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Requirement of intact human ceruloplasmin for the glutathione-linked
peroxidase activity
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Abstract Structural integrity may be needed for the glu-
tathione-linked peroxidase activity of human ceruloplasmin.
Intact human ceruloplasmin has a potent peroxidase property
to decompose H,O, in the presence of reduced glutathione.
However, the fragment of approximately 116 000 Da produced
by proteolytic degradation had less than one-third of the
glutathione-linked peroxidase activity of intact ceruloplasmin.
When further proteolysis occurred, glutathione-linked peroxidase
activity of human ceruloplasmin disappeared. In contrast,
ceruloplasmin (116000 Da and <96000 Da) fragmented by
proteolysis significantly removed H,O, irrespective of the
presence of reduced glutathione. Although proteolytic fragmen-
tation of ceruloplasmin occurs, the antioxidant activity of
ceruloplasmin that prevents DNA strand breaks in a metal-
catalyzed reaction system was significantly maintained.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Ceruloplasmin is an acute phase reactant protein exhibiting
moderate responses to various stresses. It is thought to possess
extracellular antioxidant properties in humans and mammals
[1-3]. This protein is a monomeric o-glycoprotein that con-
tains more than 95% of the total circulating copper in the
healthy human adult. Serum ceruloplasmin levels increase
with y-irradiation [4], infection [5], age, turpentine-induced
inflammation [6,7] and pregnancy [§8], where it may play an
important role in physiological defense. The in vivo physio-
logical function is not known with certainty. However, it has
been proposed that ceruloplasmin may have a role in copper
transport, conversion of Fe?* to Fe** (ferroxidase) for sub-
sequent uptake by transferrin and exhibition of pro-oxidant
activity towards low density lipoproteins under some circum-
stances [9-11]. Recently HyOs-removing activity (peroxidase)
of human ceruloplasmin in the presence of reduced gluta-
thione has also been proposed [12].

Human ceruloplasmin has a molecular weight of approxi-
mately 132000 Da. This protein is susceptible to proteolysis
and fragmentation by proteolysis occurs during purification
and storage [13,14]. Because of extraordinary susceptibility
to proteolytic degradation and fragmentation, an understand-
ing of the function of ceruloplasmin has long been hindered.

In this investigation, we describe that the glutathione-linked
peroxidase function of human ceruloplasmin is extremely af-
fected by proteolytic fragmentation and that the antioxidant
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activity of ceruloplasmin is significantly maintained in spite of
high degradation by proteolysis, and suggest that glutathione-
dependent peroxidase may occur in vivo.

2. Materials and methods

2.1. Materials

All reagents were of analytical grade. Plasmin, e-aminocaproic acid,
epichlorohydrin, 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), Chelex-
100 resin, agarose, trichloroacetic acid (TCA), dithiothreitol (DTT),
glutathione and HEPES were purchased from Sigma (St. Louis, MO,
USA) and centrifugal filter membrane was from Millipore. DEAE-
Sepharose CL-6B, Sepharose CL-4B and ¢ X174 plasmid DNA were
from Pharmacia Fine Chemicals (Uppsala, Sweden). 2-Chloroethyl-
amine monohydrochloride was from Aldrich (Milwaukee, WI, USA).
Potassium thiocyanate (KSCN) and FeSO,-7H>0 were obtained from
Waco (Japan). Because 2-chloroethylamine is a potential carcinogen,
caution must be taken when handling.

2.2. Preparation of human ceruloplasmin

Human ceruloplasmin was prepared from fresh serum (Taejon Na-
tional Blood Bank) using a chromatographic step on Sepharose deriv-
atized with 2-chloroethylamine and DEAE-Sepharose by recently in-
troduced methods [15]. All the purification steps were performed at
4°C. One of the human samples obtained from healthy donors was
immediately used for the purification of intact ceruloplasmin. The
other human sample was used after incubation for 2 h at 30°C in
order to obtain protease-mediated fragments of 116000 Da. Derivat-
ized Sepharose was prepared according to the protocol described in
[16]. The purity of the protein was estimated by native and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis [17]. Purified
116000-Da fragments were incubated with plasmin (plasmin/cerulo-
plasmin, 1:50) at 37°C. Protein estimations were carried out according
to the methods of [18], using ovalbumin as the standard.

2.3. Measurement of free sulfhydryl group by chemical modification

Purified human ceruloplasmin (200 pg) was incubated with 500 uM
DTNB in 100 mM HEPES buffer (1 ml), pH 7.0 at 25°C. Free sulf-
hydryl residues of protein were determined by the measurement of the
release of 2-nitro-5-mercaptobenzoic acid at 412 nm [19].

2.4. Determination of peroxidase activity of ceruloplasmin in the
presence of GSH

To determine the peroxidase activity of ceruloplasmin, the reaction
was started by the addition of 500 uM H,O, into the 50 ul of reaction
mixture containing 500 pM GSH, 50 mM HEPES buffer at pH 7.0,
and an appropriate amount of sample, and then incubated at 37°C.
After 40 min, TCA solution (0.8 ml, 12.5%, w/v) was added to the
reaction mixture to stop the reaction, followed by the addition of 200
ul of 10 mM FeSO, and 100 ul of 2.5 N KSCN to develop a purple
color. The measurement of the remaining H,O, was performed by
monitoring the decrease of absorbance at 480 nm [20].

