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Abstract

MN-Acetylcytidine (ac4C) is a post-transcriptional modification of RNA that is conserved across
all domains of life. All characterized sites of ac4C in eukaryotic RNA occur in the central
nucleotide of a 5"-CCG-3” consensus sequence. However, the thermodynamic consequences of
cytidine acetylation in this context have never been assessed due to its challenging synthesis.
Here, we report the synthesis and biophysical characterization of ac4C in its endogenous
eukaryotic sequence context. First, we develop a synthetic route to homogeneous RNASs containing
electrophilic acetyl groups. Next, we use thermal denaturation to interrogate the biochemical
effects of ac4C on duplex stability and mismatch discrimination in a native sequence found in
human rRNA. Finally, we demonstrate the ability of this chemistry to incorporate ac4C into the
complex modification landscape of human tRNA and use duplex melting to highlight an enforcing
role for ac4C in this unique sequence context. By enabling ex vivo biophysical analyses of
nucleic acid acetylation in its physiological sequence context, these studies establish a chemical
foundation for understanding the function of a universally conserved nucleobase in biology and
disease.

Graphical Abstract

Corresponding Author: Jordan L. Meier — Chemical Biology Laboratory, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Frederick, Maryland 21702, United States; jordan.meier@nih.gov.

The authors declare no competing financial interest.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/jacs.1c11985.

Figure S1, DBU treatment of model ac4C compound and extended HPLC traces; Figure S2, MALDI-TOF analysis of product
distribution in crude RNA synthesis products; Figure S3, optimization of RNA deprotection; Figure S4, PAGE purification and
MALDI ac4C decamer; Figure S5, heat stability of ac4C’s /\/4—acetyl group; Figure S6, ac4C+U wobble pair; Figure S7, synthesis

of dihydrouridine phosphoramidite; Figure S8, structural overlay of 7. kodakarensis rRNA helix 45 rRNA and zoomed-in overlay

of ac4C-G and C-G base pairs in wild-type and TkNat10 KO (ac4C-less) 7. kodakarensis rRNA helix 45; Figure S9, potential

base stacking interactions of ac4C; Figure S10, examples of additional hypermodified RNA contexts that contain ac4C; experimental
section, and materials and methods (PDF)

Complete contact information is available at: https://pubs.acs.org/10.1021/jacs.1¢11985


https://pubs.acs.org/doi/10.1021/jacs.1c11985
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11985/suppl_file/ja1c11985_si_001.pdf
https://pubs.acs.org/10.1021/jacs.1c11985

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bartee et al.

Page 2

Mo @
HN™ O
<N oy HLrgn 3
,:,.A;N«J ‘x,?‘ “0 5
R ]
T S
N’Jkoﬁvcn i @ C::
& B Solid Phase _DGg = F
v o o | RNA Synthesis (80 S§7¢° v
%y pAAGGCp-3[
"
j\’:‘ 5 lﬁn tRNAS* D-arm
LN A
i x Vv | Enables
G . - synthetic ac4C in its natural 5’-CCG-3' sequence
— oy + synthetic hypermodifed RNA sequences
ng-Op0  OTBS + systematic study of N*-C acetylation in RNA biology
NiiPr)y

INTRODUCTION

NA-Acetylcytidine (ac4C) is a modified RNA nucleobase that is universally conserved
among all domains of life (Figure 1a).1 Cytidine acetylation was first identified in eukaryotic
tRNA (tRNAS) in the 1960s.2:3 Subsequent quantitative mapping studies have defined
helices 34 and 45 of 18S rRNA (rRNA) and the D-stem of tRNASe" and tRNALU ag

the dominant sites of ac4C in eukaryotes.#® In humans, cytidine acetylation is catalyzed

by the essential RNA acetyltransferase enzyme NAT10, which works in concert with

protein and snoRNA adapters to address its distinct targets.*> Dysregulation of NAT10 has
been associated with many diseases, including premature aging syndromes and cancer.”8
Precisely why ac4C is so highly conserved in eukaryotic rRNA and tRNA remains unknown.

