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The poly(ADP-ribose) polymerase (PARP) tankyrase-1 contains
an ankyrin-repeat domain that binds to various partners, in-
cluding the telomeric protein TRF1 (telomere-repeat-binding
factor 1) and the vesicular protein IRAP (insulin-responsive
aminopeptidase). TRF1 binding recruits tankyrase-1 to telo-
meres and allows its PARP activity to regulate telomere homoeo-
stasis. By contrast, IRAP binding and the Golgi co-localization
of tankyrase-1 with IRAP might allow tankyrase-1 to affect the
targeting of IRAP-containing vesicles. A closely related protein,
tankyrase-2, has also been implicated in vesicular targeting.
Unlike tankyrase-1, tankyrase-2 has not been shown to have
PARP activity. In addition, it has not been implicated in telomere
homoeostasis, because it did not interact with TRF1 in previous

studies. Here we show that tankyrase-2 contains intrinsic PARP
activity and, like tankryase-1, binds to both TRF1 and IRAP.
Our analysis suggests that the ankyrin (ANK) domain of
tankyrase-2 comprises five subdomains that provide redundant
binding sites for IRAP. Moreover, tankyrase-2 associates and
co-localizes with tankyrase-1, suggesting that both tankyrases
might function as a complex. Taken together, our findings
indicate that tankyrase-1 and tankyrase-2 interact with the same
set of proteins and probably mediate overlapping functions, both
at telomeres and in vesicular compartments.
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INTRODUCTION

Tankyrase-1is a modular protein that consists of distinct domains
[1]. The N-terminal HPS domain contains multiple runs of
histidine, proline and serine residue homopolymers. The ankyrin
(ANK) domain near the N-terminus comprises 24 consecu-
tive ANK repeats that interact with various partners. This domain
is followed by another protein interaction motif called the sterile &
module (SAM) [2]. The C-terminal region of tankyrase-1 contains
a poly(ADP-ribose) polymerase (PARP) domain. This domain
can use NAD" as a cofactor in vitro to poly(ADP-ribosyl)ate
tankyrase-1 itself and also the interacting partners of its ANK
domain [1,3].

Tankyrase-1 is expressed in many tissues and targeted to
various intracellular compartments [1,3,4]. It was identified first
in HeLa cell nuclei as a telomeric PARP [1]. Although lacking an
NLS (nuclear localization signal), tankyrase-1 is recruited to
human telomeres through binding of its ANK domain to the
telomeric protein TRF1 (telomere-repeat-binding factor 1) [4].
TRFI1 acts to shorten the length of telomeres [5]. Interestingly,
tankyrase-1 can poly(ADP-ribosyl)ate TRF1 in vitro and at-
tenuate its affinity for telomeric DNA [1]. Indeed, when
tankyrase-1 is tagged with an NLS and overexpressed in the
nucleus, the immunostaining of TRF1 at telomeres is lost [6].
More importantly, the intranuclear overexpression of tankyrase-
1, but not that of a PARP-deficient derivative, causes the
lengthening of telomeres [6]. Tankyrase-1 was therefore proposed
to offset the negative effect of TRF1 on telomere length [6].

Despite the effect of tankyrase-1 on telomeres, most tankyrase-
1 protein is found in the cytoplasm in the vicinity of centrosomes.

It is targeted to the pericentriolar domain of centrosomes during
mitosis [4]. When the Golgi apparatus coalesces after mitosis
toward centrosomes [7], tankyrase-1 associates with the Golgi as
a peripheral membrane protein [3]. Golgi-associated tankyrase-
1 has been speculated to regulate the targeting of ‘GLUT4
vesicles’ [3]. Found primarily in adipocytes and myocytes,
these vesicles contain two important transmembrane proteins:
the glucose transporter GLUT4 and IRAP (insulin-responsive
aminopeptidase) [8—10]. GLUT4 vesicles are remarkable for
their insulin-regulated targeting [8]. In the absence of stimulation
by insulin, they reside in the Golgi and throughout the cytoplasm.
On stimulation by insulin, GLUT4 vesicles undergo exocytosis
to deposit their cargo in the plasma membrane. The exocytosis of
these vesicles thus mediates two important insulin effects: the
uptake of glucose through GLUT4 and the degradation of
various vasoactive hormones by IRAP [11,12]. The acute insulin
effect on GLUT4 translocation is mediated through the activation
of phosphoinositide 3-kinase [12]. However, constitutive act-
ivation of the mitogen-activated protein (MAP) kinase cascade
also increases the amount of cellular GLUT4 that is targeted to
the cell surface ([13,14], but see also [15,16]). It is not yet known
how GLUT4 vesicles are engaged by signalling molecules in
either the phosphoinositide 3-kinase or the MAP kinase cascade.

In a search for signalling molecules that contact GLUT4
vesicles, we found that GLUT4 vesicles in the Golgi co-localize
with tankyrase-1 [3]. The co-localization presumably reflects a
direct interaction, because tankyrase-1 binds directly to a hexa-
peptide (R?*QSPDG!!; single-letter amino acid codes) in the
IRAP cytosolic domain (residues 1-109) [3]. Interestingly,
tankyrase-1 is a signalling molecule in the MAP kinase cascade.

Abbreviations used: ANK domain, ankyrin domain; GST, glutathione S-transferase; HA, haemagglutinin; HPS, histidine, proline and serine; IRAP,
insulin-responsive aminopeptidase; MAP kinase, mitogen-activated protein kinase; NLS, nuclear localization signal; PARP, poly(ADP-ribose)

polymerase; SAM, sterile « module; TRF1, telomere-repeat-binding factor 1.
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On stimulation by insulin or growth factor, tankyrase-1 becomes
stoichiometrically phosphorylated by MAP kinases; this in vivo
phosphorylation enhances the PARP activity of tankyrase-1 in
vitro [3]. We therefore proposed tankyrase-1 as a MAP kinase
effector whose PARP activity regulates the targeting of GLUT4
vesicles [3].

