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Abstract—We have isolated and purified endogenous cytosolic tankyrase from human embryonic kidney cells of line 293.
Our data confirm a model of De Rycker and Price who consider that tankyrase is a master scaffolding protein capable of
regulating assembly of large protein complexes. We have also studied kinetic characteristics of tankyrase in the complex, pH
dependence of the enzyme activity, and its physicochemical properties.
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In the human genome the poly(ADP-ribose) poly-
merase (PARP) superfamily consists of 17 proteins,
which share a homologous PARP catalytic domain and
presumably enzyme activity (EC 2.4.2.30) of autocatalyt-
ic poly(ADP-ribosylation) as well as the same modifica-
tion of a number of specific protein substrates [1]. All
studied PARPs use also NAD™ as a second substrate to
build poly(ADP-ribose) chains. The first known member
of the superfamily is PARP-1, a nuclear protein, which is
activated by DNA damage to participate in DNA repair.
Recently two more members named tankyrases 1 and 2
were also studied. The first of these was initially found on
telomeres, where human tankyrase 1 controls its covering
protein complex shelterin [2, 3], but later both tankyras-
es were also localized in cytoplasm as interacting partners
of a number of other proteins [4-8]. On the other hand, in
mice tankyrase had no effect on shelterin, and the murine
enzyme functions in other subcellular compartments but
not in the nucleus [3, 9].

In our studies of tissue distribution of human
tankyrase 2, the protein was found in a few normal tissues,
namely epithelium of renal tubules and small intestine,
although it was also abnormally expressed in some breast
tumors, while most tumors as well as normal breast tissues
had no tankyrase 2 [10, 11]. Tissue specific expression was

Abbreviations: PARP) poly(ADP-ribose) polymerase.
* To whom correspondence should be addressed.

later reported for murine tankyrase [9]. Human intestinal
epithelium contained tankyrase 2 in Golgi, as previously
described for murine tankyrase [5]. Renal epithelial cells
had the protein in the whole cytoplasm. We also discovered
that human embryonic kidney cells of line 293 had much
more tankyrase than any other studied cell lines. Almost all
the enzyme was located in the cytoplasm, and about 50%
of it was soluble, while the rest was associated with mem-
brane fractions [10]. Same subcellular distribution was
documented for tankyrase in chicken tumor cells [12, 13].

The study of chicken tankyrase also revealed that the
cytosolic enzyme had a high molecular mass as if it was
associated in a polymer or complex. Autocatalytic PARP
activity of tankyrase resulted in disassembly of these poly-
mers [13]. This fact may be a clue for understanding of
the physiologic function of cytosolic tankyrase and its
role in tumor development.

Since tankyrase is not uniformly distributed in vari-
ous organs and tissues, we suggested that this signaling
molecule might have different functions in each tissue,
and therefore different protein substrates. In this study,
we have worked with cytosolic tankyrase of kidney cells,
which are the richest known source of the enzyme, and
found that it is also assembled in large partially soluble
aggregates. We have isolated these aggregates, which have
complex composition, and plan to study this composition
in further investigation in order to determine the function
of tankyrase in kidney.
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MATERIALS AND METHODS

Preparation of human cells. Human embryonic kid-
ney cell line 293 was grown in DMEM [14] containing
10% (v/v) fetal bovine serum. Twenty 100-mm plates of
confluent cells were used per experiment. The cells were
washed on plates once with Hanks’ balanced salt solution
[14], once with ice-cold TBS (Tris-HCI, 20 mM; NaCl,
150 mM; pH 7.6), and were harvested in ice-cold TBS.

Isolation of the soluble tankyrase 2. All the following
procedures were conducted at 4°C. The cell suspension
was centrifuged at 400g for 10 min at 4°C, and the super-
natant was discarded. The pellet was resuspended in an
equal volume of buffer F (Tris-HCI, 10 mM; sucrose,
0.25 M; EDTA, 0.5 mM; pH 7.6) [5, 6] with protease
inhibitor cocktail (Amresco, USA) and centrifuged at
5000g for 5 min at 4°C. The supernatant was separated,
while the pellet was homogenized in a loose-fitting
Teflon—Teflon homogenizer, resuspended in the same
supernatant, and centrifuged again at 5000g for 5 min at
4°C. The first extract was separated, while the pellet was
homogenized again in an equal volume of fresh ice-cold
buffer F with protease inhibitor cocktail and centrifuged
as described above. The pellet was discarded, while the
second extract was combined with the first and cen-
trifuged at 20,000g for 5 min at 4°C. The pellet was dis-
carded, and the supernatant was filtered via a cellulose fil-
ter to remove lipid particles. An aliquot was used to assay
protein [15, 16] and PARP activity (see below), and the
crude extract was loaded onto a column (25 x 25 mm)
with DEAE-cellulose (Amersham Pharmacia Biotech,
Sweden) equilibrated with TBS, washed with 20 ml of
TBS, and the protein was recovered with 20 mM Tris-
HCI, pH 7.6, which contained 0.4 M NaCl. Elution of
nucleoprotein was detected using optical density at
260 nm. An aliquot was taken again as well as during fur-
ther steps to assay protein [15, 16] and PARP activity. For
further purification, the rest of preparation was used in
the following chromatography procedures.

