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ABSTRACT

Ribosomes are synthesized by large ribonucleoprotein complexes cleaving and properly assembling highly structured
rRNAs with ribosomal proteins. Transcription and processing of pre-rRNAs are linked by the transcription-Utp sub-complex
(t-Utps), a sub-complex of the small subunit (SSU) processome and prompted the investigations for the requirements of
t-Utp formation and transition into the SSU processome. The rDNA promoter, the first 44 nucleotides of the 5’ETS, and
active transcription by pol I were sufficient to recruit the t-Utps to the rDNA. Pol5, accessory factor, dissociated as t-Utps
matured into the UtpA complex which permitted later recruitment of the UtpB, U3 snoRNP and the Mpp10 complex into the
SSU processome. The t-Utp complex associated with short RNAs 121 and 138 nucleotides long transcribed from the 5'ETS.
These transcripts were not present when pol II transcribed the rDNA or in nondividing cells. Depletion of a t-Utp, but not of
other SSU processome components led to decreased levels of the short transcripts. However, ectopic expression of the short
transcripts slowed the growth of yeast with impaired rDNA transcription. These results provide insight into how
transcription of the rRNA primes the assemble of t-Utp complex with the pre-rRNA into the UtpA complex and the later
association of SSU processome components.

Keywords: RNA polymerase [; rDNA transcription; ribosome biogenesis; SSU processome; small nucleolar RNA (snoRNA); U3
snoRNP; precursor ribosomal RNA (pre-rRNA); t-Utp complex; bhm-21

INTRODUCTION though as originally used, this term would also include pre-
60S processing factors (Trapman, Retel and Planta 1975). Recent
structural studies have found that the large particle is composed
of SSU processing factors assembled on the pre-rRNA contain-
ing the U3 snoRNA (Hunziker et al. 2016; Kornprobst et al. 2016;
Zhang et al. 2016; Barandun et al. 2017; Chaker-Margot et al. 2017,
Sun et al. 2017). The 35S pre-rRNA undergoes a series of endo
and exonucleolytic cleavages that release the mature rRNAs
from the external and internal spacers. The U3 snoRNA directly

A significant amount of cellular energy is invested in pre-rRNA
transcription and processing to produce enough ribosomes to
maintain cell growth (Warner 1999). In eukaryotes, the small
subunit (SSU) processome forms co-transcriptionally at the 5
end of the pre-rRNA transcript to constitute the terminal knob
of the Christmas trees (Dragon et al. 2002; Gallagher et al. 2004).
The SSU processome is also referred to as the 90S pre-ribosome,
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basepairs with the pre-rRNA and is required for the earliest
cleavage events in the 5ETS (external transcribed spacer). The
SSU processome forms around the U3 snoRNA and is required
for the endonucleolytic cleavages that release the 20S pre-rRNA,
the direct precursor to the 18S rRNA (reviewed by (Granneman
and Baserga 2004; Raska, Shaw and Cmarko 2006; Henras et al.
2008; Kressler, Hurt and Baf3ler 2010). The SSU processome, com-
posed of subcomplexes, assembles as the pre-rRNA is folded and
assembled with ribosomal proteins (Henras et al. 2015; Kressler,
Hurt and Baf3ler 2017; Pefia, Hurt and Panse 2017; Tomecki, Siko-
rski and Zakrzewska-Placzek 2017).

Several subcomplexes have been found to constitute the SSU
processome so far: t-Utp/UtpA, UtpB, UtpC, U3 snoRNP (small
nucleolar ribonucleoprotein) and Mpp10-Imp3-Imp4 complex
(Wehner, Gallagher and Baserga 2002; Dosil and Bustelo 2004;
Gallagher et al. 2004; Krogan et al. 2004; Perez-Fernandez et al.
2007; Kong et al. 2011; Hunziker et al. 2016; Yip et al. 2016). These
subcomplexes may represent assembly intermediates that can
be seen when individual components are depleted or when
smaller complexes are selectively purified. One of these, the
transcription-Utp sub-complex (t-Utp), contains Utp4, 5, 8, 9, 10,
15 and Utp17/Nan1l. In addition to its role in pre-rRNA processing
as an SSU processome component, the t-Utps is associated with
the rDNA and is required for optimal transcription of the rRNA in
vivo (Gallagher et al. 2004). Mapping studies found that the t-Utps
directly interact with 5ETS at +40 from the transcriptional start
site (TSS) and the second major site is located at +250 with a
weaker site at +500 (Hunziker et al. 2016; Kornprobst et al. 2016).
To differentiate the t-Utp complex that has not yet assembled
into the processome and Utp4, 5, 8, 9, 10, 15 and Utp17/Nan1 as-
sembled into the mature SSU processome, UtpA complex will be
used to refer to these proteins within the SSU processome and
t-Utp complex before other components of the SSU processome
such as the U3 snoRNP, UtpB, and the Mpp10 complex have as-
sembled. Cryo-EM shows that the N-terminus of Utp10 from the
UtpA complex extends up from the bottom of the mature SSU
processome and stabilizes the association of the UtpB complex
within the larger complex (Kornprobst et al. 2016; Cheng et al.
2017). The t-Utp complex is conserved and similar effects on
transcription have been observed in humans (Prieto and McStay
2007; Kong et al. 2011). Therefore, the t-Utps provide the link be-
tween the transcription of the pre-rRNA and the later formation
of the SSU processome.

The t-Utps associate with Pol5, the yeast homolog of
Mybbp1la (Krogan et al. 2004), which negatively regulates rDNA
transcription in humans (Hochstatter et al. 2012; Tan et al. 2012).
While in yeast, the t-Utp complex forms as pol I begins tran-
scription (Gallagher et al. 2004). As transcription progresses, Pol5
dissociates and the t-Utp complex becomes the UtpA. Pol5 di-
rectly associates with the rDNA and has not been detected in
the mature SSU processome. Normally transcription of the rDNA
is solely carried out by pol I (Reichel and Benecke 1984). In Sac-
charomyces cerevisiae, the rDNA locus contains 100-200 repeats
solely on chromosome XII. The regulation of transcription of the
rDNA is the focus of multiple pathways. Because of the heavy
investment of energy in ribosome biogenesis in unfavorable
growth conditions, the activity of pol I is rapidly down-regulated
but not completely (Kos-Braun, Jung and Kos 2017) while asso-
ciation Rrn3 to pol I promote loading onto the rDNA array and
transcription (Torreira et al. 2017). Deubiquitination by Ubp10,
which physically interacts and stabilizes pol I, is required for
optimal growth (Richardson et al. 2012). Inhibiting ribosome bio-
genesis is an attractive chemotherapeutic target. Compounds,
such as bmh-21 that interact with G-quadaplex DNA activating
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Figure 1. Schematic of the rDNA gene organization in Saccharomyces cerevisiae.
The rDNA array encodes 100-200 repeats of the 55 and 35S rDNA genes sep-
arated by non-transcribed spacers (NTS). NTS2 contains the ARS (autonomous
replicating sequence) and the I element of HOT1, which consists of the promoter
and the transcriptional start. The end of the 35S pre-RNA contains the E element
of the HOT1 sequence, which overlaps the 35S enhancer. The thick bar marks the
transcribed spacer sequence. The 5" and 3’ ends of the E and I elements are noted
with the 5 end of the 35S pre-rRNA. The direction of transcription is depicted
with an arrow above each gene. The 5" and 3’ external transcribed spacers (ETS)
are indicated.

degradation by ubiquitination of stalled pol I (Wei et al. 2018).
Ubp10 interacts with several components of the SSU processome
including Utp4 and Utp10, as well as Pol5 (Richardson et al. 2012).
Elongation mutants of pol I are particularly sensitive to bmh-
21 and accumulate paused short S’ETS transcripts that are later
elongated (Zhang et al. 2010; Wei et al. 2018).

