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Wild-type (1142, Y161) rHSA (1142H/Y161L)

| site-directed
mutagenesis

Fig. 1 Structural models of the effect of site-directed mutagenesis in subdomain IB of HSA

to construct a tailor-made heme pocket, which allows O, binding to the heme group.
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Fig. 2 MCD spectra of (a) tHSA(IIL)-hemin and (b) metMb in phosphate buffered solution
(pH 7.0, 50 mM) at 25°C. Magnetic field = 1.5T.
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Fig. 3 UV-vis. absorption spectral changes of rHSA(HL)-heme in phosphate buffered

solution (pH 7.0, 50 mM).
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L T3 (FEMIIFERERIL S Am. Chem. Soc. 2005, 127, 15933 #HH) . HEHRMNICRS &.
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EFAENELS BB b LERENS,

Table 1 O,-Binding parameters of rHSA(mutant)-heme in phosphate buffered solution
(pH 7.0, 50 mM) at 22°C 2

P1.'202 kon02 koﬁ02
. Torr) (UM-1s) (ms)
Hemoprotein (

P o m
rHSA(HL)}-heme 18 134 7.5 0.22 1.70
rHSA(HL/L185N)-heme 1 14 14 0.02 0.29
rHSA(HL/R186L)}-heme 10 209 25 0.41 8.59
rHSA(HL/R186F )-heme 9 203 21 0.29 7.01
Hbo (R-state)? 0.24 33¢c 0.0134
Mbe 0.51 14 0.012
RBC 8

3Number I or II indicates species I or II. * Humant Hb a-subunit, 20 °C; <At 21.5°C; Q. H. Gibson et al., /.
Biol. Chem. 1970, 245, 3285. 4At 20°C. 1. S, Olson et al., /. Biol. Chem. 1971, 246, 5919. ¢ Sperm whale
Mb. At 20°C. R. Rohlfs et al., /. Biol. Chem. 1990, 265, 3168.
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1142H/Y161L

Fig.4 Introduction of distal-base into the heme pocket of HSA.
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Fig. 5 The rHSA-heme triple mutants having a distal base at the Leu-185 position.
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Fig. 6 UV-vis. absorption spectral changes of rHSA(HL/L185N)-heme in phosphate

buffered solution (pH 7.0, 50 mM).
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MR ERLEbDEEZENS, BUVWEERENLEEE TS0 rHSA(HL/L185N)-heme #&
HiE, B OXWVEFINENR B,

5-6) NARYT v MMEEDSEAL

ERNTHD S RENEHRIBFEERET S0, BEEALERROE (8
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IRAIAZERT. GEEFERIRL J. Am. Chem. Soc. 129, 11286 BHR)
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Fig. 7 The key amino acid Arg-186 and its mutants R186L and R186F.
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5-7) FNT I —BIWTOMRILT 4 U stk ORERERISOIIEEH)
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Fig. 8 Transient absorption spectrum of HSA(wt)-ZnPP (10 mM) with MV* (1 mM) in
phosphate buffered solution (pH 7.0, 10 mM) after the laser flash excitation (A=332 nm) at
25°C.
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Fig. 9 Time dependence of the H, production from water in the phosphate buffered solution
(pH 5.4, 50 mM) of HSA-ZnPP (10 mM), MV>* (2 mM), TEOA (0.19 M), colloidal PVA-Pt

(20 mM) at 25°C upon exposure to a 450-W xenon arc-lamp with HA30 filter (330-700 nm).
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Abstract: Recombinant human serum albumin (fHSA) in-
corporating 2-[8-{N-(2-methylimidazolyl)loctanoyloxymethyl]-
5,10,15,20-[tetrakis{a, o0, ct-0-(1-methyleyclohexanoyl)amino}-
phenyljporphinatoiron(I) [albumin-heme (rHSA-heme)] is an
artificial hemoprotein which has the capability to transport O,
in vitro and in vivo. A 20% exchange transfusion with rHSA-
heme into anesthetized rats has been performed to evaluate its
clinical safety by monitoring the circulation parameters and
blood parameters for 6 h after the infusion. Time course
changes in all parameters essentially showed the same features
as those of the control group (without infusion) and rHSA

group (with administration of the same amount of rHSA).
Blood biochemical tests of the withdrawn plasma at 6 h after
the exchange transfusion have also been carried out. No sig-
nificant difference was found between the rHSA-heme and
rHSA groups, suggesting the initial clinical safety of this en-
tirely synthetic O,-carrier as a red-cell substitute. © 2004 Wiley
Periodicals, Inc. ] Biomed Mater Res 71A: 63~69, 2004

Key words: exchange transfusion; entirely synthetic red-cell
substitute; albumin-heme; blood biochemical tests; O, carrier.

INTRODUCTION

Although hemoglobin (Hb)-based O, carriers are cur-
rently undergoing clinical trials as red-cell substitutes or
oxygen therapeutics, there are still some concerns about
new infectious pathogens in Hb and unresolved side
effects such as vasoconstriction.'™* Recombinant human
serum albumin (rHSA) incorporating the synthetic heme
albumin-heme is an artificial hemoprotein that has the
potential to bind and release O, under physiological
conditions in the same manner as Hb and myoglobin.>”
In fact, the albumin-heme can transport O, through the
body and release O, to tissues as a red-cell substitute
without any acute side effects.** For example, rHSA
including four molecules of 2-[8-{N-(2-methylimidazolyl)}-
octanoyloxymethyl]-5,10,15,20-[tetrakis{a, o, o, c-0-(1-
methylcyclohexanoyl)aminojphenyl]porphinatoiron(II)
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(Scheme 1) is one of the promising materials.” Recent
study on the 30% exchange transfusion with rHSA-heme
after 70% hemodilution with 5 wt % rHSA with the use
of anesthetized rats demonstrated that the administra-
tion of this material improved the circulatory volume
and resuscitated the hemorrhagic shock state.’” The de-
clined MAP and the mixed venous partial O, pressure
immediately recovered, and the lowered renal cortical
Oy-pressure also significantly increased.

In order to evaluate the initial clinical safety of this
albumin-based O,-carrier, a 20% exchange transfusion
with rHSA-heme into anesthetized rats was per-
formed, and the time courses of the circulation param-
eters (MAP, HR, respiration rate) and blood parame-
ters (paO,, pvO,, pH, blood cell numbers) were
measured for 6 h, which is adequate time to determine
acute toxicity. Blood biochemical tests of the with-
drawn plasma were also been carried out.

MATERIALS AND METHODS

Preparation of rHSA-heme

Recombinant human serum albumin (tHSA, Albrec®, 25
wt %) was obtained from the NIPRO Corp. (Osaka). The 5
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Scheme 1

g/dL rHSA was made by diluting Albrec” with saline solu-
tion (Otsuka Pharmaceutical Co., Ltd.). The rtHSA-heme so-
lution ([rHSA]: 49 g/dL, pH 7.45, [heme]: 2.8 mM, O,-
binding affinity (p,,,O,): 37 Torr) used for the experiments
was prepared according to a previously reported proce-
dure." The red-colored rHSA-heme solution was filtered
with the use of DISMIC 25CS045AS just before use.

Exchange transfusion

The investigations were carried out with 18 male Wister
rats (305%3.6 g). The animals were placed on the heating
pad under an inhalation anesthesia with sevofluran; its con-
centration was kept 2.0% for the operations and 1.5% for the
experiments. After incision was made in the neck, the hep-
arinized catheter (Natsume Seisakusho SP-55) was intro-
duced into the right common carotid artery for blood with-
drawal. Other catheters (SP-31) were inserted into the left
femoral artery for a continuous MAP monitoring, and the
right femoral vein for sample injection.

After stabilization of the animal condition, the 20% ex-
change transfusion (total blood volume of rat was estimated
to be 64 mL/kg weight) was performed by 1 mL blood
withdrawal via the common carotid artery and 1 mL rHSA-
heme infusion from the femoral vein (each 1 mL/min) with
four repeating cycles (n = 6, rHSA-heme group). Blood was
taken from the artery (0.3 mL) and vein (0.2 mL) at the
following five points; (i) before, (i) immediately after, (iii)
1 h after, (iv) 3 h after, and (v) 6 h after the exchange
transfusion. MAP and HR were recorded with the use of a
polygraph system (NIHON KODEN LEG-1000 Ver. 01-02 or
PEG-1000 Ver. 01-01) at the same time point as stated above.
Withdrawn blood was rapidly applied to a blood gas system
(Radio Meter Trading ABLS555) to obtain the O,-pressure
(paO,) and pH for the arterial blood, and the O,-pressure
(pvO,) for the venous blood. The blood cell numbers were
counted by a multisystem automatic blood cell counter (Sys-
mex KX-21). After 6 h, 4 mL of the venous blood was taken
for each animal before sacrifice by sodium pentobarbital
overdose. The blood samples were centrifuged at 4°C (Beck-
man Coulter Co., Optima LE-80K for 3500 X rpm, 10 min),
and the plasma phase was frozen (~20°C) for blood bio-
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chemical tests. As a reference group, the 5 g/dL rHSA
solution was administered similarly into rats (n = 6, rtHSA
group). Furthermore, six rats without infusion (operation
only) were also set as a control group.

All animal handling and care was in accordance with the
NIH guidelines. The protocol details were approved by the
Animal Care and Use Committee of Keio University.

Blood biochemical tests

A total of 30 analytes, that is, total protein (TP), albumin
(Alb), albumin/globulin ratio (A/G), aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), lactate dehy-
drogenase (LDH), alkaline phosphatase (ALP), vy-glutamyl-
transferase (y-GTP), leucine aminopeptidase (LAP), choline
esterase (ChE), total bilirubin (TBil), direct bililubin (DBil),
creatinine (CRN), blood urea nitrogen (BUN), uric acid
(UA), amylase, lipase, creatine phosphokinase (CPK), total
cholesterol (TCho), free cholesterol (FCho), cholesterol ester
(ECho), B-lipoprotein (B-LP), high-density Lpoprotein
(HDL)-cholesterol, neutral fat (triglyceride, TG), total lipid,
free fatty acid (FFA), phospholipids (PhL), K*, Ca®** and
Fe**, were measured by Kyoto Microorganism Institute
(Kyoto).

Data analysis

MAP, HR, respiration rate, paO, and pvO, were repre-
sented as percent ratios of the basal values with mean =
standard error of mean (SEM). Body temperature, pH, blood
cell numbers and the data of blood biochemical tests were
shown as mean * SEM.

Statistical analysis were performed by repeated-analysis
measures of variance (ANOVA) followed by the paired t-test
for comparison with a basal value (body temperature), by
the Bartlett test followed by the Tukey-Kramer multiple
comparison test for pH, blood cell numbers, and the results
of the blood biochemical tests, and by the Kruskal-Wallis
test followed by the Tukey-Kramer multiple comparison test
for more than three groups (MAP, HR, respiration rate,
pa0,, and pvO,). Values of p < 0.05 were considered signif-
icant. The statistical analytical software used was StatView
(SAS Institute, Inc.).

RESULTS

Circulation parameters

The basal values of some measurements, the data
values of which are represented by percent ratios, are
summarized in Table I. There are no significant differ-
ences between the three groups (control, rHSA, and
rHSA-heme groups).

The body temperature of each group was constantly
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TABLE 1
Basal Values of Each Group
Control rHSA rHSA-heme

MAP (mmHg) 99 £ 2.8 101 £2.8 100 £ 6.1
HR (beats/min) 404 = 19 435 £ 19 420 = 13
Respiration rate

(breaths /min) 66 *+ 0.7 75+ 4.0 7021
paO, (mmHg) 84.7 = 3.1 84.9 = 3.7 80.8 =22
pvO, (mmHg) 51.0%=15 45.7 = 1.1 51.0 1.7
Body weight (g) 305 = 4.0 304 =28 305 = 4.1

maintained within 36.9-37.4°C during the experi-
ments [Fig. 1(a)].

The MAP time course in the control group demon-
strated only a small deviation within 83.8-100.0% for
6 h. In the rHSA and rHSA-heme groups, the observed
changes in MAP were almost the same as those of the
control group. They ranged within 93.2-100 and 89.3-
100%, respectively. It is remarkable that no vasoactive
reaction was seen after the infusion of rHSA-heme
[Fig. 1(b)].

The HR of the control, rHSA, and rHSA-heme
groups remained unaltered for 6 h. The values of the
control, tHSA, and rHSA-heme groups were in the
range of 98.3-103.9, 96.9-108.8, and 85.7-100.0%, re-
spectively [Fig. 1(c)].

The respiration rates also remained stable during
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the measurements. No significant difference was rec-
ognized among the three groups [Fig. 1(d)].

Blood-gas parameters

No difference in the pH changes was observed in
the three groups. The pH values of the control, rHSA,
and rHSA-heme groups were constant in the narrow
ranges of 7.42-7.45, 7.42-7.44, and 7.42-7.44, respec-
tively [Fig. 2(a)}.

The paO, values of the control, rHSA, and rHSA-
heme groups were also constant in the range of 100~
108.1, 100-109.1, and 100-110.8%, respectively, by the
end of measurements [Fig. 2(b)].

The pvO, of the control, rHSA and rHSA-heme
groups demonstrated only small changes within 81.5~
100.0, 84.9-108.4, and 81.9-100.0%, respectively

{Fig. 2(0)].

Blood cell numbers

The Hct values of the control group were un-
changed from 34.8-37.0% during the experiment. On
the other hand, the 20% exchange transfusion with the
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Figure 1. (a) Time courses of body temperature, (b) mean arterial pressure (MAP), (c) heart rate (HR), and (d) respiration
rate (RESP) in anesthetized rats after 20% exchange transfusion with tHSA-heme or rHSA solution. Each value represents the
mean * SEM of six rats (triangles, control group without infusion; open circles, rHSA group; solid circles, rHSA-heme group).
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Figure 2. Time courses of (a) blood pH, (b) arterial blood
O, pressure (paQ,), and (c) venous blood Oy-pressure (pvO,)
in anesthetized rats after 20% exchange transfusion with
rHSA-heme or rHSA solution. Each value represents the
mean * SEM of six rats (triangles, control group without
infusion; open circles, rHSA group; solid circles, rHSA-heme

group).

rHSA or rHSA-heme solution led to rapid decreases in
the Hct from 39.0 to 31.7% or from 422 to 33.8%,
respectively. These declined values were constant for
6 h [Fig. 3(a)]. Concomitantly, the RBC numbers in the
rHSA and rHSA-heme groups decreased from
634.8X10* to 512.8x10*/uL and from 620.3X10* to
497.7x10%/ L by the exchange transfusion. They did
not recover for 6 h [Fig. 3(b)].

The WBC numbers in the rHSA and rHSA-heme
groups also showed similar declines; however, they
appeared to be relatively slow with some deviations
[Fig. 3(c)]. The PLT numbers of the rHSA and rHSA-
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heme groups changed in the range of 57.1-76.9 X
10°/pl and 584-65.6 X 10°/pl, respectively
[Fig. 3(d)].

Blood biochemical tests

In order to evaluate liver function, kidney function
and electrolyte balance after the infusion of rHSA-
heme, total 30 analytes of the blood biochemical tests
were selected for rat plasma (Fig. 4). In the rHSA
group, the A/G ratio increased, and TCho, Echo, and
HDL-C decreased compared to the control group.

In the rHSA-heme group, the A/G ratio and fatty
acid increased, and LDH, ALP, TCho, Echo, HDL-C,
and PhL decreased in comparison to the control
group. However, the other analytes showed almost
the same values as those of the control group. With
respect to the rHSA group, no significant difference
was found except for the increases in the amylase, free
fatty acid, and iron concentration, and the decrease of
ALP and ECho.

DISCUSSION

After the 20% exchange transfusion with the 5
g/dL rHSA solution, the Hct and RBC numbers
decreased approximately 80% of their basal values.
This was only because of the 20% dilution and did
not imply any acute toxicity of rHSA. The signifi-
cant increase in the A/G ratio was caused by the
slightly high rHSA concentration of 5 g/dL. Because
the albumin concentration in rat plasma is generally
3-4 g/dL, the exchange transfusion with this sam-
ple led to the increase in the albumin concentration
and decrease in the globulin concentration, thus
resulting in the elevated A/G ratio. The hemodilu-
tion by the 20% replacement of the animal’s blood
volume could reduce the level of the analytes im-
mediately after the infusion; however, the majority
of the data in the rHSA group recovered within 6 h;
only LDH, TCho, Echo, and HDL-C showed values
that were about 80% of the corresponding ones in
the control group.

Because FCho was almost the same as that in the
control group, the decreases in TCho, ECho, and
HDL-C were presumably caused by the decreasing of
ECho, which might come from the depressed syn-
thetic function in the livers by administration of the
external protein. The circulation parameters and blood
gas parameters in the rHSA group moved within the
narrow range for 6 h—almost the same as those ob-
served in the control group. Based on these data, the
authors are certain that the administration of rHSA
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Figure 3. Time courses of hematocrit (Hct) value (a), red blood cell (RBC) numbers (b), white blood cell (WBC) numbers (c)
and platelet (PLT) numbers (d) in whole blood of anesthetized rats after 20% exchange transfusion with rHSA-heme or rHSA
solution. Each value represents the mean = SEM of 6 rats (triangles, control group without infusion; open circles, rHSA group;
solid circles, rHSA-heme group). *p < 0.05 versus control group (Tukey-Kramer test).

into anesthetized rats did not induce any toxic reac-
tion under the present experimental conditions.

After the exchange transfusion with the rHSA-heme
solution, no significant difference was seen in the cir-
culation parameters and blood gas parameters. Previ-
ous studies to elucidate the influence of albumin-heme
on the MAP changes and microcirculation in the cap-
illaries demonstrated that neither vasoconstriction nor
hypertension occurred, because of the low permeabil-
ity of the albumin vehicle through the vascular endo-
thelium.® The latest exchange transfusion experiment
with rHSA-heme after isovolemic hemodilution also
supported this hypothesis.*

By careful inspection of the results from the blood
biochemical tests, it was found that the rHSA-heme
group showed higher values of amylase and free fatty
acid, and lower values of ALP and ECho compared to
those of the rHSA group. In general, amylase has two
isozymes, which are secreted by the pancreatic paren-
chyma and salivary gland. When the concentrations of
the amylase and lipase (pancreatic parenchyma en-
zyme) simultaneously increase, it may be a sign of
pancreatitis and other pancreas disorders.’*** How-
ever, the slight increase in the lipase concentration in
the current protocol was not significant. Therefore, the
possibility of pancreas disorders caused by the rHSA-
heme infusion is considered negligible. The high amy-

lase value is probably due to the isozyme secreted by
the salivary gland.

With the increase in the free fatty acid, the TG
concentration also tended to elevate to some degree.
The increase in TG may activate the lipase, which acts
as its decomposition enzyme, and results in the in-
creasing free fatty acid as a metabolite. The relation
between rHSA-heme and the TG increase is still not
clear.

CONCLUSIONS

The appearance of the all animals showed abso-
lutely no change for 6 h after the 20% exchange trans-
fusion with albumin-heme. The physiological re-
sponses of the blood circulation, gas equilibria, and
blood cell numbers in the rHSA-heme group were
almost the same as those of the control and rHSA
groups. MAP and HR did remain constant after the
injection of the rHSA-heme, suggesting again that the
albumin-based O,-carrier does not induce the vaso-
constriction. The blood biochemical tests of the with-
drawn plasma of rHS5A-heme group showed results
similar to those of the control and rHSA groups, im-
plying no acute toxicity by the exchange transfusion
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Figure 4. Blood biochemical tests of rat plasma after 20% exchange transfusion with rHSA-heme or rHSA solution. Each
value represents the mean * SEM of six rats (white bar, control group without infusion; diagonal bar, rHSA group; black bar,
rHSA-heme group). @ < 0.05 versus control group (Tukey-Kramer test); ®p < 0.05 versus rHSA group (Tukey-Kramer test).

with rHSA-heme. These results showed the initial clin-
ical safety of the rHSA-heme solution, which allows us
to undergo further advanced preclinical testing of this
synthetic O,-carrying hemoprotein as a new class of
red-cell substitutes. Biochemical tests and histopatho-
logical observations for 7 days after the exchange

transfusion with rHSA-heme will be reported in a
forthcoming article.
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Synthesis of protoheme IX derivatives with a covalently linked
proximal base and their human serum albumin hybrids as artificial
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The simple one-pot reaction of protoporphyrin IX and ©-(N-imidazolyl)alkylamine or O-methyl-L-histidyl-glycine
with benzotriazol—1-yl-oxytris(dimethylamino)phosphonium hexafluorophosphate at room temperature produced a
series of protoporphyrin IX species with a covalently linked proximal base at the propionate side-chain. The central
iron was inserted by the general FeCl, method, converting the free-base porphyrins to the corresponding protoheme
IX derivatives. Mesoporphyrin IX and diacetyldeuteroporphyrin IX analogues were also prepared by the same
procedure. The Fe(11) complexes formed dioxygen (O,) adducts in dimethylformamide at 25 °C. Some of them were
incorporated into the hydrophobic domain of recombinant human serum albumin (rHSA), providing albumin-heme
hybrids ({HSA~heme), which can bind and release O, in aqueous media (pH 7.3, 25 °C). The oxidation process of
converting the dioxygenated heme in rHSA to the inactive Fe(m) state obeyed first-order kinetics, indicating that the
u-oxo dimer formation was prevented by the immobilization of heme in the albumin scaffold. The rHSA-heme, in
which the histidylglycil tail coordinates to the Fe(11) center, showed the most stable O, adduct complexes.

Introduction

Numerous model compounds of hemoglobin (Hb) and myo-
globin (Mb) have already been prepared and their O,-binding
equilibria and kinetics were extensively studied.! In particular,
synthetic hemes having a sterically encumbered porphyrin
platform can form stable O, adducts in organic solvent at room
temperature. If we are to reproduce or mimic any biochemical
reaction, the aqueous medium is particularly important. The
dioxygenated complexes of highly-modified hemes are unfortu-
nately oxidized to the ferric state in water. Human serum albumin
(HSA) is the most abundant plasma protein in our circulatory
system and solubilizes hydrophobic small molecules.? We have
found that synthetic hemes are also spontaneously incorporated
into HSA, which provides unique albumin-heme hybrids (HSA-
hemes) and allows their Fe(11) states to remain stable in aqueous
solution.® Actually, recombinant HSA* (rtHSA) including
tetrakis(a,a,a,a-a-pivalamidophenyl)porphinatoiron(lI) with a
covalently linked proximal base can reversibly bind and release
O, under physiological conditions, and acts as an artificial 0,
transporter in the blood stream.’ Our next target is to realize
O; coordination to rHSA-heme involving protoheme IX in
the same manner as natural Hb and Mb, The dioxygenation of
protoheme X has several advantages. (1) Synthetic procedures
are rather simplified with respect to the highly modified tetra-
phenylporphyrin. (2) It has the same structure and thus the same
spectra as do hemoproteins; this makes possible the study of
subtle changes in the protein nanostructure. (3) Its metabolism
process has been clarified,® which is an advantage for medical
use as an artificial O, carrier.

We report herein the simple synthetic methodology of
protoheme IX derivatives with a covalently-linked proximal
imidazolyl arm and the O,-binding properties of the obtained
rHSA-hemes.

Results and discussion
Synthesis

The free-base porphyrins with a covalently linked proximal
base (la-8a, Scheme 1) were synthesized by the omne-pot
reaction of protoporphyrin IX, ®-(N-imidazolyl)alkylamine

[R,H; 3-(N-imidazolyl)propylamine, 4-(V- ~(2-methylimidazolyl))-
butylamine or O-methyl-L-histidyl-glycine] for one propionic
acid group, and a capping alcohol or amine on the other side
(R;H; MeOH, EtOH or MeNH,) in the presence of benzotriazol-
I-yl-oxytris(dimethylamino)phosphonium hexafluorophosphate
(BOP) at 25°C in pyridine [or dimethylformamide (DMF)]
(Scheme 2). The carbonyl attachment was made through
either an ester or an amide function. After the reaction, the
mixture was poured into 10% NaCl solution, which led to the
precipitation of the crude porphyrin. Centrifugation at 7000 g
for 30 min gave a purple pellet. The pyridine (or DMF), BOP,
R,H and R;H in the supernatant were all discarded at this point.
The obtained precipitate was dissolved in CHCl, and showed
several spots on a thin layer chromatograph. The anpolar band
corresponds to the double Ry-substituted component (ex. proto-
porphyrin IX diethyl ester in the cases of 2, 5, 6) and the second
band is the desired porphyrin, which is purified by a silica gel
chromatographic separation (yield: 20-30%). The iron was then
inserted by the general FeCl, method with 2,6-lutidine in DMF
solution, giving the corresponding hemins. Mesoporphyrin IX
and diacetyldeuteroporphyrin IX also gave similar analogues
(7b and 8b). We obtained a mixture of two isomeric compounds
that we were unable to separate,

Traylor and co-workers reported many pioneering studies
on “chelated hemes”.” They synthesized compound 1b, for
instance, using an acid anhydride procedure directly from
protohemin chloride.” First, the protohemin dimethyl ester
was partially hydrolyzed and, after purification, the mono acid
was coupled to a 3-(N-imidazolylypropylamine by the pivaloyl
chloride method. Nevertheless, reaction mixtures involving the
diacid and monoacid are normally insoluble in common organic
solvents, therefore, the yield of this reaction largely depends on
the separation techniques. In contrast, our simple procedure
makes it possible to synthesize a series of new protoporphyrins
with a wide variety of proximal bases and end-capping groups
of the other propionic acid.

Dioxygenation of heme in DMF solution

The obtained hemin complexes 1b-8b in DMF solution were
reduced to the corresponding Fe(ir) complexes using a solution

This journal is © The Royal Society of Chemistry 2004
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of the crown ether-dithionite as reducing agent.® The UV-vis
absorption spectrum of 2¢ [Fe(l) complex] under a nitrogen
(N,) atmosphere showed a single broad band in the o,8 region
around 520-580 nm. This indicates the formation of a typical
five-N-coordinate high-spin complex,” in which the proximal
imidazole group intramolecularly coordinates to the central
Fe(11) ion in the non-coordinating solvent (DMF) (Fig. 1).
Because 2-methyl-imidazole significantly inhibits a sixth ligand
binding to the trans-position, 6c¢ also demonstrated a similar 5-
coordinated spectrum in DMF solution. Upon bubbling of the
O, gas through the solution of 2¢, the spectral pattern immedi-
ately changed to that of the O, adduct complex. After adding
carbon monoxide (CO) gas, the heme changed to a very stable
carbonyl complex. Similar absorption changes were observed
for all the heme derivatives, 1c-8¢. The absorption maxima
(Amax) of compounds 1c-8¢ in DMF solution under N,, O, and
CO atmospheres are summarized in Table 1.

The positions and the relative intensities of all peaks were
independent of the temperature changes from 5 to 25 °C. In
general, the electron density of the porphyrin ring systemati-
cally changes the A, of the B-band and Q-band.® The replace-
ment of the vinyl groups at the 3,8-positions of protoheme IX
with ethyl groups (from 2¢ to 7¢) produced a hypsochromic shift.
In contrast, changing the vinyl groups to electron withdrawing
acetyl groups (from 2¢ to 8¢) produced a bathochromic shift.

Ry Ry
1) BOP
OH 2) Ry-H
3) Rg-H
e
Pyridine or DMF
Ry 0 Ry
(o]

BOP: benzotriazol-1-yl-oxytris(dimethylamino)phosphonium hexafluorophosphate

""""""" s under N,
h —= :under O,
Iy — =~ :under CO

Absorbance

500 550 600 650 700
Wavelength (nm)
Fig. 1 UV-vis spectra of 2¢ in DMF at 25 °C.

350 400 450

Table1 Absorption maxima (A, of heme derivatives in DMF under
various conditions

Amax/IM

Compound Under N, Under O, Under CO

1ec (15°0C) 427, 530, 558 414, 543, 575 420, 540, 569
1¢ (25°C) 424,532, 559 412, 542, 575 420, 539, 567
2¢(5°C) 422,531, 556 415, 541, 574 419, 537, 567
2¢ (25°C) 421, 533, 557 409, 539, 571 418, 537, 565
3¢ (25°C) 426, 537, 559 4185, 543, 575 420, 539, 567
4¢ (5°C) 421,527, 555 413, 540, 572 417, 536, 564
5¢(5°C) 419, 529, 551 406, 537, 569 412, 534, 562
5¢ (25°C) 423,533, 557 408, 539, 573 419, 538, 567
6¢ (5°C) 430, 555 413,547, 576 418, 538, 561
e (25°C) 414, 523, 548 407, 531, 563 409, 529, 556
8¢ (5°C) 440, 541, 571 432,552,579 434, 549, 576
8¢ (25°C) 439, 545, 569 431, 552, 580 433,548,577

We could not find any significant difference in the absorption
maxima of le-6¢, because modification of the propionic acids
did not affect the electron density of the porphyrin macrocycle.

Preparation of rHSA—heme

Aqueous solutions of rHSA-heme were prepared by injecting
an ethanol solution of the carbonylated heme into an aqueous
solution of rHSA. The inclusion of heme into rHSA was
confirmed by the following results: (1) Sepharose gel column
chromatography showed the elution peaks of heme and
rHSA coincided at the same position, (2) during dialysis of
the rHSA-heme solution against phosphate buffer, the outer
aqueous phase did not contain the heme component. The
UV-vis absorption spectra of the obtained solution showed that
the heme was retained as a CO adduct complex.

The binding number of heme in one rHSA was determined
to be 0.9-1.1 (mol/mol) by assaying the iron and rHSA concen-
trations. The binding constant of 1b for rHSA was estimated
to be ca. 4 X 10° M, which is approximately 1/25 of that for
protohemin IX itself to albumin (ca. 1 X 108 M~1).10 Polar heme
derivatives 3¢ with monopropionic acid and 4¢ with a methyl-

Ry

Q o]

Ry R,
FeCl,
et
2,6-lutidine, DMF

8 Ry Rs

O o)

Scheme 2 Synthesis of protoheme IX derivatives.




Table 2 Absorption maxima (4,,) of rHSA-hemes in phosphate
buffer solution (pH 7.3) at 25°C

Table3 Half-life (z,) and O, binding affinity (P,;,) of rHSA-hemesin
phosphate buffer solution (pH 7.3) at 25 °C

Amax/IM Compounds Typ/min P,/Torr
Compounds Under N, Under O, Under CO rHSA-1¢ 20 0.1
rHSA-2¢ 50 0.1
rHSA-1c 420, 536, 561 414, 540, 567 419, 541, 566 rHSA-5¢ 90 0.1
rHSA-2¢ 420, 538, 561 416, 540, 567 421, 543, 567 rHSA-8¢ 50 0.4
rHSA-5¢ 422,539, 561 418, 540, 571 422, 541, 569
rHSA-8¢ 444, 549, 571 432, 551,580 440, 555, 578

amide capping group at the porphyrin periphery were partially
oxidized to the Fe(1u) state during the inclusion process. Since
the binding force of the heme derivative to rHSA is a hydro-
phobic interaction,’ relatively polar porphyrins may not be
incorporated into a certain domain of rHSA and easily oxidized
compared to more apolar ones.

The circular dichroism spectra of the rHSA-hemes
(rHSA-1¢, -2¢, —S¢, —7c¢ and -8¢) are almost identical to that
of rHSA itself (not shown). This suggests that the secondary
structure of the albumin host molecule did not change after
incorporation of the hemes. Furthermore, the isoelectric points
of these rtHSA-hemes were all 4.8, which is the original value
of rHSA. The surface net charges of rHSA remained unaltered
after heme incorporation.

Dioxygenation of rHSA-heme in aqueous solution

Light irradiation of the CO adduct complex of tHSA-heme
(rHSA-1e¢, —2¢, 5S¢, -6¢, ~7¢ and ~8¢) under an N, atmosphere
led to CO dissociation and demonstrated new spectral patterns
with well-defined o« and B bands. For example, the typical
absorption spectral changes of rHSA-2¢ are shown in Fig, 2.

------------- s under N,
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n — — = :under CO
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Fig. 2 UV-vis spectra of rHSA-2¢ in phosphate buffer solution
(pH 7.3) at 25 °C.

From the nature of these spectra, we concluded that the
obtained Fe(i) complexes are a mixture of Fe(lr) S-coordinated
(high-spin) and 6-coordinated (low spin) species. It implies that
the sixth coordinate position of the heme might be partially
occupied by some amino acid residue of the protein scaffold.
Upon exposure of O, to the Fe(11) complex of rHSA-1¢, the
spectrum changed to that of the O, adduct species. Although
the aqueous micelle solution of 1¢ with 5% surfactant (cetyl-
trimethylammonium bromide) forms a CO adduct complex,
dioxygenation was not stable enough to measure the spectrum
at 25 °C.% In contrast, rHSA-1¢, -2¢, —5¢, and 8¢ formed O,
adduct complexes at 25 °C (pH 7.3) except for rHSA-6¢ and ~7¢
(Table 2). The introduction of a methyl group to the 2-position
of the imidazole ring is widely recognized to reduce the O, and
CO binding affinities.! In this case, the strength of the imidazole

coordination to the Fe(1r) center is too weak to produce a stable
0O, adduct complex.

The oxidation process of dioxygenated rHSA-heme to the
inactive Fe(11) state obeyed first-order kinetics. This indicates
that the p-oxo dimer formation was prevented by the immobi-
lization of heme in the albumin structure. The half-life of the
0, adduct complexes (1;,) and the O, binding affinities (Py,) of
rHSA-hemes are summarized in Table 3. The histidylglycyl tail
coordinated protoheme (5¢) in rHSA showed the most stable
0O, adduct complex (ty2: 90 min) with respect to the imidazole
bound ones. The more hydrophobic ethylpropionate (2¢) also
contributed to prolong the stability of the O, adduct complex
relative to the methylpropionate protoheme (1¢).

The Py, values of rHSA-1¢, —2¢ and —5¢ are 0.1 Torr at
25°C. On the other hand, rHSA-8¢ showed a higher Py,
value (low O,-binding affinity) compared to the others. The
acetyl groups at the 3,8-positions of 8¢ decrease the electron
density of the porphyrin macrocycle, therefore P, could
be significantly reduced. Traylor and co-workers found that
the O, binding affinity of the chelated heme was sensitive to
the electron density at Fe(ur) and thus to the substituents at the
heme periphery. The O, binding constant decreased by 1/6 upon
changing the substituent from a vinyl to an acetyl group.’? Qur
experimental data of hemes in rHSA are quite consistent with
their observations.

Conclusion

A convenient one-pot synthesis of protoporphyrin IX
derivatives with a covalently linked proximal base has been
described. rHSA successfully incorporates the protoheme
derivatives, providing an artificial hemoprotein, which can
form an O, adduct complex at 25 °C. The rHSA-heme, in which
the histidylglycil tail intramolecularly coordinates to the Fe(1r)
center, showed the most stable O, adduct complex with the
relatively high O, binding affinity of 0.1 Torr.

Experimental
Materials and apparatus

All reagents were used as supplied commercially unless other-
wise noted. All solvents were normally purified by distillation
before use. DMF was distilled under reduced pressure in N,.
Pyridine was refluxed over and distilled from P,0O;. The water
was deionized using an ADVANTEC GS-200 system. The rHSA
(Albrec®, 25 wt%) was obtained from NIPRO Corp. (Osaka).

Thin-layer chromatography was carried out on 0.2 mm pre-
coated plates of silica gel 60 F254 (Merck). Purification was
performed by silica gel 60 (Merck) column chromatography.
The infrared spectra were measured with a JASCO FT/IR-410
spectrometer. The UV-vis absorption spectra were recorded by
a JASCO V-570 spectrophotometer. The 'H-NMR spectra were
recorded using a JEOL Lambda 500 spectrometer. Chemical
shifts were expressed in parts per million downfield from Me,Si
as the internal standard. The FAB-MS spectra were obtained
using a JEOL JMS-SX102A spectrometer.

Synthesis of porphyrin derivatives

O-Methyl-L-histidyl-glycine®® and 4-(N-(2-methylimidazotyl))-
butylamine!* were synthesized according to the reported
procedures.



3,18-Divinyl-8-(3-methoxycarbonyl)ethyl-12-(3-(/N-imida-
zolyl)propylamido)ethyl-2,7,13,17-tetramethylporphyrin (1a).
A pyridine (7 mL) solution of 3-(N-imidazolyl)propylamine
(35uL, 0.29 mmol) was added dropwise to protoporphyrin
IX (200 mg, 0.36 mmol) and benzotriazol-1-yloxytris-
(dimethylamino)phosphonium hexafluorophosphate (411 mg,
0.93 mmol) in pyridine (20 mL) and stirred for 30 min at room
temperature. The mixture was reacted for 4 h at 40 °C. After
the addition of methanol (10 mL), the solution was stirred for
another 12 h at 40 °C. The mixture was then poured into a 10%
NaCl solution (1 L, 4 °C) and the suspension was centrifuged
for 30 min at 7000g. The supernatant was discarded and the
precipitate was collected and dried in vacuo. The residue was
chromatographed on a silica gel column using CHCL/CH,OH =
8/1 (v/v) as the eluent. The main band was collected and
dried at room temperature for several hours in vacuo, giving
compound 1a as a purple solid (75 mg, 20%). R;=0.3
(CHCI/CH,0H = 8/1 (v/v)); IR (NaCl) v = 1731 (C=0, ester),
1646 (C=0, amide) cm™; UV-vis (CHCL) 4., = 408, 506, 542,
575, 630 nm; 'H-NMR (CDCly) é: —4.0 (s, 2H, inner), 1.8-2.4
(m, 4H, «(CH,),-Im), 2.7 (m, 4H, -CH,~COO~, NH-CH,-), 3.2
(t,2H,—-CONH-CHy-), 3.3-3.7 (m, 18H, por-CH;, -CH,-CO-,
~COOCH,), 4.2 (d, 4H, por—CH,-), 5.4 (s, 1H, Im), 6.0-6.3 (m,
4H, =CH, (vinyl)), 6.4 (d, 1H, Im), 6.6 (d, IH, Im), 8.0-8.4 (m,
2H, —~CH= (vinyl)), 9.7 (m, 4H, meso); MS m/z: 681.67.

Fe(r) complex of 1a (1b). Iron(in) chloride tetrahydrate
(106 mg, 0.53 mmol) was added to a dry DMF (10 mL) solution
of 1a (36 mg, 53 pmol) and 2,6-lutidine (30 uL, 0.27 mmol)
under an N, atmosphere. The reaction mixture was stirred
at 70 °C for 3 h. After confirming the disappearance of the
porphyrin’s fluorescence (600-800 nm, ex. 400 nm), the solution
was cooled to room temperature and poured into 10% NaCl
solution (1 L, 4 °C). The suspension was centrifuged for 30 min
at 7000g and the supernatant was discarded. The precipitate
was dried in vacuo and chromatographed on a silica gel column
using CHCL/CH;OH = &/1 (v/v) as the eluent. The main band
was collected and dried at room temperature for several hours
in vacuo to give compound 1b as a brown solid (27 mg, 68%).
R;=0.3 (CHCL/CH,OH = 8/1); IR (NaCl) v=1728 (C=0,
ester), 1646 (C=0, amide) cm™'; UV-vis (CHCL) A, = 389,
513, 641 nm; HR-MS m/z: caled for CyHOsN;Fe: 737.2777,
found: 737.2778 [M*].

3,18-Divinyl-8-(3-ethoxycarbonyl)ethyl-12-(3-(/N-imidazolyl)-
propylamido)ethyl-2,7,13,17-tetramethylporphyrin  (2a). The
synthetic procedure of compound 2a was the same as that
used for 1a except for using ethanol instead of methanol. Yield
30%; R;=0.4 (CHCL/CH;OH = 10/1); IR (NaCl) v =1650
(C=0, amide), 1732 (C=0, ester) cm™; UV-vis (CHCI,)
Amax = 409, 544, 580, 633 nm; 'H-NMR (CDCl) 6: —4.1 (s, 2H,
inner-NH), 0.8-0.9 (t, 3H, ~COO-CH,-CH,), 1.3-1.5 (t, 2H,
~CONH-CH,-CH»), 3.0-3.1 (t, 2H, ~CH»-Im), 3.1-3.3 (m,
4H, ~-CHx-COO), 3.5-3.7 (m, 12H, por-CHs), 3.8-3.9 (m, 2H,
-COO-CH-CH,), 4.2-4.4 (d, 4H, por-CH,-), 6.1 (s, 1H, Im),
6.1-6.4 (g, SH, =CH, (vinyl), Im), 6.6-6.7 (d, 1H, Im), 6.9-7.0
(d, 1H, Im), 8.1-8.3 (m, 2H, ~CH= (vinyl)), 9.8-10.2 (m, 4H,
meso); MS m/z: 695.29.

Fe(ir) complex of 2a (2b). Iron insertion to 2a was carried
out by the same procedure as in the 1b preparation. Yield 80%;
R;=0.3 (CHCL/CH;OH = 8/1); IR (NaCl) v= 1651 (C=0,
amide), 1725 (C=0, ester) ecm™!, UV-vis (CHCL) Ay = 406,
520, 578 nm; HR-MS m/z: caled. for C,H,s05N,Fe: 751.2933,
found: 751.2953 [M*].

3,18-Divinyl-8-(3-carboxy)ethyl-12-(3-(V-imidazolyl)propyl-
amido)ethyl-2,7,13,17-tetramethylporphyrin (3a). Sodium
hydroxide (2 N, 4.5 mL) was added to the methanol (10 mL)
solution of 2a (266 mg, 0.38 mmol) and the mixture was stirred

for 12 h at room temperature. [t was brought to dryness in vacuo.
Methanol was added to the residue and the mixture was added
dropwise to 10% NaCl solution (pH 2, 4 °C). It was centrifuged
for 30 min at 7000g and the precipitate was collected and dried in
vacuo, affording compound 3a as a brown solid (187 mg, 78%),
IR (KBr) v = 1652 (C=0, amide), 1707 (C=0, -COOH) cm™;
UV-vis (DMSO) A, = 409, 508, 543, 578, 631 nm; 'H-NMR
(ds-DMSO) d: —3.5 (s, 2H, inner-NH), 1.6-1.7 (t, 2H, -CONH-
CH,-CH,~), 2.8-29 (t, 2H, ~CH,-Im), 3.1-3.3 (m, 2H,
~CONH-CH>~), 3.5-3.9 (m, 12H, por—CH,), 4.2-4.4 (d, 4H,
por—CHy-), 6.1 (s, 1H, Im), 6.1-6.4 (q, 5H, =CH, (vinyl), Im),
6.6-6.7 (d, 1H, Im), 6.9-7.0 (d, 1H, Im), 8.5-8.6 (m, 2H, -CH=
(vinyl)), 10.2-10.4 (m, 4H, meso); MS m/z: 670.41.

Fe(ur) complex of 3a (3b). Iron insertion to 3a was carried
out by the same procedure as in the 1b preparation. Yield §0%;
IR (KBr) v = 1646 (C=0, amide), 1707 (C=0, -COOH) cm™;
UV-vis (DMSO) 4.« = 403, 508, 631 nm; HR-MS m/z: caled. for
CyHyO3N;Fe: 723.2620, found: 724.2668 [M + H*].

3,18-Divinyl-8-(3-methylamido)ethyl-12-(3-(N-imidazoly})-
propylamido)ethyl-2,7,13,17-tetramethylporphyrin  (4a).
Compound 4a was synthesized according to the same procedure
as for 1a except for using methyl amine instead of methanol.
Yield 20%; R; = 0.5 (CHCL/CH;OH = 3/1); IR (NaCl) v = 1631
(C=0, amide) cm™!; UV-vis (CHCl;) Amax = 409, 509, 543, 579,
632 nm; 'H-NMR (CD;OD, CDCly) é: ~4.0 (s, 2H, inner),
1.824 (m, 4H, —(CHy),Im), 2.5 (1, 3H, ~-CONH-CH,),
2.9 (m, 2H, -CONH-CH-), 3.3 (m, 4H, -CH,~CONH-),
3.4-3.6 (m,12H, por-CH3), 5.5 (s, 1H, Im), 6.0 (s, 1H, Im),
6.1-6.4 (m, 4H, =CH, (vinyl)), 6.8 (m, 1H, Im), 8.1-8.3 (m, 2H,
~CH= (vinyl)), 9.7-9.9 (q, 4H, meso); MS m/z: 680.69.

Fe(im1) complex of 4a (4b). Iron insertion to 4a was carried
out by the same procedure as in the 1b preparation. Yield 67%;
R; = 0.3 (CHCL/CH;0H = 5/1); IR (NaCl) v = 1646 (C=0,
amide) cm™!; UV-vis (CHCL,) A, = 408, 521, 565 nm; HR-MS
mfz: caled. for C4HayO3NFe: 736.2937, found: 736.2938 [M*].

3,18-Divinyl-8-(3-ethoxycarbonyl)ethyl-12-(((3-N-glyeyl-L-
histidinyl)-9-oxymethyl)carbonyl)ethyl-2,7,13,17-tetramethyl-
porphyrin (5a). The synthetic procedure of compound 5a was
same as that used for 1a. DMF was used instead of pyridine,
because it dissolves O-methyl-L-histidyl-glycine. Yield 15%;
R; = 0.4 (CHCL/CH;0H = 15/1); IR (NaCl) v = 1635 (C=0,
amide), 1725 (C=0, ester) cm™!; UV-vis (CHCL3) Aux = 405,
505, 541, 577, 627 nm; '"H-NMR (CDCl) &: —4.6 (s, 2H, inner-
NH), 2.7-2.9 (m, 2H, Im-CH,-), 3.0-3.5 (m, 18H, por-CH,,
-CH-CH,-CO-NH-, ~CH,~CH,~COO-CH,-CH,), 3.6 (s,
2H, -CONH-CH,~CONH-), 3.8 (s, 3H,~OCH,), 4.0-4.3 (d,
4H, por-CH,-), 4.3-4.5 (m, 1H, a-CH), 6.0-6.4 (m, 4H, =CH,
(vinyl)), 7.4 (s, 1H, Im-H), 8.0-8.3 (m, 5H, -CH= (vinyl),
Im-H), 9.8-10.0 (m, 4H, meso-H); MS m/z: 782.68.

Fe(11) complex of 5a (5b). Iron insertion to 5a was carried
out by the same procedure as in the 1b preparation. Yield 75%;
R; =0.5 (CHCL/CH;O0H = 8/1); IR (NaCl) v= 1660 (C=0,
amide), 1734 (C=0, ester) cm™}; UV-vis (CHCl;) Ana = 388,
508, 637 nm; HR-MS m/z: caled. for C,H,cOsNFe: 838.2890,
found: 839.2929 [M + H*].

3,18-Divinyl-8-(3-ethoxycarbonyl)ethyl-12-(4-(N-(2-methyl-
imidazolyl))butylamido)ethyl-2,7,13,17-tetramethylporphyrin
(6a). Compound 6a was synthesized by the same procedure as
for 1a except for using 4-(N-(2-methylimidazolyl))butylamine
instead of 3-imidazolylpropylamine. Yield 20%; Ry: 0.1 (CHCly/
CH;OH = 8/1); IR (NaCl) v = 1732 (C=0, ester), 1651 (C=0,
amide) cm™!; UV-vis (CHCL) 4., = 408, 506, 542, 576, 630 nm;
'H-NMR (CDCly) 6: ~4.2 (s, 2H, inner-H), 0.4-0.6 (m, 4H,
CONH-CH,~(CH;),-), 1.4-1.5 (d, 3H, Im-CH;), 2.2-2.4 (m,




2H, ~CONH-CH,-), 2.8-3.1 (m, 4H, por-CH,-CH,-), 3.2-3.3
(t, 2H, -CH»-Im), 3.4 (s, 3H, ~-COO-CH3), 3.5-3.8 (m, 12H,
por-CHj;), 4.2-4.4 (t, 4H, por-CH,~), 5.6-5.7 (d, 1H, Im), 5.8
(m, 1H, Im), 6.1-6.4 (q, 4H, =CH, (vinyl)), 8.1-8.2 (m, 2H,
~CH== (vinyl)), 9.8-10.1 (m, 4H, meso); MS m/z: 709.72.

Fe(u1) complex of 6a (6b). Iron insertion to 6a was carried
out by the same procedure as in the 1b preparation. Yield 64%;
R;=0.2 (CHCL/CH,0OH = 8/1); IR (NaCl) v=1732 (C=0,
ester), 1652 (C=0, amide) cm™; UV-vis (CHCL) Ap, = 401,
580, 630 nm; HR-MS m/z: caled. for C,3H,,O3N Fe: 765.3090,
found: 766.3184 [M + H*].

3,18-Diethyl-8-(3-carboxy)ethyl-12-(3-(N-imidazolyl)propyl-
amido)ethyl-2,7,13,17-tetramethylporphyrin (7a). Compound 7a
was synthesized by the same procedure as for 1a except for using
mesoporphyrin IX instead of protoporphyrin IX. Yield 10%; R
0.4 (CHCL/CH,0H = 20/1); IR (NaCl) v = 1732 (C=0, ester),
1651 (C=0, amide) cm™'; UV-vis (CHCL) Ay = 408, 506, 542,
576, 630 nm; 'H-NMR (CDCLy) é: 0.8 (m, 3H, CH:~CH,~-0-),
1.6 (m, 2H,-CH,~CH,-Im), 1.8 (t, 6H, CH;-CH,-Por), 2.9 (m,
2H, CH;-CH,-0-), 3.1 (m, 4H, ~CH,-COO-), 3.2 (m, 2H,
~NH-CH;-), 3.6 (m, 12H, CHs-Por), 3.8 (m, 2H,~CH,-Im),
4.1 (m, 4H,CH;~CH,-Por), 4.4 (m, 4H, Por-CH,-), 6.6 (s, 1H,
~-NHCO-), 6.0-6.8 (d, 3H, Im), 10.0 (m, 4H, meso); MS m/z:
699.32.

Fe(u) complex of 7a (7h). Iron insertion to 7a was carried
out by the same procedure as in the 1b preparation. Yield 62%;
Re 0.2 (CHCL/CH,OH = 6/1); IR (NaCl) v=1732 (C=0,
ester), 1668 (C=0, amide) cm™'; UV-vis (DMF) A, = 394,
566, 591 nm; MS m/z: caled for C,HyO3N,Fe: 755.3292, found
755.3246 [M*].

3,18-Diacetyl-8-(3-carboxy)ethyl-12-(3-(/N-imidazolyl)propyl-
amido)ethyl-2,7,13,17-tetramethylporphyrin (8a). Compound
8a was synthesized by the same procedure as for 1a except for
using diacetyldeuteroporphyrin IX instead of protoporphyrin
IX. Yield 27%; Re 0.1 (CHCI/CH;0H = 6/1); IR (NaCl)
y = 1735 (C=0, ester), 1651 (C=0, amide, ketone) cm™!; UV-vis
(CHCL) Ama = 423, 516, 551, 586, 640 nm; 'H-NMR (CDCly)
o: 1.5 (m, 2H, -CH,-CH,-Im), 2.9-3.1 (M, 4H, -CH,-Im,
~NH-CHy~), 3.2-3.3 (m, 16H, ~-CH,~COO, CH;-Por), 3.4
(m, 6H, CH;~CO-), 3.6 (m, 3H, CH;-OCO-), 4.1 (m, 4H,
Por-CHy-), 6.0 (d, 1H, Im), 6.6 (m, 1H, Im), 6.9 (m, 1H, Im),
10 (m, 4H, meso); MS m/z: 712.

Fe(111) complex of 8a (8b). Iron insertion to 8a was carried out
by the same procedure as in the 1b preparation. Yield 64%; Ry
0.1 (CHCI/CH;0H = 6/1); IR (NaCl) v = 1735 (C=0, ester),
1651 (C=0, amide, ketone) cm™'; UV-vis (DMF) Ag., = 418,
550, 578 nm; HR-MS m/z: caled. for C,H;;05N,Fe: 769.2675,
found 769.2697 [M*].

Preparation of ferrous complex in DMF solution

The central Fe(i) ion of the porphyrin derivatives were
reduced to the Fe(lr) state using the complex of 18-crown-6 ether
with Na,S,0, in DMF under aerobic conditions as previously
reported.®

Preparation of rHSA-heme

Agqueous ascorbic acid (0.2 M, 10 uL) was added to an ethanol
solution of the hemin derivative (2 mM, 1 mL) under a CO
atmosphere. After complete reduction of the central Fe(u)
ion, the ethanol solution (2 mM, 25 uL) was injected into the
phosphate buffer solution (I mM, pH 7.3, 2.5 mL) of rHSA
(20 uM) under an Ar atmosphere. The formation of carbonyl

rHSA-heme was confirmed by its UV-vis spectrum. The
binding ratio of heme to rHSA was estimated by each concen-
tration. The heme concentration was measured by the assay
of iron ion using inductively coupled plasma spectrometry
(Seiko, SPS7000A). The rHSA concentration was determined
by bromocresol green along with the Albumin Test Wako kit
(Wako Pure Chemical Industries).

