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Abstract

Both Metnase and Artemis possess endonuclease activities that trim 3 overhangs of duplex DNA.
To assess the potential of these enzymes for facilitating resolution of damaged ends during
double-strand break rejoining, substrates bearing a variety of normal and structurally modified 3’
overhangs were constructed, and treated either with Metnase or with Artemis plus DNA-
dependent protein kinase (DNA-PK). Unlike Artemis, which trims long overhangs to 4-5 bases,
cleavage by Metnase was more evenly distributed over the length of the overhang, but with
significant sequence dependence. In many substrates, Metnase also induced marked cleavage in
the double-stranded region within a few bases of the overhang. Like Artemis, Metnase efficiently
trimmed overhangs terminated in 3”-phosphoglycolates (PGs), and in some cases the presence of
3’-PG stimulated cleavage and altered its specificity. The nonplanar base thymine glycol in a 3’
overhang severely inhibited cleavage by Metnase in the vicinity of the modified base, while
Artemis was less affected. Nevertheless, thymine glycol moieties could be removed by Metnase-
or Artemis-mediated cleavage at sites farther from the terminus than the lesion itself. In /n vitro
end-joining systems based on human cell extracts, addition of Artemis, but not Metnase, effected
robust trimming of an unligatable 3’-PG overhang, resulting in a dramatic stimulation of ligase
IV- and XLF-dependent end joining. Thus, while both Metnase and Artemis are biochemically
capable of resolving a variety of damaged DNA ends for the repair of complex double-strand
breaks, Artemis appears to act more efficiently in the context of other nonhomologous end joining
proteins.

1. Introduction

Artemis and Metnase are multifunctional proteins that have endonuclease activities specific
for DNA ends [1,2]. In addition, Artemis is implicated in cell cycle checkpoint signaling [3],
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while Metnase has a histone methyltransferase function [4]. Nevertheless, there is evidence
that the endonuclease activities of both enzymes are important for nonhomologous end
joining (NHEJ) [5,6]. Moreover, DNA-dependent kinase catalytic subunit (DNA-PKcs), a
core NHEJ protein, is required for Artemis nuclease activity [1], while Metnase interacts
with DNA ligase 1V, another essential NHEJ protein [7]. The basis of the apparent
requirement for the endonucleolytic activity of these enzyme in end joining has never been
rigorously determined, but one possible function of a DNA end-specific nuclease would be
to trim DNA ends that have blocked termini and/or proximal base damage. Artemis, for
example, efficiently trims overhangs bearing 3’-phosphoglycolate (PG) termini, yielding
clean albeit slightly resected substrates bearing canonical 3”-hydroxyl termini, that could be
readily patched and ligated to complete their repair by NHEJ [8].

DNA ends with oxidative base damage near the termini might also require similar trimming.
Theoretical calculations of the track structure of -y-rays in agueous solution predict that
clusters of oxidative lesions in DNA, including DSBs accompanied by one or more nearby
damaged bases, will be quite common [9,10], and there are extensive empirical data that
support this view [11,12]. Two of the most common oxidative base damages are 8-
oxoguanine (8-0xoG) and thymine glycol (Tg) [13,14]. While 8-0xoG can pair normally
with cytosine, the pairing is less stable than a canonical G<C base pair, and the 8-oxoG can
rotate around the glycosylic bond into a syn conformation and pair with adenine, making 8-
0xoG highly mutagenic [15]. Tg results from oxidation of the 5-6 double bond of thymine,
destroying its planarity and thereby introducing a severe distortion in DNA structure that can
block rejoining when present near a DNA end [16,17]. In mammalian cells, 8-oxoG and Tg
are removed primarily by 8-oxoguanine DNA glycosylase (OGG) and endonuclease I11.
Thus, base damages near DNA ends, even if not sequestered by DSB repair proteins, are
likely to be poor substrates for these glycosylases, and their removal may instead require
DSB-specific mechanisms such as end trimming.

To further assess the potential of Artemis and Metnase in resolving damaged DNA ends,
their activities toward a variety of structurally modified DSB substrates were examined. The
results show that while the specificities of the two enzymes differ in detail, they both have
the potential to resolve both simple and complex DSB ends to produce substrates more
suitable for further NHEJ processing.

2. Methods

2.1. Recombinant proteins

Metnase was purified from human 293 cells transfected with a pFLAG-CMV-2-based
vector, as described [2]. Artemis and XRCC4 / DNA ligase 1V (X4L4) complex were
prepared from baculovirus-infected insect cells, as described [8,21]. X4L4 concentrations
are expressed as moles of a presumed 2:2 heterotetramer of molecular weight 300,000 [22].
XLF was produced in £. coliand purified as described [23]. DNA-dependent protein kinase
was prepared either from HeLa cells [24] (SMY laboratory) or from human placenta [25]
(DAR laboratory). All other enzymes were from New England Biolabs.

