
Biochimica et BiophysicaActa, 769 (1984) 49-56 49 
Elsevier 

BBA71927 

A DIFFERENCE INFRARED S P E C T R O S C O P I C  STUDY OF GRAMIC1DIN A, ALAMETHICIN AND 
B A C T E R I O R H O D O P S I N  IN PERDEUTERATED D I M Y R I S T O Y L P H O S P H A T I D Y L C H O L I N E  

DAVID C. LEE, AZIZ A. DURRANI and DENNIS CHAPMAN 

Department of Biochemistry and Chemistry, Royal Free Hospital School of Medicine (University of London), Rowland Hill Street, London 
NW3 2PF (U.K.) 

(Received July 21st, 1983) 

Key words: Protein -lipid interaction," Dimyristoylphosphatidylcholine; Gramicidin A; Alamethicin; Bacteriorhodopsin; (Infrared spectros- 
copy) 

Difference infrared spectroscopy has been used to study the way in which the intrinsic molecules gramicidin 
A, alamethicin and bacteriorhodopsin perturb their environment when present within a lipid bilayer structure. 
Dimyristoylphosphatidylcholine containing perdeuterated chains has been used to enable the lipid chain 
C - 2 H  stretching absorption band to be separated from the C - H  bands arising from the intrinsic polypeptide 
or protein. The C - 2 H  stretching bands of the phospholipid are sensitive to two different types of chain 
conformation. The C - 2 H  stretching frequency provides information about the static order of the lipid chains, 
whilst the half-maximum bandwidth provides a measure of chain librational and torsional motion. From the 
measurements it is concluded that: (1) Above the lipid phase transition temperature to, low concentrations of 
either gramicidin A or alamethicin cause a small decrease in lipid chain gauche isomers whilst bacteriorho- 
dopsin in the lipid bilayer has no effect. At higher concentrations each intrinsic molecule causes an increase 
to occur in lipid chain gauche isomers. (2) The lipid acyl chain motion, as deduced from the bandwidths is 
increased by the presence of a low concentration of gramicidin A within the lipid bilayer. The presence of the 
other intrinsic molecules studied have little effect. A higher concentration of alamethicin causes a decrease in 
chain motion whilst gramicidin A and bacteriorhodopsin have no effect. (3) Below tc each of the intrinsic 
molecules when present in the lipid bilayer causes an increase in gauche isomers to occur as well as an 
increase in the lipid chain motion. A broadening of the lipid phase transition occurs as the concentration of 
the polypeptide increases. 

Introduction 

The interactions which may exist between mem- 
brane lipids and intrinsic proteins and the degree 
to which intrinsic proteins can perturb a lipid 
bilayer structure have been the subject of much 

Abbreviations: DMPC-d54, 1,2-diperdeuteriomyristoyl-sn- 
glycero-3-phosphocholine; NMR, nuclear magnetic resonance; 
Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulphonicacid: t¢, 
onset temperature of the gel to liquid-crystalline phase transi- 
tion. 

discussion and many studies [1]. Various spectro- 
scopic probe techniques have been used, e.g. fluo- 
rescence, electron spin resonance and nuclear mag- 
netic resonance probes. The degree to which elec- 
tron spin resonance and fluorescent probes in par- 
ticular are able to mimic and at the same time to 
perturb the lipid environment is, however, uncer- 
tain. Non-perturbing techniques such as deuterium 
or phosphorus N M R  spectroscopy are more relia- 
ble. Deuterium magnetic resonance studies have 
shown that the effect of intrinsic proteins on the 
lipid chain conformation (above the main lipid 
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transition temperature, to) differs from that ob- 
served with cholesterol [2,3]. 

Difference infrared spectroscopy and Fourier 
transform infrared spectroscopy provide new 
powerful non-perturbing techniques operating on 
an entirely different time scale than NMR spec- 
troscopy for studying the conformation of mem- 
brane lipids and intrinsic proteins. This paper 
concerns the study of lipid-polypeptide and lipid- 
protein interactions and uses difference infrared 
spectroscopy to analyse them. 

