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The interactions of the antibiotic polymixin B, a polycationic cyclic polypeptide containing a branched acyl 
side chain, with dimyristoylphosphatidylcholine (DMPC) and dimyristoylphosphatidic acid (DMPA) bilayers 
were investigated by Raman spectroscopy for a wide range of lipid/polypeptide mole fractions. Temperature 
profiles, constructed from peak height intensity ratios derived from the lipid methylene C-H stretching and 
acyl chain C-C stretching mode regions, reflected changes originating from lateral chain packing effects and 
intrachain trans/gauche rotamer formation, respectively. For DMPC/polymyxin B bilayers the temperature 
dependent curves indicate a broadening of the gel-liquid crystalline phase transition accompanied by an 
approx. 3 C deg. increase in the phase transition temperature from 22.8°C for the pure bilayer to 26°C for 
the polypeptide complex. For a I0 : I  lipid/polypeptide mole ratio the temperature profile derived from the 
C-C mode spectral parameters displays a second order/disorder transition, at approx. 35.5°C, associated 
with the melting behavior of approximately three bilayer lipids immobilized by the antibiotic's charged cyclic 
headgroup and hydrophobic side chain. For the I0 : I  mole ratio DMPA/polypeptide liposomes, the 
temperature profiles indicate three order/disorder transitions at 46, 36 and 24°C. Pure DMPA bilayers 
display a sharp lamellar-micellar phase transition at 51°C. 

Introduction 

Polymyxin B sulfate represents one of several 
cyclic polypeptides distinguished by an acyl side 
chain and five positively charged diaminobutyric 
acid residues [1,2]. This polypeptide antibiotic dis- 
plays a specificity to Gram-negative bacteria, gen- 
erally targeting negatively charged lipids at the cell 
surface and in the cytoplasmic membrane [2-4]. 

* To whom correspondence should be addressed. 

Indeed, this specific affinity to negatively charged 
lipids has been effectively applied toward mapping 
the surface phospholipid composition of mam- 
malian cells [5]. The amphiphilic nature of poly- 
myxin B, reflected by the hydrophilic heptapeptide 
ring moiety and the hydrophobic acyl chain, pre- 
sents a useful model system for assessing and 
delineating the predominant contributions to 
lipid-polypeptide interactions in membrane assem- 
blies. In particular, comparisons between the inter- 
actions exhibited by polymyxin B with membrane 
bilayers composed of either acidic or neutral phos- 
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pholipids enhance our understanding of the gen- 
eral structural prerequisites required for lipid-pro- 
tein associations involving both the mechanisms 
for insertion of membrane constituents and the 
architectural details of intramembrane complexes. 

Among the diverse physical methods success- 
fully employed in examining bilayer lipid-poly- 
myxin B interactions, vibrational Raman spectros- 
copy provides a sensitive, noninvasive approach 
toward probing the structural and dynamical 
properties exhibited by lipid assemblies [6-8] on 
the 10-12-10 -13 s time scale. Other techniques 
utilized in elucidating polymyxin B interactions 
have included fluorescence polarization [9], elec- 
tron paramagnetic resonance spectroscopy [9,10], 
electron microscopy [9] and calorimetry [11]. In 
the Raman technique, however, various aspects of 
conformational behavior involving the response of 
the membrane bilayer matrix to environmental 
perturbations may be monitored through the 
frequency and intensity alterations reflected by 
vibrational modes characteristic of specific struct- 
ural regions of the lipid components. In the pre- 
sent discussion we emphasize the use of the meth- 
ylene C-H stretching modes in the 2800-3100 
cm -~ spectral interval and the acyl chain C-C 
skeletal stretching modes in the 1000-1200 cm -1 
region of Raman spectra for generating tempera- 
ture profiles for reconstituted lipid/polymyxin B 
multilamellar, aqueous dispersions. These temper- 
ature dependent curves specifically reflect lateral 
chain packing effects and intrachain trans/gauche 
rotamer formation, respectively. Raman spectra of 
multilamellar dispersions reconstituted with poly- 
m2Cxin B and bilayers of dimyristoylphosphatidic 
acid (DMPA), whose headgroups exist as either 
single or double negatively charged lipid species 
depending upon the pH of the assembly, and of 
dimyristoylphosphatidylcholine (DMPC), a zwit- 
terionic lipid, were examined in an effort to dis- 
cern the relevant electrostatic and geometrical ef- 
fects leading to the development of immobilized 
lipids within the bilayer matrix. For the DMPC 
bilayers we will compare the polymyxin B system 
to melittin containing liposomes, a system in which 
both the hydrophobic and hydrophilic regions of 
the a-helical polypeptide immobilize bilayer lipids 
[7]. The general discussion will be concerned with 
only the intact polymyxin B decapeptide and acyl 

chain system; subsequent articles in this series will 
examine the effects of separately cleaved hydro- 
phobic and hydrophilic fragments on bilayer be- 
havior. 

