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SUMMARY

Extremophilic Archaea employ diverse RNA madifications for survival. Our understanding

of the modified nucleosides and their functions in Archaea is far from complete. Here,

we establish an extensive profile of nucleoside modifications in thermophilic and mesophilic
Archaea. Through liquid chromatography-tandem mass spectrometry (LC-MS/MS) and rigorous
non-coding RNA depletion, we identify four previously unannotated modifications in archaeal
mRNA. Nucleoside analysis conducted on total, large, small, and mRNA-enriched subfractions of
hyperthermophile 7hermococcus kodakarensis reveals modifications whose relative abundance is
dynamically responsive to growth temperatures. To predict archaeal RNA-modifying enzymes,
we leverage open-access databases to compare putative functional domains with previously
annotated enzymes. Our approach leads to the discovery of a methyltransferase responsible for the
installation of m’G in the P loop of 23S rRNA peptidyl transferase center in 7. kodakarensis. The
methyltransferase activity is confirmed /n vitro with synthetic substrates and /n vivo by assessing
the presence of the m’G modification in a genetic deletion strain.
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Tsai et al. describe comprehensive nucleoside profiles of archaeal RNAs and identify temperature-
responsive madifications using LC-MS/MS. They establish a workflow for RNA-modifying
enzyme discovery by associating enzyme predictions with global nucleoside profiles. This
approach reveals a methyltransferase responsible for installing an m’G in the peptidyl transferase
center of 23S rRNA.

INTRODUCTION

Many Archaea thrive in extreme environments on Earth that present very real challenges

in maintaining RNA stability and function. A growing body of evidence highlights the
importance of chemical modifications introduced post-transcriptionally by specialized RNA-
modifying enzymes in conferring thermal stability to RNA in thermophilic Archaea.l-8
Across the three domains, >170 RNA modifications have been identified, bespeaking

to their chemical and functional diversity. Some modifications modulate base-pairing
capacity, while others create versatile surfaces for protein interactions.-11 The modification
landscape is complex with RNA modifications unevenly distributed among RNA classes
and many sites of modification occurring substoichiometrically, presenting a formidable
challenge for unambiguous detection and quantification. Finally, our incomplete knowledge
of the enzymes responsible for installing these modifications further hinders a deeper
understanding of their functional roles.
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To realize the impact of RNA modifications on the survival of Archaea in extreme
environments, it is essential to build a comprehensive catalog of the modified nucleosides
generated within these organisms. Nucleoside profiles can serve as roadmaps to reveal the
presence or absence of specific RNA-modifying enzymes and to identify modifications that
respond to environmental cues. While significant efforts have been made to characterizing
nucleosides in archaeal RNA over the past decades,12-17 the dynamic changes in
nucleoside levels in response to varying environmental conditions remain poorly understood.
Historically, ribosomal RNA (rRNA) and transfer RNA (tRNA) have been the main
subjects for archaeal RNA modification studies owing to their high cellular abundance

and dense modification status. In contrast, profiling modifications in mMRNA poses
additional challenges due to perceived lower abundance, sparse modification density, and
the requirement for rigorous non-coding RNA (ncRNA) depletion; to date, only ac*C and
m®C have been reported in archaeal MRNA.3.718 |n light of the diversity of modifications
that are present in extremophilic archaeal ncRNAs, a comprehensive survey of the mMRNA
modification may provide further insights into archaeal adaptive mechanisms.

Next-generation sequencing (NGS) and mass spectrometry (MS) are the primary methods
for detecting RNA modifications.19-21 NGS-based approaches offer several advantages,
including low sample input requirements, high-resolution modification mapping, and
wide accessibility across various sequencing platforms. However, NGS methods often
necessitate nucleoside conversions through chemical or enzymatic treatments to generate
distinct readouts at modified positions. Unfortunately, these pretreatments carry the

risk of incomplete conversions, potentially leading to false-positive discoveries.?2 Some
pretreatment protocols subject RNA to high pH and temperatures, resulting in significant
RNA degradation and skewed data distribution.23-24 Moreover, most pretreatments are
tailored for specific modifications, making it difficult to detect multiple modifications
simultaneously.2> Nanopore direct RNA sequencing (RNA-seq) is an emerging technology
that has been applied to RNA modification detection by distinguishing electrical signals
derived from modified and unmodified nucleosides.26 Modified nucleosides often induce
discernible shifts in ion current signals that lead to base-calling errors. Although
computational pipelines have been developed to analyze direct RNA-seq data,26:27
effectively differentiating base-calling errors arising from modifications versus inherent
system noise remains a challenge.2® Modification detection based on ion current shifts
requires extensive training of base-calling models and is highly dependent on the quality
of the training data.2” Liquid chromatography-tandem MS (LC-MS/MS), in contrast,
enables direct detection of virtually any RNA modification without cDNA amplification
or nucleoside conversion.28 In one approach, RNA samples are completely digested

to nucleosides and subjected to highly sensitive triple-quadrupole MS for nucleoside
identification and quantification.29 A limitation of nucleoside analysis is the complete
loss of sequence contexts at the modified positions. The combination of MS-based
identification of modified nucleosides while retaining some sequence context is provided
by the complementary technique of oligonucleotide LC-MS/MS analysis, which allows
inference of the modified positions by analyzing the masses of short RNA fragments derived
from partial digestion of longer RNA sequences.2%-32
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Here, we comprehensively investigated RNA modification profiles across five archaeal
species using LC-MS/MS. Our analysis confidently identified six RNA modifications (m!A,
mll, ac*C, m°C, Cm, and Gm) within mRNA-enriched RNA samples. Two-thirds of these
modifications, namely m1A, m!l, Cm, and Gm, have not been previously reported in
archaeal mRNA. Total RNA nucleoside analysis revealed that the patterns of modification
in these archaeal species correlate well with their phylogenetic distances calculated through
16S comparisons. Additionally, we uncovered a subgroup of modifications that exhibit
temperature-dependent prevalence in the model hyperthermophilic archaeon 7hermococcus
kodakarensis. Finally, we utilized nucleoside profiling to guide bioinformatic prediction

of putative RNA-modifying enzymes, leading to the discovery and confirmation of a
methyltransferase-encoded gene responsible for installing the m’G modification in 23S
rRNA. Taken together, our results establish the totality of the modification landscape in
different archaeal species and delineates a roadmap for future RNA modification enzyme
discovery.

Global nucleoside profiling of Archaea and non-archaeal species

Ultra-high-performance liquid chromatography coupled with triple-quadrupole MS
(UHPLC-QgQ MS) is a useful technique for detecting diverse set of modified nucleosides in
biological samples.33-38 Each modified nucleoside can be uniquely identified by its specific
combination of retention time and mass transition. To determine the presence of modified
nucleosides, we extracted total RNA from five different archaeal species (7. kodakarensis,
Thermococcus sp. AM4, Sulfolobus islandicus M16.4, Sulfolobus acidocaldarius, and
Methanococcus maripaludis), digested total RNA into nucleosides, and subsequently
conducted UHPLC-QgQ analysis. We examined the retention times and mass transitions

of the digested RNA samples against 76 nucleoside standards (see Data S1, Table S9,

and STAR Methods), and observed 22—-32 modified nucleosides with unique modified
nucleoside patterns for each species (Figure 1A). 16 modified nucleosides (Cm, Gm, m?A,
mlG, mil, m¥, m2,G, m2G, m°C, m°U, m8 A, m®A, I, s*U, Um, and ¥) were identified
within all tested archaeal species, while another five modifications (Am, ac*C, ac*Cm,
m3U, and m’G) were shared by the thermophilic species (Su/folobus and Thermococcus
species) to the exclusion of M. maripaludis. Of the remaining modifications, four were
found exclusively in the 7hermococcus species (m2Gm, m27G, m4,C, and m®s2U), six in
the Sulfolobus species (m3C, mem5s2U, mem5 U, mem5 Um, s2Um, and t8A), and two in
the mesophilic archaeon M. maripaludis (mnm5s2U and ncm5 U) (Table 1).

Species within the same genus shared the most similar nucleoside profiles, resulting in
closer branch distances when we conducted a hierarchical clustering analysis based on the
presence of modified nucleosides within each species (Figure 1B). Beyond the genus level,
the branch of M. maripaludis was found to be closer to that of 7hermococcus species than
to that of Suffolobus species, aligning well with their evolutionary distances as determined
by 16S rRNA sequence variations (Figure 1C). We further investigated whether the tree
topology of modified nucleoside profiles also correlated with species outside the Archaea.
Along with the five archaeal species, we analyzed the total RNA nucleosides of human,
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Saccharomyces cerevisiae, and Escherichia coli and reperformed a hierarchical clustering
analysis (Figures 1A and 1B). Not surprisingly, non-archaeal species formed a separate
cluster, with human and S. cerevisiae grouped into the same clade (Figure 1B). These
findings suggest that RNA modification profiles can reflect relationships between species!4
and further support the notion that Archaea are chemotaxonomically distinct from Bacteria
and Eukarya.

