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ABSTRACT

Dedicated chaperones protect newly synthesized ri-
bosomal proteins (r-proteins) from aggregation and
accompany them on their way to assembly into
nascent ribosomes. Currently, only nine of the ~80
eukaryotic r-proteins are known to be guarded by
such chaperones. In search of new dedicated r-
protein chaperones, we performed a tandem-affinity
purification based screen and looked for factors co-
enriched with individual small subunit r-proteins. We
report the identification of Nap1 and Tsr4 as direct
binding partners of Rps6 and Rps2, respectively.
Both factors promote the solubility of their r-protein
clients in vitro. While Tsr4 is specific for Rps2, Nap1
has several interaction partners including Rps6 and
two other r-proteins. Tsr4 binds co-translationally to
the essential, eukaryote-specific N-terminal exten-
sion of Rps2, whereas Nap1 interacts with a large,
mostly eukaryote-specific binding surface of Rps6.
Mutation of the essential Tsr4 and deletion of the
non-essential Nap1 both enhance the 40S synthesis
defects of the corresponding r-protein mutants. Our
findings highlight that the acquisition of eukaryote-
specific domains in r-proteins was accompanied by
the co-evolution of proteins specialized to protect
these domains and emphasize the critical role of r-
protein chaperones for the synthesis of eukaryotic
ribosomes.

INTRODUCTION

Ribosomes are essential macromolecular machines respon-
sible for protein synthesis in each cell. Considering that the
entire population of ribosomes (~200 000 in yeast) has to

be duplicated each time a cell divides, ribosome synthesis
is a central task in all growing cells (1). Eukaryotic ribo-
somes are composed of a large 60S and a small 40S sub-
unit, which are assembled from their constituents, the ribo-
somal RNAs (rRNAs) and ribosomal proteins (r-proteins)
in a highly conserved and complex maturation pathway or-
chestrated by several hundred different assembly factors
(AFs; reviewed in (2-6)). At the beginning of this path-
way stands, the synthesis of precursor rRNA (pre-rRNA)
in the nucleolus, as well as the synthesis of r-proteins in
the cytoplasm. Most r-proteins already associate, together
with early-acting AFs, with the pre-rRNA in the nucleolus.
There, the first ribosomal precursor particle, termed SSU
processome or 90S particle, is formed and further converted
into the successors in the pathway, the pre-40S and pre-60S
particles.

The spatial separation of the sites of r-protein and pre-
rRNA synthesis necessitates that most r-proteins are trans-
ported from the cytoplasm to the nucleolus. Consequently,
a growing yeast cell has to import ~150 000 r-proteins into
the nucleus each minute (1), thus imposing an immense bur-
den on the nuclear import machinery. On top of that, most
r-proteins are highly basic, contain unstructured extensions,
and are hence prone to aggregation as long as they are in
their free form and not yet incorporated into ribosomes.

Several mechanisms have been reported to counteract ag-
gregation of newly synthesized r-proteins. In addition to
the general cellular chaperone network (7,8), also proteins
of the nuclear import machinery (termed importins) pro-
tect r-proteins from aggregation by binding to their posi-
tively charged nuclear import sequences (NLSs) (9). Fur-
thermore, we and others have realized in recent years that,
in addition to these general mechanisms, at least some r-
proteins resort to their own specific chaperones, which pro-
tect them from aggregation on their path to their rRNA as-
sembly sites (10-21). These dedicated r-protein chaperones
are a diverse group of proteins exploiting different struc-
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tures and binding modes to protect their r-protein partners
(14). Until now, eight such dedicated chaperones have been
described.

Rrbl, Sqtl, Acl4 and Bcepl are dedicated chaperones
of the large ribosomal subunit r-proteins Rpl3, Rpll0,
Rpl4 and Rpl23 (ulL3, ulL16, uL4 and ul.14 according to
the recently proposed new nomenclature of r-proteins (22)),
respectively (10,13,16-20). Syol acts as a chaperone that
binds two 60S r-proteins at the same time, RplS and Rpl11
(uL18 and uL5) (21). Yarl and Tsr2 are dedicated chaper-
ones of the 40S subunit r-proteins Rps3 (uS3) and Rps26
(eS26), respectively (11,15). Moreover, there is evidence that
Fap7 may act as a chaperone for the 40S r-protein Rps14
(uS11) (23,24). Additionally, it has been reported that Fap7
can act in an alternative pathway as a chaperone of a pre-
assembled Rps14/Rps26 complex (12).

Together, the current knowledge suggests that dedicated
r-protein chaperones are important contributors to the effi-
cient assembly of newly synthesized r-proteins into nascent
ribosomes. In contrast to the nine r-proteins for which a
dedicated chaperone has already been described, no ded-
icated chaperones are known for the remaining ~70 r-
proteins. Given the immediate importance of r-protein
chaperones for efficient ribosome assembly, we consider it
likely that many r-proteins do actually have chaperones that
have not been discovered yet.

To identify such novel dedicated r-protein chaperones,
we performed a systematic screen in which we analyzed
affinity-purifications of all 40S r-proteins by label-free semi-
quantitative mass spectrometry. We then selected two 1-
proteins, Rps2 (uS5) and Rps6 (eS6), for further analyses
and identified Tsr4 and Napl as interaction partners that
were enriched in the respective r-protein purification rela-
tive to all other r-protein purifications. We reveal that both
Tsr4 and Napl directly interact with their r-protein clients
and increase their solubility in vitro. Moreover, we introduce
Tsr4 as a dedicated chaperone that binds co-translationally
to the eukaryote-specific N-terminal extension of Rps2 and
is essential for ribosome assembly. Napl employs an r-
protein specific binding mode to interact with Rps6 but
also with two large subunit r-proteins, Rpl39 and Rpl42. Its
deletion enhances the 40S synthesis defect occurring upon
RPS6 copy number reduction. In summary, our findings
highlight that r-protein chaperones, despite their variability
with respect to the specificity, the binding modes, and the
binding stages, are important factors ensuring the efficient
synthesis of new ribosomes.

MATERIALS AND METHODS
Yeast strains and genetic methods

The Saccharomyces cerevisiae strains used in this study are
W303 derivatives generated by deletion and tagging at the
genomic locus using established methods (25,26) and are
listed in Supplementary Table S1. For the screen to find
novel dedicated r-protein chaperones, each r-protein of the
small subunit was C-terminally TAP-tagged. For duplicated
r-proteins carrying two copies (A and B), only one copy
(usually the one known to be higher expressed) was tagged.
As the C-terminal TAP-tag fusion of the single copy r-
protein Rps15 was not viable, we used a diploid strain in

which only one allele of RPS15 was tagged. Yeast and Es-
cherichia coli plasmids were constructed using standard re-
combinant DNA techniques and are listed in Supplemen-
tary Table S2. All DNA fragments amplified by PCR were
verified by sequencing.

Plasmid shuffle assays

Shuffle strains were constructed by knocking out an es-
sential gene in a diploid yeast strain, transformation with
a URAS3 plasmid containing the respective wild-type gene,
and sporulation to generate haploids harboring the gene
knockout and the complementing URA3 plasmid.

These shuffle strains were transformed with LEU2 or
TRPI plasmids carrying different alleles of the gene of
interest. Subsequently, the ability of the transformants to
grow after loss of the URA3 plasmid on 5-FOA (Thermo
Scientific) containing plates was evaluated. Strains that
were viable on 5-FOA plates were subsequently analyzed for
their growth phenotypes on plates lacking leucine or tryp-
tophan (SDC —leu or —trp).

The TSR4 RPS?2 shuffle strain contained knockouts of
both essential genes and a URA3-RPS2 plasmid, which
was sufficient to complement both knockouts. This strain
was transformed with combinations of LEU2 and TRPI
plasmids carrying different alleles of 7SR4 and RPS2. Af-
ter loss of the URA3-RPS2 plasmid on 5-FOA containing
plates, the growth of the strains was evaluated on SDC —leu
—trp plates.

