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Figure 17.  Model for activation of DNA-PK. DNA, depicted in black and orange, 
threads through DNA-PK, depicted in yellow. (A) When DNA of adequate length 
threads through the kinase, the ends separate and the 5' end can insert itself into an 
active site on the periphery of the kinase. (B) A 5' overhang containing effector can 
activate in the absence of dimerization while a 3' overhang (C) displays less 
activation. When the 3' overhang possesses a complementary sequence to the second 
DNA molecule with a 3' overhang, the two DNA ends can anneal, thus orienting the 
two DNA-PK molecules into a synaptic complex. The annealing may allow for more 
DNA to thread through the kinase, potentially making more of the 5' strand accessible 
for kinase activation. This activation could then occur in either a cis (D) or trans (E) 
fashion. 
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microhomology would allow for repair of a DSB without massive removal of 

nucleotides on flanking sequences, thus preserving genetic material.  Furthermore, it 

is possible that annealing of 3’ complementary termini releases the 5’ strand for use 

in activating the kinase.  Therefore, it is reasonable that 3’ regions of microhomology 

increase overall kinase activity, as this would most likely increase overall NHEJ. 

It is believed that when DNA-PKcs is bound to the ends of two DNA 

molecules at the site of a DSB, the protein kinase is responsible for bringing the two 

DNA ends into proximity of each other, in what is now called a synaptic complex.  

The formation of this synaptic complex is thought to be through the dimerization of 

DNA-PK.  In fact, recent structural data indicates that the C-terminal region of Ku80 

is both long enough and flexible enough to make contact with a DNA-PK molecule 

on the opposing strand.  This could potentially be one of the factors responsible for 

formation of a synaptic complex being formed between two DNA-PK holoenzyme 

complexes bound to the two DNA termini at a DSB.  Furthermore, it is thought that 

dimerization of DNA-PKcs and subsequent formation of the synaptic complex results 

in maximal activation of the kinase [14].  Our results are consistent with a model 

where dimerization of DNA-PK is independent of microhomology (Figure 13), but 

kinase activity is greatly influenced by end annealing.  In short, synergistic activation 

of DNA-PK as driven by microhomology is a kinetic event. 

There are two models one can envision for the role of DNA in activation of 

the kinase once these molecules are brought within proximity.  One model involves 

the frayed 5’ DNA end being inserted into the active site of the same DNA-PKcs 

molecule to which the DNA is bound [51, 54], in a cis orientated model (Figure 17D).  
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The second model positions the 5’ strand interacting with the DNA-PKcs molecule 

that is bound to the opposite DNA strand, in a trans orientated model (Figure 17E) 

[53].  This model is supported by data suggesting that DNA-PKcs is 

autophosphorylated in trans [82].  Recent work in Mycobacterium tuberculosis 

suggests that the 3’ ends of DNA at each terminus of a double strand break are 

important in maintaining a synaptic complex consisting of the NHEJ machinery. The 

authors propose that the 3’ ends protruding from each LigD (analogous to DNA-PK 

machinery in eukaryotes) molecule can pair together, thus bringing each LigD-bound 

DNA termini into proximity of each other in a synaptic complex [111].  Further 

research in eukaryotes needs to be done to determine more precisely the role of the 3’ 

and 5’ ends in DNA-PK activation and synaptic complex formation. 

It is important to point out that NHEJ-dependent joining of blunt-end 

substrates can occur in vitro and in cell culture models.  These termini could be joined 

independent of microhomology, and would serve in the true sense of “non-

homologous” end-joining, as the two blunt ends could simply be ligated together with 

no microhomology-dependent activity.  This kinase activation mechanism may not 

necessarily include fraying of the termini or nuclease processing to reveal regions of 

microhomology.  Consistent with this theory is the fact that blunt-end DNA effectors 

still provide the highest level of kinase activity in vitro, over single-strand DNA ends.  

However, as we have shown in the physiologically relevant context of a DNA-PK 

dependent synaptic complex formed at the site of DSB, DNA with regions of 

microhomology increases kinase activation.  This kinetic data of ours is supported by 

work revealing that 3’ or 5’ overhang complementary DNA ends were joined much 
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more efficiently than blunt ends in cell-free NHEJ assays [9, 112].  This data suggests 

that the preferred in vivo NHEJ substrate could potentially undergo strand separation 

or contain single-strand overhangs, as well as possess regions of microhomology.  

Clearly, more experimental evidence needs to be obtained to understand precisely 

how DNA termini affect kinase activation, and this work needs to be expanded to 

look at how microhomology and DNA-PK activation affect NHEJ in vivo. 
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4.  Purification of exonuclease-free Artemis and implications for DNA-PK 

dependent processing of DNA termini in NHEJ-catalyzed DSB repair 

 Ionizing radiation induced DNA DSB repaired by NHEJ can contain other 

DNA structural damage including thymine glycols, ring fragmentation, 3’ 

phosphoglycolates, 5’ hydroxyl groups and abasic sites.  These DNA discontinuities 

that arise around DNA termini at the site of a DSB usually need to be processed 

before ligation of the DSB by the XRCC4/Ligase IV/XLF complex can occur [1].  

Many enzymes have been implicated DNA termini processing during NHEJ, 

including polymerases, kinases, and nucleases.  Artemis, a 76 kDa nuclease, plays a 

role in cleavage of DNA termini during NHEJ [74]. 

4.1.  Introduction 

 Artemis, a member of the metallo-β-latamase family and the β-CASP 

subfamily of enzymes, has been shown to have 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 [74].  While specific mechanistic models of Artemis endonuclease activation 

vary, it is clear that Artemis endonuclease activity is DNA-PK and ATP dependent.   

Artemis has also been suggested to possess an intrinsic 5’-3’ DNA-PK independent 

exonuclease activity based on in vitro analysis of partially purified preparations of 

Artemis.  However, recent studies raise questions about wether Artmies has intrinsic 

exonuclease activity.  In vitro studies have identified the catalytic domain and then 

most recently, a specific amino acid required for endonuclease activity of Artemis.  

