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Abstract 

Telomeres are the ends of chromosomes which are composed of repetitive DNA 

sequence and telomere associated proteins.  In C. elegans, the protein F39H2.5 was found 

to associate with the telomere, regulating both telomere length and genomic integrity.  

F39H2.5 is a member of the β-CASP family of proteins that are known to possess 

nuclease activity on DNA substrates.  I thus sought to address whether any of the 

human β-CASP family proteins associated with telomeres.  Here I show that hSnm1B 

localized to the telomere indirectly, via interaction with the double-stranded telomere 

binding protein TRF2.  The terminal 37 amino acids of hSnm1B are necessary and 

sufficient for binding TRF2, and moreover that binding to TRF2 stabilized hSnm1B 

protein by preventing ubiquitination.  In the absence of exogenous TRF2 this domain 

acted as a degron, promoting protein instability.  I thus termed the domain the 

Protection And INstability (PAIN) domain.  I hypothesize that TRF2 binding ensures 

that hSnm1B will only accumulate at telomeres by preventing the degradation of 

hSnm1B.  However, hSnm1B stability appears to be further regulated, as telomere 

specific DNA damage stabilized hSnm1B independent of the PAIN domain.  Thus, it 

appears that the telomere associated protein, hSnm1B, is regulated by protein stability in 

a manner that is both dependent and independent of the PAIN domain.   
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1. Introduction 

1.1 Structure and function of the telomere 

The following thesis describes the discovery and characterization of the novel 

human telomere associated protein, hSnm1B.  The telomere is located at the distal ends 

of chromosomes and is composed of both DNA and proteins.  The function of telomeres 

is twofold: to protect against loss of genetic material during replication and to protect 

the chromosome ends from illegitimate recombination and degradation (Blackburn 

2001). 

The DNA portion of telomeres consists of repetitive DNA sequence, the human 

telomeric sequence being (TTAGGG)N (Moyzis et al. 1988; Cheung and Deng 2008).   

Since the polymerase only progresses in a 5’ to 3’ manner along DNA and requires an 

RNA primer upstream of DNA synthesis during replication, the lagging strand of the 

chromosomes cannot be fully replicated because there is no space at the distal end of the 

chromosome for a primer to bind.  This is commonly referred to as the “end-replication 

problem” (Levy et al. 1992).  The presence of telomeric repeats at the ends of 

chromosomes act as a buffer to ensure that there is not a loss of valuable genetic material 

after replication.  The loss of telomeric DNA after each division is limiting to the 

replicative lifespan of most human somatic cells, and when telomeres become critically 
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short, the cell exits the cell cycle and undergoes senescence (Harley et al. 1990; Hastie et 

al. 1990; Campisi et al. 2001).  However, there are a few human cells which maintain 

telomere length, most notably germline cells and somatic stem cells which have limitless 

replicative potential (Hastie et al. 1990; Vaziri et al. 1994; Wright et al. 1996).  This 

replicative immortality is conferred upon cells through the activity of the enzyme 

telomerase.  Telomerase is a reverse transcriptase (Greider and Blackburn 1987) that 

consists of both an RNA (hTR) (Feng et al. 1995) and catalytic subunit (hTERT) 

(Meyerson et al. 1997; Counter et al. 1998) that transcribes additional telomeric repeats 

onto the terminal end of the chromosome.   

The proteinaceous component of the telomere regulates telomerase access, and is 

critical for maintenance of genomic stability.  There is a core set of six proteins (known 

as either the telosome or shelterin) that abundantly associate with the telomere (Liu, 

O'Connor et al. 2004; de Lange 2005).  These core proteins consist of two proteins that 

associate directly with double-stranded telomeric DNA, TRF1 and TRF2 (Chong et al. 

1995; Bilaud et al. 1997; Broccoli et al. 1997), one protein that associates directly with 

single-stranded telomeric DNA, POT1 (Baumann and Cech 2001), and three proteins 

that localize to the telomere via protein interactions TPP1, TIN2 and RAP1 (Kim et al. 

1999; Li and de Lange 2003; Houghtaling et al. 2004; Liu, Safari et al. 2004; Ye, 

Hockemeyer et al. 2004).   
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On the distal end of the telomere there is a 3’ overhang of single-stranded 

telomeric DNA (Henderson and Blackburn 1989).  There is strong evidence in vivo to 

suggest that this overhang loops around and invades a region of double-stranded 

telomeric DNA forming what is termed a t-loop (Griffith et al. 1999).  Figure 1 represents 

the distal end of the human telomere in a t-loop conformation with the addition of 

telosome proteins.    

 

 

Figure 1: The human telomere 

Model representing the distal end of a human chromosome such that leading strand 

telomeric DNA and lagging strand telomeric DNA are represented by green and red 

lines respectively.  The telosome proteins present at abundance at the telomere are 

labeled on the figure using a unique color for each of the six telosome proteins.  Adapted 

from (de Lange 2005).   
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1.2 Telomerase activation and cancer 

One of the key hallmarks of cancer is limitless replicative potential of cancer cells 

(Hanahan and Weinberg 2000).  Cancer cells achieve immortality through telomere 

maintenance, thus avoiding cellular senescence.  In 85% of cancers, telomere 

maintenance is achieved via expression of telomerase (Counter et al. 1992; Counter et al. 

1994; Kim et al. 1994; Shay et al. 2001).  In the remaining cancers, telomere maintenance 

is achieved via recombination at the telomere.  This has been termed the ALT pathway 

of telomere maintenance (Bryan et al. 1995; Stewart 2005).  Additionally, human cancers 

have short telomeres, presumably due to telomerase being activated late in cancer 

progression, leading to capping defects and chromosome fusions at the telomere caused 

by breakage-bridge-fusion cycles (Hastie et al. 1990; Counter et al. 1992; Counter et al. 

1994; Hiyama et al. 1995; Cheung and Deng 2008).  Inhibition of telomerase leads to cell 

death and apoptosis in cancer cells that maintain telomeres via telomerase (Hahn, 

Stewart et al. 1999; Zhang et al. 1999; Guo et al. 2001), whereas activation of telomerase 

in cooperation with other genetic changes is tumorigenic (Hahn, Counter et al. 1999; 

Kendall et al. 2006).  Thus, understanding the mechanisms of both telomere length and 

stability regulation have strong clinical applications with respect to cancer treatment.   



 

 

5 

1.3 The telosome 

The six telosome proteins have distinct functions in regulating telomere length 

and maintaining genomic stability (Fig 1).  Two telomeric proteins, TRF1 and TRF2, 

homodimerize and bind double-stranded telomeric repeats through a C-terminal Myb 

domain (Bianchi et al. 1997; Broccoli et al. 1997).  Overexpression of wild type TRF1 

leads to telomere shortening while overexpression of TRF1 lacking the Myb domain 

leads to telomere elongation, thus implicating TRF1 as a negative regulator of 

telomerase activity (van Steensel and de Lange 1997). 

POT1 is a telosome protein that binds single-stranded telomeric DNA through 

two oligonucleotide/oligosaccharide binding (OB) folds at the N-terminus of the protein 

(Baumann and Cech 2001; Baumann et al. 2002; Lei et al. 2004).  POT1 is both a critical 

regulator of telomere length as either the overexpression or knockdown of POT1 leads to 

telomere elongation at the telomere (Colgin et al. 2003; Veldman et al. 2004).  

Additionally, POT1 is required for maintenance of genomic stability, as loss of POT1 at 

the telomere leads to interphase DNA bridges between cells and a DNA damage 

response localized to the telomere (Veldman et al. 2004; Hockemeyer et al. 2005).  This 

DNA damage response is thought to be mediated through the DNA damage response 

protein ATR (Denchi and de Lange 2007).  The C-terminal region of POT1 is responsible 

for mediating protein interactions, and this region is known to directly interact with the 
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telosome proteins TRF2 and TPP1 (Houghtaling et al. 2004; Liu, Safari et al. 2004; Ye, 

Hockemeyer et al. 2004; Yang et al. 2005).   

In vitro data suggests that TPP1 forms a heterodimer with POT1 and assists in 

loading POT1 onto the 3’ overhang (Xin et al. 2007), protecting against a DNA damage 

response at the telomere (Hockemeyer et al. 2007; Barrientos et al. 2008).  Specifically, the 

interaction between POT1 and TPP1 is critical in capping the end of the chromosome; 

inhibiting the binding of RPA to the end of the chromosome (Barrientos et al. 2008).  

While TPP1 may assist in loading POT1 onto single-stranded telomeric DNA, our lab 

has found that binding of POT1 to TRF2 may be important for recruitment of POT1 to 

the telomere in vivo, as a POT1 mutant that cannot bind TRF2 does not show telomeric 

localization by immunofluorescence (Barrientos et al. 2008).   

The telosome member TIN2 localizes to the telomere via direct interaction with 

TRF1 and TRF2, and is critical for both telomere length regulation and the prevention of 

inappropriate DNA damage responses at the telomere (Kim et al. 1999; Kim et al. 2004; 

Ye, Donigian et al. 2004).  It is believed that TIN2 may stabilize both TRF1 and TRF2 at 

the telomere (Kim et al. 2004; Ye, Donigian et al. 2004).   

The telosome member RAP1 is recruited to the telomere through its interaction 

with TRF2 (Li et al. 2000).  RAP1 is thought to function primarily in telomere length 
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control, and loss of RAP1 on the telomere induces telomere elongation (Li and de Lange 

2003; O'Connor et al. 2004).   

Lastly, the telosome protein TRF2 is a key regulator of genomic stability and 

telomere capping.  Strong evidence suggests that TRF2 is the critical protein that 

organizes telomere structure as TRF2 has the ability to remodel telomeric DNA into a t-

loop structure in vitro (Griffith et al. 1999).  Removal of TRF2 from the chromosome end 

results in accumulation of end to end chromosome fusions, and leads to a DNA damage 

response at the telomere (van Steensel et al. 1998; Takai et al. 2003).  Chromosome 

fusions resulting from inhibition of TRF2 require a functional non-homologous end 

joining (NHEJ) pathway, as loss of DNA ligase IV, which is required for NHEJ, rescues 

these fusions (Smogorzewska et al. 2002).   

TRF2 also plays a key role in the recruitment of telomere associated proteins to 

the telomere.  TRF2 recruits many proteins to the telomere that are involved in DNA 

damage responses.  For example, both ATM and the MRN complex (MRE11, RAD50, 

NBS1) are recruited to the telomere by TRF2 in a cell cycle regulated manner (Zhu et al. 

2000; Karlseder et al. 2004; Verdun et al. 2005).  It is believed that these proteins may 

play a role in regulating telomere length and stability, in addition to processing the t-

loop during replication (Pandita 2002; Chai et al. 2006; Wu et al. 2007).  Other DNA 

damage response proteins such as the WRN and BLM helicases also associate with 
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TRF2, which stimulates the helicase activities of these proteins (Opresko et al. 2002).  

These helicases are important in telomere length regulation in ALT cells and have been 

speculated to resolve the t-loop during replication (Stavropoulos et al. 2002; Machwe et 

al. 2004; Opresko et al. 2004).   

Additionally, there are other proteins linked to DNA damage response pathways 

such as Ku70 or hSnm1B that are recruited to the telomere via TRF2 interaction (Song et 

al. 2000; Freibaum and Counter 2006).   

1.4 The β-CASP family of proteins 

As discussed in detail later, hSnm1B is a novel telomere associated protein that is 

also a member of the β-CASP family of proteins.  The β-CASP family of proteins is a 

subset of a larger family of proteins that contain a metallo-β-lactamase domain.  The 

metallo-β-lactamase domain consists of a highly conserved amino acid sequence with a 

Zn2+ center.  The metallo-β-lactamase family of proteins cleaves substrates that contain 

both a negative charge and an ester linkage (Aravind 1999).  Proteins within the β-CASP 

family act specifically on nucleic acid substrates.  Sequence homologies between these 

family members comprise a β-CASP domain.  Variation in specific amino acid sequence 

within this domain determines whether the enzymatic substrate is DNA or RNA 

(Callebaut et al. 2002; Bonatto et al. 2005).   
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The first protein identified in the β-CASP family was the Saccharomyces cerevisiae 

protein Snm1, also known as Pso2 (Cassier et al. 1980; Henriques and Moustacchi 1980; 

Kircher and Brendel 1983; Cassier-Chauvat and Moustacchi 1988; Haase et al. 1989).  

Yeast that express a mutant protein of Snm1 are defective in interstrand crosslink repair 

from which the Snm1 protein gets its namesake (sensitivity to nitrogen mustard) 

(Kircher and Brendel 1983).  A functional metallo-β-lactamase domain within Snm1 is 

required to process double-strand breaks formed as intermediates after the introduction 

of interstrand crosslinks , and thus is required for normal interstrand crosslink repair (Li 

and Moses 2003).  Additionally, deficiency in Snm1 leads to an exit from the cell cycle 

and arrest in G2 after the introduction of interstrand crosslinking agents (Grossmann et 

al. 2000).  Consistent with a role in DNA cleavage, in vitro analysis identifies Snm1 as a 

5’ to 3’ exonuclease (Li et al. 2005).  Finally, the SNM1 gene is transcriptionally regulated 

such that addition of interstrand crosslinking agents induces gene expression (Wolter et 

al. 1996).   

1.5 A β-CASP family member that regulates telomere length 

In Caenorhabditis elegans, the gene F39H2.5 was identified by the Ahmed lab at 

the University of North Carolina, as being essential for telomere maintenance.  

