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  Tankyrase (TNKS) is a poly(ADP-ribosyl) polymerase (PARP) with 20 

ankyrin repeats (ANK) near the N-terminus that interact with a variety of unrelated 

proteins found in the nucleus and cytoplasm. Using the ANK domain, TNKS recruits 



	  

xi	  

substrate proteins to the C-terminal catalytic PARP domain for poly-ADP-ribosylation 

(PARsylation). The tankyrase ANK domain interacts specifically with proteins 

bearing the sequence motif RXXPDG, including Axin, TRF1 (telomere-repeat binding 

factor-1), and IRAP (insulin-responsive aminopeptidase). Sequence analyses suggest 

that the ANK domain comprises five subdomains called ARCs (ANK repeat clusters) 

that have evolved through exon duplication. Consequently, the ANK domain likely 

contains five separate binding sites for RXXPDG-containing proteins. The binding 

specificity of each ARC toward various RXXPDG-containing proteins remains to be 

systematically investigated.  A better understanding of ARC binding specificity will 

shed light on whether adjacent ARCs may be used by TNKS to juxtapose multiple 

partners.  It will also define subsets of TNKS partners that compete for binding to the 

same ARCs. Here using the bacterial vectors that I constructed, I have overexpressed 

and purified each of the five ARCs of TNKS.  I also applied affinity precipitation and 

immunoblot analyses to compare a set of 18 RXXPDG-containing sequences for their 

affinity toward the five ARCs.  I found that all 18 RXXPDG proteins can bind to at 

least 2 ARCs, typically ARC-IV and –V, while some versions of the RXXPDG motif 

can bind to four ARCs. These findings suggest possible functions for the pentavalent 

nature of the ANK domain of TNKS.  



	  

1	  	  	  	  

      INTRODUCTION 

  Protein-protein interactions within any living cell play a vital role in biological 

functions such as gene expression, protein synthesis, and signal transduction (Kohn 

1999). Thus it is of great interest to identify protein-protein interaction motifs to better 

understand the structural basis for the specificity of protein recognition and binding 

(Albert and Albert 2004).  Previous studies have identified an extensive collection of 

conserved binding motifs. For instance, the KFERQ and QEFVR motifs confer 

sensitivity toward lysosomal degradation, whereas the PxxPxKxKx motif specifies 

interaction with SH3 domains (Dice 1990; Sedgwick and Smerdon 1999; Siligardi et 

al. 2011). Discovery of these motifs has shed light on the structural basis behind 

protein-protein interactions, predicted the binding of novel proteins bearing similar 

motifs, and facilitated therapeutic strategies that entail overexpression of specific 

protein motifs (De Las Rivas and Fontanillo 2010).  

   The ankyrin repeat (ANK) is a protein-protein interaction module most widely 

found in eukaryotes (Reviewed in Al-Khodor et al. 2009). First discovered in yeast 

cell-cycle regulators, each of the 33-amino acid ANK repeat consists of two 

antiparallel α-helices connected by an exposed β–hairpin loop (Reviewed in Michaely 

and Bennet 1992). Most ANK-containing proteins have 4-8 tandem copies of the 

repeats, with the highest number (24 copies) being found in the protein Ankyrin, hence 

the given name (Bennet 1992). Certain ANK-containing proteins consist entirely of 

these repeats, while others contain additional domains (Sedgwick and Smerdon 1999). 

In recent decades, the ANK repeat has been identified in more than 400 different 
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proteins found in the nucleus, cytoplasm and extracellular space (Sedgwick and 

Smerdon 1999). Remarkably, the highly conserved ANK repeats use exposed β-

hairpin loops to bind to a diverse array of protein partners (Al-Khodor et al. 2009). 

Hence, the ANK repeat is regarded as a generalized protein-binding module for 

various intracellular and extracellular proteins (Michaely and Bennett 1992). 

  Proteins with a greater number of ANK repeats are likely to possess a more 

diverse binding repertoire as well as a higher binding avidity owing to synergism 

between adjacent ANK repeats (Smith and Seimiya 2002; Michaely and Bennet 1993). 

For instance, tankyrase (TNKS), also known as poly(ADP-ribose) polymerase-5a 

(PARP-5a), contains 20 ANK repeats in the ANK domain that bind to a variety of  

partners (Smith et al. 1998; Diefenbach and Burkle 2005). 

  TNKS is an enzyme involved in poly(ADP-ribose) metabolism. In addition to 

the ANK domain, this 165-kD protein contains an N-terminal HPS domain 

(homopolymeric histidine, serine and proline residues) of undefined functions, a 

sterile α module (SAM) that mediates dimerization, and a C-terminal PARP catalytic 

domain (Smith et al. 1998) (Fig. 1). TNKS was first identified in a yeast two-hybrid 

screen based on the interaction of 10 of its ANK repeats with TRF1 (telomeric repeat 

binding factor-1 protein), a negative regulator for telomere length (Smith et al. 1998). 

Upon ANK-mediated binding to the target proteins, TNKS attaches long chains of 

poly(ADP-ribose) onto the substrates.  This posttranslational modification, known as 

poly(ADP-ribosyl)ation, can alter the substrate’s structure and function (Smith 1998). 

For example, TNKS binding and PARsylation of TRF1 has been shown to attenuate 
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the latter’s ability to bind and shorten telomeres (Smith et al. 1998). Another study 

proposed TNKS as a positive regulator of telomere length because intranuclear 

overexpression of TNKS leads to an increase in telomere length (Smith and de Lange 

2000). Additionally, an immunofluorescence analysis showed that TNKS co-localizes 

with and PARsylates the nuclear/mitotic apparatus protein, NuMA, during mitosis, 

possibly to guide spindle poles through anaphase (Chang et al. 2005).  Work from our 

lab showed that in cells stimulated with growth factors, the Ras/MAPK signaling 

cascade can phosphorylate TNKS to stimulate its PARP activity toward itself 

(autoPARsylation) (Chi and Lodish 2000). 

 

 

 
Figure 1. ARC I-V in Tankyrase. Domain structure of tankyrase. HPS domain, 
homopolymeric histidine, serine, and proline residues; SAM, sterile α motif; ANK, 19 
ankyrin repeats with two flanking half repeats, separated into five ankyrin repeat 
clusters I-V; PARP, catalytic domain for poly(ADP-ribosyl)ation. (Adapted from 
Sbodio and Chi 2002)  
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 TNKS is found in many cellular locales and its PARP activity performs 

various functions.  In an attempt to account for how TNKS uses the ANK domain to 

bind to many proteins that are apparently unrelated, our lab uncovered a cryptic 

RXXPDG motif in most if not all of the proteins that bind to the ANK domain of 

TNKS (Chi and Lodish 2000; Sbodio and Chi 2002). In most instances, this motif is 

both necessary and sufficient for TNKS binding.  For instance, the TNKS-binding 

motif has been established as RQSPDG in IRAP (Sbodio and Chi 2002), as RTQPDG 

in NuMA (Chang et al. 2005), and as RSTPDG in hexokinase 2 (unpublished data). In 

TRF1, the hexapeptide RRCADG serves as the TNKS-binding motif despite a P-to-A 

substitution at position 4.  In Axin, within the N-terminal TNKS-binding domain 

(Zhang et al. 2011), I have found that the hexapeptide RPPVPG mediates TNKS 

binding despite remarkable divergence from the RXXPDG consensus (Table 4). 

