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Ceruloplasmin (Cp) was found to promote the oxida-
tive damage to DNA, as evidenced by the formation
of 8-hydroxy-2'-deoxyguanosine and strand breaks,
when incubated with H,O, in vitro. The capacity of Cp
to enhance oxidative damage to DNA was inhibited by
hydroxyl radical scavengers such as sodium azide and
mannitol, a metal chelator, diethylenetriaminepenta-
acetic acid, and catalase. Although the oxidized protein
resulted in an increase in the content of carbonyl
groups, the ferroxidase activity and the proteolytic
susceptibility were notsignificantly altered. The release
of a portion of Cu from Cp was observed, and confor-
mational alterations were indicated by the changes in
fluorescence spectra. Based on these results, we suggest
that damage to DNA is mediated in the H,O,/Cp
system via the generation of *OH by released Cu”"
and/or loosely bound Cu exposed from oxidatively
damaged Cp through the conformational change. The
release of Cu from Cp during oxidative stress could
enhance the formation of reactive oxygen species and
could also potentiate cellular damage.
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INTRODUCTION

Ceruloplasmin [Cp; ferroxidase; Fe(ll): oxygen
oxidoreductase; EC 1.16.3.1] is a 132-kDa multi-
functional monomeric glycoprotein that contains
greater than 95% of the Cu found in the plasma
of vertebrate species."?! Apoceruloplasmin is
synthesized in the liver as a single polypeptide
chain and secreted into plasma as a holocerulo-
plasmin associated with 6-7 atoms of Cu per
molecule.”! It has been suggested that Cp plays a
role in protecting against reactive oxygen species-
mediated cellular damage by acting as a ferroxi-
dase, a scavenger of reactive oxygen species, and
a peroxidase in the presence of reduced gluta-
thione,*~”) however, recent results indicate that
Cp may also possess a damaging and oxidant
activity.[g’91

The superoxide anion radical O, is generated
in aerobic organisms, mostly as a result of nor-
mal metabolic processes and phagocytosis.
O; and its mutation product, H,O,, react with
transition metal ions to produce the hydroxyl
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radical ("OH)."" Transition metal ions such as
Cu and Fe are extremely effective promoters of
oxidation reactions and can cause the oxidative
modification of lipids, proteins, and DNA. M2
During exposure to oxidative stress, many pro-
teins with divalent cation binding sites will be
likely susceptible to oxidative damage, and free
transition metal ions could thus be released. The
direct oxidation of Zn/Cd-metallothionein (MT)
and Cu containing MT by H,O, in a cell-free
system has been shown to induce metal
release.>'¥ It has also been reported that
released as free Cu and/or Cu exposed at protein
surfaces it could result in tissue damage in
certain Cu, zine superoxide dismutase (CuZn-
SOD) mutant familial amyotrophic lateral sclero-
sis, 57771 oxidatively inactivated CuZnSOD
caused by a glycation, "#'?! and amyloid precur-
sor protein in Alzheimer disease.”?”! The catalytic
action of Cu** from damaged Cu containing pro-
teins in the generation of *OH from H,O, was
suggested as a mechanism of deleterious effect.
In order to develop the in vitro model to eluci-
date the possible role of Cp as an oxidant via the
release of Cu we investigated the enhancing effect
of Cp on the DNA damage induced by H,O,. Free
DNA is a convenient and sensitive substrate for
assaying damage caused by the hydroxyl radi-
cals. We report here that Cp undergoes damage
induced by H,O, with oxidation and conforma-
tional changes to release free Cu ion and/or
expose loosely bound Cu ion. This Cu ion,
together with H,O,, produces hydroxyl radicals
which catalyze DNA damage, including the gen-
eration of strand breaks and the formation of
8-hydroxy-2'-deoxyguanosine (8-OH-dG).

