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ABSTRACT. The peptide alamethicin self-assembles to form helix bundle ion channels in membranes.
Previous macroscopic measurements have shown that these channels are mildly cation-selective. Models
indicate that a source of cation selectivity is a zone of partial negative charge toward the C-terminal end
of the peptide. We synthesized an alamethicin derivative with a lysine in this zone (replacing the glutamine
at position 18 in the sequence). Microscopic (single-channel) measurements demonstrate that dimeric
alamethicin-lysine18 (alm-K18) forms mildly anion-selective channels under conditions where channels
formed by the parent peptide are cation-selective. Long-range electrostatic interactions can explain the
inversion of ion selectivity and the conductance properties of alamethicin channels.

lon selectivity is a critical feature of ion channels and is channels will be dominated by long-range electrostatic
essential to the normal functioning of biological membranes. interactions 9, 10). Such interactions can be described by a
An elementary level of selectivity is charge selectivity, the Poissor-Boltzmann model, given an appropriate structure
ability of a channel to discriminate between ions with (11-16).

opposite charges (e.g.,"Ws CI'). Fundamentally, selectivity Detailed structural models of the alamethicin channel have

must be_ a consequence o_f the energetics and kinetics of ”_“been developed previously7, 18). These models were used
interactions between the ions, the channel, and water. Thlsto calculate electrostatic energy profiles for a cation (or

can be a complicated physicochemical system, however, S0yiqny along a trajectory through the pore by numerically
it has been difficult to pr.edlct what kind of selectivity will _solving the linearized PoisserBoltzmann equation for a
resqlt even when a detal!ed structural model .Of. a Channel.'sseries of salt concentration8)( Rigorous calculations of
avallablg. For example, in the case of gram|C|d|n,_there_: IS detailed electrostatic potential profiles in the presence of a
an ongoing debate about the origin of charge selectivity, i.e.

whether this arises from differential proteiion interactions salt gradient, however, present a number of complications
: ; . P (19, 20). Nevertheless, electrostatic calculations can still
or ion—water interactions1(—3).

We h ; d derstanding th i identify zones of channel charge that may act as sources of
i ef avel "t‘_’“sle on uln erstan 'Tﬁ] el perr:;e_a_ 'Onhpmpelr'cation versus anion selectivity. Alamethicin channels exhibit
I€s Of a refatively simpie system, the alametnicin channel ; y a4 zone of favorable electrostatic interactions between
(4, 5). Alamethicin monomers or dimers (Figure 1) adopt

helical secondary structures. These self-assemble in mem—a cation and the pore in the region from the glycine at
branes into ion-conducting Helix bundled).( Alamethicin position 11 to the C-terminus). The glutamine side chains

) : at position 18 as well as the kinked peptide backbone appear
channels have served as models for protein helix bundle . : )

. . to contribute to these interactions. A favorable, although less
channels such as those belonging to the acetylcholine receptor X . : :
family. pronoupced, mteractlgn ywth anions also occurs at the

. . . . N-terminus due to helix dipoles.

The relative permeation rates of various ions through . o
alamethicin channels paralle! their relative diffusion rates in ~Macroscopic measurements have been reported that indi-
appear to saturate as the ion concentration is increged (& and Menestrina et al.7( 21, 22) measured reversal
These observations suggest that continuum diffusion effects potentials for alamethicin Rf30 (Glu-18) channels in KCl
rather than ion binding events at discrete sites, dominate theSalt gradients. The orientation of the channels with respect
movement of ions through these channels. Furthermore, thesdo the salt gradient is likely the same as in the case described
observations suggest that the charge selectivity of the here (see below). A macroscopic selectivRy{({Pci- = 2.7)

was observed. Hall et al28) performed qualitative macro-

T This work has been supported by the Canadian Cystic Fibrosis scopic sele_ctlvny measuremems_ by applymg_ voltage steps
Foundation. and recording current decays in KCl gradients. Several
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Ficure 1: Primary structure of (a) alamethicin Bi&B-aminopropyl)-1,7-heptanediamide (alm-BAPHDA, or alm-Q18) and (b) alamethicin-
lysine 18 (alm-K18). AIm-Q18 has glutamine at position 18 (Q-18) and is used here as the standard for comparison. Monomeric forms of
the peptides terminate after residue 20. Alamethicin Rf30 (used in previous macroscopic measurements) has glutamate at position 18.

