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A fatty acid spin label, 16-doxyl-stearic acid, was used to detcrmine the percent interdigitated lipid in mixtures of a
neutral phospholipid and an acidic phospholipid. Interdigitation of the acidic lipid was induced with polymyxin B (PMB)
at a mole ratio of PMB to acidic lipid of 1:5. This compound Gues nor bind significantly to neutral lipids or induce
interdigitation of the neutral lipids by themselves. The neut: ! |ip|ds used were dimyristcylphosphatidylcholine (DMPC),
dipalmitoylphosphatidylcholine (DPPC), or dip tamine (DPPE), and the acidic lipids were
dipalmitoylphosphatidylglycerol (DPPG) or dipalmitoylphosphatidic acid (DPPA). The percent interdigitated lipid was
delemmedlmdlepercmtof&espinhbelwhlchls i ing that the spin label is
ibuted in the lipid. A ing further that 100% of the acidic lipid is interdigitated 2t this saturating

of PMB, the of the neutral lipid which can become interdigitaied along with it was calculated.
Themdlsindmtemmmm%l)l’l’c«nbemcorpon!edintoannbeeonemlenhglmedmthe
nuerdigimed bilayer of I’MB/DFPG at 4°C. As the temperature approackes the phase transition empersture, the

gr ly less i itated; this occurs to a greater degree for the mixtures than for the single acidic
llyid.'l‘lmsﬂle, oI'DPPC, fe ion of the acidic lipid to a non-interdigitated bilayer at higher
p At the of the lipid phase transition little oz none of the lipid in the mixture is interdigitated.

‘Thus the lipid phase transition detected by calorimetry is not that of the interdigitaiod bilayer. The shorter chain length
DMPC can be incorporated to a greater extent than DPPC, 30-50 mol%, in the intzrdigitated bilayer of PMB-DPPG.
'l'hismybealmitoluthced‘exp.ssmef!heteminalmahylgrmnpsofﬂxesbomruyriswylchinsnthe

face of the i itated bilayer. Less than 29% of the total lipid was interdigitated n a
DPPC/DPPA /PMB 1:1: Mmb&mmdkﬂingthtmof&eDPPCmﬂnsmmmbewmesmwm
is attributed to the lateral interlipid hyd: ions of DPPA which inhibits formation of an
intel‘digitatedhillyer.DPPEmfumd(obe’ d inio the interdigitated bilayer of PMB-DPPG to a similar
extent as DPPC if the amount of PMB added is sufficient to bind to only the DPPG in the mixture. Differential
scanning calorimetry showed that the itated LPPE-enriched mixture phase separates into its own
domain. However, if enough PMB is added to bind to both the DI 2E and the DPPG, the a:nount of DPPE which is
interdigitated increases. Mixing of DPPE with other lipids apparently allows PMB to bind to DPPE and directly induce
interdigitation of a portion ¢f it. Polymyxin B nonapeptide did nct canse irterdigitation of DMPC or DPPE in mixtures
with DPPG as well as PMB did.

* Present address: Physics Teaching and Research Section, Department cf Basic Courses, Huwzhong Agricultural University, Wuhan, Hubei
Province, People’s Republic of China.
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Introduction

The antibiotic polymyxin B (PMB) has been shown
by X-ray diffraction to induce interdigitation of acidic
phospholipids, to which it binds in a 1:5 mole ratio of
PMSB to lipid [1.2]. In the preceding paper 31, we used
spin labels to esti the p
hpld at nonsaluraung concemrauons of PMB added to

1 hatidylgl i (DPPG) and di-
palnmoylphosphaudxc acxd (DPPA). Long chain spin
labels with the nitroxide group near the terminal methyl
of the chain become motionally restncted in lhe mter-
digitated bilayer [4—7). The p of

also showed that 30-50 mol% of the normally non-in-
terdigitating DPPC can be incorporated into an inter-
digitated bilayer of the dialkyl form of PC, dihexade-
cylphosphatidylcholine [8,9]). However, only 11 mol% of
the hydrogen bonding lipid dilauroylphosphatidyl-
ethanolamine can be incorporated into the interdig-
itated bilayer »f DPPC when interdigitation is induced
with ethanol, . substance which does not cause interdig-
itation of pure PE [10,11].

Materials and Methods

lipid can be estimated from the percentage of the spin
label which is motionally restricted. assuming that it is
evenly distributed in the interdigitated ard non-inter-
digitated domains. We showed that signifi

Dipalmitoylphosphatidylgl. 1 (DPPG) was from
Calbiochem, La Jolla, CA, and dipalmitoylphosphatidic
acid (DPPA) was from Avanti Polar Lipids, Birming-
ham, AL Dlmynstoy]phosphaudylchohne (DMPC) and

of PMB-unbound lipid can be incorporated into the
interdigitated bilayer of PMB-bound lipid provided that
the acidic lipid, such as DPPG does not pamcxpate in
lateral interlipid & g g [3). 1f
the lipid can pamcnpate in these interactions, as is the
case for DPPA at neutral pH, unbound lipid becomes
phase sef d from the interdigitated PMB-bound
lipid into its own domain of non-interdigitated bilayer,
where interlipid hydrogen bonding czn take place.

In the present paper we similarly use the spin Jabel
16-doxyl-stearic acid to determine whether a lipid which
does not bind to PMB, phosphatidylcholine (FC), can
be incorporated into the interdigitated bilayer of the
complexes of PMB with the acidic phospholipids, di-

idylgly 1 (DPPG) and di-
palnntoylphosphaudxc acid (DPPA). We also investigate
the effect of the chain length of the PC on its ability to
beoomc mterdngltaled with the DPPG, using du'nyns-

holi (DPPC) were from
Slgma Chemical. Dipalmitoylph
(DPPE) was from Fluka. Polymyxin B sulfate was from
Burroughs Welicome, Inc., Kirkland, Quebec, Canada.
Polymyxin B Nonapeptide (PMBN) was prepared as
described previously [7] and was 47% pure peptide and
53% NaCl. The fatty acid spin label, 16-doxyl-stearic
acid was from Syva, Palo Alto, CA.

