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ABSTRACT: The interaction of polymyxin B nonapeptide (PMBN) and polymyxin B (PMB) with the anionic 
phospholipids phosphatidylserine (PS), dipalmitoylphosphatidylglycerol (DPPG), dipalmitoylphosphatidic 
acid (DPPA), and 1 : 1 mixtures (w/w) of DPPA and distearoylphosphatidylcholine (DSPC) was studied 
by calorimetry, electron spin resonance, and fluorescence spectrometry, electron microscopy, and fusion 
and leakage assays. The phase transition temperatures of DPPA and DPPG were very similar when bound 
to PMB or PMBN, indicating that the lipids are in a similar state when bound to the cationic peptides. 
Both PMB and PMBN caused the interdigitation of DPPG bilayers, suggesting that the penetration of 
hydrophobic side chains from a peptide bound electrostatically on the surface is sufficient to induce this 
phenomenon. Stopped-flow experiments revealed that PMBN and PMB induced the fusion of small un- 
ilamellar PS and large unilamellar DPPA-DSPC vesicles. The aggregation of vesicles was found to be a 
diffusion-controlled process; the subsequent fusion took place with a frequency of 102-(5 X lo2) s-l for small 
vesicles and 1-100 s-l for large vesicles. The freeze-fracture replicas of the PMB-treated vesicles displayed 
12-50-nm depressions on several superimposed bilayers, indicating the formation of stable lipid-PMB domains. 
Since the incubation with PMBN produced similar depressions only if the specimens were fixed, PMBN- 
induced domain formation seems to be a reversible rapid process. The differences in the phospholipid-peptide 
interactions are correlated with the differences in the physiological action of the antibiotic PMB and the 
nonbactericidal PMBN on the cell envelope of Gram-negative bacteria. 

z e  cationic peptide polymyxin B nonapeptide (PMBN)' is 
a derivative of the antibiotic polymyxin B that lacks the fatty 
acyl part of the parent compound (Chihara et al., 1973). 
PMBN is not bactericidal; however, it sensitizes Gram-negative 
bacteria to other amphiphilic and hydrophobic compounds 
(Vaara & Vaara, 1983b-d; Viljanen & Vaara, 1984). In the 
presence of PMBN, Gram-negative bacteria become vulner- 
able to a wide range of antimicrobial agents to which they were 
previously insensitive because the restrictive permeability 
properties of the outer membrane are lost (Vaara & Vaara, 
1983c; Nikaido & Vaara, 1985). 

PMBN and polymyxins are compounds to which the pres- 
ence of five or six 2,4-diaminobutyric acid residues confers a 
net positive charge. In the case of the polymyxins, binding 
to acidic molecules of the outer membrane of Gram-negative 
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bacteria, including the lipid A region of lipopolysaccharide 
(LPS), is assumed to be the primary event of drug action 
(Teuber & Bader, 1976; Storm et al., 1977; Hancock, 1984). 
Binding studies with isolated LPS (Bader & Teuber, 1973; 
Schindler & Osborn, 1979) and with lipid monolayers (Ro- 
senthal et al., 1976; Teuber & Miller, 1977; El Mashak & 
Tocanne, 1980) and bilayers (Hartmann et al., 1978; Six1 & 
Galla, 1979, 1980, 1982; Galla & Trudell, 1980; Ranck & 
Tocanne, 1982; Boggs & Rangaraj, 1985) have revealed a high 
and specific affinity of the polymyxins for lipopolysaccharides 
and acidic phospholipids. 

I Abbreviations: CD, circular dichroism; CF, 5-carboxyfluorescein; 
DPA, dipicolinic acid; DPH, diphenylhexatriene; DPPA, 1,2-di- 
palmitoyl-sn-glycero-3-phosphatidic acid; DPPG, 1,2-dipalmitoyl-sn- 
glycero-3-phosphoglycerol; DSPC, 1,2-distearoyl-sn-glycero-3-phospho- 
choline; LPS, lipopolysaccharide; PMB, polymyxin B; PMBN, polymyxin 
B nonapeptide; PG, phosphatidylglycerol; PS, phosphatidylserine; TES, 
N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid; T,, mid- 
point temperature of a phase transition; EDTA, ethylenediaminetetra- 
acetic acid; DSC, differential scanning calorimetry; Hepes, N-(2- 
hydroxyethyl)piperazine-N'-2-ethanesulfonic acid; ESR, electron spin 
resonance; Tris, tris(hydroxymethy1)aminomethane; MICs, minimum 
inhibitory concentrations. 
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In the case of PMBN, it has been suggested from the results 
of indirect bioassays (Vaara, 1983) and ESR experiments on 
the displacement of cationic spin probes (Peterson et al., 1985) 
that PMBN causes the disorganization of the outer membrane 
of Gram-negative bacteria by binding to the anionic groups 
of LPS. The role of the anionic phospholipids, however, re- 
mains to be elucidated. This paper focuses on the interaction 
of PMBN and its parent compound polymyxin B with anionic 
phospholipids which was studied with model membranes by 
employing probes of membrane fluidity, fusion, and leakage 
assays, freeze-fracture electron microscopy, and differential 
scanning calorimetry. 

MATERIALS AND METHODS 
Chemicals. Dipalmitoylphosphatidic acid (DPPA, purum, 

Fluka or Calbiochem), bovine brain phosphatidylserine (PS, 
Sigma), distearoylphosphatidylcholine (DSPC, purissimum, 
Fluka), diphenylhexatriene (DPH, purissimum, Fluka), di- 
picolinic acid (DPA, Sigma), 5-carboxyfluorescein (CF, 
Calbiochem), 5-doxylstearic acid and 16-doxylstearic acid 
(Syva), lipopolysaccharide B from Salmonella typhimurium 
(Difco), erythromycin (Sigma), lincomycin (Sigma), cloxacillin 
(Sigma), fusidic acid (Sigma), nalidixic acid (Sigma), and 
polymyxin B sulfate (PMB, Sigma) were used as obtained 
from the manufacturer. Dipalmitoylphosphatidylglycerol 
(DPPG, purissimum) was a gift from H. J. Eibl, Gottingen, 
FRG, or purchased from Calbiochem. The lipids ran as one 
spot in thin-layer chromatography; contaminations by lysolipid 
or free fatty acids were not detectable. A spin-labeled 
phosphatidylglycerol with stearic acid esterified to the 1-OH 
of glycerol, and 16-doxylstearate to the 2-OH, was a kind gift 
from Dr. A. Watts, University of Oxford. Unless otherwise 
stated, all inorganic reagents and all solvents were of at least 
analytical grade. 

Preparation of Polymyxin B Nonapeptide (PMBN). 
PMBN was obtained from polymyxin B by hydrolysis with 
ficin (Chihara et al., 1973; Vaara & Vaara, 1983a). Four 
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grams of a crude preparation of ficin (Sigma) was freed from 
contaminating latex particles by centrifugation, ammonium 
sulfate precipitation, and dialysis. The final product contained 
about 20% ficin (yield 31%) as determined by the kinetics of 
the hydrolysis of benzoyl-L-arginine p-nitroanilide hydro- 
chloride (Englund et al., 1968). The PMB preparation was 
found to be more than 98% pure by thin-layer chromatography 
on precoated silica gel silanized plates (Merck) [solvent: 25% 
acetone (v/v), 75% 0.1 N HCl (v/v), and 1% NaCl (w/v); 
visualization of spots by ninhydrin] (Thomas & Holloway, 
1978). 

