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Abstract—The characteristics of pores formed by p-octiphenyl b-barrels with LWV triads at the outer surface are reported in
comparison with the conventional rigid-rod b-barrels with all-L outer surface. Maintained multifunctionality of tetrameric pores
with external LWV triads (inversion of ion selectivity, molecular recognition and transformation) is implicative for intact barrel
interior. Increased pore activity supports dominance of high bilayer affinity for W over low affinity for V. Transmembrane p-octi-
phenyl orientation (from fluorescence depth quenching) supports barrel-stave (rather than toroidal) pores and dominance of
transmembrane preference of rigid rods over interfacial preference of W. Destabilization of b-barrel pores in membranes (from
short single-channel lifetimes) and in the media (from 4th-power dependence on monomer concentration) by LWV triads supports
dominance of low b-propensity for W over high b-propensity for V. The relation between the stability of supramolecular (pre)pores
and dependence of activity on monomer concentration is discussed in a more general context.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Rigid-rod b-barrel ion channels/pores 12–64 are syn-
thetic barrel-stave supramolecules conceived to exploit
the functional plasticity of their biological counterparts
in bioorganic chemistry and beyond (Fig. 1).1�3 Rigid-
rod b-barrels are constructed from preorganizing p-
octiphenyl ‘staves’. Their length is adjusted to roughly
match the thickness of bilayer membranes composed of
egg yolk phosphatidylcholine (EYPC), their blue fluo-
rescence is crucial for structural studies in bilayer mem-
branes (see below). Short peptide strands are attached
to each arene module of the rigid-rod molecule. Inter-
digitation of lateral peptides from neighboring staves
yields short, eight-stranded, antiparallel b-sheets that
connect these adjacent p-octiphenyl rods inter-
molecularly. Cylindrical b-sheet assembly (rather than
the linear assembly) into a b-barrel is directed by seven
non-planar arene-arene torsions along one p-octiphenyl
stave. Limited internal space at the resulting p-octiphe-
nyl ‘turns’ guides the first (Fig. 1, B) and the last amino-
acid residue (F for b5-barrels 4

4–64, D for b3-barrels 2
6–

34) to the outer barrel surface. b-Sheet conformation
positions the subsequent amino-acid residues (C and E
for 44–64, C for 26–34) at the inner and, with b5-barrels
44–64, residue D again at the outer barrel surface.

The possibility to install various functional groups
along the ion-conducting pathway is one of the key
contributions of p-octiphenyl b-barrels to the field of
synthetic ion channels/pores.4�19 This easy access to
tunable multifunctional pores is hoped to promote the
shift of attention in the field from biomimicry toward
practice. With the general objective to couple molecular
translocation across with molecular recognition and
transformation within synthetic multifunctional pores,
p-octiphenyl b-barrels 26–64 with internal lysine
(K),20�24 aspartate (D),24�27 histidine (H),24,28�34 and
arginine (R)27,33,34 residues were prepared after an
initial proof of principle with ‘mini-barrel’ 12 (Fig. 1).35

In contrast to the internal pore design realized with
rigid-rod b-barrels 26–64, no outer surface modifications
have been attempted so far (Fig. 1). These external
residues in p-octiphenyl b-barrel ion channels, however,
are expected to govern partitioning into the membrane
and hydrophobic interactions with the bilayer core as
well as influence b-barrel stability. Contributions of
isolate amino-acid residues to partitioning have been
quantified in the Wimley–White (WW) hydrophobicity
scale (Table 1).36 Clearly, the WW scale suggests that
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replacement of the external leucines (L) in barrels 12–64

by phenylalanines (F) and particularly tryptophans (W)
should improve partitioning and consequently the
activity of synthetic pores.
The propensities for antiparallel b-sheets,37 however,
suggested that external L-W and L-F mutations could
destabilize the b-sheets in p-octiphenyl b-barrel ion
channels, whereas introduction of the b-branched valine
(V) or isoleucine (I) could improve b-barrel stability but
reduce bilayer affinity (Table 1). To test the importance
of these opposing trends, we decided to place the
extreme valines (excellent b-propensity, poor partition-
ing) and tryptophans (poor b-propensity, excellent par-
titioning) at the outer surface of the same barrel-stave
supramolecule, that is to make and study putative b-
barrel 74 with external LWV triads (Fig. 1). The design
of b-barrel 74 with external LWV triads moreover
offered the opportunity to probe the transmembrane
(TM) preference of rigid-rod molecules—crucial for
refined architecture in matching bilayer membranes1�3

—in competition with the interfacial (IF) preference of
Figure 1. Self-assembly of monomeric rods 4–7 into p-octiphenyl b5-barrels 44–74 (analogue for 1–3, not shown; expected or confirmed average
aggregation numbers are indicated as superscripts; compare eq 1. Tetramers 44–74 are given as schematic cutaway suprastructures (top) and axial
views (bottom) with distances and absolute stereochemistry as in molecular models (a�5 Å, b�4 Å, c�14 Å, and d�7 Å), b-strands as arrows (top)
or solid (backbone) and dotted lines (hydrogen bonds, bottom). Peptide sequences ABCDEF—depicted dark on white for external and white on
dark for internal residues—are specified separately using single-letter abbreviations (G=Gla=–OCH2CO–, bottom right). As in previous reports, we
reiterate that the depicted suprastructures may be considered as, at worst, productive working hypothesis compatible with all experimental data
available today.
Table 1. Selected design parameters for outer surface modifications
aaa
 �G (bilayer to water, kcal/mol)b
 b-Propensity (antiparallel)c
V
 �0.07
 2.63

I
 0.31
 2.60

L
 0.56
 1.42

F
 1.13
 1.23

W
 1.85
 0.89
aAmino acids (single-letter abbreviations).
bFrom ref 36.
c From ref 37.
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tryptophan.38�40 Internal RH dyads were chosen for 74

because homologue 64 forms ohmic ion channels with
excellent stability (single-channel lifetime >20 s), inver-
table anion/cation selectivity at pH�5, and superb
multifunctionality with regard to internal molecular
recognition and catalysis.33,34,41

Here, we report that the introduction of LWV triads at
the outer surface of rigid-rod b-barrels results in (1)
tetrameric, (2) mainly transmembrane barrel-stave pores
of (3) poor stability, (4) high activity, and (5) main-
tained multifunctionality. These five key characteristics
suggest that, within the context of rigid-rod b-barrels,
TM preference of matching rods overrules IF preference
of W, whereas high bilayer affinity and poor b-pro-
pensity of W and not the opposite characteristics of V
govern partitioning and b-barrel stability. The multi-
functional pores obtained by outer surface modification
exhibit hopeless characteristics with regard to applica-
tions toward single-molecule experiments in planar
bilayers,29 whereas superb properties for practical sen-
sing applications in spherical bilayers have already been
demonstrated.27
2. Results and discussion

2.1. Synthesis

13,23,32,43,52,63,72,83-Octakis(Gla-Leu-Arg-Trp-His-Val-
NH2)-p-octiphenyl 7 was synthesized from previously
reported p-octiphenyl 7a28 and commercial amino acid
derivatives following the protocol used for the synthesis
of 13,23,32,43,52,63,72,83-octakis(Gla-Leu-Arg-Leu-His-
Leu-NH2)-p-octiphenyl 6 and other sequences (Scheme
1).28,33 In brief, conventional solution-phase peptide
synthesis gave pentapeptide 7b, which was coupled with
octaacid 7a. Treatment of the product 7c with TFA
provided monomer 7 as a TFA salt. Pore characteristics
discussed below suggested that monomer 7 (or self-
assembled 74) spontaneously exchanged the TFA coun-
teranion with traces of inorganic phosphates in the
environment. Validity of this interpretation, indicative
for unexpectedly strong phosphate binding by oligor-
arginine 7, has been supported by the presence of up to
six phosphates in the ESI-MS of homologuos oligor-
aginine 6;34 oligorarginine 7 was not detectable by ESI-
MS. 1H NMR, MALDI-TOF-MS, and RP-HPLC sup-
ported the expected structure and sample homogeneity
(see Experimental).

