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The amp~p~lic heine d ~  ~ 1 0 , 1 ~ 2 ~ ~ a - o - ~ ' , 2 ' - d i m ~ h y l - 2 0 ~ ( 2 ' ~ i m ~ h y ~ m m o ~  
e ~ y l ) p h ~ p h o n ~ o x y i c o ~ n a m i d O p h e n ~ h o ~ n a ~  iron(ll) ~ h e m O ,  ~rmed a ~aMe liposome (~ = 
400 ~) ~ phosphdi~d~ Diffe~nfifl ~ n ~ n g  calorimetry showed ~ incorporation ~ ~ e  l i ~ h e m e  in 
the lipo~me M~yer ~ d / ~ & h e m e  > 2~  causes no ~so~e~ng ~ the bilayer structure. ~gation of a 
balky I~and ~ ~ e  li~$heme fiposome ~ c a ~ d  ~ ~ e  li~&heme ~ a ~ s  ~ n g  p~dominantly o u t w ~  
in the liposome. The closed vesicle s t r u c ~  and the ~a~l i~  ~ the l i ~ h e m e  liposome we~ ~so co~irmed 
by the enca~dafing capaMli~ of the f l u o ~ e n c e  compoun& 

l ~  

M~loporphyf ins  play impo~ant roles in bio- 
lo~c~ reaction sys~ms such as chloroplas~ cyto- 
chrome and hemo~obin. Modds to mimic them 
have been studied by embedding met~lo- 
porphyrins in b~ayer membranes [1-7[. For exam- 
ple, fin~ and magnesium-porphyrins were em- 
bedded in the brayer of phospholipid membranes 
and thor photoreactions were discu~ed in con- 
nection with the effe~s of the bilayer structure on 
the c h a r g ~ a n s ~ r  reactions [3-5]. An iron- 
porphyrin derivative wa~ ~so incorporamd into 
the brayer of phospholipid fiposom~ It could 
bind m~ecular oxygen reverfibly because the hy- 
drophobic and non-p~ar en¼ronment around the 
iron-porphyfin p r o ~ s  its oxygen adduct from 
irrever~b~ o~dation in aqueous media [6,7]. The 
position, di~fibufion and orientation of m~allo- 
porphyfins in the bi~yers were, howeve~ ambigu- 
ous in the abov~mentioned modds. Rdafivdy 
few studies have been devoted to the fine structure 

* To whom correspondence shoed be addre~ed. 

of ~e  pho~holi~d ~ y ~ s  ~ v ~ n g  m ~ -  
po~hyf i~ .  

Recent~ we have ~ n ~ e f i ~ &  by pa~ng atten- 
tion to the stereostructure and ~ e  hydmp~fic- 
hydrophob~ b~ance of ~e  po~hyrin, a novel 
and amp~p~fic i~n-porphyfin derivative ha~ng 
~ a~aneph~phochC~e ~oup~ L 1~ 152~  
~ a, a, a, a-o-(2q2'-~methyl-20'-(2~trim~hyl- 
amm o~oe~yl)pho~hanatox~co~namido~hem 
~ p ~ n a t ~ I D  (abb~¼a~d ' f i ~ h e m ~  
Scheme I) [7]. The h~d~eme had ~gh compa~ 
b ~  wi~ ~ e  bflay~ ~ pho~holip~ and ~rmed 
a ve~  s ~ e  fip~ome ( a b b ~ a ~ d  ' f i ~ h e m e  
hpo~md).  The h ~ h e m e  fipo~me could bind 
m ~ e c ~  oxygen ~ v ~ y  under p h y ~ o ~ c ~  
conditions [8]. In t~s pape~ the structure of ~e  
f i p ~ e m e  fip~ome has been sm~ed by phy~- 
cochemic~ meffiods and comp~ed wi~ ~a t  ~ 
• e n~ur~  pho~hol i~d fip~om~ 
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Scheme I. Abov~ fi~heme; bdo~ ~heme. 

