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ABSTRACT. The putative transmembrane segment of the ion channel forming peptide NB from influenza

B was synthesized by standard solid-phase peptide synthesis. Insertion into the planar lipid bilayer revealed
ion channel activity with conductance levels of 20, 61, 107, and 142 pS in a 0.5 M KCI buffer solution.

In addition, levels at-100 mV show conductances of 251 and 413 pS. A linear curnesitage relation

reveals a voltage-independent channel formation. In methanol and in vesicles the peptide appears to adopt
an a-helical-like structure. Computational modelsashelix bundles usingN = 4, 5, and 6 NB peptides

per bundle revealed water-filled pores after 1 ns of MD simulation in a solvated lipid bilayer. Calculated
conductance values [using HOLE (Smart et al. (19Bigphys. J72, 1109-1126)] of ca. 20, 60, and 90

pS, respectively, suggested that the multiple conductance levels seen experimentally must correspond to
different degrees of oligomerization of the peptide to form channels.

In the genome of influenza B, RNA segment 6 encodes of transmembrane helices. For the analogous channel peptide
two integral membrane proteins, NB and NA. NB is a protein in influenza A, M2, it is believed that a tetramerehelix
of ca. 100 amino acids. It has ca. 18 extramembraneousbundle is the minimal form of the proton-permeable ion
residues on its N-terminal end, a 22-residue membranechannel §—11). For NB the number of subunits in the bundle
spanning segment, and a ca. 60 residue long C-terminal ends not known. Purification of NB on gels using nonreducing
(1, 2). NB is expressed at the surface of infected célls ( conditions revealed the formation of disulfide-linked dimers
5). In the virion the N-terminal site is located at the external and higher oligomers2j. Molecular modeling studies on
surface. Experiments with gold immunolabeled freeze- bundles of the transmembrane parts of the peptide have been
fractured virions indicate that the C-terminus is located at performed in vacuo with four, five, and six segmeritg)(
the inside of the virion4). By analogy with the M2 protein ~ Comparison of experimental conductance data With
of influenza A, it was suggested (reviewed in 6¢that NB conductance calculations using HOLE3(14) suggests that
might be a channel-forming protein. pores from NB might contain five helices. It was suggested
Conductance measurements with purified NB expressedthat Ser-20, Thr-24, and Ser-28 face the pore and generate
in Escherichia coliand reconstituted in lipid bilayers reveal partially a hydrophilic wall within the channel. The hydroxy
a conductance of 45 pS. However, when NB is incorporated groups could guide the Naor the CI ions via either the
in liposomes and then added to planar lipid bilayers, the oxygens or their protons.

conductance ranged from ca. 10 pS at very low NB |n a previous computational studg) we showed that
concentration in the liposomes to several hundred picosi- 28 residues is an optimal length for synthetic transmembrane-
emens for higher concentration).( At neutral pH the  spanning peptides of the viral ion channel peptides. There-
channels are more permeable for sodium ions than chloridefore, in this study computationaind experimental studies
ions (Pna/Pci 2~ 9 at pH 6.5). In asymmetrical NaCl solutions  gre undertaken with the NB 28mer consisting of the sequence

at pH 2.5 the permeability is higher for chloride ior%( IRGSINTICVSLI 3VILIVFGYIA “KIFI (NB, Lee).
Pna & 4). A recent study on NB expressed in the plasma-

lemma of MEL cells showed that the channel peptides EXPERIMENTAL PROCEDURES

induce a Na-dependent proton current and a pH-activated

CI~ current @). Peptide SynthesisThe transmembrane segment of NB
One way in which single integral membrane proteins can (IRGSUITICVSLISVILIVFGYIA *KIFI; NB, Lee) was

form ion channels is via oligomerization to form a bundle Synthesized using standard Fmoc methodology on an Applied
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Biosystems 430A automated peptide synthesizer. PAC parameter. In general, only NRMSD values<d.1 indicate
PEG-PS resin and HATU coupling reagent purchased from strong correspondence between the experimental spectrum
PE Biosystems were used. Each synthesis cycle incorporatedind the calculated secondary structure, although values of
double coupling of the residues using a 10-fold excess of <0.2 tend to indicate a general similarity of the type of
the amino acid. Temporarg-N Fmoc-protecting groups  calculated structure to the actual structure.

