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Abstract 

A synthetic, hydrophobic, 27-amino-acid-residue peptide ‘K27’, modelled on the tram-membrane domain of the slow 
voltage-gated potassium channel, IsK, has been incorporated into a lipid bilayer and its conformational properties studied 
using FI-IR spectroscopy. The conformation following reconstitution is found to be dependent on the nature of the solvent 
employed. When the reconstitution is conducted by solvent evaporation from a methanol solution, aggregates comprised of 
P-strands are stabilised and their concentration is essentially invariant with time. By contrast, when trifluoroethanol is used, 
the initial conformation of the peptide is o-helical. This then relaxes to an equilibrium stare between a-helices and 
P-strands. The a-helix-to P-strand conversion rate is relatively slow, and this allows the kinetics to be studied by IT-IR 
spectroscopy. The reverse process is much slower but again can be demonstrated by IT-IR. Thus, it appears that a true 
equilibrium structure can only be achieved by starting with peptide in the o-helical conformation. We believe this result 
should be of general validity for hydrophobic peptide reconstitution. The implications for conformational changes in 
membrane proteins are discussed. 0 1997 Elsevier Science B.V. 
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1. Introduction ture KLEALYILMVLGFFGFFTLGIMLSYIR 

The reconstitution of peptides into lipid bilayer 
membranes by detergent dialysis or solvent removal 
from solutions of lipid and peptide is commonly 
used to obtain model membrane systems for bio- 
chemical or biophysical study [l-3]. Whether differ- 
ent solvents and reconstitution methods affect the 
conformation of peptides in the membrane has rarely 
been questioned. However, we have found that a 
synthetic, 27-mer peptide, ‘K27’ with primary struc- 

modelled on the transmembrane domain of the slow 
voltage gated potassium channel protein IsK [4], 
adopts conformations in a lipid bilayer which are 
sensitive to the solvent employed in reconstitution. 

* Corresponding author. 

In this paper, we investigate the possible reasons 
for the different conformations adopted by the pep- 
tide in the same lipid environment when different 
organic solvents were used in the peptide incorpora- 
tion. This leads to the development of methodology 
for incorporating hydrophobic peptide in lipid bi- 
layer in its equilibrium structure, which has practical 
significance for biophysical studies of peptides. 
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2. Materials and methods 

2. I. Peptide synthesis 

K27 is modelled on the transmembrane sequence 
(residues 45-67) of the IsK potassium ion channel 
protein [4]. A few polar residues (K, L, E and R) at 
the N and C termini are retained so as to anchor the 
peptide to the bilayer surfaces. It was synthesised on 
a 0.1 g scale using an automated MilliGen/Bio- 
search 9050 solid-phase synthesiser. Fmoc chemistry 
was used for amino acid coupling. Couplings were 
controlled by counterion distribution monitoring to 
achieve not less than 99% coupling efficiency. After 
completion of the synthesis, the resin was washed 
extensively with 150 ml portions of t-amyl alcohol, 
glacial acetic acid and t-amyl alcohol, followed by 
300 ml of diethyl ether. The peptide was cleaved 
from the resin using a cleavage mixture of 95% 
trifluoroacetic acid, 2.5% phenol and 2.5% 
ethanedithiol. After rotary evaporation to remove the 
trifluoroacetic acid, the residue was dissolved in 
hexafluoroisopropanol, precipitated with diethyl ether 
and washed six times by re-suspension in diethyl 
ether. The vacuum-dried precipitate was dissolved in 
hexafluoroisopropanol (I ml), diluted to 100 ml with 
deionised water and freeze dried. Further purification 
of the peptide by reverse phase HPLC was attempted 
but found to be impracticable due to the extreme 
hydrophobicity of the peptide. Amino acid sequence 
analysis using both solid and liquid phase strategies 
indicated > 80% purity in relation to deletion pep- 
tides. Further information on the synthesis and char- 
acterisation of K27 is published elsewhere [5]. 

