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METHOD

Mapping posttranscriptional modifications in 5S
ribosomal RNA by MALDI mass spectrometry
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ABSTRACT

We present a method to screen RNA for posttranscriptional modifications based on Matrix Assisted Laser Desorption/
lonization mass spectrometry (MALDI-MS). After the RNA is digested to completion with a nucleotide-specific RNase,

the fragments are analyzed by mass spectrometry. A comparison of the observed mass data with the data predicted

from the gene sequence identifies fragments harboring modified nucleotides. Fragments larger than dinucleotides

were valuable for the identification of posttranscriptional modifications. A more refined mapping of RNA modifica-

tions can be obtained by using two RNases in parallel combined with further fragmentation by Post Source Decay

(PSD). This approach allows fast and sensitive screening of a purified RNA for posttranscriptional modification, and

has been applied on 5S rRNA from two thermophilic microorganisms, the bacterium Bacillus stearothermophilus  and
the archaeon Sulfolobus acidocaldarius , as well as the halophile archaea  Halobacterium halobium and Haloarcula
marismortui . One S. acidocaldarius posttranscriptional modification was identified and was further characterized by

PSD as a methylation of cytidine 3,. The modified C is located in a region that is clearly conserved with respect to both
sequence and position in  B. stearothermophilus and H. halobium and to some degree also in  H. marismortui . How-
ever, no analogous modification was identified in the latter three organisms. We further find that the 5 " end of H.
halobium 5S rRNA is dephosphorylated, in contrast to the other 5S rRNA species investigated. The method addition-

ally gives an immediate indication of whether the expected RNA sequence is in agreement with the observed fragment
masses. Discrepancies with two of the published 5S rRNA sequences were identified and are reported here.
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INTRODUCTION scriptional modifications are important for the function
of the ribosome. Reconstitution of active 50S ribo-
somal subunits with in vitro-transcribed 23S rRNA is
not possible in E. coli whereas reconstitution can be
performed efficiently using natural (modified) 23S rRNA
(Green & Noller, 1996), implying that the posttranscrip-
tional modifications are important in the assembly and/or
activity of the ribosome. 50S ribosomal subunits from
the thermophile bacteria Thermus aquaticus and Ba-
cillus stearothermophilus, are only 20—-30% as active
when reconstituted with in vitro-transcribed 23S rRNA
compared to reconstitution with the natural 23S rRNA
(Khaitovich et al., 1999b, Green & Noller, 1999). Com-
parable results are obtained with E. coli in 30S ribo-
somal subunit reconstitution experiments with 16S rRNA
(Cunningham et al., 1991). Furthermore, experiments
would suggest that the natural 23S rRNA possesses
peptidyl transferase activity (Noller et al., 1992), whereas

. o _ it has not been possible to identify this enzyme activity
Reprint requests to: Finn Kirpekar, Department of Molecular Biol-

ogy, Odense University, Campusvej 55, DK-5230 Odense M, Den- N the in vitro-transcribed analog (Khaitovich et al.,
mark; e-mail: f.kir@PR-group.ou.dk. 1999a). Genetic examples of the importance of post-

296

All types of stable RNA in the cell can be modified from
the appearance of the primary transcript to the forma-
tion of the final functional entity. Ribosomal RNA (rRNA)
in bacteria and archaea is normally transcribed as one
long precursor molecule, which is then processed by a
series of ribonucleases to generate the three functional
rRNAs, 5S, 16S, and 23S rRNA, and additional tRNAs.
All tRNAs are subjected to numerous nucleotide mod-
ifications (hereafter denoted posttranscriptional modi-
fications) with more than 10% of the nucleotides being
modified. In contrast, rRNA only contains relatively few
such modifications. For example, there are 22 known
posttranscriptionally modified nucleotides in the 23S
rRNA, 11 in the 16S rRNA, and none in the 5S rRNA of
Escherichia coli (Rozenski et al., 1999). The posttran-
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transcriptional modifications include the requirement of
a 23S rRNA-specific pseudouridine synthetase for E.
coli growth (Raychaudhuri et al., 1998), and of a 21S
rRNA-specific 2'-O-guanosine methylase for the as-
sembly of yeast mitochondrial 54S ribosomal subunits
(Sirum-Connolly & Manson, 1993).

Modifying rRNA posttranscriptionally is also a means
by which microorganisms establish resistance towards
antibiotics. Examples of 16S and 23S rRNA nucleotide
methylations that confer antibiotic resistance can be
found in a review by Cundliffe (1987). The most thor-
oughly investigated example is the N® mono- or dimeth-
ylation on adenine 2058 (E. coli numbering) of the 23S
rRNA, which confers resistance against macrolides, lin-
comycin, and streptogramin B antibiotics (Skinner et al.,
1983). The modification is catalyzed by structurally re-
lated, site-specific methyltransferases, which have been
discovered in a wide range of microorganisms (Weis-
blum, 1995). A second example is thiostrepton resis-
tance induced by methylation of the 23S rRNA adenine
1067 (Thompson et al., 1982). In both cases, the affin-
ity of ribosomes for the antibiotics is greatly reduced as
a result of the posttranscriptional modifications.

