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Figure 3. HNE adduction of WRN inhibits its helicase and exonuclease activities in vivo. Human normal (WT) or WS fibroblasts were pre-treated with
HNE and the cell extracts were immunoprecipitated with rabbit anti-WRN antibody or control rabbit IgG. The immunoprecipitates were used in the
measurements of WRN helicase (A), exonuclease (B and C) or ATPase activity (D) as described in Materials and Methods. Representative gels are shown.
(E) Percent of helicase, exonuclease or ATPase activities from the data shown in A-D. Lanes 1, radiolabeled DNA substrate for helicase (A) or exonuclease
(B and C) activity assays were reacted with control IgG immunocomplexes prepared from untreated WT fibroblasts. Lanes 2, the same as lanes 1, but cells
were pre-treated with 100 wM HNE for 2 h. Lanes 3, the same as lanes 1, but substrates were reacted with immunocomplexes obtained against anti-WRN
antibody. Lanes 4, the same as lanes 3, but cells were pre-treated with HNE. Lanes 5, the same as lane 4, but immunocomplexes were purified from WS
fibroblasts. Lane 6, heat denatured helicase substrate. All data bars are the mean of three independent experiments with SDs indicated by error bars.
Statistical analysis occurred via Student’s 7-test (***P < 0.001).
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Figure 4. Modification of WRN by HNE does not change its DNA binding affinity on 22-15A/22-15B 37 nt (A) or TelX/TelY 49 nt partial DNA duplexes
(B). Lane 1, control DNA substrate; lane 2, as 1 but DNA substrate was pre-incubated with mock-treated WRN; lanes 3-7, as 2 but WRN was treated
with HNE at concentration of 25, 50, 100, 500 and 1000 wM, respectively. Mock, control enzymatic activity performed with WRN that has been treated

as HNE modified WRN but without HNE.

important player in BER (57,58) and WRN deficient cells
accumulate 8-oxoguanine, a marker of oxidative stress (59).

Our results show one of the possible molecular mecha-
nisms contributing to the WS-like phenotype. We demon-
strate that the WRN protein undergoes HNE adduction
in vitro, but also in living cells (Figures 1A and B and 2).
Such in vitro WRN modification was associated with mod-
ulation of ATP-dependant unwinding activity and abolish-
ment of fork substrate degradation as well as ATP hydrol-
ysis (Figure 1C-H). Significant inhibition occurred only at
high HNE concentrations (100-1000 wM) that are rare in
living organisms under physiological conditions. However,
WRN protein was incubated with HNE only for 10 min. Ex-
periments with the use of WRN immunocomplexes purified
from HNE treated cells showed impairment of all catalytic
activities with the strongest inhibition observed for the he-
licase (Figure 3). Since LPO products are quite stable in
cells, inhibition of WRN protein and subsequently numer-
ous DNA metabolic processes in aged individuals with en-
hanced LPO, might became appreciable. Current results are
in line with previous data showing that iron-mediated oxi-
dation of WRN protein led to inhibition of its catalytic ac-
tivity (60). Moreover, exposure of cells to hydrogen peroxide
resulted in oxidation of WRN in vivo (60). Taken together,
these findings strongly suggest that oxidative stress/LPO
via WRN inactivation results in premature aging features.
Furthermore, our analysis of the functional effects of HNE
adducts on WRN did not reveal decreased DNA binding
(Figure 4). It was shown that WRN can unwind several
BER intermediates, such as single-strand break intermedi-
ates, and stimulate polymerase $ (pol B) strand displace-
ment DNA synthesis via its helicase activity (57). The ex-
onuclease domain of WRN has proofreading activity that
can remove frequent errors made during nucleotide incor-
poration by pol B and thus potentially enhance the fidelity

of BER (61). Significant HNE adduction to WRN might
decrease the BER and contribute to lower fidelity of DNA
repair synthesis.

