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When interacting with phospholipid in an aqueous cavironment, amphotericin B forms unusual structures of markedly reduced
touuly (Janoff et al. (1988) Proc. Natl. Acad. Sci. USA 85, 6122-6126). These structures, which appecar ribbon-like by
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structures. With these results we propose that ribbon-like structures result from phase ion of

lipid 1l within the phospholipi

d matrix such that amphotericin B release, and thus acute toxicity, is curtailed. Formallon

of amphotericin B-lipid structures such as those described here indicates a possible new role for lipid as a stabilizing mamx for
b

drug delivery of lipophilic substances, specifically where a highly ordered packing ar

be achicved.

Introduction

The ability of amphotericin R, an antifungal drug, to
deplete transmembrane ion gradients has been studied
extensively for over two decades [1-5). P bly, the

lipid and d can

drug arises from its greater binding affinity to ergos-
terol, the predommam sterol in fungal cell membranes,
to 1, the pred sterol in
mammahan cell membranes [6,7}.
Although the drug of choice for treatment of sys-

preferential destruction of fungal cells mediated by this
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DMPG.

temlc funml] infections, amphotericin B in its current
formulation still ins significantly

toxic to its mammahan host [8]. One approach to this
I delivery sysiems.

Lopez-Berestem et al. [9] and others (reviewed by
Bratjburg et al. [10]) have shown that incorporating
amphotericin B 2t 5-10 mole percent in liposome
suspensions lowers its toxicity from an LDy, of 1 mg/kg
to 12 mg/kg in mice with little compromise *c fficacy.
Recently, we have shown that incorporation of am-
photericin B into lipid systems at much higher mole
percentages (25 and S0 mole percent) results in a
significantly ent d of lian cell
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but not yeast cell toxicity. LDs, values of 20 mg/kg or
higher in mice could be achieved depending on formu-
iation protocols [11,12]. Freeze-fracture electron mi-
croscopy of these emulsions revealed unusual struc-
tures that we termed ‘ribbon-like’. Amph win B in

Lipid and amphotericin B assays. Phospholipid con-
tent was determined according to the procedure of
Chen et al. {22]. For amphotericin a, aliquots of each
drug-hpld prepara!mn were diluted to 5-8 pM in

ic) and the absort at 405 nm

this form (amphotericin B-lipid lex, ABLC) has
subsequently been shown to alleviate acute .oxicity
without compromising efficacy in human clinical trials
[13-19). Since we also found ‘ribbons’ mixed with typi-
cal Imosome structures in 5 molc percent amphotencm
Bp 1UKS, We d that the previously re-
ported reductions in toxicity noted in ‘liposomal’ for-
mulations [9,20] might actuaily be attributed to these
unusual high-mole percent amphotericin B-lipid struc-
tures.

Altheugh we could systematically relate decreases in
amphotericin B toxicity to formation of high mole
percent amphotericin B-lipid ‘ribbon’ complexes, the
molecular basis for the toxicity reduction remained
unclear. Here we examined amphotericin B-lipid mix-
tures and their subpopulations to delineate the lipid-
amphotericin B interactions that influence toxicity. Our
results indicatc that two distinct associations occur
between lipid and amphotericin B and from this we
have proposed a model for the molecular basis of the
ribbon-like structures.

Materials and Methods

Chemicals. Ampt icin B was d from Bris-
tol Myers-Squibb (New Brunswick, NJ). Dimyristoyl-
phosphatidylcholine (DMPC) and dimyristoylphospha-
tidylglycerol (DMPG) were purchased from Avanti Po-
lar Lipids (Alabaster, AL). [**CIDMPC was obtained
from Amersham Corporation (Arlington Heights, IL).
Fungizone ® was obtained from GIBCO Laboratories
(Grand Island, NY). Sabouraud dextrose broth (BBL *)
was purchased from Becton Dickinson Microbiology
Systems (Cockeysville, MD).

P icin B-lipid prep Amphotericin B
was dissolved at 0.1 mg/ml in methanol and added to a
round bottom flask containing the appropriate amount
of lipid already dried to a thin film from chloroform.
The methanol was removed by vacuum rotary evapora-
tion and the resultant amphotericin B-lipid film was
resuspended at 45°C in an aqueous solution of 20 mM
Hepes and 150 mM NaCl (pH 7.4). This buffer was
used throughout. The suspension was then bath soni-
cated for 30 min at 5-20°C in order to reduce particle
size for in vwo LD, testmc Annlysis of sonicated and
led that sonication did
not enhance formalmn o7 the ‘unusual’ amphotericin B
ribbon-like structures within our preparations of low
mole percentage amphistericin B, as suggested by Grant
et al. [21), (data not sitown).

was recorded usmg a Shimadzu UV-18) Spectro-

d ion, Kyoto, Japan).
Concentrations were established from comparison to
standard curves,

Density gradient centrifugation. Typically, 0.2 ml of a
2 mg/ml amphotericin B sample was placed on 5 ml of
a 0-40% (w/v) sucrose gradient (in 20 mM Hepes, 150
mM NaCl, pH 7.4) and centrifuged at 230000 X g for
22 h at 18-20°C. In the case of Fig. 1, the gradient
ranged fiom § w 30% {w/v) sucrose. The gradients
were fractionated from the top into 0.2-ml aliquots
which were then assayed for lipid and amphotericin B.

