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Abstract:

N4-acetylcytidine (ac*C) is an RNA nucleobase found in all domains of life. Establishment of ac*C
in helix 45 (h45) of human 18S ribosomal RNA (rRNA) requires the combined activity of the
acetyltransferase NAT10 and the box C/D snoRNA SNORD13. However, the molecular
mechanisms governing RNA-guided nucleobase acetylation in humans remain unexplored. Here
we report two assays that enable the study of SNORD13-dependent RNA acetylation in human
cells. First, we demonstrate that ectopic expression of SNORD13 rescues h45 in a SNORD13
knockout cell line. Next, we show mutant snoRNAs can be used in combination with nucleotide
resolution ac*C sequencing to define structure and sequence elements critical for SNORD13
function. Finally, we develop a second method that reports on the substrate specificity of
endogenous NAT10-SNORD13 via mutational analysis of an ectopically-expressed pre-rRNA
substrate. By combining mutational analysis of these reconstituted systems with nucleotide
resolution ac*C sequencing, our studies reveal plasticity in the molecular determinants underlying
RNA-guided cytidine acetylation that is distinct from deposition of other well-studied rRNA
modifications (e.g. pseudouridine). Overall, our studies provide a new approach to reconstitute
RNA-guided cytidine acetylation in human cells as well as nucleotide resolution insights into the
mechanisms governing this process.
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Introduction

More than 100 modified RNA nucleotides are known across all domains of life. One of the most
highly conserved of these is N4-acetylcytidine (ac*C).! In humans, ac*C has been mapped to two
dominant sites in serine and leucine tRNA, as well as two dominant sites in small subunit (SSU)
18S rRNA occurring at helix 34 and 45.% 2 Acetylation of all of these RNA targets is catalyzed by
NAT10, the only RNA acetyltransferase known in the human genome. NAT10’s selectivity towards
tRNA or rRNA substrates is governed by the protein adapter THUMPD1 and the short nucleolar
RNA (snoRNA) adapter SNORD13, respectively.®

Recently, we used genetic ablation to demonstrate that SNORD13 is required for acetylation of a
single cytidine residue in helix 45 (h45) of small subunit 18S ribosomal RNA (SSU-ac*C1842;
Figure 1a).* In addition to its biological function, another question is how SNORD13 helps NAT10
recognize its targets in human cells. SNORD13 is a box C/D snoRNA, so termed for the presence
of C (6-RUGAUGA-3") and D (5'-CUGA-3') motifs in its primary sequence. However, several
features of SNORD13 are atypical of this RNA class. First, while many box C/D snoRNAs play an
important role in rRNA 2’-O-methylation by nucleating the assembly of short nucleolar
ribonucleoprotein (snoRNP) complexes and guiding the 2’-O-methyltransferase Fibrillarin (FBL)
to its target sites via antisense pairing, SNORD13 is the only human box C/D snoRNA known to
be involved in cytidine acetylation.®> Second, SNORD13 is one of only three snoRNAs known to
be independently transcribed by RNA Polymerase Il (Pol 1) in human cells.® Third, SNORD13
contains two rRNA antisense elements, one located at the 5’ end and the other positioned more
internally along the SNORD sequence (Figure 1b). Itis also currently unclear to what extent the
mechanisms box C/D snoRNAs use to guide cytidine acetylation are conserved across evolution.
For example, the yeast SNORD13 homologue snr45 directly associates with the RNA
acetyltransferase Kre33, and may belong to a larger C/D box snoRNP containing the FBL
homologue Nopl.” However, vertebrate SNORD13 shows little homology with snr45 (vide infra)
and has a longer antisense region and shorter intervening structural loop. Another contrast with
the yeast system comes from the fact that co-immunoprecipitation studies have not revealed a
direct interaction of NAT10 and
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Figure 1. (@) NAT10 and SNORD13 are required for deposition of ac*C in helix 45 of 18S rRNA. (b)
Schematic of antisense complementarity between human SNORD13 (purple) and 18S rRNA (blue). The
site of cytidine acetylation (C1842) is specified.


https://doi.org/10.1101/2022.05.12.491732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491732; this version posted May 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SNORD13 in human cells, despite many attempts.® 8 Finally, homologues of the snoRNA that
guides helix 34 cytidine acetylation in yeast (snr4) have yet to be identified in humans, and
whether such guide mechanism exists remains unknown.

