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Abstract

Artemis is a member of the p—CASP family of nucleases in the metallo-B-lactamase superfamily of
hydrolases. Artemis has been demonstrated to be involved in V(D)J-recombination and in the NHEJ-
catalyzed repair of DNA DSBs. In vitro, both DNA-PK independent 5’ to 3’ exonuclease activity
and DNA-PK dependent endonuclease activity have been attributed to Artemis, though mutational
analysis of the Artemis active site only disrupts endonuclease activity. This suggests that either the
enzyme contains two different active sites, or the exonuclease activity is not intrinsic to the Artemis
polypeptide. To distinguish between these possibilities, we sought to determine if it was possible to
biochemically separate Artemis endonuclease activity from exonuclease activity. Recombinant
[His]g—Artemis was expressed in a Baculovirus insect-cell expression system and isolated using a
three-column purification methodology. Exonuclease and endonuclease activity, the ability to be
phosphorylated by DNA-PK, and Artemis antibody reactivity was monitored throughout the
purification and to characterize final pools of protein preparation. Results demonstrated the co-elution
of exonuclease and endonuclease activity on a Ni-Agarose affinity column but separation of the two
enzymatic activities upon fractionation on a hydroxyapatite column. An exonuclease free fraction of
Artemis was obtained that retained DNA-PK dependent endonuclease activity, was phosphorylated
by DNA-PK and reacted with an Artemis specific antibody. These data demonstrate that the
exonuclease activity thought to be intrinsic to Artemis can be biochemically separated from the
Artemis endonuclease.
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1. Introduction

In higher eukaryotes ionizing-radiation (IR) induced DNA double strand breaks (DSB) are
primarily repaired by the non-homologous end joining (NHEJ) pathway [1]. Ku, a
heterodimeric protein with a unique bridge and pillar structure has a very high affinity for DNA
termini and binds to the site of the DSB [2]. The DNA-dependent protein Kinase catalytic
subunit (DNA-PKGcs) is then recruited to the site of the break interacting with both the DNA
terminus and the Ku heterodimer. The resulting heterotrimeric complex, termed DNA-PK, is
active as a serine/threonine protein kinase and can phosphorylate downstream substrates. As
IR induced DSBs often contain other DNA structural damage including thymine glycols, ring
fragmentation, 3’ phosphoglycolates, 5” hydroxyl groups and abasic sites, processing of DNA
termini is often necessary before ligation of the double strand break by the XRCC4/Ligase IV/
XLF complex can occur [1,3]. A variety of enzymes have been implicated in DNA processing,
including but not limited to, FEN-1[4], polynucleotide kinase (PNK) [5], Werner protein [6,
7], MRN [8], DNA polymerase p and A [9,10], and the nuclease Artemis [11].

The results implicating the involvement of Artemis in the NHEJ pathway are based on in
vivo data showing that Artemis null cells are more sensitive to IR than wild type counterparts
[12]. Artemis has DNA-PK dependent endonuclease activity on DNA hairpin structures, and
DNA-PK dependent endonuclease processing of 3’ and 5’ single-strand overhangs, with
preferential cleavage at the dsDNA/ssDNA junction [11]. It has been suggested that the
stimulation of endonuclease activity of Artemis requires binding and phosphorylation by DNA-
PK which causes a conformational change in the C-terminal region of Artemis, resulting in
relief of Artemis autoinihibition of the endonuclease active site [13]. Other labs have suggested
that autophosophorylation of DNA-PK results in a conformational change in the DNA-bound
kinase which in turn alters the conformation of DNA such that it can be easily recognized and
cleaved by Artemis [14,15]. While each model differs slightly in mechanism, both models
suggest that Artemis endonuclease activity is DNA-PK and ATP dependent. In addition to
DNA-PK-dependent endonuclease activity, Artemis has been suggested to possess an intrinsic
5’ to 3° DNA-PK-independent exonuclease activity based on in vitro analysis of partially
purified preparations of Artemis [11].

Artemis is a member of the B-CASP family, a new group of the metallo-B-lactamase fold
superfamily made up of enzymes acting on nucleic acids [16,17]. Mutational analysis of
conserved residues in the catalytic domain disrupt the endonuclease activity of Artemis,
although each of these mutants still possess robust exonuclease activity [18,19]. This could be
aresult of Artemis having two independent catalytic sites, one for each of its proposed nuclease
activities. However, this would make Artemis a unique enzyme within its family, as metallo-
B-lactamase fold enzymes have been classified as only having one active site that has been
shown to be the functional catalytic site for all activity [20]. Interestingly, the exonuclease
activity has not to date been shown to have a role in vivo, whereas the endonuclease activity
has been demonstrated both in vitro and in vivo [1,21]. In vitro characterization of the
exonuclease activity has largely relied on partially purified Artemis protein produced in
exogenous systems. A variety of protein purification protocols have been used to obtain
purified Artemis, and all include a tagged form of Artemis and affinity chromatography [3,
11,14,22-24]. Some preparations also include an ionic exchange fractionation step, but all final
preparations contain both endonuclease and exonuclease activity. Considering the discrepancy
between the existing genetic, biochemical and structural data, we pursued the fractionation of
Artemis in a baculovirus expression system to ascertain if the exonuclease and endonuclease
activity were biochemically separable. We developed a three-step purification protocol which
results in the separation of the exonuclease activity from the intrinsic endonuclease activity of
Artemis. Biochemical analyses demonstrate unequivocally that the exonuclease activity
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associated with Artemis is not intrinsic to the Artemis polypeptide. These results are discussed
in the context of in vitro and in vivo processing of DNA termini in the NHEJ pathway.