2.2. Multichannel characteristics in planar bilayers

The activity of putative rigid-rod b-barrel 74 in planar
(black) lipid bilayers (BLMs) formed by egg yolk phos-
phatidylcholine (EYPC) was studied by conventional
conductance experiments42 under conditions used for
the L-rich homologue 64.34 The multichannel char-
acteristics of ohmic pores formed by 64 with external
leucines and 74 with external LWV triads were practi-
cally identical. Most importantly, inversion of cation
selective pores above pH�5.1 to anion selective pores
below pH�5.1 (Fig. 2a) and partial blockage of anion
Scheme 1. (a) In nine steps from commercial biphenyl as reported;28

(b) eight steps, see Experimental; (c) HBTU, 56%; (d) TFA, 53%; (e)
self-assembly in bilayer membranes (see text).
Figure 2. Macroscopic currents of pore 74 (30 nM cis) in EYPC
BLMs: (a) ion selectivity in asymmetric KCl (1.0M cis, 100 mM trans)
as a function of pH (permeability ratios determined from I–V curves
using GHK eq); (b) macroscopic current of 74 (30 nM cis) as a func-
tion of HPTS concentration (trans) at pH=4.6 with curve fit to Hill
equation (V=+50 mV, KD=24.1�3.1 mM, n=3.4�1.4).
P. Talukdar et al. / Bioorg. Med. Chem. 12 (2004) 1325–1336 1327



selective pores at pH <5.1 with HPTS (KD�30 mM at
+50 mV and pH 4.6, Fig. 2b) were not affected by outer
surface modification.34 Preliminary results indicated
that—in excellent agreement with the proposed struc-
tures and mechanisms—the esterolytic activity of H-rich
rigid-rod b-barrel 44 is little influenced by the introduc-
tion of internal RH dyads in 64 and 74 as well as exter-
nal LWV triads in 74.28�30,34,41

About intact multifunctionality of rigid-rod b-barrel 74

with external LWV triads suggested that at least part of
the suprastructural characteristics determined for rigid-
rod b-barrel 64 are maintained as well. For instance,
maintained selectivity inversion confirmed presence of
internal guanidinium-phosphate complexes and, as evi-
denced by HPTS blockage, internal molecular recogni-
tion by anion exchange applies also for barrel 74.34 Only
�25%-blockage of pores 74 by HPTS (compared to
>50%-blockage of 64) was, however, consistent with
contributions from less ordered ‘pro-b-barrel’ supra-
structures (see below).

2.3. Single-channel characteristics

Rigid-rod b-barrel 64 with external leucines formed
single channels of superb stability (t>20 s).34 Under
identical conditions, putative rigid-rod b-barrel 74 with
external LWV triads exhibited strikingly different,
short-lived bursts reminiscent of pores formed by a-
helical peptides (i.e., ‘a-barrels’)43�45 and p-octiphenyl
push-pull ‘alk-barrels’ (Fig. 3a).23 Longer-lived open
conductances of irregular magnitude could be detected
occasionally (Fig. 3b). Because of their rare occurrence,
however, we felt that interpretation with regard to
homogeneity, lifetimes, and diameters23,29 was not
meaningful in this case. The roughly intact multi-
functionality of 74 (above and refs 27 and 41), however,
suggested that either the population of long-lived ion
channels is higher than expected under certain condi-
tions or that some aspects of multifunctionality do not
require stable ion channels (see below).
To elaborate on the latter possibility, ion selectivity of
pore 74 was also tested on the single-molecule level.
Without applied voltage (i.e., V=0 mV), short-lived
bursts of positive sign corresponding to reversal poten-
tials Vr<0 mV confirmed the expected cation selectivity
at pH=6.0 (Fig. 3a, top). Compatible with anion selec-
tivity, bursts of negative sign corresponding to Vr>0 mV
were detected at pH=4.0 (Fig. 3a, bottom). At pH=5.0,
near selectivity inversion, however, short-lived bursts of
both positive and negative signs were recorded (Fig. 3a,
middle). This indicated that the macroscopic dis-
appearance of ion selectivity around pH�5.0 is caused
by a 1:1 mixture of anion and cation selective pores 74. It
further demonstrated that inversion of anion/cation
selectivity at pH�5 is possible with short-lived pores.

2.4. Fluorescence depth quenching in spherical bilayers

The most straightforward explanation for the short-
lived bursts seen in single-channel experiments was that
W-enforced interfacial (IF) location of W-rich p-octi-
phenyl 7 induces defects in the lipid packing.38�40,43�45

To test this hypothesis, location and orientation of the
blue-emitting p-octiphenyls 7 were determined in EYPC
LUVs by fluorescence depth quenching method (FDQ).
Simple, sensitive, and non-invasive FDQ is possible
with fluorescent rods using two spin-labeled EYPC
LUVs, one with central (CR) 12-DOXYL-quenchers
near the middle of the bilayer and the other one with IF
5-DOXYL-quenchers.2,21�23,46,47 Comparison of the
efficiency of CR and IF quenchers with the p-octiphenyl
emission in unlabeled EYPC LUVs allows to differ-
entiate between CR, IF, and TM rod orientation as
outlined in Figure 4a.

At pH=7.0, the ability of CR (dotted) and IF quencher
(solid) to reduce the emission intensity of p-octiphenyl 7
in unlabeled EYPC LUVs (bold) was about the same
(Fig. 4b). At pH=4.0, the quenching efficiency of CR
(dotted) exceeded that of IF quencher (solid) slightly
(Fig. 4c). These FDQ results demonstrated absence of
the anticipated IF preference driven by tryptophans. IF
location was observed previously with truncated p-sexi-
phenyls47 and with p-octiphenyl b-barrels in highly
polarized bilayers.23 The situation at pH=7 was appar-
ently dominated by the preferred TM orientation of
rigid-rod molecules in hydrophobically matching lipid
bilayers. Charge repulsion between the protonated his-
tidines of rods in the membrane and rods in the media
may then account for an increased CR population con-
tributing to the situation at pH=4.0. This high concen-
tration (high protonation) effect has been observed
previously by us23 and others;48 functional relevance of
small CR populations at low pH is unlikely (compare
Fig. 3a and ref 34).

Clear absence of appreciable IF populations at pH=7.0
and pH=4.0 was of importance beyond the comparison
of competing IF preference of W and TM preference of
rods. It further ruled out pore formation mechanisms
operating by disruption of the bilayer packing from the
interface as in ‘toroidal pores’ or in ‘carpet mechanisms’
often found with a-helix bundles.43�45
Figure 3. Single-channel recordings of pore 74 (30 nM cis) in EYPC
BLMs at (a) 0 mV in asymmetric KCl (1.0M cis, 100 mM trans) at
pH=6.0 (top), pH=5.0 (middle), pH=4.0 (bottom) and (b) +50 mV
in symmetric KCl (1.0M) at pH=6.0.
1328 P. Talukdar et al. / Bioorg. Med. Chem. 12 (2004) 1325–1336



2.5. pH Profiles in spherical bilayers

The pH dependence of pore formation by rigid-rod b-
barrels 64 and 74 was determined with the ANTS/DPX
assay used previously to obtain pH profiles for tetra-
mers 34–54 and hexamer 26.24 In brief, large unilamellar
vesicles (LUVs) composed of EYPC were loaded with
fluorophore ANTS and quencher DPX. In this nearly
pH independent assay, pore formation is followed by an
increase in ANTS emission due to efflux of anion ANTS
and/or cation DPX.

