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The role of protein arginine methylation in the DNA
damage checkpoint response and DNA repair is largely
unknown. Herein we show that the MRE11 checkpoint
protein is arginine methylated by PRMT1. Mutation of
the arginines within MRE11 severely impaired the exo-
nuclease activity of MRE11 but did not influence its abil-
ity to form complexes with RAD50 and NBS1. Cells con-
taining hypomethylated MRE11 displayed intra-S-phase
DNA damage checkpoint defects that were significantly
rescued with the MRE11-RAD50-NBS1 complex. Our
results suggest that arginine methylation regulates the
activity of MRE11-RAD50-NBS1 complex during the in-
tra-S-phase DNA damage checkpoint response.
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Protein arginine methylation is a post-translational
modification that results in symmetrical or asymmetri-
cal dimethylarginines (sDMA, aDMA) (Gary and Clarke
1998). In humans, protein arginine methyltransferases
(PRMT) represent a family of eight known enzymes that
utilize S-adenosyl methionine (AdoMet) as a methyl do-
nor (McBride and Silver 2001). The substrates of these
PRMT include glycine arginine-rich (GAR) nucleic acid-
binding proteins (Gary and Clarke 1998). Arginine meth-
ylation has been shown to regulate nuclear export (Yu et
al. 2004), nuclear import (Yun and Fu 2000), protein—
protein interactions (Bedford et al. 2000), ribosome bio-
genesis (Bachand and Silver 2004; Swiercz et al. 2005),
pre-mRNA splicing (Friesen et al. 2001; Boisvert et al.
2002), transcriptional elongation (Kwak et al. 2003), and
transcription (Chen et al. 1999; Wang et al. 2001, 2004;
Rezai-Zadeh et al. 2003; Cuthbert et al. 2004). However,
it is not known whether arginine regulates cell cycle
checkpoints and the DNA damage response.
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DNA double-strand breaks (DSB) are a common form
of damage that occurs due to external factors such as
ionizing radiation or exposure to certain chemicals. Fail-
ure to properly repair the damaged DNA results in ge-
netic instability, which can ultimately lead to cancer.
Genetic defects underlying chromosomal instability in-
clude ataxia-telangiectasia (A-T), A-T-like disorders (A-
TLD), and Nijmegen breakage syndrome (NBS) (Shiloh
2003). Patients with any one of these disorders exhibit
hypersensitivity to ionizing radiation, immunodefi-
ciency, and an increased predisposition to the develop-
ment of malignancies. These phenotypic outcomes indi-
cate that ATM, MRE11, and NBS]1, the gene products
deficient in A-T, A-TLD, and NBS, respectively, play an
important role in maintaining genomic integrity
(Savitsky et al. 1995; Carney et al. 1998; Varon et al.
1998; Stewart et al. 1999). A biochemical link between
DSB repair and mammalian cellular responses to DNA
damage was uncovered by the observation that NBS1
functions in a complex with the highly conserved DSB
repair proteins MRE11 and RAD50 (Carney et al. 1998).
The MRE11/RAD50/NBS1 (MRN) complex is known to
be involved in the DNA damage response (Stewart et al.
1999; Carson et al. 2003; Theunissen et al. 2003; Uziel et
al. 2003; van den Bosch et al. 2003; Lee and Paull 2004).
Upon exposure to ionizing radiation, the MRN complex
becomes rapidly associated with the DNA DSBs at ra-
diation-induced nuclear foci and remains at these sites
until the damage is repaired (Nelms et al. 1998; Lisby et
al. 2004). MREI1 is a conserved protein with an N-ter-
minal nuclease domain (Paull and Gellert 1998), as well
as a C-terminal DNA-binding region (de Jager et al. 2001;
Hopfner et al. 2002) and a GAR domain of unknown
function.

