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SHQ1 is required prior to NAF1 for assembly
of H/ACA small nucleolar and telomerase RNPs

PETAR N. GROZDANOV,1 SUJAYITA ROY,1 NUPUR KITTUR, and U. THOMAS MEIER
Department of Anatomy and Structural Biology, Albert Einstein College of Medicine of Yeshiva University, Bronx, New York 10461, USA

ABSTRACT

Assembly of H/ACA RNPs in yeast is aided by at least two accessory factors, Naf1p and Shq1p. Although the function of Naf1p
and its human ortholog NAF1 has been delineated in detail, that of Shql1p and its putative human ortholog SHQ1 remains
obscure. We demonstrate that SHQ1 indeed functions in the biogenesis of human H/ACA RNPs and we dissect its mechanism of
action. Like NAF1, SHQ1 binds the major H/ACA core protein and pseudouridine synthase NAP57 (aka dyskerin) but precedes
the assembly role of NAF1 at nascent H/ACA RNAs because the interaction of SHQ1 with NAP57 in vivo and in vitro precludes
that of NAF1 and of the other H/ACA core proteins that are present at the sites of H/ACA RNA transcription. The N-terminal
heat shock protein 20-like CS domain of SHQ1 is dispensable for NAP57 binding. Consistent with its role as an assembly factor,
SHQT1 localizes to the nucleoplasm and is excluded from nucleoli and Cajal bodies, the sites of mature H/ACA RNPs. In an in
vitro assembly system of functional H/ACA RNPs that is dependent on NAF1, excess recombinant SHQ1 interferes with
assembly. Importantly, knockdown of cellular SHQ1 prevents accumulation of a newly synthesized H/ACA reporter RNA and
generally reduces the levels of endogenous H/ACA RNAs including telomerase RNA. In summary, the sequential action of SHQ1
and NAF1 is required for functional assembly of H/ACA RNPs in vivo and in vitro. This step-wise process could serve as an
efficient means of quality control during H/ACA RNP assembly.

Keywords: NAP57/dyskerin; H/ACA RNP; snoRNP; RNP assembly; telomerase

INTRODUCTION RNPs. Importantly, NAP57 is the subject of the X-linked
form of the bone marrow failure syndrome dyskeratosis
congenita (for reviews, see Meier 2005, 2008; Matera et al.
2007; Ye 2007; Kirwan and Dokal 2008; Li 2008).

These simple five component particles have proven sur-
prisingly resistant to functional reconstitution. Although H/
ACA RNPs can be formed from recombinant archaeal
components, eukaryotic ones have yet to yield (Baker et al.
2005; Charpentier et al. 2005). This may be ascribed to the
inherent instability of NAP57 and to the need for at least two
assembly factors, Naflp and Shqlp, that seem missing
from archaea (Wang and Meier 2004; Normand et al. 2006).
These two essential factors were identified in yeast, mainly
by virtue of binding to Cbf5p (yeast NAP57), and are required
for the stability of all H/ACA RNAs without being part of
the mature particles (Dez et al. 2002; Fatica et al. 2002; Yang
etal. 2002). Naflp (NAFI in mammals) hasa GAR1 homology

) - ] domain and consequently binds NAP57 (and the core trimer)
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transcription and is replaced by GAR1 in mature RNPs

Article published online ahead of print. Article and publication date are at o ] ) ° ) -
http://www.rnajournal.org/cgi/doi/10.1261/rna.1532109. functioning in Cajal bodies and nucleoli (Ballarino et al.

In each mammalian cell, 150 or so H/ACA ribonucleopro-
teins (RNPs) function in diverse processes, including modi-
fication and processing of ribosomal RNAs, modification of
spliceosomal small nuclear RNAs, and stabilization of telo-
merase. Each particle consists of a function-defining H/
ACA RNA and the same four core proteins. H/ACA RNPs
are conserved from archaea to man and their structure and
function have been delineated in genetic, biochemical, and
X-ray crystallographic studies. The pseudouridine synthase
NAP57 (aka dyskerin or in yeast Cbf5p) together with
NOP10 and NHP2 forms a core trimer that specifically
recognizes and associates with an H/ACA RNA and with
the fourth core protein GARI1. All proteins of the core
trimer are essential for the metabolic stability of H/ACA
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2005; Yang et al. 2005; Darzacq et al. 2006; Hoareau-Aveilla ~ quantitative accumulation of Cbf5p-associated H/ACA
et al. 2006). In contrast, nothing is known about SHQ1 the =~ RNAs and was evolutionary conserved with putative homo-
putative mammalian ortholog of Shqlp. logs in man, fly, worm, and fission yeast (Yang et al. 2002).

Here, we dissect in vitro and in vivo the interactions of In order to characterize the putative human SHQI
SHQ1 with the H/ACA RNP proteins and show that it is (NM_018130; 26% identity and 47% similarity over the
required for the stable accumulation of H/ACA RNAs in- first 445 amino acids), we tested if it also interacted with H/
cluding telomerase RNA, apparently acting before NAF1in ~ ACA RNP associated factors.

assembly. Our studies take advantage of a reconstitution Both, human SHQl and NAP57 (as an N-terminal
assay that depends on both assembly factors for the  fusion with the maltose binding protein [MBP]) were
generation of functional mammalian H/ACA RNPs. expressed in bacteria with C-terminal histidine tags and

affinity purified (Fig. 1A, lanes 2,3). Equal amounts of
recombinant SHQ1 were added to MBP-NAP57 and to a
control MBP-fusion, the MS2 bacteriophage coat protein
(MCP). The mixtures were bound to amylose resin through
the MBP moieties of the fusion proteins (Fig. 1A, lanes 4—
Shqlp was identified in yeast as a protein interacting with 7). Only MBP-NAP57 retained SHQ1 (Fig. 1A, lane 6), but
Cbf5p, the ortholog of mammalian NAP57 (Ito et al. 2001; not MBP-MCP (Fig. 1A, lane 7), demonstrating a direct
Ho et al. 2002). Indeed, Shqlp proved essential for the  interaction between SHQ1 and NAP57.