Because of the head to tail arrangement of the rDNA genes,
additional factors are required to maintain chromatin stability
by blocking replication forks and relieving torsional stress from
transcription (reviewed in Schneider 2012). Saccharomyces cere-
visiae maintains control over the number and homogeneity of
the rDNA repeats by homologous recombination that is tightly
linked to pol I transcription and starvation (Jack et al. 2015). A
screen for DNA sequences that increase recombination found
that HOT1 is a hotspot of mitotic recombination (Keil and Roeder
1984). HOT1 is composed of the rDNA promoter and initiation
site, known as the I element, and the enhancer and replication
fork blocking site (RFB), known as the E element. (Fig. 1). The
transcription by pol I in the direction of the recombination re-
porter is also required for mitotic recombination (Steven Huang
and Keil 1995; Stewart and Roeder 1989; Lin and Keil 1991). E ele-
ment functions to recruit pol I to the rDNA promoter outside the
rDNA array (Wai et al. 2001). The HOT1 element also contains the
first 44 nucleotides of the 5’ETS and previously it was shown that
the first 22 nucleotides of the 5’ETS are required for transcription
(Musters et al. 1990).

Several short, sense, noncoding rRNA transcripts that begin
at the pol I TSS were expressed only under optimal growth con-
ditions. The short pol I transcripts were immunoprecipitabled
by the t-Utp subcomplex proteins. Perturbations in growth de-
creased the levels of the short transcripts and affected the for-
mation of the mature SSU processome. The short rDNA se-
quences within the HOT1 locus were sufficient to recruit the
t-Utps co-immunoprecipitated to another chromosome outside
the rDNA array, providing additional evidence of close associa-
tion of the t-Utps with these sequences. Pol5, which was previ-
ously shown to have a role in maintaining DNA copy number
(Shimizu et al. 2002; Yang, Rogozin and Koonin 2003) and co-
purified with the other t-Utps (Krogan et al. 2004), shares some
characteristics with the t-Utps. This work further details the
steps in the formation of the earliest pre-rRNA processing com-
plex that provides insights that link transcription and pre-rRNA
processing.

RESULTS

t-Utps are associated with the rDNA at least at one site as
seen with chromatin immunoprecipitation (ChIP: Gallagher et al.
2004; Prieto and McStay 2007). To investigate this further, ChIP
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Figure 2. The t-Utps associate with rDNA sequences even outside of the rtDNA
repeats. (A) Semi-quantitative ChIPs of a subunit of RNA polymerase I (Rpa190),
core box C/D snoRNP proteins (Nopl and Nop5), core box H/ACA snoRNP pro-
teins (Garl), and t-Utps (Utp9, Utp15, Utpl7/Nanl) tagged with HA in YPH499
were carried out. Probes used were to the rDNA promoter (primers 200 and 3’
start), the 5’ETS (primers +300 and oligo x) and the 25S rDNA (primers 5'25S and
oligo y; Table 1 for oligos). Lanes are marked B for beads alone in the immuno-
precipitation; HA-indicates immunoprecipitation with the anti-HA antibody. (B)
Schematic of the HOT1-his4 reporter from the K3207 strain. (C) Quantitative ChIP
of HA-tagged Utp8 and Nop1 in K3207 using 5 start and 3’ HIS4 primers that can
only amplify the HOT1 sequence at the his4 locus but not at the rDNA. The signal
was normalized to ACT1 and the standard deviation is indicated on the graph.

was carried out at three different sites in the rRNA: the rDNA
promoter, the 5" ETS, and 25S regions of the rDNA sequence. All
the tested t-Utps (Utp9, Utp15, Utp17) associated with the rDNA
at all three sites (Fig. 2A). In addition, the common box C/D pro-
tein, Nop1 and Box H/ACA common protein, Garl, immunopre-
cipitated the rDNA (Fig. 2A) as well as Rpa190 strongly associated
with the promoter sequence, consistent with previous reports.
To assess if the promoter region of the rDNA would be sufficient
to recruit the t-Utps, the association of Utp8 (t-Utp) and Nop1l
when these sequences were translocated to chromosome III was
tested. The 5 end of the short rRNA transcripts overlaps with
the previously described HOT1 sequence. HOT1 is a cis-acting
sequence known to increase local recombination over 100-fold
when placed outside the rDNA array (Keil and Roeder 1984).
This and similar reporter strains have been previously used for
searches for proteins that promote HOT1 recombination (Lin and
Keil 1991; Kobayashi and Horiuchi 1996; Prusty and Keil 2004;
Hepfer et al. 2005). The rDNA sequences represented in HOT1
were further investigated to determine if they were sufficient for
t-Utp:rDNA association. The HOT1 reporter construct contains
the E and I sequences upstream of the his4 promoter, and the
URA3 gene is integrated into a duplicated his4 gene with a mu-
tation in the 3’ segment in a strain called K3207 (Fig. 2B; Lin and
Keil 1991). In contrast to ChIP performed on the many repeats of
the rDNA array, there is only one HOT1 reporter per genome and
thus quantitative PCR on purified chromatin was more sensi-
tive. Quantitative ChIP of purified chromatin of Utp8-HA showed
40-fold enrichment at the HOT1-his4 locus compared to ACT1
used as the negative control, while ChIP with Nop1 and with the
untagged parental strain showed no enrichment (Fig. 2C). Thus,
the HOT1 sequences, comprising the rDNA promoter, the first 44
nucleotides of the 5ETS and the 3’ end of the 35S pre-rRNA were
sufficient to recruit the t-Utps outside the nucleolus to a nuclear
locus.
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In an effort to further define the assembly of protein sub-
complexes involved in ribosome biogenesis on the pre-rRNA,
northern blots were probed to detect the presence of very short
rRNA transcripts representing early products of transcription.
RNA was extracted from early log-phase yeast and analyzed on a
denaturing 8% polyacrylamide gel, followed by northern blotting
with an oligonucleotide that is complementary to the first 24 nt
of the pre-rRNA (Table 1). Several short rRNAs over 100 nt were
detected from normally growing yeast (Fig. 3A, lanes 1-4), while
RNAs smaller than 100 nt were not detected. Sequential hy-
bridizations with probes to small stable RNAs of known size (5S,
5.8S, U3 snoRNA, tRNA-Tyr) were used to approximately size the
two major short transcripts at 125 and 138 nt. Consistent with
this sizing, an oligonucleotide probe complementary to nt 107-
125 detected both short transcripts, while an oligonucleotide
complementary to nt 120-138 detected only the longer transcript
(data not shown). HA-tagging alone of the t-Utps shifted short
transcripts to the shorter isoform. Similarly, neither an oligonu-
cleotide complementary to the promoter in the NTS2 region (-24
to -47) detected the short transcripts. Therefore, the size hetero-
geneity most likely occurred at the 3’ end of these transcripts
and was not the result of polyadenylation as a poly-T oligonu-
cleotide did not hybridize to them. In addition, only sense probes
detected these RNAs, ruling out antisense transcription from
this region of the rDNA (data not shown).

Because the t-Utp complex is the earliest known SSU pro-
cessome subcomplex associated with the pre-rRNA (Gallagher
et al. 2004) association of Utp5 and Utp9 proteins with the 5
short transcripts was tested. Nop1, Utp7, Utp5 and Utp9 with HA
epitope-tagged at the C-terminus (Dragon et al. 2002) were im-
munoprecipitated, RNA was extracted and analyzed by northern
blotting. Both t-Utps strongly co-immunoprecipitated the short
rRNA transcripts (Fig. 3A, lanes 7 and 8), while neither Nop1 nor
Utp7 did so to an appreciable extent (Fig. 3A, lane 5-6). Western
blots of these proteins did not show appreciable differences in
immunoprecipitation (Supplemental Fig. 1) arguing against dif-
ferences in protein levels accounting to differences in associat-
ing short transcripts. These proteins do associate with the U3
snoRNA and full-length 35S rRNA (Gallagher et al. 2004). Thus,
this analysis has uncovered previously unknown short 5 ETS
pre-rRNA transcripts associated with a t-Utps.

