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Direct Single-Stranded DNA Binding by Teb1 Mediates the
Recruitment of Tetrahymena thermophila Telomerase to Telomeres

Heather E. Upton, Kyungah Hong, Kathleen Collins

Department of Molecular and Cell Biology, University of California, Berkeley, California, USA

The eukaryotic reverse transcriptase telomerase copies its internal RNA template to synthesize telomeric DNA repeats at chro-
mosome ends in balance with sequence loss during cell proliferation. Previous work has established several factors involved in
telomerase recruitment to telomeres in yeast and mammalian cells; however, it remains unclear what determines the association
of telomerase with telomeres in other organisms. Here we investigate the cell cycle dependence of telomere binding by each of
the seven Tetrahymena thermophila telomerase holoenzyme proteins TERT, p65, Teb1, p50, p75, p45, and p19. We observed
coordinate cell cycle-regulated recruitment and release of all of the subunits, including the telomeric-repeat DNA-binding sub-
unit Teb1. Using domain truncation and mutagenesis approaches, we investigated which subunits govern the interaction of telo-
merase holoenzyme with telomeres. Our results show that Teb1 is critical for telomere interaction of other holoenzyme subunits
and demonstrate that high-affinity Teb1 DNA-binding activity is necessary and sufficient for cell cycle-regulated telomere asso-
ciation. Overall, these and additional findings indicate that in the ciliate Tetrahymena, telomerase recruitment to telomeres re-
quires direct binding to single-stranded DNA, unlike the indirect DNA recognition through telomere-bound proteins essential
in yeast and mammalian cells.

The ends of linear chromosomes are subjected to an onslaught
of illicitly activated double-stranded-DNA (dsDNA) repair

mechanisms and sequence loss due to incomplete replication by
DNA polymerases (1). These biological challenges are in part
overcome by the presence of tandem telomeric DNA repeats at the
termini of eukaryotic nuclear chromosomes (for example, the se-
quence TTAGGG in humans and TTGGGG in the ciliate Tetrahy-
mena), which extend to form an overhang on the 3=-OH strand
(2–4). Each terminal repeat array is maintained in a dynamic equi-
librium of telomeric DNA attrition from genome replication and
de novo synthesis by the enzyme telomerase (5–7). The telomerase
ribonucleoprotein (RNP) is minimally composed of the catalytic
reverse transcriptase (TERT) and an RNA with an internal tem-
plate (TER) responsible for RNA-dependent extension of the 3=
chromosome end (8, 9). While in vitro DNA synthesis activity can
be reconstituted by expression of only TERT and TER, additional
subunits of the telomerase complex are required for high activity
and processivity in vitro and for telomere elongation by telome-
rase recruitment to telomeres in vivo (10, 11).

Studies in yeasts and mammalian cells have yielded significant
insights into how telomere proteins recruit telomerase by protein-
protein interactions (12, 13). In mammalian cells, telomere-
bound protein complexes termed shelterin (1, 14) include the
dsDNA telomere-binding proteins TRF1 and TRF2 and the sin-
gle-stranded-DNA (ssDNA) telomere-binding protein POT1 (14,
15). Together with RAP1 and the TIN2 and TPP1 proteins, which
bridge TRF1 and TRF2 to POT1, the telomeric-DNA-binding
proteins create a network of complexes that block DNA damage
response activation (14). Interestingly, TPP1 also interacts with
telomerase as an essential step of recruitment in a manner physi-
ologically restricted to S phase of the cell cycle (12, 16–19). In
fission yeast, the dsDNA-binding protein Taz1 takes the place of
TRF1 and TRF2, Pot1 binds to the single-stranded DNA over-
hang, and Rap1, Poz1, and Tpz1 function as bridging proteins that
link Taz1 to Pot1 (20, 21). Like mammalian TPP1, Tpz1 and an-

other telomere protein, Ccq1, recruit telomerase to telomeres only
in S phase of the cell cycle (20, 22).

Ciliates provide yet another model system for studies of
telomere and telomerase biology. Their unusual genomic
organization of a germ line micronucleus and a polyploid, frag-
mented-chromosome macronucleus requires tens of thousands of
telomeres and an abundance of telomerase (23). In the model
organism Tetrahymena, macronuclear telomeres are bound by a
POT1 ortholog, Pot1a, which associates with the TPP1 ortholog
Tpt1 to functionally cap telomeres and negatively regulate telome-
rase access (24, 25). Two additional proteins, Pat1 and Pat2, in-
teract with Pot1a-Tpt1, but their biological role is not well under-
stood (25, 26). While Pat1 and Pat2 are not required for telomere
end protection, they are essential for end elongation by telome-
rase. The Tetrahymena telomerase holoenzyme subunits TERT,
TER, and p65 (which form the physiological RNP catalytic core)
and Teb1, p75, p50, p45, and p19 (subunits necessary for telome-
rase function at telomeres) are coassembled in both dividing and
nondividing cells (27–29). This potentially constitutive assembly
of holoenzyme is different from the paradigm set by yeast telome-
rase holoenzyme subunit regulation by the cell cycle (11, 12, 21,
30). Nonetheless, constitutive Tetrahymena telomerase holoen-
zyme assembly would be consistent with the dramatic elongation
of telomeres in nondividing cells depleted of the Pot1a-Tpt1-
Pat1-Pat2 complex (24).

