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Abstract—Neutrophil myeloperoxidase (MPO) plays an important role in protecting the body against infections. MPO
products — hypohalous acids and phenoxyl radicals — are strong oxidants that can damage not only foreign intruders but
also host tissues, including blood plasma proteins. Here, we compared the MPO-induced oxidation of two plasma proteins
with antioxidant properties — human serum albumin (HSA) and ceruloplasmin (CP). Incubation of both proteins with
hypochlorite (NaOCI) or catalytically active MPO (MPO + H,0,), which synthesizes hypochlorous acid (HOCI) in the
presence of chloride ions, resulted in the quenching of protein tryptophan fluorescence. Oxidation-induced changes in the
structures of HSA and CP were different. HSA efficiently neutralized MPO-generated oxidants without protein aggregation,
while CP oxidation resulted in the formation of large aggregates stabilized by strong covalent bonds between the aromatic
amino acid residues. Tyrosine is present in the plasma as free amino acid and also as a component of the polypeptide chains
of the proteins. The number of tyrosine residues in a protein does not determine its propensity for aggregate formation. In
the case of CP, protein aggregation was primarily due to the high content of tryptophan residues in its polypeptide chain.
MPO-dependent oxidation of free tyrosine results in the formation of tyrosyl radicals, that do not oxidize aromatic amino
acid residues in proteins because of the high rate of recombination with dityrosine formation. At the same time, free tyro-
sine can influence MPO-induced protein oxidation due to its ability to modulate HOCI synthesis in the MPO active site.

DOI: 10.1134/80006297919060087

Keywords: hypochlorous acid, phenoxyl radicals, protein oxidation, tryptophan fluorescence, protein aggregation

Myeloperoxidase (MPO) is the main enzyme in neu-
trophils. It possesses a unique ability to generate HOCI, a
potent oxidant, which is necessary to protect the body
from infections (redox potential, E,, of the HOCI/CI~
pair is ~1.3 V) [1, 2]. H,O, reaction with the native ferri-
form of the MPO heme results in the formation of a high-
ly reactive state of the active site — Compound I [3]. This
form of MPO heme is able to oxidize halides (CI~, Br7)
with the formation of hypohalous acids (HOCI, HOBr),
after which the enzyme active site returns to its native
form, completing the chlorination cycle. At the same
time, similar to any peroxidase, MPO oxidizes a number
of substances (peroxidase substrates) in the peroxidase

Abbreviations: CP, ceruloplasmin; MPO, myeloperoxidase; Tyr,
tyrosine.
* To whom correspondence should be addressed.

cycle with the formation of free radicals. In this case, after
oxidation of the first substrate molecule, Compound I is
reduced to Compound II, and oxidation of the next sub-
strate molecule converts the active site of the enzyme to
its native state.

In the presence of high concentrations of H,0,
(>100 uM), native MPO heme is immediately converted
to Compound II [4]. This form of the enzyme does not
oxidize halides. Phenolic compounds can affect the syn-
thesis of HOCI in the MPO active site, e.g., accelerate
HOCI formation at high H,0, concentrations due to their
high affinity for Compound II and inhibit it at low H,0,
concentrations due to the competition with chloride ions
for Compound I [5-7].

At the site of inflammation (usually characterized by
an acidic pH shift), MPO mainly catalyzes HOCI forma-
tion. From the site of inflammation, the enzyme can
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enter the plasma, so that the MPO concentration in the
plasma under a number of pathological conditions can
reach several nanomoles per liter [8, 9]. At neutral pH
values (typical for the plasma), the chlorinating activity of
the enzyme is decreased, while oxidation of peroxidase
substrates is activated [10]. Endogenous peroxidase sub-
strates that are present in the plasma in micromolar con-
centrations include antioxidants (ascorbate, urate), phe-
nolic compounds (tyrosine and phenolic xenobiotics),
nitrite, tryptophan, serotonin, [-ketones, cate-
cholamines, etc. [7].

High oxidative potential of MPO Compound I could
cause serious damage to the macromolecules in the plas-
ma. However, a unique structure of the enzyme active
site, in which the heme is located at the bottom of the
narrow pocket, limits its accessibility for the molecules
with a size significantly larger than a dipeptide [11, 12].
Oxidation of macromolecules requires intermediate sub-
strates, whose oxidized forms are strong oxidizing agents
[13, 14]. Along with HOCI, macromolecules can be dam-
aged by phenoxyl radicals formed by oxidation of some
phenolic compounds in the MPO active site, for example,
tyrosyl radicals that have a high redox potential
[Eo(Tyr®/Tyr) = 0.93 V] [15]. Free tyrosine is present in
the plasma at a concentration of 80-200 uM.