2.2 Substrates

Oligomers bearing 3’-PG termini were prepared by treating appropriate longer oligomers
with bleomycin, as described [8,26]. Preparation of internally labeled plasmid substrates, by
ligation of these and other 5”-end-labeled oligomers into the 3’-resected ends of “trimmed”
plasmid pRZ56, has been described [27,28]. The substrate used for end joining in cell
extracts was constructed by sequentially ligating the unlabeled phosphorylated 13-mer
CCGGACGCGTTT and the 5’-labeled 3’-PG-terminated 17-mer
CGAGGAACGCGAAAACG to opposite ends of pRZ56. For preparation of substrates
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containing 8-oxoguanine (8-0xoG) the procedure was modified to minimize oxidation and
degradation of the 8-0xoG residue during the purification process, as follows. The 14-mer
CGAGGAACGC(8-0x0G)ACG was obtained from the Midland Certified Reagent
Company, Inc., dissolved in 200 I of 10 mM HEPES-NaOH /1 mM EDTA pH 8 at a final
oligomer concentration of 1.2 mM, and stored at —80°C. Twenty pmoles of the oligomer
was labeled with [y-32P]JATP (5 pl of 0.15 mCi/ul, 6000 Ci/mmole, Perkin-Elmer) using T4
PNK in a 12.5 pl reaction for 1 hr at 37°C. The reaction was extracted with 12.5 pl of
phenol/chloroform. To 4 pmoles of the labeled 8-0xo0G oligomer, 5 g of trimmed pRZ56
plasmid was added followed by ethanol precipitation and brief vacuum drying. The DNA
was dissolved in 70 pl of ligase buffer [50 mM Tris-HCI / 10 mM MgCl, / 1 mM ATP / 10
mM dithiothreitol, pH 7.5] and treated with 500 units T4 ligase for 16 hr at 16°C, then
ethanol- precipitated in the presence of 2 M ammonium acetate, leaving most of the
unligated oligomer in the supernatant. The ligated DNA substrate was then purified on
Qiaquick spin columns using the PCR purification protocol (Qiagen), eluted in 30 — 50 p.l of
elution buffer and stored at —80°C. Typically 0.5 pg — 1.2 ug was recovered.

To generate substrates containing thymine glycol (Tg), the 23-mer
ACCGCGAGACTCACGCTCA-Tg-ACG was obtained from Midland Certified Reagents
and dissolved in 10 mM Tris-HCI pH 8 /0.1 mM EDTA. Fifty pmoles of the Tg oligomer or
a corresponding normal oligomer was 5”-end-labeled as above, and the kinase inactivated at
65°C for 10 min. Each oligomer was then annealed to an equal quantity of a complementary
5’-phosphate oligomer (Supplementary Figure 1), either ATGAGCGTGAGTCTCG (to
generate a 3-base 3’ overhang) or GCGTGAGTCTCG (to generate a 7-base overhang), by
first heating to 80°C followed by slow cooling to 16°C. The duplexes were extracted with
phenol/chloroform, and ~10 pmoles were ethanol-precipitated in the presence of 4 g of the
purified 2.3-kb Bsal/Scal fragment of pUC19, and then the oligomeric duplex was ligated to
the plasmid (which bears a nonpalindromic CGGT- 5’ overhang), as described above for the
8-0xoG substrate. The ligation product was purified on an agarose gel and electroeluted as
described [27].

2.3. Enzyme reactions

Artemis reactions, usually 10 pl, contained 25 mM Tris-HCI pH 8, 25 mM NaCl, 10 mM
MgCl, 1 mM dithiothreitol, 0.25 mM ATP and 50 wg/ml BSA, and were prepared at 22°C.
Substrate (10 ng) was added and the sample mixed. Ku (25 nM), DNA-PKcs (65 nM) and
Artemis (90 nM) were then added in rapid succession and the sample mixed by pipetting.
Following incubation at 37°C for various times, the reactions were stopped by addition of 70
pl of digestion mix (0.3 M NaCl, 0.5 mg/ml proteinase K, 10 mM Tris pH 8, 1% SDS).
Following incubation for 3 hr at 55°C, samples were extracted with phenol and then with
chloroform and ethanol-precipitated. For pRZ56-based substrates, DNA was redissolved in
50 pl and cut with 40 units Tagl for 3 hr at 65°C. For pUC19-based substrates, DNA was
redissolved in 50 pl and treated with 4 units BsrDI for 3 hr at 65°C. Samples were denatured
and subjected to electrophoresis on 20% polyacrylamide sequencing gels. Phosphorimaging
screens were exposed to the frozen gels for 2 days and then analyzed using a Typhoon 9100
imager (GE Healthcare) and ImageQuant 3.1 or 5.1 software.

Metnase reactions contained 25 mM Tris-HCI pH 8, 25 mM KCI, 10 mM magnesium
acetate, 5 mM dithiothreitol, 0.25 mM ATP and 50 pg/ml BSA, and were similarly
prepared, incubated and processed. For S1 nuclease reactions, the same buffer without ATP
was used. Samples were preincubated at 37°C for 15 min with end joining proteins as
indicated. S1 nuclease (0.3 U in a 10-ul reaction) was then added and the samples incubated
at 25°C for 5 min. The reaction was stopped by adding 20 .l of 10mM EDTA, 0.45M
NaOAc and 100 pg/ml tRNA, followed immediately by phenol/chloroform extraction and
ethanol precipitation.
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2.4 End joining in cell extracts

Reactions with whole-cell extracts contained 50 mM triethanolammonium acetate pH 7.5, 1
mM ATP, 1 mM dithiothreitol, 50 pg/ml BSA, 1.3 mM Mg(OAc),, and dNTPs at 100 pM
each. Typically, a 16-pl reaction contained 10 .l of extract, resulting in a final concentration
of 8 mg/ml protein, 66 mM potassium acetate and 16% glycerol, and an effective Mg**
concentration of 1 mM (taking into account ~0.3 mM EDTA from the extract). Buffer
components were first mixed with cell extract on ice. In some cases 100 nM recombinant
XLF, 90 nM Artemis and/or 100 nM Metnase was added, as indicated. Finally, substrate
(10-100 ng) was added and the reaction again mixed by pipetting and incubated at 37°C for
6 hr. Samples were deproteinized and analyzed as above except that DNA was cut with 20
units BstXI for 3 hr at 37°C before addition of Taqg|.