Measurement of O, binding ability

The half-life of the O, adduct complex was determined by the
time course of spectral changes, and the O, binding affinity (Py5,)
was determined by spectral changes at various partial pressures
of O, according to previous reports.>’® rHSA-heme concen-
trations of 20 uM were normally used for UV-vis absorption
spectroscopy. The spectra were recorded within the range of
350-700 nm.
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Human serum albumin (HSA, MW = 66.5 kD) is the most
abundant plasma protein in our bloodstream and serves as a
transporter for small hydrophobic molecules such as fatty acids,
bilirubin, and steroids.!? Hemin dissociated from methemoglobin
is also bound within a narrow D-shaped cavity in subdomain IB of
HSA with an axial coordination of Tyr-161 and electrostatic
interactions between the porphyrin propionates and a triad of basic
amino acid residues (Figure 1).34 In terms of the general hydro-
phobicity of the a-helical pocket, HSA potentially has features
similar to the heme-binding site of myoglobin (Mb) or hemoglobin
(Hb). However, even if one reduces the ferric HSA—hemin to obtain
a ferrous complex, it is immediately oxidized by O,. This is due to
the fact that HSA lacks a proximal histidine, which enables the
heme group to bind 0;.3~3 We have shown that HSA incorporating
tetraphenylporphinatoiron derivatives having a covalently linked
axial-base can absorb O, under physiological conditions with a O,
binding affinity similar to that of Hb.%

In this paper, we report for the first time the introduction of a
proximal histidine into the subdomain IB of HSA by site-directed
mutagenesis to construct a tailor-made heme pocket, which allows
a reversible O, binding to the prosthetic heme group. Laser flash
photolysis experiments revealed that this artificial hemoprotein
appears to have two different geometries of the axial-imidazole
coordination and shows rather low O, binding affinity.

We designed two recombinant HSA (rHSA) mutants, in which
single or double mutations were introduced into subdomain IB:
T142H [rHSA(A)] and I1142H/Y161L [tHSA(B)] (Figure 1). Re-
placement of Y161 by histidine was not done because modeling
experiments indicated that the distance from N.(H142) to Fe(heme)
would be too great (>4 A). In our mutants, the N.(H142)—Fe
distance was estimated to be 2.31 A (compared to 2.18 A in Mb).
The specific mutations were introduced into the HSA coding region
in a plasmid vector (pHIL-D2 HSA) using the QuikChange
(Stratagene) mutagenesis kil, and the mutants were expressed in
the yeast species Pichia pastoris.” The rHS A(wild-type or mutants)—
hemin complexes were prepared essentially according to our
previously reported procedures, except that myristate was not
added.* The resulting hemoproteins exhibited only a single band
in SDS-PAGE.

In the absorption spectrum of the rHSA(wt)—hemin solution,
the distinct charge-transfer (CT) band of Fe3*—phenolate appeared
at 625 nm.8 A magnetic circular dichroism (MCD) spectrum showed
a W-shaped feature in the Soret-band region.? These results imply
the formation of a high-spin Fe’* complex with the phenoclate
oxygen ligand of Y161, which is quite consistent with that found
in the crystal structure.3*

rHSA(B)—hemin did not exhibit the CT band because of the
Y161L mutation and was easily reduced to the corresponding

! Waseda University.
# ITmperial College London,
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rHSA(wt) 1142, Y181 rHSA(B) H42HIY181L

Figure 1. Prosthetic heme group complexed within the heme pocket in
subdomain IB of rtHSA(wt) and rHSA(B) mutant produced on the basis of
the crystal stmicture coordinate of the rHSA—hemin complex (ref 4).

----- : Fe>*

——— : Fe? (under Ar)
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— : Fe2 (under COY)

eI

Absorbance

350 400 450 500 550 60O 650 700
Wavelength (nm)

Figure 2. UV—vis absorption spectral changes of rHSA(B)—heme in
phosphate buffered solution {pH 7.0, 50 mM) a1 8 °C.

ferrous complex by adding a small molar excess amount of aqueous
Na,5;0,4 under an Ar atmosphere. A single broad absorption band
(Amax = 559 nm) in the o, region was very similar to that of deoxy
Mb and indicated the formation of a five-N-coordinate Fe?+
complex (Figure 2).1° The spectral pattern was unaltered in the
temperature range of 0—25 °C. The shape of the asymmetric MCD
spectrum also resembled that of deoxy Mb.!! This suggests that
the heme is accommodated into the tailor-made heme pocket with
an axial coordination involving His-142,

Upon exposure of the tHSA(B)—heme solution to O, gas, the
UV —vis absorption changed to that of the dioxygenated complex
Anex = 412, 537, 573 nm) at 0—25 °C!® (lifetime of the
O;—adduct: ca. 10 min). After exposure to flowing CO, the heme
produced a typical carbonyl complex (A = 419, 538, 565 nm).

On the contrary, tHSA(A)—heme could not bind O, even at low
temperature (~0 °C). It can be thought that the polar phenolate
residue at the top of the porphyrin platform is likely to accelerate
the proton-driven oxidation of the Fe?* center. Replacing Y161 by

10.1021/]a046022t CCC: $27.50 © 2004 American Chemical Society



COMMUNICATIONS

Table 1. Oz and CO binding Parameters of rHSA(B)—heme in Phosphate Buffered Solution (pH 7.0, 50 mM) at 22 °C

hemoprotein KO (M~1571) Oz (M~ s7) ka2 (571) Pue% (Torr)
rHSA(B)—heme* 2.0 x 108 (D), 2.7 x 105 (D) 7.5 x 106 (I and II) 221 (D, 1.7 x 103D 18 (D), 134 A
Mb? 5.1 x 10° 1.4 x 107 12 0.51
Hb (R-state)" 4.6 x 106 3.3 x 107 13 0.24

@ Number in parentheses (I or II) indicates species I or IL. ® At 20 °C; ref 17. ¢ At 20—21.5 °C; ref 18.

hydrophobic leucine greatly enhanced the stabilization of the O,—
adduct complex.

We then employed laser flash photolysis (Nd:YAG SHG; 4 =
532 nm; 6 ns pulse width) to evaluate the kinetics of O, and CO
bindings to tHSA(B)—heme.">~ Interestingly, the time dependence
of the absorption change accompanying the CO recombination
showed double-exponential profiles; the ratio of the amplitude of
the fast and slow phases was always 3:2. On the other hand, the
rebinding process of O, obeyed monophasic decay. On the basis
of studies on synthetic model hemes, it has been shown that the
proximal-side steric effect is the only primary factor that influences
the association rate for CO but not for 0,.2"14 One possible
explanation is that there may be two different geometries of the
axial His-142 coordination and that each one shows the individual
kinetics of the CO rebinding. Marden and co-workers also found a
similar behavior in CO association with HSA—heme and inter-
preted it as indicating that there are two orientations of the heme
plane in the albumin scaffold’ In our case, the alternative
geometries may arise because the heme molecule binds into the
pocket of subdomain IB in two orientations related by a 2-fold
rotation about its center (180° rotational isomers). Asymmetric 3,8-
divinyl groups at the porphyrin periphery, in particular, would
occupy different positions that result in a small divergence of the
porphyrin ring and its iron center. The crystal structure analyses
could not resolve this ambiguity, because the two configurations
exist as a mixture.>*

Our hypothesis is consistent with infrared spectroscopy data. The
CO coordinated with rHSA(B)—heme showed a broad vcg at 1962
cm™! with a shoulder at 1942 cm~!. We therefore suggest that there
are two different modes of z-back-donation from the central Fe?+
to the bound CO. It is remarkable that the Jower stretching frequency
is very close to that of Mb (¥co = 1943 cm™1).1 Attempts to
determine the ratio of the two hemin orientations by 'H NMR
spectroscopy unfortunately failed.’® The downfield spectra of
rHSA(B)—hemin in met and met-azido forms did not show sharp
resonances of the four porphyrin CHs groups.

The two geometries of the His-142 ligation in tHSA(B)—heme
should yield two different O, binding affinities. By analyzing CO/
O, competitive binding following laser flash photolysis, we obtained
the association and dissociation rate constants for Oy (kon02, kos°2),
and the O, binding affinities (P1,°%2) for these two species (I and
II) (Table 1).12-* The Py;,%: values were determined to be 18 and
134 Torr, respectively; this means that the O, binding affinities
were 2.8 and 0.4%, respectively, of that observed for Mb.17:18
Kinetically, for species I with P1,%: of 18 Torr, an 18-fold increase
in the k2 value leads to the low affinity for O,. Repeated studies
with synthetic model hemes and engineered mutants of Mb or Hb
have shown that low polarity of the microenvironment around the
heme site decreases the O,-binding affinity by increasing the
dissociation rate constant.’2~417 In this albumin-based hemoprotein,
the porphyrin ring is buried in the core of the pocket entirely made
of hydrophobic residues. Therefore, the O, binding affinity becomes
significantly lower than those of Mb and Hb. In species II with
P10 of 134 Torr, the proximal pull effect could further increase
the koi¥: value and may cause a large decline in the O, binding
affinity.

We have recently found that heme is accommodated into the
different architecture of a tailor-made heme pocket in rHSA
(Y161L/L185H) [rHSA(C)] and that the rHSA(C)—heme complex
also binds O, as well. In this case, the proximal histidine coordinates
with the heme plane from the roof side, and the O, molecule binds
from the floor side (Figure 1). Our combined structural and
mutagenic approach allows us to significantly enhance the O,
binding properties of rHSA—heme complexes and thereby mimic
the diverse biological reactivities of natural hemoproteins. From
the viewpoint of clinical applications, “O,-carrying plasma albumin”
could be of extreme medical importance not only for red blood
cell substitutes but also for O,-therapeutic reagents. The crystal
structure analysis of this new class of artificial hemoproteins is
now underway.
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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 showed a double mass and absorption coefficient, but unaltered molar
ellipticity, isoelectric point (p/: 4.8) and denaturing temperature (65 °C). The concentration dependence of the colloid osmotic pressure
(COP) demonstrated that the 8.5 g dL™! dimer solution has the same COP with the physiological 5 g dL ™! rHSA. 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(Il) 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 0O,—~adduct
complex and laser flash photolysis experiments showed the three-component kinetics of the O,-recombination reaction, The 0O,-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 a 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: eishun@waseda.jp (E. Tsuchida).

0304-4165/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.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 (rHSA) revealed that Cys-
34 Jocates 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 rtHSA dimer (Fig. 1) [11].
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1,6-Bis(maleimido)hexane (BMH}

(B)

FecycP

Fig. 1. (A) Simulated structure of rHSA dimer cross-linked by Cys-34 with
1,6-bis(maleimido)hexane (BMH). The domains I, II, and III 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 the basis of the 178 available at the
Brookhaven PDB. (B) Formula of synthetic heme, FecycP.

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 ared 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)}octanoyloxymethyl]-5,10,15,20-tet-
rakis {a,o,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 propertits of the albumin-heme dimer
incorporating the FepivP analogue, 2-[8-{N-(2-methylimi-
dazolyl)} octanoyloxymethyl]-5,10,15,20-tetrakis {ot, 0,0 00
o-(1-methyleyclohexanamido)phenyl} porphinatoiron(ll)
(FecycP, Fig. 1), are evaluated by magnetic circular dichro-
ism and laser flash photolysis.

2. Material and methods
2.1. Materials

An rHSA (Albrec®, 25 wt.%) 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(maleimido)hexane 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 {ee, o0, 0, 0-0-(1-methylcyclohexa-
namido)phenyl}porphinatoiron({I) (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 mL) 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
ultrafiltration system with a Q0500 076E membrane (cutoff
Mw 50 kDa) and finally condensed to 26.7 mL
([fHSA]=2.25 mM). The mercapto-ratio of the Cys-34



T. Komatsu et al. / Biochimica et Biophysica Acta 1675 (2004) 21-31 23

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
Shimadzu 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 S-200 HR
(Pharmacia, 5 cmd x40 cm) 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 a Wako AlbuminB-
Test [15].

2.3. Physicochemical properties

The UV-Vis absorption spectra were recorded on a
JASCO V-570 spectrophotometer. The measurements were
normally carried out at 25 °C. Circular dichroism (CD)
spectra were obtained using a JASCO J-725 spectropo-
larimeter. The rtHSA samples’ concentration was 2 pM 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 uL) 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 rHSA 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
tHSA solations (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. 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 tHSA samples were 75 pM in
PBS (pH 7.4).

2.4. Ligand binding constants

The PBS solution of ligand (warfarin or diazepam,
20 uM, 2 mL) was mixed with the rHSA 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 rHSA samples (PBS,
pH 7.4) were then slowly added to the blood at 50 vol.%
concentrations (whole volume 2 mL). After 30 min, 30 uL of
the sample was mixed 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 tHSA 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, 50
uL) of the tHSA samples (10 pg mL‘l) were injected into a
Nunc immunoplate and incubated at 4 °C overnight. The
rHSA 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 puL
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,SO4 (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-lodinated rHSA monomer and dimer were
prepared by our previously reported procedures, and purified
using a Pharmacia Bio-Gel PD-10 column [16]. The
recovered '**I-albumin had a specific activity of 2.0x 10’
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 plasma 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 tHSA-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)/[tHSAJ=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 ion
concentration using inductively coupled plasma spectrometry
(ICP) with a Seiko Instruments SPS 7000A spectrometer.

2.9. Magnetic circular dichroism (MCD)

MCD spectra 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. OsBinding equilibrium and kinetics

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

= FecycP(0,)
koﬁf ( 1 )
(K = konlko)

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 pM 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 O,—
adduct complex. The association and dissociation rate
constants for Oy (kon, ko) 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 rtHSA-FecycP dimer
obeyed three-component kinetics. We employed triple-
exponentials to analyze the absorption decays; AA(r)
[12,a,b,],

AA(t) = Crexp( — kit) + Caexp( — kat) + Ciexp( — kst)
(2)

where ki, ko, ks 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.%.



T. Komatsu et al. / Biochimica et Biophysica Acta 1675 (2004) 21-31 25

unfortunately failed: (i) gentle heating (2550 °C), (ii)
changing the co-solvent from EtOH to DMF for dissolving
the BMH, and molar ratio [BMH]/[rHSA]: 0.5—1.5, (iii)
increasing the concentrations of co-solvents (<30%), and (iv)
the further addition of the reactive tHSA monomer.

The HPLC eclution curve of the reactant demonstrated
only two peaks (rHSA 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 S-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 tHSA 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
{Amex: 280 nm) significantly increased compared to that of

40 —» —
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a bcd Mixture after
the reaction
'\g rHSA dimer 99%
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Fig. 3. HPLC elution curves of the tHSA 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 tHSA dimer was isolated
with the purity of 99%. The left upper pattern is the native-PAGE
electrophoresis of the tHSA dimer. a: markers, b: rfHSA, c: mixture after the
reaction, d: purified tHSA dimer.

Table |
Physicochemical properties of rHSA dimer
rHSA tHSA dimer
Mw (Da) 66,3317 132,741°
66x10° ® 136x10° ®
[calculated value] 66,451 133,180
Cys-34 mercapto ratio (%) 17 0
pf 48 4.8
€280 (cm ' M) 3.4x10° 6.8%10°
[0)208 (deg em® dmol™") 1.9x10* 1.9%10
[8]222 (deg em? dmol ™) 1.8x10* 1.8x10?

3 Determined by MALDI-TOF/MS.
® Delermined 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 (g0 6.8x10*
M~' ecm™") became exactly twice the monomer’s value
(3.4x10* M~! cm™"), the CD spectral pattern (Zmin: 208,
222 nm) and the molar ellipticities at 208 and 222 nm
([B1208: 1.9%10* deg cm® dmol ', [8]575: 1.8x10* deg cm?
dmol ") were identical to those of the monomer (Fig. 4(B),
Table 1) [24,25]. It 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 (pI: 4.8) was also the
same as that of THSA. 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-S
disulfide bridging of Cys-34.

The DSC thermogram of this rHSA dimer showed an
exothermic peak at 65 °C, which corresponds to its
denaturing temperature (T4). It has been shown that the T,
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 THSA dimer (solid line) in PBS solution (pH 7.4)
at 25 °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 T4 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 two 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 [I-ligand), for the
rHSA dimer using the ultracentrifugation 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:

K, (3)

4)

D-L + L

KK,

R (5)

D + 2L —

where D is the rHSA dimer and L represents the ligand. The
apparent binding constants (K;K,) of the warfarin and
diazepam to the dimer were calculated to be 9.2x10'° and
3.0x10" M™2, respectively. If the each albumin unit
independently accommodates one ligand, we estimated K
(=K3) 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
fHSA (K)), 3.8x10° and 1.4x10° M™!, which means that
neither the prevention nor 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
5.0 g dL™' rHSA, 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 s™"). This result demonstrated good compatibility
of the tHSA dimer with blood.
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Fig. 5. Concentration [C] dependence of COP of rHSA 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 [O: whole blood, @: 85 g dL~! rHSA dimer,
A:5.0gdL™' tHSA, O: 8.5 g dL ™' rHSA dimer plus whole blood (1:1, v/
v), &:5.0 g dL~" tHSA 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 after the addition of
the rHSA 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~' rHSA [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 tHSA 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 rHSA and plasma HSA groups (Fig. 8). It is
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 rHSA are
preserved after bridging the Cys-34.

(A)
7

RBC - PLT

B =

5+

Fig. 7. (A) The blood cell (RBC, WRC, PLT) numbers in the blood
suspension with the tHSA samples (1:1, w/v) at 25 °C [a: whole blood
(basal value), b: with saline, ¢: with 5.0 g dL ' rHSA, d: with 8,5 gdL !
rHSA dimer]. Optical microscopic observations of (B) whole blood and (C)
the blood suspension with the 8,5 g dL.™' rHSA dimer (1:1, v/v) (bar:
20 ym). The shape of the RBC with a diameter of ¢a. 8 pm did not change.

3.5. Circulation lifetime of '*’I-labeled rHSA dimer in rats
The rHSA and rHSA dimer labeled with '2°I were
injected into rats to determine their blood circulation
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Fig. 8. Cross-reactivity of the anti-HSA polyclonal antibody with rHSA
monomer and rHSA dimer [white bar: plasma HSA, diagonal bar: rHSA
monomer, black bar: rHSA dimer]. All values are mean+S.D. (n=3).
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Fig. 9. Plasma levels of '2’1-tHSA monomer and dimer (1.0% 107 cpm, 1.0

mg kg™!) after intracardial administration into Wistar rats. All values are
mean*8.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
(1) determined from the disappearance phase (3-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 2T 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 rHSA 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 (ty,: 3.0
days) in vivo (rabbit) than the corresponding monomer,
C34A rRSA (110 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 rHSA
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. Albumin—heme dimer and its Oy-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 rtHSA and FecycP
in the hemoprotein, the ratio of the FecycP/tHSA (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 aqueous rHSA—
FecycP dimer solution in an N, atmosphere showed the
formation of a typical five-N-coordinate high-spin complex
of porphyrinatoiron(Il) (Anax: 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 (Amax: 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 Op,—~addcut complex moved to the very stable
carbonyl low-spin complex (Aga: 427, 539 nm) (Fig. 10).

We then employed MCD spectroscopy to characterize the
coordination structure of the FecycP in the rHSA 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 tHSA-FecycP dimer in
phosphate buffer solution (pH 7.3) at various conditions (25 °C) (dotted
line: under Nj; solid line: under O,; 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 N,
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 (1. 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 (11,2) was 6 h at 37 °C, which is significantly longer
than that of our previous results for the rtHSA-FepivP dimer
(t1/2: 2 hy [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, kotr) 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 k;, which is the fastest
rate constant, is presumably correlated with a base
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Fig. 11. MCD spectral changes of the tHSA-FecycP dimer in phosphate

buffer solution (pH 7.3) at various conditions (25 °C) (dotted line: under
Ny; solid line: under Oy; 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 kén kofe et P
M'sh M'sh o ¢H ¢h (Tor)*
rHSA-FecycP  2.8x107  4.8x10°  6.7x10*> 12x10% 38
dimer
tHSA-FecycP  4.6x107  73x10°  9.8x10° 1.6x10° 35
Hb (T-state)®  2.9x10° 1.8x10% 40

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

elimination reaction [35]. From the slope of the linear plots
of k5 and k3 versus the O, concentration, two association
rate constants for the fast O, rebinding (k.,) and the slow
O, rebinding were obtained (Table 2). The k., 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 tHSA 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 (Py,) 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
O,-dissociation rate constants were also calculated by k. /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 Py, 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. OEC curve of the rHSA-FecycP dimer at 37 °C.
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tissue (Po,: 40 Torr) (23%) becomes slightly higher than
that of the human RBC (22%).

4, Conclusions

The obvious characteristics of the tHSA dimer cross-
linked with the bola-shaped bismaleimide are as follows: (i)
unaltered essential properties 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 physiological
value, (iif) 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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Abstract: Recombinant human serum albumin (tHSA) in-
corporating the synthetic heme “albumin-heme” is an oxy-
gen-carrying plasma protein that has the potential to be a
red blood cell substitute. The physiological responses to a
30% exchange transfusion with two types of albumin-heme
(rHSA-FecycP, tHSA-FepivP) solutions after 70% isovolemic
hemodilution with 5 g/dL rHSA were investigated using
anesthetized rats. The circulation parameters, blood param-
eters, renal cortical oxygen pressure (pO,), and muscle tissue
pO, were carefully monitored for 60 min after the injection.
The declined mean arterial pressure and the mixed venous
partial pO, significantly recovered to 70.8 and 91.9% of the
basal values by intravenous infusion of albumin-hemes, re-

spectively. The lowered renal cortical pO, also increased,
indicating oxygen transport by this synthetic hemoprotein.
The administration of albumin-heme into the acute anemia
rat model after hemorrhage improved the circulatory vol-
ume and resuscitated the shock state. Both rHSA-FecycP and
rHSA-FepivP transported oxygen through the body. © 2004
Wiley Periodicals, Inc. J Biomed Mater Res 71A: 644651,
2004

Key words: exchange transfusion; entirely synthetic oxygen-
carrier; hemoprotein; albumin-heme; red blood cell substi-
tute

INTRODUCTION

Because the risk of transmission of viral illness by
transfused blood has become extremely low, transfu-
sion of donor blood has nowadays become a routine
procedure. However, this level of safety has been
achieved at great cost, and the hepatitis virus or un-
known infectious pathogens cannot be completely ex-
cluded by the nucleic acid test system. Furthermore,
(i) the transfusion of donor blood requires cross-
matching and compatibility tests to avoid the conse-
quences of a hemolytic reaction in the recipient, and
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(if) the purified red blood cells (RBCs) should be
stored at 4°C. These requirements substantially limit
the availability of blood in a disaster or emergency.
Under this background, several types of hemoglobin
(Hb)-based oxygen carriers have been studied as an
RBC substitute or oxygen therapeutic agent."* Nev-
ertheless, these materials do not fulfill all the require-
ments of blood replacement compositions. The first
concern is the source of human Hb, which is limited
by the availability of outdated human blood. Animal
blood will raise anxiety of transmission of animal
pathogens; for instance, bovine Hb may harbor prions.
The Hb products potentially carry risks because of the
biological origin of the raw materials. Additional
problems of Hb-based oxygen carriers (i.e., modified
Hb) are the high colloid osmotic pressure® and its
vasopressor effect, which increase blood pressure and
decrease cardiac output.®™® Although diaspirin in-
tramolecularly crosslinked Hb is no longer developed,
half of the products in advanced clinical trials still
showed vasoconstriction.* The precise mechanism of
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this hypertension is controversial, but many investi-
gators suspect that the small Hb molecules penetrate
the vascular endothelium and capture the endothelial-
derived relaxing factor, namely, nitric oxide. In fact,
glutaraldehyde crosslinked human polyHb does not
show vasoactivity.” Others believe that the excessive
delivery of oxygen to arteriolar vascular walls induces
autoregulatory vasoconstriction.'?*?

We have prepared entirely synthetic oxygen car-
riers without Hb. The incorporation of synthetic
heme, 2-{8-{N-(2-methylimidazolyl)}octanoyloxy-
methyl]-5,10,15,20-tetrakis(o,o,0,a-0-pivalamido-
phenylhporphinatoiron(Il) (FepivP, Chart 1), into re-
combinant human serum albumin (fHSA) provides an
artificial hemoprotein (rHSA-heme; rHSA-FepivP)
that can reversibly bind and release oxygen under
physiological conditions (pH 7.3, 37°C) like Hb.!~**
An FepivP analog, 2-[8-{N-(2-methylimidazolyl)}-
octanoyloxymethyl]-5,10,15,20-tetrakis{e, o, a,0-0-(1-
methylcyclohexanamido)phenyl}porphinatoiron(ll)
(FecycP, Chart 1), which contains more hydrophobic
1-methylcyclohexanoyl fences, is also included into
rHSA as well and the obtained rHSA-FecycP hybrid
showed the same oxygen-binding equilibrium and a
longer lifetime (1, ,,) of the oxy species compared with
that of rHSA-FepivP.* The physicochemical proper-
ties and oxygen-transporting ability of these rHSA-
based oxygen carriers, which are free of infectious
pathogens, satisfy the initial clinical requirements as
an RBC substitute. It is remarkable that the colloid
osmotic pressure of 5 g/dL rHSA, rHSA-FecycP, and
tHSA-FepivP are all the same.'® We herein report the
systematic evaluations of the physiological responses
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to exchange transfusions with two types of albumin-
heme solutions, rHSA-FecycP and rHSA-FepivP, in
anesthetized rats. The animals were first placed into
an acute anemia induced by 70% hemodilution and
then underwent a 30% exchange transfusion with al-
bumin-hemes. Circulation parameters and blood pa-
rameters were monitored for 60 min after the injection.
The in vivo oxygen deliveries to the renal cortex and
the muscle tissue were also measured.

MATERIALS AND METHODS

Preparation of rHSA-heme solutions

The rHSA (Albrec®, 25 wt %) was obtained from NIPRO
Corp. (Osaka, Japan). The 5 g/dL rHSA was made by dilut-
ing Albrec® with saline solution (Otsuka Pharmaceutical
Co., Ltd.). Two types of albumin-hemes (tHSA-FecycP and
rHSA-FepivP [rHSA]: approximately 5 g/dL) used for the
exchange transfusions were prepared according to our pre-
viously reported procedure with some modifications.’® The
characteristics of these oxygen-carrying fluids are almost
identical (Table I) except for the stability of the oxygenated
species; oxy rHSA-FecycP showed a 4.5-fold longer lifetime
against autooxidation than that of oxy rHSA-FepivP at 37°C
in vitro. These red-colored albumin-heme solutions were
filtered using a DISMIC 25CS045AS just before use.

Hemodilution and exchange transfusion

The investigations were performed according to our pre-
viously reported experimental protocols with 24 male
Wistar rats (312 = 2.9 g) (Scheme 1).** All animal handling
and care were in accordance with the National Institutes of
Health guidelines. The protocol details were approved by
the Animal Care and Use Committee of Kejo University.

The animals were placed on a heating pad under an
inhalation anesthesia with sevoflurane; its concentration
was kept at 2.0% for the operations and 1.5% for the exper-
iments. After an incision was made in the neck, the hepa-
rinized catheter (Natume Seisakusho SP-55) was introduced
into the right common carotid artery for blood withdrawal.
Other catheters (SP-31) were also inserted into the left fem-
oral artery for continuous mean arterial pressure (MAP)
monitoring, and the right femoral vein for sample injection.

TABLE 1
Characteristics of the Albumin-Heme Solutions
rHSA-FecycP rHSA-FepivP

pH 7.45 7.46
Viscosity (cP) 1.1 1.1
Heme (mM) 2.8 2.7
Met-heme content (%) 0 0
tHSA (%) 4.9 49
p50 (mmHg) at 37°C 37 32
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Wistar rat (male, 312+2.9g)

Anemia (Hct: 13.6%)
after 10 min

Measuring the blood and circulation
parameters for 60 min

Scheme 1. Diagram illustrating the exchange, bleeding
procedures, and materials.

Polarographic oxygen-electrodes (Intermedical POE-10N and
POE-40PS) were inserted into the left renal cortex and muscle
in the abdomen. Core temperature was measured with a rectal
thermometer (Technol Seven D617-1).

After stabilization of the animal’s condition, isovolemic
70% hemodilution was performed using 5 g/dL rHSA solu-
tion. Blood withdrawal via the common carotid artery (2
mL) and rHSA infusion from the femoral vein (2 mL) (each
1 mL/min) were repeated for nine cycles until the hemato-
crit (Het) was reduced to 13.6% (32% of the initial Het value:
42.6%). After 10 min, a 30% volume of the circulatory blood
was withdrawn, producing a severe hemorrhagic shock
state. The same volume of the samples (rHSA-FecycP and
rHSA-FepivP) was then intravenously (iv) injected (n = 6
each). As negative- or positive-control groups, rats were
infused with the 5 g/dL rHSA solution or the shed rat blood
({heme] = 5.3 mM) (rHSA group and whole blood group,
n = 6 each). A blood-taking from the artery (0.3 mL) and
vein (0.2 mL) was performed at the following six points: (i)
before the 70% hemodilution, (ii) immediately after the he-
modilution, and (iii) 10 min after the hemodilution, (iv)
immediately after the 30% bleeding, (v) immediately after
the sample infusion, and (vi) 60 min after the sample infu-
sion. The animals were sacrificed after the experiments by
sodium pentobarbital overdose. MAP was monitored
through the femoral artery catheter connected to a trans-
ducer (NIHON KODEN TP-400 T or Becton Dickinson
P23XL) with a pressure coupler and an amplifier (NITHON
KODEN PP-101H and AP-100H). An electrocardiogram was
measured using a bioelectric coupler and an amplifier (NI-
HON KODEN PC-101H and AC-100H), and heart rate (HR)
was obtained from its R wave. MAP and HR were recorded
by a Polygraph System (NIHON KODEN LEG-1000 version
01-02 or PEG-1000 version 01-01) at the following eight
points: (i) before the 70% hemodilution, (i) immediately
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after the hemodilution, (iii) 10 min after the hemodilution,
(iv) immediately after the 30% bleeding, (v) immediately
after the sample infusion, (vi) 5 min, (vii) 30 min, and (viii)
60 min after the sample infusion. The renal cortical oxygen-
tension [ptOx(R)] and muscle tissue oxygen-tension
[ptO,(M)] were simultaneously measured with a tissue ox-
ygen-pressure monitor (Inter Medical PO,-100DW) using an
oxygen electrode (described above). Withdrawn blood was
rapidly applied to a blood gas system (Radio Meter Trading
ABL555) to measure the oxygen pressure (paQ,), pH and
carbon dioxide pressure (paCO,) of the arterial blood, and
the oxygen pressure (pvO,) of the venous blood. The RBC
numbers were counted for the mixture of arterial blood (30
wl) and ACD-A solution using a multisystem automatic
blood cell counter (Sysmex KX-21).

Data analysis

MAP, HR, respiration rate, paO,, pvO,, ptO,(R), ptO,(M),
and paCO, are represented by percent ratios of the basal
values as mean * standard error of mean (SEM). Body
temperature, pH, RBC numbers, and body weight are de-
noted by mean = SEM.

Statistical analyses were performed using the Tukey-
Kramer multiple comparison test for more than three groups
[pH, RBC numbers, body weight, MAP, HR, respiration rate,
pa0,, pvO,, ptO,(R), ptO,(M), and paCO,], and by repeated-
measures analysis of variance followed by paired ¢ test for
comparison with a basal value (body temperature). Values
of p < 0.05 were considered significant. The statistical ana-
lytic software used was StatView (SAS Institute Inc.).

RESULTS

Blood parameters

The basal values of several measurements, for
which data are shown in percent ratios, are summa-
rized in Table II. There are no significant differences in
the four groups.

The 70% hemodilution decreased the Hct to 12.8-
14.3% and RBC numbers to 202.2-223.2 X 10%/ wk,
leading to acute anemia [Fig. 1(a,b)]. By a further 30%
exchange transfusion with the whole blood of rat, both
parameters slightly increased to 14.3% and 229.7 X
10*/puL, respectively. They remained constant during
the experimental period. In the rHSA-FecycP and
rHSA-FepivP groups, both parameters decreased to
7.8-9.6% and 129.2-149.2 X 10*/pL by the sample
replacement. They corresponded well to the calcu-
lated values.

Survival time

After the exchange transfusion with the 5 g/dL rHSA
solution (rHSA group), all animals died within 32 min;
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TABLE 1II
Basal Values of Each Group
rHSA Whole blood rHSA-FecycP rHSA-FepivP
MAP (mmHg) 110 =29 115+ 3.4 101+73 107 = 4.8
HR (beats/min) 371 = 14 379 = 17 380 =22 349 + 10
Respiration rate (breaths/min) 66 3.2 67 =44 60 + 2.3 64 = 1.7
ptO,(R) (mmHg) 29228 385 =26 317 3.6 302+ 4.3
ptO,(M) (mmHg) 39.8 %36 385 =37 442 = 4.6 42739
paO, (mmHg) 83.8 =23 842 =23 87826 81.7 =22
pvO, (mmHg) 479 = 1.6 468 =19 482 3.1 474 = 1.1
paCO, (mmHg) 42009 402 = 0.8 39.6 =12 417 = 1.0
Body weight (g) 31235 312 £39 311 =34 314 = 0.8

the average survival time was 14.9 = 4.3 min. However,
all animals survived >60 min in the rHSA-FecycP,
rHSA-FepivP, and whole blood groups. The body tem-
peratures remained constant throughout the measure-
ments (rHSA-FecycP group: 36.1°-36.6°C; rHSA-FepivP
group: 36.3°-36.7°C; whole blood groups: 36.2°-36.8°C).

MAP, HR, and respiration rate

The 70% hemodilution decreased MAP to
77.4-81.9% of the basal value, and the further 30%
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Figure 1. Effect of rHSA-heme solutions on Hct (a), and
RBC numbers (b) in anesthetized rats subjected to hemodi-
lution and hemorrhage. Each value represents the mean *
SEM of six rats (@, rHSA-FecycP group; A, rHSA-FepivP
group; O, whole blood group; and A, rHSA group). B, bleed-
ing; I, sample injection. *p < 0.05 versus rHSA group. Pp <
0.05 versus whole blood group.

bleeding decreased it to 24.9-37.7% of the baseline
[Fig. 2(a)]. In contrast to the fact that no recovery was
observed by the iv administration of 5 g/dL rHSA, the
lowered MAP was increased to 85.6% of the baseline
by the whole blood injection. In the rHSA-FecycP and
rHSA-FepivP groups, the decreased MAP was ele-
vated to 70.1 and 71.4% of the basal values (80.7 and
87.1% of the values before the bleedings).

The HR and respiration rate had decreased to 88.6—
97.4 and 76.5-82.5% of the baselines by the 30% bleed-
ing [Fig. 2(b,c)]. Both parameters returned to the initial
levels by the injection of rHSA-FecycP, rHSA-FepivP,
and whole blood within 30 min.

ptO,(R) and ptO,(M)

After the 30% bleeding, ptO,(R) decreased to 59.9-
77.3% of the baseline [Fig. 3(a)]. Whereas the iv ad-
ministrations of rHSA solution did not show restora-
tion, the injection of the rHSA-FecycP, rHSA-FepivP,
or whole blood immediately increased the ptO,(R)
level to 84.1-94.8% of the baselines (102.1-112.3% of
the values before the bleeding). They remained unal-
tered by the end of the measurements.

The ptO,(M) had also decreased to 49.4-52.9% of
the basal value after the isovolemic hemodilution, and
further decreased to 12.1-26.7% because of the 30%
bleeding [Fig. 3(b)]. The iv administration of the whole
blood increased the ptO,(M) to 62.8% of the baseline
after 60 min. In the rHSA-FecycP and rHSA-FepivP
groups, the increasing ratios were relatively small:
34.2 and 36.9% of the baselines (76.2 and 66.8% of the
values before the bleedings).

Blood gas parameters

The paO, increased to 111.3-123.2% of the baseline
after the isovolemic hemodilution, and reached 148.0-
153.6% after the 30% bleeding [Fig. 4(a)]. The injection
of the whole blood showed a significant effect for
restoration. Nonetheless, the recoveries by the albu-
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Figure 2. Effect of rHSA-heme solutions on MAP (a), HR

(b), and respiration rate (c) in anesthetized rats subjected to
hemodilution and hemorrhage. Each value represents the
mean * SEM of six rats (®, tHSA-FecycP group; A, rHSA-
FepivP group; O, whole blood group; and A, rHSA group).
B, bleeding; 1, sample injection. ®p < 0.05 versus rHSA
group.

min-heme solutions were almost to the same extent as
that seen in the rHSA group.

The pvO, decreased to 56.5~-69.8% of the basal value
after the 30% bleeding. The low value was not im-
proved by the iv administration of 5 g/dL rHSA [Fig.
4(b)]. In contrast, the infusions of rHSA-FecycP, rHSA-
FepivP, and whole blood immediately increased pvO,
to 88.9-94.8%.

The changes in pH showed the same profile in all
groups until 60 min after injection [Fig. 4(c)]. The pH
of 7.39-7.42 was slightly increased to 7.47-7.49 after
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the bleeding and reduced to 7.34-7.37 by the admin-
istration of the samples, which slowly returned close
to the initial level except for the rHSA-FecycP group.
The paCO, decreased to 66.3-73.9% of the basal value
after the 30% bleeding. The iv administration of whole
blood immediately increased it to 95.1% [Fig. 4(d)]. The
recovery by the infusion of the rHSA-FecycP or rHSA-
PepivP solution was relatively small (80.9-88.0%).

DISCUSSION

In this study, animals were anesthetized with
sevoflurane, which is widely used in clinical situa-
tions. We had evaluated the oxygen-transporting abil-
ity of rHSA-FepivP using a similar acute anemia
model with pentobarbital as an anesthesia.** Most of
the parameter changes showed the same extent as
those observed in the former experiment, except for
the small degree of ptO,(R) reduction after the bleed-
ing (32%) (50% decrease in the former study). It is
probably attributable to the difference in the blood
exchanging ratio.
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Figure 3. Effect of rHSA-heme solutions on the ptO,(R) (a)
and ptO,(M) (b) in anesthetized rats subjected to hemodilu-
tion and hemorrhage. Each value represents the mean =
SEM of six rats (@, rHSA-FecycP group; A, rHSA-FepivP
group; O, whole blood group; and A, rHSA group). B, bleed-
ing; 1, sample injection. *p < 0.05 versus rHSA group. "p <
0.05 versus whole blood group.
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Figure 4. Effect of rHSA-heme solutions on paQ, (a), pvO,
(b), pH (¢), and paCO, (d) in anesthetized rats subjected to
hemodilution and hemorrhage. Each value represents the
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In the glass capillaries for the Hct determinations,
the supernatant after centrifugation (12 kG, 5 min) was
colored red by the homogeneously dispersed albu-
min-heme molecules without any aggregation. This
indicates that the albumin-heme fluids have a good
solubility with the blood components.

Acute anemia after 70% hemodilution

The quantitative changes in Hct and RBC numbers
showed that the 70% hemodilution and 30% exchange
transfusion were precisely controlled. In acute anemia,
the oxygen supply centralizes in vital organs, and the
muscle tissues become hypoxic by peripheral vasocon-
striction. In fact, the ratio of ptO, reduction in the
muscle tissues after hemodilution was significant
compared with that observed in the renal cortex.

Hemorrhagic shock by 30% bleeding

Decreasing the circulation blood volume induced a
significant reduction of MAP, ptO,(R), ptO,(M), pvO,,
and paCQO,. Among the vital organs, renal perfusion is
first impaired because of redistribution of the systemic
blood flow; therefore, ptO,(R) is sensitive to a subtle
change in the blood circulation and oxygen delivery.
The decreased pvO, after the 30% bleeding implies a
low oxygen saturation of Hb and increased oxygen
extraction. The HR and respiration rate had also de-
creased from the initial values. However, paO, was
increased to 153.6% (129.6 mmHg) of the baseline,
which could be attributable to hyperventilation. The
paCO, decreased to 70.3% of the baseline and the pH
was increased fo 7.48. A respiratory alkalosis by hy-
perventilation might overcome the metabolic acidosis
effect.

Responses to administration with albumin-heme

In all groups, the pH levels decreased to 7.35 just
after sample injections. The rapid increase in blood
volume could improve the circulatory flows and wash
out the lactate in the tissues.

By administration of the 5 g/dL rHSA solution, the
MAP, HR, respiration rate, ptO,(R), ptO,(M), paO,,
pvO,, and paCO, did not recover, leading to death
within 32 min. In contrast, the infusion of whole blood
improved these values to their initial levels except for
ptO,(M). In the rHSA-FecycP and rHSA-FepivP
groups, the animals survived >60 min after the infu-
sion, and the HR, respiration rate, ptO,(R), and pvO,
showed similar recoveries as observed in the whole
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blood group. MAP, ptO,(M), paO,, pH, and paCO,
also returned, but not adequate relative to the whole
blood group. We are certain that the albumin-heme
solutions have the potential to (i) resuscitate the hem-
orrhagic shock, (ii) stabilize the blood circulation, and
(iii) transport oxygen throughout the body. Neverthe-
less, the oxygen delivery to the peripheral tissues is
still insufficient. The possible reasons were considered
from the viewpoints of the physicochemical properties
of albumin-heme.

Oxygen-binding affinity (ps;) (oxygen partial
pressure in which 50% of fib or al%umin—heme is
oxygenated)

it is known that an allosteric effect observed in the
oxygen binding to Hb [the Hill coefficient (n) = 3.0]
has implications for physiological use; the oxygen-
transporting efficacy of RBCs between lungs [oxygen
pressure (pO,): 110 mmHg] and muscle tissues (pO,:
40 mmHg) is estimated to be 22% at 37°C. The oxygen-
equilibrium curve of albumin-heme does not show
cooperativity; n is 1.0. However, the oxygen-binding
affinity of albumin-hemes are adjusted somewhat low
(rHSA-FecycP: p5, = 37 mmHg; rHSA-FepivP: pg, =
32 mmHg, respectively), so that they are able to show
a similar oxygen-transporting efficacy of 22-23%.

Some investigators reported that a low ps, value is
important to avoid the hypertensive effect; that is, the
constrictive response is caused by excessive oxygen
delivery to the arterioles.'®** McCarthy et al.?* sug-
gested that the increased oxygen delivery can be lim-
ited by increasing the molecular size, oxygen-binding
affinity, and viscosity. Indeed, the PEG-conjugated Hb
with a molecular weight of 90 kDa had no effect on the
MAP.* However, Doherty et al.** denied this hypoth-
esis based on their systematic experiments using re-
combinant Hbs (rHbs) with various pg, values; the
small differences in the oxygen-equilibrium curves of
the rHbs did not affect the magnitude of the pressor
response. Our previous top-loading experiments us-
ing the albumin-heme solution (p5;: 32 mmHg) on the
MAP changes and microcirculatory observations of
the capillaries also showed that neither vasoconstric-
tion nor hypertension occurred, because of its low
permeability through the vascular endothelium.'®
Thus, the differences in ps, may not be essential.

Heme concentration

The heme concentration of the shed blood to use the
exchange transfusion in the whole blood group was
5.3 mM. In contrast, the concentrations of the FecycP
or FepivP in the rHSA-FecycP or rHSA-FepivP solu-
tions were 2.7-2.8 mM. The low heme concentration of
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albumin-heme is probably related to insufficient oxy-

gen delivery, which may result in the low recovery of
ptO,(M).

Viscosity

It has been reported that an endothelial-derived
relaxing factor (nitric oxide) is generated in response
to the shear stress on the capillary wall.*® Recently,
maintenance of the plasma viscosity has been pro-
posed as a crucial mechanism to preserve the shear
force during microcirculation.”® The prompt flow by
the injection of the albumin-heme solution with low
viscosity (1.1 cP) compared with blood (4.4 cP) may
reduce the peripheral resistance and induce partial
vasoconstriction, which would reduce the blood flow.
The correct measurement of the cardiac output is nec-
essary to interpret the pO, data and to assay the oxy-
gen delivery.

In conclusion, all physiological responses to the ex-
change transfusion with albumin-heme in acute ane-
mia reveal that this synthetic RBC substitute has the
capability to resuscitate the hemorrhagic shock. A sig-
nificant difference could not be found between the two
types of albumin-hemes, rHSA-FecycP and rHSA-
FepivP. This rHSA-based oxygen-carrying plasma ex-
pander will become a promising material for a new
class of RBC substitutes. The safety and oxygen deliv-
ery of albumin-heme will be reported in a forthcoming
article.

The authors are grateful to NIPRO Corp., for their sup-
porting the oxygen-infusion project.
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Human Serum Albumin Bearing Covalently Attached Iron(II)
Porphyrins as Oz-Coordination Sites
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Tetrakis{(a,0,0,a-0-pivalamido)phenyl}porphinatoiron(Il) 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 [fHSA(FeP-Glu)]. MALDI-TOFMS showed a distinct
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 THSA(FeP-Glu) conjugate ¢an bind and release
0, reversibly under physiological conditions (pH 7.3, 37 °C) in the same manner as hemoglohin and
myoglobin. The Oz-adduct complex had a remarkably long lifetime (zy2: 5 h). The Os-binding affinity
[Py2%z 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 inferaction, namely noncovalent bonds (I—3).
Synthetic heme, 2-[{8-N-(2-methylimidazolyl)octanoyl}-
oxy]methyl-5,10,15,20-tetrakis{(a,0,0,c-0-pivalamido)-
phenyllporphinatoiron(Il) (FeP, Chart 1 a) is also incor-
porated into recombinant HSA (rHSA), and the obtained
albumin—heme (rHSA-FeP) hybrid can reversibly coor-
dinate O, under physiological conditions (pH 7.3, 37 °C)
(4). This Os-carrying plasma hemoprotein could be of
medical importance as a blood replacement composition
(de—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 concenfration 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 Os-transport
efficacy, we have combined the Os-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
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Chart 1. (a) 5,10,15,20-Tetrakis{(a,o,0,0-0-pivalamido)-
phenyllporphinatoiron Derivatives with a Bifunctional
Tail Group. (b) Space-Filling Representation of the
Oxygenated FeP-GluSu by Insight II (see ref 11)

FeP

FeP-Glu

conjugate bearing covalently linked FeP-Glu as a new
O;-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).
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Scheme 1. Synthetic Scheme of FeP-GluSu

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

108 £y, CO(M-15-1) 1077 koM ~1571) 1072 kgPa(s™) P1%(Torr)
system fast slow fast slow fast slow
rHSA(FeP-Glu) conjugate 6.2 1.1 2.8 - 3.3 - 927
rHSA-FeP hybrid® 4.7 0.66 3.2 1.0 7.2 22 13 (35)
Hh(T-state)os 0.22 = 0.29 - 1.8 - 40

¢ 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
group at the fS-pyrrolic position of the porphyrin 1 by
DCC. After removal of the Fmoc protecting group with
piperidine, 8-N-(2-methylimidazolyl)octanoic acid was
reacted with the obtained compound 3 in CH,Cl,, 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 FeBry; method to 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).

The FeP-Glu was converted to the ferrous complex by
reduction in a heterogeneous two-phase system (toluene/
aqueous NapS;0,) under an Ny atmosphere (6, 8). The
UV—vis absorption spectrum of the orange solution
showed five-N-coordinated Fe(II) species (Apqa: 440, 531,
563 nm) via intramolecular imidazole binding (6, 8, 9).
Upon exposure to CO, its UV—vis absorption immediately
moved to that of the CO adduct complex. On the other
hand, the dioxygenation was unstable at 25 °C, which is
likely due to the presence of the neighboring glutamic
acid proton.

The EtOH solution of the carbonyl FeP-GluSu (2 mL)
was then injected into the phosphate-buffered solution
of rtHSA (8 mL, pH 7.3) (molar ratio 4/1), and the mixture
was gently stirred for 1 h at room temperature. The
solution was dialyzed against phosphate buffer (pH 7.3)
to remove EtOH. The MALDI-TOFMS demonstrated a
single molecular ion peak at m/z 70 643 (Figure 1).
Attempts to measure the molecular weight of the rHSA-
FeP hybrid, in which the FePs are noncovalently accom-
modated, failed using MALDI- and ESI-TOFMS; the
molecular ion peak of rtHSA (65 500) was only observable
because the FePs are dissociated from the albumin
during the ionization process (10). Therefore, we can
conclude that the FeP-Glu is conjugated with rHSA

66,400

rHSA

rHSA(FeP-Glu)
conjugate

¥ I ) T T
50000 80000 70000 80000 90,000
Mass/Charge

Figure 1. MALDI-TOFMS of the rHSA(FeP-Glu) conjugate.
Matrix: 2,5-dihydroxybenzoic acid.

through amide bond formation. The average number of
FeP-Glu in an rHSA was estimated to be 2.9-3.5, and
this number is not dependent on the mixing molar ratio
of FeP-GluSu/rHSA that ranged from 4 to 10. There are
a total of 59 NH; groups in the rHSA structure, but only
three of them are presumably active for the FeP-GluSu
binding.

The conjugation of FeP-GluSu did not induce any
change in the circular dichroism spectrum of rHSA in
the 200—250 nm region. The Native PAGE of rHSA(FeP-
Glu) also showed a single band with same migration
distance of rHSA. Both results suggested that the sec-
ondary structure, molecular shape, and surface charge
of albumin remained unaltered after the covalent binding
of the hemes.

The UV—vis absorption spectrum of the rHSA(FeP-
Glu) conjugate under an N; atmosphere showed a typical
five-N-coordinated complex as seen in the toluene solu-
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 rHSA-

(FeP(-)Glu) conjugate in phosphate-buffered solution (pH 7.3) at
25 °C.

of this solution to O, the spectrum changed to that of
the O,-adduct complex under physiological conditions (pH
7.3, 37 °C) (da—c). This dioxygenation was reversibly
observed to be dependent on the O, partial pressure in
the same manner as hemoglobin (Hb) and myoglobin. The
halflifetime of the Op adduct (ca. 5 h at 37 °C) was
significantly longer than that of the noncovalent rHSA-
FeP hybrid (y2: 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 Os-
binding behavior (see Chart 1b) (11).

The O,-binding affinity [P1,%] of the rHSA(FeP-Glu)
conjugate was determined to be 27 Torr at 37 °C (3b,c,
6, 7, 9, 10), which is almost the same as that of the rHSA-
FeP hybrid [Pyz0x 33 Torr] (36—d) and identical to that
of human red cells (12). The laser flash photolysis
experiments provided the association rate constants of
the O,- and CO-bindings (Ron®2, kw®®) (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-exponential equation to
determine k,, (fast) and ko, (slow) (Table 1) (4c). We
supposed that the Op- and CO-association to the FeP in
the hydrophobic domains of the albumin was influenced
by the molecular microenvironments around each Oj-
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 Oz (8,
9a). We assume that there are two different geometries
of the imidazole coordination and that each one shows
the individual kinetics of the CO association. 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 ko2 value of rHSA(FeP-Glu) was nearly the same
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as the ko0t (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{(0,0,0,a-0-pivalamido)phenyl}porphinatoiron(ID) with
a proximal base and succinimidyl(glutamyl) group to
rHSA produced a novel albumin conjugate bearing co-
valently attached heme groups as Op-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 c. The
rHSA(FeP-Glu) conjugate presumably becomes a valu-
able model of these hemoproteins. The obtained THSA-
(FeP-Glu) can reversibly absorb Op under physiological
conditions, and its Os-binding affinity showed an identical
value to that for human erythrocytes. These results
suggest that this novel plasma protein may efficiently
transport Op in the bloodstream as an Og-carrier with a
long circulation time.
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Synthetic iron(II) porphyrin (FeP) is equivalently incorporated into recombinant Thermotoga maritima
xylanase B (TMX; family F/10 of glycoside hydrolase), producing a heat-resistant artificial hemoprotein
(TMX-FeP) that can bind and release oxygen (O.) in aqueous medium (pH 7.3, 25 °C) in the same manner
as hemoglobin and myoglobin. The oxygenated species was sufficiently stable; the half-lifetime against the
ferric state (112) was 5 h. This O,-carrying hemoprotein showed a high degree of thermal stability over a
wide range of temperatures up to 90 °C (71, = 5 min at 90 °C and 9 min at 75 °C). Dictyoglomus
thermophilum xylanase B (DTX; family G/11) also incorporates FeP, and DTX-FeP showed identical O»-
binding parameters and thermostability. TMX-FeP is capable of catalyzing the $-1,4-D-xylan hydrolysis
reaction. Its larger Ky value compared to that of TMX itself suggested competitive FeP binding to the
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active site of the host enzyme.

Introduction

The development of gene technology has provided re-
combinant proteins, which are structurally defined biopoly-
mer architectures. Human serum albumin (HSA), the major
plasma protein in our blood stream, is currently manufactured
on an industrial scale by expression in the yeast Pichia
pastoris,! In the circulatory system, HSA nonspecifically
binds endogenous and exogenous compounds (e.g., fatty
acids, billirubin, steroids, and hemin) and transports them
to the appropriate organs.” We have found that synthetic iron-
(II) porphyrin, 2-[8-(2-methylimidazolyl)octanoyloxymethyl]-
5,10,15,20-tetrakis[ (a0, 0L 0-0-pivalamido)phenyl]porphina-
toiron(Il) (FeP, Figure 1A), is also incorporated into
recombinant HSA (tHSA), producing an entirely synthetic
hemoprotein (albumin-heme; rHSA-FeP). It can reversibly
coordinate oxygen (O,) in the same manner as hemoglobin
(Hb) and myoglobin (Mb).? The exchange transfusion of the
albumin-heme solution into acute anemia rat models im-
mediately increased the declined O- tension of the tissues
to the basal values* Varieties of modified iron(II) porphyrins
(MW 680—1940) are included into rHSA, and the O:-
transporting ability can be controlled by changing their
chemical structures.” If this host—guest chemistry can be
applied to other recombinant enzymes, one may create a new
field of artificial hemoproteins.

