Comparative patterns of modified nucleotides
in individual tRNA species from a mesophilic
and two thermophilic archaea

PHILIPPE WOLFF," CLAIRE VILLETTE,? JULIE ZUMSTEG,? DIMITRI HEINTZ,? LAURA ANTOINE,’
BEATRICE CHANE-WOON-MING,' LOUIS DROOGMANS,® HENRI GROSJEAN,? and ERIC WESTHOF'

TArchitecture et Réactivité de I’ARN, Institut de Biologie Moléculaire et Cellulaire du CNRS, Université de Strasbourg,
F-67084, Strasbourg, France

?|nstitut de Biologie Moléculaire des Plantes du CNRS, Université de Strasbourg, F-67084, Strasbourg, France
3Laboratoire de Chimie Biologique, Université Libre de Bruxelles, Institut Labiris, B-1070, Belgium

ABSTRACT

To improve and complete our knowledge of archaeal tRNA modification patterns, we have identified and compared the
modification pattern (type and location) in tRNAs of three very different archaeal species, Methanococcus maripaludis
(a mesophilic methanogen), Pyrococcus furiosus (a hyperthermophile thermococcale), and Sulfolobus acidocaldarius (an
acidophilic thermophilic sulfolobale). Most abundant isoacceptor tRNAs (79 in total) for each of the 20 amino acids
were isolated by two-dimensional gel electrophoresis followed by in-gel RNase digestions. The resulting oligonucleotide
fragments were separated by nanoLC and their nucleotide content analyzed by mass spectrometry (MS/MS). Analysis of
total modified nucleosides obtained from complete digestion of bulk tRNAs was also performed. Distinct base- and/or ri-
bose-methylations, cytidine acetylations, and thiolated pyrimidines were identified, some at new positions in tRNAs.
Novel, some tentatively identified, modifications were also found. The least diversified modification landscape is observed
in the mesophilic Methanococcus maripaludis and the most complex one in Sulfolobus acidocaldarius. Notable observa-
tions are the frequent occurrence of ac*C nucleotides in thermophilic archaeal tRNAs, the presence of m’G at positions
1 and 10 in Pyrococcus furiosus tRNAs, and the use of wyosine derivatives at position 37 of tRNAs, especially those decod-
ing U1- and C1-starting codons. These results complete those already obtained by others with sets of archaeal tRNAs from
Methanocaldococcus jannaschii and Haloferax volcanii.
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INTRODUCTION ribosomal subunits (Selmer et al. 2006). The modifications
occur in the whole body of the tRNA but especially in the
elbow created by the intricate contacts formed between
the D- and T-loops (Machnicka et al. 2014). The second
main role played by tRNA modifications is to guarantee fi-
delity and efficiency during ribosomal translation at the de-
coding site, thereby participating in the regulation of the
translational activity and the control of proteostasis
(Pollo-Oliveira and de Crécy-Lagard 2019). These modifi-
cations occur mainly in the extended anticodon loop of
tRNAs (Yarus 1982). Their roles are (i) to maintain a confor-
mation of the anticodon loop preorganized for pairing with
the mRNA codon in the A site (Vendeix et al. 2012); (i) to
stabilize the weak AU-rich codon/anticodon pairs
(Grosjean and Westhof 2016); (i) to avoid miscoding
(e.g., Met/lle or Trp/Stop) (Cantara et al. 2013); (iv) to allow

Transfer RNAs are the most modified RNA molecules in
terms of number of modified positions and diversity of
chemical modifications. A whole gamut of modification
enzymes had to differentially evolve in the three domains
of life to mature properly tRNAs (Helm and Alfonso
2014; Boccaletto et al. 2018). In short, tRNA modifications
play two central roles. The first one is to guarantee the
maintenance of the uniqueness and stability of the tRNA
architectural fold (Helm 2006; Motorin and Helm 2010,
2011), a requirement for proper recognition by key factors
like aminoacyl-tRNA synthetases (Giégé and Springer
2016), the Elongator complex (Karlsborn et al. 2014), and
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the decoding of purine-ending codons in split codon box-
es by promoting unusual base-pairings that fit within the
decoding ribosomal grip (Rozov et al. 2016). Although
the nature and number of the modifications vary consider-
ably between the three domains of life, the great majority
of the tRNA positions that are modified are highly con-
served throughout phylogeny.

Unfortunately, the complete patterns of tRNA modifica-
tions are known for only a limited number of species (e.g.,
E. coliin Bacteria or S. cerevisiae in Eukarya). In Archaea, al-
though studied for a long time, the landscape of tRNA
modifications remained disperse, and known only for a
few particular tRNA isoacceptors or bulk cellular tRNAs
(see for examples: Kuchino et al. 1982; Edmonds et al.
1991; Tomikawa et al. 2013). Only in the cases of Haloferax
volcanii (Gupta 1984, 1986; Grosjean et al. 2008a) and very
recently in the case of Methanocaldococcus jannaschii (Yu
etal. 2019), the modification landscape of a complete set of
cellular tRNAs has been elucidated. These data reveal that
a few modifications are unique to certain archaea, while
others are present in most, if not all archaeal species stud-
ied so far. Among the archetypal ones are a N1-methylated
pseudouridine at position 54 instead of a thymine (Pang
et al. 1982; Gupta 1984), the presence of archaeosine, or
7-formamidino-7-deazaguanosine, at position 15 (Wata-
nabe et al. 1997), certain wyosine derivatives like imG,
imG2 and mimG at position 37 (de Crécy-Lagard et al.
2010) and the presence at position 34 of tRNA-Ile of agma-
tidine, a modified C where the carbonyl group is replaced
by decarboxy-arginine (lkeuchi et al. 2010; Mandal et al.
2010).

Here, we examined the landscapes of tRNA modifica-
tions in three archaeal species with very different evolution-
ary history. Two belong to the Kingdom Euryarchaeota:
Methanococcus maripaludis, a methane-producing an-
aerobic mesophilic archaeon belonging to the same
Methanococcales clade as M. jannaschii (but the latter is
thermophilic) and Pyrococcus furiosus, an anaerobic hyper-
thermophilic archaeon belonging to the Thermococcales
clade (Forterre 2015). The third species studied here is Sul-
folobus acidocaldarius (an obligate aerobic, acidophilic,
sulfur-oxidizing thermophile that belongs to the Sulfolo-
bales clade of the Crenarchaeota Kingdom). The last two
archaea therefore belong to families not yet systematically
analyzed and S. acidocaldariusis the first crenoarchaeon for
which the modification landscape is reported. Further, all
euryarchaeal tRNAs analyzed so far are from anaerobic mi-
croorganisms (with thermophilic or hyperthermophilic
character), while S. acidocaldarius is an aerobic moderate
thermophile.

As performed earlier in the case of H. volcanii (Gupta
1984, 1986), two-dimensional gel electrophoresis was
used to separate individual tRNA isoacceptors from puri-
fied bulk cellular tRNAs of each of the three archaea, allow-
ing the analysis of 79 cellular tRNAs out of a total of 116
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theoretical corresponding tDNA genes (Chan and Lowe
2009, 2016). In-gel digestion by specific nucleases fol-
lowed. The resulting tRNA digests, for which sequences
were deduced from their known genomes, were then sep-
arated by chromatography and analyzed by mass spec-
trometry. The analysis of modified nucleosides of bulk
tRNAs was also performed and the results compared
with those obtained from the analysis of oligonucleotide
sequences. Altogether, our results support the idea that,
despite the fact that Archaea share typical modified nucle-
otides present in both Bacteria and/or Eukarya, they also
display unique and specific modifications.

RESULTS

tRNA genes and their cellular mature products

In the GtRNAdb (Chan and Lowe 2009, 2016), there are 37
genes coding for tRNAs in M. maripaludis and 46 in both
P. furiosus and S. acidocaldarius, all predicted with excel-
lent scores using tRNAscan-SE 2.0 (Lowe and Eddy
1997). In S. acidocaldarius, 50 tRNA genes are predicted
but four have scores below 45.0 and would be considered
as pseudogenes (Chan and Lowe 2009, 2016). Based on
genomic information, in M. maripaludis, there are only
two tRNA genes corresponding to 4-codon boxes and
only one gene corresponding to 2-codon boxes, except
for Asp, Glu, and Lys where there are two isoacceptors.
In P. furiosus and S. acidocaldarius, there are three genes
coding for isoacceptors in 4-codon boxes and only one
in 2-codon boxes, except again for Glu, Lys, but also
Gln, lle, Arg(AGR), and Leu(UUR) (all codons of 2/3-codon
boxes ending with R3 and thus decoded by Y34-contain-
ing tRNAs). In the three species, there is one gene coding
for tRNA-Met' and another one for tRNA-Met, except in
M. maripaludis, where there are two copies of tRNA-
Met'. As in all other archaeal genomes sequenced so far,
there is no gene coding for A34-containing tRNA. Remark-
ably, in M. maripaludis, the C34-containing tRNAs are ab-
sent in both 4- and 2-codon boxes except of course in
tRNA-lle(CAU), tRNA-Met and tRNA-Met(CAU), and
tRNA-Trp(CCA). Thus, besides these five particular tRNAs,
all the other tRNA anticodon triplets start with either G34
or U34. In contrast, in the two thermophilic archaea, P. fur-
iosus and S. acidocaldarius, the C34-containing tRNAs are
present, which explains the increase from 37 to 46 naturally
occurring tRNA genes. These distributions follow the spar-
ing strategies in Archaea described by Grosjean et al.
(2010). The percentage of GC-content increases from
M. maripaludis (34%) to S. acidocaldarius (37.5%) and to
P. furiosus (41.1%). The codon usage is such that U3- and
A3-ending codons are highly preferred (Nakamura et al.
2000; Emery and Sharp 2011; Nayak 2013). This is particu-
larly striking in the mesophilic M. maripaludis where U3-
and A3-ending codons are decoded solely by G34-tRNAs
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and U34-tRNAs, respectively. In M. maripaludis, the per-
centage of GC-content at the third position is 25.6%, while
it is 28.8% in P. furiosus and as high as 39.3% in S. acido-
caldarius. Such differences in decoding strategies have
consequences on the modification identity found at posi-
tion 34 and in the extended anticodon stem-loop of indi-
vidual isoacceptor tRNA (see below and Grosjean and
Westhof 2016). The knowledge of tRNA genes and copy
numbers does not allow yet to predict which identified
genes correspond to lowly or highly expressed cellular
tRNAs (minor/major species). The low abundance of cer-
tain cellular tRNAs can be below the detection mapping
method, which explains why some tRNA isoacceptors are
missing in our analyses of bulk tRNAs. However, for each
archaeon, representative tRNAs corresponding to each
of the 20 amino acids could be analyzed. They probably
correspond to the most abundant naturally occurring spe-
cies. Lastly, in Archaea, especially the hyperthermophilic
ones, tRNA genes often contain introns (Sugahara et al.
2008). Among the three archaeal species studied, the
S. acidocaldarius contains the highest number of tRNAs
with introns (21 out of 46) (Chan and Lowe 2009, 2016).
Such intron-containing tRNAs are often the targets of
site-specific 2’-O-ribose methylations or uridine isomeriza-
tion into pseudouridine via the sRNA-guided FlpA C/D
box or the Cbf5 H/ACA enzymatic machinery, respectively
(see below).