Experimental procedures 

Samples of 1,2-dimyristoyl-sn-glycero-3-phos- 
phocholine (DMPC) were purchased from Sigma 
Chemical Co. Since no contaminants were ob- 
served in the vibrational spectra of the polycrystal- 
line material, the phospholipid was used without 
further purification. High purity samples of poly- 
myxin B sulfate were commercially obtained from 
Sigma Chemical Co. Dimyristoylphosphatidic acid 
(DMPA) was procured from Avanti Polar Lipids, 
Inc., as the free acid in chloroform. The purity of 
lyophilized samples of DMPA was ascertained by 
thin-layer chromatographic procedures. 

Sample preparation for the pure lipids consisted 
of first mechanically agitating aqueous dispersions 
(50% by weight) for 5 rain, incubating the suspen- 
sion for 1 h at 20°C above the primary lipid phase 
transition and then mechanically reshaking. The 
lipid/polymyxin B samples were analogously pre- 
pared with DMPC/antibiotic mole ratios of 35 : 1, 
25 : 1, 10 : 1 and 5 : 1. DMPA/polymyxin B sam- 
ples with a mole ratio of 10 : 1 were also prepared 
at pH 8, corresponding to a degree of hydrogen 
dissociation of about 1.5 [27]. 10-20 /~1 of the 
hydrated samples were drawn into glass capillary 
tubes, spun in a bench-top clinical centrifuge and 
sealed. The tube was then placed within a thermo- 
statically controlled brass block, which was opti- 
cally aligned in the Raman spectrometer. Prior to 
obtaining a temperature profile, the sample was 
thermally annealed. 

Raman spectra were recorded at a spectral reso- 
lution of 3-4 cm-I  with a Spex Ramalog 6 spec- 
trometer equipped with holographic gratings. A 
Coherent Model CR-12 argon ion laser provided 
at the sample approx. 200 MW of excitation power 
at 514.5 nm. Frequencies are reported to + 2 cm- 1. 
Raman spectra were acquired with an interfaced 
Nicolet NIC-1180 data system. Either 10-20 or 
3-4 signal averaged spectral scans were obtained 
for the 990-1200 cm -1 C-C stretching and the 
2800-3100 cm -~ C-H stretching mode regions, 
respectively, at scan rates of 1 cm 1. s-1. Temper- 



ature profiles were generated in an ascending mode 
with equilibration times of 15 min between con- 
secutive points. 

Temperature profiles for the reconstituted mul- 
tilamellar assemblies were constructed from the 
Raman peak height intensities for the 12940/12885 
interchain disorder/order parameters and for the 
I1090/I1130 intrachain gauche/trans rotational iso- 
mer parameters. Neither spectral deconvolution 
nor contour smoothing procedures were applied. 
Small spectral contributions to the lipid C-H 
stretching mode interval from polymyxin B were 
appropriately subtracted before constructing the 
temperature profiles (approx. 15% changes are in- 
volved in the corrected spectral ratios). Scattering 
from the peptide was negligible in the lipid C-C 
stretching mode region. Reference polymixin B 
spectra were obtained from aqueous solutions at 
the appropriate temperatures. 

Results and Discussion 

Figs. 1 and 2 display the temperature depen- 
dence of spectra in the 990-1200 cm-l~acyl chain 
C-C skeletal stretching and the 2800-3100 cm -I 
C-H stretching mode regions, respectively. Changes 
in the spectral intensities and frequencies for the 
C-C stretching modes reflect alterations in the acyl 
chain trans/gauche distributions as the bilayer 
passes from the gel to liquid crystalline state 
[12,13]. The relevant in-phase and out-of-phase 
C-C stretching modes for an ordered, nearly all- 
trans chain in the low temperature gel state occur 
at about 1130 and 1064 cm -1, respectively. As the 
temperature of the assembly increases, gauche 
rotamers are formed near the bilayer center at the 
chain termini. The introduction of intramolecular 
disorder is reflected by an increase in the spectral 
intensity at approx. 1085 cm -~, the feature as- 
signed to C-C stretching modes of gauche bonds. 
As the intensity increases in the 1088 cm-~ region, 
an intensity decrease, with a simultaneous frequen- 
cy shift, occurs for the 1130 cm -1 feature. The 
intense feature at 1002 cm -~ is assigned to the 
characteristic in-plane ring deformation [14,15] of 
the phenylalanine residue within the cyclic head- 
group moiety of the polypeptide. The weaker peak 
at 1032 cm-1 is also assigned to the phenylalanine 
moiety. These features were used for normalizing 
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Fig. 1. Raman spectra of the 1000-1200 cm -1 skeletal C-C 
stretching mode region for a 10:1 DMPC/polymyxin  B mole 
ratio dispersion at temperatures spanning the gel and liquid- 
crystalline bilayer phases. 

