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The inhibitory glycine receptor (GlyR) of rat spinal cord contains an intrinsic transmembrane channel mediating 
agonist-gated anion flux. Here, synthetic peptides modelled after the predicted transmembrane domains M2 and M4 of 
its ligand-binding subtmit were incorporated into lipid vesicle membranes and black lipid hilayers to analyze their 
channel forming capabilities. Both types of peptides prohibited the establishment of, or dissipated, preexisting 
lransmemhrane potentials in the vesicle system. Incorporation of peptlde M2 into the black lipid bilayer elicited 
randomly gated single channel events with various conductance states and life-times. Peptide M4 increat~ed the 
conductance of the bilayer without producing single channels. Exchange of the terminal arginine residues of peptide M2 
by glutamate resulted in a significant shift towards cation selectivity of the respective channels as compared to peptide 
M2. In conclusion, the peptide channels observed differed significantly from native GlyR in both conductivity and 
ion-selectivity indicating that individual synthetic transmembrane segments are not sufficient to mimic a channel protein 
composed of subunits with multiple transmembrane segments. 

Introduction 

ion channel proteins regulate passive ion transport 
across biological membranes. It is generally assumed 
that an assembly of hydrophobic peptide segments long 
enough to span the core of a lipid bilayer in an ordered 
secondary structure anchors the channel protein in the 
membrane and provides the lining of its intrinsic pore. 
For example, six putative a-helical transmembrane seg- 
ments characterize the repeat domains or subunits of 
voltage-gated ion channels in excitable membranes [1]. 
Four such segments (M1-M4) are found within the 
subunits of different ligand-gated ion channel proteins 
- the nicotinic acetylcholine receptor (nAChR; Refs. 
2-4), the glycine receptor (GIyR; Ref. 5)2 and the 
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1,-aminobutyric acid receptor (GABAAR; Ref. 6). In the 
nAChR, segment M2 has been proposed to form the 
channel wall based on covalent labelling experiments 
with channel blockers [7,8] and ion-permeation studies 
on chimeric receptors [91, Within the inhibitory ligand- 
gated anion channel proteins, the GlyR and the 
GABAAR , this segment displays an accumulation of 
hydroxylated amine, acids suited to provide a hydro- 
philic channel wall as well as strong sequence conserva- 
tion between subunits. Therefore, segment M2 is thought 
to line the wall of GlyR and GABAAR channels also 
[5,6]. The hydrophobic segment M4, in contrast, is 
assumed to be localized at the protein/lipid interface of 
the receptor's transmembrane portion. 

T~c Glyg consists of two types of glycosylated mem- 
brane-spanning subunits of Mr 48000 (a) and 58000 
(,8) which are arranged in a pentamerie transmembrane 
structure [10,11]. Photoaffinity labelling experiments 
with [3Hlstrychnine [121 and heterologous expression in 
Xenopus  oocytes [13] and mammalian cells [14] define 
the M, 48000 polypeptide as a iigand-binding subunit 
capable of forming a functional GIyR. The single-chan- 
nel properties of the GlyR have been investigated in 
detail by patch clamp analysis of embryonic mouse 
spinal cord cultures [I5]. Specifically, the channel was 



found to be selective for monovalent anions, and vari- 
ous subconductance states with a main single-channel 
conductance of 45 pS in 145 mM chloride solution were 
observed [16]. The existence of at least two sequentially 
occupied anion binding sites in the channel has been 
postulated [15] and proposed to be the functional corre- 
late of positively charged amino acids bordering the M2 
segment of the a subunit intra- and extracellularly [5]. 

Recently, attempts have been made to reconstitute 
the channel function of the voltage-gated Na ~ channel 
and of the nAChR by incorporation of peptides corre- 
sponding to the putative pore lining segments of these 
proteins into lipid bilayers [17,18]. In both cases the 
observed channel activities were suggested to mimick 
functional properties of the native proteins. 

In this study, we describe the conformational and 
channel forming properties of synthetic peptides corre- 
sponding to the sequences of the putative transmem- 
brane segments M2 and M4 of the GlyR rt subunit. All 
peptides tested were found to increase the ion conduc- 
tivity of lipid bilayers. Interestingly, the ion selectivity 
of the M2 peptide channels was modulated by the 
terminal charges of the transmembrane sequence. 