To further map the 5 end of the short transcripts, primer ex-
tensions were carried out on immunoprecipitated RNAs associ-
ated with the Utps. The primer hybridizes the RNA and RT poly-
merase makes a cDNA copy until it falls off the 5’ end allowing
precise mapping when a dideoxy sequencing reaction is carried
out in parallel. Two primers were used: one upstream of the A
cleavage (within the S’ETS between +107 and 125) and one in the
18S rRNA (+924-932 from the beginning of transcript). Primer ex-
tensions can detect multiple RNAs with the same 5’ end, if the
target RNAs can hybrid to the primer. 35S and 23S pre-rRNAs
have the same 5 end (Ag) which would be detected by the Ao/A;
primer but have different 3’ ends (Fig. 3B gray boxes). While a
primer to the 5" end primer (+107 nucleotide) should only detect
the 5’ of the 35S pre-rRNA. The proportion of pre-rRNA with the
A; end as measured by the A¢/A; primer would equal for both
types of Utps. The 5 ends of RNAs associated with Utps were
mapped by primer extensions of immunoprecipitations of the
HA-tagged Utp5 and Utp7. Using the A¢/A; primer, two 5 ends of
RNAs were detected associated with Utp5 and Utp7. The 5 ends
mapped back to the TSS (5" end of 35S rRNA) and the A, site (5’
end of the 33S pre-rRNA) (Fig. 3C). Using the 5’ end primer which
hybridizes upstream of the Ay site, only the 5 end of the 35S
rRNA can be detected. Unlike mapping with the Ao/A; primer,
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Table 1. List of oligonucleotides.

Nucleotide relative 5 or3
to +1 of 35S of pre- Genomic
name pre-rRNA rRNA location Primer sequence 5’ to 3’
5'5S —1249- —1269 5 NTS2 GGT AGA TAT GGC CGC AACC
3'NTS2 —956- -975 3 NTS2 CTT CAT AAC CTG TCA CCT TG
-200 —242- —266 5 promoter GTG AGG AAC TGG GTT ACC CGG
-24 —24- 47 3 promoter CTC ACA CTT GTA CTC CAT GAC
3’ start 1-24 3 5'ETS GT CTT CAA CAA CTG CTT TCG CAT
5" start 1-24 5’ 5'ETS ATG CGA AAG CAG TTG AAG
+107/5’end 107-125 3 S5'ETS CTG ACG ATC ACCTAGCGAC
+120 120-138 3 5'ETS AGA CTA GGC AGA TCT GAC
+177 177-194 3 S5'ETS AAT ACG ATC AACCCA TG
+300 349-369 5 5'ETS GAA TAG CCG GTC GCA AGA CTG
oligo x 611-632 3 S5'ETS ACC TAT TCC CTCTTG CTAGAA G
oligo z 688-704 3 5'ETS GAT AAC TAT CTT AAA AG
+923 924-953 5 18S CAA TGT CTT CGG ACT CTT TG
5'1ITS 2656-2675 5 ITS1 ACGGTGAGAGATTTCTGTGC
3ITS 22826-2844 3 ITS2 CAAGAATTTTCGTAACTGG
5.8S 2886-2906 3 5.8S GTT CTT CAT CGA TGC GAG AAC
5258 5276-5296 5 25S GAC TAC TTG CGT GCC TTG TTG
oligo y 56511-5627 3 25S CCG TTC CCT TGG CTG TG
3'HIS4 415-434 3 HIS4 GTA CGT ACT TCA CCA AGC AC
U3 3 U3 snoRNA GATCCTATGAAGTACGTCGAC
A) Total RNA Anti-HAIP (B) 1152 S+ ETS
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Figure 3. The short 5’ ETS rRNA transcripts are associated with the t-Utps. (A) The indicated proteins were HA-tagged by chromosomal integration. Nopl1 is a core box
C/D snoRNA protein and Utp7 is not a t-Utp; Utp5 and Utp9 are t-Utps (boxed). RNAs co-immunoprecipitated by HA-tagged proteins were probed with an oligonucleotide
complementary to nt 1-24 of the pre-rRNA (3’ start oligo; Table 1). The blot was re-probed for tRNA-Tyr, 5S rRNA, 5.8S rRNA and the U3 snoRNA, and their sizes are
indicated. Total RNA represents 10% of input from each immunoprecipitation (lanes 1-4). RNAs associating with Nop1-HA, Utp7-HA, Utp5-HA and Utp9-HA were
analyzed in lanes 5-8. (B) Different 18S pre-rRNA species generated from different endonucleolytic events. U3 snoRNA dependent cleavages are in bold and the
nucleotide is noted under. Internal transcribed spacer (ITS) 1 and 2 separate the mature rRNAs while the external transcribed spacers (ETS) flank the pre-rRNA. 5’ ETS
primer hybridization are noted in gray boxes while the A0O/A1 primer hybridization is a black box. (C) Primer extensions of RNA immunoprecipitated from HA-tagged

Utp7 and Utp5 and total RNA (T) were carried out with indicated primers.

mapping the 5 with the end start primer more RNA with the
5 end at the TSS was detected associated with Utp5 compared
to Utp7 (Fig. 3C). If the short transcripts were a result of cleav-
age, then the signal from primer extensions should be the same
whether the Ayo/A; primer or the 5 end primer was used. Ad-

ditionally, if there was an endonucleolytic cleavage event, then
there should be a corresponding signal from the hypothetical
3’ cleavage product at 125 and 138 nucleotides but no transcript
with that corresponding 5’ end mapping to 126 and 139 nt within
the 5ETS was detected. Thus, by size, sequential hybridization
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Figure 4. The short 5 ETS rRNA transcripts are actively transcribed and are de-
pendent on t-Utps. (A) Underlines indicate probes used in the transcriptional
run-on assays. The non-transcribed spacer (NTS2) probe is approximately 1 kb
upstream from the pre-rRNA transcription start site. The start probe spans from
1 to 194 nucleotides of the 5 external transcribed spacer (ETS) pre-rRNA. The
middle probe spans 350-631 nucleotides of the 5’ETS pre-rRNA. The end probe
spans 687-945 nucleotides, from within the 5'ETS pre-rRNA and extending into
the 185 rRNA. The A, cleavage site is marked with a vertical line. (B) Radiola-
beled RNA transcripts from transcriptional run-on assay were used to hybridize
to membranes containing the four probes to the rDNA. (C) Quantitation of tran-
scriptional run-on assay in Figure 3B. The signal was normalized to NTS2 and
standard error is shown from three independent assays. (D) Transcriptional run-
on assays were carried out on GAL: HA-UTP strains. Radiolabeled RNA tran-
scripts from cells depleted of Utp7 and Utp15 for zero and six hours by growth
in dextrose-containing media were used to probe blots containing fragments of
rDNA.

and primer extension, these transcripts corresponded to the
first 125-138 nt of the S’ETS containing helix I and part of II
(Chaker-Margot et al. 2017).

Transcriptional run-on analysis can determine whether the
short 5 ETS rRNA transcripts resulted from premature transcrip-
tion termination/ pausing with exonucleolytic trimming or en-
donucleolytic cleavage from the processing of longer pre-rRNA
transcripts. Yeast were permeabilized with sarkosyl detergent
and then incubated with 3?P labeled UTP. Transcriptional run-
ons only allow bound polymerases to continue transcription;
this allows a snapshot of active transcription that occurs during
the 10 minute in vivo labeling period. The radiolabeled RNA is ex-
tracted and used to detect different regions of transcription. An
increase in transcripts detected with a probe complementary to
the short 5 ETS rRNAs would indicate that they likely result from
premature transcription termination/ pausing of pol I or exonu-
cleolytic trimming of the 5ETS region. Probes were generated
to span the length of the SETS and the NTS2 (nontranscribed
spacer) of the rDNA (Fig. 4A). Analysis of the transcripts gener-
ated in the run-on assay indicated that transcripts correspond-
ing to the 5 end of the pre-rRNA, where transcription starts,
were about 35% more abundant than the longer pre-rRNAs
(Figs. 4B and C). The amounts of transcription detected with the
two downstream probes (middle and end of the S’ETS) were ap-
proximately equal and are likely detecting 35S and 33S with the
middle probe and only 33S and 18S with the end probe. A little
signal was seen by hybridization to the NTS2 probe. These re-
sults are consistent with the short 5 rRNA transcripts, which can
only be detected with the start probe, were active transcribed by
polland either premature termination or pausing and trimming
which allowed accumulation of the short transcripts compared
to 18S rRNA.