The contemporary method for localizing posttran-
scriptional modifications is based on electrospray ion-
ization mass spectrometry (ESI-MS) of RNase digests
(Kowalak et al., 1993; Felden et al., 1998). The RNA
molecule in question is digested to completion with
RNase T1 and the fragment masses are determined by
ESI-MS. Divergences between the obtained mass spec-
trum and the one expected from the gene sequence
suggest the presence of RNA fragments harboring post-
transcriptional modifications. Characterization of the
modified nucleotide(s) is performed by total hydrolysis
into mono-nucleosides of the relevant RNA fragment
followed by reversed phase HPLC and mass spectrom-
etry. The retention time in HPLC combined with the
mass data (including fragment masses) give strong in-
dications of the identity of the nucleoside. This ap-
proach has been applied to characterize various RNAs
with respect to posttranscriptional modifications. These
include the central loop of domain V in 23 S rRNA and
tmRNA from E. coli (Kowalak et al., 1995; Felden et al.,
1998) and 5S rRNA in archaea (Bruenger et al., 1993).

The purpose of the present study was to develop a
method to screen for posttranscriptional modifications
based on MALDI time-of-flight mass spectrometry
(Karas & Hillenkamp, 1988). In this mass spectrometric
method, the analyte is cocrystallized with an excess
of a suitable matrix, frequently an organic acid. The
analyte/matrix mixture is desorbed/ionized by a short
laser pulse; the generated ions are all accelerated to
the same potential in an electrical field, and are sub-
sequently separated in a field-free drift region accord-
ing to their mass-over-charge ratio. The advantages of
MALDI-MS are its high sensitivity, its tolerance against
impurities, and its ability to handle complex mixtures,
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the latter two properties allowing analysis of the di-
gests without prior separation or purification. Further-
more, MALDI-MS with an electrostatic ion reflector (ion
mirror) and a second field-free drift region opens the
possibility of mass spectrometric sequencing of puta-
tively modified fragments by PSD (Spengler et al., 1992).
The analysis requires prior specific digestion of the RNA.
The concept behind the RNase digestion is similar to
the one introduced by McCloskey and co-workers (Kow-
alak et al., 1993), except that we apply parallel diges-
tion with two different RNases. The MALDI-MS/RNase
digestion method was applied to 5S rRNA from four
different microorganisms, identifying a single posttran-
scriptional modification, which was analyzed further by
PSD.

RESULTS

Development of the method

To develop RNase digestion conditions that were di-
rectly compatible with MALDI mass spectrometric analy-
sis, we used 5S rRNA from B. stearothermophilus,
because no posttranscriptional modifications have been
found in bacterial 5S rRNA. We could thus work with a
substrate that should yield easily interpretable mass
spectra upon RNase digestion, provided that the se-
guence of the 5S rRNA was known. B. stearothermo-
philus, however, contains numerous rRNA operons that
might differ in sequence. We therefore sequenced the
5S rRNA by both enzymatic and chemical degradation
as well as dideoxy nucleotide termination using re-
verse transcriptase. Our B. stearothermophilus 5S rRNA
was apparently homogeneous and the sequence was
identical to that published by Zimmermann & Erdmann
(1978) except for a C-to-U substitution at position 106
(data not shown).

For the RNase digestions, we chose RNase T1 and
RNase A, which have an absolute specificity for gua-
nosine and pyrimidine nucleotides, respectively, and
these enzymes are commercially available in high qual-
ity. Complete digestion is crucial for comparison of ob-
tained versus sequence-derived mass data to identify
posttranscriptionally modified fragments. The second-
ary and tertiary structure of RNA renders many nu-
cleotides inaccessible to RNases, and it is therefore
necessary to perform the digestion under denaturing
conditions. The traditional procedures using urea or
acidic sodium phosphate with or without previous heat-
ing did not completely digest the RNA and furthermore
had an adverse effect on the MALDI preparation. We
then tested whether 3-hydroxypicolinic acid (3-HPA),
one of the most common matrices in MALDI-MS of
nucleic acids, would serve as a buffer and denaturing
agent for the RNase digestions. At a concentration of
about 5 g/L, 3-HPA served as an adequate buffer for
both RNase T1 and RNase A, and the digest could be
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used directly for MALDI-MS. Though formation of alkali
salts is a major problem in mass spectrometry of nu-
cleic acids (Nordhoff et al., 1996), it proved unneces-
sary to purify the digest solution further before MALDI
analysis. However, a tiny amount of ammonium-loaded
ion exchange beads (Nordhoff et al., 1992) may be
added to the digest about 1 h prior to MALDI sample
preparation. This was particularly the case when RNA
from the halophilic archaea was analyzed (see below).