Nucleoside analysis of RNA modifications in mRNA-enriched fractions

rRNA and tRNA constitute more than 95% of the total RNA mass. To specifically detect
modified nucleosides in mMRNA, we employed a stringent workflow to deplete the majority
of the ncRNA species (Figure S1A). Customized DNA probes were designed for each of the
archaeal species to deplete their rRNA content by RNase H digestion. Short cellular RNAs,
such as tRNAs and small regulatory RNAs (SRNAs) as well as RNA fragments less than 200
nucleotides (nt), were removed with size-exclusion spin columns. lllumina sequencing of the
cDNAs resulting mRNA-enriched samples revealed that over 98% of reads in each archaeon
mapped to protein-coding genes (Figure 2A; Table S1). Bioanalyzer traces confirmed the
exclusion of the small RNA fraction from archaeal mRNA preparations (Figure S1B).

Given the unknown distribution of modified nucleoside in stable (rRNA and tRNA)
compared to mMRNA, we next sought to determine the identity and relative abundance of

the nucleoside modifications retained in the mRNA-enriched fraction. Given that the mMRNA
modification density is generally lower than that of ncRNAs, we conducted a scaled-up
rRNA depletion starting with 50 pg of the large RNA fraction (>200 nt). The resulting
mRNA-enriched samples were digested to single nucleosides and =100 ng of digested
mMRNA was injected per analysis. Since UHPLC-QgQ MS reliably detects nucleosides
above 1-fmol level, we set an arbitrary threshold for qualitative mRNA modification
screening using the mass responses of 1 fmol of each canonical nucleoside, inosine, and
pseudouridine standards. Accordingly, 1 fmol of a modified nucleoside in 100 ng of digested
RNA corresponds to one madification occurring at a single position at ~13-ppm frequency
(assuming an average archaeal mRNA length of 1000 nt with an equal proportion of A,

U, G, and C). Our qualitative screening narrowed the initial 22—-32 modifications identified
within total RNA down to 12-20 modifications within the mRNA-enriched fractions of the
five archaeal species (Table S2).

Despite the stringent ncRNA depletion, modified nucleosides originating from residual
rRNA and tRNA could still be detected due to the high input sample injection. For
quantitative analysis, 1-5 ng of digested mMRNA was injected onto the UHPLC-QqQ

MS, which falls well within the quantitative range of the mass detector. To confidently
select mMRNA modifications, we established a cutoff criterion based on the mass response
over background monitored at the same mass transition window for each nucleoside (see
STAR Methods section). Our analysis identified with high confidence six modifications
in the archaeal MRNA: m1A, mll, ac*C, m°C, Cm, and Gm (Figures 2B and 2C; Table
S3). The relative abundance of each modified nucleoside ranged from 0.02% to 0.76%
(expressed differently, ~1/5,000 to ~1/130 of each canonical nucleoside was observed as a
modified nucleoside). The mesophilic archaeon M. maripaludis exhibited the lowest mMRNA
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modification level with only three modifications detected (m!A, m®C, and Cm) and all
below 0.1%. Interestingly, mA, m°C, and Cm were consistently present in mRNA-enriched
samples of all tested archaeal species. A low, but high-confidence, level of mI (0.083%

+ 0.002%) was observed for S. acidocaldarius. m!1 is a common tRNA modification in
Archaea and eukaryotes.1> To our knowledge, this is the first time m2I has been identified

in the mRNA of any species. Overall, we found that archaeal MRNA modifications overlap
with those of eukaryotic mMRNAs, with the exception of m?l, and are markedly distinct from
bacterial MRNA modifications (Figure 2D).35:37-41 Although our report sheds new light

on archaeal modifications, it is important to note that our cumulative knowledge of RNA
modification across the three domains is continually evolving with the development of RNA
isolation techniques and more sensitive and accurate detection methods.

Identification of temperature-sensitive modifications in T. kodakarensis

Dynamic changes in the abundance of several RNA modifications in response to
temperature appear to represent fitness-relevant adaptation in some hyperthermophilic
Archaea.31342 We hypothesized that temperature-responsive RNA modifications might
display differential abundances at different growth temperatures. Here, we sought to identify
RNA maodifications whose bulk abundance responds positively or negatively to temperature
changes. 7. kodakarensis, a hyperthermophilic archaeon with a known complex RNA
modification profile, thrives within a growth temperature range of ~50°C—~98°C, with a
temperature optimum at 85°C. We cultivated 7. kodakarensis in three biological replicates at
temperatures of 65°C, 75°C, 85°C, and 95°C and harvested cells during the exponential
growth phase. Total RNA was subsequently extracted and digested to nucleosides for
UHPLC-QqQ analysis. Modification levels were assessed by normalizing mass response of
each modified nucleoside to the mass response of the corresponding unmodified nucleoside
(e.g., m°C/C). The normalized value represented the mass response ratio. Temperature-
dependent fold changes for each modification were calculated by comparing the mass
response ratio at 65°C, 75°C, or 95°C to that at 85°C.

Among the 27 nucleoside modifications identified in 7. kodakarensis total RNA from
cultures grown at 85°C, more than a third (~37% or 10 modifications) displayed significant
changes in relative abundance as the growth temperature deviated from the optimal 85°C
(Figures 3A and 3B; Table S4). Of those, three modifications, ac*C, ac*Cm, and m°U,
exceeded a 2-fold change when 7. kodakarensis was cultured at suboptimal temperatures
(Figure 3B). ac*C and ac*Cm increased significantly with rising temperatures, consistent
with previous observations in 7. kodakarensis and in another hyperthermophilic archaeon,
Pyrococcus furiosus.3*2 Interestingly, ac*C levels continued to rise at 95°C, whereas
ac*Cm levels remained stable after 85°C (Figure 3B). In contrast, m®U levels substantially
decreased with the increase in temperatures, showing strong accumulation at 65°C. The
negative correlation between growth temperature and m°U level was also observed in 2.
furiosus cultured at 70°C, 85°C, and 100°C*2

To examine whether the differential regulation of RNA modifications was specific to any
RNA subgroup(s), we separated total RNA recovered from 7. kodakarensis cultures grown
at each temperature into large (>200 nt), small (<200 nt), and mRNA-enriched fractions
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prior to quantifying the abundance of modified nucleosides (Figures 3A, 3C-3E). Am, Gm,
ml¥, m27G, m3U, m3¥, m# C, m’G, and Um displayed higher modification fold changes
in the large RNA fraction than in the small RNA fraction (Figure S2A), suggesting that these
modifications occur at higher frequency in large RNAs. Cm, m>C, m®U, mS,A, and ¥ were
also detected in the large RNA fraction despite being predominantly found in small RNAs.
Of all modifications detected in large RNA, seven showed significant changes in response
to the growth temperature, but only ac*C exceeded a 2-fold difference; this was not only

in the large RNA but also in all other RNA fractions (Figures 3C-3E). Changes in m°U
levels were primarily seen in the small RNA fraction (Figure 3D), supporting the likely
presence in m°U predominately in tRNAs. Several modifications that were barely detectable
in total RNA, including 5-methyl-2”-O-methylcytidine (m°Cm), isowyosine (imG2), and
4-demethylwyosine (imG14), displayed a stronger mass response signal in the small RNA
fraction (Figure S2B), again supportive of these modifications being enriched in tRNAs.

In addition, despite m®Cm being present at low abundance in the small RNA fraction, its
mass response ratio exceeded a 2-fold difference in response to varying growth temperature
(Figure 3D). To further explore the responsiveness of 7. kodakarensisto temperature
changes with respect to mMRNA modifications, we performed rRNA depletion as described
previously and examined the levels of m1A, Gm, ac*C, Cm, and m>C from 65°C to 95°C
(Figures 3A and 3E). We found that ac*C was the only modification in the mRNA-enriched
fraction that underwent significant temperature-dependent changes. While total levels of
mlA, Cm, Gm, and m°C within the mMRNA-enriched fraction did not change in nucleoside
analysis, it remains plausible that the sites of modification are differentially controlled at
different temperatures.