  Protein sequence analyses done in our lab indicated that the ANK domain of 

TNKS arose through exon duplication, whereby clusters of 4 ANK repeats are 

reiterated a total of 5 times (Sbodio and Chi 2002). Thus, the ANK domain is 

organized into five highly conserved subdomains called ankyrin repeat clusters 

(ARCs) demarcated by four 22-residue insertion sequences (Sbodio and Chi 2002) 

(Fig. 1). We hypothesize that different variations of the RXXPDG motif bind to 

different combinations of ARCs. Previous experiments done in our lab showed that 

ARC-V alone is sufficient for binding to at least 3 partners (IRAP, TRF1, and 

TAB182) (Sbodio et al, 2002). However, the binding specificity of the remaining 

ARCs  remains to be defined for most TNKS partners. It is possible that multiple 
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partners compete for ARC-V alone, while leaving the other ARCs untouched. 

Alternatively, some partners could bind to multiple ARCs within TNKS, allowing for 

different proteins to bind and interact at once, generating higher-order protein 

complexes. It is also conceivable that one partner may bind to all five ARCs and 

preclude the binding of other proteins (Seimiya and Smith 2002). Hence it is of great 

interest to map out the region(s) within the ANK domain responsible for binding each 

TNKS partner. This information can be used to predict whether TNKS binding to a 

given pair of partners is mutually exclusive by virtue of competition for the same 

ARC, and whether TNKS can serve as a scaffold that juxtaposes multiple partners in a 

specific spatial order.  The information can also be used to account for differences in 

the efficiency of TNKS-mediated PARsylation between substrates that are recruited 

by different ARCs.    

  Lastly, TNKS itself can undergo various post-translational modifications 

including asparaginal hydroxylation within the ANK domain (Kelly et al. 2009), as 

well as other modifications (PARsylation, phosphorylation, and ubiquitination) at 

undefined sites.  Modifications of ARCs may serve to regulate their affinity toward 

TNKS partners.  Therefore, defining the subset of ARCs that bind to a given partner 

will help illuminate the regulation of the specificity of the TNKS scaffold.     

   In this study, I used affinity precipitation to assess the association between 

each of the five ARCs and an array of 18 RXXPDG sequences found in various TNKS 

partners, including a novel TNKS binding protein, LRP6. The functions of each 

RXXPDG-containing protein are described briefly in Table 1 and in more detail in the 
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Appendix. Coomassie staining and immunoblot analyses revealed a complexity of 

binding patterns amongst the 18 TNKS partners; GCK bound to only ARC-II and -V, 

LRP6 bound to ARC-I, -IV and -V, while USP25 bound to ARC-I, -II, -IV, and -V. 

Unexpectedly, we did not detect binding of any RXXPDG sequence to ARC-III, 

suggesting that this subdomain in isolation may insufficient for binding, and may 

require collaboration with adjacent ARCs to facilitate protein interaction. 
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TABLE 1.  Binding Partners of Tankyrase 

Name Function 

AXIN An inhibitor of the Wnt/β-catenin pathway that acts by 
promoting β-catenin phosphorylation and ubiquitination.   

COP1 An E3 ubiquitin ligase protein that regulates ubiquitin-mediated 
protein degradation 

EBNA1 
A protein encoded by EB virus implicated in viral gene 
regulation, replication, and control of viral promoters in B 
lymphocytes.  

GMDS 
A mannosyltransferase enzyme in the GDP-fucose biosynthetic 
pathway that converts GDP-mannose to GDP-4-dehydro-6-
deoxy-D-mannose and water.  

HK1/HK2/HK3 Enzymes responsible for catalyzing the first step of glycolysis, 
which phosphorylates glucose to glucose 6-phosphate. 

HK4/GCK Glucokinase, the hexokinase that specializes in glucose sensing 
in the pancreas.   

IRAP Translocates with GLUT4 molecules in the GLUT4 vesicle from 
the Golgi to plasma membrane upon insulin stimulation. 

KIF12 Translocates to the plus-end of microtubules during mitosis to 
aid in spindle positioning and centrosome separation. 

LRP6 Serves as a co-receptor with the frizzled protein in the Wnt/ β-
catenin signaling pathway.  

NuMA Aids in mitotic spindle assembly and microtubule reorganization 
during mitosis.  

TAB182 A 182-kDa TNKS binding protein of unknown function. 

TRF1 A negative regulator for telomere length.  

Tax1BP1 Inhibits the anti-apoptotic effect of A20. 

USP25 Removes ubiquitin chains on proteins to inhibit protein 
degradation.   
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     MATERIALS AND METHODS 

GST-Fusion Protein Purification

  Duplex oligonucleotides encoding the RXXPDG sequence in each of the 18 

TNKS partners were fused to the C-terminus of GST by inserting into pGEX-4T1 

between BamH1 (upstream) and Not1 sites (downstream). The ligation reaction was 

then transformed into chemically competent DH5α host following manufacturer’s 

protocol (Invitrogen, Carlsbad, CA) and plated on LB plates overnight at 37 °C to 

select for ampicillin-resistant colonies.  Individual colonies were inoculated into 5ml 

of LB with 100 µg/ml ampicillin at 37 °C and harvested after reaching saturation to 

purify plasmid DNA using the QIAprep Spin Miniprep Kit (QIAGEN, Valencia, CA). 

DNA sequencing was provided by the UCSD Cancer Center and the chromatogram 

was analyzed using Sequencher 4.10.1 (Gene Codes Corporation, Ann Arbor, MI). 

Cells with the correct plasmid DNA sequence were grown in 50ml of LB + 100µg/ml 

ampicillin at 37 °C.  When OD600 reached 1, IPTG was added to 0.5mM to 

overexpress the GST fusion for 2 hours.  Induced bacteria were pelleted at 5000 rpm 

for 20 minutes, and the fusion protein was purified on glutathione-Sepharose beads 

(Amersham Pharmacia Biotech, Uppsala, Sweden) following a published protocol 

(Frangioni and Neel (1993)) with minor modifications. The purification was 

performed with 3 ml of STE buffer and incubated on ice for 18 minutes with 300 µg 

of lysozyme. The solution was sonicated after adding DTT (to 5mM), PMSF (to 

1mM) and Triton X-100 (to 1% v/v). Cell lysate was clarified by centrifugation at 

11000 rpm for 30 minutes. Glutathione beads (200 µl of a 50% slurry equilibrated in 
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STE ) were added to the lysate and incubated at 4 °C for 2 hours to overnight. The 

beads were washed three times with STE buffer containing 1% Triton X-100, 1mM 

DTT, and 0.1mM PMSF. Protein concentrations were determined using Dc Protein 

Assay Kit (BIO-RAD, Hercules, CA). 

 

Molecular Cloning for Tankyrase ARCs I-V 

  To amplify cDNA encoding human tankyrase ARCs I-V, PCR primers were 

designed with a Tm of 68°C as estimated by the Oligonucleotide Properties Calculator 

3.26 (Kibbe 2007). Each forward primer was tagged at the 5’ end with a BamH1 

recognition sequence (GGATCC).  Each reverse primer was tagged with the stop 

codon TAG and the Not1 recognition sequence GCGGCCGC at the 5’ end. A list of 

the PCR primers can be found in the appendix. The 60µl PCR reaction included 2µl of 

100µM forward and reverse primers, 0.5µg of full-length human TNKS cDNA, 4.8µl 

of dNTPs, 6µl of 10X Buffer, and 1.2µl of Pfu Turbo DNA polymerase (Agilent 

Technologies, La Jolla, CA). PCR conditions consisted of a denaturation step at 94 °C 

for 45 seconds and 19 cycles of amplification (annealing at 64 °C for 30 seconds, 

extension at 72 °C for 36 seconds, and denaturation at 94 °C for 45 seconds). PCR 

products were verified on a 2% agarose gel. Correct DNA bands were excised, 

purified with the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI), 

digested with BamH1 and Not1, and then ligated into a SUMO fusion vector pET-28a 

vector, that has been digested with BamH1/Not1 and dephosphorylated with calf 

intestine phosphatase (Novagen, Gibbstown, NJ).  This kanamycin-resistant vector 
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also provides an N-terminal (His)6-tag.  The ligation reaction was transformed into 

competent DH5α E. coli (Invitrogen, Carlsbad, CA). The same methods mentioned 

above were used to purify plasmids from individual colonies for DNA sequence 

verification. Plasmids with the correct sequence were then transformed into Rosetta 2 

(DE3) cells following a published protocol (Novagen, Gibbstown, NJ) and selected for 

kanamycin and chloramphenicol resistance. We chose to transform into Rosetta 2 

(DE3) cells because this BL21 derivative helps to improve the translation of 

eukaryotic cDNA with codons that are rarely used by E. coli. The host strain also 

contains a T7 RNA polymerase gene under control of the lacUV5 promoter, allowing 

IPTG-mediated induction of recombinant proteins.

