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ABSTRACT. Posttranscriptional modification in RNA generally serves to fine-tune and regulate RNA structure
and, in many cases, is relatively conserved and phylogenetically distinct. We report the complete
modification map for SSU rRNA frorthermus thermophilysletermined primarily by HPLC/electrospray
ionization MS-based method§hermusmodification levels are significantly lower, and structures at the
nucleoside level are very different from those of the archaeal thermdphiilelobus solfataricugrowing

in the same temperature range [Noon, K. R., et al. (1998acteriol. 180 2883-2888]. TheThermus
modification map is unexpectedly similar to thatE$cherichia coli(11 modified sites), with which it
shares identity in 8 of the 14 modifications. Unlike the heavily methyl&@tblobusSSU RNA, Thermus
contains a single ribose-methylated residi& 2 -O-dimethylcytidine-1402, suggesting that Gribose
methylation in this bacterial thermophile plays a reduced role in thermostabilization compared with the
thermophilic archaea. Adjacent pseudouridine residues were found in the single-stratadlexd Bhermus

16S rRNA at residues 1540 and 154A. ¢€oli numbering) in the anti-ShireDalgarno mRNA binding
sequence. The present results provide an example of the potential of LC/MS for extensive modification
mapping in large RNAs.

Posttranscriptional modification is a nearly universal remain obscure, significant progress in understanding has
eature of the principa s involved in translation of the been made in recent years, for example, with regard to
feat f th | RNA Ived in t lat fthe b d t f I th dt
genetic codel, 2). Individual nucleosides formed by this influence of modification on codon selection, control, and
process are structurally diverse, generally tend to occur atstabilization of tRNA structure and on maintenance of
conserved sequence sites, and many are phylogeneticallytranslational reading frames during protein synthegjs (
distinct (3). Most detailed studies of structuréunction By contrast, in rRNA, in which modification levels tend
relz?monshlps of RNA modifications have dealt with tRNA, to be lower than those in tRNA (particularly in prokaryotes),
which generally possesses the queatest concentrations of5y jess is known concerning occurrence of modified nucleo-
modified residues, typically 812%, and for which the  gqes with regard to either structure or their functions.
greatest amount of detailed sequence data are availble (- pgsentially complete modification maps of small subunit (16/
As a consequence, although many aspects of the complex gs) or |arge subunit rRNAs (23/28S), in which both the
details of modificatior-function relationships in tRNA  cnemical identities and sequence locations of modified

: : residues are known, are limited to perhaps five eukabya (
f’;_lSu?tﬁorted by NIGMS Grant GM29812 from the National Institutes ;44 bacteriumgscherichia colil6S (leading citations in ref
ol Healtn. . .

* Address correspondence to this author at the Department of 6) and 23S (tabulation summary and refe_rences in3yef
Medicinal Chemistry, University of Utah. Telephone: (801) 581-5581. rRNAs], and one archaeomifloferax volcanii 16S rRNA
Fax: (801) 581-7457. E-mail. mccloskey@biochem.utah.edu. (7, 8)]. To this may be added numerous partial oligonucle-

5 nggﬁmgm 8; Eﬂiggﬁéﬁggcemﬁgﬁswﬁ [f‘t'%of utah. otide sequence®) from early work on RNase T1 cataloging

1 Abbreviations: tRNA, transfer RNA; rRNA, ribosomal RNA; BAP,  Of 16S rRNA in which the position but not identity of
bacfterial alkal!inedphr?sphattase; LhC;EISI-tMS, directly C?_mbined high- modification was often reported (e.g., ) for the goal of
perrormance liquid chromatograpny/electrospray ionization mass spec- H H H
trometry; TOF, time of flight; MS/MS, tandem mass spectrometry; idstabl|Sh'lng.fphyl(:%er(]jetlcfstatuksr:) f the S(?ur%e (t)r%amﬂ)? t(h
MALDI, matrix-assisted laser desorption ionization; HFIP, 1,1,1,3,3,3- AISO, a significant body of work has involved studies of the
hexafluoro-2-propanol; TEA, triethylaminey collision energy in the occurrence and distribution of pseudouridine, which is
laboratory frame of referenc®#, pseudouridine (5-ribosyluracil); CID, perhaps the most common of RNA modificatiod,(13)

collision-induced dissociation; MS-1 and MS-2, first and second mass .. .
analyzers, respectively, of a tandem mass spectrometer; MRM, multiple 21d Often found at conserved positions in rRNA and tRNA.

reaction monitoring; SSU, small ribosomal subunit; LSU, large ribo-  Circumstantial evidence was reported that known structur-
i?{gﬂes.ﬁgf; ,ﬁi%_g‘_‘gﬁ:{ﬁ;cﬁi’gﬁ!Cn%'og_%:'gﬁ;ls%dﬁgegg * ally stabilizing modifications, particularly ribose methylation
N2-metr'1ylguarilos'ine; 8, N2,N2-dimetf’1ylgu’anosine; i, 7-meth- at O-2, may be used in rRNA of archaeal thermophiles for
ylguanosine; §A, N°Ne-dimethyladenosine; Cm,D-methylcyti- stabilization in the thermal environment. The archaeon
dine; Am, 2-O-methyladenosine. Sulfolobus solfataricyggrown at 75°C, was found to have
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approximately 38 modified sites in 16S rRNA and 50 sites Il mass spectrometer; MassLynx version 3.4 software was
in 23S rRNA, the greatest numbers reported for any used for instrument control and data processing. Typical
prokaryote {4). The majority of modified residues were tuning parameters were capillary voltage in the range &0
ribose methylated, three of which'{@-methyladenosine,’ 2 to —3.2 kV and cone voltage 4660 V. Nucleosides were
O-methylcytidine, 2-O-methylguanosine) showed increased separated on a Luna C18 (Phenomenex) 256 mm
molar levels at progressively higher culture temperatures. column, using a multilinear gradient as descritié),(except
Here we report the first posttranscriptional modification that the flow rate used was 3@Q/min and the composition
map for the 16S rRNA of a bacterial thermophiléhermus of buffer A was reduced to 5 mM. Nucleosides were also

thermophilus [growth optimum 75°C (15)], including separated on a Develosil RP-aqueous (C30) (Phenomenex)
identities and sequence locations of modified residues. Thesgeversed-phase column (2502 mm) using the same buffer
data permit detailed comparison with modification&ircoli system as above with a variation on the above multilinear

