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Abstract

Ceruloplasmin (CP), the multicopper oxidase of plasma, interacts with myeloperoxidase (MPO), an enzyme of leukocytes,
and inhibits its peroxidase and chlorinating activity. Studies on the enzymatic properties shows that CP behaves as a
competitive inhibitor impeding the binding of aromatic substrates to the active centre of MPO. The contact between CP and
MPO probably entails conformational changes close to the p-phenylenediamine binding site in CP, which explains the
observed activation by MPO of the substrate’s oxidation. CP subjected to partial proteolysis was virtually unable to inhibit
activity of MPO. The possible protein—protein interface is comprised of the area near active site of MPO and the loop linking
domains 5 and 6 in CP. One of the outcomes of this study is the finding of a new link between antioxidant properties of CP
and its susceptibility to proteolysis.

Keywords: Ceruloplasmin, myeloperoxidase, protein—protein interaction, limited proteolysis, inhibitory enzyme, activating
enzyme

Abbreviations: ABTS, 2,2'-azino-di(3-ethylbenzthiazolinesulphonic acid) disodium salt; CB ceruloplasmin; LE,
lactoferrin; MPO, myeloperoxidase; p-PD, p-phenylenediamine.

Introduction

Ceruloplasmin (CP; ferro O,-oxidoreductase; EC
1.16.3.1, M ~ 132 kDa) is the copper-containing
oxidase of mammalian blood plasma. It is capable
of oxidizing Fe (II) [1] and Cu (I) [2]. Normally
the reaction cycle is composed of a four-electron
transfer onto oxygen, water being the end-product
of reaction. Besides, CP can oxidize biogenic
(epinephrine, serotonin) and synthetic (p-phenyle-
nediamine (p-PD), o-dianisidine) amines [3]. It also

oxidizes glutathione in the presence of either NO
[4] or H202 [5]

Hereditary deficiencies connected with inhibited
synthesis or altered activity of CP (e.g. aceruloplas-
minemia in humans or knock-out of CP gene in
mice) result in neurodegeneration and diabetes
mellitus, both caused by oxidative stress due to
accumulation of Fe (II) [6,7]. CP is a marker of
inflammation in the acute phase, possessing the
features of a universal antioxidant [8,9].
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Myeloperoxidase (MPO; EC 1.11.1.7, M~ 145
kDa) is the heme-containing dimeric peroxidase of
leukocytes [10,11]. This enzyme provides antimicro-
bial protection of an organism as it catalyses the
formation of highly reactive species in reaction of
halogenide ions with hydrogen peroxide [12]. Along
with antimicrobial properties, MPO was shown to
play a role in tumour suppression. These features of
MPO explain frequent candidoses and increased risk
of cancer in humans with hereditary deficiency of this
enzyme [13,14].

It should be noticed that the antimicrobial effect of
MPO may entail adverse cytotoxic effects. Pro-
oxidants generated due to the presence of MPO can
directly damage lipids [15,16], carbohydrates [17],
proteins [18,19] and nucleic acids [20], which would
provoke cell death [21].

MPO and the products of reactions catalysed by
this enzyme were revealed in atherosclerotic plaques
[22,23] and in respiratory tract secretions of patients
with cystic fibrosis and asthma [24]. The risk of
cardiovascular diseases becomes higher when pro-
oxidants are generated by MPO oxidize apo-B and
apo-Al lipoproteins [25,26].

In the late 1980s, Lyzlova’s group published a
series of papers [19,21,27] demonstrating that CP
eliminated reactive oxygen species produced by MPO
better than other serum anti-oxidants do. Those
observations went almost unnoticed. Hence, when
in 1991 a ‘protein inhibitor with M about 150 kDa’
was isolated from blood serum it was not identified
[28]. Six years later it was shown that pro-oxidant
activity of MPO is quenched upon its interaction with
CP [29]. The authors even believed that binding to
MPO and following its inhibition may be the major
manifestation of CP antioxidant properties, however
no effect of MPO upon oxidase activity of CP towards
Fe?™ and o-dianisidine was found [30]. Physiological
significance of the interaction of CP with MPO was
confirmed by Griffin et al. [31]. They found that in
the case of systemic vasculites auto-antibodies to
MPO preclude the inhibitory effect of CP causing
an aggravation of the disease.

