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Abstract

The recombinant human serum albumin (rHSA) dimer, which was cross-linked by a thiol group of Cys-34 with 1,6-
bis(maleimido)hexane, has been physicochemically characterized. Reduction of the inert mixed-disulfide of Cys-34 beforehand improved

the efficiency of the cross-linking reaction. The purified dimer sho
ellipticity, isoelectric point (pl: 4.8) and denaturing temperature (6
(COP) demonstrated that the 8.5 g dL~! dimer solution has the same

wed 2 double mass and absorption coefficient, but unaltered molar
°C). The concentration dependence of the colloid osmotic pressure
COP with the physiological 5 g dL~! tHSA. The antigenic epitopes of

the albumin units are preserved after bridging the Cys-34, and the circulation lifetime of the '**I-labeled variant in rat was 18 h. A total of 16
molecules of the tetrakis{(1-methylcyclohexanamido)phenyl}porphinatoiron(II) derivative (FecycP) is incorporated into the hydrophobic
cavities of the HSA dimer, giving an albumin—heme hybrid in dimeric form. It can reversibly bind and release O, under physiological
conditions (37 °C, pH 7.3) like hemoglobin or myoglobin. Magnetic circular dichroism (CD) revealed the formation of an Oz-adduct
complex and laser flash photolysis experiments showed the three-component Xinetics of the Oj-recombination reaction, The O,-binding
affinity and the O,-association and -dissociation rate constants of this synthetic hemoprotein have also been evaluated,

© 2004 Elsevier B.V. All rights reserved.

Keywords: Human serum albumin dimer; Cross-linking; Colloid osmotic pressure; Synthetic heme; Albumin-heme dimer; Oxygen carrier

1. Introduction

Human serum albumin {HSA) is the most abundant
plasma protein and contains 35 cysteines, of which 17
couples form intramolecular disulfide bonds to fold a single
polypeptide as 2 unique heart-shape structure [1-4]. Only
the first thiol residue in the chain, namely Cys-34, does not
participate in the S-S bonding and functions as a binding
site for the SH-involving ligands (cysteine, glutathione, and
captopril), as well as for the various metal ions and nitric
oxide [1,5). Interestingly, two albumin molecules can
associate to produce a dimer through an intermolecular
disulfide bridge of Cys-34; approximately 5% of HSA is

* Corresponding author. Tel.: +81 3 5286 3120; fax: +81 3 3205 4740.
E-mail address: eishon@waseda.jp (E. Tsuchida).

0304-4165/5 - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/).bbagen.2004.08.010

actually in a dimeric form in our bloodstream [6]. Hughes
(7] initially prepared the HSA dimer by the addition of
bifunctional HgCl,, which causes Cys-34 to connect
through mercury. Subsequent oxidation of this mercury
dimer by treatment with iodine gave a disulfide-linked HSA
[8]. It can also be directly prepared by oxidation of HSA
with ferricyanide [9]. However, electron spin resonance
measurements of HSA and the latest crystal structural
analysis of the recombinant HSA (THSA) revealed that Cys-
34 locates in a hydrophobic crevice at a depth of 9.5 A from
the surface [2—4,10). This implies that the intermolecular
Cys-34 disulfide bridging might lead to flattening of the
pocket, We have linked two rHSA molecules with a flexible
bola-shape spacer, 1,6-bis(maleimido)hexane {BMH),
which is long (16 A) enough to connect the Cys-34
residues, to produce a new type of tHSA dimer (Fig. 1) {111.
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G

FecycP

Fig. 1. (A) Simulated structure of tHSA dimer cross-linked by Cys-34 with
1,6-bis(maleimido)hexane (BMH). The domains I, II, and 11T of each rHSA
unit are colored white, yellow, and pink, respectively. The cross-linking
agent (BMH) is shown in a space-filling representation and colored by atom
type (carbon: green, nitrogen: blue, oxygen: red). The figure was made with
insight I (Molecular Simulations) on tae basis of the 1e78 available at the
Brookhaven PDB. (B) Formula of synthetic heme, Fecych

On the other hand, a maximum of eight molecules of
synthetic heme with a covalently bound proximal base is
incorporated into the hydrophobic cavities of rHSA, giving
an albumin-heme hybrid, which can reversibly bind and
release O» under physiological conditions (pH 7.3, 37 °C)
like hemoglobin (Hb) or myoglobin (Mb) [12]. We have
shown that this O,-carrying plasma protein acts as a red blood
cell (RBC) substitute in vitro and in vivo [13]. The only fault
of this system is its relatively low heme concentration, which
reflects the O, solubility in the medium. For instance, the
albumin-heme solution with a physiological HSA concen-
tration (=0.75 mM) involves 6 mM of heme, which

corresponds to only 65% of the amount in human blood
([heme}=9.2 mM). A highly condensed solution can dissolve
more heme, however, the colloid osmotic pressure {COP)
increases in proportion to the albumin concentration, We
have found that a total of 16 molecules of 2-[8-{N-(2-
methylimidazolyl)}octanoyloxymethy!}-3,10,15,20-tet-
rakis {e, 0,0, 0-0-(pivalamido)phenyl} porphinatoiron(Il)
(FepivP) was incorporated into the BMH-bridged HSA
dimer, and this solution with 0.75 mM HSA includes 12
mM of heme [11]. The tertiary structures of the two protein-
units might be intact after the cross-linking, and the ligand-
binding capacity of the dimer became twofold in excess
relative to that of the monomer. Consequently, the saline
solution of the albumin-heme dimer can transport a large
volume of O in comparison to the human blood while
maintaining its COP on a physiological level. A long
persistence in circulation due to the large molecular size is
also expected. In this paper, we report the efficient synthesis,
physicochemical characterization, and preliminary pharma-
cokinetics of the BMH-bridged rHSA dimer. Furthermore,
the O,-binding properties of the albumin-heme dimer
incorporating the FepivP analogue, 2-[8-{N-(2-methylimi-
dazolyD)} octanoyloxymethyl]-5,10,15,20-tetrakis {o, 0, 00,00
o-(1-methylcyclohexanamido)phenyl} porphinatoiron(II}
(FecycP, Fig. 1), are evaluated by magnetic circular dichro-
ism and laser flash photolysis.

2. Material and methods
2.1. Materials

An tHSA (Albrec®, 25 wit%) was provided from the
NIPRO (Osaka). Ethanol, dithiothreitol (DTT), 2,2 -dithio-
pyridine, and warfarin (all high-purity grades} were pur-
chased from Kanto Chemical, (Tokyo) and used without
further purification. 1,6-Bis(maleimidojhexane was pur-
chased from Pierce Biotechnology (Rockford, USA).
Diazepam was purchased from Wako Pure Chemical Ind,,
(Tokyo). 2-[8-{N-(2-Methylimidazolyl)}octanoyloxy-
methyl]-5,10,15,20-tetrakis {o, &, 0-0-(1-methylcyclohexa-
namido)phenyl}porphinatoiron(fl) (FecycP) was prepared
according to our previously reported procedure [14].

2.2. Synthesis of rHSA dimer

Aqueous DTT (1.0 M, 0.24 mL) was added to the
phosphate buffer solution (pH 7.0, 10 mM) of rHSA (0.75
mM, 80 mlL) under nitrogen, and the solution was quickly
mixed by a vortex mixer, followed by an incubation for 30
min at room temperature. The obtained rHSA in reduced
form was washed with a total of 880-mL phosphate buffer
(pH 7.0, 2.25 mM) using an ADVANTEC UHP-76K
ultrafittration system with a Q0500 076E membrane {cutoff
Mw 50 kDa) and finally condensed to 26.7 mL
([THSA]=2.25 mM). The mercapto-ratio of the Cys-34
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was confirmed by the reaction with 2,2’ -ditiopyridine
(2,2' -DTP), which immediately coupled with the free thiol
group to give 2-thiopyridinone (2-TP) with an absorption at
343 nm [molar absorption coefficient (g343): 8.1x10* M~
em™!]. Quantitative assay of the produced 2-TP showed
that the mercapto-ratio of Cys-34 was 100%. Ethanolic
BMH (6.38 mM, 4.76 mL) divided into three portions was
then slowly added dropwise into the rHSA solution within 1
h under an N, atmosphere, and gently stirred overnight at
room temperature. The reaction kinetics was observed by
the HPLC measurements. The HPLC system consisted of a
Shimadzn LC-8A pump and a Shimadzu SPD-10A UV
detector. A Shodex Protein KW-803 column was used and
the mobile phase was phosphate buffered saline (PBS, pH
7.4) at 25 °C (1.0 mL min~!). The dimer was purified by
gel column chromatography with Sephacryl $-200 HR
(Pharmacia, 5 cmd x40 ecm} and PBS (pH 7.4) as the eluant
(5.0 mL min~"), These separations were performed using a
BIO-RAD EGP Combo Rec system. The elution was
monitored by absorption at 280 nm. The purity of the
dimer was measured by the HPLC technique described
above. The albumin concentrations were assayed by general
bromcresol green (BCG) methods using & Wake AlbuminB-
Test [15].

