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ABSTRACT. The synthesis and single-channel characterization of two redox-active C-terminal derivatives
of alamethicin are herein described. The reduced [Fe(ll)] forms of ferrocenoyl-alamethicin (Fc-ALM)
and I-carboxyferrocenoyl-alamethicin (cFc-ALM) are shown to form voltage-dependent ion channels at
cis positive potentials in planar lipid bilayers (PLB) with conductance properties similar to those of
alamethicin. In situ oxidation of Fc-ALM [to Fe(lll)] in the PLB apparatus causes a time-dependent
elimination of channel openings, which can be restored by an increase in the transbilayer potential. In
contrast, oxidation of cFc-ALM leads to the formation of shorter-lived channels. Pretreatment of the
ferrocenoyl peptides with oxidizing agent alters their single-channel properties in a qualitatively similar
manner, establishing that the changes in channel properties in the presence of oxidizing agents are due
specifically to ferrocenoyl oxidation. We suggest that the redox sensitivity of these ferrocene-containing
ion channels may be governed by a combination of the following factors: (1) changes in hydrophobicity;
(2) alteration of peptide molecular dipole; and (3) alterations in tendencies toward self-association.
However, oxidation induced changes in peptide conformation cannot be ruled out. Our results provide
evidence that it is possible to engineer channel-forming peptides that respond to specific changes in the
chemical environment.

Alamethicin is perhaps the best-characterized member of Two recent reports by Woolley and co-workers demon-
the family of channel-forming peptides (CFP&nhown as strate that it is possible to alter significantly the biophysical
peptaibols (Woolley & Wallace, 1993; Sansom, 1993a; properties of alamethicin through C-terminus modification.
Latorre & Alvarez, 1981). Alamethicin self-associates in In the first report the pyromellitoyl ester of alamethicin is
lipid bilayers in a voltage-dependent fashion to form ion shown to form channels with significantly higher single-
channels. Significant evidence has accumulated that supportshannel conductance levels, longer open times, and a
the “barrel-stave” model of ion channel formation, whereby markedly increased sensitivity to divalent ions compared to
a-helical monomers of the peptide insert into the bilayer and alamethicin itself (Woolley et al., 1994). These investigators
aggregate to form bundles (Baumann & Mueller, 1974; also show that in macroscopic measurements higher trans-
Boheim, 1974), thus creating a pore through which ions can bilayer potentials are required for channel activation. Their
pass (Sansom, 1993b). These bundle-like assemblies are ofost recent report demonstrates that tethering alamethicin
mounting interest since they may be prototypica| of bio|ogi- monomers together using flexible covalent Iinkages leads to
cally important ligand gated ion channels such as the the formation of ion channels with markedly increased
nicotinic acetylcholine receptor (Karlin & Akabas, 1995; conductance lifetimes and a significantly narrower distribu-
Unwin, 1993). Moreover, the size of the assemblies is well tion of assembly sizes (You et al., 1996).
within the limits of computational simulation. Thereisalso ~ On a related front, DeGrado’s group (DeGrado & Lear,
an ever increasing interest in channel peptides with novel 1990; Akerfeldt, 1993) have demonstrated that helical
properties for potential use in biosensor technology and Peptides with very simple amino acid composition, i.e.,
nanodevices (for a review, see: Schnur & Peckerar, 1992).leucine and serine, can form voltage-gated ion channels
similar to alamethicin and other channel-forming peptides.
Similar peptides have been constructed from leucine and
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® Abstract published irAdvance ACS Abstractsanuary 1, 1997. As part of a related effort, we have been motivated to
! Abbreviations: ALM, alamethicin; BESY,N-bis(2-hydroxyethyl)- create CFPs with sensitivity to their chemical environment.

