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and its stimulation of Artemis activity

Received for publication, May 26, 2017, and in revised form, July 5,2017 Published, Papers in Press, July 10,2017, DOI 10.1074/jbc.M117.798850
Christina A. Gerodimos, Howard H. Y. Chang, Go Watanabe, and Michael R. Lieber'

From the Departments of Pathology, Biochemistry & Molecular Biology, and Molecular Microbiology & Immunology and the
Department of Biological Sciences, Section of Molecular & Computational Biology, Norris Comprehensive Cancer Center, University
of Southern California Keck School of Medicine, Los Angeles, California 90033

Edited by Patrick Sung

In humans, nonhomologous DNA end-joining (NHE]) is the
major pathway by which DNA double-strand breaks are
repaired. Recognition of each broken DNA end by the DNA
repair protein Ku is the first step in NHE], followed by the iter-
ative binding of nucleases, DNA polymerases, and the XRCC4-
DNA ligase IV (X4-LIV) complex in an order influenced by the
configuration of the two DNA ends at the break site. The endo-
nuclease Artemis improves joining efficiency by functioningin a
complex with DNA-dependent protein kinase, catalytic subunit
(DNA-PKcs) that carries out endonucleolytic cleavage of 5’ and
3’ overhangs. Previously, we observed that X4-LIV alone can
stimulate Artemis activity on 3’ overhangs, but this DNA-PKcs-
independent endonuclease activity of Artemis awaited confir-
mation. Here, using in vitro nuclease and ligation assays, we find
that stimulation of Artemis nuclease activity by X4-LIV and the
efficiency of blunt-end ligation are determined by structural
configurations at the DNA end. Specifically, X4-LIV stimulated
Artemis to cut near the end of 3’ overhangs without the involve-
ment of other NHE] proteins. Of note, this ligase complex is not
able to stimulate Artemis activity at hairpins or at 5’ overhangs.
We also found that X4-LIV and DNA-PKcs interfere with one
another with respect to stimulating Artemis activity at 3’ over-
hangs, favoring the view that these NHE] proteins are sequen-
tially rather than concurrently recruited to DNA ends. These
data suggest specific functional and positional relationships
among these components that explain genetic and molecular
features of NHEJ and V(D)J recombination within cells.

DNA double-strand breaks (DSBs)? are common events in
multicellular eukaryotes, occurring at a rate of ~10 DSBs/cell/
day (1-3). These breaks can arise physiologically, generated by
recombination activating gene (RAG) proteins in V(D)] recom-
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bination, or pathologically, from causes including ionizing radi-
ation, oxygen free radicals, and inadvertent enzymatic action (1,
4—8). In diploid yeast, DSBs are resolved through homologous
recombination, which takes place during late S and G, phases
when a homology donor can be used for homology-directed
repair. Nonhomologous DNA end-joining (NHE]) does not
depend on the presence of a homology partner and occurs
throughout the cell cycle, making it the predominant pathway
utilized for repair of DSBs in vertebrate somatic cells (9, 10).

NHE] is initiated when Ku, a heterodimer of Ku70 and Ku80,
is recruited to the site of a DSB, allowing for subsequent recruit-
ment of the Artemis endonuclease; DNA-dependent protein
kinase, catalytic subunit (DNA-PKcs); the X-ray repair cross-
complementing protein 4 (XRCC4)-DNA ligase IV complex
(X4-LIV); DNA polymerases u and A; and accessory factors
XRCC4-like factor (XLF)/Cernunnos and paralog of XRCC4
and XLF (PAXX), as needed (11, 12). The flexibility of the NHE]
pathway is reflected in the capacity of core factors to act itera-
tively and in any order on a variety of structurally and chemi-
cally diverse DNA ends, contingent upon which steps are nec-
essary for a break to be resolved (13).

Artemis is the only nuclease required for NHE], although
other nucleases (e.g. PNK-APTX-like factor (PALF or APLF))
may be involved (14). Alone, Artemis canactas a5’ exonuclease
(15). Artemis complexed with autophosphorylated DNA-PKcs
has endonuclease activity and hairpin opening activity (16 —18).
Recent evidence indicates that NHE]J-mediated repair of DSBs
is dependent upon the DNA end structural configuration (19).
Importantly, the Artemis'DNA-PKcs nuclease and X4-LIV are
sufficient for processing and ligation of overhangs with short
regions (=4 nt) of internal microhomology (19). It was
observed, however, that X4-LIV and Artemis, without DNA-
PKcs, generates both cleavage and ligation products using DNA
with 3" overhang ends; the addition of Ku does not affect this
activity. Further testing confirmed that this was not a result of
transient annealing between two DNA substrates, but a DNA-
PKcs-independent nuclease activity of Artemis that occurs in
the absence of another DNA end (19).