2.3. Physicochemical properties

The UV-—Vis absorption spectra were tecorded on a
JASCO V-570 spectrophotometer. The measurements were
normally carried out at 25 °C. Circular dichroism (CD)
specira were obtained using a JASCO J-725 spectropo-
larimeter. The rHSA samples’ concentration was 2 uM in
PBS, and quartz cuvettes with a' 1-mm thickness were used
for the measurements over the range of 195-250 nm. The
matrix associated laser desorption ionization time-of-flight
mass spectra (MALDI-TOF MS) were obtained using a
Shimadzu AXIMA-CFR Kompact MALDI, which was
calibrated by BSA (Sigma A-0281) and HSA (Sigma A-
3782). The specimens were prepared by mixing the aqueous
sample solution (10 pM, 1 pL) and matrix (10 mg mL !
sinapinic acid in 40% aqueous CH;CN, 1 uL) on the
measuring plate and drying in air. The viscosity and density
of the rtHSA solutions (PBS, pH 7.4) were obtained using an
Anton PAAR DSC 300 capillary viscometer at 37 °C. The
isoelectric points and molecular weights were obtained by a
Pharmacia Phastsystem using isoelectric focusing (IEF) in
Phast Gel IEF 3-9 and Native-PAGE in Phast Gel Gradient
8-25, respectively. The colloid osmotic pressures of the
rHSA solutions (PBS, pH 7.4) were measured by a
WESCOR 4420 Colloid Osmometer at 25 °C. A membrzne
filter with a 30-kDa cutoff was used. Differential scanning
calorimetry (DSC) was measured on a SEIKO Instruments
DCS120 differential scanning calorimeter at the scan rate of
1 °C min~! in the temperature range between 10 and 95 °C.
The concentrations of the rHSA samples were 75 pM in
PBS (pH 7.4).

2.4. Ligand binding constants

The PBS solution of ligand (watfarin or diazepam,
20 uM, 2 mL) was mixed with the tHSA sample in PBS
(20 uM, 2 mL), and the unbound ligand fractions were
separated by centrifugation (2000 rpm, 25 °C, 20 min) using
a Millipore Centriplus YM-50. Adsorption of the ligand
molecules onto the filtration membranes was negligible. The
unbound ligand concentrations were determined by UV-Vis
spectroscopic measurements,

2.5. Compatibility with blood components in vitro

Fresh whole blood was obtained from Wistar rats (300 g,
male, Saitama Experimental Animals Supply, Japan) and
stored in heparinized glass tubes. The tHSA samples (PBS,
pH 7.4) were then slowly added to the biood at 50 vol.%
concentrations (whole volume 2 mL). After 30 min, 30 uL of
the sample was tixed with 100 pL of a Terumo ACD-A
solution, which was diluted in advance with pure water by
1:10 (v/v). The blood cell numbers of the obtained samples
were counted using a Sysmex KX-21 blood cell counting
device. Furthermore, one drop of the incubated sample of the
blood with the rHSA dimer was microscopically observed
using an Olympus IX50 microscope with an IX70 CCD
camera.

2.6. Immunogenicity

The Tris—HCI buffer solutions (TBS, pH 7.4, 50 mM, 30
pL) of the rHSA samples (10 ug mL ™) were injected into a
Nunc immunoplate and incubated at 4 °C overnight. The
HSA solutions in the wells were washed with TBS, and 2%
skimmed milk was added to avoid the nonspecific binding of
the antibody. After washing with TBS including 0.1% Tween
20 (Tween 20-TBS), anti-HSA polyclonal antibody (50 pL
per well) was added and incubated for 2 h at 25 °C. The
antibody was removed by aspiration, and 50 uL of horse-
radish peroxidase-labelled rabbit anti-IgG polyclonal anti-
body diluted 1/5000 by Tween 20-TBS was injected,
following an incubation for 1 h at 25 °C. Finally, 100 pL of
o-phenylenediamine substrate solution (400 mg mL™ in
0.15 M citrate-phosphate buffer (pH 5.0) involving 0.1%
H,0,) was put into each well. H;S04 (2 M; 50 uL) was then
added to stop the reaction. The resulting absorbance in each
well was measured at 490 nm using a Japan InterMed
Imunomini NJ-2300.

2.7. Circulation lifetime in vivo

The 125-Iodinated rHSA monomer and dimer were
prepared by our previously reported procedures, and purified
using a Pharmacia Bio-Gel PD-10 column [16]. The
recovered ' L-albumin bad a specific activity of 2.0x10
cpm pg~}, and was diluted by non-labeled albumin before
intracardial administration into anesthetized Wistar rats
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(200—210 g, male). The kinetics of the albumin clearance
from the circulation was monitored by measuring the
radioactivity in the plastna phase of blood taken from the
lateral tail veins using an Aloka ARC 2000 Autowell Gamma
Counter. Acid precipitability of the recovered radioactivity
was also measured. The aqueous trichloroacetic acid (TCA,
25%, 0.1 mL) was first added to the plasma (20 pL) diluted
with 5 g dL.™' rHSA (80 pL), followed by centrifugation
(3000 rpm, 10 min). The precipitate was then washed with
12.5% TCA (0.2 mL) and the radioactivity of the pellet was
measured. The rats were sacrificed at the end of the
experiments by hemorrhage. The radioactivity of the excised
organs was also measured as well. The care and handling of
the animals were in accordance with NIH guidelines.

2.8. Preparation of albumin—heme dimer

The preparation of rHSA-FecycP dimer was carried out
by mixing the EtOH solution of carbonyl-FecycP and an
aqueous phosphate buffer solution of rHSA according to our
previously reported procedures ([FecycP)/[rHSA]=16:1
(mol/mol)) [13]. The albumin concentrations were assayed
by the general BCG methods described above, and the
amount of FecycP was determined by the assay of the iron lon
concentration using inductively coupled plasma spectrometry
(ICP) with a Seiko Instruments SPS 7000A spectrometer.

2.9. Magnetic circular dichroism (MCD)

MCD specira for the phosphate buffer solution of the
rHSA-FecycP dimer (10 pM) under N, CO, and O,
atmospheres were measured using a JASCO J-820 circular
dichrometer fitted with a 1.5-T electromagnet. The accu-
mulation times were normally three, and from each data
point was subtracted the spectra without an electromagnetic
(at 0 T) as the baseline.

2.10. Oy-Binding equilibrium and kinetics

0,-Binding to FecycP was expressed by Eq. (1).

kon
=+—= FecycP(0,)

koft (1)
(K = kon/koft)

FecycP + O

The O,-binding affinity (gaseous pressure at half O;-binding
for heme, P,»=1/K) was determined by spectral changes at
various partial pressure of O as in previous reports
[12,a,d,14]. The FecycP concentrations of 20 puM 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 dioxygenated species of the rHSA—
FecycP dimer was determined by the time dependence of the
absorption intensity at 549 nm, which is based on the Os—
adduct complex. The association and dissociation rate
constants for Oz (kn, korr) Were measured by a competitive

rebinding technique using a Unisoku TSP-600 laser flash
photolysis apparatus [12,17-19]. The absorption decays
accompanying the O; association to the THSA—FecycP dimer
obeyed three-component kinetics. We employed triple-
exponentials to analyze the absorption decays; AA4(?)
[12,ab,],

AA(t) = Ciexp( = ki 1) + Crexp( — kat) + Csexp( — kst)
(2}

where k), k3, k; are apparent rate constants for the each
reaction. The data were fit to this equation using a Solver in
Excel 2003.

