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ABSTRACT

Analysis of the profile of the tRNA modifications in several Archaea allowed us to observe a novel modified uridine in the V-
loop of several tRNAs from two species: Pyrococcus furiosus and Sulfolobus acidocaldarius. Recently, Ohira and colleagues
characterized 2’-phosphouridine (UP) at position 47 in tRNAs of thermophilic Sulfurisphaera tokodaii, as well as in several
other archaea and thermophilic bacteria. From the presence of the gene arkl corresponding to the RNA kinase responsible
for UP47 formation, they also concluded that UP47 should be present in tRNAs of other thermophilic Archaea. Reanalysis
of our earlier data confirms that the unidentified residue in tRNAs of both P. furiosus and S. acidocaldarius is indeed
2’-phosphouridine followed by m®*C48. Moreover, we find this modification in several tRNAs of other Archaea and of

the hyperthermophilic bacterium Aquifex aeolicus.
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INTRODUCTION

In a previous work, we have established the profile of the
tRNA modifications of several Archaea (Wolff et al. 2020).
We used mass spectrometry to localize and characterize
the tRNA modifications. We discovered some modifications
that we did not manage to fully identify chemically. One of
them was attributed to position U47 in some tRNAs from
Pyrococcus furiosus (a hyperthermophilic archaeon belong-
ing to the phylum Thermococcales) and from the thermoaci-
dophile Sulfolobus acidocaldarius (belonging to the phylum
Sulfolobales) with an assumed nucleoside mass of 338 kDa
(noted asxU47). The recentidentification by mass spectrom-
etry of 2'-phosphouridine (UP47, nucleoside mass of 324
kDa) at position 47 of tRNAs of thermoacidophilic crenarch-
eon Sulfurisphaera tokodaii, and by extension in tRNAs from
several other thermophilic Archaea (Ohira et al. 2022),
prompted us to reanalyze our data.

We now find that the putative modified uridine (xU47) in
P. furiosus and S. acidocaldarius corresponds indeed to a
2'-phosphouridine (UP) that is followed by 5-methylated
C48 (accounting for the 14 kDa difference between the ob-
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served nucleoside masses, 338 and 324, respectively) as in
S. tokodaii (Ohira et al. 2022). Moreover, we also find that
UPis presentat position 47 of the mesophilic archaeon Meth-
anococcus maripaludis, in the hyperthermophilic and acido-
philic archaeon Saccharolobus shibatae and interestingly
also in the hyperthermophilic bacterium Aquifex aeolicus.

RESULTS AND DISCUSSION

MSMS data

The interpretation of the first MSMS data of the oligonucle-
otides obtained by RNase T; of tRNAs from several
archaea (the fragment of interest always started with
5'-U47C48) allowed us to conclude on the presence of
xU47C48. Indeed, the expected ions corresponding to
the fragmentation between U47 and C48 (fragments c;
and ys in the example [see Fig. 1]) were missing in the
spectra. Instead, we only found a fragment of 704.1 kDa
corresponding to the dinucleotide xU47C48. On the other
hand, RNase A analysis of the same tRNAs revealed the
presence of the fragment ion carrying the same unknown
modification, with a dinucleotide fragment of 722.1 kDa

© 2023 Wolff etal. Thisarticle, publishedin RNA, is available undera Cre-
ative Commons License (Attribution-NonCommercial 4.0 International),
as described at http://creativecommons.org/licenses/by-nc/4.0/.
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FIGURE 1. Deconvoluted MS/MS sequencing spectrum (Wolff et al. 2020) (UP)(mSC)(mSC)C(Um)Gp of Ini-tRNA-CAU from S. acidocaldarius after
T, digestion (m/z=1005.2, z=—2). No ion fragment of UP is detected, probably due to the protection conferred by 2'-phosphate and insufficient
CID energy, butions ¢, (704) and y4 (1306) corresponding to the dinucleotide (Wolff et al. 2020) were detected. See Table 2 for localization of the

fragment.