The proportion of gauche to trans conformer 
and therefore the static order of lipid acyl chains 
can be measured by shifts in the methylene C - H  
asymmetric and symmetric stretching frequencies 
[4-7]. Fourier transform infrared spectroscopy has 
been used to monitor lipid and intrinsic protein 
conformational changes in reconstituted systems 
[8-10]. The view that intrinsic proteins and 
gramicidin A differ from cholesterol in their inter- 
action with membrane lipids has been supported 
by Cortijo et al. [6,7] using difference infrared 
spectroscopy. 

The presence of high intrinsic protein con- 
centrations within the lipid bilayer structure intro- 
duces considerable amino acid side chain contribu- 
tion to the C - H  bands. High frequency shoulders 
on the C - H  stretching bands were indeed attri- 
buted by these workers to the high levels of intrin- 
sic protein present. 

For this study we have therefore synthesised 
dimyristoylphosphatidylcholine-d54 in which the 
acyl chain hydrogen atoms are completely sub- 
stituted by deuterium atoms. Gramicidin A, 
alamethicin and bacteriorhodopsin have been re- 
constituted in this lipid, enabling us to study acyl 
chain C - 2 H  stretching frequencies without inter- 
ference from amino acid side chains at high pro- 
tein concentration. The advantages of using per- 
deuterated or specifically deuterated phospholipid 
derivatives in infrared spectroscopy of biological 
membranes and reconstituted systems has been 
demonstrated by Mantsch et al. [8,10,11]. 

Difference infrared spectroscopy can also be 
used to monitor changes in protein conformation 
[7]. The structure of the reconstructed bacte- 
riorhodopsin protein has been studied above and 
below the main lipid phase transition t c of the 
deuterated lipid. Difference spectra were generated 

and used to study conformational changes in the 
protein structure. 

Materials and Methods 

Myristic acid-d27 was purchased from Larodan 
Chemicals (Sweden). Dimyris toylphosphat i -  
dylcholine-d54 was synthesised according to John- 
ston et al. [12]. Its purity was checked by thin-layer 
ch roma tog raphy  and differential  scanning 
calorimetry. Gramicidin A was purchased from 
Sigma Chemical Co m p an y  (Poole, U,K.). 
Alamethicin was purchased from Centre for Ap- 
plied Microbiology and Research (Porton, U.K.). 
The polypeptides were used without further purifi- 
cation. Halobacterium halobium was grown on a 
complex medium described by Oesterhelt and 
Hartman [13] and purple membrane purified 
according to the method of Oesterhelt and Stoec- 
kenius [14]. Two purification steps were carried 
out in sucrose gradients. 

The buffer used for infrared spectroscopic mea- 
surements was 10 mM Hepes, 50 mM sucrose, 1 M 
KC1 dissolved in H20  or 2H20 and adjusted to 
pH 7.0 or pH 6.6, respectively, at 20°C. It will be 
referred to from now on as the standard buffer. 

DMPC-d54/gramicidin A or DMPC-d54 / 
alamethicin liposomes were prepared by taking 
stock solutions containing the required amount of 
lecithin and polypeptide in benzene/methanol 
(95 : 5, v/v),  mixing and freeze-drying for 6 h. The 
dry powder formed was dispersed in the standard 
buffer at 30°C for 30 rain with vortexing. Final 
lipid concentrations were between 15 and 30 
mg/ml  standard buffer. 

Reconstitution of bacteriorhodopsin was car- 
ried out as described previously [15]. Lipid analy- 
sis was performed by gas-liquid chromatography 
as in Ref. 16. Protein content was analysed by the 
method of Lowry et al. [17]. Infrared spectroscopic 
measurements wre carried out as in Ref. 7. Ten 
scans were computer averaged in the region 2250 
cm 1-2050 cm-  1 using a Perkin-Elmer 3600 Data 
Station linked to a Perkin-Elmer IR681 Spectrom- 
eter. For protein studies the scans were averaged 
over the region 1800 cm 1 to 1500 cm -1. In all 
cases the maximum noise suppression of the 
instrument was used together with the wide slit- 
width to reduce scanning time. The band maxi- 
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mum frequencies could be measured with an error 
of ( +  0.25 cm ~). Spectra were not smoothed prior 
to band measurement. 

