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Two DNA restriction enzyme fragments coding for the 3’ termini of 16S rRNA, the 5’ termini of 23S rRNA,
and the intergenic spaces between them in Enterococcus hirae ATCC 9790 were cloned and sequenced. The
intergenic space of one of these genes contains a tRNA*'® sequence, whereas the other does not. Nevertheless,
the intergenic spaces contain several regions that exhibit high levels of sequence homology and are capable of
forming structures with similar base pairs. An analysis of Southern blots of chromosomal DNA cut with one
and two restriction enzymes indicated that E. hirae has a total of six rrn operons.

The study of sequences in the genes for rRNA is a
powerful tool in bacterial taxonomy (23). Moreover, since
related bacteria exhibit more similarities in their rRNA
sequences than unrelated bacteria do, rRNA sequences are
useful in studies of bacterial evolution (4, 22, 23). Less is
known about homologies in the intergenic spaces between
the 16S and 23S rRNA genes. Bott and Hollis found se-
quence homology in three r7n operons of Bacillus subtilis
that contained no tRNA sequences (3). In Escherichia coli,
in which rRNA processing has been studied in some detail,
highly conserved stem structures flank the mature 16S and
23S rRNA sequences, and glutamate tRNA or in-tandem
isoleucine and alanine tRNAs are found in the intergenic
spacer between the 16S and 23S rRNAs (14, 21). The
flanking stem structures and the 5’ termini of tRNAs are
thought to be important in rRNA processing (20, 21). In this
study we analyzed homologies in the intergenic spaces of
two rm genes of Enterococcus hirae. One contains a single
tRNAA!® gene, in agreement with a recent report on Strep-
tococcus pneumoniae (2), and the other has no tRNA genes.
In addition, we estimated the number of rrn operons in E.
hirae.

When Apal (5'-GGGCC\C) was used to cut the DNA of
Enterococcus hirae ATCC 9790, we obtained approximately
20 DNA fragments, ranging in size from 340 to 40 kbp as
determined by pulsed-field gel electrophoresis (24). How-
ever, Apal-cut DNA also produced a very distinct, broad,
single band at 1.8 kb (Fig. 1, lane A). Smal-cut DNA
(5'-CCC\GGG) produced 16 bands detectable by pulsed-field
gel electrophoresis, ranging in size from 300 to 46 kbp (24),
and, in addition, a 4.6-kb band barely detectable in agarose
gels (not clearly visible in Fig. 1, lane D). Apal and Smal are
rare cutters for enterococcal DNAs, whose G+C contents
range from 37 to 38 mol% (18). The same amounts of DNA
digested with other restriction enzymes gave very large
numbers of bands on agarose gels (Fig. 1, lanes B, C, and E
to I).

Cloning and sequencing of the 1.8-kb Apal fragment. En-
terococcus hirae cells were grown in 3% (wt/vol) Todd-
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Hewitt broth (Difco) supplemented with 2% (wt/vol) glucose
and 0.1% (wt/vol) L-cysteine, and chromosomal DNA was
extracted and purified from mid-exponential-phase cultures
(12, 16). A 1-pg portion of total DNA was digested overnight
with Apal under conditions specified by the manufacturer
(Promega). Gel electrophoresis was performed in a 0.7%
agarose gel in TAE buffer (0.04 M Tris-acetate, 0.001 M
EDTA; pH 8). The 1.8-kb Apal band was purified by using a
Gene-clean kit (Promega) and was ligated into the Apal site
of Bluescript+ (Stratagene). Escherichia coli DH5a was
transformed with the ligation mixture and plated on Luria
broth agar supplemented with isopropyl-B-p-thiogalactopy-
ranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside (X-Gal) (United States Biochemicals). Several
white colonies were obtained. Plasmid preparation (15)
showed that all of the colonies carried a 1.8-kb Apal insert.
The sequence of one clone was determined by the dideoxy
chain termination method (17). A search of the GenBank
data base (1) indicated that the Apal fragment contained
sequences complementary to the 3’ terminus of 16S rRNA,
to alanyl-tRNA, and to the 5’ terminus of 23S rRNA. At the
3’ terminus of the 16S rRNA the levels of homology were
highest with Enterococcus sulfureus and various lactobacilli,
bacilli, and clostridia. There was also homology with the 5’
termini of the 23S rRNAs of bacilli and S. pneumoniae. In
the intergenic space between the 16S and the 23S genes the
levels of homology were highest with S. pneumoniae, with
various lactobacilli, with the rrnB gene of B. subtilis, with
Lactococcus lactis, and specifically with the alanyl-tRNA
sequences of several bacteria. The sequence has been de-
posited in the GenBank data base, and portions of this
sequence are discussed below.