were removed by 20% piperidine in DMF after a capping  Channel Recordings in Planar Lipid Bilayeilanar lipid
step involving incubation with 0.5 M pyridine and 0.5 M pilayer was formed across a elliptical aperture (ca. 280
acetic anhydride. The peptide was purified by preparative diameter on the long axis) in a thin (26n) Teflon film
HPLC using a POROS RP 4:6 100 mm column ata flow  (yellow Springs Instruments)1g). Approximately 40ulL
rate of 5 mL/min. The buffers used were-Awater [0.1% of lipid [10:1 (w/w) L-a-phosphatidylcholine (type Il-s) and
TFA (trifluoroacetic acid)] and B= acetonitrile (0.1% TFA). cholesterol, both from Sigma] in CHE Wwas spread on top
A gradient was run between 5% and 50% B over 20 min. of a buffer (0.5 M KCI, 10 mM BES, pH 7.0) which was
Matrix-assisted laser desorptioionization-time of flight  rajsed across the aperture. This resulted in ca. 0.2 mg of
spectrometry (MALDI-TOF) was done on a Micromass |ipid on each side. After addition of the protein (dissolved
TofSpec 2E mass spectrometer operating in the linear modein methanol) on the cis side (amplifier), the bilayer was
from an a-cyano-4-hydroxycinammic acid matrix. The formed by raising the buffer level. Electrical currents were
sample concentration was 3 pmdl/using external calibra-  recorded with an Axopatch 1D amplifier at a rate of 5 kHz
tion. A single peak with an average mass of 3092.88 Da and filtered with 1 kHz using a Digi Data 1200 interface
(MH™) was found [calculated average 3092.96 Da (MH ~ (Axon Instruments). Currents were generated using a Func-
For automated amino acid sequence determination samplesion Generator TG 302, LEVELL, Barnet, U.K.
were adsorbed onto PVDF membrane [poly(vinylidene  \jodeling and Simulationgviodels of bundles have been
diflouride), 0.2um porosity] using a ProSorb cartridge (PE  generated by in vacuo restrained molecular dynamics (MD)
Biosystems, Warrington, U.K.) and following the manufac- i, 5 simulated annealing (SA) protocol as described previ-
turer’s protocol. The membrane-bound samples were thenously (19), X-PLOR V3.1 @0) with the CHARMmM
excised from the Pro.Sorb .cartridge and N-terminally Se- pARAM19 parameter se2(). This gave us an ensemble of
quenced on an Applied Biosystems 494A “Procise” se- 25 models of a bundle. Models containing four, five, and
quencer (PE Biosystems, Warrington, U.K.). six helices per bundle were generated. There was no
Circular Dichroism (CD) Spectroscopf.D spectra were  preference for the bundles to form either a left-handed or
recorded on a AVIV 62ds spectropolarimeter equipped with yight-handed supercoil, and so subsequent simulations were
a variable position detector for use with scattering (Mem- 5564 on bundles with the most symmetric untilted structures
brane) samples. Spectra reported have been obtained withor each ensemble. Each helix bundle thus generated was
the maximum acceptance angi®0° (16). The wavelength  gocked in holes of various radii in a preequilibrated lipid
range scanned was 36@85 nm with a step width of 0.2 pjjaver [of 1-palmitoyl-2-oleoyksn-glycero-3-phosphatidyl-
nm. Either 0.01 cm (protein in methanol) or 0.05 cm (vesicle -pgline (POPC)] of area ca. 6 6 nn? as described in detail
suspensions) path-length optical cells were used. Samples,sewhere 42, 23). Each lipid/protein system was then
in methanol were recorded at 1Q and vesicle suspensions  gqyated with more than 30 SPC water molecules per lipid.
at 20°C. Each sample spectrum represents an average of\ip simulations were performed using GROMACS 1.6
five scans for each of three independently prepared Samp|es(http://rugmdo.chem.rug.nl/gmx/gmx.html). All simulations
Methanol (spectrophotometric grade, Aldrich) solutions yere of 1 ns duration. Simulations were run on either a 10
contained 2 mg/mL peptide. For vesicle suspensions, 0.7 Mgy, an 80 SGI Origin 2000 processor. For a system of ca.

