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The effect of the antibiotic polymyxin B on dipalmitoylphosphatidylglycerol (DPPG) bilayers has been 
studied by Raman and infrared spectroscopies and small-angle X-ray diffraction. Each polymyxin B molecule 
binds five DPPG molecules at physiological pH and induces a macroscopic phase separation of the complex 
rather than a lateral phase separation. Below the phase transition of DPPG/polymyxin B bilayers, the 
results obtained show that the intermolecular vibrational coupling is high and suggest that the acyl chains of 
the bound lipid are interdigitated and that the hydrophobic tail of the antibiotic does not penetrate this tight 
assembly. On the other hand, the phase transition of DPPG is shifted down from 41°C to 37°C in the 
complexes and remains highly cooperative. Above the phase transition of the complexes, the conformation of 
the acyl chains of DPPG is slightly more disordered as a result of the penetration of the polymyxin chain, 
but the structure of the glycerol backbone of the lipid does not seem to be affected. However, the rotational 
rate of the lipid appears to be restricted by the peptide. 

Introduction 

Polymyxin B is an antibiotic composed of a 
polycationic cyclic heptapeptide of a tripeptide 
tail carrying a small acyl chain [1]. Under physio- 
logical conditions, this molecule has five residues 
of diaminobutyric acid that are positively charged. 
Polymyxin B is known to increase the permeabil- 
ity of cell membrane towards carbohydrates [2,3] 
and potassium ions [4]. Because of its amphiphilic 
character, polymyxin B can be regarded as a very 
simple model to study lipid-protein interactions. 

It is generally accepted that polymyxin B does 
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not bind to zwitterionic phospholipids such as 
phosphatidylcholines [1,3,5], although at high con- 
centration the peptide has a significant effect on 
the gel to liquid-crystalline phase transition of 
dimyristoylphosphatidylcholine (DMPC) lipo- 
somes [6]. On the contrary, studies on model 
systems have revealed a high affinity of polymyxin 
B for acidic phospholipids [3,5,7,8]. Interactions 
between this antibiotic and phosphatidic acids 
have been extensively studied [6-12] and a model 
for these interactions has been proposed by Hart- 
mann et al. [8]. According to this model, poly- 
myxin is able to bind up to five molecules of 
phosphatidic acid [8] and, due to elastic distor- 
tions of the lipid membrane, a domain of poly- 
myxin-bound lipids may be formed in a cooper- 
ative way, depending on the pH and ionic strength. 
This domain exhibits an heterogenous structure 
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with an inner core in which strong electrostatic 
and hydrophobic interactions between the peptide 
and the lipid molecules are present, surrounded by 
an annular ring that is characterized by hydro- 
phobic interactions only. The respective volume of 
the inner core and of the ring is strongly depen- 
dent on the ionic strength for a complex at a given 
molar ratio [9]. 

Interactions between polymyxin B and di- 
palmitoylphosphatidylglycerol have not been very 
much studied and no model for these interactions 
has been proposed yet. However, the following 
facts are known about the complex formed by 
DPPG and polymyxin B. (1) One polymyxin 
molecule binds five DPPG molecules and in con- 
trast to phosphatidic acid, this binding is not 
cooperative [5,7]. (2) Polymyxin B seems to affect 
the phase transition temperature of DPPG, but 
there is a discrepancy among the published re- 
suits. Fluorescence polarization experiments have 
shown that in the presence of excess lipid, 
DPPG-polymyxin complexes melt at 35°C, as 
compared to 41°C for pure DPPG at pH 7 [7,13]. 
On the other hand, two transitions at 42.2°C and 
44.5°C were observed by differential scanning 
calorimetry (DSC) [14]. (3) A lateral phase sep- 
aration between bound and free DPPG was re- 
ported from fluorescence polarization experiments 
in excess lipid conditions [7,13], but at an incuba- 
tion molar ratio (Ri) lower than 15 molecules of 
DPPG per molecule of polymyxin B a precipitate 
was obtained. As opposed to phosphatidic acids, 
only one kind of bound lipid has been proposed. 
(4) Finally, X-ray experiments have shown that 
polymyxin B causes a significant reduction of the 
lamellar repeat distance and likely induces in- 
terdigitation of DPPG bilayers in the gel phase 
[15]. 

