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Escherichia coli tmRNA functions uniquely as both
tRNA and mRNA and possesses structural elements
similar to canonical tRNAs. To test whether this mim-
icry extends to post-transcriptional modification, the
technigue of combined liquid chromatography/
electrospray ionization mass spectrometry (LC/ESIMS)
and sequence data were used to determine the
molecular masses of all oligonucleotides produced by
RNase T, hydrolysis with a mean error of 0.1 Da.
Thus, this allowed for the detection, chemical charac-
terization and sequence placement of modified nucleot-
ides which produced a change in mass. Also, chemical
modifications were used to locate mass-silent modifica-
tions. The native E.coli tmRNA contains two modified
nucleosides, 5-methyluridine and pseudouridine. Both
modifications are located within the proposed tRNA-
like domain, in a seven-nucleotide loop mimicking the
conserved sequence of T loops in canonical tRNAs.
Although tmRNA acceptor branches (acceptor stem
and T stem-loop) utilize different architectural rules
than those of canonical tRNAs, their conformations in
solution may be very similar. A comparative structural
and functional analysis of unmodified tmRNA made
by in vitro transcription and native E.coli tmRNA
suggests that one or both of these post-transcriptional
modifications may be required for optimal stability of
the acceptor branch which is needed for efficient
aminoacylation.

Keywords electrospray mass spectrometry/5-
methyluridine/modified nucleotides/pseudouridine/
tmRNA

Introduction

tmRNA (10Sa RNA) is unique since it functions both as
tRNA and as mRNA (e.g. Himenet al, 1997; Williams
and Bartel, 1998; Zweilet al., 1998). It is charged with
alanine (Komineet al, 1994; Ushidaet al, 1994) and

lated from mRNAs lacking a termination codon, and the
added 11 amino acid C-terminal tag makes the protein a
target for specific proteolysis (Keil@t al., 1996). Figure

1 summarizes the current mechanistic view of the function
of Escherichia colitmRNA: the elimination of aberrant
proteins derived from truncated mRNAs and the recycling
of stalled ribosomes. Recent structural analyses based on
phylogenetic (Feldert al, 1996b; Williams and Bartel,
1996) and probing (Feldeet al., 1997) data have led to

a secondary structure with similarities to canonical tRNAs.
The tRNA-like mimicry immediately raises the question
of whether post-transcriptional nucleoside modifications,
which are a ubiquitous feature of tRNAs (McCloskey and
Crain, 1998), are present B.coli tmRNA.

An early report raised the possibility that a study of
this question might prove productive. Ray and Apirion
(1979) detected pseudouridind’) at an unidentified
position in an 11-mer obtained from RNase digestion
of ‘10S’ RNA (thought to be 550 to 609 nt) froid.coli.

This RNA was subsequently shown to consist of RNase
P RNA and what is now called tmRNA (Jaét al., 1982).
Here we analyze the 363 riE.coli tmRNA using a
method for the detection and sequence location of post-
transcriptionally modified nucleotides in RNA. It is based
on the accurate measurement of the molecular mass of
oligonucleotides produced by selective enzymatic cleav-
age, as well as chemical probing for detectionUéf a
mass-silent modification. An outline of the protocol is
shown in Figure 2. This allows analysis of all the RNA
fragments produced by specific enzymatic cleavage (e.g.
RNase T digestion) directly by liquid chromatography/
electrospray ionization mass spectrometry (LC/ESIMS),
without any intervening purification (to remove enzyme
and salts) or fractionation of the oligonucleotide mixture.
This makes the procedure easy (one step), reliable and
applicable to any RNAs<363 nt in length. Two modified
nucleosides,W (at two positions) and 5-methyluridine
(m®U), have been identified and located. Compositions of
the sequences of the RNasg ffagments have all been
characterized by their molecular masses, indicating that
there are apparently no other modifications that cause a
mass change. The biological relevance of the presence
of these nucleoside modifications B.coli tmRNA is
discussed.

Results

Native and engineered E.coli tmRNAs

tmRNA is present irkE.coli cells in low abundance (~1000
copies/cell; Leeet al, 1978), and we anticipated difficulty
in obtaining a sufficient amount of pure RNA fde novo

also has a short reading frame coding for 10 amino acids analysis. Accordingly, we used an overproduction system
(Tu et al, 1995). This 11 amino acid tag (alanine plus the that yielded a 100-fold greater amount of properly pro-
10 encoded amino acids) is added to polypeptides trans-cessedE.coli tmRNA (from a plasmid containing the
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Post-transcriptional modifications in E.coli tmRNA

Fig. 1. Schematic illustration of the proposed biological role of tmRNAEroli. The mechanism allows the degradation of aberrant proteins and
ribosome recycling via trans—translation (Keikgral,, 1996).
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Fig. 2. Protocol used for the detection and localization of post-
transcriptionally modified nucleotides B.coli tmRNA.

inducible E.coli tmRNA gene expressed from a T7 pro- O e
moter) to generate sufficient material for preliminary B 100, 245
structural studies. Once the experimental conditions were
optimized with the overexpressed tmRNA, a native
tmRNA was analyzed. A T7 transcript was also generated
in vitro for use as an unmodified negative control, and
to devise a gradient for reversed-phase separation of
oligonucleotides from an RNasg digest of the 363-mer.

