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Novel tRNA Gene Organization in the 16S-23S Intergenic Spacer of
the Streptococcus pneumoniae rRNA Gene Cluster
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Isoleucine and alanine tRNAs are encoded tandemly within the 16S-23S intergenic spacer of some eubacterial
rRNA gene clusters. Southern hybridization analysis and DNA sequence analysis demonstrated a novel gene
organization for an rRNA gene cluster on the Streptococcus pneumoniae chromosome. A sequence specifying an
alanine tRNA was found within the intergenic spacer, but no sequence specifying an isoleucine tRNA was found
there. Southern hybridization analysis indicated that the location of the isoleucine tRNA gene was near the 5S
rRNA gene in two of four rRNA gene clusters.

Typically, the gene organization of eubacterial rRNA gene
clusters is 5'-16S-23S-5S-3' (2 and references within; 20),
although several exceptions have been observed (12, 21, 23).
Between the 16S and 23S rRNA genes and downstream of
the 5S gene are regions known as the intergenic spacer and
distal spacer, respectively. Both of these regions have been
shown to encode tRNAs in some rRNA gene clusters. In the
intergenic spacer, a glutamate tRNA or tandem isoleucine-
alanine tRNAs may be encoded (5, 9, 13, 14, 22, 25). Some
distal spacers have been shown to encode an aspartate
and/or a tryptophan tRNA or a threonine tRNA (3, 9, 17).
Here we report results from Southern hybridization analysis
of the rRNA gene clusters of Streptococcus pneumoniae and
DNA sequence analysis of the intergenic spacer.

Southern hybridization analysis of rRNA and spacer tRNA
genes. Total DNA was extracted (11) and purified from
late-log-phase cultures of S. pneumoniae (ATCC 33400). The
concentration of the DNA preparation was determined by
the diphenylamine assay as previously described (6). In
separate reactions, 1 ,ug of total DNA was digested with
either HindlIl or PstI. Conditions for the digestions were
those specified by the supplier of the restriction endonu-
cleases (Bethesda Research Laboratories, Inc., Gaithers-
burg, Md.). The restriction digests and lambda HindIll
fragments were electrophoresed in a 1% agarose gel. The
fractionated DNA was transferred to a solid support mem-
brane (Nytran; Schleicher & Schuell, Inc., Keene, N.H.) as
previously described (19). The membrane-bound DNA frag-
ments were sequentially probed with 5'-end-labeled [y-32P]
ATP oligodeoxyribonucleotides specific for the three rRNA
genes and the tRNAIle and tRNAAla genes. Probes are
described in Table 1. The 5S rDNA probe was mixed, in that
the sixth nucleotide was synthesized with equimolar ratios of
all four deoxyribonucleotides, because of the variability at
that position in eubacterial 5S rRNAs. Conditions for pre-
hybridizations, hybridizations, and probe removal were
those specified by the supplier of the hybridization mem-
brane (Schleicher & Schuell).

Figure 1 shows the results of the hybridization experi-
ments. Estimated sizes of the DNA fragments that hybrid-
ized with the probes are presented in Table 2. Patterns
(HindIII or PstI) were identical for hybridizations with the
16S rDNA and tDNAAla probes, suggesting that the two
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genes are linked. A single signal corresponding to 4.0 kb was
detected when the 16S or 23S rDNA probe or the tDNAA'a
probe was hybridized to the Hindlll-digested DNA. This
result strongly suggests a linkage between the 16S and 23S
rRNA genes and the tRNAAla gene.
Most striking of our observations was the lack of similarity

between the hybridization patterns generated from the
tDNAIIe and tDNAAla probes. Two signals corresponding to
6.1 and 3.5 kb in the HindIII-digested DNA were observed
from the hybridization with the tDNAI'e probe. Four signals
corresponding to 6.1, 3.5, 3.2, and 2.5 kb were observed
when the 5S rDNA probe was hybridized against the
HindIII-digested DNA. Two signals corresponding to 8.9
and 7.1 kb in the PstI-digested DNA were observed from the
hybridization with the tDNAIle probe. Four signals corre-
sponding to 20.0, 8.9, 7.8, and 7.1 kb were observed follow-
ing hybridization of the 5S rDNA probe to PstI-digested
DNA. Thus, the two signals from the tDNAIle hybridization
correspond to two of the four signals from the 5S rDNA
hybridization (HindlIl- or PstI-digested DNA). These re-
sults strongly suggest a linkage between the tRNAI'e and 5S
rRNA genes. On the basis of our observations from the
Southern hybridization analyses, we propose that there are
at least four copies each of the 16S, 23S, and 5S rRNA genes
on the S. pneumoniae chromosome. There appear to be four
copies of the tRNAAla gene, each probably located between
a 16S and a 23S rRNA gene. Probably only two copies of the
tRNAI'e gene are present, and they appear to be linked to
two different 5S rRNA genes.