The pH profiles of rigid-rod b-barrels 64 (filled squares)
and 74 (filled circles) with internal RH dyads were
overall similar to those obtained for rigid-rod b-barrels
34 (empty circles) and 44 (empty squares) with internal
histidines only (Fig. 5). The latter profiles were pre-
viously rationalized with the internal charge repulsion
(ICR) model (i.e., the general requirement of inter-
mediate ICR for high open probability of supramole-
cular pores), imposing partial protonation of internal
histidines as essential for function of pores 34/44 at
(3.5< ) pH<5.5.24 The overall surprisingly weak influ-
ence of internal arginines in rigid-rod b-barrels 64/74

(filled symbols) on the pH profile compared to that of
all-H 34/44 (empty symbols) was consistent with little
ICR contributions due to the weak electrostatic inter-
action well known with guanidinium cations.24,34,49

The relatively small increase in activity of 64 at
pH<�6.5 could be due to hindered ANTS efflux
through the very stable channel filled with strongly
bound counter anions (e.g., inorganic phosphates)34

compared to ‘free’ efflux through the ‘empty,’ less stable
ion channel 44.28 Poor partitioning due to competing
fibrillogenesis from the stabilized aqueous prepores32

may be envisioned alternatively to rationalize this phe-
nomenon (see below). Instability of the barrel with
external LWV triads and thus more hindered fibrillo-
genesis in solution, improved partitioning (Table 1), and
less hindered ANTS/DPX efflux through less ordered
pores may then similarly contribute to the larger
increase in activity at slightly higher pH<7 with rigid-
rod b-barrel 74. More complex and interconnected con-
tributions from several additional parameters to the pH
profiles of H(R)-rich pores can, however, not be exclu-
ded. Moreover, discussion of these small differences
should not distract from the fact that — consistent with
the ICR model24 — the pH profiles of H(R)-rich rigid-
rod b-barrels 34, 44, 64 and 74 are overall very similar
when compared to D-rich 54 or K-rich 26.24

2.6. Concentration dependence in spherical bilayers

The dependence of the fractional activity Y up to 0.5 on
the concentration of monomeric rods 6 and 7 (i.e.,
cM,Y<0.5) was determined with the ANTS/DPX assay. The
activity of pore 64 exhibited ‘premature saturation’ at
Y<0.5 (Fig. 6, filled squares). The activity of pore 74, in
contrast, showed about fourth-power dependence on
monomer concentration (Fig. 6, filled circles). Linear con-
centration dependence of H-rich rigid-rod b-barrels 34 and
44 has been reported previously (Fig. 6, empty symbols).24

The three distinct cM,Y<0.5 profiles of rigid-rod b-barrels
34/44, 64 and 74 provided a marvelous illustration for the
concise expression of pore formation mechanisms in
cM,Y<0.5 profiles. Excluding contributions from pore
blockers (well described with, e.g., the Hill equa-
tion),25�27 the fractional activity Y of supramolecular
pores depends on monomer concentration cM and vol-
tage V in the following manner
Y / cM
nexp zgeV=kT

� �
ð1Þ23
Figure 4. Fluorescence depth quenching (FDQ) of fluorescent rod 7

(cM=200 nM, lex=320 nm) in EYPC LUVs without (bold) and with
IF (10% 5-DOXYL-PC, solid) or CR quencher (10% 12-DOXYL-PC,
dotted) at pH=7.0 (b) and pH=4.0 (c). (a) Schematic representation
of FDQ results indicating interfacial (IF), transmembrane (TM), and
central (CR) p-octiphenyl rods (black) in EYPC bilayers (gray).
Figure 5. pH Profile of pore 74 (cM=100 nM) in EYPC LUVs (filled
circles) in comparison to pore 64 (cM=160 nM, filled squares), pore 44

(empty squares) and pore 34 (empty circles) determined using the
ANTS/DPX assay; data for 34/44 taken from ref 24.
P. Talukdar et al. / Bioorg. Med. Chem. 12 (2004) 1325–1336 1329



Non-linear cM,Y<0.5 profiles with n>1 provide the
average number of monomers self-assembled in an
active pore. This situation was also found for pores 74

with n=3.7�0.6, formed, therefore, by in average
about four p-octiphenyl staves (Fig. 6, filled circles).
Similar behavior was reported previously for K-rich
hexamers comprising eight-stranded b-sheets (i.e., 26)21

and K-rich tetramers with six-stranded b-sheets.20,24

Given some counterproductive controversies in the field
with regard to structure determination of synthetic ion
channels/pores, it may be important to reiterate that
n>1 behavior demonstrates that the dissociation con-
stant (KD) of the active pore is far above cM,Y<0.5. This
implies that application of conventional methods to
determine the active structure of n>1 pores like 74 is
meaningless, potentially erroneous, and, at worst,
misleading.

Linear cM,Y<0.5 profiles with n�1 can indicate mono-
meric pores, particularly if cM,Y=0=0 nM. Alter-
natively, n�1 can originate from incompatibility with
the assumption KD4cM,Y<0.5 underlying eq 1, that is
indicate KD�cM,Y<0.5 for both active supramolecular
pores in the bilayer and prepores in the media. This sit-
uation could result in cM,Y=0>0 nM. With various lines
of evidence in favor of mainly tetrameric rigid-rod b-
barrels in hand,24,28�32 cM,Y=0�20 nM therefore sup-
ported presence of (pre)pores 34/44 with low nanomolar
KD. A clearly biphasic mechanism with n�4 at low
cM,Y<0.3 and n�1 at high cM,Y>0.3 was reported pre-
viously for tetramers 54.25

The third possibility, that is a non-linear cM,Y<0.5 pro-
file with n<1, was observed for pores 64 (n=0.6�0.03,
Fig. 6, filled squares). Without doubt, interpretation in
terms of eq. 1 is meaningless in this case. The n<1
behavior may be understood as extreme expression of
above situation with n�1 for highly exothermic
(pre)pore formation (i.e., KD�cM,Y<0.5 instead of
KD�cM,Y<0.5 with n�1). Namely, with KD�cM,Y<0.5,
‘premature saturation’ at cM,Y<0.5 is conceivable as
indicative for increasing fibrillogenesis with increasing
concentration of highly stable prepores, thereby redu-
cing the effective prepore concentration in solution as
well as bilayer. A critical fibril concentration of cM=3
mM (i.e., clearly above cM,Y=0.5=0.2 mM) has been
determined previously for b-fibrillogenesis from aqu-
eous prepores 44 (n�1);32 n<1 suggested that the critical
fibril concentration of 64 is well below this value.

In summary, above interpretation suggested that, at
least for the p-octiphenyl b 5-barrels on hand, the dis-
sociation constants of the corresponding (pre)pores can
be qualitatively deduced from cM profiles. The identified
order, that is 64 (n<1: KD�cM,Y<0.5)>44 (n�1:
KD�cM,Y<0.5)�54 (n�1: KD�cM,Y<0.5)>74 (n>1:
KD4cM,Y<0.5), is in good agreement with various lines
of experimental evidence including single-channel life-
times (64444�54>74).28,34 Despite this satisfactory sit-
uation, it is important to caution that, as with pH
profiles, the origin of cM,Y<0.5 profiles of synthetic mul-
tifunctional pores is, presumably, more complex than it
may appear in above discussion. Considering alternative
parameters that may influence rate-limiting steps in pore
formation, it is important to avoid overgeneralization of
above interpretation of cM profiles. For example, all
pores formed by b3-barrels exhibited superb stability,
independent of n�1 as with tetramer 34 or n>1 as with
hexamer 26.21,22,29

2.7. Putative mechanisms of action

Although speculations on the suprastructural and
mechanistic origins of function in complex systems need
much caution, we consider careful elaboration of spec-
ulative working hypotheses based on experimental evi-
dence an important effort to summarize results and
stimulate future progress in the field. In this spirit, we
recapitulate that (a) injection of monomeric rods 4 into
the media results in (b) self-assembly of aqueous mono-
mers (AQ1) into aqueous prepores (b-AQ4) with b5-
barrel suprastructure similar to that of the active pore
b-TM4 (Fig. 7A).28�32 At elevated concentrations
(cM>3 mM),32 fibrillogenesis to give insoluble b-Fn (c)
competes with partitioning of prepore b-AQ4 to give
active pore b-TM4 (d).32 Rigid-rod b5-barrels 5

4 and 64

with modified inner but unchanged outer surface seem
to follow essentially the same mechanism.25,26,34 Con-
sequences of inner surface modification on the stability
of b-TM4 (and thus b-AQ4) expressed in single-channel
lifetimes (64444�54)28,34 as well as biphasic (n�1; 54)25

and crooked cM profiles (n<1; 64, Fig. 6) are compatible
with increased populations of AQ1 (for 54) and b-Fn (for
64).

