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MRRERA~NE S n ey L RABICBRLZRMAE TEX 52 L2 EHE, £ OEBEKER
DAERNTERERXEDO TX 225 RBRERE L LTHERET LI LEHLNIIL
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VERRLVT 4 U AN SEENKFCHOES L TR T ST/ BgkiE 458
LT BT BT 2 MRENER R HEE LR IR 2 EEREET, B
RO FOBRBITHEVR 2 I L P08 D) OB TBROERICH S, Wb
DA PSS OILFEBITTIIMERMED LA ARFE CIIE A OIS
e ) CEIEBARNVT 2 V) VBEEAONRFRERENS U RELT 4 U L8 )
EE~DOEBEFBHZFAL T, VERELT ¢ U o8 0 BB ERRE 218
ESEDHEDOHSLE B L,

BERICIE, BCHEMRCEEZET2FHRY ERELT 4 U U8 (0D 2 RHE AR
L. TUKF THET DB EOMAMES L BBEESRLET. &bicr e bR
NT 4 ) CEBREZERTFEIS TN T v NEBEEZAI L, SR L AL
HEfEH, AKBICEESERETHEE BHRE) 20V RELT U &k
() ~DOEFBEHRBELEE L. ZNEBMBEENEEL L -7 Fe (D) $5K D BT IE
&L LTHENLT B,

4)AERE
4-DFLWIERRIL I A B EEBEL TG 2/ kDT /1EE

UTNERNFRAKRAY) EERLVT 0 ) VEEIZEALEYERRIL I ) D—8
AL KHTHERICHEBIL L TN LBRO D572 5 5 TR/ MR E T 5 2 &
EHLMILTETND, TAF L RIS HRRIES L CHET 28K ORIz
NOAPZIRTECFNT D720, R L L Cp-oxo ZBEERE 70 b B LD oDk
{LERE SRR S, BERBIEEENEOLND, VERELT 4 U U8/
EOBRFRMMEIT e FRILER E FRE C, BREAMBEE L ~E/n s L FE,
FTEDORE ([~A]1=5-10mM) IZHREBELEZY ERELT 4 U 8 0D /MK 8
BIE, RIMEROBHEEEEL F2ICRBTE 3 REE IO N TEREERE L 221
/o, Ll VEREALTZ 4 UV OBARTRIZZERE G20, IR BIEN
O, BEICHRESBONLIFEROR - BESLEEN TV,

T THRPFFIZBN T, ETVTAFARATaY VEOBRENTHD Y
Tue— NV ZR C=Z=E7Va—AThd M) AFa—Lo& BB, ERTED
%%m&m%%mV?vwﬁﬁﬁmﬁﬁ%ﬁ#to%%\UV%E%&%@V?V
NEREEME LT M) ATFa— Lz d VAR TAFRIEC RRELZ 20 (1) %
BEARL, TNUNKERCTHEES LU UBKT 2 2o F B/ N NakoF /s L B
FREEBIZOWVWTHRE LT,




a 060 T o

Lipid-porphyrin complexes and full-spacing model of 1a.

TV —R—=ZADYERELT 4 V¥ (1la) ZAPICHESE, Hbh-AkkiED
TORRBES L BERT 21T o 72, 1a K HGR (10 yM-10mM) 1ZE b TLET, M
6 r AR THIBBELRD R, Z OAEKOBBRE FHMSE (TEM) 82
2> 5 1a HSRIEEHT 100 nm O — KB NEEZ KT 5 Z & 2B 60002 Lz (Fig 1 (a)),
R (10mm) BV ERRALT 4 U U3FK @6nm) OfFITHYS Ll &b,
PMEEIZVERRAL T 4 ) O TRBENORDEEXLND (Fig. 1 (b)), U7
VNHORRTMA 7Vt — L THHHERBDO Y B RFRLT 4 ) v LR/
BEBETELZ b, ZVEr—nNZ b AFr— L H Z@BRLTH, /D
MREFEREICEITRWEEXOND, EEIZ, Z2OORVI FANAVEHE FY X F
n— o THELEY VIEE D, DPPC L RRRICKER CTHEES L, —HFiE
MakzE B xle, 7V Ea— A X OMBEEOBN N AFu— LT ¥ o EELHT
WG DT H 3, 2o FBIEEHE O FREFRITR WV ATEE S H 5. BIFEEELEIC
X BE Uiz /MR ORIARIE 100436 nm T, TEM B ORER L —B LT,

1a /PRAEK S BHR D UV-vis. A7 M UIZBUWNTIL, Soret B DAmax (434 nm) 73,
AR (X B/ MeOH=4,1) F D 1a BEAEDApe (422 nm) (ZHA 12 nm 7R
Fv7 b LIl (Fig. 2), Wi OAEHBINHICIIRE REBRONRho72Z &
235, Soret HIZEIT Dhpax PFEIZ, AL T7 4V VB ES LOBIEFHEERICE
SLBDTHY, BT 4V N edge-to-edge (IZEFI L TWBH EHR Xz, =
NODOEBITY B RARNLT ¢ ) aisndhik (1d) THRERICEH S,



Fig. 1

(a) Transmission electron micrograph of the negatively stained sample

Lipid-porphyrin 1a

100 nm
of the free-base

lipid-porphyrin (1a) vesicle with uranyl acetate, and (b) its schematic representation composed of the

bilayer membrane.

KiZ, VERFEALTZ 4 U v (1a) OII-A iR b, O+ LA EEZIRE LT,
RIEEDORNHEN, WARZRBATE R S, RAEERRIE D O B~ L BT 5
WL, ARIAEE D A Z2TI-A MBI LRI L, BEED 433 mN m” & &V (Fig. 3),
VERRAVT 4 ) U3 KELETHREREORVWES FREZFKRTEDZ ENREN
2o D FEAERIL 2.2 nmYmolecule THY, T FF 7 == ARV T 4 VY VBROHERK
225m’ETBHE VERBRLT 4 ) VidERER T v X — RO FHREER L 5,
Eie, ZOEMNG, KR 100 nm D 5B/ NIEORER S FEIIARBNE S DT

#9 23,000 7> & REED Hiviz,

I : monomer in BzZZMeOH
P : vesicle in water
33
O
Q
=
o)
[
2
O
<«
T T T T T I
350 400 450 500 550 600 650 700

Wavelength / nm

Fig. 2 UV-vis. absorption spectra of lipid-porphyrin
(1a) at 25°C. '

50

limit. area
2.2 nm?

0 I —F I
o 1 2 3 4 5 6 7

A / nm? molecule’!

(o I

Fig. 3 The II-A isotherm of lipid-porphyrin (1a). The
subphace was pure water. The film was compressed at
the rate of 10 mN min™.



la RO d/PREAD Soret FriZ RO DK G 7 MdEFHEERICE 2 b0 &
EZONDDT, ZHoTBU/MIERNICBITLZRL T 4V BOBRSIETAVEED .
Kasha DX Z& Wi 73R 5| Soret #f Dhmax & RS o 72, RETIE, () M
ABIZBITDEIRNT 4 Y BOZRTEMIRIEIZT NS 7 == ARV 7 1 U B
an (ZARMER) LRF, () V74V URIITOOBBE—AL b (S, S) ¥F
L. (i) AE i x, y T OfE LTREINDHD DL Lz (Fig. 4), MA@ R EERE
(d%Z6.0A LTDE 1a 5 FHEDAna 13 431 nm & 38 S 4. Z 1T van der Waals
V7 hEMRDE, ERMEE LB L,

1d /MEEB DA | Amax: 431,438 nm D — DD — 27 RE LT, ER AT FAR
HEXRMTHoIeD, ThE R RBIL THD L Ao 433, 441 nm (RN HIF
fEL, fHHEME LI —HK LK, 2%V, 1a, IdVWTHhDOBRESL., —HFE/Nakic
BIEZRNT 4 ) AROERINIT T 7 2= VRV T7 ¢ ) B RO R SRR EE
IElLTWaEEX NS,

B —B B —D

2a

P, in lower layer Py, in upper layer

AE = (M*/tmn h)(1 — 3c0s°0)

I = [(ma)” + (nb)?]"?

Fig. 4 Predicted arrangements of the porphyrin planes as a model for the bilayer
membranes of lipid-porphyrin (1a). The porphyrin P, locates on the origin of the
coordinate axes.
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4-2)VERRL IO BINER OB RES RIG

V¥ RRNVT 4 ) A BOAZEIE (1e/1- FF LA 24— )1 (DIm) . 1/3 mol/mol,
[~AF10 pM-10mM) bRET, #R 6 7 A% T b ILBEHEIZRD 2 h o 12, =0
KIS OF @I E M (TEM) 8555 1e & Dim DBARPTH—SB LT, B
P59 100 nm O— KB MaEE T 2 = L %8B 5 i L (Fig. 5 (a), MBUE (10
nm) i la/MEEOEA LR UL TR @6nm) O fZICHYS L= & A b, ZD
/MRS Y ERBLT 4 ) U8 OSTF BN S B L EZbD, B EELE:
MHRGE LT/ MERORARIE 97473 nom G, TEM BIEORESR & —F L%,

F7, 1e/DIm KNI E 7T 7 7 4 HAR b CoMe & W8 715 Bk (AFM)
BIEEAT) L. /MAKSEN TER L7 AR 2338 &7 (Fig. 5 (b)), =
U DPPC R ED ) UEE 22 B/MAKIC R 6N 2B LKL LTH Y . KA
AT D/MARL D AFM B8 Tl3— R0 TH 5, RO S 13 —T 195 nm, =
DESBYERRLT 4 Y U FEDERD fg b —F Li- = & »b B BT
BRI ST,

Fig. § (a) Transmission electron micrograph of the negatively stained sample of the
lipid-porphyrinatoiron(IlT) 1¢/DIm vesicles with uranyl acetate. (b) SFM images (tapping mode) of the
evaporated sample of the 1¢/DIm vesicles on HOPG. Image size is 600x600 nm (z-range: 50 nm) and its
cursor profile (vertical distances: a-a 19.5 nm).

1b/DIm /MED UV-vis. 27 Lk, ZEHRFHGT T Ama : 436, 538, 568 nm %
i L 1b O WAL (Z DIm 255 A L 7= 6 BArgk (D K2 © L 85k Ok % 5 L7
CIARIEEBRY D L AR MR E — T HEOPIC B (A, - 435, 543
nm) ~BAT L. Z OBRREAMRBET B, BROK X ARV AEAICEE L
(Fig. 6) . F7c, —BELIRFE LK X AT & X b TRE R B AK = Lk (hamax : 433,
545nm) BfEbhic, R BEBESEICKT D UV-vis. R~ MBS EH LT

A



BESREAIME (P1n) 1330 Torr (37 °C) T MRMIRDME (27 Torr) 1TIE< . BAEGE
PEOEBHI G 17hr (37°C) LBV, BFEAFA FTh o~ AN MRS 5
#7 4.0 nm RAIDOBKBIZHAE L <EF L TEESNLTWA 729, poxo JEEKE
e 7 u N CBEBRRIFRCMEI SN DD TH D, ~ES o OBEESERIZA
LRLBRIBE (Wb ETrRTY v 7 HE) B SNV, FZIEH (Poy
110 Torr) ~FKIEHAE (Poy: 40 Torr) BITHIT B U B REAT ¢ U L8 (D /INEED
FERIEWMZIER (22%) 1. RMEROME (22%) 1L 5 = & e, A TERRERE
ELTHASRBERSEENZE LTV EVoTEY (Fig 7).

w2 Under N,
: under O,

433

436

------- : under CO

Lol 538

)

Absorbance

T T T T T T ]
350 400 450 500 550 600 650 700

Wavelength / nm

Fig. 6 Visible absorption spectral changes of the lipid-porphyrinatoiron(il)
1b/DIm vesicles in phosphate buffered solution (pH 7.4) at 25°C.

100 S
279 " Human
80 Y.
§ ° 20%
2 60 - .
'c'ld 40 - / lb[DIm vesicle
o~
© . P, 30 Torr
20 Muscle
tissues Lungs

T T T T T T ]
0 25 50 75 100 125 150 175

Po, / Torr

Fig. 7 Oy-Equiblium curve of the lipid-porphyrinato-iron(Il) 1b/DIm vesicles in
phosphate buffered solution (pH 7.4) at 37°C.
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1b/DIm(COY MR GBIRIZ LV —F—T7 5 v o 2 R BT L. BT CO Dl
ERREVBRREND, T OB 2 IETMIREED & BEREE~D UV-vis. A~
7 PVEACH G| BNRMEDF O SIRBEEE T (kon, ko) DEMTEX S, L—
YRS 10 ps %ITIT DIBPERILA RS ML, B, —BLRESES TIcBT
DRI DEANRY MV EITRBRBNE =V R LTz, D% Z OEBREET I,
LY —BRENT X 0 —BRLIRIEAMERE U 7=%%. SEEEICTETES % Dim W& 6 BT Rl
BT D2 L7 —BILRBOBERENET LTERT S, L—F 759 ark
FYVRBIZEVRELIZY ERELT 4 U 8 D /INEED ke kol ~EZ 1 B
YOELFRBMEEZRL (Table 1), ZAIVUIARMER & bl U384, BesUk s o
28 1,500 fFEW 2 & A BT 5,

Table 1 O,- and CO-binding rate constants of lipid-porphy-
rinato-iron(IT) 1b/DIm vesicle in phosphate buffer solution
(pH 7.3) at 25 °C.

0, co
ko IMS] ke [s71] kon M71s°1]
1b/DIm vesicle 1L.6x107  2.5x%10? 1.2x107
Hb(T-state)a®  2.9X105 1.8 102 22%10°
Red blood cell? 1.1x10* 1.6%10! 1.4x 104

9pH 7.0-7.4,20 °C. YpH 7.4,

4-3) VERRIL T4 L 8% /NEIA D B BRI #E 1S
NAONLEREOBMKRR A (MCD) A7 MARIED BT, 70l
RAR, A EAREE, BAESE I BT 2 EE MR NE SN B, 1b/Dim /IMaknEE.
BesR, —BRLIRFBBEFEKTICTBIT 5 MCD 227 MU, 2R ERBEARBAAH—L %
LTz (Fig. 8) 24 51% Collman HAHE L TWAET F I 7 2= A WA T 4 U Lk
(ID~E2 (N-2AF A I F—)1) [FeTPP(N-Melm), ]84, FeTPP(N-Melm)(CO)SE{A.
BLOENEET BRI FeTPP(O)SEED 7 —L L 1 —F LT, DF ) BEE
KT T, 2 20 DIm 23 SHELALEEIZfE S U= 8k (1D 6 BITE R B L85 kisE® & 5
B, TSR, —BRLIRFEEZBERTH L, DIm D 1 55 0, CO IZEH S, Soret
IS FED B R & 72 MCD BHET 5, = ORERIZ. 68 UV-vis. A ~<2 k
MV HELE LTz 1b/Dim /MEEO BB EESLAE LN D & 254,

o, ~NLEERIZIRT DEMEEROMBIERES (vop) 11, IR A22 FIZ & ) B
BT 5 Z L3 TE B, 1b/DIm(O)#EMH 5 1b/DIm(CONEMAED IR A7 L% 2%
LEI< &, 1155 om™ ([ZENEER DMEMEIRS) (vi00,) MRS H7- (Table2), =

-13-



[0],,/ deg cm? dmol! G-

N
o o
! ]

-20

T T T T 1
350 400 450 500 550 600 650

Wavelength / nm

Fig. 8 MCD spectra of the lipid-porphyrinatoiron(II) 1b/DIm vesicles in phosphate
buffered solution (pH 7.4) at 25°C.

ERA—NR—=F %P4 K (1145 em™) 1ZHNZ &5, FeTPP HEK L FLE. U b
RRNT 4 ) U BOBBRENMNEEIL bent endon B EZ N3, X5,
1b/DIm(**0,)8 & — 1b/DIm(CONERDIE R 7 M AAZIE v'%0, (1081 em™) ASHIZE L.
vi%,— v%, ] BIfCAS 7 ME (74 em™) 1, BEM (74 em™) LX< —FK L1,
INODOBEEIMEW RS OTREENY ERELT 4 U 8D /IMaED~LEE
WEAMLLTWBZ EERLTWAS,

iz, B —BRILR B OMHHEIRE) (voo=1969 cm™) & FeTPP AR DOME & —F L
Tz, HCHMIE L7 1b/DIm /NMEEOF TH, #HETH S Dim O HiLEE~DEMY
WCEATRNWEEZ BN,

Table 2 IR spectral data of lipid-porphyrinatoiron(II) 1b/DIm
vesicle in phosphate buffer solution (pH 7.3) at 25 °C.

0, co
Vis0.160 Visg.sg Vlzc,lsO
fem1] [em™] [em™]
1b/DIm vesicle 1155 1081 1969
FeTpivPP(MIm)® 1159 1075 1969
O, or CO (gas) 1556 - 2143

0, 1145 - -

DFeTpivPP(MIm): Picket-fence Fe(IT)porphyrin(1-methyl-
imidazole) complex (Nujol).
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Fig. 9 Transmission electron micrographs of the evaporated aqueous solutions of a) 2a and b) the
1a/2a ensemble (molar ratio: 1a/2a = 10). ¢) UV-Vis. absorption spectra of 1a vesicles (dotted line)
and 1a/2a ensemble vesicles (solid line) in water at 25 °C . The inset shows a different spectrum for
both solutions, in which the absorption maxima coincided with those of the DPPC vesicles
incorporating 2a (molar ratio: DPPC/2a = 40/1) in water.
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Fig. 10 Photoreduction of Fe** TPP moieties of 1¢/2/DIm vesicles in aqueous phosphate buffer (pH 7.3) at 25 °C.

Fig. 11 The schematic representation of the 1¢/2a/DIm monolayer membrane
interior using the space-filling model for the each compound (DIm is replaced by
1-methylimidazole for clarification).
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Fig. 12 UV-Vis. absorption spectra of 1a vesicles (blue line), 1d vesicles (red
line), and 1a/1d ensemble vesicles (molar ratio: 1/1, green line) in water at 25 °C.
Black dotted lines represent the superposition of the spectra for 1a and 1d.
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Fig. 13 Steady-state fluorescence emission spectra of 1a vesicles (blue line), 1d
vesicles (red line), and 1a/1d ensemble vesicles (molar ratio: 1/1, green line) in
water at 25 °C (Ex. 558 nm).
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Effect of Heme Structure on O:-Binding Properties of Human Serum

Albumin—Heme Hybrids:
Provides a Stable O,

Intramolecular Histidine Coordination
—Adduct Complex
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5,10,1 S,ZO—TetrakiS[(a,a,a,a~0—pivaloylamino)phenyl]pox‘phinatoiron(II) and 5,10,15,20-tetrakis-

{{ona,oL0-0-(1 -methylcyclohexanoylamine)]phenyl }porphinatoiron(IT)

complexes bearing a covalently

bound 8»(2»methy]-1—imidazolyl)octanoyloxymethyl or 4‘(methyl-L~histidinamido)butanoyloxymethyl
= Im or His] have been synthesized. The histidine-

side-chain [FeRP(B) series: R = piv or ¢yc, B
bound derivatives [F epivP(His), FecycP(His)]

formed five N-coordinated high-spin iron(Il) complexes

in organic solvents under an N, atmosphere and showed large O,-binding affinities in comparison to

those of the 2-methylimidazole-bound analogues [FepivP(Im), FecycP{(Im)]
contrary, the difference in the

dissociation rate constants. On the

Og-coordination site {pivaloyl or I-methylhexanoyl)
parameters. These four porphinatoiron(Il)s were efficiently incorporated into recombinant human

serum albumin (rHSA), thus providing the synthetic hemoprotein, the albumin—heme

due to the low O,-
fence groups around the

did not significantly influence to the Oz-binding

hybrid [rHSA~-

FeRP(B)]. An rHSA host absorbs a maximum of eight FeRP(B) molecules in each case. The obtained
rHSA~FeRP(B) can reversibly bind and release Oz under physiological conditions (in aqueous media,
pH 7.3, 37 °C} like hemoglobin and myoglobin. As in organic solutions, the difference in the fence
groups did not affect their Og-binding parameters, but the axial histidine coordination significantly
increased the Op-binding affinity, which is again ascribed to the low Os-dissociation rates. The most

remarkable effect of the heme structure appeared in the half-life

{t12) of the O,~adduct complex. The

dioxygenated rHSA~FecycP(His) showed an unusually long lifetime (r,: 25 h at 37 °C) which is
ca. 13-fold longer than that of rHSA~F epivP(Im).

INTRODUCTION

A recombinant human serum albumin (rHSA) incor-
porating 2-[8-(2-methyl-1 -imidazolyloctanoyloxymethyl]-
3,10,15,20-tetrakis{ (oo, &, 00- o-pivaloylamino)phenyl]por-
phinatoiron(IT} {FepivP (Im)!] falbumin—heme:; THSA—
FepivP(Im)] is an entirely synthetic hemoprotein which
can reversibly bind and release O, under physiological
conditions like that of hemoglobin (Hb) and myoglobin
(Mb) (Tsuchida et al., 1999). The exchange transfusion
with this rHSA-FepivP(Im) solution into anesthetized
rats has shown that it becomes an Oz-carrying fluid as a
red blood cell substitute (Tsuchida et al., 2000). The

* To whom the correspondence should be addressed. Phone:
+81 3-5286~3120; Fax: -+81 3—3205-4740. e-mail: eishun@
mn.waseda.ac.jp.

" CREST investigator, JST.