Herein, we report that MRE11 contains aDMA within
its GAR domain and is a substrate of PRMT1. We show
that the GAR domain regulates the exonuclease activity
of MRE11. Cells treated with methylase inhibitors, cells
treated with PRMT1 siRNA, and PRMT1/~ cells dis-
played DNA damage-induced intra-S-phase checkpoint
defects. This phenotype was significantly rescued by the
addition of purified MRE11-RAD50-NBS1 complex. Our
findings identify a novel role for protein arginine meth-
ylation in the regulation of the DNA damage response.

Results and Discussion

A novel aDMA-specific antibody recognizes MRE11

To study the role of methylated arginines and find new
proteins containing this modification, an aDMA-specific
antibody, named ASYM25, was raised using the GAR
peptide N-KFRGGGRGGGRGGFGGRGGRGG-C, where
all the arginines were aDMA. Purified ASYM25 recog-
nized the immunizing aDMA-containing GAR peptide
and not the unmehtylated or sDMA-methylated GAR
peptides (Supplementary Fig. 1A). To identify proteins
specifically immunoprecipitated by ASYM25, a large-
scale immunoprecipitation was performed with HeLa
cells followed by MALDI-TOF mass spectrometry iden-
tification of the trypsin-digested proteins. A representa-
tive immunoprecipitation using ASYM25 on total cell
lysates labeled with 3°S-methionine revealed many pro-
teins that are specifically immunoprecipitated by the
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antibody (Supplementary Fig. 1B). A protein with an ap-
parent molecular mass of 85 kDa was identified as
MREI11 (Boisvert et al. 2003). MRE11 contains multiple
repeated arginine and glycine residues between amino
acids 566 and 600 constituting a GAR domain. The func-
tion of the MRE11l GAR domain and its post-transla-
tional regulation are unknown. To confirm that MRE11
can be recognized by ASYM25, HeLa cell extracts were
immunoprecipitated with control, ASYM25, and SYM10
antibodies; the latter is an sDMA-specific antibody (Bois-
vert et al. 2003). MRE11 was detected in ASYM25 but
not SYM10 immunoprecipitations, as visualized by im-
munoblotting with anti-MRE11 antibodies (Fig. 1A).
Moreover, immunoprecipitated MRE11 was directly rec-
ognized by ASYM25 and not by SYMI10 (Fig. 1B). These
findings confirm that MRE11 contains aDMA and is the
component of the MRN complex that is directly recog-
nized by ASYM25.

The presence of methylated arginines in MRE11 was
also analyzed by mass spectrometry. We raised an
MREL11 antibody to purify sufficient amounts of MRE11
from HeLa cells. The immunopurified MRE11 was sepa-
rated by SDS-PAGE, visualized with Coomassie blue, ex-
cised as a distinct band of ~85 kDa, digested with tryp-
sin, and analyzed by MALDI-TOF mass spectrometry.
The mass of 28 tryptic peptides matched MRE11 pre-
dicted peptides (Supplementary Fig. 2; Supplementary
Table 1). Peptides had additional mass corresponding to
the presence of methyl groups and based on the predicted
versus observed tryptic peptide masses; it was calculated
that nine arginines from MREI1 residues 566-600 were
dimethylated (Supplementary Table 1). Collectively, our
data show that MRE11 contains aDMAs within its GAR
domain residing between residues 566 and 600.
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Figure 1. MREI11 contains asymmetrically dimethylated arginines.
(A) Antibodies recognizing sDMA (SYM10) or aDMA (ASYM25)
were used to perform immunoprecipitations from HeLa cell extracts
and, after washing, bound proteins were analyzed by Western blot-
ting to detect MRE11. The total cell lysate (TCL) shows 10% of the
extract used in each binding assay. The migration of MRE11 is in-
dicated on the right. The molecular mass markers are shown on the
Ieft in kilodaltons. Normal rabbit serum (NRS) was used as a nega-
tive control. (B) MRE1l was immunoprecipitated from HeLa cell
extracts and, after washing, bound proteins were analyzed by im-
munoblotting using SYM10 and ASYM25. Many methylated pro-
teins are visualized in the TCL, and the migration of MRE11 is
shown with an arrow.
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Figure 2. Arginine methylation of MRE11 by PRMT1. (A) Recom-
binant GST-PRMTs or PRMT5 immunoprecipitated from HeLa
cells were incubated with GST-MRE11 (554-680) in the presence of
[®H]-AdoMet as the methyl donor. Proteins were separated by SDS-
PAGE and visualized by Coomassie staining (left) and the [*H]-la-
beled proteins visualized by fluorography (right). (B) PRMT1*/* and
PRMT1~~ were metabolically labeled with [methyl->H]-L-methio-
nine, and cell lysates were immunoprecipitated with Samé68, Sm
(Anal28; Cappel), or MRE11 antibodies. The in vivo methylated
proteins were visualized by fluorography after SDS-PAGE. (C)
Equivalent amount of TCL from normal ES cells or ES cells
PRMT1~~ was immunoblotted with anti-MRE11 antibodies.