(corresponding to xU47C48-3'p). This allows us to con-
clude that the modification carried by the U47 prevents
RNase A cleavage. Moreover, because C48 was cleaved
by the RNase A, it suggests also that C48 was likely un-
modified. This leads us to conclude that the fragment gen-
erated by RNase A corresponds to xU47C48.

After publication of the first known internal post-tran-
scriptional phosphorylation of uridine at position 47
(Ohira et al. 2022), we performed complementary experi-
ments to determine whether this phosphoryl adduct is
also present in our tRNAs studied previously (Wolff et al.
2020). To confirm the presence of UP47, the RNase T frag-
ment oligonucleotides obtained from purified initiator
tRNAM®* from S. acidocaldarius was treated with bacterial
alkaline phosphatase (BAP) followed by MS analysis. BAP
can hydrolyze 5'- and 3'-phosphate but also 2’-phosphate
(Ohira et al. 2022). As a matter of fact, based on the CID
sequencing spectrum, the RNA fragment (UP)(m>C)(m>C)
C(Um)Gp (Fig. 1), detected without BAP treatment, was
converted to Um>C)(m>C)C(Um)G (Fig. 2).

The data provided by these additional experiments al-
low us to conclude that the previously found xU47 was in
fact UP followed by m>C. The mass of UP (324 kDa) added
to the mass of the methyl group of m°C (14 Da) corre-
sponds to the mass of the reported xU (338 kDa, see
above). The missing CID fragmentation ions resulting
from cleavage between U47 and C48, mentioned above
(Fig. 3), could be explained by the presence of 2/-O-phos-
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phate in U47 (Fig. 3A). We hypothesize that the presence
of a 2’-phosphate group may protect the phosphodiester
link against CID fragmentation, as it is the case with
2'-O-methyl (Smith and Brodbelt 2011). Hence, the frag-
mentation is less favorable resulting in weaker or sup-
pressed MSMS peaks (Fig. 3B). In the case of Ohira et al.
(2022), the presence of UP47 was also detected in S. acid-
ocaldarius after digestion by nuclease P; and LC/MS anal-
ysis (see also Table 2 in this paper).

Presence of UP47 in various tRNAs

In Sulfurisphaera tokodaii, UP47 was observed in Lys-tRNA-
UUU, ThrtRNA-UGU, Gly-tRNA-UCC, Arg-tRNA-UCG, Pro-
tRNA-GGG, lle2-tRNA-CAU, and Phe-tRNA-GAA and was
not observed in GIn-tRNA-UGG, Cys-tRNA-GCA, Leu-
tRNA-UAG, nor Ser-tRNA-GGA (Ohira et al. 2022). Here,
we find UP47 in Initiator Met-tRNA-CAU of all four archaea
that we analyzed, as well as in Met-tRNA-CAU of M. maripa-
ludis and P. furiosus (Tables 1, 2). We further find UP47
in Arg-tRNA-UCG, Asn-tRNA-GUC, Thr-tRNA-GGU, Val-
tRNA-GAC, Gly-tRNA-GCC (see Supplemental Figs. S1-54
for selected annotated spectra). As noticed (Ohira et al.
2022), all tRNAs with UP47 have 5 nt in the V-loop and
UP47 is always followed by C48. Except in the archaeon
M. maripaludis and bacterium A. aeolicus where it is unmod-
ified, C48 is methylated at position 5 (m>C48). Further, in A.
aeolicus, position 46 is m’G4é. In five tRNAs, position 49 is
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FIGURE 2. Deconvoluted MS/MS sequencing spectrum Um>C)(m>C)CUmM)G of Ini-tRNA-CAU from S. acidocaldarius after T, and BAP digestion
(m/z=925.13,z=—2). The spectrum clearly shows the ion fragments corresponding to U47 without phosphate (c; = 305 and ys = 1545). See Table
2 for localization of the fragment.