! Abbreviations: FepivP(Im), 2-[8-(2-methyl-1-imidazolyl)-
octanoyloxymethyl]-5,10, 15.20-tetrakis|(«, o, a.¢-o-pivaloyl-
amino)phenyl|porphinatoiron; FecycP(Im), 2-[8-(2-methyl-1-imid-
azolyloctanoyloxymethyl}-5,10,15,20-tetra kis{louoo,0-0-(1-methyl-
cyclohexaneylamino)|phenyl}porphinatoiron; F epivP(His), 2-(4-
methyl—l;histidinamidob\1tan()yloxymethyl) -5,10,15,20-tetrakis-
[{o,0,00,0-0-pivaloylamino) phenylipoerphinatoiron: FecycP(His),
2-(4‘methyl—l,-histidinamidobut;moyl()xymethyl)-5, 10,15,20-
tetrakis{{o, o, 0, 0t-0-(1 -methylcyclo]1exanoylamirm)]phenyl}
porphinatoeiron.
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albumin—heme hybrid is now recognized to be one of the
most promising materials not only as a blood replacement
composition, but also as an Oz-carrying medicine which
will be adopted for use in several clinical applications,
such as myocardial infraction, anemia, and tracheal
blockade, etc. Only one limitation of this material is the
relatively short lifetime of the O,—adduct complex; the
half-life of the dioxygenated rHSA—-FepivP(Im) at 37
°C (pH 7.3 under 100% O, atmosphere) was 2 h. We
believe that it should be improved by the optimizing of
the chemical structure of the incorporated heme. Actu-
ally, the relationship between the heme structure and
the Op-binding parameters has been elucidated, but its
effect to the O,—adduct stability is still controversial
(Collman et al., 1983; Traylor ct al.. 1985). We have
employed FepivP{Im) as an active site of the albumin—
heme, in which the sterically hindered 2-methylimidazole
coordination plays a crucial role to realize the similar Os-
binding affinity with red blood cells. On the other hand,
the low-binding constant of the 2-methylimidazolyl N
atom to the central iron(Il) has also been postulated to
lead the short lifetime of the dioxygenated species. Other
factors that regulate the O;-binding ability of the heme
are the basicity of the imidazole ligand and the hydro-
phobicity of the cavity around the coordinated Oz. The
pK, of the histidine, which is found in nature, is 6.0. This
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value is significantly low compared to those of the
N-alkylimidazole derivatives and may provide both a
suitable Op-binding affinity and a long lifetime. To
increase the stability of the O,—adduct complex of the
albumin—heme hybrid, new porphinatoiron(Il} deriva-
tives with different substituents on the distal and
proximal sides of the porphine planes {5,10,15,20-tetra-
kis{{o, o, 0, 0-0-pivaloylamino) phenyllporphinatoiron(II)
bearing a covalently bound 4-methyl-L-histidinamido-
butanoyl-oxymethyl chains [FepivP(His)], and 5.10,15,
20-tetrakis{ o, o, o, - 0-(1-methyleyclohexanoylamino)}-
phenyl}porphinatoiron(Il) with a 8-(2-methyl-1-imid-
azolyl)octanoyloxymethyl or the histidine side-chain
[FecycP(Im) or FecycP(His)] have been synthesized.
This paper describes the O,-binding equilibria and kinet-
ics of these newly synthesized FeRP(B) complexes in
organic solvents and their rHSA hybrids in aqueous
media. This is the first reported evaluation of the effect
of the heme structure on the O,-binding property of the
albumin—heme hybrid.

FepivP(Im): R= /é
FecycP(Im): R= /gl

FepivP(His): R= /g
FecycP(His): R= /@‘

EXPERIMENTAL PROCEDURES

Materials and Apparatus, Thin-layer chromatogra-
phy was carried out on 0.2 mm precoated plates of silica
gel 60 Fasy (Merck). Purification was performed by silica
gel 60 (Merck) column chromatography. Infrared spectra
were measured with a JASCO FT/IR-410 spectrometer.
"H NMR spectra were recorded using a JEOL Lambda
500 spectrometer. Chemical shifts were expressed in
parts per million downfield from Me,Si as an internal
standard. FAB-MS spectra were obtained from a JEOL
JMS—EX102A spectrometer. UV-—vis absorption spectra
were recorded on a JASCO V-570 spectrophotometer.
2-Hydroxymethyl-5,10,15,20-tetrakis{{c, oo, 0-o-pivaloyl-
amino)phenyl]porphine (3-piv), 8-(2-methyl-1-imidazolyl}-
octanoic acid, and 2-[8-(2-methyl-1-imidazolyl)octanoyl-
oxymethyl]-5,10,15,20-tetrakis[{o. o, o, o-o-pivaloylamino)-
phenylporphinatoiron(Ill) bromide [FepivP{Im)Br]
were prepared according to our previously reported
literature (Tsuchida et al., 1995). All solvents were
purified by distillation before use. Other chemicals were
commercial high-purity grades. The water used was
deionized using a ADVANTEC GS-200 system. An rHSA
(25 wt %) was provided from WelFide Corporation (Sumi
et al., 1993).

Reduction of Ferric Complex to Ferrous Complex
in Organic Solvent. Reduction to the porphinato-
iron{I) complex was carried out using toluene (or ben-
zene)—aq Na;S,0, in a heterogeneous two-phase system
under aerobic conditions as previously reported (Tsuchida

“22-
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et a., 1995). After separation of the two phases, the
organic layer containing the reduced compound was
transferred into 1-cm quartz cuvette under an Ar atmo-
sphre.

Resonance Raman Spectroscopy. RR spectra were
obtained on a JASCO NRS-2000 laser Raman spectrom-
eter equipped with a CCD multichannel detector. Excita-
tion was carried out by the 457.9-nm line of an NEC
GLG2162 Ar* ion laser at 25 °C. The details of the
measurements were reported elsewhere (Komatsu et al.,
1999; Wu et al., 1998).

Preparation of rHSA~FeRP(B) Hybrid. Aqueous
ascorbic acid (15 mM, 20 xl) was added to an EtOH
solution of FeRP(B) derivative (75 uM, 4 mL) under
carbon monoxide (CO). After complete reduction of the
central ferric ion, the UV—vis absorption spectrum
showed a formation of the six-coordinated carbonyl
complex. This EtOH solution was slowly injected into the
phosphate buffer solution (33 mM, pH 7.3, 8 mL) of rHSA
(4.69 uM) via the narrow tube under a CO atmosphere,
and the mixture was dialyzed with cellulose membrane
against phosphate buffer (pH 7.3) for 2hand 15 h at 4
°C. We confirmed that the EtOH concentration in the
solution reduced to less that 100 ppm. Finally, the total
volume was adjusted to 15 mL, giving carbonyl THSA—
FeRP(B) solution (FeRP(B)/rHSA = 8 (mol/mol), [Fe]
= 20 uM).

Binding Numbers of FeRP(B) into rHSA. Based
on the absorbance intensity of the UV—vis absorption
spectra of the rHSA-FeRP(B) hybrid with different
FeRP(B)/rHSA mixing ratios, the binding numbers of
FeRP(B) in the albumin host were assayed as previously
reported (Komatsu et al., 1999). Furthermore, in the
course of preparation of the hybrid, the remaining
carbony! FeRP(B) at the bottom of the round flask was
extracted with CHCIl3 and its concentration was deter-
mined by the absorption spectra.

0;-Coordination Equilibria and Kinetics. O
coordinations to FeRP(B) derivative are expressed by

k
FeRP(B) + 0, == FeRP(B)-0, (1)

(K = kon/ koff)

The Oz-binding affinity (P = 1/K} of FeRP(B)s in
organic solvents or their rHSA hybrids in agqueous media
were determined by spectral changes at various partial
pressure of Op as in previous literatures (Komatsu et al.,
1999; Tsuchida et al., 1995). FeRP(B)s concentrations
of 20 uM were normally used for UV-vis. absorption
spectroscopy. The spectra were recorded within the range
of 350—700 nm. The O;-association and -dissociation rate
constants (ks k) were measured by a competitive
rebinding technique using a Unisoku TSP-600 laser flash
photolysis apparatus (Collman et al., 1983; Tsuchida et
al., 1995; Traylor et al., 1985). The absorption decays
accompanied O,-rebinding to FeRP(B)s in organic sol-
vents obeyed single exponential, so that we applied a
first-order kinetics to calculate the rates. On the other
hand, rHSA-FeRP(B) in aqueous solution showed
triphases. We used triple-exponential kinetics described
elsewhere to analyze the absorption decays (Komatsu et
al., 2000).

RESULTS AND DISCUSSION

Synthesis of FeRP(B) Complexes. We first report
the synthesis of tetrakis[{c.0,0,a-0-amino)phenylipor-
phinatoiron(ll) derivatives with bulky fences around the



Human Serum Albumin~Heme Hybrids

Scheme 1
R R
(0]
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M=Cu(ll) 1(Cu)

0
Nz=
N (CHZ)fU‘OH

3-cyc
DMF, DCC, DMAP

00" o
THF, DMAP

Op-coordination site (pivaloyl or 1-methylcyclohexanoyl)
and a proximal base [2-methylimidazole or methyl-i-
histidine (L-HisOMe)] at the B-pyrrolic position {(Scheme
1, see Supporting Information). The parent porphines,
namely 2-hydroxymethyl-5,10,15,20-tetrakis{{c, o, 0,0-0-
pivaloylamino}phenyljporphine (3-piv) and 2-hydroxy-
methyl-5,10,15,20-tetrakis{[o,o,0.0-0-(1-methyleyclohex-
anoylamino)jphenyl}porphine (3-cyc) were prepared us-
ing the Vilsmeir reaction. The hydroxyl group was
converted into a carboxylic acid chain by glutaric anhy-
dride (5). Introduction of L-HisOMe into this carboxylic
acid using DCC unfortunately failed. Several unknown
products were detected. In contrast, the same coupling
using benzotriazol-1-yloxytris(dimethylamine)phosphon-
tum hexafluorephosphate (BOP) in a dry DMF solution
yielded the target free-base compound (8) in high yield
{~85%). Iron insertion was carried out using FeBr; in
dry THF to afford the corresponding iron(III) complexes.

O.-Binding Properties of FeRP(B)s in Organic
Solvents. The UV—vis absorption spectrum of the tolu-
ene solution of FecycP(Im} with a 2-methyl-1-imid-
azolylalkyl arm under an N; atmosphere showed
the formation of the five-N-coordinated complex (Apax
441, 539, 558 nmj as well as FepivP(Im) (not
shown) (Tsuchida et al., 1995). The FepivP(His) and
FecycP(His) with a proximal histidine also displayed
the same spectral pattern (4, 441, 544, 564 nm), which
was constant in the range from 5 gM—1 mM at 10—70
°C. Resonance Raman (RR) spectroscopy of Fepiv(His)
demonstrated a medium band at 219 cn™!, which was
assigned to the Fe(ID)—N{imidazole) stretching mode,

L-HisOMe
men————meee

DMF, BOP
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Figure 1. Resonance Raman spectra of FepivP(His) in
benzene solution at 25 °C.

Intensity

v(Fe—N,) (Figure 1} (Hori et al., 1980; Wu et al., 1998).
It can be concluded that the covalently linked histidine
residue at the porphine periphery binds to the central
iron(Il) to give the five-coordinated high-spin iron(Il)
complex under an N; atmosphere in a fashion similar to
the Z-methylimidazolated analogues [FepivP{Im) or
FecycP({Im)].

Upon bubbling of O, or CO gas into the benzene
solution of FepivP(His), the UV~vis absorption spec-
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Table 1. O;-Binding Parameters of FeRP(B) in Organic
Solvents at 25 °C

P2 1078 ko 1073 Korr
FeRP(B) solvent (Torr) M- 1s™ (s
FepivP (Im) toluene 38 1.6 79
FecycP(Im) toluene 20 1.8 47
FepivP(His) benzene 1.7 21 3.7
FecycP(His) toluene L7 2.0 43

trum immediately changed to those of the O,—adduct
complex (Amax: 429, 551 nm) or CO—adduct complex
(Amax: 428, 546 nm) (Komatsu et al., 2001). The dioxy-
genation was sufficiently stable and reversible at 25 °C
depending on the O-partial pressure. In the RR spec-
trum, the v(Fe—Q) vibration of the dioxygenated
FepivP(His) appeared at 592 cm™! after O, bubbling.
This peak suggests a typical end-on type O,-coordination
to the porphinatoiron(Il). The skeletal modes of the
porphine ring (v and v4) were also upshifted from 370
and 1348 cm™ to 394 and 1366 cm™!, respectively. These
observations indicate the formation of the six-coordinated
low-spin iron(II) complex of FepivP(His) (Burke et al.,
1978; Hori et al., 1980; Wu et al., 1998). All the shifts
were reversibly observed depending on the O, concentra-
tion. The RR spectra of FecycP(His) showed the same
results as well.

The O,-binding affinities (Py/), and O,-association and
-dissociation rate constants (kon, k) of the FeRP(B)s in
organic solvents are summarized in Table 1. The differ-
ence in the fence structure around the O,-coordination
site (pivaloyl or 1-methylhexanoyl) did not significantly
influence their Oz-binding equilibria and kinetics. On the
basis of the important earlier studies, the distal steric
encumbrance only reduces the association rate for O,
(Collman et al., 1983; Traylor et al., 1985). According to
the hypothesis, the inner volume of the cavities, which
are constructed using the four pivaloyl or 1-methylcyclo-
hexanoyl groups on the porphine plane, should be of
similar size. On the other hand, the axial histidine
coordination significantly increased the O,-binding af-
finity compared to those of the 2-methylimidazole bound
analogues by a factor of 11—24, that is kinetically due to
the low O;-dissociation rate constants. It is generally
recognized that the steric hindrance of the 2-methyl
group of the axially coordinated imdazole decreases the
O2-binding affinity, giving the “Tense state” model of Hb
(Collman et al., 1978). Our results on the large O,-binding
affinities of FepivP(His) and FecycP(His) correlate
well with the theory of the former study.

To clarify the geometry of the bulky cyclohexanoyl
fences and axial histidine coordination, the stereo-
structure of the dioxygenated low-spin complex of
FecycP(His) was simulated by molecular dynamics
(Figure 2), It was found that (i) the repulsions between
the cyclohexanoyl fences do not induce a ruffling of the
porphine plane, and (ii) the dihedral angle of the imid-
azole ring with respect to the porphine was 89.3°,
suggesting that the imidazole N-coordination to the
central iron(II) is not distorted by the rigid amide spacer
between the porphine and HisOMe. It is also remarkable
that (iii) the H atom of the imidazole cannot form a
hydrogen bond with the neighboring carbonyl O atom,
which is known to partially influence the dioxygenation
of the heme.

We concluded that covalently attaching the histidine
group directly to the porphine periphery provides the five-
N-coordinated high-spin iron(II) complex and a large
equilibrium constant for the O; binding in comparison
to that of the 2-methylimidazolated analogue due to the
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Figure 2. Simulated structure of the dioxygenated FecycP-
(His). Molecular dynamics and minimization (force field: esff)
were performed using an Insight II system (Molecular Simula-
tions Inc.). The structure was generated by alternative mini-
mizations and annealing dynamic calculations from 1000 to
100 K.

small dissociation rate, even though its O;-binding af-
finity was 6-fold lower than that of the N-alkylimidazole-
coordinated one, 2-[8-(1-imidazolyl)octanoyloxymethyl]-
5,10,15,20-tetrakis|(a, o, 0, a-0-pivaloylamino)phenyl]-
porphinatoiron(II) (Py;: 0.29 Torr) (Tsuchida et al., 1995).
This is probably caused by the low o-basicity of the
histidine.

Anyway, these results are the first examples of the
stable O;—adduct complexes of the synthetic porphinato-
iron(I)s with an intramolecularly coordinated proximal
histidine and their O,-binding equilibrium and kinetic
parameters.

FeRP(B)s Incorporations into rHSA. A maximum
of eight FepivP(Im) molecules were incorporated into
certain domains of human serum albumin with binding
constants from 105—10* M~! (Komatsu et al., 1999). Other
FeRP (B)s were also expected to bind to rHSA in a sim-
ilar fashion, and the binding sites would also be identical.
From the quantitative analyses of the absorption inten-
sity for the Soret band of aqueous rHSA—FecycP (His),
the maximum binding numbers of FecycP (His) to an
rHSA were determined to be eight by using molar
extinction coefficient of the carbonyl heme complex.
Actually, the unbound FecycP(His) remaining in the
flask was less than 4% of the total amount of the heme
in case of FecycP(His)/rHSA was eight (mol/mol). The
other FeRP(B)s [FepivP(His), FecycP(Im)] also showed
the same results. The binding numbers are always eight
and independent of the substituents and axial bases.

0O;-Coordination Properties of rHSA—FeRP(B).
The UV—vis absorption spectrum of the aqueous rHSA
hybrid including carbonyl FepivP(His) showed the
formation of the typical CO-coordinated low-spin tetra-
phenylporphinatoiron(II) derivative (Anax: 433, 548 nm)
(Figure 3). Light irradiation using a 500-W halogen lamp
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Figure 3. UV~vis absorption spectral changes of the rHSA—
FepivP(His) in phosphate buffer solution (pH 7.3) at 25 °C.

Table 2. Absorption Maxima (Amax) of rHSA—~FeRP(B)
Series in Phosphate Buffer Solution (pH 7.3) under N,
O3, and CO Atmosphere

rHSA—FeRP(B) N2 02 co
rHSA—-FepivP(Im) 443, 542, 567 426, 552 427, 539
rHSA—FecycP(Im) 445, 543, 567 428, 555 429, 545
rHSA-FepivP(His) 441, 548, 568 433, 553 433, 548
rHSA~FecycP(His) 442, 548, 568 429, 553 431, 548

Hb? 430, 555
2 From Antonini et al. {1971).

415, 541, 576 419, 540, 569

of this solution under an O; atmosphere led to CO
dissociation, affording the Op;—adduct complex (A 433,
553 nmy). Upon exposure of the dioxygenated rHSA—
FepivP(His) to N, the UV—vis absorption spectrum
changed to that of the five-N-coordinated iron(Il) complex
with an intramolecularly coordinated axial histidine
{Aoax: 441, 548, 568 nm). This O,-binidng was reversibly
observed and kinetically stable under physiological con-
ditions (pH 7.3, 37 °C). Similar dioxygenations were also
observed in the rHSA hybrids with FecycP{Im) and
FecycP(His) (Table 2).

The laser flash photolysis experiments provided the &,
and ke values of the O; binding to rHSA-FeRP(B)s,
and a detailed kinetic analysis gave the following results.
(1) The abserption decays accompanying the O recom-
bination were composed of three-phases of the first-order
kinetics, therefore, the curves were fit by a triple-
expoenential equation, which is similar to the previously
reported rHSA~ FepivP(Im) (Komatsu et al., 2000). The
minor, almost 10% component, which has the fastest rate
constant, was independent of the O; concentrations. It
should be correlated with a base elimination reaction
{(Geibel et al., 1978). (ii) From the careful inspections of
the other two phases, the association rate constants for
the fast and slow rebindings [k..(fast) and ko.{slow)}] of
Q, were calculated (Table 3). The k.,(fast) values are 4—6-
times larger than ky,(stow). (iii) The concentration ratios
of the fast and slow reactions were 2-3. Consequently,
the Oy association to the FeRP(B)s in the hydrophobic
domains of the serum albumin is influenced by the
molecular microenvironments around each O;-coordina-
tion site, e.g., steric hindrance of the amino acid residue
and difference in polarity. These observations coincided
with our previous results on rHSA—FepivP(Im) (Ko-
matsu et al., 2000).
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Table 3. O;-Binding Parameters of rHSA—FeRP(B)
Series in Phosphate Buffer Solution (pH 7.3) at 25 °C

1076 kon 1071 kogr
M-tsY) (s Pip? b
rHSA-FeRP(B) fast slow fast slow (Torr) (h)
rHSA—FepivP(Im) 34 95 175 20 13 (33) 2
rHSA-FecycP (Im) 46 7.3 98 16 13 (35) 9
rHSA-FepivP(His) 36 6.1 5.9 1.0 13 5
rHSA—FecycP(His) 54 8.8 8.9 1.4 1 (3) 25

2 At 37 °C in parentheses. ? At 37 °C.

The Py, of the rHSA—FeRP(B)s were determined on
the basis of the UV—vis. spectral changes during the O,
titration (Table 3). According to the kinetic experiments,
the Py, values were divided into two components using
our previously reported equation (Komatsu et al., 2000).
Nevertheless, the calculated Pi» for the fast and slow
phases were all identical in each case. The rHSA—
FepivP(Im) and rHSA—FecycP(Im) showed the same
Oy-binding affinities (13 Torr), indicating that the fence
structures on the porphine plane cause only negligibly
small changes in their O,-equilibria and -kinetics even
in albumin. In contrast, the axial histidine coordination
provided a 13-fold larger O.-binding affinity compared
to those of the Z2-methylimidazole-linked analogues,
which is again ascribed to the low O-dissociation rate
constants.

Accompanying the autoxidation of the central iron(Il),
the absorption band (Ama 552—555 nm) slowly disap-
peared at 37 °C, leading to the formation of the inactive
iron(I1I) perphinate (Momenteau et al., 1994). The effect
of the heme structure on the half-life {r,;) of the Oy~
adduct complex was rather remarkable. (i) The cyclo-
hexanoy! fences gave ca. 5-fold longer 7y values com-
pared to those of the pivaloyl derivatives, and (i)
the proximal histidine coordination increased 1, by a
factor of 3. As a result, (iii) the dioxygenated rHSA—
FecycP(His) showed an unusually long lifetime (1)1 25
h at 37 °C) which is ca. 13-fold longer than that of rHSA~
FepivP(Im).