MRE11 is arginine methylated by PRMT1

To identify the PRMT that methylates MREI11, an in
vitro methylation assay was performed using [*H]-
AdoMet. A recombinant glutathione-S-transferase (GST)
MREL11 fusion protein containing the amino acids 554-
680 of MRE11 encompassing the GAR domain was
methylated by PRMT1 but not by PRMT3, PRMT4, and
PRMTS5 (Fig. 2A). All the methyltransferases were active
when incubated with known substrates (data not
shown). Active PRMT5 was immunoprecipitated from
HelLa cells using an anti-PRMTS5 antibody as described
(Boisvert et al. 2002). PRMT1 is required for embryogen-
esis as PRMT1~/~ mice are early embryonic lethal;, how-
ever, embryonic stem (ES) cells devoid of PRMTI are
viable (Pawlak et al. 2000). To determine whether
PRMT1 was the physiological enzyme methylating
MREI11, the methylation of endogenous MRE11 was
compared between PRMT1*/* and PRMT1~/~ ES cell ex-
tracts. The cells were metabolically labelled 24 h after
transfection with L-[methyl->H]-methionine for 3 h in
the presence cycloheximide and chloramphenicol to en-
sure incorporation into methyl groups and not during
protein synthesis as described (Boisvert et al. 2002). Im-



munoprecipitations in ES cells were performed with the
indicated antibody and the labelled methylated protein
separated by SDS-PAGE and visualized by fluorography.
MRE11 was methylated in PRMT1*/* ES cells but
not in PRMT1~/~ ES cells (Fig. 2B, lanes 4,8). Sam68, a
known PRMTI1 substrate (Cote et al. 2003), was em-
ployed as a positive control, and its methylation was
lost in PRMT1~/~ ES cells (Fig. 2B, lanes 2,6). SmB/D,
known substrates of PRMT5 (Fig. 2B, lanes 3,7), re-
mained methylated in PRMT1/~ cells as expected. Al-
though the methylation was generally lower in
PRMTI1 /- cells (Fig. 2B, lanes 1,5), MRE11 protein ex-
pression remained equivalent between the ES cell lines
(Fig. 2C). Taken together, our results demonstrate that
MREI11 is arginine methylated within the GAR domain
by PRMT1.