Knowledge of the molecular effects of ac4C largely derive from modeling and structural
studies of the free nucleoside.?10 Crystallographic data indicate the A*-acetyl group in
ac4C prefers a conformation in which it is oriented proximal to cytidine C®, reflecting

the influence of a weak C—H--O interaction formed between the acetamide carbonyl
oxygen and pyrimidine C°> C-H (Figure 1b).1516 This ordered structure is compatible with
canonical base-pairing, as it places the bulk of the acetyl group toward the major groove

of duplex RNA. AV*-Acetylation also stabilizes the C3”-endo conformation of cytidine’s
ribose sugar, an effect common to other rRNA modifications such as pseudouridine and
2’-O-methylation.1! These features were recently corroborated in a series of high resolution
cryo-EM structures of eukaryotic and archaeal ribosomes.6:12:13

Every specific site of ac4C thus far localized in human RNA occurs at the central base

of a5’-CCG-3” consensus sequence (Figure 1c).14 An identical 5'-CCG-3” sequence is
acetylated in members of the archaeal order Thermococcales, whose RNA harbors the most
acAC of any organism yet characterized on Earth.12:16 Interestingly, many cytidines that are
dynamically acetylated in response to temperature in Thermococcales occur at the stem of
hairpin structures adjacent to the loop, suggestive of a role for ac4C in enforcing duplex
stability.% Biophysical analyses of ac4C would provide foundational data as to its role in
biology and disease. However, ac4C has yet to be characterized in any physiologically
relevant sequence context due to a lack of methods to site-specifically introduce it into RNA.
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Previous studies have incorporated ac4C into RNA enzymatically using in vitro
transcription.17:18 While this approach facilitates many applications, it results in a non-
physiological, homogeneous replacement of every templated cytidine with an ac4C.
Combining in vitro transcription with ligation provides a potential route to incorporate
ac4C into a subset of sites;19:20 however, these methods are not well-suited to producing
the short homogeneous nucleic acids required for biophysical studies and would require
ligation at the modified nucleotide to incorporate ac4C into its physiological 5"-CCG-3’
context, a step that to date is unprecedented. Conventional protocols for solid-phase
synthesis of RNA oligonucleotides are similarly incapable of producing ac4C RNA.2! This
is because these methods employ A#-acetylation to protect the exocyclic amine of cytidine
during iterative coupling and deprotection steps and thus have been designed (even in the
case of “fast-deprotecting” phenoxyacyl protection)?2 to remove this modification during
nucleobase deprotection or upon nucleophilic cleavage from ester-linked resins (Figure 2a).
Despite being listed as a potential component of nucleic acid therapeutics in many patent
applications,23 the synthesis and characterization of ac4C at defined positions in RNA have
never been reported. The synthesis of site-specific acetylated RNA is a prerequisite for
understanding the biological role of ac4C and applying it as a functional element in nucleic
acid therapeutics. These opportunities highlight the need for a synthetic route.

RESULTS AND DISCUSSION

An Orthogonal Protection Strategy Compatible with Cytidine Acetylation.

Site-specific incorporation of cytidine acetylation into RNA requires (i) a protecting group
for the exocyclic nucleobase nitrogens and (ii) a solid-phase support linkage that can

be cleaved without removing the AV*-acetyl group of ac4C (Figure 2a). To address the

first criterion, we were inspired by prior syntheses of O-acetylated RNAs, which like

ac4C are sensitive to nucleophilic cleavage.2425 These studies employed A-cyanoethyl
O-carbamate (/V-ceoc)26 nucleobases that could be deprotected using the non-nucleophilic
base 1,5-diazabicyclo(4.3.0)non-5-ene (DBU). To determine the orthogonality of A~ceoc
protection and A*-acetylation, we analyzed the compatibility of DBU and ac4C using a
series of simple model substrates (Figure 2b). Over 4 h, DBU cleanly removed the A-ceoc
group from ceoc-C, while leaving AV*-acetylation intact (Figure 2c). However, degradation
was observed in the presence of morpholine (10% v/v) (Figure S1). The exquisite sensitivity
of ac4C to nucleophilic cleavage reagents differentiates this study from prior work, which
were able to use morpholine to scavenge acrylonitrile during the synthesis of C-acetylated
RNAs.24 These studies define an orthogonal condition for the protection and deprotection of
ac4C-containing RNA.

Synthesis of Building Blocks and Solid-Phase for Site-Specific ac4C RNA Synthesis.

