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ABSTRACT

The function of RNA is subtly modulated by post-
transcriptional modifications. Here, we report an im-
portant crosstalk in the covalent modification of two
classes of RNAs. We demonstrate that yeast Kre33
and human NAT10 are RNA cytosine acetyltrans-
ferases with, surprisingly, specificity toward both
18S rRNA and tRNAs. tRNA acetylation requires the
intervention of a specific and conserved adaptor:
yeast Tan1/human THUMPD1. In budding and fis-
sion yeasts, and in human cells, we found two acety-
lated cytosines on 18S rRNA, one in helix 34 im-
portant for translation accuracy and another in he-
lix 45 near the decoding site. Efficient 18S rRNA
acetylation in helix 45 involves, in human cells, the
vertebrate-specific box C/D snoRNA U13, which, we
suggest, exposes the substrate cytosine to modifi-
cation through Watson–Crick base pairing with 18S
rRNA precursors during small subunit biogenesis.
Finally, while Kre33 and NAT10 are essential for pre-
rRNA processing reactions leading to 18S rRNA syn-
thesis, we demonstrate that rRNA acetylation is dis-
pensable to yeast cells growth. The inactivation of
NAT10 was suggested to suppress nuclear morpho-
logical defects observed in laminopathic patient cells
through loss of microtubules modification and cy-
toskeleton reorganization. We rather propose the ef-
fects of NAT10 on laminopathic cells are due to re-
duced ribosome biogenesis or function.

INTRODUCTION

Post-transcriptional modifications are prevalent and ubiq-
uitous in the RNA world, playing essential biological roles.

They affect RNA structure and function and even con-
tribute to self–non-self discrimination (1). To date, no less
than 112 types of RNA modifications have been identified
(2), two-thirds of which involve methylation. These modifi-
cations are distributed unevenly among the different classes
of cellular RNAs and are also present on viral RNAs. Trans-
fer RNAs (tRNAs) are by far the most heavily modified
RNA class, and they show the most diverse set of modifica-
tions (3). Ribosomal RNAs (rRNAs) are also abundantly
modified, but their modifications are less diverse. Among
the numerous modifications found on eukaryotic rRNAs,
most are 2′-O methylations (54 in yeast, 105 in human) and
pseudouridylations (44 in yeast, 91 in human) catalyzed, re-
spectively, by box C/D and box H/ACA small nucleolar
ribonucleoproteins (snoRNPs) (4–6). In addition, in both
yeast and human ribosomes, about 10 conserved bases, four
in the small subunit and six in the large, are methylated
on different atoms. Most protein enzymes involved in yeast
rRNA base methylation have been identified only recently
(7–14), while their human homologs still await functional
characterization.

Considering the conservation of rRNA modifications
across the eukaryotic kingdom, it is quite surprising that
most of them are not required for growth (4). Some, how-
ever, have been implicated in the fine-tuning of translation
(15–18). An individual modification can sometimes confer
a competitive advantage, but often several modifications
must be knocked down simultaneously before any effect
is observed (15–18). In most cases, the exact function of
an individual RNA modification is totally unknown. Nev-
ertheless, all three methyltransferases (MTases) modifying
the small subunit rRNA (Bud23-Trm112, Emg1/Nep1 and
Dim1) are essential or important for yeast cell growth, being
required for efficient production of mature 18S rRNA (7–
8,10,19–21). In striking contrast, most MTases involved in
large subunit modification (Rrp8, Bmt2, Rcm1, Bmt5 and
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Bmt6) appear non-essential (11–14), the sole exception be-
ing Nop2 (12)). rRNAs are produced by extensive process-
ing of precursor molecules via a highly regulated pathway
(22–24). The involvement of small subunit MTases in pre-
rRNA processing is suggested to be part of robust quality
control mechanisms ensuring that processed molecules are
all properly modified (10).

In addition to 2′-O methylation, pseudouridylation and
base methylation, early reports based on 2D thin-layer chro-
matography of rRNA digests indicated the possible pres-
ence of cytosine acetylation in yeast, Dictyostelium, chicken
and rat small subunit rRNA, but not in large subunit
rRNAs (25,26). N4-acetyl cytidine (ac4C) appeared as a
eukaryotic-specific modification, as it was not found in Es-
cherichia coli 16S rRNA (25). The number of rRNA acety-
lations, their exact positions on the ribosome and the en-
zymes involved in producing them have remained unknown
for over 30 years (27–29).

NAT10 is a human acetyltransferase (AT) involved in
histone and microtubule modification (30,31). NAT10 lo-
calizes to the nucleolus in the interphase and to the mid-
body during the telophase (31). Consistently, it is required
for efficient nucleologenesis and cytokinesis (31). It has also
been attributed a regulatory role in telomerase function and
in the DNA damage response (31–34). NAT10 is a cancer
biomarker whose overexpression in various soft tissue sar-
comas strikingly correlates with tumor histological grad-
ing (31) and whose subcellular distribution is a potential
prognostic marker in colorectal carcinoma (35). Remark-
ably, NAT10 inactivation was recently shown to suppress
the nuclear shape defects associated with lamin mutations
in laminopathic patient cells (30). This phenotypic suppres-
sion was suggested to involve cytoskeleton reorganization
caused by loss of microtubule acetylation (30). Kre33, the
yeast homolog of NAT10, is an essential protein detected
in early nucleolar precursor ribosomes and interacting with
several proteins involved in ribosome biogenesis (36,37).
NAT10 also interacts with nucleolar proteins and ribosome
assembly factors (30).

Altogether, these observations prompted us to investigate
the roles of Kre33 and NAT10 in ribosome biogenesis and
rRNA acetylation in yeast and human cells, respectively.
Our work has led us to locate two acetylated cytidines in
the small ribosomal subunits, to identify NAT10/Kre33 as
responsible for both 18S rRNA and leucine/serine tRNA
acetylation in human and yeast, to identify a specific adap-
tor involved in tRNA acetylation, to shed some light on the
role of the vertebrate-specific box C/D snoRNA U13 in 18S
rRNA acetylation and to propose a new explanation for the
ability of NAT10 inactivation to correct defects of lamino-
pathic cells.

MATERIALS AND METHODS

Culture, gene expression perturbation methods

Yeast culture. The yeast strains and human cell lines used
in the present study are listed in Supplementary Table
S4. Yeast strains were grown at 30◦C in YPD or YPG
medium (1% w/v yeast extract, 2% w/v peptone, 2% w/v
glucose/galactose) or in synthetic dropout medium (0.5%

w/v ammonium sulfate, 0.17% w/v yeast nitrogen base, 2–
4% w/v glucose/galactose).

Yeast gene depletion. To achieve depletion of Kre33,
pGAL1::3HA-kre33 cells were grown in YPGSR (yeast ex-
tract, peptone, galactose–sucrose–raffinose, 2% w/v each)
to mid-log phase, washed in pre-warmed water and trans-
ferred to YPD for up to 12 h.

Yeast drop test assay. For serial dilution growth assays,
yeast cells were grown overnight in YPD/YPG medium and
diluted first to an OD600 of 1 and then serially 1:10. From
each diluted cultures, 5 �l was spotted onto a YPD or YPG
plate and incubated at 30◦C or 19◦C.

Yeast two-hybrid assay. To test for physical interaction be-
tween Kre33 and Tan1, we used a yeast two-hybrid assay.
Yeast strain Y190 was co-transformed with different com-
binations of pGBT and pGAD-based plasmids carrying
Kre33 and Tan1. The co-transformed colonies were initially
selected on SD-Trp-Leu. For each transformation, at least
three independent colonies were replica plated onto SD-
Trp-Leu-His to test for activation of the PGAL1-HIS3 gene.

Human cell culture. Human cells were grown at 37◦C un-
der 5% CO2. The different cell lines used in this study and
their respective growth media are listed in Supplementary
Table S4.

Human cell gene depletion. HCT116 cells were reverse
transfected as follows: 1.5 ml of 20-�M siRNA (Silence
select, Life Technologies) or 20-�M dsiRNA (Integrated
DNA Technologies) or 40-�M Aso (Integrated DNA Tech-
nologies) and 4-�l Lipofectamine RNAiMAX (Life Tech-
nologies) were mixed with 500-�l Opti-MEM (Life Tech-
nologies) in each well of a 6-well plate. After a 20-min incu-
bation at room temperature, 1.5 × 105 cells, resuspended in
2.5-ml antibiotic-free medium, were seeded into each well.
Inactivation was carried out for 72 h. All silencers and the
ASO used in this study are listed in Supplementary Table
S2.

Plasmid construction and site-directed mutagenesis. All
plasmids used in the present study were constructed us-
ing a gap-repair strategy in budding yeast with the oli-
gos listed in Supplementary Table S1. For introducing spe-
cific point mutations, polymerase chain reaction (PCR)
site-directed mutagenesis with Single-Primer Reactions IN
Parallel (SPRINP) and high-fidelity Pfu-DNA polymerase
(Promega) was used (38). All plasmids carrying point mu-
tations in Kre33 were sequenced and tested for comple-
mentation. For complementation analysis, plasmids carry-
ing point mutations were used to transform a heterozygous
Kre33 deletion mutant and tetrad analysis was performed
to test complementation.