One-half gram of polymyxin B sulfate was dissolved in 25 
mL of 0.01 M potassium phosphate buffer, pH 7.0. After the 
addition of 60 mg of ficin preparation, the solution was in- 
cubated for 24 h at 37 "C with light stirring. To follow the 
time course of the reaction, samples of 50 pL were taken after 
0, 2, 4, 8, and 24 h. The subsequent analysis revealed that 
the enzymatic reaction was complete after 6 h. After 24 h, 

the reaction mixture was boiled for 5 min at 90 OC, and the 
denatured enzyme was removed by centrifugation (20 min, 
12000g). The fatty acyl diaminobutyric acid and unreacted 
polymyxin B were separated by extraction. The supernatant 
was acidified with 1 N HC1 to pH 2.0, extracted 3 times with 
12 mL of 1-butanol, adjusted with 1 N NaOH to pH 8, and 
extracted again twice with 1-butanol. The aqueous phase (V  
= 16.5 mL) was poured on an Amberlite IRA-410 column 
(OH type, 1.5 X 8.5 cm) and eluted with distilled H20 (v = 
0.25 mL/min). The first two fractions (25 mL) containing 
the product PMBN were lyophilized. The contamination of 
the PMBN preparations by polymyxin B was determined from 
thin-layer chromatography on cellulose-coated aluminum foil 
[solvent: 1-butanol/pyridine/acetic acid/H20, 30:20:6:24 

Model Membrane Studies. ( A )  Vesicle Preparations. For 
the preparation and storage of vesicle dispersions, the glassware 
was extensively rinsed with acetone, methanol, EDTA solu- 
tions, distilled water, and triple quartz-distilled water. At all 
times, the preparations were maintained at least 10 OC above 
T,. Small unilamellar vesicles were prepared according to 
Herrmann et al. (1984) by sonication following a modification 
of Huang's procedure (1969). The contamination by large 
multilamellar vesicles was checked by plotting the turbidity 
between 300 and 700 nm vs. the reciprocal fourth power of 
the scattering wavelength (Barrow & Lentz, 1980). Large 
unilamellar vesicles were prepared by injection of 10 pmol of 
phospholipid dissolved in 5 mL of methanol/diethyl ether (1:4 
v/v) into 4 mL of 0.1 M phosphate buffer, pH 7.0 (Parce et 
al., 1978). 

For the leakage and fusion assays, small phosphatidylserine 
(PS) and large unilamellar DPPA-DSPC vesicles were pre- 
pared essentially as described by Wilschut et al. (1980, 1985), 
Fraley et al. (1980), and Sundler and Papahadjopoulos (1981). 
In brief, 100 pmol of PS was dispersed in 10 mL of aqueous 
buffer of 2 mM histidine and 2 mM N-[tris(hydroxy- 
methyl)methyl]-2-aminoethanesulfonic acid (TES), pH 7.4, 
which contained in addition either (a) 70 mM CF, (b) 15 mM 
TbC13/150 mM sodium citrate, or (c) 150 mM DPA. The 
dispersion was sonicated for 1 h in an ice bath under nitrogen. 
Large particles were subsequently removed by centrifugation 
at 97000g for 1 h. Vesicles were separated from nonencap- 
sulated material by gel filtration on Sephadex G-75 [elution 
buffer: 100 mM NaCl, 2.0 mM L-histidine, 2.0 mM TES, 
and 1 mM EDTA, pH 7.4 (0.1 mM EDTA in the case of CF 
vesicles)]. Large DPPA-DSPC vesicles were prepared by 
injection (Parce et al., 1978). In order to prevent Tb3+ binding 
to phosphatidate, the following solutions were used: 2.5 mM 
TbC13, 100 mM nitrilotriacetic acid, 2 mM L-histidine, and 
2 mM TES, pH 7.4; 100 mM DPA, 2 mM L-histidine, and 
2 mM TES, pH 7.4; 50 mM CF, 0.1 M NaCl, 0.1 mM 
EDTA, 2 mM L-histidine, and 2 mM TES, pH 7.4. The 
elution buffer contained 0.2 M NaCl, 1 mM EDTA (0.1 mM 
EDTA for C F  vesicles), and 10 mM sodium tetraborate, pH 
9.0. 

For calorimetry and ESR experiments, the lipid was labeled 
with the fatty acid spin-label by combining chloroform/ 
methanol solutions of lipid and spin-label at a 200:l mole ratio 
and evaporation of the solvent under nitrogen. An aqueous 
solution of PMBN (0.81 pmol/mL) in 10 mM Hepes buffer 
at pH 7.4 was added to the dry film of lipid and spin-label. 
Multilamellar vesicles were formed by vortex dispersion at a 
temperature above the lipid phase transition temperature. The 
lipid concentration was 4 pmol/mL. The sample was divided 
into two parts for calorimetry and ESR measurements; the 

(v/v)l. 
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amount of spin-label used has been found not to affect the 
calorimetric results. Both samples were centrifuged in an 
Eppendorf bench centrifuge. The wet pellet was loaded into 
an aluminum DSC pan for calorimetry. All but about 100 
pL of the supernatant was removed from the other sample, 
and about 50 pL of the lipid suspension was loaded into a 
100-pL capillary tube for ESR measurements, sealed with a 
flame at one end, and centrifuged at 2000 rpm. 

(B)  Differential Scanning Calorimetry. Samples were run 
on a Perkin-Elmer DSC-2 equipped with a data station, at 
heating and cooling rates of 1.25-10 OC/min. The temper- 
ature of maximum heat absorption was defined as the phase 
transition temperature, T,. 

( C )  Equilibrium Studies with DPH. For the cooling curves, 
the unilamellar vesicle dispersions in 10 mM sodium tetra- 
borate buffer, pH 9.0, were diluted to 0.5 mM phospholipid; 
2.5 pL of a 2 mM DPH stock solution in tetrahydrofuran was 
added during rapid vortexing to 5 mL of the phospholipid 
dispersion. Dye and vesicles were equilibrated for 90 min at 
60 OC, and then an aliquot of the PMB or PMBN stock 
solution was added to give 20 mol 9% peptide with respect to 
lipid. The cooling curve was recorded with a rate of 0.3 OC 
min-' monitoring the fluorescence anisotropy of DPH (Aex = 
367 nm, A,, = 427 nm). Fluorescence cuvettes equipped with 
a water jacket were used which allowed control of the tem- 
perature to within 0.03 "C by circulating water through the 
cuvette and the thermostated cell holders. 

The stoichiometry and stability of the PMBN-DPPA com- 
plexes were evaluated from fluorometric titrations measuring 
the change of anisotropy of DPH. The vesicle solution which 
contained DPH in a lipid to probe ratio of 50:lOOO was cooled 
from 70 to 40 OC within 1 h. The lipid dispersion was 
equilibrated at 40 "C for another 2 h, and then aliquots of a 
PMBN stock solution were added in intervals of 20-30 min. 
The data were evaluated by a nonlinear curve-fitting procedure 
as described previously (Tummler et al., 1979). 

