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Introduction
Ribosome biogenesis is required for cell growth. The assembly 
of ribosomal subunits involves the action of >200 assembly fac-
tors (AFs) including helicases, ATPases, GTPases, and kinases 
(Lafontaine and Tollervey, 2001; Granneman and Baserga, 
2004; Hage and Tollervey, 2004; Zemp and Kutay, 2007;  
Henras et al., 2008; Strunk and Karbstein, 2009; Karbstein, 
2011; Panse, 2011; Martin et al., 2013; Rodríguez-Galán et al., 
2013; Thomson et al., 2013; Woolford and Baserga, 2013). 
These nonribosomal factors transiently associate with ribosome 
assembly intermediates to promote and regulate their assembly. 
AFs bound to late cytoplasmic precursors of both 40S and 60S 
subunits also prevent untimely translation initiation on imma-
ture subunits (Karbstein, 2013).

Defects in ribosome assembly and its regulation underlie 
many human diseases (Freed et al., 2010; Narla and Ebert, 2010; 
Armistead and Triggs-Raine, 2014). For example, a reduction 

in the production of functional ribosomes impairs translation, 
cell growth, and division, and provokes cell death. Conversely, a 
hallmark of human cancers is the up-regulation of the ribosome 
assembly pathway (Ruggero et al., 2003; Ruggero and Pandolfi, 
2003; Stumpf and Ruggero, 2011).

We recently discovered a novel quality control mech-
anism during cytoplasmic 40S maturation that involves a  
translation-like cycle, where the translation initiation factor eIF5B  
promotes joining of 60S subunits to pre-40S subunits (Lebaron 
et al., 2012; Strunk et al., 2012). These studies also suggested 
that dissociation of the AF Ltv1 occurs before 60S subunit  
joining and that this event commits stable 40S assembly  
intermediates to the translation-like cycle (Strunk et al., 2012). 
Further, the cryogenic EM (cryo-EM) structure of a late pre-40S 
assembly intermediate indicates that Ltv1 must be released 
from a complex of the AF Enp1 and the ribosomal protein Rps3,  

Casein kinase 1/ (CK1/) and their yeast 
homologue Hrr25 are essential for cell growth. 
Further, CK1 is overexpressed in several malig-

nancies, and CK1 inhibitors have shown promise in sev-
eral preclinical animal studies. However, the substrates of 
Hrr25 and CK1/ that are necessary for cell growth and 
survival are unknown. We show that Hrr25 is essential 
for ribosome assembly, where it phosphorylates the as-
sembly factor Ltv1, which causes its release from nascent 
40S subunits and allows subunit maturation. Hrr25 in-
activation or expression of a nonphosphorylatable Ltv1 

variant blocked Ltv1 release in vitro and in vivo, and 
prevented entry into the translation-like quality control 
cycle. Conversely, phosphomimetic Ltv1 variants rescued 
viability after Hrr25 depletion. Finally, Ltv1 knockdown 
in human breast cancer cells impaired apoptosis induced 
by CK1/ inhibitors, establishing that the antiprolifera-
tive activity of these inhibitors is due, at least in part, to 
disruption of ribosome assembly. These findings validate 
the ribosome assembly pathway as a novel target for the 
development of anticancer therapeutics.
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Results
Rps3 recruitment to ribosomes is energy 
independent but requires Ltv1 and Enp1
The delivery of the Rps3 ribosomal protein to pre-40S subunits 
requires the chaperone Yar1 (Koch et al., 2012), but how the 
handover of Rps3 from Yar1 to pre-40S subunits occurs is un-
clear. In pre-40S subunits, Rps3 forms a complex with the AFs 
Ltv1 and Enp1, and on pre-40S subunits this complex locks 
Rps3 in a position that differs from its locale in mature 40S 
subunits. In addition, the Ltv1–Enp1–Rps3 complex blocks 
Rps10 incorporation, preventing final assembly of the mRNA 
channel (Strunk et al., 2011).

It has been suggested that both Hrr25-dependent phos-
phorylation and then dephosphorylation of Ltv1, Enp1, and 
Rps3 are required for 40S assembly (Schäfer et al., 2006). To 
test if phosphorylation is required for Rps3 recruitment to pre-
40S subunits from Yar1, or if this process is spontaneous and is 
rather driven by higher affinity interactions between Rps3 and 
pre-40S subunits, we developed an in vitro system to assess 
Rps3 incorporation. Pre-40S ribosomes were isolated from Ltv1 
knockout yeast cells (Ltv1). These ribosomes also lack Enp1 
and Rps3, and have reduced levels of Rps20 and Rps29 (Strunk  
et al., 2011). As Rps3 is incorporated after Ltv1 and Enp1, we 
reasoned that addition of Enp1/Ltv1 would reconstitute the pre-
40S assembly intermediate to which Rps3 is transferred in vivo. 
Co-sedimentation assays were used to assess incorporation of 
recombinant factors into pre-40S subunits (Fig. 1, A and B). 
Enp1/Ltv1/Yar1 and Rps3 were incubated with and without 
pre-40S ribosomes, and loaded on top of a sucrose cushion. 
After high-speed centrifugation, ribosomes and ribosome-
bound proteins form a pellet, whereas soluble, free proteins re-
main in the supernatant. Control experiments demonstrated that 
Yar1, Rps3, Enp1, or Ltv1 do not sediment in the absence of 
pre-40S subunits (Fig. 1 A, lanes 10 and 12). In contrast, after 
incubation with pre-40S subunits, Enp1 and Ltv1 efficiently in-
corporate into the subunits (Fig. 1 A, lanes 3 and 7). This inter-
action is specific, as neither protein bound to mature 40S or 60S 
subunits. The addition of recombinant Yar1–Rps3 to pre-40S 
ribosomes reconstituted with Ltv1 and Enp1, but not to Ltv1 
pre-40S ribosomes alone, leads to the incorporation of Rps3 
and the release of Yar1 (Fig. 1 A). Further, the levels of Rps3 in 
the reconstituted pre-40S ribosomes mirror those found in puri-
fied pre-40S ribosomes from cells (Fig. 1 B).

To test if Ltv1 or Enp1 alone were sufficient to direct 
Rps3 recruitment, subunits were reconstituted, omitting one or 
the other component, and then assayed via sucrose gradient 
sedimentation (Fig. 1 C). This was necessary, as some precipi-
tation of Enp1 was observed in the absence of Ltv1, leading to 
pelleting in the absence of ribosomes. In contrast, in gradient 
sedimentation experiments, 40S ribosomes do not pellet, avoid-
ing this problem. In these studies, the position of pre-40S sub-
units is monitored by the sedimentation of the AF Tsr1, as well 
as by measuring RNA absorbance at 254 nm. As above, these 
studies showed that Rps3 does not bind to pre-40S subunits in 
the absence of Enp1 and Ltv1. Further, the addition of Ltv1 
alone is sufficient to recruit Rps3, whereas Enp1 alone is not. 

which is located on the solvent side of the beak structure near 
the mRNA entry channel and blocks binding of Rps10 (Strunk  
et al., 2011).

