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DEAD-box RNA helicase Dbp4 is required for 18S rRNA synthesis: cellular depletion of Dbp4 impairs the early cleavage reac-
tions of the pre-rRNA and causes U14 small nucleolar RNA (snoRNA) to remain associated with pre-rRNA. Immunoprecipita-
tion experiments (IPs) carried out with whole-cell extracts (WCEs) revealed that hemagglutinin (HA)-tagged Dbp4 is associated
with U3 snoRNA but not with U14 snoRNA. IPs with WCEs also showed association with the U3-specific protein Mpp10, which
suggests that Dbp4 interacts with the functionally active U3 RNP; this particle, called the small-subunit (SSU) processome, can
be observed at the 5= end of nascent pre-rRNA. Electron microscopy analyses indicated that depletion of Dbp4 compromised
SSU processome formation and cotranscriptional cleavage of the pre-rRNA. Sucrose density gradient analyses revealed that de-
pletion of U3 snoRNA or the Mpp10 protein inhibited the release of U14 snoRNA from pre-rRNA, just as was seen with Dbp4-
depleted cells, indicating that alteration of SSU processome components has significant consequences for U14 snoRNA dynam-
ics. We also found that the C-terminal extension flanking the catalytic core of Dbp4 plays an important role in the release of U14
snoRNA from pre-rRNA.

Ribosome biogenesis in the nucleoli of eukaryotic cells begins
with the transcription of large rRNA precursors (pre-rRNAs),

which are matured and assembled into the small (40S) and large
(60S) ribosomal subunits. It is well established that a key step in
the making of ribosomes is the production of mature rRNAs, the
functional components of ribosomes (1, 2).

In Saccharomyces cerevisiae, RNA polymerase I synthesizes a
long precursor of 35S that is processed into the 18S, 5.8S, and 25S
rRNAs, while the 5S rRNA is independently transcribed by RNA
polymerase III (1, 3). The 35S pre-rRNA is subjected to an orderly
maturation process that requires more than 200 trans-acting fac-
tors (4–6). In addition, tens of small nucleolar RNAs (snoRNAs)
base pair with pre-rRNAs and direct the site-specific posttran-
scriptional modification of rRNAs (7). The snoRNAs are grouped
in two large families, called C/D and H/ACA, and they assemble
into RNPs with specific proteins to carry out 2=-O-ribose methyl-
ation and pseudouridylation, the conversion of uridines into
pseudouridines (�) (7–9).

In contrast to the plethora of snoRNAs guiding posttranscrip-
tional modifications, very few snoRNAs are required for the en-
donucleolytic cleavages that remove spacer sequences from pre-
rRNAs. The U3, U14, and snR30 snoRNAs are essential for the
early cleavage reactions that lead to the production of 18S rRNA;
snR10 is also implicated in these cleavages but is not essential for
growth (1, 10–12). U3 (C/D class) and snR30 (H/ACA class) are
involved in the three early processing reactions, i.e., the cleavages
at sites A0, A1, and A2 (for details on the processing pathway, see
reference 13). U14 and snR10 are unique in that they have dual
functions: they are involved in pre-rRNA processing at sites A1
and A2 but not at A0, and U14 targets the 2=-O-methylation of
C414 in 18S rRNA, while snR10 directs the formation of �2923 in
25S rRNA (14). Another essential snoRNA is RRP2, the RNA
component of RNase MRP; this RNA does not belong to the C/D
or H/ACA class but is required for cleavage at site A3 and for the
production of 5.8SS rRNA (1, 13).

The small-subunit (SSU) processome is a very large RNP of

�80S that forms the terminal knob observed at the 5= end of a
nascent pre-rRNA transcript (15, 16). The SSU processome is
composed of U3 snoRNA and more than 70 proteins, most of
which are specific for U3 and are required for its function (13, 15,
17–20). At present, it is not known whether U14 snoRNP contains
specific proteins required for its function. Yeast U14 snoRNA has
an extra stem-loop structure called the Y domain, which is essen-
tial for growth (10). In a search for a protein(s) that interacts with
the Y domain, Liang et al. (21) identified Dbp4 in a multicopy
suppressor screen; growth defects caused by deleterious muta-
tions in the Y domain of U14 could be suppressed by overexpres-
sion of Dbp4, a phylogenetically conserved DEAD-box RNA he-
licase (21, 22).

RNA helicases are viewed as molecular motors that rearrange
RNA structures or RNA-protein complexes in an energy-depen-
dent fashion (23). These enzymes are characterized by signature
motifs that form a central, catalytic domain of about 350 amino
acids. The catalytic core is flanked by N- and C-terminal exten-
sions that differ in length and amino acid composition; these re-
gions are thought to be important for substrate recognition and
for the function of an individual helicase (24, 25). Of the 45 puta-
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tive RNA helicases identified in yeast (26), 20 are required for
ribosome biogenesis (27, 28): this reflects the complexity of the
RNA-RNA and RNA-protein rearrangements that are needed for
the production of functional ribosomes.

The DEAD-box RNA helicase Dbp4 is essential for viability,
indicating that its function cannot be complemented by another
helicase (21). A role for Dbp4 in ribosome biogenesis was demon-
strated by Kos and Tollervey (29): they showed that depletion of
Dbp4 impaired early cleavage reactions at sites A0, A1, and A2 of
the pre-rRNA, a phenotype that is normally seen with cells de-
pleted of U3 snoRNA or U3-specific proteins (30). Cellular deple-
tion of Dbp4 also impaired the release of U14 snoRNA from pre-
rRNA, suggesting that Dbp4 is the RNA helicase that unwinds the
U14 snoRNA–pre-rRNA duplex (29). We showed recently that
Dbp4 is associated with U14 snoRNA in a complex that sediments
at about 50S in sucrose density gradients (31). The human homo-
logue of Dpb4 is also present in a complex of 50S but is associated
with U3 snoRNA and not with U14 (32), indicating that the Dbp4
complex of 50S is different in yeast and humans (31).

Here we report that Dbp4 is associated with U3 snoRNA and
the U3-specific protein Mpp10, which are components of the SSU
processome. Electron microscopy (EM) analyses of chromatin
spreads indicated that cellular depletion of Dbp4 inhibited SSU
processome formation. We also show that trapping of U14
snoRNA on pre-rRNA is observed not only in Dbp4-depleted cells
but also upon depletion of the U3 snoRNA or Mpp10 protein.
Moreover, we found that the C-terminal extension of Dbp4 plays
an important role in the release of U14 snoRNA from high-mo-
lecular-weight complexes and is necessary for the association of
Dbp4 with U14 in the 50S complex.