Determination of the number of rrn operons. The cloned
1.8-kb insert was labeled with 3P (ICN Radiochemicals) by
using the random hexanucleotide primer labeling method (5)
(Prime-a-gene labeling system; Promega) and was used as a
probe of a Southern blot (19) of chromosomal DNA digested
overnight with a number of restriction endonucleases. A\
DNA was labeled in the same way and mixed with the probe
to provide a size marker. Hybridizations were carried out at
68°C, and the blots were washed at 68°C under high-strin-
gency conditions (15). Figure 2 (an autoradiograph of a blot
from a gel similar to the gel in Fig. 1) shows that Apal-cut
DNA hybridizes with the probe only in the 1.8-kb region,
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FIG. 1. Agarose gel containing ethidium bromide-stained En-
terococcus hirae DNA (1 pg per lane) cut with Apal (lane A), Xbal
(lane B), HindlIlI (lane C), Smal (lane D), Bg/II (lane E), PstI (lane
F), BamHI (lane G), EcoRI (lane H), and Clal (lane I). Lanes a and
b contained HindIII-cut A DNA markers (Promega). Note the band
visible just below the 2.0-kb A marker in lane A.

where a broad band and a possible minor band of hybridiza-
tion are visible (Fig. 2, lane A). The 1.8-kb probe did not
hybridize with higher-molecular-weight Apal-cut DNA (Fig.
2, lane A), indicating that all of the DNA homologous to the
1.8-kb fragment was located in this band. EcoRI-cut DNA
produced two bands (one at 1.6 kb and one at 0.5 kb) that
hybridized with the 1.8-kb probe (Fig. 2, lane H). Again,
high-molecular-weight EcoRI-cut DNA did not contain a
fragment that hybridized with the 1.8-kb probe. In contrast,
Smal-cut DNA hybridized with the probe at 4.6 kb (Fig. 2,
lane D), where a single band was barely visible in ethidium
bromide-stained gels (Fig. 1, lane D). However, higher-
molecular-weight DNA also hybridized with the probe (Fig.
2, lane D). These results were reproducible with several
DNA preparations.

Hybridization of the 1.8-kb Apal probe with the Xbal and
Clal chromosomal digests of Enterococcus hirae DNA re-
vealed four bands for each preparation (Fig. 2, lanes B and
I). Since two of the bands in each digestion mixture hybrid-
ized repeatedly with the probe more intensely than the other
two bands did, we analyzed the autoradiographs by scanner
densitometry (13), using a Bio-Rad transmittance-resistance
instrument. For the Xbal digest analysis (Fig. 2, lane B,
starting from the top) the areas were 31, 29, 16, and 14
arbitrary units for bands 1 to 4, respectively. For the Clal
digest analysis (Fig. 2, lane I, starting from the top) the areas

J. BACTERIOL.

I b

aABCDEFGH

T “

FIG. 2. Southern blot of a gel similar to the gel shown in Fig. 1.
The DNA was transferred to supported nitrocellulose (Nitroplus
2000; MSI, Westboro, Mass.) by using a vacuum transfer device
(ABN, Emeryville, Calif.) and a modification of the method of
Southern (19). The blot was hybridized with the cloned 1.8-kb Apal
fragment and with A DNA. For lane contents see the legend to Fig.
1.