Purification and sequencing of isolated tRNA species

Each tRNA isoacceptor was isolated using two-dimension-
al PAGE. The process leads to a series of tRNA spots. Each
spot contains generally one isoacceptor, while some con-
tain two or rarely three isoacceptors (Supplemental Fig.
S1). Foreach spot, all CID spectra were manually inspected
and sequenced. The tRNAs were identified by unique se-
quences in RNase digestion products (see Materials and
Methods). From such 2D-gel electrophoresis, we could pu-
rify and analyze 27 post-transcriptionally matured tRNAs
corresponding to obviously major naturally occurring spe-
cies from M. maripaludis and 30 tRNAs from P. furiosus
(over 37 and 46, respectively) but only 22 (over 46) from
S. acidocaldarius. In this latter case, of the 21 intron-con-
taining primary transcripts predicted from the genome se-
guence only six were identified as matured species in the
purified bulk matured tRNAs, while 16 over 25 of the pre-
dicted intron-less tRNAs were detected. In P. furiosus and
M. maripaludis, only two tRNAs (specific for Met [CAU] and
Trp[CCA]) are transcribed as intron-containing species and
each of them was obtained and analyzed as the matured
species.

A critical point in the present experimental strategy is to
assign a modified position to the tRNA it belongs to.
Indeed, because archaeal tRNAs are highly GC-rich (espe-
cially in stems), there is a high level of similarities between

tRNA sequences especially for the highly conserved
D- and T¥C-loops. To be sure to assign unambiguously
an MS/MS sequencing spectrum, each tRNA isoacceptor
was analyzed separately (see Materials and Methods). All
CID (Collision Induced Decay) MS/MS spectra were manu-
ally examined and sequenced. Although LC MS/MS spec-
tra of digestion products allow the localization of a
modified nucleotide within the sequence, some of the
modifications unfortunately share the same (m/z) mass.
For example, methylation can be detected but, solely on
the basis of the mass spectra, it is not possible to localize
the methyl group (either on the ribose or on the base).
The same situation occurs between uridine and pseudour-
idine. However, knowing the presence of a given modified
nucleotide at the same position in a homogous tRNA of a
closely related archaeon, together with the existence of
corresponding modification enzymes (and its ORF in the
genome), sometimes allows to assign the most probable
chemical modification after verification that a homolog
gene exists in the genome of the archaea studied
(Supplemental Table S2). The ambiguous cases that are
left are discussed in the text or legends. Analyses of total
modified nucleosides of bulk tRNAs were also performed
allowing to identify the presence of modified nucleotides
that escape the above analysis of sufficiently long oligonu-
cleotides (Supplemental Figs. S2, S3). The code for modi-
fied nucleosides used throughout this paper, except when
specifically mentioned, follows either the one used in
MODOMICS (Boccaletto et al. 2018) or the chemically
based nomenclature (Motorin and Helm 2011; Helm and
Alfonso 2014).