Reactions with HeLa nuclear extracts contained 3.2 mg/ml extract (Promega /n vitro
transcription grade, 5 pl extract in a 16 .l reaction), 50 mM triethanolammonium acetate pH
7.5, 1 mM Mg(OAc),, 40 mM KOAc, 0.5 mM dithiothreitol, 1 mM ATP, 50 uM of each
dNTP, 50 pg/ml BSA, and 10 ng DNA substrate [29]. In some cases 100 nM recombinant
XA4L4 tetramer, 90 nM Artemis and/or 100 nM Metnase was added, as indicated. Following
substrate addition, samples were incubated at 37°C for 6 hr, then deproteinized and analyzed
as for whole-cell extracts.

3. Results

3.1. Metnase endonucleolytically trims 3" overhangs of a duplex DNA substrate

Studies with oligonucleotide substrates indicate that Metnase has ssSDNA cleavage activity
that can trim 3" overhangs [2]. To investigate the potential of this activity for resolving DSB
ends, longer plasmid-length substrates with 3" overhangs of various length and structure
were constructed by ligating 5”-labeled oligomers to a 3’-resected plasmid. Each substrate
was treated with Metnase, and then the labeled oligomer was released from the 3" end of the
plasmid by Taql digestion and analyzed on sequencing gels to assess cleavage.

First, to determine the positional specificity of cleavage while minimizing the influence of
sequence preferences, trimming of 6- and 12-base oligo(dA) overhangs (designated dAg and
dA12) was examined. Trimming of dA1, by Metnase was spread evenly over most of the
length of the overhang, excluding the 3 bases nearest the terminus and the 2 bases nearest
the single-strand / double-strand (ss/ds) junction (Fig. 1A). A similar product distribution
was observed when the unligated 23-mer used to construct the plasmid-length duplex
substrate was treated with Metnase, but the intensity of cleavage products was diminished
(Fig. 1C), suggesting that a partial duplex structure stimulates but is not essential for
Metnase cleavage activity. Trimmed fragments accumulated over time without any
detectable change in the distribution of products, suggesting endo- rather than
exonucleolytic cleavage.

For the dAg overhang, the predominant cleavage site was 4 bases from the terminus,
resulting in a 2-base overhang (Fig. 1B). For a dTg overhang, only 2 bases at the terminus
were excluded from cleavage, and significant cleavage was detected at all positions up to
and including the ss/ds junction. In addition, very strong cleavage was induced within the
duplex region, 2 bases from the ss/ds junction, and there was some cleavage at this site in
the dAg substrate as well (Fig. 1B). Thus, overall, Metnase trims 3" overhangs in a
sequence-dependent manner, over the length of the ss and nearby ds regions, excluding a
few bases at the terminus.

To assess possible NHEJ-specific interactions, trimming of the dA;5 substrate was also
examined in the presence of Ku, either with or without DNA-PKcs. Ku reduced cleavage
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over the length of the overhang by about ~15% (quantitation not shown), while inhibition by
Ku plus DNA-PKcs was ~25% (Fig. 2). To determine whether this cleavage reflected
specific interactions between Metnase and DNA-PK to allow cleavage of DNA that was
otherwise sequestered, cleavage by nuclease S1, which presumably has no DNA-PK-
specific interactions, was examined. Cleavage of the overhang by S1 was also only
moderately inhibited (~40%) by DNA-PK, even in the absence of ATP, a condition that
should maximize persistent sequestration of the DNA end. Overall, these data show no
evidence that Metnase is recruited by or has any specific interactions with Ku and DNA-
PKcs.

3.2. Metnase trims 3'-PG-terminated overhangs with altered efficiency and specificity

Previous work showed that Artemis plus DNA-PK efficiently trims 3’-PG-terminated
overhangs >3 bases in length, leaving 2- to 5-base 3’-hydroxyl-terminated overhangs [8].
Although Metnase also trims ss regions of partial duplexes, it appears to require a free end
for entry [6] and thus might be blocked by terminal modifications. However, Metnase
efficiently trimmed PG-terminated 4- and 6-base overhangs, and in both cases the
predominant cleavage sites were 3 and 4 bases from the terminus (Fig. 3A-B). Total
cleavage was about twice as great for the 6-base as for the 4-base overhang, and there was
no cleavage by an identically prepared endonuclease-deficient mutant Metnase [2] harboring
a D483A substitution in the transposase domain (Fig. 3A). Comparison with the
corresponding 3’-hydroxyl substrates showed that in both cases the presence of 3’-PG
resulted in enhanced cleavage 3 bases from the terminus, shifting the cleavage pattern
slightly toward the PG terminus (Fig. 3A-B). For the 4-base overhang this increase was
quite dramatic and cleavage at other sites was increased as well. Again, the extent of
cleavage increased with time but the cleavage pattern did not change, suggesting that
cleavage was endonucleolytic (Fig. 3D).

