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Metal-catalyzed oxidation reactions target amino acids in the
metal binding pocket of proteins. Such oxidation reactions gen-
erally result in either preferential degradation of the protein or
accumulation of a catalytically inactive pool of protein with age.
Consistently, levels of oxidized proteins have been shown to
increase with age. The segmental, progeroid disorder Werner
syndrome results from loss of the Werner syndrome protein
(WRN).WRN is a member of the RecQ family of DNA helicases
and possesses exonuclease and ATP-dependent helicase activi-
ties. Furthermore, each of the helicase and exonuclease domains
of WRN contains a metal binding pocket. In this report we
examined formetal-catalyzed oxidation ofWRN in the presence
of iron or copper. We found that WRN was oxidized in vitro by
iron but not by copper. Iron-mediated oxidation resulted in the
inhibition of both WRN helicase and exonuclease activities.
Oxidation ofWRN also inhibited binding to several known pro-
tein partners. In addition, we did not observe degradation of
oxidizedWRNby the 20 S proteasome in vitro. Finally, exposure
of cells to hydrogen peroxide resulted in oxidation of WRN in
vivo. Therefore, our results demonstrate that WRN undergoes
metal-catalyzed oxidation in the presence of iron, and iron-me-
diated oxidation of WRN likely results in the accumulation of a
catalytically inactive form of the protein, which may contribute
to age-related phenotypes.

Many age-related changes are proposed to be a consequence
of oxidative damage. Reactive oxygen species react with all
three of the major cellular macromolecules: nucleic acids, lip-
ids, and proteins. Many of the reactions mediated by reactive
oxygen species result in the introduction of carbonyl groups to
amino acid side chains in the protein, and the steady-state level
of carbonyl-containing proteins increases exponentially during
the last third of animal life spans (1), so that half of all proteins
may become oxidized in an 80-year-old human (2). Within the

protein, either the peptide or the side chain may be targeted.
The protein may be cleaved to yield lower molecular weight
products, or it may be cross-linked to give higher molecular
weight species (1). These reactions are frequently influenced by
redox cycling metal cations, especially iron or copper.
Both copper and iron are ubiquitous metals within the cell

and are present in many enzymes and proteins. As transition
elements, their ionic forms are prone to one-electron transfer
reactions and thus enable iron and copper to generate radical
species (3). For example, copper and iron participate in the
Fenton reaction, in which the very reactive hydroxyl radical is
generated. Compared with copper, the abundance of iron and
the availability of loosely bound iron makes it the more likely
source of hydroxyl radicals in biological systems (4, 5). Metal-
catalyzed oxidation is a site-specific process in which only one
or a few amino acids in the metal binding site of a protein are
preferentially oxidized (6). For example, kinases and other
nucleotide-binding proteins with manganese or magnesium
requirements are predictably oxidized in a site-specific fashion
(7). As with low molecular weight chelators, iron and copper
bind to divalent cation sites with an affinity that is orders of
magnitude greater than manganese or magnesium, thus
explaining why even submicromolar concentrations of iron or
copper can out-compete magnesium or manganese (8). The
biological significance ofmetal-catalyzed oxidation reactions is
that oxidatively modified proteins are often targeted for degra-
dation, and failure to remove the modified proteins creates an
intracellular pool of catalytically inactive or less active proteins,
such as occurs with age (6).
Werner syndrome is a disorder characterized by premature

aging.Werner syndrome patients appearmuch older than their
chronological age and display many clinical features of normal
aging, including cataracts, graying and thinning of the hair, type
II diabetes, atherosclerosis, osteoporosis, and an increased inci-
dence of sarcomas (9). Consistent with an aging phenotype,
cells from Werner syndrome patients also have elevated levels
of oxidized proteins (10). The gene mutated in Werner syn-
drome encodes a 1432-amino acid protein,WRN (Werner syn-
drome protein),3 belonging to the human RecQ family of DNA
helicases. Specifically, RecQmembers belong to the SF2 super-
family of helicases, which contain a set of seven conserved
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motifs (11, 12). Motifs I and II (Walker A and B boxes) contain
amino acid residues important for ATP andmetal binding (13).
In addition toATP-dependent helicase activity,WRN is unique
among human RecQ family members in that it also possesses
exonuclease activity. The exonuclease domain comprises three
motifs (Exo I, Exo II, and Exo III) characteristic of the RNase D
family of DNAproofreading enzymes (14). A protease-resistant
core exonuclease domain (amino acids 38–236) of WRN was
recently crystallized (15). The crystal structure reveals that two
metal ions are bound in the active site (15), consistent with