A large fraction of circulating MPO may be bound
to CP. Indeed, when by means of affinity chromato-
graphy on Heparin-Sepharose, we isolated the CP-
MPO complex from a CP preparation purified from
human plasma [32], the content of MPO in the
complex corresponded to all the MPO that could be
isolated from the plasma used in our study. The latter
phenomenon seems quite natural on account that the
amount of plasma CP exceeds the entire amount of
MPO in neutrophils of peripheral blood by two
orders [33].

Apart from the CP-MPO complex, our studies of
i vitro interaction of CP with proteins of neutrophils
revealed complexes of CP with lactoferrin (LF) and
serprocidins (elastase, cathepsin G, proteinase 3 and

azurocidin) [32]. Furthermore a triple complex CP-
LF-MPO was detected [34]. We found the CP-MPO,
CP-LF and CP-LF-MPO complexes in biological
fluids (serum, exudates) obtained from patients with
inflammatory diseases [34]. Affinity of those proteins
towards CP is likely to be a part of the general
mechanism that neutralizes or modulates the activity
of potentially toxic proteins released into blood from
neutrophilic granules.

We describe here the enzymological aspects of CP-
MPO interaction and the inhibitory effect of MPO
upon proteolysis of CP. A presumable area of
protein—protein interaction is discussed.

Materials and methods
Chemicals

The following reagents of analytical grade were
used: Chelex 100 and molecular weight coloured
markers (BioRad, USA); N-benzoyl-L-tyrosine
ethyl ether, 2,2’-azino-di(3-ethylbenzthiazolinesul-
phonic acid) disodium salt (ABTS) and
p-nitrophenol-t-Ala (ICN, USA); hydrogen peroxide,
acetonitrile, dichloroethane, triethylamine,
Fe(NH,),(SO,4),-6H,0, potassium cyanide and
ethylenediaminetetraacetic acid (Merck, Germany);
Sepharose 4B, Sepharose 6B, DEAE-Sephadex A-50,
QAE-Sephadex A-50, CM-Sepharose and phenyl-
Sepharose (Pharmacia, Sweden); sodium azide,
guaiacol, glycerol, catalase, Coomassie R-250, 2-
mercaptoethanol, ammonium persulphate, sucrose
and Tris (Serva, Germany); aprotinin, bovine lacto-
peroxidase, o-dianisidine, dihydroxyphenylalanine,
glycine, horseradish peroxidase, sodium dodecylsul-
phate (SDS), plasmin (3 units/mg protein), salmon
protamine, Folin-Ciocalteu’s reagent; taurine, tetra-
methylbenzidine, trypsin (10 000 units/mg protein),
Triton X-100, p-phenylenediamine dihydrochloride
(p-PD) and phenylmethylsulphonyl fluoride (Sigma,
USA); acrylamide, arginine, N’,N’-methylene-
bis-acrylamide and N,N,N’,N’-tetramethylethylene
diamine (Laboratory Medigen, Russia).

Spectrophotometrical measurements

Spectrophotometrical measurements were performed
at room temperature using a spectrophotometer SF
2000-02 (‘OKB Spectr’, Russia). Mean square devia-
tion in cases of linear regression of experimental data
did not exceed 3%; differences among three parallel
samples did not exceed 2%. Optical spectra of MPO
(3 um), CP (7.4 pm) and a mixture of proteins were
measured in 50 mm Na-phosphate buffer, pH 7.4.
Differences among three parallel samples did
not exceed 1%. In control experiments we used a
3 uMm solution of horseradish peroxidase or bovine
lactoperoxidase.
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Enzyme isolation

Monomeric CP stable at storage was obtained by
affinity chromatography on protamine-Sepharose.
Preparation had Ag;9/A250>0.049 and for more
than 95% consisted of non-fragmented protein [35].
The same isolation protocol was used to obtain a
preparation of CP without chromatography on he-
parin-Sepharose and without proteolysis inhibitors
added to plasma. That protein would degrade upon
storage at 4°C. Immobilization of NH,-group-con-
taining substances (protamine, arginine, heparin and
aprotinin) on Sepharose was achieved by activation of
the resin with cyanogen bromide, obtained by bro-
mination of potassium cyanide [35].

MPO was purified from human leukocytes of
healthy volunteers’ blood by affinity chromatography
on heparin-Sepharose, hydrophobic chromatography
on phenyl-Sepharose and gel filtration, which yielded
Ay30lAz50 (R2) =0.85 [34].