The outcome of an RNase A digestion of the B. stear-
othermophilus 5S rRNA is displayed in Figure 1, to-
gether with a table of all expected dinucleotides or larger.
All the major peaks in the spectrum are easily assign-
able to expected digest fragments, and all expected
fragments generate distinct signals. Thus, signal sup-
pression, that is, severely reduced intensity of certain
of the expected signals, which is often observed in
MALDI analysis, is not a problem here. There is, how-
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ever, a tendency for fragments ending in a uridine to be
less intense than those ending in a cytidine. The RNase
A digestions were usually carried out for 1-4 h, be-
cause longer digestion times occasionally revealed un-
desired cleavages, particularly between neighboring
adenosines. Though the dinucleotide signals are clearly
present, it is difficult to identify unambiguously post-
transcriptional modifications in this m/z range. First,
other signals originating from the matrix or substances
in the digest crop up in this m/z range, making it prob-
lematic to assign a signal in this region to an assumed
posttranscriptionally modified fragment. Secondly, nu-
merous identical dinucleotides originating from differ-
ent positions in the RNA are frequently generated (see,
e.g., Fig. 1B), whereas a modified dinucleotide will only
occur in a single copy. The relative signal intensity of
the modified dinucleotide may thus be so weak that it
will be overlooked.

669.14/ 099,14 1015.14 Position m/z. Sequence B
s (67013 3 2728 65311 AC
46- 47 653.11 AC
37-38 654.10 AU
67- 68 669.11 GC
89-90 669.11 GC
_.30 95- 96 669.11 GC
> 108-109 669.11 GC
g 998.13/ | 101514 111-112 669.11  GC
Ei 999.14 1327.14 31-32 670.10  GU
.80 13- 15 998.16 AGC
“20 64- 66 998.16 AGC
653.15/ 1263.19 86- 88 998.16 AGC
654.14 1704.15 4-6 999.14  AGU
10- 12 999.14 GAU
70- 72 999.14 GAU
10 76- 78 999.14 AGU
7- 9 1015.14 GGU
73-75 1015.14 GGU
114-117 1263.24 AGGC
42- 45 1327.21 GAAC
600 1000 1400 2000 55-58 1327.21 AAGC
A 103-106 134419  AGGU
80- 84 1704.25 GGGGC
1704.22 97-102 2002.30 AAGAGU
48-53 2018.29 GGAAGU
16-26 3710.55 GGAGGGGAAAC
2018.30
30 FIGURE 1. Bacillus stearothermophilus 5S
—_ rRNA digested with RNase A. A: MALDI time-
IE of-flight mass spectrum of the digest. The spec-
= trum was recorded as two separate segments
] because the digitizer of the instrument could
.20 20 not accommodate all of the desired m/z range
« in one spectrum. Insert around m/z 1000 shows
the peak pattern for two species separated by
one mass unit (m/z 998.1 and m/z 999.1) com-
pared to the isotope pattern of a single species
(m/z 1015.1). Insert around m/z 3710 demon-
10 3710.55 strates the unit resolution in the upper m/z range.
B: Table of the expected fragments above mono-
nucleotides with position, m/z (singly proto-
nated), and sequence.
2000 3000 4000 5000 m/z
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The mass difference between uridine and cytidine is
1 Da, demanding unit resolution in the m/z range in-
vestigated. The use of this resolution is demonstrated
in the expanded m/z 1000 segment of Figure 1A, show-
ing two peaks of nearly equal intensity at m/z 998.13
and 999.14, revealing the presence of two groups of
fragments with the compositions AGC and AGU, re-
spectively. In contrast, the isotope distribution of the
signal at m/z 1015.15 reveals that only fragments with
the composition GGU are present in the digest. The
largest RNA fragment encountered in this study was at
m/z 3710.55, and expansion of this region (Fig. 1A)
illustrates that unit resolution was also obtained here.

A digest of the B. stearothermophilus 5S rRNA with
RNase T1 is shown together with a table of the ex-
pected fragments of 3 nt or more (Fig. 2). All expected
fragments are again represented, and no major un-
explainable peaks arise. It should, however, be noted
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that some of the peaks appear as doublets with an
18-Da difference. This is because an RNase T1 diges-
tion occur via a 2'-3' cyclic phosphate intermediate,
which is then converted into a 2’ (or 3’) “linear” phos-
phate. The mass difference between these two phos-
phate forms is 18 Da. The conversion into the linear
phosphate occurs more readily when the neighbor to
the last 3’ nucleotide is an adenosine as opposed to a
pyrimidine. The conversion of the cyclic phosphate may
be enhanced by increasing the enzyme/substrate ratio
or by prolonged digestion time to simplify spectrum
interpretation. Alternatively, one can aim at a high de-
gree of cyclic phosphate products using the reverse
means. We have not observed undesired cleavages
with RNase T1; hence 16-h digestions were often per-
formed. In contrast to the RNase A digest, signal sup-
pression should be taken into account when using
RNase T1. Fragments containing many uridines, par-

Signal
(mV]
50+t 1303.23/
1304.24 A
1328.24
e 1961.34
1872.28
30t 1890.32 1943.34
1022.
022.17 2882.39
201974.14 1634.23 o] 2524.40
299.15 2900.44
10+ 3423.46
3441.55
FIGURE 2. Bacillus stearothermophilus 5S rRNA

1000 1500 2000 2500 3000

Position m/z Sequence B
68- 70 974.15 CCG

106-108 975.13 UCG

109-111 975.13 CUG

78-80 976.12 UuG

71-73 999.14 AUG

75-77 999.14 UAG

102-104 999.14 UAG

50- 52 1022.17 AAG

84- 87 1303.19 CCAG

112-115 1304.18 CUAG

96- 99 1327.21 CAAG

11- 14 1328.20 AUAG

53-57 1634.22 UUAAG

1- 5 1689.19 CCUAG

90- 95 1890.26 CCCCUG

43-48 1961.31 AACACG

58- 65 2524.35 CCCUCCAG
23-31 2900.44 AAACACCCG
32-42 3441.44 UUCCCAUCCCG

digested with RNase T1. A: MALDI time-of-flight
m/z mass spectrum of the digest. The mixture of cyclic
and linear phosphates that result from the digestion
is evident in the 18 m/z difference between certain
pairs of peaks (e.g., 1872.28/1890.32 and 3423.46/
3441.55). B: Table of the expected fragments (3’
linear phosphate) above dinucleotides.



