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The telomerase enzyme exists as a large complex (~1,000 kDa) in mammals and at minimum is composed
of the telomerase RNA and the catalytic subunit telomerase reverse transcriptase (TERT). In Saccharomyces
cerevisiae, telomerase appears to function as an interdependent dimer or multimer in vivo (J. Prescott and E. H.
Blackburn, Genes Dev. 11:2790-2800, 1997). However, the requirements for multimerization are not known,
and it remained unclear whether telomerase exists as a multimer in other organisms. We show here that
human TERT (hTERT) forms a functional multimer in a rabbit reticulocyte lysate reconstitution assay and in
human cell extracts. Two separate, catalytically inactive TERT proteins can complement each other in trans to
reconstitute catalytic activity. This complementation requires the amino terminus of one hTERT and the
reverse transcriptase and C-terminal domains of the second hTERT. The telomerase RNA must associate with
only the latter hTERT for reconstitution of telomerase activity to occur. Multimerization of telomerase also
facilitates the recognition and elongation of substrates in vitro and in vivo. These data suggest that the catalytic

core of human telomerase may exist as a functionally cooperative dimer or multimer in vivo.

The catalytic subunit of telomerase, the telomerase reverse
transcriptase (TERT), possesses the hallmark amino acid mo-
tifs of a reverse transcriptase (RT) (23, 29, 40, 47). However,
unlike viral RTs, telomerase is a unique eukaryotic RT that
carries an intrinsic RNA template essential for the de novo
addition of telomere sequences (reviewed in reference 19).
Proteins associated with telomerase activity include TEP1 (22,
48), hsp90/p23 (18, 25), dyskerin (42, 43), L22 (32), and hStau
(32) in mammals; the Sm proteins (54) as well as Estlp and
Est3p, (26, 56) in Saccharomyces cerevisiae; and p80, p95, and
p43 in ciliates (1, 11, 21, 35). TEP1 is not essential for telom-
erase activity in vitro or in vivo (5, 37). A subset of these
associated factors are known to serve distinct roles in telo-
merase assembly and telomere length maintenance (15, 16, 27,
34, 41, 43, 51, 54).

In S. cerevisiae, different telomerase RNAs can functionally
cooperate to form an active telomerase complex in vivo. Pres-
cott and Blackburn demonstrated the presence of at least two
primer recognition-elongation sites within S. cerevisiae telom-
erase (50). In addition, they showed that a mutant telomerase
RNA incapable of telomere elongation could nonetheless sup-
port elongation in a diploid strain containing one mutant and
one wild-type telomerase RNA (50). These results provided
the first evidence that telomerase could form an active multi-
mer in vivo that might contain, at minimum, two active sites
(50). A recombinant reconstitution assay for human telomer-
ase showed that two separately inactive, nonoverlapping frag-
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ments of human telomerase RNA could reconstitute telomer-
ase activity in vitro (59). While consistent with a model of
telomerase RNA multimerization, these results are also con-
sistent with reconstitution of a single active telomerase RNA
from two inactive telomerase RNA fragments.

In vitro, the minimal requirements for telomerase activity
appear to comprise the telomerase RNA and human TERT
(hTERT) (3, 6, 9, 60). Previously, we found that the first 300
amino acid residues (aa) of hTERT were dispensable for tel-
omerase activity in vitro and in vivo (5) (summarized in Fig.
1A). However, the telomerase activities associated with N-
terminal truncations of hTERT were severely reduced in rabbit
reticulocyte lysates (RRLs) relative to the activities achieved
when the same hTERT truncation proteins were introduced
into telomerase-positive 293T cells (5). Furthermore, deletion
of the C-terminal 204 aa of hTERT did not affect telomerase
activity in 293T cells, whereas all but the C-terminal 20 aa are
absolutely required for telomerase activity in RRL (4, 5) (sum-
marized in Fig. 1A). In this study, we set out to determine
whether the observed discrepancies in activity between trun-
cated hTERT proteins in RRL and 293T cells might be ex-
plained by the multimerization of specific hTERT fragments
with endogenous hTERT.

