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Synthesis of Functional Molecules and Materials Based on
Human Serum Albumin
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EESE e MIETIVT IV (HSA) DEDTFREGREERMELT, ZOREICEEES FREBIEBHER, E5iC
WXHSA L EDTEREOREREEZZSIMEEOMILNTIERT 255X, BRAKIZRA O TRV~
DITHERED T - MRIFEEILTE TS, HSARKET S 72 Z/VRIVT7 4 U VERER (FeP) B A X ¥ 7 HSA-FeP
EERTEEEFT TRRETYNICESRETE 2 AIBRRERK L 2D, BEFHEEZ 7V T I (tHSA) ItNE
T yOEEFLTHIETTO RNV T UV (heme) BREAIErHSAheme S LBERNED TEAATAL
BEOHEEED. —F, HSA—HAT O bRV T ¢ U VEEIEKDORITIC X ZKERERIGDEREA & L TEHL,
HSA —HIVRF T T S— L VEERIE—EEBREROIERE L U TEEEIZEENDOGAMFEEENTVS. &
5T, ZHERYA—RE—MEZT VT L— b LESFUATHEREBEICE D, HSAD SR BZHZLEL Y VX —EEDF
JFa—TNERTES. ThEOFEEST - MEORYEEISHERICDOWT, BEDEERBENT 5.

Abstract

We have synthesized unique functional molecules and materials based on human serum albumin (HSA), which have never seen
in nature, by means of incorporation of functional ligands into the protein or fabrication of layer-by-layer assembly in the
nanoporous membrane. HSA incorporating iron (II) tetraphenylporphyrin derivative (FeP) (HSA-FeP) is an artificial O, carrier
which can reversibly binds and release O, under physiological conditions. Recombinant HSA complexed with a natural iron (II)
protoporphyrin IX (heme) (rtHSA-heme) also acts as O, transport hemoprotein. On the other hand, HSA complexed with a zinc
(I1) protoporphyrin IX functions as a photosensitizer for H, evolution from water, and HSA-carboxy fullerene hybrid produces
singlet O, by visible light irradiation; it may be used as a sensitizer in photodynamic cancer therapy. Furthermore, HSA
nanotubes are prepared by layer-by-layer deposition technique using porous polycarbonate membrane template. We highlight
recent development and applications of these functional molecules and materials.
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Fig. 1. Structure of HSA with seven myristic acids (PDB 1e7g). The
protein secondary structure is shown schematically and the
domains are colored (I; red, II; green, III; blue). The A and B
subdomains are depicted in dark and light shades. respectively.
The fatty acid binding sites are represented from FAl to FA7 in
iralics.

ZERLTVS BRAAMVREILIC2DDY T RAL VA,
BliZF 505, Fig 1). Sudlow 5AMEE U 7z ##7 HSA ©
BYHEEY AR (DT 7V, AVRRXEYVEE) BY
TRALVIA, BYREET AR (T7ENRL, 417717
VR E) BY T RALVIIAIHEET S .

—7%, HSAILBETHBIEMCX D KERENTELE
HETH2". HE, TOSHTFHEELEVEERICEED
£% 0, HSAKSEHGEZTBE I ATEAEOEBENE
AIRESTETHS. HlZIE, GrossbldHSAIKS VA Yoo
—VEFEESBIEAHREREL, VT« ROIEERNE
Ll e UTRIB LY. 72, ReetzS5IIHSAKKE 7 Ay
T UEEE SR IZEAED, Diels-Alder RIDKEHRTH 5
TeZEBEEMCLIEY.

FRETIE, BRERE FBEEH»S, BHEF / Fa—7
FT, BEEOLDEDTVWABHSAZFALEH LWERESF -
HEOEB L SEIC DWW TEREDEERBN L.

2. 7IVTE - ElBE S DB RIESERET

HSADEL XL HMb5N YA RICIEEEENH 5. 19984,
Curry 513 HSA —EISEE IR A& D X iR HE SRR ISR O T
WL, A - BEEEHBOBEY AN FAYA ) ZREL
7250, HSAWKIZETOIEFBICILET 2 7THOY A FHH D
(Fig. 1), FAY A+ 1, 4, 5, TRV T RAL 2V OFRIL,
FAY A2, 3BTDDRALSVOEREIC, FLTFAY
AP BIRZDDY T RALVOERENETS. FAYA k
1— 57Tk, JERBOXREAIVRF IV IVENEENEF - I3EYE
TIEERECHEERTACLICID Lo EEEENT
W3, N5 520055 ETHREEEAEDBRNEEAIZD D,
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Fig. 2. Chemical formula of typical FeP molecules that can be incorporated
into HSA to form HSA-FeP hybrid.

EREED S RHETERY. X HSA OFMZ "C-NMR
ART MVEIENS, FAYAL L2, 4, 5HBEMAO@E WY
A RTHBTEREENICENEY. TDDFAYA FLTIC
FERREENHEE T 5 L, HSARBDHTREREAFIvIIC
Z(td5. FICRAAVHIKEETHAFAT AR 2, 3 D
B, FAA VI ZE L UTKESREREEFR L. HSA
DREEEZ -\ v 7 AB6T%, BEENO%THS. &
KA LIEMEZEDY H Y FEBICK D HSA D RIEGENE
LTBLVS|ENDZH, VNV REEBL ZESICE(L
BENWT EPERENIORE N, Curry bIZZ DR LEE
HSA —U H Y FEEEOBEREERT ZRAIITED, 2L
DEEEICDODWTHEEREEIH L TWVW3 >, HTEProtein Data
Bank (PDB) ICB8REHDHSA —U H Y REEEDT—X 47
B35, 3STHE Curry I L 56D TH 5.

3. PIVTEV—-BRNLERE AIEBZERG)

BLA MBS FRECIDBRLEST S 7 22V
T4 U VFEEE (BN\DL : FeP) ZHSAICGFEEE=T IV
73X Y—"L (HSA-FeP) E&4&D, £HEEHETTAES DO
Y (Hb) LALCKIKBREERPETESCLEZRHL
R, TNETICKI0EEMU LDFeP (Fig. 2) Z&KL, %
DERERELNLEBEOHERZRE L TETWVE "2, BE
SEDOEEERIRADIA /Oy (Mb) 2LED, BEE
A (Py) 1301 Torrh 5 230 Torr £ CAREDEICHIZ AT
EWNTES. DD, BRHIKISUEEROBRNARELR->T
W5. HSA-FePBHOMPESEXE L, MKERESR, #HE
R, M/IMROFBEEMICH L TEHERRIIEIEVD. FET2
FL FOMERGEHAIET, ZOMBELEE/NTA—F—KE



bk, BRmEERER (v b, E—FILR) »hoHmY
3 VIREED b ORREZIR, EEANICHIT 2 BRERSENGTH
ENTVE®Y, FARSEZRLEMHbEFICRENS XS5
MEAEMRED, S ORE, —BEERBRICHES IENGE, o
Eri#R2 BHlEnEZV?, ThIZHSADEEERMHEIC
HEL TV bmENMRNHLIES W LICREET % L&
Z5NTHY, FEFDBADFEEE>TVS.
—RICERER I BETRERE R L BER B ARL, *
DERD—D & L THESHEMAERRZMA (hypoxic cell) ®
EENS TN, MROEETEMEICX D FEMEDERD
BOOIEWEEEEEMRTIE, TORnESXUCBRES
BonT, ZTNNREOHITEE>TWA. HSA-FePHAHK%E
FEEHAROBIREEANRE L, EEHEENEERENROBEEL
ZRBIZL T A, BROBESEZREHO 25/ZICEA LIS,
Thid, TERME TN TV 286 Hb 8EI% VW 2 0@ it
TREBICEL?®, RIFRD/INEVHSA-FeP BEERNIFAES
ICEETEZ D LEZ NS, ERICKEEEELHHELE
#EE, HSA-FePRBEIC K 2HUSIEHA DBEEXEBERNED
bniz®. %7, HSA-FePODOFEREZRY (ZFL 2 FY
J—)L) THETZ L, MPEEREIAKBCIEESNSC L
EEHSMCETNTVSS®, )

4, BEFHEBIATIVIZIV—-TOMLEGF (ATEER
ERE)