Details of the Data Station software routines 
used in spectra analysis are given in Ref. 7. 

Results 

Fig. 1 shows the difference infrared spectra of 
DMPC-d54 in the region of the C - 2 H  stretching 
frequencies after subtraction of the standard 2H20 
buffer spectrum. The bands observed can be as- 
signed as C2H3 asymmetric stretching at 2212 
cm 1 (shoulder), C2H2 asymmetric stretching at 
2191 cm -1, C2H3 symmetric stretching at 2153 
(weak) and 2070 cm -1 (shoulder) and C 2 H 2  sym-  

m e t r i c  stretching at 2088 cm 1 in agreement with 
Ref. 11. As previously observed for C2H2 bands 
the band maximum frequencies and half-maxi- 
mum bandwidths of the C2H2 bands increase 
sharply as the temperature of the sample increases 
through the gel to liquid-crystalline phase transi- 
tion (Figs. 1 and 2). Plots show the variation of 
C2H2 symmetric band parameters; in all cases 
measurement of  C 2 H 2  asymmetric band parame- 
ters yielded similar data. Our infrared data show 
that the main gel to liquid-crystalline phase transi- 

tion of DMPC-ds4 occurs at 20.5°C, in agreement 
with our calorimetric measurements. 

The effect on the phase transition of cholesterol 
incorporation into the liposomes (at 1 : 1 
l ipid/protein molar ratio) is shown in Fig. 2. The 
plot of C2H2 symmetric band frequency (Fig. 2a) 
confirms previous observations [3,7] that below t c 
cholesterol causes an increase in the number of 
gauche conformers while above t~ there is a de- 
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Fig. 2. (a) Temperature dependence of the maximum wavenum- 
ber of the C 2H 2 symmetric stretching vibrations in (e) DMPC- 
d54 and (©) DMPC-d54/cholesterol 1 : 1 molar ratio. (b) Tem- 
perature dependence of the C2H2 symmetric stretching vibra- 
tion bandwidth at half-maximum intensity as in (a). 
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crease in these isomers compared with the pure 
lipid. The C2H2 symmetric bandwidth, measured 
as full width at half-maximum intensity, varies 
with temperature as shown in Fig. 2b. This param- 
eter reflects acyl chain effects which do not involve 
an increase in gauche conformers such as increases 
in librational and torsional motion [18]. The intro- 
duction of high levels of cholesterol into the bi- 
layers increases such motion below t c and de- 
creases motional freedom above tc (Fig. 2b). 

Fig. 3 shows the effect incorporation of 
gramicidin A into the bilayers has on the C2H2 
symmetric stretching frequency and bandwidth. 
Below the main lipid phase transition temperature 
the presence of gramicidin A causes an increase in 
gauche conformers within the lipid acyl chains 
(Fig. 3a). However, above t c both the 50:1 and 
5 : 1 l ipid/polypept ide ratios have similar amounts 
of gauche isomers to that of the pure lipid. There is 
some indication that just above t~ there is a de- 
crease in gauche conformers at a 50 : 1 ratio and an 
increase in these conformers at a 5 :1  ratio. (Ex- 
perimental error is +_0.25 cm -1 under our condi- 
tions). This effect is removed on heating above 
35°C. Bandwidth measurements (Fig. 3b) indicate 
that below t~ gramicidin A causes an increase in 
the motional freedom of the lipid acyl chains. 
Motional freedom is increased as the concentra- 
tion of the polypeptide is increased to a l ip id /  
polypeptide ratio of 5 : 1. When above t~ and at a 
l ip id/polypept ide ratio of 50: 1, gramicidin A 
causes a slight increase in the motional freedom of 
the lipid acyl chains. As the polypeptide con- 
centration is increased to a 5 : 1 l ipid/polypept ide 
ratio, acyl chain motional freedom becomes simi- 
lar to the pure lipid. 