Outer surface modification from all-L pores 44–64 to
pore 74 with LWV triads had as little influence on the
multifunctionality of the barrel interior as expected
(Fig. 2). The impact of outer surface modifications on
barrel stability was, however, sufficient to impose an
alternative pore formation mechanism (Fig. 7B).
Namely, low b-propensity of W seems to hinder self-
assembly of AQ1 into (b) prepore b-AQ4, (d) pore b-
TM4, and fibrils b-Fn (c, Fig. 7). High membrane-affi-
nity of W and TM preference of rigid rods, on the other
hand, support formation of active tetramers pro-b-TM4
Figure 6. cM,Y<0.5 Profile of pore 74 in EYPC LUVs (filled circles, at
pH=5.5) in comparison to pore 64 (filled squares, at pH=4.5), pore 44

(empty squares) and pore 34 (empty circles) using the ANTS/DPX
assay; data for 44/34 taken from ref 24.
1330 P. Talukdar et al. / Bioorg. Med. Chem. 12 (2004) 1325–1336



from AQ1 (e, f), presumably via monomer/oligomer
TMn�1 (e). Partial reorientation from TM toward CR
(h) but not IF populations (j) to minimize repulsion
from rods in the media (i) with increasing rod concen-
tration or charge may be of little importance for func-
tion but essential to interpret eventual structural studies
with less sensitive methods appropriately. Experimental
support for these claims comes from a cM,Y<0.5 profile
with n�4 (implicative for cM>coligomer and for oligo-
mers�tetramers), FDQ (implicative for TM>CR4IF),
and short single-channel lifetime (implicative for pro-b-
TM4>b-TM4).

Pores pro-b-TM4 found with 74 may thus be best
described as unstable tetramers of TM p-octiphenyls
with unknown peptide conformation (Figs 7 and 3a),
that can transform—hindered by W—into more stable
rigid-rod b-barrel b-TM4 (Figs 7 and 3b). Different to
the situation with push-pull p-octiphenyl alk- and b-
barrels,23 direct observation of the transition of unstable
pro-b-TM4 to stable b-TM4 74 was not possible on the
single-molecule level.

Exclusive explanation of the found pore characteristics
with either transient pro-b-TM4 or more stable b-TM4

seems difficult, in part impossible. For example, it is
difficult to understand how transient pro-b-TM4 pores
formed by oligoarginine 7 and stable b-TM4 pores
formed by homologue 6 could share distinct character-
istics like phosphate binding, inversion of anion/cation
selectivity, HPTS blockage, and catalysis. A reasonably
satisfactory explanation would be that pores formed by
pro-b-TM4 and b-TM4 are very different in stability but
very similar in structure. Moreover, template effects
from counteranions like inorganic phosphate or HPTS
are expected to influence the transition of pro-b-TM4 to
b-TM4 (Fig. 7g) but notoriously difficult to confirm
experimentally.
3. Summary and conclusions

The here reported characteristics of pores 74 with exter-
nal LWV triads are dominated by poor stability not
only of the identified, highly active pores (with TM
orientation and roughly maintained multifunctionality),
but also of aqueous prepores and rigid-rod b-fibrils. The
experimental ‘signature’ of pores 74 compared to pre-
vious rigid-rod b-barrels 34–64 of comparable global
structure are non-linear cM profile in spherical and
short-lived ‘single-channel’ bursts with occasional tran-
sition to more stable channels in planar bilayers. From a
methodological point of view, the reported results and
discussions may help to illustrate why structural studies
on synthetic ion channels/pores are meaningful only if
compatibility with pH profile, cM profile, and related
insights from function is demonstrated. With regard to
practical applications, the characteristics found for pore
74 can be ranked from disastrous (for single-molecule
chemistry within synthetic pores)29 to superb (for
fluorometric enzyme sensing).27
4. Experimental

4.1. Materials

As in ref 28, supporting information, with the following
additions. 1H and 13C NMR spectra were recorded on
Bruker-AV 300, 400 and 500 spectrometers at 25 �C,
chemical shifts being expressed in ppm with TMS as an
internal standard. IR spectra were recorded on Perkin–
Elmer 1600 FT-IR spectrometer. Identity of the final
product 7 was confirmed by MALDI-TOF STR DE
(PE Biosystems, Foster City, CA, USA). EYPC, 5- and
12-DOXYL-PC, and Mini-Extruder were purchased
from Avanti Polar Lipids (Alabaster, AL, USA), HPTS,
ANTS and DPX from Molecular Probes (Eugene, OR),
detergents, all salts and buffers of the best grade avail-
able from Sigma-Aldrich Corp (St. Louis, MO, USA),
and used as received. Amino acid derivatives were from
Novabiochem or Bachem, reagents and solvents from
Acros or Fluka-Aldrich.

4.2. Fmoc-His(Trt)-Val-NH2 (general procedure A)

To a solution of H-Val-NH2
.HCl (2.00 g, 3.23 mmol) in

CH2Cl2 (20 mL), EDC.HCl (866 mg, 4.52 mmol), HOBt
(524 mg, 3.87 mmol), Et3N (2.58 mL, 18.4 mmol) and
Fmoc-His(Trt)-OH (591 mg, 3.87 mmol) were added at
0 �C and stirred overnight at rt. The reaction mixture
was diluted with CH2Cl2 and washed successively with
1M aqueous NaHSO4 (2	150 mL), brine (100 mL),
saturated aqueous NaHCO3 (2	150 mL) and brine (150
Figure 7. Putative mechanisms of action for (A) previous p-octiphe-
nyls 3–6 and (B) novel p-octiphenyl 7 (simplified, see text for
discussion).
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mL), dried over anhydrous Na2SO4 and concentrated in
vacuo. Purification of the crude product by column
chromatography (CH2Cl2/MeOH 10:1, Rf=0.6; first
with 25:1, then to 15:1) yielded pure Fmoc-His(Trt)-
Val-NH2 (1.72 g, 74%) as colorless solid. a20

D �10.2 (c
1.00, MeOH); mp: 107.0–107.5 �C; IR (film) n 3310 (m),
3016 (m), 1710 (s), 1661 (s), 1518 (m) cm�1; 1H NMR
(500MHz, CD3OD): d 7.76 (d, J=7.6 Hz, 2H), 7.57 (d,
J=7.3 Hz, 2H), 7.34 (m, 2H), 7.33 (s, 1H), 7.31–7.24
(m, 9H), 7.22 (m, 2H), 7.10–7.02 (m, 6H), 6.78 (s, 1H),
4.48 (dd, J=9.6, 4.6 Hz, 1H), 4.24 (d, J=7.1 Hz, 2H),
4.23 (d, J=6.7 Hz, 1H), 4.08 (t, J=7.1 Hz, 1H), 3.05
(dd, J=14.8, 4.6 Hz, 1H), 2.83 (dd, J=14.8, 9.6 Hz,
1H), 2.09 (m, 1H), 0.93 (d, J=6.9 Hz, 3H), 0.91 (d,
J=6.8 Hz, 3H); 13C NMR (125MHz, CD3OD): d
175.91 (s), 173.92 (s), 158.29 (s), 145.20 (s), 145.11 (s),
143.60 (s	3), 142.54 (s), 142.52 (s), 139.48 (d), 137.89
(s), 130.85 (d	6), 129.26 (d	3), 129.19 (d	6), 128.80
(d	2), 128.20 (d), 128.17 (d), 126.27 (d	2), 121.10 (d),
120.93 (d	2), 76.80 (s), 68.15 (t), 59.54 (d), 56.46 (d),
48.31 (d), 32.02 (d), 31.63 (t), 19.78 (q), 18.19 (q); anal.
calcd for C45H43N5O4: C 75.29, H 6.04, N 9.76; found:
C 72.43, H 5.96, N 9.38; MS (ESI, MeOH): m/z (%) 718
(60) M+H+, 740 (100) M+Na+.