2. Materials and Methods

2.1. Cloning, protein expression and purification of [His]g-Artemis

The Artemis gene was amplified via PCR from a B-cell cDNA library using primers
specifically designed to encompass the entire gene. The PCR product was cloned into a
BLUNT-TOPO-II to create the pCR-Blunt-Artemis construct. The Artemis gene was excised
with Xba I which was filled in with Sequenase and dNTP’s prior to digestion with Kpnl. The
fragment was then gel purified and cloned into the pRSETC vector to incorporate an N-terminal
Hisg tag. The Hisg-tagged Artemis gene was excised using Xba | and Not I, and cloned into
the pBacPAKS vector to create BacPAKS8-Art-His. Sequencing analysis verified the insert
sequence and this construct was transfected into SF9 insect cells in conjunction with Bsu361-
digested BacPAK®G viral DNA to generate recombinant baculovirus. The virus was isolated,
amplified, and titered as described previously [25].

200 mL of SF9 cells were infected with this recombinant baculovirus, driving expression of
the [His]g-Artemis protein for 48 hours. Infected cells were sedimented at 4,000 x g at 4° C
for 15 min and washed once in PBS, repelleted and resuspended in buffer P50/10 (50 mM KPi,
pH 7.85, 10mM KClI, 10% glycerol, 5 mM imidazole). All buffers used in protein purification
were supplemented with protease inhibitors (0.5 mM PMSF and 1 ug/mL each leupeptin and
pepstatin). Cells were lysed by Dounce homogenization and sonication, and extract was
sedimented at 10,000 x g at 4°C for 30 minutes. The supernatant was retrieved, and KCI was
added to adjust the salt concentration to 500 mM KCI. The high-salt extract was batch adsorbed
to 10 mL of Phosphocellulose matrix equilibrated in buffer P50/500 (50 mM KPi, pH 7.85,
500 mM KCI, 10% glycerol, 5 mM imidazole) and the flow-through was collected and
immediately applied to a 2 mL Nickel-agarose column equilibrated in the same buffer. The
flow-through material was re-applied and the column subsequently washed with 20 mL buffer
P50/500 followed by a 20 mL wash with P50/10. Bound protein was eluted in P50/10 with 200
mM imidazole. Fractions were collected and screened for protein using Bradford reagent.
Fractions containing an absorbance greater than 50% of the maximal absorbance were pooled
and dialyzed overnight against buffer P10/200 (10 mM KPi, pH 7.85, 200 mM KCI, 10%
glycerol, 2 mM DTT). A portion of protein pooled from the Nickel-agarose column was
dialyzed overnight against Buffer A (50 mM Tris, pH 7.5, 200 mM KCI, 20% glycerol, 1 mM
DTT), aliquoted and stored directly at -80° C. Following dialysis, the remaining sample was
further fractionated by chromatography on a 5mL CHT-Hydroxyapatite (HAP) column
(Biorad) equilibrated in buffer P10/200. The column was washed with buffer P10/200 and
bound protein was eluted with a 25 mL linear gradient from 10 mM KPi to 500 mM KPi. All
fractions were assayed for total protein and screened for exonuclease activity. Pooled fractions
were dialyzed overnight against Buffer A and frozen at -80° C.

2.2. Protein purification of DNA-PK

Cell free extracts were prepared from 12 L of HeLa cells and DNA-PK was purified as
described previously [26].

2.3. SDS-PAGE and western blot analysis

Protein samples were separated by SDS-PAGE and either stained with Coomassie Blue or
transferred to Immobilon-FL membranes (Millipore, Bedford, MA), probed and then
visualized using chemiluminescent detection, and the LAS-3000 imaging system (FujiFilm)
was used to document and quantify blots. [His]g-Artemis was detected in immunoblots using
either amonoclonal antibody against the N-terminal [His]g fusion tag, anti-xpress, (Invitrogen)
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or a polyclonal antibody directed against the full length of Artemis (Bethyl Laboratories,
Montgomery, TX).

2.4. In vitro DNA-PK kinase assays

Kinase assays were performed at 37°C in a final volume of 20 uL containing 50 mM HEPES,
pH 7.5, 100 mM KCI, 10 mM MgCl,, 0.2 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 125 uM
ATP, [y-32P]-ATP (1.0 pCi), 100 nM 30-bp full duplex DNA, 60 nM DNA-PK and varying
concentrations of [Hisg]-Artemis, as indicated. DNA-PK was added to buffer and DNA and
incubated on ice for 5 minutes, followed by addition of Artemis. Reactions were initiated with
the addition of ATP, incubated at 37°C for 30 minutes, and terminated by addition of SDS
loading dye. Reactions were heated at 95°C for 5 minutes and separated by SDS-PAGE. Gels
were dried and phosphorylated products were visualized by Phosphorimager analysis [26].