 

Tankyrase ARC I-V protein purification in Tris pH 8.0 Buffer (Optimal yield)

  Rosetta 2 (DE3) host carrying the desired plasmids was incubated in 110ml of 

LB with 50µg/ml kanamycin and 34 µg/ml chloramphenical at 37 °C and induced at 

OD600 of 1 with 0.3mM IPTG for 2 hours at room temperature. Pelleted bacteria were 

resuspended in 2.7ml of a buffer containing 50mM Tris pH 8, 150mM NaCl, 0.3mM 

PMSF, 2mM TCEP, 0.01 µg/µl leupeptin, and 0.03 µg/µl aprotinin. After vortexing, 

300µl of 10% Triton X-100 was added prior to sonification on ice. Lysate was 

clarified by centrifugation at 11,000 rpm for 30 minutes and incubated overnight at 4 

°C with 50µl of Nickel-NTA Agarose Beads (QIAGEN, Valencia, CA). The beads 

were washed three times with a 10ml buffer containing 50mM Tris pH 8, 150mM 

NaCl , 1% Triton X-100, 2mM TCEP, 0.3 mM PMSF, 20mM imidazole, 0.01µg/µl 
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leupeptin, and 0.03 µg/µl aprotinin, then incubated at 4 °C for one hour in 200 µl of 

elution buffer [STE supplemented with 1% Triton X-100, 1mM DTT, 0.3mM PMSF, 

0.01 µg/µl leupeptin, 0.03 µg/µl aprotinin, and 400mM imidazole]. Protein 

concentrations were determined using the Dc Protein Assay Kit (BIO-RAD, Hercules, 

CA). 

 

Tankyrase ARC I-V protein purification in PBS Buffer (Suboptimal yield)

  I surveyed many protein purification approaches in order to optimize the yield 

of purified protein. The previous section describes the most favorable induction / 

purification method I found for ARC proteins. Other methods I tried involved the 

induction of the bacterial host with 0.3mM IPTG for two hours at 37 °C or room 

temperature.  Pelleted cells were resuspended in 2.7ml of PBS or [50mM Tris 8 buffer, 

150mM NaCl] with protease inhibitors [0.3mM PMSF, 2mM TCEP, 0.01 µg/µl 

leupeptin, and 0.03 µg/µl aprotinin]. After vortexing, 300µl of 10% Triton X-100 was 

added prior to sonification. The same methods were applied for cold-centrifugation, 

and cell lysate was incubated at 4°C with 50µl of nickel-NTA agarose beads for 2 

hours, to overnight. The beads were washed three times with a 10ml solution of PBS 

or [50mM Tris 8 buffer, 150mM NaCl] with 1% Triton X-100, 2mM TCEP, 0.3 mM 

PMSF, 20mM imidazole (pH 8.5), 0.01 µg/µl leupeptin, and 0.03 µg/µl aprotinin then 

incubated at 4°C for one hour in 200 µl of elution buffer. pKa values were calculated 

with the DNA Strider 1.4 program (CEA, France).  
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Overexpression and purification of RFP-tagged proteins 

  I initially planned to analyze TNKS binding by conducting pull down assays 

with GST-tagged RXXPDG hexapeptides and individual (His)6-tagged ARCs fused to 

RFP, then simply measuring RFP fluorescence to assess TNKS interaction.  The red 

fluorescent protein (TagRFP-T in a bacterial expression vector) was a generous gift 

from Dr. Roger Tsien (UCSD). We purified the RFP following a published protocol 

(Shaner et al. 2004) with some minor modifications. Cells were incubated at 37°C 

overnight in 100ml of RM Media [1X M9 Salts, 2% Casamino Acids, 0.2% glucose, 

1mM MgCl2] with 0.2% arabinose and 100 µg/ml ampicillin, induced with 0.5mM 

IPTG at 37°C for two hours. Pelleted bacteria were sonicated and solubilized in PBS 

supplemented with 1% Triton X-100, 0.3 mM PMSF, 0.01 µg/µl Leupeptin, 0.03 

µg/µl Aprotinin, and 0.5 mM TCEP.  Clarified lysates were incubated for 1 hr with 

nickel-NTA Agarose Beads.  After several washes, recombinant proteins were eluted 

by adding imidazole to 400 mM.  Fluorescence spectra were measured in 96-well 

plates with excitation wavelength at 586 nm. 

 

Affinity Precipitation (Pull-down assay)

  GST-tagged RXXPDG hexapeptide (10µg) bound to glutathione beads was 

incubated with (His)6-tagged ARC protein (10µg) overnight at 4 °C in 100 µl of buffer 

A [200 mM NaCl, 1 mM EDTA, 50mM Tris pH  8.0, 0.1g/ml glycerol, 20 mM BGP, 

1% Triton] with protease inhibitors [1mM DTT, 0.3mM PMSF, 0.01 µg/µl Leupeptin, 

and 0.03 µg/µl Aprotinin]. The beads were washed 3 times with 1ml of Buffer A then 
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denatured by heating in SDS-PAGE sample buffer at 95 °C for 10 minutes. Samples 

were loaded in a 9% SDS-PAGE gel, stacked for 20 minutes at 300V then resolved for 

one hour at 38mA. Proteins were visualized by staining with 0.2% Coomassie Brilliant 

Blue (BIO-RAD, Hercules, CA) in 7.5% glacial acetic acid and 50% ethanol. 

 

Immunoblot analyses 

  Proteins were transferred in a semi-dry apparatus onto a nitrocellulose 

membrane soaked in transfer buffer [25 mM Tris, 192 mM glycine, 10% methanol] 

and ran for 45 minutes at 300mA. Blots were blocked for 30 minutes in 5% skim milk 

in PBS-T [8g NaCl, 8g KCl, 1.44g Na2HPO4, 1.44g KH2PO4, 2 ml Tween-20, 

dissolved in 1L of H2O, pH adjusted to 7.2], and incubated at 4°C overnight with the 

monoclonal anti-His-tag antibody 2A8 (Abmart, Arlington, MA; 1:1000 dilution).   

After washing in PBS-T for 10 minutes, blots were incubated with HRP-conjugated 

goat anti-mouse IgG (Peroxidase-AffiniPure, Jackson ImmunoResearch, West Grove, 

PA) at room temperature for one hour. Blots were washed again in PBS-T for 30 

minutes then incubated for one minute with SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific, Rockford, IL). Bound secondary antibody was 

visualized by exposing to a film for 5-60 seconds. 

