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evolutionarily conserved catalytic
and structural subunits
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We have cloned and characterized a human gene encod-
ing TP2 (telomerase-associated protein 2), a protein with
similarity to reverse transcriptases and the catalytic
telomerase subunits from Saccharomyces cerevisiae and
Euplotes aediculatus. Indirect immunofluorescence re-
vealed that TP2 was localized to the nucleus. Using an-
tibodies to endogenous and epitope-tagged TP2, we
found that TP2 was associated specifically with human
telomerase activity and the recently identified telomer-
ase-associated protein TP1. Mutation of conserved resi-
dues within the reverse transcriptase domain of TP2 se-
verely reduced associated telomerase activity. These
results suggest that telomerase is an evolutionarily con-
served multisubunit complex composed of both struc-
tural and catalytic subunits.
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Unicellular organisms such as yeast and ciliates require
telomerase and telomere-binding proteins for telomere
maintenance and cell viability (for review, see Greider
1996). Telomerase is a multisubunit ribonucleoprotein
that uses an RNA template to catalyze the addition of
telomeric DNA to chromosome ends (for review, see
Greider 1996). The RNA component of telomerase has
been cloned in several organisms, including ciliates,
yeast, human, and mouse (Greider and Blackburn 1989;
Shippen-Lentz and Blackburn 1990; Romero and Black-
burn 1991; Lingner et al. 1994; Blasco et al. 1995; Feng et
al. 1995; McEachern and Blackburn 1995; Singer and
Gottschling 1995; McCormick-Graham and Romero
1996). In each organism, the telomerase RNA contains a
template complementary to its cognate G-rich telomeric
repeat. Telomerase uses the RNA template to prime the
synthesis of telomeric repeats to the 3’ end of single-
stranded, G-rich telomeric DNA (for review, see Greider
1996). The RNA components do not share extensive se-
guence homology outside the template domain; how-
ever, the ciliate telomerase RNAs do share a common sec-
ondary structure (Romero and Blackburn 1991; ten Dam et
al. 1991; Bhattacharyya and Blackburn 1994; Lingner et al.
1994; McCormick-Graham and Romero 1995).
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The protein components of telomerase have only re-
cently been characterized (for review, see Lustig 1997;
Shore 1997). In Tetrahymena, two telomerase proteins,
p95 and p80, copurify with telomerase activity (Collins
et al. 1995; Harrington et al. 1995). The p80 subunit
binds to telomerase RNA, whereas the p95 subunit binds
to single-stranded, telomeric DNA (Collins et al. 1995;
Harrington et al. 1995). The first mammalian telomer-
ase-associated protein, TP1/TLP1, was identified based
on amino acid similarity to the Tetrahymena p80 pro-
tein (Harrington et al. 1997; Nakayama et al. 1997). Mu-
rine TP1 binds telomerase RNA and is associated with
mouse telomerase activity in vivo (Harrington et al.
1997), and rat TLP1 copurifies with rat telomerase activ-
ity (Nakayama et al. 1997). The absence of an obvious
RNA-dependent DNA polymerase domain in TP1 sug-
gests this protein may be associated with a catalytic sub-
unit in a multicomponent telomerase complex (Harring-
ton et al. 1997; Nakayama et al. 1997).

Purification of telomerase from the ciliate Euplotes
aediculatus revealed two proteins, of 43 and 123 kD,
that are apparently unrelated to the Tetrahymena pro-
teins (Lingner and Cech 1996; Counter et al. 1997; Ham-
mond et al. 1997; Lingner et al. 1997). p123 is a homolog
of Est2; in Saccharomyces cerevisiae, EST2 is essential
for telomere maintenance and telomerase activity (Lend-
vay et al. 1996; Counter et al. 1997; Lingner et al. 1997).
Est2 and p123 are 20% similar and contain six of seven
conserved motifs within the reverse transcriptase (RT)
domain. Mutation of conserved amino acids within the
RT motifs in Est2 result in loss of telomerase function in
vivo and in vitro (Lendvay et al. 1996; Counter et al.
1997; Lingner et al. 1997). These results suggest that
pl123 and its homologs are the proteins that catalyze the
telomerase RNA-dependent synthesis of telomeric DNA.