2.5. In vitro exonuclease assays

The 5’ radiolabeled DNA substrate (CCCCTATCCTTTCCGCGTCCTTACTTCCCC) used
for single-strand nuclease assays was radiolabeled with T4 polynucleotide kinase and [y-32 P]
ATP [27]. To generate the 3’ radiolabeled DNA substrate [14] for single-strand nuclease
assays, complementary oligonucleotide were, extended and labeled with [a-32P] dCTP and
Klenow (exo~) fragment. The extension reactions were performed for 30 minutes at 37°C,
followed by a chase reaction containing 1mM dCTP to ensure full extension. The DNA was
denatured at 95°C in formamide buffer and separated on a 12% polyacrylamide/urea denaturing
gel. The radiolabeled band was visualized using film, excised, eluted from the gel piece, ethanol
precipitated and resuspended in water. Single-strand nuclease assays were carried out in a final
volume of 15 pL in nuclease buffer (25 mM Tris, pH 8.0, 10 mM KCI, 10 mM MgCl,, 1 mM
DTT) with 50 fmol of radiolabeled DNA and varying amounts of Artemis (as indicated) at 37°
C for 30 minutes. Reactions were terminated by the addition of formamide loading dye, heated
at 95°C for 5 min, loaded onto a 12% polyacrylamide/urea denaturing gel, and products were
visualized by Phoshorlmager analysis.

2.6. In vitro endonuclease assays

The 5’ radiolabeled hairpin substrate with a 6 base single-strand overhang and the 3’ overhang
DNA substrates were prepared as previously described [11]. The 3’ radiolabeled substrate with
a5’ single-strand overhang was prepared as described above (2.4), except following ethanol
precipitation the substrate was re-annealed to its complement. Endonuclease assays were
carried out in a final volume of 10 uL containing nuclease buffer with 50ng/ul of BSA, varying
amounts of Artemis, 50 nM of DNA-PK, 250 fmol of radiolabeled DNA and 250 uM ATP
(unless otherwise indicated). Reactions were incubated, terminated and visualized as described
above for single-strand nuclease assays.

3. Results

Artemis has been reported to possess 5’ to 3’ exonuclease activity in vitro on sSDNA, as well
as DNA-PK-dependent endonuclease activity on single-strand overhang and hairpin DNA
structures [11]. However, enzymes within the metallo-p-lactamase family typically contain
only one active site that has been shown to be the functional catalytic site for all substrates
[20]. Possessing two different nuclease activities that are located within two different active
sites would make Artemis unique in the metallo-p-lactamase family. We sought to determine
biochemically if in fact the reported 5°-3” exonuclease activity of Artemis is an intrinsic activity
of the Artemis polypeptide. To accomplish this, following cloning and overexpression of
Artemis, we undertook the process of fractionating the [His]g-Artemis fusion protein via
column chromatography and monitoring exonuclease activity. A three-step protein purification
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procedure was developed including anionic exchange, Nickel-affinity and hydroxyapatite
column chromatography (Fig. 1A).

Following expression of the human recombinant [His]g-Artemis protein in insect cells using
a baculovirus expression system, a cell-free extract was prepared and Artemis expression
analyzed. Analysis of Artemis nuclease enzymatic activity is not possible in crude extracts due
to the abundance of endogenous nucleases (data not shown). To detect Artemis expression, we
analyzed cell free extracts prepared from infected cells by SDS-PAGE, western blot and
phosphorylation by DNA-PK. Coomassie Blue staining of an SDS denaturing gel revealed
expression of the [His]g-Artemis protein (Fig. 1B) that was confirmed by western blot analysis.
Which revealed a dominant band at the expected molecular mass for the recombinant His-
tagged fusion protein using both a monoclonal antibody against the N-terminal [His]g fusion
tag (Fig. 1C) and a polyclonal antibody against the full length Artemis polypeptide (data not
shown). Artemis has been shown to possess eleven serine/threonine residues that are
phosphorylated by DNA-PK in vitro [22]. To confirm that the baculovirus expressed [His]g-
Artemis can be phosphorylated by DNA-PK, we performed an in vitro DNA-PK
phosphorylation reaction. The cell-free extract was incubated with purified DNA-PK, DNA
and [y-32P]ATP and the reaction products were separated by SDS-PAGE and radioactive
incorporation of the phosphate into protein was detected by Phosphorimager analysis. Again,
a prominent band appeared at the same size as that seen in the western blot of Artemis (Fig.
1D), indicative of DNA-PK-dependent phosphorylation of [His]g-Artemis in the cell-free
extract.

