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ABSTRACT

Several DNA fragments carrying tRNA genes have been cloned from EcoRI
endonuclease digests of Escherichia coZi DNA. Using cloned DNA, the sequence
of the region around the distal gene for tRNAlASP(F(or G)) in the E. coZi
ribosomal RNA operon [rrnF(or G)] has been determined. In the distal portion
of rrnF(or G), the genes for 23S, 5S rRNA and tRN41P(F(or G)) are located in
that order and separated by intergenic spacers of 93 and 52 base pairs, re-
spectively. A possible hairpin structure, with its center between the 22nd
and 23rd base pair downstream from the 3'-end of the tRNAAsP(F(or G)) gene,
followed by a sequence of eight thymidine residues was identified as the
transcription termination signal for rrnF(or G). The termination is rho-
independent, at least in vitro, and occurs within the region of the contiguous
thymidine residues. A possible promoter for a protein gene is present about
50 base pairs downstream from the rrnF(or G) terminator.

INTRODUCTION

The primary sequences of more than 30 Escherichia coZi tRNA species have

been determined (1) and the genes for many tRNAs have been mapped on the

E. coZi chromosome (2 and H.Ozeki personal communication). The amount of tRNA

molecules in E. coZi cells is known to differ significantly in different spe-

cies (2). Since the amount of tRNA molecules in the cells does not corre-

spond to the pumber of genes in some tRNA species, as for example in tRNATyr
and tRNA2ffl (3-5), the transcription signals, promoters and terminators, must
play an important role in tRNA gene expression. Processing of tRNA precursors

may also be involved in regulation of the amount of tRNA molecules. Deter-
minations of the DNA sequences of many tRNA genes, including their promoters,
terminators and intergenic spacers, should provide information for under-

standing the detailed mechanism of tRNA gene expression in E. coli.
The genes for tRNA so ftar analyzed can be divided into two groups. In

group 1, one or more tRNA genes constitute a tRNA operon. Promoter-dependent
transcription of the operon produces a precursor RNA that can be processed to

the mature tRNA(s). In this group, the structure of the gene for tRNAJY,
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including the signals for gene expression, has been most extensively charac-
terized (6-12). The genes for tRNA in group 2 belong to the seven ribosomal
RNA operons (rrn) in E. coli as genes for spacer or distal tRNAs (13,14). The
DNA sequences of the regions around the genes for spacer tRNAs, tRNAIle (15,
16) tRNAlaB (16) and tRNA2Gu (17), have been determined. Furthermore, recent-
ly Young has sequenced the distal end region of rrnC containing the genes for
boh Asp Trp (18)both tRNA1 (C) and tRNAP

We have cloned and isolated several E. coZi DNA fragments carrying tRNA
genes. Using one of the cloned DNAs carrying tRNA genes of group 2, the DNA
sequence of the region around the distal tRNA4P(F(or G)) gene in rrnF(or G)
was elucidated. Here we report evidence that the gene for tRNAAsp(F(or G))
follows the 5S rRNA gene in rrnF(or G)) and that the transcription termination:
signal for the operon is located shortly after the tRNA gene. Furthermore, a
sequence that seems to be a promoter for an adjacent protein gene in the
region downstream from the rrn operon is described.

MATERIALS AND METHODS

Materials. Restriction endonucleases were purchased from Bpehringer
Mannheim Biochemicals or Bethesda Research Laboratories. T4-DNA ligase (19),
RNA polymerase holoenzyme (20) and rho-factor (21) were prepared according to
published procedures. RNase T1 was from Sankyo Co. T4-Polynucleotide kinase
was from Boehringer Mannheim Biochemicals and bacterial alkaline phosphatase
(BAPF) was from Worthington. [a-32P]Ribonucleoside-5'-triphosphates were pre-
pared as described by Reeve and Huang (22) using ribonucleoside [5'-32P]mono-
phosphates obtained by nuclease P1 (Yamasa Shoyu Co.) digestion of total
E. coli RNA labeled in vivo. The preparation had a specific activity of 1

Ci/mmol. Agarose for gels was Seakem brand, and acrylamide and bisacrylamide
were from Eastman.

Restriction EndonucZease Digestions and Fractionation of DNA. Digestions
of DNA with restriction endonucleases were performed under the conditions
specified by the enzyme suppliers. After digestion, DNA fragments were frac-
tionated by electrophoresis on 1 % agarose or 5 to 10 % polyacrylamide gels.
Agarose gels were used for separation of DNA fragments bigger than 2000 bp
electrophoresis being carried out at 15 mA for 16 hrs in 90 mM Tris-borate
(pH 8.3)-4 mM EDTA. DNA fragments smaller than 2000 bp and 500 bp were ana-
lyzed by electrophoresis on 5 % and 10 % polyacrylamide gels, respectively;
the ratio of acrylamide to bisacrylamide was 29 to 1 and electrophoresis was
performed in 45 mM Tris-borate (pH 8.3)-2 mM EDTA.
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Recovery of DNA Fragrnents from GeZs. The bands of DNA in gels were lo-

cated by staining with ethidium bromide (1 pg/ml) or by autoradiography. DNA

was recovered from agarose gels by the method of Tabak and Flavell (23). DNA

in bands excised from acrylamide gels was eluted by the method of Maxam and

Gilbert (24).