Deletion of EST2 and TLCL1 (the telomerase RNA com-
ponent) in yeast leads to telomere shortening and cessa-
tion of cell division (Singer and Gottschling 1995; Lend-
vay et al. 1996; Counter et al. 1997; Lingner et al. 1997).
However, in mammals, the requirement for telomerase
activity does not extend to all cell types (for review, see
Harley 1996). Several normal adult human tissues lack
telomerase activity, and their telomeres shorten with
each round of cell division. In contrast, germ cells, im-
mortalized cells, and the majority of primary tumors do
contain telomerase activity and maintain their average
telomere length. These observations have led to the hy-
pothesis that telomerase activity may be required for the
continued division of “immortal” cells (for review, see
Harley 1996). There are some exceptions to this gener-
alization. Some immortalized cell lines do not contain
telomerase activity and possess aberrantly long telo-
meres (for review, see Bryan and Reddel 1997). Also,
telomerase activity is not always sufficient to maintain
telomeres in some human cell types. Some hematopoi-
etic cells exhibit gradual telomere sequence loss despite
a low level of telomerase activity (Vaziri et al. 1993,
1994; Counter et al. 1995).

An understanding of telomerase regulation and its role
in tumor cell growth requires characterization of the mo-
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lecular components of mammalian telomerase. We have
identified and characterized TP2 (telomerase-associated
protein 2), a human homolog of the Est2 and p123 telom-
erase proteins. The TP2 protein localized to the nucleus
and associated with telomerase activity in human cells.
The telomerase activity associated with TP2 was virtu-
ally abolished upon introduction of point mutations
within the putative RT domain. In addition, TP2 coim-
munoprecipitated with TP1, suggesting that these two
proteins form part of a single telomerase complex
in humans.

Results
TP2, a human homolog of p123 and Est2p

We identified a human EST exhibiting 30% amino acid
identity to the p123 protein. Oligonucleotides derived
from this sequence were used as probes to clone and
assemble a contiguous cDNA sequence that contained
an open reading frame (ORF) of 1132 amino acids (Fig.
1A). A BLAST 1.48 search of the nonredundant protein
database revealed similarity to several different RTs
(data not shown). Based on the results below and to re-
tain consistent nomenclature with the previously iden-
tified TP1, the gene was named TP2. BLAST, FASTA,
and Clustal W alignment revealed some homology to
both p123 and EST2 throughout the ORF. The region of
highest homology includes the RT motifs (Fig. 1B). Al-
though the RT family is highly divergent, several amino
acid residues are highly conserved; these are present in
TP2. One of these motifs was found in TP2 (hLGXXh,
amino acids 914-919) but not in p123 or EST2. After
completion of the characterization of TP2, two other
groups also reported the cloning of the same gene, named
TRT1 and hEST2, respectively (Meyerson et al. 1997;
Nakamura et al. 1997). In these studies, the expres-
sion pattern of the TRT1/hEST2 mRNA was examined,
but no functional characterization of the protein pro-
duct was reported (Meyerson et al. 1997; Nakamura
et al. 1997).

TP2 is localized to the nucleus

Because telomerase activity is present in HelLa nuclear
fractions (Morin 1989), we examined the subcellular lo-
calization of TP2 protein. An antipeptide antiserum was
generated against a region of the human TP2 protein
(amino acids 602-626) and used in immunofluorescence
analysis of HelLa cells (Fig. 2). Punctate nuclear staining
was observed, which was specifically blocked by the
presence of the TP2 peptide, but not by a nonspecific
peptide (Fig. 2). Interestingly, a similar punctate nuclear
staining pattern was also observed with antiserum to
TP1 (R. Oulton, unpubl.). However, we have not yet de-
termined whether the two proteins precisely colocalize
within the nucleus.

