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Haemoglobin-based oxygen carriers can undergo oxidation of fer-
rous haemoglobin into a non-functional ferric form with enhanced
rates of haem loss. A recently developed human haemoglobin
conjugated to maleimide-activated poly(ethylene glycol), termed
MP4, has unique physicochemical properties (increased mole-
cular radius, high oxygen affinity and low cooperativity) and lacks
the typical hypertensive response observed with most cell-free
haemoglobin solutions. The rate of in vitro MP4 autoxidation is
higher compared with the rate for unmodified SFHb (stroma-free
haemoglobin), both at room temperature (20-22 °C) and at 37°C
(P <0.001). This appears to be attributable to residual catalase
activity in SFHb but not MP4. In contrast, MP4 and SFHb showed
the same susceptibility to oxidation by reactive oxygen species
generated by a xanthine—xanthine oxidase system. Once fully
oxidized to methaemoglobin, the rate of in vitro haem loss was five

times higher in MP4 compared with SFHb in the fast phase, which
we assign to the 8 subunits, whereas the slow phase (i.e. haem loss
from « chains) showed similar rates for the two haemoglobins.
Formation of MP4 methaemoglobin in vivo following transfusion
in rats and humans was slower than predicted by its first-order
in vitro autoxidation rate, and there was no appreciable accumu-
lation of MP4 methaemoglobin in plasma before disappearing
from the circulation. These results show that MP4 oxidation and
haem loss characteristics observed in vitro provide information
regarding the effect of poly(ethylene glycol) conjugation on the
stability of the haemoglobin molecule, but do not correspond to
the oxidation behaviour of MP4 in vivo.

Key words: autoxidation, haem dissociation, kinetics, poly-
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INTRODUCTION

The clinical use of HBOC [Hb (haemoglobin)-based oxygen car-
riers] might be hindered by the fast rate of autoxidation of
functional ferrous (Fe**) Hb into ferric (Fe**) MetHb (methaemo-
globin) and, possibly, a ferryl (Fe**) Hb form. Whereas in the red
cell, oxidation is made reversible by an effective redox system
catalysed by NADPH-dependent MetHb reductase, extracellular
Hb does not benefit from these defence mechanisms. However,
it has been shown in vitro that red cells in the presence of
ascorbate can reduce extracellular MetHb [1]. MetHb formation
in the circulation may be deleterious for at least three reasons:
(i) MetHb does not bind oxygen, and thus its formation decreases
the oxygen-carrying capacity of blood; (ii) MetHb gives rise
to ROS (reactive oxygen species), and accumulating evidence
suggests that oxidized haemoproteins may play a role in the
development of oxidative damage in vivo [2]; (iii) the chemical
bond that stabilizes the haem in native Hb is weakened in MetHb,
which therefore releases haem faster, thereby giving rise to a
cascade of effects, including induction of haem oxygenase-1 [3,4].
Of interest, it has been observed by us and others that rates
of myoglobin or Hb autoxidation correlate positively with p50
oxygen partial pressure producing 50 % saturation, i.e. the partial
pressure at which Hb is half-saturated with oxygen, a useful index
of the Hb—oxygen affinity [5-7].

Presently, a novel Hb product is being developed, MP4, made
from human Hb conjugated to maleimide-activated PEG [poly-

(ethylene glycol)] [8]. MP4 has an average of six PEG chains
(5 kDa each) per Hb tetramer, which create a hydrophilic sphere
surrounding the protein surface. The surface modification chem-
istry is associated with unique physicochemical properties of
the product, including increased molecular radius, high oxygen
affinity and low cooperativity. Most interestingly, in prospective
use as an HBOC, MP4 does not exhibit the typical hypertensive
response observed with most cell-free Hb solutions [8].

The present study reports the evaluation of the autoxidation
process in MP4 as compared with unmodified SFHb (stroma-free
Hb) that is used as the starting material to produce MP4. This
evaluation involves various aspects of the chemical, physical and
redox properties of these Hb species. Furthermore, in the present
study we report that the rate of in vivo oxidation of MP4 in
rats and humans is not related to its measured in vitro oxidation
behaviour. Taken together, the oxidative behaviour and stability
of MP4 observed in vitro does not define its metabolic behaviour
in vivo.

MATERIALS AND METHODS
Materials

MP4 and SFHb were prepared as described previously [8].
Another PEG-Hb derivative, PSK2, with two PEGs attached per
tetramer, was prepared by the same method described previously
for MP4 [8], except that no thiolation was performed prior to the

Abbreviations used: ApoHb, apohaemoglobin; ApoMb, apomyoglobin; DeoxyHb, deoxygenated haemoglobin; Hb, haemoglobin; HBOC, haemoglobin-
based oxygen carrier; KCN, potassium ferricyanide; ko, rate of oxygen dissociation; kex, rate of oxidation; LOQ, limit of quantitation; MetHb,
methaemoglobin; OxyHb, oxygenated haemoglobin; PEG, poly(ethylene glycol); pO,, partial pressure of oxygen; p50, oxygen partial pressure producing
50 % saturation; ROS, reactive oxygen species; SFHb, stroma-free haemoglobin.
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reaction with PEG. In this case, the maleimide-PEG reacts only
at the two 893 cysteine residues [9] and was used to differentiate
haem binding to the two types of Hb subunits. All reagents
and enzymes were from Sigma and were of the highest purity
degree available. Maleimide-activated PEG was provided by NOF
(Tokyo, Japan).