Spin-labeled (16-doxyl-stearic acid) complexes of
PMB with DMPC/DPPG and DPPC/DPPG mixtures
at pH 74, and with DPPE/DPPG and DPPC/DPPA
mixtures at pH 6 were prepared and studied by electron
spin (ESR) sp y and differential
scanning calorimetry (DSC) as described in the preced-
ing paper [3]. Some samples were also prepared by
dissolving the lipids and PMB together in benzene,
freezing the benzene solution and lyophilizing the be-
nzene [20]. Similar results were obtained as when the

les were d by porati hloroform/

idylcholine (DMPC) and di

thanol sol of the Before

phaudylcholme (DPPC). A similar study was carried
out using mixtures of DPPG with dipalmitoylphospha-
tidylethanolamine (DFPE) at pH 6, with the initial
assumption that PMB does not bind to DPPE. PMB has
no effect on pure DPPE at this pH, supporting this
assumption, However, we found thax PMB causes a
greater percentage of the lipid to become interdigitated
in DPPG/DPPE mixtures than in DPPG/DPPC mix-
tures, if enough PMB is added to saturate both the
DPPE and the DPPG. This suggests that it binds to
DPPE when mixed with other lipids, although not to
pure DPPE at this pH.

Other groups have also investigated the ability of
dissimilar lipids to be incorporated into an interdig-
itated bilayer. An X-ray diffraction study showed that
at an equimolar ratio of DMPC to DPPG, 50 mol%
DMPC can be incorporated into the interdigitated bi-
layer of PMB/DPPG [2). However, higher concentra-
tions of DMPC were not studied, nor was the effect of
the chain length of the PC. X-ray diffraction studies

ESR spectra the samples were first heated to a tempera-
ture above their phase transition temperatures. The

chosen for of most of the
spectra was 4°C, lower than in the preceding paper,
because of the lower transition temperature of DMPC.
At this temperature, the probe in the lipids in the
absence of PMB was a little more motionally restricted
than at 9°C, so that the contribution of non-interdig-
itated lipid to the spectra of the samples containing
PMB was not as obvious on visual inspection of the
spectra as at 9°C. However, it was still possible to
resolve the spectra into a motionally restricted compo-
nent with T, value of 29-31 G, characteristic of an
interdigitated bllayer, and a more mobile component,
characteristic of the pure hp:d m:xture Addition of the
mobile and ionally by vary-
ing the mole fraction of each, FX and FY, in incre-
ments of 0.05 as described in the preceding paper {3]
showed that all the result spectra obtained were clearly
different from each other.




The percent PC or PE which becomes interdigitated
was determined as the ratio of Fpfpe to the mole
fraction of PC or PE in the mixture, multiplied by 100,
where Fptpg is the contribution of PC or PE to lhe
mole fraction of the total lipid which is i gil
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TABLE 1

Effect of PMB and PMBN on the phase transition temperatures of
mixtures of DPPG or DPPA with phosphatidylcholine containing
palmitoyl or myristoy! chains *

The latter is given by Fpepp = F¥ — F; where Fpj is
the contribution of the DPPG-PMB to the mole frac-
tion of the total lipid which is interdigitated and is
assumed to be equal to the mole fraction of DPPG-PMB
in the mixture, The mol% PE or PC which becomes
interdigitated and incorporated into the interdigitated
bilayer of the DPPG/PMB was determined as the ratic
of Fprpe to FY, multiplied by 100, where FY is the
mole fraction of the total lipid which is interdigitated
and d ined as described in the p ding paper [3).

Results

Mixtures of DPPG-PMB with DPPC or DMPC

DPPG is ideally miscible with DPPC [22] and gives a
single sharp transition at an equimolar ratio as shown in
Fig. 1b. It is nearly ideally miscible witth DMPC and at
an equimolar ratio gives a somewhat broader gel to
liquid crystalline phase transition at a temperature about

ENDOTHERMIG samm—tn-
o
g N

TEMPERATURE Q)

Fig. 1. DSC heating thermograms of (a) DPPC; (b) DPPG/
DPPC/PMB 1:1:9; (c) DPPG/DPPC/PMB 1: ; (d) DPPG/
DPPC/PMB 1:2:0.2; (¢) DPPG/DPPC/PMB 1:4:0.2; (f) DMPC;
(g) DPPG/DMPC/PMB 1:1:0; (h) DPPG/DMPC/PMB 1:1:02;
(i) DPPG/DMPC/PMBN 1:1:02 (dashed line); (i) DPPG/
DMPC/PMB 1:4:0; (k) DPPG/DMPC/PMB 1:4:0.2. For a scan
of DPPG s:e the preceding paper [3] (Fig. 1a). All samples at pH 7.4,
heated at 10 C°/min. Sensitivity settings in mcal/s were (a.c.e.g-i)
0.3; (b) 0.5; (d,j) 0.8; (£,k) 1.5. Different amounts of sample were used

so the peak areas of different scans cannot be compared.

Sample (mole ratio)
DPPG/DPPC/PMB
1:0°

T.(°0)

416
2 399,414
.2 398
.2 404
.2 409
40.9
411
433
:1:02 430

PG/DMPC/PMB

1
2

T oormmmmnn

)
348
283,335
153,262
263

24.0

o
ol 9::':'—

DMPC/ PMBN
344

o

[ ]

PPC/PMB
515
454,54
&7
493

2 At a heating rate of 10 C°/min. pH 7.4 for DPPG and pH 6 for
DPPA.

®1:2:0,1:3:0, and 1:4:0 samples have similar 7, values.

