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Periodate modification of the sugar moiety in sugars,
including adenosine triphosphate (ATP), has previously
been employed in order to prepare dialdehyde-type re-
agents, which were then utilized in crosslinking reac-
tions on haemoglobin, yielding polymerized material
with useful dioxygen-binding properties and hence pro-
posed as possible artificial oxygen carriers (‘blood sub-
stitutes’). Here, the periodate protocol is shown to be
applicable to a wider range of oxygen-containing com-
pounds, illustrated by starch and polyethylene glycol.
Derivatization protocols are described for haemoglobin
with such periodate-treated crosslinking agents, and
the dioxygen-binding properties and redox reactivities
are investigated for the derivatized haemoglobins,
with emphasis on pro-oxidative properties. There is a
general tendency of the derivatization to result in
higher autooxidation rates. The peroxide reactivity of
the met (ferric) form is also affected by derivatization,
as witnessed, among others, by varying yields of
ferryl [Fe (IV)-oxo] and free radical generated. In
cell, culture tests (human umbilical vein epithelial
cells, HUVEC), the derivatization protocols show no
toxic effect.

Keywords: Blood substitute/free radical/haemoglobin/
high-valent iron/oxidative stress.
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Haemoglobin-based oxygen carriers (HBOC) are
known to manifest their toxicity at molecular level
along several coordinates (1, 2). On one hand, chem-
ically derivatized globins may feature oxygen affinities
drastically different when compared with those
exhibited by erythrocyte-encapsulated native haemo-
globin. One working hypothesis is that even more dan-
gerous are the two other coordinates of haemoglobin
(Hb) toxicity, namely, reactivity towards oxidative/
nitrosative stress agents (such as hydrogen peroxide
or nitric oxide) and, connected to this indirectly,
extravasation which allows native haemoglobin and
its derivatives to access cells outside blood where
they engage in unwanted redox reactions (I, 2).
Haemoglobin’s haem centre is, among others, reactive
towards hydrogen peroxide (and peroxides in general),
especially under conditions where due to natural auto-
oxidation processes the haemoglobin reaches the ferric
state (1, 2). The product of the reaction between ferric
haemoglobin and peroxides is, as with most haemo-
proteins (e.g. catalases, peroxidases, cytochromes
P450), a species formally described as Fe (IV) with
an oxo ligand (ferryl) (3—5). Ferryl haemoglobin is
constantly produced in human blood, and this process
is enhanced under conditions of stress (be it physical
effort or disease-related); pathological implications of
this process have been discussed, including the concept
according to which much of the problems arising in
clinical trials of HBOC’s are correlated with un-tamed
peroxide reactivity of the HBOC (1, 5—7).

For the reasons outlined above, one may expect that
purified haemoglobin can only be a reasonable blood
substitute candidate once its redox reactivities can be
controlled/reduced. Such reduction has been achieved
so far via four routes. A first approach has involved
inter-protein crosslinking of haemoglobin, thereby
generating particles of large molecular weight/
volume, which have increased stability in the blood-
stream and avoid homogenous close contact between
haemoglobin and endothelium, thereby reducing the
haemoglobin-NO reactivity (/, 2). A second approach
towards reducing haemoglobin’s pro-oxidant activity
has involved derivatization of the protein surface
with polymeric systems, with results much similar to
those achieved by the protein—protein crosslinking ap-
proach described above. Polyethylene glycols have
formed the focus of such strategies, although oligo
and polysaccharides have also been employed (1, 2).
A third approach has been to genetically modify
human haemoglobin; distinct site-directed mutations
have been identified that drastically reduce reactivity
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Scheme 1 Oxidation of adenosine triphosphate by periodate.

towards NO by modifying amino acids gating access of
small molecules towards the haem site; possible ex-
amples of similarly rational design of haemoglobin to
remove pro-oxidant activity have more recently been
reported (6, 8). A fourth approach has been to leave
haemoglobin intact and to engineer its environment
either by adding antioxidant systems (enzymes and/
or small molecules) or by constructing nanomaterials
mimicking cells which would encapsulate the haemo-
globin thereby helping to isolate it from stress agents
found in blood upon transfusion (2, 9).