Interestingly, mutational analysis of several conserved residues within the catalytic 
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domain successfully disrupts the endonuclease activity, but each of these mutants still 

maintains robust exonuclease activity [103, 113].  This could be a result of Artemis 

having two independent catalytic sites within the polypeptide, one for each activity 

(endonuclease and exonuclease).  However, this would make Artemis a unique 

enzyme within its family, as metallo-β-lactamase fold enzymes have been classified 

as only having one active that has been shown to be the functional catalytic site for all 

activities [114].  Furthermore, the exonuclease activity has not yet been shown to 

have a role in vivo, whereas the endonuclease activity has been demonstrated both in 

vitro and in vivo [115].  While a variety of purification protocols have been used to 

obtain a purified form of Artemis, all preparations to date still include both 

exonuclease and endonuclease activity.   

There is currently considerable conflict in the field regarding classification of 

the activities of Artemis.  Clearly, understanding the true nature of a protein’s activity 

will lead to a greater understanding of the role of this enzyme in NHEJ.  To resolve 

these apparent discrepencies, we pursued the fractionation of Artemis in a baculovirus 

expression system to determine of the exonuclease and endonuclease activities 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 revealed that the exonuclease activity 

associated with Artemis is not intrinsic to the Artemis polypeptide.   

 N-terminal [His]6 tagged human Artemis was cloned and overexpressed in 

insect cells as described in Materials and Methods.  Briefly, the full length Artemis 

4.2.  Results 
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coding region from GenBank was cloned from a cDNA library using standard PCR 

techniques.  The cDNA was then sub-cloned into the pRSET-C vector (Invitrogen) to 

generate a N-terminal [His]6 tagged Artemis fusion construct.  To generate a 

recombinant baculovirus for expression of [His]6-Artemis in insect cells (Clontech), 

this construct was subcloned into the pBacPA8 vector to generate BacPAK8-Art-His 

(Figure 18).  This construct was transfected into SF9 insect cells using Bsu36I-

digested BacPAK6 viral DNA (Clontech).  The recombinant virus generated from the 

transfected cells was collected, plaque purified, and expanded according to 

manufacturer’s directions.  This expanded recombinant virus was used to infect SF9 

cells to generate expression of [His]6-Artemis protein.  Following overexpression, 

Artemis was fractionated by three steps including anionic exchange, nickel affinity 

and hydroxyapatite column chromatography (Figure 19A). 

 A cell-free extract was prepared from insect cells expressing human 

recombinant [His]6-Artemis fusion protein.  To detect Artemis overexpression in the 

cell-free extract, we analyzed the extracted protein by SDS-PAGE, western blot and 

phosphorylation by DNA-PK.  Coomassie Blue staining of an SDS denaturing gel 

revealed expression of the [His]6-Artemis protein (Figure 19B).  This expression was 

further confirmed by western blot analysis, and this revealed a dominant band at the 

expected molecular mass (~110 kDa) for the recombinant His-tagged fusion protein.  

This analysis was performed with using both a monoclonal antibody against the N-

terminal [His]6 fusion tag (Figure 19C) and a polyclonal antibody against the full 

length Artemis polypeptide (data not shown).  Artemis has been shown to have eleven 

serine/threonine residues that are phosphorylated by DNA-PK in vitro [73].   
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Figure 18.  Map of BacPAK-Art-His.  The Artemis gene with a N-terminal [His]6 
tag was subcloned into the BakPAK-8 vector for transfection into SF9 insect cells.  
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chromatography (Phenyl-sepharose matrix).  The results from these matrices were 

universally poor (data not shown).  However, fractionation by adsorption 

chromatography on a hydroxyapatite (HAP) matrix resulted in substantial purification 

of [His]6-Artemis.  HAP matrix consists of positively charged calcium ions and 

negatively charged phosphate groups.  The protein-matrix interaction is complicated, 

but briefly, involves attraction of the positively charged amino groups and negatively 

charged carboxyl groups in protein to the negatively charged phosphate ions and 

positively charged calcium ions in the matrix.  Typically, bound protein is eluted off 

HAP matrix by increasing phosphate concentration in a buffer with a pH of 6.5-7.0.  

It is important to point out that the success rate of separation on this column was 

achieved at a relatively high pH of 7.8.  The majority of total protein applied (greater 

than 90 %) was retained on the HAP column, but interestingly the majority of [His]6-

Artemis was not retained on the HAP column and instead was found to be in the 

flow-through fractions.  Western blot analysis of the flow-through fractions (Figure 

21A) and elution fractions (21B) confirmed that the vast majority of [His]6-Artemis 

was recovered in the flow-through fractions.  Furthermore, Coomassie Blue staining 

of SDS-PAGE with the HAP load and flow-through fractions confirmed that the HAP 

FT pool had overall decreased non-specific protein while retaining Artemis (Figure 

21C).  Unfortunately, [His]6-Artemis overexpression in baculovirus does not result in 

rampant overexpression of the protein, so definitive identification of Artemis by 

Coomassie Blue staining of SDS-PAGE is difficult.  However, the Artemis 

containing flow-through fractions were pooled and Artemis levels in each were 

determined by the more quantitative in vitro phosphorylation analysis.   
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Figure 21.  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]6-Artemis migration. (D) Phosphorylation of 
[His]6-Artemis by DNA-PK.  Reactions were performed as described in the legend 
for Figure 19.  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]6-Artemis and DNA-PKcs.    



89 
 

This confirmed that the overwhelming majority of the Artemis protein was present in 

the flow-through pool and could be successfully phosphorylated by DNA-PK (Figure 

21D, lane 1), as compared to control reactions without the HAP FT (lane 2).  

Phosphorylation of the protein in the HAP elution pool by DNA-PK revealed little to 

no phosphorylation of Artemis, suggesting that no Artemis protein was eluted from 

this column (lane 3). 

 Having confirmed the presence of the Artemis polypeptide following 

fractionation over a HAP column, we wanted to determine how HAP fractionation 

affected the retention of 5’-3’exonuclease activity, postulated to be an intrinsic 

enzymatic activity of Artemis.  To determine exonuclease activity, we assayed the 

column fractions from the HAP column for 5’-3’ exonuclease activity using a 34-base 

single-strand oligonucleotide with a 5’ [32P]-label.  The release of a 5’ radiolabeled 

nucleoside monophosphate is a direct measure of any 5’-3’ exonuclease activity 

(Figure22A).  Nuclease products are visualized by separating the reactions on a 

denaturing gel as described in Materials and Methods.  Surprisingly, the majority of 

the exonuclease activity was resolved in six fractions that bound to the column and 

were then subsequently eluted during the phosphate gradient.  Minimal exonuclease 

activity was found in the flow through fractions (Figure 23A).  Quantification of the 

gel-based exonuclease assay further demonstrate that 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 (Figure 23B).  It is important to note that 

measurement of the bound exonuclease activity is potentially an underestimation, as 

all of the substrate was completely degraded in the peak elutions (fractions 48-50, 
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Figure 23A and 23B).  The exonuclease containing fractions were pooled and 

quantitative nuclease and Artemis expression analysis was performed.  The percent of 

total antibody reactivity or exonuclease activity resolved in the two pools of protein 