MATERIALS AND METHODS
Yeast strains and media. The yeast strains used in this study are listed in
Table 1. The strains were usually grown in rich YP medium (1% yeast
extract, 2% peptone) supplemented with either 2% dextrose (YPD) or 2%
galactose (YPGal). For the selection of auxotrophic markers, cells were
grown in synthetic medium (0.17% yeast nitrogen base) supplemented
with the appropriate dropout mix (Clontech) and 2% galactose or glu-
cose, as required. Media in culture plates included 2% Bacto agar. Yeast
strains expressing hemagglutinin (HA)-tagged proteins were generated as
described elsewhere (33) by using appropriate oligonucleotides (oligonu-
cleotide sequences are available on request): cells were plated onto non-
selective YPD or YPGal agar plates, as required, and were then replica
plated onto selective agar plates containing 200 �g/ml Geneticin (Gibco).
The DBP4-HA strain was further engineered into a depletion strain by
replacing its promoter with the inducible GAL1 promoter as described by

Longtine et al. (34). The GAL::DBP4-HA depletion strain was used for
complementation assays with constructs that were constitutively ex-
pressed from the single-copy plasmid pCM188 (35). Plasmid-encoded
Dbp4 contained a Myc tag at its C terminus.

Immunoprecipitations. Immunoprecipitation experiments (IPs)
with whole-cell extracts (WCEs) were carried out essentially as described
previously (15). For each IP, 4 mg of protein A–Sepharose CL-4B (GE
Healthcare) was first saturated with a mouse anti-HA monoclonal anti-
body (MAb 12CA5): binding was carried out overnight on a nutator at
4°C in TMN100 buffer (25 mM Tris-HCl [pH 7.6], 10 mM MgCl2, 100
mM NaCl, 0.1% Nonidet P-40, 1 mM dithiothreitol [DTT]). The “HA
beads” were then washed three times with 1 ml TMN100 and were subse-
quently incubated with 500 �l of WCEs on a nutator at 4°C for 1 h. WCEs
were prepared from exponentially growing cells (A600, 0.5 to 0.7), and the
equivalent of 5 A600 units of cells was used for each IP. Cells were disrupted
with glass beads (Sigma) in TMN100 buffer containing Complete pro-
tease inhibitor cocktail (Roche). After vigorous vortexing (seven times for
45 s each time, with intervals of 45 s, on ice), lysates were cleared by
centrifugation at 4°C in a microcentrifuge (5 min at 18,000 � g). After
incubation, the beads were washed 5 times with 1 ml TMN100, TMN200,
or TMN400 (the number after “TMN” indicates the millimolar concen-
tration of NaCl). IPs with complexes isolated from sucrose gradient frac-
tions were carried out as described in reference 31. Coimmunoprecipi-
tated RNAs were recovered by phenol-chloroform extraction, followed by
ethanol precipitation in the presence of 40 �g glycogen (Roche). For pro-
tein analyses, the beads were mixed with 2� SDS loading buffer, and the
proteins were eluted by incubation at 90°C for 5 min.

3=-end labeling of RNAs. RNAs were labeled at their 3= ends essen-
tially as described previously (36). RNAs were mixed with T4 RNA ligase
reaction buffer (50 mM HEPES [pH 8.3], 10 mM MgCl2, 50 �M ATP, 3.3
mM DTT, 10% [vol/vol] dimethyl sulfoxide [DMSO], 40 U RNasin [Pro-
mega], 10 �Ci [5=-32P]pCp, and 20 U T4 RNA ligase [New England Bio-
Labs]). The reaction mixture (30 �l) was incubated at 4°C for 16 h, and an
equal volume of stop solution (USB) was added to the reaction. Samples
were heat denatured for 3 min at 90°C and were immediately put on ice.
Aliquots of 6 �l were separated on 8% polyacrylamide sequencing gels.

Northern blotting. Small RNAs recovered in IPs or from sucrose gra-
dient fractions were extracted with phenol-chloroform, precipitated with
ethanol, separated on a denaturing polyacrylamide (8%) gel, transferred
to a nylon membrane, cross-linked under UV light, and hybridized with
specific 5=-end-labeled antisense oligonucleotides (sequences are avail-
able on request) (31). Hybridization was carried out for 16 h at 37°C.
Following two washes in 5� SSPE (1� SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA [pH 7.7]) containing 0.1% SDS and one wash
in 0.5� SSPE containing 0.1% SDS, the membranes were exposed to a
phosphor screen and were analyzed with a Molecular Imager F/X system
(Bio-Rad).

Western blotting. Proteins recovered after immunoprecipitations or
from sucrose gradient fractions were separated by SDS-PAGE and were

TABLE 1 Yeast strains used in this study

Strain Genotype Reference or source

YPH499 MATa ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 40
DBP4-HA Same as YPH499 except DBP4::DBP4-3HA-kanMX6 This study
GAL::DBP4-HA Same as DBP4-HA except TRP1::PGAL1-DBP4-3HA This study
NOP1-HA Same as YPH499 except NOP1::NOP1-3HA-kanMX6 15
YS626 MATa leu2 ura3 trp1 his3 HIS3::GAL1::U14 21
YSS1 Same as YS626 except DBP4::DBP4-3HA-kanMX6 This study
JH84 MAT� leu2-3,12 ura3-52 his3-� ade2-1 can1-100 u3a� UASGAL-U3A::URA3 U3B::LEU2 47
YSS2 Same as GAL::U3 except DBP4::DBP4-3HA-kanMX6 This study
YPH258 MATa ura3-52 lys2-801 ade2-101 his3-�200 leu2-�1 40
GAL::MPP10 Same as YPH258 except mpp10::HIS3 ADE2 URA3::PGAL1-10-MPP10 37
YSS3 Same as GAL::MPP10 except DBP4::DBP4-3HA-kanMX6 This study

RNA Helicase Dbp4 and the SSU Processome

March 2015 Volume 35 Number 5 mcb.asm.org 817Molecular and Cellular Biology

http://mcb.asm.org


transferred to a polyvinylidene difluoride (PVDF) membrane (Immo-
bilon-P; Millipore). The blots were incubated for 1 h with one of the
following primary antibodies: mouse anti-HA monoclonal antibody
12CA5, mouse anti-Myc monoclonal antibody 9E10, rabbit anti-Mpp10
polyclonal antibodies (37), rabbit anti-Tsr1 polyclonal antibodies (38),
and rabbit anti-Rpl3 and anti-Rpl30 polyclonal antibodies. Note that anti-
Rpl30 (formerly designated L32) also recognizes Rps2 (formerly desig-
nated S4) (39). After three washes, the blots were incubated with the
appropriate horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (GE Healthcare) according to the manufacturer’s recommenda-
tions. The blots were washed and were revealed using the ECL-Plus West-
ern blotting detection system (GE Healthcare).

Sucrose density gradient analyses. Prior to the harvesting of cells,
cultures were incubated with cycloheximide (100 �g/ml; Sigma), and cy-
cloheximide was maintained in all subsequent steps. Cells (30 A600 units)
were harvested by centrifugation, washed with cold water, and resus-
pended in 0.5 ml of TMK100 buffer (the same as TMN100 except that KCl
was substituted for NaCl) containing Complete protease inhibitor cock-
tail (Roche) and cycloheximide. Cellular extracts were prepared with glass
beads (Sigma) by vigorous vortexing (seven times for 45 s each time, with
intervals of 45 s, on ice), and lysates were cleared by centrifugation at 4°C
in a microcentrifuge (5 min at 2,500 � g). Fifteen A260 units of extract was
loaded onto linear 7-to-47% (wt/vol) sucrose gradients prepared in
TMK100. The gradients were spun in a SW41 rotor at 39,000 rpm for 165
min. Fractions were collected using an Isco density gradient fractionator
equipped with a UA-6 detector with constant monitoring of the absor-
bance at 254 nm to follow the presence of 40S and 60S ribosomal subunits,
80S ribosomes, and polysomes. Each fraction was separated into two ali-
quots: an aliquot of 200 �l was used for RNA analyses by Northern blot
hybridization (see above), and 300 �l was subjected to trichloroacetic acid
(TCA) precipitation before analysis of proteins by Western blotting.