(2"-trim~h~ammonioethyl)phosphon~ox~cosan- 
amido)phenyl)porphin~oiron(ID ( fp~-hem~ was 
prepared as in the fterature [8,~. 5,1~1520-T~ 
~ ~ a, a, a-phenyl)porphin~oiron(II) (tpp-hem~ 
Scheme I) was Mso synthe~zed as ~ the fterature 
[10]. Ligands, 1-1aurylimidaz~e and 1-1auryl-~ 
m~hylimidazo~, were synthe~zed as reposed in 
ReL 11. Egg y~k phosphatid~choline (egg PC), 
L-a-l,2-dimyristo~-sn-glycero-3-phosphocholine 
(DMPC), L-a-l ,~dip~mito~qn-~ycero-3-pho~ 
phocholine (DPPC) and choles~rol were 
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purchased from Sigma (sped~ grade). NRroso- 
benzene, as a bulky fgand to combine with the 
heme comple~ and 5-carboxyfluoresc~n, as a flu- 
orescent prob~ were purchased from Aldrich and 
Eastman KodaL respectivdy ~ p e d ~  grad~. 

Preparation of lipid-heine liposome 
The fpid-heme fposome was prepared as re- 

po~ed in Refs. 8 and 11. A thin film of the 
ffon(HD derivative of fpid-heme (1 ~mol) and 
phospholipid (50 ~mol) with or without 1- 
lauryfmidazole (3 ~mol) or 1-1auryl-2-m~hylim- 
idaz~e (20 ~mol) was prepared on the ~ass wall 
of a large round flask. Oxygen-Lee phosphate 
buffer solution (pH 7, 20 ml) was added, and the 
mixture was then shaken by a Vo~ex mixer. It 
was ul~ason~ated and homogenized in an 
ice/wa~r bath under nitrogen. 

The lipid-heme fposome solution of ~on(HD 
derivative thus prepared was reduced to the 
~on(ID derivative by addition of ~-ascorb~ add 
(20-f~d (mol) iron(III)). The red, ~ansparent 
solution gave ul~a~olet and ~f ib~ absorption 
spec~a with ma~ma at 426, 535 and 562 ~houldeO 
nm for the 1-1aurylimidazole complex and 438, 
535 (shouldeO and 562 nm for the 1-1auryl-2- 
m~hylimidaz~e comple~ which could be as- 
figned to the deoxy complexes 0ron(ID stat~ of 
the lipid-heme [8,11]. 

Physicochemical measuremen~ 
Gd-permeafion chromatography (GPC) was 

carried out with a Sepharose 4B column (Pha~ 
maria Fine Chemical 2.2 cm~ × 70 cm). The 
fipid-heme fposome was separated ~om the aque- 
ous medium by ul~acentfifugation (ul~acentri- 
fuge, Hitachi 65P-7). Transmission dec~on mi- 
croscopy (transmission EM, H~achi H-500) of the 
fpid-heme fposome was carried out by the nega- 
tive ~ n n i n g  method ufing uranyl acetate 
(Tokyo-Kasei, sped~ grad~. Particle s~e d~tri- 
bufion was measured with a modified dynamic 
Bight scat~ring m~hod (Hiac/Royco, N~omp 
Modd 200). A thermogram to estimate the phase 
tranfition of the fposome was constructed ufing 
differential scanning calorimetry (DSC) (S~ko 
SSC-560). The phospholipid monolayer cont~ning 
the fpid-heme was ~so ev~uated by surface 
area-surface pressure curve measurement 
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(Shimadzu ST-l) [12,13]. The ni~osobenzen~bin- 
ding ~eaction was measured ufing a stopped-flow 
specUophotomemr with a kinet~ data processer 

(U~soku SF-1000) [14,15]. Spon~neous leakage 
of the carboxyfluoresc~n e n c a p s ~ e d  in the 
lipid-heme fiposome was measu~d by mo~toring 

( a )  500 A ( b )  
! ~ 

~2000 A~ (C) ~ 500 A, 

(d)  ~ 5 0 0  A, 

Fi~ 1. Transmi~ion de~on micrographs of the fipid-heme 
fiposome (a) and the tpp-heme fiposome (b-d) stained by 
uran~ acetate. M~ar ratios: (~ fipid/lipid-heme = 50; (b) 
fipid/tpp-heme = 50; (c) 100; (d) 200. 

the fluorescence spe~rum of the carboxyfluor- 
esc~n with fluorescence specwophotometer  
(H~achi HPF-4) [16]. 