Here, we investigate the mechanism by which Artemis acts as
an endonuclease on dsDNA without DNA-PKcs through the
involvement of X4-LIV. We find that Artemis is recruited by
X4-LIV to specific DNA end structural configurations, namely a
protruding 3’-OH at an overhang, where the interaction of
X4-LIV with Artemis permits nucleolytic action. We also discuss
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Figure 1. XRCC4-DNA ligase IV stimulates Artemis nuclease action on a 3’ overhang DNA end. 50 nm Artemis, 100 nm X4-LIV, and 25 nm DNA-PKcs were
incubated with 40 nm *CG11/HC102 at 37 °C for 60 min. DNA was incubated with 200 nm streptavidin prior to the addition of NHEJ proteins to suppress protein
binding or enzyme action at the biotinylated DNA end. Ladders (lane L) were generated by incubating 0.4 milliunits/ml of snake venom phosphodiesterase with
80 nm *CG12 at 37 °C for 10 min. DNA was resolved using 8% denaturing PAGE. The first 5 nt of the top strand contain phosphorothioate linkages. The asterisk
indicates a 3P radiolabel, Bindicates biotin, and SA indicates streptavidin. Cleavage efficiency was calculated by dividing the signal of cleavage products by the
total signal in each lane. Efficiency values were normalized to background signal in the substrate-only lane. This figure is representative of three gels from very
similar experiments. The same basic result was observed in numerous additional experiments with other preparations of X4-LIV. Cleavage efficiency mean =
S.E. were calculated for each of five conditions (substrate only (DNA); Artemis (Art); Artemis and DNA-PKcs (Art+PK); Artemis and X4-LIV (Art+XL); and Artemis,
DNA-PKcs, and X4-LIV (Art+PK+XL)). A Student’s t test was used to determine p values for differences in cleavage efficiency between Art and Art + XL
conditions, where p < 0.05 indicates significance. The graph represents the statistical analysis for the 3" overhang substrate CG11/HC102, where p = 0.02.

has intrinsic 5’ exonuclease activity on ssDNA, but requires
activation by DNA-PKcs to endonucleolytically cleave 3’ ends
(17). To confirm the DNA-PKcs-independent endonuclease
activity, we incubated a radiolabeled 74-bp duplex DNA sub-

how this DNA-PKcs-independent Artemis activity is compatible
with the known genetics and molecular biology of NHE].

Results

XRCC4-DNA ligase IV stimulates Artemis endonuclease activity
on 3’ overhangs without DNA-PKcs

Previously, we have observed that X4-LIV alone is capable of
stimulating Artemis action ona 10-nt 3" overhang (19). Artemis
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strate containing a 14-nt 3’ overhang with Artemis alone, Arte-
mis and DNA-PKcs, Artemis and X4-LIV, or all three (Fig. 1).
To minimize cutting of transiently denatured DNA at the 5’
end of the top strand, phosphorothioate linkages were incorpo-
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Figure 2. XRCC4-DNA ligase IV does not stimulate Artemis nuclease action on a5’ overhang DNA end. 50 nm Artemis, 100 nm X4-LIV, and 25 nm DNA-PKcs
were incubated with 40 nm *JG277/HC128 at 37 °C for 60 min. DNA was incubated with 200 nm streptavidin prior to the addition of NHEJ proteins to suppress
protein binding or enzyme action at the biotinylated DNA end. DNA was resolved using 8% denaturing PAGE. The asterisk indicates a >?P radiolabel, Bindicates
biotin, and SA indicates streptavidin. Cleavage efficiency was calculated by dividing the signal of cleavage products by the total signal in each lane. Efficiency
values were normalized to background signal in the substrate-only lane. This figure is representative of three gels from very similar experiments. Statistical
analysis was performed as previously described. The graph represents the statistical analysis for the 5" overhang substrate JG277/HC128, where p = 0.74.

rated into the first 5 nt. Furthermore, 3" biotinylation of the
bottom strand was used to prevent action of Artemis at this
same DNA end. (We have found that using streptavidin to sup-
press protein binding or enzyme action at biotinylated ends is
not 100% effective and that the Artemis:DNA-PKcs complex
can overcome this, as demonstrated in the present study by the
generation of a low level of 5" cleavage products.) As expected,
we observe Artemis activity at the 3’ overhang in the presence
of DNA-PKcs (Fig. 1, lanes 3 and 5). More importantly, we
found that Artemis indeed cuts the 3’ overhang with a higher
efficiency in the presence of X4-LIV than it does alone (Fig. 1,
lane 2 versus 4). These data indicate that Artemis is stimulated
by X4-LIV for endonuclease activity on a 3’ overhang in the
absence of DNA-PKcs.

Artemis requires DNA-PKcs for cleavage of 5’ overhangs

We wondered if Artemis activity on 5’ overhangs would also
be stimulated by X4-LIV alone (i.e. without DNA-PKcs). To test
this, we incubated a radiolabeled 72-bp duplex DNA substrate
containing a 10-nt 5’ overhang with proteins, as described
(Fig. 2).
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As expected, Artemis alone is not able to cleave the 5’ over-
hang (Fig. 2, lane 2). Artemis, in the presence of DNA-PKcs,
acts on the 5’ overhang with a high efficiency, comparable with
that observed for 3’ overhangs (Fig. 1, lanes 3 and 5 versus Fig. 2,
lanes 3 and 5). However, the endonucleolytic cutting efficiency
of Artemis in the presence of X4-LIV is not greater than that of
Artemis alone (Fig. 2, lane 2 versus 4). These data show that
Artemis activity on 3’ overhangs can be stimulated by X4-LIV,
but is not stimulated for 5’ overhangs.