Mutations within this gene led to telomere shortening in the germline, telomeric fusions 

and eventually death after multiple generations.  These mutations have a similar 
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phenotype to mutations in Caenorhabditis elegans telomerase (Meier et al. 2006).  The N-

terminus of F39H2.5 shares strong homology to the telosome protein POT1, specifically 

to the OB fold domain of POT1 that is responsible for binding to single strand telomeric 

DNA.  The C-terminus of F39H2.5 shares strong homology to the yeast protein Snm1 

and contains a β-CASP domain.  This finding led us to examine the role of β-CASP 

proteins at the telomere in humans.  There are three mammalian proteins that contain a 

β-CASP domain that are thought to enzymatically cleave DNA substrates (Bonatto et al. 

2005).  These proteins are Snm1A, Artemis (Snm1C) and Snm1B.   

1.6 The β-CASP protein hSnm1A 

Snm1A has the most similar homology to yeast Snm1 and is occasionally referred 

to as mammalian Snm1 (Dronkert et al. 2000).  Similarly to the yeast protein Snm1, 

Snm1A retains 5’ to 3’ exonuclease activity (Hejna et al. 2007).  There is some evidence to 

suggest that Snm1A may play a similar role to the yeast protein as mouse cells lacking 

Snm1A are sensitive to the crosslinking agent mitomycin C (Dronkert et al. 2000).  

Additionally, it has been shown that Snm1A can effectively restore interstrand crosslink 

repair in yeast lacking Snm1 (Hazrati et al. 2008).  Human Snm1A has been shown to 

form punctate nuclear foci upon stimulation of DNA and physically associates with the 

DNA damage response protein 53BP1 (Richie et al. 2002).  However, additional evidence 

suggests that Snm1A may not function solely as the mammalian homolog of yeast Snm1.  
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The Snm1A promoter contains an IRES that suppresses translation of Snm1A 

throughout the cell cycle, with the exception of during mitosis (Zhang et al. 2002).  

Deletion of Snm1A abolished a mitotic checkpoint in mouse embryonic fibroblasts and 

rendered cells sensitive to mitotic spindle poisons (Akhter et al. 2004).  Additionally, 

Snm1A knockout mice have been shown to have increased susceptibility to both cancer 

and infection, possibly to a defect in innate immunity (Ahkter et al. 2005).   

1.7 The β-CASP protein Artemis (Snm1C) 

Artemis is the most well characterized protein within the β-CASP family.  

Artemis was originally identified as a protein harboring mutations that lead to severe 

combined immune deficiency with radio-sensitivity (RS-SCID) (Moshous et al. 2001).  

Individuals with RS-SCID are immuno-compromised, lacking T and B cells , and have 

increased sensitivity toward IR radiation (Moshous et al. 2000; Li et al. 2002).  Similarly 

to other β-CASP proteins, Artemis has 5’ to 3’ exonuclease activity in vitro.  However, in 

vivo Artemis has been found to associate with the DNA-PKcs and act as an endonuclease 

during V(D)J recombination by cleaving hairpin intermediates generated by the V(D)J 

recombination proteins RAG1 and RAG2 (Ma et al. 2002).  As expected, Artemis-

deficient mice have both increased sensitivity to radiation and immunodeficiency, and 

Artemis-null mouse embryonic fibroblasts have increased chromosome instability 

(Rooney et al. 2002).  Artemis has also been shown to act as a tumor suppressor, as mice 
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lacking Artemis and p53 form progenitor B cell tumors (Rooney et al. 2004).  There are 

also strong implications that Artemis has a role in DNA damage responses as it localizes 

to sites of double strand breaks and can interact with the DNA damage response 

proteins ATM, BRCA1 and the MRN complex.  Additionally, Artemis is phosphorylated 

by ATM after exposure to IR, or by ATR after exposure to UV radiation, and is required 

for a functional DNA damage induced G2/M checkpoint (Riballo et al. 2004; Zhang et al. 

2004).  Artemis has also been implicated in both telomere stability and length regulation.  

Mouse ES cells deficient in Artemis contain telomere fusions while human cells deficient 

in Artemis have been shown to have accelerated rates of telomere shortening (Rooney et 

al. 2003; Cabuy et al. 2005).   

1.8 The β-CASP protein Snm1B 

Prior to recent studies described in this thesis, very little was known about the 

mammalian Snm1B protein.  Snm1B was originally identified as a β-CASP family 

member by sequence homology to yeast Snm1 (Dronkert et al. 2000).  Knockdown of 

human Snm1B (hSnm1B) by siRNA led to increased sensitivity to interstrand 

crosslinking reagents and IR, and cells exposed to interstrand crosslinking agents were 

shown to have increased chromosomal instability (Demuth et al. 2004).  Additionally, 

chicken cells deficient in Snm1B were shown to be sensitive to the interstrand 

crosslinking reagent cisplatin but not sensitive to IR (Ishiai et al. 2004). 
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1.9 The human orthologue of the Caenorhabditis elegans protein 
F39H2.5 

Prior to work described in this thesis, it was unclear whether any of these three 

β-CASP family members is the human homolog of the Caenorhabditis elegans protein 

F39H2.5.  F39H2.5 has strong homology to hSnm1A (28%) and hSnm1B (32%) and 

slightly lesser homology to Artemis (28%) (E values 1x10-22, 4x10-28, and 3x10-10 

respectively).  These homologies lie exclusively within the metallo-β-lactamase / β-CASP 

domains and there is no homology with POT1 in any of the three human β-CASP 

proteins.  A diagram representing the homologies between F39H2.5 and both hSnm1A 

and hSnm1B is shown in figure 2.  Because hSnm1A and hSnm1B were more 

homologous to F39H2.5 than Artemis, and a role in telomere regulation by Artemis was 

already defined (Rooney et al. 2003; Cabuy et al. 2005), we sought to determine whether 

hSnm1A or hSnm1B had a role in regulation of the telomere.   
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Figure 2: F39H2.5 shares homology with both hPot1 and the human β-CASP 

proteins 

A diagram representing the domain structure of the C. elegans protein F39H2.5, human 

Snm1A and Snm1B.  F39H2.5 contains an N-terminal domain with 26% identity to the 

second OB fold of hPot1 (open box) and a C-terminal metallo-β-lactamase domain 

(hatched box).  The proteins hSnm1A and hSnm1B contain a metallo-β-lactamase 

domain with 28% and 32% homology to the same domain in F39H2.5 respectively. 
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2. hSnm1B is a novel telomere-associated protein 

2.1 Introduction 

 The ends of human chromosomes are capped and protected by a DNA-

protein structure termed the telomere.  The DNA portion of human telomeres is 

composed of a G-rich repeat (TTAGGG) that extends past the complementary C-rich 

strand, forming a 3’ extension.  This extension has been found by electron microscopy to 

loop back and invade the double-stranded region, forming a large loop structure termed 

the t-loop (Griffith et al. 1999).  The protein portion of telomeres is composed of a core of 

six proteins termed the telosome or shelterin (Wright et al. 1992; Liu, O'Connor et al. 

2004; de Lange 2005), three of which directly bind telomeric DNA: TRF1 (Smith and de 

Lange 1997), TRF2 (Bilaud et al. 1997; Broccoli et al. 1997), and hPOT1 (Baumann and 

Cech 2001); and three that associate with the DNA-binding proteins: TIN2 (Kim et al. 

1999), TPP1 (Houghtaling et al. 2004; Liu, Safari et al. 2004; Ye, Hockemeyer et al. 2004), 

and RAP1 (Li et al. 2000).  TRF1 and TRF2 bind double-stranded telomeric DNA 

(Broccoli et al. 1997) whereas hPOT1 binds the single-stranded region of the telomere 

(Baumann and Cech 2001).  In addition to this core complex, many other proteins are 

known to associate and function at the telomere, albeit at a smaller concentration and 

often indirectly through binding to TRF1 or TRF2 (de Lange 2005). 
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One protein that influences the stability of the telomere but is not a member of 

the described core telomeric complex is Artemis.  This protein is a member of the β-

CASP family of proteins that contain a unique metallo-β-lactamase domain that 

hydrolyzes nucleic acids (Aravind 1999).  Artemis is well established to play a role in 

non-homologous recombination where it forms a complex with DNA-PKCS, which 

cleaves the intermediate hairpin loop structure formed during V(D)J recombination and 

non-homologous end joining (Ma et al. 2002).  However, Artemis-deficient mice have 

increased telomeric fusions, suggesting that this family of proteins plays a role in 

telomere structure or function (Rooney et al. 2003).  Indeed, Artemis-deficient cell lines 

have increased rates of telomeric shortening as well as rapid accumulation of anaphase 

bridges (Cabuy et al. 2005). 

Five mammalian proteins belonging to the β-CASP family have been identified; 

two of which hydrolyze RNA (Christofori and Keller 1988; Gilmartin and Nevins 1989; 

Takagaki et al. 1989; Takaku et al. 2003) whereas the remaining three, Artemis, Snm1A, 

and Snm1B, are believed to function solely on DNA substrates (Callebaut et al. 2002).  

Snm1A localizes to DNA double-strand breaks after ionizing radiation; although cells 

lacking Snm1A are sensitive only to mitomycin C and not ionizing radiation (Dronkert 

et al. 2000; Richie et al. 2002).  Snm1A co-localizes with the DNA damage response 

protein 53BP1 before and after exposure to ionizing radiation (Richie et al. 2002).  
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Snm1A is also highly up-regulated during mitosis and is believed to function as a 

checkpoint protein during early mitosis (Zhang et al. 2002; Akhter et al. 2004).  Snm1A 

knockout mice have increased susceptibility to infection and tumorigenesis (Ahkter et al. 

2005), further suggesting a role in DNA repair and proper immune function similar to 

Artemis. 

Snm1B is the least well understood of the DNA-binding β-CASP family 

members.  Knockout of Snm1B in chicken cells and siRNA against Snm1B in human cells 

both result in mild sensitivity to interstrand crosslinking agents (Demuth et al. 2004; 

Ishiai et al. 2004).  Knockdown of Snm1B by siRNA induces an increase in aberrant 

metaphase morphology in human cells (Demuth et al. 2004). 

The importance of Artemis on telomere stability and telomere length regulation 

led us to examine whether the other two DNA-binding members of the β-CASP family, 

human (h)Snm1A and hSnm1B associate with telomeres. 

2.2 Methods 

Cell Culture: The transformed human embryonic kidney cell line, 293T, was 

cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf 

serum. 

Plasmids: hSnm1A was PCR amplified from plasmid clone (ATCC clone 7286032) 

to include a 5’ FLAG epitope sequence and subcloned into pBabePuro.  YFP was PCR 
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amplified from pEYFP-C3 (Clontech) and subcloned in frame at the N-terminus of 

FLAG-hSnm1A to generate YFP-FLAG-hSnm1A.  The sequence of hSnm1A was verified 

by DNA sequencing. 

hSnm1B was obtained by reverse transcriptase PCR amplification of dT primed 

293T RNA and subcloned in frame into pEGFP-C1 (Clontech).  The sequence of hSnm1B 

was verified by DNA sequencing.  hSnm1B or truncation mutants that result in 

fragments from amino acids 413-532, 463-532, 496-532, and 363-495 were generated by 

PCR and subcloned in frame with GFP lacking a stop codon, generating pBabePuro-

GFP-hSnm1B or mutants thereof. 

pcDNA3-myc-TRF2 was a kind gift from Dominique Broccoli.  The following 

truncation mutants of TRF2 were generated by PCR (numbers refer to the corresponding 

amino acid region amplified), N-terminally tagged with myc by cloning into pCMV-myc 

(Clontech): TRF2(2-100), TRF2(101-200), TRF2(301-400), TRF2(401-500), TRF2(2-300), and 

TRF2(246-445). 

Visualization of YFP-tagged hSnm1A, GFP-tagged hSnm1B, and TRF2: 293T cells 

grown on cover slips coated with 100 mg/ml poly-D-lysine, Mr > 300,000 (Sigma) were 

transiently transfected with either pBabe-YFP-FLAG-hSnm1A or pBabe-GFP-hSnm1B 

using FuGENE 6 (Roche Molecular Biochemicals) according to the manufacturer's 

protocols.  After 48 h, 293T cells were fixed in 3.7% formaldehyde in PBS for 10 min at 
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room temperature.  To visualize TRF2, 293T cells were then permeabilized with 0.5% 

Nonidet P-40 in 1× PBS and incubated with the human anti-TRF2 monoclonal antibody 

(Imgenex IMG-124A) at 1:5000 dilution.  The primary antibody was detected with the 

rhodamine (TRITC)-conjugated donkey anti-human IgG antibody (Jackson 

ImmunoResearch Laboratories).  The cells were then washed twice with PBS, mounted, 

and observed using the 100X objective lens on an Olympus IX70 confocal microscope. 

Chromatin Immunoprecipitation Assay: Chromatin immunoprecipitations were 

performed as previously described (Cheung et al. 2000) with the following 

modifications: A Branson sonifier microtip (Branson Ultrasonics) was used for 

sonication (output 3; duty cycle, 30% for five 10 sec bursts), after which insoluble 

material was pelleted by microcentrifugation (13,000 X g for 5 min at 4°C), the remaining 

lysate was diluted in lysis buffer (1:2).  30 μL of 50% slurry of GammaBind G Sepharose 

(Amersham Biosciences) was added to the lysate and incubated at 4°C for 1 h to pre-

clear the lysate.  The lysate was then transferred to new tubes and immunoprecipitated 

overnight with 4 μg of anti-GFP monoclonal antibody (Roche).  Lastly, dot blots were 

hybridized with a 32P-labeled oligonucleotide telomeric probe (T2AG3)4 in Church’s 

buffer overnight at 50°C followed by two washes with 4X SSC containing 0.1% sodium 

dodecyl sulfate (SDS).  After five days of phosphoimaging the blots were then stripped 

and probed with an α satellite probe (derived from plasmid p82H) (Mitchell et al. 1985) 
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in Church’s buffer overnight at 60°C followed by two washes with 0.1X SSC containing 

0.1% SDS.  Hybridization of the probes was confirmed with 10 μg of total genomic DNA 

blotted on each membrane. 

