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ABSTRACT: The interactions of three polypeptide antibiotics (polymyxin B, gramicidin S, and valinomycin) 
with artificial lecithin membranes were studied by nuclear magnetic resonance (NMR). Combination of 
31P and 2H NMR allowed observation of perturbations of the bilayer membrane structure induced by each 
of the antibiotics in the regions of the polar headgroups and acyl side chains of the phospholipids. The 
comparative study of the effects of these membrane-active antibiotics and the lipid bilayer structure dem- 
onstrated distinct types of antibiotic-membrane interactions in each case. Thus, the results showed the 
absence of interaction of polymyxin B with the dimyristoyllecithin membranes. In contrast, gramicidin S 
exhibited strong interaction with the lipid above the gel to liquid-crystalline phase transition temperature: 
disordering of the acyl side chains was evident. Increasing the concentration of gramicidin S led to dis- 
integration of the bilayer membrane structure. At a molar ratio of 1:16 of gramicidin S to lecithin, the 
results are consistent with coexistence of gel and liquid-crystalline phases of the phospholipids near the phase 
transition temperature. Valinomycin decreased the phase transition temperature of the lipids and increased 
the order parameters of the lipid side chains. Such behavior is consistent with penetration of the valinomycin 
molecule into the interior of the lipid bilayers. 

A considerable amount of information was obtained in re- 
cent years about the molecular details of the action of anti- 
biotics. It is known that the primary site of action of certain 
polypeptide antibiotics is the surface of the target cell. In the 
present work, we extend our previous study of the interaction 
of the polypeptide antibiotic alamethicin with dimyristoyl- 
lecithin (DML)' bilayers (Banerjee et al., 1985) to include 
three other membrane-active polypeptide antibiotics of dif- 
ferent classes: polymyxin B, gramicidin S, and valinomycin. 

Polymyxins were originally isolated from cultures of Bacillus 
polymyxa and Bacillus aerosporus (Ainsworth et al., 1947; 
Stansly et al., 1947; Benedict & Langlykke, 1947). They are 
broad-spectrum antibiotics, active against yeasts, protozoa, 
Gram-positive, and, especially, Gram-negative bacteria 
(Newton, 1956; Schwarz et al., 1960; Storm et al., 1977). 
Other biological effects of polymyxin B, one of the major 
components of the polymyxins, include induction of histamine 
release from mast cells (Franzen, 1981; Nishio et al., 1984) 
and isolated guinea pig heart (Zilleti et al., 1965; Bhide & 
Gupta, 1967) and increase of histamine concentration in rat 
muscle tissue (Breene & Fisher, 1986). At high concentration, 
polymyxin B suppresses the development of tumor cells 
(Navashim et al., 1961). Recent works showed that polymyxin 
B can act as an inhibitor of protein kinase C activity (Wise 
et al., 1982; Kuo et al., 1983; Wrenn & Wooten, 1984) and 
proliferation of B-lymphocytes (Ne1 et al., 1985). Therapeutic 
use of polymyxin B against Gram-negative bacterial infections 
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can be particularly effective since the antibiotic can directly 
neutralize bacterial endotoxins (Craig et al., 1974; Bannatyne 
et al., 1977; From et al., 1979), probably by binding to the 
lipid A portion of endotoxins (Morrison & Jacobs, 1976). The 
medical use of polymyxin B is, however, limited due to major 
side effects which include electrolyte abnormalities (Rodriquez 
et al., 1970; O'Connor & Stone, 1978), renal dysfunction, 
neurotoxicity, and neuromuscular blockade (Sabawala & 
Dillon, 1959; Lindesmith et al., 1968; Kock-Weser et al., 1970; 
Pedersen et al., 1971). 