Resul~  and D ~ c u s ~ o n  

Fi~t,  the incorporation of the fi~d-heme in the 
bilayer of phospholi~d fiposome was confirmed 
by ufing the fi~d-heme fipcsome composed cf 
fipid-heme and DMPC (m~ar  ratio; D M P C /  
~ d - h e m e  = 5~. The dufion curves of GPC w~e 
moni to~d by the absorptions at 300 and 415 nm 
based on the phosphatid~choline and the l ip~- 
heme, respecfivd~ The curves c ~ n d d e d  with each 
othe~ w~ch means that the fipid-heme is ~ d u d e d  
~ lhe fiposom~ The fipid-heme fiposome s~ufion 
was ~so checked by ul~acentrifugafion (45000 
rpm, 2 h, at 10°C). The s~ufion ~ m ~ n e d  ~ans- 
parent after ul~acentfifugafion and no p ~  
c o n t ~ n g  the fipid-heme a n d / o r  the phospholi- 
pid devdoped, in ,ca r ing  that pa r t i d~  with a 



& a m ~  of more than 1000 ~ &d not e~st. The 
average particle ~ze of the lipid-heme fiposome 
was also measured with a mo&fied dynamic fight 
~ f i n g  me~od; the most ~equent ~ a m ~  
was de~rmined to be 365 ~, with a sharp ~ f i b u -  
tion p ~ r n  (±15 ~). 

The ~ru~ure of ~ e  h~d-heme fiposom~ with 
various compofifions (m~ar ratio, f i # d / l i ~ #  
heme = 50-20~ was esdmmed by ~ansmission 
dectronmicroscopy. Every f i#~heme hposome 
looked fike a smM1 u~lamd~r  ve rde  or ~ n ~  
walled fiposome (SUV) as shown ~ Fig. la. Lipid 
fiposome forms SUV under t~s expefimentM con- 
~tion. When the ~m#e  heme defivativ~ ~p-heme 
(Scheme I), was ~corpora~d ~ to  the DMPC 
fiposome ( l ip~/ tpp-heme= 50), a plMed and 
mdti-Mmellar fiposome was ob~rved (Fig. lb). 
De~eas~g the Wp-heme contenL the ~ru~ure of 
the tpp-heme fiposome changed to a m~fi large 
~mel l~  veMde or mdfi-wMled fiposome (MLV) 
for the m~ar ratio 100 and finally to SUV for the 
ratio 200 (Fi~ lc, d). The ~p-heme ~ not compm- 
~le with the phospholipM and causes ~ru~urM 
distortion of the l~osom~ To a v i d  t~s d ~ b ~ -  
zation, the fiposome of tpp-heme and phospholi- 
# d  tended to adopt the MLV or hmellar struc- 

O 
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~ 2. ~ m ~  scan~ng cMofim~fic ~ermo~ams of ~e 
DMPC fiposome (~, the fi#~heme/DMPC fiposome (b) and 
the ~ h e m e / D M P C  fiposome ~ at 1 C~g. ~ n - I .  
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ture. On the other hand, the l~id-heme behaves 
fike a phosphofipid and ~ves only SUV. 

