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Voltage-sensitive blockage by ADP, ATP and phytate (IP¢)
demonstrates that active-site contraction toward the middle of
newly synthesized rigid-rod p-barrels provides a general strategy
to rationally create and modulate the voltage sensitivity (and to
increase the efficiency) of molecular recognition by synthetic
multifunctional pores.

The key contribution of synthetic multifunctional pores'? to the
field of synthetic ion channels and pores®'® is the possibility to
combine molecular translocation across lipid bilayer membranes
with molecular recognition and transformation. The practical
usefulness of synthetic multifunctional pores as substrate-indepen-
dent transducers of chromophore-free molecular transformations
into light has been demonstrated,'® their ability to sense sugar in
soft drinks illustrates their potential with regard to multicompo-
nent sensing in complex matrixes.'® The design of synthetic
multifunctional pores has, however, so far been limited to rigid-rod
B-barrels with identical p-strands.' To overcome this limitation,
we here describe design, synthesis and evaluation of synthetic
multifunctional pore 1 with central and peripheral domains of
different composition and dimension (Fig. 1). Four central RH
dyads and two peripheral NN dyads per B-strand were positioned
at the internal surface of rigid-rod {242}-B-barrel 1. This internal
active-site contraction, compared to the classical pore 2 with RH
dyads only, was envisioned for molecular recognition in the middle
of pore 1 in the middle of lipid bilayer membranes. In the
following, this “in-depth” guest inclusion is shown to provide
access to, according to the Woodhull model,'>?° the rational
design of voltage-sensitive molecular recognition. Whereas several
examples for the already challenging voltage-sensitive formation of
synthetic ion channels and pores are available (e.g., push—pull
rigid-rod B-barrels),* voltage-sensitive molecular recognition by
synthetic ion channels and pores has, although similarly common
in nature, so far not been realized “in depth” *!3!4!7-18

The {242}-pore 1 was synthesized from commercial amino acids
and biphenyls in overall 31 steps (Scheme 1, including routine*'
pentapeptide synthesis). The route to {242}-p-octiphenyl 3 with
orthogonal acid protecting groups along the rigid-rod scaffold has
been described previously.>** Hydrogenolysis of the peripheral
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benzyl esters of {242}-rod 3 liberated the four carboxylic acids for
coupling with the N-termini of the side-chain protected LNLNL-
pentapeptides. Subsequent acidic hydrolysis of the central #-butyl
esters, coupling with side-chain protected LRLHL-peptides and
side-chain deprotection gave the target rod 4 for self-assembly of
pore 1 in lipid bilayer membranes.

The classical synthetic multifunctional pore 2 with uniform
internal RH dyads has been characterized extensively in both
spherical and planar bilayer membranes.” > The active-site
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Fig. 1 Notional rigid-rod p-barrel pore 1 with f-sheets as solid
(backbone) and dotted lines (hydrogen bonds, fop) or as arrows (N —
C, bottom); external amino-acid residues are dark on white, internal ones
white on dark (single-letter abbreviations); pore 2: analog to 1 with
sequence b) only.
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Scheme 1 (a) See ref. 24; (b) sequential selective deprotection and
peptide coupling, see ESIT; (c) self-assembly in lipid bilayers, see text.

4798 | Chem. Commun., 2005, 4798-4800

This journal is © The Royal Society of Chemistry 2005


http://dx.doi.org/10.1039/b509610c
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC005038

Published on 05 September 2005. Downloaded by Y ork University on 23/10/2014 00:29:38.