Are the t-Utp subcomplex proteins required for the tran-
scriptional events detected in the transcriptional run-on? As the
t-Utps are depleted transcription of the full-length 35S de-
creased when measured with probes to 351-609 nt in the SETS
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and 5270-5670 nt within the 25S coding region (Gallagher et al.
2004). Transcriptional run-on assays were carried out on yeast
strains where UTP7 and UTP15 are under the control of a GAL
promoter. Like most proteins involved in ribosome biogenesis,
Utp15 and Utp7 are essential for growth and were depleted in
dextrose for six hours, during which the doubling time does not
change (Gallagher et al. 2004). Transcription of all of these rRNA
transcripts, including the short 5" ETS rRNA transcripts (start
probe), was affected by depletion of Utp15, the t-Utp, but not by
depletion of Utp7 (Fig. 4D). Thus, the t-Utps are required for op-
timal transcription of both the short and longer transcripts from
the rDNA. From the primer extension there was no 5 end that
would correspond to an endonucleolytic cleavage at nucleotide
125 or 138 from a longer rRNA as well as an increased short
rRNAs actively transcribed hybridize to the start probe com-
pared to the middle or end 5ETS probes further supports that
the short transcripts result from increased transcription over the
first 125-138 nucleotides of 5’ETS.

To investigate whether the formation of the SSU processome
affects the nature of the short rRNA transcripts and assembly
of the t-Utp complex, U3 snoRNA mutants were expressed in
yeast. Briefly, one copy of the gene encoding the U3 snoRNA is
deleted from the genome while the other copy is under the GAL
promoter. Exogenous U3 snoRNA is expressed from a plasmid
(Fig. 5A; Wehner, Gallagher and Baserga 2002). When cells are
shifted to glucose-containing media, chromosomal wild-type U3
snoRNA is repressed so that the sole source of U3 snoRNA is from
plasmids expressed from these strains (Wehner, Gallagher and
Baserga 2002). The t-Utp complex can form in the absence of the
U3 snoRNA and depletion of U3 snoRNA does not affect the for-
mation of the t-Utp complex or transcription of the rRNA (Gal-
lagher et al. 2004). The U3 snoRNA directly basepairs at three lo-
cations in the 5'ETS of the pre-rRNA and two regions within the
mature 185 rRNA using two different regions of the U3 snoRNA
called 5’ETS and Box A/A'(Fig. 5B; Yeh and Lee 1992; Sharma and
Tollervey 1999; Dutca, Gallagher and Baserga 2011). The first re-
gion of complementarity is in the SETS which corresponds to
nucleotides 281 to 290 and the second is at 469 to 479 of the pre-
rRNA. The U3 snoRNA Box A/A’ directly basepairs to the 5 end
of the 18S rRNA which is 701 to 725 nucleotides from the 5" end
of the 35S pre-rRNA and at a second site within the 18S rRNA.
Unexpectedly, a mutation in the first 5ETS:U3 snoRNA interac-
tion abolished expression of both the long and short forms of
the 5’ETS transcripts (Fig. 5C top lanes 1, 4, 7 and 10). In con-
trast, expression of the Box A mutant U3 snoRNA shifted the
two short transcripts to primarily the longer form, while the dis-
tribution of short transcripts associated with other Utps, Utp5
and Utp9 did not change (Fig. 5C bottom lanes 8, 9, 11 and 12).
Therefore, when present, the t-Utps associated with the short
transcripts that were stably expressed. Mutations interrupting
the first U3:5’ETS at +281 of the 5’ETS but Box A U3:5'ETS base-
pairing interaction affected levels of the short transcripts.

While the Nop1, Utp7, Utp5 and Utp9 stably associated with
both 5’ETS and Box A mutant U3 snoRNAs (Fig. 5D), there were
changes in protein-protein interaction when mutant 5ETS U3
snoRNA was expressed but not the Box A mutant. The larger
SSU processome around the 5ETS U3 snoRNA mutant did not
form properly as shown by the loss of Nop1, Utp7 and t-Utps
association with Mpp10 protein component of the SSU proces-
some (Supplemental Fig. 2 lane 1, 4, 7, 10 and 14). Protein lev-
els of Nop1, Utp7, 5, 8 and 9 in the strains expressing the U3
snoRNA mutants did not change, and the 5ETS interaction was
required for the Utps to associate with Mpp10 (Supplemental
Fig. 2).
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Figure 5. Early 5’ETS pre-rRNA-U3 snoRNA interaction is required for the produc-
tion of short transcripts and association with the other Utps with the U3 snoRNA.
(A) Schematic of yeast strain YKW100 containing U3B on chromosome XVI re-
placed with LEU2, U3A placed under the control of the GAL promoter. Different
plasmids containing U3 mutants (U3*) are expressed under the endogenous U3
promoter. (B) Schematic of the U3 snoRNA and 5’ETS of the rRNA basepairing.
Sequences comprising the mature 18S rRNA are red while the 5'ETS is in purple
and relevant nucleotides are in matching colors numbering begins at the first nu-
cleotide of that region (ETS starts at +1). Canonical basepairing is noted a black
dash and other nucleotide interactions are a dot. Regions of the U3 snoRNA inter-
acting with the pre-rRNA are blue and the body of the U3snoRNA not directly in-
teracting with the pre-rRNA is grey. Cleavage sites are noted with arrows. (C) RNA
was co-immunoprecipitated from yeast with C-terminal HA-tagged Nop1, Utp7,
UtpS and Utp9 expressing mutant U3 snoRNA (5'ETS or Box A binding sites) or
wild-type U3 snoRNA (WT). Total RNA represented 5% of lysate immunoprecipi-
tated. Northern blots were probed with the start oligo complementary the 5" end
of the pre-rRNA. t-Utps were boxed. (D) Northern blot in part C was reprobed to
detect co-immunoprecipitated U3 snoRNA expressed from a plasmid, extracted
yeast expressing C-terminal tagged Nop1, Utp7, Utp 5 and Utp9. t-Utps are boxed.

U3 snoRNA

Transcription of the rDNA in yeast can be driven by either
polIor RNA polymerase II (pol II) (Nogi, Yano and Nomura 1991).
To determine whether the short 5 ETS rRNA transcripts were de-
pendent on the type of polymerase transcribing the rDNA, RNA
from yeast that contained an inactivated pol I or when a pol I
promoter drove transcription was analyzed. The chromosomal
rDNA was deleted from the genome and rDNA encoded on a
plasmid was introduced (Wai et al. 2001) and RNA from yeast ex-
pressing rDNA from different plasmids bearing either pol I or
pol Il promoters was examined by northern blot (Fig. 6A). Levels
were quantitated and compared to the levels of short transcripts
expressed in the YPH499 strain or to the levels of 5.85 rRNA or
the U3 snoRNA. Only when the plasmid rDNA was transcribed
by pol I (NOY908) did the short 5" ETS rRNA transcripts stably ac-
cumulate, although less than short transcripts from the YPH499
strain containing chromosomal rDNA (Fig. 6A, lane 1 and 3). In
contrast, when the GAL promoter (pol II) drove the expression of
the rDNA from a plasmid, did not exhibit the short 5 ETS rRNA
transcripts (Fig. 6A, lane 2). To control for the possibility that
the chromosomal context of the rDNA locus itself was impor-
tant, the presence of the short transcripts was assessed in yeast
where the rDNA was transcribed by a cryptic pol II promoter
in the rDNA repeat in the presence of deleted large subunit of
pol I (Oakes et al. 1999). Yeast that have switched to using this
pol Il promoter are called PSW (promoter switch) strains. To de-
termine if the short 5 ETS rRNA transcripts could be detected in
a promoter-switched strain, PSW/NOY878. Northern blots indi-
cate that the PSW strain, driven by pol II, also did not transcribe
the short 5’ ETS rRNA transcripts (Fig. 6A, lane 4). The short tran-
scripts were not detected when two different pol II constructs
drove transcription of the rDNA or when the rDNA was encoded
on a plasmid or at its endogenous chromosomal location. As a
control, Rpa43, a pol I component, was also found at the rDNA
and its association did not require the presence of the t-Utps.
(Supplemental Fig. 3A). Likewise, Rpa43 did not associate with
the short 5’ETS transcripts, the t-Utps or the U3 snoRNA (Sup-
plemental Fig. 3B-D). Thus, the t-Utp and snoRNP core protein
association with the rDNA was distinct from that of RNA poly-
merase I. Thus, the short 5 ETS rRNA transcripts were apparent
only when the rDNA is transcribed by pol I, although to a lower
level when expressed from a plasmid.