Elastase was isolated from precipitate of leukocytes
(20 g) that was suspended in 50 ml of 1 M NaCl, 50
mm Na-acetate, pH 4.7 and frozen/thawed with
thrice-repeated 30-s sonication (44 Hz) interrupted
by 60-s cooling on ice. Leukocyte extract obtained
was centrifuged for 30 min at 15000 g and 4° C.
Supernatant was subjected to gel filtration on a
Sephadex G-150 Superfine column (5 x 100 cm)
equilibrated with 1 M NaCl in 50 mm sodium-
acetated buffer, pH 4.7. Fractions displaying elastase
activity [36] were loaded on a column with aprotinin-
Sepharose (5 x 10 cm) after adding 1 M Tris to
achieve pH 7.0. The column was washed with 1 m
NaClin 50 mM Tris-acetate, pH 7.4 to obtain A,go <
0.005 in the effluent. Elastase was eluted with 200
mm sodium-acetate buffer, pH 4.3, after which the
protein was purified from cathepsin G traces [37]
using ion-exchange chromatography on a CM-cellu-
lose column (1 x5 cm) equilibrated with 50 mm
sodium-acetate buffer, pH 4.7. The protein diluted to
the final buffer concentration 50 mm was loaded on
the column, after which it was eluted with 100 ml of
linear gradient 0 —» 1 M NaCl in 50 mm sodium-
acetate buffer, pH 4.7. Cathepsin-free elastase was
obtained under conditions described above. Thus
obtained elastase had specific activity 451 pcatal
per mg protein as judged by p-nitrophenol-t-Ala
hydrolysis.

Limated proteolysis

Limited proteolysis was carried out by incubation of
CP, MPO and the equimolar mixture of these two
proteins with serine proteinases at 37°C. Trypsin,
elastase and plasmin were added as 1/1000, 1/50 and
1/100 (w/w) part of the proteins cleaved. Samples
were taken after 5, 15 and 45 min of incubation,
boiled with sample buffer for SDS/PAGE with
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2-mercaptoethanol and run through SDS-containing
10% polyacrylamide gel [38].

Mpyeloperoxidase and ceruloplasmin activiry

Such chromogenic substrates of MPO as guaiacol,
orcinol, o-dianisidine, 4-chloro-1-naphtol, 3,3’,5,5'-
tetramethylbenzidine and  2,2’-azino-di(3-ethyl-
benzthiazolinesulphonic acid) disodium salt (ABTS)
were used. Reaction mixture contained 100 pum
H,0,, 3 nm MPO in 50 mm sodium-phosphate
buffer, pH 7.4, and a substrate at final concentration
of 500 um. Upon adding H,O, to the mixture the
reaction rate was measured as A A,/min, where x for
guaiacol, orcinol and o-dianisidine is 450 nm, that for
4-chloro-1-naphtol is 600 nm, 650 nm for 3,3'5,5-
tetramethylbenzidine, and 414 nm for ABTS. Reac-
tion rates in the presence of various amounts of CP
were compared. In all our experiments reaction rates
were obtained as A A,/min calculated by the pre-
programmed spectrophotometer SF-2000-02 (‘OKB
Spectr’, Russia). This ratio is based on the linear
dependence of A, upon time in course of measure-
ments. The linearity was confirmed by coefficients of
determination for approximating straight lines that all
were above 0.98.

To study an effect of CP on oxidation of ABTS by
MPO, lactoperoxidase and horseradish peroxidase
[39] we used a mixture of 10 nMm peroxidase, 100 pm
H,0, and 1 mm ABTS in 0.1 M sodium-acetate
buffer, pH 5.6 and various amounts of CP. The
reaction was triggered by adding H,O, to the mixture
and its rate at room temperature was measured as
AA414/min.

To study kinetics of the reaction either ABTS or
H,0, concentrations were varied. In the first case the
reaction mixture contained 10 nm MPO, 80 pm
H,0, and 50400 pm ABTS in 0.1 M sodium-acetate
buffer, pH 5.6. In the second case the reaction
mixture contained 4.5 nm MPO, 1 mm ABTS and
25-100 pum H,0, in the same buffer. In order to
study the effect of CP the latter was added to the
mixture in needed amounts. The reaction was trig-
gered by adding H,O, to the mixture and its rate at
room temperature was measured as A A4;4/min. The
results were plotted in Hanes-Woolf coordinates
(coefficient of determination value was higher than
0.99 for linear graphs). The plots were used to assay
K, and V. for MPO in the presence of CP and
without it.