Structural tRNA alignments

Alignments of the sequenced archaeal tRNAs studied in
this work, including the modified nucleotides we have
been able to detect at the oligonucleotide digest products,
are shown in Figure 1 (see also Table 1; Supplemental Fig.
S10). These alignments follow the usual nomenclature of
tRNA structure, and they are structural in the sense that
equivalent positions in the three-dimensional structure (as-
sumed by homology with known crystal structures) are ver-
tically aligned. They show that the tRNA sequences follow
the expected patterns of covariations and conservations as
observed in the majority of cellular tRNAs of all three do-
mains of life, demonstrating that they do conform to the
known three-dimensional structure of tRNAs. The numbers
of Watson-Crick base pairs (often GC-rich and with a small
number of GU pairs, especially in the thermophiles) in the
stems are as usual: seven in the acceptor stem (AA-stem),
four in the dihydrouridine stem (D-stem), five in the antico-
don stem (AC-stem) and the thymine stem (TWC-stem).
Also, a long variable region is always present in the long-
arm tRNAs specific for leucine and serine. The tRNA-Leu
(anticodons YAG, Y = U/C) in M. maripaludis and P. furiosus
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| aminoscid  Janiicodonl acesen L osen 1 oioop L Dsten b L acsen | acioon L acsen L veegion L sen L mooe ] sten ] Acesten ]
1 8 10 14 2 % 7 32 39 a4 49 54 61 66
M. maripaludis
Ala UGC  GGGCCCE uA Geue AIGHUUGGGA [6mIAGE G €e6ee 1 cuusc/[acacian 66C66 Ascuc 6UGGG [m1V)u[cm](m1i](m1AlAU CCCGC CUAGGCY
arg Ucu  G6Geecs ue Geeu AGUCUGGAUA cGec A €e66e ! cuucufteala Geeas GeauC 66666 [m1v]uce[m1AlAU cccuc  caeGuce 6
Asn Guu  Gccuccy ua Geuc AIGHUAGGUAG caGe  [m2,26] ACGGA " cuguU[hn6AIA uccey AGGUC GCAGG UUCGAGC CCUGC  AGGAGGC G cea
asp GUC  (GEUCUGG ue GUGU AIGHCUCGGCCUA  UCAU A GAGGA ! cuguCifeAlC uccus ueAC uceG6 [mavju[cm]{m1i][m1AlAU CCCGG CCAGAGC G cca
Glu uuc  Geuccag ue [M2261UGU  AGUCCGGCCAA vau ¢ €66EEN culmnmsulucim1GIA G6eee Geac ucees [mvuiCmlim1im1AlAU 66 cuGGAGE A cca
aly GCC GEGGCUU v AuGU AIGHACUGGUA ucau A €66ee 1 cugceac 66ece Acac cce66 uucAAY CCCGE AGGECGC
aly U GeGeeaG ve Gusy AGecuGGUA uac U GUGGEN culenmsujccan Gecas uaac ucee6 [mVjUCm]{m1i](m1A]AU CCCGA CUGGEGC A cea
His GUG  GCCGUGG uA 666U AGUGGCUA [TTR ] AGGGA | CUGUG[m1GIA uceey cGAC €666 vuceAUY €CC66  UCUCGGE c
e GAU  AGGGCAG ue Geue AIGHCIS2CIUGGUUA  GAGU  [m2,2G] EUEEEI cugAulhnsAlA CCGAG useuc 666G VUCmIGIm1AJAY cccce cuscecy A cea
e CAU  GGGCCCG uA Geuc AGGCUGGUU-A GAGU  [m2:26] GUEGEI culclAU(hn6AIA ccGAG usGUC AUGGG [mavjucmIimalimiAlAY cccau caeece A
i CAU  AGCGAGG ua 666U AIGHCCAGGCCUA  UCCE G €666 cucauaa ccc66 AGAUC AGAAG uucaray cuucu  ccuceey A ca
Leu GAG  GCGAGGG w acen AIGHIC[s2CJUGGUUAA AGGE  [m2,26] CUAGS | UUGAGEG ccune UCUCAUAGGAGUUC GAGGG vucG(m1AIAU cccwu  ceeucae
Leu UM GGAGGGA w Geea AGCCUGGUCAA AGGC 6 UEGGA' | cuuaaGA UccGA UCCGGUAGCGGUUC GAGGG vucaray cccuu uceeuce A
Leu UAG  6CAGGGG w Guce AIGHCCUGGCCAR  AGAU  [m2,2G] EAGGANN cls2uIxuJAGAA uccue UCCAGUAGUGGUUC cAGGG vucaaau cceus  ceceuee A
Lys UWU  GGGeCcE uA [m26]cuu AIGHUCUGGUA GAGC  [m2,26] EEUGAIIN cufcmnmss2ujuuiteal  [UEAGE! cGeuC GAGGG uuca(m1AlAU cccuu ceeGeee G cca
Met CAU  GCCGAGG ue Geuu AIGHGCUGGUUA  UAGC  [m2,26] EUEGEIIN culcmlAu[hneAlA CCGAG AGGUC 66666 [mavJufemim1AGU ceeee ccuceee
Phe GAA  GCCAAGG uA Guuc AGECUGGGA GAAC  [m2:26] GUGGAI (cm]UGAA(imG-14]A uceag vusuc 666UG vuCmimaimiAAY CACCC CCUUGGE A ca
Pro UGG GGGCCUG ue 666U AIGHCCUGGUCA  UCCU U UGGGA | UUUGG[m1GIA uccus AnAC cecac UUCG[mIAIAU CUGGG  CcAGGCCC A cea
The GGU  GCUUCAG ve euc AIGH]CCUGGUA GAGC  [m226] €euGe " uugaulhneAln Geace AGecc 6CG66 vucaaac CCCGC CUGAAGC u
The UGU  GECUCGG ue Geuc AGCCUGGUA GAGC 6 €CUGA" " cuuGUIhneATA ucaGe usGuC 66666 vucGAAY ccccc CCGG6GE u
™ ccA  GGGAGUA ve Gusu AIGHUIS2CIUGGUCUA UCAU € GGGGA | cuccana uceey Geac cuees vucaaau cccas uacuuce A cca
v GUA  CCCGCGA ua Guuc AIGHACUGGUA GAAC  [m2,26] GEGGANN CmUGUAIXGIA uccee AuGuC GeuGe [m1V)ucm](m1](m1AlAU CCGGC  UCGCGGG A cca
ser UGA  GCAGAGG ue GuuG AIGHCUUGGCCAA  AGGC  [m2,26] €EGGAT 1 [s2cluucana [s20]CCG6 UUCUCCACUGGGGAGE 66666 [m1V}ULCml{m1){m1AIAU cccue  ccucuse
ser GCU  GCGGAGA ue Gece AIGHUCUGGUA e 6 €GGGA | cugCultsAlA ucees UUACGCUCUGCGUAAC ccaag UucARAU cucee  ucucese -
ser GGA  GCAGAGA ua Gucy AIGHCCUGGGA AGGC  [m2,26] UACGG | cugeana ccGua UGAGGCUUUGCCUCET 66666 uucarny cccee ucucuse G cc
val GAC  GAGUUCG v Gucy AIGHUUGGCUA UGAU A €cace | cugacac G6ce6 ueauc 6G6AG vucs[m1AlAU cucce  ceeACuC A co
val UAC  (GGACCU[ac6Al U6 Gucy AIGHUUGGCUA veAc A UEGEe | cuyacaa GGCGA Ga6UC 6CC66 UuCGAAY €CGGC  UAGGUCC A cea
P. furiosus
Ala GGC  GGGCCGG uA Geuc AGCCUGGUAU GAGE & €e6Ee 1 vugecan 66C66 AGGC cce66 UuCcARAY €CCG6 CCGGUCT A ca
Ala UGC  G6GClacac][m2,26]6 ua Geue AIGHCCUGGUAU  GAGC  [m2,2Gm] EEGECI culcnmsulGean 6Ge6G AGGee cce66 [mSUIULCmIim1(m1AIAU CClacACIGE CCGGUCC A cca
arg U (GBAClacac][m2,2616 uA Geey AIGHCCAGGAUA  GGGC  [m2,26m] GEGGEIN [s2cluccultsAlA Geeoe AsGUC 6666 UucARAU Cccce eeeeuce G ca
Arg U G6GECCE uA Geeu AIGHCAGGAUA Ge6C 6 €EaGEN culcnmsujcuaa GecG6 AGGUC cce66 uuca(m1AlAU CClacaCIG6 CGGGECC G cca
g 6C6  Geeeces ve accu AGCCUGGAU-A Ge6c  [m26] €6AGG | cuges(mimGla cculemle AGGuC <666 vucaaau ccces cca6acs ¢ cca
Asp. GUC  GECCGG6 v GUGU AGCCCGGCCUA UcAU  [m26] €6GGA | cugUCAC uceee cGAC cce66 UucARAY CCCGE CCCGGGE G cea
s GCA  GCCGG[m2,2G]A UmiA]  GCcy AlGHAGGCC AGGC  [m2,26)/[m2,26m] [GGEGANN CUGCAGA uceee vuuac €666 [mss2uju(Cmlm11](m1AIAU €CCGE Ucecaee U cca
Glu cuC  pIZHmIGICCClacaC]im2,26]G UG [2H:m27GMIUGU A[G+ICCCGEUCAA  UCAU  [m26] E6GEANN cucucimiGiA uceee CcGAC cce66 UucARAY CCCGE CCGGGGC A ca
Gin UG AGCCeee ue GUGU AIGHC[GMIGCCAA  GCAU G €GGGA" | CU[acaCm]UGGA uceee CGAImSC] [mSCIGMIGGG  UUCGAAU CCCCG C6GGGEY A cca
Gin VUG AGCCCCG ve Gusu AIGHCIGMIGCCAR  GCAU G €GGGA | CUlcmSU]UGGA ucces ceAlmsc] [mscice66 vucs(m1AlAU CClacacl66 C666GCU A cca
aly CcC GCGGUGG uA Gucy AIGHCIS2CIUGGUCUA GGAC  [m2,26] EEGGENN cucccaa 6ecG6 CGAImSC] [mSCICGG6 uucAAY €CCGE CCACCGE A cea
aly GCC 6EGGU[m2,2616 ua Gucy AGCCUGGUCUA Geac 6 €cace ! cugccan G6UGG AGAImSC] cce66 vuicm]maim1AlAU ccce  ceaccae A cea
aly UcC  GEGGUGE ua Gucy AIGHCCUGGUCUA  GGAC  [m2G] EEGGEN culenmsulccim1GIA 6CG6 cGAC €666 UucARAY CCCGE CCACCGE A
e GAU  GGGCCCG ue Geue AIGHCIS2CIUGGUCA  GAGC  [m2,2Gm] EECEENN cugAUhneAlA Gea6e AsGUC €66G6 uucGArG ceclacacls  caG6eCe A cca
i CAU  AGCGGIm26]G uiGml [M7GIGGC/[Cm]  A[G+ICUAGGAGIUM]  [GmICCC  [m2,26] €E66aI cucauaa cccee AGG[xUIC CGAGE [mss2ulu(Cmlim1i][m1AIAU ccuce Geecaey A ca
Leu CAG  GCGGGGG w Gece AIGHCIS2CIUGGUCAA AGGC  [m2,2Gm] €666A" 1 UucAGGG ucees UCCCGUAGGGGUUC 6666 uucAAY cccc6 cccecge A cea
teu UAA  GCGGGGG ve cecs AGCCUGGCCAR AGG6 G CCGGA | CUUAAGA uccee UGCCGUAGGGCUGC €666 UUCGAAY cccee - ceeeeGe A ca
Leu UAG  GCGGGGG w Gece AIGHCCUGGUCAA  AGGC  [m2,26m] €66GA" | LU[cnmSUIAGGG uceee UCCCGUAGGGGUUC 6666 uucAAY cccc cccecGe A cea
Lys CUU  GGGCCGG ua Geuu AGCCUGGUU-A GAGC  [m2,26m] GEGGAT cucuu[ms2t6AlA uceee AsGUC 66666 [msulU[CmIim1[m1AIAU ceeec ccaeeee G
Met CAU  GCCGGIM2,2616 uA Geuu AGECUGGUCA AAGe  [m2.26m] [MSEIEEGE culcmlAU(hn6AA €c666 AGAIXUIC 666G [mss2U1U(CmIGIm1AIAG CCClacaC]G  CCCCGGE A ca
Phe GAA  GGGGCGG ua Geue AIGHCIS2CIUGGGA  GAGE A EEGGATIN CUGAA[mimGIA/[Am] uccee Gueuc 66666 UuCmim1m1A]AY cccce cegeece A ccA
Pro UGG GGGGCCG uA 666U AGCUUGGCCCA uccu  [m26] €666€ 1 UUIEnmSUIGG[mIGIGA GEcacaci6 I usac cce66 UucARAY €ccee ceGeeee A ca
ser GCU  GECGCGG ua Geeu AIGHECUGGUA GGGC  [m2,26m] €E6GE. 1 cugcult*AlA/[Am] GecGe UGGGCGUGGUCCCGE 6666 uucAAy cccee ccaeaee G cca
ser GGA  GCCGGGG ua Gecy AGCCAGGG-A AGGC 6 €6G6E | CUGGA[mImGIA 6/[M2,26ICCCG | UGGGCGUUCGLCCAC 6666 uucARAY €CCCG €eee6ae 6
ser UGA  GCCGG[m2G)/[m22G]A U/(umlim1A] Gecy AGCCUGGU-A GGGC  [m2,26m] €G6GE | CUUGA[ImG2)/[mimGlA Geees [UMIGGECGUUUGCCCGE 666G [mSU)/[mss2U]UCAAAU €CCCG UCCeG6e 6
The 66U Geeccss ue Geue AGHICC/[s2C]UGGUA GAGE  [m2,26m] GECGEN UUGGU[t6A)/(hnGATA Geaee AGGIxUIC cce6e ceees U cca
Th UGU  GECCGGE uA Geey AGECUGGUG GGGC  [m2,26m] GGEGANN culcmsuIGUIhnAIA uceee AGGUC 6€666 UucARAY CCCGC CCCGGGE U cea
™ CCA  GGGGGCG ue GUGU AGCCUGGUCCA ucau ¢ 666G | CUCCAG/[mimGIA [CRICIERIIGMIE] GGAmSC] 6666 UuCmim1{m1AlAY cccce caeeeee A cea
val GAC  GGGCCCE ue Gucy AIGHACUGGUUA  UGAC  [m2,26] EeACENT cugacan G6UGG AGGUC 6666 UucARAY Cccce €6G6CCC A ca
val UAC  G6GCCCG v Gucy AIGHCUGGUUA vGAC 6 ce6ee 1 cuuacea 66C66 AsGUC 6666 vuce(m1AIAU CCClacac]G CGGGECC A cea
s. acidocaldarius
Ala GG6C  GGGCCGG uA Geue AIGHCICMIUGGAA  GAGU  [m2,26] €6UG6" uugscAy ccace AGGUC cce66 UucARAY €CCG6 CCGGUCT A CCA
Ala UGC  666CCG6 ua Geue AIGHCICMIUGGA-A  GAGU  [m2,2G] EUUEEI (cmlufumlGean ClaciciGAG | AGGUC cce66 vucARAy €CcG6 ceaGuce A cea
Asn GUU  GCCGCGG uA Geuc AGUUGGCA GAGC & €€666 | cuguuAA cccee usGuC G6UGG UCCGAGU CCACC  CCGEGGE G
Asp GUC  GClacACIGCGG UmiAl  [m2261Ucy AIGHCGGUCUA GGAIUM] [m2,26] GEGGENN cugUCm1G]/lmG)/(mimGlA [GEEED UGAImSC] [mSCIEmI[GMIGE [s2u]U[Cm]{m1l](m1AJAU CCC6G CCGICmIGG[mSC] G
Gin UUG  AGCCGGG uc Gucy AGHC[GMIGUCAA  G[GmIAU [cm] €AGGEI culum)/[s2umluGmiGlc  [EECUG GGA[msC] [mSCIAGGG UUCGAGU ceclumle  ceceeelum] A
Glu cUC  GECGea6 ua [m22GIGUAU  A[G+ICCCIGMIGUC-A  GUAU  [m2,26] [MSCIGEGE [cmlucucaa Geeea UGA[mSC] [mSCICEmIGE  [s2ulu[Cmi{m1l](m1AIAU 66 ceacaee A
Glu vuc  Geceess ua [M22GJUAU  AIG+ICCCIGMIGUCAA GUAU  [m226] [MSEIG66E cuuucea seeca UGA[mSC] [mSCICMIGEE  UUCAAAU CCCG6 CCBCGGE
aly GCC GCGGCCE ua Gucy AIGHCCUGGIAMIUUA GGAC  [m2,26] €eUGE ! cugceac GeAGE AGGLUIC cicmIGa6 [s2UlU[CmIlmaNlimIAIAU CCCGE CGGUCGE A
Leu CAA  GCGGGGG ue cecs AIGHCUGGUCAA  AGGG G GEGGA | cucanca uccee UGGCGAAGG CCU[Am](Cm] GCa66 vucARAy cccau cceeese A
Leu CAG  GCGGGGG ve ccee AGCIAMIAGGUCAA  AGGG  [m2G)/[m2,26]  [UEGGEIN [CmlUICmIAGIm1GIC ccceA UGGUGUAGGCCUGC GlUmIGGG [s2UlucARAY CccAc ceceeGe A
Leu GAG  GCGGGGG ue ccce AIGHCIAMIAGGUCAA AGGG  [m2,26] GEGGAN [cmlugAGIm1G]C ucese UGGUGUAGGCCUGC GlUmIGGG [s2UlU[Cm](m1Nl{m1AIGU cccac ceeece A
Leu UM GCGGGGE ve cecs AIGHCAGGUCAA  AGGG G GEGGA | cuuaaca uccee UGGCGUAGGCCmU[m2,26]C GUGeE vuicm]maim1alAU cccac cceeese A
Leu UAG  GCGGGGG v ccee AGCAAGGUCAA AGGE G UEGEE 1] [CmIUls2Um]AGIm1GIC CC[acacIGA | UGGUGUAGGCCUGC 6UGGG UucARAY CccAc ccceeGe A
i CAU  AGCGGCG UimiAl  [m2GIGGA AIGHECUGGUA vcce  (m226m] EATGRIGEN (CmlUCAUAA cccue AGGUC cclumiee [s2UlU[CmI[maNlim1AIAU CICMIAGG  CGECGCY A
Pro UGG GGGGCCG uA Gucy AGCUUGGIAMICUA  GGAU  [m2,26] €EAGG . cuuss[miclc ccuse useuc ccee6 UuCARAU €66 ceGeeee A
Phe GAA  GCCGECG ua Geuc AGCCCGGGA GAG[Cm] - [m2,26] EEEGEIIN cuAAlmimGIA cce66 vusuc 6666 [s201U(Cmlim1I][m1AIGY CCCCG CGGCGGE A
The 66U (GECGes6 ua Geue AGCCUGGCU-A GAGc  [m226] UUGCE | cugGUItsAlA GeeAn AGGUC ccee6 vucaaau ccce  ccaeaee v
™ CCA  GGGCCCA Um1Al  [m2Glcuc AIGHCCAGGUA GAGU  [m2,26m] EEGEEIN (Cmlu[CmICAmimGIA [emIccG6 usGUC 6666 vucAAGY €CCC6 UGGGECC A
Tyr GUA  ccceecG ua Geue AIGHECCGGUG GAGC  [m2,26m] EECEEII CUGUA(mImGIA 666 usGuc celemice [s2UU[Cm](m1Nl{m1AGU CCCcG CGGCGGE A
ser UGA  GCCGGGG 3 ccce AGEGGUCCA AGGG  [m2:26] [mSCluGSC C Geeae 26]c GlumleGe [s2UlucARAY CCCAC ceeeeae G
ser GGA  GCCGGGG ue ccce AGUGGACUA AGGG 6 €UGGE | CUGGAGA GeeaG UGUGGAUCUUCCACGE 6C6G6 uucAAy CccGe ceeceGe G
val GAC  GGGCCCG uc [m26Jucy AIGHCICMIUGGUU-A  GGA[Cm]  [m2,2G] EUGEE (cmluGAC(m1GIC GeeaG AnAUIC [mSCIUMIGEE  [s2u)/[m*s*UIU[CmIim1II[mIAIGU CCCAG  (CGGGECC A

