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Abstract—The oxidative modification of human hemoglobin (Hb) treated with hydrogen peroxide was inves-
tigated. Using the mass spectrometry method, the oxidized amino acid residues of the hemoglobin molecule
were detected: oIrpl4, oTyr24, aoArg3l, oaMet32, olyrd2, oHis45, aHis72, aMet76, oPro77, olLys90,
0o Cys104, oTyr140, BHis2, BTrp15, BTrp37, BMet55, BCys93, BCys112, BTyr130, BLys144, and BHis146. The
antioxidant potential of the Hb molecule in the intracellular space and in the blood plasma is discussed.
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In a living organism, reactive oxygen species
(ROS), including hydrogen peroxide (H,0,), super-

oxide anion radical (O5 ), hypochlorous acid (HOCI),
and some other ROS, are always generated. They are
highly reactive molecules that can attack target pro-
teins, thus causing oxidative damage of proteins and
ultimately affecting their spatial structure and mecha-
nism of functioning. Importantly, unlike the plasma
proteins, the protection of the intracellular proteins
against ROS-induced oxidative damage is catalyzed by
a wide range of antioxidant systems [1]. In addition,
cells contain protein-disulfide reductase and methi-
onine sulfoxide reductase, which reduce the oxidized
cysteine and methionine residues to the original,
unmodified form [2]. All this should provide a high
tolerance of the intracellular proteins to the damaging
effects of ROS. However, the release of these proteins
from cells greatly reduces the possibility of their anti-
oxidant protection.

In this study, we analyzed the posttranslational
modifications of human hemoglobin (Hb) during its
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oxidation induced by hydrogen peroxide. Hb is an
especially highly reactive molecule, which can be
released into the extracellular medium in pathological
states (e.g., hereditary hemolysis syndrome, etc.) or
enter the bloodstream during the infusion of blood
substitutes based on Hb [3].

The hemoglobin molecule is a tetramer consisting
of two identical o subunits and two identical 3 sub-
units, the primary structure of which includes 141 and
146 amino acid residues, respectively. The secondary
structure of oo and 3 chains is formed solely by alpha-
helical segments of different lengths (seven helical seg-
ments for o subunits and eight helical segments for 3
subunits), which are connected through nonhelical
regions. Each globin subunit contains a “hydrophobic
pocket,” which harbors the prosthetic group.

In this work, we used the commercial human
hemoglobin preparation (H7379, Sigma, United
States).

Protein oxidation was initiated with hydrogen perox-
ide (95321, Sigma, United States) at a fixed oxi-
dizer/hemoglobin ratio of 1.3 x 10~> mol H,0,/mg pro-
tein.

Electrophoresis was performed in a gradient poly-
acrylamide gel (8—23%) in the presence of sodium
dodecyl sulfate (SDS) by the method of Laemmli.
Protein was stained with Coomassie Brilliant Blue
R250. To determine the molecular weight of the poly-
peptide chains of the studied protein, we used a mix-
ture of marker proteins with molecular weights of 10 to
250 kDa (Precision Plus Protein Dual Color Stan-
dards, Bio Rad, United States).

Chromato-mass spectrometric analysis (HPLC—
MS/MS) was performed in a system consisting of an
Agilent 1100 automatic chromatograph with an auto-
mated sampling system (Agilent Technologies Inc.,
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Fig. 1. Electrophoresis of human hemoglobin samples:
(1) unoxidized Hb sample, (2) oxidized Hb sample (1.3 X

10~ mol H202/mg protein), (3) marker proteins.

Santa Clara, United States) and a 7T LTQ-FT Ultra
tandem mass spectrometer (Thermo, Bremen, Ger-
many) [4, 5]. Samples were prepared for protein anal-
ysis as recommended by the manufacturer (Trypsin
gold, V5280, Promega, United States). Measurements
of each sample were performed in triplicate to ensure
the reliability and reproducibility of the obtained data.
The tryptic peptides were identified using the PEAKS
Studio software (v. 8.5, Bioinformatics Solutions Inc.,
Waterloo, On, Canada). When comparing the results,
the amino acids that were not oxidized in the control
as well as the amino acids whose oxidation level
increased by more than 1% compared to the control
were taken into account.

The results of electrophoresis of the subunits of
human hemoglobin unoxidized and oxidized with
hydrogen peroxide are shown in Fig. 1.

It is known that, in a general case, the oxidation of
proteins may be accompanied by chemical modifica-
tion of amino acid residues in the protein, as well as by
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covalent crosslinking of the polypeptide chains or their
fragmentation. Figure 1 shows that the electrophoretic
mobility of the oxidized o and 3 subunits does not dif-
fer from that of the unoxidized subunits. This fact reli-
ably indicates that the oxidation of the protein is rep-
resented only by modification of individual residues
(i.e., no cross-linking or fragmentation of the chains
takes place).