Random PCR mutagenesis

Mutagenesis of the TSR4 as well as RPS2 open read-
ing frames (ORFs) was performed using PCR reactions
containing 25 wM MnCl, for RPS2 and 50 pM MnCl,
for TSR4. The resulting mutagenized ORF of T'SR4 was
cloned into a LEU2 plasmid whereas the mutagenized
ORF of RPS2 was cloned into a TRPI plasmid, both be-
tween the non-mutagenized promotor and terminator re-
gion of the respective genes. The resulting mutagenized
libraries were transformed into the corresponding shuf-
fle strains, containing chromosomal deletions of the re-
spective gene complemented by a URA3 plasmid carrying
the wild-type gene. After loss of the URA3-wild-type plas-
mid by counter-selection on 5-FOA containing plates, mu-
tants were screened for temperature-sensitive phenotypes
as well as for general growth defects. Mutants with inter-
esting phenotypes (rps2-1, rps2-2, tsr4-1 and tsr4-2) were
subjected to plasmid isolation and the contained mutations
were identified by sequencing. The rps2-1 allele encodes
the exchange D106>G. The rps2-2 allele harbors exchanges
of four conserved amino acids (K49>E, L58>M, K64>E
and Q89>L). The tsr4-1 allele encodes two amino acid ex-
changes (P60>A and E398>G). The tsr4-2 allele encodes
only one amino acid exchange (R314>S).

Tandem-affinity purification (TAP)

Yeast cells expressing C-terminal TAP-tag fusions of
the r-proteins Ascl, RpsOa, Rpslb, Rps2, Rps3, Rpsdb,
Rps6a, Rps7b, Rps8a, Rps9a, RpslOa, Rpsl2, Rpsl3,



Rpsl5, Rpsl7a, Rps18b, Rps19a, Rps20, Rps24b, Rps25a,
Rps26b, Rps27a, Rps30a and Rps31, as well as the W303
control strain (untagged), were grown at 30°Cin 4 | yeast ex-
tract peptone dextrose medium (YPD) to an optical density
(ODggp) of 2. Cells expressing Rps11b-, Rps14b-, Rps21a-
and Rps29a-TAP were grown in § I YPD as above.

TAP purifications were performed in a buffer containing
50 mM Tris—HCI (pH 7.5), 100 mM NacCl, 1.5 mM MgCl,,
0.1% NP-40 and 1 mM dithiothreitol (DTT). Prior to use,
1x Protease Inhibitor Mix FY (Serva) was added freshly
to the buffer. Cells were lysed by mechanical disruption us-
ing glass beads and the lysate was incubated with 300 pl
IgG Sepharose™ 6 Fast Flow (GE Healthcare) at 4°C for
60 min. After incubation, beads were transferred into Mo-
bicol columns (MoBiTec) and washed with buffer. Elution
from IgG Sepharose™ beads was performed via TEV pro-
tease under rotation at room temperature for 90 min. Af-
ter addition of 2 mM CaCl,, TEV eluates were incubated
with 300 wl Calmodulin Sepharose™ 4B (GE Healthcare)
at 4°C for 60 min. After washing with 2 ml buffer contain-
ing 2 mM CaCl,, followed by a second washing step with 5
ml 2 mM CaCl, alone, proteins were eluted from Calmod-
ulin Sepharose™ with 600 w10.8% ammonium hydroxide so-
lution (Sigma) under rotation at room temperature for 20
min. One third of the eluates were dried via SpeedVac®
(Savant) and dissolved in SDS sample buffer. The protein
samples were separated on NuPAGE™ 4-12% Bis-Tris gels
(Invitrogen) followed by staining with NOVEX® Colloidal
Blue Staining Kit (Invitrogen). For LC-MS/MS analysis,
the quantity of the eluates was adjusted according to the in-
tensity of the Coomassie-stained bands and adjusted sam-
ples were dried via SpeedVac®.

Yeast cells expressing C-terminally TAP-tagged Tsr4
were grown at 30°C in41YPD to an optical density (ODgq)
of 2. TAP purification was performed as mentioned above
until elution with TEV protease.

Nap1-TAP Rps6a-Flag split purification

Yeast cells expressing Napl-TAP Rps6a-Flag were grown
at 30°C in 8 1 YPD to an ODyg of 2. TAP purification was
performed as described above until elution with TEV pro-
tease. 50% of the TEV eluate was incubated with Calmod-
ulin Sepharose™ 4B (GE Healthcare), whereas the other
50% of the TEV eluate was incubated with Anti-FLAG®
M2 Affinity Gel (Flag-beads, Sigma) at 4°C for 60 min. Af-
ter washing the Calmodulin beads with 2 ml buffer con-
taining 2 mM CaCl,, followed by a second washing step
with 5 ml 2 mM CacCl, alone, proteins were eluted with 600
wl 0.8% ammonium hydroxide solution (Sigma) under ro-
tation at room temperature for 20 min (Nap1-TAP). After
binding of the TEV eluate to Anti-FLAG® M2 Affinity Gel
the supernatant was collected and bound to Calmodulin
Sepharose™ 4B at 4°C for 60 min after adding 2 mM CacCl,,
whereas the Anti-FLAG® M2 Affinity Gel was washed
with lysis buffer, and proteins were eluted with 600 w1 0.8%
ammonium hydroxide solution (Sigma) under rotation at
room temperature for 20 min (Rps6a-enriched). After wash-
ing the Calmodulin beads with 2 ml buffer containing 2 mM
CacCl,, followed by a second washing step with 5 ml 2 mM
CaCl, alone, proteins were eluted with 600 pl 0.8% ammo-
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nium hydroxide solution (Sigma) under rotation at room
temperature for 20 min (Rps6a depleted). Protein samples
were dried by SpeedVac'®, dissolved in SDS sample buffer,
and separated on NuPAGE™ 4-12% Bis-Tris gels (Invit-
rogen) followed by NOVEX® Colloidal Blue Staining Kit
(Invitrogen) and western blotting. For LC-MS/MS analy-
sis, the eluates were dried by SpeedVac®.

Western blotting

Western blot analysis was performed using the follow-
ing antibodies: a-CBP antibody (1:5000; Merck—Millipore,
cat. no. 07-482), horseradish peroxidase conjugated o-
HA antibody (1:5000; Roche, cat. no. 12013819001), a-c-
Myc antibody (1:1000; Sigma, cat. no. M5546), «-GAPDH
antibody (1:40 000; Cell Signaling Technology, cat. no.
21188S), horseradish peroxidase conjugated a-Flag antibody
(1:15000; Sigma, cat. no. A8592), a-H2B antibody (1:5000;
Abcam, cat. no. ab1790), a-Rps3 antibody (1:50 000;
provided by Matthias Seedorf), a-Rps26/Tsr2 antibody
(1:2000; provided by Vikram Panse), a-Rpl35 antibody
(1:35 000; provided by Matthias Seedorf), a-Enpl antibody
(1:4000; provided by Katrin Karbstein), a-Rps2/Rpl30
antibody (1:2000; provided by Jonathan Warner), sec-
ondary a-rabbit horseradish peroxidase-conjugated anti-
body (1:15 000; Sigma, cat. no. A0545), secondary a-mouse
horseradish peroxidase-conjugated antibody (1:10 000;
Sigma, cat. no. NA931).

Protein signals were visualized using the Clarity™ West-
ern ECL Substrate Kit (Bio-Rad) and captured by Chemi-
Doc™ Touch Imaging System (Bio-Rad).

LC-MS/MS analysis

Eluates from the TAP purification were dissolved in 25%
2,2, 2-trifluoroethanol (TFE) in 50 mM Tris—-HCI (pH
8.5), reduced with 10 mM Tris(2-carboxyethyl)phosphine
(TCEP) and alkylated with 40 mM chloroacetamide by
shaking at 550 rpm at 95°C for 10 min. After dilution to
<10% TFE with 50 mM ammonium bicarbonate, proteins
were digested by adding 1 pg of Promega modified trypsin
and shaking overnight at 550 rpm at 37°C. The resulting
peptide solution was acidified by adding 5% formic acid to
a final concentration of 0.1% and analyzed by nano-HPLC
(Dionex Ultimate 3000, equipped with a C18 (5 pwm, 100 A,
5 x 0.3 mm) enrichment column and an Acclaim PepMap
RSLC C18 nanocolumn (2 pm, 100 A, 500 x 0.075 mm) (all
Thermo Fisher Scientific)), coupled to tandem mass spec-
trometry.

Samples from the 40S r-protein TAP screen were concen-
trated on the enrichment column for 6 min at a flow rate
of 5 wl/min with 0.1% heptafluorobutyric acid as isocratic
solvent. Separation was carried out on the nanocolumn at
a flow rate of 300 nl/min at 60°C using the following gradi-
ent, where solvent A is 0.1% formic acid in water and solvent
B is acetonitrile containing 0.1% formic acid: 0-6 min: 4%
B; 6-94 min: 4-25% B; 94 -99 min: 25-95% B, 99-109 min:
95% B; 109-124 min: 4% B. The maXis II ETD mass spec-
trometer (Bruker) was used as detector and operated with
the captive source in positive mode with the following set-
tings: mass range 200-2000 m/z, 2 Hz, capillary 1300 V, dry
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gas flow 3 1/min with 150°C, nanoBooster 0.2 bar, precur-
sor acquisition control top17 (CID). The LC-MS/MS data
were pre-processed by the Data analysis software (Bruker),
using the Sum Peak algorithm.

