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Ribosome biogenesis requires equimolar amounts of four rRNAs and all 79 ribosomal proteins (RP).
Coordinated regulation of rRNA and RP synthesis by eukaryotic RNA polymerases (Pol) L, III, and II is a key
requirement for growth control. Using a novel global genetic approach, we showed that the absence of Hmol
becomes lethal when combined with mutations of components of either the RNA Pol II or Pol I transcription
machineries, of specific RP, or of the TOR pathway. Hmol directly interacts with both the region transcribed
by Pol I and a subset of RP gene promoters. Down-regulation of Hmol expression affects RP gene expression.
Upon TORCI1 inhibition, Hmol dissociates from ribosomal DNA (rDNA) and some RP gene promoters
simultaneously. Finally, in the absence of Hmol, TOR-dependent repression of RP genes is alleviated. There-
fore, we show here that Saccharomyces cerevisiae Hmol is directly involved in coordinating rDNA transcription
by Pol I and RP gene expression by Pol II under the control of the TOR pathway.

Ribosome biogenesis on its own consumes up to 80% of a
proliferating cell’s energy and represents about 95% of total
transcription (44). Recent evidence suggests that ribosome bio-
genesis is required not only for growth but also for regulation
of cell growth (51). 25S, 18S, and 5.8S ribosomal RNAs are
synthesized by RNA polymerase I (Pol I), while the 5S rRNA
is transcribed by RNA Pol III. RNA Pol II produces messenger
RNAs encoding 79 ribosomal proteins (RP), expressed from
138 genes in budding yeast (62). To generate mature ribosomal
subunits, ribosomal components have to be transported, pro-
cessed, and assembled, using more than 200 different trans-
acting factors (70). The second group of Pol II-transcribed
genes, called Ribi, is coregulated with the RP genes (21, 29).
Global coordination of ribosome component transcription by
all three transcriptional machineries remains to be understood.

In Saccharomyces cerevisiae, ribosome biosynthesis is pri-
marily regulated at the level of transcription and under the
control of the conserved TORCI (target of rapamycin complex
1) pathway (discussed in reference 45). Recent studies have
identified essential transcription factors controlled by the
TORCI1 pathway involved specifically in transcription by either
Pol I, Pol III, or Pol II. These factors seem to act on single
transcription apparatus, such as Rrn3/TIFIA (14, 19) and UBF
(24) for Pol I, Mafl for Pol III (17, 57, 71), and the Forkhead-
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like transcription factor Fhll and two cofactors, Ith1 and Crfl,
for Pol II (46, 62, 63, 72). However, cross talk between Pols is
well documented, and recent findings argue for an upstream
function of Pol I in this cross-regulation (9, 37).

Transcription by Pol I is known to be the major rate-limiting
step in ribosome biogenesis (52). TOR complex 1 (TORC1)
binds directly to the ribosomal DNA (rDNA) and activates Pol
I (38). A subpopulation of Pol I in complex with Rrn3 is
competent for initiation (48, 49). An essential Pol I subunit,
Rpad3, interacts with Rrn3 (56). Inhibition of TORC1 by rapa-
mycin decreased the amount of the Rrn3-Pol I complex (14).
An overexpressed Rrn3-Rpa43 fusion protein can substitute
for both essential proteins Rrn3 and Rpa43. If this fusion
protein, named CARA (constitutive association of Rrn3 and
RpA43), is overexpressed in a mutant strain lacking both
Rpa43 and Rrn3, Pol I remains competent for initiation even
when TORCI is inactivated (37). Interestingly, the CARA
mutant can alleviate TORCl1-dependent regulation of RP
genes (37). This finding could suggest that a Pol I factor con-
tributes to TORCI1 regulation of RP gene transcription.

We have previously shown that Hmol is a bona fide Pol I
transcription factor (20). Recently, it has been shown that
Hmol is bound to both rDNA and RP gene promoters (23).
Hmol binding to RP promoters requires Rap1 and is required
for the assembly of Fhll and Ifh1l onto RP promoters. How-
ever, Hmol appears not to be required for global RP gene
expression (23).

To better understand which role Hmol fulfills in vivo, we
tried to identify new genetic partners of Hmol. Using a novel
systematic genetic approach, we established that Hmol is ge-
netically linked to Pol I, to specific RP genes, and to TORC1
in vivo. Like the CARA strain, Hmol is hypersensitive to
TORCT inhibition. In the absence of Hmol, Ifh1 is still essen-
tial for RP gene expression but some specific RP genes are
deregulated. We established that in the absence of Hmol, the
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TABLE 1. Yeast strains

Strain Genotype fgflizl;‘«::iger

BMAG6G4-1a MATa leu2-3,112 his3-11,15 trpI A ade2-1 ura3-1 2

BY4741 MATa his3AI leu2A0 met15A0 ura3A0 Euroscarf

BY4742 MATa his3AI leu2A0 lys2A0 ura3A0 Euroscarf

YO6969 MATa his3AI leu2A0 met15A0 ura3A0 hmol-A::KAN-MX4 Euroscarf

YO02941 MATa his3AI leu2A0 met15A0 ura3A0 fprl-A::KAN-MX4 Euroscarf

OGP126-1a MATa leu2-3,112 his3-11,15 trpIA canl-100 ade2-1 ura3-52 HMO1::TAP-KAN This work

YAB2-2a MATo his3AT leu2A0 met15SA0 ura3A0 hmolA::ProNAT-TetR-VPI16 + pGID-HMO!I (TetO- This work
CEN URA3 METI15 HMOI)

YABI11-1a MATo his3AT leu2A0 met15A0 ura3A0 hmol A::ProNAT-TetR-VP16 rpa34-A::KANMX4 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB9-1a MATo his3AT leu2A0 met15A0 ura3A0 hmolA::ProNAT-TetR-VP16 rpa49-A::KANMX4 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB4-1a MATo his3AT leu2A0 met15SA0 ura3A0 hmolA::ProNAT-TetR-VPI16 yjl075¢c-A::KANMX4 This work
(or netl-Ac) + pGID-HMOI (TetO-CEN URA3 METI5 HMOI)