RESULTS

SHQ1 binds NAP57 alone
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FIGURE 1. In vitro, SHQ1 only binds NAP57, to the exclusion of other proteins. (A) The bacterially expressed fusion protein of the maltose
binding protein (MBP) with NAP57 (lane 3), but not that with the MS2 bacteriophage coat protein (MCP; lane I) retains recombinant SHQ1
(lane 2) on amylose resin (lanes 6,7, respectively). Ten percent of the inputs were loaded (lanes 4,5) on this Coomassie blue-stained SDS-PAGE,
and the proteins used for amylose resin binding are indicated (bold). Note, for unknown reasons, MBP-NAP57 migrates as two mass
spectrometrically identical bands (lane 3). (B) In an experiment analogous to A, MBP-NAP57 (lane 3) only retains SHQ1 missing its N-terminal
CS domain (SHQ-ACS; lane 2), but not its CS domain alone (SHQ1-CS; lane 1) on amylose resin (lanes 7,6, respectively). (C—F) Fluorographs of
immunoprecipitations of in vitro translated and **S-methionine labeled proteins separated by SDS-PAGE. The proteins targeted for precipitation
are indicated (bold), and the input lanes (I) contained 10% of the material used for immunoprecipitation (IP). (C) HA-tagged SHQI is
precipitated by anti-HA antibodies (lane 2) and coprecipitates NAP57 (lane 6) but not NAF1 (lane 4). When both NAP57 and NAF1 are present,
HA-SHQ! only precipitates NAP57 (lane 8). (D) NAP57 antibodies only precipitate SHQI and NAF1 in the presence of NAP57 (lanes 2,5) but
not in its absence (lanes 1,4). If specifically the amount of NAF1 is increased in the input (cf. lanes 2 and 3), NAP57 only precipitates NAF1 (lane
6), suggesting a competition between SHQI and NAF1 for NAP57 binding. (E) HA-NHP?2 fails to coprecipitate SHQ1 alone (lanes 1,2) or in the
presence of the core trimer (lanes 3,4) although precipitating NAP57 and NOP10. (F) HA-NOP10 fails to coprecipitate SHQ1 in the presence of
NHP2 (lanes 1,2) and in addition of NAP57 (lanes 3,4) although precipitating NAP57 and NHP2. For unknown reasons and as noted before
(Wang and Meier 2004; Darzacq et al. 2006), precipitated NAP57 occasionally migrated anomalously (vertical bar in E and F). (G) Schematic
summarizing the results that SHQ1 only binds NAP57 alone but not when associated with NAF1 or the core trimer (and not with NAF1, NOP10,
or NHP2 alone).
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To map the NAP57-interacting domain of SHQI, its
sequence was scanned for conserved domains using the
NCBI conserved domain architecture retrieval tool
(CDART) and the UCSC genome browser. In addition to
a central SHQ1-unique domain (pfam04925), only the first
90 amino acids contain a conserved domain, termed CS for
CHORD-containing proteins and Sgt1 (Shirasu et al. 1999).
The CS domain is homologous to the HSP90 cochaperone
p23 and to HSP20, whose main function is to interact with
other proteins and which has been demonstrated to simul-
taneously interact with HSP90 and another protein (Lee
et al. 2004; Boter et al. 2007). Therefore, it was surprising
when the recombinant CS domain of SHQI (SHQ1-CS)
failed binding to MBP-NAP57 (Fig. 1B, lane 6), whereas
the other part of SHQ1, SHQ1-ACS, did (Fig. 1B, lane 7).
Hence, SHQ1-NAP57 interaction occurred independent of
the CS domain, which does not preclude an essential role
for this domain in SHQI function (Singh et al. 2009).

To dissect the interactions of SHQ1 with other proteins,
we employed a previously established in vitro translation-
immunoprecipitation assay (Wang and Meier 2004; Darzacq
et al. 2006). Reported crystal structures of homologous
complexes subsequently validated interactions identified by
this assay (Li and Ye 2006; Manival et al. 2006; Rashid et al.
2006; Leulliot et al. 2007). In vitro translated, HA-tagged
SHQ1 failed to coprecipitate NAF1 (Fig. 1C, lane 4) but
precipitated NAP57 (Fig. 1C, lane 6). Interestingly, no
NAF1 was associated with the coprecipitating NAP57 (Fig.
1C, lane 8), indicating a possible competition for NAP57
between SHQI and NAFI. Indeed, increasing the amount
of NAF1 in the input, while keeping that of SHQ1 constant
(Fig. 1D, lanes 2,3), was accompanied by a loss of SHQ1
coprecipitation (Fig. 1D, cf. lanes 5 and 6). HA-tagged
NHP2 alone and in the context of the H/ACA core trimer
failed to precipitate SHQ1 (Fig. 1E, lanes 2,4). Similarly,
HA-NOPI10 in the presence of NHP2 and additionally
NAP57 (i.e., the core trimer) failed to precipitate SHQI
(Fig. 1F, lanes 2,4). In summary, SHQI1 in vitro directly
interacted with NAP57 alone but not in the context of the
core trimer or NAF1 (Fig. 1G). Moreover, SHQ! failed to
interact with NOP10, NHP2, or NAF1 alone.