In vitro toxicity. Red blood cell (RBC) hemolysis was
used to assess the in vitro toxicity of the various prepa-
rations. 0.5 ml of sample was mixed with 0.5 ml of a
washed 4% (v/v) RBC suspension in phosphate-
buffered saline and the mixture incubated with con-
stani agitation for 20 h at 37°C. Following low-speed
centrifugation (2000 rpm for 10 min) 200 ul1 were
taken from above the RBC pellet and diluted with 1 ml
of buffer solution. Percent hemolysis was based on the
absorbance at 550 nm with 100% hemolysis being the
value obtained from a 1:1 dilution of the 4% RBC
solution with distilled water.

In vitro efficacy. For minimal inhibitory -
tion (MIC), Fungizone ® and drug-lipid complexcs
were diluted directly in sabouraud dextrose broth The
MIC of the various pr i was d G in
microtiter plates against Candida albicans (ATCC No.
24433) and Saccharomyces cerevisiae (ATCC No. 9763)
after 18 h at 30°C as described by McGinnis and
Rinaldi [23].

of hotericin B-lipid with yeast
broth. Amphotericin B/lipid mixtures were incubated
in sabouraud dextrose broth (BBL ®) that tad either
never been exposed to yeast or had becn used to
support yeast (Candida albicans) growth for 24 h but
had ly been d from yeast cells by
low-speed centrifugation followed by fiitration through
a 0.8 um polycarbonate filter. 1-ml a'‘quots of 10
mg/ml amphotericin B at 50 mole percent in
DMPC/DMPG (7:3) were added to: (1) 49 ml of
broth formerly used to support yeast growth, (2) 49 ml
of broth never exposed to yeast, and (3) 49 m! of broth
that, following separaticn from the yeast cells, had
been heated to 95°C for 1 h. These mixtures were
incubated for 24 h at 37°C with constant stirring in the
dark. Absorbance of aliquots that were taken at the
beginnir.g and end of the incubation period and dis-
solved in metianol were identical, suggesting no ckem-
ical breskdown of amphotericin B. Amphotericin B-




lipid complex was retrieved from broth by cenirifuga-
tion (14000 X g). Although at this centrifugal force all
of the highly dense photericin  B-lipid 1

should have pelleted, we could not be certain that
trace levels of hotericin B (. iall ic
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fractured and replicated in a Balzer BAF 400 frecze-
fracture unit at 4- 10~7 mbar and at — 115°C. Replicas
were floated off the support plates in 3 M HNO,,
transferred to distilled water and then to 5% sodium

hunachlarite (

amphotericin B that may have been released from the
complex) were not lost to the broth. The supernatant
was removed and the pellet was resuspended in the
same tlepes huffer solution d..scnbcd above. This
d was rep d once morc with the
final pellet resuspended in approx. 2 ml of buffer. Red
blood celi hemolysis was assayed as described above.
As a control, an aliquot of the drug-lipid suspension
that was never exposed to broth was also examined.
Thin-layer chromatography (TLC) of lipids exposed to
yeast incubation broth. Following 24 h of incubation at
37°C, broth mi drug-lipid cc
that were prepaied as described above as well as
amphotericin B-free DMPC/DMPG liposomes were
subjected to lipid extraction [24]) and examination by
TLC. 1-ml of 10 mg/ml amphotericin B at 50 mole
percent in [**C]-DMPC/DMPG (1 pCi/ml) or lipo-
somes without hotericin B at equi lipid con-
centraticns was added to 49 ml of broth that met the
conditions of (1), (2) and (3) stated above. Additionally,
(4) 1 ml of the drug-lipid preparation was added to 49
mi of Hepes buffer solution which was incubated at
37°C alongside the other les. Following incuba-
tion, 25 ml was taken from each of the eight mixtures
and combined with 62.5 m! of methanol and 32 ml of
hiorofi The iti hase formed two
phases upon addition of 32 ml cach of water and
chloroform. The lower chloroform phase was d
and dried by vacuum rotary evaporation to a final
volume of 5 ml. 1 ml of this was then further concen-
trated (N, stream) and applied to a Whatman ® silica
gel 60 TLC plate (20 > 20 cm) (Baxter Scientific Prod-
ucts, Edison, NJ). A chloroform/ methanol/ water
(65:25:4, v/v) solvent system was used and the plate
was developed with iodine. Spots werc scraped and
assayed for phosphate and radioactivity.
Circular dich py. For CD
ments, samples were adjusxed to 20 to 40 uM and
scanned usmg a AVIV Model 6205 circular dichroism
p (AVIV Associ Lal d, NJ).
Spectra were recorded at ~ 22°C with a 1-cm path
length cell. In some cases, direci measurement of undi-
luted samples (2 mM) was achieved using a 0.1-mm
path length quaitz cell (Wilmad Glass Co., Buena, NJ).
Teniperature was varied using a circulating water bath
interfaced to a jacketed sample compartment.