MATERIALS AND METHODS

Plasmids and transfections. All hTERT constructs were cloned into the vector
pCR3.1 (Invitrogen, Carlsbad, Calif.) as described previously (5, 23). Full-length
hTERT contained either a FLAG epitope or a MYC epitope at the C terminus
(see text and figure legends for details). The truncated hTERT proteins con-
tained a FLAG epitope at the C terminus, and the hTERT point mutant D712A
did not contain an epitope tag. The hTERT constructs indicated in Fig. 4 were
transfected into GM847 cells by using Lipofectamine (Life Technologies, Gaith-
ersburg, Md.) as per the manufacturer’s instructions.

Synthesis and purification of human telomerase RNA. Plasmid DNA contain-
ing the human telomerase RNA (hTER) gene (5, 23) was linearized by digestion
with EcoRI to obtain a template for full-length hTER RNA synthesis. T7 tran-
scription reactions were carried out with a MEGAscript in vitro transcription kit
(Ambion Inc., Austin, Tex.). The transcription reaction products were extracted
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with phenol and then with chloroform-isoamyl alcohol (24:1), ethanol precipi-
tated, and dissolved in water. The telomerase RNA was purified from a 4%
(wt/vol) polyacrylamide gel (19:1 [wt/wt] acrylamide:bisacrylamide) containing 8
M urea by elution in water overnight at 4°C, filtered through a Supor membrane
(0.8/0.2 pm pore size; Gelman Sciences, Ann Arbor, Mch.), precipitated in
ethanol, and dissolved in water. All in vitro transcription and telomerase recon-
stitution experiments were carried out at the Amgen Institute/Ontario Cancer
Institute.

In vitro reconstitution of telomerase activity. All h\TERT proteins were syn-
thesized in vitro by using a rabbit reticulocyte T7-coupled transcription-transla-
tion system (Promega, Madison, Wis.) as per the manufacturer’s instructions and
as described previously (5, 6). Full-length hTERT ¢cDNAs (or truncation versions
thereof), at a concentration of 0.01 pg/pl, were added to the RRL in the
presence of 0.01 pg of in vitro-transcribed, purified telomerase RNA/ul (except
where indicated; see figure legends) and incubated at 30°C for 90 min.

To test whether distinct hTERT proteins could interact in vitro, each trun-
cated hTERT protein was synthesized in a separate RRL reaction in the pres-
ence or absence of the telomerase RNA (see Fig. 2) or was synthesized together
in the same RRL reaction in the presence of 0.01 ug of hTER/p (see Fig. 1 and
3). Two microliters of each RRL reaction product containing one truncated
hTERT protein was mixed on ice for 1 h and then assayed for telomerase activity.
In the reactions in which only one truncated hTERT protein was present, 2 .l of
CHAPS buffer {0.5% [wt/vol] 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate, 10 mM Tris-HCI [pH 7.5], 1 mM MgCl,, 0.1 M NaCl, 5 mM
B-mercaptoethanol, and 10% [vol/vol] glycerol} was added.

Immunoprecipitations. Twenty-five microliters of RRL was immunoprecipi-
tated with 15 pl of M2 affinity resin (Sigma, St. Louis, Mo.) in 0.5% (wt/vol)
CHAPS buffer. A 2-pl volume of beads was analyzed for telomerase activity by
the telomere repeat amplification protocol (TRAP), and a 10-pl volume of beads
was analyzed by Northern blot analysis.

Western analysis. Fifteen microliters of sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis loading dye was added to 5 pl of RRL or 25 pg of
GMS847 cell extract. The samples were heated for 5 min at 100°C and resolved by
Tris-glycine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4 to
12% polyacrylamide). The gel contents were transferred onto a polyvinylidene
difluoride membrane in a solution containing 48 mM Tris, 39 mM glycine, and
20% (vol/vol) methanol at 20V for 2 h. The membrane was then blocked with 5%
(wt/vol) milk and probed with a 0.2-pg/ml solution of anti-hTERT peptide
polyclonal antibody (23) or a 0.5-pwg/ml solution of anti-FLAG polyclonal anti-
body (Santa Cruz Biotechnology, Santa Cruz, Calif.).

Northern analysis. A 10-pl volume of the anti-FLAG beads from the RRL
immunoprecipitation experiments was extracted once with phenol and once with
chloroform-isoamyl alcohol (24:1) and then precipitated with 1/10 volume of 3 M
sodium acetate and 2.5 volumes of ethanol. The RNA was subsequently electro-
phoresed, transferred to membrane, and probed for hTER as previously de-
scribed (5, 17).