209

Total nucleoside analysis of E.coli tmRNAs by

LC/ESIMS

The three tmRNAs (overexpressed, native and T7 tran-

script) were quantitatively hydrolyzed to their nucleoside

constituents using nuclease P1, phosphodiesterase | and 0 l """"""""""""""""""""

alkaline phosphatase (Crain, 1990). The hydrolysate from 110 190 270

the overexpressed tmRNA was initially screened by LC/ m/z

ESIMS fpr the presence of any modified nucleosides. In Fig. 3. ESI mass spectra of #d (A) and¥ (B), acquired from a total

both native anq OvereXpresseq RNASs, two were fold: nucleoside digest of overexpresdeaoli tmRNLA.

and nfU. Their structure assignments (Pomerantz and

McCloskey, 1990) were established from their electrospray

ionization (ESI) mass spectra (Figure 3), and their relative (MH*), and another corresponds to the protonated free

chromatographic retention times (chromatogram not base of the nucleoside (BH), formed by cleavage of the

shown, but similar to the one shown in Figure 4). N—C glycosidic bond with transfer of one hydrogen from
Mass spectra of nucleosides consist of two main ion the sugar to the base (B) (Pomerantz and McCloskey,

types. One represents the protonated nucleoside moleculel990). These ions have a mass-to-charge rati@) (of

155
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unmodified oligonucleotide. Consequently the latter will
not be observed unless partial modification occurs, or
there are multiple occurrences of the sequence (or isomers)
within the RNA. To locate the A, we used RNase T
(selectively cleaves after Gp) to totally digest all three
tmRNAs. The primary sequenceBfcolitmRNA (Komine

et al, 1994) contains 102 RNasq Sites, resulting in 103
oligonucleotide fragments: 30 Gps, 17 dinucleotides
(3 sequences), 18 trinucleotides (8 sequences), thirteen

4-mers (11 sequences), seven 5-mers, six 6-mers, three
7-mers, one 8-mer, two 9-mers, and one each 10-mer
through 15-mer. Each of the oligonucleotide mixtures was
100, Cc C’ analyzed directly by LC/ESIMS without prior purification.

| I The resulting chromatogram from the C-18 reversed phase
fractionation, monitored by UV absorbance, is shown in
Figure 5 for trimer and larger oligonucleotides from
the RNase T digest of overexpressed tmRNA (other
chromatograms not shown). Oligonucleotide identities
were established from ESI mass spectra acquired continu-
Lo : ot o v dotoction at 254 et & ously every 2 s throughout the analyses, and summed
ssntr?;?ft?n??rle\zm g),r?tfeei)vr;’gxpresseegir:ﬁogNa/BI an(?rr?at(i)\:e ) across each pe_ak. Q“gonUCIGOtldes are numbered by their
tmRNA (C). Peaks in (A) marked with asterisks are nucleosides from ~ €lution order in Figure 5. The elution order for the
traces of DNA template in the digest. Nucleoside identities\rg) oligonucleotides is predominantly based on hydro-

and n?U (2). Right panels show traces from selected ion recordings of phobicity, with A-rich oligonucleotides eluting later than
ions characteristic o (a, m/z 209 and bz 245) and U (¢, m/z pyrimidine-rich ones

127 and dm/z 259) in synthetic tmRNAAR’), the overexpressed '
tmRNA (B’) and native tmRNA C’).

(-]

"/rl %

18

2
c
M_/ d
0 T T T 7 Time 0 T T r Time
10.00 20.00 10.00 20.00

Fig. 4. Detection of® and n?U in overexpressed and natigcoli
tmRNAs and the corresponding synthetic tmRNA (negative control).

