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ABSTRACT

The 1440 nucleotides of the distal region of the E.coli ribosomal RNA
operon found on the XaroE transducing phage has been sequenced. We show that
the xaroE hybrid rrn operon ends after a solitary 5S RNA gene with rrnE
distal sequence. A single terminator structure of dyad symmetry followed by
a run of six T's has been identified and compared to other sequenced rrn
terminator hairpins. Immediately adjacent to the hairpin is a region of
interrupted but conserved sequence tfat is shared by rrnE, rrnB and rrnD. An
open reading frame of 127 amino acids abuts the terminator structure.
Another open reading frame of 147 amino acids is found on the opposite strand
several hundred nucleotides downstream.

INTRODUCTION

Transcriptional regulation of the E. coli ribosomal operons includes

antitermination features which presumably allow an RNA polymerase complex to

efficiently proceed through the large regions of secondary structure present

in the rRNA (1). In view of this recently defined regulatory mechanism, it
is not surprising that transcripts arising from ribosomal promoters

can traverse very long distances through insertion sequences which, in other

translated operons, are strongly polar (2-4). The sequences near the

promoter that control antiterminated transcription have been localized to an
80 nucleotide region (5; Cashel, personal communication). The recognition of

the rrn antitermination process clarifies findings from several laboratories
that indicated that ribosomal promoters cloned without terminators were

extremely unstable, but that the addition of a downstream ribosomal
terminator stabilized the clones (6,7).

One might ask what features differentiate the terminators that stop

transcripts originating from antiterminated promoters versus normal

promoters. The recent description of a ribosomal terminator construction
that is at least 90! efficient for transcription termination from a

ribosomal promoter suggests that the features required are present in the 76

nucleotides distal to the second 5S RNA gene of rriD (8.9). What these
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features are unfortunately cannot be determined by sequence comparison with

the analogous region from the other operon (rrn B) that also terminates

transcription after 5S RNA because these regions differ by only 5 nucleotides

(10.11).

We have sequenced 1440 nucleotides of the distal region of a hybrid rrn

operon. which is found on the XaroE transducing phage (12). as an initial

analysis of the requirements for E.coli antitermination control. We identify

the terminus of this fused operon by hybridization of a terminator distal

probe to E.cnli genomic DNA and comparison of the labeled fragment with the

known rrn operons visualized by a 5S gene probe. In this communication, we

also identify a conserved interrupted sequence which is within the 76

nucleotides necessary for stopping antiterminated transcripts (8,9). and

which is found immediately distal to a stem loop structure in both the rrnB

Tl terminator region (10) and the rrnD terminator region (11). We compare

the hairpin terminator structures of all the sequenced rrn operons and

describe their common features.

CGSC 4401 and 4474 were obtained from B.Bachmann of the Coli Genetic

Strain Center. JF962, a lysogen of XaroE and XCI857S7b515b5l9xis6 (13). was

maintained on minimal media, diluted into broth, and temperature induced to

produce phage. The unlysed cells were pelleted, diluted into TMG buffer
(.OlM Tris 7.4. .01 N MgSO4. .01% gelatin) and lysed by the addition of

CRCl3. After clarification, the supernatant was applied to a CsCl step

gradient. The phage band at the interface was diluted with CsCl to produce a

1.3840 refractive index and was subjected to equilibrium centrifugation. The

lower phage band, containing XaroE phage, was collected. After dialysis to

remove CsCl, the phage was phenol extracted and dialyzed to produce suitable
DNA. Restriction enzymes were purchased from N.E.Biolabs and used according

to the manufacturers recommendations. Klenow fragment was either purchased
from Boehringer Mannheim or was the generous gift of C.Joyce (Yale). 35]S
dATP and [3 PJ dXTPs were purchased from Amersham. Nitrocellulose was

purchased from Schleicher and Schuell.

Hyhrridigatinn Probe.