Samples from the Napl-TAP Rps6a-Flag experiment
were concentrated on the enrichment column for 6 min us-
ing 0.1% formic acid as isocratic solvent at 5 wl/min flow
rate. The column was then switched in the nanoflow cir-
cuit, and the sample was loaded on the nanocolumn, at a
flow rate of 250 nl/min at 60°C and separated using the
following gradient: solvent A: water, 0.1% formic acid; sol-
vent B: acetonitrile, 0.1% formic acid; 0-6 min: 4% B; 6—
264 min: 4-25% B; 264-274 min: 25-95% B, 274-289 min:
95% B; 289-304 min: 4% B. The sample was ionized in
the nanospray source equipped with stainless steel emitters
(Thermo Fisher Scientific) and analyzed in a Thermo Orbi-
trap Velos Pro mass spectrometer in positive ion mode by
alternating full scan MS (m2/z 300-2000, 60 000 resolution)
in the ICR cell and MS/MS by CID of the 10 most intense
peaks in the ion trap with dynamic exclusion enabled.

Processing of LC-MS/MS data

LC-MS/MS data were analyzed by MaxQuant (versions:
1.5.3.30 for the 40S r-protein TAP screen and 1.6.0.16 for
the Nap1-TAP Rps6a-FLAG experiment) by searching the
public Swissprot database with taxonomy S. cerevisiae and
common contaminants (downloaded on 24 August 2016 for
the 40S r-protein TAP screen and 08 January 2018 for the
Napl-TAP Rps6a-FLAG experiment). Carbamidomethy-
lation on Cys was entered as fixed modification, oxidation
on methionine as variable modification. Detailed search
criteria were used as follows: trypsin, max. missed cleav-
age sites: 2; search mode: MS/MS ion search with decoy
database search included; precursor mass tolerance £0.006
Da for Bruker data and +4.5 ppm for Thermo data; prod-
uct mass tolerance +40 ppm for Bruker data and +0.5 Da
for Thermo data; acceptance parameters for identification:
1% PSM FDR; 1% protein FDR. In addition a label free
quantitation of each protein calculated from the areas un-
der the curve of precursor ion intensity chromatograms was
performed using MaxQuant (27) requiring a minimum of
two ratio counts of quantified razor and unique peptides.
Relative protein intensities (% of total intensity per sample)
are reported in Supplementary Tables S3 and S4.

Graphical representation of LC-MS/MS data

40S r-protein TAP screen. For a rough categorization,
each detected protein was manually assigned to one of the
following groups: 40S r-protein, 60S r-protein, ribosome
AF, translation factor, other. The determined intensity val-
ues were normalized so that the sum of intensities was 100%
in each purification. All 0-values were replaced by 0.0001 to
allow conversion into logarithmic values used for the graph-
ical representation of the data. For a rough overview of all
data, the relative intensities were transformed to base-10
logarithmic values and the proteins were first sorted accord-
ing to their group assignment followed by the mean signal
of all purifications (with the higher signals on top). Subse-
quently, a heat map was generated using the Genesis soft-
ware (28).

For detailed analysis of individual purifications, the rela-
tive intensities in the respective purification were compared
to the mean intensities calculated from all purifications. The
intensities obtained from the Rps3- and Rps14-TAP purifi-
cations were omitted from the mean calculations (except for
the representations of the Rps3-TAP and the Rps14-TAP
data) due to strong variation of these samples from the other
samples. The scatter plots were generated in Statgraphics 18
using logarithmic scaling.

Napl-TAP Rps6a-Flag purification. For a rough catego-
rization, each detected protein was manually assigned to
one of the following groups: 40S r-protein, 60S r-protein,
ribosome AF, translation factor, cell division, histone, tran-
scription, other. The determined intensity values were nor-
malized so that the sum of all intensities measured in each
purification, excluding the Napl intensity, was 100%. All
0-values were replaced by 0.0001 to allow for logarithmic
display of the data.

The values from the Nap1-TAP, Rps6a-Flag enriched pu-
rification were plotted against the Napl-TAP, Rps6a-Flag
depleted purification in Statgraphics 18 using logarithmic
scaling.

Mass spectrometry for identification of proteins contained in
gel bands

The protein bands were excised from the gel and then
reduced, alkylated, and digested with Promega modified
trypsin according to the method described in (29). Pep-
tide extracts were dissolved in 0.1% formic acid, 5% ace-
tonitrile and separated by nano-HPLC (Dionex Ultimate
3000) equipped with a CI8 (5 pm, 100 A, 5 x 0.3 mm)
enrichment column and an Acclaim PepMap RSLC C18
nanocolumn (2 wm, 100 A, 500 x 0.075 mm) (all Thermo
Fisher Scientific, Vienna, Austria). Samples were concen-
trated on the enrichment column for 6 min at a flow rate
of 5 pl/min employing 0.1% formic acid as isocratic sol-
vent. Separation was carried out on the nanocolumn at a
flow rate of 250 nl/min at 60°C using the following gradi-
ent, where solvent A is 0.1% formic acid in water and sol-
vent B is acetonitrile containing 0.1% formic acid: 0—6 min:
4% B; 6-94 min: 4-25% B; 94-99 min: 25-95% B, 99-109
min: 95% B; 109-109.1 min: 95-4% B; 109.1-124 min: 4% B.
The sample was ionized in the nanospray source equipped
with stainless steel emitters (ES528, Thermo Fisher Scien-
tific, Vienna, Austria) and analyzed in a Orbitrap Velos Pro
mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) operated in positive ion mode, applying alter-
nating full scan MS (m/z 400-2000) in the ion cyclotron
and MS/MS by CID of the 20 most intense peaks with dy-
namic exclusion enabled. The LC-MS/MS data were ana-
lyzed by searching a database containing all SwissProt S.
cerevisiae sequences and all common contaminants (down-
loaded 08 January 2018, 8038 sequences) with Mascot 2.4.1
(MatrixScience, London, UK). Detailed search criteria: en-
zyme: semi-Trypsin, maximum missed cleavage sites: 2, Cys
modification: carbamidomethylation, possible multiple ox-
idized methionine; precursor mass tolerance 10 ppm, prod-
uct mass tolerance £0.7 Da., 5% false discovery rate. Data
were filtered according to stringent peptide acceptance cri-



teria, including Mascot Ion Score of at least 20 and a posi-
tion rank 1 in Mascot search.

Yeast two-hybrid

Protein-protein interactions were analyzed by yeast two-
hybrid (Y2H) assays using the reporter strain PJ69-4A,
which allows detection of weak (HIS3 reporter) and strong
interactions (ADE2 reporter). Two plasmids were co-
transformed into the strain, whereby one plasmid was ex-
pressing the bait protein fused to the Gal4 DNA-binding
domain (G4BD, BD, TRPI marker), followed by a c-Myc-
tag, and the other the prey protein fused to the Gal4 tran-
scription activation domain (G4AD, AD, LEU2 marker),
followed by an HA-tag. Colonies were spotted onto plates
lacking leucine and tryptophan (SDC —leu —trp), lacking
leucine, tryptophan, and histidine, (SDC —leu —trp —his,
HIS3 reporter) and lacking leucine, tryptophan, and ade-
nine (SDC -leu —trp —ade, ADE?2 reporter), respectively.
Plates were incubated at 30°C for 3 days.

For the competition experiment, PJ69-4A was first trans-
formed with either a high-copy URA3 plasmid express-
ing RPS6 (pADH195-RPS6A) or an empty control plas-
mid (YEplacl95); these two strains were then grown in
liquid SDC medium lacking uracil (SDC —ura) and co-
transformed with the bait and prey plasmids. To select
transformants containing all three plasmids and to score the
Y2H interactions, the above described media additionally
lacked uracil.