Modification of proteins and lipids with hypohalous
acids has been studied in detail [16, 17], with special
attention to the oxidation of apoB-100, apoA-I, and
lipoprotein lipids by MPO products. The significance of
MPO-induced lipoprotein modification in atherosclerosis
pathogenesis has been demonstrated [18, 19]. Oxidation
of some proteins has been studied in model systems, and
the rate constants for the HOCI reactions with amino
acids were obtained. It was shown that in proteins, HOCI
oxidizes cysteines, methionines, and tryptophans but
chlorinates lysines, arginines, histidines, tyrosines, and
terminal amino groups [16, 20]. Oxidation of amides in a
polypeptide chain can cause its fragmentation, whereas
oxidation of thiol groups and tyrosines results in the pro-
tein aggregation due to the formation of disulfide bonds
and dityrosine cross-links between the protein globules.
Aggregates of proteins containing complement C3,
apoAl, fibrinogen, and albumin were detected in the plas-
ma treated with high hypochlorite concentrations (0.5-
5mM) [21]. The content of protein aggregates with a
characteristic dityrosine fluorescence was found to be
higher in the plasma of patients with severe forms of uro-
logical diseases compared to healthy donors [22].

On the other hand, the role of MPO peroxidase sub-
strates in the modification of macromolecules is rarely
discussed in these studies [15, 23]. It was shown earlier
that nitrite oxidation by MPO causes formation of nitro-
gen dioxide, a strong oxidant that can nitrate or nitrosy-
late amino acid residues in proteins [24, 25].

To study MPO-induced oxidation of plasma pro-
teins, we chose two anionic proteins — ceruloplasmin

BIOCHEMISTRY (Moscow) Vol. 84 No. 6 2019

653

(CP, pI ~ 4.4) and human serum albumin (HSA, p/ ~
4.7). Both proteins are known to possess the antioxidant
properties; therefore, under conditions of oxidative stress,
their modifications can be expected first. In addition,
these proteins are present in the plasma at high concen-
trations (~600 uM HSA and 0.5-4 uM CP) and can bind
to the positively charged MPO (p/ ~ 10.7).

Albumin is the most abundant plasma protein that is
often modified in various pathologies [26-28]. The only
free cysteine in HSA (Cys34) provides about 50% of all
reduced plasma thiols [29]. Nevertheless, only a few stud-
ies have been published on HSA binding to MPO and its
oxidation by MPO-generated oxidants. It was shown that
albumin binds to the heavy MPO chain with the dissoci-
ation constant of 20 = 1.5 uM [30]. Salavej et al. studied
albumin modification by MPO-produced hypohalous
acids and nitrogen reactive species [24] and observed oxi-
dation of Met147, Met353, Met572, and Trp214.

Similarly to albumin, CP is an efficient scavenger of
free radicals [31]. CP binds near the MPO active site,
forming a very strong complex (Ky ~ 0.13 uM) with a stoi-
chiometry of 2 : 1 [32-34]. CP binding to MPO is of sig-
nificant physiological importance, since it leads to the
inhibition of both chlorinating and peroxidase activities
of MPO, but at the same time, does not affect the ferrox-
idase and oxidase activity of CP toward most substrates
[33, 35-37].

Here, we compared modification of CP and HSA by
HOCI and phenoxyl radicals under conditions simulating
local oxidative stress.

MATERIALS AND METHODS

All reagents used for the preparation of buffers, tyro-
sine, albumin, catalase, methionine, hydrogen peroxide,
and hypochlorite were from Sigma-Aldrich (USA).
Reagents for electrophoresis were from VWR Life
Science Amresco (USA).

MPO was purified from leukocytes of healthy donors
by heparin-Sepharose affinity chromatography,
hydrophobic chromatography on phenyl-Sepharose, and
gel filtration. The purity of MPO (A430/A4,5,) Was 0.85; the
activity with guaiacol was ~1100 U/mg in 50 mM Na-
phosphate buffer (pH 7.4) at 22°C [38]. Homogeneous
non-proteolyzed CP was obtained from the plasma of
healthy donors by UNOsphere Q ion-exchange chro-
matography and neomycin-agarose affinity chromatogra-
phy [39]. Purified CP was characterized by Ag,o/Ay50 =
0.049; about 50% of the preparation was unfragmented
protein. When analyzed by SDS-PAGE in the presence of
2-mercaptoethanol, the protein was detected as 132- and
116-kDa bands of approximately equal intensity.