Determination of molecular masses and base
compositions of oligonucleotides from E.coli
259 and 127, respectively, fordu (Figure 3A). However, tmRNA by LC/ESIMS
W contains a C—C glycosidic bond, preventing formation By accurate determination of mass, we demonstrate that
of the BH ion. Instead, a prominent iomfz 209) is a composition can be assigned to each oligonucleotide
produced by concerted loss of two water molecules from within the mixtures derived from RNase; Tdigestion
the sugar moiety (Figure 3B). This ion loses formaldehyde of native and overexpresseH.coli tmRNAs and the
(the 5 substituent) to givar/z 179. Other ions in the  corresponding synthetic RNA. The compositions and
spectrum ofW consist of the uracil moiety and fragments sequence locations, and calculated and measMed
derived from the ribosemvz 125 (B + 14) andnvz 155 values, are listed in Table | for all 7-mer and longer
(B + 44) (McCloskey, 1974). Thavz 267 ion is the N& oligonucleotides. There are multiple occurrences of the
adduct of M. same sequences or compositions at the hexamer and
For detection of% and nPU in the native tmRNA shorter lengths, so they are not included, although they
preparation, where the amount of material was limited, a were assigned (Figure 5). All compositions could be
selected ion-recording analysis was performed. Four ions, assigned either directly from the mass spectra if they were
two each specific fol? (m/z 245 and 209) and ? unique, or from integrated peak heights for sequence
(m/z 259 and 127), along with the UV channel, were isomers. This demonstrates that a complex mixture of
monitored throughout the LC/ESIMS analysis of the T7 RNA oligonucleotides can be accurately analyzed by the
transcript, the overexpressed tmRNA and native tmRNA method reported here. Mean mass errors were 0.1-0.2 Da
(Figure 4). As expected, neith&t nor nPU is present in (range 0-0.4 Da) for the three sets gfdligonucleotides.
the T7 transcript (Figure 4A and A); however, trace The greatesterror, 0.4 Dafor tMg 4808.9 oligonucleotide
amounts of the DNA template are evident (asterisks in from the T7 transcript, for example, corresponds to a mass
Figure 4A). Both the overexpressed (Figure 4B and B’) measurement error 6£0.008%, which can routinely be
and native (Figure 4C and C’) tmRNAs contaih (peak obtained in the quadrupole mass analyzer utilized for these
1) and nfU (peak 2), evident from the coincident tracks analyses.
for two diagnostic ions and a UV peak, eluting at the
expected time for each nucleoside. Based on the lack of Sequence placement of modified nucleotides from
similar sized peaks in the UV detection chromatogram, E.coli tmRNAs
we conclude that no other UV-absorbing modified nucleos- Based on theE.coli tmRNA sequence (Kominet al.,
ides are present in tmRNA. 1994), the predicteM, values of all of the oligonucleotides
generated from RNase, Tigestion were calculated, along
Analysis of E.coli tmRNA RNase T, digests by with the corresponding multiply charged ions of the type
LC/ESIMS (M — nH)™ characteristic of ESI (Fenat al, 1989). All
Oligonucleotides containing a nucleoside modification that of the predicted oligonucleotides were identified in the T7
yields a mass shift are recognized from mass incrementstranscript (negative control), and in the overexpressed and
(e.g. 14 Da for one methyl group) above the measured native tmRNA (Table I) with one exception. Indeed, the
relative molecular mas$\) values for the corresponding ions m/z 1154.3, 865.5 and 692.2, calculated for the -3,
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2.CUGp  11.UCCGp 20. AAUGp 29. CUCCACCA-OH 38. AAAACUACGp
3.UCGp 12 CCUGp 21. CCUCGp 30. CUWAGp 39. AAACCCAAGp
4.CCGp  13. UAGp 22. CCCUGp 31. AUUCUGp 40. UUCAACUCCCGp +CH3
5.UAGp  14. CAUGp 23, UACCGp 32. CAAACGp 41. CAAAAAAUAGp
6.CAGp  15. CUAGp 24. CUUAGp 33. AUCAAGp 42. CUTAAUAACCUGp
7.AUGp  16. CCAGp 25. AUUCGp 34. ACUAAGp 43. CCCUCUCUCCCUAGp
8.ACGp  17. AUCGp 26. AUWUGp 35. CUCWUAGp 44. UCAAACCCAAAAGp
9.AAGp  18. ACUGp 27. UAAAGp 36. AAUUCGp 45. UULAAAACUUAAUCAGp

Fig. 5. Chromatograph (detection at 254 nm) from LC/ESIMS analysis of an RNasigést of 50 pmol of overexpressé&dcoli tmRNA. Peak
numbers in the chromatogram correspond to the oligonucleotide identities shown below.

Table I. Mol. wt of 7-mers and longer from RNasg @igestion of native and overexpresdeatoli tmRNAs and the corresponding synthetic RNA

Oligonucleotide® Position Calculated, MeasuredM,

Native tmRNA Overexpressed tmRNA T7 transcript
CUCUUAGp (35) 157-163 2221.3 2221.0 2221.2 2221.3
AAUUUCGp (36) 326-332 22453 2245.3 2245.1 22455
UAAAAAGp (37) 68-74 23154 23154 2315.3 2315.5
CUCCACCA-OH (29) 356-363 2428.8 2428.5 2428.5 428.6
AAACCCAAGp (39) 32-40 2924.8 2924.6 2924.9 2924.9
AAAACUACGp (38) 100-108 2925.8 2925.8 2925.8 2926.0
CAAAAAAUAGD (41) 78-87 3279.0 3279.1 3278.9 3279.3
UUCAACUCCCGp 341-351 3466.1 n.d. n.d. 3466.5
UUCAACUCCCGp+ CHjs (40) 341-351 3480.1 3480.1 3479.9 n.d.
CUUAAUAACCUGp (42) 118-129 3820.3 3820.4 3820.3 3820.4
UCAAACCCAAAAGP (44) 182-194 4194.6 4194.4 4194.3 4194.8
CCCUCUCUCCCUAGp (43) 137-150 4358.6 4358.5 4358.4 4358.9
UUAAAACUUAAUCAGP (45) 229-243 4808.9 4809.0 4808.6 4809.3

3Peak numbers are those shown in Figure 5.
n.d., not detected.