TIVT 2V —BBRNLESEROBEESEOIE, BEBICYT
BEENIHT ST 2 ZIVRIVT 2V VEEEKE (FeP) Th
D, BENI-HSA-FePERENEBRZIHNICHEARBMTE
5T liF, SEHECZCRNIREHED OBERREL WL 3.
HSA Z VW e N\TEEFREREFRICH T 2 BT, ®
XY Hb DBEEATUTH A \LE B o b BT 00 >
IX (Fa kAL, heme)] (Fig 3a) ZAVEEEIOETTH
25, 20045, RLATECTEBIAEREAVWTT I /JBO—
ERAEWE Uz X HSA (rHSA) ICheme ZAiEE ¥
rHSA-heme $8{&7, KA THZEZRBETEH L ERHEL
7=,

B XD mAIcHHE Nz A SHbh S8 L =8 (11D

TabhRIVT 42U VIX (hemin) 1, BEANERFVY LHF
NEZBEAEICHREINENY, "EXFY VOMHPEEIZY
17uM LBV =8, B hemin D% < I3—HB HSAIHES UFE
ANLEIEND. Hemin WHSAICHIEENA T LIZENLHS
NTW/z. 19384F, Fairely i3 hemin * HE/EA T 3 MEEH
EMNHSATHBTZ LERHRL, ZOHAE%Z hemalbumin &
BT, FNLIK, TOHSA-hemin ki, AS5HDE
HEANEA2DTEEVI EHEEZEOELONLZ->TE
7z. 19754F, Muller-Eberhard 512 & D HSA-hemin #5011
INZART MVREE N, hemin DFLLEKIC T I/ B E
B L7e@mAE N LSBEEENHEE S N2®. £z, 19804
121 Berman 5HHSA & hemin DFEAEE (K @ 1.1 X 10° MY
ZRED, TOMGIEHRBICHETHI100/£E <, heminH
HSACEBL ST AT L HEE - 7-.

20024, Carter & & D7 )V—F13IHI71C HSA-hemin $5{&
D X SFHERREERRHTICERII L, hemin PHSADY T RAL Y
IBHDBIKERT v MCHEAELTWB T EZHLMIC Lz,
T OERLIE, FERSEEDFAY A b 1ICHET 3. hemin DHLD
gicidFary (Tyr)-1610T7 =/ L— FEENEHEML,
oDt VERER, ZO0EEETI BEEE (VY
Y, CERAFVY, TIVFZY) EHEERALTVA EAbY
ofz (Fig 3b). LL<HLENTVAXSITMbDANLET Y FA
Tid, "NLHFLERICE R F TV (His)-93AEEAIL, Z0D b
Z VA (BE6RALE) KBRS TFINERT S (Fig 30). &5
I, BEAIBEEAICIZE 5 —DDHis-64 DEMERE & UTEEL,
BREGEZELLTVS. CTTHEZRERTASZ L, 3
ENZOBERLBICKILTHA5. LhL, BaEHDL
HSA-hemin#8EOHF.LEES (1D ICBET L TERERREA
ATHTE, BREEBIZELONZVD?., ZTHIZEEAIFH His
TRREWESHTHS. HSA-hemin SEED A T 5 HhOREE]
ZRELTVADTEREVHEWVWSEZLIZERIC, LA
HSA & hemin 3 FOEREZHAICHZAATW D TH 5.
L UAEDNS, hemeABUKH S FEMCEB S hi-EEZ
MbDNLRTw hEHBLTWVWBDT, FHE5IFHSA DS
BTENLHZKOEMERAN (Y7 RAAVIB) ICHisAEETH
i, BREENTEIOTREVIEEZ . FCTEERHE

Fig. 3. (a) Chemical formula of iron (II) protoporphyrin IX (heme). Heme pocket structures of (b) HSA-hemin complex

(PDB 109x) and (c) oxy-Mb (pdb 1mbo).
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BAFEMZPRANT, 4VOA4YY (le)-142 M BAEIEE &
LTE His ZEREAL, THICHLBICHEMLTVLS
Tyr-161 ZBUKET I /8 (DAY (Lew) IKEHLzLCT
5, ZTOHE#EX HSA-heme [rHSA (I1142H/Y161L)-heme] %2
#id, ZIRCTHREEZRHEET LN TERE®D, rHSA &
heme M SERKENIBEREATNLEREOHD TOHIT
HB. TTT, BEBENTA—EZ—ZFHICER L.
rHSA (1142H/Y161L)-heme (D P,,13 18 Torr (22°C) T&
D, Hb, Mb, t MRMBROMEICHNTEY EERHEAEIIE
). rHSA (1142H/Y161L)-heme $6{& DR BEZERIMIL, &
BRI RETEREEES (ko IKEELZ®O. rHSA
DHTid heme ZELD #HL D FREDBIKINTH 2 72DIT kA
ml, BEFAEMELMAONTVBRDTH 3.
CDOLSICEEHEARIBONTZE DD, EEICrHSA
(1142H/Y161L)-heme 6% A TREEERAL LTRIFT 27
HIIE, ZOBMEBERAMES Hb PLARMROMEIE ST R
EHIRV. T T, E=Z0ERFPEATRCLICLD, BES
MEEZEFETRET k. BB LIXSI1C, HbRPMbDA
LRT y IS I EERECNIEENIC His-64 HDEMBER L UTHEE
L, BRBEAEOEKIIFSEL TV, HLIIrHSADE
B, BREMEAOFELZMBICEMEEPEATIE, &
ZHMEDN LR T 20TREVHEEZEZ . HFVIal—¥
I VOMRERD SEMNBEE D Leu-185%FEL, FI~\EM
BELLTOT7ANRSTFY (Asn) #EA LK [rHSA
(1142H/Y161L/L185N)]*. rHSA (I1142H/Y161L/L185N)-
heme#8{& (Fig. 4) OAHERINARY bUiZ, EEFESTT
Fgk (D SEMEACVEEOERERL, TCEERE
KT BEEPHDICBEHEIALBIT LR, Pkl Torr
(22°C) &7xbh, BEFAMRL O ELERKICHANTI8E
EEFLE. AsnDEAILEIOANLRT v FOBHEAEAL
kDA UTFER, BRERES V-t DEZLNS.
rHSA (1142H/Y161L/L185N)-heme #&{&1%, Hb & AZEDEE
HREEETBAIATINLEHE B0 k. DEORLIZ, X
FRDFHET DL ERVEMEREOHSAIL, BERESER

Fig. 4. Structural model of the heme pocket in rHSA (1142H/Y161L/
L185N)-heme complex.
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FET2TLIBHLEEND TEL, NLR7 vy FOf/NE
HMZEMIFRENT I /BBERICIVEE(LTS LT, BES
AEOaY b O—NVEERLEDTHS.

TR &, BMREMERICHZTNVF=Y (Arg)-186 BB
KET I /BICEBRT 5L, BEENEL L FRIER & FSE
CHAETEAC L ZREHM LY. rHSA-heme &Rl KRDS
O MNLEFEEFLETS, VDI “BERZEDOTESHE0D
MEERE" Ths. BRAAMEZROLRRERE LT, B
EXRRAICAT 2B ANEDENTVS.

5. ZIVTEZ—ERTOMRIVZ v ) ik KERE
DIERER)

FNT 4 U ANCENDBEROEHZ, FOHLLERELS
TR DBERRERPRETEZRICHS. BICHENER
WCRERRIEEZRFOREREN LT, HREDEESIL LT
ELFIHENTWS. LML, &RV T ¢ U EEIZERFRR
BROFGVEDLDTEVED, —BIICIZERISOERENCIZ
W3, BESFROEVEREENAENLNS.

kFE H) B B(EREFHORVEREDZ U —2 TRV
F—TH%. Gratzel 5ITHILTF NS AFILLY V=7 LR
T4 UYRAFIVELF RS Y MV™) /HE&anoA K/ EDTA
KBS INZ AR EERET 5 &, KOYGBTTRIGHET LkE
MESNACTEERHLEY. 8 LB BNV T2 UVIX
(PP) AKOEBTICHATENE, KRAYMERERA L Lz
KEREVATLHHEIITESBC LICKES. L L, #E SO
FEIVT 41U VIX (ZnPP) ZIKIERET, ZOXEFERTS
TEFEELY. ZCT, ZnPPRHSAICEEEREC LIckD
HSA-ZnPP#EE L L, KOABRRIENDIGHZRM .
HSA-ZnP S{#/KARICMV 20X, 7IVd VSRS T TL—
YP—T 5w a (532 nm) ZEET S L, ZnPORE=E1F
RENS MV \DOEFBERIELVERIE N, BT, B
£I00 R, BERELLTONIZE /= V7 I0FNAT
FHBE L THBZ L, EINITKDBITHIEC D BB 5K
ENRELE (Fig 5). KEREDRIEHRT FSAF)LEY
VEILRNVT AV VERAVWEBEELIDEEWL. DFD,
HSA-ZnPP S8{&IZKDIGRITRIGIC BT A EMRERS L LT
BEET 3.