To develop our strategy in an oligonucleotide context, we next synthesized N/-ceoc-protected
phosphoramidites of adenosine, cytidine, and guanosine via a 3,5’ -cyclic silyl-protected
strategy (Figure 3, top).2’ Briefly, parent nucleosides were first protected at the ribose

sugar via treatment with di- fer-butylsilyl bistriflate, followed by addition of fert-butyl
dimethylsilyl chloride and imidazole. In the case of cytidine, the pyrimidine ring was
protonated using one equivalent of triflic acid prior to addition of the silyl bistriflate.
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After protection of ribose, the exocyclic nitrogens were carbamoylated using ceoc-carbonyl-
N-methylimidazolium chloride. In the case of guanosine, the P was first protected via

the Mitsunobu reaction with (4-nitrophenyl) ethanol prior to carbamoylation at A2 using
ceoc-chloroformate. Selective removal of the 3”,5”-cyclic silyl ether was achieved using HF-
pyridine in dichloromethane. Finally, regioselective introduction of dimethoxytrityl at the 5
position, followed by phosphitylation, yielded A, C, and G phosphoramidite monomers in
sufficient yields for solid-phase synthesis.

Next, we sought to devise a solid-phase support that could release RNA oligonucleotides
without deacetylating ac4C. Given the incompatibility of ac4C with nucleophiles, we chose
to pursue a photocleavable approach.28:29 We hypothesized that a nitroveratryl-based linker
may be optimal for this purpose, allowing for mild cleavage upon irradiation at 365 nm
while minimizing photochemical reactions of RNA caused by shorter wavelength UV

light (Figure 3, bottom). This necessity is underscored by ac4C’s relatively red-shifted
absorbance (Aymax = 302 nm) and previously observed photochemistry.30:31 Synthesis of the
linker began with alkylation of vanillin followed by trifluoroacetic acid-mediated nitration.
Reduction of the aldehyde afforded nitroveratryl alcohol, which was further protected with
dimethoxytrityl chloride in pyridine to yield the elaborated linker. Subsequent deprotection
and coupling to long-chain alkylamine derivatized controlled pore glass (LCAA-CPG)
provided access to photocleavable solid support.

Synthetic Optimization Enables Site-Specific Incorporation of ac4C in RNA.

With these reagents in hand, we set out to establish conditions for the synthesis of ac4C
RNA oligomers (Figure 3a). These studies employed standard phosphoramidite coupling
time (6 min), coupling reagents (ETT), oxidation conditions (I, pyridine, H,0), and
decapping reagent (3% TCA in DCM). To avoid reaction of acetic anhydride with A~
protected exocyclic amines, conventional 5'-OH capping was omitted. This step was further
determined to be dispensable based on production of similar amounts of full-length RNA in
uncapped and pivalic anhydride-capped samples (Figure S2).32 However, while solid-phase
synthesis proved straightforward, successfully isolating homogeneous AV*-acetylated RNA
required several innovations compared to previous approaches. First, to avoid nucleobase
alkylation by acrylonitrile during N-ceoc removal, we developed an on-column deprotection
scheme (Figure 4a, optimization #1). This protocol passes DBU (0.5 M in acetonitrile)

over the nascent RNA oligomer on solid support to efficiently deprotect A-ceoc bases

while limiting their exposure to acrylonitrile thus obviating the need for a nucleophilic
scavenger such as morpholine. Second, to maximize yields of ac4C-containing RNA,

we identified photolysis conditions that efficiently cleave product from solid support but
minimize undesired A#-deacetylation (Figure 4a, optimization #2). Initial experiments using
amodel RNA (5’-UU(ac4C)UUp-3") indicated ~47% of ac4C was deacetylated during
photolysis or 2’-O-TBS removal (Figure S3). Addition of Hunig’s base to the desilylation
reaction modestly impeded deacetylation (47% to 35%, optimization #3). Changing the
photolysis solvent to buffered acetonitrile had a more profound effect, reducing the extent
of deacetylation to less than 5% (Figure S3). Elimination of these deacetylation products
greatly facilitates the synthesis of ac4C-containing RNAs by both improving yield and
streamlining purification. Finally, inspired by the work of Sekine et al.,33 we tested the
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synthesis using an A-unprotected guanosine phosphoramidite (Figure 4b). The use of this
synthetically facile monomer further improved accumulation of full-length RNA products.
Combining these innovations led to the identification of high proportions of desired products
in crude cleavage reactions (Figure S4, Figure 4c), which could be further purified using
polyacrylamide electrophoresis (PAGE) to yield pure ac4C-containing RNAs (Figure 4d).
Overall, these studies define an effective solid-phase synthetic route to RNAs containing the
endogenous electrophilic base modification ac4C.

Synthesis and Characterization of ac4C in an Endogenous 5’-CCG-3’ Sequence Context:

18S rRNA.