Appropriate M13 phage were incubated in a sequencing reaction containing
three radioactive deoxymucleotides in the absence of dideoxynucleotides.
Following heat inactivation of the Klenow fragment enzyme. EcoRI and NaCl
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were added. After digestion, the samples were desalted. EtOR precipitated.

applied to a 5Z acrylamide 7M urea gel. and electrophoresed. The single

stranded fragment was eluted from the gel and hybridized to the filter in

buffer (5xSSC, 50 mM P04. .1% SDS, 200 ug/ml salmon sperm DNA) for 18 hrs at

480C. The filter was washed successively with 2xSSC at room temperature.

ESULTS AND DISCUSSION

Defining the tprminatragment
The XaroE transducing phage was used previously as a source of DNA for

determining the sequence of the rrnD promoter. RNAse III processing sites and

5S RNA gene sequence (12, 14-17). The terminator region following the 5S RNA

gene was located on an AvaI/BamHI fragment that was approximately 2.5 KB long

(R. Bram, personal communication). In order to identify the specific

fragment of the several in that size range. an AvaI/BamHI double digest of

AaroE DNA was transferred to DBM paper and probed with in viv 32P04 labeled
5S RNA. The fragment hybridizing to 5S RNA was purified from a preparative

sample of DNA and restriction sites were mapped according to the method of

Smith and Birnstiel (18). All restriction sites verified those previously

determined for that region of XaroE DNA (15) and an additional PvuII site was

located 1600 nucleotides downstream from the AvaI site (data not shown).
From whic-h rrn p ndo the terminator t originate?

The rrn operon found on XaroE is a hybrid rrn operon of unknown origin.

Boros et al. (19) suggest that the rrn operon on XaroE152 phage is a hybrid

of rrnD and rrnG (or F). However, we have noted (unpublished results) that

it shares distal restriction sites with DNA that originates from rrnE (M.

Ellwood, personal communication). Our phage were grown with selection for

complementation of an aroE deficient strain by the aroE marker which is
carried in the proximal region of the chromosomal DNA carried on the

transducing phages but no rrn terminal markers were known that would allow

selection for and maintenance of the terminal region.
To define the distal DNA carried by our XaroE phage, we chose to

identify the rrn operon in chromosomal DNA that hybridized with a probe

containing only the distal region, and then to compare that to all the rrn

operons in chromosomal DNA that hybridized to a probe containing the 5S RNA

gene. Therefore, we digested total chromosomal DNA from two Lcoli strains

(CGSC 4474 and 4401) that differ in the ribosomal fragments they contain

because of a chromosomal inversion between two ribosomal operons (20,21).
4474 is an auxotrophic W3110 strain that contains an inversion of the
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chromosome between rrnD and rrnE creating two hybrid operons: rrnD/E and

rrnE/D. 4401, one of the early K12 strains, lacks that inversion. The DNA

from each strain was digested with either SalI or a double digest of

BamHI/PstI because these restriction enzymes have been used to identify the

fragments that correspond to the rrn operons (20.22). SalI cuts internal to

the rrn operons and upstream of the 5S gene; downstream sites vary depending

on the specific rrn operon. SalI digests can therefore define the terminal

rrn operon fragments if appropriate probes are used. In addition, SalI

digests indicate the origin of the terminal rrn operon fragment irrespective

of whether it arose from a hybrid operon. Since the BamHI and PstI enzymes

cut outside of the rrn operons, fragments characteristic of the hybrid

operons vary enough in size from those of the wild type operons to allow

their identification. The BamRI/PstI double digest comparison should,

therefore, indicate whether the fragment originated from a hybrid operon.

As a control, xaroE DNA was digested with a combination of EcoRI and BamHI to

produce a 4 kb fragment that is recognized by both probes.

After electrophoresis the DNA digests were transferred to nitrocellulose

according to the method of Southern (23) as modified by Thomas (24). The

filter was hybridized first with a single stranded M13 probe that contained

distal sequence approximately 1 kb from the end of the 5S gene (initiating at

nucleotide 1024 in the sequence presented below) in order to identify the

specific fragment in each chromosomal digest that corresponds to the distal

rrn sequence carried by XaroE as is shown in Figure 1A. In the second

hybridization of the filter, all seven ribosomal operons were detected using

a single stranded M13 probe containing the 5S gene as shown in Figure 1B.