Reconstitution assays have enabled the dissection of the bio-
chemical roles of individual telomerase holoenzyme subunits,
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providing an important foundation for investigating the mecha-
nism and regulation of telomere elongation in vivo. Extensive
studies have demonstrated that within the telomerase catalytic
core, both TERT and TER interact with ssDNA. The TERT N-ter-
minal (TEN) domain stimulates active-site use of a short primer-
template hybrid, while the remainder of TERT provides some
functional recognition and physical protection of ssDNA (31).
Within TER, the template binds to the ssDNA 3= end by hybrid-
ization, and other RNA motifs contribute to template placement
in the active site (9, 31). Additional telomerase holoenzyme pro-
teins augment the activity of the catalytic core in vitro, but the
relation of these in vitro activities to their roles in vivo remains
unclear. Among the Tetrahymena telomerase holoenzyme acces-
sory subunits, the p50 N-terminal 30-kDa region (p50N30) con-
fers high repeat addition processivity (RAP) and is sufficient to
bind p75 and the catalytic core in vitro, with the C-terminal region
of p50 possibly acting to restrain holoenzyme activity (32, 33).
Addition of Teb1 to the p50-bound RNP catalytic core increases
the elongation rate of tandem repeat synthesis under conditions
typical for telomerase assays in vitro. Of the accessory subunits,
only Teb1 has domains readily detectable by sequence homology,
with a composition of four oligonucleotide/oligosaccharide-bind-
ing (OB)-fold domains (27, 34). The domain architecture of Teb1
is paralogous to that of the largest subunit, Rpa1, of the general
ssDNA binding factor replication protein A (RPA) (27, 34). Three
of the four predicted Teb1 OB-fold domains are confirmed by
high-resolution structures, including a cocrystal structure of
the highest-affinity Teb1 DNA-binding domain with telomeric
ssDNA (35).

To gain additional insight into how these telomerase holoen-
zyme subunits are assembled in vivo and engaged at the telomere,
we utilized chromatin immunoprecipitation (ChIP) assays to in-
vestigate cell cycle-regulated changes in the association of Tetra-
hymena telomerase holoenzyme subunits with telomeres. Here we
show that all of the Tetrahymena telomerase proteins have telo-
mere interaction that is restricted in the cell cycle, despite ubiqui-
tous, cell cycle-independent assembly of the high-RAP holoen-
zyme complex. Furthermore, using numerous domain and sequence
variants of p50 and Teb1, we defined Teb1 as a critical subunit in
the recruitment of the telomerase holoenzyme to the telomere. By
creating a panel of full-length Teb1 proteins defective specifically
in holoenzyme assembly or individual sites of DNA interaction,
we showed that the affinity of DNA binding influences Teb1 asso-
ciation with telomeres. Together these results suggest a direct
DNA interaction mechanism for Tetrahymena telomerase recruit-
ment to telomeres that is distinct from the recruitment mecha-
nisms proposed in other organisms. Overall, our findings provide
new structural insights about the Tetrahymena telomerase ho-
loenzyme, contribute to understanding telomerase enzyme mech-
anism, and illuminate a new level of detail for the cellular process
of telomerase recruitment to telomeres.

MATERIALS AND METHODS
Telomerase reconstitutions. Telomerase reconstitution assays used
codon-optimized open reading frames for TERT, p50, and p75 expression
in rabbit reticulocyte lysate (RRL) and for Teb1 and p65 expression in
Escherichia coli as previously described (27, 33). For RNP catalytic core
assembly, recombinant p65 and in vitro-transcribed TER were added to
the TERT RRL expression reaction mixture during protein synthesis at 25
nM each. Holoenzyme reconstitution and affinity purification from RRL

synthesis reactions were performed as described in previously optimized
protocols (32–34). Briefly, telomerase complexes were bound to anti-
FLAG M2 affinity resin (Sigma) and washed in T2MG (20 mM Tris-HCl
[pH 8.0], 1 mM MgCl2, 10% glycerol, and 2 mM dithiothreitol [DTT]).
Recombinant Teb1 was purified using nickel-nitrilotriacetic acid
(Ni-NTA)–agarose and added to a final concentration of 200 nM for 20
min at room temperature prior to the activity assay.

Telomerase activity and DNA binding assays. Activity assays of na-
tive and reconstituted holoenzyme were performed at room temperature
using a standard Tetrahymena telomerase reaction buffer containing 50
mM Tris-acetate (pH 8.0), 2 mM MgCl2, 10 mM spermidine, and 5 mM
�-mercaptoethanol. Product synthesis reactions additionally contained
24 nM [�-32P]dGTP, 300 nM unlabeled dGTP, 200 �M unlabeled dTTP,
and 200 nM DNA primer (GT2G3)3. Reactions were allowed to proceed
for 5 min for purified endogenous holoenzyme and 10 min for recombi-
nant holoenzyme. Tetrahymena cell lysate was assayed at a final dilution of
1:200 for 10 min. A 5=-labeled oligonucleotide DNA recovery control
(RC) was added to telomerase products before precipitation. Products
were resolved by denaturing gel electrophoresis and detected by phos-
phorimager analysis using a Typhoon Trio imager.

Expression constructs for sequence-modified Teb1BC and full-length
Teb1 were generated using PCR-based mutagenesis. N-terminally six-
histidine (His6)-tagged proteins were bacterially expressed and isolated by
single-step nickel-agarose purification. Extensive washing and subse-
quent elution resulted in soluble protein purified to near homogeneity as
visualized by SDS-PAGE. Electrophoretic mobility shift assays (EMSAs)
with recombinant Teb1 were performed as described previously (34) us-
ing the 32P 5=-end-labeled oligonucleotide 5=-GTTGGGGTTGGGGTTG
GG-3= as the probe. Binding affinities were calculated based on free probe
signal using ImageQuant software.