FIGURE 1. Compilation of modified tRNA sequences from S. acidocaldarius, M. maripaludis, and P. furiosus. Red nucleotides indicate fragments
obtained by RNase T1, and/or RNase A, and/or RNase U2 digestion, while black nucleotides represent regions that could not be analyzed.
Nucleotides in gray are modified nucleotides with a mass corresponding to several possible modifications.

both contain, after the conserved U8, U9 instead of the very
common R9 (R=A/G). This is also the case in Thermo-
plasma acidophilum, a thermo-acidic Euryarchaeon where
s*U8 and s*U9 have been detected (Tomikawa et al. 2013).
This occurrence of two consecutive Us at positions 8 and 9
is surprisingly accompanied by an unusual G38 opposite to
U32 in the anticodon loop (especially with a CAG antico-
don). Although we could not detect s*U at either position
8 or 9, the nucleoside analysis (Supplemental Figs. S2,
S3) confirms the presence of s*U in both M. maripaludis
and P. furiosus. An analysis of the GtRNAdb shows that
these correlations stand out in Euryarchaeota and Thau-
marchaeota (Chan and Lowe 2009, 2016). The D-stem
presents also some particularities like a preference for

1960 RNA (2020) Vol. 26, No. 12

G10-Y25 and Y13-G22 with the central two base pairs
maintained as Watson—Crick. It is likely that some, if not
all, of the uridines at positions 13, 22, and 25 of the D-
stem and position 39 of the anticodon stem (AC-stem) are
pseudouridines (¥) which cannot be differentiated from U
by mass spectrometry. Moreover, the AC-stem has a pro-
nounced preference for a G30-C40 pair, while in other
tRNAs, especially of mesophilic organisms, a A30-U40
pair is present (Marck and Grosjean 2002). There are seven
residues in the AC- and T-loops with the conserved
residues U33 and the favored C32/A38 opposition in the
anticodon loop. In the Sulfolobales clade of the Crenarch-
aeota, the tRNA-Cys(GCA) has an unusual C33 (together
with G270U43), but unfortunately we could not isolate
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those tRNAs. The T-loop is closed by an invariant G53-Cé1
pair with always the possibility to form a U54/A58 trans
Watson—Crick/Hoogsteen stacking against it. The trans
Watson—Crick/Hoogsteen between U8 and A14 is always
present and triple formation with A21 is possible in the
large majority of sequences. Interestingly, 15-48 is always
a G15-C48 pair (Supplemental Fig. S11A) that stacks with
the invariant A60 (from the T-loop). In three tRNA sequenc-
es(lle, elongator Met, and Thr) of P. furiosus, residue 60is G
instead of the usual U, and is preceded by A59, which forms
a rare combination. C48, as expected, is often methylated
on C5 (m>C); in which case, the methyl group would be in
the tRNA core and in the neighborhood of the charged for-
mamidino group of G15 (G"). The positive charge on G15
points in a cavity surrounded by three negative phosphate
groups from residues 7, 14, and 15. Altogether, these pe-
culiarities correspond to tRNAs well stabilized, even in
the mesophilic M. maripaludis.

New modified positions

Table 1, Figure 1, Supplemental Figure S10, and the corre-
sponding Supplemental Table S2 list all the modified nu-
cleotides we have detected, among them several are
present at newly identified positions (mostly methylations
and acetylations in the two thermophilic archaea). In eu-
karyotic tRNAs, the m?,G modification is exclusively found
at position 26 (exceptionally at position 27) at the interface
between the D- and AC-stems (Machnicka et al. 2014),
while in archaeal tRNAs, it is present at many other loca-
tions. The m?,G10 is observed when residue 25 is a U, in
which case the m?,G modification stabilizes the G100U25
wobble pair (discussed in Urbonavicius et al. 2006).
Similarly, the 26-44 pair displays a frequent G26 modifica-
tion (M?G, m2,G butalso m?,Gm), forming either G260U44
or G26-A44 pairs (Supplemental Fig. S11D), rarely G26—
C44 (with a slight bias toward m?,G at position 26 when
pairing with U44, especially for the long-arm tRNAs Leu
and Ser). Surprisingly, in tRNA-Ser(GGA) of P. furiosus,
MS/MS data and T1 cleavage analysis (Supplemental
Table S1) indicate the presence of m2,G at positions 39,
which would induce a pronounced propeller-twist of the
C31=m?,G39 pair (as seen in Supplemental Fig. S11D).
A similar situation exists for m?,G6-C67 in the amino acid
stem. Only thermophilic archaea present the triple methyl-
ation (M?,Gm) on both the base and the ribose. Such
“doubly” modified nucleosides (xNm) are hallmarks of hy-
perthermophilic tRNAs (McCloskey et al. 2001; Grosjean
et al. 2008b; Hori et al. 2018).

In tRNAs of both Bacteria and Eukarya, the positively
charged m’G is often found at position 46 in the variable
region (Machnicka et al. 2014). m’G has been identified
in unfractionated bulk tRNAs of two thermophilic archaea,
Thermoproteus neutrophilium and Thermoplasma acido-
philium (Edmonds et al. 1991). Recently m’G was located

at position 49 of T. acidophilum tRNA-Leu (UAG) (Tomi-
kawa et al. 2013). Here, we report the presence of m’G
at position 10 of tRNA-Met' (CAU) of P. furiosus. We sug-
gest also the presence of a reduced neutral form of
2H-m’G at positions 1 and 10 of tRNA-Glu (CUC) (for posi-
tion 10 we suggest an unexpected and unique case of
tri-methylated 2H-m?,Gm). These suggestions are based
on the following observations. The monomethylated nucle-
otide at position 10 of tRNA-Met' has a mass of 359 Da with
a neutral loss of 165 Da that is characteristic of a normal
m’G, while at position 1 of tRNA-Glu, the methylated nu-
cleotide hasamass of 361 Da (Supplemental Fig. S4), which
could correspond to the reduced form of m’G (2H-m’G)
(Supplemental Fig. S4D; Wintermeyer and Zachau 1975).
The same reduced form exists for 2H-m?,Gm at position
10 of tRNA-Glu. The accuracy is less than 0.05 Da; however,
in the absence of standard substance to compare against,
these suggestions are still tentative. The presence of an
m’G derivative at position 1 of an archaeal tRNA would in-
deed be remarkable. Usually, such guanosine derivatives
are found in the form of a positively charged cap-like struc-
ture protecting the tRNA against 5'-exonucleolytic degra-
dation (see for example Ohira and Suzuki 2016). In m’G
cap, the 5 extremity is a 5'OH, while our MS/MS data
show a classical 5'P extremity on the P. furiosus tRNA-Glu
(see Supplemental Fig. S4B, which corresponds to the
MS/MS spectrum of the 5-end of tRNA-Glu where, in the
ion series ¢, c1 corresponds to p2H-m’G). A putative
protecting role of such terminal m’Gp against specific exo-
nucleolytic degradation processes remains to be demon-
strated in Archaea.