The requirement of the pol I promoter and the specific asso-
ciation of the t-Utps with the short 5ETS rRNA transcripts led
us to investigate if the t-Utps were specifically required for the
accumulation of the short transcripts. Utp7 and Utp15 (t-Utp)
were depleted and the levels of the short transcripts were as-
sessed at three and 6 hours after transcription of these genes
were repressed (Gallagher et al. 2004). Surprisingly, depletion of
both proteins reduced the levels of the short 5ETS rDNA tran-
scripts (Fig. 6B), indicating that normal levels of these proteins
are required for their accumulation.

Various stress conditions are known to decrease transcrip-
tion of the rDNA in yeast, including starvation and growth to
stationary phase (reviewed; Warner 1999). The accumulation of
the short 5" ETS rRNA transcripts in these stress conditions was
tested. Yeast were grown at 30°C and then shifted to 37°C for
heat shock, shifted to a medium lacking dextrose to achieve star-
vation conditions and grown to an ODgg of 5.5 to achieve sta-
tionary phase. RNA was isolated from stressed cells and then
analyzed for the presence of the short 5 ETS rRNA transcripts.
After six hours of heat shock, the steady-state levels of the short
5 ETS rRNA transcripts were not altered (Fig. 6C lanes 1 and 2).
In contrast, inducing both starvation and growth to stationary
phase decreased the levels of the short 5 ETS rRNA transcripts



@ e $§
&° QQO\X{QQ\D‘ gﬁ

short
transcripts

(B) short transcripts
GAL:HA-  GAL:HA-  hrs
UTP7 UTP15 m
3 3 6 dex

0 6 0

short
transcripts
(©) S &
9 % NN \{bc\’
300370 {X_YP ¥
short 5°
transcripts

- U3 snoRNA
6 7
Utp15

RNApoll® Qhrs 7hrs Ohrs 7 hrs
MC————. B IP BIP BIP BIP

1 2 3 45
D) Utp3

5’ETS

Figure 6. The short 5' ETS rRNA transcripts are not transcribed by RNA poly-
merase II. (A) Northern blot of total RNA from cells expressing the rDNA from
a cryptic RNA pol II promoter (PSW/ NOY878) or from plasmid-encoded pPol I
rDNA (NOY908) and pPol II rDNA (NOY891). The blot was probed with radiola-
beled +107 oligonucleotide. (B) Northern blot of total RNA from yeast grown in
galactose for 0, 3 and 6 hours to deplete UTP7 and UTP15 and hybridized to detect
the short transcripts. (C) Northern blot of total RNA from YPH499 cells grown at
30°C in YPD then shifted to 37°C or media with no dextrose (YP) or grown to sta-
tionary phase (OD600 5.5). (D) ChIPs with 5’ETS primers of Utp3 and Utp15-HA
in NOY504, carrying a temperature sensitive RNA pol I were shifted to 37°C for 7
hours to repress rDNA transcription. Input DNA was diluted 2.5-fold.

(Figure 6C lanes 4, 5 and 7). Under several conditions where rDNA
transcription is decreased, the stable accumulation of short 5’
ETS rRNA transcripts was reduced, again providing support that
the expression of the 5 ETS short transcripts is related to pol I
transcription.

To determine if functional pol I was required for associa-
tion of the t-Utps to the rDNA, Utp5 (t-Utp) was HA-tagged
in a temperature sensitive yeast strain containing a deletion of
Rrn3, a nonessential subunit of pol I, that reduces the stability
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of the complex (NOY504 (Nogi et al. 1993)). At the nonpermissive
temperature, pol I transcription is greatly reduced to less than
5% of levels at the permissive temperature (Gallagher et al. 2004).
ChIP of Utp5 and of a non-t-Utp, Utp3, was carried out. When
shifted to the nonpermissive temperature for 7 hours, Utp15 no
longer associated with the rDNA (Fig. 6D, compare IP at 0 vs.
7 hours). As published previously, Utp3 was not associated with
the rDNA under any conditions (Gallagher et al. 2004). Under con-
ditions where pol I is not expressed, the t-Utps no longer asso-
ciated with the rDNA.

To investigate whether the short 5’ transcripts can function in
trans, the 18S, 5.85 and 25S were deleted from plasmid-encoded
rDNA using the pol I promoter (pNOY373) in a high expres-
sion plasmid so that the entire SETS could be expressed with-
out the mature rRNAs. Three different deletions of pNOY373
were constructed. The long deletion has the entire 5ETS, the
beginning of 18S, the 3' ETS and the transcriptional terminator
(Fig. 7A). The next deletion deleted most of the 3’ETS but main-
tained the terminator stop (medium deletion), the short dele-
tion plasmid deleted everything after the 129th nucleotide of
the 5’ETS (short). The deletion plasmids was transformed into
pPol II strain (NOY891) from Fig. 6A that did not express the
short transcripts. NOY891 was also transformed with an empty
plasmid and full-length pPol I rDNA (pNOY373) (Fig. 7A). Yeast
were grown overnight in selective media containing galactose
and an equal number of cells were serially diluted onto media
that would maintain the plasmids (Fig. 7B). The pol II promoter
driving the rDNA is the GAL promoter and the yeast grow slower
than yeast with pol I transcribing the rDNA. Surprisingly, ectopic
expression of the short transcripts reduced the growth of yeast
that otherwise did not express the short transcripts. The effect
was extubated with the shortest deletion. The negative effect of
growth was detected in the overnight cultures because yeast car-
rying the long deletion plasmid grew10-fold less dense (an aver-
age ODgoo 0.14 after 24 hours of growth) than yeast with pPol II
or pPol I TDNA plasmids (ODggo 1.24 and ODggo 1.73, respectively).
The dominant negative effect may be a result of sequestering
the t-Utps from SSU processome assembly. To determine if there
was a dosage effect from expression of the deletion plasmids,
rDNA segment from the medium deletion plasmid was cloned
onto a centromeric plasmid (Fig. 7C). The growth defect was less
severe when the single copy plasmid was expressed but not as
decreased as an empty plasmid.

To determine if the expression of the short rRNAs, yeast were
exposed to bhm-21 which inhibits elongation of pol I by sta-
bilizing G-quadaplex structures. However, bhm21 did not in-
hibit yeast growth under the conditions required to maintain
the plasmids (Supplemental Fig. 5). It is not uncommon for dif-
ferences in drug sensitivity in minimal media compared to rich
media because biochemical target pathways may not be active
(Rong-Mullins et al. 2017) or the transporter may not be ex-
pressed (Webster and Dickson 1983; Cheng et al. 2000). Using the
PSW yeast strain that has pol I mutated (NOY878) and the ge-
nomic rDNA is expressed using a cryptic pol Il promoter present
in the repeats, the effect of a pol I inhibitor was tested. At same
concentrations that fail to affect yeast growth in minimal media,
wild-type yeast growth was completely inhibited in YPD (Fig. 7D)
while the PSW yeast were not affected by bmh-21.