In the present study, we have investigated the 
effect of polymyxin B on the infrared and Raman 
spectra of DPPG in order to gain more informa- 
tion on the structure of this system, and at the 
same time, to elucidate the situation regarding the 
discrepant reports concerning the phase transition 
temperature of the lipid in the complex. Vibra- 
tional spectroscopy proved to be very effective to 
investigate the molecular organization of phos- 
pholipid-polypeptide complexes [16,17] since it 
provides useful information about particular por- 
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tions of the molecules, and does not require the 
addition of any probe that could possibly perturb 
the studied system. 

Materials and Methods 

Materials 

Dipalmitoylphosphatidylglycerol was obtained 
from Avanti Polar-Lipids Inc. (U.S.A.) while poly- 
myxin B sulfate was purchased from Sigma Chem- 
ical Co. (U.S.A.). Both products were used without 
further purification. 

To prepare samples for Raman and infrared 
measurements, a 4% by weight lipid dispersion in 
100 mM phosphate buffer (pH 7.5) was submitted 
to four or five cycles of heating (55°C)-vortex 
shaking-cooling (20 o C). The required amount of a 
1% solution of polymyxin B in the same buffer 
was then added to the lipid dispersion and this 
mixture was submitted to the thermal treatment 
mentioned above. For Raman experiments, the 
sample was transferred into a glass capillary tube 
in which it was centrifuged. The white pellet was 
used for the measurements. For infrared measure- 
ments, the pellet was transferred, when hot, be- 
tween two Car 2 windows with a 6 /~m mylar 
spacer. 

Raman measurements 
Samples were irradiated with the 514.5 nm line 

of an argon ion laser (Spectra-Physics Inc., model 
165) at about 150 mW power at the sample. 
Spectra were recorded with a computerized spec- 
trometer (Spex Industries Inc., model 1400) de- 
scribed elsewhere [18] at a spectral resolution of 5 
cm-1. The monochromator was calibrated with a 
neon discharge lamp, and the frequencies cited 
later are believed to be accurate to + 2 cm-1 for 
sharp peaks. 

Spectra of complexes were computer corrected 
for solvent and polypeptide contributions by sub- 
tracting the corresponding spectra multiplied by 
the appropriate normalization factor. For poly- 
myxin B, subtraction was performed by cancelling 
the phenylalanine band around 1005 cm-1 in the 
resulting difference spectrum. If needed, spectra 
were corrected for fluorescence backgrounds by 
subtracting appropriate polynomial functions [18]. 
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Infrared measurements 
Spectra were recorded with a Bomen DA3-02 

Fourier-transform infrared spectrophotometer  
with a mercury-cadmium-telluride detector and a 
KBr beamsplitter. 500 scans were routinely taken 
with a maximal optical retardation of 0.5 cm, and 
Fourier transformed to yield a resolution of 2 

- 1  
c m  

Spectra in the C-H stretching region were cor- 
rected for the water background by subtracting 
appropriate polynomial functions. Carbonyl re- 
gion spectra were first corrected by subtracting 
the solvent and water vapor spectra and then 
Fourier deconvolved using a 18 cm -1 wide 
Lorentzian line and a K factor of 2.2 [19]. 

Small-angle X-ray measurements 
Appropriate volumes of the DPPG and the 

polymyxin B solution were introduced with a 
syringe into an X-ray thin-walled glass capillary. 
Capillaries were sealed and centrifuged many times 
to ensure proper mixture. 

X-ray diffraction experiments were performed 
with a Warhus-Statton camera, using nickel filtered 
Cu Ka  line (X = 0.154 nm) at an anode loading of 
40 kV and 25 mA. The photographic plates were 
placed at 32 cm from the sample, in an evacuated 
enclosure. Exposure times were typically of the 
order of 1-3 days. 