3. Sample preparation 

To prepare samples, an appropriate volume of a 
dimyristoylphosphatidylcholine DMPC (purchased 
from Lipid Products, Surrey, England) stock solution 
was evaporated under a steam of nitrogen gas, then 
dried under vacuum for several hours to remove any 
traces of the solvent. A solution of K27 (lmg/ml) in 
either trifluoroethanol or methanol was added to the 
dry DMPC to produce peptide/lipid solutions at a 
specific peptide/lipid ratio R,. The solvent was 
then evaporated under a stream of nitrogen gas and 

the sample further dried under vacuum for at least 10 
h. Finally, the peptide/lipid mixtures were hydrated 
with D,O at a D,O/lipid ratio, R,, of 25 and 
incubated at 40°C for IO h. During incubation, the 
samples were mixed occasionally by centrifugation. 
It was found that the mixing process decreases the 
time necessary for the peptide to reach its structural 
equilibrium in the bilayers. 

4. FT-IR spectroscopy 

FT-IR spectroscopy was used to determine the 
secondary structure of the peptide. All the spectra 
were recorded at 40°C on a Perkin-Elmer 1760X 
FT-IR Spectrometer controlled by a PC with data 
processing software. A home-made thermostatted 
liquid cell with CaF, windows and pathlength about 
50 pm was used. Temperature was controlled to 
within f O.l”C by circulating water from a cryostat 
(Colora WK 3, West Germany). Each spectrum is an 
accumulation of 8 scans with a resolution of 4 cm- ‘. 
After Fourier transformation, the spectra were anal- 
ysed using a band-fitting program and the propor- 
tions of a-helix and P-strand were estimated using 
the relative integrated intensities of the correspond- 
ing amide I bands. 

5. Results and discussion 

5.1. Conformation of the peptide in the lipid bilayers 

The IR spectra of K27, reconstituted into DMPC 
bilayer after IO h incubation using either trifluo- 
roethanol or methanol, are shown in Fig. I. Spec- 
trum (a), trifluoroethanol as solvent, shows two ma- 
jor IR bands in the amide I region (1700- 1600 
cm-‘). The bands at 1655 cm-’ and 1626.5 cm-’ 
are assigned, respectively, to a-helical and P-strand 
conformation [6-81. The proportions of the a-helical 
and P-strand structures is 20 and 80 per cent, esti- 
mated from band-fitting analysis. Spectrum (b), 
methanol as solvent, shows a predominant amide I 
band at frequency 1625.5 cm- ‘, corresponding to 
P-strand conformation. On both spectra a and b, 
there is a minor amide I band at 1648 cm-‘, which 
is assigned to random structure [9]. The broad band 
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Fig. 1. IR spectra of K27/DMPC bilayers prepared using trifluo- 
roethanol (a) and methanol (b) at R, = 0.05, R, = 25 and T = 
40°C. The bands at 1655 cm-‘, 1626.5 cm-’ and 1648 cm-’ are 
assigned to a-helical, P-strand and random coil conformations 
respectively. 

at 1737 cm-’ is associated with the ester carbonyl 
stretch in the lipid chains [lo]. 

The conformation of K27 in trifluoroethanol and 
methanol solutions is found to be mainly o-helical 
and P-strand, respectively (Fig. 2a, b). The fact that 
80 per cent of the peptide incorporated into lipid 
bilayers using trifluoroethanol as solvent (Fig. la) is 

Methanol (b) 

Fig. 2. IR spectra of K27 at a concentration of 1.5 mg/ml in (a) 
trifluoroethanol and (b) methanol solutions. 

present in the P-strand conformation demonstrates a 
significant conversion from a-helical to P-strand 
conformation. This raises the interesting question as 
to whether 80% P-strand corresponds to the equilib- 
rium state of the peptide under these conditions. The 
fact that the conformation of K27, starting with 
methanol as the solvent (Fig. lb), is essentially 100 
per cent p-strand suggests that this may not necessar- 
ily be so. It could, however, be that conversion from 
the P-strand to a-helix within the lipid bilayer is a 
very slow process so that the equilibrium is not 
attainable. To distinguish between the two possibili- 
ties, we have investigated the rates of the conversion 
processes. 