To detect soluble expression of Gal4 DNA-binding or ac-
tivation domain fusions, cells were grown in 20 ml SDC —leu
—trp to an ODgyy of ~0.5. Cell pellets were suspended in
~1.5-fold volume of lysis buffer (100 mM NaCl, 50 mM
Tris-HCI, pH 8.0, 0.5 mM PMSF, 1x FY protease in-
hibitor) and lysed by glass bead lysis and an aliquote of
the lysate was taken. Glass beads were subsequently re-
moved by centrifugation for 2 min at 380 x g. The resulting
supernatant was centrifuged for 10 min at 18 000 x g to
remove insoluble material. After addition of SDS sample
buffer, lysate, supernatant, and pellet fractions were ana-
lyzed by western blotting using a-c-Myc (G4BD fusion pro-
teins) and a-HA (G4AD fusion proteins) antibodies.

Protein co-expression in E. coli and in vitro binding assays

For protein expression, the RPS2-His6 (MCS1), Flag-
RPS6A4 (MCS2) and NAPI (MCS1) genes, as well as the
combination of Flag-RPS6A4 and NAPI, were cloned into
the pETDuet-1 vector (Novagen), respectively. 7S R4-Flag
(MCS2) was cloned into the pCOLADuet-1 vector (No-
vagen) and plasmids were transformed into an E. coli BL21
(DE3) Rosetta strain (Novagen). Cells were grown in 2 1
lysogeny broth (LB) medium at 30°C to an ODgg of 0.3—
0.4 before protein expression was induced with 0.3 mM
isopropyl-B-D-thiogalactoside (IPTG, Thermo Scientific).
Cells expressing Rps6, Napl, and the combination of both
were further incubated at 30°C for 2 h. Cells expressing
Rps2, Tsr4 and the combination of both were shifted to
25°C upon IPTG addition and incubated for 20 h. Cell
pellets were resuspended in lysis buffer containing 50 mM
Tris—-HCI (pH 7.5) and 150 mM NaCl. Prior to use, 60
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mM imidazole, 1 x Protease Inhibitor Mix HP (Serva), 0.5
mM phenylmethanesulfonyl fluoride (PMSF, Sigma), 1 mM
dithiothreitol (DTT) and 1 mg/ml lysozyme (Roth) was
added and cells were lysed via sonication. After centrifuga-
tion cell lysates were incubated with 400 w1 Ni-NTA agarose
(Qiagen) at 4°C for 60 min. Beads were washed three times
with 5 ml washing buffer (lysis buffer containing | mM DTT
and 60 mM imidazole) before being transferred into Mobi-
col columns (MoBiTec). After a second washing step with
5 ml washing buffer, bound proteins were eluted with 400
.l buffer containing 300 mM imidazole under rotation at
4°C for 20 min. Eluates were incubated with 300 pl Anti-
FLAG® M2 Affinity Gel (Sigma) under rotation at 4°C
for 60 min. Beads were washed three times with 1 ml lysis
buffer containing | mM DTT and transferred into Mobi-
col columns followed by a washing step with 5 ml buffer.
Bound material was eluted with 300 wl buffer containing
100 wg/ml FLAG® peptide (Sigma). Samples were ana-
lyzed via NuPAGE™ 4-12% Bis-Tris gels (Invitrogen), and
stained with NOVEX® Colloidal Blue Staining Kit (Invit-
rogen).

In vitro protein solubility assay in E. coli

Cells were grown in 50 ml LB medium at 30°C to an ODgg
of 0.3-0.4 before protein expression was induced with 0.3
mM IPTG as described above. 60 ODgyo-units were har-
vested and resuspended in lysis buffer containing 50 mM
Tris—HCI (pH 7.5), 150 mM NacCl, 1x Protease Inhibitor
Mix HP (Serva), 0.5 mM PMSF (Sigma), | mM DTT and
1 mg/ml lysozyme (Roth). Cells were disrupted by sonica-
tion and samples were taken (input). After centrifugation
(15000 rpm, 4°C for 30 min), supernatants and pellets were
separated and dissolved in SDS sample buffer. 0.1% of the
protein samples were separated on NuPAGE™ 4-12% Bis-
Tris gels (Invitrogen) followed by staining with NOVEX®
Colloidal Blue Staining Kit (Invitrogen).

Sucrose gradient analysis

Cells for the experiment shown in Figure 4E were grown in
SDC medium at 37°C to an ODgyy of ~0.5. Cells for the
experiment shown in Figure 6F were grown in 70 ml SDC
medium lacking leucine and tryptophan (SDC —leu —trp) at
25°C to an ODgg of ~0.25 and shifted to 37°C for 2 h. 100
wg/ml cycloheximide was added to 50 ml culture and cells
were incubated on ice for 5 min. Cells were pelleted and re-
suspended in lysis buffer containing 10 mM Tris—HCI (pH
7.5), 100 mM NacCl, 30 mM MgCl, and 100 pg/ml cyclo-
heximide. After cell lysis using glass beads, 4-5 4549 units of
the cell extracts were loaded onto 5-45% sucrose gradients
and centrifuged at 38 000 rpm in a SW41Ti rotor at 4°C
for 2 h 45 min using a Beckman Optima™ LE-80K ultra-
centrifuge. Gradients were analyzed using a UA-6 system
(Teledyne Isco) with continuous monitoring at A,s4 nm.

Co-translational binding assay

Co-translational association of C-terminally TAP-tagged
chaperones (Yarl-TAP, Fap7-TAP, Tsr2-TAP, Tsr4-TAP
and Napl-TAP) with nascent r-proteins was assessed by
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IgG-Sepharose pull-down and qRT-PCR as previously de-
scribed (30) with the following modifications: (i) the vol-
umes of the yeast cultures (200 ml) and the IgG-Sepharose
beads (50 wl) were decreased by half, and cycloheximide
was added to a final concentration of 0.1 mg/ml to the cul-
tures and buffers; (ii) after DNase treatment (DNA-free™
Kit DNase Treatment & Removal Kit, Thermo Fisher Sci-
entific), RNA samples were diluted 40 times and 3 pl of
these dilutions were used to perform the qRT-PCR using
the KAPA SYBR® FAST One-Step Universal kit (Merck)
according to the manufacturer’s instructions; (iii) the raw
data were analyzed using the program LinRegPCR (31),
and the starting concentration values (NO), expressed in
arbitrary fluorescence units, were used for further calcula-
tion. For each mRNA amplicon, the average NO values of
the technical triplicates of each TEV eluate were first di-
vided by the average NO values of the technical triplicates
of the corresponding total extract. To correct for the back-
ground levels, the mean values of the mRNA abundance ra-
tios (TEV/total), excluding the mRNA corresponding to
the respective r-protein binding partner, were first calcu-
lated for each respective chaperone purification (mean pu-
rification background value) and each mRNA amplicon
(mean amplicon background value). The individual mRNA
abundance ratios (TEV/total) were then divided by both
their corresponding mean purification and amplicon back-
ground values. Normalized mRNA abundance ratios were
obtained by setting the mean of all corrected background
values to 1.

The following oligonucleotide pairs were used for
the specific amplification of DNA fragments, corre-
sponding to the RPS2, RPS3, RPS6, RPSI4, and
RPS26 mRNAs, from the input cDNAs: RPS2-forward
5-AGGGATGGGTTCCAGTTACC-3 and  RPS2-
reverse 5-TGGCAAAGAGTGCAAGAAGA-3
(amplicon size 89 base pairs (bp)), RPS3-forward
5-GCTGCTTACGGTGTCGTCAGAT-3 and RPS3-
reverse 5-AGCCTTAGCTCTGGCAGCTCTT-3 (am-
plicon size 96 bp), RPS6-forward 5-CAAGGCTCCAA
AGATCCAAA-3" and RPS6-reverse 5-TGAGCGTTT
CTGACCTTCAA-3' (amplicon size 87 bp), RPS14-
forward  5-TCCATACGCTGCTATGTTGG-3" and
RPS14-reverse  5-TCTTAACGTGAACGGCAGTG-3
(amplicon size 80 bp), and RPS26-forward
5-TCCAAAGGATAAGGCTATCAAGA-3" and RPS26-
reverse 5-AGAAGCTTCGGACAAATCTCTG-3' (am-
plicon size 82 bp).

Fluorescence microscopy

Yeast cells in logarithmic growth phase were imaged by flu-
orescence microscopy using a Leica DM6 B microscope,
equipped with a DFC 9000 GT camera, using the PLAN
APO 100x objective and the LasX software.

A plasmid containing the RPS2-3xyEGFP fusion
gene was transformed into a NOP58-RedStar2 Atsr4
Arps2 [URA3-RPS2] strain, and, as control, into a
NOP58-RedStar2 Arps2 [URA3-RPS?2] strain. The RPS2-
3xyEGFP fusion was not fully functional, as it was (in
contrast to a LEU2 plasmid containing RPS2 without GFP
fusion) not sufficient to suppress the Atsr4 phenotype,

preventing loss of the URA3-RPS2 plasmid in a Atsr4
or a Atsr4Arps2 strain. Therefore, we investigated the
localization of the Rps2-3xyEGFP fusion in the presence
of the URA3-RPS?2 plasmid.