Results 

Raman spectroscopy 
Fig. 1 shows the Raman spectra at 25°C of a 

solution of polymyxin B (A), of a pure DPPG 
dispersion (B), and of a DPPG-polymyxin B com- 
plex a t  R i = 5 ( C ) ,  before (solid line) and after 
(dashed line) correction for the polypeptide con- 
tribution, in the acyl chains C-C (990-1200 cm -1) 
and C-H (2750-3050 cm a) stretching mode re- 
gions. As seen on this figure from the relative 
intensity of the phenylalanine band near 1005 
cm l, there is little spectral interference of the 
polypeptide in the C-C stretching mode region. 
On the other hand, it is obvious that there is an 
overlap between the spectra of polymyxin B and 
DPPG in the C-H stretching mode region. In 
order to eliminate the contribution of the poly- 
peptide, we have subtracted the spectrum of poly- 
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Fig.  1. R a m a n  s p e c t r a  a t  2 5 ° C  o f  p o l y m y x i n  B (A) ,  D P P G  (B) 

a n d  D P P G - p o l y m y x i n  B at  R i = 5 (C)  c o r r e c t e d  ( d a s h e d  l ine)  

a n d  n o t  c o r r e c t e d  (sol id  l ine)  fo r  the  p o l y p e p t i d e  c o n t r i b u t i o n .  

myxin B from that of the complex using the 1005 
cm ~ phenylalanine band as an internal intensity 
standard for both the C-C and C-H stretching 
regions. All spectra and temperature profiles 
shown later were corrected for the peptide contri- 
bution. 

Fig. 2 shows the spectra in the two regions of 
interest of a pure DPPG dispersion (solid line) 
and of a DPPG-polymyxin B complex a t  R i = 5 
(dashed line) below and above the phase transition 
temperature of the lipid. For both spectral ranges, 
heating above the phase transition temperature or 
adding polymyxin B produce significant changes 
in the spectrum of DPPG that can be followed 
through well characterized intensity ratios. The 
C-C stretching mode region provides direct infor- 
mation about the intramolecular order of the acyl 
chains of phospholipids [20-22]. A parameter of 
interest in this region is the intensity ratio of the 
band near 1090 cm -1 to the one near 1125 cm -1 
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Fig. 2. Raman spectra of DPPG (solid line) and DPPG-poly- 
myxin B at R i = 5 (dashed line) at 20 o C and 50 o C. 

assigned to stretching vibrations of C-C bonds 
with gauche or trans conformation, respectively. 
Since this ratio increases with the growing popula- 
tion of gauche conformers, it can be used as a 
sensitive probe of the intramolecular order of the 
acyl chains in the bilayer. 

Fig. 3 illustrates the effect of temperature on 
the h]o9o/ht]25 ratio for both a pure DPPG disper- 
sion and a DPPG-polymyxin B complex at R i = 5. 
As seen on this figure, the gel to liquid-crystalline 
transition of DPPG remains highly cooperative in 
the presence of polymyxin B but its mid-point 
temperature is lowered from 41°C to 37 o C. In the 
gel phase, the antibiotic does not seem to affect 
significantly the conformation of the acyl chains 
of DPPG. However, in the liquid-crystalline phase, 
even though the curves are not well defined, it 
seems that polymyxin decreases the intramolecular 
order of the lipid acyl chains. This effect can be 
associated with the penetration of the tail of the 
polypeptide in the hydrophobic core of the bi- 
layer. 

The C-H stretching mode spectral region is also 
very sensitive to the molecular order within the 
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Fig. 3. Temperature profiles of DPPG (open circles) and 
DPPG-polymyxin B at R i = 5 (full circles) derived from the 

h 1o9o/h 1125 peak height intensity ratio. 

bilayer. Two intensity ratios are commonly used 
to follow the effect of temperature on this region 
of the Raman spectra of phospholipids. The first 
parameter that we used is the intensity ratio of the 
methylene antisymmetric stretching band near 
2880 cm -1 to the methylene symmetric stretching 
band near 2845 cm -1. Increasing temperature re- 
suits in a significant lowering of this intensity 
ratio and this effect has been related to the reduc- 
tion of the interchain Fermi interaction, which 
produces an underlying broad band around 2880 
cm -1 [23], and to the increase of the acyl chain 
rotational mobility [24]. Therefore, this intensity 
ratio may be used to monitor the intermolecular 
vibrational coupling of the acyl chains. For exam- 
ple, the addition of calcium ions to di- 
myristoylphosphatidic acid [25] or of poly(L-lysine) 
to DPPG [26] causes a marked increase of this 
ratio which was assigned to an increase of the 
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intermolecular vibrational coupling due to the 
change of the tilt angle of the acyl chains. Simi- 
larly, O'Leary and Levin [27] have demonstrated 
that interdigitation of the acyl chains in lipid 
bilayers also causes an increase of the h2880/h 2845 
spectral index. Fig. 4 shows the temperature de- 
pendence of this parameter for pure and poly- 
myxin bound DPPG. These curves, as those de- 
rived from the C-C stretching mode region, show 
unambiguously that the phase transition of the 
lipid in the complex occurs at 37 ° C. In addition, 
Fig. 4 reveals that over the entire studied temper- 
ature range, the interchain vibrational coupling is 
higher in polymyxin bound DPPG than in pure 
DPPG bilayers. 

