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Abstract 

DNA double-stranded breaks (DSBs) represent a significant threat to genomic 

integrity, as failure to repair, or the incorrect repair of these lesions can lead to tumour 

formation and carcinogenesis. These breaks are not only caused by external factors, but are 

also generated within cells during regulated physiological processes, such as V(D)J 

recombination. This process is essential for lymphocyte development and involves the 

activity of factors involved in the non-homologous end-joining (NHEJ) repair pathway. A 

tri-partite study of V(D)J recombination and DNA damage response factors was conducted in 

order to gain insight into these overlapping pathways. The factors examined include Rag-1 

(a component of the recombinase complex that initiates V(D)J recombination); Ku70 (a 

subunit of the Ku heterodimer involved in NHEJ and V(D)J recombination); Artemis (a 

nuclease involved in NHEJ and V(D)J recombination); and the Octamer-binding 

transcription factor-1 (which contributes to cellular survival post-DNA damage). The three 

facets of this study include (i) defining the Ku70 binding region of Rag-1 through the use of 

association assays, (ii) examining the regulation of ectopic Artemis expression in non-

permissive cells, and (iii) identifying Oct-1 interacting factors with the use tandem affinity 

purification. 
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53BP1 (p53 binding protein 1) 

Ab (antibody) 

ATM (ataxia-telangiectasia mutated) 

ATR (ATM- and Rad3-related) 

BRCA1 (breast cancer 1, early onset) 

ChIP (chromatin immunoprecipitation) 

Chk-1 and -2 (checkpoint kinases -1 and -2) 

Cy2 (cyanine) 

ddH20 (deionized distilled water) 

DMEM (Dulbecco's Modified Eagle Medium) 
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DNA-PKcs (DNA-dependent protein kinase catalytic subunit) 

dNTP (deoxynucleoside triphosphate) 

DSB (double-stranded break) 

DTT (dithiothreitol) 

E.coli (Escherichia coli) 

EDTA (ethylene diamine tetraacetic acid) 

EGFP (enhanced green fluorescent protein) 

FBS (fetal bovine serum) 

He (heavy chain) 

HEPES (N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)) 

His (histidine) 

HMG (high mobility group) 
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hMOF (human chromatin modifying factor) 

MG132 (N-benzoyloxycarbonyl (Z)-Leu-Leu-leucinal) 

mTOR (mammalian target of rapamycin) 

HR (homologous recombination) 

Ig (immunoglobulin) 

IMAC (immobilized metal affinity chromatography) 

IPTG (isopropyl-p-D-thiogalactopyranoside) 

IR (ionizing radiation) 

IRES (internal ribosomal entry site) 

IRR (irradiation) 

Lc (light chain) 

LTR (long terminal repeat) 

MBP (maltose binding protein) 

MDC1 (mediator of DNA damage checkpoint 1) 

MEF (mouse embryonic fibroblast) 

MEM (minimum essential medium) 

MHC (Major Histocompatability Complex) 

MMLV (Maloney murine leukemia virus) 

MRN (MRE11-NBS1-RAD50) 

NHEJ (non-homologous end-joining) 

Oct-1 (Octamer-binding transcription factor-1) 

PCR (polymerase chain reaction) 

PBS (phosphate buffered saline) 

PIKK (phosphoinositide 3-kinase-related kinase) 
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TCR (T-cell receptor) 

TRRAP (transformation/transcription domain-associated protein) 

RAG (recombination activating gene) 

Rb (retinoblastoma) 

RNA (ribonucleic acid) 

RPM (rotations per minute) 

RSS (recombination signal sequence) 

RT (reverse transcriptase) 

RT-PCR (reverse transcription polymerase chain reaction) 

SCID (severe combined immunodeficiency) 

TAP (tandem affinity purification) 

TBS-T (tris-buffered saline with 0.1% tween-20 detergent) 

TCR (T-cell receptor) 

TRIS (tris(hydroxymethyl)aminomethane) 

UTR (untranslated region) 

XRCC4 (x-ray repair cross complementing factor 4) 

XLF (XRCC4-like factor) 
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Introduction 

Cellular responses to DNA double-strand breaks 

DNA double-stranded breaks (DSBs) represent a particularly genotoxic type of DNA 

damage encountered within a cell; if left unrepaired, these lesions can lead to cell cycle arrest 

and eventually cell death. If incorrectly repaired, loss of genomic information, chromosomal 

translocations, and genomic instability can lead to tumour formation and carcinogenesis (1, 

2). The cellular response to DNA DSBs is determined by numerous factors, but is primarily 

governed by the nature of the DNA damage itself. For example, although DSBs can be 

caused both by ionizing radiation (IR) and the radiomimetic drug bleomycin, the nature of 

the break, and therefore the subsequent response, appears to be different (3-5). Regardless of 

the source of damage, key biological events, including changes in gene expression, induction 

of cell cycle arrest checkpoints, DNA repair and/or apoptosis are known to occur subsequent 

to the exposure of DNA to damaging agents (6). 

The DNA damage signal transduction cascade 

The link between extracellular stress and an intracellular response often involves the 

coordination and convergence of signal transduction cascades. Typically, these events 

involve the synchronization of sensors, transducers and effectors. This sequence of events is 

well established for many stress stimuli, including serum starvation and heat shock, with the 

induction of signal transduction cascades such as the Ras/Raf-MAPK (mitogen-activated 

protein kinase) pathway (7-9). The transduction of DNA damage, however, is not as well 

understood. 
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Sensing DNA DSBs was primarily thought to occur through the PIKK 

(phosphoinositide 3-kinase-related kinase) family of protein kinases, including ATM (ataxia-

telangiectasia mutated), ATR (ATM- and Rad3-related) and DNA-PKcs (DNA-dependent 

protein kinase catalytic subunit). Consensus was that upon DNA association, the kinases 

would convey chromatin aberrations by undergoing conformational changes thus initiating a 

signalling cascade (10-12). Newer models, however, support the idea that PIKKs, on their 

own, cannot function as DNA DSB sensors (13). Instead, the kinases are likely recruited to 

sites of DNA damage through interactions with upstream factors (13,14). It is hypothesized 

that these sensors are most likely components of repair complexes, such as the MRN 

(MRE11-NBS1-RAD50) complex, Ku70/80, 53BP1 (p53 binding protein 1), and members 

of the Rad family of proteins (15-17). As additional factors are recruited to the sites of 

damage, nuclear foci emerge and expand (18, 19). This recruitment and assembly of factors 

at the sites of DNA damage was demonstrated by Lukas et al (20) who used DSB-generating 

microlasers coupled to laser-scanning confocal microscopy to describe the sequential binding 

of DNA damage sensors and adaptor proteins following the induction of DNA DSBs. This 

system has been shown to induce approximately 90-300 DSB sites per diploid cell (21). In 

this model Lukas' group showed the initial binding of sensor and adaptor proteins such as 

MRN, 53BP1, and MDC1 (mediator of DNA damage checkpoint 1) in a y-H2AX-dependent 

manner. H2AX is a variant form of the core histone protein H2AX, and is known to be 

phosphorylated by members of the PIKK family of kinases following the induction of DNA 

DSBs. Phosphorylation of H2AX (y-H2AX) occurs rapidly in vivo (within minutes of the 

induction of DNA DSBs) and it is one of the earliest events to occur within the DNA damage 

response pathway (22). This model does not address additional known factors such as 

BRCA1 (breast cancer 1, early onset), hMOF (human chromatin modifying factor), or 
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Ku70/80, to name a few, but instead illustrates the role of sensor proteins upstream of the 

PIKKs. A conundrum within this model exists in the absence of early ATM recruitment to 

the site of DNA damage despite the requirement of this kinase in phosphorylating histone 

H2AX- an event which appears to be required for foci emergence. This may reflect a non­

linear signal transduction cascade, where the cyclical involvement of factors assists in signal 

amplification (23). 

Regardless of the hierarchy of the signalling cascade, it is generally agreed that 

members of the PIKK family of kinases mediate the signal transduction phase of the DNA 

damage response (24). These serine/threonine kinases recognize the same consensus 

sequence (S/T, Q), and therefore may share common substrates in vivo as well as be involved 

in overlapping DNA-damage response pathways. For example, whereas both ATM and 

DNA-PKcs are activated in response to IR, only ATR responds to stalled replication forks 

(25, 26). Conversely, it has been demonstrated that ATR overexpression can rescue many of 

the phenotypes of ATM deficiency (27). Additionally, significant cross-talk between these 

kinases has been observed, such as in the ATR-dependent phosphorylation and activation of 

ATM in response to ultra-violet (UV) radiation (28, 29). 

PIKKs are known to relay DNA damage signals by phosphorylating downstream 

factors, including those involved in DNA damage repair pathways. Before repair, however, 

PIKKs first initiate cell cycle arrest checkpoints by phosphorylating factors involved in cell 

cycle progression, namely the checkpoint kinases Chk-1 and -2. This provides the damaged 

cell with sufficient time to repair the DNA lesions, or if the damage is too extensive, initiate 

the apoptosis pathway (Figure 1) (30, 31). 

3 



Figure 1. The detection and signalling of DNA double-strand breaks. The signal 
transduction of DNA double-strand break repair involves the activity and coordination of 
adapter, signalling and effector proteins. The cellular consequences of these breaks is often 
dependent on the nature of the break itself, but key events including apoptosis, altered gene 
expression, cell-cycle arrest, and/or repair of the damage are known to occur. Adapted from 
Bradury, J.M. et al (31). 
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Consequences ofDNA damage 

Cell-cycle arrest 

The activation of cell cycle checkpoints results in the transient stalling of cell cycle 

progression until (i) the damaged DNA is repaired, or (ii) the cell undergoes apoptosis. DNA 

damage-induced cell cycle checkpoints occur at both the Gl/S and G2/M transitions, and are 

necessary to prevent the transmission of damaged genetic material to daughter cells. The 

tumor suppressor protein p53 is a key regulator of cell-cycle progression, and is known to 

function primarily during the Gl/S checkpoint. Subsequent to DNA damage, p53 

experiences marked stabilization and activation. In addition to acetylation and methylation 

of p53, extensive phosphorylation is known to occur following DNA damage (31b). This 

event requires ATM, ATR, and potentially DNA-PKcs (32-34). This activation can occur 

both directly, (via direct phosphorylation of p53), or indirectly (via phosphorylation of Chkl, 

which in turn, phosphorylates p53) (35). Upon stabilization, p53 activates the expression of 

numerous effector proteins, including p21 (cyclin-dependent kinase inhibitor 1 A). The 

expression of p21 inhibits the kinase activity the cyclinE/Cdk2 complex, which in turn, 

blocks the phosphorylation of Rb (retinoblastoma), which is necessary for the transition from 

Gl to S phase (36). The G2/M checkpoint is initiated by the phosphorylation of the 

checkpoint kinases Chk-1 and -2 by members of the PlKK family of kinases. 

Phosphorylation and activation of these kinases allows them to phosphorylate Cdkl, thus 

inactivating the cyclinB/Cdkl complex, and blocking G2-to-M phase transition (37, 38). 
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Differential gene expression 

Cells exposed to DNA damaging agents exhibit profoundly altered gene expression 

profiles (39-42). These transcriptional differences link the physiological phenotype of a cell 

under genotoxic stress to the source of the stress, in the sense that the cellular response to the 

stimuli will be dictated by the up- or down-regulation of key stress response factors. 

Numerous transcription factors have been described in the regulation of stress-inducible 

genes, including c-Myc, c-fos, c-jun, p53, and the octamer-binding transcription factor-1 

(Oct-1) (43,44). The differential regulation of transcription factors in response to DNA 

damage is primarily achieved at the level of post-translational modification. In the case of 

DNA DSBs, phosphorylation of transcription factors by ATM, ATR and DNA-PKcs is well 

established (19, 45). 

Octamer-binding transcription factor-1 

Oct-1 is member of the POU (Pit-1, Octl/2, and Unc-86) sub-family of homeodomain 

transcription factors, and was initially identified by its ability to bind a conserved octamer 

motif (ATGCAAAT) present in the enhancer region of the immunoglobulin heavy chain 

(IgH) gene (46). Ubiquitously expressed, Oct-1 is involved in the expression of numerous 

housekeeping (histone H2B, U2/U6 snRNAs) and tissue-specific (Ig heavy and light chains, 

GnRH) genes, as well as in the transcription of viral protein products, and in viral DNA 

replication (herpes simplex virus, adenovirus) (47-55). Oct-1 can also repress the expression 

of certain genes, including the von Willebrand factor, and virus-induced interferon-A (56, 

57). 
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Oct-1 is comprised of three domains; the glutamine-rich transactivation domain (aal-280), 

the POU domain (aa281-438), and the C-terminal domain (aa439-743) (Figure 2). Most N-

terminal, the glutamine-rich transactivation domain is involved in mediating protein-protein 

interactions with transcription factors, co-activators, and repressors. Additionally thirteen 

DNA-PKcs-dependent phosphorylation sites have been mapped to this domain in vitro, and 

are believed to be phosphorylated in response to IR (58). In this sense, the glutamine-rich 

transactivation domain may provide a regulatory role in the differential activity of Oct-1, 

providing a direct link between the transduction of a DNA damage signal and altered gene 

expression. Adjacent to the transactivation domain is the POU domain, which is comprised 

of a POU- specific (POUs) and a POU homeodomain (POUhd) motif. This bipartite domain 

possesses a capacity for DNA binding, with the POUs motif conferring low affinity for 

DNA, but high sequence specificity, and the POUhd exhibiting low specificity and high 

affinity (59). These two motifs are separated by a hypervariable linker segment (24aa in 

humans). Crystallographic analysis reveals that the POUs motif makes direct contacts with 

the first four residues (ATGC) of the octamer motif, whereas the POUhd contacts the 

remaining portion (AAAT) (60-62). Additionally, although these two motifs bind the same 

DNA sequence, no physical protein-protein interactions exist between them. Instead, an a-

helix (a3) within both motif makes contact with the major groove on opposite sites of the 

DNA helix (60). 

Oct-1 is an essential transcription factor, as Oct-1 deficiency is embryonic lethal (63). 

Immortalized Oct-1"7" mouse embryonic fibroblasts (MEFs) show an increased sensitivity to 

DNA damaging agents resulting in DSBs, evident in their reduced survival post-irradiation 

(58). In wild-type cells however, Oct-1 demonstrates increased phosphorylation and 
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Figure 2. Structure of octamer-binding transcription factor-1. Modular depiction 
outlining the three domains of Oct-1. Numbers shown mark the amino acid position of the 
domain borders. Most N-terminal, the glutamine-rich transactivation domain contains 
multiple DNA-PKcs phosphorylation sites. Adjacent, the bi-partite POU domain is 
comprised of the POU-specific (POUs) and the POU-homeodomain (POUhd) motifs. Lastly, 
is the hydrophobic C-terminal domain. 
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stabilization post-DNA damage (43, 64). In vitro analyses have identified DNA-PKcs as the 

kinase responsible for phosphorylating Oct-1 post DNA damage (58). Paradoxically, co­

incident with the stabilization and phosphorylation of Oct-1 is a decrease in its ability to 

enhance the transcription of target genes (ex: H2B, U2/6 snRNA). ChIP analysis reveals 

that subsequent to DNA damage, Oct-1 nonetheless occupies the promoters of these genes 

(58). Additionally, phosphorylation of Oct-1 by DNA-PKcs appears required for the 

contribution of Oct-1 to cell survival, as disrupting target phosphorylation sites results in an 

increased sensitivity to IR (58). In line with these observations, Oct-1 has recently been 

described as a stress sensor (65). Microarray data show differential activation of genes 

regulated by Oct-1 in Octl"7" MEFs versus wild type cells following treatment with DNA 

damaging agents. Many of these genes are known factors in cellular stress response 

pathways (Gpx3; glutathione peroxidase 3, Prdx2; peroxiredoxin 2, and Cdol; cysteine 

dioxygenase 1, to name a few). Interestingly, however, many of the affected genes do not 

possess any known octamer motifs within their promoter, and may suggest a less-

conventional role of Oct-1 in regulating their expression. Oct-1 primarily functions via 

direct DNA binding, where it recruits the transcriptional pre-initiation complex to the 

promoter region of target genes. Unconventional Oct-1 activity has been described in the 

transcription of genes such as cyclin Dl, as well as those under the regulation of RXR 

(retinoid X receptor) containing a TRE (thyroid-responsive element) within their promoter. 

In these instances, Oct-1 affects gene expression via protein-protein interactions, and not 

protein-DNA binding (66, 61). 
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DNA repair pathways 

In mammalian cells, there are two primary pathways used to resolve DNA double-

stranded breaks; homologous recombination (HR) and non-homologous end-joining (NHEJ) 

(Figure 3) (68-71). HR is a relatively error-free repair process used to address DNA DSB 

encountered during certain phases of the cell cycle, and is commonly used to repair DSBs 

generated as a result of stalled replication forks (72). In this pathway, key factors include the 

MRN complex, ATM, and members of the RAD52 epistasis family of proteins (73). 

Subsequent to the recognition of the DNA lesion, repair ensues with the use of an intact 

sister chromatid (or a homologous chromosome) as a template. This pathway appears 

limited to the S and G2 phases of the cell cycle. NHEJ, however, is a template independent 

process which occurs throughout the cell cycle. Core NHEJ factors include the Ku70/80 

heterodimer, which is responsible for the initial binding and protection of free DNA ends, the 

catalytic subunit of the DNA-dependent kinase (DNA-PKcs) which, together with the 

Ku70/80 heterodimer, forms the DNA-PK holoenzyme responsible for phosphorylating 

target proteins in response to DNA damage; the ligase IV/XRCC4 complex, responsible for 

ligating the two DNA ends together; polA, and polu, which are responsible for filling-in gaps 

in the nucleotide sequence; the Artemis nuclease, which possesses both exo- and 

endonuclease activity required for DNA-end processing, and the newly identified XLF 

(XRCC4-like factor; Cernunnos), which may be involved in stimulating the activity of the 

ligase IV/XRCC4 complex (74-78). 

The Ku autoantigen 

The Ku autoantigen (or Ku) is a heterodimer comprised of two structurally similar 
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Figure 3. The non-homologous end-joining (NHEJ) pathway of DNA double-strand 
break repair. Core NHEJ factors include the Ku70/80 heterodimer, the catalytic subunit of 
the DNA-dependent kinase (DNA-PKcs), the ligase IV/XRCC4 complex, the Artemis 
nuclease, and the newly identified XLF (XRCC4-like factor; Cernunnos). Adapted from 
Weterings and Chen (72b). 
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and evolutionarily related subunits; Ku70 and Ku80. Both subunits are comprised of three 

domains; an N-terminal a/p domain, a central P-barrel domain, and a helical C-terminal arm 

(79, 80). Unlike the N-terminal and central domains, the C-terminal domains of Ku70 and 

80 are not homologous, despite their high degree of conservation in mammalian cells (81, 

82). Crystallographic studies of Ku, both DNA-bound and free, reveal that the two subunits 

come together to form a ring-shaped dimer, through which a free DNA end can be inserted 

(Figure 4). In accordance with its high affinity for duplex DNA, Ku is responsible for 

recruiting DNA-PKcs to free DNA ends via the C-terminal arm of Ku80 (80, 83, 84). As 

well as binding DNA-PKcs, numerous factors are also thought to interact with Ku, including 

Rag-1, hTERT (human telomerase reverse transcriptase), the pro-apoptotic protein Bax, 

Werner syndrome protein, and the octamer-binding transcription factor-1 (Oct-1) to name a 

few (85-91). 

