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Ribosome profiling reveals the role of yeast
RNA-binding proteins Cth1 and Cth2
in translational regulation

Hanna Barlit," Antonia M. Romero,? Ali Giilhan," Praveen K. Patnaik,’ Alexander Tyshkovskiy,*
Maria T. Martinez-Pastor,?* Vadim N. Gladyshev,® Sergi Puig,? and Vyacheslav M. Labunskyy'->*

SUMMARY

Iron serves as a cofactor for enzymes involved in several steps of protein translation, but the control of
translation during iron limitation is not understood at the molecular level. Here, we report a genome-
wide analysis of protein translation in response to iron deficiency in yeast using ribosome profiling. We
show that iron depletion affects global protein synthesis and leads to translational repression of multiple
genes involved in iron-related processes. Furthermore, we demonstrate that the RNA-binding proteins
Cth1 and Cth2 play a central role in this translational regulation by repressing the activity of the iron-
dependent Rli1 ribosome recycling factor and inhibiting mitochondrial translation and heme biosynthesis.
Additionally, we found that iron deficiency represses MRS3 mRNA translation through increased expres-
sion of antisense long non-coding RNA. Together, our results reveal complex gene expression and protein
synthesis remodeling in response to low iron, demonstrating how this important metal affects protein
translation at multiple levels.

INTRODUCTION

Iron (Fe) is an essential trace element that serves as a cofactor for enzymes involved in numerous cellular processes, including protein trans-
lation, DNA replication and repair, lipid biosynthesis, and mitochondrial oxidative phosphorylation.' Dysregulation of Fe homeostasis has
been implicated in health and disease. In humans, Fe deficiency causes anemia and leads to the decline of immune, neuronal, and muscle
functions.”* On the other hand, Fe overload leads to organ failure, due to Fe toxicity, and the development of several disorders, such as Alz-
heimer's disease, cancer, and delayed wound healing.” Moreover, imbalance in Fe metabolism has been implicated in aging and age-asso-
ciated organ failure, but the exact mechanisms remain unclear.” A better understanding of the mechanisms by which cells adapt to changes in
Fe availability is required for the development of targeted therapeutic strategies against diseases associated with the dysregulation of Fe
homeostasis.

Yeast Saccharomyces cerevisiae has proven to be a useful model for understanding the basic mechanisms of adaptation of eukaryotic cells
to Fe depletion. Previous studies in yeast have shown that Fe deficiency leads to significant changes in gene expression®™. These changes are
mediated by the Aft1 and Aft2 transcription factors, which activate the transcription of ~35 genes known as the “Fe regulon”. Expression of
these genes allows cellular adaptation to low Fe through several mechanisms: (i) increasing Fe uptake into the cell, (i) mobilizing Fe from
vacuolar stores, and (iii) recycling Fe by promoting heme degradation.®”'? In addition, cells adapt to Fe deficiency by dropping the utilization
of Fe for non-essential metabolic pathways and shifting to Fe-independent metabolism through the increased expression of the mRNA-bind-
ing protein Cth2, which is under the control of the Aft1/2 transcription factors. Cth2 recognizes and binds to AU-rich sequences
(5-UAUUUAUU-3" and 5-UUAUUUAU-3)) in the 3" untranslated region (3'UTR) of several mRNAs coding for proteins containing Fe as a
cofactor (including aconitase, succinate dehydrogenase, and components of the mitochondrial electron transport chain) and stimulate their
degradation.” A paralog of Cth2, named Cth1, is 46% identical to Cth2, recognizes similar consensus sequences, and can repress the expres-
sion of a partially overlapping set of target genes.”'""'? Thus, Cth1 and Cth2 remodel Fe metabolism prioritizing Fe for proteins involved in
essential processes such as DNA replication and repair.'”

While transcriptional responses to Fe deficiency have been extensively characterized, little is known about the role of Fe in regulating pro-
tein translation. Previous reports have shown that Fe deficiency leads to a global inhibition of protein synthesis, which is dependent on the
TORC1 and Gen2/elF2a. pathways.®'* In addition, Fe serves as a cofactor for several enzymes participating in protein translation, including
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proteins involved in modifications of factors affecting translation elongation, post-transcriptional transfer RNA (tRNA) modifications, trans-
lational termination, and ribosome recycling’®™"”. Moreover, Cth2 has been shown to repress the translation of specific transcripts in response
to Fe deficiency.'' However, changes in protein translation at the genome-wide level and the mechanisms of translational regulation by Fe
have not been previously investigated.

In this work, we applied RNA-seq and ribosome profiling (Ribo-Seq) to yeast cells undergoing adaptation to Fe deficiency to quantitatively
measure translational changes genome-wide. At the translation level, we uncovered that Fe depletion leads to specific downregulation of
genes involved in Fe-dependent processes, including mitochondrial translation and heme biosynthesis. We further show that this transla-
tional regulation is mediated by Cth1 and Cth2. We find that Fe deficiency also affects global protein translation by dramatically decreasing
the activity of the ribosome recycling factor Rli1. Conversely, eliminating Cth1 and Cth2 increased the levels of Rli1 indicating that cells adapt
to Fe deficiency by limiting the activity of Rli1 in response to low Fe in a Cth1/2-dependent manner. Our data also demonstrate that Fe defi-
ciency affects transcription of antisense long non-coding RNAs (IncRNAs) that play a regulatory role by repressing cognate sense mRNA trans-
lation. Taken together, this study uncovers the role of the RNA-binding proteins Cth1 and Cth2 in the control of protein translation and how Fe
regulates protein synthesis at both global and transcript-specific levels.

RESULTS
Transcriptional and translational responses during the adaptation to iron deficiency

Previous studies have shown that Fe deficiency in yeast S. cerevisiae leads to changes in transcriptional profiles®’-'®. In addition, prolonged Fe
deficiency has been shown to induce global inhibition of protein synthesis, which is dependent on the Gen2/elF2a pathway.'* However, little
is known about how Fe deprivation manifests at the level of translational regulation. To distinguish the effects of Fe deficiency on mRNA abun-
dance from its effects on protein translation, we performed RNA-seq and ribosome profiling (Ribo-Seq) in wild-type W303a yeast cells
cultured in Fe-sufficient (+Fe) or Fe-deficient conditions (-Fe), achieved by the addition of the Feztspeciﬁc chelator bathophenanthroline
disulfonate (BPS). For this, exponentially growing cells were isolated under Fe-sufficient conditions, and exposed to a short- (3 h) or long-
term (6 h) Fe deficiency (Figure 1A, and Data S1). In addition to wild-type cells, we monitored genome-wide transcriptional and translational
changes upon Fe limitation in the cth14cth24 mutant. The RNA-seq and Ribo-Seq profiles showed significantly altered gene expression pat-
terns during adaptation to low Fe from 0 h to 6 h of Fe deficiency, with intermediate changes at 3 h (Figure S1). Consistent with previous
studies, we also observed strong inhibition of global protein synthesis after 6 h of Fe deficiency in both wild-type cells and the cth14cth24
mutant as measured by polysome analysis, but changes at 3 h were less pronounced (Figure 1B). We found that most of the changes in trans-
lation (Ribo-Seq) during Fe deficiency correlated with the changes in mRNA abundance (RNA-seq) (Figure 1C). Our data demonstrate that the
responses to Fe deficiency are mediated primarily by changes in mRNA levels. However, we also found a group of genes that were altered
specifically at the translation level indicating that an additional level of regulation contributes to the response of yeast cells to low Fe (Fig-
ure 1D). Specifically, we identified 516 upregulated and 428 downregulated genes, respectively, that were altered exclusively at the translation
level in wild-type cells during 6 h Fe deficiency (Data S1).