Several recent cyro-EM structures have placed the Utp4, 5,
8, 9, 10 and 17 on the 5ETS (Tulha et al. 2010; Kornprobst
et al. 2016; Calvino et al. 2017; Chaker-Margot et al. 2017) and in
vivo crosslinking (CRAC) has precisely mapped UtpA component
interactions on both the 5’ETS and U3 snoRNA (Bafler et al.
2017; Calvino et al. 2017). Previous work had found Pol5 stably
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Figure 7. Ectopic expression of short 5’ETS slows growth of impaired yeast. (A)
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with an empty plasmid (-), pNOY373 (full) or pNOY373 that had the 18S, 5.8S
and 25S deleted (long, medium or short). Yeast were grown to saturation and an
equal number of cells diluted ten-fold, spotted onto selective media (YM+AU)
containing galactose, and grown for three days. (C) Serial dilution of yeast with
rDNA expressed from the plasmid and the short transcripts (medium deletion)
expressed from high or low copy plasmid. (D) Wild-type and PSW yeast growth
in response to bmh-21 on YPD.

associated with proteins of the UtpA complex (Krogan et al.
2004) but behaves differently than the other components. To
determine if Pol5 shared known characteristics of t-Utps by
testing association with other t-Utps and SSU processome
components, TDNA and the short 5 ETS transcripts. By co-
immunoprecipitation Pol5 associated with the t-Utp, Utpl7
(Fig. 8A lane 3), but not with the non-t-Utp, SSU proces-
some component, Mppl0 (Fig. 8A lane 3). In contrast, Utp5
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Figure 8. Pol5 association with the t-Utps and the SSU processome. (A) Anti-
HA immunoprecipitation from yeast containing HA-Pol5 or Utp5-HA and Utp17-
TAP proteins. Proteins were tagged at either the C-terminus or the N-terminus
in YPH499. Western blots of co-immunoprecipitation were sequentially blotted
with antibodies to HA tag, TAP tag and Mpp10 and are labeled to the left of the
blots. (B) Quantitative PCR of ChIP from yeast expressing HA-tagged Utp8 and
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Figure 8. Pol5. Primers to the 5'ETS amplified chromatin isolated from each
tagged strain, normalized to ACT1 and standard deviation noted. (C) Northern
blot of short RNAs when Pol5, Utp7 and Utp10 were depleted for 24 hours. (D)
Northern blot of RNA extracted from anti-HA immunoprecipitations. HA-tagged
proteins were immunoprecipitated and RNA was separated on an 8% polyacry-
lamide gel. Oligonucleotide +107 was radiolabeled and blotted to detect the short
5’ ETS pre-rRNA transcripts.

co-immunoprecipitated both Mpp10 and Utp17 (Fig. 8A lane 4),
as do all t-Utps (Gallagher et al. 2004). This suggests that Pol5
should not be considered a component of the mature SSU pro-
cessome, but a t-Utp accessory component which dissociates be-
fore the SSU processome is formed. Similar to depletion of a t-
Utp, PolS depletion blocked the SSU processome dependent pre-
RNA cleavages (Supplemental Fig. 5A and B). Consistent with
previously published results (Shimizu et al. 2002), Pol5 was en-
riched four-fold by ChIP to the 5ETS compared to mock ChIP
(Fig. 8B).

To determine whether Pol5 was required for accumulation of
the 5’ETS short rRNA transcripts, GAL promoter was placed up-
stream of POL5 gene and northern blots were performed as in Fig
2A. Interestingly, the levels of these rRNAs were lower than that
in the GAL:UTP7 or GAL:UTP10 strains before depletion (Fig. 8C).
This may be due to over-expression of Pol5 similar to what has
been observed for Mybbp1la (Tan et al. 2012). However, depletion
of PolS increased the levels of the 35S pre-RNA in contrast to de-
pletion of t-Utp components which demonstrated reduced tran-
scription of the rDNA (Supplemental Fig. 6A). Before depletion of
Pol5, the abundance of pre-rRNA precursors was different com-
pared to the wild-type control. Depletion of Pol5 also resulted in
a mild decrease of 5.8S levels (Supplemental Fig. 6B). The levels
of short rRNAs immunoprecipitated were much higher by Pol5
than Utp8 (Fig. 8D). Transcriptional run-on from yeast depleted
of Pol5 showed that levels of pre-rRNAs complementary to the
middle of 5ETS and 25S rRNA did not reduce to the levels when
Utp4 was depleted (Fig. 8E). Pol5 is, therefore, is a t-Utp com-
plex accessory factor because it associated with other t-Utps,
the rDNA, the short 5 rRNA transcripts but was not found as-
sociated with components of the later SSU processome.

DISCUSSION

While investigating the factors required for the procession of the
t-Utps into the mature SSU processome, the existence of short
stable transcripts comprising the first 125-138 nt of the 35S pre-
rRNA was uncovered. These transcripts were associated with
the t-Utps and the protein, Pol5, but not with other components
required for SSU biogenesis. Overexpression of the short tran-
scripts impaired growth which was dose-dependent. The 5’ETS-
U3 snoRNA interaction was required for the stability of these
transcripts as well as the transcription by pol I. The nucleolar
run-on experiments suggest that these transcripts resulted from
increased pol I dependent transcription within the rDNA 5'ETS.
Depletion of a t-Utp led to both a decrease in transcription of the
rRNA and of the short 5SETS rRNA transcripts. The t-Utps asso-
ciated with the rDNA at several sites and were even associated
with the rDNA sequences were translocated (HOT1).

What is the nature of the short 5 ETS rRNA transcripts?
These results suggest that they specifically a pol I products that
pause or stop early in the S’ETS. If they are degradation prod-
ucts then, there may be an exonuclease recruited by pol I like
splicing factors and the CTD of pol II or an RNA modification
that permits specific cleavage of the pre-rRNA that is not present
when the pre-rRNA is transcribed by pol II, stress, mutations in
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the U3 snoRNA, or depletion of t-Utps or Pol5. However, the lack
of the corresponding 3’ cleavage product argues against this ex-
planation. If the short transcripts are a result of a pause site,
one has not yet been posited for pol I but has been observed for
pol Il where so-called abortive transcripts of 20 nt are often ev-
ident (Wade, Hall and Struhl 2004). The short stable transcripts
have not yet been identified for pol I before perhaps because
most studies were based on reporter constructs or have used
probes that would not detect them in yeast (Tschochner 1996;
Keener et al. 1998; Oakes et al. 1999). The 5’ end of the short tran-
scripts map to the known pol I TSS for the 35S pre-rRNA ruling
out heterogeneous TSSs. However, it is unknown whether the
5" ETS transcripts result from a single pause event followed by
variable exonucleolytic trimming of the 138 nucleotide RNA to
125 nucleotide RNA or from multiple pause events or are fur-
ther extended. The 5’ ETS is extensively structured (Yeh and
Lee 1992; Tulha et al. 2010; Kornprobst et al. 2016; Calvino et al.
2017; Chaker-Margot et al. 2017) and the 138 and 125 positions
are nearly opposite of each other in the second stem loop of
the 5’ETS (Fig. 5B). The 5’ETS is bound and remodeled directly
by RNA helicases (Sardana et al. 2015). Ectopic expression of a
series of deletions of the 5’ETS decreased the growth of yeast
with impaired rDNA transcription but not normal yeast. The
drug bmh-21 blocks pol I elongation which induces ubiquitin-
tation and degradation of pol I. In vitro transcription assays with
pol I elongation mutants show pausing at an undetermined site
in the 5’ETS (Viktorovskaya et al. 2013) are approximately the
size of the short transcripts described here. These transcripts are
later extended to then end of the reporter. Bmh-21 also causes
pausing (Wei et al. 2018) and yeast that use pol II to transcribe
the rDNA were not sensitive. Because bmh-21 was not effec-
tive on minimal media suggesting that the transporter is not ex-
pressed, the combination of the ectopic expression of the short
transcripts and bmh-21 could not be directly tested. If ectopic
short transcripts also blocked elongation then pol I would be
ubiquitintated. The physical interaction of Ubp10 and the t-Utps,
Pol5, and other components of the SSU processome (Richardson
et al. 2012) support this as an important checkpoint of ribosome
biogenesis as previously suggested (Wei et al. 2018). The lack of
growth inhibition in wild-type yeast points to the robustness of
the system and only when the rDNA was expressed from out-
side it’s normal repetitive genomic location did expression of
the short transcripts alone from a plasmid negatively affects
the growth of yeast, suggesting that excess short transcripts
or when expressed ectopically may sequester processing fac-
tors from productive rRNA transcripts by preventing recycling of
factors.

