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The H/ACA motif of human telomerase RNA (hTR) directs specific pathways of endogenous telomerase
holoenzyme assembly, function, and regulation. Similarities between hTR and other H/ACA RNAs have been
established, but differences have not been explored even though unique features of hTR H/ACA RNP assembly
give rise to telomerase deficiency in human disease. Here, we define hTR H/ACA RNA and RNP architecture
using RNA accumulation, RNP affinity purification, and primer extension activity assays. First, we evaluate
alternative folding models for the hTR H/ACA motif 5’ hairpin. Second, we demonstrate an unanticipated and
surprisingly general asymmetry of 5’ and 3’ hairpin requirements for H/ACA RNA accumulation. Third, we
establish that hTR assembles not one but two sets of all four of the H/ACA RNP core proteins, dyskerin,
NOP10, NHP2, and GARI1. Fourth, we address a difference in predicted specificities of h'TR association with
the holoenzyme subunit WDR79/TCAB1. Together, these results complete the analysis of hTR elements
required for active RNP biogenesis and define the interaction specificities and stoichiometries of all function-
ally essential human telomerase holoenzyme subunits. This study uncovers unexpected similarities but also
differences between telomerase and other H/ACA RNPs that allow a unique specificity of telomerase biogenesis

and regulation.

The challenge of eukaryotic chromosome end replication is
met in part by telomerase-mediated synthesis of terminal DNA
repeats (19). The telomerase catalytic core can be reconsti-
tuted from telomerase reverse transcriptase (TERT) and tel-
omerase RNA (TER), which together form a specialized re-
verse transcriptase enzyme (35). Although the sequences and
structures of TERs are highly divergent across eukaryotes, all
TERs contain three elements important for RNP catalytic ac-
tivity: an internal template for telomeric repeat synthesis, an
adjacent pseudoknot, and a distantly positioned stem terminus
element (3). TERs also contain motifs that mediate RNA
folding, stability, localization, and regulation in vivo (9). In
vertebrate cells, the TER precursor is transcribed by RNA
polymerase (Pol) II. The 451-nucleotide (nt) mature human
telomerase RNA (hTR) is produced by 3’ end trimming and 5’
end modification with a trimethylguanosine (TMG) cap (15,
17, 21, 28). Consistent with the requirement for a specific
pathway of biogenesis, mature h'TR accumulation is favored by
Pol II expression contexts lacking a downstream signal for
transcription-coupled mRNA or small nuclear RNA (snRNA)
3’ end formation (16).

The 5’ half of hTR resembles a compact ciliate TER, with
the template and pseudoknot constrained by a domain-closing
stem, while the 3’ half adopts a fold shared by a large family of
H/ACA motif small nucleolar RNAs (snoRNAs) and small
Cajal body RNAs (scaRNAs) (Fig. 1A). H/ACA snoRNAs and
scaRNAs function predominantly as guides for the site-specific
pseudouridylation of rRNA and snRNA, respectively (27). The
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canonical secondary structure of a eukaryotic H/ACA RNA
consists of a 5’ hairpin followed by a single-stranded H box
(ANANNA) and then a 3’ hairpin followed by a single-
stranded ACA located 3 nt from the mature RNA 3’ end (20).
Each hairpin contains an internal loop or “pocket” that guides
the selection of a modification target. Both sides of an un-
paired stem pocket base pair to the target RNA such that the
target uridine is extruded from the hybrid at the top of the
pocket (13, 25). Putative modification guide sequences of ver-
tebrate TERs are not conserved, suggesting that TERs do not
direct RNA modification. Also, while hTR is an independent
transcript trimmed at its 3’ end, other vertebrate H/ACA
RNAs are both 5" and 3" end processed from introns. Despite
these differences, in vivo accumulation of hTR requires the
same H box and ACA elements required for snoRNA accu-
mulation (28, 29). By directing a specific pathway of primary
transcript maturation and RNP biogenesis, the hTR H/ACA
motif provides a mechanism for efficient assembly of a biolog-
ically stable telomerase RNP.

Canonical H/ACA RNAs share the RNP core proteins Cbf5/
NAPS57/dyskerin (the pseudouridine synthase), NOP10, NHP2,
and GARI1 (32). The heterotrimer of dyskerin, NOP10, and
NHP?2 is deposited onto each hairpin unit of the H/ACA motif
in a highly chaperoned biogenesis process (27). Cotranscrip-
tional association of the heterotrimer is followed by an ex-
change of biogenesis factors for the fourth core subunit,
GARI, to produce a biologically functional RNP (11). All four
H/ACA RNP proteins copurify hTR as well as other H/ACA
RNAs. The three core heterotrimer proteins can be detected
by mass spectrometry of purified human telomerase holoen-
zyme (18) although one report has suggested that holoenzyme
includes only dyskerin, hTR, and TERT (7). Recent structures
of reconstituted archaeal single-stem RNPs with Cbf5, Nop10,
and the NHP2-related protein L7Ae indicate that Cbf5 con-
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FIG. 1. The hTR H/ACA motif 5" hairpin is noncanonical and has few structural requirements for hTR accumulation. (A) Secondary structure
and primary sequence motifs of hTR are illustrated. (B) At left, the secondary structure of the originally proposed hTR H/ACA motif 5" hairpin
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tacts a large surface of RNA from the 3" ACA through the
hairpin lower stem and pocket, accounting for the conserved
and catalytically essential 14- to 16-nt spacing of the ACA (or
H box) and the top of the hairpin pocket (13, 25, 48). Bio-
chemical assays and structural models of the eukaryotic
H/ACA proteins suggest a conserved positioning of dyskerin
and the interacting NOP10 subunit, with the other face of
NOP10 binding to NHP2 to place it in the vicinity of the upper
stem (32).