A major challenge to understanding box C/D snoRNP function has been the difficulty of their in
vitro reconstitution, which has heretofore been limited to archaeal enzymes.®! In contrast, the
study of eukaryotic systems has been enabled by the development of cellular reconstitution
assays.'?1® In this strategy, mutants of an endogenous snoRNA are expressed ectopically in cells
and tested for their ability to guide modification of a native (or mutated non-native) substrate.
Applied to study the box C/D snoRNAs involved in ribose methylation, this approach has enabled
the identification of motifs critical for snoRNA stability, rules for substrate targeting, and guidance
of ribose methylation to novel rRNA sites in yeast as well as mammalian systems.3 1617 To date,
a single study has used this approach to study snoRNA-guided ac*C in yeast.” Similar systems
to study vertebrate cytidine acetylation have yet to be developed or applied.

Here we report two experimental approaches to probe SNORD13-dependent RNA
acetyltransferase activity in human cells. Our first strategy hinges on the use of a SNORD13
knockout cell line in which SSU-ac*C1842 is lost.* Ectopic expression of SNORD13 rescues h45
acetylation and can be quantitatively assessed using nucleotide resolution ac*C sequencing.
Using this assay we evaluated several SNORD13 mutants, allowing us to identify structural and
antisense elements critical for activity. To study SNORD13’s substrate specificity we developed
a second approach. This assay uses a RNA Polymerase | (Pol 1) transcribed minigene to express
a nucleolar pre-rRNA fragment which is efficiently acetylated by endogenous NAT10/SNORD13.
Systematic mutation of this substrate is used to validate a consensus sequence necessary for
ac*’C deposition and highlights the potential reprogrammability of this system. Our studies
demonstrate the power of combining mutational analysis with nucleotide resolution ac*C
sequencing, and provide the basis for understanding and exploiting RNA-guided RNA
modification catalysts in biology, biotechnology, and disease.

Results
Conserved secondary structure of vertebrate SNORD13

Towards the goal of defining functional elements in SNORD13, we first analyzed this snoRNA for
evidence of conserved secondary structures (Figure 2a). All SNORD13 genes contain canonical
C- and D-boxes (yellow) as well as antisense segments with complementarity to 18S rRNA (red);
however, little sequence homology is evident outside these regions. Of note, the regions of
complementarity of human SNORD13 contain bulges and unpaired bases and architecturally are
not identical to SNORD13-like RNAs found in A. thaliana (snoR105, snoR108 and snoR146)!®
and S. cerevisiae (snr45)’. For clarity, we refer to SNORD13’s antisense elements as 18S-A and
18S-B (located at the 5’-end) and 18S-C (positioned more internally; Figure 1b, 2a).
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Figure 2. (a) Sequence alignment of vertebrate SNORD13 homologues. Antisense regions 18S-A, 18S-B,
and 18S-C are highlighted in red, C and D-box motifs involved in k-turn formation in yellow, and putative
stem regions in grey. The small verticle black arrow indicates the 3’ end of SNORD13 as experimentally
determined by RACE analysis. (b) Proposed SNORD13 secondary structure with colors coded as above.
Bases written in uppercase are part of stable, fully processed SNORD13 while those written in lowercase
correspond to 3’-extension of the transient pre-SNORD13 intermediate. (c) Proposed maturation of pre-
SNORD13, containing a 3’-extension which masks its 5’-antisense region, to mature SNORD13 capable of
interacting with 18S rRNA.