In conclusion, recombinant human serum albumin
incorporating FeRP(His)s having an intramolecularly
coordinated histidine residue formed stable O,—adduct
complexes under physiological conditions. In particular,
dioxygenated rHSA—FecycP (His) showed a high stabil-
ity against the proton-driven oxidation, and its half-
lifetime reached a value similar to that of the native Hb
A (12 36 h at 37 °C) (Mansouri et al., 1973). Although
the Oy-binding affinity of rHSA—FecycP(His) is too high
to use as a blood replacement composition, it can be
utilized as an Oy-carrying medicine for oxygenation of the
hypoxia region in cancer tissue, the preservation or
circulation liquid for organs, and culture medium for the
regeneration of tissues, etc. As a red blood cell substitute,
rHSA—FecycP(Im), which has a similar P, value to red
blood cells, is full of promise. In the bloodstream, the
apparent lifetime of the Oz-coordinated albumin—heme
is prolonged by a factor of 4 (Tsuchida et al., 2000), so
that the rHSA—FecycP{Im) is expected to transport O
in the circulatory system for more than 36 h. The pre-
clinical test of the administration of tHSA~FecycP(Im)
into anesthetized rats is currently underway.
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Human Serum Albumin Incorporating Synthetic
Hemes as an O,-Carrying Hemoprotein: Control of

O,-Binding Ability by Heme Structure

Eishun Tsuchida, * Teruyuki Komatsu, Yasuko Mastukawa, Tomoyuki Okada

Department of Polymer Chemistry, Advanced Research Institute for Science
and Engineering, Waseda University, Tokyo 169-8555, Japan

Summary: Incorporation of different structured synthetic hemes,
5,10,15,20-tetraphenylporphyrinatoiron(Il) derivetives with a covalently
linked proximal base [FeP(1) to FeP(7)], into human serum albumin (HSA),
provides seven types of albumin-heme hybrids (HSA-FeP) with different
O,-binding abilities. An HSA host absorbs a maximum of eight FeP
molecules in each case. The obtained all HSA-FePs can reversibly bind and
release O under physiological conditions (in aqueous media, pH 7.3, 37 °C)
as similar as hemoglobin and myoglobin. The difference in the fence
structures did not affect the O,-binding parameters, however the axial
histidine coordination significantly increased the O,-binding affinity, which
is ascribed to the low O,-dissociation rate constants. The most remarkable
effect of the heme structure appeared in the half-lifetime (7,2) of the O,-
adduct complex. The dioxygenated rHSA-FeP(4) showed an unusually long
lifetime (7/2: 25 hr at 37 °C) which is ca. 13-fold longer than that of rHSA-
FeP(1).

Introduction

Human serum albumin (HSA) is the most abundant plasma protein, which binds and
transports a great variety of metabolites and organic compounds in our blood stream.!'
This very common protein has suddenly become to attract much attention in many
research fields, since its crystal structure was dissolved in 1989.2) The 585 amino
acids consist of a unique heart-shaped structure, that is made of three repeating
domains I to III, and each one is constructed of two sub-domains. The majority of the
ligand compounds are bound at one site within special hydrophobic cavities of the
subdomains IIA and IIA. We have also found that 5,10,15,20-tetrakis[ o, 01, 0, 0t-0-(2,2-
dimethylpropanamido)phenyl]-2-[8-(2-methyl- 1-imidazolyl)octanoyloxymethyl]porphi-
natoiron(II) [FeP(1)] is incorporated into HSA, providing synthetic hemoprotein [HSA-

FeP(1)] which can bind and release O, under physiological conditions like

© WILEY-VCH Verlag GmbH, 69469 Weinheim, 2002 CCC 1022-1360/00/$ 17.50+.50/0
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hemoglobin.*)

The obtained HSA-FeP(1) solution has a good compatibility with
human whole blood and can quantitatively transport O, in vivo.!"! Furthermore,
recombinant HSA (rHSA) is now manufactured on a large scale by expression in the
Pichia pastoris as a host cell, therefore rHSA-FeP becomes an entirely synthetic O,-
carrying hemoprotein.m These albumin-heme hybrids are recognized to be one of the
most promising materials not only as a blood replacement composition, but also as an
Os-carrying medicine which will be adopted in several clinical applications, ex.,
myocardial infraction, anemia, and tracheal blockade, etc. However, to use this
synthetic O-carrier for such diseases, its O;-transporting abilities should be adjusted to
the required conditions. We believe that the control of the O,-binding property can be
realized by the optimizing of the chemical structure of the incorporated heme. This
paper describes the O;-binding abilities of the human serum albumin incorporating
seven types of synthetic hemes, 5,10,15,20-tetraphenylporphyrinatoiron(Il) derivatives
with a covalently linked proximal base [FeP(1) to FeP(7), Formula 1].13%

Formula 1. Synthetic hemes FeP(1) to FeP(7)

Heme incorporation into human serum albumin

A maximum of eight FeP(1) molecules were incorporated into certain domains of

human serum albumin with binding constants from 10~ 10* M. Other FePs were
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also expected to bind to HSA or rHSA in a similar fashion, and the binding sites would
also be identical. For instance, from the quantitative analyses of the absorption
intensity for the Soret band of aqueous rHSA-FeP(4), the maximum binding numbers
of FeP(4) to an tHSA were determined to be eight. The other FePs [FeP(2) — FeP(7)]
also showed the same results. The binding numbers are always eight and independent
of the substituents and proximal bases. The predicted 3D structure of the rHSA hybrid
incorporating eight FeP(1) molecules into the hydrophobic cavities are demonstrated in

Figure 1.

Figure 1. Predicted structure of rHSA hybrid incorporating eight FeP(1) molecules by
molecular simulation using Insight II.

O,-binding parameters of human serum albumin-hemes

The UV-vis. absorption spectrum of the aqueous rHSA hybrid including carbonyl
FeP(3) showed the formation of the typical CO-coordinated low-spin tetraphenyl-
porphinatoiron(Il) derivative (Ama: 433, 548 nm). Light irradiation of this solution
under an O, atmosphere led to CO dissociation, affording the O,-adduct complex
(Amax: 433, 553 nm). Upon exposure of the dioxygenated rHSA-FeP(3) to Na, the UV-
vis. absorption spectrum changed to that of the five-N-coordinated high-spin iron(If)
complex with an intramolecularly coordinated axial histidine (Amax: 441, 548, 568 nm).

This Oz-binidng was reversibly observed and kinetically stable under physiological
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conditions (pH 7.3, 37 °C). Similar dioxygenations were also observed in the human

serum albumin hybrids with FeP(2) -~ FeP(7) (Table 1).

Table 1. Absorption maxima (Amax) of human serum albumin-heme
hybrids in phosphate buffer solution (pH 7.3) under N, O, and CO.

Nz 0 CcO
rHSA-FeP(1) 443,542,567 426,552 427,539
rHSA-FeP(2) 445,543,567 428,555 429,545
rHSA-FeP(3) 441,548,568 433,553 433,548
rHSA-FeP(4) 442,548,568 429,553 431,548
HSA-FeP(5) 438,539,558 425,549 427,545
HSA-FeP(6) 438,540,560 426,549 427,546
HSA-FeP(7) 438,542,563 426,549 427,546

The O,-coordinations to FePs in human serum albumin are expressed by equation 1.

kD"
FeP + 0, = FeP-0, e (1)
kogr

K= P12)" = konkog)

The O,-association and dissociation rate constants (kon, ko) were explored by laser

I The detailed kinetic evaluation of human serum albumin-heme

flash photolysis.”®
hybrids gave the following three results.

(i) The absorption decays accompanying the O, recombination were composed of
three-phases of the first-order kinetics; the curves were fit by a triple-exponential
equation.””) The minor (<10%) and the fastest component was independent of
the O, concentrations. It should be correlated with a base elimination.!'”

(ii) From the careful inspections of the two slower phases, the association rate
constants for the fast and slow rebindings [ko.(fas?) and ko.(slow)] of O, were
calculated (Table 2). The kou(fast) values are 4 — 7-times larger than k,.(slow).

(iif) The concentration ratios of the fast and slow reactions were 2 — 3.

Based on these findings, we can conclude that the O, association to the FePs in the
hydrophobic domains of the serum albumin is influenced by the molecular
microenvironments around each O-coordination site, e.g., steric hindrance of the

amino acid residue and difference in polarity.
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Table 2. O,-Binding parameters of human serum albumin-heme hybrids in
phosphate buffer solution (pH 7.3) at 25°C.

10.6 kon (M-]S-l) 10‘] kof/ (S-l) Py Ti2

fast slow fast slow (Torr) (hr)
rHSA-FeP(1) 34 9.5 75 20 13 2
rtHSA-FeP(2) 46 7.3 98 16 13 9
rHSA-FeP(3) 36 6.1 5.9 1.0 1 5
rHSA-FeP(4) 54 8.8 8.9 1.4 1 25
HSA-FeP(5) 11 1.5 50 6.9 28 5
HSA-FeP(6) 11 2.0 41 7.6 23 2
HSA-FeP(7) 8.9 2.3 34 8.8 23 2

The Py, of the human serum albumin-heme hybrids were determined on the basis of
the UV-vis. spectral changes during the O, titration (Table 2).*! According to the
kinetic experiments, the P;; values were divided into two components using our
previously reported equation.””! Nevertheless, the calculated Py, for the fast and slow
phases were all identical in each case. The rHSA-FeP(1) and rHSA-FeP(2) showed the
same Op-binding affinities (13 Torr), indicating that the fence structure on the
porphyrin plane causes only small changes in their Oj-equilibria and -kinetics. The
double-sided series, FeP(5), FeP(6), and FeP(7) in albumin, showed very similar O,-
binding parameters, also supporting the above assumption. In contrast, the axial
histidine coordination provided a 13-fold larger O,-binding affinity compared to those
of the 2-methylimidazole linked analogues [FeP(1) or FeP(2)], which is ascribed to the

low O,-dissociation rate constants.

Stability of O,-adduct complex of human serum albumin-hemes

Accompanying the autooxidation of the central iron(Il), the absorption band (Amax:
549-555 nm) slowly disappeared at 37 °C, leading to the formation of the inactive
iron(III) porphinate.!""! The effect of the heme structure on the half-lifetime (T12) of
the Oz-adduct complex was rather remarkable. (i) The cyclohexanoyl fences gave ca.
5-fold longer 7, values compared to those of the pivaloyl derivatives, and (ii) the
proximal histidine coordination increased 7;, by a factor of 3. As a result, (iii) the

dioxygenated rHSA-FeP(4) showed an unusually long lifetime (7;: 25 hr at 37 °C)
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which is ca. 13-fold longer than that of rHSA-FeP(1). In double-sided series, the
introduction of the polar-substituents on the fence groups led to reduce the stability of

the O,-adduct species.

Conclusions

Human serum albumin incorporating FePs having an intramolecularly coordinated
histidine residue formed stable Os-adduct complexes under physiological conditions.
In particular, dioxygenated rHSA-FeP(4) showed a high stability, and its half-lifetime
reached a value similar to that of the native Hb A (1,2: 36 hr at 37 °C).["? Although
the O;-binding affinity of rHSA-FeP(4) is too high to use as a blood replacement
composition, it can be utilized as an O,-carrying medicine for dioxygenation of the
hypoxia region in cancer tissue, etc. As a red blood cell substitute, rHSA-FeP(2),
which has a similar Py, value to red blood cells, is promising. In the blood stream, the
apparent lifetime of the O,-coordinated albumin-heme is prolonged by a factor of 4,
so that the tHSA-FeP(2) is expected to transport O, in the circulatory system for more
than 1.5 days.

This work was partially supported by the Core Research for Evolutional Science and
Technology, JST, Health Science Research Grants (Artificial Blood Project) of the
Ministry of Health, Labor, and Welfare, Japan, and a Grant-in-Aid for Scientific

Research from the Ministry of Education, Science, Culture and Sports, Japan.

[11 T. Peters Jr., “All about Albumin, Biochemistry, Genetics, and Medical Applications®,
Academis Press Inc., San Diego, 1996.
[2] D.C. Carter, X.-M. He, S. H. Munson, P. D. Twigg, K. M. Gernert, M. B. Broom, T. R.
Miller, Science 1989, 244, 1195,
[3] T.Komatsu, K. Ando, N. Kawai, H. Nishide, E. Tsuchida, Chem. Lett. 1995, 813.
[4] T.Komatsu, K. Hamamatsu, J. Wu, E. Tsuchida, Bioconjugate Chem. 1999, 10, 82.
[5] T.Komatsu, Y. Matsukawa, E. Tsuchida, Bioconjugate Chem. 2000, 11, 772.
[6] E. Tsuchida, T. Komatsu, K. Hamamatsu, Y. Matsukawa, A. Tajima, A. Yoshizu, Y. lzumi,
K. Kobayashi, Bioconjugate Chem. 2000, 11, 46.
[7} E. Tsuchida, T. Komatsu, Y. Matsukawa, K. Hamamatsu, J. Wu, Bioconjugate Chem. 1999,
10, 797.
[8] T.Komatsu, Y. Matsukawa, E. Tsuchida, Bioconjugate Chem. 2001, 12, submitted.
[91 T. Komatsu, T. Okada, M. Moritake, E. Tsuchida, Bull. Chem. Soc. Jpn. 2001, 74, in press.
[10] J. Geibel, J. Cannon, D. Campbell, T. G. Traylor, J. Am. Chem. Soc. 1978, 100, 3575.
[I1] M. Momentau, C. A. Reed, Chem. Rev. 1994, 94, 659.
[12]  A. Monsouri, K. H. Winterhalter, Biochemistry 1973, 12, 4946.

-32-



FULL PAPER

Self-Organized Lipid-Porphyrin Bilayer Membranes in Vesicular Form:
Nanostructure, Photophysical Properties, and Dioxygen Coordination

Teruyuki Komatsu, Miho Moritake, Akito Nakagawa, and Eishun Tsuchida(!

Abstract: An amphiphilic tetraphenyl-
porphyrin and its iron complex bearing
four phospholipid substituents, in which
a trimethylolethane residue connects the
two acyl chains (lipid-porphyrins), have
been synthesized. The free-base lipid-
porphyrin 6a self-organizes in aqueous
media to form spherical unilamellar
vesicles with a diameter of 100 nm and
a uniform thickness of 10 nm, which
corresponds to twice the length of the
molecule. In the visible absorption spec-
trum, the porphyrin Soret band was
significantly red-shifted (12 nm) relative
to that of the monomer in benzene/
MeOH solution due to the excitonic
interaction of the porphyrin chromo-

(LB) films of 6a on a glass surface
exhibited an absorption spectrum iden-
tical to that of the 6a vesicles in bulk
aqueous solution, and this suggests that
they contain similar geometric arrange-
ments of the porphyrin moieties. Exci-
ton calculations on the basis of our
structural model reproduced the bath-
ochromic shift of the Soret band well. In
the photophysical properties of the 6a
vesicles, the characteristics of J-aggre-
gated porphyrins substantially predom-
inate: strong fluorescence and extremely
short triplet lifetime. The iron complex
6b with a small molar excess of 1-dode-
cylimidazole (DIm) also formed spher-
ical unilamellar vesicles (100 nm @).

Scanning force microscopy after evapo-
ration on a graphite surface revealed 6b/
DIm vesicles with a vertical height of
19.8 nm, which coincided with the thick-
ness of the double bilayer membranes.
The ferrous 6¢ formed a bis(DIm)-
coordinated low-spin Fe' complex un-
der an N, atmosphere. Upon addition of
O, to this solution, a kinetically stable
O, adduct was formed at 37°C with a
half-life of 17 h. Distinct gel-phase (lig-
uid-crystal) transitions of the lipid-por-
phyrin membranes were clearly ob-
served; the free base 6a displayed a
higher transition temperature (56 °C)
than the iron complex. Magnetic circular
dichroism and infrared spectroscopic

phores. The I7- A isotherm of 6a gave
an area per molecule of 2.2 nm?, which
allowed the estimation of the number of
molecules in a single vesicle (2.3 x 104).
Double-layered  Langmuir—Blodgett

Introduction

It is of current interest to construct self-organized porphyrin
assemblies by formation of noncovalent bonds (metal ~ligand
coordination, hydrogen bonding, and electrostatic attraction)
to mimic the diverse biological reactivity of porphyrinoids in
nature.:? Such vectorial binding forces have built highly
complicated porphyrin architectures that are difficult to
prepare by general organic synthetic procedures. However,
most of them were prepared in organic solvents. If we are to
reproduce the various biochemical reactions that rely on the
natural porphyrins, aqueous systems are particularly impor-
tant. Hence, over the past few decades substantial efforts have
directed towards embedding synthetic model porphyrins in
phospholipid vesicles;®! ground-state or photoinduced elec-

[a] Prof. E. Tsuchida, Dr. T Komatsu, M. Moritake, A. Nakagawa
Advanced Research Institute for Science and Engineering
Waseda University, Tokyo 169-8555 (Japan)

Fax: (+81) 3-3205-4740
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studies proved that molecular O, coor-
dinates to the self-organized lipid-por-
phyrinatoiron() vesicles in aqueous
media.

tron transfer, *l dioxygen (O,) transport,’s selective oxida-
tion reactions,””) and ATP production ¥ have been reported.
Unfortunately, the locations of the porphyrin co-factors in
these ensembles are not always accurate, because of the low
guest-to-host molecular ratio. To counter this problem,
porphyrin amphiphiles become attractive building blocks for
constructing well-defined three-dimensional porphyrin as-
semblies in aqueous media. Coulombic forces were first
successfully employed in the preparation of beautiful por-
phyrin fibers, but they are relatively unstable and tend to
precipitate because of their low solubility”! We are now
convinced that hydrophobic interaction is the most useful
driving force for preparing large-scale supramolecular sys-
tems in which thousands of metalloporphyrins are aligned
with great regularity and longevity. Indeed, some porphyrins
with amphiphilic side chains at the periphery self-organize in
water to form supramolecular aggregates (fibers, tubes,
vesicles, and sheets).l'011] A tetraphenylporphyrin (TPP)
derivative with four dialkylglycerophosphocholine groups on
one side of the ring plane produced spherical unilamellar
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vesicles with reversible O,-binding ability, similar to those of
hemoglobin and myoglobin under physiological conditions
(pH 7.3, 37°C).1?I The only drawback of this compound is
laborious introduction of the phospholipid substituents, in
which a glycerol residue connects the two acyl chains. We
recently found that the role of glycerol can be adopted by a
similar triol, namely, trimethylolethane. To the best of our
knowledge, there has been no report on a phospholipid
amphiphile involving a trimethylolethane residue as the
connecting moiety of the acyl chains, and its self-assembly
behavior. Here we report the first synthesis of and bilayer
membrane formation by novel TPP derivatives with four
phospholipid substituents on the porphyrin ring (lipid-por-
phyrins): free base 6a, Fe™ complex 6b, and Fe" complex 6c¢.
The nanostructure of the lipid-porphyrin aggregate was
elucidated by transmission electron microscopy (TEM) and
scanning force microscopy (SFM). Exciton calculations on the
basis of our bilayer model reproduces well the bathochromic
shift observed in the UV/Vis absorption of the 6a membranes.
The free-base lipid-porphyrin vesicles fluoresce strongly, and
the vesicles of the Fe' complex formed a stable and reversible
O, adduct under physiological conditions, with an O,-binding
affinity similar to that of human erythrocytes. Magnetic
circular dichroism (MCD) and infrared (IR) spectroscopic
studies on the O, coordination mode have also been made.

Results and Discussion

Synthesis: The synthesis of lipid-porphyrins is summarized in
Scheme 1. The phospholipid precursor 3 is easily synthesized
in three steps starting from trimethylolethane, whereas five

5470 ——
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HO OH a TrtO~_~OH b
OH = OH =
1
(19%)
TrtO OC(CHz)mCHg c O OC(CHz)";CH;
X ’ Xoccn;cu,con
0
2 3
(63%) (83%)
TPP-(C150H)s | TrtO OC(CH;)";CH:, e
e ——— 5 —_—
d Xoccn,cn;co Cyg-TPP
0 4
4
(94%)
HOXOC(CH2)1¢CH3
occn;cnzco cwrpp } :(80 %)
(92%) sb — > 6b
(81%) (79%)

TPP-(C10H)4: 5,10,15,20-Tetrakis{o, o, cx-0-(2,2-dimethyi-20-
hydroxyncosanamdo)phenyl}povphme

Scheme 1. Synthetic scheme for lipid-porphyrin 6a and its iron(in)
bromide complex 6c. a)Trityl chloride/DMF, pyridine. b) Stearic acid
anhydride, 4-DMAP/THE. c) Succinic acid anhydride/THF. d) DCC,
4-DMAP/CH,Cl,. e) BF;-Et,0/CH,Cl,. f) 2-chloro-1,3,2-dioxaphospho-
lane 2-oxide/CH,Cl,, TEA. g) FeBr,/THF, 2.6-lutidine. DCC = dicyclo-
hexyl carbodiimide, 4-DMAP = 4-dimethylamino pyridine.

steps are required to obtain the corresponding material from
glycerol. The coupling of 3 with the parent TPP derivative
TPP-(C,sOH),[®! was performed by dicyclohexyl carbodi-
imide (DCC) in DMF at room temperature to give 4a in 94 %
yield. BF;-MeOH selectively cleaved the trityl protecting
groups to yield 5a (92%). The phosphocholine head groups
were introduced in the final step by a general procedure with
2-chloro-1,3,2-dioxaphospholane 2-oxide. This is in contrast to
our glycerol-based lipid-porphyrin, for which only mild, acidic
phosphorylation could be used to introduce phosphocholine
residues into the 3-hydroxyl group of glycerol."? As a result,
the free-base lipid-porphyrin 6a was synthesized in six steps
by using the parent TPP-(C,3OH),, whereas the glycerol
analogue requires twelve steps, including zinc insertion at the
porphyrin center and complicated reactions in low yields. The
Fe™ complex 6b was prepared from 5b in the same manner as
for 6a from 5a; all the compounds are available in gram
quantities. The a* structure of the porphyrins did not
atropisomerize throughout the entire process, as was con-
firmed by '"H NMR spectroscopy: the chemical shift of the
singlet for the 2,2-dimethyl groups (6= —0.4) remained
constant. For the Fe™ complex 6b, 'H NMR spectra were
recorded after removing the iron center with FeCl, in HCV/
acetic acid.¥ The Satisfactory analytical data were obtained
for all compounds described here (see Experimental Section).

Morphology and nanostructure of the free-base lipid-por-
phyrin assembly: The free-base lipid-porphyrin 6a was
dispersed in deionized water by ultrasonication ([6a]=1-
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3000 uM) to give a red solution that was stable for a year
without precipitation. The TEM of the negatively stained and
evaporated sample revealed that 6a forms perfectly spherical
vesicles with a diameter of 100 nm (Figure 1a). The thickness

(a)

(b)

100 nm
Figure 1. a) Transmission electron micrograph of a vesicle of the free-base
lipid-porphyrin 62 negatively stained with uranyl acetate. b) Schematic of
the bilayer membrane.

of the unilamellar membrane was 10 nm, which corresponds
to twice the length of the 6a molecule (4.6 nm) (Figure 1b).
Light-scattering measurements gave a sharp peak with a
narrow distribution (100436 nm) and supported the TEM
result. In general, ultrasonic irradiation of phospholipids
provides small unilamellar vesicles. However, the spherical
membrane consisting of the giant porphyrin amphiphile 6a
(M =4564) cannot produce a large curvature; therefore, the
vesicles are much larger than the usual ones. They neither
coagulate nor photodegrade for a long time.