300

ticularly at the 5" end of the fragment, do not yield very
intense signals in the positive ion mode (more clearly
seen in Fig. 3).

Analysis of Sulfolobus acidocaldarius
5S rRNA

Having optimized the digestion conditions, we applied
the method to 5S rRNA purified from the thermophile
archaeon Sulfolobus acidocaldarius. Its single 5S rRNA
gene has been sequenced (Durovic et al., 1994), and
our result of sequencing a 0.3-kbp PCR fragment con-
taining the 5S rRNA gene was in complete agreement
with that mentioned above (data not shown). The out-
come of an RNase T1 digestion of the 5S rRNA to-
gether with a table of the expected masses are shown
in Figure 3. The expected nonanucleotide signal at m/z
2877.42 (corresponding to nt 25—-32) is replaced by a
signal at m/z 2891.50. The simplest explanation for this
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14-Da mass increment is a posttranscriptional modifi-
cation in the form of a methylation. After digesting the
5S rRNA with RNase A, an unexpected signal at m/z
1662.24 appears (Fig. 4A). The only possible site of
methylation, which could give rise to the extra signal at
m/z 1662.24, is on Cs,, rendering this nucleotide in-
sensitive to RNase A digestion (Fig. 4B). Thus, the ex-
tra signal results from a pentanucleotide with the
sequence 5'-HO-Cy,GGACp-3’ (positions 32—36). Al-
though the fragment from positions 33—-36 is absent, a
signal at m/z 1343.12 remains, because two other
RNase A fragments (positions 18—-21 and 110-113) have
the same nucleotide composition.

We used PSD fragmentation (Spengler et al., 1992)
on the m/z 1662.24 species to verify the presence of a
methylated Cs,. The concept of PSD is to expose the
sample briefly to excess laser energy to make the ions
more energetic; all ions but the one of interest (here
m/z 1662.27, calculated) are then removed by electro-

FIGURE 3. Sulfolobus acidocaldarius 5S rRNA

el ez [1609:20 193731/
160 :
998.12/
999.11
5120
= 1022.13 2523.37
s 1914.26
80
[70]
80 1304.11
1634.18
1587.14 2502.30
40
Vi m 1] )
1000 1500 2000 2500
Positi B
osition m/z Sequence
60- 62 97415  CCG
78- 80 974.15  CCG
113-115  975.13  CUG
100-102  998.16  CAG
118-120 999.14  AUG
52- 54 1022.17  AAG
96- 99 1279.19  CCCG
69- 72 1304.19  UCAG
40- 44 1587.18  UUUCG
35-39 160923  ACUCG
85- 89 1609.23  AUCCG
55-59 163422  UUAAG
63- 68 191427  CUCACG
45-50 193729  AACCCG
11- 16 193925  UCAUAG
103-110 250231  CCUCUCUG
2-9 252337 CCCACCCG
25-33 UAACACCCG

m/z digested with RNase T1. A: MALDI time-of-flight
mass spectrum of the digest. B: Table of the
expected fragments (3’ linear phosphate) above
dinucleotides. The circled numbers denote the
observed 14 m/z increment.
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daialde “

FIGURE 4. Sulfolobus acidocaldarius 5S rRNA
digested with RNase A. A: MALDI time-of-flight
mass spectrum of the digest. The circled m/z
denotes a signal not anticipated from the gene
sequence. B: Table of the expected RNase A
fragments around the methylated RNase T1

2707.42 . S
nonanucleotide fragment observed in Figure 3.

1343.12
30
_ 1327.12
> 1998.09/
= 1689.20
= 99910 1359.11/
g 1360.09
2207 (]1015.06
982.10
10 2018.30
1000 1400 1800 2200
Position m/z Sequence B
22-25 1360.19  GGGU
26- 28 982.16  AAC
29-30 653.11  AC
31-31 32406 C
32-32 33807  Cume =.
33-36 134321 GGAC} @

static means. The isolated ion fragments substantially
in the first field-free drift region of the instrument be-
cause of its increased internal energy. By step-wise
adjustment of the electrostatic ion reflector, all frag-
mented ions can be focused onto a detector located
after the second field-free drift region. A previous pre-
cise calibration of the instrument with fragmented ions
of known m/z is used to convert the flight time of the
unknown fragmented ions into m/z values. The PSD
spectrum is depicted in Figure 5. The fragmentation

