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5=0.04 (s, 36 H, SiMe,), 6.92-7.11 (m, 24 H, Ph), 740-7.74 (m, 16 H, Ph);
BC{'H} NMR (75.47 MHz, C,D,, 25°C, TMS): 6 =3.65 (SiMe;), 130.09,
132.87, 139.25, 140.44 (Ph); *P{'H} NMR (161.92 MHz, C¢D;, 25°C, 80%
H,PO,): 6 =12.34.
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A Synthetic Pore-Mediated Transmembrane
Transport of Glutamic Acid**

Jorge Sanchez-Quesada, Hui Sun Kim, and
M. Reza Ghadiri*

Synthetic constructs that are specifically designed to allow
transport of hydrophilic substances across cell membranes are
important research tools with possible applications in gene
and antisense therapy, metabolite regulation, and drug
delivery.'l However, surprisingly the design of synthetic
transmembrane pores from first principles has remained
largely unexplored.>3 Here we describe the design and
functional characterization of a self-assembling transmem-
brane peptide nanotube channel that is capable of highly
efficient transport of L-glutamic acid.

Appropriately designed cyclic peptides with an even
number of hydrophobic a-amino acids with alternating D
and L configurations have been previously shown to self-
assemble through directed hydrogen-bonding networks into
antiparallel 3-sheet tubular structures in lipid bilayers forming
active ion channels. One attractive feature of the self-
assembling peptide nanotube class of transmembrane supra-
molecular structures is that pore size can be tuned by the
choicel’! and the number of a-amino acids employed in the
cyclic peptide subunit design. In this context we have shown
previously that cyclic octapeptides size-selectively transport
small ions,* ° whereas decapeptides can also transport small
molecules such as glucose.P!

The present system is based on eight- and ten-residue cyclic
peptides 1 and 2,5 respectively, which form transmembrane
channels (Scheme 1). Inspection of space-filling models
derived from X-ray structural analogues of peptide nanotubes
suggests that a completely dehydrated glutamate ion in an
extended conformation would barely fit inside a channel
formed by the cyclic octapeptide 1 (7 A van der Waals
internal diameter) but could be easily accommodated in a
transmembrane pore derived from cyclic decapeptide 2 (10 A
van der Waals internal diameter).’! We therefore sought to
examine the utility of self-assembling peptide nanotubes for
size-selective transmembrane transport of glutamate ions.

Previous attenuated total reflection/Fourier transform
infrared (ATR-FTIR) spectroscopic studies of the peptide 1
in lipid multibilayers indicated that the self-assembled trans-
membrane channel adopts an orientation of 7 £ 1° relative to
the average plane of membrane.”! In analogous studies for
decapeptide 2, the peptide assembly in the lipid bilayer
displayed backbone amide bands indicative of the expected
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Scheme 1. Chemical structures of cyclooctapeptide 1 and cyclodecapeptide 2, and the reaction scheme
employed for the analysis of glutamic acid transport. The enzymes and cofactors reside in the
extravesicular milieu, and are hydrophilic and too large to penetrate the lipid bilayer. Therefore, only the
glutamic acid released upon introduction of the channel-forming peptide, can undergo the enzymatic
reaction noted.

0.056
hydrogen-bonded antiparallel S-sheet tubular structure: am-

an enzymatic assay operating in the
extravesicular milieu (Scheme 1). This
highly sensitive spectrophotometric as-
say couples glutamine synthetase ac-
tivity with the reactions catalyzed by
pyruvate kinase and lactate dehydro-
genase, by monitoring NADH oxida-
tion at 340 nm. The pyruvate kinase
and lactate dehydrogenase were added
in appropriate excess of the glutamine
synthetase, and glutamine synthetase
has a high catalytic efficiency, so the
observed rate of NADH oxidation was
directly proportional to the vesicular
release of glutamic acid.!

The transport activity mediated by
the ten-residue cyclic peptide ensem-
ble 2 showed a saturation-type behav-
ior, due to the limited peptide solubil-
ity in the lipid bilayer, and displayed an
apparent rate constant of approxi-
mately 2.0 mol of glutamic acid per
minute per 1.0M cyclic peptide for
vesicles containing 500 mm glutamic
acid in the presence of 1.0 um peptide 2
(Figure 2a).l'!  Control fluorescence
experiments using vesicle-entrapped
carboxyfluorescein dye molecules in-
dicated that the release of glutamic
acid to the extravesicular milieu is not
due to the rupture of the lipid vesicles.
Furthermore, neither the octapeptide 1
nor gramicidin®! (which form chan-
nels with, respectively, ~7 and ~2.6 A
van der Waals internal diameters)
showed glutamate transport activity
under similar assay conditions (Fig-
ure 2b).

We investigated the ion-channel be-
havior for peptides 1 and 2 by perform-
ing single-channel conductance experi-
ments in planar lipid bilayers."”) Con-
ductance /4 measured at different

ide I bands at 1635 (perpendicular component, strong) and
1691 cm~! (parallel component, weak), an amide II band at
1539 cm~!, and an amide A (N—H stretch) band at
~3285 cm~! (Figure 1). The longitudinal axis of the peptide
channel assembly was determined to be oriented approx-
imately perpendicular to the membrane plane, at an angle of
3+2° from the lipid hydrocarbon chain tilt.®! These results
are consistent with the membrane-spanning orientation of the
tubular assemblies required for an intrapore-mediated mode
of transport.