The proteins were oxidized in 50 mM Na-phosphate
buffer at pH 7.4 or 6.8 in the presence of MPO and H,0,
or NaOCI. Phenol, tyrosine, 140 mM NaCl, or tyrosine
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Fig. 1. Decrease in the protein fluorescence upon MPO-induced protein oxidation in the presence of chloride ions. a) 20 nM MPO and
100 uM H,0, were added to 4 uM HSA in 50 mM Na-phosphate buffer (pH 7.4) in the presence of 140 mM NaCl. The spectra were record-
ed at different time intervals after H,0O, addition. b) Time course of MPO-induced oxidation of HSA and CP. The experimental conditions are
the same as in (a), except HSA concentration was 5 uM and CP concentration was 280 nM.

and NaCl were added to the solution as MPO substrates.
After addition of H,0, (to samples with MPO) or NaOCl,
fluorescence spectra of the solutions were recorded, or
the samples were incubated for some time and then ana-
lyzed by electrophoresis. The concentrations of reagents
are indicated in the figure legends.

Fluorescence of the samples was excited at 290 nm,
and the spectra were recorded at 300-500 nm with a
Hitachi F-4000 fluorescence spectrophotometer (Japan).
Protein fluorescence intensity was measured at 340 nm;
dityrosine fluorescence intensity was determined at
410 nm.

SDS-PAGE was run in the presence of 2-mercap-
toethanol in 7.5% separating gel and 5% stacking gel. The
gels were stained with Coomassie R-250 Brilliant Blue;
the intensity of the protein band staining was evaluated
with Paint. NET. The area of measurement for each lane
was 51 x 51 px in the middle of the upper region of the
separating gel.

All experimental data are presented as means of
three replicates = SD. Changes in variables were analyzed
with the Student’s #-test. The differences were considered
significant at p < 0.05. The results of protein fluorescence

measurements and SDS-PAGE analysis presented in the
figures are representative results of a typical experiment
among at least three independent experiments.

RESULTS

Characterization of MPO-induced protein oxidation
by the fluorescence method. A decrease in the fluores-
cence of proteins is known to be caused, first of all, by the
oxidation of tryptophan residues in the polypeptide
chain. Using fluorescence measurements, we compared
the oxidation of tryptophans in HSA and CP after expo-
sure of these proteins to HOCI and phenoxyl radicals
formed in the MPO-catalyzed reaction.

HSA fluorescence is due mostly to its only trypto-
phan residue (Trp214). Figure la shows a characteristic
fluorescence spectrum of HSA with the maximum near
340 nm. HSA incubation with MPO/Cl~/H,0, resulted in
the quenching of protein fluorescence, so that after 6 min,
the spectrum amplitude decreased about 2 times.

There are 18 tryptophans in the CP polypeptide
chain (table); therefore, the concentration of CP in the

Amino acid composition of HSA and CP and second-order rate constants of HOCI reaction with some amino acids

[50]
M, kDa AA* Cys Met Trp Tyr Lys His
HSA 66.5 585 35 (1 free) 6 1 18 59 16
CP 132 1046 14 (6 free) 24 18 64 65 41
k, M5! 3.0-107 3.8-107 1.1-10* 44 5.0-10° 1.0-10°

* AA, total number of amino acid residues.
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experiments was 16-18 times lower than that of HSA.
Figure 1b shows the kinetics of CP and HSA fluorescence
quenching by MPO-generated HOCI. The kinetics of
tryptophan oxidation in CP was nonlinear. Tryptophans
located on the protein surface are oxidized first, while the
amino acid residues inside the protein globule are less
accessible to the oxidizing agents. Since the concentra-
tions of HSA and CP in the experiments differed, where-
as the concentrations of MPO and H,0, were the same,
the amount of oxidant per HSA molecule was lower.
However, the kinetics of fluorescence decrease for the two
proteins were identical within 10 min of incubation,
which indicates a high propensity for oxidation of the sin-
gle tryptophan residue in HSA.