MATERIALS AND METHODS

Materials

Calf thymus DNA, H,O,, mannitol, sodium azide,
diethylenetriaminepentaacetic acid (DETAPAC),
bathocuproine, o-dianisidine, o-phthaldehyde,

apotransferrin, trypsin, chymotrypsin, pronase,
nuclease P1, Escherichia coli alkaline phosphatase,
and human Cp were obtained from Sigma
(St. Louis, USA). In order to avoid the contamina-
tion of free Cu, Cp was treated with a chelating
agent, Chelex-100 (Bio-Rad, Hercules, USA) for
4h at room temperature, and Cp concentrations
were determined using a BCA assay (Pierce,
Rockford, USA) using bovine serum albumin as
standard. pUC18 plasmid DNA was purified
from E. coli cultures by using PROMEGA Magic
Minipreps.

Generation of Strand Breaks in DNA

DNA single strand breaks were assayed by mea-
suring the conversion of covalently closed circular
double-stranded supercoiled DNA (form I) to
open (relaxed) circular double-stranded DNA
{form ID). pUC18 plasmid DNA (200 ng) was incu-
bated in 25 mM phosphate buffer, pH 7.5 under
various conditions, as described in the figure
legends, in a microfuge tube. The final volume
was 10 pl. Incubations were at 37°C for 2h. The
reactions were terminated by the addition of 2 pl
sixfold strength agarose gel loading solution (30%
glycerol, 0.01% bromophenol blue). DNA sam-
ples were applied to 1% agarose gels in a TAE
(40 mM Tris—acetate, pH 8.0/2 mM EDTA) buffer
system, and electrophoresis was performed at
5V/cm for 2h at room temperature. Following
electrophoresis, gels were stained with ethidium
bromide and then destained for several hours.
DNA bands were visualized by illuminating the
gel with UV light and photographed.

Analysis of §-OH-dG in DNA

Quantitation of the amount of 8-OH-dG in DNA
was as described previously.?" Calf thymus DNA
(Img/ml) was incubated under various condi-
tions, as described in the figure legends, in 100 pl
of 25 mM phosphate buffer, pH 7.5, at 37°C for
2 h. After incubation, the DNA was separated by
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ethanol precipitation, dissolved in TE (10 mM
Tris, pH 7.4/1 mM EDTA) buffer and digested to
the nucleoside level with nuclease P1 and E. coli
alkaline phosphatase. The resulting mixture was
filtered and injected into an HPLC apparatus
(Waters) equipped with both a UV detector and
an electrochemical detector. The column was a
Beckman Ultrasphere (0.46 x25cm) and the
eluent was 10% aqueous methanol containing
50 mM phosphate buffer (pH 5.5). The flow rate
was 1ml/min. The molar ratio of 8-OH-dG to
deoxyguanosine in each DNA sample was mea-
sured based on the peak height of authentic
8-OH-dG with the electrochemical detector and
the UVabsorbance at 254 nm for deoxyguanosine.
All results presented are the means of at least
duplicate, separate experiments yielded results
with only minor variations from each other.

Oxidase Activity

Ceruloplasmic oxidase activity was measured
using o-dianisidine as a substrate.”” Ferroxidase
activity of Cp was determined as described
previously,”® which measured the formation of
red-colored transferrin—Fe> complex at 460 nm
after the oxidation of iron in the presence of
apotransferrin.

Determination of Protein Carbonyl Content

The carbonyl content of proteins was determined
spectrophotometrically using the 2,4-dinitrophe-
nylhydrazine (DNPH)-labeling procedure as
described.”* Both native and H,O»-treated Cp
(~ 1 mg protein) were incubated with 0.4 ml 0.2%
DNPH in 2M HCl for 1 h. The protein hydrazone
derivatives were sequentially extracted with 10%
(w/v) trichloroacetic acid, treated with ethanol/
ethyl acetate, 1:1 (v/v), and reextracted with 10%
trichloroacetic acid. The resulting precipitate
was dissolved in 6 M guanidine hydrochloride,
and the difference specirum of the sample
treated with DNPH in HC] was examined versus
a sample treated with HCl alone. Results are

expressed as mol of DNPH incorporated per
mol of protein calculated from an absorbtivity
of 21.0mM 'em™' at 360nm for aliphatic
hydrazones.