3. Results and discussion
3.1, Synthesis of rHSA dimer

In the neutral pH range (5.0-7.0), DTT selectively
reduces the mixed-disulfide of Cys-34 in HSA or BSA
[20--22]. In fact, the addition of the small molar excess DTT
into the tHSA solution (phosphate buffer, pH 7.0, 10 mM)
under an N, atmosphere led to complete reduction of Cys-34
(mercapto-ratio became 100%). After removing DTT, etha-
nolic BMH was dropwise added to the reduced rHSA to
initiate the cross-linking reaction. The pretreatment with DTT
significantly increased the yield of the dimer, and the rHSA
concentration of 15 g dL™! gave the highest yield of 45%,
which is significantly improved from our previous result (Fig.
2) [11]. Several attempts to facilitate the dimerization
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Fig. 2. The relationship between the rHSA concentration and yield of the
rHSA dimer, The yields were determined based on the peak area in the
HPLC elution curves. Inset shows the time course of the dimerization yield
when the THSA concentration was set at 15 g dL ™", The asterisks indicate
the time points when the EtOH solution of BMH was dropwise added. The
total EtOH content in the reaction mixture was 15 vol.%.
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unfortunately failed: (i) gentle heating (25-50 °C), (ii)
changing the co-solvent from EtOH to DMF for dissolving
the BMH, and molar ratio [BMH])/[tHSA): 0.5-1.5, (iii)
increasing the concentrations of co-solvents (<30%), and (iv)
the further addition of the reactive rHISA monomer.

The HPLC elution curve of the reactant demonstrated
only two peaks (fHSA monomer and dimer), which means
that the bifunctional BMH was successfully bound to Cys-
34 which led to dimer formation and not polymerization
(Fig. 3). The yield reached a peak within 4 h (Fig. 2 inset).
The addition of EtOH to the mixture (40 vol.%) immedi-
ately formed a white precipitate; this is similar to the well-
known Cohn’s methods [1,23]. However, the precipitate still
contained the monomer component. In contrast, separation
using gel column chromatography with Sephacryl 5-200 HR
gave the dimer with 99% purity and 80% recovery. Native-
PAGE showed a single band in the molecular weight range
of 13 kDa (Fig. 3, above). We could not detect the free thiol
in the isolated rHSA dimer (mercapto-ratio: 0%), which is
now available in gram quantities. The appearance of the
obtained dimer solution (in PBS, 20 g dL™") did not change
over 1 year at room temperature and underwent no
aggregation and precipitation.

3.2, Physicochemical properties

The matrix associated laser desorption ionization time-
of-flight mass spectroscopy (MALDI-TOF MS) of the
BMH-bridged rHSA dimer showed a distinct sharp signal
at m/z 132,741.3, which is in good agreement with the
calculated mass (Mw. 133,179.6); the difference was only
0.3% (Table 1). The magnitudes of its UV-Vis absorption
(Amax: 280 nm) significantly increased compared to that of

440 —p -

232 oy
140 —> = -

E7 e = W

Mixture after
the reaction
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K 7 THSA dimer 99%
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Fig. 3. HPLC elution curves of the rHSA dimer at 25 °C. The upper profile
after the reaction indicated that the reactant consists of only the monomer
and dimer. After gel column chromatography, the rHSA dimer was isolated
with the purity of 99%. The left upper pattem is the native-PAGE
electrophoresis of the tHSA dimer. a: markers, b: tHSA, ¢: mixture after the
reaction, d: purified tHSA dimer.

Table 1
Physicochemical properties of tHSA dimer
tHSA rHSA dimer
Mw (Da) 66,331 132,741*
66x10° ® 136x10°®
[calculated vahie] 66,451 133,180
Cys-34 mercapto ratio (%) 17 0
of 48 43
eag0 fom™' M7 3.4x10% 6.8x10°
[8]205 (deg cm? dmol ™) 1.9%1¢* 1.9x10*
[0]222 (deg em” dmal™") 1.8%10 1.8x10°

® Detenmined by MALDI-TOF/MS.
® Determined by [C] vs. COP/C] (Fig. 5, inset).

rHSA with the same molar concentrations (Fig. 4(A)). The
concentration of the albumin was carefully assayed by (i)
BCG method [15] and (ii) weighing method with the weight
of the freeze-dried sample and its molecular weight. While
the molar absorption coefficient at 280 nm (230! 6.8x10*
M~! cm™') became exactly twice the monomer’s value
(3.4x10* M~' em™"), the CD spectral pattern {Amin: 208,
222 nm) and the molar ellipticities at 208 and 222 nm
([61208: 1.9%10* deg cm® dmol ™", [0]zz2: 1.8x10* deg cm?
dmol™") were identical to those of the monomer (Fig. 4(B),
Table 1) [24,25]. 1t is appropriate to consider that the a-helix
content of the each rHSA unit (67%) was unaltered [1-4].
The isoelectric point of the dimer (pl: 4.8) was also the
same as that of rHSA. All these observations suggested that
the secondary/tertiary structure and surface net charges of
the rHSA units in the dimer did not change after the S-8
disulfide bridging of Cys-34.

The DSC thermogram of this THSA dimer showed an
exothermic peak at 65 °C, which corresponds to its
denaturing temperature (Tq). It has been shown that the Ty
of HSA is largely dependent on the content of the
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Fig. 4. (A) UV-Vis absorption spectra and (B) CD spectra of rHSA
monomer (dotted line) and rHSA dimer (solid line) in PBS solution (pH 7.4)
at25°C.
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incorporated fatty acid, pH, and ionic strength [26,27]. In
general, pasteurization for plasma HSA is performed at 60
°C for 10 h to eliminate the contaminations, e.g., hepatitis,
HIV, and herpes virus [1]. Sodium caprylate and sodium N-
acetyl-L-tryptophanate are commonly added to stabilize the
albumin structure during the heat treatment [26]. Since the
thermogram of the rHSA monomer under our sample
conditions (PBS, pH 7.4) showed the Ty at 63 °C, we
concluded that the rHSA dimer has the same thermody-
namic stability with the monomer. Only the enthalpy change
during the denaturation (AH) was slightly lower than the
twice the monomer’s value.

HSA acts as a carrier for many endogenous and exogenous
substances in the blood circulation, and has twe major
specific drug binding sites, namely the warfarin site (Site I)
and the indole and benzodiazepine site (Site II) [1,28]. We
then determined the binding constants of typical ligands,
warfarin (Site I-ligand) and diazepam (Site II-ligand}, for the
tHSA dimer using the ultracenirifugation method. In contrast
to the results of the control experiments with rHSA, the
amount of unbound ligand decreased to nearly half. The
equilibria are expressed by following equations:

.—f—l_b D-L (3)

2 o (4)

————

DL+ L

== by, (5)

D + 2L =

where D is the rHSA dimer and L represents the ligand. The
apparent binding constants (K),K3) of the warfarin and
diazepam to the dimer were calculated to be 9.2x10' and
3.0x10'® M~?, respectively. If the each albumin unit
independently accommodates one ligand, we estimated K,
(=K,) of each ligand as the square root of these values;
3.0x10° and 1.7x10° M~!, respectively. They are almost in
the same range as the binding constants for the monomeric
tHSA (X)), 3.8x10% and 1.4x10° M™!, which means that
neither the prevention mor the cooperation of the second
ligand binding occurred in the dimer.

The attempt to prepare single crystals of the tHSA dimer
for X-ray structural analysis failed, probably because it is
likely to be very flexible at the BMH moiety. Transmission
electron microscopy of the negatively stained samples
showed homogeneous round particles with a diameter of
15—20 nm (not shown), however, the image is too small to
obtain precise morphological information about the molecule.

The primary physiological function of HSA is the
maintenance of COP within the blood vessels. Although
HSA accounts for only 60% of the mass of the plasma
protein, it contributes 80% of the COP. Two-thirds of this
COP is simply the van't Hoff pressure and the other third
arises from the Donnan effect of the negative charges of the

plasma proteins, which is essentially due to albumin [1]. The
relationship between the protein concentration and COP was
observed for the rtHSA and rHSA dimer solutions (Fig. 5).
Both lines deviated upward from the linear correlation,
because of the relatively larger value of the second virial
coefficient, which is an index of the COP capacity, of the
albumin molecule compared to those of the other plasma
proteins. The measured rHSA monomer’s curve coincided
well to the previously reported result of Scatchard and co-
workers (dotted line) [29]. The physiological concentration
(5 g dL™") of rHSA represented the COP of 19 Torr. The
careful inspections of their COP curves revealed that the 8.5 g
dL~" dimer solution has the same COP as the 5 g dL ™" rHSA.
The plots of [C] versus COP/[C] gave a straight line, and the
extrapolations to the y intercept afford the molecular weights
of the monomer and dimer of 66x10° and 136x10° Da,
respectively.