Cellular depletion of individual components. Conditional strains
were first grown to exponential phase (A600 � 0.5) at 30°C in liquid YPGal
medium and were then transferred to prewarmed YPD medium. When
required, cultures were diluted with prewarmed YPD to maintain expo-
nential growth. Cellular growth was monitored at different time points by
measuring the A600.

Electron microscopy. Miller chromatin spreading was performed as
described in reference 16. Briefly, 1 ml of the appropriate yeast culture was
added to 5 mg Zymolyase for 4 min and was centrifuged briefly, and the
pellet was resuspended in 1 ml 0.025% Triton (pH 9.2). After thorough
mixing, the solution was added to 6 ml 11 mM KCl (pH 7) and was
allowed to disperse for about 40 min with swirling. One-tenth volume of
0.1 M sucrose–10% formalin (pH 8.65) was added, and grids were made
15 min later.

RESULTS
Dbp4 specifically associates with U3 snoRNA. Deleterious mu-
tations in the Y domain of U14 snoRNA can be suppressed by
overexpression of DEAD-box protein Dbp4 (21). To examine the
possible association of Dbp4 with U14 snoRNA, we carried out
immunoprecipitation experiments (IPs) with cellular extracts
prepared from the yeast DBP4-HA strain, a derivative of YPH499
(40). The DBP4-HA strain expresses Dbp4 with a triple HA
epitope at its C terminus (referred to below as Dbp4-HA); it
should be noted that in this strain, Dbp4-HA is not overexpressed,
because transcription is under the control of its endogenous pro-
moter (33). No growth defects were observed for the DBP4-HA
strain, indicating that the triple HA tag at the C terminus of Dbp4
did not affect its essential function (data not shown).

We conducted IPs with cellular extracts prepared from the
DBP4-HA strain and other control strains, and we analyzed the
coimmunoprecipitated RNAs. The immunoprecipitates were
washed with increasing salt concentrations in order to assess the

stability of complexes. In a first series of experiments, RNAs that
coimmunoprecipitated with Dbp4-HA were directly labeled at
their 3= ends with [5=-32P]pCp and were separated on a sequenc-
ing gel. These experiments revealed a faint band of about 330
nucleotides (nt) that progressively disappeared with increasing
salt concentrations (Fig. 1A, lanes 3 to 5). This band comigrated
with U3 snoRNA, which gave a very strong signal in control IPs
with HA-tagged Nop1, a protein common to all C/D snoRNPs (7)
(Fig. 1A, lanes 7 to 9). In marked contrast to the Nop1-HA IPs, no
band corresponding to U14 snoRNA (126 nt) was detected in the
Dbp4-HA immunoprecipitates (Fig. 1A, compare lanes 3 to 5 with

FIG 1 Dbp4 is associated with U3 snoRNA. (A) 3=-end labeling of RNAs.
WCEs were prepared from yeast strains expressing HA-tagged Dbp4 (lanes 2
to 5) or HA-tagged Nop1 (lanes 6 to 9). Beads coated with an anti-HA MAb
were incubated with WCEs, recovered by centrifugation, and washed with
increasing salt concentrations. RNAs were extracted with phenol-chloroform,
precipitated with ethanol, labeled at their 3= ends with [5=-32P]pCp, and sep-
arated on a sequencing gel. T lanes, total RNAs from WCEs. DNA molecular
size markers (M) are shown in lane 1 (in nucleotides). The predicted positions
of some RNAs are indicated on the right. (B) Northern blotting of recovered
RNAs. IPs and RNA isolation were conducted as for panel A with WCEs pre-
pared from an untagged yeast strain (lanes 1 to 5) or from yeast strains express-
ing HA-tagged Nop1 (lanes 6 to 10) or HA-tagged Dbp4 (lanes 11 to 15).
Immunoprecipitated RNAs were separated in a denaturing gel, transferred to
a nylon membrane, and probed with radiolabeled oligonucleotides comple-
mentary to various snoRNAs (indicated on the right). T lanes correspond to
total RNAs isolated from WCEs, and S lanes correspond to RNAs from super-
natants.
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lanes 7 to 9). Note that tRNAs, 5S rRNA, and 5.8S rRNA were also
detected in these experiments, but those RNAs are known as
sticky, nonspecific contaminants (15, 37, 41). To identify the
RNAs that coimmunoprecipitated with Dbp4, we carried out
Northern blot hybridization analyses with 32P-labeled oligonucle-
otides. These experiments showed that HA-tagged Dbp4 is specif-
ically associated with U3 snoRNA (Fig. 1B). The intensity of the
signal for U3 decreased with increasing salt concentrations, show-
ing that the association of Dbp4 with U3 was salt sensitive, in
contrast with the U3-Nop1 association (Fig. 1B, compare lanes 8
to 10 with lanes 13 to 15). Control experiments with the untagged
parental strain did not reveal the presence of U3 in immunopre-
cipitates (Fig. 1B, lanes 3 to 5), ruling out the possibility that the
faint U3 band observed in Dbp4-HA IPs resulted from a nonspe-
cific interaction.

Dbp4 interacts with the SSU processome, the active U3 par-
ticle. U3 is a dynamic RNP that can be detected in alternative
states of �12S to 15S and �80S; the larger form is the functionally
active U3 RNP and is designated the SSU processome (15, 42, 43).
Since it is an RNA helicase, Dbp4 could be required for assembly
of the U3 RNP at an early (�12S to 15S) or a late (�80S) stage. To
assess the latter possibility, we asked whether Dbp4 coimmuno-
precipitated with the U3-specific protein Mpp10, which is an in-
tegral constituent of the SSU processome (15, 16, 37). Western
blot analyses indicated that Dbp4 was associated with Mpp10 and
that this association was salt sensitive (Fig. 2A, lanes 10 to 12). The
coimmunoprecipitation (co-IP) of Mpp10 with Dbp4-HA was
much less efficient than that with the core component Nop1-HA
(Fig. 2A, compare lanes 6 to 8 with lanes 10 to 12), but the signal
was well above background levels (Fig. 2A, compare lanes 2 to 4

with lanes 10 to 12), indicating that the co-IP of Mpp10 with Dbp4
was specific and was not due to fortuitous interactions. Sucrose
gradient sedimentation analyses indicated that Dbp4-HA was en-
riched in the lower-density fractions of the gradient, forming a
peak at 40S to 50S, as observed elsewhere (31), and that a very
small portion of Dbp4-HA cosedimented with Mpp10 and the U3
snoRNA in the 80S region of the gradient (Fig. 2B). These results
are consistent with IPs showing that only a fraction of the U3
snoRNA and Mpp10 coimmunoprecipitated with Dbp4-HA (Fig.
1B and 2A). We proposed recently that Dbp4 is an SSU proces-
some component (31); here we showed that the association of
Dbp4 with the SSU processome is not stable, which could reflect
the transient nature of the interaction between the RNA helicase
Dbp4 and the SSU processome.