Interestingly, m®U was depleted when 7. kodakarensis was cultivated at temperatures >85°C.
Previous studies have identified m®U as a precursor to the tRNA modification m®s2U in
thermophilic bacteria.#344 The substantial accumulation of m®U in the small RNA fraction
at 65°C prompted us to hypothesize that a slower m®s2U synthesis may occur at this
temperature leading to an increase in the m®U levels. To test this hypothesis, we quantified
the nucleosides m°U, m%s2U, and U in the small RNA fractions of 7. kodakarensis at
temperatures ranging from 65°C to 95°C revealing that the m®U/U molar ratio increased
from below 0.1% at 85°C to ~2% (1.98% = 0.15%; a ~20-fold increase) at 65°C, whereas
the m3s2U/U molar ratio only modestly decreased from 13.87% =+ 0.49% at 85°C to 11.50%
+ 0.46% at 65°C (Figure 3F). The observed ~2% increase in m°U abundance from 85°C to
65°C seemingly correlates with the ~2% decrease in m®s2U. Given that m°U is the precursor
of m®s2U,%344 the accumulation of m®U at lower temperature may suggest a potential
slowdown in the synthesis of m®s2U. Positive correlation between m®s2U level and growth
temperature has also been observed in both thermophilic Archaea and Bacteria.6:42:45

Predicting archaeal RNA-modifying enzymes

Although a multitude of enzyme function predictive tools exist,*6-50 ge novo prediction
of RNA-modifying enzymes in individual organisms remains challenging. To infer the
RNA-modifying enzymes responsible for the RNA modifications observed in this study,
we conducted a sequence homology based HMMER hmmscan search against the Pfam
database,51:52 annotating >75% of protein-coding genes from the five archaeal reference
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genomes (Figures S3A-S3B). We then compared the predicted protein domain composition
of each annotated archaeal gene with those of known RNA-modifying enzymes in the
Modomics database using the Jaccard index.53>4 An archaeal gene was assumed to be an
RNA-modifying enzyme if its Jaccard index was =0.5 (Figures S3A; Table S5). Finally, we
associated the enzyme candidates with the corresponding modified nucleosides identified in
each species as determined by UHPLC-QgQ MS (see Table S5 for a complete list of domain
annotations and the associated RNA modifications).

The associations between RNA modifications and RNA-modifying enzymes were
categorized into two groups (Figure 4). In group I, a modification was identified through
nucleoside analysis, and at least one putative enzyme plausibly involved in the synthesis of
this modified nucleoside was predicted, while group Il consisted of modifications that were
identified but no associated enzyme was found by domain comparison. At least half (~60%)
of the identified modifications in each species fall within group | and are predominantly

a product of predicted mono-methylation or acetylation. As one example, an archaeal
homolog of the eukaryotic ac*C acetyltransferase NAT10, which is a multi-domain enzyme
consisting of two Gen5-related N-acetyltransferase (GNAT acetyltransferase 2) domains; a
helicase (RecD) domain; a tRNA (Met) cytidine acetyltransferase, N-terminal (TmcA N)
domain; and a tRNA-binding (tRNA bind 2) domain, is included in this group (Table S5).
Proteins with similar domain compositions to the eukaryotic ac*C acetyltransferase NAT10
were identified in the Thermococcus and Sulfolobus species, but not in M. maripaludis, in
which ac*C modification was not identified (Figure 4). Group 1l contains 15 modifications
that were observed in many of the tested Archaea but without any immediately associated
enzyme(s) presumed responsible for generating the modified nucleoside. Among these

15 modifications, 10 are either doubly modified or hypermodified nucleosides and thus
likely the product of multiple RNA modification enzymes, and the classification of these
modifications into group Il is likely due to an insufficient understanding of the synthesis
pathways for these complex nucleosides.

Archaeal domain-specific enzymes could not be readily identified by an HMMER search
heavily reliant on matching conserved amino acid residues. To address these limitations,

we performed a Foldseek search to compare AlphaFold structure similarities among all
putative proteins in these five Archaea and 37 known RNA-modifying enzymes reported

in Modomics, which are collectively responsible for eight of the group 1l modifications
(Figure S3C).55-57 The structure-based search revealed that most (28 out of 37; ~75%)
known RNA-modifying enzymes share structure similarities (cutoff e-value <107°) with at
least one protein from the five tested Archaea (Table S6). Using this approach, we were able
to identify 26—45 enzyme candidates from each archaeon that could potentially establish
group Il modifications.

Identification of TKO008 as a guanine-N7-methyltransferase in T. kodakarensis

Our Foldseek search showed that a variety of archaeal proteins share structural similarities
with bacterial or eukaryotic guanine- V7-methyltransferases that modify rRNA or tRNA

at internal positions (Table S6). Despite the reports of m’G in the tRNA of thermophilic
Archaea, 121758 ng archaeal guanine-\7-methyltransferases have been reported so far.
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Intriguingly, nucleoside analysis of the large and small RNA fractions from 7. kodakarensis
indicated that m’G is primarily located in the large RNA fraction (Figure S2A). We found
no evidence of m’G in the mRNA-enriched fraction of 7. kodakarensis, leading us to
hypothesize that m’G may be present in 16S and/or 23S rRNA.. To identify the primary
RNA harboring m’G modifications, we individually depleted 5S, 16S, and 23S rRNA

and estimated the levels of m’G co-depletion in these rRNA-depleted subfractions. The
post-rRNA digestion m’G mass response was normalized to that of an mo®U spike-in
control (Figures 5A, 5B, S4A, and S4B). Our results showed that the depletion of 23S rRNA
resulted in a strong co-depletion of m’G compared to 5S and 16S rRNA depletion (Figure
S4B). This suggested that the m’G modification is primarily found in the 23S rRNA of 7.
kodakarensis.

Next, we sought to identify the genes responsible for installing the m’G modification in the
T. kodakarensis 23S rRNA. In E. coli, the m’G modification in 23S rRNA is introduced

by the ribosome large subunit methyltransferase K/L (RLMKL). RLMKL installs m2G at
position 2445 and m’G at position 2069 using two distinct methyltransferase domains.9:60
Our Foldseek search retrieved four genes ( TK0008, TK0981, TK1785, TK1863) in T.
kodakarensis encoding methyltransferases that aligned well (e-values <10~%) with the
AlphaFold-predicted structure of £. co/i RLMKL (Table S6). Of those, the enzymes encoded
by TK0981and TK1863have been shown to be m%,G and m2G tRNA methyltransferases,
respectively.1 The 7K1785encoded protein shares the closest sequence and predicted
protein structure with the bacterial ribosome large subunit methyltransferase | (RLMI),
which is an RNA m>C methyltransferase (Table S7; Figure S5). Thus, the remaining
unannotated gene 7K0008 emerged as a promising candidate for establishing the m’G
modification in the 23S rRNA of 7. kodakarensis.

To investigate the activity of the protein encoded by 7K0008, we conducted a
comprehensive nucleoside analysis comparing the total RNA from the TS559 wild-type
strain with that of the TK0008-deletion strain (ATKO0O008 strain). Our analysis revealed

a >95% depletion in the m’G/G mass response ratio in the ATK0008 strain, with m’G
modification being indistinguishable from the background (Figure 5C). To confirm m’G
was specifically depleted in the ATKO0008 strain, we quantified the relative abundance of
the other methylated guanosine (m1G, m2G, m2 G, m2Gm, and Gm) in both total RNA

and the RNA fraction in which 5S and 16S rRNA were depleted (23S rRNA-enriched
fraction). As expected, none of these modifications underwent significant reduction in

the ATKO0008 strain (Figure 5D), suggesting that m’G is likely the primary product

of the 7K0008-encoded methyltransferase. To confirm that the 7K0008 gene encodes a
guanine-NV7-methyltransferase, we treated /n vitro transcribed (IVT) 23S rRNA with purified
recombinant TK0008 protein (rTK0008) at 85°C for 30 min. Indeed, rTK0008-treated IVT
23S displayed an enzyme-concentration-dependent increase of m’G levels as determined by
nucleoside analysis (Figure 5E).

To further investigate the sequence context of m’G within endogenous 23S rRNA,
we performed independent digestions of the 23S rRNA-enriched fraction with either
RNase T1 or RNase A and analyzed the resulting RNA oligonucleotides using
nanoLC-MS/MS (Figures 5F and 5G; Figures S6A-S6B). Through annotation using
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the NucleicAcidSearchEngine (NASE),62 we identified several detectable sequences that
contain a monomethylated guanosine (mG) base (Figure S5A). An mG group is defined
here as a guanosine harboring a methyl group, regardless of the substitution pattern. Of
particular significance were the high spectrum counts of the methylated oligonucleotides
with sequence [mG] [mG]G in the RNase T1 digestion and G[mG][mG]GC in the RNase A
digestion, which were abundant in TS559 but depleted in ATK0008 (Figure 5F). Subsequent
analysis of these oligonucleotides using parallel reaction monitoring (PRM)-based targeted
MS revealed that the mG base anion resides in the second position of the [NMG][mG]G
trinucleotide from RNase T1 digestion (Figure 5G). We also detected the abasic a-B
fragment ions corresponding to the loss of a monomethylated guanine in the second position
of the [MG][mG]G trinucleotide (RNase T1 digestion) and in the third position of the
G[mG][mG]GC pentanucleotide (RNase A digestion) in the TS559 parental strain (Figure
5G), whereas such fragment ions were not detected in the ATK0008 strain due to the
absence of the target precursors. Altogether, these data provide compelling evidence that the
TKO0008 is responsible for an m’G modification, which predominantly resides within the
G[mG][mG]GC sequence context of 23S rRNA.