The visible absorption spectrum of the 6a vesicles showed a
porphyrin Soret band at 434 nm (g, =3.1x 10°M'cm™),
which was significantly shifted to the red region relative to
that of the monomer in benzene/MeOH (4:1; 4,,,, =422 nm;
Figure 2). The bandwidth at half-height (A4, =16 nm) was
slightly wider than that of the monomer (A4,, =14 nm). The
intensity and absorption maxima of the Q-bands demonstrat-
ed even smaller shifts of 3 nm, which may be a van der Waals
shift caused by the replacement of solvent. Thus, the larger
bathochromic shift of the Soret band (12 nm) should include
some excitonic interactions owing to a lateral arrangement
(J-aggregate) of the transition moments of the porphyrin

Chem. Eur. J. 2002, 8, No. 23
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Figure 2. UV/Vis absorption spectra of lipid-porphyrin 6a at 25°C.

chromophores. Hence, we are certain that the hydrophobic
TPP planes of 6a form two-dimensional planar sheets in the
vesicles, and stack at the middle of the bilayer membranes
(Figure 1b). The quantitative evaluation of the excitonic
interactions of these stacked porphyrin sheets are described
below.

Surface pressure —molecular area (I7-A) isotherm and
exciton calculation of the Langmuir-Blodgett (LB) film: The
IT-A isotherm of the giant porphyrin amphiphile 6a ex-
hibited essentially the same features as that of typical

amphiphilic  lipids  (Figure 3).) At large areas
50+
40 -
& 30-
5 204
101 limit. area
22 nm?
o- T T Al T T T W

0 1 2 3 4 5 6 7 8
A / nm? molecule’!
Figure 3. IT- A isotherm of lipid-porphyrin 6a. The subphase was pure
water, and the film was compressed at a rate of 10 mNmin~".

(>6.0 nm?’molecule ) the film is in an expanded state. Upon
compression, the film undergoes a transition from the
expanded phase to the liquid expanded phase
(4.5 nm?molecule?). Further compression led to the liquid-
expanded/liquid-condensed transition (3.5 nm?’molecule!),
and finally to a solid condensed phase. The collapse pressure
reached 43 mNm, and this indicates formation of a rela-
tively close packed solid membrane. Extrapolation of the
second linear portion of the isotherm to zero surface pressure
gave, as the intercept, the area per 6a molecule. The value of
2.2 nm? coincides with the sum of the areas of four phospho-
choline head groups, and we infer that the lipid-porphyrin in
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the oriented layer is likely to have a cylindrical form with a
TPP bottom of 1.5 nm? (see the space-filling model above).
Based on this value, the number of constituent molecules of
6a in one vesicle (100 nm @) was estimated to be 2.3 x 10*
(L4 x 10* in the outer phase and 9.0 x 10° in the inner phase).

The 6a monolayer on the LB trough was then slowly
transferred onto a glass plate to give a porphyrin monolayer in
which the hydrophilic head groups likely face the glass
surface, while the hydrophobic TPP plane is toward the air.
Further immersion and removal of the substrate perpendic-
ular to the trough should result in formation of trilayered LB
films. Interestingly, the visible absorption spectra of these
films provided good clues to the in-plane and interlayer
arrangements of the TPP moieties in the 6a vesicles. The
monolayer showed distinct TPP absorption with sufficiently
high intensity for spectroscopic analysis (Figure 4a). The
Soret band at 430 nm is clearly red-shifted (8 nm) relative to
that of the monomer in benzene/MeOH (4, =422 nm). The
absorption intensity of the 6 a trilayers is three times as high as
that of the monolayer with a small bathochromic shift (2 nm)
in the Soret band; the ,,, of the Q-bands were essentially
unaltered. This observation suggested formation of triple-
layer 6a films on the glass plate. Here, it is of interest to
subtract the spectrum of the monolayer from that of the
trilayer, presumably to give the absorption of a bilayer in
which the outer and inner TPP sheets are stacked at the center
of the membrane (Figure 4b). In fact, the difference spectrum
(Amax =433, Adj; =15 nm) closely resembles that of the 6a
vesicles in bulk aqueous solution (4., =434, A4, =16 nm,
Figure 2), that is, the spherical 6a vesicles and double-layered
films on a solid substrate contain similar porphyrin arrange-
ments.

Then we employed simple point-dipole exciton coupling
theory to predict the porphyrin alignment in the LB mono-
and bilayers.'®! First, for the 6a monolayer film on the glass
surface, we assumed that the tightest packing of the TPP
moieties is realized by a rhomboidal lattice with diagonal
distances of 2.6 nm for 2a and 1.48 nm for 2b (Figure 4c), as
observed in the triclinic unit cell of a single crystal of
unsolvated free-base TPP.'”l The head-group area of 2.2 nm?
could be fitted on an individual porphyrin platform without
overlap. This assumption was also made in our excitonic
calculation on the monomolecular porphyrin platelets.'"™ The
exciton interaction AE between two porphyrins is given by
Equation (1):

AE = M?r;3(1 —3cos?0) (1)

where M is the transition dipole moment of 6a, r,,, is the
center-to-center distance between the original porphyrin (P,)
and neighboring porphyrin (P,,), and 6 is the tilt angle
between the line connecting the centers and the molecular
axes. We took into account all the interactions with the infinite
porphyrin neighbors on the 22 lines through the origin of the
coordinate axes. The excitonic interaction AE is always
considered as V,,, and V,,, in two different Soret transitions
S, and S, (see Experimental Section). With our 6a monolayer
model, the difference was very small. With M? =81.8 D? for
the dipole strength of the monomer, total V and V' were
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calculated to be —519.9 and —515.4 cm ™, respectively. The
wavelength difference between the corresponding transitions
is much smaller than the half-width of the Soret band of the
monomer. Consequently, splitting of the Soret band could not

(a)

0.20
0.15
8
'g 0.10
2
o
<
0.05
i i
T T T T T | il
350 400 450 500 550 600 650 700
Wavelength / nm
(b)
Monolayer Trilayer Caled. bilayer
A 430 nm Apax: 432 nm Apax: 433 nm
AAjp: 14 om AA,p: 13 nm AX,;: 1S om
(©)
—G—Ba—B0—a0—by;
QD OB OB BB
i 2a H

P,,, in lower layer

P, in upper layer

Figure 4. a) UV/Vis absorption spectra of LB films of lipid-porphyrin 6a
on a glass plate at 25°C. b) Schematics of the mono-, tri-, and bilayers of
lipid-porphyrin 6a on the glass surface. ¢) Predicted arrangement of the
porphyrin planes as a model for the bilayer membranes of lipid-porphyrin
6a. The porphyrin P, is located at the origin of the coordinate axes.
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be expected, and the result was one exciton band, red-shifted
by 517.7 cm™! with respect to the monomer. This calculated
shift is almost identical to the observed value of the 6a
monolayer (only 76.8 cm™ larger). A van der Waals shift,
which occurs on going from solution to a dense-packed LB
film, was not seen. The real lattice of the LB monolayer might
be slightly different from our model, because of the direct
contact between the phosphocholine head groups and the
solid glass surface. The use of an extended transition dipole
instead of the point dipole also gave nearly the same
results,[18 19]

To predict the absorption of the bilayer, we made the
additional hypothesis that the interlayer TPP arrangements
are also similar to those found in crystals of free-base TPP.
Based on the structural data reported by Strauce et al., two
postulates are made: 1) a slipped face-to-face stacking of the
porphyrin sheets with a minimum spacing d of 4.1 A (Fig-
ure 4c),!" and 2) a porphyrin core in the upper layer is shifted
by +4.0, +2.7, and +4.1 A in the x, y, and z directions,
respectively, from the center of the nearest core in the layer
below. The distances and angles from the porphyrin P, to the
neighbors in the upper layer were estimated. Then we
calculated all the interactions of these porphyrin pairs (total
of 46 combinations), but stopped summation at a distance of
some 5nm. The difference was relatively wide in this
calculation: —805.9 and 323.8 cm™ for S, and S,, respectively.
If this is true, the Soret bands should be split or blue-shifted
with significant broadening. However, the reverse was the
case; only a 3 nm bathocromic shift from the monolayer and
still narrow bandwidth were observed. In our structural
model, the most unreliable parameter is the layer spacing d.
For a slightly larger value of d=6.0A the difference
decreased (—152.0 and 268.2 cm™! for the x and y directions).
This means a rather small shift from A, of the monolayer,
and is in good agreement with the fact that the absorptions of
the monolayer and the bilayer are quite similar (Figure 4a).
Since the spherical 6a vesicles in bulk aqueous solution
showed a spectrum similar to that of the double-layered LB
films of 6a on the glass plate, we can conclude that they are
both describable by equivalent exciton interactions. The small
wavelength difference between the predicted A,,, in our
model (431 nm) and experimentally obtained values (A, =
433 nm on the glass surface and 434 nm in water) is likely due
to the van der Waals shift. In this case, the head group- glass
contact effect, which was considered in the monolayer, can be
ignored, since the stacking of the second porphyrin layer
probably weakens it. Of course, the porphyrin lattice in the
bilayers is somewhat flexible, because of the fluidity of the
membrane, despite its being below the phase transition
temperature (vide infra); therefore, the observed shift in the
Soret band always comes from the averaged exciton inter-
action.

Photophysical properties of free-base lipid-porphyrin vesi-
cles: The most remarkable photophysical property of the
aqueous solution of 6a vesicles is to fluoresce strongly; its
fluorescence emission intensity was 76% of that of the
monomer in benzene/MeOH (4:1; Figure 5). The three-
dimensional excitation - emission spectrum revealed that the
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fluorescence emission maxima (4, =649, 713 nm) correlates
with the Soret band absorption of the vesicles (4, = 434 nm),
which indicates that the strong fluorescence is due to the
membrane, and not to a small amount of monomer dissoci-
ated from the aggregates. Thus, the lifetime of the excited

[ — : monomer in
¥ Bz/MeOH

: vesicle in water

Fluorescence Intensity

f Y T T T 1
500 550 600 650 700 750 800

Wavelength / nm
Figure 5. Fluorescence emission spectra of lipid-porphyrin 6a (1.7 um) at

25°C (excitation at 428 nm). The inset shows emission —excitation corre-
lation image.

singlet state of the vesicles (7= 6.8 ns) was not dramatically
different from that of the monomers (zz= 10 ns).

Laser flash photolysis experiments were carried out with
nanosecond laser excitations. The transient absorption spec-
trum of the 6a monomer in benzene/MeOH after laser flash
illumination displayed the typical triplet—triplet (TT) ab-
sorption of TPP, in which the dark decay obeyed first-order
kinetics (triplet lifetime 7;=2.0 ms) and is strongly acceler-
ated by the presence of O, (Figure 6). Excitation of the 6a

0.05 =} e monomer in Bz/MeOH
: vesicle in water
448
e .
L e R
\‘. . H 516
\ *, ;
Fs Lo
< -0.05 - !
P i 4 2ms
\‘ ©:2.0ms
-0.10 i ::3
¥ B —
442
-0.15 T T T 1
350 400 450 500 550
Wavelength / nm

Figure 6. Transission-absorption differential spectra of lipid-porphyrin
64 in solution 50 ns after laser-flash photolysis (excitation at 516 nm) under
an Ar atmosphere ([6a]=1.7 um). The inset shows the absorption decay at
450 nm.

bilayer vesicles, on the other hand, gave small-magnitude
signals with a lifetime that was too small to observe with our
nanosecond instrumentation. If internal conversion is the only
process influenced by self-assembly, the triplet state would be
quenched to the same extent as the fluorescence, but this was
not seen. These observations on the excited singlet and triplet
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states of the 6a vesicles are almost the same as those on
monolayered porphyrin platelets, which consist of laterally
aligned porphyrins."""] Whitten et al. also reported a signifi-
cant decrease in 7 for 5,10,15,20-tetrakis(a‘-hexanamidophe-
nyl)porphyrin J-aggregates in the presence of a small amount
of surfactant in water.””) There are two possible interpreta-
tions for the reduction of the triplet yield: 1) a decrease in the
rate constant of intersystem crossing ki, and 2) an increase in
the rate constant of triplet deactivation k,. Based on our
previous calculation for a similar porphyrin assembly,'""l we
can predict that the triplet lifetime of the 6a vesicles may
decrease by some 2 ns. The extremely short-lived triplet state
of the lipid-porphyrin vesicles could be further evaluated
using a picosecond laser flash apparatus.

Nanostructure of lipid-porphyrinatoiron assembly: The iron
(111) complex of lipid-porphyrin 6 b also self-organizes in water
to form spherical unilamellar vesicles with a diameter of
100 nm. The presence of a small excess of 1-dodecylimidazole
(DIm, DIm/6b =2.2-3.4 molmol~') as an axial base did not
hinder vesicle formation. The TEM of the evaporated 6b/
DIm solution on the copper grid showed an identical
membrane with a thickness of 10 nm, which again corresponds
to twice the length of the molecule (Figure 7). Light-scatter-
ing measurements gave a main diameter peak at 97 nm with a
distribution of +73 nm. The visible absorption spectrum
(Amax =421, 570 nm) suggested the formation of a six-coor-
dinate low-spin iron(if) complex with DIm ligands on both
axial sites.

The aqueous 6b/DIm was then transferred to highly
oriented pyrolytic graphite (HOPG) and subjected to SFM
under ambient conditions. The collapsed vesicles became
detectable; they are obviously images of flattened 6b/DIm
assemblies on the graphite surface (Figure 7b). The thickness
measured from the height profile of the evaporated vesicle
was 19.5nm (vertical distance a—a in Figure 7b), which
corresponds to twice the thickness of the bilayer membrane.
For evaluation of the lateral size, we should normally consider
the horizontal broadening effect due to the shape of the tip,
but this is not necessary for the vertical distance.?!! We can
therefore conclude that the iron complex with DIm produces
bilayer vesicle membranes, like free-base 6a.

0, coordination to lipid-porphyrinatoiron() vesicles: The
UV/Vis absorption spectrum of a phosphate buffer solution of
the Fe" 6¢/DIm vesicles revealed the presence a typical six-
coordinate low-spin Fe'' species (4,,,=436, 538, 568 nm)
(Figure 8).21 The TEM of the solution again exhibited
spherical unilamellar vesicles with a wall of bilayer thickness
(10 nm, not shown). Upon exposure of these vesicles to O,
gas, the absorption spectrum immediately changed to that of
an O, adduct (4,,,, =435, 543 nm). This dioxygen complex was
kinetically stable in the wide range of 5—50°C, depending on
the O, partial pressure. Reversion of the O, adduct to the
bis(DIm)-ligated species on bubbling N, gas was observed,
that is, the dissociated DIm remains in the membrane interior
during the dioxygenation and rebinds rapidly to the iron
center after deoxygenation. The constant morphology of the
vesicle throughout the reversible O, coordination cycle was
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Figure 7. a) Transmission electron micrograph of vesicles of the lipid-
porphyrinatoiron(ini) complex 6b/DIm negatively stained with uranyl
acetate. b) SFM images (tapping mode) of the evaporated sample of 6b/
DIm vesicles on HOPG. Image size is 600 x 600 nm (z range: 50 nm), and
its cursor profile 19.5 nm (vertical distance a—a).

peeaeey 538

Absorbance

T b ) T T T g 1
350 400 450 500 550 600 650 700
Wavelength / nm
Figure 8. Visible absorption spectral changes for vesicles of the lipid-

porphyrinatoiron(i1) complex 6 ¢/DIm in phosphate buffer solution (pH 7.3)
at25°C.
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confirmed by TEM. Bubbling carbon monoxide into this
solution gave the more stable carbonyl complex (A, =433,
545 nm).

Oxidation to the Fe' species was very slow; the half-life of
the O, adduct was 17 h at 37°C. The relationship between the
O, binding ratio and O, pressure, that is, the O, equilibrium
curve, was plotted on the basis of the UV/Vis absorption
spectral changes on O, titration (Figure 9). The apparent O,
binding affinity [Py, is the gas pressure at half O, coordination
of porphyrinatoiron(i)] of the 6¢/DIm vesicles was deter-
mined to be 30 Torr at 37°C, a value similar to that of human
erythrocytes.” Although the O,-binding profile did not show
any cooperativity like that seen in hemoglobin, their O,-
transporting efficiency between the lungs (P, =110 Torr) and
muscle tissue (Pg, =40 Torr) is 20 %, which is nearly the same
value (22 %) as that of human erythrocytes.

1004

80+

80~

40

O, Binding / %

Pipi30 Torr
20+

0 25 50 75 100 425 150 475
Loyt Torr

Figure 9. O, equiblium curve of vesicles of the lipid-porphyrinatoiron(ir)
complex 6 ¢/DIm in phosphate buffer solution (pH 7.3) at 37°C.

Differential scanning calorimetry (DSC): The thermal behav-
ior of the lipid-porphyrin bilayer membranes was studied by
DSC. Three samples, 6a, 6b, and 6b/DIm vesicles, demon-
strated gel-phase (liquid-crystal) transitions (Table 1). Free

Table 1. Phase transition temperatures of the lipid-porphyrin vesicles and
their thermodynamic parameters.

System T, AH AS AScy,
[°)C}]  [kealmol™]  [calmol-'deg ']®  [calmol-deg™!]
6a 56 4.1 732 0.54
6b 49 3.7 75.5 0.56
6b/DIm 40 1.5 29.4 -
DppCl! 41 8.6 273 0.90

{a] AS=AHT,. [b] DPPC=1,2-diparmytoyl-sn-glycero-3-phosphatidyl-
choline.?4

base 6a showed a relatively sharp transition at 56°C with an
enthalpy change AH of 4.1 kcalmol™; this suggests that the
long acyl chains on the porphyrin are responsible for
formation of close-packed layers. We are certain that the
trimethylolethane residue in the lipid group plays the same
role as a glycerol residue. It is remarkable that the ferric
complex 6b had a lower phase-transition temperature T, of
49°C. This decrease may result from the different geometric
alignments of the TPP planes in the membrane. As described
above, free-base TPP forms triclinic crystals in which each
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porphyrin array shows a parallel arrangement of the nearest
neighbor phenyl groups and a constant repeat distance. The
stacking of all the phenyl rings is expected to provide some
lattice stabilization. By contrast, the Fe'-TPP complex
aligns in a random conformation.'”! The porphyrin moieties
in the 6a bilayer are presumably oriented in a fashion similar
to that in the free-base TPP crystal, which may afford
additional stabilization to the membrane packing. Indeed,
the temperature dependence of the absorption spectrum of
the 6a vesicles showed a small hypsochromic shift with
broadening and a decrease in intensity at 7, (56°C; Fig-
ure 10). This was observed only for the free-base 6a porphyrin
vesicles, and not for the iron complex.

1.4 5
1.2 -
1.0+
08 T T T T T
436 ~
el %
434
24 T T T T T 1

20 —
16 -

Temperature /°C

at 435 nm

Abs,

A\, /nm A, /nm

Figure 10. Temperature dependence of the Soret band absorption 4, and
half-width A,, of vesicles of the lipid-porphyrin 6a in water.

Although the lipid-porphyrin vesicles have distinct phase
transitions, their low AH values mean the alkyl chains are less
dense than those of a 1,2-diparmytoyl-sn-glycero-3-phospha-
tidylcholine (DPPC) membrane. The increased amount of
entropy per methylene unit (AScy,), which is often used to
evaluate the molecular packing (0.90 for DPPC),* was also
low (0.54 and 0.56 for the 6a and 6b vesicles, respectively).
The thermotropic characteristics of the iron-complex vesicles
were further altered by addition of DIm, which resulted in a
significant decrease in T, and a drop of 2.2 kcalmol-! in the
enthalpy change of the transition.

Magnetic circular dichroism (MCD) and IR spectroscopy: For
porphyrins and hemoproteins, MCD is a sensitive probe for
oxidation state, spin state, and axial ligation of the metal
center. It has been therefore used as a fingerprint for the
coordination structure of various model hemes.* We applied
the MCD and IR spectroscopy to characterize the O, adduct
of the self-organized 6¢/DIm vesicles. Under an N, atmos-
phere, the MCD showed a well-characterized spectrum of
bis(imidazole)-ligated six-coordinate low-spin Fe™ porphyrin,
which differs strongly to that of a five-coordinate high-spin
complex with mono-imidazole ligation (Figure 11). This
observation indicates that axial coordination is not affected
by the dense packing of the four phospholipid groups on the
porphyrin plane. Admission of O, gas yields the six-coordi-
nate 6 ¢/DIm(O,) complex, which shows an S-shaped A-term
MCD in the Soret region, as observed in the spectra of other
dioxygenated Fel'TPP derivatives.™ The CO adduct is also
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Figure 11. MCD spectra of vesicles of the lipid-porphyrinatoiron(i)
complex 6¢/DIm in phosphate buffer solution (pH 7.3) at 25°C.

low-spin and is expected to show a similar A-term MCD band
with strong intensity; such a band was actually observed. In all
cases, the complicated pattern in the Q-band regions coin-
cided well with those previously reported (Table 2).2%

Table 2. Absorption maxima of MCD spectra of the 6¢/DIm vesicles in
phosphate buffer solution (pH 7.3) at 25°C.

Atmosphere MCD 4., [nm]

N, 416(+), 429(-), 439(+), 454(—), 519(+)
531(+), 537(—), 549(—), 568(+), 574(-)

0, 421(+), 438(~), 531(-+), S41(+)
555(—), 572(+), 581(+), 593(-)

CO 422(+), 438(—), 538(+), 543(+)

557(~), 578(+-), 545(—)

Difference IR spectra in solution of 6 ¢/DIm vesicles for CO
versus %0, complexes displayed a distinct positive band at the
stretching frequency of coordinated CO at 1969 cm~! (Ta-
ble 3). In the spectrum for the %0, versus the *0, adduct, we

Table 3. IR spectral data of vesicles of the lipid-porphyrinatoiron{ir
complex 6¢/DIm in phosphate buffer sotution (pH 7.3) at 25°C.

