen, SJ.LAm. Chem rate of Li* exit is very similar to the rate of Naentry. Vesicle dispersions
Soc.1994 116 6677. were used directly after extrusion; all NMR measurements were made at
(3) Compound®, 3, and4 were synthesized using procedures that were 25 °C.
very similar to those previously described fh? (5) Reproducibility of rate constant&fsg) was+8%.
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What are the two pathways for ion transport that are
associated with these synthetic ionophores? A likely possibility
for a monomer-active species is that it functions as a carrier,
i.e., it shuttles ions from one side of the bilayer to the other.
On the basis of analogy to Amphotericin B, an aggregate-active
form is more likely to involve a channel (or pore) mechanfsm.
Although conductance experiments can distinquish between
carriers and channels, such measurements do not have sufficient
sensitivity for determining the ion flux associated with4.”

For this reason, we have chosen what is considered by most
researchers to be “the next best experiment”, i.e., to measure
ionophoric activity in fluid- versus gel-phase vesicietn brief,

a carrier is expected to show greatly diminished activity in gel-
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s oo Y " s phase membranes since the rate of diffusion across the bilayer
‘ ‘ ‘ N ' ' is significantly reduced. In contrast, the activity of a membrane-
In[1(mol%)] spanning ion channel is expected to be almost independent of

Figure 3. Plot of In(kobsg Versus Inl (mol %)]. Two different symbols membrane viscosity since transbilayer movement of the iono-
have been used to designate two linear regions that are apparent. Thgphore is not required. A recent study lends strong support for
inset shows similar data f@: Very similar data has been obtained for  this hypothesid? In particular, comparision of the rates of Na
3 and4 (not shown). transport across egg PC (fluid phase;, 2% and 1,2-dipalmitoyl-
snglycero-3-phosphocholine (DPPC) membranes (gel phase, 25

Table 1. - Values ofky, k, andn Obtained from Curve Fitting of °C) has confirmed the carrier mechanism for the natural

Equation 2 ionophore monensin and a channel mechanism for gramitidin.
' . 102k10 . o 106kg . In preliminary studies, we have found that the use of a “low”
ionophore (h™* mol %™%) (h™" mol %) n concentration (1 mol %) of within gel-phase vesicles (DPPC,

1 1.154+0.42 2.8+ 0.15 12 25 °C) did not result in detectable Naransport after 168 h,
g g-ggi 8-5; Iggi 277 g i.e., Kobsa<< 1 x 103 h~L In contrast, analogous fluid-phase
. 1625031 7 8t 0.96 8 egg PC (25°C) vesicles gave a value @fpsq= 11.2 x 1073

h=L. Similar experiments that were carried out using a relatively
“high” concentration of4 (2.5 mol %) in gel-phase DPPC
monomer, its “analytical” concentration (i.e., the total concen- vesicles (25°C) gavekopsd = 35 x 1072 h™%; in fluid-phase
tration that is present in the dispersion) can be used to egg PC (25C) a value okopsg= 62 x 1072 h~1 was obtained.
approximate lonophord. Under such conditions, a plot of In-  These results are fully consistent with a dominant carrier
(kobsg Versus In[onophoré is expected to yield a straight line  mechanism at low ionophore concentrations and a channel
with a slope that corresponds to the aggregation number, mechanism at high concentrations. The fact that both active
Figure 3 shows such a plot fdr What is readily apparent forms can discrimiate between Naand shift reagent
from this figure is the presence tfo distinct linear regions [Dy(P3010)2]"~ (i.e., only Na crosses the bilayer) further
Exactly analogous results were obtained 2p8, and 4. indicates that neither form induces major defects within the
If ion transport is governed by two distinct processes, one membrane.
that is first-order with respect to the ionophore concentration  The existence of two active forms df-4 clearly demon-
(monomer-active) and one that has mth order dependency  strates that transport behavior of relatively simple ionophores
on the ionophore concentration (aggregate-active), then thecan be much richer in complexity than previously realized. It

observed rate would be expected to obey eq 2, where kiK also shows that mechanistic interpretations based on single-
concentration experiments should be viewed with extreme
d[Na")/dt = (k,[lonophoré + k [lonophorg™[Na'] = caution.
kopsdNa'] (2) Acknowledgment. We are grateful to Dr. Francois Kezdy (The

Upjohn Company) for valuable discussions and to the National Institutes

andk; is the first-order rate constant for the monomer-active ° Health (PHS Grant Al28220) for support of this research.

form. By use of eq 2, a nonlinear least squares fik@fqas a Supporting Information Available: One table containing the
function of ionophore concentration yields valuekofk, and  complete set of kinetic data fds 2, 3, and4, analytical data foe, 3,

nfor 1, 2, 3, and4 which are shown in Table 1. The similarity  and4, and experimental procedures for performingaat measure-

of k; within this series of sterol conjugates implies that the ments (4 pages). This material is contained in libraries on microfiche,
presence of terminal hydroxyls groups, the presence of a doubleimmediately follows this article in the microfilm version of the journal,
bond within the B-ring of the sterol, and the stereochemistry of can be ordered from the ACS, and can be downloaded from the Internet;
the A/B ring juncture have little influence on monomer activity. S€€ any current masthead page for ordering information and Internet
Although it would be of interest to compare the intrinsic CCess instructions.

activities ) of 1—4 in their aggregated state, our kinetic analysis JA9526877

dogsr?Ot pe(;mlt Su.Ch a comparlsonft_o bekmage since thebkmetlc (6) Stein, W. D.Channels Carriers, and Pumps: An Introduction To
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