Our analysis of the RNA-seq and Ribo-Seq data revealed many of the previously known changes in response to Fe deficiency. Among the
genes transcriptionally upregulated during the time-course of Fe deficiency, we observed a number of Fe regulon genes that are controlled
by the Aft1 and Aft2 transcription factors, which validated our experimental approach.'®'” Genes upregulated in response to short-term (3 h)

"o "o

Fe limitation were enriched in the GO categories "iron ion homeostasis”, “carboxylic acid metabolic process”, “nucleotide metabolic pro-
cess”, "siderophore transport”, “cellular amino acid catabolic process”, “carbohydrate metabolic process”, “glycolytic process”, and
"response to oxidative stress” (Figures 1E and Data S2). For example, expression of genes involved in Fe siderophore uptake (FIT1-3,
ARN1-4), reductive Fe uptake (FRET-FRE4, FET3, FTR1, ATX1, CCC2, and FET4), and mobilization of vacuolar Fe (FRES, FET5, FTH1, and
SMF3) increased several folds in response to Fe deprivation in wild-type cells (Figure S2). We also observed that the expression levels of
CTH2, a gene coding for the mRNA-binding protein involved in metabolic remodeling in response to low Fe, were significantly induced
in wild-type cells during Fe deficiency. In addition to “iron ion homeostasis” and “carbohydrate metabolic process”, the late response

"o "o

(6 h) to Fe deficiency was associated with upregulation of “autophagy”, “cellular response to external stimulus”, “protein localization to vac-
uole”, "protein ubiquitination”, “response to nutrient levels”, and “thiamine metabolic process” GO categories.

Among downregulated genes in response to prolonged Fe deficiency (6 h) the most enriched GO categories included “ribosome biogen-
esis”, “cytoplasmic translation”, and “ribosomal large and small subunits” consistent with the overall inhibition of protein synthesis at this time
point. However, there were substantial differences in downregulated genes between wild-type and cth14cth24 cells during both short- (3 h)

[ ]

and long-term (6 h) Fe limitation. For example, “cellular respiration”, “electron transport chain”, "heme biosynthetic process”, “iron-sulfur
cluster assembly”, “mitochondrial translation”, and “tricarboxylic acid cycle” were enriched among downregulated genes in wild-type cells,
but not in the cth14cth24 mutant. In contrast, “rRNA processing” and “mitotic cell cycle” were specifically downregulated in the cth14cth24

cells suggesting a role of Cth1 and Cth2 in regulation of these processes.

Ribo-Seq analyses reveal the role of the RNA-binding proteins Cth1 and Cth2 in translational regulation

During Fe deficiency, yeast cells activate the expression of Cth2, an mRNA-binding protein involved in the remodeling of Fe metabolism. In
response to low Fe, Cth2 and, to a lower extent, Cth1 post-transcriptionally inhibit the expression of several MRNAs that contain AU-rich el-
ements (AREs) in the 3UTR.”"" We expected that the lack of Cth1 and Cth2 in the cth14cth24 mutant would lead to the derepression of their
targets. By comparing changes in actively translated mRNAs (Ribo-Seq) in wild-type and cth14cth24 cells, we identified 164 genes that were
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Figure 1. Coordinated changes in mRNA levels and translation allow metabolic reprogramming in response to low Fe

(A) Experimental design.

(B) Polysome profiles of wild-type and cth14cth24 cells during the time-course of Fe deficiency. Polysome to monosome (P/M) ratios were calculated using areas
under the curve using ImageJ. Corresponding monosome (40S, 60S, 80S) and polysome peaks are indicated.

(C) Comparison of transcriptional (RNA-seq) and translational (Ribo-Seq) changes during the course of Fe deficiency. Genes whose ribosome occupancy (RO) is
increased (red) or decreased (blue) during Fe deficiency are highlighted.

(D) Transcriptional and translational changes in response to Fe deficiency. Venn diagrams show genes that were significantly upregulated or downregulated
during 6 h Fe deficiency (FDR<0.05) at the level of mMRNA transcription (as quantified by RNA-seq), translation efficiency or a combined effect.

(E) GO terms enriched among translationally up- and downregulated genes during Fe deficiency.

upregulated in the cth14cth24 mutant compared to wild-type cells during 6 h of Fe deficiency (FDR<0.05) (Figure 2A, and Table S1). We
further compared changes in ribosomal footprints with changes in RNA abundance allowing us to identify genes that are changed specifically
at the translational level. Out of 164 genes upregulated in the cth14cth24 mutant, 153 genes were altered exclusively at the level of protein
translation (Figure S3, and Data S1). Among these translationally upregulated genes, we found several previously reported targets of Cth1
and Cth2 that code for components of the electron transport chain (ETC) and tricarboxylic acid (TCA) cycle (Figures 2B and S4), consistent
with the known function of Cth1/2 mRNA-binding proteins in post-transcriptional regulation of Fe-dependent genes.'"'? In addition to pre-
viously described Cth1/2 targets, our data uncovered that Cth1 and Cth2 are limiting the expression of genes encoding for mitochondrial
ribosomal proteins (MRPs) (36 ribosomal proteins of the large subunit and 24 ribosomal proteins of the small subunit) as well as proteins
involved in the assembly of the ETC (16 genes), mitochondrial translation (15 genes), protein translocation to mitochondria (10 genes),
ATP synthase assembly (4 genes), and heme biosynthesis (4 genes) (Figure 2C). Because known targets of Cth1 and Cth2 contain AREs in their
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Figure 2. Fe deficiency leads to Cth1/2-dependent inhibition of mitochondrial translation

(A) Volcano plot of differentially regulated genes in the cth14cth24 mutant compared to wild-type cells at 6 h (-Fe).

(B) Heatmap of differentially regulated genes of ETC in cth14cth24 (Mut) compared to wild-type (WT) cells during 6 h of Fe deficiency (FDR<0.05).
(C) Pie chart of genes activated in the cth14cth24 compared to wild-type cells.
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(D) Fe deficiency coordinately downregulates expression of transcripts encoding the Cbp3-Cbp4-Cbpé complex. The expression of CBP3, CBP4, and CBP6 was

determined by RT-qPCR. Error bars represent SEM of three independent experiments, ***p < 0.001 (one-way ANOVA).

(E) Translation of mitochondrial ribosomal proteins is regulated by Fe deficiency in a Cth1/2-dependent manner without affecting mRNA transcript levels.
The expression of MRPL32 was determined by RT-qPCR. Error bars represent SEM of three independent experiments, ns, non-significant (one-way

ANOVA).