Preparation of MetHb

OxyHb (oxygenated Hb) was reacted with potassium ferricyanide
[1.5 mol/mol of haem for 20 min at room temperature (20-22 °C)],
which is a one-electron oxidant that converts the ferrous (Fe**)
haem iron into the ferric (Fe*") state, forming MetHb [10]. The
product of this reaction was purified using 10 kDa and 70 kDa
tangential flow filtration (Pall Filtron; Centramate) for SFHb and
MP4 respectively. Total conversion into the MetHb form was con-
firmed by the Evelyn—Malloy assay [11]. To test for the presence
of residual KCN (potassium ferricyanide) in the MetHb solution,
samples were analysed by size-exclusion chromatography with
two Superose-12 columns (AKTA Purifier-10; Amersham
Pharmacia) in series against controls of (i) a potassium ferri-
cyanide solution and (ii) unpurified MetHb. Unreacted potassium
ferricyanide was not observed in the chromatograms of the
purified MetHbs.

Spectrophotometry

Total Hb concentration was calculated on a haem basis by using
€553 =7.12mM™'.cm™' [12]. The levels of MetHb, OxyHb and
DeoxyHb (deoxygenated Hb) were measured from the absorbance
at L. =560, 576, 630 and 680 nm by the following equations [13]:

[OxyHb] = [(1.013 x Asg) — (0.3269 X Ag)

—(0.7353 x Asq)] x 107* 1)
[DeoxyHb] = [(1.373 x Ass) — (0.747 x Asze)
—(0.737 x Agyp)] x 107 2)
[MetHb] = [(2.985 x Agp) + (0.194 x Asy)
—(0.4023 x Asg)] x 107* 3)

Spectrophotometric measurements were carried out in a UV-
visible diode array spectrophotometer (Agilent HP 8453). In some
experiments, the level of MetHb was measured using an IL 682
CO-oximeter (Instrumentation Laboratory).

Hb autoxidation

The autoxidation studies were carried out at the indicated temp-
eratures and at the indicated Hb concentration in PBS with 0.1 mM
EDTA (pH 7.3) unless otherwise stated. The solutions were placed
in sealed 1 cm path, 3 ml spectrophotometry cells, and spectra
were taken at the appropriate times. The change in absorbance at
630 nm was used to fit a single-exponential function to determine
the &, (rate of oxidation).

Hb oxidation by xanthine—xanthine oxidase

The susceptibility of Hb to oxidation was measured in the pre-
sence of excess ROS generated enzymatically in a system contain-
ing xanthine and xanthine oxidase (EC 1.1.3.22), assuming the
following model [14]:

OxyHb <> DeoxyHb + O, “4)
xanthine + O, — 0, — H,0, 5)
DeoxyHb + H,0, — MetHb (6)
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MetHb + CN™ — CNmetHb (@)
MetHb — ferryl-Hb ®)

Reaction 4 depends on the pO, (partial pressure of oxygen)
and the Hb affinity for oxygen. The first step in reaction 5 is
catalysed by xanthine oxidase, whereas the next steps are non-
enzymatic. Reaction 6 may be considered reversible, but can
be made irreversible by reaction 7 that traps Fe’* by forming
a stable adduct. Reaction 8 is an interfering reaction that yields
ferryl-Hb, a metastable compound containing Fe**. The reactions
were carried out in quartz cells containing 3 ml of 0.1 mM Hb,
50 mM potassium phosphate, 0.5 mM xanthine and 1 mM EDTA
(pH 7.3) at 37 °C. The reaction scheme was started by adding 15 ul
of xanthine oxidase at a final concentration of 100 m-units/ml.
Spectra were collected at 5 s intervals, and the calculation of
the maximal oxidation rate was performed using data collected at
A =576 nm. In some experiments, the medium pO, was measured
by a Clark-type electrode.

Haem loss

When Hb loses haem, it transforms into a species called ApoHb.
To measure the rate of this reaction, we measured the absorbance
change observed when a haem acceptor, a double-mutant ApoMb
(apomyoglobin), binds the haem released from Hb to yield
holomyoglobin, a green adduct [15]:

MetHb — ApoHb + haem (rate-limiting) ©)
Haem + ApoMb — holomyoglobin (green) (10)

The scheme may be considered first-order if [ApoMb]/
[MetHb] > 10. ApoMb was prepared by an acid/acetone method
[16] from a double-mutant myoglobin, H64Y/V68F (a gift from
Professor J. S. Olson, Department of Biochemistry and Cell
Biology, Rice University, Houston, TX, U.S.A.). The ApoMb
precipitate was dissolved and used for the haem dissociation
experiments.