previously published alignments
(14, 16). In fact, the metal binding
pocket of the WRN exonuclease
domain is able to accommodate two
magnesium (Mg2�), two manga-
nese (Mn2�), or two lanthanide
(Eu3�) ions (15).
WRN requires divalentmetals for

catalytic activity, and metal-cata-
lyzed oxidation usually impairs or
abolishes the catalytic activity of
enzymes (7). Thus, oxidative modi-
fication ofWRNwould likely impair
both helicase and exonuclease activ-
ities. Because the cellular accumula-
tion of oxidatively modified pro-
teins increases during aging (1) the
net result would be a decrease in
WRN activity, which could contrib-
ute to the aging phenotype. We
therefore examined the susceptibil-
ity ofWRN tometal-catalyzed oxi-
dation and then the ability of
oxidatively modified WRN to
function catalytically, to interact
with other proteins, as well as its
susceptibility to degradation by the
proteasome.

EXPERIMENTAL PROCEDURES

Materials—Synthetic oligonucleo-
tides were purchased from Midland
CertifiedReagentCo.Cupric chloride
(copper, Cu2�) and ferric chloride
(iron, Fe3�) were from Sigma.
Recombinant humanWRNwas puri-
fied as described previously (17),
except that bovine serum albumin
(BSA)andglycerolwereomitted from
the final storage buffer. Recombinant
human TRF2 (telomere repeat bind-
ing factor 2) was purified as described
previously (18). The Ku70/Ku80
heterodimer (Ku)was a gift fromDr.
Dale Ramsden (Chapel Hill, NC)
and poly(ADP-ribose) polymerase 1
(PARP-1) was a gift fromDr. Gilbert
de Murcia (Strasbourg, France).

The 20 S proteasome was purified from rat liver and assayed as
described (19).
ProteinOxidationReactions—Purified recombinantWRN (500

ng)was incubated inoxidationbuffer (50mMHEPES (pH7.4), 100
mM KCl, 10 mM MgCl2, and 10 mM dithiothreitol (DTT)) in the
absence or presence of iron (2–50 �M) or copper (2–50 �M, Fig. 1
only) in a final volume of 20�l for 30min at 37 °C. Reactionswere
terminated by the addition of 2 �l of 22 mM EDTA (2 mM final).
OxidizedWRNwas then used for determination of carbonyl con-
tent or enzymatic activity assays as described below.

FIGURE 1. WRN is oxidized in vitro by iron but not by copper. A, recombinant WRN was incubated with 10 mM

DTT in the absence (lane 7) or presence (lanes 1– 6) of 25 �M copper at 37 °C for 0 –180 min as indicated. Samples
were run on SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and blotted with anti-DNP anti-
bodies (upper panel). Membranes were stripped and reprobed with anti-WRN antibodies (lower panel). Mito-
chondrial extracts (lane 8) were loaded on the gel as a positive control for oxidized proteins (anti-DNP).
B, samples were treated as in A, except that WRN was incubated in the absence (lane 7) or presence (lanes 1– 6)
of 25 �M iron. C, samples were treated as in B, except that WRN was incubated in the absence (lane 8) or
presence (lanes 1–7) of 25 �M iron for 0 – 60 min as indicated. Lane 9, mitochondrial extracts. WB, Western blot.
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Protein Carbonyl Detection—Protein carbonyl groups were
detected using the OxyBlot protein oxidation detection kit
(Intergen, now Millipore) according to the manufacturer’s
instructions. Briefly, aliquots (5 �l) from protein oxidation
reactions (�115 ng of WRN) were incubated with 12% SDS (5
�l) and 2,4-dinitrophenylhydrazine (10 �l) for 15 min at room
temperature. Subsequently, neutralization solution (7.5�l) was
added. Alternatively, 5 �l of mitochondrial extract (1 �g/�l)

was derivatized as described above.
Samples were then analyzed by
Western blotting.
Western Blotting—Proteins were

separated by SDS-PAGE (10%) and
transferred onto a polyvinylidene
difluoride membrane (Bio-Rad).
After blocking with 2.5% nonfat
milk in phosphate-buffered saline
containing 0.1% Tween 20 (PBS-T)
for 1 h at room temperature, the
membrane was incubated overnight
at 4 °C with rabbit anti-dinitrophenyl
(DNP) antibodies (Dako, 1:1000).
After washing with PBS-T, the mem-
brane was incubated with the corre-
sponding horseradish peroxidase-
conjugated secondary antibodies
(VectorLaboratories, 1:10,000) for1h
at room temperature. Antigen-anti-
body complexes were detected by
enhanced chemiluminescence using
ECL Plus (Amersham Biosciences).
Membranes were stripped (62.5 mM
Tris (pH 6.8), 2% SDS, and 100 mM
2-mercaptoethanol for 30 min at
50 °C) and reprobedwithmouse anti-
WRN antibodies (BD Biosciences,
1:250).
For quantitative immunodetec-