were 15, 13, 31, and 28 arbitrary units, respectively. Since
the two smallest and most heavily labeled Clal fragments
were at about 5.8 and 7.0 kb, Clal sites could flank each of
two rrn operons, for a total of four operons. Two additional
rm operons would be contained in two higher-molecular-
weight Clal fragments. In this model, Enterococcus hirae
contains six rrn operons. In an alternate model the less
heavily (one-half) labeled fragments at 12.4 and 8.8 kb were
due to an rrn operon which was cut into two fragments
within a region homologous to the probe. This model would
be generated by three rn operons or by multiples of three
rrn operons. Clal-cut sites were not found within the cloned
1.8-kb Apal sequence. However, in order to distinguish
between the two models, the 1.8-kb Apal probe was hybrid-
ized with Apal-Clal double digests of ATCC 9790 chromo-
somal DNA. The double digests gave the same pattern of
hybridization as the Apal digest did (data not shown),
indicating that Clal sites are absent in the region homologous
to the probe in all rrn operons and that the first model is
consistent with the data. Xbal does cut the cloned 1.8-kb
Apal sequence determined here, 98 bases from the 3’ end of
the probe; Apal-Xbal double digests of the ATCC 9790
chromosome gave a band at about 1.7 kb when they were
hybridized with the 1.8-kb A4pal fragment (data not shown).
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FIG. 3. Southern blot of an agarose gel containing Enterococcus
hirae DNA (1 pg per lane) cut with Cspl (lane A), Xhol (lane B),
Aval (lane C), Hpall (lane D), Pvull (lane E), Sspl (lane F), Stul
(lane G), HinclIl (lane H), and Sacl (lane I). Lane a contained
HindIll-cut A\ DNA markers (Promega). The blot was hybridized
with a 450-bp fragment from the 5’ end of the cloned 1.8-kb 4pal
fragment and with A DNA.

Thus, Xbal also defines six rrn operons flanked by Xbal
sites, two at 6.5 and 9.4 kb and four at higher molecular
weights.

Several restriction enzyme digestions were performed in
order to try to identify six rn fragments of approximately
equal density when preparations were hybridized with the
1.8-kb Apal probe. The data obtained with HindIII, Smal,
Bglll, and BamHI are also shown in Fig. 2. The data
obtained for HindIII (Fig. 2, lane C), Smal (lane D), BglII
(lane E), PstI (lane F), and BamHI (lane G) could be the
result of partial digestions or restriction polymorphism in
some of the rrn operons. Of the remaining restriction en-
zymes screened, Pvull (Fig. 3, lane E) consistently gave six
bands (5.0, 5.8, 7.1, 9.6, 12, and 16 kb). The sizes of these
bands are consistent with cuts outside r7n operons. These
bands had approximately equal autoradiographic densities in
four repeated hybridizations with a 450-bp fragment from the
5’ end of the 1.8-kb Apal probe. Kpnl, Sacl, Stul, Sspl, and
Xhol gave multiple bands of hybridization that may have
been the result of partial digestion (Fig. 3). In contrast,
Hincll and Hpall each gave a single broad band of hybrid-
ization, at 5.6 and 0.6 kb, respectively (Fig. 3, lanes H and
D).

Our tentative conclusion from the Clal, Xbal, and Pvull
cleavage data that there are six 77n operons in Enterococcus
hirae is in agreement with the finding of six r7n operons
reported for the related gram-positive coccus S. pneumoniae

(6)-
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Cloning and sequencing of the 1.6-kb EcoRI fragment. A
DNA library for Enterococcus hirae was made by partially
digesting the chromosomal DNA with EcoRI and cloning in
the EcoRlI site of Bluescript+. Escherichia coli DH5a was
transformed with the ligation mixture, and the transformants
were screened by colony hybridization (15), using the 1.8-kb
Apal probe. Several colonies which hybridized with the
probe were isolated, and their DNAs were analyzed by
digestion with restriction enzymes, followed by agarose gel
electrophoresis. All contained an approximately 1.6-kb
EcoRI insert. Sequencing of a clone was done in both
directions by the dideoxy chain termination method (17),
and the results have been deposited in the GenBank data
base.

The 1.8-kb Apal fragment and the 1.6-kb EcoRI fragment
overlap each other (Fig. 4). The 1.6-kb fragment used as a
probe with ATCC 9790 chromosomal DNA cut with EcoRI
hybridized only with the 1.6-kb region (data not shown); the
1.8-kb probe hybridized with both the 1.6-kb EcoRI chro-
mosomal DNA digest and the 0.5-kb EcoRI chromosomal
DNA digest (Fig. 2, lane H).