The spectrophotometric 1 cm, 3 ml quartz cell was loaded with
0.15M sodium acetate, 10 mM potassium phosphate, 0.45 M
sucrose and 10 uM ApoMb (pH 7.0) at 37 °C. After measuring the
baseline spectrum, 1 ©M Hb was added and the content quickly
mixed by inversion. The fast phase of the reaction was recorded by
running one spectrum/min for 30 min, followed by one spectrum
every 5 min to record the slow phase. Data taken at A =410 nm
were used for analysis.

In vivo experimental methods

Male Sprague—Dawley rats (mean body weight of 332 -4 g) were
used in this portion of the study. All animal protocols were ap-
proved by Sangart’s IACUC, according to the National Institutes
of Health guidelines. Prior to the day of the experiment,
the rats were habituated to a plastic restraining tube for at
least 30 min/session for three sessions. On the day of the
experiment, the rats were anaesthetized with isoflurane using
an induction chamber (5 % in oxygen) and maintained using a
nose cone with isoflurane (1.5-2.0% in oxygen). Respiration
was spontaneous throughout the surgical procedure. Polyethylene
catheters were placed, via bilateral inguinal incisions, in both
femoral arteries for withdrawal and sampling of blood. One fe-
moral vein was cannulated for infusion of MP4. Catheters were
tunneled subcutaneously to the base of the tail, exited through the
skin, and secured in a plastic protector sutured to the skin. Each
animal was administered 3 ml of 0.9 % NaCl subcutaneously
for prophylactic fluid replacement. The inguinal incisions were
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closed with staples, and the rats were allowed to recover for 30—
60 min in their cages.

Following recovery from anaesthesia, rats were placed in a plas-
tic restraining tube and the catheters opened for access. A pre-
transfusion baseline blood sample was collected from the arterial
catheter into three heparinized capillary tubes. A 50 % blood
volume exchange transfusion (total blood volume estimated to be
65 ml/kg of body weight) was performed by infusing MP4 into
the venous catheter at the rate of 0.5 ml/min with simultaneous
withdrawal of arterial blood at the same rate. Upon completion
of the transfusion, blood specimens were collected into capillary
tubes at 0, 15, 30, 60, 90 and 120 min, and 3, 4, 5, 6, 8, 12,
24, 36 and 48 h post-transfusion. After the 2 h collection time
point, animals were returned to their cages with free access to
food and water. Each blood specimen was centrifuged and placed
on ice immediately following collection to prevent formation
of MetHb in the tube. Plasma specimens were collected into a
0.5 ml centrifuge tube and stored on ice immediately following
centrifugation and decanting. Plasma specimens were analysed
for total Hb and MetHb within 2 h of collection.

Data are expressed as means + S.E.M. ANOVA was used to eva-
luate differences among groups. If this test resulted in a significant
difference, then the Bonferroni multiple comparison test was
performed. In the case of two groups, these tests are equivalent to
the Student’s ¢ test for unpaired data. The significance level was
set at P =0.05 (two-tailed).

In vivo clinical studies

Total plasma Hb and MetHb concentrations (g/1) were determined
as a function of time in patients from a Phase Ib MP4 dose-
escalation clinical trial of orthopaedic surgery conducted in
Stockholm, Sweden. The clinical study was performed according
to the principles stated in the Declaration of Helsinki and
Good Clinical Practices as described by the International Con-
ference on Harmonization. The protocol and consent forms
were approved by the Centralized Institutional Review (Ethics)
Committee of the Karolinska University Hospital, Stockholm,
and the study was approved by the Swedish Medical Products
Agency. Written informed consent was given by the subjects.
Patients received either 200, 400 or 600 ml of MP4. Blood
samples were collected at times defined in the clinical protocol and
shipped frozen from participating hospitals to Sangart for testing.
Post-thaw plasma total Hb was measured using a Haemocue
Plasma/Low Hb photometer and were calculated as the average
of duplicate readings. According to the manufacturer’s specifi-
cation, the LOQ (limit of quantitation) of the Haemocue
Plasma/Low Hb photometer is 0.3 g/l. The percentage of plasma
MetHb was determined using the Evelyn—Malloy assay [11]. The
plasma MetHb concentration was calculated from the remaining
fraction of plasma Hb (g/l). The LOQ for this assay was
determined by plotting the absorbance values at 630 nm for
all samples after the Hb had been converted to MetHb by the
addition of potassium ferricyanide as a function of Hb con-
centration, giving a LOQ of 0.029 absorbance units (results not
shown). The calculated plasma Hb and MetHb concentrations
were normalized to the patients’ body weights. Averaged
values + S.E.M. (n =4 in each dosing group) are reported.

RESULTS

In vitro autoxidation rates of MP4 and SFHb

Figure 1 (upper panels) show autoxidation in SFHb and MP4 at
room temperature (20-22°C for 48 h) and at 37°C (for 18 h).
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Figure 1  Autoxidation of SFH and MP4

Upper panel: autoxidation of SFHb and MP4 at room temperature (20-22 °C; left panel) and 37 °C
(right panel). Experiments were performed with four different preparations of each Hb type with
a Hb concentration of 0.06 mM in PBS with 0.1 mM EDTA (pH 7.3). P < 0.0001 (as determined
by ANOVA) for both temperatures. *P < 0.001 compared with SFHb (determined by the
Bonferroni multiple comparison test). Lower panel: a Van't Hoff plot of the data shown in
the upper panel, with the ko, reported as a function of 1/°K. The inset shows the slopes of the
regression lines separately for SFHb and MP4. *P < 0.001 compared with SFHb (Student’s ¢
test).