Very recently, Sas-Chen et al. (2020) published a
thorough analysis of ac*C modifications in rRNAs and
tRNAs across phylogeny including several archaeal spe-
cies. They found high concentrations of ac*C in the hyper-
thermophiles Thermococcus kodakarensis, P. furiosus,
Thermococcus sp. AM4, and S. solfataricus, with a prefer-
ence for CCG sites, the modified C being the middle
C. Residues ac*C most certainly contribute to the stabiliza-
tion of base pairs (Kawai et al. 1992). In this work we iden-
tified 13 ac*C modifications in the isolated tRNAs (Table 1;
Fig. 1) and all, except the one at the wobble position 34 of
tRNA-GIn (ac*CmUG—see below), are found in the middle
position of a CCG motif within a stem. For example, in
S. acidocaldarius, ac*C is found at position 41 of the
AC-stem of tRNA-Leu(UAG) and at position 40 of tRNA-
Ala(UGC). m5C40 is found in tRNA-lle of H. volcanii
(Grosjean et al. 2008a). In position 40, the modification
cannot be a ribose methylation (Cm40) because the O2’
(C40) is functionally engaged in H-bonds with the con-
served A1339 of the 16S rRNA during the P state of trans-
lation (Selmer et al. 2006; Watson et al. 2020). Indeed, the
base pairs of the AC-stem 30-40 and 29-41 are both in-
volved in contacts with, respectively, G1338 and A1339
of the 16S rRNA in the P state (Supplemental Fig. S12A,
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B). In tRNA-Met(CAU) of S. acidocaldarius, residue G29
pairing with C41 is methylated but in this case the 2'-hy-
droxyl group is far enough from G1338 and therefore can
accommodate a methyl group, leading to a final assign-
ment of 2’0O-methyl G29 (Gm). In S. acidocaldarius, we
found a m5C residue at position 72 in the acceptor stem
of tRNA-Asp(GUC), while at the same position in tRNA-
GIn(UUG), an undetermined monomethylated U72 (indi-
cated as Um) was found. Residue m5C72 has been already
reported in S. solfataricus tRNA-Glu/-Gly/-Met (Wagner
etal. 2004), as well as in tRNA-Cys and tRNA-Thr of humans
(Haag et al. 2015). Residue m5C is quite common at posi-
tions 40 (see above), 48, 49 of tRNAs in both Eukarya and
Archaea (Machnicka et al. 2014). Worth to note is that, in
tRNAs of S. acidocaldarius (and to a lower extent of
P. furiosus), many residues are monomethylated all over
the molecules. Some are catalyzed by site-specific pro-
tein-only methyltransferases while others are catalyzed by
Fibrillarin-C/D box sRNP guide machinery acting on specif-
ic intron-containing pre-tRNAs (Gaspin et al. 2000; Omer
et al. 2000; Clouet d'Orval et al. 2001; Dennis et al.
2001). From the database maintained by Todd Lowe (pro-
vided at http:/lowelab.ucsc.edu/snoRNAdb/), this enzy-
matic machinery in S. acidocaldarius could target site-
specific methylations to tRNA-Gly(CCC) at C50 in the D-
arm (Tang et al. 2005; Zago et al. 2005) and to tRNA-GIn
(UUG) at U34 and G18 of the AC- and D-loops, respectively
(see also Ziesche et al. 2004), a situation indeed observed
in the present study. However, in S. acidocaldarius, a few
other observed monomethylated nucleotides remain or-
phan and await corresponding snoRNAs or stand-alone
specific methyltransferases to be identified (Table 1;
Supplemental Table S2, they are indicated as Xm).
Likewise, in tRNAs of P. furiosus, several positions were pre-
dicted to be methylated via the Fibrillarin-C/D box machin-
ery: tRNA-Trp(CCA) at C32, C34, C39, tRNA-Leu(UAA) at
G47, tRNA-Leu(CAA) at C34, tRNA-GIn at C16, tRNA-Val
and tRNA-Gly at G26 and tRNA-Asp(GUC) at U35 (http
://lowelab.ucsc.edu/snoRNAdb/). However, although we
do observe Cm34, Am38, and m?,Gm26 in some tRNAs,
the other putative methylated positions listed above were
presently not detected in the set of tRNAs we analyzed.

In M. maripaludis, most modified nucleotides were ex-
pected, except a methylated G22 (Gm) in tRNA-Ala
(UGC) and an unidentified adenine derivative in the accep-
tor stem of tRNA-Val(GAC). The corresponding nucleoside
A*7 displays a mass of 309.1 Da corresponding to either
hypermodified m®,Am or monomodified Né-acetylA. We
tend to favor the latter (ac®A), since such acetylated aden-
osine has been discovered in another methanogen
(Sauerwald et al. 2005) with its location, however, tenta-
tively assigned to residue 37. In M. maripaludis, a mass cor-
responding to f°A37 was found instead in tRNA-Asp (GUC)
(see below). Intriguingly, in tRNA-Leu(UAG), the C32 is un-
modified but U33 of the AC-loop, a very rarely modified
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conserved residue, is thiolated (s?U) (Supplemental Fig.
S6). An s?U33 has already been found in trypanosomid mi-
tochondrial tRNA-Trp(CCA) (Crain et al. 2002), where the
stop codon is translated as Trp (Alfonso et al. 1999). The
probability to find site-specific 2'O-methylations guided
by snoRNA in M. maripaludis, is meager as the frequency
of occurrence of potential intron-containing tRNA targets
in mesophilic archaea is much lower than in the hyperther-
mophilic archaea (Sugahara et al. 2008).

Modifications in D-loops

In mesophilic bacterial and eukaryotic tRNAs, U17 as well
as afew other Us at positions 16, 20, and 20a of the D-loop,
are usually modified to dihydrouridine (D). In thermophilic
bacteria and hyperthermophilic archaea, this thermolabile
dihydrouridine D, is rare or even totally absent (Edmonds
et al. 1991), while in psychrophilic bacteria D is abundant
(Dalluge et al. 1997). From these observations, Dalluge
and coworkers (1977) suggested an interesting functional
role for D in the maintenance of a certain degree of confor-
mational flexibility in tRNAs, especially important to organ-
isms growing at low temperatures where the dynamics of
thermal motions of tRNAs are severely compromised.
Unexpectedly, in tRNAs of M. maripaludis and of P. furio-
sus we found 2-thiocytidine at position 17 (Table 1; Fig.
1), a situation found also in the hyperthermophilic tRNA-
Trp of T. kodakarensis (Hirata et al. 2019). However, in
S. acidocaldarius, position 17 contains instead a methyl
group on either C or A, most probably a 2’-O-methyl! (dis-
cussed above) (Table 1). Usually, s°C and Cm are found at
position 32 of anticodon loops (Jihling et al. 2009;
Boccaletto et al. 2018). Thiolation of pyrimidines and
methylation of 2’-O-ribose of nucleotides are known to fa-
vor stacking, thus limiting local flexibility of the RNA
(Plesiewicz et al. 1976; Larsen et al. 2015), a property
that is obviously important in organisms thriving at high
temperatures.

In most crystal structures, residue 17 bulges out of the
tRNA core structure and is exposed to solvent. In addition,
residues 16 and 17 are in the vicinity of two other bulging
residues from the T-loop, 59 and 60, and modifications in
the D-loop may limit the tendency of residues 16 or 17 to
bulge out of the loop. The locations of residues 16 or 17,
either within or outside the tRNA core, may influence inter-
actions between other residues in the T-D environment.
When residue 16 is a pyrimidine, it is often observed that
it forms a pair with residue 59, especially when 59 is also
a pyrimidine. However, in the present archaeal tRNAs, res-
idue 59 is always A and residue 60 is mostly U. In that case,
a couple of crystal structures show A59 stacked on G15-
C48 and U60 forming an H-bond between N3(U60) and
the phosphate group between the two invariant G18-
G19 of the D-loop (see for example PDB entry 2DU3,
Supplemental Fig. S12C; Fukunaga and Yokoyama
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2007). As stated above the modified G bearing a positively
charged formamidino group (G*, archaeosine), a hallmark
of archaeal tRNAs, also contributes to the global stability
of the 3D-core of tRNA. In Bacteria and Eukarya, nucleo-
tide 15 is never modified.

Modifications in T¥C-loops

Nucleotide U54 is nearly always modified to thymine or
5-methyluridine  (m°U) in Eukaryotes and Bacteria
(Machnicka et al. 2014). However, in most Archaea (mainly
Euryarchaeota), a 1-methylpseudouridine (m ") is general-
ly found instead (Pang et al. 1982; Gupta 1984; McCloskey
et al. 2001; Chatterjee et al. 2012; Yu et al. 2019). Such a
modification adds a methyl group to the pseudouridine
(V) at the free N1 atom, a position structurally equivalent
to the C5 atom of T54. In the case of Ignococcus hospitalis,
a crenarchaeon thriving at temperatures up to 100°C,
m'W54 was shown to be further hypermodified into
s*m™¥ (Rose et al. 2020). The sulfur atom at position 4 in
W54 is structurally equivalent to the sulfur atom at position
2 of U54 (see Fig. 6 of Rose et al. 2020). In a few other ar-
chaea belonging to the thermococcales clade among the
Euryarchaeota, as P. abyssi, P. furiosus, and T. kodakaren-
sis, the bacterial-like m®s?U has been identified instead
(Kowalak et al. 1994; Urbonavicius et al. 2008; Hirata
et al. 2019; for review, see Hori et al. 2018).

In this work, we confirm the presence of m'¥54 in the
mesophilic M. maripaludis, and in the hyperthermophilic
P. furiosus a mix of m°U54 and m°s°U54 (Supplemental
Figs. S2 and S9). For P. furiosus, the result is consistent
with the fact that the 2-thiolation process occurs after 5-
methylation of U54 and 1-methylation of A58 (Shigi et al.
2006). For S. acidocaldarius, the MS/MS sequencing spec-
tra show the presence of thiolated U/ (Supplemental Fig.
S9A) and, only in tRNA-Val, the presence of a methylthio-
lated U/ (Supplemental Fig. S9B). In the latter case a neu-
tral loss of 142 was observed, which corresponds to a
modified U with a methyl group and a sulfur atom, a situa-
tion that was not observed in the case of m>s?U54-contain-
ing tRNAs of P. furiosus. The total absence of m®s?U is also
evident in the chromatogram profile of nucleoside digests
from S. acidocaldarius, in comparison to P. furiosus
(Supplemental Fig. S2). Altogether, these facts strongly
suggest the presence of a methylthiolated derivative like
s*m"¥ as in |. hospitalis (Rose et al. 2020). This situation
is however perplexing. Indeed, examination of the S. acid-
ocaldarius genome reveals the lack of genes coding for
both Pus10 (catalyzing formation of W55 and ¥54) and
TrmY (catalyzing m'¥), while genes coding for TtuA and
TtuB responsible for thiolation of U/¥ (into s?U or s'p)
are present (Supplemental Table S2). It might be that in
S. acidocaldarius a new type of s?U54/or s"¥54-methylat-
ing enzyme exists. Therefore, we prefer to indicate that po-
sition as s*m*U/¥54.

