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A fragment of Bombyx mori genomic DNA containing one tRNA,A" gene and
one 5S RNA gene has been used to compare the structural features of silkworm 5S
RNA and tRNA genes. The nucleotide sequences of both genes and of the primary
transcripts produced from them in homologous in vitro transcription systems have
been determined. Comparison of the sequences of these two genes with that of
another previously analyzed B. mori tRNA,A!® gene reveals common oligonucleo-
tides which may be important transcriptional signals. The oligonucleotides
TA(C)TAT, AATTTT, and TTC are located approximately (+1 nucleotide) 29, 19,
and 3 nucleotides, respectively, before the transcription initiation sites of the two
tRNA,A"? genes and the one 5S RNA gene we have analyzed. The sequence
GGGCGTAG(C)TCAG lies within the coding regions of all three genes. The
functional significance of these sequences is suggested by their location within
regions required for the transcription of silkworm alanine tRNA genes in vitro.
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The identification of DNA sequences that
control the initiation of transcription is impor-
tant for understanding the mechanisms govern-
ing gene activity. In procaryotes, conserved
sequences upstream from genes interact directly
with RNA polymerase to promote transcription
(34, 40). Eucaryotic genes transcribed by RNA
polymerase II are also preceded by conserved
sequences whose exact role is not known but
whose effect on the activity of these templates is
significant (7). In contrast, the sequences up-
stream from eucaryotic genes transcribed by
RNA polymerase III are less conserved, and at
least some control regions for these genes lie
downstream from transcription initiation sites.

Specifically, DNA sequences controlling tran-
scription of 5S RNA genes (6, 36), tRNA genes
(10, 21, 25, 29, 39), an adenovirus VAI RNA
gene (18, 23), and human Alu family sequences
(19) have been shown to lie within the coding
regions. For these genes, normal 5’ flanking
DNA can be replaced by heterologous DNA
sequences without abolishing transcriptional ac-
tivity in several in vitro systems. Such alter-
ations are not entirely without effect, however.
The 5’ flanking DNA sequences can influence
both the transcriptional efficiency of certain
templates and the selection of particular tran-
scription initiation points (11, 13, 14, 18, 46). In
at least one case, dependence on normal 5' DNA
is extreme. Bombyx mori tRNA,"* genes are
completely inactive in homologous transcription
extracts when sequences upstream from the
transcription start point are replaced by unrelat-
ed DNA (44). These results indicate that signals

controlling transcription by RNA polymerase I11
may lie upstream from genes as well as inside
them.

Although distinct transcription factors may be
involved in controlling the activity of 5SS RNA
and tRNA genes (16, 46), both classes of genes
are transcribed by RNA polymerase III, and
both may also require certain common transcrip-
tion factors (37). We wish to compare transcrip-
tional control regions in silkkworm 5S RNA and
tRNA genes to learn whether some signals are
common to all genes transcribed by RNA poly-
merase III, whereas others are specific for 5S
RNA or tRNA genes. For example, signals
recognized by RNA polymerase III itself, rather
than by gene-specific transcription factors, may
be conserved among both 5SS and tRNA genes.

In this paper, we compare two tRNA,A?
genes and one 5SS RNA gene isolated from the B.
mori genome. To look for common DNA se-
quences that could be involved in transcriptional
control, we have characterized the primary in
vitro transcription products of these genes and
have determined the DNA sequences corre-
sponding to both coding and flanking regions.
We find striking sequence homologies both with-
in the coding regions and in the DNA preceding
the transcription initiation sites of all three
genes.

MATERIALS AND METHODS
Isolation of a B. mori genomic DNA fragment contain-
ing tRNAA and 5SS RNA genes. The pBm13 EcoRI
fragment of B. mori genomic DNA was originally
cloned in bacteriophage AgtB as described earlier (24)
and was then subcloned into the bacterial plasmid
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pBR322 by standard procedures. DNA fragments were
joined with T4 polynucleotide ligase (New England
Biolabs; 15) and were inserted into Escherichia coli
RRI cells by transformation (12). Bacterial colonies
with tRNA,A™ and 5S gene-containing plasmids were
detected by colony hybridization (2) to 32P-labeled
tRNA,A" (24) or 5S RNA.

Restriction mapping and DNA sequence determina-
tion. The locations of tRNAA" and 5S RNA genes in
B. mori DNA fragments were established by restric-
tion mapping of unlabeled and end-labeled DNA, and
by hybridization (42) with 3?P-labeled tRNAA™ or 5S
RNA. Partial restriction endonuclease cleavage (41) of
the entire 9.5-kilobase EcoRI fragment was used to
determine the orientation of each gene. These loca-
tions and orientations were confirmed by determina-
tion of appropriate DNA sequences.