The essential yeast casein kinase 1 (CK1) / homologue 
Hrr25 is required for 40S maturation and phosphorylates one 
or more components of the Enp1–Ltv1–Rps3 ternary complex 
(Schäfer et al., 2006). However, how Hrr25-mediated phos-
phorylation of this complex affects pre-40S maturation is not 
resolved. Further, Hrr25 has other roles in important processes, 
including cell cycle control (Butler et al., 1994; Mehlgarten 
and Schaffrath, 2003), tRNA modifications (Mehlgarten et al.,  
2009), 60S ribosome biogenesis (Ray et al., 2008), vesicle 
transport (Lord et al., 2011; Bhandari et al., 2013), DNA repair 
(Hoekstra et al., 1991; Ho et al., 1997), signaling (Kafadar et al.,  
2003), spindle formation during meiosis (Petronczki et al., 
2006; Rumpf et al., 2010), and autophagy (Pfaffenwimmer  
et al., 2014; Tanaka et al., 2014). Thus, Hrr25-dependent con-
trol of the committed step in late 40S maturation may integrate 
ribosome assembly with other key cellular processes.

Like Hrr25, the human homologues CK1 and CK1 
are components of pre-40S subunits and are required for 
cytoplasmic 40S maturation (Zemp et al., 2014). CK1 and 
CK1 also regulate multiple cellular processes, including the 
Wnt and Hedgehog signaling pathways (Price and Kalderon, 
2002; Price, 2006), chromosome segregation, cell cycle and 
growth (Behrend et al., 2000; Stöter et al., 2005), DNA re-
pair and microtubule dynamics (Knippschild et al., 1997; Li 
et al., 2004; Grozav et al., 2009; Ikeda et al., 2011), circadian 
rhythm (Eide et al., 2005; Gallego and Virshup, 2007), and 
vesicle trafficking (Wolff et al., 2006). Further, CK1 expres-
sion is elevated in several tumor types and in Alzheimer’s 
and Parkinson’s disease (Ghoshal et al., 1999; Schwab et al., 
2000; Yasojima et al., 2000; Knippschild et al., 2005b; Tsai  
et al., 2007; Brockschmidt et al., 2008; Perez et al., 2011; Hirner  
et al., 2012; Rodriguez et al., 2012; Knippschild et al., 2014; 
Rosenberg et al., 2015). Accordingly, CK1 and CK1 have 
been targets of drug design for more than a decade, and CK1/
CK1 inhibitors are active in preclinical models of these dis-
eases (Badura et al., 2007; Brockschmidt et al., 2008; Sprouse 
et al., 2009, 2010; Walton et al., 2009; Meng et al., 2010; Li 
et al., 2011; Bryant et al., 2012; Perreau-Lenz et al., 2012; 
Toyoshima et al., 2012; Bibian et al., 2013; Smadja Storz et al., 
2013; Kurihara et al., 2014). However, the molecular basis for 
the antiproliferative effects from CK1/CK1 inhibitors has not 
been resolved.

Here we report that the essential function of Hrr25 is in  
ribosome biogenesis, where biochemical and genetic epistasis 
studies show that yeast cell growth relies on Hrr25-directed 
phosphorylation and release of Ltv1 from pre-40S. This circuit 
is necessary and sufficient for maturation of pre-40S subunits. 
Further, inhibiting Hrr25 and thus Ltv1 release has been shown 
to block the formation of 80S-like ribosomes that are required 
for maturation of pre-40S subunits. Finally, this circuit is opera-
tional in human breast cancer cells where knockdown of Ltv1 
impairs the potency of CK1/CK1 inhibitors, establishing the 
ribosome biogenesis pathway as an important drug target for 
anticancer therapeutics.
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in vitro protein binding experiments (Fig. 1 D). Thus, transfer of 
Rps3 from Yar1 to pre-40S subunits is spontaneous but requires 
the presence of Ltv1, which directly interacts with Rps3.

These data are consistent with yeast two-hybrid interactions be-
tween Ltv1 and Rps3 (Ito et al., 2001; Merwin et al., 2014), and 
a direct interaction between Rps3 and Ltv1, as demonstrated by 

Figure 1.  Recruitment of Rps3 to pre-40S ribosomes. (A) Coomassie-stained SDS-PAGE of the ribosome-bound (pellet [P]) and free (supernatant [S]) frac-
tions. Binding to mature 40S or 60S subunits was evaluated as a control. The lower panel shows Western blots of lanes 5–8. Antibodies used are indicated 
on the right. The broken line indicates that intervening lanes have been spliced out. (B) Western blot analyses of native purified pre-40S and reconstituted 
pre-40S ribosomes establish that Rps3 levels are comparable in both. Ltv1 and Rps8 are the loading controls; Rio2 is the tagged component used for 
purification. (C) Western blot analyses of the gradient fractions from ribosomes reconstituted with the factors indicated. The positions of 40S ribosomes, 
as determined by absorbance at 254 nm, are indicated. (D) Coomassie-stained SDS-PAGE of protein binding assays on amylose beads. The pulled down 
fractions shown are: In, input; FT, flow-through; W, the final wash; and E, eluted.
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monitored by sedimentation through a sucrose cushion as de-
scribed above (Fig. 3 A) or by native gel shift analysis (Fig. 3 B).  
Both methods show that addition of ATP to pre-40S ribosomes 
leads to dissociation of Ltv1 and Enp1 (Fig. 3, A and B).  
The Rio2 ATPase is also dissociated, which is expected as 
its ATPase activity is linked to its dissociation from pre-40S  
ribosomes (Ferreira-Cerca et al., 2012). In contrast, other AFs 
remain bound.

To confirm that Ltv1 release arises from copurifying 
Hrr25 (Fig. S3A), we used a fully functional mutant of Hrr25 
(Hrr25-I82G) that complements yeast depleted for Hrr25 in vivo  
(Fig. S2), but which has an enlarged ATP-binding pocket that  
renders Hrr25 sensitive to kinase inhibition by the bulky ATP  
analogue 1-​(1,​1-​dimethylethyl)-​3-​(1-​naphthalenyl)-​1H-​pyrazolo 
[3,​4-​d]pyrimidin-​4-​amine (1NA-PP1; Bishop et al., 2000).  
Notably, ATP-dependent dissociation of Ltv1 was blocked by 
addition of nanomolar concentrations of 1NA-PP1 to pre-40S 
ribosomes isolated from Hr225-I82G mutant cells, but Ltv1 dis-
sociation from wild-type pre-40S ribosomes was not affected 
by 1NA-PP1 (Fig. 3). Thus, Ltv1 release from pre-40S subunits 
requires the Hrr25 kinase activity.

Enp1 is also released from reconstituted pre-40S ribo-
somes after the addition of ATP. However, its release (and the 
release of Rio2) is not efficiently blocked by 1NA-PP1, which 
indicates that Enp1 release is not (only) directed by Hrr25. This 
finding suggests that Enp1 remains behind in Ltv1-released, 
pre-40S subunits in vivo, in accord with the accumulation of 
Enp1 in 80S-like ribosomes (Strunk et al., 2012).

Reconstituted preribosomes are 
indistinguishable from native preribosomes
To test if reconstituted ribosomes accurately mimic native pre-
40S ribosome intermediates purified from yeast, we used cryo-
EM (Strunk et al., 2011). Ltv1 subunits were reconstituted 
with Enp1–Ltv1–Rps3 as above, before preparation of speci-
mens for cryo-EM data acquisition (see Materials and meth-
ods). Comparison of the reconstituted pre-40S subunits with the 
Ltv1 subunits established additional density in the beak area  
where the Enp1–Ltv1–Rps3 complex is located (Figs. 2 and S1). 
Furthermore, a side view shows that the beak is retracted after 
the addition of Enp1–Ltv1–Rps3, as observed in the native  
purified pre-40S assembly intermediates (Strunk et al., 2011). 
Indeed, a comparison of the reconstituted pre-40S subunits with 
native pre-40S subunits shows that these structures are superim-
posable (Fig. 2). Thus, the in vitro delivery of Rps3 produces a 
molecule indistinguishable from native assembly intermediates, 
thereby validating the in vitro reconstitution.