Methods 

Peptide synthesis 
Peptides were synthesized from 9-fluoromethoxy- 

carbonyl amino acids (NovaBiochem, Switzerland) by 
solid phase methods [19] on an automated peptide 
synthesizer (Applied Biosystems, model 430A). CIea- 
vage from the resin and deprotection was achieved with 
anhydrous trifluoroacetic acid. The peptides were puri- 
fied by high-pressure ,uid chromatography using a 
Nucleosil C18 revers, r~ase column (250 × 20 mm; 
Latek, Heidelberg, F.R.G.) for peptides M2 and M2- 
Glu, and a C, column for peptide M4, respectively. 
Peptides were eluted using linear gradients of aceto- 
nitrile in 1~ (v/v) trifluoroacetic acid, and their iden- 
tity confirmed by amino acid analysis. 

CD measurements 
Peptide stock solutions of about 0.4 mM peptide 

were prepared in trifluoroethanol (Uvasol quality, 
Merck) and diluted 10-fold before the measurement 
either by addition of the same solvent or of 5 mM 
sodium phosphate buffer (pH 7.4). Spectroscopy was 
carried out in a 2 mm cuvette at 25°C employing a 
Jasco J 500 A spectropolarimeter. CD intensities [0] are 
expressed as mean residue ellipticity (degree cm 2 dm -1) 
by calculating the molar dlipticity according to Adler et 
al. [20]. 

Permeability studies on lipid vesicles 
(a) Peptide incorporation by dialysis. Aliquots of 2.5 

mg egg phsphatidylcholine (Sigma) dissolved in CHC! 3 

were dried under a stream of nitrogen and evacuated for 
l h to remove traces of the solvent. Peptides were 
dissolved by sonication in a solution of 10 mM Mes- 
NaOH (pH 6.0), 250 mM KCI, 1 mM MgC! 2, 0.1 mM 
EGTA, 5% (w/v) 3-(3-cholamidopropyl)dimethylam- 
monio-l-propane sulfonate (Serva), and 6% (w/v) octyl 
glucoside (Sigma) to various concentrations, and the 
solutions filtered through 0.45 /~m Millipore filters. 
Aliquots of 0.5 ml of these peptide solutions or a 
control solution, respectively, were added to the dried 
lipids, the mixtures were shaken for 30 min in an 
Eppendorf mixer, and bath-sonified for 10 min. The 
clear solutions were then dialyzed (Spektra-Por dialysis 
tubing, 2 kDa cutoff weight) against 3 x 3 1 Mes-NaOH 
(pH 6.0), 250 mM KCI, 1 mM MgCI 2, 0.1 mM EGTA, 
at 4°C for 90 h, and the resulting vesicle suspensions 
subjected to ten successive freeze-thaw cycles in liquid 
nitrogen. 

(b) Preparation of vesicles by sonication. A solution of 
100 mM KCI was added to egg phosphatidylcholine 
(Serva) spread onto the walls of a tube as described 
above to yield a lipid concentration of 5 mg/ml. After 
incubation at 37°C for hydration and brief vortexing, 
the lipid suspension was sonicated under cooling for 
approx. 10 min using the cup horn attachment of a 
Bransonic B15 cell disruptor (power setting 10). Finally, 
the vesicle suspension was subjected to one freeze-thaw 
cycle in liquid nitrogen. 

(c) Measurement of membrane potential. Fluorescence 
measurements were carded out with a Shimadzu RF- 
5000 spectrofluorometer with permanently stirred glass 
cuvettes using excitation and emission wavelengths of 
622 nm and 660 nm, respectively. To 1 ml of 10 mM 
Mes-NaOH (pH 6.0), 1 mM MgCI 2, 0.1 mM EGTA, 
balanced to isoosmolarity with mannitol and containing 
0.5 t~M of the fluorescent dye 3,3'-dipropylthiadicarbo- 
cyanine iodide (diS-C3(5), Molecular Probes, Eugene, 
OR) were added 2/fl of the respective vesicle suspen- 
sions and, after 80 s, 10 -u  M gramicidin (EGA, 
Switzerland) dissolved in ethanol. The development of 
inside-negative potentials was monitored by measuring 
tile decrease in fluorescence intensity of the dye [21]. 
Peptides were added dissolved at 20 /tM in ethanol 
(M2) or ethanol/DMSO 3 : 1 (M4). 