Chromatography of Sepharose 2B. The fractions
with peak PARP activity collected during the previous
step were combined in a total volume of no more than
5 ml, loaded on a column (350 x 25 mm) with Sepharose
2B (Amersham Pharmacia Biotech) equilibrated with
TDN (Tris-HCI, 20 mM; DTT, 0.1 mM; Nonidet P-40,
0.02%; pH 7.6), with or without NaCl and eluted with
the same buffer. The column was calibrated with dextran
blue, thyroglobulin (Fluka, USA), and IgG (ICN
Biomedicals, Inc., USA). Elution of the enzyme was also
detected using optical density at 260 nm and PARP activ-
ity assay.

Chromatography on Mono Q column. Fractions con-
taining major 130-kD PARP substrate were collected and
loaded onto a Mono Q HR 10/10 column (Amersham
Pharmacia Biotech) equilibrated with buffer IS (imida-
zole, 250 mM; NaCl, 75 mM; MgCl,, 2.5 mM; EDTA,
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0.5 mM; pH 7.6). The column was washed with buffer IS
until the protein disappeared in the eluate. Then the col-
umn was washed with 20 ml of buffer TED (Tris-HCI,
20 mM; EDTA, 0.5 mM; DTT, 0.1 mM; pH 7.6), and the
130-kD PARP substrate was recovered in a 0.15-1.0 M
NaCl gradient in buffer TED. The enzyme fractions were
mixed with equal volume of saturated solution of ammo-
nium sulfate, pH 7.6, with 1 mM EDTA, and protease
inhibitor cocktail. The preparation of partially purified
tankyrase could be stored at 4°C as a suspension for up to
one month.

Rechromatography on Sepharose 2B. For this step of
purification, the suspension in ammonium sulfate was
mixed with one more volume of saturated solution of
ammonium sulfate, pH 7.6, and centrifuged at 20,000g
for 5 min at 4°C. The supernatant was discarded, and the
pellet was dissolved in 0.5 ml of TDN with 150 mM NaCl
and 10 mM EDTA, centrifuged once again to remove
insoluble material, loaded on a column (250 x 8 mm)
with Sepharose 2B (Amersham Pharmacia Biotech)
equilibrated with TDN buffer with 150 mM NaCl and
1 mM EDTA, and eluted with the same buffer. Elution of
the enzyme was detected using optical density at 280 nm
and PARP activity assay.

Chromatography on Superose 12. The disassembly of
tankyrase complex was detected using chromatography
on Superose 12 10/300 GL (Amersham Pharmacia
Biotech) equilibrated with TDN buffer with 150 mM
NaCl and 1 mM EDTA. The enzyme preparation from
the previous step was concentrated using a Centricon
Ultracel YM-30 filter device (Millipore, USA) and used
for PARP assay for up to 2 h at 25°C. The volume of the
reaction mixture was 0.5 ml. An inhibitor niacinamide
(Sigma, USA), 10 mM, was added into a parallel sample,
which was used as a negative control. After the incuba-
tion, the reaction mixture was loaded on a Superose 12
column and eluted with TDN buffer with 150 mM NaCl
and 1 mM EDTA. The column was calibrated with IgG
and ovalbumin (ICN Biomedicals, Inc.). Elution of the
protein was detected using optical density at 280 nm.