(F-G) Lack of Cth2 in the cth24 mutant leads to derepression of Img1 (F) and Mrps17 (G) translation. Levels of Img1-HA and Mrps17-HA proteins during Fe

deficiency were analyzed by Western blot with anti-HA antibodies. Representative images from two independent experiments are shown.
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Figure 3. Heme biosynthesis is translationally regulated by Cth1 and Cth2

(A) Heatmaps show log2 fold change in mRNA abundance (RNA-seq), protein translation (Ribo-Seq), and ribosome occupancy (RO) compared to untreated (0 h)
samples.

(B) Intracellular heme levels decreased significantly during Fe deficiency in wild-type cells, whereas it remained constant in the cth14cth24 mutant. Error bars
represent SEM of three biological replicates, each containing two technical replicates. ns, non-significant, **p < 0.01, ***p < 0.001 compared with wild-type
control (two-way ANOVA).

3'UTR, we searched for putative AREs within 3'UTR of these genes (Table S1). This analysis revealed several transcripts that are directly regu-
lated by Cth1/2. For example, we identified mRNA transcripts encoding the Cbp3-Cbp4-Cbpé complex, which is involved in the translation
and assembly of the mitochondrial cytochrome bcl complex”. Our data demonstrate that CBP3, CBP4, and CBPé are coordinately down-
regulated in response to low Fe in wild-type cells at the mRNA level (but not in the cth14cth24 mutant), suggesting that CBP3, CBP4, and
CBP6 are directly regulated by Cth1/2 during Fe deficiency (Figure 2D). In contrast, most of the genes encoding for MRP proteins lack AREs in
their 3'UTRs and Fe deficiency decreased their translation without affecting their transcript levels (Figures 2E and S5). We also observed that
expression of Cth1 and Cth2 is reversely correlated with the synthesis of mitochondrial ribosomal proteins of the small subunit (MRPS) and
large subunit (MRPL) during the shift of cells from the fermentable carbon source to the non-fermentable medium containing glycerol (Fig-
ure S6) that requires the induction of the mitochondrial ETC components and mitochondrial translation.”’ Further analysis of MRP genes acti-
vated by Fe deficiency in the cth14cth24 mutant identified the presence of Puf3 binding sites in their 3’UTR sequences (Table S1). To validate
our findings, we measured the protein levels of two mitochondrial ribosomal proteins, Img1 and Mrps17, regulated by Puf3. Our data show
that expression of these targets is downregulated by Fe deficiency. However, the baseline level of both Img1 and Mrps17 was significantly
higher in the cth24 mutant compared to wild-type cells (Figures 2F and 2G). These results provide additional support for the role of Cth2
in translational regulation of MRP genes; however, the exact mechanism of this regulation has yet to be investigated.

Notably, we found that Fe deficiency also leads to translational downregulation of genes encoding enzymes involved in heme biosyn-
thesis, including HEM1, HEM3, HEM12, HEM15 (Figure 3A). To estimate translation efficiency and investigate the contribution of transcrip-
tional and translational regulation to gene expression changes, we calculated ribosome occupancy (RO) for each of these genes. In wild-type
cells, both mRNA abundance (RNA-seq) and protein synthesis (Ribo-Seq) of this set of genes were significantly decreased by Fe deficiency
(FDR<0.05). In contrast, translation of HEM transcripts was upregulated in the cth14cth24 mutant leading to pronounced increase in RO. To
understand whether Cth1 and Cth2 control heme levels, we compared the heme levels in wild-type and cth14cth24 mutant cells subjected to
Fe deficiency. We observed a significant decrease in heme levels in wild-type cells after 3 and 6 h of Fe deficiency, whereas the heme levels in
the cth14cth24 mutant cells remained constant (Figure 3B). Together, our results indicate that Cth1 and Cth2 play a central role in controlling
the changes in protein translation in response to low Fe by directly and indirectly downregulating multiple transcripts required for mitochon-
drial translation and heme biosynthesis.

Fe deficiency leads to increased ribosome occupancy in the 3'UTRs of genes due to decreased activity of Rli1

Although overall protein synthesis is significantly reduced during Fe deficiency, how different steps of protein translation are affected by low
Fe is not completely understood. Among enzymes participating in protein translation that require Fe as a cofactor, we selected Rli1 for further
analysis. Rli1 is a conserved protein, which requires an iron-sulfur (Fe-S) cluster for its activity and is essential for translation termination and
ribosome recycling.'” RLIT mRNA contains two putative AREs within its 3'UTR at 280 and 291 nt from its stop codon, and its transcript levels are
upregulated in cells lacking CTHT and CTH2 as compared to wild-type cells in -Fe conditions’"'? suggesting it is a direct Cth1/2 target mRNA.
We expected that, during Fe deficiency, activity of Rli1 would decrease leading to the increased translation of 3'UTR sequences.'® To test this,
we performed genome-wide quantification of Ribo-Seq reads that aligned to 3'UTR of all annotated genes. We identified numerous 3'UTRs
with increased ribosome occupancy in response to Fe deficiency compared to untreated wild-type cells, including SEDT and CWP2, known
targets of Rli1 (Figure S7). Consistent with the function of Rli1 in ribosome recycling, we observed increased accumulation of 80S ribosomes in
the 3'UTRs of SED1T during prolonged Fe deficiency (6 h) in wild-type cells (Figure 4A). In contrast, the decrease in activity of Rli1 was delayed in
the cth14cth24 mutant. To investigate whether increased ribosome occupancy at 3'UTR in Fe-depleted conditions is associated with active
translation, we used yeast strains containing 3xHA tags in the 3'UTRs of SEDT and CWP2'® downstream of the canonical stop codon. We
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Figure 4. Fe deficiency leads to increased translation of 3'UTRs due to Cth1/2-dependent inhibition of Rli1 activity

(A) Ribosome occupancy at the 3'UTR of SEDT mRNA during short (3 h) and prolonged (6 h) Fe deficiency (-Fe). The location of the translation termination site is
shown with red boxes.

(B) Strains containing 3xHA tags inserted in the 3UTRs of SED1 and CWP2'® show increased translation downstream of the canonical translation stop codon
during prolonged Fe deficiency. The expression of tagged proteins was detected by Western blot analysis with HA-tag antibody. Given the size of 4.8 kDa
for 3xHA tag, the observed MWs ~7-10 kDa of the bands correspond to the production of small 3'UTR translation products (~2-5 kDa).

(C) Lack of Cth1/2 in the cth14cth24 mutant leads to derepression of RLIT. Changes in RLIT expression in response to Fe deficiency were calculated by analyzing
the number of footprints (RLE normalized counts) in the Ribo-Seq dataset generated in our study. Error bars represent SEM of three independent experiments,
**p < 0.01 (one-way ANOVA).