A PG-terminated 3-base overhang was trimmed much less efficiently than the 4- and 6-base
overhangs, with most of the cleavage occurring 5 bases from the terminus, within the duplex
region of the substrate (Fig. 3C). Metnase had even less activity toward a 1-base overhang,
with very weak cleavage detected at 4-5 bases from the terminus (<1% cleavage at each site
in both substrates, Supplemental Fig. 2). For these shorter substrates, the PG terminus had
little or no effect on the efficiency or specificity of cleavage. There was no apparent
trimming of a 3"-PG-terminated blunt end by Metnase (Supplemental Fig. 3). X4L4, which
has been reported to interact with Metnase [7], had no apparent effect on Metnase-mediated
trimming of the PG-terminated 3-base overhang (Supplemental Fig. 4). Ku also had no
effect, while DNA-PKcs (in the absence of ATP) had an inhibitory effect. Overall, the
activities of Metnase toward these substrates suggest that it could play a role in resolving PG
termini for DSB repair, particularly on overhangs >3 bases. However, there is again no
evidence that other NHEJ components recruit Metnase to DNA ends or stimulate its activity.

3.3 Thymine glycol inhibits cleavage by Artemis and Metnase at adjacent sites

Many ionizing radiation-induced DSBs are expected to be accompanied by oxidative base
damage near the DSB ends [30,31]. To assess the possible roles of Artemis and Metnase in
resolving such complex DSBs, internally labeled DSB substrates were constructed
containing site-specific oxidatively modified residues in various contexts. One of the most
frequent oxidized bases, thymine glycol (Tg), is nonplanar and highly disruptive of DNA
structure. To generate 3" overhangs with Tg near the terminus, a labeled Tg-containing
oligomer was annealed to a complement and ligated to Bsal-cut pUC19. Following Artemis
or Metnase treatment, the 23-base fragment (or its cleavage products) was released by
treatment with BsrDI. When placed as the central base in a 7-base 3" overhang, Tg inhibited
cleavage by both Artemis and Metnase at sites near the modified base, but the effect was
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greater and more widespread for Metnase (Fig. 4). In the corresponding unmodified
substrate, Artemis induced prominent cleavage 4 bases from the terminus, leaving a 3-base
overhang (Fig. 4A). Cleavage at this site was inhibited about twofold by the presence of Tg,
but cleavage at interior sites, which became more prominent with longer incubations, was
not inhibited by the presence of the modified base (Fig. 4B). Cleavage at sites near the
terminus was difficult to quantitate due to apparent spontaneous breakdown of a portion of
the Tg substrate and its tendency to run as a doublet (presumably reflecting glycol isomers).
However, the sum of cleavage at the sites 2 and 3 bases from the terminus was nearly equal
for the modified and unmodified substrates. Thus, Artemis-mediated trimming can release
Tg when it is formed in 3" overhangs, potentially facilitating subsequent gap filling and
ligation.

Metnase produced cleavage throughout the unmodified 7-base overhang, with the strongest
cleavage near the middle of the overhang (Fig. 4C). Presence of Tg at the center of the
overhang appeared to completely block cleavage at all sites between Tg and the terminus,
and cleavage at sites between Tg and the duplex was partially blocked. In addition, there
was a hotspot of cleavage just inside the duplex region, 3 bases from the ss/ds junction, and
cleavage at this site was inhibited only slightly by the presence of Tg in the overhang (Fig.
4D). Thus, in principle Metnase, like Artemis, could release Tg from this complex DSB and
thereby facilitate end joining. When BsrDI cleavage was omitted, essentially all of the
labeled DNA remained in the well of the sequencing gel, implying that Metnase-mediated
cleavage was restricted to the region near the DNA end (Fig. 4E).

Given its potential to disrupt DNA structure, it was postulated that Tg at or near the end of a
DNA duplex might promote single-strandedness and thereby stimulate Artemis- and
Metnase-mediated trimming of very short overhangs, which are otherwise poor substrates
for both enzymes. On the contrary however, substitution of Tg for thymine as the last base
preceding a 3-base 3" overhang further inhibited cleavage of these substrates within the ds
region by Artemis, by about 4- to 5-fold at most sites (Fig. 5A, quantitation not shown). For
Metnase, cleavage of the unmodified substrate in the ds region was barely above
background, so that the effect of Tg was difficult to quantitate, but clearly Tg did not
significantly enhance cleavage by promoting single-strandedness (Fig. 5B).

3.4. Presence of 8-0xoG stimulates trimming by Artemis but not Metnase

When positioned as the last paired base preceding a 3-base 3" overhang, 8-0xoG had no
effect on Metnase-mediated trimming (Fig. 3C), but it increased Artemis-mediated cleavage
2 bases from the terminus by approximately twofold (Fig. 5C and Supplemental Fig. 5).
However, such trimming does not remove the damaged base, and trimming at interior sites
that would remove the 8-0xoG was not stimulated by its presence.