Cloning of the intergenic spacer. Total DNA from S.
pneumoniae was digested with HindlIl and electrophoresed
in a 1% agarose gel. DNA fragments of ca. 3 to 5 kb were
purified from the gel as previously described (24) and ligated
into the HindlIl site of pUC9. Escherichia coli JM 83 was
transformed with DNA from the ligation reaction. The
resulting transformants were screened with the tDNAAIa
probe. The colony hybridization method we employed has
been previously described (15). Plasmid DNA was prepared
from one of the transformants that strongly hybridized with
the probe. This recombinant plasmid contained an insert of
ca. 4.0 kb that hybridized to the 16S and 23S rDNA probes
and the tDNAAla probe and was designated pSP1. The insert
of pSP1 was mapped with six restriction endonucleases (data
not shown), and an internal SmaI fragment (ca. 900 bp) was
ligated into the SmaI site of pUC18. The resulting recombi-
nant was designated pSP4. Unidirectional deletions of the
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TABLE 1. Oligodeoxyribonucleotides used to probe for rDNAs
and tDNA"e and tDNAAla genes in S. pneumoniae

Probe Region of complemen- Sequence (5' 3')roe tarity to RNA of E. coliSeune('*)

16S 1392-1406 ACG GGC GGT GTG TAC
23S 241-255 TCG CTC GCC GCT ACT
5S 41-55 CCC ATN CCG AAC TCA
Ile' 17-40 TGG TTA GAG CGC ACC

CCT GAT AAG
Ala' 23-37 AGC GCC TGC TTT GCA

a Sequence is the DNA analog to the RNA; thus, it is not complementary to
the RNA.

TABLE 2. rDNA and tDNA Southern hybridization analysis
of total S. pneumoniae DNA

Oligonucleotide Restriction Size of fragment (kb)
probe endonuclease corresponding to signal

16S Hindlll 4.0
PstI 5.0, 4.8, 3.8, 3.2

23S HindIll 4.0
PstI 2.1

5S HindIll 6.1, 3.5, 3.2, 2.5
PstI 20.0, 8.9, 7.8, 7.1

tDNAAla HindlIl 4.0
PstI 5.0, 4.8, 3.8, 3.2

tDNAIle HindlIl 6.1, 3.5
PstI 8.9, 7.1

pSP4 insert were generated with exonuclease III as previ-
ously described (7). The insert of pSP4 and its derivatives
were used as templates to determine the nucleotide sequence
of the putative intergenic spacer. Double-stranded templates
were sequenced by the dideoxy chain termination method as
previously described (18). The sequence of the putative
intergenic spacer and portions of the flanking 16S and 23S
rRNA genes is presented in Fig. 2.

Nucleotides 1 to 160 shared 86% positional identity with
the 3' end of the Bacillus subtilis 16S rRNA gene. Nucleo-
tides 411 to 932 shared 68% positional identity with the 5'
end of the B. subtilis 23S rRNA gene. Nucleotides 214 to 286
were 100% identical to 73 of 76 nucleotides of the B. subtilis
intergenic spacer tRNAAla gene in rrnO (14). Both noncod-
ing regions (nucleotides 161 to 213 and 287 to 410) flanking
the tRNAAla gene were searched for the presence of tRNA
genes by sequence homology to eubacterial tRNA genes in
the DNA sequence data bank (GenBank). In addition, these
regions were analyzed for any tRNA-like secondary struc-
ture (PCGene). No tRNA or tRNA-like sequences were
found in these regions.

Curiously, we noted numerous direct repeats (5 nucleo-
tides or larger) in the noncoding portions of the intergenic
spacer. These observations included one 8-base repeat
(GGTCTTGT) at nucleotides 185 to 192 and 206 to 213 and
one 9-base repeat (AGAAAATAA) at nucleotides 348 to 356
and 402 to 410. Sequence analysis also revealed one 6-base
tandem repeat (TAAGGA, nucleotides 162 to 173) within the

region of the intergenic spacer where the tRNAIIe is typically
encoded. Short direct repeats appear to play an integral role
in some forms of illegitimate recombination (1, 4).
Our experimental observations were consistent with those

for other eubacterial rRNA gene clusters with the exception
of the absence of the tRNATle gene from the intergenic
spacer. Therefore, we tentatively propose the gene organi-
zation of 5'-16S rDNA-tDNAAla-23S rDNA-5S rDNA-
tDNAIle-3' for two of the gene clusters and 5'-16S rDNA-
tDNAAla-23S rDNA-5S rDNA-3' for the remaining two
rRNA gene clusters on the S. pneumoniae chromosome,
even though we have not yet demonstrated a direct linkage
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FIG. 1. Southern hybridization patterns of S. pneumoniae
rDNAs and tDNAIIC and tDNAAIa. Total DNA was digested with
HindIll or PstI (left and right lanes, respectively). Numbers on left
show size in kilobases.
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FIG. 2. Nucleotide sequence of the cloned intergenic spacer
from S. pneumoniae.
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between the 5S gene and the other rRNA genes. It is
interesting that the archaebacteria Halobacterium halobium,
H. cutirubrum, and Methanococcus vannielii have the same
intergenic spacer tRNA gene organization as S. pneumoniae
(8, 10, 16).

In summary, Southern hybridization analysis of total
DNA indicates that there are four copies of the rRNA gene
clusters on the S. pneumoniae chromosome. DNA sequence
analysis of the cloned intergenic spacer demonstrates the
presence of a tRNAAla gene but the absence of the tRNAI"'
gene typically encoded in tandem with the tRNAAla gene in
eubacterial rRNA gene clusters. In addition, Southern hy-
bridization analysis indicates that two of the gene clusters
contain a tDNAI'le linked to a 5S rDNA. Direct evidence for
the linkage between these two genes awaits the cloning and
sequencing of the 3.5-kb HindIII fragment (Table 2). The
GenBank accession number for the 932-nucleotide sequence
of the S. pneumoniae intergenic spacer is M60763.

We acknowledge Lloyd Epstein and Kevin McHugh for their
critical reading and discussion of the manuscript and Ellyn White-
house for technical help with the automated DNA sequencer.
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