The DSC th~mogram (1 Cdeg. min -1) of the 
lipid-heme fiposome was taken to ~ t im~e  the 
phase uanfition of the lipid-heme fiposome (MLVs 
were prepared by ~cubating the cor~sponding 
SUVs and thor th~mograms were measu~d in 
order to enhance the phas~uanfition peak9 (Fig. 
2). The DMPC l~osome showed an endothermic 
peak at 24°C, which co~esponded to the 
g d - f i q ~ d - c r y ~  phas~uanfifion ~mperatu~ 
( ~ )  of the fiposome and ag~ed with that reposed 
previouMy [11]. The peak for the fipid- 
heme/DMPC fiposome was ob~rved at the same 
temper~u~ as for ~e  DMPC fiposome i t s ~  
24°C. T~s suggests that compatibili~ of the 
fipid-heme with phosphofipid is large enough to 
form a stable fiposome. For the tpp-heme fipo- 
some, even with large fipid/tpp-heme ratio > 100, 
~ and its phase tranfition endoth~mic peak were 
decreased and broadened, as shown ~ Fig. 2c. In 
contrasL the DSC th~mogram of the fi~d-heme 
fiposome with a fipid/fi~d-heme ratio of 50 
showed a sharp endoth~mic peak and the ~ 
v~ue corresponded to the fipid fiposome itsdf 
(Fig. 2b). T~s sugges~ that the fipid-heme has a 
good c o m p ~ i l i t y  with phosphofipid and is 
packed well with phospholi~d ~ the bflayer of 
fiposom~ 

Ta~e I shows ~ and enth~py chang~ ~H, for 
the gd-l iq~d~rystal  phase tranfifion. ~ H  was 
scarcdy influenced by the incorporation of the 
hpid-heme ~ to  the fiposom~ Upon in,easing the 
degree of i n c o r p o r ~ n  of h~d-hem~ ~ re- 
m~ned constant ~ H  decreased. By chan~ng the 
structure of ~e  fipid-heme complex (fourth 
( o ~ z e d  stat~, fifth (deoxy s t ~ ,  and fixth 
(carbon mono~de adduct) coor~n~ed sUu~ur~, 
the phas~transition profile was not affected. The 
phosphofipid spedes ~so ~ d  not influence the 
phas~anf i f ion  beha~or of the fip~-heme fipo- 
some. 

Fig. 3 shows the relations~p of the fipid-heme 
content to ~ and ~H. The ~ of the lipid-heme 
liposome of DMPC and DPPC were not influenced 
by the fi~d-heme content. On the other hand, ~ H 
decreased with the contenL demonstrating a 
break-p~nt. When a small amount of the fipid- 
heme is incorpor~ed ~ the fiposome before the 
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TABLE I 

~ AND ~H FOR THE PHASE T R A N ~ O N  OF THE 
~ D - H E M E  ~POSOME 

Componem of fipo~me ~ AH 
(mN~ rati~ (oC) ~cN/mN) 

DMPC 23.7 6.47 

DMPC/fipid-heme (50) 23.8 5.06 
(20) 24.1 3.71 
(10) 24.1 2.93 
(5) 2&4 1 ~1 

DMPC/li~d-heme/ (50 : 1 : 3) 
(o~dized) a 23.7 2.87 

1 qaurylimidazole (deoxy) ~ 23.7 2.67 
(CO adducO ~ 23.8 3.60 

tpp-heme/DMPC (100) 22.0 2.39 
(50) 

" S~u~u~ ~ t~  l i p i ~ m e  c o m ~ .  

Content of berne (tool%) 

~ 1~ 1~ 2030 

I o 20 ~ 25 10 5 

2oo=~ ~.~m~ ~ =  ~i~ 

1~ ! 