the spectra in the computer subtraction steps in 
obtaining lipid spectra devoid of polypeptide con- 
tributions. 

The C-H stretching region contours shown in 
Fig. 2 represent original spectra containing the 
relatively small contributions from the polymyxin 
B component. Although the derived temperature 
profiles reflect a computer subtraction of the poly- 
peptide signals, the features of the observed spec- 
tra yield a faithful representation of the intensity 
changes of the bilayer lipids as a function of 
temperature. Since the vibrational assignments of 
the C-H spectral region for phospholipids have 
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Fig. 2. Raman spectra of the 2800-3100 cm-] C-H stretching 
mode region for a 10 : 1 DMPC/polymyxin B mole ratio dis- 
persion at temperatures spanning the gel and liquid crystalline 
phases. The relatively minor contributions to the spectra from 
polymyxin B have not been subtracted. 

been discussed previously [8,16-19], we only sum- 
marize the salient points. Changes in the relative 
ihtensities of the 2850, 2885 and approx. 2935 
cm-1 modes are generally used in monitoring the 
packing and conformational properties of the bi- 
layer lipid chains. These spectral transitions are 
assigned, respectively, to the methylene C-H sym- 
metric stretching modes, the methylene C-H asym- 
metric stretching modes, and, in part, a Fermi 
resonance component of the acyl chain terminal 
methyl C-H stretching mode. As the bilayer under- 
goes intramolecular chain disorder during the ex- 
pansion of the lattice, the intensity in the 2935 
cm - t  region increases, while the 2885 cm -1 fea- 
ture shifts toward higher frequencies and decreases 
in intensity. The latter intensity change arises from 
the disappearance of an underlying background 

which originates from a Fermi resonance interac- 
tion between the symmetric methylene C-H 
stretching fundamental and the manifold of binary 
combinations of the methylene bending modes of 
the extended, ordered hydrocarbon chain [20,21]. 
For completeness, we note that the - 2960 cm-1 
and - 2 9 8 5  cm - t  intervals encompass the acyl 
chain methyl asymmetric C-H stretching modes 
and the choline methyl symmetric C-H stretching 
modes, respectively. The choline asymmetric stret- 
ching modes appear as a doublet at slightly higher 
frequencies at approx. 3040 and 3060 cm 1. 

For multilamellar assemblies reflecting various 
lipid/antibiotic mole ratios, the observed changes 
in the characteristic C-C and C-H stretching mode 
regions are most easily contrasted through the use 
of temperature profiles in which the intra- and 
intermolecular bilayer order /disorder  processes 
are followed over relatively large temperature 
ranges. The temperature profiles in Fig. 3, con- 
structed from the 11085/11130 peak height intensity 
ratios, represent the induced gauche / trans 
rotomeric changes along the acyl chains. As dis- 
played in the figure, pure DMPC bilayers, repre- 
sented by the dotted line, undergo a sharp primary 
gel-liquid crystalline phase transition t c at 22.8°C. 
Addition of polymyxin B to form a 3 5 : 1  
l ipid/polypeptide mole ratio results in a profile 
essentially identical to the pure system (data not 
shown). Increasing the lipid/polymixin B con- 
centration to a 25:1 mole ratio broadens the 
gel-liquid crystalline phase transition interval by 
about 10°C and increases t~ to 26°C. A suggestion 
of a second order /d isorder  transition appears at 
approx. 38°C with about a 3 C deg. width. For a 
10:1 l ipid/polypeptide mole ratio., two o rde r /  
disorder transitions are clearly discerned at 26 and 
38.5°C with transition widths of 11 and 4 C deg., 
respectively. The primary phase transition is com- 
pletely broadened for a 5 : 1 l ipid/antibiotic mole 
ratio. (Transition widths were estimated from the 
intervals defined by the curvature of the tempera- 
ture profile in the transitions region and by points 
establishing states A and B, respectively.) 

