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iy 7 ABSTRACT

The interaction: between the polyene macrolide anti-

-

blotie, amphotericin-b, and ergosterol,in EYL_multilayegs '

was investigated using spin-labelled lecithins as prohes.

Dicetyl phosphate and sterol oxidationwprodacts were used

to increase the solubllity of ergosterol past its!' 1limit in

- pure EYL (~15 mole peréent). At relatively low concentrations

4,inatenoliﬁéjuinxﬂe;percent)iand RmhhotepiginigggtgostepoliW,:wwiw,mw

-

-molar ratios less than O 6 , a complex of one molecule of

each of the two components predominated(J At higher concen-

-trationslof ergosterol, a comﬁlex of two }gosterol nolec-z

%

ules and one amphoﬁericin'B was observed when there was

1nsufficient'antibiotic _present toiform'a'l'l”coﬁpléx,.—r _ =

"“fcompIex {or compIexesT’was formed The complexation of -

When the ratio of amphotericin B to ergosterol is greater - f

than 0.5 at the higher concentrations, a 1arger 1: 1

'ergosterol with amphotericin B at higher sterol concentrations

,was accompanied by a'spectral change thatrcan be interpreted

as showing the bound ergosterol oecupying a position

»closer to-the membrane surface than the free sterol
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‘INTRODUETI ON

I Polyene Macrolide Antibiotics

The.polyene macrolide antibiotics are a group of
Aantifungal agents produced by the-actinomycetes.A Although
numerous polyene macrolides have been described in the
literature (l), most“work'on the mode of action of these

| _antifungals has been -done with amphotericin B nystatin,

. and filipin (Figure l)‘ Of these, amphotericin B the
pclyene used in this study, is the only antibiotic whose

iiiiii;i,i;tertiary;structuge;andiahsolute;conﬁigurationihavelbeenw,”,'

~£}ﬁ55rted (2,3 Figure 2). There are seyeral important
featuresAin the~ photericin B structure. The long conjug-
ated polyene segment forms a‘rigid backbone holding the

::macrocycle in a rectangle-like shape. Most of the hydroxyl

;?‘* .groups ‘on the opposite side of the rectangle are axial and

T ' disposed to the same side of the ring plane. This structure-
Aggiyes the compoundjan obvious polarization about its long~
_axis with one side being hydrophilic and the other side
’hydrophobic. :fF. o 5: ; 7,; ‘ -
As antibioticsg the macrolides are. highly effective

in inhibiting the growth of a large number of yeasts and

other/fungi They are commonly used in humans for control

of topical and gastrointestinal inﬁections by these micro-

organisms (4) However, bacteria are totally immune to

these antibiotics (5) Subsequent work has indicated that

a crucial step in the cytotoxic action of the polyene

A

R i

. .
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macrolide antibiotics involves some kind of interaction
with sterol contained in the outer membranes'of sensitiverz
cells, probably forming a macrolide-sterol complex. Thus,
the sterol - free bacteria are not affected The membrane ;
antibiotic interaction causes ' a breakdown in,the selective

transport properties of the membrane, resulting in loss of

cytoplasmic.constituents and cell death. As an example of the-

in Vivo evidence that supports this theory, Kinsky (6) has

shown that the ‘bacterium Mycoplasma laidlawii grown in the

e ———fr——ﬁsreseasewﬁ steraisﬁ#asﬁsensitWeJeoﬁﬁiﬁLipmevmﬂe;the —game - = ?
' microorganism grown without sterols was not sensitive., This : ' -

bacteriunfnormally has no sterol in its cell membrane but

L]

will absorb it from the medium if a sterol- is present.-
Polyene antibiotics are also able to. lower the DC resistance
or rupture cholesterolecontaining,black f1im membranes.

Cholesterol—free membranes are unaffected (7,8).

Sterol-containing organisms can'also‘be resistant
‘under certain circumstances. Antibilotic resfstance can be
conferred on normally sensitive organisms:byfgrOWth on
seleetive'mediai -Insensitivity could result—from a change
‘i} in the amount or.nature ofpthe sterols available for complex-r
‘ ation in the cell'membrane; This has been investigated in _
777777777 4f4aniibioticgsensitiﬂegandfantibiotic4resistantgstrainsaoﬁgthegggﬁvgfa;;a;

yeast, Saccharomyces cerevisiae (9). The sensitive strain

was shown to contain ergosterol as the predominant sterol



B

component while a more resistant strain contained 96%

‘fecosterol Since the total amount of sterol in both strains

=

was approximately'the same, it was concluded that'not “only

is sterol necessary for- the antibiotic to be active, the right

)

kind of sterol is necessary,

fzv,Ergosterol

~-

T that sterols and macrolide antibiotics do form nonisolatable

""" B o e "L'f”L’;"’7'7"'77"’?6'7@(55@?0’17*,W'T'”’7*7

Informatiofn on the nature of the sterol - antibiotic
complexyhas'been'obtained'by'aAvarietyrof methods,t'Stndies,
using differential scanning calorimetry (10), permeability

studies,(ll) and membrane binding methodS'(12)'have<shown

complexes in which tne ratio of antibiotic to sterol is a

small number on the order of one. Spectroscopic and perm-

eability studtes have shown that thé antibiotic - sterol
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‘complete when'a'ratio of 2:1, cholesterol/antibiotic,,is

'interaction is primarily hydrophobic in character (lO)

When increasing amounts of cholesterol are added to an ‘
aqueous‘- ethanol solution of amphotericin;B,'the;antibioticv
is solubilized with anlaccompanyinglchangeiin the polyene
uv chromophore;‘ With this antibiotic,the reaction is KN

reached. This infers %that amphotericin B has two equal

binding sites. «Similarrwork with/filipin and nystatin‘has

shown'tbey also have two'binding sites, but of different

Caffinities (13)o T e

A Large amount of information about the nature of
the active antibiotic complex can be,obtained by~measuring

the conductance of thin lipid!membranes undervappropriate,

" conditions. . Nystatin and'amphotericin B can increase the

resiStance' of sterol - containing films from a value of '

"8fl.cm -2 for the unmodified membrane to lO 2!1 cm or

higher when present in only micromolar amounts. The’ relevant

characteristics of this process are listed below (14 15, 8);1;”

1) A sterol must be a component of the Ilipid membrane
for ‘the antibiotic to be effective
2) There is a much greater increase in permeability

when antibiotic is present'on both~sides of the

—éﬁ—i%e—cenduetance—is+proportional4tofaglargelpowerlllllllllllllll

of the antibiotic concentration. The power can

vary,from.H to 12 depending on the nature of the



,Wantibiotic;~type'ofvphospholipid and other factors:

L) The antibiotic - treated membranes are primarily
anion selective and discriminate among them on the”’
basis of their Stokes - Einsteinrradius.

S)vThe conductance of the membraneVdecreases"approx-

ﬂimately lOLL times for a lO C temperature increase.

6) If the antibiotic is removed from the aqueous

s solutions‘on the sides of the conducting membrane,

it reverts to its unmodified state.

The general picture which emergesrfrom this data-ig-- - -t

of several antibiotic molecules interacting with sterol on
-~ each side‘of the‘membrane'tO'form;a,conductingApathway,r,i =
The extreme tenmperature dependence and revers1bility of the

conduction phenomenon implies-a fast dynamic equilibrium '

between the complex and free sterol -and antibiotic As - well

faS‘anions, the treated membrane is also permeable to water
and'non -'electrolytes up to the size of glucose (Stokes -
Einstein radius»- MA) which is’ essentially impermeable (16)
The pathways seem to be actual aqueous channels extending o
from one side of the membrane to the other.r lf this is true,
it should be possible to observe discrete»current Jumps
that can be attributed to a single ion moving,across'oné

-~~~ pore. Such events have been observed- inﬂthe%&ntibie?i%i

R Asueh——asmalamethicin4£lZ}gandgmonazomycin (18\ : Qimilar _;

behaviour has been reported for amphotericin B and nystatin

at 5% or less cholesterol/ox brain 1ipid membranes (19).




,observed (20).