Next, we determined whether TK0008 establishes m’G at specific site(s) within 23S rRNA.
The IVT 23S was treated with four concentrations of rTK0008 (0.1, 0.2, 1, 4 uM) at

85°C. After treatment with the methyltransferase, the RNA was digested with RNase 4 to
produce oligonucleotide fragments for modification mapping by LC-MS/MS. Greater than
80% methylation was observed at position 2354 across all rTK0008-treated samples (Figure
S7). We also detected minor secondary methylation sites along the IVT 23S, but most of
these did not appear at low rTK0008 concentration (<1 uM) (Figure S7). The position

2354 resides in the third guanosine of a GGGGC sequence, which is consistent with G[mG]
[MG]GC oligonucleotide detected in the TS559 parental strain. Together, these results
provide strong evidence supporting that position 2354 is the primary TK0008 methylation
site in vitro.

Identification of m’G maodification in the conserved P loop of 23S rRNA

To identify the precise location of m’G in the endogenous 23S rRNA, we examined the
cryoelectron microscopy (cryo-EM) structure available for 7. kodakarensis 70S ribosome
(PDB: 6SKF). Gm (2’-O-methylguanosine) was the only guanosine modification annotated
in the 23S rRNA substructure.3 According to the reported cryo-EM data, Gm was found in
many sequence contexts, including within a G[Gm]GGC at position 2353, wherein G2354
was annotated as an unmodified guanosine. In the same study, LC-MS data indicated a
Gm[mMG]G trinucleotide assigned to 23S rRNA.3 We reasoned that the m’G site could

be located at the 3" adjacent position of Gm, thus yielding a [Gm][m’G]G sequence. To
confirm the presence of an m’G modification at position 2354, we designed a biotinylated
DNA probe complementary to the region of the 23S predicted to harbor the m’G and
independently performed fragment depletion with RNase H digestion of the target sequence
and enrichment experiments using RNase 4 prior to nucleoside analysis (Figure 6A). RNase
H digestion of the probe-hybridized RNA led to a near-complete depletion of m’G as shown
by UHPLC-QqQ analysis (Figure 6A) without any significant change in the abundance

of m>C, ac*C, or Cm. Conversely, a nuclease protection assay using RNase 4 to remove
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regions of the 23S rRNA not protected by binding of a complementary probe, followed

by streptavidin-based pull-down of the probe-hybridized RNA, resulted in a >10-fold
enrichment of m’G relative to its level in total RNA (Figure 6A). Along the same lines,
Gm, which is found at G2353, among many other positions, was shown to be at least in part
depleted in the RNase H treatment and enriched in the RNase 4 treatment. Finally, careful
inspection of the cryo-EM density map at G2354 of the 7. kodakarensis 70S ribosome
revealed a clear exocyclic density above position 7 of the purine ring in support of the
methyl group attachment at the guanine-/A/7 position (Figure 6B). G2354 is positioned
within the P loop of the peptidyl transferase center (PTC) (Figures 6C and 6D) and forms

a universally conserved Watson-Crick base pair not internally within the 23S rRNA but
instead with cytidine 74 (C74) of the 3’ end CCA sequence of tRNAs.53 Inspections of

the published cryo-EM structures of £. coli 70S ribosome (PDB: 7K00) and human 80S
ribosome (PDB: 8QOI) revealed no evidence of madifications at the corresponding positions
in £ coli 23S rRNA (G2252) and in human 28S rRNA (G4197) (Figures 6E and 6F),64.65
suggesting that m’G may play a unique role in archaeal or thermophilic translation by
impacting this critical contact between tRNAs and rRNAs.

DISCUSSION

Archaea are a rich reservoir for the discovery of unique RNA modifications and RNA-
modifying enzymes. In this study, we established comprehensive nucleoside profiles across
three different archaeal genera revealing temperature-sensitive modifications and previously
unannotated mMRNA modifications. Interestingly, a phylogenetic tree based on these total
nucleoside modification profiles closely resembles that of 16S rRNA-seq for these archaeal
species. Analysis of the mRNA-enriched fractions from five archaeal species revealed the
presence of six distinct nucleotide modifications. Remarkably, we found no evidence of

a mSA modification in these species, in contrast to Eukarya and Bacteria, where m6A

can dominate the landscape of mMRNA modifications.37:68 This intriguing difference in
nucleoside chemistry may be attributed to the differential deployment of RNA-modifying
enzymes in Archaea to survive in challenging and dynamic environments. 2”-O-methylation
has been generally implicated in modulating RNA conformation and enhancing nuclease
resistance,%9 and our analysis determined that 2 - O-methylation is an abundant modification
for each of the species we investigated and abundant in rRNA and tRNA.59-72 perhaps
surprisingly, we also found that 2”-O-methylation, specifically Gm and Cm, was abundant in
the MRNA of most archaeal species investigated here, likely contributing to their hydrolytic
stability.

LC-MS/MS enables simultaneous and global profiling of nucleoside modifications without
prior knowledge of the prevalence of each modification. We showed that combining MS
analysis for modification discovery with data mining from multiple open-access databases
facilitates a rapid selection of initial candidates for enzyme validation. A critical step of this
approach is to compare the functional domains of predicted coding sequences with known
RNA-modifying enzymes.>3 Modomics provides a comprehensive open-access database for
RNA maodifications, yet most of the annotated RNA-modifying enzymes are derived from
Eukarya and Bacteria. As such, it is likely the predicted archaeal RNA-modifying enzymes
resultant from using Modomics will result in hits that preserve most of the functional
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domain features that are shared by common ancestors with bacterial and eukaryotic RNA-
modification enzymes. Enzymes identified here through Modomics searches are associated
with group | modifications, where the associated RNA-modifying enzyme was predicted
based on Pfam domain annotations from eukaryotic and bacterial proteins. In contrast,
group Il modifications largely implicate a subset of archaeal RNA modifications may be
established by enzymes without obvious orthologs in other domains. Archaeal enzymes with
significant sequence divergence (or even no ancestral linkage) from Eukarya and Bacteria
are thus very challenging to predict with domain or protein sequence comparisons. Here,
we demonstrate that the combination of LC-MS with enzyme-predicting tools and genetic
deletions can provide evidence for the existence or lack of certain RNA-modifying enzymes
in the selected archaeal species.

Despite these challenges, our analyses predicted, and we subsequently confirmed, that the
methyltransferase-encoded gene 7K0008 s responsible for m’G modification in the 23S
rRNA of 7. kodakarensis. To our knowledge, this is the first report of an m’G modification
in ribosomal RNA and its associated gene in the Archaea. The 7K0008-encoded protein
harbors a UPF0020 domain and an N6/N4 DNA methylase domain, which resembles the
Trm14 tRNA m2G methyltransferase of Methanocaldococcus jannaschii.’® Initially, we
classified the TK0008 protein as an m2G methyltransferase. However, further structural
analysis using Foldseek revealed similarities between the £. co/im’G methyltransferase
RLMKL and TKO0008. Interestingly, the predicted structure of TK0O008 exhibits greater
structural similarities with the m2G (2445) methyltransferase domain of RLMKL rather than
the domain responsible for installing m’G (2069).50 Nevertheless, our nucleoside analysis
revealed guanine- V7 methyltransferase activity of purified TK0008, as well as a significant
reduction of m’G levels in a TK0008-deletion strain, providing compelling evidence for
the putative role of this enzyme as an m’G methyltransferase. Oligonucleotide LC-MS/MS
analysis revealed an m’G modification located at the P loop of the PTC in the 23S rRNA.
This finding widens our knowledge of the m’G modification from previous studies, which
have primarily identified this modification in archaeal tRNAs, including the first and tenth
positions of tRNA-Glu as well as the tenth position of tRNA-Meti.1217.58 The differential
distribution of m’G in different species and RNA subtypes suggests that m’G may have
divergent functions in Archaea. These findings underscore the combination of LC-MS/MS
and comparative genomics as a powerful approach for uncovering new RNA modifications
and the associated RNA-modifying enzymes.