The second spectral parameter measured from 
the C-H stretching region is the ratio of the inten- 
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Fig. 4. Temperature profiles of DPPG (open symbols) and 
DPPG-polymyxin B at R i = 5 (full symbols) derived from the 
h2930/h2880 (triangles) and h2880/h2845 (circles) peak height 
intensity ratios. The dashed line is the uncorrected h 2930/h 2880 

profile. 

sity of the band due to the methyl symmetric 
stretching vibration near 2930 cm-~ to the inten- 
sity of the methylene antisymmetric stretching 
band near 2880 cm-1. Increasing the temperature 
of the lipid bilayer increases this intensity ratio 
because of the apparent increase of the methyl 
symmetric stretching near 2930 cm -a due to the 
appearance of an underlying infrared active meth- 
ylene stretching mode becoming Raman allowed 
as the low temperature chain symmetry is lowered, 
and also from a change in the Fermi resonance 
between the asymmetric C-H stretching mode of 
the terminal methyl groups and the first overtone 
of the symmetric CH 2 bending mode [28]. There- 
fore, this parameter can be used as a probe of the 
overall disorder of the lipid acyl chain matrix 
[29,30]. 

Fig. 4 shows the temperature profiles derived 
from the h293o/h2880 ratio for both polymyxin 
bound and free DPPG. It can be seen that the 
phase transition temperature is lowered from 41° C 
to 37°C when polymyxin B is added to DPPG 
and that at all temperatures the overall disorder is 
lower for the bound lipid. 

All the results shown above for the DPPG- 
polymyxin B complex were obtained for an in- 
cubation molar ratio of 5 (R~ = 5), which repre- 
sents the charge saturation condition. Since for 
this complex no trace of unbound polymyxin or 
DPPG was found in the Raman spectrum of the 
supernatant, the real molar ratio of the white 
pellet studies was 5. We have also prepared a 
complex at R i = 15 in order to determine if there 
is a lateral phase separation in the presence of an 
excess of lipid. As for the R~ = 5 complex, a white 
pellet was obtained after centrifugation and its 
thermal behavior was exactly as that of the R~ = 5 
complex. In fact, the excess lipid was found in the 
aqueous supernatant. Therefore, the phase sep- 
aration detected from our Raman results is not 
lateral as proposed from the fluorescence data 
[13], but is instead macroscopic. 

Infrared spectroscopy 
In the infrared spectra of DPPG and 

DPPG-polymyxin complexes, the following re- 
gions were investigated: (1) the C-H stretching 
mode region (2800-3000 cm 1); (2) the carbonyl 
stretching mode region (1680-1780 cm-1); (3) the 



phosphate stretching mode region (1150-1300 
cm-1). These regions give information about dif- 
ferent parts of the lipid molecule, that is the acyl 
chains, the interface between the hydrophobic and 
hydrophillic parts, and the polar head group re- 
gion, respectively. Fig. 5 shows the acyl chain C-H 
stretching mode region for pure DPPG (solid line) 
and DPPG-polymyxin B complex at R i = 5 
(dashed line) below and above the phase transition 
temperature of the lipid. This spectral region is 
dominated by two strong bands, the methylene 
antisymmetric stretching mode near 2920 cm -1, 
and the methylene symmetric stretching mode near 
2850 cm-1. Weaker bands due to the asymmetric 
and symmetric stretching modes of the terminal 
methyl group are also observed near 2950 and 
2870 cm-l,  respectively. The two methylene bands 
exhibit the same behaviour as the temperature is 
increased: they become broader and they shift to 
higher frequency. Earlier studies have assigned the 
bandwidth increase to the augmentation of the 
rotational mobility of the acyl chains, and 
frequency shift to the introduction of gauche con- 
formers in the high temperature acyl chains [31]. 
However, experiments made in our laboratory on 
hydrocarbons trapped in urea clathrates, in which 
case they can only adopt the trans conformation, 
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Fig. 5. Infrared spectra of DPPG (solid line) and DPPG-poly- 
myxin B at R i = 5  (dashed line) at 2 0 ° C  and 5 0 ° C  in the 