In all three archaea analyzed, A58 is methylated at posi-
tion N1 (m'A58), adding a positive charge on the base
while still allowing for the formation of the usual trans
Watson—Crick/Hoogsteen 54-58 pair (Supplemental Fig.
S11B). In sum, thiolation of m°U, m"¥ and U/Um at posi-
tion 54 of tRNA appears as a hallmark of (hyper)thermo-
philic archaea. In thermophilic bacteria, such as Thermus
thermophilus, the thiolation process was demonstrated
to be thermo-inducible, as the level of 2-thiolation of
m>U54 increases with the cultivation temperature (Shigi
et al. 2006). The van der Waals radius of the sulfur atom
is 0.3 A larger than that of the oxygen atom and its pres-
ence may fill the cavity present around that position in
the overall compact T-loop, thereby excluding solvent
molecules and promoting stacking.

Residue 56 is a conserved C, usually 2’-O-methylated on
its ribose in almost all archaeal tRNAs analyzed so far
(Clouet-d'Orval et al. 2005; Renalier et al. 2005). The ri-
bose of C56 is highly accessible in the tun of the T¥C-
loop and methylation allows protection against hydrolysis,
especially at high temperatures. Cm56 forms a Watson—
Crick pair with the conserved G19 of the D-loop (G19-
C56) and therefore cross-bridges the two parts of the
tRNA core. Residue 57 is either G or A where A57 is often
doubly modified first into m'A, positively charged, and
then into m'l neutral (Grosjean et al. 1995). Residue 57 in-
tercalates between the invariant G18 and the conserved
G19-C56 pair. With G57, there is an H-bond between
N2(G57) or N1(G57) and one anionic oxygen atom of the
phosphodiester bond between 18 and 19 and with
m'157 the methyl group will be on the solvent exposed sur-
face of the T-loop. It is noteworthy that nucleotide 17 is
probably 2’-O-methylated on the ribose in S. acidocaldar-
jus and P. furiosus, and 2-thiolated in P. furiosus and M.
maripaludis (Fig. 3). The 2/-O-methyl group of Cm56 could
protect the bent backbone from cleavage. Both Cm56 and
m'I57 are unique and frequent in archaeal tRNAs (Table 1),
while m'A58 is also present in many bacterial and eukary-
otic tRNAs (Jihling et al. 2009).

Modifications at position 34 (Table 2)

The majority of the modifications observed at position 34
are the same as those identified in several tRNAs, mostly
from Bacteria, such as cmnm®?U, mnm°U, cnm’U,
mchm>U, Cm, Um, ac*C, except that, in the present ther-
mophilic archaeal tRNAs, some of them are doubly modi-
fied with an extra 2’-O-methylribose, mchm®Um, ac*Cm,
s?Um (Grosjean et al. 2008a,b, 2010; Jihling et al. 2009).
In tRNA-Met' of M. maripaludis and P. furiosus (recogniz-
able by the invariant last three G=C pairs of the AC-
stem [Kuchino etal. 1982]) and tRNA-Trp of S. acidocaldar-
ius, there is a modified Cm34 (Table 2). The methyl group
in that position occupies a tight space in the decoding site
locking C34 for pairing only with G3 (Met codon AUG or
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TABLE 2. List of the archaeal tRNAs for which we could fully characterize the tRNA anticodon regions

Amino acid Anticodon AC-loop
Methanococcus maripaludis 32-38

Asn GUU CUGUU[hn®AJA

Asp GUC CUGUCIfAIC

Glu uuc CUmnm>UJUC[m'G]A
Gly uuc CU[cnm°UJCCAA

lle GAU CUGAU[hn®AJA

lle CAU CU[C+]AUIhn®AJA

Lni CAU CUCAUAA

Leu UAG C[s?U][xUJAGAA

Lys uuu CU[cmnm’s®UJUU[t°AJA
Met CAU CU[Cm]AU[hn®AJA

Phe GAA [CM]UGAA[IMG-14]A
Tyr GUA [CM]UGUA[XG]A
Pyrococcus furiosus 32-38

Ala GGC UUGGCAA

Ala UGC CU[cnm°U]GCAA

Arg ccu [s°’CJUCCU[t°A)A

Arg ucu CU[cnm°UJCUAA

Gln UUG CU[enm°UJUGGA

GlIn CUG CUJac*Cm]UGGA

Glu cuc CUCUC[m'GJA

Gly cce CUCCCAA

Gly GCC CUGCCAA

Gly ucc CU[enm®U]CCIm'GJA
lle GAU CUGAUIhn®AJA

Lni CAU CUCAUAA

Leu CAG UUCAGGG

Leu UAG UU[enm UIAGGG

Lys cuu CUCUU[mMSs*t°AJA

Met CAU CU[Cm]AU[hn®AJA

Phe GAA CUGAAIMImG]A/[Am]
Pro UGG UU[enm®U]GG[m'G]GA
Thr GGU UUGGU[tA)/[hn®AJA
Thr UGU CUlenm°U]GU[hnAJA
Ser GCU CUGCU[t°AIA

Val GAC CUGACAA

Sulfolobus acidocaldarius 32-38

Ala UGC [Cm]UUM]IGCAA

Asp GUC CUGUCIm'GJ/[imG2)/[mimG]A
GlIn UUG CUUM)/[s°Um]UG[m'G]C
Glu cuc [Cm]UCUCAA

Gly GCC CUGCCAC

Leu CAG [Cm]U[Cm]AG[mM'G]C
Leu UAG [Cm]U[s*’Um]AG[m'G]C
Lni CAU [Cm]UCAUAA

Trp CCA [Cm]U[Cm]CAIMImGJA
Phe GAA CUGAAIMIMGJA

Tyr GUA CUGUAIMImGIA

Continued
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TABLE 2. Continued

Amino acid Anticodon AC-loop
Val GAC [Cm]UGACIm'G]C
Ser UGA CU[mchm®Um]GA[mimG]A

This list is not as complete as those in the other figures or tables. Red nucleotides indicate fragments obtained by RNase T1 and/or RNase A digestion,
while black nucleotides represent regions that could not be analyzed. Nucleotides in gray are modified nucleotides with a mass corresponding to several

chemistries for modifications. Positions 34, 35, and 36 are underlined.

Trp codon UGG) and preventing mispairing of the C34 res-
idue with A3 (lle codon AUA or stop codon UGA). The
Cm34 modified nucleotide found in tRNA-Trp in S. acido-
caldarius was previously observed in H. volcanii (Gupta
1984) and in T. kodakarensis (Hirata et al. 2019). In tRNA-
lle, the anticodon CAU has to read exclusively the lle co-
don AUA and the C34-tRNA is modified into agmatidine
(C*) (Ikeuchi et al. 2010; Mandal et al. 2010). The corre-
sponding mass spectrum for tRNA-lle from M. maripaludis
is shown on Supplemental Figure S8. In tRNA-GIn(CUG) of
P. furiosus, the modified residue ac*Cm34, the same as in
the homolog tRNA-GIn of H. volcanii, was found (Gupta
1984). NMR studies have shown that ac*Cm is exceptional-
ly rigid in conformation owing to the additive nature of the
acetylation and methylation modifications which stabilize
the 3’-endo sugar conformation (Kawai et al. 1992). The
same remark probably applies to Um34 and s?Um34 that
occur in tRNA-GIn(UUG) and tRNA-Leu(UAG) of S. acido-
caldarius. Interestingly, ac*C residues were also found in
the acceptor stems of P. furiosus and S. acidocaldarius,
as well as in the AC-stem of S. acidocaldarius (see above
and Table 1). Modification of U34 is necessary for decod-
ing G3 ending codons. The modification in U34 (U34%)
changes the chemical structure of the U34 so that a pair
U34*-G3, with the U displaced into the minor groove,
and not into the major groove, can be stabilized (Rozov
et al. 2016; Westhof et al. 2019). Several U34-containing
tRNAs were observed modified either at position C5
and/or at position C2. The case of xU34 in tRNA-Leu of
M. maripaludis is explained below.

Wyosine and modifications at position 37

Residue 37 is commonly a purine, often (hyper)modified,
that stacks on the first 1-36 bp formed between the codon
and the anticodon during translation on the ribosome.
Residue 37 should not be 2/-O-methylated because it
forms an H-bond with N6(A1913) of helix H69 from the
large subunit in the A state in known crystal structures of
ribosomes (Supplemental Fig. S12D; Selmer et al. 2006).
The type of modification at base 37 usually correlates
with the rest of the so-called extended anticodon stem-
loop, especially with the adjacent nucleotide 36 of the an-
ticodon (Yarus 1982; Grosjean and Westhof 2016). In
E. coli, for example, m'G exclusively occurs in tRNAs rec-

ognizing codons CCN (Pro), CGN (Arg), CUG (Leu), that
is, in tRNAs decoding in the codon quadrant starting
with C1 (Fig. 2; Supplemental Fig. S10). All the other
tRNAs, belonging to the three remaining decoding quad-
rants, harbor either an unmodified A37 or a modified
A37 (M?A, t8A, m®t°A, ms?iA) with large modifications in
the codon quadrants starting with U1 or A1 (Fig. 2;
Supplemental Fig. S10). In the halophilic mesophilic H.
volcanii, m'G37 occurs in tRNAs decoding codons starting
with C1 (G-ending codons) and U1 (A-ending codons, with
the exceptions of tRNA-Ser(CGA), tRNA-Ser(GGA) where
A38 is found and tRNA-GIu(CUU) with m'G; Gupta
1986). In all the other tRNAs of H. volcanii, A37 or a mod-
ified A37 is used (Grosjean et al. 2008a).

In M. jannaschii, P. furiosus, M. maripaludis, and S. acid-
ocaldarius, the landscape is striking. Indeed, the tRNAs for
the codon quadrants starting with C1 and U1 contain m'G
but also imG-14/imG2, a wyosine derivative of m'G37 that
is reminiscent of the yW37 found exclusively in tRNA-Phe
of Eukaryotes (de Crécy-Lagard et al. 2010). One finds in-
deed imG-14 or mimG at position 37 of tRNA-Phe(GAA) in
M. maripaludis and P. furiosus with a wyosine-like (xG)
(as discussed below), in tRNA-Tyr(GUA) of M. maripaludis
and mimG37 in tRNA-Arg(GCG) of P. furiosus (Fig. 2;
Supplemental Fig. S10). In S. acidocaldarius, wyosine de-
rivatives are present in tRNA-Asp(GUC), tRNA-Ser(UGA),
tRNA-Phe(GAA), tRNA-Trp(CCA), and tRNA-Tyr(GUA).
This surprising result was noted in the case of M. jannaschii
(Yu et al. 2019) where besides tRNA-Phe, the tRNA-Arg
(UCG), tRNA-Cys(GCA), tRNA-Leu(UAA), tRNA-Ser(GGA),
and tRNA-Tyr(GUA) contain wyosine derivatives (Fig. 2).
In T. kodakarensis (Hirata et al. 2019), mimG was found
at position 37 of tRNA-Trp. Obviously, the presence of
wyosine derivatives is more prevalent in Archaea than in
Eukarya, especially in the U1-quadrant.