Immuoprecipitations: 293T cells were seeded in 6 cm tissue culture dishes and 

transfected with 3 μg of plasmid.  Nuclear lysates were collected 48 h later and 

immunoprecipitated overnight with 4 μg anti-GFP monoclonal antibody (Roche).  

Bound proteins were then collected on GammaBind G Sepharose, washed in RIPA 

buffer and denatured by boiling in SDS sample buffer.  The proteins were then 

separated by polyacrylamide gel electrophoresis and immunoblotted with the 

appropriate antibody.  Anti-myc antibody (Invitrogen) was used to detect myc-TRF2 

and myc-TRF2 truncation mutants.  Anti-GFP monoclonal antibody (Roche) and rabbit 

anti-GFP polyclonal antibody (Santa Cruz) were used to detect YFP-FLAG-hSnm1A, 

GFP-hSnm1B and GFP-hSnm1B truncation mutants.   

2.3 Results 

2.3.1 hSnm1B, but not hSnm1A, Localizes to the Telomere 

Perturbing Artemis function in mice leads to telomere defects (Rooney et al. 2003; 

Cabuy et al. 2005).  However, Artemis is only one of three putative DNA-binding 

proteins containing β-lactamase domains, the remaining two being hSnm1A and 
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hSnm1B (Callebaut et al. 2002).  hSnm1A and hSnm1B have also been found to localize 

to discrete punctate nuclear bodies (Ishiai et al. 2004), reminiscent of punctate nuclear 

localization seen with telomeric proteins (Broccoli et al. 1997).  We therefore tested 

whether hSnm1A or hSnm1B localized to the telomere.  To examine whether these 

proteins associate with telomeres in human cells, we assayed whether ectopic hSnm1A 

or hSnm1B co-localize with the known double-stranded telomeric-binding protein TRF2.  

Specifically, human 293T cells were transfected with either FLAG-hSnm1A or hSnm1B 

N-terminally tagged with YFP or GFP, respectively, for visualization purposes.  The 

localization of these fluorescent proteins was then compared to that of endogenous 

TRF2, as measured by immunofluorescence.  As previously reported, both YFP-FLAG-

hSnm1A and GFP-hSnm1B localized to discrete punctate nuclear bodies (Ishiai et al. 

2004).  However, only GFP-hSnm1B co-localized with endogenous TRF2 at the telomere 

(Fig 3).  These data support the notion that hSnm1B associates with telomeres. 
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Figure 3: hSnm1B, but not hSnm1A, localizes to the telomere 

293T cells were plated on coverslips, transiently transfected with either YFP-FLAG-

hSnm1A (left) or GFP-hSnm1B (right).  The cells were then fixed, permeabilized, and 

incubated with TRF2 monoclonal antibody.  The TRF2 antibody was visualized with the 

rhodamine (TRITC)-conjugated donkey anti-human IgG antibody (top).  YFP-FLAG-

hSnm1A was found to localize to punctate nuclear bodies (center left) but did not co-

localize with TRF2 (bottom left).  GFP-hSnm1B was found to localize to punctate nuclear 

bodies (center right) that co-localize with TRF2 (bottom right). 
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To independently confirm the localization of hSnm1B to telomeres, we tested 

whether hSnm1B associates with telomeric chromatin in vivo by chromatin 

immunoprecipitation.  GFP-hSnm1B was transiently expressed in 293T cells for 48 

hours, cells were crosslinked, lysed, the chromatin sheared, and the tagged protein 

immunoprecipitated with GFP antibody.  To detect associated telomeric DNA, DNA 

was purified from the immunoprecipitate, blotted on a membrane, and hybridized with 

a telomeric probe to determine specific protein-telomere interactions.  As a control for 

non-specific association with telomeric DNA, GFP and YFP-FLAG-hSnm1A, both of 

which are not found to be associated with telomeric DNA by immunofluorescence (Fig 3 

and not shown) were similarly expressed in 293T cells and analyzed for association with 

telomeric DNA in parallel with GFP-hSnm1B.  We also stripped and re-hybridized the 

membranes with a centromeric probe to control for non-specific protein-DNA 

interactions.  Lastly, to ensure that interactions with telomeric DNA were specific, non-

crosslinked controls were also subject to chromatin immunoprecipitation (Fig 4A).  We 

found that hSnm1B co-immunoprecipitated specifically with telomeric DNA (Fig 4A,B), 

as a strong signal was detected when hSnm1B immunoprecipitates were hybridized 

with a telomeric probe, but not the centromeric probe (Fig 4A,C); and only background 

signal was detected with the telomeric probe in the absence of crosslinking.  Similarly, 
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immunoprecipitates from control GFP and YFP-FLAG-hSnm1A gave background 

signals with both the telomeric and centromeric probes (Fig 4A-C).  We thus conclude 

that hSnm1B associates with telomeres in vivo.   

 

 

Figure 4: hSnm1B binds telomeric DNA in vivo 

A, 293T cells were transiently transfected with GFP alone, YFP-FLAG-hSnm1A, GFP-

hSnm1B, or GFP-hSnm1B(363-495) and either treated with formaldehyde to crosslink 

proteins and DNA or left untreated as a control.  The cells were then subjected to 

chromatin immunoprecipitation with an anti-GFP monoclonal antibody following 

southern blotting with a telomeric probe.  As a control, membranes were also stripped 

and re-hybridized with a centromeric probe to determine non-specific DNA interactions.  

Graphical quantification of B, telomeric or C, non-specific centromeric hybridization 

signals of the indicated chromatin-immunoprecipitated proteins.  Only hSnm1B 

specifically immunoprecipitated telomeric DNA. 
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2.3.2 The C-terminus of hSnm1B Binds TRF2 

Given that the immunofluorescence and chromatin immunoprecipitation 

experiments demonstrate that hSnm1B associates with telomeres in vivo, we sought to 

determine how hSnm1B is tethered to telomeres.  We explored the possibility that 

hSnm1B localizes to the telomere via protein-protein interaction.  Since TRF1, TRF2, and 

hPOT1 are the core proteins directly associating with telomeric DNA and these proteins 

are known to serve as a scaffold for proteins to telomeres (de Lange 2005), we first tested 

whether they associate with hSnm1B.  293T cells were transiently transfected with GFP-

hSnm1B, immunoprecipitated with an anti-GFP monoclonal antibody and blotted with 

an anti-TRF1, TRF2, or hPOT1 antibody to detect for an association with endogenous 

TRF1, TRF2 or hPOT1, respectively.  Of these, only TRF2 appeared to co-

immunoprecipitate with hSnm1B (Fig 5A and not shown).  This interaction was specific 

to hSnm1B, as transiently expressed YFP-FLAG-hSnm1A did not co-immunoprecipitate 

with TRF2 (Fig 5C). 

To further explore the association of TRF2 with hSnm1B, we mapped the TRF2-

binding domain on hSnm1B.  We focused on the C-terminus of hSnm1B, as this region is 

not conserved with hSnm1A, which does not associate with telomeres.  Three 

progressively larger N-terminal truncation mutants of hSnm1B (413-532, 463-532, 496-

532) were generated and N-terminally tagged with GFP (Fig 5B), transiently expressed 
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in 293T cells, after which the mutant proteins were immunoprecipitated with GFP 

monoclonal antibody and immunoblotted with an anti-TRF2 antibody to detect 

endogenous TRF2 (Fig 5C).  All three progressively shorter C-terminal fragments co-

immunoprecipitated with TRF2, including GFP-hSnm1B(496-532), the polypeptide 

encompassing the last 37 amino acids of the protein.  This suggests that the most 

terminal amino acids are responsible for the TRF2 interaction.  In agreement, a mutant 

lacking these C-terminal 37 amino acids, GFP-hSnm1B(363-495), was not capable of 

binding TRF2.   

We next tested if the TRF2-binding region of hSnm1B was required for telomere 

association in vivo by chromatin immunoprecipitation.  Specifically, the GFP-

hSnm1B(363-495) was transiently expressed in 293T cells, immunoprecipitated with an 

anti-GFP monoclonal antibody, and associated telomeric DNA detected by 

hybridization with a telomeric probe.  Unlike full-length hSnm1B, the TRF2-binding 

mutant did not co-immunoprecipitate with telomeric DNA (Fig 4).  Based on these in 

vitro and in vivo experiments, we conclude that hSnm1B is localized to telomeres via an 

interaction with TRF2.   
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Figure 5: TRF2 interacts with the C-terminus of hSnm1B 

A, 293T cells were transiently transfected with GFP-hSnm1B and immunoprecipitated 

with GFP monoclonal antibody.  The resultant immunoprecipitates were separated on a 

polyacrylamide gel and blotted with either GFP monoclonal antibody (top) or TRF2 

monoclonal antibody (bottom).  GFP-hSnm1B was found to co-immunoprecipitate with 

endogenous TRF2.  Control mock transfected cells were unable to co-immunoprecipitate 

TRF2.  B, To elucidate the TRF2-binding domain, the indicated GFP tagged hSnm1B 

truncation mutants were generated.  C, 293T cells were transiently transfected with YFP-

FLAG-hSnm1A, GFP-hSnm1B or a GFP-tagged truncation mutant of hSnm1B, followed 

by immunoprecipitation with GFP monoclonal antibody, separation on a 

polyacrylamide gel, and blotting with either GFP polyclonal antibody (top) or TRF2 

monoclonal antibody (bottom).  All of these mutants were able to co-immunoprecipitate 

endogenous TRF2 except mutant GFP-hSnm1B(363-495).  YFP-FLAG-hSnm1A was 

unable to co-immunoprecipitate TRF2. 
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2.3.3 hSnm1B Interacts with the TRFH Domain of TRF2 

Because TRF2 is known to interact with a number of telomere-binding proteins, 

we were interested in determining what domain of TRF2 was required for the 

interaction with hSnm1B.  A panel of N-terminal myc-tagged TRF2 truncation mutants 

were generated (Fig 6A) and assayed for association with hSnm1B.  Specifically, 293T 

cells were transiently transfected with wild-type or mutant myc-TRF2 and GFP-hSnm1B, 

after which hSnm1B was immunoprecipitated with an anti-GFP monoclonal antibody 

followed by immunoblotting with an anti-myc antibody to detect associated ectopic 

TRF2.  Only full-length TRF2 and a truncation mutant corresponding to the first 300 

amino acids of TRF2, myc-TRF2(2-300), were able to interact with GFP-hSnm1B (Fig 6B).  

This mutant encompasses both the N-terminal basic domain of TRF2 as well as the TRF2 

homology domain, which is essential for dimerization and for known protein-protein 

interactions (Fairall et al. 2001).  The basic domain is not sufficient for interaction with 

GFP-hSnm1B, as a mutant containing the entire domain, myc-TRF2(2-100), is unable to 

be immunoprecipitated with GFP-hSnm1B (Fig 6B).  Thus, the TRF homology domain of 

TRF2 is most important for interacting with hSnm1B.  Interestingly, far more hSnm1B 

was immunoprecipitated when TRF2 or the hSnm1B-binding domain of TRF2 was over-

expressed (Fig 6B), perhaps suggesting that binding of TRF2 either increases the stability 
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of hSnm1B or produces a conformational change within hSnm1B that fosters 

immunoprecipitation.  

 

 

 

Figure 6: The TRF2 Homology Domain is Required For Interaction with 

hSnm1B 

A, To elucidate the hSnm1B interaction domain on TRF2, the indicated N-terminal myc 

epitope-tagged TRF2 truncation mutants were generated.  B, 293T cells were transiently 

transfected with GFP-hSnm1B and either myc-TRF2 or a myc-tagged TRF2 truncation 

mutant, followed by immunoprecipitation with GFP monoclonal antibody.  The 

immunoprecipitates were then separated on a polyacrylamide gel and blotted with 

either GFP monoclonal antibody (top) or myc antibody (middle).  5% of the nuclear 

extracts were used for inputs to verify expression of the TRF2 truncation mutants 

(bottom).  hSnm1B was found to strongly interact only with wild type TRF2 and the 

region of TRF2 containing the complete TRF2 homology domain. 
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2.4 Discussion 

We have shown that hSnm1B is a novel telomeric associated protein.  In addition, 

we have shown that hSnm1B co-immunoprecipitates with the double-stranded 

telomere-binding protein TRF2.  This interaction occurs via a TRF2 interaction domain 

on the C-terminus of hSnm1B.  We speculate that hSnm1B is recruited to the telomere 

via the interaction with TRF2, although we have not yet determined whether this 

interaction is direct or indirect.  What hSnm1B does at the telomere can only be 

speculated at this point.  On one hand, since Artemis can cleave single-stranded DNA 

loop structures (Ma et al. 2002), it is possible that hSnm1B may play a role in processing 

the telomeric t-loop structure.  Alternatively, as the budding yeast Snm1 possesses 5’ 

exonuclease activity in vitro (Li and Moses 2003; Li et al. 2005), perhaps hSnm1B 

generates the single-stranded 3’ overhang at the end of the telomere.  Nevertheless, the 

association of hSnm1B with telomeres argues that this protein is likely performing some 

function critical to telomere structure or function.   
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3. The PAIN domain of hSnm1B regulates protein 
stability 

3.1 Introduction 

Telomeres are DNA/protein structures that protect the ends of chromosomes 

from illegitimate recombination and degradation (Blackburn 2001).  The DNA portion of 

human telomeres is composed of a G-rich repeat (TTAGGG) that extends past the 

complementary C-rich strand, forming a 3’ extension.  This extension loops back and 

invades the double-stranded region, forming a lariat structure termed the t-loop that is 

thought to play a role in telomere function (Griffith et al. 1999).  The core set of telomere 

proteins in humans that bind directly to telomeric DNA is composed of one protein, 

POT1, that binds directly to single-stranded telomeric DNA, and two proteins, TRF1 and 

TRF2, that bind directly to double-stranded telomeric DNA (Liu, O'Connor et al. 2004; 

de Lange 2005).  The latter protein, TRF2, binds double-stranded telomeric DNA as a 

homodimer, and has been shown to promote t-loop formation in vitro (Griffith et al. 