In addition to its role in NHEJ, Ku has been implicated in maintaining telomere 

integrity (92-94). Mice that are deficient in Ku are immunodeficient, and display increased 

sensitivity to ionizing radiation (95-97). Additionally, both human and mouse cells deficient 

in Ku appear to contain chromosomal rearrangements, have shortened telomeres, and 

undergo premature senescence (95, 98, 99). 

DNA-PKcs 

DNA-PK is a large protein kinase comprised of two subunits; the 460kDa catalytic 

subunit (DNA-PKcs) and the Ku heterodimer. DNA-PKcs is a member of the PIKK family 

of serine/threonine protein kinases, including ATM, ATR, mTOR (mammalian target of 

rapamycin), and TRRAP (transformation/transcription domain-associated protein) (19). 
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Figure 4. Structure of the Ku70/80 heterodimer. (A) Ribbon diagram of the Ku70/80 
heterodimer crystallized in the absence of DNA. Ku70 is shown in red and Ku80 in grey. 
The C-terminus of Ku70 is drawn in dark red. The dotted line indicates a disordered linker 
region between residues 539-558. (B) Ribbon diagram of DNA-bound Ku70/80. The figure 
on the left is viewed down the DNA helix. The figure on the right is rotated by 90°. Ku70 is 
coloured red and Ku80 is orange. The DNA sugar-phosphate backbone is shown in light 
gray, whereas the bases are shown in dark grey. Adapted from Walker et al (100). 
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With the exception of TRRAP (a component of histone acetyltransferase complexes) all 

members possess kinase activity, and, with the exception of TRRAP and mTOR, all are 

known to phosphorylate target proteins in response to DNA damage. 

In addition to its role in NHEJ, DNA-PK is thought to be involved in numerous 

cellular events, including the regulation of gene expression, induction of apoptosis, retroviral 

DNA integration, and cell cycle progression (14,101, 102). Mutations in DNA- PKcs lead 

to immunodeficiency, increased sensitivity to DNA damaging agents, chromosomal 

aberrations, and a predisposition to cancer (103, 104). 

Ligase IV, XRCC4, and Cernunnos-XLF 

Mammalian cells possess three genes encoding DNA ligases; LIG1, LIG3 and LIG4. 

DNA ligases I and III are involved in Okazaki fragment processing and general DNA repair, 

respectively (105). DNA ligase IV is the only DNA ligase involved in the repair of DNA 

DSBs. Although null mutations in LIG4 are embryonic lethal, hypomorphic mutations in 

DNA ligase IV have been described (106, 107). The resulting Lig4 syndrome is 

characterized by immunodeficiency and developmental/growth delay (108-110). 

XRCC4 (x-ray repair cross complementing factor 4) was initially identified as 

deficient in the XR-1 Chinese hamster ovary cell line, which displays impaired DNA DSB 

repair, resulting in increased sensitivity to ionizing radiation (111, 112). In vivo, XRCC4 

exists in a tight protein complex with DNA ligase IV. Together, the ligase IV/XRCC4 

complex catalyzes the ligation step during NHEJ. Through direct contacts between DNA-

PKcs and XRCC4, the ligase IV/XRCC4 complex is recruited to free DNA ends, where its 

activity is modified via phosphorylation by the kinase (113, 114). 
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Cernunnos-XLF (XRCC4-like factor) is the most recently identified NHEJ factor, 

and was initially characterized by two independent groups in 2006 (115, 116). The 

identification of Cernunnos-XLF as an essential NHEJ factor arose from studies of a cell line 

derived from a severely immunocompromised child (117). This cell line displayed defects in 

DSB repair and V(D)J recombination that could not be complemented by any of the known 

NHEJ factors (118). Although little is known concerning the role of Cernunnos-XLF in 

NHEJ, it appears to associate as a homodimer with the ligase IV/XRCC4 complex where it 

stimulates ligase activity (119-121). Recent in vivo studies have shown that the Ku 

heterodimer is essential for the recruitment of Cernunnos-XLF to DSBs, and that XRCC4 is 

dispensable for this recruitment. It appears, however, that XRCC4 stabilizes the recruited 

XLF at the DSBs (122, 123). 

Artemis 

Artemis/SnmlC is a member of the metallo-fl-lactamase (B-Lact) superfamily of 

enzymes that process nucleic acids, and is involved in the V(D)J recombination pathway as a 

NHEJ factor (124-129). Artemis is a 692aa long nuclear phosphoprotein that is organized 

into three domains (Figure 5). Most N-terminal, the B- lactamase homology domain (aal-

155) is highly conserved among members of this protein family. Comprised of five 

conserved motifs, the P-lactamase domain often constitutes the catalytic core of proteins 

within the B-Lact superfamily. In Artemis, however, only motifs I-IV are present within this 

domain, whereas the last (motif V) is located within the adjacent B-CASP domain (aal56-

385) (132). This second domain of Artemis is conserved between a sub-group of proteins 

within the B-lactamase superfamily (metallo-B_-lactamases-associated CPSF, Artemis, Snml, 
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Figure 5. The Artemis nuclease. (A) Cartoon representation of the Artemis protein. The 
numbers shown correspond to the amino acid number of the border of adjacent domains. 
DNA-PK phosphorylation sites are depicted within the C-terminal domain. Below is 
depicted the hypothetical model for the structure of the catalytic site of Artemis (based on 
structures 1BC2 and 1SML (PDB codes) from B. cereus and S. maltophilia, respectively). 
Gray and red spheres indicate the position of zinc and water oxygen atoms, respectively. 
Shaded areas correspond to the two Zn(II)-binding domains. Adapted from Poinsingon et al 
(130). (B) Structural alignment of the metallo-6-lactamase domain of J?, cereus, B. fragilis, 
P. aeruginosa, and C. meningosepticum (subclass Bl enzymes), and of S. maltophilia and 
Fluoribacter gormanii (subclass B3). Adapted from Heinz and Adolf (132). 
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Pso2), and together with the P-lactamase domain, comprises the catalytic core of Artemis 

(132). Lastly, the C-terminal domain (aa386-692) is non-conserved between members of the 

Snml family of proteins. Importantly, though, it has been proposed that the C-terminal 

domain provides a regulatory function in Artemis activity. This domain contains three basal 

phosphorylation sites, as well as numerous other sites that are phosphorylated in response to 

DNA damage by members of the PIKK family of kinases (133-135). 

On its own, Artemis possesses intrinsic 5' to 3' exonuclease activity with specificity 

for single-stranded DNA. However, upon interaction with and phosphorylation by DNA-

PKcs, the activity of Artemis shifts to endonucleolytic, allowing Artemis to act on DNA 

substrates with 5' and 3' overhangs, as well as on areas of DNA with secondary structures 

and single-to-double-strand transitions (Figure 6) (136-143). This shift in activity allows 

Artemis to act on a subset of double-stranded breaks (DSBs) repaired via the NHEJ pathway 

(144, 145), and also allows Artemis to resolve the hairpin-coding end structures generated by 

the Rag-1/2 complex during V(D)J recombination (see below) (125, 146-148). Mutations in 

Artemis result in the accumulation of these hairpin intermediates, and are implicated in 

immunodeficiency disorders including Omenn Syndrome and RS-SCID (radiosensitive 

severe combined immunodeficiency disorder) (149-153). 

NHEJ and V(D) J recombination 

DNA DSBs not only arise from exposure of the cell to exogenous sources, but are 

also generated during normal physiological processes, such as those generated during 

meiosis, Ig class switching, and as a result of the formation of reactive oxygen species during 

cellular metabolism (154-156). Consequently, the integration of DSB repair pathways into 
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Figure 6. DNA substrates of the Artemis endonuclease. Artemis tends to cleave at sites 
located immediately 3' of a stretch of 4nt of single-strandedness adjacent to the double-
stranded region. Adapted from Ma et a\ (135). 
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normal cellular metabolism, and even during immune system development is required. For 

example, the NHEJ repair pathway is employed to resolve DSBs generated during somatic 

hypermutation and V(D)J recombination (154, 157-161). V(D)J recombination is the site-

specific, somatic recombination event that is ultimately responsible for generating the vast 

repertoire of the vertebrate adaptive immune system (162). This process occurs exclusively 

in developing lymphocytes, and involves processing the genes encoding the variable region 

of T-cell receptors (TCRs) and immunoglobulins (Igs) at the DNA level (Figure 7). As the 

production of TCRs and Igs is essential for the development of T- and B-cells, respectively, 

V(D)J recombination constitutes an extremely important process in the adaptive immunity of 

an organism. 

The adaptive immune system 

The adaptive immune system, also known as acquired immunity, is exclusive to 

jawed vertebrates, and is comprised of two parts; cell-mediated and humoral immunity (163-

165). Cell-mediated immunity involves non-antibody producing T-cell lymphocytes and is 

mediated by T-cell receptors (TCRs) expressed on the surface of these cells. Humoral 

immunity involves B-cell lymphocytes, and is mediated by the generation of 

antibodies/immunoglobulins (Igs), which are either presented on the surface of the B cells, or 

secreted into the surrounding environment. Although important differences exist between 

these two types of immunities, parallels can be observed in many aspects, especially 

concerning the gene organization, expression and structure of TCRs and Igs. 
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Figure 7. V(D)J recombination. Schematic representation of V(D)J recombination. 
Dashed-line indicates the involvement of the NHEJ factors. Adapted from Schlissel, M.S 
(146). 
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TCRs and Igs 

Immunoglobulins are comprised of four polypeptide chains; two identical heavy 

chains (He) and two identical light chains (Lc), each of which are joined via disulfide bonds 

(166-167). Each polypeptide chain contains a variable N-terminal region and a constant C-

terminal region. Together, the variable regions of the heavy and light chains provide 

antigen-binding surfaces, whereas their constant regions confer additional variation, as well 

as structural support. The constant region of light chain peptides falls into two functionally 

comparable classes, kappa (K) and lambda (X), whereas the constant region of the heavy 

chain peptide confers Ig isotype (a, 8, s, y, u) as well as the tissue expression and distribution 

of the Ig. 

TCRs differ from Igs, in that they are comprised of two polypeptide chains. TCRs 

exist as either a/8 chain or pVy chain dipeptides which are joined together through disulfide 

linkages. Each chain within the TCR contains an Ig-like variable region at the N-terminus 

which binds both a specific antigen, as well as a Major Histocompatability Complex (MHC) 

type I or type II molecule (168-170). The constant region at the C-terminus contains a 

hydrophobic transmembrane domain necessary for anchoring the receptor to the surface of 

the cell (166). 

Gene organization and processing of TCRs and Igs 

The genes encoding the variable regions of Igs and TCRs are organized as clusters of 

V (variable), D (diversity) and J (joining) gene segments. The individual V, D and J gene 

segments must be isolated from within their respective gene clusters, and recombined in 
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order to generate a continuous variable gene with a single copy of each gene segment. The 

variable region of the He (Igs) and the p75 (TCRs) chains are comprised of a V-D- and J-

gene segment, whereas the variable region of the Lc (Igs) and the a/y (TCRs) chains are 

comprised of only a V- and J- gene segment (171-172). The cellular process responsible for 

assembling the individual gene segments is appropriately termed V(D)J recombination. 

Initiation of V(D)J recombination 

At the 3' end of each V, D and J gene segment is a recombination signal sequence 

(RSS) comprised of a conserved heptamer (CACAGTG) and nonamer (ACAAAAACC) 

motif separated by a non-conserved 12 or 23 bp spacer sequence (173-174). The RSS is 

recognized by a lymphocyte-specific recombination complex comprised of the 

recombination activating gene (RAG) products Rag-1 and Rag-2, as well as either HMG 

(high mobility group protein) -1 or -2 (175-182). 

Using water as a nucleophile, the RAG complex introduces a single-stranded nick in 

the DNA, 5' to the heptamer sequence, where the RSS borders the gene segment (183-186). 

This results in the generation of a free 3'OH in the DNA backbone, which is subsequently 

used in the nucleophilic attack of the phosphodiester backbone of the complementary strand 

of DNA. This process results in the generation of a covalently-sealed hairpin structure 

containing the gene segment (coding end), as well as a blunt 5' phosphorylated structure 

containing the RSS (signal end) (187-191). Efficient recombination will only occur between 

an RSS containing a 12bp spacer (12-RSS) and one containing a 23bp spacer (23-RSS), a 

condition known as the 12/23 rule (192-197). 
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Rag-1 and -2 

The role of Rag-1 and -2 in V(D)J recombination was unequivocally demonstrated by 

their ability to confer V(D)J recombinase activity to non-lymphoid cell lines (198). The 

expression of Rag-1 and- 2 is limited to the early developmental stages of B and T 

lymphocytes, wherein they are responsible for the generation of Igs and TCRs, respectively. 

Since an inability to generate these biomolecules blocks lymphocyte development, mutations 

in either Rag-1 or -2 result in severe combined immunodeficiency (SCID) or Omenn 

Syndrome. 

Murine Rag-1 consists of 1040 residues (1043 in humans), whereas both the murine 

and human homologues of Rag-2 are comprised of 527 residues. Both Rag-1 and -2 contain 

a minimum core region required for efficient RSS cleavage. Core-Rag-1 spans residues 384-

1008, whereas core-Rag-2 is comprised of residues 1-387. 

Although both proteins are required during V(D)J recombination, the catalytic 

residues are found solely within Rag-1. These residues, aspartate-600, aspartate-708, and 

glutamate-962, form a catalytic triad termed the DDE motif, and are necessary for 

coordinating the divalent cations required for RAG activity (199-201). Additionally, the 

nonamer-binding region is also found within Rag-1. Beyond the core regions of these 

proteins, both Rag-1 (Figure 8) and -2 are comprised of numerous distinct domains (201-

208). 

NHEJ in V(D) J recombination 

The second phase of V(D)J recombination involves the factors of the NHEJ pathway. 

In 2002, Artemis was identified as the nuclease responsible for opening the hairpin 
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Figure 8. Rag-1 protein. (A) Modular organization of Rag-1. Relative positions of 
domains I-IX, as well as the catalytic residues (D600, D708, E962) are depicted. (B) Amino acid 
position/span of domains I-IX. 
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intermediates generated during this process, thus allowing the individual gene segments to be 

joined together (124, 125, 146-148, 209, 210). Following hairpin resolution, Ku70/80, 

DNA-PKcs, ligase IV/XRCC4, and XLF each perform their respective roles in processing 

the DNA ends, as per generic NHEJ repair (211). Two additional processes also occur, and 

are each responsible for increasing the variability of the antigen binding domain of TCRs and 

Igs. Firstly, the addition of nucleotides following the asymmetric opening of the hairpin 

intermediate, a process termed P-nucleotide addition, often occurs. It is named such, as the 

nucleotides added generate a palindrome in the DNA sequence (212-214). The second 

process involves the random insertion of nucleotides at the coding joint. This process is 

called N-nucleotide addition (non-templated), and is catalyzed by terminal deoxynucleotidyl 

transferase (TdT), which is expressed solely in developing lymphocytes (214-216). 

Additionally, the random deletion of nucleotides at the coding joint may also occur, further 

increasing diversity. The result of these processes is the formation of an imperfect coding 

end, and an extra-chromosomal circular DNA structure containing the signal joint. 

Rationale and objectives 

Although DNA double-strand breaks represent a significant threat to mammalian 

cells, they are also an intrinsic part of the development of adaptive immunity. A tri-partite 

study of V(D)J recombination and DNA damage response factors was conducted in order to 

gain insight into three facets of these two overlapping, yet independent pathways. 
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(i) Defining the Ku70 binding region of Rag-1. 

The roles of both Rag-1 and Ku70 have been described in the processes of V(D)J 

recombination and non-homologous end joining (NHEJ), respectively. Previous 

coimmunoprecipitation binding experiments performed within our laboratory have 

demonstrated that the binding of Ku70 to Rag-1 is a specific and DNA-independent event 

(Schild-Poulter, unpublished data). However, it remains unclear as to how these two proteins 

behave in concert, and what effect this interaction has on the process of V(D)J 

recombination. The direct binding of Rag-1 and Ku may indicate an upstream role for Ku in 

V(D)J recombination, independent of its function with DNA-PKcs in NHEJ. Additional 

association assays with Rag-1 peptides further indicated that the region of Rag-1 responsible 

for binding Ku70 is present within its catalytically active moiety (coreRag-1) (216b). In 

order to observe the contribution of Ku70-Rag-1 binding within the context of V(D)J 

recombination, it is necessary to delimit the residue(s) responsible for this interaction, so that 

the selective disruption of the interaction could be initiated, without compromising the 

recombinase activity of Rag-1. By generating deletion constructs of a MBP-core Ragl 

fusion protein, and performing association assays, the Ku70-interacting domain of Rag-1 can 

be determined. Further refinement of this domain to a few amino acids, or ideally, to a signal 

amino acid, can be achieved, and subsequently disrupted through the use of site-directed 

mutagenesis. By defining the Ku70-binding domain of Rag-1, as well as the specific 

residues responsible for this interaction, the impact of Rag-1 -Ku70 complex formation can 

be measured through a V(D)J recombination assay. In this context, the use of Ku70-binding 

defective variants of Rag-1, and wild type Rag-1 proteins can provide new information 
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concerning the contributions of Ku70-Rag-1 binding to this very important biological 

process. 

(ii) Examining the regulation of ectopic Artemis expression. 

Artemis is a recently identified member of the NHEJ repair factors (217). 

Consequently, little is known concerning its regulation, activity, and contribution to the 

repair of different types of DNA damage. Attempts within our laboratory to observe the 

contribution of Artemis within in vivo NHEJ and V(D)J systems were stunted, as we 

observed a limitation in the ectopic expression of Artemis. Interestingly, although 

endogenous Artemis is a ubiquitously expressed NHEJ factor, the ectopic expression of 

Artemis protein can only be detected within a restricted repertoire of cell lines. Previous 

groups have also described difficulty ectopically expressing Artemis, as well as an extreme 

sensitivity of endogenous Artemis to nucleotide and/or amino acid changes. Both Moshous 

and Evans were unable to derive stable transfectants of wild-type or mutant Artemis for use 

in complementation studies (152, 217). Furthermore, Li and Ege both describe single 

nucleotide/amino acid substitutions in hypomorphic Artemis cell lines that almost completely 

eliminate Artemis expression at either the RNA or protein levels (150, 151). Additionally, 

cellular toxicity has been observed following the overexpression of other members of the 

Snml family of proteins; a characteristic consistent with the extremely low endogenous 

expression level of these factors (217). We rationalized that the tight regulation of Artemis 

expression was limiting its ectopic expression. By manipulating and observing conditions 

that would allow for Artemis expression in a non-permissive cell line, information 

concerning the level(s) at which Artemis is regulated, and possibly the factors involved in 
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eliciting this regulation, may be identified. Once the ectopic Artemis expression is achieved, 

the contributions of Artemis on V(D)J recombination and NHEJ can be further studied. 