2600 m/z

makes it possible to read a sequence from the 5’ end
based on z-ions and y-ions (see Fig. 5 legend for frag-
mentation nomenclature) in that the successive losses
of Cyep, Gp, and Gp are observed. This is in perfect
agreement with the methylation of Cs,, leading to
an RNase A fragment with the sequence 5’-HO-
CmeGGACP-3'. The z, and y, ion signals are not prom-
inent in Figure 5, which was obtained with a mixture of
2,3,4- and 2,4,6-trihydroxy-acetophenone (THAP) as
matrix. Using 3-HPA instead yields intense z, and y,

140
Y Gp Y3 _-Gp Yy
= 653.0 ™ 9983 *— ™ 13437
E 100
E
2 z
979.8 Z4
A3-B3 1325.2
60 63252 779.7
AHT 4
CH* w, | C3-B3
GH+ 2 83
7338 59.7
20

200

600 1000

1400

MH+ FIGURE 5. MALDI post source decay analysis
1662.3 of the m/z 1662.24 fragment observed in

’ Figure 4. Only fragments arising by a single
cleavage of the phosphodiester backbone and

-CpfeP fragments resulting from nucleobase loss are
ey indicated. a, b, c, and d ions contain the 5’ end

of the original fragment and arise through cleav-
-G age of the 3’ proximal phosphodiester back-
bone between, from the 5’ side, C-O, O-P, P-O,
and O-C, respectively. w, X, y, and z ions contain
the 3’ end of the original fragment and arise
through cleavage of the 5’ proximal phospho-
diester backbone between, from the 5’ side, C-O,
O-P, P-O, and O-C, respectively. The number
associated with the fragment indicates its length
in nucleosides. Loss of a nucleobase from a frag-
ment is marked by —B,, where n denotes the
nucleobase position read from the 5’ end. The
nomenclature of the fragment ions is according
to McLuckey et al. (1992).

m/z
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ions, and we are therefore certain of the assignment of
these signals. However, the smaller fragment ions are
not so readily generated with 3-HPA (data not shown).
Our data located the methyl group to Cs,, but do not
reveal where this nucleotide is modified. Investigations
of the 5S rRNA from the related species Sulfolobus
solfataricus suggested that the modification is located
on the 2’ position of the ribose (Bruenger et al., 1993).
This modification position would be in accordance with
the observed RNase A-resistance of the Cs,, but other
cytidine-methylations may also affect RNase A cleav-
age similarly.

Analysis of 5S rRNA from halophile archaea

In addition to the identified posttranscriptional modifi-
cation in the 5S rRNA of S. acidocaldarius, modifica-
tions have previously been identified in analogous
positions in 5S rRNA of the thermophile archaea S.
Solfataricus and Pyrodictium occultum. We therefore
investigated the two halophile archaea Halobacterium
halobium and Haloarcula marismortuito see if this was
a general phenomenon for archaea. The gene se-
quence of the respective 5S rRNA genes isolated by
PCR was determined. In H. halobium, the 5S rRNA
gene was identical to previously published data (Man-
kin & Kagramanova, 1986). H. marismortui has two
rDNA operons, but separate isolation of the two 5S
rRNA genes by PCR is easily accomplished because
they have different 3’ flanking sequences (Dennis et al.,
1998). The 5S rDNA of the rrnA operon was in agree-
ment with the data of Dennis and colleagues, whereas
the 5S rDNA of the rrnB operon contained a cytidine-
to-guanosine substitution at position 107 in our H. maris-
mortui strain. In our strain, rrA and rrmB 5S rRNAs
differ at positions 73 (A/G), 106 (U/C), and 107 (C/G).

RNase T1 digestion of the H. halobium 5S rRNA
revealed that the expected signal for nt 1-5 at m/z
1696.18 is replaced by a signal at 1616.22 (data not
shown), corresponding to the loss (hydrolysis) of a phos-
phate. We ascribe this to loss of the original 5’ phos-
phate of the 5S rRNA because all the other RNase T1
fragments have retained their 3’ phosphates. In an
RNase A digest of the H. halobium 5S rRNA, the 5’
terminal uridine is released as a mononucleotide and is
therefore not observable. We cannot tell when this phos-
phate loss occurs, that is, whether it is induced during
the purification of the 5S rRNA or it is a cellular event.
However, the 5’ phosphate was absent in two indepen-
dent batches of H. halobium 5S rRNA, whereas it was
present in H. marismortui 5S rRNA (Fig. 6), which was
purified under identical conditions.

The outcome of an RNase T1 digestion of the mix-
ture of the two H. marismortui 5S rRNAs is shown in
Figure 6 and did not reveal any posttranscriptional mod-
ifications (neither did employing RNase A; data not
shown). However, these data corroborate the sensitiv-
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ity and dynamic range of the approach in that frag-
ments originating from just one of the two 5S rRNAs
could be unambiguously detected.