At both temperatures, autoxidation was greater for MP4 than for
SFHb (P <0.001). To understand whether temperature has the
same effect on SFHb and MP4 oxidation, Figure 1 (lower panel)
shows the Van’t Hoff isochores (e.g. log k,, against 1/°K). If
the plots are assumed linear, the steeper slope observed for MP4
indicates stronger temperature dependence for this Hb type.

Effect of residual catalase activity in SFHb preparations

To examine whether the different autoxidation rates for SFHb
and MP4 were a consequence of the presence of residual catalase
activity in the preparations, we determined the autoxidation rates
at 37 °Cin the presence of either added catalase or of an inhibitor of
catalase activity (KCN). First we assessed at which concentration
KCN inhibits catalase activity by measuring the pO, change upon
addition of H,O, in a sealed cell containing catalase and varying
amounts of KCN (Figure 2A). Because no pO, increase was
observed in the presence of 20 mM KCN, we assumed that KCN
completely blocked any catalase activity at this concentration, and
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Figure 2 Rates of autoxidation of SFH and MP4 in the presence and absence of catalase

The left panel (A) shows the inhibition of catalase activity by KCN. pO, was measured in an anaerobic cell containing 2 ml PBS and 0.1 ml catalase (final nominal activity 1000 units/ml). The reaction
was started by adding 5 ! of 3% H,0, (arrow) and pO, was monitored for an additional 60 s at 37 °C. The reaction was performed at KCN concentrations of 0, 20 and 50 mM. The right panel (B)
shows the autoxidation of SFHb and MP4 in the presence of PBS only (), 1000 units/ml catalase (A) and 50 mM KCN (@). Best fit lines were obtained as explained in the text, and Table 1 reports

the values of the rate constants.

we determined the Hb autoxidation rate in the presence of either
1000 units/ml catalase or 20 mM KCN (Figure 2B). Although
catalase decreased the autoxidation rate for MP4 by half, it had
no effect on SFHb, thereby suggesting that SFHb preparations
contained some catalase activity that protected Hb from oxidation.
Conversely, KCN markedly increased the autoxidation rates for
both Hb types, again suggesting that catalase protects against Hb
oxidation. Experimental data were fitted to a single-exponential
equation in the form:

Y =AY x (1 —e™) 4+ Y, an

where Y is the percentage of MetHb, AY . is the total percentage
change in MetHDb at the end of the reaction,  is the rate constant, t
is time and Y is the percentage of MetHb at r = 0. Table 1 shows
that, in the presence of KCN, autoxidation of MP4 was faster
than that of SFHb.

Susceptibility to oxidation of MP4 and SFHb in the presence
of excess ROS

The upper panel in Figure 3 shows the spectra recorded when
Hb was exposed to the xanthine/xanthine oxidase system.
OxyHb is transformed into a species that resembles MetHb
but does not have its characteristic spectrophotometric pattern.
This species might be ferryl-Hb (Fe*"), which dismutates more
slowly into MetHb. When the absorbance monitored at various

© 2006 Biochemical Society

Table 1
eqn (11)

The Table shows the values (mean 4 S.E.M.) of the rate constant, k (h~"), in the equation above.
NS = Not significant.

Results of the best fit of data shown in Figure 2(B) when fitted to

PBS (h—") PBS -+ catalase (h~") PBS +KCN (h~T)
SFH 0.007 4+ 0.001 0.007 4 0.004 0.41040.046
MP4 0.021 +0.001 0.010+0.001 0.678 +0.024
P <0.0001 NS 0.0009

wavelengths was plotted against time, a kinetic pattern appears
(Figure 3, lower panel), where the disappearance of OxyHb
follows a lag-type pattern. At 576 nm, the absorbance change was
maximized and allowed for the calculation of the oxidation rate.
The pO, was measured using a Clark electrode in the absence
of Hb to assess xanthine oxidase activity under the selected
conditions. After a 30 s fast phase, the pO, fell linearly at a rate
of 16 mmHg/min, or 0.036 mM O,/min, in the 30-150 s range.
This corresponded to a linear equimolar production of H,0O,.
The maximal oxidation rates for SFHb and MP4 were 8.6 x 10~*
and 10.1 x 10~ M/min respectively (P = not significant; n=15),
indicating the same susceptibility to oxidation by excess ROS.
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Figure 3 Hb oxidation by the xanthine/xanthine oxidase system

The upper panel shows a typical spectral change observed when 0.1 mM Hb in 50 mM potassium
phosphate, 0.5 mM xanthine, 50 mM KCN and 1 mM EDTA (pH 7.3) is exposed to 0.5 units
of xanthine oxidase at 37°C. Spectra were obtained every 5s. The lower panel shows the
absorbance changes recorded at A = 576 nm to measure the maximal oxidation rate. The Figure
also shows the decay of p0, (right axis) when the mixture is reacted in the absence of Hb. The
maximal oxidation rate of Hb corresponds to the linear portion of the fall in p0,.