of protein was added to 8.7 mg of 1-palmitoyl-2-olesp- 20 000 atoms the CPU time is ca. 8 days per nanosecond
glycero-3-phosphatidylcholine (POPC) to obtain a lipid: per processor. Subsequent analysis of the simulations used
protein ratio of 50:1 (w/w). After being dissolved in 300 Gromacs and DSSR4). Structures were visualized using

of methanol/10Q:L of CHCIs, the solvent was removed in Quanta (MSI) and Rasmol. Using the program HOUE)(

a rotary evaporator under vacuum, leaving a thin film on 5 pore radius profile was calculated, and the conductance
the round-bottom flask. This film was hydrated with 1 mL \y35 estimated.

of deionized HO and sonicated in a cylindrical ultrasonic

bath (Laboratory Supplies) for ca. 10 min at ca. 0. RESULTS

Further sonication was undertaken with a probe sonicator

(Soniprep 150), applym5 s bursts in intervals of 30 sina  SequenceThe sequence used in the present study was
water-jacketed cell at room temperature. After centrifugation IRGSUNTICVSLISVILIVFGYIA “KIFI (Figure 1). The

for ca. 2 min at 12808 the supernatant, which contained only deviation from the natural sequence of the virus B/Lee/
small unilamellar vesicles, was used for the measurements40 is a substitution of Cys-38 by Tyr (position 22 in the
The final lipid-to-protein ratio was determined using ca. 300 helical wheel). We justify this mutation by the fact that all

mL of the vesicle suspensions for phosphate analysis. other protein sequences known from NB show this substitu-
The secondary structure of the protein was analyzed usingtion in this particular region.
a linear least-squares curve-fitting procedufe)( The Secondary Structureln an attempt to experimentally

reference data set was derived from 15 water-soluble proteinsascertain the secondary structure of NB, circular dichroism
(17). The results were normalized to 100%, dividing each (CD) spectroscopy was used to examine the peptide in
fraction by the sum of the fraction. The quality of the fit of methanol and in small unilamellar vesicles (SUVs) comprised
the calculated structure to the data was determined by theof POPC (Figure 2). SUVs with high lipid-to-protein ratios
normalized root mean standard deviation (NRMSD¥)( were used for these studies because they have been shown
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environment of the lipid bilayer (and the nonaqueous solvent
methanol) produces spectral characteristics unlike those in
aqueous solution. This possibility has been explored in other
peptide systems, and the blue shift observed in this case has
been well characterized as a function of dielectric constant
(26). This will result in a poor fit of the soluble protein
reference database to the experimental data. Furthermore,
because the r> 7* and & — x* peaks shift to different
extents, the shape of the curve will change, and the two
negative peaks typical of an-helix tend to merge2J7),
leading to an overestimate gfsheet. (2) The conformation
the peptide adopts may be considerably different than that
found in regular secondary structural elements in proteins;
in particular, the flexibility of the peptide may lead to
“irregular helical structures” as suggested by the simulations,
which have®/W angles that differ from typical helices [as
has been previously observed for a small pept8]( The
irregular structure could either come under the category of
“other” in the analyses or simply lead to a poor fit. It appears
likely that both of these effects are manifest in the case of
NB peptide. The magnitudes and ratios of the NB peaks
Ficure 1: Helical wheel projection of the sequence of the putative 10cated near 195 and 220 nm are larger than would be
transmembrane segment of NB. expected fois-sheets and smaller than would be expected
for pure helices. Furthermore, the characteristic double
negative peaks normally found for am-helix are only
suggested by the shoulder at 224 nm. These are very different
spectra than obtained for-helical peptide fragments from
151 the influenza hemagglutinin protei@9, 30), again suggest-
10 1 ing that the NB peptide is not a classieahelix structure.