Tankyrase-1 protein shares 839, sequence identity with a
homologue that lacks the HPS domain but contains an otherwise
identical domain structure [17]. This protein, tankyrase-2, was
first known as a tumour antigen that elicits autoantibodies in
certain tumour patients [18,19]. Subsequently, the ANK domain
of tankyrase-2 was shown to bind to Grbl4, a member of the
SH2-containing family of adapters founded by Grb7 [17]. Like
tankyrase-1, tankyrase-2 associates with the vesicular compart-
ments: it co-purifies with a Golgi marker in the low-density
microsomal fraction and it immunostains in a punctate cytosolic
pattern [17]. Tankyrase-2 was therefore proposed, by analogy
with tankyrase-1, as a link between signalling events and
vesicular targeting [17]. Despite its extensive homology with
tankyrase-1, tankyrase-2 has yet to be authenticated as a PARP.
Moreover, tankyrase-2 reportedly differs from tankyrase-1 in that
its ANK domain did not interact with TRF1 in a yeast two-hybrid
assay [17]. Tankyrase-2 has therefore not been implicated in
telomere homoeostasis [17].

This study characterizes tankyrase-2 and compares it with
tankyrase-1. We confirmed that tankyrase-2 has intrinsic PARP
activity and that this activity depends on the Met'*** residue in
its PARP domain. We also showed that tankyrase-2, like
tankyrase-1, binds to IRAP in vivo and in vitro. Unexpectedly, we
found that tankyrase-2 is comparable with tankyrase-1 in binding
to TRF1. Moreover, tankyrase-2 associates and co-localizes with
tankyrase-1 in vivo. Our results therefore suggest extensive
functional overlap between tankyrase-2 and tankyrase-1.

EXPERIMENTAL
Expression vectors

pIRAP-myc and pFLAG-TNKS-1 have been described pre-
viously [3]. For pGST-FLAG-HPS (in which GST stands for
glutathione S-transferase), the region in pFLAG-TNKS-1 en-
coding a FLAG (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys)-tagged
HPS domain of tankyrase-1 (residues 2—181) was amplified by
PCR and inserted into pGEX-4T1 (Amersham Pharmacia)
between the EcoRI and Nofl sites. pGST-TRF1 and pGST-
IRAP have been described [3] and express GST fused C-
terminally to human TRF1,  , and IRAP, , . respectively. pHA-
TNKS-1 was derived by replacing the Spel-BamH]1 region of
pTT20 [1] containing the start codon with a PCR product
that contained a Kozac sequence (CCACC) and a haem-
agglutinin (HA) epitope before the second tankyrase-1 codon.
pFLAG-TNKS-2 was derived by inserting two fragments of
human TNKS-2 cDNA (GenBank® accession no. AF309033)
between the Notl and Sal/l sites of pFLAG-CMV2 (Kodak): a
PCR fragment encoding nt 255-985 and digested with NotI and
Kpnl, and a Kpnl-Sall fragment encoding nt 986-4725 and ob-
tained from a Agtll cDNA clone of a skeletal muscle library
(ClonTech). For pTNKS-2-FLAG-M1054V, TNKS-2 ¢cDNA
was inserted into pcDNA3.1(—)/Myc-His.A (Invitrogen) be-
tween the Xbal and BamH] sites in three pieces: a PCR fragment
digested with Xbal and Xhol containing a Kozac sequence
(CCACC) and TNKS-2 nt 252-606, an Xhol-BspEl fragment
containing TNKS-2 nt 607-3053, and a BspEl-BamH1 PCR
fragment encoding TNKS-2 nt 3054-3749 with an A — G muta-
tion at nt 3411 and a C-terminal FLAG epitope. The verification
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of the above expression vectors included sequencing of the PCR-
derived regions.

Yeast two-hybrid screen

cDNA encoding IRAP residues 2-109 (GenBank® accession no.
U62768) was amplified by PCR from a human skeletal muscle
two-hybrid library (ClonTech) and inserted between the EcoRI
and BamH]1 sites of pGBDuC(1) [20] to fuse it with the GAL4
DNA-binding domain. This bait construct was transformed into
mating type a of the yeast strain PJ69-4, in which interaction
with the prey results in both Ade* and His* phenotypes [20]. The
opposite mating type, PJ69-4a, was transformed with a two-
hybrid library of human skeletal muscle cDNA (ClonTech). The
library was introduced to the IRAP bait by following a mating
protocol [21]. Diploids (2 x 108) were plated on ten adenine drop-
out plates (15 cm) to select for candidate interactors. The prey
plasmids from eight Ade* clones recapitulated the Ade* pheno-
type when purified and reintroduced to the bait through mating.
They were found by DNA sequencing to encode regions A
(residues 153-598; one hit) and B (residues 436—1166; seven hits)
of tankyrase-2 (GenBank® accession no. AF 309033) (see Figure
3A). Clone A was also recovered as an interactor when the same
library was screened with a smaller IRAP bait (residues 55-109),
and the interactors were selected in histidine drop-out plates
supplemented with 30 mM 3-aminotriazole (Sigma). To define
the regions in tankyrase-2 that interacted with IRAP, clone B
was digested completely with BamH1 and partly with Bg/ll;
fragments encoding regions C—E of tankyrase-2 (see Figure 3A)
were fused in-frame with the GAL4 activating domain by
inserting into the BamHI1 site of pGADc(1) [20]. PJ69-4o
expressing various tankyrase-2 regions was mated with
PJ69-4a expressing the IRAP,, . bait. Diploids were selected
in Ura Leu™ medium. Saturated cultures (10 xl) were washed in
109% (v/v) glycerol and spotted either on His™ drop-out plates
containing 10 mM 3-aminotriazole or on Ura Leu drop-out
plates. To show specificity of the interaction, PJ69-4a expressing
tankyrase-2 fragments was similarly mated with a panel of PJ69-
4a expressing control baits, such as the C-terminal tail (residues
465-509) of GLUT4, and three irrelevant kinases, TPK-1, TPK-
2 and TPK-3 [21].

