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Abstract—We report that decreasing b-sheet length in homologous multifunctional rigid-rod b-barrels with internal histidines
increases ion channel stability by three orders of magnitude, reduces binding activity by four orders of magnitude, and reduces
esterase activity up to 22-times. These results are further used to evaluate methods employed to characterize suprastructure and
activity of synthetic multifunctional pores formed by p-octiphenyl b-barrels with emphasis on applicability of the Hille model to
determine internal diameters and the Woodhull equation to locate internal active sites.
# 2003 Elsevier Science Ltd. All rights reserved.

Introduction

The prospect of anisotropic catalysis within the trans-
membrane confined space provided by synthetic ion
channels has attracted our attention because spatial
compartmentalization by the surrounding bilayer mem-
brane introduces, in principle, vectorial control over
substrate addition and detectability of chemical reac-
tions at the single-molecule level.1�5 A first attempt to
synthesize a ‘catalytic ion channel’ was made with rigid-
rod b-barrel 1 (Fig. 1).1,6 We identified that supramole-
cule 1 has indeed substantial ion channel and esterase
activity. The stability of ion channel 1 was, however,
insufficient for practical applications in single-molecule
catalysis. In the hope to stabilize p-oligophenyl b-barrels
with ion channel and esterase activity, we decided to
make and study homologous tetramer 2.6 In rigid-rod
b-barrel 2, p-octiphenyl staves are tied together with eight-
stranded b-sheets formed by interdigitating tripeptide
strands of the sequence LHL, while p-octiphenyl b-bar-
rel 1 comprises the homologous LHLHL-pentapeptides.
We here report that barrel contraction by this b-sheet

truncation converts superb esterases but poor ion chan-
nels 1 into poor esterases but excellent ion channels 2.

Results and Discussion

Monomeric p-octiphenyl 2m was synthesized following
the procedure reported for homologue 1m.1 Ion channel
activity of b-barrel 2 was studied in planar lipid bilayers
composed of fresh egg yolk phosphatidylcholine
(EYPC-BLMs) at pH 5.0.1 Single ion channels that
remain open for seconds were detectable in presence of
b-barrel 2 (Fig. 2). As for ion channels of high stability
formed by p-octiphenyl b-barrels with internal lysines,7

contracted b-barrel 2 was quite difficult to characterize
because of the rare occurrence of ‘on-off’ transitions.
Comparison with the short lifetime of homologue 1
suggested that b-sheet truncation in homologue 2
stabilizes p-octiphenyl b-barrels by a factor of 1000
(Table 1).8

Ion channels formed by labile homologue 1 and stable
homologue 2 exhibited ohmic behavior (Fig. 3). Con-
sistent with the expected smaller inner diameter,
the magnitude of the single-channel conductance
g=0.7 nS of 2 was 57% of that observed for expanded
homologue 1.

Assuming ion channels as electrolyte filled cylinders,
their diameter d can be estimated from ion channel
conductance g with Hille’s model
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1=g ¼ l�=� d=2ð Þ
2
þ�=d ð1Þ

where l is the ion channel length and � the resistivity of
the recording solution,9�11 here �=7.716�cm. The
length of ion channels 1 and 2 was assumed as identical
with the length of the p-octiphenyl staves (l=34 Å). The
inner diameters estimated from the Hille model for
labile homologue 1 and stable homologue 2 were 7.0
and 5.2 Å, respectively (Fig. 4 and Table 1). This trend
was in agreement with the expected differences in the
designed p-octiphenyl b-barrel suprastructures for
expanded homologue 1 and contracted homologue 2.
Inspection of molecular models12 suggested, however,

Figure 1. Self-assembly of homologous p-octiphenyls 1m and 2m into homologous p-octiphenyl b-barrels 1 and 2, depicted as schematic cutaway
suprastructure with vertical distances estimated from molecular models,12 b-strands as arrows pointing to the C-terminus, external a-hydroxy and
a-amino acid residues (one-letter abbreviation, G: –OCH2CO–) black on white and internal ones white on black.