System v(1%0 - 1%0) (130 -20) v(PC-1%0)
6¢/DIm vesicles 1155 1081 1969

FeT,; PP/MIm! 1159 1075 1969
hemoglobin?") 1107 1065 1951

O, or CO gas 1556 - 2143

O, 1145 - -

{a] FeT,, PP/MIm = 5,10,15,20-Tetrakis(a,a,a,a-0-pivalamidophenyl)por-
phyrinatoiron(i) - 1-methylimidazole complex. ]

observed the appearance of a positive band at 1155 cm~!and a
negative peak at 1081 cm™, both of which correspond to the
stretching frequencies of the coordinated O, molecules. The
frequency shifts between °0, and 0, adducts (74 cm~!) is in
good agreement with the value calculated from the harmonic-
oscillator prediction of the O—O stretching vibration. Their
v(0O—0) bands are close to not only those of ionic superoxides,
but also to those of the bent end-on O, bound to other
synthetic Fe'TPP systems in benzene or Nujol.?5! On the basis

5476

-40-

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of these findings, we conclude that the self-organized 6¢
bilayer vesicles coordinate molecular O, like hemoglobin and
model hemes !’ 7] without any hinderance by aggregation.

Conclusion

The synthesized lipid-porphyrins are giant porphyrin amphi-
philes with the ability to form perfectly round bilayer vesicles
in aqueous solution. The glycerol in the phospholipids can be
replaced by trimethylolethane. Indeed, phospholipids in
which trimethylolethane residues links diparmytoyl chains
and phosphocholine head group assemble in water to give
unilamellar vesicles similar to those formed by DPPC.% The
advantages of the trimethylolethane-based approach are:
1) the synthetic procedures to connect the acyl chains are
easier than with glycerol, as shown in this work; and 2) the
two acyl groups are bound in a symmetric form, which is not
realized in natural lecithin.®! This could give parallel geo-
metric arrays of alkyl chains in membrane layers. For instance,
for radical polymerization of unsaturated lipids, the double
bonds oriented side by side will provide high polymerization
yields. In the interior of the lipid-porphyrin vesicle, two sheets
made of J-aggregated TPP planes presumably stack with a
lateral displacement. Exciton coupling theory confirmed our
predicted models, which is similar to that seen in the triclinic
unit cell of free-base TPP crystals, except for the slightly wider
interlayer distance (ca. 6.0 A), and it reproduced the Soret
band bathochromic shifts in the visible absorption of the 6a
vesicles. The free-base lipid-porphyrin bilayers form a strong-
ly fluorescent aggregate, but show an extraordinarily short
triplet lifetime. We consider that this unique photophysical
behavior is due to the edge-to-edge alignment of the
porphyrin platforms. Furthermore, the N-coordinated high-
spin Fe!' complex 6¢/DIm membranes can bind one equiv-
alent of O, molecules. An aqueous solution of the 6¢/DIm
vesicles with high concentration (>mM) is an entirely
synthetic O, carrier that could act as a substitute for red
blood cells. These bilayer membranes possess a spherical
architecture consisting of 23000 porphyrins in water, and are a
new class of a supramolecular assembly that can realize
important biological reactions of porphyrinoids in nature: not
only O, transport, but also metabolic oxidation and photo-
induced electron or energy transfer. In particular, there has
been substantial recent interest in the construction of cyclic
multiporphyrin assemblies, since a wheel-shaped bacterio-
chlorophyll circuit has been found in a light-harvesting
antenna complex.P More recently, we have prepared multi-
component vesicles made of differently metalated lipid-
porphyrins, in which efficient energy transfer due to the
tightest packing of the chromophores is observed. A new
investigation of the photoinduced electronic communication
in the lipid-porphyrin architecture is underway.

Experimental Section

Materials and apparatus: All commercially available reagents of high-
purity grades were used without further purification, unless otherwise
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stated. Solvents were normally purified by distillation before use. Dichloro-
methane was refluxed over and distilled from P,Os. Tetrahydrofuran was
refluxed over and distilled from sodium wire. Water was deionized by using
an ADVANTEC GS-200 system. Thin-layer chromatography (TLC) was
carried out on 0.2 mm precoated plates of silica gel 60 F,5, (Merck).
Purification was performed by column chromatography on silica gel
(Merck, Keiselgel 60, Art 7736) or Sephadex LH-60 gel (Amersham
Pharmacia Biotech). Infrared spectra were recorded on a JASCO FT/IR-
410 spectrometer. '"H NMR spectra were measured on a JEOL Lambda 500
spectrometer (500 MHz), and chemical shifts are expressed in parts per
million downfield from Me,Si as internal standard. FAB-MS spectra were
obtained on a JEOL JMS-SX102A spectrometer. Elemental analysis was
performed on a Yanagimoto MT3 CHN corder. UV/Vis absorption spectra
were recorded on a JASCO V-570 spectrophotometer, and steady-state
fluorescence spectra on a HITACHI F-4500 spectrofluorometer. Magnetic
circular dichroism spectra were obtained on a JASCO J-820 spectropo-
larimeter. Light-scattering measurements were performed on a COULT-
ER Model N4SD. All these measurements were normally carried out at
25°C.  5,10,15,20-Tetrakis[a,a,a,a-0-(2,2-dimethyl-20-hydroxyicosanami-
do)phenyl]porphine [TPP-(C;;OH),] and 2-chloro-1,3,2-dioxaphospholane
2-oxide were prepared according to the previously reported procedures.!%)

2,2-Bis(hydroxymethyl)-1-trityloxypropane (1): A solution of trityl chlor-
ide (13 g, 46.6 mmol) in dry DMF (150 mL) was added dropwise over about
90 min to a solution of 2-hydroxymethyl-2-methyl-1,3-propanediol (6.0 g,
50 mmol) and pyridine (8.4 mL) in dry DMF (24 mL) at 85°C under an N,
atmosphere. Then the mixture was stirred for a further 3 h at 95°C. The
DMF and pyridine were removed in vacuo, and the residue was extracted
with CHCl; and washed with water. The organic layer was dried over
anhydrous Na,SO, and the solvent was evaporated. Excess methano! was
then poured into the mixture, and the resulting precipitate was filtered off.
The mother liquor was again evaporated. The product was separated by
column chromatography on silica gel with CHCl/MeOH (10:1) as eluent.
The major band was collected and dried at room temperature for several
hours in vacuo to give compound 1 as a viscous solid (3.37 g, 19%). R;=
0.40 (CHClyMeOH, 10:1); IR (NaCl): 7= 1154 (COC, ether), 3390 cm~!
(OH, alcohol); 'H NMR (500 MHz, CDCl;, 25°C, TMS): 6 =0.9 (s, 3H;
CH3), 3.0 (5, 2H; CH,OTri), 3.5 (s, 4H; CH,0OH), 72-74 ppm (m, 15H;
Tri). MS: mi/z caled for CyHysO5: 362.19; found: 362.26 [M*].

2-Hydroxymethyl-2-octadecanoyloxymethyl-1-trityloxypropane (2): Com-
pound 1 (3.37g, 9.30 mmol), stearic acid anhydride (5.12 g, 9.30 mmol), and
4-DMAP (568 mg, 4.65 mmol) were dissolved in dry THF (100 mL), and
the solution was refluxed for 12h under an N, atmosphere. After
evaporation of the solvent, excess methanol was added, and a white
precipitate was removed. The mother liquor was evaporated and the
resulting mixture was separated by column chromatography on silica gel
with CHCL/Et,0 (30:1) as eluent. The major band was collected and dried
at room temperature for several hours in vacuo to give compound 2 as a
viscous liquid (3.67 g, 63%). R;=0.50 (CHCL/Et,0, 30:1); IR (NaCl): =
1176 (COC, ether), 1737 (C=0, ester), 3490 cm~! (OH, alcohol); ‘H NMR
(500 MHz, CDCl;, 25°C, TMS): 6 =0.8 (t, 3H; (CH,)xCH;), 0.9 (s, 3H;
CH3), 1.3 (s, 28H; (CH,),,CH;), 1.6 (m, 2H; C(=0)CH,CH,), 2.3 (t, 2H;
C(=0)CH,), 3.1(g, 2H; CH,OTri), 3.5 (g, 2H; CH,0OH), 4.2 (q, 2H;
CH,0C(=0)), 72-75 ppm (m, 15H; Tri). MS: m/z caled for C,,Hg O,
628.45; found: 627.5 [M* —H].

2-(3-Carboxypropanoyloxy)methyl-2-octadecanoyloxymethyl-1-trityloxy-
propane (3): A solution of 2 (3.67 g, 5.85 mmol), succinic acid anhydride
(4.09 g,40.9 mmol), and 4-DMAP (1.43 g, 11.7 mmol) in dry THF (170 mL)
was refluxed for 12 h under an N, atmosphere. The resulting mixture was
brought to dryness on a rotary evaporator and extracted with CHCl,. The
organic layer was washed with water and dried over anhydrous Na,SO,.
The solvent was then evaporated, and the residue was separated by column
chromatography on silica gel with CHCl,/MeOH (20:1) as eluent. The
major band was collected and dried at room temperature for several hours
in vacuo to give compound 3 as a white solid (3.42 g, 83%). R,=045
(CHCIyMeOH, 20:1); IR (NaCl): #=1160 (COC, ether), 1714 (C=0,
carboxyl), 1741 cm™! (C=0, ester); 'H NMR (500 MHz, CDCl;, 25°C,
TMS): 6=09 (1, 3H; (CH,),CH,), 1.0 (s, 3H; CH,), 1.3 (s, 28H;
(CH),CHy), 16 (m, 2H; CEO)CH,CHN(CHp)w), 22 (i, 2H;
OC(=0)CH,(CHy)i5), 2.6 (m, 4H; (CH,),COOH), 3.1 (s, 2H; CH,OTxi),
42 (d, 4H; CH,0C(=0)), 73~75 ppm (m, 15H; Tri). MS: m/z caled for
CyHg,O7: 728.47; found: 751.53 [M++Na].
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5,10,15,20-Tetrakis{a,,a,0-0-{20-[3-(2-octadecanoyloxymethyl-2-trityloxy-
methylpropanoxycarbonyl)propanoyloxy}-2,2-dimethylicosanamido}phe-
nyl}porphine (4): TPP-(C,gOH),™* (607 mg, 0.299 mmol) was added to a
solution of 3 (2.4 g, 1.19 mol), DCC (676 mg, 3.27 mmol), and 4-DMAP
(182 mg, 0.3 mmol) in dry CH,Cl, (25 mL). The mixture was stirred for 20 h
at room temperature in darkness. After evaporation of CH,Cl,, the residue
was redissolved in benzene, and the undissolved white DC urea was
removed by filtration. The mother liquor was brought to dryness on a
rotary evaporator. Then a CHCl; solution of the obtained porphyrin was
added dropwise to excess MeOH to give a purple precipitate. The filtered
crude porphyrin was finally purified by column chromatography on silica
gel with CHCL/Et,O (30:1) as eluent. The main band was collected and
dried at room temperature for several hours in vacuo to give compound 4 as
a purple solid (1.36 g, 94 % ). R;==0.50 (CHCIyEt,0, 30:1); IR (NaCl): 7=
1156 (COC, ether), 1692 (C=0, amide), 1739 (C=0, ester), 3437 cm~! (NH,
amide); UV/Vis (CHCL): A, =419, 513, 545, 587, 642 nm; 'H NMR
(500 MHz, CDCl,, 25°C, TMS): 6 = —2.6 (s, 2H; inner H), —0.2 (s, 24 H,
2,2-dimethyl), 0.8 (t, 12H; (CH,);cCH,), 1.0 (s, 12H; CH,), 1.0-1.3 (m,
112H; (CH,),4,CH;, 128 H; (CH,)y6), 1.5 (m, 8H; OC(=0)CH,CH,(CH,),,,
8H; CH,CH,0C(=0Q)), 2.2 (t, 8H; OC(=O)CH,(CH,)4), 2.5 (s, 16H;
OC(E=O)CH,),C(=0)0), 30 (m, 8H; CH,OT), 40 (m, 16H;
C(CH,0C(=0)),, 8H; CH,OC(=0)(CH,),), 7.1 (s, 4H; amide), 72-73
(m, 60H; Tri), 74 (t, 4H; Ph H4), 7.7 (t, 8H; Ph H5), 7.8 (d, 4H; phenyl H3),
8.7 (d, 4H; Ph H6), 8.8 ppm (s, 8H; pyrrole).

5,10,15,20-Tetrakis{a,a,0,a-0-{20-[3-(2-octadecanoyloxymethyl-2-hydroxy-
methylpropanoxycarbonyl)propanoyloxyl-2,2-dimethylicosanamido}phe-
nyljporphine (5a): Boron trifluoride methanol complex (0.85mL,
1.64 mmol) was added to a solution of 4 (1.33 g, 0.273 mmol) in dry CH,Cl,
(60 mL). After stirring for 4 h at room temperature, the green solution was
carefully poured into ice/water to stop the reaction, and the mixture
extracted with CHCl,. The organic layer was dried over anhydrous Na,SO,
and evaporated. Then a CHCl, solution of the residue was added dropwise
to the excess MeOH to precipitate the porphyrin. The filtered crude
product was purified by column chromatography on silica gel with CHCly/
MeOH (20:1) as eluent. The major fraction was collected and dried at room
temperature for several hours in vacuo to give compound Sa as a purple
solid (1.07 g, 92%). R;=03-04 (CHCl/MeOH, 20:1); IR (NaCl): ¥ =
1691 (C=0, amide), 1738 (C=0, ester), 3436 (NH, amide), 3502 cm~! (OH,
alcohol); UV/Vis (CHCL): Ay, =419, 513, 545, 587, 642 nm; 'H NMR
(500 MHz, CDCl,, 25°C, TMS): 6 = —2.6 (s, 2H; inner H), - 0.2 (s, 24H;
2,2-dimethyl), 0.8 (t, 12H; (CH,)xCH,), 1.0 (s, 12H; CH;), 1.0-1.3 (m,
112H; (CH,)4CH;, 128 H; (CHa)s6), 1.7 (m, 8H; OC(=0)CH,CH,(CH,)14,
8H; CH,CH,0C(=0)), 23 (t, 8H; OC(=0)CH,(CH,),,), 2.6 (s, 16H;
OC(=0)CH,),C(=0)0), 34 (d, 8H; CH,OH), 41 (m, 16H;
C(CH,0C(=0)),, 8H; CH,0C(=0)(CH,),), 71 (s, 4H; amide), 75 (t,
4H; Ph H4), 7.8 (t, 8H; Ph H5), 79 (d, 4H; Ph H3), 8.7 (d, 4H; Ph H6),
8.8 ppm (s, 8H; pyrrole); elemental analysis caled (%) for CuygH0NgO5,
CeH (3981.9): C 7420, H 1012, N 2.81; found: C 7434, H 9.72,
N2.7L

Iron complex of 5a (5b): A solution of Sa (296 mg, 75.9 umol) and 2,6-
lutidine (62.5 pL.) in dry THF (40 mL) was added dropwise to anhydrous
FeBr, (0.7 g) under dry N,. The mixture was refluxed for 2 h under an N,
atmosphere. The resulting solution was brought to dryness, and the residue
was extracted with CHCIl; and washed with water. After drying over
anhydrous Na,SO,, the organic layer was evaporated, and the crude
compound was separated by column chromatography on silica gel with
CHCIl,/MeOH (20:1) as eluent. The major band was collected and dried at
room temperature for several hours in vacuo to give compound §b as dark
purple solid (249mg, 81%). R;=02-03 (CHClyMeOH, 20:1); IR
(NaCl): #=1692 (C=0, amide), 1737 (C=0, ester), 3433 (NH, amide),
3460 cm™! (OH, alcohol); UV/Vis (CHCL): A, =357, 417, 506, 577, 644,
683 nm.

§,10,15,20-Tetrakis{a,a,z,a-0-{20-[3-(2-octadecanoyloxymethyl-2-trimeth-
ylammonioethoxyphosphonatoxymethylpropanoxycarbonyl)propanoyl-

oxy]-2,2-dimethylicosanamido}phenyl}porphinatoiron@) bromide (6b):
2-Chloro-1,3,2-dioxaphospholane 2-oxide (372 pL) was added to a solution
of 5b (249 mg, 61.6 pmol) and triethylamine (0.637 mL, 4.58 mmol) in dry
CH,Cl, (20mL) at 0°C under an argon atmosphere. After stirring the
mixture for 1 h and an additional 1 h at room temperature, the solvent was
removed under reduced pressure. Then, the resultant phosphate triester
was redisolved in dry DMF (30mL), and anhydrous trimethylamine
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(4.0 mL) was immediately added. The mixture was sealed in a pressure
bottle and allowed to react for 1 h at room temperature. After an additional
16 h at 60°C, the solvent was removed, and the residue was washed with
MeOH. The remaining brown crude porphyrin was purified by gel column
chromatography on Sephadex LH-60 with benzene/MeOH (2:1) as eluent
to give a compound 6b as dark purple solid (202 mg, 79%). IR (NaCl): ¥ =
1087 (POC, phosphate), 1216 (P=0, phosphate), 1692 (C=0, amide), 1735
(C=0, ester), 3431 ecm™! (NH, amide); UV/Vis (CHCL): 4., =353, 417,
501, 574, 635, 680 nm; elemental analysis calcd (%) for CpgoHasoNOuPs.
FeBr 2H,0 (4734.07): C 65.97, H 9.45, N 3.55; found: C 66.23, H 9.46, N
3.18.

Free-base porphyrin (6a): Phosphocholine groups were introduced into
compound 5a by using the same procedure as for 6b (Yield: 80%). IR
(NaCl): #=1089 (POC, phosphate), 1236 (P=0, phosphate), 1692 (C=0,
amide), 1734 (C=O, ester), 3430 cm™' (NH, amide); UV/Vis (CHCl,):
Amax =422, 516, 549, 590, 646 nm; '"H NMR (500 MHz, CDCly/CD;0D,
25°C, TMS): 6 = 2.6 (s, 2H; inner H), - 0.4 (s, 24 H; 2,2-dimethyl), 0.7 (t,
12H; (CHy)CHs), 0.8 (s, 12H; CH,), 0.8-12 (m, 112H; (CH,),,CH;,
128H; (CH,)), 14 (m, 8H; OC(=O)CH,CH,(CH,)s, 8H;
CH,CH,OC(=0)), 2.1 (t, 8H; OC(FO)CH,(CH,)), 24 (s, 16H;
OC(=O)(CH),C(=0)0), 3.0 (s, 36H; N*(CH,);), 34 (t, 8H; CH,
N+(CH;)s), 3.6 (s, 8H; P(=0)OCH,), 3.8 (m, 16H; C(CH,0C(=0)),,
8H; CH,0C(=0)(CH,),), 4.0 (t, 8H; CH,CH,N*(CH,)s), 71 (s, 4H;
amide), 7.3 (t, 4H; Ph H4), 7.6 (t, 8H; Ph HS), 7.7 (d, 4H; Ph H3), 84 (d,
4H; Ph H6), 8.6 ppm (s, 8H; pyrrole).

Preparation of aqueous lipid-porphyrin solutions

Free-base lipid-porphyrin solution: A benzene/methanol stock solution of 6a
(50 pL., 2.0mm) was placed in a SmL round bottom flask and slowly
evaporated on a rotary evaporator under reduced pressure to give a thin film
of the porphyrin at the bottom. The film was then dried in vacuo for 3 h;
deionized water (S mL) heated to 60°C was then injected. The mixture was
homogenized by vortex mixing with several small glass beads (ca. 10) and
briefly ultrasonicated by a bath-type sonicator. The resulting red solution
(20 uM) was incubated for at least 12 h at room temperature before use.

Lipid-porphyrinatoiron(y) solution. A benzene/methanol stock solution of
6b (50 pL, 2.0mm) and a solution of 1-dodecylimidazole in CHCl, (110
165 ul, 2.0mm) was slowly evaporated by using a rotary evaporator, as
described above, to give a thin film at the bottom of the flask. The film was
dried in vacuo for 3 h, and phosphate buffer (pH 7.3, 1 mm, 5 mL) heated at
60°C was added. Homogenization by a tip-type ultrasonicator (60 mW,
3 min) in a water bath gave a yellow-brown solution, which was incubated
for at least 12 h at room temperature. Then the 6b solution (20 um) was
deaerated by N, bubbling; addition of aqueous sodium dithionate (15mm,
20 uL) gave a solution of the bis-imidazole iron(1) complex 6¢. Excess
sodium dithionate was removed by quick passage through a Sephadex G-25
(coarse) column.

Transmission electron microscopy (TEM): The negatively stained speci-
mens for TEM were prepared as in previously reported procedures.*fl The
grids were observed in a JEOL JEM-100CX electron microscope at an
accelerating voitage of 100 kV.

Scanning force microscopy (SFM): A droplet of porphyrin solution (1-
5 um) was pipetted onto freshly cleaved, highly oriented pyrolytic graphite
(HOPG STM-1, Advanced Ceramics Co.). After 1 min, excess fluid was
carefully blotted off by filter paper, and air-drying was carried out for a
further 1 h. SFM measurements were carried out on a Nanoscope III
system (Digital Instruments Inc.) in the tapping mode under ambient
laboratory conditions. Silicon cantilevers (length 125 um) with a spring
constant between 21 and 78 Nm~! and a resonance frequency in the range
260410 kHz were used. The scanning rate was usnally 1.0 Hz. Imaging
was simultaneously performed by displaying the amplitude signal and the
height signal.

Langmuir - Blodgett layer and IT-A isotherm: A monolayer of lipid-
porhyrin was prepared at the air/water interface in a Nippon Laser &
Electronics LB Film Deposition System. Compound 6a was spread from a
1.17mu solution in CHCl/MeOH (10:1) onto the pure water subphase.
The area per 6a molecule was estimated from its surface pressure versus
molecular area (IT-A) isotherm. Furthermore, the monolayer was pulled
onto a clean glass plate to give a lipid-porphyrin monolayer, which was

5478 ——

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

42

applied perpendicular to the monolayer surface and slowly pulled up to
give porphyrin trilayers.

Exciton calculation

Monolayer: The center-to-center distance r,, of the dipole moments
between the origin porphyrin P, and the neighbor P, (Figure 4c) is given
by Equation (2)

T = [(ma)* + (nb)*]'* 2
the angle 6,,, by Equation (3)
tan@,, =nbima 3)

and the exciton interaction energies V,,, for the S, transitions and V7, for
the S, transitions by Equations (4) and (5).