Copper Release

The concentration of Cu ion released from the
H>O,-treated CuZnSOD was determined using
bathocuproine disulfonic acid by the method
described previously.” CuSO, solution was
used as the standard. The concentration of free
Cu was also determined by atomic absorption
spectrophotometry. Protein samples were incu-
bated with or without H,O,, and then subjected
to ultrafiltration using a Millipore tube-5000, and
then the concentration of Cu in the filtrate was
determined.

Protease Susceptibility

Susceptibility to proteolysis was measured by
the incubation of Cp samples (1.0 mg/ml) with
12.5 ug each of trypsin, chymotrypsin, or pronase
in 250 ul of 25 mM HEPES (pH 8.0) /100 mM NaCl
for 30—90 min at 37°C. After incubation, the ali-
quots were removed and subjected to a 10% tri-
chloroacetic acid treatment. After centrifugation
of precipitated proteins for 10 min at 14,000 rpm in
an Eppendorf microfuge, the supernatant was
first neutralized with a predetermined volume of
2 M potassium borate, pH 10. The amount of small
peptides in the supernatant was then determined
as described by Church et al.?®!

Fluorescence Measurements

Steady-state fluorescence measurements were
performed on a Shimadzu RF-5301 PC spectro-
fluorophotometer with the sample compartment
maintained at 22°C. A 150-W xenon source was
used. The slit-width was fixed at 5nm for exci-
tation and emission. Unless otherwise stated,
samples were excited at 280nm, and the emis-
sion was monitored between 300 and 400 nm.
Each recorded spectrum was an average of three
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separate scans and was corrected for background
fluorescence of the relevant control. The intrinsic
fluorescence of native Cp (4 ug of protein/ml) was
routinely measured in 50 mM Tris—HCl, pH 7.4.
Changes in protein fluorescence were monitored
at the emission maximum of 333 nm. For quench-
ing studies, the progressive addition of small
aliquots of KI to the protein sample were made
from quencher stock solutions (5 M) prepared in
the same buffer as the protein sample; dilution
never exceeded 10%, and in each experiment, the
fluorescence intensity was corrected for the dilu-
tion factor. Quenching data were analyzed
according to the standard Stern—Volmer relation-
ship, Fo/F =1+ K,,[Q], where F, is the intensity
of fluorescence at a given wavelength in the
absence of quenching agent, F is the intensity
of fluorescence at the same wavelength in the
presence of a known concentration [Q] of quench-
ing agent, and K, is the Stern—Volmer quenching
constant obtained from the slope of a plot of
I,/F versus [Ql.”” To estimate the accessible
fluorophore fraction f, in p47P"°*, modified
Stern—Volmer plots were used, according to the
relation,® F,/(F, — F)= 1/f,+1/f, K, [Ql. The
plot of F,/(F, — F) versus 1/[Q] allows graphical
determination of f,.

Replicates

Unless otherwise indicated, each result described
in this paper is representative of at least three
separate determinations.

RESULTS

Generation of Strand Breaks and
8-OH-dG in DNA

When pUC18 DNA was incubated with 5mM
H,0, itself yielded little, if any, strand breaks.
However, Cp enhanced strand breaks in a dose-
dependent manner, manifested as conversion to
nicked plasmid (form II), as shown in Figure 1.