Recent technological advancements have enabled single-base-resolution mapping of new
mRNA modifications beyond mBA. Several studies have identified the presence of m1A
and m>C in mRNA at sub-stoichiometric level across different organisms.”18:74.75 Unlike
the m8A mRNA modification, which in higher eukaryotes is deposited by a nuclear
RNA-specific methyltransferase,’® many other mMRNA modifications share biosynthetic
machineries with tRNAs.”>77-79 This raises the question of whether mMRNA modifications
are specifically regulated or are off-target activities from tRNA-modifying enzymes.8% Our
enzyme predictions revealed that all six modifications found in archaeal mMRNA are linked
to potential rRNA-/tRNA-modifying enzymes. It is conceivable that changes in mMRNA
modification levels under certain conditions can be attributed to the overall changes in
tRNA modifications. In fact, the co-regulation of mMRNA and ncRNA modifications by
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shared enzymes implies that deletion of writer enzymes may not be sufficient to dissect
the functional roles of mMRNA modifications. Therefore, complementary approaches may be
needed to fully elucidate the biological consequences of RNA modifications.

Limitations of the study

This study specifically investigates RNA modifications that can be validated by nucleoside
standards. Therefore, the reported archaeal nucleoside profiles do not cover the entire
spectrum of RNA modifications. Secondly, putative RNA-modifying enzymes listed in this
study were predicted by bioinformatics analysis, predominantly based on known enzymes
reported in Modomics.53 The discovery of TK0008 as a guanine-//7-methyltransferase is
one example of the approach employed to validate enzyme predictions. While we find our
approach is a powerful tool for enzyme discovery, validation of each new RNA-modifying
enzyme activities is still required. Lastly, the NV7-methylation identified at G2354 in 23S
rRNA may not be the only m’G site within the 7. kodakarensis epitranscriptome. Combining
our approach with other direct RNA-seq technologies may be helpful to identify other
potential modification sites.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, lvan R. Corréa Jr. (correa@neb.com).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact without
restriction.

Data and code availability

. Raw RNA-seq data have been deposited at Sequence Read Archive as Bioproject
PRJINA1219756 and are publicly available. Oligonucleotide analysis data
have been deposited at Proteomics Identifications Database with identifier
PXD060644 and are publicly available. Nucleoside analysis data have been
deposited at the NIH Common Fund’s National Metabolomics Data Repository
(NMDR), the Metabolomics Workbench,8 as project PR002314 and are publicly
available. The database is supported by NIH grant U2C-DK119886 and OT2-

0D030544 grants.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Wild-type T. kodakarensis were grown at 65°C, 75°C, 85°C, or 95°C in anaerobic artificial
sea water supplemented with yeast extract and tryptone to mid-exponential phase (O.D.
~0.3) in triplicates before harvest, as previously described. The regular maintenance
condition for all 7. kodakarensis strains (wild-type and A 7K0008) was 85°C. Sources of
wild-type Thermococcus sp. AM4, Sulfolobus islandicus M16.4, Sulfolobus acidocaldarius,
and Methanococcus maripaludis biomasses are listed in Data S2. Universal human reference
RNA (Agilent Technologies, Cat #740000) and Escherichia colitotal RNAs (Thermo

Fisher Scientific, Cat #AM7940) were purchased from commercially available sources.
Saccharomyces cerevisiae (strain S288C) total RNA was obtained as described in Mulroney
et al 82

METHOD DETAILS

A TK0O0O08 strain construction: The TK0008 open reading frame (ORF) spans positions
7655 to 8755 on the 7. kodakarensis genome. PCR was used to generate an amplicon
including the TK0O008 ORF flanked by ~700 bp both up- and down-stream that was

cloned into the unique Swal site of pTS700 (reference Hileman and Santangelo, PMID:
22701112),83 resulting in pCSU-TKO0008A. The coding sequence of TK0008 was excised
from pCSU-TKOO0O8A using site-directed QuikChange mutagenesis (Agilent Cat# 200516)
to generate pCSU-TKO0008B. All plasmid sequences were confirmed by Sanger sequencing.

pCSU-TKO0008B was transformed into 7. kodakarensis strain TS559 and plated onto
agmatine-free rich media plates as previously described (reference PMID: 34752288).86
Transformants were allowed to grow for 4 days anaerobically at 85°C and subsequent
colonies were picked into rich liquid media lacking agmatine and grown overnight. Genomic
DNA extracted from 1 mL of cells was used as a template for PCRs using two sets of
primer pairs to determine the site and directionality of plasmid integration into the genome.
One primer from each pair has homology to the genome with the other having homology
to the plasmid to ensure PCR amplification involves a region flanking TK0008 on the
genome. Colonies confirmed to contain proper integrations at the TK0008 locus were
plated on minimal media containing 1 mM agmatine and 100 uM 6-methyl purine and
grown anaerobically at 85°C for 2-5 days. Genomic DNA from resultant colonies was used
in diagnostic PCRs to identify strains deleted for TK0008 preliminarily. The deletion of
TKO0008 was ultimately confirmed by Sanger sequencing.

Cloning and recombinant expression of TK0008: The native 7. kodakarensis
sequence encoding RNA methyltransferase TK0008, appended with an N-terminal six
histidine encoding sequence, was cloned into a pQE80 expression vector using Infusion
cloning (Takara Bio., Cat #638910), transformed into the Nico21 £ coli cell line (NEB,

Cat #C2529H), and colonies were allowed to form at 37°C on LB plates containing 100
pg/mL ampicillin and 25 pg/mL chloramphenicol. A single colony was picked into 10 mL
liquid LB medium containing 100 ug/mL ampicillin and 25 ug/mL chloramphenicol and
grown at 37°C with shaking (~200-250 rpm) overnight before being used to inoculate a 1

L LB medium culture containing 100 pg/mL ampicillin and 25 pg/mL chloramphenicol that
was allowed to grow at 37°C to an optical density (ODggg nm) of ~0.4 prior to addition of
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isopropyl pB-d-1-thiogalactopyranoside (IPTG, 400 uM final concentration) and D-sorbitol
(3% final concentration by weight). Cultures were allowed to grow for 3 h at 37°C with
agitation before harvesting via centrifugation (10825 x g). Cell pellets were stored at —20°C
prior to thawing on ice and resuspended in buffer A (25 mM Tris HCI pH 8.0, 500 mM
NaCl, 10% glycerol by weight). For each gram of pelleted cells, 3 mL of buffer A was
added. The cell suspension was sonicated on ice for repeated cycles of 30 s on, 30 s rest over
30 min prior to centrifugation (48384 x g for 20 min at 4°C). The supernatant was reserved
and a second round of resuspension, sonication, and centrifugation performed. The clarified
supernatants were combined prior to heating the lysate to 65°C for 20 min before clearing
the bulk of non-thermostable proteins via centrifugation (48384 x g for 20 min at 4°C). The
heat-treated clarified supernatant was filtered through a 0.45 uM filter immediately prior to
loading a 5 mL HiTrap Chelating HP column (Cytiva Life Sciences, Cat # 17040901) that
was charged with NiSO4 and equilibrated with buffer A. Following extensive washing with
buffer A, bound proteins were eluted with a linear gradient to buffer B (25 mM Tris HCI pH
8.0, 100 mM NaCl, 200 mM imidazole, 10% glycerol by volume) collecting 2 mL fractions.
Fractions containing recombinant TK0008 protein (judged to be >95% pure) were identified
by SDS-PAGE and protein staining prior to pooling, dialysis into storage buffer (25 mM Tris
HCI pH 8.0, 100 mM NaCl, 1 mM DTT, 50% glycerol by volume), and —20°C storage.

Total RNA extraction and rRNA depletion: Harvested archaeal cell pellets were
resuspended in 10 mL of TRI reagent (Molecular Research Center, Inc., Cat #TR118). The
resuspended cells were homogenized using a beads beater at 4.0 m/s for 20 s x 2 cycles
(MP Biomedicals, FastPrep-24TM). Subsequently, the mixture was centrifuged at 14000

g for 5 min to precipitate any cell debris. Supernatants were collected post-centrifugation
and treated with 50 pL of BAN reagent (Molecular Research Center, Inc., Cat #BN191)
per mL of supernatant for aqueous-organic phase separation. RNA from the aqueous phase
was isolated by isopropanol precipitation and subjected to DNase | treatment (NEB, Cat
#MO0303S) to remove genomic DNA contamination. To further purify the DNase I-treated
RNA, an equal volume of acid phenol-chloroform with isoamyl alcohol (125:24:1, Thermo
Fisher Scientific, Cat #AM9722) was added to the reaction and centrifuged at 21300 g for
2 min to separate the aqueous phase from the organic phase. The aqueous phase containing
RNA was then precipitated with 1.5 volumes of isopropanol and 0.1 volume of sodium
acetate (Sigma Aldrich, Cat #S57899) at —20°C overnight. Finally, the precipitated RNA
pellets were washed with 75% ethanol and dissolved in nuclease-free water.

