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ABSTRACT

Posttranscriptional modifications were mapped in helices 90-92 of 23S rRNA from the following phylogenetically

diverse organisms:

Haloarcula marismortui, Sulfolobus acidocaldarius, Bacillus subtilis,

and Bacillus stearothermo-

philus. Helix 92 is a component of the ribosomal A-site, which contacts the aminoacyl-tRNA during protein synthesis,
implying that posttranscriptional modifications in helices 90—92 may be important for ribosome function. RNA frag-
ments were isolated from 23S rRNA by site-directed RNase H digestion. A novel method of mapping modifications by
analysis of short, nucleotide-specific, RNase digestion fragments with Matrix Assisted Laser Desorption/lonization
Mass Spectrometry (MALDI-MS) was utilized. The MALDI-MS data were complemented by two primer extension
techniques using reverse transcriptase. One technique utilizes decreasing concentrations of deoxynucleotide tri-
phosphates to map 2 ’-O-ribose methylations. In the other, the rRNA is chemically modified, followed by mild alkaline

hydrolysis to map pseudouridines (

¥s). A total of 10 posttranscriptionally methylated nucleotides and 6
detected in the five organisms. Eight of the methylated nucleotides and one

¥s were
¥ have not been reported previously. The

distribution of modified nucleotides and their locations on the surface of the ribosomal peptidyl transferase cleft

suggests functional importance.

Keywords: 2 '-O-ribose methylation; A-site; MALDI mass spectrometry; modified ribonucleotides; pseudouridine;

ribosomes

INTRODUCTION

In the ribosome, the A-loop of 23S rRNA (helix 92 loop)
contacts aminoacyl-tRNA positioned in the A-site through
base pairing between C75 of the A-site-bound tRNA
and G2553 of 23S rRNA (Escherichia colinumbering is
used here and in the following). This is evidenced by
both mutagenesis studies (Kim & Green, 1999) and
X-ray crystallography (Nissen et al., 2000). The A-loop
(U2552-C2556) constitutes a part of the peptidyl trans-
ferase loop in domain V of 23S rRNA, and is a com-
ponent of the rRNA cleft where the peptidyl transferase
reaction takes place. The functional importance of this
loop is emphasized by several studies. First, tRNA bound
in the A-site elicits acyl-dependent U2555 and terminal
A-dependent G2553 footprints in the A-loop (Moazed &
Noller, 1989). Second, puromycin, an antibiotic that binds
to the A-site, footprints at G2553 (Rodriguez-Fonseca
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et al.,, 2000) and reacts with a peptidyl-tRNA analog
even when crosslinked to G2553 (Green et al., 1998).
Third, a selection experiment shows that modification
of U2555 interferes with transfer of the peptidyl moiety
to puromycin (Bocchetta et al., 1998). Finally, muta-
tions at G2550, U2552, G2553, and G2557 reduce the
efficiency of peptidyl transferase in vitro (Porse & Gar-
rett, 1995; Kim & Green, 1999) and mutations at U2555
increase frame shifting errors and miscoding by the
ribosome (O’Connor & Dahlberg, 1993). The five resi-
dues in the A-loop are phylogenetically highly con-
served although transversions occur in archaea at
positions U2554 and U2555.

Of the 96 different types of posttranscriptionally
modified nucleotides that have been reported in RNA,
30 are found in rRNA (Rozenski et al., 1999). Modi-
fied nucleotides, especially 2'-O-ribose methylations
(Maden, 1990) and pseudouridines (¥s; Ofengand et al.,
1995) are frequently found in eukaryotic rRNA. Their
locations are specified by small nucleolar RNAs
(snoRNASs), which anneal to the rRNA and thereby me-
diate modifications at specific positions (reviewed by
Maxwell & Fournier, 1995; Smith & Steitz, 1997). There
are considerably fewer modified nucleotides in prokary-
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otes, where modifications are mediated by RNA site-
specific enzymes. The number of Ws varies from 55 in
the large ribosomal subunit in humans, over five in
Bacillus subtilis, four in Halobacterium halobium (an
archaea), to one in Saccharomyces cerevisiae mito-
chondria (reviewed by Ofengand & Fournier, 1998).
Particularly the A-loop of eukaryotic 23S rRNAs is heav-
ily posttranscriptionally modified with three modified nu-
cleotides in a row.

The function of the posttranscriptional modifications
in rRNA is enigmatic. The observation that they cluster
in conserved regions of functionally important rRNA
domains implies that the modifications may be impor-
tant for ribosome function (Maden, 1990; Brimacombe
et al., 1993). They have been suggested to be involved
in processing of RNA, folding of RNA, stabilizing RNA
structures, providing alternative hydrogen bonding ca-
pabilities and so forth. A distinct effect of specific rRNA
modifications is observed where they confer antibiotic
resistance by interfering with binding of the antibiotic.
Few modifications seem to be essential because func-
tionally active Bacillus stearothermophilus and Ther-
mus aquaticus ribosomes can be assembled from in
vitro-transcribed RNA devoid of modifications (Green &
Noller, 1999; Khaitovich et al., 1999) although modifi-
cations in a 80-nt-long fragment of 23S rRNA were
necessary for assembly of active E. coli ribosomes
(Green & Noller, 1996). In addition, a clear effect of
2'-O-ribose methylation of U2552 in the A-loop has
been demonstrated by E. coli deficient in this methyl-
ation, which showed decreased growth rate, reduced
protein synthesis activity, and an increased proportion
of ribosomal subunits (Caldas et al., 2000).