 

LRP6 Transfection

  Expression vectors for LRP6 (1 µg) and / or FLAG-tagged ANK domain of 

FLAG-tagged TNKS2 (1 µg) were transfected as indicated using a calcium phosphate 
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kit (Invitrogen) into HEK293 cells grown in 6-well plates at 50% confluency.  Cells 

were lysed 2 days later in buffer A and clarified in a microcentrifuge.   Soluble 

proteins were immunoprecipated overnight using anti-FLAG beads (Sigma, 7 µl per 

reaction).  Both lysates and the immunoprecipitates were immunoblotted for LRP6 

and for the FLAG epitope. 
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       RESULTS 
 
Instability of Purified Red Fluorescent Protein (RFP)

   In my initial strategy for analyzing the binding of GST-tagged RXXPDG 

hexapeptides to each of the five ARCs, I planned to tag individual ARCs with RFP to 

allow fluorescence-based quantification of pull down assays.  Unexpectedly, although 

purified RFP showed no signs of proteolysis over two weeks when kept in the dark at 

4 °C in PBS buffer, I found that its fluorescence emission decayed progressively.  As 

shown in Fig. 2, RFP lost 60% of its fluorescence over 2 weeks (from 963 RFU to 376 

RFU). 

 
Figure 2. RFP Fluorescence Intensity. RFP emission at 586 nm was followed over 
the course of 2 weeks. The reading was highest (963 RFU) on the day of purification, 
and decreased progressively to 376 RFU over 16 days. Percentage values of each data 
point indicate the decrease in fluorescence relative to time zero. 
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Concomitantly, the protein solution lost its distinctive red color over the span of three 

weeks.  This instability persisted even though I closely followed the published 

induction and purification protocol (Shaner et al. 2004).  Because the instability of 

fluorescence raised concerns over protein denaturation and the reliability of 

fluorescence-based protein quantification, I abandoned this approach in favor of the 

traditional, SDS-PAGE-based analysis of protein-protein interaction. 

    

Purification of (His)6-SUMO-tagged Tankyrase ARC I-V: optimal yield in Tris 

pH 8.0 

  To investigate the binding of TNKS partners to the ANK domain, I used 

PCR to subclone each of the five ARCs from full-length TNKS cDNA into a 

derivative of the bacterial vector pET28 that provides N-terminal fusion to SUMO 

(which enhances protein solubility) and (His)6 tag (which facilitates protein 

purification).  I then induced these constructs in an E. coli overproducer.  My initial 

purification strategy involved lysing induced E. coli in PBS.  This buffer consistently 

yielded only about 1.5 µg of recombinant protein per ml of culture.  To improve the 

yield, I switched to Tris-based buffers.  Tris pH 8.0 was chosen based on the 

observation that the pKa for all the ARCs is 7.8 or lower (Table 2).  
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TABLE 2. Tankyrase ARC I-V Properties 

Ank Repeat Cluster Length (a.a.) MW (Dalton) pKa 

    
I 164 17,011 7.2 
II 158 16,995 6.8 
III 161 17,716 7.8 
IV 164 17,935 7.0 

V 187 19,842 5.7 
 
 

I found that the yield of purification for each of the five ARCs was higher when 

buffers containing Tris pH 8.0 (instead of PBS) were used to solubilize bacterial 

lysates. This resulted in a yield of 2.5 µg ARC protein per ml of cultures that had been 

IPTG-induced at room temperature for 2 hours (Table 3). Further evaluation on SDS-

PAGE gels revealed a more prominent protein band of ARC-V after purification in 

Tris 8 (Fig. 3). 

 

TABLE 3. ARC III Overexpression and Purification 

 PBS (pH 7.4) Tris (pH 8.0) 

 Average Total amount 
(µg) 

Average Total amount 
(µg) 

2 HR: 37 °C 
induction 174 148 

2HR: RT induction 156 260 

Table 3. Bacterial cultures (110ml) were induced with 0.3 mM IPTG at the indicated 
temperature. After elution from nickel resins in 200 µl of elution buffer, protein 
concentrations were determined as described in “Materials and Methods.”  
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  For further assessment, I also compared room temperature vs. 37°C induction 

for the yield of ARC-V purified in Tris 8.0 (Fig. 3). Interestingly, induction at room 

temperature gave a higher yield. Regardless of the temperature of induction, ARC-V 

protein gave a lower yield in PBS than in Tris pH 8.0. I therefore concluded that the 

optimal condition to overproduce ARC domains is to induce at room temperature for 2 

hours and to purify in Tris pH 8.0 buffers. 

Figure 3. Purification of ARC-V in two buffers: PBS vs. Tris pH 8.0  A 
Coomassie-stained 9% SDS-PAGE gel of ARC-V purified in PBS or Tris pH 8.0 from 
E. coli that had been induced with 0.3mM IPTG for 2 hours at either 37°C or room 
temperature. Each lane represents the yield from 2 OD•ml of culture.   
 

GST-RXXPDG Fusion Proteins Bind to Multiple sites within the ANK Domain

  I used Coomassie staining and, when higher sensitivity was required, anti-His-

tag immunoblotting to detect the binding between GST-RXXPDG and purified ARCs 

I–V. Initial pulldowns using GST-IRAP revealed strong binding to ARC-IV and -V 

but not the other 3 ARCs in Coomassie blue-stained gels (Fig. 4). About 50% of ARC-
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V protein and 15% of ARC-IV was pulled down by GST-IRAP. 

  
Figure 4. ARC-IV and ARC-V bind to GST-IRAP in vitro. Purified ARC proteins 
were incubated with either GST-IRAP (lanes 6-10) or GST (lanes 1-5) in an overnight 
pulldown assay as described in “Materials and Methods.” Bound proteins were 
resolved in a 9% SDS-PAGE gel and stained with Coomassie blue.  Lanes 11-15 show 
50% of the input ARCs.

  Subsequent pulldowns using other GST-fusion proteins demonstrated 

consistent affinity towards ARC-IV and –V, but Coomassie staining continued to fail 

to detect any binding to ARC-I, -II, or -III.  In an attempt to maintain protein solubility 

during pulldowns, I added 1% deoxycholate (DOC) or 0.3% sarkosyl detergent to the 

buffer and compared the results to my original buffer containing 1% Triton-X as the 

only detergent (Figure 5). Coomassie staining of pull-down proteins on 9% SDS-Gel 

revealed that ARC-V bound efficiently to GST-IRAP in the original 1% Triton-X 

solution. The addition of DOC or sarkosyl noticeably diminished the binding. In 

addition, overnight pulldowns showed no difference at 4°C and at room temperature 

(Figure 5).
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Figure 5. Binding of ARC-V to GST-IRAP in the presence of different detergents. 
Pulldown assays incubated overnight at room temperature or 4°C were resolved on a 
9% SDS-PAGE gel and stained with Coomassie blue.  The reactions contained either 
1% Triton alone or in combination with 1% DOC or 0.3% sarkosyl.  

 

 Since Coomassie staining failed to detect any pulldown of ARC-I, -II, or -III, I 

also used immunoblotting to increase the sensitivity of detection. Interestingly, in a 

Western blot analysis of ARC I-V pulldowns by GST-TAB182, immunoblots with 

Anti-(His)6 tag primary antibody detected TAB182 binding not only to ARC-IV, and –

V, as previously observed by coomassie staining, but also to ARC-I and –II. (Figure 

6). ARC-IV and -V demonstrated more than 2% binding to GST-TAB182 while ARC-

I and -II showed a slightly weaker affinity towards TAB182. GST alone, a negative 

control, did not bind to any ARC (lanes 3, 5, 7, 9, and 11).
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Figure 6. ARC-I, -II, -IV, and -V bind to GST-TAB182 in vitro.  ARC I-V was 
incubated with GST-TAB182 or GST alone in a pulldown reaction.  The affinity 
precipitates were resolved along with a 2% input of ARC-V in a 9% SDS-PAGE gel 
and immunoblotted for the (His)6 tag.  
 
 

  Immunoblot analyses of additional pulldowns using 18 GST-fusion proteins 

revealed several combinatorial patterns of binding to ARCs I-V as tabulated in Table 

4. For a negative control, I also verified that none of the ARCs bound to GST fusions 

of full-length mouse TRF1, which lacks the RXXPDG motif found in the human 

homolog. I found that ARC-V binds to the RXXPDG motif from every TNKS partner. 