16S rRNA and allow assessment of the extent to which the gradient 26) to get better separation of early eluting
extensively studieé. coli SSU rRNA may be representative nucleosides from impurities in some samples. The digest was
of bacteria in general. By comparison with the highly injected into the chromatograph without prior desalting or
modified 16S rRNA of the archaeal thermophfie solfa- enzyme removal. Identification of modified nucleosides was
taricus for which the extent and identities, but not sequence made primarily from their mass spectra and relative retention
locations, of modifications have been reportéd)(an effort times as earlier describeds).
was made to understand the extent to which modifications | C/ESI-MS of Oligonucleotides from RNase T1 and U2
in a bacterial thermophile may be used for structural pigests of 16S rRNAOligonucleotide mixtures were ana-
stabilization of rRNA compared with rRNA from the archaeal |yzed on either the HP1090/Quattro Il system described
thermophiles. above or a Waters CapLC chromatograph interfaced to a
The paucity of modification distribution data in rRNA  Micromass Q-Tof2 (Q-TOF) high-resolution instrument with
beyond a relatively few organisms can be attributed in part a MassLynx 3.4 data system. An HFFEA/methanol
to experimental difficulties in carrying out such work with  solvent system 27) was used for separations on C18
large ribosomal RNAsNI; (~1.5-3.9) x 10° and until reversed-phase columns, either a 60 mm Luna C18
recent years also to the limited availability of rRNA gene (Phenomenex) column with a 156 1 mm OptiGuard C18
sequences, which are crucial in providing a framework for precolumn (Optimize Technologies) eluted at s/min
placement of oligonucleotide sequences. Mass spectrometry{Quattro Il system) or a 158 0.5 mm Luna C18 (Phenom-
based techniques have recently been shown to be effectiveenex) column with a 30um x 0.5 mm u-Precolumn
in the identification and placement of modifications in large Cartridge C18 (LC Packings) eluted at Zb/min (Q-TOF
RNAs or subsections thereof, using either electrospray system).
ionization (L6—18) or MALDI techniques {9—22). The LC/ Detection of Modified Nucleotides in RNase Digestion
ESI-MS-based approaches employed in the present studypqqycts Using Characteristic Low-Mass Fragment lons.
constitute the most extensive use of mass spectrometry forgjigonycleotides that contained modified residues were
modlflcatlon_mapplng In _Iarge RNA.S a_nd demo_nstrate_ @ detected using an additional LC/MS scan function that
degree of_rehef from experimental difficulties associated with utilized elevated declustering (“cone”) voltage to produce
the mapping problem. modification-diagnostic fragments (such as Bnd N>p-
MATERIALS AND METHODS ions), w_hose ti_me vs abundance profiles were gener_ated for
comparison with normal-scan total ion current profiles to
Preparation and Enzymatic Digestion of rRNR0S identify the oligonucleotide that generated the@) 17).
ribosomal subunits fror. thermophilusHB8 cells, grown These low-mass fragment ions are tabulated in Table S1 (see
at 70°C and harvested at mid-log phase, were a gift from Supporting Information).
V. Ramakrishnan, University of Utah (present address: MRC  Sequence Determination of RNase T1 and U2 Digestion
Laboratory of Molecular Biology, Cambridge, U.K.). 16S Products by Tandem Mass Spectrometry (LC/ESI-MS/MS).
RNA was extracted with TRI Reager23) following the Modified oligonucleotides were directly sequenced by MS/
manufacturer’s protocol. 16S rRNA (typically 1@, 200 MS in digestion mixtures using the Q-TOF instrument
pmol) was digested totally to nucleosides with nuclease P1, system, with preselection of sequencing targets made es-
phosphodiesterase |, and BAR4]. Aliquots of RNA (5- sentially from the molecular mass and monomer ion data
100 pmol) were digested with 1000 units of RNase T1 shown in Table 1. Sequence data were acquired during the
(Ambion) in 10 mM Tris plus 1 mM EDTA, pH 7, for 30  approximately 20 s period of passage of the component of
min at 37°C or 45 min at 55°C. Alternatively, the RNA  interest through the mass spectrometer ion source. Typical
was digested with RNase U2 (Industrial Research Ltd., parameters were as follows: TOF mass analyzer data
Lower Hutt, New Zealand) in 20 mM diammonium citrate, accumulated fronmvz 100 tor/z 1990 in 0.45 s, with 0.05
pH 5, and 1 mM EDTA or in 20 mM diammonium citrate, s delay; collision energy range +80 eV E.p) depending
pH5, 1 mM EDTA, anl 8 M urea, with 5-10 units of RNase  on oligonucleotide charge state and length. Sequences were
U2 for 15 min at 60°C, then an additional-510 units of  derived using previously described procedures and algorithms
enzyme was added, and digestion was continued for 15 min.(28 29) recently extended to include provision for the
LC/ESI-MS Analysis of Nucleosides from Total Digests presence ol (30) (see the following section). Multiply
of 16S rRNA Nucleoside digests were analyzed using an charged ions in product ion mass spectra have been converted
HP 1090 liquid chromatograph with diode array detector, to their singly charged equivalent in the relevant figures using
interfaced (without flow splitting) to a Micromass Quattro the MassLynx MaxEnt3 algorithm.
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Table 1: Modified Nucleosides if. thermophilusl6S rRNA

RNase T1 RNase U2
M meas monomer M; meas monomer
nucleoside sequence (errory ions,m/z sequence (errorp ions,m/z°
P-516 516WGp-517 669.13 (0.05) 511-CUCCEGCCA>p-520 3156.07 (0.33) 164, 189,
(Figure 3) 207, 225
m’G-527 525-C@’GCGp-52% 1637.24 (0.01) 164 525-G6'"GCGGUA>p-532 2599.09 (0.27) 164