tion, polyvinylidene difluoride mem-
branes were blocked for 1 h at
room temperature with Odyssey
blocking buffer (LI-COR Bio-
sciences) and incubated overnight
at 4 °C with rabbit anti-DNP anti-
bodies (Dako, 1:2000), mouse anti-
WRN antibodies (BD Biosciences,
1:400), or anti-DNP and anti-WRN
antibodies. After washing with
PBS-T, we employed either Alexa
Fluor 680 goat anti-rabbit (Invitro-
gen, 1:10,000) or IRDye 800 goat
anti-mouse (LI-COR Biosciences,
1:10,000) secondary antibodies
labeled with dyes that fluoresce in
the infrared region. Fluorescence
was measured with an infrared laser
imager (Odyssey, LI-COR Bio-
sciences). Unoxidized WRN served

as the protein standard and oxidatively modified glutamine
synthetase with known carbonyl content served as the carbonyl
standard (20).
ImmunoprecipitationAssays—HeLa cellswere pretreated for

1 h in the absence or presence ofMG-132 (20�M) in serum-free
medium (Dulbecco’s modified Eagle’s medium containing only
glutamine, penicillin, and streptomycin). Subsequently, cells
were incubated in the absence or presence of 250 �M hydrogen

FIGURE 2. Effect of iron concentration on metal-catalyzed oxidation of WRN. A, recombinant WRN was
incubated for 20 min at 37 °C with 10 mM DTT in the absence (lane 1) or presence (lanes 2–7) of increasing
concentrations of iron as indicated. Samples were run on SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, and blotted with anti-DNP antibodies (left panel). Membranes were stripped and
reprobed with anti-WRN antibodies (right panel). Lane 8, mitochondrial extracts. B, samples treated as in
A were probed with anti-DNP (left panel), anti-WRN (middle panel), or both anti-DNP and anti-WRN anti-
bodies (right panel). Membranes were then incubated with fluorescent secondary antibodies. C, corre-
sponding signals from B were analyzed using the Odyssey infrared imager and associated software and
quantitated as described under “Experimental Procedures.” The average of two independent experiments
is shown. WB, Western blot.
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peroxide (H2O2) for an additional
hour. Cells were washed twice with
ice-cold PBS, scraped, and pelleted.
Whole cell extracts were prepared
by incubating cells in lysis buffer (50
mM Tris (pH 7.4), 150 mM NaCl, 1
mM diethylene triamine pentaacetic
acid, 1% Nonidet P-40, 10 mMDTT,
1 mM phenylmethylsulfonyl fluo-
ride, and 1 �g/ml pepstatin, aproti-
nin, and leupeptin) for 30 min on
ice. Lysates were centrifuged at
15,000� g for 20min at 4 °C. Super-
natants were precleared with pro-
tein A-Sepharose beads for 10 min
at 4 °C. Extracts were incubated
with either rabbit anti-WRN
(H-300, Santa Cruz Biotechnology)
or rabbit IgG (Santa Cruz Biotech-
nology) overnight at 4 °C. Protein
A-Sepharose was added to each
sample and incubated for 2 h at 4 °C.
Samples were centrifuged and
washed four times with lysis buffer.
Bound proteins were derivatized as
described above except that 10 �l of
12% SDS, 20 �l of 2,4-dinitrophe-
nylhydrazine, and 15 �l of neutral-
ization solution were used. Samples
were eluted by boiling for 5 min and
analyzed by SDS-PAGE and West-
ern blotting usingmouse anti-WRN
antibodies (BD Biosciences, 1:250)
or goat anti-DNP antibodies (Sigma,
1:500).
Helicase Assays—Oligonucleo-