Additionally, full-length TRF1 and the entire IRAP cytosolic domain exhibited the 

same binding patterns as their respective RXXPDG hexapeptides in isolation, 

consistent with our report that the RXXPDG hexapeptide in both TRF1 and IRAP is 

solely responsible for binding to full-length TNKS (Sbodio and Chi 2002).  Moreover, 

I was able to detect ANK binding of two different fragments of EBNA1 (aa 1-90 

containing RPSCIG, and aa 420-440 containing EGGPDG), both of which are known 
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to bind independently to the entire ANK domain of TNKS (Deng et al. 2004) (Table 

4). Interestingly, most hexapeptides that conform well to the RXXPDG motif (such as 

RPQPDG from TAB182, RQSPDG from IRAP, and RSTPDG from HK2) bound to 

three or four ARCs.  In contrast, hexapeptides with significant divergence from the 

motif (such as RSTPEG from GCK and RPSCIG from EBNA1) bound to only two or 

three ARCs (Table 5). I also found that positions 2 and 3 of the RXXPDG motif are 

not always silent with respect to binding: In the RXXPDG motif of TRF1, a Gly-to-

Arg substitution at position 2 (changing RGCADG to RRCADG) resulted in the 

selective loss of binding to ARC-I (Table 4). In addition, I found that all variants of 

the RXXPDG motif bound to ARC-IV and –V with the exception of RPSCIG (from 

EBNA1) and RSTPEG (from GCK), which bound to only ARC-V (Table 5). These 2 

hexapeptides are very divergent from the canonical RXXPDG motif, suggesting that a 

significant deviation from the motif can alter the typical binding pattern. In Table 6, 

TNKS partners are sorted according to the number of ARCs that they were able to 

bind. Unexpectedly, I did not detect binding of the RKMEDG hexapeptide of 

Tax1BP1 to any ARC.  (This pull down assay was conducted only once and will need 

to be repeated for confirmation.) Thus I conclude that RXXPDG-containing proteins 

and proteins with a similar motif have the capability to bind to multiple sites on the 

ANK domain: some proteins can bind to more ARCs than others depending on the 

variation of the motif. 
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TABLE 4. Multiple RXXPDG-Binding Sites in Tankyrase 
RXXPDG 

Sequence Protein Name ARC 

  I II III IV V 
RSTPDG HK2 + +* -* ++* +++* 

RPQPDG TAB182 + ++ - ++ +++ 

RQSPDG IRAP (aa78-108 & 
full-length) ++ ++ - +++ +++ 

RGSGDG GMDS + ++* - +++ +++ 

RTPADG USP 25 + + - ++* +++* 

 Full-length EBNA1a + +* - ++ +++ 

RGCADG TRF1 (aa 1-68 & full-
length)        ++ ++ - +++ +++ 

RRCADG TRF1 (mutant) 
(aa 10-19) - +* - +++* +++* 

RGSPDG KIF12 - ++* - +++ +++ 

RATPDG HK3 - +* - ++* ++* 

EGGPDG EBNA1 (aa 420-440) - +* - ++* ++* 

RMKGDG LRP6 - -* - +* +* 

RPPVPG AXIN ++ - - +++ +++ 

RRTPDG HK1C - -* - ++* +++* 

RSIPDG HK1N - -* - +* +++* 

RALPDG COP1 - -* - ++* +++* 

RPSCIG EBNA1 (aa 1-90) - + - - +++ 

RSTPEG GCK - +* - -* +++ 

RTGPDG NuMA - +* - - ++* 

RKMEDG Tax1BP1* - - - - - 
No 
RXXPDG 

Full-length mouse 
TRF1 - - - - - 

TABLE 4. A plus sign indicates pulldown of at least 0.25% of a given input ARC 
protein.  A minus sign indicates pulldown of less than 0.25%.  
More plus signs indicate greater binding observed:  
+ 0.25-2% binding  ++ 3-10% binding  +++ 11-40% binding  
a Full length EBNA1 missing aa 103-330 (GA repeat region) 
* based on assays that have been conducted only once so far and need to be  
  repeated. 
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TABLE 5. ARC binding and Sequence Similarity to the RXXPDG motif 

RXXPDG 
Variations 

Protein 
Sequence Protein Name ARC 

   I II III IV V 

 
RXXPDG 

RSTPDG HK2 + + - + + 

RPQPDG TAB182 + + - + + 

RQSPDG IRAP 
(aa 78-108) + + - + + 

RATPDG HK3 - + - + + 

RGSPDG KIF12 - + - + + 

RALPDG COP1 -  - - + + 

RSIPDG HK1N - - - + + 

RRTPDG HK1C - - - + + 

RTGPDG NuMA - + - - + 

RXXADG 

RGCADG TRF1 
(aa 1-68) + + - + + 

RTPADG USP 25 + + - + + 

RRCADG Mutant TRF1 
(aa 10-19) - + - + + 

RXXGDG 
RGSGDG GMDS + + - + + 

RMKGDG LRP6 + - - + + 

Unique 
Sequences 

RPPVPG AXIN + - - + + 

EGGPDG EBNA1 
(aa 420-440) - + - + + 

RPSCIG EBNA1 
(aa 1-90) - + - - + 

RSTPEG GCK - + - - + 
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TABLE 6. Binding Spectra of ARC I-V 
# of 
ARCs ARCs Protein Sequence Protein Name 

4 I, II, IV, V 

RGCADG TRF1 (aa 1-68) 

RGSGDG GMDS 

RPQPDG TAB182 

RQSPDG IRAP (aa 78-108) 

RSTPDG HK2 

RTPADG USP 25 

 FL - EBNA1 

 FL – IRAP  

 FL - TRF1 

3 
II, IV, V 

EGGPDG EBNA1 (aa 420-440) 

RATPDG HK4 

RGSPDG KIF12 

RRCADG TRF1 (mutant) (aa 10-19) 

I, IV, V RPPVPD AXIN 

2 

IV, I 

RALPDG COP1 

RRTPDG HK1C 

RSIPDG HK1N 

RMKGDG LRP6 

II, V 
RPSCIG EBNA1 (aa 1-90) 

RSTPEG GCK 

RTGPDG NuMA 
	  

	  

LRP6, a novel RXXPDG-containing partner of tankyrase 

   The laboratory of our collaborator Dr. Jeremy Nathans (Johns Hopkins 

University) identified LRP6 as a novel partner of TNKS in a yeast two-hybrid screen 
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(unpublished data).  LRP6 (low-density lipoprotein receptor-related protein 6) is a co-

receptor for wnt ligands that, upon phosphorylation in the cytosolic domain by GSK3, 

can recruit axin to modulate wnt signaling (MacDonald et al. 2008). Because TNKS 

can directly bind to axin (via the RXXPDG motif) and is phosphorylated by GSK3 

during mitosis (Yeh et al. 2006), its interaction with LRP6 suggests the interesting 

possibility that TNKS serves as a molecular scaffold for axin to interact with LRP6 

and GSK3.  In collaboration with the Nathans lab, we mapped the TNKS-binding site 

in LRP6 to a variant RXXPDG motif (RMKGDG, aa 1401-6) in the LRP6 cytosolic 

domain, upstream from the axin-binding site.  Mutagenesis of this motif in LRP6 

abolished the interaction with TNKS in the yeast two-hybrid system (unpublished 

data).  To verify LRP6 as a novel binding partner of TNKS, I transfected HEK293 

cells with full-length LRP6, FLAG-tagged ANK domain of TNKS-2, or both. Co-

immunoprecipitation of LRP6 and TNKS-2 is shown in Figure 7.  