A single unique fragment is detected when the control ?aroE DNA is

hybridized with either probe (lane 1 in figure 1A and B). The rrn terminal

fragments of chromosomal DNA that are detected by the first probe are the

same size in the SalI digests of either 4474 or 4401 (lane 2 and 3, figure

1A) and correspond to the rrnE operon fragment (figure 1B) as previously

defined (22). However, the rrn terminal fragments differ in size for the

BamHI/PstI double digest of 4401 as compared to 4474 (lane 4 and 5, figure 1A

and 1B). This result would be expected if the probe hybridized to a fragment

originating from a hybrid operon carried by 4474. The decrease in size of

the fragment detected with the terminal probe for 4474 in lane 5 as compared

to 4401 in lane 4 indicates that it is the hybrid rrnD/E operon that is being

detected (figure 1A compared to 1B). These results prove that the distal DNA

of the hybrid rrn operon found on our XaroE transducing phage originates from

the DNA adjacent to the end of the rrnE operon.
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sequence M13 clone. Panel B is the autoradiogram of the same filter which,
after washing in .1X SSC at 100°C, wras probed with the 5S RNA gene probe.
1, XaroE DNA, E3coRI/BaHEI; 2, 4401 DNA, SalI; 3, 4474 DNA, SalI; 4, 4401 DNA,
BamHI/PstI; and 5, 4474 DNA, BamHII/PstI. The letter for each rrn operon is
adjacent to the fragment that defines it. The BamlII/PstI fragments are not
well resolved but consist of a doublet, another doublet, and a triplet of
fragments whose order is represented by the letters of the rrn operons.

The PvuII fragment containing the 5S gene was purified from AaroE DNA,

sonicated (25), and ligated into the M13 mp8 vector (26). The random clones

that were generated by the sonication were sequenced byr the dideoxy chain

termination method (27) using E 5)] dATP and buffer gradient electrophoresis
(28). The sequencing data was compiled in a DEC VAX computer using the

programs of Staden (29). Each nucleotide of the sequence presented in Figure
2 was determined from at least 3 and not more than 8 independently isolated

overlapping M413 clones. The sequence was analyzed byr computer using the

Analseq program of Staden (30) to predict a) open reading frames by start and
stop codon assignment and positional base preference: b) promoter -10 and -35
regions based on consensus comparisons; c) ribosome binding sites by matrix

algorithm comparison to the 101 nucleotides surrounding the AUG start codons
of 124 known prokaryotic proteins; and d) secondary structures that might

function as terminator regions.

The sequence initiates at the nucleotide corresponding to the mature 5'

end of the 5S RNA gene (nucleotide 1 in figure 2) and extends for 1440
nucleotides. The sequence of the 5S RNA gene of rrnE is identical to the
sequence of 5S RH{A found in the rrnB operon (10). The sequence CAT (marked

with superscripted dots in both figure 2 and 3) is found at the end of the 5SS
gene in rrnE just as it is in each of the other operons, including rrnF(or G)
and rrnC (31. 32). The CAAAT sequence could pair with the upstream conserved
AUUG, which includes two nucleotides of the 5' end of 5S RN& (the U and G
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TOTGOCOtGMTAGCAGCGGGT66TCCCACCTOCA T6CC6SCTCA6AAT6AAGC6CCTA6C6C6ATr66TATST6t66TCTCCCCCAT6CGA6ATA66AACTGCCA6GKAT
10 20 30 40 50 60 70 s0 90 100 110 120

ACG6ACCGCC6TCATC6CCKCACCAG TWCT66TAC6GCrTTA6TCTTCACTTTOSCATCCOCTACCATCACACCCCAG66TACG CTCTCATCCCTT6AC66TCC6TA

. H.O S V L Y I 0 I R R N Q I T V
tWfTATtCC CCCtSIIICCIT6Ii6 G TerA-T-A-T-A-AHttATTCASTLGAITOtCTCATTCRGTCATATCCAAATTCRTCGTATAQ TTACTVTC