tide 22Fork 3 (5�-TTTTTTTTTTT-
TTTTGAGTGTGGTGTACATG-
CACTAC-3�) was 5�-end-labeled
with [�-32P]ATP and T4 polynucle-
otide kinase (New England Biolabs)
and annealed to its complementary
strand, 22Fork 4 (5�-GTAGTGCA-
TGTACACCACACTCTTTTTTT-
TTTTTTTT-3�). Reactions (20 �l)
were performed in helicase reaction
buffer (40 mM Tris (pH 8), 10 mM
MgCl2, 5 mM DTT, and 0.1 �g/�l
BSA) and contained DNA substrate
(50 fmol), 2mMATP, andWRN (1.5
�l of a 1:10 dilution from the oxida-
tion reaction as described above).
Samples were incubated for 15 min
at 37 °C and terminated by the addi-
tion of stop dye (16mM EDTA, 0.3%
SDS, 13% glycerol, 0.05% xylene
cyanol, and 0.05% bromphenol
blue). Reaction products were run
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on a 12% nondenaturing polyacrylamide gel, visualized using a
PhosphorImager, and quantitated using ImageQuant software.
ATPase Assays—ATPase reactions (10�l) were performed in

helicase reaction buffer containing M13mp18 DNA cofactor
(150 ng), [�-32P]ATP (1 �Ci), ATP (50 �M), and WRN (2 �l
from the oxidation reaction described above, 279 fmol of
WRN). Reactions were incubated for 30 min at 37 °C and ter-
minated by the addition of 5 �l of 0.5 M EDTA. Samples were
separated on a polyethylenimine/cellulose thin layer chroma-
tography plate (Mallinckrodt Baker, Inc.) and developed in 1 M

formic acid/0.8 M LiCl. Radioactive products were visualized
using a PhosphorImager and quantitated using ImageQuant
software.
ExonucleaseAssays—Oligonucleotide 34ForkA (5�-TTTTT-

TTTTTTTTTTAGGGTTAGGGTTAGGGTTAGGGCATG-
CACTAC-3�) was 5�-end-labeled with [�-32P]ATP and T4
polynucleotide kinase (New England Biolabs) and annealed to
its complementary strand 34Fork B (5�-GTAGTGCATGCCC-
TAACCCTAACCCTAACCCTAATTTTTTTTTTTTTTT-
3�). Exonuclease reactions (10 �l) were performed in helicase
reaction buffer containingDNAsubstrate (25 fmol), 2mMATP,
and WRN (2 �l of a 1:10 dilution from the oxidation reaction
described above). Samples were incubated for 15 min at 37 °C
and terminated by the addition of formamide stop dye (80%
formamide, 0.5�Tris borate-EDTAbuffer, 0.1% xylene cyanol,
and 0.1% bromphenol blue). Reaction products were heat dena-
tured for 5 min at 95 °C, run on a 14% denaturing polyacrylam-
ide gel, visualized using a PhosphorImager, and quantitated
using ImageQuant software.
Enzyme-linked Immunosorbent Assay—The enzyme-linked

immunosorbent assay was performed as described previously
(21). Briefly, 500 fmol of Ku, PARP-1, or TRF2 was diluted in
carbonate buffer and coated onto wells overnight at 4 °C.Wells
were washed and incubated with blocking buffer (PBS, 2% BSA,
and 0.1% Tween 20) for 1 h at 37 °C. Aliquots (3.5 �l, 500 fmol
of WRN) from oxidation reactions were then added to the cor-
responding wells in a buffer containing PBS, 2% BSA, and 0.1%
Tween 20 and incubated for 90 min at 37 °C. Wells were incu-
bated with rabbit anti-WRN antibodies (Novus Biologicals,
1:1000) for 1 h at 37 °C followed by anti-rabbit secondary anti-
bodies (Vector Laboratories, 1:10,000) for 1 h at 37 °C. Bound
WRN was detected with o-phenylenediamine dihydrochloride
followed by termination with 3 M H2SO4. Absorbance was read
at 490 nm.