—4 and -5 charge states, respectively, of the oligonucleotide*= 0.6 Da of the measured molecular masgJgA,Gp +
341JUCAACUCCCG;5; (calculatedM, 3466.1), were not  CHs (M, 3480.1). This result suggests that theLhpresent
found in overexpressed and native tmRNAs, although this in both native and overexpressed tmRNAs (Figure 4) is
oligonucleotide is present in the T7 transcript (Table I). located within the oligonucleotide 3,JUUCAAC-

In addition, an oligonucleotide whose ESI mass spectrum UCCCG;s;. No other oligonucleotides were found to
was consistent with that of a species with a calculéfed  contain a methyl group.

of 3480.1+ 0.2, was identified in overexpressed and native ~ Another modified nucleosidé&, is also present in both
tmRNAs. The ESI mass spectrum of the corresponding native and overexpressed tmRNAs (Figures 3 and 4).
oligonucleotide from the Tdigest of native tmRNA is  Pseudouridine residues in oligonucleotides cannot be iden-
shown in Figure 6. The iongVz 695.1, 869.1 and 1159.0 tified by LC/ESIMS because conversion of U 4 does

all track together (Figure 6, inset), and are assigned to annot result in a mass change. Sequence locatio# ofas,
oligonucleotide oM, 3480.1, eluting in the right shoulder therefore, performed using a specific chemical treatment
of the UV peak centered at ~28.7 min. Calculated mass of the overexpressed and native tmRNAs followed by
versus oligonucleotide composition tables (Pomerantz reverse transcription (Bakin and Ofengand, 1993); see
et al, 1993) list only one candidate composition within Figure 7A for details. Using five different DNA primers,
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Fig. 6. ESI mass spectrum af;;UUCAACUCCCG;s; + methyl (M,
3480.2) from an RNase Tdigest of nativeE.coli tmRNA. The

number adjacent to each character indicates the number of charges on
the ion; for example®5 indicates the ion (M — 5HY. Inset: A

limited portion of the LC/ESIMS analysis showing the elution position
of the methylated oligonucleotide indicated from the tracks of its
characteristic ionsA) m/z 695.1, 8) m/z 869.1 and C) nvz 1159.0.

UV detection at 254 nm is shown in tracB)(
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Fig. 7. (A) Schematic diagram illustrating the detectionWfresidues

in RNAs by a CMC-alkali treatment followed by reverse transcription
(Ho and Gilham, 1971; Bakin and Ofengand, 1993), and its
application to both native and overexpressed tmRNAs as compared
with a T7 transcript (negative control)BY Autoradiograph of 14%
PAGE of cleavage products of-fabeled DNA primer. Reverse
transcription using a primer corresponding to residugs g3
Samples were treated with-§ or without (=) CMC for 20 min at

37°C, exposed to pH 10.4f@ h at37°C, and reverse transcribed.

A, C, U and G are sequencing lanes using overexpressed tmRNA.
Sequencing tracks are numbered every 10 residues. Notice that after
chemical treatment, a major band appears one base downstream from
Y sites [big arrow in (A) corresponding to the big star in (B)] as well
as a minor one at the site itself [small arrow in (A) corresponding to

the entire sequence of the native and overexpresseo‘he small star in (B)] as a result of ‘stuttering’ (Denmeinal,, 1988).

tmRNAs was examined to locatd residue(s).

As shown in Figure 7B, a strong stop was observed at

positions one base’30 U4, in both the native and
overexpressett.colitmRNAs treated withN-cyclohexyl-
N’-(4-methylmorpholinium)-ethylcarbodiimide-tosylate
(CMC). A band is also visible at the site itself as a result
of ‘stuttering’ (Denmaret al,, 1988). These strong stops
were not seen in the two natural tmRNAs following

RNAs were found reactive following CMC treatment.
These results allow the following partial sequence to be
assigneds,UWCAACWCCCGs;.