Bilayer experiments 
Bilayers of the Mueller-Rudin type [22] were formed 

across an aperture separating two half=cells of a teflon 
cuvette. The hole was pretreated with 0.5~ (w/v) di- 
oleoylphosphatidylethanolamine in hexane, and mem- 
branes were made from a 2% (w/v) solution of di- 
oleoyiphosphatidylethanolamine and dioleoyiphospha- 
tidylcholine (Avanti Polar Lipids, Birmingham, AL) at a 
ratio of 3:1 in n-decane. The bilayers used had a 
conductivity of approx. 10 pS and a capacity of approx. 
0.5/~F/cm:. Both half-cells were filled with 5 ml each 
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of 10 mM Mes-NaOH (pH 6.0), 100 mM KCI. The 
cuvette was connected to the measuring circuit with 
Ag/AgCi-electrodes via salt bridges. The cis-side of the 
cuvette was connected to a variable voltage source, and 
the trans-side to a current-to-voltage converter with a 1 
G 9  feedback resigtor. All measurements were per- 
formed at room temperature. 

Peptides were incorporated into lipid vesicles and the 
latter fused to the bilayer as follows. To dried egg 
phosphatidylcholine (Serva) solutions of 250 mM or 500 
mM KCI in 20 mM Hepes-NaOH (pH 8.0), were added 
to yield final concentrations of 10 mg/ml of lipid. After 
hydration, sonication, and freeze-thawing as described 
above, the vesicles were bath-sonified for 15 s. Subse- 
quently, the vesicles were diluted 10-fold in 250 and 500 
mM KCI, respectively, in 20 mM Hepes-NaOH (pH 
8.0), and individual peptides (dissolved in ethanol, or 
ethanol/dimethyl sulfoxide 3:1) were added to final 
concentrations from 1-5/tM. AUquots (5-10 p.l) of the 
vesicle suspensions were introduced into the electrolyte 
solution of the cis compartment of the bilayer cuvette 
and the solutions stirred for 5 min. To initiate fusion, 
the cis compartment was made 200 mM in urea and 
stirring continued for 30 rain [23]. In case no increased 
conductivity was seen at this point, another 5-10/~1 of 
the vesicle suspensions were added and stirring con- 

tinued for another 30 rain. Fluctuating or stably in- 
creased conductivities were routinely observed after this 
procedure. To stop further fusion, the trans side was 
made isoosmotic to the cis side by addition of urea. 

To determine reversal potentials, the offset currents 
generated by a KCI gradient across the lipid bilayer 
were compensated to zero by external voltages applied 
to that side of the bilayer containing the higher con- 
centration of KCI (cis). The values thereby obtained 
were taken as reversal potentials a;ter correction for 
electrode offset voltage measured after destroying the 
bilayer. Alternatively, current/voltage relationships 
were recorded in the presence of KCI gradients. 

Results 

Peptides corresponding to the putative transmem- 
brane sequences M2 (ARVGLGITTVLTMTTQS- 
SGSRA) and M4 (RIGFPMAFLIFNMFYWllYK) of 
the GIyR a subunit [5] were synthesized by automated 
solid phase chemistry. To investigate the potential func- 
tion of charged amino acid head groups, a derivative of 
peptide M2 was also synthesized, in which both termi- 
nal arginine residues were replaced by glutamate (M2- 
Glu). All peptides were subjected to structural and 
functional analysis as follows. 

,~ lO 
0 
I'-- 
x 

o 

-10 

-20 ! 

-~ A 

l "~ ~\ 
\ 

" C 

190 230 270 
h(nm) 

190 

\a  

230 
h(nm) 

270 190 

C 

230 270 

(rim} 

Fig. I. CD spectra recorded at 25°C of M2 (A). M2-Glu (B) and M4 (C) in trifluoroethanol (a), 50~ (v/v) 5 mM phosphate buffer (pH 7.4) in 
trifluoroethanol (b); and 90% (v/v) 5 mM phosphate buffer (pH 7.4) in trifluoroethanol (c). [0] represents the mean residue ellipticity. 



