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Abstract

N4-acetylcytidine (ac4C) is a highly conserved modified RNA nucleobase whose formation is
catalyzed by the disease-associated N-acetyltransferase 10 (NAT10). Here we report a sensitive
chemical method to localize ac4C in RNA. Specifically, we characterize the susceptibility of ac4C
to borohydride-based reduction and show this reaction can cause introduction of noncognate base
pairs during reverse transcription (RT). Combining borohydride-dependent misincorporation with
ac4C’s known base-sensitivity provides a unique chemical signature for this modified nucleobase.
We show this unique reactivity can be used to quantitatively analyze cellular RNA acetylation,
study adapters responsible for acAC targeting, and probe the timing of RNA acetylation during
ribosome biogenesis. Overall, our studies provide a chemical foundation for defining an expanding
landscape of cytidine acetyltransferase activity and its impact on biology and disease.

The N4-acetylcytidine (ac4C) is a highly conserved RNA nucleobase whose formation is
catalyzed by N-acetyltransferase 10 (NAT10), an acetyltransferase implicated in cancer and
premature aging syndromes.12 Studies in human cell lines and yeast indicate that NAT10
and its homologues regulate ribosome biogenesis as well as tRNA stability.34 However,
studying the mechanistic role of RNA acetylation in these processes remains challenging
due to limited methods for site-specific ac4C analysis. To date, the only method that has
been used to localize ac4C to specific sites in cellular RNA is mung bean nuclease cleavage
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coupled to UV-HPLC analysis.*> While this method has advanced the field, it suffers from
poor sensitivity due to a lack of signal amplification and requires the synthesis of tiling
oligonucleotides, limiting throughput. This contrasts with other highly conserved RNA
modifications such as 2’-O-methylation (Nm) and pseudouridine (¥), for whom chemistries
have been developed that allow site-specific analysis by primer extension and/or sequencing.
6-8 Similar methods to analyze ac4C have the potential to greatly expand our understanding
of RNA acetylation by facilitating the study of ac4C dynamics,?-10 defining how adapter
molecules such as snoRNAs guide NAT10 to its RNA targets,* and allowing the localization

of ac4C in organisms where its presence has been reported, but specific sites are not known.
11

In developing a chemical method to detect ac4C in RNA, we were inspired by early studies
which observed that the electron-deficient nature of the ac4C pyrimidine renders it
susceptible to addition of sodium borohydride across its 5,6-double bond.1213 Addition of
two hydride equivalents forms the reduced nucleotide N4-acetyl-3,4,5,6-tetrahydrocytidine
(“reduced ac4C”; Figure 1). On the basis of analogy with other methods,-8:14-16 we
hypothesized the altered structure of reduced ac4C may cause pausing or misincorporation
during reverse transcription (RT) of ac4C-containing RNA, generating a unique PCR-
amplifiable chemical signature that could be used to detect the modified nucleotide.

To explore this approach, we first compared the propensity of different hydride donors to
stimulate reduction of ac4C versus chemical deacetylation, the latter which is known to
occur in alkali solutions.1” Differentiating ac4C reduction from deacetylation is critical, as
the latter erases the information content of the acetylated nucleobase and could limit its
sensitive detection. To study these processes we used UV spectroscopy to analyze the ac4C
nucleoside, monitoring reduction and deacetylation in parallel (Figure S1). Several hydride
donors were identified that rapidly reduced ac4C (loss of 300 nm) but did not cause
measurable cytidine formation (gain of 270 nm; Figure 1b,c). These studies indicate
reduction occurs rapidly relative to deacetylation and establish an information-rich chemical
transformation of ac4C.

Next, we assessed the reactivity of borohydride reagents with ac4C in RNA polynucleotides.
For these studies synthetic RNA containing a single ac4C site was produced via in vitro
transcription, and reduction of ac4C was analyzed using a recently reported anti-ac4C
antibody (Figure 2a).17 Control experiments indicate the antibody does not interact with
reduced ac4C, validating its ability to monitor this transformation (Figure S2). Consistent
with studies of the free nucleoside, sodium borohydride caused time- and concentration-
dependent reduction of ac4C RNAs (Figure 2b). LCMS analysis confirmed loss of ac4C
from these RNAs (Figure S3). Importantly, ablation of ac4C was not accompanied by a
concomitant increase in cytidine, consistent with preferential reduction versus deacetylation
(Figure S3). Borohydride reactivity was observed in the presence of complementary
oligonucleotides spanning the ac4C site, suggesting ac4C reduction can occur in duplex
RNA (Figure S4a). Furthermore, borohydride-treated ac4C RNAs did not show increased
cleavage in the presence of aniline (Figure S4b). This distinguishes ac4C from
dihydrouridine, 3-methylcytidine, and 7-methylguanosine, which have each been shown to
be susceptible to aniline-catalyzed strand scission following borohydride reduction.18
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Having established the borohydride reactivity of ac4C in RNA, we next examined the ability
of the reduced nucleobase to alter RT (Figure 2c). In theory, reduced ac4C could cause RT
enzymes to stop, as occurs at sites of ¥ upon chemical derivatization, or increase
incorporation of noncognate nucleotide triphosphates, causing mutations readily detectible
during cDNA sequencing.819 To assess RT stop we tested the effect of borohydride on
extension of a labeled (Cy5) primer during RT of our model ac4C RNA substrate. Since
polymerases display different intrinsic sensitivities to modified nucleobases, %20 we
screened three RT enzymes for their ability to report on the presence of reduced ac4C: Avian
Myeloblastosis Virus (AMV), Superscript 111 (SSIII; a derivative of MMLV RT), and
thermostable group Il intron (TGIRT). All three RT enzymes generated a mixture of full
length and borohydride-dependent RT stop products when tested against the ac4C model
RNA (Figure 2c). The relative abundance of full-length product (P) versus stop (S) followed
the rough rank order TGIRT > Superscript >> AMV. RT stop primarily occurred -1, 0, and
+1 relative to the position of the modified ac4C, with the specific distribution of stops highly
dependent on the RT enzyme used. Of note, no RT stop was observed when the analogous
cytidine-containing RNA was treated with borohydride (Figure S5a).