1999).  Disruption of TRF2 function leads to telomere fusions and a DNA damage 

response (van Steensel et al. 1998; Karlseder et al. 1999).  As such, TRF2 plays a critical 

role in the structure and function of telomeres.  TRF2 also recruits a number of proteins 

to the telomere (de Lange 2005), and hence understanding the relationship of these 

proteins to TRF2 could shed light on the central role TRF2 plays at the telomere. 
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One such protein that binds to TRF2 in human cells is hSnm1B (Freibaum and 

Counter 2006; Lenain et al. 2006; van Overbeek and de Lange 2006).  hSnm1B is one of 

three human homologues of the yeast S. cerevisiae protein Snm1, also known as PSO2, so 

named because mutants of snm are sensitive to nitrogen mustard (Henriques and 

Moustacchi 1980; Kircher and Brendel 1983; Henriques and Brendel 1990).  Snm1 is a 

member of the β-CASP family of proteins that contain a metallo-β-lactamase domain 

and possess nuclease activity (Callebaut et al. 2002; Bonatto et al. 2005).  In humans, the 

three proteins with homology to Snm1 are Snm1A, Artemis (Snm1C), and Snm1B 

(Apollo) (Bonatto et al. 2005; Lenain et al. 2006; van Overbeek and de Lange 2006).  

Snm1A is a mitotic checkpoint protein (Zhang et al. 2002), and Snm1A-/- knockout mice 

have a predisposition to cancer and are susceptible to infection (Ahkter et al. 2005).  

Artemis (Snm1C) is critical for processing single strand intermediates formed during 

V(D)J recombination, and is involved in the maintenance of telomere length and 

genomic stability (Ma et al. 2002; Rooney et al. 2003; Cabuy et al. 2005).  Finally, 

knockdown of hSnm1B by RNAi sensitizes cells to interstrand crosslinking agents 

(Demuth et al. 2004), induces DNA-damage foci formation at telomeres in S-phase (van 

Overbeek and de Lange 2006), and further increases the number of these foci in cells in 

which TRF2 function is disrupted (Lenain et al. 2006; van Overbeek and de Lange 2006).  

The binding of hSnm1B to TRF2 (Freibaum and Counter 2006; Lenain et al. 2006; van 
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Overbeek and de Lange 2006), the telomere localization of hSnm1B (Freibaum and 

Counter 2006; Lenain et al. 2006; van Overbeek and de Lange 2006), and formation of 

DNA-damage foci at telomeres upon knockdown of hSnm1B (Lenain et al. 2006; van 

Overbeek and de Lange 2006) indicate that hSnm1B is a bona fide telomere-associated 

protein. 

We previously found that ectopic expression of TRF2 was associated with higher 

levels of hSnm1B, suggesting that protein stability may be a means of regulating 

hSnm1B function (Freibaum and Counter 2006).  A common mechanism by which 

protein stability is regulated is poly-ubiquitination and subsequent degradation by the 

proteasome (Wilkinson 2000).  Moreover, the stability and function of at least two other 

telomere-associated proteins, hTERT and TRF1, are regulated via poly-ubiquitination 

and degradation via the proteasome (Chang et al. 2003; Kim et al. 2005; Lee et al. 2006).  

This prompted us to investigate the relationship between TRF2 and hSnm1B protein 

stability.  Here we report that hSnm1B contains a 37 amino acid Protection And 

INstability (PAIN) domain that is responsible for binding to TRF2, localization to 

telomeres, and TRF2-mediated protein stability but conversely also for protein 

instability. 
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3.2 Methods 

Cell Culture: Human cell lines 293T and HeLa were cultured in Dulbecco's 

modified Eagle's medium supplemented with 10% fetal calf serum. 

Plasmids: pcDNA3-myc-TRF2 was a kind gift from Dominique Broccoli, pHA-

ubiquitin was a kind gift from Xiao-Fan Wang.  pCMV-myc encoding myc-epitope 

tagged TRF2ΔDNA (encoding amino acids 2-300) and TRF2ΔSnm (encoding amino acids 246-

445), and pEGFP (-C1) and pBabePuro alone or encoding N-terminally GFP-tagged 

hSnm1B (GFP-hSnm1B) were previously described (Freibaum and Counter 2006).  

pCMV5-FLAG-hSnm1B was engineered by subcloning N-terminally FLAG epitope-

tagged hSnm1B (FLAG-hSnm1B) into pCMV5 (Andersson et al. 1989).  pBabepuro-GFP-

hSnm1BΔTRF2, -GFP-hSnm1BΔPAIN and -GFP-STOP-hSnm1B were generated by 

introducing a STOP codon by site-directed mutagenesis after amino acid 462 of hSnm1B, 

495 of hSnm1B, and between GFP and hSnm1B in the sequence in aforementioned 

plasmid pBabePuro-GFP-hSnm1B.  pEGFP-hSnm1B∆PAIN was generated by introducing a 

STOP codon by site-directed mutagenesis after amino acid 462 (of hSnm1B) in the 

aforementioned plasmid pEGFP-hSnm1B.  The six pBabePuro-GFP-PAINN1 to -PAINN6 

plasmids were generated by substituting every consecutive six amino acids beginning 

with mutant N1 at amino acid 496 (of full length hSnm1B) with the sequence NAAIRS 

by site directed mutagenesis, as previously described (Armbruster et al. 2001), in the 
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PAIN domain of the plasmid pBabePuro-GFP-PAIN (previously called pBabePuro-GFP-

hSnm1B[496-532]) (Freibaum and Counter 2006).  All mutations were confirmed by 

direct sequencing. 

Visualization of GFP-tagged hSnm1B and GFP-hSnm1B∆PAIN: 293T cells grown on 

cover slips coated with 100 mg/ml poly-D-lysine, Mr > 300,000 (Sigma) were transiently 

transfected with either pEGFP-hSnm1B or pEGFP-hSnm1B∆PAIN and/or pcDNA3-myc-

TRF2 using FuGENE 6 (Roche Molecular Biochemicals) according to the manufacturer's 

protocols.  After 48 h, cells were fixed in 3.7% formaldehyde in PBS for 10 min at room 

temperature.  The cells were then washed twice with PBS, mounted, and observed using 

the 100X objective lens on an Olympus IX70 confocal microscope. 

Immunoblot: 293T cells were seeded in 10 cm tissue culture dishes and transiently 

transfected with 2.5 μg of each of the combinations of the plasmids encoding the 

indicated transgenes using the Fugene6 reagent as above.  Whole cell lysates were 

collected in RIPA buffer 48 h later and immunoblotted with primary antibodies α-FLAG 

(M2) (Sigma), α-myc (Invitrogen), and α-GFP (B-2) (Santa Cruz),  α−βtubulin (2.1) 

(Sigma) to detect FLAG-hSnm1B and derived mutants, myc-TRF2 and derived mutants, 

GFP-tagged hSnm1B proteins and βtubulin, respectively. 

Immuoprecipitations: 293T cells were seeded in 10 cm tissue culture dishes and 

transfected with 2.5 μg of each of the combinations of the plasmids encoding the 
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indicated transgenes using the Fugene6 reagent as above.  Whole cell lysates were 

collected in RIPA buffer 48 h later and immunoprecipitated for 2 hours using anti-FLAG 

M2 agarose (Sigma), resolved by SDS-PAGE and immunoblotted with primary 

antibodies α-FLAG (M2) (Sigma), α-HA (Roche), and α-poly-ubiquitin (P4D1) (Santa 

Cruz) to detect hSnm1B and poly-ubiquitinated hSnm1B, respectively. 

Colony Formation Assay: HeLa cells were infected with retrovirus generated from 

the aforementioned pBabePuro constructs as previously described (O'Hayer K and 

Counter 2005), 48 h later media was supplemented with 1.0 µg/ml of puromycin (Sigma) 

and cells cultured a further two weeks before plates were stained with crystal violet to 

visualize puromycin-resistant colonies. 

Reverse Transcriptase PCR: 293T cells were transiently transfected with 1 μg of the 

plasmids pBabePuro, pBabePuro-GFP-STOP-hSnm1B, -GFP-hSnm1B, -GFP-hSnm1BN2 

and -GFP-hSnm1BN3.  After 48 hours, RNA was purified from the cells using the RNA-

Bee reagent (Tel-Test) according to the manufacturer’s instructions, and reverse 

transcribed with an oligo dT primer as previously described.  Resultant cDNA was PCR-

amplified with primers 5’-AACAGCCACAACGTCTATATC’ and 5’-

AAGAAGAGACGTGCGGTGCCAG’ to specifically detected ectopic GFP-hSnm1B or 

primers 5'-GAGGTGCAGAGCGACTAC and 5'-GCTGTTCACCTGCAAATCCA to 

detect GAPDH as a control. 
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3.3 Results 

3.3.1 Binding to TRF2 stabilizes hSnm1B 

Given that hSnm1B binds directly to TRF2 (Freibaum and Counter 2006; Lenain 

et al. 2006; van Overbeek and de Lange 2006) and that hSnm1B is more highly expressed 

in the presence of ectopic TRF2 (Freibaum and Counter 2006), we investigated the 

mechanism by which TRF2 regulates hSnm1B levels.  To begin, we tested whether 

hSnm1B must bind TRF2 to be stabilized.  To this end, 293T cells were transiently 

transfected with expression plasmids encoding FLAG epitope-tagged hSnm1B (FLAG-

hSnm1B) and myc epitope-tagged TRF2 (myc-TRF2) as a positive control, FLAG-

hSnm1B without exogenous myc-TRF2 as a negative control, and FLAG-hSnm1B 

harboring a 70 amino acid C-terminal deletion that abolishes TRF2 binding (FLAG-

hSnm1BΔTRF2) in the absence or presence of myc-TRF2.  Cells were then lysed, and 

immunoblotted with an α-myc antibody to validate appropriate myc-TRF2 expression 

and an α-FLAG antibody to assay for FLAG-hSnm1B protein levels.  As already noted 

(Freibaum and Counter 2006), FLAG-hSnm1B levels were dramatically increased in the 

presence of myc-TRF2 (Fig 7, lanes 2,3).  This stabilization was abolished if the TRF2-

binding domain was deleted in hSnm1B, as evident by the low levels of FLAG-

hSnm1BΔTRF2 detected in both the presence and absence of myc-TRF2 (Fig 7, lanes 7,8).  

To rule out the possibility that deletion of the last 70 amino acids simply led to a 
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misfolded protein, we tested if the levels of full-length hSnm1B were reduced in the 

presence of a TRF2 mutant lacking the region responsible for binding hSnm1B 

(Freibaum and Counter 2006), which is termed myc-TRF2∆Snm for ease of discussion.  In 

contrast to the high levels of FLAG-hSnm1B detected in the presence of myc-TRF2 (Fig 7, 

lane 3), the levels of FLAG-hSnm1B in the presence of myc-TRF2∆Snm remained as low as 

FLAG-hSnm1B in the absence of exogenous TRF2 (Fig 7, lanes 2,5).  As the TRF2-binding 

domain has been mapped even further to the most terminal 37 amino acids of hSnm1B 

(Freibaum and Counter 2006), we also validated that an hSnm1B mutant deleted for this 

smaller region also failed to be stabilized in the presence of TRF2 (not shown).  The 

enhanced levels of FLAG-hSnm1B did not depend upon the DNA-binding activity of 

TRF2, as a similar experiment demonstrated that FLAG-hSnm1B was still stabilized 

upon co-expression of a myc-TRF2 mutant lacking the Myb DNA-binding domain 

(Broccoli et al. 1997), termed myc-TRF2ΔDNA for ease of discussion (Fig 7, lane 4).  

hSnm1B protein levels are thus elevated in the presence of TRF2, and moreover, the 

binding domains responsible for this interaction on the two proteins are required for this 

effect.  Taken together, these results support the conclusion that TRF2 binding stabilizes 

hSnm1B. 
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Figure 7: TRF2 binding stabilizes hSnm1B 

Lysates from 293T cells transiently transfected with expression plasmids encoding the 

indicated combinations of wildtype (WT) or mutant versions lacking hSnm1B binding 

(ΔSNM), or DNA binding (ΔDNA) of FLAG-hSnm1B and wildtype (WT) or a mutant 

version lacking TRF2 binding (ΔTRF2) of myc-TRF2 were immunoblotted (IB) with α-

FLAG and α-Myc antibodies to detect FLAG-hSnm1B and myc-TRF2 respectively.  

Immunoblot for β-tubulin serves as a loading control. 

