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We report thatz-stacked supramolecular rosettesn form OCeHys
synthetic ion channefsThese esthetically pleasing supramolecafes O/\/@:OQHH
can self-assemble from heteroaromatic “sectors” with directional o ° ,\/@OC‘H“
hydrogen-bond doneracceptor arrays such as foldté2 guanines o OCeH,

(G),* and so ort. H-bond directed circular self-assembly of these
sectors gives cyclic oligomers such as quagetvhich, in turn,
may self-assemble on top of each other to givstacks such a3
(Figure 1)! Templation of this process by cation binding to carbonyl
lone pairs in the rosette centers accounts for the confirmed
ionophoric properties of many-stacked supramolecular rosettes
in bulk liquid membranes (Figure 1).

It was recognized early on that the central string of cations and
the hydrophobic periphery of ionophoric rosettes are reminiscent
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of an ion channet.The compatibility ofz-stack architecture with l"’?“'—""l
ion channel formation as well as-stack chemistry such as o 3
intercalation and charge-transfer complexation with ion channel __.;_ .
function has been demonstrated last ye&ompared to other - =
sectors,r-stacked folate rosette3 were particularly promising —‘ '%7;‘.‘,
candidates to form ion channels because they can exist in R e
hydrophobic media with and without central ion templdtes. | —1 - e
Moreover, the surrounding hydrogen-bonded amide network, as well e
as the dendritit periphery, may cushidnthe dynamic rosette 2 3
”brea’[hing" motioné&c during ion hoppmg a|0ng the central String Figure 1. Self-assembly of folatd into rosette2 and zz-stack 3 with a
of ions. central s_tring of cations (green). The precise number of folates per ion
. . . channel is unknown.

The synthesis of folate dendrimehas been reported previously.
Routine picrate extractions confirmed ionophoric properties of folate > 061 c o
1in bulk chloroform membranes. The found folafgotassium ratio 2 06/ q | 8
of 6.7:1 supported the expectéd binding of about one cation E 0.4 /\/Kc)_o_z‘si
between two rosettes (Figure 1). 8 04 L 04 &

lon transport activity in lipid bilayers was explored first using § 02 024 2 L-0.4
EYPC-LUVsOHPTS exposed to a pH gradient. In this classical K i ! g 021 o
assay’? the ability of folate 1 to eliminate the applied proton § ] . 0 i o 1@
gradient is reported as change in emission of the internal HPTS in = 0246 0 9 18 250 300 350 400
response to external folate addition (Figure 2A). Dependence of {min) o (M) Am) _
activity on the concentration of folate monomesi) showed Figure 2. Activity (A, B) and structure (C) of folate rosett&in spherical

. . j . - - . lipid bilayers. (A) Fractional change in HPTS emissioridx@50 nm,iem
saturation behavior with Hill coefficient = 0.8 (Figure 2B). As 510 nm) as a function of time during the addition of base (30 s/120f

elaborated elsewhef,n < 1 can indicate the exergonic self- 0.5 M NaOH) and folatd (0 (a), 1.1 (b), 2.3 (c), 4.5 (d), 9 (e), and 4Bl
assembly of the active supramolecule and poor partitioning into (f)) to EYPC-LUVSDHPTS (65uM EYPC, 10 mM HEPES, 100 mM NaCl,
the bilayer. Inactivity in the ANTS/DPX assay® under nearly pH 7.0). (B) Dependence of channel activity in the HPTS assay (fractional

; ; e « A . emission 3 min after folate addition in A) on the concentration of monomer
identical conditions suggested that the “effective” inner diameter 1 with fit to Hill equation @), compared to activity in the ANTS/DPX

of n-stacked helical rosette3 is large enough to mediate the assay ©). (C) Absorption (a, b) and CD spectra (c)b&dded to the buffer
exchange of inorganic ions measured in the HPTS assay but too(a), or incorporated in EYPC LUVs (b, c).

small to allow the translocation of molecules as large as ANTS or
DPX (Figure 2B,® vs O).