RNA analysis

Poly(A)* RNA species (2.5 ug per lane) from 3T3-L1 fibroblasts
and day 8 3T3-L1 adipocytes, along with RNA size markers
(Gibco), were resolved in a denaturing 1.2 9, (w/v) agarose gel.
The samples were transferred to Nytran Plus (Schleicher &
Schuell), immobilized by cross-linking with UV and probed
alongside a commercial blot of human mRNA samples [2 ug of
poly(A)" RNA perlane; ClonTech MTN]in ExpressHyb solution
(ClonTech) at 65°C for 1h in accordance with the manu-
facturer’s recommendation. The probes encoded TNKS-1 (the
3.5kb EcoRI fragment of pTT20 [1]), TNKS-2 (fragment B in
Figure 3A) or mouse HSP70, each labelled with [«-*?P]dCTP
in a ReadyToGo kit (Pharmacia). The blots were washed in
0.1 xSSC/0.19, SDS at 50 °C for 1 h and exposed to BioMax
MR films (Kodak).

Transfection and assays

BOSC cells were transfected as described [3] in 6 cm plates
with pFLAG-TNKS-1, pFLAG-TNKS-2, pHA-TNKS-1 and
pIRAP-myc, either individually (5 xg of DNA per plate) or in
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pairs (2.5 ug of each vector per plate). The preparation of cell
lysates and GST fusions, the washing of immunoprecipitants and
affinity-precipitants, the separation of samples by SDS/PAGE
and the secondary antibodies used for immunoblotting were as
described [3].

For affinity purification, cell lysates from each plate were
incubated at 4 °C overnight with resins containing 12 ug of
GST, GST-IRAP, ,,, or GST-TRF1, . [3].

For co-immunoprecipitation, cell lysates were incubated over-
night at 4 °C with FLAG-affinity resins (M2; Sigma) (6 ul),
anti-myc affinity resins (9E10; Covance) (6 pl) or anti-HA anti-
body [3 ug of 3F10 (Boehringer Mannheim) for Figure 5; 8 ul
of polyclonal HA.11 (Covance) for Figure 9] followed by Protein
G-Sepharose (Pharmacia) (8 pl).

For PARP assays in Figure 10(C), lysates were prepared in
buffer A [3] from BOSC cells transfected with pFLAG-TNKS-1
or pFLAG-TNKS-2 and precleared by incubation with GST
(100 1g per 5.4 mg of lysates) for 1 h. To compensate for the
higher expression level of pFLAG-TNKS-2 than that of pFLAG-
TNKS-1, lysates expressing pFLAG-TNKS-2 were diluted 1:1
with mock-transfected lysates. Lysates (5.4 mg) were then
affinity-precipitated overnight with 30 ug of GST-IRAP., ..
After being washed in buffers A (twice) and N (four times) [3],
FLAG-tankyrase in the affinity precipitants was quantified on
anti-FLAG immunoblots by interpolation between various
amounts of GST-FLAG-HPS, which in turn was quantified
in Coomassie-stained gels by comparison against an albumin
standard (Pierce). To quantify the PARP activity, affinity-
precipitated tankyrase was incubated with [adenylate-**PINAD*
(Perkin Elmer) (500 M at 9.6 Ci/mol, or 21 d.p.m./pmol) in
60 ¢l of buffer N in a 37 °C rocking water bath for 5 min.
The reaction was stopped by the addition of cold buffer A con-
taining 30 mM niacinamide (Sigma). Unincorporated NAD™
was removed by four washes in the same buffer. {In comparison
with precipitation with trichloroacetic acid [22], this washing
procedure recovered approx. 109, more radioactivity bound to
proteins (results not shown).} Protein-bound radioactivity (in
d.p.m.) was divided by the specific activity of [**P[NAD* to
quantify the production of protein-bound ADP-ribose. Back-
ground activity due to endogenous ADP-ribosylases was deter-
mined in parallel by using mock-transfected lysates. For PARP
assays in Figures 10(A) and 10(B), cell lysates were immuno-
precipitated with FLAG affinity resins (4 ul per plate) for
2h at 4°C. The precipitants were washed in buffer A [3]
without niacinamide, equilibrated in buffer N (500 xl) and
incubated with 1 mM NAD™ (Sigma) at 37 or 20 °C as indicated.

For immunoblotting, the primary antibodies were anti-poly-
(ADP-ribose) (SA-216, 1:1500 dilution; BioMol), anti-FLAG
(M2, 1:1000 dilution; Sigma), polyclonal anti-HA.11 (1:
1000 dilution; Covance) and anti-myc (9E10, 1:1000 dilution;
Covance).

Immunofluorescence analysis

COS-7 cells (A.T.C.C.) grown on coverslips in six-well plates
were co-transfected with pHA-TNKS-1 (1.8 ug) and pFLAG-
TNKS-2 (0.8 #g) by using FuGene 6 (Roche) in accordance with
the manufacturer’s recommendation. Cells were fixed at 48 h
with formaldehyde and processed for immunofluorescence study
as described [3]. The primary antibodies were a mouse M2 anti-
FLAG antibody (0.8 ug/ml) and a rabbit HA.11 antibody
(15 ug/ml). The secondary antibodies were goat anti-mouse
(Cy3-conjugated, 1.2 ug/ml; Jackson) and anti-rabbit (FITC-
conjugated, 2 ug/ml; Jackson) antibodies. Confocal immuno-
fluorescence images were acquired as described [3].