The measured band parameters confirm previ- 
ous observations of C - H  stretching frequencies 
[7]: that incorporation of cholesterol or low levels 
of gramicidin A decreases the phase co-operativity 
of the main transition while the t¢ value is unal- 
tered. At higher levels of gramicidin A there is a 
decrease in t c in addition to the decrease in phase 
co-operativity. The effect of alamethicin on the 
C2H2 symmetric band parameters is shown in Fig. 
4. Alamethicin has similar properties to gramicidin 
A in its perturbation of the lipid bilayer. Above t~ 
there is a decrease in the proportion of gauche 
conformers at 50:1 l ipid/polypept ide compared 
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Fig. 3. (a) Temperature dependence of the maximum wavenum- 
ber of the cell2 symmetric stretching vibrations in (zx) DMPC- 
ds4/gramicidin A 50:1 and (v) DMPC-ds4/gramicidin A 5 : 1 
compared with the pure lipid (11). (b) Temperature dependence 
of the C:H 2 symmetric stretching vibration bandwidth at 
half-maximum intensity as in (a). 

with pure lipid, while at 5 :1  molar ratio the 
proportion of gauche conformers is markedly in- 
creased. Below t c there is a large increase in the 
proportion of gauche conformers for the 5 : 1 molar 
ratio. At a lipid polypeptide ratio of 50:1 any 
differences in the proportion of gauche isomers are 
within experimental  error. Incorporat ion of 
alamethicin into the bilayers at 50 : 1 l ipid/protein 
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alamethicin 50:1 and (v) DMPC-d54/alamethicin 5:1 com- 
pared with the pure lipid (o). (b) Temperature dependence of 
the C2H2 symmetric stretching vibration bandwidth at half- 
maximum intensity as in (a). 

molar ratio has little effect on t~ and the phase 
co-operativity is only slightly reduced. Fig. 4b 
shows the effect of alamethicin on the C2H2 sym- 
metric bandwidth of DMPC-d54. For the 50:1 
l ipid/polypeptide ratio there is no difference from 
the pure lipid system. However, at a 5 :1  ratio 
there is an increase in vibrational motion of the 
chains below t~ and a decrease in such motion 
above t~, compared with the pure lipid. 
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The effects observed upon incorporation of the 
intrinsic protein bacteriorhodopsin into the lipid 
bilayer are shown in Fig. 5 (these experiments 
were performed in standard H20  buffer). Fig. 5a 
shows that below t c the proportion of gauche con- 
formers is increased compared with the pure lipid 
for each protein concentration. Above tc there is 
little or no effect at a l ipid/protein ratio of 102 : 1. 
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At 22 : 1 the differences are small but there is some 
evidence for a slight increase in the proportion of 
gauche conformers just above t~. There is an in- 
crease in vibrational motion of the chains for each 
l ipid:protein ratio compared with pure lipid be- 
low t~ (Fig. 5b). However, above &. the difference 
is not significant. The presence of bacteriorho- 
dopsin makes the main lipid phase transition less 
sharp and reduces the t c value at a l ipid/protein 
ratio of 22 : 1. 