This same oligonucleotidg,UWYCAACWYCCCG;sy, is
the one found to contain a methyl group by LC/ESIMS
analysis of RNase ;Idigests oft.coli tmRNA. Of a total

reverse transcription in the absence of CMC treatment, or of three uridines present in this oligonucleotide, twa/J

in treated or untreated synthetic tmRNA (Figure 7B).

and U,;) are modified toW. Consequently, the

Interestingly, a weak stop was also observed at position can be assigned to the only uridine remaining,qU

one base 3to Uz,7 only for the native tmRNA (difficult
to see in Figure 7B, and revealed only after quantitation
of the bands). The quantitation of radioactivity in the
bands corresponding to stops‘#i,, in both native and

Remarkably, all of the post-transcriptional modifications
of the overexpressed and nati¥ecoli tmRNAs have,
therefore, been assigned to the following sequence:
341MPUWCAAC WCCCG;5,, and are located withia 7 nt

overexpressed tmRNAs, indicates that the overexpressedsegment, out of 363 nt.

tmRNA is 12% less modified than the native tmRNA.
When tmRNA is overexpressed, the modifying enzymes
may be saturated. Compared witHs,, in the native
tmRNA, positionW5,,is 18-fold less modified. The entire

Discussion
Utility of LC/ESIMS for the detection of modified

tmRNA sequence was examined for the presence of otherbases in RNAs

putative W, but no other sites were found. A careful

The accurate measurement of molecular masses of RNase

comparative quantitative analysis was performed becauseT; oligonucleotides from any RNA allows nucleotide
several scattered uridines in both native and synthetic compositions to be determined and compared with the
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unmodified RNA or its gene (Kowalalet al, 1993;
Pomerantzet al, 1993). To locate the P found in
native and overexpressé&dcolitmRNAs from LC/ESIMS

Post-transcriptional modifications in E.coli tmRNA

Us47 might, therefore, be very similar to that of a T-loop
of canonical tRNAs, with a reverse-Hoogsteen base pair
Taar—Az45 as suggested (Feldeet al, 1996a), and in

analyses of total nucleoside digests, we adapted an earliemgreement with our recent chemical and enzymatic probing

protocol originally devised for mapping the modified
nucleosides in rRNA (Kowalagt al., 1993). In the original
protocol, the RNase {Tdigest was fractionated by anion

data (Felderet al,, 1997).
In canonical tRNAs,Wss and Gg interact via two
tertiary interactions with @ and Gg from the D-loop,

exchange chromatography prior to mass analysis, becauseespectively, to stabilize their overall three-dimensional
the number of oligonucleotides generated was too large architectures (Suddast al, 1974). Perhaps the conserved

for direct analysis. In addition, LC/ESIMS analysis of
oligonucleotide mixtures was not a sensitive nor routine

residues G; and G4 (the numbering is as fdE.coli, but
varies according to species) in all known tmRNA

procedure at that time. Encouraged by the recent descrip-sequences (Williams and Bartel, 1996; Feléeal., 1997)

tion of a favorable solvent system for LC/ESIMS analysis
of oligonucleotides (Apffelet al, 1997), we eliminated

are the structural analogs of;g&and Gg in tRNAs, but
additional experiments including a mutational analysis of

the anion exchange fractionation and analyzed the RNasethese residues would be helpful for conclusive answers.

T, digests directly by LC/ESIMS without any purification.

The structural mimicry of tmRNAs with canonical tRNAs

The extent of the sequence successfully analyzed wasmay be extended to several nucleotides from H5, especially

unexpected given both the complexity and the large
number of oligonucleotides derived from RNasgediges-
tion of a 363 nt-long RNA.

The overall protocol outlined in Figure 2 can be,
in principle, applied to the mapping of any structural
modification of RNA producing a mass change, for RNAs
<363 ntin length, depending on the extent of modification.
Indeed, a Tdigest of the RNA, still containing the enzyme
and buffers, can be directly analyzed by LC/ESIMS
without prior clean-up. Mass accuracies using a linear

guadrupole mass analyzer, as in the present study, ar

routinely within 0.01-0.05%, sufficient to distinguish C
from U (1 Da difference) in most cases. An estimated
10 pmol of RNase T digest of native tmRNA was
consumed in the LC/ESIMS of the oligonucleotides, with
average absolute errors of 0.1-0.2 Da (Table 1).
Matrix-assisted laser desorption—ionization time-of-
flight (MALDI-TOF) mass spectrometry has recently been
proposed for mass analysis of enzymatically derived
oligonucleotides from RNA (Hahneet al, 1997), and
was illustrated for a synthetic 20-mer. In contrast with the

present study, extensive sample clean-up was required.
There is, likewise, no certainty that, as is suggested, the

method will be generally applicable to modified RNAs.
Moreover, MALDI-TOF is incompatible with chromato-
graphic sample introduction, thus limiting its application
to relatively simple mixtures. Finally, mass accuracy with
the TOF analyzer is less than that obtained with linear
guadrupole instruments, and limits its application to ‘quite
small oligonucleotides’ (Hahnaat al., 1997).

A perfect structural analog of a T-loop in E.coli
tmRNA?

Figure 8 shows the location of the post-transcriptionally
modified nucleotides in a refined model of tiecoli
tmRNA secondary structure (Hickersoet al., 1998).

those in the stem-loop g-Asq perhaps mimicking both
the positioning and conformation of a D stem—loop (see
Figure 8 for details). In both native and overexpressed
tmRNAs, however, loop Y-C;g does not appear to
contain any dihydrouridines.