Protein biochemistry

Yeast total protein extraction. Total protein was extracted
from ∼2 × 108 yeast cells resuspended in 200-�l lysis
buffer (KOH pH7.5, 0.5-mM ethylenediaminetetraacetic
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acid (EDTA) pH8.0, 100-mM NaCl, 1-mM DTT, 20% v/v
glycerol, 0.05% v/v NP40, complete protease inhibitors,
Roche), mixed with an equal volume of 425–600-�m diam-
eter glass beads (Sigma). The cells were lysed by vortexing
for 5 × 30 s, with 1-min resting time on ice. The lysate was
cleared by centrifugation at 20 000 g at 4◦C for 15 min, and
the supernatants were assayed for protein content.

Human cell total protein extraction. Total protein was ex-
tracted from ∼1 × 106 HCT116 cells. Cells were washed
once with ice-cold 1x phosphate buffered saline (PBS) and
lysed in modified RIPA buffer (50-mM Tris-HCl, pH 7.5,
250-mM NaCl, 2-mM EDTA, 0.5% v/v NP-40, 10% v/v
glycerol) plus protease inhibitors (complete protease in-
hibitor, Roche) for 20 min on ice. Lysates were cleared by
centrifugation at 20 000 g for 20 min at 4◦C. The super-
natants were assayed for protein content.

Western blotting. Protein concentrations were estimated
by the Bradford protein assay (Biorad). Forty microgram
total yeast or human protein extract was loaded on a
Bolt 4–12% Bis-Tris plus gel (Life technologies) and trans-
ferred to a PVDF membrane (GE Healthcare). Mem-
branes were blocked for 1 h with 5% w/v non-fat dry
milk diluted in 1x TBS (Tris-borate-EDTA)/0.05% v/v
Tween-20 (Sigma) and the antibodies against the follow-
ing proteins were used at the indicated dilutions: NAT10
(1:1000 dilution, Santa Cruz Biotechnology), THUMPD1
(1:1000 dilution, Abcam), p53 (1:2000 dilution, Bethyl Lab-
oratories), uL18/RPL5 (1:2000 dilution, Bethyl Laborato-
ries), uL5/RPL11 (1:2000 dilution, Bethyl Laboratories),
uS3/RPS3 (1:1000 dilution, Cell Signaling), �-actin (1:5000
dilution, Santa Cruz biotechnology), G6PDH (1:5000,
Sigma), HIS (1:1000 dilution, Roche), HA (1:5000 dilution,
Sigma). The membranes were then washed three times for
5 min in 1x TBS/0.05% v/v Tween-20 (Sigma) and incu-
bated with either horseradish-peroxidase-conjugated anti-
mouse IgG (1:5000 dilution, Santa Cruz Biotechnology) or
horseradish-peroxidase-conjugated anti-rabbit IgG (1:5000
dilution, Santa Cruz Biotechnology). All antibodies were
diluted in 1x TBS/0.05% v/v Tween-20 (Sigma) contain-
ing 1%w/v non-fat dry milk. Membranes were rinsed three
times for 5 min in 1x TBS/0.05% v/v Tween-20 (Sigma)
and incubated for 10 min with the Super Signal West
Pico Chemiluminescent Substrate (Pierce). The lumines-
cence signal was acquired and processed with a ChemiDoc
MP (Bio-Rad).

Coimmunoprecipitation. For protein coimmunoprecipita-
tion, ∼1 × 107 HCT116 cells were washed once in ice-
cold 1x PBS, lysed in modified RIPA buffer and treated
as described above for western blotting. Seven hundred
fifty microgram total protein extract was mixed with Dyn-
abeads protein G (Life technologies) covalently cross-linked
with 3-�g NAT10 antibody (Santa Cruz biotechnology) by
means of Bis(sulfosuccinimidyl) suberate (Thermo Scien-
tific) according to the manufacturer’s instructions and in-
cubated for 30 min at room temperature with rotation. The
beads were washed once with modified RIPA buffer and
three times with 1x PBS/0.02% v/v Tween-20 (Sigma). The
affinity-purified material was eluted in 1x Bolt sodium do-

decyl sulphate (SDS) Sample Buffer (Life Technologies)
supplemented with 50-mM Glycine pH 2.8. The eluate
was then analyzed by western blotting as described above.
For RNA coimmunoprecipitation, ∼1 × 107 HCT116 cells
were washed once in ice-cold 1x PBS, UV irradiated (400
mJ/cm2) in a UV cross-linker CL-508 (Uvitec), and treated
as described above up to the elution step. For the elu-
tion, beads were resuspended in 1x PBS supplemented with
0.01% w/v SDS and 100-�g Proteinase K (New England
Biolabs) and incubated for 30 min at 55◦C. RNAs were
then extracted with phenol/chloroform, loaded on an RNA
acrylamide gel and analyzed by northern blotting (see below
for more details). As a negative control, an identical amount
of mouse IgG (Santa Cruz Biotechnology) was used.

Human cells and yeast velocity gradient analysis. For ri-
bosome subunit velocity gradient analysis, ∼2.5 × 107

HCT116 cells were washed once in ice-cold 1x PBS and
lysed in buffer A (20-mM Tris-HCl pH7.4, 150-mM KCl,
3-mM MgCl2, 1-mM DTT, 0.5% v/v NP-40 and EDTA-
free complete protease inhibitor, Roche) for 20 min on ice.
Extracts were clarified by centrifugation at 20 000 g and
4◦C for 20 min and quantified by OD260 reading. For yeast,
about 2 × 109 exponentially growing cells were collected by
centrifugation, rinsed in buffer K (20-mM Tris-HCl pH7.4,
50-mM KCl, 5-mM MgCl2) and collected again by cen-
trifugation. Cell pellets were resuspended in one volume of
ice-cold buffer K, supplemented with 1-mM DTT and 1×
complete EDTA-free protease inhibitor cocktail (Roche).
About 500 �l of ice-cold glass beads (diameter 425–600 �m,
Sigma) were added to the cells. Cells were broken by 12
rounds of vigorous shaking for 30 s, with a 30-s incubation
on ice after each shaking. Extracts were clarified by three
successive centrifugations at 20 000 g and 4◦C for 10 min
and quantified by reading the OD260. About 30 A260 units
were loaded onto 10–50% w/v sucrose gradients prepared
in buffer A for human cells or buffer K for yeast cells, with-
out DTT or protease inhibitors. Gradients were prepared in
Beckman ultra-clear centrifugation tubes (REF344059, 14
× 89 mm). Five 2.2-ml layers of sucrose solution at decreas-
ing concentration (50%, 40%, 30%, 20% and 10% w/v su-
crose) were added one by one, with an incubation of at least
20 min at −80◦C in between. Gradients were centrifuged for
165 min at 39 krpm and 4◦C in an Optima L-100XP Ultra-
centrifuge (Beckman-Coulter) using the SW41Ti rotor. Af-
ter centrifugation, fractions of 500 �l each were collected
from the top of each gradient, by use of a Foxy Jr. frac-
tion collector (Teledyne ISCO). The absorbance at 254 nm
was measured during collection with a UA-6 cell (Teledyne
ISCO). The first half of each fraction was mixed with 250
�l of 100% TCA, mixed vigorously and incubated for 20
min on ice. After 20 min of centrifugation at 20 000 g and
4◦C. The pellets were wash once with 500-�l ice-cold ace-
tone (Sigma) and centrifuged again, and then dried and re-
suspended in SDS loading buffer (50-mM Tris-HCl pH 6.8,
100-mM DTT, 2% w/v SDS, 0.1% w/v bromophenol blue
and 10% v/v glycerol), incubated for 5 min at 95◦C, loaded
onto a precast gel (Criterion XT, Biorad) and transferred
to a PVDF membrane (GE Healthcare). The second half
of each fraction was used to extract RNA by adding 750 �l
of Tri-reagent solution (Life Technologies). After vigorous
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shaking, total RNA was extracted following the manufac-
turer’s instruction. RNA resolved on a denaturing agarose
or acrylamide gel (see below for more details). The same
protocol was used for polysome profiles, except that human
or yeast cells were treated for 10 min with 50-�g/ml cyclo-
heximide (Sigma) added directly to the culture medium be-
fore lysis. The same amount of cycloheximide (Sigma) was
also added to all buffers.