Tetrahymena strain construction, cell growth, and enzyme purifica-
tion from extract. Tetrahymena endogenous-locus replacement strains
TERT-FZZ, Teb1-FZZ, p75-FZZ, p65-FZZ, p50-FZZ, p45-FZZ, and p19-
FZZ and transgene strains p50N30-FZZ, p50N25-FZZ, ZZF-p50, Teb1-
FZZ, F-Teb1BC, and F-Teb1C were previously described (27, 32, 33).
F-Teb1BC and F-Teb1C were expressed in the genetic background of
TERT with a C-terminal ZZ tag (33). New strains Teb1 F590A F648A-
FZZ, Teb1 �555–581 GSGSG-FZZ (�Zn), Teb1 �660 – 666 AGSSG-FZZ
(�L45), Teb1 �687–701-FZZ (�CT�H), Teb1 F293A-FZZ, Teb1 K300A-
FZZ, Teb1 F423A-FZZ, Teb1 Y450A-FZZ, Teb1 F603A-FZZ, and Teb1
K660A-FZZ were made by targeting transgene integration at the �-tubu-
lin 1 locus (BTU1) under the control of the metallothionein 1 gene
(MTT1) promoter using selection for blasticidin resistance conferred by
the bsr2 cassette (36). Strains expressing p50N25-FZZ, ZZF-p50,
F-Teb1BC, F-Teb1C, and all of the newly generated Teb1-FZZ strains
retain endogenous subunit expression for viability. Genotypes were veri-
fied by Southern blotting and Western blotting for the transgene-encoded
protein.

Cells were grown in modified Neff medium (0.25% proteose peptone,
0.25% yeast extract, 0.5% dextrose, and 30 �M FeCl3) to mid-log phase
(3 � 105 cells/ml). Cells were starved in 10 mM Tris (pH 8.0) for 16 h and
refed with modified Neff medium to synchronize the cell cycle at G1. For
transgene expression, transgene induction was achieved by addition of
CdCl2 to a final concentration of 0.5 �g/ml upon refeeding. Cell counts
were measured by fixation in 0.4% formaldehyde. Cell counting was com-
pleted in triplicate independent growth cultures.

Cell extract preparation and affinity purification were performed as
described previously (27). For Western blots, cell pellets were lysed by
heating at 95°C for 5 min in 100 �l of 2� SDS loading buffer (4% SDS, 160
mM Tris-HCl [pH 6.8], 20% glycerol, 0.0025% bromophenol blue, 10%
�-mercaptoethanol) to avoid sample proteolysis. Proteins were separated
on a 10% SDS-polyacrylamide gel and transferred to Hybond N-XL ni-
trocellulose membrane (Amersham Biosciences). Blots were blocked in
5% milk and 1� Tris-buffered saline (TBS; 50 mM Tris-HCl [pH 7.5], 150
mM NaCl) then incubated with anti-FLAG M2 mouse monoclonal anti-
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body (Sigma) and antitubulin DM1A mouse monoclonal antibody (EMD
Millipore). For TER Northern blot analysis, RNA was spotted onto nitro-
cellulose membrane, UV-cross-linked, and hybridized using a 32P end-
labeled oligonucleotide (5=-AGGTTCAAATAAGTGGTAATGCGGGAC
AAAAGACTATCG-3=).

ChIP analysis. For each ChIP assay, 2 � 107 cells per immunoprecipi-
tation were fixed with 0.75% formaldehyde at room temperature for 10
min, quenched with 125 mM Tris (pH 7.5), and washed twice with TBS.
Nuclei were isolated as described by Jacob et al. (37). Briefly, pelleted cells
were lysed in 10 ml of 1� TMS (10 mM Tris-HCl [pH 7.5], 10 mM MgCl2,
3 mM CaCl2, 250 mM sucrose, and 1 mM DTT), 0.16% Igepal CA-630 for
20 min at 4°C with end-over-end rotation. Sucrose was added to a con-
centration of 0.816 g/ml, and the lysate was centrifuged at 9,000 � g for 30
min at 4°C. The pelleted nuclei were washed once with TMS before mi-
crococcal nuclease (MNase) digestion. For MNase digestion, nuclei were
resuspended in 500 �l 50 mM Tris-HCl (pH 7.5), 60 mM KCl, 15 mM
NaCl, 2 mM CaCl2, 0.05% spermidine phosphate, and 1 mM DTT and
treated with 6 U MNase (New England BioLabs) for 30 min on ice (gen-
erated fragment size of �500 bp dsDNA; data not shown). The reaction
was stopped by adding EDTA to a final concentration of 50 mM and the
nuclei were lysed in the presence of 2% Triton X-100, 250 mM NaCl, and
protease inhibitors (0.1 mM phenylmethanesulfonyl fluoride and 1�
Sigma protease inhibitor cocktail) followed by incubation at room tem-
perature for 30 min.

The lysate was centrifuged at 16,000 � g for 5 min at 4°C, and the
supernatant was immunoprecipitated overnight at 4°C with anti-FLAG
M2 affinity resin (Sigma). Precipitates were washed sequentially with 1 ml
each buffer A (50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 2% Triton
X-100, and 5 mM EDTA), buffer B (50 mM Tris-HCl [pH 7.5], 250 mM
NaCl, 1.5% Triton X-100, and 5 mM EDTA), CHAPS buffer (50 mM
Tris-HCl [pH 7.5], 250 mM NaCl, 1% Triton X-100, 5 mM EDTA, 0.1%
SDS, and 0.05% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate), and LiCl buffer (50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 1%
Triton X-100, 5 mM EDTA, and 150 mM LiCl). DNA cross-links were
reversed, and the bound material was eluted by resuspending the resin in
400 �l elution buffer (50 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1% SDS,
and 1 mM EDTA) and incubating at 65°C for 16 h.