(Figure S2)

m3G-966 964-AANIG > p-966 1031.28 (0.10) 178,372 965-AM2GMSCAA >p-96¢ 1679.12 (0.17) 124,178,372
(Figures S3 and S4) (Figures 4 and S4)
mSC-967  967m°CAACGP-971 1645.39 (0.14) 124, 336
m2G-1207  1207m2G>p-1207 359.06 (0.02) 164, 358 1205-0RGCCCUUA>p-1213 2866.05 (0.31) 164, 358, 376
(Figures 5 and S5)
mSC-1400  1393-UACACA@SCGp-140F 2890.63 (0.21) 124,336 1399R/ECGM*CMCmMSCGUMSCA>p- 3225.14 (0.36) 124, 332, 336
(Figures 6 and 7) 1408! (Figures 8 and 9)
m*Cm-1402 1402m*CmCm°CGp-1405 1320.34 (0.13) 124, 336, 350
m°C-1404 (Figure S6)
mSC-1407  1406-WhSCACGp-1410 1622.36 (0.13) 124, 336
(Figure S7)
m3U-1498 l4(98m3UAA()§AAGp—1504e 2304.5(0.17) 125,319, 337 1494-GUBRGUA>p-1499 1950.06 (0.19)y
Figure S8
moA-1518, 1518mSAmSAGp-1520 1077.32 (0.10) 162,356, 374514-CCGGAMAGG>p-152F 2704.14 (0.29) 162, 356
1519 (Figure S9)
W-1540, 1531-AUCACCUCCPWUCUOH- 4262.87 (0.33) 164,189, 1535-CCUCM'WUCU-OH-1544 2993.07 (0.30) 164, 189,
1541 1544 207, 225 (Figure 10) 207, 225

aE, coli numbering is used throughottExperimentally measured; error is found minus calculated mass for the modified oligonucleotide shown.
¢ Tabulation of monomer mass ion assignments is given in Table S1 in Supporting Infornidicectly sequenced by MS; see Figuress 7,
and 10.¢ Directly sequenced by MS; see Figures S2, S3, andS&6in Supporting Informatiori.The M, 2599.1 oligonucleotide coelutes with
1207-nfGCCCUUA>p-1213,M, 2215.3, a truncated form of thd, 2866.1 oligonucleotide; therefore, th#z 164 fragment ion assignment does
not distinguish the two mGua signabsFragment ion mass signals forfithare not clearly resolved from background.

Detection of Pseudouridine Residues by MS/Ri&:ogni-
tion of W in oligonucleotides 30) was indicated by the
occurrences oz 225 (P nucleoside- H,O)~, 207 W —
2H20)_, 189 (lp — 3H20)_, 165 (225— C2H402)_, or 164
(207 — HNCO), either in primary mass spectra, at ion
sampling cone~75 V, or in product ion mass spectra from
CID of the oligonucleotide. Multiple reaction monitoring
(MRM) functions were utilized for detection off in
prespecified locations3Q): nm/z 225 (MS-1)— 165 (MS-2)
for recognition of®¥ at 5 termini; m/z 207 — 164 for W in
internal oligonucleotide positions, both using 14 eV H
collision energy, dwell time 38650 ms. Tests folGp, M,
669 (resulting from RNase T1 hydrolysis of MG...
sequences), were made by MRM fovz 668 — 207 at
normal cone voltage and collision energy 45 eV. In the latter
case the LC/MS/MS system was programed tWGp
detection in the early part of the HPLC rurr10 min) and
for the presence o¥ by MRM measurements (former two

methods) at later elution times. In all cases careful product

described below, after the method of Kirpeka@p), A 165
pmol aliquot of an RNase T1 digest was HPLC-separated
in the HFIP buffer system, and the fraction containing the
3'-terminal 14 residues was collected, dried in a SpeedVac,
and then dissolved in 4QL of 1.1 M triethylammonium
acetate (pH 8.6}ethanol (59:41). Eight microliters of
acrylonitrile was added, and the reaction mixture was
incubated at 70C for 3 h, dried under reduced pressure,
and reconstituted in 12L of H,O. An aliquot of the sample
was analyzed by LC/MS on the Q-TOF instrument to
determine the extent of cyanoethylation in order to establish
the number of¥ residues in the oligonucleotide.

Software for Mass Spectral Data Manipulation and
Analysis.The program Mongo Oligo (http://medlib.med.u-
tah.edu/masspec/mongo.htm) was used for mass prediction
and generation of mass-ordered RNase “cut lists”, derived
from the corresponding@. thermophilusl6S rRNA gene
sequence (GenBank accession M26923).

An oligonucleotide sequence extraction program (ONX)

ion chromatographic alignments were made with oligonucle- parses the gene sequence into potentially allowable corre-
otide molecular mass chromatographic profiles derived from sponding RNA sequence segments and their locations using
alternate MS scan functions to establish the identity of the the experimental molecular mass values of RNase-derived

W-containing oligonucleotide.

Sequence Location of PseudouridineNase product
oligonucleotides concluded to conta¥ were directly
sequenced in the hydrolytic mixture by LC/MS/MS. In
addition to basic sequence informatid¥,was placed using
abundance changes in conventional sequencing R8)saé
described 30): absence of a- B ions at the site of th&/
residue; presence of a prominent a-type ion atithgosition;
and presence of an anomalously abundant w-tydg ibn
immediately 3to the site of pseudouridylation.

Confirmation of the presence of adjaceHtresidues in
theT. thermophilusragment AUCACCUC@WUCU was

(or other) fragments. The user provides constraints (if any)
on identities of nucleotides immediately &nd 3 to the
cleavage site, the phosphorylation state, residue masses of
potential modifications, and the number of allowable un-
dercut residues.

SOS éimple oligonucleotidesequencer) is an interactive
user-controlled graphical program for ab initio sequencing
of oligonucleotides, modified or not, from their product ion
mass spectra following CID20).

RESULTS

Results presented in the following sections, in which

made by preparation of a cyanoethylated derivative as posttranscriptionally modified nucleotides were identified and
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placed at specific sequence locations in the rRNA molecule,
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(6) The detection and sequence location of pseudouridine

were obtained using LC/ESI-MS-based methods, using residues, which are isomeric with uridine and thus mass-

combinations of the following seven protocols.