– – + +

IP: FLAG
WB: LRP6 -150

1 2 3 4

-250 LRP6

FLAG-TNKS2-ANK
– + – + LRP6

IP: FLAG
WB: FLAG -75

-100 FLAG-TNKS2-ANK

Lysates LRP6
-150

-250

 

Figure 7. Full length LRP6 binds to TNKS-2. Full-length LRP6 was transfected as 
indicated with LRP6 and FLAG-tagged ANK domain of TNKS-2 as described in 
“Materials and Methods.” Lysates were immunoprecipitated with M2 anti-FLAG 
antibodies and immunoblotted for LRP6 (middle panel) or FLAG (lower panel). 
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   Next, I prepared a GST fusion of the LRP6 hexapeptide sequence RMKGDG 

to conduct a pulldown assay on purified ARCs I-V.  The immunoblot in Figure 8 

shows that GST-LRP6 pulled down about 0.5% of ARC-I, and 1% of ARC-IV and –V 

from the input materials.   Therefore, I have established LRP6 as a novel RXXPDG-

containing protein that directly binds to multiple ARCs of TNKS. 

 
 
Figure 8. Binding of ARC-I, -IV, and -V to GST-LRP6 in vitro. ARC I-V was 
incubated with GST-LRP6 or GST alone in a pulldown reaction.  The affinity 
precipitates were resolved along with a 2% input of ARCs I-V in a 9% SDS-PAGE gel 
and immunoblotted for the (His)6 tag. 
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    DISCUSSION 
 

 Tankyrase is an enzyme that catalyzes the poly(ADP-ribosyl)ation of  

proteins playing key roles in diverse cellular processes including telomere homeostasis 

and mitotic spindle assembly (Smith et al. 1998; Chang et al. 2005). Studies have 

shown that this enzyme recruits protein substrates by using the ANK domain to bind 

to proteins containing the sequence motif RXXPDG (Sbodio and Chi 2002). The five 

subdomains within the ANK domain suggest that distinct ARC combinations could 

possibly bind to different subsets of RXXPDG-containing proteins.  This in turn could 

determine the hierarchy of KM and/or VMAX in TNKS-mediated PARsylation of 

RXXPDG-containing substrates.  Moreover, the distribution of binding sites within 

the ANK domain could determine whether different RXXPDG proteins might 

compete for TNKS binding and PARsylation, or whether they can share the ANK 

domain as a scaffold for interaction.  To investigate these postulations, I have 

constructed and purified each of the five ARCs of TNKS, and defined their binding 

spectra using a set of GST fusions containing 18 versions of the RXXPDG motif.  I 

have also established LRP6, an RXXPDG-containing protein, as a novel partner of 

TNKS.   

   My initial approach to detect ARC binding based on the RFP tag was 

hampered by the rapid decay of RFP fluorescence. Minor modifications with the RFP 

purification protocol may have played a factor. The published protocol in (Shaner et 

al. 2004) purified RFP in an unspecified buffer, then dialyzed the protein into PBS.  
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Instead, I purified the RFP directly in PBS. It is possible that initial purification with 

PBS may have rendered RFP prone to denaturation or bleaching.  

     To detect TNKS interaction with different partners, I used PCR-based 

subcloning to fuse each of the five ARCs with a (HIS)6 tag and SUMO. Plasmids with 

the correct sequence were then transformed into the Rosetta 2 (DE3) host. Using the 

recombinant proteins that I purified, I conducted affinity precipitation and immunoblot 

analyses and found that my array of GST-RXXPDG fusions bound to different 

combinations of all ARCs except for ARC-III.  It is unlikely that the ARC-III 

fragment that I purified was denatured, because its purification yield was comparable 

to the other ARCs and it did not show proteolysis during storage.  Since the crystal 

structure of TNKS is not available, we cannot predict with certainty if my ARC-III 

construct contains all the elements required for proper folding into its native secondary 

and tertiary structures.  A loss of proper folding can significantly impede interaction 

with other proteins, as seen in the ANK domains of the ankyrin protein (Davis et al. 

1991).    

 The lack of ARC-III binding to GST-TRF1 contradicts a previous study by 

Seimiya and Smith (2002) showing ARC-III interaction with both TAB182 and TRF1 

in the yeast two-hybrid system and in in vitro binding.  The disparity is likely because 

compared to my ARC-III construct, the construct used by Seimiya et al. contains two 

additional ANK repeats at both the N- and the C-terminus.  These flanking ANK 

repeats could have strengthened the binding avidity by providing additional contact 

points for TRF1.  Similar binding cooperation between ANK repeats has been 
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demonstrated in the prototypical ankyrin (Michaely and Bennet 1993), where 24 ANK 

repeats are organized into four similar subdomains.  Specifically, the third subdomain 

in combination with the fourth are required for ankyrin to bind to the anion exchanger 

AE1. Thus it is likely that my ARC-III construct needs additional flanking sequences 

in order to bind to TNKS partners. It is also conceivable that ARC-III simply does not 

bind to TNKS partners and the protein interaction reported by Seimiya and Smith was 

entirely due to flanking sequences.   

  Aside from the lack of binding observed with ARC-III, I observed a variety 

of binding patterns within the other four ARCs. Specifically, I found that ARC-V 

bound to the RXXPDG motif from every TNKS partner, suggesting generalized 

binding of this subdomain as previously observed in (Sbodio and Chi 2002). 

Additionally, I observed that most TNKS partners bind to ARC-V more efficiently 

than to any other ARC. As seen in Table 4, most of the  RXXPDG-containing proteins 

pulled down more than 11% of ARC-V but only 0.25%-2% of ARC-I and –II. Since 

the PARP domain of TNKS is located at the C-terminus and therefore closest to ARC-

V, it is conceivable that ARC-V is most effective at presenting TNKS partners for 

PARsylation. In this scenario, binding to ARC-I and –II, which tends to be weak, may 

serve to hand over TNKS partners to ARC-V for stable binding and efficient 

PARsylation. Further investigation will be needed to explore these possibilities. 

  In addition to the binding of ARCs to established TNKS partners, we also 

identified a novel TNKS partner, LRP6, with the RXXPDG motif: RMKGDG that 

bound to ARC-I, -IV and -V. LRP6 is a co-receptor in the Wnt/β-catenin pathway that 
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interacts with Axin to regulate β-catenin phosphorylation and degradation. The 

physiological significance for TNKS-LRP6 interaction remains to be established. I 

hypothesize that TNKS, by using different ARCs to simultaenously bind to LRP6 and 

axin, can promote the interaction between these two wnt-singaling molecules. 

Moreover, Axin and LRP6 share the same binding sites on TNKS in ARC-I, -IV, and 

–V, suggesting possible competition between the two. 
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FURTHER WORK 
 

To exclude the possibility that ARC-III was misfolded, I plan to use circular 

dichroism (CD) spectroscopy to see if purified ARC-III shares the same far-UV 

spectrum (190-250 nm) with the other ARCs as would be predicted by sequence 

homology.  In the event that CD analysis suggests misfolding, one possible solution is 

to overexpress ARC-III in the presence of an RXXPDG-containing protein to induce 

proper folding. This strategy has proven effective in improving the solubility of full-

length ANK domain (containing all 5 ARCs).    

                Once I have determined that purified ARC-III is folded correctly, I will 

design a longer version of ARC-III with flanking ANK repeats to look for any changes 

in protein interaction among the 18 RXXPDG proteins. Additionally, I will carry out 

point mutations of TNKS partners within the RXXPDG site to compare TNKS 

binding of the wild-type TNKS partner to the mutant form. These mutants will help 

identify RXXPDG variants with a higher or lower affinity towards TNKS, and reveal 

specific amino acids that can enhance or impede interaction with a specific ARC.   