Loss of Dbp4 alters the sedimentation of snoRNPs. We gen-
erated the GAL::DBP4-HA conditional strain, which expresses
Dbp4-HA under the control of the GAL1 promoter (34). This
promoter is active in galactose-containing medium (YPGal) but is
turned off when cells are grown in the presence of glucose (dex-
trose) (YPD). We found that the growth rate of the GAL::
DBP4-HA strain was identical to that of the parental DBP4-HA
strain and the wild-type strain YPH499 when the cells were grown
in YPGal (data not shown). When exponentially growing cells
were shifted from YPGal to YPD, the growth of the GAL::
DBP4-HA strain began to slow down within 3 to 4 h after the shift
to YPD, whereas the DBP4-HA and YPH499 strains maintained
exponential growth rates (Fig. 3A).

To avoid possible secondary effects caused by the depletion of
Dbp4, we chose to analyze cellular extracts prepared at early time
points after the shift to YPD. Cells were harvested at 4 and 6 h
following the shift to YPD (Fig. 3A, arrows), and cellular extracts
were analyzed by ultracentrifugation through sucrose density gra-
dients. Continuous monitoring of the absorbance at 254 nm dur-
ing gradient fractionation generated a sedimentation profile of
ribosomal particles (40S and 60S ribosomal subunits, 80S ribo-
somes, and polysomes). For comparison, extracts were prepared
from nondepleted exponentially growing cells (0 h in YPD) and
were analyzed in parallel. Note that the 60S peak was less pro-
nounced than the 40S peak in nondepleted cells (this was also seen
with extracts from other nondepleted strains and from the paren-
tal DBP4-HA strain), and switching cells from galactose- to dex-
trose-containing medium restored the normal smaller size of the
40S peak (data not shown). Depletion of Dbp4 caused a strong
decrease in the amount of free 40S ribosomal subunits and a grad-
ual increase in the amount of free 60S ribosomal subunits over
time (Fig. 3B). These results are consistent with the implication of
Dbp4 in 18S rRNA production (21, 29). Indeed, impairment of
18S rRNA synthesis leads to a deficit in 40S subunits, which is
accompanied by an excess of free 60S subunits, because 80S ribo-
somes can no longer be formed. Curiously however, the intensity
of the 80S peak did not diminish, even 6 h after the shift to YPD.
This phenomenon is unique to Dbp4 depletion; it was not ob-
served with the depletion of U14, U3, or Mpp10 (see below).

The distribution of snoRNAs in sucrose density gradients was
analyzed by Northern blot hybridization (Fig. 3C). In comparison
with that in nondepleted cells (0 h in YPD), the distribution pat-
terns of U3 and U14 snoRNAs changed: U14 moved from the 50S
fraction to higher-molecular-weight fractions of the gradient, in-
dicating that U14 was trapped in higher-order complexes. U3 nor-
mally sediments as free RNPs (�12S to 15S) and active particles

FIG 2 Dbp4 associates with Mpp10 but is not enriched in SSU processome
fractions. (A) Western blot analysis of immunoprecipitates from IPs con-
ducted as for Fig. 1B. WCEs were prepared from an untagged yeast strain (lanes
1 to 4) or from yeast strains expressing HA-tagged Nop1 (lanes 5 to 8) or
HA-tagged Dbp4 (lanes 9 to 12). Proteins were fractionated by SDS-PAGE,
transferred to a PVDF membrane, and subjected to immunoblotting with
anti-Mpp10 antibodies. (B) Sucrose gradient sedimentation analyses. (Top)
Northern blots for U3 and U14 snoRNAs; (bottom) Western blots for Dbp4
and Mpp10 proteins. The positions of 40S and 60S ribosomal subunits, 80S
ribosomes, and polysomes are indicated.
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(�80S), but during Dbp4 depletion, free RNPs were barely de-
tected, and the bulk of U3 accumulated in high-density regions of
the gradient (�80S). Individual fractions were also analyzed for
the presence of the U3-specific protein Mpp10 by Western blot-
ting (Fig. 3D). In depleted cells, the sedimentation profile of

Mpp10 was similar to that of U3 snoRNA, except that a larger
portion of Mpp10 was found in free form at the top of the gradi-
ent; it is known that the Mpp10 complex, which is small and con-
tains Imp3 and Imp4, independently joins the nascent SSU pro-
cessome (19, 20, 44–46).

FIG 3 Depletion of Dbp4 affects the sedimentation of U14 and other snoRNAs. (A) Growth curves of the YPH499, DBP4-HA, and GAL::DBP4-HA strains after the shift
into glucose-containing medium. The cultures were diluted as necessary to maintain exponential growth. Absorbance at 600 nm was measured over time. Arrows
indicate depletion time points that were chosen for subsequent analyses. (B) Sucrose gradient sedimentation profiles of extracts prepared from the GAL::DBP4-HA strain
before (0 h) and after (4 h and 6 h) the shift to YPD. The positions of free 40S and 60S subunits, 80S ribosomes, and polysomes are indicated. (C) Northern blot analysis
of snoRNAs in sucrose gradient fractions. RNAs were extracted from gradient fractions of the GAL::DBP4-HA strain grown in YPGal (0 h) or in YPD to deplete Dbp4
for 4 h or 6 h (the times of depletion are indicated on the left). We used oligonucleotides complementary to different snoRNAs that belong to the C/D or H/ACA class
(indicated on the right). Gradients were fractionated into 22 samples (numbered 1 to 22). T lanes, total RNAs of the extracts. Sedimentation is from left to right. The
positions of 40S and 60S subunits, 80S ribosomes, and polysomes are indicated on the top. In the snR10 panel, asterisks indicate that snR10 corresponds to the lower band
in fractions 3 and 4 (at 0 h). Note that fraction 12 of the 6-h depletion time was lost. (D) Western blotting of sucrose gradient fractions. The time of growth of the
GAL::DBP4-HA strain in YPD medium is indicated on the left of each panel. Samples (numbered 1 to 22) were analyzed with an antibody against Mpp10.
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We also examined the sedimentation profiles of modification
guide RNAs, because depletion of Dbp4 can alter their sedimen-
tation (29). In Dbp4-depleted cells, the box C/D guide snoRNAs
snR41 and snR77 showed increased distribution in fractions cor-
responding to very large complexes (polysome-size fractions),
and snR47 moved from the 40S-to-60S region to the 60S-to-80S
region of the gradient. In contrast, we did not observe major
changes in the distribution of the H/ACA guide snoRNAs snR10
and snR46 or in that of the H/ACA processing snoRNA snR30.
Overall, these sedimentation profiles suggest that depletion of
Dbp4 can alter the dynamics of snoRNPs, with a more pro-
nounced effect on C/D snoRNPs than on H/ACA snoRNPs.