Sequence comparison of the two cloned rrn fragments. The
1.8-kb Apal and 1.6-kb EcoRI sequences were aligned for
optimal homology (Fig. 4). The 3’ terminus of the 16S rRNA
gene was identified by 16 nucleotides homologous to the 3’
ends of S. pneumoniae (2), B. subtilis (7), and Escherichia
coli 16S rRNAs (14). The 1.6-kb EcoRI sequence contained
an Apal site at residue 240 (Fig. 4A, bottom line). The 110-bp
residues downstream from the 16S rRNA are highly homol-
ogous in the two sequences.

Figure 4C shows what appear to be the 5' termini of the
two 23S rRNA genes. The 5'-terminal GGTTAA nucleotides
are homologous to the 5’ termini of the 23S rRNAs of B.
subtilis rmB (7), S. pneumoniae (2), and Escherichia coli
(14). A region upstream from the 23S rRNA sequence is
virtually identical in the two Enterococcus hirae sequences
(residues 1081 to 1146) (Fig. 4C, bottom line). An EcoRI
restriction site was found 435 bases before the 5' Apal site
(residue 1377) (Fig. 4C, top line), which is consistent with
the observation that the EcoRI-cut DNA produces a 1.6-kb
fragment and a 0.5-kb fragment that hybridize with the
1.8-kb Apal probe (Fig. 2, lane H).

The intergenic space regions of the two cloned fragments
(Fig. 4B) differ the most. The Apal fragment contains
tRNAA!®, whereas the EcoRI fragment does not. Neverthe-
less, there are 68 residues that are identical in the two
sequences (residues 793 to 861) (Fig. 4B, top line).

In order to explore this homology further, the intergenic
spaces of both Enterococcus hirae rrm fragments were sub-
jected to a FoldRNA program (9, 10, 25). As shown in Fig.
5, the GAGAG sequence underlined in Fig. 4A formed a loop
with a CTCTC pentanucleotide in both sequences (Fig. 4A
and B, Fig. 5). In both sequences there was base pairing
between the 68 bases that are identical for the two fragments
(residues 793 to 861 in Fig. 4B, top line) and the regions of
homology between the two sequences after the 16S rRNA
sequence (Fig. 4A). From the results of the FoldRNA
program it appears that the secondary structures of the
intergenic spacers are similar and are independent of the
presence or absence of tRNA*!* (Fig. 5). The folded struc-
tures shown in Fig. 5 suggest the possibility that a tRNA®"2
gene may have been deleted or added to a common ancestral
structure and/or that the proposed secondary configuration
may be important in rRNA processing.

The organization of the cloned 1.8-kb Apal intergenic
space is similar to that of the S. pneumoniae intergenic space
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cecsccesecscsscsssssccssescsses CACAAGCGAAGAAGCATGTGCA

[l 1

GGGAGTACGACCGCAAGTTGAAACTCAAAGGAATTGAGGGGGGCCCCGCA

GCAAAGAACCTTACC

GCGAAGAACCTTACC

GCGAAGAAGCATGTGGTTTAATTCGAAGC.

IIIIIl I IIIIIIIIIIIIIIIIIIIIIIIIIII

GCG . TGGAGCATGTGGTTTAATTCGAAGC.