(flow-through and elution) 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.  In accordance with Figure 23A and 23B, only 10 % of the overall exonuclease 

activity loaded onto the HAP column was identified in the flow-through, while 90 % 

of it was located in the eluate (Figure 23C).  As seen in Figure 21, the majority of the 

Artemis polypeptide was found in the flow-through fractions and minimal Artemis 

was in the elutions, while enzymatic results show that the majority of exonuclease 

activity is in the elutions and not the flow-through.  These results suggest that [His6]-

Artemis does not bind to a HAP column under specific fractionation conditions while 

the majority of exonuclease activity remains bound under these same conditions and 

can be eluted with high phosphate. 

 Discussions with colleagues within the field led to questions concerning the 

origination of the exonuclease activity found in our Artemis prep.  We designed a 

purification experiment to determine whether the exonuclease activity is a 

contaminating nuclease that has a high affinity for a nickel-agarose column.  To 

accomplish this, we overexpressed another His-tagged DNA repair protein, XPA, 

using recombinant baculovirus.  This DNA-binding protein, frequently used in our 

lab, has no intrinsic nuclease activities and minimal protein interaction domains.  

Following expression of recombinant [His]6-XPA in insect cells using baculovirus  
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Figure 22.  Exonuclease activity and DNA-PK dependent endonuclease activity.  
(A) Exonuclease activity.  Exonucleases cleave phosphodiester bonds at the end of 
polynucleotide chains.  (B) Endonucleases cleave phosphodiester bonds internally, 
producing polynucleotide or oligonucleotides.  The nuclease Artemis cleaves 
phosphodiester bonds internally to produce oligonucleotide fragments in the presence 
of DNA-PK and ATP. 
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Figure 23.  Quantitative assessment of exonuclease activity from HAP 
fractionation of [His]6-Artemis.  (A) A 2 µL aliquot of each 1mL HAP fraction 
from a [His]6-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) Quantified antibody reactivity and exonuclease 
activity from the HAP flow-through and HAP elution pools.  Total intensity of 
antibody reactivity was obtained from MultiGauge analysis (Fuji) of representative 
western blots and total exonuclease activity was quantified using ImageQuant 
(Amersham) analysis of product released.   
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expression system, a whole cell extract was prepared under the  same conditions and 

procedures as for [His]6-Artemis and the identical purification protocol that was used 

for overexpressed  [His]6-Artemis was applied to [His]6-XPA fractionation.  

Following fractionation over the nickel-agarose column and HAP column, fractions 

were assayed for exonuclease activity on a radiolableled DNA substrate.  Robust 

exonuclease activity was seen in the whole cell extract as well as in nickel-agaorse 

elution fractions.  Fractions from the nickel-agarose elution containing exonuclease 

activity and subsequently XPA protein were pooled and further fractionated over a 

HAP column as described for [His]6-Artemis.  As seen with the [His]6-Artemis preps, 

exonuclease assays from the HAP column loaded with XPA again revealed a minimal 

amount of exonuclease activity flowing through the column (Figure 24A and 24B).  

In addition, 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]6-Artemis prep.  Importantly, the low level of 

exonuclease activity seen flowing through the HAP column coincides with the low 

level of exonuclease activity seen flowing through the HAP column from the [His]6-

Artemis prep (compare Figures 23 and 24).  In order to further demonstrate that 

Artemis was not in the pool of protein with exonuclease activity, protein pools from 

the nickel-agarose elution, HAP flow-through and HAP elution were examined for 

DNA-PK dependent endonuclease activity.  All pools were completely devoid of 

DNA-PK dependent endonuclease activity (Figure 25). 

 Following our discovery of exonuclease separation via fractionation over a 

HAP column, we performed scrupulous quantitative analysis on the nickel-agarose  
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Figure 24.  Quantitative assessment of exonuclease activity from HAP fraction of 
a [His]6-XPA.  (A) A 2 µL aliquot of each 1mL HAP fraction from a [His]6-XPA 
purification was assayed as described in Figure 23. (B) Quantification of exonuclease 
activity from (A). 
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Figure 25.  Analysis of endonuclease activity on a 3’ radiolabeled DNA substrate 
with a 5’ single-strand overhang from [His]6-XPA preparation.  Reaction 
conditions were conducted as described in “Methods and Materials”.  The 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. A positive 
control demonstrating ATP dependent endonuclease activity in the HAP FT fraction 
from a [His]6 Artemis preparation is presented in lanes 1 and 2, while no 
endonuclease activity is observed in any fractions from the XPA preparation 3-8. 
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elution and HAP FT pools of protein to ensure that separation of enzymatic activities 

occurred.  A portion of each pool of protein, nickel-agarose elution and HAP FT, was 

dialyzed into identical buffer made up of 50 mM Tris pH 7.5, 200 mM KCl, 20 % 

glycerol and 1 mM DTT and succumbed to a battery of assays.  Dialysis into identical 

buffer was performed in an effort to minimize any difference in reaction conditions 

from the different buffers each pool of protein had originally been in that could affect 

enzymatic activities (inhibitory or stimulatory) of the pools of protein.  Comparison 

of the Ni pool and HAP FT by western blot analysis revealed the presence of a 

significant level of Artemis in each pool, as expected (Figure 26A) and this was 

confirmed by analysis of DNA-PK phosphorylation of each pool (Figure 26B and 

26C).  These results definitively prove that the Artemis polypeptide is located in both 

pools of protein from the nickel and HAP columns. 