Release of Ltv1 requires Hrr25  
kinase activity
The kinase Hrr25 plays roles in pre-40S maturation, and Hrr25 
depletion leads to reduced levels of phosphorylated Enp1, 
Ltv1, and Rps3 (Schäfer et al., 2006; Zemp et al., 2014). To 
test if Hrr25 kinase activity was required for release of Ltv1  
or Enp1 from pre-40S subunits, we developed a release assay. 
Purified pre-40S ribosomes were incubated with nanomolar 
concentrations of ATP, and release of Ltv1 and Enp1 was 

Figure 2.  Ltv1 pre-40S ribosomes recon-
stituted with Yar1–Rps3 and Ltv1/Enp1 are 
structurally identical to native pre-40S ribo-
somes. (A) The solvent face of the reconstituted 
pre-40S ribosome shows the features expected 
from the presence of Enp1/Ltv1 and Rps3 near 
the beak. (B) Identical view of the Ltv1 pre-
40S ribosomes used as a starting material 
in reconstitutions (EMD1924; Strunk et al.,  
2011). (C) Natively purified pre-40S ribo-
some (EMD1927; Strunk et al., 2011).  
(D) A superimposition of reconstituted (yellow) 
and Ltv1 pre-40S (pink) shows the reposition-
ing of the beak upon addition of Enp1–Ltv1–
Rps3, which suggests a structural recapitulation 
of the biochemically characterized pre-40S 
state. (E) Superimposition of reconstituted 
(yellow) and natively purified (blue) pre-40S 
ribosomes shows that reconstituted pre-40S 
ribosomes are structurally identical to purified 
native pre-40S ribosomes.
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Mutation of Ltv1 phosphosites blocks 
release of Ltv1
To confirm that Hrr25-directed phosphorylation of Ltv1 pro-
vokes its release from pre-40S ribosomes, we mapped its 
phosphorylation sites. Casein kinases like Hrr25 phosphorylate 
multiple adjacent sites on their substrates (Flotow et al., 1990). 
To examine which of the predicted phosphorylation sites are 
functionally relevant, we systematically mutated putative phos-
phorylation sites, prioritized based on conservation, and then 
tested their relevance in vivo and in vitro. Using this approach, 
we identified three highly conserved serine residues (S336, 
S339, and S342; Fig. S4). To test their importance in vivo and 
in vitro, we generated alanine mutants, which cannot be phos-
phorylated, as well as aspartate mutations, which are often used 
as phosphomimetics (Tarrant and Cole, 2009), as they mimic 
the negative charge of the phosphate. Importantly, mutation of 
these serines to alanine (Ltv1-S/A) or aspartate (Ltv1-S/D) resi-
dues reduces phosphorylation by Hrr25 (Fig. S3 C), which sug-
gests that these constitute major phosphorylation sites. Further, 
the residual phosphorylation is more significant in Ltv1-S/D 
than Ltv1-S/A, as expected from the biochemistry of casein  
kinases, which are activated by prior phosphorylation events 
(Knippschild et al., 2005a), mimicked here by Ltv1-S/D.

To confirm the functional relevance of these Hrr25- 
dependent phosphorylation sites, we tested if Ltv1-S/A could be 
released from ribosomes. Ltv1 ribosomes from Hrr25-I82G 

Release of Ltv1 is the essential function  
of Hrr25
To confirm the role of Hrr25 in releasing Ltv1 in vivo, we 
used suppression analysis. While Hrr25 is an essential protein, 
Ltv1 is not (Fig. 4 A; Hoekstra et al., 1991; Winzeler et al., 
1999; Seiser et al., 2006). Thus, we reasoned that if displace-
ment of Ltv1 from pre-40S ribosomes was the essential func-
tion of Hrr25, then deletion of Ltv1 would be predicted to 
rescue the lethal phenotype of Hrr25 depletion. Depletion of  
Hrr25 in yeast cells engineered to express a galactose-inducible/ 
glucose-repressible Hrr25 transgene (Gal::Hrr25) essentially 
abolished growth in glucose, as expected because Hrr25 is an 
essential gene (Fig. 4, A and B). Strikingly, however, loss  
of Ltv1 rescued growth of this mutant strain when grown in 
glucose (Fig. 4, A and B), and the Ltv1Hrr25 strain is viable 
(Fig. 4 A). Thus, the essential function of Hrr25 is linked to 
Ltv1. The more profound growth defect in the Ltv1Hrr25 
cells relative to Ltv1 cells likely reflects roles of Hrr25 in 
other cellular processes as discussed above (Knippschild et al., 
2005a). Ltv1Hrr25 cells also do not grow well on galactose, 
which indicates a role for Hrr25 in the regulation of galactose 
metabolism, consistent with previously observed interactions 
between Hrr25 and Gal10, as well as Sgm1 (Ho et al., 2002;  
Fasolo et al., 2011).

Analysis of ribosomal RNA (rRNA) processing in yeast 
confirmed that depletion of Hrr25 and deletion of Ltv1 are  
epistatic; depletion of Hrr25 leads to a small but reproducible  
accumulation of 20S rRNA, the 18S rRNA precursor, and dele-
tion of Ltv1 produces a more substantial accumulation of 20S 
rRNA. In contrast, depletion of Hrr25 in Ltv1 cells (the  
Ltv1/Gal::Hrr25 strain) reduces the accumulation of 20S 
rRNA that is manifest in the Ltv1 yeast (Fig. 4 C). In contrast, 
if Hrr25 and Ltv1 were independent, their combined depletion 
would increase levels of 20S rRNA.

Together, these data strongly support a model where 
Hrr25 directs the release of Ltv1 from pre-40S subunits in vivo. 
Even more importantly, they demonstrate that the essential 
function of Hrr25 is in ribosome assembly.

Hrr25 phosphorylates Ltv1
To test if Ltv1, Enp1, Rps3, or any other ribosomal protein were  
the target of the Hrr25 kinase, we included -[32P]ATP in the 
release assay and used SDS-PAGE analysis to identify radio
actively labeled proteins. Both Ltv1 and Rio2 are significantly 
phosphorylated upon addition of -[32P]ATP to pre-40S ribo-
somes (Fig. S3 A). Further, Ltv1 phosphorylation, but not that 
of Rio2, is blocked by the addition of 1NA-PP1 to pre-40S ribo-
somes isolated from yeast that only express the Hrr25-I82G 
mutant. In contrast, 1NA-PP1 does not block Ltv1 phosphory-
lation in pre-40S ribosomes purified from cells expressing wild-
type Hrr25. Thus, Ltv1 is the target of phosphorylation by 
Hrr25. These data were further confirmed by in vitro kinase as-
says using recombinant Hrr25, Ltv1, Enp1, and the Yar1–Rps3 
complex. Whereas Hrr25 phosphorylates Ltv1 efficiently, no 
significant phosphorylation was observed for Enp1, Rps3, or 
Yar1 (Fig. S3 B).

