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Cation Control in Functional Helical
Programming: Structures of a D,L-Peptide Ion
Channel**
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Andrea Knoll, Stefanie Lamberth,
Christian Griesinger,* and Ulrich Koert*

The controlled folding of molecules into helical structures is
a very important means to assemble functional entities.
Helices can carry and process information (DNA double
helix),l provide the basis for rigid materials (collagen triple
helix),) can be used for transport purposes (single-stranded
[B-helix of D,L-peptides),P! or for arranging photo-, electro-, or
transport-active groupst in 3D space. The design of synthetic
compounds with a predictable folding behavior (programmed
folding) is actively pursued.’) However, most of the known
examples of helical folding remain on the structural level.

Our interest in functional folding of synthetic ion chan-
nelsl¥) led us to explore D,L-peptides, which we used as
structural templates for ether—d-peptide strands to yield ion
channels with novel functions.”! The pivotal p,L-peptide is the
gramicidin A (gA) ion channel (Figure 1a).”l gA itself can
adopt a variety of conformations depending on the environ-
ment. In organic solvents, gA predominantly forms dimeric
double helices, which vary in handedness and dimerization
topology.[®] The binding of cations can force this double helix
to increase its diameter.”) Only in membranelike environ-
ments will gA form a unique head-to-head associated dimer of
two right-handed, single-stranded f-helices.'” This confor-
mation, with 6.3 residues per turn, is generally regarded to be
the “active” ion-channel structure,[''><l but as it has never
been observed in isotropic solution or by X-ray crystallog-
raphy, its nature has remained a source of debate.!!!

We found that the fully synthetic 22mer “minigramicidin” 1
(Figure 1a) acts as an ion channel in phospholipid bilayers
(Figure 1b). A remarkable dependence of the channel activity
on the membrane thickness was observed,!'?] and preliminary
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Figure 1. a) Primary sequence of 1 and gA; b) representative current trace
of 1 in planar lipid bilayers (1M CsCl, 120 mV, soy-bean lecithin). Consult
Supporting Information for details.

investigations indicated a more confined conformational
space for 1 than for gA.l?’! With the goal of a detailed
understanding of the ion-channel-active conformation of 1,
we focused on structural investigations in the absence and
presence of Cs* ions.

Compound 1 features the terminal 11mer domain of gA,
covalently dimerized by use of succinic acid in a head-to-head
fashion. This linkage avoids the lateral dissociation equili-
brium,["?®! which complicates structural studies of gA.['314 The
tert-butyldiphenylsilyl (TBDPS) capping groups in 1 enhance
its solubility in organic solvents and facilitate the structural
studies. Single-channel current measurements in planar
phospholipid bilayers revealed that 1 forms a highly active
Cs*-ion channel ([1]=10""wm in the aqueous bath solution,
see Supporting Information). Only one type of channel is
observed, which indicates a single channel-active conforma-
tion in the membrane (Figure 1b).

The structure of 1 in the absence of metal ions was
determined in [Dg]benzene/[Dg]Jacetone 10:1 and CDCly/
[D;)MeOH 1:1 (v/v) by using NMR spectroscopy. Both
solvent mixtures mimic membranes in their polarity.'’] The
same highly symmetric structure A was found in either case;
this peptide dimer forms a left-handed double-f3-helix with 5.7
residues per turn and a length of approximately 38 A
(Figure 2) with the succinate linker moiety in an antiperi-
planar conformation. This type of secondary structure is
adopted by gA only in the presence of CaCl,.[*

The entire structure transforms into a new species upon
addition of Cs* salts. After saturation with Csl, peptide 1
adopted the monomeric structure B in CDCly/[D;]MeOH 1:1
or 3:1 (v/v, Figure 3). Each 11mer fragment forms a right-
handed B-helix with approximately 6.3 residues per turn. The
succinate moiety joins the two fragments symmetrically
(G, axis) in an anticlinal fashion (mean structure) to yield a
single helix with a total length of about 17 A.

Structure B has all features of the presumed gA channel
conformation—in contrast to the double -helical structure A
without Cs*. The pore diameter rises from 1.2 A in the
dimer A to 4.5 A in the monomeric B3 helix B, wide enough
to host Cs* ions. Structure B forms a continuous channel like
the head-to-head dimer of gramicidin A in membranelike
environments.''l The amide carbonyl groups of the anticlinal
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Figure 2. Averaged mean structure A (PDB = protein database accession
code 1 KQE; calculated from the sixteen energetically favored structures)
of 1in [D4]benzene/[Dg]acetone 10:1. The TBDPS protecting groups were
omitted from the structure determination because of overlapping signals.
The linker region is colored in red. NMR spectra were acquired at 600 MHz
(Bruker AMX). Assignments were obtained with the program Felix 2000
(Accelrys, San Diego, CA) by a combination of DQF-COSY and TOCSY
experiments according to standard procedures.'!! H-H distance restraints
were extracted from NOESY spectra at 150 and 300 ms. 688 NOE cross-
peaks (330 intraresidual, 138 sequential, and 220 medium-range) were
used. For all amino acid residues 3/(HNH®) coupling constants could be
measured. They are all in the range typical for a f-sheet. The NOE
restraints and the HY,H* couplings were used in a simulated annealing
protocoll'”! with the program X-PLOR!! to calculate sixteen structures
that have a root-mean-square deviation (rmsd) of the backbone positions
of 0.61 A.

succinate linker fit well into the overall pattern of the channel
carbonyl groups, completing the coordination sphere of the
Cs*ions which are putatively bound in symmetrical posi-
tions."’]

