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9 ABSTRACT 

- The interaction between the polyene raacrolide anti- 
* 

biotfc, amphotericindb, and ergosterol in EYL multilayeys 
d 

was investigated using spin-labelled lecithins as probes. 

Dicetyl phosphate and sterol oxidation products were used 

to increase the solubility of ergosterol past its1 limit in 
+ " 

pure EYL (415 mole percent). It relatively low concentrations 

+ 
- -  - - of st e m 1  ( i 15 m e -  percent ) - and a m p h ~ t ~ e r i ~ ~ ~ r g n s ~ e r o l  -- 

molar ratios less than 0.6, a complex of one molecule of 

each of the two con&onents predo~inatedr At higher'concen- 

G \ +  
trations or ergosterol, a complex of two kgosterol molec- 

ules &d one qpbotericin B was observed when there was 

- insufficient antibiotFc .present to form a lrl cojhplex,, - 
t * . 

- - -- 

men the+i~of amphotericin ?to ergosterol is greater . -  
- 

4 * 

than 0.5 at the higher concentrktions, a larger 1:l 

- - 
ergosterol with amphotericin B at higher sterol concentrations 

was accompanied bx a spectral change that can b e  interpreted 

as -'showing the bound ergosterol occupying a position . 
- - ?: 5 -  

- - closer to the membrane surface than the free sterol. 
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- 
I polyene Maerolide Antibiotics 

* 

The ,polyene macrolide an t ib io t i c s  a re  a group of 
L L -  

ant i fungal  agents produced by the-actinomycetes. Although . . 

numerous polyene mac~o l ides  have been described i n  the  
f 

l i t e r a t u r e  ( I ) ,  &st ,work - on the  mode of act ion of these 

antigungals has been done with amphotericin B, nystat in ,  
-- - 

and f i l 2 p i n  ( ~ i g u r e  l)* Of these, amphotericin B, the  

pclyene used i n  t h i s  study, i s  the only an t ib io t fc  whose 

- - - - - kemXary~~&m c C t u p a p d  aha~lht-e~c~on fn iguEaL1.onha~ h een -- 

- 

w r t e d  (2,3 P i  r e  2 ) .  There are  several  inportant  

, features i n  the  hoter ic in  B ,s t ructure .  The long con jug- ' 
7 1 - 

a ted  polyene segment forms a r i g i d  backbmone holding the 
. - 

- macrocycle i n  a rectangle-l ike shape.- Most o f  the  hydroxyl 

12 groups on the opposite s ide  of the  rectangle are a x i a l  and 
--- - -- -- p------pp--p 

- disposed t o  the  sa,me si'de of the  r ing  plane. This s=cture - 
gives the compound kn obvious polar izat ion about i t s  long 

ax i s  with one s i d e  being hydrophilic -and the  other  s ide  - d 

I 

hydrophobic. - - 
- ? 

A s  ant ibiot ics ,  : the macrolides are. highly e f fec t ive  
4 = 

%.L/ 

i n  inh-ibiting the  growth of a large number of yeasts  and 

o ther  fungi. They are commonly used i n  humans ' fo r  control  

of t op ica l  and g a s t r p i n t e s t i n a l  inzections by these micro- 
-- 

oqarsisrns (4r.  However, - bac te r i a  are t o t a l l y  tmmme t o  
- - 

- 
P - 

these a n t i b i o t i c s  (5).  Subsequent work has indicated t h a t  

a c ruc ia l  s t e p  i n  the  cytotoxic action of the polyene- 







m c r o l l d e  a n t i b i o t i c s  involves- some kind of i n t e r a c t i o n  

with s t e r o l  contained i n  the  ou te r  membranes of s e n s i t i v e  - 

c e l l s ,  probably forming a mqcrolide-sterol  complex. Thus, 

. t h e  s t e r o l  - f r e e  b a c t e r i a  a r e  not  a f fec ted .  The membrane - 
, 

a n t i b i o t i c  i n t e r a c t i d n  causes a breakdown in the  s e l e c t i v e  
sr _- 

t r anspo r t  p rope r t i e s  of t he  membrane, r e s u l t i n g  i n  l o s s  of 

cytoplasmic cons t i t uen t s  and c e l l  death.  A s  an example of the-  
- - - A-L -- 

1 

i n  yivo evidence t h a t  supports  this.  theory, Kinsky ( 6 )  has -- 
shown t h a t  t he  bacterium Mycoplasma laidlawii_grown i n  t h e  

- 
- - - - - - - +32eftse4f - ~ ~ = s e ~ U 1 - t & - ~ e c l t _ ) - t e  -me - 

lnicroorganism grown without s t e r o l s  was not  s e n s i t i v e ,  This - 

bac te r i& normally has no s t e r o l  i n  i ts  c e l l  membrane but 
* 

w i l l  absorb it from t h e  medium i f  a s t e r o l  i s  p resen t .  

Polyene a n t i b i o t i c s  a r e  a l s o  ab le  t o  lower the  DC r e s i s t ance  - 
o r  rupture cholesteral-contaitning black f f lm membranes. 

Sterol -conta ining organisms can a l s o  be r e s i s t a n t  

under c e r t a i n  circumstances. Ant ib io t ic  res f s tance  can be 

conferred on normally s e n s i t i v e  organisms by growth on 

s e l e c t i v e  media. I n s e n s i t i v i t y  could r e s u l t  from a change 

i n  t he  mount  o r  nature  of t h e  s t e r o l s  ava i lab le  f o r  complex- 

a t f o n  i n  the  c e l l  membrane. This  has been inves t iga ted  i n  
L 

was shown t o  conta ln  e rgos t e ro l  a s  the  predominant s t e r o l  



2 
* - 

-5- 
- - - - - - -  -- - - -- 

d 

cornpone$%, while a mGre r e s i s t a n t ,  s t r a i n  cont'azned 96% 
L 

f ecos t e ro l .  Since t h e  t o t a l  amount .of s t e r o l  i n  both s t r a i n s '  

was approx'lmafxly t h e  same, i t  w a s  concluded t h a t  not  ,only 
1. 

i s  s t e r o l  necessary f o r  t he  a n t i b i o t i c  t o  be ac t ive ,  the  r i g h t  
b 

kind of s t e r o l  i s  necessary. 3 

, 

Informatioh on t h e  pature  of t he  s t e r o l  - a n t i b i o t i c  
- 

complex has been obtained by a v a r i e t y  of methods. Studies  

us ing  d i f f e r e n t i a l  scanning calorimetry ( l o ) ,  permeabil i ty 

s t u d i e s  (11) and membrane binding methods (12) have shown 

t h a t  s t e r o l s  and macrolide a n t i b i o t i c s  do form nonisola table  

complexes i n  which tQe r a t i o  of a n t i b i o t i c  co s t e r o l  i s  a 

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

e a b i l i t y  s tud fe s  have shown t h a t  t he  a n t i b i o t i c  - s t e r o l  - 



i n t e r a c t i o n  is  pr imar i ly  hydrophobic i n  charac te r  (10). . - 
$ 

When increas ing amounts df cho les te ro l  a r e  added t o  an 

aqveous - ethanol  so lu t ion  of  amphotericin B, t h e - a n t i b i o t i c  - ? 
L. 

- 

i s  so lub i l i zed  with an accompanying change i n  t h e  polyene 

W chromophore. With t h i s  an t ib io t ic ,  the  r eac t ion  i s  
* 

D 

7 

complete when a r a t i o  of 2:1, choles te ro l /an t ib io t ic ,  i s  

reached. This i n f e r s  Tha t  amphotericin B has two equal  
- - - - -- - - A - - - 

/ -- 
binding s i t e s .  Simflar  work with f i l i p i n  and n y s t a t i n  has 

shown tgey a l s o  have two binding s i tes ,but  of d i f f e r e n t  

aff+rritTe~-(~+ -- -- 

- - -  - - -  - - - - - - - - -- - - - -- - -- 

A Wrge amount of information about t h e  na ture  of 

the  ac t ive  a n t i b i o t i c  complex can be obtained by measuring 

the  conductance of t h i n  l i p i d  . . membranes under appropr ia te  
- - 

condi t ions .  Nystat in and amphotericin B can increase  the  

r e s i s t a n c e  of s t e r o l  - containing f i l m s  from a value of 
- - - - - - - - - - - - - - - - - - - - - - - --- 

?-  - - - -------p-p 

10-*A ern-* f o r  the  unmodified membrane t o  ldw2n emo2 o r  

higher when present  i n  only micromolar amounts. The re levan t  

c h a r a c t e r i s t i c s  of t h i s  process a r e  l i s t e d  below (14, 15, 8 ) :  

1) A s t e r o l  must be a component of t he  l i p i d  membrane 

f o r  the  a n t i b i o t i c  t o  be e f f e c t i v e .  

2)  There is a much g r e a t e r  increase  i n  permeabi l i ty  

when an*ib io t ic  i s  present  on both s ides  of the  

- - - -=,---L p- 

-=- i s  p r w r t i ~ ~ l  t o  a ' A T ~  m r  

of t he  a n t i b i o t i c  concentrat ion.  The power can 
' C 

vary from 4 t o  12 depending on t h e  nature  of t he  



an t ib io t i c , t ype  of phospholipid and o the r  f a c t o r s .  
- - - - - 

4) The a n t i b i o t i c  - t r e a t e d  membranes a r e  p r imar i ly  

anion s e l e c t i v e  and discr iminate  among them on t h e '  

b a s i s  of t h e i r  StoK6s - Eins t e in  rad ius .  3 
- 
I 5) The conductance of t he  membrane decreases approx- f 

I 

imat e l y  times f o r  a lo0. C temperature increase .  

6 )  I f  t h e  a n t i b i o t i c  i s  removed frorp t he  aqueous- 
i ' 

- - -- - - - - -- - - - - LL - -- i -- 
l 

s o lu t ions  on the  s i d e s  of the  conducting membrane, 
i 

it r e v e r t s  t o  i t s  unmodified s t a t e .  i 

The general p i c k w e  which emerges from t h i s  &aka i s  -- 

i 
P 
3 

t of severa l  a n t i b i o t i c  molecules i n t e r a c t i n g  with s t e r o l  on / J 
1 

- each s ide  of t h e  membrane to '  fomn'a conducting pathway. . 4 
- 4 

The extreme temperature dependence and r e v e r s i b i l i t y  of the  . i 

conduction phenomenon implies a f a s t  dynamic equi l ibr ium i 

between th& complex and f r e e  s t e r o l  and ant4bi 'otic.  A s  wel l  
- - - - - - -- - - - - - - - - - -- - - 

- - - - - - -- - - - - - - -- - - - - - - 

a s  Zmions, the  t r e a t e d  membrane i s  a l s o  permeab,le t o  water 4 
4 

and non - e l e c t r o l y t e s  up t o  the  s i z e  of glucose ( s tokes  - 1 
Eifistein rad ius  - 4A) which i s  e s s e n t i a l l y  impermeable (16) .  