Structural studies under reasonably relevant conditions revealed
mr-stacked helical rosett@sas active suprastructure and corroborated
poor partitioning due to exergonic self-assembly. Namely, the
addition of dendrimef to a buffer without EYPC LUVs resulted

in folate concentrations below the detection limit in the absorption
spectrum (Figure 2Ca). However, detectable concentration of folate
(Figure 2Cb) as well as the known exciton-coupled CD signéture
of m-stacked helical rosette3 (Figure 2Cc) could be readily
observed when EYPC LUVs were prepared in the presence of

folate 1.
t University of Geneva. In planar bilayer conductance measureméfts; 14 the dendritic
* University of Tokyo. folate rosette8 could induce the appearance of distinct, remarkably
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Figure 3. Activity of folate rosettes3 in planar lipid bilayers. (A) Planar
bilayer conductance in the presenceldflL mol % in EYPC) at+100 mV
(trans at ground)n 2 M KCI. (B) Single-channelV profile of the most
frequent (59%) out of three dominant conductance levels with linear curve
fit in symmetrc 2 M KCI. (C) Same in asymmetric 2> 0.25 M KCI
(cis—trans). (D) Permeability ratios for monovalent cations as a function
of their reciprocal radius. (E) Single-channel conductance as a function of
KCI concentration with curve fit to MichaelisMenten equation.
homogeneous, and long-lived single-channel currents (Figure 3A).
The ohmic behavior found in the currentoltage relationshipl{/
profile) was as expected for symmetric supramolecules such as
rosette3 (Figure 3B). Exposed to a salt gradient, ros8ttevealed
the expected preference for cations over anions (Figure 3C). A
permeability ratidP+/Pc- = 4.9 was calculatéd from the reversal
potential V; —27 mV using the GoldmanHodgkin—Katz
equation. Similar analysis of reversal potentials obtained undér M
K* gradients gave the cation selectivity topology (Figure 3D). The
found Eisenman | sequence contradicts the known N&K
selectivity of folate aggregatéand implies dominance of cation
dehydration energi€,that is the absence of strong and selective
cation binding sites within stacked rose®&34 Similarly, dehydra-
tion energy is believed to account for K Na selectivity of G
quartets'd

The ionophoric properties revealed by picrate extraction were
confirmed by saturation of the single-channel conductance at high
salt concentration (Figure 3E)!® Michaelis-Menten analysis

revealed that the expected blockage by the permeant cation occurred

with an effective cation concentration EG= 0.23 M for K* with

a maximal single-channel conductancegafax = 21 pS. With
blockage by the permeant cati&happlication of Hille’s equation

to estimate the inner channel diameter from the single-channel
conductance is meaningful only at concentrations well below the
ECso. The correctett Hille!! diameterdyi. = 3.7 A obtained from

the estimated conductance at 100 mM KCI (Figure 3E) was
consistent with the size of the central cavity of the folate quartet
and compatible with size exclusion experiments in vesicles.

One of the scientifically attractive questions concerning ion
channels formed byr-stacked supramolecular rosettes concerns
cation hopping along the central string of ions. On the level of
covalent macrocycles such as crown ethers or calixaretids,
paradoxical “tunneling” of big ions through small holes is not
possible. Because their dynamic nature allows for the required

breathing, the possibility of central ion tunneling through supra-
molecular macrocycles exists and has been experimentally
confirmed? The characteristics found for ion channels formed by
stacked folate rosettesare in support of the occurrence of such
central, dynamic ion “tunneling.” Namely, structural (CD) studies
confirmed stacked rosettes as active channel structures. Single-
channel homogeneity, conductance, selectivity, and particularly
saturation by permeant cations are all in agreement with dynamic
“tunneling” of big cations through small holes along the central
string of ions, rather than through channels in the dendritic
periphery. Nevertheless, structural variations to improve rosette
partitioning will be necessary to fully appreciate and exploit the
here reported breakthrough.
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