As previously explained, the flow-through fractions from the HAP column 

retained minimal exonuclease activity on single-strand DNA, an activity in the 

literature previously attributed to the Artemis polypeptide (lieber cell 2002).  As seen 

in Figure 26, each pool of protein contained [His]6-Artemis and we wanted to directly 

compare the exonuclease activity in each pool of protein, Ni and HAP FT.  Increasing 

amounts of the nickel pool of protein and the HAP FT pool of protein were incubated 

with a 5’ radiolabeled oligonucleotide and release of the 5’ deoxynucleoside 

monophosphate (dNMP) was monitored.  Increasing concentrations of Ni pool 

containing Artemis resulted in increased 5’-3’ exonuclease activity.  In contrast, the 

Artemis containing HAP flow-through pool revealed an NMP product that was barely 

above the detection limit of our assay.  These results demonstrate that the HAP FT  
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Figure 26.  Identification of [His]6-Artemis polypeptide in Nickel-Agarose and 
HAP flow-through pools of protein.  (A) Western blot analysis.  Nickel-Agarose 
pool (200 ng, 1 µg and 2 µg) and HAP flow-through (10 ng, 20 ng and 50 ng) were 
analyzed by Western blot using an anti-Artemis antibody.  DNA-PK phosphorylation 
of Nickel (B) and HAP FT (C) pool of protein.  In vitro phosphorylation reactions 
were conducted as described in Materials and Methods and contained DNA-PK, 
[His]6-Artemis and DNA as indicated. Reaction products were separated via SDS 
PAGE and products visualized by phosphorImager analysis.   
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pool of protein does not contain 5’-3’ exonuclease activity (Figure 27A).  It is 

necessary to point out that there are preparation specific variations of exonuclease 

activity, and differences observed in the analysis of column fraction versus pools.  

Despite these differences, it is evident from results that the majority of the HAP 

polypeptide was flowing through the HAP column and this pool of protein was 

devoid of the majority of exonuclease activity. 

The more relevant activity of Artemis, found both in vitro and in vivo, is the 

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]6-Artemis 

devoid of exonuclease activity still retained its endonuclease activity, the Ni and HAP 

FT pools of protein were assayed for hairpin-opening activity.  To conduct these 

assays, a 5’ radiolabeled hairpin substrate containing a 6 base 5’ overhang was 

incubated with Ni or HAP FT pools of protein, buffer, heterotrimeric DNA-PK.  30-

mer double-strand DNA was also added where indicated, as it has been reported that 

Artemis exhibits increased endonuclease activity when double-strand DNA is 

incubated in the reaction so as to increase kinase activity of DNA-PK, thus increasing 

phosphorylation of Artemis.  Previous groups have shown that DNA-PK dependent 

Artemis endonuclease cleavage of this hairpin substrate yields a product of 

approximately 28 bases in length [74].  Both the Ni pool and HAP FT pools of 

protein catalyzed hairpin-opening activity in the presence of ATP and DNA-PK on 

this substrate (Figure 27B, lanes 6 and 7 and lanes 10 and 11, respectively).  

Interestingly, there is slightly more endonuclease activity in the HAP FT pool of 

protein, as evidenced by the slightly more prominent cleavage product (Figure 27B, 
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lanes 10 and 11).  It is important to point out that this could be from the lack of 

exonuclease activity in the HAP FT, which would necessarily result in less 

endonucleolytic removal of the 5’ label on the cleavage product thus creating a darker 

band at this product size.  Interestingly, the presence of the 30-mer cold double-strand 

substrate does not seem to result in increased cleavage product with this substrate 

(Figure 27B, lane 8), and this result will be discussed further in conclusion.  Also 

evident, though of reduced intensity compared to the hairpin opening activity, are 

products that range in size from 5-7 nucleotides and are postulated to result from the 

5’ overhang cleavage activity of Artemis.  Importantly, 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 fractions.  This result is clearer 

following reduced exposure of the gel to minimize bleed-over from the Ni pool 

fractions (Figure 27B, bottom panel).  These results show that separation of 

exonuclease activity from DNA-PK dependent Artemis endonuclease activity occurs 

following fractionation over a HAP column. 

We were concerned that the radiolabeled products from a substrate containing 

a 5’ radioactive label observed in Figure 27A were potentially being misinterpreted.  

Despite experimental precautions taken, it was difficult to determine if the 

radiolabeled product at the bottom of the gel (Figure 27A) was actually a dNMP or a 

larger product.  To ensure that the dNMP products observed (from the Ni pool) were 

in fact the result of exonuclease activity and not a dinucleotide product produced by 

an endonuclease activity, we assessed nuclease activity of each pool of protein on a  
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Figure 27.  Biochemical characterization of Nickel-Agarose and HAP flow-
through pools of [His]6-Artemis. (A) Analysis of [His]6-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 µg) 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.  (B) Analysis of hairpin opening activity.  Ni 
pool (400 ng and 1 µg) 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.   
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single-strand DNA substrate with a 3’ radiolabeled terminus.  Increasing amounts of 

the nickel pool of protein resulted in a ladder of products that was consistent with 

sequential single nucleoside monophosphate removal from the 5’ terminus of the 

oligonucleotide (Figure 28A).  The HAP FT pool of protein contained barely 

detectable 5’-3’ single-strand exonuclease activity, consistent with activity seen in 

this pool in Figure 27A.  Importantly, overexposure of the gels in Figures 27A and 

28A did reveal products indicative of low levels of exonuclease activity, but this 

activity comprised less than 1 % of those seen in Ni pool.  These results confirm that 

while [His]6-Artemis fractionated over a nickel column retains significant 5’-3’ 

exonuclease activity, subsequent fractionation of this protein over a HAP column 

results in near quantitative separation of the exonuclease from the Artemis protein. 

 As it appears that [His]6-Artemis fractionated over a HAP column is devoid of 

5’-3’ exonuclease activity but still has hairpin opening activity, we wanted to 

examine DNA-PK dependent Artemis overhang cleavage activity to ensure that all in 

vivo intrinsic enzymatic activities are retained in this purified preparation of protein.  

