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Abstract—Most ion channel proteins exhibit some degree of charge selectivity, that is, an ability to conduct ions of one charge more
efficiently than ions of the opposite charge. The structural origins of charge selectivity remain incompletely understood despite
recent advances in the determination of cation-selective and anion-selective channel protein structures. Helix bundle channels
formed via self-assembly of the peptide alamethicin provide a tractable model system for exploring the structural basis of charge
selectivity. We synthesized covalently-linked alamethicin dimers, with amino acid substitutions at position 18 [lysine (Lys), arginine
(Arg), glutamine (Gln), 2,3-diaminopropionic acid (Dpr)] in each helix, to assess the role of this position as a charge-selectivity
determinant in alamethicin channels. Of the position 18 substitutions investigated, the Lys derivative exhibited the greatest degree of
anion selectivity. Arg-containing channels were slightly less anion-selective than Lys. Interestingly, Dpr channels showed cation
selectivity nearly equivalent to that exhibited by the neutral Gln derivative. We suggest that this result is due to a wider pore diameter
that permits a greater number of counter-ions leading to enhanced charge screening and a lower effective side-chain positive charge.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Ion channels comprise a unique class of protein struc-
tures, intrinsic to the cellular membranes of plants, ani-
mals and bacteria, which facilitate the passive
transmembrane transport of ions down their electro-
chemical gradients. These molecular devices play roles
in a host of diverse processes including nerve and mus-
cle excitation, hormonal secretion, sensory transduc-
tion, and cell volume regulation.! The critical functional
feature of ion channels is their ability to permit rapid
transmembrane ion flux while remaining highly ion-
selective.” Selectivity is determined by the interactions
between ions, the channel and water- an inherently
complicated physico-chemical system.? Detailed struc-
tural information has only recently become available for
a few highly ion-selective channel proteins, including the
bacterial potassium channel KcsA,*¢ two members of
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the CIC chloride channel family” and most recently of a
calcium-gated potassium channel MthK.® These studies
represent a significant achievement in the field of struc-
tural biology, providing a detailed look at pore structures.
However, the complexity of these structures, and the fact
that mutations can affect regulation and gating in addi-
tion to permeation properties, can make systematic ana-
lysis of the structural origins of ion selectivity in these
systems difficult.

We and others have elected to explore the origins of ion
charge selectivity using smaller channel-forming pep-
tides, either designed or natural, that can serve as model
systems. The hope is that these minimal models will
successfully recapitulate many of the crucial elements
defining the pore structure of more complex biological
channels, while superfluous features are eliminated or
replaced with sequences of minimal complexity.® Over
the past two decades, substantial effort has been exten-
ded towards understanding the biophysical properties of
various channel-forming peptides,>°~!! In particular,
these systems have been used to explore the role of
electrostatics in determining charge selectivity.

Lear and DeGrado introduced a purely synthetic model
system in which a suite of independently folded o-helical
building blocks, in the form of a bundle of amphipathic
helices, would generate a stable, hydrophilic transmem-
brane pore.!> The peptide Ac-(Leu-Ser-Ser-Leu-Leu-
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Ser-Leu);-CONH, was designed with a three-heptad
repeat consisting of hydrophobic and neutral amino
acids with the expectation that this would promote
favorable inter-helix packing, along the entire helix
length.!> One predominant conductance state was
observed when Ac-(Leu-Ser-Ser-Leu-Leu-Ser-Leu)s-
CONH, was added to planar lipid bilayers and this was
proposed to be due to a parallel hexameric arrangement
of peptides with a central pore 8 A in diameter based on
modeling, the observed voltage-dependence of peptide
insertion into the membrane, and the measured
permeability of ions of different sizes.!*!>

Charge selectivity was calculated by recording single-
channel /-V curves in asymmetric KCI solutions in
order to measure reversal potentials.'* The measured
reversal potential gave a permeability ratio Pg /P =16
using the Goldman-Hodgkin—Katz equation.? To fur-
ther investigate permeation and selectivity of this model
system, Lear and DeGrado prepared two different pep-
tides, each bearing a formal charge at the N-terminus;
Ac-Glu-Trp-(Leu-Ser-Ser-Leu-Leu-Ser-Leu);-CONH, and
Ac-Arg-Trp-(Leu-Ser-Ser-Leu-Leu-Ser-Leu);-CONH,. 16
It was postulated that addition of a positive charge
should decrease cation selectivity and incorporating a
negative charge would increase cation selectivity irre-
spective of which side the ion entered the channel. These
predictions were borne out with Ac-Glu-Trp-(Leu-Ser-
Ser-Leu-Leu-Ser-Leu);-CONH, showing strong cation
selectivity and Ac-Arg-Trp-(Leu-Ser-Ser-Leu-Leu-Ser-
Leu);-CONH, being non selective.