The pathways seem t o  be a c t u a l  aqueous channels extending 

from one s ide  of t he  membrane t o  - the other .  ' If  th is '  i s  t rue ,  1 
i t  should be poss ib le  t o  observe d i s c r e t e  current  jumps i 
t h a t  can be a t t r i b u t e d  t o  a s ing le  ion moving across  one , 

- -pore ;  S u c k r e t ~ e n ~ ~ v e b e m - 6 ' s s e m F e d  - + n & h e ~ a ~ k % b * L - -  

- ~ & k = - t A ! A & ~ ) - a n ~ = ~  (18). Sqmllar 
1 

behaviour has been repor ted f o r  amphotericin B and n y s t a t i n  
i 

c 

at  5% o r  l e s s  cholesterol /ox bra in  l i p i d  membranes (19). 



- 
- - - A - -- - - - < - -  

-8- 

A t  higher concentrations of s t e r o l ,  -d iscre te  jumps are  not Ls 

- > 

observed (20).  

Mechanisms f o r  the  a n t i b i o t i c  act ion of the  polyenes 

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

Of these, the  proposal by De Kruijff  and Demel (21) i s . ' the  

most de ta i led  and perhaps the most consist-ent, with avai lable  

- - - d a t e  ;- ~ e - a t l t ~ ~ ~ ~ - ~ e e  --f-~->ing m o d e l s - o ~ - a n ~ ~ ~ ~ ~ - ~ - -  

and cholesterol  t o  construct models f o r  complexes t h a t  could 

ac t  as  a pore. The type of complex they propose appears 
- - - - - - -  - -  - 

- 2-- 
-- - - -- -- - - - 

t o  be a refinement of the  e a r l i e r %  .ode1 of Finkels te in  (8).  

The amphotericin B (o r  nys ta t in)  - cholesterol  complex i s  

visual ized a s  a c i r c u l a r  aggregate forming, aqueous channels 

t h a t  t'raverse the  membrane ( ~ i g u r e  3) .  The channels consis t  

of two half  - 'pores,  each a c i r c u l a r  complex of 8 a n t i b i o t i c  

- b i o t i c  molecular s t ruc tu re  f i t s  i n  well w i t h  a complex of 

t h i s  type. The hydrophobic palyene s ide  bf the- molecule i s  
* 

oriented t o  the outside where i t  can in te rac t  by Van der 

WaaI1s f o m e s  t o  both the phenanthrene pa r t  of the  s t e r o l  and 

the phospholipid of the  membrane. T& hydroxyl groups on 

the  other  s ide  of the  anbibiot ic  "rectangle" a re  or iented 

inwards forming a polar  environment within the pore. 

Hydrogen bonding by the hydroxyl on the  s t e r o l  t o  polar  - PC 

gr%~t~p&6n the  a n t i b i o t i c  gives addi t ional  s t rength t o  the 

complex. The charged mycosamine residue on the macrolide 

si ts  on the surface anchoring the complex t o  the polar  region 



Figure 3 



experimental observations above. For example t h e  concept 1 
s of t he  ha l f  pore r equ i r e s  a n t i b i o t i c  t o  be r e sen t  on both P 

s ides  of the  membrane and t h e  s t e r o l / a n t i b i o t i c  r a t i o  i s  1:l. 

I1 The Problem 

The purpose of 

A - nature  of the  s t e r o l  - 
, membrane per tu rba t ions  

t h i s  research is-  t o  c l a r i f y  the 

induced by i t s  presence i n  phospho- 

l i p i d - b i l a y e r  systems using n i t rox ide  spin  - l abe l l ed  

l e c i t h i n s  asp p r o b e .  These I a b e I l m  molEcuIes were constmcte-d - 

\ 

such t h a t  the  sp in  l a b e l  i s  s i t u a t e d  i n  a  s p e c i f i c  r e g i o n .  C 

of the  b i layer .  By studying the  per turbat ion i n  e s r  l i n e  

shape which occurs i n  these  l abe l l ed  b i l aye r  prepara t ions  

upon addi t ion  of t h e  antibiotic, one can deduce changes i n  

l a b e l  mobil i ty.  It was envisioned t h a t  t h i s  could allow 
- 

- s t e r o l  complex within the  

- - - - - -  - - 

loca t ion  of t h e  a n t i b i o t i c  

b i l aye r .  - 
The comp-ounds used i n  t h i s  work were amphotericin B 

and e rgos te ro l .  .The l a t t e r  was chosen because it 'is the  

major s t e r o l  found 3n fungi  and yeast  membranes which a r e  

t he  organisms aga ins t  which these  a n t i b i o t i c s  a r e  normally 

d i rec ted .  It has been observed t h a t  e rgos t e ro l  - containing 
- - - - - - - - 

tEXiTmembranesarFmuch more s e n i t i v e  t o  a m p h o t e r r C f n 7  - 

-- rid rrgstat,in ~ h a l l  a I s  - (a)- 

This could be taken to. mean t h a t  the  ergoster6-1 - a n t i b i o t i c  
P 

- 

complex i s  the  s t ronger  one and so  probably e a s i e r  t o  observe 



- - - - - 11- - - - - -  

7 

i n  these experiments. Amphotericin B was uaed 
- 

a la rge  proportion of the  research.was done on 

of the polyene mcrolide anti-microbial 'act ion 

compound. 

I11 The Spin - Label Technique 

the mechanism 

with t h i s  i I 

To use esr-as a means of ge t t ing  information about 

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

requirement was m e t  by at taching a paramagnetic moiety 

( a  spin - l abe l )  t o  a compound compatible w i t h  the  system. I 

- 3r-kRa w a y , - % - p e ~ ~ t t = % 1 ~ ~ e & l e i C p ~ a m ~ - - - ~ - r  

i s  minimized. Usually a compound indigenous t o  the system 

i s  used a s  the c a r r i e r  f o r  the  l abe l .  A va r i e ty  of labe l led  

compounds tha t  have been used i n  membrane experiments of 

t h i s  type are shown i n  Figure 4. I n  t h i s  study PC(~) -~-PASL,  ' 1. 
i 

PC f 2)-8-PASL, PC(Z)  -~Z-SBSL and PL-HL were used. These f 
i 

- - - - -- - - - - - 

spin - label led compounds a re  a l l  der ivat ives  of l e c i t h i n  

and so would be expected t o  have a s imi la r  posi t ion and 

or ien ta t ion  i n  the  bil&yer a s  an unlabelled l e c i t h i n  molecule. 
c- 

With t h i s  se t  of probes w e  hoped t o  be able  to'monitor the  

b i layer  f l u i d i t y  a t  a va r i e ty  of points  i n  the membrane. 4 

( A )  The ESR Experiment 

An unpaired electron can be viewed as a spinning 

i t  w i l l  have two possible energy leve ls  correspmiling t o  cam - - I 
1 

ponents of the  e lec t ronic  magnetic moment allgned p a r a l l e l  o r  I 
.s 

These s t a t e s  a re  represented by spin 



FIGURE 4 - Commonly Qsed Spin Labels 

PL-HL 

- p-Ppp 

PC(~)-X-FASL - Phosphatidyl eholfne-X-Fatty Acid Spin Label 

PL-HL - Phospholipid Head-Label 
, 



quantum numbers, M, = -3 or  +*. In  the e s r  experiment,' 

t r a n s i t i o n  from the  lower t o  higher s t a t e  is- induced by 

appl icat ion of exc i t a t ion  energy; t o  the sample i n  the form 

of radiat ion,  hv, a t  r i g h t  angles t o  H .  Absorption w i l l  

occur i f  the energy difference between the s t a t e s  corresponding 

I . to Ms = -2 and M, = +3, E, i s  equal t o  the  energy put i n  by 

hv. That is: 

where B is  the-Bohr magneton, a fundamental property of the  

- Aeckx!an,-EIEI is the-extenal-~ne!&c f i e l d  stree-wUx - 

a cons tant ,charac ter i s t ic  of t h e  electron.  The g-value 

character izes  the response of the  i so la ted  unpaired electron 

spin s t a t e  t o  8. Although g i s  a constant (= 2.00232), the 

experimentally observed g can vary because of loca l  magnetic- 

f i e l d s  set up by the  external  H, These in te rna l  f i e l d s  vary 

wi th  the  nature of t h e  mofecule containing .the unpaired 

e lec t ron  and i t s  chemical and physJca1 environment. Therefore, 

the  observed g i s  c h a r a c t e r i s t i c  of a ce r t a in  spin - label led 

molecule under specif ied conditions. 

I n  the  presence of rnagnktic nuclei  such aa 'H, "N 
- 

and ''P, the  unpaired e lec t ron  spin can couple t o  the nuclear 

spin, s p l i t t i n g  the  e l ec t ron ic  energy leve ls .  Figure 5 

- U u s t ~ a t e s  a t  w p m  with I%?. This nucleus has a nuclear 

sp in  quantum numbir, I, of 1. Therefore, there  a re  21 + 1 = 3 

energy l eve l s  possible with respect  t o  the  external  magnetic 
- 8 

f i e l d .  Each of the  two e lec t ronic  energy l eve l s  i s  s p l i t  





quantum number M1 = +1,0, -1. Transitions are  allowed oaly 

between s t a t e s  with the same nuclear spin qu&tum number, - 
h 

* - 
which i n  t h i s  case-are +1-++4 -I+ -F&d 0 +.* These are  

represented by the arrows i n  the diagram. ,Each t rans i t ion  
J 

i s  a change in  the  s& s t a t e  of an coupled-to a 

nucleus i n  one par t icular  spin s t a t e .  There is no chpge i n  -- -- 
. - 

the nuclear spin. Absorptions are observed by i r radia t ing  

with a constant hv and scaqning 8. I+ t h i s  case  three absorp- I 
i 

- -- -- 

tTFpeaLcszre recorded. '1-e separ%€ion between the s ignals  - 
i s  cal led the hyperf ine s p l i t t i n &  A . .  d i s  modulated at  lo2 4 a 

h- 

i Hz resul t ing i n  the f i r s tAder iv%t ive  of the  absorption being I 
taken a s  the e s r  spectrum. ~ n t e g r a ~ o n  w i i l  give the normal 1 

% 

b absorption -spectrum and double integration, the re la t ive  
: !  

4 

the chemical and physical environment of the spin - labelled 
. 

A* - - 

moiety and the a "  angle of if t o  the orbita'l containi& the 

ungaired electron. For a nitroxide, the chemical groiq 

containing the unpaired electron used k t h i s  work, A varies 1 - 

from 32 gauss when 3 is para l l e l  t o  the nitrogen ?f orbi tal-  r"C 

cont'aining the unpaired eleetrol) t o  6 gauss when ,the f i e l d  i s  

containing molecules are td l i*  rapidly with respect to f 
i 

-the freq~leney -wrrespond%ng to &he energy difference between 
-. e 

*. 