2-aminoethanesulfonic acid; CAN, cerium(lV) ammonium nitrate; cFc- \we now report our results of our investigations with
ALM, 1'-carboxyferrocenoyl-alamethicin; CFP, channel-forming pep- . . - ; -

tide; DPhPC, diphytanoylphosphatidylcholine; DMAP NiN-dimethyl- alamethicin esterified with fecerrocenecarboxylic acid ot-1,1
amino)pyridine; DMF, dimethylformamide; Fc-ALM; ferrocenoyl- ferrocenedicarboxylic acid (Figure 1A). The redox-active
alamethicin; HOAc, acetic acid; LDMS, laser desorption mass spec- metallocene bis(cyclopentadienyl)iron, or ferrocene, was
trometry; HPLC, high pressure liquid chromatography; MeCN, aceto- oha5en pecause of its unique redox properties (Figure 1B):
nitrile; MeOH, methyl alcohol; F phenolalaninolR;, TLC retentivity . . . .
factor: V;, potential required to elicit a 100 pA current in macroscopic  the iron center can be easily oxidized and reduced chemically

current-voltage measurements. or electrochemically. In addition, the oxidized (blue) form
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FiGure 1: (A) Chemical structures d& = 50 alamethicin (ALM), p L
ferrecenoyl-alamethicin (Fc-ALM), and'-tarboxyferrocenoyl- 0 . — , ,
Y . . . 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
alamethicin (cFc-ALM). Standard single letter abbreviations for Hase/Charge

amino acids are used; Ac is acetate, dJaminoisobutyric acid FIGURE 2: Mass spectral results. Samples were dissolved in 200
(Sgn_som, 1993); and' Fphenylalaninol. (B) Reduced Fe(ll) and uL of methanol, and a small portion<( uL) was applied to a
oxidized Fe(lll) states of ferrocene. sample slide, dried, and then overlaid witxll of matrix solution
o ] (10 mg/mLa-cyano-4-hydroxycinnamic acid (panel A) or 10 mg/
of ferrocene is diamagnetic whereas the reduced (orange)mL sinapinic acid (panel B) in 50% acetonitrile/0.1% trifluoroacetic
form is not. acid). The dried sample spot was then washed with high grade water
Thus, the introduction of a dual chromophoric and (2 x 5 uL) and then dried again before placing the slide in the

; Aty : 4. mass spectrometer. Spectra were recorded on a Kratos MALDI 1l
magnetophoric moiety into the peptide offers new possibili mass spectrometer in linear mode with negative ionization at

ties through which to probe the behavior of CFPs. Fc-ALM  threshold laser power and 20 kV accelerating voltage. Calibration
and cFc-ALM show modified channel-forming properties was internal with 1 pmad/L oxidized insulin B chain. If necessary,
relative to the parent peptide. Moreover, the channel activity serial dilutions of the original sample in methanol were examined
of the two ferrocenoyl derivatives is sensitive to their redox 0 obtain the best signal to noise response. Fc-ALM (top trace)
state. These changes are discussed in terms of possiblg_xf’_ﬁ‘ft)eszrﬁ;si (Z[bSZ'?_'E[ON;,';] 2)6700.86{[\!/\;? _n;ZSQSHj,l)WC'éé_[M
molecular mechanisms of channel formation. Finally, we ALM (bottom trace) expected mass: 2219.0 ((VH]-) ; observed
present evidence for a mechanism that may contribute to themass: 2219.7 (M- H]~), 2059.2 ([IM — FeGHsCOOH]").
redox sensitivity of channels formed from these peptides.

Ferrocene-1,1dicarboxylic acid dichloride was prepared by
MATERIALS AND METHODS the method that Lau and Hart (1958) used for the preparation