Taking into account formation of the kink-turn motif, previously found to be crucial for box C/D
snoRNP assembly,'® in silico structural analysis predicted three short, conserved stems in
SNORD13 which we designate as stems |, Il and lll, respectively (Figure 2b). We further
observed that the 18S-A and 18S-B antisense elements have the potential to base-pair with an
~15 nucleotide region downstream of the 3’-end of mature SNORD13, defining two additional
helices which we refer to as stem IV and stem V, respectively (Figure 2b). With the exception of
Lamprey these latter two stems appear less conserved in non-eutherian species. The formation
of stem IV and stem V requires that transcription of SNORD13 gene goes beyond its mature 3’-
end, which has been previously observed.?®??2 These external stems may be important to
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formation of the kink-turn motif by bringing together the C- and D-boxes,?® or serve as signal that
delineates the mature 3’-end. Of note, a process analogous to the latter has been recently found
to play a role in regulating expression of SNORD118.2* 2> Qverall, our analyses suggest fully
processed SNORD13 folds into three evolutionarily conserved stems which scaffold three distinct
18S rRNA antisense elements, two of which are unmasked from a 3’-extended precursor to
enable facile base-pairing with rRNA (Figure 2c).

Structural elements in stem |, lll, and IV dictate SNORD13 expression

Secondary structure plays a critical role in snoRNA processing, protein interactions, and cellular
accumulation.?® 27 To begin to build sequence-function relationships for SNORD13, we first
examined how mutating the secondary structural elements predicted above affected its stability
in cells (Figure 3a). To achieve this objective, we transfected a 1200 nt-long genomic human
DNA fragment predicted to contain all cis-acting elements required for transcription and 3’-end
processing of SNORD13. Our experimental strategy used 11 human SNORD13 constructs
comprising four groups: i) the wild type SNORD13 sequence, ii) two mutants designed to disrupt
the C and D boxes, iii) four mutants designed to disrupt stems I, 11, lll, and IV, and iv) four mutants
designed to rescue complementarity in stem-disrupting mutations (Figure 3b). In order to
distinguish ectopically expressed human SNORD13 from its endogenously expressed mouse
counterpart, each construct was individually transfected into mouse L929 cells. SNORD13
expression was then assessed 48 hours post-transfection by ribonuclease (RNAse A/T1)

human b ‘
a SllJ\JOaRD13 variants SNORD13 stem mutations
) R/ R R R
1. isolate RNA _
2. hybridize - - stem IV mutants
3. RNAse A/T1 y ¢ ARG,
3 8 Jhwae G comp
) T N AcuUCa
- = === mut
mouse L929 cells gel-based analysis
stem |
c cCu
5. €V
wr PoXCboxD  Steml  Stemll  Stemlll Stem IV %y, e Y box C s
mut.  mut. mut. comp. mut. comp. mut. comp. mut. comp. % v U ). [ Y N
. - e — AUCCUD quqgeu’;.cf GAUGA UGGGUG =
plasmid - + - + - + R A -+ -+ 3 fiaggaa ucaagu |c¢ AGOEUGEddAT I
® @ v stem
@ - - box D stem Il 7;
[}
2 | - -
z stem Il mutants $ E
0 l’ A
_ mut ¢ cccad A
é@ ‘ ” ” cecent stem |l mutants GcAuusu”C
5 S
g€ .. GCCCAG
g :
s comp c,
g2 L) g
88 A
2 07 Lo
» " - N gss
- - oA ¢

Figure 3. (a) Schematic for analysis of SNORD13 stability by RNAse A/T1 assay. (b) Sequence of human
SNORD13s analyzed. In addition to wild-type (“WT,” black) sequence, disruptive mutations (“mut,” red),
and rescue mutations (“comp,” red) were explored for stems I-IV. C and D box mutations were also analyzed
(sequences provided in Supplementary Information). (¢) Results of RNAse A/T1 stability assay. Top box
indicates protected RNA fragment corresponding to full length, transfected human versions of SNORD13.
Bottom box indicates protected RNA fragments corresponding to endogenously-expressed mouse
SNORD213 background.
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protection assay using *2P-labelled antisense riboprobes specific for each mutated version of
SNORD13 (Figure 3a). Accordingly, protected RNA fragments in the top panel of Figure 3c,
which are only detected in transfected samples, represent full length transfected version of
SNORD13. Those in the bottom panel, which are detected in both transfected and non-
transfected samples, originate from partial protection of endogenous background RNAs (including
mouse SNORD13, due to sequence divergence between human and mouse), providing a rough
measure of loading.