RNA biochemistry

Yeast total RNA extraction. For extraction of total RNA
from yeast cells, 50-ml cultures were grown to OD600 0.8,
harvested by centrifugation, and the pellets resuspended in
GTC mix (4-M guanidium isothiocyanate, 50-mM Tris-HCl
pH 8.0, 10-mM EDTA pH 8.0, 2% w/v sodium lauroyl sar-
cosinate and 150-mM 2-mercaptoethanol). An equal vol-
ume of ice-cold glass beads (diameter 425–600 �m, Sigma)
and phenol were added to the cells and the mixture was
shaken vigorously for 5 min. Five volumes of GTC mix and
phenol were added and the mixture was incubated at 65◦C
for 5 min with shaking. The mixture was cooled on ice, a
mix 24:1 of chloroform and isoamyl alcohol and NaAc Mix
(100-mM sodium acetate pH 5.0, 10-mM Tris-HCl pH 8.0
and 1-mM EDTA) were added and the aqueous phase was
recovered by centrifugation. Following two further extrac-
tions with phenol/chloroform/isoamyl alcohol (25:24:1),
RNA was recovered by ethanol precipitation.

Human cells total RNA extraction. Extraction of total
RNA from HCT116 cells was carried out with Tri-reagent
solution (Life Technologies) according to the manufac-
turer’s recommendations, except that RNA pellets were
first washed with absolute ethanol and then with 75% v/v
ethanol. The concentration and quality of the RNA were as-
sessed with a NanoDrop 1000 spectrophotometer (Thermo
Scientific).

tRNA and 18S rRNA purification. For the purification of
human tRNAs and 18S rRNAs, ∼2.5 × 107 HCT116 cells
were washed once in ice-cold 1x PBS and lysed in buffer B
(20-mM Tris-HCl pH7.4, 50-mM KCl, 1-mM DTT, 0.5%
v/v NP-40 and EDTA-free complete protease inhibitors,
Roche) for 20 min on ice. Extracts were clarified by cen-
trifugation at 20 000 g and 4◦C for 20 min. Clarified ex-
tracts were loaded on a 10–50% sucrose gradient prepared
in buffer B without DTT as described above. The gradients
were then analyzed as described above. Fractions of inter-
est were pooled and the RNA extracted with Tri-reagent so-
lution (Life Technologies) according to the manufacturer’s
instructions.

For isolation of yeast tRNA and 18S rRNA, ∼2 × 109

cells were harvested and total RNA was isolated as de-
scribed above. Five hundred microgram total RNA was
then layered onto a 5–25% sucrose gradient in TEN buffer
(100-mM Tris-HCl pH 7.8, 100-mM NaCl and 1-mM
EDTA in DEPC water). The gradient was made with Gradi-
ent Master 107 (Biocomp). Samples were then centrifuged
at 23 000 rpm for 25 h at 4◦C in an SW40 rotor in an L-
70 Beckman ultracentrifuge. The gradients were fraction-
ated in an ISCO density gradient fractionator and the ab-
sorbance profile at 254 nm was analyzed with an ISCO

UA-5 absorbance monitor. tRNAs, 18S rRNA and 25S
rRNA were collected and precipitated overnight with 100%
ethanol.

quantitative reverse transcription (qRT)-PCR. In order to
validate the efficiency of mRNA depletion by qRT-PCR
100 ng total human RNA was treated with 1-�l (1 U)
RNase-free DNase I (Fermentas) in a reaction mix con-
taining 1x reaction buffer with MgCl2 for DNase I (Fer-
mentas). For cDNA synthesis, DNase-treated RNA was
reverse transcribed in qScript cDNA SuperMix (Quanta
Biosciences) following the manufacturer’s instructions. cD-
NAs were then amplified by quantitative PCR in PerfeCta
SYBR Green SuperMix, ROX (Quanta Biosciences). Am-
plicons for human glyceraldehyde-3-phosphate dehydroge-
nase were used as endogenous control for qPCR analysis.
The sequences of the primers used are described in Supple-
mentary Table S1. Data were analyzed with the StepOne
software (v 2.1) (Applied Biosystem, Life Technologies)
and the comparative threshold cycle (CT) method (‘Livak’
method) was used for quantification.

RNA electrophoresis. For analysis of high-molecular-
weight species, 5-�g human or 10-�g yeast total RNA was
dried and resuspended in agarose loading buffer (50% v/v
formamide, 6% v/v formaldehyde, 20-mM HEPES, 0.5-mM
EDTA, 100-�g/ml ethidium bromide, 0.025% w/v xylene
cyanol, 0.025% w/v bromophenol blue, 10% v/v glycerol).
RNAs were separated on agarose denaturing gels (6% v/v
formaldehyle, 1.2% w/v agarose in 50-mM HEPES/1-mM
EDTA. Electrophoresis was carried out for 16 h at 65V
in Hepes/EDTA buffer. For analysis of the low-molecular-
weight RNA species, 5-�g total RNA was dried and resus-
pended in acrylamide loading buffer (50% v/v formamide,
20-mM EDTA, 0.025% v/w xylene cyanol, 0.025% v/w bro-
mophenol blue) and resolved on denaturing acrylamide gels
(8% v/v acrylamide-bisacrylamide 19:1/8-M urea in 1×
TBE buffer) for 5 h at 350 V.

Northern blotting. At the end of the migration, the agarose
gels were washed in the following solutions: water, 75-mM
NaOH, 0.5-M Tris-HCl pH 7.0/1.5-M NaCl and 10x saline
sodium citrate buffer (1.5-M NaCl, 150-mM sodium cit-
rate). After the last wash, the RNAs were transferred by
capillarity overnight in 10x saline sodium citrate buffer onto
nylon membranes (GE Healthcare). Transfer from acry-
lamide gels was done by electrotransfer in 0.5x TBE onto
nylon membranes (GE Healthcare). The membranes were
pre-hybridized for 1 h at 65◦C in 50% v/v formamide, 5X
SSPE (5-mM EDTA, 50-mM NaH2PO4, 750-mM NaCl),
5x Denhardt’s solution (0.1% w/v Ficoll 400, 0.1% w/v
polyvinyl pyrrolidone, 0.1% w/v bovine serum albumin
(BSA) fraction V), 1% w/v SDS, 200-�g/ml fish sperm
DNA solution (Roche). The 32P-labeled oligonucleotide
probes were made with T4 polynucleotide kinase (New Eng-
land Biolabs) according to the manufacturer’s instructions,
added and incubated for 1 h at 65◦C and then overnight at
37◦C. The probe sequences are described in Supplementary
Table S1. The membranes were then washed three times for
3 min in 2x SSC and exposed to Fuji imaging plates (Fuji-
film). After 48 or 72 h, signals were acquired with a Phos-
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phorimager (FLA-7000, Fujifilm) and quantified with the
native Multi Gauge Software (Fujifilm, v 3.1).

Mature rRNA quantification. The 28S/18S ratio was de-
termined using the Agilent RNA 6000 nano kit on a Bio
Analyzer 2100 (Agilent).

Primer extension. The LD2141 probe was 32P-labeled
with T4 polynucleotide kinase (New England Biolabs) ac-
cording to the manufacturer’s instructions. LD2141 was
extended into cDNAs with avian myeloblastosis virus re-
verse transcriptase (Promega) according to the manufac-
turer’s instructions, 10-�g purified total RNA being used as
template. Following alkaline hydrolysis, cDNAs were pre-
cipitated with ethanol, resuspended in acrylamide loading
buffer and separated on a 6% v/v denaturing acrylamide gel
in 0.5x TBE at 80 W for 1.5 h. After migration, the gels were
dried and exposed to Fuji Imaging plates (Fujifilm). The
signal was acquired with a Phosphorimager (FLA-7000,
Fujifilm).

Reverse-phased high-performance liquid chromatography.

Nucleoside preparation. Seventy microgram of 18S rRNA
purified on a velocity gradient, whose integrity had been
checked by migration on a denaturing agarose gel, was first
heated for 2 min on a heating block in an Eppendorf cup
at 100◦C. This was followed by rapid cooling on ice. Five
microliter of 10-mM ZnS04 was next added to the cup, fol-
lowed by 10-�l P1 nuclease (Sigma). Nuclease digestion was
carried out at 37◦C for 16 h (overnight). After 16 h, 10 �l
of 0.5-M Tris buffer, pH 8.3, and 10-�l bacterial alkaline
phosphatase (Sigma) were added to the cup and incubated
at 37◦C for 2 h. The Eppendorf cup was centrifuged at 13
000 g and the nucleoside-containing supernatant was trans-
ferred to a fresh Eppendorf cup and stored at 4◦C.

Nucleoside analysis. Nucleosides were analyzed by RP-
HPLC on a Supelcosil LC-18-S HPLC column (25 cm x 4.6
mm, 5 �m) equipped with a pre-column (4.6 × 20 mm) at
30◦C on an Agilent 1200 HPLC system, using a protocol de-
scribed previously in (39). The compositions of the HPLC
elution buffers were as follows: buffer A (2.5% methanol
in 10-mM NH4H2P04, pH 5.3), buffer B (20% methanol in
10-mM NH4H2P04, pH 5.1), buffer C (35% acetonitrile in
10-mM NH4H2P04, pH 4.9). For high-resolution analysis, a
flow rate of 1.0 ml/min was maintained throughout elution.
For the first 12 min, the isocratic elution consisted of buffer
A, then it was successively changed to 10% buffer B for 8
min, 25% buffer B for 5 min, 60% buffer B for 8 min, 64%
buffer B for 4 min, 10% buffer B for 9 min and then back
to 100% buffer A for the next 15 min. Buffer C was used
to clean and recycle the column after each run. To quan-
tify ac4C, the area of the ac4C peak was compared with and
normalized with respect to canonical nucleosides such as
guanosine (G) and adenosine (A).