An important goal in elucidating the role of modified
ribonucleotides is to determine the extent to which the
modifications are phylogenetically conserved in cer-
tain positions. We studied five organisms representing
gram-negative/gram-positive eubacteria, crenarchae-
ota/euryarchaeota archaea and high/low temperature
growing organisms to determine the degree of conser-
vation in their A-loop region modification pattern and
thereby gained an understanding of their importance
and function. Matrix Assisted Laser Desorption/loniza-
tion Mass Spectrometry (MALDI-MS) in combination
with digestion by RNases (Kirpekar et al., 2000) was
used to locate posttranscriptional modifications in the
A-loop subfragment of 23S rRNA. As this approach left
some ambiguity regarding the position of modifications
in the primary structure, we combined it with a primer
extension method identifying 2'-O-ribose methylations.
Finally, we screened the helices 90-92 region for ¥s
by a 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide
metho-p-toluenesulfonate (CMCT) modification proce-
dure (Bakin & Ofengand, 1993), as this derivatization is
mass silent and cannot be detected directly by MALDI-
MS. The identified modifications are related to the X-ray
crystal structure of Haloarcula marismortui 50S ribo-
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somal subunit (Ban et al., 2000), and their possible
functions are discussed.

RESULTS

MALDI-MS

The mapping of posttranscriptional modifications in large
RNA molecules such as 23S rRNA is not trivial, but
MALDI-MS analysis of RNA subfragments requires only
a few picomoles with an optimal size of approximately
100 nt in length. Therefore, we isolated defined RNA
fragments from 23S rRNA by site-directed RNase H
digestion. RNA fragments containing helices 90-92
from 23S rRNA and from in vitro RNA transcripts
were purified by cleavages with RNase H, followed
either by extraction from polyacrylamide gels or with a
streptavidin/biotin system as described in Materials and
Methods.

The isolated fragments were digested to completion
with the pyrimidine-specific RNase A or the guanosine
phosphate specific RNase T1, yielding two different
pools of subfragments 1-15 nt in length. These were
analyzed with MALDI-MS, and modified nucleotides
were identified by comparing measured masses of di-
gested fragments with theoretical values derived from
the gene sequence of the rRNA. Mono- and dinucleo-
tides are not considered in the MALDI-MS spectra, be-
cause their mass region is dominated by signals from
the matrix, buffers, and so forth.

MALDI-MS analysis was performed on both native
rRNA and in vitro RNA transcripts with the same se-
guence to assist the interpretation of the spectra. No
data for the in vitro transcripts are shown. Nucleotides
and fragments are numbered according to the relevant
organism followed by the corresponding E. coli num-
ber(s) indicated in parentheses. Nm indicates a 2'-O-
ribose methylation whereas mN indicates a methylation
at an unknown position in the nucleotide.

Analysis of the A-loop region from E. coli 23S rRNA
was performed as a test of the method because all
modifications in the 23S rRNA from this organism have
been mapped previously. One fragment from each
RNase digest showed a mass increment of 14.0 Da
compared with the calculated mass, corresponding to
the presence of one methylated nucleotide. Ordering
of all observed fragments into the sequence of heli-
ces 90-92 unambiguously determined the modified frag-
ments to derive from C,55:mMUGUs54, thereby verifying
a methylation at U2552 in the A-loop of E. coli 23S
rRNA (data not shown).

As an example of MALDI-MS spectra, the A-loop re-
gion from H. marismortui is shown in Figure 1A,B. All
masses from relevant peaks are summarized in Fig-
ure 1C together with the positions assigned to the cor-
responding fragments. The RNase A and T1 digests
each reveal a fragment with an increased mass of
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FIGURE 1. The MALDI-MS spectra obtained from
the analysis of H. marismortui 23S rRNA heli-
ces 90-92 digested with RNase A (A) or RNase T1
(B). All fragments contain a phosphate at the 3’
end. Each spectrum contains one peak deviating
from the theoretical mass denoted by *. The RNase
T1 spectrum is divided into two segments because
the entire mass range could not be accommodated
into a single spectrum. C: Summary of the assign-
ment of the observed peaks to cognate H. maris-
mortui sequences. The doublet peaks with a 18-Da
mass difference in the RNase T1 digestion origi-
nates from species with identical sequences har-
boring either 2'-3'-cyclic phosphate (c.p.) or normal
phosphate. E. coli numbering is indicated for the
modified fragments.
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1014.1 GGU 2543-2545 4339.6 UUCCCUCCAUCCUG c.p.  2545-2558
2000.3 AGAAGC 2566-2571 4357.6 uuccCuUCCAUCCUG 2545-2558
1358.2 GGGC 2572-2575 1278.1 CCCG 2559-2562
2017.3 AAGGGU 2576-2581 997.1 CAG 2565-2567
1688.2 GAGGU 2582-2586 1021.1 AAG 2568-2570
1003.1* UGU or 2587-2589 1326.1 CAAG 2575-2578
(E.c2552-2554) | 2247.3* UUGUUCG c.p. 2586-2592
1003.1* GUU 2588-2590 2265.3* UUGUUCG 2586-2592
(E.c.2553-2555) (E.c.2551-2557)
30204 AAAGGAGGU  2599-2607 3189.6 CCUAUUAAAG c.p. 2593-2602
3207.6 CCUAUUAAAG 2593-2602
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28.0 Da at 1003.1 Da and 2265.3 Da, respectively,
compared to the theoretical mass of the digest. Each
modified fragment contains an expected, but uncleaved,
nucleotide substrate, which denotes a modification on
(2588 (E.c. 2553), and on either U2587 (E.c. 2552) or
U2589 (E.c. 2554). These modifications render the
named nucleotides resistant to RNase digestion.

The corresponding region of 23S rRNA from B. sub-
tilis, B. stearothermophilus, and Sulfolobus acidocal-
darius was investigated in a similar way (spectra not
shown) and a summary of fragments with excess mass
compared to the theoretical mass from all the organ-
isms is presented in Table 1.