View Article Online

contraction in refined pore 1 had overall little influence on the
characteristics of pore 2. According to the routine ANTS/DPX
assay, pore activity decreased.§ and the pH profile of both pores
showed high activity at low pH with pH-gated opening at pH 5. In
this assay, the fluorophore 8-aminonaphthalene-1,3,6-trisulfonate
(ANTS) and the quencher p-xylenebis(pyridinium) (DPX) are
loaded into large unilamellar vesicles composed of egg yolk
phosphatidylcholine (i.e., EYPC-LUVs > ANTS/DPX). Efflux of
either anionic ANTS or cationic DPX through the added pore is
then oberved as an increase in the emission intensity of ANTS
(Fig. 2A a, dotted). With the same assay, molecular recognition by
{242}-pore 1 could be observed as decreasing pore activity with
increasing guest concentration (Fig. 2A a, dotted vs. solid). ADP,
ATP and IPs (phytate) were selected as model blockers with
increasing formal charge zgyugst. Their inhibitory concentrations
(ICsp) or ““apparent” dissociation constants (Kp) revealed an
exponential dependence of molecular recognition on formal guest
charge (Fig. 2B). This trend was in excellent agreement with earlier
insights on pore blockage by shape-persistent rigid-rod o-helix
mimics.?® However, no such dependence was observed with regard
to the formal charge of the supramolecular hosts. In the contrary,
Kp’s obtained with refined pore 1 were consistently about half as
large as those of classical pore 2 (Fig. 2B). This 2-fold increase in
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Fig. 2 (A) Fractional change in emission / of (a) ANTS and (b) safranin
O as a function of time during addition of valinomycin (c, 60 nM final),
pore 1 (d, 250 nM tetramer) and Triton X-100 (e, excess) to EYPC-
LUVsS>ANTS/DPX (65 uM EYPC, 10 mM MES, 100 mM NaCl,
pH 4.5) in the presence (solid) or absence (dotted) of 4 mM ADP. (B)
Apparent pKp’s for blockage of pores 1 (@) and 2 (O) by ADP, ATP and
IPs (pKp = —logKp). (C) Same with K%’s for 1 (M) and 2 (0) in
unpolarized compared to K;’s in fully polarized vesicles. (D) Dependence
of apparent pKp'’s for blockage of pore 1 (@) and 2 (O) as a function of
vesicle polarization with fit to the Woodhull eqn (1).

molecular recognition upon active-site contraction validated our
previous suspicions'® that the depth of guest inclusion, that is e
location of the active site rather than the number of charges
determines molecular recognition by synthetic multifunctional
pores.

Conductance experiments in planar EYPC bilayers revealed
single conductance levels for {242}-pore 1 that were less inert and
less homogenous than those of the classical pore 2 (Fig. 3A).2' The
corrected””*® small single pore diameter 4 = 7.0 A calculated for
refined pore 1 was indicative of counteranion immobilization by
the internal arginine arrays as described previously for the similarly
low-conducting classical pore 2.2!

The depth of molecular recogntion is described in the Woodhull
equation:'®*°

Kp = Kp (0 mV) exp (hy zFVIIRT) (1)

This equation suggests that, with a given and constant length / of
the pore, the exponential dependence of the dissociation constant
Kp on the applied voltage V" is determined by the charge z of the
blocker as well as the Woodhull distance Ay from pore entrance to
the active site within the pore. Here, an effective Woodhull
distance Ay is used to describe experimental values obtained with
an assumed blocker charge z, whereas effective charges z.¢ describe
experimental values calculated from eqn (1) with an assumed
Woodhull distance Ay (Table 1).

In multipore conductance experiments, ADP blocked the
refined {242}-pore 1 in a voltage-dependent manner (Fig. 3B).
Assuming a blocker charge z = —1.8 for ADP at pH 4.5
Woodhull analysis of this voltage dependence gave an effective
Woodhull distance /™ = 10.4 A from pore entrance to active site
(Table 1). Far beyond previous values obtained with classical pores
(bw™ = 2.7 A),'"® this spectacular voltage sensitivity was in
excellent agreement with the expected “in-depth” molecular
recognition by refined {242}-pore 1 (theoretical Ay = 12.5 A).