" of two half - pores, each a circular complex of 8 antibiotic

~moleculeswalternatinguwith¥84cholesterolﬁunitsfuemhewanti;f

At higher concentrations of sterol, -discrete Jumps are not

Mechanisms for the antibiotic action of the polyenes

have been suggested by various groups (8, 21, 22, 23, 24)

'Of these, ‘the. proposal by De Kruijff and’ Demel (21) is the

most detailed’ and perhaps the most consistent with available .

and- cholesterol to construct models for complexes that could

act as a pore. The type of complex they propose appears

to be a refinement of the earlierf§odel of Finkelstein (8)

The amphotericin B (or nystatin) - cholesterol complex is

'visualiéedpas'a'Circular aggregate forming aqueous channels

'that:traverse the membrane (Figure'3). The channels'consist

L

'mdatafs~TheseﬂauthorsAused“spacef sfiiling‘modelssof*antibiotieSMMMAsessew

~blotic molecular structure fits in well with a complex of

this type. The hydrophobic polyene side of the molecule is -

oriented to the outside”mhere it can interact'by Van der

,Waal‘s forces to both the phenanthrene part of the sterol and

 the phospholipid of. the membrane The hydroxyl groups on

the other side of the antibiotiec :rectangle"rare'oriented‘

inwards forming a polar enVironment within the pore.

HYdrogen‘bOnding by the hydroxyl on the sterol to polar
,r‘

gfbupsjon the antibiotic gives additional strength to the

'complex. “The - charged mycosamine residue on the macrolide

sits'on'the ‘surface anchoring the complex to the polar region



| Figure 3
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i experimental observations above;, For<example the concept -
%, - of the half pore requires antibiotlic to be fé;sent on both
» sides of the membrane and the sterol/antibiotic ratio 1s 1: l

TT The Problem

“The purpose of this research is to clarify the

nature of the sterol - antibiotic complex by observing

. membrane perturbations lnduced by its presence in phospho-}
lipid‘bilayer,systems using nitroxide‘spin'- labelled,’ '
lecithins as probes. These labelled molecules were constructed'”’ -
such that the spin label is situated in a speciflc region . 'i -
of the bilayer.’ By studying the perturbation in esr line
shape which occurs in these labelled bilayer preparations

' upon addition of the antibiotic,.one can deduce changes in

' label mobility It was. envisioned that this could allow

7 location of the antibiotic-e sterol complex within the
7 bilayer. _ | R ‘
The compounds used in this work were amphotericin B
and ergosterol. ,The latter—was chosen because itzis ‘the

ma jor sterol found in-fungimand yeast membranes which are‘

ithe‘oréanisms-against which these antibioticsrare normally

directed It has been observed that ergosterol - containing

“thin membranes are much more sensitive to ampnotericin B

This could be taken to mean that the ergosterdl - antibiotic

-complex 1s the stronger one and so probably easler to observe
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rinrthese experiments, Amphotericin B was used because -

a 1arge proportion of the reeearch'was-done on the mechanismrwf
Voftthe polyene macrolide anti-microbialwaction_with this
compound — 7

--ITIT The Spin - Label Technique

To use esr as a means of getting information about

a system, an unpaired electron must be present. - This

requirement Was met by attaching’a paramagnetic»moiety

"(a spin - label) to a compound compatible with the system.

:*4lﬁ%thi8mwa¥r—the;§e?%ﬂrba%%eneéf;%hel&niabeliedépreparation e
“is minimized. Usually a compbundlindigenons to the system
18 used as the carrler for the label. A varietyrof labelled
compounds that have been used 1n membrane expeniments ofk
this type are shown in Figufe 4. 1In this study PC(E)-S-PASL, .
PC(2) -PASL>'PC(2)—12-SﬁSL and PL-HL were used. . These

spin - labelled compounds are all derivatives of lecithin
and so would be expected to have a similar position and
'iorientation in the bilayer as an unlabelled lecithin molecule.
With this set of probes we. hoped to be able to monltor the |
bilayer fluidity at a varlety of points in the membrane.
" (A) The ESR Experiment | | |

An unpaifed electron canrbe viewed as a spinning

orbi

1t will hHave two possible energy levels corresponding to com-

ponents of the electronic magnetic moment aligned'parallel”on

antiparalkelrto'ﬁ,rulheee}etates are represented by spin
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FIGURE 4 - Commonly Used Spin Labels

4 5-0 . 5.pash = (mn) = (10,3)

~N - » :
CH3(CH2)mC(CH2)nCOOH - 8-PASL - (m,n) ='(7,6)
oz - 12-SASL - (m,n) = (5,10)

e
CH,CH,—N(CHz) 5
77'”fil -

0
|

O:f*o e

o S
~ CHp—CH—CH,,

l
0.0
| ]
R

(C?E)n

. ? CAM

CH

3

PC(2)-5-PASL - (mym) = (10,3)
PC(2)-8-PASL - (m,n) = (7,6)
PC{2)-12-SASL - (m,n) = (5,10)

R -‘Fﬁ??g’géid Residue

P€(2)-X-FASL - Phosphatidyl Choline-X-Fatty Acid Spin Label

PL-HL - Phospholipid Head-Label
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guantum numbers, Ms = -% or +4. In the esr experiment,’

transition from the lower to higher state 1s induced by
applicétion of excitation energy to the sample in the form
of'radiaﬁion, hy, at right angles to H. Absorption will

occur 1if the eﬁergy difference‘between the states éorresponding
to Mg = -3 and M, = +3, E, 1s equal to the energy put in by

hvy. That 1s:

wheré B 1is theHBohr_magneton, a fundamental properpy of the

__electron, H is the external magnetic field strength and g 1is

a constant, characteristic of the electron. The g-value
charactérizes the response'of the 1solated unpaired electron
spin state to H. Although g 1s a constant (= 2.00232), the

“experimentally dﬁservéd g can vary because of local magnétic

flelds set up by the external H., These internal fields vary

with the naturéipf the molecule containing the unpaired

electron and its cheﬁidal and physical environment. Therefore,

the observed g 1s characteristic of a certain spin ~ labelled
molecule under specified conditions.

14N

In the presence of magnétic{nuclei such as<1H,-
and 31P, the unpalred electron spin can couple to the nuclear

spin, splitting the electronic energy levels. Figﬁre‘S

.. 311lustrates what happens withrluN. This nucleus has a nuclear

spin guantum numbér, I, of 1. Therefore, there are 21 + 1 = 3
'energy levels possible with respect to the external magnetig

field, Eachroffthertwo electronic energy 1eve1§ is Split

N
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quantum number Ml = +1,0, -l Transitions are allowed only

between states with the same nuclear spin quantum number,

y‘

which in this case are 41— +1F ~1— -1* and O—‘) 0% - These are

represented by the arrowsrin the diagram, - Each transition

is a change in the s\i@'state of an electron coupled to a

‘nucleus in one particular spin state. There 1is nQ.chgnge;ink

the nuclear spin.' Absorptions are observed hy irradiating -

with a constant hv and scanning 'I? In this case three absorp-

f*’tiaﬁ*peaks are recorded."The separation between the signals'

1s called the hyperfine splitting, A.- ¥ is modulated at 102
Hz resulting in the.first‘derivative of the absorption_being
taken as the esr spectrum. Integration will give the normal
‘abSOrptionfspectrum and doubleiintegration,kthe relative

-

areas.

o

The magnitude of the. hyperfine splitting depends on

the chemical and physical environment of the spin - labelled':.

moliety and the ‘angle of'ﬂ'to the orbital containing the
unpaired electron. For a nitroxide, the chemical group
containing the unpaired electron used iﬁ this work, A varies

‘ from 32 gauss when ﬁ' is parallel to the nitrogen ” orbital

containing the unpaired electron to 6 gauss when ,the field 1s

L

.

at right angles to the orbital (see Figure 6).
- A 1

r

containing molecules are tumbling rapidly with respect to

‘the  frequency -corresponding to the energywdifferenceibetweenr

® - 7, — l
————————In—a low viscosity solution where the radical=—""""
. utl v ,
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‘ the various hyperfine states, the hyperfine splittings average
Axx + A + Azz
3'-

= 14.66'gaussr“7

If the tumbling is too- slow to -average out as above,

the.spectra will show a non-averaged A, Somewhere between 32

- and 6 gauss. The magnitude of A can also be used as an.

lMewMe“Mweetimate4ofmxhem1ahelmenxironmentmpolanltyTAAAcanmvaryaixwmpmmmeeeu#u_mu;u
17 G in polar solvents to 15aG. 1n.hydrocarbons. .