In an effort to introduce anion selectivity into a peptide
model system, we explored the effects of side-chain
mutations on the properties of channels formed by the
peptide alamethicin. Alamethicin (Alm), originally iso-
lated from the fungus Trichoderma viride, belongs to a
family of channel-forming peptides referred to as pep-
taibols; peptides characterized by their high proportion
of o-aminoisobutyric acid (A4ib) residues and their
C-terminal amino-alcohol cap. The generally accepted
channel structure, like that of the Leu-Ser peptides, is a
bundle of parallel helical alamethicin monomers com-
monly referred to as a barrel-stave structure.>!-17-18 We
have previously detailed a covalent dimerization strategy
that stabilizes channel structures composed of an even
number of alamethicin peptides.!” A model of an octa-
meric bundle composed of four covalent dimers in
shown in Figure 1.

We identified position 18 in the sequence as a position
where mutations could alter charge selectivity. Native
alamethicin has Gln in this position and is mildly cation
selectivity with Pg /Pg; of 4.3. Channels formed by Alm-
K18, a mutant with lysine at position 18 in place of
glutamine, were found to be anion selective with Pg/P¢
of 3.7 at neutral pH.?°

We now report further modifications at position 18 to
provide a more systematic investigation into the role
of this position as a selectivity determinant in ala-
methicin channels. We have constructed a series of
alamethicin dimers, tethered via the same strategy and

containing arginine, glutamine, lysine or 2,3 diamino-
propionic acid (Dpr) at position 18. The results are dis-
cussed in relation to the previously published data on
alm-K 18 and we address the question as to whether a
more anion selective channel of comparable complexity
can be developed.

2. Results and discussion

2.1. Channel properties in symmetrical KCI solutions

We synthesized four alamethicin analogues with amino
acid substitutions at position 18 using the same covalent
dimerization strategy previously developed. The
sequences of the peptides are shown in Figure 2.1%-2!
Covalent linkage of alamethicin monomers extends the
single-channel lifetime, which facilitates measuring sin-
gle-channel I~V relationships. The linker used in the
present study (Ac-Lys-Gly-Lys-COO™) bears a formal
negative charge whereas in the previous case with Alm-
K18, the C-terminal linker functionality was a neutral
amide (Ac-Lys-Gly-Lys-CONH,). This change was
made since higher yields were obtained with the chloro-
trityl resin employed. To investigate what influence the
charged linker might have, we compared the channel
properties of Alm-K18 (neutral linker) with Alm-K18
(negative linker) in symmetrical 1 M KCI solutions. The
pattern of channel formation with the negative linker is
typical of dimeric alamethicin derivatives; even-number
conducting bundles are selectively stabilized (data not
shown). The current—voltage relationship of a putative
hexamer level of the Alm-K18 (neutral) and Alm-K18
(negative) in 1M KCI are compared in Figure 3. The
curves are virtually superimposable, which implies that
the electrostatic profile experienced by a mobile ion as it
traverses the length of the channel is similar in each

Figure 1. Model of the octameric (four dimers) conducting state of the
alamethicin channel. The linkers are shown in space-fill and the pep-
tide backbones are shown as ribbons. The position of residue 18 is
indicated by a sphere located at the site of the B-carbon in each
monomer. The view is from the N-terminal ends of the peptides.
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Figure 2. Primary structures of covalently linked alamethicin peptides: (a) alm-K18 (neutral linker) (b) alm-X18 (negative linker). Xxx indicates the
presence of lysine, arginine, glutamine or 2,3-diaminpropionic acid at position 18.
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Figure 3. Representative single-channel /- curves comparing the
conduction properties of alm-K18 (negative linker) and alm-K18
(neutral linker) in symmetrical 1 M KCl solutions (5 mM BES at pH
7). The diagonal arrow indicates the direction of the voltage ramp.

case. As expected, the channels have fairly linear I~V
curves resulting from a more symmetric electrostatic
potential profile imposed by the Lys substitution?! as
compared to the native (Gln) channel. The similarity
between these two channels is most easily explained as
the result of charge screening of the negative linker by
the bulk salt solution. This negative charge is expected
to reside at the membrane surface and thus can be easily
accessed by counter-ions. We have demonstrated pre-
viously that small changes in the linker structure have
little effect on channel conductance properties,?> which
in light of these results can be extended to include lin-
kers bearing formal negative charges.