(D) Expression of the CWP2 3'UTR translation product is prevented in the cth14cth24 mutant.

observed increased levels of 3'UTR translation products for SEDT and CWP2 genes during prolonged incubation of wild-type cells in the
absence of Fe (Figure 4B). Western blot analysis revealed that these bands correspond to the production of small peptide products (~2-
5 kDa), rather than readthrough translation products that are expected to have larger sizes. Notably, eliminating Cth1 and Cth2 prevented
their repressive effects on the expression levels of RLIT during Fe deficiency in the cth14cth24 mutant (Figure 4C) lowering expression of the
CWP2 3UTR translation product (Figure 4D). Together, these data suggest that Fe deficiency decreases activity of Rli1 by promoting binding
of Cth1/2 to the AREs in its 3'UTR and promoting degradation of its transcript.

MRS3 translation is repressed by antisense transcription of a long non-coding RNA

Among the genes translationally regulated by Fe deficiency, we identified MRS3 that encodes a mitochondrial Fe transporter. Footprint
coverage of MRS3 was downregulated in response to Fe deficiency suggesting reduced translation of this gene in low Fe conditions (Fig-
ure 5A, right panel). But at the RNA level, we observed increased expression of an antisense long non-coding RNA (IncRNA), which we named
MRS3*® (Figure 5A, left panel). We further confirmed increased expression of the MRS3*° antisense transcript using RT-qPCR during pro-
longed Fe deficiency (Figure 5B), which was associated with 9.2-fold reduction of the Mrs3 protein levels (Figure 5C). In contrast to MRS3,
low Fe did not affect footprint coverage of its homolog MRS4, and we did not observe expression of the antisense RNA for this gene (Fig-
ure S8A). We then asked whether increased expression of the MRS3*® transcript is dependent on Cth1 and Cth2. However, we observed
increased MRS3*® transcription in response to low Fe in the cth14cth24 mutant (Figure S8B) indicating that Fe deficiency regulates Mrs3
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Figure 5. Fe deficiency induces expression of regulatory IncRNAs

(A) Coverage plot of reads mapped to sense (red) and antisense (blue) MRS3 transcript. Y axis represents log2 transformed number of reads, x axis coordinates
show nucleotide positions within MRS3 ORF.

(B) Expression of antisense MRS3 (MRS3*®) transcript is significantly upregulated upon Fe deficiency. Relative expression of MRS3 and MRS3*® transcripts was
analyzed by RT-gPCR. Error bars represent SEM of three independent experiments, ***p < 0.001 (two-way ANOVA).

(C) Mrs3 protein levels are repressed by prolonged Fe deficiency. Expression of Mrs3-HA and Pgk1 proteins was determined by Western blot with anti-HA and
anti-Pgk1 antibodies, respectively. Error bars represent SEM of three independent experiments, **p < 0.01, ***p < 0.001 (t test).

(D) Expression of MRS3%° IncRNA is sufficient to repress translation of MRS3. Cells expressing HA-tagged Mrs3 protein were transformed with either an empty
vector (pCEV) or pCEV-MRS3*® expressing full length (MRS3"%) or short forms of the antisense MRS3 transcript (AS) and Mrs3 protein levels were analyzed by
Western blot. Error bars represent SEM of three independent experiments, ***p < 0.001 (t test).

(E) Relative expression of DPHT and DPH1® transcripts was analyzed by RT-qPCR. Error bars represent SEM of three independent experiments, ***p < 0.001
(two-way ANOVA).

(F) Expression of Dph1-HA protein during Fe deficiency was analyzed by Western blot with anti-HA antibodies.

levels in a Cth1/2-independent manner. Finally, to determine if MRS3* transcription is sufficient for the repression of MRS3, we generated a
plasmid expressing antisense IncRNA. Expression of the full length MRS3* IncRNA, but not its shorter forms, decreased Mrs3 protein trans-
lation in the absence of Fe deficiency (Figure 5D) suggesting that ectopic expression of the antisense IncRNA is sufficient to repress protein
translation.

Expression of antisense IncRNAs is a conserved regulatory mechanism in yeast

As MRS3is translationally regulated by an antisense IncRNA, we asked if other genes might be controlled by low Fe using a similar mecha-
nism. We searched for the presence of antisense IncRNA transcription in other genes that are translationally downregulated by Fe deficiency.
For this, we systematically searched for cis-antisense transcripts, which overlap protein coding genes and are transcribed from the opposite
DNA strand, leading to decreased sense mRNA translation. Using our pipeline, we identified 42 putative mRNA:IncRNA pairs, which had
more than a 2-fold increase in expression of antisense transcripts during 6 h Fe deficiency (Data S3). In addition to MRS3, we identified
DPH1, an Fe-S cluster-containing protein implicated in diphthamide modification of eukaryotic elongation factor 2 (eEF2), which showed
increased antisense transcription following é h of Fe deficiency (Figure S8C), leading to significant decrease of DPH1 footprint coverage. Us-
ing RT-gPCR, we further confirmed the increased expression of the antisense INcRNA (DPH14%) during prolonged Fe deprivation (Figure 5E),
which was associated with decreased translation of the main ORF transcript and decreased levels of Dph1 protein (Figure 5F). The observation
that translation of both MRS3 and DPH1 are repressed by low Fe suggests that this may be a conserved regulatory mechanism.

DISCUSSION

Although transcriptional responses to Fe deprivation have been extensively characterized, how Fe deficiency affects protein synthesis at the
genome-wide level remained elusive. By combining RNA-seq with the analysis of ribosome occupancy by Ribo-Seq, we quantitatively
analyzed translatome changes in response to the short-term and prolonged Fe deficiency in yeast. This allowed us to identify groups of genes
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whose expression was specifically altered by low Fe either at the transcriptional or protein synthesis level, providing mechanistic insights into
the role of Fe in protein translation.

The changes in gene expression that we observed were consistent with prior studies that analyzed transcriptomic profiles during Fe depri-
vation showing altered expression of genes involved in Fe acquisition and mobilization.”” Expression of these genes is activated by the Aft1
and Aft2 transcription factors. In addition, we observed that Cth1 and Cth2 mRNA-binding proteins repress expression of their targets adjust-
ing metabolism to prioritize Fe for essential processes.'” For most of the transcripts, a strong correlation between RNA-seq and Ribo-Seq
profiles was found indicating that changes in gene expression induced by Fe deficiency predominantly occur at the mRNA level. However,
we also identified a number of genes that were specifically downregulated by Fe deficiency at the translation level. These downregulated
proteins included enzymes involved in heme biosynthesis as well as mitochondrial ribosomal proteins and other components of the mitochon-
drial translational machinery. Importantly, we identified Cth1 and Cth2 as key factors that are responsible for this translational repression.
Although HEM15 was already identified as a target of translational repression by Cth2 in our previously published study,"" we now show
that Cth1/2-mediated translational repression of heme biosynthesis genes and inhibition of mitochondrial translation contribute to reducing
heme levels in response to Fe deficiency.