Ferrocenecarboxylic acid, I-ferrocenedicarboxylic acid, ~ ©f ferrocenoyl chloride with appropriate stoichiometric
4-(N,N-dimethylamino)pyridine, sodium dithionite, and Modifications (data not shown) and recrystallized from

cerium(IV) ammonium nitrate were purchased from Aldrich Petroleum ether (bp 6680 °C) as dark red crystals. Sep-
Chemical Co. (Poole, U.K.). High puritj,N-bis(2-hy- Pak Gg reverse phase chromatography cartridges were
droxyethyl)-2-aminoethanesulfonic acid and tRe= 50 purchased from Waters Ltd. (Watford, U.K.). Glass thin-
molecular species of alamethicin frofmichodermaviride layer chromatography (TLC) plates were purchased from
were purchased from Sigma Chemical Co. (Poole, U.K.). Whatman Inc. (Maidstone, U.K.). TLC plates were devel-
Diphytanoylphosphatidylcholine was purchased from Avanti OP€d in one of the following systems: system A (ChICl
Polar Lipids (Alabaster, AL). Sephadex LH-20 was pur- MeOH/HO, 65:25:2 v/v) or system B (CHgMeOH/H,0/
chased from Pharmacia Biotech (Uppsala, Sweden). PyridineHOAC, 70:30:3:2 viv). ~After development, spots were
was dried by distillation from calcium hydride; dimethyl Visualized by Cl-tolidine reagent (Stahl, 1965). Details of
formamide was distilled over dxie4 A molecular sieves prior ~Mass spectrometric analysis are given in the legend of Figure
to use. Water used in peptide purification and PLB work 2.

was double distilled and further purified using a Milli-Q Synthesis of Ferrocenoyl-alamethicinThe following
purification system. Ferrocenoic anhydride was synthesizedsynthesis is based on an adaptation of the published method
according to the method of Acton and Silverstein (1955). of Woolley et al. (1994). Alamethicin (7.5 mg, 3uénol),
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DMAP (10 mg, 82umol), and ferrocenoic anhydride (125
mg, 264umol) were dissolved in 1.2 mL of dry DMF and
0.5 mL of pyridine. The mixture was stirred overnight under
a nitrogen atmosphere. The reaction was quenched by the |
addition of 1.8 mL of distilled water in small portions. After
stirring for a short period, a precipitate formed which was
removed by centrifugation. The entire reaction mixture was
applied to an LH-20 gel filtration column (2 30 cm), eluted
with methanol at a flow rate of 10 mL/min, and monitored
for absorbence at 260 nm. The first peak to elute was , P PP P P P 1
collected and solvents were removed by rotary evaporation. mv

The residue was dissolved in MeCN and loaded onto a Sep-
Pak cartridge. The cartridge was then washed with 5 mL B
of water, followed by elution of peptide with 15 mL of
MeCN. The eluent was dried and the above process
repeated. The resulting residue was dissolved in acetonitrile
and purified by reverse phase HPLC (Zorbay, Qising a
linear gradient of HO/MeCN, starting at 91:9 $#0/MeCN

and ending at 10:90 #/MeCN). Using a flow rate of 2.0 . . . . i . )
mL/min, the desired product eluted at 95 min. The product 2°° *°° %0 50 S0 100 Ms0 200
migrates as one spot on TLC using systemR\= 0.7, mV

compared to alamethiciR = 0.4. negative ion LDMS: Ficure 3: Current-voltage (—V) measurements in planar lipid

2187.4 (IM— HI9). 2173.1 (IM— H-O17). 2070.9 (IM — bilayers. Peptides were added to tie(positive potential) chamber
8 @ 1, 31 ( 20"), 20709 ([ of the PLB apparatus to a final concentration of Q&&in buffered

FeGHe] ’),-Flgure 2 (top trace). . ) electrolyte (0.5 M KCI, 10 mM BES, pH 7.0). Triangular voltage
Synthesis of 'iCarboxyferrocenoyl-alamethicinDuring sweeps A = 20 s) from—100 to+100 mV for ALM, —90 to+90
the course of our investigations, a simpler method for the mv for Fc-ALM, and—180 to+180 mV for cFc-ALM were then

synthesis and purification of the peptides was developed andapplied. Currents from 20 such sweeps were averaged together and

used to make the following compound. Ferroceng-1,1 are plotted as follows: ALM+-); FC-ALM (- - -); and cFc-ALM