Polymyxin interacts with bacterial membranes (Koike & 
Iida, 1971) and bacterial phospholipids (Few, 1955; Storm, 
1974; Imai et al., 1975), increasing the permeability of cell 
membranes (Newton, 1953; Hsu Chen & Feingold, 1973; 
Feingold et al., 1974; Imai et al., 1975), which in turn inhibits 
bacterial respiration and RNA and DNA synthesis (Wahn et 
al., 1968; Teuber, 1974). It was shown that in Gram-negative 
bacteria, polymyxin disrupts the structure of both the outer 
membrane (Cerny & Teuber, 1971, 1972; Storm et al., 1977) 
and the cytoplasmic membrane (Newton, 1956; Storm et al., 
1977; Klemperer et al., 1979). The earliest effects of the 
membrane disruption increase its permeability only for low 
molecular weight compounds, but longer incubation with po- 
lymyxin may cause release of periplasmic proteins (Cerny & 
Teuber, 1971, 1972; Storm et al., 1977; Vaara & Vaara, 
1981). 

The decisive evidence showing that the interaction of po- 
lymyxin with the outer membrane of bacteria is sufficient to 
produce most of the bactericidal effects, including inhibition 
of respiration, came from the ability of polymyxin B, covalently 
attached to agarose beads, to inhibit the respiration and growth 
of two Gram-negative bacteria, Escherichia coli and Pseu- 
domonas aeruginosa (La Porte et al., 1977). 

' Abbreviations: DML, dimyristoyllecithin; DPL, dipalmitoyllecithin; 
NMR, nuclear magnetic resonance; DSC, differential scanning calori- 
metry; DML& bis(perdeuteriomyristoy1)lecithin. 
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The membrane activity of polymyxin B correlates with the 
amphiphilic character of this polypeptide, which includes a 
hydrophilic heptapeptide ring moiety and the hydrophobic acyl 
chain, which is thought to penetrate into the lipid membranes 
(Sixl & Galla, 1982). This extended structure of polymyxin 
B in solution suggested from dialysis (Craig, 1964) and NMR 
experiments (Galardy et al., 1974) is consistent with such a 
mode of action. Chemical modification studies showed that 
two out of five of the free amino acid groups of polymyxin B, 
namely, residues 1 and 3 on the side chain, are essential for 
the bactericidal activity (Srinivasa & Ramachandran, 1978). 

Early studies of the effect of polymyxin concentrated on 
correlating the biological action with the presence of a par- 
ticular type of lipid in the cell membranes or extracts, and it 
was suggested that negatively charged lipids act as chemo- 
receptors for polymyxins (Few, 1955). Specifically, the ab- 
sence of interaction between polymyxin and zwitterionic lipids 
was reported (Feingold et al., 1974; Hartman et al., 1978; El 
Mashak & Tocanne, 1980; Sixl & Galla, 1981). The absence 
of interaction between polymyxin B and synthetic di- 
palmitoyllecithin (DPL) was deduced from the absence of a 
change of the gel to liquid-crystalline phase transition tem- 
perature (T,) of DPL in the presence of up to 50 mol 5% 
polymyxin B (Hartman et al., 1978). A monolayer study 
reported the absence of interactions between polymyxin B and 
dihexadecanoylphosphatidylcholine (Ne1 et al., 1985). 
Fluorescence polarization measurements showed the absence 
of interactions between polymyxin B and distearoyl- 
phosphatidylcholine membranes (Sixl & Galla, 198 1). Only 
the presence of weak interactions of polymyxin B with DML 
headgroups was reported by Sixl and Watts (1985). In conflict 
with these studies, significant perturbation of DML by poly- 
myxin B was reported by Mushayakara and Levin (1984) from 
the Raman spectroscopy data. 

Gramicidin S, the cyclic decapeptide antibiotic produced 
by Bacillus brevis, was isolated by Gause and Brazhnikova 
(1944). Gramicidin S was shown to bind to bacterial mem- 
branes (Bulgakova & Polin, 1966a) and induce a sharp in- 
crease in the permeability of the plasma membranes which 
results in the release of intracellular low molecular weight 
compounds into the medium (Bulgakova & Polin, 1966b). 
Gramicidin S and its analogue were also shown to affect the 
permeability of plasma cells and protoplasts of the Gram- 
positive bacteria Macrococcus lysodeikticus, Bacillus subtilis, 
Bacillus megaterium (Polin et al., 1979; Bulgakova et al., 
1982; Petrykina et al., 1984), and Streptomyces sp. 26-1 15 
(Bulgakova et al., 1986). In agreement with the suggestion 
that the biological activity of gramicidin S is due to its in- 
teraction with cell membranes, the antibiotic was shown to 
disrupt and solubilize lecithin liposomes (Finer et al., 1969; 
Pache et al., 1972; Wu et al., 1978). 