(iii) Identification of Oct-1 interacting factors. 

Oct-1 is an essential transcription factor that is involved in the cellular survival 

response subsequent to DNA DSBs (58, 63). This involvement requires the DNA-PKcs-

dependent phosphorylation of Oct-1 within its glutamine-rich transactivation domain; a 

domain known to mediate protein-protein interactions and influence the expression of a 

number of genes (47-55, 58, 66, 67). Disruption of these phosphorylation sites by site-

directed mutagenesis eliminates the contribution of Oct-1 to cellular survival post-DNA 

damage (58). By utilizing the TAP (tandem affinity purification) method, the interaction of 

Oct-1 with binding partners can be explored. The differential interactions between wild-type 

Oct-1 and phosphorylation defective Oct-1 mutants with cellular factors both in the presence 

and absence of DNA damage may identify interactors with potential regulatory significance. 
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Material and Methods 

Cell Culture 

Cos-7 (ATCC CRL-1651), CV-1 (ATCC CCL-70), NIH-3T3 (ATCC CRL-1658), 

HEK-293T (ATCC CRL-11268), Phoenix-293T Ampho (ATCC SD-3443), primary 3T3 

immortalized mouse embryonic fibroblasts (MEFs), and HeLa (ATCC CCL-2) cells were 

maintained in high glucose DMEM (Dulbecco's Modified Eagle Medium; Gibco-BRL) 

supplemented with 10% FBS (fetal bovine serum; JRH Bioscience), non-essential amino 

acids (2 mM), sodium pyruvate (2 mM), and 0.1% penicillin/streptomycin. HEK-293T cells 

were also supplemented with 0.1% G418. Human Jurkat T cells (ATCC CRL-1990) were 

maintained in RPMI-1640 (Gibco-BRL) supplemented with 2 mM L-glutamine, 0.1% 

penicillin/streptomycin, and 10% FBS. MCF-7 (ATCC HTB-22) cells were maintained in 

MEM (minimum essential medium) supplemented with L-glutamine (2 mM), non-essential 

amino acids (1 mM), sodium pyruvate (1 mM), 10% FBS, and insulin (0.01 mg/ml; 

company). HCT116 (ATCC CCL-247) cells were maintained in McCoy's 5a medium 

(Gibco-BRL), supplemented with non-essential amino acids (2 mM), 0.1% 

penicillin/streptomycin, and 10% FBS. All cells were maintained at 37°C and 5% CO2. 

Plasmid constructs 

MBP-coreRag-1 deletion constructs 

Inverse PCR (polymerase chain reaction) was used to generate the appropriate 

deletions within pET-MBP-coreRag-1 (pET-30b(+) vector from Novagen). Primers 

sequences are listed in Appendix I. pET-MBP-coreRag-l(A528-763) was produced with 
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primers I and II, pET-MBP-coreRagl(A528-720) with primers II and III, and pET-MBP-

coreRag-l(A721-763) with primers I and IV. PCR reactions (20 mM Tris-HCl (pH 8.8), 2 

mM MgS04, 10 mM KCl, 10 mM (NH4)2S04, 0.1% Triton X-100, 0.1 mg/ml BSA (bovine 

serum albumin), 15 ng of each primer, 15 ng template DNA, 500 uM dNTPs 

(deoxynucleotides), and 2 units of PFU Turbo polymerase) were carried out in a volume of 

50 ul. The following program was used in a PTC-200 thermocycler: (i) 90 seconds at 95°C, 

(ii) 30 seconds at 95°C, (iii) 1 minute at 57°C, (iv) 10.5 minutes at 68°C, (v) repeat from step 

(ii) 25 times. 

Artemis bicistronic construct 

pIRES2-EGFP-Artemis is a bicistronic vector which allows the expression of EGFP 

(enhanced green fluorescent protein) from an internal ribosomal entry site (IRES), and myc-

tagged Artemis from a CMV promoter. The following steps were used to generate a 

construct in which Artemis is expressed from the IRES, and EGFP from the CMV promoter: 

(i) The EGFP coding sequence was removed from the pIRES2-EGFP backbone via 

restriction digest with flanking restriction sites BstXI (5') and NotI (3'). 

(ii) A second multiple cloning site (MCS) was generated (see Appendix I for 

oligonucleotide sequences), and ligated into the linearized vector in lieu of the EGFP 

sequence, 

(iii) This new vector, pIRESfEGFP), was digested with Nhel and SacII (which cut within 

the original MCS), and an EGFP sequence generated via PCR (see below) was ligated 

within these sites. 
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(iv) The Artemis nucleotide sequence (including a myc tag) was removed from a donor 

plasmid (pTREtight-Artemis) via restriction digest with BamHI (5') and Sail (3'). 

The product generated in (iii) was digested with Bglll and Sail (which cuts within the 

second MCS) and the Artemis amplicon generated in (iv) was ligated within these 

sites. 

EGFPPCR 

The PCR reaction (20 raM Tris-HCl (pH 8.8), 2 mM MgS04, 10 raM KCl, 10 mM 

(NH4)2S04, 0.1% Triton X-100, 0.1 mg/ml BSA, 15 ng of each primer, 15 ng template 

DNA, 100 uM dNTPs, and 1 unit of PFU Turbo DNA polymerase) was carried out in a total 

volume of 50 ul. The following program was used in a PTC-200 thermocycler: (i) 1 minute 

at 95°C, (ii) 30 seconds at 95°C, (iii) 1 minute at 55°C, (iv) 90 seconds at 68°C, (v) repeat 

from step (ii) 25 times. The primers used (EGFP forward, EGFP reverse) are listed in 

Appendix I. 

Generation ofpCeMM-NTAP-Octl 

The pCeMM-NTAP(GS) backbone was a generous gift from Dr. Tilmann 

Burckstummer. The Oct-1 nucleotide sequence was amplified from pMSCV-puro-Octl (wt) 

within a 50 ul PCR reaction (20 mM Tris-HCl (pH8.8), 10 mM (NH4)2S04, 10 mM KCl, 2 

mM MgS04, 0.1% TritonX-100, 200 uM dNTPs, 15 ng template DNA, 30 ng each primer, 

and 0.5 units of VentR DNA polymerase) under the following conditions: (i) 90 seconds at 

95°C, (ii) 30 seconds at 95°C, (iii) 1 minute at 57°C, (iv) 2.5 minutes at 75°C, (v) repeat 
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from step (ii) 29 times. The resulting amplicon, as well as the pCeMM backbone, were 

digested with Ndel and Xhol, after which, they were ligated together. 

Generation ofpBABE-NTAP-Octl 

The NTAP-Octl cassette was amplified from the pCeMM-NTAP-Octl backbone (see 

above for PCR reaction conditions), after which, along with the pBABE vector, was digested 

with BamHI and Sail. The digested insert and vector were ligated together as per standard 

protocol. 

RT-PCR and Northern analysis of Artemis 

Total RNA was extracted from HEK-293T and HCT116 cells using the RNeasy Mini 

Kit from Qiagen. RT-PCR was performed on RNA extracted from HEK-293T and HCT116 

cells transiently transfected with pIRES-EGFP-Artemis or pIRES-EGFP expression 

plasmids. First strand cDNA synthesis was performed in duplicate using SSII reverse 

transcriptase (RT) (Gibco), and Artemis- and EGFP- specific antisense oligonucleotides (see 

Appendix I). Amplification of the cDNA products via nested PCR resulted in a 500bp 

Artemis product, and a 450bp EGFP product. 30 PCR cycles were used to generate 

appropriate signals, which, incidentally, was sufficient to detect endogenous Artemis 

transcripts in both cell lines. 

Northern analysis was performed from total RNA extracted from HEK-293T and 

HCT116 cells transiently transfected with pIRES-EGFP-Artemis or pIRES-EGFP. Ten 

micrograms of total RNA per sample (in duplicate) was electrophoresed on a 1% agarose-
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formaldehyde gel. 28S and 18S rRNA was visualized via SYBR Gold staining (Molecular 

Probes). Samples were transferred to a nitrocellulose membrane overnight via standard 

downward capillary method. The membrane was then incubated with a 32P-labeled a-

Artemis or a-EGFP antisense probe (see Appendix I). Phosphorimages were captured with 

the Typhoon imaging system (Amersham Biosciences). 

Preparation of cell extracts 

Jurkat T cell nuclear extracts 

Jurkat T cell nuclear extracts were used as a source of Ku70/80 for association assays 

with TALON™-bound MBP-coreRag-1 proteins. Cells were harvested via scraping in PBS 

(phosphate buffered saline), and pelleted via centrifugation at 2000 rpm for 5 minutes. The 

pellet was washed twice with cold PBS, and resuspended in 400 ul of cold Buffer A (10 mM 

HEPES (pH 7.9), 10 mM KC1, 1.5 mM MgCl2, 0.5 mM DTT (dithiothreitol), and 0.2 mM 

PMSF (phenylmethylsulphonyl fluoride)). The cell suspension was incubated on ice for 10 

minutes, then vortexed for 10 seconds. Lysates were centrifuged for 15 minutes at 13000 

rmp at 4°C. The resulting supernatant represents the cytosolic fraction. The pelleted nuclei 

were re-suspended in 100 ul of cold Buffer C (20 mM HEPES (pH7.9), 1.5 mM MgCl2, 420 

mM NaCl2, 25% glycerol, and 0.2 mM PMSF). EDTA and DTT were omitted from buffer 

C, as they interfere with the binding of the MBP-coreRag-1 proteins to the TALON™ resin. 

Cells were incubated on ice for 20 minutes, followed by centrifuged at 13000 rpm for 20 

minutes at 4°C. The supernatant (representing the nuclear extract) was collected and dialyzed 

against binding buffer (15 mM HEPES (pH7.9), 60 mM KC1, 12% glycerol, and 0.2 mM 
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PMSF) for 6 hours with 3 buffer changes. The dialyzed nuclear extracts were quantified via 

the Bradford Assay (Bio-Rad Laboratories Inc.), and stored in aliquots at -80°C. 

Whole cells extracts (for Rag-l/Ku and Artemis lysates) 

Cells were harvested via scraping in PBS and pelleted via centrifugation for 5 

minutes at 2000 rpm. Pelleted cells were washed twice in cold PBS, and resuspended in an 

appropriate volume of cold lysis buffer (50 mM Tris-HCl (pH 8), 125 mM NaCl, 5% 

glycerol, 0.2% NP-40, and 1.5 mM MgCl2 supplemented with Complete Mini Protease 

Inhibitor Cocktail Tablets (Roche)). Cells were allowed to swell on ice for 15 minutes, 

followed by a 3 x 20 second sonication, with 30 second incubations on ice between rounds. 

Sonication was performed on a Branson Sonifier 450 at a constant duty cycle (output control 

= 1). Lysates were cleared via centrifugation at 13000 rpm for 20 minutes. Protein 

concentration was determined via the Bradford Assay, and aliquots were frozen at -80°C or 

used as required. 

Whole cell extracts (for Oct-1 TAP lysates) 

Media was aspirated from adherent HCT116 cells, and cells were washed twice with 

2-4 ml of cold PBS. Cells were scraped in ice cold lysis/binding buffer (50 mM Tris-HCl 

(pH 8.0) 125 mM NaCl, 5% glycerol, 0.2 NP-40, and 1.5 mM MgCl2 supplemented with 

Complete Mini Protease Inhibitor Cocktail Tablets (Roche) and Phosphatise Inhibitor 

Cocktails 1 and 2 (Sigma)). The cells were collected and allowed to swell on ice for 15 
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minutes, after which the lysates were cleared via centrifugation at 13000 rpm for 15 minutes. 

Protein concentration was determined as above. 

Bacterial expression ofcoreRag-1 deletion constructs 

His-tagged recombinant MBP-coreRag-1 (wild-type and deletion constructs) and 

MBP alone were expressed in bacteria using the pET30 System (Novagen). BL21(DE3) 

E.coli bacteria were transformed via electroporation with the appropriate pET-MBP-

coreRag-1 plasmids (Bio-Rad E. coli pulser), plated on LB-agar with kanamycin, and 

allowed to grow overnight at 37°C. The following day, 3 ml of LBkan was inoculated with a 

single colony picked from the plates described above, and allowed to grow overnight in a 

shaking incubator at 37°C and 250 rpm. The starter culture was used the following morning 

to inoculate 30 ml of LBkan. Bacteria were allowed to grow at 37°C in a shaking incubator 

until an ODeoo of 0.4-0.8 was reached. Expression of the recombinant protein was induced 

overnight at 4°C on a rocking platform via the addition of IPTG (isopropyl-P-D-

thiogalactopyranoside) at a final concentration of 0.1 mM. 

Preparation of recombinant protein bacterial lysates 

Following protein induction, cells were harvested via centrifugation at 5000 rpm for 

15 minutes at 4°C. Pelleted cells were resuspended in extraction buffer (50 mM NaPC>4, 300 

mM NaCl, pH8.0), and sonicated 3 x 20 second, with 30 second incubations on ice between 

rounds. The lysate was cleared via centrifugation at 13000 rpm for 5 minutes at 4°C, after 

which the supernatant was collected and stored at -80°C. 
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Purification of recombinant proteins using the TALON resin 

MBP-coreRag-1 proteins were purified from bacterial lysates with the TALON™ 

system (Clontech) via a C-terminal His-tag. For each sample, 60 ul of TALON™ resin 

(50% w/v) was aliquoted into a microcentrifuge tube and centrifuged for 2 minutes at 2000 

rpm. The supernatant was removed, and the resin was washed twice with 10 bed volumes of 

ice-cold extraction buffer. 200 ul of bacterial lysate and 200 ul of cold wash/extraction 

buffer (50 mM NaP04, 300 mM NaCl, pH 7.0) was added to the resin, and incubated for 2 

hours at 4°C on a rotating wheel. Following binding, samples were centrifuged for 5 minutes 

at 2000 rpm. The supernatant was removed, and the resin was washed 3x10 minutes with 

cold wash/extraction buffer at 4°C on the rotating wheel. Resin-bound protein samples were 

either (i) used directly for association assays (ii) stored at 4°C for up to 2 weeks, or (iii) 

proteins were eluted from the resin via incubation with elution buffer (50 mM NaP04, 300 

mM NaCl, 150 mM imidazole, pH 7.0) and stored at -80°C with 30% glycerol. Protein 

quality and yield was determined via SDS-PAGE, followed by Coomassie blue staining. 

MBP-coreRag-1 / Ku association assays 

Association assay with TALON™ -bound MBP-coreRag-1 proteins 

Equal amounts of TALON™-bound MBP-coreRag-1 proteins were incubated with 

either 60 ug Jurkat T cell nuclear extract or 75 ug HeLa cell nuclear extract. Binding was 

allowed to proceed for 2 hours at 4°C on a rotating wheel. To ensure DNA-independent 

binding, the binding buffer (15 mM HEPES (pH 7.4), 12% glycerol, 0.12 mM PMSF, 60 

mM, 160 mM or 360 mM KC1, and 0.1 or 0.2% NP-40) was supplemented with 200 ug/ml 
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ethidium bromide. TALON -bound proteins were collected via centrifugation at 2000 rpm 

at 4°C, and washed 3 x 500 ul binding buffer. 

Association assay with TALON™ -eluted MBP-coreRag-1 proteins 

Elution of purified proteins from the TALON™ resin via imidazole elution (as per 

company protocol) was verified via SDS-PAGE, followed by Coomassie blue staining. 

Equal amounts of eluted proteins were incubated with imrnunoprecipitated Ku70/80 under 

the conditions shown above. 

Immunoprecipitation of Ku70/80 from Jurkat T cell nuclear extracts 

Jurkat T cell nuclear extracts (60 ug per pulldown) were pre-cleared with protein G 

sepharose beads (30 ul 50% w/v slurry per pulldown) for 30 minutes at 4°C on a rotating 

wheel. The cleared lysate was collected via centrifugation and incubated with (i) 2 ug a-

Ku70 primary antibody (Ab4) for 1 hour, followed by (ii) protein G sepharose beads (30 ul 

50% w/v slurry per pulldown) for an additional hour at 4°C on the rotating wheel. The 

imrnunoprecipitated Ku heterodimer was washed 3x10 bed volumes IP buffer (15 mM 

HEPES (pH 7.4), 12% glycerol, 0.12 mM PMSF, 400 mM KC1, and 0.3% NEMO), and 

collected via centrifugation. 

SDS-PAGE and western analysis 

Electrophoretic separation of protein samples was accomplished via sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The acrylamide percentage of the 
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gels used was determined by the size of the protein(s) of interest; 10% acrylamide gels were 

used when analyzing Ku/Rag-1 proteins, two-tier 8/12.5% acrylamide gels were used when 

analyzing Artemis/EGFP proteins, 6 or 8% acrylamide gels were used to analyze Oct-1 

proteins, and 4-15% commercially prepared gradient gels (BioRad) were used when 

analyzing TAP-tagged Oct-1 interactors. 

Subsequent to electrophoresis, proteins were transferred to a PVDF (polyvinylidene 

fluoride) membrane for lhr at 100V or overnight at 30V. The membrane was blocked in 5% 

(w/v) powdered milk in TBS-T (Tris-buffered saline, 0.1% TWEEN-20) for 30 minutes at 

room temperature on a rocking platform. Incubation with the primary antibody was 

performed for 2 hours at room temperature on the rocking platform, or overnight at 4°C on 

the rotating wheel. The membrane was washed 3x10 minutes with TBS-T, followed by 

incubation with a horseradish peroxidase (HRP) -conjugated secondary antibody for 1 hour 

at room temperature on the rocking platform. Detection of the protein/antibody complexes 

was accomplished via ECL (enhanced chemiluminescence), using Enhanced Luminol 

Reagent (Western Lightening™, NEN PerkinElmer Life Sciences) as per company protocol. 

Chemiluminescence was captured by using the GeneSnap image acquisition system 

(Syngene). 

Transient transfection 

At approximately 50-60% confluency, cells were transiently transfected with 3 \ig of 

expression vector plasmid using 18 ul FuGENE 6 transfection reagent (Roche Diagnostics), 

as per company protocol. Cells were harvested 48 hours post-transfection, and lysates were 
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quantified via the Bradford assay. Samples were either aliquoted and stored at -80°C for 

future use, or SDS-PAGE/western analysis was performed. 

Indirect immunofluorescence 

24 hours prior to transient transfection, cells were seeded at an appropriate density 

(-50-60% confluency) on 22 x 22 mm glass coverslips in 6-well culture dishes. Cells were 

transfected as per standard protocol. 24 or 48 hours post-transfection, wells were washed 

twice with 2 ml PBS, and then fixed with 2 ml of 4% paraformaldehyde for 10 minutes at 

room temperature with gentle rocking. Cells were next permeabilized with 0.1% Triton X-

100 in TBS-T, then blocked with 5% goat serum (both for 10 minutes at room temperature). 