XRCC4-DNA ligase IV alone does not stimulate Artemis hairpin
nicking activity

As Artemis and X4-LIV alone (i.e. without DNA-PKcs) cut at
3’ overhangs, but not at 5 overhangs, we wondered if X4-LIV
could stimulate Artemis hairpin nicking activity, which is
required for opening DNA hairpins formed at coding ends dur-
ing V(D)] recombination. To test this, we used a 20-bp blunt-
ended hairpin substrate (Fig. 3). Artemis preferentially nicks 2
nt 3’ of the hairpin tip, where steric constraints on these base
pairs result in the formation of a single-stranded/double-
stranded DNA (ss/dsDNA) boundary (16). This activity gener-
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Figure 3. XRCC4-DNA ligase IV does not stimulate Artemis nuclease action on a DNA hairpin. 50 nm Artemis, 100 nm X4-LIV, and 25 nm DNA-PKcs were
incubated with 40 nm *HC127 at 37 °C for 60 min. DNA was resolved using 12% denaturing PAGE. The first 5 nt of the substrate contain phosphorothioate
linkages. The asterisk indicates a >2P radiolabel. The arrows indicate major and minor cleavage sites for the generation of hairpin cleavage products, which are
predominantly 21 to 23 nt from the radiolabel. Cleavage efficiency was calculated by dividing the signal of cleavage products by the total signal in each lane.
Efficiency values were normalized to background signal in the substrate-only lane. This figure is representative of three gels from very similar experiments.
Statistical analysis was performed as previously described. The graph represents the statistical analysis for the hairpin substrate HC127, where p = 0.14.

ates 4-nt 3’ overhangs that may be further processed for down-
stream ligation (16). We found that these nicked hairpin
products are formed in the presence of DNA-PKcs, but not
X4-LIV alone (Fig. 3, lanes 3-5).

Interestingly, although X4-LIV alone does not stimulate
Artemis hairpin nicking activity, we found that the addition of
X4-LIV to Artemis and DNA-PKcs results in an increase in hairpin
nicking, as well as the generation of additional hairpin cleavage
products (Fig. 3, lane 3 versus 5). This may be due to the formation
of a 4-nt 3" overhang upon hairpin nicking by the Artemis:DNA-
PKcs complex, which allows for interaction of X4-LIV with the
overhang via the terminal 3'-OH and, as a result, increased stim-
ulation of Artemis activity at this end. These data show that
X4-LIV does not stimulate Artemis activity on hairpins.

A 3'-OH at a 3' overhang is required for XRCC4-DNA ligase IV
stimulation of Artemis

Recognizing that X4-LIV alone stimulates Artemis at 3’
overhangs, but not at 5" overhangs or hairpins, we wondered if

SASBMB

an available 3'-hydroxyl group (3'-OH) is essential for this
stimulation to occur. To test this, we used a 74-bp substrate
similar to that used in our first test, but replaced the 3’ terminal
deoxynucleotide in the overhang with a 2’, 3'-dideoxynucleotide.

We again observed that cutting of the 3" overhang occurred
when DNA-PKcs was present (Fig. 4, lanes 3 and 5). However,
the cutting efficiency of Artemis and X4-LIV was not substan-
tially greater than that of Artemis alone (Fig. 4, lane 2 versus 4).
Fold-changes in cleavage efficiencies in reactions containing
DNA-PKcs are comparable with those observed for the same
reactions in our first experiment (Fig. 1, lanes 3 and 5 versus Fig.
4, lanes 3 and 5), indicating that Artemis cutting in the presence
of X4-LIV alone can be attributed to an interaction between
X4-LIV and the 3'-OH, and not a change in the enzymatic
activity of Artemis.

To determine whether the recessed 5'-OH on the unlabeled
bottom strand contributes to this DNA-PKcs-independent
activity, we added a nonradioactive 5'-PO, here and found that

J. Biol. Chem. (2017) 292(34) 13914-13924 13917
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Figure 4. XRCC4-DNA ligase IV does not stimulate Artemis activity on a 3’ overhang DNA end lacking a terminal 3’-hydroxyl group. 50 nm Artemis, 100
nm X4-LIV, and 25 nm DNA-PKcs were incubated with 40 nm *CG03/HC102 at 37 °C for 60 min. DNA was incubated with 200 nm streptavidin prior to the addition
of NHEJ proteins to suppress protein binding or enzyme action at the biotinylated DNA end. Ladders (lane L) were generated by incubating 0.4 milliunits/ml of
snake venom phosphodiesterase with 80 nm *CG12 at 37 °C for 10 min. DNA was resolved using 8% denaturing PAGE. The first 5 nt of the top strand contain

phosphorothioate linkages. The asterisk indicates a 32P radiolabel, B indicates

biotin, SA indicates streptavidin, and ddC indicates a 2’,3'-dideoxycytidine.