Mutation of either the C or D box abolished detection of SNORD13 (Figure 3c), consistent with
previous analyses showing the C/D box is critical for snoRNP formation and snoRNA
accumulation.?® 2’ Mutations causing disruption of stems I, Ill and IV also led to a complete loss
of observed SNORD13 expression. In the cases of stems | and IV, SNORD13 levels could be
restored by introducing complementary mutations that rescue the anticipated helical structures
(Figure 3b-c). However, stem Il showed minimal rescue by this approach, suggesting a critical
role for its sequence in SNORD13 folding or function (Figure 3c). Previous studies have proposed
the formation of a pseudo-knot between nucleotides in stem Il and 18S-C in the yeast SNORD13
homologue may be required to bring the antisense regions into close proximity,” and it is possible
complementary mutations fail to rescue this structure in SNORD13. Mutations that disrupt stem
Il and flanking the 18S-C antisense element were well-tolerated and did not appear to affect
SNORD13 abundance (Figure 3c). This may imply stem Il does not form or, alternatively, that it
is dispensable for the processing and stability of SNORD13. These studies provide experimental
evidence for the existence of a C/D box and RNA secondary structures in human SNORD13 that
are critical to its cellular accumulation. Furthermore, we observe that functional features of
SNORD13’s predicted structure, such as the occurrence of antisense elements in single-stranded
regions, are shared with yeast. This implies that despite low sequence homology, the structure of
human SNORD13 may resemble that of yeast snr45.

Rescue of cytidine acetylation depends on SNORD13 structure and base-pairing

In an accompanying study,* we determined that inactivation of SNORD13 in the human chronic
myelogenous leukemia-derived HAP1 cell line causes loss of SSU-ac*C1842 in 18S rRNA. To
understand the molecular determinants of this process, we next evaluated the ability of several
ectopically-expressed SNORD13 mutants to rescue SSU-ac*C1842 in this cell line (Figure 4a).
Briefly, SNORD13-deficient HAP1 cells were co-transfected with two plasmids expressing
SNORD13 and eGFP. After 48 hours, flow cytometry was used to isolate cells expressing eGFP
(presumably also enriched in SNORD13 expression), and RNA from these cells was analyzed by
nucleotide resolution ac*C sequencing. This method uses a chemical reaction that modifies the
structure of ac*C residues, leading to misincorporations (C-to-U) when this RNA is reverse
transcribed.? 8 PCR amplification and sequencing are then used to provide a quantitative readout
of ac*C’s presence in RNA at a position of interest.

To explore whether SNORD13’s antisense guides are essential for acetylation, we compared
ac*C rescue by wild-type SNORD13 to three mutants in which 18S-A, 18S-B, and 18S-C were
disrupted (18S-A, 18S-B, and 18S-C mutants; Figure 4b, Figure Sl1a). Since 18S-B’s antisense


https://doi.org/10.1101/2022.05.12.491732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491732; this version posted May 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

element is part of stem IV, whose disruption destabilizes SNORD13 (Figure 3c), we used a
second-generation mutant of 18S-B (termed 18S-B*) which restores formation of stem IV (Figure
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Figure 4. (a) Schematic for analysis of SNORD13 function using quantitative ac*C sequencing. (b)
Sequence of human SNORD13s analyzed. In addition to wild-type (“WT”) sequence, disruptive mutations
(18S-A, 18S-B*, 18S-C mutants), and a mutant with increased complementarity (“18S-A/18S-B perfect
comp”) were explored for rescue of ac*C in SNORD13 KO cells. Sequences and verification of expression
are provided in Figure S1. Note the finding that the 18S-A mutant is expressed when its stem V is disrupted,
implies stem V is not strictly required for SNORD13 synthesis. (c) Stem IV is required for accumulation of
mutant SNORD13s. Mutation of SNORD13 in mutant 18S-B disrupts stem IV. Re-introduction of
complementarity in construct 18-B* (bottom) allows accumulation and testing of function. Expression of
18S-B* is verified by RNAse A/T1 mapping in Figure Sic. (d) Rescue of SSU- ac*C1842 by SNORD13
antisense mutants. Mutants rescue values are normalized relative to the WT SNORD13, which was set to
equal 100%. Background misincorporation rates in SNORD13 KO cells were 0-4%. Exemplary sequencing
traces are provided in Figure S1d. (e) Rescue of SSU- ac*C1842 by SNORD13 stem comp mutants.
Structures of comp mutants are provided in Figure 3b.