Mung bean nuclease protection assay. The mung bean nu-
clease protection assay was performed exactly as described
previously (11). Complementary synthetic deoxyoligonu-
cleotides were used for hybridization and protection of spe-
cific sequences of 18S rRNA. Two thousand picomoles

of synthetic deoxyoligonucleotides complementary to yeast
18S rRNA were incubated with 100 picomoles of total
rRNA and digestion was carried out with mung bean nucle-
ase (MBN Kit: M0250S, NEB) and 0.05-mg/ml RNase A
(Sigma-Aldrich). Protected fragments were purified by de-
naturing 8-M Urea-PAGE (13%) and passive elution was
carried out overnight at 4◦C in 0.3-M NaAc on a shaker.
Eluted fragments were then precipitated with 100% EtOH.

Cell biology

Immunofluorescence. HeLa cells stably producing a green
fluorescent protein-labeled fibrillarin were used (FIB364).
The cells were fixed with 2% v/v formaldehyde for 15 min
and permeabilized with 2% w/v BSA/0.2% v/v Triton X-
100 (Sigma) for 10 min. Non-specific binding was blocked
by incubating the cells with 1x PBS/2% w/v BSA for 30
min. NAT10 was detected after a 2-h incubation in a humid-
ified chamber at RT with a 1:500 dilution of anti-NAT10
antibody (Santa Cruz Biotechnologies). After washing with
1x PBS/2% w/v BSA, incubation with an Alexa Fluor
568 anti-mouse (Life Technologies) secondary antibody at
1:1000 dilution was carried out for 2 h at RT in a humidified
chamber. The cells were washed with PBS and DNA was
stained with 100-ng/ml DAPI (Sigma) for 10 min. Images
were acquired with MetaMorph and a spin disc microscope
(Yokogawa CSU-X1) with an HQ2 Coolsnap Roper cam-
era and a Plan-Apochromat 100x, 1.46 numerical aperture
objective lens.

Bioinformatic analysis

3D structure predictions for Kre33 and NAT10 were carried
out with Phyre (40). The pdb file generated by Phyre was
visualized with Chimera (41). To identify specific residues
crucial for acetyl-CoA binding in the AT and adenosine
triphosphate binding in helicase domain of Kre33, the
3D ligand site prediction server was used (http://www.sbg.
bio.ic.ac.uk/3dligandsite/). All pairwise and multiple align-
ments were performed with the open-source software T-
coffee (42). EsPript was used to visualize all alignments (43).

RESULTS

Yeast, plant and human 18S rRNA are acetylated

In the late 70’s (25), 2D chromatography of 18S rRNA di-
gests indicated the presence of N4-acetyl cytidine (ac4C;
Figure 1A) in budding yeast, chicken and rat ribosomes.
The number of acetylations, their positions in the small
subunit and the enzymes involved in producing them have
remained unknown for over three decades. We reinvesti-
gated 18S rRNA acetylation in budding and fission yeasts,
in plant and human cells. 18S rRNA was purified on su-
crose gradients, digested with nuclease P1 and analyzed by
HPLC. This revealed the unambiguous presence of ac4C
across eukaryotes (Figure 1C–F and Supplementary Figure
S1A–F).

Yeast Kre33 and human NAT10 are 18S rRNA ATs

Escherichia coli TmcA is a tRNA AT responsible for modifi-
cation of the wobble position which impacts decoding accu-

http://www.sbg.bio.ic.ac.uk/3dligandsite/
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Figure 1. Yeast, plant and human 18S rRNA are acetylated. (A) Secondary structure of the 18S rRNA. The positions of ac4C introduced by Kre33 in
yeast in helix 34 and at the base of helix 45 are indicated. The position equivalent to ac4C1773, modified by NAT10 in human, is shown (C1842). Adjacent
modifications and factors involved are shown. The inset shows the chemical nature of the ac4C modification. The 5′ central (C), 3′ major (3′ M) and 3′
minor (3′ m) domains are indicated. 2′-O-M, 2′-O sugar methylation; �, pseudouridine. (B) 3D representation of the small subunit based on the crystal
structure of the yeast ribosome (PDB 3U5B), with post-transcriptional modifications highlighted. The decoding site (DCS, in cyan) at the base of helix
44 (in anthracite) and the mRNA entry (green circle) and exit (red circle) are indicated. Residues shown as green and red spheres are 2′-O methylated or
pseudouridylated, respectively. H, head; Nk, neck; Pt; platform; Bd, body; Lf, left foot; Rf, right foot; Sh, shoulder; Bk, beak. Purified 18S rRNA from
budding yeast (S. cerevisiae, (C)), fission yeast (S. pombe, (D)), plant (A. thaliana, (E)) and human cells (H. sapiens, (F)) was analyzed for the presence of
ac4C by HPLC revealing the modification as a peak eluting at 32.5 min (see the Materials and Methods section and Supplementary Figure S1 for peak
assignment).

racy (44). The conserved proteins yeast Kre33 and human
NAT10 show limited homology to TmcA (∼25% identity)
including in the AT domain and the RNA-binding motif,
which in the case of TmcA binds tRNA (Figure 2A and
Supplementary Figure S2). To test whether Kre33/NAT10
might act as rRNA ATs, we mutated two conserved residues
(H545 and R637; Figure 2B) in the acetyl CoA binding site
of yeast Kre33 and estimated 18S rRNA acetylation levels
by HPLC (Figure 2C). A mutation at the position corre-
sponding to H545 in the homologous protein TmcA totally
inhibited tRNA acetylation, and the residue equivalent to
R637 is predicted to be important for catalysis (45). Cells
expressing, as sole source of Kre33, a construct encoding
a variant with the H545A or R637A substitution were vi-
able (Figure 2D), despite total loss of 18S rRNA acetyla-
tion (Figure 2C). Expression of a control construct encod-
ing full-length Kre33 fully restored acetylation (Figure 2C).
Importantly, Kre33-H545A and Kre33-R637A proved to be
metabolically stable (Figure 2F) and as efficiently recruited
to pre-ribosomes as wild-type Kre33 (Figure 2G). On ve-

locity gradients, Kre33 was detected in association with a
broad spectrum of pre-ribosomes, and this was not affected
by mutations in the acetyl-CoA binding pocket (Figure 2G).
We conclude that Kre33 is required for 18S rRNA acety-
lation and that 18S rRNA acetylation is not essential to
growth of yeast cells.

To examine whether the function of Kre33 is evolution-
arily conserved, we first expressed in yeast the gene encod-
ing human NAT10 (Figure 3A and B). We found NAT10 to
substitute functionally for Kre33 when produced in kre33Δ
cells, complementing the growth defect of these cells (Fig-
ure 3I) and restoring 18S rRNA acetylation to ∼76% of the
wild-type level (Figure 3B and data not shown). To directly
prove that NAT10 acts as an 18S rRNA AT, colon carci-
noma human cells were transfected with an siRNA target-
ing NAT10 mRNA. Depletion of NAT10 was efficient, as
confirmed at both the mRNA and the protein level (see be-
low Figure 6B, lane 8 and Figure 6C, siRNA #1), and led
to a substantial (71%) loss of 18S rRNA acetylation (Figure
3C and D).
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Figure 2. Yeast Kre33 is responsible for 18S rRNA acetylation and its
helicase domain is required for efficient RNA modification. (A) Protein
domain organization of yeast Kre33 and its human homolog NAT10: a
conserved domain of unknown function (DUF1726) is flanked by a heli-
case domain (RecD), an acetyl-CoA binding domain (N-acetyltransferase)
and a tRNA binding motif. (B) Left, ribbon representation of Kre33 (10–
930) indicating residues mutated in this work. This model is based on PDB
entry 2ZPA. Right: surface rendering highlighting the Acetyl-CoA bind-
ing pocket and residues shown to the left. (C) Mutating individual Kre33
residues lining the acetyl-CoA binding pocket leads to total loss of 18S
rRNA acetylation. 18S rRNA purified from the indicated yeast strains was
analyzed by HPLC for the presence of acetylation. (D) 18S rRNA acetyla-
tion is not essential to yeast cell growth in complete medium. Growth assay
on plates, showing serial dilutions (1x to 103x from left to right) spotted
on rich medium and incubated for 3 days at 30◦C. (E) A functional Kre33
helicase domain is required for efficient 18S rRNA acetylation. 18S rRNA
analyzed as in panel (C). (F) Metabolic stability of the protein constructs
analyzed in this work. Identical amounts of total protein extracted from
the indicated strains tested by western blotting with an anti-His antibody
recognizing the tag present at the carboxy-terminal end of the constructs.
(G) A functional Kre33 helicase domain is required for efficient associ-
ation of the protein with pre-40S ribosomes. Total extracts of the yeast
strains indicated were resolved on 10–50% sucrose gradients. Total protein
was extracted from 26 fractions and tested by anti-His western blotting.
Kre33 co-migrates with a large spectrum of pre-ribosomes, including early
pre-90S precursors, detected in fractions heavier than 80S ribosomes (19
and above), as well as precursors of the small and large subunits (pre-40S
and pre-60S), which migrate in fractions heavier than 40S (fractions 12–
14) and 60S (fractions 15–17), respectively. The association of Kre33 with
the pre-40S fraction is lost in the helicase-deficient mutant K289A.