 

 

3.3.2 TRF2 inhibits poly-ubiquitination of hSnm1B 

As TRF2 binding to hSnm1B stabilized the protein (Fig 7), and the telomere-

associated proteins TRF1 and hTERT are known to be poly-ubiquitinated and degraded 

(Chang et al. 2003; Kim et al. 2005; Lee et al. 2006), we hypothesized that binding of 

TRF2 prevents the poly-ubiquitination and subsequent degradation of hSnm1B.  To first 
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address whether hSnm1B is poly-ubiquitinated, 293T cells were transiently transfected 

with expression plasmids encoding HA-ubiquitin alone as a negative control or HA-

ubiquitin and FLAG-hSnm1B.  Cells were lysed, FLAG-hSnm1B was 

immunoprecipitated by virtue of the FLAG epitope, and the immunoprecipitate was 

immunoblotted with α-FLAG antibody to detect FLAG-hSnm1B, and α-HA or α-

ubiquitin antibodies to detect poly-ubiquitinated FLAG-hSnm1B.  Immunoprecipitated 

FLAG-hSnm1B was readily detected by both the α-HA and α-ubiquitin antibodies as a 

smear, but was completely absent in negative control cells lacking FLAG-hSnm1B (Fig 8, 

lanes 1,2).  Thus, hSnm1B is poly-ubiquitinated.  To explore the influence of TRF2 on 

hSnm1B poly-ubiquitination, the status of ubiquitinated FLAG-hSnm1B was assessed.  

293T cells were transiently transfected with expression plasmids encoding HA-

ubiquitin, FLAG-hSnm1B, and myc-TRF2, and then immunoblotted to detect 

ubiquitinated and total FLAG-hSnm1B as above, with the finding that ectopically 

expressed myc-TRF2 dramatically reduced the ratio of poly-ubiquitinated to total FLAG-

hSnm1B protein (Fig 8, lane 3).  Such data are consistent with a model by which TRF2 

binding blocks poly-ubiquitination and subsequent degradation of hSnm1B. 
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Figure 8: hSnm1B poly-ubiquitination is blocked by TRF2 binding 

FLAG-hSnm1B was immunoprecipitated (IP) with α-FLAG antibody from lysates of 

293T cells transiently transfected with expression plasmids encoding the indicated 

combinations of FLAG-hSnm1B, HA-ubiquitin, and myc-TRF2 and immunoblotted (IB) 

with α-HA or α-ubiquitin antibodies to detect poly-ubiquitinated hSnm1B or α-FLAG 

antibody to detect FLAG-hSnm1B.  Lysates were loaded to normalize protein levels of 

FLAG-hSnm1B.  Mock FLAG immunoprecipitation serves as a control for non-specific 

immunoprecipitation of ubiquitin proteins.   
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3.3.3 Identification of a Protection And INstability (PAIN) domain 
involved in the regulation of hSnm1B protein stability 

As stabilization of hSnm1B required an interaction with TRF2 (Fig 7), and this 

interaction blocked poly-ubiquitination of hSnm1B (Fig 8), we sought to determine 

whether the C-terminal TRF2-interaction domain of hSnm1B was sufficient for 

stabilization.  As the most terminal 37 amino acids of hSnm1B was the smallest region 

responsible for TRF2 binding and hSnm1B stabilization, we used this region for analysis.  

As evident from the experiments below, we named this region the Protection And 

INstability (PAIN) domain of hSnm1B.  We first assessed whether the 37 amino acid 

PAIN domain of hSnm1B alone imparted protein instability when fused to GFP, and 

whether this instability could be rescued by binding TRF2.  293T cells were therefore 

transiently transfected with expression plasmids encoding GFP alone or with myc-TRF2 

as a control versus the PAIN domain of hSnm1B fused to GFP (GFP-PAIN) alone or in 

the presence of myc-TRF2.  Lysates were then isolated and immunobloted with an α-

myc antibody to validate appropriate myc-TRF2 expression and an α-GFP antibody to 

assess the stability of GFP or GFP-PAIN.  GFP alone was readily detected by 

immunoblot, and ectopic expression of TRF2 had an only a minor effect on the level of 

this protein (Fig 9A, lanes 2,3).  However, GFP-PAIN was nearly undetectable (Fig 9A, 

lane 4), indicating that the last 37 amino acids of hSnm1B induced protein instability.  

Lastly, co-expression of myc-TRF2 with GFP-PAIN completely rescued the instability 
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imparted by the PAIN domain, and in fact actually enhanced the stability of GFP-PAIN 

(Fig 9A, lane 5).  Taken together, we conclude that the PAIN domain of hSnm1B is 

sufficient to induce protein instability, and moreover, that binding of TRF2 to the same 

domain inhibits this effect.  Since this region has been shown to be necessary and 

sufficient to induce both Protection from hSnm1B protein instability by binding to TRF2 

And induces hSnm1B protein INstability, we termed this 37 amino acid region the PAIN 

domain. 

We propose that the binding of TRF2 to the PAIN domain may block 

ubiquitination of hSnm1B as a means to stabilize the protein.  Indeed, ectopic expression 

of TRF2 reduced poly-ubiquitination of hSnm1B (Fig 8).  A direct prediction of this 

hypothesis is that there exists a sequence within the PAIN domain that promotes protein 

instability independent of exogenous TRF2, which if mutated would stabilize hSnm1B.  

Thus, we screened for mutants within the PAIN domain that would stabilize this 

polypeptide in the absence of TRF2 by substituting every consecutive six amino acids 

within the PAIN domain of GFP-PAIN with the sequence NAAIRS (Wilson et al. 1985) 

and assaying the resultant mutants for stability in the absence and presence of 

exogenous TRF2.  293T cells were transiently transfected with expression plasmids 

encoding GFP-PAIN harboring one of the six NAAIRS mutants, that together span the 

37 amino acid PAIN domain, in the absence or presence of exogenous myc-TRF2.  
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Resultant cell lysates were immunoblotted with an α-GFP antibody to monitor the 

stability of GFP-PAIN or mutants thereof, and an α-myc antibody to confirm myc-TRF2 

expression.  Five of these NAAIRS mutants behaved similarly to the control GFP-PAIN, 

being unstable unless exogenous TRF2 was present (Fig 9A, lanes 6,7,10-17).  However, 

one NAAIRS mutant in the PAIN domain termed GFP-PAINN2, in which the sequence 

L502KYLLT was mutated to NAAIRS, was stable in both the absence and presence of 

myc-TRF2 (Fig 9A, lanes 8,9).  The simplest interpretation of these data is that the 

sequences within the N2 region induce hSnm1B protein instability, and moreover, that 

binding of TRF2 to the PAIN domain blocks the ability of this region to promote protein 

instability. 

To address whether the N2 mutation would similarly promote protein stability 

when introduced into full-length hSnm1B, 293T cells were transiently transfected with 

expression plasmids encoding FLAG-hSnm1B and myc-TRF2∆Snm as a negative control, 

FLAG-hSnm1B and myc-TRF2 as a positive control, and FLAG-hSnm1B with the N2 

mutation (FLAG-hSnm1BN2), in the presence of either myc-TRF2∆Snm or myc-TRF2, 

followed by immunoblot of resultant cell lysates with an α-FLAG antibody to detect 

FLAG-hSnm1B or FLAG-hSnm1BN2 and α-myc to validate appropriate myc-TRF2 

expression.  As noted previously (Fig 7), control FLAG-hSnm1B was barely detectable, 

and this level was elevated in the presence of myc-TRF2 (Fig 9B, lanes 1,2).  However, 
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unlike wildtype FLAG-hSnm1B, FLAG-hSnm1BN2 was clearly expressed in the absence 

of TRF2 binding (Fig 9B, lane 1 versus 3), indicating that the N2 mutation stabilizes 

hSnm1B.  We note however, that addition of myc-TRF2 could impart some stability to 

the FLAG-hSnm1BN2, indicating that the N2 mutation does not completely abolish the 

dependence upon TRF2 for stability (Fig 9B, lane 4).  Thus, mutating the N2 region of the 

PAIN domain of hSnm1B renders the full-length protein partially stable in the absence 

of TRF2. 
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Figure 9: Identification of a Protection And INstability (PAIN) domain 

regulating hSnm1B stability 

A, Top, Amino acid sequence of the hSnm1B PAIN domain.  Position of the six N1 to N6 

mutations in which the indicated amino acids were substituted with the sequence 

NAAIRS are noted below with a line.  Bottom, Cell lysates from 293T cells transiently 

transfected with expression plasmids encoding the indicated combination of GFP alone 

(GFP) or GFP fused to the PAIN domain in the wildtype (WT) or NAAIRS substitution 

mutation (N1-N6) configuration in the absence or presence of myc-TRF2 were 

immunoblotted (IB) with an α-GFP antibody to detect GFP or GFP-PAIN proteins or an 

α-myc antibody to detect myc-TRF2.  Mock transfection (lane 1) serves as a control for 

non-specific signal.  Immunoblot for β-tubulin serves as a loading control.  B, Cell 

lysates from 293T cells transiently transfected with expression plasmids encoding 

FLAG-hSnm1B or FLAG-hSnm1BN2 in the presence of either myc-TRF2ΔSNM or myc-

TRF2, were immunoblotted with an α-FLAG antibody to detect FLAG-hSnm1B and 

FLAG-hSnm1BN2 or an a-myc antibody to detect myc-TRF2.  Immunoblot for β-tubulin 

serves as a loading control. 
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3.3.4 TRF2 promotes localization of hSnm1B to telomeres 

hSnm1B was highly unstable unless bound to TRF2, a telomere-binding protein 

(Broccoli et al. 1997).  We thus speculated that hSnm1B not bound to TRF2 is degraded 

as a means of ensuring that only telomere-bound hSnm1B accumulates within cells.  A 

direct prediction of this idea is that TRF2 binding should concentrate hSnm1B at 

telomeres.  To test this, the subcellular localization of GFP-hSnm1B and GFP-hSnm1B 

lacking the PAIN domain (GFP-hSnm1BΔPAIN) was assessed by direct fluorescence in the 

absence and presence of exogenous TRF2.  Specifically, 293T cells were transiently 

transfected with expression plasmids encoding GFP-hSnm1B or GFP-hSnm1BΔPAIN in the 

absence or presence of myc-TRF2, and 48 hours later punctate nuclear staining 

indicative of hSnm1B telomere localization (Freibaum and Counter 2006) was assayed.  

~40% of cells transfected with GFP-hSnm1B alone displayed nuclear punctate 

localization characteristic of telomeric localization, while the remaining cells displayed 

diffuse nuclear localization.  However, in the presence of myc-TRF2, this balance shifted 

to nearly 100% punctate with very little diffuse staining, indicating that TRF2 promotes 

the association of hSnm1B to telomeres.  GFP-hSnm1BΔPAIN, which cannot bind TRF2, 

displayed almost exclusively diffuse nuclear localization irrespective of whether myc-

TRF2 was present or not (Fig 10A,B).  Given that TRF2 binding increases hSnm1B 

protein stability (Fig 7) and telomere staining (Fig 10), we propose that TRF2 
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concentrates hSnm1B at telomeres by both stabilizing hSnm1B and tethering it to 

telomeres.   

 

 

Figure 10: TRF2 promotes localization of hSnm1B to the telomere 

A, Representative direct fluorescence image of 293T cells transiently transfected with the 

indicated combinations of expression plasmids encoding GFP-hSnm1B, GFP-

hSnm1BΔPAIN, and myc-TRF2.  B, Graphical quantification of the localization of GFP-

hSnm1B and GFP-hSnm1BΔPAIN in the absence and presence of myc-TRF2.  Cells defined 

as having punctate nuclear localization contained at least two punctate nuclear foci per 

cell. 

 

 

3.3.5 Stabilization of hSnm1B independent of TRF2 inhibits colony 
formation 

Over-expression of the related protein hSnm1A in human cells has been reported 

to induce cell death (Dronkert et al. 2000; Richie et al. 2002).  We thus speculated that 
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hSnm1B must be targeted to telomeres or degraded, otherwise unregulated levels of 

hSnm1B would induce cell death or growth arrest.  To explore this possibility we tested 

whether the hSnm1BN2 mutant that is stable in the absence of exogenous TRF2 reduced 

colony formation, a measure of cell proliferation and viability.  Specifically, HeLa cells 

were infected with a retrovirus encoding the puromycin selectable marker in addition to 

a retrovirus encoding GFP-hSnm1BN2, which is stable in the absence of exogenous TRF2, 

to assess the effect of inappropriate stabilization of hSnm1B on cell viability.  As 

controls, HeLa cells were also infected with the same retrovirus encoding the puromycin 

selectable marker in addition to GFP-hSnm1B or GFP-hSnm1BN3 (a mutation in the 

PAIN domain that does not effect protein stability) as controls for effects of ectopic 

hSnm1B on cell viability, and GFP-(STOP)-hSnm1B in which a stop codon was inserted 

so that only GFP is expressed as a control for the effects of infection on cell viability.  48 

hours later media was supplemented with puromycin and cells cultured for two weeks 

to select for puromycin-resistant colonies.  Infection of cells with the GFP-(STOP)-

hSnm1B, GFP-hSnm1B, or GFP-hSnm1BN3 expressing retrovirus all resulted in robust 

colony formation, indicating a relatively minor effect of stable low expression of 

hSnm1B on cell viability.  However, almost no colonies were detected in cells infected 

with retrovirus encoding GFP-hSnm1BN2 (Fig 11A).  This effect was not due to altered 

expression of the retroviral constructs as all four viral constructs expressed equivalent 
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levels of mRNA as assayed by RT-PCR when transiently transfected into 293T cells (Fig 

11B).  We thus speculate that stabilized hSnm1B produced by the GFP-hSnm1BN2 

construct is deleterious to cells and that this effect is averted by either destabilization or 

sequestration to the telomere by binding to TRF2. 