(1) A complete census of modifications present in the
ThermusSSU RNA was obtained by positive ion LC/MS
analysis of total nucleoside digest®5). These data also
provided approximate net molar ratios of modified species
(see discussion in reid), with which the total rRNA
modification map must ultimately be reconciled.

silent, were somewhat more difficult and were made by
recently developed tandem mass spectrometry-based methods
(30). The presence d¥ in the oligonucleotide was recog-
nized using characteristic low mass fragment ions [see (5)
above] and whether th@' residue was in an internal of-5
terminus position, based on monitoring of selected reaction
channels using MS/MS. Placement 8f was made in

(2) rRNA was digested by RNase T1 to produce a mixture favorable cases by abundance changes in CID spectra
of several hundred oligonucleotides, each terminating with resulting from the presence 8f rather than by changes in
Gp-3. Molecular masses of all oligonucleotides in the mass as for other modified residues.

hydrolysis mixture were measured by negative ion LC/MS.  (7) Selected oligonucleotides that were believed to be
Each molecular mass value was converted to exact basénodified from the foregoing experiments were directly
composition and net modification mass, if ar8ay. sequenced in the RNase digest mixture by using LC/MS/
(3) The experimentally derived mass values were next Ms (28, 29). In general, the results of direct sequencing were
compared with the list of RNase T1 fragment masses somewhat redundant with, but complementary to, evidence
calculated from the 16S rRNA gene sequence. With the dgerived from experimental mass values of RNase digestion
exception of pseudouridine, the presence of modifications products p|us ana|ysis of monomer fragment ion data. In
was then recognized by deviations in measured mass valuenany instances, mass measurement and sequencing of RNase
from those in the calculated RNase T1-derived masﬂ@t( T1 fragments’ p|us mass ana|ysis of targeted RNase U2

(4) Alternatively, the rRNA was digested with RNase U2, - fragments, were sufficient for unambiguous placement of the
which has a different cleavage specificity than RNase T1 modified residue in the rRNA molecule.

and is therefore complementary to it. RNase U2 generally
cleaves on the'Zide of A, resulting in an Ap 3 terminus,
and in principle reduces the difficulty in placing modifica-
tions in G-rich regions (an increased problem in the case of
G-rich thermophiles) when RNase T1 is used. Unfortunately,
RNase U2 has a tendency to overcut by cleavage at some
Gs and to undercut at A, resulting in formation of oligo- (nfg)(&g), G (1.4), 3G (1.0-1.4), G (1.1), and r§A
nucleotides having multiple As, and thus no rigorously ‘=7 ) ) -
predictable purine termini. As a consequence, RNase U2 is _ Structure Assignments and Sequence Locations of Modified
most effectively used in conjunction with RNase T1 experi- Residues from RNase Digestion Productsromatographic
ments by calculation of potential U2 oligonucleotide masses Separation of products from digestion using RNase T1 is
based on mass analysis of T1 digestion products, which areshown in Figure 1A and RNase U2 in Figure 1B, each
then compared with the experimentally observed U2 values. @nnotated to show those oligonucleotides found to be
to be less satisfactory than T1, not only from the standpoint @nd placed from the RNase hydrolysates using LC/MS
of fidelity of cleavage but also the reproducibility. The Methodsis given in Table 1 along with a listing of monomer
fragments were used to adjudicate or confirm uncertaintiesin €ach oligonucleotide (see also Table S1 in Supporting
of modification placement, either in oligonucleotides from Information). These data show eight structurally different
RNase T1 hydrolysis or in the 16S rRNA molecule. modified nucleosides at 14 sequence sites in the rRNA
(5) During analysis of RNase T1 or U2 digests mass molecule.
spectrometer scan functions were also employed in which (A) W-516.The occurrence of the MRM reaction channel
elevated declustering voltage (nozzle-skimmer potential indicative of the dinucleotidd?Gp in Figure 2A implies the
difference, also termed cone or “orifice” voltage) was used presence of the subsequenc®G in the rRNA molecule.
to dissociate oligonucleotides after HPLC separation but prior An expanded sequence context is gained fromMh&8156
to mass analysis, to produce a range of “fingerprint” mass oligonucleotide eluting at 43 min in the RNase U2 digest
signals in the lowm/z range that were characteristic of (Table 1, Figure 1B), which contaif¥ at an internal position
modified nucleotide residues3,( 17). Examples include  as demonstrated by the MRM reaction channel response at
fragments representing base ions (exgz 164 for methyl- 43 min in Figure 2B. Use of the ONx program established
Gua’), mononucleotide ions (e.gm/z 376 for mGp or two possible @ G-containing subsequences from molecular
Gmp") or their dehydration productsn(z 358 for mG>p~ mass 3156: 511-CUCCGUGCC# and 743-UCCAC-
or Gm>p~), andm/z 207 for W. Correlations between the CCGUG>p. These two possibilities were clearly distin-
diagnostic monomer mass signals and the oligonucleotidesguished from the CID mass spectrum of thg 3156
in the mixture from which they were derived were established oligonucleotide in Figure 3. Enhanced abundances of the w
by careful time alignment of chromatographic ion profiles and y, ion species and the abundagt@n mark the presence
of monomer fragment ions with molecular ion signals from of W in the sixth position, excluding the second sequence
the oligonucleotide [e.g., (M— 4H)*7], recorded using  above and placingV at position 516 rather than 512. The
normally low nozzle-skimmer potential conditions in every unusual adenine-loss ions annotated in Figure 3 are charac-
other scan. teristic of the A>p 3 terminus (R. Guymon et al., manuscript

Identities and Net Stoichiometry of Modified Residues in
T. thermophilus 16S rRNAldentities and approximate
numbers of modified residues, established by LC/MS analysis
of total nucleoside digests of rRNA (see Figure S1 in
Supporting Information), ard (2.9), n¥U (1.0), nfCm (1.2),
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70 —