DNA fragments for sequence analysis were 5'-
terminally labeled with [y-3P]ATP and polynucleotide
kinase (P-L Biochemicals; 3, 30) or were 3’-terminally
labeled with [a->2P]JCTP (ICN Pharmaceuticals, Inc.)
and terminal deoxynucleotidyltransferase (Bethesda
Research Laboratories; 35) or a-32P-labeled deoxynu-
cleoside triphosphates ([a-32PJdXTPs) (New England
Nuclear Corp. Schwarz/Mann) and the Klenow frag-
ment of DNA polymerase (Boehringer Mannheim
Corp.; 9). Sequencing was performed by partial chemi-
cal cleavage (30). Both strands of DNA were analyzed
in all cases. DNA sequences were compared for
homologous regions with the SEQ computer program
(8) through the Stanford MOLGEN project and the
National Institutes of Health SUMEX-AIM facility.

Analysis of in vitro transcription products. B. mori
transcription extracts were prepared and used as de-
scribed earlier (44). In vitro transcription with Xeno-
pus laevis germinal vesicle lysates was carried out as
previously described (4). a->?P-labeled nucleoside tri-
phosphates were obtained from ICN, Schwarz/Mann,
or New England Nuclear Corp. Transcription prod-
ucts were fractionated on 10% polyacrylamide gels in
the presence of 7 M urea (43). Nucleotide sequence
analysis of internally labeled RNAs was carried out by
standard procedures (1). Oligonucleotides generated
by digestion with T, RNase (Sankyo) were fractionat-
ed two-dimensionally by electrophoresis at pH 3.5
(first dimension) and by homochromatography on
polyethyleneimine thin-layer plates (second dimen-
sion) (33). The resulting oligonucleotides were identi-
fied by secondary digestion with pancreatic RNase.
Further analysis of secondary digestion products was
done by cleavage with RNase T, and fractionation of
nucleotides by chromatography on cellulose thin-layer
plates (Analtech, Inc.) in isopropanol-HCI or isobu-
tryric acid-NH,OH solvents (31). The 5'-terminal nu-
cleotides of transcripts were produced by complete
digestion with a mixture of T, (125 U/ml), T, (0.2
mg/ml), and pancreatic (0.2 mg/ml) RNases for 3 h at
37°C. They were separated from internal mononucleo-
tides by electrophoresis on DEAE paper at pH 3.5.
Quantitation was done by scintillation counting of
appropriate regions of DEAE paper after localization
of mononucleotides by autoradiography. Nucleoside
tetraphosphates were cleaved with P; nuclease (20) to
yield the corresponding nucleoside 5'-triphosphates
plus P;. These products were analyzed by chromatog-
raphy on polyethyleneimine thin-layer plates in 1 M
KH,PO, (pH 3.5) in parallel with marker nucleotides.
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RESULTS

Transcription of pBm13 DNA in vitro. To
study both tRNA and 5S RNA genes from
silkworms, we examined a cloned B. mori geno-
mic fragment (pBm13) which contains one
tRNA,*" gene and one 5S RNA gene. Detailed
restriction mapping of this fragment combined
with hybridization of DNA fragments to radioac-
tive tRNAA2 or 5SS RNA (42) established the
structure diagrammed in Fig. 1 (data not shown).
The two genes are separated by 4.3 kilobases
and are oriented in opposite directions within a
9.5-kilobase restriction fragment. We have de-
termined the sequence of 225 base pairs of DNA
containing the tRNA gene and 275 base pairs of
DNA containing the 5SS RNA gene. This analysis
shows that the alanine tRNA gene on pBm13
encodes tRNA,A!? (43)—an abundant tRNA spe-
cies in a variety of silkworm cells in vivo. Like
the pBm11 tRNA,A"® gene previously analyzed
(24), this tRNA gene does not contain any
intervening sequences and does not encode the
3’-terminal CCA of the tRNA.

The 5S RNA gene on pBm13 differs in 5 of 120
positions from the reported sequence of B. mori
5S RNA found in vivo (28, 45). However, silk-
worms, like other organisms (17, 38), probably
have multiple forms of 5SS RNA genes. At least
three different B. mori 5S RNAs synthesized in
vivo can be separated on highly resolving gels.