To estimate the proportion of cells with nuclear signal or
nuclear exclusion, ~30-45 microscopic images, including in
total at least 1000 cells with a visible Nop58-RedStar2 signal
(used to determine the position of the nucleolus), were ana-
lyzed per strain. All cells in which the GFP-signal in the nu-
cleus was at least as strong as in the cytoplasm were counted
as cells with nuclear signal, whereas cells with clearly less
signal in the nucleus than in the cytoplasm were counted as
cells with nuclear exclusion.

RESULTS

A screen to identify new dedicated chaperones of 40S r-
proteins

To identify dedicated chaperones among the many interac-
tion partners common to all r-proteins (i.e. other r-proteins,
translation factors, etc.), we established a tandem-affinity
purification (TAP) based screen (see Figure 1A). Since 75%
of all r-proteins are encoded by two paralogous genes (A
and B copy) in yeast (32), we constructed strains, by ge-
nomic tagging of either the single copy genes or one of
the two paralogs (indicated in Supplementary Table S1),
individually expressing each small subunit r-protein fused
to a C-terminal TAP-tag and purified r-proteins together
with their interaction partners by TAP purification. Eight
r-proteins (Rps5 (uS7), Rps11 (uS17), Rps16 (uS9), Rps22
(uS8), Rps23 (uS12), Rps28 (eS28), Rps29 (uS14) and
Rps30 (eS30)) were purified inefficiently, thus preventing
further analyses (Supplementary Figure S1A and data not
shown). Eluates from the remaining 25 purifications were
subjected to label-free semi-quantitative mass spectrome-
try. Most r-protein purifications yielded a pattern charac-
teristic of mature ribosomes, with most co-purifying pro-
teins migrating in the low-molecular-weight range, suggest-
ing that the r-proteins were efficiently incorporated into ri-
bosomes despite the C-terminal TAP-tag (Supplementary
Figure S1A). This was also reflected by the measured inten-
sities for r-proteins, which made up between 72% (Rps12
(eS12)) and 89% (Ascl (RACK1)) of the total measured in-
tensities in the samples (Figure 1B, Supplementary Table
S3). Only for the less well incorporated Rps3- and Rps14-
TAP, r-proteins made up only 56% and 63% of the total sig-
nal in the samples, respectively.

To assess if their known chaperones were co-enriched
with Rps3 and Rpsl4, we plotted the intensities of each
protein detected in the Rps3-TAP and Rps14-TAP purifi-
cations against the mean intensity calculated from the sig-
nals of the same protein in all purifications (Figure 1C and
D). In this representation, all proteins detected at similar
intensities as in all other purifications are expected to lie
along a diagonal with the slope of 1, while proteins that
are enriched in the respective purifications should be posi-
tioned clearly above this diagonal. The diagrams for Rps3-
TAP and Rpsl4-TAP showed a relatively broad spread
of dots, probably due to the reduced co-purification of r-
proteins, along with an increased enrichment of contamina-
tions. Nevertheless, the Rps3-TAP purification resulted as
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Figure 1. A screen to identify new dedicated chaperones of 40S r-proteins. (A) Overview of the screening strategy. (B) Heat map of proteins detected
in the indicated 40S r-protein TAP purifications, sorted according to protein groups and mean intensities. The color bar on the left indicates the colors
corresponding to the relative intensities. At the bottom, the calculated percentages of the sum of intensities of all r-proteins relative to the total measured
intensities in the respective samples are indicated. (C and D) Relative intensities in the Rps3- (C) and Rps14- (D) TAP purification plotted against the mean
intensity of all purifications. The respective bait protein (underlined) and proteins particularly enriched in the purification are labeled, with the respective
known dedicated chaperones displayed in bold and contaminants implicated in carbohydrate metabolism indicated in italics.



8 Nucleic Acids Research, 2019

expected in a strong co-enrichment of its dedicated chap-
erone Yarl (Figure 1C and Supplementary Figure S1B).
Moreover, the AF Ltvl, which is also a direct partner of
Rps3 (33,34), was clearly enriched in this purification. We
previously found that Rps3 mainly uses the ‘classical’ im-
port pathway employing yeast importin-a Kap60/Srpl and
importin-B Kap95 for its nuclear import (35). Indeed, we
observed that also Kap60 was enriched in the Rps3-TAP
purification relative to other r-protein purifications, sup-
porting our previous findings.

Moreover, we also found the putative Rps14 chaperone
Fap7 enriched in the Rps14-TAP purification (Figure 1D
and Supplementary Figure S1B). Additionally, also the AF
Kril and, to a lesser extent, its direct partner Krrl (36) were
enriched in this purification. Notably, Rps14 and Krrl in-
teract with each other in 90S particles (37-39). Moreover,
Krrl forms a complex together with Rps14 and Fap7 in vitro
and it was suggested that Fap7 might promote the assembly
of Rpsl4 and Krrl into 90S particles or, alternatively, that
Krrl may recruit the Rps14/Fap7 complex to 90S particles
(40). It will be interesting to address in the future whether
also Krrl1’s partner Kril participates in this maturation step.

The third 40S r-protein known to have a dedicated chap-
erone is Rps26 (15). In our screen, we detected the Rps26
chaperone Tsr2 neither in the Rps26-TAP purification nor
in any of the other purifications. Moreover, also Fap7,
which was reported to act alternatively to Tsr2 and to chap-
erone a pre-formed Rps14/Rps26 complex (12), was not de-
tected in the Rps26-TAP purification (Supplementary Fig-
ure S1B). We speculate that the interactions of Rps26 with
Tsr2 and with Fap7 might be too short-lived to be detected
in our approach.

To sum up, our screen is suitable to uncover direct part-
ners of individual r-proteins, including dedicated chaper-
ones, although some transient interactions may escape de-
tection by this method.

Tsr4 and Napl are direct binding partners of the r-proteins
Rps2 and Rps6

Next, we focused our analyses on 40S r-proteins for which
no dedicated chaperone has been reported so far. We se-
lected three r-proteins, Rps6, Rps2, and Rpsl15, that bind
pre-40S particles at different positions and maturation
stages, and plotted the intensities of each protein recovered
in these purifications against the mean of all purifications
(excluding the outliers Rps3- and Rps14-TAP).

Rps6 (eS6) is an early-binding 40S r-protein (41,42)
associating with the early-folding 5'-domain of the 18S
rRNA, which forms the ‘body’ of 40S particles (Supple-
mentary Figure S2A). It has two paralogs, Rps6a and
Rps6b, with identical amino-acid sequence. Among the fac-
tors co-enriched with Rps6 were a few known AFs, in-
cluding Kre33, which directly interacts with Rps6 within
90S particles (Figure 2A) (37,38). Its co-purification may
be an indication that Rps6 and Kre33 are incorporated
into pre-ribosomes together or that Kre33 even facilitates
Rps6 incorporation. Additionally, Napl, although present
in most r-protein purifications, was clearly enriched in a
few of them, including Rps6-TAP (Figure 2A and Supple-
mentary Figure S1B). Napl was described to have a dual

function as histone chaperone and regulator of cell divi-
sion at the septin ring (43-49). Moreover, the Arabidopsis
thaliana Rps6 (atRps6) orthologue was reported to interact
with Arabidopsis Napl, whereby atRps6 was suggested to
have an extra-ribosomal, histone-related function together
with Napl (50). Our study indicates, however, that Napl
may also have a ribosome-related function as chaperone for
Rps6 and/or other r-proteins (see below).

Rps2 (uS5) is positioned at the junction between the
body of 40S particles and the later folding 3’-major domain
of the 18S rRNA, which forms the ‘head’ of 40S particles
(Supplementary Figure S2A). It can be detected by western
blotting in 90S particles purified via Krr1-TAP (34), sug-
gesting it associates at the stage of 90S particles. Its bind-
ing to pre-ribosomes is important for the efficient release of
AFs Rrpl2 and SIx9 from 40S precursors, as well as for effi-
cient binding of the AF Rio2 (51). In the Rps2-TAP purifi-
cation, one of the most enriched proteins was Tsr4 (Figure
2B). Tsr4 is a ~46 kDa, acidic protein (p/ ~4.5), which is
conserved among eukaryotes (Supplementary Figure S5A).
Tsr4 was discovered in a systematic study to be a new ribo-
some AF whose depletion leads to 40S subunit maturation
defects (52). However, its exact function in the ribosome
biogenesis pathway was up to now unknown. Moreover,
recent studies suggested that the human Tsr4 orthologue
PDCD2L, its human paralog PDCD2, and the Drosophila
Tsr4 orthologue Zfrp8 interact with Rps2 (53,54). These
data further support our idea that Tsr4 might be a novel
chaperone of Rps2.