Figure 2. Typical single-channel currents for homologous ion channels
2 (a) and 1 (b) at �25mV in EYPC-BLMs (33mg EYPC / mL n-
decane, 0.004mol% barrel, 5mM MES, 1.3M KCl, pH 5.0) after
addition of 50mM (b, upper trance) and 20 mM (b, lower trace) HPTS
to the cis chamber (trans at ground). (c) Putative transition (dashed
line) from free (high conductance) to HPTS-complexed channel 1 (low
conductance); (d) putative transitions (dashed lines) between HPTS-
complexed (low conductance) and free (high conductance) channel 1.

Figure 3. Single-channel I–V curves for homologous ion channels 1
(*) and 2 (*) with linear curve fit.

Figure 4. d–g Curve calculated for resistivity �=7.716�cm and ion
channel length l=34 Å (eq 1) with indicated g–d correlation for
homologous ion channels 1 (*) and 2 (*).
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that these experimentally determined inner diameters
might represent underestimates by a factor of �1.5. The
observation that 5(6)-carboxyfluorescein with a minimal
outer diameter of 10 Å can pass through pores formed
by expanded b-barrel 1 provided experimental support
in favor of internal diameters >1.4-times larger than
those determined with the Hille model (unpublished
results). This overall minor difference between expected
and measured diameters did not come as a surprise. It is
well known that the Hille model gives meaningful
approximations only for cylindrical pores that are sig-
nificantly larger than water and electrolytes; under-
estimates up to a factor of 6 are measured for small
ion channels probably due reduced mobility of ions
and water, particularly during ion dehydration.11 Less
dramatically reduced electrolyte mobility may well
account for apparent reduction of measured diameters
of homologues 1 and 2, although their size is
approaching dimensions that are compatible with the
Hille approximation.

Overall satisfactory discrimination between expected
diameters of homologues 1 and 2 identified the Hille
model as sound method to approximate internal dia-
meters of synthetic multifunctional pores formed by
p-octiphenyl b-barrels. Previous results with large and
‘giant’ channels formed by tetrameric and hexameric
p-octiphenyl b-barrels with internal lysines are in excellent
agreement with this conclusion,7 selected results from
other synthetic ion channels as well.13�15

Addition of HPTS changed the single-channel char-
acteristics of expanded homologue 1 consistently.
Reduction of lifetime and conductance by HPTS with
unchanged periods of �200ms of repetitive ‘on–off’
transitions were in agreement with the expected HPTS
inclusion (i.e., �=0.7ms, g=0.7 nS).1 More recently, we
succeeded to detect direct transitions from the char-
acteristics of HPTS-free channels 1 (Fig. 2b) to the
characteristics for barrels 1 ‘filled’ with HPTS (Fig. 2c)
during one period of ‘on–off’ activity. These transitions
are likely to represent HPTS entering a single channel 1.
Reduction of the HPTS concentration produced a rea-
sonably stable low conductance level for, presumably,
channels 1 with internal HPTS with occasional brief
transitions to the high conductance level for HPTS-free
channels 1 (Fig. 2d) during one period of ‘on–off’

activity. These transitions, therefore, may represent
HPTS leaving and reentering a single channel 1.

In contrast to these observations with expanded homo-
logue 1, the single-channel conductance of contracted
homologue 2 was not visibly affected by the presence of
up to 1mM HPTS (Table 1). This result was in excellent
agreement with the estimated difference of their inner
diameters.

The current flowing across multiple channels formed by
contracted homologue 2 was, however, reduced by
increasing amounts of HPTS in the media (Fig. 5, *).
HPTS binding to contracted homologue 2 was orders of
magnitude weaker than that to expanded homologue 1
(Fig. 5, *). The dissociation constant KD for HPTS
binding to contracted homologue 1 at V=�100mV was
calculated using equation

I0 � I1ð Þ= I� I1ð Þ ¼ 1þ c HPTSð Þ=KD ð2Þ

where I0=�742 pA was the multichannel current for 2
without HPTS and I1=�522 pA that at saturation
obtained from best curve fit (Fig. 6,*, solid line).9 This
fit supports formation of a 1:1-complex.9 A KD
(HPTS)=1.28mM was measured at V=�100mV
(Table 1). This millimolar KD for contracted homologue
2 was more than four orders of magnitude higher than
the submicromolar KD (HPTS)=65 nM determined
previously for expanded homologue 1 at V=�100mV
(Table 1).