Phenoxyl radicals formed in the peroxidase cycle of
MPO are strong oxidants that can modify amino acid
residues in proteins. In addition, phenoxyl radicals are
able to recombine with the formation of diphenols,
which have a characteristic fluorescence with the maxi-
mum at 410 nm. Usually, fluorescence of diphenols is
excited at 325 nm [40]; however, we recorded the fluo-
rescence spectra of diphenols at the excitation wave-
length of 290 nm. Although at this excitation wavelength,
the intensity of diphenol fluorescence is lower by 10-
15%, this approach makes it possible to simultaneously
characterize changes in the fluorescence of proteins and
monitor formation of diphenols in a solution (Fig. 2a).
Moreover, the fluorescence spectrum of diphenols does
not contribute to the amplitude of the protein fluores-
cence spectrum.

Changes in the spectra observed during incubation of
CP or HSA with the catalytically active MPO in the pres-
ence of phenolic compounds were similar. Phenoxyl rad-
icals formed in the MPO-catalyzed oxidation of phenol
caused the quenching of the protein tryptophan fluores-
cence. The appearance of fluorescence in the 410-nm
region indicated formation of diphenols in the solution
(Fig. 2b). Rapid formation of diphenols (a fluorescence
increase at 410 nm for 0.5 min) was followed by their dis-
appearance accompanied by a decrease in the amplitude
of protein fluorescence. Therefore, free phenol radicals
can oxidize proteins, as well as form diphenols that can
also be oxidized in the MPO active site. On the contrary,
incubation of CP or HSA with MPO/Tyr/H,0, was
accompanied only by insignificant changes in the protein
fluorescence, which may be caused by changes in the pro-
tein conformation as a result of oxidation of a number of
amino acids (primarily, methionines and cysteines) by
tyrosyl radicals (table). At the same time, rapid formation
of dityrosines was observed in the solution, which was
documented by the appearance of fluorescence at 410 nm
(Fig. 2¢).

These experiments showed that tyrosyl radicals do
not oxidize aromatic amino acid residues in proteins. In
particular, this can be explained by the high rate of dity-
rosine formation (k ~ 105 M~"s7") [41].
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Fig. 2. Oxidation of proteins by the MPO-generated phenoxyl
radicals as assayed by fluorescence: a) spectra of protein (A,
340 nm) and dityrosine fluorescence (A, 410 nm) at the excita-
tion wavelength of 290 nm; b) 100 uM phenol was added to the
solution of 4 puM HSA in 50 mM Na-phosphate buffer (pH 7.4)
and then 25 nM MPO was added. The spectra were acquired after
addition of 100 uM H,0,; ¢) 100 uM tyrosine was added to the
solution of 270 nM CP in 50 mM Na-phosphate buffer, pH 7.4;
then, 25 nM MPO was added. The spectra were acquired after
addition of 100 uM H,0,.
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Fig. 3. SDS-PAGE of HSA oxidized by MPO-derived oxidants or
NaOCI. MPO (25 nM) was added to the solutions of 4 uM HSA in
50 mM Na-phosphate, 140 mM NaCl (pH 7.4 or 6.8). Tyrosine
was added to the indicated samples. H,0, or NaOCl were added
twice with a 12-min interval; 12 min after the second addition, the
reaction was terminated by adding catalase (25 pug/ml) and then
2.5 mM methionine. Samples at pH 6.8: /) MPO; 2) MPO +
(100 uM) x 2 H,0,; 3) MPO + 100 uM tyrosine + (100 uM) x
2 H,0,. Samples at pH 7.4: 4) MPO + (100 uM) x 2 H,0,;
5) MPO + 100 uM tyrosine + (100 uM) x 2 H,0,; 6) MPO +
200 puM tyrosine + (100 uM) x 2 H,0,; 7) control (without MPO);
&) 100 uM NaOCl; 9) (100 M) x 2 NaOCI. The band correspon-
ding to catalase subunit is indicated (cat).

Electrophoresis of proteins incubated with catalytical-
ly active MPO. Protein oxidation can result in the forma-
tion of protein aggregates or fragmentation of polypeptide
chains. Changes in the protein molecular weight can be
observed by electrophoresis. The results of SDS-PAGE of
HSA (M ~ 67 kDa, with ligands) and CP (M ~ 132 kDa,
with carbohydrate chains and copper ions) in the pres-
ence of 2-mercaptoethanol are presented in Figs. 3 and 4,
respectively. We compared the changes in proteins caused
by the addition of NaOCI with the changes observed as a
result of protein incubation with MPO/C17/H,0,. SDS-
PAGE showed that the primary structure of HSA
remained intact after its incubation with the catalytically
active MPO at pH 6.8 or 7.0 or with exogenous hypochlo-
rite — no formation of aggregates and low molecular
weight protein fragments were observed (Fig. 3, lanes 7, 2,
4, and 7-9).