Rps15 (uS19) is a late-associating r-protein (41,42), bind-
ing to the head domain of pre-40S particles (Supplementary
Figure S2A). A few proteins were enriched in the Rpsl15-
TAP purification, with Sef1, a largely uncharacterized pro-
tein, being the most prominent one (Supplementary Figure
S2B).

To test whether proteins enriched in individual r-
protein purifications are capable of directly interacting
with the respective bait r-proteins, we subjected promis-
ing r-protein/putative chaperone pairs (i.e. Rps6/Napl,
Rps2/Tsr4 and Rps15/Sefl) to a yeast two-hybrid (Y2H)
assay (Figure 2C). Indeed, this analysis indicated a direct
interaction between Rps2 and Tsr4, as well as between
Rps6 and Napl. No Y2H interaction was detected between
Rpsl5 and Sefl, suggesting that Sefl either interacts indi-
rectly with Rpsl5 via another factor, or that it was a false
positive in our screen, or a false negative in the Y2H assay.

For the rest of our study, we focused on the further char-
acterization of the two proteins that scored positive in the
Y2H, i.e. Napl and Tsr4, which we considered to be promis-
ing candidates for novel r-protein chaperones of Rps6 and
Rps2, respectively. In contrast to Tsr4, which was only de-
tected in the Rps2-TAP purification, Napl was also found,
albeit to a lesser extent, in most other r-protein purifications
(Supplementary Figure S1B). To address whether Napl in-
teracts exclusively with Rps6, we assessed by Y2H poten-
tial interactions of Napl with other r-proteins, which were
either in this study (Supplementary Figure S1B) or pre-
viously (44,55-57) suggested to be associated with Napl.
None of the other tested 40S r-proteins (i.e. Rpsl (eS1),
Rps3, and Rps14) interacted with Napl in this assay. More-
over, the large subunit r-proteins Rpll (uL1), Rpl18 (eL18),
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and Rpl41 (eL.41), which were found in large-scale studies to
interact with Nap1 (44,55,56), showed no Y2H interaction
with Napl, suggesting they do not interact directly (Fig-
ure 2D). In contrast however, two 60S subunit r-proteins,
Rpl39 (eL.39) and Rpl42 (eL.42), which were also identified
as Napl partners in large-scale studies (55,56), did interact
with Napl in the Y2H assay (Figure 2E). We conclude that

Napl directly interacts with Rps6 and at least two other r-
proteins.

Nap1 employs an r-protein specific binding mode and protects
Rps6 from aggregation in vitro

To better understand which part of Rps6 is bound by Napl,
we mapped the interacting domains via Y2H analysis. Rps6
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is present in eukaryotes and archaea, but absent in bacte-
ria. It contains a conserved N-terminal beta-barrel domain,
which is connected by a eukaryote-specific loop region with
a long, eukaryote-specific C-terminal alpha-helix (Figure
3A and B). While neither the N-terminal domain nor the
loop region of Rps6 were able to interact with Napl by
themselves, the C-terminal domain (residues 176-236) in-
teracted with Napl, although the interaction was weaker
than with full-length Rps6 (Figure 3B). Almost full in-
teraction was reached when the Rps6 C-terminal domain
was combined with the loop region (residues 117-236). No-
tably, also combination of the N-terminal domain of Rps6
with the loop (residues 1-181) resulted in an interaction
with Napl. We conclude that Rps6 has a complex bind-
ing surface containing several Napl-binding regions, with
the eukaryote-specific C-terminal Rps6 alpha-helix likely
comprising the main interaction surface. Notably, archaea,
which lack the Rps6 loop and C-terminal domain, also lack
an orthologue of Napl.

Next, we investigated Napl truncations for interaction
with Rps6 (Figure 3C, Supplementary Figures S3C and
S4A). Napl has unstructured extensions both in its N- and
C-terminal parts (Supplementary Figure S3A). While re-
moval of the 74 N-terminal residues of Napl (residues 75—
417) still allowed almost full interaction with Rps6, the in-
teraction with Rps6 was completely abolished when the 52
C-terminal amino acids were removed (residues 1-365). No-
tably, this C-terminal extension (residues 366-417) is nei-
ther required for the binding of Napl1 to histones (48,58,59)
nor to the importin Kapl14 (47). To assess if this differ-
ent binding mode is common to r-proteins, we also tested
the same Napl truncations for interaction with Rpl39 and
Rpl42 (Figure 3D, Supplementary Figures S3C and S4A).
Indeed, also for these interactions, the unstructured N-
terminal region of Napl was dispensable, while its unstruc-
tured C-terminal extension was required. We conclude that
Napl exhibits a common binding mode when interacting
with r-proteins, for which the acidic C-terminal extension,
which is dispensable for interactions with other partners, is
critical. To test if the r-proteins indeed compete for the same
binding site within Napl, we assessed the strength of the
Y2H interactions between Nap1 and RplI39 or Rpl42 in cells
expressing either endogenous or increased levels of Rps6.
This analysis revealed that overexpression of Rps6 from
a multicopy plasmid clearly reduced, but did not abolish,
the interaction between Napl and Rpl39 or Rpl42 (Supple-
mentary Figure S4B), further corroborating that all three
r-proteins bind to a common surface on Napl.

Next, we examined the in vitro interactions between Napl
and Rps6. When we expressed Rps6 alone, large amounts
of the protein were insoluble (Figure 3E). Importantly, co-
expression of Nap] shifted the r-protein almost completely
to the soluble fraction, suggesting that Nap1 has the capa-
bility to increase the solubility of its partner Rps6. More-
over, Napl and Rps6 were co-purified in a two-step affin-
ity purification, revealing that they also form a complex in
vitro (Figure 3E). Together, our Y2H and in vitro interaction
analyses indicate that Napl directly interacts with Rps6 and
thereby increases the solubility of the r-protein.

Napl functions together with Rps6 in vivo

To characterize the complexes in which Napl and Rps6 oc-
cur together, we generated a strain expressing TAP-tagged
Napl and a Flag-tag fusion of one of the two Rps6 par-
alogs, Rps6a (Figure 4A). First, we performed purifica-
tion of Napl-TAP via IgG-Sepharose, followed by TEV
elution, and incubated the resulting eluate (comprising all
Napl-containing complexes) with anti-Flag beads to purify
only the sub-population containing both Napl-CBP and
Rps6a-Flag. In addition, we used the supernatant from this
incubation (Napl-containing complexes depleted of com-
plexes containing Rps6a-Flag; note that Rps6b was still
present in these complexes) and purified them in a second
step via Calmodulin beads. In parallel, we also performed
a standard TAP purification of Napl, yielding all part-
ners of Napl. Finally, we analyzed the resulting eluates by
label-free semi-quantitative mass spectrometry, as well as by
SDS-PAGE followed by Coomassie-staining and Western
blotting (Figure 4B and C). Indeed, increased Rps6a-Flag
amounts were present in the Rps6a-Flag enriched sample,
whereas Rps6a-Flag was absent from the Rps6a-Flag de-
pleted sample (Figure 4B).

The overall pattern of the Rps6a-Flag depleted purifica-
tion resembled the standard Nap1-TAP purification, show-
ing a strongly over-stoichiometric Napl-containing band
on the Coomassie-stained gel, accounting for more than
50% of the total intensity in the mass spectrometric anal-
ysis of the sample (Supplementary Table S4). The most
prominent co-purifying proteins in the total Nap1-TAP and
the Rps6a-Flag depleted purification were the functionally
redundant kinases Gin4 and Kcc4, both known to inter-
act with Napl in the context of cell division regulation,
and Nbal, another less well characterized partner of Napl
(43,44). Last but not least, there was a strong band in the
range of ~15 kDa containing histones H2B, H2AZ and
H2A (proteins Htb2, Htz1, and Htal) in both purifications
(Figure 4B and C). Additionally, we detected the AF Enpl,
a marker protein for 90S and pre-40S particles, in the Nap1-
TAP purification, but its association was severely reduced in
the Rps6a-Flag depleted sample, as obvious from the West-
ern blot analysis (Figure 4B).