Telomerase assays. TRAP was performed with the TRAPeze kit as per the
manufacturer’s (Intergen Inc., Purchase, N.Y.) instructions (30). Two different
primers were used in the telomerase extension step: the TS primer (5'-AATCC
GTCGAGCAGAGTT-3") and a second primer identical to TS except that it
lacked the 3'-terminal GTT nucleotides. Two microliters of the anti-FLAG
beads or 4 .l of the RRL lysate was incubated with 0.1 pg of primer and assayed
for telomerase activity by TRAP (25 PCR cycles). Subsequently, five microliters
of each reaction product was electrophoresed on a nondenaturing 12% (wt/vol)
polyacrylamide gel (29:1 [wt/wt] acrylamide-bisacrylamide) for 1 h at 800 V.

RESULTS

Physical association of distinct hTERT species in RRL. We
previously found a discrepancy between the minimal fragments
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of hTERT sufficient for telomerase activity in RRL and in
telomerase-positive 293T cells (5) (Fig. 1A). To test the hy-
pothesis that the hTERT truncations in 293T cells might in-
teract with endogenous hTERT, we performed mixing exper-
iments in RRL with a full-length active hTERT protein
containing a MYC epitope and several inactive hTERT trun-
cations that contained a FLAG epitope. If an interaction oc-
curred, immunoprecipitation of the inactive FLAG-tagged
hTERT would coprecipitate active MYC-hTERT. Indeed, im-
munoprecipitation of the inactive, truncated hTERT proteins
(Fig. 1B) with anti-FLAG revealed that active MYC-hTERT
could associate with certain inactive, truncated hTERT pro-
teins (Fig. 1C). The truncated hTERT proteins that could
associate with full-length hTERT included both N- and C-
terminally truncated hTERT derivatives spanning aa 1 to 350,
351 to 1,132, 601 to 1,132, 1 to 884, and 1 to 1,087 (Fig. 1C).
The interaction was specific, since hTERT proteins spanning
aa 601 to 927 and aa 928 to 1,132, as well as a control anti-
FLAG immunoprecipitation reaction mixture containing no
FLAG-hTERT, did not coprecipitate MYC-hTERT (Fig. 1C,
lanes 2, 6, and 9). While sufficient to detect telomerase elon-
gation activity, the levels of associated MYC-hTERT were
nonetheless below the level of detection by Western blotting of
the anti-FLAG beads (data not shown). The inability to detect
associated MYC-hTERT is consistent with our previous results
suggesting that only a small percentage of hTERT is folded
into an active conformation in RRL (references 5 and 6 and
data not shown). We showed previously that h"TERT proteins
containing the single point mutation D712A or the double
point mutation D86SA D869A are completely inactive in vitro
and in vivo (6, 23, 60). The catalytically inactive hTERT
D868A D869A mutant was also able to associate with active
MYC-hTERT (Fig. 1C, lane 10).

Functional complementation of distinct hTERT proteins in
vitro. We also found that inactive hTERT containing the point
mutation D712A restored activity to other inactive FLAG-
hTERT proteins—for example, the truncated hTERT proteins
spanning aa 351 to 1,132 and aa 601 to 1,132 (Fig. 1D, lanes 4
and 5). This functional complementation was specific, since
other hTERT fragments and the inactive hTERT DS868A
D869A mutant did not support activity when combined with
the hTERT D712A mutant (Fig. 1D, lanes 3 and 6 through 10).
Two other truncated hTERT proteins, spanning aa 401 to
1,132 and aa 536 to 1,132, were inactive when mixed with the
hTERT D712A point mutant (data not shown). The inability
of these two hTERT N-terminal truncations to functionally
complement the hTERT D712A mutation is not explained by
differences in telomerase RNA recognition, since all hTERT
N-terminal truncations beyond aa 301 result in a comparable
ability to bind the telomerase RNA in vitro (5). It is possible