3.3. Viscosity and compatibility with blood components

Viscosity is a characteristic of proteins related to their
size, shape, and conformation. The PBS solution of 8.5 g
dL~' rHSA dimer exhibited a Newtonian flow similar to the
50 g dL™! HSA, and showed a viscosity of 1.2 cP at a
shear rate of 230 s~! (Fig. 6). The dimer solution was then
mixed with freshly drawn whole blood (1:1, v/v). The
obtained suspension did not show any coagulation or
precipitation for 6 h at 37 °C (after 6 h, hemolysis gradually
took place even in the control experiment with saline or
rHSA), and its viscosity profile was again Newtonian (1.8
cP at 230 s71). This result demonstrated good compatibility
of the rHSA dimer with blood.
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Fig. 5. Concentration [C] dependence of COP of tHSA monomer (A) and
rHSA dimer (@) in PBS (pH 7.4) at 22 °C. The dotted line represents the
plasma HSA results taken from Ref. [29]. Inset shows relationship between
[C] and COP/C] for rHSA monomer (A ) and rHSA dimer (®).
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Fig. 6. Changes in the viscosity of tHSA monomer and rHSA dimer at
various shear rates at 37 °C [C): whole blood, @: 8.5 g dL.™! rHSA dimer,
A:5.0¢dL"" tHSA, O: 8.5 g dL™' rHSA dimer plus whole blood (1:1, v/
v), A: 5.0 g dL ™! fHSA plus whole blood (1:1, v/v)).

In order to evaluate the blood compatibility of the 8.5 g
dL~! fHSA dimer solution in detail, the changes in the
number of blood cell components [RBC, white blood cells
(WBC), and platelets (PLT)] have been counted after the
mixture (1:1, v/v). The numbers just afier the addition of
the tHSA dimer to the whole blood were reasonably
reduced to half the basal values; the same behavior was
observed in the control experiments with the saline or 5 g
dL~! tHSA [Fig. 7(A)]. Optical microscopic observations
revealed that the homogeneous round shape of the RBCs
was completely retained [Fig. 7(B}(C)]. Therefore, it can
be considered that no specific interaction occurred
between the rHSA dimer and the blood cell components
in vitro.

3.4. Immunogenicity

We then analyzed the immunological reactivity of the
rHSA dimer against the anti-HSA polyclonal antibody. The
absorption intensity of the reactant plate with the dimer
showed clear concentration dependence in the same manner
as those of the tHSA and plasma HSA groups (Fig. 8). Itis
known that HSA has five major antigenic sites by analysis
using synthetic peptides [30,31]. The sites are nearly a-
helical regions in the HSA molecule and include charged
and/or aromatic residues which are important for the
presentation of antigenic determinations. We previously
reported that the cross-reactivity of the anti-HSA polyclonal
antibody to BSA was extremely low, despite their homol-
ogies of the sequences over 70% and its antigenic sites in
the same regions [32]. The antigenic epitopes of tHSA are
preserved after bridging the Cys-34.

(A)
71 9 91
64~ RBC 11 wec iz PLT

U . i)
e, PRSI S

Fig. 7. {A) The blood cell (RBC, WRC, PLT) numbers in the blood
suspension with the rHSA samples (1:1, v/v) at 25 °C [a: whole blood
(basal value), b: with saline, ¢: with 5.0 g dL™" fHSA, d: with 8.5 g dL™"
rHSA dimer]. Optical microscopic observations of (B) whole blood and (C)
the blood suspension with the 8.5 g dL™"' tHSA dimer (1:1, v/v) (bar:
20 pm). The shape of the RBC with a diameter of ca. 8 pm did not change.

3.5. Circulation lifetime of '**Ilabeled rHSA dimer in rats
The rHSA and tHSA dimer labeled with '*°1 were
injected into rats to determine their blood circulation
0.6 —
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Fig. 8. Cross-reactivity of the anti-HSA polyclonal antibody with tHSA
monomer and tHSA dimer [white bar: plasma HSA, diagonal bar; rHSA
monomer, black bar: rHSA dimer]. All values are meant8.D. (n=3).
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Fig. 9. Plasma levels of "®I-tHSA monomer and dimer (1.0x167 cpm, 1.0
mg kg™ ") after intracardial administration inte Wistar rats. All values are
mean+S8.D. (n=3}.

lifetimes. The time courses of the radioactivity clearly
showed two-phase kinetics, and significant differences
between these two samples (Fig. 9). The half lifetimes
(T172) determined from the disappearance phase (B-phase)
were 8.9 and 16.2 h for the monomer and dimer,
respectively. The enlargement of the molecular size
definitely led to retardation of extravasation through the
vascular endothelium and produced a longer lifetime in the
bloodstream. Radioactivity of the trichloroacetic acid
precipitates recovered up to 95% the intensity, which
means '*°I did not dissociate from the proteins. The tissue
distributions of the rHSA dimer were in the skin, liver,
kidney, and spleen (not shown), which took up most of the
radioactivity, and we could not find any differences to that
of the tHSA monomer.

More recently, McCurdy et al. [33] reported that a
reiterated form of recombinant rabbit serum albumin
(rRSA), in which two copies of the C34A rRSA mutant
were joined with the C-terminus and N-terminus by a
hexaglycine spacer, was more rapidly cleared (1) 3.0
days) in vivo (rabbit) than the corresponding monormer,
C34A tRSA (12 4.9 days). They postulated that the
mechanism of this quick clearance of the dimer appears to
involve the reticuloendothelial system (two binding sites on
a dimer molecule to phagocytic cells may underlie the
increased rate); and also suggested that the albumin
dimerization through Cys-34 probably does not substan-
tially contribute to the albumin metabolism. However, our
results clearly showed that the Cys-34 BMH-bridged tHSA
dimer has the longer circulation lifetime relative to that of
the rHSA monomer. This opposite conclusion presumably
arises from the differences in the chemical structure of the
cross-linking agents, highly-ordered structure of the albu-

min dimer itself, and mammal species in the experimental
protocol.

3.6. Aibumin—heme dimer and its Oz-binding

Since a maximum of eight FecycPs (Fig. 1) was
incorporated into certain domains of rHSA [12,d,], we
postulated that the rHSA dimer can capture a twofold molar
excess of FecycP molecules relative to the monomer. From
the quantitative analyses of the amount of rHSA and FecycP
in the hemoprotein, the ratio of the FecycP/rHSA {mol/mol)
was determined to be 15.7 for the mixing ratio (m) of 16 and
16.4 for the m of 20. Thus, we concluded that the maximum
binding numbers of FecycP to an rHSA dimer were 16, the
same as FepivP [11]. The obtained red-solution of the
rHSA-FecycP dimer was stored for more than 1 year at 4 °C
without any aggregation and precipitation.

The UV-Vis absorption spectrum of the agueous rHSA-
FecycP dimer solution in an N, atmosphere showed the
formation of a typical five-N-coordinate high-spin complex
of porphyrinatoiron(IT) (Amac: 444, 539, 565 nm)
[12,14,17,19]. Upon exposure of this solution to O, the
absorption spectral pattern immediately changed to that of a
dioxygenated species (4max: 426, 549 nm). This O,-binding
reaction was reversible and kinetically stable under physio-
logical conditions (pH 7.3, 37 °C). After admitting the CO
gas, the O,-addeut complex moved to the very stable
carbonyl low-spin complex (Amax: 427, 539 nm) (Fig. 10).