Figure 3.  Hrr25-dependent release of Ltv1 from pre-40S ribosomes.  
(A) Co-sedimentation assays. Western blot analysis of AFs in the bound 
(pellet [P]) and released (supernatant [S]) fractions of the purified pre-40S 
ribosome from cells containing wild-type (WT-Hrr25) or 1NA-PP1-sensitive 
mutant (Hrr25-I82G) of Hrr25. (B) Native gel assay for Ltv1 release. Western 
blot analyses of native gels are shown. The position of ribosome-bound and 
free Ltv1 is identified by Rio2TAP-purified ribosomes and recombinant Ltv1. on A
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Figure 4.  Ltv1 release is the essential function of Hrr25. (A) Growth of wild-type yeast (BY4741), and those with galactose-inducible/glucose-repressible 
Hrr25 (GAL::Hrr25) or lacking Ltv1 (Ltv1), and of double mutant GAL::Hrr25;Ltv1 and Hrr25;Ltv1 cells, was compared. Fig. S2 B has a close-up to 
compare colony size. (B) Growth rates of wild-type, GAL::Hrr25,Ltv1, and GAL::Hrr25;Ltv1 yeast cells, as determined by their doubling times in YPD. 
All measurements were done in triplicate, and error bars show the standard deviation of these data. (C) Northern blot analysis of the 18S rRNA precur-
sor (20S) and 25S rRNA. The quantitation shown below the data is the mean and standard deviation from four independent experiments. (D) Dominant- 
negative effects from Ltv1-S/A. Wild-type yeast (BY4741) were transformed with plasmids encoding wild-type Ltv1, Ltv1-S/A, or Ltv1-S/D under a 
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Ltv1-S/A, or Ltv1-S/D in vitro. While Ltv1 and Ltv1-S/A 
cosediment with pre-40S ribosomes, Ltv1-S/D does not, and, 
correspondingly, Ltv1-S/D does not allow for Rps3 incorpora-
tion in vitro (Fig. S5 B), as Ltv1 is required for in vitro incorpo-
ration of Rps3 (Fig. 1 C).

We also note that Ltv1-S/A appears to be bound more 
weakly than wild-type Ltv1, as its peak in 40S is weaker, and it 
streaks toward the free peak, which is indicative of dissociation 
during the spin. This is not surprising, as the mutated alanine 
residues would be expected to be near or in contact with the 
40S subunit, which would allow phospho-dependent regulation 
of binding.

These findings demonstrate that the Ltv1-S/D mutant, 
which mimics the phosphorylated state of Ltv1, readily dissoci-
ates from pre-40S ribosomes, supporting a model whereby 
Hrr25-dependent phosphorylation of Ltv1 triggers its release 
from pre-40S subunits.

Inhibition of Ltv1 release blocks  
subunit joining
Maturation of pre-40S involves the joining of a large 60S ri-
bosomal subunit and the formation of 80S-like ribosomes in a 
quality control cycle (Lebaron et al., 2012; Strunk et al., 2012). 
Depletion of the AF Fap7 leads to accumulation of 80S-like 
ribosomes. Hence, a block in the joining of 60S and pre-40S 
subunits can be monitored by the loss of 80S-like ribosomes 
when Fap7 is depleted (Strunk et al., 2012). To test the role 
of the Hrr25-Ltv1 circuit for entering this maturation cascade, 
we constructed a yeast strain where both Hrr25 and Fap7 are 
galactose-inducible and thus can be simultaneously depleted by 
growth in glucose. This strain was supplemented with a plas-
mid encoding the 1NA-PP1–sensitive mutant of Hrr25 (Hrr25-
I82G). Inhibition of Hrr25 by addition of 1NA-PP1 to cultures 
grown in the presence of glucose resulted in loss of 80S-like 
assembly intermediates, whereas 80S-like ribosomes were 
observed in vehicle-treated cells (Fig. 5, A and B). Further, 
Ltv1/Gal::Fap7 cells supplemented with a plasmid encoding 
the dominant-negative Ltv1-S/A failed to form 80S-like ribo-
somes containing the 20S rRNA precursor in the absence of 
Fap7, whereas those with wild-type Ltv1 formed this key inter-
mediate during 40S maturation (Fig. 5, C and D). These effects 
were not due to effects on export of pre-40S ribosomes from 
the nucleus, as in both experiments only the cytoplasmic frac-
tions were analyzed (Fig. S5 C). Thus, Hrr25-mediated release 
of Ltv1 from pre-40S subunits is required for joining of 60S 
subunits and for entering into the translation-like cycle.

Human CK1/ also has essential functions 
in 40S ribosome maturation
Human CK1 and CK1 have 65% sequence identity and 85% 
sequence similarity to Hrr25, and both have been implicated 

cells were reconstituted on beads with recombinant wild-type 
Ltv1 and Ltv1-S/A (and Enp1, Yar1, and Rps3), unbound pro-
tein was washed out, and reconstituted ribosomes were eluted. 
While the addition of ATP to ribosomes containing wild-type 
Ltv1 leads to Ltv1 release (Fig. 4 F), as shown for native com-
plexes above, Ltv1-S/A remained bound (Fig. 4 F). Addition of 
1NA-PP1 confirms that release of wild-type Ltv1 is Hrr25 de-
pendent. Release of Ltv1-S/D could not be tested as it does not 
bind pre-40S ribosomes in vitro (see “Phosphomimetic mutants 
bind weakly to pre-40S ribosomes in vivo and in vitro”). Inter-
estingly, higher-resolution SDS-PAGE gels also demonstrate 
that an Ltv1 antibody–reactive band of lower electrophoretic 
mobility is observed upon ATP addition to pre-40S ribosomes 
containing wild-type Ltv1, but not Ltv1-S/A (Fig. S3 D). The 
electrophoretic mobility of Ltv1-S/D is akin to the lower mo-
bility band of wild-type Ltv1, and also does not change upon 
ATP addition. These data further support the notion that Ltv1 
residues S336, S339, and S342 are phosphorylated by Hrr25, 
leading to Ltv1 release from pre-40S ribosomes.

In vivo, Ltv1-S/A functions as a dominant-negative mu-
tant, as expected from a defect in Ltv1 release (Fig. 4 D). In 
contrast, the Ltv1-S/D phosphomimetic mutant is Hrr25 inde-
pendent, and grows nearly as well as cells containing wild-type 
Ltv1 and Hrr25 (Fig. 4 E). Importantly, the Ltv1-S/D mutant 
complements the growth defects manifest in Ltv1 yeast  
(Fig. 4 E), which indicates that Ltv1-S/D does bind to pre-40S 
ribosomes in the nucleus to promote their export (Seiser et al., 
2006; Merwin et al., 2014). Collectively, these findings estab-
lish that Hrr25-dependent phosphorylation of Ltv1 is necessary 
and sufficient for its release from pre-40S ribosomes.

Phosphomimetic mutants bind weakly to 
pre-40S ribosomes in vivo and in vitro
Gradient ultracentrifugation was used to test if, as predicted by 
these findings, phosphorylation of Ltv1 impairs its ability to 
bind to pre-40S subunits, leading to Hrr25-independent release 
from pre-40S ribosomes. Analysis of extracts from yeast ex-
pressing wild-type Ltv1, Ltv1-S/A, or Ltv1-S/D shows a signif
icantly increased peak of free 60S subunits and a reduced  
polysome fraction in cells expressing the Ltv1-S/A mutant, 
which is consistent with defects in 40S assembly (Fig. S5 A). 
Western blot analyses of these gradients demonstrates that wild-
type Ltv1 and Ltv1-S/A are efficiently incorporated into pre-
40S subunits. In contrast, the phosphomimetic Ltv1-S/D mutant 
bound very weakly to pre-40S subunits, as expected if phos-
phorylation leads to its release. We note however that Ltv1-S/D 
does complement the Ltv1 phenotype (Fig. 4 E), which indi-
cates that Ltv1-S/D binds long enough to allow for pre-40S ex-
port to the cytoplasm.

