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Transfusion Overview in Perioperative/Emergent Field
and Prospect of Artificial Oxygen Carriers
-A Potential of Hemoglobin Vesicles-

SFlETEEE, MUTHER, WAE#R
Katsuyuki Terajima, Takaya Tsueshita, Atsuhiro Sakamoto
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Abstract

Despite the remarkable medical advances were made over recent years, erythrocyte transfusions are often still required
during emergency care and the perioperative period. Several recent reports on blood transfusion have prompted the Japanese
Red Cross Society to publish revised guidelines for implementing transfusion therapy. In order to perform this procedures, one
must understand both the compensatory mechanism that occurs during acute anemia and the potential adverse reactions to
transfusion. Although great efforts have been made to ensure the safety of blood transfusions, some fundamental issues have
yet to be resolved. Consequently, several artificial oxygen carriers have been developed; however, in terms of their safety and
effectiveness, only those that utilize hemoglobin have shown potential at the pre-clinical stage in Japan. We are privileged to
have had the opportunity to study the safety and effectiveness of hemoglobin vesicles, which appear to have the greatest
potential for clinical application. The present paper reviews tolerance to anemia under anesthesia and during trauma treatment,
post-transfusion prognosis, and the potential application of hemoglobin-based oxygen carriers, with reference to the results of
our own survey of these topics.

Keywords
Hemoglobin-based oxygen carrier, multiple organ failure, hemorrhagic shock, transfusion, red blood cell, fluid resuscitation
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Hemoglobin-Vesicles (HbV) DO{ERENAE & WaHRERILA
kIFTE

HbViZBBECHEFEIN/-HBOCTH 5. BE, HARELLE
TR R TR BIC KRB EER & i I i IES)
ZfToTw5, WE, RLeOFETH, e TNV TOHVE
AuiERBRETCOLEBERRIOESEBRIL~NOEELHAEL
7!:23).

NREYIE, £#I12 - 148#OHENew Zealand white rabbit
L7z, BRRHARZEIEROHGA2E T, v FRMRE
HbV (HEELES, A X P 227 ) OBEFEEiEYE
7= (Fig. 1), FREFTIC/NBRTA & BARE, KEBZUIBAL, M HF
S BRI EEEB A AL R—2 T 4 VHIER,
SEHEIREAI30-35 mmHg & & 282 % TH-7-. 2045,
B s HEBN5 %Y 2 ¥F v b P73 viEl+HbVigR
(HbV+albg), s%VaryEFrr b PAT7IVaKR (=708
24t (alb®), HEEY XU (LRED), X oo 38

DHEEY) vV (XLRE) TRESRBRERTo~. HiE
HEB, BMmE, BiRE, POERE, LHEBRE HBRERS
[E& L7, BinEIZEEICENEho/, MITEEOELE
Table LIZ7RT. LREAIEEARTISNE L b, 3XLRENE 1
BEIODR—ZAFA ViCHARAEMET LA, LDREHBIZLRE
ESXLREEE &2 2BRFREIBICIET Lz, 2RI L, HbV +alb
BrabBoLHEEEIFEEBICEE L, EBREEhERES N
7. BRERI5 TOHDY +albB O E X - £ 5 SR,
DB L EDr o7, HOVESIC X 3BEBOBBRESTRE
12, MOBERLERET Ladok, MOBETE, BER
159 U TR LRBEC U RE S HERF S N7z, BESR M EEEE D
HEICHARI D BESCEHBELA, hoDfERIE, SttHmiks
a v 7o 2HbVISR OB E D, EHENThEEC X 32
EXERoNEEROMAKEEXYT, MRHUELEEBEST
PEEIEAIERZTRBT S, 51, REOER LEEFEMK
BV EBELBERBRHICEBIE S - LSRRI,

a) rabbit Hb

oxygen saturation (%)
w
(=]
N

0 50 100 150
oxygen partial pressure (mmFlg)

b) HbV

oxygen saturation (%)
v
3

0 50 100 150

oxygen partial pressure (mmHg)

Fig. 1. The oxygen equilibrium curves for a) rabbit Hb and b) HbV.

Table 1. Hemodynamic variables in New Zealand white rabbits after inducing hemorrhagic shock (HS) by withdrawing blood and
stabilization for 30 min. Animals were resuscitated using the same volume of HbV/rHSA, rHSA or RL, or using 31RL, ove
15 min (RES). The hemodynamic variables were measured again after 15 min, 1 h and 2 h. *Significant difference from
baseline (p<005). T Significant difference from the RL group (p<005). All values are presented as the mean + SD (n = 6).

Baseline HS 30 min RES 15min | 1h | 2h
Mean arterial pressure (mmHg)
HbVAHSA 85+ 10 33+ 7 43+ 3 88+ 10+ N0+ 167 Q£ 177 Q+7%t
HSA 89+ 11 323 B2 68+ 14 76+ 97T 77+ 97 80+ 9t
RL 78+ 10 M+ 41+ 9 69+ 9 56+ 13 51 = 10" 54 + 200
3XRL 80+ 17 31+ 3 BT 67 + 12 62+ 17 48 + 200 46 + 16*
Central venous pressure (mmHg)
HoVAHSA 45+ 1.2 3009 28+ 1.5 58+ 1.5 58+ 15 42+ 1.2 47 1.2
rHSA 52+ 17 32+ 1.2 30+ 1.3 50+ 1.7 48+ 1.5 47 + 05 4.2+ 08
RL 62+ 13 2708 28+ 04 47+ 14 40+ 1.7 3808 35+ 1.0¢
3XRL 43+ 1.0 28+ 1.0* 28+ 1.2 55+ 08 48+ 1.2 37+ 05 28+ 1.0¢
Cardiac Index (I minute™ - m®)
HbVHSA 2907 1.2+ 04" 29+02t 32+08Ff 28x04%
HSA 27+08 1.0£02 2707 23+05f 24%x06%
RL 26+ 09 1.1+ 04 1.8+ 04 1.3£03 1.1+£03
3XRL 29+ 05 1.1+ 02 26+ 09 1.9+ 06 1.4+ 04"
Systemic vascular resistance (dyne+ second-cm-5)
HbVAHSA 1579 + 738 1839 + 420 1516 = 204 1488 + 440 1516+ 264
HSA 1834 + 494 1956 + 394 1600+ 569 1820+ 548 1600 % 569
RL 1559 + 564 2012 + 695 1578 = 509 1993+ 587 1578 = 508
3XRL 1575 + 465 1868 = 370 1374+ 334 1420+ 717 1374+ 334
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Fluid resuscitation® f& 522

TUVRAE YV COMBRBREDES I, BARILITKEL
BWHETLIRNZ LI THE, MBTHRERICN L TEER
b5, MHOBELED S IBBWEEE CORRE, BEZRDORE
FOEREMIZB W CRIRN S THIBERD /- D O iE & #EHlsk
Hons,

F-RIEF RO, FZMET0uid resuscitationdsi& A
EFETELT, HLDERE-, B RIERKRE RS
DE L, BERO®RS L BEFEMLORESIC X 25 E0EE - 7,
VIREFROWEEZ L6 LD, BEERLDEHIIH LD
TBEENH, R FLBEORICE, DETORER L KBSE
SERIC X D WHIETRESRES N, 2R Toaos Fig
BWhroBEbot, ZOHKE, WERLAEBTLORERILR
AL 7243, adult respiratory distress syndrome (ARDS) &%
EREZNICKDZFTEIBEML 7, 1970ER & ) ¥EE oL
EREMie e sV v I oBErEogdBEsEinRiE
L, ARDSTOILERIZBA L., LiL, “SEERS” &
WHORETHHBEREOHTER L L TRD BERLMEIHEE
Elrolz,

B, MHREEROSEROBEEIC DLW TOMESRE X
NP, REEHRMmMEY a v 72 F A 28R iR E
T3, EEAEAKZAVWEBIEABY VIR TOBRERICH
N, T¥F=¥ R (714 = 0065739 + 004) LIETHDHEM
(50%%50%) MBI,

Small volume fluid resuscitationé& pemmissive hypotension

BT av 7BEOTRARND IR, HOLBERGE
EET 2L TH 5. BEEBRCEDLIEHIEE, ~ESn
EVIRE, BEEANE LPEREESL. 2070, MHEE
FWET I OORT LR L BEERAOHRILEL &
3. BABREDORYDAREOBELHEERS v Fy 7 RO HE
I, BED L I A500 mL/minute/ m2&B|E I N, 20l
LIcERERRA M COBBEEBEL NS, M
FLEBEIEML L4532 0H 5%, i, DI b
Ay P 7HREEEEZTRL, SEERLICEL®, £/, BH
RERCPHRILE, E ERPBREREAOFEEIC L 2 RO
mee, &ER, 7Y F—> 2, KEEPARDSHEER DM
&9 RHBREIEO WL D 2%, MM X 3 HILED 2
vyhuo—-AEnTohuBECNT 3 EARMKREER, o
L) RBEEEEATHS,

D&Y BEOERBRECHL, BRERHRT 28K
RMEZ I 2R E - 7%, PEEESEKIKE
RmER L AZEOLHAEE L MEENESE, MENKROBLE
CETORMBRUEDR, EFEEYUBEBRINSLD, h
i, DEEY 2y 78 L CORMERRENER LT,
Lil, COBREEVRIHENBROMMNE 76 L. 55
BEKDHEDRA S 7F U S ATORERIE, EHNLSERT
DERREBRDETERELRE L bh o717, ZOEELRRES
R, TXAFI 2T 2 L OO SH 2 2 LT