We previously documented a NAF1-RNP association in
cell lysates that is not observed in intact cells (Kittur et al.
2006). Therefore, we aimed to confirm these interactions of
SHQ1 in vivo using our nuclear tethering assay (Darzacq
et al. 2006). Specifically, SHQ1 constructs fused to the lac
repressor (Lacl) were transfected into a cell line with arrays
of the lac operator stably integrated in its genome. The
resulting nuclear sites of LacI-SHQ1 concentration were
interrogated for enrichment of endogenous proteins using
indirect immunofluorescence (Fig. 2). In this manner,
SHQ1 recruited endogenous NAP57 (Fig. 2A, panels 1,2,
arrows), which otherwise was mostly confined to H/ACA
RNPs in nucleoli. However, unlike nucleolar NAP57, that
associated with SHQ1 was free of H/ACA RNAs (Fig. 2A,

1

FIGURE 2. In vivo, SHQ1 only binds NAP57 alone. Indirect
immunofluorescence of transfected Lacl-SHQ1 constructs tethered
to lac operator repeats stably integrated into the genome of U20S cells
(arrows) and triple labeled for Lacl (panel I), the indicated endog-
enous H/ACA RNP associated factors (panel 2), and by fluorescent in
situ hybridization for simultaneously four H/ACA RNAs, E3, ACAS,
ACAL18, and ACA25 (panel 3). Note, LacI-SHQI only recruits NAP57
(A) but none of the other H/ACA associated proteins (D-G) nor
RNAs (A, panel 3). The NAP57 recruitment excludes the CS domain
of SHQ1 (B) and is confined to its C-terminal SHQ1-ACS domain
(C). Bar, 10 pm.

panel 3, arrows). SHQ1 recruitment of NAP57 was specific
because the CS domain of SHQI alone (consistent with the
in vitro results) failed to do so (Fig. 2B, arrows), whereas
SHQ1 lacking the CS domain recruited NAP57 without H/
ACA RNAs (Fig. 2C, arrows). Finally, full-length SHQ1
recruited neither NOP10, NHP2, GAR1, nor NAF1 (Fig.
2D-G, arrows). Therefore, the nuclear tethering data
corroborated the in vitro findings that SHQI binding of
NAP57 precluded association with any other H/ACA RNP
core component. In agreement with this, GFP-tagged
SHQI, unlike NAF1 (Kittur et al. 2006), failed to copreci-
pitate NAP57 associated H/ACA RNA E3 (data not shown).
The mutually exclusive interaction of SHQI and NAF1
with NAP57 suggests a sequential action of these assembly
factors.

SHQT1 localization and dynamics

To localize endogenous SHQ1, we raised polyclonal peptide
antibodies for indirect immunofluorescence experiments.
SHQ1 localized to the nucleoplasm in a granular pattern
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but was excluded from nucleoli identified by nucleolin (Fig.
3A) and from Cajal bodies identified by coilin (Fig. 3B).
Due to the small size of Cajal bodies, 0.2-pm optical
sections through an entire nucleus were acquired and
deconvolved using a Huygens algorithm. Maximum pro-
jections of 22 sections are depicted in Figure 3B, panels 1

“l HQ1

GFP-SHQ1 hase comrast D + LMB (3h

E

H/ACA RNA
transcription
site

FIGURE 3. Localization of endogenous and exogenous SHQI. (A,B)
Indirect double immunofluorescence of endogenous SHQ1 (panel 1)
and nucleolin and coilin (A,B, respectively, panel 2), and correspond-
ing phase contrast and differential interference contrast images (panel
3). Due to the small size of the coilin labeled Cajal bodies, the images
in B were acquired in 22 consecutive optical planes of 0.2 pm step size
and deconvolved using a Huygens algorithm. Panels I and 2 show
maximum projections highlighting each Cajal body (squares), which
are depicted enlarged in their different individual 0.2 pm planes
below, demonstrating that SHQ1 is not enriched (II) and excluded
from Cajal bodies (I and III). (C) Overexpressed GFP tagged SHQ1
accumulates in the cytoplasm. (D) Partial shuttling of GFP-SHQI.
Cells cotransfected with GFP-SHQ1 and RFP-NAF1 were treated for 3
h with the CRM1-dependent protein export inhibitor Leptomycin B
(LMB), which caused all of RFP-NAF1 and about half of GFP-SHQ1
to accumulate in nuclei, indicating that both proteins shuttle SHQ1,
at least to some extent, between nucleus and cytoplasm. Note that
even when concentrated in the nucleoplasm both proteins are still
excluded from nucleoli, the sites of mature H/ACA RNPs. (E) GFP-
SHQLI is not recruited to the transcription site of an H/ACA RNA.
GFP-SHQ1 (panel 2) transfected into our cell line that harbors an
array of an H/ACA RNA whose induction is detected by in situ
hybridization using a fluorescent probe complementary to an intron
of the pre-mRNA containing the H/ACA RNA (panel 1) (Darzacq
et al. 2006) is not recruited to the site of transcription (arrow). Bars,
10 pm. Width of enlarged panels, 3.2 pm (B) and 2.6 pm (E).

4 RNA, Vol. 15, No. 6

and 2, whereas only the single 0.2-pm-thick plane with the
maximum intensity of each Cajal body is shown magnified
underneath (Fig. 3B, panels I-III). Overall, this localization
further supported that SHQ1 was absent from mature H/
ACA RNPs in nucleoli and Cajal bodies.

Surprisingly, exogenously expressed, GFP-tagged SHQ1
was primarily cytoplasmic (Fig. 3C). This apparently in-
consistent localization of endogenous and exogenous
SHQI1 was reminiscent of that of NAF1, which shuttles be-
tween the nucleus and cytoplasm (Kittur et al. 2006). To
test if SHQ1 also shuttled, GFP-SHQ1 and RFP-NAF1 were
coexpressed and the cells incubated with Leptomycin B, an
inhibitor of CRM1-mediated export. After 3 h, all of NAF1
accumulated in the nucleoplasm, whereas SHQI equili-
brated between the nucleus and cytoplasm (Fig. 3D). This
differential localization of GFP-SHQ1 and RFP-NAF1 was
independent of their relative expression levels, suggesting
that, consistent with our biochemical data (Fig. 1C), they
were not complexed. The only partial nuclear accumulation
of GFP-SHQ1 in the presence of Leptomycin B indicated
that not all of it shuttled or that its export occurred by a
pathway in addition to that mediated by CRMI. For
example, there could be a limiting cytosolic factor for
SHQ1 import or part of SHQl was actively retained.
Significantly, even when concentrated in the nucleoplasm,
SHQI1 was excluded from nucleoli, the sites of mature H/
ACA RNPs (Fig. 3D, panel 1).