also been reported to affect alamethicin charge selectivity acids, 8 equiv of HATU, and 16 equiv of DIEA at a coupling
(29). concentration of 0.3 M (amino acid) in DMF. The DDE
To test the role of long-range electrostatics in determining group was used for orthogonal protection for the Lys side
alamethicin charge selectivity, we decided to attempt to chain function. Before deprotection of the DDE group with
engineer a change in selectivity from cation-selective to 2% hydrazine/DMF (2x 10 min), the N-terminus was
anion-selective. To assess the charge selectivity experimen-acetylated using an acetic anhydride/DIEA/DMF mixture
tally, we focused exclusively on microscopic (single-channel) (1:2:7) for 30 min. The alamethicin-K18 chains were then
conductance measurements. Whereas the macroscopic chargessembled using 8 equiv of isolated Fmoc amino acid
selectivity measurements described above reflect the selecfluorides £5) and 8 equiv of DIEA at a concentration of
tivity properties of an ensemble of structures, single-channel 0.3 M (amino acid) in DMF. Double couplings ¢2 45 min)
measurements permit selectivity to be related to specific were performed.
conducting structures. We synthesized a dimeric alamethicin At the end of the synthesis, the N-terminal amino function
derivative (alm-K18) with lysine replacing glutamine at was acetylated using the protocol described above. Peptide
position 18 in the sequence. This derivative was found to resin cleavage was performed with a solution of 2%
form mildly anion-selective channels under conditions where triisopropylsilane and 5% water in 50% TFA/DCM for 50
channels formed by the parent peptide are cation-selective.min. The product was precipitated in diethyl ether and
purified by preparative HPLC (Polyencap A300 column, 4.6
EXPERIMENTAL PROCEDURES mm x 125 mm, linear gradient, eluant A being 0.1% TFA
in water, eluant B being 0.1% TFA in 80% acetonitrile/20%
water). Prior to being used in single-channel measurements,
the peptide was rechromatographed under the same condi-
tions using an analytical-scale column of the same type. The
peptide was analyzed by HPLC and MALDI-MS. The purity
as determined by HPLC was97%. MALDI-MS data:
Ac-Lys-(alamethicin-K18)-Gly-Lys-(alamethicin-K18)-
NH; calcd 4291.3 [M+ H]™, found 4313.1 [M+ Na]J'.
Single-Channel MeasurementSypically, 3—5 uL of
 Abbreviat . alamethicin: BAPHDA. bG-am ) peptide solution{0.05 mg/mL in MeOH) was added to both
reviations: aim, alametnicin, » DIstS-aminopropyf)- sides of membranes formed from diphytanoylphosphatidyl-
;’jfgrﬁgtggﬁﬁ'%né',sf’diEﬁg;\c‘;mg'ﬁé%ngfggeéﬂngzroir%‘t%stlgﬂﬁe; choline/decane (50 mg/mL). Polystyrene bilayer chambers
DMF, dimethylformamide; MALDI-TOF, matrix-assisted laser desorp- With 150 um apertures (Warner Instrument Co.) were
tion time-of-flight; Fmoc, 9-fluorenylmethyloxycarbonyl; HATQ-(7- employed. Currents were measured, and the voltage was set

azabenzotriaol-1-yIN,N,N',N'-tetramethyluronium hexafluorophos- ; _ I _
phate; HPLC, high-performance liquid chromatographyy, current- using an Axopatch 1D patch-clamp amplifier (Axon Instru

voltage; K'Glu~, potassium gluconate; MeOH, methanol; NG, ments) controlled by Synaps_e (Synergistic Research Sys-
N-methylo-glucosamine chloride; TFA, trifluoroacetic acid. tems). A CV-4B-0.1/100 switchable headstage was em-