The human H/ACA snoRNA and scaRNA subfamilies of
modification guide RNAs differ in their targets (rRNAs versus
snRNAs) and in the presence of a motif in the terminal loop of
their 5" and 3’ hairpins, termed the Cajal body or CAB box
(ugAG, where lowercase letters indicate reduced sequence
conservation). Many RNAs, including hTR, transit nuclear
Cajal bodies during biogenesis, but some, including H/ACA
scaRNAs, concentrate in Cajal bodies as a steady-state distri-
bution (26). Cajal body localization of H/ACA scaRNAs is
dependent on the CAB boxes in each hairpin (33). Most ver-
tebrate TERs have a CAB box located in the 3" hairpin of the
H/ACA motif (21, 47). Dependent on this single CAB box,
hTR shows cell cycle-regulated concentration in Cajal bodies
of TERT-expressing cancer cell lines (21, 22, 38, 39, 49). The
hTR CAB box is not essential for telomere elongation (18), but
it may increase the rate of telomere elongation or the telomere
length set point when hTR is overexpressed in cancer cells
(10). WDR79/TCABI was identified as a direct RNA binding
protein dependent on a CAB box for H/ACA RNP interaction
(40) and, paradoxically, as an RNA-independent interaction
partner of dyskerin (42). Like the CAB box itself, WDR79/
TCABI is not required for hTR accumulation or telomerase
catalytic activity, but it is required for hTR concentration in
Cajal bodies (42). Long-term depletion of WDR79/TCABI in
a human fibrosarcoma cell line reduced telomere length (42),
suggesting that hTR Cajal body concentration promotes telo-
mere maintenance. Given that not all cells with active telom-
erase have Cajal bodies, WDR79/TCAB1 may more generally
promote telomere maintenance by allowing hTR to escape
from a default snoRNA-like sequestration in the nucleolus.

Structural similarities between hTR and other H/ACA
RNAs have been established by previous studies, but differ-
ences have not been explored. Unique features of hTR
H/ACA RNP assembly are likely to underlie the telomerase-
specific disease phenotypes resulting from inherited human
dyskerin, NOP10, and NHP2 gene mutations (2, 34). A
major potential point of difference involves the unresolved
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structure of the hTR H/ACA motif 5’ hairpin. Previous
structure/function studies of this region to investigate re-
quirements for RNA accumulation were difficult to interpret
due to mutagenesis-induced stem pairing rearrangements
(29), and phylogenetic comparison did not derive a unique
fold for this region due to high sequence variability among
vertebrate TERs (6). The original model of the hTR H/ACA
motif 5" hairpin (28) and similar phylogenetic predictions
(6, 31) all deviate from the conserved spacing of 14 to 16 nt
that should separate the H box and the top of the pocket to
form the contact surface for dyskerin. Therefore, unlike
other human H/ACA snoRNAs and scaRNAs, hTR could
assemble a set of core proteins only on the 3’ hairpin.
Indeed, the hTR 3’ hairpin has been shown to support
single-stem RNP assembly in vitro (12), and single-stem
RNP assembly has been shown to occur in trypanosomes in
vivo (41). On the other hand, mapping of an intron-ex-
pressed hTR H/ACA domain 5’ end suggested an alterna-
tive 5’ boundary for the H/ACA motif (37), which could fold
a canonical 5" hairpin with an insertion in the pocket known
to occur in some snoRNAs (see below) (Fig. 1B). Because
the 5 hairpin of the H/ACA motif separates two regions of
hTR critical for TERT interaction and catalytic activity (Fig.
1A), alternative configurations of 5’ hairpin stem pairing
and pocket structure could influence telomerase holoen-
zyme activity.

Here, we define the RNA and RNP architecture of the
H/ACA domain of human telomerase using holoenzyme re-
constitution in vivo. We find support for the original model of
5’ hairpin structure and uncover an unexpected asymmetry of
significance for the 5" versus 3’ hairpin pockets that is shared
by hTR and canonical snoRNAs. Curiously, most elements of
hTR 5’ hairpin structure are not important for holoenzyme
catalytic activity. We next elucidate the hTR interaction stoi-
chiometry of H/ACA RNP core proteins using a tandem af-
finity purification strategy. Independent of all but a minimal 5’
hairpin stem and H box, two full sets of H/ACA RNP proteins
assemble on each molecule of hTR. In contrast, WDR79/
TCABI association appears as a single copy, with strong de-
pendence on the CAB box in the hTR 3’ hairpin loop. These
studies resolve open questions of telomerase subunit stoichi-
ometry and reveal unexpected additional similarities as well as
differences in the composition of telomerase, snoRNPs, and
scaRNPs in human cells.

is shown with boxes around 4 or 2 nt on each side of the putative stem pairings tested by substitution. At right is shown an alternative, more
canonical secondary structure model for the H/ACA motif 5’ hairpin based on a 5" domain boundary at position 225. P4, P4.1, and P4.2 are paired
elements predicted by phylogenetic comparison; P4a (alt.) and P4b (alt.) are alternative pairings of the residues involved in P4 and P4.1. (C) Total
RNA from transfected 293T cells was examined by blot hybridization. Empty-vector lanes provide a background control for detection of
endogenous hTR compared to recombinant wild-type (WT) hTR or the hTR variants indicated. Full-length hTR, the 5" processed hTR H/ACA
domain, and the transfection control (TC) were detected on the same blot. In the boxed and numbered regions of hTR secondary structure taken
from panel B, the substituted sequences tested in panel C are specified. L and R indicate left and right side of the stem pairings as illustrated. (D)
Total RNA from transfected 293T cells was examined by blot hybridization. At left is shown the hTR H/ACA motif from the most recent secondary
structure model based on phylogenetic comparison. Pocket sequences are highlighted in bold. L del, R del, L+R del indicate deletion of the left,
right, or combined sides of the pocket, respectively. Pairings forced in the hTR variant of lane 6 are shown with connecting lines; all other pocket
residues were deleted. The five right-side pocket residues retained in the hTR variants of lanes 7 and 8 are boxed; the other eight right-side pocket
residues were deleted (RS del).



