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Oxidative DNA damage occurs in vivo by hydroxyl radical generated
in metal-mediated Fenton-type reactions. Cell death and mutation
caused by this DNA damage are implicated in neurodegenerative
and cardiovascular diseases, cancer, and aging. Treating these
conditions with antioxidants, including highly potent selenium
antioxidants, is of growing interest. Gel electrophoresis was used
to directly quantify DNA damage inhibition by selenium compounds
with copper and H,0,. Selenocystine inhibited all DNA damage at
low micromolar concentrations, whereas selenomethionine showed
similar inhibition at 40 times these concentrations, and 2-ami-
nopheny! diselenide showed no effect. DNA damage inhibition by
these selenium compounds does not correspond to their glutathione
peroxidase activities, and UV-vis and gel electrophoresis results
indicate that selenium—copper coordination is essential for DNA
damage inhibition. Understanding this novel metal-coordination
mechanism for selenium antioxidant activity will aid in the design
of more potent antioxidants to treat and prevent diseases caused
by oxidative stress.

Metal-mediated formation of hydroxyl radicaOH; shown
below) from hydrogen peroxide ¢8),) is the primary cause
of DNA damage and cell death under oxidative stress con-
ditions in both prokaryotésand eukaryotes, including hu-

mans?3 The reduced metal ions are regenerated by cellular (1

reductants, makingOH radical formation catalytic in vivo.
Fe" or Cu" + H,0, — Fe’" or C/¥" + OH™ + "OH

Oxidative DNA damage leads to a wide variety of condi-
tions, including cardiovascular disedseancef; neurode-
generative diseasésaand aging. Antioxidants can prevent
or ameliorate this oxidative damagé? and antioxidant sup-
plementation is of great interest for the treatment and pre-
vention of these diseas¥s!* Selenium in particular is wide-
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ly studied for its antioxidant properties: the selenium anti-
oxidant drug ebselen reduces tissue damage during stroke,
and in a 10-year clinical trial, patients taking selenium sup-
plements had 50% fewer incidences of cart€&elenium,

as selenocysteine, is required for the activity of antioxidant
enzymes such as glutathione peroxidases and thioredoxin
reductased’ Selenocysteine also coordinates to metal ions
in the active sites of formate dehydrogena%&sand [Ni-
FeSe] hydrogenasésin addition to selenoproteins, small-
molecule selenium metabolites are essential to this element’s
biological antioxidant activity*

Traditionally, quantification of the antioxidant abilities of
selenium compounds has focused on their ability to decom-
pose HO, in a manner similar to that of glutathione peroxi-
dase (GPx¥? Quantifying selenium GPx activity involves
spectroscopic measurement of theOpl decomposition in
nonacqueous solventd The focus on the GPx activity con-
fines understanding of the selenium antioxidant behavior to
neutralization of HO,, a relatively inert oxidative species
compared toOH.2* For example Escherichia colistrains
lacking catalase to neutralize,®, show no significant
increase in cell death when exposed tgOplcompared to
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Figure 1. Selenium compounds tested: selenomethionine (left), seleno-
cystine (center), and 2-aminophenyl diselenide (right).

wild-type cells, suggesting that high,€; levels alone do

not contribute to increased cell deadthespite the differences
between GPx measurements and biological conditions, De
Silva and co-workers reported that selenium compounds with
high GPx activity prevent oxidative damage to DNA,
although peroxynitrite was used instead of metal-generated
*‘OH to promote DNA damag®. The GPx measure of
selenium antioxidant activity, however, is likely oversimpli-
fied. In fact, the antioxidant activity of ebselen has also been
attributed to its faster reduction by thioredoxin reductase
instead of reduction by glutathiori@.