.' 





the various hyperfine states, the hyperfine s p l i t t h g s  average: 
C' -. 

- 

qor ' A, + AZz = 14.66 gauss 

If the tumbling is  $00 slow t o  average out a s  above, I - 

t h e  spectra w i l l  show a non-&raged A, *mewhere between 32 
- 1 
i 

. a d  6 gams. The magnitude of A can a l so  be used as an 
! 

U S F A - -  

17 G i n  polar  so leea t s  to  15 G . in  hydrocarbons. 

As seen in the diagram, the g-value i s  also dependent 
- - - - - - - - - - 

an or ien ta t ion .  It m a y  vary from 2.002 when H is  p a r a l l e l  t o  

the rtftrogen o r b i t a l  ta 2,004 when H i s  a t  r i g h t  angles. 

AgaPn, tf the tumbling motion i s  rapid, g is averaged i n  the 

s a m ~  way as A: 
I 
1 

me anisotropy of t he  hyperJine s p l i t t i n g  and g-value 
- - 

conpone& &I be utilikkd to estimate the  r e l a t i v e  motional- 

- freedom of similar nitr&de-containing moieties i n  or iented a 

bilayer aygtems. The situation encountered i n  most cases is 
1 

a combin&tion o f  rapid and slow anisotropic  motions i n  two 
* 

dfrecticnrs, In a fatty.cacid spin-labelled l e c s f i i a  molecule, 

Z a-, of the 

n2troxidk f s garalhl t o  the fatty acid resi&e*su long axis 

( ~ i g u r e  7 ) .  Rotation ~~t the lung ax-is would have no 

- effect on the obaerved - hyperfine - s p l i t t i *  slnce the pairs - 

End'for end ro ta t ion  





- - - - 
- ----  - -- --- - 

would be, of course, very slow a i d  can be disregarded.  

Hapid ' w ~ g i n g ~  type.motions of the f a t t y  acid residue t a i l s  
r 

due t o  gauche-trans interconversions and general chain 
I 

f l e x i b i l i t y  w i l l  tend t o  decrease A,; ( the  observed hyperfine 
I I 

s p l i t t i n g )  and increase A, = A m' A s  the amplitude of t h i s  
.. 

motion increases, so  w i l l  the  deviation of observed hyperfine 
, 

! 
i 

I 

s p l i t t i n g s  from the  theore t i ca l  32 and 6 gauss values. This 

- - - - & f - e e ~ ~ m - 8 + z t c W - c c ~ h h ~ ~ T E  - 
E 

+ t i n g s  of two labe l led  l ec i th ins .  The spectra a re  taken of 
I 

t he  l abe l s  i n  l e c i t h i n  liposomes. In  both cases, 2A,, i s  
-- - - - - -p---- -- 

less  than 64 gauss and 2 ~ &  (= 2&) i s  l a rge r  than 12 gauss. 
I 

However, f o r  the  5-labelled compound, 2A,, i s  considerably 
- 

l a r g e r  than t h a t  for the  12-labelled compound, indicatirig 

t h a t  i n  the l a t t e r  case there  i s  much g rea te r  motion of 

the  l abe l .  

- B) T n t . ~ r q r a k - ~ f  - - -- 

The-spectra of f a t t y  ac2d spin probes a r e  usual ly  
b 

- 
- i n t e rp re ted  i n  terms of the  model formulated by -Hubbell and 

- 

McConnell (26).  his model views the phospholip>d f a t t y  acyl 

chains contained i n  the '  membrane from two aspec ts ;  g i r s t ,  as  
P 

a f l e x i b l e  chain of methylene groups rapidly undergoing gauche- 

trans canfornktional exchange about the  C-C s ingle  bonds with 

the  probabi l i ty  of motion increasing i n -  proportion t o  the 

dis tance f r o m  the rigidzy held-polar  region of the  molecule. 

According t o  th i s  model, the ternrtnal methyl group would have 

a g rea te r  mobil i ty than the methylene adjacent t o  the  e a t e r  * 
Ii&Kge.- ~ e h o n d ;  the  whole chain is considered as a "rigid 



9 1 1 1  l i  t ~ d  1 Cliul ine - 1 L- 
, 

somes (2: m p t e ~ d  from Schreier-Muccillo and 1 
Smith (29)) 

- 
10 gauss 



i' 
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Irt ~ c k *  precess i n g i n  a c o n ?  -&out 

b i l a y e r  surface .  These motions c h  be r e l a t e d  t o  a measured 

order  parameter by t h e  following equation: , I 
Log S = nLog Pt + Log So - .  

where n i s  the  number of methylene groups between the  n i t rox-  

i de  group and the  ester linkage, Pt i s  the  p robab i l i t y  of 

and S is the  experimentally determined order  parameter given 

by: i I 
- 

- - - - -- 

I 1 
S = A,, - AX - - i- 

Z 

4ry) A Z Z  - d A X X  + 
1 

A; and Al a r e  t he  observed hyperfine s p l i t t i n g s  - i 
, -  1. 

when H i s  or ien ted  p a r a l l e l  and perpendicular,  respectiv-e.ly, . i 
f 

t o  t h e  l a b e l l e d  f a t t y  ac id  chain long ax is .  AZz, A,, and t 
i 
j 

- - - Ayy are  - defined -ahoue+- For &he--fat&- a ~ i d & g ~ - l a b e ~ , 4 ~ ~ = - -  -- 7-- ' 

A 
YY* 

S i s  simply the  r a t i o  of t he  observed hyperfine i 
anisot ropy t o  t h e  t h e o r e t i c a l  maximum t h a t  would be obtained 1 

f 
1 

i n  t h e  p e r f e c t l y  a l igned r i g i d  case. Thus, S = 1 i n  a per- 

f e c t l y  ordered b i l a y e r  and S = 0 i n  a completely disordered - I I :  
system. I n  cases where 1) S >o, t he  order  parameter can be i 

- 
expre-ssed i n  terms of Y ,  t h e  angle between the n i t rox ide  

P, 1 
2Pn o r b i t a l  and t h e  normal t o  the  plane of t h e  b i l aye r .  i 

\ i The a n g u l a ~ b r a c k e t s  represent  a time averagi  over t he  

"$ I 
, 

e n t i r e  molecular motion. \ *  
,H~ 

, 

, - 

' > 

- - 

1 
/ 

? i t 



The major p re requ i s i t e  f o r  t h i s  type o f  ana iys i s  i s  
. 

t h a t  an i so t rop ic  motion must.take place and it must be rapid  - 
i .  - 

on the  e s r  t i m e  s ca l e  (approximately 1 0 ~ ~ s ) .  A - i s  a l s o  

dependent on t h e  p o l a r i t y  of the  spin  l abe l  e n v i r o b e n t  and 

could vary by a s  much as 10% f o r  a s t e a r i c ' a c i d  s p i n ' l a b e l  

i n  water as compared t o  t he  same l a b e l  i n  n-decane. The 
- - - -- -- - -- - -- A- - - 

more po la r  ~ o l v e n t  would cause the  l a r g e r  s p l i t t i n g .  I n  
, 

c a s e s p r e  an accurate value f o r  the  order  parameter i s  

, S %s ewree%ed by mo%ke~  %em a', #Me& zeew&s- - - 

po la r i t y .  I n  t h i s  s tudy, .absolute  numbers were 

required so  the  order  parameters determined were uncor- 

rec ted.  

!Analysis of l abe l l ed  membrane systems using the  order  I. /' 
paramete k formalism has been described F3a a n i b e r  of cases 
- - -- - -- - - - -- - - - - - - - - - - - - - - - - - -- - - - - - 

(28, 29, 31-34). I n  some experiments using cholestane spin  

l a b e l  (CSL) o r  f a t t y  a'cid-type labe l s ,  a simple t h ree  l i n e  - 
spectnun i s  notrobserved. Figure 9 shows the  spectrum obt8ined 

w i t h  CSL i n  mul t i layers  of bovine bra in  l i p i d  a t  low ion ic  
C 

4 

strengt-h. An e x t r a  l i n e  is observed 19 gauss downfield from . 

' t he  centre  of t h e  spectrum, This type of spectrum i s  obtained 
- L 

when the re  i s  a s t a t i c  d ig t r i bu t ion  of CSL.or f a t t y  ac id  long 
7 1  

-- a x i s  wIW a U o n s d t  kret_e~t L~n~ffrl?agtdmotoonabout the  
- .  * - / 

-long axes (29, 35). In o the r  words, not a l l  the  b i l aye r  
- - -  

fragments i n  t he  ml t i layary  preparat ion (described below) 

a r e  or iented p a r a i l e l  td each other .  The more asymmetry 



. - 
1 becomes w i t h  a proportional aecrease i n  the in tens i ty  of theA 1 

adjacent signal ,  D (Figure 9 ) .  The r a t i o  of the  peaks D: 

has been used as  an empirical order parameter (29, 36, 37). 
. . 

The grea ter  the  r a t i o ,  the, narrower the d is t r ibut ion  of labe l  

axes. I n  t he  case of a very large dis t r ibut ion,  peak D may . i 
- -- ~ ~ a ~ & L & y - -  ----- - - A - -- --A- - 

IV Model Membranes 

- Natural membranes a r e  very complex i n  terms of comp- 
- - -  - - -  - - - - - - - ---- - -- - - - - - - - - -- - -- - -- - --- - 

-- o s i t i o n  and s t ruc ture .  The number of variables t h a t  would i 
/ 

have t o  be controlled o r  taken i n t o  account when studying' 

membrane phenomena .has made the  use of model systems a 

neces-sity. ' U s i n g  models, the complexity of a system can be 
a 

increased i n  a controlled manner. 