To remove rRNA and tRNA, total RNA was separated into large (>200 nt) and small

RNA (<200 nt) fractions using the RNA Clean and Concentrator Kit (Zymo Research, Cat
#R1017). Subsequently, 50 pg of the large RNA fraction were subjected to rRNA depletion
using the NEBNext rRNA Depletion Kit (NEB, Cat #E7850X) with the following changes:
The NEBNext rRNA depletion solutions provided in the kit were substituted for customized
DNA probe mixtures (at 1 M for each probe) fully complementary to rRNA sequences
corresponding to each archaeal species; All volumes for the probe hybridization, RNase H
and DNase | digestion reactions were scaled up by 5-fold in 10 parallel reactions. Following
the enzymatic treatment, the reactions were cleaned up using RNA Clean and Concentrator
Kit (Zymo Research, Cat #R1017), the mRNA-enriched fractions were eluted in 10 uL water
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and combined. The specific probe sequences used for rRNA depletion are detailed in Table
S8.

For individual depletion of 7. kodakarensis5S, 16S, and 23S rRNA (Figures 5A and 5B;
Figures S4A and S4B), 5 ug of in vitrotranscribed (IVT) erythropoietin (EPO) mRNA
modified with 5-methoxyuridine (mo®U) was spiked into the starting total RNA (50 pg)
before rRNA depletion. Since mo®U was not identified in the endogenous 7. kodakarensis
RNA (Figure 1A), it served as an internal control standard for assessing m’G levels. The
total RNA was then split evenly into five tubes for rRNA depletion using the NEBNext
rRNA Depletion Kit (NEB, Cat #£7850X). The NEBNext rRNA depletion solutions
provided in the kit were substituted for customized DNA probes (at 1 pM for each probe)
fully complementary to individual rRNA sequence. The enzymatic reactions were cleaned
up following the procedure described above and eluted in nuclease-free water.

RNA-seq library preparation and data analysis: RNA-seq libraries were prepared
using the NEBNext Ultra Il Directional RNA Library Prep Kit for Illumina (NEB, Cat
#E7760S). Briefly, RNA samples with or without rRNA depletion were primed using
random primers, fragmented, and followed by first and second strand cDNA synthesis.
Adaptors were ligated onto the cDNA, and the second-strand cDNA was removed using the
Uracil-Specific Excision Reagent provided in the kit. The adaptor-ligated cDNA libraries
underwent PCR enrichment (7-12 cycles) with unique dual index primers (NEB, Cat
#E64408S). Enriched libraries were purified using Sample Purification Beads (NEB, Cat
#E7767S) and eluted in 0.1x TE buffer. Subsequently, libraries were normalized, pooled, and
quality-checked using Bioanalyzer High Sensitivity DNA Analysis (Agilent Technologies,
Part #5067-4626). Finally, paired-end sequencing experiments were performed on Illumina
NextSeq 500/550 or MiSeq platforms.

The output FASTQ files from Illumina sequencing underwent trimming using the fastx
trimmer to eliminate low-quality bases. Trimmed reads were subsequently mapped to
archaeal reference genomes using Bowtie2, and the mapped reads were sorted by
coordinates using Samtools. Next, the sorted reads were counted based on the annotated
exon features using HTSeq in union mode, with a minimum alignment quality threshold of
10. Counts overlapping with mRNA features were then normalized to the total exon read
counts to obtain the percentage of mMRNA reads in RNA samples with or without rRNA
depletion. The accession numbers of the archaeal reference genomes used for mapping were
NC_006624, CP002952, NC_012726, NZ_CP020364, and NC_015847.

Selective rRNA fragment enrichment and depletion: To enrich m’G-modified
rRNA fragment, 50 ug of total RNA from 7. kodakarensis TS559 wild-type strain

was mixed with a biotinylated DNA probe (1 uM) fully complementary to the

target sequence in 10 mM Tris buffer (pH 7.5) and heated to 95°C for 2 min

followed by a ramp down to 22°C. Biotinylated DNA probe sequence: 5’-Biotin-
ACCTTCGAGGTGTGCGCCAGCAACTGCCACT-3’. The unhybridized RNAs were
digested with 5 pL of RNase 4 (NEB, Cat #M1284L) in 1x NEB buffer r1.1 at 37°C

for 1 h. The digestion was stopped by adding 10 pL of human placental RNase inhibitor
(NEB, Cat #M0307S) to the reaction mixture and incubated at room temperature for 10 min.
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Selective enrichment of the probe-hybridized rRNA region was performed using streptavidin
magnetic beads (NEB, Cat #514215S). Briefly, 250 uL of streptavidin magnetic beads were
washed twice with equal volume of low-salt buffer (100 mM Tris pH 7.5, 10 mM EDTA,

50 mM NaCl) and resuspended in 50 pL of high-salt buffer (100 mM Tris pH 7.5, 10 mM
EDTA, 250 mM NacCl). The high-salt buffer was removed, and the beads were incubated
with the reaction mixture for 15 min at room temperature with occasional agitation. The
bead-captured DNA-RNA hybrid was washed and eluted by heating to 80°C for 5 min in 30
uL of nuclease-free water.

For m’G-modified rRNA fragment depletion, the same biotinylated DNA probe (1 pM)
described above was mixed with 5 pg of total RNA from TS559 strain in the probe
hybridization buffer provided in NEBNext rRNA Depletion Kit (NEB, Cat #E7850X).
The probe-hybridized rRNA mixture was subjected to rRNA depletion according to the
NEBNext rRNA Depletion Kit protocol. Following the enzymatic treatment, the reactions
were cleaned up using RNA Clean and Concentrator Kit (Zymo Research, Cat #R1017).
The eluants from rRNA fragment enrichment and depletion reactions were collected and
subjected to UHPLC-QqQ nucleoside analysis (Figure 6A).

Genetic distance tree construction: A genetic distance tree for five archaeal species
was constructed using a 16S rRNA multiple sequence alignment. Genetic distances were
calculated based on the percentage of identical residues between the aligned sequences.
Briefly, FASTA files containing 16S rRNA sequences from the five archaea were used

as input for Clustal Omega multiple sequence alignment. The resulting alignment was
then employed for distance tree construction using the unweighted pair group method
with arithmetic mean (UPGMA\) algorithm within Geneious Prime software. The archaeal
reference genomes utilized in the 16S rRNA alignment can be identified by the following
RefSeq accession numbers: NC_006624, NC_016051, NC_012726, NZ_CP020364, and
NC_015847.

Bioinformatics prediction of RNA-modifying enzymes: Domain annotations of
archaeal proteins and known RNA-modifying enzymes in Modomics database was carried
out by HMMER hmmscan to search against Pfam database with a cutoff e-value at 0.001.
Next, we compared the similarity of domain compositions between the tested archaeal
proteins and the known RNA-modifying enzymes using the Jaccard index:

AN B
J(A. B) = IA U B

For instance, an archaeal protein comprising a SAM-dependent methyltransferase
(Methyltrans SAM) domain and a PUA-like (PUA3) domain will have a Jaccard index of 1
when compared with the ribosomal RNA large subunit methyltransferase | of £. coli, which
also contains both a Methyltrans SAM domain and a PUA3 domain. Conversely, it will have
a Jaccard index of 0.5 if the compared protein only consists of a PUA-like domain. All
tested archaeal proteins with a Jaccard index =0.5 were selected as RNA-modifying enzyme
candidates. Duplicated domains were not considered in the comparison.
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To further select RNA-modifying enzyme candidates responsible for Group Il modifications
in the tested Archaea, AlphaFold2-predicted protein structures of RNA-modifying enzymes
in Modomics reported to install Group Il modifications were used to search against
AlphaFold2-predicted structures of all annotated proteins of the tested Archaea. Cutoff
e-value was set at 107°.

Methyltransferase activity assay: /n vitrotranscribed (1VT) 23S rRNA was prepared
using a linearized plasmid template (pBluescript Il KS(=)) and HiScribe T7 High Yield
RNA Synthesis Kit (NEB, Cat #£2040S). The synthesized transcripts were cleaned up using
Monarch Spin RNA Cleanup Kit (NEB, Cat #T2050L). To perform /n vitro methylation
reactions, IVT 23S rRNA was heat-denatured at 95°C for 30 s and cooled to 22°C prior

to enzyme treatment. Purified recombinant TK0008 (0.1-4 pM) was incubated with 1 uM
of IVT 23S rRNA in 1x methyltransferase buffer (25 mM Tris-HCI pH 7.5, 100 mM
NaCl, 1 mM DTT) supplemented with 160 uM of S-adenosyl-methionine (SAM) (NEB,
Cat #B9003S) at 85°C for 30 min. The reactions were cleaned up using Monarch Spin
RNA Cleanup Kit (NEB, Cat #T2040L). Lastly, the eluted RNA substrates were used for
nucleoside or oligonucleotide LC-MS/MS analysis.