AGGTCTTGACATCCTTTGACCACTCTAGAGATAGAGCTTCCCCTTCGGGC

AGGTCTTGACATCCTTTGACCACTCTAGAGATAGAGCTTC e ccceocees

GGTTAAGTCCCGCAACGAGC GCAA CCTTATTGTTAGTTGCCATCATTTA

«GTTAAGTCCCGCAACGAGCGCAACCCTTATTGTTAGTTGCCATCATTTA

GTTGGGCACTCTA.ccceeccceeesees« CCGGACGCAACGCGTGCGGGAT

TTGGGCACTCTAGCAAGACTGCCGGTGACAAACCGGAGGAGGGCGGGGA

GCACGTCAAATCATCATGCCCCTTAGTTACCTGGGCTACACACGTGCTAC

TGACGTCAAATCATCATGCCC. . . TATGACCTGGGCTACACACGTGCTAC

AATGGGAAGTACAACGAGTCGCAAAGTCGCGAGGCTAAGCTAATCTCTTA

AATGGGAAGTACAACGAGTCGCAAAGTCGCGAGGCTAAGCTAATCTCTTA

AAGCTTCTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCCG

AAGCTTCTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCCG

GAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGAATACGTTCCCGGG

GAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGAATAC . TTCCCGGG

CCTTGTACACACCG.CCCGTCACACCACGAGAGTTTGTAACACCCGAAGT

CCTTGTACACACCGCCCCGTCACACCACCAGAGTTTGTAACACCCGTTGT

CGGTGAGGTAACCTTTTGGA. . . GCCAGCCGCCTAAGGTGGGATAGATTG

CGGTGAGGTAACCTTTTGGAAGCCACGCCGCCCTAAGGTGGCATAGATGA

ATTGGGGTGAAGTCGTA. . ACAAGGTAGCCGTATCGGAAGGTGCGGCTTG

TTGGGGCTGAAGTCCTAACACAGGCTAGCCGTATCGGAAGGTGCCGCCTG

GA.TCACCTTCCTTTCTAAGGAATATTACGGAGAC. . TACACTGTTTGTT

GACTCACCCCCTTTCCTAAGGAATATTACGGAGACCTACACCTGTTTGTT

TTATACTTTGTTCAGTTTTGAGAGGT... 678

LU LR
TTTCACTTTGTTCAGTTTTGAGAGGTTTA 864
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FIG. 4. Partial sequence comparison of the 1.8-kb Apal-cloned fragment (top line) with the 1.6-kb EcoRI fragment (bottom line). Vertical
lines indicate identical residues; dots indicate missing bases. (A) Presumptive 16S rRNA sequences aligned for homology. The 3’ terminus
of 16S rRNA for both sequences is underlined; also underlined is a consensus GAGAG sequence. A sequence of about 110 bP 3’ of the 16S

rRNA sequence is also shown. (B) Intergenic space realigned to show the identity of 68 bp in the two sequences. The tRNAA™

in the 1.8-kb

Apal fragment is overlined, as is the pentanucleotide CTCTC. (C) The 5’ terminus of the 23S rRNA in the two sequences is underlined. The

highly homologous 95 bases 5’ of the 23S rRNA gene are included.

sequenced recently, which contains a single tRNA gene for
alanine (2). This novel tRNA organization in the intergenic
space is different from the organization of many eubacterial
rm operons (4, 11, 21, 22). However, a similar tRNA gene
organization has been found in Halobacterium cutirubrum
(8) and in Methanococcus vannielii (4).

The restriction maps of both cloned Enterococcus hirae
fragments reveal restriction endonuclease sites which are

highly conserved among different bacteria. For example,
Haemophilus influenzae also has the Apal and EcoRlI sites
conserved in comparable locations (13). A Smal restriction
site at the 3’ end of the 16S rRNA is conserved in the 1.8-kb
Apal fragment but not in the 1.6-kb EcoRI fragment. A Smal
site at the end of the 16S RNA gene reportedly is highly
conserved in streptococci and enterococci (6, 23).
Nucleotide sequence accession numbers. The GenBank nu-
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cecccescsccsssccccsssse s CTACTCTCAAARAATARATCGGGGCCTT