74

ENTY oI, HHERBRBTORER OB HLEDE
*epermissive hypotensioniZ & 2 BEH DO FH 2 LB T 2 0E
DIRE NI, FIZ, Ya v 7 eE) BHERERIMEBE TR
FEEBER L ESENEL2RS L, BRERE2 L8 T2 2 LR
INY, Eo, TOEBREKROEE R, Bt av o
BRI B W TRERIGE R S5 2 L ITREB I N2,

HoVD B EEEN DR

HifitEs a v 789 2ERERERICE, KBHIMIC & 2%
FIRTF0Fdk, SESEITEC X 2HE, BREECAVSn
LZEROFE L HMBEDOMAPEL 2HREENHZ, x5
i, ARORkC, REIEROWENRD H 2R, HINEs
minxda, HilEy 3y 72708 5HbVIERZ V72
BRI, SEEMNEERNCEEZRIFS2VEITH
3% 7 ZTHAIZ, HbVEHIZ & 2 R ARSEREREIC S
Z5EERinvitroTHEL, WEL -,
BERABEORI T4 7 7TAZNRE LA, HILENE
Mgy v 7%z, EHICHEY ViR, £/, SEAEK
OB 72 10%HOVIRIKR T, 21 Fh, HBY VXK, £
13, EBEEEKSIEY 7L T 0%, 20%, 40%,
60%, 80%IZZ BRRICHRL 7z, LB v ARTHRL I
Wik, 7470 /=S BE, Jolore Ui, B
FrRVYRTIRAFURMERREL . £, £2TomEY v
TNELRRERENAZ MW IESONOCLOT (tm) (Sienco
Company, Morrison, CO) TEEBE* M E L 7=,
SONOCLOT (tm) i, HU/MRESEERMERTEERT, Mz
RATEEREEE, 3TCICE T 5 MEOMEROERN A2
WWEISOT 7oy FERERIBRKRZMET L Z L THHT 3
bDTH Y HROBEIHHLT, 747V /)~ vig
EWET L7 (Fig. 2a). 7v b oy B L IEELES -
0y R77AF BRI, FROBEN ECEETAHAEE
&7z (Fig. 2b, 2¢.). SONOCLOT (tm) i & 2 HIEE &R T
(Fig. 3). 60% &M TIIHbVIAHIZIE Y > ¥ AIIC AT
Ed o, LaLl, 80%FHRTIXHOVIAK TOFRIiESon-
ACTZER ¥/, HhVIERKIZ L 2 EEDIMKFERIZ, B
U VBRI R EE R 2 R T AR S R S e, 8
L, 60%HERETOHES, tFodFLrF LAY —F oA
HEBVROTTREYR D 57 4 OWETIX, 60%FTH
FHRTIE, BB 4R E HbVIE OSONOCLOT (tm) @
X BHEMEIZEN oz, Thbh, HIVAR TCEESER%
79 &) 2 WHEBE2RE, BRUASNZRET CldERE
HEDME L & 2 TEBEII RO EAREBE N,

BRI IC L 2 NMERZER I L HES

Wz HEL T AEEZEDREBROMOFORERLET
IEB L, BEoBmEY ay 7REOELRBLO—DT
& %", Injury Severity Score (ISS) 158 LDSISADIHEE
HTOaR— MRATE, SHERI2BSRUA ORI O
MIEMOF REDOHYBRETFTH -7, £, BHIOIMEHE
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g. 2. Fibrinogen concentrations, prothrombin time and the activated
partial thromboplastin time of diluted samples with isotonic
Ringer's lactated solution (RL) or 10 g/dL Hemoglobin-Vesicles
solution (HbV). Fibrinogen concentrations were decreased in
inverse proportion to the dilution rate (2a). The prothrombin time
and the activated partial thromboplastin time were in proportion
to the square or cube of the dilution rate (2b, 2c).
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Hemodilution Rate (6) and Fluid

Fig. 3. SONOCLOT values of diluted samples with isotonic Ringer's
lactated solution (RL) or 10 g/dL Hemoglobin-Vesicles solution
(HbV). Activated coagulation time (ACT) and clot rate (CR) was
prolonged in the 40% and 60% dilution with LR and HbV
compared with baseline values, but there was no significance
between the two groups (3a, 3b). In the 80% dilution by both
solutions, ACT and time to peak was affected in comparison with
baseline (3a, 3c).
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Hemoglobin (Hb) vesicles have been developed as cellular-type Hb-based O, carriers in which a purified and
concentrated Hb solution is encapsulated with a phospholipid bilayer membrane. Ferrous Hb molecules within an
Hb vesicle were converted to ferric metHb by reacting with reactive oxygen species such as hydrogen peroxide
(H;0>) generated in the living body or during the autoxidation of oxyHb in the Hb vesicle, and this leads to the
loss of O binding ability. The prevention of metHb formation by H»0; in the Hb vesicle is required to prolong
the in vivo O carrying ability. We found that a mixed solution of metHb and L-tyrosine (L-Tyr) showed an
effective H,O; elimination ability by utilizing the reverse peroxidase activity of metHb with L-Tyr as an electron
donor. The time taken for the conversion of half of oxyHb to metHb (Tsq) was 420 min for the Hb vesicles
containing 4 g/dL (620 M) metHb and 8.5 mM L-Tyr ((metHb/L-Tyr) Hb vesicles), whereas the time of conversion
for the conventional Hb vesicles was 25 min by stepwise injection of HyO, (310 M) in 10 min intervals.
Furthermore, in the {(metHb/L-Tyr) Hb vesicles, the metHb percentage did not reach 50% even after 48 h under
a pO, of 40 Torr at 37 °C, whereas Tsy of the conventional Hb vesicles was 13 h under the same conditions.
Moreover, the Tsy values of the conventional Hb vesicles and the (metHb/L-Tyr) Hb vesicles were 14 and 44 h,
respectively, after injection into rats (20 mL/kg), confirming the remarkable inhibitory effect of metHb formation

in vivo in the (metHb/L-Tyr) Hb vesicles.

INTRODUCTION

Hemoglobin (Hb)-based O, carriers (HBOCs) as red blood
cell substitutes have been developed for clinical application in
recent years (/—3). Their safety and usefulness have been
demonstrated by many researchers in various fields such as
physiology, toxicology, and biochemistry (4—6). The demand
for HBOCs has been increasing year by year due to limitations
of donated blood, such as infectious agents, shortage, and storage
issues.

HBOC:s are generally classified into two types: One is the
acellular type, which comprises directly modified Hb molecules
such as cross-linked Hb (7), polymerized Hb (8), and polymer-
conjugated Hb (9). Some of the acellular-type HBOCs have
advanced to phase III clinical trials (10, 11). Another kind is
the cellular-type Hb systems such as Hb vesicles (/2) or
liposome-encapsulated Hb (/3), in which Hb molecules are
encapsulated with a phospholipid bilayer membrane. Although
they are not yet in clinical trials, they have been shown to have
excellent O; carrying ability and good safety profiles in vivo
(10. 14—18).

Ferrous Hb (Hb(Fe?*)) molecules of HBOCs gradually lose
their O, binding ability, because they react with reactive oxygen
species (ROS) such as hydrogen peroxide (H.03) (19, 20) or
nitrogen monoxide (NO%) (2]) to become nonfunctional ferric
Hb (Hb(Fe?**), metHb). in addition to the autoxidation of oxyHb
molecules themselves. In humans, the concentration of metHb
molecules in the red blood cells is usually kept below 1% by
reduction systems such as NADH-cytochrome bs, NADPH-
flavin, glutathione, and ascorbic acid. Furthermore, ROS are

* Corresponding author. E-mail: takeoka@waseda.jp. Tel: +813-
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eliminated by several mechanisms such as superoxide dismutase
(SOD), catalase, and peroxidase that help to prevent the metHb
formation (23, 24). In contrast. metHb generated in the Hb
vesicle are not reduced to the ferrous state due to the absence
of the reduction systems, because constitutive enzymes and
reductants necessary for metHb reduction are removed during
the Hb purification process (25). The half-life of oxyHb of the
Hb vesicles was 14 h in vivo, and more than 90% of oxyHb
was converted to metHb within 48 h in the case of 20 vol %
top loading to rats (20). In human plasma, the concentration of
H>0; is reported to be 4—5 uM (26) and to elevate to as much
as 100—600 uM under inflammatory (27) or ischemia-reper-
fusion conditions (28). Therefore, Hb vesicles are required to
have an H;O, elimination system for effective prolongation of
their O, carrying ability. We previously reported that H,O,
generated in the living body was the main reason for metHb
tormation of the Hb vesicles, and the O, carrying ability of the
Hb vesicles in which catalase was coencapsulated was vastly
prolonged in vivo by elimination of H;O» (20). Regarding the
catalase-coencapsulated vesicles, it is somewhat difficult to
obtain a sufficient amount of human catalase from human
donated blood. Furthermore, the catalase activity is gradually
lost due to denaturation during storage at 25 °C.