Effects of depleting U14 snoRNA. Considering the link be-
tween Dbp4 and U14 snoRNA (21, 29), we analyzed the effects of
depleting U14. Strain YS626, which expresses U14 under the con-
trol of the GAL1 promoter (21), was further engineered to encode
HA-tagged Dbp4 under the control of its endogenous promoter
(33). This new strain was named YSS1 and was used for our anal-
yses. Exponentially growing cells were transferred from YPGal to
YPD, and the growth rate decreased gradually after the shift (Fig.
4A). Early depletion times of 4 and 8 h were chosen so as to avoid
secondary effects in further experiments with strain YSS1. We
examined the sedimentation profiles of ribosomal particles before
and after the shift to YPD (Fig. 4B). In accord with the essential
role of U14 in 18S rRNA production, the peak of free 40S ribo-
somal subunits was almost undetectable upon U14 depletion. As
expected, this deficit was accompanied by an increase in free 60S
ribosomal subunits, and the overall content of 80S ribosomes and
polysomes was decreased due to the impaired balance between the
amounts of 40S and 60S ribosomal subunits (Fig. 4B). Gradient
fractions were subjected to Northern and Western blot analyses
(Fig. 4C and D). Interestingly, U14 depletion caused a change in
the sedimentation profile of U3 snoRNA: as seen with Dbp4-de-
pleted cells (Fig. 3), free U3 RNPs were no longer detected in the
lower-density region of the gradient, and U3 accumulated in large
complexes. Before its depletion, U14 sedimented in low-molecu-
lar-weight fractions, but after a few hours in YPD, it was no longer
detected in those fractions.

Depletion of U14 also caused a redistribution of box C/D guide
snoRNAs, which was similar to that seen upon depletion of Dbp4.
Note, however, that these snoRNAs could be detected in large
complexes even before depletion, a pattern different from that
observed with the GAL::DBP4-HA strain (compare the 0-h results
for snR41, snR47, and snR77 in Fig. 3C and 4C). As reported
previously, the sedimentation profiles of snoRNAs can differ be-
tween strains with different genetic backgrounds (29). Neverthe-
less, U14 depletion changed the sedimentation profile of these
C/D guide snoRNAs in a manner similar to that seen upon Dbp4
depletion. Moreover, U14 depletion affected the sedimentation of
the H/ACA processing snoRNA snR30, which largely disappeared
from low-molecular-weight fractions and accumulated in the 80S
region of the gradient (Fig. 4C). H/ACA guide snoRNAs snR10
and snR35 also accumulated slightly in the 80S region of the gra-
dient upon U14 depletion (Fig. 4C). Western blot analyses showed
that U14 depletion had little effect on the distribution of Mpp10,
while Dbp4 was no longer detected in high-density fractions (Fig.
4D). Taken together, these results indicate that U14 depletion af-
fects the sedimentation profiles of many nucleolar factors.

Depletion of U3 snoRNA alters the sedimentation of
snoRNAs. The U3 snoRNA is the central constituent of the SSU

processome. Because U3 and Dbp4 are associated (Fig. 1), we
analyzed the consequences of depleting U3 snoRNA. Strain JH84,
which conditionally expresses U3 snoRNA from the GAL1 pro-
moter (47), was modified to encode HA-tagged Dbp4 from its
endogenous promoter (strain YSS2). As observed with the deple-
tion of other components, blocking the production of U3 snoRNA
caused severe growth defects (Fig. 5A). We chose to carry out
further experiments with cells depleted of U3 snoRNA for 3 and 6
h. The sedimentation profile of ribosomal particles was similar to
that seen for U14-depleted cells, except that the decrease in the 80S
peak was less pronounced (compare Fig. 5B and 4B). The sedi-
mentation profile of the U3 snoRNA itself was similar to that seen
for cells depleted of Dbp4 or U14 snoRNA (compare Fig. 5C with
Fig. 3C and 4C). Surprisingly, depletion of U3 snoRNA also af-
fected the sedimentation profile of U14, which showed increased
distribution and abundance in the fractions corresponding to
large complexes (Fig. 5C). In fact, the sedimentation profile of
U14 snoRNA was very similar to that observed during Dbp4 de-
pletion (Fig. 3C), indicating that depletion of U3 snoRNA also
resulted in the trapping of U14 in high-molecular-weight com-
plexes.

We noted that, as with the U14 depletion strain YSS1 grown in
YPGal (Fig. 4), snR41 accumulated in two regions of the gradient
in nondepleted cells, one at �50S and the other corresponding to
high-density fractions (Fig. 5C). Upon U3 depletion, this distri-
bution changed, and snR41 moved from the �50S region of the
gradient to the 60S-to-80S region, while a good proportion of
snR41 was maintained in high-density fractions. There were no
major changes in the distribution of guide snoRNAs snR10,
snR46, and snR77; however, snR47 largely accumulated in the
�80S region of the gradient, as seen above during the depletion of
Dbp4 (Fig. 3C) and U14 snoRNA (Fig. 4C). Only minor changes
were observed in the sedimentation profile of the H/ACA process-
ing snoRNA snR30 (Fig. 5C) and for the Mpp10 and Dbp4 pro-
teins (Fig. 5D).

Effects of Mpp10 depletion. The U3-specific protein Mpp10 is
required for pre-18S rRNA processing and is a genuine SSU pro-
cessome component (15, 37). We have shown that Mpp10 and
Dbp4 are associated in vivo (Fig. 2A). Hence, we analyzed the
effect of depleting Mpp10 using the depletion strain YSS3, which
expresses Mpp10 under the control of a GAL1-10 promoter (37)
and HA-tagged Dbp4 from its endogenous promoter. When ex-
ponentially growing cells were shifted from YPGal to YPD, there
was a gradual reduction in the growth rate (Fig. 6A), and further
experiments were carried out 6 and 10 h after the shift to YPD. The
sedimentation profiles of ribosomal particles from Mpp10-de-
pleted cells were very similar to those seen for U14-depleted cells
(compare Fig. 4B and 6B). Loss of Mpp10 induced a strong deficit
of 80S ribosomes and concomitant accumulation of free 60S sub-
units. We also examined the sedimentation profiles of snoRNAs
involved in processing reactions and that of Dbp4 by Northern
and Western blotting (Fig. 6C and D). After 6 h of depletion, U3
and U14 snoRNAs were no longer detected in low-molecular-
weight fractions (free RNPs) and accumulated in higher density
fractions (�80S to 90S). After 10 h of depletion, there was a quite
uniform distribution of U3 and U14 snoRNAs throughout the
gradient. In contrast, there was almost no change in the distribu-
tion of snoRNAs snR10 and snR30, or in that of the Dbp4 protein,
upon depletion of Mpp10. The effects on snoRNAs are reminis-
cent of the observations for Dbp4-depleted cells and suggest that
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Mpp10 depletion affected primarily the distribution of U3 and
U14 snoRNAs.