 

 

Figure 11: The N2 mutation in the PAIN domain that stabilizes hSnm1B 

independent of exogenous TRF2 reduces colony formation 

A, Representative images of crystal violet stained plates of HeLa cells stably infected 

with retroviruses encoding GFP-hSnm1B, GFP-hSnm1BN2, GFP-hSnm1BN3 or a STOP 

codon after GFP (generating only GFP) 14 days after selection in puromycin.  B, Total 

RNA isolated from 293T cells transiently transfected with retroviral vectors used above 

encoding the indicated versions of GFP-hSnm1B were RT-PCR amplified to validate 

transgene expression.  Addition of RNase validates reaction products were derived from 

RNA.  RT-PCR of RNA isolated from mock-infected cells serves as a control for non-

specific RT-PCR amplification. GAPDH serves as a loading control. 
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3.4 Discussion 

The C-terminal 37 amino acid Protection And INstability domain is a key 

regulator of hSnm1B.  First, this region promotes protein instability, as evident by the 

fact that fusing the PAIN domain to GFP induced protein instability, and moreover, 

mutating the sequence responsible for this activity (N2 mutation) in the PAIN domain 

reversed this effect.  Second, this instability is regulated by TRF2.  Ectopic expression of 

TRF2 reversed the instability imparted by the PAIN domain when fused to GFP, and 

TRF2 bound to stabilized hSnm1B only in the presence of the PAIN domain.  Third, 

hSnm1B is poly-ubiquitinated and this ubiquitination and corresponding degradation is 

inhibited upon binding TRF2.  Fourth, binding of TRF2 and corresponding stabilization 

of hSnm1B is associated with elevated telomere localization of hSnm1B.  Lastly, cells do 

not tolerate ectopic expression of hSnm1B when mutated to remain stable in the absence 

of exogenous TRF2, perhaps a result of unregulated exonuclease activity of the protein.  

Taken together, we propose that hSnm1B must be targeted to telomeres, otherwise its 

presence is lethal to cells.  This critical regulation is controlled twofold; first, the PAIN 

domain promotes ubiquitin-mediated degradation of hSnm1B that is not localized to 

telomeres, and second, by blocking protein degradation and promoting localization to 

telomeres via binding of TRF2 to the PAIN domain.  It is interesting to note that the 

related hSnm1A protein is also toxic to cells when inappropriately expressed (Dronkert 
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et al. 2000; Richie et al. 2002), and that the levels of hSnm1A are also tightly regulated, 

only in this case by an IRES sequence that regulates protein translation primarily at 

mitosis (Zhang et al. 2002).  In summary, we identify the PAIN domain as a key 

regulatory sequence controlling the function of hSnm1B by ensuring that hSnm1B 

concentrates only at telomeres by both fostering protein degradation and stabilizing 

telomere-bound hSnm1B.  
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4. Additional Characterization of hSnm1B 

4.1 Introduction 

The following chapter details the ongoing characterization of the telomere 

associated protein hSnm1B.  The data in this chapter has not been submitted for 

publication and contributes to the characterization of hSnm1B in four areas.  First, it 

provides a greater understanding of how the PAIN domain regulates hSnm1B.  

Secondly, it provides a look a telomere length in cells that stably express hSnm1B or 

associated mutants.  Third, it gives some insight into the question of whether hSnm1B 

protein stability is regulated throughout the cell cycle.  Finally, it discusses an occasion 

in which the stability of hSnm1B is increased that is not regulated by the PAIN domain.   

4.2 Methods 

Cell Culture: Human cell lines 293T and HeLa were cultured in Dulbecco's 

modified Eagle's medium supplemented with 10% fetal calf serum. 

Plasmids: pcDNA3-myc-TRF2 was a kind gift from Dominique Broccoli, pCMV5-

FLAG-hSnm1B, pEYFP-hSnm1A, and pEGFP-hSnm1B were previously described 

(Chapters 2,3).  pEYFP-PAIN-hSnm1A was generated by PCR of the PAIN domain 

followed by subcloning into pEYFP-hSnm1A.  hSnm1B truncation mutants hSnm1B(Δ1-

292) hSnm1B(Δ1-362) were generated by PCR and subcloned in frame with GFP lacking 
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a stop codon, generating pBabePuro-GFP-hSnm1B truncation mutant.  pBabePuro-GFP-

hSnm1B(H276�A), as well as pBabePuro-GFP-PAIN(K�R) and pBabePuro-GFP-

PAIN(T�V) were generated by site directed mutagenesis.  The shRNA vector against 

POT1 has been previously referenced (Veldman et al. 2004).   

Immuoprecipitations: Whole cell lysates were collected in either RIPA buffer or a 

gentle lysis buffer consisting of 1X PBS, 5mM EDTA, 0.2% NP-40 and 10% glycerol.  48 h 

later and immunoprecipitated for 4 hours using either 4 μg of α-GFP antibody (Santa 

Cruz sc-9996) or 4 μg of α-hSnm1B endogenous antibody generated by Pocono Rabbit 

Farm & Lab 

Immunoblots: Whole cell lysates or immunoprecipitates were resolved by SDS-

PAGE and immunoblotted with primary antibodies α-GFP (Santa Cruz sc-9996 or 

Roche) to detect YFP-hSnm1A and GFP-PAIN and mutants thereof, α-FLAG to detect 

FLAG-hSnm1B and mutants thereof, α-TRF2 (Imgenex IMG-124A) to detect endogenous 

TRF2 and α-hSnm1B (Pocono Rabbit Farm & Lab) to detect endogenous hSnm1B 

Southernn Blots: Genomic DNA was harvested from HeLA or 293 cells stably 

overexpressing either vector control, GFP-hSnm1B, or a mutant thereof.  7.5 ug of 

genomic DNA digested with HinfI and RsaI were run on a 0.5% agarose gel in 0.5X TBE 

for 20 hours at 25V.  The gel was then dryed, denatured and hybridized (C3TA2)3 
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telomere probe overnight.  After washing, the gel was exposed on a phosphoimager 

screen to detect telomeric DNA.   

4.3 Results 

4.3.1 Regulation of hSnm1B stability by the PAIN domain 

It has been demonstrated that TRF2 binds to the PAIN domain of hSnm1B, 

dramatically increasing hSnm1B protein stability and blocking poly-ubiquitination of 

hSnm1B (Chapter 3, Figs 7,8).  It is hypothesized that poly-ubiquitination of hSnm1B 

will lead to degradation by the proteasome.  One test of this hypothesis is that 

proteasome inhibition should increase hSnm1B protein stability.  To this end, cells were 

transiently transfected with expression plasmids encoding FLAG-hSnm1B.  After 48 

hours, the cells were exposed to varying doses of the proteasome inhibitor MG-132 for 

four hours.  Cells were then lysed and immunoblotted with an α-FLAG antibody to 

detect expression levels of hSnm1B (Fig 12).  As the dosage of MG-132 was increased, a 

dose dependent increase in the stability of hSnm1B was observed, although the increase 

in protein stability was not nearly as dramatic as the increase seen upon expression of 

exogenous TRF2.  Nevertheless, these data suggest that degradation of hSnm1B is 

proteasome dependent.   
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Figure 12: Inhibition of the proteasome stabilizes hSnm1B 

Lysates from 293T cells transiently transfected with expression plasmids encoding 

FLAG-hSnm1B and treated for 4 hours with the indicated concentration of the 

proteasome inhibitor MG-132 were immunoblotted (IB) with α-FLAG antibody to detect 

FLAG-hSnm1B.  Lanes were loaded to normalize for total protein content. 

 

 

It has been demonstrated that when the PAIN domain of hSnm1B is fused to the 

C-terminus of GFP, it acts as a degron, decreasing the protein stability of GFP (Chapter 

3, Fig 9A).  In a similar experiment, the PAIN domain was fused with the non-telomere 

associated protein hSnm1A, such that a fusion protein was generated, YFP-PAIN-

hSnm1A where the PAIN domain was inserted between the C-terminus of YFP and the 

N-terminus of hSnm1A.  Cells were then transiently transfected with expression 

plasmids encoding the YFP-PAIN-hSnm1A fusion construct or YFP-hSnm1A as a 

negative control, both in the absence and presence of exogenous TRF2.  Cells were then 

lysed and immunoblotted with an α-GFP antibody to detect YFP-hSnm1A or YFP-PAIN-

hSnm1A (Fig 13).  Similar to the fusion with GFP, the PAIN domain acts as a degron, 

dramatically reducing the expression of YFP-hSnm1A (Fig 13, lane 1,3).  The expression 
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of exogenous TRF2 was shown to dramatically increase the stability of this fusion 

construct (Fig 13, lane 4).  This experiment further supports the conclusion that the 

PAIN domain is a transferable degron.   

 

 

Figure 13: The PAIN domain acts a degron when fused to hSnm1A 

Lysates from 293T cells transiently transfected with expression plasmids encoding either 

YFP-hSnm1A or YFP-PAIN-hSnm1B in the absence and presence of myc-TRF2 were 

immunoblotted (IB) with α-GFP antibody to detect the appropriate YFP fusion protein.  

Lanes were loaded to normalize for total protein content. 

 

 

The NAAIRS N2 substitution mutation within the PAIN domain ablates the 

instability generated by the PAIN domain (Chapter 3, Fig 9A).  The sequence within the 

N2 region consists of the amino acids LKYLLT.  It is possible that by mutating the lysine 

within this motif, it may be removing a key amino acid required for poly-ubiquitination.  

Additionally, the threonine may have an important role as a phosphorylation site.  To 

determine whether either of these specific amino acids are critical for the instability 

generated by the PAIN domain, expression plasmids were generated in which the lysine 



 

 

58 

was mutated to an arginine or the threonine mutated to a valine within the N2 motif.  

Cells were then transiently transfected with these expression plasmids in the absence 

and presence of exogenous TRF2.  The cells were then lysed and immunoblotted with an 

α-GFP antibody to detect the GFP-PAIN with the relevant point mutation (Fig 14).  Both 

point mutations behaved exactly the same as wild type GFP-PAIN in which the PAIN 

domain imparted instability that was rescued by exogenous TRF2.  This indicates that 

these two amino acids are dispensable for the instability generated by the PAIN domain.   

 

 

Figure 14: The instability generated by the PAIN domain does not require the 

lysine and threonine within the N2 motif  

Lysates from 293T cells transiently transfected with expression plasmids encoding  GFP-

PAIN with either K�R or T�V  mutations in the N2 motif in the absence and presence 

of myc-TRF2 were immunoblotted (IB) with α-GFP antibody to detect the appropriate 

GFP-PAIN mutant.  Lanes were loaded to normalize for total protein content. 
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To further characterize NAAIRS mutants within the PAIN domain, I sought to 

determine whether these NAAIRS mutants retained the ability to associate with TRF2.  

There is a strong indication that N1 and N3-N6 associate with TRF2 since expression of 

TRF2 is able to rescue the instability imparted by the PAIN domain.  However, since the 

N2 mutant is stable even in the absence of exogenous TRF2 it was unknown whether 

this mutant was capable of associating with TRF2.  To address this, cells were transiently 

transfected with expression plasmids encoding for either wild type GFP-PAIN or one of 

the six NAAIRS substitution mutants within this region.  Cells were then lysed, and 

immunoprecipitated via an α-GFP antibody and the immunoprecipitate was 

immunoblotted with α-TRF2 antibody to determine if there was an association with 

endogenous TRF2 (Fig 15).  Wild type GFP-PAIN and the N6 NAAIRS mutant 

associated with endogenous TRF2 as expected (Fig 15, lanes 2,8).  The other five 

NAAIRS mutants immunoprecipitated very little TRF2 that ran at the expected size of 

60kDa, and instead immunoprecipitated an apparently high molecular weight form of 

TRF2 that ran at 120 kDa (Fig 15, lanes 3-7).  It remains unclear as to exactly what is 

causing TRF2 to migrate more slowly through the poly-acrylimide gel, and further 

experiments are required to determine the exact nature of the high molecular weight 

TRF2.   
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Figure 15: Many of the GFP-PAIN NAAIRS mutations associate with a slower 

migrating form of TRF2 

Cell lysates from 293T cells transiently transfected with expression plasmids encoding 

the indicated combination of GFP fused to the PAIN domain in the wildtype (WT) or 

NAAIRS substitution mutation (N1-N6) configuration were immunoprecipitated (IP) 

with α-GFP antibody.  The immunoprecipitates were then immunoblotted (IB) with an 

α-TRF2 antibody to detect associated endogenous TRF2.  Mock transfection (lane 1) 

serves as a control for non-specific signal.   

 

 

4.3.2 Yeast two-hybrid screen for proteins that bind the PAIN domain 

Binding of a specific protein that functions as an E3 ligase to the PAIN domain 

has yet to be identified.  Additionally, there may be other relevant proteins that interact 

with the PAIN domain that will give insights into the function of hSnm1B.   To perform 

the screen we used a bait that comprised of a 2X PAIN domain fused to the Gal4 binding 

domain and screened against prey proteins fused to a Gal4 activation domain.  This 

screen proved to be specific, although possibly non-saturated as one of the hits of the 

screen was the known PAIN domain binding protein, TRF2.  Potentially relevant 
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interactors identified in this screen are described below.  It is important to acknowledge 

Jay Stringer, also of the Counter lab, for his work in performing this screen.   

Required for meiotic nuclear division 5 homolog B (RMND5B) is an 

uncharacterized human protein of which there were thirteen hits that showed an 

interaction in yeast between this protein and the PAIN domain of hSnm1B.  A structural 

domain search using BLAST reveals that the protein contains a RING zinc finger 

domain.  The RING finger proteins largely consist of E3 ligases of which the function of 

the RING domain is to facilitate the transfer of ubiquitin to lysines (Joazeiro and 

Weissman 2000).   Thus, this protein remains a viable candidate in binding to the PAIN 

domain of hSnm1B.   

Arkadia, also known as ring finger protein 111, was originally identified as being 

a nuclear protein that functions in coordination with the TGFβ pathway and is required 

for proper embryogenesis in mice (Episkopou et al. 2001; Niederlander et al. 2001).  