Human small subunit (SSU) 18S rRNA contains two high stoichiometry sites of ac4C
(C1280 and C1842), each of which is embedded in a fully base-paired 5'-CCG-3’
sequence (Figure 1b—c).4= To study cytidine acetylation in this context, we synthesized
an RNA decamer corresponding to the ac4C-containing strand of SSU helix 45 (Table 1).
Annealing to a complementary RNA enabled analysis of ac4C’s effects on duplex stability
and mismatch discrimination via UV-melting experiments. Consistent with its presence in
hyperthermophile RNA8 pilot analyses found ac4C is not labile upon heating (Figure S5).
Thermal denaturation curves were analyzed by both nonlinear regression and van’t Hoff
plots to extract thermodynamic constants (Table 1, Supporting Information). Agreement
between these two analysis methods supports a two-state denaturation model for all duplexes
analyzed. Focusing first on a fully complementary duplex (Table 1, entry 1), cytidine
acetylation was found to have an overall stabilizing effect on duplex RNA (A 7TMaeac v,

c = +1.7 °C). The free energy change caused by ac4C is accounted for by increased
enthalpy upon duplex formation relative to cytidine RNA. The only previous study of

M -acetylcytidine in a hybridized oligonucleotide context was in a polyuridine DNA and
observed a smaller increase in melting temperature (A TMacac v, ¢ = +0.4 °C).34 Further
study will be required to determine whether this difference reflects unique experimental
conditions or a stabilizing effect of ac4C on its evolutionarily conserved RNA sequence
context. Duplexes containing mismatches across from cytidine or ac4C mismatch duplexes
each exhibited reduced melting temperatures relative to their match counterparts (Table 1,
entries 2-4). Overall, the effects of ac4C on mismatch discrimination (AA 7TMc_g v. c-A)
are small and within the error of our experimental measurement. Taking into account the
average stabilities of match and mismatch, substitution of cytidine with ac4C appears to
slightly discriminate against a C—A mismatch (AA 7m = —0.4 °C) and increase tolerance
for a C-U mismatch (AA 7m = +2.0 °C). The increased C—A mismatch and C-U tolerance
appear to be enthalpically driven (AAH jcac-a v, c-a = +44 kcal/mol and AAH jeac—u v,
c-u = —41 kcal/mol). This could reflect the electron-withdrawing effect of the AV*-acetyl
group, which disfavors tautomerization (required for C-A pairing) and may render A*-H a
more effective hydrogen bond donor. Improved C-A mismatch discrimination by ac4C is
consistent with prior studies of £. co/itRNAME! where incorporation of A*-acetylation has
been shown to prevent misreading of AUA codons.2:3¢ The potential for ac4C to engage
in noncanonical pairing with uridine has not been previously described but is anecdotally
supported by the recent cryo-EM visualization of this base pair in an archaeal ribosome
(Figure S6).5
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Both known sites of cytidine acetylation in human rRNA reside two bases from a GeU
wobble base pair (Figure 1b—c).#=® Given the significance of GeU pairing to the RNA
structure,3” we next set out to determine how ac4C alters the stability of duplex RNAs
containing this element. Cytidine and ac4C duplexes were prepared containing a GeU pair
+2 bp from ac4C, effectively replicating the stem sequence found in helix 45 of human 18S
rRNA. Once again, RNA duplexes containing ac4C were found to be more stable than those
containing cytidine (A TmMaeac v. ¢ = +3.1 °C, entry 5). Cytidine acetylation also stabilizes
duplexes containing a GeU pair directly proximal to the modified nucleotide (entry 6), albeit
to a lesser extent. Differences in basal stability confound a quantitative comparison of GeU
versus and fully complementary RNA duplexes (entries 1 and 5). However, the observation
that ac4C is slightly more stabilizing in the GeU duplex (3.1 °C vs 1.7 °C) indicates the high
compatibility of this modification with adjacent noncanonical RNA base pairs. Moreover,
these studies provide the first empirical evidence that site-specific cytidine acetylation can
enforce RNA structure in a physiologically relevant sequence context.