As seen in the diagram, the g-value 1g also dependent

’iéﬁ’éfiéﬁéatibﬁ} It may vary from 2 6627;ben H 18 parallel to éﬁﬁf :
the nitrogen orbital to 2.004 when H 1s at rightvangles.
hgain, if the tumbling motion 1s rapld, g is averaged in the

same way as A:

‘ The anisotropy of the hyperfine splitting and g-valuer
components ‘can be utilized to ‘estimate ‘the relative motionalfﬁ;mnrrﬁ
B freedom of similar nitr&iide-containing moieties in oriented
bilayer systems. The. situation encountered in most cases 1s
eieombination'of rap;d and slow anisotropic motions 1n two

i /direetions, In a fatty-acld spin-labelled 1ec;th1n,molecuie,

‘nitroxide 1s parallel to the fatty acid residue’s long axis

(Figure 7). Rotatlon about the long axis would have no
1::effect on the observed hyperfine splitting 8ince the pairs

'ﬂ: XI’ ﬁ and Sxx,‘g?y,are already’equal. End-for end-rotat;on
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would be, of course, very slow and can be disregarded

Rapid wagging type motiong of the fatty acid residue talls

due to gauche-trans interconversions and general chain,

' flexibility will tend to decrease A;% (the observed hyperfine

splitting) and increase A A;y. As the amplitude of this.

motion increases, so will the deviation of observed hyperfine

splittings from the theoretical 32 and 6 gauss values. This'

Aew~w4uweffeetaiSAreadiiyrseen*in“Figure“8“which“compares”the;split-
: tings of tWo labelled lecithins. The spectra are taken of

the labels in lecithin liposomes. In both cases, 2A is

less than 64 gauss and 2A 2Ayy) is larger than 12 gauss.

- However, for the 5-labe11ed compound, 2AZZ is considerably

‘larger than that for the 12-1labelled compound, indicating
that in therlatter case there is nUCh greater motion of )
the 1abe1

(B\ Interpretation oﬂfBesults

~The_spectra of fatty acid spin probes are usually

,:interpretedlin terms, of'the model,formulated/byiHubbellfand,ﬂ,m,,f”,”m<

McConnell (26). _This model views the phospholigid fatty acyl
chains contained in the membrane from two aspects first as .
a flexible chain of methylene groups rapidly undergoing 5auche-
trans conformationalyexchange about the C-C single bonds with

the}probabilityvof motion increasing "in. proportion to the

distance from the rigidly held polar region of the molecule.

According to thilis model, thelterminal methyl group would have

a greater mobility than the'methylene adjacent to the ester

11nkage,//sé&bhd;the‘whole4cha1n/;s'gggs1dered as a "rlgid

.
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"stiokf”precessing:inva cone about the axis normalrto‘the"
bilayer snrface. These motions can be related to a measured
order parameter by the following equation - | o

Log S = nLog Py + LogVSo
nhere n 1s the number of methylenergronps between thefnitroxe

ide group and the ester linkage, Pt is the probability of

LR

: theftranseeonformation;*86~i8w “rigidtstick“ order parameter
and S is the experimentally determined order parameter ‘given

by:
_ = . - . ' - ‘.
, S = A - Ay -

- - 'i:"
Aoy = Z(Axx *+ Ayy)

A;H and'A' are the observed hyperfine splittings

when H is oriented parallel and perpendicular, respectively,.

to the labelled fatty acld chain long axis.' AzZ’.Ax »and

A are defined aboyell,Eorltheffatty -acld-type - labelg—A
Ayy' S is simply the ratio of the observed hyperfine '

anisotropy to the theoretical maximum that would be obtained B

in the perfectly aligned rigid case, Thus,‘S =1 in a per-
fectly ordered bilayer and S = O in a completely disordered

system. In cases Where l)ES)C) the order parameter can be

expressed in terms of'X, the angle between the nitroxide 'f;-'

ZPW orbital and the normal to the plane of the bilayer. .

- 4’ S = (3(3032 f)‘i—L

The angular brackets represent a time aver;;ing\bver the -

entire molecular motion. o o \

Q
e e
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» The major prerequisite for this type of’ analysis is
' that anisotropic motion must take place and 1t must be rapid
on the esr,time scale (approximately lOf8s). ~A-is also
~ dependent on'the polarity of the'spin label environment and
~could vary by as much as lO% for a stearic acid spin label

in water as compared to the same label in n—decane Thev'

more polar solvent would cause the larger splitting "In

here an accurate value for the order parameter is

s S isvcorrected by—anothert—erm—aJ whieh—aeeounts—ﬂwv—
solyent polarity. 1In this,study,ﬁabsolute numbers were |
Tot required SO the order parameters'determinedrwere uncor-

» rected » ‘ | |

klAnalysis of labelled membrane systems using the order

(28 29, 31 34) In some experiments using cholestane spin
label (CSL) or. fatty acid-type labels, a silmple three line )
spectrum is not observed : Figure 9 shows the spectrum obtained'
wilth CSL in multilayers of bovine brain lipid at low ionic
-strength ' An extra line is observed 19 gauss downfield from
the centre of the spectrum Thig type of spectrum is obtained

when there is a. static distribution of CSL or fatty aciad long

- 4
”l”llaxis,orientations;nith retention of rapild motion about the

‘long. axes (29, 35). - In other words, not all the bilayer

-

fragments in the multilayar preparation (described below)

are oriented parallel to each other. The more - asymmetry



B | becomes with a proportional decrease in the intensity of the
. adjacent signal, D (Figure 9). The ratio of the peaks D/E
has been used as an empiricalvorder parameter (29,_3§, 37).
 The greater therratio,,the narrower the distribution/ofilabeln

raXes. ‘In the case of a very large distribution, peak D may

*ifi“rAvmwadisaséeareentiswgap. - o e f‘ ;; J/‘{ g
’ o IV’Model Membranes o S i et ‘

i; Natural membranes are very complex in terms of comp-

-rj:ir osition and structure.' The number of variables that would
have,to be‘controlled or taken,into aCCOuntfwhen studyin§’ 
fmembrane-phenomena ﬁhas made/the use of model svstemsvaAl )

X necessity'" Using models, the'complexity of a'systemrcan‘bef»
increased in a controlled manner, |

e

~(a) Black Lipid Membranes

Black lipid membranes have been referred to previously
in the antibiotlc conductance experiments,, The membrane 1g
i a single bilayer formed in a small hole connecting two ’ |
aqueous solutions (38'739) Due to 1ts mechanical fragility,
/systems like these have not been studied by esr.

(B). Liposomes

Liposomes are multilamellar vesicles composed ofi

concentric spheres of pnosﬁh"lipid‘bilayers‘separatea by

dispersions inewater; resulting in aqueouS}suspensions of the
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'liposomes; Due- to their relative ease of preparation and B
. - - \_E
- versatility, liposomes have been studied by a varlety of

physical techniques. However, this SYstem doeS*have comp=- -
:lications: when used for a spin label experiment The packing
of the lecithin fatty acid residues varies with the size of
the liposome making“the.esr-spectrum of a'probe sensitive to

the degree of sonication (40) Also, the motions of the

Am~——~77inside—and—outside*leeithingacylwchainsAare differentd,ul).- | .
Due to these factors and the symmetry of the system, the esr o
spectra of spin labels in liposomes tend to be complex and
interpretation is sometimes ambiguous (29) o o ‘,f;iirf‘J

Lc) Multilayers ‘ o - T )

Multilayers are parallel sheets of bilayers deposited
on a flat surface. This model system is commonly formed by‘
two methods.. Evaporation of a chloroform—lipid solution on

~a glass- surface such as a microscope slide cover slip will

result in well ordered multilayers after solvent removal in
B “vacuum and hydration (27, 42)A After mounting in a suitable
l holder, A; and Ai can be measured directly by rotating the
holder within the microwave cavity of the esr machine. In -
» the second method the multilayers are formed on the inside e
- of a flat esr cell. (Figure lO) by bubbling wet nitrogen ;’
through a chloroform solution of 1ipid in the cell itself