DISCUSSION

The method described here is a fast and sensitive ap-
proach to screen a given RNA for posttranscriptional
modifications based on MALDI-MS. All spectra shown
were obtained with no more than 2.5 pmol of 5S rRNA,
corresponding to less than approximately 100 ng of
RNA. The typical procedure involves digestion of 1 pmol
of RNA in a 1-2 wlL volume followed by direct MALDI
sample preparation of the entire digest mixture. The
only purification step applied was a prior incubation
with ammonium-loaded cation exchange beads to re-
move alkali ions. The use of 3-HPA as digestion buffer
eliminated any need for removal of adverse buffer com-
ponents. Quite complex mixtures can be analyzed di-
rectly because MALDI-MS predominantly generates
singly charged ions, which results in straightforward
interpretable spectra. The examples shown contain typ-
ically around 15 signals originating from trinucleotides
or larger. Even though these fragments may be sepa-
rated by only 1 Da in mass, all fragment signals could
be identified because the unit resolution was obtained
up to approximately m/z 4000. Suppression of signals
from certain fragments would be a major obstacle to
the described approach, but severe signal suppression
is fortunately not observed. This contrasts strongly with
application of MALDI-MS to peptide mapping, where
full sequence coverage is essentially never achieved.
This can be ascribed to the relatively similar chemical
properties of the nucleotides, resulting in similar mass
spectrometric behavior of oligonucleotides and con-
trasting with the widely varying characteristics of amino
acids and peptides. The main important exception is
the lack of a basic functionality (low proton affinity) for
uridine, and oligonucleotides with a high uridine con-
tent accordingly yielded less intense signals in the pos-
itive ion mode. Fortunately, reversing the polarity of ion
detection can alleviate the problem because the nucle-
otides differ to a lesser extent in their acidities.

Only RNase fragments from the trinucleotide level
and upwards are truly useful, inasmuch as matrix sig-
nals obscure the mono- and dinucleotide regions. With
the use of RNase T1 and RNase A, not every nucleo-
tide can therefore be expected to be observed in a
fragment within the diagnostic m/z range. In the differ-
ent 5S rRNAs investigated in this work, between 1 and
6 nt out of approximately 120 could not be covered in
the screen for posttranscriptional modifications. Sup-
plementing with an adenosine nucleotide-specific RNase
would be required if any nucleotide, regardless of se-
guence context, should be present in a trinucleotide or
larger.
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1873.20
sol [oa91™ teasaa| |
938.15 148821 1835718 | |11943.31
2177.30
z 40 2529.32
= . 1592.13
) 1568.13
@ 1004.17
1263.14
*
1897.18 | *
20 1367.10 224931

3000 m/z

1000 1500 2000 2500
Position m/z Sequence B
115-117 (AB) 956.14 CCG
23-25 (AB) 958.11 UuG
51- 53 (AB) 1004.16 AAG
111-114 (AB) 1263.15 UUCG
1- 4 (AB) 1367.12 UUAG
118-122 (AB) 1488.26 CCACC
69-73 (B) 1568.19 UUCCG
79- 83 (AB) 1592.19 UACUG
103-107 (B) 1638.25 AAACG
54- 58 (AB) 1639.25 AUAAG
95-100 (AB) 1873.22 CCUCU
69- 74 (A) 1897.23 UUCCAG
9- 14 (AB) 1919.28 CCACAG
44-49 (AB) 1943.29 AACACG
26- 32 (AB) 2177.28 CCUCCCG
103-109 (A) 2249.31 AAAUCCG
59- 66 (AB) 2529.36 CCCACCAG
33-43 (AB) 3446.45 UACCCAUCCCG

Our approach will evidently not recognize mass-
neutral posttranscriptional modifications. This means
that, for example, pseudouridines are systematically
overlooked because RNase Ais not inhibited by pseudo-
uridine (B. Porse & F. Kirpekar, unpubl.). We are
presently working on combining the carbodiimide mod-
ification method of pseudouridine (Bakin & Ofengand,
1993) with MALDI-MS.

We have not investigated the upper size limit of the
sample amenable to digestion and mass spectrometric
analysis; the largest RNA tested so far was 160 nt and
could be analyzed satisfactorily. Digestion of, for ex-
ample, 1 pmol of a 23S rRNA (around 3,000 nucleo-
tides) would generate at least 1 pmol of any fragment
appearing at a given m/z, which is well within the sen-
sitivity of the method. However, the risk that a posttran-
scriptional modification would alter the mass of one
fragment so that it coincided with the mass of another
fragment increases with the size of the analyte. This
modification may go undetected if a different fragment
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FIGURE 6. Haloarcula marismortui5S rRNAdi-
gested with RNase T1. A: MALDI time-of-flight
mass spectrum of the digest. The peaks marked

with asterisks are unique for a single of the two
5S rRNA species. B: Table of the expected frag-
ments (3’ cyclic phosphates) above dinucleo-
tides. Fragments originating from the A, the B, or
both alleles of the 5S rRNA are marked accord-
ingly in the column labeled Position.

also represented the sequence-derived (unmodified)
mass. Hence, such a mass shift would only affect the
signal intensities, which does not generally reflect the
abundance of a species, because the peak pattern is
qualitative rather than quantitative. An off-line HPLC
separation of the digest mixture would be a conceiv-
able, but time consuming, solution. However, this short-
coming should be viewed in relation to the sequence
coverage that is possible with this method.