Chlorinating activity of MPO was evaluated by
measuring accumulation of taurine chloramine, the
end-product in reaction of taurine with HOCI
produced by MPO [30]. The reaction mixture con-
tained 100 mm NaCl, 80 pm H,0,, 4 nm MPO, 10
mM taurine in 10 mM sodium-phosphate buffer, pH
7.4. Upon adding H,O, to the mixture, reaction was
allowed to run for 5 min at room temperature, after
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which it was stopped by adding catalase (to 5 nm)
and, after another 30 s, NaN3 (to 4 pum). Taurine
chloramine was assayed after adding 1 mm thio-(2-
nitrobenzoic acid) by measuring 44,4 proportional to
the amount of HOCI produced.

CP oxidizes p-PD to a coloured product absorbing
at 530 nmM. Reaction mixture contained 100 mm
sodium-acetate buffer, pH 5.5, 1.58 um CP, p-PD as
0.25, 0.5, 0.75, 1 and 1.5 mMm solution and an
amount of MPO needed to achieve a required molar
excess with respect to CP concentration. Reaction
rate was assayed as A Aszo/min.

Kinetics of ferroxidase reaction was studied by
measuring the rate of Fe> * formation. The method is
based on spectrophotometry of a complex (Apa.x=
270-320 nm) that Fe? " forms with dimethylforma-
mide. In control experiments we discovered that
dimethylformamide does not alter the ferroxidase
activity of Cp. Reaction mixture contained 0.1 m
sodium-acetate buffer, pH 5.5, with dimethylforma-
mide added to achieve 1%. More salt
(Fe(NH4)»(S804),-6H,0) was added in 30 um
thiourea to provide concentrations of 80, 100, 125,
150, 175 and 200 pm, and 0.79 pm CP. The reaction
rate was measured as A A3;o/min.

o-dianisidine oxidation by Cp was studied in a
solution containing 0.36 pm Cp in 0.1 M sodium-
acetate buffer, pH 5.5, and o-dianisidine dihy-
drochloride added as a portion of its 2 mm stock
solution in 1% Triton X-100 to provide the resulting
concentrations of 0.1, 0.2 and 0.4 mm. The reaction
rate was measured as A Ays50/min.

Oxidation of dihydroxyphenylalanine by Cp was
followed by absorption at 320 nm (A Aszyo/min).
Reaction mixture contained 0.1 M sodium-acetate
buffer, pH 5.5, 1.58 um Cp and 0.1, 0.25, 0.5 or
1.0 mm dihydroxyphenylalanine. A Hanes-Woolf

plot was drawn (coefficient of determination value
for linear graphs was higher than 0.98) and K, and
Vmax Were assayed for CP both with and without
MPO.

Statistical data manipulation

Experiments were repeated three times (z=3) and
the mean values were calculated as X,,= (1/n)cX;
where X, is the value of each following sample. The
standard error was expressed as

2
S*/n, where S* = M
\ -1

The confidence interval was calculated as X, + (S™/
n?)e, 1,1 — a/2> for which ¢ was found in the table of
values on condition that in our experiments o« = 0.05.

Results and discussion

Effect of CP upon peroxidase and chlorinating activity of
MPO

The inhibitory capacity of CP depends on the size of
aromatic substrate of MPO. Figure 1 shows how CP
concentration affects MPO peroxidase activity to-
wards six various aromatic substrates: guaiacol,
orcinol, o-dianisidine, 4-chloro-1-naphtol, tetra-
methylbenzidine and ABTS. One can see that CP
only slightly inhibits the oxidation of small aromatic
substrates such as guaiacol and orcinol. Upon adding
some noticeable excess of CP (0.54 um) the relative
velocity of the reaction dropped only to 60%. Inhibi-
tion of MPO peroxidase activity towards larger
substrates goes much more efficiently, e.g. the rate
of oxidizing of o-dianisidine and 4-chloro-1-naphtol
was decreased by 0.54 um CP to 40% and that of
tetramethylbenzidine to 0. Oxidation of the largest of
all studied MPO substrates, ABTS, was already

- <~ - guaiacol
5 "% o O
ﬁ . orcinol
2 RN
b3 Ey - =
°o0mf N\ v
o U.791 LN | —&—  4-chloro-1-naphthol
8 S
> =3
[v] R
®
© - + - o-dianisidine
2 0.51 o e
= S r "
Y 5 a=Chy
o - 3,355 -tetramethyl-
[ benzidine
HE, "
B .25 ‘D‘d:‘
o L
= »
ol —e— 2,2-azino-bis(3-
[T} ethyl-benzthiazoline-
[+ 6-sulphonic acid
0 . : . —
0 0.1 0.2 0.3