( D )  Electron Spin Resonance Experiments. ESR spectra 
were measured on a Varian E-104B spectrometer (microwave 
power 10 mW) equipped with a Varian temperature controller 
and a DEC LSI-11 based microcomputer system. The max- 
imum hyperfine splitting, T,,,, of the ESR spectra or the 
motional parameter, T ~ ,  was measured as described earlier 
(Boggs et al., 1981). 

( E )  Fusion and Leakage Assays. Vesicle dispersions of PS 
or DPPA-DSPC encapsulated with Tb, DPA, or C F  were 
mixed with solutions of PMB or PMBN in a home-built 
stopped-flow apparatus. The lipid concentrations were varied 
in the range of 0.2-1 mM for the large vesicles and in the 
range of 2-10 mM for the small vesicles. Taking the oxidation 
of ascorbic acid as the indicator reaction, the dead time of the 
instrument was determined to be 3 ms. The Tb-DPA complex 
was excited at 276 nm and C F  at 430 nm, and fluorescence 
was measured at >515 nm through a cutoff filter (Wilschut 
et al., 1980, 1981, 1985). 

The time course of the formation of the fluorescent Tb-DPA 
complex indicating vesicle fusion was analyzed according to 
the theory developed by Nir et al. (1980) and Bentz et al. 
(1983a,b). The fusion process occurs via two distinct, ki- 
netically coupled steps. The aggregation of vesicles is followed 
by fusion. The process of deaggregation of aggregated vesicles 
can be ignored (Wilschut et al., 1985). The rate constants 
were evaluated from the initial time range when mostly dimers 
are formed. The observed Tb-DPA fluorescence, F(t ) ,  was 
corrected for the release of vesicle contents, D(t ) ,  measured 
by the leakage of carboxyfluorescein. During the early stages 
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of vesicle fusion of the monomers, D(t )  was small compared 
to F(t )  (0-20%). The rate constants for vesicle aggregation, 
c l l  (M-l s-l), and for fusion,f,, (s-l), were calculated from 
the experimental curves by a combined simulation and iteration 
procedure using the formula (Bentz et al., 1983a): 

F,,(t) = 100A(t)J(t) (1) 

(2) 

(3) 

where 
A ( t )  = (1 + 4C11X0)~'~~ - 1 

J ( t )  = 1 - [1 - exP(-fllt)l/fllt 

and 

Xo is the initial molar concentration of the vesicles. The 
number of lipid molecules per vesicle was assumed to be 4000 
for a small 25-nm unilamellar vesicle and to be 80 000 for a 
large 100-nm unilamellar vesicle (Wilschut et al., 1980a). 
(F') Freeze-Fracture Electron Microscopy. DPPA-DSPC 

vesicle dispersions in 10 mM sodium tetraborate buffer, pH 
9.0, were incubated for 20-30 min with either 20 mol % or 
50 mol % PMB or PMBN at 20 or 40 "C; some of the samples 
incubated at 20 "C were fixed for 1 h in 2% glutaraldehyde 
dissolved in 10 mM Hepes/Tris buffer, pH 7.4. Samples 
lacking incubation with PMB or PMBN were used as controls. 
Drops of each sample were rapidly frozen in liquid Freon 22 
and then fractured and replicated in a Balzer 30 M apparatus 
supplied with a quartz crystal thin-film monitor QSG 201 
(Balzer AG, Liechtenstein). Replicas of about 2.3-nm 
thickness were examined in a Siemens 101 electron microscope. 

Microbiological Assays. The Escherichia coli and Pseu- 
domonas aeruginosa strains were clinical isolates from wards 
of the Medizinische Hochschule Hannover; 1-mL aliquots of 
first subcultures in trypticase soy broth/glycerol (85: 15 V/V) 
were stored at -70 "C until use. The minimum inhibitory 
concentrations (MICs) of antimicrobial agents in the presence 
and absence of PMBN were measured as follows: A solution 
of 0.85 mL of trypticase soy broth, pH 7.5,O.l mL of PMBN, 
and 1 mL of antibiotic in physiological saline solution was 
inoculated with 50 pL of the bacterial suspension which was 
equivalent to (2-10) X lo7 colony forming units. The con- 
centrations of antibiotic were varied in steps of two. The 
titrations were performed in triplicate. The tubes were in- 
cubated at 37 "C for 24 h. The lowest concentration of an- 
tibiotic that completely inhibited visible growth was recorded 
and interpreted as the MIC. The accuracy of the killing end 
point was controlled by viable counts. 

RESULTS 
Preparation of PMBN. According to colorimetric assays 

with the Sanger reagent 2,4-dinitrofluorobenzene, PMBN was 
obtained in more than 80% yield. Thin-layer chromatography 
revealed that the PMBN preparations were contaminated to 
less than 1% by the parent compound PMB. In the difference 
'H  NMR spectra of equal molar amounts of PMB and 
PMBN, the remaining positive resonances corresponded with 
the spectrum of fatty acyl diaminobutyric acid. The spectrum 
verified that ficin had solely cleaved the peptide bond between 
threonine and the diaminobutyric acid residue adjacent to the 
fatty acyl chain. 

Microbiological Assays. The PMBN preparations were 
tested for their effect on the susceptibility of Escherichia coli 
and Pseudomonas aeruginosa to antimicrobial agents. The 
minimum inhibitory concentrations (MICs) of polymyxin B 
were determined to range between 0.1 and 0.2 pg/mL for the 
two E.  coli test strains and between 1 and 2 pg/mL for the 
five P. aeruginosa test strains. The MIC values of the PMBN 
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Table I: Sensitization of Gram-Negative Bacteria to Antimicrobial 
Agents bv PMBN 

sensitization index' 
antimicrobial agent E .  colib P.  aeruginosd 

cloxacillin 5-10 5-10 
erythromycin 50-200 20-100 
fusidic acid 50-200 100-5000 

nalidixic acid 5-20 50-1000 
lincomycin 2-8 2-8 

~~ 

'The sensitization index is defined as the ratio of the minimum in- 
hibitory concentrations in the absence and presence of 3 pg/mL 
PMBN. bTwo E .  coli and five P .  aeruginosa strains were tested in 
triplicate. 

I I I I I 

I I I I I 

10 20 30 40 50 
TEMPERATURE ( 'C 1 

FIGURE 1: Differential scanning calorimetry of (a) DPPG only, (b) 
DPPG plus 20 mol % PMB, and (c) DPPG plus 20 mol % PMBN. 
All are heating scans at 10 OC/min. Sensitivity settings in millicalones 
per second were (a) 1.5, (b) 2.0, and (c) 1.5. Different amounts of 
lipid were in the pans so the peak areas cannot be compared. 

preparations of 10-20 and 30-40 pg/mL, respectively, are . indicative of less than 1% contamination by polymyxin B, in 
agreement with the results of thin-layer chromatography. 