. . . . . (—). The right hand curve of each pair represents the induced current
dicarboxylic acid dichloride (100 mg, 321mol) and during the ascending portion of the voltage sweep (i\/did> 0)

alamethicin (10 mg, 4.8mols, storedin vacuo over and the left hand curve the descending (d\#d6) portion. Note
phosphorus pentoxide) were combined in a flame-dried the marked hysteresis with cFc-ALM (panel A). Full scéleV
screw-capped tube (Teflon septum) with a stirring bar, curve (panel B) shows the asymmetry of channel activation in all
followed by the addition of 1 mL of dry pyridine. The three peptides.

reaction mixture was vigorously stirred under argon for 36
h, at which time only a trace of starting material remained.
The reaction was gquenched with 0.5 mL of water and stirred
for an additional 4 h. To reduce any ferrocenic compounds
that may have oxidized during the course of the reaction,
0.2 mL of concentrated aqueous sodium dithionite was added.
The solvents were removed under a stream of nitrogen
followed by in vacuoremoval of any remaining volatiles.
The mixture was suspended in-2 mL of methanol and
applied to a Sephadex LH-20 column £230 cm) equili-
brated in methanol. Products were eluted with methanol
(acidified with 1% HOACc, gravity flow~5 mL/min), taking

2 mL fractions. The peptide-containing fractions were
pooled, concentrated, and reapplied to an LH-20 column (1.5
x 20 cm) and eluted with the same solvent (gravity flow
~4 mL/min), collecting 1 mL fractions. The desired product o .
eluted as a single band having &r= 0.3, compared to tran's. chamber V.Vh'(.:h IS grou.n.ded' (iev. = 0 mV): A
alamethicinR; = 0.45, in TLC system B. Negative ion positive current indicates positive ion flow fr_om tioes to 3
LDMS: 2219.7 (M— H]"), 2059.2 (M— FeGH.COOH]), the t_rans chqmbe_r of thg apparatus. Experiment specific
Figure 2 (bottom trace). Pyridine was found to have a details are given in the figure legends.

deIeFerious _effect on chromatographic separation of the RESULTS

peptides using LH-20.

Planar Lipid Membrane ExperimentsThe method of Synthesis of Alamethicin Desgtives. Two ferrocene ester
Montal and Mueller (1972) was used to form planar DPhPC derivatives of alamethicin were synthesized: ferrocenoyl-
bilayers across an approximately 1@fth perforation in a alamethacin and'icarboxyferrocenoyl-alamethacin (Figure
25 um thick Teflon membrane (for a review of the 1). Synthesis and purification of ferrocenoyl-alamethicin
methodology, see Hanke & Schule, 1993). Briefly, DPhPC were achieved by adaptation of the method for synthesis of
monolayers were formed between two electrolyte-filled alamethicin pyromellitate (Woolley et al., 1994). Synthesis
chambers separated by a Teflon membrane in which a spark-of 1'-carboxyferrocenoyl-alamethicin proceeded smoothly by
polished hole has been formed. After priming the hole with reaction of the anhydrous alamethicin with ferrocené-1,1

0.4

hexadecane, the electrolyte level (buffered KCI) of the
chambers is simultaneously raised in such a way that the
monolayers fold together at the hole and form a stable
bilayer. Measurements were performed using silver/silver
chloride electrodes and an Axopatch (CV-9B) head-stage
amplifier, Axopatch Patch-Clamp D-1 amplifier, Digidata
AD converter, and Axoscope Data analysis software (Axon
Instruments, Foster City, CA). Data were recorded directly
to hard disk after filtering with an 8-pole Bessel filter at 5
kHz, unless otherwise indicated. Aliquots of ALM, Fc-
ALM, or cFc-ALM were added to theis side of the bilayer

as methanolic solutions, unless otherwise indicated. Like-
wise, requisite amounts of oxidizing agents were taken from
freshly made solutions. By convention, the potential in the
cis chamber of the PLB apparatus is defined relative to the
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Ficure 4: Three seconds of single-channel recording from 0@W5ALM (panel A), 0.25uM Fc-ALM (panel B), and 0.2%M cFc-ALM
(panel C). Peptides were added to tiechamber of the PLB apparatus; each chamber contains 2 mL of buffered electrolyte (0.5 M KCI,
10 mM BES, pH 7.0). The following potentials were appliett140 mV, panel A;+170 mV, panel B+136 mV, panel C.