Others have extensively characterized the process
whereby periodate treatment of the sugar moiety
within adenosine triphosphate (ATP) can be oxidized
to a di-aldehyde, cf. Scheme 1, after which the dialde-
hyde was used to crosslink haemoglobin (10—12).
Since ATP itself acts as an effector for haemoglobin,
it was speculated that an ATP-derivatized HBOC may
exhibit interesting dioxygen-binding behaviour, of use
in HBOC applications; such modifications were indeed
demonstrated in vitro and initial positive results were
obtained in vivo as well (12). Palmer and co-workers
have shown that the procedure can be extended to
other mono- di- or tri-saccharides, or even to dextran
(13). Here, we show that one can employ a large
number of hydroxyl-containing compounds, exempli-
fied in the form of starch and polyethylene glycol, for
crosslinking haemoglobin; in examining these prod-
ucts, we focus on the oxidative/pro-oxidant reactivity,
which indeed is shown to have affected. Nevertheless,
in cell culture tests [human umbilical vein epithelial
cells (HUVEC)], the derivatization protocols show no
toxic effect.

Materials and Methods

Bovine Hb was purified following a general protocol of Antonini
and Brunori (/4), and manipulated in phosphate buffer saline
(PBS) unless otherwise mentioned. Haemoglobin concentrations in
text are given per haem rather than per tetramer. Adenosine triphos-
phate (ATP, Merck, Germany), hydrogen peroxide (30%,
Sigma-Aldrich, Germany), polyethylene glycol (PEG-4000) and
starch (Merck, Germany) were used as received without any further
purification.

UV-—vis spectra were recorded on Agilent 8453 (Agilent Inc.) and
Cary 50 (Varian Inc.) instruments. For EPR spectra, a Bruker EMX
Micro spectrometer with a liquid nitrogen cooling system was
employed for EPR spectra. Instrument conditions were: microwave
frequency 9.43 GHz, microwave power 15.89 mW, modulation fre-
quency 100kHz, modulation amplitude 5G, sweep rate 22.6 G/s;
time constant 81.92 ms, average of three sweeps for each spectrum,
temperature 100 K.

For ATP oxidation, the protocol followed indications given by
Palmer and co-workers (13): 50mM solutions of ATP were
prepared in 18.1 M) deionized water. The solution was oxidized
with sodium periodate (NalO4) for 1h at room temperature in
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order to ring-open the 1,2-diols to yield dialdehydes (Scheme 1).
The product of ATP oxidation via this protocol is designated as
0oATP. Starch and polyethylene glycol oxidation protocols were per-
formed similarly to ATP, with differences as follows: starch solu-
tions were 4g/l, and PEG solutions were 2mM. The respective
products are referred to as oPEG (oxidized PEG) and oST (oxidized
starch).

For polymerization of Hb with oATP, 1 mM Hb was reacted with
oATP at concentrations of 0.5, 2, 7, 10, 15 and 20 mM. The reaction
was performed under stirring at 4°C; a 2-fold excess of NaBH, was
then added to each reaction vessel for 30 min to quench the reaction.
The product was dialysed in 50 mM Tris buffer with 150 mM NaCl
(pH 7.4) to remove excess NaBH, and unreacted cross-linker. The
protein was then chromatographed on a Sephacryl S-300 size exclu-
sion column (GE Healthcare, Sweden) with a mobile phase of
150 mM NacCl, 20mM Tris buffer at pH 7.4.