Although the exact mechanisms of translational regulation by Cth1 and Cth2 remain unclear, we found that many of the genes translation-
ally downregulated by Cth1/2 contained binding sites for the Puf3 RNA-binding protein in their 3UTRs. Puf3 is a known regulator of mito-
chondrial translation in response to glucose availability, which specifically binds to mRNA and represses translation of mitochondrial ribo-
somal proteins (MRPs).”>?? In glucose-replete conditions, Puf3 degrades mRNA of MRPs limiting mitochondrial translation,”**> which
aligns with known metabolism preferences of yeast for glucose utilization through fermentation. In contrast, glucose depletion or switch
to non-fermentable carbon sources leads to Puf3 phosphorylation and the subsequent switch of its function from mRNA degradation to
the facilitation of translation.” Our data indicate that expression of Cth1 and Cth2 is inversely correlated with the levels of mitochondrial ri-
bosomal proteins during the transition of yeast cells from high glucose media to media containing glycerol further supporting the role of Cth1
and Cth2 in regulation of mitochondrial translation. Nonfermentable carbon sources, such as glycerol, require expression of the components
of the oxidative phosphorylation and active mitochondrial translation,”” suggesting that the activity of Cth1/2 and Puf3 may allow proper syn-
chronization between mitochondrial translation and Fe levels, and that this regulation is not only involved in acute response to Fe deficiency,
but may also play a role in physiological, homeostatic processes. Supporting this idea, we recently found that increased expression of Cth2 is
limiting the expression of mitochondrial ribosomal proteins during yeast replicative aging.”

Another effect of Fe deficiency on translation was identified when 3UTR sequences were analyzed. Ribosome profiling of Fe-depleted
cells revealed a striking decrease in the activity of the Fe-S cluster-containing Rli1 protein that serves as a ribosome recycling factor. We
show that the number of footprints mapped to 3'UTR sequences was increased in Fe-deficient conditions to the same extent as seen previ-
ously in Rli1-depleted yeast cells'® leading to the generation of aberrant 3'UTR translation products. Notably, we observed a delayed
response in the cth14cth24 mutant indicating that Fe deficiency represses Rli1 function in wild-type cells as a result of Cth1/2-mediated
post-transcriptional downregulation of RLIT transcripts. These data suggest that yeast cells deliberately downregulate the abundance of
RLIT mRNA through Cth1 and Cth2 to limit Fe utilization by RIi1.

Finally, our study uncovered an important role of antisense IncRNA in the translational regulation of specific MRNA transcripts in response to
low Fe. Our data demonstrate that Fe deficiency leads to increased expression of the regulatory antisense MRS3 transcript repressing translation
of cognate MRNA. Moreover, overexpression of the antisense IncRNA is sufficient to repress Mrs3 translation. Additionally, we found that Dph1,
an Fe-S cluster-containing protein that participates in the first step of diphthamide modification of eEF2, is also regulated by a IncRNA. Diph-
thamide modification of eEF2 is important for efficient ribosome translocation and translational fidelity during protein synthesis.'® Together,
these observations suggest a possible mechanism for the role of Fe in global regulation of protein translation and highlight the complexity
of the cellular adaption to low Fe. Recent genome-wide studies identified a number of genes that have overlapping antisense RNA transcripts
in yeast and in other species””' raising a possibility that expression of IncRNAs may have a role in Fe-dependent regulation of gene expression
in higher eukaryotes. Additionally, regulation of protein translation by antisense transcripts has been implicated in several human diseases
including cancer, cardiovascular and muscular pathologies, neurodegenerative disorders, and diabetes.? It would be interesting to examine
the importance of IncRNA-mediated translational repression in response to Fe deficiency in these pathophysiological processes.

Limitations of the study

Together, our findings uncovered a complex effect of Fe deficiency on the regulation of protein synthesis showing how this important metal
affects protein translation at multiple levels (Figure ). However, several important questions remain. First, the mechanism by which Cth1 and
Cth2 affect translation of mitochondrial ribosomal proteins and the role of Puf3 in this process warrant further investigation. Second, the
mechanism of Mrs3 translation inhibition by antisense IncRNA is not completely understood. Future studies will be focused on studying
the mechanism underlying the transcriptional activation of MRS3*° during periods of Fe deficiency, examining the impact of prolonged
Fe deficiency on the transcription of IncRNAs, and gaining a deeper understanding of how this regulatory mechanism contributes to cellular
adaptation to Fe deficiency. In this paper we employed a quantitative approach to analyze genome-wide changes in ribosome occupancy of
actively translated mRNAs during Fe deficiency in yeast. Nevertheless, the role of mammalian counterparts of Cth2 in regulating protein trans-
lation and responding to Fe deficiency remains to be elucidated. Given that many essential Fe-containing enzymes have been implicated in
several steps of protein translation in mammals,'” the principles of Fe-dependent translational regulation uncovered in yeast may shed light
on mechanisms that control protein synthesis in higher eukaryotes.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

HA Tag Monoclonal Antibody (2-2.2.14),
HRP (1 mg/mL)

ThermoFisher

Cat#26183-HRP; RRID: AB_2533056

Bacterial and virus strains

DH5-alpha Competent E. coli (High Efficiency) New England Biolabs Cat#C2987H
Chemicals, peptides, and recombinant proteins

Yeast Extract Research Products International SKU: Y20020
Peptone Research Products International SKU: P20250
D-(+)-Glucose Research Products International SKU: G32040

Glycerol

Agar

CSM-Ura Powder

Yeast Nitrogen Base

G418 Sulfate

Nourseothricin sulfate (NAT)
Ampicillin, Sodium Salt
D-(+)-Galactose

Phusion High-Fidelity DNA Polymerase
10 mM dNTP mix

E.Z.N.A. Gel Extraction Kit

KAPA SYBR FAST gPCR Master Mix (2X)

Universal

SuperScript Ill Reverse Transcriptase

T4 DNA ligase

EZ-10 Spin Column Plasmid DNA Miniprep Kit
Lithium acetate

Polyethylene glycol 3000 (PEG 3000)

Carrier single-stranded DNA (ssDNA) from

salmon testes
Phosphate Buffer Saline (PBS)
Zymolyase

Bathophenanthrolinedisulfonic acid disodium
salt hydrate

Cycloheximide

10x TBS

Tween 20

HEPES (1M)

KCI

EDTA (0.5 M), pH 8.0

Glass beads

Pierce BCA Protein Assay Kits
NuPAGE 10%, Bis-Tris Protein gels
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Research Products international
Sunrise Science Products
Sunrise Science Products
Research Products International
Corning

GoldBio

Research Products International
Research Products International
New England Biolabs
ThermoFisher

Omega Bio-tek

Kapa Biosystems

ThermoFisher

New England Biolabs
BioBasic
ThermoFisher
Sigma-Aldrich
Sigma-Aldrich

ThermoFisher
Zymo Research

Sigma-Aldrich

Research Products international
ThermoFisher
Research Products International
ThermoFisher
Research Products international
ThermoFisher
Sigma-Aldrich
ThermoFisher

ThermoFisher

SKU: G22025-0.5; CAS: 56-81-5
Cat#1910-500
Cat#1004-010
SKU: Y20040
Cat#30-234-CR
Cat#N500