YABS5-1a MATa his3AI leu2A0 met15A0 ura3A0 hmolA::PraNAT-TetR-VP16 rps23a-A::KANMX4 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YABG6-1a MATo his3AT leu2A0 met15A0 ura3A0 hmol A::ProNAT-TetR-VPI16 fprl-A:KANMX4 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB7-1a MATo his3AT leu2A0 met15A0 ura3A0 hmolA::ProNAT-TetR-VP16 tom1-A::KANMX4 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YABS-1a MATo his3AT leu2A0 met15A0 ura3A0 hmol A::ProNAT-TetR-VP16 ncs2-A:KANMX4 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB100-1a MATo his3AT leu2A0 met15A0 ura3A0 hmolA::ProNAT-TetR-VP16 HPH-pTET-RPA190 + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB101-1a MATo his3AT leu2AO met15SA0 ura3A0 hmolA::ProNAT-TetR-VP16 HPH-pTET-RPBI + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB102-1a MATo his3AT leu2A0 met15A0 ura3A0 hmolA::ProNAT-TetR-VP16 HPH-pTET-KOGI + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB103-1a MATo his3AT leu2A0 met15A0 ura3A0 hmolA::ProNAT-TetR-VP16 HPH-pTET-IFHI + This work
pGID-HMOI (TetO-CEN URA3 MET15 HMOI)

YAB104-1a MATo his3AT leu2A0 met15A0 ura3A0 fpriA::PraNAT-TetR-VP16 HPH-pTET-RPA190 + This work
pGID-FPRI (TetO-CEN URA3 METI15 FPRI)

YAB105-1a MATo his3AT leu2A0 met15A0 ura3A0 fpriA::PraNAT-TetR-VP16 HPH-pTET-RPB1 + This work
pGID-FPRI (TetO-CEN URA3 METI15 FPRI)

YAB106-1a MATo his3AT leu2A0 met15A0 ura3A0 fpriA::PraNAT-TetR-VP16 HPH-pTET-IFHI + This work
pGID-FPRI (TetO-CEN URA3 METI15 FPRI)

YAB107-1a MATo his3AT leu2A0 met15A0 ura3A0 fpriA::PraNAT-TetR-VP16 HPH-pTET-KOGI + This work
pGID-FPRI (TetO-CEN URA3 METI15 FPRI)

YAB108-1a MATo his3ATL leu2A0 met15A0 ura3A0 fpriA::ProNAT-TetR-VP16 HPH-pTET-HMO1 + This work
pGID-FPRI (TetO-CEN URA3 METI15 FPRI)

YPHS500 MATo leu2Al his3A200 trp1 A63 lys2-801 ade2-101 ura3-52 37

CARA MATo leu2Al his3A200 trpl A63 lys2-801 ade2-101 ura3-52 ccn3A:HISS rpa43A::KANMX4 37
+ pGEN-RRN3-RPA43 (2pm TRPI RRN3::RPA43)

YAB73-1a MATo leu2Al his3A200 trpl A63 lys2-801 ade2-101 ura3-52 rrn3A::HISS rpa43A::KANMX4 This work
hmolA::HPH + pGEN-RRN3-RPA43 (2um TRPI RRN3::RPA43)

YAB72-1a MATao leu2A1 his3A200 trpl A63 lys2-801 ade2-101 ura3-52 hmolA::HPH This work

YABS82-1a MATa his3A1 leu2A0 met15A0 ura3A0 TORI-1::LEU2 This work

cross-regulation of Pol I-RP gene transcription is alleviated.
Therefore, Hmol is required for the TORCl1-regulatable ex-
pression of RP genes.

MATERIALS AND METHODS

Yeast and plasmid constructions. Yeast media and genetic techniques were
described previously (26, 67). Yeast strains are described in Table 1. Oligonu-
cleotides are described in Table S1 in the supplemental material. Plasmids
pFS-Tap-Kan (75), pFS-Tap-TRP (75), pENTR3C (Invitrogen), pDONR201
(Invitrogen), and pFA6-13myc-TRP1 (41) were previously described. Plasmid
pRCI1 (10), containing the TORI-1 (or DRRI-I) allele, was subcloned using the
BamHI-Clal fragment (3.6 kb) in pRS305 to generate pRS305-TOR1-1, which
was cut with Agel for integration. pGID1, pGID2, pRS316-CII, pFL36-CII, and
PAG32-ttt, used in the genetic-interaction-with-gene-deletion (GID) screen, are
described in detailed GID protocols. pUC19-HPHMX4 was constructed by li-
gating the HindIII-Xbal fragment of pAG32 (22) into the HindIII-Spel-digested
vector pUC19 (74). The following plasmids were constructed using Gateway

technology (Invitrogen): pDONR201-HMO1 (by a BP recombinase enzyme mix
with pDONR201 and HMO1 [oligonucleotides 1529 and 1530], using strain
BY4741 as the template) and pPDONR-FPRI1 (using the directional TOPO clon-
ing strategy [Stratagene] with pENTR/D-TOPO and FPRI [oligonucleotides
1547 and 1548], with strain BY4741 as the template). pGID-HMO1, pRS316-
HMOI, and pFL36-HMO1 were obtained by LR recombinase enzyme mix be-
tween pDONR201-HMO1 and pGID, pRS316-CII, and pFL36-CII, respectively.
Similarly, pGID-FPR1 and pRS316-FPR1 were obtained by LR reactions be-
tween pDONR-FPR1 and pGID and pRS316-CII, respectively.