FIG. 1. Physical and functional interactions of full-length and truncated hTERT proteins in vitro. (A) A schematic diagram of full-length
hTERT, including a summary of the minimal fragments of hTERT that are sufficient for telomerase activity in RRL and 293T cells (5). The RT
region of hTERT is depicted with a gray box, and the smaller, darker box depicts the telomerase-specific motif. (B to D) FLAG-tagged full-length
hTERT (FLAG-hTERT), FLAG-tagged inactive hTERT truncated proteins (indicated in amino acids), and hTERT containing two point
mutations (D868A and D869A) were each synthesized in RRL alone (B), with full-length hTERT containing a MYC epitope (C), or with an
inactive hTERT substitution mutant (D712A) that contained no epitope tag (symbolized with an X in the RT domain) (D). Each translation
reaction was carried out in the presence of excess telomerase RNA. The lysates were subjected to immunoprecipitation with an anti-FLAG
antibody and assayed for telomerase activity by TRAP. The arrow at the bottom right of each panel shows the internal PCR standard for

amplification.
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FIG. 2. Functional complementation of distinct truncated hTERT proteins in vitro. Different fragments of "TERT containing a FLAG epitope
were synthesized individually in the presence or absence of human telomerase RNA (hTER). hTERT truncations synthesized in the absence of
hTER are indicated by an asterisk. (A) RRLs containing different truncated hTERT proteins (shown schematically in the top panel) were mixed
on ice and assayed for telomerase activity by TRAP. (B) RRLs, as in panel A, were subjected to immunoprecipitation with anti-FLAG and analyzed
for the presence of telomerase RNA by Northern blotting with an hTER-specific probe. As a control for nonspecific binding of telomerase RNA
to anti-FLAG beads, RRL containing hTER only was also subjected to immunoprecipitation with anti-FLAG (lane 6). Lanes 7 and 8, respectively,
contain 0.5 and 2.0 ng of in vitro-transcribed hTER as a standard. The results shown in panel B are representative; however, levels of hTER
coimmunoprecipitated with hTERT differed between experiments, likely as a result of different amounts of precipitated hTERT (5). (C) hTERT
protein levels were assessed by Western blotting with an anti-TERT antibody and an anti-FLAG antibody. In lane 1, we noted a previously
published yet unexplained observation: in some instances, the levels of full-length hTERT in RRL are extremely low when synthesized together

with hTER (5).

that a more subtle conformational alteration hinders the ability
of these two truncated hTERT proteins to functionally interact
with the hTERT D712A mutant.

To test whether two inactive hTERT truncations could also
functionally interact, an N-terminally truncated hTERT pro-
tein that lacked the first 350 aa (351 to 1,132) was mixed with
an hTERT fragment that lacked the C-terminal 205 aa (1 to

927). Each truncated protein alone was inactive, but when the
two were mixed together, telomerase activity was restored (Fig.
2A, compare lanes 3, 7, and 10). In this mixture, two RT
domains that share an overlapping region spanning aa 351 to
927 are present. The minimal overlap for a functional interac-
tion between two truncated hTERT proteins was further nar-
rowed to a region containing the first 927 aa of one hTERT
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FIG. 3. Functional interaction between distinct hTERT proteins.
Different truncated hTERT proteins were cotranslated in RRL in the
presence of human telomerase RNA (hTER). (A) A 2-pl volume of
each RRL, containing different protein combinations, was assayed for
telomerase activity by TRAP (A) and for protein expression by West-
ern blotting with anti-hTERT and anti-FLAG antibodies (B). Full-
length hTERT (lane 1) was included as a positive control. The num-
bers to the left of panel B indicate the molecular mass of protein
standards (Bio-Rad, Hercules, Calif.).

protein (1 to 927) and the C-terminal 531 aa of the second
hTERT protein (601 to 1,132) (Fig. 3A, lanes 6 and 7). The
C-terminally deleted hTERT spanning aa 1 to 884 was not
sufficient to restore telomerase activity to a truncated hTERT
lacking the first 350 aa (Fig. 3A, lane 10). These results suggest
that an important structural or catalytic determinant of the
functional interaction may reside between aa 884 and 927 of
hTERT.