We previously identified NAF1 (together with NAP57,
NOP10, and NHP2) at the site of transcription of an
inducible H/ACA RNA (Darzacq et al. 2006) and tested
here in the same cell system, if SHQ1 was also recruited to
nascent H/ACA RNAs. SHQI was absent from most
(98.4%, n = 123) H/ACA RNA transcription sites (Fig.
3E). This was not due to an inability to enter nuclei because
SHQ1 accumulated at nuclear arrays of lac operators (Fig.
2A,D-G) and shuttled (Fig. 3D). These data are consistent
with the lack of cotranscriptional association of yeast Shqlp
with H/ACA RNA genes in chromatin immunoprecipita-
tion assays (Yang et al. 2005). The absence of SHQ1 from
nascent H/ACA RNA was consistent with its interaction
with NAP57 precluding that of other H/ACA components
(Figs. 1, 2) because NOP10, NHP2, and NAFI together
with NAP57 associate with H/ACA RNA transcription sites
(Darzacq et al. 2006). Therefore, SHQ1 appears to act prior
to NAF1 in H/ACA RNP biogenesis.

SHQ1- and NAF1-dependent H/ACA RNP assembly
in vitro

Having established SHQ1 interactions and localization, we
tested if, like its yeast counterpart, it functioned in H/ACA
RNP biogenesis. For this purpose, we used a previously
developed reconstitution system of functional H/ACA
RNPs (Wang and Meier 2004). Specifically, HeLa cytosolic
S-100 extract was incubated with an in vitro transcribed H/
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ACA RNA and, after pre-incubation, with its cognate target
RNA. Only in the presence of its specific guide RNA was
the uridine of the site-specifically labeled target RNA
isomerized to pseudouridine (Fig. 4A). This indicated that
the H/ACA RNA was packaged into an RNP and that the
extract contained all factors required for functional RNP
assembly. Therefore, pseudouridylase activity of the E3 H/
ACA RNP was used as a measure for functional RNP
assembly (Fig. 4B, solid bars, lanes 1,2). Addition of
increasing amounts of NAP57 antibodies before or simul-
taneously with the E3 H/ACA RNA inhibited RNP assem-
bly (Fig. 4B, solid bars, lanes 3,4). Antibody addition after
RNP assembly impacted activity less (Fig. 4B, open bars,
lanes 6,7), consistent with the fact that H/ACA RNPs
bound to NAP57 antibodies were still active (Wang et al.
2002). In subsequent experiments, the assembly of func-
tional RNPs was expressed relative to the pseudouridyla-
tion activity observed after reconstitution in the absence of
exogenous factors.

In this in vitro reconstitution system, antibodies to
NAF1 inhibited RNP assembly but failed to interfere with
pseudouridylase activity if added after RNP biogenesis was
allowed to proceed (Fig. 4C). These results were consistent
with NAF1 being a bona fide assembly factor and indicated
that our extracts replicated assembly factor-dependent H/
ACA RNP biogenesis. Antibodies to SHQI, although
recognizing SHQ1 in the extracts on Western blots (data
not shown), failed to interfere with assembly and pseu-
douridylase activity, i.e., were not inhibitory (Fig. 4D).
However, addition of recombinant SHQ1 (Fig. 1A, lane 2)
did interfere with assembly but not activity, consistent with
being required during assembly but not for activity (Fig.
4E, lanes 1-8). This inhibitory effect was apparently related
to its interaction with NAP57 because only SHQ1 without
its CS domain (which is responsible for NAP57 interac-
tion), but not the CS domain alone, behaved like the full-
length protein (Fig. 4E, lanes 9-12).

SHQT1 is required for H/ACA RNA accumulation
in mammalian cells

To test for the involvement of SHQI1 in H/ACA RNP
biogenesis in vivo, we used siRNAs to knock it down.
Knockdown of SHQI and subsequent induction of the
B-globin construct harboring the H/ACA RNA E3 in its
second intron in our inducible U20S cell line (Darzacq
et al. 2006) prevented stable accumulation of E3 but not of
B-globin mRNA, as assessed by RNase protection analysis
(Fig. 4F, lane 3). Previous experiments demonstrated that
both NAP57 and the assembly factor NAF1 were required
for stable accumulation of E3 in those cells (Darzacq et al.
2006). In control experiments, mock siRNA treatment or
knockdown of fibrillarin had no effect on H/ACA RNA
accumulation (Fig. 4F, lanes 1,2). These data indicated that

SHQI was required for integration of newly transcribed E3
into stable H/ACA RNPs.

Western blots confirmed that transfection of the respec-
tive siRNAs significantly reduced the levels of SHQ1 and
NAP57 relative to mock-treated cells, both HeLa and U20S
(Fig. 4G). The amounts of SHQ1 in detergent whole cell
extracts were compared to those of a-tubulin, whereas
those of NAP57 and NHP2 in 0.5 M salt extracts were
compared to those of the nucleolar protein Nopp140. The
requirement for differential extraction of SHQ1 compared
with NAP57 and NHP2 further supported a lack of
association of SHQ1 with mature H/ACA RNPs in the cell.
Knockdown of NAP57 led to a concomitant loss of NHP2
but left SHQ1 levels unaffected (Fig. 4G, lane 4). In
contrast, knockdown of SHQI caused a slight but repro-
ducible reduction of both NAP57 and NHP2 (Fig. 4G, lane
3). Interestingly, knockdown of the C/D box core protein
fibrillarin specifically increased the cellular levels of NAP57
and NHP2 but not of SHQ1 (Fig. 4G, lane 2). Therefore, a
loss of C/D RNPs may have caused stabilization rather than
increased synthesis of H/ACA RNPs.