Synthesis of ac4C in a Complex Modification Landscape: tRNASE',

Eukaryotic tRNASET constitutes the first site of cytidine acetylation ever characterized.23
Deposition of ac4C in eukaryotic tRNAs occurs at C12 of the D-arm, is exclusive to
tRNASer/Leu (Figure 5a), and requires both a cytidine acetyltransferase (Nat10 in humans;
Kre33 in yeast) and an adapter protein (Thumpd1 in humans; Tan1 in yeast).>38 Deletion
of yeast Tan1 causes loss of tRNAS', rapid decay of tRNASE o5, and growth defects at
elevated temperatures.3 This could indicate a critical role for ac4C in enforcing tRNASe
structure or, alternatively, reflect an ac4C-independent effect caused by loss of Tanl.
Emphasizing the need to consider this latter possibility, previous studies have found proteins
that carry out tRNA modifications can aid tRNA maturation independent of their catalytic
activity.40 Differentiating between these scenarios would be greatly aided by the ability to
isolate the biophysical effects of ac4C in the unique context of the tRNA D-arm. This led
us to ask the following question: does cytidine acetylation alter the stability of this tRNASe’
substructure.

Human and yeast tRNASE" A share an identical sequence and modification profile in

their D-arm, which is composed of a 4-bp stem that contains an internal ac4C-G and an

8-nt D-loop with three dihydrouridines (D) and one 2’-O-methylguanosine (Gm).1:341 |ts
synthesis presents a challenge due to its length (16 nt) and the presence of an additional
labile nucleobase, D, that is prone to ring-opening. Previous studies have shown D-
containing RNA can be obtained using phenoxyacyl-protected nucleobases.*2 This led us to
hypothesize that the even gentler A~ceoc protecting group strategy would be compatible with
D, while also facilitating incorporation of ac4C (and Gm) into the hypermodified tRNASe"
hairpin. To obtain the necessary building blocks, 5”-O-DMT-protected phosphoramidite
monomers of D and Gm were synthesized. The synthesis of protected D used an adaptation
of a previously reported method (Figure S7),2 while the Gm monomer was readily obtained
via nucleobase deprotection of a commercial starting material in a single step.43 These
materials were then applied in combination with the previously described building blocks
using the optimized solid-phase protocol to synthesize tRNASE" D-arm models containing
either C or ac4C at the C12 position. Analysis of crude reaction products revealed higher

JAm Chem Soc. Author manuscript; available in PMC 2024 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bartee et al.

Page 7

amounts of truncation products during the synthesis of tRNA hairpins relative to our rRNA-
derived 10-mer, consistent with its longer linear sequence (Figure 5b). PAGE purification,
and in the case of ac4C subsequent HPLC-purification, yielded the desired C- and ac4C-
containing tRNASe" D-arm hairpins in quantities sufficient for biophysical characterization
(Figure 5c).

Melting temperature measurements were performed at higher concentrations to account

for the short stem structure and presence of nonaromatic nucleobases in the tRNA

hairpin. Thermal denaturation analysis revealed a clear helix to coil transition for the
ac4C-containing RNA at 71.4 + 0.4 °C, while the nonacetylated hairpin melted at 62.9

+ 0.7 °C (ATmyeac v, ¢ = +8.2 °C) (Table 2). This represents a stabilization of ~1 kcal/mol,
similar in magnitude to the free energy change caused by inserting pseudouridine into a
base-paired duplex.#4 The UV-melting profile of tRNASE" was not sensitive to concentration,
consistent with a unimolecular (hairpin) as opposed to a bimolecular (duplex) process.
Across evolution, serine and leucine tRNAs are characterized by two unique elements: a
variable region of more than 10 nucleotides and a conserved purine—purine (G13+A23)
pair.*®> Of note, these features converge on the tertiary structure of the tRNA formed by

the D-arm. Our studies suggest ac4C may constitute a third distinct functional element in
eukaryotic tRNASE" and tRNALeY and support the plausibility of a mechanism whereby
cytidine acetylation regulates tRNA half-life and overall fithess by modulating the structural
dynamics of these noncoding RNAs at elevated temperatures (Figure 6).

CONCLUSION

Recent evidence linking Nat10 to disease has invigorated the study of cytidine acetylation
in RNA. However, the precise effects of ac4C on nucleic acid structure and function

remain unknown.? Here, we report the synthesis and evaluation of A*-acetylcytidine in

its physiological RNA sequence context. Systematic development of a mild non-nucleophilic
RNA synthesis enabled the preparation of homogeneous ac4C oligonucleotides. In a duplex
RNA based on helix 45 of human 18S rRNA, we find that ac4C increases C-G base

pair stability, an effect that is slightly augmented by the presence of a physiological GeU
pair proximal to the acetylated 5"-CCG-3. Our synthetic method also provides access to

the hypermodified D-arm hairpin of eukaryotic tRNAS", and we find that ac4C is highly
stabilizing in this context (A 7TMacac v ¢ = +8.2 °C). Previous studies have shown that
destabilization of the D-stem can propagate in a zipper-like manner toward the anticodon
arm,* triggering disruption of the tRNA tertiary structure and recognition by decay
machinery.#’ By providing empirical evidence that D-arm stabilization is highly dependent
on ac4C at elevated temperatures, our studies differentiate the catalytic and noncatalytic
functions of the Kre33/Tanl complex and provide a molecular rationale for why Atanl
strains exhibit decreased tRNAS®" and reduced fitness under environmental stress.