B =6 I Thé‘orientation with respect to H can be cnanged in

‘f““*""the*same‘way4to4obtain4ﬁ444and4ﬁ“‘f““““““‘fﬂt“t4‘4‘4‘4‘4‘4‘4‘4*44*
7 n . —
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'Wf=w*~r-m~ACompared~to~iiposomes;*multi}ayers provide‘more

—28-

"VMcCOnnelirhas demonstrated’thatdspinélabelledt
phoSpholipids,migratejwithin:thexbilayer at‘a rate measur- -
‘able by ESR. - The movementris'sIOW on the,ESR time scale |
(26) The parallelity of the bilayer fragments that
make up a multilayer preparation has been confirmed by

_ X-ray diffraction(12)

’

accurate values for the hyperfine splittings and therefore,
the order parameter ‘Another factor in'this case is the |
large,Size of the sterol antibiotic complex (according to
DeKruijff's model, about 30 A in diameter (21)). The
compiex may be deformed or not form at all in the relat-
iﬁely small»iiposomes (250 K in diameter forrsingle

bilayer &esicles (43)). For these reasons, multilayers

_were. used as _the model membrane in these e zperimentsimmiWi”ﬁi,miiiiiiii

\i Validity of the Spin-Label Method

7§ecent1y,there has been,a controversy concerning
Virthe validity of the spin-label technique as compared to
3 ;3C and 2H-NMR of bilayers (44, 45). The argument centres
about the flexibility gradient of bilayers. -This gradient
is the difference in motion one encounters moving down

the chain of a phospholipid fatty acid residue in a bilayer

The spin-label order parameter decreases rapidly as the

paramagnetic nitroxide moiety approaches the end of the

fatty acid chain (and so the centre of the bilayer)(26,35,
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'EETfYEThE“QH-NMR'experimenﬁé'showra slightly different pic-

ture (47, 48). The deuterium order parameters are constant

in the outer two thirdéw@f the bilayer and then drop

 approaching the centre (Figure 11). It has been argued

by McConnell- (49, 31) that the discrepandy in gradients is

" due to the difference in time scale of the twq methods.

- ESR measures fluctuations with freguencles 210

Hzwhile l

2H-NMR is slower, detecting movements wlth frequencies;zlo5

Hz. Therefore, motions with frequencies of 105-107 Hz are

not imcluded in the ESR order parameter but are detected
by 2H-NMR. The rela%ionghip between the order parameters

3 and\SD,’respectively, should be (45):
Sp = 1/2(3cos2¥ - 1)8

where cosgyfis the average angula?‘fluctuation in the 105-

Zhe time scale effect should have the effect of making
SD'smaller thén é.' Ho@ever, when,order parameters were.
determined by both methods in identical systems, Sp was
found to be.larger than SE(QB; 48). This 1is the opposite
of the prediction derived by tiﬁé;scalé éfguments. The
digerepaney has yet to be resolved.

2H_NMR shows the physical state of an unpefturbed

ek

systeﬁ wnile spin latels show the response of the system

to a small perturbaiion, the presence of the nitroxide

chemical group. 4Lt zppears that 1f spin label spectra



e T

are Ilnterpreted with this in mind and especially if the
data aﬁ?lysis’is &aalitaﬁive, as in tﬁisrwork, the use of
the spin-label method can be justified. It is possible
that'in sohe.géses,'the presence of the bulky‘repofting
groub may be an advantage, the slightly perturbed sttem

could be more sensitive to steric changes than the original

NN T

system.
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I Preparation of Multilayers | ' o o L

Egg yolk phosphatidylcholine was'preperedAby‘the L o
method of Pangborn (SO) except for the use of 1:1 chloroform/
methanol ‘as the extraction solvent instead of ethanol Wben

, Stored for pver two weeks, the EYL was kept at —20 Cas a

- frozen, degassed benzene solution. ‘For shorter periods and
before use 1in a,multilayerrpreparation, the jecithin was .

stored in chloroform under Né at'thé same temperature.

Ergosterol’(MCB)*was purified by three recrj‘t‘IIiZ‘tIOns’
from methanol/chloroform and stored as the solid at -20° C.
A chloroform solution was prepared immediately before use,
Amphotericin B (Calbiochem, Lot 300655, A Grade) was stored

with the ergosterol in a desiccator at the above temperature,

then dissolved in acidic methanol (1 drop cong. HC1/ 10 mt

.

,methanol)tbefore use, The spin labelSvﬁere stored in chloro-~
form at -20° C;and their purity'monitored by’TLC occasionally;L
7Wheﬁrnecessary, the labels were repurified by preparative TLC.
The oriented multilayers were prepared as follows:
the‘solutions descrited above were elther prepared or allowed
to warm to room temperature, then eppropriate aliquots were
combined iﬁ a test-tube. 1.3 X lO’_6 moles'of EYL were used
"*””W”’*‘“MIﬁﬁ?j?reiﬁﬁﬁ&tifﬁT“‘%?ﬁ?‘&ﬁEﬁﬁﬁﬂ%‘6fL4ﬂﬁ546%3Kﬁ?‘@ﬁﬁiﬁﬂﬂﬁ&%ﬁ‘fﬁﬁﬁ%&d*
4444444444weregthen4determinedgﬁromlthisgamountjfe1g1,4if4a41Q%4erg047444447444444e
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sterol preparation was required, 1. 4 x 10~ ( moles of the .
sterol was added, - Spin—labelrconcentration was ‘kept at 1%,
,i | or less. The combined solution was then transferred to a .
flat quartz esr cell (Willmad Glass Co.) and the solvent
"i evaporated by bubbling with a stream of wet nitrogen. The

~

vilipid‘WaS deposited oq the side of -the cell by the bubbling

-

~—~§¥~é;“TactionTT”Any*remainingtsoivent‘was'evaporated by‘evacuation
- f for at least:8fhours;—'The multilayers were hydrated by exp-

. osure tb 60.15 M NaHEPOA, pH 7, for 15 minutes After draining,

S e e R

e the esr spectrum of the. preparation-was recorded on a Varian

R

E=K spectrometer, When using the antibiotic, the multi- -
- layers.ﬁere Kept‘in the dark as muCh,as possible during and
pafter;theirﬁpreparation.~,Typica1 machine settings would be

as foilowsim

ﬁ.":/‘»';"a'Scan;Range":"Qi-loo G S -
o / Field sgt . o - 3360 G |
S d,;ﬁ,‘l‘im‘e Constant - 1.0 s
' - ; ‘_ Scaanime - 16 min

Modulation Amplitude 1.0 x 10° @

Receiver Gain -5 x 10°
) - Microwave,Powér -20mW -
4 Microwave frequency - 9.450 GHz |,




-~ -~ -~ -IT Synthesis of Spin-Labelled Compounds —

Mass spectra were taken on a Hitachi Perkin-Elmer

RMU-6E speotrometer. 100 MHz NMR were recorded for deutero-

chloroform golutions on a Varian XL-100 spectrometer using

were first reduced by the addition of phenylhydrazine to the

TMS as an internal standard. Nitroxide-containing,compoundS" :

,;sample“inmthe NMR tube. Infra-red spectra were determined

on a Perkin-Elmer spectrophotometer model 457. A Varian E-4

EPR spectrometer was used for esr spectra. Organic solventﬁ"

solutions ‘were first ‘dried with’ magnesium sulphate before -

evaporation on a rotary evaporator (temperature 1ess;thaniv

u0° ¢). N ' ,v
(A) Synthesis of the Phospholipid-Head label (PL-HL)'

The synthesis of PL-HL (VIII; Figure 12) was according

to the method of AneJa and Dav1es (51) except where noted

Acetone was first condensed with ammonia to form72‘2'6 6-A

tetramethylpiperid-u-one ( )(52) , This was brominated to 1 -

form the 3,5- dibromo derivative (II) by the method of Sandrisv

and Ourisson (53). Treatment of II with sodium methoxide
produced IIT via a Favorskii rearrangement, Reduction of
ITI with lithium aluminium hydride“followed by catalytic
hydrogenation gave IV?and then V. The oXidation,of’the sec-"