In the Rps6a-Flag enriched purification, the protein com-
position was significantly changed compared to the other
two purifications. While r-proteins and ribosome AFs, in-
cluding Enpl, were enriched, histones and proteins impli-
cated in cell division were under-represented in the Rps6a-
Flag enriched pool (Figure 4B and C). We speculate that
Napl and Rpsba co-exist together in a (pre-)ribosomal
complex. The observation that 40S and 60S r-proteins were
more co-enriched than ribosome AFs is somewhat surpris-
ing and may be either due to the presence of contaminat-
ing mature ribosomes in the TEV eluate, which are sub-
sequently further co-purified with Rps6a-Flag, or alterna-
tively, may be an indication that Napl is also present in
mature ribosomes. Furthermore, Western blotting indicated
that Rps6a-Flag was clearly more enriched in the Napl-
TAP purification than other r-proteins (compare relative
levels of Rps6, Rps3, Rps26 and Rpl35 in the lysate and
the Nap1-TAP eluate), suggesting that Rps6 and Napl also
exist as a free complex together.
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in the supernatant. The two-step affinity purification via His6-Nap1 followed by Flag-Rps6 resulted in the co-purification of both proteins indicating that
Napl and Rps6 form a complex in vitro.
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napl mutants enhance the ribosome assembly defect of rps6a
mutants

Having established that Napl is a direct binding partner of
Rps6, we wanted to determine if the combination of rps6
and napl mutations leads to an enhancement of growth
defects, which would be a further indication for a func-
tional connection between these two proteins. NAPI dele-
tion strains did not show any growth defects; however, the
growth defects of both the RPS64 and RPS6B knockout
strains were enhanced at 37°C when in addition NAPI was
deleted (Figure 4D). We conclude that NAPI and RPS6
show a genetic interaction.

To address whether these enhanced growth phenotypes
go along with a ribosomal defect, we recorded polysome
profiles of the Anapl strain, the Arps6a strain, and the
Anapl Arps6a double knockout mutant (Figure 4E). No-
tably, the Anapl strain showed an increased 80S peak and
slightly reduced polysome levels, hence ribosomal subunits
are capable of joining into 80S ribosomes, but these engage
in translation less efficiently. This may either be the conse-
quence of the synthesis of not fully functional ribosomal
subunits in the absence of Napl, or might be due to a prob-
lem in translation initiation itself. The Arps6a knockout
strain showed a drastic reduction of free 40S subunits, ac-
companied by a significant increase of the 60S peak, a phe-
notype typical for defects causing the reduced production of
408 subunits, consequently resulting in an excess of 60S sub-
units. When in addition to RPS6A4 also NAPI was deleted,
a further increase of the 60S peak could be observed, sug-
gesting an even stronger 40S maturation defect. Moreover,
the 80S peak was increased compared to the Arps6a mu-
tant alone, indicating the additional presence of a transla-
tion initiation defect (that was also observed in the Anapl
single mutant). Last but not least, polysome levels of the
double mutant were significantly reduced compared to the
single mutants. Together, our results reveal that Napl has
a so far unanticipated function together with Rps6 in ribo-
some biogenesis.

Tsr4 binds co-translationally to the N-terminal extension of
Rps2

In order to characterize Tsr4, our dedicated chaperone can-
didate for Rps2, we first mapped the Tsr4 interaction region
on Rps2 by Y2H. Rps2 protein homologs exist in eukary-
otes, archaea and bacteria; eukaryotes however contain a
short N-terminal extension that is missing in prokaryotes
(Figure 5A). Notably, these N-terminal 42 amino acids of
Rps2 were sufficient for its Y2H interaction with Tsr4, while
a Rps2 variant lacking these residues was not capable of
interacting with Tsr4 (Figure 5B and Supplementary Fig-
ure S5B). Moreover, both the first 22 amino acids of Rps2
and the corresponding N-terminal deletion variant (AN22,
residues 23-254) exhibited a weak interaction, hence ele-
ments before amino acid 23 and between amino acids 23
and 42 are required for full interaction with Tsr4.

Next, we mapped the Rps2 interacting region of Tsr4
and found that while deletion of the 19 N-terminal amino
acids of Tsrd (AN19, residues 20-408) still allowed almost
full interaction with Rps2, removal of the 40 N-terminal
residues (AN40, residues 41-408) abolished the interaction

(Figure 5C and Supplementary Figure S5C). Moreover, the
interaction was completely lost when the eight conserved
C-terminal amino acids of Tsr4 (residues 1-400; Supple-
mentary Figure SSA) were missing. Notably, all constructs
were expressed and soluble, although they were detected
at slightly (Tsr4 N-terminally truncated fragments) or sig-
nificantly (Tsr4 C-terminally truncated fragment) reduced
levels compared to full-length Tsr4 (Supplementary Figure
S5E). As however not even a weak Y2H interaction with
Rps2 was detected with the Tsr4 AN40 and the Tsr4 1-400
variants, despite the presence of soluble protein, we con-
clude that both the N- and the C-terminal part of Tsr4 are
required for the interaction with Rps2.

To further confirm the direct interaction between Tsr4
and Rps2, we also performed an in vitro interaction assay
(Figure 5D). As described above for Napl and Rps6, we
observed that co-expression of Tsr4 increased the solubility
of Rps2 expressed in E. coli. Moreover, both proteins co-
purified in a two-step purification, indicating they form a
complex in vitro. In order to examine the in vivo interactions
of Tsr4, we affinity-purified TAP-tagged Tsr4 from yeast
and analyzed the resulting eluate (Figure S5E). Tsr4 was the
only prominent band visible in the Coomassie-stained gel;
however, Western blotting indicated an enrichment of Rps2
in the purification compared to other r-proteins, further
supporting that Tsr4 and Rps2 form a complex in yeast cells.

The interaction of Tsr4 with the very N-terminus of Rps2
is reminiscent of several other r-protein chaperones, i.c.
Yarl, Syol, Rrbl and Sqtl (14). All these chaperones are
known to associate with their r-protein partners already co-
translationally (13,30). To assess whether this is also the
case for Tsr4, we performed affinity-purification of TAP-
tagged Tsr4 after translation inhibition by cycloheximide,
retaining translating ribosomes on the mRNAs, and de-
tected associated mRNAs by quantitative reverse transcrip-
tion PCR (qRT-PCR) (Figure 5F). If Rps2 is already bound
by Tsr4 co-translationally, not only the Rps2 protein, but
also the RPS2 mRNA is expected to co-purify with Tsr4-
TAP in this approach. In addition to Tsr4, we also tested
Napl and Fap7 for potential co-translational binding of
Rps6 and Rps14, respectively. After TEV elution of the bait
proteins together with associated proteins and RNAs, RNA
was extracted and the levels of all mRNAs of interest (i.e.
RPS2, RPS6, RPS14, RPS3 and RPS26) were analyzed in
all samples by qRT-PCR. Strikingly, purification of Tsr4-
TAP significantly enriched the RPS2 mRNA to a similar
extent as Yarl-TAP enriched the RPS3 mRNA (Figure 5F).
We conclude that Tsr4 already binds co-translationally to
the very N-terminal region of Rps2. In contrast, no co-
translational binding of Nap1 or Fap7 to their clients could
be detected; hence they might, like the escortin Tsr2 (15),
associate with their r-protein partners post-translationally.

Tsr4 is required for correct functioning of Rps2

In several examples, growth defects caused by mutation or
deletion of a dedicated r-protein chaperone can be com-
pensated by the increased production of the client r-protein
(14). Tsr4 is essential in the W303 strain background, as
revealed by the inability of the TSR4 shuffle strain, trans-
formed with an empty plasmid, to grow on 5-FOA contain-
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ing plates. Importantly, the presence of extra copies of RPS2
provided on a low-copy plasmid supported viability of the
Atsr4 strain (Figure 6A). However, in contrast to the strain
complemented with wild-type TSR4, the Atsr4 strain res-
cued by RPS2 showed a growth defect at 25°C and 30°C
and was inviable at 37°C (Figure 6B). We conclude that an
increased RPS2 dosage can partially compensate for the ab-
sence of TSR4.