Essentially identical results were obtained when Ltv1 
ribosomes were reconstituted with Enp1 and wild-type Ltv1, 

galactose-inducible promoter. Induction of Ltv1 is weakly dominant-negative for wild-type Ltv1 and Ltv1-S/D, and strongly dominant-negative for Ltv1-S/A. 
(E) Growth of GAL::Hrr25;Ltv1 cells carrying plasmids of wild-type or phosphomutant Ltv1, with and without Hrr25, is compared on glucose (no endog-
enous Hrr25) and galactose-containing (endogenous Hrr25) plates. (F) Alanine mutations in the Ltv1 phosphosite block Enp1/Ltv1 release in vitro. Shown 
are Western blots of gradient fractions from Ltv1;Rio2TAP ribosomes, purified from cells containing Hrr25_I82G, and reconstituted on the calmodulin 
beads with Enp1–Yar1–Rps3 and wild-type Ltv1 or Ltv1-S/A. The positions of 40S ribosomes and free proteins are indicated.
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phenotype upon Ltv1 deletion in yeast, where Ltv1 loss inhibits 
pre-40S export (Seiser et al., 2006; Fassio et al., 2010). How-
ever, the modest effects of hLtv1 knockdown are consistent 
with the presence of additional export adaptors for pre-40S sub-
units in human cells (Zemp et al., 2009; Carron et al., 2011).

Strikingly, the partial knockdown of Ltv1 partially rescued 
the growth inhibitory effects of SR-3029 (Fig. 6 A). Further, 
Ltv1 knockdown also impaired SR-3029–induced apoptosis of 
MDA-MB-231 breast cancer cells (Fig. 6 C). Thus, the antip-
roliferative effects observed after inhibition of Hrr25 or CK1/
CK1 in both yeast and human cells are conserved and are, in 
large part, due to effects on pre-40S ribosome maturation. Fur-
thermore, alanine mutation of the serine residues homologous 
to the identified yeast phosphor-sites (hLtv1-S/A) also induces 
strong dominant-negative phenotypes (Fig. 6 C), again indicat-
ing that blocking the release of Ltv1 has the potential to inhibit 
human tumor cell growth. In contrast, and as also observed in 
yeast, forced overexpression of wild-type hLtv1 produces weak 
dominant-negative effects, and hLtv1-S/D is even more active 
than wild-type hLtv1.

Discussion
Ltv1 directs Rps3 incorporation into  
pre-40S subunits
The data presented herein, along with previous studies, reveal a 
two-step mechanism for Rps3 recruitment into the beak structure 

in 40S ribosome maturation (Zemp et al., 2014). To assess the 
effect of CK1/CK1 inhibition on ribosome assembly and cell 
growth, we used the small molecule inhibitor SR-3029, a po-
tent and highly specific inhibitor of CK1 and CK1 (Bibian  
et al., 2013). For our experiments, we used MDA-MB-231 triple- 
negative human breast cancer cells, which express high levels of 
CK1, are sensitive to knockdown of CK1 (but not to silenc-
ing of CK1), and are highly sensitive to SR-3029 (Rosenberg 
et al., 2015). As expected, treatment of these cells with low con-
centrations of SR-3029 (30 nM) led to marked and rapid reduc-
tions in cell growth (Fig. 6 A). This is consistent with previous 
findings that both CK1 and CK1 have essential functions in 
human cells (Knippschild et al., 2014).

We reasoned that if the essential role of CK1 and CK1 
in human cells is also to direct Ltv1 release during ribosome as-
sembly, then knockdown of human Ltv1 (hLtv1) should rescue 
the growth inhibition of cells treated with SR-3029. To test this 
hypothesis, we generated MDA-MB-231 cells stably expres
sing the fluorescence marker EGFP along with doxycycline 
(Dox)-inducible shRNAs that selectively silence hLtv1 or Re-
nilla luciferase. Treatment of EGFP-sorted cells with Dox trig-
gered knockdown of hLtv1 relative to the control cells (80% 
knockdown; Fig. 6 B). Knockdown of Ltv1 in the absence of 
SR-3029 had minor effects on cell growth (90% of the prolifer-
ation rate of wild-type cells; Fig. 6 A). While this might be an 
underestimation due to the incomplete knockdown of Ltv1, the 
small growth defect contrasts with the strong growth inhibitory 

Figure 5.  Inhibition of Hrr25 or phospho-
site mutations of Ltv1 block subunit joining.  
(A and B) 10–50% sucrose gradients of cyto-
plasmic extracts from GAL::Hrr25;GAL::Fap7 
cells transformed with a plasmid carrying Hrr25-
I82G, grown in glucose for 16 h, and treated 
with DMSO vehicle (A) or 1NA-PP1 (B). The qual-
ity of the nucleo-cytoplasmic separation is shown 
in Fig. S5 C. (C and D) Sucrose gradients of 
cytoplasmic extracts from Ltv1;GAL::Fap7 cells 
transformed with a plasmid carrying WT-Ltv1  
(C) or Ltv1-S/A (D), grown in glucose for 16 h.  
Absorbance profiles at 254 nm and Northern 
blots for rRNAs and precursors are shown.
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might be present, perhaps involving the recruitment or release 
of other AFs, that could regulate Hrr25 access or activity.

The data also indicate that Ltv1 regulates the assembly of 
the beak structure in pre-40S subunits. Specifically, Ltv1 initially 
recruits Rps3, but blocks binding at its mature binding site. Pre-
sumably, Rps3 forms initial interactions with rRNA and ribo-
somal proteins in the presence of Ltv1, which are then remodeled 
after Ltv1 release. This is reminiscent of the step-wise manner 
in which other ribosomal proteins form interactions with rRNA, 
as revealed by hydroxyl radical footprinting data (Adilakshmi 
et al., 2008), with the exception that the time scale between 
these binding events is stretched out by Ltv1 binding.

Interestingly, recent work from bacteria indicates that the 
functions of Ltv1 in the formation of the beak structure and the 
mRNA entry channel are conserved between prokaryotes and 
eukaryotes, even though Ltv1 itself is not conserved (Clatterbuck 
Soper et al., 2013). In particular, small subunit assembly inter-
mediates purified from bacteria lacking RimM do not contain 
the beak-binding proteins S3, S10, and S14, which are the ho-
mologues of Rps3, Rps20, and Rps29. All of these proteins are 
missing from pre-40S subunits purified from Ltv1 yeast (Strunk 
et al., 2011). Further, RimM has been suggested to bind to S19 
(Lövgren et al., 2004), the homologue for Rps15, which inter-
acts directly with Ltv1 (Campbell and Karbstein, 2011). Thus, 
we suggest that RimM and Ltv1 are functional homologues, 
though likely structurally unrelated.