The interaction of gramicidin S with DPL membranes was 
studied by 31P NMR, *H NMR of exchangeable sites on the 
peptide, and differential scanning calorimetry (DSC) by 
Datema et al. (1986). These authors suggested that gramicidin 
S interacts with the phospholipid headgroups but not with the 
hydrophobic portion of the membrane (Datema et al., 1986). 

The cyclic dodecadepsipeptide antibiotic valinomycin was 
isolated from Streptomyces fermentation products (Brockmann 
& Schmidt-Kastner, 1955). The first biological effect of 
valinomycin was shown to be the uncoupling of mitochondrial 
oxidative phosphorylation (McMurray & Begg, 1959). 
Valinomycin was shown to increase the ion permeability of 
synthetic lipid bilayers by 3-4 orders of magnitude, indicating 
that the cell membrane may be a target for this antibiotic 

(Mueller & Rudin, 1967; Lev & Buzhinsky, 1967). This 
activity of valinomycin was shown by Pressman and co-workers 
to be due to carrying monovalent cations, especially K+, across 
lipid bilayers (Pressman et al., 1967). Valinomycin disrupts 
membrane transport in microorganisms, which is assumed to 
be the basis for its antibiotic activity (Harold, 1972). 

The results from 'H NMR study of interactions of valino- 
mycin with DML and DPL suggested that valinomycin pen- 
etrates the DML bilayers, while it is interacting only with the 
headgroups of DPL (Hsu & Chan, 1973). A similar con- 
clusion about the DML-valinomycin interaction was reached 
using Raman spectroscopy (Susi et al., 1979). Incorporation 
of valinomycin into the interior of sonicated DML vesicles was 
reported by Feigenson and Meers (1980). 

In the present work, we used the combination of 2H and 31P 
NMR to characterize the interactions of polymyxin B, gram- 
icidin S, and valinomycin with bilayers of DML. The results, 
as discussed below, show that the interactions are unique for 
each antibiotic studied. 

MATERIALS AND METHODS 
DML was obtained from Sigma (St. Louis, MO) and was 

checked for purity by thin-layer chromatography, using silica 
gel 60 F-254 plates (VWR Scientific, Norwalk, CA) in 
CHC13/MeOH/H20 (65:35:5). Lipids were detected with 
Phospray (Supelco, Bellefonte, PA). 

Bis(perdeuteriomyristoy1)lecithin (DML-d,,) was purchased 
from Avanti Polar Lipids, Birmingham, AL, and was found 
to be pure by thin-layer chromatography. 

Polymyxin B sulfate was from Sigma. Gramicidin S di- 
hydrochloride (Sigma) was dissolved in H20/dioxane ( 5 2  
v/v), filtered, and lyophilized prior to use. Valinomycin was 
purchased from Calbiochem (San Diego, CA). 

Multilamellar lipid dispersions were made by first dissolving 
DML, or a DML-antibiotic mixture, in methanol or chloro- 
form. The solvent was then evaporated off with dry nitrogen, 
and the sample was kept under vacuum (<1 mTorr) for at least 
8 h. The thin film thus formed was hydrated with a 25 mM 
Tris buffer solution (pH 7.4), prepared in deuterium-depleted 
H 2 0  for 2H NMR or in D20  for 31P NMR experiments. The 
samples were always fully hydrated and were typically 1:lO 
w/v in lipid to water. In the experiments with polymyxin B, 
the antibiotic was added to the dry lipids as a solution in the 
hydrating buffer. 

31P and *H NMR spectra were acquired at 11.74 T (cor- 
responding to 500.1 3-MHz 'H, 202.49-MHz 31P, and 76.78- 
MHz 2H frequencies) on a Bruker WM500 spectrometer. 

31P spectra were acquired by using a spectral width of 50 
kHz, a 75' pulse (30 ps), a relaxation delay of 1.5 s, and gated 
broad-band proton decoupling of 10 W. 2H spectra were 
acquired with a high-power home-built probe (Muller & Chan, 
1983) using the standard quadrupole echo sequence (Davis 
et al., 1976). The spectral width was 166 kHz, refocusing time 
50 ps, and 90° pulse of 3.2 ps. 