dicarboxylic acid dichloride in pyridine followed by hy-  respectively, compared t666 mV for ALM. These peptides
drolysis of the remaining acid chloridé&{acylpyridinium only form channels atis positive potentials, consistent with
salts) with water. During the course of the investigations, a the behavior of native alamethicin (Figure 3B). This figure
significantly simpler purification method was devised. Both demonstrates a marked increase in hysteresis of the current
the HPLC purification and the Sephadex LH-20 based voltage relationship of cFc-ALM compared to Fc-ALM or
purification methods yielded one product, as evidenced by ALM. Hysteresis is reflected in the difference between
TLC and mass spectrometry (Figure 2). We found no induced current during ascending and descending portions
evidence for contamination of either peptide with unmodified of the voltage sweep.
alamethicin. The single-channel properties of these peptides also appear
Planar Lipid Bilayer Studies.To evaluate the channel- similar to those of alamethicin. Figure 4 indicates that,
forming behavior of these peptides, we conducted both despite the need for higher activation potentials, the ferro-
macroscopic currentvoltage and single-channel measure- cenoyl ALM channels (Figure 4B) are qualitatively compa-
ments using planar lipid bilayers. When Fc-ALM and cFc- rable to ALM. The cFc-ALM channels exhibit more
ALM are incorporated into diphyantoylphosphatidylcholine complex gating kinetics than do the other peptides; there
PLBs, they form voltage-sensitive channels similar to alame- appear to be two distinct populations, the first having
thicin. Figure 3 demonstrates that higher potentials are lifetimes of approximately 50663000 ms and an additional
required to activate equivalent concentrations of the fer- group having 1650 ms lifetimes (Figure 4C). Note that
rocene-containing peptides. This can be shown by measuringhe short lifetime openings appear more frequently when the
the voltageV; , required to elicit a 0.1 nA currentV; values channel is already open to the 2nd conductance level.
for Fc-ALM and cFc-ALM are +81 and +174 mV, Gaussian curves were fit to the single-channel conductance
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Ficure 5: Single-channel conductance histograms for ALM, panel
A; Fc-ALM, panel B; and cFc-ALM, panel C. Experimental details
are given in the legend of Figure 4.

Table 1: Conductance Levels of Peptides: Including Reduced and
Oxidized Forms of Fc-ALM and cFc-ALM

conductance (nS)

level ALM Fc-ALM Fc-ALM(ox) cFc-ALM cFc-ALM(ox)
1 0.14 0.19 0.10 0.12 0.1P
2 028 0.24 0.37
3 062 0.43 0.52 0.46 0.68
4 134 1.15 1.16 0.84
5 1.79 1.7¢ 0.99
6 1.14
7 2.03

aLevels were calculated by fitting conductance histograms with
multiple Gaussian curve8Indicates manual measurement.

histograms for ALM, Fc-ALM, and cFc-ALM shown in
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Time (in.)

Ficure 6: Average channel activity levels from ALM—), Fc-
ALM (—-—), and cFc-ALM (- - -), in the presence of 2.5 mg/mL
CAN. Peptides were added to this chamber of the PLB apparatus

to a final concentration of 0.26M; each chamber contains 2 mL

of buffered electrolyte (0.5 M KCI, 10 mM BES, pH 7.0). Single-
channel traces were divided into 1 min sections, and the total peak
area for each section was calculated by integration. Data points
are normalized to match the signal level of ALM before the addition
of CAN. The zero time point was derived from 1 min of channel
recording before the addition of CAN (indicated by arrow).

in the case of cFc-ALM, the long lifetime openings appear
to be selectively eliminated. CAN appears to not to exhibit
these effects on alamethicin channels, as shown in Figure 6.
Note that channel activity of the oxidized Fc-ALM peptides
can be restored by increasing the bilayer potential by 25
35 mV (data not shown). Furthermore, with ALM and other
CFPs, one observes an increase in net channel conductance
during the course of—V experiments. The presence of
CAN alleviates this temporal current increase in Fc-ALM
and cFc-ALM but not ALM, additional evidence that
oxidative conditions elicit a specific effect on the ferrocenoyl
peptides (data not shown).

