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Long chain spin labels with the nitroxide group located near the terminal methyl of the chain were used to determine the 
percentage interdigitated lipid in complexes of polymyxin B (PMB) and polymyxin B nonapeptide OPMBN) with the 
acidic lipids dipalmitoylphosphatidylglyeerol (DPPG) and dipalmitoyiphosplmtidie acid (DPPA) at varying mole ratios 
of drug to lipid and at different pH values. These spin labels are more motionally restricted in the interdigitated than in 
the nen-interdigitated gel phase bilayer. This allows determination of the percentage interdigitated lipid by resolution of 
the spectrum into motionally restricted and more mobile components. At nonsaturating concentrations of PMB, 
significantly more DPPG than that which can be maximally PMB-bound, becomes interdigitated. As the temperature 
approaches the gel to liquid crystalline phase transition temperature, the bilayer becomes Wogressively non-interdig- 
itated. The ESR spectrum indicates that PMB also causes interdigitation of DPPA. However, in contrast to DPPG, the 
m o u n t  of DPPA which is interdigitated at pH 6, is less than the amount which is expected to be PMB-bound. This is 
attributed to the ability of DPPA to participate in lateral interlipid hydrogen bending interactions. Such lateral 
interactions would be abolished in the interdigitated bHayer and thus they are expected to inhibit its formation. At pH 9, 
where the interlipid interactions of DPPA are weakened, PMB induces even more lipid than that which is PMB-bound 
to become interdigitated. Indeed, the percentage interdigitated lipid is even greater than found for DPPG. This may be 
partly a result of the greater negative charge of DPPA at this pH. A greater repulsive negative charge is expected to 
favor interdigitation. PMBN is less effective than PMB at inducing interdlgitation of DPPG and causes little or no 
interdigitation of DPPA at pH 6, even at saturating eoncantrations. PMBN also does not lower the phase transition 
temperature of DPPA at pH 6 as much as PMB. At pH 9, the effuct of PMBN on DPPA is more similar to the effect 
of PMB. However, even for DPPG, and DPPA at pH 9, PMBN does not maintain interdigitation of the lipide at higher 
temperatures as effectively as PMB. PMBN's smaller perturbing effect and greatly decreased ability to cause 
interdigitatian of DPPA at pH values below 9 may be related to a decreased ability to cause lateral separation of the 
lipid molecules, which is necessary in order to weaken the intedipid interactions. PMBN larks the fatty aeyl chain of 
PMB, which may help cause lateral separation of the lipid molecules. These results may be related to the differences in 
physiological effects of the antibiotic PMB and the nonbacterieidal PMBN on Gram.negative bacteria. 
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Introduction 

A number of amphipathic substances, such as the 
antibiotic polymyxin B (PMB), have been shown by 
X-ray diffraction to induce an interdigitated gel phase 
bilayer when added to dipalmitoylphosphatidylglycerol 
(DPPG) [1]. In this kind of bilayer the fatty acid chains 
of lipid on one side of the brayer interdigitate into and 
interact with the fatty acid chains of the lipid mono- 
layer on the other side of the bilayer, resulting in a 
decrease in bilayer thickness. Small domains of this 
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thinner interdigitated bilayer might not be '¢ery compat- 
ible with small domains of non-interdigitated lipid bi- 
layer of greater thickness within the same bilayer. In 
order to avoid exposing hydrophobie regions of the 
fatty acid chains to water, the lipid which tends to be 
interdigitated might either (i) phase separate into a large 
domain of interdigitated bilayer, or (ii) influence the 
non-interdigitated lipid to become interdigitated, or (iii) 
become non-interdigitated. The PMB-lipid system is a 
useful model system to investigate the influence of 
lipids which tend to be interdigitated and !ipids which 
tend to be non-interdigitated on each other's organiza- 
tion. PMB binds electrostatisticaUy to acidic lipids in a 
1 : 5 mole ratio and induces interdigitation of the bound 
lipid. Excess lipid above this ratio will not be bound to 
PMB and thus will not be directly induced to interdig- 
itate. 

Study of the conditions under which interdig~tation 
can occur will help to understand the moleeuiar forces 
which influence it and is a!so necessary in order to 
evaluate the probability of its occurrence in biological 
membranes. Complete interdigitation of symmetric 
fipids has so far been detected only in the gel state. 
Therefore its relevance to biological membranes is un- 
clear. It could be argued that small populations of 
saturated lipids might form small domains of interdi~- 
itated bilayer in biological membranes, particularly in 
those such as bacterial membranes which have larger 
amounts of saturated fatty acid than mammalian mem- 
branes. However, these membranes also contain mix- 
tures of lipids, some of which may be induced to 
interdlgitate by a compound such as PMB and some 
which may not. 

An X-ray diffraction study showed that at non- 
saturating concentrations of PMB, i.e. mole ratios of 
DPPG to PMB greater than 5:1, non-interdigitated 
fipid as well as interdigitated lipid is present, but did 
not reveal what proportion of the lipid is in either type 
of bilayer [1]. However, in dimyristoylphosphatidylcho- 
line/DPPG/PMB of mole ratio 5:5:1, where only 
half the lipid is PMB bound (only the DPPG binds), all 
or almost all of the lipid is interdigitated indicating that 
unbound lipid can also be induced to interdigitate along 
with the PMB-bound DPPG [2]. 

We have shown that lipid or fatty acid spin labels are 
a useful method to detect interdigitated bilayers. For- 
mation of this kind of bilayer results in motional restric- 
tion and/or ordering of a fatty acid spin label in which 
the nltroxyl group is near th ~, end of the acyl chain, such 
as 16-doxyl-stearic acid or a phosphatidylglyeerol spin 
label which has 16-doxyl-stearic acid as one of its acyl 
chains [3-5]. By resolving spectra of incompletely in- 
terdigitated samples, at nonsaturating ratios of PMB, 
into components resulting from interdigitated and non- 
interdigitated domains, the percentage of lipid in each 
can be estimated. We have used this technique to de- 
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termine whether the unbound DPPG also becomes in- 
terdigitated or pba.~e separates into a domain of non-in- 
terdigitated bilayer. 

Unbound lipids which interact intermolecularly by 
hydrogen bonding (such as phosphatidylethanoiamine 
(PE) and phosphatidic acid (PA) (reviewed in Ref. 6)) 
may resist becoming interdigitated, and show a greater 
tendency to phase separate from an interdigitated bi- 
layer than non-hydrogen bonding lipids (such as phos- 
phatidylglycerol (PG) and phosphatidylcholine (PC)). 
The greater separation of the bead groups in the in- 
terdigitated bilayer would inhibit lateral intermolecular 
hydrogen bonding. Therefore we have also investigated 
the dependence of the tendency to interdigitate on the 
intermolecular hydrogen bonding properties of the lipid 
by using complexes of PMB with dipalmitoylphospha- 
tidic acid (DPPA) at varying mole ratios. PMB bound 
to PA weakens the interlipid hydrogen bonding, as is 
evident from the large decrease in transition tempera- 
ture it causes [7], since it binds to the hydrogen bond 
accepting site (P-O-). However, unbound PA can con- 
tinue to hydrogen bond intermoleeularly, if it separates 
into its own domain. Therefore at nonsaturating ratios 
of PMB, DPPA consists of a mixture of a PMB-bound, 
n,m-hydrogen bonding species and an unbound, hydro- 
gea bonding species. 

We also compare the ability of PMB to cause inter- 
dig~ltation in these systems with that of polymyxin B 
nonapeptide (PMBN), a derivative of PMB which lacks 
the ~'atty acyl chain. PMBN is not bactericidal although 
it sensitizes Gram-negative bacteria to other antimiero- 
bial agents [8]. We have found that, like PMB, it causes 
motional restriction of 16-doxyl-stearic acid in DPPG, 
suggesting that it induces interdigitation, but it does not 
maintain it to as high a temperature as PMB [7]. In the 
present study we use spin labels to further compare the 
abilities of PMB and PMBN to maintain interdigitation 
of bound and unbound lipid at various temperatures. 
These results may help to understand the different 
pharmacological properties of these two drugs. 

Materials and Methods 

Dipalmitoylphospbatidylglyearol (DPPG) was from 
Calbiochem, La Jolla, CA, and dipalmitoylphosphatidic 
acid (DPPA) was from Avanti Polar Lipids, Birming- 
ham, AL. P.31ymyxin B sulfate was from Burroughs 
Wellcome, Inc., Kirkland, Quebec, Canada. Polymyxin 
B Nonapeptide (PMBN) was prepared as described 
previously [7], and was 47~ pure peptide and 539o 
NaCl. The weight used was adjusted accordingly. The 
fatty acid spin labels, 16-doxyl-stearic acid and methyl 
16-doxyl-stearate were from Syva, Pain Aho, CA. 

Preparation of tipid-peptide complexes. Spin-labeled 
complexes of DPPG or DPPA with PMB or PMBN 
were prepared l~y dissolving the lipid, spin label, and 



184 

peptide together in chloroform/methanol (1:1,  v/v) ,  
evaporating the solvent under a stream of nitrogen, and 
evacuating in a lyophilizer for at least 2 h at 0.1 Torr. 
The mole ratio of lipid to spin label was 150:1 and 
various mole ratios of lipid to peptide were used. The 
sample, containing 2 mg lipid, was hydrated with 1 ml 
of 10 mM buffer containing 100 mM NaCI. The buffer 
used was sodium acetate for pH 6, Hepes for pH 7.4, 
and sodium borate for pH 9. The sample was dispersed 
by vigorous vortex mixing at a temperature above the 
lipid phase transition temperature. The 5 : 1  complex 
tends to stick to the sides of the tube. Therefore several 
small glass beads were added to each tube to facilitate 
dispersal of the lipid complexes. The sample was 
freeze-thawed followed by further vorte,'~ mixing and 
incubation at a temperature above the phase transition 
temperature for 15 rain to ensure complete hydration 
and mixing of the lipid. This procedure was repeated 
twice. The samples were divided in half, and each half 
was centrifuged in an Eppendorf bench centrifuge for 5 
min. One half was used for differential scanning 
calorimetry (DSC) and the other half for electron spin 
resonance (ESR) measurements. 