The conformational switch from A to B was monitored by
NMR spectroscopic titration in CDCly/[D;]MeOH 1:1 with
CslI (Figure 4a, see Supporting Information). A nonlinear
least-squares fit for several scenarios (1-2 ions, no aggrega-
tion, dimer, trimer, or tetramer) revealed that only the
scenario shown in Figure 4b could reproduce the data well:
The dimer A dissociates into a monomeric state C first (Kp),
which takes up two Cs* ions consecutively (K, K,). It was not
possible to extract a value for K, reliably from the data,
because K, and K, are strongly coupled. With an approxi-
mated value of K, =0.00126M" (98% dimer at [Cs*]=0),
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Figure 3. Averaged mean structure B of 1 in CDCly/[D;]MeOH 3:1
saturated with Csl, a) side view, b) top view. The structure was determined
in the same way as described for 2. In this case, 213 NOE cross-peaks (97
intraresidual, 51 sequential, and 65 medium-range) were used. The rmsd of
the backbone positions of the ten best structures was 0.91 A.

binding constants of K;=(63+5)x10°m~! and K,=(36+
20)m~! were obtained (see Supporting Information). The
much stronger binding of the first Cs* ion (AG,=
—28kJmol™') than the second one (AG,=-9kJmol™")
indicates that the conformational reorganization of the entire
structure on binding of the first Cs* ion is less energetically
costly than the coulomb repulsion encountered on the second
binding event.

To relate these findings further to gA,[8:1?] circular dichro-
ism (CD) spectra of these secondary structures were recorded
(Figure 5). In organic solvents such as CH;CN or C,H,CL,/
MeOH, compound 1 shows two negative Cotton effects at 1 =
228 and 208 nm (Figure 5a, spectrac and d),'* in full
accordance with the left-handed double-3-helical structure
A0 The Cs* complexes B in C,H,Cl,/MeOH or pure
MeOH instead display a single positive Cotton effect at A =
230 nm (Figure Sa; spectra a and b), which indicates right-
handedness of the -helix. This spectrum differs significantly
from the spectrum of 1 in 1,2-di-myristoyl-sn-glycero-3-
phosphatidylcholine (DMPC) vesicles,* which nearly coin-
cides with that of gA (Figure 5b). The latter spectrum is
normally assigned to the right-handed, single-stranded [%3-
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Figure 4. a) NMR spectroscopic titration of 1 with CslI in CDCly/
[D3;]MeOH 1:1, dotted line refers to the fitting; b) schematic representation
of the equilibra involved in the conformational transition from A to B via
the putative monomer C and the 1:1 complex D upon addition of Cs* ions.

a) 304

helix,®! which we found for the Cs* complex B in organic
solvents. The origin of the different spectra remains unclear at
this stage. We reason, however, that the differences in the CD
spectra report subtle changes in local conformations of the
gramicidines, which do not affect the global structure (to be
published elsewhere).

To correlate the Cs* binding found for 1 in organic solvents
with the ion-transport process, we studied the dependence of
the channel conductance /1 on the concentration of Cs* ions in
the solution (Figure 6a).?!] The data displayed three remark-
able features: 1) Conductance can be measured at very low
concentrations of Cs* ions, 2) the curve is supralinear (shows
an over-proportional increase) in the medium-concentration
range (10-100 mm) and 3) a maximum is observed at approx-
imately 1.5m. These features indicate a multiple-binding-site
transport process.?'® A kinetic rate model with two sym-
metrical binding sites and four states® reproduces the data
well (Figure 6b). The apparent rate constants thus obtained
(£30%) are A=52x103Lmol's™!, B=49x10°s"!, K=
51x107s, D=44x10"Lmol's™!, and E=5.4x10"s".
Clearly, a doubly occupied state becomes transiently popu-
lated during the ion-transport process mediated by minigra-
micidin 1 at higher concentrations of Cs* ions.

In summary, the present study shows that the minigrami-
cidin 1 forms a distinct double-helical rod A in media of low
polarity. Its disaggregation into the channel-active conforma-
tion is triggered by membrane insertion or by Cs*-ion binding.
The latter allowed us to study the right-handed B-helix of the
D,L-peptides in solution for the first time. The structure B
probably reflects the ion-channel-active conformation of 1 in
the membrane—occupied by two Cs* ions.
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Figure 5. a) CD measurements of 1 in organic solvents
(T=22°C, [1] =10-*m): Spectrum a: C,H,Cl,/MeOH 1:1,
saturated with CsCl (---); b: 50 mm CsCl in MeOH
(----); c: CH5CN (eeee); d: C;H,CL,/MeOH 1:1 (—);
b) CD measurements in DMPC vesicles? (T=22°C,
[gA] or [1]=10"M): spectrum e: gA (seee); f: 1 (—).
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The shape of the spectra a and d was unchanged at [1*] =
10-3m (not shown). [6,,] =mean molar ellipticity per
residue.
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Figure 6. a) Concentration dependence of the channel Cs*-ion conduc-
tance of 1 at 7=22°C in soybean lecithin (n > 50 in each case); b) kinetic
rate model (two binding sites—four states) used to model the ion transport
through the channel 1.2
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