PARP activity assay. To assay the tankyrase enzyme
activity, a method of autocatalytic poly(ADP-ribosyla-
tion) was used [2, 5, 10]. An enzyme preparation was
incubated at 25°C in reaction buffer containing 125 mM
imidazole, 40 mM NaCl, 4 mM MgCl,, 0.2 mM EDTA,
20 uM [**P]NAD" (10 pCi/ml), protease inhibitor cock-
tail; pH 7.6 or as indicated in the text. Preparation of
[*’PINAD™ had been synthesized and kindly provided by
Yu. S. Skoblov (V. A. Engelhardt Institute of Molecular
Biology, Russian Academy of Sciences). For chromatog-
raphy experiments, non-radioactive NAD* (ICN
Biomedicals, Inc.) was also used instead of the radioac-
tive NAD™. An inhibitor niacinamide, 10 mM, was added
into a parallel sample, which was used as a negative con-
trol. When incubation was completed, the products were
analyzed using chromatography or electrophoresis. For
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the latter method, the reaction was stopped with ice-cold
acetone mixed in a ratio 1 : 1 (v/v). Protein was precipi-
tated during incubation for 30 min at —18°C and follow-
ing centrifugation at 18,000g for 5 min at 4°C.
Supernatant was discarded, and the pellet was resuspend-
ed in a sample buffer (Tris-HCI, 125 mM, pH 6.8; SDS,
1 mg/ml; glycerol, 10% (v/v); dithiothreitol, 15 mg/ml;
bromophenol blue, 0.01 mg/ml), boiled for 3 min, and
loaded onto 7% polyacrylamide gel [17].

Protein electrophoresis. Electrophoresis under dena-
turing conditions (SDS-PAGE) was performed at room
temperature as previously described [10]. Protein molec-
ular weight markers (Amresco) were loaded in one of the
lanes. When SDS-PAGE was completed, a gel was used
for silver staining [18] or transfer of the proteins to nitro-
cellulose (Osmonics Inc., USA) [10] to visualize
tankyrase 2 using antibodies or PARP assay. The nitrocel-
lulose membrane was then stained with Ponceau S
(Sigma) to check the quality of transfer and used for
autoradiography or Western blots.

Western blots. The nitrocellulose membrane was
blocked with SuperBlock Dry Blend Blocking Buffer in
TBS (Pierce, USA) with 3% (w/v) bovine serum albumin,
incubated with the affinity-purified polyclonal antibody
[11] diluted in TBST (TBS with 0.1% Triton X-100), vig-
orously washed with TBST, incubated with goat anti-rab-
bit secondary antibodies (Biosource, USA) conjugated
with horseradish peroxidase, washed again, incubated
with SuperSignal West Pico Chemiluminescent Substrate
(Pierce), and exposed to X-ray film for visualization of
the signal.

Autoradiography. The nitrocellulose membrane was
dried and exposed to a BAS-MS imaging plate (Fujifilm,
Japan). The signal was detected and quantified using a
FLA-3000 imaging analyzer (Fujifilm).

RESULTS

In our previous study, we found that the major
PARP enzyme in cytosol of line 293 embryonic kidney
cells is tankyrase 2 [10]. To determine its molecular mass
in vivo, we used gel filtration of lysate of 293 cells on
Sepharose 2B. Under physiologic conditions (buffer
TDN with 150 mM NacCl), we observed elution of PARP
activity in the range 500-2000 kD (Fig. 1a) as previously
observed with chicken tankyrase [13]. On SDS-PAGE
gel the mass of the major poly(ADP-ribosylated) product
was about 130 kD, which is the size of tankyrase 2
monomer, while its mass during gel filtration looks like
that of an oligomer or a complex with some other mole-
cules. At low ionic strength (buffer TDN without NaCl),
we saw even larger entities (Fig. 1b), which means that
the observed 130-kD PARP substrate can aggregate, and
this process depends on electrostatic charge of the mole-
cules.
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Fig. 1. Elution of PARP activity from Sepharose 2B. a) Elution
under physiological conditions (TDN buffer with 150 mM
NaCl). Arrows /-3 indicate positions of molecular weight mark-
ers—dextran blue (2000 kD), thyroglobulin (670 kD), and IgG
(150 kD), respectively. b) Elution at low ionic strength (TDN
buffer without NaCl). c) Elution at low ionic strength after reac-
tion of poly(ADP-ribosylation). Solid lines, detection of optical
density at 260 nm; dashed lines, PARP activity assay.
Electrophoresis of major 130-kD PARP substrate (tankyrase 2) in
selected fractions is shown above.

After incubation with NAD™ under conditions of
PARP activity assay, the molecular mass of the major
PARP substrate identified by gel filtration became much
less (Fig. 1¢). The mass did not depend on ionic strength,
so the poly(ADP-ribosylated) 130-kD product did not
seem to aggregate under any conditions.

We used the aggregation of the major PARP substrate
at various ionic strengths for its further purification in a
procedure that allowed collection of fractions of high
molecular weight during first gel filtration and fractions of
medium molecular weight during second one. This way
the impurities of different molecular mass can be effec-
tively removed.