Metabolic labelling

Adipocytes (3T3-L1) cultured as described [3] were metabolically
labelled for 4h in serum-free Dulbecco’s modified Eagle’s
medium containing 0.1 mCi/ml #3S in EasyTag Express Protein
Labeling Mix (Perkin Elmer). The cells were stimulated with or
without insulin (1 gg/ml; Sigma) for 15min and lysed as
described [3]. Lysates were precleared by incubation with GST
resins (50 ug per 10 cm plate) at 4 °C for 90 min and divided into
two aliquots, each incubated with either GST or GST-IRAP,, , .,
(10 ug) at 4 °C for 6 h. The affinity precipitants were resolved by
SDS/PAGE [6.59%, (w/v) gel], then dried on paper and exposed
to BioMax MR films. The tankyrase-1 band was visible after a
14 h exposure. A 6-day exposure is shown in Figure 8.

RESULTS
Both tankyrase-1 and tankyrase-2 bind to TRF1 and IRAP in vitro

Tankyrase-1 and tankyrase-2 reportedly differ in their binding
specificity, because only tankyrase-1 interacted with TRF1 in a
yeast two-hybrid system [17]. To compare their binding specificity
in pull-down assays, lysates of cells expressing recombinant
tankyrase-1 or tankyrase-2 were incubated with resins containing
either human TRF1, _, or IRAP, ,,, as GST fusion proteins.
Figure 1 shows that both GST-IRAP, ,,, and GST-TRF1,
precipitated FLAG-tagged tankyrase-1 and tankyrase-2 com-
parably (lanes 3-6). The affinity-precipitation was specific, be-
cause neither tankyrase was captured by GST alone (Figure 1,
lanes 1-2). When tankyrase-2 was **S-labelled in vitro by a
coupled transcription/translation system, it was also efficiently
affinity-precipitated by GST fusions containing TRFI1,
IRAP, ,,, or an IRAP hexapeptide (R**QSPDG'’") but not by
the GST control (results not shown). Therefore tankyrase-2 is
indistinguishable from tankyrase-1 in its direct and specific
binding to both TRF1 and IRAP.

Tankryase-2 binds to IRAP in vivo

In view of the binding between tankyrase-2 and IRAP in vitro,
their association was also examined in vivo. We expressed FLAG-
tagged tankyrase-2 and myc-tagged IRAP in transfected cells,
both individually and simultaneously. The expression of full-
length proteins is shown in Figures 2(A) and 2(B). We found
that tankyrase-2 co-immunoprecipitated with IRAP (Figure 2C)
and, conversely, IRAP co-immunoprecipitated with tankyrase-2
(Figure 2D). The co-immunoprecipitation was specific, because
it depended on the simultaneous expression of both proteins
(compare lanes 1 and 2 with lane 3). We were not able to
co-immunoprecipitate endogenous tankyrase-2 with IRAP.
However, because both endogenous proteins are recovered in
low-density microsomal fractions [17,23], their interaction as
demonstrated with recombinant proteins is physiologically
plausible.

Redundant IRAP-binding sites in tankyrase-2

The region within tankyrase-2 that binds to IRAP was examined
in a yeast two-hybrid system. By using IRAP as a bait to screen
a cDNA library, we identified two tankyrase-2 fragments as
IRAP interactors: fragments A (residues 153-599, containing
approx. 11 ANK repeats) and B (residues 436-1166, contain-
ing approx. 9 ANK repeats) (Figure 3A). The interaction was
specific, because neither fragment interacted with the C-terminal
tail of GLUT4 (Figure 3B) or three irrelevant kinases, TPK-1,
TPK-2 and TPK-3 [21] (results not shown). When deletion
derivatives of fragment B were tested in the yeast two-hybrid
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Figure 1

Both tankyrase-1 and tankyrase-2 bind to IRAP and TRF1 in vitro

Lysates of cells transiently transfected with either FLAG-tagged tankyrase-1 (lanes 1, 3 and 5) or tankyrase-2 (lanes 2, 4 and 6) were incubated with resins containing GST (lanes 1 and 2), GST
fused with human IRAP,_,, (lanes 3 and 4) or GST fused with TRF1,_¢, (lanes 5 and 6) as described in the Experimental section. Resin-bound proteins were resolved by SDS/PAGE alongside
15% of the input lysates (lanes 7 and 8) and immunoblotted with an anti-FLAG antibody as described in the Experimental section. Lanes 9—11 show Coomassie-stained GST, GST—IRAP,_;,, and
GST-TRF1,_g, after SDS/PAGE [12% (w/v) gel] (10 zg per lane). The positions of molecular-mass markers are indicated (in kDa) at the right.
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Figure 2 Tankyrase-2 co-immunoprecipitates with IRAP in transfected
cells

(R, B) BOSC cells were transfected with pFLAG-TNKS-2, pIRAP-myc or both vectors (lanes 1-3
respectively). Total lysates were immunoblotted (WB) with either an anti-FLAG (A) or an anti-
mycantibody (B) as described in the Experimental section. (C) Lysates were immunoprecipitated
(IP) with an anti-myc antibody and immunoblotted with an anti-FLAG antibody. (D) Lysastes
were immunoprecipitated with an anti-FLAG antibody and immunoblotted with an anti-myc
antibody.

system, we found that fragments C (residues 436-1088) and D
(residues 436-957) also interacted with IRAP, whereas fragment
E (residues 436-641) did not (Figure 3B). Because fragment E
contained the overlap of fragments A and D, we concluded that
the non-overlapping ANK repeats of fragments A and D
contributed to IRAP binding. Therefore tankyrase-2 is redundant
in that its ANK domain contains (at least) two distinct IRAP-
binding sites.