Although it has been reported that polymyxin B 
does not bind to bilayers of zwitterionic species, as 
phosphatidylcholine, for example [4,9], the eleva- 
tion and broadening of T~, in addition to the 
appearance of a second, higher temperature 



order/disorder transition, Tu, implies significant 
bilayer perturbations within the DMPC assembly. 
This general behavior for temperature profiles de- 
rived from Raman spectral data is similar to 25 : 1 
mole ratio DMPC/melittin systems in which the 
charged, hydrophilic fragment (residues 20-26 of 
the 26 amino acid polypeptide) increase T~ for 
DMPC by about 1 C deg. and induces a second 
transition at 29°C [7]. For polymyxin B electro- 
static interactions at the lipid headgroup region 
with the charged ring structure of the antibiotic 
also constrain chain melting within the bilayer 
matrix. For the melittin/DMPC systems the upper 
order/disorder transition was associated with the 
further fluidization of a class of immobilized, 
boundary lipids. With bilayers containing poly- 
myxin B, the second transition differs, however, in 
that the temperature profile indicates a slight re- 
ordering of the lipid acyl chains prior to their 
subsequent melting. This recordering property may 
arise from insertion into the bilayer of the antibio- 
tic's hydrophobic, eight carbon chain tail. Evi- 
dence supporting this correlation lies in the disap- 
pearance of the second transition in a 10:1 
DMPC/colistin system, a very closely related 
heptacyclic peptide for which the antibiotic's acyl 
chain tail was eliminated. The details concerning 
the interactions of colistin and its fragments will 
be reported at another time (Mushayakarara and 
Levin, unpublished data). Following completion of 
the second thermal transition, the disorder of the 
bilayer becomes greater than that for the pure 
DMPC bilayer matrix. By assuming that the entire 
melting curve encompassing both order/disorder 
transitions reflects a fluidization of the lipid ma- 
trix, we estimate that about three lipid molecules 
are immobilized by each polymyxin B molecule. 
For the 5 : 1 lipid/polymyxin B mole ratio system 
the bilayer disorder at approx. 45°C, which is 
higher than the second thermal transition ex- 
hibited by the 10 : 1 DMPC/polymyxin system, is 
equivalent to the disorder represented by the mid- 
dle of the transition (To) of the pure bilayer. 
Although the increased polymyxin B concentra- 
tion significantly orders the liquid-crystalline state 
of DMPC through the extreme broadening of the 
transition, the gel state is only slightly disordered 
(Fig. 3). 

Fig. 4 presents the temperature profiles for the 
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DMPC/polymyxin B system derived from the peak 
height intensity parameters 12940/12885 , o r  

Idiso, d,..r/Io,.de,:, observed in the C-H stretching re- 
gion. The increase in this parameter, as the system 
passes from the gel to the liquid-crystalline state, 
monitors changes in the lipid chain lateral packing 
characteristics. For the 35:1 lipid/polymyxin B 
system (data not shown), T c remains unchanged, as 
in the C-C stretching region profile, except that 
the transition interval is broadened to about 4 C 
deg. as compared to approx. 1.5 C deg. broadening 
in the former profile, tc increases to 26°C, with a 9 
C deg. transition interval in the 25:1 lipid/ 
antibiotic system. Increasing the lipid/polypeptide 
mole ratio to 10 : 1 leaves t c invariant at 26°C, but 
increases the transition width to about 12 C deg. 
As in the profiles reflecting the C-C stretching 
region, the 5 : 1 lipid/polymyxin B system exhibits 
a nearly completely broadened transition. In con- 
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Fig. 4. Temperature profiles for DMPC/polymixin B recombi- 
nants derived from the Raman spectral 12940cm-1/1288Scm-1 
peak height intensity ratios. Profiles were constructed from 
spectra corrected for polymyxin B contributions. 