RESULTS 
31P NMR Studies. A typical 31P NMR spectrum of DML 

multilayers above the gel to liquid-crystalline phase transition 
temperature (T,) in the absence of antibiotics is shown in 
Figure 1A. The 31P spectra of headgroups in phospholipid 
dispersions allow, in general, the various possible aggregated 
states of the lipids, such as bilayer, hexagonal, or micellar, to 
be distinguished. The 31P spectrum of the control DML 
sample (Figure 1A) is characteristic of the multilamellar 
bilayer conformation of lipid molecules (Seelig, 1978). The 
useful parameter obtainable from such 31P NMR spectra is 
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FIGURE 1: 31P NMR spectra at 25.3 O C  of aqueous dispersions of 
antibiotic-DML mixtures (1:5.5 mol/mol). (A) DML; (B) DML- 
gramicidin S; (C) DML-valinomycin; (D) DML-polymyxin B. 
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FIGURE 2: Plot of Au vs temperature for aqueous dispersions of 
polymyxin B containing DML. The experimental errors in Au are 
& 1  ppm above T, and f 2  ppm below T,. (X) No polymyxin B; (0) 
1:16 polymyxin B:DML molar ratio; (A) 1:5.5 polymyxin B:DML 
molar ratio. 

the chemical shift anisotropy (Aa). This parameter is a 
function of the molecular motions of the lipid molecules which 
average the orientation-dependent chemical shift interactions 
and the average orientation of the phospholipid headgroups 
relative to the normal to the plane of the bilayer (director). 
The motional state of the lipids depends on temperature and 
undergoes a sharp change at T,. The average orientation of 
the headgroups may be affected by interactions with mem- 
brane-bound compounds, in our case, antibiotics. Thus, Au 
allows one to determine the change induced in T, and the 
average headgroup orientation in the presence of the antibi- 
otics. Our results on antibiotic-induced changes in T, were 
in each case confirmed by performing corresponding 2H NMR 
measurements and observing characteristic broadening of *H 
NMR spectra at T,. From the spectra of Figure 1, A a  can 
be determined from the splitting between the edges of the 
spectrum at the half-height of the low-frequency "foot". 31P 
NMR spectra of DML with added antibiotics are shown in 
Figure 1B-D. It is clear from Figure 1 that the basic milti- 
lamellar bilayer structure of the lipids is maintained in the 
presence of each of the antibiotics up to the antibiotic:DML 
molar ratio of 1:5.5. 

Figures 2-4 show the temperature dependence of Aa of 
DML bilayers in the presence of different concentrations of 
antibiotics, illustrating that the effects of the antibiotic are 
different in each case. 
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FIGURE 3:  Plot of Au vs temperature for aqueous dispersions of 
gramicidin S containing DML. (X) No gramicidin S; (+) 1:33 
gramicidin S:DML molar ratio; (0) 1:16 gramicidin S:DML molar 
ratio; (A) 1 5 . 5  gramicidin S:DML molar ratio. 
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FIGURE 4: Plot of Au vs temperature for aqueous dispersions of 
valinomycin-containing DML. (X) No valinomycin; (+) 1:16 vali- 
nomycin:DML molar ratio; (0) 1:S.S va1inomycin:DML molar ratio. 

( A )  Polymyxin B. Polymyxin B does not affect Au or T, 
up to the molar ratio of 1:5.5 to DML (Figure 2). This 
absence of perturbation of the headgroups by polymyxin B 
makes it unlikely that the antibiotic interacts with DML. This 
conclusion is further corroborated by 2H NMR experiments 
(vide infra). 