Cp, uM

04 05 086 ’tbi}' ﬂfﬂog

Figure 1. Effect of CP upon the relative rate of oxidation of various aromatic substrates by MPO. The reaction mixture would contain 100
um H,0,, 3 nm MPO in 50 mm sodium-phosphate buffer, pH 7.4, and a substrate at final concentration 500 um.
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completely blocked by 0.27 um CP. Therefore, the
larger an aromatic substrate is, the more pronounced
is the capacity of CP to inhibit their oxidation in the
active centre of MPO. The interaction of CP and
MPO is likely to entail a steric barrier that precludes
binding of aromatic substrates to MPO. A steric
barrier is stronger for larger substrates and, therefore,
their oxidation is more affected by CP.

Although some of the substances used are the
substrates of CP (o-dianisidine, orcinol, guaiacol), the
enzyme did not catalyse their oxidation at neutral pH,
as demonstrated in our control experiments. Neither
did CP inhibit the oxidation of aromatic substrates by
horseradish peroxidase or bovine lactoperoxidase in
control series (Figure 2). This is more indicative of
rather a specific interaction of CP with MPO than of
its effect upon the substrates. Inhibition of ABTS
oxidation ran more efficiently at pH 7.4 than at pH
5.6, which seems to result from the pH-dependent
interaction between CP and MPO. We have shown
previously [34] that affinity of CP towards MPO goes
down upon pH decrease.

To assay the kinetics parameters of the peroxidase
reaction catalysed by MPO in the presence and in the
absence of CP we estimated the reaction rate as a
function of substrate concentration (H,O, and
ABTS). The plot in Hanes-Woolf coordinates (S, S/
V) illustrates the data obtained upon varying of H,O,
concentration from 25 to 100 um (Figure 3). Perox-
idase reaction in the absence of CP had K, =37.9+
0.5 um and Vi =0.46+0.01 A A4;/min (Figure 3,
line 1). Adding 0.25 um CP (which provides
1MPO:55CP molar relation) virtually does not affect
the Michaelis constant, though the reaction max-
imum velocity Viax becomes 1.5-times lower and is
equal to 0.31+0.01 AAy;4/min (Figure 3, line 2).
This change of kinetics suggests that CP inhibits the
peroxidase reaction, but does not compete with MPO
for hydrogen peroxide. The inhibition constant,
calculated as:

[=)

£
C

o
o

——MPO
-=—lactoperoxidase
—r—horseradish peroxidase

Relative peroxidase activity
=] =1
IS @»

o
v

0 0.1 0.2 03 0.4 0.5 06 07 0.8
Cp, uM

Figure 2. Effect of CP upon the relative rate of oxidation of ABTS
by MPO, lactoperoxidase and horseradish peroxidase. The reaction
mixture contained 10 nm of peroxidase, 1 mm ABTS and 100 um
H,0, in 0.1 M sodium-acetate buffer, pH 5.6.
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x_P_ |
| 4

max

’
Vmax

was equal to 0.51 +0.02 um. It is worth noting that
the inhibitory effect was the property of non-proteo-
lysed CP only (Figure 3, 1 in insert). In contrast, CP
isolated without proteolysis inhibitors and, hence,
degraded upon storage (preparation contained no
molecules with M =132 kDa) did not inhibit the
peroxidase activity of MPO (Figure 3, line 3; 2 in
insert).

Similar measurements of the reaction parameters
were done using various concentrations of ABTS
(50-900 um) in the absence of CP and in the
presence of its 16- and 32-fold molar excess. The
data plotted in Hanes-Woolf coordinates (S, S/V) are
presented in Figure 4. It is seen that adding CP
increases the Michaelis constant from K, =360+
5umM to K,=39445 pum (in case of 1 MPO:16
CP) and to K,=450+5 pm (1 MPO:32 CP). At
the same time the maximum velocity of the reaction
remains virtually constant (V.= 0.46+0.01
A Ay /min). CP plays a role of a competitive
inhibitor in this process, impeding ABTS binding in
the active centre of MPO. The values of the inhibition
constant calculated for various CP concentrations
according to

[CP]
I<i =7
Km
S |
K

m

were the same and equal to 1.136 £+ 0.004 pm.