Xylanases are glycoside hydrolases that hydrolyze §-1,4
bonds in the main chain of xylan (the major component of

* Corresponding author: tel +81 3-3200-2669; fax +81-3-3209-5522;
e-mail nishide@waseda.jp.

* Advanced Research Institute for Science and Engineering, Waseda
University.
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Figure 1. (A) Structure of FeP. (B) Schematic representation of family
F/10 xylanase (TAX) on the basis of the 1k6a structure available at
the Brookhaven Prolein Data Bank, showing the overall fold. The
a-helices are shown in red, 5-sheets are shown in blue, and the two
active sites (Glu131 and Glu237) are shown in yellow. The simulated
struciure of FeP, which was made by an MD simulation with Insight
Il (Molecular Simulations), is also displayed for the size comparison.
(C) Schematic representation for family G/11 xylanase (DTX) on the
basis of the 115 structure available at the Brookhaven Prolein Dala
Bank. The differences in the color display are the same as described
above, and the two active sites (GIu90 and Glu180) are shown in
yellow, The simulated structure of FeP is also displayed for compari-
son.

hemicellulose in the plant cell wall). In the pulp bleaching
process, the enzymatic hydrolysis of xylan at high temper-
ature has gained importance from an environmental aspect.

© 2005 American Chemical Society
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Thermotoga maritima xylanase B (TMX, MW 39 000) shows
a high degree of thermal stability even at 90 °C.5 TMX
belongs to the family F/10 xylanase, whose single polypep-
tide forms a unique (o/3)s TIM-barrel fold.” Ramakumar and
co-workers® elucidated the single crystal structure of the
family F/10 Thermoascus aurabtiacus xylanase (TAX)
(Figure 1B), which has a 35% sequence identity with TMX.
On the other hand, the catalytic domain region of Dictyo-
glomus thermophilum xylanase B (DTX; typical family G/
11 xylanase, MW 23 000) has a f-jelly roll fold.? The jelly
roll of two highly twisted S-sheets makes a deep substrate
binding cleft (Figure 1C).

More recently, we have expressed the catalytic domain
regions of TMX and DTX in Escherichia coli and found
that FeP is incorporated into their substrate binding clefts.'0
The formed xylanase-FePs showed O, coordination the same
as Hb over a wide range of temperatures up to 90 °C. In
this paper, we report the physicochemical properties, O,-
binding parameters, and enzymatic activity of these heat-
resistant artificial hemoproteins.

Experimental Section

Materials and Apparatus. The catalytic domain regions
of T. maritima xylanase B (TMX, MW 39 000) and D.
thermophilum xylanase B (DTX, MW 23 000) were ex-
pressed in Escherichia coli and purified as described
elsewhere.® 2-[8-(2-Methylimidazolyloctanoyloxymethy!]-
5,10,15,20-tetrakis[(o, o, 0,0-0-pivalamido)phenyl]porphina-
toiron(III) bromide [FeP Br~] was prepared according to our
previously reported procedures.!! Other chemicals used were
commercial high-purity grades. The water was deionized on
an Advantec GS-200 system. UV—Vis absorption spectra
were recorded on a Jasco V-570 spectrophotometer.

Preparation of Xylanase-FeP Hybrids. Carbon mon-
oxide (CO) was bubbled into an EtOH solution of FeP Br~
(80 uM, 2.5 mL), and a small excess amount of ascorbic
acid was added to this solution to reduce the central
iron(III) of the porphyrin. The obtained ethanolic carbony-
lated FeP was slowly injected into the phosphate-buffered
solution (25 mM, pH 7.3, 7.5 mL) of TMX or DTX (26.7
4M) under a CO atmosphere. The mixture was dialyzed with
a cellulose membrane against phosphate buffer (pH 7.3) at
4 °C to remove excess EtOH and ascorbic acid. The total
volume was finally adjusted to 10 mL, producing carbonyl
Xylanase-FeP solutions (FeP/xylanase == 1/1 (mol/mol), [FeP]
= 20 uM), which were stable for more than 1 year at 4 °C
without precipitation.

Physicochemical Properties. The binding constants of
FeP (K*") to xylanases were measured according to the
ultrafiltration procedures described elsewhere.l? Circular
dichroism (CD) spectra were obtained on a Jasco J-725
spectropolarimeter. The xylanase concentration was 2 uM,
and quartz cuvettes with a 10-mm thickness were used for
the measurements over the range of 210—250 nm. The
amount of FeP was determined by UV—vis absorption
intensity or assay of the iron concentration by inductively
coupled plasma spectrometry (ICP) on a Seiko Instruments
SPS 7000A spectrometer. The isoelectric points and molec-
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ular weights were obtained on a Pharmacia Phastsystem with
isoelectric focusing (IEF) in pH 3—9 Phast gel IEF 3—9 and
native polyacrylamide gel electrophoresis (PAGE) in Phast
gel gradient 8—25.

O; Coordination Equilibria and Kinetics. Light irradia-
tion (500 W halogen lamp) of the aqueous carbonylated
xylanase-FeP solutions under an O, atmosphere led to CO
dissociation, affording the O, adduct complex. Upon expo-
sure of N,, the spectrum changed to that of the five-N-
coordinated high-spin iron(II) complex with an intramolec-
ularly coordinated proximal imidazole. O, coordination to
FeP is expressed by

kon

FeP + O, ™ FeP-0O, (K = kg lkye) D
The Oz-binding constant [K = (P1,)"!] of xylanase-FeP was
determined by spectral changes at various partial pressure
of O; as in previous literature,*»>!314 The FeP concentrations
of 5—20 uM were normally used for UV—vis absorption
spectroscopy. The spectra were recorded within the range
of 350—700 nm. The autoxidation kinetics of the xylanase-
FeP(O;) was monitored by the decay of the UV—vis
absorption at 550 nm. At high temperature (75 or 90 °C),
the spectral change was recorded on an Agilent 8543
spectroscopy system with an Agilent 89090A temperature
controller. The temperature of the solution in the quartz
cuvette was continuously monitored with an AS ONE digital
thermometer 1T-2100. The thermodynamic parameters for
O, binding (AH and AS) were determined by van’t Hoff
plots of K in the temperature range 15—40 °C.

The O, association and dissociation rate constants
(kon, kott) were measured by a competitive rebinding technique
on a Unisoku TSP-600 laser flash photolysis apparatus 351314
The absorption decays accompanying O; rebinding obeyed
a single exponential; therefore first-order kinetics were
applied to calculate the rate constants.

Enzymatic Activity of Xylanase-FeP. The xylanase
activity (xylan hydrolysis reaction) was assayed by measuring
the amount of reducing sugars liberated from xylan.!> The
xylanase or xylanase-FeP solution (0.418 uM, 40 uL) was
mixed with the birchwood xylan (1.0 wt %, Sigma) suspen-
sion in a 100 mM Na,CO;—NaHCO; buffer (pH 9.0, 160
4#L) and stirred at 50 °C for 10 min. After the reaction, the
enzyme was inactivated by the addition of 3,5-dinitrosalicylic
acid reagent (0.24 mL) and heated at 100 °C for 5 min. The
obtained solution was then diluted by deionized water (2.56
mL) and used for the UV—vis spectral measurement. On
the basis of the absorption intensity at 500 nm, the amount
of produced xylose was calculated. This xylan hydrolysis
reaction was performed with different concentrations of
birchwood xylan (0.1—1.0 wt %), and the kinetic parameters
[Kim and key (Vinax/[Xylanase])] were determined by the usual
Lineweaver—Burk plots.

Results and Discussion

Incorporation of FeP into Recombinant Xylanases.
Preliminary UV —vis absorption spectroscopic experiments
suggested that there are some binding sites for FeP in TMX
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Figure 2. CD spectra of TMX (-++) and TMX-FeP (—) in phosphate-
buffered solution (pH 7.3, 25 mM) at 25 °C.
and DTX. The aqueous carbonyl xylanase-FeP solution
prepared by FeP/xylanase = 1/1 (mol/mol) ([FeP} = 5 uM)
showed a Soret band at 427 nm with absorbance of 0.62,
which was almost the same as that of the well-defined rHSA-
FeP with FeP/xylanase = 1/1 (mol/mol) ([FeP] = 5 1M 32
The absorption intensity was, however, not dependent on
the increase of mixing ratio of FeP/xylanase = 2/1, 3/1, 4/1
(molY/mol) ([FeP] = 5 uM). These observations imply that
the xylanase involves one major site with a high binding
constant. To simplify the system, we prepared the equivalent
composite, in which FeP is monomolecularly accommodated
to a unique site of the protein. The obtained aqueous
xylanase-FeP solutions were red-colored, homogeneous, and
stable without any precipitation for over 1 year at 4 °C. The
following experimental results suggest that FeP was defi-
nitely included into the host xylanase: (i) The outer aqueous
phase of the dialysis during the ethanol exclusion did not
show any absorbance from FeP at 427 nm. (i) The elution
band of FeP in gel-permeation chromatography (Sephadex
G-25) coincided well with the xylanase band. (iii) The ICP
measurement led to determine the iron concentration of FeP,
which gave the accurate molar ratio of FeP/xylanase = 1:1.

The binding constants of FeP (KFF) for TMX and DTX
were determined to be 2.2 x 10% and 2.9 x 10° M~!. These
values are in good agreement with that of FeP for rHSA
(1.6 x 10 M~1).% Because the synthetic iron(Il) porphyrin
without any ionic side chain interacts with xylanase by a
hydrophobic interaction, the binding constant could be similar
to that for albumin. In fact, the isoelectric point (pI 7.0) of
TMX did not change after the inclusion of FeP and its surface
net charges are always identical. Furthermore, the presence
of bound FeP negligibly affected the peptide CD spectrum
(210—250 nm) (Figure 2). This implies that the incorporation
of FeP produces no structural changes in TMX. In general,
the binding of protoheme IX to the albumin molecule is
accompanied by a rise to an extrinsic negative Cotton effect
in the Soret band region, because it binds to an albumin
through an axial ligation, allowing a high degree of im-
mobilization.!s In the case of the synthetic FeP, the proximal
base is covalently attached at the porphyrin periphery and

Biomacromolecules, Vol. 6, No. 3, 2005 1491

! TMX-FeP

Absorbance

.....

1 I ! I 1 I I 1
300 350 400 450 500 550 600 650 700

) DTX-FeP

Absorbance

I ] | I | i I I
300 350 400 450 500 S50 600 650 700
Wavelength (nm)

Figure 3. UV—visible absorption spectral changes of TMX-FeP and
DTX-FeP in phosphate-buffered solution (pH 7.3, 256 mM) at 25 °C:
(--) under an argon atmosphere; (—) under an Oz atmosphere;
(— — —) under a CO atmosphere.

intramolecularly coordinates to the iron(Il) center. Actually,
the induced CD was not detectable in xylanase-FeP, which
is the same as that seen in the rHSA-FeP hybrid.® The FeP
could weakly interact with the xylanases and albumin.
0,-Coordination Equilibrium and Kinetics. The UV~
vis absorption spectrum of the aqueous solution of TMX-
FeP under an N atmosphere showed Ay at 441, 535, and
562 nm, which indicates the formation of the typical five-
N-coordinated high-spin iron(Il) porphyrin complex (Figure
3).3a55 We regarded that (i) the 2-methylimidazolylalkyl arm
coordinates to the central ferrous ion in a fashion similar to
FeP in toluene solution and (ii) no polar amino acid residue
of TMX occupies the iron(II) center in the sixth position.
Upon the bubbling of O gas into the solution, the UV—vis
absorption spectrum immediately changed to that of the O;
adduct complex (Amsx = 426, 550 nm). This oxygenation
was reversibly observed and was dependent on the O, partial
pressure. The rate of irreversible oxidation is satisfactorily
slow; the half-lifetime against the ferric state (1) was 5 h.
The addition of CO gas through the solution gave a very
stable carbonyl complex with a large Soret band absorption
(Amax = 427, 537 nm).>> The family G/11 xylanase (DTX)
also incorporates FeP by the same procedure, and the formed
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Table 1. O Binding and lts Thermodynamic Parameters of Xylanase-FeP in Phosphate-Buffered Solution (pH 7.3) at 25 °C

104 K Pip 1077 kon 1072 Kot AH AS
(M~ (Torr) (M1 s71) (s™) (kd mol™") (J K mol—Y)
TMX-FeP 22 27 14 -61 -111
DTX-FeP 2.6 23 12 -62 -105
rHSA-FeP4 47 13 7.2 -60 —-114
FeP in toluene? 0.2 38 16 460 —61 —178
a Reference 3b. ? Reference 11.
DTX-FeP can bind and release O, as well (deoxy, Amsx = 3.0 —

441, 536, 562 nm; 0XY, Amax = 426, 550 nm; carbonyl, Anax
= 427, 536 nm).

The O,-binding constants (K) for these oxygenations could
be directly determined at 25 °C. Adequate isosbestic behavior
was maintained during the course of a spectrophotometric
titration of Op. We could not find a significant difference in
the K and O, binding rate constants (Ko, kosr) of TMX-FeP
and DTX-FeP (Table 1). Nevertheless, their K values are
considerably higher (low Pj;;) than that of FeP itself in
toluene solution by a factor of 11—13, which is kinetically
due to the low O, dissociation rates. In Hb and Mb, the
coordinated O; is stabilized by hydrogen bonding to the distal
histidine (His-64). On the contrary, it is impossible for FeP
to form such an interaction with a polar amino acid in
xylanase. In the case of O, binding to the synthetic iron(Il)
porphyrin, it is widely known that changing from nonpolar
to polar solvent serves to increase the equilibrium constant
K by a factor of 10—40.13 This elevation was predominantly
manifested in decreased dissociation rate constants. The
active-site region at the S-barrel center in the family F/10
xylanases is rich in polar and negatively charged amino acids
with many of the aromatic residues.! DTX also has a
significant proportion of polar surfaces.” Most probably, FeP
is incorporated into the substrate binding clefts of the
Xylanases, and the polar microenvironment retards the
dissociation of the bound O, and provides the high O,-
binding affinity.

Thermostability and O,—~Adduct Complex at High
Temperature. In the heat-resistant family F/10 xylanases,
a disulfide bond and more than 10 salt bridges between
oppositely charged groups contribute to their thermal stability
at elevated temperature.® TMX-FeP after incubation at 90
°C still showed a single band in native PAGE and the CD
spectrum remained essentially unaltered (not shown). It
suggests that the inclusion of FeP does not induce any
changes in the S—S bonding and the ion-pair interactions of
the host protein. The K™ value at high temperature could
not be determined by our centrifuge procedures. However,
the UV —vis absorption pattern and intensity of the carbonyl
xylanase-FeP showed almost no change at 25, 75, and 90
°C, suggesting that FeP remained in the protein matrix. The
stereochemistry of the iron(II) porphyrin after heating was
also evaluated. In general, refluxing the toluene solution of
FeP for 30 min leads to isomerization of the o,o,Q,0-
conformer with respect to the porphyrin ring plane in the
statistical mixture of the four atropisomeric products (o,a,a,Q,
o8, a,af,B, and o.f,a.0 forms). Surprisingly, thin-
layer chromatography of the CHCl; solution of FeP extracted
from aqueous TMX-FeP represented only a mono spot of
the a,a,0,0-isomer.
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Figure 4. First-order plots for the irreversible oxidation process of
oxygenated xylanase-FeP at 25, 75, and 90 °C. The oxidation kinetics
was monitored by the decay of the absorption change at 550 nm
based on the oxygenated FeP in phosphate-buffered solution (pH
7.3, 25 mM, [O3] = 760 Torr); TMX-FeP (® at 90 °C, aat 75 °C, M at
25 °C), DTX-FeP (O at 90 °C, a at 75 °C, O at 25 °C). (Inset) Time
course of the ferric content ratio of the iron porphyrin in TMX-FeP
(® at 90 °C, aat 75 °C, ® at 25 °C) and Hb (v at 90 °C, --+).

It is rather remarkable that the oxygenated xylanase-FeP
exhibited heat resistance up to 90 °C. This is in contrast to
the fact that the central ferrous ion of protoheme IX in Hb
or FeP in water-saturated toluene was immediately oxidized
within 1 min under the same conditions. Since the O,
coordination to the iron(Il) porphyrin is an exothermic
reaction, the excess heating must shift the O, binding
equilibrium to the left in eq 1. Although the slight absorption
of the deoxy form at 441 nm appeared at high temperature,
the dominant species was still the O, adduct complex. The
oxidation process of the ferrous FeP in the xylanases obeyed
first-order kinetics in all the temperature ranges investigated
(Figure 4). The autoxidation of the oxygenated iron(Il)
porphyrin in homogeneous solution generally consists of two
mechanisms: y-peroxo mechanism and proton-catalyzed
superoxide mechanism.!” In natural Hb and Mb, it is clear
that the former one cannot occur because polypeptide matrix
prevents the approach of two heme sites. Olson and co-
workers'® have proposed that the autoxidation of oxyMb
occurs through two pathways: direct dissociation of the
neutral HO, from oxyMb at high [O;], and bimolecular
reaction between O, and H;O coordinated deoxyMb at low
[Os]. The hydrogen bonding between the bound O, and distal
His-64 prevents both HO, dissociation and the bimolecular
reaction, resulting in a delay of the autoxidation. In the case
of the oxygenated xylanase-FeP, there is no hydrogen-
bonding counterpart. The final product of the TMX-FeP
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Table 2. Kinetic Parameters of Xylanase-FeP for Xylan Hydrolysis
at 50 °C

K Keat Keat/ K
(mg mL™Y) {min—") (min~' mg~' mL)
TMX 2.6 780 300
TMX-FeP 9.4 1020 109

exhibited an absorption spectrum characteristics of the ferric
FeP(OH) complex (Amg = 577 nm).}® Whereas the details
of the autoxidation mechanism of the oxygenated iron(II)
porphyrin remain unclear, Momenteau and co-workers?
proposed the water-driven (i.e., proton-driven) reaction on
the basis of the 7O NMR spectroscopic study. Consequently,
it can be concluded that the water-driven reaction could
govern the autoxidation of the xylanase-FeP(O,) without
u-0xo dimer formation; the 71, was 5 min at 90 °C and 9
min at 75 °C.

Attempts to determine their O,-binding affinity at high
temperature unfortunately failed as the lifetime of the ferrous
state was not enough to allow for Py, determination by the
spectrophotometric technique with normal O, titration.
Therefore, the thermodynamic parameters for O, binding to
xylanase-FeP were determined from the temperature depen-
dence of the K values at 15—40 °C (Table 1). AH and AS
of the O, coordination showed almost the same values as
those of tHSA-FeP.®

It follows from what has been described thus far that the
FeP molecule is accommodated into the cleft of the
recombinant xylanases and the obtained O, adduct species
demonstrated an unusual heat resistance; the 71, becomes
over 10-fold longer than that of Hb.

For TAX, which has a sequence similarity to TMX, the
diameter of the f-barrel is 40 A.® From the results of the
MD simulation, the molecular dimensions of FeP were
estimated to be 13 x 13 x 13 A. Actually, FeP can fit in
the cleft of the f-barrel with a depth of approximately 15 A
(Figure 1B). In DTX, the width of a deep cleft made of two
B-sheet walls is 14 A, which is also sufficiently wide to clip
the encumbered iron(Il) porphyrin. These findings confirmed
that FeP can be included into the cleft on the rigid S-barrel
of TMX or in the deep cleft between the two S-sheets of
DTX. The water-driven oxidation of the central iron(Il) was
retarded even at high temperature and the produced O, adduct
complexes demonstrated a significant thermal stability
compared to the natural Hb.

Enzymatic Activity for Hydrolysis of Xylan. The kinetic
parameters of TMX toward xylan hydrolysis are determined
to be Ky = 2.6 mg mL™! and key = 780 min~, which are
typical for family F/10 xylanases (Table 2).?! TMX-FeP, the
O,-carrying xylanase, is also capable of catalyzing the xylan
hydrolysis reaction. Although its k., (1020 s™%) was unal-
tered, the K, value (9.4 mg mL™!) increased 3.6-fold larger
than that of TMX. It again suggested that the FeP molecule
is competitively incorporated into the substrate binding cleft
of the S-barrel and affects the original enzymatic activity of
the host xylanase.

Conclusion

As described in this report, the recombinant xylanases
successfully incorporated the synthetic iron(Il) porphyrin,
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giving stable artificial hemoproteins, which can form O,
adduct complexes over a wide range of temperatures up to
90 °C. They are the first examples of the entirely synthetic
heat-resistant O,-carrying enzyme. This host—guest chem-
istry with a nonspecific interaction will be applied to other
functional proteins, allowing us to construct a new field of
artificial hemoproteins.
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Abstract: The binding properties of O, and CO to recombinant human serum albumin (rHSA) mutants
with a prosthetic heme group have been physicochemically and kinetically characterized. Iron(lll)
protoporphyrin IX (hemin) is bound in subdomain IB of wild-type rHSA [rHSA(wi)] with weak axial coordination
by Tyr-161. The reduced ferrous rHSA(wt)—heme under an Ar atmosphere exists in an unusual mixture of
four- and five-coordinate complexes and is immediately autoxidized by O.. To confer O; binding capability
on this naturally occurring hemoprotein, a proximal histidine was introduced into position lle-142 or Leu-
185 by site-directed mutagenesis. A single mutant (1142H) and three double mutants (1142H/Y161L, [142H/
Y161F, and Y161L/L185H) were prepared. Both rHSA(1142H/Y161L)—heme and rHSA(1142H/Y161F)—
heme formed ferrous five-N-coordinate high-spin complexes with axial ligation of His-142 under an Ar
atmosphere. These artificial hemoproteins bind O, at room temperature. Mutation at the other side of the
porphyrin, Y161L/L185H, also allowed O; binding to the heme. [n contrast, the single mutant rHSA(I1142H)—
heme could not bind O, suggesting that removal of Y161 is necessary to confer reversible O; binding.
Laser flash photolysis experiments showed that the kinetics of CO recombination with the rHSA(mutant)—
heme were biphasic, whereas O rebinding exhibited monophasic kinetics. This could be due to the two
different geometries of the axial imidazole coordination arising from the two otientations of the porphyrin
plane in the heme pocket. The O, binding affinities of the rHSA(mutant)—heme were significantly lower
than those of hemoglobin and myoglobin, principally due to the high O. dissociation rates. Changing Leu-

161 to Phe-161 at the distal side increased the association rates of both O, and CO, which resuited in

enhanced binding affinity.

Introduction

Human serum albumin (HSA) is a versatile protein found at
high concentrations (4—5 g/dL) in blood plasma and is
principally characterized by its remarkable ability to bind a wide
range of insoluble endogenous and exogenous compounds.!
Physiological ligands for HSA include nonesterified fatty acids,
hemin, bilirubin, bile acids, and thyroxine,>~* but the protein

T Waseda University.
# Imperial College London.

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

(2) (a) Kragh-Hansen, U. Pharmacol. Rev. 1981, 33, 17—53. (b) Kragh-Hansen,
U. Danish Med. Bull, 1990, 37, 5784,

(3) (a) Curry, S:; Madelkow, H.; Brick, P.; Franks, N. Nat. Struct. Biol, 1998,
5, 827—835. (b) Bhattacharya, A. A.; Grune, T.; Curry, S. J. Mol. Biol.
2000, 303, 721732, (¢) Curry, S. Plasma Albumin as a Fatty Acid Cartier.
In Adv. Mol. Cell. Biol.; van der Vusse, G., Ed.; Elsevier: 2003; Vol. 33,
pp 2946, (d) Petitpas, L; Petersen, C. E.; Ha, C.-E.; Bhattacharya, A. A.;
Zunszain, P. A.; Ghuman, J.; Bhagavan, N. V_; Curry, S. Proc. Natl. Acad.
Sci. U.S.A. 2003, 100, 6440—6445. (e) Zunszain, P. A.; Ghuman, J.;
Komatsu, T.; Tsuchida, E.; Curry, S. BMC Struct. Biol. 2003, 3, 6.

(4) (a) He, X. M.; Carter, D. C. Nature 1992, 358, 209215, (b) Carter, D.
C.; Ho, J. X. Adv. Protein Chem. 1994, 45, 153—203. (¢) Wardell, M.;
Wang, Z.; Ho, J. X_; Robert, I.; Ruker, F.; Rubel, I.; Carter, D. C. Biochem.
Biophys. Res. Commun. 2002, 291, 813—819.

10.1021/ja054819u CCC: $30.25 © 2005 American Chemical Society

also binds a huge variety of drugs. Currently, it is of great
interest to exploit the carrier properties of this shuttle protein
for the development of novel therapeutic reagents for drug
delivery and pharmacodynamic modulation.’~” Hemin [iron-
(IIL) protoporphyrin IX] released from hemoglobin (Hb) during
the enucleation of red cells or through hemolysis is captured
by HSA, which has a high binding constant for this ligand (K
~ 108 M™1).® This strong affinity of HSA for hemin has
stimulated efforts to develop albumin as an artificial hemoprotein
which can mimic the O, binding capability of Hb and myoglobin
(Mb).>1% HSA consists of a helical monomer of 66.5 kDa
containing three homologous domains (I—III), each of which
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Hamamatsu, K.; Wu, J. Bioconjugate Chem. 1999, 10, 797-802. (c)
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Figure 1. Structural models of the effect of site-directed mutagenesis in subdomain IB of HSA to construct a tailor-made heme pocket, which allows O

binding to the prosthetic Fe?* protoporphyrin IX (heme) group.l?
M

is composed of A and B subdomains. Crystallographic studies
have revealed that hemin is bound within a narrow D-shaped
hydrophobic cavity in subdomain IB with axial coordination
of Tyr-161 to the central ferric ion and electrostatic interactions
between the porphyrin propionates and a triad of basic amino
acid residues (Arg-114, His-146, and Lys-190) (Figure 1)3e4
In terms of the general hydrophobicity of this a-helical heme
pocket, the subdomain IB of HSA potentially has similar features
to the heme binding site of Hb or Mb. However, if one reduces
the HSA—hemin to obtain the ferrous complex, it is rapidly
oxidized by O» even at low temperature (~0 °C). This is due
to the fact that HSA lacks the proximal histidine which in Hb
and Mb enables the prosthetic heme group to bind O, and serves
to regulate the O, binding affinity.

On the basis of the crystal structure of the HSA—hemin
complex, we have used site-directed mutagenesis to introduce
into the heme binding site of HSA a histidine that would be
predicted to provide axial coordination to the central Fe™ atom
of the heme and thereby promote O, binding (Figure 1). An
initial recombinant HSA mutant, in which Ile-142 and Tyr-161
were replaced by His and Leu, respectively [rHSA(I142H/
Y161L)], has been made, and the O, binding capabilities of
the heme complex have been partially evaluated.!! In the present
study, we have elucidated the coordination structure of the
naturally occurring wild-type rHSA—heme [tHSA(wt)—heme]
by UV—vis and magnetic circular dichroism (MCD) spec-
troscopies and characterized the unusual axial coordination of
Tyr-161 to the heme. To develop HSA—heme as a synthetic
O; carrier, we have also generated several new mutant tHSA—
heme complexes. Their Oa and CO binding properties have been
characterized kinetically and compared to those of the natural
Hb, Mb, and recombinant Mb (rMb) mutants. We have shown

(10) Marden, M. C.; Hazard, E. S.; Leclerc, L.; Gibson, Q. H. Biochemistry
1989, 28, 4422—4426.

(11) Komatsu, T.; Ohmichi, N.; Zunszain, P. A.; Curry, S.; Tsuchida, E. J. Am.
Chem. Soc, 2004, 126, 14304—143085.
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that our mutagenesis approach can create a new class of
albumin-based artificial hemoproteins which would serve as an
O; carrter.

Experimental Section

Materials and Apparatus. rHSA(wt) was kindly provided by the
NIPRO Corp. (Osaka, Japan). All reagents were purchased from
commercial sources as special grades and used without further
purification unless otherwise noted. Iron(III) protoperphyrin IX (hemin)
chloride was purchased from Fluka. Horse skeletal muscle myoglobin
(Mb) was purchased from Sigma-Aldrich. The iron(IlI) protoporphyrin
IX dimethy! ester chloride (FePPIXDME) was prepared by esterification
of carboxylate side chains of hemin with acidic methanol. The UV—
vis absorption spectra were recorded using an Agilent 8453 UV —visible
spectrophotometer fitted with an Agilent 89090A temperature control
unit.

Site-Directed Mutagenesis, Protein Expression, and Purification.
Specific mutations were introduced into HSA within the context of a
plasmid vector containing the entire HSA coding region (pHIL-D2
HSA) using designed primers with the QuikChange X1 site-directed
mutagenesis kit (Stratagene).!’ All mutations were confirmed by DNA
sequencing. Each mutated pHIL-D2 HSA plasmid was linearized by
NotI digestion and introduced into Pichia pastoris GS115 by elec-
troporation using a BioRad MicroPulser. Expressions were carried out
by standard protocols (Invitrogen) with some modifications. Clones
were grown upon BMGY medium [1% yeast extract, 2% peptone, 0.1
M potassium phosphate (pH 6.0), 1.34% yeast nitrogen base without
amino acids, 40 ppm biotin, 1% glycerol] and transferred to BMMY
medium [1% yeast extract, 2% peptone, 0.1 M potassium phosphate
(pH 6.0), 1.34% yeast nitrogen base without amino acids, 40 ppm biotin,
1% miethanol] for induction with methanol in baffled shaking flasks at
30 °C in a JEIOTECH SI-600R incubator at 200 rpm.

(12) The pictures were produced on the basis of crystal structure coordinate of
the tHSA(wt)-hemin (code: 109X, ref 3e) usin% PyMOL. DeLano, W. L,
The PyMOL Molecular Graphics System 2002 DeLano Scientific, San
Carlos, CA.

(13) (a) Peterson, C. E; Ha, C.-E.; Jameson, D. M.; Bhagavan, N. V. J. Biol.
Chem. 1996, 271, 19110—19117. (b) Peterson, C, E.; Ha, C.-E.; Harohalli,
K.; Park, D.; Bhagavan, N. V. Biochemistry 1997, 36, 7012—7017.
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The secreted THSA was isolated as follows. The growth medium
was centrifuged to harvest the culture supernatant, which was brought
to 50% saturation by the addition of solid ammonium sulfate with
stirring at room temperature. The mixture was then incubated at 4°C
for 1 h. The resulting precipitate was removed by centrifugation, and
the supernatant fluid was brought to 95% saturation with ammonium
sulfate. The precipitated protein, which contains rHSA, was collected
by centrifugation and dissolved in distilled water. The brownish solution
was dialyzed for 48 h at 4 °C against 100 volumes of distilled water,
followed by 24 h against 100 volumes of 50 mM potassium phosphated
buffer (pH 7.0). The dialysate was then loaded onto a Cibacron Biue
column of Blue Sepharose 6 Fast Flow (Amersham Pharmacia Biotech)
and washed with 10 bed volumes of 50 mM potassium phosphate.
Elution of the rHSA(mutant) was carried out with 3 M NaCl and the
eluent dialyzed against S0 mM potassium phosphate. After concentration
using an ADVANTEC Q0100 ultrafilter (10 kDa Mw cutoff) in an
UHP-43K ultraholder, the samples ‘were applied to a Superdex 75
column (Amersham Pharmacia Biotech) using 50 mM potassium
phosphate as the running buffer. All the purification steps were followed
by SDS—PAGE analysis. Each tHSA(mutant) exhibited a single band
and migrated the same distance as tHSA(wt). The protein concentration
was assayed by measuring the absorbance at 280 nm (250 = 3.4 x 10¢
M~ em™).

Preparations of rHSA—Hemin and rHSA—Heme Complexes. The
ferric THS A (mutant)—hemin complexes were prepared according to our
previously reported procedures for rHS A(wt)—hemin.* Typically S mL
of 0.1 mM rHSA(mutant) in 50 mM potassium phosphate (pH 7.0}
was mixed with 0.8 mL of 0.688 mM hemin in DMSO [hemin:rHSA-
(mutant) molar ratio of 1.1] and incubated overnight with rotation in
the dark at room temperature. The complex was then diluted with 50
mM potassium phosphate (200 mL) and concentrated to the initial
volume (5.8 mL) using an ADVANTEC Q0100 ultrafilter (10 kDa Mw
cutoff). These dilution and concentration cycles were repeated to reduce
the final concentration of DMSO to <0.1 vol %. The resulting samples
were analyzed by a SDS—PAGE to confirm the protein integrity and
concentration.

The 50 mM phosphate-buffered solution (pH 7.0) of rHSA(mutant)—
hemin ([hemin] = ca. 10 M) in a 10 mm path length optical quartz
cuvette sealed with a rubber septum was purged with Ar for 40 min.
A small excess amount of degassed aqueous sodium dithionate was
added by microsyringe to the sample under an Ar atmosphere to reduce
the central ferric ion of the hemin, generating the deoxy ferrous tHSA-
(mutant)—heme complexes.

Kinetic Measurements for O, and CO Bindings. Kinetics studies
were carried out using laser flash photolysis techniques at 22 °C, except
for the determination of the CO dissociation rates. Laser flash photolysis
experiments were performed using a Unisoku TSP-1000WK time-
resolved spectrophotometer with a Spectron Laser Systems SL803G-
10 Q-switched Nd:YAG laser, which generated a second-harmonic (532
nm) pulse of 6 ns duration (10 Hz). The probe light from a 150 W
xenon arc-lamp was passed through an UV cutoff filter and an Asahi
Spectra MC filter before irradiation to minimize any sample damage.
Normally, fresh solutions of the deoxy tHSA(mutant)—heme were made
up for each set of experiments, and the gas mixture with the desired
partial pressure of O/CO/N; prepared by a KOFLOC Gasblender GB-
3C was flowed into the sample cuvette for 20 min for equilibration.

In general, recombination following laser flash photolysis to hemeO,
or hemeCO occurs according to eq 1 with the association rate constant
(koal), dissociation rate constant (ko), and apparent rate constant (Kepp)
given by eq 2.1415 The values of ke were obtained directly from
the log plots of the change in absorbance (AA) versus time. The gas

v konL
hemeL  heme =shemeL [L=0,0rCOl (1)
Kugp = Kon TLT + kit @

concentrations were always higher than that of the heme; therefore,
the psendo-first-order approximation can be applied throughout. For
CO rebinding at high [CO}, eq 2 reduces to eq 3 because konCP[CO] >
koge ©©.

kygp 7 Ko *[CO) (3)
Thus, k"0 of the tHSA(mutant)—heme was easily calculated from Kagp/
[CO1l.

The O, association rates (ko:"2) and the O, binding constants [K°z
= (P:%)"1] of the rHSA(mutant)—heme were measured using the
competitive rebinding technique.'!5 Photolysis of hemeCO in the
presence of CO and O, gives the five-N-coordinate heme (deoxy state),
which is first trapped as hemeO; and subsequently converted back to
hemeCO (eq 4).

ko0 ko022
hemeCO ﬁ heme ﬁ hemeO, 4)

0 off

The CO concentration was held constant, and the fast and slow
kinetics were measured at different [O,]. The fast process is given by
eq 5, allowing the direct determination of kouO2 from a plot of kapp(fast)
versus [Oq].

ke polfast) = k,[0,] + ko2 + k,,S01COT &)
The rate constant for the slower process, kqpp(slow), is substituted
into Traylor’s eq 6 to obtain K% [=(P1,°)~'1.F

k, coco k. “°rco
o [CO] = KOZ[OZ] + .‘L_[__]_ 41 6)

kypp(stow) k, ffoz

The value of ko,CO[CO] is constant; therefore, the plots of ku“°[COY
kapp(slow) versus [Oo] affords K°2.

The relaxation curves that accompanied the O, or CO recombination
were fitted to single- or double-exponentials using the Unisoku
Spectroscopy & Kinetics Software. The kos©2 values can be determined
from the y-intercept of eq 5 or 6, but they often have large deviations.
Therefore, we calculated ko2 from ko."¥K®: (both obtained from
slopes).

The CO dissociation from the rHSA(mutant)—hemeCO was mea-
sured by carrying out the replacement reaction with NO. A Sephadex
G-25 column was equilibrated with CO-saturated potassium phosphate
buffer (50 mM, pH 7.0), and the rHSA(mutant)—hemeCO solution was
passed through the column to remove the dithionate. The eluent was
directly connected to a optical quartz cuvette under a 10% CO (in N2)
atmosphere. The 10% NO (in Ny) equilibrated buffer was then rapidly
injected into the rHSA(mutant)—hemeCO solution, and the time
dependence of the decrease in absorption at 418 nm was monitored.
The relaxation curves that accompanied the CO dissociation within
several minutes were analyzed by fitting to double-exponentials. The
CO binding constants [K© = (P1,°)7!] were calculated using kon™O/
Kot ©.

Magnetic Circular Dichroism (MCD). The MCD for the 50 mM
potassium phosphate-buffered solutions (pH 7.0) of the tHSA(wt)—
heme and rHSA(mutant)—heme series (8.0 #M) under Ar and CO
atmospheres were measured using a JASCO J-820 circular dichrometer
fitted with a 1.5 T electromagnet at 22 °C. The spectrum was acquired
five times to improve signal-to-noise, and each data point was corrected

(14) Coliman, J. P.; Brauman, J. L; Iverson, B. L.; Sessler, J. L.; Moris, R. M.;
Gibson, Q. H. J. Am. Chem. Soc. 1983, 105, 3052—3064.

(15) Traylor, T. G.; Tsuchiya, S.; Campbell, D.; Mitchel, M.; Stynes, D.; Koga,
N. J. Am. Chem. Soc. 1985, 107, 604—614.

(16) Rohlfs, R.; Mathews, A. J.; Carver, T. E.; Olson, J. S.; Springer, B. A,;
Egeberg, K. D.; Sliger, S. G. J. Biol. Chem. 1990, 265, 3168—3176.
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Figure 2. (a) UV—vis absorption and (b) MCD spectral changes of the
rHSA(wt)-heme in 50 mM potassium phosphate buffered solution (pH 7.0,
22 °C).

by subtracting the optical rotation observed in the absence of an applied
magnetic field.

Results and Discussion

Naturally Occurring rHSA(wt)—Hemin, Our crystal struc-
ture analysis revealed that hemin is bound within a D-shaped
cavity in subdomain IB of rtHSA(wt), where the central ferric
ion is coordinated by Tyr-161, and the two propionate side
chains are coordinated by a triad of basic amino acid residues
(Figure 1).* The UV—vis absorption spectrum of the phosphate-
buffered solution (50 mM, pH 7.0) of rHSA(wt)—hemin showed
a Soret band at 405 nm and the charge-transfer (CT) band of
the porphyrin px to the Fe* drr orbitals at 624 nm (Figure 2a).
The spectral pattern and amplitudes were almost constant in
the temperature range of 5—40 °C. The dominant feature of
the spectrum was quite similar to those of the human or horse
heart ferric H93Y recombinant Mb [rMb(H93Y)], in which the
proximal histidine (His-93) was replaced with Tyr by site-
directed mutagenesis (Table 1).!718 Adachi and co-workers
showed that the ferric rMb(H93Y) formed a five-coordinate
high-spin complex with a single oxygen donor of the proximal

15936 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

Table 1. UV-vis Absorplion Spectral Data of the rHSA(wt)-Heme,
rHSA(mutant)-Heme and Other Hemoproteins

Amex (NTT)
Hemaproteins State Soret Visible
rHS A(wt)-Heme= Fe’~ 405 501, 534, 624
Fe?~ 419 538, 559(sh), 570
Fe*~CO 416 539, 568
HSA-Heme? Fe’~ 404 408, 530, 620
Fe?~ 416 534,570
Fe2CO 418 536, 568
Human tMb{H93Y Y Fe*~ 402 480, 520(sh), 598
Fe?~ 427 560
Fe?*CO 420 539, 567
Horse Heart tMb(H93Y )¢ Fe~ 403 487, 524, 599
Fe?* 425 556
Fe2*CO 419 539, 570
FePPIXDME(CH;07)* Fe3* 401 476, 580(sh), 600
FePPIXDME(p-NO-PhO~)Y Fei~ 402 500, 528, 621
FePPIXDME®# Fe¥- 400 571, 599
Fe* 393,414,427, 535,571
440(sh}
Fe**CO 411 532, 564
rHSA(I142H)-Heme” Fe~ 404 501, 533,619
Fe? 424 530, 558
Fe?*CO 419 537, 560
rHSA(I142H/Y161L)-Heme? Fe?- 402 533, 620
Fe?* 426 531(sh), 559
Fe?~0r 412 537,573
Fel~CO 419 538, 565
rHSA(I142H/Y161Y)-Heme® Fe’~ 402 533, 620
Fel~ 425 532(sh), 559
Fe0, 411 538, 576
Fe**CO 419 538, 565
rHSA(Y1611L/L185H)-Hemes Fed~ 408 528, 620
Fe* 422 530, 558
Fe*Q. 412 538, 570
Fe**CO 419 537, 560
Mbah Fel 409 503, 548(sh), 632
Fer 434 557
Fel*0; 418 544, 581
Fel*CO 423 541, 579

“In 50 mM potassium phosphate buffer (pH 7.0, 22 °C). *In 0.1 M
phosphate buffer (pH 7.0); ref 22. In 50 mM sodium phosphate buffer
(pH 7.0, 20 °C); ref 17. 9 At pH 7—10, 25 °C; ref 18. € In CH,Cl,/CH;0H
= 9/1 (v/v) (25 °C); ref 21.fIn CH,Cl> (25 °C); ref 21.%In 0.5%
Me;CeNBr. * Horse muscle Mb (Sigma).

Tyr-93 by resonance Raman spectroscopy.!™ Our absorption
spectral data imply that the hemin is bound to Tyr-161 of tHSA-
(wt) and forms a ferric five-coordinate high-spin complex under
physiological conditions. Interestingly, the CT absorptions of
the rHSA(wt)—hemin appeared at a higher wavelength (Amex =
624 nm) compared to t™Mb(H93Y) (Anax = 598—599 nm).
Dawson and co-workers classified the CT bands of the oxygen-
ligated hemins into two groups: the first at around 600 nm for
tMb(H93Y) and the methoxide (CH;0™) complex of Fe3*
protoporphyrin IX dimethyl ester (Fe’*PPIXDME), and the
second at around 620 nm for p-nitrophenolate (p-NO-PhO~) or
the acetate complex of Fe**PPIXDME, in which the nonoccu-
pied 7* orbitals of the fifth ligand interacts with the Fe’* dx
orbitals and, in tum, lowered the energy level of the CT
transition (Table 1).!° The rHSA(wt)—hemin definitely belongs
to the latter group, which suggests that the axial coordination

(17} (a) Adachi, S.; Nagano, S.; Watanabe, Y.; Ishimori, K.; Morishima, L
Biochim. Biophys. Res. Commun. 1991, 180, 138—144. (b) Adachi, S.;
Nagano, S.; Ishimori, K.; Watanabe, Y,; Morishima, 1.; Egawa, T.;
Kitagawa, T.; Makino, R. Biochemistry 1993, 32, 241~252.

(18) Hildebrand, D. P,; Burk, D. L.; Maurus, R.; Ferrer, J. C.;: Brayer G. D.;
Mauk, A. G. Biochemistry 1995, 34, 1997-2005.

(19) Pond, A. E.; Roach, M. P.; Sono, M.; Rux, A. H.; Franzen, S,; Hu, R;;
Thomas, M. R.; Wilks, A.; Dou, Y.; Tkeda-Saito, M.; Oritz de Montellano,
P. R.; Woodmiff, W. H.; Boxer, S. G.; Dawson, J. H. Biochemistry 1999,
38, 7601—-7608.



59,
2>
—

Oxygen infusions 77

(A) (B)

atediular Hb gellular HbY
Sample O Hb i ' ; B — -
8 030+ administration i . s*.‘a. : & . T
i | " BN
a @ saline =
5% 025+ _ coj
§ £ f : o Hapatc Stollate
s _ ot St
= " hemeoxyge- .; ' : cal g gaill
nase (HO-2) Roos 3187 O : Q
bt L ~=TBiinibin
i L 1 8 1 ek § 4 4 o HGDSI % tﬁi &
0 10 0 30 Gk | Hopatocyte
Time (min}

Figure 6. (A) Changes in vascular resistance during perfusion of exteriorized rat liver with HbV, Hb, metHb, or
saline. (B) Schematic representation of hepatic microcirculation: the small Hb molecule extravasate across the
fenestrated endothelium to reach to the space of Disse, where heme of Hb is catabolized by hemeoxygenase-2
(HO-2) and CO is released as a vasorelaxation factor. However, the excess amount of the extravasated Hb traps
CO and induces vasoconstriction and the resulting higher vascular resistance. However, the larger HbV retains in
the sinusoid and there is no extravasation and vasoconstriction.

molecules with a diameter of only 7 nm extravasate through
the fenestrated endothelium and reach the space of Disse.
However, HbV particles, which are larger than the pores, do
not extravasate. Heme of extravasated Hb is excessively
metabolized by hemeoxygenase-2 in hepatocyte to produce
CO and bilirubin. Even though CO acts as a vasorelaxation
factor in the liver, the excess amount of Hb rapidly binds CO,
resulting in the vasoconstriction and an increase in vascular
resistance. Furthermore, HbV (250 nm in diameter) is large
enough to remain in the sinusoid, and the vascular resistance
is maintained.

From these results, the optimal molecular dimension of
Hb-based O, carriers can be propesed. The upper limitation
is below the capillary diameter to prevent capillary plugging,
and for sterilization by membrane filters (Fig. 7). However,

Poly-Hb

PEG-Hb .

smaller sizes exhibit a higher rate of vascular wall perme-
ability with side effects such as hypertension and neurolo-
gical disturbances. HbV exhibits a very low level of vascular
wall permeability. Therefore, the HbV appears to be appro-
priate from the viewpoint of hemodynamics. However, the
influence of HbV on the RES has to be clarified, because the
fate of HbV is RES trapping.

Circulation persistence was measured by monitoring the
concentration of radioisotope-labeled HbV in collaboration
with Dr Phillips at the University of Texas at San Antonio.
The circulation half-life is dose dependent, and when the
dose rate was 14 ml/kg, the circulation half-life was 35hrin
rats. The circulation time in the case of the human body can be
estimated to be twice as long; or about 3 days at the same dose
rate. Gamma camera images of radioisotope-labeled HbV

Hbh & o
HbV |
bt 50 %
Albumin (250 nm) * 88
i L
1nm 10 nm 100 nm 1um 10 ym
Exctetion RES trap j »
Techgh glonkml Diffusion across Capillary plugging
hepatic fenestra
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Figure 7. Optimal diameter of Hb-based oxygen carriers from the view point of physiological response and

production process.

Copyright 1 2005 John Wiley & Sons, Ld.
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Figure 3. UV-vis absorption spectral changes of the (a) rHSA(1142H/
Y161L)-heme and (b) rHSA(I142H/Y 161F)-heme in 50 mM potassium
phosphate buffered solution (pH 7.0, 8 °C).

essentially the same in their general features (Figure 3 and
Figure $2). The strong absorption band due to the porphyrin-
to-metal CT was weakened because of the Y161L and Y161F
mutations (Figure 3). Both MCD spectra showed similar
S-shaped patterns in the Soret band region, which resembled
that of ferric Mb (see Figure 52).26 It is known that two water
molecules are located in the heme pocket of ferric Mb.2” One
water axially coordinates to the sixth position of the central ferric
ion of the hemin to produce the aquo complex, and the other
one is at the rear of the pocket, hydrogen bonded to the first
water. A great number of MCD studies on synthetic iron
porphyrins and hemoproteins have demonstrated that the spectral
shape in the Soret region can be used as a qualitative marker of
the spin state and axial coordination environment.”® Vickery
and co-workers found that (i) the Soret MCD intensity of the
ferric Mb with different anions at the six-coordinate position
was correlated with the amount of low-spin component formed,
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Figure 4. MCD spectral changes of the (a) rHSA(I142H/Y161L)-heme
and (b} native Mb in 50 mM potassium phosphate buffered solution (pH
7.0, 22 °C).30

and (ii) the shape of the band is sensitive to the nature of the
sixth ligand.?6 Our MCD results suggest that both the rHSA-
(1142H/Y161L)—hemin and rHSA(I142H/Y161F)—hemin are
in predominantly ferric high-spin complexes having a water
molecule as the sixth ligand,

0; and CO Binding to Ferrous rHSA(mutant)—Heme. The
rHSA(mutant)—hemin was easily reduced to the ferrous complex
by adding a small molar excess of aqueous sodium dithionate
under an Ar atmosphere. A single broad absorption band (Amax
= 559 nm) in the visible region of the rHSA(I142H/Y 1611.)—
heme and rHSA(I142H/Y161F)—heme was similar to that
observed for deoxy Mb®* or the chelated heme in DMF,
indicating the formation of a five-N-coordinate high-spin
complex (Figure 3, Table 1). The spectral features and amplitude
were unaltered in the temperature range of 0—25 °C, The heme
therefore appears to be accommodated in the mutated heme
pocket with an axial coordination involving His-142. Upon
exposure of the rHSA(I142H/Y 161L)—heme and rHSA(1142H/

(26) Vigkery, L.; Nozawa, T.; Sauer, K. J. Am. Chem. Soc. 1976, 98, 343—
35

27 Springer, B. A Sligar, S. G.; Olson, J. S.; Phillips, G. N,, Jr. Chem. Rev,
1994, 94, 699714,

15938 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

(28) Antonini, E.; Brunori, M, Hemoglobin and Myoglobin in Their Reactions
with Ligands, North-Holland Pub.; Amsterdam, 1971; p 18.

(29) Traylor, T. G.; Chang, C. K.; Geibel, 1.; Berzinis, A,; Mincey, T.; Cannon,
I. & Am. Chem. Soc, 1979, 101, 6716—6731.
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Y161F)—heme solutions to O, the UV—vis absorptions im-
mediately changed to that of the O, adduct complex at 0—25
°C (Figure 3).°%% After flowing CO gas, these hemoproteins
produced stable carbonyl complexes.

The MCD spectra of the deoxy and carbonyl tHSA(I142H/
Y 161L)—heme are shown in Figure 4a. The Soret MCD of the
deoxy state under anaerobic conditions is dominated by an
intense positive peak at 435 nm, as would be expected for the
Faraday C terms anticipated for the high-spin Fe?* porphyrin. 226
On the other hand, the rHSA(I142H/Y161L)CO exhibited
S-shaped MCDs which correspond to the A term bands for the
diamagnetic Fe>" porphyrin.?*?¢ These spectra are very similar
to those of the high-spin deoxy Mb and low-spin MbCO
measured in identical conditions (Figure 4b). Our MCD results
clearly show that the central ferrous ion of the heme is
coordinated by His-142 in the heme pocket and forms a five-
N-coordinate high-spin complex under an Ar atmosphere, which
converts to the low-spin diamagnetic form by the binding of
CO. The rHSA(I142H/Y 161F)—heme complex had the same
MCD spectral features as rHSA(1142H/Y 161L)—heme (data not
shown).

The single mutant rHSA(I142H)—heme complex, which re-
tains Y161, could not bind O,. The polar phenolate residue at
the top of the porphyrin plane is likely to accelerate the proton-
driven oxidation of the Fe?" center. This rapid autoxidation is
also observed in the rMb(H64Y) mutants, in which the distal
histidine (His-64) was substituted with Tyr, thus introducing a
potentially anionic nucleophile near to the O, coordination site.?!
In contrast, replacement of Tyr-161 in tHSA(I142H)—heme by
Leu or Phe enhanced the stabilization of the Q2 adduct complex.
In the rHSA(Y161L/L185H)—heme, the proximal histidine
coordinated to the central ferrous ion from the opposite side of
the porphyrin platform also allows O binding to the heme. The
lifetimes for the decays of the dioxygenated rHSA(I142H/
Y161L)—heme, rHSA(I142H/Y 161 F)—heme, and rHSA(Y161L/
L185H)—heme are all 3—35 min at 20 °C.

To evaluate the kinetics of the O, and CO bindings to the
rHS A(mutant)—heme, laser flash photolysis experiments were
carried out."*'® The transient absorption spectra of the photo-
dissociated product of the rHSA(I142H/Y161L)—hemeCO
displayed a negative absorbance at 417 nm, due to the
disappearance of the carbonyl complex, and a positive absor-
bance at 435 nm, which is attributed to the deoxy form (Figure
5). The transient absorption spectra in the time range from 0.1
us to 8.0 ms with an isosbestic point at 401, 426, and 458 nm
were superimposed on the static difference spectrum of the
deoxy minus carbonyl compound (Figure 5, red ling). They
illustrate the process of reassociation of CO and are consistent
with the formation of the ferrous five-N-coordinate high-spin
complex after the laser pulse irradiation.