“ Major peak is underlined - the tower temperature peak is probably
the premelt.

halfway in between those of the individual components
(Table I). When PMB is added to these mixtures at
DPPG/ DPPC/PMB and DPPG/ DMPC/PMB
1:1:0.2 ratios. it results in the double-peaked traasi-
tion characteristic of the 1:5 complex of PMB with
DPPG (2,3,5] (Fig. 1c and h). However, at higher con-
centrations of DPPC or DMPC, only a single peak can
be detecied as indicated in Fig. 1 and Table I. Peak 2 of
the thermogram of the DPPG/DPPC/PMB 1:1:0.2
sample could be equivalent to peak 2 of the DPPG/PMB
5:1 sample, ie. a result of hydrophobic and electro-
static interactions of PMB with the lipid mixture, or it
could be due to a domain of DPPC phase separated
from the mixture. However, its temperature is less than
that of DPPC (Tablc 1) supporting the former conclu-
sion. The of the lex of PMB
with all DPPC/DPPC rruxtures is less than those of
DPPG, DPPC, or combinations of these lipids in the
absence of PMB, suggesting that PMB does not cause
phase separation of a domain of pure DPPC from a
domain of pure DPPG-PMB, at least not at the temper-
ature of the phase transition. PMB has no effect on the
transition of DPPC at a 1:5 mole ratio.
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TABLE II
Distribution of lipid on a sucrose density gradient

Sample % lipid at different sucrose levels
(mole ratio) 0-20% 25% 0% 35%
SUCTOSE  SUCTOSe SUCTOSE SUCrose
DFPG 83 64 30 24
DPPC o6 371 19 28

DPPG/DPPC/PMB1:1:02 43 91.8 27 11
DPPG/DMPC/PMB1:1:02 23 96.5 07 06
DPPG/PMB 1:0.2 o 0 11 98.3

DPPG/DPPE/PMB 1:1
DPPG/DPPE/PMB 1
DPPG/DPPE/PMB 1 ..
DPPG/DPPE/PMB1:3:02 17 974 09 0

*® The 1:1:0.4 sample behaves similarly.

The it ip of the lex of PMB
with DPPG/DMPC is also less than or similar to that
of the lipid mixture, in contrast to results reported by
Theretz et al. [2]. The peaks are broader and the dif-
ference in transition temperatures of the two peaks for
the DPPG,/DMPC/PMB 1:1:0.2 sample (Fig. 1h) is
greater than for the sample containing DPPC (Fig. 1c).
Although the thermogram ir. Fig. 1h has a low tempera-
ture shoulder that could be due to phase separated
DMPC, there is no corresponding upward shift due to a
phase separated domain enriched in DPPG. Indeed,
peak 2 of this scan occurs at a lower temperature than
for the lipid mixture in the absence of PMB. This
suggests that PMB dozs not cause phase separation of a
DPPG-enriched domain from DMPC. Centrifugation of
the DPPG/DPPC/PMB and DPPG/DMPC/PMB
1:1:0.2 samples on a di i sucrose gradi
gave only 1 band at a density intermediate between that
for DPPC or DPPG alone and the DPPG-PMB 1:0.2
complex (Table IT). However, this does not rule out the
occurrence of macroscopic phase separation since both
DPPC or DMPC bilayers could occur trapped within
the same multilayered vesicles as DPPG/PMB bilayers.
For the DPPG/DMPC/PMB 1:4:0.2 sample no tran-
sition at a lower or higher temperature appears (Fig. 1k)
also suggesting that PMB does not cause phase sep-
aration of the DPPG from the DMPC. Addition of the
ncnapeptide of PMB (PMBN) results in only a single
transition at a simila: temperature as the lipid mixture
(Fig. 1i). This is identical to the effect of PMBN on
pure DPPG [3,5] and indicates that PMBN also does
not cause phase separation of these two lipids.

ESR spectra of 16-doxyl-stearic acid in complexes of
DPPG/DPPC/PMB at 1:1:0,1:1:0.2, and 1:4:0.2
ratios at 4°C are compared to that in DPPG/PMB at a
1:02 ratio in Fig. 2. Both spectra of the DPPG/
DPPC/PMB samples (Fig. 2B,C) contain significant

of a motionally restricted , indicat-

ing that a large percentage of the lipid is interdigitated.
In order to i the p ge of i igi

lipid, the amount of restricted p

was determined by pairwise spectral subtraction as de-
scribed in the preceding paper [3]. The results of sub-
tracting the 1:1:0.2 and 1:4:0.2 spectra (Fig. 2B and
C) from each other are shown in Fig. 2D and E, and

D
E
F

Fig. 2. ESR spectra of 16-doxyl-stearic acid at 4°C in (A)
DPPG/PMB 1 (B) DPPG/DPPC/PMB 1:1:0.2; (C) DPPG/
DPPC/PMB 1:4:0.2; (D) the result of subtracting the spectrum of
the 1:4:0.2 sample from that of the 1:1:0.2 sample; (E) the result of
subtracting the spectrum of the 1:1:0.2 sample from that of the
1:4:0.2 sample; (F) DPPG/DPPC/PMB 1:1:0. All samples are at
pH 7.4. All spectra shown are normalized to the same center peak
height for visual They were not ized before spec-
tral subtraction.




gh are not id: 1 to, the spectra of
the pure lipid mixture (Fig. 2F) and the DPPG-PMB
1:0.2 complex (Fig. 2A), ively. The T, value
of the ionally restricted p in these spectra
is 301 G. T, of the fluid component is 25.8 G in
contrast {0 26.0 G for the pure lipid mixture (Fig. 2A).
The percentage of the lipid which is interdigitated is
given in Table II and is somewhat greater than the
maximal amount of lipid which is PMB-bound, as found
for DPPG with varying concentrations of PMB [3].
Assuming that the DPPG in the mixture is 100% in-
terdigitated in all cases, and using the midpoint of the

TABLE 11T

Percentage of lipid which is interdigitated in mixtures of PC or PE with
PMB- or PMBN-DPPG complexes *

Sample Mol % Total % PCor Mol%
(mole ratio) bound inter- PEinter-  inter-
lipid®  digitated  digitated ¢ digitated
lipid ¢ PCorPE°
DPPG/DPPC/PMB
1:1:02 50 56-69 ) 19
02 3 35-41 8 13
02 25 26-38 9 2
1:4:02 20 19-31 6 20
DPPG/DMPC/PMB
1:1:02 50 72-78 50 34
1:4:02 20 41-52 32 56
DPPG/DPPE/PMB
1:1:0. 65-71 3% 2%
2 25 31-32 8 19
4 ! 77-79 56 36
1:3:08 ! 42-47 25 43
DPPC/DPPE/PMB
1:1:02 s [ 0 0
DPPG/DMPC/PMBN
1:1:02 50 55 7 7
DPPG/DPPE/PMBN
1:1:02 50 603-614 22 18
25 202-204 0 0
t 65.8-695 36 2%
! 21.8-20 © 0
* At4°Cas of 16-doxyl-stearic acid which

is motionally restricted.