The table contains data on the purification of the
130-kD PARP substrate during this procedure. At physio-
logical pH value, the enzyme of interest can be bound by
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Purification of tankyrase from human embryonic kidney
cells of line 293 (a representative experiment)

Total Specific
Step protein, activity, Recovery,
mg nmol/min %*
per mg protein

Lysate 24 0.0006 100
DEAE-cellulose 7.35 0.0016 86
Gel filtration 1.9 0.0033 45
on Sepharose 2B
Mono Q 0.37 0.0092 24
Gel filtration 0.033 0.0455 10.7
on Sepharose 2B

* Recovery was calculated based on PARP enzyme activity.

an anion-exchange resin. First, we used DEAE-cellulose
to clarify the crude extract. After the first gel filtration on
Sepharose 2B at low ionic strength, the fractions contain-
ing PARP activity were loaded on the Mono Q column to
concentrate and further purify the enzyme preparation.
Then the protein was loaded onto the second Sepharose
2B column and eluted under physiological conditions
(Fig. 2). The 130-kD PARP substrate was recovered from
the Mono Q column in a gradient of NaCl at 0.6-0.8 M
salt concentration (Fig. 2a). During rechromatography
on Sepharose 2B it was well separated from a main pro-
tein peak, which contained the rest of the impurities of
high molecular mass (Fig. 2b).

At this step the purified protein changed its molecu-
lar mass after poly(ADP-ribosylation). In Fig. 3a the gel
filtration on Superose 12 indicates that incubation of the
protein with NAD" resulted in disassembly of ~1000-kD
aggregates isolated during rechromatography on
Sepharose 2B. Initially the protein was eluted from
Superose 12 in the void volume, but after incubation with
NAD™* some smaller protein molecules could also be elut-
ed, which suggests the disintegration of the initial protein
aggregate. First, the molecular mass of product was high-
er than 150 kD, but further poly(ADP-ribosylation)
resulted in complete disassembly of intermediate product
to polypeptides of lesser size, the mass of which was any-
way no less than 100 kD. The disassembly was complete-
ly prevented with niacinamide, an inhibitor of poly(ADP-
ribosylation).

The results of purification were also analyzed on
SDS-PAGE gel and Western blot (Fig. 3b). Human
tankyrase 2 was detected by antibody at all steps of the
isolation procedure, which means that the isolated pro-
tein contains tankyrase 2. On the other hand, the protein
consists of several polypeptides seen at 100-200 kD, and
only one of them can be visualized using anti-tankyrase
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antibody, which suggests that the isolated aggregate may
be a complex of several proteins along with tankyrase.

In a study of catalytic activity of the purified prepa-
ration, we found that its specific activity was higher than
reported earlier for tankyrase 1. Taking into account an
average molecular mass of tankyrase complex as 1000 kD,
the catalytic constant in our assay was (8 + 5)-107* sec™,
while the same value for tankyrase 1 was (7 £+ 1)-10~° sec™
[19]. The K,, value for NAD* was also different, 5+ 3 uM
for our preparation or 1.5 + 0.8 mM for tankyrase 1 [20].
The dependence of velocity of autocatalytic poly(ADP-
ribosylation) on NAD™ concentration in double recipro-
cal coordinates is shown on Fig. 3c.

We also studied the dependence of tankyrase activity
on pH (Fig. 4). The enzyme was active in a range of
pH 6.5-8.5 with a broad maximum at pH 7.2-7.8.

DISCUSSION

Since the discovery of tankyrase ten years ago [2],
nobody published a procedure for purification of endoge-
nous enzyme. First, tankyrase was found in a nucleopro-
tein complex of telosome and later as a membrane-bound
protein [5], which made very difficult its biochemical
purification. Secondly, the enzyme could be expressed
using a baculovirus system [2] or obtained by immuno-
precipitation [5]. Both ways had their disadvantages. The
baculovirus-derived enzyme had very low catalytic activi-
ty [2, 19, 20], probably because of lack of endogenous
effectors, while immunoprecipitation could not provide
tankyrase free from antibodies, since its recovery from the
precipitate was not successful.