Periodicity among the ANK repeats of tankyrase-2

To help in explaining the observed redundancy in tankyrase-2,
we examined the sequence of its ANK repeats, which constitute
the interaction domains of many proteins [24]. Within each 33-
residue repeat, certain residues are conserved (i.e. the ANK
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consensus) and specify the folding of the repeat into an L-shaped
structure, whereas others are protein-specific and determine the
binding specificity of the repeat [25]. Previous analysis has
identified 24 ANK repeats in both tankyrase-1 and tankyrase-2
[1,17]. It is noteworthy that nine of these repeats are interrupted
by a total of 5 deletions (3—5 residues each) and 7 insertions (5-16
residues each) in a sporadic fashion [1]. This irregular appearance
prompted us to propose an alternative analysis that revealed a
novel periodicity among the ANK repeats. Our 20-repeat ren-
dition (Figure 3A) depicts the ANK domain of tankyrase-2
(residues 41-798) as comprising 19 full ANK repeats and
2 flanking half-repeats. Moreover, every fourth repeat contains
an approx. 22-residue insert; each of the 4 inserts contains an
LLEAAR motif or a close variant thereof (Figure 4, right
column). This recurrent motif was obscured in previous analysis
by being incorporated into various parts of the ANK repeats,
namely as residues 1-6, 21-26, 6-11 and 21-26 of repeats 6, 10,
15 and 19 respectively [1]. Because this LLEAAR motif is a poor
match for the ANK-repeat consensus, we depicted it as part of
an insert to highlight its periodic recurrence, which is conserved
by both mammalian and Drosophila tankyrases (GenBank®
accession no. AF132196, and results not shown).

This four-repeat periodicity also applies to the ANK repeats
that are not interrupted by inserts (Figure 4, left column). For
instance, repeats 2, 6, 14 and 18 are separated by multiples of
four and share the highest pairwise identity of 58-849,. By
contrast, repeats 1-3 share a low pairwise identity of 14-46 9%,
(results not shown). The same periodicity can also be shown with
tankyrase-1 and with the Drosophila tankyrase (results not
shown). Therefore the ANK domain of tankyrases comprises five
similar subdomains; each subdomain contains four ANK repeats
and is demarcated by LLEAAR-containing inserts. The similarity
between the subdomains indicates structural redundancy within
the ANK domain, which is consistent with the redundant binding
sites in tankyrase-2 for IRAP (Figure 3B).

Tankyrase-1 and tankyrase-2 associate in vivo

Given that the ANK domain of tankyrases can bind to diverse
partners (e.g. TRF1, IRAP and Grb14) ([1,3,17], and this study),
we examined whether tankyrases could oligomerize into a
multivalent scaffold that would bind to multiple partners sim-
ultaneously. We therefore expressed HA-tagged tankyrase-1
and FLAG-tagged tankyrase-2, both individually and simul-
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(A) The modular structure of tankyrase-2 is shown in diagrammatic form. Small rectangles represent ANK repeats and follow the numbering shown in Figure 4. Ovals within rectangles represent
inserts. (B) Fragments A—E of tankyrase-2 as delineated in (R) were scored for their interaction with IRAP (upper rows) based on growth on histidine drop-out plates (left panel) in the yeast two-
hybrid system as described in the Experimental section, with the use of GLUT4 (lower rows) as a control for specificity. The right panel shows that comparable amounts of yeasts were scored

for interaction.
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Figure 4 Periodicity in the ANK domain of tankyrase-2

The ANK domain of tankyrase-2 (residues 41—798) is represented as 19 ANK repeats and 2
flanking half-repeats. Shaded residues indicate matches to the ANK-repeat consensus [25]. The
sequences at the right show inserts that follow the underlined residues in the corresponding
ANK repeats to the left. The LLEAAR motif within the inserts is in bold type.

taneously, in transfected cells (Figure 5). When tankyrase-1 and
tankyrase-2 were co-expressed in vivo, we recovered tankyrase-1
in tankyrase-2 immunoprecipitants (Figure 5C) and, conversely,
tankyrase-2 in tankyrase-1 immunoprecipitants (Figure SD). As
expected, the co-immunoprecipitation did not occur when either
protein was expressed alone (lanes 1 and 2). Therefore, recom-
binant tankyrase-1 and tankyrase-2 can form hetero-oligomers,
presumably heterodimers, in vivo.

The association of tankyrase-1 with tankyrase-2 also manifests
as co-localization in immunofluorescence studies of transfected
COS cells. The confocal micrographs in Figure 6 show that both
HA-tankyrase-1 (Figure 6A) and FLAG-tankyrase-2 (Figure
6C) displayed a punctate cytosolic pattern with perinuclear
accentuation. The merged image in Figure 6(B) shows significant
co-localization of tankyrase-1 and tankyrase-2 in vesicular
compartments. The observed cytosolic immunostaining clearly
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Figure 5 Tankyrase-2 co-immunoprecipitates with tankyrase-1 in trans-
fected cells

BOSC cells were transfected with pFLAG-TNKS-2, pHA-TNKS-1 or both (lanes 13 respectively)
as described in the Experimental section. Lysates were immunoprecipitated (IP) with anti-FLAG
affinity resins and immunoblotted (WB) sequentially with anti-HA (C) and then anti-FLAG (B)
antibodies. Lysates were also immunoprecipitated with an anti-HA antibody and immunoblotted
sequentially with anti-FLAG (D) and then anti-HA (A) antibodies. The positions of molecular-
mass markers are indicated (in kDa) at the left.