An intriguing question remains of how the S5’ETS and U3
snoRNA interaction, which is 3’ of the short transcripts af-
fects the levels of these short rRNA transcripts. Without the
S'ETS-U3 snoRNA base-pairing interaction, no stable 5’ETS tran-
scripts were detected despite the first 5ETS-U3 snoRNA base-
pairing being located 143 nucleotides downstream of the longest
short rRNA transcript of 138 nucleotides. Based on the sec-
ondary structure of the RNA (Chaker-Margot et al. 2017), the
first helix and most of the second helix of the 5ETS com-
prise the short 5’ ETS rRNA transcripts. However, the secondary
structure based on full-length 5’ETS and does not rule out
conformational changes that may occur as the SSU processome
matures as there are no current structures of the t-Utp com-
plex alone. The second interaction between the U3 snoRNA and
the 5’ETS is 71 nucleotides upstream of the A, cleavage site (nt
551) in the 5’ETS of the pre-rRNA and may represent a check-
point for the cells to degrade pre-rRNAs that will not be properly
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processed by an incompletely assembled SSU processome. The
reporter constructed used to measure pauses in elongation by
pol I notes several sites of pausing at the approximate size of the
short transcripts described here (Wei et al. 2018). The U3 snoRNA
is required for the Ao, A; and A, cleavages, and without it, the
SSU processome fails to form. The t-Utp complex formation is
independent of the U3 snoRNA and unlike other Utps, the t-Utps
did not require the 5ETS or helix 1b’ sequences of the U3 snoRNA
for association with each other or the pre-rRNA. The U3 snoRNA
is at the core of the SSU processome and basepairs directly to
regions in the 18S rRNA, preventing the formation of the central
pseudoknot.

Studies in human cells have not detected any short tran-
scripts from the 5’ ETS (Kuhn and Grummt 1992; Stefanovsky
et al. 2006; Moss et al. 2007), while others have argued on the basis
of kinetics that there might be (Panov, Friedrich and Zomerdijk
2001; Panov et al. 2006). Notably, short RNAs (snPI RNAs) tran-
scribed by pol I from the start site of transcription have been
observed in HelLa and other metazoan cells (Benecke and
Penman 1977; Reichel et al. 1982; Reichel and Benecke 1984). It
would not be unexpected to find short 5’ETS transcripts in mam-
malian cells stabilized by binding to the t-Utps, as there are or-
thologous t-Utps in human cells with similar functions in pol I
transcription and pre-rRNA processing (Prieto and McStay 2007).

However, polyadenylated RNAs transcribed from the 5’ETS
have been described (Schneider et al. 2007). These RNAs were
observed in the presence of an elongation defective pol I and
are subsequently degraded by the TRAMP exosome (Hage et al.
2010). These aberrant RNAs start at the transcription start site
and end as a result of cleavage approximately 270 nt from the
5’ end of the 18S rRNA, and therefore are much longer than the
ones that were described here and are polyadenylated (600 to
2000 nt vs 125-138 nt). In contrast, the short 5" ETS rRNA tran-
scripts described here were neither polyadenylated nor did they
immunoprecipitate subunits of the TRAMP complex (data not
shown). Thus, the previously described longer 5’ polyadenylated
S’ETS RNAs are likely distinct from the short 5’ ETS rRNA tran-
scripts described here.

The association of the t-Utps with the short transcripts sig-
nify the earliest complex. Detailed structures of the SSU proces-
some published to date are a static picture of the pre-ribosome
assembly process (reviewed; Barandun, Hunziker and Klinge
2018). These large ribonucleoprotein complexes have been puri-
fied using two differentially tagged proteins each from the UtpA
and UtpB complexes and therefore represent a later step in the
process of ribosome assembly. Additionally, as the presence of
the short rRNA transcripts appears to signal active growth, pu-
rification of the SSU processome after early-log phase (defined
here as 0.2-0.5 ODggo) would not be optimal for identifying the
earliest processing complexes. Using tagged RNAs would also
not have identified the short 5’ETS RNAs because the smallest
reporter/ probes are longer than the short transcripts (Schneider
et al. 2007; Hunziker et al. 2016; Zhang et al. 2016; Barandun et al.
2017; Chaker-Margot et al. 2017). Intriguingly, in vivo crosslinking
(Hunziker et al. 2016) found that the likely order of the t-Utps
loading on to the pre-RNA is Utp9, Utp8 and Utp17 first then
Utp4, Utp15 and Utp10 and Utp5, if 5’ to 3’ position on the 5’ETS is
reflective of their order of association. Utp10 has an N-terminal
domain that reaches up into the SSU processome that may set
up the loading of UtpB complex (Hunziker et al. 2016). All these
t-Utp interactions can account for interactions with the 125-138
nucleotide short RNAs seen here. These proteins also crosslink
to the U3 snoRNA centering on helix 1b’ and helix 3 (Hunziker
et al. 2016). Utp10 also interacts at further 3’ nucleotides of the
U3 snoRNA and may act as the bridge tethering the UtpA, UtpB

and U3 snoRNA complexes (Hunziker et al. 2016; Chaker-Margot
et al. 2017).

The t-Utps do not interact directly with pol I but because of
their close association with the rDNA and their binding to the
first nucleotides of the 5’ETS, they are in a prime location to
contribute to regulation of elongation or provide an important
checkpoint for ribosome biogenesis to proceed. Indeed, translo-
cation of the rDNA promoter contained in the HOT1 sequence
to another chromosome was sufficient for ectopic recruitment
of the t-Utps to chromatin. The transcription of rDNA forms the
nucleolus and has extensive intra rDNA interactions and notably
between NTS and the 35S gene (Mayan and Aragdén 2010) that
may explain the diffuse t-Utp association across the repeat and
possible recycling of components linked to the head to tail ar-
rangement of the rDNA repeats. Purification of proteins in the
t-Utp have found a mixture of complexes containing these pro-
teins (Kornprobst et al. 2016) and may represent the t-Utp com-
plex conversion into the UtpA as transcription of the 5’ETS pro-
gresses. Purification of the pol I deubiquintase, Ubp10, identified
Utp4, Utp10 and Pol5 as highly enriched (Richardson et al. 2012)
but none of these proteins have been identified as ubiquitinated.
All published structures of the SSU processome to date have not
identified Pol5, supporting that these structures represent a fully
formed SSU processome and not the t-Utp complex, as defined
here. As transcription of the 5’ETS, other subcomplexes are in-
corporated and leave as the 185 rRNA matures and the ribosomal
proteins replace processing proteins (Bernstein et al. 2004; Jakob
et al. 2012).

The short rRNA transcripts described here are markers of
exponentially growing cells. The short transcripts were not de-
tected in cells starved either by glucose depletion, grown to sta-
tionary phase or depletion of ribosome biogenesis factors. Star-
vation can be mimicked by the addition of rapamycin to inhibit
mTOR. Within 10 minutes of starvation, the Rrn3 dependent as-
sociation of pol I to the promoter drops to 30% (Torreira et al.
2017) as do the short transcripts as shown here. The downregu-
lation is dependent on Pafl, which stimulates in vitro pol I tran-
scription (Zhang et al. 2009). Rapamycin-induced rapid downreg-
ulation of ribosome biogenesis including phosphorylation. Pol5
and several Utps are rapidly phosphorylated upon the addition
of rapamycin (Oliveira et al. 2015). In particular, serines 789 and
800 of Pol5 are phosphorylated and are conserved across yeast
but not in humans. However, the mouse Pol5 ortholog, Mybbp1la
is phosphorylated in response to rapamycin at the C-terminal
end (Yu et al. 2011) and highlights the conservation of the es-
sential process of ribosome biogenesis. Mutations in the human
homolog of Utp4, a t-Utp, cause Indian Childhood Liver (Zhao
et al. 2014; Sondalle, Baserga and Yelick 2016). Other diseases of
ribosome biogenesis and upregulation of ribosome biogenesis in
cancer point to the allocation of resources as a critical point of
regulation in cell growth and apoptosis.