4c, Figure S1b-c). As expected, rescue of SSU-ac*C1842 by ectopically-expressed wild-type
SNORD13 was readily observed using ac*C sequencing (Figure 4d, Figure S1d). Disruption of
antisense complementarity diminished rescue by 60-92%, with the deleterious effect of mutations
following the order 18S-A >> 18S-C > 18S-B (Figure 4d, Figure S1d). The finding that 18S-A,
which covers nt 1-6 of SNORD13 and base-pairs to nts 1854-1859 of 18S rRNA, had the most
profound effect on SNORD13 activity is consistent with observations in yeast’ but contrasts with
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our recent analysis of SNORD13 homologues in Drosophila,* where 5’ antisense elements do not
appear to be found. To more thoroughly probe the impact of antisense complementarity on ac*C
rescue, we designed a SNORD13 mutant which we “perfected” by correcting five mismatched or
unpaired bases found in the 18S-A and B regions (Figure 4b; ‘18S-A/18S-B perfect comp’).
However, compared to wild-type SNORD13, this mutant also exhibited reduced rescue of SSU-
ac*C1842. Previous studies of C/D box snoRNAs that target FBL have found methylation levels
do not necessarily correlate with the stability of the substrate-guide duplex or snoRNA levels, and
may be subtly tuned by a complex interaction network depending on the sequence of its RNA
substrate.® 2 Consistent with this notion, the 18S-C mutant appears more weakly expressed than
18S-A (Figure Slc), yet displays more effective rescue of RNA acetylation. Finally we applied
this assay to examine the effect of stem I, Il, and Ill on rescue, exclusively focusing on mutations
that maintain stem complementarity (Figure 3b; ‘comp’). Replacement of stems | and Il with
stems of equivalent length but altered sequence did not rescue ac*C, suggesting a functional role
for these elements (Figure 4e), with the caveat that stem Ill comp may be poorly expressed
(Figure 3c). In contrast, expressing a mutant SNORD13 with altered sequences in stem Il
appears well tolerated (Figure 4e). Thus, the sequence forming stem Il appears dispensable for
both U13 stability and NAT10 substrate targeting. Overall, our studies reveal features of
SNORD13 critical to guiding ac*C deposition and highlight loss of substrate-guide
complementarity at the 5’ end (nts 1-6) as a distinctly disruptive perturbation.