'
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FIG. 1. Restriction map of pBm13 DNA. pBm13
contains a 9.5-kilobase EcoRI fragment of B. mori
genomic DNA (heavy line) inserted into the EcoRI site
of the plasmid vector, pBR322 (thin line). The map
was determined by cleavage of pBm13 DNA with a
variety of restriction endonucleases, followed by hy-
bridization of resulting DNA fragments to 32P-labeled
tRNAA™ or 5S RNA. Partial restriction endonuclease
cleavage of end-labeled DNA (41) was used to deter-
mine the orientation of each gene. The arrows next to
the 5SS RNA and alanine tRNA genes indicate the
direction in which each gene is transcribed.
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FIG. 2. In vitro transcription of pBmi13 DNA.
RNA was labeled with [a-*2P]JGTP during transcrip-
tion of pBm13 DNA in vitro. Samples were run on a
10% polyacrylamide gel containing 7 M urea. Lane 1,
RNA transcripts produced from pBm13 DNA in B.
mori ovary extracts. Lane 2, RNA transcripts pro-
duced from pBm13 DNA in X. laevis germinal vesicle
lysates. Positions of 5SS RNA, precursor tRNA,*"
(ptRNA,*'?), and mature tRNA,*" are indicated. Het-
erogeneity in size of both ptRNA”® and 5SS RNA
transcripts is responsible for the width of the RNA
bands on the gel and is due to transcription termination
at multiple sites.

Fingerprint analysis of these RNAs indicates
that the major species has the sequence reported
by Komiya et al. (28), whereas one of the other
forms (present in vivo at about one-fourth the
level of the major species) is encoded by the
pBm13 5S RNA gene (K. Sprague, unpublished
data). Thus, the 5SS RNA gene we have studied
belongs to a class which is active in vivo.

To assay the transcriptional activity of cloned
5SS RNA and tRNA genes in vitro, we have used
extracts made from B. mori pupal ovaries (44)
and from X. laevis germinal vesicles (4). Figure 2
shows that when pBm13 is used as a template in
either kind of extract, RNAs resembling puta-
tive alanine tRNA and 5S RNA are synthesized.
Most of the tRNA transcripts are converted to
mature length in X. laevis extracts but accumu-
late as precursors in B. mori extracts. Structural
analysis established, however, that both ex-
tracts synthesize identical tRNA precursors and
process them correctly (data not shown). The 5S
RNAs synthesized by these extracts are also

MoL. CELL. BioL.

indistinguishable from each other. The differ-
ence in yield of SS RNA compared with alanine
tRNA transcripts is reproducible, and we are
examining the basis for this phenomenon.

Partial sequence determination of each of the
transcripts from pBm13 was undertaken with
two aims. We wished first to learn whether the
RNAs tentatively characterized on the basis of
electrophoretic mobility as alanine tRNA and 5S
RNA were in fact the products of the pBm13
genes identified by DNA sequence analysis.
Second, we wished to determine the sites of
transcription initiation and termination for each
gene, information which defines the transcrip-
tion unit and permits alignment of genes with
respect to their transcription initiation sites. It
thus allows comparison of sequences having a
common spatial relationship to these sites. RNA
sequence analysis confirmed that the 5S RNA-
sized molecule is the primary transcript of the
pBmi13 5S RNA gene and that the putative
precursor tRNA is a 93-nucleotide Primary tran-
scription product of the tRNA,** gene. The
oligonucleotides resulting from digestion of each
transcript of RNase T, coincide with those pre-
dicted from the gene sequences (Fig. 3 and 4;
Table 1).

Transcription initiation sites. For precise iden-
tification of the sites at which the transcription
of tRNA and 5SS RNA genes initiates, the 5’
termini of the corresponding transcripts were
examined in detail. Fractionation and quantita-
tion of the products obtained by digesting pre-
cursor tRNA and 5S RNA to mononucleotides
indicated that both molecules possess triphos-
phorylated 5’ ends characteristic of primary
transcripts. Nearest-neighbor analysis of
nucleoside tetraphosphates derived from tran-
scripts labeled with each of the four [a->*P]XTPs
identified with the first two nucleotides in each
RNA. We conclude that more than 90% of the
tRNA and 5S RNA transcripts begin with pppA-
pAp and pppGpCp, respectively. Oligonucleo-
tides containing these 5'-terminal nucleotides
have been identified in T, RNase (Fig. 3) and
pancreatic RNase (not shown) digests of both
RNAs. Alignment of RNA sequences with the
corresponding DNA sequences shows that tran-
scription of the tRNA,*? gene is initiated three
nucleotides upstream from the mature coding
sequence and that transcription of the 5S RNA
gene begins at the nucleotide corresponding to
the 5’ end of mature 5S RNA. These initiation
sites are typical for genes transcribed by RNA
polymerase III in that initiation occurs at a
purine preceded by a pyrimidine residue.