c-ion

FIGURE 3. (A) Mechanism of formation of c-ions and y-ions by CID showing the involvement of 2'-OH during fragmentation (see also Tromp and
Schurch 2005). (B) Scheme showing that CID formation of c-ions and y-ions is less favorable due to O2'-phosphate of UP47.
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TABLE 2. Compilation of modified tRNA sequences from M. maripaludis, P. furiosus, S. acidocaldarius, S. shibatae, and A. aeolicus

Ac
1 27

(M. moripoludis

Arg UCU GGGCOCG UG | GCCU | CGGC A | CCGGC CUUCU[EAIA L e T [ —_ € |6GGGG 1Y UCG| AU [oecuc CGGGUCC G_|cC-

[Asn GUU Gecucey UA__|ecuc ALG+UAGGUAG (cAGC 2 ACGGA _|CUGUUhbAIA (I [ — e (] UUCGAGC CCUGC | AGGAGGC G |cca

Ini CAU AGCGAGG UA___|GGGu [AIGHICCAGGCCUA ucee |6 CCG6G CUCAUAA CCCGG_|AG——————————AlUSIC_|AGAAG UUCARAU CUUcu|ccuceey A |cca

Met CAU [GCCGAGG UG |ecuu AIGHIGCUGGUUA UAGC [CUCGE | CUICmIAUIh6AIA CCGAG_|AG—————————GlUpiC 1Y AGU cceee CCUCGGE

P. furlosus

Ini CAU AGCGG 201G U [GmIGGC/ICm] | AIG+ ICUAGGAG [Gmcec | CCGGG CUCAUAA CCCGG  [AG———G CGAGG v AU CCUCG GOOCGCU A_|CCA

Met CAU (GCCGGI2.26/G_[UA | GEuU A [AAGC [MSCICC6G | CU[CmIAU CCGGG_[AG————A [c6666 UICmIGImIAAG [CCClacACiG | ceccaae A |cca

Thr GGU GeCecee UG [ecuc AIGHICC/[s2CIUGGUA | [GmIAGE GCCGE UUGGUI: GEGGE_[AG————G (7516666 20U 1][mIAAG CCG/[6/GGGE_|U_|CCA

S. ocidocaldor ius

Val GAC GGGOCCG uc [m2cueu A[G+]CICmIUGGUU-A | GGAICm! [ CUGCC UGAC| < GGCAG | AA- Al [m5C1Um GGG 20UV 1 GuU CCCAG CGGGCCC A

Gly GCC GCGGCCG UA GuCu AIG+JCCUGGIAMIUUA |GGAC ccuGe CUGCCAC GCAGG [AG————G C (GGG 2UV: 1 1AJAU CGGUCGC A

Inl CAU AGCGGCG U[mi1A] |[m2GIGGA AlG+]CCUGGUA uccc CA GG UCAUAA COCUG | AG———G [mSCICIUmMIGG 2UV: 1 1AJAU CICmIAGG | CGOOGCU A

5. shibatoe

Ini CAU AGCGGGG UG | GGCU AlG+ICICmIUGGUAA | GGCC G CGGGG UCAUAA €6 [AG——G [m5C)[acACUGG |UU. 1AJAU CCAGG A |CCA

Pro GGG GGGGCCG UA m A[G+]CUUGGIAMICUA |GGAU G | CCAGC CUGGGGC (GCUGG |UG——G (5010 GGG vl 1AJAU CCCGG CGGCOCC A

A. aeolicus | |

Pro GGG CGGGGUG UA___|6e6e A A Ge6e UGGC UGGG(m1GIG [ETY R [ — ¢ _|eccee UUCGAGU CCGGU___| cACCCeG )