This overwhelming difference in HPTS binding by
homologous p-octiphenyl b-barrels with internal histi-
dines was consistent with the difference of their internal
diameters identified experimentally by application of the
Hille model. Namely, poor HPTS binding by contracted
homologue 2, on the one hand, was in agreement with
an internal diameter smaller than HPTS. This outcome
is suggestive for peripheral Cascade Blue (CB)16 binding
to terminal histidines at the mouth of channel 2 with KD
>1mM (Fig. 6b). Submicromolar HPTS binding by

Table 1. Characteristics of homologous barrels in EYPC-BLMs

Compda � (ms)b g (nS)c d (Å)d SCDe KD (mM)f lA (Å)
g

1h 4.5 1.23 7.0 + 0.2 2.7
2i >6000 0.70 5.2 � 1500 0.9

aSee Figure 1 for designed suprastructures 1 and 2.
bSingle-channel lifetimes.
cSingle-channel conductances (from I–V curves using Ohm’s law).
dInner channel diameter (from g using the Hille model, eq 1).
eSingle-channel detectability of HPTS binding.
fDissociation constant for HPTS at V=0mV (from intercept in
Woodhull plots, Fig. 7).
gDistance from channel entrance to site of rate-limiting HPTS associ-
ation (from KD—V curves using the Woodhull model, eq 3).
hData from ref 1.
iThis study.

Figure 5. Multichannel dose response curves for the binding of HPTS
to homologous ion channels 1 (*, data from ref 1) and 2 (*, with
curve fit as solid line, eq 2) at V=�100mV.
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expanded homologue 1, on the other hand, was in
agreement with an internal diameter large enough for
HPTS inclusion. This outcome, then, is supportive for
internal CB binding to internal H-quartets17 with KD
<1 mM (Fig. 6a), that is, usefulness the novel CB*H4

recognition motif in supramolecular architecture and
catalysis (Fig. 6c).

Like internal HPTS binding to expanded homologue 1
(Fig. 7, *), peripheral HPTS binding to contracted
homologue 2 was voltage dependent (Fig. 7, *). This

weak voltage dependence provided experimental evi-
dence that, as with expanded homologue 1, HPTS
binding occurs along the ion-conducting pathway of
contracted homologue 2. According to the Woodhull
equation

logKD ¼ logKD 0 mVð Þ

� lA z F Vð Þ= l 2:303 R Tð Þ ð3Þ

Figure 6. Proposed mechanism of CB binding to (a) internal H-quartet(s) (KD <1mM) in expanded homologue 1 and (b) peripheral histidines (KD
>1mM) in contracted homologue 2. (c) Structural detail of 1 � CB referred to as CB*H4 recognition motif.
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where l=34 Å is the ion channel length, z=�3 the
charge of HPTS at pH 5.0,16 and F, R, and T have the
usual meanings,9,18 HPTS association rather than HPTS
dissociation is the rate-limiting process with 2 (as with
1). The Woodhull equation further revealed that the
distance from the channel entrance to the HPTS binding
site of contracted homologue 2 is lA=0.9 Å (Table 1).
This nearly negligible value was consistent with weak
peripheral HPTS binding to homologue 2 (Fig. 6b).
Perhaps more importantly, the clear difference between
lA=0.9 Å for contracted homologue 2 and lA=2.7 Å for
expanded homologue 1 corroborated that the previous
interpretation drawn from the latter value, namely
association of HPTS to the first available internal
H-quartet as HPTS binding site, is a meaningful one
(Fig. 6a).

Esterolysis of CB-Ac to HPTS by homologues 1 and 2
was monitored following the increase in concentration
of the highly fluorescent product as a function of time
(Scheme 1).1,19,20 Comparison of initial velocities of
product formation suggested that, in bilayer mem-
branes, contracted homologue 2 is 22-times less active
than expanded homologue 1 (Fig. 8) and 3120-times
more active than 4(5)-methylimidazole (Fig. 9).