Following preparation of the whole cell extract from insect cells infected with recombinant
[His]e-Artemis baculovirus, the concentration of potassium chloride was increased to 0.5 M
and mixed with phosphocellulose chromatography media. The high salt concentration allowed
for the majority of the protein contained in the extract (including [His]g-Artemis) to flow
through the matrix. The flow-through protein was collected and loaded directly onto a 2 mL
Nickel-NTA agarose column. The column was washed extensively with high ionic strength
buffer followed by low ionic strength buffer, both containing 5mM imidazole. The bound
protein was eluted with 200 mM imidazole and collected in 1 mL fractions. Analyses of these
pools revealed that the majority of [His]g-Artemis bound to the Ni-NTA agarose matrix and
was eluted with 200 mM imidazole. The load, flow-through and eluate from the nickel column
were analyzed by Coomassie Blue staining of SDS-PAGE (Fig. 2A). The presence of [His]g-
Artemis in these fractions was assessed by western blotting (Figure 2B), and phosphorylation
by DNA-PK (Fig. 2C). In each case the majority of the Artemis applied to the column (lane 1)
was retained in the imidazole elution (lane 3). We found that retention of Artemis on the Ni-
matrix was very sensitive to chromatographic conditions and the presence of reducing agents,
which should be avoided to maximize yield (data not shown). While these results indicate a
degree of purity of [His]g-Artemis can be achieved by Nickel-affinity chromatography, the
Coomassie Blue stained gel and phosphorylation assay reveal significant impurities in the
eluate, indicating the need for further fractionation to achieve a higher degree of purity.

In attempts to further purify [His]g-Artemis, numerous matrices were assessed including anion
and cation exchange, and hydrophobic interaction chromatography. The results from these
matrices were universally poor (data not shown). Fractionation via adsorption chromatography
ona hydroxyapatite (HAP) matrix ata relatively high pH of 7.8 did however result in substantial
purification of Artemis. The majority of total protein applied (greater than 90%) was retained
on the HAP column while the majority of [His]g-Artemis was not retained on a HAP column
under these conditions but was identified in the flow-through fractions. Western blot analysis
of the flow-through fractions (Fig 3A) and elution fractions (Fig.3B) demonstrates the vast
majority of Artemis was recovered in the flow-through fraction. Coomassie Blue stained SDS-
PAGE of the HAP load and flow-through fractions confirmed the decrease in complexity of
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the HAP FT pool (Fig. 3C), though definitive determination of the Artemis polypeptide
remains. The Artemis containing flow-through fractions were pooled and Artemis levels in
each were determined by the more quantitative in vitro phosphorylation analysis which
confirmed that the vast majority of the Artemis protein was present in the flow-through pool
and was capable of being phosphorylated by DNA-PK (Fig. 3D, lane 1) compared to control
reactions without the HAP FT (lane 2).

To determine the retention of exonuclease activity upon HAP fractionation, we assayed the
column fractions for 5’-3 exonuclease activity using a 34—base single-strand oligonucleotide
with a 5’-[32P]-label. The release of the 5 radiolabeled nucleoside monophosphate is a direct
measure of 5’ to 3’ exonuclease activity. The majority of exonuclease activity was resolved in
six fractions that bound to the column and were subsequently eluted during the phosphate
gradient. Minimal exonuclease activity was observed in the flow-through fractions, which
contain the majority of Artemis protein (Fig. 4A and B). The exonuclease containing fractions
in the HAP phosphate elution were pooled. These data demonstrate a small portion of the
overall exonuclease activity loaded onto the HAP column was identified in the flow-through,
while the majority was located in the eluate (Fig 4B). Importantly, measurement of the bound
exonuclease activity is potentially an underestimation, as all of the substrate was completely
degraded in the peak elution fractions (fractions 48-50, Fig. 4A and B). These results suggest
that at specific conditions of this fractionation, [His]g-Artemis does not bind to a HAP column
while the majority of exonuclease activity remains bound under the same conditions. Further
confirmation of the fractionation of Artemis into the HAP FT separated from the majority of
exonuclease is revealed by the presence of DNA products consistent with a sequence specific,
single-stranded endonuclease activity recently attributed to Artemis in the HAP FT fractions
[28].

In an effort to determine if the minimal exonuclease activity found in the HAP FT and the
major exonuclease in the elution was specific to the [His]g-Artemis purification, we designed
an experiment to determine whether the exonuclease activity is a contaminating nuclease that
has a high affinity for a Nickel-agarose column. Using recombinant baculovirus, we
overexpressed another His-tagged DNA repair protein, XPA, with no intrinsic nuclease
activities and minimal protein interaction domains. A whole cell extract was prepared in the
same fashion as extracts of overexpressed [His]g-Artemis, and the identical purification
protocol was followed. Following fractionation over the Nickel-agarose column and HAP
column, fractions were assayed for exonuclease activity. Robust exonuclease activity was seen
in the whole cell extract, as well as in protein pooled from the Nickel column (data not shown).
Fractions assayed from the HAP column again revealed a minimal amount of exonuclease
activity flowing through the column (Fig. 4C and 4D). Furthermore, the peak of exonuclease
activity eluted from the HAP column with the phosphate gradient coincides exactly with the
peak of exonuclease activity eluted from the HAP column in the [His]g-Artemis prep.
Interestingly, the low level of exonuclease activity flowing through the HAP column coincides
with the low level of exonuclease activity seen flowing through the HAP column from the
[His]g-Artemis prep. Finally, pools of protein from the Nickel-agarose elution, HAP flow-
through and HAP elution were examined for DNA-PK dependent endonuclease activity, and
all pools were completely devoid of this activity, as expected (Supplemental Fig. 1). Analysis
of the HAP elution pool for DNA-PK phosphorylation of Artemis reveals an extremely low
level of Artemis in this pool of protein (Figure 3D lane 3), consistent with the spreading out
of the Artemis proteins over the entire gradient as assessed by western blot analysis of the
fractions (Fig. 3B).