The major cytotoxic derivatives originate as a result
of chlorinating activity of MPO. Hence, the capacity
of CP to alter this activity was studied along with the
inhibitory effect of CP on the peroxidase reaction.
Under the conditions of our experiment 0.5 pm CP
decreased the chlorinating activity of MPO by 60%
(Figure 5, dashed line, 1). Inhibition of MPO activity
cannot be ascribed merely to interception of HOCI by
reactive amino acid residues in CP molecule. Indeed
the amino acid content of intact CP is identical to
that of the partially proteolysed protein, as shown
previously [40]. However, proteolysed CP (prepara-
tion contained no 132 kDa molecules) had a negli-
gibly small effect on the chlorinating activity of MPO
(Figure 5, solid line, 2). Previously we obtained
similar results when studying the effect of CP on
MPO activity assayed by luminol chemiluminescence
in reaction with HOCI [41]. It appeared that only
non-proteolysed CP is able to inhibit MPO.

Our results show that both peroxidase and chlor-
inating activity of MPO are suppressed exclusively by
non-proteolysed CP, which is in agreement with
earlier data [29]. Segelmark et al. [29] have reported
that effect of CP upon the MPO peroxidase activity
decreases in course of its purification from blood
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Figure 3. Hanes-Woolf plot for peroxidase reaction catalysed solely by MPO (1) and by MPO in the presence of intact (2) and partially
proteolysed (3) CP (0.25 pum). The reaction mixture contained 4.5 nm MPO, 1 mm ABTS and 25-100 um H,0, in 0.1 M sodium-acetate
buffer, pH 5.6. In the insert: SDS/PAGE of intact (1) and proteolysed CP (2).

plasma and in the subsequent storage. It is also
known that CP purified without protease inhibitors
gradually becomes partly proteolysed [42]. We have
shown previously by disc-electrophoresis and affinity
chromatography that limited proteolysis of CP does
not impede forming a complex CP-MPO [34]. It
seems likely that limited proteolysis affects the site(s)
of no crucial importance for the binding of CP with
MPO, though it is a prerequisite for modification of
the latter’s activity.

Effect of MPO on the limited hydrolysis of CP by serine
proteinases

A possible explanation for our data that integrity of
CP is essential for its inhibitory effect upon MPO
could be the contact of one of proteinase-vulnerable
loops of CP with the entrance to the heme pocket in
MPO. In this case MPO perhaps can prevent the
cleavage of CP by trypsin, elastase and plasmin. The
above-mentioned proteinases differ by the specificity

2.0

N W

1.8
1.6
1.4
1.2
1.0
08

[ABTS)/V, Mxmin

06
04
0.2

0

500 -400 -300 -200 -100 O 100 200 300 400
[ABTS], uM

Figure 4. Hanes-Woolf plot illustrating inhibitory effect of CP
upon MPO. The reaction mixture contained 10 nm MPO, 80 um
H,0, and 50400 pm ABTS in 0.1 M sodium-acetate buffer, pH
5.6. Data were collected in the absence of CP (1), with 0.16 pm (2)
and 0.32 um (3) of CP.

and velocity of hydrolysis demonstrated towards CP.
Trypsin and plasmin with high and low intensity,
respectively, cut peptide bonds in CP formed by lysyl
and arginyl. Elastase cleaves peptide bonds with
N-terminal hydrophobic amino acids (V, A, etc.),
the efficiency of proteolysis being as low as in the case
of plasmin. In all cases the limited proteolysis of CP
by these proteinases starts with the first splitting of its
polypeptide chain between domains 5 and 6 (trypsin
and plasmin cut after ®8’R, while elastase cuts after
888y) [43]. This cleavage results in occurrence of CP
fragments with M =110 and 19 kDa clearly visua-
lized by SDS/PAGE.

For experimental convenience we estimated the
amounts of each proteinase needed to hydrolyse CP
with similar efficiency within certain time intervals.
MPO, in contrast to CP, was not cleaved by
proteinases used in our control experiments and
was always resolved in electrophoresis into two intact
bands with M =62 and 12 kDa corresponding to
o- and f-chains of the enzyme.
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Figure 5. Chlorinating activity of MPO in the presence of
proteolysed (solid line, 2) and intact (dashed line, 1) CP. The
reaction mixture contained 100 mm NaCl, 80 um H,0,, 4 nm
MPO, 10 mm taurine in 10 mMm sodium-phosphate buffer, pH 7.4.
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Under trypsin treatment the amount of protein in
the initially prevailing 132 kDa-band decreased with
time (Figure 6A: 1-5). The fragment with M =110
kDa did not accumulate, since hydrolysis of other
peptide bonds proceeded simultaneously. However,
splitting of the bond(s) between domains 5 and 6 is
evidenced by an increasing amount of the 19 kDa-
fragment. An increase of the amount of fragments
with M =110 and 19 kDa was hardly noticeable in
the presence of MPO. However, judging by the
appearance of fragments with M =90-80 kDa, the
hydrolysis of other bonds in CP went on (Figure 6A:
6-9).