Premixing of peptide and CAN produced similar results.
Figure 7 shows representative traces of Fc-ALM (panel A)
and cFc-ALM (panel B) pretreated with CAN. Note that
two separate sections of a channel recording are shown side-
by-side in panel A due to sparseness of Fc-ALM channel
activity. In both cases, the final concentration of peptide
added to the PLB apparatus was about twice that required
to elicit channel activity by the corresponding peptide in the
absence of CAN (see figure legend). Conductance histo-
grams shown in (Figure 8) suggest that the oxidized peptides

Figure 5. The results of the single-channel subconductanceMainly open to the first one or two conductance levels, in

levels are summarized in Table 1.
The effect of oxidative conditions on channel formation

contrast to the reduced peptides (Figure 5), and that the
percentage of time spent in the closed state is greater for

was explored using two approaches, employing the oxidizing the oxigiized peptigjes.. Table 1 also su_mmarizes the results
agent cerium ammonium nitrate. In the first experiments, of multiple Gaussian fittings to these histograms, although
excess CAN was added directly to this side of the PLB these results may be somewhat inaccurate due to short
apparatus during single-channel recording. In subsequentOP€NiNg times.
experiments, the ferrocenoyl peptides were combined with
buffered CAN before addition to the PLB apparatus. DISCUSSION

The in situ addition of CAN causes a time-dependent  Based on the finding of Woolley and co-workers (1994)
diminution of Fc-ALM channels at constant bilayer potential; that the C-terminus pyromellitoyl ester of alamethicin acts
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FIGURE 7: Single-channel recordings from @/ Fc-ALM (panel A) and 0.5M cFc-ALM (panel B) premixed for 3 min with 2@L of

10 mM CAN and 20uL of electrolyte buffer. This quantity of CAN is 10-fold the molar ratio required to fully oxidize the either
ferrocenecarboxylic acid or ferrocenedicarboxylic acid in 3 min (determined by spectrophotometric titration, data not shown). Peptides
were added to theis chamber of the PLB apparatus; each chamber contains 2 mL. of buffered electrolyte (0.5 M KCI, 10 mM BES, pH
7.0). The following potentials were applied:185 mV, panel A; and-96 mV, panel B. Data in each case are displayed on two different
time scales.