B. subtilis and B. stearothermophilus have identical
sequences in helices 90-92 in 23S rRNA and showed
very similar MALDI-MS spectra. The analysis of the
RNase A digest did not reveal any fragments deviating
from the theoretical masses. Analysis of the RNase T1
digest revealed a 2250.3 Da fragment from both organ-
isms, which corresponds to a fragment methylated at
G2581 (E.c. 2553) as it is protected against RNase T1
digestion. In addition, a 1967.3 Da fragment was ob-
served in the RNase T1 digest of B. subtilis, indicating
a fragment carrying a methylation at the internal
G2602 residue (E.c. 2574). A minor fragment with a
mass of 1303.2 Da corresponds to an unmethylated
U,500ACGo60, (E.C. 2571-2574) fragment, and there-
fore G2602 is only partially methylated. Though
MALDI-MS is generally not suited for quantifications,
the peak intensities indicated that the degree of methyl-
ation is higher than 75%.
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Finally, we analyzed the S. acidocaldarius 23S rRNA
helices 90-92 fragment, where positioning of the mod-
ified nucleotides was complicated because of a redun-
dant fragment pattern. The RNase A digestion revealed
three fragments, each indicating the presence of a
methylation (Table 1). Only the 3378.5 Da fragment
can be assigned to a unique methylated sequence.
The RNase T1 digest also revealed three methylated
fragments (Table 1). The 4729.5 Da fragment carries
two methylations, and a monomethylated 4715.5-Da
fragment corresponding to the same sequence was
also observed. This indicates the presence of a partial
methylation, but it cannot be mapped unambiguously,
due to the many RNase A targets (pyrimidines) in the
fragment. The inhibition of RNase T1 digestion at Gogag
(E.c. 2509; see Table 1) shows that this residue is fully
methylated. Combining data from the RNase Aand T1
digestions localized the methylation to the U,gs1-Usgen
(E.c. 2511-2522) sequence. The methylation site in the
As704-Co713 (E.C. 2564-2573) sequence can also be
narrowed down because the nonmethylated U,;q,-
G707 (E.C. 2562-2567) fragment from the RNase T1
spectrum overlaps this fragment, and therefore the
methylation site is positioned in the fragment Gy7gg-
Cy713 (E.C. 2568-2573). The localization of the methyl-
ated 988.1-Da fragment(s) in helices 90-92 is
ambiguous because of multiple sequence repeats, but
the methylation(s) can be restricted to three possible
locations: a methylation at U,g46Co647 (E.C. 2506—2507)
and/or U,g73G2674 (E.C. 2534—2535) and/or U,gg92Gogos
(E.c. 2552—-2553).

TABLE 1. The MALDI-MS fragments from helices 90—-92 of 23S rRNA from all investigated organisms, which show masses

corresponding to modified fragments.?

Organism Size RNase A

Position E.c. position

H. marismortui
S. acidocaldarius

1003.1 Da 2m(GUU or UGU)

1027.2 Da m(GGC)

2587-2589 or 2588—-2590 2552-2554 or 2553-2555

988.1 Da m(UGC, GUC, GCU or CGU)

3378.5 Da mM(AAAGGGGAGC) 2704-2713 2564-2573
E. coli 989.1 Da m(GUU or UGU)
Organism Size RNase T1 Position E.c. position
H. marismortui 2265.3 Da 2m(UUGUUCG) 2586-2578 2551-2557
S. acidocaldarius 988.1 Da m(CUG or UCG)

47155 Da m(GCUCUUCCCACCCUG)? 2649-2663 2509-2523

4729.5 Da 2m(GCUCUUCCCACCCUG) 2649-2663 2509-2523
B. stearothermophilus 2250.3 Da m(CUGUUCG) 2579-2585 2551-2557
B. subtilis 1967.3 Da m(UACGCG)P 2599-2604 2571-2576

2250.3 Da m(CUGUUCG) 2579-2585 2551-2557
E. coli 988.2 Da m(UCG or CUG)

aThe H. marismortui fragments and one S. acidocaldarius fragment had a mass increase of 28.0 Da corresponding to
dimethylated fragments (denoted 2m) whereas all others have a 14.0-Da mass increase corresponding to a single methyl
group (denoted m). The position of the fragments are shown with both organism and E. coli numbering whenever it could
be explicitly determined from the MALDI-MS data. Underlined Gs are not cut by RNAse T1, and are thus methylated.
bFragments from a partially methylated sequence region.
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Detection of 2 '-O-ribose methylations

The results from the MALDI-MS analysis were comple-
mented by a method utilizing primer extension on rRNA
templates (Maden et al., 1995). Some posttranscrip-
tional modifications act as a steric hindrance, causing
reverse transcriptase to pause. This results in an in-
creased frequency of termination preceding the modi-
fied position and sometimes additionally at the position
(Maden et al., 1995). This effect is enhanced for pro-
gressively diminished dNTP substrate concentrations
at positions carrying a 2’'-O-ribose methylation, result-
ing in concentration-dependent stops (cds) upon primer
extension. However, RNA secondary structure can also
give rise to an increased frequency of termination and
thus cause cds as well as concentration-independent
stops (non-cds). Comparing primer extension reac-
tions on native rRNA with extension on unmodified in
vitro RNA allows distinction between cds arising from
2'-O-ribose methylations and RNA secondary struc-
ture. Cds caused by RNA secondary structure are
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observed with both native rRNA and in vitro RNA tem-
plates, while cds caused by 2'-O-ribose methylations
only occur in the native rRNA. 2’-O-ribose-methylated
nucleotides in secondary structure give rise to stronger
cds than those from unmodified structured RNA. Gel
autoradiograms from representative primer extension
analyses from H. marismortui, B. subtilis, B. stearother-
mophilus, S. acidocaldarius, and E. coli rRNA tem-
plates are shown in Figure 2. The primer extensions
assisted in identifying some of the methylations as
2'-O-ribose methylation and also helped to pinpoint
the exact position in the sequence in cases where
MALDI-MS could not distinguish between different pos-
sibilities. Asummary of all data is presented in Figure 3.

