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Lysine tRNAs from Bacillus subtils 168: structural analysis
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ABSTRACT

The primary sequence was established for two lysine tRNA isoacceptors
which differ in abundance during development in Bacillus subtilis. Both tRNAs
shared the same primary sequence but differed in the degree of post-trans-
criptional modification in the anticodon loop. The earlier eluting species,
tRNA{YS, had an unmodified C in position 32 and a mixture of N-[9-S-ribo-
furanosyl) purin-6-ylcarbamoyl]-L-threonine, t6A, and N- [ (9-B-D-ribofuranosyl-
2-methylthio-purin-6-yl)carbamoyl]threonine, ms2t6A, in position 37. The
later eluting species, tRNALys, which is the more efficient in protein syn-

,32thesis, had a modified C in position 32 and only ms2t6A in position 37. The
possibility exists that modification to make a more efficient tRNA species
may be part of a functional interaction between the translational and trans-
criptional changes that are part of the differentiation process in B. subtilis.

INTRODUCTION

During differentiation in Bacillus subtilis, changes in transcriptional

and translational processes occur (1,2), among these are changes in the rela-

tive amounts and kinds of isoaccepting tRNA species (3-6). This could be

caused by the expression of new tRNA genes at various growth stages of differ-

ences in the expression of the genes which code for tRNA modifying enzymes.

To obtain more data about this phenomenon, we chose to compare the primary

sequence of two lysine isoacceptors from B. subtilis 168 that showed differ-

ences in relative abundance as a function of growth stage (6).

MATERIALS AND METHODS

Isolation of lysine tRNAs and sequence analysis. tRNA was extracted

from cells of B. subtilis 168 trpC2. The lysine isoacceptors were purified

on columns of RPC-5 or Aminex A-28 with polyacrylamide gel electrophoresis as

the final purification step (7). tRNALys and tRNALYS were sequenced by the
I. 3

method of Gupta and Randerath (8). W4hen two-dimensional TLC was required,

the oligonucleotide bands were extracted from the gel, digested with nuclease
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P1 and analyzed as described by Kuchino et al. (9).

Analysis of modified nucleosides by mass spectrometry. Purified tRNALys
and tRNALys were hydrolyzed using RNase T2 followed by alkaline phosphatase

3

and venom phosphodiesterase. Digests were dried, then trimethylsilylated by

heating with N,0-bis-(trimethylsilyl)acetamide-trimethylchlorosilane-pyridine

(100:1:10) for 1 h at 100°Co Samples of the resulting mixture equivalent to

5 Ug tRNA were introduced into a Varian MAT 731 mass spectrometer by direct

probe, and their high resolution mass spectra photographically recorded at

resolution 15,000. Modified nucleoside components were identified from pre-

determined exact mass values (10).

Analysis of modified nucleosides by HPLC. Nucleosides were fractionated

on a Supelco C18 5 p column, 250 x 4.6 mm ID. HPLC solvents were A 0.25 M

ammonium acetate pH 6.0 and B 40/60 (v/v) acetonitrile/water. Nucleosides

were resolved by gradient elution with a flow rate of 2 mQ/min. The absorbance

at 254 nm and 280 nm was integrated with a Spectra physics 4020/4000 system.

Nucleosides were identified by retention time, the 254/280 spectral ratios

and co-chromatography with standards. Full details of those methods will be

published elsewhere (M. Buck and B. N. Ames, manuscript in preparation).

RESULTS

Primary sequence of tRNALys and tRNALYS. The method of Stanley and
-~~~~~~~~~~~~~~

Vassilenko (11), as modified by Gupta and Randerath (8) and Kuchino et al.