COFERIE, TVTIV—FRVT 2V VEEICBNTEILT
AV VOHELEBEEZDTLICED, BATBERE A
TEAENEBITEZAC LRRELTVS.

hv

TEOA \ 7 HSASZNPP* \ 7 MV*N\ . 7 1/2H, $
Hz0

TEOAOX HSA-ZnPP* Mv2+

Fig. 5. Reaction scheme of photoreduction of water to hydrogen using
HSA-ZnP complex.
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6. TIWTZV=T75—LViEaM HEHEREEDEERR)
RREIVT 1V VU OBEEMES FTE HSA Ic Qi x 2 h
&,ﬁbmAIEEE#ﬁ&?%éuffé%.%CﬁlmA
75— L FRG BRI T VTIV—T5—LvEs
%&%ﬂb,%@%ﬁ,%%ﬁ,%ﬁﬁiﬁﬁ(mmmwmmc
therapy: PDT) 125} B #E&H| & L T ORI DL TRE
Uiz, BfE, X<H5NTWVWBPDT DFBREANCIE, ~< k
VT4V OFBETHZ T4+ hTY 50, oo FRILT
1 UV ORBMETH B 5-7I /LT VE®, £#-4n U
BRTHZERIA VO R ENSD. ChEORLT 1 V5
BHICHN, 751V CuodBORRER 2D, —EER
REBOBTFINENENT LA 5, PDTOF LS L L
THFEN TV B*2,
HSAICAIVERF 75 —L > (CF, Fig 6a) RAafxdy-
HSA-CFERIZEDDTRET, TOKAKIITAN 2 £4T
LU - BEL P2 Dohh o7 (Fig. 6b)%. TT#RIRIY
ANRZ bV, HPLC, BEMFOEEN S, HSA L CFA 1 : 1
THELTVAI L, S5/ XBREEREND, CRiEs
BEHSADH TR, REBEFCEIZENT EhRbh o7,

b)
18 4
"y Cc
T 16 )
£ 1
E 12 [ |
g ol | |
g 109 | ;
E |
Z 84 | |
2 6- ! i I
2 44 | { '
S i i
3 24 | g
0 ; T e —
PBSwithout PBS HSA-CF
irradiation

Fig. 6. (a) Chemical formula of carboxy-Cy-fullerene, (b) red colored
solution of aqueous HSA-CF, and (c) living cell numbers of LY80
with HSA-CF and PBS after visible light irradiation (20 mW cm’?,
2 h, 36 £1°C). Each value represents the mean = SD (n = 4).

—BICEBRTFEAMET 5L, FTHE—SERESER
U, ZCOOHEMREC LY IBZEFEREN L BT, —
ERMREROERNEER L 5370101, COFE=%
FREPZETHFNEIZ 5%, HSA-CFEAEDRE=%
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BT 46 ps L RS, ZhIECFABHERSICEEE T
WBTed, MBS LItk 3B IR b Lick 3.
RACRRZHEET S L, HESEERED BBESFAD
TRNVF—BESBRIE W SR 5 —EEEEIZ 1270 nm
ICEHARRT DT, TOREDb—EERELERD RTINS
ﬁ&?%%.mm@F@éﬁ@i?W$u0%?§D,H&&
PPEEERRAFL VT — L ABRETH - T 5™, XK
e~ EERREROENERA L LTEET 30 &
HNobhoiz,

BT OMADOMBEBERICOVTRIE L. EBEMR
ayw)wmmcFmﬁﬁ%mz,if%ﬁ??%naéwm
mﬁﬁﬁ&m:aéﬁﬁ.%@%Amfyﬁyj%%mr%%
%(ZM)?ék,ﬂ@ﬁ@%%w¥?ﬁ9bﬁ(ﬂg&Wl
C DFERIFHSA-CFEEEN PDT OB L L TH TS
BT ELERLTWVAS.

7.7»757#/?1—7(ﬁ¥ﬁﬁﬂ.¥%§%¢.
F/IUTF5—)
EFTERZAVBEFEI R OB EEEI YT LT
LIk, HSA REEEFIFIZE B BANAEITU T IVOEE %
EMELTEHEEREDTVE®, BR GBI, SNARERE
BEICEDHSAD S BB Y » X —EDF ) F 0 —T
%é&?ackuﬁ%bt”%}ﬂA@%%ﬁm¢saﬁ<,
EERM T CROFEAVACHEL TS, FRLEL S
HSAZVHbIZ EERTIESAEL L o0id, mEmgsian
%ME&%%&E&@%%&%E;%.%cvifﬁ%ﬁ%ﬁ
TEEANFEME BRI, RU-L-7IFE= (PLA) & &
DRVT I /BERBVIFLUAIVEY) RRILMRY H—
ﬁ*—k(HD&@%%Wtﬁﬁéﬁ,ﬁmemm@ﬁ%
EREEES., CTOBEREDELERS, HILAE HSA D
SEREBRE{FRL, R%ICPCEEAREETS L, HSAD
b3 —TRBRET /Fa—THELNS. FLEL0 nmD
PCEEPMHHBA%%S@fﬁﬁﬁéﬁfﬁﬁbk%GE
%ﬁ#%té%/%:—7@ﬂ@u%«mnm,W@u%wo
nm, EEEZHKIS0 nm&%% (Fig 7). $HUASEREE (5
YTL—FER) OFEE,
O EHZETBKEESTF BAEE, L644F BHFE
BEZE) THhE, 7/ Fa—T0OEMENES
(D FRETOBEHESNEL, BROTFORREEI L)
@ FHL B SAMBOIESLICEROHETIC LD, F
1= ONBBLIURE ZE—ICHIlT 2 b T2
@ REBBORMCLD, Fa—TORBEF ) XA—F L
AT—=)VTHIEAT R LhTES
@ EBOBEED T EABROIEF TRET A LIcLD,
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Fig. 7. SEM images of protein nanotubes comprised of (PLA/HSA);.
Schematic illustration of the protein nanotubes prepared by
template synthesis using layer-by-layer deposition technique.
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The O, binding properties of complexes of iron(II) proto-
porphyrin IX with quadruple mutants of recombinant human
serum albumin (rtHSA) that provide axial His-186 coordination
have been characterized; their O, binding parameters were
similar to those of analogues having proximal His-185 and of
human red blood cells.

In our bloodstream, iron(III) protoporphyrin IX (hemin) dis-
sociated from methemoglobin (metHb) is captured by human se-
rum albumin (HSA) and transported to liver cells for catabolism.
Crystal structure analysis of this naturally occurring hemopro-
tein revealed that hemin is bound within a narrow D-shaped cav-
ity in subdomain IB of HSA with a weak axial coordination by
Tyr-161 and electrostatic interactions between the porphyrin
propionate side-chains and three basic amino acid residues
(Arg-114, His-146, and Lys-190) (Figure 1).!? The axial pheno-
late ligation by Tyr-161 of HSA keeps the hemin group physio-
logically silent. In fact, the reduced ferrous HSA-heme is imme-
diately oxidized by O,.> We previously demonstrated that a pair
of site-specific mutations in subdomain IB of HSA conferred O,
binding capability on the heme: (i) introduction of a proximal
His at Leu-185 position and (ii) substitution of Tyr-161 with

Position
rHSA
146 161 185 186 190
Wild type (wt) His Tyr Leu Arg Lys

H146R/Y161G/R186H/K190R (1G) Arg Gly Leu His Arg
H146R/Y161L/R186H/K190R (1L) Arg Leu Leu His Arg
H146R/Y161G/L185H/K190R (2G) Arg Gly His Arg Arg
H146R/Y161L/L185H/K190R (2L) Arg Leu His Arg Arg