RESULTS

We first determined whether WRN underwent metal-cata-
lyzed oxidation in vitro. We incubated purified recombinant
WRN and DTT in the absence or presence of 25 �M copper or
iron for up to 180 min. As shown in Fig. 1, WRN was not oxi-
dized by copper during a 180-min incubation period (Fig. 1A,
upper panel, lanes 2–6). Mitochondrial extracts served as a
positive control for protein carbonyls (Fig. 1A, lane 8). Mem-
branes were then stripped and reprobed with anti-WRN anti-
bodies. Full-length WRN was observed in all lanes (Fig. 1A,
lower panel, lanes 1–7). In addition, a slower migrating band
was observed after a 180-min incubation in the presence of
copper andDTT, indicative of protein cross-links or aggregates
resulting from protein oxidation (Fig. 1A, lower panel, lane 6).
However, as mentioned above, no signal was observed with
anti-carbonyl antibodies (Fig. 1A, upper panel, lane 6), suggest-
ing a limited amount of carbonyl groups or other forms of oxi-
dation. In contrast to the results observed with copper, we
observed a strong anti-carbonyl signal after incubation ofWRN
with iron and DTT for 30 min (Fig. 1B, upper panel, lane 2).
Notably, the anti-carbonyl signal shifted to a higher molecular
weight compared with the 0-min time point (Fig. 1B, upper
panel, compare lanes 1 and 2). The anti-carbonyl signal was lost
with longer incubation times (Fig. 1B, upper panel, lanes 3–6),
which also corresponded to a loss ofWRNprotein (lower panel,
lanes 3–6). The loss of WRN required iron, as WRN was
observed in the presence of DTT alone after 180 min (Fig. 1B,
lower panel, lane 7). Extensive oxidative modification of pro-
teins is known to cause aggregation (Fig. 1C), which can even-
tually yield proteins that are SDS-insoluble (1) and explain the
loss ofWRN observed here. Because metal-catalyzed oxidation
of WRN occurred within 30 min, but loss of WRN occurred at
60 min, we next took samples every 10 min over a 60-min time
period. As shown in Fig. 1C, the anti-carbonyl signal increased
at 10 min (upper panel, lane 2, note smear), was maximal after
30 min (upper panel, lane 4), and began to decrease by 40 min
(upper panel, lane 5). WRN again shifted to a higher molecular
weight product with incubation times between 10 and 40 min,
with a maximal signal and shift at 30 and 40 min (Fig. 1C, lower
panel). Thus, WRN undergoes iron-mediated metal-catalyzed
oxidation.
We next investigated the effect of iron concentration on the

metal-catalyzed oxidation. WRN was incubated with 0–50 �M

iron in the presence of DTT. As shown in Fig. 2A, increasing

FIGURE 3. Oxidation of WRN inhibits its catalytic activities. A, purified recombinant WRN was incubated in the absence or presence of iron (0 –50 �M) for 30
min at 37 °C. Subsequently, aliquots (containing 21 fmol of WRN) were taken from each reaction and incubated with a radiolabeled forked duplex substrate
(Fork 3/4, 50 fmol) for 15 min at 37 °C. Reaction products were separated on a 12% native gel and visualized using a PhosphorImager. Lane 1, substrate alone.
Lane 9, heat-denatured substrate. Quantitation (mean � S.D.) of four independent experiments is shown in the right panel. B, oxidation reactions were
performed as in A, and aliquots (containing 279 fmol of WRN) from each reaction were incubated with M13mp18 DNA cofactor and radiolabeled ATP for 15 min
at 37 °C. Reaction products were separated by thin layer chromatography and visualized using a PhosphorImager. Lane 1, DNA cofactor and radiolabeled ATP
only. Quantitation (mean � S.D.) of three independent experiments is shown in the right panel. C, oxidation reactions were performed as in A, and aliquots
(containing 28 fmol of WRN) from each reaction were incubated with a radiolabeled forked duplex substrate (Fork A/B, 25 fmol) for 15 min at 37 °C. Reaction
products were separated on a 14% denaturing gel and visualized using a PhosphorImager. Lane 1, substrate alone. Quantitation (mean � S.D.) of four
independent experiments is shown in the right panel. D, oxidation reactions were performed as in A, except purified recombinant WRN was omitted. Aliquots
from each reaction were incubated for 15 min at 37 °C with a radiolabeled forked duplex substrate (Fork 3/4, 50 fmol) and 21 fmol of WRN as indicated for
helicase reactions (left panel) or with a radiolabeled forked duplex substrate (Fork A/B, 25 fmol) and 31 fmol of WRN as indicated for exonuclease reactions (right
panel). Helicase and exonuclease reaction products were analyzed as described in A and C, respectively. Left panel: lane 1, substrate alone; lane 9, heat-
denatured substrate. Right panel: lane 1, substrate alone.
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iron resulted in an increase in protein carbonyl in full-length
WRN as well as higher molecular weight species detected with
anti-carbonyl antibodies (left panel). Consistently, increasing
iron resulted in a decrease in the full-lengthWRN form and an
increase in shifted products (Fig. 2A, right panel). In addition,
we incubatedmembranes either individually or simultaneously
with anti-WRN and anti-carbonyl antibodies followed by incu-
bation with fluorescent secondary antibody (Fig. 2B), allowing
quantitation of protein carbonyl in WRN (Fig. 2C). Incubation
with 50 �M iron resulted in �1 carbonyl group per WRNmol-
ecule. As protein carbonyls are only one measurement of pro-
tein oxidation, our results likely underestimate the extent of
WRN oxidation.
Metal-catalyzed oxidationwithin proteins is a caged free rad-