CD measurements 
CD spectra reflect the conformational properties of 

peptides and proteins and were recorded here to evaluate 
the general secondary structure of the three peptides. 
Fig. 1 shows their CD spectra ~, various mixtures of 
trifluoroethancI with phosphate buffer. Based on refer- 
ence spectra [20,24], secondary structure can be analyzed 
in terms of a-helix,//-chain, and random coil content. 
An interpretation of the CD spectra shown in Fig. 1A 
and B yielded for M2 and M2-Glu, in pure trifluoro- 
ethanol, a-helix contents of roughly 50% with random 
coil and some/3-sheet conformations accounting for the 
majority of residual secondary structure. The CD spec- 
trum of peptide M4 appeared atypical (Fig. 1C) but 
suggests an ordered structure. Its interpretation was 
complicated further by the presence of many aromatic 
side chains whose positive Cotton effect can severely 
distort the CD spectrum [20]. A greater apparent stabil- 
ity of M4 secondary structure can be deduced from the 
larger phosphate buffer content in the mixed solvent 
system required to rearrange its spectrum. Upon de- 
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creasing the trifluoroethanol concentration to 10% all 
spectra changed drastically with random coil structures 
prevailing (Fig. 1, trace c). 

Ion flux across lipid vesicle membranes 
In!dally, we examined the basic capability of the 

peptides M2, M2-GIu, and M4 to increase the ion 
permeability of lipid vesicle membranes. The peptides 
were incorporated into egg phosphatidylcholine vesicles, 
and subsequently the ability of the doped vesicles to 
hold transmembrane potentials imposed by cation ef- 
flux was tested. First, the vesicles made in the presence 
of 250 mM KCI were diluted into an isoosmotic medium 
without KC1 and the cation permeability of the vesicle 
membranes increased by adding the peptide ionophore 
gramicidin. In the case of control vesicles, formation of 
an inside negative potential was then detected by the 
decreasing fluorescence intensity of the potential-sensi- 
tive dye diS-Cj(5), No decrease in fluorescence inten- 
sity, indicating zero polarization of the membrane, was 
observed when peptides M2, M4, or M2-GIu had been 
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Fig. 2. Measurements of transmembrane potentials in lipid vesicle suspensions using the potential-sensitive dye diS-C3(5) as described in Methods. 
(a) Decreeing Nuorescence after addition of 10-ii  M gramicidin (arrows) indicates the development of an inside-negative potential with control 
vesicles, but not with vesicles doped with peptide. (b) Addition of 0.1 #M of the peptides M2 or M4 to vesicles previously polarized with 1 0 - .  M 

gramicidin resets fluores~nce intensities to near onginat values. 
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incorporated into the vesicle membranes (Fig. 2a). We 
interpret this finding in that the peptides M2, M4, or 
M2-Glu all increase chloride permeability, thus imped- 
ing the formation of a K + diffusion potential by 
gramicidin. From a mean diameter of approx. 30 nm as 
determined by electron microscopy and, based on the 
weighted amounts of lipids and peptides used, a maxi- 
mal number of approx. 40 peptide molecules per lipid 
vesicle was calculated for the preparations used in these 
experiments. At 20-fold lowered peptide concentrations, 
the gramicidin mediated decrease in fluorescence inten- 
sity approached that of control vesicles. Thus, a number 
between 2 and 40 peptide molecules per vesicle was 
sufficient to permit anion flux. 

In another experiment, transmembrane potentials 
were first established by adding gramicidin to pure lipid 
vesicles. Subsequent addition of peptides M2 or M4 (0.1 
#M) restored the fluorescence intensities to near origi- 
nal values (Fig. 2b). This demonstrates the capability of 
the added peptides M2 and M4 to dissipate preexisting 
transmembrane potentials. Here, a peptide/lipid ratio 
about 5-fold higher than that in the above experiments 
was required; this suggests the efficiency of peptide 
incorporation into preformed vesicle membranes being 
lower than with the deterge.n_! dialysis procedure. M2- 
Glu was found to be ineffective in the latter experi- 
ment; this might reflect the inability of this negatively 
charged peptide to insert into a preformed vesicle mem- 
brane. 

Channel formation in planar bilayers 
Peptides M2, M2-GIu, and M4 were incorporated 

into black lipid membranes to investigate (i) single- 
channel behavior and (ii) ion-selectivities of the chan- 
nels formed. To this end, the peptides were preincorpo- 
rated in lipid vesicles and the latter fused to the bilayer. 
Using this protocol, incorporation of all peptides tested, 
but not fusion of control vesicles, was found to increase 
the conductivity of the bilayer. 

The positively charged peptide M2 induced rectangu- 
lar conductivity fluctuations indicative of single-channel 
activity (Fig. 3). These randomly gated events included 
variable conductances ranging from the lowest values 
detectable above background noise (approx. 12 pS) to 
above 1 nS; channel life-times between tens of millisec- 
onds and seconds were observed. The fluctuations were 
not stationary as their amplitude distribution often 
changed within tens of seconds. This complexity pre- 
vented a detailed analysis of the gating behavior of 
these channels. 