We then employed MCD spectroscopy to characterize the
coordination structure of the FecycP in the tHSA dimer.
Under an N, atmosphere, the MCD showed a well-
characterized spectrum of a mono-imidazole ligated five-
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Fig. 10. UV-Vis absorption spectral changes of the rHSA-FecycP dimer in

phosphate buffer solution (pH 7.3) at various conditions (25 °C) (dotted
line: under Ny; solid line: under Qy; broken line: under CO).
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coordinate high-spin porphyrinatoiron(Il), which is in
contrast to that of the six-coordinate low-spin state with
the bis-imidazole ligated complex (Fig. 11) [34]. This
observation indicates that no amino acid residue binds to the
sixth position of FecycP in the rHSA structure under an Nz
atmosphere. The admission of O; gas yields an S-shaped A-
term MCD in the Soret-band region, which shows the
formation of an O,-adduct complex as observed in the
spectra of the other dioxygenated porphyrinatoiron(Il) [34].
The CO adduct is also low spin and showed a similar A-
term MCD band with a strong intensity. In all cases, the
pattern in the Q-band regions coincided well with those
reported previously [34].

The autooxidation reaction of the oxy state (Amax: 549
nm) slowly occurred and the absorption intensity of 549 nm
almost disappeared after 36 h, leading to the formation of
the inactive Fe(Ill)cycP. The half-life of the dioxygenated
species (11) was 6 h at 37 °C, which is significantly longer
than that of our previous results for the tHSA~FepivP dimer
(T12: 2 h) [11). The hydrophobic cyclohexanoyl fences on
the porphyrin ring plane could effectively retard the
autooxidation through the proton-driven process.

3.7. O,-Binding kinetics and equilibrium of albumin—heme
dimer

The association and dissociation rate constants for O
(kon, ko) were explored by laser flash photolysis. The
absorption decays accompanying the O recombination
were composed of three-component kinetics, and the curves
were fit by a triple-exponential equation [12,a,b,14]. The
minor (less than 12%) component &, which is the fastest
rate constant, is presumably correlated with a base
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Fig. 11. MCD spectral changes of the fHSA-FecycP dimer in phosphate

buffer solution (pH 7.3) at various conditions (25 °C) (dotted line: under
Ny; solid line: under O; broken line: under CO).

Table 2
0,-Binding parameters of the rHSA-FecycP dimer in phosphate buffer
solution (pH 7.3) at 25 °C

kon k;n kuﬂ‘ kéﬂ‘ Puz
M5y M7sTh TH TH (Tom?
{HSA-FecycP 2.8x107  48x10°  67x10% 12x10° 38
dimer
rHSA-FecycP  4.6x107  T.3x10°  9.8x10* 16x10° 35
Hb (T-state)®  2.9x10° 1.8x 107 40

s At 37 °C. °pH 7.0, 20 °C, from Ref. [36].

elimination reaction [35]. From the slope of the linear plots
of k3 and k; versus the O concentration, two association
rate constants for the fast O, rebinding (ko) and the slow
0, rebinding were obtained (Table 2). The ko, values are
5.8-fold grater than k., and the amplitude ratio of the fast
and slow reactions was approximately 5/3. The O
association to FecycPs incorporated in the certain domains
of the rHSA dimer is largely influenced by the protein
environments surrounding each iron center of FecycP, for
example, steric hindrance by the amino acid residues and/or
difference in polarity. Six of the 16 sites of FecycP in the
rHSA dimer are estimated to be the slow sites for the O,
association.

The O,-binding affinity (P;») of the rHSA-FecycP
dimer was determined to be 38 Torr at 37 °C on the basis of
the UV-Vis spectral changes by O titration [12,14,17-19].
The obtained P, is very close to that of rHSA~FecycP in
the monomeric form and T-state Hb (Table 2) [12,d,35]. The
0,-dissociation rate constants were also calculated by kon/K.

The rHSA-FecycP dimer did not show a cooperative O,-
binding profile like that seen in RBC; the Hill coefficient
was 1.0 (Fig. 12). Although P, is slightly lower than that
of RBC, the O,-transporting efficiency (OTE) of the rHSA-
FecycP dimer between the lungs ( Po,: 110 Torr) and muscle
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Fig. 12, QEC curve of the tHSA-FecycP dimer at 37 °C.
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tissue (Pg,: 40 Torr} (23%) becomes slightly higher than
that of the human RBC (22%).

4. Conclusions -

The obvious characteristics of the rHSA dimer cross-
linked with the bola-shaped bismaleimide are as follows: (i)
unaltered essential propertics of the albumin units (the
secondary/tertiary structure, surface net charges, thermo-
stability), (ii} excess ligand-binding capacity relative to the
monomer while maintaining its COP at the physiclogical
value, (iii} good blood compatibility and identical antigenic
epitopes with the monomer, and (iv) longer half-life in the
bloodstream and similar tissue distributions with rHSA.,
Furthermore, (v) one molecule of the rHSA dimer incorpo-
rates 16 FecycPs, which is exactly twice the amount
compared to that of the monomeric rHSA, and the obtained
hemoprotein can reversibly bind and release O, under
physiological conditions. (vi) The 8.5 g dL. ™' rHSA—FecycP
dimer solution satisfies the initial clinical requirements for
the O,-carrier as an RBC substitute, which transports 10
mM O; (compared to 9.2 mM in the human blood) while
maintaining the COP at a constant 19 Torr.
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Safety Evaluation of an Artificial O, Carrier as a Red Blood
Cell Substitute by Blood Biochemical Tests and
Histopathology Observations
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Recombinant human serum albumin (rHSA) incorporating
synthetic heme with a covalently linked proximal base (albu-
min-heme [rHSA-heme]) is an artificial O, carrier that can
transport O, like hemoglobin does in the blood stream. To
evaluate the clinical safety of this compound, 20% and 40%
exchange transfusions with rHSA-heme into anesthetized rats
were followed by blood biochemical tests and histopatho-
logic observations for 7 days. In the 20% rHSA-heme group,
a total of 30 analytes by blood biochemical tests showed
almost the same values as those observed in the reference
20% rHSA group. Although some abnormal values for liver
parameters were found in the 40% rHSA-heme group, they
returned to normal after 7 days. Histopathologic ohservations
indicated that the administration of rHSA-heme in a volume
of 20% total blood volume did not produce any negative side
effects on the vital organs, ASAIO Journal 2004; 50:525-529.

H emoglobin (Hb)}-based O, carriers have been studied as red
blood cell substitutes or as an O, therapeutic.’-* The advantages
of these O, carriers are 1) the absence of a blood type antigen and
infectious virus, 2} a small particle size for penetration through
constricted vessels where red blood cells cannot penetrate, and 3)
stability for long-term storage. The first generation products
(Hemolink, Polyheme, and Hemopure),* which are currently in
clinical testing, have been followed by second generation mate-
rials {(Hemospan™ [MP4],5 adenosine-GSH-Hb,6 and SOD-
catalase-Hb?] under development. We have developed an en-
tirely synthetic O, carrier without using Hb. Recombinant human
serum albumin (rHSA) incorporates a synthetic heme (2-[8-{N-(2-
methylimidazolyl)}octanoyloxymethyl]-5,10,15,20-tetrakis
{a, o, a-0-{1-methylcyclohexanamidollphenylporphinatoiron(ll)
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(Figure 1), providing an artificial hemoprotein {albumin-heme
{rHSA-heme]), which has the potential to bind and release O,
under physiologic conditions (pH 7.3, 37°C) in the same manner
as Hb.8-12 Because the rHSA-heme molecule is totally synthetic,
there is absolutely no concem for infection with pathogens and
virus. The in vitro experiments have indicated that the rHSA-
heme solutions have a high compatibility with blood cell com-
ponents.’? Furthermore, we found that vasoconstriction was not
observed after administration of rHSA-heme into the circulatory
system because of its low permeability through the vascular
endothelium; rHSA-heme does not deplete nitric oxide {endothe-
lium-derived relaxing factor).™ Our recent study of a 30% ex-
change transfusion with rHSA-heme after 70% hemodilution with
5% (by weight) rHSA in anesthetized rats showed that injection of
this materia! improved the circulatory blood volume and resus-
citated the animals from shock.) To evaluate the clinical safety of
this material as a red blood cell substitute, 20% and 40% ex-
change transfusions in anesthetized rats were studied using blood
biochemical testing and histopathologic observations for 7 days.