4.3. H-His(Trt)-Val-NH2 (general procedure B)

To a solution of Fmoc-His(Trt)-Val-NH2 (1.61 g, 2.24
mmol) in DMF (10 mL), piperidine (0.2 mL) was added
and stirred for 10 min at rt. Concentration in vacuo and
purification of the crude product by column chromato-
graphy (CH2Cl2/MeOH 10:1, Rf=0.3; first with 15:1,
then to 6.7:1) furnished pure H-His(Trt)-Val-NH2 (1.09
g, 98%) as a colorless solid. a20

D �6.90 (c 1.00, MeOH);
mp: 82.0–83.0 �C; IR (film) n 3302 (m), 3177 (m), 1657
(s), 1511 (m) cm�1; 1H NMR (500MHz, CD3OD): d
7.38–7.34 (m, 10H), 7.16–7.11 (m, 6H), 6.78 (s, 1H),
4.20 (d, J=6.0 Hz, 1H), 3.64 (dd, J=7.5, 5.0 Hz, 1H),
2.94 (dd, J=14.5, 5.0 Hz, 1H), 2.74 (dd, J=14.5, 7.5
Hz, 1H), 2.09 (m, 1H), 0.92 (d, J=6.6 Hz, 3H), 0.90 (d,
J=6.6 Hz, 3H); 13C NMR (125MHz, CD3OD): d
176.60 (s), 176.05 (s), 143.71 (s	3), 139.79 (d), 138.19
(s), 130.88 (d	6), 129.30 (d	3), 129.25 (d	6), 121.24
(d), 76.85 (s), 59.32 (d), 56.14 (d), 34.47 (t), 31.95 (d),
19.77 (q), 18.15 (q); anal. calcd for C30H33N5O2: C
72.70, H 6.71, N 14.13; found: C 68.74, H 6.84, N 13.01;
MS (ESI, MeOH): m/z (%) 496 (8) M+H+, 518 (80)
M+Na+, 1014 (100) 2M+Na+.

4.4. Fmoc-Trp(Boc)-His(Trt)-Val-NH2

Coupling of H-His(Trt)-Val-NH2 (1.49 g, 3.01 mmol)
with Fmoc-Trp(Boc)-OH (2.22 g, 4.21 mmol) following
procedure A and purification of the crude product by
column chromatography (CH2Cl2/MeOH 20:1 Rf=0.4)
yielded Fmoc-Trp(Boc)-His(Trt)-Val-NH2 (2.11 g,
70%) as a colorless solid. a20

D �9.70 (c 1.00, MeOH);
mp: 127.0–127.5 �C; IR (film) n 3290 (m), 3061 (m),
1724 (s), 1652 (s), 1522 (m) cm�1; 1H NMR (500MHz,
CD3OD): d 8.06 (br. d, J=7.6 Hz, 1H), 7.70 (d, J=7.5
Hz, 1H), 7.67 (d, J=7.5 Hz, 1H), 7.60 (d, J=7.5 Hz,
1H), 7.56 (s, 1H), 7.42 (d, J=7.5 Hz, 1H), 7.41 (d,
J=7.5 Hz, 1H), 7.30 (m, 1H), 7.25 (s, 1H), 7.24 (m, 1H),
7.23 (m, 9H), 7.20 (m, 1H), 7.19 (m, 1H), 7.13 (t, J=7.5
Hz, 1H), 7.12 (t, J=7.5 Hz, 1H), 7.01 (m, 6H), 6.74 (s,
1H), 4.62 (t, J=6.0 Hz, 1H), 4.47 (dd, J=9.8, 4.5 Hz,
1H), 4.20 (dd, J=10.5, 6.9 Hz, 1H), 4.18 (d, J=6.0 Hz,
1H), 4.01 (br. t, J=7.3 Hz, 1H), 3.90 (dd, J=10.5, 7.6
Hz, 1H), 3.21 (dd, J=15.2, 4.5 Hz, 1H), 3.03 (dd,
J=15.2, 9.8 Hz, 1H), 2.90 (d, J=6.0 Hz, 2H), 2.09 (m,
1H), 1.54 (s, 9H), 0.87 (d, J=6.7 Hz, 3H), 0.86 (d,
J=7.0 Hz, 3H); 13C NMR (125MHz, CD3OD): d
175.91 (s), 174.14 (s), 173.12 (s), 158.31 (s), 150.90 (s),
144.95 (d	2), 143.58 (s	3), 142.50 (s), 142.42 (s), 139.70
(d), 137.43 (s), 136.82 (s), 131.76 (s), 130.80 (d	6),
129.20 (d	3), 129.16 (d	6), 128.75 (d), 128.73 (d),
128.11 (d), 128.07 (d), 126.34 (d), 126.13 (d), 125.45 (d),
125.33 (d), 123.66 (d), 121.09 (d), 120.94 (d), 120.88 (d),
120.10 (d), 117.47 (s), 116.17 (d), 84.68 (s), 76.73 (s),
68.21 (t), 59.76 (d), 56.56 (d), 55.13 (d), 48.19 (d), 31.61
(d), 30.73 (t), 28.43 (t), 28.36 (q	3), 19.84 (q), 18.34 (q);
anal. calcd for C61H61N7O7: C 72.96, H 6.12, N 9.76;
found: C 70.29, H 6.03, N 9.34; MS (ESI, MeOH): m/z
(%) 1004 (11) M+H+, 1027 (100) M+Na+.

4.5. H-Trp(Boc)-His(Trt)-Val-NH2

Deprotection of Fmoc-Trp(Boc)-His(Trt)-Val-NH2

(1.65 g, 1.64 mmol) following the procedure B and pur-
ification of the crude product by column chromato-
graphy (CH2Cl2/MeOH 10:1, Rf=0.3; first with 20:1,
then to 13:1) furnished pure H-Trp(Boc)-His(Trt)-Val-
NH2 (1.18 g, 92%) as a colorless solid. a20

D �4.00 (c
1.00, MeOH); mp : 112.0–113.0 �C; IR (film) n 3303 (m),
3045 (m), 1722 (s), 1649 (s), 1503 (m) cm�1; 1H NMR
(400MHz, CD3OD): d 8.05 (br. d, J=8.1 Hz, 1H), 7.60
(dd, J=7.1, 0.8 Hz, 1H), 7.48 (s, 1H), 7.38-7.34 (m, 1H),
7.36 (m, 9H), 7.24 (dt, J=7.7, 0.8 Hz, 1H), 7.19 (dt,
J=7.7, 1.0 Hz, 1H), 7.10 (m, 6H), 6.65 (d, J=1.0 Hz,
1H), 4.68 (dd, J=7.0, 5.3 Hz, 1H), 4.22 (d, J=6.0 Hz,
1H), 3.66 (dd, J=7.6, 5.0 Hz, 1H), 3.09 (dd, J=14.4,
5.0 Hz, 1H), 2.95 (dd, J=14.9, 5.3 Hz, 1H), 2.87 (dd,
J=14.9, 7.0 Hz, 1H), 2.86 (dd, J=14.4, 7.6 Hz, 1H),
2.14 (m, 1H), 1.66 (s, 9H), 0.94 (d, J=6.6 Hz, 3H), 0.93
(d, J=6.8 Hz, 3H); 13C NMR (100MHz, CD3OD): d
175.52 (s), 174.61 (s), 171.82 (s), 149.54 (s), 142.23
(s	3), 138.19 (d), 135.95 (s), 135.50 (s), 130.33 (s),
129.49 (d	6), 127.90 (d	3), 127.86 (d	6), 124.13 (d),
124.09 (d), 122.26 (d), 119.78 (d), 118.88 (d), 116.10 (s),
114.77 (d), 83.42 (s), 75.38 (s), 58.25 (d), 54.43 (d), 52.78
(d), 30.30 (d), 30.12 (t), 29.86 (t), 27.04 (q	3), 18.36 (q),
16.71 (q); anal. calcd for C46H51N7O5: C 70.66, H 6.57,
N 12.54; found: C 67.45, H 6.57, N 11.68; MS (ESI,
MeOH): m/z (%) 783 (40) M+H+, 805 (61) M+Na+,
1564 (16) 2M+H+, 1587 (100) 2M+Na+, 2368 (12)
3M+Na+.