Unlike expanded homologue 1 (KM=0.7 mM), ester-
olysis catalyzed by contracted homologue 2 did not
approach saturation up to 4 mM substrate (Fig. 8). This
indicated that substrate binding to catalyst 2 is about as
poor as peripheral HPTS binding to contracted ion
channel 2 (Fig. 6b), whereas substrate binding to cata-
lyst 1 is about as good as HPTS binding within expan-
ded ion channel 1 (Fig. 6a).

Unlike expanded homologue 1, esterolysis by con-
tracted homologue 2 was affected by the presence of

bilayer membranes (Fig. 9). The observed �50%
decrease in activity in presence of small unilamellar
EYPC vesicles (EYPC-SUVs) provided excellent corro-
borative evidence that CBs are too large to move across
the contracted channel within homologue 2, because,
when bound to bilayers in transmembrane orientation,
the barrel terminus located at the intravesicular bilayer
interface will be inaccessible for extravesicularly added
substrate. The complementary independence in ester-
olytic activity of expanded homologue 1 on presence or
absence of EYPC-SUVs (Fig. 8) then supports that CBs
are small enough to translocate across the expanded
channel within homologue 1 for free access to all inter-
nal H-quartets. These insights on esterolytic activity of
homologous p-octiphenyl b-barrels 1 and 2 are in good,
indeed remarkable agreement with ion channel char-
acteristics of 1 and 2 summarized in Table 1 and, there-
fore, also with their interpretation (Fig. 6).

Conclusion

The bottom line is that homologous p-octiphenyl b-barrels
1 and 2 with esterase and ion channel activity exhibit

Figure 7. Woodhull plot for voltage dependence of HPTS binding to homologous ion channels 1 (*, data from ref 1) and 2 (*) with linear curve
fits according to eq 3.

Scheme 1.

Figure 8. Initial velocity v0 of product formation (HPTS,
lem=510nm, lex=415.5 nm) as a function of substrate concentration
(CB-Ac) in presence of homologous p-octiphenyl b-barrels 1 (* and
&, 135 nM, data from ref 1) and 2 (&, 135 nM) with (& and &) and
without (*) bilayer membranes (0.5mM EYPC-SUVs) in 10mM
MES, 100mM KCl, pH 5.5 at 25 �C.
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complementary characteristics. Contracted homologue
2 is characterized by (a) for synthetic ion channels13 still
quite remarkable stability, (b) CB-insensitive, compar-
ably low single-channel conductance, (c) weakly vol-
tage-dependent, peripheral CB-binding with millimolar
KD, and (d) membrane-dependent, poor esterolytic
activity. Expanded homologue 1, in contrast, exhibits
(a) poor ion channel stability, (b) CB-sensitive, com-
parably high single-channel conductance, (c) reasonably
voltage-dependent, internal CB-binding with nanomolar
KD, and (d) membrane-independent, superb esterolytic
activity.

Clearly, a small change in structure caused a big change
in function. On the one hand, these complementary
characteristics corroborate the mode of action proposed
for expanded homologue 1: Formation of labile ion
channels that are large enough to permit internal CB-
binding, CB-translocation, and CB-transformation
(Fig. 6a and c). On the other hand, they demonstrate
that homologue 2 acts differently, that is, it forms stable
ion channels that are small enough to prevent internal
CB-translocation and to promote peripheral CB-bind-
ing and CB-transformation (Fig. 6b).

Synthesis and study of the novel p-octiphenyl b-barrel 2
was further crucial to evaluate, in comparison with
homologue 1, methods used to characterize synthetic
multifunctional pores. The results increase confidence in
the validity, if used with appropriate caution, of internal
diameters of synthetic pores determined from the Hille
model and locations of internal active sites determined
from the Woodhull equation.

Expanded homologue 1 is not sufficient for practical
application in single-molecule catalysis despite superb
esterolytic activity because, as illustrated with HPTS
binding in Figure 2, the short lifetime of single ion
channel 1 causes too much background noise for such
ambitious and unprecedented experiments. Despite suf-
ficient single-channel stability, contracted homologue 2
is not the desired ‘catalytic ion channel’ either because,

obviously, CB binding is not detectable on the single-
molecule level. One lesson learned with homologues 1
and 2 is that the key to synthetic ‘catalytic ion channels’
will be successful stabilization of expanded internal
space as in 1. There are three, in principle additive stra-
tegies beyond the undesired covalent barrel cross-
linking, that is, increase of internal charge repulsion,
increase of b-propensity, and increase of constructive
barrel-membrane interactions, are currently explored in
parallel.