The PMBN preparations sensitized the bacterial strains to 
antimicrobial agents (Table I). The effect was rather small 
for the relatively hydrophilic molecules lincomycin and clox- 
acillin. On the other hand, in accordance with the results 
reported by Vaara and co-workers for a variety of other 
Gram-negative bacteria like S.  typhimurium (Vaara & Vaara, 
1983a,b; Viljanen & Vaara, 1984), PMBN was remarkably 
active in sensitizing all strains to the hydrophobic antibiotics 
erythromycin and fusidic acid. Nalidixic acid was found to 
be an interesting case. E .  coli is usually susceptible and P. 
aeruginosa resistant to nalidixic acid (King et al., 1984). In 
the presence of a 3 pg/mL sample of the outer membrane 
perturbing PMBN, the MIC values for the E.  coli strains 
decreased by approximately 1 order of magnitude and those 
for the P.  aeruginosa strains by more than 2 orders of mag- 
nitude into the therapeutic range of 0.2-10 pg/mL. The 
PMBN-sensitized P. aeruginosa strains became nearly as 
susceptible to nalidixic acid as the E.  coli strains. This ex- 
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FIGURE 2: Temperature dependence of the fluorescence anisotropy 
of DPH incorporated into sonicated vesicles of DPPA (A) and DPPG 
(B): phospholipid only (dashed line); phospholipid plus 20 mol % 
PMB (crosses); phospholipid plus 20 mol % PMBN (circles). 

perimental finding suggests that differences in outer membrane 
permeability are primarily responsible for the variations in 
susceptibility to nalidixic acid between the sensitive E .  coli 
and the resistant P. aeruginosa strains. 

Phase Transitions of DPPA and DPPG in the Presence of 
PMB and PMBN. ( A )  Calorimetry. Twenty mole percent 
PMB causes the appearance of two transitions for DPPG, one 
1.5 O C  below and one 0.5 OC above the T,  of pure DPPG 
(Figure la,b). The total enthalpy is 2 kcal/mol greater than 
that of the pure lipid (Boggs & Rangaraj, 1985). However, 
in the presence of 20 mol % PMBN, there is only a single 
transition at a similar temperature as the second transition 
for PMB (Figure IC). A lower temperature shoulder on the 
main transition was observed on the first heating scan (not 
shown) but not on subsequent heating scans. 

In the case of DPPA at pH 9, there were three transitions 
in the presence of 20 mol 7% PMB, as reported by Six1 and 
Galla (1982). Two of these are 19 and 22 OC below and the 
third is similar to the T, of the pure lipid (Table 11). PMBN, 
however, caused only a single transition at a temperature 18 
OC below the T,  of the pure lipid (Table 11). Note that the 
temperature of this transition of PMBN-DPPA is very close 
to that of PMBN-DPPG, in spite of the large difference in 
Tm's of pure DPPG and DPPA. 

(B)  DPH Fluorescence Anisotropy. In the case of DPPA, 
the temperature dependence of the fluorescence polarization 
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Table 11: Phase Transition Temperatures Determined by 
Calorimetrv 

VOL. 2 6 ,  N O .  8 ,  1 9 8 7  2143 

n 
~ _ _ _  ~~ 

peak temp ("C)" 

DPPG 41.7 
DPPG-PMB 40.2 42.3 
DPPG-PMBN 42.1 
DPPA 58.5 
DPPA-PMB 36.1 39.3 59.3 
DPPA-PMBN 41.1 

"At a heating rate of 10 "C/min. At pH 6 for DPPG and pH 9 for 
DPPA. PMB and PMBN used at a concentration of 20 mol %. 

of DPH indicated that 20 mol 5% PMBN lowered the T,  by 
18 O C  without affecting the half-width (Figure 2A), in 
agreement with the calorimetric results; 20 mol % PMB in- 
duced a comparable, but slightly more, distinct shift of the 
transition temperature; however, in addition the transition was 
broadened and became asymmetric (Figure 2A). In reference 
to the calorimetric data, the asymmetry of the experimental 
curve may be explained by the superposition of at least two 
separate transitions which were not clearly resolved by DPH 
fluorescence anisotropy. In contrast to the calorimetric results, 
the DPH cooling curves indicated in the case of DPPG that 
both 20 mol % PMBN and PMB shifted the phase transition 
temperature of sonicated DPPG vesicles by 5 OC to lower 
temperatures. The half-width of the transition remained in- 
variant (Figure 2B). Differences in the experimental design 
may be responsible for the different results. For calorimetry, 
DPPG was dispersed in the presence of PMB and PMBN 
which guaranteed that the peptides were on both sides of the 
bilayer. In contrast, for the DPH cooling curves, the peptides 
were added after the preparation of sonicated vesicles. 

Binding Curves of PMBN to DPPA Vesicles. The stoi- 
chiometry and stability of the PMBN-DPPA complex at 40 
O C  were determined from titrations of phospholipid as a 
function of PMBN concentration by monitoring the decrease 
of fluorescence anisotropy of DPH. According to the evalu- 
ation of the binding curves, 1 PMBN molecule binds 8 f 1 
DPPA molecules at pH 9.0 with an overall association constant 
of (1 f 0.5) X lo4 M-I; i.e., the 5 positive charges of the 
peptide interact with 14-18 negative charges of phospholipid. 
If phospholipid was chosen in molar excess over peptide, 50% 
of maximal binding of PMBN to DPPA was correspondingly 
obtained with 12 pM PMBN. At the same pH and ionic 
strength, the concentration of 50% binding of polymyxin B 
to DPPA was measured to be 5 pM PMB (Sixl & Galla, 
1979), indicating that the affinity of DPPA is about 2.5 times 
higher for PMB than for PMBN. In contrast to the results 
reported for PMB by Sixl and Galla (1 979), no cooperativity 
was observed for the interaction of the polymyxin derivative 
PMBN with phosphatidic acid at pH 9 and 0.03 M ionic 
strength. 

ESR Data. Twenty mole percent PMB has been shown by 
X-ray diffraction to produce an interdigitated bilayer in DPPG 
(Ranck & Tocanne, 1982). This results in a marked decrease 
in mobility and/or an increase in order of the ends of the fatty 
acid chains as detected with a fatty acid spin-labeled near the 
terminal methyl, 16-doxylstearate (Boggs & Rangaraj, 1985). 
Twenty mole percent PMBN had a similar effect on the 
spectrum of 16-doxylstearate as shown in Figure 3C. The 
T,,, value in the presence of PMBN at 9 OC was 30.2 G, 
similar to that for PMB-DPPG (Figure 3B), and considerably 
greater than that of 24 G found for pure DPPG (Figure 3A). 
PMB and PMBN also caused a similar degree of immobili- 
zation of a phosphatidylglycerol spin-label containing 16- 
doxylstearate (data not shown but were available to the edi- 

\ I  I f - -  

FIGURE 3: ESR spectra of 16-doxylstearate at 9 OC in (A) DPPG 
only, (B) DPPG plus 20 mol % PMB, and (C) DPPG plus 20 mol 
% PMBN. 

tors). These results suggest that PMBN, like PMB, also causes 
interdigitation of DPPG. 