2778 EGAN AND COLLINS

MATERIALS AND METHODS

Cell culture, constructs, and transfection. 293T cells and VA13 cells with an
integrated TERT expression vector (VA13+TERT) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and
transiently transfected using the calcium phosphate method (29). Expression
constructs for mature hTR and the hTR-U64 chimera have been previously
described (16). To generate pBS-U3-hTR-U64-500 and pBS-U3-hTR H/ACA-
500, mature hTR sequence in pBS-U3-hTR-500 was replaced by hTR-U64 or the
H/ACA domain region of hTR (nucleotides 203 to 451), respectively. H/ACA
snoRNA expression constructs pBS-U3-U64-500 and pBS-U3-ACA28-500 were
similarly constructed by replacing mature hTR sequence with the mature
snoRNA sequence. The functionally validated structures of the U64 5’ hairpin
and the ACA28 5’ and 3’ hairpins target known modifications of human rRNA
(24, 46). N-terminally tagged proteins were expressed in the backbone contexts
of pcDNA-Z (where Z represents tandem protein A domains followed by a
cleavage site for tobacco etch virus protease), pcDNA-F (where F represents
three copies of the FLAG tag), and pcDNA-ZF. Due to extract proteolysis in the
N-terminal tag region of ZF-WDR79/TCABI, assays shown here used the ex-
tract-stable C-terminal FZ-tagged subunit. A plasmid containing Tetrahymena
thermophila TER under the control of the human U6 Pol III promoter was used
as a control for transfection efficiency (28). All constructs were verified by
sequencing.

Detection of RNA and protein. RNA was purified using TRIzol according to
the manufacturer’s protocol (Invitrogen). Northern blot detection of hTR, hTR-
U64, and the recovery control (RC) was performed using an end-labeled 2'-O-
methyl RNA oligonucleotide complementary to hTR positions 51 to 72, as
previously described (16). The 5'-processed hTR H/ACA domain alone was
detected using DNA oligonucleotide probes complementary to nucleotides 305
to 335, 363 to 390, or 419 to 449, depending on the hTR variants analyzed.
Endogenous and recombinant human snoRNAs were detected using DNA oli-
gonucleotide probes complementary to positions 54 to 82 of U64 or positions 79
to 107 of ACA28. Immunoblots to detect tagged proteins used FLAG M2
monoclonal antibody or rabbit IgG primary antibody and were imaged using a
Li-Cor Odyssey system.

Telomerase activity assay. Cell extracts prepared by freeze-thaw lysis (29)
were clarified by centrifugation. Nine micrograms of total protein as determined
by Bradford assay was used in each reaction mixture. Assay buffer contained final
concentrations of 10 mM HEPES, 50 mM Tris acetate, 5% glycerol, 40 mM
NaCl, 50 mM potassium acetate, 4 mM MgCl,, 1 mM EGTA, 1 mM spermidine,
and 5 mM B-mercaptoethanol at pH 8.0. Reactions were initiated by the addition
of 500 nM telomeric repeat primer (G3T,A)3, 0.25 mM dTTP and dATP, 5.5 pM
unlabeled dGTP, and 0.33 pM [a-*?P]dGTP (3,000 Ci/mmol; PerkinElmer Life
Sciences), and mixtures were incubated at 30°C for 1 h. The 40-pl assay volumes
were supplemented with 60 wl of RNase A stop solution, incubated at 37°C for
15 min, supplemented with 50 pl of proteinase K solution, and incubated again
at 37°C for 15 min. Product DNA was purified by phenol-chloroform extraction
and ethanol precipitation and then analyzed by denaturing acrylamide gel elec-
trophoresis.

Affinity purification. For tandem affinity purification of tagged dyskerin,
NHP2, GARI1, TERT, and WDR79/TCABI, cell extracts from freeze-thaw cell
lysis were diluted to ~2 mg/ml in binding buffer (20 mM HEPES at pH 8.0, 150
mM NaCl, 2 mM MgCl,, 0.2 mM EGTA, 10% glycerol, 0.1% Igepal, 1 mM
dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride [PMSF], and 1/1,000
volume of Sigma protease inhibitor cocktail). A volume of 0.9 ml of diluted
extract was clarified by centrifugation immediately prior to purification using 5 .l
of packed resin. Rabbit IgG agarose (Sigma) or FLAG M2 antibody resin
(Sigma) was washed three times in 1 ml of binding buffer prior to use. Samples
were rotated end over end for 2 h at room temperature or overnight at 4°C.
Bound samples were washed twice at room temperature in 1 ml of wash buffer
[binding buffer with 0.1% Triton X-100, 0.1% CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate), 100 ng/pl bovine serum albumin
(BSA), and 100 ng/pl tRNA] for 5 min for each wash and then transferred to
ultralow retention tubes (Phenix) for a third wash. To elute bound protein, a final
concentration of 150 ng/ul of the 3XFLAG peptide or ~30 ng/pl of the S219V
variant of tobacco etch virus protease was added in a volume of 50 pl of wash
buffer, and the mixture was rotated end over end for 15 min at room tempera-
ture. Supernatant was removed, and the resin was rinsed with another 50 pl of
wash buffer. The combined 100 pl of elution supernatant was cleared of con-
taminating beads using Micro Bio Spin columns (Bio-Rad) and added to 5 pl of
the second resin. Second-step binding was performed by end-over-end rotation
for 30 min at room temperature, followed by washing and elution as described
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above. Single-step purification of WDR79/TCAB1 was performed using
Z-tagged protein under the conditions described above.

RESULTS

The hTR H/ACA motif has a noncanonical secondary struc-
ture. The first investigation of hTR H/ACA motif structure
proposed a 5’ hairpin starting at position 211 (Fig. 1B, left).
Consistent with studies of the Saccharomyces cerevisiae H/ACA
snoRNAs known at that time, the hTR H box, ACA, and 3’
hairpin lower stem were each found to be essential for in vivo
accumulation (4, 28, 29). Although the 5’ hairpin lower stem is
critical for intron-encoded snoRNA accumulation, it is not
essential for accumulation of an independently transcribed
yeast snoRNA (4). Substitutions of the predicted hTR 5’ hair-
pin lower stem did not inhibit mature hTR accumulation, but
changes in the size and accumulation level of the hTR H/ACA
domain processed from the hTR primary transcript at its 5
and 3’ ends suggested that mutagenesis of the 5’ hairpin cre-
ated alternative stem pairings (29). A full-length hTR second-
ary structure prediction derived by phylogenetic comparison
supported the original model of H/ACA motif structure and
placed the 5’ hairpin at the base of a hypervariable stem (6).
More recently, 5’ end mapping of the 5'- and 3'-end-processed
hTR H/ACA domain raised the prospect of an alternative 5’
hairpin lower stem beginning at position 225 (37), which could
fold a hairpin structure with canonical rather than noncanoni-
cal spacing from the H box to the top of the 5’ pocket (Fig. 1B,
right). Notably, in vivo modification protection of hTR (1) is
most consistent with the alternative secondary structure model.