To further assess whether reduced ac4C caused misincorporation during RT, full length
cDNA products from ac4C/borohydride reactions were PCR amplified, gel-extracted, and
analyzed by Sanger sequencing. This revealed a borohydride-dependent mismatch in the
ac4C-containing model RNA which was not observed in similarly treated cytidine-
containing RNA (Figure 2d). The mutational signal was partial and manifested as
incorporation of adenosine into the antisense cODNA during RT opposite the reduced ac4C.
The mixture of G and A indicates a preference for incorporation of a purine nucleotides
across from reduced ac4C in the template strand. The mutational bias of reduced ac4C was
highest with TGIRT, consistent with previous reports of its application as a highly processive
reverse transcriptase.?! It is important to note that our survey of RTs was not exhaustive, and
screening of additional enzymes may further improve ac4C detection.2%-22 Misincorporation
was found to proceed to a slightly greater extent at lower dGTP concentrations (Figure S5c).
To assess the influence of sequence context on this assay we compared four synthetic RNAS
containing a single site of ac4C but distinguishable flanking sequences (Figure S5d). The
presence of ac4C in these four RNAs caused comparable, but statistically distinct, mismatch
signal (25-31%). This indicates flanking nucleobases may fine-tune the magnitude of
mutational signature observed at ac4C sites, as has been observed for other modifications.23
These studies define a sensitive, RT-based method to detect ac4C in RNA.

Next, we sought to exploit this unique chemical reactivity for site-specific detection of
endogenous cellular ac4C. Human 18S rRNA contains ac4C at two sites: helix 34 (C1337)
and helix 45 (C1842) (Figure 3). Primers for RT of these sites were designed to overlap the
two N6-dimethyladenosine (m26A) residues present in helix 45, which are known to disrupt
RT.24 Borohydride-treatment of total RNA isolated from HeLa cells followed by TGIRT RT,
PCR, and sequencing led to the reproducible observation of ~50% G — A mutations at each
site, relative to <10% in each untreated control (Figure 3b,c, S6). As a further proof of ac4C
at these sites, we preincubated HeLa RNA in alkali buffer (pH 10.5), which is known to
stimulate chemical deacetylation.1” In contrast, misincorporation at ac4C flanking bases was
not borohydride-dependent, and was characterized by a low signal to standard deviation
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ratio. Alkali pretreatment diminished the rate of borohydride-dependent mutations observed
at C1337 and C1842, but not at adjacent sites (Figure 3b—e, S6). To define the quantitative
aspect of this assay, we prepared different stoichiometries of acetylated and deacetylated
cytidine (100:0, 80:20, 60:40, etc.) using RNA from wild-type cells (assumed 100%
modified)® and cells deficient in the U13 snoRNA responsible for C1842 acetylation (0%
modified).# Linear, stoichiometry-dependent misincorporation was observed at the known
site of ac4C in human helix 45 (Figure 3d). An analogous experiment with the synthetic
ac4C RNA demonstrated similar linearity and slope (Figure 3e). Together, these results
suggest that borohydride-dependent misincorporation is well-suited for the quantitative
analysis of individual ac4C sites, with the caveat that intrinsic differences in mismatch rate
caused by sequence (Figure S5d) or structural effects may limit quantitative comparisons of
distinct ac4C sites.22 Overall, these studies establish alkali-sensitive, borohydride-dependent
misincorporation as a unique and quantitative chemical signature that can be used to study
ac4C in RNA.