As shown in Figure 4B, this motional restriction of 16- 
doxylstearate in PMBN-DPPG was not maintained until the 
temperature of the main phase transition detected by calori- 
metry and also detected by a large increase in motion and 
disorder of the spin-label at 42 OC. The motion of the spin- 
label increased at 25 OC until it was only a little less than that 
in the pure lipid, suggesting that the lipid may have trans- 
formed into a noninterdigitated gel phase at a temperature 
well below the temperature of the gel to liquid-crystalline phase 
transition. Similar behavior had been reported earlier for PMB 
(Boggs & Rangaraj, 1985). However, as shown in Figure 4B, 
the increase in motion of the spin-label occurs at a lower 
temperature for PMBN than for PMB. The fact that calo- 
rimetry does not detect a transition at a temperature below 
the main transition for PMBN-DPPG indicates that this 
change of motion is not associated with a cooperative melting 
or refreezing of the chains. However, it may be responsible 
for the change in fluorescence anisotropy of DPH observed 
at temperatures below the phase transition temperature of the 
pure lipid (Figure 2B). 

Both PMB and PMBN also caused significant motional 
restriction of a fatty acid labeled closer to the bilayer-aqueous 
interface, 5-doxylstearate, in the gel phase of DPPG, as shown 
in Figure 4A. In contrast to effects seen on DPH and 16- 
doxylstearate, no significant increase in motion of 5-doxyl- 
stearate occurred until the temperature of the transition de- 
tected by calorimetry for PMBN-DPPG. In the case of 
PMB-DPPG, this increase in motion of 5-doxylstearate oc- 
curred at the temperature of the higher temperature transition 
detected by calorimetry. 

In the liquir' crystalline phase, both PMB and PMBN 
caused a small decrease in motion (increase in T ~ )  of 16- 
doxylstearate and a large increase in T,,, and the order pa- 
rameter for 5-doxylstearate (Figure 4A,B). The effect of 
PMBN on 5-doxylstearate was a little less than that of PMB. 
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FIGURE 4: Effect of temperature on ESR spectral parameters of (A) 
5-doxylstearate and (B) 16-doxylstearate in DPPG (open circles), 
DPPG-20 mol % PMB (closed circles), and DPPG-20 mol % PMBN 
(triangles). Note that there is a change in scale in (B) from T,,, 
at low temperatures to T,, at high temperatures since the motion of 
this spin-label changes from relatively anisotropic to relatively isotropic 
at the main gel to liquid-crystalline phase transition temperature. At 
35-40 ' C ,  there are two components present in the spectrum for 
PMB-DPPG as indicated by two points on the graph at each tem- 
perature within this range. 

These effects on the fatty acid spin-labels in the liquid-crys- 
talline phase are greater than those on DPH. 

Fusion and Leakage Assays. The kinetics of membrane 
fusion mediated by polymyxin B and PMBN were studied at 
22 OC in stopped-flow experiments by mixing solutions of 
cationic peptide with dispersions of phospholipid vesicles en- 
capsulated either with TbCl,, dipicolinic acid (DPA), or 5- 
carboxyfluorescein (CF). In these fluorescence assays de- 
veloped by Wilschut et al. (1980, 1981), the formation of the 
fluorescent Tb-DPA complex indicates membrane fusion, and 
the release of C F  indicates membrane leakage. 

The stopped-flow experiments revealed that both PMB and 
PMBN induced the fusion of small unilamellar PS vesicles 
(Figure 5) and of large unilamellar DPPA-DSPC vesicles 
(Figure 6). The apparatus allowed resolution of the time 
course of membrane fusion and leakage in the time range from 
milliseconds to minutes. The background of spontaneous 
leakage in the absence of multivalent ions was below the limit 
of detection when small PS vesicles were used. The mixing 
of large vesicles with buffer released some carboxyfluorescein 
which amounted to about 10% of the PMB-induced signal. 
These control experiments demonstrate that the kinetics of 

I I 
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FIGURE 5: PMB-induced (solid line) and PMBN-induced (dashed 
line) fusion (A) and leakage (B) of small unilamellar PS vesicles. 20 
mol 5% peptide was mixed with CF vesicles (B) or a 1:l mixture of 
Tb and DPA vesicles (A) in a stopped-flow apparatus, and the time 
course of Tb-DPA or CF fluorescence was monitored. 

vesicle fusion and leakage can be investigated by the stop- 
ped-flow technique provided appropriate mixing chambers are 
used. 

Both PMB and PMBN promoted vesicle fusion and leakage; 
however, their action was quantitatively different. The 
threshold concentration of 6-7 mol % PMB for the initiation 
of fusion of PS vesicles was about 5 mol % lower than that 
of PMBN (Figure 7A). The Tb-DPA fluorescence plateaued 
at 20 mol % peptide antibiotic. PMB induced a 2-fold higher 
maximum amplitude than PMBN (Figure 7A). According 
to the relation 

Frcl = 1 - 0.5"' 

the percentage of fused vesicles which displays Tb-DPA 
fluorescence increases from 50% in the dimer stage to 75% 
and 87.5% in the trimer and tetramer stages, respectively, and 
to nearly 100% in the n-mer stage (n > 6 ) .  The fact that the 
maximum fluorescence caused by PMBN and PMB differed 
by a factor of 2 indicates that PMBN mediated mainly the 
formation of dimers, while PMB induced multiple consecutive 
fusion events. 

Membrane leakage was monitored by the release of en- 
capsulated self-quenched carboxyfluorescein. The C F  
fluorescence in the presence of 20 mol % and greater PMBN 
was equivalent to the signal obtained by the treatment of 



A N I O N I C  P H O S P H O L I P I D - P M B N  I N T E R A C T I O N S  VOL. 2 6 ,  N O .  8 ,  1 9 8 7  2145 

i 
( ' 1 '  

0 10 20 30 
Time Isecl 

I 
I ' , , I 

0 10 20 30 
Time keci 

FIGURE 6: PMB-induced (solid line) and PMBN-induced (dashed 
line) fusion (A) and leakage (B) of large unilamellar DPPA-DSPC 
vesicles (1:l mixture, w/w). 20 mol % peptide was mixed with CF 
vesicles (B) or a 1:l mixture of Tb and DPA vesicles (A) in a stop- 
ped-flow apparatus, and the time course of Tb-DPA or CF 
fluorescence was monitored. 
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FIGURE 7: Dependence of PS vesicle fusion (A) and leakage (B) on 
the PMBN (triangles) and PMB (circles) concentration. The max- 
imum signal of Tb (A) and of CF (B) fluorescence is plotted as a 
function of peptide concentration. 

vesicles with 0.1% (v/v) Triton X-100. According to Wilschut 
et al. (1981), the fluorescence intensity, obtained after dis- 
ruption of vesicles by addition of 0.1% Triton, can be taken 

~~ 

Table 111: PMB- and PMBN-Induced Aggregation and Fusion of 
Small Unilamellar Phosphatidylserine and of Large Unilamellar 
DPPA-DSPC Vesicles at 22 "C 

aggregation rate fusion rate 
constant (M-I s-I) constant (sd) 

(A) Small PS Vesicles 
100 f 40 
150 f 40 
200 f 50 
250 f 50 

400 k 100 
500 f 200 
400 f 150 

10 mol % PMB 
20 mol % PMB 
30 mol % PMB 
40 mol % PMB 

(3 f 2) x 109 
(4 * 2) x 109 
( 5  f 2) x 109 
(5 f 2)x 109 

10 mol % PMBN 
20 mol % PMBN 
30 mol % PMBN 
40 mol % PMBN 

20 mol % PMB 10 f 3 
20 mol % PMBN (4 f 2) X lo6 3 f l  

(1 f 0.5) X lo6 
( 5  * 2) X lo9 
(4 f 2) X lo9 
(5 f 2)  X lo9 

1.0 f 0.3 

(B) Large DPPA-DSPC Vesicles 
(5 * 2) x 108 

as the value for 100% release of CF into the aqueous envi- 
ronment. Interestingly, the treatment of vesicles with PMB 
yielded higher fluorescence intensities than that with Triton. 
Between 10 and 40 mol % PMB, the CF fluorescence mo- 
notonously increased; at  40 mol % PMB, the signal was 5- 
6-fold higher than that obtained by treatment with detergent 
(Figure 7B). We assume that the carboxyfluorescein fluor- 
esced so strongly because it was trapped by the stacks of 
phospholipid lamellae which were formed as a consequence 
of PMB treatment. These stacks of bilayers were regularly 
seen in the freeze-fracture replicas of specimens treated with 
PMB (see below). 