3.5 Artemis trims damaged 3' overhangs and promotes end joining in in vitro NHEJ models

The experiments described above show that both Artemis (plus DNA-PK) and Metnase are
capable of trimming either damaged or undamaged 3" overhangs, an activity that can
potentially facilitate end joining. Moreover, previous work indicated that Metnase can
enhance joining of incompatible ends in cell extracts, presumably by end trimming [6]. To
assess whether the end trimming activities of Artemis and Metnase can trim damaged ends
in the context of classical NHEJ, each enzyme was added to an /n vitro end joining assay
based on whole-cell extracts of BusS cells, which harbor a homozygous nonsense mutation in
the XLF gene at base 178 [32,33]. Previous work showed that in these extracts, end joining
of substrates requiring gap filling is completely dependent on addition of exogenous
recombinant XLF [23], implying that this end joining is attributable exclusively to classical
NHEJ. The substrate chosen for the assay (Fig. 6A) is a plasmid terminated at one end with
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a 3-base -TTT 3’ overhang. The other end is internally labeled and has a 6-base PG-
terminated 3" overhang which, upon trimming by Artemis or Metnase, would yield an -AA,
-AAA or -AAAA overhang suitable for annealing with the -TTT overhang, followed by gap
filling by polymerase A or p, and ligation by X4L4. Following incubation in the extract,
processing and end joining was assessed by cutting the labeled DNA with BstXI and Taqgl
prior to analysis on sequencing gels.

In unsupplemented extracts, there was some conversion of PG to hydroxyl ends, presumably
by TDP1 and PNKP, and a small degree of apparent exonucleolytic 3’—5" resection, but no
detectable end joining of the PG-terminated substrate (Fig 6B, lane 2). Extracts
supplemented with only XLF (lane 3) showed a trace of end joining, whereas addition of
Artemis alone resulted in highly efficient end trimming to a 4-base -AAAA overhang, but no
detectable repaired products (lane 4). Addition of XLF plus Artemis resulted in conversion
of most of the trimmed ends to a single product that comigrated with a 42-base marker
having the predicted -CGAAAACG- repair joint (lane 5). In 2 experiments, Artemis
addition increased the yield of this product by 12.7- and 14.5-fold, to about a quarter of the
total substrate. These results indicate that Artemis can efficiently trim DNA ends in the
context of classical NHEJ, and thereby facilitate their end joining. Moreover, the trimmed
substrates appear to be efficiently shunted to other NHEJ proteins for patching and ligation,
as indicated by the conspicuous absence of the trimming into ds regions that was seen upon
extended incubation of similar substrates with DNA-PK and Artemis alone (as in Fig. 4A).
In contrast, addition of Metnase did not increase the yield of repaired products in these
extracts (lanes 7-9), even though it appeared to slightly increase resection of the overhang.
Instead, addition of the highest concentration of Metnase appeared to substantially inhibit
end joining (lane 9). The basis of this inhibition is unclear, but it is unlikely to be due to
excess trimming, as trimming was essentially the same for the two Metnase concentrations
(compare lanes 8 and 9).

Similar experiments were performed using a second /7 vitro model of classical NHEJ, based
on HeLa nuclear extracts (Fig. 6C). The endogenous level of X4L4 in these extracts is
insufficient to support efficient end joining and must be supplemented with exogenous
recombinant X4L4 [29], thus providing a distinction between classical and alternative end
joining pathways. In the absence of exogenous X4L4, there was again some 3’-PG removal
and 3’ —5 resection, although even less than in the whole-cell extracts (Fig. 6C, lane 2;
compare with lane 2 of Fig. 6B). Although the majority of the PG ends remained
unprocessed, there was, in the sample supplemented with X4L4 alone, a small but detectable
quantity of a ~42-base end joining product (lane 3). Addition of Artemis to the extracts
resulted in trimming of most of the labeled ends, predominantly to a 4-base overhang (15-
mer), accompanied by a dramatic increase in the yield of X4L4-dependent ~42-base repair
product (fold increase 8.3 + 2.4, N=3) (lanes 4-5). Longer electrophoresis revealed that this
product was actually a doublet, consisting of a larger fragment exactly comigrating with a
42-base marker of the expected sequence, and a second one-base shorter product (Fig. 6D).
Sequencing of 27 cloned plasmids from a replicate sample yielded 6 clones with the
expected -CGAAAACG- repair joint and 16 clones with a -CGAAACG- joint; the
remaining 5 clones had terminal deletions of various lengths (Supplementary Fig. 6). These
results confirm that the observed end joining product was formed by trimming of the
overhang followed by patching and ligation. (Given that X4L4-mediated ligation is
relatively tolerant of mismatches in DSB overhangs [34,35], the unexpected predominance
of -CGAAACG- vs. -CGAAAACG- repair joints in cloned plasmids may be due to joining
events wherein the bottom strand was ligated without gap filling while the trimmed -AAAA
overhang and ss break in the top strand was left intact and subsequently resolved in £. coli.
Such events would not be detected in the gel assay.) Overall, these results confirm that
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Artemis can interact with the NHEJ complex in such a manner that it gains access to the
overhang, trims it, and thereby facilitates end joining.