exceeded the background staining as defined in mock-transfected
cells (results not shown). By contrast, the immunostaining
in the nucleus was weak and indistinguishable from the back-
ground (results not shown), suggesting that overexpressed
tankyrase-1 and tankyrase-2 were predominantly cytoplasmic.
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HA-Tankyrase-1

Figure 6 Tankyrase-2 co-localizes with tankyrase-1 in transfected cells

Merged

FLAG-Tankyrase-2

COS cells were co-transfected with pHA-TNKS-1 and pFLAG-TNKS-2, stained for HA and FLAG epitopes and viewed under a confocal microscope as described in the Experimental section. Tankyrase-
1 is pseudo-coloured green (A) and tankyrase-2 red (C). Overlapping red and green pixels are pseudo-coloured yellow in the merged micrograph (B).
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Figure 7 Northern blot analysis of tankyrase-1 and tankyrase-2 mRNA

Poly(A)* RNA species from eight human tissues (lanes 1-8) and from mouse 3T3-L1
fibroblasts (lane 9) and adipocytes (lane 10) were hybridized with *P-labelled cDNA probes
encoding human tankyrase-1 (top panel), tankyrase-2 (middle panel) or mouse HSP70 (bottom
panel) as described in the Experimental section. Transcripts of TNKS-1, TNKS-2, human (h)
HSP70 and mouse (m) HSP70 are indicated. Sk. muscle, skeletal muscle.

Discordant expression profiles of tankyrase-1 and tankyrase-2

Given that both tankyrases are widely expressed [1,17,19] and
can heterodimerize (Figure 5), we compared their expression
profiles to determine whether heterodimeric forms might prevail
in most tissues. We probed mRNA blots from a panel of
sources with 3?P-labelled tankyrase-1 and tankyrase-2 cDNA
species, with the use of HSP70 cDNA for normalization. Figure
7 shows that tankyrases differed in their expression profiles:
tankyrase-1 transcript (approx. 10 kb) was most abundant in
adipocytes among the sources examined (lane 10), whereas
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Figure 8 Affinity precipitation of endogenous tankyrase proteins from
adipocytes

3T3-L1 adipocytes were metabolically labelled with *°S and stimulated with (lane 3) or without
insulin (lanes 1 and 2) as described in the Experimental section. Lysates were incubated with
resins containing either GST (lane 1) or GST—IRAPgq_, (lanes 2 and 3); the resin-bound
proteins were resolved by SDS/PAGE and autoradiographed as described in the Experimental
section. The gel mobility of tankyrase-2, which is not detectable by autoradiography, was
determined by immunoblotting GST—IRAP affinity-precipitants of non-radiolabelled lysates with
the anti-tankyrase antibody T12 [3]. The positions of molecular-mass markers are indicated
(in kDa) at the right.

tankyrase-2 transcript (approx. 6 kb) was most abundant in the
placenta (lane 3). The discordant profiles suggest that tankyrase-
1 and tankyrase-2 are not exclusively heterodimeric. Despite the
different profiles, tankyrase-1 and tankyrase-2 probably share
certain regulatory elements, because both genes were induced
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Figure 9 Tankyrase-1 homo-oligomerizes in transfected cells

BOSC cells were transfected with pFLAG-TNKS-1, pHA-TNKS-1 or both (lanes 1-3 respectively)
as described in the Experimental section. Lysates were immunoprecipitated (IP) with anti-FLAG
affinity resins and immunoblotted (WB) sequentially with anti-HA (C) and anti-FLAG (B)
antibodies. Lysates were also immunoprecipitated with an anti-HA antibody and immunablotted
sequentially with anti-FLAG (D) and anti-HA (A) antibodies.

approx. 3-fold during the adipogenic differentiation of fibroblasts
(Figure 7, compare lanes 9 and 10).

The expression of tankyrase-1 and tankyrase-2 was also
compared at the protein level. Taking advantage of the efficient

recovery of both tankyrases by GST-IRAP resins (Figure 1), we
incubated lysates of adipocytes **S-labelled in vivo with either
GST-IRAP,, ., or GST resins. Autoradiography of the affinity
precipitants revealed a major 165kDa protein that bound
specifically to GST-IRAP (Figure 8, lane 2). This IRAP-binding
protein was confirmed as tankyrase-1 on the basis of its 165—
175 kDa mobility shift after stimulation by insulin (Figure 8,
lanes 2 and 3). This characteristic 10 kDa shift results from the
insulin-induced phosphorylation of tankyrase-1 [3]. It is note-
worthy that the autoradiograph in Figure 8 did not detect a band
between 130 and 140 kDa, where tankyrase-2 was detected when
non-radiolabelled adipocyte lysates were immunoblotted (results
not shown). Adipocytes therefore express much more tankyrase-
1 than tankyrase-2, suggesting that only a fraction of tankyrase-1
in adipocytes exists as hetero-oligomers with tankyrase-2.

In addition to hetero-oligomerization, tankyrases can also
homo-oligomerize. In cells expressing both HA-tagged and
FLAG-tagged tankyrase-1 (Figure 9), HA-tankyrase-1 was
detected in anti-FLAG immunoprecipitants (Figure 9C) and,
conversely, FLAG-tankyrase-1 was detected in anti-HA
immunoprecipitants (Figure 9D). This co-immunoprecipitation
was not observed when tankyrase-1 tagged only with one
epitope was expressed (Figure 9, compare lanes 1 and 2 with
lane 3). Tankyrases can therefore form both homotypic and
heterotypic complexes in vivo.