Val GAC AGGCGCG UA E‘ AGUA|Gm IGG-A (GAGC CICGGC CGAC| C GCCGG  [AG—— | C_|6GGGGG 2UJUCA[m1AIGU | coecc CGCGCCU A |CCA

5. tokodail

Arg UCG [GGACCCG UA__|ecuc A GAGE |G ccG6e CUUCGGA 6CC66 [UG—————G [50101666_|UUCARAY CCC66 | caGGuce 6 [—

Gy ucc 6CGGCCG e [eucy AGUCUGGAUUA GGAC |G CUGGC |cuuccan [GCCAG |UA—————A [5101666 | UUCARAY CCCG6 | co6eeae A |=

Lys UUU GGGOCCG UA GCUC AGCCAGGU-A GAGC G | GCGGG CUUUUAA GV [AG——————G L 666 UUCAAU CGGGLCC G |—

Phe GAA GCCGCCG. UA GCUC A GAGC G | CCCGG CUGAAGA L (Y — 666 UUCAAGU | COCCG CGGCGGC A |—

Pro GGG (GGGACCG uc GUCU AGCCUGGACUA | GGAU G CAGGC CUGGGGC GCCUG  |UG— G (Ll G666 UUCAMAU | CCCGG CGGU CCC A |—

Thr UGU GCCGCUG UA GCuC AGCCUGGUU-A | GAGC G | CCGGC CUUGUAA GCCGG [ CG——G | GGGG UUCAAU | CCCCG CAGCGGC U |—

lle CAU GGGCCCG UA |ecuu GGUAGA lecse  |c cCc66 CUCAUAA €666 _[UG————G| [ GGGG UUCAAGU [ CGGGCCC A

Val GAC (GGGCC + LG AUIC | Im2GIuClY] AlGHC UGGUU-A |GGAC 2,2 | CCGCC CmUGAC M 1GIC GGCGG  [AG———G 666 Y 1AJGU CCCAG CGGGCCC A |—

For comparisons, the data for S. tokodaii are also shown; they are from Ohira et al. (2022). Nucleotides in red indicate fragments obtained by RNase T1,
and/or RNase A, and/or RNase U2 digestion, while those in black represent regions that could not be analyzed. The modified nucleotides detected and

analyzed are shown in green.

also methylated at position 5, resulting in m>C49. Further-
more, in S. shibatae Initiator Met-tRNA-CAU, ac*C is detect-
ed at position 50. Expected modifications typical of Archaea
are also detected (Table 2; see also Pang et al. 1982; Gupta
1984; Edmonds et al. 1991; Watanabe et al. 1997; Urbona-
vicius et al. 2006; Grosjean et al. 2008; Tomikawa et al. 2013,
Hirata et al. 2019; Yu et al. 2019; Rose et al. 2020; Sas-Chen
et al. 2020; Wolff et al. 2020; Ohira et al. 2022).

Conclusions

To date the presence of post-transcriptional internal phos-
phorylation of a nucleotide in tRNA as UP47 was reported
in hyperthermophilic Archaea and in Nitrososphaera vien-
nensis, a mesophilic archaeon (Ohira et al. 2022). Here, we
show that this modification is also present in the meso-
philic archaeon M. maripaludis. Most interestingly we
find this modification in A. aeolicus, a hyperthermophilic
bacterium. The presence of UP47 in several thermophilic
archaea and A. aeolicus was only suspected from the pres-
ence in the genomes of gene arkl homologs coding for
specific U47 kinase. The recombinant form of this newly
identified modification enzyme from T. kodakarensis can
catalyze base phosphorylation of U47 in vitro in the pres-
ence of ATP (Ohira et al. 2022). In Table 1, potential ark!
homologs, annotated as Ser/Thr kinases, in the various ar-
chaeal species studied are indicated (see also Ohira et al.
2022). In A. aeolicus, the gene (agq_578) is in a region of the
chromosome containing tRNA genes with, as direct neigh-
bor, the polypeptide deformylase gene. In sum, these re-
sults show that this internal nucleotide phosphorylation is a
modification not only present in thermophilic but also in
mesophilic archaea (as in the mesophilic bacterium

Nautilia profundicola where Arkl has UP-modifying activity
in vitro, Ohira et al. 2022) and in hyperthermophilic
Bacteria. The present note completes our previous report
on tRNA modifications in Archaea (Wolff et al. 2020).