CZoning of E. coZi DNA Fragments and Detection of PZasmidl Carrying tRPNA

Genes. E. coZi C600 DNA (500 Vig) was digested with 500 units of restriction

endonuclease EcoRI in 500 p1 of reaction mixture at 370 for 16 hrs.

After digestion, the mixture was applied to a wide well (200 x 2 x 5 mm)

of a preparative 1 % agarose gel (250 x 170 x 5 mm) and the DNA fragments

were fractionated by electrophoresis. A portion of the gel (20 x 170 x 5 mm)

was excised and subjected to hybridization as described by Southern (25).

When hybridization was performed using total E. coli tRNA labeled with [32p]
phosphate in vivo as a probe, thirteen distinct radioactive bands were ob-

served on the autoradiogram. DNA fragments were eluted from the regions cor-

responding to these bands. Samples of 2 pg of these fractionated DNA frag-

ments were ligated to the EcoRI site of RSF2124 (26) (4 pg) in a solution

(100 pl) of 50 mM Tris-HCl (pH 7.5)-5 mM MgC12-10 mM DTT-100 PiM ATP using 40

units of T4-DNA ligase at 40 for 16 hrs. Transformation of E. coZi C600

(rUKmKI) by the ligated DNA was performed as described by Enea et al. (27).

Ampicillin resistant and colicin El non-producing transformants were

collected. Each transformant was cultured in 10 ml of Luria broth and cleared

lysate was prepared by chloramphenicol amplification as described by Clewell

and Helinski (28). Proteins and RNA were removed from the lysate by extrac-

tion with an equal volume of 1 x SSC saturated phenol and by treatment with

RNase A (20 pg/ml) at 370 for 1 hr. Then the crude plasmids were precipitated

by addition of 2.5 volumes of ethanol, dissolved in 50 p1 of 10 mM Tris-HCl

(pH 7.5)-0.l mM EDTA and subjected to electrophoresis on 1 % agarose gels.

The region of the gel containing plasmids was excised and subjected to

Southern hybridization (25) using [32p] labeled total E. coli tRNA as a probe.

The plasmids carrying the sequence complimentary to tRNA were transferred to

E. coli HB101 (hsm-,hrs-,recA-,gaZ-,pro-,strR) and maintained in Luria broth

containing 50 % glycerol.

Labeling of DNA fragments and DNA Sequencing. The phosphate groups at

the 5'-ends of DNA fragments generated by restriction endonucleases were

removed as described previously (15). The fragments were labeled with [32p]
phosphate at the 5'-ends as described by Maxam and Gilbert (24), except that
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the T4-polynucleotide kinase reaction was carried out at pH 7.5. DNA frag-
ments were sequenced using the chemical modification procedure of Maxam and
Gilbert (24).

In vitro transcription of the cZoned DNA. Transcription and processing
of transcripts were performed as described previously (29). [a-32P]UTP and

[ct-32P]CTP were used as labeled ribonucleoside-5'-triphosphates. Reactions

were stopped by heating at 90° for 3 min. Denatured proteins, if present,
were removed by centrifugation, and then the solution was mixed with one-

third volume of 50 % glycerol-0.1 % xylene cyanol-0.1 % bromphenol blue and

subjected to two-dimensional electrophoresis using 10 % polyacrylamide gel in
the first dimension and 20 % polyacrylamide gel in the second dimension.

Fingerprinting of the RNA products was performed as described previously (29).

RESULTS

PZasmids carrying the genes for tRNA. No sites for restriction endo-
nuclease EcoRI are present in the known nucleotide sequences of E. coZi tRNA

species. Therefore, by using EcoRI endonuclease, most of the tRNA genes
should be cleaved from the chromosome without damaging the structural genes.
At least 13 distinct DNA bands complementary to tRNA or 5S rRNA were obtained
when EcoRI fragments were separated by electrophoresis on 1 % agarose gel and
then subjected to the Southern hybridization procedure using total E. coZi
tRNA labeled with [32P]phosphate in vivo as a probe. Unfractionated EcoRI
fragments (Table 1, Exp.1) and these fractionated as described above (Table 1,

Exp.2) were cloned using plasmid RSF2124 (26). The nine DNA fragments so far

obtained are shown in Table 1. Among the DNA fragments thus cloned, only two
DNAs contained the tRNA gene of group 1. All the other cloned fragments in
Table 1 contained group 2 genes, which belong to rrn operons as genes for
spacer or distal tRNAs. Assignments of these DNAs carrying the genes for
tRNA or 5S rRNA were performed by comparison with the known chain lengths of
EcoRI fragments generated from rrn operons (13,14,32). The DNA sequence of
the region around the tRNAIle gene in pTS228 was reported previously (15).