Cleavage efficiency was calculated by dividing the signal of cleavage products by the total signal in each lane. Efficiency values were normalized to
background signal in the substrate-only lane. This figure is representative of three gels from very similar experiments. Statistical analysis was performed
as previously described. The graph represents the statistical analysis for the 3" overhang substrate containing a 3’ terminal dideoxycytidine CG03/

HC102, where p = 0.42.

X4-LIV stimulation of Artemis was unaffected by this feature of
the DNA end (supplemental Fig. S1).

A 3'-OH but not a 5'-PO,, at both DNA ends is critical for
XRCC4-DNA ligase IV ligation activity

We wondered if certain chemical features of DNA ends were
being utilized as recognition elements for X4-LIV, allowing it to
bind these ends and then recruit Artemis for endonucleolytic

13918 J Biol. Chem. (2017) 292(34) 13914-13924

action. If so, we posited that the addition or removal of X4-LIV
recognition elements would affect the rate of ligation indepen-
dent of Artemis or DNA-PKcs. Recent evidence shows that
DNA end chemistry, particularly a 5'-PO,, indeed acts as a
recognition element for X4-LIV, serving to stabilize bridging of
broken DNA ends (20).

We have found that nuclease activity by Artemis is required
for efficient ligation of non-complementary DNA overhang
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Figure 5. A second 5’ phosphate group is not essential for ligation of two
blunt DNA ends. 50 nm Ku and 100 nm X4-LIV were incubated with 20 nm
radiolabeled duplex DNA (*HC121/HC102 or *HC121/pHC102) and 20 nm
pHC115/HC120 at 37 °C for 90 min, and ligation efficiency was measured at
the specified time points. DNA was incubated with 200 nm streptavidin prior
to the addition of NHEJ proteins to suppress protein binding or enzyme
action at the biotinylated DNA ends. Markers (lane M) were generated by
incubating *JG163/JG166 for 60 min under the same conditions. DNA was
resolved using 8% denaturing PAGE. The first 5 nt of the radiolabeled top
strand contain phosophorothioate linkages. The asterisk indicates a 3P radio-
label, B indicates biotin, SA indicates streptavidin, P indicates a 5'-phosphate
group, and OH indicates a 3’- or 5’-hydroxyl group. Two bands denoted by an
asterisk are a result of self-dimerization and hairpinning of the radiolabeled
duplexin a “head-to-head” or “tail-to-tail” orientation. Ligation efficiency was
calculated by dividing the signal of ligation products by the total signal in
each lane. This figure is representative of three gels from very similar
experiments.

11 o

ends, whereas only Ku and X4-LIV are required for efficient
ligation of blunt ends (19). To test the effect of the 5'-PO, on
ligation of DNA ends independent of Artemis, we incubated a
blunt-ended DNA duplex containing a 5'-PO, on the top
strand with either of two radiolabeled blunt-ended duplexes,
one of which contains a 5'-OH on the bottom strand (Fig. 5,
lanes 1-5) and the other a 5'-PO, at this site (Fig. 5, lanes 6 —10).
The “outside” DNA end of each duplex was biotinylated to pre-
vent the formation of large multimer ligation products. Time
course assays containing Ku, which is required for efficient
blunt-end ligation (19), and X4-LIV revealed that the addition
of a 5'-PO, to the unlabeled bottom strand does not stimulate
ligation (Fig. 5, lanes 6 —10). In fact, the presence of both 5'-PO,,
groups results in a lower ligation efficiency than does a 5'-PO,,
at only one of the two DNA ends (Fig. 5). The removal of the
3'-OH from the unlabeled bottom strand, however, results in a
decrease in ligation of the top strand to almost undetectable

SASBMB
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Figure 6. Two 3'-hydroxyl groups are required for ligation of two blunt
DNA ends. 50 nm Ku and 100 nm X4-LIV were incubated with 20 nm *HC121/
HC102 and 20 nm unlabeled duplex DNA (pHC115/HC120 or pHC115/CG04)
at 37 °Cfor 90 min, and ligation efficiency was measured at the specified time
points. DNA was incubated with 200 nm streptavidin prior to the addition of
NHEJ proteins to suppress protein binding or enzyme action at the biotiny-
lated DNA ends. Markers (lane M) were generated by incubating *JG163/
JG166 for 60 min under the same conditions. DNA was resolved using 8%
denaturing PAGE. The first 5 nt of the radiolabeled top strand contain phos-
phorothioate linkages. The asterisk indicates a 3P radiolabel, B indicates bio-
tin, SA indicates streptavidin, P indicates a 5'-phosphate group, OH indicates
a3'-ora5’-hydroxyl group, and Hindicates a 3" hydrogen. Ligation efficiency
was calculated by dividing the signal of ligation products by the total signal in
each lane. This figure is representative of three gels from very similar
experiments.

levels (Fig. 6, lanes 6 —10). This shows that both 3'-OH groups
play a critical role in the ligation of two blunt DNA ends,
whereas a second 5'-PO,, is not necessary. Overall, these data
demonstrate the effect of DNA end configuration on Artemis
stimulation and blunt-end ligation by X4-LIV, unifying both of
these related roles of X4-LIV in DNA end processing.