In E. coli, a clear cds at position U2552 is present in
native 23S rRNA whereas only a very faint band is
observed in the corresponding T7 transcript, indicating
a 2'-O-ribose methylation at U2552 (Fig. 2) in agree-
ment with the MALDI-MS analysis. This is in accor-
dance with previous mapping of a ribose methylation at
this position by Branlant et al. (1981).

S.aci. B.ste.
veoa 2T UAGC- 2hh
- —mG

U “‘ 2%

il —(Um2552!
_________ B —on
E - -
= - -]
- - -
- -
- — mG
-
- 2 -
. —U2584

FIGURE 2. Autoradiograms showing primer extension analyses to detect modifications. UCGA indicate sequencing
lanes. Triangles denote increasing concentrations of dNTP. 23S are primer extensions on 23S rRNA and those labeled T7
are from in vitro transcripts of domain V. The identified modifications are indicated: m denotes methylation, Nm denotes
2'-O-ribose methylation. The dashed lines shows A-loop nucleotides. In H. marismortui (H.mar.), Um2587 (E.c. 2552),
Gm2588 (E.c. 2553), and m3U2619 (E.c. 2584) are indicated. In S. acidocaldarius (S.aci.), several ambiguous methylated
positions were detected by MALDI-MS, and these are indicated with brackets. Probable 2’-O-ribose methylations are
observed at G2649 (E.c. 2509) and U2692 (E.c. 2552), and possible modifications, marked with question marks, are
observed at U2653, C2673, and G2708 (E.c. 2513, 2533, and 2568, respectively). A presumed modification at U2724 (E.c.
2584) is also indicated (xU). In the W assay of B. stearothermophilus (B.ste.), - indicates no CMCT and 2h and 4h indicate
CMCT followed by alkaline treatment in 2 and 4 h, respectively. AV at 2594 (E.c. 2457) is shown. Cds at G2581 (E.c. 2553)
and U2582 suggest 2’-O-ribose methylations. As the MALDI-MS only suggested a methylation at G2581 (E.c. 2553), both
the cds bands are probably caused by 2’-O-ribose methylation at G2581 (E.c. 2553). The same situation is observed in B.
subtilis (B.sub.), which also has a faint non-cds, which corresponds to the partial methylation detected with MALDI-MS at

G2602 (E.c. 2574).
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2554 | Yo
2568 mG?

2574 mG

2575 Y

2576 Am

2580 Y Y
2584 m’U xU m’U

The investigation of helices 90-92 from H. maris-
mortuiwith primer extension analysis revealed two cds,
denoting G2588 (E.c. 2553) and perhaps U2587 (E.c.
2552) to be 2'-O-ribose methylated. The MALDI-MS
analysis identified a methylation at both U2587, and
G2588 or U2589. Altogether this determines the pres-
ence of Um2587 and Gm2588. This is confirmed by
X-ray data from the crystal structure of the 50S subunit
from H. marismortui (D. Klein, P. Nissen, T.A. Steitz,
P.B. Moore, pers. comm.).

Likewise, in the analyses of the B. subtilis and B.
stearothermophilus, two cds at G2581 (E.c. 2553) and
U2582 suggest 2'-O-ribose methylation. The MALDI-MS
reveals only one methylation at G2581 (E.c. 2553), so

a single 2’-O-ribose methylation here probably caused
both cds. A faint non-cds is present from B. subtilis,
corresponding to the partial methylation detected with
MALDI-MS at G2602 (E.c. 2574). The non-cds nature
of this band suggest that the modification is not a
2'-O-ribose methylation, but a m*G, a m?G, oram’G
methylation.

Primer extension analysis on 23S rRNA from S. aci-
docaldarius shows several non-cds and some possible
cds: Although various dNTP concentrations in addition
to those shown in Figure 2 were used, no clear cds
were observed. The MALDI-MS data was ambiguous
with regard to the methylated positions; these ambigu-
ities are indicated with brackets next to the sequence in
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Figure 2. The primer extension analysis indicates some
modifications inside these regions. In summary, our
results suggest the A-loop region of S. acidocaldarius
23S rRNA to be methylated at G2649 (E.c. 2509) and
U2692 (E.c. 2552) and at one or more of the following
positions: U2653 (E.c. 2513), C2673 (E.c. 2533), and
G2708 (E.c. 2568; Omer et al., 2000 numbering). In a
study of snoRNA homologs in S. acidocaldarius., G2649
(E.c. 2509), G2666 (E.c. 2526), and U2692 (E.c. 2552)
in the helices 90—-92 region were pointed out as targets
for 2’'-O-ribose methylations (Omer et al., 2000). That
work tested G2649 and U2692 with primer extension,
and reported a cds at G2649 but no stops at U2692.
We observed stops at both of these positions, but not
as cds. The existence of complementary snoRNA ho-
mologs together with the primer extension stops and
peaks in the MALDI-MS spectrum corresponding to a
methylation all point to G2649 (E.c. 2509) and U2692
(E.c. 2552) as being 2'-O-ribose methylated. Contrary
to this, neither our MALDI-MS nor primer extension
analysis showed any indication of a modification at
G2666 (E.c. 2526).