When pMM10-19 was digested with EcoRI, the fragment of 2.7 kb was gen-
erated. Since this fragment carried the gene for tRNAl (F(or G) ) (Table 1),
it was designated as tDNAl6P. In E. cozi, the genes for tRNAlSP thus far
known are located in the rrnC and the rrn (Group I) (rrnF(or G), see the
legend to Table 1) operons as distal genes (13,14). The rrnF(or G) operon
contains only the tRNAAsP(F(or G)) gene (13), while rrnC has the genes for
both tRNAsP(C) and tRNATrP (14). The cloned tDNA,AS was compared with the
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Table 1. EcoRI fragments of E. coli DNA carrying the genes for tRNA or 5S
rRNA. In experiment 1, total EcoRI digests of E. coli DNA were ligated to
RSF2124 (for pYK Strains) or pMB9 [for pTS228 (15)]. In experiment 2, EcoRI
fragments obtained from E. coli DNA were first fractionated by electrophore-
sis on 1 % agarose gel. The DNA fragments carrying tRNA genes were located
by blotting hybridization as described by Southern (25) and eluted from the
gel. The DNA fragments thus fractionated were subjected to molecular cloning
using the RSF2124 plasmid (26) as a vector. The tRNA species of the gene in
the cloned DNA was identified by hybridization with [32P]tRNA fractionated by
two dimensional polyacrylamide gel electrophoresis (30). The chain lengths
of the cloned DNAs were estimated by comparison of their mobilities on

agarose gel electrophoresis with those of XDNA treated with both EcoRI and
HindIII (31). The rrn (Group I) operon reported by Morgan et al. (13),
corresponds to one of two rrn operons, rrnF and rrnG (14,32). The restric-
tion maps for rrnF(or G) and rrnG(or F) have been reported by Boros et al.
(32) and Bram et aZ. (33). Presence of an EcoRI site in the distal region
suggests that rrnF(or G) may correspond to the rrn (Group I) operon.
According to the terminology of Boros et al. (32), rrnF(or G) is used instead
of rrn (Group I) in this paper.

plasmid pLC7-21, which is known to carry rrnF(or G) (13). As shown in Fig.la,

digestion of pLC7-21 with EcoRI generated fragment B (2.7 kb), with a chain

length corresponding to that of tDNA4P, besides the plasmid vector and

fragment A of 4.3 kb. The cloned fragment tDNA,AS and fragment B were further

cleaved with HaeIII ,HindII and a mixture of HaeIII and HindU, and the digests

were analyzed by 10 % polyacrylamide gel electrophoresis. The results shown

in Fig. lb clearly indicate that tDNAlSP and fragment B were identical. It is

therefore concluded that tDNAlASP is a distal portion of the rrnF(or G) operon

as indicated in Fig. 2. Fig. 2 shows the expected structure of rrnF(or G)
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Recombinant DNARecor_binan DA Size of tRNA or 5S RNA Remarks on tRNA genes
Experiment 1 Experiment 2 DNA (cklbo)ned Hybridized

pYK134 6 X tRNA operon

pWl,2-23 10 Asn tRNA operon

pTS22H pMM13-6 2 Alal,Ilel spacer tRNAs in rynA(85') or D(71')

pYK206 pMM8-23 4 Alal,Ilel,5S spacer tRNAs in rnF(or G)

pYK50 pMWl 3-18 2 Glu2 spacer tRNA in rrnB(88'), C(83'),
E(89') or rrnG(or F)

pYK137 8 Aspl,Trp distal tRNAs in rrnC(83')

pMM1O-19 3 Aspl distal tRNA in rrnF(or G)

pYK24 9 5S rrnA(85')

pMMl1-3 2 5S rrnC(83')
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Fig. 1. Comparison of tDNAASP with fragment B obtained by EcoRI digestion of
pLC7-21. Two ,ug of pLC7-21 was digested with 5 units of EcoRI. The digests
obtained and the cloned tDNAASP fragment were subjected to electrophoresis
side by side on 1 % agarose gel (a). Fragment B (1 pg) obtained in (a),
which has the same mobility as tDNAAsP, and tDNAAsP (1 rig) were digested with
2 units of HaeIII, HindII and a mixLure of HaeITi and HindII. The sub-
fragments obtained from the two DNAs were compared by electrophoresis on 10 %
polyacrylamide gel (b).

and also includes the results described below.