Next, we constructed a Atsr4 Arps2 strain complemented
by a URA3-RPS?2 plasmid and containing a chromosomally
encoded Nop58-RedStar2 fusion and transformed it with a
LEU2-RPS2-3xyEGFP plasmid in order to investigate the
localization of Rps2 in the absence of Tsr4 (Figure 6C and
Supplementary Figure S6). As expected, in TS R4 wild-type
cells Rps2-GFP was localized in the cytoplasm, with ~72%
of the cells displaying a nuclear exclusion (Figure 6C, up-
per panel). Many of the Atzsr4 cells showed morphologic
deficits, i.e. enlarged cells, enlarged vacuoles, and cells with
budding defects (Supplementary Figure S6, panels C-E),
consistent with the relatively strong growth defect of Atzsr4
cells upon suppression by plasmid encoded RPS2 (Figure
6B). Notably, a nuclear signal of Rps2-GFP was observed
in ~82% of the Atsr4 cells, sometimes with a massive ac-
cumulation of Rps2-GFP signal in the nucleus (Figure 6C,
lower two panels, and Supplementary Figure S6, panels C—
E). We conclude, that Rps2-GFP can be imported into the
nucleus in the absence of Tsr4 but is most likely not effi-
ciently assembled into pre-ribosomes.

To characterize the phenotype of zsr4 mutants in the ab-
sence of the suppressing RPS2 plasmid, and to compare
them with rps2 mutants, we then aimed at generating con-
ditional #sr4 and rps2 mutants. Considering that the first 42
N-terminal amino acids of Rps2 are both necessary and suf-
ficient for interaction with Tsr4 (Figure 5B), we first gener-
ated an rps2 variant lacking the sequence encoding these
N-terminal 42 amino acids (rps2 AN42). This mutant was
inviable (Figure 6D). In contrast, a mutant lacking only 22
N-terminal amino acids (rps2 AN22), which still showed a
weak Y2H interaction with Tsr4 (Figure 5B), was viable, but
exhibited a mild growth defect (Figure 6D and E). In addi-
tion, we also generated rps2 and tsr4 alleles by random PCR
mutagenesis, which we termed rps2-1, rps2-2, tsr4-1 and
tsr4-2 (Figure 5A, Supplementary Figure S5A and D). Ded-
icated chaperone mutants frequently enhance the defects
caused by mutation of the client r-protein (11,13,18,30). In-
deed, all combinations of tsr4 and rps2 point mutations led
to enhanced growth defects when compared to the growth
of the single mutants, especially at higher temperatures, fur-
ther corroborating that 7SR4 and RPS?2 interact genetically
(Figure 6E). In contrast, the combination of the rps2 AN22
deletion with the two tsr4 alleles resulted in no significant
enhancement of growth defects.

To assess the impact of this genetic interaction on ri-
bosome biogenesis, we next examined the zsr4 and rps2
mutants by polysome profile analysis (Figure 6F). Indeed,
not only the two rps2 but also the two tsr4 point mu-
tants showed strong 40S synthesis defects, as revealed by
the increased levels of free 60S subunits, and a reduc-
tion in overall translation as indicated by the decrease in
80S/monosome and polysome levels. Notably, the combi-
nation of the two milder rps2-1 and tsr4-2 single mutants

resulted in a strongly enhanced defect, with a completely
missing 408 peak, a large increase in 60S levels, and a promi-
nent reduction in 80S and polysome content. We conclude
that functional Tsr4 is crucial for efficient assembly of Rps2
into 40S particles and consequently for ribosome biogene-
sis.

DISCUSSION

With this study, we have introduced two novel chaperones
of r-proteins, Tsr4 and Napl. These two proteins highlight
nicely how diverse r-protein chaperones can be with re-
spect to the binding mode, specificity, stage of association
with the r-protein, and essentiality for cell survival. With
the successive addition of new members, one can now look
for common themes and accordingly subclassify r-protein
chaperones.

Tsrd belongs to the group of dedicated chaperones
that associate with their client r-protein already co-
translationally. As most other dedicated chaperones in this
group, Tsr4 binds to the very N-terminal region of its r-
protein partner Rps2. Notably, this N-terminal region of
Rps2 seems to be flexible and was not resolved in any crystal
or cryo-EM structures of (pre-)40S subunits so far. The un-
structured nature of this part of the protein, together with
the high content in positively charged arginines (Figure 5A)
may explain the special requirement of this region for a
chaperone.

TSR4 is an essential gene, suggesting that chaperoning
of Rps2 is an essential cellular task. Moreover, deletion of
Rps2’s N-terminal 42 amino acids is lethal, probably either
because Tsr4 cannot be recruited or because this N-terminal
region has an important function itself and therefore needs
to be protected by Tsr4. The co-translational binding of
Tsrd to Rps2 indicates that Rps2 is already captured by Tsr4
in the cytoplasm. Large-scale studies suggest that Tsr4 has
a cytoplasmic steady-state localization (60), like the Rps3
chaperone Yarl (11). The fact that Rps2-GFP accumulates
in the nucleus in the absence of Tsr4 (Figure 6C), however,
suggests that Tsr4 has very likely a nuclear function in Rps2
ribosome incorporation, while it is apparently not required
for nuclear import of Rps2. In line with our results, the hu-
man Tsr4 homolog PDCD2L is a nucleo-cytoplasmic shut-
tling protein (53).

The second r-protein interactor we identified, Napl, has
very different characteristics. Nap1 is well described as a hi-
stone chaperone for H2A and H2B (47,61,62). R-proteins
and histones have many common features, including a high
content in positive charges and the need to be transported
from the cytoplasm into the nucleus. Therefore, the utiliza-
tion of the same protein for chaperoning histones and r-
proteins seems plausible. Moreover, Nap] is also promiscu-
ous among r-proteins and can interact, apart from Rpso6,
also with the large subunit r-proteins Rpl39 and Rpl42.
We showed that for the interaction of Napl with Rps6,
Rpl39 and Rpl42, the C-terminal 52 amino acids of Napl
are absolutely essential (Figure 3C and D). Remarkably,
this region is not essential for the interaction with histones,
although the presence of this region increases the affinity
of Napl for histones (48,59,63-66). Therefore, despite the
common features of histones and r-proteins, Napl employs



a different interaction mode when binding to these various
classes of proteins. Considering the acidic nature of Nap1’s
C-terminal tail, it is tempting to speculate that the tail is
used to shield positive charges of r-proteins.

Napl does not seem to bind Rps6 co-translationally,
which is not surprising considering it recognizes a relatively
large binding surface, with the C-terminal alpha-helix prob-
ably comprising the main interaction surface. Hence, Rps6
is probably already fully folded when it encounters its chap-
erone. Napl is known to be a nucleo-cytoplasmic shuttling
protein (47,67). In its function as a histone chaperone, Nap1
is imported, together with histones H2A and H2B, into the
nucleus by the importin Kapl14 (47). We did not detect
Kapl14 in our Rps6-TAP nor in the Napl-TAP purifica-
tion, while low amounts of Kap123 were detected in both
purifications (Supplementary Tables S3 and S4). The de-
tailed investigation of the nuclear import pathway of Rps6,
and of the stage at which Napl associates with Rps6, re-
mains an interesting question for future studies. Notably,
Napl is known to form dimers, not only in its free form,
but also in the complex with histones (58,66,68). Finding
out whether Napl is also dimeric when bound to r-proteins,
and if Napl can bind more than one r-protein at the same
time, will be another interesting subject for future studies.

Notably, Napl not only co-purifies r-proteins, but also
ribosome AFs and translation factors (Figure 4B and C).
Moreover, deletion of NAPI causes a mild translation ini-
tiation defect, but also enhances the 40S synthesis defect
of a Arps6a strain (Figure 4E). These data show that the
function of Napl is important for ribosome biogenesis and
possibly also for translation. The engagement of Napl in
several different pathways may indicate that it coordinates
ribosome assembly with other key cellular processes.

Both Tsr4 and Napl have in common that they prefer-
entially bind to eukaryote-specific regions of their r-protein
clients. Similar observations have also been made for Acl4
and Tsr2 (13,16,69,70). Moreover, also the N-terminal re-
gion of Rpl3, where Rrb1 binds (30), and most of the Sqt1-
and Syol-binding regions within the Rpl10 and Rpl5 N-
termini (21,30), respectively, are specific to eukaryotes (71).

We speculate that the acquisition of additional
domains/extensions during evolution may have come,
at least in some cases, with the cost of unwanted features,
such as an increased aggregation tendency. This problem-
atic situation is likely further aggravated by the longer
residence time of r-proteins in their free forms due to
the introduction of nucleo-cytoplasmic transport as an
additional step in the ribosome assembly path of r-proteins
in eukaryotes. Together, these developments may have
favored the co-evolution of chaperones that protect the
additional domains of eukaryotic r-proteins.
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