To assess the ion-selectivity of the peptide channels, 
concentration gradients of KC! were established across 
the bilayer and reversal potentials determined. From the 
latter, permeability ratios were calculated according to 
Goldman, Hodgkin and Katz [25]. The conductivity of 
bilayers containing several M2 channels could be 
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Fig. 3. Effects of peptides ,}n bilayer cooductanee. Individual peptides 
were incorporated into planar bilayers by a vesicle fusion technique as 
described in Methods. M2: current fluctuations after incorporation of 
peptide M2 recorded at +70 mY. M2-Glu: current fluctuations 
elicited by pcptide M2-Glu recorded at +60 mV. M4: stable bilayer 
conductance recorded after incorporation of peptide M4; transbilayer 
voltages are indicated below the trace. Current and time scales are 

indicated by bars for each experiment. 

changed by briefly increasing transbilayer voltage to 
approx. 100 inV. These conductivity changes were often 
accompanied by changes in permeability ratios; no 
steady correlation between both parameters was, how- 
ever, detected. As shown in Fig. 4A, the conductances 
induced by the positively charged M2 peptide could be 
moderately anion-selective as well as cation-selective 
but were essentially non-selective (Pg/Pcl --" 1.5) in most 
measurements (5 bilayers, 30 determinations). One ex- 
planation for these divergent observations is that M2 
peptides may form cation- as well as anion-selective 
channels and that the nonsdectivity of most membranes 
is due to the simultaneous presence of both channel 
types. Alternatively, non-selectivity of the membrane 
may reflect nonselectivity of the respective single chan- 
nels. To resolve this problem, we analyzed the ion 
selectivity of single channels. Fig. 4B shows channel-like 
conductance fluctuations which are recorded without 
applied voltage in the presence of a KCI gradient. This 
allows a qualitative determination of the ion selectivity 
from the direction of the current flow. Trace (a) shows 
cis to trans current fluctuations indicative of cation 
selectivity whereas trace (b) recorded from the same 
membrane 15 min later shows trans to cis currents 
indicating that an anion-selective channel had formed. 
In four different membranes, both channel types were 
also found to coexist in the same membrane (for exam- 
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Fig. 4. Ion selectivity of peptide channels. (A) Histograms of permea- 
bility ratios PK/Po calculated from the reversal potentials de- 
termined for planar bilayers doped with the respective peptides after 
establishing KCI gradients in 10 mM Mes (pH 6.0) as described in the 
Methods and Results sections. 'Events' denotes the number of de- 
terminations corresponding to specific permeability ratios. (B) Induc- 
tion of anion-selective and cation-selective conductances by M2. 
Current fluctuations were recorded in the presence of a KCI con- 
centration g~adient (0.1 M cis versus 0.6 M trans) without external 
voltage, Cation-selective fluctuations (trace a) ate followed by anion- 
selective fluctuations (trace b) after 15 rain in the same bilayer. Trace 
c is from the same experiment and shows both conductances in rapid 

succession. 'C" denotes the absolute zero current level, 
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pie: Fig. 4B, trace c). Fig. 5a displays one of two 
separately recorded current/voltage relations de- 
termined from membranes containing only one anion- 
selective M2 channel (PK/Pcn = 0.2). No complete cur- 
rent voltage relation could, however, be obtained for a 
cation-selective M2 channel due to the latter's kinetic 
instability. Apparently, peptide M2 is capable of for- 
ruing different channel types prefering anions or cat- 
ions, respectively. The simultaneous presence of both 
channel types in the bilayer may cause the variability of 
ion-selectivity seen in Fig. 4A. 

In contrast to peptide M2, the negatively charged 
derivative M2-Glu induced very stable conductance 
fluctuations, the amplitude distribution being stable for 
many minutes. Often, one type of conductivity 
dominated (Figs. 3 and 6) and thus allowed a more 
detailed analysis of M2-Glu channels as described be- 
low. 