Since the gene for tRNAAsP(F(or G)) is located in the distal portion of

rrnF(or G) (13), tDNAAsp must contain the region of transcription termination

of the operon. Being interested in the structure of the transcription ter-

mination signal, we determined the DNA sequence of the region around the gene

for tRNA1SP(F(or G)) using tDNAl*P We also sequenced a terminal portion of

fragment A, where the genes for 23S and 5S rRNA are located.

Restriction map of the distaZ region of rrnF(or G). For determination of

its terminus adjacent to tDNAl P, the EcoRI fragment A of 4.3 kb obtained from

pLC7-21 (Fig.la and Fig.2) was labeled with [32P]phosphate at the 5'-ends
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pMM1O-19 pTS228 __i
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tRNAI,S Ala lN1~ie
'\ 5S rRNA tRNA1B tRNA223SrRNA' 16SjrRNA1P2P1
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2.7 kb (B) P 4.3 kb (A)

r HindU Hind EcoRI HaeUl Alul Alul:

220 110 0 -150 -240 -290 bp

mRNAX tRNAsp 5S rRNA 23S rRNA

Fig. 2. Structure of the rrnF(or G) operon. Top, two cloned DNA fragments,
tDNAIle carried by pTS228 (15) and tDNAAsP in pMM 10-19 are shown. Middle,
the region of rrnF(or G) carried by pLC/-21 (13) is illustrated with the
positions of the constituent genes. The positions of the promoters for rrnF
(or G) (pl and p2) are deduced by analogy to those for rrnE, rrnA (34), rrnD,
nnrX (35) and rrnB (36). The positions of the transcription termination
signal for rrnF(or G) and the promoter for the assumed gene adjacent to rrnF
(or G) are also illustrated. Bottom, a restriction map of the region joining
fragment A (4.3 kb) and tDNAAsP (i.e. fragment B, 2.7 kb) is shown.

using T4-polynucleotide kinase and [y-32P]ATP. The labeled fragment A was

digested with AluI and the digests were compared by electrophoresis on 10 %

polyacrylamide gel with those obtained from tDNA1le, which carried the 3'-end

region of the 16S rRNA gene, the genes for tRNAl tRNAla and the 5'-end

region of the 23S rRNA gene (15 and Fig.2). Among the 19 DNA bands obtained

from fragment A, a subfragment of 240 bp (Alu D ; subfragments were designated

alphabetically according to their chain lengths) was radioactive and not

present in the digests of tDNAle. Therefore, the labeled end of Alu D must

be adjacent to tDNAAsp Partial AZu Idigestion of the [5'-32P]HinfI fragment

of 380 bp obtained similarly from the same labeled end of fragment A revealed

that a small AZu fragment of 47 bp (AZu R) was adjacent to AZu D. The results

are illustrated at the bottom of Fig. 2(0 to -290 bp).

The cleavage sites of tDNAlP with several restriction endonucleases are

summarized in Fig. 3. Digestion of tDNAtsP with HaeIII generated seven frag-
ments (Hae A to Hae G in Figs.l and 3a). When the digests were separated by
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Fig. 3. Restriction map of the cloned E. coli DNA fragment (tDNAAsP). (a)
Cleavage sites on the DNA fragment (tDNAAsP) were mapped for Hindjj, HaeIIl
and a mixture of HindII and HaeIII. The fragment B obtained by HaeIII
digestion (Hae B) was shown to carry the gene for tRNAlsP(F(or G)). (b)
Cleavage sites on the Hae B fragment were mapped for H-ndII, HinfI and TaqI.
The position of the gene for tRNAASP(F(or G)) and its transcription termina-
tion signal (T) are also indicateL. (c) The DNA fragments used for nucleo-
tide sequence determination are illustrated. All the double stranded DNAs
were first labeled with [32P]phosphate at their 5'-termini using T4-
polynucleotide kinase and [y-32P]ATP. The labeled DNAs were then subjected
to either strand separation or further digestion with appropriate restriction
endonucleases.

electrophoresis on 2 % agarose gel and then subjected to blotting hybridiza-

tion by the method of Southern (25) using total E..coli tRNA labeled with

[32P]phosphate in vivo as a probe, only the fragment Hae B could be detected

as a labeled DNA on the autoradiogram (data not shown). Fig. 3b shows a

cleavage map of fragment Hae B thus identified to carry the tRNA4P(F(or G))

gene, and also the position of the gene.

DNA sequencing. The DNA sequence of the region containing the 3'-end of

the 23S rRNA gene and the gene for 5S rRNA was elucidated using the Alu D and

AZu R fragments obtained from EcoRI fragment A of pLC7-21. The separated
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single strands were examined by the method of Maxam and Gilbert (24). The
Aspregion around the gene for tRNA, (F(or G)) was sequenced using the fragments

generated from tDNAlSP by digestion with both HaeIII and HindII (HaeHindD, H

and J, see Fig.lb and 3b) or with both HaeM and HindIIHaeHinf I, J and D,

Fig.3b). The method for DNA sequencing of tDNA4AsP is illustrated in Fig. 3c.