( B )  Gramicidin S .  Figure 3 shows the temperature de- 
pendence of Au in the presence of different concentrations of 
gramicidin S .  Only a small decrease of the absolute value of 
Au is observed upon addition of gramicidin S at the molar ratio 
of 1:33 to DML, without measurable changes of Au below or 
above T, (Figure 3). Increasing the concentration of gram- 
icidin S further decreases T, and induces changes in the A a  
above T,. The unusual feature of the observed effects is that 
the magnitude of the gramicidin S induced change in Aa is 
temperature dependent above T, (Figure 3) while the plots 
of Aa versus temperature are "flat" above T, in all other cases 
studied (Figures 2 and 4; Banerjee et al., 1985). At gramicidin 
S to DML molar ratios of 1:16 and 1:5.5, the change in Au 
is most pronounced in the uicinity of T,. Thus, at the gram- 
icidin S to DML molar ratio of 1:16, the T, is depressed by 
3 "C, and ha is affected only within about 3 O C  above this 
temperature (Figure 3). An increase of the gramicidin S 
concentration to a 1:5.5 molar ratio to DML enhances the 
effect further. The phase transition temperature in this case 
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FIGURE 5: "P (right) and 2H (left) NMR spectra of gramicidin 
S-DML mixtures (1: 16 mol/mol) at different temperatures. 

is decreased by 6 O C  to 18 OC, and Au is affected in the range 
of temperatures of 18-28 OC, decreasing in absolute value 
monotonously with the decrease of temperature. At 18 OC, 
just above the T,, Au reaches the value of -36 ppm, which is 
the lowest absolute value observed by us in the present or 
previous (Banerjee et al., 1985) work. In contrast, gramicidin 
S does not affect Au of DML below phase transition tem- 
peratures of the antibiotic-lipid mixtures. 

Careful examination of 31P NMR spectra taken at a 1:16 
molar ratio of gramicidin S to DML reveals additional features 
(Figure 5 ,  right). The spectra taken in the vicinity of the phase 
transition temperature, at 19 and at 17.4 OC, can be described 
as weighted superposition of the spectra of the lipids at the 
liquid-crystalline (27 "C) and gel (14.2 "C) states (Figure 5 ,  
right). These results indicate the coexistence of the lipid 
domains in the liquid-crystalline and gel phases in the vicinity 
of T,. 

The lack of interaction between gramicidin S and the lipids 
in the gel state is perhaps best shown in the following ex- 
periment when the concentration of gramicidin S is increased 
to a 1:2.7 molar ratio to DML. Here, the 31P NMR line shape 
no longer corresponds to the multilayer conformation of the 
lipids but degenerates into a single peak at a position char- 
acteristic of isotropic motions of the phospholipid molecules 
(Figure 6, right). This result suggests that at a 1:2.7 molar 
ratio to DML, gramicidin S disrupts the multilayer structure 
to form micelles or small vesicles above T,. However, even 
at this high, disruptive concentration of gramicidin S, the 
cooling of the sample to 13.4 "C results in the formation of 
bilayers (Figure 6). Upon further cooling to 9.4 OC, most of 
the intensity of the 31P NMR spectrum is in the gel state 
bilayer powder pattern (Figure 6), and further cooling to 8.5 
O C  results in complete disappearance of the isotropic peak (not 
shown). 

(C) Valinomycin. The effect of valinomycin on the Au of 
DML is different from those of the other two cases presented 
here (Figure 4). Addition of valinomycin at a molar ratio of 
1:16 to DML depresses T, of the multilayers by 5 "C and 
causes a decrease in the absolute value of Au (Figure 4). Upon 
further increase in the valinomycin concentration to a 1:5.5 
molar ratio to DML, valinomycin does not further change T, 
nor affects Au above T,, though there is possibly a small 
additional decrease of the absolute value of Au below T, 
(Figure 4). 

2H NMR Studies. The 2H NMR spectra of DML-du 
above T, in the presence and absence of the antibiotics are 
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FIGURE 6: 3'P (right) and 'H (left) NMR spectra of gramicidin 
S-DML mixtures (1:2.7 mol/mol) at different temperatures. 
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FIGURE 7: 'H NMR spectra of antibiotic-DML mixtures (15.5 
mol/mol) at 32 OC. (A) No antibiotic added; (B) with valinomycin; 
(C) with gramicidin S; (D) with polymyxin B. 