To establish the pairing register of the hTR H/ACA motif 5
hairpin, we introduced stem disruptions and stem repair com-
binations in the expression construct U3-TER-500, in which a
Pol II snRNA promoter drives expression of hTR and its
endogenous downstream flanking 500 bp. This construct pro-
duces mature hTR and catalytically active telomerase holoen-
zyme that is functional for telomere elongation (16, 45). Re-
combinant hTR was expressed by transient transfection of
293T cells, allowing a high level of recombinant RNP accumu-
lation. Substitutions that should discriminate the original and
alternative models for 5’ hairpin structure were designed in
blocks of 2 to 4 nt (Fig. 1B), using folding predictions to
minimize the potential for formation of alternative pairings.
Every experiment included an empty vector control for endog-
enous hTR background. RNA was harvested from cells trans-
fected to express recombinant versions of hTR and a ciliate
TER transcribed using the human U6 snRNA Pol III promoter
as a transfection control (TC). Total RNA was resolved by
denaturing polyacrylamide gel electrophoresis (PAGE) and
probed to detect the RNAs of interest. Due to partial folding
during acrylamide gel electrophoresis, hTR typically migrates
as a doublet. In this and previous studies, substitutions in the 5’
hairpin induced variability in hTR gel migration.

Single-sided substitutions of the 5" hairpin lower stem inhib-
ited hTR accumulation, and in each case this inhibition was
rescued by the compensatory combination of left-side and
right-side changes (Fig. 1C, L and R, respectively, in lanes 3 to
11). Compensatory combinations also rescued accumulation of
the hTR H/ACA domain alone, albeit giving rise to migration
heterogeneity that could reflect differences in size and/or par-



VoL. 30, 2010

tial folding during electrophoresis. Notably, only two of the six
single-sided stem substitutions reduced recombinant h'TR ac-
cumulation to near the level of endogenous hTR background
(Fig. 1C, compare lanes 1, 6, and 10) while the corresponding
other-side substitutions (lanes 7 and 9) or a larger substitution
involving the same residues (lane 3) was permissive for some
hTR accumulation. Together, the results support the original
model of a 5" hairpin 8-bp lower stem that begins at position
211 (Fig. 1B, left) because compensatory mutagenesis rescued
the loss of accumulation imposed by a 2-nt substitution at the
left-side base of this stem (pairing B) or a 4-nt right-side
substitution at the top of this stem (pairing C). Although the
loss and rescue of accumulation are less dramatic, disruption
and repair of the hTR H/ACA motif 5" hairpin upper stem
lend modest support for formation of this element as well (Fig.
1C, lanes 12 to 14).

We also investigated potential formation of the alternative
5" hairpin stem beginning at position 225 (Fig. 1B, right).
Despite its several attractions, the alternative model was not
favored by mutagenesis results. The combination of putative
compensatory left-side and right-side stem substitutions did
not improve hTR accumulation (Fig. 1C, lanes 17 to 19). We
conclude that the hTR H/ACA motif 5’ hairpin can, and likely
does, begin at position 211 although alternative foldings ap-
pear to support the accumulation of mature hTR. Also, the 5’
hairpin structural requirements for full-length hTR appear
more lenient than those for the hTR H/ACA domain alone,
suggesting that folding of the 5’ hairpin region could differ in
the full-length hTR context and in the H/ACA domain stable
to 5’ processing. Overall, these findings establish differences
between the architecture of the hTR H/ACA motif 5" hairpin
and the 5’ hairpins of other H/ACA RNAs.

A 5’ hairpin pocket is not required for hTR accumulation.
The role of the H/ACA motif hairpin pockets in base pairing to
target RNAs has been well established, but to our knowledge
the significance of these pockets for canonical snoRNA accu-
mulation and RNP assembly has not been examined. Previous
studies of hTR found that both sequence substitution of the 3’
hairpin pocket and sequence tag insertion in the 5’ pocket
were tolerated for accumulation while a substitution intended
to force pairing of the canonically positioned 3’ pocket was not
(28, 29). To directly compare the significance of the hTR 5’
and 3’ hairpin pockets, we first examined the impact of delet-
ing the left side, right side, or left and right sides of each
hairpin pocket (Fig. 1D, left; pocket residues are shown for the
most recent model based on phylogenetic comparison) (31).
None of the deletions within the 5" pocket strongly reduced
hTR accumulation (Fig. 1D, lanes 3 to 5). Making a smaller 5’
pocket by deleting all but five residues of the right-side pocket
(boxed in Fig. 1D, left), without or with accompanying deletion
of all left-side pocket residues (lane 7 or 8, respectively), also
allowed hTR accumulation. In contrast, the corresponding per-
turbations of the 3" pocket reduced or eliminated hTR accu-
mulation (Fig. 1D, lanes 9 to 11).

We also tested the impact of pairing across the pocket. In
the 5’ pocket, converting the pocket to a 5-bp duplex (depicted
by the cross-pocket lines in the illustration of Fig. 1D) was
detrimental for hTR accumulation (lane 6). We note that the
long 21-bp duplex created by this pocket pairing could have
indirectly led to transcript degradation. Replacement of the 3’
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pocket with a 3-bp or 9-bp duplex was also detrimental for h"TR
accumulation (Fig. 1D, lanes 12 and 13), despite the shorter
overall length of duplex that was created. In general, pertur-
bations of pocket structure had a parallel impact on the accu-
mulation of full-length hTR and the hTR H/ACA domain
alone, although accumulation of the H/ACA domain alone was
less tolerant of complete 5" pocket deletion (Fig. 1D, lane 5).
The combined results of hTR H/ACA motif pocket mutagen-
esis reveal additional asymmetry in the structural requirements
for the 5’ and 3’ hairpins.