4.6. Z-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2

Coupling of H-Trp(Boc)-His(Trt)-Val-NH2 (1.18 g, 1.51
mmol) with Z-Arg(Pmc)-OH (1.04 g, 1.81 mmol) fol-
lowing the procedure A and purification of the crude
product by column chromatography (CH2Cl2/MeOH
10:1, Rf=0.5; first with 20:1, then to 10:1) furnished
pure Z-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2 (1.88 g,
93%) as colorless solid. a20

D �12.3 (c 1.00, MeOH); mp:
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138.0–138.5 �C, IR (film) n 3316 (m), 3055 (m), 1721 (s),
1659 (s) cm�1; 1H NMR (500MHz, CD3OD): d 8.03
(br. d, J=7.7 Hz, 1H), 7.53 (d, J=7.7 Hz, 1H), 7.49 (s,
1H), 7.37 (s, 1H), 7.33–7.20 (m, 14H), 7.22 (m, 1H), 7.15
(m, 1H), 7.10–7.07 (m, 6H), 6.80 (s, 1H), 5.03 (d,
J=12.5 Hz, 1H), 4.92 (d, J=12.5 Hz, 1H), 4.67–4.61
(m, 2H), 4.17 (d, J=5.8 Hz, 1H), 4.03 (dd, J=7.3, 6.2
Hz, 1H), 3.18 (dd, J=14.5, 4.4 Hz, 1H), 3.04–2.88 (m,
5H), 2.59 (t, J=6.8 Hz, 2H), 2.54 (s, 3H), 2.51 (s, 3H),
2.10–2.05 (m, 1H), 2.05 (s, 3H), 1.76 (t, J=6.8 Hz, 2H),
1.62–1.57 (m, 1H), 1.60 (s, 9H), 1.48 (m, 1H), 1.35 (m,
2H), 1.26 (s, 6H), 0.89 (d, J=6.6 Hz, 3H), 0.88 (d,
J=6.8 Hz, 3H); 13C NMR (125MHz, CD3OD): d
175.97 (s), 174.68 (s), 173.34 (s), 173.04 (s), 158.51 (s),
157.97 (s), 154.71 (s), 150.98 (s), 143.63 (s	3), 139.64
(d), 137.98 (s), 137.68 (s), 136.76 (s), 136.54 (s), 136.08
(s), 134.93 (s), 131.68 (s), 130.90 (d	6), 129.46 (d	2),
129.30 (d	3), 129.26 (d	6), 128.99 (d), 128.85 (d	2),
125.46 (d	2), 124.93 (s), 123.68 (d), 121.28 (d), 120.12
(d), 119.32 (s), 117.24 (s), 116.11 (d), 84.81 (s), 76.86 (s),
74.82 (s), 67.82 (t), 59.93 (d), 56.20 (d), 55.30 (d), 54.86
(d), 41.33 (t), 33.77 (t), 31.72 (d), 31.13 (t), 30.04 (t),
28.47 (q	3), 28.15 (t), 26.98 (q	2), 26.62 (t), 22.37 (t),
19.80 (q), 19.03 (q), 18.36 (q), 17.96 (q), 12.35 (q); anal.
calcd for C74H87N11O11S: C 66.40, H 6.55, N 11.51;
found: C 65.42, H 6.66, N 11.23; MS (ESI, MeOH): m/z
(%) 1339 (100) M+, 1361 (10) M+Na+.

4.7. H-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2 (general
procedure C)

Pd(OH)2/C (5 mg) was added to a solution of Z-
Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2 (155 mg, 0.116
mmol) in MeOH (6 mL). The suspension was degassed
and set under H2-atmosphere. After stirring for 4 h at
rt, the reaction mixture was filtered through Celite, and
the filtrate was concentrated in vacuo. Column chro-
matography (CH2Cl2/MeOH 10:1, Rf=0.3; first with
10:1, then to 6.7:1) of the crude product yielded pure H-
Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2 (113 mg, 81%)
as colorless solid. a20

D �1.20 (c 1.00, MeOH); mp: 136.0–
136.5 �C; IR (film) n 3419 (m), 3316 (m), 1728 (s), 1654
(s), 1545 (s) cm�1; 1H NMR (500MHz, CD3OD): d 8.03
(br. d, J=8.2 Hz, 1H), 7.57 (d, J=7.8 Hz, 1H), 7.50 (s,
1H), 7.34–7.27 (m, 10H), 7.22 (m, 1H), 7.16 (m, 1H),
7.09–7.07 (m, 6H), 6.79 (s, 1H), 4.68 (dd, J=10.0, 4.5
Hz, 1H), 4.66 (dd, J=7.7, 5.6 Hz, 1H), 4.19 (d, J=5.2
Hz, 1H), 3.20 (m, 1H), 3.17 (m, 1H), 3.02–2.95 (m, 4H),
2.89 (dd, J=14.8, 7.7 Hz, 1H), 2.58 (t, J=6.8 Hz, 2H),
2.53 (s, 3H), 2.51 (s, 3H), 2.11–2.05 (m, 1H), 2.05 (s,
3H), 1.75 (t, J=6.8 Hz, 2H), 1.62 (s, 9H), 1.49–1.46 (m,
1H), 1.34–1.25 (m, 3H), 1.25 (s, 6H), 0.89 (d, J=6.6 Hz,
3H), 0.88 (d, J=6.6 Hz, 3H); 13C NMR (125MHz,
CD3OD): d 177.74 (s), 175.95 (s), 173.37 (s), 173.07 (s),
157.97 (s), 154.71 (s), 150.98 (s), 143.67 (s	3), 139.67
(d), 137.56 (s), 136.77 (s), 136.56 (s), 136.07 (s), 134.93
(s), 131.78 (s), 130.93 (d	6), 129.34 (d	3), 129.29
(d	6), 125.55 (d), 125.43 (d), 124.96 (s), 123.69 (d),
121.32 (d), 120.23 (d), 119.34 (s), 117.38 (s), 116.19 (d),
84.93 (s), 76.87 (s), 74.86 (s), 59.87 (d), 55.55 (d), 55.00
(d), 54.68 (d), 41.58 (t), 33.81 (t), 33.00 (t), 31.80 (d),
31.26 (t), 28.55 (t), 28.52 (q	3), 27.04 (t	2), 26.42 (t),
22.40 (t), 19.86 (q), 19.08 (q), 18.39 (q), 17.99 (q), 12.41
(q); anal. calcd for C66H81N11O9S: C 65.81, H 6.78, N
12.79; found: C 64.05, H 6.76, N 12.38; MS (ESI,
MeOH): m/z (%) 1205 (100) M+H+, 1227 (16)
M+Na+.