,W”iﬂ”Wmawaﬂondarygamine—toAa nitroxide—was~done—with—hydreseﬁ—perexiée*

4————w———n——eataiysedfbygsodiumgtungstategand EDTA as descrihed by
i, , . ,
'VKornberg and McConnell (54). VI was linked to phosphatidic
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, a01d (derived from egg yolk lecithin (hl 54)) using 2, u, 6 -

/tri isopropyl benzenesulphonyl chloride in 5yridine to form

the spin labelled phospholi«pid (PL—HL VIIKI) ‘The principal

'peaks in the mass spectra taken of the intermediate compounds /;

corresponded to. the literature . o -

-

(l) Preparation of I o

- Dry acetone»(750 ml) and anhydrous Ca012 (189 g)

were. combined in,a'l,litre:round-bottom flaskoequipped wilth

7and small portions of HEO added until there was no further

a -mechanical - stiprer; condensor-and a gas‘additienrtube;”ﬁ:~, B

Ammonia gas bubbled through the suspension at 4 hr intervals- _v L

with stirring over a 2 day period.< The solution was refluxed

- for 1 hr, filtered, and the filtrate distilled until only

. constituents boiling above 75°,Q/remained. The red viscous

liQuid which resulted was cooled»to’3° C in a salt-iceEbath

increase in temperature upon addition The solution was

cooled to 0° C,,ﬁiltered and the solid recryStallized from .

ether saturated with water. 42,9 g of triacetonamine (I)

was obtained. F -

- M.S. - 155 (M), 1ko, 98, 84, 83, 58, 55, 42 -




-

(2) Bromination of‘I

A solution of Br2 (51 g) in glacial acetic acid (70 ml)

‘ v was added dropwise to 25 g of I dissolved in 100 ml of

i S
-

glacial acetlic acid. The rate of additlon was,such that’the'
5 temperatnre did not exceed Lo° c. “After the reaction was

- complete, the solution was allowed to cool while HBr gas was

e ,o,,,_,;,,i glven- e{‘il andJehe product; preoipitated ’I',hewsolutionrwas'
stirred for an additional 2 hrs, filtered and the precipitate
washed successively wlth seﬁeral 50 ml portions of glacial

iracetic”acidrfollo@ed by Water; methanol>and’etner,'thenfdlb
,dried. The product'obtained (11, 51.1 g) was’used;withoutrre
further purification in the following step.‘ W

S M.S. - 313 (MF), 234, 232, 153, 83, 58

(3) Favorskii Rearrangement of II

,;QQiaisusgeps19§m9£illiﬁgzig) in a solution of. ether

(340 ml) and methanol (35 ml) was added a sOdium methoxide
solution, preparediﬁrom 6 g of Na dissolved in,75iml‘of '
d methanol andZMOO ml of ether, over a one hour'period with
magnetic stirring at 2° C.‘/The,mikture was stirred at- this
»temperature'for an additional 2 hrs, then warmed to 25°.C7
;and.filtered.r The filtrate was evaporated to give a yellow

viscous ligquid. The crude prodnct was purified on a 120 g -

7 Unisel silica gel-column eluted with 5% methanol in chloro-

M.S., - 168 (Mt~ cH,), 167, 152, 136, 109, 108

3
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(4) Reduction of III

A solution of‘dry ether (100 ml) éontainiﬁg 3.5£ g off
LiAlquwas_fefluxedlfOPTI hr. Whilé.the so1utiQn was stillf.
Vwérm;.8.3 g of IIT was added,dfopwise With magnetic'stifring\'
at a rate that maintained a'gentle:refiux; ;Aftef,éddiﬁioﬁ

was complete, the‘solutiOnlwas'refiuxed'for an additional

Ié h’f'"," Cbél’éd a a S?fi’r’"f"édf'o’Véf‘ﬁight." EXCGSSLiKl’HL’k was
destroyed by addition 3 ml 15% NaOH and 10 ml H 0. The sol-
ution was fil red and the’filtrate extfacted,with water

saturatéd with NaCl. The ether»layer'was'evaporated and -

Adried ﬁh@ér vacuﬁm'to,give55.55 of IV.
M.S. - 155 (Mt), 140, 122, 110 ‘

(5) Redﬁctioﬁ,of v

/"HYdrOgehatiSh of IV (5.5 g) was carried out in a
_ Parr apparatus with 100 ml of methanol at pH 2 and 150.mg

of prereduced PtO, catalyst for 11 hrs.'fThe sélutiOn was

2
}filtefed and ‘the filtrate pH adjusted to.13 with 5N NaOH;,
Théﬂsolution was then evaporated and extracted with NaCl-

saturated water and ether. The ether layers were combined

and evaporated to give 3.7 g of V. NMR showed no olefinic

hydrogens in the product.v
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(6) Oxldation of v

A comblnation of 3.7 g V, l 7 g EDTA, O. 95 g NaOH
2 g NajWOy -2 H,0 and 25 ml 30% H202 in 100 ml of water was -
left for 24 hrs w1thout st1rring after which another 25’mls

of 30% H202 was added After a further 24 hrs the unreacted

H,O, was destroyed by vigorous magnetic st1rring, The yellow

272

solution was then extracted w1th four 75 ml portions of chloro-
form. The CHCl3 layers were dried with Mg804 and,evaporated

e glvera yellow,residue. The crude VI was recrystallized

from ether-hexane .to give 3.0 g of the nitroxide.

M.S. = 172 (m+), 127, 85, T1

A7) Preparation of VIII

The phosphatidic acid used in this step was prepared
by the method of Kornberg and McConnell (41) from freshly

prepared*EYL l90‘mg*of VI was® combined‘with 425 mg-ofegg -

'phosphatidic acid and the combination evaporated from dry .

pyridine and chloroform three: times ~The residue was dried
under vacuum, over P O5 for 2 days. The dry mixture was ’

dissolved in 40 ml of dry pyridine with 360 mg of dry 2,14, 6-
tri-isopropyl-benzenesulphonyl chloride and left shaking for

9 hrs at 25° C. After filtration, 70 ml -of HEO was added

to the filtrate with cooling, and allowed to stand for- 12

hrs. *Thé susbension uas evaporated tO*dryness, Then placed

under vacuum over P205 for 12 hrs. The dry solid was trit- -

urated with hexanes, filtered and the filtrate evaporated




=40~

to give acyellow solid,Hhidhlwas4triturated+ifilterediandiiiiiiiiiiiiiii
dried a second time giving'zoo mg of an amorphous yellowr ' !
solid. The crude reactionrmixture-Was purified by preparative.

TLC on 0.75 mm-silica gel plates using a 75;CHCl3/?5 methanol/

4 conc NHAOH solvent system:to yield'25 mg of VIlI The IR |

~and NMR spectra of VIII- corresponded to those given in the

literature (51).

(B) Synthesis of the Tail labelled Phospholipids (Pc(z)-

5-PASL, PC(2)-8-PASL, PC(2)-12-SASL

The tail- labelled phosphelipid preeursors, 5=PASE; - s
»and 8-PASL, were synthesized by the method of Hubbell and

McConnell (26,AC0). 12-SASL was synthesized from lE-hydroXy;

stearic acid (IX,ICN Pharmaceuticals) by methylation to form

the methyl ester (X,CH2N2), Jones oxlidation to form the 12~

keto acid (XI,55) and condensation with 2-amino-2-methyl;

 propanol (56,Aldrich) to form the oxazolidine derivative(XII)
Oxidation with m-chloroperbenzoic acid and hydrolysis of

the ester gave the labelled acid (¥IV,Figure 13,56). The
ac¢ids were linked to lysolecithin (XVII,Sigma) to form the
vPC(2)-X-FASL compounds (XVIII, Figure 14,57). |

| PC(2)-X-FASL

Three 5 ml portions of benzene (dried over Na) were,//w

evaporated from 200 mg of the spin-labelled aciduin the

' reaction flask ~The residue ‘was dissolved in 2. 5 ml of dry

benzene with 100 mg of N N-carbonyldiimidazole (CDI Aldrich)