given in Figure 7. An 2H NMR spectrum of the fully hy- 
drated chain-perdeuteriated phospholipid represents the su- 
perposition of axially averaged powder patterns arising from 
the different deuterons for the various CD, segments along 
the acyl chains, and the terminal CD3 segment. The order 
parameter (&) for each segment can be derived from the 
observed peak to peak quadrupole splitting (Av), which cor- 
responds to the perpendicular orientation of the bond relative 
to the external magnetic field, using the equation: 

Avi = (3/4)(e2qQ/h)Si 

where $qQ/h = 167 kHz is the quadrupole coupling constant 
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and liquid-crystalline phases of DML coexist (Figure 5 ,  left). 
At the higher gramicidin S concentration of 1:2.7 molar ratio 
to DML, the phospholipids are in micellar or small vesicles 
form at 115.7 OC, with bilayer phase re-forming below 13.4 
O C  (Figure 6, left). 

DISCUSSION 
The present work was initiated in order to provide com- 

parative information on interactions of three membraneactive 
polypeptide antibiotics with model lipid membranes. We found 
that the addition of polymyxin B to DML multilayers neither 
affects the orientation of the headgroups, as evidenced by 31P 
NMR, nor perturbs the order parameter profile of deuteriated 
side chains of the lipid. We also did not observe broadening 
of the various 2H resonances upon addition of polymyxin B, 
the effect which was observed upon incorporation of proteins 
into lipid bilayers (Seelig & Seelig, 1978; Rice et al., 1979). 
Thus, results with polymyxin B indicate the lack of interactions 
between this antibiotic and DML. Our results support the 
previous works which report the absence of interactions be- 
tween polymyxin and zwitterionic lipids (Feingold et ai., 1974; 
Hartman et al., 1978; El Mashak & Tocanne, 1980; Six1 & 
Galla, 1981). However, our results are in direct contradiction 
with the conclusions of Mushayakara and Levin (1984), who 
used Raman spectroscopy to show that both C-C skeletal 
stretching and C-H stretching modes of DML acyl chains are 
significantly perturbed by the presence of polymyxin B at the 
molar ratio of 1:5 to DML. In the present work as well as 
in the earlier studies of Mushayakara and Levin (1984), the 
same supplier of DML and polymyxin B is used, and similar 
methods of sample preparation were employed, with the only 
difference being the hydration level of the lipids, which was 
10% w/v of the lipids to HzO in our work and 50% in the work 
of Mushayakara and Levin (1984). This difference in the 
hydration level is not expected to alter the structure of DML; 
however, we emphasize here that our 2H and 31P NMR results 
provide direct measurements of conformation and ordering of 
the lipids while the Raman spectra obtained by Mushayakara 
and Levin (1 984) required corrections for the spectral con- 
tribution of polymyxin B molecules. 

From the combination of 31P and 2H NMR measurements 
of interactions of gramicidin S with DML, we detected the 
presence of strong interactions of the antibiotic with the bi- 
layers at the molar ratio higher than 1:16 to DML. Our work 
shows that the interaction between gramicidin S and DML 
takes place only h u e  T,, with gramicidin S apparently being 
excluded from DML bilayers below T, even at the high dis- 
ruptive molar ratio of 1:2.7 of gramicidin S to DML. The 
perturbation of the 2H NMR spectrum of DML in the pres- 
ence of gramicidin S, namely, the broadening of resonances 
and the decrease of the order parameters of CD bonds of the 
side chains, is compatible with the gramicidin S molecule 
penetrating into the bilayer, in agreement with the general 
conclusions of Wu et al. (1978), who reported full incorpo- 
ration of gramicidin S into DML bilayers. We did not observe 
the broadening of the thermal phase transition reported in the 
latter work (Wu et al., 1978) on the basis of lateral diffusion 
measurements of fluorescent gramicidin S analogues. No such 
phase transition broadening was noted in DSC studies of 
gramicidin S-DML mixtures (Wu et al., 1978). While it is 
possible that the lateral diffusion measurements are more 
sensitive than DSC and NMR to small subtle changes in the 
bilayer structure, the discrepancy can also be due to the 
possibility that the fluorescent analogues of gramicidin S used 
in the work of Wu et al. (1978) involved neutralization of 
ornithine residues, which are thought to be important for the 
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FIGURE 8: Variation of quadrupole splittings with peak position of 
DML-dS4 with and without the addition of antibiotics at a molar ratio 
of 1:5.5 to DML-dS4 at 32 OC. Peak 1 represents approximately five 
carbon positions closest to the lipid headgroup (“plateau” region). 
It is the outermost peak of the spectra on Figure 7. Peak 11 represents 
the terminal methyl resonance. The size of the symbols corresponds 
to the experimental error. (0) DML; (A) DML with polymyxin B 
(X) DML with gramicidin S; (+) DML with valinomycin. 