The very strong stop at the bottom of the autoradio-
grams for H. marismortui and S. acidocaldarius are
likely to be caused by some kind of modification, as
no band or a much weaker band is observed at the
analogous sequence in the T7 RNA transcripts. Further
investigation of this position in H. marismortui with
MALDI-MS (described in Materials and Methods)
showed that position U2619 (E.c. 2584) is methylated.

Mapping of ¥s

The A-loop region and its vicinity were also investi-
gated for the presence of ¥s, which have the same
mass as their uridine precursors, and are therefore not
detectable with the MALDI-MS method used here. rRNA
was treated with CMCT, which reacts with the N3 po-
sition in uracil, the N, position in guanine, and both the
N, and N3 positions in ¥. Subsequent mild alkaline
treatment of the RNA leaves only the ¥ modified, which
gives rise to a distinct stop at the 3’ adjacent nucleotide
by primer extension analysis (Bakin & Ofengand, 1993).
The positions of w2605, 2580, and ¥2504 in E. coli
(Bakin & Ofengand, 1993), w2520 (E.c. 2492) in B.
subtilis (Ofengand & Bakin, 1997), and ¥2594 (E.c.
2457) in S. acidocaldarius (Massenet et al., 1999) were
verified (data not shown). In addition, no ¥'s were de-
tected in H. marismortui (data not shown), but we de-
tected 2520 (E.c. 2492) in B. stearothermophilus, as
shown in Figure 2.

DISCUSSION

The A-loop is known from eukaryotic 28S-like RNA to
be a hot spot for modifications. Human, mouse, rat,
chicken, Xenopus laevis, and Saccharomyces carls-
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bergensis (Eladari et al., 1977; Veldman et al., 1981;
Maden, 1988) all have the modified triad UmGmW (E.c.
2552-2554) in this loop. Of the five organisms inves-
tigated here, only the E. coli 23S rRNA has been sys-
tematically mapped for posttranscriptional modifications.

Identification of modified nucleotides
by MALDI-MS

We employed MALDI-MS as the initial method to iden-
tify modifications in discrete fragments of 23S rRNAs
isolated by site-directed RNase H digestion. In contrast
to the primer extension methods also used in this study,
mass spectrometry will detect all types of modifications
(except Ws) and partial modifications might also be
revealed. Combining the data from the RNase Aand T1
digests made it possible to locate the modifications in
the primary RNA sequence in many cases. Some mod-
ifications, for example, 2’-O-ribose methylations, in-
hibit RNase A and T1 digestions (Maden, 1990), whereas
other modifications do not. Only a few systematic stud-
ies are available on how different modifications inhibit
RNase cleavage (e.g., Lankat-Buttgereit et al., 1987),
so the precise nature of a modification cannot be in-
ferred from the cleavage pattern. Due to the heteroge-
neity of the RNase H cleavage, some unexpected peaks
might appear in the MALDI-MS spectra. Additionally,
as seen in Figure 1, peaks may arise from inter-
mediates of RNase T1 digestion containing a cyclic
2'-3'phosphate. The use of unmodified T7-RNA frag-
ments of the same sequence that were treated the
same way helped in overcoming these problems.

Primer extension analysis with varying
dNTP concentrations

The primer extension in the A-loop region of 23S rRNAs
with varying dNTP concentrations served two pur-
poses. It was primarily used to distinguish between
2'-0O-ribose methylations and nucleotide base methyl-
ations, although not all 2’-O-ribose methylations will
confer cds (Maden et al., 1995). Second, in cases where
MALDI-MS could not exactly pinpoint the modified po-
sition in the RNA sequence, the primer extension as-
say aided the interpretation. The unmodified RNA served
as an important control, because several bands will
appear from template structure and hydrolysis. The
method has been used extensively to detect 2'-O-
ribose methylations mediated by snoRNAs in eukary-
otes and by snoRNA homologs in archaea, but its
reliability is limited, especially without unmodified con-
trol RNA. A study of Pyrococcus had problems with a
high G/C content and very stable RNA secondary struc-
tures (Gaspin et al., 2000). This might also play a role
in our study of S. acidocaldarius, where no clear cds
were detected, although several stops, specific for the
23S rRNA template, were observed. Alternatively, no
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2'-O-ribose methylation should be present in this re-
gion in S. acidocaldarius, which is unlikely because 17
ribose methylations have been predicted in S. acidocal-
darius 23S rRNA by the alignment of snoRNA homo-
logs (Omer et al., 2000). Seven of these positions were
tested with the dNTP assay and four positions were
confirmed as being 2'-O-ribose methylated, and three
others were not. As described above, we have taken
the existence of complementary snoRNA homologs,
together with primer extension stops and MALDI-MS
peaks corresponding to methylations, as strong indica-
tions for 2’-O-ribose-methylation.

Modifications at positions equivalent
to E. coli U2584

In H. marismortui, we identified a methylation at U2619
(E.c. 2584) with MALDI-MS giving rise to a very strong
primer extension stop (Fig. 2). Although the methyl-
ation could not be further identified with the methods
used in this study, the electron density maps of the H.
marismortui large ribosomal subunit reveal that U2619
is N3 methylated (D. Klein, P. Nissen, T.A. Steitz, P.B.
Moore, pers. comm.). Lack of this modification has been
shown to confer sparsomycin-resistance (L4zaro et al.,
1996). Stops at the corresponding position have pre-
viously been observed from both eukaryotes and ar-
chaea (Ofengand & Bakin, 1997). In Homo sapiens,
the modification is also a m3U (Maden, 1990). There-
fore, the strong stop in the primer extension of S. aci-
docaldarius 23S rRNA at U2724 (E.c. 2584), relative to
T7 RNA (xU in Fig. 2) is probably also due to a m3U.
Primer extension stops were not observed at this po-
sition in E. coli, whereas B. stearothermophilus and B.
subtilis show strong stops in T7 RNA that are not caused
by modification, but likely by structure.