(9) was used to determine the primary sequence of tRNALYS and tRNALYs. The

5'-terminus of both isoacceptors had previously been determined to be pG (12).
In the majority of analyses, the modified nucleosides labeled well enough to

locate by autoradiography. Final identification and quantitation were done

using HPLC and mass spectrophotometric analysis. For the initial analysis of

primary sequence, lysine tRNAs purified through a denaturing gel were hydro-

lysed, the 5'-end of each oligonucleotide labeled with [y-32P]ATP using poly-

nucleotide kinase, and the oligonucleotides fractionated by polyacrylamide gel

electrophoresis. These oligonucleotides were transferred to PEI-cellulose,

digested with RNase T2 and separated in one dimension using either the

ammonium sulfate or ammonium formate solvent systems of Gupta and Randerath

(8). Both species contained 2 pseudouridines, one in position 55 and one in

position 39; 2 dihydrouridines, one in position 17 and one in position 20;
m7G at position 46; and a mixture of U and a modified U at position 34. The

anticodon loop region was not well resolved by one-dimensional TLC, therefore,
a two-dimensional TLC was performed (9). The results are shown in Fig. 1.
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The designations K andU* were given by Yamada and Ishikura (13) in their

original report of the sequence of B. subtilis tRNALys. Upon subsequent in-

vestigation, U*, which was found at about 03 mol/mol tRNA, was identified as

5-(carboxymethylaminomethyl)-2-thiouridine, cmnm5s2U, based on its ultraviolet

absorption spectra and mass spectrometric analysis of the trimethylsilyl

derivative (14), Yamada and Ishikura identified K as N-[(9-S-D-ribofuranosyl-
2-methylthiopurin-6-yl)carbamoyl]threnonine, ms2t'6A, based on analysis of

alkaline hydrolyzate of K and comparison of chromatographic properties with

those of authentic ms2t6A from rabbit liver (15).
Both species have a small amount of label appearing as a double spot near U

at position 34. This is assumed to represent U* or cmnm5s2U, although we did

not have a standard to which to compare it. Also, in both cases, there is an

area of radioactivity representing ms2t6A. One difference is that position

37 in tRNALYS also contains t6A. This assignment is based on the chromato-

graphic mobility published for t6A by Kuchino et al. (16) and by our HPLC

analysis revealing the presence of t6A in tRNALys. Since there were no detect-

able changes so far in the primary sequence or minor modifications of the

purified tRNALys or tRNALys except that tRNALys had a mixture of t6A and

ms2 t6A, the chromatographic properties of the two species were re-examined by
co-chromatography with mixed tRNAs aminoacylated with lysine. Although
tRNALys co-eluted exactly with the tRNALys from mixed tRNAs, purified tRNALys
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co-eluted in a position characteristic of tRNALYS instead of tRNALYs. We
1 3

interpreted this result to indicate that a labile modification was present in

tRNALYs which was lost under the conditions used for the denaturing gel. In
3

fact, tRNALYS is so unstable that about 30% of it spontaneously converts to

either the position of tRNALYS or tRNALYs under a variety of conditions such
1 2

as withdrawal of magnesium, treatment with urea at 450, or simple re-chroma-

tography on RPC-5. We do not understand why tRNALYs converts to a position
3

characteristic of tRNALYs under some conditions and to a position character-
I

istic of tRNALYS under other conditions.
2

In an attempt to locate the position of the presumptive labile modifi-

cation, tRNALys purified as far as the last RPC-5 chromatography step and not

subject to a denaturing gel was partially sequenced. Results pertinent to

the anticodon region are shown in Fig. 2.

In the absence of the gel purification step, the tRNAs do not give a

clear nucleotide pattern. Nevertheless, we were able to observe a modified

nucleoside at position 32 in the anticodon loop. Since the nucleoside in

this position chromatographed as C in tRNALys purified on the denaturing gel,

C is the parent nucleoside. In ammonium formate or ammonium sulfate, the

modified nucleoside ran ahead of C.

Identification of modified nucleosides from mass spectra of unfraction-

ated tRNA hydrolysates. Modified nucleosides were identified by exact mass

UUu

iL A L A

Figure 2. One dimensional PEI-cellulose TLC analysis of 5'-32P-labeled
complete RNase T2 digestion products of oligonucleotides derived from a
tRNAIYs sample which had not been purified on a denaturing gel. Ammonium
formate was the solvent for TLC shown in the left panel and ammonium sulfate
in the right panel.
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values of characteristic ions (17,18) for each component (10) from an unfract-

ionated hydrolysate of a purified tRNA. Examples of the resulting data are

represented by the profiles from a small section of the photographic plate

shown in Figure 3. The identifying peaks for m'G are the molecular ion (M)

and M-CH3 ion from the pentasilyl derivative of the imidazole ring-opened

form which is characteristically observed in silylated hydrolysates (10).