MATERIALS AND METHODS
Strains, media and plasmids

Yeast strains expressing triple HA carboxyl-tagged proteins
(KanR) in YPH499 and YJV100 were constructed by homologous
recombination in the genome as previously described (Longtine
et al. 1998). The UTP genes were placed under the control of
the GAL promoter to make GAL:HA-UTP strains (Longtine et al.
1998). YPH499 containing Utp8-HA or Nop1-HA were first back-
crossed with YPH500 and then crossed to K3207 (Lin and Keil
1991), sporulated, and Kan®, URA+, HIS+ strains were used for
further study. Unless otherwise stated, cells were grown at 30°C
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Reference

Strain Genotype

YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre trp1-A63 his3-A200 leu2-A1l

YPH500 MATo ura3-52 lys2-801_amber ade2-101_ochre trp1-A63 his3-A200 leu2-Al

YPH499 HA C-terminal 3xHA tag

YPH499 TAP C-terminal TAP tag (TRP1)

YKW100 MATa, ura3-52, his3-A, leu2 lys2-801 amber, trp1-A6,3 u3aA UAS GALpro:U3A::URA3 u3b::LEU2
YJV100 MATa, ade3-1, his3-11, leu2-3,112, trp1-1, ura3-1 can100, rpal35::LEU2, GAL7-35rDNA::TRP1d
K3207 MATa his4-260::URA3, his4—A ade2-1, ade5 ura3-52, HOT1::leu2::ADES,7::leu2-3,112, trp1HIII,

YPH499 GAL:HA
NOY504

lys2-BX::CAN1::LYS2, canl

GAL1 driven N-terminal 3xHA tag (KANR)

MATaw, ade2-101, ura3-1, trp1-1, leu2-3,112,his3-11, can1-100, rrn4::LEU2, (pol I temperature
sensitive)

NOY878 MATa, ade2-101, ura3-1, trpl-1, leu2-3,112, can1-100, rrn9::HIS3, PSW (35S rDNA promoter
switch from pol I to pol II) (GAL7-35S rDNA, 5S rDNA, URA3, 2 um (pNOY103))

NOY891 MATa ade2-101, ura3-1, trp1-1, leu2-3,112, can1-100, rdnA A::HIS3 carrying pNOY353
(GAL7-35S rDNA, 5S rDNA, TRP1, 2 um (pNOY353))

NOY908 MATa ade2-101, ura3-1, trp1-1, leu2-3,112, can1-100, rdnA A::HIS3 carrying pNOY373 (pol I
rDNA LEU2, 2 um (pNOY373)

pPol Il rDNA NOY891 with pRS315

pPol I rDNA NOY891 with pNOY373

pdeletions+ NOY891 with pNOY373 with different length deletions of the 5ETS (long, medium or short

pPol Il rDNA

S’ETS transcripts)

Dragon et al. 2002)
Gallagher et al. 2004)
(Wehner et al. 2002)
(Venema et al. 1995)
(Lin and Keil 1991)

(
(
(
(

(Dragon et al. 2002)
(Nogi et al. 1993)

(Oakes et al. 1999)
(Oakes et al. 1999)
(Wai et al. 2001)
This study

This study
This study

Sikorski and Hieter 1989)
Sikorski and Hieter 1989)

in YPD. YJV100 was described in (Venema et al. 1995). YJV100 cells
were grown in YPG/R (2% yeast extract, 1% peptone, 2% galac-
tose and 2% raffinose) and then shifted to YPD (2% yeast ex-
tract, 1% peptone and 2% dextrose) for three to 6 hours. GAL:HA
strains were grown in the same way as YJV100. NOY504 (Nogi
et al. 1993), NOY878(Oakes et al. 1999), NOY891 and NOY908 (Wai
et al. 2001) strains were grown as described by others. YKW100
were grown in SC-Gal/Raf-Trp and then shifted to SC-glucose for
24 hours to deplete endogenous U3 snoRNA (Wehner, Gallagher
and Baserga 2002). Mutant U3 snoRNA was expressed from plas-
mids (Lee and Baserga 1997; Wormsley et al. 2001). The pNOY373
containing the rDNA repeat with the pol I promoter was cut with
Ndel and Nhel, the overhangs were filled in the Klenow and reli-
gated. The long deletion plasmid contained the rDNA promoter
206 nucleotides upstream of the TSS, all 699 nucleotides of the
5’ETS, 30 nucleotides the mature 18S, 174 of the 3’ end of the 25S
region. The medium deletion was cut at Ndel and Xho], filled in
and religated. The short deletion plasmid was cut at Bglll and
Xmal, filled in and religated. The medium deletion plasmid was
cut with Pstl and BamHI and cloned into pRS315. All plasmids
were confirmed by sequencing. The pNOY373 deletion plasmids
were transformed into NOY891 and selected on yeast minimal
media supplemented with adenine and uracil with galactose as
the sole carbon source. 20 uM of bhm-21 was added to solid me-
dia and used within one day. Yeast were serially diluted as pre-
viously described (Rong-Mullins, et al. 2017). All yeast strains are
listed in Table 2.

RNA manipulations

Aliquots of YJV100 were collected 0 or 6 hours after the shift from
galactose-containing media to glucose-containing media while
keeping the ODggo of each culture below 0.5 unless otherwise
noted. Total RNA was extracted with hot phenol (Ausubel et al.
1995). RNA was separated on 8% polyacrylamide and transferred
to Hybond N+ membrane (GE Healthcare). Hybridizations were
done with 32P-labeled oligonucleotides complementary to the
pre-rRNA, 5.85 and U3 snoRNA, as previously described (Dunbar

et al. 1997). Blots were serially hybridized with probes to RNAs
of known length and used to determine the length of the short
rRNAs. The sequences of all oligonucleotides used in this study
are shown in Table 1. Primer extensions were performed as pre-
viously described (Dragon et al. 2002).

Transcriptional run-on assays

Transcriptional run-on assays were performed with YPH499 and
GAL:HA strains as previously published (Gallagher et al. 2004).
PCR fragments corresponding to segments of the rDNA tran-
scription unit were cloned into the Invitrogen pCR21.1 TOPO TA
cloning system and spotted onto Hybond N+ membrane (GE
Healthcare). The sequences for the NTS2 and middle (5" ETS)
probes were previously described (Gallagher et al. 2004). Primers
used for the 5 start and 3’ +177 and for the end probe are 5
+923 and 3'oligo z (Table 1 (Lee and Baserga 1997)). Plasmids
containing the various regions of the rDNA were spotted on the
membrane in excess of in vivo radiolabeled RNA that had been
extracted from yeast. The dot blot hybridization signals were
quantitated using Bio-Rad Multi-Analyst Version 1.0.2. To ob-
tain the corrected values numbers, the background (the NTS2
dot) was subtracted from the start, middle, and end 5’ ETS dots.
The amount of signal was determined in arbitrary units, and
three independent transcription run-on assays were averaged
together, with standard error indicated.

Protein manipulations

Co-immunoprecipitations were carried out as previously de-
scribed (Gallagher et al. 2004). Proteins were detected by incu-
bation with 1:10,000 dilution of anti-Mpp10 antibody (Dunbar
et al. 1997) or 1:500 dilution of anti-HA antibody or 1:5000 di-
lution of PAP (to detect TAP from Sigma Aldrich), for an hour
at room temperature after being transferred to Immobilon™-
P. Secondary antibodies conjugated to HRP (anti-rabbit or anti-
mouse) diluted 1:10,000 were then added for 15 minutes. ECL™
from GE Healthcare was used to detect the immunoreactive
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bands. Twenty-five ul of the extract was taken as 1/20th of the
total and co-immunoprecipitation were carried out as previously
described (Gallagher et al. 2004). Co-immunoprecipitated RNA
was extracted by phenol-chloroform and analyzed by northern
blotting.

Chromatin immunoprecipitations

Semi-quantitative ChIP was carried out as described in
(Gallagher et al. 2004) for sequences in the repetitive rDNA. The
sequences for the primers are found in Table 1. The primers to
the rDNA promoter are 5 200 and 3’ —47. Primers to amplify the
start 5’ETS were 5’start and +177 while primers for mid 5'ETS
were 4300 and oligo x. Primers to the 255 rRNA coding sequence
are 5'25S and oligo y. Quantitative ChIP of single gene localiza-
tions such as the HOT1 reporter and the gene was carried out as
described in (Kuras et al. 2000; Gallagher et al. 2014; Lefrancois,
Gallagher and Snyder 2014) and the primers used are 5’ start and
3’ HIS4. The signal from the HOT1-HIS4 PCR was normalized to
that from the ACT1 gene. Quantitative ChIP was carried out in
biological triplicate and standard deviation noted. While Quan-
titative ChIP of the rDNA repeat cannot be normalized to a single
nonnucleolar locus and instead was normalized to input.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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