To ascertain separation of the distinct enzymatic activities found in this protein preparation

following separation on the HAP column, a rigorous quantitative analysis was conducted on
the Nickel-agarose elution and HAP-FT pools of protein. For these analyses, each pool of
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protein was dialyzed in the identical buffer to minimize any difference in reactions conditions
that may stimulate or inhibit at eh enzymatic activities of the protein. Comparison of the Ni
pool and HAP FT via western blot analysis (Fig. 5A) revealed the presence of significant level
of Artemis in each pool as expected. This result was confirmed in analysis of DNA-PK
phosphorylation of each pool (Supplemental Fig. 2). As mentioned previously, the flow-
through fractions from the HAP column retained minimal exonuclease activity on single-strand
DNA, an activity previously attributed to the Artemis polypeptide. In an effort to directly
compare the exonuclease activity collected from each pool of protein, increasing amounts of
the nickel pool of protein and the HAP flow-through pool were incubated with a 5’ radiolabeled
oligonucleotide and the release of the 5’ deoxynucleoside monophosphate (dNMP) monitored.
Increasing concentrations of Ni pool containing Artemis resulted in increased 5’ to 3’
exonuclease activity. However, the Artemis containing HAP flow-through pool revealed an
NMP product barely above the detection limit of our assay (1% of the input DNA)
demonstrating that this protein pool does not contain 5’ to 3” exonuclease activity (Fig. 5B).
Importantly, there are preparation specific variations of exonuclease activity and differences
observed in the analysis of column fraction versus pools. In the absence of 5’ to 3’ exonuclease
activity in vitro, the more relevant activity of Artemis, found both in vitro and in vivo, is DNA-
PK dependent hairpin-opening activity and the 5’ and 3’ overhang endonuclease activity. In
an effort to ensure that the HAP FT pool of [His]g-Artemis devoid of exonuclease activity still
retained its endonuclease catalytic activity, we assayed each of the two pools of protein for
hairpin opening activity. In agreement with results demonstrating the importance of Ku in
forming the DNA-PK-Artemis complex, we conducted all of our endonuclease assays with
purified heterotrimeric DNA-PK [14]. DNA-PK-dependent Artemis catalyzed endonuclease
activity was assessed on a hairpin substrate containing a 6 base 5’ overhang and yields an
endonuclease product of approximately 28 bases in length as previously reported [11]. Both
the Nickel pool of protein and the HAP FT pool catalyzed hairpin opening activity in the
presence of ATP on this substrate (Fig. 5C lanes 6 and 7, and Fig. 5C lanes 9 and 10
respectively). Importantly, there is slightly more hairpin opening activity in the HAP FT pool
of protein, as evidenced by the more prominent cleavage products (Fig. 5C, lanes 9 and10).
The intensity of these products could also result from the lack of exonuclease activity in the
HAP FT, which would necessarily result in less exonucleolytic removal of the 5” label on the
cleavage product. Also evident, though of reduced intensity compared to the hairpin opening
activity, are products that result from 5 overhang cleavage activity of Artemis which is
anticipated to release a short 5-7 base product. Interestingly, the 5 dNMP product produced
by exonuclease activity cleaving the 5’ label on the hairpin substrate is evident in reactions
performed with the Nickel pool, but is substantially reduced in reactions performed using the
HAP flow-through fraction. This is evident upon reduced exposure of the gel to minimize
bleed-over from the Ni-fractions (Fig. 5C bottom panel).

Despite rigorous experimental precautions taken, the potential exists that our interpretation of
the dNMP observed in Figure 5B is incorrect. In order to ensure that the radiolabeled nucleotide
products observed in Figure 5B are in fact the result of exonuclease activity and not a
dinucleotide product produced by an endonuclease activity, we assessed nuclease activity on
a single-strand DNA substrate with a 3’ radiolabeled terminus. Increasing amounts of the
Nickel pool of protein resulted in a ladder of products consistent with sequential single
nucleoside monophosphate removal from the 5’ terminus of the oligonucleotide (Figure 6A).
The HAP flow-through pool of protein again, contained barely detectable 5’ to 3’ single strand
exonuclease activity. Overexposure of these gels (Fig. 5B and 6A) however, reveals products
indicative of low level exonuclease activity which comprises less than 1% of those observed
in the Ni-pool. These experiments confirm that while [His]g-Artemis fractionated over a Nickel
column retains significant 5’ to 3’ exonuclease activity, fractionation of this protein over a
HAP column results in near quantitative separation of the exonuclease from the Artemis
protein.
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While apparent that [His]g-Artemis fractionated over a HAP column is devoid of 5’ to 3’
exonuclease activity but still retains DNA-PK dependent hairpin opening activity, we sought
to further assess DNA-PK dependent Artemis overhang cleavage activity to ensure all the in
Vivo, intrinsic enzymatic activities are retained in this purified preparation of protein. We
therefore prepared a 5’-radiolabeled DNA substrate with a 3’ single-strand overhang [11]. This
substrate was efficiently cleaved in close proximity to the single-strand/double-strand junction
by both the Nickel and HAP flow-through pools of protein when incubated with DNA-PK and
ATP (Fig. 6B, lanes 4, 5 and 6 and lanes 7, 8 and 9 respectively). As expected, the
endonucleolytic product is completely dependent on DNA-PK and ATP. Although the presence
of duplex DNA has been reported to stimulate DNA-PK dependent Artemis endonuclease
activity [11], the addition of a 30-mer double-stranded cold DNA substrate did not increase
endonuclease cleavage on the hairpin radiolabeled substrate (Fig. 6A, lane 7) or the 3’ overhang
substrate (Fig. 6B, lane 5 and 9). Again, the 5 NMP is apparent in reactions performed with
the Nickel pool of protein but is reduced to background levels in reactions containing the HAP
flow-through fraction. Finally, a DNA substrate with a 5’ single-strand overhang and