trast to the profiles based upon intramolecular 
order /d isorder  parameters, the profiles derived 
from the C-H stretching mode intensities do not 
exhibit the second, high temperature transition. 
Further, the liquid-crystalline state of the 25:1  
system exhibits about the same disorder as the 
pure DMPC bilayer. The liquid-crystalline lateral 
chain-chain disorder for the 10:1 system is per- 
haps slightly ordered compared to the pure and 
25:1  liposomes. For the gel state the lattice dis- 
order increases proportionately for increasing 
polymyxin B concentrations. For the D M P C /  
melittin systems [7,22] only the C-H stretching~ 
mode profiles for intact melittin displayed the two 
thermal transitions at higher peptide concentra- 
tions; neither the hydrophobic nor hydrophilic 
fragment alone induced the higher temperature 
order /d isorder  transition. For polymyxin B we 
surmise that once the lipid lattice packing arrange- 
ments are sufficiently disordered by the electro- 
static binding of the polar heptapeptide disk to the 
lipid headgroup region, the insertion of the anti- 

biotic's acyl chain into the bilayer fails to disrupt 
further the lateral lipid chain organization. The 
hydrophobic interaction between the lipid acyl 
chains and the antibiotic tail leads, however, first 
to a slight intrachain ordering and then to in- 
creased gauche/trans isomerization after the melt- 
ing of the immobilized lipids. The thermal transi- 
tion parameters for the DMPC/polymyxin  system 
are summarized in Table I. 

The interaction of polymyxin B with negatively 
charged dimyristoylphosphatidic acid (DMPA) 
lipid bilayers is distinctly different from the effects 
discussed above for the zwitterionic DMPC bi- 
layers. For a DMPA/polymyxin  B mole ratio of 
10 : 1 the characteristic temperature profile derived 
from the acyl chain gauche/trans isomerization 
parameters appears in Fig. 5. The dotted line in 
the figure represents the sharp phase transition for 
DMPA from an ordered gel state to a disordered 
micellar state. This lamellar-micellar transition for 
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Fig .  5. T e m p e r a t u r e  p r o f i l e  f o r  a 1 0 : 1  D M P A / p o l y m y x i n  B 

m o l e  r a t i o  d i s p e r s i o n  d e r i v e d  f r o m  t h e  ll090cm-~/ill30cm-1 
p e a k  h e i g h t  i n t e n s i t y  r a t i o s .  T h e  d a s h e d  l ine  r e p r e s e n t s  t he  

p r o f i l e  f o r  a p u r e  D M P A  s y s t e m .  
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TABLE 1 

SUMMARY OF THE ORDER-DISORDER TRANSITIONS FOR DMPC- AND DMPA-POLYMYXIN BILAYER SYSTEMS 
FROM RAMAN SPECTRAL PARAMETERS. 

Bilayer Lipid/ Raman tc a ta.M b tu c tB d tA e 

polypeptide Marker (°C) (°C) (°C) (°C) (°C) 
mole ratio 

DMPC C-C r 22.5 (0.5) 
DMPC/Polym 35 : 1 C-C 23 (1.5) 
DMPC/Polym 25:1 C-C 26 (10) 
DMPC/Polym 10:1 C-C 26 (11) 
DMPC/Polym 5 : 1 C-C Completely 

broadened 
DMPC C-H s 22.5 (0.5) 
DMPC/Polym 35 : 1 C-H 23 (4) 
DMPC/Polym 25 : 1 C-H 26 (9) 
DMPC/Polym 10:1 C-H 26 (12) 
DMPC/Polym 5 : 1 C-H Completely 

broadened 

38 (3) 
38.5 (4) 

DMPA C-C 51 (0.2) 
DMPA/Polym 10 : 1 C-C 46.5 (6) 36 (8) 24.5 (9) 
DMPA C-H 51 (0.2) 
DMPA/Polym 10:1 C-H 46 (9) 56 (3) 36 (5) 24 (8) 
DMPC/Polym 10 : 1 Phe h 26 (7) 
DMPC/Polym 10 : 1 Phe - 55 (7) 37 (0.2) 

a The first value represents t¢, the bilayer gel-liquid crystalline phase transition. The value in parenthesis gives an estimate of the 
breadths of the transition. 

b ta.M represents the bilayer-micellar phase transition. 
c tu represents the upper transition for DMPC/polymyxin dispersions. 
d ta represents the phase transition involving DMPA/polymyxin complexes bound both electrostatically and hydrophobically 

[10,11,24]. 
¢ t A represents the phase transition involving DMPA/polymyxin complexes bound only hydrophobically [10,11,24]. 
f C-C implies use of Isa,~he/l , ,an ~ peak height intensity ratios for construction of the temperature profile. 
s C-H implies use of 12940cm-~/12SSScm-, peak height intensity ratios for construction of the temperature profile. 
h Phe implies the use of the peak height intensities (in arbitrary units) of the 1002 cm-1 phenyl ring distortion of the phenylalanine 

residue within the polymyxin headgroup. 