Are modifications common and/or
specific features?

The exact positions of the modifications in helices 90-92
vary considerably between the different organisms, but
all have modifications somewhere in the first 3 nt of the
A-loop as indicated in Figure 3. The positions equiva-
lent to U2552 is modified in E. coli, H. marismortui, and
S. acidocaldarius. This nucleotide position is consid-
ered to be universally 2'-O-ribose methylated but our
results from B. subtilis and B. stearothermophilus show
that they do not carry a 2’-O-ribose methylation at this
position. The adjacent nucleotide, G2553, is 2'-O-
ribose methylated in H. marismortui, B. subtilis, and
B. stearothermophilus. Mitochondria have a modifica-
tion pattern similar to that of archaea and eubacteria,
whereas three A-loop nucleotides are modified in all
examined eukaryotic sequences. The consensus from
bacteria and archaea appears to be that modifications
are always present in the A-loop at positions equivalent
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to U2552 and/or G2553. All organisms investigated so
far have one to three modifications in the first 3 nt in
this loop. Also, the modifications seem to be 2'-O-
ribose methylations and Ws. Otherwise there is no con-
sensus as to the location of modifications in other parts
of the helices 90-92.

Sites of 23S RNA modifications
in the 50S subunit

E. colicontains 23 posttranscriptionally modified nucle-
otides including 13 methylations, 8 Vs, 1 methyl-V,
and 1 dihydrouridine (Branlant et al., 1981; Smith et al.,
1992; Kowalak et al., 1995, 1996; Ofengand & Bakin,
1997). When displaying these modifications in the 2.4 A
X-ray crystal structure of the H. marismortui 50S sub-
unit, as shown in Figure 4A, it is evident that all the
modifications group near the center of the ribosome.
The posttranscriptional modifications in red space fill
representation are clearly clustered around the pepti-
dyl transferase center, which is illustrated by the green
transition state analog CCdApPuro. Three ¥s (E. coli
1911, 1915, and 1917) are not displayed in Figure 4A
because they are not included in the crystal structure.
The recent 5.5 A X-ray structure of the complete Ther-
mus thermophilus ribosome shows that these three po-
sitions are also close to the peptidyl transferase center
in a loop, which forms part of an intersubunit bridge
(Yusupov et al., 2001). The localization of the modifi-
cations suggests involvement in the peptide elongation
process, more than a role in ribosomal maturation, where
a more even distribution of modifications throughout
the rRNA would be expected.

The modified nucleotides in the A-loop

The positions of the three H. marismortui modifica-
tions identified in this study are all close to the peptidyl
transferase center. In the stereo view (Fig. 4B), the
H. marismortui 23S rRNA helices 90-92 are shown
with positions Um2587, Gm2588, and m3U2619
(E.c. 2552, 2553, and 2584) in red, illustrating their
close proximity to the transition state analog,
CCdApPuro (in green). The CCdApPuro spans both
the A- and P-sites with the CCdA-moiety resembling
the CCA 3’ end of P-site-bound tRNA, and the p (phos-
phate) connecting the A-site and the P-site, imitating
the tetrahedral carbon of the native peptidyl transfer-
ase intermediate (Welch et al., 1995; Nissen et al., 2000).

All A-loops seem to contain 2’-O-ribose methylations
and/or ¥s (Fig. 3B). NMR studies on 2'-O-ribose methyl-
ations on nucleotide and oligonucleotide models have
demonstrated that 2'-O-ribose methylations results in
thermodynamic stabilization of the C3’-endo ribose con-
formation in both pyrimidines and purines (Kawai et al.,
1992). ¥ enhances local RNA stacking in single- and
double-stranded regions, by favoring the C3'-endo con-
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FIGURE 4. A: The H. marismortui 50S subunit high-resolution structure (Ban et al., 2000) with the rRNA backbone shown
in gold and ribosomal proteins in blue (left: crown view; right: side view with the subunit interface to the right). Twenty of the
23 known modified positions in 23S rRNA from E. coli are indicated with red (space filled representation) at the corre-
sponding positions in H. marismortui. The CCdApPuro substrate analog is shown in green to indicate the peptidyl trans-
ferase centre. B: Stereo view of the H. marismortui 23S rRNA helices 90-92 encompassing Um2587, Gm2588, and
m3U2619 (E.c. 2552, 2553, and 2584) shown in red and CCdApPuro in green. Bases involved in base pairing within helix 90,
91, and 92 are shown in yellow, purple, and cyan, respectively. The molecular visualization was done using VMD (Humphrey

et al., 1996).

formation of the ribose ring, which restricts ¥ to the
anticonformation (Davis, 1998). Furthermore, V¥ is an
isomer of uridine with the N, atom available for hydro-
gen bonding. Both 2'-O-ribose methylations and Vs
have a stabilizing effect on RNA by favoring the C3’-
endo ribose conformation, which diminishes the dis-
tance between the bases and enhances stacking,
making the RNA helix more rigid. However, many mod-
ified positions are not located within helical regions.
Recent NMR studies of the E. coli A-loop structure in a
19-nt fragment have shown that 2’-O-ribose methyl-
ation of U2552 has little overall effect on the structure