Black l i p i d  membranes have been refer red  t o  ~ r e v i o u s l y  

i n  the a n t i b i o t i c  conductance experiments. The membrane i s  
-% 

a s ingle  bi layer  formed i n  a small hole connecting two. 

aqueous solutions + ("38, 39). Due t o  i t s  mechanical f r a g i l i t y ,  

systems l i k e  these have not been studied by e s r .  1 
(B) Liposomes I 

dispersions i n  water, resu l t ing  i n  aqueous suspensions of the 

- - 
! 
i 

- I 
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liposomes. Due' t o  t h e i r  r e l a t i v e  ease of-prepara t ion and 
- 

3% 4.- 4 

ve r sa tTEty ,  liposomes have b e e n i u a e d  by a v a r i e t y  of 

physical  techniques, However, t h i s  s js tem does-.have comp- 

l i c a t i o n s  .when used f o r  a sp in  l a b e l  experiment. The packing 

of the  l e c i t h i n  f a t t y  ac id  res idues  va r i e s  with t he  s i z e  of 

the  liposome making the  e s r  spectrum of a probe s e n s i t i v e  t o  

the  degree of sonicat ion (40). ~ l s o ,  the  motions of t he  * 

- 2-nside-auld out s i . d e - h & A h i n ~ y ~ ~  c h i n s - a r e -  d-i Efe-r en t  -Ckl)-.--- - 

Due t o  these  f a c t o r s  and the  symmetry of the  system, the  e s r  

spec t ra  of spin- labels  i n  1iposome.s tend t o  be complex and 
- - - - -  - -  - -  

in terpre ta t io i  i s  sorn<times ambiguous { 2 9 ) .  - 

(c) Multi layers  

Mult i layers  a r e  p a r a l l e l  sheets  of b i l aye r s  deposited 

on a f l a t  surface.  T h i s  model system i s  commonly formed 6:- 
a 

two methods. Evaporation of a chloroform-lipid so lu t ion  
-t ". a g l a s s  -surface  such ass pmicro&cop_e s l i d e  cover s l i p w i l l  - - Lp 

- 
r e s u l t  i n  well  ordered & l t i l a y e r s  a f t e r  solvent-  removal i n  

vacuum and hydration (27, 42) .  After  m&nting i n  a su i t ab l e  
1 

holder, A; and AL can be measured d i r e c t l y  by ro&t&ng t h e  

holder  within the micPewave cav i ty  of the  e s r  machine. I n  ' - 

the  second method, t h e  mul t i Iayers  a r e  formed on t h e  ins ide  - 

of a f l a t  e s r  c e l l  ( ~ i g u r e  10) by bubbling wet n i t rogen 
-1 .. 3- 

through a chloroform so lu t ion  of l i p i d  an the  c e l l  itsejkf 

p T  2 ' T f ;  ThmSi%tS€ioFwlt3EFespecttoHm be changed i n  
t 1 >- - 

-samt:o 0-iJ-Ldn -- 





- - - 

McConnell has demonstrated t h a t  spin-labelled 
-.R' 

phospholiplds migrate within the  b i layer  a t  a r a t e  measur- 

ab le  by ESR. The movement i s  slow on the.ESR time sca l e  

(26) .  The p a r a l l e l i t y  of the  b i l aye r  fragments t h a t  
2 

make bp  a mul t i layer  preparat ion has been confirmed by 

. - X-ray d i f f r a c t i o n ( l 2 ) .  
I 

- - --C-ompared- %-+5posomesj- mu l ~ ~ i  layers &mu-ide -more-- 

accurate  values f o r  the  hyper-fine s 6 l i t t i n g s  and therefore ,  

the  order  parameter. Another f a c t o r  i n  t h i s  case i s  the  
- 

-- -- 

l a r g e  s i z e  of t he  s t e r o l - a n t i b i o t i c  complex (according t o  

DeKrui j f f  Is 

complex may 

ivk ly  small 

model, about 36 1 i n  diameter (21) ) . The 

be deformed o r  not form a t  a l l  i n  the  r e l a t -  
0 

lJ.posomes (250 A i n  diameter f o r  s i n g l e  

b i l a y e r  ves i c l e s  ( 4 3 ) ) .  For these reasons, mul t i layers  

were used a s  t h e  model membr'mein t k s ~  erneriments.  -- - - - 

V V a l i d i t s  of the  S~in-Label  Method 
S 

- Recently - t he re  - has been a controversy concerning 

the  v a l i d i t y  of t he  spin- label  technique a s  compared t o  

- 1% and 'H-NMR of b i l aye r s  (44, 45) .  The argument cen t res  

about the  f l e x i b i l i t y  gradient  of b i layers  . This gradient  

i s  the  d i f fe rence  i n  motion one encounters moving down 

the  chain of a phospholipid f a t t y  ac id  residue i n  a b i l aye r .  
- - - - - - - - -- - -- -- 

The spin-label  order  parameter decreases rap id ly  a s  t h e  

paramagnetic n i t rox l ae  moiety approacnes the  en 
- 

f a t t y  ac id  chain (and so  the  centre  of the  b i l aye r )  (26,35, 
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851.) T h e  2GTm' experiments show a s l i g h t l y  d i f f e r e n t  pic- 

t u r e  (47, Li.8). me deuterium order p a r m e t e m  a r e  constant - .  

i n  the  ou te r  t w o  t h i r d &  of the b i l age r  and, then drop 

approaching t h e  centre  ( ~ i a r e ' l l ) .  It has been argued 
t 

by ~ c ~ o n & l l  (49, 31) t h a t  the  discrepancy i n  grad ien ts  is 

due t o  t he  d i f ferehee  i n  time sca l e  of the two methods. 
~ - 

Hz. Therefore, rootioris wi th  frequencies of 105-107 Hz. are 
- -- - - - - - - - - - - - - - 

not  included i n  the  ESR order  ~ a r a m e t e r  but  a r e  detected 
t 

by *H-NMR. The r e l a t i onsp ip  betwe& the  order  parameters 

S and\SD, ' r e s p e c t i k l j .  should be (45): .. 

xhere cos2$ i s  the averzze zngula? f luc tua t ion  ir: the  105- 

157 Jiz range, & vraa d s f  inch-preiri&y+- 2 ~ o m f  he&i~a, 

the  time sca le  e f f e c t  should have the  e f f e c t  of making 

SD smaller than S .  However, when order p a r m e t e r s  Here- 

det,ermiked by both methods i n  i d e n t i c a l  systems, SD was 

found t o  be larger  thzn S- (45, 48). T h i s  i s  the opposite 

of the prediction desfved by time-scale arguments. The 

discrepancy has ye% t o  be resolved. 

*3-NMR shciws the  physieal s t a t e  of an unperturbed 

szstern sr~hile s p h  labels show %he response of the system 

t o  a smli per%urbation, t h e  presence of the nitroxide 
.' 

chemical gyoup, Zt sgpears t h a t  i f  sp in  label spectra 



are interpretea with Chis in mind and especially i f  the  

data analysis is &alitative, as in this work, the use of 
a 

the spin-label method can be Just i f ied.  It 6s possible 

that i n  so& cases, the presence of the  bulky reporting 
* 

group may be -an advantage, t h e  s l i g h t l y  perturbed system 

could be more sensftive t o  steric changes than the or ig ina l  

system. 

-- 
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I Preparat ion of Mul t i layers  . , q . , e 

Egg yolk phosphatidylch&ine was prepared by the  . . - '.. 
. . 

method of Pangborn (50)  except f o r  t h s  use pf 1:-1 chlorofo&/ 
,- 

4 ,  

me-thanol as the  ex t r ac t ion  solvent  ins tead of ethanol: @en * 
t t 

+ s to red  f o r  pver twoweeks, t he  EYL w a s  kept ,at -20•‹ C as a 

- frp_zen3 degassed benzene solutionLL For shqt_er  periods and 

before use i n  a  m f t Z l a y e r  preparation, the  3ec i th in  w a s  k 

s to red  i n  chloroform under N a t  the  same temperature. 2' - .; 

from methano'l/chloro~o& and s to red  a s  the  s o l i d  at '  -20•‹ C .  
i 

A chforofom, so lu t ion  w a s  prepared immediately before use: .. n 

~ m p h o t e r i c i n  B (~albiochem,  Cot 300655, A ~ r a d e )  w a s  s to red  

v i t h  t he  e rgos t e ro l  i n  a des icca tor  a t  the  above temperat&, 

then dissolved i n  a c i d l c  methanol ( 1  drop- cong. ~C1/:10 m3 ' . 

form a t  -20' C 2 m d  t h e i r  p u r i t y  monitored by' TLC occasionally.  
1 , 1' - 

When necessary, the  l a b e l s  were repur i f i ed  by prepara t ive  TLC. 

The or ien ted  mul t i l ayers  were prepared a s  follows: 

t h e  so lu t ions  described above were e i t h e r  prepared o r ,  allowed ; 

t o  w a r m  t o  room temperature, then appropriate a l i quo t s  were 
* 

combined i n  a  tes t - tube.  1.3 x moles of EYL were used 
/ = 



- 2- + -- - - - - -- - -- 

s h r o l  p repara t ion  w a s  requi red ,  1.4 x lo- '  moles of t h e  . 
s t e r o l  w a s  added, Spin-label  concent ra t ion  w a s  'kept a t  1% 

% t  o r  l e s s .  The combined s o l u t i o n  was then t r a n s f e r r e d  t o  a .  

I -  

f l a t  q u a r t z  e s r '  c e l l  (willmad Glass Co. ) and t h e  so lven t  
I ^ . evapora ted  by bubbling w i t h  a s t ream of wet n i t rogen .  The 

> 

, :  , l i p i d  w a s  depos i ted  o@ t h e  s i d e  of - t h e  e e l 1  by t h e  bubbling 
i 

2 2  J . 
- - f o r  ,at leas't ' 8 hours .  - ' The mul t i l aye r s  were hydrated by exp- 

, t h e  e s r  spectrum of  t h e  prepara t iow was recorded on a Varian . r. '* 1 

. .Er4 spectromet+er. When us ing  t h e  a n t i b i o t i c ,  t h e  mult i -  - 

. lpyers. &ere kept  i n  t h e  dark as much .as p o s s i b l e  during and 

would be 
0 r 

I r  - 
, , k f t e r  ; t h e i r  p repara t ion .  ' Typica l  machine s e t t i n g s  

r + 

$8 fo l lows?  . . 

t 6  3 F i e l d  S e t  - 3360 G 

~ i m g  Constant - 1.0 s 

- 4 . , - 2 . S c a n  Time 
a * 

- 16-min 

* % 

. ! 
* 2 

~ d d u l a t i o n  Applitude - 1.0 x 10' G 

. 
- Microwave Power - 20 mW 

J Microwave frequency - 9.450 GHz , 



Mass spec t ra  were taken on a Hitachi  Perkin-Elmer 

RMU-6E spectrometer. 100 MHz NMR were recorded f o r  deutero- 

chloroform so lu t ions  on a Varian XL-100 spectrometer using 
P 

- 
TMS a s  an i n t e r n a l  standard. Nitroxide-containing compounds . 

were f i r s t  reduced by the  addi t ion of phenylhydrazine t o  the  

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

EPR spectrometer was used f o r  e s r  spect ra .  Organic solvent. 
-- -- 

so lu t ions  were f i r s t  d r i e d  with-magnesium sulphate beforep- 
- 

evaporation on a r o t a r y  evaporatbr (temperature l e s s ' t h a n  . - 

40' C ) .  