Peptide SynthesisAlm-K18 dimers were obtained via
stepwise solid-phase assembly of two parallel (monomeric)
alamethicin-K18 chains on an Ac-Lys-Gly-Lys-NHem-
plate. Initially, the template was synthesized using a TG-S
RAM resin (Rapp Polymere, Tingen, Germany; loading
of 0.24 mmol/g) on a model 433A peptide synthesizer
(Applied Biosystems, Weiterstadt, Germany). Double cou-
plings (30 min) were applied using 8 equiv of Fmoc amino
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ployed, with the headstage gain set at 0.1. Data were filtered (a) (b)
at either 2 or 1 kHz, sampled at 5 times the filter frequency,
stored directly to disk, and analyzed using Synapse and Igor
(Wavemetrics, Inc.). All measurements were taken a#-22

2 °C. Salt solutions were connected via agarose/KCl salt
bridges to KCI (1.3 M) reservoirs containing silver/silver
chloride electrodes. All KCI solutions contained 5 mM BES
(pH 6.8). NmgCl~ and KtGlu~ solutions were buffered with

5 mM BES to pH 7 by addition of KOH or HCI. Conduc-
tances of bulk solutions were measured using a Wheatstone T

HPLC trace MALDI-TOF Mass Spectrum

4313.1 (M + Na)+

bridge as described by Shoemaker et 26) ( JL_
Single-channel currentvoltage (—V) curves were ob-

tained using the following voltage-clamp protocol: a step T T

from 0 to 200 mV, holding at 200 mV for 56600 ms, then © enmime e,

a ramp to—200 mV over the course of 280 ms, followed . 2 () HPLC ch ‘  the alm-K18 di Al
by a return to 0 mV for several seconds. Capacitative currents 'r(;té?:m'frga% 50 10 8000 mol e e e Tolres of 35 it s
obtained when no channels were opened were subtractqused (solvent A being 0.1% TFA in water, and solvent B being
from currents obtained with a single channel open during 0.1% TFA in 80% acetonitrile/20% water), at a flow rate of 0.8
the ramp. WIth ramp times 0£20 ms and he amplfer @ ected and tsed for Single-channel measarements. (o) MALD!

. : oo . . ollec . . .
Isee;gnt%sacrjr?;fi:friI(Erega?frc;\tli%nfhe capacitative transient did nOLCI'OF mass spectrum of th% HPLC-purified alm-K18 dimer.

This protocol measures the-V relationship for channels Synthesis of the complete dimer on a solid support was
oriented with their N-terminus at the high-salt side of the found to be a superior approach to dimerization of separately
membrane since the high-salt (1.3 M KCI) side is always at synthesized alm-K18 monomers (data not shown). Incom-
electrical ground and the N-terminus inserts through the plete dimerization with the latter procedure led to peptide
membrane from the side made positive by the applied field mixtures that proved to be difficult to separate using HPLC.
(8, 27). Figures 4 and 5 show several individual ramips\( In Figure 2 are shown an HPLC chromatogram (a) and a
curves) superimposed. The ramps have not been averageMALDI-TOF mass spectrum (b) of the alm-K18 peptide
or smoothed (except by the amplifier filter) so that the synthesized entirely on the solid support and then purified
variability and noise shown in the plots directly represent in preparation for single-channel measurements.
the experimental variability. The number of rampg) ( Channel Properties in Symmetrical KCI Solutioris.
superimposed in each case is indicated in the figure legendsFigure 3a is shown a constant-voltage current recording of
Smooth polynomial curves are drawn through the points as channels formed by the alm-K18 dimer (1 M KCI, 200 mV).