LC-MS/MS: For modified nucleoside detection, total RNA, RNA subfractions, and mRNA-
enriched samples were digested to nucleosides at 37 ° C overnight using a Nucleoside
Digestion Mix (NEB, Cat #M0649S). The digested RNAs were subsequently injected
without prior purification on an Agilent 1290 Infinity 11 UHPLC equipped with a G7117
diode array detector and an Agilent 6495C Triple-Quadrupole Mass Spectrometer operating
in positive electrospray ionization (+ESI) mode. UHPLC was conducted on a Waters
XSelect HSS T3 XP column (2.1 x 100 mm, 2.5 pm) containing methanol and 10

mM ammonium acetate (pH 4.5) gradient mobile phase. Mass spectrometric data were
acquired using dynamic multiple reaction monitoring (DMRM) mode. Identification of each
nucleoside species was based on the associated retention time and mass transition in the
extracted chromatogram. The m/z of precursor and product ions and retention times for
nucleoside profiling (Figure 1) are listed in Table S9. Isomeric nucleosides of methylated
adenosine, guanosine, cytidine and uridine were either differentiated by retention times or
unique mass transition (Figure S8). Methylated adenosines (m1A, m2A, méA, and méA),
methylated guanosines (m!G, m2G, m8G, and m’G), and methylated uridines (m3U and
m®U) were distinguished by their retention times. Methylated cytidines were differentiated
based on our previous publication.® In brief, the retention time of m3C is distinct from m*C
and m>C. Although retention time of m*C is nearly indistinguishable from m®C, m*C has a
unique 258.1 -> 95 mass transition which is not observed in that of m°C.

For endogenous m’G-modified oligonucleotide analysis, the 23S rRNA-enriched fraction
was digested with either RNase T1 (Thermo Fisher Scientific, Cat #EN0542) or RNase A
(NEB, Cat #T3018L). m’G mapping in the rTK0008-treated IVT 23S rRNA was carried
out by digesting ~10 pg of RNA samples with 1 pL of RNase 4 (NEB, Cat #M1284L). All
RNase treatments were conducted at 37°C for 1 h and subjected to analysis on an Eclipse
Fusion Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a Vanquish
UHPLC (Thermo Fisher Scientific). The RNase-digested endogenous RNA was resolved in
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a mobile phase gradient consists of buffer A (1% hexafluoroisopropanol (HFIP), 0.1% N,
N-diisopropylethylamine (DIEA), 1 uM EDTA) and buffer B (90% Methanol, 10% water,
0.075% HFIP, 0.0375% DIEA, 1 yM EDTA) on a Waters nanoEase M/Z Peptide BEH C18
column (1.7 pum, 100 pm x 100 mm). The obtained chromatogram peaks were plotted by a
Freestyle software package (Thermo Fisher Scientific, USA). Oligonucleotides derived from
RNase 4-digested IVT RNA were resolved in the mobile phase described above on a Waters
ACQUITY Premier Oligonucleotide BEH C18 Column (1.7 um, 2.1 x 100 mm).

Nucleoside LC-MS/MS data analysis: Raw data acquired from UHPLC-QqQ MS were
processed using Agilent MassHunter WorkStation Quantitative Analysis (QQQ). Nucleoside
mass responses were obtained by integrating the underlying areas of chromatographic
peaks. For nucleoside quantification, calibration curves were constructed based on the

mass responses of nucleoside standards with known concentrations, as determined by a

UV spectrometer (Thermo Fisher Scientific, Evolution 220). Relative abundances were
calculated by normalizing the amount of modified nucleoside to the corresponding
unmodified nucleoside (see Figures 2B, 3F, and 5C). The mass response ratios of modified
nucleosides relative to corresponding unmodified nucleosides were calculated as depicted as
follows, using m>¥ as an example:

Mass response of my
Mass response of uridine

Mass response ratio of m3y =

The fold change in mass response ratios were employed to assess the level differences

of modified nucleosides in 7hermococcus kodakarensis grown at different temperatures
(Figures 3A—-3E) as well as in nucleoside profile comparisons between TS559 wild-type
strain and ATKO0008 strain (Figure 5B). This approach can be illustrated as below using m3%
as an example:

_ Mass response ratio of MW at 65 °C

Mass response ratio fold change of m3W at 65 °C
Mass response ratio of m3 at 85 °C

To calculate the modification fold change between large and small RNA fractions (Figure
S2A), the mass response ratio of modified nucleosides in the RNA subfraction was
normalized to that of total RNA. The equation can be expressed as follows, using m°C

in the small RNA fraction as an example:

Mass response ratio of mOC in small RNA fraction

Modification fold change of mC (Small) =
Mass response ratio of m C in total RNA

A qualitative screening for modified nucleosides in the mRNA-enriched samples was
conducted by injecting at least 100 ng of digested RNA. The presence of a modified
nucleoside was determined using an arbitrary threshold based on the mass responses of ~1
fmol of the corresponding unmodified nucleoside, inosine, and pseudouridine. Nucleosides
detectable in total RNA but falling below the arbitrary threshold in mMRNA-enriched samples
were designated as ncRNA-specific modifications (Table S2). For quantitative analysis, only
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detectable nucleosides with known UV extinction coefficients in mRNA-enriched samples
were considered as potential MRNA modifications.

Quantitative analysis was performed by injecting 1-5 ng of digested mRNA samples,
which was determined as the amount of both modified and unmodified nucleosides falling
within the quantitative range of UHPLC-QgQ MS. Subsequently, the mass response of
each nucleoside within the mRNA sample was compared to the mass response of the same
mass transition window in the blank control. The resultant ratios represent the signal-to-
background for each individual nucleoside. To confidently assign modifications originating
from mRNA, a threshold of 2 standard deviations above the average signal-to-background
ratio of ncRNA-specific modifications was set.

Oligonucleotide LC-MS/MS data analysis: Oligonucleotide MS/MS data analysis on
endogenous RNA was performed using the NucleicAcidSearchEngine (NASE) in Open-MS
(version: 2.7.0).52 Precursor and fragment ion mass cutoffs of 10 ppm were utilized, and 0
to +4 precursor isotopes between the charge states —1 to —20 were considered for analysis.
Fragment ions as defined by8’ (a-B, a, b, ¢, d, w, X, y and z) were considered for analysis

of tandem mass spectra. MS/MS data were searched against theoretical digests of the
appropriate RNA sequence with RNase T1 or RNase An up to two missed cleavages. Only
3’-phosphorylated or cleavage products were considered. Data analysis on IVT 23S rRNA
was performed using the Biopharma Finder software (version: 5.1; Thermo Fisher Scientific,
U.S.A)). The threshold for differences in precursor ion masses was set at < 5 ppm. The
confidence score for oligonucleotide annotations was set at > 90.

QUANTIFICATION AND STATISTICAL ANALYSIS

For temperature-sensitive modification search experiment described in Figures 3B-3F:
Statistical significance was tested with one-way ANOVA followed by Bonferroni’s multiple
comparisons test using Prism. All quantifications are displayed as mean = S.E.M. from three
biological replicates. Statistical significance was defined by p < 0.05. Domain annotations of
proteins were carried out by HMMER hmmscan with a cutoff e-value set at 0.001. Domain
composition similarities between unknown archaeal proteins and known RNA-modifying
enzymes were assessed by Jaccard index using an R script. Only archaeal proteins with
Jaccard index = 0.5 were considered as potential RNA-modifying enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
LC-MS/MS analysis revealed modified nucleoside profiles of archaeal RNAs

Temperature-responsive RNA modifications were identified in 7.
kodakarensis

An m’G modification in 23S ribosomal RNA P loop and its writer enzyme
were discovered
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Figure 1. RNA modification profiles in archaeal and non-archaeal species
(A) Total RNA from five Archaea, £. coli, S. cerevisiae and universal human reference RNA

were digested to nucleosides and subjected to UHPLC-QqQ analysis. The colored binary
table summarizes the detected nucleosides for each species searched against a panel of 76
nucleoside standards.