Transcription termination sites. Sequence
analysis of RNA oligonucleotides and compari-
son with the corresponding gene sequences es-
tablished the site of transcription termination of
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FIG. 3. T, RNase fingerprints of the primary
tRNA,*" transcript (A) and primary 5S RNA tran-
script (B) synthesized from pBm13 DNA in B. mori
ovary extracts. T, oligonucleotides labeled by [a-
32pJGTP were fractionated two-dimensionally (see
text). B, P, and Y mark the positions of blue, pink, and
yellow tracking dyes. The identities of numbered
oligonucleotides are given in Table 1. P indicates an
oligonucleotide derived from the extra sequences
unique to the primary transcript of the tRNA gene.
Oligonucleotide 15p is from the 5’ end; 13p and 14p are
from the 3’ end. Asterisks (*) denote modified oligonu-
cleotides which also appear in unmodified form.

each gene. When these genes are transcribed
with low (=25 uM) concentrations of UTP,
termination at different positions generates oli-
gonucleotides with variable numbers of 3'-termi-
nal U residues, each in less than full molar yield
(data not shown). It is unlikely that this length
heterogeneity arises posttranscriptionally, since
the number of U residues is influenced by the
concentration of UTP (and not other XTPs) in
the transcription reaction (24) but not by reincu-
bation of isolated transcripts in B. mori tran-
scription extracts (data not shown). Thus, termi-
nation of both transcripts occurs in clusters of T
residues on the noncoding DNA strand. The
tRNA,A!® termination site is a sequence of six
consecutive T's lying 13 base pairs downstream
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from the mature coding sequence whereas the
5S RNA site is a stretch of eight T's immediately
following the SS RNA gene (Fig. 4).

Having determined the points at which tran-
scription of tRNA,'* and 5S RNA genes starts
and stops, we can now compare equivalent
regions of the two kinds of genes. Below we
discuss the possible significance of sequence
homologies revealed by such a comparison.

DISCUSSION

Homologies between B. mori 5SS RNA and
tRNAA"® coding sequences. If common sequence
signals are recognized by a component of the
transcriptional apparatus that participates in the
synthesis of both tRNA and 5S RNA, these
sequences should appear as homologies when
the structures of the corresponding genes are
compared. One such signal is the oligothymidy-
late sequence which terminates transcription in
the genes we have analyzed, as well as in others
that are transcribed by RNA polymerase III (5).

Our search for additional homologies between
B. mori 5S RNA and tRNA genes has revealed
the common sequence GGGCGTAG(C)TCAG
within the coding regions of both kinds of genes.
This sequence occurs at nucleotide positions 6
to 18 (relative to the transcription initiation site)
in the alanine tRNA genes and at nucleotide
positions 64 to 75 in the pBm13 5S RNA gene
(Fig. 5). The sequence is similar to parts of
internal control regions that have been function-
ally defined for tRNA genes (10, 21, 25, 39)and a
VAI RNA gene (18, 23) in other organisms. It is
partially homologous (~75%) to sequences with-
in B. mori glycine (22, 26, 47) and phenylalanine
(27) tRN As—the only other silkworm tRNAs for
which complete structural information is avail-
able. Moreover, there is direct evidence that this
region of B. mori alanine tRNA genes is func-
tionally important. Deletion analysis of the
pBm11 tRNA,A'® gene shows that although al-
tering much of the coding sequence has little
effect, replacing this particular region by nonho-
mologous sequences drastically reduces tran-
scriptional efficiency (D. Larson, J. S. Wilcox,
L. S. Young, and K. U. Sprague, manuscript in
preparation).

Do coding sequences also influence the tran-
scription of SS RNA genes by B. mori RNA
polymerase III? We do not yet know the answer
to this question, but the activity of B. mori 5S
RNA genes in X. laevis extracts (Fig. 2) indi-
cates that these genes are recognized by compo-
nents of the X. laevis RNA polymerase III
transcription complex. One of these transcrip-
tion factors is known to bind to a control site
within the coding region of Xenopus borealis 5S
RNA genes (16). Comparison of the B. mori 5S
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FIG. 4. Nucleotide sequences of the pBm13 tRNA,A!® and 5S RNA genes and the corresponding transcription
products. The noncoding strand of the DNA is shown with primary transcription products aligned above each
gene. The solid lines represent the sequence of the mature RNA products. The 3’-terminal CCA of mature

tRNA,A" is added posttranscriptionally.