Vo= M?r;3(1 - 3c0s%0,,,) 4

Vi =Mri3(1 — 35in°0),,,) &)
The total energy is the sum of the interactions of the infinite porphyrin
alignments on the 22 lines crossing the origin of the coordinate axes: V for
the S, transitions and the V" for the S, transitions.

Bilayer: The core of the porphyrin P, in the upper layer is assumed to be
shifted by -+4.02, +-2.68, and +d A in the x, y, and z directions, respectively,
from the center of the nearest porphyrin P, in the layer below. The center-
to-center distance ry of the dipole moments between porphyrin P, and each
porphyrin Py, is given by Equation (6).
ry=[(ma +4.02)% + (nb + 2.68)* + d*]? 6)
The angles 0, for the S, transitions and 0y, for the S, transitions are are
given by Equations (7) and (8).

cos0y, = (ma + 4.02)rz? @)

cosfy, = (nb +2.68)ri ®)
The exciton interaction energy Vj, for the S, transitions and V}, for the S,
transitions is given by Equations (9) and (10).

Via=Mri?(1 ~3cos?6,) ®

Vie= M4?(1 - 3cos?6y) (10)
The total energy is the sum of the interactions between P, and
46 porphyrins on the upper layer within a circle of about 5 nm: V, for the
S, transitions and V; for the S, transitions. Then the overall excitonic
interaction in our bilayer model is finally defined as the sum of Vand V, for
the S, transitions and V' and V; for the S, transitions.

Excited-state lifetimes: Singlet lifetimes of 6a were measured by using a
Horiba NAES-500 nanosecond fluorometer with an N, lamp (excitation-
side band-path filter: MC560, emission-side color filter: R62). The samples
were held in a cuvette (optical path length 1cm). Triplet lifetime
measurements on the nanosecond timescale were performed by using a
Unisoku TSP-600 time-resolved spectrophotometer system with a Con-
tinuum Surelite I-10 Q-switched Nd:YAG laser, which generated a second-
harmonic (532 nm) pulse of 6 ns duration with an energy of 200 mJ per
pulse (10 Hz). A 150 W Xenon arc lamp was used as the monitor light
source. The triplet decay of 6a was monitored by transient absorption at
450 nm. The concentration of the lipid-porphyrin was 1.7 pM, and experi-
ments were carried out at 25 °C. Time-resolved transient absorption spectra
after nanosecond laser flash photolysis were measured by an ANDOR
DHS520-18F-WR ICCD detector with an ORIEL MS-257 imaging mono-
chromator. The excitation laser pulse with a wavelength of 516 nm was
generated from the THG (355 nm; pulse width, 5ns) of a Spectron
SL803G-10 Nd:YAG laser by using a GWU BBO-OPO photoparametric
oscilator. A pulsed xenon flash lamp (10 W, 10 Hz, 100 ns pulse width) was
used as the monitor light source. The path length of the cuvette was 10 mm,
and all measurements were carried out by a Tokyo Instruments two-
channel simultaneous detection system at 25°C.
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O, Binding: O,-binding to the lipid-porphyrinatoiron() complex is ex-
pressed by Equation (11):
FeLP + O, == FeLP-0, (11)
where FelP is lipid-porphyrinatoiron(l) complex 6¢. The apparent O,-
binding affinity (gaseous pressure at half O, binding for 6¢, P;,) was
determined by spectral changes at various partial pressure of O,, as
described in the literature.l'” The half-life of the dioxygenated species was
determined by the time dependence of the absorption intensity at 540 nm,
which is due to the O, adduct.

Magnetic circular dichroism (MCD): MCD was measured on a phosphate
buffer solution of 6¢/DIm vesicles (8.0 um) under N,, CO, and O,
atmospheres on a JASCO J-820 circular dichrometer fitted with a 1.5 T
electromagnet. The accumulations were normally two performed twice,
and from each datum the value without an electromagnetic field was
subtracted as baseline.

Infrared spectroscopy: The phosphate buffer (pH 7.3, 1 mm) solution of 6¢
vesicles (3 mM) containing three equivalents of DIm was prepared by a
procedure similar to that described above in a bath-type ultrasonic
generator, followed by reduction with sodium dithionate. Separate samples
of this solution were exposed to atmospheres of CO, ¥Q,, and O,
(ISOTEC Inc., 99% enriched). Infrared spectra of each solution were
measured between 2000 and 1000 cm~! on a JASCO FT/IR-410 spectrom-
eter at 4 cm™! resolution. A CaF, cell (path length: 0.025 mm) was used for
all measurements.

Differential scanning calorimetry (DSC): Aqueous solutions of 6a, 6b, and
6b/DIm vesicles (1 wt %) were prepared by the same procedure as for IR
measurements. DSC for all samples was measured on a SEIKO Instruments
DSC120 differential scanning calorimeter at a scan rate of 2°Cmin~! in the
temperature range 5-80°C.
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Nano-structure and Oxygen-binding Ability of
Self-assembled Lipid-heme Vesicles

MRRZ, HEER, HHIEE
Teruyuki Komatsu, Miho Moritake, Eishun Tuchida
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Abstract

Molecular assemblies made of iron-porphyrins (hemes), which can reversibly bind and release oxygen molecule under physiological conditions
(in saline solution, pH 7.3, 37°C), have been synthesized and tried to use as totally synthetic oxygen-carriers in clinical situations. It is known
that amphiphilic hemes having phospholipid-like substituents are self-organized in aqueous media to form various shaped assemblies, in
particular, tetraphenylporphinatoiron complexes with four dialkylphosphocholine groups on the porphyrin ring plane produce bilayer vesicles
and form stable oxygen-adduct complexes. Recently, we have synthesized new lipid-heme, in which trimethyrolethane is introduced as an
attaching moiety for two long acylchains, and evaluated the nano-structure and oxygen-binding ability of its self-assembled vesicles. Electron
microscopy and atomic force microscopy revealed that lipid-heme and 1-dodecylimidazole were homogeneously organized in water to give
spherical unilamellar vesicles with a diameter of approximately 100 nm. Since the thickness of the membrane (10 nm) coincided to the twice of
the length of lipid-heme molecule (4.6 nm), it can be supposed that the vesicles were composed of double layer membrane structure. The
oxygen-binding affinity (Pi/2) was 30 Torr (37°C), which is close to that of human red blood cells, and its half-life time (z1/2) was enough long
(17 hr at 37°C). The oxygen association- and dissociation-rate constants determined by laser flash photolysis showed similar values of
hemoglobin’s, which indicates that oxygen absorption rate of the lipid-heme vesicles is 1,500-fold faster than that of red blood cells. Furthermore,
the coordination structure of oxygen molecule was evaluated by magnetic circular dichroism and infrared spectroscopies, and found to be bent/

end-on structure as same as hemoglobin.

Keywords
Lipid-heme, bilayer vesicles, nano-structure, oxygen-binding, totally synthetic oxygen-catrier, oxygen-coordination structure
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Fig. 1 Structure of lipid-heme molecule and its space-filling model.
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# vy, 300-700nmEE THRIE L 722,

2.2 JEFALKSEROIRE & a5

Ia/DIm®IEAHE (1/2.2-3.4 (BL)) 2 )F28 7520
BERB ISR L, # Z~60°CIoimE Ly vEREEE (1 mM,
pH7.3) 2z, Harickfl & w724, Kint, N,EEATT
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BHD Y E FNLIRGEHE ([~o]=20uM) 2B 5 172, Fig
TAL L L 1I2BMEBEL Thr s, SHEIHLE,

7 5 1 72Ta/DImokKiERE & BEEE ™7 5 =L /RISHE 2184 L, 8k
{tns & (JEOL HDT-400) THIIE L 72 % T Bk Fi 2 5
et & 2770w Fo bicod, SRTHBIE-%, BENET
R (TEM) BE%17-72 (JEOL, JEM-100CX) (&5
4 TYREEE), ZRRR7T 7 7 4+ (HOPG) #HAR b ic#rg &
& 7ela/DImsK BRI 120 T, BUFI8 H B SE (AFM) s
(Digital Instruments, Nanoscope III) # % L7, A fatko
B & 2 DA EEI LGRS 7 B2 %4 (COULTER
MODEL N4SD) # B\ THlE L7,

2.3 BARER NS A—F—

Ia/DIm7RsrEE ([Ja]=20uM, pH7.3) WETEMETT
PBFINDNa,S, O KEH2FNT 5 &, dogk () »Ens
N, ERREAIEME 8 (D s B o n s, £EONa,S,0, %
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TNIEE (Sephadex G-25) 12 & OBk L7oth, SR
8L (lemX lem) BBL, €78 A5 N—TER L7
TIANERE, —BBURFREBEL, UV-vis. 272 M2 BIE,
ARG PNy —ip HEEREE, —BILRESROHK B
W72 F72, B 2BENEICH T 2UV-vis. 227 F Lo
WAL &, BRMEAWEEMRE (R, BEERNE (P, 21t
E L7, BRI SERIRIIE (Amax: 5420m) WREHE DRERZ L &
B SR SE A 0 (me) 2EH, X2 2, Vv—=%¥—75 w2k
M 2 243 %8E (UNISOKU TSP-600, Nd:YAGL —H—%
CEdE (632nm)) BHIWT, BER, —EUR TG AREEEE
E <kom koff) BRE L 729,

2.4 HEPREA=ES (MCD) X2 B, SRR (IR) X
~_Z b

Ib/DImzksr 8k ([Ib] = 8uM, pH7.3) %, &%, BZE,
IR RFEAT T, £22.5mLF o500 M AR+ L
(1emX Iem) 1243 L, 1.5T (15kG) OREETF, 300-700nm
DEFHTMCDA~Z bR EIE L7 (JASCO J-820, FEHE S
2[l, 25C), F72, 0TICBITBCDRANRZ P ER—ZF 4 >
ELTHERLE,

Ib/DImk 53 ([~2]= 3 mM, pH7.3) %, &%, —#&
LK, BE (1°0,), 0, (IsotecInc. (USA) 99%) EEI%
TT, ZFRI50pLIREL, CaF,t/ (JASCO, 1103-7157E, +
NFe L 0.025mm) IZiEA, 400-4000cm ™ OB TIR R~ 7 [\ Wi%
ZHIE L 72 (JASCO FT-IR-410, 5#REs © 4cm™), FEEE K
64[5, 25C).

3. BRbIUEE
3.1 BB F /i
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BELDTEET, FH6 » B THIRBEEIRRD W, 2
DIREHDFR I BT SHRSE (TEM) 852 51ak Dimasskeh
TH—IZHH LT, REN00nmD— R NE 2 BRT 52 &
zH LI L7 (Fig. 2 (A). B (10nm) 7 ¥ F~ASF
BU.mmOTHBITHEY L7222 805, DMK ERF~LD
GBI LGB EEZ bR E, BE LI, YT
DIEAWOLE LTRBRDY VIRE (21T, Y293 b4k
A77F N2 (DPPC)) LRIV o—i%k Bz
ER~LzARL, 2Rk THDES LT 9T/ ak
EHBT A ERMELTWEYY, ZOYEF~AL(la) LY
M, FZFEEREMT L L ToDImpsET 254 F ORI
AR ERRTE S, ) —AESE ) A F—LT
ZATEBRLTY, DMEREREE AT > - . SRR
ALERIZ & D WE L7 MR osif%i397 £ 73nm ¢, TEMB L&
BE—EL.

%72, Ia/DImuk 538k %2 75 7 7 4 F AR LT8R R EF
SRR (AFM) BB 2475 &, DMk B TEH L -0
B A3 & 7z (Fig. 2 (B)), 2 HIZDPPCA Y oY) o

BEDP L2 5/MERICRONBRE ELLTEY, WAKES
HY BN D AFMBE TIE— RN TH 210, O 33
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¥)—T19.5nm. COFEN ) ER~NLATHTEOELD 42
—H Lo d, ST RBERESEMNT LN,

Fig.2 (A) TEM of ¥a/DIm vesicle stained by uranyl acetate. (B)
AFM image of the evaporated sample of Ta/DIm vesicles on
HOPG.

3.2 BBRIESHRE :
Ib/DIm/MEEDUV-vis. 2227 F Ui, BREFST Tlna |
436, 538, 568nm#% iR L, O MEEAIE I DImAEA L7 6 &
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LRANRT PG = LRI EE R AT (Amax © 435, 543nm)
~BATL, SOBBREAMREEL BE/ SEOREAAICHEGE
WHNCEAL L7 (Fig. 3). F7, —BLRELPREAL X xh
DTEEL AN RZ IR (Anay - 433, 545nm) PE LN,
R bBESEIHT 2UV-vis. 227 FABALL LB L8R
FHAE (Py2) 1330Torr (37C) Th FFHRIMERODME (27Torr)
IZIE <19, BRFREEROERIAL 17hr (37°C) L B\, BTHAY
A P ThHE~LTHVNMEFER L 5594 0nm P OB/ S 12 8 8
ELSZRTEA L TEESI N T 57209, y-oxo Bk
E7u b VBRI NADTH S, T, T4
TR EERIZR23,0000FO ) EF~LLLEBRINTED,
ZDETCITBESFIREATE S (Fig.4). HboBEE 488
RRLNIWFEERS (bWwaTexFY v 2758 2BES
Npwds, B2 iEM (Poy: 110Torr) ~3KANM#EE (Po,: 40Torr)
MIZHEIT2 Y B R~ REOBREERSE (20%) 13, #Hi
RO (22%) WRET B 50, ATEBEERE: LT+
DUBFERAENZALTCWE X w-Thw (Fig.5).
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Fig. 3 UV-vis. absorption spectral changes of Ib/DIm vesicles in
phosphate buffer solution (pH 7.3) at 25°C.
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Fig. 4 Schematic illustration of Ib/DIm bilayer vesicles.
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Fig. 5 O,-equilibrium curve of Ib/DIm vesicles in phosphate buffer
solution (pH 7.3) at 37°C.
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=77y a2k b VRFETLYRE LR B F~LMaE
Dkons kors\THbOME & FIEFEZ R L™, ZIUIEREICAE
ENTHBENFMER L W L7235 E, BRWBLEDEED
1,500f5@E 2 & 2 FIRT 57,

Table 1 O,- and CO-binding rate constants of Ib/DIm vesicle
in phosphate buffer solution (pH 7.3) at 25 °C.

0, co
k,, [M's1] kQ”.[s"] k,, M's]
Ib/DIm vesicle 1.6X107  2.5X10? 1.2X107
Hb(T-state)a? 2.9X108 1.8XX10? 22X10°
Red blood cell® 1.1X10* 1.6X 10! 1.4X104

pH 7.0-7.4,20 °C, ref.17, 18.  YipH 7.4, ref. 19,

3.3 Y E F~LOEARAISE & BERECEE

AR~ LEHE ORI RN Al (MCD) 27 vl
EDSHIL, FOBLHKIE Rk, BARECET IEE
TEIRDEE 55200 Ih/Dim/Matko 2R, BER, —BLR
FEHATIRBIAMCDARY L, FNENRL B35 —
vE7RL% (Fig.6). 2nbHdCollmanbpHMELTWEF |+
722 NWENT7 4 ) AD-EA (N-AF1f 25V —N)
[FeTPP (N-Melm),] $&t%, FeTPP (N-Melm) (CO) &%,
B IS RERFeTPP (0,) kD F — v & L < —F
L7220, 2% 0, BREEAT T, 2 20DImA HE A I
WA LREAD 6 AR B s#idiBE 2 & 2905, 22 EF%,
—BBILREFRBET 3 &, DImo 1 2450, COIZE £#:4 1 Soret
EAER IS FEDE R E L MCDAHIET 5. ORI, %
FUV-vis. A7 bVp 5B L T 72Ib/DIm/Ma ki fir
BEBDPELAI EE2RLTW S,

20 4 s - URCET Ny

: under O,
------ : under CO
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Fig. 6 MCD spectral changes of Ib/DIm vesicles in phosphate buffer
solution (pH 7.3) at 25°C.

AL BT A BAIEE R O WHEIRE (vo,) 12, IRA~Z
M X ) EHBRT 5 2 L2 TE B, —RITKIEERDGA,
IROPD K E i, BT ERPHAVWTCERT S, b/
DIm (**0,) $k» &51b/DIm (CO) $EERDIRA~Z FNEEL
BI< &, 1155em™ i EfirEs & O MHaiRED (v'%,) BRI e
(Table2). ZOfEATR—,¢— FH 4 F (1145cm™) i 2
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b, HUOFeTPPHEEME L FEE, V) E F~ADOBEE
#(Ibent end~onZl & F 2 5152, & 542, Th/Dim (*0,) 4%
& —Ib/DIm (CO) $ENE R 2 F T iZv'®0, (1081cm™)
HHERL, v0,-v%0, M RMIRT 7 MA (T4cm™) (3, BEfE
(Tdem™) & k< —F L7, THEDTEER, BEW < HFH®
BEEAY B R ANLAPREDNLABICEM L T2 2 L 2 RT
RTHb, i, BEN—BILEBEOMEEE (veo=1969cm™")
LEUDOFeTPPHEMARNE L —5 Lz, HOMEEMEL Y R
~&NREOPTL, WEETH 2DImo P OSADENICE
AEWEEZ LB,

Table 2 IR spectral data of Ib/DIm vesicle in phosphate
buffer solution (pH 7.3) at 25 °C.

O, CcO
Visg.teg Visp.150 Vl:C_mO
[em] fem™] [em™]
Ib/DIm vesicle 1155 1081 1969
FeTpivPP(MIm)# 1159 1075 1969
0, or CO (gas) 1556 - 2143
0, 1145 - -

“FeTpivPP(MIm): Picket-fence Fe(Il)porphyrin(1-methyl-
imidazole) complex (Nujol) (ref. 22).

4, ¥ @
JUREEBEBRED VDT UNLVBHATMLE LT MY A Fa—0
Y REALLH LW ERFALZ2ARL, 20 7KERT
BOESLTERT 2 "o FE/Natko F /) Bk L BB A
PHLPIILR, S ko—nB2 Y AFu— Ty L IiCER
LTo, PaEERECEIEZ W, BB, 2250903 b
ANEEZ PR Fo—Iy o THEB LY VIEE L, DPPCE
FRRICKBERTHREMICEAE LT TR AMNatke 5272, 7
Jer— X0 RBBEOFE M I AF 0Ny L EEDSTF
WEDITH D, T FHEEER LB FRESRIEE VT
Bdbsb, TOYEF~LRIERRNFE LTI-F7TINA4
V- NREHMN LTS L 2R 100nm o —HUE N etk
BEOREALCH, BRELBRIEBEREZBR L, BERN
HI330Torr (37°C) Tk FARMIRDOMEITIE {, BTG FHT
i317hr (37C) L ERIRMZ 2 REELEHD. O
Hatkiz#23,0005F DU ERF~LADP LB ENTWEDT, %
DETICBRFSTVEATELI LICh 2, BRES « BEHE
BEKIT, ~E7oErDEERIET, TRIEBEOWRDEE
FE R MERIZ AL, 500G 2 L 2Bk LT w5, S50, B
RO EI~T 0ty EE Lbent end-onBIThH L 2 X %
FERR L7z, A, BIREY) € F~a/hMafkk ko mmii,
MFE S, ERNBRERAEC O TR 2 EDT WS,

BB
AW —E I, BAEFEINE (BEERERFEEE A

TAHAHRMERFAFE S EF) B &0 B AREMIRBEF R R H 4
(13650938) =k nithitle, WL THBEET 5.
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a-Cyclodextrin («CD)-penetrating 2-methyl-1-phenethyl-
imidazole coordinates to the zinc(ir) and iron(i) complexes
of meso-tetrakis[o-(N-methyl)pyridinium] porphyrinate,
giving non-covalently linked aCD-porphyrin ensembles; the
iron(11) complex can reversibly bind and release dioxygen in
aqueous DMF solution.

Modified porphyrinatoiron(i) complexes with a highly-compl-
icated structure, which are prepared by general organic
synthetic procedures, namely covalent bonding, have been
extensibly studied to mimic the diverse reactivities of hemopro-
teins. 12 In particular, the designs of single-face or double-face
encumbered models have been a topic of great interest for the
preparation of dioxygen (O,)-carrying hemes as hemoglobin
and myoglobin analogues.3-4 Based on these significant efforts,
we now recognize that two crucial factors are necessary for the
dioxygenation of the synthetic heme; (i) bulky-substituents on
the porphyrin ring plane to prevent p-oxo dimer formation, and
(i) a hydrophobic environment to exclude the protons,
especially in aqueous media.5 However, a great deal of labor is
generally required to introduce the encumbrance on the
porphyrin macrocycle and the total synthetic yields are rather
low. If a suitable molecular structure, which provides the O,-
binding capability to the porphyrin platform, is constructed by
non-covalent bond formations in water, a totally new class of
porphyrin architectures will appear in this chemistry. We report
herein for the first time the formation of meso-tetrakis[o-(N-
methyl)pyridinium]porphyrinato-zinc(i) and -iron(u1) ensem-
bles with axially coordinated w«-cyclodextrin-penetrating
2-methyl-1-phenethylimidazole (¢«CD-MPIm), and the reversi-
ble O, binding to the iron(ir) complex in aqueous DMF solution
(Fig. 1). We have employed an «CD to prepare the water-
soluble bulky proximal base, and its binding to the flat
tetracationic porphyrinato-iron(u) leads to a stable O,-adduct
formation. This is the first example of dioxygenation of a non-
covalently linked supramolecular architecture of a cyclodex-
trin-heme complex.

meso-Tetrakis(o-pyridyDporphine (TPyP), prepared by Ad-
ler’s method,® was reacted with CH;I in CHCL;-EtOH solution
to yield the quaternarized 5,10,15,20-tetrakis[o-(N-methyl)pyr-

Fig. 1 The possible dominant ocoeee structure of the dioxygenated 1¢(aCD-
MPIm) ensemble.
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idinium]porphine tetraiodide (47%). The Zn(u) insertion was
carried out using Zn(OAc); in MeOH, affording the Zn(u)
complex (1a). In the case of the iron complex (1b), the central
metal was formerly introduced to TPyP by FeBr, in DMF, and
then quaternarized using CH3I. Both materials were finally
passed through an ion exchange column (Dowex 1-2X) to
convert their counter anions to Cl—. Analytical data for all the
compounds were satisfactorily obtained.