Haem loss rates for MP4, SFHb and P5K2

Figure 4 shows the rates of haem loss from the MetHb forms of
SFHb, MP4 and P5K?2. Averaged data were normalized and fitted
to a double-exponential decay of the type:

Y = AY x (e’kfaslx’ + e’ksluwxr) (12)

where kg, and k., represent the rate constant k (h™') relative to
the fast and slow phases respectively and AY is the normalized
MetHb concentration at # = 0. The values of the rate constants are
reported in Table 2. For SFHb and MP4 time courses, the fitted
fast and slow rates were constrained to have equal amplitudes to
reflect haem loss from 8 and « chains [15]. The faster haem loss
observed for MP4 with respect to SFHb is entirely attributable
to higher rate in the fast phase; the slow phases are the same
for both Hb types. In additional experiments (results not shown),
we ruled out the possibility that the fast phase of the haem loss
process might reflect the presence of free haems in the starting
Hb solution. To this purpose, we performed the same experiment
as described using MetHb solutions aged for 0, 4 and 7 h after
their preparation, but the different aging times had no affect on

Fraction

Figure 4 Time course of haem loss from SFHh, MP4 and P5K2 MetHbs

Averaged data were fitted using a double-exponential decay (see text). The rates are reported in
Table 2. n = 3 per group.

Table2 Results of the best fit of data shown in Figure 4 when fitted to
eqn (12)

Values are means + S.E.M. For ki, P < 0.0001 (as determined by ANOVA); § significant
difference compared with SFH (as determined by the Bonferroni multiple comparison test). For
ksiow, P = not significant (as determined by ANOVA).

SFH (h1) MP4 (h1) P5K2 (h~")
Kt 8.08+0.45 4026 +4.27§ 5254 +2.62§
Ko 1224012 128+ 0.09 150+0.03
P 0.9986 0.9918 0.9996

either kg or kg,,. Compared with MP4 or SFHb, PSK2 showed
an even higher rate of haem loss in the fast phase and again no
change in the slow rate (Table 2). However, unlike the SFHb and
MP4 time courses, the PSK?2 time course could not be fitted using
constrained amplitudes and, in this case, the fitted amplitude for
the fast phase comprised approx. 70 % of the total time course.

Effect of ascorbate on the in vitro autoxidation of MP4 and SFHb

To assess whether the presence of a reducing agent affects the Hb
oxidation rate, we incubated either SFHb or MP4 in the presence
of 0.1 mM ascorbate (Figure 5). It appears that whereas SFHb
autoxidation was not affected by this concentration of ascorbate
in PBS, the rate for MP4 oxidation was enhanced approximately
2-fold in the presence of ascorbate (P = 0.02).

Formation of MP4 MetHb in vivo

Plasma MetHb was measured in vivo in two models: (i) rats
following a 50 % exchange-transfusion of their blood volume,
and (ii) humans in a Phase Ib clinical trial transfused with 200,
400 or 600 ml of MP4 as a blood-volume topload.

Keipert et al. have shown that unmodified human Hb is
cleared in rats with a half-life of approx. 1 h [17]. Therefore
we were unable to determine the rate of oxidation of SFHb in
rats. By contrast, longer persistence of MP4 in the circulation
allowed determination of the formation of MP4 MetHb in vivo
(Figure 6, left panel). During the first half-life of plasma MP4
(t1, = 10.6 h) in rats, no change in the concentration of MetHb was
measured, and over 24 h the circulating MetHb stayed at < 10 %
of the remaining plasma Hb concentration. This is in contrast

© 2006 Biochemical Society



468 K. D. Vandegriff and others

15
[JpPBs *

FlAscorbate

NN

$ _ f///
£, T 7
= e 2"//? W
7 %
Y 7/
ol , VA , YA A

. SFH MP4

Figure 5 Effect of 0.1 mM ascorbate on autoxidation of SFHbh and MP4 to
MetHb in PBS at 37°C over 3 h

P < 0.001 for both (as determined by ANOVA). *P = 0.02 compared with PBS (as determined
by Bonferroni's multiple comparison test).
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Figure 6 Disappearance of plasma Hb and formation of MetHb

Left panel: rats exchange-transfused with MP4 (n=4). Right panel: humans transfused with
different doses of MP4 (n = 4in each group). Humans received 200, 400 or 600 ml, and data were
normalized for body weight. Average and S.E.M. of concentrations (g/1) are shown. The plasma
Hb disappearance curves with 95 % confidence limits were fitted using a single-exponential
decay function. Note different scales.

with the first-order in vitro rate of MP4 autoxidation (Table 1),
which if applicable to MP4 oxidation in vivo would have predicted
an exponential increase in circulating MetHb to 2040 % of the
total plasma Hb concentration over 24 h, depending on catalase
activity.