C-H stretching region. 
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have shown that the frequency of the methylene 
C-H stretching mode bands is temperature depen- 
dent even if the chain conformation remains un- 
changed (unpublished observations). However, 
since the slope of this variation is rather small 
(approx. 0.5 cm-1/40  Cdeg), we assume that for 
two DPPG molecules at the same temperature, the 
value of the maximum intensity frequency can be 
taken as a probe for gauche/trans conformation. 

Fig. 6 shows temperature profiles derived from 
the symmetric methylene stretching mode band 
near 2850 cm -1. Similar results were obtained 
with the band due to the antisymmetric stretching 
mode, but with more dispersion because of over- 
lapping vibrational modes. Curves shown on Fig. 
6 for both pure and polymyxin bound DPPG are 
in very good agreement with the Raman results 
since the phase transition temperature of DPPG is 
also lowered from 41°C to 37°C and is still 
highly cooperative in presence of polymyxin B. 
These curves also demonstrate that below the 
phase transition temperature, polymyxin B does 
not affect the conformation of the acyl chains of 
DPPG. Above the transition temperature, even 
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Fig. 6. Temperature profiles of DPPG (open circles) and 
DPPG-polymyxin B at R i = 5 (full circles) derived from the 

frequency of the methylene symmetric stretching mode. 
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though there is a significant scattering of the data 
points, it seems that there is more conformational 
disorder in DPPG-polymyxin complexes, again in 
good agreement with the Raman results. 

The second spectral region of interest in the 
infrared spectrum of DPPG is the carbonyl 
stretching mode region which ranges from 1680 to 
1780 cm-1. In order to gain valuable information 
from this region, spectra were first corrected for 
the water contribution as described above. Fig. 7A 
shows the results obtained for pure DPPG (solid 
line) and the R i =  5 DPPG-polymyxin B complex 
(dashed fine) below and above the phase transi- 
tion temperature of the lipid. As can be seen, the 
spectra of pure and polymyxin bound DPPG are 
quite similar. Fig. 7B shows the same spectral 
region but after Fourier deconvolution with a 
Lorentzian line of 18 cm -1 and a K factor of 2.2 
[19]. Under these conditions, two main features 
are clearly seen. By comparison with previous data 
on phospholipids, the high- and low-frequency 
components can be assigned to the C=O stretch- 
ing vibration of carbonyl groups with trans or 
gauche conformation about the C1-C 2 bond in the 
ester linkage, respectively [32,33]. For pure DPPG, 
at temperature below the gel to liquid-crystalline 
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Fig. 7. Infrared spectra of DPPG (solid line) and DPPG-poly- 
myxin B at  R i = 5 (dashed line) in the C=O stretching mode 
region at 20 °C and 50 o C. (A) Water contribution corrected 
spectra. (B) Fourier deconvolved water corrected spectra 

(Lorentzian line 18 cm-! wide and K = 2.2 [19]). 

phase transition, the trans contribution is much 
more important than that of the gauche conforma- 
tion. When polymyxin B is added, the two bands 
become more equivalent in intensity. Temperature 
elevation affects the spectrum of pure DPPG in 
the same way than polymyxin does in the gel 
phase, that is the trans and gauche contributions 
become more equivalent. Gauche/trans intensity 
ratio does not change with temperature for the 
complex. 

The frequency of the carbonyl bands is also 
considerably affected by the presence of poly- 
myxin B. In the gel phase at 20 ° C, for example, 
the trans component at higher frequency shifts 
from 1742 to 1746 cm -1 when polymyxin B is 
added. The gauche component at lower frequency 
seems to display a similar behaviour, but since this 
band is not well resolved, it is difficult to de- 
termine its frequency with accuracy. As tempera- 
ture is increased, the trans component of the C=O 
band of the DPPG-polymyxin R i = 5 complex is 
shifted to lower frequency while that of pure 
DPPG is shifted towards higher frequency, which 
is the normal behaviour for pure phospholipids. 
The result of these two opposite shifts is that at 
50°C  the frequency of the trans band of the 
bound lipid coincides with that of pure DPPG. 
Such a behaviour as that of the C=O stretching 
mode of polymyxin bound DPPG, a shift to lower 
frequency upon temperature elevation, has not 
been reported yet in the literature. 