a visual aid only. The pattern of channel formation is typical for a dimeric
Permeability ratios were calculated from reversal potentials alamethicin derivative; even-numbered conducting bundles

as described by Lear et aR8). Activity coefficients for KCI are selectively stabilized (panel b31). The lifetimes of

solutions were taken from Robinson and Stok23).(Plots individual states appear to be somewhat reduced compared

of chord conductances versus voltage were obtained byto those of the corresponding states of the (uncharged) alm-
dividing the measured current by the measured voltage usingQ18 (GIn-18, alm-BAPHDA) channellg), although a full
the data analysis program Igor (Wavemetrics, Inc.). analysis is beyond the scope of this report.

Molecular Modeling and Electrostatic Calculatiorslame- The currentvoltage (—V) relationship of the putative
thicin models were generated by restrained molecular hexamer level 18) of the alm-K18 dimern 1 M KClI is
dynamics simulations as described previou&ly; (8). These compared to that of the alm-Q18 dimer in Figure 4a. At
were subsequently employed in calculations &€ of positive voltages (the N-terminus is at ground), the observed
ionizable (lysine) residues using the procedure described incurrent for alm-K18 is smaller than for alm-Q18. For
detail by Adcock et al.30). Electrostatic potential profiles  negative voltages, however, the current is larger. A plot of
and single-channdl—V relationships were then estimated chord conductance versus voltage (Figure 4b) shows clearly
as described by Woolley et aB)( that the alIm-K18 peptide does not rectify as strongly as the

native alm-Q18 channel.
RESULTS AND DISCUSSION The origin of rectification in the alm-Q18 channel appears

Peptide Synthesi¥Ve synthesized an analogue of alame- to be the asymmetric distribution of charge along the channel
thicin with lysine at position 18 [alm-K18 (Figure 1)]. axis ). There is an electrostatic barrier for cations at the
Position 18 is a pore-lining site that should not interfere N-terminus and a potential well toward the C-terminus. The
directly with helix—helix packing. A dimeric peptide, rather opposite is true for anions. In the alm-K18 channel, the
than a monomer, was constructed because previous studieslectrostatic field generated by the lysine residues should
had demonstrated that dimerization leads to extended singlenegate, to some extent, the potential well for cations (see
channel lifetimes X8). Extended lifetimes are required to below). The electrostatic potential profile will then be more
make measuring single-channelV relationships practical.  uniform along the length of the channel. A more uniform
The linker for the dimeric peptide (Figure 1) was chosen to electrostatic profile is expected to produce more lineav
resemble as closely as possible previously employed linkers.curves, i.e., less rectificatiorB);

Small differences in the linkers are not expected to affect Charge Selectity Measured in a KCI GradientCharge
the channel conductance properties significarly).( selectivity was assessed by measuliny relationships in
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Ficure 3: Properties of alm-K18 channels in symmetrita/ KCI solutions (5 mM BES at pH 6.8): (a) single-channel current events at
a constant voltage (200 mV) and (b) the frequency of occurrence of different current levels (200 mV).
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Ficure 4: Comparison of the conductance properties of alm-K18 channels and alm-Q18 channels in syininktri¢@l solutions (5

mM BES at pH 6.8). (a) Single-channetV curves of alm-K18 (solid line) and alm-Q18 (dashed line). The direction of the voltage ramps

is indicated by the arrows. The numberlofV ramps superimposed for alm-Q18 was seven and for alm K-18 was five. Transitions to
closed states have been eliminated for clarity. (b) Chord conductances calculated from the data shown in panel a. The alm-K18 dimer
rectifies much less strongly than alm-Q18.