eeeceeeccsccscss00csc0cccccsss0000000000000000000 00

tDNAala
AGCTCAGCTGGGAGAGCGCCTGCTTTGCACGCAGGAGGTCAGCGGTTCGA

cecccsccsscccsscccssccsssccscccssccccscccssscsccasscesCT

TCCCGCTAGGCTCCATTAACAACATTAGTTGTTAAAACATTTTGTTCATT

TCTCTCAAAGATATATTGTTCA. . . TTGAAAACTGGATATTTTGTTCATT

CTGGATATTTGAAGTAAATTAGTAATACAAACCGAGAACACCGCG

GAAAA
LOERELCLLERE LR LR TR

GAAAACTGGATATTTGAAGTAAATTAGTAATACAAACCGAGAACACCGCG

TTGAATGAG: c s ceececccsccscscscsossccscsscscssccoscsscccccs

TTGAATTTGAAAGCTAAACAAATCGTTTAGCCTAAGCAAAATAGCGACGT
AATGAATCTTGATTTCATTAGACGGTCAGATCTTTTGCCGAAGAGCTGAT

D I I R R I I R A I I I R e I I I I A A A AP A A

TGTGAGCTGGATAGAG: ¢ e e cceeccocscccccsccsscscscccccssscs

ceeccccccssccsssccsscssscssccssscssscccccscess TTTTTA

ceeccccccssccsssccscccssscssccssscsssccccsscees TTTTTA

ATAAGTTCAATTGCTTATTTTC . TTGATCGGACTTCTATCGCTAGAAGAA

ATAAGTTCAATTGCTTATTTTCTTTGATCGGACTTCTATCGCTAGCCGAA

GATCAAAACCCAACCGTAAGGGTTGATAAGGTTAAGTGAA!

AAGGGGC
IIIIIII|III|IIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIII I

GATCAAAACCCAACCGTAA

CGCACTGGATGC ..+« ¢« o+« CTTGGCACTAGGAGCC

+ACGGTGGATGCTGGCACTAGGAGCCGATGAAGGAGC

GACTAACACCGATATGCTTTGGGGAGCTGTACGTAAGCTATGATCCAGAG

GACTAACACCGATATGCTTTGGGGAGCTGTACGTAAGCTATGATCCAGAG

ATTTCCGAATGGGGGAACCCAGCATCTTTTATAGGATGTTACGTTTGC. .

CEVELLEETEEE LR e e e e e e

ATTTCCGAATGGGGGAACCCAGCATCTTTTATAGGATGTTACGTTTGCAG

GTGAATACATAGCGCATTCGAGGTAGACGCAGAGAACTGAAACATCTAAG

GTGAATACATAGCGCATTCGAGGTAGACGCAGAGAACTGAAACATCTAAG

TACCTGCAGGAAGAGAAAGAAAATTCGATTCCCTGAGTAGCGGCGAACCA

TACCTGCAGGAAGAGAAAGAAAATTCGATTCCCTGAGTAGCGGCGAACC

GAAACGGGAAAAGCCCAAACCAATGAGCTTGCTCATTGGGGTTGTAGGAC

IlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
GAAACGGGAAAAGC

CCAARCCAATGAGCTTGCTCATTGGGGTTGTAGGAC

TCCAATATGGTAGTTCTTTCAGAYAGTCGAATGACTTGGAAAAGTCAGTT

FLEERERLEEETERE LR e

TCCAATATGGTAGTTCTTTCAGATAGTCGAATGACTTGGAAAAGTCAGTC

AAAGAGGGTTAAAACCCCGTAGATGAAATTTGGAAGGCACCTAGGAGGAT

AAAGAGGG. TAAAACCCCGTAGATGAAATTTGGAAGGCA

CCTGAGTACGGCGGAACACGAGGAATTCCGTCGGAATCCGGGAGGACCAT

CCTGAGTACGGCGGAACACGAGGAATTCCTGCAGCCTCGGGT e e e e 0 o o o
FIG. 4—Continued.
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FIG. 5. Computer program folding of the RNA complementary to the intergenic space of the 1.8-kb Apal (A) and 1.6-kb EcoRI (B)
fragments. Note the tRNAA™ fold in the 1.8-kb sequence (70 to 140 bp) and the loops containing the GAGAG consensus sequence (45 to 50
bp in the 1.8-kb fragment and 55 to 60 bp in the 1.6-kb fragment). The 68-bp region of both fragments is also indicated (positions 167 to 232
in panel A and positions 100 to 168 in panel B). Each intergenic space sequence in the program was numbered; 1 corresponded to residue 799
in the sequence given in the bottom line in Fig. 3 and to residue 619 in the sequence given in the top line in Fig. 3. Because of the nature of
the computer program, the two structures are not shown in the same scale.
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