of a deuteron in a CD bond. Previous ZH NMR studies with 
lipids, deuteriated at  specific positions in the side chains, 
demonstrated the existence of the order parameter profile along 
the side chains of a lipid molecule in the multilamellar state 
with a plateau of relatively higher ScD values corresponding 
to the CD2 segments near the glycerol backbone (Seelig, 1977). 
This is reflected in the overlapping of the quadrupole splitting 
which correspond to the first five to six CD2 segments near 
the edge of a 2H NMR spectrum. Further from the glycerol 
backbone, the side chains become progressively more disor- 
dered, resulting in well-resolved peaks at the perpendicular 
orientation. We were able to resolve up to 11 splittings of 
segments DML-dS4 above T,; tentative assignments of these 
CD2 splittings are given in Oldfield et al. (1978). 

Visual examination of the 2H NMR spectra in the presence 
and absence of the antibiotics at a 15.5 molar ratio to 
DML-ds4 confirms that the phospholipids maintain their basic 
bilayer structure above T, (Figure 7) in the presence of the 
antibiotics under study. Significant perturbation of the 2H 
NMR line shape at this concentration of antibiotics was ob- 
served only in the case of gramicidin S, where the intensity 
of the signal at the edge of the spectrum decreased relative 
to the center of the quadrupolar powder pattern (Figure 7C). 

Further insight into the character of interactions between 
the antibiotics and DML-d54 can be obtained by considering 
the effects of the antibiotics on the order parameter profile 
along the hydrocarbon chains. These results are summarized 
in Figure 8. It is apparent from Figure 8 that the presence 
of polymyxin B does not significantly affect the order param- 
eters of C-D bonds along the chains. This result is consistent 
with our 31P NMR observations and again suggests a lack of 
interactions between polymyxin B and DML. Significant 
decrease of the quadrupole splittings of DML-dS4 is observed, 
however, in the presence of gramicidin S (Figure 8). 

Figure 8 summarizes the quadrupole splitting profiles of 
DML-ds4 in the presence and absence of valinomycin. Unlike 
the other antibiotics studied, the presence of valinomycin 
causes a small but significant increase of the order parameters 
of DML-d5, (Figure 8). The valinomycin-induced increase 
of order parameters is most prominent for the outermost peaks, 
which correspond to about five methylenes near the bilayer 
surface and gradually decrease to zero at terminal methyl 
groups (Figure 8). 

Figures 5 (left) and 6 (left) show the 2H NMR spectra of 
DML-d54 at different temperatures and concentrations of 
gramicidin S. These spectra confirm the 3*P NMR observa- 
tions that at a 1:16 gramicidin S to DML molar ratio the gel 
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interaction with phospholipids (Pache et al., 1972; Semenov 
et al., 1977). Our 31P NMR results on the temperature de- 
pendence of Au at a gramicidin S to DML molar ratio of 1:5.5 
show a progressive decrease of the absolute values of Au upon 
decrease of temperature within the range of 10 OC above T,, 
closely corresponding to the high-temperature tail of the 
thermograms obtained from DSC experiments with gramicidin 
S-DML mixtures at  a 1:5 molar ratio of antibiotic to lipid 
(Wu et al., 1978). In our previous work (Banerjee et al., 
1985), we demonstrated that above T,, Au of the 31P NMR 
spectra is sensitive primarily to the orientation of the phos- 
pholipid headgroups relative to the director. Another possi- 
bility, namely, the decrease of the size of the multilamellar 
vesicles (Burnel et al., 1980), can be excluded here, as such 
a decrease would also produce a decrease of the quadrupole 
splitting of 2H NMR spectra with a decrease of temperature. 
We observed, instead, an increase of the quadrupole splittings 
under these conditions, a phenomenon caused by the increased 
ordering of the lipid side chains upon lowering the temperature. 
We can thus conclude that the change in AU observed here 
and the high-temperature tail of the thermograms in Wu et 
al. (1978) of the gramicidin S-DML mixtures are caused by 
a gramicidin S induced temperature-dependent change in the 
orientation of the headgroups of DML. 