No MPO-induced oxidation of CP was observed at
pH 7.4, which may be due to the formation of a strong
complex between the two proteins and inhibition of MPO
activity (compare lanes 5 and 6; Fig. 4a) [33]. CP can be
oxidized by the catalytically active MPO at pH 6.8 or by
exogenous hypochlorite (compare lanes / and 2, 9, and
10; Fig. 4a) [42]. SDS-PAGE evidences the formation of
CP aggregates, including large agglomerates that did not
enter the stacking gel (vertical arrows in Fig. 4a, lanes 2
and 70). Since electrophoresis was run in the presence of

VLASOVA et al.

2-mercaptoethanol, we concluded that the observed
aggregates were formed due to the formation of strong
cross-links between the protein molecules. CP molecules
were similarly modified when incubated with
MPO/CI7/H,0, or treated with hypochlorite, but in the
latter case, CP oxidation was more significant when equal
concentrations of the oxidants were added (Fig. 4b). In
the case of exogenous hypochlorite addition, molecular
fragments of CP with a mass of about 100 kDa were more
pronounced, which indicates protein fragmentation and,
therefore, oxidation of amides in the polypeptide chain.
No fragmentation into smaller polypeptides was reg-
istered for CP and HSA when the proteins were incubat-
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Fig. 4. SDS-PAGE of CP oxidized by MPO-derived oxidants or
NaOCl. MPO (25 nM) was added to the solutions of 2 uM CP in
50 mM Na-phosphate, 140 mM NaCl (pH 7.4 or 6.8). Tyrosine
was added to the indicated samples. H,0, or NaOCI were added
twice with a 12-min interval; 12 min after the second addition, the
reaction was terminated by adding catalase (25 pug/ml) and then
2.5 mM methionine. a) Gel electrophoresis of native and oxidized
CP. Samples at pH 6.8: 1) MPO; 2) MPO + (100 uM) x 2 H,0,;
3) MPO + 100 uM tyrosine + (100 uM) x 2 H,0,; 4) MPO +
200 uM tyrosine + (100 uM) x 2 H,0,. Samples at pH 7.4:
5) MPO; 6) MPO + (100 uM) x 2 H,0,; 7) + MPO + 100 uM
tyrosine + (100 puM) x 2 H,0,; § MPO + 200 uM tyrosine +
(100 uM) x 2 H,0,; 9) 100 uM NaOCl; 10) (100 uM) x 2 NaOCl.
Arrows indicate protein agglomerates on the top of the stacking
gel. Protein band at ~60 kDa corresponds to catalase subunits.
Blue square (lane &) indicates the area of color density measure-
ments. b) Color density in the upper area of the running gel in
each lane.

BIOCHEMISTRY (Moscow) Vol. 84 No. 6 2019



PROTEIN OXIDATION BY MPO: ROLE OF TYROSINES

100 pM H,0,

100

N
o
1

10 20 30
Incubation time, min

—4&— 140 mM NaCl

Fluorescence at 340 nm, % control N
(2]
o

o

657

o

(10 uM)x10 H,0,

0 10 20 30
Incubation time, min

Fluorescence at 340 nm, % control

—@—100 uM Tyr, 140 mM NaCl

/

100 uM H,0,
C min
after H,0,
0

0] ¥ 1
=) 3
< 1 6
g 80 10
§ 15
;
)
=
= 0

300 350 400 450 500

Wavelength, nm

T~

(10 uM)x10 H,0,

d Number
of additions

] l 1-10

. 120

2

<

3 80

c

[}]

(8]

]

5 40

=]

T8

0

450
Wavelength, nm

300 350 400 500

Fig. 5. Effect of tyrosine on the MPO-induced oxidative modification of HSA. Reaction mixture: 5 uM HSA and 20 nM MPO were added to
50 mM Na-phosphate (pH 7.4) in the presence of 140 mM NaCl (diamonds), or 140 mM NaCl + 100 uM tyrosine (circles). HSA fluores-
cence spectra were recorded before H,0, addition and then each 3-5 min after a single addition of 100 uM H,0, (a, c) or after each addition
of 10 uM H,0, made with 3-min intervals (b, d). a, b) Fluorescence at 340 nm; c, d) fluorescence spectra of HSA solution.

ed with MPO/Tyr/H,0, in the absence of chloride ions
(data not shown).