KCl salt gradients. In Figure 5 are shownV relationships the (asymmetric) channel, as has been found for the Leu-
for alm-Q18 and alm-K18 in the presence of a 0.1 to 1.3 M Ser series of helix bundle peptides studied by Kienker et al.
KCI gradient (panel a) and a 0.01 to 1.3 M KCI gradient (2, 32). Anion selectivity was observed with alm-K18,
(panel b). The reversal potential observed for alm-Q18 in however, with either orientation of the salt gradient.
the latter case (panel b) is 35 mV, indicating that alm-Q18  The single-channel charge selectivity of aim-Q18 measured
is cation-selective with &x+/Pc- of 4.3. The observed  under the conditions described in the legend of Figure 5 is
reversal potential for alm-K18«32 mV) gives a perme-  similar to the macroscopic selectivityP{/Pc- = 2.7)
ability ratio Pci-/Pc+ of 3.7, similar in magnitude, but reported by Eisenberg et alf)(for the naturally occurring
opposite in sign, to that of alm-Q18. That is, alm-K18 is glutamate-containing alamethicin derivative Rf30 (alm-E18).
anion-selective. With the smaller ion gradient (0.1 to 1.3 M Even if it were incompletely ionizetla glutamic acid residue
KCI, panel a), a similar result is obtained (for alm-QPg;/ at position 18 (alm-E18) might be expected to increase the
Pci- = 2.1, for alm-K18,P¢i-/Pc+ = 1.8), but the observed  negative charge density in the C-terminal zone and so
permeability ratios are somewhat lower. The decreasedcontribute to increased cation selectivity. Conversely, helix
selectivity with the smaller KCI gradient is presumably a bundles larger than the octamer occurring in a macroscopic
result of an increased level of screening of charge on the ensemble might be expected to exhibit lower levels of charge
peptides by the higher-ionic strength solution (0.1 vs 0.01 selectivity. The macroscopic permeability raftg+/Pci- of
M KCI at the C-terminal side of the membrane). 2.7 presumably reflects a weighted average of the single-
This particular alamethicin-conducting state has tentatively channel charge selectivities of the members of the conducting
been assigned to a bundle of eight helices (four dimé®) ( ensemble.
The putative hexamer level exhibits a similar selectivity (data

not shown). The observed selectivity of alm-Q18 was 2 agis suggested by calculations of glutamic aditipin alm-Rf30
sensitive to the orientation of the salt gradient relative to bundles 83).
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(a) 400 T T 5 Table 1: Single-Channel Currents in NA@~ and K'Glu~
- Solutions
P oans salt record 6-mer 7-mer 8-mer
T a0k peptide solutior® time (sp  (pA)° (pA) (pA)
‘% alm-Q18 K'Glu~ 293 61+ 7 142+ 7 235+ 10
5 E alm-Q18 NmgCl~ 183  49+7 12448 210412
5 alm-K18 alm-K18 K'Glu~ 131  30+£12 75+20 155415
% 0 alm-K18 NmgCl~ 93 55+ 10 130+7 220+ 10
§ 1 a Salt solutions (1 M) were employed with an applied potential of
5 alm-Q18 (native) ] 200 mV."? Total recording time (channels were open at some current
o ] level more than 50% of the timejAs discussed in the text, the
2 200 F 1 molecularity of particular current levels is tentatively assigned.
» 1
t (a) am-Q18 s .} 8-mers
400 et i 1o e N T I % Cl
-200 -100 0 100 200
Applied Voltage (mV)
(b) 300:"""""""""'"" }6-mers
E 0.01/1.3
200 £ '
< _
(=1
2 f00f e~
[ B}
5 am-K18 | ot (b) alm-K18 -
o o Cl
£ 0 } 8-mers
£ alm-Q18 (native) - +
2 -100f 3
2
-200 | ] 100 pA } 6-mers
-300 L T T . ) . . .
200 FIGURE 6: Single-channel recordings of alm-Q18 (a) and alm-K18
-200 -100 0 100 (b) in 1 M solutions of K'Glu~ (black) and NmdCI- (gray). Each
) solution also contained 5 mM BES buffer (pH 7). Octameric and
Applied Voltage (mV) hexameric levels are indicated.