We next tested whether the N terminus or C terminus of
hTERT was sufficient to restore activity to hTERT mixtures
containing a single RT domain (Fig. 2 and 3 and data not
shown). An hTERT fragment spanning aa 928 to 1,132 did not
restore telomerase activity to a truncated hTERT protein
spanning aa 1 to 927 (Fig. 2A, lanes 7 to 9); however, the first
350 aa of hTERT restored telomerase activity to a truncated
hTERT protein spanning aa 351 to 1,132 (Fig. 2A, lane 4).
Similarly, aa 1 to 300 of hTERT restored telomerase activity to
an hTERT protein spanning aa 301 to 1,132 (Fig. 3A, lanes 2
and 3). The weak but detectable activity in a mixture of trun-
cated hTERT proteins spanning aa 1 to 300 and aa 351 to 1,132
suggests that aa 300 to 350 are not absolutely required for a
functional interaction to occur (Fig. 3A, lanes 4 and 5). The
absence of telomerase activity in hTERT mixtures that lacked
a C-terminal or an N-terminal hTERT fragment (Fig. 3A,
lanes 10 and 11) further indicates that C-terminal residues on
one hTERT protein and N-terminal residues on another must
be present for a functional interaction to occur. Furthermore,
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the lack of a functional interaction between truncated hTERT
proteins spanning aa 301 to 927 and 351 to 1,132 (Fig. 3A, lane
11) suggests that aa 301 to 350 of hTERT are not sufficient to
mediate a functional interaction.

Functional complementation requires the association of tel-
omerase RNA with only one hTERT subunit. We found that
the reconstitution of telomerase activity via hTERT multimer-
ization required the assembly of telomerase RNA with only
one hTERT protein. For example, telomerase activity could be
restored if the telomerase RNA was coassembled with a trun-
cated hTERT protein spanning aa 351 to 1,132 and then mixed
with the hTERT fragment spanning aa 1 to 927, in which no
telomerase RNA was present (Fig. 2A, lane 12). However,
activity was not restored if the telomerase RNA was instead
assembled with the truncated hTERT protein spanning aa 1 to
927 (Fig. 2A, lane 11). This result could not be explained by a
difference in telomerase RNA recognition, since the truncated
hTERT spanning aa 1 to 927 retained the ability to bind the
telomerase RNA in vitro, albeit at reduced levels relative to
the aa 1 to 350 hTERT fragment (Fig. 2B) (5). As estimated by
Western blotting of each hTERT truncation protein prior to
mixing, the levels of different hTERT proteins were similar
irrespective of whether telomerase RNA was present or absent
during their synthesis (Fig. 2C).

We found that the ability to restore activity to the two
hTERT proteins spanning aa 1 to 350 and aa 351 to 1,132
required the preassociation of the telomerase RNA only with
the latter hTERT fragment (Fig. 2A, lanes 5 and 6). The lack
of restoration of telomerase activity when the telomerase RNA
was incubated with fragments spanning aa 1 to 350 or 1 to 927
also rules out the possibility that the telomerase RNA can
shuttle between hTERT species in the RRL. However, it does
not address the stoichiometry of telomerase RNA to each
hTERT subunit, nor does it address whether one or more
telomerase RNAs may form a bridge between the two hTERT
subunits upon mixing.