It is noteworthy that the absorbance decays accompanying
the CO recombinations to these rHSA(mutant)-heme were
composed of double-exponential profiles, which are normally
not observed in Mb (Figure 6a). The ratio of the amplitude of
the fast and slow phases was approximately 3:2 for the tHSA-
(I142H/Y 1611L)-heme, 5:1 for the rHSA(I142H/Y 161F)-heme
and 3:1 for the rHSA(Y 161L/L.185H)-heme. On the other hand,

(30) The sgectra of Mb are consistent with other results reported elsewhere;

refs 2

(31) Springer, B. A,; Egeberg, K. D.; Sliger S. G.; Rohlfs, R. J.; Mathews, A.
J.; Olson, J. 8. I. Biol. Chem. 1989 264, 3057—3060.

s diff. spectrum
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Figure 5. Transient absorption spectra of the photodissociated product of
the rHSA(1142H/Y 161L)-hemeCO after the laser flash photolysis at 22 °C.

The red-line represents the static spectrum of deoxy minus carbonyl
compound in Figure 3a.
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Figure 6. Absorption decay of CO rebinding to the rHS A(1142H/Y 161F)-
heme after the laser flash photolysis at 22 °C; the kinetics was composed
of two phases and relaxation curve was fitted by double-exponentials. (b)
Absorption decay of O, rebinding to the rHSA(I142H/Y 1 61F)-heme after
the laser flash photolysis at 22 °C; the kinetics was fitted by single-
exponential relaxation curve.

the rebinding of O, to the rHS A(mutant)-heme followed a simple
monophasic decay (Figure 6b). From numerous investigations
on synthetic model hemes, it has been shown that a bending

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15939
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Figure 7. Structural models of the hemeO, sites of rHSA(T142H/Y 161F)-heme and rHSA(1142L/Y 161L)-heme, and comparison to Mb.1232

strain in the proximal base coordination to the central Fe** atom,
the “proximal-side steric effect”, can both increase the dissocia-
tion rate and decrease the association rate for CO, whereas it
increases the O, dissociation rate without greatly altering the
kinetics of O» association.!*!> One possible explanation is that
there may be two different geometries of the axial histidine (His-
142 or His-185) coordination to the central ferrous ion of the
heme, each one accounting for a component of the biphasic
kinetics of CO rebinding. Marden and co-workers also reported
a similar two-phase kinetics in CO association with HSA-heme
and interpreted it as indicating that there are two different
orientations of the porphyrin ring in a single site on HSA,'% In
our case, the alternative geometries may arise because crystal-
lographic analysis suggests that the heme molecule appears able
to bind into the narrow cavity of subdomain IB in two
orientation that are related by a 2-fold rotation about the 5,15-
meso axis of the heme (180° rotational isomers). It appears that
the asymmetric hydrophobic 3,8-divinyl groups at the porphyrin
periphery may occupy different positions that result in a shift
of the Fe** center, forming the two different geometries of the
axial imidazole coordination of histidine (Figure 7).

In general, the crystal structures of natural hemoproteins have
shown that the prosthetic heme group is bound in a single
orientation. On the other hand, in solution, 'H NMR spectra
frequently exhibit two sets of heme (or hemin) resonances,
which arise from alternative orientations of the porphyrin
plane.?> This orientational disorder is most readily detected in
the ferric low-spin state, which shows extraordinary porphyrin

(32) The model of Mb was prepared on the basis of crystal structure coordinate
of MbO; (code: IMBO, Phillips, 5. E. J. Mol. Biol. 1980, 142, 531—
554.). The coordinated O, shows a hydrogen bond with N,.(His-64) and
hydrogen bond network through H>O (light-blue circle) within the distal
pocket.

15940 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

2,7.12,18-CHj contact shifts.3* The amount of the minor species
ranges from a few percent in Mb to 40% in insect Hb (CTT
HbII),3® Reconstitution techniques have made significant
contributions to clarify this molecular equilibrium; the heme in
Hb and Mb can be easily removed under acidic conditions and
the resulting apoprotein may be reconstituted by adding back
the heme to produce the holoprotein.’® The incorporation of
hemin into apoMb is complete within 1 ms, but the initial
complex does not distinguish the two possible orientations of
the porphyrin ring.3* As a result, freshly reconstituted Mb
contains an equimolar 1/1 mixture of the two conformers;
subsequent heme rearrangement is extremely slow (=13 h), The
influence of the heme orientation on the functional properties
appears to be very dependent on the particular protein. In CTT
HbIII, the O, binding affinity depends on the heme orientation.>”
On the other hand, the equilibrium and kinetic parameters for
0, and CO binding to the reconstituted human Mb are
unaffected by the slow heme rearrangement %3

Our attempts to determine the ratio of the two hemin
orientations of the THSA(I142H/Y161L)-hemin by 'H NMR
spectroscopy unfortunately failed. The downfield spectra of the

(33) La Mar, G, N,; Satterleg, J. D.; de Ropp, J. S. Nuclear Magnetic Resonance
of Hemoprotein. In The Porphyrin Handbook; Kadish, K, M., Smith, K.
%é Guilard, R., Eds.; Academic Press: San Diego, 2000; Vol. 5, pp 185~

(34) (a) Jue, T.; Krishnamoorthi, R.; La Mar, G, N. J. Am, Chem. Soc. 1983,
105, 5701—-5703. (b) La Mar, G. N.; Toi, H, Krishnamoorthi, R, J. Am,
Chem. Soc. 1984, 106, 6395—6401.

(35) (a) La Mar, G. N.; Davis, N. L.; Parish, D. W_; Smith, K. M. J. Mol. Biol,
1983, /68, 887—896. (b) La Mar, G. N.; Smith, K. M.; Gersonde, K.; Sick,
H.; Overcamp, M. L. Biol. Chem. 1980, 255, 66—70.

(36) Hayashi, T.; Hisaeda, Y. Acc. Chem. Res, 2002, 35, 35—43.

(37) Gersonde, K.; Sick, H.; Overkamp, M.; Smith, K. M.; Parish, D. W. Eur.
J. Biochem. 1986, 157, 393—404,

(38) Light, W. R.; Rohlfs, R. 1.; Palmer, G.; Olson, J. S. J. Biol, Chem. 1987,
262, 46—52.

(39) gojula, H. S.; Wilson, M, T.; Morrison, 1. G.Biochem. J, 1987, 243, 205—

10.
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Table 2. Oy Binding Parameters of the rHSA(mutant)-Heme in 50
mM Potassium Phosphate Buffer Solution (pH 7.0) at 22 °C#

ka2 (ms™?) Py (Tom)

Hemoproteins KorQ2 (M~ 57 | il | I
rHSA(I142H/Y161L)-Heme 7.5 0.22 1.7 18 134
rHSA(1142H/Y161F)-Heme 20 0.10 0.99 3 31
rHSA(Y 161L/1.185H)-Heme 31 0.20 21 4 41
Hbo (R-state)” 33¢ 0.0134 0.24
Mbef 14 0.012 0.51
rMb(H64LY 98 4.1 26
Mb(H64F) 75 10 82
RBC# 8

a Number 1 or 11 indicates species 1 or I # Human Hb a-subunit. ¢ In
0.1 M phosphate buffer (pH 7.0, 21.5 °C); ref 40. ¢In 50 mM phosphate
buffer (pH 7.0, 20 °C); ref 41. ¢ Sperm whale Mb. fIn 0.1 M potassium
phosphate buffer (pH 7.0, 20 °C); ref 16. & Human red cell suspension. In
isotonic buffer (pH 7.4, 20 °C); ref 42.

Table 3. CO Binding Parameters of the rHSA(mutant)-Heme in 50
mM Potassium Phosphate Buffer Solution (pH 7.0) at 22 °C#
kol M7 ke (87 Py (Torr)
Hemoproteins | I H Il I 1

rHSA(1142H/Y161L)-Heme 2.0 027 0013 0079 0.0053 024
rHSA(I142H/Y161F)-Heme 6.8 072 0.009 0.061 0.0011 0068
rHSA(Y161L/L185H)-Heme 3.7 035 0012 0077 0.0026 0.18

Hba (R-state)? 460 0.0094 0.0016¢
Mb'e 0.51 0.019 0.030
tMb(H64F) 45 0.054 0.0097

@ Number I or II indicates species I or II. ¥ Human Hb o-subunit. ¢ In
50 mM potassium phosphate buffer (pH 7.0, 20 °C); ref 45.4In 0.1 M
phosphate buffer (pH 7.0, 20 °C); ref 44, ¢ Calculated from FeonCO ko O.
/ Sperm whale Mb. £ In 0.1 M potassium phosphate buffer (pH 7.0, 20 °C);
refs 16, 48.

rHSA(I142H/Y 161L)-hemin did not show sharp resonances of
the four porphyrin CHj groups. Other trials to convert the rHSA-
(1142H/Y 161L)-hemin in the low-spin azide adduct complex,?
which is much better suited for the 'H NMR investigation, also
failed even with the addition of a large excess of ligand. In any
case, the amplitude ratio of the two phases observed for the
CO association to rHSA(mutant)-heme was always the same,
independent of time after preparation.

0, and CO Binding Parameters. By analyzing the CO/O;
competitive binding following laser flash photolysis,’*!5 we
obtained the association rate constants for Oy (kon®2) and the
O, binding affinities [P1% = (K%)7!] for the rHSA(I142H/
Y161L)-heme, tHSA(I142H/Y 161F)-heme and rtHSA(Y161L/
L185H)-heme (Table 2). From eq 6, variation in kn“© arising
from the two geometries of the His coordination (the faster phase
is defined as species I and the slower phase is defined as species
ID) yielded two different O, binding affinities. In species I, the
proximal His may coordinate to the central ferrous ion without
strain, whereas in species II, the ligation may involve some
distortion, resulting in weaker O, binding (Figure 7). The
absorbance decay accompanying the CO dissociation from the
rHSA(mutant)-hemeCO by the replacement with NO also
showed double-exponential profiles, giving two values of kor“©
(Table 3). The proximal-side steric effect generally increases
the dissociation rate for CO,'»1 a result that is quite consistent
with our interpretation that there are two orientation isomers of
the heme (the larger component of k“¥ originating from
species II).

The P10 values of the rHS A(mutant)-heme were determined
to be 3—18 and 31—134 Torr for species I and II, respectively.
Thus even the O, binding affinities of species I were 6—75-

fold Jower than those of native Hba. (R-state) and Mb, 164042
Kinetically, these low affinities for O, were due to an 8—18-
fold increase in the O dissociation rate constants. Neutron
diffraction studies of MbQ, revealed that there is a direct
hydrogen bond between the distal His-64 and the coordinated
O, (Figure 7).4* The high-resolution X-ray crystallographic
structure of HbalO, also suggested a similar interaction in the
heme pocket.* In both hemoproteins, the distal His stabilizes
the bound O, by about —1.4 kcal mol™! due to the hydrogen
bonding. On the basis of the mutagenesis studies on sperm whale
rMb, Rohlfs and co-workers demonstrated that the replacement
of His-64 with apolar amino acid residues (Leu or Phe) results
in loss of the hydrogen bonding, and markedly increased the
0, dissociation rates (342—833-fold higher than Mb).! In the
rHSA(mutant)-heme, the dioxygenated heme is buried in the
core of the hydrophobic cavity without any counterpart for the
hydrogen bond; thus the even small ko2 values for species I
are greater than those of Hbo and Mb. In species II, the
proximal-side steric effect could further increase the dissociation
rates and cause a large decline in the O, binding affinity. In
contrast, the binding parameters of CO to the rHSA(mutant)-
heme (species 1) exhibited similar values of Hbal (= 3-fold), 46
because the coordinated CO in Hba does not form a hydrogen
bond with the distal His-64.47

Comparison of the O binding parameters for rHSA(1142H/
Y161L)-heme and rHSA(1142H/Y 161F)-heme shows that the
presence of a Phe rather than Leu at position 161 results in
6-fold and 4-fold increases in the O, binding affinity for species
I and 11, respectively. This is mainly due to an increase in the
0, association rate constant (Table 2). The same trend was
observed for CO binding (3-fold increase in k™) (Table 3).
The substitution of Leu-161 (102 A3) by Phe-161 (137 A3
replaces an isopropy! group with a rigid benzyl group within
the heme pocket. In [142H/Y 161L, the small side-chain of Leu-
161 may allow free rotation of the side-chain of neighboring
Leu-183, thereby reducing the volume on the distal-side of the
porphyrin plane (Figure 7). Actually, modeling and experimental
studies suggest that His-185 in Y161L/L185H can coordinate
to the central ferrous ion of the heme. On the other hand, the
bulkier aromatic side-chain of Phe-161 may prevent rotation
of the isopropyl group of Leu-185 and thereby provide greater
room of the distal pocket; this might allow easier access to the
heme Fe atom and account for the increased association rates
for O, and CO.

Conclusion

HSA exploits weak axial coordination by Tyr-161 to bind
hemin into the heme pocket. Reduction of the central ferric ion
partly disrupts the Fe—O(phenolate) bond and produces unusual

(40) Gibson, Q. H. J. Biol. Chem. 1970, 245, 32853288,

(41) Olson, J. S.; Andersen, M. E.; Gibson, Q. H. J. Biol. Chem. 1971, 246,
5919—5923.

(42) Imai, K.; Morimoto, H.; Kotani, M.; Watari, H; Hirata, W.; Kuroda, M.
Biochim. Biphys. Acta 1970, 200, 189—197.

(43) Phillips, S. E.'V.; Schoenborn, B. P. Nature 1981, 292, 81-82.

(44) Shaanan, B. J. Mol. Biol. 1983, 171, 31-59.
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ferrous four-coordinate intermediate-spin state hemoprotein. We
have engineered mutant rHSA-heme complexes which can bind
Os reversibly with an affinity that is only 1 order of magnitude
lower than the affinity of O, for Hba (R-state) and Mb. The
principal modifications to the heme pocket that are required to
confer reversible O, binding are (1) replacement of Tyr-161,
the endogenous anionic nucleophile, by hydrophobic amino acid
(Leu or Phe), and (2) introduction of His as a proximal base at
position Ile-142 or Leu-185 (either side of the porphyrin ring
plane). The transport of O, by the rHSA-heme could be of
tremendous clinical importance not only as a red cell substitute
but also as an Op-providing therapeutic reagent. Although a
number of Hb-based O, carriers have already been developed,
the administration of these materials often elicits an acute
increase in blood pressure by vasoconstriction.’05? This side-
effect is caused by the rapid capture of the endothelial-derived
relaxing factor, namely NO, by Hb that has leaked through the
vascular endothelium. In contrast, our rHSA(mutant)-heme
would not induce such hypertension, because the albumin carrier
has low permeability through the muscle capillary pore.3?
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Our results on several mutants have also shown that modi-
fication of the distal-side of the heme pocket has a measurable
effect on O binding affinity (compare Leu-161 and Phe-161).
To develop this promising O, carrier as a blood substitute,
further work using a combined mutagenic and synthetic ap-
proach is required; (1) additional mutations, e.g. an introduction
of a distal base which in Mb and Hba forms a hydrogen bond
with the coordinated O, may help to stabilize the O, adduct
complex, and (2) small modifications to the heme structure
designed to adjust its position within the pocket interior but
without straining the proximal His coordination, may improve
and modulate the O, binding ability. To aid these modifications,
crystal structural analysis of rHS A(mutant)-heme complexes is
now underway.
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Recombinant human serum albumin (tHSA) clusters have been synthesized and physicochemically
characterized. Cross-linking between the Lys groups of the core albumin and a unique Cys-34 of the shell
albumins with an N-succinimidyl-6-[3’-(2-pyridyldithio)propionamido]hexanoate produced the structurally
defined rHSA trimer and tetramer. MALDI-TOF—MS showed a single peak with the triple and quadruple
masses of rtHSA. Their molar ellipticities and the isoelectric points (p/ = 4.8) are all identical to those of
the monomer, suggesting that the essential structures of the albumin units were intact. TEM observations
demonstrated a uniform morphology of the rHSA tetramer with a diameter of 20—30 nm. The circulation
half-life (z15,) of the ZI-labeled fHSA tetramer in rat (5.5 h) was significantly longer than that of the monomer
(2.3 h) due to the low ratio of the distribution phase (a-phase). A total of 24 and 32 molecules of the
synthetic iron(Il) porphyrins (FePs) are incorporated into the hydrophobic cavities of the rHSA trimer and
tetramer, respectively, producing huge aitificial hemoproteins. These albumin—heme clusters can reversibly
bind and release O, under physiological conditions (37 °C, pH 7.3) and showed similar O,-binding properties
(O;-binding affinity, association and dissociation rate constants) to those of the corresponding monomer. A
large volume of O, can be chemically dissolved into the albumin—heme cluster solutions relative to the
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monomeric tTHSA-FeP when the molar concentration of the albumin scaffold is identical.

Introduction

In our bloodstream, hydrophobic molecules of medium
size (ex., long-chain fatty acids, bilirubin, steroids, hemin)
are captured by human serum albumin (HSA, Mw: 66.5
kDa) and are allowed to circulate for a relatively long time
to reach the disposal sites in the body.! The transporting
ability of this shuttle protein contributes to maintaining the
high concentration levels of the therapeutic drugs in the
circulatory system.!? Moreover, the albumin peptide exhib-
ited a slow terminal clearance and catabolism, so that the
conjugation of HSA with a therapeutic protein (ex., soluble
CD4 and interferon-o) provides clinical benefits in permitting
less frequent administrations.> We have found that synthetic
iron(Il) porphyrins (hemes) were incorporated into the
hydrophobic cavities of HSA, producing an albumin—heme
hybrid, which can reversibly bind and release dioxygen (O2)
under physiological conditions (pH 7.3, 37 °C)* This
artificial hemoprotein has the capability to carry O, like
hemoglobin (Hb) or myoglobin (Mb) and functions as a red
blood cell (RBC) substitute in vivo.

One of the interesting characteristics of the HSA structure
is the presence of a single reactive thiol of Cys-34.16 The
reaction of the bifunctional reagent, 1,6-bis(maleimido)-
hexane (BMH), with HSA successfully creates an intermo-
lecular covalent bridge between the two Cys-34s.” A total
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Ph.D.Tel: +81-3-5286-3120.Fax: -+81-3-3205-4740.E-mail: eishun@waseda.jp
(Eishun Tsuchida). E-mail: teruyuki@waseda.jp (Teruyuki Komatsu).
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of 16 molecules of synthetic heme were accommodated into
the dimer and the obtained albumin—heme dimer solution
is able to transport a large volume of O, compared to the
human blood ([heme] = 9.2 mM) while maintaining the
colloid osmotic pressure on a physiological level.”> Another
remarkable advantage of the HSA dimer is its long circulation
persistence relative to the monomer, since the 2x size of
the molecule could serve to remain in the blood vessel. We
now extend this approach to produce the structurally defined
albumin trimer and tetramer, namely “albumin clusters”. In
this paper, we report, for the first time, the synthesis,
physicochemical characterization, and preliminary pharma-
cokinetics of the albumin clusters cross-linked by N-succin-
imidyl-6-[3’-(2-pyridyldithio)propionamido]hexanoate (SP-
DPH), which efficiently connects an NH, group of Lys and
an SH group of Cys. The O.-binding properties of the
albumin—heme clusters incorporating the 2-[8-{N-(2-methyl-
imidazolyl) }octanoyloxymethyl]-5,10,15,20-tetrakis{o., oL, 0t-0-
(1-methylcyclohexanamido)phenyl}porphinatoiron(Il) (FeP,
Scheme 1), are also evaluated and compared to those of the
corresponding monomer.

Experimental Section

Materials and Apparatus. An rtHSA (Albrec, 25 wt %)
was provided from the NIPRO Corp (Osaka, Japan). Ethanol,
dithiothreitol, and 2,2’-dithiopyridine (all high-purity grades)
were purchased from Kanto Chemical Co., Inc. (Tokyo) and
used without further purification. N-Succinimidyl-6-[3'-
(2-pyridyldithio)propionamidolhexanoate (SPDPH) was

© 2005 American Chemical Society
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Scheme 1

purchased from Pierce Biotechnology (Rockford, USA).
2-[8-{N-(2-Methylimidazolyl)}octanoyloxymethyl]-
5,10,15,20-tetrakis{ a,0.,a,0-0-(1-methylcyclohexanamido)-
phenyl}porphinatoiron(Il) (FeP) was prepared according to
our previously reported procedure.®

Synthesis of rHSA Clusters. Ethanolic SPDPH (20 mM,
0.75 mL) was slowly added dropwise into the rHSA solution
(0.75 mM, 2.0 mL) and gently stirred for 20 min at room
temperature. The reaction mixture was diluted with phosphate-
buffered saline (PBS, 10 mM, pH 7.4, 25 mL) and concen-
trated to 2.5 mL using an ADVANTEC UHP-76K ultrafil-
tration system with a Q0500 076E membrane (cutoff Mw
50 kDa). This washing was repeated three times to remove
the excess SPDPH, affording 3’-(2-pyridyldithio)propion-
amidoJhexanoated albumin (PDPH~rHSA, [tHSA] = 5.15
wt %, 2 mL). The albumin concentrations were normally
measured by bromcresol green (BCG) methods using a Wako
AlbuminB~—Test.” The number of PDPH chains introduced
into THSA was determined by the assay of 2-thiopyridinone
(2TP) with an absorption at 343 nm [molar absorption
coefficient (e33): 8.1 x 10° M~ icm™']. A 15-fold molar
excess of dithiothreitol (DTT, 1 M, 1.35 ul.) was added to
the PBS solution of PDPH—rHSA (30 M), and the formed
2-TP was quantitatively assayed after 10 min.

On the other hand, aqueous DTT (1.0 M, 56 ul) was
added to the phosphate-buffered solution (pH 7.0, 10 mM)
of rHSA (0.75 mM, 20 mL), and the solution was quickly
mixed by a vortex mixer, followed by incubation for 30 min
at room temperature. The resultant was washed three times
with PBS the same as above, yielding a mercapto—albumin
(SH—rHSA, 13 mL, [fHSA] = 7.77 wt %). The mercapto
ratio of the Cys-34 was confirmed as 100% using the 2,2’
ditiopyridine (2,2"-DTP) procedure. 0!

The SH—rHSA solution was then added to the PDPH—
rHSA, and the mixture was gently stirred for 20 h at room
temperature. The Native-PAGEs were performed using an
Amersham Biosciences Electrophoresis Power Supply EPS
301 with a PAG Mini Daiichi 2/15 (Daiichi Pure Chemicals,
Co. Ltd.). The Native-PAGE pattern of the obtained reactant
showed six bands including the unreacted SH—rHSA mono-
mer. The HPLC measurement also demonstrated the forma-
tion of the tHSA clusters with a high molecular weight. The
HPLC system consisted of a Shimadzu LC-8A pump and a
Shimadzu SPD-10A UV detector. A Shodex Protein KW-
803 column was used with PBS (pH 7.4) as the mobile phase
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at 25 °C (1.0 mL min™!). Peak fitting of the elution curve
was done using a Hulinks PeakFit program.

The rHSA clusters were purified by gel column chroma-
tography using a BIO-RAD EGP Combo Rec system with
Superdex 200pg (Pharmacia Corp., 5 cm¢ x 40 c¢cm) and
PBS (pH 7.4) as the mobile phase (3.5 mL min™?). The eluant
was monitored at 280 nm and fractionated by a BIO-RAD
model 2110 collector. The fraction showing the single bands
for band C and D in the Native-PAGE was then carefully
collected, The matrix associated laser desorption ionization
time-of-flight mass spectra (MALDI-TOF—MS) were ob-
tained using a Shimadzu AXIMA-CFR Kompact MALDI.
The 10 mg mL™! sinapinic acid in 40% aqueous CH;CN
was used as a matrix. The purity of the each component was
checked by the HPLC measurement. The obtained yield was
10% for the rHSA trimer (band C) and 7% for the rHSA
tetramer (band D).

Physicochemical Properties. The UV—vis absorption
spectra were recorded on a JASCO V-570 spectrophotometer.
The measurements were normally performed at 25 °C.
Circular dichroism (CD) spectra were obtained using a
JASCO J-725 spectropolarimeter. The concentration of the
rHSA sample was 2 uM in PBS, and quartz cuvettes with a
1.0-mm thickness were used for the measurements over the
range of 195—250 nm.

Transmission Electron Microscopy (TEM). An aqueous
solution of the albumin cluster was mixed with 2% phos-
photungstic acid (pH 7), and the droplet was placed onto a
200 mesh carbon-coated copper grid, which was hydro-
philized by a JEOL HDT-400 hydrophilic treatment device
prior to use. The grid was allowed to air-dry and observed
in a JEOL JEM-1011 electron microscope at an accelerating
voltage of 100 kV.

Cireulation Lifetime in Vivo. The 125-Iodinated rHSA
tetramer was prepared by our previously reported procedures.”™
The recovered '>I-albumin had a specific activity of 24.3
MBgq mg~! and was diluted by nonlabeled albumin tetramer
before administration into anesthetized Wistar rats (ca. 250
g, male). The kinetics of the albumin clearance from the
circulation was monitored by measuring the radioactivity in
the plasma phase of blood taken from the lateral tail veins
using an Aloka ARC 2000 Autowell Gamma Counter. Acid
precipitability of the recovered radioactivity was confirmed
by the TCA method.”!? The rats were sacrified 8 days after
the sample injection by hemorrhage. The radioactivity of the
excised organs was also measured. The care and handling
of the animals were in accordance with NIH guidelines.

Preparation of Albumin—Heme Clusters. The prepara-
tions of albumin—heme clusters (FHSA—FeP trimer and
tetramer) were carried out by mixing the EtOH solution of
carbonyl—FeP and an aqueous phosphate-buffered solution
of albumin clusters according to our previously reported
procedures ([FePl/[tHSA] = 26/1 or 34/1 (mol/mol)).4 8
The albumin concentrations were measured using the CD
spectra, and the amount of FeP was determined by the assay
of the iron ion concentration using inductively coupled
plasma spectrometry (ICP) with a Seiko Instruments SPS
7000A spectrometer.
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Magnetic Circular Dichroism (MCD). MCD spectra for
the phosphate-buffered solution of the albumin—heme clus-
ters (10 4M) under N, CO, and O, atmospheres were
measured using a JASCO J-820 circular dichrometer fitted
with a 1.5 T electromagnet. The CD spectra at 0 T were
always used as a baseline for each condition.

0O;-Binding Equilibrium and Kinetics. O; binding to FeP
was expressed by eq 1:

k

FeP + 0, To:f FeP(Q) (K= ky/ky) (L
The O,-binding affinity (gaseous pressure at half O binding
for heme, P, = 1/K) was determined by UV —vis absorption
spectral changes at various O, partial pressure, 13 The
appropriate O»/N, gas mixture (Pos: 0, 10, 20, 30, 80, 160,
and 760 Torr) was prepared by a KOFLOC Gasblender GB-
3C. and each spectrum was measured after flowing the gas
for 15 min at 25 or 37 °C. FeP concentrations of 20 uM
were normally used for the measurements in the range of
350—700 nm. The O,-binding constant (K) was then
calculated from the difference of the absorbance at 444 nm
using Drago’s equation.”®® The half-lifetimes of the dioxy-
genated species of the albumin—heme clusters were deter-
mined by the time dependence of the absorption intensity
for the O.—adduct complex (549 nm),

The association and dissociation rate constants for O, (ko
and ky) were measured by a competitive rebinding technique
using a Unisoku TSP-1000WK—WIN time-resolved spec-
trophotometer with a Spectron Laser Systems SL803G-10
Q-switched Nd:YAG laser, which generated a second-
harmonic (532 nm) pulse of 6-ns duration (10 Hz). A 150
W xenon arc-lamp was used as the monitor light source. The
concentration of the albumin—heme cluster was normally
20 uM and experiments were carried out at 25 °C. The
absorption decays accompanying the O, association obeyed
three-component kinetics. We employed triple-exponentials
equation to analyze the absorption decays; AA(f)*

AA() = C, exp(—k 1) + C, exp(—k,t) + Cyexp(—kt) (2)

where k;, k», and k3 are apparent rate constants for the each
components.

0;-Concentration Measurements. The chemically dis-
solved Os in albumin—heme cluster solution was measured
using an Ocean Photonics FOXY2000 Fiber Optic Oxygen
Sensor with a USB2000 multichannels monochromator and
FOXY-AL300 fiber optic sensor (Tokyo). This apparatus
uses the fluorescence of a ruthenium complex to measure
the partial pressure of O.. The addition of 0.1 mL of CO to
the phosphate-buffered solution of the dioxygenated rHSA—
FeP cluster or monomer ([FeP]: 50 uM, 2.0 mL, [0,]: 700
Torr) in the closed tube immediately dissociates the coor-
dinated O- from FeP and increases the dissolved O» content
in the aqueous phase.

Results and Discussion

Synthesis and Characterization of rHSA Clusters. We
have shown that covalent cross-linking a unique Cys-34 of
rHSA with BMH provided a defined rHSA dimer, in which
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Figure 1. Synthetic scheme of albumin clusters with SPDPH.
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Figure 2. Native-PAGE electropharesis and HPLC elution curve of
the reaction mixture at 25 °C. In the Native-PAGE pattern, lane a,
protein ladder; lane b, the reaction mixture (band A: rHSA monomer).
The HPLC profile was simulated by a six-components model using a
PeakFit (the dotted line, the sum of the simulated six components;
peak 1, rHSA monomer).

the essential structures of the rHSA unit are intact.”® We now
extend this approach to produce albumin clusters. Our first
attempt to connect the Cys-34 of tHSAs by multi-armed
maleimido(polyoxyethylene) unfortunately failed. The ma-
leimido-terminate at the polyoxyethylene chains are likely
to be too flexible to react with the small thiol on the large
rHSA molecule to make albumin clusters. On the other hand,
N-succinimidyl-6-[3"-(2-pyridyldithio)propionamido]hex-
anoate (SPDPH) was successfully connected to an NH, group
of Lys and an SH group of Cys on the protein surface. Since
rHSA contains 59 Lys in the globular structure, mixing a
small molar excess SPDPH with rHSA immediately pro-
duced a 6-[3’-(2-pyridyldithio)propionamidolhexanoated
rHSA (PDPH—1HSA; Figure 1). Assay of the pyridyldithio
residues revealed that approximately 8.3 chains of PDPH
were introduced into one rHSA molecule. The PDPH—HSA
acts as a core albumin for the next reaction.

Dithiothreitol (DTT) selectively reduces the mixed-disul-
fide of Cys-34'9!! producing a mercapto—rHSA (SH—rHSA)
as a shell albumin, After removing DTT, SH—rHSA was
slowly dropwise added to the PDPH—rHSA and stirred for
20 h at room temperature (Figure 1). Native-PAGE of the
reactant showed six distinct migration bands (Figure 2 inset,
lane b: A—F, band A: SH—rHSA). On the basis of the
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Figure 3. Nalive-PAGE electrophoresis and HPLC elution curves of
the isolated rHSA clusters at 25 °C. In the Native-PAGE paltern, lane
a, reaction mixture before purification; lane b, isolated band C; lane
¢, isolated band D. In the HPLC profiles, red line, rHSA monomer;
orange line, rHSA dimer bridged through Cys-34 by BMH; blue line,
isolated band C, which corresponds to the rHSA trimer; green line,
isolated band D, which corresponds to the rHSA tetramer.

Table 1. Molecular Masses and pl Values of rHSA Monomer,
Dimer, and Clusters

My
obs.? caled. p/
rHSAL 66331 66451 4.8
rHSA dimert-e 132 741 133180 4.8
band C (rHSA trimer) 200 469 201 614 4.8
band D (rHSA tetramer) 266 538 267 953 4.8

2 Measured by MALDI-TOF—MS. # From ref 7b. ¢ rHSA dimer bridged
Cys-34 by BMH.

comparison with the protein ladder (lane a), the molecular
weights of the bands B, C, and D were estimated to be ca,
130, 200, and 260 kDa, respectively. It can be postulated
that they are the rHSA dimer, trimer, and tetramer. The
pyridylditio terminates of the core albumin reacted with the
single active Cys-34 of the shell albumin creating albumin
clusters. The HPLC profile of the reaction mixture exhibited
broad multiple bands in the range of 6.5—8.5 min before
the tHSA peak (9.0 min; Figure 2). From the careful
inspection of the elution curve by peak fitting simulation,
we could divide the entire pattern into six components (peaks
1—6). Most probably, the peaks 2—6 correspond to the rHSA
dimer to hexamer. Gel permeation chromatography also
showed a similar elution curve. Several synthesis repetitions
always gave the same patterns in Native-PAGE, HPLC, and
GPC. The fractions whose Native-PAGE showed bands C
and D were then corrected (Figure 3. inset lanes b and c).
Their HPLC profiles exhibited a sharp peak at the exactly
the same position where we predicted for peaks 3 and 4 in
Figure 2.

The MALDI-TOF—MS of the components of peaks 3
(band C) and 4 (band D) showed a molecular masses at m/z
200469 and 266 538, respectively, which are in good
agreement with the calculated value of the rHSA trimer and
tetramer (M, = 201 614 and 267 953) within a difference
of 0.5% (Table 1). We first isolated the well-defined rHSA
trimer and tetramer in which the Lys groups of the core
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Figure 4. CD spectra of rtHSA monomer, dimer bridged through Cys-
34 by BMH and clusters in PBS solution (pH 7.4) at 25 °C.

albumin are covalently bridged by the Cys-34 group of the
shell albumins.

The peak area evaluations for the six components in Figure
2 indicated their molar ratios in the reaction mixture;
monormer (88.2%), dimer (3.1%), trimer (4.3%), tetramer
(2.5%), pentamer (1.4%), and hexamer (0.5%). Because the
average degree of polymerization was 3.3, we estimated the
reaction ratio (X) of the PDPH—rHSA

reacted PDPH—rHSA:unreacted (PDPH—rHSA + SH—
tHSA) =X:(1 — X) + (10 — 2.3X) = 11.8:88.2 (3)

Thus, X was calculated to be 1.0; this means that all of the
PDPH—rHSA (core albumin) participated in the reaction with
the shell albumin. The formation ratio of each cluster can
be estimated; dimer (26%), trimer (36%), tetramer (22%),
pentamer (12%), and hexamer (4%).

The CD spectral patterns (Amin = 208 and 222 nm) and
the molar ellipticities at 208 and 222 nm ([f]zs = 1.9 %
10* deg cm?® dmol ™, [f]a2 = 1.8 x 10* deg cm? dmol™!) of
the isolated tHSA trimer and tetramer were identical to those
of the monomer and dimer (Figure 4).%7 Their isoelectric
points (p/ = 4.8) were also identical to that of rHSA (Table
1). These results implied that the secondary/tertiary structure,
the o-helix content, and surface net charges of the rHSA
units were intact after the cluster formation.

TEM of the negatively stained samples of the rHSA
tetramer showed homogeneous particles with a diameter of
20—30 nm (Figure 5ab). The appearance of the cluster
solutions was unchanged for over one year and underwent
no aggregation and precipitation. We postulate that one
tetramer consists of four rHSA molecules bound in the
trigonal pyramid form, which was drawn as a model in Figure
5c. rHSA involves a total of 59 Lys groups, and the cross-
linker SPDPH can statistically bind to the surface. On the
basis of the assay of the dithiopyridyl group, we found that
the 8.3 functional PDPH arms are introduced into the core
albumin. The shell albumins (SH—rHSAs) therefore ap-
proach the PDPH—rHSA from all directions to form a
disulfide bridge with Cys-34. As a consequence, the con-
formation of the tetramer should become a trigonal pyramid-
like structure, which is the most favorable arrangement to
avoid the steric repulsion of the albumin units,
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Figure 5. TEM observations of negatively stained rHSA tetramer.
In panels a and ¢, the scale bars indicate the length of 30 nm. In
panel ¢, the trigonal pyramid form of the rHSA tetramer is predicted
from the one molecule under magnification.

100

T2 Monomer: 2.3 I

Lime: 4.3 hr

80 Tetramer: 5.5 hr
—
EE AP) Monomer: 8.9 hr
&n Dimer: 162 hre
E 60 Tetramer: 9.4 hr
‘q
5
B 404
2
=]
a

20 A

g T L 1

0 5 10 15 20 25
Time (hr)
Figure 6. Plasma levels of 251—rHSA letramer after intravenously
administration to Wislar rats (tHSA amount = 1.0 mg kg™ ). The data
for the '25|—rHSA monomer and dimer were cited from our previously
reported paper (ref 7b). All values are mean £+ S. D. (n= 3).

Circulation Lifetime of 1*I-Labeled rHSA Tetramer
in Rats. The rHSA tetramer labeled with I was injected
into anesthetized rats to determine the blood circulation
lifetimes. Throughout the experiments, the turbidity of the
plasma phase and the blood cell numbers were constant,
showing no aggregation of the albumin clusters and blood
cell components. The time courses of the radioactivity
demonstrated two-phase kinetics and significant differences
from the monomer’s decay (Figure 6). The half-lifetime (75,
time when the initial value decreased to 50%) of the rHSA
tetramer was 5.5 h, which was 2.4-fold longer than that of
the monomer (2.3 h).” This was due to the low ratio of the
distribution phase (a-phase) of the tetramer (26%), compared
to the monomer and dimer, 39% and 36%, respectively, The
increase in the molecular size led to retardation of the
extravasation through the vascular endothelium. On the
contrary, its lifetime (7) of the disappearance phase (3-phase;
8.9 h) was sherter than the tightly bridged rHSA dimer with
a sulfide bond (16.2 h); although the 715 of the dimer is lower
than the tetramer, there is a greater amount of dimer at 24 h
than tetramer. The tTHSA tetramer disappeared slowly after
12 h, and 10% remained at 24 h from the injection, which
was almost the same amount observed in the monomer group.
After 12 h, the weak disulfide bonds between the core and
shell albumins may be cleaved to dissociate the monomer
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Figure 7. UV—vis absorption spectral changes of the rHSA—FeP
tetramer in phosphate-buffered solution (pH 7.3) at various conditions
(25 °C).

components and cleared from the bloodstream, Radioactivity
of the trichloroacetic acid precipitates recovered up to 90%
of the intensity, which means '¥I did not dissociate from
the proteins. The tissue distributions of the rHSA tetramer
were in the skin, liver, and spleen, and there were no
differences to that of the rHSA monomer. Qur albumin
tetramer may become a unique vehicle which serves to
sustain a high drug concentration particularly during the
initial phase.

Albumin—Heme Clusters and Their O; Binding. Mix-
ing the ethanolic FeP with an aqueous albumin cluster and
removing the ethanol by ultrafiltration produced red-colored
homogeneous albumin—heme cluster solutions. They were
rather stable and stored for more than 1 year at 4 °C without
any precipitation. From the quantitative assays of tHSA and
FeP, the molar ratios of the FeP/fHSA were determined to
be 24.2 and 31.6 for the trimer and tetramer, which are 3-
and 4-fold molar excess amounts of the monomeric rHSA—
FeP. We can conclude that a maximum of eight FePs were
also incorporated into the rHSA unit. These albumin—heme
clusters showed identical CD spectra and p/ values (4.8) with
the original tHSA trimer and tetramer, which implied that
the FeP incorporation did not cause any structural changes
in the albumin components.

The UV —vis absorption spectrum of the aqueous rHSA—
FeP tetramer in an N2 atmosphere showed the formation of
a five-coordinate high-spin complex involving an axially
bound 2-methylimidazolyl side-chain (Apa; = 444, 539, and
565 nm; Figure 7).*813 After this solution was kept under
a stream of O for 5 min, the absorption spectra changed to
that of a typical O,—adduct complex (Am.x = 426 and 549
nm). 813 This dioxygenation was reversibly observed and
dependent on the Oy/N; pressure under physiological condi-
tions (pH 7.3, 37 °C). After admitting the CO gas, the O.—
adduct complex immediately moved to the carbonyl low-
spin complex (Amax = 427 and 539 nm). The rHSA-FeP
trimer also showed identical spectral changes under these
conditions [THSA-FeP trimer in N2 (Anxx = 442, 539, and
564 nm), Oz (Amax = 423 and 547 nm), and CO atmosphere
(Amex = 426 and 534 nm)].
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Figure 8. MCD spectral changes of the rHSA—FeP tetramer in
phosphate-buffered solution (pH 7.3) at various conditions (25 °C).
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Figure 9. Absorption decay of Oy rebinding to the rHSA—FeP cluster
in phosphate-buffered solution (pH 7.3) after the laser flash photolysis
at 25 °C. The kinetics was composed of three phases and relaxation
curve was fitted by triple-exponentials.

MCD spectroscopy revealed the coordination structure of
the FeP in the rHSA clusters. Under an N, atmosphere, the
MCD of the rHSA-FeP tetramer resembled the well-
characterized spectrum of a mono-imidazole ligated five-N-
coordinate high-spin tetraphenylporphinatoiron(Il} (Figure
8).1* This observation indicates that the amino acid residue
in the tHSA structure did not bind to the sixth position of
FeP. The admission of O; gas changed the spectrum to an
S-shaped A-term MCD in the Soret-band region, which
shows the formation of an O,—adduct complex.** The CO
adduct is also low spin and exhibited a similar A-term MCD
band with a high intensity.

The auatoxidation reaction of the oxy state (Aq. = 549
nm) slowly occurred and the absorption intensity of 549 nm
almost disappeared after 48 h, leading to the formation of
the inactive Fe(IINP. The half-lives of the dioxygenated
species (ty2) of the rHSA—FeP trimer and tetramer were
both 7 h at 37 °C, which are almost the same as that of our
previous results for the rHSA—FeP dimer (71, = 6 h).®

0;-Binding Kinetics and Equilibrium of Albumin—
Heme Clusters. Flash photolysis experiments for the albu-
min—heme clusters were performed to determine the asso-
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Table 2. O»-Binding Parameters of rHSA-FeP Monomer, Dimer,
and Clusters in Phosphate-Buffered Solution (pH 7.3) at 25 °C

1078 10 10-2 10-2
Kon Kon kott Ko Pz
M5 (M's™) () (s7) (Torn?
rHSA-FeP? 46 7.3 98 16 13(35
rHSA-FeP dimer¢ 28 4.8 6.7 1.2 15(38)
rHSA-FeP trimer 46 5.9 87 11 12(38)
rHSA-FeP tetramer 53 13 11 2.7 12(38)
Hb(T-state)a? 2.9 1.8 40
human RBC® 8(27)

4 At 37 °C in parenthesis.  From ref 8. ©From ref 7b. ¢ Hba chain
(monometr), aqueous pH 7.0—7.4, 20 °C, from ref 16. © From ref 17.
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Figure 10. Molar ratio of the increased Oz per rHSA cluster (mol/

mol) after exposure of CO gas to rHSA—FeP clusler solutions (25
°C).

ciation and dissociation rate constants of Oz (ko ko). We
have shown that the O, associations to FePs in the mono-
meric rHSA are affected by the molecular environments
around the FeP site, for example, steric hindrance of the
nearest amino acid residues.® In the case of the albumin—
heme clusters, there should be multiple kinetic parameters.
Nevertheless, the Oa binding profile to FeP demonstrated
the same trends as the rHSA —FeP monomer. The absorption
change accompanying the O, recombination clearly obeyed
three-phases, which were fit by a triple-exponential kinetics
(Figure 9). The fastest minor component (k;) is related to a
base dissociation reaction.'® The linear relationship between
the apparent rates k> and ks vs the [O:] provided two
association rate constants for the fast O» rebinding (k) and
the slow O; rebinding (X'yn; Table 2). The k, values are 4.1—
7.8-fold greater than &'y, and the amplitude ratios of the fast
and slow phases were approximately 1/1, which implied that
half of the FeP molecules in the tHSA trimer and tetramer
may locate in the slow sites for the O, association. The O,-
binding affinity (Pi») of the rHSA-FeP clusters were
determined to be 38 Torr at 37 °C on the basis of the UV—
vis. absorption spectral changes by O- titration with different
[O,].*%13 The obtained Py is close to that of the rHSA—
FeP monomer and human RBC (Table 2).8!617 The cluster
formation did not alter the O»-binding properties of rHSA—
FeP.
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O, Concentration in Albumin—Heme Cluster Solution.
The addition of small amounts of CO to the aqueous
solutions of the dioxygenated rHSA—FeP clusters ([FeP] =
50 uM) in closed tubes dissociates the coordinated O,, which
immediately diffuses in the medium. In all cases, the O
concentrations increased 0.05 mM after the CO exposure.
The UV-—vis absorption spectra of the solutions changed to
that of the carbonyl complex. The molar ratio of the
chemically bound O, per albumin vehicle ([tHSA cluster]
or [tHSA]) (mol/mol) showed that the albumin—heme
clusters bind a large volume of O, relative to the monomer
(Figure 10). The rHSA-FeP tetramer solution ([fHSA tet-
ramer] = 0.75 mM, [heme] = 24 mM) could probably
transport a 2.6-fold greater volume of O, compared to human
blood ([heme] = 9.2 mM) while maintaining the colloid
osmotic pressure on a physiological level.

Conclusions

The structurally defined albumin clusters prepared using
a unique SH group of Cys-34 reported here provide the
following characteristics.

(i) Essential properties of the rHSA units (the secondary/
tertiary structure, surface net charges) were intact after the
cluster formation. Our albumin clusters behave as a gigantic
serum albumin.

(i1) The tetramer showed a longer half-life (5.5 h) in the
bloodstream of rats compared to that of the monomer due
to the low ratio of the a-phase (26%). However, it slowly
disappeared after 12 h and was 10% of the basal value at 24
b after the injection.

(iii) The rHSA unit in the clusters can incorporate a
maximum of eight FeP molecules, that is, the trimer and
tetramer contain 24 and 32 active O,-binding heme sites,
which are 6- and 8-fold greater than that of the native
tetrameric Hb, respectively. The obtained albumin—heme
clusters become huge artificial hemoproteins with molecular
weights of 235 and 313 kDa and can reversibly bind O, under
physiological conditions.

(iv) The albumin—heme tetramer has the capability to
transport a 4-fold larger volume of O, compared to the
corresponding monomer when the albumin vehicle molar
concentrations were identical. It implies that the albumin—
heme clusters potentially become novel RBC substitutes
having a 2.6-fold higher O, transporting ability than human
blood.

This method of creating albumin clusters should lead to
generating defined protein polymers and a new series of
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functional biomaterials. The preparations of the starburst
rHSA dendrimer and linear string of tHSA pearls are now
in progress.
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a,a,0,f-Conformer as an O,-Binding Site
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We have found that recombinant human serum albumin (HSA) incorporating tailed porphyrinatoiron(Il) in the
,0,0,3-conformer can reversibly bind and release O» under physiological conditions (pH 7.3, 37 °C) like
hemoglobin and myoglobin, 5-2-Methylimidazolyl-tailed porphyrinatoirons (6a, 6b) are synthesized via four steps
from the atropisomers of tetrakis(o-aminophenyl)porphyrin. The stereochemistry of the o,o,a,5-conformer has
been determined by NMR spectroscopy. 6a and 6b form stable O,-adduct complexes in toluene solution at room
temperature. The association rate constants of O; are 3.1- and 1.9-fold lower than those of the corresponding
o,0,e.o-conformers (1a, 1b), indicating that the three substituents (cyclohexanamide or pivalamide groups) are
close to each other on the porphyrin platform and construct a narrow encumbrance around the O,-coordination
site. Although 6a and 6b are incorporated into the hydrophobic domains of HSA to produce the albumin—heme
hybrid, only HSA-6a can bind O, in aqueous medium. The cyclohexanamide fences are necessary for the tailed
porphyrinatoiron to form a stable O,-adduct complex under physiological conditions. The Oy-binding affinity
(P112) of HSA-6a is 45 Torr (37 °C), and the O, transporting efficiency between lungs and muscle tissues in the
human body is estimated to be identical to that of human red blood cells. The HSA-6a solution will become one
of the most promising materials for red blood cell substitutes, which can be manufactured on an industrial scale.

INTRODUCTION

To reproduce the O»-binding ability of hemoglobin (Hb) and
myoglobin (Mb), numerous numbers of model hemes have been
synthesized over the past decades (/). These continuous
approaches, aimed at understanding the precise mechanism of
the O»-binding reaction, have been mostly accomptished in or-
ganic solvents, and tetrakis(phenyl)porphyrin (TPP) was widely
used as a molecular scaffold. We have also synthesized tetrakis-
{o,0,0,0-0-(1-methylcyclohexanamido)phenyl }porphinatoiron-
(I) bearing a covalently linked proximal imidazole (1a, Figure
D! that forms a stable Oz-adduct complex in toluene solution
at ambient temperature (2). The four cyclohexanamide fences
on the distal-side (o-side) of the porphyrin plane are bulky
enough to prevent u-oxo dimer formation, and the 2-methylimi-
dazolyl arm intramolecularly coordinated to the Fe?* center from
the proximal-side (8-side) modulates the O-binding affinity.

Some substantial efforts have been directed to prepare an
artificial O, carrier involving a synthetic heme under physi-
ological conditions (pH 7.3, 37 °C), which may become a red
blood cell substitute (/a, 3). We have successfully incorporated
1a into the hydrophobic domains of recombinant human serum
albumin (HSA) and found that the albumin—heme hybrid
(HSA—1a) could reversibly absorb O in aqueous medium (Ja,
2, 4). This red-colored albumin solution showed a long shelf
life of over two years without precipitation. More recently,

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

! Abbreviations: 1la: 2-[8-{N-(2-methyl-1-imidazolyDoctanoyloxy]-
methyl]-5,10,15,20-tetrakis{ (o, &, 0, 0t-0-( 1 -methylcyclohexanamido)-
phenyl}porphinatoiron; 1b: 2-[8-{N-(2-methyl-1-imidazolyl)octanoyl
oxymethyl]-5,10,15,20-tetrakis{ o, 0,0, 0t-0-(pivalamido)phenyl}por-
phinatoiron; 6a: 5,10,15-Tris {a,a,0-0-(1-methyleyclohexanamido)-
phenyl}-ZO—mono[ﬂ—o—[6—{N~(2—methy1—l-ﬂTﬁdazolyI)}hexananﬁdo]phenyl]-
porphinatoiron; 6b: 5,10,15-Tris(a, o, 0-0-(pivalamido)phenyl)-20-
mono[B-o-[6-{N-(2-methyl-1-imidazolyl) }hexyramido]phenyl]-porphi-
natoiron.

10.1021/bc050154+ CCC: $33.50

Figure 1. Structures of porphyrinatoiron derivatives in the o,o,a,0-
conformer and «,a,0,8-conformer (tailed porphyrinatoiron).

exchange transfusion experiments with HSA—1a into anesthe-
tized rats demonstrated that it effectively rescitates the hemor-
rhagic shock state and transports O, to the muscle tissues (5).
We are now developing this albumin—heme hybrid as an
entirely synthetic red blood cell substitute that can be extensively
used in a variety of medical situations (6).

The only disadvantage of this synthetic heme 1a is that a
great deal of labor is required to make the o,o,o,0 (0%)-
conformer and to introduce the imidazolylalkyl arm at the
porphyrin periphery via the Vilsmeier reaction (2). The starting
material, tetrakis(a, 0,0, 0-0-aminophenyl)porphyrin (TAPP), is
in a statistical mixture of the four possible atrop isomers
(oL,au0u0, a,a,0uf, a.B,0.8, a,0.B3,5; the ratio is 1:4:2:1), and
the variable a*-conformer used to be isolated by Lindsey’s
procedure with a silica gel column separation (7). The number
of total steps for the synthesis of 1a is, therefore, eight from
TAPP.

In this study, we first incorporated a “tailed porphyrinatoiron”
with the oB-conformer as an O,-binding site of the albumin—
heme. A series of tailed porphyrins as the model compound of
Hb and Mb were synthesized by Collman and co-worker (8).
There are two advantages of the tailed porphyrin: (i) the
statistical content of the o3S-conformer of TAPP is maximum

© 2006 American Chemical Society
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Albumin Hybrid Incorporating Tailed Porphyrinatoiron

Scheme 1. Synthesis of Tailed Porphyrinatoirons

1) trityl bromide
2) alumina, A

(50%), and (ii) there is no need to modify the porphyrin ring
because the proximal base is attached to the fourth S-0-NH,
group of the phenyl ring. This convenient synthetic procedure
is a great advantage for the industrial scale-up of the manufac-
turing of the albumin—heme solution. However, we were not
certain of the stability of the Op-adduct complex of the tailed
porphyrinatoiron(II) in an aqueous medium. It has been
postulated that the four substituents were essential for preventing
an unfavorable proton-driven oxidation of the central ferrous
ion of the Fe?"TPP derivatives in water (1a, 3).

First, we describe the synthesis and stereochemistry of the
2-methylimidazole-tailed porphyrinatoirons (6a, 6b) and com-
pare their O,-binding properties in toluene solution. The effects
of the substituents on the Op-binding parameters are discussed.
Furthermore, the O,-binding property of the albumin—heme
hybrid including the tailed porphyrinatiron(Il) 6a has been
characterized under physiological conditions. The 5 wt %
albumin~—heme solution involving the easily prepared 6a could
be the most promising artificial O, carrier suitable for mass
production.