Ficure 5: Single-channel currentvoltage (—V) curves for the
octamer level of alm-Q18 (linked with the BAPHDA group) and therefore depend primarily on the relative permeability of
dimeric alm-K18 (Figure 1) channels. Channels opened at 200 mV, the channel for K and CI ions.

whereupon the voltage was ramped+800 mV (as indicated by . . .
the long arrows) over 2680 ms and the current recorded. Channels  Continuous records of single-channel events were obtained

generally closed before the voltage reacke2D0 mV. Capacitive for alm-Q18 and alm-K18n 1 M solutions of KGlu~ and
currents recorded when no channels were opened were subtracteimg™CI~ at an applied potential of 200 mV. Observed
as described in Experimental Procedures. The KCI concentration c,rrent levels are collected in Table 1. Sections of the records

was 1.3 M on the grounded side and either 0.1 (panel a) or 0.01 M N )
(panel b) on the other side with 5 mM BES at pH 6.8 on each side. &€ Plotted together in Figure 6a (alm-Q18) and Figure 6b

Channels are oriented so that the N-terminal side is at ground. (2Im-K18) to facilitate a visual comparison of the selectivi-
Reversal potentials are indicated. The numberle¥ ramps ties. With alm-Q18 channels (Figure 6a), the single-channel
superimposed (a) for aim-Q18 was eight and for alm K-18 was ten current is higher in KGlu~ than in NmgCIl~ but only
and (b) for alm-Q18 was eight and for alm-K18 was eleven. marginally (« /1~ = 1.2 for the hexamer level arld+/lc-

Transitions to closed states have been eliminated for clarity. = 1.1 for the octamer level). In alm-K18 channels (Figure

Charge Se|ecﬂty Measured Using Bu'ky Counterions. Gb), hOWeVer, the Ckmediated current is Significantly h|gher
As another measure of charge selectivity, single-channelthan the K-mediated onelg/Ix+ = 1.8 for the hexamer,
measurements were taken using solutions of potassium@ndlcr/l* = 1.4 for the octamer).
gluconate (KGlu~) andN-methylglucosammonium chloride The sizes of the Ckmediated current in the alm-K18
(Nmg"CI). In both solutions, the majority of the currentis channels and the Clmediated current in the alm-Q18
expected to be carried by the smaller ion. Bulk conductivity channels are similar (Figure 6 and Table 1). ThHerdediated
measurementsfd M solutions of K'Glu~ and NmgCI~ current in the alm-K18 channels, however, is significantly
gave similar values for equivalent conductance (45.6 and 44.1reduced. Thus, it appears that the Gklectivity of alm-
Q71 mol™* cn?, respectively). Thus, Kions are about as K18 occurs primarily as a result of a decreasedg€rme-
mobile in a solution of KGlu™ as CI ions are in a solution  ability of alm-K18 relative to that of alm-Q18. The lower
of NmgtCIl~. The relative magnitudes of single-channel current observed for Kin alm-K18 channels is unlikely to
currents measured inGlu~ and Nmg Cl~ solutions should be due to a misidentification of (for example) the 8-mer level



Anion-Selective Alamethicin

%KCI (rest is KGlu)

(a) (b)
1200 Fo T I T T T T I 500 g O O e T
1000 ¢ equfvalent conductance of 400 ¢ \equivalent conductance of E
— [ bulk solution (10x(e2 ol 'eri®) —_ E bulk solution (10x(€X 'mor em?) 3
<é_ 800 : \ g_ 3 E
S 2 300 3
§ 6002 é 8-mer 3
3 ; 3 200F
5] b
© 400t
200 [ 100 g
0

Biochemistry, Vol. 38, No. 19, 199%149

% NmgCI (rest is KGlu)