Sequence requirements of SNORD13 substrates

The presence of multiple copies of genes encoding ribosomal RNA presents a challenge to
effective mutagenesis and hinders analysis of the substrate specificity of sSnoRNA-guided RNA
modification in human cells. Beyond this technical barrier, prior attempts to mutagenize SSU-ac*C
substrates in yeast found every mutation introduced in helix 45 of 18S rRNA to be lethal.” Seeking
to circumvent these limitations, we were inspired by the utility of ribosomal minigenes expressing
the 3’ terminus of 18S rRNA fused to internal transcribed spacer 1 (referred to here as h45-ITS1)
in investigating the role of SNORD13 in pre-rRNA processing.1” 2% % The expected recognition of
the h45-1TS1 minigene by the pre-rRNA processing machinery led us to hypothesize it may also
be able to interact with endogenous NAT10/SNORD13, enabling its facile mutagenesis for
substrate specificity studies. To test this we expressed an h45-ITS1 minigene construct in HEK-
293T cells, isolated RNA, and analyzed it using the aforementioned ac*C sequencing workflow
(Figure 5a). Importantly, these experiments used primers that specifically amplify minigene h45-
ITS1, rather than the endogenous 18S pre-RNA (Figure S2a-b). Ribosomal minigenes expressed
from a RNA Polymerase | (Pol 1) but not an RNA Polymerase Il (Pol Il) promoter were efficiently
acetylated, consistent with the predominant nucleolar localization of NAT10 and SNORD13
(Figure S2c¢). Modification occurred at the expected position corresponding to SSU-C1842 of 18S
rRNA. Of note, detection of ac*C in this ectopically-expressed pre-rRNA fragment requires the
use of the nucleotide resolution sequencing assays, which enables PCR amplification of the ac*C
signal and represents an advance over previous analytical methods.
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Figure 5. (a) Schematic for analysis of endogenous SNORD13 substrate specificity using a Pol I-
transcribed pre-rRNA h45-ITS1 minigene substrate and quantitative ac*C sequencing. (b) Structure of h45-
ITS1 substrates with mutations lying proximal to natural ac*C site. Values in red represent ac*C-dependent
misincorporation rates normalized relative to the WT h45-ITS1 sequence, which was set to equal 100%. (c)
Summary of percent misincorporation observed upon mutation of 5’-CCG-3’ consensus sequence in h45-
ITS1 substrates. (d) Bar graph of mutants specified in Figure 5b and 5e. (e) Structure of ‘triple mutant’ h45-
ITS1 substrate engineered to have increased complimentarity to SNORD13. (f-g). Structure of h45-ITS1
substrates with bases inserted 5’ and/or 3’ relative to the 5’-CCG-3’ consensus sequence. (h) Structure of
h45-ITS1 substrates in which the 5’-CCG-3’ consensus sequence is shifted 1 bp (+1bp) or 3 bp (+3bp). i)
Bar graph of mutants specified in Figure 5f-h. Exemplary sequencing traces provided in Figure S3 and S5b.
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To begin to understand the substrate specificity of SNORD13-dependent RNA acetylation we
analyzed h45-ITS1 constructs in which individual residues flanking SSU-C1842 were mutated but
SNORD13 complementarity was preserved (Figure 5b-c). Previous studies have shown
eukaryotic NAT10 demonstrates a strong preference for modification of 5’-CCG-3’ sequences.?
32,33 Whether SNORD13-dependent acetylation is able to tolerate mutation of this consensus
remains unknown. Maintaining the central acetylation site and focusing on the 5" and 3’ residues
(Figure 5c¢), we unexpectedly observed significant acetylation (~44% misincorporation) of a non-
canonical 5’-ACG-3’ sequence. Re-analysis of a previously reported degenerate substrate library
furnished further evidence that human NAT10 can modify 5’-ACG-3’ as well as 5-UCG-3’
sequences when massively overexpressed in HEK-293T cells (Figure S4), albeit with greatly
reduced efficiency relative to 5’-CCG-3'. In contrast, further changes—including all substitutions of
the 3’ guanosine—reduced modification of the h45-ITS1 pre-rRNA to negligible levels (<3%
misincorporation). Evaluating constructs with mutations lying outside of the consensus, we found
that 5 mutations (m1) were seemingly more well-tolerated than those lying 3° (m4/m5).
Simultaneous mutation of all six residues completely eliminated modification (m7), as expected
(Figure 5b-d). Mutations in h45 designed to improve snoRNA base-pairing (m8) paradoxically
lessened modification of the h45-1TS1 substrate (Figure 5d-e). This is consistent with our analysis
of SNORD13 above (Figure 4b-d; ‘18S-A/18S-B perfect comp’), and further emphasizes that
ac*’C deposition does not strictly correlate with the apparent strength of guide-substrate
complementarity.