EXPERIMENTAL SECTION

Synthesis of Tailed Porphyrinatoirons. Experimental details
of the synthesis and spectra ('H NMR, IR, UV—Vis, HR-MS)
are supplied as Supporting Information.

Reduction of Ferric Complex to Ferrous Complex in
Toluene. Reduction to the porphyrinatoiron(Il) was carried out
using toluene-aq Na,S,04 in a heterogeneous two-phase system
under an Ny atmosphere as previously reported (9). After
separation of the two phases, the organic layer containing the
ferrous complex was transferred to a 1-cm quartz cuvette under
an Ny atmosphere. The UV—Vis absorption spectra were
recorded by a JASCO V-570 spectrophotometer.

Preparation of Albumin—Heme Hybrid. The HSA (Albrec,
25 wt %) was obtained from the NIPRO Corp. (Osaka). Aqueous
ascorbic acid (15 mM, 20 uL.) was added to an ethanol solution
of the porphyrinatoiron(IIl) derivative (37.5 uM, 4 mL) under
CO. After complete reduction of the central ferric ion, the UV—
Vis absorption spectrum showed the formation of the six-
coordinated carbonyl complex. This ethanol solution was slowly
injected into the phosphate buffered solution (pH 7.3, 8 mL) of
HSA (9.38 uM) through a Teflon tube under a pressure of CO
stream. The mixture was dialyzed using a cellulose membrane
against phosphate buffer (pH 7.3) for 2 and 15 h at 4 °C. The
ethanol concentration should be reduced to less than 100 ppm.
Finally, the total volume was adjusted to 15 mL, thus producing
the carbonyl albumin—heme solution (heme/HSA = 4 (mol/
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mol), [Fe]: 20 uM). The water was deionized using an
ADVANTEC GS-200 system.

0;-Coordination Equilibria and Kinetics. The O,-binding
affinity (Py5) of the porphyrinaoitron(I) in organic solvents or
their albumin—hemes in aqueous solution were determined by
the spectral changes at various partial pressures of O, in previous
reports (2, 10). The heme concentrations of 20 uM were
normally used for the UV—Vis absorption spectroscopy. The
spectra were recorded within the range of 350—700 nm. The
Oy-association and -dissociation rate constants (kon, kogf) were
measured by a competitive rebinding technique (71, 12) using
a Unisoku TSP-1000WK-WIN time-resolved spectrophotometer
with a Spectron Laser system SL803G-10 Q-switched Nd:YAG
laser, which generated a 532 nm pulse of 6-ns duration (10 Hz).

Magnetic Circular Dichroism (MCD). The MCD for the
phosphate buffered solutions (pH 7.3) of HSA—6a (20 uM)
under N,, O, and CO atmospheres were measured using a
JASCO J-820 circular dichrometer fitted with a 1.5 T electro-
magnet at 25 °C. The accumulation times were normally five,
and each spectra were subtracted by ones without the electro-
magnetic as a baseline.

RESULTS AND DISCUSSION

Synthesis of Tailed Porphyrinatoiron. The tailed porphy-
rinatoirons, 6a and 6b, can be synthesized via four reaction steps
from TAPP with 6-{N-(2-methyl-1-imidazolyl}hexanoic acid
(Scheme 1), and their structures were determined by IR, UV,
mass and NMR (H NMR, H—H COSY, Nuclear Overhauser
effect (NOE) experiment) spectroscopies. First, TAPP was
monotritylated using tritylbromide at room temperature. Statisti-
cally, six atrop isomers of the monotritylated compound are
formed. Collman and co-workers reported the superior synthesis
of tris(at, o, a-aminopheny)-mono(f-tritylaminophenyl)porphyrin
(2) using the alumina absorption technique in the dark (13).
We isolated two major components from the reaction mixture
according to the procedure with the Ry values (chloroform/ethyl
acetate = 1:1 (v:v)) of 0.75 (compound A) and 0.90 (compound
B). The coupling reaction of compound A with pivaloyl chloride
gave a single product, tris(pivalamido)phenyl-monotritylphenyl-
porphyrin (compound Al). On the other hand, the same coupling
reaction of compound B provided two products (compounds
B1 and B2) with Ry values (chloroform/ethyl acetate = 2:1 (v/
v)) of 0.68 and 0.62, respectively. The mass spectra of the above
three compounds exactly demonstrated the same value (caled.
for CsgH713NgOs: 1169.5806), indicating that A1, B1, and B2
are atrop isomers. In 'H NMR spectra of A1 and Bl, the peaks
derived from the CHj; protons in the pivalamide groups were
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Scheme 2. Atropisomers of 2 and Their Pivalamide Derivatives

~— Atropisomers of 2

B
(=mixture of 2 and 2™)

clearly separated into two peaks, and the patterns resembled
those of the other o®S-structured TAPP derivatives (14, 15) (see
Figures ESI1—ESI3, Supporting Information). The differences
in the chemical shift between the two peaks were 0.12 (A1)
and 0.15 (B1) ppm, respectively. The CHs peaks of B2 were
also splited, but the peak separation was rather small, 0.01 ppm.

To clarify the stereochemistry of these atrop isomers and the
geometry of the substituents, we employed the NOE differential
spectra (16) (see Figures ESI1—ESI3, Supporting Information).
In porphyrin Al, three pivalamide groups are directed toward
the same side and a trityl group is directed only toward the
other side, which means A1 is the target compound 3b. In B1,
one of the pivalamide groups is in the same plane with the trityl
group, but they do not interact with each other. This result
suggests the formation of the o,3,a,8-conformer 3'b. In B2, at
least one pivalamide group is on the same side with the trityl
group. In this case, there are four atrop isomers expected, but
we concluded B2 would be the o, o,83,8-structure (3”b) because
the parent compound B was less polar than compound A in the
o®f-conformer. In summary (Scheme 2), (i) compound A is
porphyrin 2 in the o®8-conformer, (ii) compound B is a mixture
of 2° (a.8,0,6-conformer) and 2” (a,0,8,8-conformer). Our
attempts to perform the same NOE experiment on 3a unfortu-
nately failed because it was difficult to saturate only the peak
of the 1-methyl group at the bottom of cyclohexane ring. The
coupling reaction of 2 with 1-methylcyclohexanoyl chloride gave
the desired 3a (yield: 53%).

After detritylation under acidic conditions, 6-(2-methylimi-
dazole-1-ylhexanoic acid chloride was reacted with the S-o-
NH; group of 4. Iron insertions of these free base porphyrins
were performed with an excess of FeBr, with 2,6-lutidine as
the base. The total yields of 6a and 6b were 15 and 10% from
the atrop-isomeric mixture of TAPP. All these compounds are
now available in gram quantities.

During the synthesis of the tailed porphyrinatoiron, we are
always careful to prevent the atrop isomerizations of the
products. The bulky pivalamide or 1-methylcyclohexanamide
substituted phenyl rings did not rotate with respect to the
porphyrin plane by the ambient light and heating even at 100
°C in toluene for 2 h (8). However, the same heating of the
detritylated porphyrin 4 afforded two components, the un-
changed original 4 and the new one with a lower Ry value. They
both showed identical molecular weights. The newly appearing
compound is suspected to be the porphyrin 4 in the o
conformer. Tritylation of 4" again by the same procedure for
TAPP with tritylbromide did not proceed at all due to the steric
hindrance of the fence groups next to the NH, group.

Nakagawa et al.

Table 1. Absorption Maxima (4may) of Tailed Porphyrinatoiron(1l)
in Toluene

Amax
under N, under O, under CO
6a 438, 535, 558 426, 550 424, 535
6b 435, 535, 555 422,546 421, 534
1a 441, 539, 558 424,552 425,534
1be 439, 535, 561 422,550 422,534

4 Reference 10b.

Table 2. O:-Binding Parameters of Tailed Porphyrinatoiron(Il) in
Toluene at 25°C

kon (M1 kot (s71) Pip (Torr)
6a 5.8 x 107 5.1 x 104 67
6b 8.6 x 107 5.6 x 104 50
1a% 1.8 x 108 4.7 x 104 20
1be 1.6 x 108 7.9 x 104 38

4 Reference 2.

O:-Binding Properties of Tailed Porphyrinatoiron(Il) in
Toluene Solution. UV—Vis absorption spectra of ferrous 6a
and 6b in toluene solution under an N atmosphere were very
similar to those of the five-N-coordinate complexes of 1a and
Ib (Table 1). This indicates that 6a and 6b are also five-N-
coordinate high-spin Fe?" complex with an intramolecularty
coordinated imidazole tail. Upon bubbling of O, gas into these
solutions, the absorption spectra immediately changed to that
of the well-characterized O, adduct complex of the Fe*"TPP
derivative. After passing the CO gas, the spectral pattern was
converted to the typical carbonyl complex. There is no signifi-
cant difference in the Ay, values of 6a, 6b, 1a, and 1b within
6 nm.

The binding affinities (P15), association and dissociation rate
constants (kon, kogt) of Oz to the tailed porphyrinatoiron(Il)s, 6a
and 6b, were determined (Table 2). We thought that the
reduction of the fence numbers on the porphyrin ring plane from
four to three unfastens the steric hindrance around the Q-
coordination site and enhanced the association rate constant of
O, It is generally recognized that the ko, value increases with
the relaxing distal steric encumbrance (1, 11, 12, 15). However,
the reverse was the case. In contrast to our assumption, the ko,
values of the tailed porphyrinatoirons, 6a and 6b, were 3.1-
and 1.9-fold lower than the corresponding o-conformers (1a
and 1b), respectively, while their ky; values were nearly the
same. This result suggests that the steric hindrances for the O,
association to 6a and 6b are greater than those of 1a and 1b.
Most probably, three fences on the amide bonds in the o38-
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Figure 2. UV—Vis absorption spectral change of HSA—6a hybrid in
phosphate buffered solution (pH 7.3).

Table 3. Absorption Maxima (imay) of HSA~—Tailed Porphinatoiron
(IT) Hybrid in Phosphate Buffered Solution (pH 7.3)

lmax
under Ny under O, under CO
HSA-6a 440, 536, 559 427, 550 427,539
HSA-6b - - 424, 537
HSA-1a%® 4435, 543, 567 428, 555 429, 545
HSA-1b? 443, 542, 567 426, 552 427,539

@ Reference 2.

conformer can easily move on the porphyrin platform compared
to the crowded four fences of the a*-conformer. These flexible
geometries of the substituents, if anything, narrowed the
encumbrance around the O,-coordination site relative to the o
arrangement.

O;-Binding Properties of HSA-Tailed Porphyrinatoiren
in Aqueous Medium. The tailed porphyrinatoirons, 6a and 6b,
in the o®f-conformer could be incorporated into hydrophobic
domains of HSA, providing the corresponding albumin—heme
hybrids. Their maximum binding numbers to HSA were
determined to be approximately 8 (mol/mol), which is identical
to those of 1a and 1b (2, 10a). It is known that HSA binds
porphyrin derivatives and their binding sites largely depend on
the chemical structures, hydrophobicity, and electrostaticity.
Crystal structure analysis of HSA complexed with natural Fe3*
protoporphyrin IX, namely, hemin, revealed that hemin is
accommodated into subdomain IB of HSA (/7). On the other
hand, hematoporphyrin is incorporated into subdomain ITIA (I8),
and tetrakis(p-sulfonatophenyl)porphyrin binds to subdomain
HA or IIIA (J9). On the basis of the competitive binding
inhibition, we supposed that the some of the binding sites of
la are subdomains IB, IIA, and INB (/0a). Attempts to
crystallize HSA—6a hybrid are now underway, but the porphyrin
6a dissociated from albumin during the crystallization process
due to the relatively low binding constants of 6a to HSA (106~
10* M~1) and coexistence of poly(ethylene glycol) in the media.
We suspect that the binding sites of 6a and 6b are the same
places of 1a. The isoelectric point (pI = 4.8) and circular
dichroism spectral patterns of HSA—6a and HSA—6b were
similar to those of HSA itself, indicating that the surface and
conformation of albumin were unaltered after bindings of the
tailed porphyrinatoirons.

UV—Vis absorption spectra of the freshly prepared ferrous
HSA—6a showed Amax values at 424 and 537 nm (Figure 2,
Table 3). This spectrum was almost identical to that of the CO
coordinated low-spin 6a in toluene solution, implying that the
incorporated tailed porphyrinatoiron(Il) is still the CO adduct
complex in HSA. Light irradiation to this aqueous HSA—6a
using a 500-W halogen lamp under an O, atmosphere leads to
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Figure 3. MCD spectral changes of (a) HSA—6a and (b) HSA—1a
hybrids in phosphate buffered solution (pH 7.3). Solid line: under Oy;
dotted line: under N,; dashed line: under CO.

Table 4. O,-Binding Parameters of HSA—Tailed Porphinatoiron
(II) Hybrid in Phosphate Buffered Solution (pH 7.3) at 25°C

kon M1 s71) kott (571
fast slow fast slow Pip(Torr)?
HSA—-6a 29 x 107 44x106 1.1 x10° 1.6 x 10> 22(45¢
HSA-1a¢ 4.6 x 107 73 x 105 98 x 102 1.6 x 102 13 (35)®

4P = (kolkos) ™. ¥ At 37 °C in parentheses. ¢ Reference 2.

CO dissociation, giving a typical spectral pattern of the O,
adduct complex. Upon exposure of the dioxygenated HSA—6a
to N, the absorption spectrum changed to that of the five-N-
coordinated ferrous complex with an intramolecularly coordi-
nated axial imidazole. This O, binding and releasing were found
to be reversible.

In contrast, the ferrous HSA—6b was irreversibly oxidized
during the CO dissociation process under an O, atmosphere.
We concluded that the bulky and hydrophobic substituent like
the 1-methylcyclohexanamide fences are necessary for the tailed
porphyrinatoiron(Il) in the o®B-conformer to form a stable Oy
adduct complex under physiological conditions (pH 7.3, 37 °C).

The magnetic circular dichloisim (MCD) spectra of HSA—
6a showed almost the same pattern as those of HSA—1b (Figure
3) (20). Under an N, atmosphere, the MCD spectrum of HSA—
6a showed the formation of the five-coordinate ferrous high-
spin complex of 6a with the intramolecular coordinated proximal
imidazole. This result showed no ligation of the amino acid
residues of the protein, e.g., histidine, tyrosine, cysteine, to the
sixth coordination site of the heme. The bulky fences on the
porphyrin plane could prevent access of the neighboring peptide
residues to the sixth coordination site of 6a. Upon exposure of
this solution to O, the spectrum immediately changed and
showed an S-shaped A-term MCD in the Soret region, which
indicates a transformation to the ferrous low-spin complex (8,
2I). The CO adduct complex of HSA—6a also exhibited a
similar A-term MCD band in the same region with a much
stronger intensity. The wavelength where the value of [O]v is
zero for the O, and CO adduct complex coincided well with
the absorption maxima in their corresponding UV —Vis spectra.

The Py, of the HSA—6a was determined by measuring the
UV~—Vis absorption spectral changes during the O, titration.
The laser flash photolysis experiments provided the ko, and kog
values of the O, binding to HSA—6a (Table 4). The absorption
decays accompanying the O, recombination were composed of
two-phases of the first-order kinetics. The curve was fitted by
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Figure 4. Op-binding equilibrium curve of HSA—~6a under physi-
ological conditions (pH 7.3, 37 °C).

a double exponential equation, which was assigned to the fast
and slow rebindings [kop(fast) and kon(slow)] of Os. The kog-
(fast) values were 7 times greater than ko, (slow), and the
concentration ratio of the fast and slow reactions was 2:1. This
is presumably because the O, association to 6a in HSA is
influenced by the molecular microenvironment in the hydro-
phobic domains (steric hindrance of the amino acid residue and
difference in polarity). This behavior was similarly observed
in HSA—1a and HSA—1b (2, 22). The k., values of HSA—6a
are again 1.6—1.7-fold lower than those of HSA—1a in aqueous
medium as observed in toluene solution. This is also caused by
the narrow encumbrance on the porphyrin ring plane constructed
by the three 1-methlcyclohexanamide fences of 6a.

The HSA—6a did not show a cooperative Oz-binding profile
like Hb; the Hill coefficient was 1.0 (Figure 4). Although the
O;-binding affinity of HSA—6a at 37 °C is relatively low (P,
value (45 Torr) is high) compared to those of HSA—1a (35
Torr) and human red blood cells (28 Torr), the O,-transporting
efficiency of HSA—6a between the lungs (Poy: 110 Torr) and
muscle tissues (Poy: 40 Torr) is estimated to be 22%, which is
identical to human red blood cells and HSA—1a.

CONCLUSIONS

Tailed porphyrinatoirons have been first employed as an Q-
binding site of the synthetic hemoprotein, albumin—heme. 6a
and 6b with a f-0-(2-methylimidazolyl)hexyramide tail have
been easily synthesized via four steps from the TAPP scaffold
compared to the eight steps of 1a. The stereochemistry of the
op-conformer was confirmed by NOE experiments. The
association rates of O, were slower than for the corresponding
a-conformers, which indicates that three substituents are close
to the porphyrin platform and narrowed the encumbrance space
around the Os-coordination site. As an active site for the
albumin—heme hybrid, 6a was effective, but 6b was rapidly
oxidized. It can be concluded that bulky and hydrophobic
substituents like the 1-methylcyclohexanamide fences are neces-
sary for obtaining a stable O, adduct complex. The O,
transporting ability of the HSA—6a was almost the same as
human red blood cells. Currently, since HSA is manufactured
on a large scale by yeast expression (23), the 5 wt % albumin—
heme solution involving 6a as O, binding site is the most
promising material as a red blood cell substitute and O,-carrying
therapeutic reagent, which would be mass produced on an
industrial scale.
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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(l) (Fe4P 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
a-maleimide-w-methoxy PEG [Mw: 2-kDa (PEGyy,), 5-kDa (PEGus)]. On the other hand, a-succinimidyl-e-
methoxy PEG [Mw: 2-kDa (PEGsy), 5-kDa (PEGgs)] 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 Oa-transporting
ability. In particular the PEGyy(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 (I—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 Fe4P, 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 Op-
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 (12);
however, it is released from HSA during blood circulation with
a half-life of 2.5—3.6 h (I3, 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@
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* Waseda University.
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Chart 1. Structures of O;-Adduct Complexes of Tetrakis-
(0-amidophenyl)porphinatoiron(il)

Fe4P

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 Oo-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, O--
binding behavior of the parent HSA~FeXP, and circulatory
lifetime of FeXP. The PEG-conjugated HSA—FeXP could be
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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,
PEGyp), averaged Mw: 5207 (Sunbright MEMAL-50H, PEGys)]
and o-succinimidyloxyglutaryl-w-methoxy PEG [averaged
Mw: 2325 (Sunbright MEGC-20HS, PEGs;), 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, 0,0, 0-0-(1-
methylcyclohexanamido)phenyl } porphinatoiron(Ill) chloride
(FedP) and 5,10,15-tris{o,a,a-0-(1-methylcyclohexanamido)-
phenyl }-20-mono-[-0-{6-(2-methylimidazolyl) hexanamido}-
phenyljporphinatoiron(Ill) chloride (Fe3P) were synthesized
using previously reported procedures (/0d,e). 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
ternperature 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 PEGyp 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 dL7!, [Fe4P] = 3
mM, pH 7.4) (IMT)/[HSA] = 15/1, mol/mol) and gently stirred
at room temperature in the dark. After 3 h, PEGw, (1.44 g,
[PEGM}/[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 PEGy, 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 um 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~!) 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 4M in PBS, and quartz cuvettes with
a 10-mm thickness were used for the measurements over the
range of 195—250 nm. The PEGyo(HSA—Fe3P) and PEGys-
(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.

PEGgy(HSA—FedP): The surface modification of HSA—
Fe4P by a-succinimidyl-w-methoxy PEGs, was carried out as
follows. PEGs; (0.72 g, 0.36 mmol) was directly added to the
HSA—Fe4P solution ([HSA]: 5 g dL7, [Fed4P] = 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 PEGgs
instead of PEGs,, PEGss(HSA— FedP) was obtained. The Fe4P
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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 M, 1 uL.) and matrix (10 mg
mL~! sinapinic acid in 40% aqueous CH3;CN, 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
(€343): 8.1 x 10° M~ cm™1) (/5). 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 PEGyy modification
corresponds to the mean of the PEGyy 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.

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

kOl)
PEGHSA~FeXP) + O, ﬁ PEG(HSA—-FeXPO,) (1)

where K = kon/kotr. The O,-binding affinity (gaseous pressure
at half O, binding for FeXP, Py, = 1/K) was determined by
spectral changes at various partial pressures of Oy/N, as
previously reported (10b,d). The FeXP concentrations of 10—
20 uM were pormally 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 (Oz-adduct species). The association and dissociation
rate constants for Oz (kon, kotf) 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 (PEGyy) 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 (PEGy
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 PEGss) 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 PEGpms(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 PEGps(HSA—FedP) 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—FedP 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 (I7), 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 ellipeity of albumin (exz = 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 ([IMT)/[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 PEGys.
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 PEGums-s(HSA—Fe4P)

and (b) PEGuns(HSA—FedP) prepared in different [IMTY[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—FedP
were modulated by the mixing ratio of [IMT)/[HSA—FedP]
(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—Fe4P 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) from MS
PEGwm 10 5.6 0.5 5.1 4.6
15 6.6 0.9 57 3.7
20 8.3 1.1 7.2 6.6
PEGms 15 6.7 0.6 6.1 59
20 8.0 0.9 7.1 72
30 9.3 1.1 8.2 8.3
@ This number corresponds to the binding numbers of PEGuy on the protein surface.
77 80 82 ;
—inN,
A kjt" _ PEGy2.5 —in 0:
——: PEGy4 ——:in CO

| i
/‘J Mﬂ\ ‘\ ——: PGy
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Figure 3. MALDI-TOF MS of PEGm:{HSA—FedP) prepared in

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

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

density viscosily CopP
PEG (g/em?) (cP) (mmHg)
PEGum:-s(HSA—FedP) 1.01 1.08 22
PEGm:z-s(HSA—FedP) 1.01 1.14 27
PEGmz-7(HSA—FedP) 1.01 1.17 28
PEGpmz-6(HSA—Fe3P) 1.01 1.14 26
PEGums-¢(HSA—FedP) 1.01 234 65
PEGs2-¢(HSA—FedP) [.01 1.14 22
PEGss-¢(HSA—Fe4P) 1.01 2.30 45
HSA—FedP 1.01 1.05 21
HSA 1.01 1.00 21

On the contrary, PEGy(HSA—Fed4P) demonstrated only one
broad peak, because the difference in each mass is relatively
close compared to the PEGys conjugate. The peak maxima of
PEGz(HSA—Fe4P) also shifted to the higher region, dependent
on the [IMT]/[HSA—Fe4P] ratio (Figure 3, Table 1).

The succinimide-PEG modified HSA—Fed4P showed the same
MALDI-TOF MS patterns as PEGyy(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, PEGuy(HSA—
FeXP) and PEGg:(HSA—Fed4P) (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

Absorbance

*8

350 400 450 500 550 ©00 650 700
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Figure 4, UV-vis absorption spectral change of PEGw-s(HSA—Fe4P)
in PBS solution (pH 7.4).

(Table 2). In contrast, the 5-kDa PEG-conjugate solutions,
PEGuns(HSA—FeXP) and PEGss(HSA—FedP), 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 (19). 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 PEGya(HSA—FedP) solution under an N» atmosphere
showed Amay at 441, 537, 563 nm (Figure 4), which indicates
the formation of the ferrous five-N-coordinate high-spin complex
of FedP with an intramolecular coordinated 2-methylimidazolyl-
group (10b,¢, 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(II) 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(HS A—FedP) 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 Nz, Oz 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)

koo M!S korlms™)  p ooy
system fast slow fast slow (Torr) at37°C

PEGpp-s(HSA—FedP) 11 58 016 0.08 38(11) 13
PEGn;-s(HSA—FedP) 12 46 017 007 32(11) 12
PEGrz-7(HSA—FedP) 9.3 47 016 0.08 35(13) 12
PEGn:-s(HSA—Fe3P) 15 42 052 0.14 41(26) 8
PEGms-s(HSA—FedP) 12 6.2 017 0.09 31(11) 16

PEGs;-¢(HSA—FedP) 10 43 014 006 36(11) 13
PEGss—s(HSA—FedP) 12 55 025 011 32(16) 18
HSA—FedP 31 73 053 013 34(13) 9
HSA—Fe3P 29 44 11 (016 45(22) 4

The time course of the absorption decay after laser flash
photolysis determined the association rate constants of the
Osbinding to the PEG-conjugated HSA—FeXP (k,,). 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) (10c—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 [ko-
(fast) and kea(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(O2)™!) 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 Py 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 FeXPQ; species and pro-
longed the half-lifetime of the Oz-adduct complex [7,2(03)].
The PEGums-s(HSA—Fed4P)O: complex showed the longest
712(02) of 16 h at 37 °C, which is greater than those of HSA—
Fe4P and natural hemoprotein, myoglobin (z1(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 (1, 2, 22).

Circulation Lifetime in Bloodstream of Rats. The circula-
tion persistence of FeXP in the bloodstream after the admin-
istration of PEGpy-s(HSA—FeXP) or PEGsy—s(HSA—FedP)
solution in rats is shown in Figure 5. The concentration decays
of the PEGuy(HSA~FeXP) series showed single exponentials,
and the half-lifetimes (z152) 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 Oa-
transporting efficacy.

On the contrary, the PEGsy(HSA—FedP) series showed
biphasic kinetics and a 12 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 PEGny 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 PEGyy. 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 Os-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
theological parameters. The linkage form of the PEG chain
dramatically affects the circulation persistence of FeXP. In
particular, the maleimide-PEGumy conjugates showed a 6—8-
fold longer lifetime compared to the succinimide-PEGgy
analogues. This is not dependent on the molecular weight of
the polymer chains. In summary, the PEGyy(HSA—FeXP)
solution is the most promising candidate as an entirely synthetic
Oz-carrying plasma expander for a red cell substitute.

Furthermore, we have recently found that water evaporation
of the PEGnmy(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 PEGyuy(HSA—FeXP) film was
redissolved in nonageuous organic solvents, ethanol, chloroform,
etc., and the reversible Q2 binding was again observed. The
detailed study of the oxygenations of PEGyy(HSA—FeXP) in
a cast film and organic solvent are now underway,
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Abstract

Poly(ethylene glycol) (PEG) conjugated recombinant human serum albumin (HSA) incorporating the synthetic iron-porphyrin (FeP)
[PEGylated albumin-heme, PEG(HSA-FeP)] is a unique albumin-based oxygen carrier as a red blood cell (RBC) substitute. The
physiological responses to an exchange transfusion with PEG(HSA-FeP) into an acute anemia rat model were investigated. After a 65%
isovolemic hemodilution with HSA, a 30% volume of the circulatory blood was withdrawn, affording a hemorrhaged state. The
circulation parameters, blood parameters, renal cortical oxygen partial pressure [PtO,(R)], and muscle tissue oxygen partial pressure
{PtO2(M)] were continuously monitored. The intravenous infusion of PEG(HSA~-FeP) restored the reduced levels of the mean arterial
pressure, heart rate, respiration rate, mixed venous PO,, and arterial PCO,. The increased arterial PO, and pH also returned to their
basal values. These effects were almost to the same extent as those observed after the administration of the RBC suspension. The
relatively low recovery in PtO»(R) and PtO,(M) might be due to the Langmuir-type oxygen binding profile of PEG(HSA—FeP) (Hilt
coefficient: 1.0). All the animals survived during the experiments. In contrast, those injected with HSA died within 41 min. The

PEG(HSA-FeP) solution is an oxygen-carrying plasma expander which can be used as a resuscitative fluid for hemorrhagic shock.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Human hemoglobin (Hb)-based oxygen carriers as a
blood replacement composition have been vigorously
developed in the past decade [1-3], e.g., polymerized Hb
[4], polymer-conjugated Hb [5], and phospholipid vesicle
encapsulated Hb [6,7]. Some of them have already been
used in clinical Phase II/III trials. The most superior
property of these materials is certainly “no blood type”.
One can administer these materials into patients who need
a blood transfusion without cross matching and typing
before use. This saves time and facilities, allowing instant
transfusion, which is tremendously useful in an emergency.
On the other hand, the largest concern of the Hb-products

*Corresponding author. Tel.: +813 5286 3120; fax: +81332054740.
E-mail address: eishun@waseda.jp (E. Tsuchida).

0142-9612/8 - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2006.04.008

is the source of the human Hb, which is regulated by the
availability of donated human blood.

Based on this background, poly(ethylene glycol) (PEG)
conjugated human serum albumin (HSA) incorporating
2-[8-{ N-(2-methylimidazolyl)}octanoyloxymethyl]-5,10,15,20-
tetrakis{o,o,0.,0-0-(1-methylcyclohexanamido)phenyl} porphi-
natoiron(Il) (FeP, Chart 1) [PEGylated albumin-heme, PEG
(HSA-FeP)] has been developed as a unique albumin-based
oxygen carrier [8]. Recombinant HSA is now manufactured
on an industrial scale (one million vials per year) [9] and
the batch production of the synthetic FeP has also been
established [10]. The oxygen binding affinity (oxygen pressure
where 50% of heme is oxygenated) of PEG(HSA-FeP) (Ps)
was adjusted to 32Torr (at 37°C) that is similar to the
28 Torr of human RBC, and the solution properties are
almost the same as those of HSA itself. The surface
modification with PEG significantly improved not only the
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Chart . (a) Schematic illustration of PEGylated albumin-heme [PEG(HSA-FeP)], (b) chemical structure of FeP, and (c) binding form of PEG to the

lysine group of HSA.

circulation lifetime of FeP in vivo, but also the stability of the
oxygenated complex [8]. The PEG(HSA-FeP) solution would
be of extreme medical importance as a new type of oxygen-
carrying plasma expander.

We now report for the first time the systemic evalua-
tions of the physiological responses to an exchange
transfusion with PEG(HSA-FeP) into an acute anemia
rat model. The animals were first placed in a 65vol%
hemodilution with HSA and then underwent a 30vol%
blood replacement with PEG(HSA-FeP). The circulation
parameters, blood parameters, the oxygen deliveries to the
renal cortex and the muscle tissue were monitored and
compared to the HSA group and RBC group for 120 min
after the infusion.

2. Materials and methods
2.1. Preparation of PEG{HSA-FeP) solution

The 5g/dL HSA solution was prepared by dilution of recombinant
HSA [Albrec®, 25wt%, NIPRO Corp. (Osaka)] with a saline (Otsuka
Pharmaceutical Co.. Ltd.). The PEG(HSA-FeP) was prepared according
to our previously reported procedure [8] (phosphate buffer saline
solution, pH = 7.4, [HSA] = 5g/dL, [FeP] =3mm (FeP/HSA = 4 mol/
mol), Mw of PEG =2333Da, averaged number of PEG per
HSA-FeP = 6, oxygen-binding affinity (Pso) = 32Torr  (37°0),
density = 1.01 gfem?, colloid osmotic pressure = 27 mmHg, viscosi-
ty = 1.14¢P).

2.2. Extreme hemodilution and exchange transfusion

The investigations were carried out with 15 male Wistar rats (288+18g).
The methods of operation were described elsewhere in detail [11].

The animals were under an inhalation anesthesia with sevoflurane; its
concentration was kept at 1.5% during the experiment. First, a 65%
hemodilution was carried out using 5g/dL HSA. The blood withdrawal
via the common carotid artery (2mL) and the HSA infusion from the
femoral vein (2 mL) (each 1 mL/min) were repeated for eight cycles. After
10 min, a 30% volume of the circulatory blood was withdrawn, and the

'

identical volume of PEG(HSA-FeP) was injected (7 = 5) (1 mL/min). As
negative or positive-control group, the 5 g/dL HSA solution (HSA group,
n = 5) or the washed RBC suspension (RBC group, n = 5) was infused to
the similarly operated rats in hemorrhage. The washed RBC suspension
was prepared as follows. The fresh withdrawn whole rat blood in the
heparinized tube was centrifuged and the plasma layer was discarded. The
5g/dL. HSA was added to the tube and centrifuged again. Then, the
supernatant was discarded and 5 g/dL HSA was added to adjust the Hb
concentration to 5 g/dL ([heme] = 3 mm).

The blood samples from the artery (0.3mL) and vein (0.2mL) were
collected at the following seven time-points: (1) before the 65% hemaodilu-
tion, (2) immediately after the hemodilution, (3) 10min after the
hemodiluation, (4) immediately after the 30% bleeding, (5) immediately
after the sample infusior, (6) 60min, and (7) 120 min after the infusion.
Mean arterial pressure (MAP) and heart rate (HR) were recorded
by a Polygraph System (NTHON KODEN LEG-1000 Ver. 01-02 or
PEG-1000 Ver. 01-01) at the following eleven time-points; (1) before
the 65% hemodilution, (2) immediately after the hemodilution, (3) 10min
after the hemodilution, (4) immediately after the 30% bleeding, (5)
immediately after the sample infusion, (6) Smin, (7) 15min, (8) 30 min,
(9) 60 min, (10) 90 min, and (11) 120 min after the sample infusion. Collected
blood sample was applied to a blood gas system (Radio Meter Trading
ABLS555) to measure the oxygen pressure (Pa0z), carbon dioxide pressure
(PaCO5) and pH of the arterial blood, and the oxygen pressure (PvO3) and
lactate of the venous blood. Renal cortical oxygen partial pressure
[PtOy(R)] and muscle tissue oxygen partial pressure [PtO(M)] were
monitored by a tissue oxygen pressure monitor (Inter Medical POs-
100 DW) using & polarographic oxygen-electrode (Intermedical POE-10N
and POE-40PS) inserted into the left renal cortex and muscle in the
abdomen.

The animals were sacrificed after the experiments by venesection,
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.

2.3. Statistical analysis

All data were represented by mean+standard deviation (SD).
Statistical analyses ware performed using the Tukey-Kramer multiple
comparison test for three groups, and by repeated measures analysis of
variance followed by paired t-test. The software used was a StatView (SAS
Institute, Tnc.). Values of p<0.05 were considered significant.
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3. Results
3.1. Survival time

The changes in the hematocrit (Het) clearly demonstrated a
good accordance with the 65% hemodilution and 30% shock
resuscitation (Fig. 1(a)). Isovolemic hemodilution with HSA
reduced the Hct to 13-15%; this value is below the threshold
at which the organism becomes oxygen supply limited [12,13].
Under an extreme hemodilution, the effect of the RBC
substitute is magnified upon introduction into the circulation.

The intravenous infusion of HSA did not make any
improvement on the appearance of the animals. All the rats
died within 41min; the average survival time was
17.94 14,0 min (Fig. 1(b)). In contrast, after the transfusion
of PEG(HSA-FeP) or washed RBC, all the animals
survived over 120min. In the glass capillaries for the Het
determinations of the PEG(HSA-FeP) group, the super-
natant after centrifugation (12kG, 5min) was colored red
by the homogeneously dispersed sample. This indicates
that PEG(HSA-FeP) has a good solubility with the blood
components without aggregation.
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Fig. 1. Effect of PEG(HSA-FeP) solution on (a) Hct in anesthetized rats
subjected to hemodilution and hemorrhage, and (b) the changes of their
survived numbers. In (a), each value represents the mean+SD of 5 rats
[®: PEG(HSA-FeP) group, O; RBC group, and A; HSA group]. *p<0.05
versus HSA group (Tukey-Kramer test), °p <0.05 versus PEG(HSA-FeP)
group (Tukey-Kramer test), and “p<0.05 versus PEG(HAS-FeP) group
(unpaired #-test). In (b), solid line; PEG(HSA-FeP) group, broken and
dotted line; RBC group, and dotted line; HSA group. The yellow, blue,
and pink areas indicate the periods of 65% hemodilution, 30% bleeding,
and sample infusion, respectively.

3.2. Circulation parameters (MAP, HR, and respiration rate)

The MAP decreased to 70-73mmHg [72-74% of the
basal value (b.v.)] after the 65% hemodilution, and further
dropped to 28-29 mmHg (28-29% of the b.v.) by the 30%
bleeding in all groups (Fig. 2(a)). The injection of
PEG(HSA-FeP) or RBC significantly increased the low-
ered values to 70 or 73mmHg, that corresponds to 85% or
98% of the levels before the bleedings. On the other hand,
no recovery was observed in the HSA group.

The HR and respiration rate decreased to 332-356 beats/
min (86-91% of the b.v.) and 51-57 time/min (80-93% of
the b.v.) by the 30% bleeding (Fig. 2(b). (c)). Both
parameters returned to their initial levels by the infusion
of PEG(HSA-FeP). The degree of the recovery was almost
the same as those of the RBC transfusion.
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Fig. 2. Effect of PEG(HSA-FeP) solutions on (a) MAP, (b) HR, and (c)
respiration rate in anesthetized rats subjected to hemodilution and
hemorrhage. Each value represents the mean+SD of 5 rats [@;
PEG(HSA-FeP) group, ©; whole blood group, and A; HSA groupl.
The yellow, blue, and pink areas indicate the periods of 65% hemodilu-
tion, 30% bleeding, and sample infusion, respectively. “p <0.05 versus
HSA group (Tukey-Kramer test) and ‘p<0.05 versus PEG(HAS-FeP)
group (unpaired #-test).
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3.3. Blood parameters [PaQs, PvO; PaCO,, and pH |

The PaQ, increased to 96-118 mmHg (120-140% of the
b.v.) after the 65% hemodilution, and became further
elevated to 131-137mmHg (156-167% of the b.v.) after the
30% bleeding (Fig. 3(a)). It was not changed by the
injection of HSA, however, the administration of RBC
immediately restored the PaO, to 97mmHg (118% of the
b.v.), and kept the level constant throughout the measure-
ment. The injection of PEG(HSA-FeP) also showed a
similar restoration like that of RBC.

The PvO, decreased to 32-35mmHg (59-67% of the
b.v.) after the 30% bleeding (Fig. 3(b)). Although the
administration of HSA did not improve the low value, the
infusion of PEG(HSA-FeP) or RBC increased the PvO; to
49 or 52mmHg (91% or 95% of the the b.v.).

The PaCO- dropped to 23-26 mmHg (59-66% of the
b.v.) after the 30% bleeding (Fig. 3(c)). The injection of
HSA did not recover the low level, while the administration
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of PEG(HSA FeP) or RBC increased the PaCO, to
31 mmHg, and it reached 35 mmHg after 1h.

The pH of 7.43-7.45 was increased to 7.53-7.56 after the
30% bleeding. The administration of PEG(HSA-FeP) or
RBC quickly decreased the high pH to the initial value
before the hemodilution (Fig. 3(d)).

3.4. Tissue oxygen partial pressure [PtO>(R) and
PtO:(M)

The PtO(R) decreased to 8-10mmHg (51-59% of the
b.v.) after the 65% hemodilution, and further declined to
3-5mmHg (17-28% of the b.v.) after the 30% bleeding
(Fig. 4(a)). The administration of HSA showed no
improvement, however, the injection of PEG(rHSA-FeP)
or RBC immediately increased the PtO,(R) to 8-9mmHg
(84-97% of the values before the bleeding). In the RBC
group, the PtO,(R) became somewhat higher and reached

Pwt)2 (mmHg)

(b)

pH

(d) Time afler injection (min)

Fig. 3. Effect of PEG(HSA-FeP) solutions on (a) Pa0-. (b) PvOs, (c) PaCO,, and (d) pH in anesthetized rats subjected to hemodilution and hemorrhage.
Each value represents the mean+SD of 5 rats [@®; PEG(HSA-FeP) group, C; whole blood group, and A; HSA group). The yellow, blue, and pink areas
indicate the periods of 65% hemodilution, 30% bleeding, and sample infusion, respectively. 39 <0.05 versus HSA group (Tukey-Kramer test) and p<0.03

versus PEG(HAS-FeP) group (Unpaired t-test).
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PtO,(R) (mmHg)

B

PLO,(M) (mmHg)

(b) Time after injeclion (min)

Fig, 4. Effect of PEG(HSA-FeP) solutions on (a) PtOz(R) and (b)
PtQ,(M) in anesthetized rats subjected to hemodilution and hemorrhage.
Each value represents the mean +SD of 5 rats [@; PEG(HSA-FeP) group,
O; whole blood group, and A; HSA group]. The yellow, blue, and pink
areas indicate the periods of 65% hemodilution, 30% bleeding, and
sample infusion, respectively. *p<0.05 versus HSA group (Tukey-Kramer
test) and ®p <0.05 versus PEG(HSA-FeP) group (Tukey-Kramer test).

11mmHg after 15min. They both remained constant by
the end of the measurements.

The PtO,(M) decreased to 7-11 mmHg (38-56% of the
b.v.) by the 30% bleeding (Fig. 4(b)). The administration
of the RBC gradually increased the PtO,(M) to 17mmHg
(90% of the b,v.) for 15min, and maintained this level. The
transfusion of PEG(HSA-FeP) also slowly increased the
PtO;(M) to 15mmHg (74% of the b.v.) for 30 min, and the
value was stable throughout the experiment.

4. Discussion
4.1. Acute anemia

The isvolemic 65% hemodilution with HSA reduced
the Hb concentration, leading to a decrease in the oxygen
supply to the tissue. Hypoxia in vital organs and muscle
tissues were clearly shown by the declines of MAP, PtOx(R),
and PtOs(M). The initial response to compensate for this
acute anemia is generally an increase in the rate or depth
of respiration (hyperventilation); both result in an elevation of
the PaO, level. In fact, the PaO, was increased to 120-140%
of the b.v. just after the 65% hemodilution. Since the
respiration rate was not changed, we theorized that the
increase of depth of respiration is the major factor for the
high PaQ-.

4.2. Hemorrhagic shock

During the hemorrhagic shock by the 30% bleeding,
significant decreases in the MAP, PvQ,, PtO,(R), and
PtO,(M) were observed by the loss of the circulation
blood volume. The HR and respiration rate also
decreased. On the contrary, PaQ, was increased to about
160% of the b.v., because the RBC has to increase its
oxygen saturation. The PaCQO; decreased to about 62% of
the b.v. and the pH increased to 7.55. A respiratory
alkalosis probably overcomes the metabolic acidosis. The
lactate also increased (data not shown), which could be due
to the anaerobic metabolism in the peripheral circulation
systems.

4.3. Responses to infusion of PEG(HSA-FeP)

The injection of the sample solutions increased the blood
volume and improved the circulatory flows. The lactate
was washed out from the tissues and into the circulatory
system, which decreased the pH to the initial level of 7.43 in
all groups. The administration of HSA did not restore any
parameters, leading to death within 41 min. In contrast, the
infusion of PEG(HSA—FeP) or RBC kept all the rats alive
until the end of the measurement.

The circulation half lifetime of FeP (ts) after the
administration of PEG(HSA-FeP) (20% top loading)
in anesthetized rats has been determined to be 14h [8].
The surface modification by PEG significantly prevented
the rapid clearance of the incorporated FeP and con-
tributed to increasing the oxygen-transporting efficacy.
In this experimental setup, over 80% of the material
remained in the bloodstream 120 min after the injection. It
is almost the same level as those observed in the 20% top-
loading test.

After the injection of PEG(HSA-FeP), the animals
showed significant and quick recoveries in MAP, HR,
respiration rate, Pa0,, Pv0,, PaCO,, and pH, the same as
seen in the RBC group. These results definitely show the
oxygen-transporting capability of the PEG(HSA-FeP)
solution as a resuscitative fluid. The PvO, is a crucial
parameter to evaluate the oxygen saturation in blood. The
complete restoring of PvO, to the level before the bleeding
implies a sufficient oxygen supply by PEG(HSA-FeP). The
hyperventilation by hypoxia was also depressed and PaO,
returned to the b.v.

Among the vital organs, renal perfusion is first impaired
due to redistribution of the systemic blood flow, so that the
PtO,(R) is a sensitive parameter to the subtle change in the
blood circulation and oxygen delivery. The increase in
PtO,(R) by the transfusion of PEG(HSA-FeP) or RBC
was very quick, because the oxygen is preferentially
supplied to the vital organs. On the other hand, the
PtO,(M) was gradually elevated for 30min with the
stabilization of the blood circulation.



4482 Y. Huang et al. [ Biomaterials 27 {2006) 44774483

100+ AR R
22%
~ 80 . N
3 i, S
o 22% |
'.g 60_ ________________________ .
= 57% | 70%
S 40+
(=)
>
o3
O op P fieeate e e e e -
________________________________________________ .
0 1 T 7 T T T T
0 20 40 60 80 100 120 140

Po, (Torr)

Fig. 5. Oxygen equilibrium curves of PEG(HSA-FeP) (red line) and
human RBC (blue line) at 37°C. The yellow-colored area tepresents the
dilference between 110 mmHg at lungs and 40 mmHg at muscle tissues in
human. The pink-colored area corresponds to the difference between
134 mmHg of Pa0; and 9.3 mmHg of PtO(M) in hemorrhagic shock state
after the 30% bleeding. The left edge of the blue-colored area indicates
37mmHg of PtO,(R) at the hemorrhagic shock state. The values
represented in percent indicate the OTEs.

4.4. Oxygenation of the tissues by PEG( HSA-FeP)

All the physiological responses showed that PEG
(HSA-FeP) has the capability to transport oxygen throughout
the body. Nevertheless, the restoration effect by PEG(HSA-
FeP) in PtO,(R) and PtO,(M) was slightly weak compared to
that observed in the RBC group. The infusion volume and
heme concentration ([heme] = 3mm) were exactly the same.
The oxygen transporting efficiency (OTE) of PEG(HSA-FeP)
between the lungs (PO, = 110Torr) and muscle tissues
(PO, = 40 Torr) (22%) is also identical to the human RBC
(Fig. 5) [10]. Therefore, we theorized that the relatively low
oxygenation of the renal cortex is due to a Langmuir-type
absorption of the oxygen binding of PEG(HSA-FeP); the
Hill’s coefficient (n) is 1.0. It is well known that human RBC
has an allosteric effect on the oxygen-binding equilibrium
(n = 3.0) [14]. If the oxygen partial pressure of the peripheral
tissue dramatically decreased, a significant difference would
appear in the OTEs of PEG(HSA-FeP) and RBC. For
instance, in this experimental set up, the 30% blood-bleeding
induced extreme low-oxygen partial pressures in the renal
cortex (3.7 mmHg) and muscle tissue (9.3 mmHg), and also the
high Pa0, of 134mmHg. In this situation, the RBC shows
maximum OTE of 94-99%, because of the allosteric effect on
the oxygen binding to Hb. On the contrary, PEG(HSA-FeP)
demonstrated a 57-70% OTE (Fig. 5). This would provide an
insufficient oxygen supply to the renal cortex and muscle
tissues to some degree, even though the increased PtO,(R) and
PtOo(M) after the infusion of PEG(HSA-FeP) remained
constant for 120 min during the experiment period.

5. Conclusions

The administration of the PEGylated albumin-heme
solution into the acute anemia rat model showed a

significant efficacy on (i) resuscitation of hemorrhagic
shock, (ii) improving the blood circulation, and (iii) oxygen
delivery throughout the body. The overall restoration
ability of PEG(HSA-FeP) occurred to almost the same
extent as that of the RBC suspension. All the systemic
responses imply that the PEG(HSA-FeP) solution can be
used as an valuable oxygen-carrying plasma expander. The
relatively low improvement in PtO»(R) and PtO(M) may
be due to the absence of the allosteric effect of the oxygen
binding to FeP (n=1.0). It is also of great interest to
design a cooperative oxygen-binding system using a
synthetic molecule. This may be an essential issue for
constructing the next generation albumin-based artificial
RBC substitutes.
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Abstract: We present the photophysical properties of complexes of recombinant human serum albumin
(rHSA) with Zn(Il)—protoporphyrin IX (ZnPP) and their activities in the photosensitized reduction of water
to hydrogen (Hz) using methyl viologen (MV2+) as an electron relay. The ZnPP is bound in subdomain |B
of wild-type rHSA [rHSA(wt)] by an axial coordination of Tyr-161 and, in the rHSA(I142H/Y161L) mutant
[THSA(His)], by a His-142 coordination. Both the rHSA(wWt)~ZnPP and rHSA(His)—ZnPP complexes showed
along-lived photoexcited triplet state with lifetimes (z7) of 11 and 2.5 ms, respectively. The accommodation
of ZnPP into the protein matrix efficiently eliminated the collisionat triplet self-quenching process. The addition
of a water-soluble electron acceptor, MV2*, resulted in a significant decrease in the triplet lifetime. The
transition absorption spectrum revealed the oxidative quenching of rHSA—3ZnPP* by MV2*. The quenching
rate constant (k;) and backward electron transfer rate constant (ko) were determined to be 1.4 x 107 and
4.7 x 108 M~" 57 for tHSA(WH)—ZnPP. In the presence of the colloidal PVA—Pt as a catalyst and
triethanolamine (TEOA) as a sacrificial electron donor, the photosensitized reduction of water to H, takes
place. The efficiency of the photoproduction of H, was greater than that of the system using the well-
known organic chromophore, tetrakis(1-methylpyridinium-4-yl)porphinatozinc(ll) (ZnTMPyP%+), under the

same conditions.

Introduction

The photosensitized reduction of water to molecular Ha,
which is a clean-burning fuel free of CO, emission, has attracted
considerable attention during the past decade. In order to trigger
this reaction by visible light, organic chromophores are exten-
sively used as photosensitizers, such as ruthenium tris(bipyridyl)
complexes and zinc—~porphyrins.}2 The classical, but effec-
tive system, appears to consist of water-soluble, positively
charged tetrakis(1-methylpyridinium-4-yl)porphinatozine(Il) (Zn-
TMPyP*), methyl viologen (MV?2*), a colloidal Pt catalyst, and
sacrificial electron donor.!'®? Instead of the synthetic Zn-
TMPyP**, if one can use the most prominent porphyrin in
nature, namely, protoporphyrin IX, it would have a significant

¥ Waseda University.
+JST.
§ Northwest Normal University.
¥ Imperial College London.
(1) (a) Kalyanasundaram, K.; Gritzel, M. Hely. Chim. Acta 1980, 63, 478~
485. (b) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159—244.
(2) (a) Harriman, A.; Porter, G.; Richoux, M.-C. J. Chem. Soc., Faraday Trans.
2 1981, 77, 833—844. (b) Richoux, M.-C.; Harriman, A. J, Chem. Soc.,
Faraday Trans. 1 1982, 78, 1873—1885. (c) Harriman, A.; Porter, G.;
Richoux, M.-C. Coord. Chem. Rev. 1982, 44, 83—126.

10.1021/ja0656806 CCC: $33.50 © 2006 American Chemical Society

impact not only on pure chemistry but also on solar energy
conversion. However, the Zn(Il) complex of protoporphyrin IX
(ZnPP) is relatively insoluble in water (<pH 9), and it is
therefore difficult to employ ZnPP in order to construct a
practical catalyst system in aqueous media.

Human serum albumin (HSA), the most abundant plasma
protein in our bloodstream, acts as a transporter for a range of
insoluble endogenous and exogenous compounds, such as fatty
acids, bilirubin, thyroxine, hemin [Fe(lI)—protoporphyrin IX],
and a variety of drugs.>* This heart-shaped monomer protein
contains three homologous domains (I-III), each of which is
composed of A and B subdomains.*> Recent X-ray crystal-
lographic studies have revealed that hemin is bound within a
natrow hydrophobic D-shaped cavity in subdomain IB of HSA
with an axial coordination of Tyr-161 to the central ferric

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

4) (a) Curry, S.; Madelkow, H.; Brick, P.; Franks, N. Nat. Struct. Biol. 1998,
5, 827—835. (b) Petitpas, L; Petersen, C. E.; Ha, C.-E.; Bhattacharya, A.
A.; Zunszain, P. A,; Ghuman, J.; Bhagavan, N, V.; Curry, S. Proc. Natl.
Acad. Sci. U.S.A. 2003, 100, 6440—6445. (c) Ghuman, J.; Zunszain, P. A.;
Petitpas, 1.; Bhattacharya, A. A.; Otagiri, M.; Curry, S. J. Mol. Biol. 2005,
353, 38~52.

(5) (a) He, X. M.; Carter, D. C. Nature 1992, 358, 209—215. (b) Carter, D.
C;; Ho, J. X. Adv. Protein Chem. 1994, 45, 153-203.
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ion.%” Furthermore, we have demonstrated that site-directed
mutagenesis to introduce a proximal histidine into position Ile-
142 and to replace Tyr-161 by Leu at the heme-binding site
[tHSA(1142H/Y 161L); rHSA(His)] confers a reversible dioxy-
gen binding capability to the prosthetic heme group in a fashion
similar to hemoglobin.8

In this paper, we report for the first time the photophysical
properties of tHSA complexes with a ZnPP [rHS A(wt)—ZnPP,
rHSA(His)—ZnPP] and their photoinduced electron transfer to
MV2* and highlight their activities for the photosensitized
reduction of water to H; in the presence of colloidal PYA—Pt
as a catalyst and triethanolamine (TEOA) as a sacrificial regent.