[

.
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-~ - FIGURE-13 = SynmﬂﬁﬁSfof 12-8SASL i\
OH T ?H
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FIGU‘RE 14 - Synthesis-of PC(2) 5-PASL, PC(2) 8-PASL, PC(2)-
12-SASL o
(m,n)=(10,3), (7,6), (5,10)
R= Fatty Acid Residue A
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~under dry N2 with stirring to form the acyl-imidazole der-

ivative. After the 1010) effervescence had stopped (about

2
3/4 hr), 250 mg of lysolecithin was added and the solution
stirred overnight under nitrogen. The benzene was removed
by evaporation and the remaining viscousryellow liquid heated

“to 5Q° C in an oil bath under nitrogen for 3 days. During

his time, imidazole released/during the reaction sublined

to the cooler parts of the flask where it was mechadﬁcally

Wremoved'asroften*as*necessary.1 If most of the imidazole is

not remoVed,iit interferes ﬁith the purification procedure.
The mixture was cooled to room temperatureland 0.5 ml of
’water added to destroy any unreacted intermediate. The'water
was then azeotropically removed by repeated evaporations

-of 3@%\ﬁfthanol/chloroform The lecithin derivative was

purified by preparative TLC on O 75 mm silica gel plates
run in a 65 chloroform/ 25 methano&( I water solvent system.
The' yellOW'product co- chromatographs with EYL as well as

ha a-very similar IR spectrum
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RESULTS
The results are summarized 1n Graphs I to XI ?A

div151on into two basic sections can’ be made Graphs I to :

e

V show the responses of the spin labels. to varying concen-—., o .

trations of purified ergosterol and amphotericin B 1n multi-

layers of EYL. The changes in order parameter with 1ncreasing

concentrations*of*the two components individually,are shown -
in. Graphs I and»V_. In the remaining graphs (II, III and IV), )

antibioticrwas added to multilayers of EYL oontainingrap

- constent amount‘of sterol. The interaction of the two com-
ponents was studied up to theVSOlubility limit of ergosterolz.
injEYL. In the second phase (Graphs‘VI,to X1), the_solubilityl
of ergosterol in'EYL was raised byrtwo methods; 1) using a .

’ & v .
dicetyl phosphate (DCP) - lecithin mixture as the supporting

, (,lipideandfeZJWuSihgeepgoste?oluthat—h&éhbeeﬁ4s%ightly decom= —
posed by standingiin solutlon for one week. The very small' »
amount of oxidation products present .in the latter solution
appeared to increase the sgterol soluhility dramatically. ‘ 4
7 The responses of the probes to incorporation of ergo-\f\\\\\~*_
sterol in thetho altered types of bilayer are shown in

Graphs VI and IX. .The other graphs in this section show the

changes in order parameter when antibiotic was added to

multilayers contalning a fixed concentration of ergosterol.

“The responses of the four synthesized spin labels
tc ergostercl at different concentrations in pure EYL are

shown in Graph I. Similar order parameter changes were
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observédVfbfrfﬁértﬂrggrfééty-agid.type propgs\(PC(E);S-PASL,'

PC(2)-8-PASL and Pc(z)-lé-SASL). Forrfhese spin fabels,

.S’(the ondef péfaqg&erﬁ reached a maximum around lSymole'—
/;percént'ergostero}. The increase in order ﬁarameter from

I

zero to 15% sterol was approximately 0.05 units for the three .

chain probes. The order parameter of the head-label (PL—HL)

was constant up to 15% ergosterol after which it decreased
slightly. | —
In pure EYL multi#ayers cdnpainihg a.fixedrqpncen-

tration of sterol, addition of amphotericin B‘caﬁsed changes
’ \3 in the order parameters of the spin labels. At a concen-

tration oghﬁ.l% ;rgosterol in the multilayers (Graph II),

the three fatty-acid derived prbbes:éhéwed a similar order.

paraméter’éeéponse to changing antiblotic concentrations.

-~ — wFor these labels S was approximately consStant up to a anti=
o - > ;
bié{ic:stgrpl,ratio of 0.6 after which it decreased. PL-HL

exhibited a linear decrease in S.up to an antibiotic:sterol
ratio of 1.3. When the ergosterol concentration was 15%,
(Graph‘III)’similar resulté were obtéined éxcépﬁ'the decrease
T in,é after a antibidtiq:sterol ratio of .¢.6 was more extreme.-
 ,4~w1th multilayers containing 18.8% ergosterol , quite different

changes in S were observed. There was an initial increase

in order parameter fop the PC(2)-5-PASL and RC(2)-8-PASL  ,

probes with the maximum occuring at an antibiotic:sterol »

ratio of 0.25. The initial Increase in S was larger for the

-~

St
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The label PC(2)-12-SASL, showed only a decrease in S over the
antibiotic:sterol ratio investigated (O to 1.5). The order
parameter of the head-label also decreased up to a antibiotic:

sterol ratio of.0.9,,after which it was constant with S equal

to zero.

~—The results from control experiments in which ampho=
tericin B was added to multilayer preparations containing

no ergosterol are shown in Graph V. No trends in order para~

meter variation were observed w1th the PC(2) 5 PASL and PC(2)-

8- PASL probes at antibiotic concentrations less than 4% The

-spectra were distorted at higher concentrations of antibiotic

and no order parameters could be calculated. The other

two labels showed a steady decrease in S uprto 15 mole per-

_.cent antibiotic,,aﬂter which,theiorder,parameteriwas,approx-

A b1 £ e st 2 e s

imately constant

As described above, the solubility of ergosterol in
EYL was increased by two methods The order parameter respon-
ses of PC(2)~5-PASL to increasing sterol concentration -under
the different conditions, are shown in Graph VI. Dicetyl
phosphate in 9:lrand 4:1 EYL/DCP molar os raised the

maximum ordering ergosterol concentrations to 25% and 30%

" respectively. The order parameters derived from multilayers

containing slightly oxidized ergosterol'continuoﬁsly‘incr-
eased until a sterol concentration of 70 mole percent was. .

attained. This was the highest ergosterol'content examined.
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- At 20.9% sterol in a 4:1 EYL/DCP multilayer (Graph -
VII), the PC(2)-5-PASL 6rder parameter curve with respect

to increasing antibiotic concentration was ery similar to
that observed for 15.0% ergosterol in pure EYL. The main
differences were that the maximum S occurs at'a smallef
amphotericin'B:érgosfefol ratio (0.20 as compared to 0.25 in

the latter gase), and the'subsequent decrease in S was more

extreme. At a higher concentration of ergosterol (27.1%)

in the L4:1 EYL/DCP multilayer (Graph VIII), the maxima in

the order parameter'curves*of;?GfE):E:PﬁSE'seeﬁ*in*ﬁraphs‘*
- IV and VII were not observed. The addition of antibiotilc
to 27.1% sterol in 4:1 EYL/DCP multilayers resulted in a
PC(2)-5-§ASL order parameter curve that initially decreased
sharply, then flattened out to become ap foximately constant

after an antibiotic:sterol ratio of 0.5 was reached.

”Tgé séiuﬁii%fy of ergosterol in EYL was veryllarge
when the sterol oxidation products were present (Graph IX).
PC(2)-8-PASL and PC(2)-12-SASL exhibited the same type of
" response to increasing ergosterol concentration under these
conditions as described abové for PC(2)QS-PASL. The order
parameter 1ncfeased up to a sterol concentration of at least
) 70%. The order parameter curve df PL unde these’conditions ‘
;777;;,;”f. 7dmseMJ%MmWOL%M%MmM%7

.change., ' . -




-

Amphotericin B ‘added to a multilayer system: containing |

18. 8% ergosterol (plus oxidation products) (Graph X) resulted
in PC(2)-5-PASL and PC(Z)-lE-SASL order parameter curves

similar to those observed for antibiotic addition to 18.8%
sterol 1n'§ufe EYL (Graph IV) and 20.9% sterol in 4:1 EYL/DCP

multilayers (Graph VII). ‘In the sterol oxidation products/

EYL*system; an S maximim was observed~similar to that seen

in the;other'systems, followed by a sharp decrease 1in S,

"ciic*sterolgratioireanhed

-

0.5. The PC(2)-12-SASL order parameter curve -of Graph X

shows a decrease in S down to a antibiotic sterol ratia of

1.0, after which the order parameter is constant At . a, higher :

concentration of ergosterol with this system (27. l%, Graph.XI),

the initial change in S with added,amphotericin B was larger

than at the lower concentration but with the same change of

slope to zero at an antibiotic:sterol ratio of 1.0.