Some samples were also prepared by dissolving the 
peptide in the buffer and hydrating the lipid with the 
peptide solution. Similar results were obtained. In order 
to determine the concentration dependence of the effect 
of PMB on DPPG, PMB solutions at concentrations of 
0.2 igmol per 0.5 ml down to 0.2 lamol per 100 nil, 
prepared in plastic containers, were added to a suspen- 
sion of I #mol spin-labeled DPPG in 1 ml buffer. After 
incubation at 4 ° C  overnight, the resulting precipitate 
was collected by centrifugation at  2000 rpm. 

In order to determine if the spin label could bind to 
PMB in solution, chloroform/methanol  solutions of the 
spin label and PMB were evaporated together in a test 
tube and dispersed in buffer at a concentration of 0.2 
#mol per 50 #1. The sample was taxen up in a capillary 
tube and the ESR spectrum measured at 9°C.  Only a 
low amplitude sharp 3-line spectrum similar to that in 
the absence of PMB was observed. A sample of 
DPPG/PMB 1 : 1, with excess PMB, was also prepared 
as described above, centrifuged, and the supernatant 
removed. The spectra of both the lipid-PMB pellet and 
the supernatant were measured separately. The spec- 
trum of the pellet was identical to that of the 5 : 1  
sample and the supematant had no signal. 

The supematant of some samples was analysed for 
phosphorus content. The results indicated that virtually 
all of the lipd was in the pellet even in the absence of 
PMB or PMBN. The percentage of the lipid affected by 
PMB is generally used as a measure of the percentage 
bound in most studies of the effect of this compound on 
lipids []2,13]. Thus if PMB added to lipid at a 1 : 5 mole 
ratio affects all of the lipid, it is concluded that virtually 
all of the PMB added is bound to the lipid. The 

percentage of DPPA affected in this study was de- 
tern'fined from the percentage whose phase transition 
temperature was lowered by PMB. This could not be 
done for DPPG since the transition temperature of 
PMB-bound and unbound DPPG is similar. 

For DSC most of the supernatant was removed and 
the wet pellet was loaded into an aluminum DSC pan. 
For ESR, all but  about 50 #1 of the supernatant was 
removed and the pellet with some supematant  was 
taken up in a 50/~1 capillary tube. The tube was sealed 
at one end with a flame and centrifuged at 2000 rpm. 
The end with the pellet was positioned in the ESR 
spectrometer cavity. 

Sucrose density gradient centrifugation. Samples of 
lipid at  varying concentrations of PMB, containing 
20000 cpm of 14C-labeled lipid, were layered on a 
discontinuous sucrose density gradient (20, 25, 30, 35, 
and 40% sucrose prepared in the same buffer used tot  
the samples) and centrifuged in a SW 50.1 rotor at 
40000 rpm at 4 ° C  for 3 h in a Beckmann L3-50 
ultracentrifuge. Each layer was removed with a pipet 
and transferred to a scintillation vial, 15 ml of Biofluor 
scintillation .fluid was added and the samples were 
counted in a Tracor Analytic Betatrac liquid scintilla- 
tion system. In some cases where a sharp band was 
observed in the middle of a sucrose layer, the band and 
the sucrose layers above and below it were each re- 
moved separately and counted. 

Uptake of spin label by interdigitated and non-interdig- 
itated bilayers. Samples of DPPG-PMB 5 : 1 (interdig- 
Rated bilayer) or DPPG (non-interdigitated bilayer) 
containing 1-2  pmol  lipid were transferred to glass 
tubes containing a thin film of 13 nmol 16-S-SL which 
had been dried on the surface. The tubes were in- 
cubated while shaking at 4oC overnight. The samples 
were pelleted and taken up in capillary tubes for mea- 
surement of the ESR spectra as described above. The 
spectra were measured at 9 ° C  and integrated twice to 
give the area of the absorbanee spectrum, proportional 
to the anaount of spin label in the sample. Since it 
proved impossible to transfer the DPPG-PMB 5 : 1 sam- 
ple quantitatively, the pellets in the capillary tubes were 
then recovered, redispersed in buffer and aliquots taken 
for phosphorus analysis. The ratio of the area of the 
absorption spectrum of the spin label to the amount of 
lipid phosphorus in the sample was compared for the 
DPPG and DPPG-PMB 5 : 1 samples. 

Differential scanning calorimetry. Samples were run 
on a Perkin-Elmer DSC-2 equipped with a Perkin-Elmer 
data station, at heating and cooling rates of 5-10 
C ° / r a in .  The temFerature of maximum heat absorption 
was defined as the phase transition temperature, Tm. 
The areas of the peaks were obtained using the data 
station. For those samples for which the enthalpy, ~H,  
of the phase transition was determined, the amount of 
lipid in the pan was obtained by phosphorus analysis 



[9], after opening the pan, dropping it into 1 ml chloro- 
form/methaaol  (1 : 1, v/v) ,  and sonieating briefly with 
a bath sonicator to dissolve the lipid. 

Electron spin resonance measurements. ESR spectra 
were measured on a Varian E-!04B spectrometer 
equipped with a Varian temperature controller and a 
DEC LSI-11 based microcomputer system. The maxi- 
mum hyperfine splitting, Tm~, of the ESR spectra was 
measured as described earlier [3], and used as a measure 
of the motional restriction or degree of order of the spin 
label. The microwave power used was 10 roW. The 
spectra of samples containing varying amounts of 
peptide were resolved into components characteristic of 
interdigitated and non-interdigitated lipid bilayers by 
pairwise subtraction of spectra of samples of different 
peptide to lipid ratios from each other by the method of 
Brotberus et at. [10], except that one spin label at 
different pept ide / i ip id  ratios was used rather than two 
spin labels at  the same prote in / l ip id  ratio. We have 
also used this method to resolve spectra of DPPG-Mg 2+ 
complexes in different organizational states [11]. The 
spectra shown in the figures were normalized to the 
same center peak height for visual comparison. How- 
ever, they were not normalized for spectral resolution. 

The percentage of the probe giving each spectral 
component was determined by using the equations of 
Brotherus et at. [10] where A and B are experimental 
spectra, with integrated intensities a and b, of two 
samples at  different PMB to lipid ratios. If both contain 
spectral components X and Y, where X is more mobile 
and characteristic of the non-interdigitated lipid bilayer 
and Y is motionally restricted and characteristic of the 
interdigitated lipid bilayer, respectively, the spectral 
component X can be obtained by subtracting increasing 
amounts of spectrum B from spectrum A, and the 
spectral component Y can be obtained by subtracting 
increasing amounts of spectrum A from B. At the 
endpoint, A - u(B) ffi X and B - v(A) = Y, where u and 
v are the amounts subtracted. The integrated intensities 
x and y of the two end-point spectra X and Y are given 
by x = a - ub and y ffi b - va. ~;olving for a and b yield 

a = (1- uu)-ax + u ( l -  uv)- tv  

b ffi v ( t -  uv) - l x  +(l - uv) - Iy  

in which the first term of each expression gives the 
contribution of X (i.e. the mobile spectrum) and the 
second term gives that of Y (i.e. the motionally re- 
stricted spectrum). The fractions of the mobile spectrum 
F x and F x in the two composite spectra A and B are 
given by 

F x : (1- uo)-ax/a : (a - ub)/(1 - uo)a 

F x ffi v ( l -  uu) - l x /b  ffi v(a - u b ) / b ( l -  uv) 
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The fractions of the motionall-~ restricted spectrum FAY 
and /'-B "¢ are then given by F,~ = 1 -- F x and F g  = l - 
F x and are taken to be equal to the fractions of 
interdigitated lipid in the samples giving svectra A and 
B. They were multiplied by 100 to give the percent 
interdigitated lipid in Table IV. The spectra were base- 
line corrected as described [24] and integrated twice to 
give the values a and b. All of the spectra for each lipid 
at different PMB concentrations were subtracted pair- 
wise in every possible combination to give several values 
of F v for each sample. The range of the values ob- 
tained is given in Table IV. 

Criteria for judgiag the endpoint of the subtraction 
were the appearance of the spectrum, and the mainte- 
n~mce of a zero baseline in tile absorption spectrum as 
described by Jost and Griffith [24]. The endpoint spec- 
tra were integrated in order to examine the baseline. 
With regard to appearance, a single component spec- 
trum which resembled either a motionally restricted 
powder type spectrum or a more mobile spectrum simi- 
lar to that of the pure lipid bilayer was sought. Spectra 
which appeared unrealistic or distorted (e.g. departing 
from the baseline too sharply) were rejected. The error 
involved in judging the endpoint was estimated in two 
different ways. After reaching the best endpoint by 
varying u or v, these values were increased and de- 
creased again by small amounts until the point at which 
the result spectrum was dearly not a reasonable end- 
point spectrum was reached. The range of values for u 
and v over which all result spectra appeared to be 
equally reasonable and valid endpoints was then used to 
estimate the error of the values for F v, the fraction 
interdigitated lipid, as + 0.08. The range of values over 
which the endpoint could be clearly distinguished was 
also estimated by normalizing the best endpoint spectra 
giving the motionally restricted and mobile components 
to the same value of the second integral, and adding 
them by varying F x and F v in 0.05 increments and 
comparing to the original spectra. Values of F x and 
F v which differed by 0.05 from the values obtained 
from the endpoint subtraction and shown in Table IV, 
gave spectra which were clearly different from the origi- 
nal spectra, indicating that the effect of differences in 
the values of F x and F v of +0.05 can clearly be 
distinguished. However, since the choice of the endpoint 
involves judgement as to what is a reasonable spectrum, 
we consider the larger error of ±0.08 obtained by over- 
and under-subtraction to be more valid. 