To accomplish this, we prepared a 5’-radiolabeled DNA substrate with a 3’ single-

strand overhang.  It has been previously reported that in the presence of DNA-PK and 

ATP, Artemis cleaves this substrate close to the single-strand/double-strand junction, 

resulting in a cleavage product around 26 bases long [74].  Incubation of this 

overhang substrate with DNA-PK, ATP and the two pools of [His6-Artemis] protein 

resulted in a 26 base cleavage product, and as expected this was dependent on DNA-

PK and ATP (Figure 28B, lanes 4, 5 and 6 and lanes 8, 9 and 10).  Again, the 5’ NMP 

product is apparent in reactions performed with the nickel pool of protein but is  
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Figure 28.  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 [α-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 µM 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 “Methods and Materials”.  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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reduced to background levels in reactions containing the HAP flow-through pool 

(Figure 28B, compare lanes 3-6 to lanes 7-10).  For further verification of 

endonuclease activity, a DNA substrate with a 5’ single-strand overhang and a 3’ [α-

32P] dCMP label was used to assay endonuclease activity on a 5’ overhang.  Previous 

results have shown that in the presence of DNA-PK and ATP, Artemis 

endonucleolytically cleaves this substrate close to the single-strand/double-strand 

junction resulting in a cleavage product of approximately 24-26 nucleotides long 

(lees-miller paper).  In the presence of DNA-PK and ATP, both the nickel pool of 

protein and the HAP FT pool endonucleolytically cleaved the 5’ overhang (Figure 

28C, compare lanes 5 and 6 and lanes 7 and 8, respectively).  In our hands, the 

resulting cleavage product is 26 nucleotides.   A product that is consistent with 

exonuclease activity appears at the bottom of the gel, but only appears in lanes that 

contain DNA-PK in them, including but not limited to the lane that contains DNA-PK 

alone (Figure 28C, lane 4), this product is attributed to a contaminating 3’ 

exonuclease from our preparation of DNA-PK from Hela cells.  The combined data 

from Figures 27 and 28 demonstrate that both the Ni and HAP FT pools of protein 

maintain DNA-PK and ATP dependent hairpin opening and endonuclease activity on 

single-strand overhangs, identical to the activity previously reported on Artemis.  

However, while the Artemis polypeptide is in both these pools of protein (Figure 

26A), the HAP FT pool of protein no longer exhibits single-strand exonuclease 

activity despite the fact that it retains DNA-PK dependent endonuclease activity.  

These results show that our purification procedure results in biochemical separation 
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of exonuclease activity from Artemis, and further suggest that the exonuclease 

activity previously attributed to Artemis is not an intrinsic part of the polypeptide. 

 In an effort to thoroughly ensure that we separated exonuclease activity away 

from Artemis, exonuclease and endonuclease activities were tracked throughout the 

HAP column, 100 % of the endonuclease activity is recovered in the HAP FT pool, 

resulting in a 30-fold level of purification (Table 2).  However, only 2.5 % of the 

exonuclease activity is retained in the same HAP FT pool, with no increase in specific 

activity despite the loss of 96 % of the total protein.  These results are consistent with 

successful biochemical separation of the exonuclease activity from the Artemis 

polypeptide while maintaining DNA-PK dependent endonuclease activity, thereby 

indicating that exonuclease activity is not an intrinsic component of the Artemis 

polypeptide.   

 Having obtained a preparation of Artemis that we believe to be more 

enzymatically pure than any other lab has previously obtained, we were anxious to 

pursue further experiments to assess the role of DNA-PK dependent Artemis 

catalyzed nuclease activity on a variety of DNA substrates containing different 

structures, sequences and regions of microhomology.  The substrates used in 

endonuclease assays discussed above were all previously published substrates and so 

activity of Artemis on these substrates has been characterized.  Unfortunately, these 

substrates are not necessarily reminiscent of a DNA termini at the site of an IR 

induced DNA DSB.  A DNA substrate physiologically mimicking IR induced DSB is 

anticipated to have a much shorter DNA overhang.  As a substrate with shorter 

overhangs has not been studies by any other lab, we assessed more physiologically  
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Table 2.  Purification table of [His]6-Artemis protein preparation. 



107 
 

relevant DNA substrates with 6-base single-strand overhangs.  In an effort to measure 

endonuclease activity on a DNA substrate that more closely resembles a DNA 

terminus following IR, we assessed cleavage of a 24-base double-strand substrate 

with a 6-base 5’ single-strand overhang and a 3’ [α-32P] dCMP label (KSP 11.3/5’30).  

In an effort to avoid any sequence bias that might exist, the single-strand overhang 

region is made up of a mixed nucleotide sequence.  Results show that in the presence 

of DNA-PK and ATP, Artemis cleaves this substrate at the double-strand/single-

strand junction to create a product of 24 bases (Figure 29, lane 4).  This is evidence 

that Artemis is capable of cleaving shorter DNA overhangs like the types of 

overhangs one would expect to see at the site of an IR induced DNA DSB.  We went 

on to asses two additional DNA substrates that were identical to the substrates in 

Figure 29 except with homopolymeric overhangs, one with a 6-base 5’A overhang 

(KSP 11.3/5’24+6A) and one with 6-base 5’T (KSP 11.3/5’24+6T) (Figure 30).  

Again, Artemis was able to efficiently cleave the 6-base overhang on these two 

substrates, but the cleavage product was not as homogeneous as the product observed 

in Figure 29, where the predominant cleavage product was 24 bases long.  In Figure 

30, cleavage products are more heterogeneous, with cleavage products that vary 

between 23 and 25.  While it appears that Artemis can still cleave these two substrates 

at the double-strand/single-strand junction (24 bases), cleavage is also occurring at 

n+1 and n-1 positions.  As the only difference between these two substrates and the 

one assessed in Figure 29 is sequence, it is presumed that this difference in cleavage 

pattern is a result of a sequence bias.  Furthermore, there appears to be greater 

cleavage of the DNA substrate with a 5’ T overhang (Figure 30, lanes 2 and 13). 
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Figure 29.  Characterization of Artemis endonuclease activity on a short DNA 
overhang substrate.  Artemis endonuclease cleavage of 3’ radiolabeled 6-base 5’ 
single-strand overhang with a 24 basepair region was analyzed.  Reaction conditions 
were conducted as described in “Methods and Materials”.  The 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 arrow.  