as a “calcium-activated channel forming peptide”, we hand, it is likely that additional steric or conformational
synthesized two ferrocenoyl alamethicin esters and evaluatedeffects contribute to the behavior of cFc-ALM: introduction
their behavior under neutral and oxidative conditions. Our of the carboxyferrocene, with its single negative charge, also
postulate that CFPs with redox sensitivity could be designed triples its activation potential relative to ALM. The relation-
has been validated by the experiments described. Weship between Fc-ALM and cFc-ALM is consistent with the
interpret these data based on the “barrel-stave” model of observation of Hall et al. (1984) that (Glu19-benzdy{)—=
channel formation and thus consider possible effects on30 ALM has a lowerV; thanRs = 30 ALM. Overall, it is
membrane association (dependent on hydrophobicity), ori- clear that C-terminus modification of ALM leads to higher
entation of the bound peptide relative to the bilayer (related activation potentials. It is important to note that cFc-ALM
to the net molecular dipole of the peptide helix), and self- also exhibits markedly higher hysteresis compared to ALM
association of the peptide within the bilayer. or Fc-ALM (Figure 3A). It is possible that the carboxylate
Macroscopic currertvoltage measurements indicate that ion forms stabilizingintermolecular interactions once the
both the ferrocenoyl and'-tarboxyferrocenoyl peptides channels assemble, leading to hysteresis. However, similar
require a higher transhilayer potential to induce channel effects are not seen with pyromellitoyl-alamethicin, as one
formation ;) relative to the parent peptide (Figure 2). Since would expect based on this argument (Woolley, personal
Fc-ALM is uncharged in the reduced state, we attribute this communication).
to steric and/or conformational effects imposed by the bulky  The single-channel conductance levels of Fc-ALM are
ligand and to a decrease in the net molecular dipole. In the slightly lower than those of alamethicin (Table 1). Possible
case of cFc-ALM, the introduction of a negatively charged explanations include the effect of added steric bulk at the
carboxyferrocene ester (1, Hicarboxyferrocene monoethyl mouth of the channel or favorable aromat@ation interac-
ester, K, = 6.08 (measured in 68% MeOH (aq) (Nes- tions supported by the ferrocenoyl moieties which may hinder
meyanov & Reutov, 1957), this value may be as low as 5.0 the free passage of ions through the channels. It also appears
if extrapolated to 100% D) causes a further increase in that the opening times are shorter (Figure 4). The conduc-
V;; this finding is qualitatively consistent with the effect tance levels for cFc-ALM are nearly identical to those of
observed by Woolley and co-workers (1994) where addition Fc-ALM, although the presence of the carboxylate ion in
of a (pyromellitoyl}~ ester roughly triple;. On the other the former increases the conductance levels slightly (Table
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Ficure 8: Single-channel conductance histograms from the CAN
premixing experiments described in the legend of Figure 7: Fc-
ALM, panel A; and cFc-ALM, panel B.

1). However, the temporal behavior of the cFc-ALM
channels is dramatically different from either ALM or Fc-
ALM (Figure 4C), single-channel traces characterized by

Biochemistry, Vol. 36, No. 5, 19971121

Table 2: Comparision o¥;, Hydrophobicity F..), Charge, and
Molecular Dipolé

molecular dipole (D)

Vi Foct
peptide (mV) (kcal/moly charge momentz-component

ALM 66 —117.5 0 81.3 76.4
Fc-ALM 81 —116.7 0 255 225
Fc-ALM(ox) >200 —113.9 +1 32.6 —31.2

cFc-ALM 174 —-1154 -1 84.6 75.4
cFc-ALM(ox) <170 —112.6 0 43.5 27.8
ALM-pm 198 —111.1 -3 369.8 366.1

aThe values listed above are quantitative estimates. ALM-pm:
pyromellatoyl alamethicin (Woolley et al., 1994)Calculated using
charge equilibration derived charges, as described by Rappe
Goddard (1991); peptides were modeled in helical form and aligned
with the helical axis in thez-direction and the C-terminus at the
coordinate origin.°Calculated free energy in octanol relative to vacuum,
as described by Pearlman (1980), with added parameters for ferrocene:
—0.570 for the reduced form and 0.840 for the oxidized form.

oxidation of Fc-ALM results in a charged C-terminus, but
oxidation of cFc-ALM results in a neutral C-terminus. Thus
three types of redox behavior are evident: (1) oxidative
conditions elicit no effect [ALM], (2) decrease channel

activity [Fc-ALM], and (3) increase channel activity [cFc-

ALM].