(A)  .Synthesis  of t h e  Phospholipid-Head l a b e l  (PL-HL) 

The synthes is  of PL-HL (VIII, Figure 12) was according 

Acetone w a s  f i r s t  condensed with ammonia t o  fo_rm 2;2,.6,6- 

tetramethylpiperid-4-one ( I )  (52)'. This w a s  brominated t o  # 

a a  
form the  3,5-dibromo der iva t ive  (11) by the  method of Sandris 

and Ourisson (53). Treatment of I1 with sodium methoxide 
, 

produced I11 v i a  a Favorskii'rearrangement. Reduction of 

I I x . w i t h  l i th ium a l u m i n k  hydride .followed by c a t a l y t i c  

hydrogenation gave IVgand then V. The oxidat ion.of  the  sec- 





a c i d  (der ived  from. egg y o l i  l e c i t h i n  ( 41,, 54) ) using  2, 4, 6,- 

try-isopropyl-benzenesulphonyl ch lo r ide  i n  byr id ine  t o  form 

t h e  s p i n  l a b e l l e d  phospholipid - (PL-HL,VIII). The p r i n c i p a l  

p6aks i n  the  mass s p e c t r a  taken  of t h e  in termedia te  compounds 

+' corresponded t o  t h e  l i t e r a t u r e .  _? 

r 

D r y  acetone-(750 m l )  and anhydrous CaCl2,( l89 g )  

were cambined i n  a  1 l i t r e  round-bottom f l a s k  equipped with 

a  mechanical s t imp,  &de--and- a  gas a d h i t i e n  tube. - -  -- 

Ammonia g a s  bubbled through t h e  suspension a t  4 h r  i n t e r v a l s  

wi th  s t i r r i n g  over  a  2 day per iod .  The s o l u t i o n  was ref luxed 

f o r  1 hr ,  f i l t e r e d ,  and t h e  f i l t r a t e  d i s t i l l e d  , I u n t i l  only 

c o n s t i t u e n t s  b o i l i n g  above 75' C remained. The red  viscous 

l i q u i d  which r e s u l t e d  w a s  cooled t o  3' C i n  a s a l t - i c e  ba th  

and s m a l l  p o r t i o n s  of H20 &dded u n t i l  t h e r e  was no f a r t h e r  
*' 

increase '  i n  temperature upon a d d i t i o n .  The s o l u t i o n  was - .  

cooled t o  0' C, i l t e r e d  and t h e  , s o l i d  r e c r y s t a l l i z e d  from . 

e t h e r  s a t u r a t e d  with water .  42.9 g of t r iacetonamine ( I )  

was obtained.  



A s o l u t i o n  of Brg (51  g )  i n  g l a c i a l  a c e t i c  a c i d  (70 m l )  

w a s  added dropwise t o  25  g  of I disso lved  i n  100 m l  of 

g l a c i a l  a c e t i c  a c i d .  The r a t e  of a d d i t i o n  w a s  such t h a t  t h e  
4 

temperature d i d  n o t  exceed 4 ~ '  C .  After-  t h e  r e a c t i o n  was 

complete, t h e  s o l u t i o n  was allowed t o  cool  while HBc gas was 

- eve& 4G andthe prediu&--precAqikated. The s o l u t k m  -was------ 

s t i r r e d  f o r  an a d d i t i o n a l  2  h r s ,  f i l t e r e d  and t h e  p r e c i p i t a t e  

washed success ive ly  with s e v e r a l  50 r n l  p o r t i o n s  of g l a c i a l  
- - - - - - 

a c e t i c  a c i d  followed by water, methanol and e t h e r ,  then  

d r i e d .  The product obta ined  (11, 51.1 g )  was used without  
* 

f u r t h e r  p u r i f i c a t i o n  i n  t h e  fol lowing s t e p .  
Q 

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

(3)  Favorski i  Rearrangement of I1 

- - - -- - -  -- To -- a s u s p e n s i o e p f  - - I1 - -- (27 g )  - i n  - - a  - s o l u t i o n  - - - pp of - e t h e r  - - 

(340 m l )  and methanol (35 ml) was added a  sodium methoxide 

s o l u t i o n ,  prepared from 6 - g  of Na d i s so lved  i n  75 m l  of - 

methanol and 400 m l  of e t h e r ,  over  a one hour p e r i o d  with 

magnetic s t i r r i n g  a t  2 O  C. The mixture w a s  s t i r r e d  a t  t h i s  

temperature f o r  an a d d i t i o n a l  2  h r s ,  then  warmed t o  25' C . - 
and f i l t e r e d .  The f i l t r a t e  w a s  evaporated t o  g i v e  a yellow 

v i scous  l i q u i d .  The crude product was p u r i f i e d  on a 120 g - 

M.S.. - 168 (M*- C H ~ ) ,  167, 152, 136, 109, 108 



( 4 )  Reduction of I11 

s o l u t i o n  e t h e r  conta in ing  3.54 g of 

L i A l H 4  was re f luxed  f o r  1 h r .  While .the s o l u t i o n  w a s  s t i l l -  

warm,  8.3 g of 111 was added dropwise wi th  magnetic s t i r r i n g  

a t  a r a t e  t h a t  maintained a g e n t l e  r e f lux .  Af te r  a d d i t i o n  

was complete, t h e  s o l u t i o n  was ref luxed f o r  an a d d i t i o n a l  

-1f hP, c o G l e & i d  SEirfed overfilght . Excess LiAIl-14 Wag 

destroyed 

u t i o n  was 

s a t u r a t e d  

i t i o n  3 m l  15% NaOH and 10 m 1  H 0. The s o l -  
2 

and t h e  f i l t r a t e  e x t r a c t e d  with water 

& wi NaC1. The e t h e r  l a y e r  was evaporated and 

d r i e d  under vacuum t o  ,give 5.5g of I V .  

M.S. - 155 (IVT?)., 140, 122-9 110 

(5)  Reduction of I V  

~ y d r o g e n a t i o n  of I V  (5 .5  g )  was c a r r i e d  out  i n  a - 

- - -  P a r r  appara tus  with 100 mL-of methanol ak-pH2- a n d 2 5 0  mg 

of prereduced P tOa  c a t a l y s t  f o r  11 h r s .  The s o l u t i o n  was 

f i l t e r e d  and t h e  f i l t r a t e  ad jus ted  t o - 1 3  with 5 N  NaOH. 
- + 

The -solution was then  evaporated and e x t r a c t e d  with NaCl- 

s a t u r a t e d  water and e t h e r .  The e t h e r  l a y e r s  were 

and evaporated t o  g ive  3.7 g of V. NMR showed no 

combined 

o l e f  i n i c  

hydrogens i n  t h e  product .  
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(6)  Oxidation of V 

A combination of 3.7 g V, 1 .7  g EIYTA, 0.95 g NaOH, 

2 g Na2W04*2 H20 and 25 m l  30s H202 i n  100 m l  of water w a s  
< 

l e f t  f o r  2h h r s  without s t i r r i n g  a f t e r  which,another  25-mls 

of 30% H202 was. added. Af te r  a f u r t h e r  24 h r s  t h e  unreacted 

H202 was destroyed by vigorous magnetic s t i r r i n g .  The yellow 
A- - - - - - - - d - - 

s o l u t i o n  was then e x t r a c t e d  with f o u r  75 m l  p o r t i o n s  of chloro- 

form. The C H C l  l a y e r s  were d r i e d  with MgS04 and evaporated 
3 

t o  g ive  a yellow res idue .  The crude V I  was r e c r y s t a l l i z e d  

from ether-hexane t o  g i v e  3.0 g of t h e  n i t r o x l d e .  

M.S. - 172 (Kt), 127, 85, 71 

(7)  Prepara t ion  of V I I I  - 
The phosphat id ic  a c i d  used i n  t h i s  s t e p  was prepared 

by t h e  method of Kornberg and McConnell (41) from f r e s h l y <  

- -prepare& EYL. 190 mg of V T  was combined with-425 m g  -of-egg - - - 

phosphatid3c 'acid and t h e  combination evap,orated from dry . 

p y r i d i n e  and chloroform t h r e e  t imes.  The res idue  was d r i e d  

under vacuum, over P 0 f o r  2 dayss. The d ry  mixture was 
2 5 

d i s so lved  i n  40 m l  of d ry  pyr id ine  with 360 rng of .dry 2,4,6- 

tri-isopropyl-benzenesulphonyl ch lo r ide  and l e f t  shaking f o r  K- 

9 h r s  a t  25O C .  Af te r  f i l t r a t i o n ,  70 m l  -of H20 w a s  added 

t o  t h e  f i l t r a t e  with cooling, and allowed t o  s t and  f o r -  12 
- - - - -- - - -- P - -- -- -ppp 

- h r s  . -The suspension - was evaporated t o  d r y n e s s ,  then  placed 
-- - --  - -- - - - - --- - - 

under vacuum over  P 0 f o r  12 h r s .  The dry s o l i d  w a s  tr i t-  
2 5 

u r a t e d  with hexanes, f i l t e r e d  and t h e  f i l t r a t e  evaporated - .  
- 

- 



-- - - - - --  '. - - - 

-40- - 

ogit 
t_o give a yello~ mUd_ ahLClr-wtriturated.Xered and 

,. 
t 

_ dried a second time giving 200 mg of an amorphous yellow 

solid. The cr&de reaction mixture was purified by preparative 

TLC on 0.75 rnrn silica gel- plates uslng a 75 C~C13/25 methanol/ 

4.conc NH40H solvent system to yield 25 m .  of VIII. The IR 
u .  

and NPlR spectra of VIII-corresponded to those given in the 

(B) Synthesis of the ~ail-labelled Phospholipids (PC (2) - 
5-PASL, PC (2) -8-PAsL, PC(~) -12-SASL 

The tail-lab&led phospkol-fpid p~eeersors, -FPPISL, - - 

and 8-PASL, were synthesized by bhe method of Hubbell and 

McConnell (~~,Aco). 12-SASL was synthesized from 12-hydroxy- 

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

the methyl ester (x, CH~N~), Jones oxidation to form the 12- 

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

propanil (56,~ldrich) to form the oxazolidine derivative(X11). 

Oxidation with m-chloroperbenzoic acid and hydrolysis of 

the es-ter gave the labelled acid (&%~igure 13,56). .The 

acids were linked to lysolecithin ( ~ ~ 1 1 , ~ i ~ m a )  to form the 

PC(~) -x-FASL compounds (XVIII, ~ i ~ u r e  14,57) . 