. > -
. - o T B e 4 e

.
. .
PR . .
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D;§CUSSION B . -'vf -

In the presence of ergosterol and amphotericin B,

the apin label probes incorporated in the multilayers give

, three basic types of response depending on the concentrations

‘r““““**rrprobes*show*similar*order*parameter curvesM(urapns ll and III)

,,PASL and PC(2) 8-PASL exhibit similar order parameter depend- ’

~essentlally the same as at 18.8%.

‘of the sterol and antibiotic._ At low initial’concentrations '

of ergosterol (8 1% and 15. o%).*the three fatty-acid derived"

At 18. 8% and 20 9% ergosterol (1V, VII and X) nly PCc(2)-5

ance, with the Pc(z)zﬁz SASL probe showing quite a different

response to changes inzergosterol concentration. At higher

concentrations of ergosterol (27.1%, Graphs VIIT andeIﬁ,_

there is another change in the PC(2)-5-PASL‘beha§iour while .

“the stearic acid derived label order. parameter curve is

- In order to determine 1f there were any'effects on

sterol oxidation products other than raising the- solubility
L,

of the sterol in_EYL, sim;lar experiments were done with

the different multilayer systems(ergosterol/EYL, ergosterol/

4 EYL:1DCP and ergosterol with oxidationfproducts/EYL).

 Antiblotic was added to the mﬁltilayer types containingtsterol

at concentrations around 20%(Graphs IV, VII and X). Similar

order parameter curves were observed. 'The less extreme sIope

L

changes seen 1n the pure EYL system are probably due to the

fact that at 18 8%, ergosterol 1s already’ past its solubility e

- r

.
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max mum (~15%) in pure egg yolk- lecithin. The DCP and9ergo-

sterol oxidation products allow the sterol antibiotic inter-'

'action to be studied at higher concentrations of ergosterol

All three chain - labelled probes show similar resp-hv

Lonses tO‘increasing concentration of ergosterol in EYL withpz

approximately’equal order parameter increases at the same

"sterol concentration (Graph I) ‘This observation infers the

:ergosterol is situated in the bilayer such that the portion
of the.fatty'acid residue containing’ the~three labels 1s

| ,,—61— A,A, ’A . - - [ ,‘,,‘,,‘,,“ i

’l~affeosedieguaiiyihyitheistereiTiiEigupeii5,shewsishat at .

' least part of the sterol must extend past 012 of a lecithin '

‘fatty acid residue as this is thé‘position of the PC(2) 12~

; SASL nitroxide.-

- Stockton and Smith (60) have calculated segmental

order.parameters (Smol) for perdeuterated stearic acid in- -

'*dewn to aﬁout 013 Starting at Clu,the rate of increase in

:7cholesterol/EYLrvesicles. Upon addition of cholesterol

3

Smol increases linearly with the same slope for each carbon'

Smol is not as large and gets progressively’smaller asg -one

approaches the terminal methyl group. At a,given,concentrationv'

-t
r L

‘ of sterol S o118 constant up to about C,. and then decreases.

11

'The slope of the latter region is greater for larger concen-

trations of,cholesterol.‘ The/authors_show that;inrspace— -

£111ing models of cholesterol and leeithin,” the steroid

phensgthrene nucIeugéextendsito about Cld of'a:decithin :
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~4fatty~acid“residue* “The cnOLesteroi (or ergosterol) C21

- methyl group makes the initial portion of the sterol chain-
quite bulky. The latter characteristic could account for the
fam:that the rigid portion of the bilayer extends past Clo
to approximat&ly 012.' There would be relatively little order- '

"ing'effect from the rest of thersterol side chain as it is A

,WPEQhablydqﬁitedfl$X1hieeL58)1ffTheQ£luidityeoﬂwthe—leeithin,

fatty acid residues wouid 1hcrease as one moves down the chain

from the last rigidly held carbon, 012.
‘I’here 1s evidence “that the ‘carboxyl end of the per-

deuterated acid described above is situated in the same

region as the ester _;inkage of the EYL (59, 60). If this D
is the case and the above interpretation ;s correct, then
,PC(E)-S-PASL PCc(2)- 8 PASL and PC(2)-~ 12-SASL will measure

the order within the region affected byfthe ergosterol ring

system with 012 label very near the boundary of this region.
- This assumes cholesterol and ergosterol heversimilar locat- - -}
iens within EYL hilayers.( T i
It 1is poseible that an amphiphiiic compound such as
“amphotericin B could be*incorpdrated iAnto a multilayer and

' ﬁrbduce the effects observed:without,the’reqqirement of a

~  sterol. However, in the present case, amphotericinkB’must

/—W*—ﬂW"be—interacting"withfergosterOL, since a different dependency'
| : , .

observed when ahtibiotic 1s added to a sterol-free multi-

_layer,(Graph V) as compared to sterol-containing multilayers.
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In the sterol-free system, S drops to a minimum at around 12%

antibiotic’in lecithin, An equivalentfamoﬁnt_of antiblotic

in ergosterol-containiné multilayers results in a much higher

order parameter which is about the same as in a multilayer of
EYL only. In Graph III the multilayer comtains 12% anti-
biotic at a amphotericin B:ergosterol ratio of 0.8.

Studies using vibrational Raman spectroscopy as a

probe of amphotericin B in vesicles of EYL and dimyristoyl

lecithin - cholesterol (4:1) have shown a difference that can

be Iinterpreted as belng due to the formatien of ordered - - -

complexes by the antibliotic in the presence of cholesterol.
In the absence oficholesterél, no antibiotic was 1incorpor-
ated into the bilayer (61).

When antibiotic is added to multilayers containing

low concentrations of ergosterol (8.1% Graph II and 15.0%

~Graph III), there is an initial concentratign range of anti-
biotic where there is 1little change in the order parameter
of the three chain probes. This type of behaviour would

be expected if a complex composed of a single antibilotic-

sterol palir is formed having the same ordering characteristics

as a single ergosterol molecule. Although a 1:1 complex

would be expected to be the predom;nant species under these

conditions, it would probably be in equilibrium with larger

assémblies, possibly the eight and eight unit hypothesized

by De Kruiiff (21) as the biologically - active form of the

complex, As larger amounts of amphotericin B are incorporéted



above could account for this. As the concentration of the
l/l units 1lncrease, aggregates of these ceuld begin to form, refr

ducing the number of "ordering units" present, resulting

in an increase in fluidity.
When the inlitial-ergosterol concentration is higher,

a differential effect on PC(2)-12-SASL and the other two

tall labelled probes 1s observed. Graphs IV, VII and X
show that at 18.8% and 20.9% ergosterol, the latter labels !

T show an ordering erfect upon addition of antibiotic up to a
antiblotlc:sterol ratio of 0.15, while the former shows a

constant decrease over the same range. The abrupt change of

slope to zero at an amphotericin B:ergosterol ratio of 0.5
for the PC(2)-5-PASL and PC(2)-8~PASL order parameter curves

in graphs VII and X suggests that at these initial efgosterol

concentrations a L/2 complex 1s the pfedominant species. ’ i
Observations similar to this were described in the intro-
ductionrfdf aﬁphotéricin Brand Chéiegtéfbl iﬁréqdeéusrééhéﬁoii
solution (13). 1In that case, the polyene UV  chromaphore
stopped changing at a ratio of 1:2 antibiotié/bholesterol and

led to the conclusidn there are two sterol binding sites per : “a

antibiotic molecule.

in the bllayer (Pigure 16). 1If the sterol moves toward the
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FIGURE 16 -
- Lecithin [] - Ergosterol

- Amphotericin B

Free, uncomplexed ergosterol and
amphotericin B in EYL bilayers

Low concentrations of antliblotic
in bilayers of 8.1% or 15.0%
sterol in EYL. A 1/1 complex

' 1s formed, where tle complexed
sterol 1s closer to the surface
than uncomplexed ergosterol.

‘ B ] In bilayers of 18.8% and 20.9%
ergosterol a 1/2 complex
(Antibiotic/Sterol) 1is formed.

£ There 1is greater sterlc crowding

)!ff&éggﬁﬁf!ﬁ] in outer portions of the bilayer.

by De Kruiljff.