Clarifying the thermodynamic consequences of ac4C in these physiologically relevant
sequence contexts also raises new questions. First, how does ac4C stabilize duplex RNA?
Comparative cryo-EM analyses of an archaeal ribosome with >100 sites of ac4C did

not observe large perturbations of hydrogen-bonding when this modification was deleted
(Figure S8), albeit at limited resolution. One source of stability may come from the
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exocyclic acetyl group of ac4C, which projects into the major groove of duplex RNA and
has been hypothesized to contribute to binding enthalpy by serving as a stable covalent
replacement for ordered waters at elevated temperatures.8 Another analogy may be found in
5-formylcytidine, which presents an exocyclic hydrogen bonding network toward the C-H
edge that is similar to the favored conformation of ac4C and has been shown to increase
base-stacking.*® Simple modeling of a 5"-CCG-3" RNA duplex reveals the potential for
ac4C to similarly improve stacking with the upstream nucleotide (Figure S9), which may
provide an additional enthalpic contribution. Understanding the molecular basis for ac4C-
dependent duplex stabilization will benefit from additional biophysical interrogation and
high resolution structural analyses, both of which will be facilitated by our method.

A second question is why is cytidine acetylation restricted to tRNASE" and tRNALEY, As
noted above, these species are distinguished from other tRNAs by large variable regions
(>10 nt) and the presence of a purine—purine (GeA) pair in the D-stem.*> Here, we

suggest two hypotheses. These tRNAs could be uniquely recognized as substrates by

the Nat10/Thumpdl (Kre33/Tanl) complex. Alternatively, these tRNAs could be uniquely
susceptible to modification-dependent structural stabilization, given the rare occurrence of
a noncanonical GeA pair directly adjacent to ac4C.49°0 Previous studies have demonstrated
the GeA interaction is highly sensitive to sequence context.>! Understanding how RNA
modifications affect adjacent noncanonical base pairs is an important question posed by
our observations, which future applications of site-specific ac4C synthesis will seek to
address. Our studies of the D-arm also emphasize a limitation of our strategy, which is

the inaccessibility of full-length tRNAs to purely synthetic methods. In addition to genetic
analyses,*’ ligation-based strategies have proven in stitching together differentially modified
fragments into full-length tRNAs to study their functional effect.52 The products of our
synthetic route should prove readily integrable with such methods.

Finally, we anticipate the synthetic method described here will enable several additional
exciting applications. Besides the D-arm of eukaryotic tRNASe"LeU hypermodified ac4C-
containing RNAs are also present in the bacterial anticodon arm and the archaeal ribosome
(Figure S$10).3%:53 The latter also contains 2”-O-methylated ac4C (ac4Cm), the so-called
“most conformationally rigid nucleobase” present in nature.>* Our methods should facilitate
pioneering biophysical and structural analyses of these modification-rich contexts. In
addition, the ability to site-specifically incorporate ac4C opens the door to exploring

its effects in functional nucleic acids, including short guide RNAs, short interfering

RNAs, and antisense oligonucleotides. A recent study found homogeneous replacement

of cytidine with ac4C reduced the immunogenicity of synthetic mMRNAs,8 suggesting

this modification’s potential therapeutic utility. We envision our synthetic route as being
amenable to incorporation of diverse AV*-acylated cytidines®® as well as other electrophilic
nucleobases,®® further extending the chemical functionalities that may be explored in these
applications. By illuminating how ac4C influences duplex RNA stability in physiological
sequence contexts, this chemistry provides a foundation for understanding and exploiting
cytidine acetylation as a novel regulatory element in biology, biotechnology, and disease.
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(a) M*-Acetylcytidine (ac4C). (b) Schematic of the ac4C—G base pair. (c) Sites of ac4C that
have been identified using nucleotide resolution methods in human RNA.
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Figure 2.