Arginines within the GAR domain are necessary
for MRE11 exonuclease activity

The 3'-5' exonuclease activity is one of the most impor-
tant biochemical features of MRE11 (Paull and Gellert
1998). To investigate whether the GAR domain affected
the enzymatic activity of MRE11, two mutant MRE11
proteins were generated where the arginines between
residues 570 and 594 were replaced with alanines (R/A)
or lysines (R/K). MRE11 wild-type, R/A, and R/K bacu-
loviruses were generated, and the corresponding proteins
were purified to homogeneity from insect cells, a species
known to contain PRMTs (Boulanger et al. 2004). Puri-
fied human MRE11 was methylated as analyzed by mass
spectrometry (data not shown) and was recognized by
ASYM25, unlike the R/A and R/K mutant proteins,
which were not significantly methylated (Fig. 3A). All
MREI11 proteins associated with RAD50 and NBSI1, as
observed in anti-NBS1 immunoprecipitates, demonstrat-
ing that the GAR domain does not influence the for-
mation of the MRN complex (Fig. 3B). When compared
with wild type, the exonuclease activity of MRE11 on
double-stranded DNA was absent for the R/A mutant.
These data demonstrate that either the charge or the
methyl groups on the arginines are required (Fig. 3C,
MREI11 R/A). Amino acid substitution of arginines to
lysines to maintain the charge severely impaired the exo-
nuclease activity, demonstrating that the arginines or
methylarginines are necessary for optimal MRE11 activ-
ity (Fig. 3C, MREI11 R/K). At 2.5 nM the R/K appears
more active, but it lacks the processivity to cleave the
DNA into smaller fragments, unlike the wild-type
MREI11 (Fig. 3C). Hypomethylated MRE11 could not be
obtained and assayed for exonuclease activity because
insect cells are hypersensitive to methylase inhibitors
(data not shown). Our findings suggest that the MREI1
GAR domain regulates the exonuclease activity, an en-
zymatic activity important for the checkpoint response
(Uziel et al. 2003).

Inhibition of MRE11 methylation results in S-phase
checkpoint defects

A-TLD cells are known to display intra-S-phase check-
point defects and fail to suppress DNA synthesis in re-
sponse to DNA damage (Stewart et al. 1999). To examine
whether cells pretreated with the methyl-thio-adenosine
(MTA) methylase inhibitor exhibited a similar pheno-
type, we examined the ability of the cells to progress
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Figure 3. The MRE11 GAR domain regulates the exonuclease ac-
tivity. (A) HIS-tagged human MRE11 wild-type, R/A, and R/K bacu-
loviruses were generated, and the corresponding proteins were pu-
rified to homogeneity from insect cells. Purified MRE11, MRE11R/
A, and MRE11R/K were visualized by Coomassie blue (top panel)
and immunoblotted with MRE11 (middle panel) and ASYM25 (bot-
tom panel). (B) To determine whether the methylated arginines are
necessary for the formation of the MRN complex, cells infected
with NBS1, RAD50, and either MRE11, MRE11R/A, or MRE11R/K
baculoviruses were lysed and immunoprecipitated with beads alone
or anti-NBS1 antibodies. The presence of RAD50 and MRE11 as well
as NBS1 was visualized by immunoblotting. Their identities are
indicated on the right. (C) Nuclease assays were performed with the
indicated amount of each of MRE11 WT, MRE11R/A, or MRE11R/
K, in 5 mM MnCl, on a [*>P]-5'-labeled at one end 63-bp dsDNA
substrate. Reactions were incubated for 60 min at 37°C before sepa-
ration on a 10% denaturing polyacrylamide gel and visualized by
autoradiography.

through S phase following DNA damage. Indeed, ~70%
of HeLa cells and CRL2097 (data not shown) pretreated
with MTA progressed through the S-phase-like A-TLD-
derived cells following DNA damage (Fig. 4A). In con-
trast, ~40% mock-treated HeLa cells progressed through
S phase following DNA damage (Fig. 4A). Since MTA has
a broad specificity, we down-regulated the expression of
PRMT1 using siRNA generated by pBS/U6 (Rezai-Zadeh
et al. 2003). The PRMT1 expression was down-regulated
by ~70% in HeLa cells, and the methylation of MRE11
Arg587 was severely impaired in these cells, as detected
by immunoblotting with «Arg587 (Fig. 4B), an anti-
aDMA 587 site-specific MRE11 antibody that we gener-
ated (Supplementary Fig. 1C). The hypomethylation of
MRE11l was also observed with ASYM25 (data not
shown). The PRMT1 siRNA-treated cells displayed a

GENES & DEVELOPMENT 673



Boisvert et al.