Strains were generated by genetic crosses with indicated parental strains (Ta-
ble 1). The strategy for the modification of strains used in the GID screen is
described in the supplemental material. C-terminal fusion proteins were gener-
ated using the F2 or R1 oligonucleotide, with pFA6-13myc-TRP1, pFS-Tap-Kan,
or pFS-Tap-TRP as the template (41). Insertion of the regulatable promoter was
achieved using the PCR product from pAG32-ttt and oligonucleotides 1836 to
1837 (RPA190), 1841 to 1842 (RPBI), 1806 to 1807 (IFHI), 1597 to 1598
(KOG1), and 1856 to 1857 (HMOI). Strains YAB72 and YAB73 were generated
by using oligonucleotides 887 and 888 on plasmid pUC19-HPHMX4.
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Immunoblotting. Exponentially growing cells from strain OGP126-1a were
untreated or treated for 60 min with 400 ng/ml rapamycin. Cells were collected,
and proteins were extracted by NaOH-loading buffer treatment (36). Cell ex-
tracts were loaded on 10% polyacrylamide sodium dodecyl sulfate gels, and
proteins were separated by electrophoresis and transferred onto nitrocellulose
membranes. Western blotting was performed with anti-protein A-peroxidase
mouse antiperoxidase antibodies (DAKO) and antiactin antibodies (AC-40;
Sigma). As secondary antibodies, anti-mouse antibody-horseradish peroxidase
(Jackson Laboratories) conjugates were used, followed by detection with chemi-
luminescence (Pierce).

ChIP. Hmol chromatin immunoprecipitation (ChIP) was performed using
strains OG126-1a and BMAG64-1a as an untagged control. Tandem affinity puri-
fication was performed according to Rigaut et al. (60). Increased specificity was
achieved using three washes, each three times: with lysis buffer (50 mM HEPES
[pH 7.5], 1% Triton X-100, 0.1% Na deoxycholate, 1 mM EDTA), washing buffer
1 (50 mM HEPES [pH 7.5], 500 mM NaCl, 1% Triton X-100, 0.1% Na deoxy-
cholate, 1 mM EDTA), and then washing buffer 2 (10 mM Tris-HCI [pH 8], 250
mM LiCl, 0.5% NP-40, 1 mM EDTA, 0.1% Na deoxycholate) as described in
Bier et al. (8). Next, tobacco etch virus Nia protease cleavage was done for 2 h
at 16°C. The amount of immunoprecipitated DNA was expressed as a value
relative to the amount of input DNA, where 1 unit represents 0.005% of input
DNA.

Systematic SL screen: GID. Methods used for the systematic synthetic lethal
(SL) approach are explained in detail as a supplemental material protocol.

Transcription analysis. For depletion experiments, strains bearing pTET pro-
moters were treated for 6 h with 5 wg/ml of doxycycline prior to harvesting. Total
RNA was extracted from yeast using the hot phenol procedure (9).

For quantitative reverse transcription-PCR, total RNA was directly reverse
transcribed using an oligonucleotide deoxyribosylthymine primer and Super-
script II reverse transcriptase (Invitrogen). cDNAs were RNase H treated and
used in a 1:5 dilution to perform a quantitative PCR with primers 2011 and 2012,
2025 and 2026, 2029 and 2032, and 1122 and 1123. RNA levels were normalized
relative to ACTI mRNA levels.

Microarray data accession number. Microarray protocols and analysis have
been deposited in the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress)
under accession no. E-MEXP-651.

RESULTS

Systematic SL screen using an hmolA mutant: the GID
approach. We have previously shown that Hmol is genetically
linked to the Pol I apparatus (20). Interestingly, Hmol is not
essential (42) but is implicated in the control of mutagenesis
(1), interacts with long CAG repeat tracts (33), and is bound to
both rDNA and RP gene promoters and may contribute to
rRNA processing (23). The precise function of Hmol remains
elusive, but the available data suggest that Hmo1 couples Pol
I transcription to other cellular processes. To identify putative
other functions of Hmol in vivo, we performed a systematic SL
screen with hmolA as the bait, using a new plasmid-based
approach named GID (Fig. 1A). Our method combines the
simplicity of classical SL screens, using a plasmid dependency
assay (6), and makes use of the available collection of all
nonessential yeast gene deletions (73). The construction of the
test strain and the detailed steps of the screen are described in
Fig. S1 and S2 in the supplemental material. In brief, in the test
strain, the HMOI gene is replaced by a nourseothricin resis-
tance marker (NAT) placed under the control of a MAT-
alpha-specific promoter. This test strain is transformed with a
pGID-HMO1 complementing plasmid which carries both a
METI5 and a URA3 marker and a hygromycin resistance
marker. It is first mated with pools of all viable haploid dele-
tion strains of the a mating type marked by a kanamycin re-
sistance marker (KAN). Diploids were selected on G418 and
hygromycin-containing medium and sporulated. After sporu-
lation, alpha-haploids bearing double deletions were selected
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on nourseothricin and G418 double-selective medium. The
identification of genetic partners was performed by selection of
mutant cells from the library requiring HMO1 for growth in
three successive steps (Fig. 1A). We began with a color assay
using lead-containing medium. In lead-containing medium,
H,S-producing colonies develop a dark brown color due to
formation of PbS (53). Strains bearing mutations such as
metl5~ or met2~ are overproducing H,S (53). Therefore, col-
onies that can lose the pGID-HMOL1 plasmid carrying the
MET15 marker develop on lead-containing medium a brown
color (73, 15). A white color could indicate a requirement for
HMOI for survival. Next, we scored for the ability of cells to
grow without this complementing plasmid by direct counter-
selection of pGID-HMOL (using the URA3 marker) on 5-fluo-
roorotic acid (5-FOA)-containing medium. Finally, we re-
versed those phenotypes by providing another plasmid bearing
HMOI. Using three selection steps, we established the require-
ment for Hmol in some double-deletion strains. The gene
deletion responsible for the SL phenotype was then identified
by using the “molecular bar codes” associated with each dele-
tion mutant (see the supplemental material).