® Which is maximally bound to PMB or PMBN, assuming they bind
to the acidic lipid in a 1:5 ratio.

© Percentage of the total lipid which is interdigitated.

@ Percentage of the PC or PE which is interdigitated, assuming that
100% of the DPPG is. Calculated using the midpoint of the range of
values given in the middle column.

© Mol% of PC or PE incorporated intc the interdigitated bilayer of
DPPG. Calculated using the midpoint of the range of values given
in the previous column.

! There is enough PMB or PMBN to bind to 100% of the DPPG plus
DPPE in the sample. However, it is not known how much is
actually bound.

8 There is enough PMB to bind to all the DPPE but it is not known
how much is actually bound.

Fig. 3. ESR spectra of 16-doxyl-stearic acid at 4°C in (A) DPPG/
DMPC/PMB 1:1:0.2; (B) DPPG/DMPC/PMB 1:4:0.2; (C) the
result of subtracting the spectrum of the 1:4:0.2 sample from that of
the 1:1:0.2 sample; (D) the result of subtracting the spectrum of the
1:1:0.2 sample from that of ihc 1:4:0.2 sample; (E) DPPG/
DMPC/PMB 1:1:0; (F) DPPG/DMFC/P24BN 1:1:0.2. All sam-
ples are at pH 7.4. All spectra shown are normalized to the samc
center peak height for visual i They were not ized
before spectral subtraction.

range of values givin in Table III for the percent
interdigitated lipid, the mol% DPPC interdigitated and
incorporated into the interdigitated DPPG/PMB bi-
layer was calculated (Table IH). The results show that
about 20 mol% DPPC can be incorporated into the
interdigitated PMB/DPPG bilayer at 4°C. The rest
must phase intoa i igitated domain at
this temperature.

At 29°C, the percentage of the spin label which is
motionally restricted in the DPPG/ DPPC/PMB
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1:1:0.2 sample is reduced from about 61% at 4°C to
36% in contrast to a reduction from 66% at 9°C to 56%
at 29°C for the DPPG/PMB 1:0.1 sample (data not
shown). At 34°C, the percentage of motionally re-
stricted spin label is reduced further, suggesting that
little or no lipid in the mixture is interdigitated at the
temperature of the lipid phase transition.

ESR spectra of DPPG/DMPC/PMB mixtures at
4°C are shown in Fig. 3. Qualitative comparison of the
spectra of the 1:1:0.2 and 1:4:0.2 samples (Fig. 3A,B)
with the corresponding spectra of DPPG/DPPC/PMB
mixtures in Fig. 2B,C suggests that a greater percentage
of the lipid is interdigitated in the DPPG/DMPC mix-
tures than in DPPG/DPPC mixtures. This is confirmed
by resolution of the spectra of the DPPG/DMPC/PMB
samples into a ionally restricted p (T,
value 30.2 G) (Fig. 3C) and a more mobile component
(Tnax 245 G) (Fig. 3D) similar to the spectrum of the
pure lipid mixture (Fig. 3E) (T, 24.3 G). The per-
centage of the lipid which is interdigitated in these
samples at 4°C is given in Table III and indicates that
considerably more lipid than that which is maximally
bound to PMB is interdigitated. 34-56 mol% DMPC
can be incorp d into the i digitated bilayer of
PMB-bound DPPG (Table III), in contrast to DPPC,
even though the temperature of measurement, 4°C, is
closer to the phase transition temperature of the
DPPG/DMPC mixture than the DPPG/DPPC mix-
tures.

The ability of PMBN to induce interdigitation of
DPPG/DMPC was compared with that of PMB. The
spectrum of 16-doxyl-stearic acid in DPPG/DMPC/
PMBN 1:1:0.2 at 4°C is shown in Fig. 3F and clearly
indicates that less lipid is interdigitated than in the
presence of PMB (compare to Fig. 3A). This is con-
firmed by obtaining the motionally restricted compo-
nent in the spectrum by subtracting the spectrum of the
lipid mixture (Fig. 3E) from that in Fig. 3F. The result
shown in Table III indicates that in the presence of
PMBN, very little lipid other thau that which is
PMBN-bound is mlerdlgltated Only 7 mol% DMPC
can be i d into the i itated bilayer of
PMBN-| bound DPPG (Table IH).

Mixture of DPPA-PMB with DPPC

DSC scans of DPPA/DPPC i:1 with and without
PMB (20 mol% with respect to DPPA) at pH 6, pre-
pared by lyophilization from benzene, are shown in Fig.
4. DPPA is relatively miscible with DPPC, althongh
mixing is not ideal [23). Thus an equimolar mixture has
a single broad asymmetric gel to liquid crystalline phase
transition at 57.5°C. This is a little more than halfway
between the transition temperatures of the individual
components (Fig. 4a and Table I). DPPC-enriched and
DPPA-eariched domains are present contributing to the
width of the transition. On addition of PMB the transi-
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Fig. 4. DSC heating thermograms at 10 C°/min of DPPA/
DPPC/PMB at pH 6 and at mole ratios (a) 1:1:0; (b) 1:1:0.2. Fora
scan of DPPA at pH 6 see the preceding paper [3] (Fig. 1g). Sensitiv-
ity settings in mcal/sec were 0.3 and 0.8, respectively. Different
amounts of sample were used so the peaks areas of different scans
cannot be compared.

tion narrows some and is lowered to 45.4°C with a
small should There are no
iti of pure DPPC or the
DPPA-PMB 5:1 complex (43°C and 49.3°C, respec-
tively). However, the peak in Fig. 4b is broad enough to
encompass transitions due to a DPPC-enricked domain
containing some DPPA thus raising its T;, a little, and a
DPPA-PMB-enriched domain containing some DPPC,
thus lowering its 7;,. Scanning at a slower rate (2.5
C° /min) did not resolve this broad peak into two. The
shoulder at higher temperatures may be due to some
DPPA /DPPC which is not bound to PMB.