In humans, there was a dose dependence of plasma Hb concen-
tration. At =0, i.e. measured at the first blood-collection time
point following transfusion, total Hb concentration normalized to
body weight (3.5 1+ 0.8,6.5+ 1.1 and 10.7 £ 3.0 g/l with 200, 400
and 600 ml dosing respectively; Figure 6, right panel). Plasma
Hb concentrations decayed mono-exponentially, giving 1, values
of 12.4, 11.4 and 10.6 h respectively. In contrast with plasma
Hb concentration, we could not resolve a dose dependence for
plasma MetHb concentration over the f1, of MP4; the measured
values of plasma MetHb at 12 h were 0.47 £0.49, 0.39 +0.11
and 0.61 £0.39 g/l MetHb for the 200, 400 and 600 ml doses
respectively (Figure 6, right panel). At 24 h, the highest dose
group had a plasma Hb concentration of 4.3+ 1.5 g/l with
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0.92 £ 0.35 g/l MetHb, showing that, of the remaining circulating
plasma Hb, 21 % was in the MetHb form. The percentage MetHb
increased with decreasing plasma Hb, such that 35 % and 83 %
of the Hb was converted into MetHb in the lower-dose groups,
400 and 200 ml respectively. However, the single-exponential rate
for MP4 autoxidation determined in vitro in PBS at 37°C was
0.021 h™" (Table 1), predicting approx. 40 % MetHb formation
at 24 h, regardless of Hb concentration. MetHb formation was
higher over time in humans in this experiment compared with
the rat experiment, but neither could be predicted by the rate of
oxidation measured in vitro.

DISCUSSION

In the present study, we address the ox—redox properties of SFHb
and MP4 in vitro. The main results are: (i) Hb autoxidation is
faster for MP4 than SFHb; (ii) residual catalase activity in SFHb
preparations may in part explain the greater rate of oxidation
of MP4; (iii) MP4 and SFHb display the same susceptibility
to oxidation in the presence of excess ROS; (iv) MP4 MetHb
displays faster haem loss than SFHb; and (v) ascorbate increases
autoxidation of MP4 but not that of SFHb. In addition, in rats ex-
change-transfused or humans transfused with MP4, the formation
of MetHb in vivo was not predicted by the rate of MP4 autoxi-
dation measured in vitro.

Faster rates of in vitro Hb autoxidation in MP4 than SFHb can be
explained, at least in part, with residual catalase activity in SFHb
preparations as opposed to a greater degree of purification and
less catalase activity in MP4 preparations. Catalase is a powerful
scavenger of H,0,, a ROS which is, at the same time, generated
during Hb oxidation and a substrate for the oxidation according to
the classical Fenton’s scheme. Saturating the antioxidant capacity
by excess catalase led to indistinguishable rates of autoxidation
for MP4 and SFHb. It should be noted, however, that there might
be another factor that eventually comes into play, as the different
slopes in the Van’t Hoff isochores shown in Figure 1 indicate that
temperature is not the single determinant to predict the different
oxidation rates in the two Hb types.

In an attempt to better clarify the mechanism of MP4 oxidation,
we evaluated the susceptibility of the Hbs to excess oxidizing
species. The Fenton chemistry and the reaction:

Fe** + H,0, — Fe’* + OH® + OH~ (13)

involve a second-order reaction, whose rate is affected by H,O,
concentration. For this purpose, we built a near-physiological
model where H,0, is generated enzymatically by the xanthine/
xanthine oxidase system. The reaction of xanthine oxidase,
which catalyses the conversion of hypoxanthine into xanthine and
xanthine into urate with production of H,0,, has been described
to be a major ROS contributor during reperfusion of ischaemic
tissues [18]. Although its relevance in humans has been questioned
[19], this reaction is known as a powerful system that produces
most of the reperfusion injury in ischaemic tissues. Although MP4
oxidation in the presence of this system was observed to be slightly
faster (P = not significant) than SFHb, the small acceleration does
not account for the differences observed in the autoxidation
experiments. It has been shown that during the reaction of sperm
whale myoglobin with H,0, the initial site of the radical is Tyr'®,
but then it rapidly migrates to Tyr'®! [20]. As the treatment to
convert human Hb into MP4 does not involve these residues, it is
not surprising that the susceptibility to oxidation by excess ROS
appears to remain unaffected in MP4 with respect to SFHb.
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We also assessed rates of haem loss from SFHb and MP4
MetHbs. Oxidation of haem iron from Fe*" to Fe** weakens the
fifth coordinate bond to proximal histidine residues and increases
the probability of haem loss [21]. Therefore haem loss depends
on the geometry of the Hb molecule and perhaps the presence of
a shield of water surrounding the molecule. In the present study,
we demonstrated that haem loss is accelerated in PEG-conjugated
Hb compared with SFHb. Analysis of the time courses of haem
loss provides a tool to understand the mechanism of haem loss
from tetrameric Hb. The fast phase has been associated with haem
loss from B chains, whereas the slow phase is relative to the o
chains [15]. Since kg,,, is the same under all the tested conditions,
the o chains do not appear to be involved. By contrast, the larger
k.« for MP4 than for SFHb suggests that the 8 chains are less
protected in this Hb type. Haem loss from P5K2, a derivative
with two PEGs attached to the tetramer bound to Cys®” in the 8
chains, showed a 6-fold increase in the fast phase associated with
B subunits and, again, little change in the rate of haem loss in
the slower phase associated with « subunits. If the assignment
of the fast and slow phases to 8 and « chains holds for MP4,
then these results suggest that it is modification by PEGylation of
B chain Cys” that destabilizes the haem. Additional PEGylation
on the surface of the Hb molecule does not further destabilize the
protein, and this destabilization does not appear to be cooperative,
i.e. destabilizing the 8 chain does not affect the « chain. Friedman
et al. examined conformational changes of a maleimide PEG-
modified Hb with either two or six PEGs attached to the tetramer
[9]. They showed similar changes to the Fe-proximal histidine
residue stretching frequency compared with unmodified Hb [22],
results which appear to be consistent with the decrease in haem
stability for MP4 compared with unmodified Hb reported in the
present study.