Horseradish peroxidase (HRP), which also eliminates H,O»
in its enzymatic reaction, is converted to a ferrylHb radical Hb-
(Fe**=Q%) state after reaction with H,O,, and the radical state
is returned to the ferric state by acceptance of two electrons
from substrates such as p-hydroxyphenylacetic acid (HPA) (29,
30). This is a well-known reaction in an H»O; assay method.
L-Tyrosine (L-Tyr) dimer or polymer can also be synthesized
by an HRP-catalyzed oxidation (31, 32). We considered from
the above mechanism that if metHb. which has ferric heme like
HRP does. could also function as an H2O; elimination enzyme
in the presence of L-Tyr as a substrate, then metHb can easily
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be prepared from purified Hb for the preparation of vesicles.
Moreover, L-Tyr itself is an amino acid with high stability and
good cost performance. In this study, we prepared Hb vesicles
coencapsulating metHb and L-Tyr, thereby incorporating the
metHb elimination system into the Hb vesicles themselves. We
then evaluated the effect of this coencapsulation on the
suppression of metHb formation. Furthermore, we evaluated the
safety of the vesicles in vivo.

EXPERIMENTAL PROCEDURES

Purification of Hb from Red Blood Cells (19, 33). Hb was
purified from outdated human red blood cells provided by the
Japanese Red Cross. The red blood cells were washed three
times with saline by centrifugation (2000g, 10 min) and
concentrated by the removal of the supernatant. They were
hemolyzed by the addition of an equal volume of water for
injection, and then the stroma were removed by ultrafiltration
(cutoff M., 1000 kDa, Biomax-1000V, Millipore Co., Ltd..
Bedford). The ligand exchange from O, to CO was carried out
for the stroma-free Hb solution by CO gas flowing over the
stirred solution. The proteins other than HbCO were denatured
by heat treatment at 60 °C for 12 h and removed as precipitates.
The HbCO solution was fractionated using ultrafiltration filters
with a cutoff molecular weight between 1000 kDa and 8 kDa
(Biomax-8V, Millipore), followed by concentration with an 8
kDa ultrafilter.

Reaction of Hb Samples with H,0,. HbCO was decarbo-
nylated to HbO; by the irradiation of visible light to a liquid
film of the Hb solution under O, atmosphere; potassium
ferricyanide was added to the oxyHb solution to convert the
oxyHb to metHb (34). The conversion of oxyHb to metHb was
99.9% as measured by the modified Evelyn—Malloy method
(35). After the mixed solution was stirred at 25 °C for 2 h, the
potassium ferricyanide was removed from the resulting metHb
solution by gel filtration chromatography on Sephadex G-25
(Pharmacia AB, Uppsala). Deferoxamine mesylate (1.6 mM:
DFO, Sigma, St. Louis) and L-Tyr (0 or | mM: free base, ICN
Biomedicals, Inc.. Aurora) were added to the oxyHb or metHb
solutions, and these solutions were used as Hb samples. Hb
samples (|[heme] = 20 4M) were reacted with 200 xM H,0,
(Iheme]/|H,0;| = 1/10 molar ratio) in phosphate buffered saline
(PBS, pH 7.4 at 37 °C), and the reaction was monitored by the
repetitive scanning of a visible region from 300 to 700 nm at 2
min interval by using a UV—vis spectrometer (V-570, Jasco,
Tokyo).

For the measurement of H,O; concentrations, samples were
reacted with H,O; under the same conditions and were periodi-
cally sampled. and the concentration of H,0» was determined
spectrofluorometrically by measuring the amount of 6,6'-
dihydroxy-|1.1'-biophenyl}-3,3'-diacetic acid (DBDA: Ex, 317
nm; Em, 405 nm), generated by the HRP-catalyzed reaction of
HPA with H;Os. The final concentrations of HRP and HPA
were 4 M and 6 mM, respectively, and the DBDA concentra-
tion was calculated after separating the Hb samples by cen-
trifugal filtration (cutoff 5 kDa, Ultrafree-MC, Millipore,
Bedford) (79, 29).

Preparation of the Hb Vesicles Containing metHb and
L-Tyr ((metHb/L-Tyr) Hb Vesicles) (36). MetHb was prepared
by the reaction of HbCO (10 g/dL) with an excess amount of
potassium ferricyanide. The unreacted potassium ferricyanide
and ferrocyanide were removed by ultrafiltration (cutoff M,, 50
kDa, ADVANTEC, Tokyo) until the concentration of potassium
ferricyanide was less than I M by monitoring the absorbance
with the UV—vis spectrometer. The metHb solution was
concentrated to 40 g/dL using a 50 kDa cutoff filter as noted
above. HbCO solutions containing 5 or 10 mol % metHb were
prepared by mixing the concentrated metHb solution with a 40
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g/dL. HbCO solution. Pyridoxal 5'-phosphate (PLP, Sigma, St.
Louis. MO) was added to the Hb solution as an allosteric
effector at a 2.5 equimolar ratio of PLP to HbCO. The L-Tyr
solution prepared previously was added to 0.2 N NaOH, and
the resulting solution was added to the HbCO/metHb solution.
The final concentrations of Hb and -Tyr in the HbCO/metHb
solution were adjusted to 40 g/dL and 1.0 and 8.5 mM,
respectively. To prepare the Hb vesicles, powders of 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylchorine (DPPC), choles-
terol, 1,5-bis-O-hexadecyl-N-succinyl-L-glutaminate (DHSG)
{Nippon Fine Chemical Co., Osaka), and 1.2-distearoyl-sn-
glycero-3-phosphatidylethanolamine-N-PEGsug (PEG-DSPE,
NOF Co., Tokyo) were mixed at a molar ratio of 5:5:1:0.033
and added to the HbCO/metHb solution, and the mixture was
stirred at 25 °C for 12 h. The resulting dispersion of the
multilamellar vesicles was subsequently extruded through the
nitrocellulose membrane filters with a pore size of 0.22 um (Fuji
Film Co., Tokyo) to prepare the Hb vesicles with an average
diameter of 261 =+ 30 nm. After the separation of unencapsulated
Hb by ultracentrifugation (10000g, 60 min), the precipitate of
the Hb vesicles was redispersed into saline in order to adjust
the Hb concentration of the Hb vesicle dispersion to 10 g/dL.
HBbCO within the vesicles was decarbonized and oxygenated
to HbO; by irradiation of visible light onto a liquid film under
O, atmosphere.

Stepwise Injection of H,0- to a Dispersion of (metHb/L-
Tyr) Hb Vesicles. A dispersion of (metHb/L-Tyr) Hb vesicles
in PBS (pH 7.4) coencapsulating metHb and L-Tyr (metHb/L-
Tyr = 2 g/dL:1 mM, 4 g/dL:l mM, or 4 g/dL:8.5 mM) was
incubated with stirring, and H205 (310 M, Ultra Pure Grade,
Kanto Chemical Co., Tokyo) was injected in stepwise fashion
into the solutions at 10 min intervals. Just before each injection,
20 uL of the dispersion of the (metHb/L-Tyr) Hb vesicles was
sampled out, and 20 uL of a catalase solution (50 000 unit)
was immediately added for the elimination of the remaining
H0;. The percentage of metHb in the (metHb/L-Tyr) Hb
vesicles was periodically calculated by the ratio of absorbance
at 405 nm (metHb) and 430 nm (deoxyHb) in the Soret band
using a UV—vis spectrometer without destruction of the Hb
vesicles. '

Autoxidation of (metHb/L-Tyr) Hb Vesicles. A dispersion
of (metHb/L-Tyr) Hb vesicles was incubated and shaken (120
times/min) under pO, of 40 Torr at 37 °C. The percentage of
metHb in the vesicles was periodically measured with a UV—
vis spectrometer.

Measurement of metHb Formation in the Hb Vesicles in
Vivo, Wistar rats (body weight: 240~260 g) were anesthetized
with diethyl ether, and a preparation of (metHb/L-Tyr) Hb
vesicles containing 4 g/dL of metHb and 8.5 mM of L-Tyr was
injected into the tail vein (20 mL/kg, n = 6). Blood was
withdrawn from the tail vein and centrifuged (12000g. 5 min)
to collect the vesicle fraction in the supernatant. The percentage
of metHb within the vesicles was measured with a UV—vis
spectrometer. The number of blood cells was measured with a
blood cell counter (Sysmex, KX-21, Kobe).

RESULTS AND DISCUSSION

Reaction of the L-Tyr Containing metHb Solution with
H;0:. We added H,0,; to the metHb solution (5 uM) with or
without 1 mM L-Tyr. Figure | shows the changes of the H,0,
concentration in the metHb solutions with and without L-Tyr.
The initial elimination rates of H,O; in the metHb solutions
were calculated on the basis of a pseudo-first-order rate law.
The elimination rates with and without L-Tyr at 37 °C were 3.0
x 10* and 3.2 x 10* M~! 5™, respectively. The apparent rate
constant of the metHb solution containing L-Tyr was about 10
times larger than that with the metHb solution alone, and this
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Figure 1. Time course of H;O; elimination by (O) metHb (5 uM)
(®) metHb (5 uM) + L-Tyr (1 mM) during the reaction with 200 uM
of HzOz at 37 °C.
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Figure 2. UV-vis spectral changes of (a) a metHb (5 uM) solution
and (b) 2 metHb (5 #M) solution containing L-Tyr (1 mM) during the
reaction with 200 uM HyO; ([heme]:[H0,] = = 1/10) at 37 °C. The
scanning was performed at 4 min intervals, immediately after the
addition of H;O; solution to each Hb solution.

value was estimated to be approximately equal to the 150 units
of catalase. Moreover, around 40 uM H;0; remained after a
30 min reaction of 200 M H,0: in the metHb solution alone.
whereas H,O; was completely eliminated within 15 min in the
metHb solution containing L-Tyr.