The following fragments were obtained ; i) two labeled terminal fragments

produced by HindI digestion of 15'-32p] Hae B, ii) separated strands of the

[5'-32p] labeled HaeHind J fragment, iii) two labeled fragments obtained from

[5I_32p] Haellind H by HinfI digestion, iv) two terminal fragments generated

by TaqI digestion of [5'-32P] HaeHinf I and v) two labeled fragments obtained

from [5I-32p] HaeHinf D by HindII digestion. Sequence determination of these

fragments was also performed according to the procedure of Maxam and Gilbert

(24). The DNA sequences thus determined for AZu D and R of fragment A

(positions 1-292) and for the HaeHind J-H region and a portion of HaeHind D

(positions 293-600) are shown in Fig. 4. A remarkable structure of two-fold

rotational symmetry followed by eight T-A base pairs (positions 384-417) is

present in the region beyond the gene for tRNA4SP(F(or G)) (positions 301-377)

and this seems to be a transcription termination signal.

In vitro transcription of the EcoRI fragment, tDNA1SP. To identify the

presumed terminator, tDNAAsP was transcribed with E. coli RNA polymerase and

the products were analysed. As shown in Fig. 5a, six transcripts of distinct

sizes were separated from other heterogeneous products by two-dimensional

electrophoresis on polyacrylamide gel. Of these six transcripts, transcript

2, containing about 120 nucleotides, was the main product. A significant

amount of transcript 5, which contained less than 80 nucleotides, but a few

more than tRNAAsp, was also produced. As shown in Fig. 5b, the sizes of the

major product 2 and of other transcripts were not affected by addition of the

rho-factor.

The fingerprints of RNase Tl-oligonucleotides obtained from the primary

transcripts 1 to 6 revealed that all these transcripts except transcript 1

contained the nucleotide sequence of tRNAAsP. The region of tDNA0AP giving

transcript 1 is not identified yet. The fingerprint obtained from the major

transcript 2 is shown in Fig. 6a. In fact, the primary transcripts could be

processed to tRNAAsP as shown in Fig. 5c (spot 3) and Fig. 6b when the trans-1
cription reaction mixture was treated with the S30 fraction of E. coli

extracts. Fingerprint analysis of the major transcript 2, shown in Fig. 6a,

also revealed that besides the Tl-oligonucleotides from the sequence of

tRNAlsP, those expected from the region beyond the 3'-end of tRNA were

3817



Nucleic Acids Research
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5' CTAACCGGTACTATGAAC03TGAGGCTTAACCT CAACGCCGAAGCTGTTTTGGCGGATTGAGAGAAGATTTTCAGCCTGATACAGATTAAATCAGAA 23S rRNA
3 GATTGGCCATGATTACTTGGCACTCCGAATTGG TGTTGCGGCTTCGACAAAACCGCCTAACTCTCTTCTAAAAGTCGGACTATGTCTAATTTAGTCTT

Hae m Ri9
* * . t- a . * _.__

CGCAGAA3CGGTCTGATAAAACAANT CCTGGCGGCCGTAGCGCGGTGGTCCCACCTGACOCCATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCG

GCGTCTTCGCCAGACTATTTTGTCTN GuACCGCCGGCATCGCGCrACCAGGGTGGACTGGGGTACGGCTTGAGTCTTCACTTTGCGGCATCGCGGC

EcoRl 300

ATG GTAGTGTGGGGTCTCCCATGCGAGAGTAGGGMCTGXAGSCAC A TTAAGCAGTAAGCCGGTCATAAAACCGGTGGTTGTAAAAGAATTCGGT
TACCATCACACCCCAGAGGGGTACGCTCTCATCCCTTGACGGTCCGT TTTAATTCGTCATTCGGCCAGTATTTTGGCCACCAACATTTTCTTAAG3CCA

Taq I Hinf I Taq I HindllHpal
__________._**_,_- * *..*s * 4 4.-

GGA1CGGTAGTTCAGTCGGTTAGAATACCTGCCTGTCACGCWGGGGGTCGCGGGTTCGAGTCCCGTCCGTTCCGCC TTATTAACAAGCCTCGAGTTAA tRNAAsp
CCTCGCCATCAAGTCAGCCAATCTTATGGACGGACAGTGCGTCCCCCAGCGCCCAAGCTCAGGGCAGGCAAGGCGG GAATAATTCTTCGGAGCTCAATT

Taq I Hinf 500
4 r -' * 4J 0 C

CGCTC GTTTTTTGCTGTATATCTATTATTGCCAGAATCGCAAAAATCCTCTGCATT'TTACGC TCAACAGTCTGAAGCC|ATAA;
GCGAGCTCAtAGACATATAGATAATAACGGTC TTAGCGTTTTTAGGAGACGTAAAATGC ;AGTTGTCAGAICTTCGG|TAT TA