As Miskelly et al. reported, four rotational atropisomers of 1a
could be separated on silica gel using an eluent of 2-butanone—
conc. aq. NH;—NH4PF¢-N-methylimidazole (MIm).” However,
attempts to separate these isomers without PF¢~ counter anions
and axially coordinated MIm were unsuccessful. Anyhow, it is
true that the coeerfd isomer is the most dominant species of 1a
(ca. 50%) at thermal equilibrium.8

From the aqueous suspension of «CD and MPIm (20-fold
molar excess), the equivalent inclusion compound, «CD-
MPIm, was isolated as a white solid. The 'H NMR spectrum,
where all signals were carefully assigned by !H-!H COSY,
showed that (i) it exactly consists of a 1:1 complex of the host
and guest molecules, and (ii) MPIm is incorporated into the
apolar cavity of the «CD on the basis of the upfield shifts of the
proton signals for the 3- and 5-positions inside the «CD ring;
Appm = +0.075 and +0.049 for 3H and 5H, respectively.
However, the magnitudes of these shifts were relatively small
compared to the previously reported examples.® The molecular
length of MPIm (9.5 A) is longer than the depth of the «CD (6.7
A), therefore, the ethylene moiety of MPIm may be located in
the middle of the cyclic hexaglucopyranose. Hence, the ring
current shift observed in the inner-H of «CD by the phenyl and
imidazolyl groups is somewhat small. The FAB-MS also
demonstrated a molecular-mass ion peak of «CD-MPIm at
1159.9 [M*]. The hydrophobic and dipole—dipole interactions
are probably responsible for the driving force of this inclu-
sion.1® The MOPAC calculations suggested that the conformer,
in which the phenyl ring of MPIm (4.2 Debye) is oriented to the
secondary hydroxyl side (the narrower rim) of «CD (9.4
Debye), is energetically more favorable than the reverse one.

The addition of this «CD-MPIm ligand to the aqueous
solution of 1a gave a five-N-coordinate Zn(1) complex (Amax:
430, 559, 594 nm). Although anionic tetraarylporphyrins are
known to form 1:2 complexes with B-cyclodextrin, the cationic
porphyrins have no interaction with any cyclodextrin family.!!
The binding constant of «CD-MPIm (Kg = 1.0 X 102 M—lin
water) to 1a was nearly the same as that of the 1,2-dimethylimi-
dazole (DMIm) (Kg = 0.9 X 102 M~1), indicating that the
aCD-complexation produced no effect on the axial imidazole
association constant. The most remarkable observation in the
«CD-MPIm binding to the Zn(11) center is inducing the rotation
of the C—C bond between the meso-C and the pyridinium 1-C.
In the TH NMR spectrum of 1a itself in D,O, the signals of
pyrrole B-H and the pyridinium 6-H appeared as a singlet at 8.85
and 9.25 ppm, respectively. On the contrary, after the «CD-
MPIm coordination, they both became doublets and the
pyridium 3-H signals significantly shifted upfield (Appm:
—0.12 ppm). Since the DMIm binding to 1a did not induce such

This journal is ©@ The Royal Society of Chemistry 2003



dramatic changes, we concluded that the bulky «CD-MPIm
coordination influences the atropisomer equilibrium of 1a in
statistical distribution.!2 The chemical shifts for 2-CH; hydro-
gens of the pyridinium groups in 1a(aCD-MPIm) might be
more informative on which isomers exist,” but they were
interfered with by the «CD signals.

The ferric 1b was reduced to the corresponding ferrous
complex (1¢) in water by adding a two-fold molar excess of
aqueous NayS,04 under an N, atmosphere with «CD-MPIm.
The UV-vis absorption spectrum showed the typical five-N-
coordinate high-spin Fe(i) complex (Amax: 431, 533, 562
nm).3* However, upon exposure to O, gas, le(«CD-MPIm)
was oxidized to the ferric state even at low temperature (5
°C).

In a DMF-water (3/2, v/v) solution, the identical five-N-
coordinate complex (Amax: 435, 538, 564, 621 nm) of 1e(oCD-
MPIm) was formed under an N, atmosphere as well, and the
obtained complex was stable in the range of 10 uM-1 mM at
5-40 °C (Fig. 2). After bubbling O, gas through this solution,
the UV-vis absorption immediately changed to that of the O,-
adduct complex [Amax: 422, 542, 570 (sh.) nm] at 5 °C.3-5 This
dioxygenation was sufficiently kinetically stable, and reversibly
observed depending on the O, partial pressure. After the
addition of CO, 1le(wCD-MPIm) produced a very stable
carbonyl complex [Anax: 420, 535, 564 (sh.) nm]. The resulting
0O, and CO adduct species are both diamagnetic and the 'H
NMR spectra showed characteristics of § = 0.13 Oxidation to
the Fe(mm)porphyrin slowly took place; the final product was the
Fe(ur)OH complex with a Ap,y at 415 and 589 nm.14 It is quite
remarkable that the oxidation process obeyed first-order
kinetics (half-life was ca. 40 min at 5 °C) even under a relatively
low Oj-partial pressure (ca. 20 Torr) (Fig. 2 inset). The
positively charged pyridinium groups at the porphyrin periph-
ery could prevent u-oxo dimer formation by an electrostatic
repulsion. Neutral 5,10,15,20-tetraphenylporphyrinato-iron-
(1)(wCD-MPIm) [FeTPP(«CD-MPIm)] rapidly oxidized after
the O, bubbling under the same conditions. We considered that
the «CD-MPIm coordination to the coafs and xocover isomers of
1c¢ took place from the B-side of the porphyrin plane by steric
hindrance to the 2-CH3 groups of the pyridinium rings. As a
result, there were at least two pyridinium cations surrounding
the O,-coordination site of 1¢(o«CD-MPIm), and then the proton
driven oxidation was retarded.

The three-dimensional structure of the dioxygenated
1¢(eCD-MPIm) ensemble was simulated by molecular dy-
namics calculations.!5 The significant properties of the archi-
tecture are: (i) MPIm penetrates the cavity of «CD and half of
the imidazole- and phenyl-rings are forced out from the cyclic
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Fig. 2 Visible absorption spectra of the 1¢(«CD-MPIm) ensemble and its

0,-, CO-adduct complexes in DMF-H,0 (3/2 v/v) solution at 5 °C. The

inset demonstrates the first-order plots of the absorption decay at 542 nm
(O,-adduct species).
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hexaglucopyranose, which supports the 'H NMR spectral data,
(ii) the meso-pyridinium groups and the rim of the «CD bucket
contact within the van der Waals distance, and (iii) the
imidazole coordination angle does not distort and is identical to
that observed in the same calculation for other dioxygenated
FeTPP derivatives:

In conclusion, the non-covalently linked o«CD-porphyrin
ensemble consisting of the simple flat tetracationic-porphyr-
inato-iron(1r) and «CD-penetrating proximal imidazole showed
the following unique characteristics. (i) The synthetic yield of
the architecture based on the porphyrin is in principle = 100%.
(ii) The Oj-adduct complex of 1le(awCD-MPIm) is the first
example of a new class of synthetic O,-carrying hemoprotein
models which is constructed by non-covalent bond formations.
The molecular O, can bind from the aqueous side to the flat
porphyrinato-iron(ir) and no oxidation occurs in polar environ-
ment, because protons cannot reach the dioxygen active site.
(iii) The obtained ensemble was easily dissociated by the
addition of methanol, and each building block was withdrawn
by gel column chromatography. Further investigations to
evaluate the O,-binding behavior of these porphyrin archi-
tectures are now underway.

This work was partially supported by a Grant-in-Aid for
Scientific Research (No. 13650938, 13031072) and COE
Program ‘Practical Nano-Chemistry’ from MEXT, Japan.
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Synthetic Dioxygen-carrying Hemoprotein. Human Serum Albumin Including Iron(I)
Complex of Protoporphyrin IX with an Axially Coordinated Histidylglycyl-propionate
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Human serum albumin incorporating the iron(ll) complex
of protoporphyrin IX having an axially coordinated histidylgly-
cyl-propionate formed a dioxygen-adduct complex in aqueous
media (pH 7.3). The O,-binding affinity (Py2) was 0.1 Torr at
25°C.

Apomyoglobin spontaneously incorporates an iron(ll)
complex of protoporphyrin IX (hemin) and enable the prosthetic
group to bind a dioxygen molecule (0,).1 Human serum albu-
min (HSA), the most abundant plasma protein in our blood
stream, also captures a hemin dissociated from methemoglobin
and accommodates it in the subdomain IB.** However, this
HSA-hemin hybrid cannot form the O;-adduct complex, even
if one reduces the central ferric ion of the hemin to the ferrous
state, We have shown that HSA including highly encumbered
tetraphenylporphinato-iron(Il) (Fe*™TPP) derivatives can only
bind and release O, under physiological conditions similar to
hemoglobin (Hb) and myoglobin (Mb).* The prerequisites of
these stable dioxygenations were believed to provide the
FeXTPP structure with (i) steric hindrance around the O,-bind-
ing site to prevent proton access, and (i) a covalently bound
proximal imidazole. More recently, we have found that the
iron(11) complex of protoporphyrin IX having an axially coordi-
nated histidylglycyl-propionate is also included into the HSA
interior and forms an O-adduct in agueous media at 25 °C. This
communication reports for the first time the HSA hybrids incor-
porating natural protoheme I1X derivatives as novel synthetic
O,-carrying hemoproteins.

M: 2H a

Fe*Cr b

Fe?* c

Ri -CHy Ry~ ~UNTN 1
”

-CH,CHg \/\/N\__:__IN 2

H
o? o HN

The free-base porphyrin of the pioneering Mb model, che-
lated heme 1a,° was synthesized by our one-pot reaction proce-
dure using benzotriazol-1-yloxytris(dimethylamino)phospho-
nium hexafluorophosphate (BOP) at room temperature in

pyridine. After the reaction, the mixture, when poured into ex-
cess water, led to precipitation of the crude product; the pyri-
dine, water soluble BOP, and formed hexamethylphosphor-
amide were easily filtered off. Compound 2a with an ethyl
propionate, and compound 3a having a histidylglycyl-propio-
nate were also prepared in the same manner (Yield: 30%).7
The iron insertion was performed using FeCly in DMF to give
the corresponding hemin derivatives. The analytical data of all
compounds were satisfactorily obtained.®

The UV-vis absorption spectrum of the ferrous complex 3¢
(Amax: 423, 533, 555nm) in DMF showed the formation of the
typical five-N-coordinated high-spin iron(II) complex as well as
ic and 2¢. Upon the bubbling of Oy gas through this solution,
the UV-vis absorption immediately changed to that of the O~
adduct complex (Apax: 408, 540, 575 nm). The dioxygenated 3¢
transferred to the stable carbonyl species (Apmax: 419, 537,
568nm) after the exposure of carbon monoxide (CO). The
O,-binding affinity (P;;) of 3¢ was determined to be 0.2 Torr
in DMF solution, which is slightly lower (high affinity) than
those of 1c and 2¢ (P, 2: 0.3 Torr) (Table 1).% The O;-binding
affinity normally elevates in proportion to an increase in the ba-
sicity of the trans-coordinated imidazole,” but histidine in 3¢
showed a smaller pK, (6.0) in comparison to the value of |-
{acetoamidopropyl)imidazole (pK, = 6.6) for 2¢. The high
O,-binding affinity of 3¢ is presumably due to a favorable geo-
metry of the imidazole bonding to the central iron, which was
supported by the preliminary results on our molecular simula-
tions of the dioxygenated 3¢ complex.!

The hybridization of HSA and the protoheme IX deriva-
tives (molar ratio; 1/1) were carried out as follows. The ethanol
solution of the carbonylated heme (1.6 mM, 50 L) was slowly
injected into the phosphate buffered solution (pH 7.3, 1 mM) of
the recombinant HSA (tHSAY! (20 uM, 4 mL) under an argon
atmosphere. The obtained aqueous solutions were stable for a
few months without precipitation. The UV—vis absorption spec-
tra of the rHSA-heme hybrids showed formation of the CO-ad-

Table 1. O,-binding parameters of tHSA-protoheme IX deri-
vatives at 25°C

K Py (Torr) Tip (min‘)w
P o pwp | THSA hybrid  GHSA hybrid
m water in water
e 66 03 0.1 20
0.3b 1.0° —
%k 66 0.3 0.1 50
3¢ 60 0.2 0.1 90

*pKa value of 1-(acetoamidoprpoyDimidazole in water (Ref.,
6b), PRef. 6d, °2% Aqueous myristyltrimethylammonium-
bromide suspension (Ref. 6¢). YpKa value of histidine in
water.

Copyright © 2003 The Chemical Society of Japan
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Figure 1. UV-vig absorption spectral changes of rHSA-3¢ in
phosphate buffered solution (pH 7.3, 25°C); under Ar: ----,
under Op: —, under CO:

duct complexes (Figure 1). The binding number of protoheme
IX derivative in one albumin molecule was confirmed to be
one by assay of the each concentration and the relatively high
binding constants of the hemes for rHSA (K. ca. 4 x
106 M™Y. The isvelectric points { p/ = 4.8) and circular dichlo-
ism spectra of tHSA-hemes were identical to those observed for
rHSA itself, which indicated that the surface net charges and
second-order structure of rHSA host did not change after incor-
poration of the heme guest. Light irradiation of the carbonyl
complex of tTHSA-3c led to CO dissociation and a changing
of spectrum, in which two peaks appeared in the Q band region;
the resulting spectral shape resembles that of the six-coordi-
nated low-spin mescheme derivatives.® This result implies that
the sixth coordination site of 3¢ is occupied by some amino acid
residue of albumin. The spectral feature of rHSA—1c¢ and tHSA~

2¢ also showed the same trend.

Upon exposure of the rHSA-3¢ solution to O,, the UV-vis
absorption spectrum rapidly changed to that of the O,-adduct
complex (Figure 1). From the recent result on our crystal struc-
tural analysis of THSA-hemin hybrid,* we infer that the proto-
heme derivatives le, 2e, and 3¢ are also accommodated into
the hydrophobic site of the subdomain IB, and it may contribute
to their Oz-adduct complex formation. The O,-binding affinity
(P12) of tHSA-2¢c and rHSA-3¢ were determined to be both
0.1Torr. Accompanying the autooxidation of the central
iron(Il), the absorption band (Amg: 540, 571nm) slowly de-

creased, leading to the formation of the inactive protohemin

The half life-times (71y2) of the Op-adduct species for tHSA-
2¢ and rHSA-3c¢ were 50min and 90min, respectively
(Table 1). We concluded that the axially bound histydylgly-
cyl-propionate to protoheme IX provided a more stable O;-ad-
duct compared to the imidazolyl one, and the ethyl propionate
on the other side also contributed the increased stability for the
dioxygenated complex relative to the methyl-propionate (T, of

rHSA-1c: 20 min).

In conclusion, THSA successfully incorporated protoheme
IX derivatives with an intramolecularly coordinated proximal
base, giving rtHSA-heme hybrids, which form O, adducts at
25°C. These are the first examples of the synthetic Oy-carrying
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hemoprateins containing the nataral protoheme IX derivative as
a prosthetic group, which may also act as a very new class of
artificial hemoprotein enzymes as well,

This work was partially supported by Health Science Re-

search Grants (Research on Pharmaceutical and Medical Safety)
of the MHLW, and by a Grant-in-Aid for Scientific Research
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Molecular Energy and Electron Transfer Assemblies Made of Self-Organized
Lipid-Porphyrin Bilayer Vesicles

Teruyuki Komatsu, Miho Moritake, and Eishun Tsuchida*!?]

Abstract: Novel molecular energy and
electron transfer assemblies in vesicular
form, which are made of self-organized
amphiphilic porphyrins bearing phos-
pholipid-like substituents (lipid-por-
phyrins), have been photochemically
characterized.  Tetraphenylporphyrin
(TPP) derivatives with four dialkylphos-
phocholine groups [free-base (1a), Zn>*
complex (1b), and Fe** complex (1¢)]
are spontaneously associated in water to
form spherical unilamellar vesicles with
a diameter of 100-150 nm. Exciton

mic shift appearing in the aqueous
solution of 1b well. The UV/Vis absorp-
tion spectrum of the 1a/1b hybrid vesi-
cles (molar ratio: 1/1) showed no elec-
tronic interaction between the two por-
phyrin chromophores in the ground
state, but efficient intermolecular sin-
glet—singlet energy transfer took place
from the excited 1b donors to the 1a
acceptor within the vesicle. Near-field
scanning optical microspectroscopy of
the 1a/l1b vesicles on a graphite surface
also showed only free-base porphyrin

fluorescence. The efficiency of the en-
ergy transfer was 0.81 and the rate
constant was 3.1 x 10°s~% On the other
hand, protoporphyrin IX bearing two
alkylphosphocholine propionates (2)
was incorporated into the la or le
bilayer vesicles (ca. 100 nm ¢, molar
ratio: 1a/2 or 1¢/2=10). The UV/Vis
absorption spectrum showed that 2 was
successfully anchored into the fluid
alkylene region of the membrane with-
out stacking. Photoirradiation (4.,
390nm) of the 1¢/2 vesicles in the

calculations based on the bilayered
sheet model of 1b, which has a porphyr-
in packing similar to that seen in the
triclinic unit cell of the Zn**TPP crystals,
reproduced the Soret band bathochro-

Introduction

In nature, solar energy conversion is triggered by the
capturing of sunlight by hundreds of chlorophyll arrays. That
excited energy is funneled to a reaction center by an
extremely efficient transfer of energy and is converted to
chemical potential in the form of a long-lived charge-
separated state.!! To obtain insight into these natural light-
harvesting events, numerous porphyrinoid arrays linked by
covalent bonds have been synthesized.> 3 Nonetheless, gen-
era] organic synthetic procedures did not allow the construc-
tion of a large-scale supramolecular architecture in which
more than hundreds of metalloporphyrins are ordered with
great regularity. Thus, noncovalent approaches could present
considerable advantages. 5! Furthermore, if we are to repro-
duce any biochemical reaction, the aqueous medium is
particularly important. From these points of view, self-
organized porphyrin assemblies have attracted attention as a
potential light-harvesting antennae model in water. Whereas

[a] Prof. E. Tsuchida, Dr. T. Komatsu, M. Moritake
Advanced Research Institute for Science and Engineering Waseda
University, Tokyo 169-8555 (Japan)
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presence of triethanolamine led a vec-
torial electron transfer from the outer
aqueous phase to the membrane center,
which allowed reduction of the ferric ion
of the Fe3*TPP platform.

porphyrin H-aggregates are generally quenched due to the
large exciton couplings,®! J-aggregated porphyrins show
strong fluorescence.”? One of the most significant examples
of the emitting assemblies is our spherical bilayered vesicles
made of amphiphilic tetraphenylporphyrin (TPP) with four
phospholipid-like substituents (lipid-porphyrin, 1a); its fluo-

Chem. Eur. J, 2003, 9, 46264633
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rescence intensity remained 76 % of that of the monomer in
organic solvent.!®! Herein, we report on novel bilayer vesicles
consisting of two lipid-porphyrin ensembles [free-base (1a)
and Zn?* complex (1b)], in which an efficient singlet —singlet
energy transfer took place based on the in-plane tightest
packing of the porphyrin platforms. In addition, we present
vectorial electron migration from the bulk aqueous phase to
the membrane center of the Fe** complex lipid - porphyrin
(1¢) vesicles. The amphiphilic protoporphyrin IX (2) anch-
ored into the highly oriented alkylchain region acts as an
electron transfer mediator. Photoirradiation (4: 390 nm)
under the coexistence of triethanolamine allowed reduction
of the central ferric ions of the Fe** porphyrins and gave an
0,-coordinating ability to the vesicles.

Results and Discussion

Nanostructure and fluorescence of the lipid-porphyrin vesi-
cles: The newly synthesized Zn** complex of lipid-porphyrin
1b was dispersed in deionized water by ultrasonication to give
a pink-colored colloidal solution. Transmission electron
microscopy (TEM) of the negatively stained and evaporated
sample on a copper grid showed that 1b forms spherical
unilamellar vesicles with a diameter of 100—150 nm as well as
the corresponding free-base porphyrin 1a and the Fe®*
complex 1c (Figure 1a).) The thickness of the membrane

Figure 1. Transmission electron micrographs of evaporated aqueous
solutions of a) 1b and b) 1/1b ensemble (molar ratio: 1/1). The samples
were negatively stained by uranylacetate.

was 10 nm, which is twice the molecular length of 1b (4.6 nm).
Most probably, the hydrophobic Zn*TPP platforms were
arranged in two-dimensional planar sheets, which were
stacked with a lateral displacement at the center of the
membrane. It could be an identical conformation to that seen
in the 1a vesicles.® The huge lipid-porphyrins (molecular
weight over 4500) cannot produce a large curvature, so that
they form giant unilamellar vesicles. This is in contrast to the
fact that the usual phospholipids form small unilameliar
vesicles (3040 nm ¢) by the same preparation.

The UV/Vis absorption spectrum of the aqueous solution of
1b showed a porphyrin Soret band at 443 nm (£pa: 2.7 X
10°M'cm), and its maximum was red shifted (+16 nm)
compared to that of the monomer in benzene/MeOH (4:1v/v)
solution (Ane: 427 nm) (Figure2). On the contrary, the
porphyrin Q bands remained essentially unaitered (only a
1 nm red shift). This larger bathochromic shift of the Soret

Chem. Eur. J. 2003, 9, 46264633  www.chemeurj.org
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Figure 2. UV/Vis absorption spectra of 1b at 25°C: a) in benzene/MeOH
(4:1 v/v) (dotted line) and b) in water (solid line).

band should include excitonic interactions due to a lateral
arrangement (J-aggregate) of the transition moments of the
porphyrin chromophores.

We then did a quantitative analysis of the excitonic
interactions of the bilayered Zn?* porphyrin sheets according
to our previously reported procedure.’®) The simple point-
dipole exciton coupling theory was employed,” and two
hypotheses were postulated: 1) the tightest packing of the
Zn**TPP moieties is realized within a rhomboidal lattice,
which is observed in the triclinic unit cell of the single crystal
of the unsolvated Zn**TPP (Figure3, 2a: 2.6nm, 2b:
1.48 nom)," and 2) the interlayer (d) of the face-to-face

sy
45

P, in upper layer
Figure 3. Predicted arrangements of the Zn?*TPP platforms as a model for

the bilayer membrane of 1b. The porphyrin P, is located at the origin of the
coordinate axes.