Experimental

General

As in ref 21, supporting information, and ref 1.

13,23,32,43,52,63,72,83-Octa(GLHL-NH2)-p-octiphenyl (2
m).

p-Octiphenyl 2m was synthesized, purified (RP-HPLC,
YMC-Pack ODS-A, 250 � 10mm, H2O/MeOH(1%
TFA) 1:4, 2mL/min, tR=8.11min), and characterized
(e.g., ESI-MS (GLHL-NH2)8-p-octiphenyl, MeOH, 1%
AcOH): m/z (%) 2053 (20) [M+2H]2+, 1369 (100)
[M+3H]3+, 1027 (40) [M+4H]4+) following the protocol
described in detail for homologue 1m.1

Planar bilayer conductance. General procedures have
been described in ref 1. In brief, n-decane containing
EYPC (33mg/mL) and 1m or 2m (0.016mol%) was
painted on an orifice (d=150 mm) separating the two
chambers of a planar bilayer workstation, measured
and analyzed following the protocol described (Condi-
tions: 5mM MES, 1.3M KCl, pH 5.0, symmetric, agar
bridge: 1M glass KCl; electrodes: Ag/AgCl; holding
potential as indicated; Bessel filter: 5 kHz; sampled at
10 kHz (1) and filtered at 100Hz (2)). Single-channel
currents I were obtained from histograms for different
holding potentials V and plotted as I–V curves (Fig. 3).
I–V curves were analyzed according to Ohm’s law. The
g-values obtained from linear curve fit are listed in
Table 1. The Hille plot (Fig. 4) was calculated for
experimental conditions following eq 1. The resistivity
of the recording solution was �=7.716�cm. HPTS was
added to the cis-chamber at indicated concentrations
(trans at ground). Macroscopic current I in the presence
of c mM of HPTS was plotted against c, and KD values
were calculated for macroscopic dose response iso-
therms at V=�20mV to V=�200mV using eq 2.
Analysis of the voltage dependence of KD was done
using the Woodhull eq 3.

Esterolysis. General procedures have been described in
ref 1. In brief, 1900 mL of buffer (10mM MES, 100mM
KCl, pH 5.5) were added into a fluorescence cuvette
equipped with a magnetic stir bar and placed in a ther-
mostatted cell holder (25�). Then, 20 mM aqueous stock
solutions of CB-Ac were added to give the concentra-
tions indicated in the v0–c curves in Figures 8 and 9.
Addition of 20 mL 1 or 2 (50 mM monomer in DMSO,
final concentration: 500 nM monomers �125 nM bar-
rels) followed. The fluorescence intensity at
lem=510 nm was recorded on three channels during the

Figure 9. Initial velocity v0 of product formation (HPTS,
lem=510nm, lex=415.5 nm) as a function of substrate concentration
(CB-Ac) in presence of p-octiphenyl b-barrel 2 (* and&, 135 nM) or
MeIm (*, 135 nM, data from ref 1) with (& and *) and without (*
and *) bilayer membranes (0.5mM EYPC-SUVs) in 10mM MES,
100mM KCl, pH 5.5 at 25 �C.
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entire experiment (lex=415.5 nm (isosbestic point),
404 nm and 455 nm). Initial velocities of HPTS forma-
tion were obtained by comparison of the recorded
intensities with experimental values for known HPTS
concentrations. The reported values were confirmed to
be within �5% error for batch-to-batch experiments by
(at least) duplicate experiments. To determine the
dependence of esterolytic activity on presence and
absence of bilayer membranes, small unilamellar vesi-
cles composed of EYPC (EYPC-SUVs, 68�4 nm) were
prepared by dialytic detergent removal technique using
a Mini Lipoprep1 (AmiKa Corp) as described in ref 22.
Of the resulting EYPC-SUV, suspension 50 mL (10mM
EYPC) were added before barrels in the above procedure.
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