A

100 —
90
80
70
60
50
40

% DNA Synthesis

N
o

o o

DMSO  DMSO MTA PRMT1 ATLD

Etoposide Etoposide RNAI Etoposide
Etoposide
z S E b
B & 2 &8 3 & 2 &
¥ o 4 2} x » hd 7]
= A A =
=z o = o = o = o
200-
10—
w
80— — -—.—.._g
65— .y
55—
- e
oPRMT1  aSam68  «Arg587  oMRE11

110

% DNA Synthesis

DMSO Etoposide PRMT1 PRMT1 PRMT1
RNAi RNAi RNAi

+ + +
Etoposide MBN MRE11 R/IA
Etoposide Etoposide
oj oo ‘ 2 Go/G1
p-3 - | 3!
T 34% c2m | A =
| 5% eam
: ] | -
‘ s71%

—_
24%

Counts

ES Cells PRMT1 +/+

o
200 400 600 800 1000 0 200 400 600 800 1000

0

=3 Q
S S
N N
- 3
~— § GOIG1 2 oot
= - )
= o 44% c2m o 17% cam
[1ay ) o (=)
ot 16% £ 37%
3 5 3 L
[%2] — —_
z°8 40% °8 6%
(]
(2]
&8 e S

(=4 (=]
0 200 400 600 800 1000 0 200 400 600 800 1000
Mock Etoposide

Figure 4. Arginine methylation of MRE11 regulates the intra-S-phase checkpoint. (A) DNA synthesis following DNA damage in HeLa cells
pretreated with the methylase inhibitor MTA, in cells treated with PRMT1-siRNA, or in A-TLD cells. DNA synthesis was assessed 1 h after
50 uM etoposide treatment. The results represent an average of six independent experiments. (B) Cell extracts from mock- and PRMT1-siRNA-
transfected HeLa cells were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with PRMT1, Sam68, Arg587, and
MREL11 antibodies as indicated. (C) DNA synthesis following DNA damage in PRMT1-siRNA cells protein transfected with 100 ng of the
MREI11 complex (MRN) or MRE11 R/A alone using Chariot. DNA synthesis was assessed 1 h after 50 uM etoposide treatment. The results
represent an average of six independent experiments. The asterisk represents a significant difference between PRMT1 RNAi and PRMT1
RNAi + MRN (P < 0.01). (D) S-phase progression was followed using flow cytometry of PRMT1*/* ES cells (top panels) or PRMT1~/~ ES cells
(bottom panels) 16 h following either mock treatment (left panels) or DNA damage induced with a low dose of 500 nM etoposide (right panels).
The percentage of cells in the G,/G,, S, or G,/M phases of the cell cycle is indicated.

phenotype similar to MTA and A-TLD cells treated with
etoposide (Fig. 4A). Since PRMT1 methylates many sub-
strates, we purified and introduced the MRN complex
into the cells by protein transduction with Chariot. The
MRN complex containing methylated MRE11 to a large
extent rescued the PRMT1 siRNA phenotype, and this
effect was dose-dependent (Fig. 4C; Supplementary 3A).
The introduction of equal amounts of purified MREI1
R/A alone (Fig. 4C) or control immunoglobulin G
(Supplementary Fig. 3B) did not rescue the intra-S-phase
defect in PRMT1 siRNA-treated cells. These findings
demonstrate that arginine methylation of MRE11 by
PRMT1 is required for the intra-S-phase DNA damage
checkpoint. To determine the effect of DNA damage on
cell cycle profiles, PRMT1~/~ ES cells were exposed to a
low dose of etoposide (500 nM). The ability to repair the
damaged DNA and progress through the cell cycle were
assessed 16 h after damage. Approximately 24% of the
wild-type ES cells remained in the S phase and 70% were
in the G,/M phase, while 46% of the PRMT1 /- cells
remained accumulated in S phase and 37 % progressed to
the G,/M phase following DNA damage (Fig. 4D). These
findings suggest that PRMT1~/~ ES cells progress slower
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through the S phase than PRMT1*/* cells following DNA
damage.