Our ZH and 31P NMR results at the gramicidin S to DML 
molar ratio of 1 : 16 are compatible with the coexistence of the 
laterally separated lipid domains in gel and liquid-crystalline 
phases in the vicinity of T,. Such lateral phase separation was 
previously demonstrated by 2H NMR in DPL bilayers with 
incorporated synthetic amphiphilic peptides (Davis et al., 1983; 
Huschilt et al., 1985). The fact that both states are resolved 
on the NMR time scale indicates that the lipid diffusion be- 
tween the domains is negligible and places lower limits for the 
sizes of gel domains as 1 X lo4 A2 and liquid-crystalline do- 
mains as l X lo6 A2 (Huschilt et al., 1985). 

Our results with valinomycin show that this peptide interacts 
with the headgroups of DML, the interaction resulting in 
changes in the orientation of headgroups and decrease in the 
absolute values of Au both above and below T,. Only minimal 
effects of valinomycin are observed on the order parameters 
of the side chains of DML; a small increase of the order 
parameters is observed upon addition of valinomycin. Such 
an increase of the order parameters, without a significant effect 
on the overall profile of the order parameters, has been re- 
ported in the case of cholesterol (Oldfield et al., 1978), the 
polypeptide antibiotic gramicidin A (Rice & Oldfield, 1979), 
and, very recently, a-tocopherol (Wassal et al., 1986), and is 
compatible with the incorporation of valinomycin into the 
interior of DML bilayers. This conclusion is an agreement 
with the laser Raman spectroscopy results of Susi et al. (1979) 
and 'H NMR results of Hsu and Chan (1973). However, we 
did not detect the disordering effect of valinomycin reported 
by Susi et al. (1979). The reason for this discrepancy between 
our results and those of Susi et al. (1979) is not obvious, but 
we again point out the direct nature of 2H NMR measure- 
ments of lipids as compared to the Raman studies that rely 
on sorting out the peptide and lipid contributions. Decrease 
of the molecular motions of the lipid side chains was reported 
in the case of the valinomycin-egg yolk lecithin system and 
the valinomycin-ox brain phosphatidylserine system (Finer 
et al., 1969). In our present work, valinomycin caused a 
decrease of the absolute values of 31P NMR Au and an in- 
crease of 2H NMR quadrupole splittings of DML, empha- 
suing once again that changes in Au above T, reflect primarily 
the orientation of the phospholipid headgroups and not their 

mobility (Banerjee et al., 1985). 
Conclusions. (1) This comparative study of interactions of 

three polypeptide antibiotics with DML bilayers demonstrated 
that straightforward application of 31P and 2H NMR mea- 
surements is very effective in obtaining information on drug- 
lipid interactions using nonperturbing probes. (2) The work 
demonstrated a lack of interaction between polymyxin B and 
DML, clarifying confusion existing in the literature. This 
finding points out that the presence of the hydrophobic region 
of a polypeptide is by itself not sufficient to assume that such 
a polypeptide would be able to intercalate into PC membranes. 
(3) Gramicidin S intercalates into the interior of DML bilayers 
above T,. In the vicinity of T,, this antibiotic induces lateral 
phase separation of lipids into gel and liquid-crystalline do- 
mains, the latter being probably enriched in gramicidin S, since 
it gets excluded from the bilayers below T,. (4) Valinomycin 
intercalates into the DML bilayer, causing increased ordering 
of the lipid side chains. 

ADDED IN PROOF 

Results obtained recently by using Raman spectroscopy 
showed that polymyxin B does not perturb DML-dS4 bilayers 
at  a molar ratio of 1:5 to the lipid and 90% lipid hydration 
(M. PEzolet, personal communication). 
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