Similar to the results obtained on strand breaks
in plasmid DNA, a concentration-dependent
increase in H>O, induced 8-OH-dG formation in
DNA was observed with 20-200pug/ml Cp as
shown in Figure 2. Cp alone did not cause any
DNA damage. The modified base, 8-OH-dG,
is considered to be one of the oxidative DNA
products induced by oxygen radicals such as
hydroxyl radicals and singlet oxygen, that can
be easily measured by HPLC with electrochemi-
cal detection.?!! Therefore, it has been used as an

FIGURE 1 Concentration dependence of Cp enhancement
on HyO, induced strand breaks in pUC18 plasmid DNA.
Lane 1, DNA + H,O, (5mM); lanes 2-5, DNA + H,O, with
20, 50, 100, 200 pg/ml Cp, respectively.
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FIGURE 2 Concentration-dependent increase of 8-OH-dG
in calf thymus DNA treated with 5mM H,0, and various
concentrations of Cp.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/21/11

For personal use only.

CERULOPLASMIN ENHANCES DNA DAMAGE 85

TABLE 1 Effect of inhibitors on the Cp/H,0»-
mediated 8-OH-dG formation in calf thymus

DNA
Addition Inhibition of 8-OH-dG
formation (%)

Azide (50 mM) 42
Mannitol (200 mM) 35
DETAPAC (1 mM) 100

EDTA 2mM) 89

Catalase (100 pg/ml) 100

The amount of 8-OH-dG formed with 5mM H,O,
and 100 pg /ml Cp was 198 8-OH-dG/10° dG (mean,
n=23).

indicator of oxidative DNA damage in vivo and
in vitro. The enhancing effect of Cp on the forma-
tion of 8-OH-dG in DNA was inhibited by scav-
engers for *OH, such as sodium azide and
mannitol, and DETAPAC, a chelating agent for
Cu”>" in the same experimental setting as
described above. Addition of catalase also inhib-
ited 8-OH-dG formation in DNA (Table I).

Protein Oxidation

Previous in vitro studies have shown that protein
oxidation modified by the metal-catalyzed oxida-
tion system is accompanied by the conversion of
proline, lysine, arginine, and histidine residues
into carbonyl derivatives which can be detected
by the formation of hydrazone conjugates upon
treatment with 2,4-dinitrophenyl-hydrazine,””’
The level of carbonyl content was increased
2-3-fold with treatment of 5mM H,O, to Cp
compared to untreated Cp (Figure 3).

Oxidase Activity

Cp oxidase activity was measured after the
incubation of Cp with H;O; to determine if the
increase in Cp carbonyl formation resulted in a
loss of functional activity. Reactive oxygen species
can damage proteins, resulting in the formation of
carbonyl derivatives with a concomitant loss of
enzyme function. Despite the oxidative modifica-
tion of Cp by H,O,, the oxidase activity was
essentially unaltered. Cp ferroxidase activity was

06 r

0.4 r

02

mol of carbonyl/mol of Cp

Cp Cp/HP

FIGURE 3 Protein carbonyl content of Cp exposed to
H,0O, (Cp/HP). Protein carbonyls were measured in native
and oxidized Cp by the method of Levine and co-
workers™! with the use of 24-dinitrophenyl hydrazine.
Results are mean = SD of three determinations.
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FIGURE 4 Effect of H>O; on the activity of Cp. Oxidase
activity toward o-dianisidine (left) and ferroxidase activity
(right) of native Cp and H,O-treated Cp (Cp/HP) were
determined.

also quite resistant to damage by oxygen radicals
(Figure 4).

Release of Copper Ion

Hydroxylradicals can be formed from H,O, in the
presence of transition metal ions such as Cu and
Fe through Fenton-type reactions. We determined
theamount of Cu released from oxidized Cp using
bathocuproine and atomic absorption spectro-
photometry. H>O5 led to an increased amount of
Cu”" available with bathocuproine sulfate from
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Cp, which can participate in a Fenton-type
reaction. It is responsible for the DNA damage.
The concentration of Cu from Cp (100 ug/ml) is
equivalent to 0.75 uM."®! The results showed that
9.5-12.1% of weakly bound and/or free Cu was
released by incubation of Cp with 5 mM H,O; for
2h at 37°C. These data confirm that the binding
sites of Cu®" in Cp were disintegrated by treat-
ment with H,O,. This notion is also supported by
the evidence that DETAPAC, which chelates
transition metals, could markedly inhibit the
formation of 8-OH-dG.