To assess the impact of the knockdown of SHQI on
various snoRNAs, total RNA was extracted from the
transfected cells and analyzed by Northern blot (Fig. 4H).

NAP57 antibodies

NAF1 antibodies
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FIGURE 4. (Legend on next page)
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Because telomerase RNA (hTR) was not detectable in
U20S cells, which maintain their telomeres through an
alternative (ALT) pathway (Bryan et al. 1997), we included
HeLa cells in all our analyses. Knockdown of SHQI caused
a loss of h'TR and a moderate but clear reduction of two H/

FIGURE 4. SHQ1 functions in H/ACA RNP assembly in vitro (A-E)
and in vivo (F-H). (A) Autoradiograph of a thin layer chromatogram
on which uridine (U) was separated from pseudouridine (W) after
liberation from a site-specifically **P-labeled substrate RNA that was
incubated in HeLa cytosolic S-100 extracts. Only when the cognate H/
ACA RNA E3 was added to the extract for 30 min before substrate
addition (lane 2), but not in its absence (lane 1), was the substrate
RNA pseudouridylated, indicating that the in vitro transcribed H/
ACA RNA was incorporated into a functional RNP during pre-
incubation. Therefore, the pseudouridylase activity was used as a read-
out for functional H/ACA RNP assembly. (B) Quantification of A
(bars 1,2, respectively). Addition of increasing amounts of NAP57
antibodies prior to or concomitant with the H/ACA RNA (black bars)
gradually inhibited activity (bars 3—6), indicating that they interfered
with the incorporation of NAP57 into a functional RNP. Even if
added after RNP assembly (open bars), the NAP57 antibodies were
somewhat inhibitory. (C) Similarly, NAFI antibodies only interfered
with activity when added before (bars 1-3) but not after assembly
(bars 3-6), showing that, as in vivo, functional assembly in this extract
depended on NAF1. (D) SHQI1 antibodies did not interfere with
activity whether added before (bars 1-3) or after assembly (bars 4-6).
(E) However, addition of excess recombinant SHQ1 inhibited activity
when added before (bars 1—4) but not after (bars 5-8) assembly,
suggesting competition for a limiting factor, likely NAP57 itself.
Indeed, this inhibitory activity resides in the NAP57-interacting
SHQ1-ACS domain (bar 10) but not the SHQ1-CS domain (bar 9).
Increasing amounts of antibodies were added as 1, 2, and 4 pL of the
respective polyclonal anti-sera (B-D). Approximately 0.25, 0.5, 1.0,
and 2.0 ug of recombinant proteins (Fig. 1B, lanes 1-3) were added
(E). One hundred percent activity, i.e., functional assembly, corre-
sponded to 34.6% (C), 31.0% (D), and 29.6% (E) of pseudouridine
produced. The mean of duplicate values (B—D) and of one of several
experiments (E) are shown. (F) Our inducible H/ACA RNA U20S cell
line (Fig. 3E) was treated for 3 d with siRNAs complementary to
SHQ1 and the control nucleolar gene fibrillarin, induced for expres-
sion of the gene harboring the E3 H/ACA RNA in one of its intron,
and the expression was analyzed using an RNase protection assay.
Note, only in the case of SHQI knockdown (lane 3), but not that of
fibrillarin (lane 2) or mock-treated cells (lane 1), did newly synthe-
sized E3 fail to be stabilized, whereas the mRNA (exemplified by exon
2) was stably expressed in all three cases. Protection of SRP RNA with
a separate probe served as a loading control. (G) Knockdown of the
various proteins in HeLa (top) and U20S cells (bottom) after
treatment with siRNAs (targets indicated on top) was confirmed on
Western blots with antibodies to the indicated antigens (right side).
SHQI and the reference protein tubulin were extracted under low-salt
conditions, whereas extraction of H/ACA RNPs (NAP57 and NHP2)
and the nucleolar reference Noppl40 required 0.5 M salt. The
antibodies were visualized using an infrared imaging system. Note
in the case of fibrillarin knockdown, insufficient HeLa cells were
harvested to analyze a separate gel for NHP2. (H) Autoradiographs of
Northern blots of total RNA extracted from the siRNA treated cells in
G and probed for the RNAs indicated on the right. The amounts of
snoRNAs were quantified relative to those of Ul snRNA and
expressed relative to those in mock-treated cells. The values for the
H/ACA RNAs represent the means from two independent experi-
ments. hTR could not be quantified because of interfering signal from
spots, and levels of U17/E1 in HeLa cells appear too high due to the
dark background. Finally, note that the H/ACA RNA E3 and the C/D
RNA snR39B reside in different introns of the same gene.
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ACA RNAs, the essential U17/E1 and E3 (Fig. 4H, lane 3).
In contrast, the C/D RNA, snR39B, which is expressed from
a different intron of the same gene as E3 (the eukaryotic
translation initiation factor 4A, isoform 2, elF4A2), re-
mained unaffected. These data indicated that eI[F4A2 was
properly expressed but E3 specifically failed to be stabilized,
apparently due to lack of association with the reduced levels
of H/ACA core trimer. Surprisingly, therefore, both excess
SHQI (Fig. 4E) and SHQI reduction (Fig. 4G,H) impaired
H/ACA RNP biogenesis, indicating that specific levels
of SHQ1 are essential to the cell. Knockdown of NAP57
had a similar but generally more pronounced effect on the
H/ACA RNAs, as that of SHQ1 (Fig. 4H, lane 4). It is
possible that this difference is due to a lower knockdown
efficiency of SHQ1, which required a combination of three
siRNAs. Interestingly, whereas knockdown of fibrillarin led
to the expected loss of the C/D RNA snR39B, it increased
the levels of all H/ACA RNAs (Fig. 4H, lane 2), mirroring
the increase in NAP57 and NHP2 (Fig. 4G, lane 2).
Although the reason for this observation is not clear,
similar effects were observed previously (Hoareau-Aveilla
et al. 2006). This increase included hTR, which is expressed
from its own promoter, and E3, which is expressed from of
the same gene as snR39B. Therefore, a loss of C/D RNPs
caused not only an apparent increase of H/ACA RNAs, due
to lower levels of ribosomal RNAs in total RNA extracts,
but an increase of entire H/ACA RNPs. The increase was
apparently caused by stabilization rather than synthesis of
H/ACA RNPs because only the core proteins, but not the
assembly factor SHQI, were increased (Fig. 4G, lane 2).
Finally, none of the knockdowns affected the levels of the
spliceosomal snRNA U1 (Fig. 4H). In summary, these data
showed that SHQI is required for the quantitative accu-
mulation of all H/ACA RNPs tested, including telomerase,
apparently through stabilization of NAP57 and thereby of
the H/ACA core trimer.