TP2 is associated with human telomerase activity

To determine whether human TP2 was associated with
the telomerase complex, the telomere repeat amplifica-
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Figure 1. Amino acid sequence of human TP2. (A) Predicted
amino acid sequence of human TP2. Homology to the RT do-
main is boxed with a solid line. (B) Domain of highest homology
between TP2, p123, and Est2. Alignment was generated by
Clustal W using a PAM350 matrix, then adjusted manually.
Residues conserved in at least two of the aligned proteins are
shown in boldface type. Residues conserved among RT are
boxed, with consensus residues shown below.

tion protocol (TRAP) assay was used to detect telomer-
ase activity in TP2 immunoprecipitates from HelLa cell
lysates (Fig. 3). TRAP activity has been characterized
previously in many human cell lines and is dependent on
the human telomerase RNA component (Kim et al.
1994). We found that telomerase activity associated spe-
cifically with TP2 immunoprecipitates and was sensi-
tive to preincubation with ribonuclease A (Fig. 3B). Little
or no telomerase activity was detected in immunopre-
cipitations using non-TP2 antibodies (anti-Myc and anti-
GST). Prior incubation of the peptide antiserum with
TP2 peptide reduced the associated telomerase activity
to background levels, whereas a nonspecific peptide
(@amino acids 536-553 of murine TP1) did not compete
for this association (Fig. 3B). Incubation of HelLa lysates
with control or TP2 antisera and peptides did not non-
specifically inhibit telomerase activity (Fig. 3A). Western
blot analysis of the TP2 immunoprecipitates using anti-
TP2 antiserum revealed immunoreactivity against three
major species, ranging in molecular mass from 130 to
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Figure 2. Immunofluorescence of TP2 protein. HelLa cells were
stained with DAPI and anti-TP2 or control sera as indicated: (no
Ab) No primary antibody was added; (a-TP2) the TP2 antipep-
tide antibody; (a-TP2 + TP2 peptide) antibody incubated with
TP2 peptide; (a-TP2 + cont peptide) antibody incubated with
nonspecific peptide (see Materials and Methods).

180 kD. The 130-kD species corresponds to the predicted
mass of the TP2 ORF and comigrated with epitope-
tagged, exogenously expressed full-length TP2 (Figs. 4
and 5; data not shown). Although the pattern of TP2
species appeared complex, all three species were blocked
by preincubation with TP2 peptide but not by the pres-
ence of nonspecific peptide (Fig. 3C). The abundance of
TP2 may be low, because these species were not detect-
able by Western analysis of crude cell lysates (Figs. 4 and
5; data not shown). TP2 therefore specifically associates
with telomerase activity in human cell extracts.