1 To further explore the nature of its secondary structure,

0 — alternative calculation algorithms were tested with the data.
51307190 200 \2)0 20 38240 250 2"’\?\/ 2710 23:’ [21:)] 3o They resulted in either negative fractions for the calculated
avelenel 1m secondary structure81) or poor fits between the calculated

30

25 A
20 A

Mean Residue Ellipticity [103 ]

5 and experimental spectra?) or failure of one aspect of the

20 algorithm to find a solution33). The latter two methods
Fiure 2: CD spectra of NB peptide in methanol (thin line) and Produced results which indicated that both helical and sheet
in POPC vesicles (thick line). structures were present, but with the amount of helix greater

than the amount of sheet. In both cases a significant amount
to not produce significant differential scattering and absorp- of secondary structure was found to be “other”.
tion flattening artifacts that can be found with other In summary, the CD data indicate that similar secondary
membrane sample®%). The methanol spectrum exhibits  structures are present in vesicles and in methanol solution
peaks at~193 and 217 nm and a shoulderé®24 nm, with for NB and that while the secondary structures are not
the magnitude ratio of the positive and negative peaks beingstandard helices, helices are likely a significant component
approximately 2:1. Its appearance is neither that of a classicalin each environment. This has led to the initial modeling of
helix nor that of a classical sheet spectrum. Both the methanolthis peptide as helical for the simulation studies. However,
and SUV spectra have similar waveforms, but the peaks init should be noted that, given the unusual nature of the
the vesicle spectrum are red shifted ¥ nm from those spectra, they do not exclude completely an alternative
in the methanol spectrum. Secondary structure analysis ofstructure, for example, such as some form of distgftatieet
the methanol spectrum indicated a content-&0% helix, raft.
but with a high NRMSD parameter (0.14). The helical  Conductance in the Planar Bilayem a typical bilayer
content of the vesicle sample was calculated to be 65%.experiment channel activity was observed with a peptide
However, its very high NRMSD (0.37) suggests a particularly concentration of ca. 3.2M (Figure 3A). Such channel
poor fit to the reference database. Shifting the vesicle activity could be repeated in two further experiments
spectrum to a lower wavelength by 3 nm resulted in a better recorded at different days each with newly prepared peptide
fit (NRMSD = 0.19), although the helix content essentially samples. Channel activity seems also to be sensitive to
did not change (67%). Because of the poor fit (high amantadine (Fischer and Sansom, unpublished results). The
NRMSD), the secondary structure determination based ondata sequence in Figure 3A represents an evolution in time,
this CD data is not very reliable but can only suggest the starting with the recordings at100 mV. After the transbi-
general sort of structure present. The high NRMSD is a layer potential was applied, an increase in current was found.
strong indication that the peptide has spectral characteristicsFor the rest of the recordings the closed state (C) and this
not represented in the reference database of soluble proteindirst conductance level (O1) have been hardly observed
This circumstance could arise for two reasons: (1) The anymore. In all four major conductance levels-a04 were
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Ficure 3: (A) Current activity of NB peptide incorporated in a x -30 1
planar lipid bilayer. NB was added to ca. 3:® to the cis side of 40 -

a 0.5 M KClI solution buffered to pH 7 (BES). The buffer was equal ) -
on both sides of the chambers. (B) Current activity-&@0 mV Ficure 4: (A) Current histogram of the trace in Figure 3A recorded

applied external voltage. The trace is an expanded view from panel@t —100 mV transmembrane potential. The histogram is fitted with
A. Data were filtered, resulting in a cutoff frequency of 50 Hz. ~ Gaussian-shaped bands. The data are corrected for the closed state

shown in_ Figure 3A at _the left side of the trace -aL00 mV. _
detected at-100 mV with 50, 130, 320, and 470 pS. The (8%, e J(00 BREESRn Sonees CRas, S0 e e 3,
f:urrent alfnpht.ude histogram for the.recordlng—aI.OO mv . Trend iines represent 20 pS (diamonds), 61 pS (squares), 107' pS
is shown in Flgure 4A. Most of the time the peptldes are in (triang|es), 142 pS (CrOSSES), and 251 pS (Stars)_
the highest conductance states (O3 and O4)H)0 mV
membrane potential. A further increase in conductance level Table 1: Estimated Conductance (in pS) for Solutions of KCI and

was not observed. At lower transmembrane potenti@Q NaCP

mV) the highest conductance state is only rarely seen in the bundle 4 bundle 5 bundle 6
recordings. At-80, —40, and—20 mV the peptide primarily 05 MKCI 22 56 a8
flickers between two conductance levels: 104 and 62 pS _ (0.083Q m calcd)