Materials and Methods
Preparation of rHSA-Heme

The rHSA {Albrec, 25% by weight) was provided by the
NIPRO Corp. (Osaka, Japan). The rHSA-heme solution (rHSA:
4.9% rHSA by weight, pH 7.45; heme: 2.8 mmol/L heme,
colloid osmotic pressure (COP) 18 torr, osmolarity 300 mOsm,
viscasity 1.1 ¢P, and endotoxin <0.1 EU/ml) was prepared
according to our previously reported procedure.'014S The
other physicochemical properties of rHSA-heme (molecular
weight 72.3 kDa, O, binding affinity [p,,0,] 37 torr, and
isoelectric point 4.8) have been reported elsewhere.'® The
half-life of the oxygenated rHSA-heme against the ferric state
was 9 hours at 37°C in vitro.1®

Exchange Transfusion with rHSA-Heme in Anesthetized Rats

The investigations were carried out in 60 male Wister rats
{312 % 3.0 gm). The details of the experimental setup (anes-
thesia and catheterization) were the same as our former pro-
tocol reported elswhere,1415 The total blood volume of a rat
was estimated to be 64 ml/kg body weight. The 20% exchange
transfusion was achieved by four cycles of repeated blood
withdrawal via the common carotid artery (1 mf, 1 ml/min) and
the rHSA-heme infusion into the femoral vein {1 ml, 1 ml/min;
20% rHSA-heme group, n = 12). The 40% exchange transfu-
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Figure 1. Chemical compound of entirely synthetic O, carier
without using Hb. :

sion was performed by eight cycles of identical withdrawal/
infusion (40% rHSA-heme group, n = 12). Asa reference, a 5
gmvd| rHSA solution was given to other rats in the same ratios
(20% rHSA group and 40% rHSA group, n = 12 each). Fur-
thermore, 12 rats without blood exchange (anesthesia and
surgery only) were also used as the control group. After the
blood exchange transfusion, the animals were sutured and
returned to their home cages. Their appearance and body
weights were observed on days1, 3, and 7 after surgery.

After days 1 and 7, 4 mi of venous blood was taken from &
rats in each group and centrifuged at 4°C (Beckman Coulter
Co., Optima LE-80K for 3,500 rpm, 10 min). The plasma phase
was frozen {(—20°C) for the blood biochemical tests. The rats
were sacrificed by venesection and the weights of the isolated
liver, kidney, spleen, lung, and heart were measured. All ani-
mal handling and care were in accordance with NIH guide-
lines. The protoco! details were approved by the Animal Care
and Use Committee of Keio University.

Blood Biochemical Tests

A total of 30 analytes (total protein, albumin, albumin-
globulin ratio, aspartate aminotransferase [AST], alanine ami-
notransferase [ALT], lactate dehydrogenase {LDH]), alkaline
phosphatase, y-glutamyltransferase, leucine aminopeptidase
[LAP], choline esterase, total bilirubin, direct bililubin, creati-
nine, blood urea nitrogen, uric acid, amylase, lipase, creatine
phosphokinase, total cholesterol, free cholesterol, cholesterol
ester [EChol], B-lipoprotein, high density lipoprotein [HDL]
cholesterol, neutral fat [i.e,, triglyceride, TG), total lipid, free
fatty acid, phospholipids [Pht], K*, Ca**, and Fe*™) were
measured by the Kyoto Microorganism Institute {Kyoto, Japan).
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Figure 2. Body welght changes in male Wistar rats subjected to
20% and 40% blood exchange with recombinant human serum albu-
min (HSA) and rHSA-heme solutions. Each- value represents the
mean=SEM. O, Control group; ¢, 20% rHSA-heme group; 4, 20%
HSA group; I, 40% rHSA-heme group; and [, 40% rHSA group.

Histopathologic Observations

Paraffin sections were prepared from the 10% formalin fixed
organs and stained with hematoxylin-eosin stain and Berlin
blue. All histopathologic observations were carried out by
Panapharm Laboratories Co., Ltd. (Kumamoto, Japan).

Data Analysis

The data for increased body weight, organ weight, and
blood biochemical tests are expressed as mean * SEM. A
statistical analysis was performed using the Bartlett test fol-
lowed by the Tukey-Kramer multiple comparison test. Values
of p < 0.05 were considered significant. The statistical analyt-
ical software was StatView (SAS Institute Inc., Cary, NC).

Results

Appearance and Body Weight

In the control, 20% rHSA, and 20% and 40% rHSA-heme
groups, all animals survived for 7 days without any change in
their appearance and behavior. In contrast, one rat died after 3
days in the 40% rHSA group; the remaining five rats in this
group did survive for 7 days.

In the control group, the change in body weight from the
basal value decreased by 8.3 & 1.5 gm after 1 day (Figure 2).
However, it increased to 11.2 * 2.4 gm after 3 days and to
42.1 * 4.3 gm after 7 days.

in the 20% and 40% rHSA groups, body weights decreased
by21.8=1.8gmand 19.6 = 2.8 gm, respectively, after 1 day,
but they returned to basal levels after 3 days and increased to
34.9 = 2.9 gm and 36.3 = 4.0 gm, respectively, after 7 days.

In the 20% rHSA-heme group, body weight decreased by
143 = 1.8 gm after 1 day. It recovered to the starting level
after 3 days and increased to 34.9 = 2.9 gm after 7 days. This
change was almost the same as those observed in the 20% and
40% rHSA groups. In the 40% rHSA-heme group, the weight
declined by 29.8 % 2.5 gm after 1 day. Although it increased
t0 22.1 + 2.1 gm after 7 days, the differences from the other
groups were constant during the experimental period.




SAFETY EVALUATION OF ARTIFICIAL O, CARRIER 527

Weight of Vital Organs

We could not find any remarkable difference in the weights
of the vital organs of the 20% rHSA and 20% rHSA-heme
groups compared with the control group, except for spleen
weight (Figure 3). Spleen weight was significantly increased in
the 20% rHSA group after 1 and 7 days and in the 20%
tHSA-heme group after 7 days.

In the 40% rHSA group, liver weight was significantly de-
creased after 1 day, and spleen weight increased after 7 days
compared with that in the control group. In the 40% rHSA-
heme group, spleen weight was significantly increased after 1
and 7 days versus the control group. There was no remarkable
change in the weights of lungs, heart, liver, and kidney.

Blood Biochemical Tests

The 30 analytes from the blood biochemical tests of rat
plasma are summarized in Figure 4. In the 20% and 40% rHSA
groups, most of the parameters did not show any significant
difference versus the control group, except for the iron de-
crease in the 20% rHSA group after 1 day and the choline
esterase decrease after 7 days.

In the 20% rHSA-heme group, the decreases in LAP, TG,
total lipid, PhL and iron after 1 day were significant compared
with values in the control group. After 7 days, all analytes
returned to the same levels as in the control group. With
respect to the 20% rHSA group, the decrease in PhL after T day
and the decrease in iron after 7 days were significant. In the
40% rHSA-heme group, the increase in total protein and AST
and the decrease in total cholestero!, EChol, HDL cholesterol,
and total lipid after 1 day were significant relative to the
contro! group. Moreover, large increases in ALT and LDH were
ohserved in three of the six samples. In comparison with the
40% rHSA group, the increase in LDH after 1 day, the decrease
in EChol and HDL cholesterol after 1 day, the increase in HDL
cholestero! after 7 days, and the decrease in TG after 7 days
were significant.

Histopathologic Observations

A mild or modulate extramedullary hematopoiesis in the
spleen was often found in all groups after the surgical opera-
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Figure 3. Relative organ weights (as a percentage of body weight)
ih male Wistar rats subjected to 20% and 40% blood exchange with
recombinant human serum albumin (rHSA) and rHSA-heme solu-
tions. Each value represents the mean=SEM. O, Control group; E],

20% rHSA group; El, 20% rHSA-heme group; &, 40% rHSA group;
and M, 40% rHSA-heme group.
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Figure 4. Blood biochemical tests of rat plasma after 20% and
40% blood exchange with recombinant human serum albumin
(rHSA) and rHSA-heme solutions after 1 and 7 days. Each value
represents the mean=+SEM. [, Control group; B3, 20% rHSA group;
0, 20% rHSA-heme group; B3, 40% rHSA group; and M, 40%
rHSA-heme group.

tion at 7 days. In the 20% rHSA group, a slight erythrophago-
cytosis in the Kupffer cells of the liver (three samples} was
observed after 7 days. In the 40% rHSA group, slight mineral-
ization in the tubule of the kidney (three samples) after 1 day
and a mild hyaline droplet in the tubule epithelial cells of the
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kidney (three samples) after 7 days were observed. There was
no remarkable change in the lung, heart, and spleen.