Primary antibody solutions were added to the coverslips at a dilution of 1:200-l :750, 

depending on the nature of the antibody used, and allowed to incubate for 1 hour at room 

temperature with gentle rocking. Following 3 x 5 minute washes with TBS-T, coverslips 

were incubated with the appropriate secondary antibody at a dilution of 1:500. This 

incubation was performed in the dark for 30 minutes at room temperature with gentle 

rocking. Fluorescence images were captured via standard microscopy (Eclipse Microscope, 

Model TE300; Nikon 2001). 

Inhibition ofproteasomal- and lysosomal- mediated protein degradation 

24 hours post-transfection, HEK-293T, and MCF-7 cells were treated with the 

proteasome inhibitor MG132 (Calbiochem). Briefly, media containing 1 uM MG132 

dissolved in DMSO, or DMSO alone, was added directly to the media covering the cells. 
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Cells were harvested 24 hours after treatment. In the same manner, MCF-7 cells were 

treated with the lysosomal pathway inhibitor chloroquine (Sigma Aldrich) dissolved in PBS 

(phosphate buffered saline), or PBS alone, at a concentration of 100 uM. 

Oct-1 DNA damage response 

Treatment of cells with DNA damaging drugs 

HEK-293T, HCT116, MCF7 and HeLa cells were incubated for 2 hours at 37°C with 

media containing bleomycin (25 ug/ml), zeocin (100 (xg/ml), etoposide (25 mM), or vehicle 

alone (PBS or DMSO). Following incubation, cells were either harvested immediately, or 

replaced with fresh media and harvested at different recovery times. 30-50 |j,g of lysate was 

loaded on a 10% acrylamide gel, and Oct-1 was detected via western protocol. Ponceau 

staining was used to normalize the fold increase of Oct-1 protein levels. 

Irradiation of cells 

24 hours pre-irradiation, cells were seeded onto 60 mm dishes at -50-60% 

confluency. The following day, cells were exposed to 6 Gy of y-irradiation (Pantak 

irradiator; dose rate = 1.68 Gy/min). Cells were returned to the 37°C incubator, and 

harvested at indicated recovery times. Lysates were analyzed as above. 

TAP-tagged Oct-1 stable cell lines 

24 hours pre-transfection, 2.5 x 106 293T-Phoenix cells were seeded on a 60 mm 

dish. Using a standard CaCb transfection protocol, phoenix cells were transiently transfected 
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with 10 ug DNA. Immediately prior to the addition of the transfection cocktail, phoenix cell 

media was changed to contain 25 uM chloroquine. Ten hours post-transfection, the media 

was replaced with 6 ml fresh media. Twenty-four hours post-transfection, the media was 

changed again (6 ml), and 48 hours post-transfection, the viral supernatant was collected 

with an 18-guage needle, and passed through a 0.4 urn syringe filter. Viral supernatant was 

stored at -80°C, or immediately used for infection. 

At -60-70% confluency, HCT116 cells plated on a 60 mm dish were infected with 2 

ml of viral supernatant. Briefly, HCT116 media was replaced with 4 ml fresh media, 2 ml 

viral supernatant, and 6 ul of polybrene (1000X). Cells were passaged as per usual, and the 

expression of the TAP-tagged Oct-1 protein was monitored over time via indirect 

immunofluorescence and western analysis. 

Tandem affinity purification (TAP) 

HCT116 cells transiently transfected with pCeMM-NTAP-Oct-1 were harvested (as 

above) in ice cold lysis/binding buffer (50 mM Tris-HCL (pH 8.0) 125 mM NaCl, 5% 

glycerol, 0.2 NP-40, and 1.5 mM MgCb supplemented with Complete Mini Protease 

Inhibitor Cocktail Tablets (Roche) and Phosphatise Inhibitor Cocktails 1 and 2 (Sigma)). 10 

mg whole cell lysate was incubated for 2 hours at 4°C on a rotating wheel with 800 ul (50% 

w/v) rabbit IgG agarose resin (Sigma). The volume of the binding reaction was brought up 

to 5 ml with cold binding buffer. The resin was collected via centrifugation at 1000 rpm and 

washed three times with binding buffer, and twice with AcTEV protease cleavage buffer (50 

mM Tris-HCl (pH8.0), and 0.5 mM EDTA). The resin was then incubated with 400 units 

AcTEV protease (Invitrogen) in a final volume of 1200 ul cleavage buffer overnight at 4°C 
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or for 1 hour at 30°C. Following cleavage, the resin was pelleted via centrifugation for 2 

minutes at 1000 rpm, and the supernatant was collected. The supernatant was then incubated 

with 500 ul (50% w/v) UltlraLink Immobilized Streptavidin Plus (Pierce), in a final volume 

of 2250 ul binding buffer (100 mM Tris-HCL (pH8.0), 150 mM NaCl, and 1 mM EDTA) 

for 2 hours at 4°C on a rotating wheel. The resin was collected via centrifugation (as above) 

and washed three times in binding buffer. TAP-tagged protein complexes were eluted from 

the streptavidin resin in 1250 ul of biotin elution buffer (2.5 mM biotin, 100 mM Tris-Cl 

(pH7.4), 1 mM EDTA). The final elution was allowed to proceed at 4°C for 2 hours or 

overnight. 

Silver staining 

Following standard SDS-PAGE, the acrylamide gel was incubated with fixation 

solution (5% acetic acid, 30% ddEkO) for 30 minutes with gentle rocking. The gel was then 

washed 4 x 5 minutes with ddFkO, followed by a 1 minute incubation with sensitization 

solution (0.02% sodium thiosulfate pentahydrate). After a second wash with ddF^O (2x1 

minute), the gel was incubated with a silver stain solution (0.2% silver nitrate) for 30-120 

minutes with gentle rocking. The gel was again washed 2 x 1 minute with ddHbO, followed 

by a 15 minute incubation with developing solution (4% potassium carbonate, 0.025% (v/v) 

formalin). The reaction was stopped by incubating the gel with stopping solution (4% Tris, 

2% acetic acid) for 30 minutes at room temperature. 
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Antibodies 

Rabbit <x-Ku70 Ab4 (NH3H10; Neomarkers, Fremont, CA); rabbit a-Ku80 Ab2 (111; 

Neomarkers); rabbit a-MBP (CI 8; Santa Cruz Biotechnology Inc.); rabbit a-Octl (C-21; 

Santa Cruz Biotechnology Inc.); mouse a-c-myc (9E10; Santa Cruz Biotechnology Inc.); 

Living Colors® Full-length A.v. Polyclonal Antibody (Clontech); BD Living Colors™ A.v. 

Monoclonal Antibody (JL-8; Clontech); donkey a-rabbit IgG (H+L) Alexa Fluor 594 

(Molecular Probes); donkey a-mouse IgG (H+L) Alexa Fluor 488 (Molecular Probes). 
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Results 

Section I: MBP-CoreRag-1 /Ku binding 

Previous coimmunoprecipitation binding experiments performed within our 

laboratory have demonstrated that the binding of Ku70 to Rag-1 is a specific and DNA-

independent event (Schildt-Poulter). With the use of MBP-fusion peptides, a minimal region 

of coreRag-1 capable of binding Ku70 was identified (Zheng, Appendix II). This peptide 

corresponds to amino acids 660-763 of Rag-1. In order to further refine the Ku70 binding 

domain of Rag-1, deletion constructs were generated. 

Generation of CoreRag-1 deletion constructs 

Spanning amino acids 660-763 are two overlapping coreRag-1 domains; the central 

domain (aa528-760) and zinc finger B (ZFB; aa727-750). (Refer to Figure 8 for Rag-1 

domain details). Zinc fingers are classically known to function as DNA-binding motifs; 

however, these domains have also been described in mediating protein-protein interactions 

(218). Therefore, in generating subsequent coreRag-1 deletions within aa660-763, the 

structural integrity of zinc finger B was maintained. Figure 9 outlines the following deletion 

constructs generated: MBP-coreRag-1 (A660-763), MBP-coreRag-1 (A660-720), and MBP-

coreRag-1 (A721-763). 

Expression and purification of MBP-coreRag-1 deletion constructs 

Protein expression was achieved using the pET-vector / BL21(DE3) bacterial 

expression systems. Core-Rag-1 constructs were generated as MBP fusion peptides, as MBP 
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Figure 9. Rag-1 protein constructs. Outline of deletion constructs within the context of 
full-length, wild-type Rag-1. For use in binding assays, deletions were generated as MBP-
coreRag-1 fusion proteins. 
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(maltose-binding peptide) has been shown to increase the solubility and stability of proteins 

expressed in bacteria. This reduces the chance of the expressed proteins forming insoluble 

aggregates within the bacteria (218b). MBP-coreRag-1 (wt and deletions), and MBP protein 

expression was induced in BL21(DE3) E. coli transformed with the appropriate plasmid 

construct (pET30-MBP-coreRag-l wt and deletions, and pET30-MBP). To minimize the 

sequestration of the recombinant proteins within inclusion bodies, protein induction was 

performed with a low dose of IPTG (0.1 uM) overnight at 4°C. Taking advantage of a C-

terminal 6 x His-tag, MBP-coreRag-1 proteins and MBP were purified from bacterial lysates 

using the TALON™ resin. This cobalt-based form of IMAC (immobilized metal affinity 

chromatography) binds His-tagged proteins with an enhanced selectivity over nickel-based 

resins (219). Bacterial lysates were incubated with the TALON™ resin for 2 hours at 4°C on 

a rotating wheel. The expression and purification of the recombinant MBP-coreRag-1 (wt 

and deletions), as well as MBP, alone was verified via SDS-PAGE, followed by Coomassie 

staining (Figure 10). 

MBP-coreRag-1 (wt and deletions), as well as MBP alone bind Ku70from Jurkat T cell 

nuclear extracts 

Following the purification of MBP-coreRag-1 constructs from bacterial lysates, equal 

amounts of TALON™-bound proteins were incubated with Jurkat T cell nuclear extracts; 

which provide an abundant source of Ku70/80. As the purification efficiencies of wild-type 

MBP-coreRag-1, MBP alone, and the MBP-coreRag-1 deletion constructs each differed from 

one another (Figure 10), the volume of each TALON™-bound protein was corrected such 

that the quantitative amount of each protein used in the association assays were 
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Figure 10. Purification of MBP-coreRag-1 constructs with TALON resin. Following 
IPTG induction and lysate preparation, MBP-coreRag-1 constructs and MBP alone were 
purified via a C-terminal His tag. The TALON™ resin uses IMAC (immobilized metal 
affinity chromatography) via Co2+ chelation to preferentially bind a 6 x His tag present at the 
C-terminus of all recombinant proteins. The overall binding efficiency can be determined by 
comparing the amount of TALON™-bound proteins to those remaining in the supernatant 
post-binding. 
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equivalent. In order to ensure that binding was DNA-independent, 200 ug/ml of ethidium 

bromide was included in all reactions (219b-d). Binding was allowed to occur at 4°C for 2 

hours, following which, the TALON™ resin was collected via centrifugation and washed 

with binding buffer. As a positive and negative control, binding with wt MBP-coreRag-1 

and MBP, respectively, was also performed. Under these conditions (160 mM salt, 0.1% 

NP-40), the binding of Ku with all MBP- coreRag-1 derivatives, as well as with MBP alone, 

was observed (Figure 11). The Ku heterodimer is known to interact with numerous cellular 

factors (85-91). It is reasonable to propose that under the binding conditions used, Ku may 

be non-specifically interacting with MBP, or with a factor within the cell lysate that is 

capable of binding MBP. In an attempt to reduce the non-specific interaction between Ku 

and MBP, the stringency of the binding buffer was increased (360 mM salt, 0.2% NP-40), 

and the association experiment was repeated. TALON™-bound proteins were allowed to 

incubate with HeLa cell nuclear extracts, as previously described. Subsequent immunoblot 

analysis revealed the binding of MBP-coreRag-1 derivatives, as well as MBP, with Ku70 

(Figure 12). 

Although the binding conditions employed in these association assays were at least as 

stringent as those previously used to identify Rag-1 / Ku70 binding, non-specific interactions 

were nonetheless observed. It was hypothesized that the Ku heterodimer may be non-

specifically binding the TALON™ resin itself. To circumvent this potential obstacle, as well 

as obtain a "cleaner" source of Ku, the Ku heterodimer was immunoprecipitated from Jurkat 

T cell nuclear extracts under conditions more stringent than those used in the previous 

association assays (400 mM NaCl; 0.3% NP-40). Prior to immunoprecipitation, the nuclear 

extracts were pre-cleared for half an hour with protein-G sepharose beads. The cleared 

lysate was then incubated with an <x-Ku70 antibody (Ab4) for 1 hour, followed by a 60 
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Figure 11. TALON' -bound MBP-coreRag-1 (wt and deletions) and MBP alone bind 
Ku70 from Jurkat T cell nuclear extracts. Direct binding between MBP-coreRag-1 
constructs (wt and deletions), as well as MBP with Jurkat T cell nuclear extracts (60 ug). 
Top panel is an immunoblot against MBP, which detects the MBP-coreRag-1 fusion 
proteins, as well as MBP alone. The bottom panel is an immunoblot against Ku70. 
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Figure 12. TALON -bound MBP-coreRag-1 (wt and derivatives) and MBP alone 
bind Ku70 from HeLa cell nuclear extracts. Direct binding between MBP-coreRag-1 
constructs (wt and deletions), as well as MBP, with HeLa cell nuclear extracts (75 |ig). Top 
panel is an immunoblot against MBP, which detects the MBP-coreRag-1 fusion proteins, as 
well as MBP alone. The bottom panel is an immunoblot against Ku70. 
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minute incubation with fresh protein-G sepharose beads. The immunoprecipitated Ku70/80 

complex was thoroughly washed with immunoprecipitation buffer. As the Ku heterodimer 

was resin-bound, the ensuing association assays required MBP-coreRag-1 proteins to be 

eluted from the TALON™ resin. Imidazole elution of the MBP-coreRag-1 proteins was 

verified via SDS-PAGE, followed by Coomassie blue staining. The eluted proteins were 

incubated with immunoprecipitated resin-bound Ku70/80 for 2 hours at 4°C. Despite this 

attempt to disrupt non-specific specific interactions, binding between Ku70 and MBP was 

still observed. Additionally, all MBP-coreRag-1 derivatives bound Ku70 as well (Figure 

13). 

MBP-coreRag-1 (wt and deletions), but not MBP, bind Baculo-Ku 

In the subsequent set of association assays, a commercially expressed and purified 

source of Ku70/80 from baculovirus-infected Sf9 insect cells (Baculo-Ku) was obtained for 

use. As the non-specific interactions observed in the previous association assays do not 

appear to be the result of Ku binding the TALON™ resin, the interaction between Ku70 and 

MBP may be attributed to the presence of cellular factors associated with Ku70 that are 

capable of binding MBP. If this theory is true, the use of Baculo-Ku in subsequent 

association assays should circumvent this problem, as it is guaranteed to be greater than 90% 

pure (220). Equal amounts of TALON™-bound MBP-coreRag-1 constructs (wt and 

deletions), as well as MBP alone, were incubated with 21 ng Baculo-Ku for 2 hours at 4°C. 

The samples were collected via centrifugation and washed thoroughly with binding buffer. 

Figure 14A shows the binding of Ku70 to all MBP-coreRag-1 derivatives (wt and deletions), 

but not with MBP alone. This observation led to the conclusion that the region of coreRag-1 
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Figure 13. TALON -eluted MBP-coreRag-1 (wt and deletions) and MBP alone bind 
Ku70 immunoprecipitated from Jurkat T cell nuclear extracts. Ku70 was 
immunoprecipitated from Jurkat T cell nuclear extracts, and incubated with MBP-coreRag-1 
(wt and deletions), and MBP alone. The latter proteins were eluted from the TALON™ resin 
via immidazole elution. Top panel is an immunoblot against MBP, which detects the MBP-
coreRag-1 fusion proteins, as well as MBP alone. The bottom panel is an immunoblot 
against Ku70. 
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Figure 14. TALON1 -bound MBP-coreRag-1 (wt and deletions), but not MBP alone, 
bind Baculo-Ku. Direct binding between MBP-coreRag-1 derivatives and MBP alone with 
commercially purchased Baculo-Ku. Baculo-Ku binding is observed between all MBP-
coreRag-1 derivatives, but not between MBP. 
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spanning amino acids 660-763 is sufficient, but not required for Ku70 binding. 

As all deletions still bound Ku70, a new set a deletion constructs removing a larger 

region of coreRag-1 were generated. These deletions, MBP-coreRag-l(A528-763) and 

MBP-coreRag-l(A528-720) were used in association assays along with the previously 

generated MBP-coreRag-l(A721-763), MBP-coreRag-l(WT) and MBP. MBP-coreRag-

l(A528-763) was chosen as it completely removes the Rag-1 central domain, (aa528-760). 

However, despite the removal of this region of coreRag-1, binding was still observed 

between all deletion mutants, but not MBP alone, and baculo-Ku (Figure 14B). Since the 

removal of increasingly larger regions of coreRag-1 may interfere with proper protein 

folding, and the deletion of secondary regions of coreRag-1 requires the re-implementation 

of peptide mapping experiments, it was decided that further steps to identify the Ku70 

binding domain of Rag-1 would not be taken. Instead, a novel study examining the ectopic 

expression of an integral V(D)J recombination/NHEJ factor (Artemis) would be pursued. 

Section II: Examining the regulation of ectopic Artemis expression 

Within our laboratory, we have observed a limitation in the ectopic expression of 

Artemis. We rationalized that the tight regulation of Artemis expression was limiting its 

ectopic expression. By manipulating and observing conditions that would allow for Artemis 

expression in a non-permissive cell line, information concerning the level(s) at which 

Artemis is regulated, and possibly the factors involved in eliciting this regulation, may be 

identified. Once the ectopic Artemis expression is achieved, the contributions of Artemis on 

V(D)J recombination and NHEJ can be further studied. 
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Artemis/EGFP bicistronic expression system 

The use of a bicistronic Artemis/EGFP expression vector (pIRES-EGFP) was a useful 

tool in monitoring the expression of Artemis, as it allows for the expression of two separate 

proteins from a single bicistronic transcript under the control of a single promoter. In this 

system, the first protein (myc-Artemis, hereafter referred to as Artemis) is translated from the 

mRNA in a canonical cap-dependent manner, whereas the second protein (EGFP) is 

translated in a cap-independent manner from an internal ribosomal entry site (IRES) situated 

between the coding sequences of these two peptides (Figure 15). The expression of EGFP 

serves as a powerful control in two senses. Firstly, the expression of EGFP confirms the 

transcription of Artemis, as both sequences are present on the same transcript. Secondly, 

changes in Artemis expression can be normalized to EGFP expression levels, and expressed 

as Artemis :EGFP ratios. This allows for the comparison of Artemis expression under 

different experimental conditions. 