The XRCC4-DNA ligase IV complex interferes with
Artemis-DNA-PKcs action at 3' overhangs

We observed across all of the Artemis nuclease assays that
the sum of all cleavage products (both 5’ and 3") was greater for
reactions containing the X4-LIV complex relative to those con-
taining only Artemis and DNA-PKcs. To examine this in more
detail, we quantitated 3" and 5’ cutting efficiencies separately in
the assays where these cleavage products are both generated
(i.e. assays containing 3’ overhangs). We found that there are
more 3’ than 5’ cleavage products generated in reactions con-
taining Artemis and DNA-PKcs without X4-LIV. However, the

J. Biol. Chem. (2017) 292(34) 1391413924 13919
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Figure 7. XRCC4-DNA ligase IV and Artemis-DNA-PKcs do not simultane-
ously occupy a 3’ overhang DNA end. 50 nm Artemis, 100 nm X4-LIV, and 25
nm DNA-PKcs were incubated with 40 nm HC101/HC102* at 37 °C for 60 min.
DNA was incubated with 200 nm streptavidin prior to the addition of NHEJ
proteins to suppress protein binding or enzyme action at the biotinylated
DNA end. DNA was resolved using 12% denaturing PAGE. The asterisk indi-
cates a 3?P radiolabel, B indicates biotin, SA indicates streptavidin, and ddT
indicates a 2’,3’-dideoxythymidine. Cleavage efficiency was calculated by
dividing the signal of cleavage products by the total signal in each lane. Effi-
ciency values were normalized to background signal in the substrate-only
lane. This figure is representative of three gels from very similar experiments.

addition of X4-LIV results in a decrease in 3" products and an
increase in 5" products (Fig. 1, lane 3 versus 5). This observation
is consistent for both 3" overhang substrates (Figs. 1 and 4).
To confirm this, we radiolabeled the 3’ end of a 74-bp duplex
containing a 10-nt 3’ overhang and incubated with proteins as
previously described (Fig. 7). We found that Artemis and DNA-
PKcs generate more 3’ cleavage products than do Artemis,
DNA-PKcs, and X4-LIV combined. In this case, although
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X4-LIV would not recognize the terminal dideoxythymidine at
the 3’ overhang and would therefore not stimulate Artemis
action at this DNA end, the Artemis’DNA-PKcs contribution
accounts for cutting in lanes containing Artemis, DNA-PKcs,
and X4-LIV (Fig. 7, lane 5). These data indicate that there is
some interference between X4-LIV and DNA-PKcs with
respect to Artemis action at 3" overhangs.

Discussion

Previously, we have observed that Artemis cuts DNA over-
hangs in the presence of X4-LIV and absence of DNA-PKcs
(19). This finding challenged our current understanding of the
necessity of DNA-PKcs acting in complex with Artemis to sup-
port endonuclease activity. Here, using in vitro nuclease assays,
we find that X4-LIV alone is sufficient to stimulate Artemis
endonuclease activity specifically at 3" overhangs containing a
terminal OH. Analysis of the X4-LIV complex reveals the
importance of the 3'-OH, but not the 5'-PO,, of the same DNA
end, for joining of blunt ends. We surmise, then, that the 3'-OH
is not only necessary for ligation but also serves as a critical
contact point for X4-LIV, where it can recruit Artemis, which
can then act locally in the absence of DNA-PKcs.

DNA end chemical configuration serves as a XRCC4-DNA
ligase IV recognition element

Mammalian DNA ligases I, III, and IV share features con-
served in all DNA and RNA ligases; the nucleotidyl transferase
and oligonucleotide/oligosaccharide binding-fold domains
comprise the core catalytic region. An additional N-terminal
DNA-binding domain found in the three mammalian DNA
ligases is required for ligation activity (21, 22). Analysis of the
crystal structure of DNA ligase I suggests thata 3'-OH is impor-
tant for proper alignment of DNA ends in a nicked substrate.
Both binding sites for divalent metal ions are coordinated such
that they may position the 5-PO, for efficient nucleophilic
attack by the 3'-OH (21).

Our finding that X4-LIV stimulation of Artemis occurs only
at 3’ overhangs supports the role of the 3'-OH as a critical
contact point for X4-LIV, as this effect depends upon the avail-
ability of a sterically accessible 3'-OH not present in 3’ terminal
dideoxynucleotides, 5" overhangs or hairpins (Fig. 84). This is
further substantiated by the decrease in ligation activity
observed upon the removal of a 3'-OH, but not a 5’-PO,, at one
DNA end. The disparity between these results and recent
single-molecule fluorescence resonance energy transfer data,
which suggests that it is the 5'-PO, that serves as the critical
recognition element (20), can be accounted for by differences in
which chemical reaction steps are being measured. Although
single-molecule fluorescence resonance energy transfer was
utilized for the evaluation of bridging of complementary 4-nt 3’
overhangs, here we measure covalent ligation of blunt ends. It is
possible that bridging of the overhangs, which are subject to
transient annealing, requires both 5'-PO, groups for stabiliza-
tion. In contrast, the 3'-OH may be more critical for catalytic
activity by X4-LIV to occur. This suggests that the catalytic step
is rate-limiting rather than the noncovalent bridging step.