The UV—vis spectral changes during the reaction of HxO,
in the metHb solution (5 #M) and the metHb solution containing
L-Tyr (1 mM) are shown in Figure 2a and b, respectively. In
the case of metHb alone, there was a shift in the spectrum of
metHb, namely, the Soret band of metHb (405 nm) was shifted
to 417 nm, and the typical metHb peak at 630 nm was
completely abolished, which indicated a change to a different
form of metHb. There was a time-dependent decrease in peak
intensities, indicating the degradation of this intermediate form
of Hb during the reaction of H,O0,. We speculated that this
intermediate form of Hb was ferrylHb radical. It has been
reported that the ferrylHb radical is formed by the reaction of
metHb with H,O, (37). Furthermore, the stoichiometry of metHb
(5 uM) and the reacted HoO» (200 #M) suggests that the metHb
worked as an enzyme such as catalase. although the stability of
the enzyme was low and it was degraded. Because the Fenton
reaction can be prevented by the addition of DFO, which is a
chelator of Fe**, this enzymatic H»O; elimination was consid-
ered to be a pseudo-catalase-like reaction of metHb. Conversely,
the metHb solution with L-Tyr showed a fast spectral change
and then stayed constant during the reaction. as shown in Figure
2b. Also, the small spectral shift of the metHb solution with
L-Tyr suggested that the metHb reacted with H,O, was
converted to the ferrylHb radical. The ratio of metHb to ferrylHb
should be constant during reaction with H,O,. Comparing with
the reaction mechanism of peroxidase. where the ferric state is
converted to the ferrylHb radical state by the reaction of H;O»
to produce H,O, and then the ferryl radical state is recovered
to the ferric state by one-electron oxidation of two substrate
molecules to generate another molecule of H,O, we could
compare, in this case, the peroxidase and the substrate to metHb
and L-Tyr, respectively. More precisely, we could describe the
enzymatic reaction as reverse peroxidation, and the substrate
as H,O» where L-Tyr works as an electron donor. Furthermore,
we detected L-Tyr dimer (L-Tyr-L-Tyr (diTyr)). which was
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Figure 3. Time course of metHb formation in Hb vesicles at 37 °C
during the stepwise addition of H>Oz (310 uM) to 5 g/dL. Hb vesicle
dispersions coencapsulating (®) 4 g/dL. metHb and 1 mM L-Tyr, (C)
2 g/dL metHb and 1 mM L-Tyr, (@) 4 g/dL metHb and 8.5 mM L-Tyr,
and (O) no metHb and L-Tyr.

produced from the coupling of the two L-Tyr radicals in their
ortho position. Such a stable reaction of the unstable ferrylHb
radical to metHb by L-Tyr would help the stable elimination
reaction of H,O,. Therefore. we aimed to construct this system
in the Hb vesicles.

H;0; Stepwise Addition to the (metHb/L-Tyr) Hb Vesicles.
Figure 3 shows the time course of metHb formation in the
conventional Hb vesicles or the (metHb/L-Tyr) Hb vesicles by
stepwise injection of HyO» (310 M) in 10 min intervals. H,O;
(310 M) injection to a 5 g/dL conventional Hb vesicle dispersion
([heme] = 3.1 mM) showed an elevation in the metHb
percentage with increasing injections of H0,. and the percent-
age of metHb reached 85% after 60 min (6 injections). However,
the (metHb/L-Tyr) Hb vesicles (metHb/L-Tyr = 2 g/dL:1 mM,
4 g/dL:1 mM) showed a significant suppression of metHb
formation in the vesicles. The metHb percentages of these Hb
vesicles were 67% and 50% after 60 min (6 injections),
respectively. Furthermore, by increasing the amount of L-Tyr
to 8.5 mM (metHb: 4 g/dL), metHb formation was dramatically
suppressed; the percentages were 17% and 45% after 60 and
420 min, respectively (6 and 42 injections. respectively).

From these results, it was confirmed that the formation of
metHb from oxyHb by reaction with HO, was suppressed by
the H,0, elimination system of metHb and L-Tyr. Moreover,
the persistence of the metHb suppression effect depends on the
amount of metHb as an enzyme and L-Tyr as a substrate. The
solubility of L-Tyr in pure water is 1.2 mM; however, we
succeeded in preparation of an Hb solution containing 8.5 mM
L-Tyr by using an alkali solution (NaOH) and the interaction
of L-Tyr with highly concentrated Hb molecule (40 g/dL). We
succeeded in the construction of Hb vesicles having an HyOs
elimination system using Hb only as protein or enzyme.

Autoxidation of the (metHb/L-Tyr) Hb Vesicles. Besides
the formation of metHb by H.0;. oxyHb is automatically
oxidized to metHb, initiated by one-electron reduction of a
coordinated dioxygen molecule to generate superoxide anion
radical (O,™*). MetHb formation in vesicles by such autoxi-
dation was measured under the condition of the pO» of 40 Torr
at 37 °C, because at this pQ; value, the rate of metHb formation
is maximal (38). In the conventional Hb vesicles, the percentage
of metHb periodically increased by autoxidation of oxyHb in
the vesicles. The Tso was 13 h, and the metHb percentage
reached 90% after 24 h incubation (Figure 4). On the other hand,
the metHb formation of the Hb vesicles containing 4 g/dL
metHb and 1 mM L-Tyr was effectively suppressed: the Tsy
was 24 h. Furthermore, in the Hb vesicles containing 4 g/dL.
metHb and 8.5 mM L-Tyr, the percentage of metHb formed
was 20% and 43% after 24 and 48 h, respectively, and did not
reach 50% when the measurement ended (48 h).

Autoxidation of oxyHb is also an important factor of metHb
formation. The autoxidation rate of oxyHb depends on many
factors such as the O, affinity, Psp, the pOa, temperature, and
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Figure 4. Time course of metHb formation in Hb vesicles under pO,
of 40 Torr at 37 °C during autoxidation of 5 g/dL. Hb vesicle dispersion
coencapsulating (®) 4 g/dL. metHb and 1 mM L-Tyr, (O) 2 g/dL. metHb
and 1 mM L-Tyr, (&) 4 g/dL metHb and 8.5 mM L-Tyr, and (O) no
metHb and L-Tyr.

100

o]
o
T

o 0O

metHbgn Hovy (%)
»OO

N
o

1 i L 3

0 12 24 36 48 60 72
Tirne (hr)

Figure 5. Time course of metHb formation in Hb vesicles injected
into Wistar rats (20 mL/kg). Hb vesicles were encapsulating (@) 4 g/dL
metHb and 8.5 mM L-Tyr, and (O) no metHb and L-Tyr.

pH. OxyHb molecules in the Hb vesicles are also influenced
by these same factors, though the rates could be different from
that of the oxyHb solution. The half-life of oxyHb to metHb
(Tsp) in the conventional Hb vesicles (Psy = 33 Torr) at 37 °C
was about 12 h, shorter than that of the oxyHb solution (Tso =
24 h, PBS, pH 7.4). The autoxidation rate of the Hb vesicles
containing metHb and L-Tyr was also effectively reduced in a
similar way to that observed in the above experiment of H,O,
stepwise addition. The reason could be that the autoxidation of
oxyHb is additionally influenced by H,Os. A superoxide anion
radical (O2™%) generated by the oxyHb autoxidation is spontane-
ously converted to H,O; in the presence of H*. This Hy0;
attacks the other oxyHb molecules. Therefore, the elimination
of the H,0, would result in the suppression of the autoxidation
rate of oxyHb in the Hb vesicles.

Measurement of metHb Formation in (metHb/L-Tyr) Hb
Vesicles in Vivo. Figure 5 shows the percentage of generated
metHb after the intravenous injection (20 mL/kg) of the
conventional Hb vesicles or the (metHb/L-Tyr) Hb vesicles into
the tail vein of Wistar rats (n = 6). The metHb percentages of
the conventional Hb vesicles and the (metHb/L-Tyr) Hb vesicles
after 4 h were 22% and 18%. respectively, and the T values
were 14 and 44 h, respectively. Furthermore, the Wistar rats
were all alive for 72 h after the measurement, at which time
they were sacrificed, indicating the safety of this system in vivo.
These results confirmed the suppressive etfect of metHb
formation in vivo using the (metHb/L-Tyr) Hb vesicles.