Electron microscopy. For fi a

ite ial bleach) for overnight clean-
ing.

For negative staining, the sample was dilutel to
approx. 0.5 mg/ml lipid and a drop of this placed on a
Formvar-carbon coated grid. After 1 min the bulk of
the sample was removed with filter paper. A 2% am-
monium molybdate solution was then applied and re-
moved after 30 s with filter papcr. Representative
pictures were taken using a Philips 30D electron micro-
scope.

Results

We have shown previously that amphotericin B in-
corporated at 25 or 50 mole percent in DMPC/DMPG
(7:3) forms structures of unusual ribbon-like morphol-
ogy resulting in attenuated mammalian cell toxicities
[11,12]. Amphotericin B in this form (amphotericin
B-lipid complex, ABLC) has recently shown promise in
clinical trials {13-19]. Although less strikingly evident,
these ribbon-like structures were also observed within
preparations containing 5 mole percent Amphotericin
B. Above 50 mole percent amphotericin B structures

bling free hotericin B predominated [25),
with an i in toxicity. Fig. 1 shows
the bimodal sucrose density gradient profile we have
found to be typical of } icin B/lipid p
tions formulated so that amphotericin B comprises 5
mole percent of the bulk lipid (DMPC/DMFPG, 7:2).
Abovz 25 mole percent drug, amphotericin B comi-
grates with lipid on density gradients as a single band
[11,12]. In this paper we explore the nature of these
and various other preparations.

Circular dichroism (CD) spectra arising from 5, 25,
and 50 mole percent amphotericin B in DMPC/DMPG
{7:3) are shown in Fig. 2. All spectra displayed broad
positive peaks at 320-330 nm indicative of chro-
mophere complexation [26]. These spectra arose repro-
ducibly from separate 25 and 50 mole percent ampho-
tericin B preparations, but not from preparations con-
taining 5 mole percent amphotericin B where wide
variability was evident, presumably a funcnon of sam-
ple preparation. E: of scveral p
of 5 mole percent amphotericin B in DMPC/DMPG
revealed that, while always resolving into two bands on
sucrose density gradients, the distribution of ampho-

tericin B the wo varied. This
sungested that individual lations in this prepa-
ration d their own chamctensnc CD spectra.

0.1-0.3-11 aliquot of sample (without cryoprotectant
added) was placed between a pair of Balzer copper
support plates (Nashua, NH) and rapidly plunged fiom
21°C into liquid propane at —190°C. Samples were

Analysis of subpopulations
Individual fractions of 25 and 50 mole percent am-
photericin B preparations, separated on sucrose den-
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sity gradients, gave CD spectra that were 1dent|cal in
shape (except de) to the d
(data not shown). These data suggest that only one
complexation state exists within each of those formula-
tions. CD spectra arising from individual fractions taken
from a sucrose density gradient of a 5 mole percent
amphotericin B-lipid preparation (shown in Fig. 1) are
iliustrated in Fig. 3. Clearly each population pussessed
its own distinct spectrum. The spectra of the hlgher
density fi (28-37) exhibited fe
cent of 25 and 50 mole percent preparations while the
spectra arising from the lower density fractions (16-25)
bled that of ic } icin B [26). For
comparison, the CD spectrum of amphotericin B in
methanol (monomeric) is shown in Fig. 3 (offset). Spec-
tra of intermediate fractions (26 and 27), where overiap
of the two populations occurred, appeared as compos-
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Fig. 1. Sucrose density gradien: profile of 5 mole peicent amphoteri-
cin B in DMPC/DMPG (7:3). 0.5 ml of a 4 mg/ml amphotericin B
sample was placed on a 12 ml sucrose gradient consisting of 0~30%
sucrose (w/v). Following centrifugation, the gradient was fraction-
ated from the top into 0.4-mi aliquots (0.2-ml aliquots were taken to
improve resolution of the tiposomal band) Curves
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Fig. 2. CD spectra of 20 xM (n=4)of icin B

at (A) 5 mole percent, (B) 25 mole percent, and (C} 50 mole percent

in DMPC/DMPG (7:3). Although the magnitudes of the peaks and

the positions of the broad positive peaks differ for 25 and 50 mole

percent polyene preparations, both formulations exhibit four nega-
tive peaks at approx. 356, 370, 393 and 422 nm.

ites. The amphotericin B content markmg the transi-

tion point for this sainpiz <23 3.5 mole percent.