Figure 1. Structure of the heme pocket in the rHSA(wt)-hemin
complex (PDB ID: 109X from ref 2).° Positions of the amino
acids where site-specific mutations were introduced and abbrevi-
ations of the mutants are shown in the table. Structural models of
the four rHSA(quadrugﬂe mutant)-heme complexes are demon-
strated in Figure S1.%

noncoordinating Leu.*>* The resulting artificial hemoprotein
can reversibly bind O, in much the same way as Hb and myoglo-
bin (Mb). The albumin-based O, carrier has attracted medical
interest because of its potential acting as a red blood cell
(RBC) substitute. Interestingly, the proximal His introduced into
the opposite side of the porphyrin plane (Ile-142 position) also
allows O, binding to the heme.* These results suggest that there
may be other sites where the proximal His can be inserted in the
coordination sphere of the central iron. Our modeling and exper-
imental results showed that Arg-186 is the third candidate be-
cause tHSA(I142H/Y161L/R186H)-heme formed a bishistidyl
low-spin hemochrome.* Furthermore, we have recently found
that replacing His-146 and Lys-190 at the entrance of the heme
pocket with Arg (H146R, K190R) resolved the structural heter-
ogeneity of the two orientations of the porphyrin plane and af-
forded a single O, binding affinity.*¢

In this study, we generated new rHSA(quadruple mutant)—
heme complexes involving axial His-186 coordination and
kinetically characterized their O, binding properties. The steric
effect of the neighboring amino acid at the 161 position to the
O, binding parameters is also investigated.

We designed rHSA quadruple mutants; rHSA(H146R/
Y161G/R186H/K190R) [rHSA1G], rHSA(HI146R/Y161L/
R186H/K190R) [rHSA1L], rHSA(H146R/Y161G/L185H/
K190R) [rHSA2G], and tHSA(H146R/Y161L/L185H/K190R)
[tHSA2L] (Figure 1). Site-specific mutations were introduced
into the HSA coding region in a plasmid vector (pHIL-D2
HSA) using the QuikChange (Stratagene) mutagenesis kit. All
mutations were confirmed by DNA sequencing. The proteins
were expressed in the yeast species Pichia pastoris. The corre-
sponding ferric rHSA-hemin complexes were prepared accord-
ing to our previously reported procedures.*

UV-vis absorption spectra of the four tHSA(quadruple mu-
tant)-hemin complexes were essentially identical regarding their
general features (Figure 2, Table S1).° They were easily reduced
to the ferrous complexes by adding a small molar excess of aque-
ous NapS,0;4 under an N, atmosphere (Figure S1).5 A broad ab-
sorption band (4 = 557-559 nm) in the visible region was similar
to that observed for deoxy Mb, indicating the formation of a five-
N-coordinate high-spin ferrous complex.”® Upon exposure of the
rHSA-heme solution to O, the UV—vis absorption changed to
that of the O, adduct complex (Figure 2).47% After flowing CO
gas, these hemoproteins produced stable carbonyl complexes. It
can be concluded that the histidyl group at position 186 acts as
a proximal base for dioxygenation of the prosthetic heme group.
In contrast, rHSA(single mutant)-heme [rHSA(L185H)-heme
and rHSA(R186H)-heme] could not bind O,. In these com-
plexes, Tyr-161 appears to coordinate to the central ferrous ion
of the heme in competition with His-186 or His-185.

Copyright © 2009 The Chemical Society of Japan
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Figure 2. UV-vis. absorption spectral changes of rHSA1L~
heme in 50mM potassium phosphate buffered solution
(pH 7.0) at 22°C.

To determine the association and dissociation rate constants
(kon and kygr) for O, binding to rHSA(quadruple mutant)-heme,
laser flash photolysis experiments were carried out.® The O, re-
combination to the heme after the laser pulse irradiation occurs
according to eq 1.

an
Heme + O, &= Heme-0, 1)

off
(P2 = K" = (kon/kott) ']

The time dependences of the absorbance decays accompanying
the O, and CO recombinations to rHSA(quadruple mutant)-
heme complexes were clearly monophasic (Figure $2).° This
can be attributed to a uniform heme orientation in the subdomain
IB by introduction of Arg into the His-146 and Lys-190 posi-
tions.* As a result, each hemoprotein showed a single O, binding
affinity (Table 1). It is noteworthy that all the tHSA(quadruple
mutant)-heme complexes exhibited similar O, binding parame-
ters independent of the position of the axial base (His-185 or
His-186) and the size of the hydrophobic amino acid residue at
161 (Gly or Leu). We had postulated that the small Gly-161
would provide greater room for the proximal His-186 (or His-
185), thereby loosening the spatially confined axial ligation. In
general, such fluctuation decreases the ko value and enhances
the O, binding.*** However, this was not observed in dioxyge-
nation of rHSA1G-heme and rHSA2G-heme. The O, binding
affinities (P1y2) of the rHSA(quadruple mutant)-heme com-
plexes (5-8 Torr) are very close to that of the human RBC
(P12 = 8 Torr) and, therefore, well adapted for O, transport in
the circulatory system.

In conclusion, we have prepared rHSA(quadruple mutant)—
heme complexes, in which (i) the proximal His was introduced at
position 186 (or 185), (if) Tyr-161 was substituted with Gly or
Leu, and (iii) His-146 and Lys-190 at the heme pocket entrance
were replaced with Arg. These artificial hemoproteins formed
O, adduct complexes with a similar O, binding affinity. On
the basis of our systematic investigations on rHSA-heme,* we
conclude that the favorable positions for proximal His insertion
are 142, 185, and 186; in all cases Tyr-161 must be replaced with
noncoordinating amino acid (e.g., Gly, Leu, Phe, though Ala,
Val, or Ile may also be tolerated). This structural flexibility of
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Table 1. O, binding parameters of rHSA(quadruple mutant)—
heme in 50mM potassium phosphate buffered solution
(pH 7.0) at 22°C

: kon kof‘f P 1/2
Hemoproteins /M1 gL /ms™! /Torr

tHSA1G-heme 39 0.36 6
rHSA1l ~heme 67 0.54 5
rHSA2G-heme 36 0.46 8
tHSA2L-heme?® 42 0.41 6
Hbo (R-state) 33b 0.013¢ 0.24
Mbd 14 0.012 0.51
RBC® 8

#Ref 4d. °In 0.1 M phosphate buffer (pH 7.0, 21.5°C), ref 9.
‘In 10mM phosphate buffer (pH 7.0, 20°C), ref 10. 4In
0.IM phosphate buffer (pH 7.0, 20°C), ref 11. *Human
RBC suspension, in isotonic buffer (pH 7.4, 20°C), ref 12.

the heme pocket architecture in HSA has enabled the creation
not only of an artificial O, carrier using the most abundant plas-
ma protein but may also allow engineering of various hemopro-
tein enzymes.

This work was partially supported by Grant-in-Aid for Sci-
entific Research (No. 20750142 and No. 20350058) from JSPS,
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Plock JA, Rafatinehr N, Sinovcic D, Schnider J, Sakai H,
Tsuchida E, Banic A, Erni D. Hemoglobin vesicles improve wound
healing and tissue survival in critically ischemic skin in mice. Am J
Physiol Heart Circ Physiol 297: H905-H910, 2009. First published
July 2, 2009; doi:10.1152/ajpheart.00430.2009.—Local hypoxia, as
due to trauma, surgery, or arterial occlusive disease, may severely
jeopardize the survival of the affected tissue and its wound-healing
capacity. Initially developed to replace blood transfusions, artificial
oxygen carriers have emerged as oxygen therapeutics in such condi-
tions. The aim of this study was to target primary wound healing and
survival in critically ischemic skin by the systemic application of
left-shifted liposomal hemoglobin vesicles (HbVs). This was tested in
bilateral, cranially based dorsal skin flaps in mice treated with a HbV
solution with an oxygen affinity that was increased to a Pso (partial
oxygen tension at which the hemoglobin becomes 50% saturated with
oxygen) of 9 mmHg. Twenty percent of the total blood volume of the
HbV solution was injected immediately and 24 h after surgery. On the

" first postoperative day, oXygen saturation in the critically ischemic
middle flap portions was increased from 23% (untreated control) to
39% in the HbV-treated animals (P < 0.05). Six days postoperatively,
flap tissue survival was increased from 33% (control) to 57% (P <
0.01) and primary healing of the ischemic wound margins from 6.6 to
12.7 mm (P < 0.05) after HbV injection. In addition, higher capillary
counts and endothelial nitric oxide synthase expression (both P <
0.01) were found in the immunostained flap tissue. We conclude that
left-shifted HbVs may ameliorate the survival and primary wound
healing in crirically ischemic skin, possibly mediated by endothelial
nitric oxide synthase-induced neovascularization.

artificial blood; surgical flap; hypoxia; microcirculation; necrosis

OXYGEN DELIVERY tO a certain tissue compartment is defined by
the product of volumetric blood flow and oxygen content in the
arterial inflow. If blood perfusion is reduced, as due to injury
to the feeding vessels or arterial occlusive disease, critical
ischemia and subsequent cellular hypoxia may occur, which
may eventually lead to gangrene predominantly in the most
remote areas. In addition, it has been repeatedly shown that
wound healing in such critically ischemic skin may be im-
paired, which results in considerable morbidity, i.e., chronic
wounds, delayed wound healing after surgery, and secondary
wound infection (10).