TP2 is important for catalytic telomerase activity

To determine the role of TP2 in the catalytic activity of
telomerase, we introduced point mutations in the con-
served aspartate residues also shared within EST2 and
pl123. Wild-type TP2 and four different TP2 point mu-
tants (in the analogous residues introduced into EST2;
see Materials and Methods) were tagged with the FLAG
epitope and transiently expressed in human 293 cells.
Western analysis using TP2 antisera revealed efficient
and equal expression of both wild-type and mutant TP2
proteins (Fig. 4A). To differentiate the activity associated
with exogenous TP2 from endogenous telomerase activ-
ity, we performed immunoprecipitations using anti-
FLAG antibodies and examined them for telomerase ac-
tivity. Both wild-type and mutant TP2 proteins were ef-
ficiently immunoprecipitated with the anti-FLAG
antibody (Fig. 4A). The specificity of the immunoprecipi-
tation was confirmed by preincubation of the anti-FLAG
antibody with FLAG peptide, which completely blocked
the immunoprecipitation of FLAG-TP2 (Fig. 4A). Non-
specific peptide did not block the association of FLAG-
TP2 with the anti-FLAG antibody. Robust telomerase
activity was associated with the immunoprecipitated
wild-type TP2, but all four of the TP2 point mutations
contained very little associated telomerase activity (Fig.
4B). These results show that as little as a single amino
acid substitution within the RT domain of TP2 can im-
pair significantly telomerase catalytic activity. Although
we cannot rule out nonspecific effects of these muta-
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Figure 3. TP2 associates with telomerase activity in HelLa
cells. (A) HeLa cell lysate (5 ug) (lysate) was assayed for telo-
merase activity by the TRAP protocol in the absence (HeLa) and
presence (+RNase) of ribonuclease. Telomerase activity of su-
pernatants after incubation (IP supernatant) with the control
antibodies (a-Myc and a-GST), anti-TP2 peptide antiserum (a-
TP2), and anti-TP2 peptide antiserum incubated with 30 and 60
ug each of nonspecific (non-spec.) or TP2-specific peptide (spe-
cific). Under these conditions, the TP2 antisera does not signifi-
cantly immunodeplete telomerase acitivity from the superna-
tant. (B) The immunoprecipitates as shown in A were assayed
for telomerase activity using TRAP in the absence (-) and pres-
ence (+) of RNase A. (C) The remainder of the immunoprecipi-
tates shown in B were analyzed by Westen blotting with the
anti-TP2 peptide antiserum. The position of the protein mark-
ers are indicated at right in kD.

tions on protein conformation, the observation that four
separate substitutions all significantly hinder telomerase
activity suggests that TP2 contributes to the enzymatic
activity of telomerase and is likely the catalytic subunit.

TP1 and TP2 associate with active telomerase

We showed previously that endogenous and epitope-
tagged TP1 is associated with telomerase activity in
mouse cell lysates (Harrington et al. 1997). To determine
whether human TP1 and TP2 are associated, MYC-TP1
and FLAG-TP2 were transiently transfected into mouse
N2A neuroblastoma cells. Lysates of single transfectants
(TP1 or TP2) or double transfectants (TP1 and TP2) were
immunoprecipitated using an anti-FLAG monoclonal
antibody, and the immunoblots were probed with anti-
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Figure 4. Analysis of mutations in the putative catalytic resi-
dues of TP2. (A) 293 cells were transiently transfected with no
plasmid (Mock), wild-type TP2 (WT), and the following TP2
point mutations in the third and fifth conserved RT motifs: 5-1,
5-1.2, 5-2, 3-1 (see Materials and Methods). Cell lysates were
immunoprecipitated with anti-FLAG antibody, and the lysates
(LYSATE) and immunoprecipitates (a-FLAG PELLET) were re-
solved by SDS-PAGE and probed with TP2 antiserum. The
specificity of the FLAG immunoprecipitate for tagged TP2 was
demonstrated by competiton of FLAG-tagged, wild-type TP2 as
follows: WT - PEP, no peptide added; WT + PEP, preincubation
with FLAG peptide; and WT + NS PEP, preincubation with a
nonspecific (TP1) peptide. (B) The samples as in A were ana-
lyzed for telomerase activity. The anti-FLAG immunoprecipi-
tates were assayed in the absence () and presence (+) of RNase A.

MYC and anti-FLAG antisera (Fig. 5A). Immunoprecipi-
tates from cells transfected with FLAG-TP2 contained a
single FLAG-TP2 protein species at [1130 kD, which was
specifically competed by preincubation with FLAG pep-
tide (Fig. 5A). MYC-TP1 migrated at [240 kD, as shown
previously (Fig. 5A) (Harrington et al. 1997). Both MYC-
TP1 and telomerase activity were associated with immu-
noprecipitates containing FLAG-TP2. The interaction of
MYC-TP1 with FLAG-TP2 was specific, because FLAG
peptide, but not nonspecific peptide, competed for
MYC-TP1 association.