The tRNAs corresponding to the codon quadrants start-
ing with A1 still prefer large modifications on A37 (t°A,
ms*t°A, hn®A), while the G1-quadrant prefers A and in a
few isolated cases also m'G (Fig. 2; Supplemental Fig.
S10). In the case of tRNA-Asp of M. maripaludis, a modified
A37, which has the same nucleoside mass (295.1) than either
di-methyl-A (m®,A) or N6-formyl-A (f°A) was found. The lat-
ter f°A derivative is the most probable modification. The
modified f®A derivative has been identified in mammalian
mRNAs (Fu et al. 2013). Interestingly, as discussed below,
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S. cerevisiae

FIGURE 2. Patterns of distribution of modified nucleotides at position 37 in E. coli, S. cerevisiae and five archaeal species on the wheels of the
genetic code (Grosjean and Westhof 2016). In that representation, GC-rich codons are at the top and AU-rich at the bottom of the wheel. The
codon positions are numbered 1, 2, 3 so that G1A2C3 gives an Asp codon. The four quadrants are characterized by the first codon position.
Data for E. coliand S. cerevisiae are from MODOMICS (Boccaletto et al. 2018). Data for H. volcanii are from Gupta (1984, 1986) and Grosjean
et al. (2008a), data for M. jannaschii are from Yu et al. (2019). The wheels for E. coli, S. cerevisiae, and H. volcanii are adapted from Grosjean
and Westhof (2016). In each quadrant, the observed modified nucleotides at position 37 are shown (red for G derivatives and black for A deriv-
atives; the very unusual U37 of tRNA-Ala(GGC) of M. jannaschii is also shown in black). The modifications observed frequently have a large font
and are bold, while those observed only once or in a single tRNA species have a smaller font and are not bold.

in M. maripaludis, a mass corresponding to ac®A, a modified
nucleotide in the same biochemical pathway as f°A, was ob-
served for residue 7 of the acceptor stem. The homologous
tRNAn M. jannaschiiharbors an unmodified A. There is also
one report of the presence of m®,A in Mycobacterium bovis,
butwithoutidentification of either tRNA species or tRNA po-
sition (Chan et al. 2011). Also, in E. coli, tRNA-Val(UAC) con-
tains m®A37 (Golovina et al. 2009).

Thus, as a rule, in Archaea, tRNAs decoding the codon
quadrant starting with C1 and U1 harbor either unmodified
A37 or mostly modified G37. The G1-quadrant has a pref-
erence for unmodified A or slightly modified A with some
occurrences of modified G37. While tRNAs decoding the
codon quadrant starting with A1 seem to harbor mostly
hypermodified A37. In short, the stacking power of a
G37 derivative (modified or not) on the first codon—-antico-
don base pair (Y1-R36) is obviously preferred for efficient

1968 RNA (2020) Vol. 26, No. 12

decoding on the ribosome, while for R1-Y36 another
type of stacked hypermodified A37 is favored. In addition
to residue 37, other elements of the extended anticodon
stem-loop, including generally simpler chemical modifica-
tions on the base and/or the ribose also contribute to the
global efficiency and accuracy of the translation process,
whatever the temperature at which the archaeon is grow-
ing. These rules are more restrictive than those observed
in other organisms like E. coli, S. cerevisiae or H. volcanii
(Fig. 2; see Grosjean and Westhof 2016).

Tentative identification of three novel modified
nucleosides

The sequence analysis of each tRNA allowed the detection
of three possibly novel chemical modifications (designated
xG and xU). The first one was found at position G37 of
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FIGURE 2. Continued.

tRNA-Tyr(GUA) of M. maripaludis (Supplemental Fig. S5)
with a nucleoside mass of 392 Da, much higher than for
the expected m'G37. In the homolog tRNA-Tyr of M. jan-
naschii, G37 is unexpectedly imG-14 of the wyosine me-
tabolism (Yu et al. 2019). If this is also the case for
M. maripaludis tRNA-Tyr, on the basis of previous work,
one would therefore expect to find either imG, yW-86 or
yW-72 (see G37 pathway #5 in Fig. 4 of de Crécy-Lagard
et al. 2010). Taking into account that CID fragmentation
of xG37 occurs between guanine and the modification,
the MS/MS spectrum shows the complete mass of guano-
sine (345 Da) and a neutral loss of 109 Da representing the
mass of the adduct (Supplemental Fig. S5). The nucleoside
mass of xG (392 Da) could therefore correspond to yW-72
(436.17 Da) with the loss (natural or accidental) of the car-
boxyl group (44.17 Da).

The second novel modification is xU at position 34 of
tRNA-Leu(xUAG) of M. maripaludis with a nucleoside mass
of 269 Da. Again, in several tRNAs of M. jannaschii (Yu
et al. 2019), either 5-cyanomethyl-U (cnm®U) or 2-thio-
lated-5-cyanomethyl-U (cnm®s?U) have been found, as in

other archaeal tRNAs (Mandal et al. 2014). We propose
that xU34 in M. maripaludis is the simpler 5-cyano-U
(cn°U), with the cyano group directly linked to the C5 atom
of uracil. Such a derivative is known from organic chemistry
(Mao et al. 2018) but was never identified in tRNA so far.

A third unidentified modification, with a nucleoside
mass of 338 Da, was found at position U47 of two tRNAs
of S. acidocaldarius, tRNA-Val(GAC) (Supplemental Fig.
S7A) and tRNA-Gly(GCC) (Supplemental Fig. S7B), two
tRNAs of S. acidocaldarius, tRNA-Met elongator(CAU)
(Supplemental Fig. S7C) and tRNA-Thr(UGU) of P. furiosus.
In Bacteria and Eukarya, 3-(3-amino-3-carboxypropyl)-uri-
dine (acp3U, nucleoside mass 345.1 Da) is widely con-
served in the D- and variable loops (Takakura et al.
2019). It is likely that in hyperthermophilic archaea U47 is
modified differently.

DISCUSSION

All the tRNA modifications identified in this work are com-
piled in several figures and tables. Figure 1 and
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2H-m?’G
(m?,G)*

cmnm®s2U
Cm xG
xU
C+

M. maripaludis

P. furiosus

S. acidocaldarius

FIGURE 3. Nucleoside modification patterns in archaeal tRNAs determined by experimental MS/MS sequencing. The different modifications
observed are reported on a typical cloverleaf two-dimensional structure. Underlined nucleotides are modified nucleotides with a mass corre-
sponding to several possible chemistries for modifications, most of them corresponding to simple monomethylation products (see legend to
Table 1). A “/" between two notations means a mixture of modifications. An “x” before a nucleotide, for example, xG, or after a modification
symbol, for example, m*, means that the modification has not been formally identified (see text). Modified nucleotides indicated in brackets fol-
lowed by an asterisk correspond to modifications deduced from the convergence of information from both the analysis of total tRNA and the
presence of the gene coding for the corresponding modification enzyme in the genome of the particular archaeon. The modifications, uncertain
or not completely identified, are underlined. Pseudouridines are not represented, except in the case of N1-methylpseudouridine (m'Y) because

of the methyl group.

Supplemental Figure S10 align the intron-less tRNA
sequences as deduced from the genomes on which the
modified nucleotides are indicated; Figure 3 summarizes
the data in cloverleaf representations; Supplemental
Figure S3 displays the relative amounts of modified nucle-
osides identified in bulk tRNAs; Supplemental Tables S2
and S3 list the oligonucleotide fragments obtained after
RNase digests. Supplemental Table S2 lists all the archaeal
tRNA modification enzymes (and their corresponding cod-
ing genes) that have been experimentally validated so far
in independent works or deduced from their close similar-
ities with genuine modification enzymes in each of the
Methanococcales, Pyrococcales and Sulfolobales groups
of Archaea. Altogether, 79 naturally occurring fully ma-
tured isoacceptor tRNAs coding for 20 amino acids have
been analyzed out of a theoretical total set of 116 species.
Thus, the possibility still exists that a few modifications that
are specific to the missing tRNAs (especially in the antico-
don loop including the wobble position 34) still escaped
our analysis.

Nevertheless, the major general conclusions that came
out from this comparative analysis of modified nucleotide
patterns in three very different archaeal species are the fol-
lowing: (i) the least diversified chemical modification pat-
tern is observed in the mesophilic M. maripaludis; (i) a
larger diversity of modifications is found in the two hyper-
thermophiles; (iii) the largest amount of 2-hydroxyl ribose
methylations occurs in the acidophilic hyperthermophile S.
acidocaldarius, most of them appear being catalyzed by
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Fibrillarin-C/D box sRNP guide machinery; (iv) depending
on the tRNA species, nucleotides at positions 32, 38, and
39 of the extended anticodon loop are frequently but di-
versely modified; (v) beyond those found at positions 34
and 37 in the anticodon loop, a few characteristic modifica-
tions are found in the body of most if not all isoacceptor
species of the three archaea (G*15 in the D-loop, m2G/
m?,G at positions 10 and 26 at the beginning and the
end of the D-arm, m°C at positions 48/49 of the variable
loop, Cmb556, m'157 and m'A58 in the TYC-loop), some
of them are hallmarks of archaeal tRNAs; (vi) except for
ac’C at the wobble position 34, this modified residue is
present in the amino-acceptor and anticodon stems of
only thermophilic archaeal tRNAs; (vii) at variance with
the situation in bacterial and eukaryal tRNAs, m?G/m?,G
are found at positions other than 10 and 26; (viii) remark-
ably, the chemical adducts on the conserved U54 of the
T-loop depends on archaeon analyzed (m"¥, m>U/
m>s”U, or s'm"¥); (ix) the suggested presence of m’G
modifications at the nucleotides 1 and 10 in P. furiosus
would also be remarkable.