Identification of Artemis permissive and non-permissive cell lines 

In order to identify cells that were either permissive or non-permissive to the ectopic 

expression of Artemis, a variety of different cell lines were transiently transfected with equal 

amounts of the Artemis/EGFP bicistronic expression vector. Whereas EGFP expression 

could be detected in all cell lines, only two cell lines, HEK-293T and Cos-7, showed both 

Artemis and EGFP expression (Figure 16A). Due to the similarity in growth times, ease of 

transfection, and similar levels of EGFP expression, HEK-293T and HCT116 were chosen as 

the representative permissive and non-permissive cell lines, respectively (Figure 16B). 
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Figure 15. Artemis / EGFP bicistronic constructs. (A) Schematic representation of the 
pIRES-EGFP vector, into which Artemis was cloned. (B) Cartoon depicting the translation 
of two separate peptides from a single bicistronic mRNA under the control of (i) a single 
promoter at the level of transcription, and (ii) two independent promoters at the level of 
translation. 
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Figure 16. The ectopic expression of Artemis is limited to a restricted repertoire of cell 
lines. (A) Western blot analysis shows a panel of cell lines transiently transfected with 
pIRES-EGFP-Artemis. The expression of EGFP is detected in all transfectants, whereas the 
expression of Artemis is limited to the HEK-293T and Cos7 cell lines. (B) Indirect 
immunofluorescence shows EGFP in both cell lines, as well as the nuclear subcellular 
localization of Artemis in (i) HEK-293T but not in (ii) HCT116 cells transiently transfected 
with pIRES-EGFP-Artemis. Panel (iii) shows a subpopulation of HCT116 cells (-2-5%) that 
are able to express Artemis. 
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Transcriptional /post-transcriptional regulation 

Since (1) EGFP and Artemis are transcribed on the same mRNA, and (2) EGFP was 

being expressed, it was rationalized that the ectopic expression of Artemis was not being 

regulated at the level of transcription. However, to rule out the possibility of mRNA 

processing that would selectively disrupt the Artemis coding sequence, Northern analysis 

was performed on total RNA extracted from HEK-293T and HCT116 cells transiently 

transfected with the Artemis/EGFP bicistronic construct. Figure 17A shows duplicate 

Northern blots hybridized with either a 32P-labeled anti-Artemis or 32P-labeled anti-EGFP 

probe. In this experiment, both probes recognized the Artemis/EGFP transcript in the HEK-

293T, but not the HCT116, cell line. Furthermore, the 32P-labeled anti-EGFP probe 

recognized the EGFP transcript in the HEK-293T cell line, yet failed to recognize it in the 

HCT116 cell line. This observation was contradictory to immunofluorescence analysis, 

where an EGFP signal was visible in both cell lines. To clarify the conflicting EGFP result 

obtained via Northern analysis, RT-(reverse transcriptase) PCR was employed. Both 

transcripts (Artemis/EGFP and EGFP) were found to be present in the HEK-293T and 

HCT116 cell lines at similar levels (Figure 17C). Additionally, this method was sensitive 

enough to detect endogenous Artemis transcripts in both cell lines, albeit at significantly 

lower levels. 

Post-translational degradation 

To observe whether or not Artemis was being selectively targeted for post-

translational degradation, non-permissive MCF-7 cells transiently transfected with either the 

Artemis/EGFP or EGFP alsone bicistronic constructs were treated with an inhibitor of 

58 



Figure 17. Northern and RT-PCR analyses of Artemis/EGFP and EGFP transcripts in 
permissive and non-permissive cell lines. HEK-293T and HCT116 cells were transiently 
transfected with pIRES-EGFP-Artemis or pIRES-EGFP (lanes 2 and 3, respectively; lane 1 
represents non-transfected cells). (A) 10 p,g total RNA was analyzed in duplicate, (i) Sybr-
gold staining shows the quality of the RNA extracted, (ii) 32P-labeld probes against Artemis 
(probe 1, left side of blot) and EGFP (probe 2, right side of blot) detect transcripts in the 
HEK-293T cell line only. (B) Schematic representation of the transcripts analyzed, and 
approximate positioning of the probes used. Orange represents Artemis sequence, blue 
represents the IRES, and green represents EGFP. (C) RT-PCR of RNA extracted from HEK-
293T and HCT116 cells transiently transfected with pIRES-EGFP-Artemis and pIRES-EGFP 
expression constructs shows the transcription of Artemis/EGFP and EGFP alone in both cell 
lines. 1st strand cDNA synthesis was performed in duplicate using SSII reverse transcriptase 
(Gibco), and Artemis- and EGFP- specific antisense oligos. Amplification of the cDNA 
products via nested PCR resulted in a 500bp Artemis-specific product, and a 450bp EGFP-
specific product. 30 PCR cycles were used to generate appropriate signals, which, 
incidentally, was sufficient to detect endogenous Artemis transcripts in both cell lines. 
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proteasomal-mediated or lysosomal-mediated protein degradation (MG132 and chloroquine, 

respectively). MCF-7 cells were chosen as a non-permissive cell line, as these over-express 

the insulin-like growth factor receptor 1 (IGFR1), which is known to be targeted for 

lysosomal-mediate protein degradation (221). Treatment of MCF-7 cells with a neutralizing 

a-IGFRl antibody prior to chloroquine treatment has been shown to partially block this 

degradation (221). Therefore, this system has an internal control for chloroquine treatment. 

Additionally, to control the efficacy of MG132 treatment, MCF-7 cells were transiently 

transfected with myc-GR (glucocorticoid receptor) which is sensitive to proteasomal-

mediated protein degradation (222). Cells were treated with either agent for 20 hours, after 

which they were harvested and analyzed via immunoblotting against myc (Artemis) and 

EGFP. Figure 18 illustrates the efficacy of both drugs, as a stabilization of IGFR1 and myc-

GR were both observed. Conversely, EGFP levels were unaffected by either treatment, and 

Artemis expression was not detected under any conditions. Therefore, the ectopic expression 

of Artemis was not being regulated via the post-translational proteasomal- or lysosomal-

mediated degradation pathways. 

Cap-dependent versus IRES-mediated translation 

To investigate whether or not the mode of translation affected the ectopic expression 

of Artemis, a new Artemis/EGFP bicistronic construct was generated, in which EGFP would 

be translated form the CMV promoter (cap-dependent), and Artemis from the IRES (cap-

independent) (Figure 19A). Immunoblot analysis of HEK-293T and HCT116 cells 

transiently transfected with either of the Artemis/EGFP bicistronic constructs identified that 

Artemis expression was enhanced through IRES-mediated translation (Figure 19B). In both 
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Figure 18. Inhibition of proteasomal- or lysosomal-mediated protein degradation does 
not result in the stabilization of Artemis in non-permissive MCF-7 cells. MCF-7 cells 
were transiently transfected with either pIRES-EGFP-Artemis or pIRES-EGFP and treated 
with 1 uM MG132 or 100 uM chloroquine for 20 hours. The activities of MG132 and 
chloroquine were verified by observing the stabilization of the glucocorticoid receptor (GR) 
and the insulin-like growth receptor I (IGFR-I), respectively. 
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Figure 19. Cap-dependent versus IRES-mediated translation of Artemis. (A) Schematic 
representation of the Artemis/EGFP bicistronic expression constructs generated. Construct-1 
results in the cap-dependent translation of Artemis (via a CMV promoter) and the IRES-
mediated translation of EGFP. Construct-2 results in the cap-dependent translation of EGFP 
(CMV) and the IRES-mediated translation of Artemis.(B) Immunoblot showing the 
expression of Artemis and EGFP in HEK-293T and HCT116 cells transiently transfected 
with constructs -1 or -2. (C) Indirect immunofluorescence of Artemis in (i) HEK-293T and 
(ii-iii) HCT116 cells transiently transfected with construct-2. 
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cell lines, including the "non-permissive" HCT116 cells, Artemis expression was visible 

when translated in a non-cap-dependent manner. This effect, however, was not specific to 

Artemis, as EGFP protein levels were highest subsequent to IRES-mediated translation. 

Indirect immunofluorescence analysis of HEK-293T and HCT116 cells lines transiently 

transfected with this new bicistronic construct showed the unusual subcellular localization of 

Artemis in HCT116 cells, but not HEK-293T cells following IRES-mediated translation. 

Furthermore, within the same population of HCT116 cells, the observed mislocalization of 

Artemis was inconsistent; at times Artemis appeared to be excluded from the nucleus (Figure 

19C; ii), where as in other instances protein distribution seem pan-cellular with slight nuclear 

enrichment (Figure 19C; iii). Additionally, none of the cells examined via indirect 

immunofluorescence had nuclear-only Artemis expression. 

The results obtained thus far in examining the regulation of ectopic Artemis 

expression are difficult to draw definitive conclusions from, as many of these are negative in 

nature. At this point, it was decided that continued efforts to determine the regulation of 

ectopic Artemis expression would not be pursued. Instead, a new direction was followed, 

wherein a novel tandem affinity purification system would be established within our 

laboratory. This system would then be used to identify Oct-1 interacting factors with 

potential regulatory significance. 

Section III: Identification of Octamer-binding transcription factor-1 inter actors 

The phosphorylation of Oct-1 by DNA-PKcs appears to be required for the 

contribution of Oct-1 to cell survival post-DNA damage (58). By utilizing a modified TAP 

(tandem affinity purification) method, the interaction of Oct-1 with binding partners can be 
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explored. The differential interactions between wild-type Oct-1 and phosphorylation 

defective Oct-1 mutants with cellular factors both in the presence and absence of DNA 

damage may identify interactors with potential regulatory significance. 

Selecting a suitable cell line 

Oct-1 is known to exhibit increased stabilization and hyperphosphorylation 

subsequent to DNA damage. In order to identify Oct-1 interactors with potential regulatory 

significance, a DNA damaging agent that results in the Oct-1 DNA damage phenotype must 

be identified. Of three cell lines examined (MCF-7, HeLa, and HCT116), HCT116 was 

chosen as these cells displayed the most consistent stabilization of Oct-1 protein following 

treatment with DNA damaging agents (Figure 20). 

GS-TAP-tagged Oct-1 (NTAP-Oct-1) 

Traditional TAP-tags consist of two copies of the IgG binding domain of protein A 

from Staphylococcus aureus, the cleavage recognition site of the tobacco etch virus (TEV), 

and a calmodulin-binding peptide (223, 224). A modified TAP-tag (GS-TAP) was used in 

this approach, as it has been shown to efficiently purify protein complexes at an order of 

magnitude higher than original TAP (225). The modified GS-TAP tag consists of two copies 

of the IgG binding domain of protein G from Streptococcus sp., which displays a slightly 

higher affinity for a broader range of Igs from different subclass and species (225). This is 

followed by a TEV protease cleavage recognition site, and a streptavidin-binding peptide 

(SBP). SBP is used as it binds streptavidin with high affinity (~2 x 10"9 M) and can be 
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Figure 20. Oct-1 is stabilized in HCT116 cells following treatment with DNA damaging 
agents that result in the accumulation of DNA-DSBs. HCT116 cells were treated with 
bleomycin (25 ug/ml), zeocin (100 |ig/ml), or etoposide (25 mM) for 2 hours at 37°C. Cells 
were allowed to recover in fresh media for 2 hours post-damage, after which they were 
harvested. Lysates were resolved via SDS-PAGE, and probed for Oct-1 protein. (A) Oct-1 
levels were first normalized to total protein (via Ponceau staining), then to undamaged Oct-1 
(control). (B) Raw data generated by the GeneTools application (Syngene) for band 
quantification of Oct-1 levels. For each treatment, the average fold increase of Oct-1 levels 
(relative to undamaged Oct-1) and standard deviation of these changes are also shown. 
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specifically eluted by biotin (226). Additionally, the GS-TAP expression vector (pCeMM) is 

retrovirus-based, and can therefore be used to rapidly generate cell lines stably expressing the 

GS- TAP tagged protein. For Oct-1 TAP, the GS-TAP tag was generated as an N-terminal 

fusion protein (NTAP-Oct-1). 

Stable expression ofNTAP-Oct-1 in HCT116 cells (pCeMM) 

Phoenix-293T cells transiently transfected with pCeMM-NTAP-Oct-1 retroviral 

vectors were used to generate viruses for the infection of HCT116 cells. As pCeMM does 

not contain an antibiotic resistance marker, selection of stably-expressing cells relies on the 

co-expression of EGFP from an IRES. Cells fluorescing green can be enriched from a mixed 

population via FACS (fluorescence activated cell sorting). Following infection, HCT116 

cells were passaged for 1 week, after which green fluorescence was inspected via 

fluorescence microscopy. Unexpectedly, although green fluorescence was observed in the 

Phoenix-293T packaging cell line, it was not visible in the HCT116 cells. This may be 

attributed to variations in the cellular concentration of non-canonical translation factors, 

which are known to influence IRES activity in different cell lines (226b). As stably-

expressing cells could not be selected from within the mixed population of HCT116 cells, 

western analysis and indirect immunofluorescence were used to verify the expression of 

NTAP-Oct-1 (Figure 21). Following staining with an a-Oct-1 primary antibody, low-level 

endogenous Oct-1 was visible in the nucleus of control and stable HCT116 cells. 

Conversely, HCT116 cells stably expressing NTAP-Oct-1 showed intense nuclear Oct-1 

staining. Immunofluorescence identified approximately 20% of cells stably expressing 
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Figure 21. HCT116 cells stably expressing pCeMM-NTAP-Oct-1. (A) Indirect 
immunofluorescence against Oct-1 detects diffuse nuclear staining in all nuclei (endogenous 
Oct-1; upper and lower panels), and intense nuclear staining in the nuclei of the HCT116 
stable cell line (over-expressed NTAP-Octl; upper panels). (B) Western analysis showing 
the stable expression of NTAP-Octl in HCT116 cells (lane 1), and the endogenous 
expression of Oct-1 in stable and control HCT116 cells (lanes 1 and 2, respectively). 
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higher levels of Oct-1, presumably corresponding to NTAP-Oct-1. Western blot analysis of 

the mixed population indicated an approximate 5-fold overexpression of NTAP-Oct-1 levels 

over endogenous Oct-1. This suggests that the per-cell expression of NTAP-Oct-1 is in the 

range of 16-fold higher than the endogenous Oct-1 protein. 

Stable expression of NTAP-Oct-1 in HCT116 cells (pBABE) 

The stable expression of NTAP-Oct-1 in HCT116 cells is problematic in two senses. 

Firstly, the expression level of the bait protein (NTAP-Oct-1) is very high. This increases 

the chances of co-purifying non-specific interactors during the TAP method. More 

importantly, the overexpressed NTAP-Oct-1 proteins may not be sensitive to the levels of 

DNA damage initially defined for the observed endogenous Oct-1 damage phenotype. In 

addition, there is no selective pressure on the stably-expressing HCT116 cells therefore, 

NTAP-Oct-1 expression may be lost over time. To circumvent these problems, a new 

strategy was employed in which the entire GS-NTAP cassette (+/- Oct-1) would be 

transferred to a different retroviral backbone. The new vector, pBABE, was chosen because 

as it possesses a puromycin resistance gene suitable for selection of stably-expressing cells, 

and because the expression of NTAP-Oct-1 would be driven by a weaker promoter (the 

5'LTR of the Maloney Murine Leukemia virus; MMLV), as opposed to the CMV promoter 

present in the pCeMM backbone. 

Following the sub-cloning of NTAP-Oct-1 into the pBABE backbone, viruses 

encoding this new TAP vector were generated in the Phoenix-293T packaging cell line. 

Subsequent to infection, HCT116 cells stably expressing the TAP-tagged Oct-1 were 

selected via puromycin treatment. Non-infected, control HCT116 cells died after 
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approximately 3-4 days of puromycin treatment. As the resulting HCT116 cells represent a 

uniform population stably expressing NTAP-Oct-1, western blot analysis was used to detect 

the expression of the bait protein. Figure 22 shows the stable expression of both pBABE-

and pCeMM- NTAP-Oct-1, as well as endogenous Oct-1 in HCT116. From this analysis, it 

is evident that although the expression of pBABE-NTAP-Oct-1 is significantly lower than 

that of pCeMM-NTAP-Oct-1 on a per cell basis, it is still several fold higher than the 

endogenous Oct-1. 

Tandem affinity purification of NTAP-Oct-1 (pCeMM) 

During the generation of the new NTAP-Oct-1 construct (pBABE), tandem affinity 

purification was used to purify NTAP-Oct-1 from HCT116 cells transiently transfected with 

pCeMM-NTAP-Oct-1. Before the entire TAP procedure was conducted, a one-step 

purification of NTAP-Oct-1 from the cell lysate was conducted in order to determine the 

efficiency of the TEV-cleavage reaction, and the recovery of the bait protein. In this 

experiment, cell lysates were incubated for 2 hours at 4°C with equal amounts of either the 

IgG resin or GST resin (control). Following incubation, both resins were collected via 

centrifugation and washed in binding buffer. The resins were then incubated with equal 

amounts of the AcTEV protease (Invitrogen) for 16 hours at 4°C. Following TEV cleavage 

the supernatants were collected and the resins were washed and boiled in SDS sample buffer. 

Figure 23 shows the efficient purification NTAP-Oct-1 from the cell lysate on the IgG, but 

not the GST resin. Additionally, although TEV cleavage of NTAP-Oct-1 from the IgG resin 

appears to be efficient, recovery of the cleavage product from the IgG resin appears 

incomplete. Although recovery of the bait protein was low following TEV cleavage, it was 
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Figure 22. Expression of TAP-tagged Oct-1 in HCT116 cells. Lane 1 contains whole cell 
extract from MEF Octl"7" cells. Lanes 2, 3, and 4 contain lysates from HCT116 cells 
expressing pCeMM-NTAP-Octl (transiently transfection), pBABE-NTAP-Octl (transient 
transfection), and pBABE-NTAP-Octl (stable expression). 
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thought that if the amount of starting material was appropriately scaled up, a sufficient 

amount of the TEV-cleaved bait could be recovered for use in the two-step TAP 

procedure. TAP was conducted on cell lysates from HCT116 cells transiently transfected 

with pCeMM-NTAP-Oct-1 as well as control, non-transfected cells. Figure 24 shows the 

purification of an unknown factor specific to the NTAP-Oct-1 lysate (compare lane 5 to 

10). This band, which appears to be approximately 55kDa was excised from the silver-

stained gel and sent for identification via MALDI-TOF (matrix-assisted laser desorption 

time of flight) mass spectrometry (Figure 25). Subsequent analysis of the resulting mass 

spectrum revealed this factor to be human keratin. 

Tandem affinity purification ofNTAP-Oct-1 (pBABE) 

A second round of TAP was employed with the newly generated pB ABE-NT AP-

Oct-1 stables. In addition to identifying basal Oct-1 interactors, TAP was used to identify 

factors specific to the DNA-damage response. HCT116 cells either (i) stably expressing 

NTAP-Oct-1 (pBABE), (ii) transiently expressing the GS-TAP tag alone, or (iii) 

uninfected were either mock treated (no damage) or treated for 1 hour with the DSB-

inducing drug bleomycin. Following DNA damage, the media was replaced, and cells 

were allowed to recover for 2 hours. Following the 2 hour recovery, the cells were 

harvested and tandem affinity purification of NTAP-Oct-1 was conducted. Figure 26 

shows the purification of four factors specific to the NTAP-Oct-1 (no damage) sample. 