of the A-loop but just affects the local configuration of
C2556 and U2555 within the loop (Blanchard & Puglisi,
2001). It should be noted that this structure differs from
the H. marismortui 50S and the T. thermophilus back-
bone conformations for the helices 90—92 region.
The H. marismortui 23S rRNA A-loop folds back on
helix 90 contacting the nucleotides at the base of the
helix, forming a triple base pair between the Gm2588
(E.c. 2553) and the C2542:G2617 (E.c. 2507:2582) base
pair (Ban et al., 2000), but Gm2588 (E.c. 2553) is also
claimed to base pair with C75 of tRNA in A-site (Nissen
et al., 2000). The other 2’-O-ribose-methylated nucle-
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otide in the A-loop, Um2587 (E.c. 2552), is suggested
to form a triple base pair with U1996 (E.c. 1955) and
C2591 (E.c. 2556; Ban et al., 2000). All five bases in
the A-loop are pointing into the peptidyl transferase
groove and form an almost continuous stack on he-
lix 92 with only one break in the stacking between
Um2587 (E.c. 2552) and Gm2588 (E.c. 2553). We sug-
gest that the 2'-O-ribose methylations are anchors,
which help the A-loop nucleotides stack in a manner
that is optimal for function.

MATERIALS AND METHODS

Growth of cells and isolation of rRNA

E. coliMRE 600 and B. subtilis 168 cells were grown at 37 °C
in LB growth medium (Sambrook et al., 1989) to an optical
density of Asso = 0.6. H. marismortui cells were grown at
37°C in SW-25 growth medium (L&zaro et al., 1996) to an
optical density of Aggp = 1.2. S. acidocaldarius cells were
grown at 70 °C in NOB8 medium (Brock et al., 1972), with the
addition of 0.1% yeast extract, to an optical density of Aggp =
1.2. B. stearothermophilus cells were provide by Professor
R.A. Garrett. All cells were harvested by cooling on ice fol-
lowed by centrifugation. E. coli, B. subtilis, B. stearothermo-
philus, and S. acidocaldarius cells were resuspended in TMN
buffer (20 mM Tris-HCI, pH 7.75, 10 mM MgCl,, 100 mM
NH,4CI), and H. marismortui cells were resuspended in KCI
lysis buffer (70 mM HEPES-KOH, pH 7.8, 3 M KCI, 60 mM
MgAcC,). Resuspended cells were treated with RNase-free
DNase | (Roche), and the cells were opened by vortexing 6 X
30 s with an equal volume of glass beads. The lysate was
recovered by centrifugation, 9 mM EDTA was added, and it
was layered on a 40 mL 10—40% sucrose gradient made in
TMN with 1 mM MgCl, and centrifuged 19 h at 42,000 X g in
an SW28 rotor (Beckman, Palo Alto). The gradient was an-
alyzed on a Pharmacia GradiFrac system, and the fractions
containing 50S ribosomal subunits were pooled and recov-
ered by precipitation with 0.7 vol of ethanol and resuspended
in 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA. The 50S subunits
were extracted with phenol and chloroform, and the mixture
of 5S and 23S rRNA was recovered by precipitation with
2.5 vol of ethanol and resuspended.

The numbering of nucleotides in the various 23S rRNAs is
as used by Ban et al. (2000; H. marismortui), Omer et al.
(2000) and Massenet et al. (1999—whose numbering differs
by 3 nt; S. acidocaldarius), Ofengand and Bakin (1997;
B. subtilis), and Genbank accession number X01387 (B.
Stearothermophilus).

Plasmid cloning and in vitro transcription
of 23S rRNA domain V

The domain V region of 23S rRNA from B. subtilis, B. stear-
othermophilus, S. acidocaldarius, and H. marismortui were
amplified by PCR using the DNA oligonucleotides: 5’-AACT
GCAGCTCGGTGAAATTATAGTAC-3' and 5'-CGGGATCCC
CCGGTCCTCTCGTAC-3',5'-CGGGATCCCCGGTGAAATT
ATAC-3’ and 5'-GGAATTCCCCGGTCCTCTCGTAC-3, 5'-
CGGGATCCCCCTGTTCCTCTCGAT-3’ and 5'-AACTGCAG
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CCTCGTGAACGCCCT-3', and 5'-CGGAATTCCCCGGTGA
ACTGTACGTTCC-3' and 5'-CGGGATCCCGTAGTTCCTCT
CGTACTATACG-3', respectively. The PCR fragments were
cloned downstream of the T7 promoter of pUT719, (Dster-
gaard et al., 1998) after treatment with BamHI and Pstl for
cloning from B. subtilis and S. acidocaldarius, and BamHI
and EcoRl were used for cloning from B. stearothermophilus.
The H. marismortui PCR fragment was cloned downstream
of the T7 promoter of pPGEM3 (Promega) using EcoRI and
BamH]I. Restriction enzymes were purchased at Amersham
Pharmacia and used as recommended by the supplier. The
ligated constructs were transfected into competent E. coli
DH1 or TG1 cells (Sambrook et al., 1989). All constructs were
verified by sequence analysis of the inserted domain V.

In vitro transcripts of 23S rRNA domain V were obtained by
transcription with T7 RNA polymerase as previously de-
scribed (Vester & Douthwaite, 1994). Plasmid p625dV con-
taining the cloned 23S rRNA domain V from E. coli (Vester
etal.,, 1998), B. subtilis, S. acidocaldarius, and H. marismortui
were linearized with BamHI, and the plasmids from B. stear-
othermophilus were linearized with EcoRI. Radioactive tran-
scripts were obtained by adding [«-3?P]JUTP (Amersham
Pharmacia) to the transcription mixture.