In a previous study. we coencapsulated catalase to eliminate
H;0, generated in vivo, thus suppressing the formation of
metHb within Hb vesicles. and we confirmed the suppression
of metHb formation (20). The Ty of the catalase-coencapsulated
Hb vesicles was 37 h with a catalase concentration of 4.2 x
10% unit/mL (0.5 g/dL catalase as a protein concentration). We
estimated that the concentration of catalase was the amount at
the saturation point of Tsp prolongation, because the same Tso
was obtained when 5.6 x 10* unit/mL catalase was used for
coencapsulation. In comparison with these results, the (metHb/
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L-Tyr) system was more effective in the suppression of metHb
formation by elimination of HO,. It is thought that catalase
activity is gradually lost at 37 °C in vivo (20), whereas the
activity of the (metHb/L-Tyr) system should be very stable at
37 °C, and the amount of L-Tyr (8.5 mM within the Hb vesicle)
was sufficient to eliminate H,O; in the Hb vesicles. From these
results, the increase of the metHb percentage of the (metHb/L-
Tyr) Hb vesicles is likely due to the autoxidation of Hb, which
is impossible to suppress in this system.
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Poly(ethylene glycol)-Conjugated Human Serum Albumin Including Iron
Porphyrins: Surface Modification Improves the O,-Transporting Ability
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Artificial O,-carrying hemoprotein composed of human serum albumin including tetrakis(o-amidophenyl)-
porphinatoiron(Il) (Fed4P or Fe3P) [HSA—FeXP] has been modified by maleimide- or succinimide-terminated
poly(ethylene glycol) (PEG), and the formed PEG bioconjugates have been physicochemically characterized.
2-Iminothiolane (IMT) reacted with the amino groups of Lys to create active thiol groups, which bind to
o-maleimide-w-methoxy PEG [Mw: 2-kDa (PEGup), 5-kDa (PEGums)]. On the other hand, a-succinimidyl-w-
methoxy PEG [Mw: 2-kDa (PEGs»), 5-kDa (PEGss)] directly binds to Lys residues. MALDI-TOF MS of the
PEG-conjugated HSA—FeXP showed distinct molecular ion peaks, which provide an accurate number of the
PEG chains. In the case of PEGyy(HSA—FeXP), the spectroscopic assay of the thiol groups also provided the
mean of the binding numbers of the polymers, and the degree of the modification was controlled by the ratio of
[IMT)/[HSA]. The viscosity and colloid osmotic pressures of the 2-kDa PEG conjugates (phosphate-buffered
saline solution, [HSA] = 5 g dL~!) were almost the same as that of the nonmodified one, whereas the 5-kDa
PEG binding increased the rheological parameters. The presence of flexible polymers on the HSA surface retarded
the association reaction of O, to FeXP and stabilized the oxygenated complex. Furthermore, PEGyy(HSA—
FeXP) exhibited a long circulation lifetime of FeXP in rats (13—16 h). On the basis of these results, it can be
concluded that the surface modification of HSA—FeXP by PEG has improved its comprehensive O-transporting
ability. In particular the PEGmy(HSA—FeXP) solution could be a promising material for entirely synthetic O»-

carrying plasma expander as a red cell substitute.

INTRODUCTION

Poly(ethylene glycol) (PEG) is commonly used for the surface
modification of peptides, proteins, enzymes, and liposome to
confer several potential beneficial effects: not only a longer
plasma half-life and nonimmunogenicity but also a solubility
in organic solvents and extreme thermostability (/—4). To
develop an artificial O, carrier, substantial efforts have been
directed to the preparation of PEG-conjugated hemoglobin (Hb)
over the past decades (5—8), and the optimized PEG—Hbs are
currently being tested in clinical trials. Human serum albumin
(HSA) is a versatile protein, which is found in our blood plasma
at a high concentration (4—5 g dL™!) (9). We have reported
that HSA including tetrakis(o-amidophenyl)porphinatoiron(Il)
(Fe3P or FedP, Chart 1) [HSA—FeXP] can reversibly bind and
release O, under physiological condition (pH 7.4, 37 °C) in a
fashion similar to Hb (10). The administration of this synthetic
O, carrier into anesthetized rats has proved its safety and O,-
transporting efficacy (11). Nevertheless, there is only one defect
in that the FeXP molecule easily dissociates from HSA when
infused into animals. This is due to the fact that FeXP is
noncovalently bound to the hydrophobic cavity of albumin with
binding constants (K) of 10*—10° (M~1). Natural heme, namely
protoporphinatoiron IX, is also incorporated into HSA and
shows a 10>—10*fold higher K compared to FeXP (I2);
however, it is released from HSA during blood circulation with
a half-life of 2.5—3.6 h (13, 14). Under these circumstances,

* Corresponding authors: (E.T.) Tel: +81-3-5286-3120, Fax: +81-
3-3205-4740, E-mail: eishun@waseda.jp. (T.K.) E-mail: teruyuki@
waseda jp; eishun@waseda.jp.

T Waseda University.

* Northwest Normal University.

Chart 1. Structures of O;-Adduct Complexes of Tetrakis-
(0o-amidophenyl)porphinatoiron(II)

Fe3P

we postulated that the surface modification of HSA—FeXP by
PEG could help to prolong the circulation life of FeXP and
thereby retain its Op-transporting ability for a long period.
Although HSA is a very common plasma protein, its PEG
conjugation chemistry has not yet been studied in detail. It is
known that a huge variety of drugs are incorporated into specific
sites of HSA (9). The PEG modification should prevent the rapid
release of these drugs from the HSA scaffold and contribute to
raising their potential therapeutic efficacies.

In the present study, we have systematically prepared several
PEG-conjugated HSA—FeXPs and characterized their physi-
cochemical properties. The surface modification by PEG affects
the viscosity and colloid osmotic pressure of the solution, Oo-
binding behavior of the parent HSA—FeXP, and circulatory
lifetime of FeXP. The PEG-conjugated HSA—FeXP could be

10.1021/bc050315+ CCC: $33.50  © 2006 American Chemical Society
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of extreme medical importance as a red cell substitute or O»-
therapeutic reagent.

EXPERIMENTAL PROCEDURES

Materials and Apparatus. All reagents were purchased
from commercial sources as special grades and used with-
out further purification. 2-Iminothiolane hydrochloride (IMT)
was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). o-[3-(3-Maleimido-1-oxopropyl)amino]propyl-
w-methoxy PEG [averaged Mw: 2333 (Sunbright ME-020MA,
PEGp), averaged Mw: 5207 (Sunbright MEMAL-50H, PEGus)]
and a-succinimidyloxyglutaryl-w-methoxy PEG [averaged
Mw: 2325 (Sunbright MEGC-20HS, PEGsg,), averaged Mw:
5261 (Sunbright MEGC-50HS, PEGss)] were purchased from
NOF Corp. (Tokyo, Japan). 2-{8-(2-Methylimidazolyl-1-yl)-
octanoyloxymethyl}-5,10,15,20-tetrakis{o, o, ¢, 0-0-(1-
methylcyclohexanamido)phenyl}porphinatoiron(Ill) chloride
(Fe4P) and 5,10,15-tris{ a,0,0t-0-(1-methylcyclohexanamido)-
phenyl}-20-mono-[f-0-{6-(2-methylimidazolyl) hexanamido}-
phenyllporphinatoiron(Ill) chloride (Fe3P) were synthesized
using previously reported procedures (10d,¢). Recombinant HSA
was provided by the NIPRO Corp. (Osaka, Japan). The UV~
vis absorption spectra were recorded using an Agilent 8453
UV—visible spectrophotometer fitted with an Agilent 89090A
temperature control unit. The water was deionized using
Millipore Elix and Simpli Lab-UV.

Preparation of PEG-Conjugated HSA—FeXP. The HSA—
FeXP solutions (X = 3, 4, [HSA]: 5 g dL~!, [FeXP/[HSA]=
4 (mol/mol), pH 7.4) were prepared as described elsewhere
(10b,d).

PEGMy(HSA—FeXP): The modification of HSA—FeXP by
o-maleimide-w-methoxy PEGmz was, for instance, carried out
as follows. IMT (72 mg, 0.54 mmol) was slowly added to the
HSA—FeXP solution (48 mL, [HSA]: 5 g dL™!, [Fe4P] = 3
mM, pH 7.4) ((IMT)/[HSA] = 15/1, mol/mol) and gently stirred
at room temperature in the dark. After 3 h, PEGm (1.44 g,
[PEGum2)/[HSA]:20/1, mol/mol) was added to the mixture, which
was continually stirred for another 2 h. The resultant solution
was ultrafiltered and washed by at least a 600 mL of phosphate-
buffered saline (PBS) solution (pH 7.4) to remove any unreacted
IMT and PEGw» using the ADVANTEC UHP-76K holder with
a Q0500 076E membrane (cutoff Mw: 50 kDa). The volume
was finally condensed to 48 mL and sterilized by a DISMIC
0.45 pm filter, producing the PEGy(HSA—FeXP) solution. The
FeXP concentration was determined by the assay of the iron
ion by inductively coupled plasma (ICP) spectrometry using a
Seiko Instruments SPS 7000A Spectrometer. The HSA con-
centration was calculated from the intensity of the circular
dichroism spectrum at 208 nm, because the molar ellipticity of
HSA (1.9 x 10* deg cm? dmol™1) was unaltered after the PEG
conjugation. Circular dichroism (CD) spectra were obtained
using a JASCO J-725 spectropolarimeter. The concentration of
the HSA sample was 0.15 M in PBS, and quartz cuvettes with
a 10-mm thickness were used for the measurements over the
range of 195250 nm. The PEGy(HSA—Fe3P) and PEGms-
(HSA—Fe4P) solutions were also prepared by the same proce-
dure. The product was sealed in a glass bottle under CO pressure
and stored at 4 °C.

PEGsy(HSA—FedP): The surface modification of HSA—
FedP by o-succinimidyl-w-methoxy PEGs:> was carried out as
follows. PEGg» (0.72 g, 0.36 mmol) was directly added to the
HSA—FedP solution ((HSA]: 5 g dL™!, [FedP] = 3 mM, pH
7.4) ([PEGs2)/[HSA]:10/1, mol/mol), and the mixture was stirred
at room temperature for 2 h. The resultant solution was
ultrafiltered, condensed (48 mL), and sterilized as described
above, producing the PEGs(HSA—Fe4P) solution. Using PEGsgs
instead of PEGs,, PEGss(HSA— FedP) was obtained. The FedP
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and HSA concentrations were determined by the same proce-
dures for PEGyy(HSA—FeXP).