ical reaction that oxidizes amino acids at or near the metal
binding pocket. As WRN contains metal binding pockets that
are critical for catalytic activities, we next explored whether
oxidation affects WRN helicase, ATPase, or exonuclease activ-
ities. WRN possesses seven conserved helicase motifs, which
reside in the central portion of the protein (amino acids 545–
740). The crystal structure of Escherichia coli RecQ shows a
metal ion in the predicted ATP binding site in which the ion
makes contacts with Ser-54 and Asp-146 of motifs I and II,
respectively (22). To investigate the effects of metal-catalyzed
oxidation onWRNhelicase activity, we incubated recombinant
WRN in the absence or presence of iron, terminated the oxida-
tion reaction with EDTA, and subsequently performed
unwinding assays. We observed that metal-catalyzed oxidation
of WRN caused loss of helicase activity (Fig. 3A). Incubation of
WRNwith 10 or 25 �M iron inhibitedWRN helicase activity 61
and 78%, respectively (Fig. 3A, right panel). As WRN helicase
activity requires ATP hydrolysis, we next quantitated WRN
ATPase activity following oxidation in the presence of iron. In
contrast to the helicase assays, oxidation of WRN did not have
as great an inhibitory effect on ATPase activity (Fig. 3B). Incu-
bation ofWRNwith 10 and 25�M iron inhibitedWRNATPase
activity 9 and 41%, respectively (Fig. 3B, right panel). We next
determined the effect of WRN exonuclease activity following
metal-catalyzed oxidation in the presence of iron. The three
exonuclease domains of WRN reside in the N terminus of the
protein and the active site contains twometal ions (15). Similar
to what was observed with WRN helicase assays, oxidation
inhibitedWRNexonuclease activity 46 and 72% in the presence
of 10 and 25 �M iron, respectively (Fig. 3C, right panel).

We added EDTA to stop reactive oxygen species generation
after oxidation of WRN, but some reactive oxygen species
might still have been produced during the subsequent enzyme
assay. If so, they could oxidize the DNA, which was added as a
substrate, and oxidized DNA has been shown to inhibit WRN
exonuclease activity (23). Thus, we determined whether inhibi-
tion ofWRN catalytic activity was the result of oxidation of the
polypeptide itself or of the DNA substrate. We performed oxi-
dation reactions in the absence of WRN and then added ali-
quots to helicase and exonuclease assays in the presence of
unoxidized WRN. As shown in Fig. 3D, neither helicase nor
exonuclease activities were modulated.We conclude that iron-
catalyzed oxidation inhibits helicase and exonuclease activities
through direct oxidation of WRN itself.

Based on the inhibitory effects of oxidation onWRNcatalytic
activities, we next explored whether iron-mediated oxidation
affects binding of WRN to its protein partners. We employed
enzyme-linked immunosorbent assays to measure binding of
WRN to Ku (Fig. 4A), PARP-1 (Fig. 4B), or TRF2 (Fig. 4C) fol-

FIGURE 4. Oxidation inhibits binding of WRN to its protein partners in
vitro. Wells were coated with the following purified recombinant proteins
(500 fmol/well): Ku (A), PARP-1 (B), or TRF2 (C). After blocking with BSA, wells
were incubated with recombinant WRN (500 fmol/well) from oxidation reac-
tions (0 –50 �M iron). Bound WRN was detected with anti-WRN antibodies
followed by colorimetric analysis. Results represent the mean � S.D. of three
independent experiments.
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lowing incubation in the absence or presence of increasing con-
centrations of iron. Incubation of WRN with 10 or 25 �M iron
inhibited binding of WRN to protein partners �25 and 50%,
respectively (Fig. 4). Thus, oxidation ofWRN in the presence of
iron also inhibits binding of WRN to its protein partners.