2.2. Charge selectivity measured in a KCI gradient

We measured /-V relationships in KCI salt gradients
using techniques described previously?° to assess charge
selectivity. Figure 4 shows I~V relationships measured
at pH 7.0 for Alm-K 18, Alm-R18, AIm-Q18, and Alm-
Dprl8 in the presence of a 0.01-1.3M KCI gradient.
Reversal potentials are collected in Table 1 together
with the calculated selectivity ratios. The particular ala-
methicin-conducting species for the gradient experi-
ments has tentatively been assigned to a bundle of eight
helices (Fig. 1), however a complete analysis of the
conducting levels for each peptide is beyond the scope
of this report. It should be noted, however, that selec-
tivity has been shown to be rather insensitive to the
molecularity of the conducting Alm species, at least in
this size range.?’ Interestingly, while the charge on the
linker has little effect on the conductance properties of
the channel in symmetrical 1 M KCI solutions, charge
selectivity measured in a gradient is influenced. The
reversal potential measured previously for Alm-K18
(neutral) was —32 mV,?! which indicates that Alm-K18
(negative) is less anion selective than its neutral analo-
gue. As previously stated, this negative charge resides
near the C-terminus, which in asymmetrical salt experi-
ments is at the low salt side of the membrane. This
reduced level of anion selectivity may thus be the result
of less effective screening of the linker negative charge
due to the lower ionic strength solution.

From this series of substitutions we see that Lys at
position 18, irrespective of the charge on the linker,
confers the highest degree of anion selectivity. Channels
with Gln at position 18 are cation selective as expected.
The degree of cation selectivity observed here is higher
than that observed with Alm-Q18 linked by a neutral
linker (alm-BAPHDA),?! again indicating that the
negative charge on the linker can enhance cation selec-
tivity under conditions where screening of the linker is
less effective.
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The Alm-R18 mutant is also anion selective albeit less
so than Alm-K18. While both amino acids are expected
to be positively charged at pH 7, the positive charge on
the Arg side chain is distributed among the three nitro-
gen atoms of the guanidinium group via resonance. This
delocalization results in a lower charge density in com-
parison to the ammonium group of Lys that can lead to
weaker electrostatic interactions.?*2* In addition, the
guanidinium group is the most highly solvated amino
acid side chain in aqueous media due to extensive
hydrogen bonding from the five potential hydrogen
bond donors.?’ Perhaps the local concentration of argi-
nine residues within the Alm-R 18 channel pore causes a
significant reorganization of water molecules that has
either electrostatic implications or causes conformational
changes within the channel structure.

Surprisingly, Alm-Dprl18 is nearly as cation selective as
the native Alm-Q18. Side-chain amino groups are sub-
ject to the moderate inductive effects of both the a-NH,
and COj5 functionalities. The pK, of the B-amino group
of free Dpr is 9.6 while that of the methyl ester is 8.25.26
When incorporated into a peptide, one would expect the

Current (pA)

00 i A L
-100 -50

Voltage (mV)

Figure 4. Single-channels /-V curves for the putative octamer level of
alm-X18 (negative linker). Channels opened at 200 mV, whereupon
the voltage was ramped to —200 mV (the direction of the voltage ramp
is the same as for Fig. 3) over 30-80 ms and the current recorded.
Channels generally close before —200 mV is reached and closing tran-
sitions have been deleted for clarity. The KCI concentration was 1.3 M
at ground and 0.01 M on the opposite side, each buffered at 7.0 with 5
mM BES. Channels are oriented with N-terminal at ground and ver-
tical arrows indicate reversal potentials. From left to right: alm-K18,
alm-R18, alm-Dprl8, alm-Q18.

Table 1. Selectivity properties of channels formed by Alm derivatives®©

pK, of the B-NH, to be raised slightly from that of the
methyl ester derivative and thus, at pH 7.0, it would be
expected to exist predominantly in its protonated form.
Electrostatic interactions between multiple Dpr side
chains in the channel might perturb the pK,s. Such
effects were analyzed previously in the case of Alm-K18
(with a neutral linker).? At high pH, where Lys is
uncharged, the AIm-K18 channel exhibits wild-type
(cation) selectivity whereas at pH values of 7 and below,
channels display anion selectivity. Since no change in
selectivity occurs between pH 7 and 3, and since protons
are expected to be in equilibrium with the open state of
the channel during selectivity measurements, the channel
is believed to be fully protonated (+8 charge for an
octamer bundle) at pH 7. A similar behaviour is expected
for Alm-Dpr18 channels.