Why does the beak area need the chaperone activities  
provided by Ltv1/RimM? Structure probing of the bacterial 

of pre-40S subunits, where it forms the mRNA entry channel 
(Fig. 7). Yar1 delivers Rps3 to pre-40S subunits in the nucleus 
(Koch et al., 2012). Here we show that this is a spontaneous 
exchange driven by the stronger affinity interaction of Rps3 
with pre-40S ribosome–bound Ltv1. In the resulting assembly,  
intermediate Rps3 is not bound at its mature binding site (Strunk  
et al., 2011), and can be salt-extracted from pre-40S subunits in 
a complex with the AFs Enp1 and Ltv1 (Schäfer et al., 2006). 
Here we show that Hrr25 phosphorylates Ltv1, leading to its 
release from pre-40S subunits. Enp1 is also released from pre-
40S subunits, but the data do not provide strong support for a 
specific role of Hrr25 in this release. Nevertheless, we do note 
that Enp1 on pre-40S subunits is destabilized by the absence of 
Ltv1 (Strunk et al., 2011; Fig. 1 C). Ltv1 is required for efficient 
export of pre-40S ribosomes (Seiser et al., 2006; Merwin et al., 
2014). Thus, Hrr25-dependent phosphorylation and release of 
Ltv1 must occur after nuclear export. How this presumed spa-
tial regulation is achieved remains unknown, as there are pools 
of nuclear Hrr25 (Huh et al., 2003; Breker et al., 2014). It is 
possible that the nuclear pools of Hrr25 are not freely diffusible 
and instead interact with distinct structures, e.g. microtubules, 
which is consistent with Hrr25 having a role in spindle assem-
bly (Petronczki et al., 2006; Rumpf et al., 2010). Alternatively, 
or additionally, it is possible that Hrr25-dependent Ltv1 release 
is slow relative to nuclear export, which is consistent with the 
observation that Ltv1 release is the rate-limiting step in 40S 
ribosome maturation (see “Kinase-mediated regulation of 40S 
ribosome assembly”). Finally, additional levels of regulation 

Figure 6.  The essential function of human 
CK1 is in ribosome maturation. (A) Cell pro-
liferation (as determined by doubling times) of 
control MDA-MB-231 cells, or of MDA-MB-231 
cells where hLtv1 was silenced by Dox-directed 
induction of hLtv1 shRNA for 3 d, before addi-
tion of 30 nM SR3029 or vehicle for another 
3 d. (B) Western blot analyses established 
80% depletion of Ltv1 after 3 d of Ltv1 
knockdown. (C) Proliferation of MDA-MB-231 
cells engineered to inducibly overexpress wild-
type hLtv1, hLtv1-S/D, or hLtv1-S/A after Dox 
treatment for 3 d. (D) Annexin V/DAPI staining 
combined with FACS analysis of control MDA-
MB-231 cells and those depleted of hLtv1 in 
the presence or absence of 100 nM SR-3029. 
All measurements in A, C, and D were done 
in triplicate, and error bars show the standard 
deviation of these data.
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subject to degradation (Strunk et al., 2012). Our data show  
that Ltv1 release is required for entry into the translation-like 
cycle, and therefore gates the conversion of a stable, transla-
tionally inert intermediate into one that is subject to quality con-
trol and degradation.

In addition, the data establish that the Hrr25-dependent 
release of Ltv1 is the rate-limiting step in cytoplasmic 40S mat-
uration, and likely for all of 40S production, as the cytoplasmic 
precursor that contains Ltv1 and is the substrate for Hrr25  
accumulates to substantial levels in wild-type yeast. These two 
properties render Hrr25-mediated Ltv1-relase well-suited for 
regulatory control. Further, we note that Ltv1 blocks incorpora-
tion of the ribosomal proteins lining the mRNA entry channel 
(Rps3 and Rps10), which indicates that this regulated step also 
controls a key maturation event.

Interestingly, Hrr25 has also been implicated in several 
cellular processes, including transcription, DNA repair, signaling, 
and meiosis (Knippschild et al., 2014). Thus, Hrr25-dependent 
control of the committed step in late 40S maturation could in-
tegrate ribosome assembly with these processes. Intriguingly, 
Hrr25 interacts genetically and physically with several other ki-
nases that play important roles in nutrient-dependent signaling, 
including Gcn2, Pho80, Pcl10, Rim15, Rck1, and Ste20 (Ptacek 
et al., 2005; Gavin et al., 2006; Fiedler et al., 2009; Breitkreutz 
et al., 2010; Fasolo et al., 2011). As nutrient availability is a 
major modulator of ribosome assembly (Schmelzle and Hall, 
2000; Li et al., 2006; Zoncu et al., 2011), it is tempting to specu-
late that one or more of these kinases might regulate Hrr25 in 
response to nutrient availability.

An essential function of CK1/CK1  
in 40S ribosome maturation
CK1/CK1 are targets for the development of novel chemo-
therapeutics against cancer and neurodegenerative diseases 
(Knippschild et al., 2005b, 2014; Perez et al., 2011). Impor-
tantly, some CK1/CK1 inhibitors have potent antiprolifera-
tive effects ex vivo, and lead to tumor regression and improved 
survival in preclinical animal cancer models (Knippschild et al., 
2014). Nevertheless, because CK1/CK1 have diverse roles 
(Knippschild et al., 2005a), it is not clear which of the path-
ways they control are the key vulnerabilities disabled by CK1/
CK1 inhibitors.

assembly intermediate reveals that the beak needs extensive re-
folding during the heat-activation step (RI→RI*), which allows 
S3, S10, and S14 to bind (Mizushima and Nomura, 1970; Held 
et al., 1974; Holmes and Culver, 2004). Among regions re-
folded during this transition, H42 and H43 of 16S rRNA are  
exposed in the absence of RimM in vivo and also form part of 
the Rps3 binding site. These analogies suggest that Ltv1, akin 
to RimM, prevents misfolding of the beak structure, which is  
consistent with the cold-sensitive phenotype manifest in Ltv1 
yeast strains (Loar et al., 2004).

Ltv1 release regulates entry into the 
cytoplasmic maturation cascade
The data herein demonstrate that Hrr25-mediated phosphory-
lation and release of Ltv1 regulates entry into the 40S matu-
ration cascade. Specifically, inhibition of Hrr25, or mutations 
in Ltv1 that block phosphorylation by Hrr25, prevent subunit 
joining to enter a translation-like cycle that is required for 40S 
maturation (Lebaron et al., 2012; Strunk et al., 2012). This was 
unanticipated, as the Ltv1 binding site on the small subunit is 
on the solvent side and not at the subunit interface. Thus, Ltv1 
release appears to lead to global changes in the structure of  
pre-40S subunits, which are in turn required for joining of the 
large subunit.

Comparison of cryo-EM structures in the presence and 
absence of Ltv1 shows that Ltv1 dissociation leads to an 18° 
head rotation (Strunk et al., 2011). This rearrangement likely 
affects the stability of the intersubunit bridges located on the 
head, thereby weakening the formation of 80S-like ribosomes. 
We propose that interaction of Ltv1/Enp1 with 40S subunits 
prevents the formation of crucial subunit bridges on the head 
that are required for stabilizing the interaction of 60S with pre-
40S. Future experiments are required to test this model.

Kinase-mediated regulation of 40S 
ribosome assembly
Why is Ltv1 dissociation a regulated step in 40S assembly? Due 
to the binding of seven AFs, which block all functional sites on 
the nascent 40S subunit, the 40S ribosome assembly intermedi-
ate that is exported from the nucleus is exceptionally stable 
and translationally inert (Strunk et al., 2011). In contrast, inter
mediates in the translation-like cycle are short-lived and 

Figure 7.  Model for incorporation of Rps3 into pre-40S ribosomes. Enp1 (cyan) and Ltv1 (magenta) bind to pre-40S subunits in the nucleus. Yar1 (orange) 
delivers Rps3 (yellow) to pre-40S–bound Ltv1, in a process that is energy independent. Hrr25-dependent (green) phosphorylation of Ltv1 releases Ltv1 from 
pre-40S subunits to allow for subunit joining and entry into the translation-like maturation cycle.
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For copurification of Yar1 and Rps3, cells were transformed with 
pET-Duet1-Rps3 and pET-SUMO-Yar1 plasmids and grown at 37°C to 
OD600 of 0.6 in 2×YT media supplemented with antibiotics. Cells were 
transferred to 18°C, induced by addition of 0.3 mM IPTG, and harvested 
after 12 h. Cell pellets were resuspended in lysis buffer (20 mM Hepes-
NaOH, pH 7.5, 200 mM NaCl, and 5 mM -ME) supplemented with  
100 µg/ml lysozyme, and lysed by sonication. The cleared lysate was loaded 
onto Ni2+-NTA resin equilibrated with lysis buffer. Beads were washed with 
10 volumes of lysis buffer and 5 volumes of lysis buffer supplemented 
with 20 mM imidazole. Proteins were eluted with lysis buffer containing 
300 mM imidazole, and further purified on a Superdex200 size-exclusion 
column preequilibrated with 20 mM Hepes-NaOH, pH 7.5, 200 mM 
NaCl, and 2 mM DTT. Fractions containing pure proteins were pooled 
and concentrated.