Effect of tyrosine on the MPO-induced oxidation of
HSA. We examined the effect of tyrosine on the fluores-
cence of HSA incubated with MPO/Cl~/H,0, using differ-
ent experimental protocols: (i) single addition of high H,0,
concentrations (100 uM) as a model of oxidative burst in
the case of neutrophil activation at the site of inflammation
(Fig. 5, a and c¢); (ii) multiple additions of low H,0, con-
centrations (10 uM; 10 additions every 3 min) as a model of
oxidative stress in the blood plasma (Fig. 5, b and d).

BIOCHEMISTRY (Moscow) Vol. 84 No. 6 2019

HSA fluorescence slowly decreased after a single
addition of 100 uM H,0,. This might be due to a slow
production of HOCI, because at high H,0O, concentra-
tions, the active site of MPO is converted into Compound
II which is inactive toward HOCI synthesis (Fig. Sa, curve
I). In the presence of tyrosine, H,0, addition resulted in
a rapid decrease in HSA fluorescence (curve 2), which
can be explained by the acceleration of HOCI synthesis
[7]. As shown earlier, under these conditions, tyrosine
interacts with Compound II and increases the enzyme
turnover rate. Accordingly, more HOCI was simultane-
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ously synthesized, which caused rapid oxidation of amino
acid residues in HSA, including tryptophan (within the
first 2 min of incubation) until H,0O, in solution was spent
(linear portion of curve 2). With longer incubation times,
the presence of tyrosine in the solution reduced the extent
of HSA modification. After 15 min of incubation, HSA
fluorescence was higher in the solution containing tyro-
sine (Fig. 5a). Similar acceleration of the MPO-induced
fluorescence quenching in the presence of tyrosine and
100 uM H,0, was observed for CP, IgG, and fibrinogen
(data not shown). However, in the case of these proteins,
the effect was less significant, because not all tryptophan
residues were available for the oxidation by the MPO-
generated HOCI (the maximum difference in the magni-
tude between the spectra without and with tyrosine did
not exceed 17%).

When low H,0, concentrations (10 uM x 10 times)
were added to the HSA solution containing MPO and
CI7, the kinetics of HSA fluorescence decrease was simi-
lar to that observed after a single addition of 100 uM H,0,
(curves /in Fig. 5, a and b). Under our experimental con-
ditions, the rate of HOCI synthesis was the same in the
two systems: at high H,O, concentrations, most enzyme
molecules were in the Compound II state that does not
synthesize HOCI, so the rate of HOCI generation in the
solution was low, whereas upon multiple additions of
small doses of H,0,, the rate of HSA oxidation was deter-
mined by the frequency of additions. In the latter case,
the presence of tyrosine in the incubation mixture inhib-
ited protein oxidation (Fig. 5b).

At the same time, no changes in the molecular
weight of HSA after its incubation with MPO/CI~/Tyr/
H,0, were registered (Fig. 3, lanes 3, 5, and 6).

Effect of tyrosine on the MPO-induced oxidation of
CP. CP oxidation by the catalytically active MPO was
studied in the absence of tyrosine and at tyrosine concen-
trations of 100 and 200 uM (Fig. 4a). Tyrosine is a small
molecule; therefore, the binding of CP to MPO does not
prevent tyrosine oxidation in the MPO active site [43].
Under our experimental conditions, 100 pM tyrosine
promoted the disappearance of the native CP band and
formation of high-molecular-weight protein aggregates at
pH 6.8. At the same time, tyrosine completely abolished
formation of large protein agglomerates sticking on the
top of the stacking gel (Fig. 4a, compare lanes 2 and 3).
Tyrosine addition to the incubation mixture promoted CP
fragmentation: the intensity of the low-molecular-weight
CP band in the 100-kDa region increased (similar effect
was observed with NaOCI; lanes 9 and 10), together with
the appearance of an additional band of low-molecular-
weight in the 65-kDa region. In the presence of 200 uM
tyrosine (lane 4), CP was oxidized to a greater extent than
in the absence of tyrosine (lane 2), and the amount of
high-molecular-weight aggregates was comparable to that
observed at 100 uM tyrosine (Fig. 4b). Further increasing
the tyrosine concentration did not make sense since in
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this case, its concentration would have exceeded physio-
logically reasonable values.