Holoenzyme catalytic activity is tolerant of changes in 5’
hairpin structure. The hTR H/ACA motif 5’ hairpin elements
separate two TERT-interacting regions of hTR critical for
catalytic activity (29). To test whether relative positioning of
the two TERT-interacting regions is important for holoenzyme
catalytic activity, we reconstituted hTR variants into telomer-
ase holoenzyme by transfection of VA13 cells lacking endog-
enous hTR (5). VAI3+TERT cells (VA13 cells with an inte-
grated TERT expression vector) were transfected to express
hTR variants that abrogate wild-type pairing of the H/ACA
motif 5" hairpin lower stem (Fig. 1B, pairing A) or upper stem
(Fig. 1B, pairing D) or eliminate the 5’ hairpin pocket (Fig.
1D, L+Rdel). Telomerase activity in cell extracts was assayed
by direct primer extension to monitor repeat addition proces-
sivity as well as activity overall.

Surprisingly, most H/ACA motif 5’ hairpin substitutions did
not affect telomerase activity: catalytic activity generally paral-
leled h'TR accumulation (Fig. 2). One exception was the left-
side substitution of the 5’ hairpin lower stem (Fig. 2, lane 3),
which could indirectly affect the folding of the adjacent tem-
plate/pseudoknot region. Notably, holoenzymes with disrupted
pairing of the alternative 5’ hairpin lower stem beginning at
position 225 also retained catalytic activity (Fig. 2, lanes 4 and
6). We conclude that the relative positioning of TERT-inter-
acting motifs across the intervening H/ACA motif 5" hairpin is
not important for holoenzyme catalytic activity. Sufficient
TERT interaction affinity for each of its bound hTR motifs
may obviate the role of other proteins in hTR-hTERT inter-
actions.

Asymmetric 5’ and 3’ hairpin requirements are shared by
canonical snoRNAs. To establish some necessity of 5" hairpin
structural elements for hTR accumulation, we sought to de-
termine the maximal extent of the 5’ hairpin that could be
deleted. We created internal truncations of the 5’ hairpin that
removed the H/ACA motif upper stem (Fig. 3A, Al), the
upper stem and pocket (A2), or the entire stem/pocket/stem
hairpin (A3). Remarkably, deletions that removed the upper
stem or the upper stem and pocket did not substantially affect
hTR accumulation (Fig. 3A, lanes 3 and 4). A detectable level
of hTR accumulated even with complete 5’ hairpin deletion
(Fig. 3A, lane 5), in contrast to the undetectable accumulation
of hTR variants with substitutions in the H box or ACA ex-
pressed from the same vector (data not shown).

To determine whether the minimal 5" hairpin requirement
was unique to hTR, we tested the accumulation of canonical
human H/ACA snoRNAs U64 (Fig. 3B) and ACA28 (Fig. 3C)
with deletions in the 5" or 3" hairpin. Surprisingly, for both of
these snoRNAs, combined deletion of the 5’ pocket right-side
and left-side residues did not reduce accumulation (Fig. 3B
and C, lanes 5). Deletion of either pocket side alone had a
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FIG. 2. Holoenzyme catalytic activity does not require any specific
paired region of the 5" hairpin stem or the 5’ hairpin pocket. Direct
primer extension activity assays were performed using extracts of
VA13+TERT cells transfected to express the indicated hTR variants.
Levels of hTR in the extracts are shown by blot hybridization; note that
the hTR variant of lane 8 was slightly underaccumulated in this set.

partially inhibitory impact, perhaps resulting from induced
misfolding (Fig. 3B and C, lanes 3 and 4). Remarkably, dele-
tions of the entire 5’ hairpin upper stem and pocket were
permissive for snoRNA accumulation (Fig. 3B and C, lanes 9).
In contrast to the 5’ hairpin pocket, any perturbation of the 3’
hairpin pocket was strongly inhibitory (Fig. 3B and C, lanes 6
to 8). These unexpected findings suggest that although hTR
has a uniquely divergent 5’ hairpin structure, there are no
fundamental differences between hTR and canonical H/ACA
snoRNAs in the asymmetry of 5" and 3’ hairpin requirements
for RNP assembly in vivo.
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The hTR H/ACA motif recruits two full sets of core proteins.
Yeast H/ACA snoRNAs assemble a set of core proteins on
each hairpin, as demonstrated by snoRNP gel filtration and
electron microscopy (43) and cooperative function of two hair-
pin units in vivo (4). The atypically large spacing between the
hTR H box and the top of the 5’ hairpin pocket and the
autonomy of the hTR 3’ hairpin for H/ACA RNP assembly in
vitro (12) suggest that the hTR 5’ hairpin may not assemble a
typical set of H/ACA RNP proteins. To address whether one
or both hTR H/ACA motif hairpins assemble core proteins in
vivo, we exploited a tandem affinity purification strategy, sche-
matized in Fig. 4A. We transiently transfected 293T cells to
express plasmids encoding hTR, the h'TR-U64 chimera with
the 3’ half of hTR replaced by a snoRNA (29), and tagged
versions of the H/ACA RNP core proteins dyskerin, NHP2,
and GARI1. Tagged forms of the very small protein NOP10
accumulate poorly due to tag interference with RNP assembly
(18), but because this subunit organizes the dyskerin-NOP10-
NHP?2 heterotrimer, its presence can be inferred from the
combination of dyskerin and NHP2. Each protein was tagged
with tandem protein A domains (Fig. 4, Z), a triple FLAG tag
(F), or the fusion of both tags (ZF). In addition to each tagged
protein expressed separately, the Z-tagged and F-tagged pro-
teins were coexpressed (Fig. 4, +). Plasmid concentrations
were optimized to yield nearly equal amounts of each tagged
form of protein, as monitored by immunoblots of cell extract
(data not shown).