Arkadia is a E3 ligase that ubiquitinates and degrades Smad7 (Koinuma et al. 2003).  

Because Arkadia has a well defined non-telomeric role in TGFβ signaling it may be 

unlikely that it has a secondary function in the ubiquitination of hSnm1B.  However, 

since the protein is a nuclear E3 ligase that generated five hits in the screen, one can not 

rule out a role in ubiquitinating hSnm1B through binding to the PAIN domain.   
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USP30 is a deubiquitinating enzyme that yielded nine hits in the screen and until 

recently was uncharacterized.  A recent paper characterizes USP30 as localizing to the 

outer membrane of the mitochondria and is essential for mitochondria morphology 

(Nakamura and Hirose 2008).  The role of USP30 at the mitochondria suggests that the 

relationship between USP30 and hSnm1B does not require further study.  However, it 

does raise the intriguing intellectual question of whether hSnm1B is regulated by 

deubiquitination as well as ubiquitination.   

Psf2 is a member of the GINS complex which is conserved throughout 

eukaryotes and is required for replication to occur (Kubota et al. 2003; Takayama et al. 

2003).  Loss of Psf2 leads to defective chromosome segregation (Huang et al. 2005).  

Additionally, the GINS complex binds to progressing replication forks, is required for 

the progression of replication forks and specifically binds the MCM helicase which is 

required for progression of the replication fork (Calzada et al. 2005; Gambus et al. 2006; 

Kanemaki and Labib 2006).  While there is no evidence to suggest that this protein may 

have E3 ligase activity, if the interaction between Psf2 and the PAIN domain can be 

confirmed in vivo this may suggest that hSnm1B plays a role in the advancement of 

replication forks at the telomere.  This hypothesis will be discussed further in chapter 5, 

section 7.   
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4.3.3 Effects of hSnm1B expression on telomere length 

Since the C. elegans orthologue of hSnm1B appears to play a role in telomere 

length regulation we sought to examine whether hSnm1B had any influence on telomere 

length in human cells.  To this end we generated stable cell lines overexpressing GFP-

hSnm1B, or potential dominant negative forms of hSnm1B in both HeLa cells and 293 

cells.  One of the potential dominant negative forms of hSnm1B stably expressed in cells 

included GFP-hSnm1B(H276�A), in which amino acid 276 is mutated from a histidine 

to an alanine.  The analogous mutation was shown to knock out catalytic activity in both 

Artemis and hSnm1A (Ishiai et al. 2004; Pannicke et al. 2004).  Additionally, two 

potential dominant negatives were generated such that the catalytic domain of hSnm1B 

was removed, GFP-hSnm1B(Δ1-292) and GFP-hSnm1B(Δ1-362), leaving only the C-

terminus of hSnm1B in tact.  These mutants are suspected to have dominant negative 

activity as they can still bind TRF2 and localize to the telomere but lack catalytic activity.  

Generation of a stable cell lines expressing only vector were used as a negative control.  

Genomic DNA was collected from these cells lines shortly after they were generated (4 

population doublings) and after a prolonged period of time (32 population doublings) 

and  a telomere southern blot was performed on these genomic DNA samples to 

determine if there were any differences in telomere length between treatment groups 

(Fig 16).  No significant differences were observed in telomere length between vector 
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control cells or cells stably expressing either wild type or dominant negative versions of 

hSnm1B at either 4 or 32 population doublings in both HeLa and 293 cells.  However, it 

is premature to conclude that hSnm1B does not regulate telomere length for two 

reasons.  First, it is possible that Artemis and hSnm1B may both regulate telomere 

length, and that Artemis may compensate for the loss of hSnm1B activity at the 

telomere.  Second, it was difficult to achieve high expression levels of either wild type or 

dominant negative versions of hSnm1B in stable cell lines, presumably due to the highly 

unstable nature of hSnm1B, creating a situation in which expression levels may not have 

been high enough to influence telomere length regulation.   

 



 

 

65 

 

Figure 16: Telomere length is unaltered in stable cell lines overexpressing 

hSnm1B or mutant forms thereof 

Genomic DNA from HeLa and 293 cells were collected at both population doubling (PD) 

4 and 32 from cells stably infected with vector alone, GFP-hSnm1B or a mutant thereof.  

Southern blotting was performed on these samples to measure telomere length. 

 

 

 

 



 

 

66 

4.3.4 Cell Cycle Regulation of hSnm1B 

Since hSnm1B is known to prevent a DNA damage response at telomeres during 

S-phase (van Overbeek and de Lange 2006), we sought to examine whether hSnm1B 

association with TRF2 or the protein stability of hSnm1B is varied throughout the cell 

cycle.  To this end, we synchronized HeLa cells in early S-phase using a double 

thymidine block.  The cells were then released from arrest and harvested at various time 

points correlating to specific stages in the cell cycle (S, G2, M, G1).  To determine if 

hSnm1B association with TRF2 varies throughout the cell cycle, cells harvested at 

various time points were lysed, immunoprecipitated with an α-hSnm1B endogenous 

antibody and the resultant immunoprecipitates were immunoblotted with an α-TRF2 

endogenous antibody to determine association of endogenous hSnm1B with TRF2 (Fig 

17A).  The results of this co-immunoprecipitation suggest that endogenous hSnm1B 

associates with TRF2 at a constant rate throughout the cell cycle, suggesting that 

hSnm1B is present at the telomere throughout the cell cycle.  However, it is important 

not to over interpret these results as we have not yet developed a negative control to 

ensure that the immunoprecipitation of TRF2 is not due to a non-specific association 

with the hSnm1B endogenous antibody.   

To determine whether the stability of endogenous hSnm1B is altered throughout 

the cell cycle, cells harvested at various time points after release from thymidine block 
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were lysed, and then immunoblotted with the α-hSnm1B endogenous antibody to detect 

hSnm1B (Fig 17B).  To date, we have been unable to confirm that the most prominent 

band on the gel is actually endogenous hSnm1B, however this band does migrate 

through the gel at exactly the predicted rate determined by the migration rate of 

exogenous hSnm1B.  Assuming that this band is endogenous hSnm1B, it would appear 

that expression of hSnm1B is reduced during late S-phase through mitosis.  If this result 

can be confirmed, further study will be needed to determine why hSnm1B is degraded 

during these stages of the cell cycle.   
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Figure 17: hSnm1B association with TRF2 appears unaltered throughout the 

cell cycle whereas hSnm1B protein stability appears lower during late S through M 

phase of the cell cycle 

HeLA cells were synchronized via double thymidine block and then released and 

immunoprecipitated (IP) with α-hSnm1B antibody.  The immunoprecipitates were then 

immunoblotted (IB) with an α-TRF2 antibody to detect associated endogenous TRF2.  B, 

HeLA cells were synchronized via double thymidine block and then released and 

immunoblotted with α-hSnm1B antibody to detect endogenous hSnm1B.  Immunoblot 

for actin serves as a loading control 
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4.3.5 Stabilization of hSnm1B by POT1 knockdown 

Since hSnm1B is stabilized through its interaction with TRF2 (Chapter 3, Fig 7), 

we sought to examine if there are any physiological circumstances in which hSnm1B is 

stabilized.  Because, hSnm1B has a role in protecting the cell from interstand 

crosslinking agents (Demuth et al. 2004), we examined the stability of hSnm1B after 

exposure to DNA damaging agents such as cisplatin, neocarzinostatin (NCS), and 

hydroxyurea (HU) and failed to detect any reproducible increase in hSnm1B stability 

(data not shown).  To determine if telomere specific DNA damage causes an increase in 

hSnm1B stability we transiently transfected cells with an expression plasmid encoding 

FLAG-hSnm1B and either an shRNA specific to the single-stranded telomere binding 

protein POT1 , or a scrambled shRNA as a negative control.  Knockdown of POT1 is 

known to induce a DNA damage response that is specific to telomeric DNA 

(Hockemeyer et al. 2005).  After 48 hours, the cells were then lysed and immunoblotted 

with an α-FLAG antibody to determine the stability of hSnm1B (Fig 18).  Knockdown of 

POT1 as compared to the scrambled control induced a massive stabilization of the 

FLAG-hSnm1B protein (Fig 18, lanes 1,2).  This stabilization by POT1 shRNA is highly 

reproducible and is also seen if GFP-hSnm1B constructs are used (data not shown).  

However, unlike stabilization of hSnm1B through interaction with TRF2 (Chapter 3, Fig 

7), this stabilization does not depend on the PAIN domain or binding to TRF2.  Removal 
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of the PAIN domain does not ablate the stability generated by POT1 shRNA (Fig 18, 

lanes 3,4) indicating that stabilization is occurring through a mechanism independent of 

TRF2 binding.  The implications of this novel finding will be further discussed in chapter 

5, section 5.   

 

 

Figure 18: POT1 knockdown stabilizes hSnm1B independently of the PAIN 

domain 

Lysates from 293T cells transiently transfected with expression plasmids encoding either 

FLAG-hSnm1B or FLAG-hSnm1BΔPAIN in the absence and presence of POT1 shRNA were 

immunoblotted (IB) with α-FLAG antibody to detect the appropriate FLAG epitope 

tagged protein.  Lanes were loaded to normalize for total protein content. 
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5. Future Directions and Discussion 

5.1 Summary 

This thesis describes the characterization of the β-CASP family member hSnm1B.  

In chapter 2, it was demonstrated that hSnm1B is a telomere associated protein that 

localizes to the telomere via interaction with TRF2.  Additionally, it was demonstrated 

that the last 37 amino acids of hSnm1B were required and sufficient for binding TRF2.  

In chapter 3, this domain was further characterized as both a positive and negative 

regulator of hSnm1B protein stability.  This domain acts as a positive regulator of 

hSnm1B by binding to TRF2 which prevents the poly-ubiquitination of hSnm1B.  

However, in the absence of TRF2 binding this domain serves as a degron when fused to 

other proteins thus serving as a negative regulator of hSnm1B.  This domain was named 

the PAIN domain for its role in the protection and instability of hSnm1B.   In chapter 4, 

unpublished data relating to hSnm1B function was shown, most notably the 

stabilization of hSnm1B when POT1 is knocked down.  This final chapter will serve to 

discuss future experiments that can be done to further characterized hSnm1B and 

discuss some thoughts about the biological function of hSnm1B.   
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5.2 Mechanism of ubiquitination and degradation 

5.2.1 Ubiquitination by the PAIN domain 

I demonstrated that the PAIN domain of hSnm1B serves as both a positive and 

negative regulator of hSnm1B protein stability.  The mechanism of positive regulation of 

hSnm1B protein stability is due to TRF2 interaction with the PAIN domain blocking 

ubiquitination and degradation (Chapter 3, Figs 7 and 8).  However, the mechanism by 

which the PAIN domain negatively regulates the protein stability of hSnm1B requires 

further study.  The 37 amino acid PAIN domain of hSnm1B is sufficient to serve as a 

degron, capable of introducing protein instability when fused to either GFP (Chapter 3, 

Fig 9A) or hSnm1A (Chapter 4, Fig 13).  To further characterize this activity of the PAIN 

domain, a series of future experiments is suggested.   

Strong evidence exists to support the hypothesis that the PAIN domain promotes 

the ubiquitination and subsequent degradation of hSnm1B.  However, the PAIN domain 

has never been specifically implicated in increasing protein ubiquitination.  Thus, it 

would be beneficial to fuse the PAIN domain to an irrelevant protein that is not 

ubiquitinated.  After immunoprecipitation of this fusion protein, the 

immunoprecipitates will be separated by gel electrophoresis and probed for poly-

ubiquitination with an antibody to ubiquitin.  If the hypothesis is correct that the PAIN 

domain promotes ubiquitination then it is expected that strong ubiquitination of the 



 

 

73 

fusion protein as compared to the negative control irrelevant protein will be seen.  

Additionally, this fusion protein could be used in pulse-chase experiments to quantify 

exactly how much instability is imparted by the PAIN domain.   

Furthermore, I have shown that a mutation within the PAIN domain leads to 

stabilization of hSnm1B in the absence of TRF2 binding (Chapter 3, Fig 9B).  This is 

consistent with a hypothesis that the N2 mutation reduces ubiquitination.  Future 

experiments are required to determine whether this N2 mutation reduces the amount of 

ubiquitination of hSnm1B.  These experiments would be similar to those described in 

Chapter 3, Fig. 8.   

5.2.2 Identification of E3 ligase activity 

Additionally, future experiments are required to show by what specific 

mechanism the PAIN domain performs ubiquitination and degradation.  Evidence 

strongly suggests that hSnm1B is degraded in a proteasome dependent manner as an 

inhibitor of the proteasome, MG-132, was shown to increase protein stability of hSnm1B 

(Chapter 4, Figure 12).  The current hypothesis of how the PAIN domain serves as a 

degron is that it recruits an E3 ligase that serves to ubiquitinate hSnm1B.  In lieu of 

identification of the specific E3 ligase that is thought to bind the PAIN domain, future 

experiments may be able to identify the class of E3 ligase that binds the PAIN domain by 

using indirect methods.   
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Since the activity of the hSnm1B is important in maintaining genomic stability 

during S-phase (van Overbeek and de Lange 2006), it is likely that the protein stability of 

hSnm1B may also be regulated throughout the cell cycle.  Specifically, there are two 

major classes of E3 ligase that are involved in cell cycle regulation.  The APC/C complex 

functions as an E3 ligase that serves to degrade proteins in mitosis, whereas the SCF 

complex functions as an E3 ligase throughout various stages of the cell cycle (Nakayama 

and Nakayama 2005; Acquaviva and Pines 2006).  Although these complexes contain 

many proteins and are highly diverse in composition depending upon the substrate they 

interact with, there are a few common proteins that are essential for their activity.  For 

example, the APC/C complex requires two proteins, Cdc20 and Cdh1 for activation 

(Acquaviva and Pines 2006).  Therefore, it would be possible to knock either of these 

proteins down with shRNA, thereby inhibiting the function of the APC/C complex.  If 

hSnm1B is ubiquitinated by the APC/C complex, there should be an increase in protein 

stability of hSnm1B.   