FIGURE 7: Single-channel currents of alm-K18 in mixed salt solutiohd M solution of K"Glu~ was mixed wih 1 M solutions of KCI
(a) or NmgCI~ (b) in the proportions indicated. Single-channel currents were measured as described in the text. Bulk equivalent conductances
(in the indicated units) are plotted on the same scale for reference.

as a 7-mer because the levels above and below the indicated If ion permeation in alamethicin is dominated by long-

8-mer have shorter lifetimes (as expected for an even-range electrostatics, then an understanding of ion selectivity

numbered level). based on a structural model of the pore may be possible.
To confirm that the current levels were correctly identified, Because the alamethicin channel assembles from identical

we performed a series of single-channel current measure-subunits, the electrostatic character of the pore is ap-
ments where KGlu~ and KCI (or Nmg CI-) solutions were ~ Proximately cylindrically symmetric. It is primarily the
combined in different proportions. Figure 7 (upper lines in Position along the long axis of the pore that determines the
panels a and b) demonstrates that the bulk conductivities ofélectrostatic energy of a permeating ion. Where cylindrical
these mixed salt solutions are approximately linearly de- Symmetry does not exist (e.g., in porins), an electrostatic
pendent on the concentrations of each component.in K description of ion selectivity will be more complicatet?y.
Glu/KCl mixtures (panel a), we reasoned that if the single- ~ For a quantitative electrostatic description of the alm-K18
channel current levels were correctly identified, they should pore to be made, the ionization state(s) of the lysine residues
approximate|y para||e| the bulk Conducti\/ity as the proportion must be known. Preliminary electrostatics calculations based
of one salt is systematically increased. This is observed toOn an octameric alm-K18 pore model suggest that ca. four
be the case (Figure 7a). If a level were misidentified, the Of the eight lysine residues will be positively charged at
currents for that level would show a dependence on the heutral pH. Currentvoltage curves calculated using this
percentage of KCl that was distinctly different from the bulk. assumption are approximately linear (i.e., no rectification)
Figure 7b shows the results from an analogous experimentand indicate an anion:cation selectivity ratio of about 2. Both
where the proportions of #KGlu~ and NmgCI~ were varied. of these predictions agree with the experimental observations.
Since the bulk conductivitiesfd M solutions of KfGlu~ In contrast, if all eight lysine residues are assumed to be
and NmgCl- are very similar, the single-channel currents Positively charged, the channel is predicted to rectify strongly
should only reflect the relative permeability for Kersus and have a much higher anion:cation selectivity ratio. If none
CI-. Here too, there are no abrupt changes in the current asof the lysine residues are charged, the channel is predicted
the percentage of KGlu~ varies, which, if they occurred, to be cation-selective. Thus, it would seem the most likely
would indicate a level misidentification. Instead, a gradual State of the channel is one in which half of the lysines are
increase in current is observed as the percentage of@ng ionized.
is increased, consistent with a greater permeability of the The results presented here imply that rational design based
alm-K18 channel for Cl than for K. on electrostatic modeling of alamethicin pores could be a
Origins of Selectiity. These results appear to confirm the [Tuitful approach for generating channels that displayed
prediction that, at least for these conducting levels of the Nigher degrees of charge selectivity. Analogues could be
alamethicin poré,charge selectivity is dominated by long- d€signed and synthesized that incorporated more extreme
range electrostatic interactions. Of course, one cannot be suréhanges of channel charge distribution. Highly anion-
that a change in pore structure has not occurred as a resulf€/€ctive alamethicin analogues could prove to be useful as
of the glutamine to lysine mutation. Indeed, a change in t00IS for manipulating cellular anion permeability.
structure must have occurred, at Iegst locally. It would be ACKNOWLEDGMENT
surprising, however, that a change in pore structure alone
would have coincidentally resulted in a switch in charge = We acknowledge Prof. Gilles Lajoie for helpful discussions
selectivity in the direction predicted on electrostatic grounds. and the referees for helpful comments.
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