Protease Susceptibility

Protein damage by reactive oxygen species
usually results in enhanced proteolytic suscepti-
bility due to protein unfolding and increased
accessibility of peptide bonds to proteases.*"’
We have examined whether or not Cp becomes
more susceptible to proteolytic digestion follow-
ing HyO, treatment. The results indicate that
treated Cp does not show any noticeable change
in its degradation by trypsin, chymotrypsin, or
pronase (Figure 5).

|

Extent of proteolysis (%)
S

Trypsin Chymo— Pronase
trypsin

FIGURE 5 Proteolytic susceptibility of Cp and oxidized
Cp. The extent of proteolysis observed when native and
H,0,-treated Cp (Cp/HP) were digested with 12.5pug each
of proteases in 25mM HEPES at pH 8.0 containing 100 mM
NaCl for 30min (pronase) or 90min (trypsin, chymotryp-
sin) at 37°C, and then the extent of amine liberation was
assayed and calculated using the method of Church et al.*®!
The values are the mean + range of two separate experiments.

Conformational Change

As can be seen in Figure 6, native Cp exhibits a
fluorescence emission spectrum typical for Trp
residues in proteins. Upon excitation of native Cp
at280 nm, an emission spectrum with a maximum
at 333 nm was obtained. The fluorescence spectra
of native and oxidized Cp, normalized to protein
content, show that oxidized Cp displays a low-
ered quantum yield (73.2%) and a small red-shift
(I nm) of the emission spectra. This suggests that
the Trp is supposedly in more hydrophobic envi-
ronment. The lower quantum yield document
perturbations in the environment of Trp which
reflect conformational changes. A surface (I7)
quencher was employed to investigate the accessi-
bility of the fluorophore. The Stern—Volmer
constant (Ks,), derived from the slope of the linear
portion of the Stern—Volmer plot at low KI, can be
taken as a crude estimation of the accessibility of
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FIGURE 6 Fluorescence emission spectra of native Cp
(solid line) and H,O,-treated Cp (dotted line) dissolved in
50mM Tris—HCl, pH 7.4. The concentration of protein was
4pg/ml. Spectra were obtained using an excitation wave-
length of 280nm and excitation and emission slits of 5nm.
All spectra were corrected for a protein blank emission.
The fluorescence intensity is expressed in arbitrary units.
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TABLE II Quenching parameters for KI
quenching of Cp fluorescence

Sample K" M™H A
Cp 142 0.69
Cp +H;0, 177 0.80

#The K, constant was graphically estimated as
the initial slope from the Stern—Volmer plots.
®The fractional number of accessible fluoro-
phores (f,) was extrapolated from the modified
Stern—Volmer relationship'® with concentra-
tions of Kl ranging from 0.05 to 0.5 M.

Trp residues in protein.'””! As shown in Table II,
it slightly increased by the Cp treated with H,O,,
which confirms the increase of accessibility of Trp
residues of Cp by oxidation with H>O,. It was also
deduced from modified Stern—Volmer plots that
the value of f,, which represents the fraction of
tryptophan residues accessible to the quencher,
increased with the treatment of Cp with H;O,.
Quenching efficiency is increased in the treated
protein compared to the native Cp, and the
fraction of accessibility is increased in the treated
protein for KI, confirming that the environment
of Trp, which acts as an indicative for local con-
formation changes, is modified.