MATERIALS AND METHODS

tRNA isolation by 2D-gel electrophoresis

tRNA isoacceptors were isolated using two-dimensional gel elec-
trophoresis as previously described (Wolff et al. 2020). Briefly, the
total tRNA of each organism was briefly heated at 90°C. Then,
samples were separated in a first-dimension gel under denaturing
conditions using 12.5% polyacrylamide gel, 1x TBE and 8 M urea,
followed by a second dimension under semidenaturing condi-
tions using 20% polyacrylamide gel, TBE 1x and 4 M urea at
room temperature. Gels were stained with an ethidium bromide
solution (10 pg/L™") for about 10 min. Finally, spots containing
tRNAs were visualized and excised under UV light (302 nm).

In-gel RNase digestion of tRNAs

Gel spots containing tRNAs were first desalted by several washes
(at least eight) with 100 pL 200 mM NH4AcO and gel spots were
dried under vacuum. For RNase T4 and RNase A hydrolyzes, gel
pieces were rehydrated by 20 pL of 0.1 U/uL™" of RNase T, or
by 20 pL of 0.01 U/uL™" of RNase A (Thermo Fisher Scientific) in
100 mM NH4AcO (pH is not adjusted). For RNase U, digestion,
spots were digested by using 50 pL of RNase U, (homemade) at
0.3 ng/pL‘1 in 50 mM NH4AcO (pH 5.3) and incubated for 45
min at 65°C. After digestion, supernatants were dried under vac-
uum. Bacterial alkaline phosphatase (BAP) dephosphorylation
was performed by adding 10U of BAP to the RNase mixture
and incubating for 3 h at 37°C.
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NanoLC-MS/MS of RNA oligonucleotides

Pellets containing RNase digestion products were resuspended in
3 pL of milli-Q water and separated on an Acquity peptide BEH
C18 column (130 A, 1.7 pm, 75 um x 200 mm) using a nanoAcg-
uity system (Waters). The analyses were performed with an injec-
tion volume of 3 pL. The column was equilibrated in buffer A
containing 7.5 mM TEAA (Triethylammonium acetate), 7.0 mM
TEA (Triethylammonium), and 200 mM HFIP (Hexafluoroisopro-
panol) at a flow rate of 300 nl/min~". Oligonucleotides were elut-
ed using a gradient from 15% to 35% of buffer B (100% methanol)
for 2 min followed by an increase of buffer B to 50% in 20 min. MS
and MS/MS analyses were performed using SYNAPT G2-S (hybrid
quadrupole time-of-flight mass spectrometer) from Waters Cor-
poration. All experiments were performed in negative mode
with a capillary voltage set at 2.6 kV and a sample cone voltage
set at 30 V. Source was heated to 130°C. The samples were ana-
lyzed over an m/z range from 550 to 1600 for the full scan, fol-
lowed by fast data direct acquisition scan (Fast DDA). Collision-
induced dissociation (CID) experiments were achieved using Ar.

Data analysis

AllMSMS spectra were deconvoluted using MassLynx software from
Waters and manually sequenced by following the y and/or ¢ series
(w ions were also useful when sequencing was difficult or to confirm
a sequence). tRNA identification was done by comparisons with the
genomic sequences obtained from GtRNAdb (http:/gtmadb.ucsc
.edu/) (Chan and Lowe 2016). Data about nucleoside modification
were obtained from Modomics database (https:/iimcb.genesilico
.pl/modomics/modifications) (Boccaletto et al. 2022).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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