Functional complementation of distinct hTERT proteins
can occur in vivo. To test whether multimerization of hTERT
can occur in vivo, we examined the properties of exogenously
introduced hTERT in an immortalized human cell line,
GM847. GM847 cells express telomerase RNA hTER, but they
do not express endogenous hTERT mRNA and therefore do
not contain detectable telomerase activity (7) (Fig. 4A, lane 1).
These cells use an alternate mechanism for telomere length
maintenance (“ALT”) that is thought to involve recombination
(7). GM847 cells were separately transfected with full-length
FLAG-tagged hTERT (Fig. 4B, lane 2), the inactive hTERT
mutant D712A (Fig. 4B, lane 3), and several truncated hTERT
proteins alone (lanes 4 to 11) or in combination with the
hTERT point mutant D712A (Fig. 4B, lanes 12 to 16) or the
hTERT protein spanning aa 1 to 927 (Fig. 4B, lanes 17 to 20).
The inability of several truncated hTERT proteins to support
telomerase activity in GM847 cells paralleled results obtained
in RRL (Fig. 4A, lanes 4 to 11, and data not shown), except
that hTERT fragments spanning aa 201 to 1,132 and aa 301 to
1,132 were inactive in GM847 cells (compared with short elon-
gation products in RRL) (5) (Fig. 4A, lanes 4 and 5). This
difference might reflect the reduced levels of hTERT protein
in transfected GM847 cells compared to RRL (data not
shown). When the catalytically inactive hTERT mutant D712A
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FIG. 4. Functional h\TERT multimerization in GM847 cells. (A) TRAP was performed (for 28 PCR cycles) on anti-FLAG immunoprecipitates
from mock-transfected GM847 cells (lane 1), cells transfected with full-length, FLAG-tagged hTERT (lane 2), or cells transfected with different
FLAG-tagged hTERT fragments either alone (lanes 3 to 10), with full-length hTERT containing the point mutation D712A (without a FLAG
epitope) (lanes 11 to 14), or with a FLAG-tagged, truncated hTERT spanning aa 1 to 927 (lanes 15 to 17). Other nonoverlapping fragments of
hTERT were also tested for their ability to reconstitute telomerase activity (lanes 18 to 22). The arrow at the left indicates the internal PCR
standard for TRAP. (B) The lysates used in the experiment shown in panel A were analyzed by Western blotting with an anti-hTERT antibody.
Arrows at the left indicate the molecular mass of protein standards. Note that the D712A mutant lacks a FLAG epitope and is therefore not
immunoprecipitated (lane 3). Thus, the telomerase activity observed in lanes 11 to 13 is by virtue of an association of D712A with the appropriate
FLAG-tagged hTERT fragment. The weak hTERT signals in lanes 18 and 22 are visible after a longer exposure (data not shown).

was cotransfected into GM847 cells, a wild-type pattern of
elongation activity was restored to several of the inactive
hTERT proteins (Fig. 4A, lanes 11 to 13, and data not shown).
The functional complementation was specific, since a trun-
cated hTERT spanning aa 1 to 350 did not restore activity
when cotransfected with the D712A hTERT mutant (Fig. 4A,
lane 15). We also found that an hTERT protein spanning aa 1
to 927, which is inactive when mixed with the hTERT point
mutant D712A in RRL (data not shown), was active in com-
bination with the same hTERT point mutant in GM847 cells
(Fig. 4A, lane 13). This difference between RRL and GM847
cells in the reconstitution potential of C-terminally truncated
hTERT proteins may reflect differences in the conformation of
hTERT fragments or other accessory factors in GM847 cells
and RRL. In parallel with results obtained in RRL, we also
observed an ability of hTERT fragments spanning aa 1 to 300
or 1 to 350, but not aa 928 to 1,132, to functionally complement
other nonoverlapping fragments of hTERT (Fig. 4A, lanes 18

to 22). These data demonstrate that a similar functional inter-
action can occur between distinct "TERT proteins in vivo and
are consistent with our previous hypothesis that certain trun-
cated hTERT proteins are active only in telomerase-positive
293T cells because of their ability to interact with endogenous
hTERT.

A role for hTERT multimerization in substrate utilization.
We observed previously that the telomerase activity of certain
N-terminal deletion mutants of hTERT that were defective for
substrate elongation in RRL could be restored to wild-type
levels when introduced into telomerase-positive 293T cells (5).
To test the hypothesis that " TERT multimerization may serve
to promote substrate utilization and primer elongation, we
mixed a truncated hTERT protein spanning aa 201 to 1,132
(which alone synthesizes predominantly short telomerase elon-
gation products in RRL [5]) with the catalytically inactive
hTERT mutant D712A (Fig. 5). When the hTERT D712A
mutant was mixed with the hTERT fragment spanning aa 201
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FIG. 5. hTERT multimerization promotes elongation of telome-
rase substrates. (A) Anti-FLAG immunoprecipitation of RRL contain-
ing full-length hTERT (FLAG-hTERT), a truncated hTERT protein
spanning aa 201 to 1,132 (201-1132), an untagged hTERT point mu-
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(TS) or a TS primer that lacked the 3" GTT nucleotides (—GTT). The
arrow at the right indicates the internal standard for the TRAP. (B)
RRL samples were analyzed for hTERT protein levels by Western
blotting with an anti-hTERT antibody. The arrows at the left indicate
the positions of the " TERT mutant and the truncated hTERT protein.

to 1,132, wild-type levels of telomerase activity were restored
(Fig. 5A, compare lanes 2 and 4). In addition, the D712A
mutant also restored the ability of the truncated hTERT to
utilize a nontelomeric primer (Fig. 5A, compare lanes 6 and 8).
These results are similar to the wild-type elongation activity
that was observed upon introduction of the truncated hTERT
protein spanning aa 201 to 1,132 into 293T cells (5) and is
consistent with a role for hTERT multimerization in vivo in
substrate recognition and elongation.