The mol% PMB-unbound lipid which becomes inter- 
digitated along with the PMB-bound lipid was de- 
terrnined as F ~ / F  v × 100, where F v is the mole frac- 
tion of the total lipid which is interdigitated, and F f  = 
F Y - F~  is the contribution of the PMB-unbound lipid 
to the mole fraction of the total lipid which is interdig- 
itated. F~,  the contribution of the PMB-bound lipid to 
the mole fraction of the total lipid which is interdig- 
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itated, is assumed equal to the mole fraction of total 
lipid which is PMB-hound. 

Results 

Effect o f  varying concentrations of  P M B  on D P P G  and 
D P P A  

The effect of varying concentrat ions of PMB on the 
gel to liquid crystalline phase transitions of D P P G  and  
DPPA was determined by DSC, in order  to determine 
what  proport ion of the total lipid was affected, if phase 
separation of PMB-bound and  unbound  lipid occurred, 
and  to determine if PMB has a biphasic effect on the 
transition temperature as does ethanol, another  sub- 
stance which induces interdigitation [22]. Thermograms 
for samples of  D P P G  at p H  7.4 and  9 and  DPPA at  p H  
6 and 9 are compared in Fig. 1 and  thermodynamic 
parameters are given in Table I. When PMB completely 
saturates DPPG at  p H  7.4 or 9, and DPPA at  p H  9 
(5 :1  mole ratio of lipid to PMB) it results in two 
transitions (labeled peaks 1 and  2 in Fig. 1) separated 
by  a few degrees as reported earlier [2,4,12,13] and  
shown in Fig. lb ,  g, m. Transit ions 1 and  2 occur  at  a 

TABLE I 

Effect of PMB and PMBN on the temperatures and enthalpies of the 
phase trans,,.:on of DPPG and DPPA 

Measured from i:eating and cooling scans at l0 C °/rain. 

Sample pH Heating Cooling ~ 
(mole ratio) Tm (°C) AH(kcal/  Tm (° C) 

mole) 

DPPG 7.4 41.1 8.6 41.3 
DPPG/PMB 100:1 7.4 42.2 8.6 40.1 
DPPG/PMB 50:1 7.4 41.7 8.5 41.9 
DPPG/PMB 25 : 1 7.4 41.6 - 41.3 
DPPG/PMB 10:1 7.4 39.8,41.5 10.6 39.3 
DPPG/PMB 5 : 1 7.4 40.2, 42.3 10.6 38.9, 40.4 
DPPG/PMBN 5:1 7.4 42.1 12.3 41.9 
DPPA 6 65.7 9.4 64.8, 66.3 
DL ,~A, r~MB 25 : 1 6 48.6, 66.1. b - -  66.3 
DPPX/P" ~B 5:1 6 49.3 10.5 44.4 
DP 'A/PMBN 5 : 1 6 55.3 11.3 52.6 
DPPG/PMB 5 : 1 9 38.5, 40.7 - 37.9, 40.4 
DPPA 9 58.5 - 58.6 
DPPA/PMB 5:1 9 35,38,51 b - 33,35,51 b 
DPPA/I MBN 5 : 1 9 39.3 - 36.5, 39._..22 b 

a Tm on cooling corrected for 
4.5 ° . 

b Major peak is underlined. 

instrumental hysteresis by addition of 

1 

h 

TEMPERATURE (°C) 

Fig. 1. DSC thermograms of (a) DPPG, pH 7.4; (b) DPPG/PMB 5 : 1, 
pH 7.4; (c) DPPG/PMB 10:1, pH 7.4;(d) DPPG/PMB 25:1, pH 
7.4; (e) DPPG/PMB :50:1, pH 7.4; (f) DPPG/PMB 100:1, pH 7.4; 
(g) DPPG/PMB 5:1, pH 9; (h) DPPA, pH 6; (i) DPPA/PMB 5:1, 
pH 6; (j) DPPA/PMB 25 : 1, pH 6; (k) DPPA/PMBN 5 : 1, pH 6; (1) 
DPPA, pH 9; (m) DPPA/PMB 5 : 1, pH 9. Heating rate 10 C °/rain. 
Sensitivity settings in mcal/s are (a) 1.5; (b) 2.0; (c) 2,5; (d-f) 0.8; (g, 
h.j) 0.3; (d, i) 0.5. Different amounts of seraph, were used so the peak 
areas cannot be directly compared. Enthalples of some samples are 

given in Table !. 

4 - 5  C o lower temperature for  the DPPA-PMB complex 
than for :he D P P G - P M B  complex at  p H  7.4. However, 
at  p H  9 transit ions 1 and  2 of the DPPG-PMB complex 
occur  a t  a 1.5 - 2 C ° lower temperature than at  p H  7.4. 
Thus  at  p H  9, the transit ions of  the D P P G - P M B  com- 
plex are only 2 .7-3 .5  C ° higher than for  DPPA-PMB. 

Al though transi t ion 2 of  the P M B - D P P G  complex 
occurs at  a similar temperature as the sel to fiquid 
crystaline phase transit ion of  unbound  D P P G  (Fig. la) ,  
it is not  caused by  unbound  DPPG.  This is evident 
f rom the fact that  transit ion 2 of the DPPA-PMB 
complex a t  p H  9 occurs at  a much different temperature 
f rom unbound  DPPA (Fig. 11) and  f rom the fact that  an  
increase in p H  lowers the transit ion temperature of both  
transit ions 1 and  2 of  the D P P G - P M B  complex (Table 
I), even though it has no  effect on the transition temper-  
attire of pure  DPPG.  Transi t ion 1 of  the PMB-DPPA 
complex has been at t r ibuted to PMB molecules inter- 
act ing only hydrophobical ly  with fipid, while transit ion 
2 has  been at t r ibuted to PMB molecules interacting 
both  hydrophobical ly  and  electrostatically with lipid 
[12]. A similar explanat ion seems reasonable for DPPG.  
Both transit ions 1 and  2 are also observed for 
D P P G / P M B  at a 10 : 1 mole rat io (Fig. lc). However, 
at  lower concentrat ions of PMB, only one peak is 
observed at a similar temperature as pure D P P G  but  of 
greater width (Fig. l d - f ) .  The grealcr  width is probably  
due to the contr ibut ion of peak 1 of the PMB-bound 
lipid, while peak 2 of the bound  lipid coincides with the 
transit ion of unbound  lipid. Tiffs suggests that  at  non-  
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Distribution of lipid on a sucrose density gradient 
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Sample 
(mole ratio) 

% lipid at different sucrose levels 

0-25% a 30% 35% 40% 
s u c r o s e  s u c r o s e  s u c r o s e  s u c r o s e  

DPPG b 94.0 3.0 1.4 1.0 
DPPG/PMB 5 0  : 1 94.0 3.7 0.8 1.2 
DPPG/PMB 25 : 1 84.0 11.6 2.8 1.2 
DPPG/PMB 10 : 1 38.2 57.6 2.6 1.6 
DPPG/PMB 5 : 1 0 1.1 96.2 2.1 

% lipid at different sucrose levels 

0-20'/, 25% top of middle bottom 35% 
sucrose sucrose 30% of 30% of 30~ sucrose 

sucrose sucrose sucrose 

DPPA e 4.5 4.2 88.0 1.6 1.0 0.7 
DPPA/PMB 2 5  : I 0.2 0.4 94.0 2.5 1.3 1.5 
DPPA/PMB 1 0  : 1 0.3 0.2 2.2 94.0 2.0 1.3 
DPPA/PMB 5 : 1 0.6 0.2 2.0 14.4 80.0 2.8 

a was collected as 1 layer because some DPPG was distributed throughout it. 
b pH 7.4. 
c pH 6. Samples at pH 9 behaved similarly. 

saturat ing concentrations,  PMB has the same effect on  
D P P G  as at  saturat ing concentrations,  but  only a frac- 
t ion of  the lipid is affected. 

Because of the similarity of  the temperatures of 
transition 2 of  the PMB-bound D P P G  and  the transi- 
t ion of  unbound  DPP(3 it could not  be determined if 
phase  separat ion of  two populat ions of this lipid occurs 
f rom the DSC scans. However, centrifugation on a 
discontinuous sucrose gradient  revealed that  there were 
at  least two populat ions of vesicles of  different density 
in the 10 :1  and  25 : 1 samples (Table II). 62% and  16% 
of  the lipid in these samples, respectively, sedimented to 
o r  below the 30% sucrose level, in contrast  to 98% for 
the 5 : 1  sample. This indicates that  some phase sep- 
ara t ion does occur. The density of  the heavier popula-  
t ion in the 10 :1  and  25 : 1 samples was not  as great as 
that  in the 5 : 1  sample, however. It sedimented to the 
30% sucrose level for  the 10 : 1 and  25 :1  samples in 
contras t  to the 35% level for the 5 : 1 sample. Also, the 
density of a t  least some of the remaining 38"~ and  84% 
of  the lipid of the 10 : 1 and  25 : 1 samples, respectively, 
which remained above the 30% sucrose level, appeared  
greater than that  of  most  of the DPPG,  indicating that  
PMB was bound  to some of this populat ion also. How-  
ever, unbom:d D P P G  could not  be  separated from this 
populat ion on  the sucrose gradient  sufficiently to 
quanti ta te  the com:ibut ion  of PMB-unbound and  bound  
lipid to it. D P P G  by  itself was distributed throughout  
the 20% and  25% sucrose levels. Furthermore,  since 
these are muhilayered complexes, bilayers of pure D P P G  
may be t rapped inside bilayers of  DPPG-PMB altering 
the density, and  making it impossible to completely 

separate these populations.  Thus sucrose density gradi- 
ent centrifugation reveals that  some phase separation of 
two populat ions containing different amounts  of PMB 
occurs in the 10 :1  and 25 :1  samples but  does not 
delineate the degree of this phase separation or demon- 
strate if separate bilayers of unbound DPPG are also 
present. 