We then examined the association of endogenous TP1,
TP2, and telomerase activity in HeLa cell lysates. Immu-
noprecipitations with TP2 antipeptide antiserum were
analyzed by Western blotting and TRAP assays. TP2 pro-
tein and telomerase activity were specifically present in
TP2 immunoprecipitates (Fig. 5B). TP1 was also present
in the TP2 immunoprecipitates, as detected by TP1 poly-
clonal antiserum, but absent from the immunoprecipi-
tates in which TP2 protein and telomerase activity were
competed with TP2 peptide. RNase A treatment of TP2
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immunoprecipitates did not disrupt the association be-
tween TP2 and TP1, suggesting that this interaction is
telomerase RNA independent (L. Harrington, unpubl.).
Thus, TP1 and TP2 interact physically in a complex that
contains telomerase activity.

Discussion

We have cloned and characterized a human telomerase-
associated protein that contains conserved sequence mo-
tifs characteristic of a reverse transcriptase. We have
demonstrated that TP2 protein is associated with telom-
erase activity in human cells and that mutation of con-
served residues within the RT domain severely impair
telomerase activity. TP2 is present in a complex with
TP1. These results represent the first functional evi-
dence that TP2 contributes to the catalytic activity of
human telomerase.

Evidence for a single telomerase complex

Unicellular ciliates have been invaluable in the identifi-
cation and characterization of telomerase, owing in part
to the abundance of telomerase activity in these organ-
isms (Greider 1996). Two separate biochemical ap-
proaches in different ciliates resulted in the cloning of
apparently unrelated telomerase proteins: p95 and p80
from Tetrahymena (Collins et al. 1995) and p123 and p43
from Euplotes (Lingner and Cech 1996; Hammond et al.
1997; Lingner et al. 1997). Lingner et al. (1997) postulated
the existence of two different telomerases or, alterna-
tively, that a catalytic subunit analogous to p123 was
under-represented in the purified Tetrahymena telomer-
ase. Two separate cross-linking methods were used to
reveal proteins of (1100 kD in purified Tetrahymena
telomerase fractions (Collins et al. 1995; Harrington et
al. 1995); because these cross-linked species were not
sequenced directly, one or both techniques may have
identified a low-abundance protein that was not cloned.
In Euplotes, the mobility of telomerase in nondenaturing
gels changed at one purification step, suggesting that
other subunits may have been lost during the purifica-
tion (Lingner and Cech 1996).

The amino acid sequence similiarity between the Est2,
pl23, and TP2/TRT1/hEST2 and the telomerase RNA-
binding proteins (p80 and TP1) from different organisms
suggest that the components of the telomerase complex
are evolutionarily conserved. Although there are no ob-
vious sequence homologs to p80 or p95 present in the S.
cerevisiae genome, further analysis of yeast telomerase
may Yyield functional homologs. We note that the two
double-stranded telomere-binding proteins, S. cerevisiae
Rapl and human TRF, are not related in primary se-
quence yet contain a structurally and functionally re-
lated Myb-like DNA-binding domain (Chong et al. 1995;
Konig et al. 1996; Bianchi et al. 1997). Alternatively, the
function of certain telomerase-associated proteins may
be dispensable in some organisms.