In the study of oxidative modification of the Hb
molecule by mass spectrometry, we analyzed the Hb
samples that were not subjected to induced oxidation
(control) and the Hb samples that were treated with
1.3 x 107> mol H,0,/mg protein (experiment). Both in
the control and experimental samples, a number of
peptide segments belonging to o and B subunits were
mapped. We managed to obtain a very high percentage
of detected peptides for hemoglobin subunits. In the
control and experiment, the entire primary structure
of o subunit (141 amino acid residues) was detected.
In the case of B subunit, except the amino acid resi-
dues Val60 and Lys61, and other 144 amino acid resi-
dues were identified.

In the case of hydrogen peroxide-induced oxida-
tion of hemoglobin, primarily the sulfur-containing
cysteine residues (aCys104, BCys93, and BCysl12)
and methionine residues (oMet32, aMet76, and
BMet55), as well as the aromatic radicals of tyrosine,
tryptophan, and histidine (o(Tyr24, ATyr42, o{Tyr140,
BTyr130, oTrpl4, BTrpl5, BTrp37, aHis45, oHis72,
BHis2, and BHis146) are involved in modification.
Mass spectrometry data also indicate chemical alter-
ations of single residues of arginine (0tArg31), lysine
(cLys90 and BLys144), and proline (aPro77) (Fig. 2).

The effect of hydrogen peroxide on the oxidative
modification of hemoglobin was also investigated in a
number of studies [6—10]. In o and 3 subunits, a num-
ber of oxidized residues was identified, entirely includ-
ing the sulfur-containing and aromatic amino acids. It
should be noted that, in our study and in the studies by
Pimenova et al. [6], Deterding et al. [7], and Jia et al.
[10], the oxidized amino acid residues oTyr24,
oTyrd2, BTrpl5, BMet55, BCys93, and BCys112 were
identified. However, in our experiments, we detected
no modifications of aaHis20 and Tyr145, which were
described in the above-cited papers [6, 7, 10]. We have
also detected a number of previously unknown amino
acid residues that underwent oxidation: oTrpl4,
aArg3l, aMet32, ooHis45, aHis72, aMet76, aPro77,
oLys90, oCys104, ofTyr140, BHis2, BTrp37, BTyr130,
BLys144, and BHis146.

It is known that free-radical lesion of oTyr42 and
BCys93 causes maximum damage to the structure of
the protein region containing these residues and, thus,
affecting the al1f2/a2B1 interface of the tetrameric
hemoglobin structure [6]. In addition, irreversible
oxidative modification of BCys93 and BCysl12 fol-
lowed by the oxidation of BTrpl5 and BMet55 may
dramatically disturb the [ subunit structure as a result
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Fig. 2. Mapping of the amino acid residues of hemoglobin
in the sample at induced protein oxidation (1.3 X 107 mol
H,0,/mg protein) for alpha and beta chains. The percent-
age ratio indicates the ratio of the modified amino acid to
the total amount of this amino acid in the peptide frag-
ment. The detected and undetected regions are indicated
with the gray and white color, respectively.

of H,0, attack [10]. The primary hemoglobin struc-
ture comprises six tryptophan residues that are not
exposed on the surface and, therefore, are relatively
spatially inaccessible to ROS. The fact that BTrp15 and
BTrp37 undergo oxidative alteration is due to loosen-
ing the al12/a2B1 tetrameric protein structure [10].

In conclusion, we would like to note that it was
convincingly shown in the past years that protein oxi-
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dation is not a random process. In accordance with the
site-specific oxidation concept, methionine (and, in
some proteins, cysteine) residues function as antioxi-
dants that can scavenge ROS and thereby protect other
functionally significant amino acid residues from oxi-
dative damage [11]. As we mentioned earlier, due to
the action of reductases, the sulfur-containing resi-
dues of intracellular proteins can undergo reversible
oxidation, which markedly increases their antioxidant
status. This implies that the irreversible oxidation of
methionine and cysteine residues in hemoglobin,
apparently, does not allow them to protect a number of
key tyrosine and tryptophan residues, which under-
gone oxidative modifications in the protein treated
with hydrogen peroxide to the extent to which they
would be protected in the intracellular hemoglobin. In
addition, in terms of antioxidant protection, the very
structure of hemoglobin seems less perfect compared
to the structure of the plasma proteins. Indeed, even at
low concentrations of hydrogen peroxide, the oxida-
tion of BCys93 and BCysl12 eventually leads to the
structural collapse of Hb. The plasma proteins are
believed to be adapted, to some extent, to the damag-
ing action of ROS due to the fact that some of the
structural parts of the proteins can shield other parts
and key residues from oxidative damage [12]. This was
convincingly demonstrated for the molecules of
plasma fibrin-stabilizing factor and fibrinogen, which
were found to be able to function under conditions of
massive oxidation, because the posttranslational mod-
ifications did not involve the key amino acid residues
that are responsible for the functionality of these pro-
teins [5, 12].
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