At  p H  6, the gel to liquid crystalline phase transition 
temperature of  pure DPPA is 7 C ° higher than at  p H  9 
as a result of  increased intermolecular hydrogen bond-  
ing interactions [19]. Interestingly, the complex of DPPA 
with PMB at a 5 : 1 mole rat io (Fig. l i )  has only a single 
gel to liquid crystalline phase transition, in contrast  to 
the double transition observed for DPPG-PMB and  for 
DPPA-PMB at p H  9. On  heating, its transition temper- 
ature is 7 - 9  C ° higher than that  of the DPPG-PMB 
complex. There is greater hysteresis between heating 
and  cooling scans fo~ the DPPA-PMB samples than for 
DPPG,  so that  on coofing the difference in transition 
temperature between the PMB complexes of DPPG and  
DPPA is reduced to 4 - 6  C ° (Table l). Although the 
transition temperature of the DPPA-PMB complex is 
higher than that  of the DPPG complex, it is consider- 
ably less than that  of pure DPPA (Fig. lh),  so that the 
transition of the PMB-bound lipid can be  distinguished 
from that  of  free lipid. The fact that  only the transition 
of the DPPA-PMB complex is observed and  there is no 
peak at the transition temperature of pure DPPA at a 
5 : 1  rat io indicates that  all of  the lipid is affected, 
suggesting that all of  the PMB added is bound.  At  lower 
concentrat ions of PMB, two transitions are observed, 
the lower temperature one corrresponding to the 
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Fig. 2. ESR spectra of 16-doxyl-stearic acid at 9°C and pH 7.4 in (A) DPP(I/PMB 5:1; (13) DPPG/PMB 10:1; (C) DPPG/PMB 25:1; (D) 
DPPG/PMB 50:1; (E) DPPG only; (F) the results of subtracting the spectrum of the 25 : l sample from that of the 10:1 sam#e; (G) the result of 
subtracting the spectrum of the 10:1 sample from that of the 25 : 1 sample; (H) the result o¢ subtracting the spectrum of the 50:1 sample from that 

of the 25 : 1 sample. All spectra shown are plotted normalized to the same center peak height. 

DPPA-PMB complex and the higher temperature one to 
pure DPPA, as shown for a 25 : 1 mole ratio in Fig. l j ,  
indicating phase separation of free and bound DPPA. 
Similar results occurred at pH 9. 

At this mole ratio a maximum of 20~ of the DPPA 
shouid be i~MB-bound: assuming that PMB binds to the 
fipid in a 1 : 5 mole ratio. The area of the lower temper- 
ature transition in Fig. l j  is about 23~ of the total. 
After correction for the difference in euthalpy of the 
PMB-bound DPPA and unbound DPPA (Table I), this 
indicates that 20% of the lipid contributes to the lower 
temperature peak. Centrifugation of these samples on a 
discontinuous sucrose density gradient revealed that 
almost none of the lipid in the 25:1  sample had a 
density similar to that of the 5 : 1  complex (Table II), 
however. Almost all of the lipid sedimented in a single 
sharp band to the same level as unbound DPPA. The 
10"1 sample, which gave two transitions of approxi- 
mately equal area at 4 9 ° C  and 6 6 ° C  (not shown), 
sedimented as a single sharp band halfway between 
those corresponding to unbound DPPA and the 5 : 1  
complex. This suggests that either the populations giv- 
ing the two peaks in the thermograms are not in sep- 
arate bilayers, or that bilayers of D P P A / P M B  5 : 1 are 
traped witl,3n bilayers of pure DPPA in the mui- 
tilayered complexes, thus decreasing .~he density. 

In order to determine if these samples contain some 
interdigitated bilayer, they were labeled with 16-doxyl- 
stearic acid and the spectra were measured at  9 ° C, well 
below the temperatures of their gel to liquid crystalline 
phase transitions. We have already shown that we can 
detect the interdigitated bilayer formed by D P P G / P M B  
5 : 1 using this probe [4,7,25]. Fig. 2A shows the char- 
acteristic powder spectrum typical of 16-doxyl-stearic 
acid in an interdigitated bilayer of DPPG-PMB at a 
5 : 1 mole ratio. The large Tma x value of 30.3 G, com- 
pared to 24 G for pure DPPG (Fig. 2E), indicates that 
the spin label is either more motinnally restricted or 
more ordered than in the pure lipid. In this type of 
bilayer this probe behaves similarly to a spin label with 
the nitroxide group much closer to the carboxyl group. 
This occurs because the nitroxide group on 16-doxyl- 
stearic acid is located in the thinner interdigitated hi- 
layer relatively close to the apo la r /po la r  interface. PMB 
causes tiffs lao~ionai re~tr~.ctioii 'oi ~ke spia label only in 
the gel phase of the lipid, not  in the liquid crystalline 
phase [4]. PMB free in solution, in the presence or 
absence of a limited amount of lipid, does not affect its 
spectrum, suggesting it does not even bind to it. 

PM~ added to DPP(3 in a 1 : 5 mole ratio over the 
concentration range 2 /~M to 4 mM, caused similar 
~ot iona!  restriction of the probe, indicating that it 



TABLE Ul 

Tma x values of motionally restricted (R) and mobile (M) componenr~ of ESR spectra after spectral resohltion I~v pairwise subtraction 

16-Doxyl-stearic acid was used at pH 6 and 7.4. and methyl 16-doxyl-stearate was used at pH 9. n.d.. not determined. 
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Sample Tm~, (G) 

Lipid/drug (mol/mol): 5 : 1 ~ 10 : 1 25 : 1 - " 50:1 ~ 

R R M R M M 
DPPG/PMB pH 7.4 30.3 29.7 25.7 29.0 7.4.0 23.6 
DPPG/PMBN pH 7.4 29.9 28.7 24.3 26.2 23.9 23.8 
DPPA/PMB pH 6 30.8 28.4 22.9 none 22.9 23.0 
DPPA/PMBN pH 6 27.1 26.3 23.2 IlOlle 23.0 23.1 

DPPA/PMB pH 9 30.9 30.7 27.2 30.8 27.2 26.5 
DPPA/PMBN pH 9 30.8 30.7 29.0 30.7 26.7 25.6 
DPPG/PMB pH 9 30.7 29.7 26.0 " 24.6 n.d. 

n.d. not determined. 
A mobile component cannot be obtained from the spectrum of the 5 : 1 sample and a restricted component cannot be obtained from the spectrum 
of the 50:1 sample by pairwise subtraction using only the concentrations shown. 

caused interdigitation over this concentrat ion range. 
However, the percentage of lipid which was interdig- 
i tated decreased somewhat  at  the lower PMB concentra-  
tions. The lowest concentrat ion used is similar to that  
which completely inhibits bacterial growth [29]. The 
apparent  dissociation constant  for PMB interacting with 
P G  monolayers has been reported as less than 2 . 5 . 1 0 - 7  
M I30]. 

Spectra of the 10 :1 ,  2 5 : 1 ,  and  50 :1  complexes are 
shown in Fig. 2 B - D .  The spectra of  the 10 : 1 and  25 : 1 
complexes appear  to have a significant amount  of a 
motionally restricted component  also. Since there is no 
reason why this spin label should become motionally 
restricted in these samples by  a different mechanism 
than  for the 5 : 1 rat io sample, this motionally restricted 
component  in the spectra at  lower PMB concentrat ions 
indicates that  a large percentage of the lipid in these 
samples forms an  interdigitated bilayer. However, it is 
difficult to tell b y  visual inspection of  the spectrum of  
the 50 :1  complex if it  also has a motionally restricted 
component .  

Quantitation o f  percentage o f  interdigitated lipid 
The motionally restricted spectrum characteristic of 

the interdigitated bilayer (Fig. 2A) and  the more  mobile 
spectrum characteristic of the non-interdigitated bilayer 
tFig. 2E) are sufficiently different f rom each other  that  
~he composite spectra a t  lower PMB concentrat ions can  
be resolved into their motionally restricted and  more 
mobile spectral components  by  spectral subtraction. 
! a  order to avoid finding suitable reference spectra 
.'.or these spectral components ,  the spectra of the 
D P P G / P M B  5 : 1 , 1 0  : 1, 25 : 1, and  50 : 1 samples were 
resolved by  subtract ing them from each other  in a 
pairwise incremental  fashion until a spectrum was ob- 
tained which appeared to be single component  and  
relatively similar to the spectrum of either the pure lipid 

or the 5 : 1  complex, as described in Methods. For 
example, the results of subtracting the spectra of the 
10 :1  and 25 : 1 complexes from each other are shown in 
Fig. 2F and  G and  clearly show that both samples have 
a significar~ amount  of a motionally restricted compo- 
nent (R) as well as a more mobile component  (M). The 
Tm~x values of  the mobile component  of the 25 : 1 and 
50 :1  complexes are similar to that  of the pure lipid, 
while that  of the 10 : 1 complex is a little greater (Table 
lII). The motionally restricted component  in the 10 :1  
sample is also not identical to that  in the 5 : 1 sample; it 
has a smaller Tm~ , value. However, subtraction of larger 
amounts  of the other spectra from the 10:1  spectrum 
did not give a realistic mobile spectral component  with 
a smaller Tm~ x value nor a realistic motionaily restricted 
component  with a larger Tm~ value. The motionally 
restricted component  present in the 25 :1  sample, ob- 
tained by subtract ion of the spectrum of the 50 :1  
complex, is shown in Fig. 2H. It has an even smaller 
Tm~ , value than that  in Fig. 2F. However, the motion- 
ally restricted spectral components  in both the 10 :1  
and  25 : 1 samples indicate the presence of an  interdig- 
i tated domain of  lipid in these samples. The pairwise 
subtract ion method gave more realistic eodpoint  spectra 
than subtract ion of  the spectra of the 5 : 1 complex or  
pure D P P G  from the other spectra because of  these 
small variations in the Tm~ , values of  the spectral com- 
ponents  with PMB concentration. 