D M P A  will be discussed in greater detail later 
(Mushayakarara ,  E. and Levin, I.W., unpubl i shed  

data), bu t  at the present  we note  that the corre- 
spondance  with a micellar state is made on the 
basis of the C-H stretching region spectra and 
temperature  profiles of D M P A  with those for 1- 

stearoyl- and  1-palmitoyllysophosphatidylcholine 
assemblies [19,23]. The profile in Fig. 5 for the 
10 : 1 D M P A / p o l y p e p t i d e  system displays the 
analogous three phase transi t ions observed by 
Gal la  and Trudel l  [10] by electron paramagnet ic  
resonance spectroscopy in a 4 mol% p o l y m y x i n /  
D P P A  liposomal system. Table  I also summarizes 
the t ransi t ion temperature  data  determined by Ra- 
m a n  spectroscopy for the D M P A  liposomes. The 

three thermal t ransi t ions at 46.5, 36 and 24.5°C 
exhibit  widths of 6, 8 and  9 C deg., respectively. 

The respective t ransi t ion temperatures are identi-  

fied in Table  I by t c, t B and t A, respectively. In  a 
series of papers by Sixl and Gal la  [10,11,24] the 
interact ion of polymyxin  B with charged bilayers 
was postulated to lead to domain  format ion 
through lateral phase separations. Their  model 
consists of an inner  core in which polymyxin  B is 
b o u n d  hydrophobical ly  and  electrostatistically to 
the lipid bilayer. This complex is presumably  sur- 
rounded  by an annu la r  ring of polymyxin  B b o u n d  
only  hydrophobical ly  to the lipid acyl chains 
through the ant ibiot ic 's  hydrocarbon  tail. The en- 
tire cluster is immersed within a free phosphat idic  
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acid bilayer matrix• The highest temperature tran- 
sition observed at 46.5°C in Fig. 5, compared to 
51°C for pure DMPA, corresponds to the acyl 
chain melting of the slightly perturbed bulk matrix 
lipid. From the amplitudes of the two lower ther- 
mal transitions derived from the Raman data, we 
estimate that approx, six lipids are bound to poly- 
myxin at the pH of these experiments (pH = 8). 
The number of bound lipids at this mole fraction 
agrees well with the EPR results determined at 
pH = 9 for DPPA/polymyxin  B liposomes [10]. 
(Transition temperatures differ between the Ra- 
man and EPR experiments, however, because of 
the pH change [10].) Calorimetric studies [11] indi- 
cate that at low ionic strengths, the lowest temper- 
ature phase transition, our TA, consists of a su- 
perposition of a sharp component upon a broad 
peak. The gradual increase in intramolecular chain 
disorder discerned in Fig. 5 between 10 and 22°C, 
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Fig. 6. Temperature profile for a dispersion of a 10 : 1 DMPA/ 
polymyxin B mole ratio derived from 12940cm-1/I2885cm-1 peak 
height intensity ratios. The temperature profile was constructed 
from spectra for which the minor contributions from poly- 
myxin B have been subtracted. The dashed line represents the 
profile for a pure DMPA system. 

prior to the lowest thermal transition, may be 
related to the thermal characteristics associated 
with the broad calorimetric component. 