ESR spectra of 16-doxyl-stearic acid in these samples
at 8°C are shown in Fig. 5A,B and reveal that PMB has
only a small effect on the spectrum. Subtraction of the
spectrum of the lipid mixture from that of its complex
with PMB gave the spectral component shown in Fig.
5C. This component is 29% of the spectrum of the PMB
complex, The probe giving this component is more
motionally restricted than in the pure lipid mixture; the
Tax value is 27.2 G in contrast to 22.8 G for the lipid
mixture. This is not as large a T;,, value as expected if
the lipid is interdigitated. A value of 28.4 G was ob-
tained for the DPPA-PMB 1:0.1 sample {3]. However,
it is difficult to any other hanism which
could cause this large degree of mouonal restriction. If
this p is due to a population of interdigitated
lipid, the amount of this popula(ion must be less than
29% since the spectrum in Fig 5C also contains another
more fluid component which could not be removed.
Thus less DPPA is induced to interdigitate in the pres-
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Fig. 5. ESR spectra of 16-doxyl-stearic acid at 8°C, pH 6, in (A)
DPPA/DPPC/PMB 1:1:0.2; (B) DPPA/DPPC/PMB 1:1:0; (C)
the result of subiracting the spectrum of the 1:1:0 sample from that
of the 1:1:0.2 sample. All spectra shown are normalized to the same
center peak height. They were not normalized before subtraction.

ence of DPPC than in its absence in contrast to results
found for DPPG in the presence of DPPC.

Mixtures of DPPG-PMB with DPPE

DSC scans of DPPG/DPPE 1:1, 1:2, and 1:3
mixtures at pH 6, with and without PMB are shown in
Fig. 6. Phase diagrams of DPPG/DPPE mixtures have
not been previously reported. The fact that only one
peak is seen for all three mixtures in the absence of
PMB indicates that the two lipids are relatively miscible
(Fig. 6a,c.e). Surprisingly, the transition temperature is
relatively close to that of pure DPPE (Fig. 6k), even for
the 1:1 mixture (Table IV). In contrast, the 1:1 mx-
ture, of DPPC/DPPE which are less miscible than
PG/¥> or PA/PC [24], has a broad transition with a
midpoint at a temperature ahout 7 C° lower (Fig. 6i).
The high phase transition temperature of PE has been
attributed to i Jecular hydrogen bondi
the phosphate and amine of neighboring molecules,
while the low phase transition tempemture of DPPG by
itself i that intermol gen bonding
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does not occur, even though PG has hydrogen donating
(glycerol hydroxyls) and accepting (phosphate oxygens)
groups (reviewed in Ref. 12). The high transition tem-
perature of the DPPG/DPPE mixture suggests not only
that they mix, but also that intermolecular hydrogen
bonding between PG and PE may taken place (between
the glycerol of PG and the phosphate of PE, and
between the phosphate of PG and the amine of PE).
Miving of the neutral PE with the negatively charged
PG apparently decreases charge repulsion sufficiently
that the PG can participate in hydrogen bonding with
the PE.

In the presence of PMB (20 mol% with respect to
DPPG), however, phase separation of DPPG and DPPE
occurs, at least at the temperature of the phase transi-
tion. A broad double-peaked transition at 39-41°C is
seen for all three mixtures, corresponding to the DPPG-
PMB complex (Fig. 6b.d.f). The percentage of the heat
absorhed in this double transition is 50, 28, and 24% for
the 1:1:0.2, 1:2:0.2, and 1:3:0.2 mixtures, respec-
tively, (Table IV) suggesting that only the DPPG-PMB
complex contributes to this transition. Transitions at
higher temperatures are also seen indicating the pres-
ence of DPPE-enriched domains. However, except for
the 1:3 complex, the temperatures of all of these are
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Fig. 6. DSC heating lhermograms of DPPG/DPPE/PMB at mole
ratics of (a} 1:1:0; 3

(H1:3:02 () 1:
(j) DPPC/DPPE/PMB 1:
DPPG and DPPG/PMB 1:0.2 see the preceding paper [3] (Fig. 1a.b).
All samples at pH 6 and heated at 10 C°/min. Sensitivity settings in
meal/s were (c-f.h,i) 0.3; (abgj’ 0.5: (k) 0.8. Different amounts of
sample were usec so the peak areas of different scans cannot be

compared.
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TABLE IV

Effect of PMB ard PMBN v the phase isansition temperatures of
mixtures of DPPE with DPPG or DPPC ®

% of heat observed
in transitions at
lower temperature ©

Sample (mole ratic) 7, (°C)

DPPG/DPPE,/PMB
:0 59

1:1 -
1:1:02 394,414,556 ° 50
1: 606 -
1:2 39.3,53.1, 58 28
1:3 613 -
1:3 39.3,404,54,608° 24
1:1:0 39.2,402,41.2,486° 64
1:3:0. 39.4, 40, 56, 58.7 2
0:1 655 -
1:0:02 398,415 100

DPPC/DPPE/PMB
1:1:0 519 -
1:1:02 44,56.2, 58.5 " -

DPPG/DPPE/PMBN
1:3:0. 433,555 38
1:3:0 414,558,609° 7
1: 433,555 38
1: 414,558,609 7
1: 421 100

* At a heating rate of 10 C°/min, pH 6.
b Major peaks are underlined,
€ Temperature characteristic of DPPG-PMB or DPPG-PMBN.

less than those of pure DPPE or of the original lipid
mixtures without PMB, suggesting that some PMB is
also complexed with the DPPE-enriched domains. In
the case of the 1:3:0.2 complex, half of the lipid has a
similer transition temperature as the original lipid mix-
ture, indicating that it is not complexed to PMB. PMB
has no effect on the phase transition of pure DPPE at
pH 6. However, when the DPPG/DPPE /PMB samples
were centrifuged on a sucrose gradient, all of the lipid
sedimented in a single sharp band with a densivy inter-
mediate between that of the lipid mixture in the absence
of PMB and that of the DPPG-PMB 1:0.2 complex
(Table II). The 1:1:0.2 complex had a greater density
than the 1:3:0.2 complex.