Hind n, Hpa I

C CCTCAGTTAACGAAMTAGCATTAAAA3AG CATATTATGGCTATCCCTGCATTTGGTTTAGGTACTTTCCGTCTGAAAGACGACGTTGTTATTTCAT 3'
GAGTCAATTGCTTTTATCGTAATTT1 TATAATACCGATAGGGACGTAACCAAATCCATGAAAGGCAGACT TTCTGCTGCAACAATAAAGTA S'

MetAla lie ProAbaPheGly LeuGlyThr PheArgLeuLysAspAspVat Vai lle Ser

Fig. 4. DNA sequence in the region around the distal gene for tRNAlP(F(orG))
in the rrnF(or G) operon. The DNA sequence from position 1 to the EcoRI site
(Position 292) is from the fragment A obtained from pLC7-21 (Figs.l and 2).
The nucleotide sequence from the EcoRI site (position 292) to position 600 is
from one end of tDNAAsP. The genes for 23S and 5S rRNA and tRNAAsP(F(or G))
are indicated by the solid boxes. Regions of two-fold rotational symmetry
are underlined and dots indicate centers of symmetry. The region of eight
thymidine residues, 32 base pairs downstream from the CCA-end of the tRNA
sequence, is also shown by a box. The boxes at positions 471-474, 495-501
and 530-533 are expected signals for RNA polymerase recognition, binding and
ribosome binding, respectively. The assumed sequence of amino acids begin-
ning at the ATG codon (position 540) is shown under the DNA sequence.

present. The presence of uridine-rich oligonucleotides (pl, p2 and p3 in

Fig. 6a) strongly suggests that the transcription terminated within the

region of eight uridine residues. Transcript 3 which is few nucleotides

shorter than transcript 2 contains all RNase Tl-oligonucleotides found in

transcript 2 except pl and p3. It is therefore concluded that the major

transcript 2 of about 120 nucleotides and also minor transcript 3 are

promoter-independent products of RNA polymerase that starts transcription

of tDNAAsP from the EcoRl terminus and terminates at the proposed signal.

Transcript 5 does not contain precursor specific oligonucleotides (pl, p2,

p3 and p5) except some amount of p4. Therefore, it might be a product of
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Fig. 5. In vitro transcription of tDNAPsP. In vitro Transcription was
performed as described under Materials and Methods. The products of the
transcription reaction were subjected to two-dimensional electrophoresis on
10 % polyacrylamide gel in the first dimension and 20 % polyacrylamide gel
in the second dimension. a) and b), Transcripts from tDNAtsP in the absence
and presence of rho-factor, respectively; c), the primary transcripts
processed with the S30 fraction of an E. coZi cell extract. Spot 3 contains
tRNAASP. Since the processing was not complete, spots 1 and 2 corresponding
to tAe major primary transcripts 2 and 5, respectively, are also present.
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Fig. 6. Fingerprints of the products obtained by RNase T1 digestion of the
primary transcript and of the processed product. The primary transcript
(ptRNAAsP-2 in Fig. Sa), and the processed product (spot 3 in Fig. 5c) were
prepared using [cx-32P]UTP and [cz-_2P]CTP as labeled ribonucleoside tri-
phosphates and were digested with RNase T . The fingerprints for the primary
and processed transcripts are phown in (al and (b), respectively. The oligo-
nucleotides expected from the primary transcript and from the processed
transcript are shown systematically under the fingerprints. The sequence
corresponding to tRNAtsP(F(or G)) is shown by a box.

RNA polymerase which terminates transcription somehow in the region few

nucleotides beyond the 3'-end of the tRNA gene.

DISCUSSION

By molecular cloning of restriction endonuclease EcoRl fragments of E.

coli DNA, we were able to obtain almost all of tRNA genes belonging to the

rrn operons, but only two genes composing the tRNA operons have been cloned

thus far. Four genes for tRNA2Gu, three for tRNAIle and tRNAAla, two for2RACu 1 lB
tRNAASP and one for tRNATrP and tRNAThr are present in seven E. coli rrn1
operons (13,14,17). The copies of these tRNA genes are not very different
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from those of other genes composing the tRNA operons. Therefore, it is very

strange that the genes belonging to the tRNA operons have been cloned less

efficiently than those in the rrn operons. The reason for this is unknown.