Tyrosine did not significantly affect CP stability
upon MPO-induced oxidation at pH 7.4 (Fig. 4, lanes 7
and §).

DISCUSSION

Protein oxidation is accompanied by changes in the
protein structure and physicochemical properties,
including spectral characteristics. Oxidation of cysteines
and tyrosines in the polypeptide chain leads to the forma-
tion of disulfide bonds and dityrosine bridges between the
molecules, resulting in protein aggregation. Formation of
aggregates of oxidized proteins underlies the emergence
and development of various pathologies. MPO involve-
ment in the formation of protein aggregates has been
demonstrated for cardiovascular disorders [2, 18],
Alzheimer’s disease [44], kidney diseases [45], and other
socially significant pathologies.

In this work, we compared MPO-induced oxidation
of two proteins with antioxidant properties, namely CP
and HSA. As demonstrated earlier, these proteins form
complexes with MPO in vivo [30, 33, 36]. Our studies
have shown that CP and HSA undergo oxidative modifi-
cation when incubated with hypochlorite or catalytically
active MPO in the presence of Cl~, but the effects of
modification are different for the two proteins.

The binding of CP near the MPO active site causes a
decrease in the chlorinating activity of the enzyme [33,
35]. We failed to detect any MPO-induced modification
of CP at neutral pH values. At pH 7.4, the protein can be
oxidized after its incubation with exogenous NaOCI,
while in the presence of MPO/CI~/H,0,, CP is modified
only at acidic pH values (pH < 7.0) [42]. This may be due
to the weakening of the CP—MPO complex because of
changes in the protein charge at lower pH.

As for most proteins, CP oxidation leads to the for-
mation of high-molecular-weight products (protein
aggregates) and/or, under certain conditions, to the pro-
tein fragmentation. In both cases, the amount of the
native protein decreases. Our experiments showed that
formation of CP aggregates after incubation with the cat-
alytically active MPO (100 + 100 uM H,0,) was compa-
rable to that observed after protein treatment with exoge-
nous hypochlorite (100 uM NaOClI) (Fig. 4a, lanes 3 and
9, 10). Large aggregates with M ~ 200-300 kDa formed in
the solution, as well as protein agglomerates that did not
enter the stacking gel, were observed. Formation of CP
aggregates occurs due to a large number of SH-groups
and tyrosine residues in the protein (table). Dityrosine
cross-links, unlike disulfide bonds, cannot be reduced;
they are strong intermolecular bonds that can initiate for-
mation of large covalently bound protein aggregates in
vivo. Aouffen et al. showed formation of CP aggregates
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after protein treatment with high H,0, concentrations
[46].

We have previously shown that the area of contact
between CP and MPO includes CP loops between the 4th
and 5th domains (a.a. 699-710) and the 5th and 6th
domains (a.a. 883-892) [47]. It can be assumed that the
appearance of low-molecular-weight fragments of CP
after its incubation with catalytically active MPO is due to
the hydrolysis of peptide bonds in the CP regions located
at the surface of protein globule.

CP oxidation results in the formation of protein
aggregates that might also contain MPO. Similar interac-
tions have been shown earlier for the formation of hemo-
globin and haptoglobin aggregates; such aggregates were
more efficiently engulfed by macrophages than the com-
plexes of hemoglobin with haptoglobin [48]. One may
assume that formation of the MPO-containing CP aggre-
gates can promote removal of potentially dangerous per-
oxidase from the blood plasma.

On the contrary, HSA incubation with NaOCI or
catalytically active MPO did not result in the formation of
protein aggregates (Fig. 3). Albumin is the major antioxi-
dant plasma protein that can neutralize oxidants such as
products of the MPO-catalyzed reactions. It was shown
earlier that HSA can efficiently neutralize oxidants while
preserving its globular shape and functions of some active
sites [49]. HSA has only one free SH-group (Cys34);
therefore, the probability of the intermolecular disulfide
bond formation is low, given the existence of steric hin-
drances for such interactions [29]. On the other hand,
HSA has 18 tyrosine residues, but nevertheless, does not
form aggregates upon oxidation. The fact is that the reac-
tion of tyrosine with HOCI results in tyrosine chlorina-
tion with the formation of chlorotyrosines, which are sta-
ble markers of active MPO. The contribution of tyrosine
chlorination to the overall pattern of protein oxidation
was not significant in our experiments, since the rate con-
stant of the HOCI reaction with tyrosine is several orders
of magnitude lower than that for most other amino acids
(k ~ 44 M~s71) [50] (table).