109 
 

 

 

Figure 30.  Characterization of Artemis sequence bias on short DNA overhang 
substrates.  Artemis endonuclease cleavage of 3’ radiolabeled 6-base single-strand 
overhang of 5’ A or 5’T was analyzed.  Reaction conditions were conducted as 
described in “Methods and Materials”.  The DNA substrates are 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 bracket. 
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In order to further explore Artemis sequence bias, DNA substrates with 

homopolymeric sequences of A or T in a 15-base 5’ single-strand overhang region 

were analyzed (KSP 11.1/11.0C and KSP 11.2/11.0C).  While both substrates were 

cleaved by Artemis, results clearly show a cleavage sequence bias, with 5’T 

substrates preferentially cleaved compared to 5’A (Figure 31).  This is supported by 

recent data showing that Artemis possesses DNA-PK dependent endonuclease 

activity on single-strand DNA, with a sequence preference favoring cleavage of 

thymidines [108].  In summary, analysis of Artemis mediated cleavage reveals that 

this nuclease is capable of cleaving much shorter overhang regions than those 

previously published, and both the cleavage activity and pattern of cleavage is 

affected by length and sequence.  Further studies with DNA substrates of different 

length and sequence will reveal the intricacies of Artemis cleavage and potentially 

indicate a mechanism of Artemis-DNA interaction. 
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Figure 31.  Characterization of Artemis sequence bias on long DNA overhang 
substrates.  Artemis endonuclease cleavage of 3’ radiolabeled 15-base single-strand 
overhang of 5’ A or 5’T was analyzed.  Reaction conditions were conducted as 
described in “Methods and Materials”.  The DNA substrates 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 bracket. 
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 Our design and implementation of a novel purification procedure of [His]6-

Artemis resulted in the biochemical separation of exonuclease activity from DNA-PK 

dependent endonuclease activity.  Interestingly, other laboratories have made 

mutations in various positions throughout the Artemis polypeptide in an effort to 

identify the nuclease active site.  Some of these mutations have resulted in disruption 

of the endonuclease activity but have had no effect on exonuclease activity [73, 103, 

106, 113, 116, 117].  For example, N-terminal Artemis mutations located in the 

enzymatically important metallo-β-lactamase and β-CASP domains resulted in 

identification of a sub-set of mutants that functionally abrogated endonuclease 

activity by disrupting metal coordination [113].  Importantly, biochemical analysis of 

these mutants resulted in no loss of exonuclease activity.  Additional work with a 

phosphorylation mutant that is associated with partial immunodeficiency in a mouse 

model exhibited reduced endonucleasee activity but nearly complete retention of 

exonuclease activity [118].  It is possible that the exonuclease activity could be 

located in another active site other than those identified by the extensive set of mutant 

generated.  However, this seems unlikely as it is thought that metallo-β-lactamse fold 

enzymes have one active site that is responsible for all enzymatic processing [114].  

This hypothesis is further supported by data published on SNM1, a 5’-3’mammalian 

exonuclease classified in the metallo-β-lactamase superfamily.  SNM1 is 

characterized by having only exonuclease activity on single-strand DNA, with no 

accompanying endonuclease activity.  A mutation of a conserved aspartate (D736) in 

the β-lactamase domain resulted in functional disruption of the 5’-3’ exonuclease 

4.3.  Discussion 
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activity [117, 119].  Another group had made a mutation of this same conserved 

aspartate residue in Artemis (D37) that completely eliminated endonuclease activity 

of Artemis, but the exonuclease activity associated with Artemis remained in the 

mutant [113].  This is genetic evidence to further support our biochemical evidence 

indicating that the exonuclease activity is not located in the same active site as the 

endonuclease activity.  Importantly, the extensive Atremis mutational analysis done 

to date has yet to locate an exonuclease active site within Artemis.  These genetic 

studies coupled with our biochemical analysis indicate that not only is the 

exonuclease activity separate from the endonucleolytic active site, but it is not part of 

the Artemis polypeptide at all.   

 The purification scheme presented in this chapter was developed and then 

executed over multiple protein purification preparations.  While every successful 

preparation resulted in separation of the two nuclease activities as described, it is 

important to point out that separation of the activities did vary between protein 

preparations.  As development of the purification procedure progressed, variations in 

procedure would at times result in small changes in the separation of the exonuclease 

activity from the Artemis endonuclease activity.  For example, we found that greater 

separation of activity was achieved on a 5 mL HAP column compared to a 2 mL HAP 

column, despite the fact that the 2 mL column contained more than enough binding 

capacity for the protein amount that we applied to the column.  Importantly, the 

residual exonuclease activity that flowed through the 2 mL HAP column (and thus 

contaminated our Artemis pool of protein that also flowed through the column) could 

be successfully separated by re-running the FT pool over a second HAP column.  
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This was an interesting finding, as it suggests that the 2 mL HAP column could 

become saturated with exonuclease activity and lead to poor separation of the 

exonuclease and endonuclease activity.  We also noticed variations in separation 

when the pH of buffers used for the HAP column was altered with lower pH resulting 

in poorer separation of the exonuclease activity, so our buffers contain a relatively pH  

of 7.85.  Typically binding to a HAP column is performed at a lower pH as the lower 

the pH, the more protein binds to the matrix.  [His]6-Artemis does not bind to the 

HAP column and this is likely the result of the higher pH buffer.  Many other proteins 

do not bind to the HAP column under these conditions as well, as evidenced by the 

amount of non-specific proteins in the HAP FT (Figure 21C).  Interestingly, the 

exonuclease activity remains bound to the column under these conditions.  It is also 

important to point out that we observed a nominal amount of Artemis in many of the 

fractions collected from the HAP column, including the wash and elution (Figure 21B 

and data not shown).  These levels of protein were low enough that they could only 

be observed by western blot analysis, and even then the signal was very low.  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.  Interestingly, spreading of the protein was also seen over other columns (ie. 

ion exchange), leading us to conclude that this protein has propensity for multiple 

matrices.  This could also explain the fairly high amount of non-specific proteins that 

we see eluting with Artemis off of different columns.  In short, Artemis may be a very 

“sticky” protein, perhaps due to one or several disordered regions, that gives it an 
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affinity for multiple matrices as well as attracts a variety of protein-protein 

interactions.   

 Our study demonstrates that the exonuclease activity of Artemis previously 

reported is not an intrinsic component of the Artemis polypeptide, and there are many 

possibilities to explain the presence of the exonuclease activity found in less-pure 

fractions of Artemis.  It is possible that the exonuclease activity is simply a 

contaminating enzyme that is endogenously expressed in the SF9 insect cells we use 

to overexpress Artemis and co-purifies with over-expressed Artemis independent of 

any biologically relevant interaction.  This possibility is supported by our 

observations of Artemis being a “sticky” protein with an affinity for non-specific 

interactions.  It is further supported by our data showing single-strand 5’-3’ 

exonuclease activity co-purifying with another DNA binding protein, [His]6-XPA, 

overexpressed in insect cells.  This result suggests the possibility of the contaminating 

exonuclease having an affinity for nickel-agarose resin, as both the XPA and Artemis 

preparations were fractionated over this column first.  This is not an unlikely 

scenario, as insect cells have been shown to contain many endogenous nucleases and 

the 5’-3’ exonuclease SNM1 was also identified in D. Melanogaster [120].  It is also 

possible that the exonuclease is another enzyme that is associated with Artemis and 

plays a physiological role with Artemis in the cell.  This possibility will have to be 

further investigated.   