Two enzymes fronE.coli, tRNA (m°Us,)-methyltrans-
ferase (RUMT; Kealey and Santi, 1994) and tRNA psi 55
synthase (Nurseet al, 1995), usually specific for the
modification of canonical tRNAs, are good candidates for
recognizing and modifying §J;and U4, respectively, in

%n RNA deviating considerably in structure and length as

with E.coli tmRNA. For the RUMT, a seven-base T-loop
and five-base-pair stem is a good substrate for modification
of tRNAs (Gu and Santi, 1991), suggesting that the overall
conformation of tmRNA does not perturb (e.g. by steric
hindrance) the efficient recognition of the stem-locp&
Css, by the enzyme.

Pseudouridine is not reported in any sequenced tRNA
at position 60 (Sprinzét al, 1998), which corresponds to
Y., in tmRNA. E.coli pseudouridine synthase | (Kammen
et al, 1988) is a potential candidate for partial (~5%; see
above) modification of L, in only the native tmRNA.
Indeed, this enzyme may recognize the T stem—loop of
tmRNA as it normally does for the canonical tRNA
anticodon stem-loop. Seven nucleotides in both T and
anticodon loops, as well as weaker tertiary interactions in
tmRNA as compared with canonical tRNAs, could be
responsible for the recognition of this unusual RNA
substrate by the enzyme.

In canonical tRNAs, there are only about 40 nt between
the last nucleotide of the’'Strand of the acceptor stem
(nt 7) and the first nucleotide of the'-Strand of the
T-stem (nt 49 according to the numbering of tRNAS),
whereas irk.coli tmRNA there are 329 nt. Consequently,
tmRNA has built up its acceptor branch on different

Remarkably, all three modified nucleosides are located in architectural rules than those of canonical tRNAs, but it

a seven-nucleotide loop gW—Uz,), within the proposed
tRNA-like domain of tmRNA (Komineet al,, 1994). No
other post-transcriptional modifications were found in
either the mRNA-like domain or in the connecting segment
as described (Feldeat al, 1996b). The present study
suggests that the nucleotide8Wg,;W34,C3432344iNn E.coli
tmRNA mimic the universally conserved sequence
m°Ug,Ws:Cs6Rs7 (R purine) in T-loops of canonical
tRNAs. The solution conformation of loop Sz, /

can still be recognized by at least four enzymes specific
to canonical tRNAs, including alanyl-tRNA synthetase
and RNase P fronk.coli (Komine et al, 1994; Ushida

et al, 1994). This suggests that the conformations of
tRNA and tmRNA acceptor branches (acceptor stem
and T stem-loop) are very similar, if not identical.
Alternatively, if the modifications are mediated by tmRNA-
specific enzymes, then structural mimicry with tRNA may
not be absolute.
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Fig. 8. Experimentally and phylogenetically supported secondary structure model f&r.a¢bktmRNA (derived from Feldert al, 1996b, 1997,
Williams and Bartel, 1996), showing the presence and location of the modified nucleotides determined in the present study. The two functional units
of the molecule are shown in red.

Structural and functional implications of the role of these modified nucleotides Eicoli tmRNA, the
presence of post-transcriptional modifications in solution conformations of a synthetic versus an over-
E.coli tmRNA expressed tmRNA have been probed using dimethylsulfate

Are these post-transcriptional modifications present for and CMC (B.Felderet al, unpublished data). The results
specific structural and/or functional purpose(s) or are they obtained suggest that the modified bases stabilize the
present inadvertently? In bacterial tRNAs, these two overall conformation of the acceptor branch at 37°C.
modifications are universally conserved®Uy, increases To address whether modified nucleotides have any role
the stability of tRNAs (Davanloet al, 1979), decreases in the alanylation oE.colitmRNA, comparative charging
translation errors and increases ribosomal A-site binding, experiments between a synthetic and an overexpressed
although the lack of RUs, in tRNA only marginally tmRNA were performed withe.coli alanyl-tRNA synthe-
reduces (4%) the growth rate (reviewed in’ &j01992). tase (highly purified enzyme). Interestingly, the synthetic
In tRNAs, Weg participates in the specific geometry of T- tmRNA is reproducibly aminoacylated to a lower extent
loops, and probably plays a role in stabilizing the D-loop— (2-15%, depending on the preparation) than the over-
T-loop tertiary interactions. Since Tamued al. (1991) expressed tmRNA (10-30%, also depending on the pre-
have reported that the kinetics parameters of alanylation paration). This lower charging efficiency for a T7 tmRNA
of a T7 transcript corresponding to the sequence of the transcript as compared with a native tmRNA has already
E.coli tRNAA are very similar to that of a fully modified  been reported (Kominet al, 1994). The calculation of
E.coli tRNAA2, the direct implication of the modified the amount of T7 tmRNA charged has been corrected,
nucleotides in tmRNA aminoacylation is unlikely. since it contains only about half (48%) of the correct
Comparative UV melting curves between synthetic and CCA end (calculated from the LC/ESIMS analysis of a
overexpressedE.coli tmRNAs indicate that there is no T, digest of synthetic tmRNA; not shown). However,
difference int,, between the two molecules (not shown), comparative charging experiments (aminoacylation plat-
suggesting that the post-transcriptional modifications have eaus only) performed at different temperatures, 4, 25 and
only a minor, if any, contribution to the overall stability 37°C, have shown that the aminoacylation profiles are
of the RNA. To investigate further the putative structural similar at 4°C for a T7 and an overexpressed tmRNA. At
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both 25 and 37°C, however, the overexpressed tmRNA is esterase | and alkaline phosphatase (Crain, 1990). The overexpressed