The last region of the infrared spectra that was 
analysed was that from 1150 to 1300 cm-1, where 
bands due to phosphate vibrations occur. Fig. 8 
shows this spectral region for pure (solid line) and 
bound (dashed line) DPPG at 20°C.  The main 
feature in this region is the O-"P-O-  antisymmet- 
ric stretching mode band centered at about 1210 
cm-1. The weaker bands in these spectra are due 
to the acyl chains methylenes wagging progression 
[34] and they superimpose with the P O  2 band. As 
seen in Fig. 8, the introduction of polymyxin B in 
a DPPG dispersion at 20°C has practically no 
effect on the PO 2 antisymmetric stretching band. 
This is a surprising result since we know that there 
is a strong electrostatic interaction between DPPG 
and polymyxin B, and that this interaction should 
occur at the level of the P O  2 group, since this 
part of the lipid molecule is the only one bearing a 
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Fig. 8. Infrared spectra of DPPG (solid line) and DPPG-poly- 
myxin B at R i=  5 (dashed line) at 20°C in the phosphate 

stretching region. 

negative charge. Therefore, it seems that the bind- 
ing of polymyxin B to DPPG does not change the 
double bond character of the PO~- groups. 

Discussion 

As expected from the number of positive 
charges borne by the polymyxin B at physiological 
pH, the antibiotic binds five phosphatidylglycerol 
molecules [5,7]. In the presence of excess of phos- 
phatidylglycerol at R i = 15, Theretz et al. [13] 
have reported two transitions from fluorescence 
polarization measurements that were assigned to 
free and bound DPPG molecules, therefore sug- 
gesting lateral phase separation as observed in the 
case of complexes of polymyxin B and phos- 
phatidic acids [9]. Our results at Ri = 15 demon- 
strate clearly that there is only one phase transi- 
tion and that no lateral phase separation occurs. 
Instead, the free lipid was found in the super- 
natant phase, indicating a macroscopic rather than 
a lateral phase separation. The apparent dis- 
crepancy between our results and those of Theretz 
et al. [13] is most likely due to the fact that during 
the fluorescence polarization measurements, sam- 
ples were continuously agitated which prevented 
precipitation but also made the distinction be- 
tween lateral and macroscopic phase separation 
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impossible. To check this hypothesis, we have 
recorded a DPH fluorescence polarization curve 
of a DPPG-polymyxin B complex at R i =  15 
without agitating the sample, and only one transi- 
tion was detected, corresponding to the gel to 
liquid-crystalline phase transition of pure DPPG 
(unpublished results). Therefore, polymyxin B does 
not seem to induce the formation of domains of 
peptide bound DPPG in a matrix of a bilayer of 
unbound DPPG, as opposed to other peptides like 
poly(L-lysine) [26] and melittin (Lafleur, M. and 
P6zolet, M., unpublished results.). 

Both Raman and infrared results demonstrate 
clearly that the phase transition temperature of 
DPPG is decreased from 41°C to 37°C when the 
phospholipid is bound to polymyxin B, which is in 
good agreement with the fluorescence results of 
Theretz et al. [13] and Sixl and Galla [7]. However, 
we have never detected the double transition re- 
ported from differential scanning calorimetry ex- 
periments by Theretz et al. [13] and by Bogs and 
Rangaraj [14]. The two transitions, separated by 
about two degrees and occurring near the phase 
transition temperature of the pure lipid, were at- 
tributed to the transition from an interdigitated 
gel phase of DPPG to an uninterdigitated gel 
phase, and then to the liquid-crystalline state. 
Since the biphasic transition for DPPC-polymyxin 
B complexes has been detected only by differen- 
tial scanning calorimetry and not by fluorescence 
and vibrational spectroscopy, for which the ther- 
mal equilibration period is rather long and allows 
the system to reach the thermodynamically stable 
state, it is likely that the transition detected by 
calorimetry are associated with the formation of a 
metastable state. A similar behaviour has been 
reported for mixed-chain phosphatidylcholines 
with chain lengths differing by at least four carbon 
atoms [35], and was associated with the formation 
of a kinetically favoured metastable phase. 