The primary therapeutic strategy in such conditions is aimed
at reestablishing the interrupted vascular axis by means of
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surgical or endovascular interventions. However, adjunct mea-
sures may be required if this is not possible or successful, such
as due to anatomical reasons or the patient’s general health
constitution. A possible strategy would be to provide such
patients with supplementary oxygen to promote essential oxy-
gen-dependent processes in wound healing, such as fibroblast
proliferation, neovascularization, and collagen synthesis (9).

Recently, an alternative method to improve oxygenation in
critically ischemic tissue has emerged, which consists in the
use of artificial oxygen carriers, such as perfluorocarbons and
hemoglobin (Hb)-based compounds. These biomalterials have
been initially developed to avoid the drawbacks of blood
wansfusions including immunologic reactions, blood-borne
transmitted infections, limited availability, and restricted stor-
age time (4). More than mere blood substitutes, the artificial
oxygen carriers may be considered as oxygen therapeutics
augmenting oxygen distribution to tissues in need (25).

In a series of previous studies, we have investigated the
efficacy of liposomal Hb vesicles (HbVs) in critically ischemic
skin in an acute hamster flap model (5, 6, 8, 17, 18). Substantial
improvements in oxygenation, oxidative energy metabolism,
microcirculatory blood flow, and hypoxia-related inflammation
and apoptosis were demonstrated. Furthermore, we have ob-
served that the performance of the HbVs was enhanced by
raising their oxygen affinity (shifting the oxygen dissociation
curve to the left) (5, 6).

Based on these extensive physiological studies, we intended
to evaluate the biological efficiency of high-oxygen affinity
HbVs in terms of the survival and healing capacity of critically
ischemic tissue. This was tested in a chronic skin flap in mice,
in which tissue survival and primary wound healing were
impaired due to critical ischemia. In addition, we investigated
a possible involvement of endothelial nitric oxide synthase
(eNOS) expression and neovascularization in the postulated
HbV effect.

MATERIALS AND METHODS

Vesicle solutions. The HbVs were prepared as previously reported
(19, 20). Briefly, Hb was purified from outdated donated blood and
encapsulated with a phospholipid bilayer membrane coated with
polyethylene glycol. The diameter of the HbVs was ~250 nm, and the
Hb concentration inside the vesicle was 35 g/dl. The Hb oxygen
affinity was regulated to a Pso (partial oxygen tension at which the
hemoglobin becomes 50% saturated with oxygen) of 9 mmkHg without

a coencapsulation of an aliosteric etfector. The HbVs were suspended.

in 0.9% NaCl at a final Hb concentration of 10 g/dl. To determine the
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pharmacokinetic behavior of the vesicles, a sulforhodamine B solution
(10 mM, Invitrogen, Tokyo, Japan) was encapsulated instead of Hb.
The two types of vesicles featured otherwise identical physicochem-
ical properties.

Animals, experimental groups, and flap preparation. The experi-
ments were performed according to the National Institutes of Health
guidelines for the care and use of laboratory animals and with the
approval of the local Animal Ethics Committee. Forty-eight DDY
mice weighing 22 to 26 g were included in this study. Eighteen
animals were used for assessing the pharmacokinetics and plasma
viscosity; the others were randomly assigned and equally distributed
to an untreated control group and to groups receiving either 0.9%
NaCl or HbVs.

The anesthetized animals were placed on a heating pad in a prone
position. and the room temperature was set at 28°C to keep the
animal’s skin temperature constant at 32°C, which was verified with
a microthermometer placed on the abdominal skin. The back skin was
shaved and epilated. Surgery was performed with the aid of an
operating microscope at X 10 magnification (Wild, Heerbrugg, Swit-
zerland). Two cranially based flaps measuring 30 X |5 mm were
dissected on both sides of the dorsal midline (Fig. 1). The flaps
consisted of skin, a thin layer of panniculus carnosus muscle, and
subcutaneous tissue. The lateral thoracic artery was ligated, thus
creating random collateral arterial perfusion of the flap via the sub-
dermal vascular plexus. During surgery. the flap was irrigated with
0.9% NaCl to prevent it from drying out. The flaps were sutured back
into their original position after having placed a silicone sheet under-
neath to avoid vascular ingrowth from the wound bed.

Tissue oxygenation. Cutaneous oxygen saturation was measured
with a noninvasive microprobe system performing white light spec-
trometry for computed data collection (O2C-system. LEA-Medizin-
technik, Giessen, Germany). According to the manufacturer, the
sample surface and depth were ~1 mm? and 800 wm, respectively.
Probes were placed on the neck (normal skin) and in the central flap
axis at distances of 5 (proximal flap), 15 (middle flap), and 25 mm
(distal flap) from the base of the flap.

Tissue survival and primary wound healing. The length of the
healed wound suture was measured in the midline (ischemic flap

Fig. 1. Experimental model. A and B: a cra-
nially based skin flap is raised on both sides
of the dorsal midline of anesthetized mice.
The flap extends the vascular territory of the
nourishing lateral thoracic artery and vein
(marked in red in A). The lateral thoracic
artery is ligated. C: the flap is sutured back
into its original position after interposition-
ing a silicone sheet to avoid revasculariza-
tion from the wound bed. D: 6 days postop-
eratively. a clear demarcation can be ob-
served between vital and necrotic flap skin
and between healed and nonhealed suture
lines.

HEMOGLOBIN VESICLES IN ISCHEMIC WOUND HEALING

tissue sutured to each other) and laterally (ischemic flap tissue sutured
to healthy tissue). A digital photographic picture was taken of both
flaps. which was computerized for planimetry to calculate the per-
centage of the total flap surface that became necrotic (Adobe Photo-
shop. Adobe. San Jose, CA).

Histological examination. Tissue samples were taken from the
spleen, liver, and kidney. which are where the HbVs are degraded by
the reticuloendothelial system and excreted (20). In addition, speci-
mens were harvested from the flap tissue at a standardized distance to
the flap basis of 5 mm. This region was chosen to obtain healthy flap
tissue well off the inflamed demarcation zone or necrosis. The
samples were fixed in 4% paraformaldehyde, washed in PBS. stored
in 70% ethanol. and finally embedded in paraffin blocks. Sections (5
pm) were cut, transferred to microslides, and air dried at 37°C
overnight. Hematoxylin-eosin staining was performed for morpholog-
ical evaluation and Giemsa staining for visualizing leukocytes. In
addition, the flap tissue specimens were immunohistochemically
stained for eNOS. To this end, peroxidase was blocked with 3% H,0a,
and nonspecific reactions were reduced by protein blocking (Dako-
Cytomation, Protein Block, Serum-Free, Zug, Switzerland). The
slides were then incubated with a primary rabbit anti-eNOS antibody
(1:50: Santa Cruz, Heidelberg, Germany). The anti-rabbit EnVision
(DakoCytomation EnVision+ System Labelled Polymer-HRP Anti-
Rabbit K4003) and AEC (Aminoethyl Carbazole Substrate Kit,
Zymed. San Francisco, CA) were used as secondary antibody and
chromogen, respectively. Positive and negative controls were taken
for each set of antibody and between each step. Immunostaining was
assessed semiquantitatively by using light microscopy at a X200
magnification (Leica DM7RB., Wetzlar, Germany). The total numbers
of capillaries and eNOS positive capillaries within one visual field
were counted. Data were calculated from the averages of three
randomly selected visual fields per specimen.