Dbp4 is required for SSU processome formation. The SSU
processome forms at the 5= end of nascent pre-rRNA and deco-
rates active transcription units, which take the shape of “Christ-
mas trees”; electron microscopy (EM) analyses revealed that de-
pletion of various components of the SSU processome abolished

its formation, although the extents of alterations seen by EM dif-
fered between various SSU processome components (15, 16, 48).
Because Dbp4 depletion leads to pre-18S rRNA processing defects
related to SSU processome dysfunction, we carried out EM anal-
yses on chromatin spreads of the GAL::DBP4-HA strain to deter-
mine if the absence of Dbp4 could affect the formation of “Christ-
mas trees.” As shown in Fig. 7, there was a marked difference

FIG 4 Effects of depleting U14 snoRNA. (A) Effect of U14 gene repression on cellular growth. Strain YSS1 was grown to exponential phase in YPGal and was
shifted to YPD as described for Fig. 3A. (B) Polysome profile of strain YSS1 at 0 h (before depletion) and at 4 h and 8 h after the shift to YPD. The peaks of free
40S and 60S subunits, 80S ribosomes, and polysomes are indicated. (C) Northern blot hybridization analysis of snoRNAs in sucrose gradient fractions (see the
legend to Fig. 3C for details). (D) Sedimentation analysis of the Dbp4 and Mpp10 proteins by Western blotting. Sucrose gradient fractions were analyzed before
and after the depletion of U14 snoRNA (times in YPD are indicated on the left).
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between nondepleted cells (0 h in YPD) and cells depleted of Dbp4
for various times. In nondepleted cells, rRNA genes showed the
characteristic pattern in which nascent transcripts are first pack-
aged into SSU processomes and then cotranscriptionally cleaved
at site A2 (16). After a few hours of depletion, there were fewer
transcripts per gene on average and fewer terminal knobs. The few
SSU processomes that formed did so on more-mature transcripts
near the 3= end of the gene (Fig. 7A, small arrows). This phenotype
was exacerbated over time and resulted in nearly complete loss of
terminal knobs within 12 h of depletion (Fig. 7 and 8). The most

striking effect of Dbp4 depletion was seen on normal cotranscrip-
tional cleavage of pre-rRNA, which was nearly abolished within 5
h of depletion (Fig. 8). Taken together, these results demonstrate
that Dbp4 is required for cotranscriptional SSU processome for-
mation and function.

The C-terminal extension of Dbp4 is required for association
with U14. Point mutations in the catalytic core of Dbp4 induced
the trapping of U14 snoRNA in high-molecular-weight com-
plexes, suggesting that the ATPase/helicase activity of Dbp4 is re-
quired to release U14 from pre-rRNA (29). The extensions flank-

FIG 5 Depletion of U3 snoRNA affects the sedimentation of U14. (A) Cellular growth analysis during U3 snoRNA depletion. The experiment with strain YSS2
was carried out as described for Fig. 3A. (B) Polysome profile of strain YSS2 at 0 h (before depletion) and at 3 h and 6 h after depletion. The peaks of free 40S and
60S subunits, 80S ribosomes, and polysomes are indicated. (C) Analysis of the sedimentation profiles of different snoRNAs by Northern blot hybridization as
described for Fig. 3C. (D) Distribution patterns of Dbp4 and Mpp10 in the presence or absence of U3 snoRNA, determined by using anti-HA and anti Mpp10
antibodies, respectively (times in YPD are indicated on the left).
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ing the catalytic core of DEAD-box proteins are thought to be
important for substrate recognition (24, 25). We therefore tested
whether deleting the C-terminal extension of Dbp4 would affect
the release of U14 from pre-rRNA. The GAL::DBP4-HA depletion
strain was transformed with single-copy plasmids that constitu-
tively express full-length Dbp4 (control) or a truncated version
lacking the C-terminal extension (Dbp4�Ct); these constructs
each bear a Myc tag at the C terminus to distinguish them from
chromosome-encoded HA-tagged Dbp4. Expression of Myc-
tagged Dbp4 restored growth in YPD, but Dbp4�Ct expression
did not (data not shown). Cultures were harvested before deple-
tion or 6 h after the shift to YPD, and cellular extracts were frac-
tionated on sucrose gradients in order to analyze the sedimenta-
tion patterns of the U3 and U14 snoRNAs. The distribution of U3
was the same in cells expressing plasmid-borne Dbp4 or Dbp4�Ct
either before (0 h) or after (6 h) depletion (Fig. 9A, top). The
distribution of U14 was also similar in nondepleted cells (0 h)
expressing plasmid-borne Dbp4 or Dbp4�Ct (Fig. 9A), but in
depleted cells (6 h), there was a marked difference between cells

expressing Dbp4�Ct and those expressing full-length Dbp4 (Fig.
9A, bottom). In fact, the distribution of U14 in cells expressing
Dbp4�Ct was identical to that in cells depleted of Dbp4 (Fig. 3C).
These results suggest that, in addition to the helicase activity of
Dbp4 (29), the C-terminal extension of Dbp4 is required to release
U14 from pre-rRNA.

We examined the sedimentation profiles of plasmid-borne
Dbp4 and Dbp4�Ct by Western blotting. The distributions of
full-length Dbp4 were similar in nondepleted and depleted cells,
and the same was observed for Dbp4�Ct; however, in contrast to
full-length Dbp4, very little Dbp4�Ct was detected in high-mo-
lecular-weight fractions (Fig. 9B). We also verified that expression
of the Myc-tagged Dbp4 constructs did not alter the distribution
of chromosome-encoded Dbp4 in nondepleted cells (data not
shown).

IPs carried out with WCEs indicated that Dbp4 is not associ-
ated with U14 snoRNA (Fig. 1). However, when cellular extracts
are fractionated on sucrose gradients and IPs are carried out with
50S fractions, U14 coimmunoprecipitates with Dbp4 (31). We

FIG 6 Depletion of Mpp10 affects the sedimentation of U14. (A) Cellular growth analysis during Mpp10 depletion. Strain YSS3 was grown in YPD (see the
legend to Fig. 3A for details). (B) Polysome profile of strain YSS3 at 0 h (before depletion) and at 6 h and 10 h after the shift to YPD. The peaks of free 40S and
60S subunits, 80S ribosomes, and polysomes are indicated. (C) Northern blot hybridization analysis of processing snoRNAs with strain YSS3 (see the legend to
Fig. 3C for details). (D) Western blots of Dbp4 with strain YSS3 (times in YPD are indicated on the left).
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investigated whether the C-terminal extension of Dbp4 is required
for its association with U14 snoRNA in the 50S complex (Fig. 9C).
IPs were carried out with sucrose gradient fractions of 50S and 80S
(SSU processome) as described previously (31), except that ex-
tracts were prepared from cells expressing Myc-tagged Dbp4 or
Dbp4�Ct. U14 snoRNA did not coimmunoprecipitate with
Dbp4�Ct in the 50S complex (Fig. 9C, compare lanes 2 and 6). We
conclude that the C-terminal extension of Dbp4 is required for its
association with U14 snoRNA.