SKU: A40040-5.0
SKU: G33000
Cat#MO0530S
Cat#R0191

SKU: D2500-01
Cat#KK4601

Cat#18080093
Cat#M0202S
Cat#BS413
Cat#AC297110250
SKU: 89510

SKU: D7656

Cat#10010023
Cat#E1006
SKU: B1375

SKU: C81040-5.0

Cat#J62938.K7

SKU: P20370

Cat#15630130

SKU: P41000-500.0; CAS: 7447-40-7
Cat#AM9261

SKU: G8772

Cat#23227

Cat#NP0301

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MES buffer ThermoFisher Cat#NP0060

PVDF Transfer Membranes, 0.45 pm ThermoFisher Cat#88518

10x Tris Glycine buffer BioRad Cat#1610732

Methanol ThermoFisher Cat#268280025

Pierce ECL Western Blotting Substrate ThermoFisher Cat# 32106

Tris-HCI Buffer, 1M, pH7.5 ThermoFisher Cat#15567027

MgCl,, 2M Sigma-Aldrich SKU:68475-100ML-F

DTT, 1M ThermoFisher Cat#P2325

NAD+, 50mM New England Biolabs CatB9007S

Polyethylene glycol 8,000 (PEG-8000) ThermoFisher Cat#043443.36

Taq DNA Ligase New England Biolabs Cat#M0208S

T5 exonuclease New England Biolabs Cat#M0663S

Bsal-HFv2 New England Biolabs Cat#R3733S

Deposited data

Raw reads and processed sequencing data

This paper

GEO: GSE193025

Experimental models: Organisms/strains

W303a (HTLU-2832-1B: HIS3, TRP1, LEU2, (Romero et al., 2019)° HB049

URA3, ADE2, can1)

cth14cth24 (W303a cth14::hphB, cth24::KanMX) This study HBO50

SED1-3'UTR-3xHA (MATa his341 leu240 (Young et al., 2015)"® HB085

met1540 ura340 SED1-3' UTR-3xHA-HIS3MX6)

CWP2-3' UTR-3xHA (MATa his341 leu240 met1540 (Young et al., 2015)" HB086

ura340 CWP2-3 UTR-3xHA-HIS3MX6)

CWP2-3'UTR-3xHA cth14cth24 (MATa his341 This study HB107

leu240 met1540 ura340 CWP2-3 UTR-3xHA-HIS3MX6

cth14 cth24:natMX)

Mrs3-3xHA (W303a MRS3::MRS3-3xHA) This study HB113

Dph1-3xHA (W303a DPH1::DPH1-3xHA) This study HB118

Img1-3xHA (IMG1:IMG1-3xHA MRPS17:: (Couvillion et al., 2016)*’ HBO56

MRPS17-3xFLAG HAP1 MIP1(S) G1981A MATa)

Img1-3xHA cth24 (IMG1::IMG1-3xHA cth24 This study HB109
MRPS17::MRPS17-3xFLAG HAP1 MIP1(S) G1981A MATa)

Mrps17-3xHA (MRPS17::MRPS17-3xHA) (Couvillion et al., 2016)?’ HB060

Mrps17-3xHA cth24 (MRPS17::MRPS17-3xHA cth24) This study HB112

Oligonucleotides

MRS3-F Azenta Life Sciences AGGTTTGGCAGCATTTTATT
MRS3-R Azenta Life Sciences CCACACAGACAATGTATGAG
MRS3-AS-F Azenta Life Sciences CATACCCCATAATGTTGCAC
MRS3-AS-R Azenta Life Sciences CCAAGAAATGCAATAAGTGC
DPH1-F Azenta Life Sciences GGGGTGTACTTCTGAAAGAT
DPH1-R Azenta Life Sciences CTCTGCTCTAACTTCCACGA
DPH1-AS-F Azenta Life Sciences CTTCTTTCCTCGATGAGAAA
DPH1-AS-R Azenta Life Sciences TTAAACGTTTTTGACGGCTT
MRS3-HA-F Azenta Life Sciences CTATATCATGGACAGCTTATGAATGTG

CAAAACATTTCCTAATGACGTATagcttag
gtggaatgtaccc

(Continued on next page)
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MRS3-HA-R Azenta Life Sciences TCTGAGATGCAAAATGAAT
GGAAAATAATATGACATGT

MRS3-HA-gRNA

DPHT-HA-F

DPH1-HA-R

DPH1-HA-gRNA

cth1-deletion-gRNA

cth1-deletion-F

cth1-deletion-R
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Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

AAGAATCAACTAgagttagcactgagcagcgt
TTTCGAATAAACACACATAAACAAACA
AAAGGAAACTGATGAGTCCG
TGAGGACGAAACGAGTAAGCTCGTC
TTTCCTAATGACGTATTAGTGTTTTAGAGC
TAGAAATAGCAAGTTAAAATAAGGCTAG
TCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTTTGGCCGGCA
TGGTCCCAGCCTCCTCGCTGGCGCCGGC
TGGGCAACATGCTTCGGCATGGCGA
ATGGGACACAGGCCCCTTT
TCCTTTGTCGATA
ATGGATTATTACGAAGCTAAAG
GATACGGGCGTGGGGAAACTCAGAAACAT
GCGATTGAAagcttaggtggaatgtacec

TACTAACTATTTATACATATGTAA
CAGGAAGACAAGTGACAACAAAAACTATT
TAAACTAgagttagcactgagcagegt
TTTCGAATAAACACACATAAACAAACAAAA
TAGTTCTGATGAGTCCG
TGAGGACGAAACGAGTAAGCTCGTCAAC
TATTCAATCGCATGTTTGTTTTAGAGC
TAGAAATAGCAAGTTAAAATAAGGCTAG
TCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTTTGGCCGGCA
TGGTCCCAGCCTCCTCGCTGGCGCCGGC
TGGGCAACATGCTTCGGCA
TGGCGAATGGGACACAGGC
CCCTTTTCCTTTGTCGATA
TTTCGAATAAACACACA
TAAACAAACAAAAAATTCCTGATGAGTCCG
TGAGGACGAAACGAGTAAGCTCGTCGAA
TTTACAAAAACTATCTCGTTTTAGAGC
TAGAAATAGCAAGTTAAAATAAGGCTAG
TCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTTTGGCCGGCA
TGGTCCCAGCCTCCTCGCTGGCGCCGGC
TGGGCAACATGCTTCGGCATGGCGAAT
GGGACACAGGCCCCTTTTCCTTTGTCGATA
TTCTCTCACGCTCTTGATCAGTGTGAGCAG
TTACTAATATACTGGATCA
GTCGGTCAACAACAAAGCCCTTTG
AATATTTGGCGTATTTCTGCTGCCTCT
AGAGGCAGCAGAAATACGCCAAATA
TTCAAAGGGCTTTGTTGTTGAC
CGACTGATCCAGTATATTAGT
AACTGCTCACACTGATCAAG
AGCGTGAGAGAA