Laboratory analysis. Hb and methemoglobin (met-Hb) concentra-
tions were analyzed in the blood samples (ABL 625: Radiometer,
Copenhagen, Denmark). The samples were centrifuged with 3,000
rounds/min for 10 min to determine hematocrit and to obtain the
plasma. Since the HbVs are known to be part of the plasma (20), the
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supernatant was collected for measuring HbV-bound Hb and met-Hb
concentrations separately.

To assess the pharmacokinetics and plasma viscosity, the plasma of
three animals was pooled for each time point. Plasma viscosity was
measured with a Hoppler-type viscosimeter (HAAKE Messtechnik,
Karlsruhe, Germany) at 37°C. and the average of four consecutive
measurements was calculated. The plasma concentration of the vesi-
cles was measured with a computerized fluorescence reader (Infinite
M 200. Tecan, Maennedorf, Switzerland). For this purpose, the
plasma was transferred to 96-well plates. A calibration curve was
previously established to transfer fluorescence intensity to vesicle
concentration, and native plasma was taken as a negative control.

Prorocol. For all manipulations, the animals were anesthetized with
intraperitoneal injection of medetomidine (500 pg/kg body wt; Dor-
mitor, Pfizer. Zurich, Switzerland), climazolam (5 mg/kg: Climasol,
Griub. Bern, Switzerland), and fentanyl (50 pg/kg; Fentanyl-Janssen,
Janssen-Cilag. Baar, Switzerland), and anesthesia was antagonized by
injecting the antidotes atipamezole (1.25 mg/kg body wt; Antisedan,
Pfizer). sarmazenil (0.5 mg/kg body wt: Sarmasol, Graub). and nal-
oxone (0.6 mg/kg: Naloxon. Orpha, Kusnacht, Switzerland) after the
manipulations were completed. Animals were euthanized with an
overdose of pentobarbital sodium at the end of the experiments.

Immediately after the flap preparation was completed, 20% of the
estimated total blood volume of the HbV solution or 0.9% NaCl was
injected into the tail vein over a period of 10 min.

On postoperative day 1, the cutaneous oxygen saturation measure-
ments were taken, and another 20% of the estimated total blood
volume of 0.9% NaCl or the HbV solution was injected.

On day 6, tissue survival and primary wound healing were as-
sessed. Thereafter. blood samples were obtained by cardiac puncture

n
[0
)
H

20t el

i el
o (6]
L 1

Primary Healing (mm)
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B Midline wound suture [JLateral wound suture
Fig. 3. Length of primarily healed wounds in midline and lateral suture in
untreated control animals and animals receiving 2 X 20% of TBV of 0.9%
NaCl or HbV solution. Data are expressed in mean values and SD. #P < 0.05
vs. control.

for laboratory analysis, and tissue samples were collected for histo-
logical examination.

Perioperative death, wound infection, and technical complications
such as rupture of the skin suture, thrombosis of the draining vein
(leading to total flap loss), or failing arterial ligature (leading to total
flap survival) were taken as exclusion criteria.

The same injection protocol was used to determine the pharmaco-
kinetics of the vesicles and the plasma viscosity. Blood samples were
obtained by exsanguinating the animals at baseline and 30 min, 24 h,
and 48 h after each vesicle solution injection.

Statistical analysis. The InStat version 3.0 sottware (GraphPad,
San Diego. CA) was used for statistical analysis. The data are
presented as means * SD. Differences between the groups or sites of
measurements were assessed by unpaired analysis of variance and
Bonferroni posttest. A value of P < 0.05 was taken to represent
statistical significance.

RESULTS

Five animals fulfilled the exclusion criteria (1 death, 1
infection, and 3 technical problems). thus resulting in final
sample sizes of # = 9 in the control group and #» = § in each
other group in the flap experiments.

On postoperative day 1. we observed a gradual decrease in
oxygen saturation from 49 = 9% in the normal skin to 11 =
15% in the distal parts of the flap in all animals (Fig. 2).
Whereas similar values were obtained after NaCl injection.
higher oxygen saturation was maintained after HbV in all parts
of the flap, which became most evident in the middle flap
portion (P < 0.05).

80 - ;
60 4 — - = S T’

40 -

20 4

% of Flap Surface

0 1 —r T 1
Control NaCl HbV
Fig. 4. Flap tissue survival in untreated control animals and animals recejving
2 X 20% ot TBV of 0.9% NaCl or HbV solution. Data represent percentages
of total flap surface and are expressed in mean values and SD. ##P < 0.01 vs.
control.
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Fig. 5. Immunohistochemical endothelial nitric oxide synthase (eNOS) staining of flap tissue 6 days postoperatively in untreated control animals (A) and animals

5

receiving 2 X 20% of TBV of 0.9% NaCl (B) or HbV solutions (C). Pictures were taken at X200 magnification. Black arrows exemplary indicate cross-sections
of capillaries, whereas white arrowheads indicate capillaries with endothelial cells stained positive for eNOS.

Six days postoperatively, a clear distinction could be made
between the healed and nonhealed suture lines, and the demar-
cation between necrotic and surviving flap tissue was unequiv-
ocally discernible (Fig. 1). In the control group, the proximal
6.6 = 6.5 mm of the midline suture were healed (Fig. 3). This
length was increased to 12.7 = 7.2 mm in the animals having
received HbV (P < 0.05), whereas it was virtually unchanged
in the NaCl group. The mean length of the primarily healed
lateral wound ranged between 10.1 and 11.4 mm and was
similar in all groups. Flap tissue survival was increased from
33 £ 20% in the control group to 57 = 16% after HbV (P <
0.01) but was similar to control in the NaCl group (Fig. 4).

The immunohistochemical assessment revealed 3.0 *= 0.9
capillaries/visual field in the proximal flap tissue of untreated
animals, whereas capillary density was raised to 5.3 *= 0.9
capillaries/visual field after HbV (P < 0.01, Figs. 5 and 6). In

Per Visual Field
S
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0 = “ T T
Control NaCl HbV
Capillary Density
8
##
-]
T 6
g
S 4
2
> -
5 2
* _i [
04 - :
Control NaCl HbV

eNOS* Capillaries

Fig. 6. Capillary density and capillary eNOS expression 6 days postopera-
tively in untreated control animals and animals receiving 2 X 20% of TBV of
0.9% NaCl or HbV solution. Data are expressed in mean values and SD of
capillaries per visual field at X200 magnification. ##P < 0.01 vs. control.

addition, higher eNOS expression was found in the capillaries
of animals treated with the HbV solution, yielding 4.1 = 1.3
eNOS + capillaries/visual field (P < 0.01). The histomorpho-
logical examination of the parenchymal tissues exhibited no
signs of organ failure, tissue damage (hematoxylin-eosin stain-
ing), or leukocyte accumulation (Giemsa staining) in the liver,
spleen, and kidney throughout the groups.

Laboratory blood work revealed similar hematocrit levels
(means, 41.8% to 44.0%), Hb concentrations (means, 14.1 to
15.0 g/dl), and met-Hb concentrations (means, 0.02% to
0.04%) in all groups 6 days after flap surgery and 5 days after
the last injection. No Hb was found in the plasma phase in any
animal. The pharmacokinetic experiments revealed that 68% of
the initially injected vesicles were still circulating after 24 h.
The initial concentrations (88% and 32%) were found 24 and
48 h after the second injection, respectively (Fig. 7). Plasma
viscosity was 1.19 cP in the untreated animals, and 1.41 and
1.31 cP at 24 and 48 h after the second vesicle injection,
respectively.

DISCUSSION

The principal findings of the present study were that both the
primary healing of the wound between the two ischemic,
hypoxic skin margins and the survival of critically ischemic
tissue were improved after the administration of left-shifted
HbVs.

This biological behavior was paralleled by the pattern of
oxygen saturation on the first day after surgery, suggesting that
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Fig. 7. Vesicle pharmacokinetics. The values represent plasma concentrations
of vesicles filled with a sulforhodamin B solution, measured with computerized
fluorescence reading before and after receiving 2 X 20% of TBV of vesicle
solution. Data are presented in percentages of the concentration present in the
injected vesicle solution and are expressed in mean values and SD.
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tissue oxygenation was sufficient for survival but not for
wound healing in the more proximal parts, whereas the oxygen
debt reached a severity that was no longer compatible with cell
survival more distally. An increased oxygen demand is neces-
sary for norrnal tissue repair, which is not sufficiently covered
under hypoxic conditions, and wound healing may be attenu-
ated due to the suppression of essential oxygen-dependent
processes such as fibroblast and myofibroblast activity, angio-
genesis, and collagen synthesis (2, 9). An ameliorated oxygen
supply was most likely responsible for the improved midline
suture healing in the HbV-treated animals in our study. No
such effect was observed in the lateral wound margins where
tissue repair appeared to be in the domain of the healthy,
normoxic skin, not affected by the HbVs. The length of the
lateral, primarily healed suture line corresponded to the length
of the healed midline suture line in the animals receiving HbV,
thus emphasizing the therapeutic potential of this oxygen
carrier.