The spectral resolution allowed quanti tat ion of  the 
percentage of each spectral component  in the sample 
spectrum. The percent of the motionaily restricted com- 
ponent  in the spectrum can be taken to give the fraction 
of the total lipid which is interdigitated, provided that 
the probe  distributes equally in the interdigitated and  
non-interdigitated domains.  At tempts  were made to 
verify this assumption by adding r~m-interdigitated 
D P P G  vesicles to interdigitated D '?PG-PMB 5 : 1  



190 

TABLE IV 

Percentage of DPPG or DPPA w'dch is interdigitated at varying ratios 
of  PMB or PMBN, at 9 ° C  

Sample 

Lipid/drug (m/m) 
Mol~ bound lipid • 

%mofionallyrestrictedspin label 
= ~ in~rdigitatedfipid 
5:1 10:1 25:1 50:1 
100 50 20 10 

DPPG/PMB pH 7.4 b 93--95 6 6 -6 7  3 0 -35  15--24 
DPPA/PMB pH 6 c 65-73 4~-46 d o 0 
DPPG/PMBN pH 7.4 c 64-69 28-34 0 
DPPA/PMBN pH 6 c d d 0 0 
DPPG/PMB pH 9 b 90-91 62--67 43-44 n.d. • 
DPPA/PMB pH 9 b 90-97 76-79 59-62 38-40 
DPPA/PMBN pH 9 b 80--84 64--68 44--46 24--28 

• Mol~ fipid which is maximally bound to PMB or PMBN, assuming 
they bind to all fipids in a 1 : 5 mole ratio. 

b The range of values shown was obtained by s~btraction of different 
combinations of spectra. 

c The range of values shown was obtained by sub;.raction of the 25 : 1 
and 50:1 spectra from the spectrum indicated. 

d Inconclusive. See text. 
c n.d. not determined. 

vesicles and measuring the transfer of 16-S-SL from one 
to the other. However, the DPPG vesicles rapidly ag- 
gregated with the DPPG-PMB 5 :1  vesicles. The ESR 
spectrum of the mixture was identical to that of the 
10:1 complex rather than the sum of the spectra of the 
DPPG and DPPG-PMB 5 :1  samples, regardless of 
whether the probe was initially in the DPPG or the 
DPPG-PMB 5 :1  vesicles. The mixture also behaved 
like the 10:1 complex on sucrose density centrifuga- 
tion. These results suggest that fusion of the two types 
of vesicles occurred. DPPC vesicles were then used as 
the non-interdigitated bilayers and added to DPPG- 
PMB 5 : 1 vesicles. Sucrose density gradient centrifuga- 
tion verified that the two types of vesicles remained 
~eparate. However, the transfer of the probe from one 
type to the other was so slow that very little transfer 
had occurred even after overnight incubation with shak- 
ing at 4°C,  regardless of which type of vesicle initially 
contained the spin label. Transfer of the spin label from 
the surface of a glass tube to each type of vesicles, 
DPPG or D P P G / P M B  5:1 ,  was then measured. This 
transfer takes place rapidly. The DPPG vesicles took up 
only 1.25-times more spin l abd  per/~mol of lipid after 
overnight incubation at 4 ° C  than the D P P G / P M B  5 : 1 
vesicles. 

The percent intcrdigitated lipid determined by spec- 
tral resolution is given in Table IV. The subtraction was 
often not perfect due to differences in the restricted and 
mobile components at different PMB concentrations, 
and it was sometimes difficult to determine the end 
point, leading to the range of values given in Table IV. 
However, repetition with a different set of samples gave 
a similar range of values. As discussed in the Methods 

the accuracy of the values for ~ interdigltated lipid in 
T,qble IV is estimated as + 8%. The results indicate that 
at less tl:2m saturating concentrations of PMB, consider- 
ably more DPPG than that which is PMB-bound is 
interdigltated. Thus a significant amount of the un- 
bound lipid becomes interdigltated along with the 
PMB-bound fipid. At  a 10 : 1 mole ratio, the amount of 
PMB-unbound DPPG which can be incorporated into 
and become interdigitated in the interdigitated bilayer 
of PMB-bound lipid is 24 mol%. 

Spectra of 16-doxyi-stearic acid in complexes of 
DPPA with PMB at pH 6 at 9 ° C  are shown in Fig. 3. 
Visual comparison of Fig. 2 A - C  with Fig. 3B-D for 
5 : 1 ,10  : 1, and 25 : 1 samples clearly indicates that less 
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Fig. 3. ESIi spectra of 16-doxyl-stcari¢ acid at 9°C and pH 6 in (A) 
DPPA; (B) DPPA/PMB 5:1; (C) DPPA/PMB 10:1; (D) 
D P P A / P M B  25:1; (E) the result of subtracting the spectrum of the 
25 : 1 sample from that of the S : 1 sample; (F) the result of subtracting 
the spectrum of the 25 : 1 sample from that of the 10:1 sample. All 

spectra shown are normalized to the same center peak height. 



probe is motionaUy restricw.d in DPPA-PMB at pH 6 
than in DPPG-PMB samples. Only the spectrum of the 
5:1 complex (Fig. 3B) clearly reveals a motionally 
restricted component. This component, resolved by sub- 
traction of the spectrum of the 25 : 1 complex (Fig. 3D), 
is shown in Fig. 3E. The Tma x value is 30.8 G, similar to 
that for the 5 : 1 complex of DPPG, and much different 
from the Tm~ value of 23 G in pure DPPA at pH 6 
(Fig. 3A). This motional restriction indicates that PMB 
also induces interdigitation of DPPA at pH 6. IT is 
unlikely that motional restriction of this probe could 
occur in this sample by any other mechanism. Subtrac- 
tion of the 50 : 1 spectrum from the 25 : 1 spectrum did 
not reveal a motionally restricted component indicating 
that none of the lipid in the 25:1 sample is inte:'dig- 
itated. However, subtraction of the 25 : 1 or 50 : 1 spec- 
tra from the 10 : 1 spectrum (Fig. 3C) gave the motion- 
ally restricted component shown in Fig. 3F. Its Tm~ 
value is less than that of the 5 : 1 complex (Table III) 
but still characteristic of motional restriction, suggesting 
that some of the lipid in the 10:1 sample may be 
interdigitated. The percentage interdigitated lipid ob- 
tained from the amount of motionally restricted spin 
label in the 5 : 1 and 10:1 complexes is shown in Table 
IV. It is considerably less than found for DPPG and is 
even less than the maximum amount of DPPA which is 
PMB-bound and contributing to the phase transition at 
49°C in Fig. 1. 

Motional restriction of 16-doxyl-stearic acid in the 
5 : 1 DPPA-PMB complexes was also observed at pH 9. 
However, the Tma x value is difficult to measure at tiffs 
pH because the fatty acid spin label becomes ionized 
and much more water soluble, resulting in a low con- 
centration of spin label in the bilayer. Therefore, the 
methyl ester of 16-doxyl-stearic acid, was also used at 
pH 9. The spectra of this spin label in DFPA and 
DPPA/PMB 5 : 1 at pH 9 are shown in Fig. 4. The Tree x 
value of methyl 16-doxyl stearate in PMB/DPPA at pH 
9 is similar to its value in this complex at pH 6 and 
similar to that of 16-doxyl-stearic acid in these samples 
(Table III). This motional restriction indicates that PMB 
induces interdigitation of DPPA at pH 9. The .~pectrum 
of the 5:1 complex in Fig. 413 indicates that at pH 9, 
almost all of the spin label is mofionally restricted at 
9°C. 

The spectra of methyl 16-doxyl.stearate in 25:1 and 
50:1 DPPA-PMB complexes at pH 9 are also shown in 
Fig. 4C and D and reveal a significant amount of a 
motionally restricted component in these samples also, 
in contrast to results at pH 6. Visual comparison of the 
spectra in Fig. 4B-D with Fig. 2A, C, D for the 5 : 1, 
25 : 1, and 50:1 samples of DPPG, suggests that even 
more probe is motionally restricted in DPPA at pH 9 
than in DPPG at pH 7.4. The spectra were resolved into 
components as described above. The motionaUy re. 
stricted component present in the 25:1 sample, ob- 
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Fi 8. 4. ESR spectra of methyl 16-doxyl-stearate at 9°C, in (A) 
DPPA; (B) DPPA/PMB 5: h (C) DPPA/PMB 25:1; (D) 
DPPA/PMB 50:1; (E) result of subtracting the sp~num of the 50: l 
sample from that of the 25 : ! sample: (F) result of subtracting the 
spectrum of the 5:1 sample from that of the 50:1 sample; ((3) 
DPPA/PMBN 5:1. All spectra shown are normafized to the same 

center peak height. 

taiued by subtraction of the spectrmn of the 50 : 1 
sample is shown in Fig. 4E. The T,,~ values of the 
mofionally restricted and more mobile components were 
similar at all PMB concentrations (Table Ill). However, 
the Tn~ value of the more mobile component (e.g. Fig. 
4F) is greater than that of pure DPPA at pH 9 (shown 
in Fig. 4A). The mobile component shown in Fig. 4F 
was obtained by subtraction of the spectrum of the 5:1 
sample from the spectrum of the 50:1 sample, and may 
still contain more than one component. However, sub- 
traction of greater amounts of the 5:1 spectrum did not 
yield a realistic appearing spectrum nor one which more 
closely resembled that of the pure fipid in Fig. 4A. 
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Subtraction of the spectra of the 10 : 1 and 25 : 1 sam- 
ples from the 50 : 1 sample also yielded a similar mobile 
spectral component to that in Fig. 4F. The mobile 
componeot present in the 10 : 1 and 25 : 1 spectra was 
also sinfilar. Thus, the unbound lipid in tae samples 
with PMB is more ordered than the pure lipid. This may 
be a result of differences in the content of singly and 
doubl,e ionized species of DPPA in the presence and 
absence of PMB at this pH. 