A plasmid encoding GST-Hrr25 was obtained from M.S. Cyert 
(Stanford University, Stanford, CA), and GST-Hrr25 was purified as de-
scribed by Kafadar et al. (2003). In brief, BL21(DE3)pLys (EMD Millipore) 
cells carrying the pGEX-4T-3-Hrr25 plasmid were grown to an OD600 of 
0.5 in 2×YT medium at 37°C, induced by addition of 0.5 mM IPTG, and 
harvested after 5 h of expression at 30°C. Cells were lysed by sonication 
in lysis buffer (50 mM Tris, pH 8.0, 1.5 M NaCl, 2 mM EDTA, 2 mM 
EGTA, and 2 mM DTT) supplemented with a complete protease inhibitor 
cocktail tablet (Roche). The lysate was then supplied with 0.1% Tween-20 
and cleared by centrifugation. The soluble fraction was purified over Glu-
tathione Sepharose resin (GE Healthcare) equilibrated with lysis buffer. 
The resin was washed with 5 column volumes of wash buffer (50 mM Tris, 
pH 8.0, 110 mM KOAc, 2 mM MgCl2, 2 mM DTT, and 0.1% Tween-20),  
2 column volumes of wash buffer supplemented with 1 mM ATP, and  
3 column volumes of wash buffer once again. Proteins were eluted in wash 
buffer supplemented with 15 mM reduced glutathione and dialyzed in  
20 mM Hepes, pH 6.8, 150 mM KOAc, 250 mM sorbitol, 2 mM MgOAc, 
and 1 mM DTT.

TAP purification of pre-40S ribosomes
TAP-tagged yeast cells were grown at 30°C in yeast extract peptone dex-
trose (YP-dextrose) to an OD600 of 1 in a 10-liter fermenter. Affinity purifi-
cation of TAP-tagged ribosomes was performed essentially as described 
previously (Strunk et al., 2011). In brief, lysed yeast cells were applied to 
IgG resin (GE Healthcare) equilibrated in IgG binding buffer (50 mM Tris, 
pH 7.5, 100 mM NaCl, 10 mM MgCl2, and 0.075% NP-40) and washed 
with 100 column volumes of binding buffer, followed by 30 column vol-
umes of TEV cleavage buffer (IgG binding buffer containing 0.5 mM EDTA 
and 2 mM DTT). Pre-40S ribosomes were collected after TEV cleavage and 
applied to calmodulin resin (Agilent Technologies) equilibrated in calmodu-
lin binding buffer (IgG binding buffer supplemented with 2 mM CaCl2 and 
1 mM imidazole). The resin was washed with 100 column volumes of binding 
buffer and ribosomes were eluted by the addition of calmodulin-binding 
buffer supplemented with 2 mM EGTA.

Cosedimentation/ribosome binding assays
2 pmol of pre-40S ribosomes from Ltv1 cells, purified through both steps 
of the TAP protocol, were incubated with 10 pmol of recombinant proteins 
in 50 µl RB buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM 
MgCl2, 0.075% NP-40, and 10 mM -ME). The mixture was incubated for 
15 min on ice and then placed on 400 µl of a 20% sucrose cushion, and 
centrifuged for 4 h at 400,000 g in a TLA 100.1 rotor. After centrifuga-
tion, the supernatant was removed and acetone precipitated, and the 
pellet was resuspended in SDS-load dye. Supernatants and pellets were 
analyzed by SDS-PAGE followed by Western blotting.

Release assays
Pre-40S ribosomes used in release assays were purified only through the 
first step of the TAP protocol to allow for more copurifying Hrr25. No sig-
nificant ATP-dependent release is observed using pre-40S purified through 
both steps. Rio2TAP pre-40S ribosomes were incubated with equimolar 
concentrations of purified ATP or with 1NA-PP1 plus ATP in RB buffer. The 
mixture was incubated for 10 min at room temperature, and then analyzed 
by cosedimentation analysis as described above, by 4% native gels, or by 
gradient sedimentation. Native gels were prepared as described previ-
ously (Acker et al., 2007). In brief, samples were mixed with native gel dye 
and loaded on a 4% acrylamide/bisacrylamide (37.5:1) gel prepared 
and run in THEM buffer at 4°C. For gradient centrifugation, the samples 
were loaded on 5–20% sucrose gradients in gradient buffer (20 mM 
Hepes, pH 7.4, 5 mM MgCl2, 100 mM NaCl, and 2 mM DTT), centrifuged 
for 4 h at 400,000 g in a SW41Ti rotor. Importantly, control experiments 

Our data show that the essential function of Hrr25 is in 
ribosome assembly versus in other biological processes, as 
deletion of Ltv1 rescues the lethal effects from Hrr25 deple-
tion. Similarly, knockdown of Ltv1 also rescues the growth and 
promotes the survival of human MDA-MB-231 breast cancer 
cells that are treated with the CK1/CK1 inhibitor SR-3029. 
As these cells rely exclusively in CK1 for growth and survival 
(Rosenberg et al., 2015), these findings indicate that the CK1-
hLtv1 circuit is operational and essential for ribosome assembly 
in higher eukaryotes, which is consistent with previous find-
ings that demonstrate a role for CK1/CK1 in 40S ribosome 
maturation (Zemp et al., 2014). Our findings are also consistent 
with previous observations that the ribosome assembly pathway 
is up-regulated in all cancers, which require marked increases 
in protein synthesis (Ruggero and Pandolfi, 2003; Stumpf and 
Ruggero, 2011). Finally, our findings validate the ribosome bio-
genesis machinery as an attractive and novel target for antican-
cer therapeutics.

Materials and methods
Yeast strains and cloning
Galactose-inducible and deletion strains were generated by PCR-based  
recombination (Longtine et al., 1998), confirmed by PCR and Western 
blotting (if antibodies were available), and are listed in Table S1. Yar1 
was cloned into a pET28a-based plasmid (EMD Millipore) containing an  
N-terminal 6×His tag followed by a SUMO tag. Rps3 was cloned into the first  
multiple cloning site of pET-Duet1 (EMD Millipore). The Hrr25-I82G muta-
tion and the phosphosite mutations of Ltv1 were introduced by site-directed 
mutagenesis and confirmed by sequencing. Plasmids used in this study are 
listed in Table S2.