Interestingly, we find that having a 5'-PO, at both DNA ends
results in a reduction in ligation efficiency as compared with a
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5'-PO, at only one end (Fig. 5). This result might be attributed
to repulsion between the negatively charged 5'-PO, groups,
making it less likely for the ends to be correctly aligned for
ligation.

A model for XRCC4-DNA ligase IV stimulation of Artemis
endonuclease activity

A recent study suggests a model of Artemis autoinhibition in
which residues Asn-456, Ser-457, and Glu-458 within the
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C-terminal tail associate with the N-terminal catalytic region,
preventing substrate binding and inhibiting nuclease activity
(23). Artemis also contains a putative X4-LIV interaction
domain at residues 485—495 within its C-terminal tail (24, 25).
Consistent with our findings using full-length Artemis, a trun-
cated Artemis mutant lacking a portion of the C-terminal tail is
not stimulated for endonuclease activity at the 3’ overhang
(data not shown). We propose that, after binding to a 3’ over-
hanging DNA strand via a 3'-OH recognition element, X4-LIV
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recruits Artemis to the DNA end; the ligase complex may then
activate Artemis by occupying the C-terminal X4-LIV-binding
domain, thereby obstructing the interaction between the C-ter-
minal tail residues and the N-terminal catalytic region (Fig. 8B).
This model provides an explanation for targeting of Artemis to
specific DNA end configurations as well as DNA-PKcs-inde-
pendent endonuclease activity in the presence of X4-LIV spe-
cifically at 3" overhang ends (Fig. 8C).

In addition to our finding that Artemis may be stimulated in
the absence of DNA-PKcs, we also observe that X4-LIV stimu-
lation of Artemis generates cleavage products closer to the
3’-OH. The Artemis'DNA-PKcs endonuclease preferentially
cleaves 3’ overhangs 4 —6 nt 3’ of the ss/dsDNA boundary (16).
Here, we similarly find that the addition of DNA-PKcs results in
cutting 3—6 nt 3’ of the ss/dsDNA boundary, with the major
product at 4 nt (Fig. 8D). Interestingly, Artemis and X4-LIV
(without DNA-PKcs) cut 1 nt 5’ of the 3'-OH, with minor prod-
ucts being generated as cutting extends further into the over-
hang (Fig. 8D). These observations are consistent with our
model, where binding of X4-LIV at the 3'-OH directs Artemis
to cut near that DNA end.

Physiological relevance of DNA-PKcs-independent Artemis
endonuclease activity in V(D)J recombination

In wild-type pre-B or pre-T cells, during V(D)] recombina-
tion, each coding end typically suffers nucleolytic removal of 1
to 10 bp, contributing to the junctional diversification (26). The
Artemis'DNA-PKcs complex is likely responsible for this action
because this nuclease is already present at coding ends for hair-
pin opening. In wild-type pre-B or pre-T cells, the signal DNA
ends only rarely suffer nucleotide loss (26).

In mutant mammalian cells lacking DNA-PKcs kinase activ-
ity (e.g. rodent mutants, such as murine SCID, or other SCID
animals, such as equine SCID (27)), the signal ends often suffer
more signal end nucleolytic processing than in wild-type cells
(28, 29). There is substantial genetic and biochemical evidence
indicating that Artemis is the nuclease responsible for this pro-
cessing, even in the absence of DNA-PKcs (30). Some of this
signal end processing may be due to the 5’ exonucleolytic
action of Artemis, and this would leave a 3’ overhang. However,
much of the signal end processing in these DNA-PKcs mutants
extends further, and there has been no explanation for such
deep nucleolytic processing (31). Our data here indicate that
the endonucleolytic activity of Artemis could occur at these
signal ends due to partial stimulation by the X4-LIV complex
specifically at the 3’ overhangs generated by initial 5" exonu-
clease action by Artemis. This type of activity would explain
how processing by Artemis can extend so deeply into signal
ends in mammalian pre-B and pre-T cells in the absence of
DNA-PKcs.

In addition to explaining end processing during V(D)]
recombination when DNA-PKcs is absent in mutant cells, our
studies are also relevant to the coding end processing in wild-
type pre-B and pre-T cells. Hairpin cleavage typically generates
a 4-nt 3’ overhang with a terminal 3'-OH. These studies show
that this configuration is suitable for further processing by
Artemis upon stimulation by either DNA-PKcs or X4-LIV.
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Physiological relevance of DNA-PKcs-independent Artemis
endonuclease activity in NHEJ

When mammalian cells are subjected to ionizing radiation or
chemical agents that cause DSBs, cells lacking DNA ligase IV
are the most vulnerable. Cells lacking DNA-PKcs are sensitive,
but not as sensitive as cells lacking DNA ligase IV (32). The
results in our study show that Artemis is partially activated at a
subset of DNA end configurations (3" overhangs) through rec-
ognition of the 3'-OH by the X4-LIV complex and, therefore, is
able to contribute to the endonucleolytic processing of a subset
of DSBs even in the absence of DNA-PKcs.