Figure 3. Human NAT10 is required for 18S rRNA and tRNA acetylation.
(A, B and E, F) Human NAT10 substitutes for the function of yeast Kre33
in 18S rRNA and tRNA acetylation. The gene encoding NAT10 was ex-
pressed in kre33Δ cells, 18S rRNA (A, B) and tRNAs (E, F) were purified
and analyzed by HPLC. Inset: western blotting with anti-NAT10 antibody
established that the human construct is stably expressed in yeast cells. (C,
D and G, H) NAT10 is responsible for 18S rRNA and tRNA acetylation
in human cells: colon carcinoma cells (HCT116 p53+/+) transfected with
an siRNA specific to NAT10 (siRNA#1) or with a non-targeting control
(scramble) were incubated 72 h, 18S RNA (C, D) and tRNAs (G, H) were
purified and analyzed by HPLC. (I) Human NAT10 complements growth
of Δkre33 cells to the same extent as control wild-type yeast Kre33. Drop
assay showing serial culture dilutions on synthetic medium incubated for
3 days at 30◦C.

The 18S rRNA 3′ major domain helix 34 and the 3′ minor
domain helix 45 are acetylated

To map the positions of ac4C modifications on the small ri-
bosomal subunit, we used a mung bean nuclease protection
assay to scan the entire yeast 18S rRNA sequence with a
tiling set of forty-five 50-nt antisense oligonucleotides (Sup-
plementary Figure S3). In this mapping strategy, modified
nucleosides are protected from nuclease digestion and de-
tectable by HPLC only if an RNA–DNA hybrid forms by
annealing with a complementary oligonucleotide (11–14).
In Saccharomyces cerevisiae, ac4C was detected upon pro-
tection with oligonucleotides n◦32 and n◦45. The former
oligonucleotide is complementary to residues 1267–1317,
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Figure 4. Yeast 18S rRNA is acetylated in helix 34 (3′ major domain) and
in helix 45 (3′ minor domain). (A) Mung bean nuclease protection analy-
sis. 18S rRNA was purified from wild-type budding yeast cells, hybridized
with probe n◦32, protecting residues 1267–1317 in helix 34 and digested
with mung bean nuclease. The protected RNA fragment was gel-purified
and analyzed by HPLC, revealing the presence of the acetylation. The Gm
peak corresponds to Gm1271 modified by snR40 (Figure 1A). (B) Same
analysis as in panel (A) but with probe n◦45 complementary to a region
encompassing nt 1751-to-1800 (helix 45). (C) Mapping the acetylated cy-
tosine in helix 34 to position 1280 by differential Mung bean nuclease di-
gestion. Purified 18S rRNA was processed as in panel (A) with probes
spanning nt 1229–1279 (oligo n◦1229), nt 1235–1281 (oligo n◦1235) or nt
1284–1334 (oligo n◦1284). The oligonucleotide n◦1235 specifically protects
cytosine 1280. (D) Mapping the acetylated cytosine in helix 45 to residue
1773. Yeast cells whose ribosomes contain the C1773G/G1788C mutation
are not acetylated, demonstrating that C1773 is normally modified. Puri-
fied 18S rRNA was processed as in panel (A) with a probe spanning nt
1729–1779. Red HPLC trace, C1773G/G1788C mutant; black, isogenic
wild-type control. (E) The secondary structure of budding yeast helix 45,
at the 3′-end of 18S rRNA, with base modifications highlighted.

corresponding to helix 34 in the 3′ major domain, and the
latter is targeting residues 1751–1800, corresponding to he-
lix 45 in the 3′ minor domain at the 3′-end of the 18S rRNA
(Figure 1A and B and Figure 4A and B, and Supplementary
Figure S3). Protection of the corresponding two rRNA re-
gions on 18S purified from Schizosaccharomyces pombe and
Homo sapiens also revealed the presence of two modifica-
tions (Supplementary Figure S4).

Several C residues, each potentially a target of acetyla-
tion, are present in helix 34 and in helix 45 (Figure 1A). To
identify which one is modified, we carried out a differential
mung bean nuclease digestion (for helix 34, Figure 4C), and
we introduced point substitutions directly into the rDNA,
using a well-established procedure (21) (for helix 45, Figure
4D).

The hybridization of helix 34 with oligonucleotide
n◦1235, which specifically protects cytosine 1280, but not
the annealing with the flanking oligonucleotides n◦1229 or
n◦1284, led to the HPLC detection of ac4C (Figure 4C),
identifying C1280 as the acetylated residue in helix 34. To
map the ac4C residue in helix 45, we used a ΔΔrDNA yeast
strain lacking all genomic rDNA copies and synthesizing
ribosomes exclusively from a single plasmid-borne rDNA
copy (21). We observed that mutating residue C1773, at
the base of helix 45, in the non-acetylable G caused fail-
ure to grow (data not shown). To explain this, we hypothe-
sized that altering C1773 affects the highly conserved sec-
ondary structure of helix 45. Accordingly, restoration of
base-pairing by simultaneously substituting C1773 into G
and G1788 into C restored yeast cell growth (Figure 4D
and data not shown). Total RNA extracted from yeast cells
expressing ribosomes with the C1773G/G1778C mutation
was analyzed in a mung bean nuclease protection assay with
a 50-nt probe spanning residues 1729–1779 (probe n◦1779).
As we did not observe any ac4C residues in the protected
fragment (Figure 4D, in red), we conclude that yeast 18S
rRNA is acetylated at position C1773 (Figure 1A and B and
Figure 4E).

Based on the extreme sequence conservation of helix 34
and helix 45 across eukaryotes, we extrapolate that posi-
tions 1297 and 1815 in fission yeast, and 1337 and 1842 in
human cells are acetylated.

Yeast Kre33 and human NAT10 are tRNA ATs

Specific eukaryotic tRNAs, including leucine and serine in
yeast, are acetylated at position 12 (46). Tan1 binds tRNA
in vitro and is strictly required for yeast tRNA acetylation
in vivo (47). Yet Tan1 does not carry any obvious AT mo-
tif, suggesting that another protein might be involved cat-
alytically (47) (Figure 5A). Kre33 is a reasonable candi-
date, as it carries a functional AT domain. To directly test
this possibility, we purified tRNAs from cells expressing the
catalytically deficient Kre33-H545A or Kre33-R637A vari-
ants described above. HPLC analysis did reveal a total loss
of acetylation, demonstrating that Kre33 is a ‘bona fide’
tRNA AT (Figure 5E and F). As controls, we confirmed
that Tan1 is required for tRNA (Figure 5C) but not 18S
rRNA (Figure 5D) acetylation (see also (47)). We found
the function of Kre33 in tRNA acetylation to be evolution-
arily conserved, as human NAT10 ectopically expressed in
kre33Δ yeast cells proved able to acetylate tRNAs to 85%
of the wild-type level (Figure 3E and F) and to suppress
the growth defect observed in tan1Δ cells at high temper-
ature (data not shown). Furthermore, NAT10 depletion in
human colon carcinoma cells led to a significant 40% reduc-
tion of tRNA acetylation (Figure 3G and H), incidentally
demonstrating that human tRNAs are acetylated (and see
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Figure 5. Kre33 is responsible for tRNA acetylation and Kre33 interacts in vivo with Tan1 and NAT10 with THUMPD1. (A) Yeast Tan1 and human
THUMPD1 are homologous and carry a conserved tRNA binding domain (THUMP) . (B–D) Tan1 is required for tRNA but not rRNA acetylation (see
(47)). tRNAs (panels (B) and (C)) and 18S rRNA (panel (D)) purified from tan1Δ cells were analyzed by HPLC for the presence of ac4C. (E, F) Kre33
is required for tRNA acetylation. tRNAs purified from the indicated strains analyzed by HPLC. (G) A functional Kre33 helicase domain is required for
optimal tRNA acetylation. (H) NAT10 interacts with THUMPD1 in human cells. HCT116 p53+/+ cell extracts were incubated with magnetic beads
covalently linked to anti-NAT10 antibodies. The affinity-purified material was washed under stringent conditions (high salts) and analyzed by western
blotting for the presence of NAT10, THUMPD1, and as a control, for ribosomal protein uL18. In parallel, RNA fractions were tested by northern
blotting for the presence of U13. WCE, whole cell extract; U, unbound; B, bound. For the protein analysis, the material was loaded in a 1:0.4:10 ratio for
WCE, U and B, respectively. For the RNA analysis, a 1:5:10 ratio was loaded. (I) Depletion of THUMPD1 has no impact on the metabolic stability of
NAT10. Western blot analysis of total protein extract from HCT116+/+ cells transfected for 3 days with an siRNAs (#1, #2 or #3) specific to NAT10
mRNA or with a non-targeting control (Scr). The membrane was probed with antibodies against the proteins indicated on the right. (J) Kre33 and Tan1
interact in vivo in yeast cells. Kre33 and Tan1 were expressed in yeast cells, alone or in combination, from two-hybrid (2-H) assay constructs. A positive 2-H
interaction between Kre33 and Tan1 reconstitutes a functional transcriptional activator (GAD and GBT domains), resulting in histidine (His) prototrophy.
SD, synthetic dextrose medium. Trp, tryptophan; Leu, leucine.