4.8. Z-Leu-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2

Coupling of H-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2

(97 mg, 0.08 mmol) with Z-Leu-OH (25.6 mg, 0.10
mmol) following the procedure A and purification of
the crude product by column chromatography (CH2Cl2/
MeOH 10:1, Rf=0.5; with 15:1) yielded HPLC-pure
(YMC-Pack SIL, 50	4 mm, CH2Cl2/MeOH 95:05, 1
mL/min, Rt=1.62 min) Z-Leu-Arg(Pmc)-Trp(Boc)-
His(Trt)-Val-NH2 (106 mg, 91%) as colorless solid. a20

D
�3.10 (c 1.00, MeOH); mp: 142.0–142.5 �C; IR (film) n
3440 (m), 3311 (m), 1728 (s), 1650 (s), 1535 (s) cm�1; 1H
NMR (500MHz, CD3OD): d 8.00 (br. d, J=8.2 Hz,
1H), 7.45 (d, J=7.9 Hz, 1H), 7.46 (s, 1H), 7.35 (s, 1H),
7.35–7.25 (m, 9H), 7.27–7.23 (m, 3H), 7.22 (m, 1H),
7.17–7.14 (m, 2H), 7.15 (m, 1H), 7.08 (m, 6H), 6.84 (s,
1H), 4.81 (d, J=12.9 Hz, 1H), 4.78 (d, J=12.9 Hz, 1H),
4.62 (dd, J=7.9, 5.7 Hz, 1H), 4.58 (dd, J=9.5, 4.8 Hz,
1H), 4.23 (dd, J=7.9, 5.4 Hz, 1H), 4.17 (d, J=6.3 Hz,
1H), 3.88 (br. t, J=7.6 Hz, 1H), 3.20–3.13 (m, 2H),
3.03-2.98 (m, 4H), 2.60 (t, J=6.9 Hz, 2H), 2.53 (s, 3H),
2.51 (s, 3H), 2.12 (m, 1H), 2.06 (s, 3H), 1.78 (t, J=6.9
Hz, 2H), 1.72–1.69 (m, 1H), 1.61–1.57 (m, 2H), 1.60 (s,
9H), 1.44–1.42 (m, 4H), 1.27 (s, 6H), 0.90 (d, J=6.7 Hz,
3H), 0.89 (d, J=6.7 Hz, 3H), 0.85 (d, J=6.4 Hz, 3H),
0.83 (d, J=6.7 Hz, 3H); 13C NMR (125MHz, CD3OD):
d 179.15 (s), 174.64 (s), 172.92 (s), 172.20 (s), 171.80 (s),
157.32 (s), 156.61 (s), 153.33 (s), 149.63 (s), 142.29
(s	3), 138.25 (s), 138.25 (d), 136.39 (s	2), 135.15 (s),
134.69 (s), 133.40 (s), 130.25 (s), 129.51 (d	6), 128.03
(d	2), 127.92 (d	3), 127.89 (d	6), 127.61 (d), 127.27
(d	2), 124.16 (d), 123.67 (d), 123.54 (s), 122.31 (d),
119.78 (d), 118.72 (d), 117.93 (s), 116.06 (s), 114.80 (d),
83.54 (s), 75.45 (s), 73.45 (s), 66.38 (t), 58.71 (d), 54.24
(d), 54.03 (d), 53.87 (d), 53.52 (d), 40.20 (t), 39.73 (t),
32.39 (t), 30.25 (d), 29.85 (t), 28.22 (t), 27.09 (q	3),
26.73 (t), 25.58 (q	2), 25.11 (t), 24.43 (t), 21.86 (q),
20.99 (t), 20.90 (q), 18.40 (q), 17.64 (q), 17.06 (q), 16.56
(q), 10.95 (q); anal. calcd for C80H98N12O12S: C 66.19,
H 6.80, N 11.58; found: C 63.78, H 6.87, N 10.87; MS
(ESI, MeOH): m/z (%) 1453 (100) M+H+, 1475 (91)
M+Na+.

4.9. H-Leu-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2 (7b)

Deprotection of Z-Leu-Arg(Pmc)-Trp(Boc)-His(Trt)-
Val-NH2 (200 mg, 0.138 mmol) following the procedure
C and purification of the crude product by column
chromatography (CH2Cl2/MeOH 10:1, Rf=0.5; first
with 20:1, then to 6:1) furnished HPLC-pure (YMC-
Pack SIL, 50	4 mm, CH2Cl2/MeOH 90:10, 1 mL/min,
Rt=1.89 min) 7b (132.9 mg, 73%) as a colorless solid.
a20
D �3.74 (c 1.00, MeOH); mp: 137.0–137.5 �C; IR

(film) n 3343 (m), 3311 (m), 1722 (s), 1644 (s), 1539 (s)
cm�1; 1H NMR (500MHz, CD3OD): d 8.03 (br. d,
J=7.9 Hz, 1H), 7.54 (d, J=7.6 Hz, 1H), 7.49 (s, 1H),
7.35 (d, J=1.3 Hz, 1H), 7.33–7.26 (m, 9H), 7.23 (ddd,
J=8.2, 7.2, 1.0 Hz, 1H), 7.16 (m, 1H), 7.09–7.07 (m,
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6H), 6.81 (s, 1H), 4.66–4.62 (m, 2H), 4.35 (dd, J=7.0,
6.0 Hz, 1H), 4.18 (d, J=4.8 Hz, 1H), 3.27 (dd, J=8.9,
5.4 Hz, 1H), 3.15 (dd, J=14.9, 4.5 Hz, 1H), 3.15 (m,
1H), 3.02–2.96 (m, 3H), 2.91 (dd, J=14.5, 8.2 Hz, 1H),
2.62 (t, J=7.0 Hz, 2H), 2.54 (s, 3H), 2.52 (s, 3H), 2.12–
2.07 (m, 1H), 2.06 (s, 3H), 1.78 (t, J=7.0 Hz, 2H), 1.74–
1.67 (m, 1H), 1.64–1.50 (m, 2H), 1.61 (s, 9H), 1.45-1.36
(m, 3H), 1.27 (s, 6H), 1.25–1.20 (m, 1H), 0.90 (d, J=6.6
Hz, 3H), 0.89 (d, J=7.0 Hz, 3H), 0.84 (d, J=6.6 Hz,
3H), 0.81 (d, J=6.6 Hz, 3H); 13C NMR (125MHz,
CD3OD): d 178.36 (s), 176.38 (s), 174.35 (s), 173.65 (s),
173.50 (s), 158.44 (s), 155.13 (s), 151.43 (s), 144.07
(s	3), 140.08 (d), 138.00 (s), 137.15 (s), 136.98 (s),
136.51 (s), 135.22 (s), 132.11 (s), 131.33 (d	6), 129.72
(d	3), 129.69 (d	6), 125.94 (d), 125.86 (d), 125.36 (s),
124.08 (d), 121.74 (d), 120.58 (d), 119.73 (s), 117.56 (s),
116.55 (d), 85.26 (s), 77.26 (s), 75.26 (s), 60.34 (d), 55.49
(d), 55.40 (d), 54.79 (d), 54.22 (d), 45.68 (t), 41.68 (t),
34.21 (t), 32.18 (d), 31.71 (t), 30.69 (t), 28.93 (q	3),
28.89 (t), 27.42 (q	2), 27.08 (t), 26.15 (t), 24.01 (q),
22.82 (t), 22.68 (q), 20.24 (q), 19.50 (q), 18.79 (q), 18.41
(q), 12.79 (q); anal. calcd for C72H92N12O10S: C 65.63,
H 7.04, N 12.76; found: C 64.29, H 7.19, N 12.38; MS
(ESI, MeOH): m/z (%) 1318 (100) M+H+, 1340 (95)
M+Na+.

4.10. 13,23,32,43,52,63,72,83-Octakis(Gla-Leu-Arg(Pmc)-
Trp(Boc)-His(Trt)-Val-NH2)-p-octiphenyl (7c)

H-Leu-Arg(Pmc)-Trp(Boc)-His(Trt)-Val-NH2 (7b) (83.6
mg, 63.4 mmol), HBTU (57 mg, 150 mmol) and Et3N
(21.3 mL, 153 mmol) were added to a solution of p-octi-
phenyl (7a) (5.09 mg, 4.23 mmol) in DMF (1 mL) and
stirred for 3 h at rt with occasional sonication. The
reaction mixture was dried in vacuo. Purification of the
crude product by PTLC (CHCl3/MeOH 5:1, Rf=0.6),
then again by PTLC (CHCl3/MeOH 4:1, Rf=0.8) yiel-
ded 7c (27.4 mg, 56%) as colorless solid. Purity of the
product was verified using HPLC (YMC-Pack SIL
50	4 mm, CH2Cl2–MeOH 92:08, 1 mL/min, Rt=0.74
min). 1H NMR (300MHz, CD3OD): d 8.05–7.90 (m,
8H), 7.53-6.90 (m, 186H), 6.78 (s, 2H), 6.70 (s, 6H),
4.85–4.06 (several m, 56H), 3.20–2.80 (m, 48H), 2.60–
2.40 (m, 64H), 2.16–1.99 (m, 8H), 2.04 (s, 8H), 2.00 (s,
16H), 1.80–1.14 (several m, 72H), 1.60 (s, 18H), 1.55 (s,
18H), 1.51 (s, 36H), 1.25 (s, 12H), 1.24 (s, 12H), 1.22
(s, 24H), 1.80-1.14 (several m, 192H), 0.90–0.50 (m,
96H); MS (ESI, CH2Cl2/CH3CN/H2O/MeOH/AcOH
40:37:12:10:1): m/z (%) 1451 (41) M+8H8+, 1658 (100)
M+7H7+, 1934 (79) M+6H6+, 2321 (40) M+5H5+.