The minimum membrane concentration yielding
‘complexed” amphotericin B was further examined in
unseparated DMPC/DMPG (7:3) preparations for-
mulated with low mole percem amphotericin B (Fig.
4). itisa the broad positive
peak at 330 nm was uscd fo gauge the presence of
complexed amphotericin B (Fig. 4 inset). The appear-
ance of complexed material in these sampies again
occurred between 3 and 4 mole percent amphotericin
B. Inspection of density gradient profiles (i.., Fig. 1)
thus revealed that in 5 mole percent drug preparations,
amphotericin B is not entirely complexed but ns un-
equally divided b the low-density d
(monomeric) and high-density complexed forms (20 to
40% as the low-density specnes) In fact, complete

pp of ic drug does not occur until

DMPC/DMPG ( ) and amphotericin B(-- -+ -+ ) dit i

‘The peak fractions of the two bands are comprised of 1.7 and 23
moie percent amphotericin B for the low- and high-density popula-
tions, respectively. Fractions below number 25 consist of monomeric
lipnsomal associated amphotencm B whereas fractions above num-
ber 28 consist of e icin B (see text).

hotericin B content hes 25 mole percent. The
inability to detect monomer in the presence of substan-
tial amounts of complexed species (i.e., Fig. 2A) is a
of the 's much weaker molar

elhpucny [26).



Freeze-fracture clectron microscopy confirmed that
the low-density material containing monomeric ampho-
tericin B was lip 5 i lusively com-
prised the lower density material isolated from 5 mole
percent preparations (Fig. 5A). The existence of Py, or
ripple phase, in this material, typicai of mixtures of
DMPC/DMPG just below the gel to liquid-crystalline
phase transition (23°C), indicated that lipid packing
was minimally affected by the low level of amphoteri-
cin B rresent. Lip found in pi i con-
taining higher icin B mole fi lack this
phase {20,21}. As shown in Fig. 5B, only unusual ‘rib-
bon’ structures were found within the high-density
complexed fractions.

Negative stain electron microscopy revealed that
these high-density structures, seen as ribbon-like in
freeze-fracture replicas, arose from aggregatéd col-
lapsed membranes that were predominantly ur.ilamel-

Millidegrees/uM

300 350 400 450 500
Wavelength (nm)
Fig. 3. CD spectra of individual fractions of the 5 mole percent
amphotericin B preparation of Fig. 1. Samples weze diluted to 10-20
M amphotericin B and scauned from 500 to 300 nm. For clarity
fractions 3<~37 were omitted. Shown in the inset are spectra of
fractions 2} (: Yand 31 (--- -t ). The spectrum of amphoteri-
cin B in methanol (20 M) is shown at the top. Samples were
unaffected by sucrose as CD spectra of 5, 25 and 50 mole percent
icin B i in 40% sucrose were identi-
cal to those of the same samples kept in buffer solution. The
increase in signal amplitudes evident in fractions containing higher
mole icin B is i with hotericil
complexatior: [26).
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Fig. 4. CD spectra of unseparated preparations of DMPC/DMPG
(7:3) containing 0.5, 1.0, 2.0, 3.0 (all use the right y-axis scale) and
40(------] )and 5.0 (- - - =) (left y-axis scale) mole percent ampho-
tericin B, The major CD peak at 330 nm is plotted versus mole
percent amphotericin B (inset). A sudden increase in intensity of this
peak occurred between 3 and 4 mole percent drug, which is also the
mole percent marking the appearance of complexed species on the
density gradient in Fig. 1.
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lar in nature (Fig. 5C). Because the freeze-fracture
technique yielded only cross fractures, we speculate
that the amphotericin B-lipid complex may not possess
the cl 1 bilayer midpl: h h which a fi

face is 1evealed, bul rather exis: as an interdigitated
bilayer [27]. Attempts to determine the membrane
thickness of amphotericin B-DMPC/DMPG mixtuics
by small angle X-ray diffraction were unsuccessful as
no discernible repeat could be obtained. This resuit
was not surprising, given the unilameliar character
observed from negative staining,