(a) Conductance and current/voltage reIationship. 
Mainly two classes of conductance fluctuations were 
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induced ~nductance (approx. 15 pS). (B) Stationary fluctuations of the large conductance (approx. 200 pS). (C) Open probabilities (Po) of small 

(filled circles; from one experiment) and large (open circles, squares; two experiments) M2-GIu fluctua,i~ns plotted against transbilayer voltage. 

observed: one with a conductance of 25 + 5 pS (mean + 
S.D., n = 3 bilayers) and one of about 100 to 300 pS in 
0.1 M KCI (Fig. 6A, B). Both types of conductivities 
exhibited linear I/V relationships between + and - 100 
mV in the absence of an ion gradient (not shown but 
see Fig. 5). 

(b) M2-Glu channels are cation-selective. The M2- 
Glu induced conductances were cation-selective in all 
experiments. When reversal potentials were determined 
for bilayers containing several channels, the calculated 
permeability ratios peaked at Pg/Pa = 5 (4 bilayers, 27 
determinations; Fig. 4A). Cation selectivity w~-s also 
observed on the single channel level for both types of 
fluctuations induced by M2-GIu. For large fluctuations, 
values of PJPa from 3.5 to 16 (average 6 + 3, mean ± 
S.D., n = 4 bilayers) were determined by recording cur- 
rent/voltage relationships in the presence of KCI con- 
centration gradients. Fig. 5 shows one of these curves 
which is characterized by PK/Pa = 12. For small cur- 
rent fluctuations, PK/Pa values of 8 and 26 were 
obtained (n = 2 bilayers). We infer these pronounced 
cation selectivities to be related to the negative terminal 
charges of peptide M2-Glu. 

(c) Voltage dependence of the open probability. The 
small and large conductance fluctuations showed re- 
markable differences with respect to the voltage depen- 
dence of the probability to be in the open state (Po). 
The open probability of small fluctuations was approx. 
0.5 and nearly voltage independent between + and - 100 
mV (Fig. 6A, C). Po of large fluctuations was close to 
1.0 at 0 mV and decreased strongly when approaching 
+ a n d -  100 mV (Fig. 6B, C). This suggests that large 
and small M2-Giu channels represent structurally dif- 
ferent channel populations. 

(d) Gating mechanism. Fig. 7 shows that the large 
M2-Glu induced conductances may fluctuate between 
the closed (C) and several open (O) states. Direct transi- 
tions between the different states (e.g., C ,-~ 02, C ~ 03, 

02 ~ O3, 03 ~ O1) suggest them to represent substates 
of one and the same channel complex rather than 
independent channel entities. Further, there is evidence 
that the channels formed are capable of repeated open- 
closed cycles without disintegration. During long ob- 
servation periods (>> 10 min), no multiples of the main 
conductance states were seen although the channels 
performed many open-closed transitions (n >> 100) at 
Po close to 1.0. Also, periods of channel activity were 
often separated by silent periods (Po = 0) lasting for 
several minutes. For statistical reasons, such behavior is 
not expected if each opening and closing event corre- 
sponds to the assembly and disintegration of a channel 
complex from a large pool of monomers. Silent chan- 
nels could be reactivated by changing voltage. Fig. 8 
shows typical experiments where after silent periods at 
- 8 0  mV voltage was briefly removed. Immediately 
after returning to - 8 0  mV, channeI openings could be 
observed. 
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Fig. 7. Complex gating behavior of the M2-Glu induced conductance. 
Current fluctuations include a closed (C) and three open states (O1 to 
03) (recorded at + 50 mV). The lower trace shows dir~t transitions 
between states C and 02, 02 and Ol, 02 and 03, and 03 and C, 

respectively, on an extended time scale. 
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fence of current fluctuations at - 80 mV after a brief (0.4 s) removal 
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before voltage removal. The lower trace shows the effect of two 

successive transitions between - 80 mV and 0 mY. 

For the hydrophobic peptide M4, stably increased 
conductivities of different magnitude (Fig. 3) were ob- 
served which were characterized by near linear I/V 
relationships (not shown). This peptide also induced 
erratic increases in conductivity which are similar to the 
effects of bilayer perturbation caused by surface active 
agents [26]. No repetitive opening and dosing of dis- 
crete channels occurred, however, with this peptide (16 
experiments) although very fast fluctuations (in the 
millisecond range) may have escaped detection. We 
interpret the stably increase,:l conductivities to result 
from ion conducting structures made of peptide M4. 

Discussion 

In this study we show that synthetic peptides derived 
from the predicted transmembrane domains M2 and 
M4 of the GIyR a subunit are capable of increasing the 
ion permeability of lipid vesicle membranes. The con- 
ductance induced by peptides M2 and M2-GIu were 
shown to result from rectangular channel,like conduc- 
tance fluctuations. The conductances induced by peptide 
M4, in contrast, did not exhibit such repetitive fluctua- 
tions. 