6. Kinetics of cw-to-P conformational transitions 

6.1. The a-to-p transition 

The kinetics of the o-helical to P-strand confor- 
mational transition was studied using IT-IR spec- 
troscopy to monitor the changes in the relative pro- 
portion of the two conformations with respect to 
time immediately following reconstitution. A 
K27/DMPC mixture at R, = 0.07, prepared from 
trifluoroethanol, was hydrated with D,O at R, = 25 
(time t = 0). The bilayers were then mixed exten- 
sively by centrifugation, sealed between CaF, IR 
windows with vacuum gel, and maintained at 40°C 
throughout the whole period of the measurements 
(103 h). IR spectra measured at various times are 
shown in Fig. 3. The peptide was initially in the 
a-helical conformation, judged from a major amide I 
band at 1656 cm-’ in the spectrum taken after 30 
min. The band at 1673.5 cm-’ arises from residual 
trifluoroacetic acid (TFA), which is often found in 
synthetic peptides [l 11. The intensity of the a-helical 
band is seen to decreases with time. Simultaneously, 
a band at 1626.5 cm- ’ , corresponding to the P-strand 
conformation, is seen to increase gradually with 
time. The changes of o-helix concentration as a 
function of time has been further analysed by plot- 
ting the reciprocal concentration of the a-helix vs 
time (Fig. 4). The linear nature of the plot suggests 
that the conformational transition is probably a sec- 
ond order process with a rate constant of 0.067 
M-Is-l 
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Fig. 3. IR spectra of K27/DMPC, prepared using trifluoroethanol 
(R, = 0.07, R, = 25 and T = 4O”C), measured as a function of 
time following reconstitution. 

6.2. p-to-cr transition 

The kinetics of the B-strand to a-helical confor- 
mational transition were also investigated. A sample 
of K27/DMPC bilayers at R, = 0.05, R, = 25 was 
prepared using methanol as the solvent. Fig. 5 shows 
the spectra measured after 30 min and 24 h follow- 
ing sample hydration. The closely similar spectral 
features indicates there is no significant conforma- 
tional change over 24 h. Compared to the rate of the 
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Fig. 4. Plot showing reciprocal concentrations of the o-helical 
conformer of K27 in DMPC bilayers as a function of time. 

0.5 hour 
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iSO ,750 170” lb50 ,600 1550 lSO0 

WAVENUMBER / cm-’ 

Fig. 5. IR spectra of K27/DMPC bilayer, prepared using methanol 
as solvent (R, = 0.05, R, = 25 and T= 4O”C), measured at 
different times following reconstitution. 

a-helical to B-strand conformational transition, the 
B-strand to o-helix transition appears to be a much 
slower. 

The reason for the different kinetics is believed to 
be due to the nature of the two structures. a-Helices 
exist in the lipid bilayer either as monomer or as 
small, weakly-associated aggregates since K27 is a 
hydrophobic peptide. The interactions between the 
hydrophobic helices are mainly due to weak van der 
Waal’s forces. In contrast, B-strand conformers are 
present in aggregates involving relatively strong in- 
termolecular hydrogen bonds. In speculating about 
the mechanism of o-helix to B-strand conforma- 
tional conversion, it is likely that two helices come 
together as established by Engelman and coworkers 
with a number of membrane proteins [12,13]. With 
K27, the helices then unfold to form a B-strand 
dimer in the rate determining step since the kinetic 
behaviour can be analysed as a second order process 
(Fig. 4). Because there are free hydrogen bonding 
groups in the ends of B-strand dimers, more a-helices 
can then join the B-strand dimers to form bigger 
B-aggregates (B-sheets). Regarding the mechanism 
of the B-strand to o-helix conversion, it is likely that 
a single B-strand needs to dissociate from an aggre- 
gate before it can undergo a conformational transi- 
tion. The probability of such event is very small as 
the dissociations occurring in any positions other 
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than at the ends of a P-sheet would just produce two 
small P-sheets. 

7. Demonstration of the achievement of a true 
equilibrium 

The conformation of K27 reconstituted into lipid 
bilayers is found to be a complex function of the 
concentration of the peptide. Studies of K27 in egg 
phosphatidylcholine bilayers at peptide/lipid molar 
ratios (R,) in the range 0.01-0.10 and hydration 
(moles of water/lipid, R,) of 25 have shown that at 
R, 0.01, only 5% of the peptide is in the P-strand 
conformation whilst at R, = 0.10, 23% is in this 
conformation. This concentration dependence can be 
analysed to provide an insight into the mechanism of 
the aggregation process. Full details will be given in 
a forthcoming publication (A. Aggeli, N. Boden, 
P.F. Knowles and Y. Cheng in preparation). Here the 
objective is to demonstrate that a true equilibrium 
between the o-helical and P-strand conformers is 
established. If this is the case, then decreasing the 
peptide concentration should result in an increase in 
the o-helical conformation. This has been demon- 
strated by mixing equal amounts of two samples, one 
having R, = 0.00 and the other R, = 0.03. After 4 
days incubation at 40°C a slight but reproducible 
decrease in the intensity of the P-strand band (1625.5 
cm-’ ) and increase in the intensity of the o-helical 