The derivatized forms of Hb were, where required, separated
using a HiTrap SP HP anion exchange column (GE Healthcare)
controlled by a FPLC system. Using 20mM Tris pH 7.4 as mobile
phase, the derivatized Hb was bound to the stationary phase of the
column, whereas the unmodified Hb was not. The modified Hb was
then eluted with Tris buffer pH 7.4 containing 200—1,000 mM NacCl.
The separated protein fractions were further analysed by 15%
SDS—PAGE and gel filtration size exclusion chromatography on a
Superdex 200 5/150 GL column (GE Healthcare), 0.25 ml/min flow
rate; molecular weights were determined based on a calibration
curve employing a molecular weight standard kit (Sigma-Aldrich)
containing carbonic anhydrase (29kDa), bovine serum albumin,
(BSA, 66kDa), alcohol dehydrogenase (150kDa), amylase
(200 kDa), apoferritin (443 kDa), thyroglobulin (669 kDa) and blue
dextran (void volume marker). Dioxygen affinity and autooxidation
measurements were at room temperature (~23°C) and 37°C
respectively.

The biological system used for in vitro testing was the HUVEC.
This cell line is a generous gift from Assoc. Prof. Marina Nechifor
from University of Bucharest, Faculty of Biology. Cells were de-
frosted carefully, cultivated in special culture flasks (Nunclon) with
RPMI-1640 (Sigma) culture medium, supplemented with foetal calf
serum (FCS, Sigma), Penicillin—Streptomycin (Sigma) and glutam-
ine in humidified Heto Holten Cellhouse 154 incubator at 37°C and
5% CO, level. Cells were adherent, and several cell passages were
performed using enzymatic procedures. Experiments were made
when confluence of the cells achieved 80% on the flask surface.
Cells were then plated on 96-well flat-bottomed microtiter plates
(Nunclon), and were kept 24 h in the incubator. To obtain a suitable
density of cells on each well on the day of the measurement, and
considering the HUVEC cells proliferation rate, we used different
cell densities pro well: 1x 10° per well cell for the 24 h experiment,
7.5% 10° cells for 48 h incubation, and 6 x 10° cells for the 72h long
experiment. Wells were then treated with compounds to be tested
(10l in each well), with untreated cells left as reference; blank
cell-free wells contained cell culture media; as coloration reference,
cell-free wells were treated with culture media and compound.
Each compound was tested in triplicate, and three different experi-
ments were completed. To assess cytotoxicity we performed the
widely used quantitative colorimetric MTT assay (15, 16) for deter-
mination of cell viability changes. The method’s advantages are
its sensitivity, simplicity and relatively short duration. The assay is
based on the ability of viable cells mitochondria to reduce
the 3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide
(MTT) to a purple formazan product. The formazan product is
analysed with a scanning multiple spectrophotometer and its quan-
tity as measured by the amount of 492nm absorbance values is
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Fig. 1 The UV—yvis spectra of the o-ATP-derivatized Hb; oATP concentrations employed in derivatization reactions are indicated.

directly proportional to the number of living cells in cell culture.
After 24, 48 or 72 h incubation with the Hb molecules, MTT solution
was added to each well at a final concentration of 1 mg/ml per well
and the plates were incubated at 37°C for another hour. Dimethyl
sulphoxide (DMSO) was added to each well to dissolve the forma-
zan, and spectrophotometric absorbance measurements were made
using a BioTek Synergy 2 multimodal fluorescence microplate plate
reader. Statistical analysis employed the GraphPad Prism 5 biostat-
istics software. We established the survival curves for compounds 1,
2 and 3. One-way analysis of variance (ANOVA) and Dunnett
Multiple Comparison test (P < 0.05, 1> = 0.94—0.86) were completed
for all individually inhibitory effects.

Results and Discussion

Derivatization with ATP

Figure 1 shows UV—vis spectra of Hb derivatized with
oxidized ATP (0ATP). The 630 nm features indicate
that with oATP concentrations higher than 10 mM
the derivatized Hb features significant percentages
of ferric form (~50% and higher), resulted from
oxidation of the oxy-Hb during the derivatization
process. Control experiments (not shown) where the
derivatization was performed anaerobically on the
deoxy form of Hb, did not avoid the oxidation side
reaction, suggesting that it involves direct oxidation
by periodate or its congeners, rather than favuo-
rization of autooxidation because of protein
derivatization.