A difference spectrum obtained by subtracting 
a spectrum of DMPC-d54/bacteriorhodopsin 
102:1 at 16°C from a spectrum of the same 
sample at 36°C is shown in Fig. 6. The difference 
spectrum is obtained in the frequency range where 
the absorption bands corresponding to the lipid 
C=O stretching, amide I and amide II bands oc- 
cur. Positive bands indicate an increase in inten- 
sity of a particular band at that frequency. The 
major positive bands seen occur at 1683 cm 1 and 
1616 cm-~ on the high and low frequency side of 
the protein amide I band. Major negative bands 
occur at 1700 cm ~ and 1636 cm-~. Noise levels 
are + 0.001 absorbance units. The results suggest 
that a protein conformational change may be oc- 
curring when the lipid is heated above the main 
lipid phase transition temperature t~ of 20.5°C. A 
difference infrared spectroscopic study of the pur- 
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Fig. 6. Difference infrared spectrum of DMPC-d54 / 
bacteriorhodopsin 102 : 1 at 36°C minus the spectrum obtained 
at 16°C. Difference spectra were obtained by subtracting 
standard buffer reference spectra at 36°C and 16°C from the 
sample spectra. 

ple membrane over this temperature range does 
not show any similar spectral change. 

Discussion 

Our observations of an abrupt shift in the 
asymmetric and symmetric stretching frequencies 
as a result of the endothermic lipid phase transi- 
tion are in agreement with previous studies of 
C - H  [6-8] and C - 2 H  bands [10,11,18]. The in- 
crease in frequency which occurs above the lipid 
phase transition temperature is attributable to an 
increase in the proportion of gauche conformers in 
the lipid acyl chains [5,7]. Incorporation of 
cholesterol into the lipid bilayer at a 1:1 molar 
ratio results in a large increase in the number of 
gauche conformers below t~ and a large decrease in 
the number above t c such that the phase transition 
is effectively removed as in Fig. 2. This demon- 
strates the sensitivity of the C - 2 H  stretching 
frequency to the static order of the acyl chains. 
The C - 2 H  stretching half bandwidth is sensitive 
to the degree of librational and torsional motion 
of the lipid acyl chains [18]. We are therefore able 
to study the effects of high concentrations of in- 
trinsic proteins on the static and dynamic aspects 
of the lipid acyl chain conformation. 

Below the lipid transition temperature &, 
gramicidin A, alamethicin and bacteriorhodopsin 
act in a manner similar to cholesterol, i.e. there is 
an increase in the proportion of gauche conformers 
and an increase in librational motion of the acyl 
chains. This is consistent with the conclusion that 
all these intrinsic molecules affect the crystalline 
packing of the lipid thereby allowing some dis- 
order of chains and gauche isomers to occur. 

Above the lipid phase transition temperature to, 
our results with gramicidin A confirm previous 
deductions [7] that this polypeptide produced an 
increase in chain order at low concentration but 
we also observe an increase in chain disordr with 
respect to the pure lipid at higher concentrations. 

This ordering and disordering effect is similar 
to that observed by 2H-NMR spectroscopy [19]. 
Our infrared spectroscopic studies show that a 
similar effect is observed with the intrinsic poly- 
peptide, alamethicin (Fig. 4a). A decrease in the 
number of gauche conformers above t~ (i.e. chain 
ordering), is followed by an increase in gauche 



isomers at the higher polypeptide concentration 
(5 :1) .  In the case of the intrinsic protein, 
bacteriorhodopsin (Fig. 5a), there is no evidence 
for an increase in lipid chain order at a high 
l ipid/protein ratio of 102 : 1. When the concentra- 
tion of protein is increased (lipid/protein 22:1)  
there is an increase in chain disorder a few degrees 
above t c. 

Rice and Oldfield [19] explain their data on 
gramicidin by suggesting that the lipid chains ad- 
jacent to the polypeptide are constrained in a 
twisted configuration within the crevices of the 
molecular surface. They propose that this 
gramicidin-lipid complex then presents a smooth 
cholesterol-like surface to the remainder of the 
lipids which it then orders. Pink et al. [20] give a 
different interpretation of the same NMR data. 
They consider that three populations of lipid can 
occur within the bilayer and these can vary with 
the protein concentration: (a) those not adjacent 
to any intrinsic protein: 'free' lipid; (b) those 
adjacent to a protein; (c) those touched or trapped 
between two or three proteins. These authors con- 
clude that the NMR data are satisfied by the 
varying populations of these different lipid en- 
vironments where the methyl groups of adjacent 
lipids are slightly more statically ordered than 
those of free lipids, and where the methyl groups 
of ' trapped'  lipids are more statically disordered 
than those of the 'free' lipid. 