The focus on HO, neutralization by the GPx activity
neglects the fact that selenium can coordinate to metal ions
and potentially prevent the formation or release of the more
damagingOH radical. In light of the importance of metal-
mediated *OH radical generation and subsequent DNA
damage, our efforts have focused on directly quantifying the
inhibition of metal-mediated oxidative DNA damage by the

nicked DNA
undamaged DNA

A

Figure 2. Agarose gel showing a reduction in oxidative DNA damage
with the addition of Cé&"/ascorbic acid, bD,, and selenocystine (Se).
Lanes: (1) 1-kb ladder; (2) plasmid DNA; (3) DNA H,Oy; (4) DNA +
Se+ H,0,; (5) DNA + Cut/ascorbic acidt- H,O,; (6—10) same as lane

5 with increasing [Se] of 0.001, 0.1, 1, 10, and 29, respectively.
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Figure 3. Graph showing the inhibition of oxidative DNA damage by
selenium antioxidant compounds. U= 4 uM, [ascorbic acid}= 5 uM,
[H205] = 50 uM, and [EtOH]= 10 mM. Results shown are averages of at
least three trials, and standard deviations are indicated by error bars.
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those for C&™* (153 m\#? or ascorbic acid (58 m¥%), so

selenium compounds selenomethionine, selenocystine, andi€ither Cu nor ascorbic acid will reduce these selenium

2-aminophenyl diselenide (Figure 1). Our results confirm
metal ion coordination as a novel mechanism for selenium
antioxidant activity.

Because Clis a soft metal ion and selenium is a soft
ligand, selenium compounds should coordinate better to Cu
than the harder Pé ion.2” Furthermore, copper generates
damagingOH radical 60 times faster than #e® Thus, we

tested antioxidant effects of selenium compounds on copper-

mediated DNA damage with gel electrophoresis. A0
concentration of 5«tM was used because metal-mediated
oxidative DNA damage is fastest at this concentration.
For these experiments, metal-free plasmid DNA is com-
bined with Cd@* (4 uM), ascorbic acid (3M), and HO; at
pH 7. Given the limited stability of Cy Cl#" is reduced in
situ with ascorbic acid. Ethanol (10 mM) is also added to
simulate organic molecules present in a cell that could react
with *OH. The*OH radical generated by CIH,O, cleaves
(or “nicks”) one DNA strand, causing the normally super-
coiled plasmid DNA to unwind. The degree of DNA damage

compounds.

For the gel shown in Figure 2, selenocystine was combined
with Cl?™ and ascorbic acid for 5 min prior to DNA addition.
Once DNA was added, the reaction was again allowed to
stand for 5 min before adding.B.. The oxidative damage
reactions continued for 30 min and were then quenched by
the addition of ethylenediaminetetraacetic acid to chelate the
copper. Agarose gels were run, visualized with ethidium, and
the DNA band intensities were quantifi&dis seen in Figure
2, lanes 2 and 3, #D, alone does not damage DNA in the
absence of Cly although such kD, concentrations readily
kil E. colil In this experiment, 25uM selenocystine
completely inhibits oxidative DNA damage (Figure 2, lane
10) caused by copper-generat&H radicals.

A comparison of DNA damage inhibition for the three
selenium compounds is shown in Figure 3. Selenocystine
and selenomethionine inhibit 99% of the DNA damage at
25 and 1000uM, respectively, whereas 2-aminophenyl
diselenide does not inhibit DNA damage under these

is assessed using electrophoresis to separate the damagexpnditions. More dramatically, 1M selenocystine inhibits

and undamaged forni8 Adding a selenium antioxidant inhi-
bits DNA damage, so the antioxidant potential of these com-
pounds can be quantified and directly compared. Reduction
potentials (vs NHE) of selenocystine-488 m\#% and 2-
aminopheny! diselenide{654 m\#) are much lower than

96% of the DNA damage, compared to only 46% damage
inhibition observed for 1M selenomethionine.