The rate constants of vesicle aggregation and fusion were 
evaluated from the experimental curves according to the theory 
developed by Bentz et al. (1983a). Above the threshold value, 
the PMB- and PMBN-mediated aggregation of vesicles turned 
out to be a diffusion-controlled process (Table 111). The small 
PS vesicles fused with a frequency of 102-(5 X lo2) s-I and 
the large DPPA-DSPC vesicles with a frequency of 1-10 s-' 
(Table 111). The ratio of thef,, values for small and large 
vesicles approximately corresponds with the reciprocal ratio 
of the number of molecules which make up one vesicle. This 
result provides evidence that the elementary kinetic steps of 
single molecules take place within the same period of time in 
large and small vesicles. It follows that the kinetic behavior 
of pure PS and of the DPPA-DSPC mixture did not differ 
significantly from each other. Hence, besides its negative 
charge, the configuration of the head group of an acidic 
phospholipid does not seem to be of importance for the rates 
of aggregation and fusion caused by PMB and PMBN. 

Freeze-Fracture Electron Microscopy. The freeze-fracture 
replicas regularly showed that after incubation with PMB or 
PMBN, the liposomes were aggregated, large, and multila- 
mellar. These morphological alterations which were greater 
with 50 mol % than with 20 mol % peptide were interpreted 
as the results of fusion and leakage events in correspondence 
with the data of the fluorescence assays. 

After incubation with PMB at 20 "C, the fractured liposome 
membranes displayed on several successive halves of bilayers 
a similar patchy distribution of numerous 12-50-nm roundish 
to oval depressions (Figure sa), indicating the formation of 
lipid-polymyxin domains (Hartmann et al., 1978). This 
finding was independent of fixation and the molar ratio of 
peptide to lipid. Incubation with PMB at 40 "C led to the 
collapse and disruption of the vesicles: stacks of bilayers with 
irregular forms and extensions were seen. The treatment with 
PMBN at 20 and 40 OC was less membrane perturbing. The 
shape of the multilamellar liposomes was more preserved, and 
the cleaved membranes remained smooth. However, if the 
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FIGURE 8: Freezdracture replicas of large multilamellar liposomes. Samples of a DPPA-DSPC vesicle preparation were incubated at 20 
OC for 20 min with 20 mol % PMB (a) or 20 mmol !% PMBN (b) and subsequently fixed. The arrows in (a) point to fusion sites where the 
usually well-defined border between two cleaved bilaven became indistinct or even disappeared. The arrowhead gives the direction of shadowing. 
(a and b) 40000X. 

sample was fixed after incubation, a t  least the cleaved mem- 
brane showed depressions which were similar to those produced 
by treatment with P M B  their size was more uniform (about 
25 nm in diameter) (Figure 8b). 

DISCUSSION 
This paper compares the action of polymyxin B and poly- 

myxin B nonapeptide on model membranes of the acidic 
phospholipids phosphatidic acid, phosphatidylserine, and 
phosphatidylglycerol. Polymyxin B has been used by several 
authors as a model compound for the study of peptidelipid 
interactions (Hartmann et al., 1978; Si1 & Galla, 1979, 1982; 
El Mashak & Tocanne, 1980; Ranck & Tocanne, 1982; Gad, 
1983; Mushayakarara & Levin, 1984; Theretz et al., 1984; 
Boggs & Rangaraj, 1985; Sixl & Watts, 1985). In the fol- 
lowing paragraphs, we relate the literature and our own data 
obtained from studies on model membranes in vitro to the 
physiological action of PMB and PMBN on bacteria in vivo. 
The data can help us to understand why the closely related 
compounds PMB and PMBN act so differently on the mem- 
branes of Gram-negative bacteria. 

In general terms, the antibiotic polymyxin B turned out to 
be more membrane perturbing than its nonbactericidal de- 
rivative PMBN. Both compounds promoted the fusion of 
vesicles of acidic phospholipids at comparable rates. However, 
as demonstrated by the fusion and leakage assays and the 
freeze-fracture replicas, PMB disrupted the vesicles and in- 
duced the formation of multilamellar coacervates, whereas in 
the presence of PMBN the vesicular structure was more 
preserved. As revealed by fluorescence polarization (Sixl & 
Galla, 1979), Raman spectroscopy (Mushayakarara & Lain, 
1984), and NMR spectroscopy (Sixl & Watts, 1985). the 
interaction of polymyxin B with charged bilayers leads to 
domain formation through lateral phase separations. Their 
visualization in freezefracture replicas required no fixation, 
suggesting that the exchange of phospholipids between PMB 
complexes and the bulk lipid matrix occurred considerably 
slower than the freezing of the samples which took place within 
some tenths of a second. The PMB-lipid domains were seen 
on several successive bilayers, suggesting transbilayer redis- 
tribution of PMB. The translocation and disruption of bilayers 
of model membranes by polymyxin B fit into the generally 
accepted picture of PMB action on Gram-negative bacteria, 
where polymyxin B translocates through the outer membrane 

and subsequently disrupts the inner cytoplasmic membrane. 
In the case of PMBN, the lipid-peptide domains were seen 

on only one side of the DPPA-DSPC bilayer and not in 
successive ones, presumably because only half of the membrane 
was permeated by PMBN. In addition, since fixation with 
glutaraldehyde was necessary for the visualization of lipid- 
PMBN domains, we conclude that PMBN rapidly exchanges 
between the bulk solution and its binding sites on the Outer 
side of the membrane and that phase separation, if it occurs 
at all, has to take place on a fast time scale. 

The equilibrium experiments demonstrated further differ- 
ences between PMB and PMBN. As shown by DPH 
fluorescence anisotropy, PMB slightly restricted the rotational 
mobility of DPH in DPPG and DPPA in the liquid-crystalline 
phase, but the addition of PMBN had no effect (Figure 2). 
Titration of DPPA with polymyxin B revealed a cooperative 
binding curve (Sixl & Galla, 1979); our analogous experiment 
with PMBN gave no evidence for cooperativity. 