(a) Strategy for site-specific synthesis of ac4C RNA. Retention of ac4C requires a solid
support and protected building blocks that are labile to non-nucleophilic conditions (center),
thus avoiding nucleophilic deprotection which cleaves ac4C (right). (b) Model substrates
used in ac4C-DBU compatibility studies. (c) HPLC traces of model ceoc-C (top) and ac4C
(bottom) substrates following exposure to DBU for 0.4 or 4 h. Extended HPLC traces are
provided in the Supporting Information.
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Figure 3.
Synthesis of building blocks for site-specific ac4C synthesis. Top: synthesis of A-ceoc-

protected phosphoramidites. a) (i) (O-tBu),Si(OTf),, DMF, 0 °C, (ii) TBS-CI, imidazole,
DMF, 60 °C; b) ceoc-carbonyl-A-methylimidazolium chloride, DCM, 23 °C; c) HF-
pyridine, pyridine, DCM, 0 °C; d) DMTr-ClI, pyridine, 4 °C; €) (OCH,CH,CN)P(iPr2N),,
tetrazole, ACN, 23 °C; f) (O-tBu),Si(OTf),, TfOH, DMF, 0 °C, (ii) TBS-CI, imidazole,
DMF, 60 °C; g) H, (1 atm), Rh/alumina, MeOH, 23 °C; h) (OCH,CH,CN)(iProN)PCI,
iProNEt, THF, 23 °C; j) triphenylphosphine, DIAD, (4-nitrophenyl)ethanol, dioxane, 100 °C;
k) ceoc-chloroformate, DCM, 23 °C. Bottom: synthesis of photocleavable solid support. a)
Methyl (4-bromobutyrate), K ,CO3, DMF, 23 °C; b) TFA, KNO3, THF, 23 °C; c) NaBHg,
MeOH, 23 °C, d) DMTr-Cl, pyridine, 4 °C; e) (i) ag. LiOH, THF, 23 °C, (ii) HATU,
iProNEt, LCAA-CPG, ACN, 23 °C, (iii) Piv-Cl, A-methylimidazole, 2,6-lutidine, THF, 23
°C. Right: graphical abbreviations for monomers used in this study. Full NMR and mass
spectra are provided in the Supporting Information.
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Figure 4.
(a) Solid-phase synthesis of ac4C-containing RNA oligonucleotides. Standard

phosphoramidite synthesis conditions were employed, with the exception that no 5”-capping
step was used. Optimizations critical for ac4C synthesis included on-column deprotection
(#1), buffered photolytic cleavage (#2), and buffered desilylation condition (#3) to minimize
alkylation and ac4C cleavage byproducts during release of the deprotected oligomer. (b)
Ac4C synthesis is improved by the use of unprotected G monomer (#4). (c) Schematic

for polyacrylamide gel electrophoresis (PAGE) purification and UV image of full-length
and truncation products formed by optimized synthesis. (d) MALDI-TOF mass spectra of
purified ac4C-containing 10-mer RNA. Full gels and MALDI-TOF spectra are provided in
the Supporting Information.
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Figure 5.
(a) Sequence alignment of the D-arm of serine and leucine tRNAs. D = dihydrouridine,

yellow = ac4C, green = Gm, red = purine—purine pair. See Table 2 for the secondary
structure. (c) PAGE analysis of the crude product. (c) MALDI-TOF analysis of the purified
tRNASE" D-arm.
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Figure 6.

Model for regulation of tRNA stability by ac4C-dependent D-stem stabilization. Yeast
growth illustration made using Biorender.com. Primary data demonstrating reduced levels of
tRNASE" and reduced cell fitness in ac4C-deficient Atan1 strains are provided in ref 39.

JAm Chem Soc. Author manuscript; available in PMC 2024 November 22.


http://Biorender.com

Page 19

Bartee et al.

Author Manuscript

TC ¥ 96— 09 ¥ 6L¢- SOFSTI-

£:230YINOYYD:

SEEEERRN

-

L9 L400¥YNO2INNDS
Le+ n-o X

o-UUﬂdU?Q*‘U.n

SITG8-  TGT8EZ-  POTLOI- ey c4DOYNDOIAND S

$°22NYIVOYYOD'L

ETT98-  6EF6E-  TT+STI- 5Ly c400YNDIIANDS
£T+ V-0 X

w.UOQ‘Q‘O‘.‘Q.H

GT66-  STTES-  SOTSTI- z9p c400YNDIINNI-S

S-22NYODOVYYD-£

GTO0T-  9TFI8Z- 90T 98I- 99 £489VNDIDNND-S
LT+ 90

YNNI

£FT0T-  L¥S92-  20F99I- 6'59 £4:99YN92INND- S

(low/rea) HV (M) sV (jow/reax) oV (O%9e) (Do) W1V

VN34 S8l S¥ XlIsy

[

Z

YW
z 20NV V-E£
VoW T T eI

O 99vN992NN-§

Gl (D) WL  8jgeLeA

Cord LI 1]

e

xa|dnp vNY

B

¢(doL) G X1I3H WN¥J NSS uewnH Aq pasidsu] saxa|dnd WNY 40 BunsiN-AN

‘Tal1qeL

Author Manuscript

Author Manuscript

Author Manuscript

JAm Chem Soc. Author manuscript; available in PMC 2024 November 22.