Finally, we applied our method to understand the timing of cytidine acetylation in ribosome
biogenesis. The apical site of ac4C in helix 45 of human rRNA occurs eight base pairs from
two m26A sites (Figure 4a). Previous studies have shown extension of an RT primer specific
for the 21S-C preribosomal (and its precursors) is halted by m26A, providing evidence that
this methylation occurs in the nucleus.24 However, similar studies of ac4C have not been
performed due to a lack of methods. To address this, we assayed for ac4C-dependent
misincorporation using a 21S-C specific primer (Figure 4b). Our hypothesis was that if ac4C
is installed in this species prior to m26A, it should allow read-through, and ac4C detection.
Indeed, hydride reduction of total RNA followed by RT, PCR, and sequencing revealed clear
misincorporation at C1842 using the 21S-C primer (Figure 4c). While the precise species
upstream of 21S-C where ac4C is incorporated remains to be determined (Figure S6), this
straightforward experiment indicates that installation of ac4C can (1) occur in the nucleus,
and (2) occur prior to m26A dimethylation in at least a subset of pre-rRNAs. Also of note,
this streamlined approach avoids fractionation, radioactivity, and requires several orders of
magnitude less material (pg versus (g) than traditional HPLC methods for ac4C analysis.

In summary, here we have reported a chemical signature for cytidine acetylation in RNA.
We find that ac4C can be efficiently reduced by borohydride-based reagents in model
nucleosides, nucleotides, and endogenous rRNA substrates. While sodium borohydride is
known to also react with other modified RNA nucleobases, ac4C is differentiated by its
unique alkali sensitivity. Reduced ac4C interferes with RT and produces a unique mutational
signature that was applied to quantitatively study snoRNA-dependent NAT10 rRNA
acetylation. Applying this method to study pre-rRNAs provided evidence for the installation
of ac4C in the nucleus, prior to adenine dimethylation of helix 45’s hairpin loop (Figure S6).
Beyond the findings demonstrated here, in the future this method should enable multiple
additional applications. First, the high sensitivity of this assay (enabled by PCR
amplification) will be extremely useful for assessing ac4C dynamics in response to stimuli
such as the metabolic state of the cell.?-10 Second, cytidine acetyltransferases are known to
use adapter snoRNAs to modify their RNA substrates, some of whom remain
uncharacterized.2> The ability to query ac4C sensitively and site-specifically will be an
essential component in genetic screens aimed at identifying snoRNA adapters for cytidine
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acetyltransferases, and potentially also help define rules for enzymatic ac4C-targeting.2%
Finally, this method may be useful for identifying putative sites of ac4C in coding RNAs,
which have recently been proposed to exist in yeast.2’ One limitation of our method as
currently constituted is an inability to analyze ac4C in densely modified targets such as
tRNAs, whose sequencing is challenged by the presence of nucleobases that disrupt Watson—
Crick base-pairing and limit RT procession.28 In the future, we anticipate this challenge may
be addressed by integrating borohydride-based reduction with recently reported ligation-
based tRNA sequencing methods as well as by exploring more processive RT enzymes such
as HIV and Marathon reverse transcriptase.22 Overall, our studies provide a chemical
foundation for the site-specific analysis of ac4C dynamics in settings where pathogenic
NAT10 activity has been identified, as well as novel explorations of how and where this
RNA maodification is targeted.
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Figure 1.

(a;gChemicaI reduction of N4-acetylcytidine to tetrahydro-N4-acetylcytidine. (b) Heat map
of UV analysis testing different hydride donors for ablation of ac4C absorbance at 300 nm,
indicative of reduction or deacetylation. (c) Heat map of UV analysis testing different
hydride donors for production of C (280 nm) from ac4C, indicative of deacetylation.
Reaction conditions: ac4C (0.1 mM), reductant (20 mM), H,0. Additional UV data is
provided in Figure S1.
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containing RNA. (b) Dot blot analysis of ac4C reduction in a synthetic RNA substrate (37
°C). (c) Primer extension analysis of ac4C-containing RNAs following NaBH, treatment
(100 mM, 37 °C, 1 h). (d) Sanger sequencing analysis of PCR-amplified cDNAs (sense
strand) generated from ac4C RNAs following NaBH, treatment (100 mM, 37 °C, 1 h) and

TGIRT RT.
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Supporting Information.

JAm Chem Soc. Author manuscript; available in PMC 2021 April 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Thomas et al.

a 18S rRNA helix 45 b m26A

.
oyuecounse’ g
(;AAGGCC.BUCC
S

no m26A
no RT stop
ac4C mismatch

RT stop
no ac4C mismatch

3

21S-C pre-ribosomal RNA (nuclear)

C

21S-C pre-rRNA

18S rRNA

UUUCE@GUAG

Figure 4.

mismatch %

Page 10

Applying borohydride-dependent misincorporation to study ac4C in rRNA biogenesis. (a)
RNA modifications in human 18S helix 45. (b) RT of 21S-C pre-rRNA depends on relative
timing of m26A and ac4C modifications. “C” and “E” represent sites at which the pre-rRNA
is cleaved. Extension of the 21S-C primer, which forms cDNA from pre-rRNAs in which

these cleavage sites are intact, may be impeded by m26A and reduced ac4C. (c) ac4C-

dependent mismatch can be detected using an RT primer specific for the 21S-C pre-rRNA

and its precursors.
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