3’ [a-32P] dCMP label was used to assay endonuclease activity on a 5’ overhang [14]. DNA-
PK dependent Artemis-catalyzed endonuclease activity on this substrate is anticipated to result
in a product of approximately 26 nucleotides following cleavage at the single-strand/double-
strand junction. In the presence of DNA-PK and ATP, both the Nickel pool of protein and the
HAP flow-through endonucleolytically cleaved the 3 overhang to generate a 26 nucleotide
product (Fig. 6C, lanes 5 and 7). An exonuclease-like product appears at the bottom of the gel,
but as it only appears in lanes that have DNA-PK, including but not limited to the lane that
contains DNA-PK alone (Fig. 6C, lane 4), it is attributed to a contaminating 3’ exonuclease in
our preparation of DNA-PK from Hela cells. The data presented in Figure 5 and 6 demonstrate
that both pools of protein, from the Nickel and the HAP FT column, maintain hairpin opening
and endonuclease activity that has previously been reported to be intrinsic to Artemis.
Importantly, the HAP flow-through pool of protein, containing [His]g-Artemis, no longer
exhibits single-strand exonuclease activity but retains DNA-PK dependent endonucleolytic
activities. This data demonstrates that the exonuclease activity of Artemis previously reported
is not an intrinsic component of the Artemis polypeptide. It is possible that the exonuclease
activity is another enzyme that is associated with Artemis and plays a physiological role with
Artemis in the cell, but it is equally possible that the exonuclease activity is simply a
contaminating protein that is difficult to separate from the pool of Artemis protein during a
purification procedure.

To finally ensure that there are no other alternatives to the separation of exonuclease activity
from Artemis we quantified the endonuclease and exonuclease activity throughout the
purification and the results are presented in Table 1. These results clearly demonstrate that
following fractionation on a HAP column, 100 % of the endonuclease activity is recovered in
the HAP FT resulting in nearly a 30-fold purification while only 2.5% of the exonuclease
activity is retained in that fraction with no increase in specific activity despite the loss of 96%
of the total protein. Consistent with this data, analysis of the Artemis polypeptide as determined
by western blotting in conjunction with analysis of exonuclease activity was performed on the
HAP-FT and elution pools of protein from a separate preparation. The percent of total antibody
reactivity or exonuclease activity resolved in the two pools of protein was determined and the
results demonstrate that greater than 90% of Artemis protein loaded onto the HAP column was
recovered in the HAP flow-through material, while less than 10% was recovered in the gradient
elution pool while greater than 90% of the exonuclease was identified in the elution pool and
less than 10% in the FT pool of protein (Supplemental Fig. 3). These results indicate that the
exonuclease found to co-purify with [His]g-Artemis under certain conditions can be separated
away from [His]g-Artemis under other conditions (as described above), and therefore is
probably a prominent exonuclease that has a similar affinity as Artemis for certain column
conditions, but is not intrinsic to the Artemis polypeptide.
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4. Discussion