The temperature profiles derived from the Ra- 
man hlo9o/hl]25 intensity ratio and from the 
frequency of the infrared activity methylene C-H 
stretching modes show that polymyxin B does not 
affect significantly the conformation of the acyl 
chains of DPPG in the gel state. Since the pres- 
ence of the hydrophobic part of proteins and 
polypeptides within the hydrophobic core of lipid 
membranes generally given rise to the appearance 
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of more gauche conformers along the acyl chains 
of phospholipids in the gel phase [36-39], it seems 
that the hydrophobic tail of polymyxin B does not 
penetrate the hydrophobic matrix of the bilayer at 
temperature below the phase transition of the 
DPPG-polymyxin complex. For the gel phase, the 
Raman h2880/h2845 intensity ratio shows that the 
intermolecular vibrational coupling between the 
acyl chains of DPPG is more important in the 
bound than in the pure lipid. A similar effect has 
been observed for the polylysine-DPPG system 
[40] and has been associated to the decrease of the 
tilt angle of the acyl chains upon neutralization of 
the polar headgroup charges of the lipid by the 
polypeptide. Interdigitation of the lipid acyl chains 
can also lead to high values of the h288o/h2845 
intensity ratio [27]. 

Infrared data on the carbonyl stretching mode 
region also provide valuable information on the 
structure of DPPG-polymyxin complexes below 
the phase transition temperature. As seen from the 
relative intensity of the two carbonyl bands after 
Fourier deconvolution (Fig. 7B), the binding of 
polymyxin B to DPPG modifies the conformation 
of the glycerol backbone of the lipid in such a way 
that more gauche conformers about the Ca-C 2 
bond in the ester linkage are present. In fact, the 
spectrum of the R i = 5 complex at 20 °C is very 
similar to that of pure DPPG in the liquid-crystal- 
line phase. This behaviour is completely different 
from that observed for complexes of DPPG with 
either Ca 2+ ions or poly(L-lysine). In the first case, 
the C=O band is split in three sharp components 
(Besner, D. and Przolet, M., unpublished results) 
due to a crystalline field effect in the cochleate 
structure adopted by charged lipids in the pres- 
ence of Ca 2÷ ions [43]. A similar splitting has also 
been observed for phosphatidylserine-calcium 
complexes [44]. On the other hand, infrared spec- 
tra of complexes of poly(L-lysine) and DPPG dis- 
play essentially only the high frequency C=O com- 
ponent suggesting that in the presence of this 
polypeptide the two C=O groups of DPPG are 
more equivalent than those for the pure lipid. The 
effect of polymyxin B on DPPG is exactly the 
opposite. The frequency of the carbonyl bands in 
the DPPG-polymyxin system is also peculiar. The 
high-frequency component appears at 1746 cm 1 
instead of 1742 cm -1 for the pure lipid. Such a 

high value for a carbonyl band of a phospholipid 
has not yet been reported in the litterature. 

All the above spectral results lead to the con- 
clusion that the structure adopted by DPPG-poly- 
myxin B complexes in the gel state is different 
from that of other lipidic systems and might be 
associated with interdigitation of the lipid acyl 
chains as suggested by Ranck and Tocanne [15]. 
In order to confirm this conclusion we have de- 
termined by small-angle X-ray diffraction that the 
lamellar repeat distance decreases from 5.85 nm 
for pure DPPG to 4.49 nm for a R i = 5 
DPPG-polymyxin B complex, while this parame- 
ter remains at about the same as that of pure 
DPPG in the case of the non-interdigitated 
DPPG-polylysine system. Therefore, we believe 
that the acyl chains are interdigitated in 
DPPG-polymyxin B complexes below the gel to 
liquid-crystalline transition, and that this structure 
is responsible for the high intermolecular vibra- 
tional coupling as revealed by the Raman C-H 
stretching mode region. In addition, the increase 
of the spacing of the ester groups and the resulting 
change of polarity of their environment due to 
interdigitation probably account for the change in 
shape and frequency of the infrared C=O bands. 
It is also very likely that the macroscopic phase 
separation is due to interdigitation since this do- 
mains of interdigitated lipid would be very unsta- 
ble in thicker bilayers of unperturbed lipids. 