Resolution of the ESR spectra of these DPPG/
DPPE/PMB samples, shown in Fig. 7, into motionally
restricted and fluid components indicates that at 20
mol% PMB relative to the DPPG, the total amount of
interdigitated lipid is similar to that found for DPPG/
DPPC mixtures (Table IIl). The T, value of the
motionally restricted component (Fig. 7F) is 30.9 G.
The spin label in the fluid component found in Fig.
7A-C after spectral resolution (shown in Fig. 7G) has a
larger T,,, value (26.7 G) than DPPE (25.8 G) (Fig.
7E). Assuming that all the DPPG is interdigitated, the
results indicate that 19-26 mol% DPPE can be incorpo-

rated into the interdigitated PMB-DPPG bilayer, simi-
lar to DPPC.

At higher concentrations of PMR (22 mol% with
respect to each of DPPG and DPPE), however, more of
the spin label is motionally restricted as indicated by
the appearance of the spectrum in Fig. 7C fora1:3:0.8
sample (compare to Flg 7B) Spectral resolution shows
that more lipid is itated than at
of PMB sufficient to bind to only the DPPG, indicating
that PMB also binds to some of the DPPE causing more
of it to become interdigitated. Assuming that all of the
DPPG is interdigitated, the results in Table III indicate
that at a 1:1:0.4 ratio, 56% of the DPPE also becomes

Fig. 7. ESR spectra of 16-doxyl-stearic acid at 4°C in DPPG/
DPPE/PMB (A3 1:1:0.2; (B) 1:3:0.2; (C) 1:3:0.8; (D) 1:3:0; (E)
DPPE only; (F) the result of subtracting the spectrum of the DPPG/
DPPE/PMB 1:3:0.2 sample from that of the 1:3:0.8 sample; and
(G) the result of subtracting the spectrum of the 1:3:0.8 sample from
that of the 1:3:0.2 sample. All samples are at pH 6. All spectra
shown are normalized to the same center peak height. They were not
normalized before subtraction.




interdigitated in contrast to 56% at a 1:1:0.2 ratio. At
a 1:2:0.8 ratio 25% of the DPPE is interdigitated in
contrast to a value of 8% at a 1:3:0.2 ratio. The DSC
scans also indicate that more of the lipid is affecied by
PMB at the higher concentration (Fig. 6g and h, respec-
tively). For the 1:1:0.4 sample, 64% of the lipid has a
transition temperature at 39-41° C. Indeed, three pezks
can be seen in this range, in contrast to two for ali other
mixtures studied, suggesting that some DPPE-PMB may
contribute to lhese transmans The remaining lipid has
a broad il d at 49°C, significantly lower
than the original lipid mixture, indicating that it is
DPPE-enriched lipid bound to PMB. Indeed, the transi-
tion temperature is similar to that of the complex of
PMB with DPPA [3]. The 1:1:0.4 complex behaved
similarly to the 1:1:0.2 complex on the sucrose gradi-
ent. For the 1:3:0.8 sample, the peak at 39-40°C still
contains only 23% of the heat absorbed suggesting that
only the PMB-DPPG contributes to this transition.
However, the rest of the lipid has transitions at
56-59°C, a lower temperature than in the 1:3:0.2
sample, indicating that it results from a DPPE-enriched
mixture bound to some PMB.

PMB has no effect on the spectrum of i6-doxyl-
stearic acid in DPPE at pH 6. The significant effect of
PMB on DPPE in DPPG/DPPE mixtures in contrast to
its lack of effect on pure DPPE at pH 6, suggests that
binding of PMB to DPPE may be increased in the
presence of other lipids. Therefore, the effect of PMB
on a DPPC/DPPE mixture was studied. The DSC scan
of DPPC/DPPE/PMB 1:1:0.2 is shown in Fig. 6j.

ENDOTHERMIC ——
o
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Fig. 8. DSC heating thermograms at 10 C°/min of DPPG/
DPPE/PMBN, pH 6, at mole ratios of (a) 1:1:0.4 and (b) 1:3:0.8.
Sensitivity setting for both samples was 0.5 mcal/s.
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The mixture is clearly affected much more by PMB
than either lipid by itself. Instead of the single transi-
tion at 52° C found for this lipid mixture in the absence
of PMB (Fig. 6g). two transitions at 44°C and 56~59°C
are observed. The first is a little greater than that of
pure DPPC while the second is at a similar temperature
as the transitions observed for the DPPG/ DPPE/PMB
samples (Table 1V). Indeed this scan resembles that of
the DFPG/DPPE/PMB 1:3:0.8 sample in Fig. 6h.
There is no transition 2t the temperature of pure DPPE.
Thus PMB binds to and affects more of the DPPE in
the mixture with DPPC than in pure DPPE. and causes
its phase separation from a DPPC-enriched domain in
the mixture. Spectral subtraction showed that the spec-
trum of the DPPC/ DPPE/PMB sample does not con-
tain any ionally restricted p Thus the
presence of the DPPC may inhibit interdigitation of the
PMB-bound DPPE even though it apparently increases
the binding of PMB to DPPE. These results support the
conclusion that in the DPPG/DPPE/PMB sample.
PMB also binds to more of the DPPE than in the
absence of DPPG.

Effect of PMBN on DPPG / DPPE mixtures

PMBN does not induce interdigitation of as much
lipid in DPPG/DPPE mixtures as PMB, particularly at
high DPPE concentrations (Table 1II). At a concentra-
tion of 20 mol% with respect to the DPPG only, it
causes interdigitation of more than 50% of the total
lipid for the DPPG/DPPE 1:1 mixture indicating that
some of the DPPE is also interdigitated. However, for
the 1:3 mixture, less than 25% of the lipid is interdig-
ltated sugges(mg that only the DPPG in the mixture

d. In to PMB, addition of
enough PMBN (o bind to both lipids (20 mol% with
respect to each lipid) did not increase the amount of
interdigitated lipid. These results suggest that PMBN
does not bind to as much of the DPPE in the mixture as
PMB does.