Channel-mediated glutamic acid transport from the inside
of large unilamellar vesicles to the external solvent under
isotonic solution conditions was continuously monitored by
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Figure 1. ATR-FTIR spectrum of the amide regions of 2 in a 1,2-myristoyl-
sn-glycero-3-phosphatidylcholine multibilayer film. The solid and dotted
lines indicate absorption of parallel and perpendicular polarized light,
respectively.
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Figure 2. a) The glutamate efflux rate ([Glu],,, rate) from vesicles is
dependent on the initial concentrations of the cyclic peptide 2;
b) glutamate efflux ([Glu],,) from vesicles over time, after the
addition of 13.1 um quantities of each the following compounds:
gramicidin A (A), octapeptide peptide 1 (0), and decapeptide 2 (o).

NaCl concentrations could be fitted to a Michaelis—
Menten saturation model for both cyclopeptides
(Apax=11.5+03pS, Ky=81+19mwm for 1; A, =
13.0+£0.5 pS, Kyy=28.1+5.6 mm for 2; Figure 3a and
b); this indicates that channel occupancy is restricted to
a single ion.¥] On the other hand, whereas the open
probabilities P, were similar (0.2540.05 and 0.27 &
0.04 for 1 and 2, respectively), the mean opening times
(Figure 3¢ and d) were longer for the octapeptide
channel (r=1340+50ms) than for the decapeptide
channel (7 =168 + 12 ms), as expected due to the great-
er conformational freedom in 2. Reverse potential
determination from experiments employing asymmetric
NaCl concentrations revealed total cation selectivity for
these cyclic peptide based channels, similar to that
observed for gramicidin A under the same conditions
(Table 1).

With these data at hand we then turned to study the
behavior of these transmembrane channels when the
monosodium salt of glutamic acid (NaGlu) was em-
ployed as the electrolyte. Although tabulated activity
coefficients for NaGlu in bulk solutions are available,'¥

Angew. Chem. 2001, 113, Nr. 13
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Table 1. Reversal potentials for gramicidin A (gram.), and the cyclic
peptides 1 and 2 with “asymmetric” NaCl concentrations.

c/tlel
100/300 100/500 100/1000
E, caled [mV]P! —24.9 —36.5 -52.8
E, gram. [mV] 279401 —40.4+0.1 ~55.440.1
E. 1[mV] —282+0.1 —411+0.2 —551+0.6
E. 2 [mV] —269+04 —40.9+0.6 —542+£12

[a] c/t refers to the ratio of the NaCl concentrations (mM) on the cis (c) and
trans (t) sides of the lipid bilayer. [b] The reverse potentials, E,, were
calculated with the GHK equation.

they are not appropriate in the present studies since the
activity coefficients are expected to be altered in buffered
solutions and/or by interactions of the electrolyte components
with the polar lipid head groups. Therefore, we directly
measured the activities of NaGlu by employing gramicidin A
as a standard whose transmembrane pore diameter is known
to be too small to allow glutamate transport. We measured the
biionic potential for gramicidin in planar lipid bilayers
separating isotonic NaCl on the cis side and NaGlu on the
trans side (Figure 4, Table 2); it was then possible to calculate
the activities for the NaGlu solutions with the GHK
equation.”! The biionic potential for the octapeptide 1
observed under the same conditions was comparable to that
obtained with gramicidin, which indicates no glutamate
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Figure 3. Traces showing 30 seconds of channel activity for a) 1 and b) 2 in 100 mm
NaCl at a transmembrane holding potential of + 100 mV. Signals were Bessel
filtered at 5 kHz and sampled at 100 us. Dwell time histograms for c¢) 1 and d) 2
obtained from traces recorded in 100 mm NaCl at a transmembrane potential of
+ 100 mV. I =current, n = number of observations, = dwell time.
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trans sides, respectively. I/V curves are averaged from 30 individual //V
experiments. The inset shows the higher reversal potential for peptide 2.
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Table 2. Reverse potentials and permeability ratios for gramicidin A
(gram.), and the cyclic peptides 1 and 2 obtained for NaCl and NaGlu
solutions on the cis and trans sides of the lipid bilayer, respectively.

c/tll
100/100 300/300 1000/1000
E, gram. [mV] 113407 12.6+0.8 131407
E.1[mV] 11.8+0.6 11.8+1.1 12.3+0.9
E. 2 [mV] 13.7+0.6 14.8 £0.6 153+0.5
NaGlu activity!®! 0.049 +0.001 0.128 +0.004 0.201 +0.006
Pl P 2 63+0.7 65+1.1 63+0.9

[a] c/t refers to the ratio of the NaCl and NaGlu concentrations (mMm) on the
cis (c) and trans (t) sides of the lipid bilayer, respectively. [b] Activities for
sodium glutamate (NaGlu) were calculated from the measured biionic
potential with gramicidin A and the GHK equation. [c] Permeability ratios
for sodium and glutamate ions with decapeptide 2 were calculated with the
GHK equation. Activities for sodium glutamate solutions were taken from
the experiments where gramicidin A was used as a standard.

transport with pores formed by 1 (Figure 4, Table 2). How-
ever, with 2 a higher potential needs to be applied to
counteract the chemical gradient (Figure 4, Table 2) and this
indicates a substantial transport of the aminoacid (Py./Pg, =
6.4+ 0.9). Considering that P, is about 0.27 and assuming an
average of six cyclic peptides per assembly (28 A length,
enough to span a lipid bilayer), in bilayers separating 0.5M
NaGlu and NaCl at 0 V (I=0.19 pA), the rate of transport
can be evaluated as 2.7 x 10* mol of glutamate per second per
1.0 M cyclic peptide.

In conclusion, we have described the first example of highly
efficient aminoacid transport by a de novo designed channel
system. This study indicates potential utility for this class of
biomaterials in biosensor applications as well as in biological
settings such as size-selective molecular delivery vehicles.
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