The spectral resolution allowed determination of the 
percentage motionally restricted probe and interdig- 
itated lipid, shown in Table IV. The results confirm that 
at pH 9 much more DPI:'A is interdigitated than at pH 
6 or than for DPPG at pH 7.4. At  non-saturating PMB 
concentrations considerably more lipid than that which 
is PMB-bound is interdigitated. At a 1 0 : l  mole ratio 
the amount of PMB-unbound DPPA which can be 
incorporated into and become interdigitated in the in- 
terdigitated bilayer of PMB-bound lipid is 35 mol%. In 
order to determine the contribution of the difference in 
the spin labels used and the effect of pH on PMB itself 
to the difference between DPPG at pH 7.4 and DPPA 
at pH 9, the percentage interdigitated lipid in DPPG- 
PMB samples at pH 9 was also determined using methyl 
16-doxyl-stearate. The results shown in Table IV indi- 
cate that the percentage interdigitated DPPG at pH 9 is 
similar to that at pH 7.4 except at the lowest concentra- 
tion studied, where it is greater at pH 9. 

Effect of  P M B N  on DPPG and DPPA 
We reported previously that the complex of PMBN 

with DPPG results in motional restriction of 16-doxyl- 
stearic acid, indicating that it also causes interdigitation 
at low temperatures. The effect of different concentra- 
tions of PMBN on the amount of DPPO induced to 
interdigitate was studied for further cemparison of its 
ability to induce interdigitation with that of PMB. Spec- 
tra of 16-S-SL in DPPG-PMBN at mole ratios of 5 : 1, 
10 : 1, and 25 : 1 are shown in Fig. 5A-C.  The spectrum 
of the 50 : 1 sample resembled that of the 25 : 1 sample. 
Comparison with spectra of DPPC~-PMB at si.,:ailar 
mole ratios in Fig. 2 A - C  clearly indicate that there is 
less motionally restricted component present in the 
spectra of the DPPG-PMBN samples than in the 
DPPG-PMB samples, even at a 5 : 1 ratio. This is con- 
firmed by resolution of the spectra into motioaally 
restricted and mobile components and quantitation of 
the fraction of the spin label contributing to each. The 
motionall~' restricted and more mobile components pre- 
sent in the 5 : 1 and 10 : 1 spectra, obtained by subtrac- 
tion of these spectra from each other, are shown in Fig. 
5D, E, respectively, and are similar to the motionally 
restricted and mobile components found in the DPPG- 
PMB samples. 

The percentage interdigitated lipid (equivalent to the 
percentage motionally restricted probe) in PMBN- 

Fig. 5. ESR spectra of lr-doxyl-~teaJic acid at 9°C and pH 7.4 in (A) 
DPP(3/PMBN 5:1; (B) DPI~G/D,,,'BN 10~l; (C) DPPG/PMBN 
25 : l ; (D) result of subtracting the spectrum of the l0:1 sample from 
that of the 5 : 1 sample; and (E) result of subtracting the spectrum of 
the 5:1 sample from that of the 10:l sample. All spectra shown are 

no,,malized to the sam~ center peak height. 

DPPG complexes at  different concentrations of PMBN 
is compared to that for PMB in Table lV and indicates 
that PMBN does not cause as much fipid to become 
interdigitated as PMB. Indeed in the case of the 25 : 1 
complex, although two components were present in the 
spectrum, the Tm~, values of both were well below those 
of the motionally re3tricted components of the 5 : 1 or 
10:1  complexes (Table III), suggesting that neither 
component in the 25:1  complex results from interdig- 
itated lipid. However, if it is assumed that the compo- 
nent with Tm~ value of 26.2 (3 in the 25 : 1 complex is 
caused by interdigitated lipid, then the maximum 
amount of this phase could be only 15~ (the percent of 
the probe giving this component). In any case, the 
percentage of interdigitated DPPG in the PMBN com- 



Fig. 6. ESR spectra of 16-doxyl-stearic acid at 90C, pH 6 in (A) 
DPPA/PMBN 5:1; (13) DPPA/PMBN 10:1; (C) DPPA/PMBN 
25:1; (D) the result of subtracting the spectrum of the 25:1 sample 
from that of the 5 : 1 sample. All spectra shown are normalized to the 

same center peak height. 

plexes is considerably less than the percentage of 
PMBN-botmd lipid even at  a 5 : 1 ratio. 

The spectrum of methyl  16-doxyl-stearate m 
PMBN-DPPA at pH 9 is shown in Fig. 4G. The Tma x 
value is 30.8 G (Table III) indicating that PMBN also 
causes interdigitation of DPPA at pH 9. Spectral resolu- 
tion indicates that the proportion of DPPA induced to 
interdigltate at  pH 9 is a tittle less than that with PMB 
but  considerably more than for DPPG (Table IV'). 

The complex of PMBN with DPPG or DPPA has 
only a single gel to liquid crystalline phase transition at  
all  pH values. In the case of DPPG or DPPA at pH 9, 
its temperature is similar or a little higher than that of 
peak 2 of the PMB complex [7]. In contrast, at  pH 6 its 
temperature for the PMBNoDPPA complex is 55°C  
(Fig. lk) ,  6 C ° higher than for the PMB complex in this 
pH range (Fig. li).  The spectra of 16-doxyl-stearic acid 
in complexes of PMBN with DPPA at pH 6 at 9 ° C  are 
shown in Fig. 6A-C.  The apparent Tm~ value of the 
unresolved spectrum of the 5 : 1  complex (Fig. 6A) is 
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24.5 G, considerably less than for this complex at pH 9 
or the PMB-DPPA complex at pH 6, indicating that 
much less of the spin label is motionally restricted by 
PMBN at pH 6. The spectra at lower concentrations of 
PMBN resemble that of the pure lipid (Fig. 3A). Thus 
visual inspection of the spectra and comparisoa with 
those of DPPA-PMB at pH 6 (Fig. 3B, C) clearly 
indicate that at 5 :1  and 10:1 ratios less DPPA is 
interdigitated with PMBN than with PMB at pH 6. 
Subtraction of the spectrum of the 25 : 1 complex (Fig. 
6C) from that of the 5 :1  complex (Fig. 6A) gave the 
spectrum shown in Fig. 6D. This spectrum is indicative 
of exchange broadening and is still mnlticomponent, 
but has a component with a T ~  value of at least 27.2 
G. This may be sufficient motional restriction to indi- 
cate the presence of an interdigitated domain. If this 
motional restriction is indeed caused by an interdig- 
itated domain, quantitation of the amount of spin label 
~ivin_o thig gpectral component indicates that the maxi- 
mum size of this domain is 59% of the total lipid. Tiffs is 
probably an over-estimate because of the presence of 
another more mobile component in Fig. 6D. Resolution 
of the spectrum of ~he 10:1 complex also gave two 
components (not shown), one typical of the pure lipid, 
the other with a Tm~ value of only 26.2 G (Table III). 
This is less likely to he sufficient motional restriction to 
result from interdigitation than that m Fig. 6D. If it 
does result from interdigitadon, however, the maximum 
amount of interdigitated lipid is 235g of the total lipid. 
These maximal values for % interdigitated lipid are less 
than those found for PMB at 5 : 1  and 10:1 ra t ios  
Therefore, PMBN is less effective at  inducing interdig- 
itation of DPPA at pH 6 than PMB. No component 
other than that of the pure lipid could be detected at 
lower concentrations of PMBN similar to results found 
with PMB. 

Effect of increase in temperature 
We reported earlier that the apparent Tnu ~ value of 

the complexes of DPPG with PMB and PMBN ap- 
proaches that of the pure lipid with increase in tempera- 
ture as the phase transition tempelature is approached, 
suggesting that these drugs do not maintain complete 
interdigitation up to the gel to liquid crystalline phase 
transition [7]. This contrasts with the effect of glycerol, 
another amphipathic substance which induces interdig- 
itation [26]; it maintains motional restriction up to the 
phase transition temperature [4]. We showed that the 
temperature at which the T=~ value decreases is lower 
for the PMBN comlflex than for PMB suggesting that 
PMBN does not maintain int~digltat ion at higher tem- 
peratures as effectively as PIvIB [7]. In this study we 
resolve the spectra to confirm that this drop in T,,~ 
value is caused mainly by a decrease, in the percentage 
of the lipid which is interdigitated and only partly by a 
decrease in file Tma x value of the spin label in the 
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Fig. 7. (AmD) ESR spectra of 16-doxyl-stcarlc acid at 29°C, pH 7.4 
in (A) DPPG/PMB 5:1; (B) DPPG/PMBN 5:1; (C) the result of 
subtracting the spectrum of the PMBN sample from that of the PMB 
sample; (D) the result of subtracting the spectrum of the PMB sample 
from that of the PMBN sample. (E-G) ESR. spectra at 29°C of 
16-doxyl-stearic ac:Ld at pH 6 in (E) DPPA/PMB 5:1; (F) 
DPPA/PMBN 5 : 1; (C}) the result of subtracting the spectrum of the 
PMBN sample from that of the PMB sample. All spectra shown are 

normalized to the same center peak height. 

interdigitated bilayer at higher temperatures. The spec- 
t ra  of 16-doxyl-stearic acid in the 1 : 5  complexes of  
PMB-DPPG and  P M B N - D P P G  at  2 9 ° C  are shown in 
Fig. 7A and  B, respectively. Substraction of the spectra 
in A and B from each other ~ves  the motionally re- 
stricted and  mobile components  shown in Fig. 7C and  
D, respectively. The Tm~ value of the motionally re- 
stricted component  is 27.7 G which is similar to that  
which was found in the mterdigltated bilayer of DPPC 
in the presence of  glycerol at  this temperature [4]. The 

Tm~ value of the mobile component  is 22.2 G,  similar 
to that  of the pure  lipid at  this temperature. The results 
indicate that  the PMB sample is still 647o interdigitated 
at this temperature while the PMBN sample is only 387o 
interdigitated. This result confirms that  much more 
D P P G  remains interdigitated at  higher temperatures in 
the PMB sample than in the PMBN sample. 