A 1531-AUCACCUCCYYUCU,,
1207 -m?G>p 1402-m“Cen Cm® CGp 1393-UACACACMS CGp
) 515-WGp 1406-UmS CACGp 1518-mSAmSAGp

526-CCm7GCGp 1498-m3UAACAAGD

964-AAMZG>p 967-m5 CAAC Gp

Detector response
(%)

0 [ T I T I T I T I T I T I T I T | T
5 10 15 20 25 30 35 40 45
Time, Minutes
B 70-
1535-CCUCCWWUC U,y
1 1205-UGMEG CCCUUA>p
£25-CCMTGCGGUA
m 7 E11-CUCCGWGECASp
] 9B5-AmZ GMPCAA>p
1514-CCGGMAMEAGG>p
1494-GUCGm3UA>p
o 1399-Cmd CGm4CmCm3CGUMS CA>p
&

Detector response

10 16 20 25 30 35 40 45 50
Time, Minutes

Ficure 1: RNase hydrolysis products from thermophilusL6S rRNA showing elution positions of modified oligonucleotides determined
by mass spectrometry. Detection at 260 nm. See Table 1 for corresponding mass data. Panels: A, RNase T1; B, RNase U2.

A m/z 668 — 207
100+

50

1 e ot

Relative MRM Response (%)

0o B M, 29931 m/z 207 — 164
50~ M, 2218.3 M, 3157.9
_ Nl 7

IIIII|IIII|IIII|IIII|IIII|IIII|
10 20 30 40 50 60
Time, minutes

Ficure 2: Pseudouridine detection in RNase fragments fiorthermophilusl6S rRNA. (A) MRM channehvz 668 — 207 showing the
presence off in the M, 669 dinucleotide eluting at 7.5 min (Figure 1A, RNase T1 digest). (B) MRM chan{z207 — 164 showing the
presence of interndV in the RNase U2 oligonucleotidé4, 2993 (37 min, Figure 1B, 3156 (43 min, also Figure 1B), aid, 2218 (32
min, not annotated in Figure 1B) deduced to be a truncated forfy 8L56. Mass values shown in panel B are estimates derived from an
alternate scan function not using MRM (see Materials and Methods). Asterisks denote other minor enzyme miscut products in the vicinity
of W-516 (see text).
in preparation), resulting from RNase U2 hydrolysis thatare  The placement ofP-516 also permits assignment of the
not found in RNase T1 products (Gp t&rmini). minor 32.3 min eluant in Figure 2B (not separately annotated
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M-Ade-
100 4 100 —

ag Ade
V- Ade”
vi d-H,0
- w,-Ade” 3 ~ a-B
A M2G m5C AA>
511-CUCCGYGCCA>p mhlh o
¥ ¥
W,

a
o
1

[%.]
(=]
1
Relative Abundance (%)

Relative Abundance (%)

| . . : . 100 300 500 700 900 1100 1300 1500 1700
100 500 1000 1500 2000 2500 3000 miz

. me ) ~ RGURe 4: Product ion mass spectrum from CID of 965-
Ficure 3: Product ion mass spectrum of RNase U2 oligonucleotide Am%Gm5CAA>p-970 (Figure 1B) used for placement of modifi-
CUCCGPGCCA>p (M, 3156) used for placement &-516 and cations containing methyl groups in the loop of helix 31.
showing adenine-loss ions characteristic of A3-terminal oli-
gonucleotides.

100 41,0

in Figure 1B), which contains an intern@. The molecular
mass associated with this response is 2217 (spectrum no
shown), which corresponds to 511-CUC@®G>p-517, a
truncated version of th¥l, 3156 oligonucleotide. With the
aid of the ONx program, the only rational alternative
placement of the CUCCGUG sequence would be at position
91-98. However, no confirmatory sequenced, (values ) .
cotracking with an appropriate MRM response) were found 3 44,0 5
that would sustain this positioning. Ancillary evidence in ] 26
support of the placement dP-516, as opposed t&-96, ”/”‘Lzo
was obtained from careful analysis of the oligonucleotide ull
mass values corresponding to the minor MRM responses 10 300 800 700 900 1100 1300 1800 1700 1560
labeled by asterisks in Figure 2B. Both of thg values iz
assoc_|ated with these responses were consistent with RNase, oc 5: product ion mass spectrum from CID of 1205-UGm
U2 miscuts of sequences surroundig516: M 2547.5,  GCCCUUA>p-1213 (Figure 1B) used for placement of@1207.
510-ACUCCQGPG>p (37.4 min); M, 3503.1, 511-CUC-
CGWGCCAG>p (43.7 min). (Assignment of the 37 min  in the T1 and U2 oligonucleotides (Figure S4) confirms the
oligonucleotideM;, 2993 is discussed in the later section on location of both methyl groups to be in the guanine base
W-1540,1541.) and accounts for the 6 residue observed in the total
(B) m'G-527.The pentanucleotide sequence resulting from nucleoside digest (Figure S1).
T1 hydrolysis (Table 1) was confirmed by direct sequencing (D) m2G-1207.The sequence context for this modification
of the fragment (Figure S2). The RNase U2 producMef s provided by the U2 fragment, which was sequenced
2599.1 supports the sequence context of the methylated G(Figure 5), and as a result has a single possible placement
and places it uniquely at position 527 in the rRNA. Identity jn the rRNA molecule. The presence of monomethylguanine
of the base as 7-methyl rather tHd¢fimethylguanine is made s indicated by ionm/z 164 in the RNase U2 (Figure S5)
by the characteristic and exceptionally facile loss of the base and T1 fragments. Position 1207 was not previously reported
from the molecular ionrfyz 1636— 1471, Figure S2) and  as modified in any SSU rRNA9j (all three phylogenetic
by the enhancedsa- m’Gua base-loss iomyVz 723. The  domains) with the sole exception Bf coli, which also has
enhanced base loss is a characteristic effect of guaninem2G-1207.
7-methylation. Although the sequence CCGCG occurs in (E) nfC-1400, MCm-1402, #C-1404, niC-1407.The
three places in the rRNA, it is assigned as shown, in analogy composition and sequence location of the remarkable pen-
to E. coli and Proteusvulgaris rRNAs (9) containing the  tamethylated sequence occurring in the U2 fragment assigned
same unusual modification sequence at this site in the loopas residues 13991408,M, 3225.14, is uniquely defined by
of stem 18. four lines of data: (1) the molecular masses of three T1
(C) m§G-966, niC-967. The tandem modifications at  fragments and one U2 fragment as diagramed in Figure 6,
966—-967, which represent modification sites that are nearly from which a “sequence ladder” has been constructed using
universal in bacteria9), are not distinguished with regard the four RNase fragments; (2) constraints in base sequence
to sequence location in the RNase T1 digest because theynandated by the 16S rRNA gene sequence in the segment
occur in different fragments (Table 1) but occur together in 1493-1410 through use of the ONx program; (3) direct mass
the U2 fragment i, 1679) which was directly sequenced spectrometric sequencing of the three T1 pieces (Figures 7,
(Figure 4), as was the expected T1 fragment, A§5m>p S6, and S7); (4) identification of appropriate modified
(Figure S3). The presence of the monomer baseriari78 residues from monomer ions in all four RNase fragments