The identification of ms2t6A is based on the M-CH3 and M-C2H40 (from the

threonine side chain) ions which are characteristic for the t6A family of

nucleosides (19,20). In similar fashion, ms2t6A was found in tRNALYs (10);
7~~~~~~~~~~~~~~~~~~~~~~~~~~~~

m G was not found, but the absence of appropriate peaks is not indicative of

its absence (10). It was found in both tRNAs by HPLC and in determination of

the primary sequence.

D, T and F were observed in both tRNA species, based on ions of the mole-

cular ion series (17) (data not presented). No evidence was found for cmnm5-
s2U in either species, although both showed m/z 488.2069, which is character-

istic of 5-carboxymethylaminomethyluridine (M-CH2CO2Si(CH3)3), which may have

arisen from the chemically plausible oxidation of cmnm2s5U.

Analysis of modified nucleosides by HPLCo Nucleosides were analyzed by

HPLC as described in Materials and Methods. The data showed that both tRNALys
and tRNALYS contained equal amounts of p, m5U, and m'G in molar ratios of

2:1:1. The nucleoside t6A was found in tRNALys at about 0.17 mol t6A/mol m5U

and in tRNALys at about 0.03 mol t6A/mol m5U. Some ms2t6A was also found in
3

(a) C25FIg (b)

M-CH3
660.2924

XKI xiFx
Clr F24| Xl| M-C2H40 Fl
C,7Fm ~~~~~~~~~774.2891 C 0

first isotope M-CH3
M first peak of 803.2927

675.392 isotop M-CZH4O0
CMF21 M Cr17F,0

660 661 675 676 774 775 803.0 803.

m/z rn/i

Figure 3. Selected regions of the high resolution mass spectra of
trimethylsilylated digests of tRNALYs showing presence of (a) m7G, and (b)
ms2t6A. MIass values shown are experimental; theoretical values are (a)
660.2922, 675.3157; (b) 774.2936, 803.2963.
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both species, but it seemed to undergo a chemical change during the preparation

of the material for analysis and the species co-chromatographing with an auth-

entic standard from rabbit liver tRNA was only detectable in very low amounts.

There was no mt6A detectable in either species.

An unidentified nucleoside eluting between U and m5U was also found in

both species. Its elution position is compatible with it being a modified

uridine such as cmnm s2U6 It was shown not to be 5-methylaminomethyl-2-
thiouridine, 5-methoxycarbonylmethyl-2-thiouridine, 5-methyl-2-thiouridine,

or 5-methoxycarbonylmethyl uridine.

DISCUSSION

The structure for tRNALys from B. subtilis is given in Fig. 4. The
3

structure for tRNALYs is the same as that for tRNAYLs in primary sequence

but differs in post-transcriptional modification in that tRNALYS has an

unmodified C in position 32 and both t'A and ms2t6A in position 37. The

sequence of tRNALys has been published by Yamada and Ishikura (13). Our

sequence of tRNALYS is the same as theirs except that we detected a

mixture of t6A and ms2t6A whereas Yamada and Ishikura (13) reported the

presence of only ms2t6A. Both laboratories found a partly replaced uridine

residue at position 34 which Yamada, Murao, and Ishikura (14) identified
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Figure 4. Primary
sequence of tRNALys
from B. subtilis.
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as 5-(carboxymethylaminomethyl)-2-thiouridine. Although we have

not sequenced tRNA2 , it seems mDst likely that this minor species is gen-

erated through the degeneration of tRNA3Y . Therefore all three lysine

isoacceptors in B. subtilis probably arise from structural genes of the

same sequence. Similarly, a change in the two tyrosine isoacceptors at

various growth stages in B. subtilis is due to a post-transcriptional modi-

fication (21) and there is only one type of gene sequence for tyrosine tRNAs

in B. subtilis. Hopefully, when more is known about the structure and

function of the other eight sets of isoacceptor tRNAs which show chromato-

graphic variations during development (6), we will be able to relate these

changes to other alterations in the translational and transcriptional

apparatus which occur as part of sporulation (22,23).
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