Intrinsic PARP activity of tankyrase-2

Both tankyrases bear C-terminal homology to the catalytic
domain of PARP-1 [1,17]. However, the expected PARP activity
has been verified only with tankyrase-1 [1]. Tankyrase-2 could
therefore be a pseudoenzyme that exerts a dominant-negative
effect over tankyrase-1 by, say, competing for shared substrates.
We therefore immunoprecipitated FLAG-tankyrase-2 from cell
lysates and examined its PARP activity. When supplemented
with the PARP cofactor, NAD®, tankyrase-2 immuno-
precipitants formed an extensive smear that stained intensely on
anti-poly(ADP-ribose) immunoblots (Figure 10A, left panel,
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Figure 10 Tankyrase-2 is a PARP

(R) FLAG-tagged tankyrase-2, either wild-type (lanes 1 and 2) or with an M1054V substitution (lanes 3 and 4), was immunoprecipitated from transfected cells and incubated for 12 min with (lanes
2 and 4) or without (lanes 1 and 3) 1 mM NAD™ at 37 °C as described in the Experimental section. Duplicate samples were immunoblotted with either an anti-poly(ADP-ribose) (c-PAR) antibody
(left panel) or an anti-FLAG (c-FLAG) antibody (right panel) as described in the Experimental section. (B) Lysates from BOSC cells mock-transfected (lane 1) or transfected with pFLAG-TNKS-
2 (lane 2) were immunoprecipitated with anti-FLAG antibodies. The immunoprecipitated proteins were incubated for 10 min with 1 mM NAD* at 20 °C, resolved by SDS/PAGE and immunoblotted
with antibodies against poly(ADP-ribose) (left panel) and the FLAG epitope (right panel). (C) FLAG-tagged tankyrase-1 (0.59 pmol, column 1) or tankyrase-2 (0.55 pmol, column 2)
was incubated with [*2PINAD* at 37 °C for 5 min. The transfer of radiolabel from NAD* to protein substrates calculated as described in the Experimental section is expressed as the number
of NAD* molecules converted per minute per tankyrase molecule into protein-bound ADP-ribose. Results are means + S.D. The anti-FLAG immunoblot shows FLAG-tagged tankyrase-1, tankyrase-
2 and the protein standard GST—FLAG-HPS (0.22, 0.21 and 0.16 pmol in lanes 1-3 respectively) quantified as described in the Experimental section. The positions of molecular-mass markers

are indicated (in kDa) at the right.

© 2002 Biochemical Society



458 J. 1. Shodio, H. F. Lodish and N.-W. Chi

lane 2). The intense staining presumably reflected the polymeric
nature of the ADP-ribose epitope produced by PARP reactions
[26]. Concomitant with the smear formation, tankyrase-2 showed
decreased staining on anti-FLAG immunoblots (Figure 10A,
right panel, lane 2). This decrease was presumably due to PARP
reaction causing heterogeneous retardation of tankyrase-2 in the
gel, consequently diluting it to below the detection limit. To con-
firm this, we curtailed the reaction by lowering the temperature
from 37 °C to 20 °C. This did indeed allow the detection of a
ladder of tankyrase-2 in both anti-poly(ADP-ribose) and anti-
FLAG immunoblots (Figure 10B), confirming that tankyrase-2
was poly(ADP-ribosyl)ated in vitro. To exclude the possi-
bility that the observed PARP activity was due to endo-
genous tankyrase-1 that might have co-precipitated with
recombinant tankyrase-2, we introduced an M1054V mutation
into the PARP domain of FLAG-tagged tankyrase-2. This
mutation corresponds to the M890V mutation that abolishes the
enzymic activity of PARP-1[22] and, as expected, it abolished the
PARP activity of tankyrase-2 (Figure 10A, compare lanes 2
and 4). Tankyrase-2 therefore has intrinsic PARP activity that
depends critically on the Met!%* residue.

To compare the PARP activity of tankyrase-2 with that of
tankyrase-1, FLAG-tagged tankyrases were affinity-precipitated
from transfected cells by using GST-IRAP resins and were
incubated with 3*P-labelled NAD™ at the physiological concen-
tration of 0.5 mM [26]. Radiolabelling of proteins through
ADP-ribosylation was measured by scintillation counting. The
PARP activity of transfected tankyrase was determined by sub-
tracting the background activity as measured in mock-transfected
cells. Figure 10(C) shows that each FLAG—tankyrase-2 molecule
transferred approx. 6 NAD* molecules per min to protein
substrates (column 2). This PARP activity slightly exceeded that
of tankyrase-1, at approx. 3 NAD" molecules per min (Figure
10C, column 1).

DISCUSSION

This study shows that tankyrase-2 shares many features with
tankyrase-1. Tankyrase-2 associates with tankyrase-1 in vivo and
exhibits intrinsic PARP activity in wvitro. Like tankyrase-1,
tankyrase-2 binds to both IRAP and TRF1. Moreover, we have
revealed a novel sequence periodicity in the ANK domain of
both tankyrase-1 and tankyrase-2 and propose that their ANK
domain comprises five subdomains.

The ANK domain of tankyrases is comparable in size (82 kDa)
with that of the cytoskeletal protein ankyrin (84 kDa) [27], both
of which are significantly larger than the typical ANK domains
(14-32 kDa) found in many other proteins [24]. The ANK
domain of ankyrin binds to various membrane proteins [28] and
comprises four subdomains, each consisting of six ANK repeats
[27]. Similarly, the ANK domains of tankyrases bind to diverse
partners (such as Grb14, IRAP and TRF1)[1,3,17]. However, no
subdomain organization was revealed by a previous analysis of
the ANK domain of tankyrases, which was thought to contain
multiple irregular insertions and deletions [1].