In vitro toxicity and efficacy of the separated populations

As illustrated in Fig. 6, amphotericin B-lipid =ub-
populations separated from 5 mole percent material
differed dramatically in their ability to lyse red blood
cells. Material taken from the central fraction of the
lower density population was > 1000-times rore
hemolytic than material taken from the high-censity
band. In fact, amphotericin B from ihe jow-dsnsity
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Fig. 5. Freeze-fracture replicas of subpopulations of a 5 mole percent amphotericin B system separated by isopycnic sucrose density

centrifugation (see Fig. 1). (A) Fractions taken from the low-density band (1.5 mole percent drug) and (B) fractions taken from the high-density

band (25 mole percent drug). Samples were rapidly frozen in liquid propane from -21°C. Micrograph (C) is the high-density material negatively
stained. Bar represents 200 nm.

fraction was comparable toa curremly used .lmphmen-
~in B-deoxyct for (Fi ).

The minimal inhibi
against Candida albi and Sacch

ations  (MICs)

resulting in a system composed of 62 mole percent
drug. Ampt icin B-lipid incubated with either broth
never exposed to yezst or broth exposed (o yeasi and

for both the high- and low-density material were equiv-
alent (Table I). Because the two populations differed
s0 dramatically in their ability to lyse red blood cells
(RB(s), these experiments identified a significant de-
gree of selective toxnclty in lhc hlgh density material,
Such lipid-depend in ampho-
tericin B toxicity have been described previously but
mechanistically have been difficult to understand
[20,28]. Therefore, we examined the effect of a cell frec
broth previously used to support yeast growth upon the
amphotericin B-lipid complex and its lytic activity (see
Materials and Methods for details). Following incuba-
tion with isolated yeast broth for 24 h at 37°C, the
hemolytic activity of an amphotericin B-lipid sample
(formed at approx. 5¢ mole percent amphoterizin B)
increased dramatically (Fig. 7). Analysis of this sample
revealed a loss of lipid relative to amphotericin B

heated to 95°C for 1 h exhibited no
hemulync acnvnty ln these samples drug/lipid ratios
d (sec Fig. 7 legend).
The absence of a change in hemolytic activity of the
sample incubated with yeast-exposed heat-treated broth
suggested that a denaturabie protein (e.g., lipase)
played a role in ‘activating’ the complex.

Investigating this further, we used [“CIDMPC
(labeled at C-1 on both fatty acyl chains) in the experi-
ment described above but, following incubation in
broth, retricved the lipid via an ext :acuon of the broih.
As detailed in Table 1I, thin-lay aphy of
retrieved material incubated with broth previously used
to support yeast growth revealed that the bulk of the
radioactivity was distributed between two spots (72%
at R;=0.29 and 26% at R,=0.84). These R, values
correspond to DMPC and myristic ‘acid, respectively.
When aliquots of the same sample of amphotericin
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Fig. 6. Hemolytic activity of amphotericin B following 20 h incuba-
tion with a 4% RBC suspension at 37°C. The central fractions from
#ack, band of six S mole percent amphotericin B-lipid samples
separated by density gradient were pooled to provide enough mate-
rial for the The icin B niole of
each of the two pooled populations were 1.2 mole percent and 37
mole percent for material taken from the low- (W) and high- (8)
density bands, respectively. The profile of Fungizone ® (a) is also
shown. Note that the concentration scale is logarithmic.

B-DMPC/DMPG were incubated with either: (1) broth
never used to support yeast, (2) used broth that had
been heated (95°C for 60 min), or (3) buffer solution,

TABLE ]

Minimal inhibitory (MICs) of h
with DMPC / DMPG and deoxycholate

For 5 mole percent amphotericin B in DMPC/DMPG (7:3), tie

high- and low-densny fracuons consisted of 33 and 1.5 mole pen:em
was

in B mixtures

The
Fungizone ®, a commercially available formulation.

MIC (ng/mi)

C. albicans . ccrevisiae

100

80

% Hemolysis
[
=

N
=3

20

10 100 1000
Amphutericin B (ug/mi)

Fig. 7. Hemolytic activity of amphotericin B-DMPC/DMPG made
up at 50 mole percent amphotericin B aud exposed to either broth
previously used to support yeast growth (8), exposed to broth never
used to support yeast growth (), exposed to broth used to support
yeast growth that was heated to 95°C for 1 h prior to amphotericin B
addition (), or not exposed to broth but kept in buifer solution
{v). For the cases where broti was used as a growth media for yeast,
yeast cells were removed from the broth viu low speed centrifugation
before introduction of amphotericin B. The final mole percent

icin B for the juied samiples was 62, 52, 52 and
50, i RBC hemolysis could te i since
monomeric amphotericin B that was released from the complex

during incubation would not have been completely recovered.

greater than 98% of the radioactivity migrated as
DMPC. Thus, the apparent in vitro selective toxicity of
the high-density material could be linked to a lipase-
dependent remodeling of the drug-lipid complex. A
similar ism involving r ing of the ampho-
tericin B-lipid complex with subsequent release of drug
wmav alsn accur in vivo.