130 140 150 160 170 180 190 200 210 220 230 240
OTTTAATCtTTTT, CCAOGTATTCCG=AAACGTAATATTtTAAiC6TACT ACTTCCCTTAGAGTACAGTCAAGACATATAG6TTTAAGCAGCATTAGTTTATCAAtG

R D L E 8 K R E V S 6 D A A f S N C R L L I A N f f V A E K V L Q D L V L 0 L N
CRATCTTLStOCCT TTCAGLCTCCTTCGT5CCAGCCGCTGTTAACCAATTTCTtTTtCAGAAAAA6TTCTGCvTL CTTTTCTfCAACTCCACC

250 260 270 280 290 300 31) 320 330 340 350 30
CKCTACTTTC6TTTGC*TTCACAGTCCTCTKC6ACG6AGTCAT7 G61CGC6GACAATAGSTTAAGAAAC6GTtGCTTTTTCC6WTTCTAACAGC6TT&GT6G

P R S T W H S F L P A K R H D I V V S A L E H N E G 6 L S 0 V E E R I L H E V V
CIIC6TTCCWTGCATTCT TTTTTGCCA6CAAAAC6TAt GGAtATT5TT GtGAGCGCAC.CtGAAATGAAT6CGGTG TGTTCACAGOTTGA6GOAAKATTrCTCCATZAGTG6TC6

370 380 390 400 410 420 430 440 450 460 470 480
TKCAOTTOACGTA46OAMACtGTC6TTTTOCATACC rATAACAACACTC6COTOACCTTTACTtACTCCCOCCAAACAGT6tCCAACTCCTTGCGTAAB6OTACTTCACCAK

A 6 A T L H K Y R 11 F H I H A 0 S A V L S D S A V 1 A H L K 0 K S
CTZG6GCMCrTTAATGAAATATCGCCACT,TCCACATCCAtGC6CAATC*BKGGTACTCAGT6^TA6tK66TrCATGKAATGCTTACGABAATAATZCGTOTCACCArTGT06OTAC

490 500 510 520 .30 540 550 560 570 580 59 600
fZoCCCC6TTGCAATTACTIlTAtA6CGGTCAAGGTGTAGUTACKGTTAGTCKCAT6AGTCACTATCACGCCAGTACC6TTAC6AATtCGTCTrtTATtAOAGCAGT66TACCCCAT6

TAAcCCTGCAATTCAGCCCACCIGGAT6AAAAlAC6CCtAC6CCCCCACATACKCA6TtCAICAACBTACB6TTTCCCCATC6TCCACCTCAGABTCCCTACCTTA
610 620 630 640 650 660 670 600 6" 700 710 720

ATl T'TTCA"TCGGGTSCCCTACI CTTT TTTA6CCATGCMGGTGTAT6CG6TC IAA6TCGT76CCTATKCCAAG TTf AGCAG6TGA6ATCTCK6rTttWTT
A G V Y A L N L L P Y P K G L DD V E S R G t V K F

AACCCAnCCTTCTTATAGAXCAACI;6CCT6CTC.ATTT TGCTCAT rAAC6TGTT66 TC67CSTCCGGTBCCATC6AGA6CGCATKTCCACCAOCACCC6ACCTACCCBCOCC6CCA
730 740 750 760 770 780 790 800 810 20 830 80

'TTAEl6AAGAATATCTSTAGGTTGGCHCGAGVTRGAGTAATTGCMCCOAVGTCAA6CCACGCTSCTCTCRVT-CGAG6T66TC6TBCTBCGC T
G V K K Y f 6 V A 0 E N 0 E N V N T T L E P A 0 S L A H E V L V R G V G C G R V

850 860 870 80 890 900 910 920 930 940 90 960
6TABTCCTAKTATTTSTCBC6T TATACOAC96T6ATC6TT6TAT TTA66TTSCC6ACTA6B6C6A6rSTATK6BCTGC T"TTKCCGC6AA6GCGTCCTTCCTTKCTTGT