 Our purification scheme resulted in a preparation of Artemis that is devoid of 

exonuclease activity that was previously thought to be intrinsic to Artemis but 

maintains the biologically relevant DNA-PK and ATP dependent endonuclease 
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activity.  With this preparation of Artemis, we began to conduct experiments to 

further understand the role of this endonuclease activity in NHEJ.  Our studies with 

more biologically relevant substrates containing shorter overhang regions have shown 

that Artemis is capable of cleaving shorter overhang regions.  Furthermore, a 

sequence bias is observed, with Artemis preferentially cleaving DNA substrates with 

5’ T overhangs as compared to 5’ A overhangs.  The explanation for sequence bias 

could be as simple as thymine fitting into the Artemis active site better than other 

bases.  Support for this hypothesis is seen in Figure 29, where a cleavage 

predominantly occurs at the double-strand junction.  This substrate has an overhang 

made up of a mixed 6-base substrate consisting of G, C and A in the overhang region, 

with a T as the first nucleotide in the double-strand region (TGCCGAA).  This data 

suggests that Artemis preferentially cleaves thymines, and as the resulting cleavage 

product is 24 bases long (with the 6-base single-strand overhang endonucleolytically 

cleaved off), this cleavage would have to occur on the 5’ end of the nucleotide.  

Interestingly, sequence bias appears to be more important when a DNA overhang is 

longer as the difference in Artemis cleavage between 5’T and 5’A 15-base overhangs 

is much more pronounced than the difference in 5’T and 5’A 6-base overhang 

cleavage, but the relevance of these results is still unclear.  Additional biochemical 

studies with DNA substrates needs to be done to understand how sequence bias and 

strand length affect DNA-PK and ATP dependent Artemis-catalyzed cleavage.  
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5.  Summary and Perspectives 

NHEJ, the major pathway responsible for the repair of DNA DSB, was 

originally defined as a simple pathway that crudely joined DNA DSB with the help of 

a handful of proteins, Ku, DNA-PKcs, and Ligase IV/XRCC4.  Extensive research in 

the field over the years has changed our view of NHEJ, and it is now apparent that 

this is a complex and intricate pathway that includes a variety of other proteins 

including processing enzymes Artemis, DNA polymerases µ and λ and the Ligase IV 

associated protein XLF.  Biochemical and structural analysis has resulted in fairly 

detailed characterization of many of these proteins.  However, many unanswered 

questions regarding molecular mechanism of these proteins remain.   

Our work has further characterized the largest enzyme in this pathway, DNA-

PK, and results suggest a model for activation of DNA-PK.  In our proposed model, 

DNA threads through a channel in DNA-PKcs following binding of this large kinase 

to a DSB (Figure 32A).  Strand separation of the DNA terminus likely occurs, with 

the 5’ strand being inserted into an active site on the periphery of the kinase and the 

3’ strand potentially annealing with a 3’ strand on the opposite DNA terminus.  This 

3’ strand-dependent interaction may be responsible for further pulling the DNA 

through the kinase structure, and thus increasing overall kinase activity.  This DNA 

strand interaction may also play a role in stabilizing a synaptic complex of the two 

DNA termini-protein complexes.  Elegant work has shown that DNA-PK 

autophosphorylation occurs in a trans fashion [82], however this does not necessarily 

mean that the protein-DNA interaction that drives activation occurs in a trans fashion.  

Activation of the kinase by the 5’ strand could occur in either a cis or trans fashion  
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Figure 32.  DNA-PK activation and Artemis-mediated cleavage.  (A) DNA 
threads through the ring-like structure of the Ku heterodimer (blue doughnut 
structure) and through a channel in DNA-PKcs (yellow structure).  Following 
threading of the DNA, strand separation occurs and the 3’ strand (depicted in green) 
drives homology-mediated interactions with the opposite 3’ strand, aiding in 
formation of a synaptic complex between the two DNA termini.  The purple shadow 
indicates the magnification of the region in figure 4B and 4C.  (B) Cis activation of 
DNA-PK (yellow structure) occurs by the 5’ strand (depicted in blue) interacting with 
an active site that can accommodate single-strand DNA on the periphery of the same 
DNA-PK molecule that is bound to the DNA terminus.  Artemis (orange structure) 
interacts with DNA-PK and cleaves DNA in a trans fashion by cleaving a single-
strand overhang on the opposite DNA terminus.  (C) Trans activation occurs by 5’ 
single-strand DNA interacting with the active on the DNA-PK molecule bound to the 
opposite DNA terminus.  Artemis interacts with DNA-PK and cleaves DNA in a cis 
fashion by cleaving a single-strand overhang on the same terminus with which DNA-
PK and Artemis are interacting.  
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(Figure 32B and C).  Further studies are needed to determine DNA-mediated 

activation of the kinase.   

Biochemical and structural work has shown that trans autophosphorylation of 

the ABCDE cluster allows for rearrangement of the protein-DNA complex such that 

the DNA ends are made accessible for processing enzymes [63].  

Autophosphorylation induced conformational changes appear to occur mainly in the 

head domain of DNA-PKcs.  This is the region where the kinase domain is thought to 

be located, and it is possible that conformational changes could result in generation of 

a platform for enzymes to engage in processing of the DNA termini.  This model 

suggests that DNA-PK is responsible for holding DNA termini in place while 

processing of the ends occurs.  This is an interesting idea, as it suggests that DNA-PK 

remains bound to DNA while processing occurs.  Previous models have suggested 

that dissociation of DNA-PK is occurs following autophosphorylation.  However, in 

the model described above, autophosphorylation of one cluster of residues has already 

occurred in order to leave DNA ends accessible for processing but dissociation of 

DNA-PK has not yet occurred.  Therefore, this suggests that a second round of DNA-

PK autophosphorylation that results in dissociation of the kinase may occur following 

DNA end processing.  It is very possible that a different set of residues (other than the 

ABCDE cluster) must be phosphorylated to initiate DNA-PK dissociation from the 

termini.  Further studies are needed to determine the mechanisms and dynamics of 

DNA end processing and DNA-PK dissociation. 