Isolation of specific RNA fragments

Isolation of RNA fragments for MALDI-MS analysis was ob-
tained by RNase H (USB) cleavage of RNA regions flanking
helices 90-92 of the cloned and native 23S rRNA domain V.
The cleavage was directed by hybridizing the DNA oligonu-
cleotides 5'-CGACGGTCTAAACCCAGCTCACGACC-3' and
5'-CCGACATCGAGGTAGCAGCC-3' to position E.c. 2569—
2595 and 2489-2509 in RNase H buffer (20 mM Tris-HCI,
pH 8.0, 100 mM KCI, 20 mM MgCl,, 2 mM DTT) for 2 min at
80°C and slow cooling to 50 °C, followed by incubating with
0.5 U of RNase H for 10 min at 50 °C.

The RNA fragment from H. marismortui was recovered by
hybridizing a biotinylated DNA oligonucleotide 5’-Biotin-C6-
AAAAAAAAAAGGCGAACAACCTCACC-3' covering the E.c.
positions 2544—-2559, which was isolated using streptavidin-
coated Dynabeads (M-280 streptavidin. Dynal). The Dyna-
beads were washed twice in 1 M NH,OAc and twice in water,
after which the fragments were separated from the biotinyl-
ated DNA oligonucleotide by heat denaturation. The isolation
procedure was monitored by running identical procedures on
radioactive in vitro transcripts using PAGE that allowed the
identification of the RNA fragment on autoradiograms.

The RNA fragments from the other organisms were recov-
ered by a different method. RNase H cleaved radioactive in
vitro transcripts, nonradioactive in vitro transcripts, and native
rRNA from E. coli, B. subtilis, B. stearothermophilus, and S.
acidocaldarius were run on denaturing 8% polyacrylamide
gels. An autoradiogram identified the fragments of interest
and was used as a stencil to excise the bands containing the
RNA fragments derived from the nonradioactive in vitro tran-
scripts and native rRNA. The fragments were extracted in
2 M NH4OAc and the fragments were recovered by precipi-
tation with an equivalent volume of ethanol and isopropanol
and dissolved in water.

Isolation of an rRNA fragment containing U2619 from
H. marismortui was achieved by hybridizing a complemen-
tary DNA oligonucleotide 5'-CGACGGTCTAAACCCAGCTC
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ACGACC-3' covering E.c. positions 2569—-2595, and digesting
the single-stranded RNA with mung bean nuclease (Strata-
gene) at 37 °C for 2 h. After extraction with phenol and chloro-
form, the DNA/RNA hybrid fragment containing U2619 (and
remaining double-stranded RNA fragments) was precipitated
with ethanol, resuspended, and treated with RNase-free
DNase | (Roche). The DNase | was removed by phenol ex-
traction and ethanol precipitation, and the RNA was dis-
solved in water. The U2619-containing RNA fragment was
isolated by hybridization of a biotinylated DNA oligonucleo-
tide 5'-Biotin-C6-GACGGTCTAAACCCAGCTCACGAC-3/, fol-
lowed by isolation with Dynabeads as described above.

MALDI-MS analysis of RNase
digested fragments

Detection of posttranscriptional modifications using MALDI-MS
was done as described by Kirpekar et al. (2000). The frag-
ments must be free of contaminating RNA, such as full-length
23S rRNA, RNase H semidigested 23S rRNA, 16S rRNA, 5S
rRNA, and tRNA, which would give extra signals in the
MALDI-MS spectra. One to two picomoles of in vitro and
rRNA fragments encompassing helices 90-92 from E. coli,
B. subtilis, B. stearothermophilus, S. acidocaldarius, and H.
marismortui were completely digested either with RNase A
(Sigma) for 1-4 h or RNase T1 (USB) for 16 h in 50 mM
3-hydroxypicolinic acid (3-HPA) in 5% acetonitrile. The RNA
must be free of alkali metals and Tris, which can appear as
adducts, complicating the MALDI-MS analysis.

The 1-2-uL sample was mixed on the target with 0.7 uL
matrix (0.5 M 3-HPA in 50% acetonitrile) and a small amount
of NH;-loaded ion exchange beads (Nordhoff et al., 1993).
The sample was allowed to crystallize by air drying and the
ion exchange beads were carefully removed. The samples
were analyzed with a Bruker Reflex II MALDI-MS instrument.

Detection of 2 ’-O-ribose methylations and
W¥'s by primer extension analysis

Detection of 2’-O-ribose methylations and Vs was done
essentially as previously described by Maden et al. (1995)
and Bakin and Ofengand (1993). The modifications were
monitored by primer extension analysis using reverse tran-
scriptase (AMV, Finnzymes) and 5’-[3?P]-labeled oligodeoxy-
nucleotide primers (Stern et al., 1988). The following primers
were used for the extension reactions: 5'-TCCGGTCCTCT
CGTACT-3' for E. coli.; 5'-TAGAGTCCGACCTGTC-3’ for
S. acidocaldarius; 5'-TAGCAGCCGACCTGT-3' for H. maris-
mortui; and 5'-CGCGACGGATAGGGAC-3’ for B. subtilis and
B. stearothermophilus. The cDNA products of the primer ex-
tension reactions were separated on 6% polyacrylamide se-
guencing gels. The positions of the stops in cDNA synthesis
were visualized on a gel autoradiogram and identified by
reference to dideoxynucleotide sequencing reactions on 23S
rRNA run in parallel. ANTP concentrations used in the primer
extension reactions to identify 2’-O-ribose methylation were
as follows: B. subtilis and B. stearothermophilus: 0.010 mM,
0.025 mM, and 0.500 mM. S. acidocaldarius and H. maris-
mortui: 0.010 mM, 0.025 mM, and 0.500 mM.

The detection of ¥ was done by treating the rRNA with
CMCT (Sigma). Subsequent mild alkaline treatment of the
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RNA leaves predominantly the ¥ modified, which gives rise
to a distinct stop 1 nt 3’ from the ¥ position on autoradio-
grams of primer extension reactions.
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