The physiological consequences of MP4 MetHb formation
and/or accelerated haem loss were not determined in the present
study and may depend on competing oxidative versus cytopro-
tective mechanisms. Haem can act as a pro-oxidant that reacts with
ROS, thereby promoting lipid peroxidation and protein oxidation
[23]. Alternatively, free haem may mediate anti-inflammatory
defence mechanisms through stimulation of haem oxygenase-1
and endogenous production of bilirubin [3] and carbon monoxide
[24]. Haem dissociation can also cause the resulting ApoHb to
unfold and become insoluble at physiological pH and temperature.
As an example, the ability of red blood cells to prevent Hb
oxidation and denaturation is critical to their survival. Precipitated
Hb forms Heinz bodies on the inside surface of the red blood cell
membrane and oxidative damage to the membrane [25,26]. In
sickle cells, the amount of membrane-bound haem is directly
related to the degree of haemolysis [27]. Whether the oxidation
of cell-free haemoglobin has similar deleterious consequences is
unknown.

The results in the present study show a lower plasma
concentration of circulating MetHb in rats compared with an
earlier observation following administration of a polymerized
bovine Hb in sheep [28]. The human data also do not show
exponential formation of MetHb that could be predicted by rates
of in vitro oxidation, but a greater percentage of MetHb could be
seen in humans compared with rats at 24 h. This may be due to
endogenous ascorbate production in rats and not humans, leading
to higher antioxidant capacity in rats than in humans as discussed
in Bompadre et al. [29]. Although a full discovery of mechanisms
contributing to the formation and clearance of circulating MetHb
in vivo will require further study, data in the present study
provide a preliminary understanding of this phenomenon. There
might be two, not necessarily exclusive, hypotheses to explain
these findings: either the endogenous blood antioxidant capacity

Table 3 Calculation of E’y (at 25°C and pH 7.4) for SFH and MP4 using
Wyman’s linked-function analysis

SFH MP4
p50 (mmHg) 55 3.0
Nl 3.0 1.0
Bohr factor -05 —0.24
E'g (V) +0.15 +0.04

inhibits plasma MetHb formation or MetHb is readily cleared
from plasma. However, if we assume the following scheme
Hb — MetHb — ApoHb and assume that only ApoHb is cleared,
then one can consider that the rate of the second reaction (8
or 40h~! for SFHb or MP4 respectively) is much faster than
that of the first reaction (0.007 or 0.010 h™! respectively, in the
presence of catalase). It should be noted that the experimental
conditions selected to determine those rates are similar to the
in vivo conditions (pH 7.4 at 37°C). Even if we consider an
increased rate of oxidation of MP4 in the presence of endogenous
ascorbate in rat plasma, MetHb formation would still be slower
than ApoHb formation following haem loss. Therefore the
oxidation of Hb to MetHDb is expected to be the rate-limiting step
in the in vivo situation. Since we found that clearance of plasma
Hb in rats followed a first-order reaction with a rate constant of
0.065 h™', we conclude that it is unlikely that the observed lack
of MetHb build-up in plasma is due to rapid clearance.
Rather, the ability of blood to keep cell-free Hb Fe*™ in the
reduced state probably depends on the presence of radical-
scavenging antioxidants, a heterogeneous group of substances,
some synthesized in the body and some derived exclusively from
the diet. Serum proteins, for example, can scavenge free radicals
and help prevent formation of MetHb if they have available
tyrosine or cysteine groups. Uric acid, which is also present
in the serum in substantial concentrations, is another major
free-radical scavenger. The total antioxidant capacity in normal
human blood is roughly in the range 1-2.5 mM [30], which is
an order of magnitude higher than any MetHb formed in vivo in
these experiments, thereby supporting the view that endogenous
defences are able to keep extracellular MP4 in the reduced form.