d-H,0

a.B —————
- 125UGMGCCCUUA>p
w, W

Relative Abundance (%"
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Ficure 7: Product ion mass spectrum from CID of 1393- I e pveam
UACACACMPCGp-1401 (Figure 1A)M, 2891, a subcomponent 4200 4400  46.00
of the sequence shown in Figure 6. Time

. . - . Ficure 8: Monomer mass ion alignment profiles for the RNase
(Table 1), including the unusual posttranscriptionally modi- |, digestion product CREGIFCmCIPCGURFCA>p (Figure 1B),

fied nucleoside *Cm-1402 (Figure 8)35). showing the presence of cytidine methylated only in the base
(F) m*U-1498.The sequence of the RNase T1 produet and of dimethylcytidine with one methyl each in the base and ri-
2304.5 was determined by direct sequencing (Figure S8),Pose.
showing a base-methylated U at thé t8rminus, and is ) i .
supported by presence of the methyluracil anign125 and ohgonucleotlde_s from the' 3erminus of the rRNA mole_cule,
nucleotide ionsn'z 319 and 337 (data not shown); see Table POth representing the sarfié content and placement in the
S1. Overlap with the, 1950.1 U2 fragment extends the rRNA molecule. On the basis of computer-generated RNase
implied sequence segment to residues 14B804 in agree- product masses calculated from the gene sequenceMyoth
ment with the corresponding gene sequence. These dat¥alues were found to represent unique base compositions
uniquely define the rRNA position and identity of the 1498 and placements within the rRNA molecule: nucleotides
modification, as also concluded from analogous experiments1535-1544 and 15311544, respectively (see Table 1).
with E. coli 16S rRNA @4), which contains the same Initial placement of¥-1540 was accomplished by LC/
modified sequence. MS/MS sequencing of both the RNase U2 10mer (Figure
(G) mbA-1518, 1519Molecular masses 1077 from RNase 10) and RNase T1 14mer (data not shown). In both cases,
T1 and 2704 from RNase U2 hydrolysis are consistent with the unusually abundantaion, present at greater than twice
the tandem BA-containing sequences shown in Table 1 the abundance of this ion from the unmodified oligonucle-
and represent a modification motif at the apex of helix 45 otide (data not shown), was used to place‘that position
that is conserved in nearly all SSU rRNA36( 37) in all 1540. The placement was confirmed by the significantly
three phylogenetic domain§)( The assignment is supported  intense complementary, &n in the U2 10mer, although the
by the presence of the characteristic dimethyladenine basecorresponding [ ion, not surprisingly, was not observed
ion ¥z 162 and by the sequence mass spectrum of the U2above background in the T1 14mer spectrum. Théow in
digestion product (Figure S9), indicating the presence of Figure 10 (and to a lesser extent thgian) is also present
adjacent dimethyladenines in the expected sequence contextat twice the normal abundance. When relative abundances
(H) W-1540, 1541 The strongest signals for detection of of the w series ions from Figure 10 are represented as
internal*¥ residues by the MRM method occur at 36.2 min enhancements3() relative to those in the control mass
in the RNase U2 digest (Figure 2B) and 46.2 min in the T1 spectrum of the unmodified 10mer, clear enhancements of
digest (Figure 9). Minor responses (data not shown) were W4 and ws ion abundances are observed (see Figure S10).
also observed at the same retention times in th& 5/RM These data are consistent with the presencdH af positions
detection channel, each corresponding +0.05 of the 1540 and 1541, supported by four observations: (1) a census
internalW¥ signals for the same oligonucleotides. Secondary of nucleoside modification, which indicates a net of ap-
responses of this magnitude are typical for cross-channelproximately thred? residues in the RNA molecule; (2) the
interferences using the MRM detection meth@®d)( The unusually intense MRM responses; (3) the lack of any other
oligonucleotideM, values, 2993 and 4263, corresponding to MRM response that would indicate placement 3Pan an
the strong internall signals are assigned as interrelated oligonucleotide other than the already characteri¥e816;
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Ficure 9: MRM response for thevz 207 — 164 channel showing the presence of intefifain the RNase T1 oligonucleotidd, 4263
(44.9 min eluant in Figure 1A).
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Ficure 10: Product ion mass spectrum from CID of RNase U2 oligonucledfid2993 exhibiting anomalously high abundances of ions
w3 (M/z 934) and w (m/z 1240) and showing sites of pseudouridylation corresponding to positions 1540 and 1541.