These factors, which are approximately lOOkDa, 95kDa, 65kDa, and 55kDa were excised 

from the silver-stained gel and sent for identification via MALDI-TOF mass 

spectrometry (Figure 27). Subsequent analysis of the resulting mass spectra revealed the 
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Figure 23. First-step purification and TEV-cleavage of NTAP-Oct-1 from HCT116 
cells. Lysates from HCT116 cells transiently transfected with pCeMM-NTAP-Oct-1 were 
incubated with equal amounts of IgG or GST resin for 2 hours at 4°C. TEV-cleavage of 
NTAP-Oct-1 was allowed to proceed overnight at 4°C, after which the supernatants were 
collected and the resins boiled in SDS sample buffer. NTAP-Oct-1 and endogenous Oct-1 
can both be detected in lane 1 (10% input). Lanes 2 and 3 show the relative amounts of 
NTAP-Oct-1 remaining unbound to the IgG and GST resins (respectively) following a 2 hour 
incubation with each resin (10% SN1 IgG or GST). Lane 4 shows the relative amount of 
full-length NTAP-Oct-1 remaining bound to the IgG resin post TEV-cleavage (efficiency of 
the cleavage reaction), as well as TEV-cleaved NTAP-Oct-1 remaining associated with the 
IgG resin post-cleavage (recovery). Although TEV cleavage of NTAP-Oct-1 appears to be 
efficient, the resulting cleavage product has a high affinity for the IgG resin, and thus reduces 
the recovery of the bait protein. 
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Ĥ  • ^H 

0 s 

O 

CO 

5-H 

O 
00 

<D 
VH 

H 
GO O 

co 

o 
00 

<D 
>H 

H 
in 
O 

co 

o 
00 

i ) 
H I 

H 
GO O 

NTAP-Oct-1 

TEV cleaved NTAP-Oct-1 

71 



Figure 24. Tandem affinity purification of transiently expressed NTAP-Oct-1 
(pCeMM) from HCT116 cells. TAP analysis of lysates from HCT116 cells transiently 
expressing pCeMM-NTAP-Oct-1 (left side of gel/immunoblot) and control HCT116 cells 
(right side of gel/immunoblot). Silver stained gel shows an approximately 55kDa factor 
present in the NTAP-Oct-1 final eluate, yet absent from the control final eluate. The 
immunoblot below is against Oct-1, and shows the cleavage and recovery of NTAP-Oct-1 
following an overnight TEV cleavage at 4°C. 
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Figure 25. Mass spectrum of a potential NTAP-Oct-1 interactor. (A) An unknown factor 
migrating at approximately 55kDa was purified from lysates prepared from HCT116 cells 
transiently expressing pCeMM-NTAP-Oct-1 using the TAP method. (B) Parallel analysis of 
a control segment of SDS-PAGE gel excised at a migration distance corresponding to 
approximately 55kDa. 
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Figure 26. Tandem affinity purification of stably expressed NTAP-Oct-1 (pBABE) 
from HCT116 cells (+/- DNA damage). TAP analysis of lysates from HCT116 cells (A) 
transiently expressing the NTAP-TAG, (B) uninfected/non-transfected control, and (C) 
stably expressing NTAP-Oct-1 (pBABE). Samples A, B and C were either mock treated or 
treated with 25ug/ml bleomycin for 1 hour at 37°C. Lysates were prepared at a recovery 
time of 2 hours post-treatment. Lane numbers are as follows: (1) 0.1% input, (2) 2.5% TEV 
cleavage, (3) 6.7% SN2, and (4) 8.3% final eluate. Gels are silver stained to detect the 
presences of potential interactors. Below each silver stained gel, an immunoblot against Oct-
1 detects the presence of NTAP-Oct, TEV-cleaved NTAP-Oct-1 and endogenous Oct-1 in 
the samples. In Sample C, the silver stained gels shows the presence of four factors 
(lOOkDa, 97kDa, 65kDa, and 55kDa) present in the NTAP-Oct-1 final eluate (no DNA 
damage). 
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Figure 27. Mass spectra of four potential NTAP-Oct-1 interactors. Four factors were 
purified from HCT116 cells stably expressing pBABE-NTAP-Oct-1 using the TAP method. 
In-gel tryptic digest of each sample, followed by MALDI-TOF mass spectrometry yielded 
each spectrum, (i) Sample 1 is approximately lOOkDa, (ii) sample 2 is approximately 
97kDa, (iii) sample 3 is approximately 65kDa, and (iv) sample 4 is approximately 55kDa. 



VoyageiSpuclM MC[B P = S42S.1321 4] 

Hn i ,M 

ledJD 

I -

U-JS^LL^JT. 

VoyagerSpecSI MC[BI 

Voyager Spec #1 MC[BP = 842.5,337171 

Voyager Spec #1 MC[BP = 842.6,32035] 

76 



identity of the lOOkDa unknown factor to be zinc finger protein 95. Unfortunately, the 

results of the remaining three spectra were inconclusive. 

Discussion 

Section I: MBP-CoreRag-1 /Ku binding 

The independent roles of Rag-1 and Ku70 are well established within the process 

of V(D)J recombination, where Rag-1 is involved upstream of Ku70 as a DNA cleavage 

factor, and Ku70 is involved downstream as an NHEJ factor. The direct interaction 

between Rag-1 and Ku70 observed within our laboratory may be indicative of a novel 

upstream role for Ku70 within V(D)J recombination. Although literature does not 

provide evidence for the direct association of Ku70 with Rag-1, there is significant 

biochemical and genetic data that indirectly support the direct interaction of components 

of the NHEJ machinery with the Ragl/2 complex. For example, numerous laboratories 

have observed that the Rag-1/2 proteins are able to guide the repair of DNA DSBs 

generated during V(D)J recombination to the NHEJ pathway and away from alternative 

repair pathways (86, 227-230). Additionally, in vitro cleavage assays have been used to 

describe an increased fidelity of Rag-1/2 mediated cleavage with respect to the 12/23 rule 

in the presence of the Ku heterodimer and DNA-PKcs (231). Interestingly, Ku has been 

shown to associate with other recombinases active in vertebrate organisms, such as the 

Sleeping Beauty transposase (232). There is one physiological situation documented in 

which Rag-1 and Ku70 spatially colocalize, and that is within the post-synaptic complex 

(233). Studies have described the presence of Rag-1, Rag-2, DNA-PKcs, and Ku70/80 
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together within the post-synaptic complex generated subsequent to RSS cleavage (233, 

234). It is tempting to conjecture that the specific binding of Rag-1 with Ku70 could be 

responsible for recruiting the NHEJ machinery to this complex, thus providing a physical 

link between the cleavage step of V(D)J recombination and the initiation of the 

subsequent NHEJ pathway. In accordance with this hypothesis, previous groups have 

described DNA-PKcs-independent roles of Ku within V(D)J recombination (235). In 

these cases, cells lacking DNA-PKcs fail to generate coding joints, whereas signal joints 

are generated at near normal levels (236). Conversely, Ku-defective cells display 

decreased levels and altered quality of both signal and coding joints (234, 237). It is 

speculated that this differential phenotype may be attributed to the ability of Ku to 

displace the Rag 1/2 post-synaptic complex from the signal ends, thus allowing for the 

ligation of the two DNA ends (238). A recent study by Raval et al (86) has provided the 

first published biochemical evidence for an association between Rag-1 and Ku70/80. In 

this study, Raval's group showed the ability of antibodies against Rag-1 and Ku70 to 

supershift an RSS-containing protein complex in EMS A (electrophoretic mobility shift 

assay) experiments. This group found that the association of Ku70/80 with full-length 

Rag-1 (when co-expressed with coreRag-2), and with coreRag-1 (when co-expressed 

with full-length Rag-2). Additionally, based on this study, the interaction of the Ku 

heterodimer with coreRag-1 /full-length Rag-2, but not full-length Rag 1-/core Rag-2, 

appears to be DNA-dependent. The results observed by Raval's group are contradictory 

to those obtained within our laboratory, in the sense that, unlike Raval, we have 

consistently been able to show the direct, DNA-independent interaction between 

coreRag-1 and Ku70. By using EMS A, this work fails to show a direct interaction 
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between Rag-1 and the Ku heterodimer, and cannot rule out the possibility of an indirect 

interaction via co-purifying factors. Additionally, the examiners use Rag-1/2 

heterodimers in their experiments, whereas our laboratory only uses MBP-coreRag-1 

peptides in association experiments. Consequently, the physical interaction of the two 

Rag proteins may reveal a different epitope for Ku binding than the one presented on the 

surface of Rag-1 alone. 

Before the consequences of Rag-1 /Ku70 binding could be determined, the Ku70-

binding domain of Rag-1 must first be defined and refined. As a cell-based V(D)J 

recombination assay would be employed to assess the contribution of Ku70/Rag-1 

binding, and since the putative interaction domain is contained within the catalytic core 

of Rag-1, it was necessary to ensure that disruption of this interaction did not interfere 

with the recombinase activity of Rag-1. Three deletion constructs were generated in the 

initial refinement of the Ku70-binding domain (Figure 9). The first deletion construct 

generated removed the entire "Ku70 binding domain" previously identified (MBP-

coreRag-1 A660-763). The next two deletions further subdivided this region into two 

smaller deletions (MBP-coreRag-1 A600-720 and A721-763). These deletions were 

chosen on the basis that an entire structural domain, zinc finger B (ZFB; aa727-750), is 

contained within aa660-763. Zinc fingers are classically known to mediate protein-DNA 

interactions (239-240), yet have also been described in bridging protein-protein 

interactions (218). Therefore, MBP-coreRag-1 A660-720 was chosen to retain ZFB, 

whereas this domain is completely removed in MBP-coreRag-1 A721-763. The 

expression and purification of these proteins was verified via SDS-PAGE followed by 

Coomassie blue staining (Figure 10). 
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Association assays were used to identify which MBP-coreRag-1 deletions were 

capable of binding Ku70. As both Rag-1 and Ku70 are known DNA-binding factors, 

ethidium bromide was included in all binding reactions to ensure DNA-independent 

interactions. Using a variety of salt and detergent concentrations, association assays 

revealed Ku70 binding between all MBP-coreRag-1 derivatives, wild-type MBP-

coreRag-1, and MBP alone (Figures 11 and 12). As Ku70 binding was observed between 

the MBP negative control, it was clear that the interactions observed were non-specific. 

Many sources, including our laboratory, have established that the Ku heterodimer is a 

fairly "sticky" protein, in the sense that it can sustain non-specific interactions with 

cellular proteins and purification resins under reasonably stringent conditions (225,241). 

To rule out the possibility that Ku was non-specifically interacting with the TALON™ 

resin, association assays were performed with the Ku heterodimer immunoprecipitated 

from Jurkat nuclear T cell extracts, and TALON™-eluted MBP-coreRag-1 (wt and 

deletions) and MBP, alone. However, non-specific binding between Ku70 and all MBP-

coreRag-1 derivatives, as well as MBP alone, were still observed (Figure 13). 

As attempts to eliminate non-specific interactions proved insufficient, a 

commercially purified source of Ku70/80 was purchased for use in the subsequent 

association experiments. This route was chosen in lieu of further increasing the salt 

concentrations of the binding reactions, as it has been proposed that Rag 1/2 protein 

interactions with Ku70 or Ku80 could be unstable in buffers that contain high 

concentrations of monovalent salt (86). Ku70/80 purified from Baculovirus-infected Sf9 

insect cells (Baculo-Ku) is guaranteed to be greater than 90% pure, and is capable of 

complementing immunodepleted cell free DNA repair assays (220). Association assays 
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using Baculo-Ku proved sufficient to eliminate non-specific interactions, as binding with 

TALON™-bound MBP was not observed (Figure 14). Unfortunately, all TALON™-

bound MBP-coreRag-1 derivatives were capable of binding Baculo-Ku. This observation 

led to the conclusion that the region of Rag-1 spanning amino acids 660-763 is sufficient, 

but not required for binding Ku70. 

Stoichiometric analysis indicating the molecular ratio of Ku70 binding to Rag-1 

would provide better insight into the nature of this interaction. The amount of Ku70 

molecules associated with each Rag-1 molecule could provide clues as to why Ku70 

binding is still observed in the absence of the previously-identified "Ku-binding domain" 

(aa660-763). In this sense, one would be able to differentiate between a single molecule 

of Rag-1 binding multiple molecules of Ku70 or a single molecule of Rag-1 binding a 

single molecule of Ku70. In the former scenario, multiple independent Ku70 binding 

sites would be present on Rag-1. Therefore, the removal of aa660-763 would eliminate 

the binding of only one Ku70 molecule to Rag-1, a phenotype masked by the additional 

Ku70 molecules remaining bound to Rag-1. Conversely, the latter scenario would 

suggest that within the context of a properly folded protein, multiple regions of Rag-1 

cooperate to bind a single Ku70 molecule. This may indicate that the contribution of 

aa660-763 in this cooperative binding is minimal in the overall interaction of Rag-1 with 

Ku70. The stoichiometry of Rag-1 /Ku70 binding might be difficult to determine, as 

Raval's group indicated that this interaction is not stoichiometric, and is likely due to the 

labile nature of their association. 
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Section II: Examining the regulation of ectopic Artemis expression 

The Artemis nuclease was initially characterized in 2001 as molecularly deficient 

in individuals suffering from RS-SCID (radiosensitive severe-combined 

immunodeficiency) (217). Since its initial characterization, little information concerning 

the regulation of its expression or activity has been described. Endogenously, Artemis is 

ubiquitously expressed, although at considerably low levels (217). Endogenous Artemis 

expression also appears to be highly sensitive to nucleotide and/or amino acid changes. 

In 2002, Li et al characterized a founder mutation leading to A-SCID (Athabascan 

severe-combined immunodeficiency) resulting from a single-nucleotide substitution 

within exon 8 (150). This mutation (TAC—>TAA) results in the substitution of a tyrosine 

residue with a premature stop codon. With this type of mutation, one may expect to 

observe decreased Artemis at the protein level, as the truncated, and possibly misfolded, 

protein may be targeted for degradation. Instead, nearly complete abrogation of Artemis 

at the mRNA level is observed (150). In another example, Ege et al described a 

hypomorphic Artemis allele within an individual suffering from Omenn Syndrome (151). 

Genetic analysis of the affected individual indicated an MIT mutation on one allele, 

resulting in a protein translated from the second AUG, and therefore missing the first 

seven amino acids, and a H35D on the other allele, resulting in a catalytically-dead 

nuclease. In this case, similar levels of Artemis transcript were described between the 

individual suffering from Omenn Syndrome and a healthy individual, whereas Artemis 

protein levels in the affected individual were significantly reduced. These two examples 

illustrate the heightened sensitivity of Artemis to changes within its primary sequence, 
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and show how relatively small mutations (single nucleotide or amino acid substitutions), 

can significantly reduce Artemis expression at both the mRNA and protein levels. 

Within our laboratory, we have encountered extreme difficulty ectopically 

expressing Artemis, with the detection of the protein visible in only two cell lines (Figure 

16). Previous studies have also described difficulties in ectopically expressing Artemis. 

Moshous et al observed that, although they were able to obtain high transient levels of 

Artemis expression, they were unsuccessful in deriving stable transfectants for use in IR 

complementation studies (217). They hypothesized that this may reflect a toxicity of 

long-term high level expression of Artemis in transfected fibroblasts; a characteristic 

previously observed upon the overexpression of other human and murine homologs of 

SNM1 (217). This phenotype may be a characteristic of this family of proteins, which 

appears to be in agreement with the physiological low level RNA expression of these 

genes (242). In accordance with this, Evans et al were unable to derive cells stably 

expressing Artemis protein (wt and mutant) (152). Hypothesizing that the tight 

regulation of Artemis was limiting its ectopic expression, a series of experiments were 

conducted to identify the level(s) at which Artemis was being regulated. 

The transient transfection of a bicistronic pIRES-EGFP-Artemis construct into a 

range of different cell lines identified that Artemis could be ectopically expressed in only 

the HEK-293T and Cos-7 cell lines (Figure 16). EGFP expression was detected in all 

transfectants, indicating that the bicistronic Artemis/EGFP mRNA was being transcribed. 

The HEK-293T and HCT116 cell lines were chosen as the archetypal permissive and 

non-permissive cell lines, respectively, for subsequent experimentation. These were 

chosen on the basis that the HEK-293T cell line expresses both Artemis and EGFP well, 

83 



grows rapidly, is easily transfected, and does not appear to be negatively affected by the 

over-expression of Artemis over a 48 hour time span. The HCT116 cell line was used as 

the representative non-permissive cell line as these cells most closely parallel the HEK-

293 T cell line with respect to growth rate, ease of transfection and EGFP expression 

levels. 

The detection of EGFP in the non-permissive cell lines indicates that the ectopic 

expression of Artemis is not being regulated at the level of transcription. However, in 

order to rule out the possibility of Artemis-specific mRNA degradation or processing, 

Northern blot analysis of total RNA extracted from HEK-293T and HCT116 cells 

transiently transfected with the bicistronic EGFP construct (+/- Artemis sequence) was 

conducted. In this experiment, both bicistronic transcripts (EGFP +/- Artemis) were 

detected in the HEK-293T cell line (Figure 17AH). Interestingly, neither transcript was 

detected in the HCT116 cell line. This observation was contradictory to western blot and 

immunofluorescence data, where a strong EGFP signal could be consistently detected via 

both methods (refer to Figure 16). As comparable 28S and 18S rRNA levels were 

observed between both cell lines, the absence of transcripts in the HCT116 cell line could 

not be attributed to poor quality or low yield total RNA extracted (Figure 17Ai). Under 

the conditions used during probe hybridization, the 18S rRNA band is visible as a 

background signal on both blots. This band co-migrates with the EGFP transcript and 

may be sufficient to interfere with a weak EGFP signal in the HCT116 samples (refer to 

Figure 17Aii; HEK-293T samples). To address this issue, RT-PCR of total RNA 

extracted from HEK-293T and HCT116 cells transiently transfected with the bicistronic 

EGFP constructs (+/- Artemis sequence) was conducted. In this experiment, both 
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transcripts (EGFP +/- Artemis) were detected in both cell lines, thus confirming that 

Artemis is not being selectively degraded at the mRNA level. Although this method 

confirms the transcription of ectopic Artemis in the non-permissive cell line, it does not 

address why the EGFP/Artemis transcript was not observed via Northern analysis. This 

discrepancy may be due to a lower rate of ectopic Artemis transcription in the HCT116 

cells compared with to HEK-293T cells. Although similar levels of both transcripts were 

detected between the two cell lines via RT-PCR, this method is only semi-quantitative. 

To truly identify differences in transcriptional efficiency, QRT- (quantitative reverse 

transcription) PCR would need to be employed. 