Protein oxidation typically perturbs the normal folding of the
polypeptide. This misfolding may be recognized by the 20 S
proteasome, which removes oxidatively modified proteins
without ATP and without a requirement for ubiquitinylation
(24). Thus, wemeasured the extent ofWRNdegradation by the
20 S proteasome following iron-mediated oxidation. Addition
of the 20 S proteasome resulted in a slight degradation ofWRN
in the absence of iron (Fig. 5, lanes 1 and 2). However, incuba-
tion of WRN in the presence of increasing concentrations of
iron and then subsequent incubation with the 20 S proteasome
did not result in any further increased degradation (Fig. 5).
Therefore, our results suggest that oxidized WRN is not tar-
geted for degradation by the 20 S proteasome in vitro.
Next we sought to determine whether WRN is oxidized in

vivo and whether increased oxidative stress results in accumu-
lation of oxidativelymodified protein. Therefore, we pretreated
cells with the proteasome inhibitor MG-132. Subsequently,
cells were exposed to H2O2. As shown in Fig. 6, both MG-132
and H2O2 treatment resulted in increased protein carbonyls,
compared with untreated cells, as determined by anti-DNP
antibodies (Input, lower panels). In addition, MG-132 or H2O2
treatment resulted in a lowermolecular weightWRN species in
immunoprecipitates compared with untreated cells (Fig. 6,
upper left panel). Treatment of cells with MG-132 and H2O2
also resulted in a higher molecular weight WRN species in
immunoprecipitates (Fig. 6, upper left panel). Furthermore,
probing the WRN immunoprecipitates with anti-DNP anti-
bodies resulted in increased protein carbonyl signals in samples

exposed to MG-132 or H2O2 com-
pared with untreated samples (Fig.
6, lower left panel). Thus, our results
demonstrate that WRN can be
modified oxidatively in vivo as
determined by increased protein
carbonyls following treatment of
cells with H2O2 and proteasome
inhibitor. Because purified 20 S pro-
teasomedid not initiate degradation
of oxidatively modified WRN in
vitro, other factors present in vivo
are likely required. These could be
an additional protease, a chaperone,
or the regulatory cap present in the
26 S proteasome. The appearance of
a lower molecular weight form of
WRN following treatment with
H2O2 or the proteasome inhibitor is
consistent with a requirement for
another protease to initiate degra-
dation of WRN, as has been pro-
posed for degradation of z-bands
(25).

DISCUSSION

In this report we have demon-
strated thatWRN undergoes metal-
catalyzed oxidation in a time- and
concentration-dependent manner

20S proteasome

0 5 10 25Iron (µM)

1 2 3 4 5 6 7 8

FIGURE 5. Oxidized WRN is not degraded by the 20 S proteasome. Recom-
binant WRN was incubated in the absence or presence of iron as indicated for
30 min at 37 °C. Subsequently, samples were incubated in the absence (lanes
1, 3, 5, and 7) or presence (lanes 2, 4, 6, and 8) of the 20 S proteasome for 1 h at
37 °C. Samples were run on SDS-PAGE, transferred to a polyvinylidene diflu-
oride membrane, and blotted with anti-WRN antibodies. Results are repre-
sentative of three independent experiments.

FIGURE 6. WRN is oxidized in vivo. HeLa cells were pretreated with MG-132 (20 �M) as indicated for 1 h.
Subsequently, cells were incubated in the absence or presence of H2O2 (250 �M) as indicated for an additional
1 h. Whole cells extracts were prepared and incubated with either anti-WRN antibodies (left panels) or control
IgG (right panels). Immunoprecipitates (IP) were analyzed by SDS-PAGE, and Western blotting (WB) was per-
formed with anti-WRN (upper panels) or anti-DNP (lower panels) antibodies. Input is 2%. Molecular weight
markers are indicated on the left. Results are representative of two independent experiments.
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in vitro. This reactionwasmediated preferentially by iron, com-
pared with copper. In addition, WRN was oxidized in vivo fol-
lowing exposure of cells to H2O2. Furthermore, we have shown
that oxidative modification converts WRN to a form with
impaired enzymatic activity andwith impaired ability to partic-
ipate in protein-protein interactions. Thus, cells that accumu-
late this post-translationally modified WRN could have func-
tional defects similar to those observed in Werner syndrome
patients, in which mutations in theWRN gene result in loss of
WRN expression. Consistently, oxidative modification of
fibrinogen has been shown previously to cause a functional
impairment in clot formation akin to that seen in inherited
dysfibrinogenemia (26).
WRN contains metal binding pockets within both ATPase/