D P D 1 F L A D A H Q0 S L L F 6 V P 0 tt R E N V A V S L P A E P L F S R V L

96TCCT0C6ATC661CC1TACTCT10T30AT105010GACACACKACCMCCTCCT CTCATOCC6T0 1070TACT1T970 ms 990 1000 1010 1020 1030 1040 10S0 1060 1070 1080
CCAGSASTCACCASOCTATAACATATCTTTFTABCACTCACCSTASCTOTCTT TGCTSTTTTAGCTTCT ... TACGBCACTCCCKCTTATATTATT

D E L E T R Y E A s L f D N T A D v s R c U I A v L E E G E E H R S R R I S I v

CCAttDTtCTCTCCTETTT61CTTCTTATATSTCTLCGTLTCTTATDTCSCTTTCT AVCCTTCECATGAETCEHACATTCTRTTTCTRSTTATCTTCIVTATCT6G
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

G6T A5AOA6OAAAAGCATAA6AATATATTOCATCAAAACT r r6AAAOAT8AABTTGTAC6TCCACT6TAACC6TTTAAAASACCATATCSATACCT

1T12rAC6TAT 1A1C2TA1GTA560AATC161TTATCC270T1260TGCC1G2C91T0CCC0CC13TTCTT1TA12TCTTT0TTCTTCC61210 1220 1230 1240 125 1260 1270 1280 12 0 1300 1310 1320

t 1OBTCT 11TC3060TTC3TCCAC7TT1TCT39tCCTTCC400140TTCT11TTCT4C4CCT0TCCCCTTOC"TCTTC
1330 1340 1350 1360 1370 1-310 1390 1400 1410 1420 1430 1440

CC"CCA;TCCTTTCAGOTMATTCCACTGTTt"TACTTCT TCTAKCT-TTOCTTTTOTC&ACOC@ATTMOVCOttTCCOT#iMOC

Figure 2. The sequence of the DNA downstream of the rrnE 5S RNA gene. The
5S RNA gene initiates at nucleotide 1 and is underlined. The conserved CAAAT
sequence found adjacent to every known 5S gene is highlighted with
superscripted dots. The juxtaposed arrows indicate the dyad symmetry of the
putative rrnE terminator structure. The start and stop of each open reading
frame are indicated by the arrows and asterisks adjacent to the proper
codons. The ribosome binding site consensus predicted by the Analseq program
is underscored with a dotted line. The putative -10 promoter region
predicted by the Analseq program is underscored with a bracket.

are nucleotides 1 and 2 respectively in the sequence in figure 2). to form a
stem structure as previously noted (11). This structure may be recognized in
the generation of the mature 58 end and precursor 3' end of the 5S RNA by
RNAse E (9).
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-SS 3

rrnB cATCAAATAAAAcgAAAggetcagtcgaAAs, ctsgccTTTcgTTTTATCtgTTgTTTGtcGgTGAAcgcTCTCctgag
rrnD2 CATCAAATAAAAcAAAgoctcagtcogAAg ctLggccTTTTgTTTTATCt9TTgTTTGtcGgTGAAcacTCTCccgPug
rrnE CATCAAATtAgAAAAAcAA cputccatAAgecjggjgTTTTTTgcaTATCaaTTaTTTGcatGaTGAAgggAaTCTCATG

met ORF

Figure 3. Comparison of the sequences in the terminator regions of rrnB.
rrnD2 and rrnE. The first nucleotide of the rrnE sequence corresponds to
nucleotide 118 in figure 2 and the last corresponds to nucleotide 207.
Uppercase characters represent conserved sequences. The asterisks indicate
sequence differences between rrnB and rrnD2. The dyad symmetries of the
terminator hairpin are indicated by juxtaposed arrows. The is over the T
nucleotide where transcription terminates in rrnD2.

To identify the rrn terminator, the entire sequence was scanned for

regions of dyad symmetry and a single hairpin loop structure was identified.

It occurs approximately fifteen nucleotides from the end of the mature 5S RNA

gene and is followed by a run of T's providing features extremely similar to

the terminators recognized for the rrnB, rrnD, rrnF(G) and rrnC operons (10.