               This project will be similarly applied towards the TNKS homologues: 

tankyrase-2 and the single Drosophila TNKS, both of which also contain five ARCs 

and conserve the binding specificity for RXXPDG motif. Data on TNKS-2 and the 

Drosophila homologue can help compare the binding similarities and differences with 

the original TNKS. To this end, I have generated overexpression constructs for all five 

ARCs of TNKS-2.  They have been transformed into Rosetta 2 (DE3) hosts and stored 

at -80°C for future use. Primers used for the PCR reactions are listed in the appendix.
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       Additionally, data from this project will provide important structure-

function information to validate the crystal structure of TNKS in complex with IRAP, 

which is being pursued by our collaborator, Dr. John Pascal at Thomas Jefferson 

University.   
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      APPENDIX 
 
AXIN  
Axin is a molecular scaffold known to contain a TBD (TNKS-binding domain) near  
the N-terminus (aa 22-27).  Within this region, we have identified a cryptic RXXPDG 
motif (give specific sequence) that is sufficient for binding to TNKS.  Axin is the 
concentration-limiting protein of the β-catenin destruction complex involved in the 
Wnt/β-catenin pathway. In the absence of wnt ligands, the destruction complex 
promotes β-catenin phosphorylation, leading to degradation by the ubiquitin-
proteasomal system. In contrast, in the presence of wnt ligand binding, the destruction 
complex is inhibited, leading to β-catenin stabilization and translocation into the 
nucleus.  The Wnt-β-catenin pathway is activated by TNKS through destabilization of 
axin, because TNKS can bind and PARsylate axin to stimulate its degradation by the 
ubiquitin-proteasomal system.  A recent study shows that PARsylated axin is 
ubiquitinated by RNF146, an E3 ligase that is recruited specifically by PARsylation.  
(Zhang et al. 2011) 
 
LRP6 
The  (lipoprotein receptor-related protein 6 (LRP6) is a crucial co-receptor associated 
in the Wnt/β-catenin pathway. During Wnt pathway activation, LRP6 interacts with 
the protein, Axin, to prevent β-catenin phosphorylation and degradation.  
(MacDonald et al. 2008) 
 
COP1 
The Constitutive Photomorphogenic protein 1 (COP1) is an E3 ubiquitin ligase that 
contains an RXXPDG motif embedded in the C-terminal WD40 domain.  It promotes 
ubiquitin-mediated degradation of several mammalian proteins including p53 and 
TNKS (manuscript in preparation). ATM-mediated COP1 Serine (S387) 
phosphorylation activates COP1 translocation from the nucleus to the cytoplasm in 
response to DNA damage. (Su et al. 2010) 
 
EBNA1 
The EBV nuclear antigen 1 (EBNA1) is encoded by the Epstein–Barr virus (EBV). 
Oncogenic transformation by this dsDNA virus can lead to nasopharyngeal carcinoma 
as well as B cell malignancies including Hodgkin’s disease and Burkitt’s lymphoma. 
For this process to occur, the EBV expresses the critical EBNA1 protein in order to 
maintain proper EBV gene regulation, replication, and control of viral promoters. 
Thus, EBNA 1 is essentially expressed in all EBV infected cells. Studies have shown 
that EBNA 1 becomes functionally active only when it is phosphorylated at multiple 
sites of its protein domain. Recent studies have shown that overexpression of TNKS 1 
inhibits EBV DNA replication by PARsylating and destabilizing the EBNA1 protein.  
(Deng et al. 2005) 



35	  

	  

GMDS 
GDP-mannose-4,6-dehydratase (GMDS), which catalyzes the conversion of GDP-
mannose to GDP-4-dehydro-6-deoxy-D-mannose and water, is an essential enzyme in 
the GDP-fucose biosynthetic pathway that provides the substrate for protein 
fucosylation (Sullivan et al. 1998).  Several observations prompted us to explore 
GMDS as a novel TNKS partner and substrate.  First, endogenous GMDS is 
precipitated when cell extracts were incubated with resins charged with XAV939, a 
PARP inhibitor highly selective for TNKS (Huang 2009).  Secondly, upon depletion 
of RNF168 (the aforementioned PAR-directed E3 ligase), endogenous GMDS 
abundance is increased, suggesting that GMDS turnover is stimulated by PARsylation 
(Zhang et al. 2011).  Lastly, GMDS contains a hexapeptide sequence RGSGDG that 
partially matches the consensus TNKS-binding motif RXXPDG.  I therefore generated 
a GST fusion of this GMDS hexapeptide and analyzed its binding to ARCs.    
 
Glucokinase (hexokinase 4) and other hexokinases
Members of the hexokinase family (HK) catalyze the first step of glycolysis by 
converting glucose to glucose-6-phosphate.  Of the four mammalian homologues, 
HK1, HK2, and HK3 have a low Km for glucose and are expressed in many tissues.  
By comparison, HK4 (also known as glucokinase or GCK) has a high Km for glucose 
and is expressed in only hepatocytes and pancreatic beta cells. Because mutations that 
activate or inactivate HK4 are responsible for certain forms of hypoglycemic and 
hyperglycemic disorders respectively, this enzyme’s structure-function relationship 
has been extensively characterized.  It has been shown that GCK consists of two 
globular domains connected by a hinge.  Due to flexibility of the hinge region, GCK 
equilibrates between a closed, active conformation and a super-open, inactive 
conformation as well as intermediate states. Compared to GCK, the other HKs are 
twice the size (100 kDa vs. 50 kDa) due to gene duplication.  Consequently, each half 
of HK 1-3 contains a hinge (Iynedjian 2009). 
 
All glucokinases contain a TNKS-binding motif in at least one of the hinge regions.  
Unpublished work from our lab shows that TNKS, by binding to the hinge of GCK, 
favors the superopen (inactive) conformation of this enzyme and attenuates its activity 
in vitro.   
 
 
IRAP (insulin-responsive aminopeptidase) 
IRAP, an integral membrane protein in specialized vesicles that carry the glucose 
transporter GLUT4, is believed to serve as an adaptor that links GLUT4 to insulin 
signaling pathway, resulting in insulin-stimulated exocytosis of both IRAP and 
GLUT4. A hexapeptide sequence (RQSPDG) within the IRAP cytosolic domain was 
the first to be established as the TNKS-binding motif.  
(Sbodio et al. 2002; Yeh et al. 2007).   
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KIF12   
This motor protein in the KIF is a kinesin family motor protein, which utilizes ATP to 
propel events that are relevant to energy to perform functions specifically focused in 
mitosis and meiosis.  KIF12 is a kinesin that slowly translocates to the plus-end of 
microtubules during mitosis to aid in spindle positioning and centrosomes separation. 
(Wordeman 2010) 
 
NuMA (nuclear/mitotic apparatus protein) 
NuMA aids in the assembly of the mitotic spindle and co-localizes with TNKS during 
mitosis prophase, prometaphase, metaphase, and anaphase.  NuMA is the major 
acceptor of TNKS PARsylation in mitosis and is required for localization of TNKS to 
spindle poles, but TNKS is not required for NuMA localization of spindle poles.  
(Chang et al. 2005) 
 
TAB182 (TNKS-binding protein of 182 kDa) 
TAB 182 is a TNKS protein substrate discovered via Y2H assay. TAB182 co-
immunoprecipitates with the TNKS ANK domain and serves as an acceptor of 
PARsylation by TNKS 1 in vitro. Little is known about TAB182 and its function has 
yet to be characterized. (Seimiya and Smith 2002) 
 
TX1BP1 (Tax1-binding protein) 
TX1BP1, also known as TXBP151 or T6BP, interacts and regulates A20 by inhibiting 
its anti-apoptotic effect. It has also been shown to inhibit TNF- and Fas-mediated 
apoptosis. (Shembade et al. 2007) 
 