Most importantly, these results demonstrate that selenium
antioxidants significantly inhibit DNA damage at biologically
relevant (low micromol&P) selenium concentrations. Sele-
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Figure 4. UV —uvis spectra of selenocystine (14K1), Cu?*/ascorbic acid
(58 and 73uM, respectively), and Cli/ascorbic acidt+ selenocystine in

water (pH 7). The addition of selenocystine to ascorbic acid results in no

change in the UV-vis absorbance (not shown).

nomethionine, which is used as a selenium supplethbat
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Figure 5. Agarose gel with Cu(bipy§" (bipy = 2,2-bipyridine) and
ascorbic acid showing no decrease in oxidative DNA damage upon the
addition of selenocystine (Se). Lanes: (1) 1-kb ladder; (2) plasmid DNA,;
(3) DNA + H,O2; (4) DNA + Hz0, + Se; (5) DNA+ H,0; + Cu(bipyy?t/
ascorbic acid; (610) same as lane 5 with increasing [Se] of 0.001, 0.1, 1,
10, and 25:M, respectively.

reduced by ascorbic acid to Cu(bipy) and this Cu

is not capable of strong metal binding, shows less ability to complex causes DNA damage in the presence gD.H

inhibit DNA damage than the potentially metal binding

(Figure 5). The bidentate bipy ligands, however, completely

diselenide, selenocystine. The different behavior of seleno-coordinate the copper ion, leaving no possible site for a
cystine and 2-aminophenyl diselenide demonstrates thatselenium compound to bind. Indeed, the Y¥s spectrum
substituents on the selenium substantially alter the antioxidantof Cu(bipy}** with ascorbic acid does not show any
activity. Studies to determine the effect of various substit- significant change upon addition of selenocystine (data not

uents on the ability of selenium compounds to inhibit
oxidative DNA damage are currently underway.
To compare these DNA damage inhibition results with

shown), indicating that selenocystine does not coordinate to
Cu(bipy)*. Figure 5 shows the gel electrophoresis experi-
ment under the same conditions as those used for the gel

GPx activities, we measured the GPx activity for the three shown in Figure 2 but with 5@M Cu(bipy),*" as the copper

selenium compounds in Figure312-Aminophenyl disele-

source and 6&M ascorbic acid.

nide and selenocystine had GPx activities 7.5 and 2.2 times As can be seen in Figure 5, lane 4, the addition of Cu-
that of selenomethionine, respectively. Based on GPx activity (bipy)**/ascorbic acid, kD, (50uM), and ethanol (10 mM)
measurements, 2-aminophenyl diselenide should be the mostesults in largely nicked DNA. Upon the addition of
potent antioxidant, a result clearly not supported by DNA selenocystine (lanes-6L0), no inhibition of DNA damage
damage inhibition studies. Thus, oxidative DNA damage was observed. The sharp contrast between selenocystine

inhibition by selenium compounds is significantly different

from the GPx antioxidant mechanism and should be con-

antioxidant behavior with Cuand the fully chelated Cu-
(bipy),™ demonstrates that metal coordination is required for

sidered a novel alternate mechanism for selenium antioxidantthe antioxidant effects of selenocystine.

activity.

Importance of Metal Coordination on the Selenium
Antioxidant Activity . Because selenocystine greatly inhibits
oxidative DNA damage by copper ang®, we examined
the reactivity of selenocystine with €y UV—vis spec-
troscopy. The UV-vis spectra of both Ct/ascorbic acid

These experiments establish that selenium compounds
prevent oxidative DNA damage from copper-generatd
radical at biologically relevant concentrations and that the
observed oxidative DNA damage inhibition requires sele-
nium—metal coordination. In addition, the observed DNA
damage inhibition by these selenium compounds contrasts

and selenocystine in water are shown in Figure 4. Upon the with traditional GPx measurements for selenium antioxidant

addition of a Cé'/ascorbic acid solution to selenocystine, a
large absorption band is observég{ = 235 nm). Similar
absorption bands are not observed whef"@scorbic acid

activity. Understanding this novel metal-coordination mech-
anism for the selenium antioxidant activity will aid in the
development of more effective selenium antioxidants to

solutions are combined with 2-aminophenyl diselenide or prevent and treat diseases caused by oxidative stress.

selenomethionine (Supporting Information). The lack of
change in the UV+vis spectra for the selenomethioninefCu
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