WAVENUMBER I cm” 

Fig. 6. IR spectra of K27/DMPC bilayers (R, = 0.03, R, = 25 
and T = 40°C) (spectrum a), and four days after dilution with an 
equal volume of DMPC bilayers (R, = 25) (spectrum b). 

band (1654 cm-‘) was observed (Fig. 6). These 
observations demonstrate that the aggregation pro- 
cess is reversible and that a true equilibrium state is 
realisable in samples prepared by solvent evapora- 
tion. By contrast, similar mixing experiments using 
P-strand aggregates incorporated by dialysis show 
that they are invariant with time. In this case, the 
P-strand aggregates are pre-formed in the solvent 
before being incorporated into the bilayer and equi- 
librium cannot be established. 

8. Conclusions 

The kinetics of the o-helix to P-strand and p- 
strand to o-helix conversions have been studied. The 
process of P-strand to o-helix conversion is a much 
slower process, which suggests that once a peptide 
has been incorporated into a P-strand conformation, 
it is essentially ‘permanently’ locked into that state. 
On the other hand, the process of or-helix to P-strand 
conversion is faster, which is of practical signifi- 
cance as it can be used as a basis for hydrophobic 
peptide reconstitution into bilayers to achieve an 
equilibrium state. We have demonstrated in the pre- 
sent paper that the hydrophobic peptide K27 can be 
incorporated into the membrane in an equilibrium 
manner by using trifluoroethanol as a solvent. Our 
results have practical significance for the preparation 
of peptide/lipid samples for biochemical and bio- 
physical studies. For instance, only an equilibrium 
situation permits the study of factors modulating a 
peptide conformation in lipid bilayers. 

Our results suggest that care should be taken in 
accepting the functional relevance to the protein of 
studies on the conformation of peptides modelled on 
the transmembrane domains of membrane proteins 
even when these are made in membrane-like envi- 
ronments. For example current opinion suggests that 
the core region of voltage-gated ion channels in- 
volves P-barrel structures [ 141 though spectroscopic 
studies of model peptides for these channels in lipid 
vesicles suggest a predominantly o-helical confor- 
mation [ 151. Other examples are given in a recent 
review of peptide models for membrane channels 
[16] and include further discussion of peptides mod- 
elled on the IsK potassium channel and the IsK 
protein itself. 
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Our findings also have medical implications with 
respect to amyloid diseases (Alzheimer’s disease and 
prion-related diseases such as scrapie). A conforma- 
tional transition from a-helix to P-strand in a mem- 
brane precursor protein has been implicated in 
Alzheimer’s disease [ 17,181 and scrapie [ 191 leading 
to the deposition of P-amyloid peptide plaques which 
are highly insoluble. Shen and Murphy [IS] have 
studied the mechanism of self-assembly of p amy- 
loid peptide in different solvents to give fibrillar 
structures and suggest from their results that forma- 
tion of a P-sheet oligomer is a controlling step in 
plaque formation and that assembly by dilution from 
solvent into aqueous medium depends on the solvent 
used. These conclusions are strikingly similar to the 
conclusions drawn from our studies with K27 in 
membranes. Although secondary sequence predic- 
tions of P-amyloid peptide in membranes have been 
made, and theoretical models proposed involving 
different assemblies of P-hairpin and a-helix confor- 
mational states which might inter-convert [20], direct 
studies of the mechanism of self-assembly of p- 
amyloid peptides in membranes have not yet been 
made. The results we have presented indicate that 
once a conversion of o-helix to P-sheet has occurred 
in the @amyloid precursor protein, there would be a 
kinetic barrier which would limit the reverse process 
and thus lead to insoluble plaques. 
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