DISCUSSION

hTERT multimerization occurs in frans. Complementation
is defined as the restoration of biological activity by the inter-
action of two or more different protein fragments (reviewed in
reference 64). The phenomenon of intrasubunit (or cis)
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complementation has been observed with several proteins, in-
cluding bovine pancreatic ribonuclease S and staphylococcal
nuclease (2, 53). Evidence for cis complementation within
RNA molecules has also been observed. For example, group I
and group II self-splicing introns can be separated into two
distinct catalytically inactive RNA chains that can then be
combined to restore self-splicing activity (13, 28). The obser-
vation that nonoverlapping pieces of hTERT (aa, 1 to 350 and
350 to 1,132, aa 1 to 300 and 301 to 1,132, and aa 1 to 300 and
350 to 1,132) can restore activity is consistent with intrasubunit
or cis complementation. Intrasubunit complementation of the
telomerase RNA may also account for the ability of two sep-
arate, nonoverlapping fragments of hTER to form a function-
ally active complex in vitro (59).

In contrast to cis complementation, protein interactions in
trans require the functional multimerization of at least two
monomers. We have established that two mutants of hTERT
that are inactive separately can reconstitute telomerase activity
in a recombinant system or when introduced into a cell line
that does not express endogenous hTERT. In these instances,
the ability of a catalytically inactive hTERT to coprecipitate
full-length active hTERT, combined with the observation that
inactive, full-length hTERT can restore catalytic activity to
other large, overlapping hTERT fragments, is most consistent
with the ability of these hTERT subunits to functionally coop-
erate in trans.

Evolutionary conservation of RT multimerization. The func-
tional multimerization of RTs has been demonstrated in sev-
eral systems. For example, human immunodeficiency virus
(HIV) RT consists of a heterodimer of two polypeptides, p66
and proteolytic fragment p51, that together form a fully func-
tional RT with one catalytic site (31, 52). The equine infectious
anemia virus and Rous sarcoma virus RTs are also organized
as asymmetric dimers containing one active polymerase site
(55). An isolated fragment of the Moloney murine leukemia
virus RT is monomeric in the absence of nucleic acid; however,
upon addition of DNA, the enzyme forms an asymmetric
dimer containing one active polymerase site (58). Since telo-
merase is most closely related to non-long terminal repeat
retroposon RTs, which are thought to form a homodimer upon
interaction with their target RNA and DNA (14, 63), one
might anticipate functional and/or structural similarities be-
tween the telomerase RT multimer and this class of RTs (36,
46, 47).

Stoichiometry of the minimally active hTERT multimer.
The ability of the D712A hTERT mutant to support functional
complementation of other truncated hTERT proteins, com-
bined with the observation that only one hTERT subunit re-
quired preassembly with the telomerase RNA, suggests that
one catalytic site within the hTERT multimer may be sufficient
for catalytic activity in vitro and in vivo. One possibility con-
sistent with our data is that the amino terminus of hTERT acts
allosterically to modulate the conformation of one or more
telomerase RNAs bound to a second hTERT protein contain-
ing the RT domain and C terminus. In HIV RT, for example,
the p51 subunit elicits allosteric changes in the p66 active site
that are essential for enzyme activation (45). However, our
experimental design is set up to specifically test whether two
inactive h"TERT proteins can functionally restore a catalytically
active multimer. Thus, our data do not rule out the possibility
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FIG. 6. A schematic model for the interaction between distinct hTERT proteins. hTERT is represented by a light-gray box, the RT domain is
indicated with a dark-gray box, and the X denotes the D712A point mutation. +, telomerase positive; +/—, weak but detectable telomerase activity;
—, no detectable telomerase activity. (A) A summary of results obtained with nonoverlapping fragments of hTERT. (B) A summary of the minimal
hTERT fragments required to coprecipitate full-length, MYC-tagged hTERT in vitro. (C) A summary of a subset of the functional interactions

between distinct hTERT polypeptides.