Many snoRNA-dependent RNA modification systems exhibit strict spatial requirements for
catalysis. For example, box C/D snoRNAs direct ribose methylation to the nucleotide base-paired
to the fifth residue upstream of the D or D’ boxes, and insertion of an intervening base can shift
what nucleotide is methylated.** 6 H/ACA box snoRNAs contain two antisense elements that form
a three-way junction with substrates, leaving the targeted uridine and a flanking residue unpaired
and presented to the pseudouridine synthase in the center of a pseudouridinylation pocket which
occurs a defined distance (14-16 nt) from the H box or ACA box.2*% These strict spatial
requirements reflect the precision with which guide snoRNAs must properly position their
substrates in the active site of modification enzymes to enable catalysis. To probe whether similar
requirements exist for SNORD13-dependent RNA acetylation, we inserted nucleotides in the
putatively unpaired ‘acetylation pocket’ of the h45-ITS1 pre-RNA substrate (Figure 5f-i). Addition
of one or two residues 5’ to the modification site (ins1, ins2; Figure 5f) had little affect on ac*C
deposition (Figure 5i). Inserting a single nucleotide 3’ to the modification site (ins3) was also
tolerated. However, inserting two nucleotides 3’ to the modification site of h45 (ins4) led to a >50%
loss of acetylation, and when combined with an additional upstream cytidine (ins6) abolished
modification entirely (Figure 5f-i). The finding that the ins4 construct contains an additional 5’-
CCG-3’ that is not modified implies the relative location of the 5’-CCG-3’ consensus sequence
matters. To test this we attempted to shift the position of the 5’-CCG-3’ consensus without altering
the overall length of the loops (+1bp and +3bp mutants; Figure 5h). These mutant substrates
were not modified at the novel 5’-CCG-3’ sequence; however, in the +3bp mutant, a degree of
modification (65%) was observed at the site corresponding to SSU-C1842 (Figure 5h, Figure
S5). Interestingly, our studies found disruption of 18S-B complementarity enables a degree of
SNORD13-dependent ac*C deposition (Figure 4d). This would seemingly preclude a rule in which
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a defined number of intervening bases must lie between the antisense-paired rRNA substrate and
nucleotide to be modified, although additional possibilities exist. Overall, our studies indicate
unusual plasticity in the NAT10 active site which accommodates diverse presentation of 5’-HCG-
3’ (H = A/C/U) pre-rRNA substrates at the endogenous C1842 position.

Previous studies have exploited designer snoRNAs to direct modifications to novel RNA targets.'®
This has been used as an alternative to mutagenesis to explore ribosome function,*” *® and to
influence modification-sensitive processes such as nonsense suppression.® As a simple proof-
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Figure 6. (a) Schematic for analysis of orthogonal SNORD13-substrate pairs. Exemplary sequencing traces
are provided in Figure S6. (b) Bar graph of ac*C levels at site corresponding to SSU-1842 in orthogonal
SNORD13-substrate pairs. Values represent ac*C-dependent misincorporation rates normalized relative to
the WT h45-ITS1 and WT SNORD13 pair, which was set to equal 100%. Sequences of SNORD13 18S-A
mutant and h45-ITS1 18S-A mutant are provided Supplementary Information. (c) Overview of SNORD13
structure-function relationships probed in this study.

of-concept, we tested whether a mutant snoRNA could increase acetylation of an h45-ITS1
substrate that is poorly recognized by endogenous SNORD13 (Figure 6a). Mutation of h45-ITS1
to disrupt its interaction with 18S-A (nts 1-6) largely abrogated the ability of endogenous
SNORD13 to guide its modification, leading to an ~90% decrease in ac*C (Figure 6b). Ectopic
expression of a SNORD13 containing an 18S-A region designed to base-pair with the mutant
substrate partially rescued its modification. Although additional applications of this system lie
beyond the scope of our current study, this experiment demonstrates the potential of our assays
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to explore how cytidine acetylation may be directed to non-native substrates using synthetic
SNORD13 analogues.

Discussion

Here we have reported the development of parallel experimental strategies to study SNORD13-
dependent RNA acetylation in human cells. We demonstrate that SNORD13 knockout cells
provide an optimal genetic background to examine rescue of SSU-ac*C1842 by ectopically-
expressed snoRNAs, while h45-ITS1 ribosomal minigenes can be used to profile the substrate
selectivity of endogenous SNORD13 (Figure 6¢). Quantitative analysis of each of these systems
is enabled by a signal amplified ac*C sequencing method. Applying these assays highlighted a
critical role for stem I, stem Ill, and the 18S-A antisense regions in SNORD13 activity and
validated the preference for substrate acetylation to occur in a 5-CCG-3’ consensus sequence,
with 5’-ACG-3’ also tolerated. These systems also allowed us to probe spatial constraints in the
putative pocket formed by the snoRNP responsible for acetylation, which appears to tolerate
insertion of unpaired nucleotides upstream, but not downstream, of the SSU-C1842 modification
site.