11, 31. 32). A region of interrupted homology that is also shared by rrnB

and rrnD follows the T run as described in more detail in the next section.

The sequence originating at nucleotide 190 is unique and is not found in

other rrn operons. An open reading frame is found on the same strand as the

ribosomal operon and begins at the methionine located at position 191. This
open reading frame is preceded by an excellent ribosome binding site
centering on nucleotide 184 that is predicted by matrix comparison to the

sequences surrounding known protein start sites using the Analseq program of
Staden (30). In addition, a very good -10 promoter consensus sequence can be
located immediately upstream of the ribosomal binding site. The -35 region
for the promoter. however, is poorly conserved. The positional base
preference analysis of the Analseq program for this open reading frame
predicts that it has a good coding capability. If translated, a small

protein of 127 amino acids would be produced from this reading frame. A

search of the NBRF protein sequence library has not revealed absolute
identity with any known protein.

Another open reading frame can be identified on the opposite strand

initiating at the methionine at nucleotide 1080. This open reading frame
also has a very good ribosome binding site, as well as an excellent -10

consensus promoter. The -35 region for this promoter is also poorly
conserved. If translated, as is indicated by the positional base preference
analysis, a protein of 147 amino acids would be made. This protein also has
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not been previously identified as determined by comparison with the NBRF

protein sequence library. It is interesting to note that no terminator

structure of dyad symmetry can be found between the two ORF's suggesting that

the rrnE terminator may function as a bidirectional terminator as proposed

for rrnD (33). Moreover, regulation of translation of either protein could

therefore occur if RNA coding for one of the proteins was more abundant and

hybridized to the other blocking its translational recognition sites.

Conarinn of ther terminr regin

The three rrn operons that end in 5S RNA share several features that

become apparent upon comparison of the 80 nucleotides just distal to their 5S

genes as shown in Figure 3. Although the sequence following the 5S gene of

rrnB and rrnD2 [Dl refers to the first 5S gene in rrnD and D2 to the second

(11)] is the same for all but five nucleotides (which are marked with an

asterisk in the figure). the sequence of the rrnE distal region is

different. The several conserved features are highlighted in the figure by
large print.

Just adjacent to the CAAAT sequence is the start of the terminator

region which, begins with a region of A richness. The span of A's immediately
precedes a region of dyad symmetry in rrnE, rrnD2 and rrnB which can form a

nine bp G/C rich stem. The loop of each hairpin structure in the three

operons has two conserved adenine nucleotides, while a run of downstream T's

abuts the hairpin. This hairpin loop structure has been defined as the Tl

terminator in rrnB (10), based originally on similarities to other rho

independent terminator structures (33-36). and more recently by determination

of the 3' end by S1 nuclease mapping (37). Thus in rrnB, termination occurs

in.xixn at various T's within the 20 nucleotides adjacent to the dyad
symmetry stem (37). Bowever, transcriptional termination in rrnD2 occurs in

3ixo at the first T in the second T cluster in the run (8, 9) and is marked
in the figure (°). We have noted that even though the sequence of the rrnE

terminator region differs from the similar sequence exhibited by both rrnB

and rrnD2, there is a region of interrupted homology that is striking.
Immediately following the run of T's is an unevenly interrupted conserved

sequence that encompasses 18 nucleotides of 31:

TATCxPuTTPuTTTGxx(x)GPuTGAAxxx(xx)TCTC.
We feel it is possible that this conserved homology may be peculiar to

the class of terminators required for stopping antiterminated transcripts at

the ends of rrn operons ending in 5S genes. Immediately downstream of the

homology, the sequences diverge completely. The conserved homology is
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included in the only region of the entire distal rrnE sequence that has known

termination features. Although there is no experimental evidence to date

that indicates that this region in rrnE is involved in termination, the very

similar regions of rrnD and rrnB do function as specific terminators for

antiterminated promoted transcripts. For example, in rrnD2 the CCCGPuG

adjacent to the end of this conserved region is the AvaI site at the 31 end

of the fragment used in the construction of a 'minioperon- that has allowed

an analysis of the maturation (9) and expression of the 5S RNA (8). The

rrnD2 minioperon construct is 85-90% efficient for in v.vn termination of an

rrnA promoted transcript in a galK assay system (8) or by fingerprint

analysis of the shortened primary product of the minioperon (9). Similar

results are obtained for a construct (37) containing the rrnB terminator

downstream from the rrnA promoter where S1 mapping has been used to

characterize the 31 end of the RNA. Because the rrnA promoter region (38)

also contains the antitermination signal defined for the rrnG promoter (5).