that endogenous hTERT dimers or multimers contain more
than one active site, and our results do not contradict the
two-active-site model first proposed by Prescott and Blackburn
(50). The stoichiometry of the minimally active hTERT mul-
timer is not precisely known. It remains possible that more
than one telomerase RNA is present per hTERT dimer or
that, in our experiments, multiple dimers form a higher-order
complex in which more than one active site is present. Re-
cently, Lingner and colleagues have noted a functional inter-
action between two distinct human telomerase RNAs (61).
Furthermore, an N-terminal fragment of Euplotes crassus
TERT is sufficient for a physical interaction with full-length E.
crassus TERT (L. Wang and D. Shippen, personal communi-
cation). Arai et al. have also demonstrated that N-terminal and
C-terminal fragments of hTERT can associate with one an-
other in vitro (57; K. Masutomi and S. Murakami, personal
communication). Taken together, these results are consistent
with the notions that the hTERT multimer may form N-ter-
minal and C-terminal protein-protein contacts that are inde-
pendent of telomerase RNA and a that fully active telomerase
multimer may contain two active sites. Niu and colleagues have
proposed two models for the multimerization of S. cerevisiae
telomerase: the first model suggests that there are two active
sites with distinct roles in endonucleolytic cleavage and elon-
gation, and the second model postulates that there exists a
multimeric telomerase whose subunits are each able to per-

form both elongation and endonucleolytic cleavage (49). Ad-
ditional experiments are required to address whether both
catalytic sites perform the same telomere elongation function
and whether they can catalyze telomere synthesis simulta-
neously.

Distinct regions for physical or functional hTERT multi-
merization. We found that the N terminus of hTERT was
necessary and sufficient for an association with a second,
full-length hTERT protein (Fig. 6B). However, functional mul-
timerization of hTERT required a second hTERT protein
containing an intact RT domain and C terminus (Fig. 6C). The
RT domain of hTERT alone was not sufficient for a physical or
functional interaction with a second hTERT protein (Fig. 1C
and D, lanes 6). Since hTERT multimerization promotes the
efficient elongation of different telomere substrates in vitro and
in vivo, residues 1 to 350 of hTERT may facilitate primer
recognition and elongation by altering the conformation of the
hTERT-telomerase RNA complex. Consistent with this hy-
pothesis, mutations within the N terminus of Est2p (S. cerevi-
siae TERT) can affect substrate utilization in vitro (62). Our
results do not address the precise orientation of the hTERT
proteins within the complex or whether the functional multi-
merization of hTERT occurs directly or indirectly via other
factors in either the RRL or cells. For example, the foldasome
protein p23, which interacts with aa 1 to 195 of hTERT in a
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two-hybrid assay, might participate in the assembly of an
hTERT multimer in RRL and human cells (18, 25).

Implications for h\TERT multimerization in vivo. Functional
multimerization of hTERT may reflect an intrinsic biological
role for telomerase catalysis or telomere length maintenance.
In HIV RT, the association of p66 and p51 results in a protein
interface that is necessary for RNase H cleavage activity (52).
By analogy, hTERT multimerization might permit the forma-
tion of a unique tertiary interface that allows endonucleolytic
cleavage of certain telomerase substrates (10, 39, 49). Alter-
natively, "TERT multimerization might affect the formation or
activity of the anchor site, a G-rich DNA binding site within
telomerase that is distinct from the catalytic site (10, 20, 24, 33,
36, 44). Two primer-binding sites within the hTERT multimer
might also allow for increased processivity of telomerase dur-
ing repeated cycles of template translocation (50, 61). The
homodimerization of DNA polymerase delta is thought to
facilitate the coordination of leading- and lagging-strand DNA
synthesis (8). Since telomere DNA synthesis occurs in late S
phase or early mitosis in S. cerevisiae (12, 38), multimerization
of hTERT might serve to facilitate the coupling of DNA rep-
lication to telomere DNA elongation. The precise role of
telomerase multimerization in catalysis and telomere length
maintenance awaits further investigation.
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