A technical limitation of our studies is the precision of Sanger sequencing-based ac*C detection,
which as used here is most conducive to relative comparisons of SNORD13 activity (detecting
differences of ~25%) rather than absolute quantitative analysis. In the future this may be improved
by integrating our methods with next-generation sequencing workflows,? %° allowing finer scale
differences to be observed. Future studies may also benefit from the use of alternative methods
to knockdown SNORD13, for example using modified antisense oligonucleotides (ASOs),3! which
could enable the functionality of SNORD13 analogues to be tested in new cell lines and model
organisms not amenable to genetic manipulation.

The composition and mechanism of the snoRNP which catalyzes SSU-ac*C1842 remain
unknown. While both NAT10 and SNORD13 are clearly required for h45 acetylation, we and
others® have not yet found evidence that the acetyltransferase and snoRNA to directly interact.
Indeed, the most well-characterized protein binding partner of SNORD13 is FBL,% %! suggesting
its likely integration into a C/D snoRNP comprised of 15.5K, NOP56, and NOP58.1% 42 Yeast
NAT10 has been proposed to co-occupy snr45 together with this organism’s C/D snoRNP protein
homologues,’ and interactions between NAT10, FBL, and NOP56 identified in recent proteome-
wide studies raise the possibility of a similar scenario in human cells.** One model for this to occur
would be if a core snoRNP comprising SNORD13 bound to 18S rRNA, recruited NAT10 via a
transient protein-protein interaction, and presented C1842 to its active site for acetylation. The in
vitro characterization of NAT10-containing snoRNPs may benefit from the development of
simplified archaeal systems, as has been useful in studies of snoRNA-dependent methylation and
pseudouridinylation.? 1135 For the moment, the assays reported here should provide a powerful
tool with which to determine the contribution of different shoRNP components to SSU-C1842
acetylation in human cells.
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An additional motivation for studying snoRNAs lies in their potential to be engineered to direct
RNA modifications to novel targets.'® 3" As an initial step in this direction, we demonstrated that
a SNORD13 mutant can be used to drive acetylation of an ectopic pre-rRNA substrate that is not
efficiently modified in endogenous cells. It is important to specify that this represents an extremely
simple model system, and the extent of SNORD13’s reprogrammability, as well as whether
analogues may direct NAT10 to novel substrates, remains unknown. Considering our collective
observations, the following features of SNORD13 appear necessary for ac*C deposition: i)
antisense complementarity, with apparent importance following 18S-A > 18S-C, 18S-B, ii)
invariable stem | and Il sequences, iii) a stem IV engineered to complement 18S-B for stability,
iv) a 5-MCG-3’ substrate sequence (M=A or C), and v) a non-hybridized substrate loop which
tolerates flexibility but not shifting of the cytidine modification site within it (Figure 6c). The
tolerance for a 5° C>A mutation in the CCG consensus is in line with our recent report of
acetylation in a 5-UCG-3’ sequence in the model organism P. polycephalum.* In contrast,
substrates harboring mutations 3’ to the acetylation site (e.g. 5’-CCC-3’) were not modified. This
suggests human NAT10 strongly prefers modification of 5’-HCG-3’ sequences, a consideration
that should be taken into account when evaluating novel substrates.? %4 It has been previously
noted that SNORD13 resembles a H/ACA snoRNA in terms of its bipartite substrate
complementarity.” ** Our mutational analyses of the antisense regions of SNORD13 - as well as
our recent discovery of an atypical D. melanogaster SNORD13 homologue* - suggest that unlike
H/ACA snoRNAs, a single antisense strand can suffice for ac*C deposition while the second may
increase efficiency. Additional studies will be required to characterize this model and establish
the scope of substrates NAT10 may be directed to via mutated SNORD13 analogues. Such
research will be greatly aided by high-throughput methods to characterize RNA-RNA
interactions*® as well as the transcriptome-wide distribution of ac*C.? Such studies are in progress
and will be reported in due course.
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