The eluted DNA was purified by phenol-chloroform-isoamyl alcohol
(25:24:1) extraction and ethanol precipitation. The resulting product was
spotted on nitrocellulose membranes, UV cross-linked, and hybridized
with 5=-end-labeled probe against the telomeric DNA (5=-CCCCAACCC
CAACCCCAA-3=) or the subtelomeric ribosomal DNA (rDNA) (5=-TG
ATAAATAACCAAAAATCAAAGTATTACATCAATAAATAACTTTTA
CTCAATGTCAAAGAAATTATTGGGG-3=). Dot blots were hybridized
in 30 mM NaCl, 3 mM Na3C6H5O7, and 0.1% SDS at 55°C for 12 to 16 h,
washed, and then quantified by phosphorimager analysis. Relative signal
was quantified using ImageQuant software. The resulting data were nor-
malized to input rDNA signal following subtraction of background, to
calculate signal from telomerase per chromosome end rather than per
length of telomeric repeat DNA tract.

RESULTS
Tetrahymena telomerase association with telomeres is cell cycle
regulated. To address how telomere interaction by telomerase is
coordinated with genome replication in Tetrahymena, we ex-
ploited a G1 cell cycle phase enrichment protocol involving nutri-
ent starvation to establish synchrony. Following starvation, cells
were refed and samples were collected for ChIP as a time course of
cell cycle progression. The micronucleus replicates and divides
rapidly, but only in subsequent macronuclear replication does the
vast majority of telomere synthesis occur. Macronuclear DNA
synthesis occurs broadly over an interval from approximately 2 to
4 h postfeeding, followed by morphological changes that ulti-
mately pinch apart the macronucleus and the cell (Fig. 1A). To

confirm the synchrony of cell cycle entry, cell counts were taken in
triplicate at several time points. There was no major change in cell
number over a 6-h period after feeding, but at approximately 8 h
the cell count doubled (Fig. 1B).

The method of choice for detecting and quantifying chromo-
some association of telomere-recruited factors like telomerase is
telomere ChIP. This technique is typically limited by variable af-
finity and specificity of antibodies against individual telomere-
associated proteins. To overcome this hurdle, we combined en-
dogenous-locus tagging of telomerase holoenzyme proteins with
FLAG monoclonal antibody ChIP. Previously generated tagged-
subunit strains, each expressing a holoenzyme protein with a C-
terminal triple FLAG peptide (F) and tandem protein A domains
(ZZ) in place of the untagged native protein from the endogenous
locus, were used to ensure physiological subunit expression level
and biological function. Consistent with their cellular assembly as
a holoenzyme complex, comparable levels of tagged TERT-FZZ,
Teb1-FZZ, p75-FZZ, p65-FZZ, p50-FZZ, and p45-FZZ were de-
tected in whole-cell extract by FLAG antibody Western blotting
(Fig. 1C). The slightly lower accumulation level of p19-FZZ is a
consequence of protein tagging (27).

Telomerase catalytic activity assayed in cell extracts was similar
for cells from parental and tagged-subunit-expression strains at
different stages of the cell cycle (Fig. 1D). From each strain at each
time point, fragmented chromatin was prepared from formalde-
hyde-cross-linked cells and used for immunoprecipitation of the
tagged protein subunit. Because of the relative abundance of en-
dogenous telomerase in Tetrahymena, we were able to quantify
protein-bound telomeric repeat DNA directly by hybridization of
cross-link-reversed DNA with an end-labeled oligonucleotide
complementary to the G-rich telomeric repeats. To control for
input extract variations in the preparation of total chromatin, we
normalized telomere ChIP signal to rDNA chromosome signal in
the input extract (see Materials and Methods). Only low subtelo-
meric or internal rDNA chromosome hybridization signal was
detected in bound ChIP samples (data not shown).

We found that all seven telomerase holoenzyme proteins dra-
matically increased in telomere association with cell cycle progres-
sion to S phase, after which telomere association for all proteins
except p50-FZZ decreased (Fig. 1E). Notably, the peripheral ho-
loenzyme subunit Teb1 had a similar telomere ChIP profile com-
pared to the RNP catalytic core subunits TERT and p65 (Fig. 1E),
despite indirect interaction of Teb1 with the RNP catalytic core
through p50 (33). The delay in loss of telomere ChIP at 6 h
unique to p50-FZZ may be a difference imposed by epitope
tagging, since previous studies indicated that C-terminal tag-
ging of p50 affects enzyme catalytic activity and increases the
length at which telomeres are maintained in cells (27, 32). It is
also possible that telomerase holoenzyme architecture changes
following telomere recruitment in a manner that increases p50
cross-linking efficiency prior to holoenzyme dissociation, pos-
sibly by bringing p50 into closer proximity to product DNA.
The alternate explanation that prolonged ChIP signal reflects
telomere binding by holoenzyme-free as well as holoenzyme-
bound p50 is doubtful, because the biological stability of p50
depends on the other holoenzyme subunits, and thus, p50 is
unlikely to be present as a holoenzyme-free protein (27). Over-
all, we conclude that telomerase holoenzyme subunits are not
constitutively bound to telomeres and that all holoenzyme pro-
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teins show coordinate telomere recruitment in the cell cycle
interval of macronuclear genome replication.