2.5. Analysis of DNA breaks induced by metal-catalyzed oxidation
(MCO) system

Three hundred nanograms of ¢ X174 plasmid DNA was mixed with
3 uM FeCls, 10 mM DTT and 20 pug ceruloplasmin in 20 pl of 50 mM
HEPES (pH 7.0) and the reaction mixtures were incubated for 20 min
at 37°C for the analysis of DNA strand breaks by hydroxyl radicals
(OH). Separation of different conformations of ¢ X174 was per-
formed by electrophoresis using 0.8% agarose gel. Electrophoresis
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was carried out in 80 mM Tris-acetate (8 mM) buffer, pH 8.0, con-
taining 2 mM EDTA. The DNA band on agarose gel was stained with
ethidium bromide (0.5 pg/ml). After gel electrophoresis, the fractions
of the three different forms were estimated by densitometric analysis
using a Bio-profile image analysis system (Vilber Lourmat, France).

3. Results

Intact human ceruloplasmin has a molecular weight of
132000 Da. All the purification steps were performed using
the phosphate buffer containing 20 mM e-aminocaproic acid
to inhibit the appearance of proteolytic fragments (64 000—
96000 Da). The absorbance ratio (Agionm/A2s0nm) Of the pu-
rified protein is greater than 0.060. Although the proteolytic
fragments with an apparent molecular weight of 116000 Da
were produced (< 5%), further fragmentation did not occur.
The fragment with 116000 Da was further degraded and was
not detected in the plasmin treated ceruloplasmin (Fig. 1). In
this investigation, it was demonstrated that only intact human
ceruloplasmin might have complete glutathione-linked perox-
idase activity. Conversely, the 116 000-Da ceruloplasmin pro-
duced by proteolytic degradation had less than one-third of
the glutathione-dependent HyO, removing activity of intact
proteins. However, this protein removed H,O, significantly
in the absence of reduced glutathione (>75 puM). When
116 000-Da ceruloplasmin was not detected as a result of fur-
ther fragmentation by proteolysis (digested with plasmin for
4 h), glutathione-linked peroxidase activity of human cerulo-
plasmin disappeared completely. On the other hand the glu-
tathione-independent H,Oy removing ability (> 250 uM) was
significantly increased (Fig. 2).

We examined ceruloplasmin for antioxidant activity by
measuring the extent of strand breaks to inhibit the DNA
damage by a DTT metal-catalyzed oxidation reaction system.
When the antioxidant activity of fragmented ceruloplasmin
was compared with that of intact proteins, the 116000-Da
ceruloplasmin maintained a similar antioxidant activity that
blocks DNA strand breaks (> 79%). In addition, regardless of
the disappearance of a glutathione-linked peroxidase activity
of human ceruloplasmin by further proteolysis, the conversion
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Fig. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of human ceruloplasmin (10%). Lane A: Standard markers;
lane B: purified intact human ceruloplasmin (132000 Da); lane C:
116 000-Da ceruloplasmin produced by proteolytic degradation; lane
D: ceruloplasmin digested with plasmin for 4 h (<116000 Da).
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Fig. 2. Glutathione-dependent and -independent H,O, removing ac-
tivity of human ceruloplasmin. A: 500 uM glutathione+500 uM
H505; a: 500 uM HyO,; B: 50 pg purified intact human cerulo-
plasmin (132000 Da)+500 uM glutathione+500 uM H50,; b: 50 pg
human ceruloplasmin (132000 Da)+500 uM H0O5; C: 50 ug cerulo-
plasmin produced by protease-mediated proteolysis (116000
Da)+500 uM glutathione+500 uM H5O,; c: 50 ug human cerulo-
plasmin (116000 Da)+500 uM HyO,; D: 50 ug ceruloplasmin di-
gested with plasmin for 4 h (<116000 Da)+500 uM gluta-
thione+500 uM H20O5; d: 50 pug human ceruloplasmin (<116000
Da)+500 uM H,0,. Data indicates the means of triplicate analyses.

of supercoiled DNA to the open circular and linear form was
significantly prevented by ceruloplasmin (> 50%) although
the antioxidant activity of proteolyzed ceruloplasmin
(<116000 Da) was different from that of intact proteins
(Fig. 3). The reaction of sulfhydryl groups with DTNB in
proteins results in the release of 2-nitro-5-mercaptobenzoic
acid. This reaction of ceruloplasmin may be dependent on
the extent of proteolysis. The release of 2-nitro-5-mercapto-
benzoic acid (absorbance at 412 nm) was not observed in
intact ceruloplasmin. On the other hand ceruloplasmin frag-
mented by proteolysis was reacted with DTNB and we ob-
served the significant release of 2-nitro-5-mercaptobenzoic
acid (Fig. 4).