We performed the screen for 120,000 individual colonies,
resulting in 15-fold library coverage of each possible double
mutant. With the color assay, 922 candidates were selected. Of
these, 123 double mutants grew poorly or not at all without
plasmid on 5-FOA-containing medium. In 63 clones out of the
123, representing 28 different double mutants, the growth de-
fect was fully restored by providing an HMOI-containing plas-
mid (see Table S2 in the supplemental material). Surprisingly,
rpal2A, rpa34A, top3A, and rpa49A, previously identified as
genetically interacting with hmolA (20), have not been iso-
lated. The corresponding double mutants, generated by indi-
vidual crosses, were not white on lead-containing medium,
probably due to H,S formation even in the presence of
METI5, resulting in brown colonies (53). Since the white color
is required for the first selection step, our screening procedure
does not allow the identification of all possible genetic inter-
actions (data not shown). However, we confirmed our previ-
ously published interactions with AmolA on 5-FOA medium
(e.g., rpal2A, rpa34A, top3A, and rpa49A) (20). Furthermore,
we reproduced the strong SL interaction of Hmol with Fprl
(18).

In summary, out of 32 gene deletions, 7 were SL and 25
caused synthetic slow growth to various extents in combination
with imoIA (see Table S2 in the supplemental material). From
these 32 genes, we defined three putative functional groups,
according to known phenotypes: genes involved in ribosome
biogenesis (13 genes), genes involved in transcription of Pol I
(5 genes) or Pol IT (6 genes), and a group of genes involved in
very distinct functions in vivo but all connected to stress re-
sponse pathways (16 genes) (Fig. 1B). The growth defects of
three double mutants are shown in Fig. 1C. We observed that
using this novel strategy (GID) to identify SL candidates, we
are able to select a panel of candidates having various growth
defects (see Table S2 in the supplemental material).

In conclusion, using this systematic screen, we confirmed
that Hmol becomes essential when Pol I transcription is de-
fective and new links to two functional pathways were un-
veiled: Hmol becomes essential when (i) stress response path-
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FIG. 1. Genetic interactions of Hmol. (A) Flow diagram of the GID screen. (B) Schematic representation of identified genetic interactors with
HMOI. The interactors can be grouped roughly into three different classes of function that are partially overlapping: (i) transcription, (ii) ribosome,
and (iii) stress response. (C) Growth comparison of wild-type, single-mutant, and double-deletion strains. The single-deletion AmolA strain
(YAB2-2a) and double-deletion himolA/net] Ac (YAB4-1a), hmolA/rps23aA (YABS-1a), and hmolA/nsc2A (YABS-1a) strains containing plasmid
pGID-HMO1 were transformed with pFL36-HMO1 (left; WT) or an empty vector (right; AmolA). Tenfold serial dilution series were spotted on
5-FOA-containing plates. Growth was scored after 4 days at 30°C. On 5-FOA medium, the pGID-HMO1 plasmid is lost. In the left panel, HMOI
is still present on plasmid pFL-HMO1, scoring the growth of the single-deletion mutant; in the right panel, HMOI is absent, scoring the growth

of the double-deletion mutant molA plus the indicated deletion.

ways such as TORCI are affected and (ii) specific RP are
down-regulated.

Hmol is enriched on a subset of the rDNA unit. We have
previously established the direct involvement of Hmol in Pol I
transcription (20). From our genetic data, we established that
Hmol is linked to Pol I initiation (rpa43-24 or netl) (20, 65),
termination mutant rpal2A (58), or the newly defined Pol I
elongation factor Spt5 (64) (Fig. 1B).

To determine at which step of the transcription process the
Hmol protein acts, we mapped its association within the
rDNA unit. Because rDNA is a highly repeated genomic locus,
we used a ChIP protocol with extensive and stringent washing
optimized to detect specific associations within the rDNA unit
(8). Furthermore, we chose not to normalize our ChIP results
using a region outside rDNA, which may lack comparability
because of the repeated nature of rDNA and a difference in
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FIG. 2. Hmol binds preferentially to the Pol I-transcribed region of the rDNA. ChIP experiments were performed using strain HMO1-TAP
(OGP126-1a) or the untagged BMAG64-1a control strain, followed by a two-step purification. (A) Schematic representation of an rDNA unit.
Sequence elements within the rDNA (nontranscribed spacers 1 and 2 [NTS1 and -2], the 5S RNA Pol III transcript, and the 35S RNA Pol I
transcript) are noted. The oligonucleotides used to analyze the immunoprecipitates via quantitative PCR are indicated by arrows (1 to 20).
(B) Hmol ChIP. Relative values of immunoprecipitated DNA and the whole-cell extract (Input) are shown. The amount of immunoprecipitated
DNA was expressed as a value relative to that for input DNA, where 1 unit represents 0.005% of input DNA. DNAs immunoprecipitated from
the Hmo1-TAP strain (OGP126-1a) and from the untagged BMAG64-1a control strain are shown in gray and in black, respectively. Standard

deviations for three different measurements are indicated.

extractability, but to compare using an untagged strain (Fig. 2).
Using a total of 20 primer pairs covering the rDNA unit (Fig.
2A), we observed a roughly 100-fold enrichment of the region
transcribed by Pol I (35S; primer pairs 6 to 16) (Fig. 2B,
compare gray bar [Hmo1] to black bar [control]) compared to
the untagged-control-strain level. We reproducibly observed a
low binding efficiency for Hmol within the NTS2 region
(primer pairs 1 to 5) and mild binding to the terminator region
(primer pairs 17 to 20). We observed drastic increases between
amplicons 5 and 6, at positions —271 to —131 and positions +6
to +108, respectively, relative to the Pol I transcription start
site (13). This result demonstrates no enrichment upstream of
promoter-bound elements at positions —146 to —100 for UAF
and —28 to +8 for CF relative to the Pol I transcription start
site (32, 39). We detected no greater enrichment near the CF
binding site (amplicon 6) than for amplicons 7 to 16, which
were totally devoid of any promoter elements. This result is
different from the previously described association throughout
the rRNA gene (23). We interpret this discrepancy as an effect
of the normalization procedure and our stringent washing pro-
tocol. We conclude that Hmol is specifically enriched within
the Pol I-transcribed region of the rDNA unit, suggesting that
it may function during elongation.