In this study, we provide evidence that MRE11 is ar-
ginine methylated by PRMT1. First, we showed that the
aDMA-specific ASYM25 antibody and Arg587 MRE11
site-specific antibody directly recognized MRE11 by im-
munoblotting. It was also shown that MRE11 incorpo-
rated [*H]-methyl groups in a known in vivo methylation
assay, and this incorporation was absent in PRMT1~/~
cells. It was also shown that the MRE11 GAR domain
was methylated by PRMT1 in vitro. Lastly, we identified
by MALDI-TOF that peaks that corresponded to the
mass of methylated MRE11 peptides and most of the
peptide peaks were less abundant or totally absent in the
MTA-treated cells (data not shown). The identification
by mass spectrometry of multiple methylated peptides
corresponding to MRE11 and the low abundance of un-
methylated peptides within the GAR domain suggest
that MREI1 exists predominantly in the methylated
form. By using the methyl-specific antibodies Arg587
and ASYM25, we observed no difference in MRE11
methylation or global methylation following genotoxic
treatments (data not shown). Similarly, the methylation



of histone H3 Lys 79, involved in the recruitment of
53BP1 to sites of DNA damage, is not regulated with
DNA damage (Huyen et al. 2004). Cells harboring muta-
tions in ATM, MRE11, or NBS1 (Savitsky et al. 1995;
Carney et al. 1998; Varon et al. 1998; Stewart et al. 1999)
or cells down-regulated in the protein MDC1 (Goldberg
et al. 2003; Lou et al. 2003; Stewart et al. 2003) display
intra-S-phase checkpoint defects. Our study suggests a
role for arginine methylation and PRMT1 in this process.
Cells pretreated with methyltransferase inhibitors dis-
played an intra-S-phase defect following DNA damage,
demonstrating a requirement for methylation in this re-
sponse. As methyltransferase inhibitors have a broad
specificity, other type of methylation events cannot be
ruled out solely based on this observation. The PRMT1
siRNA-treated cells displayed an intra-S-phase check-
point defect similar to that of MTA-treated cells, nar-
rowing down the observed phenotype to the inhibition of
PRMT]I activity. Moreover, PRMT1~/~ ES cells displayed
a slower progression through S phase following DNA
damage. Based on these experiments, it is likely that
several methylated proteins contribute to this intra-S-
phase checkpoint defect. However, we have shown that
reintroduction of the purified arginine-methylated bacu-
lovirus produced MRN complex into PRMT1 siRNA-
treated cells significantly rescued the phenotype. These
findings demonstrate that the MRN complex can allevi-
ate the intra-S-phase checkpoint defect observed in these
cells. Collectively, our results suggest that the arginine
methylation may regulate the MRE11 exonuclease activ-
ity during the intra-S-phase checkpoint response. In
summary, the results presented herein suggest that argi-
nine methylation, a poorly characterized post-transla-
tional modification, plays a crucial role in regulating the
DNA damage response.

Materials and methods

Antibodies

The peptides used to generate rabbit antibodies against MRE11 and
methylated 587 MRE11 were as follows: MRE11 (amino acids 597-621)
(kstrqqpsrnvttknysevievdes) and Arg587 (KGQNSASR*GGSQRGR),
where the arginine marked with an asterisk is aDMA. Antibodies against
PRMT1 and Sam68, SYM10 were from Upstate Biotechnology, and anti-
NBS1 and anti-RAD50 were from Novus Biologicals.

DNA constructs

The full-length human MRE11 was amplified by PCR from HeLa cells
c¢DNA and cloned in pFAST-Bacl. The arginine-to-alanine MRE11 mu-
tations were generated by ligating double-stranded oligonucleotides with
the sequence 5'-GGAGCAGGCGCAGGAGCAGGTGCAGCAGGTGG
AGCAGGGCAAAATTCAGCATCGGCAG GAGGGTCTCAAGCAGG
AGCA-3’, and the arginine to lysine MRE11 mutation was generated by
ligating 5'-GGAAAAGGCAAAGGAAAAGGTAAGAAAGGTGGAAA
AGGGCAAAATT CAGCATCGAAA GGAGGGTCTCAAAAAGGAAA
G-3’ into a Smal site created by inverse PCR using the following oligo-
nucleotides 5'-TCCCCCGGGGTTGGTTGCTGCTGAGATGCTATC-
3’ and 5'-TCCCCCGGGGACACTGGTCTGGAGACTTCTACC-3".