At  2 9 ° C ,  spectra of the 1 : 5  PMB-DPPA and  
PMBN-DPPA complexes at  p H  6 indicate that  a mo- 
tionally restricted component  is still present for  the 

f o r m e r  but  is not  apparen t  for the latter (Fig. 7E and  
F). Subtract ion of  the spectrum in Fig. 7F  f rom than in 
E gives the motionaliy restricted component  shown in 
Fig. 7G with Tm~ value of 28.1 G.  i f  it is assumed that  
the PMBN sample is not  at  all interdigimted at  this 
temperature,  then the PMB sample is still 63% interdig- 
i tated at  2 9 ° C ,  not  much less than at  9 ° C .  At  higher 
temperatures,  however, the percent  interdigitated lipid 
in the PMB-DPPA sample decreases as found for DPPG.  

Discussion 

If  a fipid which tends to be interdigltated is mixed 
with a lipid which normaly  tends to be non-interdig- 
itated, the bilayer may  not  be stable if both  interdig- 
i tated and  non-interdigitated domains  remain in the 
same bilayer, part icular ly if there are many  small do- 
mains of  each type. This would result in exposure of  
port ions of  the acyl chains to water.  One of three events 
is likely to occur  as shown in Fig. 8. (i) The presence of 
the interdigitated fipid influences some of the other  
lipid to also become interdigitated in order  to remain in 
the same bilayer domain  (Fig. 8a). O r  (ii) the presence 
of the non-interdigitated lipid influences some of the 
other  lipid to also become non-interdigitated (Fig. 8b). 
Or  (iii) the interdigitated lipid and  the non-interdig- 

T PMB-bound ~ (~JPJ}~ (¢) 

Fig. 8. Diagrammatic representation of chang,~ in bilayer organiza- 
tion of symmetric 2-chain fipids (only I chain is shown for simplicity) 
which may occur following mixing of a fipid which, by itself, tends to 
form an interdigitated bilayer (PMB-bound lipid, open headgroups) 
with a lipid which, by itself, tends to form a non.imerdigitated bilayer 
(unbound lipid, closed headgroups). Either (a) the unbound lipid 
intordigitates alon 8 with the PMB-bound lipid; or (b) the bound lipid 
becomes non-interdigitated along with the unbound lipid; or (c) the 

two lipids become phase separated into their own bilayer structures. 



itated lipid phase separate into distinct large domains or 
into separate bilayer structures (Fig. 8c). Which of these 
events occurs will depend on the strength of the forces 
stabilizing the non-interdigitated and the interdigitated 
bilayers. In this study we have attempted to investigate 
these forces using PMB-bound lipid as the interdig- 
itated lipid, and unbound lipid, either DPPG or DPPA, 
as the non-interdigitated lipid. In the following study 
we use phosphatidyleholine as the non-interdigitated 
lipid [27]. lnterdigitation of the unbound lipid should be 
stabilized by increasing repulsive negative charge of the 
lipid since the surface charge density is lower in the 
interdigitated bilayer. Formation of a non-intesdigitated 
bilayer by the unbound lipid, on the other hand, should 
be stabilized by participation of the lipid in lateral 
interlipid hydrogen bonding or by ~ther mean~ of 
cross-linking the lipid headgroups, e.g. with divalent 
cations, since this requires closer packing of the 
lieadgroups than can occur in the interdigitated bilayer. 

We have used the motional restriction of 16-doxyl- 
stearie acid in the interdigitated bilayer as a means of 
quantitating the amount of the interdigitated lipid. We 
have shown previously that this spin label is motionally 
restricted in a number of interdigitated bilayers [4,5,7,25] 
and argue that it is very unlikely that motional restrk:- 
tion of this degree could be caused by any other mecha- 
nism in the samples studied here. PMB has been shown 
to cause interdigitation using X-ray diffraction, even in 
fipid mixtures [1,2]. Although there is a large error 
involved in resolution of the spectra and quantitation of 
the percentage of the probe which is motionally re- 
stricted, the quantitative results of the spectral resolu- 
tion are consistent with conclusions resulting from 
qualitative comparison of the spectra of different lipid- 
PMB complexes. These are that PMB induces more 
DPPG to become interdigltated than DPPA at pH 6, 
more DPPA to become interdigitated at pH 9 than at 
pH 6, and more DPPA to become interdigitated than 
DPPG at pH 9. 

Determination of the percentage interdigitated lipid 
from the percentage of the spin label which is motion- 
ally restricted requires the assumption that the spin 
label is randomly distributed in the PMB-bound and 
unbound lipid and in interdigitated and non-interdig- 
itated bilayer domains. At neutral pH, 16-doxyl-stearic 
acid is readily soluble in both interdigitated and non- 
interdigitated bilayers of DPPG and PMB-DPPG while 
at high pH, methyl 16-doxyl-stearate is readily soluble 
in DPPA and PMB-DPPA. There are no sharp peaks 
indicating spin label in the aqueous phase and no 
indication of exchange broadening in these samples. 
The spin label transferred from the. surface of a glass 
tube 25% less into interdigitated DPPG-PMB vesicles 
than into non-interdigitated DPPG vesicles. This rela- 
tively small offferance is not necessarily due to a solubil- 
ity difference of the probe in interdit~itated and non-in- 
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terdigitated bilayers, however. It may be caused by 
other factors such as a greater exposed surface area of 
the DPPG vesicles relative to the DPPG-PMB vesicles, 
which form a highly aggregated multilayered complex. 
Under the conditions of the measurement of the spectra 
of the DPPG-PM,I complexes at varying concentrations 
of PMB, where the spin label is present initially in all of 
the lipid, it seems unlikely that the small solubility 
difference observed from the transfer experiment, would 
cause the probe to preferentially distribute to the non- 
interdigitated domains. If it does, however, then the 
results of the spectral resolution may underestimate the 
amount of interdigitated lipid for DPPG-PMB samples. 

The spin labels are not as soluble in DPPA at neutral 
pH because of the intermolecular hydrogen bonding 
interactions and possible closer packing of this lipid. 
Thi~ leads to a lower order parameter than expected for 
this lipid and freezing out of some spin label into ~he 
aqueous phase or into domains, causing some degree of 
exchange broadening of the spectrum. The spin labels 
are more soluble in the PMB-DPPA complex, however, 
as a result of the weakening of the interlipid hydrogen 
bonding interactions after binding of PMB. At non- 
saturating concentrations of PMB, this lower solubility 
of the probe in unbound DPPA would, if anything, lead 
to its preferential distribution in the interdigitated 
PMB-DPPA bilayer at the expense of unbound DPPA 
and an overestimation of the amount of interdigitated 
bilayer for this sample. Since the results indicate that 
DPPA is less interdigitated at pH 6 than DPPG, non- 
random distribution of the probe in these samples can- 
not be the eause of the larger value for the ~ inter- 
digitated lipid in DPPG or DPPA at pH 9 relative to 
DPPA at pH 6. 

The quantitative results of the spectral resolution 
further indicate that PMB can induce significantly more 
DPPG and DPPA (at pH 9) to interdigitate than that to 
which it can bind maximally (model a in Fig. 8). X-ray 
diffraction results showed that at a 10:1 mole ratio of 
PMB to DPPG, where 50 tool% of the lipid is not 
bound to PMB, both non-interdigitated and inter- 
digitated lipid are present [1]. However, the relative 
amounts of lipid in the two phases was not determined. 
Incorporation of significant amounts of other normally 
non-interdigitating lipids into an interdigitated bilayer 
formed by a different lipid has bean reported in other 
studies. Using X-ray diffraction, Thcretz et al [2] showed 
that 50 mol~ dimyristoylphosphatidyleholine can be 
incorporated into an interdigitated bilayer of PMB- 
DPPG. Lohner ¢t al. [14] and Kim et al. [15] showed 
that 30-50 tool% of the normally non-interdigitating 
dipalmitoylphosphatidylchoHne can be incorporated 
into an interdigitated bilayer of dihexadecylphosphati- 
dyleholine. Phase diagrams determined by DSC of mix- 
tures of distearoylphosphatidylcholine with the a~vm- 
metric 1-stearoy~-2-caproyl-phosphatidylcholine sug- 
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gested that some DSPC could be incorporated into the 
mixed interdigitated bilayer formed by the latter [28]. 