When DMPC/DMPG (7:3) liposomces coitaining
no amphotericin B were incubated with broth, very
httle livid bnakdown could be detected. It is well

5 mole percent in DMPC/DMPG

{(separated)
High-density material
Low-density material

25 mole percent in DMPC/DMPG
in deoxycholate

0.16-0.32 1.25
0.16-0.32 1.25
0.16-0.32 063
0.08-0.16 0.16-0.32

d that lipase activity vanes significantly in

d lipid g upon the b.layer
physical state [29-33]. At 37 DMPC/DMPC po-
somes are liquid crystailine while lipid in the anipho-
tericin B-lipid complex is in a unique highly ordered
putatively interdigitated phase [11,12). This phase is




TABLE I

Percentage radioactivity found as faity acid after incubotion of [1CJ-
DMPC / DMPG / amphotericin B in yeast-free brotir

A is filtered broth that had been used to support yeast growth. B is
broth never exposed to yeast. C is broth used to support y=zat that
was filtered and then heated to 95°C for 1 h. D is buffer solution.
Numbers in brackets indicate the % of total radioactivity migrating
on the TLC plate as DMPC. Filtration of the broth did not remove
the Hular species wsible for lipid breakd since unfil-
tered broth used with the amphotericin B sample gave similar values
(25% as myristic acid, 71% as DMPC).
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contribution that the headgroup has upon formation of
the ribbon-like structures. Comparing amphotericin B-
single lipid systems, we found that formation of ihe
high-density drug-lipid complex in low mole percent
amphotericin B preparations was not restrictea 1o the
DMPC/DMPG (7:3) mixture but also occurred when
amphotericin B was incorporated at 5 mole percent
into either DMPC or DMPG. Two populations were
resolved on sucrose density gradients for both Ipid-
amphotericin B systems (data noi shown). Because of
b ey

% 15ial radioactivity found as myristic acid

in lipid density, the positions of
the poputati arising in the mixtures were shifted

A B C D
DMPC/DMPG/
Amphotericin B
(7:3:10) 26(72)  07(99) 2(98) 1(99)

DMPC/DMPG (7:3) Tuzy 1O 2(98) 1099

apparently more susceptible to lipase dependent
degradation.

(DMPC ran lower on the gradient than DMPC mix-
tures). Even so, the distribution of amphotericin B
between liposomal and high-density populations was
similar to that of the typical combined lipid system
where greater than half of the total amphotericin B
was found in the high-density band. The equivalent
ability of each lipid to interact with amphotericin B

1.6
Lipid headgroup interactions
To further clucidate the nature of the interaction
between lipid and amphotericin B we examined the 124
12
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6 Fig. 9. Density gradient analysis of DMPC and DMPG distributions
from a di; ivt of DMPC/DMPG (7:3) with 22 mole percent
300 350 400 450 500 amphotericin B. (A) Total lipid (--++*) and amphotericin (B

Wavelength (nm)

Fig. 8. CD spectra of amphotericin B prepared at (A) § mole

percent, (B) 25 mole percent and (C) 50 mole percent in either

DMPC (- ) or DMPG ( ). Amphotericin B was 20 M in
all cases.

( ) distributions, (B) Distribution of DMPC ( ) and

DMPG (~+ -} determined from {“CJDMPC and total phospholipid

distributions. Sample (0.2 ml of a 2 mg/mi amphwericin B) was

placed atop a 5 ml 0-40% (w/v) sucrose gradient. 200-ul fractions

were taken. A repeat experiment gave similar distributions (data not
shown).
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suggested that the headgroup interactions contribute
little to the association that occurs in the high-density
complex.