Telomere recruitment is independent of the p50 C-terminal
domain but requires p50 interaction with Teb1. Previous func-

tional analyses demonstrated that the N-terminal 252 residues of
p50 (p50N30) support all biochemically identified roles of p50
(32). C-terminal truncation of an additional 39 residues (p50N25)
compromised holoenzyme assembly and stability, but the holoen-
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zyme that did assemble with p50N25 retained normal catalytic
activity in vivo and in vitro (32). Furthermore, previous structural
analyses indicate that all of the p50 subunit density in the holoen-
zyme structure determined by electron microscopy (EM) derives
from p50N30 (32, 33). The C-terminal 20 kDa of p50 appear at
least partially disordered in structure, as they are highly sensitive
to proteolysis in native cell extract (32, 33). However, because
C-terminal tagging of p50 increases telomere length, the p50 C-
terminal domain seems likely to have a biological role in holoen-
zyme regulation (32). In contrast to C-terminal tagging, N-termi-
nal tagging of p50 inhibits the holoenzyme association of Teb1
and disrupts telomerase biological function (33). To investigate
how these phenotypes relate to changes in telomerase-telomere
interaction, we examined telomere ChIP by N- or C-terminally
tagged full-length or truncated p50 proteins (Fig. 2A) in strains
with either complete or partial disruption of the endogenous p50
locus (see Materials and Methods).

We used ChIP to assay C-terminally tagged full-length p50 and
p50N30, each expressed in place of the endogenous untagged pro-
tein, which gave the tagged proteins similar accumulation levels in
cells (Fig. 2B, lanes 1 to 3). Expression of p50N25 was at a lower
cellular level (Fig. 2B, lane 4) due to incomplete genetic substitu-
tion for the endogenous protein (32). Because ChIP uses denatur-
ing cell lysis and protein purification conditions, it should reduce
the differences in p50 purification recovery imposed by native
extract proteolysis between the p50-FZZ C-terminal tag and the
N-terminal domain (33). Indeed, ChIP by p50-FZZ and p50N30-
FZZ was similarly robust, while ChIP by p50N25-FZZ had re-
duced signal (Fig. 2C). Like p50-FZZ, ChIP of p50N30-FZZ
showed the same increase in telomeric signal with the onset of
macronuclear replication and the same persistence of ChIP signal
at 6 h. As described above for p50-FZZ, the p50N30-FZZ increase
in ChIP telomere signal from 4 to 6 h could reflect a change in
holoenzyme regulation imposed by elimination of the p50 C-ter-
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minal domain. Truncation of p50N30 to p50N25 decreased but
did not eliminate telomeric signal association (Fig. 2C), consistent
with some p50N25 holoenzyme assembly in vivo. In contrast,
ChIP signal was minimal if at all detectable for the N-terminally
tagged full-length ZZF-p50 (Fig. 2C). Because Teb1 is the only
holoenzyme subunit dissociated by p50 N-terminal tagging (32,
33), this finding suggests that Teb1 is required for telomere asso-
ciation of the other holoenzyme subunits assayed by ZZF-p50
ChIP.

Single-residue substitutions of OB-fold DNA binding sur-
faces impose a DNA binding or telomerase activation defect in
full-length Teb1. Paralogous to Rpa1, Teb1 has an N-terminal
domain and three additional OB-fold domains sequentially des-
ignated A, B, and C (34). Rpa1 A, B, and C domains interact with
ssDNA with the affinity contribution A � B � C (38). Teb1 A and
B domains specifically bind the Tetrahymena telomeric repeat G-

rich ssDNA with the affinity A � B (34). Teb1C can enhance
Teb1B DNA binding activity, but whether Teb1C interacts with
DNA directly is unknown. Teb1C does interact directly with the
p50 RNP catalytic core and alone can stimulate its catalytic activ-
ity. These findings provided the groundwork for understanding
what biochemical properties of Teb1 are required for telomerase-
telomere interaction.

To better characterize the contributions of each Teb1 OB-fold
domain to overall Teb1 function, we constructed a panel of full-
length Teb1 proteins with single amino acid substitutions on the
typical DNA binding surfaces of the A, B, and C domains. Single
residue substitutions of alanine were previously assayed in single-
domain Teb1A, single-domain Teb1B, and Teb1BC (35). Here we
generated two different substitutions in each domain in the full-
length-protein context (Fig. 3A), using substitutions that elimi-
nated Teb1A-DNA interaction by EMSA (F293A and K300A), re-
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duced Teb1B-DNA interaction �5-fold assayed by filter binding
(F423A or Y450A), or reduced Teb1BC DNA binding affinity to
near that of Teb1B alone (F603A or K660A). Both Teb1C substi-
tutions also greatly inhibited telomerase catalytic activation.

Bacterial expression and affinity purification of N-terminally
tagged full-length Teb1 proteins gave predominantly full-length
protein by single-step affinity purification (Fig. 3B). We used the
purified proteins for ssDNA interaction EMSAs (Fig. 3C and D).
The two substitutions in the Teb1A domain had the greatest im-
pact on DNA binding, decreasing affinity �20- and �15-fold for
F293A and K300A, respectively. Substitutions in the Teb1B do-
main decreased DNA binding affinity less severely, at most �10-
fold. The Teb1C domain substitution F603A did not affect full-
length Teb1 DNA binding affinity, while the K660A substitution
imposed a loss of DNA binding activity that was variable between
replicate assays, suggestive of a loss of overall protein folding sta-
bility.

Next we tested the panel of Teb1 proteins for in vitro reconsti-
tution of high-RAP telomerase activity assayed by direct primer
extension with dTTP and radiolabeled dGTP (Fig. 3E). The RNP
catalytic core containing bacterially expressed p65, in vitro tran-
scribed TER, and RRL-expressed C-terminally FLAG-tagged
TERT (TERT-F) was assembled in RRL and combined with sepa-
rately RRL-expressed p50 and p75. Telomerase complexes were
affinity purified using FLAG antibody resin and then combined
with bacterially expressed Teb1 in the activity assay prior to addi-
tion of the DNA primer. Full-length Teb1 with a F293A, K300A,
F423A, or Y450A substitution in the DNA binding domain
showed little if any difference from wild-type Teb1 in high-RAP
activity reconstitution (Fig. 3E, lanes 1 to 6). This is consistent
with the previously noted lack of correlation between Teb1 DNA
binding affinity and processivity stimulation (34). In contrast,
full-length Teb1 with a Teb1C F603A or K660A substitution had
reduced stimulation of high-RAP DNA product synthesis (Fig. 3E,
lanes 7 and 8). Thus, as predicted by domain truncation studies
(34), Teb1 biochemical roles in DNA binding and telomerase cat-
alytic activation can be separated in the full-length-protein con-
text.