The biochemical separation of exonuclease activity from DNA-PK dependent endonuclease
activity reported in this manuscript is consistent with genetic separation of Artemis enzymatic
activity. Mutations in the protein which result in disruption of endonuclease activity have no
effect on exonuclease activity, consistent with our interpretation that Artemis does not contain
intrinsic exonuclease activity [13,14,18,22,29,30]. Many of these mutational studies were
conducted to determine how Artemis and DNA-PKcs interact, and what role this interaction
and DNA-PK mediated phosphorylation of Artemis play in endonucleolytic cleavage activity
[13,14,22,30]. Differing results from these studies have left the mechanism of Artemis
endonuclease activation an open question. Analysis of Artemis phosphorylation site mutants
and large scale deletion of sites of phosphorylation have led to the conclusion that Artemis
must be phosphorylated by DNA-PKGcs to gain endonuclease activity [13,22]. Analysis of
DNA-PKcs phosphorylation mutants led others to conclude that autophosphorylation of DNA-
PKcs is required to facilitate Artemis catalyzed endonuclease activity [14,15]. Importantly, the
analysis of an extensive collection of N-terminal Artemis mutations located in the
enzymatically important metallo-p-lactamase and B-CASP domains resulted in identification
of a sub-set of mutants which functionally abrogated endonuclease activity via disrupting metal
coordination [18]. Analysis of these mutants resulted in no loss of exonuclease activity. A
recent paper generated two additional mutations, also in the N-terminus domain, which have
reduced and inactive endonuclease activity, respectively and these endonuclease deficient
mutants also retained exonuclease activity [29] . An additional phosphorylation mutant,
associated with partial immunodeficiency in a mouse model, exhibits reduced endonuclease
activity but nearly complete retention of exonuclease activity [30]. While the potential exists
that the exonuclease activity could be located in another active site other than those identified
by generating mutants, this seems unlikely, as it is thought that metallo-B-lactamase fold
enzymes have one active site that is responsible for all enzymatic processing [20]. This is
further supported by data published regarding SNM1, a 5’ to 3 mammalian exonuclease
classified in the metallo-B-lactamase superfamily. SNM1 is characterized by having only
exonuclease activity on single-strand DNA, with no accompanying endonuclease activity, and
a mutation of a conserved aspartate (D736) in the B-lactamase domain functionally disrupts
the exonuclease activity [31,32,32]. Paradoxically, mutagenesis of the conserved aspartate in
Artemis (D37) eliminated endonuclease activity, but the exonuclease activity remained [18].
This indicates that the exonuclease activity is not located within the same active site as the
endonuclease activity, and the extensive mutational analysis performed to date has yet to locate
an exonuclease active site within Artemis. The combination of these genetic studies coupled
with our biochemical analysis indicates that not only is the exonuclease activity separate from
the endonucleolytic active site, but is not part of the Artemis polypeptide at all.

Separation of the nuclease activities, as presented in this paper, was achieved with multiple
protein purification preparations. However, it is important to note that the separation of
exonuclease activity from Artemis did vary between protein preparations. As we continued to
improve our purification procedures, specific changes, albeit small, in the protocol resulted in
subtle differences in separation of exonuclease activity from endonuclease activity. In
separating [His]g-Artemis over the HAP column, we found that greater separation of activity
was achieved on a 5 mL HAP column compared to a 2 mL HAP column, despite more than
enough protein-binding capacity on the 2 mL column. However, the residual exonuclease
activity that flowed through the 2 mL column could be separated from Artemis by re-running
the flow-through on a second HAP column (data not shown). This suggests that saturation of
the hydroxyapatite column with exonuclease activity, at least to a certain level, can occur,
leading to sub-optimal separation. These variations are largely a result of the specifics of our
protocol, and can be impacted by numerous factors, including specificity of the matrix used,
MacroPrep Ceramic Hydroxyapatite (Biorad), or relatively high pH (7.85) of the buffer used
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in the purification. Interestingly, we did observe a nominal amount of Artemis in many of the
fractions collected from the HAP column, including the wash and elution. The diminutive
levels of [His]g-Artemis were often only observed by Western blot analysis. This phenomenon
was also observed during fractionation over the Nickel-agarose column, indicating a certain
degree of spreading of the fusion protein during all fractionation steps.

Our data supports the conclusion that the exonuclease activity thought to be intrinsic to Artemis
is not a component of the Artemis polypeptide. Many possibilities exist to explain the presence
of the exonuclease activity in less-pure fractions of Artemis. It is possible that the exonuclease
is simply a contaminating enzyme that is endogenously expressed in the insect cells and co-
purifies with Artemis independent of any biologically relevant interaction. This possibility is
supported by data presented where single-strand 5’-3’ exonuclease activity co-purifies with
another DNA repair protein, [His]g-XPA, overexpressed in insect cells. Not only do these
results support the hypothesis that the exonuclease is from SF9 cells, but it also raises the
possibility that this exonuclease has an affinity for Nickel-agarose resin, as both the XPA and
Artemis were fractionated over this column first. This is not an unlikely scenario, as insect
cells contain many endogenous nucleases and the 5’-3’ exonuclease SNM1 was also identified
in D. Melanogaster [33]. It is also possible that the exonuclease is endogenously associated
with Artemis, and is a biologically relevant interaction. This intriguing possibility has yet to
be investigated. The results presented here demonstrate that the exonuclease activity previously
thought to be intrinsic to Artemis is separable from the DNA-PK and ATP dependent
endonuclease activity of Artemis prompting further studies to clarify a role for exonuclease
processing in NHEJ and the protein responsible for that activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A) Purification scheme for [His]g-Artemis. A whole cell extract preparation from SF9 insect
cells was fractionated over a phosphocellulose column. The flow-through was applied over a
2 mL Nickel-Agarose column, and [His]g-Artemis was eluted with 200 mM imidazole. Pooled
fractions were further fractionated over a 5mL hydroxyappatite column. The FT containing
[His]g-Artemis and elution containing exonuclease activity were collected from the HAP
column. (B) Analysis of whole cell extract from SF9 insect cells containing over-expressed
Artemis-[His]g. Coomassie-stained SDS-PAGE gel of the whole cell extract (2.5 ug) made
from insect cells infected with recombinant [His]g-Artemis baculovirus. (C) Western blot
analysis of whole cell extract (2.5 ug) using the anti-Xpress antibody, as described in Materials
and Methods. (D) Phosphorylation of Artemis by DNA-PK was measured by incubating whole
cell extract containing [His]g-Artemis (5 pg) with 60 nM DNA-PK in presence of 100 nM 30-
mer full duplex DNA, 125 uM ATP and 1.0 uCi [y-32P]-ATP as described in Materials and
Methods. Reactions were terminated by addition of SDS, separated by 8% SDS-PAGE, and
the gel was dried and exposed to a Phosphorimager. Arrow depicts phosphorylated Artemis
or DNA-PKcs product on each gel.
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Analysis of fractionation on a Nickel-Agarose column. (A) Coomassie-Blue stained 8% SDS-
PAGE of pools from Nickel-Agarose column. The bracket indicates anticipated position of
[His]g-Artemis migration. (B) Western blot analysis using the anti-Xpress antibody. (C)
Phosphorylation of Nickel-Agarose pools by DNA-PK. For A, B and C, Lane 1, Nickel-
Agarose load, Lane 2, Nickel-Agarose flow-through, Lane 3, Nickel-Agarose pool. All assays
were conducted as described in legend for Fig. 1 and arrows indicate migration the position of
Artemis.
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Analysis of hydroxyapatite (HAP) column fractionation of Artemis. (A) Western blot analysis
of load and flow through fractions and (B) fractions obtained from the gradient elution. Aliquots
of each fraction were separated by SDS-PAGE, transferred, probed with anti-Xpress antibody
and detected as described in “Methods”. (C) Coomassie-Blue stained SDS-PAGE analysis of
the load and flow-through fractions. Samples were processed as described in “Methods”. The
bracket indicates anticipated position of [His]g-Artemis migration. (D) Phosphorylation of