Three 5 ml portions of benzene (dried over Na) were __ - 
- - 

reaction flask, The residue was dissolved in 2.5 ml of dry 
- L 

benzene with 100 rng of N, N-carbonyldiimidazole (CDI, ~ldrich) 
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FIGURE 14  - Synthes ieof  PC (2)  -5-PASL, PC (2 )  -8-PASL, Pc(2)- 
12-SASL 

(m,n)=(10,3), (7,6) ,  (5JO) 
R= Fa t ty  Acid Residue 

X V I  
- - -- 

XVII 



under dry Ng with s t i r r i n g  t o  form the  acyl-imidazole der- 
- - 

i v a t i v e .  After  t he  Cog  effervescence had stopped (about 

3/4 h r ) ,  250 rng of l y s o l e c i t h i n  was added and t-he so lu t ion  

s t i r r e d  overnight under ni trogen;  The benzene was removed 

by evaporation and t h e  remaining viscous yellow l i ~ u i d  heated 

t o  50•‹ C i n  an o i l  bath under ni trogen f o r  3 days. During - - - - - - - - - a - --- -- A - - - a- A- -- --.--A 

h i s  time, imidazole released- during the  reac t ion  sublimed & 
t o  t h e  cooler  p a r t s  of t he  f l a s k  where. i t  was mechaMcally 

r e m m d t  -zr of t en  as messmy. . Tf most of the ~ ~ l e  f's- 

not removed, it inker fe res  with t he  pu r i f i ca t i on  procedure. 

The mixture was cooled t o  room temperature and 0.5 m l  of 

water added t o  destroy any unreacted intermediate.  The- water 

w a s  then azeotropicaf ly  remved by repeated evaporations - 
of 3dthanol/chloroform. The l e c i t h i n  d6r ivat ive  was 
- - - -- - - - - - - - - -- - - - - - - -- 

p u r i f i e d  by prepara t ive  TLC on 0.75 mm s i l i c a  g e l  p l a t e s  

run i n  a 65 c h l o r o ~ o m /  25 methanol/ 4 water solvent  system. 
-* 

The yellow product co-chromatographs with EYL a s  wel l  a s  

ha % a very simiiar IR spectrum. 
- 

- , 



- *  - . . 
The r e s u l t s  a r e  kurmnarized i n  Graphs I t o  XI. -A . * . - 

> - - 
d iv i s ion  i n t o  two bas ic  sect ions  dari be, made. ~ r a p h s  f :to - 

& .  -" * 

V show the responses of t h e  spin  l abe l s  t o  varying conc$n- I 

t r a t i o n s  -of p u r i f i e d  e rgos t e ro l  and 'mpho€ericln B' i n  multi- 

l a y e r s  of EYL: The charges i n  order  parameter with increasing 
: - 

cmce?rtr& o r r ~ a ? - ~ e -  z = = ~ ~ l o ~ p j m i i s i i & ~  individually,zj% shown - , - 
, *- 

fn Graphs- I and V, I n  the  remaining graphs (I I, I11 and I V ) ,  

a n t i b i o t i c  was added t o  mul t i layers  of EYL containing a 
- - - - - -- 

% constant  amount-of sterols. The in t e r ac t ion  of t he  two corn- - 

ponents w a s  s tud ied  up t o  t h e  s o l u b j 2 i t ~  lidt of e r g o s t e r o l ' .  

i n  EYL. I n  the .  second phase ( ~ r a p h s  V I  t p  X I ) ,  the  - s o l u b i l i t y  

~ r "  ergos te ro l  i n  EVL was r a i s ed  by two methods; 1 )  using a 
' 

* I 

d i c e t y l  phosphate (DCP) - l e c i t h i n  mixture as the  supporting 
p Lipid - a n d , - - 2 ) - - u s i n g ~ r ~ o s ~ ~ & ~ k a % - k & ~ ~ ~ ~ ~ ~ m -  

posed by standiag i n  so lu t ion  f o r  one week. The very small 

amount of oxidat ion products present  . i n  the hatter sol t t t ion  I 
P 

appeared t o  Tncrease the s t e r o l  s o l u b i l i t y  dramatical ly.  

The responses of t h e  probes t o  incorporat ion of ergo- \ 
s t e r o l  i n  the  two a l t e r e d  types  of bil-ayer are shown i n  

'I 

Graphs 'in: and UL.  T"e o the r  graphs i n  t h i s  sec t ion  show the 

c h n g e s  i n  o rder  parmeter when a n t i b i o t i c  was added t o  

-- -- -- 

The responses of t h e  four  synthesized sp in  labels 

tc e rgos t e ro l  a t  d i f f e r e n t  concentrations i n  pure EYL are 

shown IR Graph I. S l z i l a r  order  parameter changes were 
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S versus Amphotericin ~/~rgosterol Molar 

% 0  atl lo at 55.0s Sterol 
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S. versus t he  Amphotericin  ergosterol ~ o l a i .  
+< 
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GRAPH v 
S versus Amphotericin B Concentration ., 

Mole Percent Amphoteriain B 



4- - Ergosterol in EYL . . 
/ 

x - Ergosterol, (plus Sterol Oxidation 
products) in EYL 

o - Ergosterol in 9 :  1 EYL/DCP 

Mole Percent Ergosterol 



f '  
S versus- the Amphotericin  e ergosterol Molar 

Ratio at 20.9% Sterol in- 4 : l  EYLDCP 
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- S versus the Amphotericin  firg go sterol Molar 

R a t i  i n  27.1s Sterol ,  4:l EYL/DCP Using 7 



Concentration (plus Sterol 

Oxidation products) 

Mole Percent Ergosterol 



S versus Amphotericin  ergosterol Molar 

Ratio .(plus Sterol Oxidation products) at 



GRAPH XI 
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S versus Amphotericin B/Ergosterol Molar 
r. 

Ratio at 27.l$ Sterol Using PC (2) -12-SASL 

(plus Sterol Oxidation products) 6 

Amphotericin B/Ergosterol 



observed f o r  the  t h ree  f a t ty-acid  type probes (PC (2)-5-PASL, 
* ' 

PC ( 2 )  -8-PASL and PC (2)-12-SASL) . For these  spin  l abe l s ,  

S ( t h e  onder parame 3) reached a maximum around 15 mole 

zero t o  15% s t e r o l  

percent  e rgos te ro l .  The increase  i n  order  paramet.er from , 
P 

was approximately 0.05 u n i t s  f o r  t he  t h ree  I 

chain probes. The 

w a s  c o n s t = t u p  t o  

s l i g h t l y .  

order  parameter of the  head-label (PL-HL) 
f .  - - - - -- 

1 5 F  ergos te ro l  - a f t e r  which i t  decreased 

I n  pure EYL m u l t i a y e r s  cdntaining a f i xed  concen- 
- - - - 

- 

t r a t i o n  of s t e r o l ,  add i t ion  of amphotericin B caused changes 

\ i n  the  order  parameters of t h e  spin  l abe l s .  a t  a concen- d 

'. 
t r a t i o n  o ~ $ . l $  e rgos t e ro l  i n  the  mul t i layers  ( ~ r a p h  11), % 

., , 

t he  t h ree  fa t ty -ac id  derived probes.showed a s imi l a r  order  

a '  parameter response t o  changing an t ib io t ic .  concentrat ions.  

b i 8 t i c : s t e r o l  - r a t i o  of 0.6 a f t e r  which it  decreased. PL-HL 

exhibi ted  a l i n e a r  decrease i n  S up t o  an a n t i b i o t i c : s t e r o l  

r a t l o  of 1.3. When the  e rgos t e ro l  concentration was 15$, 

( ~ r s t p h  111) s imi l a r  r e s u l t s  were obtained exceptk t he  decrease 
4 

i n  S a f t e r  a a n t i b ~ o t i c : s t e r o l  r a t i o  of c.6 was more extreme., 

- With a l t i i a y e r s  containing 18.8% ergos te ro l  , q u i t e  d i f f e r e n t  

changes i n  S were observed. There was an i n i t i a l  increase  

i n  order  parameter f o r  t he  PC(P) -5-PASL and ~ ( 2 ) - 8 - P A S L  a , -, 
probes with t h e  maximum occuring a t  an L 

r a t i o  of 0.25. The i n i t i a l  increase  i n  S was l a r g e r  f o r  t he  



-- - 

f i r s t  l a b e l  -@.035 S-unit$, - t h a T E r e  l a t t e r  ( 0 . 0 2 ~  u n i t s ) .  

The l a b e l  PC(~)-12-SASL, showed only a decrease i n - S  over t he  

a n t i b i o t i c : s t e r o l  r a t i o  invest igated ( 0  t o  1.5).  The order  

parameter of t he  head-label a l s o  decreased up t o  a a n t i b i o t i c :  

s t e r o l  r a t i o  of 0.9, a f t e r  which it was constant w i t h  S equal 

t o  zero. 

- - - - - - A - - - - - - l f k r e - r e s ~ t s ~ o n o r r t r ~  expe~rnen t s - fn -wh t - c~o - - - - - -~  

t e r i c i n  B was radded t o  mul t i layer  prepara t ions  containing 
6 

no e rgos te ro l  a r e  shown i n  Graph V. No t rends  i n  order  para- 
- - - - - - - - - 

meter va r i a t i on  were observed with +he PC (2 )  -5-PASL and PC ( 2 )  - 
% 

8-PASL probes a t  a n t i b i o t i c  concentrations l e s s  than 4$. The 

- s p e c t r a  were d i s t o r t e d  a t  higher concentrations of a n t i b i o t i c  

and no order  parameters could be calcula ted.  The o the r  

two l a b e l s  showed a steady decrease i n  S up t o  15 mole per- 

- - - - cent  a n t i b i o t i c ,  a f t e r  ~h ich-%he- -a rder  p a r a m e k e r a s  -approx% - - -- -- - 

imately constant .  

A s  described above, the  s o l u b i l i t y  of e rgos te ro l  i n  

EYL .was increased by two methods. The order  parameter respon- 

ses of PC(~)-5-PASL t o  increas ing s t e r o l  concentration-under 

t h e  d i f f e r en t  conditions, a r e  shown i n  Graph V I .  ~ i c e t $ l  

phosphate i n  9: 1 and 4: 1 EYL/DCP molar L o s  raised the  

maximum ordering e rgos te ro l  concentrations t'o 255 and 30% 
- - - - - - - - - - - - - - -- -- -- - -- ------ 

respect ively .  The order  parameters derived from mul t i layers  
-5 4- 

- -- 7- 

containing s l i g h t l y  oxidized e rgos te ro l  continurnsly incr-  

Z eased u n t i l  a s t e r o l  concentration of ?O.mole percent  w a s  

a t t a fned .  This Mas t h e  h ighest  ergosterol  content examined, 



VII) ,  the  pC(2) -5-PASL order parameter curve with respect  

t o  increas ing a n t i b i o t i c  concentration w a s  Te ry  s imi l a r  t o  

t h a t  observed f o r  15-05 e rgos t e ro l  i n  pure EYL, The main 

d i f fe rences  were t h a t  the  m a x i m  S occurs a t  a smaller  

amphotericin B:ergosterol  r a t i o  (0.20 a s  compared t o  0.25 i n  

the  l a t t e r  case) ,  and the  subsequent decrease i n  S was more 
- - - - - -- -- - -- - A - - - 

extreme. A t  a  higher concentration of e rgos t e ro l  (27.1%) 

i n  the  4 : l  EYL/DCP m l t i l a y e r  (Graph VIII), t he  maxima i n  

I V  and VTI were not observed. The addi t ion of a n t i b i o t i c  

t o  27.1% s t e r o l  i n  4:l EYL/DCP mul t i layers  r e su l t ed  i n  a  

PC(~) -5-PASL order parameter curve t h a t  i n i t i a l l y  decreased 

sharply, then f l a t t e n e d  out  t o  become ap roximately constant 

a f t e r  an a n t i b i o t i c :  s t e r o l  r a t i o  of 0.5 was r ached. 
- - -- - -- - - -  - - - "a - - - 

The s o l u b i l i t y  of e rgos t e ro l  i n  EYLwas very la rge  

when the  s t e r o l  oxidat ion products were present  (Graph IX). 