Distinct surfaces of Teb1C contribute to Teb1BC DNA bind-
ing and telomerase catalytic activation. Structural analysis of
Teb1C revealed surface features divergent from a canonical OB-
fold DNA binding domain (35). Despite distinct structure and
lack of high-affinity DNA binding, Teb1C could contact ssDNA to
guide its threading from the telomerase active site to Teb1AB in
the elongating high-RAP holoenzyme conformation. In addition,
with or without a role in DNA contact, Teb1C interaction with the
p50-assembled RNP catalytic core stimulates the rate of high-RAP
product synthesis (32). Teb1C amino acid substitution can com-
promise Teb1BC telomerase activation without impact on DNA
interaction, and Teb1C alone can stimulate some high RAP activ-
ity despite undetectable DNA binding (34). Thus, we sought to
additionally resolve the biochemical activities of Teb1C in order to
discern how its properties affect telomerase-telomere interaction.
To this end, we screened substitutions of bulky side chain residues
on the Teb1C surface, informed by the high-resolution Teb1C
structure (35) and known determinants of Rpa1 protein-protein
and protein-DNA interactions (39–41). Based on previous studies
(34), we assayed for potential changes in Teb1C contribution to
Teb1BC DNA binding affinity and telomerase catalytic activation.

Teb1C sequence changes of interest (Fig. 4A) were assayed in

purified Teb1BC proteins (Fig. 4B) for DNA binding affinity by
EMSA (Fig. 4C and D) and for high-RAP activity stimulation by
direct primer extension (Fig. 4E). Of particular interest, alanine
substitutions of residues F590 and F648 distant from the canonical
OB-fold DNA binding surface (Fig. 4A) did not affect the affinity
of Teb1BC DNA binding by EMSA (Fig. 4C and D) but entirely
eliminated telomerase activation (Fig. 4E). In comparison, re-
placement of the entire zinc ribbon lobe by a short linker (i.e.,
residues 555 to 581 changed to GSGSG) (35) only partially inhib-
ited telomerase activation (Fig. 4E). A newly constructed replace-
ment of the unstructured loop connecting OB-fold �-strands 4
and 5 (residues 660 to 666 to AGSSG [�L45]) on the potential
DNA binding surface (39) had some influence on the DNA bind-
ing affinity of Teb1BC and also partially inhibited telomerase ac-
tivation (Fig. 4C, D, and E). As previously noted (34), deletion of
the predicted Teb1 C-terminal �-helix (residues 687 to 701
[�CT�H]) that was disordered in the Teb1C structure (35) but
has potentially close proximity to the F590/F648 surface (Fig. 4A)
had no discernible consequence (Fig. 4C, D, and E). The lack of
requirement for the Teb1 �CT�H was proposed to reflect evolu-
tionary divergence from Rpa1 to avoid CT�H-mediated hetero-
trimer association with other RPA subunits (34). Taken together,
the results above suggest that instead of the CT�H, a Teb1C sur-
face involving F590 and F648 could be the major determinant for
the association of Teb1C with p50 and thus the entire holoen-
zyme. However, due to the compromised stability of recombinant
Teb1 association with other reconstituted holoenzyme compo-
nents in vitro (33), it was not possible to test this hypothesis di-
rectly.

In vivo expression of full-length Teb1 variants reveals struc-
tural requirements for Teb1 holoenzyme assembly. Separation-
of-function full-length Teb1 variants provided an opportunity to
test the Teb1 biochemical requirements for holoenzyme assembly,
catalytic activity, and telomere interaction in vivo. We generated
Tetrahymena strains expressing full-length Teb1 proteins with dif-
ferent defects for DNA binding and/or telomerase activation in
vitro (Fig. 3 and 4). For consistent comparison independent of the
ability of the Teb1 variant to support cell viability in replacement
of endogenous Teb1, we integrated expression transgenes driven
by the cadmium-inducible MTT1 promoter at the BTU1 locus.
Each Teb1 variant or wild-type Teb1 was C-terminally FZZ
tagged. We confirmed by Western blotting that equivalent levels
of each Teb1-FZZ protein were expressed in cells starved and refed
to initiate cell cycle progression, induced for transgene Teb1 ex-
pression, and sampled at the postfeeding 4-h time point of macro-
nuclear DNA replication (Fig. 5A and B). Levels of induced Teb1-
FZZ protein overexpression remained constant across the time
course of cell cycle analysis (Fig. 5C).