Proteolysis of CP with elastase and plasmin in the
presence of MPO was hampered not only at the site
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Figure 6. SDS/PAGE of CP (20 pg; lanes 1-5) and the CP-MPO
complex (20 pg of each protein; lanes 6-10) treated with
proteinases. (A) 1, intact CP; 2-5, CP-MPO complex; 6-9, 5,
15, 30 and 45 min treatment with trypsin. (B) 1-5 and 6-10: 0, 5,
15, 30 and 45 min treatment with elastase. (C) 1-5 and 6-10: 0, 5,
15, 30 and 45 min treatment with plasmin. Arrows mark M (kDa),
The frame mark bands corresponded o- and f-chains of MPO.
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between domains 5 and 6, but also at other sites
susceptible to proteolytic attack (Figure 6B and C).
When CP was treated with elastase fragments with
M=20-80 kDa it had appeared, while the 132
kDa-band corresponding to non-degraded CP had
virtually disappeared after 45 min of hydrolysis.
However, when MPO was added to the mixture,
about half of the 132 kDa-band remained and only
the fragments with M higher than 80 kDa had
appeared. Plasmin could hardly hydrolyse CP in the
presence of MPO. The latter retained its two non-
proteolysed chains revealed as bands with M = 62 and
12 kDa, as mentioned above (see Figure 6).

Thus, in our experiments MPO protected CP
against the attack by serine proteinases of the loop
linking domains 5 and 6. This protection possibly
appears as the contact of CP with MPO makes
inaccessible the peptide stretch in CP containing
the bonds susceptible to proteolysis. Inhibition of
proteolytic cleavage of the bonds beyond the region of
protein—protein interaction might be explained by the
trigger effect: the proteinases used hydrolyse peptide
bonds in CP in certain order and, unless the first one
is cleaved, the splitting of others is hindered.

The observed competitive mode of inhibition by
CP of oxidation aromatic substrates by MPO and
reciprocal phenomenon of the protection of the loop
linking domains 5 and 6 in CP (a.a. 885-892) from
proteinases enable us to suggest an involvement of
this loop of CP in the protein—protein interactions
near MPO active site. This conclusion has been
confirmed by analysis of the X-ray structure of CP-
MPO complex (in press).

Spectral studies of MPO in complex with CP

The absorption spectrum of MPO is characterized by
an intense Soret peak at 430 nm (Figure 7, curve 1).
There are no specific features in CP spectrum near
this wavelength (curve 2). In our experiments, adding
CP to MPO resulted in a shift of the Soret peak
maximum from 430 to 427 nm (curve 3). This shift is
not found in an arithmetic sum of CP and MPO
spectra. Lactoperoxidase and horseradish peroxidase
(also heme-containing) are characterized by an in-
tense Soret peak at 413 and 403 nm, respectively.
Differences in absorption maxima are explained by
peculiar configurations of heme in each case. While
heme in horseradish peroxidase is a planar structure,
it is slightly bent in lactoperoxidase and in MPO this
bend is the most pronounced [44]. In a control
experiment when CP was added to lactoperoxidase or
horseradish peroxidase the shift of absorption max-
imum has not appeared. It can be concluded that
formation of the CP-MPO complex results in an
alteration of heme conformation.
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Figure 7. Optical spectra of 3 um MPO (1), 7.4 um CP (2) and
7.4 um CP plus 3 um MPO (3), dashed line shows the arithmetic
sum of CP and MPO spectra (4).

Effect of MPO upon the oxidase activity of CP

It was considered previously that enzymatic and
immunogenic properties of CP remain unaltered in
the course of its interaction with MPO [30]. Like
Park et al. [30], we observed no effect of MPO on the
oxidase activity of CP performed with Fe?" and o-
dianisidine. This means that neither K, nor the rate
of reactions both with Fe?' (K, =46.5+1.9 um,
K,=45.64+1.7 uM, V3 =0.91840.020 A Asyo/h,
Viax=0.930+0.028 A Asz0/h) and o-dianisidine
(Kn=1554+5 pum, K,=1484+9 um, V.= 0.834
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Figure 8. Hanes-Woolf plot illustrating oxidation of p-PD cata-
lysed by CP (1) and by CP in the presence of 0.5-molar excess of
MPO (2). The reaction mixture contained 100 mm sodium-acetate
buffer, pH 5.5, 1.58 um CP, p-PD as 0.25-1.5 mm solution.