and (4) the above-mentioned enhancednd w; responses  some of which may contribute to thermal stabilization. This
in the mass spectrum of the U2 10mer digestion product. comparison relates to phylogenetic differences (bacteria vs
The hypothesis that tw&P's are present in the single- archaea) as well as the extent to which posttranscriptional
stranded 3terminus of the rRNA molecule was tested by modification has evolved as a significant contributor to RNA
preparing the cyanoethyl derivative of the RNase T1 14mer, thermostabilization in each phylogenetic domain. Second,
which eluted in a clearer part of the chromatogram and was by comparison with thée. coli SSU rRNA modifications
thus easier than the 10mer to collect as a clean fraction. The(tabulated at http://medlib.med.utah.edu/RNAmods/), insights
mass spectrum (not shown) of the reaction product indicatedmay be gained into how typical (i.e., conserved) the
the presence of zerd/; 4262), one 1, 4315), and two N/, modifications inE. coli are as a model of bacterial rRNA
4368) cyanoethyl groups in the reaction mixture, in the ratio modifications in general. Until the present wdgk coli was
0.29:1.0:0.35, of the derivatized 14mer. These results clearlythe only bacterial SSU rRNA to have been completely
show the presence of two cyanoethyl additions to the modification-mapped and has generally been regarded as
molecule, but because of difficulty in driving the reaction typical of bacteria, a concept supported on a limited basis
to completion, the occurrence of lesser amounts of méno- by early reports of modifications in RNase T1 oligonucle-
components (at either position 1540 or position 1541) cannot otide fingerprint catalogsl(l, 38). Also, we view the overall
be excluded. [Our reaction yield is qualitatively similar to  modification characteristics of this bacterial thermophile SSU
earlier results using this method & detection, in which RNA as a ||ke|y predictor of the Corresponding LSU RNA,

50% reaction yield was reported for odé (32).] not previously reported.
DISCUSSION _ The availability of two complete_ bact.erial SSU modifica-
tion maps, taken together with various incomplete sequence-
The posttranscriptional modification map ®f thermo- ~ modification files @), should now permit the modeling of

philus SSU rRNA allows insight into two areas of principal the most important (conserved) modified residues into
interest: first, how rRNA modification patterns of a bacterial existing high-resolution SSU structures Bfthermophilus
thermophile differ from those of archaeal thermophiles, (39) andE. coli (40). Finally, the present study constitutes
particularly with regard to the extent of modification, and the most extensive effort to date for use of mass spectrometry
the chemical structures of individual modified nucleosides, for modification mapping of large RNAs, thus providing an
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opportunity for critique of the experimental problems and By sharp contrast, SSU RNA of the archaeal thermophile
prospects of this methodology. S. solfataricuswhich grows in the same temperature range

Results from the present study are summarized in the two-2S T. thermophilug(70-75 °C), was reported to contain a
dimensional secondary structure in Figure 11, which includes Net of approximately 38 modified sited4), the largest
E. coli modification sites for comparison. Althougtermus ~ number reported for a prokaryotic SSU RNA. Even so, the
andEscherichiaare not closely relatedt() on the basis of Sulfolobudevel is significantly below that of the archaeon
comparative SSU rRNA sequences, the most widely usedPYrococcus furiosugculture temperature 108C), which
method of phylogenetic placemertl], their 16S rRNA has~80 modified reS|du§as (J. A. McCloskey, P. F. Crain,
modification maps are more similar than we had expected, @nd K. O. Stetter, unpublished resultSpifolobusl6S RNA
showing a degree of conservation not only in the modification (75 °C culture) contains 24'2>-methylated nucleotides,
sites but also in structures of the modified nucleotides. Nine Providing an effective form of RNA thermostabilization
of the 14 modified residues ifi thermophilusare identical ~ resulting from thermodynamic preference for the-€8do
to those inE. coli. [One more residue, 36-966, differs ~ Sudar conformation in order to avoid base-2 steric
from E. coli only by addition of a methyl group in the base. nteractions in the alternate Genc conformation 46-48).
N2,N2-Dimethylguanosine had earlier been reported as aAsa notable dlfferencTé_. thermophllu&ontams o_nly asingle
modification at this site in some bacteria but without "POSe-methylated residue,@m-1402, which is common
discussion or further molecular characterizatid) to E. coliandP. vulgaris (9, 49) and probably other bacteria.

Compared to 14 modified sites ifhermus E. coli 16S Modification at position 1401 (AT) is presently unique
rRNA utilizes seven different modifications at 11 sites, which {0 @ll reported bacterial sequences, and two othéra§40,
we judge to be typical or slightly high for bacteria in general 1241; discussed below) are unique to all SSU sequesges (
based on numerous RNase T1 catalos (n which Position 1498 is usually m_odlfled in bacterl_al sequences but
oligonucleotide fragments smaller that 6mers are generally Was structurally characterized (asw) only in the case of
not reported. Therefore, to the extent that modification in £+ €Ol (9). U-1498 is tabulated as modified, but with
general supports RNA tertiary structure and thus plays an unknqwn structgre, in the single reportedzmodlfled RNase
overall stabilizing role 43—45), modification in bacterial 71 oligonucleotide fromThermus (50). m;G-1207 and
thermophiles probably plays a modestly increased role in ¥-516 are the same as ki coli, but interestingly, they are
stabilization compared to the mesopHiecoli but does not Mot reported m.odlflcatlon sites in any other SSU RNA of
appear to be a major vehicle for structural stabilization. all three evolutionary domaingy.
Interestingly, the modification levels ofhermustRNAs TheThermusmodification map reveals two unusual areas
similarly do not appear to be particularly high and are, in of modification not previously observed. The remarkable
fact, slightly lower than irk. coli tRNA (4), when comparing  sequence 1399-CG@Gnt*CmCnPCGUNPC-1407 (see Fig-
the same isoacceptors. ures 6 and 11) occurs in the decoding center of the ribosome
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effect of ¥ in models of anticodorcodon interactions in

unusual concentration of five methyl groups including three which replacement of U by in the second anticodon

m°C residues, thus far unique to all SSU RNA @Although
the general role of AT is understudied in proportion to its
relatively common occurrence in RNA, it is known to
provide a stabilizing influence on structuds), which would

position of a tRNAY model (34-G-U¥W-A-36) resulted in
a remarkableT,, increase of 5.3C (62). However, this
postulate regarding the influence of tanddfs in Thermus
is presently without evidence and must be tested experimen-

be a reasonable occurrence in the functional center of thetally.