Matrix-Associated Laser Desorption Ionization Time-of-
Flight Mass Spectra (MALDI-TOF MS). The MALDI-TOF
MS were obtained using a Shimadzu/Kratos AXIMA-CFR S/W
Version 2, which was calibrated by BSA (Sigma A-0281) and
HSA (Sigma A-3782). The specimens were prepared by mixing
the aqueous sample solution (10 uM, 1 L) and matrix (10 mg
mL ! sinapinic acid in 40% aqueous CH3CN, 1 uL) on the
measuring plate and air-drying.

Determination of Mean of PEGyy Chains per Protein by
Assay of Thiol Groups. The active thiol groups on the protein
surface can be assayed by the disulfide exchange reaction with
2,2'-dithiopyridine (2,2-DTP) to produce 2-thiopyridinone (2-
TP) with an absorption at 343 nm (molar absorption coefficient
(e343): 8.1 x 103 M~ ! em™1) (15). Quantitative spectroscopic
measurements conveniently provide the thiol concentration. The
parent HSA—FeXP showed a small absorption band in this
range, which should be subtracted from the spectrum after the
disulfide exchange reaction. The difference in the thiol groups
per HSA—FeXP before and after the PEGmy modification
corresponds to the mean of the PEGuy chains on the protein
surface.

Solution Properties. The viscosity and density of the PEG-
conjugated HSA—FeXP solution (PBS, pH 7.4) were obtained
using an Anton Paar DSC 300 capillary viscometer at 37 °C.
The colloid osmotic pressures of the solutions (PBS, pH 7.4)
were measured by a WESCOR 4420 Colloid Osmometer at 25
°C. A membrane filter with a 30 kDa cutoff was used.

O,-Binding Parameters. O:-binding to PEG-conjugated
HSA—FeXP was expressed by eq 1,

kon
PEG(HSA—FeXP) + O, _— PEGHSA—-FeXPO,) (1)

where K = koplkosr. The Oz-binding affinity (gaseous pressure
at half O, binding for FeXP, Py, = 1/K) was determined by
spectral changes at various partial pressures of Ox/N, as
previously reported (10b,d). The FeXP concentrations of 10—
20 uM were normally used for the UV-—vis absorption
spectroscopy. The spectra were recorded within the range of
350—700 nm. The half-lifetime of the O»-adduct complex was
determined by the time dependence of the absorption intensity
at 550 nm (O»-adduct species). The association and dissociation
rate constants for O3 (kon, koff) Were measured by a competitive
rebinding technique using a Unisoku TSP-1000WK laser flash
photolysis as reported in a previous paper (16).

Circulation Lifetime in Vivo. The animal investigations were
carried out using twenty male Wistar rats (297 £ 29 g). All
animal handling and care were in accordance with the NIH
guidelines. The protocol details were approved by the Animal
Care and Use Committee of Keio University. The PEG-
conjugated HSA—FeXP solution (20% volume of the circulatory
blood) was intravenously injected into rats from the tail vein
(1 mL/min) under an inhalation anesthesia with diethyl ether
(n = 4 each). Blood was taken from the tail vein at 3, 30 min,
1,2,4,8, 16 h, 1, 2, 3 days (10 time points) after the infusion
and then centrifuged to isolate the serum, which was colored
brown by the presence of the sample. The animals were
sacrificed after the experiments by hemorrhage. The FeXP
concentration was measured by an iron ion assay using ICP
spectrometry as described above.

RESULTS AND DISCUSSION

Synthesis of PEG-Conjugated HSA—FeXP. The HSA—
FeXP molecules were conjugated with PEG having a terminal
reactive chain-end, maleimide-PEG or succinimide-PEG, at
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Figure 1. Two-step reaction schemes of IMT and maleimide-PEG (PEGmy) with HSA—FeXP.

ambient temperature. Thiolation regent, IMT, quantitatively
reacted with the amino groups of Lys to create active thiol
groups, which bind to the a-maleimide-w-methoxy PEG (PEGm2
or PEGys) (Figure 1). The two-step reaction is reproducible
and did not form any toxic side-product. On the other hand,
the a-succinimidyl-w-methoxy PEG (PEGs;, or PEGgs) directly
binds to the amino groups of Lys. The gel permeation chro-
matogram (Sephacryl 200HR) of the well-washed PEG conju-
gate exhibited a single band, so that we did not need any further
chromatographic purification.

The MALDI-TOF MS of PEGys(HSA—Fe4P), as prepared
under the condition of [IMT]/[HSA—Fe4P] = 15/1 (mol/mol),
showed five distinct ion peaks at 85, 90, 95, 101, and 106 kDa
(Figure 2a). No unreacted HSA—FeXP was observed at all. The
difference in each mass was 5.25 kDa, which implies that HSA—
Fe4P is covalently bound to PEGys and the individual peaks
are attributed to PEGys(HSA—Fe4P) having a different number
of PEG chains. Here, we have to be cautious whether these mass
values involve a molecular weight of Fe4P, because our previous
MALDI-TOF MS experiments of HSA—Fe4P demonstrated a
single peak of HSA (Mw: 66.5 kDa); the incorporated Fe4P
dissociated from the albumin during the ionization process (10a).
In this study, we found that the mean of the surface PEG chains
on HSA—FeXP is conveniently determined by a spectroscopic
assay of the HSA scaffold and thiol groups. In general, the
concentration of HSA is measured by the absorption at 280 nm
or bromcresol green method (/7), but they are probably
obstructed by the surface modification. We then employed a
CD measurement to determine the HSA concentration. The
comparison of the CD spectra of HSA and PEG—HSA solutions
revealed that the molecular ellipcity of albumin (€08 = 1.9 x
10* deg cm? dmol™!) is unaltered even after the PEG binding.
Moreover, the presence of FeXP does not disturb the CD in
the range of 190—250 nm. Therefore, the HSA concentration
of PEG modified HSA—FeXP was quantitatively determined
by its CD intensity at 208 nm. On the other hand, the active
thiol groups on proteins are generally assayed by a disulfide
exchange reaction with 2,2-DTP (15). The combination of these
two methodologies allows us to estimate the number of thiols
on HSA—FeXP. The mean of the thiol groups was 6.7 per
protein after the thiolation by IMT ([IMT1/[HSA—Fe4P] = 15
mol/mol) and decreased to 0.6 after the reaction with 20-fold
excess moles of PEGys (Table 1). These results suggested that
the mean of 6.1 reactive thiols was conjugated with PEGs.
The averaged molecular weight of this PEGys(HSA—FeXP)
calculated from the intensity of the MS peak was 95 kDa. If
one subtracts the total mass of the six PEGys chains (5 kDa x
6 = 30 kDa) from 95 kDa, the difference of 65 kDa equals that
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Figure 2. MALDI-TOF MS of (a) HSA and PEGys-¢(HSA—Fe4P)
and (b) PEGys(HSA —Fe4P) prepared in different [IMT]/[HSA—Fe4P]
ratios of 15 (red), 20 (blue), and 30 (green) (mol/mol).

of HSA without Fe4P. Therefore, we concluded that all the mass
ion peaks observed in the MALDI-TOF MS did not include
the molecular weight of FeXP.

The number of the meleimide-PEGys chains on HSA—Fe4P
were modulated by the mixing ratio of [IMT])/[HSA—Fe4P]
(mol/mol). The maximum peak of PEGys(HSA—Fe4P) in the
MALDI-TOF MS significantly shifted to the higher molecular
region (95 — 101 — 107 kDa) by increasing the IMT (Figure
2b). It is quite remarkable that the distributions of the entire
spectral pattern were always identical. The averaged binding
number of the PEGys chains per HSA estimated from the
intensity of the mass peak was consistent with the number
determined from the assay of the thiol groups (Table 1).
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Table 1. The Mean of Thiol Groups per HSA—FedP Molecule and Binding Number of the PEG Chains

[IMT)/[HSA—Fe4P] thiol groups per HSA

thiol groups per HSA

decreased thiol groups averaged PEG number

PEG mol/mol after IMT addition (A) after PEG binding (B) (B —A)y from MS
PEGm 10 5.6 0.5 5:1 4.6
15 6.6 0.9 5.7 57
20 8.3 1.1 7.2 6.6
. PEGwms 15 6.7 0.6 6.1 5.9
20 8.0 0.9 7.1 7.2
30 9.3 1.1 8.2 8.3

a This number corresponds to the binding numbers of PEGyy on the protein surface.
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Figure 3. MALDLTOF MS of PEGyy(HSA—Fe4P) prepared in

different [IMT]/[HSA—Fe4P] ratios of 10 (blue), 15 (red), and 20
(green) (mol/mol).

Table 2. Solution Properties of PEG-Conjugated HSA—FeXP
Solutions at 37 °C (pH 7.4, [FeXP] = 3 mM)

density viscosity COpP
PEG (g/cm?) (cP) (mmHg)
PEGm-s(HSA—Fe4P) 1.01 1.08 22
PEGm2-6(HSA—FedP) 1.01 1.14 27
PEGw2-7(HSA—Fe4P) 1.01 1.17 28
PEGm2-6(HSA—Fe3P) 1.01 1.14 26
PEGwms—¢(HSA—Fe4P) 1.01 2.34 65
PEGs»-6(HSA—FedP) 1.01 1.14 22
PEGss—s(HSA—Fe4P) 1.01 2.30 45
HSA—FedP 1.01 1.05 21
HSA 1.01 1.00 21

On the contrary, PEGyp(HSA—Fe4P) demonstrated only one
broad peak, because the difference in each mass is relatively
close compared to the PEGys conjugate. The peak maxima of
PEG(HSA—Fe4P) also shifted to the higher region, dependent
on the [IMT)/[HSA—Fe4P] ratio (Figure 3, Table 1).