Figure 2 illustrates size-exclusion chromatograms of
0ATP-derivatized Hb, demonstrating increases in
molecular weights directly dependent on the dose of
oATP used for derivatization. With low oATP concen-
trations (0.2—7mM) the apparent size of the protein
appears to suffer negligible modifications, suggesting
that the derivatization has occurred on the surface of
the Hb tetramer without leading to the polymerization
expected of a dialdehyde reagent such as oATP. This
surface derivatization is verified by the fact that such
oATP non-polymeric fractions do bind to anion-
exchange columns, whereas native Hb does not (chro-
matograms not shown). For Hb samples treated with
higher concentrations, up to 20mM oATP, Fig. 2
shows an increase in molecular weight to ~350kDa
in the 15-mM oATP sample. However, Fig. 1 shows

A — 0.5 mM o-ATP
—-2mM o-ATP
------ 7 mM o-ATP
— 15 mM o-ATP
—— 20 mM o-ATP
— Native Hb
— —10 mM o-ATP
} i At T : T
0.00 1.00 2.00 3.00 4.00 5.00
elution volume (ml)
B 3;
2.6
= 2.2
=
[=2]
2 1.8 ([
1.4
1 T T T |
1 1.2 1.4 1.6 1.8

Ve/Vi

Fig. 2 Gel-filtration data demonstrating polymerization of Hb by
0oATP. (A) Size exclusion chromatograms of oATP-derivatized Hb.
Estimated average molecular weights (kDa) are: native Hb—64;
0.5mM oATP—100; 2mM oATP—80; 7mM—100; 15 mM—350;
20 mM—290. (B) The corresponding calibration curve (c.f.
‘Materials and Methods’ section).

that the 20-mM oATP treatment has led to a signifi-
cant decrease in protein concentration, and even the
15-mM oATP sample shows signs of a perturbed haem
environment, with the 630nm band no longer clearly
defined. As such, the 15 and 20mM oATP samples
were not analysed any further as potentially useful
for blood substitute material.
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Overall, Figs 1 and 2 indicate that low oATP con-
centrations may be used to selectively derivatize the
surface of the Hb tetramer without inducing polymer-
ization; polymerization requires higher oATP concen-
trations but has the disadvantage of inducing Hb
oxidation. This latter aspect may either be a result of
an increased tendency in autooxidation in the Hb poly-
mer, or simply a reversible side-reaction under condi-
tions where the Hb autooxidation rate is not affected
by oATP. Table I shows that the former explanation is
most likely valid: the autooxidation rates of oATP-Hb
are somewhat higher than those of native Hb (in-
creases by 120—190%).

The presence of the oATP adenine ring attached to
the Hb surface may be expected to provide a sink for
free radicals and may thus offer an extra line of defence
for the haem against oxidative stress agents. This hy-
pothesis was tested as shown in Table II and Fig. 3, by

Table 1. Increases in autooxidation rates of Hb brought about by
derivatization with oATP.

Hb Increase (%)
+0.5mM oATP 193
+2mM oATP 171
+7mM oATP 121
+10mM oATP 150

Table II. Increases in ascorbate peroxidase activity of Hb and in
ferryl yields brought about by derivatization with oATP.

Activity Ferryl (percent decrease
Hb (increase %) relative to native Hb)
+0.5mM oATP +18 -33
+2mM oATP +26 —18
+7mM oATP -35 -33
+10mM oATP —15 -37

Conditions: for direct reaction with peroxide—room temperature,
PBS, 10uM Hb, 100 uM H,O,; for enzymatic activity—room
temperature, SOmM pH 5 acetate, 10 uM Hb, 400 pM ascorbate.
800 uM H,0,.