The phase separation characteristics of the 
DMPA/polymyxin  B system are also observed in 
the Raman profiles based upon the C-H spectral 
region parameters reflecting lateral chain-chain in- 
teractions (Fig. 6). Compared to pure DMPA at 
low temperatures (approx. 10°C), the polymyxin B 
containing liposomes exhibit considerable inter- 
chain disorder. The lowest thermal transition T A, 
corresponding to the melting of the domain of 
lipids hydrophobically bound to polymyxin B, oc- 
curs at 24°C, in agreement with the C-C stretching 
region profile. The hydrophobically and electro- 
statically bound polymyxin B/lipid complex melts 
at 36°C, while the bulk lipid fluidization occurs at 
46°C, again in agreement with the C-C region 
temperature curve. For the C-H spectral profile, 
however, the amplitude of the 46°C transition is 
significantly less in relation to the two lower tran- 
sitions than that observed in the C-C curve in Fig. 
5. Further, a fourth transition occurs at 56°C, an 
increase of 5 C deg. above the sharp 51°C transi- 
tion observed for pure DMPA. We attribute the 
56°C transition in the DMPA/polymyxin  B sys- 
tem to a bilayer-micellar transition. In contrast to 
the lamellar-micellar phase transition for pure 
DMPA in which the bilayer phase is quite ordered 
(Figs. 5 and 6) below the transition, the bilayer 
phase becomes relatively disordered in the poly- 
myxin B containing liposomes just below the tran- 
sition to the micellar state. For example at 50°C, 
the intermolecular order is approximately 70% of 
that in the micellar phase, while the intramolecular 
gauche/trans ratio for the micellar lipids exceeds 
that of the micellar state of pure DMPA. Fig 7 
depicts the C-H stretching region spectra for the 
DMPA/po lymyxin  (10:1) system at a tempera- 
ture in the low temperature gel state (10.8°C), in 
the middle of the lowest phase transition (25.5°C), 
in the middle of the phase transition involving the 
hydrophobically and electrostatically bound poly- 
mixin B (36.9°C), after the fluidization of the bulk 
bilayer, lipid (50°C) and in the micellar state 
(70.8°C). Note, in particular, the characteristic 
difference of the liquid-crystalline bilayer and 
micellar spectra of 50.0 ° and 70.8°C, respectively 
[19,23]. The 70.8°C C-H spectrum for the 
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Fig. 8. Temperature profiles for 10:1 DMPC/polymyxin B 
and DMPA/polymyxin B mole ratio dispersions using the 
phenyl mode I10o2cm-' peak height intensities (in arbitrary 

DMPA/polymyxin B liposomes closely matches 
the distinctive 12950/12880 and 12940/12880 peak 
height intensity ratios and spectral characteristics 
observed for lysophosphatidylcholine assemblies 
which are known to form micelles [19,23]. 

The intense 1002 cm -1 trigonal ring distortion 
of the phenyl group of the phenylalanine residue 
within the cyclic headgroup portion of polymyxin 
B provides a further temperature-dependent probe 
for assessing the differences in polymyxin binding 
to either the zwitterionic or negatively charged 
bilayer liposomes. Fig. 8 presents the peak height 
intensity of the 1002 cm -1 feature, in arbitrary 
units, as a function of temperature for both 
DMPC/polymyxin B and DMPA/polymyxin B 
systems in 10:1 mole ratios. As the two systems 
pass through their respective phase transitions, the 
intensity of the 1002 cm -1 peak increases about 
5-fold for the DMPA bilayer system in compari- 
son to DMPC. (This increase in intensity for the 

Fig. 7. Raman spectra of the 2800-3100 cm -1 C-H stretching 
mode region for a 10:1 DMPA/polymyxin B mole ratio 
dispersion at temperatures spanning the gel, liquid crystalline 

and micellar states. The minor spectral contributions from 
polymyxin B have not been subtracted. See text for discussion. 
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1002 cm -1 ring mode is not clearly indicated in 
the separate spectra in Fig. 1, since different 
ordinate expansions were used in reducing the 
data for the figure presentation.) For the 
DMPA/polymyxin B system major inflections ap- 
pear in the intensity profile at 37 ° and approx. 
55°C, which, in reference to Fig. 6, correspond to 
the lipid fluidization for the hydrophobically and 
electrostatically bound complex and to the 
bilayer-micellar phase transition, respectively. The 
profile for the DMPC/polymyxin  B system yields 
a broad inflection centered at 26°C, corresponding 
to the DMPC gel-liquid crystalline transition seen 
in Figs. 3 and 4, and a second inflection, at 
approx. 17°C, for which no counterpart was ob- 
served in the temperature profiles involving C-H 
and C-C stretching mode parameters. The ex- 
tremely sharp 36°C transition reflected by the 
phenyl mode intensity in the DMPA complex, in 
comparison to the broadened transition (5 C deg. 
width) determined from the lipid chain parameters 
(see Figs. 5 and 6), implies that a highly coopera- 
tive structural change involving electrostatic inter- 
actions between the heptapeptide rings of the anti- 
biotic and the polar headgroups of the phos- 
phatidic acid bilayer occurs in contrast to the less 
cooperative hydrophobic reorganizations arising 
between the acyl chains of the lipid and poly- 
peptide. Since the phenyl mode intensity changes 
do not indicate headgroup structural changes at 
approx. 24 and 46°C, we associate these order-dis- 
order changes observed in the profiles for 
DMPA/polymyxin  B liposomes to reorgani- 
zations occurring predominantly among the acyl 
chains of the bilayer lipid. 