We present an alternative sequence alignment for the ANK
domain of tankyrases that offers several advantages over the
previous analysis. Our rendition minimizes the somewhat ar-
bitrary assignment of insertions and deletions to many ANK
repeats. Moreover, it reveals a four-repeat periodicity among the
ANK repeats of tankyrases and identifies a novel LLEAAR
motif that also recurs at a four-repeat interval. We consider this
LLEAAR motif as an insertional sequence that is located 22-23
residues upstream of the subsequent ANK repeat (Figure 4). It
is noteworthy that the transcription factor GA-binding protein
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(GABPp) [29] also contains an LLEAAR motif (residues 10-15
in GenBank® accession no. Q00420) located 21 residues upstream
of its four ANK repeats. Our sequence analysis therefore suggests
that a group of four ANK repeats might have annexed the
LLEAAR sequence before evolving into both GABP/ and,
presumably through quintuplication, the ANK domain of
tankyrases. Thus the ANK domain of tankyrases apparently
comprises five subdomains; each subdomain consists of four
ANK repeats and is demarcated from its adjacent subdomain by
an LLEAAR-containing insert.

Two lines of evidence suggest that tankyrases are multivalent
in their interaction with partners. First, an individual tankyrase
molecule contains five similar subdomains in the ANK domain
and provides redundant binding sites as defined by IRAP binding
(Figure 3). Secondly, multiple tankyrase molecules can link their
ANK domains through oligomerization. How tankyrase-1 and
tankyrase-2 oligomerize remains unclear, except that both pro-
teins contain a SAM motif that has been implicated in dimerizing
other proteins [30]. The SAM domain of Scm (residues 797-877),
for instance, has been shown as a GST fusion to bind in vitro to
the SAM domain of a protein called ph [31]. Unfortunately, GST
fusions containing the SAM domain of either tankyrase-1
(residues 1021-1089) or tankyrase-2 (residues 868-936) failed to
bind to full-length tankyrases in vitro (results not shown). It
therefore remains to be shown that the SAM domain of
tankyrases is involved in their oligomerization.

The physiological function of tankyrase-2 has yet to be
established. Given that tankyrase-2 associates with tankyrase-1
and that both homologues share similar enzymic and binding
activities, tankyrase-2 probably regulates the same cellular pro-
cesses as have been proposed for tankyrase-1, namely vesicular
targeting and telomere homoeostasis [3,6]. More specifically,
IRAP binding might allow tankyrase-2 to use its PARP activity
to regulate the targeting machinery for IRAP-containing vesicles.
A precedent for ADP-ribosylation to regulate vesicular targeting
involves the G-protein brefeldin ADP-ribosylation substrate
(‘BARS’), whose activity in promoting vesicular budding from
the Golgi is inhibited by ADP-ribosylation [32,33]. Moreover,
the binding of tankyrase-2 to both IRAP and Grbl4 might
enable IRAP-containing vesicles to interact with signalling
molecules that use Grbl4 as an adapter. We therefore suspect
that tankyrase-2, either by itself or as a complex with tankyrase-
1, has a regulatory function in the targeting of IRAP-containing
vesicles.

Overexpressed tankyrase-2, like tankyrase-1, is predominantly
cytoplasmic (Figure 6), which is consistent with the lack of an
NLS in either tankyrase [4]. However, a fraction of endogenous
tankyrase-2 might be recruited to telomeres through the binding
of TRF1, as has been shown with tankyrase-1 [4]. This would
allow the PARP activity of tankyrase-2 to poly(ADP-ribosyl)ate
TRF1 and attenuate its affinity for telomeric DNA, in much the
same way as tankyrase-1 affects TRF1 [1]. We therefore suspect
that tankyrase-2 shares the antagonistic effect of tankyrase-1 on
TRF1 at telomeres. The predominant targeting of both
tankyrases to the cytosol is reminiscent of that of PARG, a
glycohydrolase that removes poly(ADP-ribose) from PARP
substrates. PARG is predominantly cytoplasmic, but a small
fraction has been suspected to translocate to the nucleus [34].

The remarkable functional similarity shown here between
tankyrase-1 and tankyrase-2 is in keeping with their extensive
sequence similarity. Conversely, their sequence divergence, albeit
limited, might endow each tankyrase with distinct properties.
The greatest sequence divergence is in the HPS domain, which is
unique to tankyrase-1 [17]. This 180-residue region shows little
similarity to other proteins [1], but it harbours all four of the
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MAP kinase consensus sites (PXSP) [35] of tankyrase-1[17]. The
second highest divergence is at the junction of the ANK domain
and the SAM motif (residues 813-869 in tankyrase-2), where all
gaps in the co-linear alignment between tankyrase-1 and
tankyrase-2 are found [17]. Curiously, this region harbours the
sole MAP kinase consensus site of tankyrase-2 (namely PSSP at
residues 829-832). Therefore MAP kinases or other proline-
directed protein kinases might conceivably target non-conserved
sites in tankyrase-1 and tankyrase-2 and thereby differentially
affect their activities. We have shown that MAP kinases serine-
phosphorylate tankyrase-1 in vivo and that this phosphorylation
enhances its PARP activity in wvitro [3]. The candidate
phosphorylation sites in tankyrase-1 have been suspected to be
among the MAP kinase consensus sites in the HPS domain [17].
We are investigating whether MAP kinases phosphorylate
tankyrase-2 and regulate any of its activity. If the two tankyrases
differ in their regulation by upstream kinases, their relative
abundances in a given cell might dictate how signalling cascades
engage cellular pools of tankyrase-1 and tankyrase-2, which
otherwise seem to have indistinguishable activities.
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