(Continued on next page)
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cth2-deletion-gRNA

cth2-deletion-F

cth2-deletion-R

CTH2:natMX-F

CTH2:natMX-R

MRS3-AS-ORF-F
MRS3-AS-ORF-R

MRS3-AS-1-300-R

MRS3-AS-1-600-R

MRS3-AS-601-945-F
CBP3-qPCR F
CBP3-gPCR R
CBP4-qPCR F
CBP4-gPCR R
CBP6-qPCR F
CBP6-gPCR R
MRPL36-qPCR F
MRPL36-qPCR R
MRPL32-gPCR F
MRPL32-qPCR R
MRPL25-qPCR F
MRPL25-qPCR R
TOM20-gPCR F
TOM20-gPCR R
HSP60-qPCR F
HSP60-gPCR R

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences

Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences
Azenta Life Sciences

Azenta Life Sciences

TTTCGAATAAACACACA
TAAACAAACAAAGAAGCACTGATGAG
TCCGTGAGGACGAAACGAGTAAGCTCGTC
TGCTTCTTTTTCATCAGAGAGTTTTAGAGC
TAGAAATAGCAAGTTAAAATAAGGCTAG
TCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTTTGGCCGGCA
TGGTCCCAGCCTCCTCGCTGGCGCCGGC
TGGGCAACATGCTTCGGCATGGC
GAATGGGACACAGGCCCCTTTTC
CTTTGTCGATA

AGAGAAAGCGAAACAGTGCTGCAAAC
TCAATACGTAAAAAATAACGCAAT
AACAATTCCTGGCCTGGCGAAGACC
GGCGTCTCAACTAAACTCAATTATT

AATAATTGAGTTTAGTTGAGACGCCGGTC
TTCGCCAGGCCAGGAATTGTT
ATTGCGTTATTTTTTACGTATTG
AGTTTGCAGCACTGTTTCGCTTTCTCT

AAACAGTGCTGCAAACTCAATACG
TAAAAAATAACGCAATATGTGGGC
TCGATCTGTTTAGCTTGCCTCG

TTTAGTTGAGACGCCGGTCTTCGCCAGGC
CAGGAATTGTTTGTGGATCTGA
TATCATCGATG

GGactagtATGGTAGAAAACTCGTCGAGTAA

TTgcggeccgcCTAATACGTCA
TTAGGAAATGTT
TTgcggccgcACCTAGTATGACAG
ACTGAACAC

TTgcggeeg
cATTAAATGCTGCAAATGGGATGT

GGactagtTTCGTCATATATGAATCATCCAC
GGGGTGAAGGTCGAAAAACT
AGCCTACTTCTCTCGCTTGG
CATTGTGGGTACGTTGGTTG
TTGATCTGTTGGCGTTGTGT
AACAGAACTTCCGGTCCATT
GCTCGTTGATGCTTTCTTCC
TGGAGTTGAGTGATGGAAGT
GCGGATTATTTCTCTGGTCTTG
GGAAAACGCATACCGCTAAA
CCAGGATATAGGACTCTTTGGTCT
TGCCCAAGGGTCATAAGCA
GGAAGCAATCAACTCATCTACC
TGTCCCAGTCGAACCCTATC
TGCGGGCTATTTCTTCTTTG
TCCAATCAAAGCAGAAGACC
CAAAATACAAGCCGCAAGAG

(Continued on next page)
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BCS1-qPCR F Azenta Life Sciences ACTCCGCCAACAAATGAAAC
BCS1-gPCR R Azenta Life Sciences TGACATAGCATCGCCAACT

Recombinant DNA

Plasmid: pCEV-MRS3"° This study pVL067

Plasmid: pCEV-MRS3-AS™3% This study pVL068

Plasmid: pCEV-MRS3-AS"¢%° This study pVL069

Plasmid: pCEV-MRS3-AS¢0"-94% This study pVLO70

Plasmid: pCEV-MRS3-AS%0"-94> This study pVLO71

Plasmid: pCEV-MRS3-AS307-600 This study pVL072

Software and algorithms

STAR 2.7.1a (Dobin et al., 2013)** https://www.encodeproject.org/
software/star/

Rsubread 1.22.2 (Liao et al., 2019)** https://www.rdocumentation.org/
packages/Rsubread/versions/1.22.2

Prism 9.3.1 GraphPad https://www.graphpad.com/scientific-
software/prism/

EdgeR (Robinson et al., 2010)* https://bioconductor.org/packages/
release/bioc/html/edgeR.html

Limma (Ritchie et al., 2015)*¢ https://bioconductor.org/packages/
release/bioc/html/limma.html

Other

NanoDrop 2000 Spectrophotometer ThermoFisher ND-2000

Epoch2 Microplate Spectrophotometer BioTek EPOCH2TC

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Vyacheslav M.
Labunskyy (vlabuns@bu.edu).

Materials availability

The east strains and plasmids generated by this study are listed in the key resources table and are available form the lead contact without
restriction.

Data and code availability
e RNA-Seqand Ribo-Seq data generated in this study are available at NCBI GEO under the accession number GSE193025 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193025).
e This study did not generate new code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains

The yeast strains used in this study and their genotypes are listed in key resources table. One-step polymerase chain reaction (PCR)-mediated
gene disruption was performed using standard techniques to delete genes of interest. The genotypes of the resulting strains were verified
using colony PCR. Prototroph W303a (MATa, HIS3, TRP1, LEU2, URA3, ADE2, can1) and W303a cth14cth24 (cth14::hphB, cth24::KanMX)
cells were cultured at 30°C in liquid SD medium (0.17% yeast nitrogen base without ammonium sulfate and without amino acids, 2%
D-glucose, and 2 g/L Kaiser drop-out (Formedium)). For induction of Fe deficiency, cells were initially grown to ODggg = 0.2 and Fe?" chelator
bathophenanthrolinedisulfonic acid (BPS) was added to the final concentration 100 uM. Following the addition of BPS, cells were incubated
for 3h and 6 h. Cells were collected by rapid filtration through 0.45 pm membrane filters using a glass holder filter assembly, scrapped with a
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spatula, and flash frozen in liquid nitrogen. Yeast strains encoding HA-tagged Mrs3 and Dph1 proteins were generated using CRISPR/Cas?
genome editing.”’

METHOD DETAILS
Ribo-Seq and RNA-seq sequencing, data processing, and analysis

Yeast extracts were prepared by cryogrinding the cell paste with BioSpec cryomill. The cell paste was re-suspended in lysis buffer (20 mM Tris-
HCl pH 8, 140 mM KClI, 5 mM MgCly, 0.5 mM DTT, 1% Triton X-100, 100 ng/mL cycloheximide), spun at 20,000 x g at 4°C for 5 min and 1 mL of
the supernatant was divided into two tubes, for total MRNAs and footprint extraction. For Ribo-Seq, 50 OD540 units of the lysate (in 1 mL of
lysis buffer) were treated with 10 pL of RNase | (100 U/ul) for 1 h, with gentle rotation of samples at room temperature. Then, 1 mL of RNase-
treated lysate was layered on a sucrose gradient for isolation of monosomes using ultracentrifugation followed by footprint extraction with hot
acid phenol method. For RNA-Seq samples, poly(A) mRNA isolation was performed using a poly(A) mRNA isolation kit with subsequent
mRNA fragmentation. The RNA-seq and Ribo-Seq libraries were prepared using the ARTseq Ribosome Profiling kit (Illumina)®
sequenced using the lllumina HiSeq platform.