4.11. 13,23,32,43,52,63,72,83-Octakis(Gla-Leu-Arg-Trp-His-
Val -NH2) - p - octiphenyl=1,1,100,1000,10000,100000,1000000,10000000 -
{[1,10:40,100:400,1000:4000,10000:40000,100000:400000,1000000 :4000000,10000000 -
octiphenyl] - 200,20000,2000000,3,30,3000,300000,30000000 - octaoyloctaki-
s[oxy(1-oxoethane-2,1-diyl)]}octakis[L-leucyl-L-arginyl-L-
tryptophanyl-L-histidyl-L-valinamide] (7)

A solution of 7c (10.5 mg, 0.91 mmol) in TFA (2 mL)
was stirred for 1 h at rt. After addition of CH2Cl2 (2
mL) and evaporation of the solvent, the crude solid was
washed with hexane (500 mL, 4	) and CH2Cl2 (500 mL,
2	), redissolved in TFA (2 mL), stirred for 1 h at rt,
diluted with CH2Cl2 (2 mL), evaporated, dried in vacuo,
azeotroped with toluene (500 mL, 3	), washed with
Et2O (500 mL, 4	), hexane (500 mL, 4	) and CH2Cl2
(500 mL, 2	) to give RP-HPLC-pure (YMC-Pack ODS-
A, 250	10 mm, MeOH (1% TFA)/H2O 78:22, 2 mL/
min, Rt=5.30 min) 7 [3.2 mg, 53% (calcd from UV)] as
a colorless solid. 1H NMR (300MHz, CD3OD–
CF3COOD 1:1): d 8.69–8.61 (m, 8H), 7.48–6.97 (m,
74H), 4.72 (m, 32H), 4.36 (m, 16H), 3.99 (m, 8H), 3.56–
3.09 (m, 48H), 2.20–2.00 (m, 8H), 2.00–1.14 (m, 64H),
1.12–0.56 (m, 96H); MS (MALDI-TOF; sinapic acid
matrix): m/z 6730.6M+H+.

4.12. BLM recordings

Experimental setup for BLM conductance measure-
ments was as described in ref 28. BLMs were formed by
painting a solution of EYPC in n-decane (42 mg/mL) on
an aperture (d=150 mm) in a delrin cuvette. Periodical
check of overall performance of the employed system
was done with alamethicin.

Conditions for single- and multichannel experiments
with identical cis and trans chambers: (a) 1.3M KCl, 5
mM MES, pH=5.0,28 (b) 1.0M KCl, 10 mM NaOAc,
pH=4.0–5.6, (b) 1.0M KCl, 10 mM MES, pH=6.0.
Cation 7 (100 nM) was added cis at V=+50 mV, anion
HPTS (0–200 mM) was added trans at V=+50 mV.
Conditions for multichannel ion selectivity experiments
with different cis and trans chambers: 1.0M KCl in cis,
0.1M KCl in trans, 10 mM NaOAc (pH<5.6) or 10
mM MES (pH>5.6) in both chambers.

Permeability ratios were calculated from experimentally
determined reversal potentials Vr under asymmetric
conditions using the equation derived from Goldman–
Hodgkin–Katz equation,42 and plotted as a function of
pH (Fig. 2).

Dissociation constants were calculated using eq. 2:
log Y= 1� Yð Þð Þ ¼ nlog guest½ � � nlogKD ð2Þ
where Y is the fractional saturation [(I max�I)/
(I max�I min)], n the Hill coefficient, and KD the dis-
sociation constant.

4.13. EYPC-LUVs�ANTS/DPX

The following buffers were used: Buffer A, 12.5 mM
ANTS, 45.0 mM DPX, 5 mM TES, 20 mM KCl,
pH=7.0; buffer B, 5 mM TES, 100 mM KCl, pH=7.0;
buffer C, 10 mM MES, 100 mM KCl, pH 4.5�7.0. A
thin film of EYPC (25 mg) was prepared by evaporating
a solution of EYPC in CHCl3 and MeOH (1 mL each)
on a rotary evaporator and then in vacuo (>2 h), and
then hydrated with 1 mL buffer A (>30 min). The
resulting suspension was subjected to >5 freeze-thaw
cycles (using liquid N2 to freeze and a warm water bath
to thaw), and >10 times extruded using a Mini-Extru-
der through a 100 nm polycarbonate membrane
1334 P. Talukdar et al. / Bioorg. Med. Chem. 12 (2004) 1325–1336



(Avanti).33 External ANTS/DPX was removed by gel
filtration (Sephadex G-50) using buffer B and diluted
with the same buffer to 6 mL to give EYPC-
LUVs�ANTS/DPX stock solution (5 mM PC).

4.14. ANTS/DPX-assay24�26

Above EYPC-LUVs�ANTS/DPX (100 mL) were added
to gently stirred, thermostated buffer C (1.90 mL, 10
mM MES, 100 mM KCl, pH=4.5�7.0) in a fluores-
cence cuvette. Fluorescence emission intensity It
(lem=510 nm, lex=353 nm) was monitored as a func-
tion of time (t) during addition of barrel 6 or 7 (cM 0–
250 nM) and 40 mL 1.2% aq triton X-100. Flux curves
were normalized to fractional activity Y using
equation:
Y ¼ It � I0ð Þ= I1 � I0ð Þ

in which I0, is It right before the addition of the samples
and I1 is It after addition of triton X-100.

4.15. Fluorescence depth quenching23,21,46,47

5-/12-DOXYL labeled EYPC LUVs were prepared
similarly by extrusion method. A solution of 5- (or 12-)
DOXYL-PC (2 mg) and EYPC (18 mg) in CHCl3 and
MeOH (0.5 mL each) was dried to give a thin film,
which was hydrated with buffer B (400 mL, >30 min).
After >5 freeze–thaw cycles, the suspension was passed
through a polycarbonate film (100 nm pore size, 15
times), and used without further purification. The stock
solution of thus prepared 5-(or 12-)DOXYL-PC (8.3
mL) was diluted with buffer C (2 mL) and the sample (7,
cM 200 nM) was added. Fluorescence emission spectra
were recorded with lex at 320 nm.

4.16. Abbreviations and symbols

ANTS, 8-aminonaphthalene-1,3,6-trisulfonic acid, dis-
odium salt; BLM, black (planar) lipid membrane; Boc,
tert-butoxycarbonyl; cM, concentration of monomer used;
cM,Y<0.5, cM which gives Y<0.5; CR, central; DOXYL,
4,4-dimethyl-3-oxazolidinyloxy; 5- (or 12-) DOXYL-PC,
1-palmitoyl-2-stearoyl-(5- (or 12-)DOXYL)-sn-glycero-3-
phosphocholine; DPX, p-xylene-bis-pyridinium bromide;
EDC, 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide;
Fmoc, fluorenylmethoxycarbonyl; HBTU, O-benzo-
triazolyl-N,N,N0,N0-tetramethyluronium hexafluoro-
phosphate; HOBt, 1-hydroxybenzotriazole; HPTS, 8-
hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt;
Pmc, 2,2,5,7,8-pentamethylchroman-6-sulfonyl; TEA,
triethylamine; TFA, trifluoroacetic acid; Trt, trityl; Y,
fractional activity; Z, benzyloxycarbonyl.
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