Biochemical studies of Artemis to date clearly indicate that more research is 

necessary to fully understand the molecular mechanism of DNA-PK and Artemis-
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mediated DNA cleavage in NHEJ.  Combined results from the field suggest a model 

for DNA-PK and Artemis interactions with DNA ends.  DNA strand polarity clearly 

plays a role, as 3’ and 5’ cleavage of single-strand overhangs varies slightly, with a 3’ 

overhang getting cleaved to within 4 nt of the double-strand junction while 5’ 

overhangs are cleaved predominantly at the double-strand junction with minor 

cleavage events at n+1, n-1 [74, 106].  Our lab and others have also shown that a 3’ 

overhang results in a more heterogeneous cleavage set, with the n+4  position being 

cleaved more predominantly but additional cleavage of surrounding nucleotides, up to 

two in either direction, occurs as well.  This differs from the homogenous cleavage 

pattern of a 5’ overhang resulting in predominant cleavage at the double strand 

junction.  It is possible that this variation is a product of DNA positioning as driven 

by DNA-DNA-PK interactions.  Our data demonstrates that 5’ overhangs may be 

crucial for activation and thus may possess more well defined interactions with the 

DNA-PKcs subunit, which could create a uniform alteration in the DNA structure to 

allow more precise cleavage by Artemis at the single-strand/double-strand junction 

(Figure 33A).  3’ overhangs do not necessarily have such a defined interaction with 

DNA-PKcs, as Artemis is forced to interact with DNA overhangs in a stochastic 

manner, creating a more random cleavage pattern that results in cleavage products of 

assorted sizes (Figure 33B).  Further work analyzing DNA substrate length, structure 

and sequence will result in an increased understanding of the molecular mechanism of 

Artemis and its overall role in NHEJ. 

 Despite the biochemical data gathered, many questions remain regarding 

DNA-PK dependent Artemis endonuclease activity.  It is clear that Artemis requires  
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Figure 33.  Artemis endonuclease activity on single-strand overhangs.  DNA-PK 
dependent Artemis-mediated cleavage of overhangs varies based on strand polarity.  
Ku heterodimer is depicted in blue, DNA-PKcs is depicted in yellow, and Artemis is 
depicted in orange.  (A) Artemis cleaves 3’ overhangs in a heterogenous manner, with 
cleavage products occurring at the n+6, n+5, n+4, n+3 and n+2 positions.  All of 
these potential cleavage products result in a 3’ overhang remaining at the DNA 
terminus.  (B) Artemis cleaves 5’ overhangs in a homogeneous, with cleavage mainly 
occurring at the single-strand/double-strand junction and a few cleavage events 
occurring at the n+1 or n-1 positions.   
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DNA-PK and ATP for endonuclease activity, but it is unclear if this activation by 

DNA-PK is through a cis or trans mechanism.  Several labs have performed in vitro 

nuclease assays with a radiolabeled overhang substrate, but include unlabeled double-

strand DNA to increase DNA-PK activity, arguing that this increases the 

endonuclease activity of Artemis.  However, it is hard to imagine an in vivo scenario 

at the site of a DSB where DNA-PK is acting in trans to activate Artemis (Figure 34).  

In fact, work by Povirk’s group has shown that Artemis nuclease activity is not 

increased in the presence of a dsDNA stimulus [99], and Lees-Miller group observes 

robust endonuclease stimulation in the absence of stimulating dsDNA [106].  Rather, 

an alternative is that DNA-PK is bound to the site of a DSB, Artemis is recruited to 

this same DNA end and Artemis is activated in cis by this DNA-PK molecule.  Once 

DNA-PK dependent Artemis-catalyzed endonuclease cleavage is activated, cleavage 

events could occur through a cis or trans mechanism.  The DNA/DNA-PK/Artemis 

complex described could be envisioned to stimulate trans endonucleolytic cleavage.  

That is, just as trans autophosphorylation of DNA-PK occurs, Artemis too could be 

bound to one terminus in a complex with DNA-PK and act catalytically across the 

synaptic complex to cleave DNA on the opposite terminus (Figure 32B).  As a DNA 

DSB induced by IR can be very complex, with a variety of DNA discontinuities on 

either terminus at the site of the DSB, it is possible that Artemis cleaves a DNA 

terminus in trans that needs to be processed, even if the side it is bound to does not 

require processing.  It is also possible that Artemis cleaves a DNA strand in cis 

(Figure 32C), similar to DNA-PK being activated in cis. 
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Figure 34.  Activation of Artemis endonuclease activity.  Artemis endonuclease 
activity is dependent on DNA-PK and ATP, and this activation event could occur in 
trans by a DNA-PK molecule bound to a different DNA terminus than the terminus 
Artemis is cleaving.  Activation of Artemis endonuclease activity could also occur in 
cis by a DNA-PK molecule that is bound to the same DNA terminus that Artemis is 
cleaving (see Figure 33). 
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It is becoming increasingly clear that processing during NHEJ is an important 

yet complicated step that requires regulation at the molecular level.   In the context of 

a DNA DSB induced by IR, a small amount of processing can be extremely useful.  It 

is becoming more apparent that regions of microhomology, embedded within the 

DNA sequence in the vicinity of a double strand break, may play a role in successful 

re-joining of broken DNA (see Chapter 3).  Artemis-catalyzed nuclease activity to 

excise nucleotides, revealing regions of microhomology may be a critical step in 

NHEJ.   Processing of DNA termini to remove forms of DNA damage (like 3’ 

phosphoglycolates or abasic sites) that would otherwise impede DNA ligation of the 

DSB or cause further harm to the cell is another example of useful DNA processing 

during NHEJ.  This “micro” type of processing is less detrimental than massive 

processing that would result in depletion of a large amount of genetic material.  

Furthermore, it is more energetically favorable for the cell to have mechanisms in 

place to remove DNA damage while repairing the DNA DSB.  The opposite scenario 

would result in DNA damage, such as an abasic site, persisting in the DNA and 

having to be removed via another repair process after resolving the DSB.  It is 

important to point out that this minimal amount of processing described, while 

favorable for the cell probably requires a variety of enzymes to accomplish specific 

processing events like synthesis or degradation of DNA ends to get to a region of 

microhomology or to remove/repair other types of DNA damage around the terminus 

with minimal loss of nucleotides.  Elaborate processing events are important in the 

context of repair of IR induced DNA DSB, as IR can result in a variety of DNA 

damage at the site of a break that would need to be removed for efficient and effective 
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NHEJ.  As these breaks can be so complex, it is likely that there are several enzymes 

involved in the processing steps of NHEJ that have yet to be identified. 
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