P, in lower layer
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stacking of the porphyrin sheets is 6.0 A (Figure 3). The
exciton interaction (AE) between the two porphyrins in the
monolayer is given by Kasha’s Equation (1).

AE=Mr,,~ (1 - 3cos6) @)

M s the transition dipole moment of the Zn**TPP moiety in
1b (M>*=68.2D?%,1 r_ is the center-to-center distance
between the original porphyrin o (P,) and the porphyrin mn
(P,.,), and 6 is the tilt angle between the line of centers and the
molecular axes. Using the same strategy, we can estimate the
exciton interactions between P, and the porphyrin k/ in the
upper layer (Py)."”! These calculations eventually gave the
total differences Vand V' in two different Soret transitions S,
and S, as —612.3 and —239.0 cm™, respectively, that indicate
split Soret peaks of 430.8 and 437.5 nm. The observed Soret
band was definitely asymmetric, and it could be divided into
two absorptions (438.5 and 441.4 nm). The small difference
between the calculated 4,,, and experimentally measured
values is likely to be due to the van der Waals shift caused by
the replacement of solvents. Thus, we can conclude that the
absorption shift in the Soret band is describable by exciton
interaction. Of course, the observed shift in the Soret band
comes from the averaged interaction and involves some
deviations, because of the fluidity of the membranes.

The most remarkable photophysical property of the lipid-
porphyrin vesicles is their strong fluorescence in comparison
to the other porphyrin aggregates.*] The 3D excitation-
emission spectrum of the aqueous 1b solution showed that the
fluorescence emission maxima (4,y,: 601, 653 nm) correlated
with the absorption of the vesicles (4,,,: 443 nm) (not shown),
which suggests that the fluorescence comes from the mem-
brane and not the monomer dissociated from the aggregate.
Single photon-counting fluorescence measurements were also
done in air-equilibrated solution of 1b vesicle. The fluores-
cence decay profile could be analyzed in terms of a single
exponential process with a lifetime (z¢) of 1.35 ns (k2 =1.14),
which was slightly shorter than the value of the 1b monomer
in benzene/MeOH (4:1 v/v) solution (7 = 2.0 ns). The excited
triplet states of the 1b vesicles are too short to be observed by
our nanosecond laser flash photolysis apparatus.

Energy transfer process within the lipid-porphyrin vesicles:
Based on the exciton calculations, the alignment of the TPP
planes in the free-base and the Zn?* porphyrin vesicles would
be identical. This result implies that they are able to produce
homogeneous vesicular membranes. Indeed, the equivalent
moles of 1a and 1b are spontaneously associated in water to
yield spherical unilamellar vesicles with a diameter of 100—
150 nm with a thickness of 10 nm (Figure 1b), in which the
Zn** porphyrin should become the donor and the free-base
porphyrin acts as the acceptor. The UV/Vis absorption
spectrum of this 1a/1b ensemble indicates that the spectral
features are the sum of those from the individual lipid-
porphyrin vesicles; it suggests no electronic interaction
between 1a and 1b in the ground state (Figure4). By
contrast, its fluorescence spectrum is dramatically different
from the superposition of those of the individual components.
The 1a/1b vesicles showed a decrease in fluorescence
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Figure 4. UV/Vis absorption spectra of 1a vesicles (blue line), 1b vesicles
(red line), and 1a/1b ensemble vesicles (molar ratio: 1/1, green line) in
water at 25 °C. Black dotted lines represent the superposition of the spectra
for 1a and 1b.

associated with the Zn?* porphyrin and a corresponding
increase in fluorescence associated with the free-base por-
phyrin (A.,: 650, 712 nm) (Figure 5). Even on excitation at
558 nm, where the Zn** complex mainly absorbs (72 %), the
emission spectral shape obviously demonstrated that of the

650 Ex,ss’m

Intensity —»

(1)

L I SR e e (e SR N v |

580 620 660 700 740 780
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Figure 5. Steady-state fluorescence emission spectra of 1a vesicles (blue
line), 1b vesicles (red line), and 1a/1b ensemble vesicles (molar ratio: 1/1,
green line) in water at 25°C (Ex. 558 nm).

free-base porphyrin with stronger intensity by a factor of
three. Because the fluorescence of the equivalent mixture of
each vesicle solution displayed a simple sum of their spectra,
efficient intermolecular singlet —singlet energy transfer could
take place from the excited Zn?* porphyrin donors to the
statistically distributed free-base acceptor within the vesicles.
Since the 77— interactions between Zn porphyrins are usually
somewhat stronger than those of the free-base porphyrins,
there may not be a statistical dispersion of these two
porphyrin chromospheres in the bilayer. However, for in-
stance, the temperature dependence of the Soret band
absorption maximum of the 1a/lb vesicles showed a small
hypsochromic shift at 56°C, which suggests the gel-phase
(liquid-crystal) transitions of the membrane. Very similar
behavior was observed in the 1a vesicles.® This probably
implied that the 77— interactions between the Zn complexes
are not so different from the free-bases in the lipid-porphyrin
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vesicles. The fluorescence band of the donor considerably
overlaps the acceptor absorption, therefore Forster-type
excitation energy transfer would be preferable.'3)

The aqueous 1a/1b vesicle solution was then transferred
onto a graphite surface and subjected to near-field scanning
optical microspectroscopy (NSOM). The bilayered mem-
branes slowly flattened on the substrate during the water
evaporation process. Unfortunately, the topology-mode meas-
urements could not distinguish each 100 nm particle because
of the low resolution. However, the dried vesicles still
fluoresce on the solid surface and their emission was clearly
detected by NSOM (Figure 6a). The fluorescence pattern of

b) - e
i A Energy
\ ™

Intensity —»
‘\.-.“

™
'/ 'w*‘iw
L{:"*w% “M

L) L ] | I |
660 700 740

Wavelength / nm ——»
Figure 6. NSOM images of the evaporated aqueous solution of 1a/lb
ensemble vesicles (molar ratio: 1/1) on HOPG. a) fluorescence image of
the flattened vesicles (4 x 4 pm, Ex. 442 nm, detection was effected at
650 nm), and b) fluorescence emission spectra of the flattened vesicles at
the indicated parts [(A) and (B)] in the image a).

the collapsed 1a/1b particles (4,,,: 655, 714 nm) was in good
agreement with that of the free-base porphyrin [1,,: 650,
712 nm, Figure 6b)]. Recently, Adams et al. reported inter-
esting NSOM measurements of porphyrin thin films.'*) Qur
result is the first observation of an energy transfer molecular
assembly made of amphiphilic porphyrin aggregates by the
NSOM technique.

The fluorescence decay profile of this hybrid vesicle
solution monitored at 610 nm became progressively triple-
exponential with a faster decaying component being seen in
addition to the original two slower kinetics (xk?= 1.26) (Fig-
ure 7). The longer lifetimes (6.73, 1.90 ns) are respectively
assigned as those of 1a and 1b. The shorter-lived component
(263 ps) is reflective of the singlet —singlet energy transfer
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Figure 7. Time-correlated single-photon counting decay profile of 1a/1b
ensemble vesicles (molar ratio: 1/1, Ex. 558 nm, detection was effected at
610 nm). The curve is fitted to triple exponentials with lifetimes of 6.73 ns,
1.90 ns, and 263 ps (x*=1.26).

from the excited Zn?* porphyrin to the free-base porphyrin
within the vesicles. The rate constants for intermolecular
energy transfer (kgy) have been calculated from Equation (2).

key=1trpzn — Uy, 2)

Treza 18 the measured fastest component of the excited 1a/
1b vesicles and 7, is the lifetime of the 1b vesicles. The kgr
value was 3.1 x 10°s™%. The efficiency of this energy transfer
(Per) could be determined to be 0.81 from Equation (3).11

Per= kevl[ker + (1/1z,)] 3)

This non-covalently. constructed 1a/1b architecture showed
relatively larger kg and @gy than the values of the free-base/
Zo** porphyrin dimers linked by covalent or hydrogen
bonding.”* 3 From the molecular area for lipid-porphyrin
(2.2 nm?), one vesicle (100 nm ¢) is considered to consist of
23000 porphyrin molecules.™ To the best of our knowledge,
this is the largest molecular energy transfer assembly made of
self-organized porphyrin in water. For the triplet-state
process, the transient difference absorption recorded in
outgassed aqueous solution of the 1a/lb vesicles did not
show any significant peaks after the laser flash photolysis.

Electron transfer process of the lipid-porphyrin vesicles: In
the lipid-porphyrin vesicles, the J-aggregated TPP platforms
settled under the hydrophobic barrier of 4 nm thickness, and
were not sensitive to the addition of a water-soluble electron
acceptor or electron donor from the bulk aqueous phase. In
fact, the fluorescence intensity of the 1a or 1b vesicles was not
quenched at all by addition of electron acceptors; N,N'-
methyl-4,4"-bipyridinium dichrolides and N,N'-benzyl-4,4'-
bipyridinium dichrolides in the concentration range 0 to
2mm. Since none of the quencher molecules caused a
spectroscopic shift of the porphyrin absorption bands, there
is no 7r-overlap between the electron accepting molecules and
donating porphyrins. Attempting to reduce the Fe**TPP
planes in the 1c¢ vesicles by addition of ascorbic acid also
failed. These results imply that water-soluble molecules
cannot enter the membrane interior. It is, therefore, certain
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that the membrane properties should be modified to realize
electron communications through the lipid-porphyrin mem-
branes. Over the past few decades, substantial efforts have
also been directed towards embedding two different porphyr-
ins geometrically in phospholipid liposomes, ¢ but the
location of each co-factor is not always very accurate because
of the low guest-to-host ratio in the membranes.

The free-base porphyrin 1a was coassembled with proto-
porphyrin IX (PPIX) bearing two alkylphosphocholine pro-
pionates (2) (molar ratio: 1a/2=10), to give similar round
vesicles. Although porphyrin 2 itself produced very thin
monomolecular fibers in water (Figure 8a),% the TEM
observation showed only spherical unilamellars (ca. 100 nm

350 400 450 500 6550 600 €S0 700

Wavelength / nm ——s
Figure 8. Transmission electron micrographs of the evaporated aqueous
solutions of a) 2 and b) the 1a/2 ensemble (molar ratio: 1a/2=10); c) UV/
Vis absorption spectra of 1a vesicles (dotted line) and 1a/2 ensemble
vesicles (solid line) in water at 25°C. The inset shows a different spectrum
for both solutions, in which the absorption maxima coincided with those of
the DPPC vesicles incorporating 2 (molar ratio: DPPC/2 =40/1) in water.

¢) (Figure 8b). No fibrous aggregate was detectable and the
membrane did not become thicker. Increasing the amount of 2
(molar ratio: 1a/2 < 5) led to deformation of the morphology
into small micelles and fibers. The subtracted difference
absorption spectrum of the 1a/2 hybrids minus the homoge-
neous la vesicles showed A, at 408, 508, 542, 578, and
635 nm (Figure 8c inset). Unfortunately, the disturbance
interfered with the Soret band region. It coincided with the
absorption maxima of an aqueous solution of phospholipid
liposomes (ex. 1,2-dipalmytoyl-3-sn-glycerophosphocholine
(DPPC)) incorporating 2 (molar ratio: DPPC/I2=40, A,
408, 509, 542, 579, and 634 nm). We concluded that 2 was
homogeneously trapped into the highly oriented alkylene
region of the 1a vesicles without stacking. It may be presumed
with certainty that the protoporphyrin macrocycle was
anchored at the middle of the monolayer perpendicular to
the membrane surface [see space-filling model in Figure 9b].
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Figure 9. a) Photoreduction of Fe**TPP moieties of 1¢/2/DIm vesicles in
aqueous phosphate buffer (pH 7.3) at 25°C. b) The schematic representa-
tion of the 1¢/2/DIm monolayer membrane interior using the space-filling
model for the each compound (DIm is replaced by 1-methylimidazole for
clarification).

In the vesicles of the Fe** complex 1¢ including free-base 2
(molar ratio: 1¢/2=10), the fluorescence of the protopor-
phyrin chromophore was completely quenched. This decrease
in the emission would be ascribed to the intermolecular
electron transfer from the excited singlet state of 2 to 1¢
within the vesicles. The Fe** porphyrins are d-typed hyper-
porphyrins with an extremely short lifetime of the excited
state and no fluorescence. This quenching cannot be inter-
preted in terms of a static mechanism and is assumed to be
due to oxidative quenching. An attempt to observe the time-
resolved difference spectrum of the 2 cation radical was
unsuccessful, because the absorption intensity of the proto-
porphyrin 2 was rather low, and the reaction rate was beyond
the resolution of our apparatus. The excited triplet state of 2
may also be populated by means of intersystem crossing from
the singlet state, which occurs in competition with the electron
transfer, but the triplet - triplet absorption of 2 was not seen in
the 500-900 nm region.

The coexistence of a small excess of 1-dodecylimidazole
(DIm) as an axial base for the Fe** complex 1¢ did not cause
morphological changes in the vesicular configuration. The
UV/Vis spectrum of the 1¢/2/DIm (molar ratio: 1/0.1/3)
showed maxima at 544 and 575 nm, indicating that the
dominant species of 1c¢ is a six-coordinate ferric complex
with the axially bound bis-imidazole of DIm."? Under an
argon atmosphere, the 390 nm (Soret band of 2) photo-
irradiation of the 1¢/2/DIm vesicles with triethanolamine
(TEOA) in the outer aqueous phase led to efficient and
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irreversible reduction of the ferric ion of 1c¢; the visible
absorption spectrum changed to the typical six-N-coordinated
low-spin Fe?* complex (Apg,: 436, 538, and 568 nm).15 ¥ The
isosbestic points (534 and 562 nm) throughout the measure-
ment revealed that no side reaction occurred. The following
results indicate that the photoreduction of 1c takes place
through the intermolecular electron transfer initiated by
excitation of 2; 1) in the absence of TEOA or 2, the reduction
proceeded by less than 40 % (Figure 9a), 2) irradiation of the
Soret band of 1c¢ also reduced the ferric center, but by less
than 30 %. Photoirradiation of the Soret band of 2 causes only
the efficient reduction of 1¢, and TEOA acts as a sacrificial
reagent to reduce the cation radical of 2. The protoporphyrin
anchors successfully serve as an electron transfer mediator,
and the space-filling model of the 1¢/2/DIm hybrid demon-
strated well our supposed structure (Figure 9b). The overall
process of this reaction is expressed by Equation (4), where
LP is lipid-porphyrin and PP is the protoporphyrin moiety of 2.

hv
Fe>*LP(DIm), + PP ==Fe*LP(DIm), + PP* 2Fe?*LP(DIm),
-
+ PP+ == Fe2*LP(DIm), + PP “)

After reduction of 1e¢, the membrane-trapped protopor-
phyrin becomes more hydrophilic and may be close enough to
the bulk aqueous phase to accept an electron.

Upon exposure of the aqueous solution of the photo-
reduced 1d/2/DIm vesicles to O,, the UV/Vis absorption
spectrum immediately changed to that of the corresponding
0,-adduct complex (A, 435, 543 nm). This dioxygenation
was observed to be reversibly dependent on the O,-partial
pressure the same as in our previous reporied 1d/DIm
vesicles.k®

Conclusions

The perfectly round bilayer vesicles made of self-organized
lipid-porphyrin 1a/lb ensembles are the first molecular
energy transfer assemblies with a diameter of over 100 nm
in water. Singlet energy transfer occurs with a rate constant of
3.1x10°s-! and with 81% efficiency. The non-covalently
aligned J-aggregate porphyrins described herein have been
shown to represent an effective approach to constructing a
new class of light-harvesting antennae models in aqueous
media. Indeed, effective optical cross-section per 1b molecule
in the vesicles at 558 nm is 0.73 A2, which is identical to that
observed in benzene/MeOH homogeneous solution.’*! The
23000 porphyrin active sites are densely packed in the vesicles
and isolated from the bulk aqueous solution; therefore
electron communications to the outside of the membrane
have some difficulties. However, anchoring of the protopor-
phyrin electron-mediator to the monolayer immediately
permits funneling an electron by light irradiation, and it gave
a hemoglobin-like property—reversible O,-binding activity—
to the vesicles. New investigations of a photoinduced charge
separation process with an external electron acceptor and
light-controllable heme catalytic reactions in these supra-
molecular lipid-porphyrin architectures are now being under-
taken.
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Experimental Section

Materials and apparatus: The synthetic methods for lipid-porphyrins (1a,
1¢, 2) are described elsewhere.[® 69 The Zn?* complex 1b was synthesized
by the insertion of zinc into the free-base lipid-porphyrin 1a using
Zn(OAc), in MeOH solution (yield: 85 %). Triethanolamine, N,N'-methyl-
4.4'-bipyridinium dichrolides, and N,N'-benzyl-4,4'-bipyridinium dichro-
lides of high-purity grade were used without further purification. UV/Vis
absorption spectra were recorded on a JASCO V-570 spectrophotometer,
and steady state fluorescence spectra were obtained from a HITACHI
F-4500 spectrofluorometer. All these measurements were normally carried
out at 25°C.

Preparation of aqueous lipid-porphyrin solutions:

a) Lipid-porphyrin (1a, 1b, 1a/1b) solutions: A benzene/methanol stock
solution of 1a or 1b (50—100 pL, 1.0 mM) was placed in a 5 mL round-
bottom flask and slowly condensed using a rotary evaporator under
reduced pressure, affording a thin film of the porphyrin at the bottom. The
film was then dried in vacuo for 3 h; deionized water (5 mL) heated at 60°C
was slowly injected. The mixture was homogenized by vortex mixing with
several small glass beads (ca. 10 pieces) and shortly sonicated by a bath-
type ultrasonicator. The obtained solution (1020 um) was incubated for
6 h at room temperature before use. The hybridized 1a/1b solution was also
prepared in the same manner.

b) Lipid-porphyrins 1a&/2 and 1c/2/I-dodecylimidazole (DIm) hybrid
solutions: A benzene/methanol stock solution of 1a (100 pL, 1.0 mm) and
methanol solution of 2 (10 pL, 1.0 mM) were slowly condensed by using a
rotary evaporator under reduced pressure as described above, giving a
hybrid thin-film at the bottom of the flask. The film was dried in vacuo for
3 h and phosphate buffer (pH 7.3, 1 mum, 5 mL) heated at 60°C was added.
Homogenization by a tip-type ultrasonicator (60 mW, 3 min) in a water
bath provided a pale orange solution ([1a] =20 um), which was incubated
for 12 h at room temperature. The hybrid lipid-porphyrin 1¢/2/DIm (molar
ratio: 1/0.1/3, [1¢] =20 pm) was also prepared by the same procedures.

Transmission electron microscopy (TEM): The negatively stained speci-
mens for TEM were prepared as in previously reported procedures.™ #!
‘The Cu grid surfaces were treated for a short period (5 s) by glow discharge
using a JEOL HDF-400 to form a hydrophilic plane just before use. The
obtained grids with the evaporated sample were observed in a JEOL JEM-
100CX electron microscope at an acceleration voltage of 100 kV.

Exciton calculation: The overall excitonic interaction in the Zn**TPP
bilayer model of 1b was calculated based on our previously reported
methods.®

Near-field scanning optical microspectroscopy (NSOM): A droplet of 1a/
1b vesicle solution (20 um) was pipetted onto freshly-cleaved highly-
oriented pyrolytic graphite (HOPG STM-1, Advanced Ceramics Co.).
After 1 min, excess fluid was carefully blotted off with filtration paper and
the surface air-dried for another 30 min. NSOM measurements were
carried out using a JASCO NFS-230 Scanning Near-Field Optical Micro-
spectrometer in the illumination collection mode under ambient laboratory
conditions. The samples were excited by a He-Cd laser (442 nm) with
0.1 mW intensity for 0.5 s, and the diameter of the light probe was 400 nm.
Imaging was performed by displaying the fluorescence signal and the
height signal simultaneously for 4 x 4 pm (21 x 21 points).

Excited-state lifetimes: Singlet lifetimes of the lipid-porphyrin vesicles
were measured by using a HORIBA NAES-500 nanosecond fluorometer
with an N, lamp (excitation side multicavity filter: ASAHI SPECTRA
MZ0560, 4=560+2nm; emission side multicavity filter: MZ0610, A=
610-£2 nm). The samples were held in a cuvette (optical path length,
10 mm). The concentration of the lipid-porphyrin was 9.5 um, and experi-
ments were carried out at 25°C. Triplet lifetime measurements on a
nanosecond time scale were performed by using a Unisoku TSP-600 time-
resolved spectrophotometer system with a Continuum Surelite 1-10
Q-switched Nd-YAG laser, which generated a second-harmonic (532 nm)
pulse of 6 ns duration with an energy of 200 mJ per pulse (10 Hz).

Steady-state electron-transfer from excited 2 to 1c: Continuous light
irradiations were performed with an ORIEL 450 W xenon arc-lamp model
66021 under an argon atmosphere (25°C). The 1c¢ solution was deaerated
by argon bubbling before photoirradiation. The light was filtered with
cutoff filter (HOYA UV-32) and a multicavity filter (ASAHI SPECTRA
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MY0390, 4=390+2nm) to isolate the desired wavelength region. The
filtered light was irradiated into a solution of the 1¢/DIm (molar ratio: 1/3)
vesicles or 1¢/2/DIm vesicles (molar ratio: 1¢/2/DIm=1/0.1/3) with (or
without) triethanolamine (64 mm) contained in a 10mm cuvette at a
distance of 140mm from the center of the light source. The UV/Vis
absorption spectra of the solution were measured at regular intervals. The
photoreduction of 1¢ to the ferrous complex 1d was monitored by the time
dependence of the absorption intensity at 538 nm, which is based on the
bisimidazole coordinated Fe?* complex. In order to obtain a spectrum of
the completely reduced ferrous 1d/2/DIm vesicles, an aqueous sodium
dithionate solution (25 mm, 40 pL.) was added to the 1¢/2/DIm vesicle
solution at 60°C.
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