Hmol is connected to the TORC1 pathway. Hmol absence
requires an optimal Pol I transcription for viability (20). We
found here that mutation of some specific RP genes and of
stress response pathways is also genetically linked to Hmol.
Several lines of evidence link Hmol more specifically to the
TORCT stress response. One of the major regulators of RP
gene expression is the TORC1 complex. Among the genetic
interactors of Hmol, Fpr1 was the most frequently found gene,
confirming an earlier report (18). Fprl is one of the four
peptidyl-prolyl cis-trans isomerases of the FK506 binding pro-

tein family (FKBPs) and is the specific cytoplasmic receptor of
rapamycin. An fprl A strain is resistant to rapamycin treatment
(25). In complex with rapamycin, Fprl binds TORCI and in-
hibits its function (40). TORC1 is made of two exchangeable
kinases, Torl and Tor2; two essential proteins, Lst8 and Kogl
(40); and one nonessential factor, Tco89 (59). Essential genes
are not tested in our GID screen, but Tco89 had been identi-
fied (Fig. 1B).

We checked the sensitivity of AmolIA to TORCI inhibition
using rapamycin treatment. As a control, we introduced in the
hmolA strain a dominant mutant of TORI (DRRI®"™, or
TORI-1), which makes cells resistant to rapamycin (10). As
shown in Fig. 3A, the AmolA strain is more sensitive to rapa-
mycin than the corresponding wild type. This sensitivity is fully
rescued by the TORI-1 mutation.

To further confirm the connection between Hmol and the
TORC1 pathway, we next assayed the consequences of com-
bining hmolA with depletion of essential genes of the TORC1
complex. The replacement of the native promoter by the tet-
racycline-regulatable promoter was initially developed by Her-
rero’s group (4) and has recently been used for large-scale
studies (50). We inserted a tetracycline-regulatable promoter
upstream of three essential genes, RPA190 (the largest subunit
of Pol I), RPBI (the largest subunit of Pol II), and KOGI (a
TORCl-specific member) (27, 40, 47). To increase promoter
shutoff, the repression in the presence of doxycycline was in-
creased by introduction of the repressor tetR'-SSN6 (tTA') (5).
We have previously shown that specific mutations of Pol I are
SL with Aimo1A but that Pol I mutations such as rpb1-1 are not
(20). Consistently, we observed that Hmol becomes fully es-
sential for growth when Pol I (ptet-RPA190) is inhibited by
mild depletion but not when Pol II (ptet-RPBI) is (data not
shown). Using a doxycycline concentration allowing depletion
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FIG. 3. Inhibition of the TORCI1-pathway is lethal in an ~molA background. (A) An hmolA mutant is hypersensitive to rapamycin. BY4741
(WT), hmolA (Y16969), and hmolA TORI-1 strains were spread homogenously onto yeast extract-peptone-dextrose plates by using glass beads.
TORI-1 is generated by a dominant mutation in the TORC1-kinase TORI, making TORC1 rapamycin insensitive. Sterile Whatman 3MM filter
paper containing different amounts of rapamycin (1, 0.01 pg; 2, 0.02 pg; 3, 0.05 pg; 4, 2 pg) were deposited on top of these plates. The halo around
each filter is indicative of the growth inhibition. (B) Hmol is genetically linked to the TOR pathway. KOGI was placed under the control of a
tetracycline-regulatable promoter (P,,-KOGI). Growth was scored without (0 pg/ml), with mild (2.5 pwg/ml) or with strong (20 pg/ml) repression
of KOG transcription. Kogl depletion was performed in wild-type (+; YAB102-1a), hmolIA (YAB102-1a cured of pRS316-HMO1), and fpriA
(YAB107-1a cured of pRS316-FPR1) strains. Tenfold serial dilution series were spotted on rich medium in the presence of increasing concen-
trations of doxycycline. Growth was observed after 5 days of incubation at 30°C.

of Kogl without a detectable growth defect in a wild-type
background (2.5 pg/ml), we observed no detectable growth in
an hmolA mutant (Fig. 3B). As a control, we tested the same
four depletions in combination with the fpr/A mutation. None
of the depletions were synergistically affected by the fpri de-
letion, showing the specificity of the Hmol-Kogl interaction.
Therefore, Hmol becomes essential when KOG1 is depleted.
In conclusion, AmolA is sensitive to both TORC1 inhibition
and depletion of an essential TORC1 component.

Hmol is a nonessential regulator of RP gene expression. We
have established a genetic link between AmolA and some spe-

cific RP genes. To identify a link between Hmo1 and transcrip-
tion of RP genes, we focused on Ifh1, an essential activator of
RP gene expression, regulated by TORCI1 (12, 46, 63, 72). We
inserted the tetracycline-regulatable promoter upstream of the
IFHI gene in a wild-type strain in the absence of Hmol or in
the absence of Fprl (Fig. 4A). Note that the introduction of
the promoter is well tolerated in the wild type but seems to be
toxic in the absence of Hmol. Interestingly, mild depletion of
Ith1 results in no detectable growth defect in wild-type cells or
in an FPRI deletion background but is fully lethal in the ab-
sence of Hmol (Fig. 4A). Therefore, Ifhl and Hmol are
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FIG. 4. Hmol is a nonessential activator of RP gene expression. (A) Ifh1 depletion is lethal in the absence of Hmol. /FHI was placed under
the control of a tetracycline-regulatable promoter (P,.-IFHI1). Growth was scored without (0 pg/ml), with mild (2.5 pg/ml), or with strong (20
wg/ml) repression of IFHI transcription. Ifh1 depletion was performed in wild-type (+; YAB103-1a), hmoIA (YAB103-1a cured of pRS316-
HMOL1), and fpriA (YAB106-1a cured of pRS316-FPR1) strains. Tenfold serial dilution series were spotted on rich medium in the presence of
increasing concentrations of doxycycline. Growth was observed after 5 days of incubation at 30°C. (B) Transcriptome analysis of ~mol deletion
and of Hmol depletion. Total RNA was extracted and reverse transcribed from a wild-type strain (BY4741) or from an imol-A strain (Y06969).
Depletion of Hmol (Hmol-depleted) was performed for 6 h by adding 5 pg/ml doxycycline to YAB108-1a; untreated cells were used as a control
(WT). The histograms represent the percentages of total transcript (black) and RP gene mRNAs (gray) with given variations compared to the

wild-type levels (x axis).

strongly linked, suggesting a role for Hmol in RP gene expres-
sion.