charged more efficiently than the T7 tmRNA (not shown).

This experiment suggests that the modified nucleotides

and synthetic tmRNAs (50 pmol each) and the native tmRNA preparation
were each also digested with 1000 U RNase(Ambion; Austin, TX)
for 30 min at 37°C (Kowalalet al, 1993). The amount of native tmRNA

are required to stabilize the conformation of the acceptor in the isolate that was analyzed by LC/MS of its RNagedigest was

stem at 37°C which is needed for efficient alanylation.
Indeed, the major determinants fBrcoli tRNAA2 alanine
acceptance are a wobble;J,q pair within the acceptor

stem and the discriminator base (Hou and Schimmel, 1988;

McClain and Foss, 1988). A weak structural perturbation of
the tmRNA conformation close to thes@J,, pair, as
evidenced by our structural probing of the synthetic
tmRNA at 37°C (B.Feldert al., unpublished data), may

estimated to be ~10 pmols based on the ratio of its mass spectral peaks
to the corresponding ones from the other two tmRNAs.

Combined LC/ESIMS of nucleosides from E.coli tmRNAs
Hydrolysates (nuclease P1) of tmRNA were injected directly onto an
LC-18S column (2582.1 mm) with 20<2.1 mm Supelgard LC-18
precolumn cartridge (Supelco; Bellefonte, PA). The solvent system
consisted of 5 mM ammonium acetate, pH 5.3 (buffer A) and acetonitrile
+ H,O (40/60, v/v), developed from 100% A to 100% B using a
multilinear gradient (Pomerantz and McCloskey, 1990). UV spectra were

have unpredictable indirect consequences concerning theacquired over the range 190-320 nm.
alanine acceptance of the molecule [see Ramos and The liquid chromatograph (Hewlett-Packard 1090) was interfaced

Varani (1997) for the different hypotheses concerning the
contribution of the G-Uy, pair in tRNAA2 identity].

In tmRNA, the acceptor stem is made by the pairing
of both the extreme’snd 3-ends. The post-transcriptional
modifications may play an indirect role in alanylation in
stabilizing the acceptor branch which is constructed with
unusual architectural rules as compared with tRNAs.
Additional experiments, including the progressive inser-
tion of these post-transcriptional modifications into a
synthetic tmRNA using purified enzymes, and following
the alanylation properties of the molecule (as well as the
verification by LC/ESIMS that the post-transcriptional
modifications are added to the synthetic tmRNA), should
be helpful in developing a better understanding of the
structure—function relationships of this fascinating RNA.

Materials and methods

Nucleic acid preparation

directly to a Fisons Quattro Il mass spectrometer equipped with an ESI
source (Micromass; Beverly, MA), and controlled using the Micromass
MassLynx v.2.22 data system. The chromatographic effluent (800
min) was conducted into the ion source without prior splitting. The
source was maintained at 180°C. Capillary and lens voltages were 3.20
and 0.15 kV, respectively. Positive ions were detected. One-sec scans
(including 0.1 s delay) were acquired over a rangenéf 103-500
throughout the entire 50-min separation for the initial screening analyses.
The cone voltage was ramped from 35-5 V over the mass range scanned.
For high sensitivity detection o¥ and n?U, selected ion recording
was performed form/z 209 and 245 '¢) between 3.0 and 4.7 min and
for m/z 127 and 259 (1?U) between 12.0 and 15.0 min. The dwell time
was 0.08 s for all ions. The cone voltage was set to 40 V for generating
the fragment ionsnyz 209 and 127) and to 25 V for detecting the MH
ions (M/z 245 and 259).

Combined LC/ESIMS of oligonucleotides from RNase T,

digests of E.coli tmRNAs

Hydrolysates of tmRNAs were injected directly onto a ¥30 mm
PhaseSep ODS2 column (ChromTech; Apple Valley, MN) with<15
mm Optiguard C-18 precolumn cartridge (Optimize Technologies;
Oregon City, OR). The solvent system consisted of9.8,1,1,3,3,3-
hexafluoro—2-propanol (J.T.Baker; Phillipsburg, NJ), adjusted to pH 7.0

tmRNAs were either extracted from cells (both native and overexpressed with triethylamine, half of which was diluted 1:1 with HPLC grade

tmRNAS) or prepared byn vitro transcription. Native tmRNA was
purified from E.coli cells (strain W3110). The nucleic acid fraction
was phenol-extracted from mid-log phase cells followed by ethanol
precipitation. After the second phenol extraction and ethanol precipita-
tion, the resulting fraction was subjected to differential isopropanol

water (buffer A) and the other half 1:1 with methanol (buffer B) (Apffel
et al, 1997). The column was eluted using a linear gradient of 0—100%
B in A + B over 45 min, at a flow rate of 4Ql/min.