Figure 6B, lane 8 and Figure 6C for the efficiency of siRNA-
mediated depletion).

Several tRNA modification enzymes are active as
holoenzymes with catalytic and regulatory subunits (e.g.
Trm8/Trm82 (48)). The involvement of Kre33/NAT10, car-
rying a functional AT domain, and Tan1/THUMPD1, har-
boring an RNA binding motif, in yeast and human tRNA
acetylation, respectively, suggested that Kre33 and Tan1
in yeast, and NAT10 and THUMPD1 in humans, might

act together in a complex. To test this possibility, we first
carried out in vivo coprecipitation experiments on human
cells under stringent conditions and found NAT10 to inter-
act physically with THUMPD1, as suspected (Figure 5H).
Co-activators of RNA modification enzymes are sometimes
required for the metabolic stability of the catalytic sub-
unit (e.g. Trm112 for Bud23 (7,20)). This is not the case of
THUMPD1, as we found that depleting it to below western-
blot detection level had no impact on the amount of NAT10
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(Figure 5I). The interaction of NAT10 and THUMPD1
suggests that they work together in tRNA acetylation and
that THUMPD1 acts as a specific tRNA adaptor. In agree-
ment with this view, we found Kre33 and Tan1 to interact
in a 2-hybrid assay in budding yeast cells (Figure 5J).

The helicase function of Kre33 is required for optimal 18S
rRNA and tRNA acetylation

Kre33 is thus active on rRNA and tRNAs, two highly
structured substrates, and in both cases the modifications
are found within helices in mature molecules. This raises
the possibility that the conserved RecD helicase domain
of Kre33 might contribute to its efficient access to the
substrate and hence to acetylation. To test this, we re-
placed residue K289 of Kre33 with alanine (Figure 2B).
The residue equivalent to K289 in TmcA is essential to its
ATPase-dependent helicase function (45). Mutating residue
K289 reduced rRNA acetylation to ∼20% of its wild-type
level (Figure 2E). The K289A mutation also affected tRNA
acetylation, albeit to a lesser extent, leading to a residual
53% modification level (Figure 5G). Importantly, K289A
was metabolically stable (Figure 2F). We conclude that a
functional Kre33 helicase domain is required for optimal
RNA acetylation, rRNA modification being more strongly
affected than tRNA modification, in keeping with the rel-
ative complexity of these substrates. In further agreement
with a role of the helicase domain of Kre33 in rRNA mod-
ification, we found Kre33-K289A to be less efficiently re-
cruited to pre-ribosomes than wild-type Kre33 (Figure 2G).
In particular, Kre33-K289A was absent from pre-40S (frac-
tions 12–14) on velocity gradients (Figure 2G). DEAD box
helicases load directly onto RNA duplexes where they can
act as immobile RNA clamps, or promote locally strand
separation (49). When they work as clamps, RNA helicases
sometimes provide assembly platforms or nucleation cen-
ters to establish larger RNP complexes, as originally re-
ported for eIF4AIII, in the stable clamping of the exon-
junction complex onto mRNAs (50), and, more recently, for
vasa, in the assembly of a germline-specific piRNA matura-
tion complex (51). It is possible that the helicase domain
of Kre33 regulates the timing and efficiency of acetylation
through a similar clamping mechanism.

Kre33 and NAT10 are required for small ribosomal subunit
biogenesis

All three enzymes known to catalyze small ribosomal sub-
unit rRNA base modifications (Bud23, Emg1 and Dim1)
are required for pre-rRNA processing (7–8,10,19), suggest-
ing that this might also be the case of Kre33/NAT10.

The involvement of Kre33 in subunit biogenesis was first
addressed in yeast, where the essential KRE33 gene was
expressed from a repressible GAL promoter and specifi-
cally switched off upon addition of glucose to the medium
(Supplementary Figure S5A). Efficient Kre33 depletion was
demonstrated by western blotting (Supplementary Figure
S5B). Strikingly, no 40S subunit was detected on polysome
profiles of the pGAL-3HA-kre33 strain after 10 h of Kre33
depletion (Supplementary Figure S5C). Total RNA ex-
tracted at several time points during depletion, resolved on

denaturing agarose gels and stained with ethidium bromide
revealed that the absence of Kre33 led to strong inhibi-
tion of 18S rRNA synthesis (Supplementary Figure S5D).
Specifically, the 25S/18S ratio showed an increase from 1 to
>6 after 12 h of Kre33 depletion. Detailed pre-rRNA pro-
cessing analysis by northern blotting with specific probes
detecting the major known pre-rRNA intermediates estab-
lished that Kre33 is required for early nucleolar cleavages at
sites A0–A2 (Supplementary Figure S5E and F). Cleavage at
the A1 and A2 sites was particularly inhibited, leading to ac-
cumulation of the aberrant 22S RNA (Supplementary Fig-
ure S5E and F). 22S RNA has previously been detected in
cells depleted for Dim1, which dimethylates two adenosine
residues in helix 45 (see Figure 1A) (10), or deprived of the
DEAH-box RNA helicase Dhr1, involved in central pseu-
doknot formation and interacting directly with the MTase
Bud23-Trm112 (20,52).

In human cells, we detected NAT10 in nucleoli (Figure
6A), which was compatible with a possible involvement in
early pre-rRNA processing. The nucleolus has long been
viewed as a cancer biomarker (53) and has recently been
demonstrated to be a therapeutic target (54). As there are
numerous connections between nucleolar functions and the
antitumor protein p53 (55), pre-rRNA processing was an-
alyzed upon acute NAT10 depletion in colon carcinoma
cells expressing p53 or not (Figures 6 and 7). Cells were de-
pleted of NAT10 with three different siRNAs (#1, #2 and
#3). All three silencers proved effective, as judged by the
residual mRNA and protein levels after a 72-h incubation
(Figure 6B, lanes 3–5 and 8–10 and Figure 6C). In the ab-
sence of NAT10, significantly reduced accumulation of 40S
subunits and 18S rRNA was observed (Figure 6D and E),
and processing steps leading to 18S rRNA synthesis were
severely inhibited (Figure 7A and B; see major loss of the
21S and 18S-E precursors). Inhibition of RNA processing
was similar in the presence and absence of p53 (Figures 6E
and 7A), demonstrating that NAT10-mediated inhibition of
pre-rRNA processing does not depend on the presence of
p53. It is also noteworthy that NAT10 localized to the nu-
cleoli whether p53 was present or not (data not shown).

It has recently been proposed that ribosome biogenesis
dysfunctions, such as that caused by the depletion of a sub-
unit assembly factor, lead to accumulation of a small com-
plex consisting of the 5S rRNA and the ribosomal proteins
uL18(RPL5) and uL5(RPL11) (56,57). This complex inter-
acts with and titrates Hdm2, causing p53 stabilization, cell-
cycle arrest and cell death. In agreement with our finding
that NAT10 is an assembly factor, its depletion led to p53
stabilization and accumulation of uL5 and uL18 (Figure 6B,
best seen with siRNAs #2 and #3 in lanes 9 and 10). The
activity of p53 is regulated by numerous post-translational
modifications (58); interestingly, in conditions of NAT10-
induced nucleolar stress, the fraction of slow-migrating p53
was increased, suggesting altered post-translational modifi-
cation profiles.