In the 20% rHSA-heme group, a mild cellular infiltration in
macrophages and a mild vacuolization in the Kupffer cells/
macrophages of the liver were found in all six samples after 1
day (Figure 5). A mild brown pigment deposition appeared in
the Kupffer cells/macrophages of the liver (five samples) after 7
days. There was no change in the heart, lung, and kidney. In
the 40% rHSA-heme group, mild focal necrosis in the hepa-
tocytes was visible in six samples after 1 day. The mild brown
pigment deposition in the Kupffer cells‘macrophages of the
liver was also observed after 1 and 7 days. The mild hyaline
droplet in the tubule epithelial cells in the kidney (three sam-
ples) was sometimes seen. There was no unusual change in the
heart and lung.

Discussion

In the control group, although anesthesia and the surgical
operation temporarily decreased the body weight of the ani-
mals after 1 day, it exceeded basal values after 3 days. The
somewhat larger declines in body weight after the exchange
transfusion with rHSA or rHSA-heme solutioh compared with
the control group are considered to bg the effect of hemodi-

Figure 5. Microscopic observa-
tions of stained speciments of or-
gans fecovered from a rat 1 day
after a 20% exchange with recom-
binant human serum albumin-
heme. Bars = 100 mm, hematoxy-
lin-eosin stain: a, liver; b, lung; c,
heart; d, spleen; and e, kidney.

lution. To produce Hb, the iron concentration was reduced by
consumption after 1 day. The decreased body weight in-
creased at almost the same rate in all groups, and iron con-
centrations returned to control levels after 7 days.

The decrease in LAP, TG, total lipid, PhL, and iron in the
20% rHSA-heme group could not be related to acute toxicity.
In addition, the mild cellular infiltration in macrophages and
the mild vacuolization of Kupffer cellsfmacrophages in the
liver observed after 1 day are considered to be a nonspecific
biologic reaction to removal of the rHSA-heme, which was
recognized to be an exogenous compound. More recently, we
have found that >90% of the heme from the rHSA-heme is
captured by the liver with high selectivity (Y. Huang et al,
unpublished data) After 7 days, a brown pigment deposit
appeared in the Kupffer cells/macrophages of the liver. It grad-
vally became fainter and finally disappeared after 2 months. If
the heme is decomposed by hemeoxygenase in the same
manner as protoheme IX from Hb, hemosiderin including free
iron can be observed by Berlin blue staining. Contrary to our
expectation, there was a very slight signal with the Berlin blue
stain in the macrophages. We can conclude that the 20%
blood exchange with the rHSA-heme solution did not produce
any negative side effects in the rats.
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We made further evaluations of the rHSA-heme solution
with 40% blood replacement. In the 40% rHSA group, one rat
died after 3 days. Although the reason is not clear, histopatho-
logic data suggest occurrence of an unexpected disorder in the

urinary system. No significant difference in the blood bio-

chemical tests and organ weights of the 40% rHSA group in
comparison with the control group (except for the decrease in
liver weight after 1 day and an increase in spleen weight after
7 days) could be found. The increase in spleen weight was a
specific biologic reaction to the administration of rH5A to the
rats.

After a 40% blood exchange with the rH5A-heme solution,
some liver function markers (e.g., AST, ALT, and LDH) became
elevated in three samples, and mild focal necrosis was ob-
served in the liver after 1 day. Because these parameters in the
20% rHSA-heme group were similar or lower than those of the
control group, this implies that some disorder in liver function
might occur with a 40% blood exchange with the rHSA-heme
solution. However, other liver function markers (y-glutamyl-
transferase, total bilirubin, and direct bilirubin) remained un-
altered after sample infusion, so the “disorder” seems to have
been temporary and not serious. Similar to the 20% rHSA-
heme group after 7 days, the brown pigment deposit in the
Kupffer cells/macrophages, which is presumably heme itself or
a decomposition thereof, was also found. The results of the
blood biochemical tests and the histopathologic observations
returned to normal after 7 days.

In conclusion, the 20 % blood replacement with rH5A-heme
in rats did not yield any toxic side effects for 7 days. A mild
liver disorder occurred in the 40% rHSA-heme group; how-
ever, liver function returned normal within 7 days. Thus, ad-
ministration of the rHSA-heme solution in a volume of 20%
total blood volume did not produce any dysfunction of the
vital organs, which allows us to undertake further advanced
preclinical testing of this synthetic O, carrier as a red blood
cell substitute.
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Human Serum Albumin Bearing Covalently Attached Iron(II)
Porphyrins as O2-Coordination Sites
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Tetrakis{(c,,0,0-0-pivalamido)phenyl}porphinatoiron(I) with a bifunctional tail possessing an axially
coordinated imidazolyl group and a protein attachable succinimidyl(glutamyl) group (FeP-GluSu) has
been synthesized. It can efficiently react with the lysine residues of recombinant human serum albumin
(rHSA), giving a new albumin—heme conjugate [THSA(FeP-Glu}]. MALDI-TOFMS showed a distinet
molecular ion peak at m/z 70 643, which indicates that three FeP-Glu molecules were covalently linked
to the rHSA scaffold. The binding number of FeP-Glu is approximately three (mol/mol) and independent
of the mixing ratio. The CD spectrum and Native PAGE revealed that the albumin structure remained
unaltered after the covalent bonding of the hemes. This rHSA(FeP-Glu) conjugate can bind and release
O; reversibly under physiological conditions (pH 7.3, 37 °C) in the same manner as hemoglobin and
myoglobin. The O-adduct complex had a remarkably long lifetime (zyz: 5 h). The Oz-binding affinity
[P0 27 Torr] was identical to that of human red cells. Laser flash photolysis experiments gave the
O,- and CO-association rate constants and suggested that there are two different geometries of the

imidazole binding to the central ion.

Human serum albumin (HSA), which is the major
plasma protein component in our bloodstream, has no
prosthetic group; however it nonspecifically captures
many endogenous and exogenous compounds by weak
interactions, e.g., H-bond, ionic attraction, and hydro-
phobic interaction, namely noncovalent bonds (1-3).
Synthetic heme, 2-[{8-N-(2-methylimidazolyDoctanoyl}-
oxylmethyl-5,10,15,20-tetrakis{(a,o,o,0-0-pivalamide)-
phenyl}porphinatoiron(II) (FeP, Chart 1 a) is also incor-
porated into recombinant HSA (rHSA), and the obtained
albumin—heme (rHSA-FeP) hybrid can reversibly coor-
dinate O3 under physiological conditions (pH 7.3, 37 °C)
(4). This Op-carrying plasma hemoprotein could be of
medical importance as a blood replacement composition
(4e—g). Nevertheless, the major driving force of the heme-
binding to albumin is a hydrophobic interaction; there-
fore, its binding constants (10*=10° M~1) are not high
enough to maintain the heme concentration in the
circulatory system for a long period {4a). The administra-
tion of the albumin—heme hybrid solution into rats
demonstrated that the lifetimes of the heme was less
than 6 h (4e, 5). To immobilize the heme group to the
albumin scaffold more tightly and retain its O;-transport
efficacy, we have combined the Oz-coordination site FeP
to the rHSA structure through a covalent bond. In this
communication, we report, for the first time, the synthe-
sis of a novel FeP analogue with a bifunctional branched-
tail including an axially coordinated imidazolyl group and
a protein-attachable succinimidyl(glutamyl) group (FeP-
GluSu, Chart 1 a), and the properties of the rHSA

* Corresponding author. Phone: +81 3-5286-3120. Fax: +81-
3-3205-4740. E-mail: eishun@waseda jp.

t Waseda University.

# Northwest Normal University.

Chart 1. {(a) 5,10,15,20-Tetrakis{(o,a,a,c-¢-pivalamido)-
phenyl}porphinatoiron Derivatives with a Bifunctional
Tail Group. (b) Space-Filling Representation of the
Oxygenated FeP-GluSu by Insight II (see ref 11)

conjugate bearing covalently linked FeP-Glu as a new
Q.-carrying hemoprotein.