Ascorbate is a powerful antioxidant because it can donate a hy-
drogen atom and form a relatively stable ascorbyl free radical. The
ascorbyl free radical can be converted back into reduced ascorbate
by accepting another hydrogen atom or it can undergo further
oxidation to dehydroascorbate. Dehydroascorbate is unstable
but is more fat soluble than ascorbate and is taken up 10—
20 times more rapidly by erythrocytes, where it will be reduced
back to ascorbate by GSH or NADPH from the hexose mono-
phosphate shunt [31]. However, for ascorbate to function as an
antioxidant, the ox—redox properties of the pair ascorbate/Hb must
be examined. To estimate this effect, we considered the standard
redox potential (E',) for the half-reactions ascorbate — dehydro-
ascorbate (E'y =+0.08 V) and Fe** — Fe?* in both SFHb and
MP4. There is an inverse correlation between the redox potential
of Hb and oxygen affinity: the higher the oxygen affinity,
the lower the redox potential [32]. Therefore to estimate E',
for both Hb types, we used Wyman’s linked-function analysis
[33] and previously reported data for p50 and ngy values [34]
(Table 3):

E'y = 0.059 x log(p50™in) (14)

© 2006 Biochemical Society
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Figure 7 Relationship between autoxidation rates and p50 or oxygen
dissociation rate constants

Upper panel: relationship between the apparent ko, and Hb—0, affinity (p50, i.e. the p0, at which
half of Hb is saturated with oxygen) in various Hb types from the present study and from the
literature [7]. The line represents the best linear fit when the point referring to MP4 is excluded
from the calculation, with the 95% confidence limits, slope = (0.808 4 0.085) x 10-3,
intercept = (1.46 4 2.928) x 10~3, P = 0.0007. Lower panel: relationship between k,, and the
rate constant of oxygen dissociation from OxyHb in various Hb types from the literature [34,37].
The line represents the best linear fit when considering all data points, with the 95 % confidence
limits, slope = (0.648 4 0.141) x 102, intercept = (— 2.807 + 4.331) x 102, P =0.04.

The value calculated for E’, for SFHb is consistent with that
reported by Bunn (+0.14 V) [35]. With the values reported
in Table 3 in mind, it appears that ascorbate reduces SFHb
but oxidizes MP4, at least under standard conditions, thereby
explaining the data shown in Figure 5. The decrease in the redox
potential of haemoproteins has also been correlated with the
exposure of the haem to the aqueous solvent [36]. This would
potentially make MP4 more susceptible to both autoxidation and
haem loss.

The relationship between Hb oxidation rate (k,,) and Hb-O,
affinity or p50 might provide a useful tool to assess the validity
of the following scheme of Hb autoxidation:

OxyHb — DeoxyHb + O, (15)
DeoxyHb — MetHb (16)

The good correlation between p50 and k,, previously reported
by Nagababu et al. [7] when using data obtained from HbA
(adult human Hb), bovine Hb, DBBF-Hb (diaspirin cross-linked
human Hb at aLys” residues), bovine PolyHb (polymerized Hb)
and o-R-polyHbA (o-raffinose polymerized human Hb) suggests
that the effect of Hb deoxygenation on k,, is greater than any
variability in the rates of autoxidation attributed to differences in
the initial levels of MetHb [7] and, in our opinion, also on the
effects of protein structure on redox properties. Figure 7 (upper
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panel) shows how data reported in the present study compare
with those reported by Nagababu et al. [7]. k., for SFHbD is
similar to k., for HbAO but slightly lower. This difference may
reflect the catalase activity in SFHb compared with its absence
in chromatographically purified HbAO. In contrast, MP4 displays
relatively higher k,, at even lower p50. When all available data
were fitted to a straight line, the result was acceptable (> =0.75,
P =0.01), but a much better regression comes out if the point
relative to MP4 is excluded (7> = 0.96, P = 0.0007). This indicates
that MP4 does not comply with the above rule, possibly indicat-
ing that the autoxidation process is not coupled to the oxygen
affinity. However, it was reported previously that the R-state rate
of k. (oxygen dissociation) from OxyHb is 2-fold higher for MP4
compared with SFHb, as opposed to identical rates of oxygen
association [34]. Figure 7 (lower panel) shows that the scheme
described in equations 15 and 16 might hold true in this specific
case, as k. for the dissociation of oxygen from OxyHb correlates
with k,, with sufficient statistical significance (P =0.04), when
using available data from the literature [34,37]. Data shown in
Figure 7, however, should be taken with caution as we have shown
that traces of catalase activity in the Hb preparations might have
profound effects on k.

Conclusions

The in vitro oxidation of Hb does not appear to be a valuable
predictor of the early phase of oxidation in vivo in either a rat
model or in human clinical trials. In vivo, factors others than those
normally taken into consideration for in vitro studies are involved.
Nevertheless, examining in vitro oxidation rates provides a good
opportunity to study several aspects of Hb biochemistry and
biophysics. In the present study, we show that PEGylation of the
protein to yield a derivative that may be useful as a blood substitute
increases the rate of haem loss from MetHb and alters its redox
properties. More specifically, the rate of haem loss from the p
subunits was five times greater for MP4 than for SFHb, whereas
the « chains release the haem at the same rate. By contrast, the
apparent increase of the autoxidation rate of the PEGylated
derivative seems attributable to a greater degree of purity and lack
of catalase activity and not to a greater susceptibility to oxidation.
Simple first-order exponential models can be used to evaluate
MP4 oxidation and subsequent haem loss in vitro, but systems
that control the rate of oxidation and in vivo disappearance of cell-
free Hb are more complex. These mechanisms are not yet fully
defined but probably depend on redox properties of circulating
plasma proteins and red blood cell enzymes.
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