Page 20

Bartee et al.

Author Manuscript

‘uolrewogu] Buiioddns ayy ui papiaoid ale syold JoH 1,UeA pue seaind Bunjaw Arejdwax3
w7 g1 Qwz A DPI8w ) = wyv (g =w) siied 8jqqom Neo usdelpe yum Aljigiredwod pue ‘uoieullwLIdSIP Yorewsiw ‘Bullied-aseq [ealuoued Uo J7oe J0 198448 8yl 153} 0 paubisap aiam mmxm_g:n_m

0T ¥ G6- 62 F852-  8O0FTGI- LS
AL
£<400¥YNOJINNI-S
LT+ (T-)Neo a
AT
ITFVIT-  €5F028-  60F¥vi- 0'95 £499YNO20NND 5
0000V S
6T F L0T- GF16c-  TTIFEIT- 0'v9 £400YNOIINND S
Te+ N9 pS
AL
0Z ¥ £0T— GF¥E8c-  LOFEST- 6'09 £490YNODONND-$
ﬂ.uubﬁuvui(ﬂv.n
]
02T v6-  S9FI9-  YOFHTI- zsp t400YNDIIAND S
e+ 20 X
«_uub,_.ov.ui_qﬂu_n
P | 11
ZTFI8- ZEFVE-  TOFOTI- 6'2y C400YNODIAND-S
(low/reax) HY ~ (n3)sv  (jowyreax) oV (Ovoe) (Do) wiv  [AM 6] (0.) WL  djqerren xa1dnp vNY
VN34 S8l S¥ XII3y
<NE g
9 = .
Vi 00N9099VV-¢g
? 1 l=101111 -
O 99vnNo9209NnN-§ “, & Y—
n =
SRR T
RS

Author Manuscript

Author Manuscript

Author Manuscript

JAm Chem Soc. Author manuscript; available in PMC 2024 November 22.



Page 21

Bartee et al.

Author Manuscript

‘uolrewdoyu] Bunioddns ayy ui papiaoid ale saaInd Bunjaw N4 ‘(g = ) stuawiiadxa Bunaw-AN Wous paulelqo sisiaweled olweuApoway |
:wonog ‘suidirey wire-q 19 VY Uewny Buiureluod-oyae pue -9 ayp Jo erep Bunjaw 03 114 saAIND :ybry *dooj-a ayl Jo Wials ayl Ul ZTD e Diyde Jo aus ay} Buimoys Jag YN J0 d1ewayos Y,

€F - . ¥ 68—
T¥62- € F 98-
(low/eax) HV  (n9) sV

20FVe-
I
(lowyjeay) ov

(0.) aimesadway
001 08 09 or
L i 1 i L i L
kosro
PR st |
AT
¢ sL0 2
7 ¥ o8
Z 1 080 &
¢ ED 3
p o)
Gt Bunjow [ ¢
WE-Q L ogg

'8+

(ovoe) (0,) WiV

TTL otoe
629 o)
[ 6] (0.) wL  8jqerren

uue-q s vYNy)

a

g-d-000y V" A
[T .

s-9009, 1

p1ag VN UBLINH JO Wiy/-@ 8y 0) Bulpuodsaiio uidireH WNY 9118UIUAS Jo Bunjsin-AN

‘¢ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

JAm Chem Soc. Author manuscript; available in PMC 2024 November 22.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	An Orthogonal Protection Strategy Compatible with Cytidine Acetylation.
	Synthesis of Building Blocks and Solid-Phase for Site-Specific ac4C RNA Synthesis.
	Synthetic Optimization Enables Site-Specific Incorporation of ac4C in RNA.
	Synthesis and Characterization of ac4C in an Endogenous 5′-CCG-3′ Sequence Context: 18S rRNA.
	Synthesis of ac4C in a Complex Modification Landscape: tRNASer.

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