TRF1 (Telomeric repeat binding factor-1) 
TRF1 is a TNKS partner that negative regulates the length of telomere repeats.  
TNKS-mediated PARsylation can attenuate the ability of TRF1 to bind to telomeres.  
Consequently, it has been shown that TNKS overexpression leads to telomeric 
expansion, whereas TNKS knockdown leads to telomeric shortening (Smith and de 
Lange 2000) 
 
USP25 (Ubiquitin-specific protease 25) 
Originally identified as a TNKS partner in a yeast two-hybrid screen, this 
deubiquitinase has been shown in our lab to stabilize the TNKS protein by removing 
ubiquitination from the latter. 
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Tankyrase	  PCR	  Primers 

ARC	  I	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGTTAGCAGCACAGCACCACTGGG	  –	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTATGCCAGGTCCAGGGCTGATTTCC	  -‐	  3’	  

ARC	  II	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGCCCTGGACCTGGCAGATCCTTC	  -‐	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTAAGCCATATCCACAGCACTTTTGCCATG	  -‐	  3’	  

ARC	  III	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGCTGTGGATATGGCTCCAACTCCG	  -‐	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTAGCCCATCTGTGCTGCTGTGAAGC	  -‐	  3’	  

ARC	  IV	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGCAGCACAGATGGGCAATGAAGCAG	  -‐	  3’	  
Reverse:	  5’-‐	  CGCGCGGCCGCTATACCAAATCCAAAGGTGTATTTCCATCTCTG	  -‐	  3’	  

ARC	  V	  
	  
Forward:	  5’	  -‐	  GCGGGATCCATTCAGGACTTACTGAAAGGGGATGCTG	  -‐	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTAGGGGGTGGATGCTGGTGAGATC	  -‐	  3’	  

	  
Tankyrase	  Amino	  Acid	  Sequences	  

ARC	  I	  
	  
VSSTAPLGPGAAGPGTGVPAVSGALRELLEACRNGDVSRVKRLVDAANVNAKDMAGR
KSSPLHFAAGFGRKDVVEHLLQMGANVHARDDGGLIPLHNACSFGHAEVVSLLLCQGA
DPNARDNWNYTPLHEAAIKGKIDVCIVLLQHGADPNIRNTDGKSALDLA	  

ARC	  II	  	  
	  
ALDLADPSAKAVLTGEYKKDELLEAARSGNEEKLMALLTPLNVNCHASDGRKSTPLHL
AAGYNRVRIVQLLLQHGADVHAKDKGGLVPLHNACSYGHYEVTELLLKHGACVNAMD
LWQFTPLHEAASKNRVEVCSLLLSHGADPTLVNCHGKSAVDMA	  
	  
ARC	  III	  
	  
AVDMAPTPELRERLTYEFKGHSLLQAAREADLAKVKKTLALEIINFKQPQSHETALHC
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AVASLHPKRKQVTELLLRKGANVNEKNKDFMTPLHVAAERAHNDVMEVLHKHGAK
MNALDTLGQTALHRAALAGHLQTCRLLLSYGSDPSIISLQGFTAAQMG	  

ARC	  IV	  	  
	  
AAQMGNEAVQQILSESTPIRTSDVDYRLLEASKAGDLETVKQLCSSQNVNCRDLEGRH
STPLHFAAGYNRVSVVEYLLHHGADVHAKDKGGLVPLHNACSYGHYEVAELLVRHGA
SVNVADLWKFTPLHEAAAKGKYEICKLLLKHGADPTKKNRDGNTPLDLV	  

ARC	  V	  
	  
IQDLLKGDAALLDAAKKGCLARVQKLCTPENINCRDTQGRNSTPLHLAAGYNNLEVAE
YLLEHGADVNAQDKGGLIPLHNAASYGHVDIAALLIKYNTCVNATDKWAFTPLHEAA
QKGRTQLCALLLAHGADPTMKNQEGQTPLDLATADDIRALLIDAMPPEALPTCFKPQ
ATVVSASLISPASTP	  

	  

Tankyrase-‐2	  PCR	  Primers	  

ARC	  I	  
	  
Forward:	  5’	  -‐	  GCGGGATCCATGTCGGGTCGCCGCTGCGC	  –	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTATGCTAAATCCAATGCTGTCCTTCCATCTG	  -‐	  3’	  

ARC	  II	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGCATTGGATTTAGCAGATCCATCTGCCA	  -‐	  3’	  
Reverse:	  5’-‐	  CGCGCGGCCGCTAAGCCAAGTCTATAGCACTTTTATTGTGACAATTG	  -‐3’	  

ARC	  III	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGCTATAGACTTGGCTCCCACACCAC	  -‐	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTATCCCATCTGTAAAGCAGTAAAGCCCTGAA	  -‐	  3’	  

ARC	  IV	  
	  
Forward:	  5’	  -‐	  GCGGGATCCGCTTTACAGATGGGAAATGAAAATGTACAGCAA	  -‐	  3’	  
Reverse:	  5’-‐	  CGCGCGGCCGCTAAACAAGATCCAAAGGAGTATTTCCATCCCT	  -‐	  3’	  

ARC	  V	  
	  
Forward:	  5’	  -‐	  GCGGGATCCCCTTTGGATCTTGTTAAAGATGGAGATACAG	  -‐	  3’	  
Reverse:	  5’	  -‐	  CGCGCGGCCGCTAAGAGAGAGCATCTGCAGTGGCTCCT	  -‐	  3’	  
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Tankyrase-‐2	  Amino	  Acid	  Sequences	  
	  
ARC	  I	  
	  
MSGRRCAGGGAACASAAAEAVEPAARELFEACRNGDVERVKRLVTPEKVNSRDTAGR
KSTPLHFAAGFGRKDVVEYLLQNGANVQARDDGGLIPLHNACSFGHAEVVNLLLRHGA
DPNARDNWNYTPLHEAAIKGKIDVCIVLLQHGAEPTIRNTDGRTALDLA	  
	  
ARC	  II	  
	  
ALDLADPSAKAVLTGEYKKDELLESARSGNEEKMMALLTPLNVNCHASDGRKSTPLH
LAAGYNRVKIVQLLLQHGADVHAKDKGDLVPLHNACSYGHYEVTELLVKHGACVNAM
DLWQFTPLHEAASKNRVEVCSLLLSYGADPTLLNCHNKSAIDLA	  
	  
ARC	  III	  
	  
AIDLAPTPQLKERLAYEFKGHSLLQAAREADVTRIKKHLSLEMVNFKHPQTHETALHC
AAASPYPKRKQICELLLRKGANINEKTKEFLTPLHVASEKAHNDVVEVVVKHEAKVNA
LDNLGQTSLHRAAYCGHLQTCRLLLSYGCDPNIISLQGFTALQMG	  

	  
ARC	  IV	  
	  
ALQMGNENVQQLLQEGISLGNSEADRQLLEAAKAGDVETVKKLCTVQSVNCRDIEGRQ
STPLHFAAGYNRVSVVEYLLQHGADVHAKDKGGLVPLHNACSYGHYEVAELLVKHGA
VVNVADLWKFTPLHEAAAKGKYEICKLLLQHGADPTKKNRDGNTPLDLV	  

ARC	  V 

PLDLVKDGDTDIQDLLRGDAALLDAAKKGCLARVKKLSSPDNVNCRDTQGRHSTPLHL
AAGYNNLEVAEYLLQHGADVNAQDKGGLIPLHNAASYGHVDVAALLIKYNACVNATD
KWAFTPLHEAAQKGRTQLCALLLAHGADPTLKNQEGQTPLDLVSADDVSALLTAAMP
PSALPSCYKPQVLNGVRSPGATA	  
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