Our two recent findings allowed an attempt for
purification of endogenous tankyrase. We found that
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Fig. 2. Elution of PARP activity from Mono Q (a) and rechro-
matography on Sepharose 2B (b). a) Enzyme preparation eluted
from Sepharose 2B (Fig. 1b) was loaded on a Mono Q column and
recovered in a gradient of NaCl (solid line). b) Preparation eluted
from Mono Q was loaded on Sepharose 2B and eluted at high
ionic strength (TDN buffer with 150 mM NacCl). Solid line, detec-
tion of optical density at 280 nm; dashed line, PARP activity.
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Fig. 3. Characterization of purified tankyrase preparation. a) Elution from Superose 12 before (upper panel) or after poly(ADP-ribosylation)
in 30 min (middle panel) or 2 h (lower panel). Detection of optical density at 280 nm. Arrows indicate positions of molecular weight mark-
ers: IgG (150 kD) and ovalbumin (45 kD). b) SDS-PAGE (left panel) and Western blot (right panel) of the protein preparation at different
steps of purification: 7) crude cytosolic extract; 2) eluate from DEAE cellulose; 3) eluate from the first column with Sepharose 2B; 4) eluate
from the second column with Sepharose 2B. Figures between panels designate positions of markers of molecular mass. ¢) Kinetic character-
ization of the purified enzyme preparation by dependence on [NAD™] of tankyrase PARP activity in double reciprocal coordinates. Three

independent experiments were carried out at each point.

human kidney cells of line 293 were a rich source of this
enzyme, and a significant part of the enzyme was soluble
[10]. This was a rare case, since most other cell types
have very low, if any, amount of tankyrase, and this pro-
tein is mostly bound in the nucleus, Golgi, or membrane
vesicles [2, 4-6]. Soluble tankyrase was also found in
chicken hepatocellular carcinoma cell line [13], where
its solubility was dependent on concentration and medi-
um.

To avoid a problem of low recovery during immuno-
precipitation, in our study we used traditional methods of
preparative enzymology. The purification resulted in
accumulation of a large ~1000 kD protein complex,
which could be dissociated after tankyrase autocatalytic
poly(ADP-ribosylation). The same size of soluble
tankyrase complex and its dependence on tankyrase
activity were reported for chicken tankyrase, both bac-
ulovirus-derived and endogenous in crude extract [13].
The complex seems to be stable at both low and high (up
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to 0.8 M NaCl) ionic strength, which is crucial for elec-
trostatic and hydrophobic interactions. Nevertheless, the
subunits of the complex have no covalent bonds between
them, since they can be eluted separately after autocat-
alytic poly(ADP-ribosylation) of tankyrase.

Relatively high enzyme activity and affinity of the
enzyme for NAD™ indicate a good quality of our enzyme
preparation. The NAD™ binding of previously studied
overexpressed tankyrase 1 was extremely weak; its K, was
1.5+ 0.8 mM [20]. The respective K, value of our prepa-
ration is 5 + 3 uM, which is only 10 times lower than the
K., value for PARP-1, 50 uM [21]. That means that at
least tankyrase 2 binds NAD™ quite tightly. The question
is how can tankyrase complex exist in vivo, if tankyrase
can bind the substrate, and its poly(ADP-ribosylation)
disintegrates the complex? One possible explanation is
that the velocity of the process is too low, and poly(ADP-
ribosylation) cannot be performed because of rapid
hydrolysis of poly(ADP-ribose) in cells.
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Fig. 4. Dependence on pH of tankyrase PARP activity. a) PARP assay (upper panel) and Western blot (lower panel) of preparations poly(ADP-
ribosylated) at various pH values shown above. Arrows indicate positions of 130-kD tankyrase 2 signal. b) Quantitation of tankyrase PARP

activity.

Indeed, the k., value of human tankyrase in purified
complex was (8 £ 5)-10™* sec™!, which is about 100 times
higher than reported for baculovirus-derived tankyrase 1
[19] but still very low in comparison with other enzymes
like PARP-1. It is close to the k, value for non-activat-
ed PARP-1, which is 107 sec™!, and ~500-fold lower
than that of PARP-1 activated by DNA breaks [21]. We
should also emphasize that our estimation of k., value
depends on the molecular mass of tankyrase complex,
which was in average 1000 kD, and during the dissocia-
tion of the complex we could detect some intermediates
of lower mass (Fig. 3a). The k., value may be somewhat
different for these intermediates, although not dramati-
cally.

We observed several polypeptide chains along with
tankyrase on an SDS-PAGE gel (Fig. 3b), which seem to
be other subunits of the complex. In summary their mass
may be 400-600 kD, which is close to the mass of the
intermediate or minimal mass of the endogenous
tankyrase complex [13]. We suggest that this ~500 kD unit
contains one monomer of tankyrase, and the very soluble
tankyrase complex can consists of 2-4 such units. Our
model is similar to the model by De Rycker and Price
[13], who consider that tankyrase is a master scaffolding
protein capable of regulating assembly of large protein
complexes.

Our model should still be tested by further experi-
ments, since we do not know what are the other polypep-
tides in the enzyme preparation, what is their biological
function, or even if some of them could be just impurities.
In the future, we plan to study other subunits of the com-

plex and their interaction with tankyrase to solve these
problems.
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