We then investigated RP gene expression in an ~molA back-
ground or the effect of Hmol and Ifh1 depletion for 6 h using
the regulatable tetracycline promoter. Transcriptome analysis
was done using microarrays consisting of long oligonucleotides
representing all 6,000 yeast genes (see Materials and Meth-
ods). Our depletion approach makes use of doxycycline, which
has virtually no effect on global gene expression at concentra-
tions used for promoter shutoff (5 wg/ml). Interestingly, hmol
deletion (Fig. 4B, left) or 6 h of depletion (Fig. 4B, right) have
very different consequences. More than 500 genes are twofold
up- or down-regulated in the AmolA strain. As previously
reported by Hall et al., no significant difference was observed
between the mean distribution of RP genes in the AmolA
strain and that in the wild type (23) (Fig. 4B, left). Moreover,
the Ribi regulon, which has been reported to show transcrip-
tional responses identical to those of RP genes (21, 29), is

significantly up-regulated in the hmolA mutant (Kolmogorov-
Smirnov test comparing the Ribi regulon to the total popula-
tion; P = 3.8 X 10~'7; data not shown). Conversely, after 6 h
of Hmol depletion, a very limited number of mRNAs are
affected. Taken individually, none of the RP mRNAs is signif-
icantly affected (more than twofold). However, when we con-
sidered all detected RP mRNAs one class, we observed a mild
but significant decrease of RP mRNAs compared to the total
mRNA level (Kolmogorov-Smirnov test between RP genes for
general response with Hmol depletion; P = 3.2 X 107°).
Under these conditions, the Ribi regulon is not affected, show-
ing that we could separate the direct functions of Hmol from
secondary adaptation mechanisms. We then compared deple-
tion of Ifh1 with that of Hmol (see Fig. S4 in the supplemental
material). Ifh1 depletion also shows a very significant decrease
of RP mRNAs (P = 1.8 X 10~°°), with no significant effect on
the Ribi regulon. Therefore, we showed that Hmol depletion
leads to a mild repression of RP gene expression. Due to the
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FIG. 5. Hmol is binding to specific RP gene promoters. (A) Effect
of an hmolA mutation on the steady-state mRNA levels of RPS5,
RPL16B, RPS20, and RPL5. Quantitative PCR was performed on
reverse-transcribed total mRNA extracted from imolA (Y16969) and
BY4741 strains. mRNA levels were normalized against ACTI tran-
script levels. Log, values for ratios of mutant versus wild-type levels are
represented with standard errors for three independent experiments.
(B) Hmol binds specifically to the promoter regions of RPS5 and
RPL16B. A ChIP experiment was performed using strain HMO1-TAP
(OGP126-1a), followed by a two-step purification (see Materials and
Methods). Amplicons targeting the promoter of the indicated genes
(Prom) contain the putative Fhll binding site. Amplicons marked
“Trans” target the transcribed regions of the indicated gene.

limited repression level observed, we cannot distinguish be-
tween a general effect on all RP genes and a specific effect on
a subset of RP genes.

Hmol is required for coordinated expression of RP genes.
The function of Hmol in RP gene expression is nonessential.
We detect a defect in RP gene expression before cells can
adapt to the absence of Hmol or by combining an AmolA
mutation with Ifh1 depletion. However, we have observed le-
thality for HMOI deletion combined with specific RP gene
deletions. Most RP genes in yeast are duplicated. Despite the
lack of effect on the mean expression levels, we noticed that in
the himolA background, the distribution of RP gene expression
levels is significantly broader than in the total mRNA popula-
tion (Kolmogorov-Smirnov testing for equal distribution; P =
0.009), resulting in mild down- or up-regulation of a limited
number of RP genes. For example, we observed a more-than-
twofold decrease of three RP gene mRNAs (RPLI6B, RPSS,
and RPS15). In several instances, when one of the two copies
of a given RP gene is down-regulated in the absence of Hmol,
the other copy is genetically linked to the HMOI deletion.
RPLI6B is down-regulated in the absence of Hmol, and the
double mutant rpl16AA hmolA is lethal, most likely because
the essential L16 protein is not produced to a sufficient level.

To understand the criterion under which a given RP gene
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FIG. 6. Hmol is involved in TORCI1-dependent coregulation of
rDNA and RP gene transcription. (A) The CARA mutant results in an
up-regulation of RP genes upon TORCI inhibition. (B) Hmol con-
tributes to the coupling of Pol I and RP gene expression. The histo-
grams represent the percentages of total transcript (black) and RP
gene mRNAs (gray) with given variations compared to the wild-type
(WT) levels (x axis). Total RNA was extracted and reverse transcribed
from strains YPH500, CARA, YPH500/AmoIA (YAB72), and CARA/
hmolA (YAB73) treated for 60 min with 400 ng/ml rapamycin.

will be up- or down-regulated in the absence of Hmol, we
focused on four RP genes which respond differentially to the
absence of Hmol (Fig. 5). RPS5 and RPLI16B are fourfold
down-regulated in the absence of Hmol, while RPL5 and
RPS20 are up-regulated in the hmolA strain, as shown by
quantitative PCR after reverse transcription of total cellular
mRNAs (Fig. 5A). To investigate promoter occupancy by
Hmol upstream of these genes, we performed ChIP assays
with an Hmol-TAP strain (Fig. 5B). We observed a highly
significant enrichment of Hmol on the RPS5 and RPLI16B
gene promoters and no interaction with RPLS5 and RPS20 gene
promoters (Fig. 5B). Therefore, we unveiled a correlation be-
tween Hmol binding to the promoter region and Hmol-de-
pendent expression on four individual RP genes. Our results
suggest that under exponential growth conditions, Hmol is
activating expression of at least a subset of RP genes, such as
RPS5 or RPL16B. In an hmolA background, cells adapt to the
absence of Hmol, resulting in an unbalanced expression of RP
genes.