Mass spectrometry

Endogenous MRE11 was immunopurified from 5 x 108 HeLa cells by
using 1 mg of our rabbit anti-MRE11 antibody coupled to 1 g of protein
A-Sepharose (Sigma-Aldrich). After extensive washings with lysis buffer
and 1x phosphate-buffered saline (PBS), the bound proteins were eluted
with 250 uM of the MRE11 peptide in 1x PBS. Eluted proteins were
resolved by SDS-PAGE and revealed by Coomassie blue staining. The
apparent bands were excised, in-gel digested with trypsin, and analyzed
by MALDI-TOF analysis on a Voyager DE-STR mass spectrometer (Uni-
versity of Calgary, Alberta).

Methylation regulates MRE11

Methylation assays

GST-MREI11 (554-680; from M. Bedford, University of Texas, Smithville,
TX) was incubated with GST-PRMT1, GST-PRMT3, GST-PRMT4 or
with immunoprecipitated PRMT5 with 0.55 nCi of [methyl-H] AdoMet
in the presence of 25 mM Tris-HCI at pH 7.5 for 1 h at 37°C in a final
volume of 30 pL. Reactions were stopped by adding 20 pL of 2x SDS-
PAGE sample buffer, followed by heating at 100°C for 10 min. Samples
were loaded on 9% SDS-polyacrylamide gels and stained with Coomassie
blue. The destained gels were soaked in EN*HANCE (PerkinElmer Life
Sciences) according to manufacturer instructions and visualized by fluo-
rography. The in vivo methylation assay was performed by metabolically
labeling the cells with L-[methyl-*H|methionine directly in methionine-
free medium for 3 h in the presence of cycloheximide and chlorampheni-
col, as described previously (Boisvert et al. 2002). L-[>**S|methionine was
also used as a control under the same conditions to exclude incorporation
during protein synthesis (data not shown). The cell lysates were immu-
noprecipitated, and the H-labeled proteins were visualized by fluorog-
raphy after SDS-PAGE.

Purification of MRE11 from insect cells and exonuclease assays
Recombinant MRE11-His,, MRE11R/A-Hiss, or MRE11R/K-Hiss pro-
teins were produced from baculovirus-infected Sf9 cells, using the Bac-
to-Bac expression system (Invitrogen). Five-hundred-milliliter spinner
flasks of Sf9 cells (1 x 10° per milliliter) infected with MRE11, MRE11R/
A, or MRE11R/K baculoviruses (M.O.I. ~ 10) for 2 d at 27°C as described
(Paull and Gellert 1998; Masson et al. 2001). Reactions contained 100 nM
DNA in MOPS buffer (25 mM MOPS at pH 7.0, 60 mM KCI, 0.2%
Tween-20, 2 mM DTT, and 5 mM MnCl,). After 5 min at 37°C, the
indicated amount of MRE11, MRE11R/A, or MRE11R/K was added, and
incubation was continued for 1 h. Reaction products were analyzed by
10% urea-PAGE using followed by autoradiography.

Intra-S-phase checkpoint assays and protein transduction

HelLa cells treated for 24 h with 750 pM MTA or PRMT1-down-regulated
with siRNA or pure proteins introduced with Chariot were labeled with
20 nCi/mL [**C] thymidine for 24 h, washed, and incubated for an addi-
tional 24 h. The cells were DNA damaged with 50 uM etoposide for 1 h
and labeled with 2.5 pCi/mL [*H]-thymidine for 45 min. Inhibition of
DNA synthesis was measured as described (Falck et al. 2002). Protein
transduction was performed according to the manufacturer protocol us-
ing 100 ng of MRN complex or MRE11 R/A purified from insect cells or
control immunoglobulin G and 6 pL of Chariot (ActiveMotif).
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