Fig. 3. Antioxidant effect of human ceruloplasmin on DNA strand
breaks induced by DTT/Fe*/O, reaction system. Lane 1: 0.3 ug of
¢ X174 plasmid; lane 2: 0.3 ug of ¢ X174 plasmid in DTT/Fe*/0,
system (reaction mixture); lane 3: reaction mixture+5 pg purified
intact human ceruloplasmin (132000 Da); lane 4: reaction mix-
ture+5 pg ceruloplasmin produced by protease-mediated proteolysis
(116000 Da); lane 5: reaction mixture+5 pg ceruloplasmin digested
with plasmin for 4 h (< 116000 Da).
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Fig. 4. Analysis of free sulfhydryl groups by measurement of the re-
lease of 2-nitro-5-mercaptobenzoic acid at 412 nm. Ceruloplasmin
(200 pg) was incubated with 500 uM DTNB in 100 mM HEPES
buffer (1 ml), pH 7.0 at 25°C. A: 500 uM DTNB in 100 mM
HEPES buffer; B: intact ceruloplasmin+500 uM DTNB in 100 mM
HEPES buffer; C: 116000-Da ceruloplasmin produced by proteo-
lytic degradation+500 uM DTNB in 100 mM HEPES buffer; D:
ceruloplasmin digested with plasmin for 4 h (<116000 Da)+500
uM DTNB in 100 mM HEPES buffer. Data indicate the means of
triplicate analyses.

4. Discussion

During purification and storage, the 132 000-Da ceruloplas-
min was partly replaced by a product with an apparent mo-
lecular weight of 116000 Da by proteolysis and further frag-
mentation occurred [21]. The protease responsible for
ceruloplasmin degradation has not been identified, but a plas-
ma metalloproteinase may be responsible for degradation of
ceruloplasmin and incubation of intact ceruloplasmin with
plasmin or trypsin yields fragments similar in size to those
observed in highly degraded ceruloplasmin [14,22]. Human
ceruloplasmin was more susceptible to proteolytic degradation
than was rat ceruloplasmin [13]. This proteolytic cleavage with
an apparent molecular weight of 116000 Da did not induce
profound structural alterations and change the copper con-
tents of the molecule, and consequently the oxidase activities
of ceruloplasmin were not changed [23]. In contrast to the
above results, it has also been proposed previously that hu-
man ceruloplasmin may exhibit potent pro-oxidant activity in
vitro, cause oxidative modification of low density lipoproteins
and proteolytically modified ceruloplasmin (116000 Da) has
less than one-fourth of the pro-oxidant activity of intact pro-
tein. Therefore Fox et al. suggested that the seventh copper of
human ceruloplasmin (loosely bound copper) or structural
integrity is essential for the expression of ceruloplasmin pro-
oxidant activity in vitro since the pro-oxidant action of cer-
uloplasmin was not consistent with previous reports of anti-
oxidant activity [23,24]. In these studies, we would like to
propose that the glutathione-linked peroxidase activity of cer-
uloplasmin may be strictly dependent on the structure of the
molecules in vitro: specific proteolytic cleavage induces the
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complete loss of the glutathione-dependent peroxidase proper-
ties.

On the contrary, highly fragmented -ceruloplasmin
(< 116000) removed a large amount of H2O, in the absence
of reduced glutathione. The reason may be that the functional
groups responsible for the sacrificial antioxidant activity in-
cluding free sulfthydryl residues were exposed to the solvent
because of the profound conformation changes by proteolysis
and these residues may play an important role in the sacrificial
antioxidant function [25]. It is likely that copper ions are not
related with H,O4 removing since copper that may be released
was eliminated by using centrifugal filter membrane (Ultra-
free-15, MW 5000). Its amino acid sequence contains a total
of 14-15 cysteine residues per molecule and the number of the
free sulfhydryl group as determined by radiolabeled iodoace-
tate was 3.0-4.0 [26,27]. The fact that only highly fragmented
ceruloplasmin by proteolysis reacted with DTNB means
that severe structural changes might occur by proteolysis.
Coinciding with glutathione-independent H,O, removing
of fragmented ceruloplasmin (< 116000 Da) was significant
in the prevention of DNA strand breakage. This result
means that in a metal-catalyzed Fenton reaction (HyO.+
Fe?* - Fe3t+"OH+OH™), the H,O, or "OH may be effec-
tively removed by ceruloplasmin irrespective of the presence
of reduced glutathione.

In conclusion, this study supports that structural integrity
of a molecule is needed for the glutathione-linked peroxidase
activity of ceruloplasmin in vitro: fragmentation of cerulo-
plasmin by proteolysis results in the loss of the glutathione-
linked peroxidase function. On the other hand the antioxidant
activity that blocks DNA damage was sustained. Since the
main form of circulating human ceruloplasmin is the intact
(about 90%) form, we can speculate that human cerulopals-
min may have a potent glutathione-linked peroxidase in vivo.
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