In contrast to results with DPH, both PMB and PMBN 
decreased the motion and/or increased the order of fatty acid 
spin-labels in the liquid-crystalline phase of DPPG. The 
magnitude of the effect depended on the location of the probe 
within the bilayer, with a much greater effect felt close to the 
bilayeraqueous interface than toward the center of the bilayer. 
This may explain why DPH gave different results; DPH may 
be located in the center of the bilayer (Seelig, 1977; Kinosita 
et al., 1981). The much greater effect of PMB and PMBN 
on 5-doxylstearate compared to 16-doxylstearate in the liq- 
uid-crystalline phase suggests that they penetrate partway into 
the bilayer. Similar results have been observed for myelin basic 
protein, an extrinsic protein which binds electrostatically but 
has hydrophobic residues which may penetrate partway into 
the bilayer (Boggs, 1984). The similar effects of PMBN and 
PMB on 5-doxylstearate indicate that the fatty acid tail of 
PMB is not necessary and that penetration of individual hy- 
drophobic side chains of amino acids of PMBN is sufficient 
to restrict the motion of 5-doxylstearate. 

The large motional restriction of 16-doxylstearate in the gel 
phase caused by both PMB and PMBN suggests that PMBN, 
like PMB, causes interdigitation in the gel state. Similar 
behavior occurs with the methyl ester of 16-doxylstearate 
(Boggs & Rangaraj, 1985) and with a phosphatidylglycerol 
spin-label, indicating that it is not an artifact related to the 
fatty acid spin-label. This degree of gel phase immobilization 
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Although PMBN can cause interdigitation in lipid vesicles 
when it is present on both sides of the membrane, it would not 
be likely to do so in bacteria since it does not translocate to 
the other side of the membrane. However, the fact that it is 
able to cause interdigitation in lipid vesicles indicates that its 
amino acid side chain can penetrate partway into the bilayer. 
This would have a disordering effect in the absence of the 
stabilizing effect of interdigitation and could cause the 
permeability of the bilayer to other antibiotics to increase. 
Similarly, if PMB is unable to cause interdigitation in bacterial 
membranes at physiological temperatures, its bactericidal 
effect may be related to its disordering effect on the lipid, 
which is greater than that of PMBN, and its ability to 
translocate across the outer membrane and enter the inner 
membrane. 

In addition to phospholipid, the other constituents of the 
outer membrane, i.e., LPS and protein, may contribute to the 
(1-2) X lo6 PMBN binding sites per cell (Vaara & Viljanen, 
1985). Among the proteins, the porins serve as nonspecific 
channels through the outer membrane. However, it is highly 
unlikely that PMBN affects porin-mediated transport to a 
significant extent because the nonapeptide only slightly sen- 
sitized Gram-negative bacteria to compounds such as linco- 
mycin and cloxacillin (Table I) which penetrate the outer 
membrane through porin pores (Viljanen & Vaara, 1984). 
However, other outer membrane proteins are certainly involved 
in PMBN action. If Pseudomonas aeruginosa strains are 
grown under magnesium depletion (Brown & Melling, 1969; 
Anwar et al., 1983), the bacteria become resistant to poly- 
myxin B (Nicas & Hancock, 1980), and the PMBN-mediated 
sensitization to the hydrophobic antibiotics fusidic acid and 
erythromycin is lost (own unpublished data). In parallel, the 
protein pattern of the cell envelope changes, suggesting that 
PMB and PMBN share a set of common protein binding sites. 

In addition to proteins and acidic phospholipids, the LPS 
as a major target of PMB and PMBN action has to be con- 
sidered. Lipopolysaccharides possess cation binding sites which 
noncovalently cross-bridge adjacent LPS molecules [see recent 
reviews by Hammond et al. (1984), Hancock (1984), and 
Nikaido and Vaara (1985)l. Fluorescence titrations of dan- 
sylated LPS with PMB revealed a high-affinity binding site 
of K = 2 X lo6 M-' (Schindler & Osborn, 1979) which is 
slightly higher than the values reported for bacterial phos- 
pholipids of K = (2-4) X IO5 M-I (Storm et al., 1977). The 
interaction of PMBN with LPS was demonstrated by indirect 
bioassays (Vaara, 1983) and displacement titrations with an 
ESR probe (Peterson et al., 1985). Comparing PMB and 
PMBN, the removal of the acyl chain reduced the affinity of 
the compound for LPS to values close to those of similarly 
charged cations (Peterson et al., 1985). 

Our own results are indicative of a rather nonspecific 
electrostatic interaction between LPS and PMBN. Absorption 
and circular dichroism spectra of a mixture of LPS and PMBN 
were a superposition of the spectra of the individual compounds 
(data not shown). In the NMR spectrum, the addition of LPS 
to PMB or PMBN induced signal broadening without any 
detectable shift of the resonances. The changes of the NMR 
spectrum indicate the immobilization of peptide and LPS in 
the complex, confirming the results of Peterson et al. (1985), 
who observed the rigidification of LPS in the complex by ESR 
data. PMB immobilized LPS more strongly than its nona- 
peptide derivative. The evaluation of the NMR titrations 
yielded an apparent binding constant of about lo5 M-' for the 
LPS-PMBN complex which within experimental error cor- 
responds to the stability constant of the phosphatidic acid- 

of spin-labeled chains, where the spin-label is located near the 
apolar end of the chain, is unusual. It also occurs in inter- 
digitated phases of asymmetric chain length forms of phos- 
phatidylcholine (Boggs & Mason, 1987). These lipids have 
been shown by X-ray diffraction to be interdigitated (Hui et 
al., 1984; McIntosh et al., 1984). X-ray diffraction studies 
have also shown that interdigitation of symmetric chain length 
lipids often occurs at high concentrations of amphipathic 
compounds, which penetrate partway into the bilayer 
(McIntosh et al., 1983), and compensates for the otherwise 
disordering effect such compounds would have. The similar 
ability of PMB and PMBN to cause interdigitation, as inferred 
from their effects on fatty acid chain motion, indicates that 
penetration of hydrophobic side chains from a peptide bound 
electrostatically on the surface is sufficient to induce this 
phenomenon. Immobilization was maintained to a higher 
temperature in the presence of PMB than PMBN, however, 
suggesting that PMB may maintain interdigitation better than 
PMBN. This may be due to the slower rate of exchange for 
PMB or to its greater penetration as a result of its acyl chain. 

PMB and PMBN have much greater effects on the tran- 
sition temperature of DPPA than DPPG. However, the 
transition temperatures of the PMB-bound and PMBN-bound 
DPPAs are very similar to those of the PMB-bound and 
PMBN-bound DPPGs, indicating that both lipids are in a 
similar state when bound to PMB or PMBN. The large de- 
crease for DPPA is a result of loss of its intermolecular hy- 
drogen bonding interactions when PMB or PMBN binds to 
its hydrogen bond accepting phosphate sites. This causes it 
to behave similarly to DPPG. PMB causes two phase tran- 
sitions in both DPPA (disregarding the highest one due to 
uncomplexed DPPA) and DPPG while PMBN causes only 
one. The lowest temperature transition for PMB-bound DPPA 
was earlier concluded to be a result of PMB bound only hy- 
drophobically and the second higher temperature transition, 
a result of both electrostatic and hydrophobic interactions (Six1 
& Galla, 1982). The fact that PMBN causes only one tran- 
sition at a similar temperature as the second higher one for 
PMB lends support to this suggestion. A similar mechanism 
may then be responsible for the two phase transitions in 
PMB-DPPG compared to the single one in PMBN-DPPG. 