Affinity purification was performed using panels of four
transfected cell extracts in parallel (Fig. 4, Z, F, +, and ZF).
First, any Z-tagged complexes were bound to IgG resin and
eluted. Next, enriched Z-tagged RNPs that also harbored an F
tag were bound to FLAG antibody resin and eluted. Tandem
affinity-purified RNPs were supplemented with a recombinant
RNA recovery control (RC) prior to RNA extraction. Purified
RNA was then resolved by denaturing PAGE and interrogated
by blot hybridization. For ZF-tagged protein, tandem steps of
purification will recover all RNPs assembled with even a single
subunit of tagged protein, but only RNP complexes containing
at least two subunits of tagged protein will be recovered by
tandem steps of purification from extract with the combination
of Z-tagged and F-tagged protein (Fig. 4A). Purifications from
extracts containing only Z-tagged or F-tagged protein serve as
negative controls for nonspecific background. This methodol-
ogy has demonstrated the monomeric nature of TERT and
hTR in the catalytically active human telomerase holoenzyme
(14).

Here, we cotransfected the hTR-U64 chimera as an internal
control for tandem purification efficiency. Because U64 is a
canonical snoRNA, the chimera should assemble two sets of
core H/ACA proteins. Also, because hTR-U64 shares the 5’
template/pseudoknot region of hTR, the same oligonucleotide
hybridization probe can be used to detect hTR and hTR-U64
simultaneously. The ratio of hTR to hTR-U64 recovered by
the Z-tagged and F-tagged protein combination relative to the
ZF-tagged control provides a rigorously normalized quantifi-
cation of subunit stoichiometry: only if an hTR RNP harbors at
least two H/ACA protein subunits will hTR be recovered from
extract containing the combination of Z-tagged and F-tagged
proteins, and only if the vast majority of hTR RNP assembles
precisely two sets of H/ACA proteins will the ratio of hTR to
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FIG. 3. A minimal 5" hairpin stem is sufficient for accumulation of hTR and snoRNAs. Total RNA from transfected 293T cells was examined
by blot hybridization. At left are shown secondary structures of the hTR H/ACA domain phylogenetic model (A), the human snoRNA U64 (B),
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upper stem and pocket; A3, deletion of the entire stem/pocket/stem hairpin. Only hTR A2 and the snoRNA 5’ stem cap (SC) deletions insert a
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deletion of the left, right, or combined left and right sides of the pocket, respectively.

2781



2782 EGAN AND COLLINS
A One subunit per telomerase RNP: Two subunits per telomerase RNP:
TERT Dyskerin
NHP2
GAR1

Positive control (ZF)

Z\ ¥

Coexpressed (+)

00 06 &

Positive control (ZF)

&

Coexpressed (+)

@& &

MoL. CELL. BIOL.

First step 19G | gG | gG | gG |
2 ¥ a ¥ 2@ 0@
Second step  FLAG) FLAG) FLAG) FLAG)
2 GO¥ pG GF
B Dyskerin NHP2 TERT GAR1
Z F + ZF Z F +ZF Z F + ZF Z F + ZF
~ - o | - TR
Purified - o
e # hTR-Us4
" 0 o RC
- — -~
EREERERNSRESER asew R
Input
-y s | W HTR-UB4

- ———— -

12 3 4 5 6 7 8 9 10 1112

13 14 15 16

FIG. 4. Two subunits of dyskerin, NHP2, and GAR1 assemble on each molecule of hTR. (A) Schematic of the tandem affinity purification
strategy for discriminating subunit stoichiometry. (B) Extracts from 293T cells transfected to express a protein with the tag(s) indicated (Z, F, +,
and ZF, where + indicates coexpression of the Z and F tags), wild-type hTR, and the hTR-U64 chimera were subjected to tandem steps of affinity
purification. Input cell extracts (2%) and final purified RNP elutions (100%) were supplemented with a recombinant RNA recovery control (RC)
prior to RNA extraction. Input and purified samples for the GAR1 panel were from a separate set of transfections and purifications.

hTR-U64 recovered by the combination of Z-tagged and F-
tagged protein versus the ZF-tagged protein be consistent.
Using tagged dyskerin and tagged NHP2 extracts (Fig. 4B,
lanes 1 to 8), recovery of hTR and hTR-U64 by ZF-tagged
protein was robust. Little, if any, nonspecific background was
detected after tandem steps of purification from the negative-
control extracts with Z-tagged or F-tagged protein alone. As
expected if H/ACA RNP complexes assembled on both the 5’
and 3’ hairpins of the U64 and hTR H/ACA motif, both the
hTR-U64 chimera and hTR were recovered from the extracts
with coexpressed Z-tagged and F-tagged subunits. The effi-
ciency of RNP purification by coexpressed single-tagged sub-
units should be less than that obtained by the double-tagged
subunit, because some RNPs will assemble with two Z-tagged
subunits or two F-tagged subunits instead of one of each.
Notably, the ratio of hTR to hTR-U64 remained consistent in
comparisons of purifications with the tagged protein combina-
tion and the ZF-tagged control (Fig. 4B, compare lane 3 to 4
and lane 7 to 8). These results indicate that H/ACA RNP
proteins are deposited on both stems of the hTR H/ACA
motif, despite the noncanonical nature of the hTR 5’ hairpin.
This finding is consistent with the dependence of hTR accu-
mulation on both the H box and the ACA (28). As additional

controls, we confirmed that ZF-tagged TERT but not the Z-
tagged and F-tagged TERT combination copurified hTR (Fig.
4B, lanes 11 and 12). TERT did not substantially enrich hTR-
U64 because the chimeric RNA is missing a major motif for
TERT interaction.