All these observations complete and reinforce similar
conclusions made by others about the importance of
certain post-transcriptional modifications for correct
tRNA folding and on final cellular stability of the already
G/C-rich tRNAs in thermophiles (Edmonds et al. 1991;
Kowalak et al. 1994; McCloskey et al. 2001; Noon et al.
2003; for reviews, see Machnicka et al. 2014; Lorenz
et al. 2017; Hori et al. 2018). As a rule, methylations
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promote precise H-bonded pairs (e.g., m'A favors
Hoogsteen pairs or m?,G favors GoU or Go¥ pairs) and
electrostatic charges introduced by the chemical adducts
are localized in shielded pockets of the tRNA fold (m'A,
m’G, archaeosine G*). Modifications in the tRNA core, al-
though not close in sequence, tend to form clusters of
modifications filling empty space on the surface of the
compact tRNA core. In addition, methylations on the
base and/or the ribose affect the hydration shells in com-
plex ways (Auffinger and Westhof 2001). Thiolation of U
or C, acetylation of C, and isomerization of U to ¥, can
stabilize the 3'-endo sugar conformation, fill in space
and enhance stacking power or base-pairing (Kawai
et al. 1992; Davis 1995; Larsen et al. 2015; Sas-Chen
et al. 2020). High-resolution crystallographic structures
would be necessary to apprehend the effects of such
complex modification scaffolds.

MATERIALS AND METHODS

Culture and tRNA isolation

Total tRNA of M. maripaludis and P. furiosus were prepared as de-
scribed in de Crécy-Lagard etal. (2010). Total tRNA of S. acidocal-
darius was obtained from a 12 L culture using the procedure
described in Buck et al. (1983).

Individual tRNA purification by two-dimensional
PAGE

tRNA isoacceptors were isolated using two-dimensional gel elec-
trophoresis as previously described (Antoine et al. 2019; Antoine
and Wolff 2020). Briefly, the total tRNA of each organism was sep-
arated in a first dimension gel under denaturing conditions using
12.5% polyacrylamide gel and 8 M urea, followed by a second di-
mension under semi-denaturing conditions using 20% polyacryl-
amide gel and 4 M urea at room temperature (Supplemental Fig.
S1). Gel are staining with an ethidium bromide solution (10 pug.I-1)
for 10 min. Spots containing tRNAs are visualized and excised un-
der UV light (302 nm).

In-gel RNase digestion

Gel spots containing tRNAs were dried and rehydrated by 20 pL
of 0.1 U/pL of RNase T1 (ThermoFisher Scientific) or by 20 pL of
0.01 U/pL of RNase A (Thermo Fisher Scientific) in 100 mM ammo-
nium acetate (pH is not adjusted). For a few selected samples,
spots were digested by RNase U2, by using 50 pL of RNase U2
(homemade) at 0.3 ng.pL_1 in 100 mM ammonium acetate (pH
is not adjusted). The spots were incubated 4 h at 50°C. Using
ZipTip C18 (Milllipore) samples were desalted by several washes
with 200 mM ammonium acetate and eluted with 50% acetonitrile
in milliQ water and dried under vacuum.

NanoLC-MS/MS of RNA oligonucleotides

Pellet containing RNase digestion products is resuspended in 3 pL
of milliQ water and separated on an Acquity peptide BEH C18

column (130 A, 1.7 um, 75 um x 200 mm) using a nanoAcquity sys-
tem (Waters). The column was equilibrated in buffer A containing
7.5 mM TEAA (Triethylammonium acetate), 7.0 mM TEA
(Triethylammonium) and 200 mM HFIP (Hexafluoroisopropanol)
at a flow rate of 300 nL/min. Oligonucleotides were eluted using
a gradient from 15% to 35% of buffer B (100% methanol) for
2 min followed by elution with an increase of buffer B to 50% in
20 min. MS and MS/MS analyses were performed using SYNAPT
G2-S (quadrupole time-of-flight mass spectrometer) from Waters
Corporation. 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 overan m/zrange from 500 to 1500 for the full scan, followed
by fast data direct acquisition scan (Fast DDA).

Data analysis

All CID 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 in order to con-
firm the sequence). Experimental masses of parents and frag-
ments were compared to the theoretical masses obtained by
the Mongo Oligo Mass Calculator (https:/mods.ma.albany.edu/
masspec/Mongo-Oligo; Cantara et al. 2011). tRNA identification
was done by comparisons with the genomic sequences obtained
from GtRNAdb (http://gtrnadb.ucsc.edu/; Chan and Lowe 2009,
2016). Data about nucleoside modification were obtained from
Modomics (Boccaletto et al. 2018).

Data analysis by MassSpec-Toolkit for RNAs

The identification and characterization of modified tRNAs by LC-
MS/MS spectrum analysis is difficult and time-consuming. To
help in this process, we implemented MassSpec-Toolkit for
RNAs, a Python web application (http:/labex-ibmc.u-strasbg.fr/
MassSpec-Toolkit/, accessible upon request) linked to a local
MongoDB database that stores user-provided RNA genomic se-
quences and their theoretical digestion products obtained by
specific ribonucleases. For each studied species, mature tRNA se-
quences retrieved from GtRNAdb (Chan and Lowe 2009, 2016)
were submitted to the application and digested in silico with
RNases T1, A and/or U2, in the “"RNA Digestion” module.
Genomic tRNA sequences longer than 100 nt were discarded
and for the remaining ones with a nonambiguous anticodon po-
sition, fragments with common U34 or G34 and/or A37 or G37
modifications were generated when appropriate. In addition,
fragment variants containing up to five additional methylations
were also computed for each digestion product. Experimental
data such as parent ion masses or manually reconstructed subse-
quences could then be compared to the theoretical ones in the
“RNA Search” module. Additional criteria, like the species of in-
terest, the ribonuclease used, as well as the presence of expected
methylations or modifications at specific positions, can be speci-
fied to reduce the search space in the database. Candidate tRNAs
are given a score comprised between 0 and 1 depending on the
number of matching masses or subsequences they present with
the list provided by the user. Besides these two main modules,
the application gathers a set of “Additional Tools” under a third
module that includes some of the tools present in the Mongo

www.rnajournal.org 1971


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.077537.120/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.077537.120/-/DC1
https://mods.rna.albany.edu/masspec/Mongo-Oligo
https://mods.rna.albany.edu/masspec/Mongo-Oligo
https://mods.rna.albany.edu/masspec/Mongo-Oligo
https://mods.rna.albany.edu/masspec/Mongo-Oligo
https://mods.rna.albany.edu/masspec/Mongo-Oligo
https://mods.rna.albany.edu/masspec/Mongo-Oligo
https://mods.rna.albany.edu/masspec/Mongo-Oligo
http://gtrnadb.ucsc.edu/
http://gtrnadb.ucsc.edu/
http://gtrnadb.ucsc.edu/
http://gtrnadb.ucsc.edu/
http://gtrnadb.ucsc.edu/
http://labex-ibmc.u-strasbg.fr/MassSpec-Toolkit/
http://labex-ibmc.u-strasbg.fr/MassSpec-Toolkit/
http://labex-ibmc.u-strasbg.fr/MassSpec-Toolkit/
http://labex-ibmc.u-strasbg.fr/MassSpec-Toolkit/
http://labex-ibmc.u-strasbg.fr/MassSpec-Toolkit/
http://labex-ibmc.u-strasbg.fr/MassSpec-Toolkit/
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Wolff et al.

Oligo Mass Calculator (Cantara et al. 2011) and “Total Mass
Decipherer.” The latter program can be very useful to identify
modifications in case of incomplete MS/MS series, since it com-
putes all combinations of a chosen set of (modified) nucleotides
matching the mass of an RNA fragment obtained after cleavage
by RNase T1.

RNase cleavage

LC MS/MS of digestion products allows the localization of meth-
ylation in the correct nucleotide but does not allow the localiza-
tion on the ribose or on the base (Supplemental Table S1). To
correctly assign the type of methylation, we used known modified
tRNA sequences and the presence of modification enzymes in the
species genome (Supplemental Table S2). To confirm the type of
methylation, we also used RNase T1 and RNase A cleavage pro-
files. Indeed, a methyl group on the 2’ ribose protects RNA
against RNase cleavages. With the methyl group on the base,
the interpretation of RNase cleavages is not straightforward.
Our data show that in the case of RNase T1, m?G and m?,G can
be cleaved (one example for each, m?G10 in S. acidocaldarius
tRNA-Trp and m?,G39 in P. furiosus tRNA-Ser[GGA]) but m’G,
m'G are never cleaved. With RNase A, m>C and m'Y are cleaved
and Um, m°U and m®s?U are not cleaved. It is interesting to note
that, for tRNA-Cys and tRNA-Met of P. furiosus tRNAs, RNase A
does not cleave m®U54. A previous work shows that m°U54 is al-
ways cleaved (Antoine and Wolff 2020). A possible explanation is
the presence of a stretch of three to four Gs 5’ preceding the mod-
ified m°U54 that could prevent access and binding of RNase A.

LC-MS/MS of nucleosides

Total tRNA was desalted by ethanolic precipitation with 200 mM
ammonium acetate (Supplemental Figs. S2, S3). For nucleoside
analysis, tRNAs are diluted to a concentration of 5 pg/pL in
H,O. Digestion was carried out in the following order: 14 pL
H,O; 2 pL buffer P1 10x (2 mM ZnCl;, 250 mM NH4OAc, pH
5.0); 21 pL of tRNA and 2 pL of P1 (0.5 U/pL). The mixture is incu-
bated at 37°C for 2 h followed by addition of 2 pL of snake venom
phosphodiesterase (0.1 U/pL) for 4 h at 37°C. After digestion, 20
uL of BAP (1.5 U/pL in 100 mM NH4OACc) were added to the mix-
ture. The latter was then incubated at 37°C for 2 h, dried under
vacuum SpeedVac and resuspended with 100 pl of methanol.
Nucleosides were analyzed by liquid chromatography coupled
to mass spectrometry using an Ultimate 3000 (Thermo) chroma-
tography coupled to an EvoQ triple quadrupole (Bruker).
Separation was performed on an Acquity UPLC HSST3 column
(1.8 pm, 2.1 x 100 mm, Waters) equipped with an Acquity UPLC
HSST3 precolumn (1.8 ym, 2.1 x 5 mm, Waters). A gradient of sol-
vent A (H,O, 0.1% formic acid [Sigma Aldrich]) and solvent B
(methanol [Fisher Chemicals], 0.1% formic acid [Sigma Aldrich])
was used as follows: 2% B during 2 min, 7% B at 4 min, 100% B
at 12 min, hold during 1.5 min and back to 2% of B at 13.5 min,
hold during 1.5 min for a total run time of 15 min. The column
was operated at 35°C with a flow rate of 0.32 mL/min; 10 pL of
samples were injected for each run. The triple quadrupole was
used in positive ion mode, the spray voltage was set at 3500 V
and cone temperature at 350°C. Nucleosides were identified us-
ing multiple reaction monitoring (MRM) with one to three transi-
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tions per nucleotide. The identifications were based on the
retention time, m/z of the parent ion and m/z of the daughter
ions in MS Data Review software (Bruker), with a signal-to-noise
(S/N) ratio set at 10 and a search window of 0.2 min.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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