The chromatographic effluent (40/min) was conducted into the ion
source without prior splitting. The source was maintained at 145°C.

precipitations to roughly remove the DNA, followed by incubation with ~ Capillary and lens voltages were —3.20 and 0.30 kV, respectively; the
FPLC grade DNase | (Pharmacia; Piscataway, NJ). Native tmRNA was cone voltage was 52 V. Two-second scans (including 0.1 s delay) were
further purified by 5% denaturing PAGE. Two closely spaced bands acquired over a scan rangernfz500-1600. Negative ions were detected.
were always observed on the gels, and they could not be further separated
by either electrophoresis or HPLC. These two RNAs correspond mainly Determination of oligonucleotide composition from
to the native tmRNA successfully analyzed in the present study, and to molecular mass
the RNase P RNA (Jairet al, 1982), based on the detection of Electrospray mass spectra were convertedVfovalues using utility
characteristic RNase jToligonucleotides from the latter RNA (data  subroutines in the Micromass MassLynx v.2.22 software suite. Calcula-
not shown). tion of expected RNase;Tfragments from thé=.coli tmRNA sequence,
The overexpressed tmRNA was purified as described (Fedtleh, and of multiply charged ions predicted from ESI of these fragments,
1997). This overproduction system yielded 00-fold amount of tmRNA, were accomplished using software written in-house. A look-up table
properly processed as shown by its ability to be aminoacylatedtro consisting of all RNA compositions containing up to two Gs and six
with alanine. RT-PCR using vent polymerase (New England Biolabs; methyl groups, withM, values<3200, sorted by increasing mass has
Beverly, MA) was performed directly on a small amount of this tmnRNA  also been calculated.
to generate a template for construction of an unmodified T7 transcript
of the E.colitmRNA to serve as a negative control. Two DNA templates ) ) .
containing a T7 polymerase promoter for vitro transcription (5 The procedure was performed essentially as described (Bakin and
TGGTGGAGCTGGCGGGAG-3 and 3-GGGGCTGATTCTGGATT- Ofengand, 1993). For sequence localizationMbfesidues in tmRNA,
CGA-3) were synthesized on an Applied Biosystems model 394 synthes- five synthetic DNA oligonucleotides (STGGTGGAGCTGGC-3 5'-
izer using the phosphoramidite method. These DNAs were used to TTACATTCGCTTGCCAGC-3, 5'-CAGGCAGGGCTTCCACGC-3
amplify by RT-PCR the purifiedE.coli tmRNA to prepare a DNA 5 -GAGAGAGGGCTCTAAGCA-3, 5'-TTTTTACGAGGCCAACCG-
suitable for T7 transcription. After transcription using a RiboMAXit 3'), complementary to residues§3-Azsa Go74-A201, G200-Go17 U128~
(Promega; Madison, WI) phenol extraction followed by a DNase | Cuiss and Gg-Azs, respectively, were synthesized antldbeled using
treatment was performed, and unincorporated NTPs and DNA fragments [y=>PJATP at 3200 Ci/mol (Dupont NEN; Wilmington, DE) and phage
were removed using Microcon 50 microconcentrators (Amicon; Beverly, T4 polynucleotide kinase (New England Biolabs; Beverly, MA) prior to
MA). Both size and sequence of the T7 transcript were verified and initiation of reverse transcription. The whole tmRNA sequence was
compared with the tmRNA purified from cells. Spectrophotometric screened with these five primers by reverse transcription using AMV
measurements were made to determine the concentration of the RNA. reverse transcriptase (Promega; Madison, WI).

CMC modification

Enzymatic hydrolysis of RNAs Quantitation
Native and overexpressdficoli tmRNAs (0.3 nmol), along with a T7 The relative amount of U residues convertedWowas analyzed by
transcript, were hydrolyzed to nucleosides using nuclease P1, phosphodi-phosphorimager using ‘ImageQuant’ (Molecular Dynamics; Sunnyvale,
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CA). For the native, overexpressed and T7 tmRNAs as well as for the
control lanes, the amount of radioactivity in the bands one base
downstream from a putativl site (A) was normalized to the total
amount of radioactivity in the lane (B). This value’(A A/B) was then
subtracted from the value obtained with the corresponding controls
(A" = A" = A'c, where A¢ is the corresponding control).’Awas
finally subtracted from the corresponding value obtained with the T7
tmRNA, to give the relative amount d# modification at this site
(A" = A" = A7)
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