PC (2 )  -8-PASL and PC ( 2 )  -12-SASL exhibi ted  the  same type of 

. response t o  increas ing e rgos te ro l  concentrat ion under these  

condi t ions  a s  described above f o r  PC(Z)-5-PASL. The order 

parameter increased up t o  a s t e r o l  concentrat ion of a t  l e a s t  

'70%. The order parameter curve of PL condftfons 



~m~hotericin B added to a Wltilayer system containing 1 
18.8% ergosterol (plus- oxidation products) (Clraph X) resulted 

in pC(2)+-PASL and ~~(21-12-SASL order parameter curves 

similar to those observed for antibiotic addition to 18.8% I 
sterol in piare E n  (&aph'XV)- and 20.9% sterol in 4: 1 EYL~CP 

muftilayers (Graph Vff) .  In the sterol oxidation products/ 
L 

EYL system, an S maximum was observed similar to that seen 

in the other*systeans, followed by a sharp decrease in S, 

, 

0.5. The PC(~)-I~-SASL order parameter. curve of Graph X 

shows a' decrease in S down td a antibiotic:sterol ratio of . -- - 
1.0, after which the order parameter is constant. At a higher 

/ 

concentration of e.rgost&ol with this' system (27,l$, Graph XI), 
f 

the i n i t i a l  change in S with added. amphotericin B was larger 

thari at the lower concentration but with the same change of - 

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



In the presence of ergosterol and amphotericin B,- 
/ 

." the w i n  label probes incorporated in the multilayers-give 

, three basic types of response dependdng on the concentrations 
6 . 

of the sterol and antibiotic. At low initial concentrations 

of ergosterol (8.1% and 15.0$), 'the three fatt~-~cid derived + 

At 18.8% and' 20,9$ ergosterol (IV, VII and X), only ,PC(~)-5- 
. 

i 

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

. . .. ance, with the PC(~+~P-SASL probe showing quite a different 

response to 6hanges in.ergoste*rol concentration. At higher 

concentrations of ergosterol (27.l$, Graphs VIII and XI), 
/ C 

there is another charge in the PC(~)-5-PASL behaviour while . 

the stearic acid derived label order-parameter curve is 
a - 

essentially-thesameas-a% -1884$. -- - - -- 

In order to determine if there were any effects an 

the amphotericin B - ergckterol interaction by M;IP or the - 

sterol oxidation products other than raising7the solubility 
f 

L, 
of the sterol in EYL, sfTnilar experiments were done with 

, 
the different multilayer systems(ergosterol/E~~, ergosterol/' 

I* 
c 

4 EYL: Xf>CP.,and 'ergos#?rol with oxidation. prodtlcts/E~~). 

Antibiotic was added to the mqltilayer types contaiding steral 

at concenQ.Pations around 20$(6raphs IV, VII &d x). Similar 

order parameter curves were observed-. ,.'The less extreme slope 
r 

changes seen 
I. 

fact that at 

in the pure EYL system are probably due to the 
* 

18.8$, ergosterol is already' past its solubil3ty 



maximm (~15$) i n  pure egg yolk- lec i th in ,  ThC DCP and' ergo-- 
,- 

s t e r o l  exidation products allow the s t e r6 l : an t ib io t i c  Snter- 

act ion t o  be .studied a t  higher concentrations of ergosterol .  
= 

A 1 1  three chain - label led probes show similar  resp- 

onses to increasing c ~ n s e n t r a t i o n  of erioskeroi  i n  EYL w i t h  a 

approximately. equal ~ r d e r  parameter increases at the s--e -. 
s t e r o l  concentration ( .~ raph  I). T h i s  observation i n f e r s  the 

-- -- - -- --- ---- ------- 
ergosterol  i s  a i tua ted  i n  the bi laper  - such tha t  the  portion 

- .  

of the  f a t t y - a c @  residue containing the three  l abe l s  i s  

/ 

l e a s t  pa r t  of the  s t e r o l  must extend pasb C of a l ec i th in  12  
T a t t y  acid residue, a s  this .  f s  t h e  p6sition of the pC(2)-12- 

. SASL nitroxide.  - . 

Stockton and Smith /60)- have calculated segmental 
i-, 

- 

order parameters ( s ~ )  f o r  perdeuterated s t e a r i c  acid i n =  - 
- pp --- ---- 2 - 

c h o l e s t e ~ o ~ / E Y ~  v e s i c l e s .  Upon addition of cholesterol ,  

gmol increases* l i n e a r l y  w i t h  the  same slope f o r  each carbon 
< 

- - - - 

d ~ % t o  %&out C13. S ta r t ing  a t  Cluthe r a t e  oP increase i n  
X 

Smol i s  not a s  l a rge  and gets  progressively s -ml ler  a s  one 
i', 

approaches the  terminal qethyl  group. A t  a gi-ven concentration 
t + +  

of s t e ro l ,  SmlIs constant up t o  about C and then decreases. 
- 11 - 

9. The-slope of the  l a t t e r  region is grea ter  f o r  la rger  concen- A 

- ,- t r a t iona  of,  c=holesterol.' The authors- show t h a t  i n  space- - 

f illi* models of cholegterol &d lecithin; the ,steroid 

p h e w t h r e n e  nuczeud extends t o  about C10 of a =lecithin 





:+ty -ack&  re^^.^ %nee-c3 ies ix ro l  ( o r  e rgos te ro l  
, - 21- 

methyl group makes t h e  i*i t ia l  port ion .of t he  s t e r o l  chain 

q u i t e  bulky, The l a t t e r  c h a r a c t e r i s t i c  could account f o r  the  

fact t h a t  t h e  r i g i d  por t ion of t he  b i layer  extends pas t  C10 

t o  approximately C12. There would be r e l a t i v e l y  l i t t i e  order- 

ing  e f f e c t  -from the  rest of t he  s t e r o l  s ide  chain a s  it i s  

f a t t y  ac id  residues would increase  a s  one moves down the  chain 

from the  last  r i g i d l y  held carbon, C12. 
- - 

- There i s  evidence t h a t t h e  c a r b k l  end o f  t h e  per- 

deuterated ac id  described above i s  s i t u a t e d  i n  theVsa& 

region as the  e s t e r  l inkage  of the  EYL' ( 59, 60).  If t h i s  

i s  the  case and the  above i n t e r p r e t a t i o n  i s  correct ,  then 

PC (2)-5-PASL, PC (2)  -8-PASL and PC (2)-12-SASL w i l l  measure 

the, order  within the  region affected by2the e rgos te ro l  r i n g  
--- - 

- - - - - -- -- pp - - - -- - - 

' system withaClg l a b e l  very near  the  boundary of t h i s  region. 

This assumes cho les te ro l  and e rgos te ro l  have similar locat -  

ions  within EYL b i layers .  

It i s  poss ib le  t h a t  an amphiphilic compound such a s  

-amphotericin B could be ' incorporated -into a mul t i layer  and 

produce the  e f f e c t s  observed without the  requirement of a 

- s t e r o l .  However, i n  the  present  case, amphotericin B m u s t  

observed when antibiotic i s  added t o  a s te ro l - f ree  multi-  

layer (~raph V )  as compared t o  sterol-containing mul t i layers .  



a n t i b i o t i c  i n  l e c i t h i n ,  An equiva len t  amount of antibiotic 

i n  ergosterol-containing mul t i layers  r e s u l t s  i n  a much higher 

order  parameter which is about the  same a s  i n  a mul t i l ayer  of 

* EYL only. I n  Graph I11 the  mul t i layer  contains 12% an t i -  

b i o t i c  a t  a amphotericin B:ergosterol r a t i o  of 0.8. 
- 

Studies  us ing  v ib ra t iona l  Raman spectroscopy a s  a 
_ __I__--Ii --IL - 

- 

probe of anphotericin B i n  ves i c l e s  of EYL and dinryristoyl - 

l e c i t h i n  - choles te ro l  ( 4 : l )  have shown a di f ference  t h a t  can 

be inke_rpre.f;ed as beLw dtte ta #x? f~%&e~&e'3Pdwec+ - 

- - - -- - - 

complexes by the  a n t i b i o t i c  i n  t he  presence of cho les te ro l .  

I n  the  absence of cho les te ro l ,  no a n t i b i o t i c  was incorpor- 

a ted  into the  bila-jrer ( 6 $ .  

When a n t i b i o t i c  i s  added t o  mul t i layers  containing 

l o w  concentrat ions of e rgos t e ro l  (8.1% Graph 11 and 15.0% 
- - -  -- - -  -- 

- - - -- -- 

Graph III), t he re  is an i n i t i a l  concentra tQp range of an t i -  - 
b i o t i c  where t h e f e  i s  l i t t l e  change i n  the  o rder  parameter 

of t h e  t h ree  chain pmbes.  This type of behaviour would 

be expected i f  a complex composed of a s ing l e  a n t i b i o t i c -  

sterol p a i r  i s  f o ~ d ~ h a v i n g  the same ordering characteristics 

as a s i n g l e  e rgos t e ro l  molecule. Although a 1:l complex 

would be expected t o  be the predominant species under these 

- -- - - -- conditions, it would probably be i n  equil ibrium H t h  larger 

-- 

assemblies, possibly t he  eight and eight unit hypothesized 

by De X r u i j f f  (21) as Yie bialogically - ac t ive  form of the  

e x .  As la=er a~omts  of mphotericin I3 are incorporated 



above could account for $his. As the concentration of the 

1/1 units increase, aggregates of these could begin to form, re- 
C 

ducing the number of "ordering units" present, resulting 

in an tncrease in fluidity, 

When the initialaergosterol concentration is higher, 

a -- differential effect on PC~)-~~-SASL and- the other two 

tail labelled probes i.s observed. Graphs TV, V I I  and X 

show that at 18.8% and 20.9% ergosterol, the latter labels 

antibiot3c: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 pphotericin B:ergost.erol 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 ergosterol 

concentrations a 1/2 complex is the predominant species. - 

Observations similar to this were described in the intro- 

duction for amphotericin B and cholesterol in aqueous ethanol 

solution (13). In that case, the polyene W chromaphore 

stapped changing at a ratio of 1:2 antibiotic/eholesterol and 

led to the concluai8n there are two sterol binding sites per t 

antibiotic molecule. 