In recent X-ray diffraction studies involving the 
interaction of polymyxin B with negatively charged 
bilayers composed of dipalmitoylphosphatidylg- 
lycerol, two lamellar phases were observed for 
bilayers of l ipid/peptide mole ratios of 10:1 to 
25:1 [25]. The two low-temperature lamellar 
phases represented bilayers with interdigitating and 
non-interdigitating chains, respectively. Although 
we have discussed the lower transition T A for 
polymyxin B in DMPA multilayers in the context 
of the model for the melting of lipid chains in 
complexes for which the antibiotic is bound only 
to the lipid through hydrophobic interactions 
[9-11,24], we suggest that alternative interpre- 

tations involving either a second lamellar phase 
with interdigitated chains or a simple chain re- 
organization from a more ordered to a less ordered 
crystalline lattice subcell should also be consid- 
ered. Ranck and Tocanne [25] note that the area 
per lipid polar headgroup, a factor important to 
the stabilization of specific lipid phases, is in- 
creased by polymyxin B because of its charged 
surface area of approx. 200 .~2 [4]. Interdigitation 
or a change in subcell packing may then be a 
consequence of an increase in the headgroup ex- 
pansion of the lamellar assembly through both the 
charge repulsions between DMPA molecules and 
the spreading effect of the charged ring of the 
polymyxin B headgroup. The amplitude of T A in 
Fig. 5 is consistent with a readjustment of lateral 
chain parameters which allows only minimal in- 
trachain disorder to occur; that is, T A reflects the 
introduction of the least number of gauche isomers 
along the chains for the three thermal order /  
disorder transitions. 

It is of interest to compare again the interac- 
tions of melittin with acidic phospholipids to those 
of polymyxin B. Fluorescence measurements on 
DMPA/meli t t in  systems at pH 3.5 also suggested 
phase separation between lipid-polypeptide com- 
plexes and pure lipid regions [26]. Two transitions 
were observed, the higher one disppearing on in- 
creased concentrations of melittin. Since melittin 
probably inserts its hydrophobic c~-helical region 
into the bilayer [7], the lipid chains become more 
laterally disordered in comparison to the lesser 
bilayer perturbation incurred during the insertion 
of only the acyl chain tail of polymyxin B. Al- 
though the low temperature state of pure DMPA 
bilayers, at pH 3 and 8 are quite ordered (see Fig. 
6), the more severe disruption of the chain packing 
from the introduction of the c~-helix probably pre- 
cludes the appearance of a more subtle chain 
packing reorganization that might be evident in 
the gel state containing the cyclic antibiotic. 

In summary, the interactions of po!ymyxin B 
with zwitterionic and acidic bilayer membranes 
indicate that rather different lipid-polypeptide as- 
sociations are available to a charged, intrusive 
membrane component. With the neutral lipid 
DMPC species, polymyxin B slightly increases the 
gel to liquid-crystalline phase transition primarily 
through electrostatic interactions. After formation 



of the l iquid-crysta l l ine  state, a second o r d e r /  
d i so rde r  t rans i t ion  involving abou t  three immobi -  
lized l ipid molecules  is observed in t empera tu re  
prof i les  reflecting in t racha in  gauche/trans dis- 
order .  The slight o rder ing  preceeding  the transi-  
t ion is associa ted with an inser t ion into the b i layer  
of  the hyd rophob ic  tail region of  the ant ibiot ic .  In 
contras t ,  the t empera tu re  profi les  for D M P A /  
po lymyx in  B l iposomes  p r o b a b l y  indicate  the do-  
ma in  separa t ion  impl ied  by  a number  of  physical  
techniques  and  p r o p o s e d  by  o ther  au thors  
[9-11,24]. We  suggest that  the lowest of  the three 

phase  t ransi t ions  observed,  T A, may  perhaps  be 
re la ted  to ei ther the fo rmat ion  of in te rd ig i ta ted  
chains  or, more  likely, to a rear rangement  of  the 
b i layer  la teral  chain  packing  pa ramete r s  in which 
a less o rdered  subcell  is formed.  In addi t ion ,  we 
emphas ize  that  at  high tempera tures  the D M P A /  
po lymyx in  B assembly  undergoes  a b i layer-micel -  
lar  phase  t ransi t ion,  ana logous  to that  for the 
t rans i t ions  observed in pure  D M P A  l iposomes and 
in 1-C16- and 1-C18-lysophosphat idylchol ine dis- 
persions.  
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