Dbp4-depleted cells accumulate mature LSU RNAs in the
80S peak. The sucrose gradient sedimentation profile seen with
Dbp4-depleted cells was very peculiar: even though production of
40S subunits was impaired in those cells and was accompanied by
an excess of free 60S subunits (large subunits [LSU]), there was no
diminution of the 80S peak that normally contains free ribosomes
(Fig. 3B). Because Dbp4 is required for pre-rRNA processing (29),
the unaltered 80S peak seen in Dbp4-depleted cells could result
from the accumulation of immature, preribosomal RNPs. We
thoroughly examined extracts prepared from cells depleted of
Dbp4 for 6 h and found that the 80S peak was enriched in low-
molecular-weight proteins compared to the 80S peak of nonde-
pleted cells (Fig. 10A, compare the 0-h and 6-h time points). West-
ern blot analyses with antibodies directed against ribosomal
proteins L3 and S2 (also known as uL3 and uS5, respectively [49])
showed that the ratios of Rpl3 to Rps2 in the 80S peak were in-
creased upon depletion of Dbp4 (Fig. 10B). This suggests that the
80S peak of Dbp4-depleted cells is devoid of 40S subunits and does
not represent free ribosomes. Northern blot hybridization re-
vealed that the 80S peak of Dbp4-depleted cells was enriched in
mature 25S and 5.8S rRNAs (Fig. 10C and D, respectively),
whereas the abundances of various pre-rRNA species in the 80S
peak were the same in depleted and nondepleted cells (Fig. 10C,
compare third and fourth lanes). Furthermore, 7S and 6S pre-
rRNAs, which are precursors of 5.8S rRNA (13), did not accumu-
late in the 80S peaks of Dbp4-depleted cells (data not shown).

Alteration of SSU biogenesis can lead to relocation of pre-40S
RNPs into 80S-like particles (38, 50). To determine if the 80S peak
observed upon Dbp4 depletion contained pre-40S particles, su-
crose gradient fractions corresponding to 40S and 80S peaks were
isolated from nondepleted and Dbp4-depleted cells and were sub-
jected to Western blot analyses for the pre-40S assembly factor
Tsr1 (38). There was no accumulation of Tsr1 in the 80S peak
from Dbp4-depleted cells (Fig. 10E, compare lane 6 with lane 4).
We conclude that depletion of Dbp4 did not lead to relocation of
pre-40S particles in the 80S peak.

DISCUSSION

A role for Dbp4 in ribosome biogenesis was originally proposed
on the basis of its genetic interaction with U14 snoRNA, which is
essential for 18S rRNA production (1, 10): overexpression of
Dbp4 could suppress growth defects caused by mutations in the Y
domain of U14, and it was proposed that Dbp4 would also be
required for 18S rRNA synthesis (21). It was later shown that
cellular depletion of Dbp4 impaired the production of 18S rRNA
due to cleavage defects at sites A0, A1, and A2, leading to the
accumulation of the aberrant 23S pre-rRNA species (29), a phe-
notype identical to that seen in cells depleted of U3 snoRNA or
U3-specific proteins (1, 15, 37). Dbp4 depletion also caused U14
snoRNA to remain associated with the 35S pre-rRNA, and it was

FIG 7 Dbp4 is required for SSU processome formation. (A) Electron micro-
graphs of rRNA genes from the GAL::DBP4-HA strain. Examples of genes
from 0 h (nondepleted) and from 5-h, 6-h, and 12-h depletions are displayed.
Small arrows indicate SSU processomes, and large arrows indicate transcripts
that have been cotranscriptionally cleaved. (B) Interpretive line tracings of the
genes. (C) Maps of the genes with the following features highlighted: 5= exter-
nal transcribed spacer particles (small and light gray), SSU processomes (larger
and black), and LSU particles beginning to form on the control gene only, i.e.,
transcripts 62, 68, and 71 (small and light gray with a black center) (16).
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envisioned that the RNA helicase activity of Dbp4 could release
U14 from the pre-rRNA (29).

To examine the physical interaction of Dbp4 with U14
snoRNA, we first carried out IPs using whole-cell extracts
(WCEs) prepared from a yeast strain that expresses HA-tagged
Dbp4; it should be noted that in this strain, Dbp4-HA is placed
under the control of its endogenous promoter in order to pre-
vent its overexpression (33). IPs with an anti-HA MAb indi-
cated that Dbp4 is associated with U3 snoRNA and the U3-
specific protein Mpp10 (Fig. 1 and 2A). Since U3 and Mpp10
are required for pre-rRNA processing reactions at sites A0, A1,
and A2, our results are consistent with the observation that
cellular depletion of Dbp4 leads to processing defects at sites A0
to A2 (29). U14 snoRNA did not coimmunoprecipitate with
Dbp4 when WCEs were used (Fig. 1B). Although this was also
observed in previous experiments (31), our results are different
from those of the earlier study by Kos and Tollervey (29), who
showed that both U3 and U14 snoRNAs coimmunoprecipi-

tated with Dbp4. This could be due to differences in experi-
mental procedures, such as the difference in the concentration
of WCEs, which was about 20-fold higher in the experiments
carried out by Kos and Tollervey (29).

U3 snoRNA and Mpp10 are components of the SSU processome,
a large RNP that sediments at �80S in sucrose gradients (15). As seen
in Fig. 1 and 2A, the association of Dbp4 with U3 and Mpp10 was not
salt stable. This is in marked contrast to what is generally observed in
IPs conducted with genuine SSU processome components (15, 17).
The sensitivity to salt concentrations suggests that the interaction of
Dbp4 with the SSU processome could depend on electrostatic inter-
actions (51, 52), which is plausible, because Dbp4 contains patches of
positively and negatively charged residues (21, 22). Sucrose gradient
sedimentation analyses indicated that a large fraction of Dbp4 did not
cosediment with U3 and Mpp10 in the �80S region of the gradient
(Fig. 2B). This observation is in agreement with proteomic studies
that failed to identify Dbp4 in SSU processome/90S preribosome
preparations (15, 17, 53), and it supports the idea that Dbp4 is not a

FIG 8 EM analyses of cotranscriptional pre-rRNA processing. Results of semiquantitative analysis of the state of rRNA genes in the GAL::DBP4-HA strain at
various times of depletion are shown. (Cells were grown in YPGal and were then switched to YPD for depletion.) Fields of rRNA genes from EM analysis of Miller
chromatin spreads were examined, and the following features were given a visual score of 0 to 3: the transcription level (i.e., density of transcripts/gene), the
presence of 5= external transcribed spacer (ETS) particles, the presence of SSU processomes, and normal cotranscriptional cleavage. The scores were then
normalized (0 to 1) and were plotted as a bar graph. The number of fields examined ranged from 56 to 133 (average, 83), and each field contained multiple genes.
As a general rule, the rRNA genes in a given nucleolus display similar morphologies. The transcription level at 0 h is slightly lower than that at 3 h of depletion
because of the transcriptional advantage of growth in glucose.
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stable component of the SSU processome. Nevertheless, Dbp4 is re-
quired for SSU processome formation and function. EM studies on
chromatin spreads revealed that depletion of Dbp4 rapidly caused
defects in the appearance of terminal knobs (Fig. 7); however, the
most striking defect seen in Dbp4-depleted cells was the strong reduc-
tion in pre-rRNA cotranscriptional cleavage, which crashed within a
few hours of depletion (Fig. 8). Taken together, our results suggest
that Dbp4 is an SSU processome component but that its association
with the SSU processome is likely to be transient.