In many instances, the turnover rate of a protein greatly influences its activity and 

accumulation within a cell (243-246). Cellular proteins have diverse turnover half-lives, 

ranging from a few minutes, to hundreds of hours (247-249). To investigate whether or 

not Artemis is being selectively targeted for post-translational degradation, inhibition of 

two separate protein-degradation pathways, proteasomal-mediated and lysosomal-

mediated protein degradation, was conducted. Post-translational degradation appears to 

be a good candidate in the regulation of the ectopic expression of Artemis, as sequence 

analysis indicates that approximately one third of Artemis' sequence is comprised of 

PEST residues (Appendix III). PEST-rich proteins often display shorter half-lives than 

other cellular proteins (250-252). Additionally, four potential PEST sequences (aa383-

402, aa495-520, aa610-629, and aa634-663) were identified within the p-CASP and C-

terminal domains of Artemis (253). MCF-7 cells were used as the non-permissive cell 

line during the protein degradation inhibition assays, as these cells over-express the 

insulin-like growth factor receptor 1 (IGFR1). IGFR1 has been shown to be selectively 
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targeted for lysosomal-mediated protein degradation; a process that can be blocked via 

pre-treatment of these cells with a neutralizing antibody against IGFR1 and chloroquine 

(221). In this sense, MCF-7 cells contain an internal control for the efficacy of the 

chloroquine-dependent inhibition of lysosomal-mediated protein degradation. To control 

for inhibition of proteasomal-mediated protein degradation, MCF-7 cells were also 

transiently transfected with myc-tagged GR; a steroid receptor whose proteasome-

dependent degradation can be blocked via treatment of cells with MG132 (222). 

Although moderate stabilization of IGFR1 and myc-GR was observed subsequent to 

prolonged chloroquine and MG132 treatment, respectively, neither EGFP stabilization 

nor Artemis protein were detected (Figure 18), indicating that Artemis is not being 

selectively targeted for protein degradation by either of these two pathways. 

The ectopic expression of Artemis does not appear to be regulated at the levels of 

transcription, selective post-transcriptional degradation, or post-translational 

proteasomal- or lysosomal-mediated protein degradation. To observe whether or not the 

mode of translation influences the ectopic expression of Artemis, a new bicistronic 

EGFP/Artemis construct was generated, in which EGFP would be translated in a cap-

dependent manner from a CMV promoter, and Artemis would be translated from an IRES 

in a cap-independent manner. The expression of Artemis and EGFP from both constructs 

in both the HEK-293T and HCT116 cell lines was examined via western blot and 

immunofluorescence analyses (Figure 19). It was observed that following IRES-

mediated, but not cap-dependent translation, Artemis protein levels could be detected via 

western blot analysis in the HCT116 cell line. Studies using mono- and bicistronic 

vector systems have demonstrated that the ECMV IRES can increase the translation of its 
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downstream gene at levels of 8-10 fold higher than those observed for the cap-dependent 

translation of the same protein (254). Indeed, this event was observed, as both EGFP and 

Artemis expression levels increased post-IRES translation relative to CMV-mediated 

translation (Figure 19B). This observation may indicate that ectopic Artemis is poorly 

translated in "non-permissive cell lines," and that this event can be circumvented via cap-

independent translation. The use of a coupled in vitro transcription/translation assay to 

monitor the ectopic expression of Artemis subsequent to cap-dependent versus IRES-

mediated translation in both cell lines would have been a useful tool in quantifying these 

differences. 

Indirect immunofluorescence in HEK-293T cell lines transiently transfected with 

the new Artemis/EGFP construct revealed the normal subcellular localization of both 

proteins. In the "non-permissive" HCT116 cell lines, however, Artemis appeared to be 

inconsistently mislocalized. Within some cells, Artemis appeared to be pan-cellular, with 

a slight enrichment within the nucleus, whereas in others, Artemis appeared to be 

excluded from the nucleus (refer to Figure 19 C, panels ii and iii). It is difficult to 

speculate what these collective observations mean within the context of the ectopic 

expression of Artemis. What does appear, however, is that the cap-independent, forced 

over-expression of Artemis in a cell line that cannot ectopically express Artemis under 

"normal" conditions (HCT116) results in the cytosolic accumulation of the protein. 

Literature describes only one other known instance of the cytosolic accumulation of 

Artemis, and that was observed in a subset of astrocytes within demyelinated plaques of 

PML (progressive multifocal leukoencephalopathy). Unfortunately, the nature of this 

mislocalization was not examined further (255). 
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The mislocalization of a protein following overexpression is a characteristic not 

unique to Artemis (256-257). For example, a similar phenotype has been described in the 

forced overexpression of the oncogene rgr. This recently identified GEF (guanine 

nucleotide exchange factor), like Artemis, is expressed physiologically at extremely low 

levels (217). However, when high level expression of RGR is forced (via the removal of 

a long 5'UTR with multiple AUGs), the normally Golgi-associated protein becomes 

localized to the plasma membrane, where it is involved in the activation of RAS (258). 

This closely parallels the behaviour of Artemis in HCT116 cells subsequent to IRES-

mediated translation, where the normally nuclear Artemis becomes cytosolic. What is 

perhaps more interesting is that endogenously, the overexpression of RGR can be 

triggered in a cell-cycle dependent manner via an IRES present within its sequence. 

Interestingly, sequence analysis of Artemis using the RegRNA program (259) indicates 

the presence of a potential IRES within its 5'UTR (see appendix IV). Additionally, the 

overexpression of Artemis in the HCT116 cells could be achieved via EMCV IRES-

mediated translation. Although Artemis has been implicated in the regulation of cell 

cycle progression (134, 260), it has not been shown to be regulated in a cell-cycle 

dependent manner. Interestingly, a related member of the metallo-|3-lactamase family of 

proteins, hSNMl, has been shown to contain an IRES within its 5'UTR (261). hSNMl 

shares homology with Artemis through an approximately 300aa region which includes 

the P-lactamase and P-CASP domains (130, 261). Endogenously, hSNMl transcripts are 

ubiquitously expressed and readily detected, however like Artemis, its protein levels are 

extremely low (261). It was shown that the hSNMl IRES could repress the expression of 

a downstream reporter gene by as much as 8-fold. Additionally, the IRES-mediated 
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expression of hSNMl was shown to increase protein expression levels from late prophase 

to metaphase, followed by a decline in late telophase (261). Together, it appears that the 

hSNMl IRES generally represses protein expression, except during mitosis, where it is 

responsible for increased translation. To elucidate the potential role of this regulatory 

element in the ectopic expression of Artemis, it would be interesting to observe the 

expression of an Artemis construct containing the full 5'UTR in cell-cycle 

synchronization studies. The potential IRES can be verified in a reporter gene assay with 

the use of a bicistronic dual luciferase construct (261b). This type of assays uses a 

reporter gene vector containing the ORFs of the Renilla (upstream) and firefly 

(downstream) luciferases separated by a short linker sequence. To test the presence of an 

IRES, the 5'UTR of Artemis would be inserted between the Renilla and firefly luciferase 

cistrons in lieu of the linker sequence. Following transfection of each construct into an 

appropriate cell line, the subsequent ratio of Renilla to firefly luciferase activity can be 

determined and quantified. An increase in firefly production would indicate the presence 

of an IRES. After confirming the presence of an IRES, its activity under different 

cellular conditions can be examined (cellular stress, post-DNA damage, cell-cycle 

dependence, etc). This may identify a novel means of regulating the expression of 

Artemis during periods of increased cellular stress. 

Section III: Identification of octamer-binding transcription factor-1 interactors 

The octamer-binding transcription factor-1 (Oct-1) has recently been described as 

a stress sensor, and has been shown to contribute to cell survival post-irradiation (65). In 

line with this, Oct-1 displays increased stabilization and hyper-phosphorylation following 
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DNA damage; a phenotype that is coincident with the down-regulation of numerous Oct-

1 responsive genes (58). The hyperphosphorylation of Oct-1 has been mapped to its 

glutamine-rich transactivation domain, and is dependent on DNA-PKcs kinase activity 

(58). Blocking DNA-PKcs dependent phosphorylation of Oct-1 via site-directed 

mutagenesis abolishes the contribution of Oct-1 to cellular survival post-irradiation (58). 

The identification of Oct-1 interacting factors with potential regulatory significance will 

be paramount in investigating the role of Oct-1 in post-DNA damage survival. A 

modified TAP method was chosen to facilitate this as it allows for the efficient 

purification of factors to near homogeneity from crude lysates (224). Additionally, the 

purification and elution processes are performed under exceptionally mild conditions, 

such that retention of the functional activity of purified factors can be achieved (224, 

267-269). 

To differentiate between basal Oct-1 interactors and those eliciting regulatory 

functions, a series of different conditions must be set up prior to the purification. 

Initially, it is important to identify Oct-1 interactors specific to the DNA-damage 

response. This can be achieved by comparing interactors purified from untreated 

HCT116 cells with those purified from cells treated with DNA-damaging agents. Even 

within this initial setup, there are numerous facets of the response to examine. For 

example, purifying factors from cell lysates generated immediately post-damage versus 

those collected at different recovery points is likely to yield different interactors. 

Additionally, the DNA-damaging agent itself, as well as the administered does and 

duration of damage may all influence the dynamics of purified Oct-1 interacting 

complexes or factors. 
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In addition to identifying interactors specific to the DNA damage response, it is 

important to investigate the contribution of Oct-1 hyperphosphorylation in the association 

of factors with potential regulatory significance. As previously noted, the DNA-PKcs 

dependent hyperphosphorylation of Oct-1 is essential for post-DNA damage survival. 

One could reasonably speculate that hyperphosphorylated Oct-1 would interact with a 

different pool of factors than basally or un-phosphorylated Oct-1. Since blocking the 

hyperphosphorylation of Oct-1 eliminates post-DNA damage survival, these interactors 

may be eliciting regulatory functions in the contribution of Oct-1 to this survival. To 

identify this subset of interactors, wild-type TAP-tagged Oct-1 as well as TAP-tagged 

Oct-1 with mutated DNA-PKcs phosphorylation sites would be used as bait. Tandem 

affinity purification could then be used to purify TAP-tagged Oct-1 and its associated 

interacting factors from cells stably expressing either bait protein (+/- DNA damage). In 

this sense, interactors (i) specific to the DNA damage response, and (ii) with potential 

regulatory significance can be identified. 

The first step in setting up this system is to select a suitable cell line. HCT116 

cells were selected as they grow quickly, are easily infected and their endogenous Oct-1 

demonstrates a reproducible post-DNA-damage phenotype following treatment with 

bleomycin, zeocin and etoposide. Interestingly, Oct-1 stabilization could not be observed 

following irradiation. 

HCT116 cells stably expressing an N-terminally TAP-tagged Oct-1 (NTAP-Oct-

1) were generated using a retroviral gene delivery system which results in the 

incorporation of NTAP-Oct-1 into the host cells genome. The pCeMM expression vector 

does not contain an antibiotic resistance marker for the selection of cell stably expressing 
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NTAP-Oct-1. Instead, selection can be achieved via FACS due to the co-expression of 

EGFP within these cells from an IRES. Unfortunately, although EGFP expression could 

be readily detected in the Phoenix-293T packaging cell line, it could not be observed in 

the HCT116 stables. Indirect immunofluorescence indicated that only approximately 

20% of the HCT116 cells within the mixed population were stably expressing NTAP-

Oct-1. Quantification of western blot data reveals that, within this mixed population of 

cells, NTAP-Oct-1 is expressed at levels approximately 3-fold higher than endogenous 

Oct-1 (Appendix V). This means that the per-cell expression of NTAP-Oct-1 is in the 

order of 16-fold higher than endogenous Oct-1. As the expression of the bait protein at 

levels as close to endogenous as possible is extremely important in identifying non-

spurious interactors, it was clear that the pCeMM system would not be suitable for 

identifying Oct-1 interactors via TAP. Instead, the entire GS-TAP cassette (+/- Oct-1) 

was subcloned into the pBABE retroviral vector. Stable expression of NTAP-Oct-1 

could be selected via puromycin treatment and would be driven by a much weaker 

promoter, the Malonely murine leukemia virus (MMLV) 5'LTR. Approximately 3-4 

days into puromycin selection, the control uninfected HCT116 cells died whereas those 

stably expressing NTAP-Oct-1 (and the puromycin resistance gene) survived. Western 

blot analysis shows NTAP-Oct-1 to be stably expressed at levels approximately 5-fold 

higher than endogenous Oct-1 (Appendix V). As the stable expression of NTAP-Oct-1 

has been continually selected for, it can be reasonable inferred that these cells represent a 

uniform population. Therefore, the expression levels determined via western analysis can 

be used approximate the per-cell expression levels of NTAP-Oct-1. Although pB ABE-

NT AP-Oct-1 is overexpressed relative to endogenous Oct-1, on a per-cell basis, these 
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levels are much lower than those observed in the previous system, and are suitable for 

identifying potential Oct-1 interactors via TAP. Unfortunately, indirect 

immunofluorescence using an a-Oct-1 polyclonal antibody was unable to detect 

differences in NTAP-Oct-1 expression levels over endogenous Oct-1 levels in a control 

cell line. This may reflect a limitation in the sensitivity of the antibody used for the 

detection of the Oct-1 expression level differences via indirect immunofluorescence. The 

use of Cy2-conjugated streptavidin to selectively identify the SBP portion of the GS-TAP 

tag via immunofluorescence also proved unsuccessful as low level, diffuse, pan-cellular 

staining was observed in both the stable and control HCT116 cell lines. Regardless of the 

lack of immunofluorescence data, by continuously selecting the infected cells with 

puromycin, thus ensuring that selective pressure on the stable expression of NTAP-Oct-1 

is achieved, one can reasonably assert that all cells within this population are expressing 

NTAP-Oct-1. In concert with this selection, the reduced expression levels of NTAP-Oct-

1 in these cells (relative to the first system) provide confidence that this system will be 

suitable for TAP analysis. 

Several small- to mid-scale TAP analyses from HCT116 cells either transiently 

transfected with pCeMM-NTAP-Oct-1 or stably expressing pBABE-NTAP-Oct-1 were 

performed. In each of these cases, several trends were observed. Firstly, binding of 

TAP-tagged Oct-1 to the IgG resin appears to be fairly efficient. By comparing the 

amount of NTAP-Oct-1 in the cell lysate (input) versus the amount remaining unbound 

post IgG resin binding (SN1) it could be estimated that greater than 70% of the bait 

protein can be purified from the crude lysate. Secondly, in the case of pCeMM-NTAP-

Oct-1, it appears that although TEV protease cleavage of the TAP-tagged protein appears 
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efficient (compare full-length NTAP-Oct-1 remaining on the IgG beads following TEV 

cleavage, Figure 23), recovery of the cleaved bait protein is poor. Figure 24 shows a 

significant amount of TEV-cleaved NTAP-Oct-1 remaining associated with the IgG resin 

following TEV cleavage, removal of the supernatant, and washing of the resin (compare 

lanes 4 to 6). Additionally, although this cleavage product can be observed in the TEV-

cleavage supernatant via western blot analysis, it is not visible in the same fraction on a 

silver-stained gel (Figure 26). Together these results indicate that the amount of TEV-

cleaved NTAP-Oct-1 recovered from the IgG resin is low, and that perhaps the resulting 

cleavage product has a high affinity for the IgG resin. An option is to scale-up the 

reaction such that sufficient amounts of TEV-cleaved NTAP-Oct-1 are recovered for use 

in the second step of purification. In the case of pBABE-NTAP-Oct-1, however, 

recovery of the TEV protease cleaved NTAP-Oct-1 appears much greater. During these 

sets of experiments, TEV cleavage was allowed to proceed for 1 hour at 30°C instead of 

overnight at 4°C. The optimization of this cleavage and recovery step allowed for 

detectable amounts of TEV cleaved NTAP-Oct-1 in all subsequent fractions, including in 

the final eluate (Figure 27). 

The final elution of NTAP-Oct-1 and co-purifying interactors form the 

immobilized streptavidin resin is achieved through incubation of the resin with a ImM 

biotin buffer. The high affinity of streptavidin for biotin (Ka ~ 1013 M'1) should be 

sufficient to displace the SBP-containing TAP-tagged proteins from the resin. Silver 

stain analysis of the final eluates of six small- and mid-scale tandem affinity purifications 

of pCeMM-NTAP-Oct-1 (transient expression) from HCT116 cell lysates indicates a 

factor migrating at approximately 55kDa. This factor is not present in the final eluates 
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from control HCT116 cell lysates (Figure 24). The band containing the unknown factor 

was carefully excised from the gel and sent for analysis. In-gel tryptic digest, followed 

by MS (mass spectrometry) analysis of the factor resulted in the identification of 33 

distinct m/z (mass-to-charge) peaks. Parallel analysis of a piece of gel excised from the 

control lane at the same migration (~55kDa) resulted in the identification of 11 distinct 

m/z peaks. The peaks on a mass spectrum represent the masses of the various peptides 

generated by the tryptic digest of the unknown factor. This form of mass spectrometry is 

known as peptide mass fingerprinting (PMF). Trypsin cleaves peptides on the carboxyl 

side of the amino acids lysine and arginine (except when followed by proline). As the 

amino acid sequence of each protein is unique, the resulting number of tryptic-peptides, 

as well as the mass of these peptides will be unique to each protein as well. The 

theoretical number and mass of the tryptic-peptides of a myriad of proteins has been 

determined and are available in PMF databases. By using analytical software to compare 

the number and masses of experimentally generated tryptic-peptides of an unknown 

factor with those compiled in databases, the identity of the unknown factor can be 

determined. Database searches using both the Aldente (262) and Mascot (263) programs 

revealed that the unknown 55kDa factor was human keratin (keratin type II; Hb6). 

Keratin is a common contaminating protein abundant on skin, hair and dust particles 

(264,265). It is not surprising to observe keratin contamination in MS data of proteins 

excised from gels. What is surprising is that the contaminating keratin band is specific to 

the NTAP-Oct-1 samples. Additionally curious is the lack of TEV-cleaved NTAP-Oct-1 

in the final eluates, which cannot be detected via western blot analysis or silver staining. 

This could perhaps be attributed to insufficient elution of the bait protein from the 
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streptavidin resin. Dissociation of the "interacting" keratin from resin-bound NTAP-Oct-

1 may have been facilitated by changes in the salt and pH conditions of the elution buffer 

(100 mM Tris-Cl (pH7.4), 2.5 mM biotin, 1 mM EDTA) relative to the binding buffer 

(50 mM Tris-HCl (pH8.0), and 0.5 mM EDTA). This could also explain why additional, 

perhaps more tightly-associated factors are not observed in the final eluate. 

The HCT116 cell line is derived from human colorectal cancers cells and 

naturally express endogenous keratin K5, K14 (HaCaT), K8, K18, and K19 (266). It is 

therefore conceivable that the keratin observed in the NTAP-Oct-1 containing eluate may 

be a bona fide interactor of Oct-1 and not merely a contaminating factor. It is perhaps 

more likely, however, that this interaction is spurious and merely a consequence of the 

endogenous overexpression of keratin within these cells coupled with the overexpression 

ofNTAP-Oct-1 within these cells. 

The final elution of pBABE-NTAP-Oct-1 and interacting factors from the 

streptavidin resin yielded significantly different results. Although identical stocks of 

elution buffer were used for the pCeMM and pBABE samples, elution was allowed to 

proceed overnight at 4°C as opposed to 2 hours at 4°C. In conjunction with the increased 

cleavage and recovery of TEV-cleaved NTAP-Oct-1, optimization of the biotin elution 

process resulted in the identification of four factors specific to NTAP-Oct-1 (Figure 26). 