It is important to know the gene sequence of the
RNAto be analyzed because unexpected signals could
be interpreted as a posttranscriptionally modified frag-
ment. The outcome of our sequencing, which matched
previously published data in only three out of five cases,
stresses this point. In the case of B. stearothermophi-
lus, at least five different sequences, varying in both
length and sequence, can be found in databases and
in literature, but none of them is identical to the one we
analyzed. Thus, the possibility of clonal variations and
perhaps sequencing errors has to be taken into ac-
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count. The RNase fragment pattern may, however, also
be indicative of sequence variations. The parallel use
of two RNases allows one to distinguish between se-
guence variations and posttranscriptional modifica-
tions, making the gene sequencing nonessential.

RNA fragmentation by mass spectrometry is a
scarcely investigated phenomenon, and the use of PSD
on oligoribonucleotides has not previously been re-
ported. DNA fragmentation is initiated by loss of a
nucleobase, which is normally followed by cleavage of
the 3" C-O bond (reviewed by Nordhoff et al., 1996).
Whether RNA would follow the same fragmentation
pathway in MALDI-PSD analysis was not known, but
fast atom bombardment mass spectrometry (Wolter
et al., 1995) and ESI-MS data (Wolter & Engels, 1995)
suggested that this might not be the case, because
nucleobase loss was generally not observed in these
experiments. We tested the two most versatile matri-
ces for MALDI-MS of nucleic acids, 3-HPA and THAP,
for PSD performance. The two matrices yielded qual-
itatively similar PSD spectra, but 3-HPA favored the
production of fragments in the higher m/z range whereas
THAP gave more ions in the mid/low m/z range. The
RNase A fragment 5’-HO-Cy,.GGACp-3’ (Fig. 5) exhib-
ited neutral loss of the nucleobases cytosine and gua-
nine but not adenosine, a trend also observed with
other oligoribonucleotides (F. Kirpekar, unpubl.). In the
other end of the m/z scale, the protonated nucleobases
adenosine, guanosine, and, to a lesser extent, cytosine
are seen. The fragment ions useful for sequence de-
termination belonged to the 3’ series (nomenclature
according to McLuckey et al., 1992): y,_4, z,_4, and
W,_3 ions were observed. Isolated 5’ ions (a and ¢
type) also occurred, but sequence information could
not be derived from these. Though we can only draw
conclusions from a limited set of MALDI-PSD data, we
found that base loss is a prominent fragmentation re-
action for RNA, but ions of the type a,-B,, in contrast to
what is observed for DNA, do not frequently occur. It
should be noted that the PSD data presented here
were acquired in positive ion mode, whereas essen-
tially all previous studies on the fragmentation behavior
of RNA were done with negative ions. This should be
taken into account when comparing our results with
earlier findings. While PSD has distinct advantages as
an additional analytical tool, the mass accuracy is clearly
below that of the normal reflector time-of-flight mode.
Mass accuracy drops from around 0.1 Da (up to 4,000
Da) to around 0.5 Da with the PSD signals. This means
that distinction between C and U is not possible, and,
hence, that de novo sequencing is not feasible.

We have identified a methylcytidine in position 32 of
S. acidocaldarius 5S rRNA, the last cytidine in the
RNase T1 fragment 5'-UAACACCCG-3'. The analo-
gous cytidine has been reported to be 2’-O-methylated
in S. solfataricus and Ng-acetylated in P. occultum,
two other thermophile archaea (Bruenger et al., 1993).
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The corresponding RNase T1 fragment in the thermo-
phile bacterium B. stearothermophilus has the se-
guence 5-AAACACCCG-3’, and is (as in the other
microorganisms mentioned above) preceded by three
guanosine nucleotides, but the fragment is clearly un-
modified. In H. halobium, the corresponding sequence
motif is 5'-GGGUUACUCCCG-3’, and also unmodi-
fied. The same holds for H. marismortui, where the
sequence similarity is lower. Our data thus suggest
that modifications at this position are specific to
thermophile archaea. To our knowledge, there are no
reports that this particular part of the 5S rRNA inter-
acts with other molecules, making speculations about
the function of these posttranscriptional modifications
difficult, but an increased level of rRNA 2'-O-methyla-
tions in response to increased growth temperature
has recently been reported (Noon et al., 1998). We
have also observed that the 5’ end of H. halobium
5S rRNA does not harbor a phosphate group. The
biological significance of this observation is, however,
not clear, and further investigations are required be-
fore definite conclusions can be drawn.

We feel that the approach presented here would be
very useful for researchers working on RNA modifica-
tions of various classes. Its experimental simplicity and
high sensitivity combined with the increasing accep-
tance of mass spectrometry as an important tool in the
biological sciences would, at this point, allow imple-
mentation of our results in numerous laboratories.