Wondering about the exclusive focus on Woodhull analysis by
conductance experiments in planar bilayers, we recently speculated
that there is no obvious reason why the same shouldn’t be
possible and probably easier to reproduce in polarized spherical
membranes.”’ To test this hypothesis, EYPC-LUVs > ANTS/DPX
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Fig. 3 (A) Planar EYPC bilayer conductance in the presence of 1 (1 pM
cis) at V= +25 mV (trans at ground) in 1.05 M KCI (5§ mM MES,
pH 4.65). (B) Woodhull plot for blockage of pore 1 with ADP
(pKp = —logKp, Kp = dissociation constant, fit to eqn (1)).
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Table 1 Voltage dependence of pore blockage by ADP in spherica
and planar” bilayer membranes

pore?  z5%¢ ¢/ IweTASE LAY
1“2 —0.04 + 0035 —18 08 25 -0.6
29 1 —0.22 + 0008 —1.8 42 12.5 —0.6
31 —0.55 + 0.040 —1.8 104 12.5 -15

“From polarized vesicles (Fig. 2). ” From planar bilayer
conductance (Fig. 3). ¢From Woodhull eqn (1), "

experimentally determined Woodhull distance from pore entrance to
active site obtained using an assumed blocker charge z, F = Faraday
constant, V' = membrane potential, / = pore length (assuming 34 A),

R = gas constant, 7 = temperature. Fig. 1. ¢ = electric
distance = w1/ z = assumed charge of ADP at pH 4.5.28
¢ [T = experimentally determined Woodhull distance obtained
using z = —1.8. " Iy = Woodhull distance assumed from molecular

models for detection of rate limiting binding to the first two
available RH P-strands.!”'® 7 z ;- = experimentally determined guest
charge, from eqn (1) using the assumed Woodhull distances /Ay in the
preceding column.

were polarized as described previously by connecting a potassium
gradient with the K*-carrier valinomycin.?>?? For inside-negative
polarization, potassium gradients were created by exchanging
external K* with isoosmolar Na*/K* mixtures at ratios selected for
the desired Nernst potentials. In double-channel fluorescence
kinetics, changes in the membrane potential were monitored
simultaneously with ANTS/DPX efflux (Fig. 2A, a) following the
emission of the externally added safranin O (Fig. 2A, b). As with
ANTS/DPX eftlux, vesicle depolarization by pores 1 and 2 could
be effectively inhibited with ADP (Fig. 2A b, solid vs. dotted),
ATP and IPg4. The found increase of the apparent Kp for refined
pore 1 but not for classical pore 2 in polarized vesicles was
consistent with blocker repulsion by the inside-negative membrane
potential (Fig. 2C). Interference from stoichiometric binding™ was
likely to account for decreasing voltage sensitivity with excessive
guest charge. Woodhull analysis of the voltage sensitivity of ADP
revealed an iw®" = 4.2 A for the refined pore 1 that was clearly
longer than the nearly negligible /™ = 0.8 A for the classical pore
2 (Fig. 2D).

The /™" = 42 A obtained in polarized vesicles was clearly
shorter than the W™ = 104 A obtained in planar bilayer
conductance experiments (Table 1). The explanation of this
difference with a reduced effective guest charge under these
conditions was supported by the identical zy = —0.6 obtained
with the different expected fyy = 2.5 A and Ay = 12.5 A of pores 2
and 1, respectively (Table 1). However, there was no clear-cut
reason for this difference in z.; beyond the general notion that
different effective charges exist under different experimental
conditions (e.g., ionic strength). Partial interference from the
naturally voltage-independent ADP binding in the media was
another meaningful explanation for the apparent underestimation
of Woodhull distances in polarized vesicles. This explanation was
consistent with the intrinsically poor detectability of this possibly
competing process in planar bilayer conductance experiments.
Whatever will turn out to be the reason for the different Woodhull
distances in polarized vesicles and planar bilayer conductance
experiments, we underscore that the essential lesson learned from
the above experiments is that Woodhull analysis of the voltage
dependence of molecular recognition by synthetic multifunctional
pores as such is, at least in a more qualitative sense, possible in
polarized vesicles.

In summary, the breakthroughs reported in this communication
are (a) experimental evidence for synthetic access to refined pore
architecture with distinct domains, (b) experimental evidence
for voltage-sensitive “in-depth” blockage of synthetic ion channels
and pores'™® and, from a methodological point of view, (c)
experimental evidence that Woodhull analysis in polarized vesicles
is possible.
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