In the absence of extract Metnase was able to effect significant trimming in the end joining
buffer (lane 8), primarily to a 2-base overhang. However, in the presence of HeLa nuclear
extract (lanes 6-7) this Metnase-mediated trimming appeared to be suppressed, and the yield
of ligated repair product, rather than being enhanced, was slightly reduced from the level
seen with extract plus X4L4 alone.

4. Discussion

Both Artemis and Metnase, and their nuclease activities in particular, have been implicated
in NHEJ [5,6,36,37], but the precise function of nucleolytic cleavage in end joining has not
been clearly defined for either enzyme. The machinery of classical NHEJ, incorporating
DNA-PK, XLF, X4L4 and polymerases A and ., has a remarkable capacity to anneal, patch
and ligate DNA ends having minimal and imperfect complementarity [35]. Nevertheless,
blocked termini and adjacent DNA base damage can constitute a significant barrier to end
joining [17,38-40], and although a variety of enzymes are available for resolving these
terminal modifications, ends sequestered by end joining proteins may not be accessible to
those enzymes [41]. Moreover, even if accessible, heavily damaged ends with multiple
modifications may not be recognized as substrates by repair enzymes. Thus, the purpose of
the present study was to assess whether the DNA end-trimming activities of Artemis and
Metnase could provide a means of generating undamaged ends suitable for patching and
ligation, bypassing and removing blocked termini as well as damaged bases at or near the
termini.

Artemis endonuclease activity, which is dependent on association with autophosphorylated
DNA-PK, is essential for the hairpin-opening step of V(D)J recombination [1]. Artemis is
also required, along with ATM kinase and MRN, for repair of a subset of radiation-induced
DSBs [36], and rescue of this repair function as well as restoration of radioresistance in
Artemis-deficient cells requires its endonuclease activity [5]. Experiments with ATM-
deficient cells and ATM inhibitors suggest that this subset of DSBs consists mostly of DSBs
in heterochromatin, and that ATM is needed primarily to phosphorylate KAP-1, resulting in
a local decondensation of chromatin that allows access to DSB ends by the NHEJ machinery
[42,43]. Why Artemis endonuclease activity should be required for repair of these DSBS, but
not the repair of structurally similar DSBs in euchromatin, is puzzling, but resolution of
damaged ends by trimming off the damaged nucleotides remains the most plausible function
for Artemis in this context.

Previous work showed that Artemis could efficiently trim PG-terminated 3" overhangs [8],
and could even trim PG-terminated blunt ends, albeit much more slowly [44]. The present
work shows that Artemis can also trim 3" overhangs containing oxidized bases such as Tg,
whose nonplanar ring imparts a severe structural distortion to DNA (Fig. 4). Tg inhibits
Artemis-mediated cleavage of the bond directly 5" to the Tg residue, but cleavage at interior
sites is not affected, so that Tg can be removed by Artemis to expose undamaged DNA for
further NHEJ processing. Crystallographic structural studies of Tg as a template base for
DNA replication have revealed a steric clash with the base immediately to the 5 side that
disrupts the normal conformation of that base [16]. A similar perturbation may underlie
inhibition of Artemis-mediated cleavage between these two bases, although the
conformation of DNA in complex with Artemis is not yet known.

Tg at the ss/ds junction, rather than stimulating Artemis by promoting melting of the ends,
strongly inhibited Artemis-mediated 3" trimming into the ds region (Fig. 5A). Previous work
showed that this 3" trimming was preceded and enabled by prior 5" trimming that yielded a
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3’ overhang [44], and it may be the required 5" trimming that is directly blocked by the Tg.
The Artemis protein used in these experiments does contain 5'—3” exonuclease activity,
recently reported to be a contaminant rather than intrinsic [45]. However, in the presence of
DNA-PK, this activity appears to be completely suppressed at double-strand DNA ends and
Artemis instead acts endonucleolytically at both 5 and 3” termini [44]. Thus, exonuclease
activity should not affect the trimming results or their interpretation.

Metnase is implicated in NHEJ by its interaction with DNA ligase IV [7], and by
experiments showing that it increases the efficiency of end joining of DSB substrates having
noncohesive overhangs, both 3" and 5", when added to various whole-cell extracts [6]. In
those experiments, the size of terminal deletions was positively correlated with cellular
Metnase levels, suggesting that Metnase trimmed the ends prior to religation, and that
trimming penetrated well into ds regions of the substrates. Metnase also has
methyltransferase activity, which specifically phosphorylates histone H3 at Lys36 near a
site-specific DSB, thereby promoting recruitment of Ku and NBS1, and facilitating end
joining [4]. Thus, Metnase is likely to be present at or near DSB ends during NHEJ. In the
present study, Metnase was found to efficiently trim 3" overhangs >3 bases in length, a
specificity very similar to that of Artemis. However, whereas Artemis shortens overhangs up
to at least 25 bases in length to ~5 bases in a single step [8], Metnase-mediated cleavage was
spread more evenly over the full length of the overhang, excluding 2-3 terminal bases (Fig.
1). For many substrates a cleavage hotspot was found in the ds region, just 2—3 bases from
the ss/ds junction. Although Metnase was more strongly inhibited by the nonplanar base Tg
than was Artemis, it nevertheless could trim off this modified base centered in a 7-base
overhang (Fig. 4). Trimming at the hotspot just inside the ds region, in particular, was only
slightly affected by the modified base.