At the same time, tryptophan oxidation by
hypochlorous acid is characterized by a relatively high
reaction rate (k ~ 1.1-10* M~"s™!) [50]. Among the prod-
ucts of the reaction, tryptophan derivatives (products of
tryptophan ionic oxidation) and tryptophan radicals
(formed by the free-radical oxidation of its indole ring)
were detected [51, 52]. Tryptophan oxidation can also
produce compounds with the antioxidant properties [53].
Tryptophan radicals are long-lived (up to a few minutes)
and can recombine to form covalent bonds between pro-
teins (k ~ 6:105 M~"-s7") [54]. The redox potential of the
tryptophanyl radical is relatively high and depends on pH
and amino acid local environment within a protein mol-
ecule (E, up to 1 V) [15]. Migration of the oxidative
equivalent from tryptophan to other oxidizable amino
acids of the polypeptide chain can result in tyrosine oxi-
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dation and, consequently, formation of dityrosine cross-
links between proteins.

The only tryptophan in HSA was rapidly oxidized by
the MPO-generated oxidants (Figs. 1 and 2b), while the
polypeptide chain of the protein was stable during oxida-
tion — HSA retained its primary structure when incubat-
ed with catalytically active MPO (Fig. 3). The relatively
high content of lysines and histidines in HSA can also
attenuate HOCI-induced protein damage (table).

The results of studies on the oxidation-induced HSA
aggregation are contradictory. Disulfide bond formation
between albumin molecules was detected in the blood
plasma after treatment with various hydroperoxides and
in the plasma of patients after hemodialysis [55].
Formation of dityrosine bonds between protein molecules
was shown by mass spectrometry for delipidated albumin
oxidized in a buffer in the presence of a 10-fold (and
higher) excess of NaOCI [56]. Colombo et al. found no
significant formation of dityrosines after HSA treatment
with hypochlorite (contrary to fibrinogen) [57].

We have previously shown that phenolic compounds
are preferred MPO peroxidase substrates at neutral pH in
both the model system and suspension of lysed neu-
trophils [10]. The active site of MPO is not available for
large molecules; however, oxidation of small phenolic
compounds can produce highly reactive free radicals that
mediate macromolecule oxidation. Tyrosine is an impor-
tant endogenous molecule and a specific peroxidase sub-
strate of MPO. Its oxidation results in the formation of
tyrosyl radicals (E, = 0.93 V) [15] that can oxidize pro-
teins and lipids, as well as form dityrosines. Dityrosines
have a characteristic fluorescence with the maximum at
410 nm. Due to the high rate of dityrosine formation (k ~
108 M~"-s7"), oxidation of free tyrosine by MPO did not
cause oxidation of tryptophan residues in the proteins
(Fig. 2¢), whereas free radicals of phenol oxidized protein
tryptophans (Fig. 1c). This may be due to the higher
redox potential of phenol radicals and their lower capac-
ity for recombination as compared to tyrosyl radicals
(Fig. 2). Protein oxidation by phenoxyl radicals indicates
the danger of phenolic xenobiotics that can be oxidized
by MPO under inflammatory conditions.

Our previous study on the effect of tyrosine on the
chloride oxidation by MPO at neutral pH revealed the
following trends [7]: (i) tyrosine competes with chloride
ions for Compound I even though its plasma concentra-
tion is three orders of magnitude lower than the NaCl
concentration; (ii) at high H,0O, concentrations capable
of converting MPO to Compound II, tyrosine by inter-
acting with this stable form of the enzyme heme can
increase the enzyme turnover and thus accelerate HOCI
synthesis.

In this paper, we showed that tyrosine affects MPO-
induced protein oxidation by modulating enzyme’s chlo-
rinating activity: it accelerates protein oxidation at high
H,0, concentrations due to acceleration of HOCI syn-
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thesis by the enzyme, and inhibits it at low H,0, concen-
trations or high tyrosine concentrations due to direct
competition of the peroxidase substrate with chloride ions
for Compound I (Fig. 5). Free tyrosine also inhibits for-
mation of large CP aggregates (Fig. 4). Unlike the effects
of antioxidants, the action of tyrosine is highly specific
and involves only regulation of the MPO activity. It is
possible that tyrosine or other phenolic compounds can
be used to regulate MPO-induced protein oxidation, and
first of all, to reduce formation of covalently bound pro-
tein aggregates in the plasma during inflammation.
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