(—80 mV), 134 and 60 pS+40 mV), and 215 and 41 pS 0'5((')\’_'2legm calcd) 3 >3

(20 mV). At the transmembrane potential #20 mV the 0.5 M KClI (exptl) 20+ 1.5, 61+ 17, 107+ 4, 142+ 17
peptides form mostly channels with 19, 52, and 112 pS and ., ¢ water molecules 49 251+ Adla1sEel o
occasionally 238 pS. With increasing positive transmembrane minimal pore diameter  0.11 0.28 0.39

potential &+20 mV) the conductance levels become less __ (Figure 94) (nm)

resolved. The experimental conductance levels are listed in 2 Computational estimations are based on the hole diameter using

Table 1 Levels of 20, 61, and 107 pS ffom experiments L0 e S50 s e

perfectly merge with the computational V‘.""“es- The higher of 50 ps. The n%mber of water molecules is taken from ths bundleg

conductance levels (251 and 413 pS) might be the conse-afier 1 ns (Figure 7).

quence of assemblies greater than six segments with unde=

fined topology and multiple channel openings due to the voltage-independent channel formation. The histogram of the

peptide concentratioriy. trace at—100 mV is displayed in Figure 4A, corrected for
Analysis of the histograms of each trace in Figure 2A the closed level.

reveals distinct conductance levels which can be grouped to The channel peptide shows different kinetics. The upper

give average values for an individual level (Table 1). Figure conductance level in Figure 3A has open times of 80 s.

4B shows the currentvoltage relationship of the currents The recording at-20 mV shows open times in the mil-

which might belong to a single conductance level. The linear lisecond range. An example of the recording on an expanded

relation indicates an ohmic behavior of the pores and atime scale is shown in Figure 3B. Frequent short jumps
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) 155, W = —41.8 + 10.9). These residues are located
between conductance states_have been reported previously|ost in the middle of the segment. For another segment
and related to fast conformational changes of the segmentshea”y all the residues show deviation from the normal
(34). . o-values (b = —60°, W = —50°) (44). The latter deviation

Computational Model of the Bundielslodels of bundles s \;igalized by the bend of one of the segments (data not
were generated in S.UCh a way that the hydrophlllc res'.du.es'shown). Also, for NB-5 one segment shows strong deviation
SErines ano_l threonines, face the pore (Figure 1). S'm'l"?‘rfor some residues from the norm@ and W values: Arg-
positions with respect to Ser and Thr have been_ L_Jsed inqg (@ = —120.3 + 12.0, W = —61.7 + 31.5) and Gly-
simulations ofn mgfrfom mflgen;a_A’ZQ, 35),Itrr1]e|pore—l|n|ng 19 (@ = —106.5 + 33.0, W = —52.2 + 15.7). These
fﬁggf%s@g 37 anr;g] s%ﬁﬁgggioicﬁaya(r:mcc)ellr;)eeprt?dc:%gr deviations lead to a bent close to the N-terminal part of the
(LSLLLSL)»-CONM, (G0, n e case of the nAChR e SS9, % &0 o e devtons ave fune, A1
positions are experimentally confirmed (reviewed in B9s gme L :

41). The placement of the Ser and Thr in the NB transmem- deviation from helicity at the en_ds of each_hellx _(data not
brane segment consequently places the phenylalanines o hown). As a re;ult, therg are.dlfferent re&due; In each of
the outside of each bundle. Such a location for tryptophanst e bundles causing the disruption of the ideal helix structure.
is found in other channels, e.g., porid&2). Lysines and Throughout the simulation the average tilt of the bundles
arginines are located at the helilipid interface. Thus, the  is not changed (data not shown). Tilt angles of'418B-4),
starting structure coincides with the current ideas of channel9-2° (NB-5), and 6.2 (NB-6) are found at the end of the
formation. simulations. The average kink angles for the segments in