GAR1 differs from other core H/ACA proteins in its late
assembly and its dispensability for precursor RNA processing
and mature RNP stability (32). Roles proposed for GAR1
include improving the efficiency of target RNA modification
and enhancing RNP nucleolar localization. Because hTR does
not guide RNA modification and because only a minor per-
centage of hTR is stably associated with nucleoli (28), there is
not an obvious functional requirement for GARI1 in the telo-
merase holoenzyme. GARI1 contacts dyskerin directly, but this
interaction is mutually exclusive with at least one other direct
dyskerin binding protein (11). GARI1 does copurify human
telomerase holoenzyme, but the stoichiometry of its associa-
tion could differ from that of the dyskerin-NOP10-NHP2 het-
erotrimer (18). Therefore, we compared GAR1 purification of
hTR and hTR-U64 using the tandem affinity purification strat-
egy. As observed for the other H/ACA RNP core proteins, the
combination of Z-tagged and F-tagged GAR1 purified hTR as
well as h"TR-U64, and a consistent ratio of the two RNAs was
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FIG. 5. Two subunits of dyskerin, NHP2, and GAR1 assemble on hTR variants lacking consensus elements of the 5’ hairpin. Extracts from 293T
cells transfected to express a protein with the tag(s) indicated (Z, F, +, and ZF), hTR-U64, and one of two hTR variants (5’ pocket L+R del from
Fig. 1D or A2 from Fig. 3A) were subjected to tandem steps of affinity purification. RNAs in the input and purified material were analyzed as
described in the legend of Fig. 4. Note that h'TR A2 migrated with different mobilities depending on sample heating. The input and purified samples

of any given protein were analyzed in parallel.

obtained in purifications using the single-tag subunit combina-
tion compared to the double-tagged ZF-GARI1 (Fig. 4B, lanes
15 and 16). Importantly, analysis of RNPs from the first step of
tandem purifications confirmed the expected RNP recoveries,
and when the same panels of tagged dyskerin, NHP2, and
GARI extracts were used in purifications with the order of
tandem affinity purification steps reversed, parallel results were
obtained (data not shown). All results were highly reproduc-
ible over independent transfections and purifications (data not
shown). Together, these affinity purification assays indicate
that RNP assembly on the hTR H/ACA motif yields the ca-
nonical bipartite architecture of an H/ACA snoRNP.
Assembly of two sets of H/ACA proteins requires only a
minimal 5’ hairpin stem. Because most H/ACA motif ele-
ments of the hTR 5’ hairpin could be eliminated without in-
hibition of RNA accumulation or RNP catalytic activity, it
seemed possible that one set of H/ACA proteins assembled on
the 3’ hairpin would be sufficient for biogenesis of a telomerase
RNP. To investigate whether removing most of the 5" hairpin
converted hTR to an archaeal-like single-stem ACA RNP, we
applied the tandem affinity purification strategy to hTR vari-
ants lacking the 5’ hairpin pocket (Fig. 1D, L+R del) or
lacking all nucleotides above the lower stem (Fig. 3A, A2; note
that this RNA migrates with different mobilities depending on
sample heating). These two hTR variants accumulated to suf-
ficient levels for detection after tandem steps of affinity puri-
fication. Remarkably, both of these hTR variants assembled
two subunits of dyskerin, NHP2, and GAR1 per telomerase
RNP (Fig. 5, lanes 3 and 4, 7 and 8, 11 and 12, 15 and 16, 19
and 20, and 23 and 24). These findings indicate that a bipartite
H/ACA RNP is assembled even when the 5’ hairpin lacks

RNA elements thought to be necessary for scaffolding of pro-
tein-protein interactions. We conclude that there is a different
specificity of RNP assembly on the two hairpins of the eukary-
otic H/ACA motif.

WDR79/TCABI association with hTR has the stoichiometry
and specificity of a CAB box interaction. WDR79/TCAB1 was
recently discovered as a direct protein-protein interaction part-
ner of dyskerin (42) and as a direct RNA interaction partner of
the CAB box (40). We therefore wondered whether one or two
subunits of WDR79/TCABI1 would assemble with hTR, given
that a human telomerase RNP has two subunits of dyskerin but
only one CAB box. Consistent with previous studies, hTR was
detected after a single step of Z-tagged or F-tagged WDR79/
TCABI1 purification on the corresponding resin (data not
shown). Using the tandem affinity purification strategy de-
scribed above, hTR was detected after tandem steps of purifi-
cation of the double-tagged WDR79/TCABI (Fig. 6A, lane 8)
but not after tandem steps of purification from extract with the
coexpressed Z-tagged and F-tagged subunit combination (lane
7). The same result was observed regardless of the order of
tandem purification steps and was reproducible for indepen-
dent transfections and purifications (data not shown).

The largely single-subunit nature of WDR79/TCAB1 asso-
ciation with hTR predicted that its interaction would be de-
pendent on the CAB box. Using single-step WDR79/TCAB1
affinity purification from extracts of transfected VA13+TERT
cells, we compared protein association with wild-type hTR and
an hTR variant with a single-nucleotide CAB box substitution
sufficient to disrupt h'TR concentration in Cajal bodies (21).
The CAB box substitution strongly impaired but did not elim-
inate hTR association with WDR79/TCAB1 (Fig. 6B, lanes 5
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FIG. 6. Association of WDR79/TCABI is influenced by the hTR
CAB box. (A) Extracts from 293T cells transfected to express hTR and
WDR79/TCAB1 with the tag(s) indicated (Z, F, +, and ZF) were
subjected to tandem steps of affinity purification. RNAs in the input
and purified material were analyzed as described in the legend of Fig.
4. (B) Extracts of VAI3+TERT cells transfected to express either
Z-tagged WDR79/TCABI or empty vector and either wild-type (WT)
hTR or the G414C CAB box mutant (Mut) were used for single-step
affinity purification. RNAs in the input and purified material were
analyzed as described above.

hTR

and 6). Similar results were obtained using extracts from trans-
fected 293T cells (data not shown). With or without a CAB
box, it seems likely that WDR79/TCABI1 binds only to the hTR
3’ hairpin loop because the loop context of the CAB box is
important for Cajal body localization (37) and the hTR 5’
hairpin lacks a similarly positioned loop. Overall, our studies of
human telomerase holoenzyme RNA and RNP architecture
support the hTR-scaffolded steps of telomerase RNP biogen-
esis schematized in Fig. 7.