SSU RNA 61) of a thermophile. While evidence from
studies of tRNA indicates that stabilization afforded by0Om
can result from Mg" binding 62), earlier work concluded

Comments on Experimental Methodologyhe correct
identification and placement of posttranscriptional modifica-
tions in large rRNAs are experimentally difficult enterprises,

that the principal effect results from enhanced base stacking,,; matter what methods are brought to bear. Mass spec-

interactions derived from 5-methyl substitutict8( 53, 54).

trometry provides unique capabilities for such measurements,

The occurrence of ribose methylation would also offer some 1,550 on the fact that all 31 known rRNA modifications with

stabilization from residue f€m-1402, but the influence of
the unusual exocycliti*-methyl moiety is not known.

The second particularly notable site of modification in the
T. thermophilus16S RNA molecule is the unexpected

occurrence of tandem pseudouridine residues in the single-

stranded 3tail of the molecule, at positions 1540 and 1541
within the (approximate) expected site of the anti-Shkine

Dalgarno mRNA-binding sequence. The crystal structure of

the T. thermophilus30S ribosomal subunit refined to 3 A

resolution has been reported and terminates at residue 153

in the 3 tail (39). The occurrence of adjacelt residues

has been reported in numerous tRNAs, mainly in anticodon

stems and in the T loop4). In rRNA, however, the
occurrence ofPW is rare; a report of tandei¥’'s in 23S
rRNA of the archaeokhlaloarcula marismortui{55) was not
supported by later studiegZ, 56), and concerns were raised

of false positives in the earlier report because of a method-

ological error §6). Otherwise, modification in the' 3ail of

SSU RNA is unusual and is limited to several archaea in

which modified Cs of unknown structure further upstream
were reportedg7).

the exception of pseudouridine are expressed as distinct
changes in mass compared with the parent nucleotide. The
most useful approach involves comparison of experimental
molecular masses of RNase-derived oligonucleotides with
those predicted by established gene or RNA sequedgs (
Both ESI- and MALDI-based methods, with mass measure-
ment errors below 0.01%, are basically applicable to such
measurements, and much of the experimental difficulty and

ffort falls to sample preparation prior to mass spectrometry.

or example, large RNAs can be enzymatically subsectioned
and re-isolated before mass spectrometry in order to reduce
the complexity of the nucleotide population to be measured
(e.g., refsl6, 20, and 22). While such efforts can reduce
ambiguities in placement of modified oligonucleotides in the
overall rRNA sequence (placement based on either oligo-
nucleotide mass or sequence), sample consumption, and re-
isolation time, can be important when extensive or complete
rRNA sequence coverage is desired.

We have elected to approach these mapping difficulties
through use of negative ion LC/ESI-MS (or LC/ESI-MS/

Pseudouridine is a common component of eukaryotic MS), which permits measurements to be made directly on

rRNA (5) although there is only one residuefi coli 16S

complex oligonucleotide mixtures, for example, containing

rRNA (6), at the same site as found in the present study Several hundred oligonucleotides]. The LC/MS approach
(position 516, in loop 18). Despite considerable interest in Permits simultaneous use of methods designed for detection

the occurrence and function &F (12, 13, 55), until the
present work,E. coli and Bacillus subtilisare the only
bacterial SSU RNAs in which has been placed (both at
position 516) §8). The reason for this may be in part due to
methodology: position 516 in the bacterial rRNA occurs in
the highly conserved sequence 515-GUG-59Y Which

of specific RNA modifications, such as ribose methylation
(63) or pseudouridylation30) by time alignment of ap-
propriate MS signals with those associated with HPLC
separation. Equally important, the20 s passage time of
HPLC eluants (whether or not chromatographically resolved)
through the electrospray ion source is sufficient, under the

would not have been included in the numerous 16S RNaseconditions we describe, for acquisition of oligonucleotide
T1-based catalogs published in the earlier literature for MS/IMS sequence data2§) from preselected targets of

phylogenetic placement of bacterialj.

No single function forl in RNA has emerged, and it is
generally thought that it is capable of playing a number of
structure context-dependent rold2,(59) as a consequence
of the availability of N-1H (not available in uridine) for
H-bonding interactions. It is agreed thH#tserves a role in
RNA stabilization in both single and double strand$)(
principally through enhanced base stacking or imino preton
H,O coordinations&0). It is reasonable/tempting to assume
in the present case thd{-1540,—1541 in the anti-Shine
Dalgarno sequence af. thermophilugunctions to stabilize
rRNA—mRNA binding in the thermophilic environment.
This prediction has analogy in the stabilizing influence of
W—A base pairs at sterrloop junctions 48), first estab-
lished forW-39 at the base of the anticodon stem in tRNA

interest.

We judge that the limit of complexity allowed by LC/MS
methods will be reached in the region of RNase digests of
RNAs containing 180862200 nucleotides, due to two
factors: first, ambiguities of possible placement of individual
oligonucleotides in the overall RNA sequence, and second,
increasing difficulty in making unambiguous time alignments
betweermvz channels. In the latter event, initial subsectioning
of the RNA will be required.
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SUPPORTING INFORMATION AVAILABLE

Table S1, assignments for monomer mass fragment ions

used for detection of modified residues in RNase digest
oligonucleotides; Figure S1, census of modified nucleosides
in T. thermophilusl6S rRNA by LC/MS analysis of a total
nucleoside digest; Figure S2, mass spectrum from CID of
525-CCmMGCGp; Figure S3, mass spectrum from CID of
964-AAm§G>p; Figure S4, chromatographic time align-

ments between characteristic low-mass ions and molecular

ions in RNase T1 and U2 digests; Figure S5, chromato-
graphic time alignments between methylguanine fragment
ions and the molecular ion from U2 proddt 2866; Figure

S6,

mass spectrum from CID of RNase T1 oligonucleotide

M, 1320; Figure S7, mass spectrum from CID of RNase T1
oligonucleotideM, 1622; Figure S8, mass spectrum from CID
of RNase T1 oligonucleotid®, 2304; Figure S9, mass
spectrum following CID of RNase U2 oligonucleotidid;
2704; and Figure S10, normalized sum of the w series of

sequence ions from the mass spectrum of RNase U2

oligonucleotideM, 2993, compared with unmodified control
oligonucleotide. This material is available free of charge via

the

Internet at http://pubs.acs.org.
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