After a rise within the first 200 ps the RMSD values reach the bundle at ca. 200 ps of the simulation are betweerf22.5
a plateau at ca. 0.17 and 0.25 nm for the rest of the (NB-4), 6.2 (NB-5), and 7.2 (NB-6) (Figure 6). From
simulation. These values are usually found for simulations looking at the kink angles at the end of the simulations there
of single-stranded peptide$, 22) or bundles in a bilayer ~ seems to be a trend that an increasing number of segments
(43). The stability of the bundles is also represented by lower the average kink angle: NB-1, 25.(@ata from ref
constant values for the interhelix distance of-1101 nm in 15); NB-4, 20.6; NB-5, 13.8; NB-6, 8.8 (from Figure 6).
the second half of the simulation for all bundles (Figure 5). The dark line in Figure 6 represents the averaged kink angle

Some of the single TM segments deviate from an ideal for each bundle over the time. During the simulation the
helical structure. A detailed analysis of the averdgand averaged helix crossing angle remains fairly constant around
W values reveals deviation from a puxehelix structure for 6.5°, 6.6°, and 3.9 (values at 1 ns) for NB-4, NB-5, and
NB-4 in one segment especially around Val-@r € —66.9 NB-6, respectively. There is no translational motion of the
+ 9.8, W =-281+12.7) and Ser-28¢ = —88.9 + bundles along the-axis.
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Ficure 8: Water molecules within each bundle after 1 ns
simulation: NB-4 (left), NB-5 (middle), and NB-6 (right).
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FiIGURe 9: (A) Averaged pore radius profile at the end of the
simulation [calculated using the program HOLE] (five profiles

were averaged, representing the last 250 ps in steps of 50 ps of the
simulation). (B) Average diffusion coefficient of water along the
pore of the bundles over 1 ns.

at an almost symmetrical position. The robust structure of
_ _ . the bundle leads to an unchanged pore facing positions of
Ficure 7: View from the N-terminal (top) to the C-terminus

(bottom) for NB-4 (top), NB-5 (middle), and NB-6_ (bottom). the hydro_phlLlc side chains after 1 ns S|mulat|on.I f
Residues: dark, serines and threonines; light, phenylalanines. Water in the PoreFor NB-4 a very narrow column o
water molecules is obtained after 1ns of simulation with ca.

The Phe side chains are still pointing toward the lipid phase 49 water molecules (Figure 8). At its C-terminal end this
at the end of the simulation. The Lys and Arg residues for column is as narrow as one water molecule. When the
the NB bundles face the outside of the bundles interacting number of segments is increased, the number of water
preferentially with the lipid headgroups rather than with water molecules increase, showing a continuous water column with
molecules. Such interactions are also found in natural ca. 105 and ca. 145 waters for NB-5 and NB-6, respectively.
analogous TM helicesAb, 46) and synthetic TM peptides  The number of waters is the consequence of the pore radius
(47). They are seen to anchor the TM region within the polar profile (Figure 9A). For NB-4 the radius decreases constantly
region of the lipid headgroups. The view from the N-terminal toward the C-terminal end with a minimum of 1.1 A around
top to the C-terminus gives an impression of the shape of Val-35/Cys-38/lle-42. Another minimum in the pore radius
the pore (Figure 7). For the NB bundles the helices remain is found around Ser-28/Val-31. NB-5 does also have its
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minimum around Val-35/Cys-38/lle-42 (ca. 2.8 A). The diffusion of the ions through the pore. However, once
minima around Ser-28/Val-31 are less pronounced. For NB-6 hydrophilic residues face the pore, the type of hydrophilic
the narrowest part is toward the N-terminal end with ca. 3.9 amino acid in the pore might not be of too much relevance
A around Ser-20. When the number of segments is increasedfor generating particular conductance levels.

the overall pore radius increases. For all three channel models The current behavior found for NB transmembrane peptide
the longitudinal diffusion coefficient for the water molecules with several conductance states supports the barrel-stave
within the pore drops 10-fold to ca. 06 107° m? s for model 64, 55). In this model the channels are formed by a
all bundles (Figure 9B). There is no obvious correlation conversion of antiparallel segments to parallel ion-conducting
between the diffusivity and the hydrophilic side chains bundles. Integral increase of conductance levels reflects the
pointing into the pore. simultaneously presence of bundles with different numbers