Of relevance to the wild-type situation, when DNA-PKcs is
not competing with X4-LIV at a 3" overhang, Artemis has
its highest potential for nuclease activity. The reduction in
Artemis')DNA-PKcs cutting when X4-LIV is present at the 3’
overhang suggests that the ligase complex and this nuclease
complex cannot occupy the same 3" overhang at the same time.
Such sequential action agrees with our biochemical reconstitu-
tion joining data (33) and our data from junctions formed
within cells during V(D)] recombination (26).

Experimental procedures
Oligonucleotides and DNA substrates

Oligonucleotides used in this study were synthesized by Inte-
grated DNA Technologies, Inc. (San Diego, CA). Oligonucleo-
tides were purified using 8 or 12% denaturing PAGE and DNA
concentration was determined spectrophotometrically. 5’
end radiolabeling of oligonucleotides was performed using
[y-32P]ATP (3000 Ci/mol) (PerkinElmer Life Sciences) and T4
polynucleotide kinase (New England Biolabs). 3" end radiola-
beling was performed using [a-**P] thymidine triphosphate
(3000 Ci/mol) (PerkinElmer Life Sciences) and terminal deoxy-
nucleotidyl transferase (Promega). Termination of the 3’ end-
labeling reaction was achieved by adding a 13-fold excess of
unlabeled 2’,3'-dideoxythymidine to [@->*P]TTP. Unincorpo-
rated radioisotope was removed using Sephadex G-25 spin col-
umns (Epoch Life Science). Duplex DNA substrates were cre-
ated by adding a 20% excess of unlabeled oligonucleotide to the
radiolabeled complementary strand. To ensure hybridization
and to reduce secondary structure formation, all substrates
were heated at 95 °C for 5 min and cooled at room temperature
for 3 h, then at 4 °C overnight. Sequences of oligonucleotides
used in this study are as follows: HC101, 5'-C*G*T* T*AA GTA
TCT GCA TCT TACTTG ATG GAG GAT CCT GTC ACG
TGC TAG ACT ACT GGT CAA GCG CAT CGA GAA CCC
CCC TTT TTT-3'; HC102, 5'-GGT TCT CGA TGC GCT
TGA CCA GTA GTC TAG CAC GTG ACA GGA TCC TCC
ATC AAG TAA GAT GCA GAT ACT TAA CG-biotin-3';
HC115, 5'-GAT GCC TCC AAG GTC GAC GAT GCA GAC
ACT GAT ATA TGT ACA GAT TCG GTT GAT CAT AGC
ACA ATG CCT GCT GAA CCC ACT ATC G-3'; HC120,
5'-biotin-CGA TAG TGG GTT CAG CAG GCA TTG TGC
TAT GAT CAA CCG AAT CTG TAC ATA TAT CAG TGT
CTG CAT CGT CGA CCT TGG AGG CAT C-3'; HC121,
5'-C*G*T* T*AA GTA TCT GCA TCT TACTTG ATG GAG
GAT CCT GTC ACG TGC TAG ACT ACT GGT CAA GCG
CAT CGA GAA CC-3'; HC127, 5'-A*T*T* A*CT ACG GTA
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GTAGCTACGTAGCTACTACCGTAGTAAT-3";HC128,
5’-biotin-CGA GCC CGA TCC GCT TGA CCA GTA GTC
TAG CAC GTG ACG ATT GCA TCC GTC AAG TAA GAT
GCA GAT ACT TAA C-3";CGO03,5'-C*G*T* T*AAGTATCT
GCA TCT TAC TTG ATG GAG GAT CCT GTC ACG TGC
TAG ACT ACT GGT CAA GCG CAT CGA GAA CCC CCC
TTT TT-dideoxy-C-3'; CG04, 5'-biotin-CGA TAG TGG GTT
CAG CAG GCA TTG TGC TAT GAT CAA CCG AAT CTG
TAC ATA TAT CAG TGT CTG CAT CGT CGA CCT TGG
AGG CAT-dideoxyC-3'; CG11, 5'-C*G*T* T*AA GTA TCT
GCA TCT TAC TTG ATG GAG GAT CCT GTC ACG TGC
TAG ACT ACT GGT CAA GCG CAT CGA GAA CCC CCC
TTTTTTTTT T-3;CG12,5'-TTTTTTTTT TTTTTTTTT
TTITTTTTTTTTITTTITTTITTITTTITTTTTTITTTITTTT
TTTTTTTTT CAT CGAGAACCCCCCTTTTTT-3';SL23,
5'-T*T*T* T*TT TTG CCA GCT GAC GCG CGT CAG CTG
GC-3';]JG163, 5'-GTT AAG TAT CTG CAT CTT ACT TGA
CGG ATG CAA TCG TCA CGT GCT AGA CTA CTG GTC
AAG CGG ATC GGG CTC GAC C-3';JG166, 5'-CGA GCC
CGA TCC GCT TGA CCA GTA GTC TAG CAC GTG ACG
ATT GCA TCC GTC AAG TAA GAT GCA GAT ACT TAA
CAG G-3';JG277,5'-TTT TTT CCC CGT TAA GTA TCT
GCA TCT TAC TTG ACG GAT GCA ATC GTC ACG TGC
TAG ACT ACT GGT CAA GCG GAT CGG GCT CG-3'.
Asterisks indicate phosphorothioate linkages.