helicase and exonuclease motifs as mentioned previously.
Thus, the specificity of the oxidative modification of WRN is
understandable as metal-catalyzed oxidation is not a random
event. It is site-specific as a consequence of the binding of diva-
lent cations to metal binding site(s) within proteins (1, 27).
Choudhary et al. (28) found that iron and copper very effec-
tively inhibited WRN helicase activity compared with other
metals at the same concentration (10 �M). In addition, iron was
more effective than copper in inhibitingWRNunwinding reac-
tions at even lower concentrations. Consistently, we observed
that iron-catalyzed oxidation of WRN resulted in inhibition of
ATPase, helicase, and exonuclease activities to various extents.
The relative preservation of WRN ATPase activity in the pres-
ence of iron is not surprising because the reaction it catalyzes is
only one component of the overall helicase reaction. For WRN
helicase and exonuclease activities, itmay be that a greater frac-
tion of helicase activity is lost comparedwith exonuclease activ-
ity at low iron concentrations. For example, in the presence of
10 �M iron, WRN helicase activity was inhibited 61%, whereas
exonuclease activity was inhibited 46% (Fig. 3, A and C). The
potential physiological or regulatory significance of such differ-
ential inhibition as a result of oxidation remains to be deter-
mined. Taken together, our observations that iron was more
effective than copper in oxidizingWRN in vitro, and that iron-
catalyzed oxidation ofWRN resulted in decreased helicase and
exonuclease activities, and the greater abundance and availabil-
ity of intracellular iron, suggest that WRN is likely oxidized
by iron in vivo and this oxidation will result in inhibition of
the enzymatic activities of WRN. Similarly, mitochondrial
DNA polymerase � has been shown to be oxidized in vitro
and in vivo (29). Oxidation of the catalytic subunit of DNA
polymerase � resulted in decreased polymerase activity,
whichmay lead to decreasedmitochondrial DNA replication
and repair capabilities.
As WRN has been suggested to participate in DNA replica-

tion, recombination, repair, and telomere maintenance, metal-
catalyzed oxidation may inhibit the role of WRN in these pro-
cesses, leading to genome instability. For example, WRN has
been shown to physically interact with Ku (30), and this inter-
action stimulates WRN exonuclease activity (30–32). The par-
ticipation of Ku in the repair of DNA double strand breaks
suggests that WRNmay be important for DNA end processing
during repair events. Ku has also been localized to telomeres
(33), and the interaction between Ku andWRNmay be impor-

tant for telomere maintenance. Similarly, WRN has been
shown to interact physically with the telomere repeat-binding
protein TRF2, and TRF2 stimulates WRN helicase activity,
lending further support to a role for WRN at telomeres (18).
WRN also physically interacts with PARP-1 (21). In addition,
Werner syndrome cells are deficient in the PARP-1 poly-
(ADP-ribosyl)ation pathway after oxidative stress (21), sug-
gesting a role for WRN in repair of oxidative DNA damage.
Iron-mediated oxidation of WRN resulted in decreased
binding to its protein partners, Ku, TRF2, and PARP-1, sug-
gesting that oxidatively modifiedWRNmay have deleterious
effects on DNA repair and telomere maintenance pathways.
In yeast, aging is accompanied by increased genome instabil-

ity, for example in the form of loss of heterozygosity (34). Age-
induced loss of heterozygosity may result from an age-depend-
ent increase in DNA double strand breaks and/or a decrease in
the repair of such breaks (34). As oxidized proteins accumulate
preferentially in old yeast cells (35), it is possible that old cells
accumulate damaged proteins, resulting in decreased DNA
repair (36). Our results presented here suggest that oxidatively
modifiedWRN is refractory to degradation by the proteasome.
Thus, increased oxidative stress in old cells may result in
increased WRN oxidation and accumulation of catalytically
inactive pools of WRN, promoting inefficient DNA repair and
genome instability.
Although Werner syndrome is clinically notable for its phe-

notype of premature aging, cells from patients with Werner
syndrome were shown to carry an increased burden of oxida-
tively damaged proteins well beforeWRNwas recognized to be
a DNA helicase and exonuclease (10, 37, 38). Recently, Werner
syndrome patients were also shown to have elevated levels of
oxidative stress parameters (39), providing additional evidence
of an in vivo prooxidant state. As in Werner syndrome, tissues
from mice lacking ATM (ataxia-telangiectasia mutated) are
also under oxidative stress (40). ATM is a protein kinase that
becomes activated following the formation of double-stranded
DNAbreaks. Themechanisms bywhich a defective response to
DNA damage leads to oxidative stress are unknown, as are the
mechanisms by which oxidative stress increases during aging.
However, the ability of oxidative stress to inactivateDNArepair
enzymes such as WRN could give rise to a self-amplifying
“vicious cycle.” Oxidative inactivation of a fraction of WRN
could thus increase oxidative stress, driving the cycle at an
increasingly accelerated rate.
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