The CD spectra of amphotericin B at 5, 25, and 50
mole percent in either DMPC or DMPG are illustrated
in Fig. 8. For both lipids, the broad positive peak
centered near 320-330 nm was blue-shifted with in-
creasing amphotericin B content. Signal amplitudes
were consistently greater for DMPG-amphotericin B
preparations. Except for the shape of the positive
320-340 nm absorption of 5 mole percent amphoteri-
cin B preparations, positions of the pe.ks were similar.
These similarities reaffirm that formation of the com-
plexea species is not headgroup dependem To venfy

morphology of the resulting amphotericin B-lipid asso-
ciation can be described in terms of a membranous
ribbon structure making a final collective organization
other than bilayer difficult to imagine.

in fact, negative stain microscopy
that the ribbon-like structures are collapsed and aggre-
gated membranes, Since only cross fracmres were re-
vealed by fi fracture el py we be-
lieve that ihc bilayer midplane, through which fracture
faccs are revealed, is absent and the amphotericin
B-DMPC/DMPG membrane exists as an interdigi-
tated bilayer. As has been suggested by others [37],
such an arrangement would explain the high degree to
which lipid is imiiobiiized within anphoicricia B-lipid

the possibility that prefe p n
could have occurred and remained unde!ected by spec-
t p hni we d DMPC/DMPG ra-

tios in various fractions derived from a 22 mole percent

amphotericin B preparation at a 7:3 mole ratio oi’

DMPC/DMPG (Fig. 9). Two bands were resolved
which we have found to be typical of preparations
made below 25 mole percent amphotericin B. The
DMPC/DMPG ratio was only slightly higher than
expected (72 mole percent DMPC) for fractions com-
prising *he lower density population and only slightly
lower than expected (68 mole percent DMPC) in the
fractions containing the high-density population, where
the ratio of amphotericin B/lipid approached 1:1.
This again indicated that headgroup interactions play
little role in the association between lipid and ampho-
tericin B.

Discussion

The reduced toxicity exhibited by the high mole
percent amphotericin B-lipid complex and its appear-
ance within low mole percent preparations suggests
that it alone is responsible for the benefits assigned
‘liposomal’ formulations. In fact, we found that truly
liposomal material, liposomes bearing 1-2 molc per-
cent amphotericin B {(monomeric) that were separated
from the complexed form by density gradient centrif-
ugation, afforded r.o buffering of toxicity. Penetration
of monomeric amphotericin B into the lipid hydrocar-
bon of a liposome would seer highly unfavorable due
to the hydrophilic noly-hydroxyl region of the molecule.
Ampbhotericin B monomers would therefore be re-
stricted 10 the inembrane interfacial region, where they
would casily exchange with cellular material. Above
local concentrations of approx. 3 mole percent, how-
ever, amphotericin B appurently is able to sufficiently
disrupt individual lipid bilayers to be able to insert.
Such insertion occurs concomitantly with the loss of
liposomal structure, } icin B 1 ion and
reduction in overall toxicity. Although details regarding
the nature of this inscition are as yet unknown, the

[11,38]. Using wide angie X-ray diffraction,
Lagener and co-workers [39,40] have shown that the
42 A reflectance for fully hydrated DHPC is shified to
41 A on interdigitation of the acyl chains. We have
obscrved a shift ﬁom 4.2% 5\ to 4.10 A for DPPC
bilayers that were induced to i Jigi sy ethanol
(Boni, L., Perkins, W., Minchey, S., Ahl P., Slater, J.,
Gruner, S Tate, M. and Janoff, A, suhmuted for
publication). While not definitive for interdigitation, a
similar shift (424 A to 4.16 A) occurred for
DMPC/DMPG containing high mole percentages of
amphotericin B {11).

One model for the complexation between ampho-
tericin B and lipid depicts eight 1:1 drug-sterol units
combining to form a circular pore [41]). In this arrange-
ment the hydrophobic regions align with the lipid hy-
drocarbon chains and the amino sugars of the ampho-
tericin B orient with the llpld hcadgroups. Although a
similar bilayer ar icin B-phos-
pholipid (1:1) may occur in the absence of sterol, no
clear verifiable tests are available. However, DMPC
and DMPG both possess fully saturated acyl chains
which, in lieu of sterol, may act as a template for
complexation. In the case of a fully interdigitated bi-
layer, the membrane thickness would approach half
that of a normal bilayer. As a consequence, amphoteri-
cin B-lipid association would ditfer from that depicted
in the model by De Kruijff and Demel {41}; an oppos-
ing orientation of the polar groups of Ilpld and ampho-
tericin B would be requi to of
hydrophobic domains to the aq environment.
Lipid headgroups and the amino end of amphotericin
B might orient in thc same or opposite direction or
perhaps amphotericin B-lipid palrs within the complex
alternate in direction (many ions seem possi-
ble). Whatever the arrangement the membrane would
possess two outwardly facing polar surfaces.