The immunohistochemical analysis yielded significantly
higher capillary counts and eNOS expression in the flap tissue
of animals receiving HbVs. eNOS exerts a predominant func-
tion in angiogenesis and vasculogenesis (7). Besides stimulat-
ing new vessel formation, it attenuates endothelial cell apopto-
sis (1, 15). eNOS is therefore a pivotal player in wound healing
(3, 14) and contributes to maintain or improve flap tissue
survival (11, 13). eNOS expression is oxygen dependent (12,
16, 23), stimulated by fluid shear stress (15, 24), and inhibited
by proinflammatory cytokines (1, 23, 27).

Each of these pathways may have been influenced by the
HbVs. With the assumption that the NaCl and H,O compo-
nents of the administered solutions exited the vascular com-
partment within a few minutes, the administered dosage of
HbVs enhanced the HbV concentration in the whole blood by
~15% after the first injection, and according to the pharma-
cokinetic experiments, one third of the initially injected
amount of HbVs was still circulating 3 days later. Much more
importantly than increasing the oxygen carrying capacity, the
HbVs regulate oxygen release from the red blood cells to the
tissue due to their presence in the plasma phase. If the oxygen
affinity of the HbV is increased, a higher oxygen tension
gradient is required for oxygen release to the tissue. Thus
oxygen release is shifted to the downstream vasculature (26),
redistributing oxygen in favor of ischemic, hypoxic tissues
(25). The advantage of left-shifting HbV oxygen affinity for
this purpose was repeatedly demonstrated in our previous
works (5, 6). Furthermore, the HbVs increased plasma viscos-
ity, which has been made responsible for improved microcir-
culatory blood flow (5, 6, 8, 17, 18), both enhancing shear
stress on the vascular lining. In our previous studies, a bene-
ficial effect of the left-shifted HbVs on ischemic flap tissue has
been shown for several secondary end points including tissue
energy metabolism (5), apoptosis (17), proinflammatory cyto-
kines, and leukocyte activation (18).

To weigh the biological performance of the biomaterial
against its possible adverse effects, we performed pathohisto-
morphological examinations in the organs at risk, which is
where HbVs are degraded and excreted, such as in the liver,
spleen, and kidney (20). Although our test animals received
large amounts of HbV, it was completely metabolized after six
days, and no tissue alterations or damages were seen at this
time point. These findings are in line with extended histomor-

HEMOGLOBIN VESICLES IN ISCHEMIC WOUND HEAL]NG

HO909

phological and laboratory investigations performed by Sakai et
al. (21, 22) in rats.

From our results, we conclude that left-shifted HbVs may
ameliorate the survival and primary healing of critically ische-
mic wound margins, possibly by stimulating eNOS-mediated
neovascularization.
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The role of an amino acid triad at the entrance of the heme pocket in human
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Complexation of iron(II) protoporphyrin IX (Fe**PP) into a genetically engineered heme pocket on
recombinant human serum albumin (tHSA) creates an artificial hemoprotein which can bind O,
reversibly at room temperature. Here we highlight a crucial role of a basic amino acid triad the entrance
of the heme pocket in rHSA (Arg-114, His-146, Lys-190) for O, and CO binding to the prosthetic
Fe*PP group. Replacing His-146 and/or Lys-190 with Arg resolved the structured heterogeneity of the
possible two complexing modes of the porphyrin and afforded a single O, and CO binding affinity.
Resonance Raman spectra show only one geometry of the axial His coordination to the central ferrous

ion of the Fe* PP,

Introduction

Hemin [iron(III) protoporphyrin IX (Fe**PP), Fig. 1] dissociated
from methemoglobin (metHb) is potentially toxic in the human
body, because it intercalates in phospholipid membranes and
participates in Fenton’s reaction to produce hydroxyl radicals.!
Hemopexin (Hpx, 60,000 Da), a B-glycoprotein in plasma
(< 17 uM), captures the Fe**PP with an extraordinarily high
binding affinity (X > 10 M™) and transports it to the liver
for catabolism.>? When Hpx becomes saturated (e.g. as a result
of serious hemolytic injuries), the Fe**PP is first bound by human
serum albumin (HSA, 66,500 Da) (K = 1.1 x 108 M™),** the
most abundant plasma protein (ca. 650 uM), and then transferred

OH

OH

FeDMDP

R:H FePP
CH; FePPDM

Fig. 1 Chemical formula of Fe porphyrins.
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to Hpx. The biological function of the HSA-Fe**PP complex
has attracted considerable interest for many years. However,
Casella ez al. reported little peroxidase or catalase activity,® so
this naturally occurring hemoprotein may not play any significant
role in vivo. If anything, HSA may serve to keep the incorporated
hemin group physiologically silent.

Crystal structure analysis of HSA-Fe>* PP revealed that Fe**PP
is bound within a deep hydrophobic slot in subdomain IB of HSA
with axial coordination to the side-chain hydroxy! of Tyr-161 and
salt bridges between the porphyrin propionates and a triad of basic
amino acid residues at the pocket entrance (Arg-114, His-146,
and Lys-190) (Fig. 2).57 While the reduced ferrous HSA—Fe** PP
is immediately autoxidized by O,,° we found that a pair of site-
specific mutations into the subdomain IB of HSA allows the
Fe**PP to bind O,: introduction of a proximal His at the Leu-185
position and substitution of the coordinated Tyr-161 with non-
polar Leu (Y161L/L185H [rHSA1]) (Fig. 2).°>® Remarkably,
introduction of the proximal His at the Ile-142 position (on
the opposite side of the porphyrin ring plane) also confers O,
binding capability to the Fe*PP (1142H/Y161L [rHSA2]).>4
These albumin O, transporters may serve as an effective red blood
cell (RBC) substitute if the O, binding affinity is sufficient for
clinical use. However, rHSA1-Fe*PP and rHSA2-Fe**PP both
show two O, binding affinities (P,,°?). The major component
(species I, 60~75%) exhibits similar P,,* to that of human RBC
(P,,%* = 8 Torr), but the minor component (species II, 25-40%)
shows only a seventh to a tenth of the affinity (Table 1).° Our
explanation for this observation is that the porphyrin plane of
Fe*PP binds in the pocket in either of two alternative orientations
(180° rotational isomers) that have slightly different geometries of
axial His coordination to the central ferrous ion, only one of which
confers high affinity O, binding.? Since less than 20% of species II
of THSA2-Fe* PP (P,,%* = 134 Torr) is dioxygenated in the human
lung’s conditions (P, = ca. 110 Torr, 37 °C), the low O, binding
affinity component cannot effectively deliver O, to the tissues and
should be excluded to develop this promising O, carrying plasma
protein as an RBC substitute. Interestingly, a similar dependence
of O, binding affinities on the orientations of the porphyrin ring
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Table1 O, and CO binding parameters of rHSA-Fe?PP in 50 mM potassium phosphate buffered solution (pH 7.0) at 22 °C

kor® (ms™) P,,%* (Torr) ko (UM's) k™ (s7) P,,%° (Torr)
Fo® (M)
I I I I I I 1 I

rHSA1-Fe*PP* 31 0.20 1 4 41 37 0.35 0.012 0.077 0.0026 0.18
rHSA2-Fe*PP* 7.5 0.22 718 134 2.0 0.27 0.013 0.079 0.0053 0.24
rHSA1(H146R)-Fe* PP 43 0.37 6 — 51 — 0.013 — 0.0033 —
rHSA1(L190R)-Fe**PP 24 0.35 9 — 4.0 —  0.010 — 0.0031 —
rHSA1(H146R/K190R)-Fe*PP 42 0.41 6 — 6.1 — 0011 — 0.0022 —
rHSA2(H146R/K190R)-Fe*PP 11 0.30 17 — 1.7 — 0.012 — 0.0058
Mb® 14 0.012 0.51 0.51 0.019 0.030

“ Ref. 9b. * Sperm whale Mb in 0.1 M potassium phosphate buffer (pH 7.0, 20 °C); ref. 17.