Potential roles for the TP proteins

On the basis of the association of TP2 with telomerase
activity and the dramatic impairment in activity upon
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Figure 5. TP2 interacts with TP1 in HeLa cells and transfected neuroblastoma cells. (A)
Neuroblastoma cells were mock-transfected (N2A Mock) or transfected with MYC-TP1
alone, FLAG-TP2 alone, or MYC-TP1 and FLAG-TP2. Lysates plus (+) or minus (-)
RNase were immunoprecipitated with anti-FLAG antibody, the precipitates were re-
solved by SDS-PAGE, and the Western blot was probed with anti-Myc and anti-FLAG
antiserum. The peptide competitions on the FLAG immunoprecipitates were -PEP, no
peptide added; +PEP, plus FLAG peptide; and +NS PEP, plus nonspecific peptide (Myc
peptide). The mobility of the protein markers is shown at right. (B) Immunoprecipita-
tions with TP2 («-TP2) or control antiserum (rabbit «-mouse; control) and anti-GST
(a-GST) were assayed for telomerase activity (top panel), Western blotting using anti-
TP2 antiserum (middle), and anti-TP1 antiserum (bottom). Immunoprecipitation with
anti-TP2 antiserum was also performed in the presence of TP2-specific peptide (a-
TP2 + pep) and two different nonspecific peptides (to TP1; see Materials and Methods).
In the bottom two panels, the samples are in the same order as above; the position of the
protein markers are indicated at right, and the endogenous TP1 and TP2 proteins are
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maintenance, cancer, and senescence.
A functional reconstitution assay for
human telomerase activity has been
developed wusing partially purified
telomerase extracts (Autexier et al.
1996). Thus, it may soon be possible
to reconstitute telomerase, in vitro
and in vivo, with cloned components.
These experiments will allow a direct
test of the hypothesis that telomerase
reactivation plays a causal role in hu-
man cancer and senescence.

Materials and methods

Cloning and overexpression of TP2

A Smith Waterman search of the GenBank EST
database using the Euplotes p123 sequence iden-
tified a human EST (AA281296) from a B-lym-
phocyte library that exhibited 30% identity to
the p123 sequence. *2P-labeled oligonucleotides
(5'-CCAAGTTCCTGCACTGGCTGAT-3' and
5-GCTCGTAGTTGAGCACGCTGAA-3') were
generated from the EST sequence and used as
probes to identify cDNA clones from a human
colon carcinoma LIM1863 cell line. Two over-
lapping clones were identified and sequenced to
produce a contiguous DNA sequence that con-
tained an ORF of 1132 amino acids. To produce
recombinant TP2 protein, the ORF was cloned
into the pCR3 expression vector (Invitrogen).
The 3’ end of the TP2 ORF was tagged by the
PCR-based addition of an oligonucleotide coding
for the 8-amino-acid FLAG epitope (DYKD-
DDDK) followed by a termination codon. Point
mutations in the FLAG-TP2 pCR3 plasmids
were introduced by PCR and confirmed by se-
quencing. In each mutation, aspartate was
changed to alanine, and the mutations were la-

indicated at left of each panel.

mutation of the RT domain, we suggest that TP2 is the
functional equivalent of the catalytic telomerase sub-
units from S. cerevisiae and Euplotes. Proof that EST2
was essential for catalytic activity was demonstrated
(Lendvay et al. 1996; Counter et al. 1997; Lingner et al.
1997). In mammals, further proof of the role of TP2 in
telomerase function will require additional genetic and
biochemical analysis. As with ciliate telomerase, exten-
sive purification of human telomerase will yield impor-
tant information regarding the stoichiometry of TP1,
TP2, and telomerase RNA within the complex (Collins
et al. 1995; Lingner and Cech 1996). The function of the
TP1 protein in the telomerase enzyme complex is not
yet clear. As the interaction of TP1 and TP2 does not
appear to require the telomerase RNA component, TP1
and TP2 may interact either directly or indirectly
through other telomerase-associated components. For
example, the human telomerase complex may contain
additional evolutionarily conserved components, such as
homologs of the Euplotes 43-kD telomerase subunit or
the Tetrahymena telomerase protein p95.

The identification of a human telomerase complex
containing TP1, TP2, and the telomerase RNA will fa-
cilitate elucidation of the role of telomerase in telomere

beled according to their location in each respec-

tive RT motif (i.e., third and fifth motifs, also

termed motifs A and C) (Counter et al. 1997;
Lingner et al. 1997): 5-1, D868/A868; 5-2, D869/A869; 5-1,2,
D868,D869/A868,A869; 3-1, D712/A712.