~g. 3. Rdafions~p of ~e gd-fiq~d ph~e ~anfifion p~am~ 
ters (~, ~H) of ~e f i~heme fiposome to the content of the 
fi~d-hem~ Li~heme/DMPC fiposom~ ©; ~, ~: ~H, 
f i~heme/DPPC fiposom~ U; ~, ~; ~H. 

break-pNnt,'the hpid-heme is dispersed mokcu- 
lady in the bilayer of DMPC- or DPPC-liposom~ 
But where the fipid-heme content in the b~ayer is 
above the concen~ation of the break-poinL the 
fipid-hemes a~ooa~s  with each other to form a 
duper  in the bflaye~ This con~deration is sup- 
ported by the following result in Fig. 3. Pap~ 
ha~opoMos et M. [171 repor~d for thor pro~o- 
hpidapoprotdn/DPPC membrane that the de- 
crease in AH with increasing incorpora~d protdn 
con~nt is a~fibu~d to boundary hpid (the lipid 
molec~e su~ounding the guest molecule in lhe 
bflayeO. In Fig. 3, the finear rdationship at the 
smN~r heme content ~ extrapolated to A H =  0, 
Nfing a cdticN heme content of about 10 mol%. 
This means that the phase ~anNtion disappears 
and M1 the hpid of the fipid-heme becomes a 
boundary hpid when the fiposome is formed with 
hpid-heme/lipid (1/9). This heme content indi- 
cates that there are about nine boundary-~pid 
mo~cules per one ~pid-heme mMecul~ The 
boundary hpids around the ~pid-heme agreed with 
those cNcuN~d by assuming s~ucturM~ (CPK 
modal) a base area of the ~pid-heme of about 400 
~ (20× 20 ~). The hnear rdafionship at the 
higher heme content was ex~apolated to ~H = 0, 
N~ng a second cfificM heme content of about 20 
mol% for the DMPC sys~m and about 40 mol% 
for the DPPC sy~em. These values suggest that 

~ur  h ~ h e m e  m ~ e c ~  ~ r  lhe DMPC sy~em 
and 36 lip~-heme m ~ e c d ~  fcr ~e  DPPC sys~m 
form a dus~r  with each othe~ Anyhow, at the 
sm~l ~corpor~ed content of fi~d-heme the 
fi~d-heme w~ ~ p ~ d  m~ecdarly in ~e  hpid 
b~ayer of the hposom~ 

The miscibili~ and compafi~fi~ of ~e  fipid- 
heme wi~ phospholi~d w~e ~so confirmed from 
surface ~e~sur~ce p ~ u ~  ~oth~ms of ~e  l~id 
mon~ay~ on a water surface (Fig. 4). The curve 
~ r  the ~p-heme/DMPC mon~ay~ s ~ e d  ~ 
fight of ~e  curve ~ r  the DMPC mon~ay~ itsdL 
w~ch ~ve~s the absence of effective pacing of 
• e fipid m ~ e c ~  ~ ~e  mon~ay~. Ag~nst t~s, 
• e curve for ~e  lipid-heme/DMPC mon~ay~ 
c~ndded wi~ ~at  ~ r  ~e  DMPC mon~ay~ 
~sd~ ~e  fi~d-heme has ~gh compa t ib ly  with 
phospholi~d and ~ v ~  ~so a stab~ mon~y~. 

Thee is a question ~ ~ wh~h~ ~e  f i ~ h e m e  
is outward- or ~ w a r ~ d n g  in the fiposom~ The 
~ n ~ n g  reaction of a bu~y figand such as 
~osobenzene  to the f i ~ h e m e  fiposome was 
measu~d wi~ a s~pped-flow m~hod. The deoxy 
fi~d-heme com~ex ~nds ~osobenzene  revers~ 
bly under an oxygen-flee atmosph~e. The 
~osobenzene  ~n~n~t ime-~ac t ion  curve was 
that of a monoph~e sy~em for the fi~d-he~e 
fiposome of SUV with a particle fize of 400 A, 
w~le the curve for the s i n ~ w ~ d  large fipo- 
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some (LUV) of abouL 1000 ~ was that of two- 
phase system (Fig. 5). The rapid reaction for the 
LUV ~posome agreed with that for the SUV ~po- 
some, and the flower reaction corresponding to 
the hgand-binding where the bulky ni~osoben- 
zene ~gand at once crossed the bilayer and bound 
to the heme ~om the inner water phase (Fig. 5). It 
is considered that for SUV the lipid-heme exists 
preferentially facing outwards in the outer laye~ 
because the SUV has a relatively high curvature 
and the ~pid-heme has a somewhat cone-~ke 
structure (Scheme II). But for the LUV with a 
relatively small curvature, the lipid-heine is as- 
sumed to exist both in the inner and outer layers. 
By analy~ng the two-phase reaction, the flowe~ 
reacting component, i.e., the ~pid-heme fraction 
facing inward~ was estimated to be about 18 
mol% for the LUV. 