DISCUSSION

We dissected the function and molecular interactions of
human SHQ1, the mammalian counterpart to the yeast H/
ACA RNP assembly factor Shqlp. SHQI is required for the
stable accumulation of all H/ACA RNPs tested, including
telomerase. Unlike all other H/ACA components, SHQ1
only binds to the free pseudouridine synthase NAP57, i.e.,
in the absence of other H/ACA proteins or RNAs. This is
consistent with the nucleoplasmic localization of SHQ1 but
its exclusion from nucleoli and Cajal bodies, the sites of
mature H/ACA RNPs, and from H/ACA RNA transcription
sites. Moreover, it implicates SHQ1 in an early step of RNP
biogenesis because all H/ACA core proteins, except GARI,
and the assembly factor NAFI join NAP57 for cotran-
scriptional association with H/ACA RNAs. Specifically, we
propose that SHQ1 functions as a NAP57 chaperone
accompanying NAP57 from the time of synthesis until
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association with NOP10 and NHP2 (forming the core
trimer), and with NAF1 at the nascent H/ACA RNA.

Several lines of evidence support such a mode of SHQ1
function. First, NAP57 alone is unstable. For example,
when it is expressed in mammalian, insect, or bacterial
cells, it fails to fold properly, as attested by mislocalization
and precipitation (Darzacq et al. 2006; Normand et al.
2006). In contrast, NAP57 is stable and soluble when fused
to the maltose binding protein (Fig. 1A). Second, SHQI,
although nuclear at steady state, shuttles between nucleus
and cytoplasm but lacks a classical nuclear localization
signal. Therefore, it may depend on those of other proteins,
such as the multiple nuclear localization signals of NAP57
(Meier and Blobel 1994; Heiss et al. 1999; Youssoufian et al.
1999). Third, SHQI1 has to act before cotranscriptional
association of NAP57 with H/ACA RNA and other core
proteins because SHQI! only binds NAP57 alone and
because, once assembled with the core trimer, H/ACA
RNAs will no longer exchange (Wang and Meier 2004;
Kittur et al. 2006). Therefore, SHQ1 may function as a
NAP57 chaperone and/or licensing factor marking it ready
for RNP assembly.

The presence of a CS domain, which is homologous to
the HSP90 cochaperone p23 and to the HSP90-interacting
domain of Sgtl (Lee et al. 2004), at the N terminus of
SHQ1 was interesting given the recent implication of
HSP90 in the biogenesis of box C/D and H/ACA RNPs,
including telomerase (Boulon et al. 2008; Venteicher et al.
2008; Zhao et al. 2008). Since the C-terminal part of SHQ1
bound to NAP57, was it possible that its CS domain
recruited HSP90 to aid in RNP biogenesis? Apparently
not, because geldanamycin, an inhibitor of ATP binding to
HSP90 (Stebbins et al. 1997), had no effect on SHQI1-
dependent H/ACA RNP assembly in our cell free reconsti-
tution system and in our H/ACA RNA-inducible cell line
(data not shown). Moreover, excess amounts of SHQI
without its CS domain, but not the CS domain alone,
negatively impacted H/ACA RNP assembly (Fig. 4E). Per-
haps, the CS domain of SHQ1 does not bind to HSP90 or
does so in a distinct manner, like the differential binding of
the CS domains of Sgtl and p23 (Zhang et al. 2008). In-
deed, a very recent study indicates that the CS domain of
SHQI fails to bind HSP90 (Singh et al. 2009). Regardless,
SHQI and NAF1 are the only bona fide assembly factors for
H/ACA RNPs.

Although the function of the CS domain of SHQ1 and a
possible associated role of HSP90 in the biogenesis of H/
ACA RNPs remains elusive, it is tempting to speculate that
they were instrumental in the identification of Cbf5p (yeast
NAP57) as a low affinity centromere binding factor (Jiang
et al. 1993). Specifically, the founding CS domain contain-
ing protein Sgtlp is required for the assembly of the yeast
kinetochore complex CBF3 (Kitagawa et al. 1999). CBF3
includes Cbf2p/Ndc10p, and a temperature-sensitive muta-
tion in cbf2/ndcl0 is rescued by overexpression of CBF5

(Jiang et al. 1993). Perhaps this rescue is mediated in-
directly through the CS domain of Shqlp (instead of that of
Sgtlp) while bound to Cbf5p.