Although Metnase appears to require a free DNA end for entry and (unlike Artemis) does
not cleave hairpins or other ss loops [6], a 3'-PG terminus did not interfere with this
requirement. Metnase efficiently trimmed PG-terminated 3" overhangs, leaving ligatable 3'-
hydroxyl ends, and indeed for some substrates, the PG terminus stimulated trimming (Fig.
3). Thus, overall, Metnase has appropriate enzymatic activities for resolving damaged DNA
ends during NHEJ.

However, even if nucleases have biochemical activities capable of resolving damaged DSB
ends, they may not necessarily act to do so /n7 vivo, as DSB ends are likely to be sequestered
by NHEJ proteins and access to them by other enzymes stringently controlled. In X4L4-
supplemented HeL a nuclear extracts, for example, substrates with canonical termini and
bearing partially complementary overhangs are efficiently patched and ligated [46], yet
protruding 3’-PG termini persist for many hours (Fig. 6C), despite the presence of sufficient
concentrations of TDP1 to efficiently remove them [40]. These findings suggest that only
enzymes that interact appropriately with the NHEJ machinery will be allowed access to
DNA ends. Addition of purified recombinant Artemis to cell extracts containing a DSB
substrate with a PG-terminated 6-base 3”-overhang resulted in efficient trimming of almost
all of the available substrate, dramatically enhancing end joining to a partially
complementary end (Fig. 6). This end joining was dependent on X4L4 (in HeLa nuclear
extracts) as well as XLF (in BuS whole-cell extracts), implying that it was carried out by
classical, DNA-PK-based NHEJ. While Artemis is known to interact cooperatively with
DNA-PK and other core end joining proteins in the context of V(D)J recombination, that
process, involving hairpin ends and RAG proteins that may persist at the DSB site [47], is
rather a special case. The present results clearly show that, in the presence of the full
complement of core NHEJ proteins, Artemis can form a complex with DNA-PK, trim a
damaged DSB overhang, and then efficiently handoff the substrate for subsequent patching
and ligation, arresting any further trimming by Artemis into ds regions.
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In the same experiments with either of the two /n vitro models (Fig. 6), Metnase did not
promote end joining, even with a substrate it is clearly capable of trimming. The simplest
explanation of this result is that Metnase, unlike Artemis, cannot gain access to DNA
termini bound by the full complement of NHEJ proteins. Thus, overall the data do not
support a role for the endonuclease activity of Metnase in NHEJ. However, it is difficult to
exclude the possibility that endonucleolytic trimming by Metnase in the context of NHEJ
could require conditions that were not reproduced or cofactors that were not recovered in the
extracts. Another recent study showed that Metnase can facilitate end joining in cell extracts,
by trimming DNA ends bearing incompatible 5" and 3" overhangs (formed by restriction
enzyme cleavage) [6]. A distinguishing feature of the two /n vitro systems used in the
present work (Fig. 6) is a very high ratio of cell protein to DNA substrate, i.e, 3.2 mg/ml
nuclear or 8 mg/ml whole-cell protein and 0.6 pg/ml DNA, vs. 0.3 mg/ml protein and 10
pg/ml DNA used in previous work [6]. The higher protein/DNA ratios result in highly
efficient end joining, allowing direct biochemical detection of specific repair products and
eliminating the need for cloning or PCR amplification. DNA ends in these extracts appear to
be highly sequestered, resulting in a spectrum of end joining events that is highly
conservative, at least as conservative as typically observed /n vivo [48,49], if not moreso. /n
vitro models employing a lower protein/DNA ratio might reasonably be expected to be more
permissive of repair events involving more extensive resection, due to greater accessibility
of the DNA ends, as was reported [6].

The finding that Artemis can dramatically enhance end joining of a terminally blocked
substrate in cell extracts raises the question of why endogenous Artemis in the extracts was
not equally effective in doing so. In fibroblasts, endogenous levels of Artemis are extremely
low, typically below the level of detection by western blot, yet are clearly sufficient to
function in DSB repair /n vivo [5]. Although Artemis has never been shown to co-localize
with H2AX to DSB repair foci, its phosphorylated forms do localize to discrete nuclear sites
[50]. Thus, in the ordered environment of the cell nucleus, there may be some mechanism,
that was not retained in crude extracts, for locally concentrating Artemis at repair sites as
needed.

In summary, two nucleases, Artemis and Metnase, show remarkably similar specificities in
trimming undamaged and damaged 3" overhangs. In principle, either could act to remove
both blocked termini and nearby base damage, to produce substrates suitable for patching
and ligation, although Artemis appears better able to function in the presence of other core
NHEJ proteins.

Supplementary Material
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Figure 1.

Trimming of 3" overhangs by Metnase. Internally labeled substrates bearing homopolymer
dAg, dA1o, and dTg overhangs were constructed and treated with 50 nM Metnase for the
indicated times, then cut with Tagl and the products analyzed on sequencing gels (A, B).
Similar experiments were performed with a simple 23-base oligomer, ss-dA1, (C). Labeled
bands and arrows above sequences show the major cleavage sites and the corresponding
number of bases removed. Total cleavage of ss-dA1, was 7.1% at 4 hr, vs. 15.9% for the
dA1, overhang.
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Effect of Ku and DNA-PKcs on trimming of the dA;, overhang by Metnase or S1 nuclease.
The internally labeled dA, substrate shown in Fig. 1 was treated with 50 nM Metnase for 2
hr or with S1 nuclease for 15 min in the presence or absence of 25 nM Ku and 65 nM DNA-
PKcs, then cut with Taqgl prior to analysis on sequencing gels. ATP at 0.25 mM was present
in Metnase- but not S1-treated samples. ND = not determined due to low cleavage level or

inadequate resolution from the full-length band.
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Figure 3.