Experimental Section

Materials and Apparatus. All reagents were purchased from
commercial sources as special grades and used without further
purification. The rHSA(wt) and rtHSA(I142H/Y161L) mutant [fHSA-
(His)] were prepared according to our previously reported procedures.”
Zinc(I)~protoporphyrin IX (ZnPP) was purchased from Sigma-Aldrich.
5,10,15,20-Tetrakis(1-methylpyridinium-4-yl)porphinatozinc(Il) tetra-
chloride (ZnTMPyP*+) was synthesized by insertion of the central zinc-
(D into 5,10,15,20-tetrakis(1-methylpyridinium-4-ylporphin tetra-p-
toluenesulfonate (Sigma-Aldrich) using Zn(AcO), followed by exchanging
the counteranions with chlorides using a Bio-Rad AG 1-X8 resin (100~
200 mesh) chioride form with CH;CN/H,O (1/1). The UV—vis
absorption spectra were recorded using an Agilent 8453 UV —visible
spectrophotometer with an Agilent 89090A temperature control unit.
The fluorescence spectra were obtained from a HITACHI F-4500
spectrofluorometer. Water was deionized using a Millipore Elix and
Simpli Lab-UV.

Preparation of rHSA(wt)~ZnPP and rHSA(His)—ZnPP. Typi-
cally, 5 mL of a potassium phosphate buffered solution (pH 7.0, 50
mM) of tHSA(wt) (0.1 mM) was mixed with 0.8 mL of 0.625 mM
ZnPP in DMSO (ZnPP:rHSA molar ratio of 1:1) and incubated for 12
h with rotation in the dark at room temperature. The complex was then
diluted with 50 mM potassium phosphate and concentrated to the initial
volume using a Vivaspin 20 centrifuge filter (10 kDa MW cutoff) at
4000g using a Beckman Coulter Allegra X-15R centrifuge. These
dilution/concentration cycles were repeated to reduce the DMSO
concentration to <0.1 vol %. The phosphate buffered solution (pH 7.0,
10 mM) of tHSA(wt)—ZnPP ([ZnPP] = 10 M) in a 10 mm path length
optical quartz cuvette sealed with a rubber septum was degassed and
purged with Ar prior to use. The rHSA(His)—ZnPP solution was
prepared by the same procedure.

Excited State Lifetimes. The singlet lifetimes of tHSA—ZnPP were
measured using a HORIBA NAES-500 nanosecond fluorometer with
aN; lamp (excitation side: an Asahi spectra MZ0560 multicavity filter
(A = 560 & 2 nm), emission side: a HOYA R-620 sharp cut filter).
The samples (5 uM) were held in a quartz cuvette (optical path length
= 10 mm), and the experiments were carried out at 25 °C.

The transient absorption spectra and triplet lifetime measurements
were carried out using a Unisoku TSP-1000WK time-resolved spec-
trophotometer with a Spectron Laser Systems SL803G-10 Q-switched
Nd:YAG laser, which generated a second-harmonic (532 nm) pulse of
6 ns duration (10 Hz).%®

Photoreduction of MV?2", Steady-state irradiations were carried out
using an Oriel 450 W xenon arc lamp model 66021 in conjunction
with an Asahi Spectra MZ0550 multicavity filter (550 & 2 nm). The

(6) Wardell, M.; Wang, Z.; Ho, J. X.; Robert, J.; Ruker, F.; Rubel, 1.; Carter,
D. C. Biochem. Biophys. Res. Commun. 2002, 291, 813-819.

(7) Zunszain, P, A.; Ghuman, J.; Komatsu, T.; Tsuchida, E.; Curry, S. BMC
Struct. Biol. 2003, 3, 6.

(8) (a) Komatsu, T.; Ohmichi, N.; Zunszain, P. A.; Curry, S.; Tsuchida, E. J.
Am. Chem. Soc. 2004, 126, 14304—14305. (b) Komatsu, T.; Ohmichi, N.;
Nakagawa, A.; Zunszain, P. A.; Curry, S.; Tsuchida, E. J. Am. Chem. Soc.
2005, 127, 15933—15942.
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filtered light (1.61 mWem™2) was used to irradiate the potassium
phosphate buffered solution (pH 5.4, 50 mM) of rHSA ~ZnPP (10 uM,
3.5 mL) including MV?* (2 mM) and TEOA (0.19 M) as it was gently
stirred in a 10 mm path length quartz cuvette under an Ar atmosphere
at 25 °C. The distance between the cuvette and the light source was 12
cm.

The overall quantum efficiency (®) of the photoreduction of MV2+
was calculated as the ratio (numbers of MV molecules produced)/
(numbers of photons absorbed); the denominator was determined by
the change in the power of the transmitted light, measured by an
Advantest Q8230 photo power meter with a Q82313 silicon photodiode
sensor, which was placed after the quartz cuvette.

Hydrogen Evolution from Water. Colloidal PYA—Pt was prepared
as follows. An aqueous H,PtCls solution (66 mM, 1 mL) was added
dropwise to an EtOH/H,O (1/1) solution (100 mL) of poly(vinyl
alcohol) (PVA, 271 mg, average degree of polymerization = 500, Wako
Pure Chemical Industries) with vigorous stirring, and the mixture was
refluxed for 1.5 h. After being cooled to room temperature, a dark brown
PVP—Pt colloid solution was obtained. To remove the EtOH and
produce the aqueous colloidal PVP—Px, the solution was evaporated
using a rotary evaporator at 50 °C. The concentration was assayed based
on the Pt ion by inductively coupled plasma (ICP) spectrometry using
a Seiko Instruments SPS 7000A spectrometer; [Pt—PVA] = 3.55 mM.
The diameter of the colloidal Pt was determined to be approximately
3.0 & 0.7 nm using transmission electron microscopy observations on
a JEOL JEM 1011 transmission electron microscope.

The phosphate buffered solution (pH 5.4, 50 mM, 3.5 mL) of the
mixture of rHSA—ZnPP (10 M), MV2* (2 mM), TEOA (0.19 M),
and a colloidal PVA—Pt (20 M) in a quartz cuvette (optical path length
= 10 mm) connected to a 40 mL glass chamber was degassed by Ar.
Steady-state irradiations were carried out at 25 °C using a 450 W xenon
arc lamp in conjunction with a HOYA HA30 heat absorption filter
(330—700 nm) to eliminate the UV light and excess heating. The
distance between the cuvette and light source was 12 cm. After a
designated period, 100 uL of the gas above the solution was removed
by a gastight syringe and applied to a Shimadzu GC-8APT gas
chromatograph with a TCD detector to measure the amount of H,. The
column used was a Shinwa Chemical Industries Shincarbon ST.

Results and Discussion

Photophysical Properties of rHSA—ZnPP Complexes. The
tHSA(wt)—ZnPP and rHSA(His)~ZnPP complexes were pre-
pared essentially as described previously for HSA—hemin
complexes.® The gel permeation chromatogram (Superdex 75g)
of the pink-colored proteins exhibited only a single elution peak,
indicating that ZnPP is perfectly incorporated into rHSA. No
precipitation was observable for over a year at 4 °C. Qur crystal
structure analysis and spectroscopy experiments revealed that
hemin is bound within a D-shaped hydrophobic cavity in
subdomain IB of rHSA(wt) with a relatively weak axial
coordination by Ty-161.7# In the genetically engineered rHSA-
(His) mutant, hemin is in the ferric high-spin complex with an
axial His-142 coordination and a water molecule as the sixth
ligand.8b

The UV—vis absorption spectra of the phosphate buffered
solution (pH 7.0, 10 mM) of rHSA(wt)—ZnPP showed a Soret
band at 420 nm and the Q-bands at 547 and 585 nm (Figure
1A), which are very similar to those for the toluene solution of
Zn(I)—protoporphyrin IX dimethylester (ZnPPDME) with 5 vol
% ethanol (Figure 1B). The aqueous rHSA(His)—~ZnPP solution
exhibited the same spectral features of ZnPPDME-coordinated
I-methylimidazole (1-MIm) in toluene. The bandwidth at half-
height of the Soret band [Ad, = 21 nm for rHSA(wt)—ZnPP
or 19 nm for rHSA(His)—ZnPP] was identical to that observed
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Figure 1. (A) UV—vis absorption spectra of tHSA(wt)—ZnPP and rHSA-
(His)—ZnPP (10 xM) in potassium phosphate buffered solution (pH 7.0,
10 mM) at 25 °C. (B) UV—vis absorption spectra of ZnPPDME (10 uM)
in toluene solution with ELOH (5 vol %) or 1-methylimidazole (5 mM) at
25 °C;

Absorbance

in the toluene solution, Since inhomogeneities of the porphyrin
binding to rHSA would lead to a broadening of all the absorption
spectra, the observed sharp and intense absorption bands of
rHSA—ZnPP are consistent with a single binding site for the
porphyrin chromophore. In fact, prosthetic heme groups in
natural hemoproteins mostly show sharp absorption spectra. The
fluorescence spectroscopy of rHSA(wt)—ZnPP and tHSA(His)—
ZnPP also gave the same pattern of ZnPPDME with EtOH and
1-MIm, respectively (Figure S1). All these results imply that
ZnPP is bound in subdomain IB of rHSA(wt) by the axial
coordination of Tyr-161 and in rHSA(His) by the His-142
coordination (Figure 2). It is noteworthy that ZnPP can be
monomolecularly dissolved in water at pH 5—8 by complexing
it with rfHSA at concentrations up to 3 mM.

The transient absorption spectrum of the degassed solution
of tHSA(wt)—ZnPP upon laser flash photolysis at 532 nm
showed the typical triplet—triplet (T—T) absorption of ZnPP
(Amax = 457, 673, 746 nm) (Figure $2).1° The time course of
the absorbance decay followed a single exponential kinetics with
a triplet lifetime (1) of 11 ms (Figure $3), which is considerably

(9) The picture was produced on the basis of crystal structure coordinate of
the THSA(wt)—hemin (code: 109X, ref 7) using PyMOL. DeLano, W. L.
The PyMOL Molecular Graphics System; DeLano Scientific: San Carlos,
CA, 2006.
(10) Aono, S.; Nemato, S.; Okura, I. Bull. Chem. Soc. Jpn. 1992, 65, 591—
293,

P Subdomain IB

rHSA(wt)-ZnPP rHSA(His)-ZnPP

6_

6 A

Figure 2. Structure models of rHSA complexed with ZnPP in subdomain
1B (light red area). In rHSA(wt), Tyr-161 axially coordinates to the central
zinc ion of ZnPP. In rHSA(His), His- 142 coordinates to the central zinc of
ZnPP.

longer than that of ZnTMPyP** (0.81 ms).** The decay profile
of the photoexcited ZnPP triplet is independent of the rHSA-
{(wt)—ZnPP concentration. In general, the triplet kinetics of a
metalloporphyrin solution at a comparable concentration is
dominated by the bimolecular exchange process.!! In our case,
(i) the ZnPP chromophore is held in a fixed position within the
heme pocket of rHSA with a proximal base coordination, and
(ii) the surface potential of rHSA is always negative at the
neutral pH region because of its low isoelectric point of 4.8.
Thus, the shielding of ZnPP by the negatively charged protein
matrix appeatrs to prevent a direct encounter between the excited
triplets, and thereby inhibits a bimolecular T—T annihilation
process. The same behavior was observed in Zn-substituted
myoglobin.1213 The 71 of rtHSA(His)—ZnPP (2.5 ms) was one-
fourth of the value observed for rHSA(wt)—ZnPP; the Tyr-161
coordination is clearly better at promoting the triplet state
compared to the proximal His-142.

Photoinduced Electron Transfer to MV2*, We investigated
the photoinduced electron transfer reaction from rHSA—ZnPP
to the water-soluble cationic acceptor, MV2*. The addition of
MV?2* resulted in a significant decrease in the triplet lifetime
of rHSA(wt)—ZnPP. The transient absorption spectrum at 100
ns after the laser flash photolysis showed the same pattern as
that without MV?* (Figure 3A), while the spectrum after 200

(11) Pekkarinen, L.; Linschitz, H, J. Am. Chem. Soc. 1960, 82, 2407—-2411.

(12) Tsukahara, K.; Asami, S.; Okada, M.; Sakurai, T. Bull. Chem. Soc. Jpn.
1994, 67, 421—-431.

(13) Zemel, H.; Hoffman, B. M. J. Am. Chem. Soc. 1981, 103, 1192—1201.
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Figure 3. Transient absorption spectra of tHSA{wt)—ZnPP (10 zM) with
MV2* (1 mM) in phosphate buffered solution (pH 7.0, 10 mM) after the
laser flash photolysis (4 = 532 nm} under argon atmosphere at 25 °C. (A)
Spectrum after 100 ns, and (B) spectrum after 200 gs.

u8 exhibited a very different shape with new peaks at 605 and
665 nm (Figure 3B). The intensity of these bands increased with
the bleaching of the T—T absorption of 3ZnPP*, indicating the
oxidative quenching of rHSA(wt)—3ZnPP* by MV>*. The peak
at 605 nm is characteristic of the one-electron-reduced MV2+
(MV*9), and the peak at 665 nm originates from the 7-cation
radicals of ZnPP (ZnPP**).!1~210.4 Concentration of MV2+ as
high as 2 mM showed no influence on either the grand state
absorption spectrum or the lifetime of the lowest-energy excited
singlet state of rHSA(wt)—ZnPP (75 = 2.44 ns).'s We conclude
that there is no singlet reaction and that any observed photo-
chemistry is attributed to the triplet pathway.

The triplet lifetime of rtHSA(wt)—3ZnPP* decreased linearly
with the increasing MV2* concentration to yield the Stern—
Volmer constant (Ksy) of 1.5 x 10° M~! (Figure 4).16 The
quenching rate constant (kq) was determined to be 1.4 x 107
M1 571, indicating that it is almost diffusion controlled (Table
1). The charge-separated radical ions were reasonably long-
lived and decayed via second-order kinetics. The rate constant
of the thermal backward electron transfer (ky) was 4.7 x 108
M~! 7112 This can also be attributed to diffusional recombina-
tion. Similar kinetic parameters of rHSA(His)—ZnPP with MV2*+

(14) Liang, N.; Mauk, A. G.; Pielak, G. J.; Johnson, J. A.; Smith, M.; Hoffman,
B. M. Science 1988, 240, 311-313.

(15) The 75 of rHSA(wt)—ZnPP was 2.44 ns in the absence of MV2™ and 2.46
ns in the presence of 2 mM MV3~.

(16) T1%zr = Ksv[MV2*) (11° and 7r represent triplet lifetimes in (he absence
and presence of MV?*),
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Figure 4. Stern—Volmer plots of triplet state quenching for rHSA—ZnPP
(10 M) with MV2* in phosphate buffered solution (pH 7.0, 10 mM) at 25
DC‘

Table 1. Rate Constants for Photeinduced Electron Transfer
Reaction of rTHSA—ZnPP to MV2* in Phosphate Buffered Solution
{pH 7.0, 10 mM) al 25 °C

Zn-porphytin ko (M's) ks (M~'s7)
tHSA(wt)—ZnPP 14 x 107 4.7 x 108
rHSA(His)—~ZnPP L1 x 107 6.8 x 10*
Zn—myoglobin? 2.7 x 107 4.0 x 107
ZnTMPyP*+ 9.3 x 108 9.8 x 108

1.8 x 107 3.7 x 108
2.0 x 106¢

¢From refs 10-and 12. # Ionic strength of the media was high (0.05); ref
2a, ¢ From ref la.

imply the same mechanism of the quenching. Both the rHSA-
(wt)—ZnPP and rHS A(His)—ZnPP showed a higher kq and lower
ky relative to ZnTMPyP*t under the same conditions (Table
D).

The probability of quenching the triplet state by a particular
concentration of MV2" (¢,) is expressed as k[MV2*]/((z:°)"!
+ k[MVZ*]).%2 Even in the case of | mM MVZ*, ¢, is nearly
L.0; the photoexcited rHSA(wt)—3ZnPP* was almost completely
quenched by MV2*,

Upon steady-state light irradiation (550 £ 2 nm) of the
phosphate buffered solution (pH 5.4, 50 mM) of rHSA(wt)~
ZnPP (10 #M) in the presence of MV** (2 mM) and TEOA
(0.19 M), the color of the solution turned blue due to the
accumulation of the MV** (An,, = 605 nm). The reaction
mechanism involves the electron transfer from rHSA(wt)—
3ZnPP* to MV?>*, followed by the reduction of rHSA(wt)~
ZnPP** by TEOA. The intensity of the Soret band did not
diminish, indicating no photodegradation of the ZnPP sensitizer.
This is in rather sharp contrast to the fact that ZnPPDME in
toluene (10 M) was bleached with a half-life of ca. 10 min
under the same conditions. The solution of rHSA(wt)—ZnPP
absorbed 8.9 x 106 photons for the initial 60 s, and 5.3 x 1015
molecules of MV** were produced; the overall quantum
efficiency was calculated to be 5.9% [rHSA(His)—ZnPP =
5.6%].

Hydrogen Evolution from Water. Reduced MV?* is well-
known to drive the reduction of water to H; in the presence of
a colloidal Pt catalyst. 1t should be possible to exploit the
rHSA—ZnPP sensitizer for the light-induced Ha evolution from
water (Scheme ). Colloidal PVA—Pt (20 4M) was then coupled
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Scheme 1. Diagram of Pholoinduced Reduction of Water Using
rHSA~ZnPP as Sensilizer in Conjunction of MV2* as Electron
Relay, TEOA as Sacrificial Reagent, and GColloidal PYA—Pt as
Catalyst

hv

x
TEOA ) ( rHSA-ZnPP* ) ( Mv* ) fm\} ( 112!-!21
Pt
TEOAox rHSA-ZnPP* My (‘"“"'" H,0
with the above phosphate buffered solution (pH 5.4, 50 mM)
of the mixture consisting of tHSA(wt)—ZnPP (10 4M), MV**
(2 mM), and TEOA (0.19 M). The coexistence of PV A—Pt and
TEOA did not cause any Aq.x shift in the UV—vis absorption
of tHSA—ZnP, suggesting that the protein structure and the five-
coordinate complex form of ZnPP in rHSA were unaltered.
Upon exposure of this solution to a 450 W xenon arc lamp with
an HA30 heat absorption filter (330—700 nm), the photoge-
neration of Ha was observed without a decrease in activity during
the experimental period (Figure 5). The volume of H; produced
from a 3.5 mL solution of the complex following 6 h
illumination with 57 turnovers was 0.044 mL. The rHSA(His)—
ZnPP also exhibited an identical activity for the photosensitized
reduction of water to H.. We could not detect H, at the same
experiments performed without the PV A—Pt catalyst or without
TEOA. It is quite remarkable that the efficiency of the Ha

evolution using our rHSA—ZnPP is 25—30% greater than that
of the system using ZnTMPyP**,

Conclusion

It is likely that the intense visible solar spectrum and long
triplet lifetimes of rtHSA(wt)—ZnPP and rHSA(His)—ZnPP are
responsible for the excellent photoreduction of water to Hz by
these complexes. This astonishing result for the blood protein
sensitizer including natural protoporphyrin IX will serve as a
trigger to create a new field in artificial photosynthetic chemistry
and innovative solar energy conversion. Currently, rHSA(wt)
is manufactured in an industrial scale,'” which allows us to use
this zinc—protein photosensitizer in practical applications.

2.0
rHSA(w1)-ZnPP: —&—
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Figure 5. Time dependence of the H production from water in the
phosphate buffered solution (pH 5.4, 50 mM) of rtHSA—ZnPP (10 uM),
MV2+ (2 mM), TEOA (0.19 M), and colloidal PVA—Pt (20 xM) at 25 °C
upon exposure to a 450 W xenon arc lamp with HA30 filter (330—700
nm).

Further research to optimize solute concentrations, catalyst
preparation, and crystal structure analyses of the new rHSA—
ZnPP series is now underway.
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meso-Tetrakis(o,o0,a,0-0-(1-methylcyclohexanamido)phen-
yDporphinatoiron(III) bearing a proximal histidy! group at the 8-
pyrrolic position via an acyl bond (4¢) has been synthesized. Hu-
man serum albumin (HSA) incorporating the ferrous complex
(4d) formed a stable O, adduct under physiological conditions
(pH 7.4, 37°C). Although an electron-withdrawing acyl group
is attached to the porphyrin periphery, the O,-binding affinity
of HSA-4d was slightly higher than that of a similar analogue
with a histidyl-alkylene group (2d).

In the active centers of hemoproteins, a basic amino acid
residue, axially coordinated to the prosthetic heme group, name-
ly the proximal base, plays a crucial role in controlling their bio-
logical functions, for example, histidine in hemoglobin (Hb) and
cysteine in cytochrome P450. To mimic the versatile performan-
ces of the hemoproteins, numerous porphyrin derivatives have
been synthesized over the past decades.’? The most important
factor in the molecular design of these compounds is how to
confer the proximal base into the porphyrin structure by a
covalent bond.

We successfully introduced a histidyl-alkylene group to
the B-pyrrolic position of meso-tetrakis(ot, 0,0, 0¢-0-(1-methyl-
cyclohexanamido)phenyl)porphine (1a) using the Vilsmeier re-
action.* Human serum albumin (HSA) incorporating the ferrous
complex (2d) can reversibly bind and release O, under physio-
logical conditions (pH 7.4, 37°C) in a fashion similar to Hb
and myoglobin.*® The advantage of this strategy is to confer
the proximal histidine to the porphyrin periphery in the last step
of the synthesis.** However, the preparation processes are still
labor-intensive: (1) formylation of the porphyrin, followed by
(2) demetallation of copper, (3) reduction of -CHO to —CH,0H,
(4) connection with glutaric acid, and (5) binding of terminal
histidine.>* If the axial base can be introduced into the super-
structured porphyrin in a few steps, it will lead to creating a
new field in the hemoprotein model chemistry.

In this communication, we report for the first time, the
one-step introduction of the 4-carboxybutanoyl group into the
B-pyrrolic  position of meso-tetrakis(o, 00,00, 0-0-(1-methyl-
cyclohexanamido)phenyl)porphyrin, which is easily converted
into the hisitidine-linked porphyrin (4a) by other two processes.
The O;-binding property of the HSA hybrid incorporating the
ferrous complex (4d) was then investigated in aqueous media.

The copper(Il) complex of the parent porphyrin (1b) was
synthesized according to our previously reported procedure.’
We have found that the 4-carboxybutanoyl group is introduced
by the Friedel-Crafts reaction using glutaric anhydride and
aluminium chloride (AICl3) (Scheme 1). The progress of the
reaction was monitored by the red shift of the absorption maxima

1: R=H a:M=2H
2:R= b: M = Cu(ll)
c: M = Fe(lihBr
OoH | '
3: R= M d: M = Fe(ll)
© 0 00
HoQ j’,H ¥
4: R \O/\/\( \)\N W
o]
Glutaric anhydride, AICI H,SO,
1b y . 3b 2774 3a
CHCl, CH,Cly

H-Gly-His-OMe, BOP, TEA a FeBr,, 2,6-lutidine
DMF THF

4c
Scheme 1. Synthesis route of 4c.

of the porphyrin and change in the R value during TLC. The
brownish-red colored 3b was purified by column chromatogra-
phy and demetallated by H2SO4. The glycyl-O-methyl-L-histi-
dine’ was then coupled using benzotriazol-1-yl-oxytris(dimeth-
ylamino)phosphonium hexafluorophosphate (BOP). Finally, an
iron insertion was carried out using FeBr, and 2,6-lutidine in
anhydrous THF. The analytical data of all compounds described
here were satisfactorily obtained (see Supporting Information).®
The bathochromic shifts (3-7nm) observed in the UV-vis
absorption spectrum of 4a compared to 2a were due to the
electron-withdrawing acyl group at the S-pyrrolic position.®
The ferric porphyrin (4c) in toluene was converted into the
ferrous complex (4d) by reduction in a beterogeneous two-phase
system (toluene/aq. Na;S,04) under an argon atmosphere.4 The
UV-vis absorption spectrum of the orange solution showed the
formation of a five-N-coordinate high-spin complex (Amax:
440, 544, 564 nm).>*7 Upon exposure to O, or CO, the spectral
pattern immediately changed to those of the O, adduct complex
(Amax: 429, 551 nm) or carbonyl complex (A max: 429, 544 nm).
The aqueous solution of the HSA-4d hybrid [in phosphate-
buffered saline (PBS) solution (pH 7.4), [HSA}/{4d] = 1/4

Copyright © 2007 The Chemical Society of Japan
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Figure 1. UV-vis absorption spectral changes of HSA-4d in
PBS solution (pH 7.4) at 37 °C.

Table 1. O, binding parameters of HSA-porphinatoiron(Il) in
PBS solution (pH 7.4) at 25°C?

kon/UM 157 Koge /5"
Porphinatoiron(@) /2 /M s ort/$

/Torr fast slow fast  slow

2d° 1 3 54 8.8 89 14

4d 0.8 (2) 34 45 45 5.9

2The values in parenthesis are measured at 37°C. PRef 3b.

{mol/mol)] was prepared by a previously reported method.*®
The UV—vis absorption spectrum of this aqueous solution under
an argon atmosphere showed that 4d formed a five-N-coordinate
high-spin complex with an intramolecularly coordinated
axial histidine (Figure 1). Upon exposure of HSA-4d to O,, the
absorption spectrum changed to that of the O, adduct complex.
After reacting with the CO gas, a stable carbonyl complex
was produced. The absorption maxima of HSA-4d showed
1-3 nm bathochromic shifts compared to those of the HSA-2d
(Table S1).%6

The O,-binding affinity of HSA-4d (P, = 0.8 Torr) deter-
mined by the spectral changes at the different O, partial pres-
sures was slightly higher than that of HSA-2d (Table 1). This
is in significant contrast to the fact that the substitutions of
two 3,8-vinyl groups of the imidazole-bound protoporphinato-
iron(Il) by acetyl groups decreased the O,-binding affinity by
1/4-1/6 due to the reduction of the electron density in the por-
phyrin plane.®® Our result suggested that (1) the reduced basicity
of the porphyrin core by the introduction of one acyl group did
not influence the O,-binding equilibrium very much, and (2)
that there is another structural factor that increases the O-bind-
ing affinity of the porphyrin.

To determine the association and dissociation rate constants
for Oy (kon, kogr) to HSA-4d, the laser flash photolysis experi-
ments were carried out.>>!%! The absorption decay accompany-
ing the O, recombination was composed of two phases of first-
order kinetics, producing the fast and slow rebinding constants
[kon(fast) and kon(slow)]. The ko, (fast) value was 7.6-fold higher
than kon(slow), and the molar concentration ratio of the two re-
actions was 3:1. The O, association to 4d in the protein scaffold
might be influenced by the microenvironment around the coordi-
nation site. This behavior was similarly observed in HSA-2d.%
The characteristics of the O binding to 4d was kinetically the
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low kogr values (approximately 1/2) compared to 2d.

The structures of the ferrous complexes were then simulat-
ed.!? Tt is remarkable that the porphyrin plane of 2d in the
five-coordinate high-spin complex was significantly domed
compared to that of 4d (Figure $1).5 On the other hand, their
O, adduct complexes showed similar structures having the flat
porphyrin macrocycles. The difference in the five-coordinate
species could be caused by the spacer moiety between the histi-
dine and porphyrin. The rigid (histidyl-glycylcarbonylbutanoyl
group of 4d presumably produces a favorable geometry to fix the
proximal imidazole at the central iron(II) of the porphyrin, which
could result in the relatively low dissociation rate constant of O,.

In conclusion, we could successfully introduce the proximal
histidyl group at the B-pyrrolic position of the meso-(tetrakis-o-
amidophenyl)porphine via an acyl bond in two steps. The O
binding affinity was slightly higher than that of the imidazol-
yl-alkylene analogue, which might be due to the rigid structure
of the spacer moiety between the histidine and porphyrin ring.
This strategy would be useful to confer the proximal base
to the superstructured porphyrin without any change in the
activity, which allows us to create a new class of model heme
compounds.

This work was supported by a Grant-in-Aid for Young
Scientists (B) (No. 18750156) and for Scientific Research
(No. 16350093) from JSPS, PRESTO from JST, and Health
Science Research Grants from MHLW, Japan.
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Small-angle x-ray scattering and dielectric spectroscopy investigation on the solutions of recombinant
human serum albumin and its heme hybrid revealed that heme incorporation induces a specific long-range
attractive potential between protein molecules. This is evidenced by the enhanced forward intensity upon
heme binding, despite no hindrance to rotatory Brownian motion, unbiased colloid osmotic pressure, and
discontiguous nearest-neighbor distance, confirming monodispersity of the proteins. The heme-induced
potential may play a trigger role in recognition of the ligand-filled human serum albumins in the

circulatory system.

DOI: 10.1103/PhysRevLett.98.208101

Human serum albumin (HSA) is the most abundant
plasma protein in our bloodstream, whose primary func-
tions are transportation of hydrophobic molecules and
adjustment of colloid osmotic pressure (COP) of blood
[1]. Owing to its nonspecific ligand-binding capability,
HSA has served many potential medical applications.
Information on HSA-ligand interactions and their struc-
tural basis have recently been available by x-ray crystal
structure analysis [2—5]. Such approaches have provided a
structural foundation to create functional protein-ligand
complexes. One of the promising materials is the rHSA-
heme hybrid that can transport oxygen as hemoglobin does
[6—9]. The material is currently investigated in preclinical
tests as an artificial blood substitute [8]. Recent manifold
interests in protein crystallography, critical phenomena,
and disease processes have attracted increasing attention
to interparticle interactions in globular protein solutions
[10-15]. However, the fundamental problems like an in-
fluence of the ligand-binding upon protein-protein inter-
actions remain elusive.

We investigated solutions of recombinant HSA (tHSA)
(MW 66.5 kDa) and its heme hybrid [rHSA-heme; rHSA
incorporating four iron-porphyrins (synthetic hemes)] {7].
Using small-angle x-ray scattering (SAXS), we scrutinized
spatial correlations of these proteins in a 0.15M phosphate
buffer saline (PBS) solution to fulfil ionic strength and pH
close to physiological conditions and those in water to
minimize ionic strength. The PBS solution of rHSA-
heme (heme/rHSA = 4, mol/mol) was prepared accord-
ing to our previously reported procedures [7]. The deion-
ization of the protein sample was performed by several
cycles of centrifugation/dilution with pure water using a
Millipore Amicon Ultra to give aqueous solution of rHSA-
heme. The solutions were passed through a 0.22 wm filter
before all measurements. The deep red-colored, transpar-
ent solution of rHSA-heme can long be stored without
precipitation or liquid-liquid phase separation. It has
been confirmed that isoelectric point (pI), solution viscos-
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ity, and COP for tHSA-heme under the physiological
environment are identical to those of rHSA.

All SAXS experiments were carried out by using a
SAXSess camera (Anton Paar) in the ¢ range of
0.072-5nm™!'. A model-independent  collimation-
correction procedure was made via an indirect Fourier
transformation (IFT) routine and/or based on a Lake algo-
rithm. We also performed dielectric relaxation spectros-
copy (DRS) experiments on aqueous rHSA and rHSA-
heme solutions in the frequency range of 0.0005 <
v/GHz =< 20 using time domain reflectometry [16].

Figure 1 shows SAXS experiments on a concentration
series of rHSA in PBS solution at 25 °C. The normalized
scattered intensities I(g)/c, where I(g) is the scattered
intensity at scattering vector ¢ and ¢ the protein concen-
tration, exhibit a decreasing forward intensity /(g — 0)/c
with increasing ¢ [Fig. 1(a)]. HSA carries a net negative
charge of about 18 electronic charges at pH 7.4 [1]. Since
the long-range electrostatic repulsion between rHSAs is
efficiently screened in the PBS solutions, the suppressed
forward intensity is mainly attributed to the decreased
osmotic compressibility due to the increased particle num-
ber density. Lowering ¢ results in the convergence of
I(g)/c to the intrinsic form factor P(q) of rHSA, achieving
the structure factor S(g) ~ 1(c — 0).

The pair-distance distribution functions p(r) of tHSA
[Fig. 1(b)] in solution are obtained using generalized in-
direct Fourier transformation (GIFT) technique [17], for
which we approximated S(g) assuming a Yukawa potential
and the Rogers-Young closure. The procedure confirms the
existence of oblatelike particles having the maximum di-
ameter of D, ~ 8.0-8.5 nm at all ¢. All features of p(r)
highly resemble those calculated from x-ray crystallogra-
phy data on HSA (Protein Data Bank code 1UOR) [3].

Figure 2(a) presents variation of I{g) of rtHSA solutions,
depending on the presence and absence of the heme in-
corporation and ionic strength of solvents. The more pro-
nounced decrease of the forward intensity and the sig-

© 2007 The American Physical Society
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FIG. 1 (color online). (a) The normalized x-ray scattered in-
tensities, I{g)/c. and (b) the pair-distance distribution functions,
p(r), of rHSA in 0.15M PBS solutions in 3.0=<¢/mgml~! =
50. The black solid curve shown in (b) represents p(r) calculated
from the crystallography data on HSA [3].

nificant low-g shift of the monomer-monomer correlation
peak position for aqueous rHSA reflect the only weakly
screened, thus stronger electrostatic repulsions between the
rHSA molecules, Importantly, we observed that heme-
incorporated samples exhibit an enhanced forward inten-
sity, which indicates that heme incorporation significantly
enhances particle density fluctuations on a large length
scale.

Further insights into the spatial correlations between the
proteins are gained from the effective structure factors
Sef(g) [11] [Fig. 2(b)]. We extracted 5*¥(g) by dividing
I1(g)/c by P(g) obtained from a dilute rHSA PBS solution.
We confirmed that for rHSA-heme, lowering ¢ from 10 to
3.5 mgml ', leads to a significantly weaker relative low-¢q
intensity, 1(¢)/c, as shown in Fig. 2. In terms of Seff(g),
rHSA under physiological condition still preserves the
nature of a repulsively interacting charged colloid but
behaves nearly as a hard sphere. If we apply a Yukawa
potential model to §°(g) with a priori input of the solvent
ionic strength, the effective protein charge of 18 =2 is
obtained, being consistent with Ref. [1]. Solutions of
rHSA-heme exhibit a similar low-g upturn in $¢%(g), in-
dependent of ionic strength. The observation suggests the
emergence of a long-range attractive interaction [12,13]
between the heme-incorporated rHSA molecules. How-

ever, this assignment is only valid when the monodispersity
assumption of the protein is fulfilled. In the following, we
carefully verify this interpretation, providing convincing
evidence for monodispersity of rHSA-heme.

The peak in $*(g) arises from protein-protein positional
correlations [Fig. 2(b)]. The mean nearest-neighbor dis-
tance d* among the proteins is approximated as ~2w/q",
where ¢* is the scattering vector corresponding to the peak
position of S (g). Importantly, ¢ is essentially indepen-
dent before and after heme binding, but it simply depends
on the solvent ionic strength related to the screening of the
long-range electrostatic repulsion. In Fig. 3, we display a
concentration series of $¢%(g) for rHSA and rHSA-heme
solutions at different ionic strength. For aqueous rHSA and
rHSA-heme, increasing ¢ shifts ¢* to higher values, hold-
ing a relation ¢* = n'/3 [Fig. 3(e)], where n is the particle
number density. The finding clearly shows that both aque-
ous rHSA and rHSA-heme exhibit a typical feature of
charged colloids at low ionic strength, maximizing d*.

The identical COP (18 mmHg at ¢ = 50 mg ml™") be-
tween the solutions of tHSA-heme and rHSA despite a half
value for covalently dimerized rHSA at the same volume
fraction [6] also rules out irreversible aggregate formation
in THSA-heme solutions. A simple model calculation dem-
onstrates that a compact aggregate having several tens of
aggregation number can never explain the observed low-g
feature. No further enhancement of the low-g rise upon
screening of the electrostatic repulsion excludes a strong
short-range attraction as its origin.

Figure 4 presents complex dielectric spectra of THSA
and rHSA-heme solutions at various ¢. The relaxation time
Twater — 8.3 ps for the high-frequency process commeon for
all solutions reflects the time scale of cooperative re-
arrangement of the hydrogen-bond network of bulk water
[16,18,19]. Besides, the low-frequency relaxation, as-
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signed to the rotational diffusion of the proteins [19,20],
gives an excellent measure of dimer or higher aggregate
formation. The identical relaxation times before and after
heme binding, Tysa ~ 52-58 ns, provides identical ef-
fective molar volume for rHSA and rHSA-heme, Veff =
4.7 X 10* cm®mol™! (¢ — 0), according to the Stokes-
Einstein-Debye equation, which is very close to the antici-
pated value of 4.9 X 10* cm® mol™! from the molecular
mass and specific volume of HSA. This reveals that the
freedom of the rotational diffusive motion of the protein is
not significantly affected by the heme incorporation.

We point out that in contrast to HSA, well-investigated
aqueous lysozyme solutions [11-14,21,22] are already in
aggregation regime; even at very low ionic strength, most
of lysozyme molecules stick together due to its highly
adhesive nature, which is demonstrated by the appearance
of the low-g subpeak in 5¢(g) and d* coinciding with the
diameter of the protein molecule. Although there arose a
controversy as to whether the low-g rise for lysozyme
solutions is due to a long-range attraction (LRA) [13,21]
or large aggregate formation [22], as for rHSA-heme, the
simultaneous observations of the low-g rise in S°F(g) with
a host of evidence for monodispersity of the protein, such
as d" far exceeding the contact distance, no additional
frictional force on the rotaticnal diffusive motions, identi-
cal molecular volume with rHSA, and unbiased COP,
provide a plausible argument for the emergence of a
LRA. Note that any kind of protein aggregation requires
the direct contact between the monomers. Generally, when
the repulsion is so strong as to make the particles apart, the
low-g rise can be explained only by a LRA [12].

The theoretical S(g) analysis based on a two Yukawa
potential model [13] has shown that the relatively longer
attraction range than the repulsion one is necessary to
produce the so-called zero-g peak in S(g). The more
pronounced low-g decrease in Seff(q) for aqueous rHSA
is clearly taken over by the deeper dip in S%(g) for
aqueous rHSA-heme, which indicates that the electrostatic
repulsion is still active in THSA-heme solutions and the
atfraction range is greater than the range of the weakly
screened electrostatic repulsion.

For further quantitative description, we tested a two
Yukawa model [12,13] for 5¢(g) of rHSA-heme. When
the attraction range is very long, the model produces a
downward convex low-q rise and a huge zero-g intensity
reaching more than ~ 1000 even at small ¢. However, S(g)
starts to tise at ¢ < 0.1 nm™!, whereas we observed the
onset around ¢ = 0.2 nm~'. The real expression for a
LRA and its potential shape are still not very clear, but
the formalism of the potential should significantly affect
the low-g shape of S(g). If the system exhibits more slowly
decaying attractive potential than the Yukawa decay at
small-r, the onset of the low-g rise is expected to shift to
higher-g values than that predicted by the Yukawa LRA
model.

It is important to recognize that isotropic interaction is
not self-evident for any kind of protein system because

proteins have irregular shape and inhomogeneously dis-
tributed patches by nature. However, until now, almost all
experimental and theoretical works on the interactions
proteins have been performed based on mean spherical
approximation (MSA) and an isotropic interaction assump-
tion [10~15,23]. The recent theoretical work of Bianchi
et al. [24] revealed that particles interacting with an aniso-
tropic attractive potential can enhance anomalous density
fluctuations or gel-network formation even at very low
volume fractions. This also implies that anisotropic poten-
tials caused by a site-specific interaction or inhomogene-
ous distributions of charge or hydrophobic patches may
generate unexpectedly drastic effects on the spatial corre-
lations of proteins, where the inherent limitation of small-
angle scattering technique lies in the fact that such aniso-
tropic interactions are reduced into one-dimensional S(g).
Nevertheless, carefully confirmed monodispersity of
rHSA-heme leads us to conclude that our present interpre-
tation based on a LRA is still broadly correct, even if the
actual situation is much more complicated, where aniso-
tropic interactions may affect the spatial correlation of the
proteins.

Compared to the well-developed short-range attraction
and long-range electrostatic repulsion [11,13,23], the gen-
eral understanding of a LRA of proteins in solution
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FIG. 3 (color online). Effects of concentration, ionic strength,
and heme binding on 5¢%(g). (a) rHSA-heme and (b) rHSA in
0.15M PBS solutions and (¢) rHSA-heme and (d) rHSA in
aqueous solutions in 10 = ¢/mgml~! = 50 (an increment of
10 mgml™!). (e) The protein-protein correlation peak position
g in 5°(g) for aqueous rHSA () and tHSA-heme (O) as a
function of c.
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FIG. 4 (color online). Complex dielectric spectra of aqueous
solutions of (a) rHSA and (b) tHSA-heme in 10 = ¢/mg ml~! =
50 (an increment of 10 mg ml ™! from the bottom) at 25°C.

[12,13,15] is at an incipient stage. Judging from unbiased
pI(=4.9) and polarization fluctuation amplitudes for
rHSA-heme, net charges and their distributions are un-
likely to be modified by heme binding, whereas how the
occupation of the ligand-binding site allosterically atfects
the electrostatic interaction of the protein is unclear. The
physical origin of a LRA might be entoropic driven, pos-
sibly due to modulated hydrophobic patches and their
inhomogeneous distributions.

HSA binds heme; the THSA-heme hybrid takes advan-
tage of this naturally occurring process. In the human body,
heme released from methemoglobin is immediately cap-
tured by hemopexin or HSA acting as scavengers, and it is
efficiently transported to the liver for methabolism [25,26].
Since the emergence of the collective nature of HSAs
while preserving the monodispersity could be an efficient
way to give the ligand-filled HSA molecules a sort of
marker, our data suggest that the heme-bound or -unbound
HSAs may be recognized in the bloodstream in terms of
the presence and absence of the LRA. Therefore, the
optimization of the interparticle potential will be a key to

the control of distribution, circulation persistence, and
metabolism of functional ligands for medical applications.
This work was partly supported by MEXT, the Grant
in Aid for Young Scientists (B) (No. 18740264), and by
JSPS, the Grant in Aid for Scientific Research (B)
(No. 16350093). T.S. acknowledges the 21st century
COE program at Waseda University funded by MEXT.
The authors appreciate the strong support of the late
Professor Hironobu Kunieda for SAXS measurements
and thank Professor Sow-Hsin Chen and Dr. Yun Liu for
providing the MATLAB code for two Yukawa model [13].

*Email address: takaaki.sato@ waseda jp
"Email address: eishun@waseda.jp
[1] T. Peters, All About Albumin: Biochemistry, Genetics, and
Medical Applications (Academic, New York, 1996).
[2] P.A. Zunszain et al., BMC Struct. Biol. 3, 6 (2003).
[3] X.M. He and D.C. Carter, Nature (London) 358, 209
(1992).
[4] S. Curry et al., Nat. Struct. Biol. 5, 827 (1998).
[5] J. Ghuman et al., J. Mol. Biol. 353, 38 (2005).
[6] T. Komatsu et al., Macromolecules 32, 8388 (1999).
[71 T. Komatsu, Y. Matsukawa, and E. Tsuchida, Bioconju-
gate Chemistry 13, 397 (2002).
[8] T.Komatsu et al., J. Biomed. Mater. Res. 71A, 644 (2004).
[9] T. Komatsu et al., J. Am. Chem. Soc. 127, 15933 (2005).
[10] A. Tardieu er al., J. Cryst. Growth 196, 193 (1999).
[11] A. Stradver et al., Nature (London) 432, 492 (2004).
[12] Y. Liu et al., Phys. Rev. Lett. 95, 118102 (2005).
[13] Y. Liu, W.R. Chen, and S. H. Chen, . Chem. Phys. 122,
044507 (2005).
[14] M. Malfois, F. Bonnete, L. Belloni, and A. Tardieu,
J. Chem. Phys. 105, 3290 (1996).
[15] M.G. Noro, N. Kern, and D. Frenkel, Europhys. Lett. 48,
332 (1999).
[16] T. Sato and R. Buchner, J. Phys. Chem. A 108, 5007
(2004).
[17] G.Fritz, A. Bergmann, and O. Glatter, J. Chem. Phys. 113,
9733 (2000).
[18] T. Fukasawa ef al., Phys. Rev. Lett. 95, 197802 (2005).
[19] N. Nandi, K. Bhattacharyya, and B. Bagchi, Chem. Rev.
100, 2013 (2000).
[20] Y. Hayashi et al., Biophys. J. 79, 1023 (2000).
[21] Y. Liu et al., Phys. Rev. Lett. 96, 219802 (2006).
[22] A. Stradner, F. Cardinaux, and P Schurtenberger, Phys.
Rev. Lett. 96, 219801 (2006).
[23] F. Sciortino ef al., Phys. Rev. Lett. 93, 055701 (2004).
[24] E. Bianchi et al., Phys. Rev. Lett. 97, 168301 (2006).
[25] V. Jeney, J. W. Eaton, and G. Balla e? al., Blood 100, 879
(2002).
[26] E. Tolosano and F. Altruda, DNA and Cell Biology 21,
297 (2002).

—

208101-4



Bioconjugate Chem. 2007, 18, 16731677

1673

O:-Binding Albumin Thin Films: Solid Membranes of Poly(ethylene
glycol)-Conjugated Human Serum Albumin Incorporating Iron Porphyrin
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Poly(ethylene glycol) (PEG)-conjugated human serum albumin (HSA) incorporating the tetrakis(c,at,oL,0t-0-
amidophenyl)porphinatoiron(Il) derivative (FeP) [PEG(HSA—FeP)] is a unique plasma protein-based O, carrier
as a red blood cell substitute. The aqueous solution of PEG(HSA—FeP) [mw of PEG: 2-kDa (PEG,) or 5-kDa
(PEGs)] was evaporated on a glass surface to produce a red-colored solid membrane. Scanning electron microscopy
observations revealed that the PEG,(HSA—FeP) membrane consisted of two parts: (i) a surface layer made of a
fibrous component (10 um thickness), and (i) a bottom layer of an amorphous phase (5 um thickness). The
condensed solution provided a thick membrane (70 gm), which also has the amorphous bottom layer. On the
other hand, the PEGs(HSA—FeP) produced homogeneous membrane made of the fibrous component. The FeP
active sites in the solid membrane formed very stable O-adduct complexes at 37 °C with a half-lifetime of 40
h. The O»-binding affinity of the PEG,(HSA—FeP) membrane (Py, = 40 Torr, 25 °C) was 4-fold lower than that
in aqueous solution, which is kinetically due to the low association rate constant. The membrane was soluble
again in water and organic solvents (ethanol and chloroform) without deformation of the secondary structure of
the protein. The addition of hyaluronic acid gave a free-standing flexible thin film, and it can also bind and
release Oy as well. These Oy-carrying albumin membranes with a micrometer-thickness would be of significant
medical importance for a variety of clinical treatments.

INTRODUCTION

Covalently surface-modified proteins with poly(ethylene
glycol) (PEG) show a number of unique properties that make
them of interest in a range of practical applications (/—6). The
most beneficial effect of the PEG conjugation from a biological
aspect is to confer a nonimmunogenicity to the proteins,
rendering them invisible in the body (7—10). Several classes
of protein drugs, such as enzymes and cytokines, have already
been approved by the FDA (4, 5), and one of the expected
compounds is a PEG-conjugated hemoglobin (PEG-Hb) for use
as artificial blood (11, 12). The optimized product has completed
a phase I trial and is currently undergoing a phase II safety
study (/3). Second, the PEG modification allows the proteins
to be soluble in nonaqueous solvents (benzene, ethanol, and
chloroform, etc.) (14—16). In organic solutions, the proteins
exhibited new characteristics, for example, a high thermal
stability and a different substrate selectivity. Third, the aqueous
PEGylated proteins can be dried on a flat surface to produce
solid membranes without any loss of their original activities.
However, only limited characterization has been performed on
the PEG-conjugated proteins in the solid state.

Recombinant human serum albumin (HSA) incorporating the
tetrakis{a, o, o, -0-(1-methylcyclohexanamido)phenyl }-
porphinatoiron(Il) derivative (FeP, Figure 1) (HSA—FeP) is a
unique plasma protein-based O, carrier (17, 18). This entirely
synthetic hemoprotein can reversibly bind and release O, under
physiological conditions (pH 7.4, 37 °C) in a fashion similar to

* Corresponding author. (E.T.) Tel: +81-3-5286-3120, fax: +81-
3-3205-4740,  e-mail: eishun@waseda.jp. (T.K.) E-mail:
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* Waseda University.
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Hb. It has also been demonstrated that the surface decoration
of HSA—FeP by PEG improved its circulation persistence in
the bloodstream (79). The PEG(HSA—FeP) is now the most
promising material for an entirely synthetic red blood cell
substitute.

We have recently found that the aqueous PEG(HSA—FeP)
solution cast on the glass surface produces a very smooth solid
membrane. The spectroscopic measurements revealed that a
reversible O, binding to FeP took place in the red-colored
membrane. We now report our new findings on the layered film
structures of the PEG-conjugated artificial hemoprotein and their
O-binding behavior.

EXPERIMENTAL PROCEDURES

Materials and Apparatus. All reagents were purchased from
commercial sources as special grades and used without further
purification. 2-{8-(2-Methylimidazolyl-1-yDoctanoyloxymethyl}-
5,10,15,20-tetrakis{ a, ., ¢, 0-0-( 1-methylcyclohexanamido)-
phenyl}porphinatoiron(Il) (FeP) was synthesized according to
our previously reported procedures (17, 20). Recombinant HSA
was provided by the NIPRO Corp. (Osaka, Japan). 2-Iminothi-
olane 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, PEG,, and averaged mw: 5207, Sun-
bright MEMAL-50H, PEGs) was purchased from the NOF Corp.
(Tokyo, Japan). Hyaluronic acid sodium salt (HA, mw: 1.9—
2.7 x 10° kDa) was a gift from Shiseido Co., Ltd. (Tokyo,
Japan). The water was deionized using Millipore Elix and Simpli
Lab-UV. The UV~vis absorption spectra were recorded using
an Agilent 8453 UV —visible spectrophotometer fitted with an
Agilent 89090A temperature control unit. The circular dichroism
(CD) spectra were obtained using a JASCO J-820 spectropo-
larimeter over the range of 200—250 nm.

© 2007 American Chemical Society
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Figure 1. Structure of the PEGx(HSA—FeF) molecule.

Preparation of PEGx(HSA—FeP) Solid Membranes. The
phosphate-buffered saline (PBS) solutions of PEGy(HSA—FeP)
(X =2 or 5) were prepared with IMT and PEGx (pH 7.4, [HSA]
= 5 wt %, FeP/HSA = 4/1 (mol/mol)) according to our
previously reported methods (19). The binding number of the
PEGy chain on the HSA—FeP surface was determined by the
MALDI-TOF MS spectra (19). The PBS solution was dialyzed
using a Spectra/Por 1 regenerated cellulose dialysis membrane
(MWCO: 6—8 kDa, Spectrum Labratories, Inc.) against the pure
water to remove any included electrolytes. The obtained agueous
solution of PEGx{HSA—FeP) (CO adduct complex, 0.5 mL)
was spread on a glass plate [30 x 40 mm, thickness: 0.12—
0.17 mm, Matsunami Glass Ind., Ltd. (Osaka, Japan)] and
evaporated at an ambient temperature in the dark for 12 h, which
produced a red-colored transparent solid membrane.

For the scanning electron microscopy measurements, the
samples on the glass plate were spultered with Pd—Pt using a
Hitachi E-1030 ion sputter. The SEM observations were
performed using a Hitachi S-4500S field emitted scanning
electron microscope.

Furthermore, 0.5 mL of an aqueous solution of hyaluronic
acid (HA, 0.2, 0.4, 0.6, 0.8, 1.0 wt %) was added to the PEG.-
(HSA—FeP) solution (CO adduct complex, 0.5 mL, [HSA] =
5 wt %). The mixture was poured into a poly(styrene) balance
dish (44 x 44 x 15 mm) and dried at room temperature in the
dark. After 12 h, the formed membrane was gently peeled off
and characterized.

The water content of the solid membrane was measured by
thermogravimetric-differential thermal analysis using a Rigaku
TGR120 instrument at a hearing rate of 10 °C/min.

O;-Binding Parameters. The O; binding to PEGx{(HSA—
FeP) is expressed by eq 1,

j"I}II
PEG,(HSA—FeP) + O, T PEG,(HSA—FeP(0,)) (1)

where the O binding equilibrium constant K = kop/kost.

The PEGx(HSA—FeP) membrane or PEGa(HSA—FeP)/HA
hybrid membrane on the glass plate was placed in a 1-cm quartz
cuvette for the spectral measurernents, which was sealed tightly
with a rubber septa. The O»-binding affinity (gaseous partial
pressure at which 50% of FeP was dioxygenated, P12 = 1/K)
was determined by the spectral changes at various O/N;
pressures (17, 19, 20). The UV—vis absorption spectra were
recorded within the range of 350—700 nm. The half-lifetime
of the autoooxidation of the FeP(O») complex was determined
by the time-course of the absorption change at 426 nm. The
associalion and dissociation rate constants for Oz (kan, kofp) t0
the PEGx(HSA—FeP) membrane or PEG:(HSA—FeP)/HA
hybrid membrane were measured by a competitive rebinding
technique using a Unisoku TSP-1000WK laser flash photolysis
instrument ({7, 19, 20).