Utilizing LC-MS/MS analysis, we have identified HNE
adducts to Lys577 and Cys727 of the helicase domain, and
to four amino acid residues in the terminal part of the pro-
tein (Figures 5 and 6 and Supplementary Figure S3). On
the basis of the structural information obtained from the
homology model of the WRN helicase and RQC domains
and molecular modeling simulations, we showed that the
Lys577-HNE adduct is located in the ATP binding pocket
engaged in ATP binding and hydrolysis, necessary for cat-
alytic activities, helicase/ATPase and for ATP-dependent
exonuclease (Figure 7A and Supplementary Figure S4C).
Moreover, we presented predicted changes in local con-
formation after HNE adduction to Lys577 (Figures 7C
and 8A-D and Supplementary Figure SSA-D) and Cys727
(Figures 7D and 8E-H and Supplementary Figure SSE-H),
which could further affect WRN catalytic activities. HNE
adduction could thus prevent binding of ATP in the Walker
motif within the binding pocket of WRN. It has been shown
previously that mutants in the ATPase domain of WRN
protein exhibited an almost complete inhibition of the AT-
Pase activity and reduced ATP binding in vitro. Moreover,
it has been reported that WRN polymorphism, R834C lo-
cated in the helicase domain, significantly reduced not only
WRN helicase but also exonuclease activity in immunopre-
cipitates from cell extracts of healthy individuals (62). Simi-
lar results were presented in assays with recombinant WRN
protein containing the G574R missense mutation, which
was recently identified in a WS patient. Both WRN helicase
and exonuclease activities were reduced due to decreased
ATP hydrolysis (63). Thus, prevention of ATP binding to
the Walker motif and conformational change after HNE
binding is proposed as a mechanism behind the disturbed
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Figure 5. HNE modified WRN was characterized by LC-MS-MS/MS analysis. (A) Fragmentation spectrum of the DNVAVMATGYGK
peptide—modified at Lys577. (B) Fragmentation spectrum of the NPQITCTGFDRPNLYLEVR peptide—modified at Cys727. During fragmentation,
the peptide dissociates into two fragments. Fragments containing the N-terminal part of the peptides are termed b series ions (singly ‘b’ and doubly ‘b++’
charged), and, respectively, fragments containing the C-terminal part are named y series ions (singly ‘y’ and doubly ‘y++’ charged) (51). Tables represent
a list of theoretical fragment ions calculated by the Mascot program, which served to identify modified peptide (fragment ions found in the spectra are
shadowed). Assignment of dominating peaks from the spectra to the theoretical fragmentation ions definitely confirms the modification.
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Figure 6. HNE modified amino acids identified in WRN. (A) Domain structure of the WRN protein. Positions of the HNE adducted amino acids are
indicated by arrows. Functional domains are indicated below the structure. (B) Sequence alignment of WRN protein fragments (spanning part of the
helicase and the C-terminus) of human, murine, horse, chicken (CHICK) and X. laevis (XENLA) origin. HNE modified amino acids, Lys577, Cys727,
His1290, Cys1367, Lys1371 and Lys1389, are surrounded by red rectangles and indicated by arrows. Walker A motif (571-578) and nuclear localization
sequence (1370-1375) are highlighted in yellow and dark blue rectangles, respectively. The peptides surrounding Lys577 are identically matched for seven
residues toward the N-terminus and three residues toward the C-terminus. Human Lys577, Cys727, His1290, Cys1367, Lys1371 and Lys1389 correspond,
respectively, to murine Lys541, Cys691, His1255, Cys1332, Argl336 and Lys1354; horse Lys566, Cys716, His1280, Cys1359, Lys1363; chicken Lys556,
Cys706, His1270, Cys1391, His1395 and Asp1438; and X. laevis Lys518, Cys668, His1238, Cys1348, Lys1352 and Thr1387. The picture was prepared with
ClustalX2 (http://www.clustal.org) and visualized by Jalview (http://www.jalview.org).
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Figure 7. Structural changes in the helicase and RQC domains of the WRN protein upon HNE adduction. (A and B) Modeled structure of the WRN
helicase and RQC domains with HNE modifications. Side chains of Lys577 (A) and Cys727 (B), which undergo HNE addition, are denoted in red using
a space-filling model while the ADP residue is shown in magenta. Magnesium ion is marked as a yellow ball. (C and D) Stereo views demonstrating the
changes in local architecture around Lys577 (C) and Cys727 (D) after HNE addition. The unmodified and modified proteins are denoted in blue and green,
respectively. RMSD 5577 and RMSDcys727 denote the RMSD between unmodified and HNE adducted Lys577 and Cys727, respectively.
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Figure 8. Changes in molecular surface of helicase and RQC domains of WRN protein upon HNE adduction. Surface representation of WRN electrostatic
potential (£25 kT /e, red-negative, blue-positive, gray-neutral) before (A) and after HNE addition to Lys577 (B). A comparison of the vicinity of native (C)
and HNE adducted Lys577 (D) show some changes in molecular surface in the proximity of the ATP (ADP) binding pocket. (E) Surface representation
of helicase and RQC domains of the WRN protein after orthogonal rotation along the Y-axis of 45° in relation to structure shown in (A). (F) Surface
representation of helicase and RQC domains of the WRN protein with HNE attached to Cys727. Detailed views of the vicinity of native (G) and modified
(H) Lys727 illustrate changes in charge distribution and reveal surface location of HNE.
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unwinding and ATP-dependent degradation of DNA inter-
mediates. However, stronger inhibition observed for the he-
licase (71%) than for ATPase (34%) could indicate a more
complex mechanism of impaired unwinding than just due
to blocked ATPase activity (Figure 3A, D and E). Molec-
ular surface mapping around the ATP binding pocket re-
vealed substantial changes in pocket structure and acces-
sibility (Figure 8C and D, and Supplementary Figure S5C
and D). These results suggest changed functional dynam-
ics that could be attributed to WRN regulation. However,
we did not determine the mechanism of the inhibited ATP-
independent exonuclease activity on the 49 nt fork sub-
strate (Figures 1E and F and 3B). The possible explana-
tions are (i) that the region of exonuclease domain which
lacked peptide coverage was modified with HNE (35% un-
covered amino acids, Supplementary Figure S2) or (ii) that
conformational shifts caused by HNE alkylation of the heli-
case domain and the C-terminal part of WRN protein were
large enough to influence the conformation of the exonu-
clease domain and affect its function. The latter hypothesis
seems to be supported by (i) structural differences within
the entire helicase and RQC domains following binding of
HNE to Lys577 and Cys727. HNE-WRN minimized struc-
ture revealed some differences in global conformation com-
pared to the native protein, as shown by the RMSD value
of 1.55 A. It is also supported by (i) global differences in
surface electrostatics through the entire helicase and RQC
domains between native and HNE modified WRN. Thus,
one cannot rule out the possibility that even the more dis-
tant parts of the protein could also be affected.