[His]e-Artemis by DNA-PK. Reactions were performed as described in the legend for Figure
2. Lane 1, HAP flow-through pool (140 ng), Lane 2, DNA-PK control without Artemis. Lane
3, HAP elution pool (190 ng). Arrows indicate phosporylated [His]g-Artemis and DNA-PKcs.
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Quantitative assessment of exonuclease activity from HAP fractionation of [His]g- Artemis
and [His]g-XPA. (A) A 2 uL aliquot of each ImL HAP fraction from a [His]g-Artemis
purification was assayed for exonuclease activity using a 5°[32P] labeled single-strand DNA
30 bases in length. Reaction products were separated and visualized as described in Materials
and Methods. (B) Quantification of exonuclease activity from (A). (C) A 2 uL aliquot of each
ImL HAP fraction from a [His]g-XPA purification was assayed as described above. (D)
Quantification of exonuclease activity from (C).
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Biochemical characterization of Nickel-Agarose and HAP flow-through pools of [His]g-
Artemis. (A)Western blot analysis. Nickel-Agarose pool (200 ng, 1 pg and 2 pg) and HAP
flow-through (10 ng, 20 ng and 50 ng) were analyzed by Western blot using an anti-Artemis
antibody. (B) Analysis of [His]g-Artemis Ni pool and HAP FT exonuclease activity on 30 base
5’ radiolabed single-strand DNA. Increasing amounts of Ni pool (100 ng to 1 ug) or HAP FT
(5 ng to 50 ng) pool was assayed for exonuclease activity using 50 fmol of 5’ [32P] single-
strand DNA substrate as described in Materials and Methods. (C) Analysis of hairpin opening
activity. Ni pool (400 ng and 1 ug) or HAP FT (20 ng and 50 ng) was incubated with 250 fmol
of 5’ radiolabeled hairpin DNA substrate, 200 nM double-strand cold DNA (30-mer), and 50
nM of DNA-PK as indicated. Following endonuclease cleavage, reaction products were
separated and visualized as described in Materials and Methods.

DNA Repair (Amst). Author manuscript; available in PMC 2011 June 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pawelczak and Turchi

A

§ —

-l

= NiPool HAP FT

® ensscsscee

Fig. 6.

ATP +

30-mer DNA

HAP FT
Ni Pool
DNA-PK

36—>

26 —»

5'NMP—»

,,,,,,,,,,

Page 18

C o v 40 § 5
25
ATP + b - 4 -
HAPFT - - - - - -

Ni Pool - ORI S L
DNA-PK - -+ 4+ 4+ + 4
1 2345078

T

24— -

Characterization of Artemis nuclease activity. (A) Analysis of Ni pool and HAP FT
exonuclease activity on single-strand DNA with a 3’ 32P label. Assays were conducted as
described in the legend to figure 4B), except the single-strand oligonucleotide was radiolabeled
by incorporation of [a-32P] on the 3’ termini. (B) Analysis of endonuclease activity on a 5’
radiolabeled DNA substrate with a 3” single-strand overhang. Reactions were conducted as
described in 4C, except Ni pool, HAP FT, 250 uM of ATP and 200 nM of cold duplex DNA
(30-mer) were added as indicated. (C) Analysis of endonuclease activity on a 3’ radiolabeled
DNA substrate with a 5° single-strand overhang. Reaction conditions were conducted as
described in *“ Materials and Methods”. Each DNA substrate is depicted above the gel and the
position of the [32P] label is denoted by the asterisk and the position of Artemis endonuclease
activity is denoted by the carat. DNA strand lengths of each DNA substrate are also noted in
the figure. The 5’ nucleoside monophosphate product (5’ dNMP) is indicated by the arrows in

panel B.
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