In the liquid-crystalline phase, both the Raman 
hlogo/h1125 intensity ratio and the frequency of the 
infrared active C-H methylene symmetric stretch- 
ing mode show that polymyxin B induces the 
formation of more gauche conformers along the 
lipid acyl chains. This suggests that the hydro- 
phobic tail of polymyxin B penetrates the hydro- 
phobic matrix of the lipid bilayer in the liquid- 
crystalline state, in contrast to the behaviour of 
the antibiotic in the gel phase. On the other hand, 
the Raman h2880/h2845 intensity ratio reveals that 
the intermolecular vibrational coupling of the acyl 
chains of DPPG in the liquid-crystalline phase 
remains high in the presence of polymyxin B. The 
explanations proposed for a higher vibrational 
coupling in the gel phase do not, however, prevail 
in the liquid-crystalline phase since neither inter- 
digitation nor the presence of a tilt angle in the 
acyl chains exist anymore in this phase [15,41]. 



However, it has recently been shown by NMR 
spectroscopy [42] that the motional rate of the 
glycerol headgroup of DMPG in the liquid-crys- 
talline state is restricted by polymyxin B. There- 
fore, it is very likely that the motional rate of the 
whole DPPG molecule is restricted by polymyxin, 
thus allowing more intermolecular vibrational 
coupling. 

Increasing the temperature above the phase 
transition of DPPG-polymyxin complex does not 
seem to affect significantly the conformation of 
the glycerol backbone of DPPG since the relative 
intensity of the carbonyl bands remains constant. 
However, the doublet is shifted to lower frequency 
and above the phase transition of the lipid it is 
almost identical to the carbonyl band of the pure 
lipid. Therefore, even though the hydrophobic tail 
of polymyxin appears to penetrate the bilayer at 
high temperature, it does not change the confor- 
mation of the ester linkages. This result is in 
agreement with the NMR results [42] showing that 
the time average structure of the headgroup of 
DMPG is not modified by polymyxin B. 

From all the results presented above, the in- 
crease of the intermolecular interaction and the 
decrease of the phase transition temperature of 
DPPG upon addition of polymyxin B may appear 
to be contradictory. One would expect that when 
the positive charges of polymyxin neutralize the 
negative charges of DPPG molecules the molecu- 
lar packing becomes tighter, therefore shifting the 
phase transition temperature to higher tempera- 
ture. This is indeed what has been observed in the 
case of DPPG-polylysine interactions [40]. We 
propose the following model to explain this be- 
haviour of the DPPG-polymyxin B complex. In 
the gel phase, under physiological pH conditions, 
the DPPG molecules bear one negative charge and 
because of electrostatic repulsion, their headgroups 
occupy a larger volume and their chains are tilted 
by about 30 ° relative to the bilayer normal to 
maximize the hydrophobic interactions [45]. Upon 
interaction of five DPPG molecules with one poly- 
myxin B molecule, there is a neutralization of the 
charges of the lipid and a tightening of the lipid 
assembly due to the loss of the tilt angle of the 
acyl chains and to their interdigitation. Because of 
this tight assembly, the hydrophobic tail of poly- 
myxin B cannot penetrate into the hydrophobic 
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iSart of the lipid bilayer and the tail is then in an 
unstable state. This instability of the polymyxin 
tail triggers the phase transition of DPPG at a 
slightly lower temperature so that the hydrophobic 
chain of polymyxin B can penetrate the hydro- 
phobic matrix of the bilayer. The fact that the 
cooperativity of the phase transition of bound 
DPPG is as high as that of the pure lipid also 
supports this model. 

In conclusion, our results show that each poly- 
myxin B molecule binds five DPPG molecules at 
physiological pH and induces a macroscopic phase 
separation of the complex from unperturbed bi- 
layers. Below the phase transition of DPPG/  
polymyxin B bilayers, results obtained by Raman 
and infrared spectroscopies and by small angle 
X-ray diffraction suggest that the acyl chains of 
DPPG are interdigitated and that the hydrophobic 
tail of the antibiotic does not penetrate this tight 
assembly. However, polymyxin shifts to 37 °C the 
transition of DPPG which remains highly cooper- 
ative. Above the phase transition of the lipid 
bilayer, the conformation of the acyl chains of 
DPPG is more disordered due to the penetration 
of the polymyxin chain but the structure of the 
glycerol backbone of DPPG does not seem to be 
affected. However, the motional rate of the lipid is 
more restricted. 
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