Four of six identified HNE adducts were near the C-
terminal part of WRN, at His1290, Cys1367, Lys1371 and
Lys1389. Interestingly, among them Lys1371 is a part of
NLS (Figure 6 and Supplementary Figure S2). The fact
that the p53-binding domain of WRN resides near its C-
terminus (64), a region eliminated by practically all the
mutations found in Werner’s syndrome patients, points to
the importance of this region in preventing accumulation
of genomic damage and suppressing tumors. According
to the PolyPhenn database on single nucleotide polymor-
phisms (http://genetics.bwh.harvard.edu/pph2/), Cys1367 is
vulnerable to damage. The Cys1367Arg variant is the most
common WRN polymorphism, and comprehensive case—
control study on German population showed that the
Cys1367 variant allele was significantly associated with
breast cancer risk. The risk was even higher in carriers of
two risk alleles A of the p53 variant Mspl 1798G> A, which
is completely linked to the 16 bp insertion/duplication of
pS3PIN3, responsible for interaction with WRN (18). Our
results are in line with these observations and suggest that
accumulation of HNE modified amino acids at the C-
terminus might interfere with the binding of p53 to WRN,
leading to an attenuated apoptotic function of p53 and en-
hanced cellular senescence, which is characteristic for WS
cells. Moreover, two studies have suggested that the wild-
type Cys1367 allele variant of WRN protein was associ-
ated with myocardial infarction in the Japanese population
(19,20); however, in Caucasians no associations with car-
diovascular disease have been found (65). One association
study has reported a protective effect for heterozygous carri-
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ers of the WRN Argl367 variant allele against the develop-
ment of soft tissue sarcomas (21) and type 2 diabetes melli-
tus (22). No significant association of WRN Cys1367Arg
with age-related morbidity, cognitive function, longevity,
coronary artery disease, Alzheimer and atherosclerosis was
found in case—control studies (66-68). Although WRN
Cys1367Arg is located adjacent to the NLS, a previous re-
port has failed to detect any significant difference between
Argl367 and Cys1367 variants with respect to their nuclear
localization or helicase and helicase-coupled exonuclease
activities (65).

In summary, this study demonstrates the dynamic pro-
cesses associated with HNE adduction to WRN, pointing
to perturbations in DNA metabolism observed in WS. Our
results are in line with the oxidative theory of aging. We pro-
pose that elevated oxidative stress and subsequently WRN
helicase/ATPase and exonuclease deficiency via HNE post-
translational modification impairs DNA replication and
repair, and that these functional defects are responsible
for premature senescence associated features and diseases.
Further studies on specific interactions of HNE-modified
WRN with various target proteins may provide clues to the
mechanisms responsible for such a global effect of HNE on
various cellular processes.
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