These factors were not present in any of the other control eluates (NTAP-TAG or un­

infected), nor were they visible in the NTAP-Oct-1 (+ bleomycin) final eluate. Following 

the in-gel tryptic digest of the samples, MS analysis resulted in the identification of 45 

distinct m/z (mass-to-charge) peaks for sample 1 (lOOkDa factor), 11 m/z peaks for 

sample 2 (97kDa factor), 35 m/z peaks for sample 3 (65kDa factor), and 17 m/z peaks for 
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sample 4 (55kDa factor). Database searches using both the Aldente (262) and Mascot 

(263) programs allowed for the identification of only sample 1; the remaining three 

samples did not contain enough specific peptides for confident identifications. 

Sample 1 appears to be zinc finger protein 295 (Znf295). Znf295 is a 

ubiquitously expressed transcription factor belonging to the POK family of transcription 

factors containing both the BTB/POZ (Broad Complex, Tramtrack, and Brie a Brae/Pox 

virus and Zinc finger) and kriippel type (C2H2) zinc finger domains (270). The BTB/POZ 

domain has been shown to mediate homomeric and heteromeric protein-protein 

interactions, can target proteins to distinct nuclear substructures, and is involved in DNA 

binding, transcriptional repression/activation, and chromatin remodelling (270-272). 

These effects are elicited primarily through the association of members of the POK 

family of transcription factors with transcriptional co-factors (SIN3A (SIN3 homolog A), 

SMRT (silencing mediator for retinoid and thyroid hormone receptor) and NCOR1 

(nuclear receptor co-repressor 1) co-repressors, which in turn recruit HDACs (histone 

deacetylases)) (272b). Znf295 is expressed as two distinct isoforms, Znf295L and 

Znf295S, (119kDa and 96kDa, respectively) both of which have been shown to act in a 

selective manner on different promoters as transcriptional repressors (270). Due to the 

shared subcellular localization and parallel functionality of Znf295 with Oct-1, this 

potential interactor is a particularly exciting find. Additionally, as a differential 

interaction between Oct-1 and Znf295 was observed pre- and post-DNA damage, it is 

tempting to speculate that the nature of their interaction may be involved in the regulation 

of (a) gene(s) in response to DNA damageFollowing in vivo confirmation of the 
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interaction between these two factors, it will be interesting to examine which promoters 

are occupied by these factors both in the presence and absence of DNA damage. 

It is evident that the optimization of two key steps within the tandem affinity 

purification of NTAP-Oct-1 (the TEV cleavage and biotin elution steps) significantly 

altered the detection of interacting factors in the final eluate. Additional optimization and 

variation of this system ranging from the method of the cell lysate preparation, to the 

choice of DNA damaging agent, duration of treatment, and length of recovery times may 

all influence the interaction of Oct-1 with different factors. Furthermore, the use of Oct-1 

TAP constructs with mutated DNA-PKcs phosphorylation target sites will add a further 

dimension in the identification of Oct-1 interactors. In conjunction with treating the 

stably-expressing cells with DNA damaging agents, these constructs will be instrumental 

in the identification of Oct-1 interacting factors with potential regulatory significance. 

Overall, the tandem affinity purification of Oct-1 resulted in the identification of two 

factors using the TAP method (keratin with the pCeMM system, and Znf295 with the 

pBABE system). It is necessary, however, to confirm the interaction of each of these 

factors with Oct-1 in vivo. Co-immunoprecipitation of these potential interactors with 

endogenous Oct-1 would circumvent potential artefacts associated with the TAP 

procedure and bait overexpression. Overall, an early stage system in which the bait 

protein is expressed at suitable levels has been achieved. This system is also sensitive to 

DSB-inducing agents and displays a functional endogenous Oct-1 DNA-damage response 

phenotype. With the proper modifications and planning, the dynamic association of 

different interactors following the induction of DNA DSBs could be mapped throughout 
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the repair process across different recovery times, as well as in response to the different 

damaging agents and doses. 
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Conclusions 

Although DNA DSBs represent a continuous threat to the genomic integrity of 

our cells, they are also essential aspects of our immune system development. The 

pathways and coordination of the factors involved in regulating the repair of these lesions 

are as diverse as the types of DNA DSBs themselves. By examining three factors from 

the V(D)J recombination and NHEJ pathways, new insight into the regulation, activity, 

and expression of these factors has been achieved. Through the use of association assays, 

it was concluded that the region of Rag-1 spanning amino acids 660-763 is sufficient, but 

not required for binding Ku70. Additionally, we have found that ectopic Artemis is 

transcribed in the non-permissive HCT116 cell line, and does not appear to be regulated 

at the level of post-transcriptional degradation of the mRNA, or via proteasomal- or 

lysosomal-mediated protein degradation. However, we did observe that forcing the 

ectopic expression of Artemis in a non-permissive cell line via cap-independent 

translation can result in the mislocalization of Artemis. Lastly, an early-stage tandem 

affinity purification system was established in which the stable expression of NTAP-Oct-

1 was achieved at levels approximately 5-fold over endogenous Oct-1 levels. The 

identification of two Oct-1 interacting factors (keratin and Znf295) were identified via 

mass spectrometry, and await in vivo confirmation via coimmunoprecipitation 

experiments. 
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Appendices 

Appendix I. Table of primers and probes. 

Primer name 
CoreRag-1 primer I 
CoreRag-1 primer II 
CoreRag-1 primer III 
CoreRag-1 primer IV 

MCS top 
MCS bottom 

EGFP forward 
EGFP reverse 

Artemis antisense (1st strand cDNA) 
EGFP antisense (1st strand cDNA) 

Artemis forward (nested PCR) 
Artemis reverse (nested PCR) 
EGFP forward (nested PCR) 
EGFP reverse (nested PCR) 

32P-Artemis probe 
^P-EGFP probe 

Oct-1 forward (NTAP; pCeMM) 
Oct-1 reverse (NTAP; pCeMM) 
Oct-1 forward (NTAP; pBABE) 
Oct-1 reverse (NTAP; pBABE) 

NTAP cassette reverse (pBABE) 

Sequence 
5' -ggacacattcttcagtggggg-3' 

5' -aatccgtatcatgagtccgtggaag-3' 
5' -gcttctggctcagtctacatctgtac-3' 
5' -cataagacacaacggcttgcaacac-3' 

5' -atggcagatctggatccgtcgactcccgagtgc-3' 
5' -ggccgcactcgggagtcgacggatccagatctgccatggt-3' 

5' -gatatagctagcatggtgagcaaggcgaggagctg-3' 
5' -gatataccgcggttacttgtacagctcgtccatgcc-3' 

5' -agtttttgttcgaagggccctctagaggta-3' 
5' -ttacttgtacagctcgtccatgcc-3' 

5'- gatctgggctctgtacttcacctgcaaaag -3' 
5 '-atttagcaaacttttttcctcgggtatatg-3' 
5' -aagttcatctgcaccaccggcaagc-3' 
5' -cagcacggggccgtcgccgatggg-3' 

5' -cagtttttcaggctgcttttctgatactgc-3' 
5' -gatataccgcggttacttgtacagctggtccatgcc-3' 

5' -ggcggccggagatctatgaacaatccgtcagaaacc-3' 
5' -gcttttggccggcctctgtgccttggaggcggt-3' 
5' - ctatgaggatccatgggcacccccgcagtc-3' 

5' -attattgtcgactcacggctcgcgctgcccctgggg-3' 
5' -attattgtcgactcacggctcgcgctgcccctgggg-3' 
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Appendix II. Identifying the Ku70-binding domain of coreRag-1. 

Peptide mapping of the Ku70-binding domain of coreRag-1 using direct binding 
assays. MBP-coreRag-1 deletion products were expressed in bacteria and purified via 
the MBP moiety with an amylose resin. Following elution from the resin, purified 
proteins were incubated with 60ug Jurkat T cell nuclear extracts. Ku 
immunoprecipitation was performed on the incubation reaction with a Ku70 antibody. 
Ethidium bromide (200mg /ml) was included throughout the binding reactions. The 
presence of MBP-coreRag-1 constructs was detected with an anti-MBP antibody. The 
binding with Ku was compared with 10% of the input MBP fusion RAG1 proteins. 
Immunoprecipitated Ku was detected with an anti-Ku70 antibody. The smallest deletion 
identified that abrogated Ku binding was MBP-coreRag-1 (A660-763). Adapted from the 
thesis "Definition of Ku-interacting domains in RAG1 and RAG2 proteins in V(D)J 
recombination" by Xiuzhong Zheng (July 2005). 

r±^--.^/mm»77] MBP-coreRag-1 

Ku70 

] MBP-coreRag-1499_763 

Ku70 

MBP-coreRag-1573.763 

Ku70 

MBP-coreRag-1660.763 

Ku70 

| MBP-coreRag-1 793.1008 

Ku70 

MBP 

Ku70 
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Appendix III. Artemis PEST residues. 

The amino acid sequence of Artemis is depicted below. Green residues represent the |3-
lactamase domain (aal-155), orange residues represent the P-CASP domain (aal56-385) 
and black residues represent the C-terminal domain (aa386-692). PEST residues are 
represented by bold type. The four potential PEST sequences (aa383-102, aa495-520, 
aa610-629 and aa634-663), as determined by PESTfmd Analysis (253), are underlined. 

MSSFEGQMAEYPTISIDRFDRENLRARAYFLSHCHKDHMKGLRAPTLKRRLECS 
LKVYLYCSPVTKELLLTSPKYRFWKKRIISIE1ETPTQISLVDEASGEKEEIVVTL 
LPAGHCPGSVMFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVY 
LDTTFCDPRFYQIPSREECLSGVLELVRSWITRSPYHVVWLNCKAAYGYEYLFT 
NLSEELGVQVHVNKLDMFRNMPEILHHLTTDRNTQIHACRHPKAEEYFQWSKL 
PCGITSRNRIPLHIISIKPSTMWFGERSRKTNVIVRTGESSYRACFSFHSSYSEIKDF 
LSYLCPVNAYPNVIPVGTTMDKVVE1LKPLCRSSQSTEPKYKPLGKLKRARTVH 
RDSEEEDDYLFDDPLPIPLRHKVPYPETFHPEVFSMTAVSEKOPEKLROTPGCC 
RAECMQSSRFTNFVDCEESNSESEEEVGIPASLQGDLGSVLHLQKADGDVPQW 
EVFFKRNDEITDESLENFPSSTVAGGSQSPKLFSDSDGESTHISSONSSOSTHiTE 
QGSQGWDSQSDTVLLSSQERNSGDITSLDKADYRPTIKENIPASLMEQNVICPKD 
TYSDLKSRDKDVTIVPSTGEPTTLSSETHIPEEKSLLNLSTNADSQSSSDFEVPST 
PEAELPKREHLQYLYEKLATGESIAVKKRKCSLLDT 

129 



Appendix IV. A potential IRES is found within the 5'UTR of Artemis. 

A putative IRES was found in the 5'UTR of the Artemis nuclease using the RegRNA 
program (259). A potential structure of this IRES was determined using free energy 
calculations (total free energy -13.6kcal/mol) with a RNA secondary structure prediction 
web program (274). 

[M1~-—-as mm m m 

I ftAAAA •* Artemis mRKA sequence 

•* Open reading frames 

•* Potential IRESes 
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Appendix V: Determining the per-cell expression levels of pCeMM-NTAP-Oct-1 
and pBABE-NTAP-Oct-1. 

The GeneTools application (Syngene) was used for band quantification of NTAP-Oct-1 
and endogenous Oct-1 from the western blots shown in Figures 19 and 20. 

TAP system 

NTAP-Oct-1 
Endogenous Oct-1 

Background 
Corrected NTAP-Oct-12 

Corrected endogenous Oct-12 

Fold increase3 

1 values indicate band intensities in random units 

pCeMM 

2275700 
1338145 
891250 
1384450 
446895 

3.1 

Band intensity1 
pBABE 

287133 
219890 
202084 
85049 
17806 

4.8 

2 band intensity minus background 

3 ratio of corrected NTAP-Oct-1 over corrected endogenous Oct-1 

For pCeMM: 

• Approximately 20% of cells in a mixed population express NTAP-Oct-1 (based 
on IF data). 

• Western blot analysis of the mixed pool of cells shows a 3.1 -fold overexpression 
of NTAP-Oct-1. 

• Therefore: 
(20/100)(X) = 3.1 

where X represents the per-cell expression level of NTAP-Oct-1. 

X = 3.1 (100/20) 
= 15.5 

Therefore, the per-cell expression of NTAP-Oct-1 is approximately 16-
fold higher than endogenous Oct-1. 

For pBABE: 

• Conservatively approximate 95% of cells to express NTAP-Oct-1 (based on 
continuous puromycin selection). 

• Western blot analysis of the mixed pool of cells shows a 4.8-fold overexpression 
of NTAP-Oct-1. 

• Therefore: 
(95/100)(X) = 4.8 
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where X represents the per-cell expression level of NTAP-Oct-1. 

X = 4.8 (100/95) 
= 5.1 

Therefore, the per-cell expression of NTAP-Oct-1 is approximately 5-fold 
higher than endogenous Oct-1. 
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Appendix VI. Amino acid sequences of Rag-1, Ku70, Artemis and Oct-1. 

Ragl amino acid sequence 

1 maasfpptlg lssapdeiqh phikfsewkf klfrvrsfek tpeeaqkekk dsfegkpsle 
61 qspavldkad gqkpvptqpl lkahpkfskk fhdnekargk aihqanlrhl cricgnsfra 

121 dehnrrypvh gpvdgktlgl lrkkekrats wpdliakvfr idvkadvdsi hptefchncw 
181 simhrkfssa pcevyfprnv tmewhphtps cdicntarrg lkrkslqpnl qlskklktvl 
241 dqarqarqrk rraqarissk dvmkkiancs kihlstklla vdfpehfvks iscqicehil 
301 adpvetnckh vfcrvcilrc lkvmgsycps crypcfptdl espvksflsv lnslmvkcpa 
361 kecneevsle kynhhisshk eskeifvhin kggrprqhll sltrraqkhr lrelklqvka 
421 fadkeeggdv ksvcmtlfll alrarnehrq adeleaimqg kgsglqpavc lairvntfls 
481 csqyhkmyrt vkaitgrqif qplhalrnae kvllpgyhhf ewqpplknvs sstdvgiidg 
541 lsglsssvdd ypvdtiakrf rydsalvsal mdmeedileg mrsqdlddyl ngpflvvvke 
601 scdgmgdvse khgsgpwpe kavrfsftim kitiahssqn vkvfeeakpn selcckplcl 
661 mladesdhet ltailsplia ereamkssel mlelggilrt fkfifrgtgy deklvreveg 
721 leasgsvyic tlcdatrlea sqnlvfhsit rshaenlery evwrsnpyhe sveelrdrvk 
781 gvsakpfiet vpsidalhcd ignaaefyki fqleigevyk npnaskeerk rwqatldkhl 
841 rkkmnlkpim rmngnfarkl mtketvdavc elipseerhe alrelmdlyl kmkpvwrssc 
901 pakecpeslc qysfnsqrfa ellstkfkyr n 

Ku70 amino acid sequence 

1 msgwesyykt egdeeaeeeq eenleasgdy kysgrdslif lvdaskamfe sqsedeltpf 
61 dmsiqciqsv yiskiissdr dllavvfygt ekdknsvnfk niyvlqeldn pgakrileld 

121 qfkgqqgqkr fqdmmghgsd yslsevlwvc anlfsdvqfk mshkrimlft nednphgnds 
181 akasrartka gdlrdtgifl dlmhlkkpgg fdislfyrdi isiaededlr vhfeesskle 
241 dllrkvrake trkralsrlk lklnkdivis vgiynlvqka lkpppiklyr etnepvktkt 
301 rtfntstggl llpsdtkrsq iygsrqiile keeteelkrf ddpglmlmgf kplvllkkhh 
361 ylrpslfvyp eeslvigsst lfsallikcl ekevaalcry tprrnippyf valvpqeeel 
421 ddqkiqvtpp gfqlvflpfa ddkrkmpfte kimatpeqvg kmkaiveklr ftyrsdsfen 
481 pvlqqhfrnl ealaldlmep eqavdltlpk veamnkrlgs lvdefkelvy ppdynpegkv 
541 tkrkhdnegs gskrpkveys eeelkthisk gtlgkftvpm lkeacraygl ksglkkqell 
601 ealtkhfqd 

Artemis amino acid sequence 

1 mssfegqmae yptisidrfd renlrarayf lshchkdhmk glraptlkrr lecslkvyly 
61 cspvtkelll tspkyrfwkk riisieietp tqislvdeas gekeeiwtl lpaghcpgsv 

121 mflfqgnngt vlytgdfrla qgeaarmell hsggrvkdiq svyldttfcd prfyqipsre 
181 eclsgvlelv rswitrspyh vvwlnckaay gyeylftnls eelgvqvhvn kldmfrnmpe 
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241 ilhhlttdrn tqihacrhpk aeeyfqwskl pcgitsrnri plhiisikps tmwfgersrk 
301 tnvivrtges syracfsfhs syseikdfls ylcpvnaypn vipvgttmdk vveilkplcr 
361 ssqstepkyk plgklkrart vhrdseeedd ylfddplpip lrhkvpypet fhpevfsmta 
421 vsekqpeklr qtpgccraec mqssrftnfv dceesnsese eevgipaslq gdlgsvlhlq 
481 kadgdvpqwe vffkrndeit deslenfpss tvaggsqspk lfsdsdgest hissqnssqs 
541 thiteqgsqg wdsqsdtvll ssqernsgdi tsldkadyrp tikenipasl meqnvicpkd 
601 tysdlksrdk dvtivpstge pttlssethi peeksllnls tnadsqsssd fevpstpeae 
661 lpkrehlqyl yeklatgesi avkkrkcsll dt 

Oct-1 amino acid sequence 

1 mnnpsetskp smesgdgntg tqtngldfqk qpvpvggais taqaqaflgh lhqvqlagts 
61 lqaaaqslnv qsksneesgd sqqpsqpsqq psvqaaipqt qlmlaggqit gltltpaqqq 

121 lllqqaqaqa qllaaavqqh sasqqhsaag atisasaatp mtqiplsqpi qiaqdlqqlq 
181 qlqqqnlnlq qfvlvhpttn lqpaqfiisq tpqgqqgllq aqnlltqlpq qsqanllqsq 
241 psitltsqpa tptrtiaatp iqtlpqsqst pkridtpsle epsdleeleq faktfkqrri 
301 klgftqgdvg lamgklygnd fsqttisrfe alnlsfknmc klkpllekwl ndaenlssds 
361 slsspsalns pgieglsrrr kkrtsietni rvaleksfle nqkptseeit miadqlnmek 
421 evirvwfcnr rqkekrinpp ssggtssspi kaifpsptsl vattpslvts saattltvsp 
481 vlpltsaavt nlsvtgtsdt tsnntatvis tappassavt spslspspsa sastseassa 
541 setsttqtts tplssplgts qvmvtasglq taaaaalqga aqlpanasla amaaaaglnp 
601 slmapsqfaa ggallslnpg tlsgalspal msnstlatiq alasggslpi tsldatgnlv 
661 fanaggapni vtaplflnpq nlslltsnpv slvsaaaasa gnsapvaslh atstsaesiq 
721 nslftvasas gaasttttas kaq 
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