U13 is required for efficient 18S rRNA acetylation but not
for tRNA modification

The vertebrate-specific box C/D snoRNA U13 (59) shows
two extended regions of Watson–Crick base-pair comple-
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Figure 6. Human NAT10 is a nucleolar protein, which activates a p53-dependent nucleolar tumor surveillance pathway, and is required for 18S rRNA
synthesis. (A) NAT10 is a nucleolar protein. Immunofluorescence with an antibody against NAT10 was performed in HeLa cells stably expressing a green
fluorescent fibrillarin construct. DAPI, DNA stain. Images were acquired at 40× and 100× on an inverted Zeiss microscope illuminated with Cool LED
and mounted with a Yokogawa spindisc head. Scale bar, 5 �m. (B) NAT10 depletion activates nucleolar surveillance, leading to p53 stabilization, and U13
depletion does not affect the metabolic stability of NAT10. Colon carcinoma cells (HCT116), expressing p53 or not, were transfected with an antisense
silencer specific to U13 or NAT10 and incubated for 72 h. Three siRNAs were used for NAT10 (#1, #2 and #3); a single 2′-O modified phosphorothioate
RNA/DNA hybrid antisense oligonucleotide was used for U13. As control, a non-targeting silencer (Scr) was used. Total protein was analyzed by western
blotting for NAT10, p53, and the ribosomal proteins uL18(RPL5) and uL5(RPL11). �-actin was used as loading control. (C) siRNA-mediated depletion
of NAT10 is efficient at the mRNA level. Total RNA extracted from HCT116 cells expressing p53 or not (p53+/+ or p53−/−), transfected with an siRNA
specific to NAT10 (siRNA #1 to #3) and incubated for 72 h, was tested by qRT-PCR. (D) NAT10 is required for small ribosomal subunit accumulation.
Polysomes analysis upon NAT10 depletion with siRNA #1. (E) NAT10 is required for 18S rRNA synthesis. Total RNA extracted upon U13 and NAT10
depletion was analyzed on denaturing agarose gels stained with ethidium bromide. 28S/18S ratio determined from Agilent Bioanalyzer electropherograms.
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Figure 7. Human NAT10 is required for pre-rRNA processing, and it comigrates on velocity gradients with pre-40S ribosomes and the box C/D snoRNA
U13. (A) Pre-rRNA processing analysis. Total RNA presented in Figure 6E was transferred to a nylon membrane and hybridized on northern blots with the
probes indicated. The 18S and 28S were stained with ethidium bromide. U13 was detected by northern blotting with probe LD2684. (B) Major pre-rRNA
processing intermediates detected by northern blot analysis, and probes used (LD1827, LD1828 and LD1844). Three out of four rRNAs are produced as a
single RNA polymerase I transcript (47S). The 18S, 5.8S and 28S rRNAs are interspersed by non-coding spacer sequences (in green): the 5′ and 3′ external
transcribed spacers (5′ and 3′ ETS) and internal transcribed spacers (ITS) 1 and 2. Cleavage sites (in cyan) are indicated above the 47S. (C) NAT10 and
U13 strikingly comigrate with pre-40S ribosomes (fractions 6–7). Velocity gradient analysis: total HCT116+/+ cell extract was separated on a 10–50%
sucrose gradient, 12 fractions were collected and analyzed by western and northern blotting for the targets indicated.

mentarity to the 3′ end of 18S rRNA (Figure 8A), suggest-
ing that it might contribute to pre-rRNA folding during
small subunit biogenesis and possibly to 18S rRNA acety-
lation. Strikingly, residue 1842, corresponding to the acety-
lated residue C1773 in budding yeast (Figure 1A), lies pre-
cisely between the two stretches of complementarity, so that
base pairing during subunit biogenesis should expose it in a
bulge, potentially increasing its accessibility to NAT10.

We found that efficient depletion of U13 (Figure 7A,
lanes 2 and 7, ∼20% residual level) had no impact on 18S
rRNA synthesis or nucleolar structure (Figures 6E and 7A,
and data not shown), but we noted that U13 conspicuously
comigrates with NAT10 on sucrose gradients, in fractions
corresponding to 40S precursors (Figure 7C, fractions 6–7).
This suggests that U13 might contribute to rRNA acetyla-
tion, possibly in association with NAT10, and that acety-
lation is a late event occurring on 40S precursor ribosomes
once they have been released from larger particles. Interest-

ingly and in contrast to U13, the U3 and U22 snoRNAs
showed a distinctly different migration behavior on velocity
gradients, being detected more abundantly with large pre-
ribosomes (Figure 7C, fractions 9–12) and mostly as free
snoRNPs, in the low-density fractions of the gradient (frac-
tions 2–3). HPLC applied to 18S rRNA purified from cells
depleted of U13 revealed a 2-fold reduction (55.4% resid-
ual level) of acetylation, while tRNA modification was un-
affected (Figure 8B). Importantly, U13 depletion did not
affect the metabolic stability of NAT10 (Figure 6B, lanes 2
and 7).

By analogy to the large majority of box C/D and box
H/ACA snoRNAs, known to carry, respectively, an MTase
or a pseudouridine synthase to RNA modification sites,
we were interested in knowing whether U13 and NAT10
might interact directly in vivo under stringent conditions.
While affinity purified NAT10 efficiently coprecipitated
THUMPD1 (see above), U13 was not detected in associ-
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Figure 8. The box C/D snoRNA U13 is required for human 18S rRNA acetylation. (A) Diagrams depicting the predicted base-pairing between U13 and
the 3′ end of 18S rRNA. The interaction is proposed to occur during subunit biogenesis, with substrate residue 1842 bulging out upon U13 binding. (B)
U13 is required for efficient rRNA acetylation but not for tRNA acetylation. Top panel: 18S rRNA purified from HCT116 cells depleted of U13 for 72
h was analyzed by HPLC, revealing a 2-fold reduction in acetylation (in red). Control HPLC trace from unperturbed cells in black; middle panel, same
analysis for purified tRNAs showing no reduction in acetylation; bottom panel, northern blot analysis of residual level of U13 (normalized with respect to
the scramble control). (C) U13 is not required for DIMT1L-mediated 18S rRNA 3′ end dimethylation. Total RNA extracted from cells depleted of U13 or
DIMT1L for 72 h was analyzed by primer extension to detect the m6

2Am6
2A modification. The percentage of residual dimethylation was normalized with

respect to a structural stop (*). The efficiencies of DIMT1L depletion (tested by qRT-PCR) and U13 depletion (tested by quantitative northern blot) are
shown underneath.

ation with NAT10 (Figure 5H). At this stage, we thus have
no evidence that U13 and NAT10 work together directly.
Rather, we favor a model in which U13 contributes to rRNA
acetylation through its involvement in timely pre-rRNA
folding. Since U13 is required only for efficient rRNA but
not tRNA acetylation, we conclude that the effects of the
snoRNA are highly specific. This was further substantiated
by the finding that the neighboring dimethylation, intro-
duced on residues A1850 and A1851 by DIMT1L (CZ, EN

and DLJL, unpublished), is likewise unaffected by efficient
U13 depletion (Figure 8C).

DISCUSSION

For many years, it has been assumed that yeast small ribo-
somal subunits contain only four modified bases: one hy-
permodified pseudouridine (m1acp3�1191), one methylated
guanosine (m7G1575) and two dimethylated adenosines
(m6

2 A1781m6
2 A1782) (Figure 1B) (4). Actually, the presence of



Nucleic Acids Research, 2015, Vol. 43, No. 4 2255

additional acetylated cytidines on 18S rRNA was suggested
in a pioneering work of the late 70’s (25), but surprisingly,
this observation had not been pursued for three decades,
and until recently, the presence of the modification had not
been confirmed with modern analytical techniques, its posi-
tion on 18S rRNA had not been determined and the enzyme
involved had not been identified.

Here we have confirmed by quantitative HPLC analysis
that 18S rRNA is indeed acetylated and that the modifi-
cation is widely conserved in eukaryotes, being detected in
budding and fission yeasts, in plant and human cells (Figure
1C–F and Supplementary Figures S1–S4). In budding and
fission yeasts and in human cells, we have shown that there
are two acetylated cytosines on 40S, one in the 3′ major do-
main in helix 34 and another in the 3′ minor domain in helix
45, at the 3′ end of the 18S rRNA (Figure 4A and B and Sup-
plementary Figure S4). In budding yeast, we have mapped
the modification in helix 34 to C1280 and the one in helix
45 to C1773. These nucleotides correspond to C1297 and
C1815 in S. pombe and to C1337 and C1842 in human, re-
spectively. We have further shown that Kre33 and its human
homolog NAT10 are responsible for 18S rRNA acetylation
in budding yeast and human cells, respectively (Figures 2
and 3A–D). Recent reports, based on mass spectrometric
analysis of 18S rRNA digests, corroborate our findings (27–
29). We have demonstrated that Kre33 and NAT10 are re-
quired for early nucleolar processing steps leading to the
synthesis of 18S rRNA (Figures 6 and 7 and Supplementary
Figure S5). Using two distinct catalytically defective alleles
(H545A and R637A), we have further demonstrated that
small subunit biogenesis requires the modification enzyme
itself rather than rRNA acetylation (Figure 2). We conclude
that the physical presence of Kre33 within precursor ribo-
somes is required for efficient pre-rRNA processing. While
Kre33 and NAT10 are reported by others to function in ri-
bosome biogenesis (27–29,36), previous work either has not
distinguished which is required, the enzyme or the modifi-
cation (27,36), or has led to the erroneous conclusion that
acetylation is essential to ribosome biogenesis (28,29). In
human, our pre-rRNA analysis on diploid cells constitu-
tively expressing p53 and in a paired p53-knockout cell line
has enabled us to further conclude that NAT10′ depletion
activates nucleolar stress and that the observed processing
defects do not depend on the presence of p53 (Figures 6 and
7).