The ability of polymyxins to cause interdigitation of phos- 
phatidylglycerol bilayers may be of importance for their 
physiological effects on the membranes of Gram-negative 
bacteria. PG is the major anionic phospholipid in the cell 
envelope. Although interdigitation has so far been found to 
occur only in the gel phase, a substantial proportion of the PG 
in bacterial membranes contains saturated fatty acids (Ham- 
mond et al., 1984) and therefore may be able to form gel phase 
domains. The critical role of phosphatidylglycerol for the 
action of PMB and PMBN on bacterial membranes becomes 
evident during adaptation and acquisition of resistance to 
polymyxin [see Gilleland et al. (1984) and references cited 
therein]. Upon exposure to polymyxin, susceptible Pseudo- 
monas aeruginosa strains adapt to polymyxin and acquire 
resistance by rapid alteration of the cell envelope. The PG 
content decreases from 20-25% of the membrane lipid to zero 
(Gilleland et al., 1984). This experimental finding implies that 
PG is a target of PMB action in vivo. Hence, it is conceivable 
that PMB-induced interdigitation of some domains of gel-state 
lipid containing saturated chains in the inner membrane might 
be involved in its bactericidal effect through an increase in 
permeability, particularly at the interface between interdigi- 
tated and noninterdigitated domains. 
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PMBN complex (see Results). 
Taking the literature and our own data together, the fol- 

lowing picture about the action of PMB and PMBN on the 
cell envelope of Gram-negative bacteria emerges: Polymyxin 
B and polymyxin B nonapeptide bind to the same sites on the 
outer bacterial membrane, thereby inducing an increase of 
outer membrane permeability. PMB crosses the outer mem- 
brane and subsequently disrupts the cytoplasmic membrane, 
possibly by causing interdigitation of some domains of gel 
phase lipid containing saturated chains. In contrast, PMBN 
has access only to the surface of the cell envelope, and hence 
its action is confined to sensitization of the cell envelope to 
other hydrophobic compounds. 
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ABSTRACT: Oxygen equilibrium curves have been measured to determine the binding constant at  each 
oxygenation step (Ki) for various cross-linked hemoglobins, (a@)A(a@)cXL, ( c x + ~ ~ @ ) ~ ( ~ @ ) ~ X L ,  
(aS+cN)A(~@)cXL, (a+CNpcN)A(~@)CXL,  and ( C Y S + ~ ~ ) ~ ( C Y + ~ ~ / ~ ) ~ X L ,  where the subscripts A and C denote 
that the a@ dimer is derived from human normal adult hemoglobin and mutant hemoglobin C (@6Glu - 
Lys), respectively, and XL denotes cross-linking between the lysyl residues at  position 82 in the two @ chains 
by bis(3,5-dibromosalicyl) fumarate as described by Miura and Ho [Miura, S. ,  & Ho, C. (1982) Biochemistry 
21,6280-62871. The oxygen equilibrium data indicate that the oxygen affinity increases with the number 
of cyanomet hemes carried by the cross-linked mixed valency hybrid hemoglobins. The oxygen binding 
property depends not only on the number of the subunits carrying cyanomet hemes but also on the distribution 
of cyanomet hemes among the four subunits. A striking effect is observed in singly cyanomet valency hybrid 
hemoglobins; namely, ( c I + ~ ~ @ ) ~ ( @ ) ~ X L  exhibits lower oxygen affinity and higher cooperativity than 
( c Y @ + ~ ~ ) ~ ( c Y @ ) ~ X L .  The magnitude of the Adair constants and their pH dependency of ( c Y + ~ ~ @ ) ~ ( c Y @ ) ~ X L  
(Ki ,  i = 1-3) are analogous to those of the Adair constants of (a@)A(a@)cXL (Ki ,  i = 2-4), whereas such 
an analogy is not observed between ( C Y @ + ~ ~ ) ~ ( C ~ @ ) ~ X L  and (a@)A(a@)cXL. The doubly cyanomet mixed 
valency hybrid cross-linked hemoglobins exhibit high oxygen affinity and reduced cooperativity, and their 
Adair constants are not analogous to K3 and K4 of (a@)A(a@)cXL. The present results on the oxygen binding 
properties of cross-linked mixed valency hybrid hemoglobins provide additional support to the conclusion 
based on a previous proton nuclear magnetic resonance investigation of these hybrid hemoglobins that there 
are at  least three functional and energetically important structures of hemoglobin in going from the deoxy 
to the ligated state. Thus, the cooperative oxygenation process of human normal adult hemoglobin cannot 
be simply described by two-structure allosteric models. 

I n  spite of the large amount of research during the last several 
decades, the molecular mechanism of cooperative oxygen 
binding by hemoglobin (Hb)' is not yet fully understood. The 
cooperativity arises from the reversible transition between fully 
ligated and fully deoxy forms of human normal adult hemo- 
globin (Hb A), whose structures have been determined by 
X-ray crystallography [for example, see Baldwin (1980), 
Shaanan (1983), and Fermi et al. (1984)l. One of the most 
challenging tasks in current Hb research is to describe the 
structural change induced at each oxygenation step by char- 
acterizing the properties of the intermediate ligated species, 
namely, Hb A with one, two, and three ligand molecules bound 
within a tetramer, and comparing them with the properties 
of the fully deoxy and ligated species, and thus to be able to 
interpret alterations in functional properties in terms of mo- 
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lecular structural changes. Because at any given fractional 
saturation between the fully deoxy and fully oxy states, various 
molecular species with binding of zero to four ligand molecules 
coexist as a statistical mixture, it is not feasible to isolate a 
stable intermediate ligation state by using Hb A. (This dif- 
ficulty in studying the intermediate ligation states is not due 
to the Hb A itself but rather to the use of O2 as the ligand.) 
The cooperative nature of oxygen binding further reduces the 
relative populations of intermediate ligated states to a small 
fraction in comparison with those of fully deoxy and ligated 
forms. Thus, the majority of the information available about 
the properties of the Hb molecule, has been unfortunately 
limited to either the fully ligated or the fully deoxy form of 

Abbreviations: Hb, hemoglobin; Hb A, human normal adult hem- 
oglobin; met-Hb, methemoglobin; or p+cN, CY or p subunit con- 
taining heme iron that is in the ferric state and is combined with cyanide; 
( c Y P ) ~ ( c Y ~ ~ ) ~ X L ,  cross-linked Hb, where the subscripts A and C denote 
that the a@ dimer comes from Hb A and Hb C, respectively, and XL 
denotes cross-linked Hb; a(Fe)fi(Co)2, hybrid Hb containing iron pro- 
toporphyrin IX in the CY subunits and cobaltous protoporphyrin IX in the 
(3 subunits; a(Co)fi(Fe)2, hybrid Hb containing cobaltous protoporphyrin 
IX in the CY subunits and iron protoporphyrin IX in the @ subunits; NMR, 
nuclear magnetic resonance; n, Hill coefficient; DPG, 2.3-diphospho- 
glycerate; IHP, inositol hexaphosphate; RMS, root mean square. 
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