LS T T s
B o O
)2‘\.__ LJ /)1))(“ up to the 8/8 species hypothesized
/ o

AL abY
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" bllayer surface it could then be out of the region monitored %}

by the PC(2)-12-SASL probe. As mentioned previously, this
label is probably on the boundary of the area affected by the
steroid nucleus. If amphotericin B~assoclated ergosterol 1s
in a position nearer the bllayer surface than the free

sterol, the differential responses of the chain labels

TR

- ——————observed could beexplained. As seén 1h Figure 16: thell/Q

complex would have more bulk in the surface region of the

bilayer, possibly coﬁstraining the chainrmovements in this,Q,«

area and causing the observed small increase in S. for the

PC(2)-5-PASL and PC(2)-8-PASL probes as the antibiotic:
sterol ratio Increases in’Graphs 1V, VII and X to 0.20.
The subsequent decrease in S upon incorporation of more

antiblotic would be caused by the reduction in total free

__ergosterol concentration due-to-complexation.—At an anti=

blotic:sterol ratio of 0.5, most of the free ergogterol
would be used up forming the 1/2 complex hypothesized above. - -
Further addition of antibiotid could result in condensation
of 1/2 complexes Into larger units with little change in the
bilayer reglon monitored by the 5 and 8 PC(2)-PASL probes.
The order parameter curﬁe of PC(2)-12-SASL in Graphs

IV and X show a reasonably constant decrease in S over the

s bt

0 to 1.0 amphotericin B:ergosterol molar ratio range. Up

to a ratio of 0.5, the decrease would be due to a reduction

in free ergosterol concentration as the 1/2 complex 1is
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" formed, Aédeiifibed above, the complexed sterol seems to

occupy a position closer to the bilayer surface as compared

to the free ergostefol, so the 012 label wowld not be affected
.,?b. . . . -
by the increased steric crowding in the Cl'to C10 region.

At ratios higher than 0.5, the number of complexes in a

given area decreases so the order in the,CIO - CH3 region ,
2 —/

~.¥i - decreases as-well, At-an-amphoterilcin B:ergosterol ratio-of - o

1.0, no more antibiotic 1s incorporated and the PC(2)-12-SASL

order parameter does not change significantly after this

’ pbintrih'GrapﬁrX:' TﬁiswleVéiiihg éffécéris nottgéenrﬁi%h
the PC(2)-5-PASL probe. It is known from the control experi-

fment that- this label 1s more sensitive to antibiotic alone
than the inner .probe. The continual decrease 1is probably

another aspect of this behaviour.

Wwfrféggwﬁéémhighest concentration of ergosterol iﬁﬁéétig;
ated (27.1%, Grapﬁs VIII and XI), similar behaviour- to

that seen at718.8%‘and 20.9% 1s- observed. No initial increqéer
in order occurs in the third of the bilayer near the surface,
probably because the order parameter 1s larger to begiﬁ with
due torthe greater sterol concentrétioﬁ, The levelling oﬁt

‘of the order parameterAin‘the PC(2)212§SASL'curve at a ratio

of 1:1 antibiotic/sterol is more obvious due to the larger

2

" initial slope.
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The,hypgthesized,ghange,Ain,theimaleculariarchite

-

of the ergosterol/émphoter101n B/EYL system are summarized

in Figure 16. The results from the use of the head-labelled

probe are not used in the analysis as they show only a -small’

dependence on the antibiotic - sterol interactions investigatedr ‘_,:,_}

in these experiments. The low order parameters (s £0.05)

and narrow line widths observed in the spectra indicate the
PL-HL oxazolidine ring has a large amdunt of motionel freedom.

On the average, the ring makes an angle smailer than 450 with

~==—=—pegpect- to—the multilayer surface, - This is consistent-—with-
: the current view of the head group conformation:in EYL,

where 1ts loné axis 1s Qriented'approximately parallel to : oL

‘the bilayer surface (44, 45). | o . - D

DieetylbhosphateJZ;;\Ehe ergosterel oxidation prodA ‘ v

' : : . : v ,
ucts probably increase the ergosterol solubility by changing

the polarity of the bilayer. The latter are probably ketones,‘ -

aldehydes and acids attached to a hydrophobilec hydrocarbon
| residue.' Compounds ‘such as these, as well aerCE would giverr?ﬂrw
the bilayer surface a net negative charge. Lecithin is a
zﬁitterion and so has no net chagge. ,The specific reason j“\
- why surface charge should affect the ergosterol solubility — |

in EYL is not known.




X T ___CONCLUSION

The work described here leads to 'several conclusions
concerning the composition and molecular architecture of
: - the,amphotericin B - ergosterol interaction'in EYL multi-
layers. A complex of the two componentS‘in a ratio of one
to one ‘does appeaq to predominate when the monomers are

present in sufficient concentrations.; At higher ergosterol

-,

concentrations, a cghplex composed of one‘amphotericin B

and two ergosterol moleculeS'seems to occur, but only if
~ there is insufficient antibiotic present to form the 1:1

complex ' Theﬁabsolute number of molecules in the latter

complex type could not be determined in this experiment

- except at low concentrations of the- two constituents. Under
- these conditions, a complex of oné molecule each of the

components was indicated At higher concentrations, a

L3 —_—

numerically larger complex appears to be formed An 8:8

‘complex as descrlibed by De Krul jff (21) as the active specles

-

would not be inconsistant with the ‘results.

'The 1nteractlons described above can be summarized

< R 'f
as follows: ,% :

A+ E &= AE &= EAE = (AE)y
A and E symbolize amphotericin B and ergosterol X 1s an

integerigreater than one. The equilibria occur in the EYL

multilayers under the following conditions:

@ ~ergosterol concentration { 18.8% with an anti-

biotic:sterol ratio less than 0.6



”””’4:;‘“’*" ‘“*The“overari’picture obtailrned 1s of a very fluid

~a-slightly different re

can be explained by the ergosterol moving towards the bilayer L i

'duction, some sterol-containing yeast strains are resistant

. o - - ¥ — - e - e e -

Cai ergosterol concentration 18.8%, where there %ire

two or more ergosterol molecules present for
_ every antibiotic molecule.
® when thé antibiotic:sterol ratio is) 0.6 at
_18 ﬁ% sterol or less and at higher ergosterol

concentrations when the ratio is) O. 5

association of amphotericin B and ergOsterol molecules,
causing the predominant complex species to vary with cond-
itions. In order to determine which is the biologically
active form,“the experiments would have to be reproduced
using black 1lipid membranes with the same compositions and

testing for conductance across the bilayer. At higher

concentrations, the cohgiexed sterol appears to influence
eg onfingthefbilayer as—-compared—to- - j

N

the free ergosterol. The differences in the labels' responses

surface upon interaction.with the "amphotericin B.
The research presented in this thesis could be
extended in a varlety of ways. As mentioned in the intro-

™

to the polyene antibiotics: This could be due to the - .

observed differences in the sterol content of the yeasts.

By using fecosterol or other sterols in simular experiments,

more information about the interaction of amphotericin B
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with sterols in vivo could be obtained. Of gourse, the

’work could be extended to'cher polyene antigiotics as
well. ‘
| Deuterium-NMR would appear to be the‘ideal method
to study systems of this typersince there 1is no perturb-
ation of the system by the probe. However, as can be

seen in this thesis, a large amount of preliminary work

Ty needs to be done which may not be practical using deuter-

ated probes since much higher concentrations of the latter

-are necessary- in the system due-to the-lower sensitivity.
of the method. In addition, the use ofaliposomes, which
would be required in an NMR study, could put értificiallf
pestraints on the formation of these relatively large
;;;EIexes. This argument can be used against the applic-

ability of other spectroscopic techniques such as Raman

aha UV'which aiso ;équire fhe use of liposomes, to the
amphotericin B-ergosterol system. Sgiﬁ-label probés ofher
‘than those used here could be employed in this study.
However, the probtlem with labelled sterol or antibiotic
probes 1s that the relativel& large nitroxide group congﬂ’wi
affect the binding_bonstant or result in a totally-different 

type of complex than the naturally occuring one. It has

& been reported that the binding constant for filipin and

cholestane spin label is smaller than for the antibiotic

and cholesterol(62).

/
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