1 b - Q ? € W i P -  

In the bilayer (~igure 16). If the sterol moves toward the 



FIGURE 16 
- - 

- - - Frgostero1 
- Arnphotericin B 

Free, uncornplexed e rgos te ro l  and 
amphotericin B i n  EYL b i l aye r s  

- - - - 

Low concentrations of a n t i b i o t i c  , 

i n  b i l aye r s  of 8.1$ o r  15.0$ 
s t e r o l  i n  EYL. A 1/1 complex 
i s  formed, where, t&e complexed 
s t e r o l  i s  c lo se r  t o  the  surface 
than uncomplexed e rgos te ro l .  

I n  b i l aye r s  of 18.8% and 20.9% 
ergos te ro l  a 1/2 complex 
( ~ n t i b i o t i c / ~ t e r o l )  I s  formed. 
There i s  g r e a t e r  s t e r i c  crowding 
i n  ou te r  por t ions  of the  b i l aye r .  



- _ - - -  _ _ -  

-67- 
- __  - - _ -- - P - - - - - 

bilasr surface it could then be out of the region monitored 

by the PC(~)-12-SASL probe. As mentioned previously, this 

label is probably on the boundary of the area affected by the 

steroid nucleus. If amphotericin B-associated ergosterol is 

in a position nearer the bilayer surface than the free 

sterol, the differential responses of the chain labels 

complex would have more bulk in the surface region of the 

bilayer, possibly constraining the chain movements in this 
_ _- - - _ _ - - - 

_ - 

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

PC(~)-FPASL and PC(Z)-~-PASL probes as the antibiotic: 

sterol ratio increases in Graphs IV, V I I  and X to 0.20. 

The aubsequent decrease in S upon incorporation of more 

antibiotic would be caused by the reduction in total free 

_ergosterol c0ncenkra-t---due -a ew3;,exat---At--------- 

biotic:sterol ratio of 0.5, most of the free ergosterol 

would be used up forming the 1/2 complex hypothesized above. 

Further addition bf antibiotic could result in condensation 

of 1/2 complexes into larger units with little change in the 

bilayer region monitored by the 5 and 8 PC(~)-PASL probes. 

The order parameter curve of P C ( ~ ) - ~ Z S A S L  in Graphs 
I 

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

O to 1.0 amphotericin Biergosterol molar ratio range. Up 1 
ii 

to a ratio of 0.5, the decrease woulcd be due to a reduction I 

f 
in free ergosterol concentration as the 1/2 complex* I s  

. , 
- - 



formeSt. AS -5 cr ibedabove,  the  complexed s t e r o l  seems t o  t 
occupy _a pos i t ion  c l o s e r  k t h e -  h i l a x e r  sur f  ace as compared 

t o  t he  f r e e  ergosterol ,  s o  the  Clp l a b e l  w d  not  be a f fec ted  
- -& 

by' t he  increaked s t e r i c  crowding i n  the  C1 t o  C10 region. 

A t  r a t i o s  higher than 0.5, the  number of complexes i n  a 
* given a rea  decreases s o  t h e  order  i n  the  C10 - CH3 region 

+? 
.--PPY ' u ,  

--&-~ea~e++we~.--erici'rr 8:-e~gostw&~a4A+-e-f-------- 

1.0, no more a n t i b i o t i c  i s  incorporated and the  PC(~)-12-SASL 

order  parameter does, not change s i g n i f i c a n t l y  a f t e r  $h i s  
- - 
- - - - - - -- - -- - - - - - -- --- 

point  i n  Graph X. ~ h i s  l e v e l l i n g  e f f e c t  i s  not seen with 

the  PC(2)-5-PASL probe, It i s  known from the  con t ro l  experi-  

ment t h a t - t h i s  l a b e l  i s  more s e n s i t i v e  t o  a n t i b i o t i c  alone 

than the  inner .ppobe. The continual  decrease i s  probably 

another aspect of t h i s  behaviour, 
% 

a ted  (27.l$, Graphs VIII and XI) ,  s imi la r  behaviour t o  

t h a t  seen a t  18.8% and 20.9% is- observed. No i n i t i a l  increase  
- - 

i n  o rder  occurs i n  the  t h i r d  of the  b i l aye r  near  the  surface,  
6 

probably because the  order  parameter i s  larger t o  begin with 

due t o  t h e  g r e a t e r  s t e r o l  concentration, The l eve l l i ng  out 

.- of t he  o rder  parameter - i n  t h e  PC(2)%3P?SASL curve a t  a r a t i o  

of  1:l an t ib io t i c / s t e ro l  is  more obvious due t o  t he  l a r g e r  



* 

of t he  ergosterol/amphotericin B ~ Y L  system are  summarized 

i n  Figure 16. Thq r e s u l t s  from the  use of the  head-labelled . 

0 

probe a r e  not used i n  the  ana lys i s  a s  khey show only a s m a l l *  

dependence on the  a n t i b i o t i c  - s t e r o l  i n t e r ac t ions  invest igatqd 

i n  these  experiments. The low order  parameters (S 5 0.05) 

and narrow l i n e  widths observed i n  the  spec t ra  i nd i ca t e  the  

PL-HL oxazolidine r i n g  has a l a rge  amdunt of motional freedom. 

On t he  average, t he  r i ng  makes an angle smaller  than 45O with - 

- - mp&- %a-%he mA&ifaye~ suH%ee. Tk%s is e m ~ ~ t w % k k -  -L - 

t he  current  view of the  head group conformation i n  EYL, 

where i t s  long ax i s  i s  or ien ted  approximately p a r a l l e l  t o  

the  b i ldyer  surface  (44, 45).  , 

Dicetylphosphate e e rgos te ro l  oxidat ion prod- 
u 

u c t s  probably increase  t he  e rgos t e ro l  s o l u b i l i t y  by changing 

t h e  p o l a r i t y  of the b i layer .  ?the l a t t e r  a r e  probably ketones,' 

aldehydes and acids  at tached t o  a hydrophobic hydrocarbon 

residue.  Compounds such a s  these,  as well as WP, would give 

t h e  b i l a y e r  surface a ne t  negative charge. Lecithin i s  a 
-- 

zwit ter ion and so has no ne t  charge. The s p e c i f i c  reason 
B 

why surface  o6arge should a f f e c t  the  e rgos te ro l  s o l u b i l i t y  - 
i n  EYL i s  not known. 

t 



The world described here leads to 'several conclusions 

concerning the composition and molecular architecture of 

: the-amphotericin B - ergosterol interaction in EYL multi- 
Q 

layers. A complex of the two components in a ratio of one 

to one-does appea to predominate when the monomers are i -2 . d 

present in sufficient concentrations.. At hfgher ergosterol 
- - - - - - - - - . - - - - -A - - - - - - --A - - - - - 

concentrations, a c w l e x  composed of one amphotericin B 

and two ergosterol molecules seems to occur, but only if .- 

there is insufficferrt antibiotfc present to form the I:? - - - - - -- - 

complex.  he* absolute 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 on6 molecule each of the 

components was indicated. At higher concentrations, a 
r - - - - - -- - - -- --- - - - - - - - - -- - - - -- - -- - - - 

numerically largerAcomplex appears to be formed. An 8:8 

'complex as descrfbed by De Kruijff (21) as the active species 

would not be inconsistant with the .results. 

'The interactions described above can be summarized 
*' as follows: L: 

w w 
4 A + E F! AE - EAE 5 (AE),. 

A and E symbolize arnphotericin B and ergosterol. X is an 
A 

i n t e - ~ - e ~ g ~ e ~ a ~ t  er 'kh a n _ ~ n ~ T k _ e - ~ ~ l ~ _ b r i a ~ c ~ c u r I n t h e E Y  L 

--- multilqyers under the following conditions: 

ergosterol concentration < 18.8% with an anti- 
- 

biotic: sterol ratio less than 0.6 



a ergosterol concentration L 18.8$, where there %re 

two or more ergosterol molecules present for 

every antibiotic molecule. 

when the antibi0tic:sterol ratio is > 0.6 at 
18.$$ sterol or less and at higher ergosterol 

concentrations when the -ratio is) 0.5. 

association of qphotericin 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 lipid membranes with the same composPti'ons and 

testing for conductance across the bilayer. At higher 

concentrations, the co plexed sterol appeqrs to influence "(i 
the free ergosterol. The differences in the labels1 responses 

can be explained by the ergosterol moving towards the bilayer 
* 

surface upon interaction.with the amphotericin B. 

The research presented in this thesis could be 

extended in a varJiety of ways. As mentioned in the intro- 

duction, some sterol-containing yeast strains are resistant 
% 

to ;he polyene antibiotics. This could be due to the 
- - - - - - - -- - - - - - -- - --- 

observed differences in the sterol content of the yeasts. 
* 

By using fecosterol or other sterols in simlar experiments, 

more information about the interaction of amphotericin B 



w i t h  s t e r o l s  i n  vivo could be obtained. O f  course, t h e  - 

<-* 
- 

work could be extended t o . o t h e r  polyene a n t i d i o t i c s  a s  

wel l .  

Deuterium-NT4R would appear t o  be the  i d e a l  method 

t 6  study systems of t h i s  type s ince  t he re  i s  no perturb- 

a t i o n  of the  system by the  probe. However, a s  can be 

seen i n  t h i s  t h e s i s ,  a l a rge  amount of preliminary work 
A- -- -- - A 

needs t o  be done which may not be p r a c t i c a l  us ing deuter- 

a ted  probes s ince  much higher concentrations of t he  l a t t e r  

of t h e  method. I n  addit ion,  the  use of lipssomes, which 

would be required i n  an NMR study, could put a r t i f i c i a l  

r e s t r a i n t s  on the  formation of these  r e l a t i v e l y  l a rge  

lexes .  This argument can be used agains t  the  applic-  

a b i l i t y  of o t h e r  spectroscopic techniques such as  R a a n  
- ~ ~ ~ -p-p---p-pp--p- -- 

and UV which a l s o  requ i re  t h e  use of liposomes, t o  t h e  
- 

amphotericin B-ergosterol system. Spin-label probes other  

than those used he re  could be employed i n  t h i s  study. 
/ 

However, the  problem with l abe l led  s t e r o l  o r  a n t i b i o t i c  

probes Is that the r e l a t i v e l y  large ni t rox ide  group cou 

a f f e c t  t h e  binding constant or  r e s u l t  i n  a t o t a l l y - d i f f e r e n t  
9 

type of complex than the naturally occuring one. It has 

been reported t h a t  the binding constant for f i l i p i n  and 

cholestane spfn  label is  smaller  than f o r  the a n t i b i o t i c  

and choles terol (62j  . 
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