In light of models proposed for the homologous 
nAChR [27-29], the pore intrinsic to the GlyR may be 
formed by a-helical M2 segments contributed from five 
subunits [111. Segment M4, on the other hand, is thought 
to be located at the protein/lipid interface of the GlyR's 
membrane spanning portion [30]. 

Notably and consistent with its hypothesized role in 
ion conduction, only channels made of the M2 type of 
peptides displayed repetitive gating. The large diversity 
of conduetances observed, however, contrasts the four 
defined substates (12-46 pS) found for the GlyR by 
patch clamp analysis [15]. This heterogeneity of channel 

even:s is consistent with a model where different levels 
of single-channel conductance are attributed to a varia- 
ble number of peptide monomers in the oligomeric 
channels, i.e., different channel cross-sections. It might 
be argued that the increased thickness of decane- 
solvated bilayers with respect to natural membranes 
accounts for the discrepancy between M2 peptide chan- 
nels and native GlyR. Increasing bilayer thickness would 
be expected to destabilize an oligomeric peptide channel 
complex, i.e., decrease its life-time and conductance. 
Therefore, the greatly increased values of these proper- 
ties of our M2 peptide ehannds versus native GlyR [15] 
as observed here are unlikely to result from the larger 
thickness of our bilayers. 

The exquisite anion selectivity of the GlyR [15] was 
not mimicked by any of our peptides. Rather, M2 
channels formed anion-selective as well as cation-selec- 
tive channels. Conceivably, structurally different M2 
channel populations account for this diversity. Gener- 
ally, it is thought that the cation selectivity of un- 
charged peptide ion channels and ion carriers is due to 
the negative potentials of carbonyl oxygens of the 
peptide backbone [31]. On the other hand, the positive 
terminal charges of the M2 peptide are expected to 
favour anion selection by the M2 channels. As a net 
result, the ion selectivity of M2 channels may vary with 
the distance of the charges from the channel mouth. 
Interestingly, conversion of the terminal charges of M2 
modulated ion selectivity in the expected fashion. Intro- 
duction of two negative head groups resulted in the 
exclusive formation of cation selective M2-Giu chan- 
nels. 

This effect of terminal charges on ion selection is 
consistent with the view [5] that the positive charges 
bordering the M2 segment of the GIyR a subunit 
account for the receptor's anion binding sites de- 
termined electrophysiologieally [151. 

An interesting feature of the M2-GIu channel is its 
kinetic stability as evidenced by its considerable life- 
time. In this respect, the M2-GIu ehannd behaves like a 
stable proteinaceous pore rather than gramicidin chan- 
nels which close by disintegration of the channel com- 
plex [32]. For constituting a ehannd of defined size and 
ion-selectivity, however, the geometric constraints im- 
posed by fixation of transmembrane domains within 
large proteins seem essential. 

The finding that not only the hydroxylated M2 type 
of peptides but also the hydrophobic peptide M4 in- 
creased membrane conductivity, suggests that a high 
content of hydrophilic amino acids in the peptides is 
not required for allowing ion passage. This interpreta- 
tion is consistent with the ability of other largely hydro- 
phobic synthetic peptides [33,34] or naturally occurring 
peptide ionophores [35] to form channels in the black 
lipid bilayer system. Moreover, it implies that conduc- 
tivity induced by indi-Jidual hydrophobic peptides is not 
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a valid criterion to qualify the latter as pore lining 
segments in proteinaceous channels. 

Concluding remarks 
Previously, peptides corresponding to the putative 

pore lining segments Sct of the voltage-dependent Na 
channel [I7] and M2 of the nAChR [18] were shown to 
form cation-selective channels in lipid bilayers. The 
reported single-channel conductances and life-times of 
these peptide channels included values characteristic of 
the native channel proteins but were scattered over a 
large range. Nevertheless, the approach was suggested 
to be a valuable tool for studying the pore-lining parts 
of channel proteins. Here, we found an even larger 
discrepancy between GlyR M2 peptide channels and 
native GlyR with respect to ion-selectivity, conductance 
and life-time. We therefore conclude that results ob- 
tained by reconstitution of synthetic transmembrane 
domains are only of limited significance at least for the 
investigation of anion channel proteins. 
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