It was recently suggested that the nuclear concentration
of acetyl-CoA is monitored by Kre33 as a mean to match ri-
bosome synthesis to the cell’ energy status (28). We did not
find any evidence for that as both tRNAs and 18S rRNA
were properly acetylated in yeast cells inactivated for the
acetyl-CoA synthetases Acs1 or Acs2 (Supplementary Fig-
ure S6).

In addition, we report that Kre33 and NAT10 are the
tRNA ATs long sought in yeast and human cells, respec-
tively (Figures 3E–H and 5). In budding yeast, Tan1 was
previously known to be strictly required for tRNA acetyla-
tion, but as it lacks an AT domain, it was suggested that it
might act as a tRNA adaptor or as a coactivator, rather than
as a catalytic subunit (47). Our results confirm this early hy-
pothesis, and importantly we have now identified the cat-
alytic subunit as Kre33 or NAT10. We show that Kre33

interacts with Tan1 in yeast cells and that NAT10 copre-
cipitates with THUMPD1 (the human homolog of Tan1)
(Figure 5H–J). Interestingly, there are several other cases of
enzymes acting as heterodimeric complexes in tRNA mod-
ification, notably Gcd10/Gcd14 (60), Tad2/Tad3 (61) and
Trm8/Trm82 (48). Multi-subunit enzymes are also known
to modify rRNA, as recently shown for Bud23-Trm112, ac-
tive in 18S rRNA N7G methylation (7,20,62). In this case,
Trm112 acts as a stabilizing coactivator by masking on
the catalytic subunit Bud23 a large hydrophobic core ex-
posed to the solvent (7,20). This observation prompted us
to test whether THUMPD1 might also be required for the
metabolic stability of NAT10, but we found it not to be (Fig-
ure 5I).

What are the functions of 18S rRNA and tRNA acetylation?

At this stage the exact function of 18S rRNA acetylation
is not known. We have clearly shown that yeast cells pro-
ducing ribosomes and tRNAs that lack the modification are
perfectly viable (Figures 2C and D and 5E and F), at least
under optimal laboratory growth conditions. Nonetheless,
the machinery involved in RNA modification is essential to
early nucleolar processing steps leading to 18S rRNA syn-
thesis and is thus required for the production of small sub-
units (Figures 6 and 7 and Supplementary Figure S5). Inter-
estingly, ac4C1773 is located at the base of a highly conserved
hairpin, which in addition harbors the highly conserved
m6

2 A1781m6
2 A1782 modification, making the 18S rRNA 3′ end

an environment particularly rich in base modifications (Fig-
ure 1A and B). To us, this suggests a possible role in trans-
lation, especially given the conspicuous proximity of helix
45 to the decoding site, where important interactions with
the mRNA and tRNAs occur (Figure 1B). The ac4C1280
modification in helix 34 is overlooking the mRNA entry
channel and is within a region associated with translational
fidelity defects (15,63). Also not totally understood is the
exact function of C12 tRNA acetylation, introduced dur-
ing tRNA biogenesis at the level of intron-containing pre-
tRNAs (64). Interestingly, however, the stability of mutant
forms of tRNASer appears to be affected in the absence of
Tan1 (47), and tRNA acetylation is one of the numerous
modifications actively monitored at the level of mature tR-
NAs by the Rapid tRNA Decay (RTD) surveillance path-
way (65,66).

How does Kre33 or NAT10 recognize its substrates?

Kre33 and NAT10 each harbor a RecD helicase domain,
which we show here to be required in yeast cells for efficient
rRNA acetylation and, to a lesser extent, tRNA modifica-
tion (Figures 2E and 5G). We suggest that the helicase ac-
tivity of Kre33 may be required to remodel the structure
of the substrate so as to provide ready access to the cat-
alytic pocket. Alternatively, the helicase domain of Kre33
might act as a ‘molecular clamp’, or placeholder, regulat-
ing the timely access of the substrate cystosines. It is likely
that the greater importance of the helicase domain in rRNA
than in tRNA modification reflects the relative complex-
ity of these two substrates. On velocity gradients, we have
shown Kre33 to interact with early and late precursor ri-
bosomes (Figure 2G), indicating that Kre33 binds nascent
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pre-rRNA precursors early during the assembly of the small
subunit, in keeping with it being required for early nucle-
olar cleavages at sites A1 and A2 (Supplementary Figure
S5E). Upon inactivation of its helicase domain, Kre33 ap-
pears no longer to interact with pre-40S particles. This pro-
vides a plausible explanation for the observed 5-fold reduc-
tion in rRNA acetylation and further suggests that while
Kre33 binds early precursors, modification likely occurs at
later stages of ribosome biogenesis. If so, Kre33 would re-
semble two other small subunit rRNA base modification en-
zymes in this respect (10,20). As both Kre33/NAT10 and
Tan1/THUMPD1 carry a putative tRNA binding domain
(45,47), both components of the complex might contribute
to tRNA binding.

SnoRNAs are involved in pre-rRNA modification, pre-
rRNA processing, and the timely folding of pre-rRNAs
(24). Most snoRNAs are highly conserved and act as an-
tisense guides to select rRNA residues for 2′-O methylation
(box C/D) or uridine conversion to pseudouridines (box
H/ACA) during subunit biogenesis, while others are in-
volved in pre-rRNA processing (6,67). U13 is a vertebrate-
specific snoRNA whose function has remained totally elu-
sive (59); it has no known 2′-O methylation target site. We
show here that U13 is required for efficient rRNA acety-
lation, but strikingly neither for tRNA acetylation nor for
the dimethylation carried out by DIMT1L on two nearby
adenosines (Figure 8). This suggests that U13 acts in a
highly specific manner to influence rRNA acetylation. Im-
portantly, U13 is not required for NAT10 metabolic stabil-
ity (Figure 5I).

Under the stringent conditions (high salts washes) used
to ascertain the specificity of the interaction between
NAT10 and THUMPD1 (Figure 5H), we did not obtain
any evidence of a direct interaction between NAT10 and
U13. Therefore, on the basis of the potential base-pairing
between U13 and the 3′ terminal helix of 18S rRNA (Fig-
ure 8A), which can occur only during ribosome assembly,
we conclude that the involvement of U13 in rRNA acetyla-
tion is indirect and that U13 likely plays an important role
in pre-rRNA folding during subunit biogenesis, an interven-
tion which, we suggest, exposes the substrate cytosine on a
bulge, giving NAT10 ready access to it (Figure 8A). It is
unclear at this stage whether U13 and NAT10 are working
together as part of the same pre-ribosomes or whether they
are acting sequentially on successive particles. Considering
that U13 and NAT10 clearly comigrate on sucrose gradients
in a narrow peak corresponding to 40S precursors (Figure
7C), we strongly favor the view that they are part of the same
pre-ribosomes.

NAT10 is reported to be a protein AT with specificity
toward histones and microtubules (30,31), and we here re-
veal that it is active in tRNA and rRNA acetylation. To
our knowledge, there are only a few other cases of enzymes
involved in the modification of both proteins and RNAs
((68–70) and references therein). Remarkably, the elongator
complex initially implicated in RNA polymerase II elonga-
tion (histone acetylation, (71,72)) and polarized exocytosis
(microtubule modification, (73,74)) later turned out to be
a ‘bona fide’ tRNA modification enzyme, and most of the
in vivo phenotypes associated with elongator mutants are
now known to be strictly dependent upon its primary func-

tion in the formation of modified wobble uridines in tRNAs
(68,75–77) and the resulting reduced translation of specific
mRNA transcripts (78,79).

Ribosomopathies are human syndromes caused by defec-
tive ribosome assembly due to mutations in ribosomal pro-
teins or ribosome assembly factors (80). The salient features
of this emerging class of human diseases are an increased
pre-disposition to cancer and hematopoiesis and skeletons
defects (81). NAT10 has been implicated in the DNA dam-
age response, telomerase function and cytokinesis and re-
ported as a cancer biomarker (31,34–35). Recently, inactiva-
tion of NAT10 has been shown to suppress morphological
nuclear shape abnormalities associated with mutations in
laminopathic cells, notably from patients with premature-
aging progeria syndrome (30). Restoration of normal nu-
clear shape has been proposed to be due to loss of mi-
crotubule acetylation and consequent reorganization of the
cytoskeleton (30). On the basis of our demonstration that
NAT10 is a tRNA and rRNA AT required for small ribo-
somal subunit biogenesis, we suggest that the involvement
of NAT10 in laminopathies is through ribosome biogenesis
and function.

Our conclusion that RNA modification enzymes such as
Kre33 and NAT10 carry specificity toward multiple sub-
strates, in this case ribosomal and tRNAs, implies that
caution must be applied when interpreting the phenotypic
consequences of RNA modification enzyme inactivation.
The development of transcriptome-wide RNA modification
mapping strategies will undoubtedly help us in revealing the
true coverage of these enzymes.
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