Cellular depletion of Dbp4 leads to retention of U14 snoRNA
on the pre-rRNA (29) (Fig. 3C), and it is reasonable to assume that

Dbp4 is the RNA helicase that unwinds the U14 –pre-rRNA du-
plex. Here we showed that depletion of two SSU processome com-
ponents, U3 snoRNA and Mpp10, also led to the trapping of U14
in very large complexes (Fig. 5C and 6C). With extracts from U3-
and Mpp10-depleted cells, we were expecting that the sucrose gra-
dient sedimentation profiles of Dbp4 and U14 would be the same,
which was not the case. In fact, in marked contrast to the findings
for U14 snoRNA, depletion of U3 or Mpp10 did not considerably
alter the sedimentation profile of Dbp4 (Fig. 5D and 6D), imply-
ing that Dbp4 did not follow U14 in very large complexes.

Depletion of U3, Mpp10, U14, or Dbp4 prevents SSU proces-

FIG 9 Deletion of the C-terminal extension of Dbp4. Depletion strain GAL::DBP4-HA was transformed with a plasmid expressing full-length Dbp4 (Dbp4) or
a truncated version lacking its C-terminal extension (DBP4�Ct). (A and B) Cells were grown in galactose-containing medium (0 h) and were shifted to YPD for
6 h (6 h). Northern blot hybridization (A) and Western blot (B) analyses were carried out as for Fig. 3 except that 16 fractions were collected instead of 22, and
immunoblotting was carried out with an anti-Myc MAb. (C) IPs with an anti-Myc MAb were carried out on sucrose gradient fractions corresponding to the 50S
and 80S peaks, and U14 snoRNA was detected by Northern blot hybridization (as described in reference 31). in, input.
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some formation (15, 16) (Fig. 7) and leads to the trapping of U14
in large complexes (Fig. 3 to 6). Depletion of Bfr2, another SSU
processome component, caused a similar phenotype for U14
snoRNA (31). Therefore, assembly of the SSU processome could
be a prerequisite for Dbp4 to “find” U14 and release it from pre-
rRNA. If the trapping of U14 is a consequence of impaired SSU
processome formation, one could view U14 as a sentinel or sensor
of correct SSU processome assembly and function, and the release
of U14 by Dbp4 would be a checkpoint in this process. It is not
clear what mediates the interaction of Dbp4 with the SSU proces-
some. Although we showed an association of Dbp4 with U3
snoRNA (Fig. 1), a direct interaction of Dbp4 with U3 appears
unlikely, because many proteins are probably already present in
the particle before Dbp4 interacts with it (see also the model pro-
posed in reference 31). Since Dbp4 contains a highly conserved
coiled-coil motif in its C-terminal extension (31), it is probable
that Dbp4 would contact the SSU processome through interac-
tions with SSU processome proteins, many of which contain
coiled-coil motifs (15). Such interactions could allow the correct
positioning of Dbp4 prior to its action on the U14 –pre-rRNA
duplex.

Complementation assays with a truncated version of Dbp4
that lacks its C-terminal extension (Dbp4�Ct) revealed that this
region is essential for growth (data not shown). Dbp4�Ct changed
the sucrose gradient sedimentation pattern of U14 snoRNA,
which was trapped in high-molecular-weight complexes (Fig. 9A).
This phenotype was identical to that seen when cells were depleted
of Dbp4 (Fig. 3) or when point mutations were introduced into
the catalytic core of Dbp4 (29). Therefore, in addition to the
ATPase/helicase activity of Dbp4, the C-terminal extension plays a
critical role in releasing U14 from pre-rRNA. We know that Dbp4
associates with U14 snoRNA in a complex of about 50S (31). Here
we demonstrated that the C-terminal extension is required to
maintain the association of Dbp4 with U14 snoRNA in the 50S
complex (Fig. 9C).

Given that Dbp4 depletion impairs 18S rRNA synthesis (29), it
was stunning to observe that the 80S peak did not diminish upon
Dbp4 depletion (Fig. 3B). We first suspected that the 80S peak
contained 23S pre-rRNA associated with ribosomal proteins and
other nucleolar factors, but a detailed analysis indicated that this
80S peak was not enriched in 23S pre-rRNA but rather contained
large amounts of mature rRNAs of the LSU (25S and 5.8S) and

FIG 10 Depletion of Dbp4 leads to accumulation of mature LSU rRNAs in the 80S peak. Extracts were prepared from nondepleted cells (0 h) or cells depleted
of Dbp4 for 6 h. (A) Proteins isolated from the 80S peaks of sucrose gradients were first analyzed by SDS-PAGE and then stained with silver nitrate. The sizes of
molecular mass markers are given on the left. (B) Analysis of ribosomal proteins. Proteins of the 60S and 80S peaks of the gradients were first fractionated by
SDS-PAGE and then transferred to a PVDF membrane. The blot was subjected to immunodetection with anti-Rpl3 (LSU protein) and anti-Rps2 (SSU protein)
antibodies. (C) Northern blot hybridization of precursor and mature rRNAs. Total RNA (Tot) and RNAs from the 80S peak were fractionated in a denaturing
agarose gel and were transferred to a nylon membrane. The blot was probed for various pre-rRNA species or mature rRNAs (indicated on the right). (D)
Northern blot of 5.8S rRNA in fractions of sucrose gradients. The blots shown in Fig. 3C (0 h and 6 h) were probed for mature 5.8S rRNA. (E) Analysis of the
pre-40S assembly factor Tsr1. Proteins of the extracts (Tot) and the 40S and 80S peaks of sucrose gradients from nondepleted (0 h) or Dbp4-depleted (6 h) cells
were first fractionated by SDS-PAGE and then transferred to a PVDF membrane. The blot was subjected to immunodetection with anti-Tsr1 antibodies.

Soltanieh et al.

828 mcb.asm.org March 2015 Volume 35 Number 5Molecular and Cellular Biology

http://mcb.asm.org


very little mature 18S rRNA (Fig. 10). To determine whether the
80S-like particles could be pre-40S subunits, we examined the
presence of Tsr1, a late pre-40S assembly factor (38, 50). Tsr1 did
not accumulate in the 80S peak, suggesting that it did not contain
pre-40S particles (Fig. 10E). Taken together, the data suggest that
Dbp4-depleted cells accumulate LSU particles containing mature
rRNAs; these LSUs likely interact with additional cellular compo-
nents to form RNPs of �80S. To our knowledge, this is the first
time such an observation has been reported. Further studies will
be required to determine what makes “normal” 60S subunits sed-
iment at 80S.
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