0.91

examining the direct reaction between Hb and perox-
ide as well as the catalytic activity as ascorbate perox-
idase, both of which are representatives of oxidative
stress reactions expected to take place during a trans-
fusion experiment (17, 18). Thus, the reaction of ferric
Hb with hydrogen peroxide, monitored by the absorb-
ance at 425 nm characteristic of the strongly oxidizing
ferryl [Fe (IV)] form, proceeds to yield distinctly lower
amounts of high-valent iron in the oATP-treated
haemoglobins. These decreases range between ~20
and 40%, depending on the ATP:Hb ratio. The
lower ferryl yields do not appear to be mirrored by
predictable changes in ascorbate peroxidase reactivity:
changes in this respect are, as shown in Table II, rela-
tively small and most likely the result of a balance
between two factors different in nature and possibly
in sign: the ability of the adenine rings to quench free
radicals and thus protect ascorbate from oxidation,
and the protein structural changes brought about by
derivatization (the latter are also witnessed by Table I
data). One notable feature, looking at Fig. 3 for all
derivatized haemoglobins, is the clearly decreased
stability of the ferryl species, which accumulates at
constant concentration in native Hb throughout the
duration of the experiment, but decays to a large
extent within the same timeframe in derivatized
haemoglobins.

Derivatization with starch
Treatment of starch with periodate was expected to
yield a poly-aldehyde-type reagent which would effi-
ciently react with exposed lysine residues on the surface
of Hb, leading to polymerization in a manner analo-
gous to what was shown for glutaraldehyde-based
polymerization (/9—22). Figure 4 illustrates electronic
absorption UV—vis spectra of Hb derivatized with
periodate-oxidized starch under various conditions,
the amount of periodate used decidedly controlled
the degree to which Hb retained its oxy state.
Figure 5 then shows size-exclusion chromatograms
demonstrating that indeed polymerized fractions have
been produced in these reactions.

Similarly to oATP-derivatization, starch derivatiza-
tion also resulted in an increase in autooxidation rate

bHb polym with 10 mM oATP

0.7+

A (425 nm)

0.51

bHb polym with 5 mM GL

bHb polym with 4 mM PEG

— — — — bHb polym with starch

bHb native

0.3 T T T
0 100 200 300

time (sec)

500 600 700

Fig. 3 The reaction of derivatized haemoglobins with H,O,. Conditions: room temperature, 10 uM protein, 80 uM H,O,, PBS 7.4.
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Fig. 4 The UV—vis spectra of the starch polymerized Hb. Conditions: PBS, room temperature.

25 mMNalO, 100 pL
50 mM NalO, 75 L

= = = =50 mM NalO, 100 uL
100 mMNalC, 25 uL
native Hb
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Fig. 5 Size exclusion chromatograms of starch-derivatized Hb.
Average molecular weights were: +25mM NalOy, 100 pl: 80 kDa;
+50mM NalOy, 75 pl: 90—470 kDa; +50 mM NalOy, 100 pl:
100—1000 kDa; +100 mM NalOy, 25 pl: 80—130 kDa.

(by 320% for the samples polymerized with 0.6 g/l
starch and 40 mM NalQ,). Figure 3 illustrates how
this is accompanied by a decrease in the yield of
high-valent ferryl iron (to 70% compared to native
Hb) as well as by a decrease in its stability. On the
other hand, the enzymatic peroxidase-type reaction,
which relies of the very formation of the ferryl species,
is 32% smaller than in native Hb.

Derivatization with PEG

Since polyethylene glycol features multiple hydroxyl
groups similarly to a sugar moiety, it may be expected
that oxidation with periodate may convert polyethyl-
ene glycol to a poly-aldehyde capable of crosslinking
proteins—HDb included. Figure 6 shows SDS—PAGE
data illustrating that this is indeed the case: aggregates
of various molecular weights can indeed be obtained
from Hb with periodate-oxidized polyethylene glycol
(oPEG). Also shown in Fig. 6 is a size-exclusion chro-
matogram illustrating how even in the sample obtained
with 4 mM PEG, where according to the SDS—PAGE
only dimeric Hb units appear to have resulted from

A iC2 3)4 5 6 1 § wm kDa
o N - . 250
148

98
64
50

36

22

o 16

B
————+4mMPEG

native Hb

starch-Hb

1.2 1.7 2.2 2.7
elution volume (ml)

Fig. 6 Chromatographic evidence for derivatization of Hb with
oxidized starch and polyethylene glycol. (A) SDS—PAGE illustrating
the influence of PEG concentration on polymerization degree.
SDS—PAGE 15%; 1- l mM PEG; 2- 3mM PEG; 3- 5SmM PEG;
4- 10mM PEG; 5- 15mM PEG; 6- 17mM PEG; 7- 20mM PEG;
8- native Hb. (B) Size-exclusion chromatogram for Hb derivatized
with 3mM periodate-reacted PEG.
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Fig. 7 The UV—vis spectra of the oPEG-polymerized Hb after dialysis to remove crosslinking/oxidizing agents. Conditions: room temperature,

PBS.

derivatization, these newly-formed bonds are
inter-tetrameric in nature as they do lead to an appar-
ent increase in molecular weight to 80 kDa.