Immunofluorescence using TP2 antipeptide antiserum

HeLa cells were grown overnight on Labtek chamber slides (Nunc),
washed twice with PBS, and fixed with 2% formaldehyde/PBS for 10 min
at 4°C. The cells were washed three times and incubated for 10 min at
4°C. TP2 polyclonal antibody, diluted to 0.2 pg/ml in 0.3% Triton X-
100/PBS, was incubated with or without 50 pg of specific (TP2) or non-
specific (P3 from TP1; see below) peptide on ice for 1.5 hr. The antibody
was applied to the cells and incubated overnight at 4°C. The cells were
washed three times in PBS and incubated for 10 min at 4°C. Biotinylated
anti-rabbit antibody (Amersham), diluted 1:100 in 0.3% Triton-X 100/
PBS, was applied for 45 min at 37°C. The cells were washed as before and
then incubated with Cy2-Streptavidin (Amersham) diluted 1:100 in PBS
for 45 min at 37°C. The cells were washed once with PBS, incubated with
DAPI (0.2 pg/ml in PBS) for 5 min at 4°C and then washed in PBS for 10
min at 4°C. The cells were mounted in Permafluor (Fisher) and visualized
with a Leica DMLB; images were captured with Northern Exposure soft-
ware (Empix, Mississauga, Ontario, Canada).

Immunoprecipitation analysis of TP1 and TP2

HeLa cell extracts (5100) were prepared as described (Prowse et al. 1993).
Approximately 1 mg of total lysate was incubated with TP2 antipeptide
antiserum bound to protein G-Sepharose (5 pg of affinity purified anti-
serum bound per 10 pl of protein G beads) for 1 hr at 4°C, and the beads
were washed three times with 2.3x hypobuffer containing 20% glycerol
and 0.1 m NaCl (Harrington et al. 1997). For peptide competition, the
peptide was incubated with TP2 antibody-bound protein G beads for 30
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min at room temperature before the addition of lysate. Peptides used
were the TP2-specific peptide (DEAEVRQHREARPALLTSRLRFIPKC)
and nonspecific peptides P1 and P3, derived from TP1 (Harrington et al.
1997). Transfection and protein lysate preparation of mouse neuroblas-
toma (N2A) and 293 cells was carried out as in Harrington et al. (1997),
except that SUPERFECT was used instead of Pfx-6 in the lipofection, and
29 ug of tagged TP2 plasmid DNA (FLAG-TP2, wild type, or mutants)
was used to tranfect each 100-mm culture dish. Approximately 5 ul of
beads bound with FLAG antibody (Kodak) was incubated with 1 mg of
cell lysate transfected with MYC-tagged, full-length TP1 (MYC-TP1),
FLAG-tagged TP2 (FLAG-TP2), or no plasmid (Mock) for 1 hr, and
washed as described above. The lysates (5 pg of total protein) and immu-
noprecipitates (2 pl of protein G beads) were assayed by TRAP as de-
scribed (Kim et al. 1994), and the remainder was subjected to SDS-PAGE
and transferred to a PVDF membrane. The membrane was incubated
with 0.1 pg/ml of anti-FLAG or anti-Myc antibody, followed by a HRP-
conjugated secondary antibody and visualized by ECL. The TP1 antise-
rum was generated by immunization of rabbits with a denatured, fusion
protein containing glutathione S-transferase (GST) and the amino-termi-
nal 870 amino acids of TP1. The antiserum was affinity-purified against
the purified GST-TP1 fusion protein bound to glutathione-Sepharose
and was used at 0.2 pg/ml on Western blots. The specificity of the TP1
antiserum was confirmed by Western blot analysis using purified recom-
binant TP1. For the TP2 antipeptide antiserum, rabbits were immunized
with the TP2 peptide corresponding to amino acids 602-626. TP2 peptide
coupled to Affigel was used to affinity purify the antiserum and was used
at 0.2 pg/ml on Western blots. The specificity of the TP2 antiserum was
confirmed by Western blot analysis using recombinant TP2 and epitope-
tagged, immunoprecipitated TP2 from cell lysates.
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