Figure 2, Photograph of the PEG,(HSA—FeP) solid membrane on
the glass plate.

RESULTS AND DISCUSSION

Structure of PEGx(HSA—FeP) Membrane. The PEGyla-
tion of HSA—FeP (FeP/HSA = 4/1 (mol/mol)) was readily
accomplished under mild conditions using the commercially
available IMT and maleimide-terminated PEG (/9). The average
number of the PEG chain on the HSA—FeP surface was
modulated to 6.0; the viscosity and colloid osmotic pressure of
the PBS solution of this molecule ((HSA] = 5 wt %) satisfied
the clinical requirements of a red blood cell substitute (1 M. The
solution was subsequently desalted by dialysis against pure water
and spread on the glass plate. After drying overnight at room
temperature, a red-colored transparent solid membrane was
formed (Figure 2). The HSA—FeP without the PEG modification
did not produce such a homogeneous thin film, only affording
a brittle membrane with many cracks.

Scanning electron microscopy observations of the PEGo-
(HSA—FeP) membrane showed a uniform thickness of 15 #m
and a very smooth surface [Figure 3a,b)]. From a careful
inspection of the side-view, we found that the membrane consists
of two parts: (i) the surface layer with a thickness of 10 um
made of a highly oriented fibrous component, and (ii) the bottom
layer with a thickness of 5 #m made of an amorphous phase
(Figure 3b). Cutting the glass plate with a lateral force, the PEG»-
(HSA—FeP) membrane was extended and produced long fibers
with a width of 350 nm (Figure 3c). The condensed solution
([HSA] = 15 wt %) provided a thick membrane with a thickness
of 70 ¢m, which also has the amorphous bottom layer of 5 ym
(Figure 3d). Interestingly, the membrane prepared on the poly-
(styrene) dish was mainly composed of the amorphous layer;
the surface fibrous phase was less than 20% (Figure 3e). On
the other hand, water evaporation of the PEGs(HSA—FeP)
solution ((HSA] = 5 wt %) on the glass surface provided a
homogeneous membrane, which is made of the fibrous com-
ponent. The precise mechanism of the fiber formation during
the water evaporation process is still not clear, but our results
show that the structure of the PEGx(HSA—FeP) membrane is
very dependent on the surface feature of the substrate and the
chain length of the PEG.
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Figure 3. SEM images of the PEG:(HSA—FeP) membrane on the glass plate. (a) Top-view of the very smooth surface without any crack. {b)
Side-view of the membrane section, showing a surface layer made of fibrous component and a bottom layer made of an amorphous phase. (c)
Extended nanofiber structure of the surface layer. (d} Thick membrane with a 5 um amorphous bottom layer (indicated by orange bars) on the glass

surface. (e) Membrane prepared on the poly(styrene) surface.
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Figure 4. UV—vis absorption spectral changes of the PEG:(HSA—
FeP) membrane on the glass plate at 25 °C (blue line: under Na, red
line: under O, green line: under CO). The inset shows the spectral
changes at various Os-partial pressures (Po,: 0, 10, 19, 30, 76, 114,
152, 760 Torr from blue to red line).

0:-Binding Properties. The UV—vis absorption spectrum
of the PEGx(HSA—FeP) membrane showed an absorption
maxima (Amax) at 427 and 537 nm, indicating the formation of
the CO-coordinate low-spin state of FeP (Figure 4) (17, 19—
21). This suggested that the ferrous carbonyl complex was
retained during the water evaporation for 12 h at an ambient
temperature. Light irradiation to the membrane using a 500-W
halogen lamp under a 100% O for 20 min led to the CO
dissociation and O,-adduct complex formation of FeP (Ayay:
426, 548 nm). By flowing N» to the membrane in the quartz
cuvette, the UV —vis absorption spectrum shifted to that of a
high-spin ferrous complex with an intramolecularly coordinated
2-methylimidazolyl group (Anax: 443, 537, 563 nm). These
spectral changes were repeatedly observed and found dependent
on the Op-partial pressure (0 Torr + 760 Torr), which

demonstrated that the reversible dioxygenation of FeP took place
in the membrane. The half-lifetime of the autoxidation (z,) of
the FeP(Q5) to Fe¥*P was 40 h at 37 °C, which is 3-fold longer
than the value in the PBS solution.

The O;-binding affinity of the PEG2(HSA—FeP) membrane
(P12 = 40 Torr, 25 °C) determined from the UV —vis absorption
spectral changes at various O3/N; pressures (Figure 4 inset) was
4-fold lower (high Py,») than that of the monomeric PEGs5(HSA—
FeP) in water (Table 1). Since the Q. coordination to the Fe
porphyrin is an exthothermic reaction, the O,-binding affinity
of the membrane decreased at 37 °C (Py: = 61 Torr). In
contrast, PEGs(HSA—FeP) membrane showed the identical Oa-
bidnig affinity to that in aqueous PBS solution (P> = 11 Torr,
25 °C).

In order to elucidate the O»-binding kinetics of the PEGx-
(HSA—FeP) membrane, flash photolysis experiments were
carried out. The time course of the absorption change after the
laser pulse irradiation to the PEG2(HSA—FeP) membrane in
the quartz cuvette exhibited two first-order kinetics. We
previously reported that the binding processes of Q- to HSA—
FeP and PEGx(HSA—FeP) in aqueous media were fitted to a
double-exponential expression, giving two different association
rate constants for the fast and slow reactions (ko and &'on) (19,
22). It has been interpreted that the O recombination to FeP in
the protein could be affected by the each nanoscopic environ-
ment around the accommodation site, for example, a steric
hindrance of the amino acid residue and difference in polarity.
The Ko, was used to be approximately one-third of the ko, (17,
19, 22). Nevertheless, the ratio of &'yy/ky, observed in the PEG»-
(HSA—FeP) membrane was less than one-tenth (Table 1). We
then theorized that this can be attributed to the O diffusion in
the two parts of the membrane. In the major surface layer of
the fibrous component, the diffusion of the O- could be slower
than in water, and it could be much slower in the amorphous
bottom phase. The following results support our assumption.
(i) The thickness ratio of the two layers (10 um/3 gm = 2.0)
corresponds well to the molar ratio of the ky, and &y, (= 2.1).
(ii) The absorption decay accompanied with the O, rebinding
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Table 1. O;-Binding Parameters of Solid Membranes of PEGy(HSA—FeP) at 25 °C

system koo (Torr™'s71) Kon (Torr™1s7Y) ko (s™") Fogr(s™h) Pyp (Torr)?

PEG2(HSA—FeP) solution® 20 735 1.7 x 107 70 11 132]
PEGs(HSA—FeP) sclution” 20 10 1.7 x 102 90 11 [31]
PEG;(HSA—FeP) membrane 5.7 0.54 2.3 x 102 22 40 [61]
PEGs(HSA—FeP) membrane 3.1 34 11 [33]
PEGxHSA—FeP)YHA membrane 4.3 0.22 14 x 10? ) 32 [60]
Hb solution (T-state)® 4.8 1.8 x 102 40

Hb/maltose membraned 1.2 x 10713 83 x 1071 760

2 At 37 °C in brackets [ ]. ® In PBS solution (pH 7.4), ref 19. ¢ In 50 mM potassium phosphate buffer (pH 7.0) at 20 °C. ref 24. 4 Reference 23.

20
— gqueous HSA
—— PEG{HSA-FeP) membrane
10 ——: Redissolved PEG,(HSA-FeP) in water

: Redissolved PEGL(HISA-FeP) in EtOH

C D (mdeg)

-40

1 T 1 1]
200 210 220 230 240 250
Wavelength (nm)

Figure 5. CD spectra of PEG(HSA—FeP) at various conditions at 25
°C,

to the PEGs(HSA—FeP) membrane, which consists of the
homogeneous fibrous layer, was fitted by single exponential,
giving only one association rate constant Xon.

The low Os-binding affinity of the solid membrane of PEGa-
(HSA—FeP) compared to that in the PBS solution is kinetically
due to the low association rate constants (Table 1). Even though
this result was in significant contrast to the fact that the similar
solid membrane of human Hb with maltose (Hb/maltose = 6/4,
wifwt) could not bind O under the same conditions, its O»-
binding affinity was extremely low (P12 = 760 Torr) (23). Since
the quaternary structure of Hb was restrained in the solid form,
its tense-state conformation cannot change to a relaxed-state
with a high O»-binidng affinity (24). In the PEGx(HSA—FeP)
membrane, the protein scaffold was solidified by a bulk water
evaporation; however, it would not dramatically influence the
dioxygenation of FeP, because the O,-binding equilibrium is
not synchronized with the quaternary structure of the HSA
matrix.

PEGx(HSA—FeP) in Organic Solutions. We have found
that the PEG modification enables HSA—FeP to dissolve in

(@

organic solvents. The red-colored PEGx(HSA—FeP) membrane
was homogeneously soluble not only in water but also in ethanol
and chloroform. The CD spectrum of the membrane showed a
different pattern compared to that in aqueous media (Figure 3).
The intensity ratio of the double minimum peaks at 208 and
222 nm (lgg/Taoz) of tHSA or PEGx(HSA—FeP) is normally
1.1 (25, 26), while the membrane showed 0.9. Interestingly,
the redissolved aqueous and ethanol solutions both showed the
same spectra as the original aqueous HSA. This result implies
that the change of the secondary structure in the protein in the
solid and liquid states is reversible. The ethanolic PEGx(HSA—
FeP) also exhibited the same absorption changes upon exposure
to O; and N». These organic solutions can also be cast on a
glass surface to form identical PEGx(HSA—FeP) membranes.

PEG.(HSA—FeP) Membrane with Hyaluronic Acid. An
attempt to isolate the PEGx(HSA—FeP) membrane from the
glass surface unfortunately failed, because it was rather fragile,
when peeled off. We then added a supporting polymer to the
protein solution and prepared the solid membrane on a glass
plate or a poly(styrene) dish. Hyaluronic acid (HA), which is
known as a glycosaminoglycan component of connective tissues,
hyaline body and extracellular matrix, was selected as the
biocompatible polymer support (27). We also expected that the
high water retention capability of HA may have a positive effect
on retarding the proton-driven oxidation of the FeP{O2) complex.
Water evaporation of the PEGx(HSA—FeP)/HA mixture [0.5
mL/0.5 mL, total [HSA] = 2.5 wt %, total [HA] = 0.2 wt %]
on the glass plate or poly(styrene) dish produced the red-colored
uniform solid membranes. It could not be isolated from the glass
plate but was easily peeled off from the poly(styrene) surface,
providing a free-standing thin film of the PEG:(HSA—FeP)/
HA hybrid [Figure 6a]. The formation of the flexible film was
quite dependent on the HA content. When the total concentration
of HA is 0.2—0.5 wt %, we could readily obtain the membrane
from the plastic surface. The SEM observations of the film
showed that it was made of a homogeneous layer with a
relatively coarse structure (Figure 6b). In contrast, the film cast
on the glass plate consists of the two-layered form: a major
course phase and bottom dense phase (Figure 6¢). This implies

Figure 6. PEG,(HSA—FeP)/HA membrane. (a) Photograph of the free-standing flexible film, which is prepared on the poly(styrene) surface. (b)
SEM of the isolated film. (¢) SEM of the membrane prepared on the glass surface.
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that the membrane structure of the PEG2(HSA—FeP)/HA is also
influenced by the surface properties of the substrate.

The UV=vis absorption spectral pattern reversibly changed
from that of the five-N-coordinate high-spin ferrous complex
under an Ny atmosphere (Amax: 445, 540, 566 nm) to that of
the Oz-adduct complex under an O; atmosphere (Ame: 426, 545
nm). The Oz-binding parameters of the PEG,(HSA—FeP)/HA
membrane showed a tendency similar to the PEGy(HSA—FeP)
film; the low O,-binding affinity (Pip = 32 Torr, 25 °C) is
mainly due to the slow association rate constant (Table 1). The
half-life of the O-adduct complex was 40 h at 37 °C; we could
not see any water retention effect of HA that could prolong the
stability of FeP(O,). The water content of the PEG,(HSA—FeP)
membrane and PEG,(HSA—FeP)/HA membrane were deter-
mined by the differential thermal analyses to be 6.5 wt % and
6.6 Wt %, respectively.

CONCLUSIONS

The stable solid membranes of a PEGylated artificial hemo-
protein have been prepared, and their O,-binding properties were
physicochemically characterized in relation to the layer mor-
phology. The red-colored thin film is soluble again in water
and organic solvents (ethanol, chloroform) without any defor-
mation of the secondary structure of the protein. The addition
of hyaluronic acid as the polymer support gave the free-standing
flexible film. These O,-binding albumin membranes are a red
blood cell substitute with a micrometer-thickness that can be
preserved anywhere (e.g., on a shelf and in an ambulance) and
reproduced as a saline solution at anytime (e.g., at the scene of
a disaster). Furthermore, it would be of great medical importance
for a variety of clinical treatments, such as O,-enriched coating
agents for medical devices or artificial organs and an O
transporting adhesive plaster for wound healing.
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Abstract: Complexing an iron protoporphyrin IXinto a genetically engineered heme pocket of recombinant
human serum albumin (rHSA) generates an artificial hemoprotein, which can bind Oz in much the same
way as hemoglobin (Hb). We previously demonstrated a pair of mutations that are required to enable the
prosthetic heme group to bind Oz reversibly: (i) lle-142 — His, which is axially coordinated to the central
Ee?* ion of the heme, and (ii) Tyr-161 — Phe or Leu, which makes the sixth coordinate position available
for ligand interactions [I142H/Y161F (HF) or 1142H/Y161L (HL)]. Here we describe additional new mutations
designed to manipulate the architecture of the heme pocket in tHSA—heme complexes by specifically altering
distal amino acids. We show that introduction of a third mutation on the distal side of the heme (at position
Leu-185, Leu-182, or Arg-186) can modulate the O, binding equilibrium. The coordination structures and
ligand (0. and CO) binding properties of nine rHSA(triple mutant)—heme complexes have been
physicochemically and kinetically characterized. Several substitutions were severely detrimental to Oz
pinding: for example, Gin-185, His-185, and His-182 all generated a weak six-coordinate heme, while the
rHSA(HF/R186H)—heme complex possessed a typical bis-histidyl hemochrome that was immediately
autoxidized by O.. In marked contrast, HSA(HL/L1 85N)—heme showed very high O; binding affinity (Py2°z
1 Torr, 22 °C), which is 18-fold greater than that of the original double mutant rHSA(HL)—heme and very
close to the affinities exhibited by myoglobin and the high-affinity form of Hb. Introduction of Asn at position
185 enhances O» binding primarily by reducing the Oz dissociation rate constant. Replacement of polar

Arg-186 with Leu or Phe increased the hydrophobicity of the distal environment, yielded a complex with
reduced O binding affinity (Pyx°2 9—10 Torr, 22 °C), which nevertheless is almost the same as that of
human red blood cells and therefore better tuned to a role in O, transport.

Introduction

In the human circulatory system, iron(IlI) protoporphyrin IX
(hemin) released from methemoglobin (metHb) is captured by
a specific glycoprotein, hemopexin (Hpx, 60 kDa), which binds
it with very high affinity (> 10'> M~1).12 Nevertheless, due to
the extremely low abundance of Hpx in the blood stream (~17
uM), human serum albumin (HSA, 66.5 kDa, 640 uM) acts as
a depot of hemin under pathological conditions of trauma and
severe hemolysis.? HSA is the most prominent plasma protein
and has a remarkable ability to bind a broad range of insoluble
endogenous and exogenous compounds, such as fatty acids,

* Waseda University.
+JST.
 Imperial College London.
(1) (a) Muller-Eberhard, U; Grizzuti, K. Biochemistry 1971, 10, 2062-2066.
%%QMg;loer»Eberhard, U.; Morgan, W. T. Ann. N.Y. Acad. Sci. 1975, 244,
(2) Paoli, M.; Anderson, B. F.; Baker, H. M.; Morgan, W. T.; Smith, A; Baker,
E. N. Nat. Struct. Biol. 1999, 6, 926—931.
(3) Tolosano, E.; Altruda, F. DNA Cell Biol. 2002, 21, 297-306.
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hemin, bilirubin, bile acids, thyroxine, and a wide variety of
drugs.*S This heart-shaped carrier protein is composed of three
structurally similar domains (I—1II), each of which contains two
subdomains (A and B).57 Recent crystallographic studies
revealed that the hemin is bound within a narrow D-shaped
hydrophobic cavity in subdomain IB (Figure 12).89 The central
iron atom is weakly coordinated by Tyr-161 and the porphyrin
propionate side chains interact with a triad of basic amino acid

(4) Peters, T. All about Albumin: Biochemistry, Genetics and Medical
ﬁlpplications; Academic Press: San Diego, CA, 1996; and references

erein,

(5) (=) Kragh-Hansen, U. Pharmacol. Rev. 1981, 33, 17—53. (b) Kragh-Hansen,
U. Danish Med. Bull. 1990, 37, 57—84.

(6) (a) He, X. M.; Cartet, D. C. Nature 1992, 358, 209—215. (b) Carter, D.
C.; Ho, J. X. Adv. Protein Chem, 1994, 45, 153—-203.

(7) (a) Curry, S.; Madelkow, H.; Brick, P.; Franks, N. Nat. Struct. Biol. 1998,
5,'827-835. (b) Bhattacharya, A. A.; Grune, T.; Curry, S. J. Mol. Biol.
2000, 303, 721732,

(8) Wardell, M.; Wang, Z.; Ho, J. X.; Robert, J.; Ruker, F.; Rubel, J.; Carter,
D. C. Biochem. Biophys. Res. Commun. 2002, 291, 813~819.
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(a) HSA-hemin

(b) Heme pocket in subdomain IB

Positions

142161 182185186
Wild lype (wi) 1Y L L R
42H/Y161F(HFY) H F L L R
M42H/Y161L(HL) H L L L R
HF/L185N H F L NR
HL/L185N H L L NR
HF/L185Q H F L Q@ R
HL/L185Q H L L QR
HF/L185H H F L HR
HLAL182H H L H L R
HF/R186H H F L LM
HUR186L H L L L L
HL/R186F H L L L F

Figure 1. (a) Crystal structure of HSA—hemin complex (109X) from ref 9. Hemin is shown in a space-filling representation. (b) Heme pocket structure
in subdomain IB and positions of amino acids where site-specific mutations were introduced. The essential double mutations to confer Oz binding capability
to the heme group are 1142H and Y161F (or Y161L). Abbreviations of the triple mutants are shown in the table.

(a) 1142H/Y161F (HF) (b) H42H/Y161L (HL)
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Figure 2. Structural models of the heme pocket in dioxygenated (a) rHSA-
(HF)—heme and (b) tHSA(HL)—heme: distal-side steric effect of Leu-
185 on O, and CO association.?0

residues at the entrance (Arg-114, His-146, and Lys-190) (Figure
1b). In terms of the general hydrophobicity of the ¢t-helical heme
pocket, subdomain IB of HSA has broadly similar features to
the globin-wrapping heme in Hb and myoglobin (Mb). If the
HSA-based O; carrier is realized, it has the potential of acting
not only as a red blood cell (RBC) substitute but also as an
O.-providing therapeutic reagent. However, the reduced ferrous
HSA—heme would be immediately autoxidized by Os, because
HSA lacks the proximal histidine that in Hb and Mb allows the
prosthetic heme group to bind O,.!% On the basis of the detailed
structure of the heme binding site of HSA, we introduced a
His into the Leu-142 position by site-directed mutagenesis that
provides axial coordination to the central Fe2* atom of the heme,
and we replaced the coordinated Tyr-161 by Phe or Leu, neither
of which can interact with the Fe?* jon (Figure 2).!' This
mutageriic approach produced the recombinant HSA(I142H/
Y161F)—heme [tHSA(HF)—heme] and HSA(1142H/Y161L)—
heme [rHSA(HL)—heme] complexes; these artificial hemopro-
teins can bind and release O at room temperature, although
the O binding affinity of rHSA—heme is at least an order of
magnitude lower than that of Hb(cr) (R-state).!! To develop this
promising O»-carrying plasma protein as a blood substitute,

(10) Monzani, E.; Bonafg, B.; Fallarini, A.; Redaelli, C.; Casella, L.; Minchiotti,
L.; Galliano, M. Biochim. Biophys. Acta, 2001, 1547, 302—312.

(11) (a) Komatsu, T.; Ohmichi, N.; Zunszain, P. A.; Curry, S.; Tsuchida, E. J.
Anm. Chem. Soc. 2004, 126, 14304—14305. (b) Komatsu, T.; Ohmichi, N,
Nakagawa, A.; Zunszain, P. A.; Curry, S.; Tsuchida, E. J. Am. Chem. Soc.
2005, 127, 15933—15942,

further work is required to regulate the O, binding affinity
suitable for Hb, Mb, and human RBC.

In Hb and Mb, His-64 on the distal side of the heme has
been conserved during evolution and plays an important role
for tuning their ligand affinities. A neutron diffraction study of
MbO; clearly showed that the N—H bond of the distal His-64
is restrained from optimal alignment for strong hydrogen
bonding with the coordinated Oz.> Olsen et al.' reported that
the substitution of Gly for His-64 in Mb and Hb(w) caused a
significant decrease in the O, binding affinity due to an ~100-
fold increase in the O; dissociation rate constant, A number of
systematic investigations of site-directed mutants of Hb and Mb
have shown that the overall polarity and packing of the distal
residues are key factors in regulating the rate and equilibrium
constants for ligand bindings.!?

In addition to mutagenic analyses of heme binding sites on
proteins, the value of using synthetic iron porphyrins as Hb and
Mb active-site models has also been amply demonstrated. 415
Tetrakis(ct,0t,@,0-0-pivalamido)phenylporphinato-iron(II) “picket-
fence porphyrin” of Collman et al.!® was a pioneering molecule,
which forms an O; adduct complex at room temperature that is
quite stable and shows a high O binding affinity. The polar
secondary amide groups in the four fences were believed to
contribute to the high O; affinity. Moementeau and Lavalette!”
first demonstrated the distal polarity effect on the O binding
to the “hanging-base porphyrins”. The presence of the amide
groups in the strapped handle over the porphyrin macrocycle
yielded a 9-fold higher O, binding affinity compared to the
ether-bond analogue; it was due to an 8-fold reduction in the
dissociation rate constant. This polarity effect of the substituent

(12) Phillips, 8. E. V.. Schoenborn, B. P. Narure 1981, 292, 81-82.

(13) (a) Olson, J. S.; Mathews, A. I.; Rohlfs, R. I.; Springer, B. A.; Egeberg,
K. D.; Sligar, 8. G.; Tame, I.; Renaud, J.-P.; Nagai, K. Nature 1988, 336,
265-266. (b) Rohlfs, R.; Mathews, A. J.; Carver, T. E.: Olson, J. S.
Springer, B. A.; Egeberg, K. D.; Sligar, S. G. J. Biol, Chem. 1990, 265,
3168—3176. (c) Springer B. A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N..
Jt. Chem, Rev. 1994, 94, 699—714.

(14) Momenteau, M.; Reed, C. A. Chem. Rex. 1994, 94, 659—698.

(15) Collman, I. P.; Fu, L. Acc. Chem. Res. 1999, 32, 455—463.

(16) (a) Collman, J. P; Gagne, R. R.; Halbert, T. R.; Marchou, J.-C.; Reed. C.
A.J. Am. Chem. Soc. 1973, 95, 1869—7870. (b) Collman, J, P.; Gagne, R.
R.; Reed, C. A; Halbert, T. R.; Lang, G.; Robinson, W. T. J, An. Chem.
Soc. 1975, 97, 1427—1439. (¢) Collman, J. P.; Brauman, J. L; Iverson, B.
L.; Sessler, J. L.; Morris, R. M,; Gibson, Q. H. J. Am. Chem. Soc. 1983,
105, 3052—3064.

(17 gﬁ%menteau. M.; Lavalette, D. J. Chent Soc., Chem. Commun. 1982, 341 —
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was also well illustrated by our “double-sided porphyrins”
having ester fences with a 23-fold lower O binding affinity
relative to the picket-fence porphyrin.!®

In view of these investigations, we reasoned that systematic
variation of the steric hindrance and local polarity of the heme
pocket in subdomain IB of HSA would allow us to modulate
the O, binding affinity of rHSA—heme. In this study, we
designed and generated nine rHS A(triple mutant)—heme com-
plexes, in which the specific third mutation was introduced into
three different positions near the O, binding site. The effects
of the engineered distal amino acids on the O, and CO binding
properties of the prosthetic heme group have been physico-
chemically and kinetically characterized. We now present a new
chemistry of albumin-based artificial hemoproteins that would
serve as an entirely synthetic O, carrier with a controllable ligand
binding affinity.

Experimental Section

Materials and Apparatus. All materials were reagent-grade and
were used as purchased without further purification. Iron(IIl) proto-
porphyrin IX (hemin) chloride was purchased from Fluka. UV—vis
absorption spectra were obtained on an Agilent 8453 UV—visible
spectrophotometer equipped with an Agilent 89090A temperature
control unit. Kinetic measurements for the O, and CO bindings were
carried out on a Unisoku TSP-1000WK time-resolved spectrophotom-
eter with a Spectron Laser Systems SL803G-10 Q-switched Nd:YAG
laser, which generated a second-harmonic (532 nm) pulse of 6-ns
duration (10 Hz).''* A 150 W xenon arc lamp was used as the probe
light source. The gas mixture with the desired partial pressure of O/
CO/N, was prepared by a Kofloc Gasbiender GB-3C. MCD spectra
were measured by a Jasco J-820 circular dichrometer.

Preparations of rHSA Triple Mutants and Their Heme Com-
plexes. The designed rHSA triple mutants were prepared according to
our previously reported techniques.!! The third mutation (L.185N,
L185Q, L185H, L182H, R186H, R186L, or R186F) was introduced
into the HSA coding region in a plasmid vector encoding the double
mutants [tHSA(I1142H/Y161F) [fHSA(HF)] or rHSA(I142H/Y161L)
[rHSA(HL)]]"! by use of the Stratagene QuikChange mutagenesis kit.
All mutations were confirmed by DNA sequencing. The plasmid was
then digested by Notl and introduced into yeast (Pichia pastoris GS115)
by electroporation. The expression protocols and media formulations
were as previously described.!’ Briefly, the clones were grown in
BMGY medium and transferred to BMMY medium for induction with
methanol in baffled shaking flasks at 30 °C, 200 rpm. The obtained
proteins were harvested from the growth medium by precipitation with
ammonium sulfate and purified by a Cibacron Blue column of Blue
Sepharose 6 Fast Flow (Amersham Pharmacia Biotech). The rHSA
triple mutants were finally subjected to gel filtration on an AKTA Prime
Plus FPLC system with a Superdex 75 preparative-grade column
(Amersham Pharmacia Biotech). The protein concentration was assayed
by measuring the absorbance at 280 nm (&30 = 3.4 x 10* M~ em™)
and by SDS—PAGE.

The ferric tHSA(mutant)—hemin complexes [hemin:rHSA (mutant)
molar ratio of 1:1] were prepared by established procedures.®!! The
resulting samples were analyzed by SDS—PAGE to confirm a pure
preparation. The 50 mM phosphate buffered solution (pH 7.0, 3 mL)
of rHSA(mutant)—hemin ([hemin] = 10 zM) in a 10-mm path length
optical quartz cuvette sealed with a rubber septum was purged with
Ar for 40 min. A small excess amount of degassed aqueous sodium
dithionate was added by a microsyringe to the sample under an Ar

(18) (a) Komatsu, T.; Hasegawa, E.; Nishide, H.; Tsuchida, E. J. Chem. Soc.,
Chem. Commun. 1990, 66—68. (b) Tsuchida, E.; Komatsu, T.; Arai, K.;
Nishide, H. J. Chem. Soc., Dalton Trans. 1993, 2465—2469.
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atmosphere to reduce the central ferric ion of the hemin, to give the
ferrous rHSA(mutant)—heme complexes.

0, and CO Binding Parameters. The O, or CO recombination
with the heme after nanosecond laser flash photolysis of hemeO, or
hemeCO occurs according to eq 1 with the association rate constant
(koa¥) and dissociation rate constant (kog):!-16%1

L

hemel. 2, heme ==n]z hemeL. D

where L = O, or CO. The CO association rate (k,,*°) was simply
measured by following the absorption at 425 nm after laser pulse
irradiation to tHSA(mutant)—hemeCO at 22 °C.!! The O, association
rate constant (k.2 and O, binding equilibrium constant K% [=
(P12%2)71] can be determined by a competitive rebinding technique by
use of gas mixtures with different partial pressures of Ox/CO/N; at
22 °C.111619 The relaxation curves that accompanied the O, or CO
recombination were analyzed by single- or double-exponential profiles
with Unisoku Spectroscopy & Kinetics software. The O, dissociation
rate (kogO2) was calculated from kO K®2.

The CO dissociation rate constant (k.x“C) was measured by displace-
ment with NO for rHSA(mutant)—hemeCO at 22 °C.}* The time course
of the UV —vis absorption change that accompanied the CO dissociation
was fitted to two single exponentials. The CO binding constants [K“©
= (P1,°°)"!] were calculated from k,,."%/k.“C. Fresh solutions of tHSA-
(mutant)—heme were normally made up for each set of experiments.

Magnetic Circular Dichroism Spectroscopy. MCD for the 50 mM
potassium phosphate buffered solutions (pH 7.0) of tHSA(mutant)—
hemin or —heme complex (10 uM) were measured under Ar and CO
atmospheres with a 1.5 or 1.65 T electromagnet at 22 °C.

Results and Discussion

Design of Distal Pocket with Asn, Gln, and His. We
recently compared the O, and CO binding properties of the
rHS A(double mutant)—heme complexes [rHSA(HF)—heme and
rHSA(HL)—heme] and found evidence for a noteworthy distal-
side steric effect on ligand binding.!"® The rHSA(HF)—heme
complex binds O, and CO about 4—6 times more tightly than
rHSA(HL)~—~heme, primarily because of enhanced association
rate constants. Structurally, this affect appears to be due to the
concerted effects of the residues at positions 161 and 185 on
ligand binding. In the rHSA(HF)—heme complex, the bulky
aromatic side chain of Phe-161 is presumed to prevent rotation
of the neighboring Leu-185, thereby providing easy access to
the O, binding site in the distal pocket (Figure 2a). In contrast,
the substitution of Phe-161 by the smaller Leu-161 may allow
rotation of the isopropyl group of Leu-185, which reduces the
volume of the distal side (Figure 2b) and hinders association
of O3 and CO ligands with the heme iron atom. On the basis of
these findings, we reasoned that other modifications of the heme
pocket architecture would allow us to further modulate its O,
binding properties.

One approach to enhancing the O, binding affinities of rHSA-
(HF)~heme and rHSA(HL)—heme would be to introduce a
histidine into an appropriate position on the distal side of the
heme. The N, atom of His may act as a proton donor to form
an H-bond with the coordinated O.. However, another important
requirement in this molecular design is to prevent the formation

19 Traylor,T G.; Tsuchiya, S.; Campbell, D.; Mitchel, M.; Stynes, D.; Koga,
N. J. Am. Chem. Soc. 1985, 107, 604614,
[0} The pictures were produced on the basis of crystal structure coordinatex
of rHSA(wt)~hemin (109X, ref 9) by use of PyMOL: DeLano, W. L.
The PyMOL Molecular Graphics System; DeLano Scientific: San Carlos,
CA, 2002.
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of a six-coordinate low-spin ferrous complex. The bis-histidyl
hemochromes are normally autoxidized by O; via an outer-
sphere mechanism as well as by inner-sphere pathways involv-
ing the metal-coordinated 0322 The distal amino acid must
therefore be located relatively far (>4 A) from the central iron.

Our modeling experiments suggested that the favorable
position for the distal His insertion was Leu-185, which is in
the final helix in subdomain IB and forms part of the top of the
distal pocket (Figure 1). Leu-182 and Arg-186 were also
considered likely to be good candidate positions for the
introduction of an amide-containing side chain designed to
stabilize O, binding (see below). In elegant studies on Mb,
Rohlfs and co-workers showed that Gln, which has a primary
amide group potential to form an H-bond, was able to substitute
effectively for the stabilizing role of the distal histidine (His-
64).1%< Thus, we decided to vary the polarity of the distal side
of the heme in rHSA(HF) and rHSA(HL) by replacing Leu-
185 with Asn, Gln, and His by site-directed mutagenesis. The
Asn residue should behave similarly to Gln, although a rMb-
(H64N) mutant has never been reported. The His-1835 mutation
was only done for rHSA(HF), because His-185 could be long
enough to bind to the sixth coordinate position of the heme if
allowed the greater freedom of movement that would occur in
the tHSA(HL) background. As a result, five triple mutants
[rHSA(HF/L185N), rHSA(HL/L185N), tHSA(HF/L.185Q), rHSA-
(HL/L185Q), and rHSA(HF/L.185H)] were cloned and their
hemin complexes were prepared.

Ferric States of L185N, L185Q, and L185H Mutants. The
site-specific mutations with Asn, Gln, and His were successfully
introduced into the Leu-185 position of rHSA(HF) or rHSA-
(HL), and the proteins were purified to homogeneity as
determined by SDS—PAGE. The rHSA(mutant)—hemin com-
plexes produced from these proteins were stable for several
months at 4 °C without precipitation.

The UV—vis absorption spectra of the five rHSA(triple
mutant)—hemin complexes are essentially the same regarding
their general features (Figure 3, Table 1), When analyzed by
MCD spectroscopy to evaluate the redox state, spin state, and
axial ligand environment, all the ferric THSA(triple mutant)—
hemins showed a characteristic MCD with similar S-shaped
patterns in the Soret band region, though their intensities were
dependent on the nature of the distal amino acid (Figure 4).
Vickery et al.* previously reported that the Soret MCD intensity
of the ferric Mb with different anions at the sixth coordinate
position was correlated with the amount of low-spin component.
rHSA(HL)—hemin showed almost the same band as ferric Mb,
in which one water axially coordinates to the sixth position of
the hemin to produce the aquo complex, !5 [ contrast, tHSA-
(HF/L185H)—hemin showed 3-fold greater intensity at 403 nm,
This is probably caused by the coexistence of a low-spin six-
coordinate hemin. Introduction of Asn or Gln at position 185

(21) Chu, M. M. L.; Castro, C. E.; Hathaway, G. M. Biochemistry 1978, 17,
1-486

(22) Tsuchida, E.; Nishide, H.; Sato, Y.; Kaneda, M. Bull. Chem. Soc. Jpn.
1982, 55, 1890—1895.

(23) Uno, T.; Sakamoto, R.; Tomisugi, Y.; Ishikawa, Y. Wilkinson, A.
Biochemistry 2003, 42, 10191-10199,

(24) Vickery, L.; Nozawa, T.; Sauer, K. J. Am. Chem. Soc. 1976, 98, 343—
350

(25) Collman, J. P.; Basolo, F.; Bunnenberg, E.; Collins, T. J.; Dawson, J. H.:
Ellis, P. E., Jr.; Marrocco, M. L.; Moscowitz, A.; Sessler, . L.; Szymanski,
T. J Am. Chem. Soc. 1981, 103, 5636—5648.

(26) Traylor, T. G.; Chang, C. K. Geibel, I.; Berzinis, A.; Mincey, T.; Cannon,
1. L Am. Chem, Soc. 1979, 101, 6716—6731.
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Figure 3. UV—vis absorption spectral changes of (a) tHSA(HL/L185N)—
heme and (b) rHSA(HF/L185H)—heme complexes in 50 mM potassium
phosphate buffered solution (pH 7.0, 22 °C).

gave intermediate effects, though mutants with Q185 yielding
a slightly more intense peak at 405 nm. Overall, our MCD
results for these five rtHSA(triple mutant)—hemin complexes
imply that the introduction of the distal nitrogenous residue at
the 185 position tends to increase the ferric low-spin nature.
Ferrous States of L185N, L185(Q, and L185H Mutants and
O: Binding. tHSA(triple mutant)—hemins were easily reduced
to form the ferrous complexes by adding a small excess of
aqueous sodium dithionate under an Ar atmosphere. rHS A(HF/
L185N)—heme, rHSA(HL/L185N)—heme, and rHSA(HL/
L185Q)—heme each showed a visible absorption band at 558—
559 nm with a small shoulder at 530 nm (Figure 3a; Figure S1,
Supporting Information), that was similar to the spectra observed
for tHSA(HF)—~heme, tHSA(HL)—heme,!!® deoxyMb,” and
synthetic chelated protoheme.?® The spectral patterns clearly
indicated the formation of a five-N-coordinate high-spin com-
plex. In contrast, in the spectra of rHSA(HF/L185Q)—heme and

(27) Antonini, E.; Brunori, M. Hemeglobin and Myoglobin in Their Reactions
with Ligands; North-Holland: Amsterdam, 1971; p 18.
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Table 1. UV—vis Absorption Spectral Data of rHSA(mutanl)—Heme Complexes?

Arax (M)

Fe

Fe?0,

Fe*CO

hemoproteins Fa¥
rHSA(HF)—heme? 402, 533, 620
rHSA(HL)—heme” 402, 533, 620
rHS A(HF/L.185N)—heme 406, 528, 618
rHSA(HL/L185N)—heme 407, 530, 620
rHSA(HF/L185Q)—heme 406, 530, 620
rHSA(HL/L185Q)—heme 406, 530, 620

rHSA(HF/L185H)—heme
rHSA(HL/L182H)—heme
rHSA(HF/R186H)—heme
tHSA(HL/R186L)—heme
rHSA(HL/R186F)—heme
Mbd

chelated heme*®

407, 528, 620
410, 532, 624
411, 533, 565
406, 530, 620
405, 532, 621
409, 503, 548(sh), 632
408, 540, 565

425, 532(sh), 559
426, 531(sh), 539

411, 538, 576
412,537,573

419, 538, 565
419, 538, 565

425, 53((sh), 559 411, 540, 575 419, 539, 566
425, 530(sh), 559 411, 537,575 419, 537, 564
424, 528, 558 419, 538, 566
425, 530(sh). 558 411, 537, 574¢ 419, 537, 566
424, 528, 558 419, 538, 566
425, 530, 559 419, 539, 567
424, 529, 560 420, 539, 568
426, 531(sh), 559 411, 539, 576 419, 539, 567
426, 531(sh), 559 410, 535, 571 419, 538, 568
434, 557 418, 544, 581 423, 541, 579
427, 530, 558 414, 543,575 420, 540, 569

aln 50 mM polassium phosphate buffered solution (pH 7.0) at 22 °C. »Reference 11b. < At § °C. 4 Horse muscle myoglobin (Sigma); ref 11b. ¢In

DMFE/H-0 (7/3) at 15 °C: ref 26.
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Figure 4. MCD spectra of rHSA(185-mutant)—hemin complexes in 50
mM potassium phosphate buffered solution (pH 7.0, 22 °C).

rHSA(HF/L185H)—heme, the 8 band at 528 nm appeared
relatively sharp (Figure 3b), which suggests partial formation
of a six-coordinate heme complex. This is consistent with the
finding that the ferric state of these two mutant complexes had
the highest peaks in the MCD.

The Soret MCD spectra of ferrous rHSA(HF/L185N)—heme,
rHSA(HL/L185N)—heme, and rHSA(HL/L185Q)—heme under
Ar atmosphere are dominated by an intense positive peak at
433 nm and a small trough at 402 nm as expected for the
Faraday C-terms for high-spin ferrous porphyrins like deoxyMb
(Figure 5a).22 In contrast to these three mutant complexes,
rHSA(HF/L185Q)—heme and rHSA(HF/L185H)—heme show
weaker intensity in the Soret band region and greater intensity
in the visible region (Figure 5b).

On the basis of all the UV—vis absorption and MCD spectral
results, we concluded that the reduced ferrous heme is axially
coordinated by His-142 at the core of the heme pocket in THSA-
(mutant) and forms a five-N-coordinate high-spin ferrous
complex under an Ar atmosphere in the case of HF/L185N,
HI/.185N, and HL/L185Q mutants (Figure 6a,b.d). In addition
to the His-142 ligation, GIn-185 and His-185 partially interact
with the sixth coordinate position of the central Fe?* ion of the

11290 J. AM. CHEM. SOC. = VOL. 129, NO. 36, 2007
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Figure 5. MCD speciral changes of (a) rHSA(HL/L185N)—heme and (b)
rHSA(HF/L.185H)—heme complexes in 50 mM potassium phosphate
buffered solution (pH 7.0, 22 °C).

heme in the HF/L185Q and HF/L185H mutants in spite of the
bulky aromatic ting of Phe-161 (Figure 6c,e). We postulated
that rHSA(HL/L185Q)—heme would also form a six-coordinate
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Figure 6. Structural models of the heme pocket in rHSA(triple mutant)—heme complexes: distal-side effects of engineered amino acids at position 185.

low-spin complex, because the small Leu-161 should allow
additional room for rotation of Gln-185. However, it yielded a
five-coordinate high-spin ferrous complex (Figure S1). This
suggests that the flexible Gln-185 may interact with neighboring
amino acids (Figure 6d) and underscores the difficulty in
accurately predicting the impact of amino acid substitutions.

Upon exposure of the rHSA(HF/L185N)—heme and rHSA-
(HL/L185N)—heme solutions to O,, the UV—vis absorptions
immediately changed to that of the O adduct complex at 22 °C
(Figure 3a, Table 1).11-%627 However, the rHSA(HL/L185Q)—
heme complex bound O only at 5 °C (Figure S1a) and was
observed to autoxidize rapidly at 22 °C. This rapid oxidation
may suggest that the distal side of the heme has an open
structure, which allows easy access of water to the heme, thereby
facilitating autoxidation.”® The rHSA(HF/L185Q)—heme and
rHSA(HF/L185H)—heme complexes, both of which exhibit
side-chain interactions with the sixth coordinate position of the
heme, were immediately oxidized by O even at low temperature
(5 °C).

After introduction of CO gas, all the hemoproteins produced
stable carbonyl complexes with identical absorption spectral
patterns (Figures 3 and Sla, Table 1).112627 Tn every case the
carbonyl rHSA(triple mutant)—heme complexes exhibited the
same S-shaped MCDs, which correspond to the A-term bands
for the diamagnetic low-spin protoheme with CO and axial His
coordinations (Figures 5 and S1b),>** This result implies that
in the carbonyl complexes the Asn-185 and GIn-185 residues
do not act as a proximal base instead of His-142.

0O; and CO Binding Parameters of L185N Mutants. By
use of laser flash photolysis, analysis of the kinetics of ligand
binding to the double mutants rHSA(HF)—heme and rHSA-
(HL)—heme revealed that the asymmetric iron protoporphyrin
IX molecule is accommodated in subdomain IB in two different
orientations (180° rotational isomers).!! As a result, there exist
two geometries of the axial His-142 coordination to the central
Fe2* ion of the heme (species 1 and II). In species I, the proximal
His coordinates to the heme without strain, while in species II,
the ligation involves some distortion, resulting in weaker O
binding. The bending strain in the proximal His—Fe?" bond in
species II increases the dissociation rate constant and decreases
the association rate for CO, whereas it increases the O;
dissociation rate without changing the kinetics of the Os
association.!®!® Consequently, the entire absorption decay
accompanying the CO recombination with rHSA(HF)—heme
or tTHSA(HL)—heme was composed of two single exponentials,
but the rebinding process of O, followed a simple monophasic

decay. In tHSA(triple mutant)—hemes, this alternative geometry
of the heme plane would also arise in the same manner.

We again used laser flash photolysis to characterize the O,
and CO binding properties of the rHSA(triple mutant)—heme
complexes. As expected, the binding behavior of Os for rHSA-
(HF/L185N)—heme and rtHSA(HL/L185N)—heme was broadly
similar to that of the double mutants. However, detailed analysis
reveals that the absorption decay accompanied by O rebinding
to the heme was composed of two very similar phases (Figure
52, Supporting Information). Numerous investigations of the
synthetic iron porphyrins have demonstrated that the “distal-
side steric effect” is the only factor that influences the
association rate constant for 0,.!%!% The double-exponential
profiles for O association are therefore likely to indicate that
there are two distinct conformations of the distal Asn-185 above
the heme. The amplitude ratio of the two phases was ap-
proximately 1:1 for tHSA(HL/L185N)—heme, suggesting that
half of the Asn residue may turn toward the inside of the heme
pocket and the other turns to the outside (Figure 6b). These
two conformers of the distal Asn-185 residue also influence
the association rate for CO. If we were to take this minimal
effect into account, the CO rebinding process would have to be
analyzed as four phases, However, (i) it would be too compli-
cated to comprehend the fundamental aspects of the ligand
binding properties of rHSA(triple mutant)—heme, and (ii) the
observed distal-side effect is less significant compared to the
major proximal-side steric effect in this system. Hence, the
absorbance decays after laser pulse irradiation to rHSA(HF/
L185N)—hemeCO and rHSA(HL/L.185N)—hemeCO were fitted
by biphasic kinetics. The ratio of the amplitude of the dominant
fast phase (species I) and minor slow phase (species II) was
approximately 7:3 for tHSA(HF/L185N)—heme and 3:2 for
rHSA(HL/L185N)—heme. These values were within the same
range observed in the rHSA(double mutant)—heme complexes.!!
Concomitantly, the O association rate of rHSA(HF/L185N)—
heme or rHSA(HL/L185N)—heme was determined as one value
by weighted averaging of the k,,®2 values for the two phases
(Table 2).

In general, ko=© is a simple indicator of the bending strain
in the proximal His coordination to the central Fet ion 1619
rHSA(HF)—heme, rHSA(HL)—heme, rHSA(HF/L185N)—heme,
and rHSA(HL/L185N)—heme exhibited similar &,;CC values in
species I (0.008—0.013 s71) and they are identical to that of
Hb(a) (R-state) (0.009 s™!) (Table 3).2? This result indicated
that the axial His-142 ligation to the heme in these artificial
hemoproteins has the same features as that of Hb.

(28) Brantley, R. E., Jr.; Smerdon, 8. I.; Wilkinson, A. 1.; Singleton, E. W.;
Olson, I. 8. J. Biol. Chem. 1993, 268, 6995—7010.

(29) Sharma, V. S.; Schmidt, M. R,; Ranney, H. M, J. Bial. Chem. 1976, 251,
42674272,

J. AM. CHEM. SOC. = VOL. 129, NO. 36, 2007 11291



ARTICLES

Komatsu et al.

Table 2. O Binding Parameters of rHSA(mutant)—Heme
Complexes?

KaP2 (ms™) P02 (Torr)

hemoproteins KonQ2 (UM~ 57T) i i | i
rHSA(HF)—heme? 20 0.10 099 3 31
rHSA(HL)—heme? 7.5 0.22 1.70 18 134
rHSA(HF/L185N)—heme 26 0.10 1.03 2 24
rHSA(HL/L185N)—heme 14 0.02 029 1 14
rHSA(HL/R186L)—heme 25 0.41 859 10 209
rHSA(HL/R186F)—heme 21 0.29 701 9 203
Hb(a) (R-state)* 334 0.013¢ 0.24
Mbf 14 0.012 0.51
RBC2 8

4In 50 mM potassium phosphate buffered solution (pH 7.0) at 22 °C. 1
or II indicates species I or IL ®Reference 11.¢Human hemoglobin
a-subunit. In 0.1 M phosphate buffer (pH 7.0, 21.5 °C); ref 30. ¢In 10
mM phosphate buffer (pH 7.0, 20 °C); ref 31. f Sperm whale myoglobin,
in 0.1 M potassium phosphate buffer (pH 7.0, 20 °C); ref 13b. ¢ Human
red cell suspension, in isotonic buffer (pH 7.4, 20 °C); ref 32.

Table 3. CO Binding Parameters of rHSA(mutant)—Heme
Complexes?

ke M7 8T ey (s™) Py (Torr)

hemoproteins | i ! i i il
rHS A(HF)—heme? 6.8 0.72 0.009 0.061 0.0011 0.068
rHSA(HL)—heme? 2.0 027 0.013 0.079 0.0053 0.240

rHSA(HF/L185N)—heme 7.7 1.09 0.008 0.043 0.0008 0.032
rHSA(HL/L185N)—heme 6.8 1.60  0.008 0.039 0.0016 0.020
rHSA(HL/R186L)—heme 5.0 057 0011 0.165 0.0018 0.234
rHSA(HL/R186F)—heme 7.9 1.12 0.010 0.148 0.0010 0.107
Hb(a) (R-state) 4.6¢ 0.009¢ 0.0016"

Mbs 0.51 0.019 0.030

4In 50 mM potassium phosphate buffered solution (pH 7.0) at 22 °C. 1
or Il indicates species I or II. #Reference 11.°¢Human hemoglobin
o-subunit. 4 In 50 mM potassium phosphate buffer (pH 7.0, 20 °C); ref 33.
¢ fn 0.1 M phosphate buffer (pH 7.0, 20 °C); ref 29. / Calculated from (konY
ko)1, ¢ Sperm whale myoglobin, in 0.1 M potassium phosphate buffer
(pH 7.0, 20 °C); ref 13b.

Effect of Asn-185 Residue on O; Binding Affinity. The
O, and CO binding parameters for the rHSA(HF)—heme and
rHSA(HF/L185N)—heme complexes did not show any signifi-
cant differences. The bulky benzyl side chain of Phe-161 may
retard rotation of the polar amide group of Asn-185 and thereby
maintain the polarity and size of the distal pocket (Figure 6a).
In contrast, there are marked differences in the comparison of
the O, and CO binding parameters for rHSA(HL)—heme and
rHSA(HL/L.185N)~heme. First, the presence of Asn rather than
Leu at position 185 resulted in 2- and 3—6-fold increases in
the association rate constants for O, and CO, respectively. As
described above, the kinetics of O, binding to rHSA(HL/
1.185N)—heme actually consist of two phases. The Asn may
partly rotate upward, which provides a somewhat greater space
for the distal pocket. This presumably increases the association
rate constants. Second, Asn-185 induced 18- and 10-fold
increases in the O, binding affinity for species 1 and II,
respectively (Table 2); these increases were predominantly due
to the 6—11-fold diminution of the kg values. This corre-
sponds to a free energy difference of —1.8 kcal mol™! at 22 °C
that may be attributable to a H-bond interaction with the bound
Q,. This is consistent with the observation that, in HbO, and
MbQO,, the distal His-64 stabilizes the coordinated O, by
—0.6~—1.4 kcal mol~! due to the H-bonding.!? Unfortunately,
attempts to measure the stretching frequency of the bound O,
molecule in tHSA(HL/L185N)—heme by infrared spectroscopy
failed because the O, adduct complex was not sufficiently stable.

11292 J. AM. CHEM. SOC. » VOL. 129, NO. 36, 2007

Nevertheless, it is noteworthy that the high O; binding affinity
(P19 1 Torr) for tHSA(HL/L185N)—heme is now close to
that of natural Hb(a) (0.24 Torr)**! and Mb (0.5 Torn)*
(Table 2).

Replacement of L182 or R186 by His. Leu-182 and Arg-
186 were also considered to be good candidates for introduction
of the distal His, so we prepared the rHSA(HL/L182H) and
rHSA(HF/R186H) triple mutants (Figure 1). Modeling trials
demonstrated that neither of these introduced histidines is
coplanar with the Fe—O—0O moiety. Rather, they are positioned
off to the side, so that there may be an oblique interaction with
the coordinated O, and the heme center.

The rHSA(HL/L182H)~hemin complex and its reduced form
showed spectra similar to those of rHSA(HF/L185H)—heme.
In contrast, the color of the ferric rHSA(HF/R186H)—hemin
solution was bright red, and the UV—vis absorption spectrum
clearly showed the formation of a bis-histidine-coordinated low-
spin ferric complex (Figure 7a).?>?® The MCD intensity of the
S-shaped curve in the Soret band region (Figure 8) was higher
than that observed with tHSAHF/L185H)—hemin (Figure 4).
The chemical reduction of the Fe>™ complex results in very sharp
B, o bands in the visible absorption spectrum (529, 560 nm)
(Figure 7a). In MCD, we observed the loss of the strong C-terms
in the Soret band and the appearance of intense A-terms
corresponding to the o band (Figure 7b). They all resembled
those of the typical bis-histidy! hemochrome, for example,
cytochrome bs,3 soluble guanylcyclase,?® and bis-imidazole-
bound protoheme,?22635 a5 well as Hpx.!? It can be concluded
that rHSA(HF/R186H)—heme produced a strong six-coordinate
low-spin ferrous complex under an Ar atmosphere. Unfortu-
nately, the ferrous forms of both rHSA(HF/R186H)—heme and
THSA(HL/L182H)—heme were readily autoxidized upon the
addition of O, gas. It is known that bis-histidyl hemochromes
are rapidly oxidized by O, via an outer-sphere mechanism.?!
We have demonstrated that this also applies to our artificial
hemoprotein, the rtHS A(mutant)—heme system.