A 1:1 arrangement between lipid and drug is con-
sistent with several observations. For example, Dufourc
et al. [38] have noted a monotonic ordering of all
positions along the acyl chain of DMPC in contact with
amphotericin B. In fact, they found that immobilization




of deuterium-labeled DMPC by amphotericin B occurs
at a 1:1 molar ratio. Similarly we have found that
although we can achieve toxicity buffering at low con-
centrations of amphotericin B in lipid due to the spon-
taneous occuirence of high mole ratio complexes, a
1:1 stoichiometry between lipid and drug seems to be
optimal in terms of toxicity reduction. Most likely the
enhanced reduction in toxicity we find on increasing
the concentration of amphotericin B from 25 to 50
mole percent in lipid results from a closer (more or-
dered) association of drug-lipid complexes within the
bilayer structure. In fact, we showed previously that
lipid could be ‘squeezed’ out of 25 mole percent am-
puotericin B-DMPC/DMPC by temperature cycling,
with a concomitant reduction in toxicity, while 50 mole
percent amphotericin B-DMPC/DMPG remained un-
affected [11]. While the basic features of CD spectra
were the same for both 25 mole percent and 50 mole
percent amphotericin B-lipid complexes studied here,
there was a slight blue shift of the broad positive peak
located near 320 nm and a reduction in signal ampli-
tude as amphotericin B content was increased. These
differences likely reflect the changing interaction that
occurs between complexes when border lipid between
complexes is removed.

Madden et al. [36] d rated that amphotericin
B partitioning from solution into DMPC/DMPG lipo-
scmes was dependent upon DMPG centent. While
DMPC is zwitterionic, DMPG is negatively charged at
neutral pH. Although amphotericin B is also zwitter-
ionic, its amino sugar is positioned at the end of the
chain along which lipid binding is expected to occur.
An electrostatic interaction beiween the lipid head-
group and the amino sugar likely occurred in these
investigations, however, only liposcinai material evolved
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in vitro to complexed amphotericin B {35} The
metastability of the ribbon complexcs in the biclogical
milieu may explain both why efficacy is preserved and
why toxicity can apparently be buffered to a greater
extent in vitro than in vivo detetmmauons would re-
flect [20).

In our experiments significant lipase-dependent
degradation of DMPC/DMPG systems occurred oniy
in the presence of amphotericin B. It is well known
that in saturated ‘ipid significant hydrolysi;
occurs only when ..pid is near the gel-liquid crystalline
phase transition or when lir are highly curved
(small unilamellar vesicles) [29-33). At the 37°C incu-
bation temperature. our control DMPC/DMPG lipo-
somes (2 500 nm in diameter) were 14°C above their
phase transition temperature (liquid-crystalline phase).
Qur previous results have shown that the physical state
of amphotericin B-DMPC/DMPG is clearly different
[11,12). It is likely. that the kighly ordered, presumably
interdigitated, amphotericin B-lipid structures possess
packing defects similar to those occurring in lipid un-
dergoing a phase transition and/or regions of high
curvature. The latter is i with fi
EM results where sharp folds in the ribbon-like struc-
tures were apparent (see Fig. 5B).

In conclusion, the reduction in toxicity of ampho-
tericin B in DMPC/DMPG was completely accounted
tor by the formation of a high mole percent drug phase
composed of aggregates of a smgle drug-lipid complex.
Li lly associated icin B on the other
hand remained significantly toxic to RBCs and vielded
a monoineric CD signature. Differences in amphoteri-
cin B toxicity to RBCs between the two types of
association with lipid were dramatic and probably re-
flect a reduced exchange rate of drug from tire macre-

(no high-density species was observed). B we
found no pr 1 binding of icin B to
either DMPC or DMPG in high-density material, we
believe that electrostatic interactions are not important
in the formation of the complexed amphotericin B-iipid
species.

The reduced toxicity afforded by complexed ampho-
tericin B appareatly stems from restricted partitioning
of amphotericin B into soi We found that where
partitioning should occur most readily, from monomers
on liposomes and micellar material, amphotericin B
toxicities were the greatest. Recently, Jullien et al. [34]
found that the adverse effects of amphotericin B in
vitro could be correlated with unbound amphotericir B
that had partitioned out of the liposome. More co-
gently we find that the release of amphotericin B
monomer from the lexed form, a ph

rlex to the target cell. We believe that
the stability of this macromolceutar complex arises
from an association of l-pnd and amphotencm Bintoa
highly ordered In
the p of a cell-free breth p ly used to
support yeast growth the integrity of complexed mate-
rial was compromised by what appear to be yeast
lipases, thus rendering amphotericin B available for
cellular destruction. This mechanism of velease ex-
plains why similar in vitro activities toward yeast but
not RBCb could be achleved for both liposomal and
icin B. Inclusion of other lipophilic
drugs into similar well-ordered packmg arrangements
with lipid may allow for a decrease in release rate, and
toxicity, of those compounds.
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