This is supported by DSC scans of 1:
1:3:0.8 samples shown in Fig. 8. Scans of 1:1:0.2 and
1 0.2 samples were virtually identical to these. At a
1:1:0.4 ratio there are two peaks at 43.3°C and 55.5°C.
The former is similar to the transition temperature of
the DPPG-PMBN complex [3]. However, the heat ab-
sorbed is oniy 38% of the total indicating that some
DPPG must be mixed with the DPPE giving the second
peak. Th the higher ition must
be that of a DPPG/ DPPE/PMBN mixture. At a
1:3:0.8 ratio, however, there is a large peak at 60.9°C,
the same temperature as the original lipid mixture. The
area is 55-60% of the total. Thus half of the lipid is not
bound to PMBN. Furthermore, only 7% of the total
heat is absorbed at the temperature of the DPPG-PMBN
complex. The remainder of the lipid undergees a transi-
tion at 55.8°C, the temperature of the DPPG/DPPE/

.4 and
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PMBN complex. This indicates that PMBN does not
bind to this mixture as well as PMB does and also has
less ability to cause phase separation of the DPPG from
the mixture.

Discussion

In the preceding paper we showed that significant
amounts of PMB-untound DPPG can be incorporated
into an interdigitated bilayer of PMB-bound DPPG,
although most of the unbound DPPG is not interdig-
itated. In the present study, using mixtures of dissimilar
lipids, PMB-bound DPPG with PMB-unbound PC, we
show that the amount of DPPC which becomes interdig-
itated is somewhat less, particularly as the ratio of
DPPC to acidic lipid increases. However using a shorter
chain length species of PC, DMPC, we found that a
considerably greater amount of PC becomes inicrdig-
ma'ed [ndeed the amount of DMPC which can be

d into the i digitated bilayer of DPPG-
PMB is 2ven greater than that found for PMB-unbound
DPPG |3]. Theretz et al. [2], found that at an equimolar
ratio of DPPG/DMPC most of the DMPC was inter-
digitated, in contrast to the value of 50% obtained using
the spin label. It is possible that determination of the %
lmerdnguated lipid from the % spin label which is
ionally restrictes! und the amount of in-
terdigitated lipid because of somewhat greater partition-
ing in a non-interdigitated bilayer of PC or PG [3].
However, even if this occurs it should not affect the
relative differences found for the different lipid com-
positions studied here.

As argued earlier for myelin basic protein [4} and
other amphipathic substances [21], PMB probably in-
duce; interdigitation by causing lateral separation of the
lipids followi ion of its hydrophobic amino
acid side chams and fatty acyl tail panway into the lipid
bilayer. The fact that PMBN without the fatty acyl tail,
can also cause interdigitation [7] indicates that only
hydrophobic amino acid side chains are necessary, al-
thcmgh the acyl tail of PMB may help maintain the

digi d bilayer, ially at higher p

or in the of PMB-unbound lipids [3]). Interdig.
itation of the lipid fatty acid chains restores the van der
Waals interactions between the lipid molecules and
stabilizes the bilayer, which weuld otherwise be dis-
ordered by the phipathic sub: The of
the hi b at the hydrophobic-pol

interface may help shield the hydrophobxc termmal
methyl groups of the lipid fatty acid chains from ex-
posure to water in the interdigitated bilayer, This pro-
tection may be less important for the shorter chain
length DMPC than DPPC in interdigitated bilayers of
DPPG or DPPA, since the terminal methyl of the
shorter myristoyl chain on the PC will not protrude as
closely to the apolar-polar interface of the interdigitated

DPPG bilayer as the longer palmitoyl chain. This may
account for the fact that more DMPC can be incorpo-
rated into the interdigitated bilayer than DPPC.

The fact that most of the DPPC and at least half of
the DMPC in mixtures with PMB-DPPG is not inter-
digitated, means that it must be phase separated into its
own non-interdigitated domain, at least at the low tem-
peratures where interdigitation occurs. This phase sep-
aration may be into large domains within the interdig-
itated bilayer or into a separate bilayer structure. The
latter seems more likely but could not be confirmed

using sucrose density ient centrifugation to
the two structures. However, non-interdigitated DPPC
bilayers could be trapped within interdigitated bilayers
in the multilayered vesicles. Freeze-fracture [7) and
freeze-etch [13] nucrographs of PA/PC/PMB mixtures
have been i di the p of do-
mains of PA-] PMB complex within the PC bilayer. How-
ever, it is not known if the PA-PMB complex was
digitated under the ditions used in these stud-

ies.

Although lateral phase separation must occur at low

it is not app from the DSC scans

and thus may not occur at the temperature of the phase
transition. The two lipids may mix more ra.udomly
when the lipid gradually f toa terd
itated bilayer as the temperature approaches the phase
transition temperature. The DPPG/DPPC/PMB sam-
ple transforms to a noninterdigitated bilayer more com-
pletely than DPPG/PMB, indicating that the presence
of DPPC promotes transformation of the DPPG to a
non-interdigitated bilayer at higher temperatures. Alter-
natively, phase separation may still be present at the
temperature of the phase transition but undetectable by
DSC because of the similarity of the phase transition
temperatures of the PMB-bound lipid and the PC-en-
riched populations. An NMR study indicated that PMB
causes phase separation of a DMPG-enriched domain
from a DMPC-enriched domain in the liquid crystalline
phase [14]. Phase separation in the gel phase, however,
should result in a small increase in the 7; of the
DPPG/DPPC/PMB samples due to a DPPC-enriched
domain, and should result in a transition at a higher
temperature for the DPPG/ DMPC/PMB samples due
to a DPPG-PMB-enriched domain. This is not ob-
served.