Structure of the distal region of rrnF(or G). Using one of the DNA
fragments thus cloned, we determined the nucleotide sequence of the gene for

tRNA4P (F(or G)) and the surrounding region. The genes for tRNA,SP so far

known are located in rrn operons as distal genes. Morgan et aZ. reported

that the rrnF(or G) operon contains only the tRNAASP(F(or G)) gene while rrnC

contains the genes for both tRNAlP(C) and tRNATrP (13,14,17). Since we have
Aspalso cloned the DNA of 8 kb containing the genes for both tRNA1 (C) and

tRNATrP (Table 1), the DNA fragment of 2.7 kb carrying only the tRNAtsP gene

that we analyzed in this work seemed to correspond to a portion of the rrn

F(or G) operon. This possibility was confirmed by analysing the DNA that was

cloned independently and known to contain the rrnF(or G) operon (13).

The sequence of 35 base pairs determined for the 3'-end of the 23S .rRNA

gene in rrnF(or G) (positions 1-35 in Fig.4) corresponds exactly to those

recently reported for rrnX and rrnD (33) and rrnB (37). The spacer between

the 23S and 5S rRNA genes in rrnF(or G) is 93 base pairs (positions 46-128),

being one base pair longer than that of rrnX and rrnD reported by Bram et aZ.
(33). The nucleotide sequence of the intergenic spacer is identical to that

of rrnX and rrnD except for following positions (Fig.4). The C-G pair at

position 48 in the AZuI recognition site is A-T in rrnX and G-C in rrnD. No

T-A pair at position 62 is present in rrnX and D. This residue makes it

possible to add an A-U pair in the stem region of the secondary structure pro-

posed for the flanking regions of the 23S rRNA precursor (33). The A-T pair

at position 118 is identical to that in rinD, but is replaced to G-C in rrnX.

The nucleotide sequence of the corresponding region of rrnB has also been

sequenced (J. Brosius, personal communication) and is identical to that of rrn

F(or G), except for the base pair at position 62 discussed above.

The DNA seuqence of the 5S rRNA gene in rrnF(or G) is identical to those

sequenced for rnC (18) and rinB (J. Brosius, personal communication) except
that C-G at position 140 is A-T in rrnB. The first 27 base pairs of 5S rRNA

genes in rrnX and rrnD have also been sequenced (33) and differ from that of

rmrF(or G) at the heterogeneous position described above.

The spacer DNA between the genes for 5S rRNA and tRNAlAsp(F(or C)) is 52

base pairs (positions 248-300) and its nucleotide sequence is identical to

that determined for rrnC carrying genes for both tRNAAsP(C) and tRNATrP at the

end of the operon (18). In this region, it is noteworthy that the hepta-
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nucleotide sequence GTAAAA is present 10 nucleotides upstream from the 5'-end
of the tRNAAsp (F(or G)) gene. Although their biological meanings are unknown,
exactly the same sequences are also observed in the corresponding regions of
the tRNATYr gene and the gene for the spacer tRNAIle in rrn operons (15).1 ~~~~~~~~~~~~1
The DNA sequence of the tRNA-AsP(F(or G)) gene (positions 310-377) corresponds
exactly to that for the tRNA, determined previously by the RNA sequencing
method (38).

Following the tRNAASP(F(or G)) gene, a small structure of two-fold
rotational symmetry is present (positions 378-386). The center of symmetry
is located at the 5th base pair from the 3'-end of the gene. The regions
beyond the 3'-end in several E. coli tRNA genes have been sequenced. Some
of them carry a similar structure of dyad symmetry immediately after the end
of the gene (15-17,29,39,40). The biological significance of this structure,
if any, is not clear, but it has been suggested that the structure found in

g~ Tyrthe tRNA1 gene may be involved in processing the 3'-end of the tRNA (29).

Transcription termination. Another structure of two-fold rotational
symmetry (positions 384-415) is remarkable in the region adjacent to the
first small symmetry described above. The center of symmetry is located

between the 22nd and 23rd base pair downstream from the 3'-end of the tRNAASP
(F(or G)) gene. Fig. 7a shows the possible secondary structure of the tRNAASP

1

(F(or G)) gene and the surrounding region in an RNA form. A hairpin structure

composed of eight base pairs in the stem and four nucleotides in the loop is

followed by eight contiguous U residues. Several transcription termination

signals for E. coli RNA polymerase have been sequenced (for review, see ref.
41). Rho-independent signals are known to have the common features in their

primary sequences that the region of a stem-loop structure in the RNA is near

the 3'-end and termination occurs within a run of uridine residues (41). On

the other hand, in rho-dependent terminations, a common sequence of CAATCA

proximal to the termination point seems to be recognized (10,42,43). The

stem-loop structure followed by U residues shown in Fig. 7a shares the common

features of those in known rho-independent terminators. The assumed termi-

nator was evident when the EcoRI fragment, tDNAAsP, was transcribed in vitro
with E. coZi RNA polymerase. Two of the promoter-independent transcripts

starting from the EcoRI end of tDNAAP terminated within the contiguous U

residues.