For Ribo-Seq data, the adapter sequence was removed using Cutadapt 4.1°” and reads less than 23 nucleotides were filtered out. The
Ribo-Seq and RNA-Seq reads were aligned to the S. cerevisiae genome from the Saccharomyces Genome Database (https://www.
yeastgenome.org/, release number R64-2-1). Sequence alignment was performed using STAR software 2.7.1a, allowing two mismatches
per read.”® Counts were generated with featureCounts from Rsubread 1.22.2 package.® We filtered out genes with low number of reads
(less than 10 counts in less than 66.6% of samples) resulting in 5506 detected genes in RNA-Seq and 5069 genes in Ribo-Seq expression
matrices. Identification of differentially expressed genes was performed using the generalized linear model of the EdgeR package (GLM,
glmFit, gImLRT) with an adjusted p-value cutoff (FDR<0.05).*

and

Ribosome occupancy analysis

To estimate translational efficiency changes during Fe deficiency, we analyzed ribosomal occupancy (RO), which represents a ratio between
ribosomal footprints and mRNA abundance allowing to identify actively translated transcripts. To calculate RO, genes with low counts (less
than 10 counts) were filtered out from RNA-Seq and Ribo-Seq datasets containing raw counts. RNA-Seq and Ribo-Seq data were then RLE
normalized (“Relative Log Expression” normalization) using the edgeR package® and RO was calculated using the following formula: log2
(Ribo-seq counts +1) —log2 (RNA-seq counts +1). We used Limma R package to estimate the contribution of transcriptional and translational
regulation to gene expression changes and identify translationally regulated genes.**°

Quantification of antisense transcripts

To quantify antisense transcripts, sequence reads that align to annotated ORFs and are transcribed from the opposite DNA strand were
counted using featureCounts from Rsubread 1.22.2 package.* First, we filtered out genes with less than 5 counts in less than 66.6% of samples
(an empirically chosen threshold aiming to bring the distribution of the counts closer to normal and preserve the maximum number of genes
with minimal variation between replicates). After filtering step, we obtained 726 genes. RLE normalized counts were then used to identify
differentially expressed antisense transcripts during Fe deficiency using Limma R package.

Polysome analysis

Polysome analysis was performed according to the previously published protocol.'’ Cells were grown in SC media overnight upon 0.2 ODego
density and supplemented with 100 pM of the bathophenanthroline disulfonate (BPS) to induce Fe deficiency. After 3 and 6 h, cells were
treated with 50 pg/mL cycloheximide (CHX) for 5 min and, after lysis, collected and resuspended in 700 uL of lysis buffer [20 mM Tris-HCI,
pH 8, 140 mM KCI, 5 mM MgCly, 0.5 mM dithiothreitol, 1% Triton X-100, 0.1 mg/mL CHX, and 0.5 mg/mL heparin]. Aliquots of cell extracts
containing 8.5 ODyg units were loaded on top of sucrose gradients (5-50% w/w). The gradients were sedimented at 35,000 rpm at 4°C in an
SW41 rotor (Beckman) for 2 h 40 min. Fractions were analyzed by UV detection at 260 nm.

RT-qPCR

Total RNA was isolated by hot acid phenol extraction. RNA was treated with DNasel, and 1 pg of RNA was used for cDNA synthesis using
SuperScript Ill reverse transcriptase (Thermo Fisher Scientific) with random hexamer primers according to manufacturer’s instructions.
mRNA expression was then analyzed by real-time PCR using KAPA SYBR FAST gPCR Master Mix (Kapa Biosystems) and the CFX-96 Touch
Real-Time PCR Detection System (Bio-Rad Laboratories). ACT1 was used as a reference gene for normalization of mMRNA expression between
genotypes. The primers used for RT-gPCR are listed in key resources table. Results are represented as means + SEM from three independent
experiments.

Western blot analysis

Total protein extracts were prepared using TCA precipitation. 5 ODggg units of cells were resuspended in 0.5 mL of 6% TCA, incubated at least
10 min on ice and centrifuged for 5 min at 4 °C at maximum speed (~14,000 x g). Next, the pellet was washed twice with acetone and air-
dried. The pellet was then resuspended in 250 plL of HU buffer (5 M urea, 50 mM Tris-HCI pH 7.5, 1% SDS, 1 mM PMSF) and samples were
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homogenized with glass beads by vortexing at maximum speed for 10 X 30's. Equal amounts of proteins were resolved in 10% SDS-PAGE gels
and transferred to PVDF membrane. Anti-HA-Peroxidase, High Affinity (3F10) rat monoclonal antibody (Roche) was used to detect HA-tagged
proteins. Mouse anti-Pgkl monoclonal antibody (Life Technologies) and HRP-conjugated secondary anti-mouse antibody (Santa Cruz
Biotechnology) were used to detect Pgkl protein levels as a loading control. Original full size Western blot images are provided in
Figures S9 and S10.

Expression of the MRS3%° IncRNA

To generate plasmids that express the MRS3*° IncRNA, the sequence containing MRS3 ORF (or indicated fragments) was PCR amplified from
yeast genomic DNA and integrated in reverse orientation under the control of TEF1 promoter into pCEV plasmid®’ using Spel and Not! re-
striction sites. W303a yeast cells were transformed with pCEV-MRS3*° plasmids and selected on media containing Zeocin at a final concen-
tration of 300 pg/mL. Expression of the antisense MRS3*® transcript was verified using RT-qPCR.

Heme quantification

For induction of Fe deficiency, cells were initially grown to ODggg = 0.2 and Fe?* chelator bathophenanthrolinedisulfonic acid (BPS) was added
to the final concentration 100 uM. Following the addition of BPS, cells were incubated for 3 h and 6 h. Intracellular heme levels were assessed
using the oxalic acid method. Briefly, overnight yeast cultures were diluted to ODggo = 0.2 units/mL and grown until cells reached ODggo = 0.8
units/mL. Subsequently, 8 ODgog units of cells were harvested by centrifugation at 2,500 X g, washed with distilled water, and the pellet was
resuspended in 500 pL of 20 mM oxalic acid. An additional 500 plL of 2 M oxalic acid was added, and the suspension was divided equally into
two tubes. One set of sample tubes was placed in a heating block at 100°C for 45 min, while the other set of samples was kept at room tem-
perature for the same duration as a baseline. Following incubation, samples were cooled to room temperature, and 100 pL of suspension was
transferred per well into a black-well 96-well plate in duplicates. The fluorescence of porphyrin was measured using a Biotek plate reader with
400 nm excitation and 662 nm emission. Baseline values (from parallel unheated samples in oxalic acid) were subtracted, and the relative fluo-
rescence intensity in arbitrary units (A.F.U.) was plotted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism 9.3.1 (GraphPad Software, Inc). Statistical significance of the RT-qPCR data was determined by
calculating p values using one-way ANOVA. Error bars represent standard errors of the means (SEM). The information about number of rep-
licates and p values can be found in figure legends. For RNA-Seq and Ribo-Seq analyses, three biological replicates were analyzed per each
condition.
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