It might be argued that the large concentration of CAN
present in thén situ experiments was eliciting a nonspecific
effect. To address this possibility, small quantities of
peptides and buffered CAN were combined prior to addition
to the PLB apparatus. Single-channel traces clearly indicate
that these conditions alter the characteristics of both Fc-ALM
and cFc-ALM channels (Table 1; compare Figures 4B to
7A and 4C to 7B). Opening lifetimes are considerably
shorter, and in the case of Fc-ALM the highest observed
conductance state is absent. This is in marked contrast to
cFc-ALM where one favored conductance state is replaced
by a number of equally probable levels; indeed the long
openings observed with reduced cFc-ALM appear to be

long opening times. Unlike the other peptides, one aggrega-selectively eliminated by oxidation of the ferrocenoyl moiety.

tion state (then = 2 level) of cFc-ALM seems particularly

The possibility that the cerium ions are participating in

stable, as evidenced by the population of long-lived channelsspecific interactions such as coordination by the aromatic-

atn = 2. Short-lived bursts to higher conductance levals (

rich C-termini of the channels cannot be ruled out. Itis also

= 3, 4) appear frequently during these long-opening events. somewhat suprising that Fc-ALM does not form channels
One is compelled to reason that these bursts represent shordt cis negative potentials given the hydrophobic nature of
sojourns to substates of the long-lived channels since thethe reduced ferrocene moiety.

short-lived bursts occur less frequently in the absence of the  Although our results are consistent with the concept that
stable population. However, the possibility that these channel formation is modulated by a combination of well

conductance bursts represent multiple openings cannot beestablished factors, such as peptide hydrophobicity and

ruled out.

Thein situ addition of cerium ammonium nitrate to Fc-
ALM channels causes the elimination of single-channel
activity at a given holding potential, an effect not seen with
ALM channels. Calculations indicate that the orientation
of the net molecular dipole of Fc-ALM may reverse upon
oxidation (Table 1). Channel activity can however be
restored by increasing the bilayer potentiatk3» mV (data
not shown). Again, this is consistent with the finding that

alignment of the molecular dipole against the imposed field,
it is not feasible at present to quantify the extent to which
each of these factors contributes to the behavior of the
ferrocenoyl peptides. Estimates of hydrophobicity, molecular
dipole, and charge relative to ALM are given in Table 2. It

is also possible that the introduction of charge may create
disfavored electrostatic interactions with the phosphocholine
headgroups. This view is consistent with the observation
that introduction of negative charge into the C-terminus in

the presence of charged groups at the termini of CFPspyromellitoyl peptide increases its conductance threshold

decrease their propensity to form channels.
compares the behavior of ALM, Fc-ALM, and cFc-ALM

Figure 7 (Woolley et al.,, 1994).

One might also speculate that
attractive catior-aromatic interactions between-#0 and

channels under oxidative conditions; it appears that the the Fe(lll) center may induce conformational changes in the

introduction of a positive charge counterbalances the del-

eterious effect of the carboxylate ion in cFc-ALM,; i.e.,

oxidized peptides relative to the reduced. Favorable cation
aromatic interaction has been postulated to be important in
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a number of systems (Dougherty & Stauffer, 1990).
addition, thecis lumen of the ferrocenoyl channels is very

rich in aromatic character due to the presence of multiple F
side chains and ferrocene moieties, possibly giving rise to

enhanced interaction with solvated ions.
We have provided evidence that Fc-ALM and cFc-ALM

Schmitt et al.

In Fox, R. O., & Richards, F. M. (198ature 350 325-330.

Ghadiri, M. R., Granja, J. R., Milligan, R. A., McRee, D. E., &
Kazanovich, N. (1993Nature 366,324—327.

Ghadiri, M. R., Granja, J. R., & Buehler, L. K. (199¥ature 369
301—-304.

Hall, J. E., Vodaynoy, |., Balasubramanian, T. M., & Marshall, G.
M. (1984) Biophys. J. 45233-247.

form redox-sensitive ion channels. This work provides Hanke, W., & Schule, W.-R. (1998Biological Techniques: Planar

further evidence that CFPs can be rationally designed to

Lipid Bilayers Academic Press, London.

posses unique properties and responses to chemical an#éarlin, A., & Akabas, M. H. (1995)Neuron 15 1231-1244.
electrical environment. In addition, these peptides are Latorre, R., & Alverez, O. (1981physiol. Re. 61, 77—150.

additions to the arsenal of tools that may be used to unravel-2
the relationship between structure and function in CFPs and™

ion channels.
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