As a functional side-chain of FeP, which directly makes
a covalent bond to rHSA, we selected the succinimidyl
group, because it selectively reacts with the NH; group
of lysine in the range of pH 6.3—8.6 with high yield. The
branched tail that includes the imidazolyl and sucenim-
idyl groups via a glutamate junction was introduced into
the parent porphyrin 1 (6) as shown in Scheme 1 (7).

10.1021/bc049859m CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/12/2004
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Scheme 1. Synthetic Scheme of FeP-GluSu

giﬁ,ﬁ

FeBr,
- —_— "
26-utidine, THF FeP-Glu Dee FeP-GluSu

Table 1. CO-and 0.-Binding Parameters of rHSA(FeP-Glu) Conjugate in Phosphate—Buffered Solution (pH 7.3) at 25 °C

1078 ko, COM~1571) 1077 BouOa(M-15~1) 1072 kyP:(s72) P1aP(Torry
system fast slow fast slow fast slow
rHSA{FeP-Glu) conjugate 6.2 1.1 28 - 3.3 - 9{(27)
rHSA-FeP hybrid? 4,7 0.66 3.2 1.0 72 2.2 13 (35)
Hb(T-state)as 0.22 - 0.29 - 1.8 - 40

o At 37 °C in parenthesis, ¥ From ref 4c. ¢ From refs 13—15.

First, Fmoc-L-Glu{g-tert-butyl ester) was bound to the OH Go:er
group at the A-pyrrolic position of the porphyrin 1 by CHSA
DCC. After removal of the Fmoc protecting group with )
piperidine, 8-N-(2-methylimidazolyl)octancic acid was
reacted with the obtained compound 3 in CHCl,, giving
the imidazolyl-tailed porphyrin (4). The tert-butyl group
was then removed by TFA, and the central iron insertion
was carried out by the general FeBr; method te afford
the iron-porphryin FeP-Glu. Finally, the reaction of
N-hydroxysuccinimide with DCC gave the FeP-GluSu. All
reactions can be performed at room temperature with
high yields. The analytical data of all compounds de-
scribed above were satisfactory obtained (7).

THSALFe(0)
conjugate

The FeP-Glu was converted to the ferrous complex by T T f T Y
reduction in a heterogeneous two-phase system (toluene/ 50000 60000 70000 80.000 80000
aqueous Nas3:0,) under an N; atmosphere (6, §). The Mass/Charge
UV—vis absorption spectrum of tht_a orange solution Figure 1. MALDI-TOFMS of the tHSA(FeP-Glu) conjugate.
showed five-N-coordinated Fe(II)} species {(Ana. 440, 531, Matrix: 2,5-dihydroxybenzoic acid.

563 nm) via intramolecular imidazole binding (6, 8, 9).
Upon exposure to CO, its UV—vis absorption immediately threugh amide bond formation. The average number of
moved to that of the CO adduct complex. On the other FeP-Glu in an rHSA was estimated to be 2.9-3.5, and

hand, the dioxygenation was unstable at 25 °C, which is this number is not dependent on the mixing molar ratio
likely due to the presence of the neighboring glutamic of FeP-GluSuw/rHSA that ranged from 4 to 10. There are
acid proton. a total of 59 NH; groups in the rHSA structure, but only

The EtOH sclution of the carbonyl FeP-GluSu (2 mL} three of them are presumably active for the FeP-GluSu
was then injected into the phosphate-buffered solution binding.
of THSA (8 mL, pH 7.3) (molar ratio /1), and the mixture The cenjugation of FeP-GluSu did not induce any
was gently stirred for 1 h at room temperature. The change in the circular dichroism spectrum of rHSA in
solution was dialyzed against phosphate buffer (pH 7.3) the 200—250 nm region, The Native PAGE of rHSA(FeP-
to remove EtOH. The MALDI-TOFMS demonstrated a Glu) also showed a single band with same migration
single molecular ion peak at m/z 70 643 (Figure 1). distance of rHSA. Both results suggested that the see-
Attempts to measure the molecular weight of the rHSA- ondary structure, molecular shape, and surface charge
FeP hybrid, in which the FePs are noncovalently accom- of albumin remained unaltered after the covalent binding
modated, failed using MALDI- and ESI-TOFMS; the of the hemes.

molecular ion peak of THSA (65 500) was only observable The UV—vis absorption spectrum of the rHSA(FeP-
because the FePs are dissociated from the albumin Glu) conjugate under an N, atmosphere showed a typical
during the ionization process (10). Therefore, we can five-N-coordinated complex as seen in the toluene solu-

conclude that the FeP-Glu is conjugated with rHSA tion of FeP-Glu (Figure 2) (4a,b, 6, 8, 9). Upon exposure
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Figure 2. UV—vis absorption spectral changes of the THSA-

(FaP-Glu) conjugate in phosphate-buffered solution (pH 7.3} at

25 °C.

of this solution to O3, the spectrum changed to that of
the Os-adduct complex under physiological conditions (pH
7.3, 37 °C) (4a—c). This dioxygenation was reversibly
ohzerved to be dependent on the O partial pressure in
the same manner as hemoglobin {Hb) and myoglobin. The
halflifetime of the O, adduct {ca. 5 h at 37 °C) was
significantly longer than that of the noncovalent rHSA-
FeP hybrid (r13: 2 h) (4d). The covalent linkages of FeP-
Glu to the protein scaffold obviously retarded the oxida-
tion process of the central ferrous ion. Molecular simula-
tion of the structure of FeP-GluSu revealed that the
geometry of the imidazole ring against the porphyrin
platform was perpendicular, which suggests that the
spacer moiety between the imidazole and the porphyrin
periphery does not produce an unfavorable distortion of
the axial coordination and will not influence the Oy
binding behavior (see Chart 1b) (11},

The Oo-binding affinity [P12%] of the rHSA(FeP-Glu)
conjugate was determined to be 27 Torr at 37 °C (3b,¢,
8, 7, 9, 10), which is almost the same as that of the THSA-
FeP hybrid [Py 33 Torr] (35—d) and identical to that
of human red cells (Z2). The laser flash photolysis
experiments provided the association rate constants of
the Os- and CO-bindings (ko kxC?) (6, 8, 9a). The
absorption decays accompanying the Og- and CO-recom-
bination to the noncovalent rHSA-FeP hybrid were
composed of two phases of the first-order kinetics, and
the curves were fit by a double-expenential equation to
determine k,, (fast) and ko (slow) (Table 1) (4c). We
supposed that the Og- and CO-association to the FeP in
the hydrophobic domains of the albumin was influenced
by the molecular microenvironments around each Op-
coordination site, e.g., steric hindrance of the amino acid
residue and difference in polarity (4b—d}). The time
dependence of the absorption change in the CO recom-
bination to the rHSA(FeP-Glu) conjugate also showed
double-exponential profile, but the rebinding process of
0, obeyed monophasic decay. On the basis of studies on
synthetic model hemes, it has been known that the
proximal-side effect is the only primary factor which
influences the association rate for CO but not for O (8,
9g). We assume that there are two different geometries
of the imidazole coordination and that each one shows
the individual kineties of the CO asseciation. The cova-
lent linkages between the axially coordinated imidazolyl
side-chain and the albumin structure may provide an
additional strain of the Fe—N(imidazole) bond and gives
two conformations of the proximal-base binding. Since
the k,,0: value of rHSA(FeP-Glu} was nearly the same
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as the k,.0: (fast) of the rHSA-FeP hybrid (Table 1), the
FeP-Glu molecules are likely to locate on the surface of
rHSA.

In conclusion, reaction of the newly synthesized tet-
rakis{(a,a,0,0-0-pivalamido)phenyl}porphinatoiron(Il) with
a proximal base and succinimidyl(glutamyl) group to
rHSA produced a novel albumin conjugate bearing co-
valently attached heme groups as O;-coordination sites.
The molecular weight of rHSA(FeP-Glu) was directly
measured by MALDI-TOF MS. In nature, one can find
unique heme-linked proteins, e.g., cyctochrome ¢. The
rHSA(FeP-Glu) conjugate presumably becomes a valu-
able model of these hemoproteins. The obtained rHSA-
(FeP-Glu) can reversibly absorb O under physiological
conditions, and its Oo-binding affinity showed an identical
value to that for human erythrocytes. These resulis
suggest that this novel plasma protein may efficiently
transport O; in the bloodstream as an O;-carrier witha
long circulation time.
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