Unexpectedly, no interaction of human SHQI1 with
NHP2 or NAF1 was observed, although such interactions
had been reported for their yeast counterparts (Fatica et al.
2002; Yang et al. 2002). Possibly the different approaches
used to identify these interactions or species differences
account for this discrepancy. Nevertheless, the fact that we
failed to observe any of these interactions in vitro and in
vivo suggests that at least the mammalian SHQ1 only binds
to NAP57 but not to NHP2 and NAFI or to any other H/
ACA component. Moreover, the finding that SHQ1 only
binds NAP57 alone but not in the context of other proteins
or mature RNPs also contradicts a recent study reporting
recruitment of Cajal body components, including H/ACA
RNPs, to SHQI tethered in the nucleus (Kaiser et al. 2008).
However, based on our inherent consistent biochemical
(Fig. 1) and tethering data (Fig. 2), and, importantly, on
the absence of endogenous SHQ1 from Cajal bodies (Fig.
3B), SHQ1 only binds to NAP57 alone.

Establishing a role for SHQ1 in H/ACA RNP biogenesis
before that of NAFI raises the question as to the function of
NAF1 shuttling. NAF1 binds NAP57 at the site of H/ACA
RNA transcription and subsequently is replaced by GARI
to form mature H/ACA RNPs (Darzacq et al. 2006). Before
this role, NAF1 might be involved in the import of NOP10
and NHP2, which do not possess classical nuclear locali-
zation signals. However, NOP10 and NHP2 are sufficiently
small for passive diffusion into the nucleus, and in nuclear
tethering assays, neither protein was recruited to NAF1
lacking its NAP57-interacting domain (data not shown).
Alternatively, NAF1 may be involved in the nuclear export
of the very recently discovered class of H/ACA RNAs that
harbors microRNAs (Ender et al. 2008). Obviously, there is
plenty more work ahead to dissect the detailed function of
the two (and perhaps more) H/ACA RNP assembly factors.

MATERIALS AND METHODS

DNA/RNA constructs, transfections, and translations

Most constructs are as previously described (Wang and Meier
2004; Darzacq et al. 2006). The human SHQI1 clone, number
4840343, was obtained from American Type Culture Collection
(Manassas, VA). The following constructs were for transient ex-
pression in tissue culture cells: GFP-SHQ1 (pNK37, SHQ1 fused
to mGFP in mGFP-Cl); RFP-SHQI (pNK38, SHQI fused to
monomeric RFP in monomeric RFP-C1) (Campbell et al. 2002);
SHQ1-Lacl (pSR60, SHQ1 was fused to the lac-repressor, LacI, in
pSR59, which is pcDNA3 containing Lacl); SHQI1-CS-Lacl
(pPG10, SHQI1-CS was fused to Lacl in pSR59); SHQ1-ACS-Lacl
(pPG11, SHQI1-ACS in pSR59); for in vitro translation: SHQ1
(pSR32, SHQI under T7 promoter in pBSII SK+; Stratagene);
HA-SHQ1 (pSR38, SHQ1 with a single HA tag in pTM93) (Isaac
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et al. 1998). For bacterial expression, SHQ1 (pPG18), SHQ1-CS
(pPG14), and SHQI-ACS (pPG15) were fused to N- and C-
terminal hexa-histidine tags in a pET22 (Novagen, EMD Chem-
icals, Inc.) derivative containing an additional N-terminal and
cleavable (TEV protease) hexa-histidine tag, pET22HT (kind gift
from Jeffrey A. Chao; Albert Einstein College of Medicine of
Yeshiva University); MBP-NAP57 (pPG17, NAP57 fused to N-
terminal maltose binding protein and C-terminal hexa-histidine
tag in a modified version of pMAL-c; New England BioLabs from
Jeffrey A. Chao); MBP-MCP (MS2 bacteriophage coat protein
fused to the maltose binding protein, kind gift from Charles
Query; Albert Einstein College of Medicine of Yeshiva University).

siRNAs were as previously described (Darzacq et al. 2006)
except for siSHQ1, which was a combination of siSHQ1.1, GCU
ACGAAAAUUUGUCAAUTT; siSHQ1.2, GGAAGUAGUUGACG
AUGAATT; and siSHQI.3, GGACAGCAAAACCACUUGUTT
(Ambion). Cells were maintained, treated, and transfected as we
previously described (Darzacq et al. 2006; Kittur et al. 2006).
Similarly, the inducible H/ACA RNA cell line and related analyses
(Darzacq et al. 2006) and the cell line containing integrated Lac
operator arrays (Janicki et al. 2004) have been described. Coupled
in vitro transcription/translation and subsequent immunopreci-
pitations were performed according to our previous protocols
(Wang and Meier 2004; Darzacq et al. 2006).

Protein expression, purification, and pull-down

The bacterial strain BL21 AI (Invitrogen) was used for expression
of the SHQI constructs and Rosetta 2 (Novagen) for MBP-
NAP57. The bacteria were grown at 37°C and expression induced
for 3 h with 1 mM IPTG, and 0.2% arabinose in case of BL21 Al;
cell pellets were resuspended in 1/20 culture volume of 0.8 M
NaCl, 20 mM Tris-HCl at pH 7.4, 1| mM EDTA, 1 mM DTT,
supplemented with protease inhibitors (Sigma) and disrupted by
nitrogen cavitation through an EmulsiFlex-C5 (Avestin Inc.). The
cleared cell suspension (27000g for 20 min at 4°C) was passed over
a 10 mL amylose resin column (New England Biolabs) and the
proteins eluted by 10 mM maltose in 0.2 M NaCl, 20 mM Tris-
HCI at pH 7.4, 1 mM EDTA, 1mM DTT. MBP-NAP57 was
further affinity purified by virtue of its hexa-histidine tag on a HIS
select HF Ni Affinity gel (Sigma) after dialysis against 0.3 M NaCl,
50 mM sodium phosphate at pH 8.0, 10 mM imidazole , and was
eluted by 0.5 M imidazole in 0.3 M NaCl, 50 mM sodium
phosphate at pH 8.0. The SHQI constructs were similarly purified
by nickel affinity chromatography except that the cells were
directly suspended in 0.3 M NaCl, 50 mM sodium phosphate at
pH 8.0, 10 mM imidazole, protease inhibitors. Additionally, the
purified proteins were dialyzed against buffer used to assay
pseudouridylation, 20 mM HEPES at pH 7.9, 120 mM KCl, 2
mM MgCl,. For pull-downs, MBP-fusion proteins were immobi-
lized on 25 pL amylose resin in 120 mM NaCl, 20 mM Tris-HCl
at pH 7.4, 0.02% TritonX-100; incubated with 2 pg of SHQI
protein constructs; washed; and eluted with SDS sample buffer for
analysis by SDS-polyacrylamide electrophoresis.