With the pore radius calculated, the conductances for 0.50f segmentsg6). Stepwise increase of lower conductance
M KCI and NaCl solutions are estimated (Table 1) using States usually stands for the existence of one or more
the program HOLE 14). This program calculates the channels simultaneously open in the bilayer. We find a
maximum space within the pore around a point along the flickering of the conductance between ca~8D pS and
z-axis. The conductance is the summation of all the con- 110-130 pS. Comparison with the computationally derived
ductances for such spheres along thexis. The values are ~ Values suggests bundles consisting of five to six segments.
calculated according to the respective electrolyte solution. Lower conductance values observed in this study would
The values obtained have to be corrected for the reducedargue for the occasional existence of bundles with four
mobility of the ions within the restricted geometry of the segments. The width of the data for one conductance level
pore. Such a correction assumes that the relation betweerfloes not completely rule out the existence of multiple
the reduced mobility of the ions within the pore and the channels simultaneously open, each consisting of either five
reduced mobility of the waters is the same. For water, a O Six segments. As a conclusion of the present data the TM
decrease of the mobility by a factor of ca. 10 is found, bundles of four, five, and six segments are stable under the
compared to the value for the bulk phase (Figure 9B). The conditions reported here.
pore formation with four segments from NB leads to an  The natural peptide expresseddncoli and reconstituted
estimated conductance of ca. 22 pS/13 pS for a 0.5 M KCI in lipid membranes shows mainly conductance of 45)S (
and NaCl solution, respectively. Bundles of five segments In dependence of peptide concentration the level was reported
generate conductivity of ca. 56 pS/34 pS (0.5 M KCI/NaCl), to change between 10 pS and several hundred picosiemens
and six segments generate conductivity of ca. 88 pS/53 pS.when the protein was incorporated in liposomes at various
The results for 0.5 M KCI are in agreement with the concentrations prior to fusion with the lipid membrane. This
experimental findings. We assume that all bundles presentedconductance is in agreement with the values found for the
here are formed by the transmembrane potential. However, TM domain of the peptide in our study. M2 is formed by a
at the moment we cannot decide which of the bundles is the pair of covalently linked dimers5(, 58). M2 expressed in

most stable assembly. Spodoptera frugiperdéSf9) cells and reconstituted in lipid
membranes exhibits conductanee®5 pS £9). Studies with
DISCUSSION the synthesized putative TM spanning domain of M2 without

any cross-linking reveal minimal conductance of ca. 10 pS

Conductance Measurementdie level of conductance of  (60). Higher conductance levels are interpreted in terms of
the TM segment of NB is in the range of those found for multiple channels present in the bilayer. For Vpu expressed
other natural channel-forming purely transmembrane peptidesin E. coliand reconstituted in lipid membranes, conductances
such aso-toxin from Staphylococcus aureu@8). This of 14—280 pS are found6&l). The levels are very much
channel-forming peptide exhibits conductances around 70depend on the preparation methods. Preparation of liposomes
and 100 pS at low peptide concentration and a conductanceseems to form smaller channel-forming peptide aggregates
of ca. 450 pS at higher peptide concentration in 0.5 M KCI wjith lower conductance levels. TM segments of Vpu derived
(49). Also, synthetic peptides based on almost the samefrom protein synthesis show distinct channel conductances
alternating hydrophilic/hydrophobic residues lining the pore, of 17, 28, 37, and 61 pS in symmetric 0.5 M KCI solution
e.g., BN-(LSSLLSL)-CONH; (50), do show ion channel  (62). It seems likely that the complete proteins including their
activity with conductance around 70 pS in a 0.5 M KCI extramembraneous parts form stable channels with a slightly
solution. Mellitin, an amphiphilic peptide with largely  higher number of monomers than do the peptides consisting
hydrophobic residues lining the pore and some hydrophilic of just their synthetic TM segments.
residues at the C-terminal end, shows also conductance of An increase in channel Open times for particu'ar conduc-
ca. 110 pSin 1.8 M NaCl. In contrast, alamethicin has purely tance states has been reported for synthetically derived
hydrophobic pore-lining residuesY). In a planar lipid  alamethicin dimers compared to their naturally existing
bilayer the peptide produces several conductance levels. Wemgonomeric counterpart$8, 64). Since a third conductance
obtained currents of ca. 100, 310, 690, and 1180 pS (datajeve| is preliminarily occupied, the data are interpreted in
not shown) at concentrations of ca. @8 alamethicin 62, terms of the existence of stable hexamers. We also might
53). Brief pulses of currents up to ca. 2200 pS are also found. see in our study the existence of stable hexameric bundles
Even if alamethicin usually forms larger assemblies with formed by dimers or bundles of higher even-numbered
more than six segments, even small pores (less than sixmultiples of the dimers. In principle, we have to take
segments) show still quite high conductance levels. oligomerization of the peptide into account. This oligomer-