The effect of PMB on DPPA/DPPC and DPPG/
DPPE mixtures was studied in order to determine the
behavior of lipids which can interact intermolecularly
by hydrogen bonding. Since lateral interlipid hydrogen
bonding can not take place in an interdigitated bilayer,
it should stabilize the non-interdigitated bilayer, as
found in the preceding paper for PMB-unbound DPPA
at pH 6, when nonsaturating concentrations of PMB are
added to DPPA [3]. In mixtures of DPPA with DPPC,
although some of the DPPA may have become interdig-




itated, much of it did not as found for complexes of
DPPA-PMB alone [3]. The low maximum percentage of
the total lipid which could have been i
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DPPE which are i i d at a low
Some of the DPPE enriched lipid giving higher temper—

mdlcates that the DPPC in the mixture did not become

d. Thus intermolecular hyd bondi
of the DPPA inhibited interdigitation m d-e mixture as
in pure DPPA.

Surprisingly, however, in the case of DPPG/DPPE
mixtures, the results indicated that DPPE is ince.Do-
rated into the interdigitated bilayer of PMB-DPPG to a
similar extent as PMB-unbound DPPG at least at
equimolar ratios of DPPG/DPPE. Furthermore, if
enough PMB is added to bind to both the DPPG and
the DPPE, even more of the DPPE becomes interdig-
itated. This indicates that PMB can bind directly to
DPPE when mixed with ~ther lipids, resulting in inhibi-
tion of its pamupatxon in mterhpld hydrogen bonding
and direct induction of its ion. Results from

nusmerous studies suggest that mixing of DPPE with
other lipids, such as DPPC, disrupts the intermolecular
hydrogen bonding of PE with itself (reviewed in Ref.
12). This apparently allows increased binding of PMB
to DPPE in the DPPE/DPPC mixture. When PE mixes
with PG it may hydrogen bond w:th the PG, as inferred
from the relatively high i p of the
mixture. However, the amino groups of PMB must have
a higher affinity for the phosphate of PE than the
hydroxyl groups of PG. When PMB binds to the hydro-
gen acccpung phosphate group of either of these lipids,
PE and PG is also
mhlbxwd ﬂlus the lipids can become interdigitated.

The ability of DPPE to bind PMB and become
interdigitated along with the DPPG decreases as the
DPPG/DPPE ratio decreases. The unbound DPPE
phase separates mv.o ns own non-interdigitated domain
where i 1 bonding can occur as
found for DPPA at pH values below 9 and at less than
saturating concentrations of PMB [3]. This phase sep-
aration can be detected by DSC in contrast to PG/PC
mixtures. However, the spin label results indicate that
DSC overestimates the degree of phase separation for
DPPG/DPPE. Phase separation of the PMB-DPPE do-
main from the PMB-DPPG domain may occur after
transformation to the non-interdigitated bilayer has

taken place. Since f ion of these mi to
non-interdigitated bilayers occurs below the phase tran-
sition temp these phase are those of

non-interdigitated bilayers. As argued earlier for DPPA-
PMB, the higher phase transition temperature of the
PMB-DPPE domain, relative to the PMB-DPPG do—
main, must be due to ion of some intermol
hydlogen hondmg l‘or the DPPE when u is no longer
This i ding causes
it to phase separate frorn the PMB-DPPG Therefore,
the relative areas of the two transitions observed by
DSC do not reflect the relative amounts of DPPG and

ature must have been interdigitated at low
lemperalures.

As for the PG /PC mixtures, macroscopic phase sep-
aration into separate bilayers could not be detected by
sucrose density centrifugation. Since lateral phase sep-
aration can apparently occur readl]y with increase in

p e as the i ins become non-
digi d, the d ins of i digitated and non-in-
terdigitated lipid may indeed be in the same bilayer as
suggested by the sucrose density sedimentation results.
This may also be true of the PG/PC mixtures for which
increased mixing apparently occurs as the temperature
i If the i igi and i
domains were in separate bilayer structures, changes in
the degree of lateral phase separation with increase in
temperature could not occur so readily.

PMBN does not bind as well to the DPPE in the
mixtures as PMB and has less ability to cause its
interdigitation. This suggests that it does not disrupt the
hydrogen bonding interactions between these lipids as
well as PMB. These results are consistent with those in
the previous paper using DPPA {3], and support the
conclusion that interlipid hydrogen bonding inhibits
interdigitation.

Binding of PMB to acidic phospholipids and/or the
lipid A region of lipopolysaccharide in the outer mem-
brane of Gram-negative bacteria must be the initial
event in the mechanism of its bactericidal action [15,16}.
It may then translocate to the cytoplasmic membrane
where it exerts its effect. Since PE is the major phospho-~
lipid in these bacteria, in both the inner and outer
membranes (17,18], the present results showing that
mixing of PG with PE allows PMB to also bind to PE
(as deduced from the fact that it affects its transition
temperature and causes it to become interdigitated),
supports a role for the phospholipids as sites of both
initial binding and the bactericidal effect.

The ability of PMB to cause interdigitation may or
may not be involved in the mechanism of its bacteri-
cidal effect. It can cause interdigitation of DPPG at a
concentration of 2 #M, close to the minimum con-

ion which effe ly inhibits b 1 growth
[3]. However, interdigitation has only been detected in
the gel phase although saturated fatty acids are not
required (Boggs, J.M., Tummler, B., unpublished re-
sults). Gram-negative bacteria contain a relatively high
content of saturated fatty acids and a population of
di-saturated lipids [17], although it is not known if the
latter is large enough to permit domains of gel phase
lipids. If interdigitation does not occur in the bacterial
membrane in the presence of PMB, the bilayer may be
very fluid and disordered. This, rather than interdigita-
tion, may be the mechanism of its bactericidal effect.
However, the differences in ability of PMB and PMBN
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to cause interdigitaticn of both PG and PE when these
lipids are mixed together, and the inhibition of interdig-
itation caused by PC, correlates with the bactericidal
effect of PMB, the lack of bactericidal effect for PMBN,
and the lack of effect of PMB on mammalian cells,
which have higl contents of PC and lack PG. It also
correlates with - 1e changes in lipid composition which
occur when PN i-resistance is induced in some strains
of bacteria [18 :9]. This is accompanied by a large
decrease in the : mount of PG and PE in the membrane,
as well as an increase in the content of unsaturated fatiy
acids, and an increase in cardiolipin and free fatty
acids.
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