A question of importance for interpreting the 
effects of the intrinsic polypeptides on the lipid 
chain order is to what extent is the bilayer struc- 
ture retained when large amounts of polypeptide 
are present. Recent studies by Van Echtfeld et al. 
[21] using 3xp_NMR on gramicidin A / l i p i d / w a t e r  
systems suggest that gramicidin A may induce the 
hexagonal HI~ phase with some lipid/water sys- 
tems. This effect is thought to occur with di- 
elaidoylphosphatidylethanolamine and di- 
oleoylphosphatidylethanolamine at ratios of 1 : 200 
and higher. It also occurs with dioleoylphosphati- 
dylcholine when present in molar ratios of 1 : 25 or 
higher. This raises the possibility that high con- 
centrations of gramicidin A in l ipid/water systems 
consisting of L-DMPC or L-DPPC may also tend 
towards a hexagonal rather than a lamellar struc- 
ture. These authors however indicate that L-DPPC 
remains in a lamellar structure in the presence of 
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gramicidin A whilst distearoyl and the C22 phos- 
phatidylcholine show an Hll phase. The available 
X-ray evidence on L-DMPC and L-DPPC with 
gramicidin A incorporated in the lipid bilayers 
show well-defined lamellar X-ray diffraction pat- 
terns with these systems. 

Alamethicin is a polypeptide antibiotic which 
has been shown to induce voltage dependent con- 
ductance in black lipid membranes. Infrared at- 
tenuated total reflectance spectroscopy has been 
used to examine the interaction between 
alamethicin and dipalmitoylphosphatidylcholine 
[22]. These workers concluded that in the absence 
of an electric field alamethicin spans the lipid 
bilayer. It was further been demonstrated that 
voltage dependent gating involves conformational 
changes of inserted alamethicin molecules [23]. 
Mclntosh et al. [24], using freeze-fracture and X- 
ray diffraction techniques, have shown that 
alamethicin increases the aqueous space between 
multilamellar vesicles and at the same time per- 
turbs the hydrocarbon core of the bilayers in both 
the gel and lipid-crystalline state. No detailed 
studies have been made using deuterium N M R  
spectroscopy of lipid chain perturbation caused by 
alamethicin. 

The infrared results presented here suggest that 
alamethicin is similar to gramicidin A in its per- 
turbation of the bilayer. Below t c a high concentra- 
tion of alamethicin causes a decrease in chain 
static order and an increase in librational motion. 
Above tc alamethicin produces chain ordering and 
then disordering as the concentration of this in- 
trinsic molecule is increased. 

Bacteriorhodopsin incorporated into lipid bi- 
layers has been studied by a number of workers 
[25,26]. Various physical techniques e.g. calorime- 
try indicate that only at very high concentrations 
of the protein is the lipid phase transition broad- 
ened whilst the mid point transition temperature 
remains virtually unchanged [25]. It is known that 
below the lipid phase transition the bacteriorho- 
dopsin monomers aggregate into a crystalline array 
[25]. The difference infrared spectra in the 
1800-1500 cm -1 range suggest that a conforma- 
tional change in bacteriorhodopsin occurs as a 
result of the lipid phase transition. Further studies 
are underway to define the exact nature of this 
change. (It is important to note that difference 
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spectra in this region are particularly sensitive to 
water vapour absorption bands.) Rothschild and 
co-workers [27,28] have used Fourier transform 
difference infrared spectroscopy of the purple 
membrane to detect alterations in both the reti- 
nylidene chromophore and the bacteriorhodopsin 
molecule during the photocycle. The infrared spec- 
tral changes which we detect in our reconstituted 
system do not correspond with those detected by 
Rothschild and co-workers. 
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