In combination with the pore diameter the hydrophobic ization is a consequence of the condition under which the
walls affect the water structure and, consequently, the synthesis and the purification steps were carried out. Thus,
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bundles of four, five, and six segments could be readily the backbone or neighboring side chains within the same

formed by monomers, as well as dimers and trimers. segment. In some cases H-bonds with adjacent segments are
Linearity of the currentvoltage relation can be observed also found. All bundles in common are H-bonding of the

if the ion does not experience any defined electrostatic hydrophilic side chains with pore water molecules which can

gradient within the pore. However, in an assembly of parallel be best described by a high number of hydrogen-bonding

helices the N- and C-termini induce a potential on an ion partners combined with a short time period during which

along the pore. Consequently, all channels based on suctthey actually form hydrogen bonds. This means that the

an o-helix assembly should show rectificatiof5j. In a hydrophilic side chains Ser and Thr fit “perfectly” into the
recent study &5) this was shown for uncharged synthetic pore water network in such a way that they do not affect the
channel peptides [Ac-(LSSLLSE]) Rectification is ex- orientation of the water molecules.

plained by theoretical models defining the experienced For the water molecules we use the SPC mo8#). (The
potential of an ion within a pore as the summation of (i) a insensitivity of the water parameters on the actual pore-facing
helical dipole potential, (i) an interfacial polarization residues might be a result of the limitation of the water model
potential, and (iii) a constant transmembrane potential. In used in this study. Thus, at the moment we cannot give any
light of our studies we suggest that the alignment of the water clear answer on how the hydrophilic side chain motives in
dipoles within the pore might counteract the proposed NB (S°T?4S%) affect the ion permeation on a structural level.
potential. As a consequence, rectification is at least mini-

mized in the case of the lower conductance levels of the CONCLUSIONS

NB peptide.

Comparison of the Computational Data with Those from
Other Channel Peptide ModelsviD simulation of the
transmembrane segments of M2 from influenza A in vacuo
(66) all show a tilt angle of ca. 15 (starting angle of 6.9.

MD simulations of the M2 tetramer in a lipid bilayer
(summarized in re67) and based on a mathematical analysis
of site-directed mutagenesis daé®)reveal almost identical
values. This is slightly higher than for the bundles of NB
with similar number of segments. NMR spectroscopic data
revealed a tilt angle of ca. 3@or the TM segments of M2
(69). For M2 the helix crossing angle was also higher’[21
+ 1° (66), 22 + 4° (68)] than for the bundles in this Study. ACKNOWLEDGMENT

For Vpu bundles of four, five, and six segments crossing

angles of-8.7°, —6.6°, and+10.C, respectively, have been Thanks are due to Dr. I. Shrivastava and Dr. P. Tieleman
obtained after 100 ps7(Q). Also, no supercoiling for Vpu  for valuable discussions. We thank Dr. R. T. Aplin (Oxford)

NB transmembrane channel peptide has been modeled as
a predominantlyx-helical structure in methanol and in lipid
membranes. The peptide assembles to form ion channels with
several conductance levels following a lineaM relation-
ship. The conductance of the whole peptide is determined
by the formation of the transmembrane segments. Simula-
tions on the peptide bundles in a fully hydrated lipid bilayer
result in similar conductance levels as found experimentally.
From this observation we conclude that bundles of four to
six segments might be responsible for the experimental
results.
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