The succinimide-PEG modified HSA—Fe4P showed the same
MALDI-TOF MS patterns as PEGuy(HSA—Fe4P) (data not
shown). The number of 5-kDa PEGss chains per protein
increased from 4 — 5 — 6 by elevating the ratio of [PEGss)/
[HSA—Fe4P] (mol/mol): 10 — 20 — 30, respectively. How-
ever, the introduced 2-kDa PEGs, number was always 6 in the
range of [PEGs,]/[HSA—Fe4P] 10—20. The stoichiometry of
the PEGs» binding could not be controlled. This is probably
due to the hydrolysis of the succinimidyl end group in aqueous
media. The concentration assays of [HSA] by CD and [FeXP]
by ICP measurements showed that the initial FeXP/HSA ratio,
4/1 (mol/mol), were constant after the PEG conjugation.

Solution Properties. The viscosity and colloid osmotic
pressure (COP) of the 2-kDa PEG-conjugates, PEGy(HSA—
FeXP) and PEGs,(HSA—Fe4P) (PBS solution, [HSA] =5 g
dL~!, pH 7.4), were almost the same as those of the nonmodified
HSA—FeXP independent of the number of the PEG chains
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Figure 4. UV-vis absorption spectral change of PEGyn-s(HSA—Fe4P)
in PBS solution (pH 7.4).

(Table 2). In contrast, the 5-kDa PEG-conjugate solutions,
PEGps(HSA—FeXP) and PEGss(HSA—Fe4P), showed a high
viscosity (2.30—2.34, at a shear rate of 230 s™!) and hyperon-
cotic property (45—65 mmHg) in comparison to those of HSA—
Fe4P and HSA. From the viewpoint of the design of a blood
alternative, it has to achieve a COP similar to that of human
blood. However, to increase the effectiveness as a plasma
expander, the COP should be higher than the physiological level
(18). Similar approaches have been utilized for hypertonic
saline—dextran formulations.

On the other hand, maintenance of the viscosity has recently
been proposed as an important mechanism to preserve shear
forces in the microcirculation which prevents loss of the
functional capillary density (/9). The latest PEG-Hb product
has been designed to approach that of human whole blood (7).
Anyway, the COP and viscosity of our PEG-conjugated HSA—
FeXP can be adjustable to some extent based on the length of
the PEG chains (2-kDa, 5-kDa) on the molecular surface.

0,-Binding Properties. The UV—vis absorption spectrum
of the PEGy(HSA—Fe4P) solution under an N, atmosphere
showed Amax at 441, 537, 563 nm (Figure 4), which indicates
the formation of the ferrous five-N-coordinate high-spin complex
of Fe4P with an intramolecular coordinated 2-methylimidazolyl-
group (10b,c, 20). The other amino acid residue of HSA did
not bind to the sixth-coordinate position of the central ferrous
ion. Upon flowing O, gas through this solution, the spectral
pattern shifted to that of the well-defined O,-adduct complex
of the tetrakis(phenyl)porphinatoiron(Il) derivatives (Amax: 424,
550 nm) (10b,c, 20). This oxygenation was reversibly observed,
dependent on the O-partial pressure. After exposure of this
solution to CO, PEGy(HSA—Fe4P) produced a very stable CO-
adduct complex (Amax: 425, 535 nm). The all maleimide- and
succinimide-PEG-conjugated HSA—FeXP solutions showed
similar UV—vis absorption spectra under N, O, and CO
atmospheres. These spectral changes were completely the same
as that observed in the nonmodified HSA—Fe4P.
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Table 3. O,-Binding Parameters of PEG-Conjugated HSA—FeXP
Solution at 25 °C (pH 7.4)

ko @M™'s™)  kog(ms™)  p £, h)
system fast slow fast slow (Torr) at37°C

PEGwm-s(HSA—FedP) 11 58 0.16 0.08 38(11) 13
PEGyz2-6(HSA—FedP) 12 46 017 0.07 32(1D 12
PEGm2-7(HSA—FedP) 9.3 47 016 0.08 35(13) 12
PEGmz-6(HSA—Fe3P) 15 42 052 0.14 41(26) 8
PEGwms-¢(HSA—FedP) 12 62 017 0.09 31(11) 16
PEGs;-6(HSA—Fe4P) 10 43 014 0.06 36(11) 13
PEGss—¢(HSA—Fe4P) 12 55 025 0.11 32(16) 18
HSA—Fe4P 31 73 053 0.13 34(13) 9
HSA—Fe3P 29 44 1.1 016 45(22) 4

The time course of the absorption decay after laser flash
photolysis determined the association rate constants of the
O,binding to the PEG-conjugated HSA—FeXP (kon). We have
previously reported that the O,-binding reaction to HSA—FeXP
was significantly affected by the microenvironment around
FeXP in the protein (e.g., steric hindrance of the amino acid
residue and difference in polarity) (I0c—e). As a result, the
binding process of O, was observed as the sum of the two single-
exponentials, giving fast and slow association rate constants [kon-
(fast) and kon(slow)]. This unique property of HSA—FeXP has
been unaltered after the surface modification by PEG, and all
kinetics accompanying the O, recombinations consisted of two
phases (Table 3). Interestingly, their kon(fast) values were 1.9—
3.3-fold lower than those of the corresponding HSA—FeXP,
independent of the molecular weight (2-kDa or 5-kDa) and the
linkage structure of the PEG. The differences observed in the
slow phase were smaller. It may be considered that the presence
of flexible polymers on the protein surface retarded the diffusion
of the O, molecule.

The O,-binding affinities (P, = K(Oz)™1) of the PEG-
modified HSA—FeXP series were determined by measuring the
UV—vis absorption spectral changes by O./N> titration (Table
3). All the PEG conjugates showed almost the same P1> values
relative to that of the original HSA—FeXP, indicating that the
O,-binding equilibria were not influenced by the presence of
PEGs. In contrast, the surface modification by PEG delayed
the proton-driven oxidation of the FeXPO- species and pro-
longed the half-lifetime of the O,-adduct complex [712(02)].
The PEGums-¢(HSA—Fed4P)O, complex showed the longest
712(0») of 16 h at 37 °C, which is greater than those of HSA—
Fe4P and natural hemoprotein, myoglobin (z12(02): 12 h at
pH 7, 35 °C) (21). Basic polymer PEG conjugation might
change the local proton concentration of the HSA interior
compared to the outer aqueous solution. Actually, it was shown
that the surface PEG modification of hemoproteins has modu-
lated the redox behavior of the active heme site (I, 2, 22).

Circulation Lifetime in Bloodstream of Rats. The circula-
tion persistence of FeXP in the bloodstream after the admin-
istration of PEGmy-s(HSA—FeXP) or PEGsy—¢(HSA—Fe4P)
solution in rats is shown in Figure 5. The concentration decays
of the PEGyy(HSA—FeXP) series showed single exponentials,
and the half-lifetimes (z1,,) were 12.9—15.8 h, independent of
the molecular weight of the polymers and FeXP structures.
These values are much longer than those of the corresponding
nonmodified HSA—FeXP (0.6—3.2 h) (23). The surface modi-
fication by PEG significantly prevented the rapid clearance of
the incorporated FeXP and contributed to increasing the O»-
transporting efficacy.

On the contrary, the PEGsy(HSA—Fe4P) series showed
biphasic kinetics and a 7y, value of 1.5—2.1 h. We have
postulated two reasons for this short circulation lifetime. The
first reason is the charges of the Lys residues. The maleimide-
PEG connects to Lys through the ring-opened IMT, which
maintains the positive charge of Lys; therefore, PEGyy(HSA—
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Figure 5. Persistence of FeXP in serum after administration of PEG-
conjugated HSA—FeXP into Wistar rats. All values are mean £ SD (n

FeXP) could preserve the total electrostatic potential of albumin.
In contrast, the succinimide-PEG directly binds to the amino
group of Lys to form the amide bond, thereby reducing the
positive charge and alters the surface electrostatic potential. This
changing of the molecular charge may influence the rapid
clearance of the incorporated FeXP.

The second probability is the binding sites of the PEG chains.
As shown in Table 1, the difference in the thiol number per
protein before and after the reaction with maleimide-PEG was
0.5—1.1. This means that the binding position of PEGmy is
governed by the reaction place of IMT, which is small enough
to statistically attach 59 Lys in HSA. Thus, the molecular surface
of HSA—FeXP is uniformly covered by PEGymy. On the other
hand, the attaching sites of succinimide-PEG are presumably
heterogeneous, because PEGgy could only bind the accessible
amino group of Lys due to the bulkiness of the long polymer.
The incorporated Fe4P molecules might be more easily released
from the PEGsy-modified HSA in the circulatory system.