Since the DNA spacer of 52 base pairs between the genes for 5S rRNA and

tRNAAsP(F(or G) seems to be too short to contain both the transcription
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a) A A
U C
U-3
G- C
A-U
G-C
C-G
U-AC-G
c- UUUUU7UU] 3'
G

5SrRNA4- AAUUCGGUG-C U-A
G-C A-U

C 2>~~~-

b)

5 19, 2 ,o 30 40 3'
rrn (Group I)-TATAA1CTGGT CCCAGTTTTGCTTT

rrn C - GAAATCATCCTTAGCGAlAAGCTAMIGATTTTTTTTATCTGAAATA
10 20 30 4

CENTER OF HAIRPIN

Fig. 7. A possible secondary structure of the precursor for distal tRNAA5P
from rrnF(or G) and comparison of the rrn terminators. (a), The nucIeotide
sequence of the top strand of the region around the gene for tRNAASP(F(or G) )
in Fig. 4 is shown in RNA forml. The sequence corresponding to tRhIAt5P, shown
in the fully modified form, and the possible transcription termination site
composed of eight uridine residues are enclosed by continuous lines. (b),
The DNA sequences of the transcription termination signals in rrnF(or G) and
rrnC (15) in the antisense strands are compared. The vertical line shows the
centers of the hairpin structures. Sequence similarities are indicated by
short lines. The nucleotides are numbered from the adjacent nucleotide to
the end of the distal gene.

termination signal for the 5S rRNA gene and the promoter for the tRN45AP
(F(or C) ) gene and does not contain any suggestive sequence for these trans-

criptional signals, the gene for tRNAt5P(F(or G)) must be co-transcribed with
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the rRNA genes present upstream, as proposed by Ikemura and Nomura (44). We

therefore conclude that the terminator found in the region beyond the 3'-end
of the gene for tRNAAsP(F(or G)) must be the signal for transcription termi-
nation of the rrnF(or G) operon.

Recently, Young determined the DNA sequence of the rrnC operon in the

region containing the distal genes for both tRNAASP(C) and tRNATrP in this

order and the accompanying rho-independent transcription termination signal

(18). The secondary structure of the rrnC terminator is very similar to that

for rrnF(or G). It is composed of a hairpin structure of similar size to

that of rrnF(or G), followed by eight thymidine residues. When the nucleo-

tide sequences of these two rrn terminators are compared, the great similari-
ties shown in Fig. 7b are seen in the region downstream from the center of

the hairpin structures. Recently, the region of transcription termination
in rmnB has been sequenced by Brosius et al. (J. Brosius, personal communica-

tion). A secondary structure similar to that shown in Fig. 7a is present as

a possible terminator. Although the sequence similarities observed between

the rrnF(or G) and the rrnC terminator are not seen in rrnB, the sequence of

GTCTG in the region immediately beyond the series of thymidine residues is

common to the three rrn terminators so far sequenced. Interestingly, Young

has pointed out the fact that the rho-independent termination of X6S RNA (45,
46) occurs immediately before the sequence ATCTG (R.A. Young, personal

communication). We also noticed that the similar sequence TTCTG, ATCTG, and

ATCTA are present immediately after the recognition signal of CAATCA in the

rho-dependent terminators of XtRl (42), the tRNATyr operon (10) and IS2 (I)
(43), respectively. Since a conserved short sequence is present in a number
of terminators, its biological function, if any, may be related to terminator

recognition by RNA polymerase.

Possible protein gene adjacent to rrnF(or G). As shown in Fig. 4, in
the region downstream from the rrnF(or G) terminator, the first ATG sequence

appears at position 540. For the following reasons, we propose the presence
of a gene for an unknown protein (X), the translation of which starts at the
ATG codon. i) The sequence GAGG, present six base pairs upstream from the
initiation codon, corresponds to the recognition site for ribosome binding
proposed by Shine and Dalgarno (47). ii) The heptanucleotide sequence CATA-
ATC at positions 495-501 is very similar to that of the RNA polymerase binding
site (CATAATG) in the Aoop promoter (48) and therefore may correspond to a

Pribnow box (49). iii) The sequence CTTT is present in the region about 25

base pairs upstream from the center of the Pribnow box. In the promoters
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sequenced thus far for E. coZi operons, those for tRNAIyr (6), ?ac (50), gaZ
(51), aZa (52) and B (53) have the sequence CTTT in a corresponding region,

and it believed to be the recognition site for RNA polymerase (54). These

features of the DNA sequence strongly suggest that a promoter for a trans-

cription unit might be present about 50 bp downstream from the rrnF(or G)

terminator. If the assumed promoter is functional, transcription may start

at the A or G residue (position 507 or 508), 9 or 10 base pairs downstream

from the center of the Pribnow box. We are now examining whether this

proposed gene really exists in cloned DNA. If it does, the function of the

gene product and its relationshop to the rrn operon should be of interest.
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