Trimming of 3’-PG-terminated 3" overhangs by Metnase. Internally labeled (*) plasmid
substrates bearing 3"-PG or normal 3’-hydroxyl termini on 6-base (A), 4-base (B, D) or 3-
base (C) 3" overhangs were treated with the indicated concentrations of Metnase for 2 hr,
then cut with Tagl to release labeled oligomers which were analyzed on sequencing gels.
Graphs in bottom panels show quantification of cleavage by 100 nM Metnase in three
independent experiments (mean + SEM); grey and black bars indicate 3’-hydroxyl and 3’-
PG substrates, respectively. Labeled bands and arrows above sequences show the major
cleavage sites and the corresponding number of bases removed. In (A), some samples were
treated with an identically prepared nuclease-deficient D483A mutant Metnase. In (C), some
samples contained a substrate with an 8-o0xoG base substituted at the underlined bolded G;
cleavage of this substrate was 2.8 + 0.8% for 5-base trimming and 5.4 + 1.4% total cleavage,
similar to the PG- and hydroxyl-terminated substrates. In (D), the 4-base overhang
substrates were treated for various times with 100 nM Metnase. Metnase treatment of the
analogous 1-base overhang substrates yielded only weak cleavage (<1% at any single site,
Supplemental Fig. 2).
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Figure4.

Trimming of a Tg-containing 3" overhang by Artemis plus DNA-PK or by Metnase. The
internally labeled (*) substrate (top right) consisted of an oligomeric partial duplex ligated to
a 2.3-kb fragment of pUC19. Bolded underlined T indicates the site of Tg substitution. A.
Trimming by Artemis. Samples were treated for the indicated times with 90 nM Artemis in
the presence of 25 nM Ku and 65 nM DNA-PKcs, then cut with BsrDI and analyzed on a
sequencing gel. B. Quantitation of Artemis-mediated cleavage, plotted as the ratio of
cleavage of the Tg-containing substrate to that of the normal substrate, at each position.
Dotted line indicates equal cleavage in normal and Tg substrates. Error bars represent mean
+ SEM for the three time points shown in (B.); a replicate experiment yielded similar results.
C. Trimming by Metnase. The same substrate was treated with 100 or 200 nM Metnase for 4
hr, cut with BsrDlI, and similarly analyzed. D. Quantitation of Metnase-mediated cleavage.
Error bars show the mean + SEM for two Metnase concentrations from each of two
experiments. E. Localization of Metnase-mediated cleavage to DNA ends. The normal
substrate was treated with 200 nM Metnase for 4 hr and run on a sequencing gel without
BsrDI cleavage. Lack of detectable fragmentation indicates that there was essentially no
Metnase-mediated cleavage in ds regions of the plasmid beyond the BsrDlI site.
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Figureb5.

Effect of Tg and 8-0xoG at the ss/ds junction on trimming of a 3-base 3" overhang by
Artemis or Metnase. A. Normal and Tg-substituted substrates shown were treated with 90
nM Artemis in the presence of Ku and/or DNA-PK, then cut with BsrDI and analyzed on
sequencing gels. B. The same substrates were treated with the indicated concentrations of
Metnase for 4 hr, then cut with BsrDI. Underlined T shows the site of Tg substitution. C.
Normal or 8-oxoG-susbstituted substrates were treated with Artemis plus Ku and DNA-
PKcs as indicated, then deproteinized, cut with Tagl and analyzed on a sequencing gel.
Quantitation of cleavage (Supplemental Figure 5) showed that the presence of 8-0xoG
increased 2-base trimming by ~2-fold. Trimming at other sites was not affected. For
trimming of this substrate by Metnase, see Fig. 3C.
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Figure6.

Effect of Artemis and Metnase addition on end joining in cell extracts. A. Internally labeled
substrate showing predicted trimming by Artemis and subsequent gap filling (underlined T)
and ligation in extracts. Cleavage of the resulting product by BstX1 and Tagl should yield a
labeled 42-base fragment. B. End joining in whole-cell extracts of XLF-deficient BuS
fibroblasts (8 mg/ml). Extracts were supplemented with 100 nM XLF, 90nM Artemis and/or
100 nM Metnase, as indicated. Lanes M contain a mixture of a labeled 42-base oligomer
having the same sequence shown in (A), and a 34-base size marker. A = heat-inactivated
extract. C. End joining in nuclear extracts of HeLa cells (3.2 mg/ml protein), supplemented
with 100 nM X4L4 complex, 90 nM Artemis and/or 50 nM ([+]) or 100 nM (+) Metnase. D.
Resolution of the Artemis-dependent end joining product into a doublet. Conditions are the
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same as in (C), but electrophoresis time was increased and the 42- and 34-base markers (M)
were included.
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