Recent molecular dynamics simulation studies by Tiele-
man et al. have shown that fully charged Alm-K18
channels appear to be stable in membranes and that
significant counter-ion binding to Lys residues occurs
depending on the charge state of the channel and the
salt concentration.?’” Particularly, with 1M KCI, the
effective charge can be reduced by 4e~ due to the pre-
sence of 4 CI~ ions near the eight charged Lys resi-
dues.?” Experimentally, anion selectivity is observed to
decrease as ionic strength increases consistent with a
charge-screening effect of the counter-ions on the field
created by the lysine residues.?’ Since the Dpr side chain
is shorter than Lys, a wider local pore diameter at posi-
tion 18 is expected (Fig. 1). We propose that this wider
lumen could accommodate an increased number of
chloride ions to provide added screening of the positive
charge and further reduce the level of anion selectivity.
Of course, one cannot rule out that other factors may
contribute to the experimentally observed selectivity. For
instance, local conformational changes of the Lys side
chains may be important and less pronounced in the case
of Dpr as a result of the reduced side-chain length.
Molecular models have shown that under certain condi-
tions, Lys residues could reside at the center of the chan-
nel pore, which is likely inaccessible space to the shorter
Dpr side chain.

With these results in hand, we can address the idea of
how to construct a channel of comparable complexity to
those described, yet achieve increased anion selectivity.
The region of the channel near position 18 may be too
spacious and allow for extensive charge shielding. All
our molecular models of alamethicin channels, includ-
ing those of Alm-K 18, point towards a constriction near
the GIn 7 side chain (Fig. 1). In fact, this area constitutes
that narrowest part of the alamethicin channel. Recent
work by Asami et al. has investigated alamethicin

Alm-QI18 Alm-Q18nl* Alm-K18 Alm-K18n]* Alm-R18 Alm-Dprl18
Viey (mV) +50 +35 -32 -8 +30
P /Pg 8.1 43 0.27 0.72 3.5

2 Linked with the neutral linker (all others linked with the negatively charged linker) (data from ref. 21).
®Measured in a 1.3 M/0.01 M KCI gradient as described in the Experimental.

¢ Calculated using the GHK equation as described.?!
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channels bearing a substitution of Glu 7 for Gln 7.2
Selectivity of these channels was assessed by the current-
ratio method using the bulky organic counter-ions
potassium gluconate and N-methylglucosammonium
chloride. Channels bearing a glutamate at position
seven were found to have current ratios (/k giuc/INmect)
of 4-5 indicative of channels that were cation selective.
This selectivity decreased as the conductance-level
number increased in line with the explanation of a wider
pore radius. Incorporation of a significant amount of
positive charge at this narrow part of K18 may furnish a
more highly anion selective channel. Another approach
may be to introduce a modification that constricts that
channel to limit counter-ion binding.

3. Conclusions

Alamethicin channels constitute a useful model system
to investigate the origins of charge selectivity. Covalent
dimerization permits selective stabilization of conduct-
ing species and extends single-channel lifetimes into a
range that facilitates the measurement of single-channel
current—voltage relationships. Substitution of a neutral
linker by?! one bearing a negative charge, while having
little effect on the electrostatic potential profile of ala-
methicin channels in symmetric 1M salt solutions,
results in reduced charge selectivity in KCIl gradients.
Lys at position 18 yields the greatest degree of anion
selectivity. Arginine substitution generates channels
slightly less anion selective, which is likely the result of
specific interactions inherent to the guanidinium side
chain. Substitution with Dpr results in a reversal of ion
selectivity. The observed reversal of charge selectivity
may be due to chloride ions compensating for the local
charge density imposed by the side-chain amino groups
in a relatively wide region of the channel pore. In order
to create a highly anion selective channel it seems that it
would be beneficial to impose a region of positive
charge in a narrow part of the channel or to reduce
counter-ion binding. Concomitantly it might be neces-
sary to develop a more complex architecture that more
closely resembles the selectivity filters of highly selective
biological channels.