X

His-146

Arg-114 &
Leu-185

Lys-190 N -

Position
rHSA

42 146 ¢ 190

Wild type (WT) lie His Tyr Leu Lys
1 lie His i Lys
2 ! His Leu Lys
1(H146R) lie Arg : Lys
1(K190R) lie His H Arg
1(H146R/K190R) lie Arg His Arg
2(H148R/K190R) Arg Leu Arg

Fig. 2 Structure of the heme pocket in the rHSA(WT)-hemin complex
(PDB ID: 109X from ref. 7).® Positions of the amino acids where
site-specific mutations were introduced and abbreviations of the mutants
are shown in the table.

plane is found in insect Hb.* If one could prepare a desired heme
pocket architecture to distinguish the two possible binding modes
of the asymmetric Fe**PP, it would provide new insights into the
modulation of hemoprotein chemistry.

In this paper we report for the first time a role for the basic
amino acid triad at the entrance of the heme pocket in rHSA in
regulating O, and CO binding to the prosthetic Fe**PP group.
Replacing His-146 and/or Lys-190 with Arg in rHSA1-Fe*PP
and rHSA2-Fe*PP resolved the structural heterogeneity of the
porphyrin plane orientation and afforded a single high-affinity O,
and CO binding equilibrium. Moreover, the O, binding affinities
of these hemoproteins are all similar to that of RBC. Resonance
Raman (RR) spectra clearly show one geometry of the axial His
coordination to Fe* PP.

Results and discussion
Design of the heme pocket

To bind the hemin molecule tightly, HSA exploits multiple
electrostatic interactions between three basic amino acid residues
and the hemin propionates at the wide entrance of the heme
pocket (Fig. 2). Lys-190 adopts a central position and makes salt
bridges to both propionic acid side chains. His-146 and Arg-114
provide a second electrostatic coordination with each carboxylate.
Notably, the UV-vis absorption spectrum of HSA complexed
with an iron(III) protoporphyrin IX dimethylester (Fe**PPDM,
Fig. 1) showed very broad Soret and Q bands, suggesting that
Fe**PPDM without peripheral carboxylic acids may not be bound
stably within subdomain IB. This suggested that modification
of this key basic amino acid triad involved in coordinating the
hemin propionates could be used to regulate the orientation of
the porphyrin ring plane in subdomain IB. We designed four
new rHSA mutants based on the existing pair of double mutants
that contain the substitutions necessary to confer O, binding
to the Fe**PP (Y161L/L185H or 1142H/Y161L).° His-146 and
Lys-190 were replaced by more bulky and basic Arg: H146R,
K190R, and H146R /K 190R mutations were combined with the
O, binding mutations (see Fig. 2 for details). We postulated that
the introduction of Arg residues would reduce the space available
at the entrance to the cavity and might thereby restrict the binding
of Fe**PP to a single conformation.

Site-specific mutations were introduced into the HSA coding
region in a plasmid vector (pHIL-D2 HSA). The proteins were
expressed in the yeast species Pichia pastoris. The rHSA-Fe* PP
complexes were prepared according to our previously reported
procedures (see Experimental).

O, and CO binding properties of rHSA-Fe* PP

The UV-vis absorption spectra of all six rHSA(mutant)-Fe**PP
were essentially identical (Fig. 3, Table S1t). They were easily
reduced to the corresponding ferrous complexes by adding a small
amount of degassed aqueous Na,S,0, under an N, atmosphere.
A single broad absorption band (A = 558-559 nm) in the visible
region signified the formation of a five-N-coordinate high-spin
complex similar to deoxy Mb' or the synthetic chelated heme in
DMEF." The spectral features and amplitude did not change in the
temperature range of 5-25 °C. These observations show that the
guanidinium groups of Arg-146 or Arg-190 do not interact with
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Fig. 3 UV-vis absorption spectral changes of rHSA1(HI146R/
K190R)-Fe*PP in 50 mM potassium phosphate buffered solution
(pH 7.0) at 22 °C.

the ferrous iron of the Fe**PP, since the resulting formation of a
six-N-coordinate low-spin complex would have yielded sharp and
split o, B bands in the visible region®™ and been sensitive to rapid
oxidation by O, via an outer sphere mechanism."

Upon exposure of the rHSA-Fe**PP solution to O, gas, the
UV-vis absorption changed to that of the dioxygenated complex
(Fig. 3).>'! After exposure to flowing CO, the Fe**PP produced a
typical carbonyl complex.

We then used laser flash photolysis spectroscopy to determine
association and dissociation rate constants (k., k.x) for O,
and CO binding to rHSA-Fe**PP° The time dependence of
the absorption change accompanying the CO recombination to
rHSA1-Fe*PP and rHSA2-Fe* PP obeyed double-exponentials,
although the O, binding kinetics followed a single-exponential.®
The slow phase (species II) of the CO rebinding showed
7-11-fold lower k,,° and 6-fold higher k,4“° than those of
the fast phase (species I) (Table 1). We interpreted this to
mean that the low O, binding affinity conformers of rHSA1-
Fe**PP and rHSA2-Fe** PP have bending strain in the proximal
His coordination.®*' In contrast, the rebinding kinetics of
0, and CO to rHSA1(H146R)-Fe** PP, rHSA1(K190R)-Fe** PP,
rHSA1(H146R/K190R)-Fe**PP and rHSA2(HI146R/K190R)-
Fe**PP were strictly monophasic (Fig. 4). As a result, these
hemoproteins showed single O, and CO binding affinity (P;,%
and P,,°), which were all similar to the higher affinities (species I)
of the original double mutants (Table 1). We can conclude that
the introduction of Arg into the entrance of the heme pocket of
rHSA1 and rHSA2 is effective at excluding the low O, binding
affinity conformer.

CO binding to rHSA-Fe** DMDP

To verify our interpretation that the replacement of H146
and/or K190 by Arg resolved the structural heterogeneity of
the two complexing modes of the Fe**PP and gave a single O,
and CO binding affinity, we examined the incorporation of a
symmetrical iron(II) 2,4-dimethyl-deuteroporphyrin (Fe** DMDP,
Fig. 1) as an active site. The UV-vis absorption spectrum of
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Fig. 4 Absorption decay of O, and CO rebinding to rHSA1(H146R/
K190R)-Fe**PP after the laser flash photolysis at 22 °C; (a) O, and
(b) CO. Both kinetics were composed of monophasic phases. A relaxation
curve was fitted single exponential (red line).

the ferric rHSA2-Fe**DMDP showed a very similar pattern to
that of rHSA2-Fe**PP though each A, value was hypsochromic
(8-11 nm) shifted (Table S1{). The reduced ferrous form of
rHSA2-Fe*DMDP under an N, atmosphere exhibited a slightly
broadened Soret band absorption, but the main species was
a five-N-coordinate high spin complex involving axial His-142
coordination. Upon introduction of O, gas through the solution,
rHSA2-Fe**DMDP bound O, only at 5 °C and was observed
to autoxidize at 22 °C. In general, the stability of the O, adduct
complex of a heme derivative is sensitive to the electron density at
Fe** and thus to the substituents at the porphyrin periphery.’®
Our attempt to determine the O, binding parameters of rHSA2—-
Fe**DMDP unfortunately failed. However, after introduction of
CO gas, rHSA2-Fe**DMDP produced a stable carbonyl complex.
We again used laser flash photolysis to characterize the CO binding
properties of this hemoprotein. As expected, the absorption decay
associated with CO recombination with rHSA2-Fe** DMDP was
clearly monophasic (Fig. S1tf). This result implied that the
symmetric Fe** DMDP molecule is accommodated in subdomain
IB of rHSA2 in a single orientation and there is only one
geometry of the axial His-142 coordination to the central ferrous
ion of Fe**DMDP. Interestingly, the CO rebinding to rHSA2-
Fe**DMDP (k,,“°: 0.42 uMs™") was relatively slow compared to
that of rHSA2-Fe* PP and similar to Mb."”

RR and IR spectroscopies

The RR and infrared (IR) spectra of these artificial hemopro-
teins also supported the results described above. The stretching
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