We first examined the cellular assembly of each tagged Teb1
protein as a telomerase holoenzyme. Cell extracts were used to
perform an established F-tag affinity purification (27). Purified
complexes associated with tagged Teb1 were assayed in parallel for
telomerase activity using the direct primer extension assay and
for quantification of TER by dot blot hybridization. To control for
nonspecific purification background, cell extract lacking a tagged
protein was used in parallel (Fig. 5D and E, lanes 1). Each of the
Teb1-FZZ proteins with a single-residue substitution on the typ-
ical OB-fold domain DNA binding surface assembled telomerase
holoenzyme comparably to wild-type Teb1, as judged by copuri-
fication of TER (Fig. 5D). The Teb1A or Teb1B domain variants
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also had little difference in the telomerase activity product profile
compared to wild-type Teb1 (Fig. 5D, lanes 2 to 5), mirroring the
in vitro reconstitution results (Fig. 3E). In comparison, in vivo
assembly of Teb1C domain variants F603A and K660A revealed
that these substitutions did affect assembled holoenzyme catalytic
activity (Fig. 5D, lanes 7 and 8). Product DNAs had a pronounced
low-RAP profile as well as some of the high-RAP profile of wild-
type enzyme. The Teb1 K660A holoenzyme also had reduced cat-

alytic activity per TER relative to wild-type holoenzyme (Fig. 5D,
compare lanes 2 and 8), which would be consistent with an overall
protein folding problem as well as an activity defect incurred by
the K660A substitution.

A dramatic difference was observed for Teb1-FZZ with the
F590A and F648A substitutions, which did not recover any asso-
ciated telomerase activity or TER (Fig. 5E, lanes 2 and 3). Thus,
these substitutions on a Teb1C surface far from the canonical
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DNA binding interface abrogated full-length Teb1 holoenzyme
assembly in vivo. Teb1-FZZ with Teb1C zinc ribbon or L45 loop
deletion efficiently assembled telomerase holoenzyme based on
the level of copurified TER, but these holoenzymes had compro-
mised catalytic activity (Fig. 5E, lanes 4 and 5). Curiously, RAP as
well as overall activity was affected for the holoenzyme with

Teb1�L45-FZZ (Fig. 5E, lane 5), suggestive of a possible role for the
L45 loop in clamping product DNA. Intriguingly, Teb1�CT�H did
not support holoenzyme assembly in vivo (Fig. 5E, lane 6). This
finding was surprising given that deletion of the CT�H was incon-
sequential for robust high-RAP-activity reconstitution in vitro
(Fig. 4E, lane 6). We suggest that the need for Teb1 CT�H func-
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tion could be obviated in vitro by the high concentration of Teb1
required in the activity assay (see Discussion).

Teb1 DNA binding activity independent of holoenzyme as-
sociation is sufficient for telomere interaction. We next used the
full-length Teb1-FZZ transgene expression strains to determine
the biochemical requirements for Teb1-mediated telomerase re-
cruitment to telomeres by ChIP. Overexpressed wild-type Teb1-
FZZ gave almost 20-fold telomeric DNA signal enrichment over
background binding assayed using cell extract lacking tagged pro-
tein (Fig. 6A), which is an �5-fold increase in the amount of
telomeric ChIP signal compared to ChIP of Teb1-FZZ tagged at its
endogenous locus (Fig. 1E). This increase in telomere association
is consistent with the finding that Teb1 overexpression induces
telomere loss and growth arrest (27), which could result from
telomere structure changes imposed by the additional Teb1 bind-
ing. Remarkably, even overexpressed Teb1 retained cell cycle
specificity of telomere interaction, evident as the sharp peak of
telomere interaction at 4 h after release from starvation (Fig. 6A).
This result highlights the tight regulation of Teb1-telomere inter-
action during S phase of the cell cycle and suggests that the cell
cycle regulation of Teb1-telomere interaction is controlled by a
mechanism autonomous to Teb1.

We compared ChIP by the transgene-expressed wild-type
Teb1-FZZ and the Teb1-FZZ single-residue substitutions on the
canonical OB-fold DNA binding surfaces, which for Teb1 A and B
domains compromised full-length Teb1 DNA binding in vitro
(Fig. 3C and D). The F293A and K300A substitutions within
Teb1A reduced the telomere ChIP signal, whereas the F423A and
Y450A substitutions in Teb1B and the F603A and K660A substi-
tutions in Teb1C did not substantially change telomere ChIP in
comparison to wild-type Teb1 (Fig. 6A). No single-residue substi-
tution eliminated telomere interaction by full-length Teb1-FZZ in
vivo, consistent with the results for full-length Teb1 DNA binding
in vitro. Nonetheless, among the single-residue Teb1 variants, the
substitutions that did reduce telomere interaction were those with
the greatest impact on Teb1 DNA binding affinity in vitro. To
extend this connection, we compared ChIP by full-length Teb1-
FZZ to ChIP by F-Teb1BC or F-Teb1C also expressed from the
MTT1 promoter of a transgene integrated at the BTU1 locus (33).
Compared to full-length Teb1, Teb1BC showed an �10-fold de-
crease in telomeric ChIP signal and Teb1C an �20-fold decrease
in telomeric ChIP signal (Fig. 6A). We conclude that Teb1BC
catalytic activation of telomerase to high-RAP product synthesis is
insufficient for telomere recruitment, at least under conditions of
competition with the coexpressed endogenous Teb1 required for
cell viability (33).

Finally, we compared ChIP by the transgene-expressed wild-
type Teb1-FZZ to that of the Teb1-FZZ proteins with Teb1C de-
letions or substitutions beyond the canonical OB-fold DNA bind-
ing surface. Teb1�L45 showed a decrease in telomere interaction
but retained a ChIP signal within �2-fold of the wild-type signal
(Fig. 6B). Of particular interest were the two Teb1 variants lacking
any biochemically detectable holoenzyme assembly. Both the
F590A F648A and �CT�H Teb1-FZZ proteins gave telomeric
ChIP signals equaling or exceeding that of the wild-type Teb1-
FZZ (Fig. 6B). These findings indicate that Teb1 associates with
telomeres without a requirement for coassembly with the other
telomerase holoenzyme subunits. Overall, the results above sug-
gest the conclusion that in Tetrahymena, an integral subunit of a
constitutively assembled telomerase holoenzyme mediates telo-
merase recruitment to telomeres by direct sequence-specific but
cell cycle-regulated association with ssDNA (Fig. 7). These studies
of Tetrahymena telomerase reveal a mechanism for telomerase-
telomere interaction that is distinct from telomerase recruitment
mechanisms proposed for yeast or mammalian cell model sys-
tems.