MATERIALS AND METHODS

rRNA purification

The purification of the B. stearothermophilus (strain NCA 1503)
5S rRNA has been described (Douthwaite et al., 1982). Growth
and harvesting of S. acidocaldarius (strain DSM 639) can be
found in Brock et al. (1972). The pellet from 500 mL of S.
acidocaldarius culture was resuspended in 2 mL of 20 mM
HEPES-KOH (pH 7.6), 10 mM MgCl,, 50 mM NH,CI, and
3 mM DTT and lysed by vortexing 10 times for 30 s with
~2 mL of acid-washed glass beads (& 212—300 um, Sigma-
Aldrich Chemie GmbH). The lysate was incubated with 3 ug
of RQ1 DNase (Promega) at room temperature for 30 min,
and glass beads/cell debris were pelleted by centrifugation
(Beckman JA20/8,000 rpm/20 min/4°C). Crude ribosomes
were collected by centrifugation (Beckman Ti50/40,000 rpm/
150 min/4°C). The pellet was dissolved in 0.3 mL TE buffer,
extracted three times with phenol/chloroform, and the RNA
was precipitated with ethanol. The 5S rRNA band was ex-
cised from a 10% polyacrylamide/8 M urea gel and eluted as
described (Kirpekar et al., 1994). Growth and harvesting of
H. halobium (strain R1) and H. marismortui was performed
according to Rodriguez-Valera (1995). Cell pellets from 400 mL
of culture were dissolved in 3 mL of 3 M KCI, 70 mM HEPES-
KOH (pH 7.8), 60 mM Mg-acetate, and 3 mM DTT. Cell dis-
ruption and the entire 5S rRNA purification were performed
identically as described for S. acidocaldarius.
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DNA and RNA sequencing

The pellet from a 250-mL culture of S. acidocaldarius was
resuspended in 2 mL TE buffer/50 mM NaCl and vortexed
with 2 mL acid-washed glass beads as described above, and
an additional 4 mL TE buffer/50 mM NaCl was added. The
pellet of 250 mL H. halobium or H. marismortui culture was
lysed by briefly mixing with 6 mL TE buffer/50 mM NacCl.
0.6 mL 10% SDS was added to the lysates and incubated for
30 min onice. Then 2.65 mL of 3.4 M KCl was added followed
by a further 60 min incubation on ice. The cell debris was
pelleted by centrifugation (JA20/10,000 rpm/10 min/4 °C), and
the DNA was precipitated by the addition of 2 vol of ethanol
followed by immediate centrifugation (JA20/7,000 rpm/15 min/
20°C). The pellet was washed with 70% ethanol and dis-
solved in 4 mL TE buffer. The DNA was treated with 200 ug
RNase A and 200 U RNase T1 for 4 h at room temperature,
and then with 200 units proteinase K for 4 h at 37°C. The
DNA was extracted twice with phenol/chloroform, ethanol pre-
cipitated, and redissolved in TE-buffer. About 1 ng of geno-
mic DNA was used for PCR. The primer positions were 415—
437 and 744—721 (Durovic et al., 1994) for S. acidocaldarius,
5859-5880 and 6131-6110 (Mankin & Kagramanova, 1986)
for H. halobium, 5416-5436 and 6185—-6166 (Dennis et al.,
1998) for the rrnA allele of H. Marismortui, and 5493-5513
and 5951-5930 (Dennis et al., 1998) for the rrnB allele of H.
marismortui. The PCR fragments were purified using a “High
pure PCR product purification kit” (Boehringer Mannheim
GmbH), sequenced from both ends with an “ABI Prism Big-
Dye terminator cycle sequencing kit” (PE Applied Biosys-
tems), and analyzed on an ABI Prism 310 sequencer (PE
Applied Biosystems).

The B. stearothermophilus 5S rRNA was sequenced chem-
ically according to Peattie (1979) and enzymatically as de-
scribed by Donis-Keller et al. (1977) and Donis-Keller (1980).
Sequencing by dideoxy nucleotide termination, using a 5'-
[3?P]-end-labeled DNA primer complementary to position 117—
100 of the 5S rRNA and AMV reverse transcriptase (Life
Sciences) has been described (Stern et al., 1988).

RNase digestions and mass spectrometry

One to two picomoles of purified 5S rRNA were digested in
1-2 pl containing 5 g/L 3-HPA and 2% acetonitrile (MeCN).
RNase A (Sigma-Aldrich Chemie GmbH) digestions were per-
formed for 1-4 h at 37 °C with 1-2 ug of enzyme. RNase T1
digestions were done for 16 h at 37 °C with 5-10 U of enzyme
(Boehringer Mannheim GmbH). The RNase stock solu-
tions had been heat-treated (85 °C/20 min) before use. The
digest solutions were frequently incubated with ~0.1 ulL of
ammonium-loaded cation beads (Nordhoff et al., 1992) for
30-60 min prior to MALDI sample preparation. The RNase
digest was mixed on the MALDI sample support with 0.7 uL
3-HPAin 50% MeCN and ~0.1 L 0.3 M diammonium citrate,
and the preparation was air dried. MALDI mass spectra were
recorded on a Bruker Reflex Il instrument (Bruker-Franzen
Analytik GmbH) in reflector mode using delayed ion extrac-
tion. The spectra were normally recorded in the positive ion
mode. Post source decay analysis was performed directly
from the 3-HPA preparation or from a separate preparation
with 1 uL of a 2:1:1 mixture of 0.2 M 2,4,6-trihydroxyaceto-
phenone in 50% MeCN:2,3,4-trihydroxyacetophenone in 50%
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MeCN:0.3 M diammonium citrate as matrix. All matrix com-
pounds were obtained from Sigma-Aldrich Chemie GmbH.
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