Hmol is implicated in coordinated expression of rRNA and
RP gene expression. Hmol is required for Pol I-dependent
rRNA expression (20) and for expression of at least a subset of
RP genes and directly interacts with both transcription ma-
chineries. A recent report has established that deregulated Pol
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FIG. 7. Hmol is required for TORC1-dependent inhibition of RP gene expression. (A) The Hmol protein steady-state level is unaffected after
60 min of TORCI inhibition. Total proteins were extracted from strain HMO1-TAP (OGP126-1a) without or after treatment for 60 min with 400
ng/ml rapamycin. Actin was used as a loading control. (B) Hmol DNA binding is rapamycin dependent. ChIP experiments were performed using
strain HMO1-TAP (OGP126-1a) without (left) or after treatment with rapamycin (A). (C) RP genes are up-regulated in an AmolA strain
compared to wild-type (WT) levels upon TORCT1 inhibition. The histogram represents the percentages of total transcript (black) and RP gene
mRNAs (gray) with given variations compared to the wild-type levels (x axis). Total RNA was extracted and reverse transcribed from strains
YPHS500 hmolA (YAB72) and YPHS500 treated for 60 min with 400 ng/ml rapamycin.

I activity (the “CARA mutant,” bearing an overexpressed
Rrn3-Rpa43 fusion protein) can alleviate TORCI1-dependent
regulation of RP genes (37). This finding suggests that a bona
fide Pol I transcription factor might also interact with the Pol
II-dependent RP gene expression system. Hmol appeared a
good candidate for participation in this regulatory pathway.
We investigated the global transcriptional response follow-
ing TORC1 inhibition by rapamycin in the CARA mutant
versus that in its wild type (Fig. 6A) or in CARA combined
with the absence of Hmol versus that in a sole hmolA mutant
(Fig. 6B). Confirming published data, we detected 107 RP
genes more than twofold up-regulated in the CARA mutant in
the presence of rapamycin. Therefore, most if not all RP genes
appear up-regulated in the CARA mutant compared to the
wild-type levels (11, 37). Interestingly, in the absence of Hmol,
the effect of CARA on global RP gene expression after rapa-
mycin treatment is largely alleviated. We observed only eight

genes more than twofold up-regulated (RPP0, RPS0A, RPS9A,
RPS22B, RPLI8A, RPL26A, RPL31B, and RPL36B). This re-
sult demonstrates that Hmol is involved in coupling Pol I
transcription to RP gene expression after TORCI1 inhibition.

In conclusion, we have shown that Hmo1l contributes to the
CARA-dependent up-regulation of RP genes under TORC1
inhibition.

DNA binding of Hmol to rDNA and RP prometers is abol-
ished by TORC1 inhibition, and Hmol is required for TORC1-
dependent inhibition of RP gene expression. We have shown
that Hmol contributes to the coupling between Pol I transcrip-
tion and the transcription of a subset of RP genes by Pol II. To
understand how Hmol contributes to TORCI regulation, we
investigated the consequence of TORCI1 inhibition on the
DNA binding properties of Hmol. Following rapamycin treat-
ment, Hmol is not degraded (Fig. 7A) but dissociates from
both the RP gene promoters and the rDNA, as shown by
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Hmol ChIP experiments (Fig. 7B). Since the depletion of
Hmo1 has a mild inhibitory effect on the expression of the RP
genes class, and since Hmol dissociates from a subset of RP
promoters upon TORCI inhibition, we speculated that Hmol
could participate in the inactivation of RP gene transcription
after TORCI inhibition.

We investigated RP gene expression levels following
TORCI inhibition by rapamycin treatment in an hmolA back-
ground (Fig. 7C). This treatment produces on a wild-type
strain a well-defined transcriptional response: down-regulation
of ribosome biogenesis (Pol I, II, and III) and up-regulation of
defined stress response genes (69). Strikingly, when treated
with rapamycin, an hmolA mutant causes a threefold up-reg-
ulation of the mean expression level of the RP genes compared
to the wild-type level (Fig. 7C). We observed 87 RP genes
up-regulated more than twofold compared to the wild-type
levels. Therefore, under stress conditions, Hmol is required
for the repression of the RP gene class. The expression of RP
genes in the absence of Hmol is largely insensitive to TORC1
inhibition. In conclusion, we have shown that Hmol is required
for RP gene expression in a TORC1-regulatable manner.

DISCUSSION

In this work, we unveiled a link between Hmol, the TORC1
pathway, and RP gene expression. Hmol binds specific RP
gene promoters and activates a subset of RP gene expression in
exponentially growing cells. The absence of Hmol is viable but
results in an unbalanced expression of RP genes. Following
TORCI1 inhibition, we observed an attenuated down-regula-
tion of expression of RP genes in an AimoIA background. Con-
versely, RP genes are partly insensitive to TORCI inhibition in a
deregulated Pol I mutant (37). This positive regulatory effect of
Pol T on RP gene expression is largely lost in the absence of
Hmol. Therefore, Hmol contributes, both positively and nega-
tively, to the TORCl-regulatable expression of RP genes.

DNA binding properties of Hmol. Hmol is a member of the
high-mobility-group (HMG) protein family. Detailed biochem-
ical studies of Hmol established the presence of two DNA
binding motifs and a lysine-rich C-terminal extension (3, 30).
Like HMGBI1 and -2 in mammals, Hmol belongs to the non-
sequence-specific group of HMG proteins, but it preferentially
binds DNA with altered conformations (30). A recent study by
Hall et al. demonstrated an association with RP gene promot-
ers which depends on Rap1 binding (23), and we report here a
specific enrichment over the transcribed regions of the rDNA.
This specific association may suggest a common topological
arrangement between these two sites. The Rapl consensus site
in RP genes is associated with nucleosome depletion (7). Sim-
ilarly, even if nucleosomes are essential for Pol I transcription
(68), the transcribed region of the rDNA was initially de-
scribed as depleted of nucleosomes (16). A recent study has
elegantly demonstrated that nucleosomes are present but are
highly dynamic (28). This common feature could suggest a
preferential association between Hmol and domains with dy-
namic nucleosomal architectures.