Protein expression and purification
Tagged or untagged versions of Enp1 and Ltv1 were overexpressed from 
modified pET28a plasmids expressing an N-terminal His6 tag followed by 
an MBP tag. Overexpression of the proteins was induced by the addition 
of 1 mM IPTG to Rosetta cells (EMD Millipore) grown in 2×YT medium sup-
plemented with appropriate antibiotics to an OD600 of 0.6. Cells were 
harvested after 16 h of growth at 18°C, and lysed by sonication in lysis 
buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 
5 mM -mercaptoethanol [-ME]). The soluble fraction was applied to  
Ni2+-NTA resin (QIAGEN) equilibrated with lysis buffer. Resin was washed with  
5 volumes of lysis buffer containing 20 mM imidazole. Proteins were eluted 
with lysis buffer supplemented with 300 mM imidazole. For cleavage of 
the MBP tag, eluates were mixed with TEV protease and dialyzed over-
night at 4°C against 50 mM Tris, pH 7.5, 200 mM NaCl, and 2 mM DTT. 
The dialyzed samples were further purified by ion exchange chromatogra-
phy over a Mono Q column (GE Healthcare) equilibrated with dialysis buf-
fer. Proteins were eluted with a linear gradient of 100–500 mM NaCl over 
30 column volumes. The final step of protein purification was carried over 
a size-exclusion chromatography column (Superdex 200; GE Healthcare) 
preequilibrated with 20 mM Tris, pH 7.5, 200 mM NaCl, and 2 mM DTT. 
Fractions with pure protein were pooled and concentrated using Amicon 
concentrators (EMD Millipore).

For copurification of Enp1 and Ltv1, cell pellets were mixed and 
resuspended in lysis buffer (50 mM Tris-NaOH, pH 7.5, 200 mM NaCl, 
and 5 mM -ME) supplemented with 100 µg/ml lysozyme, and lysed by 
sonication. The cleared lysate was loaded onto amylose resin equilibrated 
with lysis buffer. Beads were washed with 5 volumes of lysis buffer before 
elution with lysis buffer supplemented with 15 mM maltose. Eluates were 
mixed with TEV protease and dialyzed overnight at 4°C against dialysis 
buffer (25 mM Tris-NaOH, pH 7.5, 200 mM NaCl, and 2 mM DTT), then 
purified by ion exchange chromatography on a MonoQ column equili-
brated with dialysis buffer. Proteins were eluted with a linear gradient from 
200 mM to 500 mM NaCl over 30 column volumes, and loaded on a 
Superdex200 size-exclusion column equilibrated with dialysis buffer. Frac-
tions containing pure proteins were pooled and concentrated.
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populations, did not reveal any underlying heterogeneity at the 20-Å reso-
lution limit of the dataset. Importantly, we know that the changes between 
the Ltv1 and native pre-40S are visible within this resolution limit (Strunk 
et al., 2011).

Retroviral vector packaging and transduction
EcoPack (Takara Bio Inc.) cells were calcium phosphate transfected using 
the ProFection system (Promega) with RIEP, pRetroX-dsREDmirE(Ren)-GFP, 
pRetroX-dsREDmirE(hLtv1)-GFP, pRETROX-TIGHT_GFP-Tomato, pRETROX-
TIGHT_GFP-hLtv1, pRETROX-TIGHT_GFP-hLtv1-S/A, or pRETROX-TIGHT_
GFP-hLtv1-S/D. Retrovirus was collected twice, filtered, and concentrated 
using a 50,000 mol wt cut-off filter (VIVASPIN 20; Sartorius Stedim Bio-
tech). MD-MBA-231 cells expressing the ecotropic receptor and the reverse 
tetracycline transactivator rtTA2 (MD-MBA-231-RIEP; obtained from C.  
Miething, Uniklinikum Freiburg, Freiburg im Breisgau, Germany) were gener-
ated using concentrated virus from RIEP and Ecotropic Receptor Booster 
(Takara Bio Inc.) according to the manufacturer’s protocol. Cells were se-
lected with 0.5 µg/ml puromycin for several passages. MD-MBA-231-RIEP 
cells were then spin-infected (2,500 rpm, 30°C, 90 min) with concentrated 
virus from pRetroX-dsREDmirE(Ren)-GFP, pRetroX-dsREDmirE(hLtv1)-GFP, 
pRETROX-TIGHT_GFP-Tomato, pRETROX-TIGHT_GFP-hLtv1, pRETROX-
TIGHT_GFP-hLtv1-S/A, or pRETROX-TIGHT_GFP-hLtv1-S/D in the presence 
of polybrene. Cells were expanded and FACS sorted for the presence of 
GFP. The expression of Renilla- or hLtv1-specific shRNAs and dsRED was 
induced by adding 0.3 µg/ml Dox. Expression of Tomato and wild-type or 
mutant hLtv1 (hLtv1-S/A and hLtv1-S/D) proteins was induced by addition 
of 0.3 µg/ml Dox and incubation for 3 d.

Quantification of apoptotic cells
Cells were washed twice with PBS and then incubated with 1× Annexin V 
binding buffer (BD) and Annexin V Alexa Fluor 647 (Biolegend) for 20 min. 
The cells were then washed with Annexin V binding buffer and resus-
pended in Annexin V binding buffer with DAPI. Cells were sorted using a 
flow cytometer (LSRII; BD) and analyzed using FlowJo software.

Online supplemental material
Fig. S1 shows supporting data for the EM analysis of in vitro reconstituted 
pre-40S ribosomes. Fig. S2 shows serial dilutions demonstrating that the 
Hrr25-I82G mutant is fully functional in the absence of 1NA-PP1. Fig. S3 
shows that the target of the Hrr25 kinase activity in vitro is Ltv1. Fig. S4  
shows a sequence alignment of residues 322–386 of yeast Ltv1 and its 
homologues. Fig. S5 shows binding of Ltv1-S/A and Ltv1-S/D mutants to 
pre-40S ribosomes in vitro and in vivo. Table S1 shows yeast strains used  
in this study. Table S2 shows plasmids used in this study. Online supple-
mental material is available at http://www.jcb.org/cgi/content/full/jcb 
.201409056/DC1.
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(supplemented with cycloheximide and protease inhibitors) using a Dounce 
homogenizer. Lysate was cleared of unbroken cells by centrifugation at 
300 g. Cytoplasmic (C) and nuclear (N) fractions were separated by an 
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Antibodies
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Rrp5, and Rok1 were raised in rabbits by Josman LLP. HRP-conjugated anti–
rabbit secondary antibody was obtained from Rockland Immunochemicals, 
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A. Hinnebusch, National Institutes of Health) were raised in rabbits.
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et al., 2005; Shrum et al., 2012) on a Titan Krios (FEI) operating at 120 kV  
with a nominal magnification of 59,000 and a defocus range of 1  
to 3 µm. Images were recorded on an UltraScan 4000 camera (Gatan). 
6,018 particles were selected using the manual particle-picking tool in 
Appion (Lander et al., 2009). To avoid any potential for model bias, we 
independently refined the data against two different initial models (Fig. S1 
A). In the first case, a density map generated from the atomic coordinates 
of the 40S ribosome (Ben-Shem et al., 2011) and filtered to 50-Å resolu-
tion was used as the starting model. In the second case, the Ltv1 pre-40S 
(EMD1924), also filtered to 50-Å resolution, was used as an initial model. 
In both cases, after five rounds of projection matching in EMAN (Ludtke  
et al., 1999), the beak appears in the retracted position. After five additional 
refinement rounds, density for Ltv1 was clear. Relion version 1.2 was used 
for final refinement, resulting in a final 21-Å resolution structure (judging 
by the Fourier shell correlation [FSC] cutoff of 0.5) that clearly shows a 
ridge of density at the beak to hold it in the retracted position (Fig. 2 A 
and Fig. S1 B). Further multimodel 3D refinement and CTF correction in 
Relion (Scheres, 2012), which allows the data to separate into two distinct 
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