The dosed vesicle structure and ~ability of the 
~pid-heme ~posome was also ~udied by the fol- 
lowing experiment (Fig. 6). A wate~soluble fluo- 
rescent compound (carboxyfluorescein) was en- 
capsulated into the infide water phase of the 
fingle-wa~ed ~pid-heme liposome. No fluores- 
cence spectrum was observed because the en- 
capsulated and concentrated fluorescence com- 

o 
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(b)  

\ o 0 0.5 1,0 
\ o Time (sec) 
\ o 

~ 0 0 

~ 0 
• 0 

~ 0 

~ ~0~ 0 

f \'., 
0 ~.~ ~ ~0  ~ 0  

Time f s e e l  
Fi~  5. Time-reaction curve for ~ o s o b e n z e n ~ n d ~ g  of the 
f i~d-heme fiposome (a) and appro~mat ion  to mono- and 
two-pham ~net ics  (b). O;  LUV, O; SUV, fipid-heme conch. = 
5.0-10 -5  M, m ~ a r  ratio l ipid/ l ipid-heme/1-1auryl-~methyl-  
i m i d a z ~ e =  5 0 / 1 / 2 ~  at 20°C.  AA; ~ f~ren t iM absorbance, 
A 0 and At; ~fferenfiM absorbance at time 0 and t, respec- 
fivdy. 
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Scheme 1I. Le~, SUV; fight, LUV 

pounds within the liposome quenched each othe~ 
This supports the dosed vefide structure of the 
fipid-heme fiposomm The spontaneous leakage of 
the carboxyfluorescdn across the b~ayer occurred 
dowly. The rale of the leakage was much faster 
for the tpp-heme/egg PC liposome than for the 
fipid-heme/egg PC liposome. This means that the 

/ 
¢ 

¢ 
00 ~ ~ ~ ~ 160 120 

Time (min)  

~ 6. R~ease of e ~  carboxyfluores¢~n from the 
f i~heme fiposom~. Con~,  e~y~k  phosphafid~chofine 
~gg PC). ~ p ~ e m e / e ~  PC fipo~m~ egg PC/f i~heme = 
©, 10; ~, 20; ~ 50; ~heme/egg PC fiposom~ e~ 
P C / ~ m e  = ~ 50; -, ~ n ~  ~ PC ~ o m ~  at 50°C. 

L 

phospholipid forms a rdativdy s~b~ hposome 
with fi~d-hem~ For the hpid-heme fiposome with 
a l ip~/li~d-heme m~ar ratio = 50 ~e  leakage 
was s u p p r ~ d  to ~most the rate of the egg PC 
fipcsome i~dL 

It is concluded th~ the compati~fi~ of the 
fipid-heme with phospholi~d is large enough to 
form a stab~ fiposomm The stereostructure and 
hydrop~fi~hydropho~c b~ance of the fi~d-heme 
are assumed to emphasize i~ compatibili~ wi~ 
phospholipid. 

The red and ~ansparent s~ution of the deoxy 
fipid-heme fiposome co~d ~nd m~ecdar  oxygen 
reve~ibly under phyfi~o~c~ con~fions (pH 7, 
37 o C). The oxygen-binding of the fi~d-heme fipo- 
some was very rapid (oxygen-b~ng  rate, about 
10 ~ M -1. s -~) and reve~ibly (ox~deoxy cycle; 
more than 10~fimes). The cx3gen-~n~ng affi~ff 
was dose to th~ of the red b~od call (P~/z = 25 
mmHg; ~d  b~od cell, p ~  = 27 mmHg (37°C)). 
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