Hmol and Pol I transcription. We have previously demon-
strated that Hmol is a Pol I transcription factor (20). Here, we
now show that Hmol interacts strongly with the region of the
rDNA transcribed by RNA Pol I. The enrichment at the tran-
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scribed region suggests a function in transcription elongation
rather than in initiation only. Abnormal accumulation of
rRNA precursors in the absence of Hmol was observed by
members of the Struhl laboratory (23). The imbalanced
amounts of pre-rRNAs versus TRNA observed in the imol-A
strain could simply result from the slow-growth phenotype of
this strain, since a similar imbalance is also observed in an
unrelated Pol I mutant, rpb9-A (20). Such an imbalance could
also be more directly linked to a Pol I elongation defect since
it was found in a mutant affecting the elongation rate of Pol I
(64). Therefore, the precise function of Hmol on the Pol
transcription cycle remains to be elucidated but could involve
Pol I elongation. A putative function of Hmol during elonga-
tion brings into question our assumption that Hmol might be
the ortholog of animal UBF (20), which is primarily described
to be a key transcription factor in Pol I initiation (55). Recent
work has, however, established a function of UBF during Pol I
elongation (66). hUBF1 acts at multiple steps of the Pol I
transcription cycle. With respect to rRNA synthesis, the func-
tion of UBF in animals may be recapitulated in yeast by more
than one protein: while UAF performs a UBF-like function in
initiation, either by stabilization of SL1/CF binding on the Pol
I promoter as previously hypothesized (55) or by a function in
promoter escape as more recently demonstrated (54), the sec-
ond function of UBF in elongation may in yeast be fulfilled by
Hmol. Interestingly, the properties of both UBF and Hmol
are regulated by TOR (66). In yeast, following TORCI inhi-
bition, Pol I transcription is abolished primarily by dissociation
of Rrn3 from Pol I. However, when Rrn3 and Pol I are con-
stitutively associated, a TORCI inhibition of 35S rRNA pro-
duction in vivo is still detected (37). This result may suggest a
TORC1-dependent regulation of Pol I elongation. Interest-
ingly, himolA and CARA mutants (11) are both hypersensitive
to TORC1 inhibition by rapamycin. We suggest that Hmol
could be involved in a Pol I-regulatable elongation process.
The function of Hmol in RP gene expression is revealed by
specific interactions with RP genes. Recent work has demon-
strated that the binding of Hmo1l to most RP gene promoters
is not required for global RP gene expression (23). Most RP
genes are duplicated and are thought to be redundant in their
function (34). We identified some genetic interactions with one
of the two RP genes coding for an essential RP. For example,
Hmol is fully essential when RPS19A4 or RPS4A is absent.
These specific interactions could result from either a divergent
function of each of the proteins produced or a distinct tran-
scriptional regulation of each RP gene (34). In our screen, we
propose that specific interactions result from a transcriptional
defect of the remaining copy in the absence of Hmol. Note that
genetic links could have been missed due to duplication of the
remaining copy of the RP gene in the deletion collection (35).
Interplay between RP promoter-bound factors. RP gene
transcription is mainly controlled by the interplay of Rapl,
Fhll, and Ifh1 at RP promoters (46, 62, 63, 72). In the absence
of Hmol, no binding of Fhll, a functional platform for its
associated coactivator Ifhl, is detected on a reporter construct
(23). Importantly, we show here that in the absence of Hmol,
Ifh1 is still essential (Fig. 4A), suggesting that RP gene pro-
moters are still dependent on Fhll/Ifhl even in an hAmolA
mutant. Other factors are also bound to RP promoters in
exponentially growing cells, such as Esal (61) or Sfp1 (29, 43).



VoL. 27, 2007

When TORCI is inhibited, Ifhl dissociates from Fhll and
recruits Crfl, a corepressor (46) which seems to be strain
specific (76). Furthermore, Esal and Sfp1 are released, and the
Rpd3-Sin3 histone deacetylase complex is recruited to the pro-
moters (43, 61). Importantly, like Hmol, both Sfpl and the
Rpd3-Sin3 complex are required for RP repression during
TORCI inhibition. Sfp1 and Hmol are released from a specific
subset of RP promoters after TORCI1 inhibition and are re-
quired for TORCI1 repression of RP genes. However, genetic
evidence argues against the involvement of Hmo1 and Sfp1 in
the same pathway. An sfpI/A mutant is epistatic to an fhl/IA
mutant, suggesting that Sfpl acts via Fhll and Ifh1 (29). Our
result demonstrates a clear synergy between the hmolA muta-
tion and Ifh1 depletion, suggesting that Hmo1l and Sfp1 behave
differently on RP genes. We show here that RP genes are
expressed in an ~imolA mutant but not regulated by TORCI.
We propose that Hmol can bend DNA of a subset of RP gene
promoters via its HMG-B domain and contributes to the re-
cruitment of specific factors. A study just published, focusing
on the assembly of regulatory factors on RP gene promoters in
the presence or absence of Hmol, is in full agreement with our
conclusion (31). In the absence of Hmol, Fhll recruitment is
impaired (23) but not abolished, and other factors which are
TORCI independent in their activity are recruited.

Hmol is involved in coupling Pol I-dependent rRNA and Pol
II-dependent RP gene transcription. It has been previously
observed that cells are able to adjust transcription of rRNA in
response to reduced production of RP (62). Recent work has
shown that constitutive Pol I activation serves as an activating
signal for RP expression during TORCI inhibition (37). In
both studies, Pol I and Pol II can adjust their respective activ-
ities but the molecular mechanism remains unclear. Hmol
appears to be a good candidate for contribution to this cross
talk between the Pol I and the Pol II transcription apparatus,
since it is binding to both the rDNA transcribed region and RP
gene promoters and since this binding is regulated by the
TORC1 complex. Additionally, our data suggest that Hmol is
directly involved in Pol I and RP gene expression in vivo. In
conclusion, we suggest that Hmol contributes to the TORCI1-
regulatable coexpression of ribosomal components in yeast.
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