Pseudouridylation and H/ACA RNP

reconstitution assay

In vitro assembly of H/ACA RNP was carried out as described
previously (Wang and Meier 2004). Briefly, a typical 25 wL reac-
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tion contained 5 wL of HeLa cytoplasmic S-100 extracts (Dignam
et al. 1983), reconstitution buffer (20 mM HEPES-KOH at pH 7.9,
120 mM KCl, and 2 mM MgCl,), 20 U RNaseOUT (Invitrogen), 1
mM ATP, 2 wg Escherichia coli tRNA, and ~0.6 pmol of rat guide
E3 snoRNA. The reaction mixture was pre-incubated for 30 min
at 30°C to allow RNP assembly prior to adding the site-specifically
and *?P-labeled substrate rRNA (Wang et al. 2002). After in-
cubation for additional 90 min at 30°C, RNA was recovered,
digested with RNase T2 (purified according to the method of
Lichtler et al. [1992]), and the resulting 3’ nucleotide mono-
phosphates were separated by thin layer chromatography (Wang
et al. 2002). Where indicated increasing amounts of anti-sera and
recombinant SHQ1 protein constructs were added either before
the pre-incubation step or concomitant with the substrate RNA.

Fluorescence and immunochemical approaches

Unless stated otherwise the antibodies, equipment, and proce-
dures were identical to those previously employed (Darzacq et al.
2006). Specifically for the data in Figure 3B, three-dimensional
stacks of images were acquired with a 200-nm step size using a
BX61 microscope with a 100X, 1.35-NA objective (Olympus) and
CoolSNAP-HQ CCD camera (Photometrics) using IPLab software
(version 3, BD Biosciences Bioimaging) using filters for Cy2 (model
no. 41001) and Cy5 (model no. 41008, Chroma Technology).
Deconvolutions were performed using the CMLE algorithm in
Huygens Professional (version 3.3, Scientific Volume Imaging) set
to perform 400 iterations to quality factor 0.01. The images were
adjusted using Photoshop CS4 (Adobe) and Image J (NIH) software.

The following additional primary antibodies were used (dilu-
tions in parentheses for Western blots and, where indicated,
indirect immunofluorescence): SHQI antibodies (BA10 IgG at 0.7
pg/mL) were raised in rabbits (Covance Research Products)
against a synthetic peptide GC*”>GSDSEQDELKDSPSE**® where
the two N-terminal amino acids are not part of SHQI (Biosyn-
thesis) and affinity purified (Meier and Blobel 1992); mouse
monoclonal a-tubulin antibodies (Sigma; at 0.3 pg/mL); rabbit
antibodies against recombinant human Noppl40 (RS8 serum,
1:1000) (Kittur et al. 2007); NHP2 antibodies (CG2 serum at
1:1000) were raised in rabbits against the synthetic peptide
125CVIMVKPHEEYQEAY'® (Covance Research Products); NOP10
antibodies (CF3 serum at 1:1000 for fluorescence) were raised in
rabbits against the synthetic peptide *'RFKVLMTQQPRPVL®
with an additional N-terminal cysteine (Covance Research Prod-
ucts). Slides for indirect immunofluorescence were mounted in
ProLong Gold Antifade medium (Invitrogen).

Cell and RNA extracts

For protein extraction, cells from one 10-cm dish were lysed in
150 mM NaCl, 20 mM HEPES at pH 7.4, 2mM EGTA, 2 mM
EDTA, 1% TritonX-100 (v/v), 5% glycerol (v/v), 1 mM DTT, 25
pL/mL protease inhibitors (Sigma) and pelleted. The supernatant
represented the low-salt extract, and the pellet was further
extracted in 150 pL high-salt buffer (0.5M NaCl, 20 mM HEPES
at pH 7.4, 2 mM MgCl,, 10% glycerol [v/v], 1 mM DTT, protease
inhibitors). The protein concentration was determined using
protein assay reagent (Bio-Rad), and 80 pg and 50 pg of the
low- and high-salt extracts per lane, respectively, were analyzed by
SDS-polyacrylamide electrophoresis. Proteins on immunoblot
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were detected using an infrared imaging system (Odyssey; LI-COR
Biosciences) as described previously (Darzacq et al. 2006).

For Northern blots, total RNA was extracted using Trizol
reagent (Invitrogen), 4-5 g per lane were loaded on 6%—8%
denaturing (8 M urea) polyacrylamide gels, transferred to posi-
tively charged nylon membranes (Immobilon NY+, Millipore),
and UV cross-linked using a GS Gene Linker UV chamber (Bio-
Rad) preset to 150 mJ/cm?. For detection, **P-end-labeled oligo-
nucleotides were used, except in the case of hTR, where the probe
was generated by random prime labeling of the full-length se-
quence. Final washes of the blots were at 37°C with 7X SSC, 1%
SDS and, in the case of hTR, at room temperature with 0.1X SSC,
50 mM sodium phosphate at pH 7.0, 1% SDS. The signals were
recorded by autoradiography on BioMax MS film (Eastman Kodak.)
and quantified using a PhosphorImager (Molecular Dynamics).
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