The fact that unbound lipid can be incorporated into 
the interdigitated bilayer of PMB-bound lipid indicates 
that if the two lipids are present together in the same 
bilayer structure, it takes less energy for the unbound 
lipid to interdigitate, even though this may result in 
some exposure of the hydrophobic termi~.al methyl 
groups of its acyl chains to the aqueous phase, than for 
the PMB-bound lipid to be noninterdigitated, since this 
would decrease the van der Waals interactions between 
the aeyl chains. The repulsive negative charge on the 
unbound DPPG may help stabilize its interdigitation. 
However, most of the unbound lipid becomes phase 
separated into its own non-interdigitated domain as in 
Fig. 8c. Sucrose density gradient eentrifugation at non- 
saturating concentrations of PMB indicated that phase 
separation of DPFG vesicles containing high concentra- 
tions of PMB from vesicles containing low concentra- 
tions of PMB occurs suggesting that some macroscopic 
separation of the interdigitated and non-interdigitated 
domains into different bilayer structures occurs. How- 
ever, interdigitated, PMB-bound lipid can not be com- 
pletely purified from non-interdigitated, PMB-unbound 
lipid using this technique since bilayers of one type can 
become entrapped within vesicles consisting of bilayers 
of the other type. Babin and Pezolet [23] have also 
detected macroscopic phase separation of PMB-bound 
and unbound lipid into separate bilayers under some 
conditions. 

The ability of PMB to cause interdigitation of DPPA 
has not been thoroughly studied previously. Theretz et 
ai. [2] have referred to unpublished X-ray diffraction 
results indicating that PMB does not cause interdigita- 
tion of DPPA. However, no expecimental details were 
given. Mushayakarara and Levin [16] found that at pH 
8 and a 1:10 mole ratio of PMB to dimyristoyl- 
phosphatidic acid, Raman spectra suggested that the 
brayer was not interdigitated. The spin label results 
indicate that at pH values below 9, only some of the 
DPPA is iuterdigitated even at saturating concentra- 
tions of PMB, and the amount which is interdigitated 
decreases greatly at lower concentrations. Thus the 
presence of unbound DPPA inhibits even the PMB- 
bound lipid from forming an interdigitated bilayer, as 
in model b in Fig. 8. DSC studies indicated that the 
unbound DPPA phase separates into its own non-inter- 
digitated domain. However, sucrose density ceutrifuga- 
tion did not reveal whether phase separation into sep- 
arate structures occurs. 

We attribute this greater tendency of DPPA to be 
non-interdigitated at pH values below 9, to its ability to 
interact intermolecularly by lateral hydrogen bonding 
between P-O- and P-OH groups of neighboring lipid 
molecules when tile state of dissociation of PA is less 
than 1.5 [6,19-21]. Lateral inter-lipid hydrogen bonding 

cannot occur in an interdigitated bilayer because of the 
greater lateral separation of the fipid headgroups and 
thus these interactions favor the non-interdigitated bi- 
layer. PMB weakens interlipid hydrogen bonding of the 
lipid molecules to which it is bound electrostatically, 
however, since protons from the protonated amino 
groups of the peptide hydrogen bond with the hydrogen 
accepting P-O- of the livid instead. Thus the PMB- 
bound lipid can form an interdigitated bilayer if it can 
phase separate away from the unbound non-interdig- 
itated lipid. This is more likely to occur at high con- 
centrations of PMB than at low. The fact that the 
presence of PMB-unbound DPPA can inhibit interdig- 
Ration of PMB-bound DPPA, in contrast to results with 
DPPG (or DPPA at pH 9), indicates that it takes more 
energy to break the interlipid hydrogen bonds of the 
unbound DPPA than for the PMB-bound fipid to form 
a non-interdigitated bilayer. 

Rowe [22] found that in mixtures of dipalmitoyi- 
phosphatidylcholine with the hydrogen bonding lipid, 
dilauroyip::osphatidylethanolamine, when interdigita- 
tion of the PC was induced with ethanol, the PE phase 
separated into a non-interdigitated domain. This could 
also be caused by the intvrmolecular hydrogen bonding 
of PE. Alternatively, it might be caused by the large 
chain length difference between the species of PE and 
PC used. The present study shows that even when the 
fatty acid chain lengths of the hydrogen bonding lipid 
(PMB-unbonnd PA) and non-hydrogen bonding lipid 
(PMB-bound PA) arc identical, the hydrogen bonding 
species does not become incorporated into an interdig- 
itated bilayer to a sisnificant extent, but phase separates 
into its own domain. 

At pH 9, DPPA behaves more like DPPG than at 
lower pH values. Indeed, PMB and PMBN cause even 
more unbound DPPA to become interdisitated at pH 9 
than found for DPPG. When PMB binds to DPPA at 
pH 9, close to the pK 2 of the lipid, it probably causes 
further dissocia'-ion of prot6ns, so that most of the lipid 
is doubly ionized. This is suggested by the fact that the 
phase transition temperature decreases from its value at 
pH 6 and is even a little lower than that of the PMB- 
DPPG complex at the same pH. Increasing dissociation 
weakens the inter-llpid hydrogen bonding interactions 
[6,19,20]. This allows a greater percentage of unbound 
DPPA to become interdigitated at nonsaturating con- 
centrations of PMB at pH 9 than at lower pH, and even 
more than for DPPG at pH 7.4. 

The greater amount of unbound DPPA which can be 
incorporated into the interdigitated bi]ayer of PMB- 
and PMBN-bound DPPA at pH 9 relative to DPPG at 
pH 7.4 could be caused by (i) partial deprotonatiun of 
the peptides at pH 9 [13] and/or by (ii) the greater 
negative charge of DPPA at this pH. At, increase in pH 
also increases the amount of DPPG induced to interdig- 
itate but not as much as for DPPA, suggesting that both 



factors contribute. Partial deprotonation of the peptides 
would increase their hydrophobieity .and their ability to 
induce lateral expansion of the lipids, resulting in their 
interdigitation. The fact that PMB decreases the phaze 
transition temperature of DPPG mo:e at pH 9 than at 
pH 7.4 suggests this may occur. In addition, partial 
deprotonation may decrease the ability of the peptides 
to cause phase separation of bound z, ad unbound lipid. 
If phase separation does not occur as readily, interdig- 
itation of the unbound lipid is favored for non-hydro- 
gen bonding lipids. With regard to the second factor, an 
increase of the negative charge of a lipid will also 
increase its tendency to become incorporated into an 
interdigitated bilayer, since this will allow the negatively 
charged head~oups  to be separated while maintaining 
close interactions between the acyl chains. 

Qualitative comparison of the spectra of the PMBN 
samples, as well as the ql,antitative results of the spec- 
tral resolution also indicate that PMBN causes less lipid 
to be interdigitated than PMB for both DPPG and 
DPPA. Indeed, PMBN may not induce interdigitation 
of DPPA at pH 6 at all. The motional restriction of the 
spin label observed in these samples at pH 6 was not 
large enough to be able to conclude that an interdig- 
itated bilayer domain was present. PMBN also did not 
maintain interdigitation of DPPG or DPPA (pH 9) to 
as high a temperature as PMB. This difference may be 
due to the smaller perturbing effect of PMBN on the 
bilayer as reflected in its effect on the lipid phase 
tra.nsition temperature. 

The lower of the two transitions found for DPPG 
and DPPA at pH 9 has been attributed to hydropbobic 
interactions with PMB, while the upper temperature 
transition has been attributed to the combination of 
hydrophobic plus electrostatic interactions [12]. The 
fact that PMBN results in only the upper temperature 
transition with these ~pids supports this hypothesis. 
The fact that interaction of PMB with DPPA at pH 6 
results in only a single transition in contrast to the 
double transition found at pH 9 or w~.th DPPG, sug- 
gests that PMB interacts with DPPA by the combina- 
tion of hydrophobic and electrostatic interactions at this 
pH, and not just  hydrophobic interactions. The higher 
temperature of this transition, compared to DPPG or 
DPPA at pH 9 suggests that some interlipid hydrogen 
bonding must still occur for the DPPA samples causing 
resistance to the bilayer perturbing effects due to the 
hydrophobic interaction of PMB. Breaking or weaken- 
ing of these hydrogen bonds in the liquid crystalline 
phase m a j  allow greater perturbation of the bilayer by 
PMB and results in the hysteresis observed between 
heating and cooling scans for the DPPA samples. 

The transition temperature of the PMBN-DPPA 
complex at these pH values is even higher than for 
PMB, indicating stronger hydrogen-bonding interac- 
tions for the former. There is also !ess hysteresis be- 
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tween heating and cooling scans. Thus even after inter- 
acting with the liquid crystalline phase, PMBN does not 
perturb the lipid as much as PMB. This indicates a 
decreased ability of PMBN to cause lateral separation 
of the lipids and may be the reason why PMBN main- 
tains the into;digitated bilayer less well than PMB. The 
difference between the abilities of PMBN and PMB to 
lower the lil,id phase transition temperature and to 
maintain interdigitation is greater for the hydrogen 
bonding DPPA (pH 6) than DPPG. Thus for lipids 
which can interact intermoleeularly by hydrogen bond- 
ing, PMB has a significantly greater ability to perturb 
the lipid a n d / o r  to cause interdigitation than PMBN. 
Along with other differences in behavior reported earlier 
[7], this may help account for its greater bactericidal 
effects on Gram-negative bacteria, which contain PG as 
well as the hydrogen bonding lipid, PE. 

Conclusion 

Quantitation of the amount of interdigltated lipid in 
mixtures of a lipid which tends to be interdigitated and 
a lipid which tends to be non-interdigitated has allowed 
us to determine several factors which influence the 
ability of both lipids to form an interdigitated bilayer. 
(i) The presence of art interdigltated domain of a lipid 
promotes interdigitation of another lipid if the latter has 
a repulsive negative charge. (ii) Inlerlipid hydrogen 
bonding of one of the liptds inhibits its formation of an 
interdigitated bilayer and also inhibits formation of an 
interdigitated bilayer by the other lipid. (iii) Increased 
negative charge favors formation of an interdigltated 
bilayer. 
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