O, and CO Binding Parameters for R186L and R186F
Mutants. We have clearly shown that the O, binding equilib-
rium and kinetics of rHSA—heme complexes may be signifi-
cantly enhanced by site-directed mutagenesis. In fact, the O
binding affinity of the rHSA(HL/L185N)—heme complex (1
Torr) was shown to be similar to those of Mb and the high-
affinity R-state of Hb(a). However, for saline solutions of
artificial rHSA—heme complexes to provide effective lung-to-
tissue O, transport in vivo, the affinity should be reduced to
render it more similar to the affinity of human RBC (P1,°: 8
Torr).3? This requires an O, binding affinity that is intermediate
between the values observed for tHSA(HL)—heme and rHSA-
(HL/L185N)—heme.

Both site-directed mutagenesis and synthetic porphyrin ap-
proaches have previously shown that an effective way to
diminish the O, binding affinity of the heme is to introduce a

(30) Gibson, Q. H. J. Biol. Chem. 1970, 245, 3285—3288.

(31) Otlson, J. S.; Andersen, M. E.; Gibson, Q. H. J. Biol. Chem. 1971, 246,
5919—5923.

(32) Imai, K.; Morimoto, H.; Kotani, M.; Watari, H.; Hirata, W.; Kuroda, M.
Biochim. Biphys. Acta. 1970, 200, 189—197.

(33) Steinmeier, R. C.; Parkhurst, L. J. Biochemistry 1975, 14, 1564—1571.

(34) Vickery, L.; Salmon, A.; Sauer, K. Biochim. Biophys. Acta. 1975, 386,
87—98.

(35) (a) Burstyn, J. N.; Yu, A. E.; Dierks, E. A.; Hawkins, B. K.; Dawson, J.
H. Biochemistry 1995, 34, 5896—5903. (b) Svastits, E. W.; Dawson, J. H.
Inorg. Chim. Acta. 1986, 123, 83—86.
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Figure 7. (a) UV—vis and (b) MCD spectral changes of rHSA(HF/
R186H)~heme complex in 50 mM potassium phosphate buffered solution
(pH 7.0, 22 °C).

hydrophobic amino acid (or substituent) around the O, binding
site.!%141719 We expected that increasing the hydrophobicity
of the distal side of the heme pocket by insertion of a nonpolar
residue would reduce the O» binding affinity of the rHSA—
heme complex. The most suitable position for this introduction
could be at Arg-186, which is the entrance of the heme pocket
and is rather close to the central Fe2t ion.

Thus, we designed new triple mutants rHSA(HL/R186L) and
rHSA(HL/R186F) in an effort to prepare rtHSA-based artificial
hemoproteins having the same O, binding affinity as human
RBC (Figure 9). An important structural factor in these mutants
is Y161L, which is likely to allow rotation of the isopropyl group
of Leu-185 above the O, coordination site.

MCD spectra in the Soret band region of ferric rHSA(HL/
R186L)—hemin and rHSA(HL/R186F)~hemin both showed
very low intensity, essentially the same as that observed for
rHSA(HL)—hemin (Figure 8). The reduced ferrous form
demonstrated the characteristic UV—vis absorption and MCD
spectra of the five-N-coordinate high-spin complex under an
Ar atmosphere (Table 1; Figure S3, Supporting Information).

~ f
5 |
E ?
T -
8 s
=] :
O
= ! ‘ |
= - .
o 8| — s :
! —: HIVRI86H | ! :
12 o | —— L RIEGE |4 3
— : N
-16 — T Tt
320 340 360 380 400 420 440 460 480 500
Wavelength (nm)

Figure 8. MCD specira of rHSA(182-mutant)—hemin and rHSA(186-
mutant)—hemin complexes in 50 mM potassium phosphate buffered solution
(pH 7.0, 22 °C).

Upon bubbling of O, gas through the solutions, the spectral
patterns were shifted to that of the O, adduct complex. The
distinct features of all the spectra were quite similar to those of
rHSA(HL)—heme.

Following laser flash photolysis, the absorption decays
associated with O recombination with rHSA(HL/R186L)—heme
and tHSA(HL/R186F)—heme were monophasic, which suggests
that the distal space in the pocket is uniform, in contrast to the
L185N mutants. The kinetics for CO rebinding were still
composed of double exponentials, consistent with the existence
of two different geometries of the axial His-142 coordination
to the central Fe>* ion of the heme.

We previously showed that rHSA(HF) binds Q- with sig-
nificantly higher affinity than rHSA(HL) and reasoned that the
presence of Leu rather than Phe at position 161 allowed a
downward rotation of the adjacent L 185 side chain that restricted
access to the O; binding site on the heme group and reduced
the affinity by a factor of 6 (Table 2)."" Strikingly, however,
insertion of Leu or Phe at position 186 in the presence of Leu-
161 [as in tHSA(HL/R186L)—heme and rHSA(HL/R186F)—
heme complexes] yielded ko,©2 and ko,CO values that were 3—d4-
fold higher than those of rHSA(HL)—heme. The presence of a
hydrophobic residue at position 186 may restrict the mobility
of Leu-185 and thereby enhance access to the O- binding site
(Figure 9).

Overall, the Oy and CO binding parameters of rHSA(HL/
R186L)—heme and rHSA(HL/R 186F)—heme were more similar
to those of tHSA(HF)—heme. In species I, for example, the
ko“® values were almost identical, which again implies
unhindered axial coordination structures of His-142 to the heme:
as a result, the CO binding affinities of these triple mutants
(P12"0 0.0010—0.0018 Torr) were close to that of the rHSA-
(HF)—heme complex. In contrast, the O, dissociation rate
constants of rHSA(HL/R186L)—heme and rHSA(HL/R186F)—
heme were 3—4-fold higher than found for rHS A(HF)—heme,
which modestly reduced the O- binding affinities (higher P:).
This could be due to the increase in the hydrophobicity in the
distal pocket. Crucially, the O binding affinities of rtHSA(HL/
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Figure 10, Schematic illustrations of the engineered distal amino acids in the heme pocket of rHSA(triple mutant)—heme: (yellow) five-coordinate high-
spin ferrous complex; (blue) five-coordinate high-spin complex including six-coordinate low-spin ferrous complex; (pink) six-coordinate low-spin ferrous
complex.

R186L)—heme (P12°: 10 Torr) and rHSA(HL/R186F)—heme
(P12%: 9 Torr) are essentially indistinguishable from that of
human RBC (P12°: 8 Torr). These results show that there are
several different combinations of mutations that can confer the
REC-like O binding affinity to the prosthetic heme group.

Another possibility, yet to be explored, is that insertion of a
proximal His into the 186 position would construct a distal
pocket on the opposite side of the porphyrin plane (the Ile-142
side), that would provide somewhat different O: binding
properties of the heme.
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Conclusions

Transport of O, by tHSA—heme complexes could be of great
clinical importance, not only as a blood alternative but also as
an Op-providing therapeutic fluid. Such a synthetic compound
has the potential advantage of not having to be matched to the
recipient’s blood type; moreover, it could be prepared in
controlled facilities without viral contamination.

We have previously demonstrated that tHSA—heme com-
plexes can be engineered to bind O, reversibly;!! however, these
complexes did not display optimal O; binding affinities. By use
of structure-based mutagenesis of HSA combined with chemical
modification of the synthetic iron—porphyrin, we have attempted
to modify the heme pocket architecture so as to refine the O,
binding properties of rHSA—heme complexes. By focusing on
modifications on the distal side of the heme binding pocket in
rHSA, we have successfully engineered distinct rHSA(triple
mutant)—heme complexes with a broad range of O, binding
affinities. Schematic illustrations of the engineered distal amino
acids in the heme pocket of the different tHSA mutants are
shown in Figure 10. These include mutants such as rHSA(HL/
L185N) with affinities that mimic the high affinity of Hb(c)
(P12% 0.24 Torr) and others [e.g., tHSA(HL/R186L)] with
affinities similar to that of human RBC (P12 8 Torr).

The highest affinity mutants rHSA(HL/L185N) and rHSA-
(HF/L185N) both contain Asn-185, which has a short amide
side chain that significantly enhances the O; binding affinity,
particularly when the neighboring amino acid is Leu-161. The
N-H bond of the Asn-185 may face the terminal oxygen atom
of the Fe—~0, moiety, providing an amide dipole that stabilizes
the O binding to the heme. This interpretation is consistent
with the findings of Chang et al.,>¢ who first demonstrated that
the dipole—dipole interaction between the Fe—O, and amide
group can produce kinetic and thermodynamic control of the
dioxygenation of the model hemes. In contrast, introduction of
the larger Gln and His side chains at position 185 partly provided
a six-coordinate heme character and therefore did not stabilize
O, binding.

In a different approach, substitution of the polar Arg-186 at
the entrance of the heme pocket with Leu or Phe caused a useful
reduction in the O, binding affinity, yielding P12 values that
are very close to that of the human RBC and therefore well
adapted for O, transport in vivo (Table 2). The impact of these
substitutions may be due to their interaction with the adjacent
residue, L1185, which results in enhanced access to the O,
binding site.

(36) Chang, C. K; Ward, B.; Young, R.; Kondylis, M. P. J. Macromol. Sci.,
Chem. 1988, A25, 1307—1326.

Other mutations were deleterious to O, binding but neverthe-
less produced complexes that might have other uses. For
example, tTHSA(HF/R186H)—heme formed a typical bis-histidyl
Fe** or Fe?™ complex. In the circulation, free hemin is known
to participate in the Fenton reaction to produce the highly toxic
hydroxyl radical. However, it is sequestered by Hpx, in which
the bis-histidyl coordination tightly fixes the hemin with the
highest binding affinity of any known protein.!? In the same
manner, THSA(HF/R186H) has a bis-histidine clamp for hemin
and might conceivably be exploited as an antioxidant reagent
to protect the body from oxidative damage after blood heme
overload.

On the other hand, it would be of great importance to study
the NO binding property of rHSA(mutant)—heme for practical
medical applications. Some of the Hb-based blood substitutes
leak through the vascular endothelium and capture the endot-
helial-derived relaxing factor, NO, that elicits an acute increase
in blood pressure by vasoconstriction.’” Qur rHSA(mutant)—
heme would bind NO in the same way as Hb, but it would not
induce such hypertension, because the albumin carrier has low
permeability through the muscle capillary pore.38

Ultimately, to fully understand the structural basis of the
effects of the various mutations on O, binding, it will be
necessary to examine the structural details of the heme binding
pocket. Crystal structural analysis of the rHSA(mutant)—heme
complexes is now underway. Structural information should
enhance our ability to design mutations that will further optimize
the O, binding properties of these complexes.
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Oxygen infusions (hemoglobin-vesicles and
albumin-hemes) based on nano-molecular sciences’
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Since the discovery of a red-colored saline solution of a heme derivative that reversibly binds and
releases oxygen (1983), significant efforts have been made to realize an oxygen infusion as a red cell
substitute based on the sciences of both molecular assembling phenomena and macromolecular
metal complexes. The authors have specified that hemoglobin (Hb)-vesicles (HbV) and recombi-
nant human serum albumin-hemes ({HSA-heme) would be the best systems that meet the clinical
requirements. (A) Hb is rigorously purified from outdated, donated red cells via pasteurization and
ultrafiltration, to completely remove blood type antigen and pathogen. The HbV encapsulates thus
purified concentrated Hb solution with a phospholipid bimolecular membrane (diameter, 250 nmg),
and its solution properties can be adjusted comparable with blood. Surface modification of HbV
with a water-soluble polymer ensures stable dispersion state and storage over a year at 20°C. In vivo
tests have clarified the efficacy for extreme hemodilution and resuscitation from hemorrhagic
shock, and safety in terms of biodistribution, metabolism in reticuloendothelial system (RES),
clinical chemistry, blood coagulation, etc. The HbV does not induce vasoconstriction thus main-
tains blood flow and tissue oxygenation. (B) tHSA is now manufactured in Japan as a plasma-
expander, The tHSA can incorporate eight heme derivatives (axial base substituted hemes) as oxy-
gen binding sites, and the resulting rHSA-heme is a totally synthetic O,-carrier. Hb binds endothe-
lium-~derived relaxation factor, NO, and induces vasoconstriction. The rHSA-heme binds NO as Hb
does, however, it does not induce vasoconstriction due to its low pl (4.8) and the resulting low per-
meability across the vascular wall (1/100 of Hb). A 5%-albumin solution possesses a physiologic
oncotic pressure. Therefore, to increase the Op-transporting capacity, albumin dimer is effective.
Albumin dimer can incorporate totally 16 hemes with a regulated oncotic pressure. The rHSA-
heme is effective not only as a red cell substitute but also for oxygen therapeutics (e.g. oxygenation
for tumor). Significant efforts have been made to produce HbV and rHSA-heme with a facility of
Good Manufacturing Practice (GMP) standard, and to start preclinical and finally clinical trials.

Copyright © 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

For human beings to survive, it is necessary to continuously
deliver O, that is needed for the respiration of all tissue cells.
Blood, a so-called moving internal-organ, reversibly binds
and releases O, under physiological conditions. From this
point of view, realization of red blood cell (RBC) substitutes,
or Og-infusions, would contribute significantly to human
health and welfare, In this research field, the basic sciences
for macromolecular complexes, molecular assemblies, and

*Correspondence to: B. Tsuchida, Professor, Advanced Research
Institute for Science and Engineering, Waseda University,
Tokyo 169-8555, Japan.

E-mail: eishun@waseda.j

"Selected paper presented at the 7th International Symposium
on Polymers for Advanced Technologies, 21-24 September
2003, Fort Lauderdale, Florida, USA.

nano-molecular sciences play fundamental roles. The
authors have systematically studied the metal complexes
(synthetic heme derivatives) embedded into a hydrophobic
cluster in aqueous medium, and clarified that the electronic
processes of the active sites are controlled by the surrounding
molecular environment. As a result, the reaction activity is
observed as cooperative phenomena with the properties of
the molecular atmosphere. In other words, the development
of our Oz-infusion has been based-on “the regulation of the
electronic process on macromolecular metal complexes”.?
To reproduce the Op-binding ability of RBCs, that is, the
development of a synthetic O,-carrier that does not need
hemoglobin (Hb), was the starting point of the idea for this
study. In general, central ferric iron of a heme is immediately
oxidized by O, in water, preventing the O, coordination
process from being observed. Therefore, the electron transfer

Copyright €5 2005 John Wiley & Sons, Ltd.
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Lipidheme /
phospholipid
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Figure 1. Schematic representation of lipidheme-vesicle, hemoglobin-vesicle, and albumin-heme.

must be prevented. Fortunately, the formation of the O~
adduct complex could be detected but for only several
nano-seconds by utilizing the molecular atmosphere and
controlling the electron density in the iron center. Based on
this finding, the authors succeeded in reversible and stable
Os-coordination in 1983 and preparing phospholipid vesicles
embedded amphiphilic-heme, known as lipidheme/phos-
pholipids vesicles (Fig. 1).%7° This was the first example of
reversible Op-binding taking place under physiological
conditions. For example, human blood can dissolve about
27 ml of O, per d}, however a 10 mM lipidheme-phospholipid
vesicle solution can dissolve 29 ml of O, per dl. This material
is suitable for ““Oy-infusion”. Thus over hundred types of
heme derivatives have been synthesized, and recently new
lipidheme bearing phospholipid groups have been synthe-
sized, which completes self-organization in water to form
stable vesicles.®

In 1985, Dr Sekiguchi at Hokkaido Red Cross Blood Center
proposed Waseda group to consider the utilization of Hb in
outdated RBCs. Thus the research of Hb-vesicles (HbV) based

+ High oncotic pressure
+ High onygen affinity

« Vasooonshiction

Renal fallure
Short retertion time

o

on molecular assembly technologies was started. In the latter
1990s, a mass-production system for recombinant human
serum albumin (rHSA) was established and then albumin-
heme hybrids (rHSA-heme) using its non-specific binding
ability was prepared, which is now considered to be a
promising synthetic material. Based on the effective integra-
tion of nano-molecular science and technologies for func-
tional materials developed by Waseda University, and the
outstanding evaluation system of safety and efficacy devel-
oped by Keio University using animal experiments, strong
progress on the research of the O-infusion project has been
made. In the near future, mass production and clinical tests of

Oy-infusion will be started by the pharmaceutical industry.

DEVELOPMENT OF Hb-BASED O,-CARRIERS
AND THE CHARACTERISTICS OF HbV

Historically, the first attempt of Hb-based O,-carrier in this
area was to simply use stroma-free Hb (Fig. 2). However, sev-
eral problems became apparent, including dissociation into

Figure 2. Approaches to solve the problems of utilization of Hb as an O,-carrier, chemical

modification or encapsulation of Hb.

Copyright € 2005 John Wiley & Sons, Ltd.
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dimers that have a short circulation time, renal toxicity, high
oncotic pressure and high Op-affinity. Since the 1970s, var-
ious approaches were developed to overcome these pro-
blems.”® This includes intra-molecular crosslinking,
polymerization and polymer-conjugation. However, in
some cases the significantly different structure in comparison
with RBCs resulted in side effects such as vasoconstriction.”

Another idea is to encapsulate Hb with a lipid bilayer
membrane to solve all the problems of molecular Hb."* RBCs
have a biconcave structure with a diameter of about 8000 nm.
RBCs can deform to a parachute-like configuration to pass
through narrow capillaries. The possibility of infection and
blood-type mismatching, and short shelf life are the main
problems. The idea of Hb encapsulation with a polymer
membrane mimicking the structure of RBC is originated from
DrChang at McGill University.” After that, the encapsulation
of Hb within' a phospholipid vesicle was studied by
Dr Djordjevich at the University of Illinois in the 1970s."
However, it was not so easy to make HbV with a regulated
diameter and adequate Oo-transport capacity, the authors
made a breakthrough in routinely producing HbV by using
fundamental knowledge of macromolecular and supramo-
lecular sciences.’>™" Several liters of HbV are routinely
prepared in a completely sterile condition. Hb is purified
from outdated RBCs, and concentrated to 40g/dl Virus
removal is performed using a combination of pasteurization
at 60° and filtration with a virus removal filter. The Hb
encapsulation with phospholipids bilayer membrane and
size regulation was performed with an extrusion method.
The vesicular surface is modified with polyethylene glycol
{PEG) chains. The suspension of Hb-vesicles is deoxygenated
at the final stage.

The particle diameter of HbV is regulated to about 250 nm,
therefore, the bottle of HbV is turbid. One vesicle contains
about 30,000 Hb molecules so that it does not show oncotic
pressure. There is no chemical modification of Hb. O,-affinity
is controllable with an appropriate amount of allosteric
effectors, pyridoxal 5-phosphate. Hb concentration is regu-
lated to 10g/dl, and the weight ratio of Hb to total lipid
approaches 2.0 by using an ultra pure and concentrated Hb
solution of 40 g/dl, which is covered with a thin lipid bilayer
membrane. The surface is modified with 0.3 mol% of PEG-
lipid. Viscosity, osmolarity, and oncotic pressure are regu-
lated according to the physiological conditions.

HbV can be stored for over 2 years in a liquid state at room
temperature.”” There is little change in turbidity, diameter,
and Psg. Methemoglobin (MetHb) content decreases due to
the presence of reductant inside the HbV, which reduces the
trace amount of metHb during storage. This excellent
stability is obtained by deoxygenation and PEG-modifica-
tion. Deoxygenation prevents metHb formation. The surface
modification of HbV, with PEG chains prevents vesicular
aggregation and leakage of Hb and other reagents inside the
vesicles. Liquid state storage is convenient for emergency
infusion compared to freeze-dried powder or the frozen state.

IN VIVO EFFICACY OF HbV

The efficacy of HbV has been confirmed mainly with isovole-
mic hemodilution and resuscitation from hemorrhagic

Copyright (© 2005 John Wiley & Somns, Lid.
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Figure 3. Ninety per cent exchange-transfusion with HbV
suspended in HSA (HbV/HSA), or HSA alone. Mean arterial
pressure and renal cortical oxygen tension were monitored.

shock.?"=28 In this review two important cases are described.
One is isovolemic hemodilution with 90% blood exchange in
a rat model. The other is resuscitation from hemorrhagic
shock in a hamster model.

To confirm the Op-transporting ability of HbV, extreme
hemodilution was performed with HbV suspended in
human serum albumin (HSA)*'*® (Fig. 3). The final level of
blood exchange reached 90%. Needle-type O, electrodes
were inserted into the renal cortex, and the blood flow rate in
the abdominal aorta was measured with the pulsed Doppler
method. Hemodilution with albumin alone resulted in
significant reductions in mean arterial pressure and renal
cortical O, tension, and finally all the rats died of anemia.
However, hemodilution with HbV, suspended in HSA
sustained both blood pressure and renal cortical O, tension,
and all the rats survived. These results clearly demonstrate
that HbV has sufficient O, transporting capability.

To observe the microcirculatory response to the infusion of
Hb products, intravital microscopy was used equipped with
all the units to measure blood flow rates, vascular diameter,
O, tension, and so on, in collaboration with Dr Intaglietta at
the University of California, San Diego. The hamster dorsal-
skin fold preparation allows observation of blood vessels
from small arteries down to capillaries. The HbV suspension,
as a resuscitative fluid for hemorrhagic-shocked hamsters
was evaluated.”® About 50% of the blood was withdrawn,
and the blood pressure was maintained at around 40 mmHg
for 1 hr, and the hamsters either received HbV suspended in
HSA (HbV/HSA), HSA alone, or shed blood (Fig. 4).
Immediately after infusion, all the groups showed increases
in mean arterial pressure. However, only the albumin
infusion resulted in incomplete recovery. However, the
HbV/HSA group showed the same recovery with the shed
autologous blood infusion. During the shock period, all the
groups showed significant hyperventilation that was evident
from the significant increase in arterial O, tension. Simulta-
neously, base excess and pH decreased significantly. Imme-
diately after resuscitation, all the groups tended to recover.
However, only the HSA group showed sustained hyperven-
tilation. Base excess for the HSA group remained at a

Polym. Adv. Technol. 2005; 16: 73-83
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Figure 4. Resuscitation from hemorrhagic shock with HbV suspended in HSA (HbV/HSA) in hamster

dorsal skinfold model. Mean + SD.

significantly lower value 1 hr after resuscitation. Blood flow
decreased significantly in arterioles to 11% of basal value
during shock. The HbV/HSA and shed autologous blood
groups immediately showed significant increases in blood
flow rate after resuscitation, while the albumin group
showed the lowest recovery.

SAFETY EVALUATION OF HbV

The safety profile of HbV such as cardiovascular responses,
pharmacokinetics, influence on RES, influence on clinical
measurements and daily repeated infusions were further
examined. >~

The microvascular responses to the infusion of intra-
molecularly crosslinked Hb (XLHb) and HbV were studied
using conscious hamsters. XLHb (7 nm in diameter) showed a
significant increase in hypertension equal to 35 mmHg, and
simultaneous vasoconstriction of the resistance artery equal
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to 75% of the baseline levels™ (Fig. 5). However, HbV with
diameter of 250 nm showed minimal changes. The small
acellular XLHb is homogeneously dispersed in the plasma,
and it diffuses through the endothelium layer of the vascular
wall and reaches the smooth muscle. XLHDb traps nitric oxide
(NO) as an endothelium-derived relaxation factor, and
induces vasoconstriction, and hypertension. However, the
large HbV stay in the lumen and does not induce vasocon-
striction. Several mechanisms are proposed for Hb-induced
vasoconstriction. These include NO-binding, excess O,
supply, reduced shear stress, or the presence of Hb
recognition site on the endothelium. But it is clear that Hb-
encapsulation shields against the side effects of acellular Hbs.

Professor Suematsu at Keio University has revealed the
effects of Hb-based O, carriers in hepatic microcircula-
tion®*?* (Fig. 6). On the vascular wall of the sinusoid in
hepatic microcirculation, there are many pores, called
fenestration, with a diameter of about 100 nm. The small Hb
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Figure 5. Changes in mean arterial pressure and the diameters of the resistance artery in
hamster dorsal skin microcirculation after the bolus infusion of Hb-based O,-carriers. Mean + SD.
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Figure 6. (A) Changes in vascular resistance during perfusion of exteriorized rat liver with HbV, Hob, metHb, or
saline. (B) Schematic representation of hepatic microcirculation: the small Hbo molecule extravasate across the
fenestrated endothelium to reach to the space of Disse, where heme of Hb is catabolized by hemeoxygenase-2
{HO-2) and CO is released as a vasorelaxation factor. However, the excess amount of the extravasated Hb traps
CO and induces vasoconstriction and the resulting higher vascular resistance. However, the larger HbV retains in
the sinusoid and there is no extravasation and vasoconstriction.

molecules with a diameter of only 7 nm extravasate through
the fenestrated endothelium and reach the space of Disse.
However, HbV particles, which are larger than the pores, do
not extravasate. Heme of extravasated Hb is excessively
metabolized by hemeoxygenase-2 in hepatocyte to produce
CO and bilirubin. Even though CO acts as a vasorelaxation
factor in the liver, the excess amount of Hb rapidly binds CO,
resulting in the vasoconstriction and an increase in vascular
resistance. Furthermore, HbV (250 nm in diameter) is large
enough to remain in the sinusoid, and the vascular resistance
is maintained.

From these results, the optimal molecular dimension of
Hb-based O, carriers can be proposed. The upper limitation
is below the capillary diameter to prevent capillary plugging,
and for sterilization by membrane filters (Fig. 7). However,

smaller sizes exhibit a higher rate of vascular wall perme-
ability with side effects such as hypertension and neurolo-
gical disturbances. HbV exhibits a very low level of vascular
wall permeability. Therefore, the HbV appears to be appro-
priate from the viewpoint of hemodynamics. However, the
influence of HbV on the RES has to be clarified, because the
fate of HbV is RES trapping.

Circulation persistence was measured by monitoring the
concentration of radioisotope-labeled HbV in collaboration
with Dr Phillips at the University of Texas at San Antonio.
The circulation half-life is dose dependent, and when the
dose rate was 14 ml/kg, the circulation half-life was 35 hr in
rats. The circulation time in the case of the human body can be
estimated to be twice aslong; or about 3 days at the same dose
rate. Gamma camera images of radicisotope-labeled HbV
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Figure 7. Optimal diameter of Hb-based oxygen carriers from the view point of physiological response and

production process.
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Figure 8. (A) TEM of rat spleen 1 day after the infusion of HbV (20 mi/kg) and after 7 days. Black dots are HbV particles captured
in phagosomes in the spleen macrophages, and they disappeared at 7 days. (B) Staining with anti-human Hb antibody showed
the presence of HbV in spleen and liver. HbV particles disappeared within 7 days.

showed the time course of biodistribution. After HbV
finished playing its role in O,-transport, a total of 35% of
HbV are finally distributed mainly in the liver, spleen and
bone marrow. The transmission electron microscopy (TEM)
of the spleen 1 day after infusion of HbV clearly demon-
strated the presence of HbV particles in macrophages, where
HbV particles that appear as black dots are captured by the
phagosomes™ (Fig. 8). RBCs and HbV contain a lot of ferric
ion with a high electron density, so that they show strong
contrast in TEM. However, after 7 days, the HbV structure
cannot be observed. There were no abnormalities in the
tissues and no irreversible damages to the organs. A
polyclonal anti-human Hb antibody was used as the marker
of Hb in the HbV. This antibody does not recognize rat Hb.
Thered colored parts indicate the presence of Hb in HbV, and
they have almost disappeared after 7 days in both the spleen
and liver. Therefore, this shows that HbV can be metabolized
quite promptly.

One issue of the Hb-based O,-carriers is that they have a
significant influence on clinical laboratory tests. They remain
in the plasma phase in hematocrit capillaries after centrifuga-
tion of blood samples, and interfere with the colorimetric and
turbidimetric measurements. However, HbV can be simply
removed from blood plasma either by ultracentrifugation or
centrifugation in the presence of a high-molecular-weight
dextran to enhance precipitation. A very clear supernatant
for accurate analyses can be obtained.* This is one advantage
of HbV in comparison with acellular Hb solutions. Accord-
ingly, the influence on organ functions by serum clinical
laboratory tests after the bolus infusion of HbV at a dose rate

Copyright ¢ 2005 John Wiley & Sons, Ltd.

of 20 ml/kg was examined. Albumin, alanine aminotransfer-
ase, aspartate aminotransferase, and lactate dehydrogenase,
which reflect the liver function, moves their values within
normal range.”® Concentrations of bilirubin and ferric ion are
maintained at a low level. The concentration of lipids
transiently changed. In particular, the cholesterols increased
significantly. And phospholipids slightly increased, how-
ever, they returned to the original level after 7 days. These
results indicate that the membrane components of HbV, once
they reappear from RES, are metabolized on the physiologi-
cal pathway.

A test of daily repeated infusion is required to evaluate the
safety of a new drug. The daily repeated infusion of HbV in
Wistar rats at a dose rate of 10ml/kg/day for 14 days,
everyday was tested.” The total infusion volume (140 ml/kg)
was 2.5 times as much as the volume of the whole blood
(56 ml/kg), however, all rats tolerated it well and survived.
The body weight showed a monotonous but slightly
depressed increase in comparison with the saline. However,
after 2 weeks there was no significant difference with the
saline control group. All the rats seemed very healthy and
active. Histopathological examination 1 day after the final
infusion of HbV showed significant accumulation of HbV in
spleen macrophages, and liver Kupffer cells, and they mostly
disappeared after 14 days. There were no irreversible other
morphological abnormalities, and the serum clinical chem-
istry indicated transient but reversible increases in lipid
components. AST and ALT were within the normal range.
From these results the authors are confident with the safety
of HbV.
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DESIGN AND PHYSICOCHEMICAL
PROPERTIES OF rHSA-HEME

In this study research on totally synthetic O,-carriers, or so-
called albumin-heme that does not require Hb has been con-
ducted. HSA is the most abundant plasma protein in our
blood stream, but its crystal structure has not been elucidated
for a long time. In 1998, Dr Stephen Curry of the Imperial Col-
lege London first elucidated the crystal structure of the H5A
complexed with seven molecules of myristic acids.®® He
found that the dynamic conformational changes of albumin
take place by the binding of fatty acid. However, in Japan,
rHSA is now manufactured on a large scale by expression
in the yeast Pichin pastoris, and it will appear on the market
soon.” A large-scale plant, which can produce one million
vials per year, has been already established. From the view-
point of clinical application, Op-carrying albumin is quite
exciting and may be of extreme medical importance. With
this background, it has been found that synthetic heme deri-
vative is efficiently incorporated into rHSA, creating a red-
colored rHSA-heme hybrid. This rHSA-heme can reversibly
bind and release O, molecules under physiological condi-
tions in the same manner as Hb. In other words, the rHSA-
heme hybrid is a synthetic O,-carrying hemoprotein, and it
is believed that its saline solution will become a new class
of RBC substitute.*™""

Figure 9 summarizes the structure of the rHSA-heme
molecule. The maximal binding numbers of heme to one
albumin are eight, and the magnitude of the binding
constants ranged from 10° to 10* (M ™). The isoelectric point
of rHSA-heme was found to be 4.8, independent of the
binding numbers of heme. This value is exactly the same as
that of albumin itself. Furthermore, the viscosity and density
did not change after the incorporation of heme molecules,
and the obtained solution showed a long shelf life of almost 2
years at room temperature. Since the Ox-binding sites of
rHSA-heme are iron-porphyrin, the color of the solution
changed in a similar way to Hb. Upon addition of O, gas
through this solution, the visible absorption pattern imme-
diately changed to that of the Oz-adduct complex. Moreover,
after bubbling carbon monoxide gas, rHSA-heme formed a
very stable carbonyl complex.
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Figure 10. O,-binding equilibrium curve of albumin-heme.

Figure 10 shows the Op-binding equilibrium curve of
rHSA-heme. The O,-binding affinity of rHSA-hemeis always
constant independent of the number of heme, and the Oy~
binding profile does not show cooperativity. However, the
O,-transporting efficiency of rHSA-heme between the lungs
measuring 110 Torr and muscle tissue measuring 40 Torr
increases to 22%, which is identical to the 22% efficiency for
RBCs. The O,-binding property of rHSA-heme can be
controlled by changing the chemical structure of heme
derivatives incorporated. More recently, it has been found
that a protoheme derivative is also incorporated into albumin
and can bind and release O, as well.**

IN VIVO SAFETY AND EFFICACY
OF rHSA-HEME

Based on these findings, it can be said that rHSA-heme can
become an entirely synthetic Op-carrier, and satisfy the initial
clinical requirements for a RBC substitute. However, there is
another problem to solve before this material can be used as
an O,-carrier in the circulatory system. This problem is NO
scavenging. Of course, THSA-heme can bind NO, and it
may be anticipated that the injection of rHS5A-heme also
induce hypertensive action. The authors have evaluated the
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Figure 9. Structure of the albumin-heme molecule.
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efficacy and safety of this rHSA-heme solution with animal
experiments.

As described earlier, small Hb molecules extravasate
through the vascular endothelium and react with NO, thus
inducing vasoconstriction and acute increases in systemic
blood pressure. Contrary to the expectations, the observation
of the intestinal microcirculation after the infusion of rHSA-
heme into an anesthetized rat revealed that the diameters of
the venules and arterioles were not deformed at all.> Indeed,
only a small change in the mean arterial pressure was
observed after the administration of the rHSA-heme solution
(Fig. 11). In contrast, the infusion of Hb elicited an acute
increase in blood pressure. Why does rHSA-heme not induce
vasoconstriction or hypertension? The answer probably lies
in the negatively charged molecular surface of albumin. One
of the unique characteristics of serum albumin is its low
permeability through the muscle capillary pore, which is less
than 1/100 that for Hb due to the electrostatic repulsion
between the albumin surface and the glomerular basement
membrane around the endothelial cells.

Thus the authors are now evaluating the O,-transporting
ability of this rtHSA-heme molecule in the circulatory system
with further animal experiments.>* First, the physiological
responses to exchange transfusion with rHSA-heme solution
into rats after 70% hemodilution and 40% hemorrhage was
determined (Fig. 12). The declined mean arterial pressure and
blood flow after a 70% exchange with albumin and further
40% bleeding of blood showed a significant recovery of up to
90% of the baseline values by the infusion of the rHSA-heme
solution. However, all rats in the control group only injected
with albumin died within 30 min. Furthermore, muscle tissue
Os-tension significantly increased. These responses indicate
the 11 vivo O,-delivery of the rHSA-heme solution.

More recently, HSA dimer, which can incorporate 16
hemes in its hydrophobic domain has been synthesized.®
The human serum rHSA-heme dimer solution dissolves 1.3~
times more O, compared to that of RBC and keeps its colloid
osmotic pressure at the same level as the physiological value.

Copyright € 2005 John Wiley & Sons, Ltd.
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POTENTIAL APPLICATIONS OF
ARTIFICIAL O, CARRIERS

As described earlier the primary application of artificial Q-
carriers would be the resuscitative fluid for hemorrhage.
Since some of the characteristics of artificial O,-carriers over-
whelm those of donated blood, there are many potential
applications other than blood substitutes.

Tumor oxygenation

Unlike vessels in normal tissues, the development of a vascu-
lature in a tumor lacks regulation and is hence, highly hetero-
geneous. Consequently, areas of hypoxia are quite common
in tumors. In these hypoxic regions, it can be added that
tumor cells acquire resistance to treatments such as che-
motherapy and radiation. The rtHSA-heme was injected into
the responsible artery that supplies circulation to an
implanted tumor (Fig. 13).°® O-tension of the tumor rises
immediately after intra-arterial infusion of albumin heme
up to 2.4 times that of the baseline value. The findings in
animals indicate that tumor tissue O,-levels can be elevated
by the administration of artificial O,-carriers due to the
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difference in O,-transporting properties from RBCs. Whether
this increase in tissue O, can potentiate cancer treatment is
currently under investigation.

Oxygenation of ischemic tissue

Tissue ischemia can ensue from impairment of peripheral
perfusion due to a variety of diseases such as arteriosclerosis
obliterans, diabetes, and Burger's disease. The key event in
the progression of ischemic diseases is the inability of red
cells to flow through the capillaries, beyond which point
ulceration and gangrene formation become imminent. It is
believed that this critical phase can be avoided or delayed
by the application of artificial O,-carriers, which can be

designed to flow even through these damaged capillaries.

Organ preservation

One of the most important agenda in transplantation medi-
cine is long-term organ preservation and circumvention of
ischemia reperfusion injuries. It is believed that artificial
O,-carriers can be applied as a perfusate for donor tissue in
order to overcome these problems. In particular, its O, carry-~
ing capacity has the potential to significantly extend the pre-
servation period. This will make it easier to transport organs.
Also, utilizing the extra time, it may be possible in the future
to perform additional organ tests for better compatibility, or
even perform genetic modifications during this period. It is
believed that through these applications, the concept of organ
preservation can be expanded to culture organs, and further-
more to include the preservation of cells derived from donor
tissues.

Extracorporeal circulation

Extracorporeal circulation is quite common in cardiac sur-
gery. Improvements are being made in the priming solutions
but red cells are often still required to fill the device circuit,
particularly in compromised cases and in children.”” It is
believed that the use of artificial O,-carriers in the priming
solution can decrease or completely eliminate the need for a

Copyright © 2005 John Wiley & Sons, Ltd.
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transfusion in such cases, and hence reduce the incidence of
infection or graft-versus-host disease (GVHD).

Liquid ventilation for acute lung injury

For patients who present acute lung injury or acute respira-
tory distress syndrome (ARDS), gas exchange in the lung
exhibits severe deterioration and sometimes even the newest
mechanical ventilation method fails to establish adequate
oxygenation of the blood. In this type of critical case, liquid
ventilation using an artificial O,-carrier can establish optimal
oxygenation of the blood and may reproduce the integrity of
lung parenchyma.”® Briefly explained, oxygenated liquid
ventilation fluid is administered into the lung through tra-
chea and O, molecules are transferred through diseased
alveolus by diffusion and oxygenate the blood. Currently,
this method is thought to be effective for patients with conge-
nital diaphragmatic herniation. Efficacy for adult acute lung
injuries is now under investigation. Perfluorochemicals are
the main fluid used for clinical use, however, aqueous artifi-
cial O,-carriers may have the potential to be used for liquid
ventilation.

FUTURE SCOPE

The research field of the red cell substitutes is moving for-
ward very rapidly, and the paradigm in this field is expand-
ing from red cell substitutes to O, therapeutics”. Significant
efforts have been made to produce HbV and albumin-heme
with a facility of GMP standard, and to start preclinical and
finally clinical trials. We look forward to the day that our
research will play an effective role in treating patients.
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Oxygen-Carrying Plasma Hemoprotein
Including Synthetic Heme

Teruyur: RoMmarsy and Fissaun TSUCHIDA

Summary. Recombinant human serum albumin (rHSA) incorporating
tetraphenylporphyrinatoiron(ll) derivative with four pivalovlamino sub-
stituents (FepivP), albumin-heme, is an entirely synthetic hemoprotein that
can reversibly bind and release O, under physiological conditions. We have
recently found that replacing the substituent groups of FepivP with more
hydrophobic 1-methylcyclohexanoylamino groups, affording FecycP, substan-
tially stabilizes the formed O,~adduct complex. The O,- and CO-binding abil-
ities and blood compatibility of this new rHSA-heme hybrid (rHSA-FecycP)
have been investigated by spectroscopy. The maximum number of FecycP
binding to one albumin was determined to be eight, Because the isoelectric
point and circular dichroism (CD) spectral pattern were identical to those of
rHSA itself, the two-dimensional structure of the host albumin could be
unchanged after the incorporation of FecycP. Laser-flash photolysis experi-
ments gave the association and dissociation rate constants for 0, and CO (k,,,
kqa). The rebinding kinetics of these gaseous ligands consists of multiple expo-
nentials, We conjectured that the O, and CO-binding reactions are affected
by the molecular environment around each of the active heme sites. rHSA-
FecycP showed almost the same O,-binding affinity(P,,* 34 torr at 37°C) and
thermodynamic parameters (AH, AS) for the oxygenation as rHSA-FepivP In
contrast, the half-life of the Oy-adduct complex (9h, 37°C) became signifi-
cantly longer than that of rtHSA-FepivP (by a factor of 4.5), which is close to
that of myoglobin. The obtained red solution was stable and demonstrated a
long shelf life (>2 years) at room temperature. The equivalent mixture of
rHSA-FecycP and whole blood exhibited no coagulation or precipitation,
indicating its high blood compatibility.

Advanced Research Institute for Science and Engineering, Waseda University, 3-4-1 Okubo,
Shinjaku-kuy, Tokyo 169:8555, Tapan
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Key words. Human serum albumin, Albumin-heme, Synthetic hemoprotein,
Oxygen-binding ability, Red blood cell substitute

Introduction

Human serum albumin (HSA) used for clinical treatment in Japan amounted
to 1.9 million 1 (in terms of a blood source) in 2002 [1]. Most was adminis-
tered to hemorrhagic shocked patients as a resuscitation fluid, If HSA can
transport oxygen (O,) like red blood cells, it could be of extreme medical
importance not only as a blood replacement but also as an 0, therapeutic
agent,

In our circulatory system, free hemin, an iron(IID) complex of protopor-
phyrin IX dissociated from methemoglobin, is potentially toxic because it may
(1) intercalate phospholipid membranes, (2) be a major source of iron for bac-
terial pathogens, and (3) catalyze the formation of free radicals. Hemopexin
has high affinity for binding protein with hemin, having the highest binding
constant of any known protein (K > 10%M™), but it releases it into liver cells
via specific surface receptors {2}, Crystal structure analysis of the hemopexin-
hemin complex revealed that the hemin is tightly bound by double histidine
coordinations to the central ferric ion and maltiple hydrogen bondings with
the amino acid residues [3]. Nevertheless, the concentration of hemopexin in
the plasma is rather low (<17pM). HSA may also provide reserve binding
capacity of hemin in various conditions (e.g., trauma, inflammation, hemol-
ysis). In fact, HSA binds hemin with a relatively high affinity (K= 10°M™) [4].
We have determined the single crystal structure of the HSA-hemin-myristate
complex with a resolution of 3.2 A [5]. Hemin is accommodated into the
narrow D-shaped pocket in subdomain IB; and proximal coordination with
Tyr-161 and three hydrogen bondings with basic amino acids contribute to
maintaining the assembly. Addition of a sodium dithionate into this solution
under an N, atmosphere reduced the central ferric jon to the ferrous
state, although exposure to O, gas immediately oxidized the iron(Il) center
(T. Komatsu, N. Ohmichi, B, Tsuchida, unpublished data, 2004).

We have found that tetraphenylporphyrinatoiron(I1) derivative with four
pivaloylaming substituents (FepivP) (Fig. 1) was also incorporated into HSA,
and the obtained albumin-heme (HSA-FepivP) can reversibly bind and
release O, under physiological conditions in the same manner as hemoglobin
(Hb) and myoglobin (Mb) [6-12]. Because recombinant HSA {(rHSA) was
manufactured on a large scale by expression in Pichia pastoris [13], rHSA-
heme hybrid has become entirely synthetic and absolutely free of infectious
pathogens. Our animal experiments have also demonstrated that rHSA-heme
works as an “oxygen-carrying plasma hemoprotein” in the bloodstream [14;
T. Komatsu et al,, unpublished data, 2004].
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o

R: FepivP

—% FecycP

F1. 1. Structures of the new tetraphenylporphyrinatoiron(Il} derivative with more
hydrophobic 1-methylcyclohexanoylamino groups on the porphyrin ring plane (FecycP)
and pivaloylamino substituents (FepivP), and the simulated structure of oxygenated
FecycP. The extensible systematic forcefield (ESFF) simulation was performed using an
Insight II system (Molecular Simulations, San Diego, CA, USA). The structure was gener-
ated by alternative minimization and annealing dynamic calculations from 1000K to
L100K. The dielectric constant was fixed at 2.38D, corresponding to the toluene solution.
The dotted surface represents the van der Waals radius

Half of the Hb-based O, carrier in advanced clinical trials still exhibited
vasoconstriction, which increased blood pressure and decreased cardiac
output [15-19]. The precise mechanism of this hypertension is controversial,
but many investigators suspect that the Hb molecules penetrate the vascular
endothelium and bind the endothelial-derived relaxing factor (EDRF),
namely nitric oxide [20-27]. Others believe that excessive delivery of O, to
arteriolar vascular walls induces autoregulatory vasoconstriction [28-33].
Interestingly, rHSA-heme does not induce such a vasopressor effect [34]. The
electrostatic repulsion between the albumin surface and glomerular basement
membrane around the endothelial cell retards rapid leakage of the rHSA-
heme molecule and quick scavenging of NO. Albumin-heme is now recog-
nized to be one of the most promising materials as a new class of red blood
cell substitute.

To improve the O,-binding ability of rHSA-FepivP, we have synthesized
new tetraphenylporphyrinatoiron(II) derivative with more hydrophobic 1-
methylcyclohexanoylamino groups on the porphyrin ring plane (FecycP)
(Fig. 1) [35]. rHSA-FecycP forms a significantly stable O,-adduct complex with
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a long half-life compared to that of FepivP (by a factor of 4.5). We herein’
report the O, and CO-binding abilities of this entirely synthetic albumin-
based O, carrier.

Incorporation of Heme into rH5A

Based on quantitative analysis of the absorption intensity for the Soret band
of agueous rHSA-FecycP, the maximum number of FecycP binding to an tHSA
was determined to be eight using a molar extinction coefficient [35]. FecycP
is accommodated into certain domains of rHSA with binding constants of
10°-10*M™,

The isoelectric points (pI) of the obtained rHSA-FecycP hybrid
(FecycP/rHSA = 1-8mol/mol) were 4.8, exactly the same as those of rHSA.
Fatty acid binding, for example, induced a reduction in the pl value due to
partial neutralization of the surface charge. The FecycP molecule without any
{onic side chain interacts nonspecifically with a hydrophobic subdomain of
fHSA, so its surface charge distributions are unaltered. Consequently, the
essential biological roles as serum albumin [ie., control of colloid osmotic
pressure (COP) and plasma expansion] are essentially sustained after the
incorporation of FecycP.

The secondary and tertiary structures of rHSA and the deformation upon
FecycP binding were measured by circular dichroism (CD) spectroscopy. The
spectral pattern showed typical double-minimum negative peaks in the ultra-
yiolet (UV) region independent of the number of FecycP molecular bound
(Fig. 2). The estimated o-helix content was approximately 67%, suggesting
that the FecycP association did not cause any high-ordered structural change
in the host albumin. Moreover, rHSA-FecycP showed no induced CD in the
Soret region (400-500nm). The hemin binding to the serum albumin is
accompanied by a rise in the extrinsic negative Cotton effect in the Soret
region because it binds to albumin through axial coordination, allowing a
large degree of immobilization [36,37]. We concluded that hydrophobic inter-
action is the major molecular force of FecycP binding, and its incorporation
does not induce any changes in the highly ordered structure or in the surface
net charges of rHSA.

0,-Binding Property of rHSA-Heme

The UV-visible absorption spectrum of the aqueous rHSA hybrid that
included carbonyl FecycP showed the formation of the typical CO-
coordinated low-spin ieﬁr@%&:&ﬁgs@&yrina’s{}imn{ﬁ} derivative (A . 429,
545nm). Light irradiation of this solution under an O, atmosphere led to
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Fra. 2. Clrcolar dichroism {OD) spectra of recombinant bupian serum albumin GHS4)
and (HSA-Beoyel in water at 25°C

CO dissociation, giving the Op-adduct complex (A, 428, 555nm). Upon
exposure of the oxygenated rHSA-FecycP to N, the UV-visible absorption
pattern changed to that of the five-N-coordinated high-spin iron(Il) complex
with an intramolecularly coordinated proximal imidazole (A 445, 543, 567
nm). This oxygenation was reversibly dependent on the O, partial pressure
and sufficiently stable under physiological conditions (37°C, pH 7.4) (Fig. 3).
The rate of irreversible oxidation is satisfactorily slow (vide infra).

Ea. L

FeP+0, »»m“ 3 FeP-0, 0

{»{}i‘{}? = {\K o \3; = km; i /{;&\}Q o }

The O, association and O,-dissociation rate constants (k.2 kg2 were
explored by laser flash photolysis (Table 1) [9,35,38-40]. The detailed kinetic
evaluation of rHSA-FecycP gave the following results.

1. The absorption decays accompanying O, recombination were composed of

three phases of first-order kinetics; the curves were fit by a triple-
exponential equation [9]. The minor {<10%) and fastest component was
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Taste 1. O, association and dissociation rate constants for tH8A-FecycP in phosphate-
buffered solution {pH 7.3) a1 25°C

ko[ M57] kols™]
Substance Past Slow Fast Slow
rHSA-FecycP(8) 4.6 % 10 7.3 % 100 9.8 % 10° 1.6 % 10°
tHSA-FepivF(8)' 34 107 .3 x 10 7.5 % 1 20 x 10
Hb (T-state)o’ 29 % 10° 18 x 10

rHSA, recombinant buman serwm albuming Fecyel tetraphenyiporphyrinatoiron{ld)
derivative with 1-methyl cyclohexanoylamine groups; Fepivh, tetrapheny! porphyrinato-
iron {11} with pivaloyamino substitute; Hb, hemoglobin.

*Ref, {91,

SpH 7, 20°C; Ref. [40].

The numbers in parenthesis is molar ratio of porphyrin and tHSA,

independent of the O, concentrations. It should be correlated with a base
elimination [41L

2. Based on careful inspection of the two slower phases, the association rate
constants for the fast and slow rebinding [k..(fast}) and k,.(slow)] of O,
were calculated. The k,,(fast) values are four- to fivefold higher than the
k.. (slow) volues.

3. The concentration ratios of the fast and slow reactions were 2:1 to 311,

Based on these findings, we can conclude that the O, association with
FecycP in the hydrophobic domains of rHSA is influenced by the molecular
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Taste 2. Opbinding equilibrium parameters and halfdifetime of rHSA-Feowe? in
phosphate-buffersd solution (pH 7.3)

Substance - Pltore? AHIKT mol™] ASH K 'mol Y] Telh P
THSA-PecycP(4) 34 ~39 ~108 )
rHSA-FeoyeP(B) 38 ~39 ~187 9
tHSA-Fepiv(4)® 36 ~G0 w114 5
tHSA-FepivP(8)® 33 ~60 ~112 2
Red cells® il

HWhet 40¢ &7 10 ~8F 116 to ~133° a5t
Mpd 40 ~57 to ~65° ~116 to ~133¢ 128

SALITG,

*Ref. (8],

“pH T ref [42]

4T-state, pH 7, 20°C; ref. [40].

“pH 7. rell {43]

LA 37, pH 7.2 vefl 4.

8At 35°C, pH 7.0; ref. [45].

The number in paventhesis is molar ratio of porphyrin and rHSA,

microenvironment around each O, coordination site {e.g., steric hindrance of
the amino acid residue and difference in polarity).

The O,-binding affinity for such oxygenation could be directly determined.
Adequate isosbestic behavior was maintained during the course of a spec-
trophotometric titration of O, {Fig. 3). According to the kinetic experiments,
the Py, values were divided into two components using our previously
reported equation [9]. The calculated Py, for the fast and slow phases were
identical in each case (Table 2. The thermodynamic parameters (AH, AS) of
oxygenation were also measured by the van’t Hoff plots of the K% values (Fig.
4) [8]. The P,,%, AH, and AS values for oxygenation of rHSA-FecycP resem-
bled those of Hb and Mb [8,40,42-45]. Moreover, we could not find signifi-
cant differences in these parameters for rHSA-FepivP and rHSA-FecycP This
result indicates that the substituent structure on the porphyrin plane does not
cause any substantial change in the O, equilibria and kinetics of rHSA-heme.

Stability of O,-Adduct Complex of Albumin-Heme

Accompanying the autooxidation of the central iron(1I}, the absorption band
(Amex 555 n1m) slowly disappeared at 37°C, leading to formation of the inactive
ferric porphyrin. The effect of the heme structure on the half-life of the O
adduct complex against the ferric state (1,;,) was marked. The rHSA-FecycP
had a 1, of 9h, which is 4.5-fold longer than that of tHSA-FepivP and close
to that of the Mb (124 at 37°C) [48].
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Pio. 4. Var't Hoff plots of O-binding affinity of tHSA-FecycP in phosphate-buffered solu-
tion (pH 7.5}

CO-Binding Property of rHSA-Heme

Upon addition of CO gas through the deoxy or oxy state of the rHSA-FecycP
solution, the spectrum immediately exhibited formation of the carbonyl
complex. The CO-binding affinity (P;,”) of rHSA-FecycP became 2.5-fold
higher than that of rHSA-FepivP (Table 3) [9,47,48]. Kinetically, this is due to
the low CO dissociation rate constant, k™. More recently, CO/O, discrimi-
nation of Hb and Mb has not been based mainly on distal steric constraints
in the heme pocket; the emphasis has shifted to polar interactions in the
binding pocket [49,50]. That is, a polar environment could favor the highly
polarized coordinated Fe-O; unit over the apolar Fe-CO moiety. In FecycP, the
hydrophobic cavity around the central ferrous ion probably contributes to the
rise in CO-binding affinity. This interpretation is in good agreement with
assumptions by other investigators.

Blood Compatibility

The red rHSA-FecycP solution showed a long shelf life (>2 years) at tem-
peratures of 4°-37°C without any aggregation or precipitation. The solution
properties also satisfied physiological requirements. The specific gravity was
1.013 (PecycP/rHSA = 1-8 mol/mol). The viscosity of 1.2¢P (at a high shear
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