4. Experimental

4.1. Peptide synthesis

Alamethicin dimers were synthesized in a similar man-
ner to that described in Starostin et al.?! Briefly, the Ac-
Lys-Gly-Lys-COO~ linker was assembled on the solid
support followed by simultaneous, step-wise assembly
of the two alamethicin monomers; each monomer
extending from the e-amino groups of the lysine side
chains. The template was synthesized using a 2-chloro-
trityl-chloride resin on a model ACT 90 peptide synthe-
sizer (Advanced ChemTech). Fmoc-Lys-Dde (53 mg,
0.1 mmol, 0.6 equiv to resin) was dissolved in 1.3 mL
dry DCM and added to 128 mg of resin with 70 pL of
DiPEA. After 25 min of vigorous stirring, the resin was
washed three times with DCM/MeOH/DiPEA (17:2:1),

three times with DCM, two times with DMF and finally
two times with MeOH (1.5 mL volume for each wash).
The residual methanol was removed under high vacuum
and the resin dried over KOH. The substitution of the
resin was assessed by weight increase. Fmoc-Lys(Dde)-
resin (0.05 mmol) was deprotected through addition of
10 mL of 5% piperidine in DCM/DMF (1:1) with stir-
ring for 20 min, followed by 8.0 mL of 20% piperidine
in DMF for 80 min. The remaining Gly and Lys resi-
dues of the linker were coupled using three equivalents
of amino acid, three equivalents of HATU and six
equivalents of DIPEA with Fmoc deprotection after
each step as already described. The N-terminus was
acetylated using an acetic anhydride/DiPEA/DMF
(1:2:7) mixture for 30 min. Dde was the group used for
orthogonal protection of the lysine side-chain function-
ality during template assembly. Deprotection was
accomplished using a 2% hydrazine/DMF solution
(2x10 min). The alamethicin chains were then assem-
bled using five equivalents of the isolated Fmoc amino
acid fluorides,?® five equivalents of HATU and 10
equivalents of DIiPEA at a concentration of 0.3 M
(amino acid) in DMF. In the case of Aib residues, seven
equivalents of the isolated amino acid were used. After
the last coupling step, the N-termini were acetylated
using the aforementioned procedure. Peptide cleavage
from the resin was preformed by vigorous mixing in a
2% triisopropylsilane, 5% water in a 50% TFA, 50%
DCM solution for 50 min. The crude peptide product
was isolated by cold ether precipitation. Crude peptide
mixtures were purified by HPLC with a Polyencap A300
column (4.6x125 mm) using a linear gradient (50—
80%A in 30 min) in which eluent A consisted of 0.1%
TFA in water while eluent B consisted of 80% acetoni-
trile/20% water containing 0.1% TFA. Each peptide
registered a unique retention time: Alm-R18=16.5 min,
Alm-Q18=16 min, Alm-K18=19 min, Alm-Dpr=17
min. Prior to use in single-channel measurements, pep-
tides were rechromatographed under the same condi-
tions. ESI-MS data: Alm-R18= C202H335N5505]
observed =4349.1, calculated =4350.16; Alm-Q18 = C»
H;,5N5,0s53  observed =4291.0, calculated =4292.03;
Alm-K 18 =C5,0o,H333N5,05; observed =4291.7, calcu-
lated =4292. 12, Alm—Dpr = C196H321N51051 observed =
4207, calculated =4207.96.

4.2. Single-channel measurements

Peptides (~0.1 uM in MeOH) were added to the
ground-side of membranes formed from diphytanoyl
phosphatidylcholine/decane (50 mg/mL). Polystyrene
bilayer chambers with 150-uym apertures (Warner
Instrument Co.) were used. Voltage was set using an
Axopatch ID patch-clamp amplifier (Axon Instruments)
controlled by Synapse software (Synergistic Research
Systems) and currents were measured. A CV-4B-0.1/100
switchable headstage was used with the gain set to 0.1.
All data was filtered at 1 kHz, sampled at 5x the filter
frequency, stored directly to disk and analyzed using
Synapse and Igor (Wavemetrics, Inc) software. All mea-
surements were preformed at 22° C (+2°C). Salt solu-
tions were connected via agarose/KCl salt bridges to 1 M
KCl salt reservoirs containing silver/silver chloride
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electrodes. All salt solutions (0.01 and 1.3 M) contained
5 mM BES, pH=7.0.

Single-channel current—voltage (/~V) curves were
obtained using the following voltage-clamp protocol: a
step from 0 to +200 mV, holding at 200 mV for 100-
700 mS, then a ramp down to —200 mV over the course
of 30-80 ms, followed by a return to 0 mV for several
seconds. Capacitive currents obtained when no channels
were open were subtracted from currents obtained with
a single channel open during the ramp. With ramp times
greater than 20 ms and the amplifier settings described
above, the capacitive transient did not lead to amplifier
saturation. This protocol measured the /- relationship
for channels oriented with their N-terminus at the high-
salt side of the membrane. The N-terminus inserts
through the membrane made positive by the applied
field and the high-salt side (1.3M KCI) is always at
electrical ground.
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