(B) Hierarchical clustering dendrogram representing relationship between archaeal and non-
archaeal species according to their nucleoside modification profiles.
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(C) Unrooted tree built from 16S rRNA multiple sequence alignment of the five archaeal
species.
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Figure 2. Detection of modified nucleosides in mRNA-enriched archaeal samples
(A) The bar graph indicates the percentage of RNA-seq reads mapped to protein-coding

genes annotated in archaeal reference genomes before and after rRNA depletion from two
biological replicates. Bars are displayed in mean £+ S.D.

(B) UHPLC-QqQ quantification of the modified nucleosides detected in mRNA-enriched
archaeal samples. The color scale of the heatmap corresponds to the mean molar ratio

of modified nucleosides versus unmodified nucleosides measured from two biological
replicates. The molar ratio of m°C/C in M. maripaludis mRNA-enriched fraction was below
quantification range in one biological replicate.

(C) Chemical structures of the modified nucleosides identified in archaeal mMRNA-enriched
samples.

(D) Venn diagram depicting mRNA modifications across the three domains of life. The
dark blue, green, and red solid lines represent mRNA modifications previously reported in
Eukarya, Bacteria, and Archaea, respectively.3%:37-41 The red dashed line indicates RNA
modifications found in archaeal mRNA-enriched samples in this study.
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Figure 3. Temperature-dependent changes on modified nucleosides in T. kodakarensis RNA
(A) Nucleoside analysis of RNA subfractions from 7. kodakarensis grown at 65°C, 75°C,

85°C, and 95°C. The heatmaps depict the mass response ratio fold changes (FCs) relative to
85°C in total RNA and different subfractions. The heatmap color scales indicate the mean
mass response ratio FC measured from three biological replicates.

(B-E) Relative FCs for modified nucleosides in (B) total RNA, (C) large RNA, (D) small
RNA, and (E) mRNA-enriched fractions are illustrated in the bar graphs.

(F) Relative abundance of m5U and m°s2U in the small RNA fractions, as measured in three
biological replicates. Statistical significance was tested with one-way ANOVA followed by
Bonferroni’s multiple comparisons test. All quantifications are displayed as mean + SEM.
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Group I: Modification identified,
associated with >=1 enzyme(s)

Group II: Modification identified,
no associated enzyme(s)

Modification not identified

Figure 4. Association of RNA modifications with predicted archaeal RNA-modifying enzymes
Modified nucleosides were categorized into two groups based on their association with

putative RNA-modifying enzymes in the reference archaeal genome, as predicted by
domain organization comparisons. Group I, modifications associated with one or more
RNA-modifying enzymes; group 11, modifications detected in archaeal RNA, but the
associated enzymes could not be predicted by domain organization comparisons.
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Figure 5. Identification and quantification of an m7G modification in T. kodakarensis ribosomal
RNA

(A) Proposed precursor and product ion structures of m’G and mo®U.

(B) Total RNA from 7. kodakarensis was selectively depleted of 5S, 16S, 23S, or of all three
rRNAs. The resulting RNA samples were subjected to UHPLC-QqQ nucleoside analysis.
Representative LC-MS/MS chromatograms of m’G (298.1 — 166.2, red trace) and mo°U
(275.1 — 143.1, blue trace) in each RNA sample.

(C) The mass response change for all modifications found in total RNA of the ATK0008
strain relative to the wild-type TS559. Bar graphs are displayed in mean + SD from two
biological replicates.

(D) Relative abundance of the guanosine modifications m’G, m!G, m2G, m2,G, and m2Gm
over unmodified guanosine measured in TS559 and ATKO0008 strains. Enrichment of 23S
rRNA was achieved by depleting 5S and 16S rRNAs. m1G, m2G, m%,G, and m2Gm were
not detectable after 5S and 16S rRNA depletion. Bar graphs show mean £ SD from two
biological replicates.

(E) m’G nucleoside quantification in IVT 23S rRNA treated with rTK0008 (0.1, 0.2, 1, 4
uUM). NE, no-enzyme control. Bar graph shows mean + SD from two biological replicates.
(F) 23S rRNA-enriched samples of TS559 and ATK0008 strains were digested with RNase
T1 or RNase A at 37°C for 1 h. The digested RNAs were subjected to nanoLC-MS/MS
analysis. The panel displays representative MS1 ion chromatograms of mG-containing
oligonucleotides at —2H charge state.
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(G) (Upper) Representative chromatograms of mG base anion and a-B ion ([mG][mG]-Base)
derived from the [NMG][MG]Gp trinucleotide. (Lower) Representative chromatograms of a-B
ion (G[mG][mG]-Base) derived from the GImG][mG]GCp pentanucleotide.
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Figure 6. m7G modification resides in the P loop of 23S rRNA
(A) Biotinylated DNA probe-targeted sequence in 23S rRNA containing the prospective

m’G site. The probe-hybridized region was either depleted by RNase H digestion or
enriched by RNase 4 protection cleavage. The RNase 4-treated samples were subjected

to streptavidin pull-down. UHPLC-QgQ nucleoside analysis was subsequently performed on
RNase H- and RNase 4-treated samples to determine the fold change in m’G abundance

relative to total RNA.
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(B) Electron microscopy (EM) density of m’G (2354) in the cryo-EM structure visualized
in Pymol. Contour level is indicated in red at the lower-right corner of the panel. The dark
arrows indicate the observed density on the A/7position. EM map: EMD-10223.

(C) Secondary structure of the domain V region of 7. kodakarensis 23S rRNA.86.67 The
circled guanosine at position 2354 represents the site for m’G modification. PTC, peptidyl

transferase center.

(D) Structural view of m’G-modified position within 7. kodakarensis 70S ribosome. Cryo-

EM structure PDB: 6SKF.
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(E and F) (E) EM density of G2252 in the 23S rRNA of E. coliand (F) G4197 in the 28S
rRNA of human ribosome. Contour levels are indicated in red at the lower-right corner of
each panel. EM maps: EMD-22586, EMD-18539.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Universal human reference RNA Agilent Technologies Cat #740000
Escherichia colitotal RNA Thermo Fisher Scientific Cat #AM7940
Saccharomyces cerevisiae total RNA Mulroney et al.82 N/A
Chemicals, peptides, and recombinant proteins

Nucleoside standards Multiple suppliers Data S1
TKO0008 This paper N/A
Deposited data

Cryo-EM of T. kodakarensis 70S ribosome
Cryo-EM of E. coli 70S ribosome
Cryo-EM of Human 80S ribosome

Sas-Chen et al., 20203
Watson et al., 202064
Holvec et al., 202465

PDB entry: 6SKF
PDB entry: 7K00
PDB entry: 8QOI

RNA-Seq data This study PRINA1219756

Nucleoside analysis data This study PR002314

Oligonucleotide analysis data This study PXD060644

Experimental models: Organisms/strains

Thermococcus kodakarensis This paper N/A

Thermococcus sp. AM4 C.S. Raman, University of Maryland ~ Data S2

Methanococcus maripaludis Barney Whitman, University of Data S2
Georgia

Sulfolobus islandicus Rachel Whitaker, University of Data S2
Ilinois at Urbana-Champaign

Sulfolobus acidocaldaius Sonja-Verena Albers, University of Data S2
Freiburg

NiCo21(DE3) Competent E. coli New England Biolabs Cat #C2529H

Oligonucleotides

rRNA depletion probes Integrated DNA Technologies Table S8

Biotinylated DNA probe Integrated DNA Technologies N/A

Recombinant DNA

pTS700 Hileman and Santangelo83 N/A

pCSU-TKO0008A This paper N/A

pCSU-TK0008B This paper N/A

pQES80 Takara Bio Cat #638910

Software and algorithms

Agilent MassHunter WorkStation Quantitative
Analysis (QQQ)

Agilent Technologies

https://www.agilent.com/en/product/software-
informatics/mass-spectrometry-software/data-
analysis/quantitative-analysis
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REAGENT or RESOURCE

BioPharma Finder (version 5.1)

NucleicAcidSearchEngine
Prism 10
Geneious Prime 2024.0.7

R (4.4.2)
PyMOL
Bowtie2

HTSeq

SOURCE

Thermo Fisher Scientific

Wein et al.62
Dotmatics

Dotmatics

The R Foundation
Schrédinger, Inc.

Langmead and Salzberg®*

Anders et al 8

IDENTIFIER

https://www.thermofisher.com/us/en/
home/industrial/mass-spectrometry/liquid-
chromatography-mass-spectrometry-lc-ms/lc-ms-
software/multi-omics-data-analysis/biopharma-
finder-software.html

N/A
https://www.dotmatics.com/solutions/prism

https://www.dotmatics.com/solutions/geneious-
prime

https://www.r-project.org/
https://www.pymol.org/

https://bowtie-bio.sourceforge.net/bowtie2/
manual.shtml

https://htseq.readthedocs.io/en/release_0.11.1/
index.html
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