DISCUSSION

Unique and shared features of the hTR H/ACA motif have
implications for RNP biogenesis. Elucidation of the require-
ments for human telomerase RNP biogenesis will bring in-
sights for disease therapy, because differences that distinguish
hTR from H/ACA snoRNAs and scaRNAs must somehow
give rise to the specificity of telomerase deficiency in patients
with altered dyskerin (30, 44). We first suspected that our
original model for hTR 5’ hairpin folding was incorrect, based
on the potential for a more canonical 5’ hairpin that satisfied
the limited amount of structural data on hTR H/ACA motif
folding in vivo (1, 37). However, extensive mutagenesis sup-
ported the original model of noncanonical 5" hairpin secondary
structure. Subsequently, the surprisingly minimal 5’ hairpin
structural requirements for hTR accumulation led us to sus-
pect that the hTR H/ACA motif was unique in its RNP assem-
bly specificity. However, our studies of two canonical human
snoRNAs revealed that they shared the hTR asymmetry of 5’
and 3’ hairpin requirements for accumulation. Another sur-
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FIG. 7. Interaction specificity and stoichiometry of telomerase
holoenzyme proteins. Initial recruitment of H/ACA proteins is proposed
to involve an association of dyskerin, NOP10, and NHP2 with the hTR
3’ hairpin, scaffolded by extensive protein-RNA interactions. Either
sequentially (as shown) or in a concerted manner, there is assembly of
a second H/ACA protein heterotrimer. Assembly of the second set of
H/ACA proteins is proposed to have a reduced requirement for RNA
interaction surface due to the formation of cross-hairpin protein-pro-
tein interaction(s). Following hTR release from the site of transcrip-
tion, an exchange of biogenesis factors for GAR1 yields the mature
telomerase RNP with two full sets of all four H/ACA RNP proteins.
Motifs of hTR not required for stable RNP biogenesis can associate
independently with TERT and WDR79/TCAB1, both of which are
likely substoichiometric in the overall population of endogenous
telomerase RNP.

prise was the lack of catalytic activity dependence on 5" hairpin
structure. This observation suggests that vertebrate TERT has
a greater autonomy in organizing TER tertiary structure than
ciliate TERT, which likewise binds two separated TER motifs
but does so in a manner sensitive to the geometry of interven-
ing stem folding by the holoenzyme protein p65 (36). Com-
bined, these findings reveal that the noncanonical h\TR H/ACA
motif 5’ hairpin has evolved in a manner relatively uncon-
strained by requirements for mature RNA accumulation, un-
fettered by a requirement for function as an RNA modification
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guide, and with few if any obligations to the telomeric-repeat
synthesis activity of telomerase holoenzyme.

The general asymmetry of 5" and 3’ hairpin requirements for
H/ACA RNA accumulation has unexpected implications for
the pathway of RNP assembly in vivo. Our results establish that
RNP assembly on the H/ACA motif 5" hairpin does not require
the extensive protein-RNA interactions evident in structures of
reconstituted archaeal single-stem RNPs (48). In contrast,
RNP assembly on the H/ACA motif 3" hairpin does appear to
require this large surface of protein-RNA contact. If RNP
assembly on the 5’ hairpin occurs subsequent to or in concert
with RNP assembly on the 3’ hairpin, protein-protein interac-
tions across the hairpins could allow the 5" hairpin RNP as-
sembly reaction to have a reduced requirement for protein-
RNA interaction. Cross-hairpin interactions could be
mediated by dyskerin motifs not present in the archaeal pro-
tein ortholog, a hypothesis that would account for the reduced
exchange of RNP-assembled dyskerin compared to RNP-as-
sembled NOP10 or NHP2 (23).

Holoenzyme proteins have distinct specificities and stoi-
chiometries of hTR interaction. The RNP architecture of the
human telomerase holoenzyme has been hotly debated. While
several studies conclude that a complex of TERT and hTR has
catalytic function only with a dimer of each subunit, others
studies indicate that such dimerization is neither required nor
physiological (14, 35). Also, while one study claims that the
human telomerase holoenzyme contains only dyskerin, TERT,
and hTR (7), other studies establish that the human telomer-
ase holoenzyme assembles all of the core H/ACA RNP pro-
teins (18). Most published models draw one set of H/ACA
proteins per telomerase RNP, but we demonstrate that hTR
assembles two full sets of H/ACA proteins. Our results define
a human telomerase holoenzyme architecture in which each
subunit of h'TR assembles two sets of H/ACA core proteins as
a prerequisite for biogenesis of a biologically stable telomerase
RNP (Fig. 7). A telomerase RNP can then assemble single
subunits of TERT and WDR79/TCABL to become the holoen-
zyme functional for telomere maintenance (Fig. 7). Additional
hTR binding proteins actively or passively distinguish telo-
merase RNP subpopulations with differential localization and
regulation (8).

Less hTR was recovered with tagged WDR79/TCAB1 than
with any tagged H/ACA core protein after a single step of
purification or after tandem purification steps using ZF-tagged
protein. This lower efficiency of purification was not due to
lower tagged protein expression levels because all of the tagged
WDR79/TCABI1 proteins were highly overexpressed com-
pared to any of the tagged H/ACA core proteins (data not
shown). A relatively low stoichiometry of WDR79/TCABI as-
sociation is consistent with the single peptide of WDR79/
TCABI detected by mass spectrometry of purified holoenzyme
(D. Fu and K. Collins, unpublished data) and with modifica-
tion rather than protection of the CAB box in the endogenous
pool of telomerase RNP (1). Because WDR79/TCABI1 was
identified as a direct dyskerin binding protein (42) and because
other dyskerin binding proteins that interact with the core
heterotrimer trade places during RNP biogenesis and regula-
tion (11), we hypothesized that WDR79/TCABI could pro-
mote telomerase function by displacing GAR1. In contrast to
predictions of this model, GAR1 association with hTR was
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unaffected by overexpression of WDR79/TCAB1 or by hTR
CAB box mutation (data not shown). Relatively low occupancy
of h'TR by WDR79/TCAB1 may have precluded our ability to
detect binding competition with GAR1, but the CAB box de-
pendence of WDR79/TCABI association with hTR suggests
that it may not need to compete with GAR1 for telomerase
RNP interaction. It seems plausible that the single hTR CAB
box results in only partial telomerase RNP occupancy with
WDR79/TCABI in vivo. The maximal single-subunit stoichi-
ometry of WDR79/TCABI1 association with hTR distinguishes
it from H/ACA snoRNAs and scaRNAs, perhaps sensitizing
telomerase RNP to its unique dynamic of TERT-dependent
and cell cycle-regulated partitioning between nucleoli, Cajal
bodies, and nucleoplasm.
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