Figure 7 shows UV—vis spectra of oPEG-derivatized
Hb. A marked tendency towards oxidation upon cross-
linking is noted: of the several conditions tested in
Fig. 7, only the one employing 1 mM PEG is seen to
tolerate Hb in its oxy form—all the others showing
essentially fully oxidized Hb as witnessed by the de-
crease in absorbance at 540—580 nm and by the diag-
nostic absorption maximum at 630nm. The 1mM
PEG sample, whose UV—vis spectrum appears to be
unaffected by autooxidation, shows essentially no
polymerization (as witnessed by the Fig. 6
SDS—PAGE).

The yield of ferryl formed upon reaction of
3mM-PEG-Hb with peroxide is, as illustrated in
Fig. 3, essentially identical to that of native Hb, while
its stability is, as for all other derivatized Hb’s, smaller.
On the other hand, the enzymatic peroxidase-type reac-
tion is 33% smaller than in native Hb.

EPR-detected free radicals

Treatment of Hb with hydrogen peroxide leads to rela-
tively low levels of protein-located free radicals—the
nature of which was previously described in much
detail (23). Figure 8 shows these free radicals in
the derivatized haemoglobins examined in the current
study, alongside native Hb and glutaraldehyde-
reticulated Hb (22) [the latter taken as a prototypical
derivatized Hb, as it forms the basis for a blood sub-
stitute already approved for limited human use (7)]. It
can be noted that all derivatization methods lead up to
10 times more free radical—the maximum yield being
reached in glutaraldehyde-derivatized Hb, followed
closely by oPEG-Hb. On the other hand, scaled super-
position of the signals (not shown) confirms that the
shape of the free radical signal is not different in the
five proteins examined here—which, among others,
suggests that the adenine ring in oATP-Hb is not a
stable site for free radicals [at least not by comparison
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Fig. 8 EPR spectra of 200 pM globins treated with 400 pM H,O, in
PBS and frozen at 30 s after mixing: Hb, native Hb; Hb-GL,
glutaraldehyde-polymerized Hb; oPEG-Hb, Hb derivatized with oxi-
dized PEG; oATP-Hb, Hb derivatized with periodate-oxidized ATP;
oST-Hb, Hb derivatized with periodate-oxidized starch.

with tyrosine residues within Hb, which dominate our
EPR spectra (23)].

HUVEC tests

The effect of Hb-based potential blood substitutes on
human cell cultures, including the HUVEC line, has
previously been studied and shown to allow for iden-
tification of possible toxic effects of cell-free Hb (deri-
vatized or not) (1, 9, 24—26 ). Figure 9 shows the effect
of Hb derivatization with protocols described here, on
the HUVEC toxicity of Hb. As expected, pure native
Hb shows slight toxicity on these cells. oATP and
starch-derivatized Hb act in very similar manner, sug-
gesting that derivatization protocols described here
offer some promise for further design of non-toxic
polymeric aggregates of proteins—for blood substi-
tutes or elsewhere.
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Fig. 9 Survival of HUVEC cells after exposure to oATP-Hb (1),
oST-Hb (2) and native Hb (3).

To conclude, derivatization protocols were shown

here for Hb with periodate-oxidized sugar, nucleotide
and polyethylene glycol, and the products were char-
acterized in terms of molecular weight distribution,
dioxygen binding, and pro-oxidant reactivity. These
derivatizations entailed essentially negligible effects
on the toxicity of Hb towards human HUVEC cells.
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