CONCLUSIONS

The surface modification of the albumin-based synthetic
hemoprotein, HSA—FeXP, by PEG (Mw 2-kDa or 5-kDa) has
improved its comprehensive O,-transporting ability. The PEG
conjugation decreased the O-association rate constant but
retarded the irreversible oxidation of the central ferrous ion,
thereby increasing the stability of the O,-adduct complex. The
5-kDa PEG conjugation increased the viscosity and COP;
however, the 2-kDa PEG conjugation did not change these
rtheological parameters. The linkage form of the PEG chain
dramatically affects the circulation persistence of FeXP. In
particular, the maleimide-PEGyy conjugates showed a 6—8-
fold longer lifetime compared to the succinimide-PEGsy
analogues. This is not dependent on the molecular weight of
the polymer chains. In summary, the PEGmy(HSA—FeXP)
solution is the most promising candidate as an entirely synthetic
O,-carrying plasma expander for a red cell substitute.

Furthermore, we have recently found that water evaporation
of the PEGuvy(HSA—FeXP) solution produced a red-colored thin
film. Its UV —vis absorption spectrum reversibly changed from
the deoxy state under an N, atmosphere to the oxy state by
exposure to O, gas. This PEGmy(HSA—FeXP) film was
redissolved in nonageuous organic solvents, ethanol, chloroform,
etc., and the reversible O, binding was again observed. The
detailed study of the oxygenations of PEGyy(HSA—FeXP) in
a cast film and organic solvent are now underway.



398 Bioconjugate Chem., Vol. 17, No. 2, 2006

ACKNOWLEDGMENT

This work was partially supported by a Grant-in-Aid for
Scientific Research (No. 16350093) from JSPS, a Grant-in-Aid
for Exploratory Research (No. 16655049) from MEXT Japan,
and Health Science Research Grants (Regulatory Science) from
MHLW Japan. Prof. Koichi Kobayashi, Dr. Hirohisa Horinouchi
(Keio University), and Mr. Hisashi Yamamoto (NIPRO Corp.)
are greatly appreciated for their cooperation with the animal
experiments.

LITERATURE CITED

(1) (a) Harris, J. M., Ed. (1992) Poly(ethylene glycol) Chemistry:
Biotechnical and Biomedical Applications, Plenum Press, New York;
(b) Veronese, F. M., Harris, J. M. (2002) Introduction and overview
of peptide and protein PEGylation. Adv. Drug Delivery Rev. 54,
453—-456. (c) Roberts, M. J,, Bentley, M. D., Harris, J. M. (2002)
Chemistry for peptide and protein PEGylation. Adv. Drug Delivery
Rev. 54, 459—476.

(2) Veronese, F. M. (2001) Peptide and protein PEGylation: a review
of problems and solutions. Biomaterials 22, 405—417.

(3) Nucci, M. L., Shorr, R., and Abuchowski, A. (1991) The therapeutic
value of poly(ethylene glycol) modified proteins. Adv. Drug Delivery
Rev. 6, 133—-151.

(4) Kawahara, N. Y., and Ohno, H. (1997) Induced thermostability of
poly(ethylene oxide)-modified hemoglobin in glycols. Bioconjugate
Chem. 8, 643—648.

(5) Yabuki, A., Yamaji, K., Ohki, H., and Iwashita, Y. (1990)
Characterization of a pyridoxalated hemoglobin-polyoxyethylene
conjugate as a physiologic oxygen carrier. Transfusion 30, 516—
520.

(6) Talarico, T. L., Guise, K. ], and Stacey, C. J. (2000) Chemical
characterization of pyridoxalated hemoglobin polyoxyethylene con-
jugate. Biochim. Biophys. Acta 1476, 53—65.

(7) Vandegriff, K. M., Malavalli, A., Wooldbridge, J., Lohman, J., and
Winslow, R. M. (2003) MP4, a new nonvasoactive PEG-Hb
conjugate. Transfusion 43, 509—516.

(8) Manjula, B. M., Tsai, A., Upadhya, R., Perumalsamy, K., Smith,
P. K., Malavalli, A., Vandegriff, K., Winslow, R. M., Intaglietta,
M., Prabhakaran, M., Friedman, J. M., and Acharya, A. S. (2003)
Site-specific PEGylation of hemoglobin at Cys-93(8): correlation
between the colligative properties of the PEGylated protein and the
length of the conjugated PEG chain. Bioconjugate Chem. 14, 464—
472.

(9) Peters, T. (1996) All about Albumin: Biochemistry, Genetics and
Medical Applications, Academic Press, San Diego.

(10) (a) Komatsu, T., Hamamatsu, K., Wu, J., and Tsuchida, E. (1999)
Physicochemical properties and O;-coordination structure of human
serum albumin incorporating tetrakis-(o-pivalamido)phenylporphy-
rinatoiron(ll) derivatives. Bioconjugate Chem. 10, 82—86. (b)
Tsuchida, E., Komatsu, T., Matsukawa, Y., Hamamastu, K., and W,
J. (1999) Human serum albumin incorporating tetrakis(o-pivalami-
do)phenylporphinatoiron(Il) derivative as a totally synthetic O,-
carrying hemoprotein. Bioconjugate Chem. 10, 797—802. (c)
Komatsu, T., Matsukawa, Y., and Tsuchida, E. (2000) Kinetics of
CO and O, binding to human serum albumin-heme hybrid. Biocon-
Jjugate Chem. 11, 772-776. (d) Komatsu, T., Matsukawa, and Y.,
Tsuchida E. (2002) Effect of heme structure on O,-binding properties
of human serum albumin-heme hybrids: Intramolecular histidine

Huang et al.

coordination provides a stable Os-adduct complex. Bioconjugate
Chem. 13, 397—402. (e) Nakagawa, A., Komatsu, T., lizuka, M.,
and Tsuchida, E. (2006) Human serum albumin hybrid incorporating
tailed porphyrinatoiron(Il) in a,o,0,B-conformer as an O, binding
site. Bioconjugate Chem. 17, 146—151.

(11) (2) Komatsu, T., Huang, Y., Yamamoto, H., Horinouchi, H.,
Kobayashi. K., and Tsuchida, E. (2004) Exchange transfusion with
synthetic oxygen-carrying plasma protein “albumin-heme” into an
acute anemia rat model after seventy-percent hemodilution. J.
Biomed. Mater. Res. 71A, 644—651. (b) Huang, Y., Komatsu, T.,
Yamamoto, H., Horinouchi, H., Kobayashi. K., and Tsuchida, E.
(2004) Exchange transfusion with entirely synthetic red-cell substitute
albumin-heme into rats: physiological responses and blood bio-
chemical tests. J. Biomed. Mater. Res. 71A, 63—69.

(12) Adams, P. A., and Berman, M. C. (1980) Kinetics and mechanism
of the interaction between human serum albumin and monomeric
hemin. Biochem. J. 191, 95—102.

(13) Russo, S. M, Pepe, J. A., Donohue, S., Cable, E. E., Lambrecht,
R. W, and Bonkovsky, H. L. (1995) Tissue distribution of zinc-
mesoporphyrin in rats: relationship to inhibition of heme oxygenase.
J. Pharmacol. Exp. Ther. 272, 766—774.

(14) Komatsu, T., Huang, Y., and Tsuchida, E. (2005) paper in
preparation.

(15) Pedersen, A. O., and Jacobsen, J. (1980) Reactivity of the thiol
group in human and bovine albumin at pH 3—9, as measured by
exchange with 2,2’-dithiodipyridine. Eur. J. Biochem. 106, 291—
295.

(16) Komatsu, T., Ohmichi, N., Nakagawa, A., Zunszain, P. A., Curry,
S., and Tschida, E. (2005) O, and CO binding properties of artificial
hemoproteins formed by complexing iron protoporphyrin IX with
human serum albumin mutants. J. Am. Chem. Soc. 127, 15933—
15942.

(17) Doumas, B. T., Watson, W, A., and Biggs, H. G. (1971) Albumin
standards and measurement of serum albumin with bromcresol green.
Clin. Chim. Acta 31, 87—96.

(18) Vandegriff, K. D., McCarthy, M., Rohlfs, R., and Winslow, R.
M. (1997) Colloid osmotic properties of modified hemoglobins:
chemically cross-linked versus polyethylene glycol surface-conju-
gated. Biophys. J. 69, 23—30.

(19) Tsai, A. G., Friesenecker, B., and McCarthy, M. (1998) Plasma
viscosity regulates capillary perfusion during extreme hemodilution
in hamster skinfold model. Am. J. Physiol. 275, H2170—80.

(20) Tsuchida, E., Komatsu, T., Kumamoto, S., Ando, K., and Nishide,
H. (1995) Synthesis and O,—Binding properties of tetraphenylpor-
phyrinatoiron(Il) derivatives bearing a proximal imidazole covalently
bound at the §-pyrrolic position. J. Chem. Soc., Perkin Trans. 2 747—
753.

(21) Sugawara, Y., Shikama, K. (1980) Autoxidation of native oxy-
myoglobin. Eur. J. Biochem. 110, 241-246.

(22) Ohno, H. and Tsukuda, T (1992) Electron-transfer reaction of
polyethylene oxide-modified myoglobin in polyethylene oxide
oligomera. J. Electroanal. Chem. 341, 137—149. .

(23) Tsuchida, E., T. Komatsu, T., Hamamatsu, K., Matsukawa, Y.,
Tajima, A.; Yoshizu, A., Izumi, Y., and Kobayashi, K. (2000)
Exchange transfusion of albumin-heme as an artificial O,-infusion
into anesthetized rats: physiological responses, O»-delivery and
reduction of the oxidized hemin sites by red blood cells. Bioconjugate
Chem. 11, 46—50.

BCO050315+