Protein expression and purification

The X4-LIV complex was expressed and purified using a
baculovirus expression system in High Five cells (Thermo-
Fisher Scientific). XRCC4 and C-terminal His-tagged DNA
ligase IV recombinant baculoviruses were a gift from Dr. Dale
Ramsden (University of North Carolina School of Medicine,
Chapel Hill, NC). High Five cells were co-infected with XRCC4
and DNA ligase IV baculoviruses at an equal multiplicity of
infection. Harvested cells were resuspended in Ni-NTA bind-
ing buffer (50 mm NaH,PO, (pH 7.8), 500 mm KCl, 0.1% Triton
X-100, 20 mM imidazole (pH 7.8), 2 mm [B-mercaptoethanol)
supplemented with protease inhibitors, then sonicated and
centrifuged. The supernatant was applied to Ni-NTA-agarose
resin (Qiagen). X4-LIV was eluted with elution buffer (binding
buffer with 500 mMm imidazole). High-resolution purification
was performed using two-step column chromatography with
the AKTAexplorer system (GE Healthcare Life Sciences). Ni-
NTA affinity-purified eluate was dialyzed against Mono Q
buffer A (50 mm Tris-HCI (pH 7.5), 150 mm KCI, 10% glycerol,
0.05% Triton X-100, 1 mm DTT, 0.2 mm PMSF), loaded onto a
Mono Q 5/50 GL anion exchange column (GE Healthcare Life
Sciences), and eluted with a linear gradient to 30% Mono Q
buffer B (Mono Q buffer A with 1 m KCI). Peak fractions were
pooled, dialyzed against Mono S buffer A (50 mm Tris-HCI (pH
7.5), 50 mm NaCl, 10% glycerol, 1 mm EDTA, 1 mm DTT, 0.2
mwm PMSF), loaded onto a Mono S 5/50 GL cation exchange
column (GE Healthcare Life Sciences), and eluted with a linear
gradient to 100% Mono S buffer B (Mono S buffer A with 750
mM NaCl). Peak fractions were stored at —80 °C. Purified
X4-LIV was found to be active and to have no detectable
nuclease contamination. Purification of Ku, DNA-PKcs, and
Artemis was performed as previously described (16, 34-36).
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Briefly, the recombinant Ku70/80 complex was purified from
High Five cells by Ni-NTA affinity, dSDNA (oligo) affinity, and
anion exchange chromatography. Endogenous DNA-PKcs was
purified from HeLa cells using a series of column chromatog-
raphy steps including anion exchange, cation exchange, dssDNA
(oligo) affinity, and size exclusion chromatography. Artemis
was purified from Sf9 cells by Ni-NTA affinity and anion
exchange chromatography. Ku, DNA-PKcs, and Artemis were
found to have no detectable nuclease contamination.

Nuclease assay

In vitro nuclease assays were performed in a 10-ul reaction
volume in NHE] buffer (25 mm Tris-HCI (pH 8.0), 75 mm KCl,
10 mm MgCl,, 1 mm DTT, 0.5 mm ATP, 10% PEG 8000, with
200 nM™ streptavidin when using biotinylated substrates). Bioti-
nylated DNA was incubated with excess streptavidin prior to
the addition of proteins for efficient blocking of biotinylated
DNA ends. Reactions containing 40 nm >*P-radiolabeled DNA
substrate, 50 nm Artemis, 25 nMm DNA-PKcs, and 100 nm
X4-LIV were incubated at 37 °C for 60 min. Ladders were gen-
erated by incubating 80 nm **P-radiolabeled ssDNA with 0.4
milliunits/ml of snake venom phosphodiesterase 1 (Sigma) at
37 °C for 10 min. Reactions were terminated by heat inactiva-
tion at 95 °C for 10 min. DNA was extracted using phenol:chlo-
roform, resolved using either 8 or 12% denaturing PAGE, and
detected by autoradiography. Nucleolytic activity was quanti-
tated using Quantity One 1-D analysis software (Bio-Rad).

Ligation assay

In vitro ligation time courses were performed in a 12-ul reac-
tion volume in NHE] buffer. Reactions containing 20 nm **P-
radiolabeled DNA substrate, 20 nM unlabeled substrate, 50 nm
Ku, and 100 nm X4-LIV were incubated at 37 °C and 2-ul ali-
quots were removed at the indicated time points. Markers were
generated using the same conditions. Reactions were termi-
nated by heat inactivation at 95°C for 10 min. DNA was
extracted and detected and ligation was quantitated as
described above.
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