DISCUSSION

This study provides mechanistic insight into how Tetrahymena
telomerase is governed in its action at telomeres. We show that
Teb1 is necessary for telomerase-telomere interaction and also
sufficient for telomere interaction as a holoenzyme subunit disso-
ciated from the RNP catalytic core. Furthermore, using mutagen-
esis for selective disruption of different Teb1 biochemical proper-
ties, we determined that telomere association by Teb1 depends on
its high affinity of DNA binding. Together these results support a
model in which telomere recruitment of telomerase occurs
through direct interaction of Teb1-containing holoenzyme with
DNA (Fig. 7), rather than by telomerase interaction with a telom-
ere-bound protein, as in yeasts and mammalian cells (16, 20, 30,
42–44). Activity assays here and in previous studies (27–29, 32, 33)
suggest that a Tetrahymena telomerase holoenzyme is largely as-
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sembled off the telomere, although dynamic exchange of Teb1
and/or 7-1-4 could occur (Fig. 7). Constitutive assembly of
telomerase holoenzyme makes sense in light of the offset mi-
cronuclear and macronuclear S phase in Tetrahymena, which
require telomerase function over an extended interval of cell
growth. Despite cell extract evidence for apparently constitutive
telomerase holoenzyme assembly, the ChIP assays of every telo-
merase protein subunit across a synchronized cell cycle demon-
strate conclusively that Tetrahymena telomerase-telomere inter-
action is cell cycle regulated. Therefore, after S phase is complete,
telomerase holoenzyme must be excluded from telomeric DNA
interaction.

We suggest that because a Tetrahymena telomerase holoen-
zyme is recruited to ssDNA, the cell cycle regulation of telome-
rase-telomere interaction can derive from direct DNA binding
competition for the telomere 3= overhang (Fig. 7). Tetrahymena
telomeres are capped by Pot1a in complex with Tpt1, Pat1, and
Pat2 (25, 26), bound to an overhang of 14 to 15 or 20 to 21 nucle-
otides with a TGGGGT-3=OH end permutation (45, 46). This
length of overhang is insufficient for binding both Pot1a and Teb1
(34). Because Pot1a depletion triggers runaway telomere elonga-
tion even in nondividing cells (24), telomerase exclusion from
chromosome termini may depend on a low off-rate of Pot1a from
bound DNA achieved in part by Pot1a interactions with other
telomere proteins (25, 47). Alternately, Teb1 binding to telomeres
could be competed by RPA, with subsequent RPA replacement by
Pot1a complexes. After Pot1a binding, genome replication or po-
tentially C-strand resection would then be required to displace
Pot1a and allow telomerase recruitment (Fig. 7). However, simple
binding competition predicts that the extended ssDNA length of
telomeres elongated by telomerase would be a highly favorable
substrate for additional elongation, which is not consistent with
telomere length homeostasis. Thus, we suggest that new repeat
synthesis by telomerase is coupled to C-strand synthesis in a Teb1-
dependent manner that is disadvantageous to another Teb1 en-
gagement of the same telomere (Fig. 7). Synthesis-dependent

telomerase recruitment of its own displacement factors provides a
compelling model for the function of Rpa1-like domain archi-
tecture in Teb1, because Rpa1 recruits second-strand synthesis
activity by conformational change induced upon DNA binding
(48).

The DNA interaction affinity of Teb1 derives from the central
Teb1 A and B domains, which combined have higher affinity for
telomeric repeat sequence than does full-length Tetrahymena
Rpa1 (34). Removal of the entire Teb1A domain in the Teb1BC
protein and Teb1A amino acid substitution in full-length Teb1
each reduced ChIP, but the amounts of ChIP loss are not directly
comparable due to potential differences in cross-linking efficiency
with the change in DNA binding site length and potential differ-
ences in competition with endogenous Teb1. Teb1C interaction
with DNA is not detectable directly by EMSA, but a contribution
of Teb1C to DNA interaction would be consistent with the re-
duced telomerase RAP and telomere interaction imposed by the
Teb1C �L45 substitution. In crystallography studies, the predicted
Teb1C terminal �-helix peptide was not ordered in position rela-
tive to the Teb1C OB fold. However, based on the position of the
C-terminal residue of the OB fold, the peptide extension could be
near the F590/F648 protein face away from the canonical DNA
binding cleft (Fig. 4A). The importance of F590 and F648 for Teb1
assembly with the p50 RNP catalytic core is supported by both in
vitro and in vivo telomerase reconstitutions, whereas the signifi-
cance of the �-helix at the C terminus was evident only with in vivo
reconstitution. This terminal �-helix could interact with as-yet
unidentified Rpa2 and Rpa3 homologs that chaperone telomerase
holoenzyme assembly in vivo. A more likely explanation lies in the
failure of recombinant versus endogenous Teb1 to support high-
affinity p50 interaction, compensated by the use of a high concen-
tration of Teb1 in the reconstituted-enzyme activity assays. The
biochemical challenge to in vitro folding of a physiological Teb1-
p50-RNP catalytic core holoenzyme conformation parallels by the
inefficient reconstitution of purified human TPP1 with recombi-
nant human telomerase RNP in vitro (18). Studies of Tetrahymena
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telomerase holoenzyme conformational change upon ssDNA
binding, elongation, and termination (Fig. 7) will provide infor-
mative comparison for general insights about telomerase mecha-
nism and regulation at telomeres.
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