The same rationale applies to the SCF complex, in which binding to the substrate 

occurs through a diverse set of proteins, but a core complex of Rbx1, Cul1, and Skp1 are 

required for E3 ligase activity.  Thus, inhibition of any of these proteins by shRNA 

would lead to an increase in hSnm1B protein stability if the SCF is involved in the 

regulation and ubiquitination of hSnm1B.  Interestingly, there is precedent for regulation 
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of telomere binding proteins by the SCF complex, as TRF1 has been shown to be 

degraded by the SCF complex (Lee et al. 2006).   

5.3 Mechanism of toxicity of stabilized hSnm1B 

It has been demonstrated that it is extremely difficult to generate sable cell lines 

infected with GFP-hSnm1BN2, a mutant of hSnm1B that is stable independently of TRF2 

(Chapter 3, Fig. 11).  The mechanism by which this mutant causes toxicity has yet to be 

determined.  One hypothesis, is that hSnm1B is toxic when mislocalized, such that 

excess hSnm1B not associated with TRF2 is ubiquitinated and degraded.  However, the 

stable hSnm1BN2 protein is likely to be mislocalized and associate with chromosomal 

DNA at inappropriate instances.  It is likely that unregulated nuclease activity of 

hSnm1B acting in an unregulated fashion on chromosomal DNA introduces DNA 

damage at throughout the genome.   

To test the hypothesis that stabilized hSnm1B is generating DNA damage we 

intend to look for a DNA damage response by staining for γ-H2AX and 53BP1 in cells 

that have been stably infected with hSnm1BN2.  I also intend to examine whether cells 

that have been stably infected with hSnm1BN2 have an aberrant cell cycle profile.  

Additionally, DNA damage generated by hSnm1BN2 can be directly assessed using a 

comet assay (Singh et al. 1988).   
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A second human β-CASP family member, hSnm1A, has also been shown to be 

toxic when overexpressed in cells, leading to changes in cell morphology that are 

consistent with apoptosis (Dronkert et al. 2000; Richie et al. 2002).  We hypothesize that 

hSnm1BN2 is generating toxicity through either cell death or possibly senescence.  These 

scenarios can be easily examined by performing β-Gal staining to test for senescence or 

apoptotic assays such as TUNEL staining or examining whether caspases are activated.   

5.4 Knockdown of POT1 stabilizes hSnm1B 

Perhaps the most intriguing finding concerning the protein stability regulation of 

hSnm1B is that selective knockdown of the telosome protein POT1 by shRNA induces 

stabilization of hSnm1B (Chapter 4, Fig. 18).  This stabilization occurs independently of 

the PAIN domain and thus further characterization of this phenomenon is required.  

Initial experiments will focus on narrowing down the domain responsible for 

stabilization due to loss of POT1.  To this end, truncation mutants of hSnm1B will be 

examined until the domain responsible for this stabilization is found.  After this domain 

is identified, it would be beneficial to generate NAAIRS mutants within this domain to 

identify a substitution mutant of hSnm1B that can not be stabilized by loss of POT1.  

Overexpression of a potential NAAIRS mutant that cannot be stabilized by loss of POT1 

may function as a dominant negative.  A critical assay would be to look for a DNA 

damage response at the telomere when this mutant is overexpressed both under 
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conditions of both normal and reduced levels of POT1.  These experiments would have 

the potential of giving greater insight to the role of hSnm1B in maintaining genomic 

stability at the telomere.   

One hypothesis is that hSnm1B is stabilized after POT1 knockdown because it is 

responding to telomere specific DNA damage generated by the loss of POT1 

(Hockemeyer et al. 2005).  This would place hSnm1B within the DNA damage response 

pathway, although it is unclear whether upregulation of hSnm1B stability would be an 

early or late event in the DNA damage response pathway.  Because hSnm1B is an 

enzyme that contains a β-CASP domain with functional nuclease activity (Lenain et al. 

2006), hSnm1B may be actively responding and remediating DNA damage rather than 

merely acting as a DNA damage sensor.  It is possible that loss of POT1 generates a 

structure that is similar to that of an interstrand crosslink and that hSnm1B functions as 

a repair enzyme similar to the yeast protein Snm1 after the introduction of DNA 

crosslinks (Cassier et al. 1980; Kircher and Brendel 1983; Li and Moses 2003).  Thus, it is 

possible that hSnm1B is activated by one of the DNA damage response proteins ATM or 

ATR.  These DNA damage response sensors phosphorylate downstream targets within 

the common motif SQ or TQ (Traven and Heierhorst 2005).  However, although hSnm1B 

contains four SQ or TQ sites which all lie in between the β-CASP domain and the PAIN 

domain, only one of the four sites is conserved between the human and mouse proteins.  
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Since mutation of these four sites would be a relatively simple experiment, it will still be 

important to rule out their role in stabilizing hSnm1B in response to POT1 knockdown.   

It is possible that hSnm1B responds to telomere specific DNA damage in an 

ATM/ATR independent manner.  In support of such a model, recent work by Jay 

Stringer has demonstrated that there is an increase in hSnm1B present at the telomere 

after POT1 knockdown.  This is consistent with a role for hSnm1B in responding to 

telomere specific DNA damage.   

5.5 Cell cycle regulation of hSnm1B  

Previous work suggests that hSnm1B protein stability may be reduced in late S-

phase through mitosis and that hSnm1B association with TRF2 may be unchanged 

throughout the cell cycle (Chapter 4, Fig 17).  If this data is confirmed it suggests that 

there may be a basal level of hSnm1B bound to the telomere via TRF2 throughout all 

stages of the cell cycle.  Since total hSnm1B levels appear to be decreased in late S phase 

through mitosis, this suggests that a pool of hSnm1B that is not bound to TRF2 may be 

degraded during these stages of the cell cycle.  This data taken together with the 

established role of hSnm1B in preventing a DNA damage response during S-phase (van 

Overbeek and de Lange 2006) suggests that hSnm1B may be active during early to mid 

S-phase and then degraded.  I hypothesize that hSnm1B is degraded when not active to 

prevent aberrant nuclease activity and cellular toxicity.   
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These experiments require the development of better negative controls to ensure 

that the hSnm1B antibody is specific.  Specifically, generation of an shRNA that is able to 

knockdown endogenous hSnm1B would serve as an excellent negative control for use 

with the hSnm1B antibody.  Additionally, it would be useful to determine whether 

hSnm1B binding to the telomere is regulated throughout the cell cycle.  This has proven 

to be a difficult experiment due to weak expression of hSnm1B seen in stable cell lines.  

Initial attempts to perform chromatin immunoprecipitations at various stages of the cell 

cycle on hSnm1B have been unsuccessful for both endogenous hSnm1B and a stably 

infected GFP-hSnm1B HeLa cell line.  It is possible that generation of a stable cell line 

expressing FLAG-hSnm1B in HeLa cells may be sufficient to perform chromatin 

immunoprecipitations throughout the cell cycle due to the strong sensitivity of FLAG 

antibodies.  By determining when hSnm1B is specifically associated with telomeric 

DNA, this will give greater insight into the function and role of hSnm1B at the telomere.   

5.6 Evolution of hSnm1B  

Because hSnm1B was identified from a C. elegans orthologue, it is relevant to 

discuss the evolution of hSnm1B from C. elegans to human.  First, it is unclear as to why 

the C. elegans ortholog contains an OB fold domain (which is thought to bind single-

stranded telomeric DNA), while the human protein contains no domains to directly bind 

telomeric DNA.  Instead, hSnm1B associates with the telomere via interaction with the 
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double-stranded telomere binding protein TRF2.  Regulation at the human telomere may 

be more complex than in C. elegans, and it thus follows that hSnm1B may still act upon 

single-stranded DNA as an enzymatic substrate but localize to the telomere via TRF2.  

Because knockdown of POT1 stabilizes hSnm1B this may indicate a role for hSnm1B 

acting upon single-stranded DNA.   

With regard to sequence conservation of hSnm1B, a simple BLAST search reveals 

that the protein is highly conserved among mammals.  In some mammals, the C-

terminus of hSnm1B becomes less highly conserved with the exception of a small region 

within the PAIN domain that correlates almost exclusively with the N2 region plus the 

first amino acid of the N3 (Chapter 3, Fig 9A), specifically, the region LKYLLTP is highly 

conserved among mammals.  In fact, the only variation in this motif among mammals, 

as seen by a BLAST search, is that in platypus there is a glutamic acid in place of the 

lysine.  In chicken, the C-terminus does not share strong homology with hSnm1B, 

however five amino acids YLLTP within this motif are still highly conserved.   

A recent paper found that this motif is critical for hSnm1B binding to over 

expressed TRF2, and that mutations within this motif ablate TRF2 binding (Chen et al. 

2008).  In contrast to this publication, NAAIRS substitution mutants generated within 

this motif, GFP-PAINN2 and GFP-PAINN3, were found to associate with a higher 

molecular weight variant of endogenous TRF2 (Chapter 4, Fig. 15).  Future experiments 
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will determine whether these substitution mutations (N2 and N3) also associate with a 

higher molecular weight variant of TRF2, when generated in full length hSnm1B.  If this 

association is confirmed in full length mutants of hSnm1B, this will lead to a new area of 

research in attempting to determine the composition of the high molecular weight 

variant of TRF2 and why NAAIRS mutants of hSnm1B within the PAIN domain 

associate with this high molecular weight form of TRF2.   

5.7 Discussing the function of hSnm1B  

hSnm1B has been demonstrated to have two physiological functions in human 

cells.  First, it has been shown that hSnm1B depleted cells respond less effectively to 

interstrand crosslinking damage resulting in both increased cell death and genomic 

instability (Demuth et al. 2004).  Secondly, it was found that hSnm1B was required for 

preventing a DNA damage response at the telomere in both S-phase and during 

conditions of TRF2 depletion from the telomere (Lenain et al. 2006; van Overbeek and de 

Lange 2006).  However, it still remains to be determined exactly how and by what 

mechanism hSnm1B prevents DNA damage accumulation.  It is unclear whether either 

yeast Snm1 or the human hSnm1B process interstrand crosslinks using 5’ to 3’ 

exonuclease activity (Li et al. 2005) or perform a more refined role such as the opening of 

single-stranded looping structures with endonuclease activity such as Artemis (Ma et al. 

2002).  In respect to the action of hSnm1B at the telomere, it is possible that the 
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enzymatic activity of hSnm1B is required to process telomeric DNA, perhaps processing 

of the t-loop structure (Chapter 1, Fig1) during S-phase.  It has been demonstrated that 

the replication fork stalls at telomeres and requires nuclease activity to progress through 

the telomere in yeast (Makovets et al. 2004). 

To determine the specific mechanism of hSnm1B activity at the telomere, there 

are various methods that could be attempted.  First, it would be possible to generate t-

loops in vitro and then subject purified hSnm1B to this DNA and determine if t-loop 

processing occurs.  Additionally, it may be beneficial to expose these in vitro t-loops to 

both hSnm1B and TRF2 together to determine if TRF2 has any influence on the 

enzymatic activity of hSnm1B.  However, even if these in vitro experiments were to 

generate cleaved products there would be no guarantee that this mirrors the activity of 

hSnm1B in vivo.  In this regard it will be important to examine the effects of hSnm1B in 

cells.  If the interaction between hSnm1B and Psf2 and the GINS complex (section 5.3.5) 

can be confirmed through co-immunoprecipitation experiments, hSnm1B may be 

involved in the processing of a replication fork at the telomere.  In such a case, it would 

be informative to assay the effect of over expressing an hSnm1B that lacks binding to 

Psf2 and the GINS complex on genomic stability at the telomere.  Additionally, there are 

assays that can examine the state of replication forks in cells that either lack hSnm1B or 

have overexpressed dominant negative hSnm1B that can not bind the GINS complex.  
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The replication fork can be labeled and then examined for co-localization with DNA 

damage response proteins such as γ-H2AX or 53PB1 at the telomere (Rao et al. 2007).  If 

a DNA damage response was shown to localize with replication forks at the telomere in 

hSnm1B depleted cells this would indicate that hSnm1B was critical for processing of the 

replication fork at the telomere.  Additionally, one might expect to see a delayed 

progression through the cell cycle as assayed by BrdU incorporation.  There is debate as 

to whether double-stranded telomere binding proteins are a hindrance or a requirement 

for the passage of replication forks at telomere.  It has been demonstrated that 

overexpression of TRF1 and TRF2 cause the replication for to stall both in vitro and in 

vivo (Ohki and Ishikawa 2004).  However, it was recently demonstrated that in 

Schizosaccharomyces pombe, Taz1, which is the orthologue of TRF1 and TRF2, is required 

for passage of the replication fork through the telomere (Miller et al. 2006).  While these 

data are seemingly contradictory it supports a model by which over abundance of TRF2 

at the telomere leads to difficulty in processing the telomere, whereas a limited amount 

of TRF2 is required at the telomere to recruit a nuclease for processing of a replication 

fork through the telomere.  It is possible that hSnm1B is this nuclease in human cells.   

In conclusion, there is still much to learn about the telomere associated protein, 

hSnm1B.  Future experiments will provide greater insights into the function of hSnm1B 
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and why hSnm1B protein stability is regulated both dependently and independently of 

the PAIN domain.   
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