+0.042 AAssolhy, Viax=0.840+0.038 A Ayso/h)
were changed. Similarly, in our experiments the rate
of dihydroxyphenylalanine oxidation by CP did not
change when MPO was added to reaction mixture
(Kpn=99+4 pm, K;,=105+9 pm, V. =0.396+
0.004 A Aszp/h, Vigax=0.40140.006 A Asz/h).

However, oxidation of p-phenylenediamine (p-PD)
by CP was activated in the presence of MPO (Figure
8). Linear graph (1) depicts in Hanes-Woolf coordi-
nates the oxidase activity of CP in reaction with p-PD
in the absence of MPO is parallel to analogous graph
(2) plotted in the presence of MPO (1 MPO:2 CP).
Interaction of CP with MPO virtually did not affect
the reaction velocity (Vpax=3.00+0.09 A As;0/h,
Viax=3.1240.09 A As30/h), but caused a 1.85 time
decrease of the Michaelis constant (K,=612+
12 uMm, K;,=3304+16 pm), which is indicative of
the associative type of activation. The activation
constant calculated according to

[MPO]
K =—/—-—"-+-
a Km
—1
K,

was equal to 0.203 + 0.008 pm. The activating effect
of MPO that was observed at a ratio of proteins 1
MPO:2 CP did not change upon increasing the
amount of MPO. In control experiments p-PD was
not oxidized by MPO under the same conditions.

The ability of MPO to modify the CP-catalysed
oxidation of p-PD, but not of other substrates studied
(Fe*", o-dianisidine, dihydroxyphenylalanine), may
be explained by the contact of MPO with CP in close
proximity to the p-PD-binding site. This binding site
in the CP molecule is revealed by crystallography
studies and includes amino acid residues °°’H and
669% [45]. It seems likely that other substrates from
the group of synthetic aromatic amines bind to CP in
different sites, as judged by the results obtained in the
present study.

The inhibition constants calculated in our study
(~0.5-1 um) correspond to a dissociation constant
(Ky) for the complex composed of an enzyme (MPO)
and an inhibitor (CP). Similarly, the activation
constant (~0.2 um) represents the Ky for the
complex of the enzyme (CP) with the activator
(MPO). Previously the Ky for the CP-MPO complex
was measured by ELISA [31]. The authors
used conditions very different from those in our
experiments (neutral pH, albumin in the mixture).
Nevertheless, their Ky=0.134 pum is very close to
ours. Such an agreement of parameters obtained
under such different experimental conditions is likely
to reflect the relative stability of the CP-MPO
complex in varying environments (e.g. pH and ionic
strength).

Summarizing our data one can suggest that in our
study MPO protected the anti-oxidant potential of
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CP, which is particularly important in foci of inflam-
mation where numerous serine proteinases can be
found. Our previous study showed that the CP-MPO
complex dissociates at pH lower than 3.9 [34]. Such
a tolerance of the complex to low pH seems to be
conditioned by acidic environment in inflammation
foci.

HOCI produced i vitro by MPO brings forth
hydroxyl radicals in reaction with Fe*" [46]. How-
ever, if a similar reaction occurs i vivo, the ferrox-
idase activity of CP is likely to prevent the contact of
Fe (II) with MPO derivatives. Such a notion seems
interesting on account that the CP-MPO complex
was revealed in blood serum and exudates obtained
from patients with inflammatory and purulent pro-
cesses. It seems even more important as the presence
of neutrophil-derived lactoferrin that chelates Fe’ "
and forms a triple complex with CP and MPO was
documented in a study of the same biological fluids
[33].

Thus, it can be suggested that interaction of CP
with MPO diminishes the oxidative stress occurring
in the course of inflammatory reactions. Inhibition
and activation constants obtained in our study reflect
the affinity of CP towards MPO (up to 1 pm).
Consequently, a 2-3-fold increase of CP content in
serum upon inflammation (from 3 pm to 6-9 pm)
[47] should be regarded as sort of insurance of an
organism against the destruction of its own molecules
by endogenous MPO of leukocytes.
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