transcripts originating from this promoter are antiterminated (M. Cashel,

personal communication). The fact that antiterminated transcripts stop at a

similar site in these two minioperon constructs suggests that the 76

nucleotides distal to the 5S RNA gene and before the AvaI site of rrnD must

have features necessary for stopping antiterminated transcription. Although

strong dyad symmetries found in the 16S RNA coding regions are sufficient to

terminate transcripts from non-rrn promoters in vivo (1), they are read

through by RNA polymerase that initiates upstream of the antitermination

region of the rrn promoters (5). This result suggests that dyad symmetries

are not sufficient to stop antiterminated transcripts.
The need for special dyad symmetries in stopping antiterminated

transcripts can not be ignored however. We recognize that the conserved

sequence of rrnE. rrnD and rrnB is not found adjacent to the dyad symmetry
terminator stem of the operons ending in tRNAs [rrnC and rrnF(G)) as might be

expected if it were a general feature required for stopping all rrn

transcripts. We have therefore compared (figure 4) the dyad symmetry
terminator structures known for rrnD. rrnB. rrnC and rrnF(G) with that

predicted for rrnE to determine if they have special features not apparent in

other rho independent terminators (see 34 for examples). The following
characteristics can be noted. The 9 bp G/C rich stem in each structure can

be extended with A/U pairing to form a 14-20 bp hairpin of essentially
perfect complementarity as previously noted for rrnD (10). The rrnC

structure is unique in having a single mismatched pair. The base of each

5523



Nucleic Acids Research

rrnF(G) tRNAaspCCA/CUUAUUAAGAAGCCUCGAGUUA Figure 4. Comparison of the
UUUUUUUGGAGCUCGCA terminator dyad symmetry structures

of the sequenced rrn operons. The /
tRNA trp CCA/GAAAUCAUCCUUAGC GA indicates the mature 3' end of either

rrnC AU UUUUUUUAGGAAUCGAA 5S RNA or the tRNA which precedes
the terminator.

rrnD 5SRNA/CAAAUAAAACAAAAGGCUCAGUCGG
CUAUUUUGUUUUCCGGGUCAGA A

G

rrnB 5SRNA/CAAAUAAAACGAAAGGCUCAGUCGA
uCUAUUUUGCUUUCCGGGUCAGA A

GU

rrnE 5SRNA/CAAAUUAGAAAAACCCCGGUCCAU
CGU UUUUUGGGGCCGGA A

ascending stem is at least 75Z A which pairs with the descending stem U rich

bottom portion. This would allow each structure to function bidirectionally
since rho independent terminator dyad symmetries are usually followed by U

rich regions. The resulting structures are bimodal hairpins that are very

strong at the apex and weaker at the base. The rrn hairpins are always
within 6-7 nucleotides of a strong upstream secondary structure imposed by
the 5S or tRNA sequence. Each of the 4 or 5 nucleotide loops at the hairpin
apex has at least two adenines adjacent to the 3' side of the loop. Finally
there is only weak purine versus pyrimidine preference on the ascending side
of the stem when all the structures are compared. It should be recognized
that transcription termination for rrnC and rrnF(G) has only been

demonstrated in vitro from transcripts originating at ends of restriction
fragments. Whether these in vitrn terminator structures found at the ends of
rrn operons ending in tRNA's (as opposed to 5S RNA) function to stop

antiterminated transcripts in..ivD remains to be determined, as does the

possible role of the conserved sequence. Once these questions have been
answered, the contribution of the features we have noted to the process of

termination of antiterminated transcripts can then be fully assessed.
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