DISCUSSION

The present in vitro study demonstrates the dele-
terious effect of Cp in the presence of H,O, on
DNA strand breaks and base damage as reported
by the 8-OH-dG formation. Our data can be
interpreted in the following way: *OH generation
arises from the H,O, and the free Cu®* liberated
and/or Cu*™ exposed to the surface from the
oxidatively damaged Cp. The following lines of
evidence support the notion that Cp is a source of
Cu?* for the Fenton reaction in H,O,/ Cp:(1YaCu
chelator, DETAPAC, abolished strand breaks and
prevented the formation of 8-OH-dG in DNA;
(2) free Cu>* was released from the damaged Cp;
and (3) exogenously added free Cu* instead of
Cp augmented the generation of 8-OH-dG in

DNA. The 8-OH-dG formation and strand breaks
in DNA are known indicators of hydroxyl radical
attack on DNA. 13132 Furthermore, the protective
effect of hydroxyl radical scavenger mannitol on
the DNA damage and an increase of degradation
of 2-deoxy-D-ribose, which reflects the generation
of hydroxyl radicals, in the addition of Cp com-
pared to H,O, alone (data not shown), support the
proposal that reaction of H,O, with Cp produced
*OH. It has been proposed that Cu®" liberated
from oxidatively damaged antioxidant enzyme
CuZnSOD™ and glycated CuZnSOD"® cata-
lyzes the formation of *OH from H,O, via a
Fenton-like reaction, which resulted in the inac-
tivation of aj-protease inhibitor® and in the
oxidative damage to DNA.P**! Antioxidant
enzymes provide a substantial defense network
against the accumulation of reactive oxygen spe-
cies and Cu sequestration by binding proteins
such as Cp and MT may afford protection from
Cu-induced oxidant injury. Therefore, the dam-
age brought about by oxidative stress is expected
to be exacerbated if the antioxidant proteins them-
selves are damaged and to release a catalyst in
Fenton-type reactions.

1t has been shown that Cp induces low density
lipoprotein (LDL) oxidation in vitro, and it has
been suggested that the prooxidant activity
depends on the presence of a single chelatable
Cu atom.® Chelex-100 removes one of the seven
Cu atoms that cause oxidation of LDL."*! How-
ever, Chelex-100 treated Cp shows oxidant activ-
ity to damage DN A similar to that of untreated Cp
in the presence of H;O,. Therefore, it can be
assumed that the Cu atom specific for LDL oxida-
tion does not play a critical role in the enhanc-
ing effect of Cp on the H,O,-mediated DNA
damage. DNA damage induced by H,O,/Cp is
either mediated by other specific Cu site(s) or by
the global and nonspecific effect of various Cu
sites.

Recently, it has been suggested that during
aging, Cp is subjected to oxidative modifications,
although the oxidase activity was not signifi-
cantly altered. This is likely to be the source of
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conformational changes around the Cu sites lead-
ing to an intramolecular electron rearrangement
among the various Cu sites.®® Our results of
H,O;-treated Cp shows a similar increase of
oxidation and no significant alteration in oxidase
activity and protease susceptibility. In addition,
there are several lines of evidence obtained from
the present study, indicating that Cp treated with
H;O, induces conformational changes, as
reflected by a fluorescence change with three
contributing factors: (1) a significant decrease of
protein quantum yield; (2) a shift of emission
maximum; and (3) an increase in the accessibility
to a hydrophilic quencher, which is reflected by
the observed increase in the quenching param-
eters, K, and f,. The conformational integrity of
the Cp molecule was destroyed, and thus Cu**
became accessible from the outside, and *OH
generated could be liberated toward the outside
of the Cp molecule, which resulted in the damage
to DNA. H,O, did not alter Cp oxidase activity
significantly, indicating that either the conforma-
tional change is not gross, which can be also
implicated from the nonsignificant change in pro-
tease susceptibility, or specific Cu atoms respon-
sible for oxidase and oxidant activities may not be
the same.

In conclusion, the present results indicate that
the generation of DNA strand breaks and the
formation of 8-OH-dG within DNA may be aug-
mented by reactive oxygen species formed by the
reaction of free Cu”", released and/or exposed
from oxidatively damaged Cp and H,O,. The
release of Cu from Cu-containing proteins, such
as Cp, CuZnSOD, Cu containing MT, and amyloid
precursor protein, may serve to potentiate cell
damage by promoting Cu-dependent redox cycle
when an excess amount of O, and/or HyO, is
generated during oxidative stress.
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