RNA gene sequence with the X. borealis Xbs1
5S RNA gene (32) shows that 28 of the 34
nucleotides (82%) in the X. borealis transcrip-
tional control region (6, 36) are also present in
the corresponding part of the B. mori 5SS RNA
gene. The GGGCGTAGTCAG sequence that is
shared by B. mori 5S RNA and tRNA,A" genes

suggest that coding sequences could control
transcription of 5SS RNA genes by B. mori poly-
merase III, but it will be important to test the
functional significance of such sequences direct-
ly.

Homologies between sequences flanking B. mori
5S RNA and tRNAA™ genes. Functional analyses

is included in this region. These homologies indicate that transcriptional signals also lie up-

TABLE 1. Oligonucleotides produced by T, RNase digestion of G-labeled primary transcripts from the
pBm13 tRNA,A'"® and 5S RNA genes®

Precursor tRNA,A" 5S RNA
Fingerprint Sequences of Fingerprint Sequences of
spot oligonucleotides spot oligonucleotides
1 Gp 1 Gp
2 AGp 2 CGp
3 CGp 3 UGp
4 UGp 4 AAGp
5 UAGp 5 UCGp
6 AUGp 6 UAGp
6* ADGp 7 AUGp
7 CUUGp 8 UUGp
8 APCGp + CAY, 9 ACCGp
9 CUCAGp 10 CCUGp + UCCGp
10 m’GUACCGp 11 UCAGp
1 AUACCCGp 12 CAACGp
11* m'AUACCCGp 13 CCAACGp
12 CUUIp 14 UCAAGp
12* CUmUIp 15 UACUUGp + UUCUCGp
13p ACUGp 16 AUCACCGp
14p CCUCCAAUCUCGp 17 AACACUACGp
15p pppPAACGp 18 AAAACACCGp
) 19 UCCAUACCACGp
20 pppGp

¢ Fingerprint spot numbers are keyed to Fig. 3. Oligonucleotide sequences were verified by secondary
digestion of T, oligonucleotides with pancreatic RNase as previously described (24). Further analysis of
secondary digestion products was done by digestion with T, RNase as described in the text. Asterisks (*)
indicate modified oligonucleotides which also appear in unmodified form in the tRNA,”"™ transcript.
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FIG. 5. DNA sequences common to B. mori 5SS RNA and tRNA,A"™ genes. Common oligonucleotide

sequences on the noncoding DN A strands of a B. mori 5S RNA gene and two B. mori tRNA,

Ala genes are shown.

Nucleotide positions are numbered relative to the transcription initiation site (I) for each gene.

stream from B. mori tRNA genes. One B. mori
alanine tRNA gene (pBm11) has been shown to
require normal 5’ flanking sequences for activity
in homologous in vitro transcription systems
(44). The transcriptional properties of partially
deleted derivations of this gene have placed the
upstream limit of the crucial region between
nucleotides 34 and 11 preceding the transcrip-
tion initiation site (Larson et al., manuscript in
preparation). Comparisons between the pBm11
and the pBm13 tRNA and 5S RNA genes sug-
gest that specific sequences within this region
are likely to be particularly important. Examina-
tion of extensive regions flanking both sides of
these genes revealed significant homologies only
in the 5’ flanking regions (excluding the oligothy-
midylate terminators). Strikingly, these homolo-
gies occur within the 34 nucleotides upstream
from each transcription initiation site. As shown
in Fig. 5, the sequences TA(C)TAT, AATTTT,
and TTC are common to all three genes and are
located at positions =29 =1, -19 = 1,and -3 =
1 nucleotides, respectively.

The TTC sequence cannot itself be the entire
control signal, since this sequence is retained in
a transcriptionally silent tRNA,*"® gene truncat-
ed at position —11 (44). Attention is therefore
focused on the conserved oligonucleotides
TA(C)TAT and AATTTT as possible parts of an
essential control region. These two oligonucleo-
tides are not common to the 5’ flanking DNA or
tRNA and 5S RNA genes in other organisms.
Thus, if these sequences are involved in control-
ling gene transcription, they are likely to be
needed specifically for recognition by B. mori
RNA polymerase III (or associated factors).
Since a 5'-truncated B. mori tRNA,A® gene
which is inactive in B. mori transcription ex-
tracts can still serve as a template for efficient
transcription in X. laevis extracts (44), it appears
that the B. mori RNA polymerase III transcrip-
tion apparatus is more highly dependent upon
specific 5’ flanking sequence signals than is the
X. laevis RNA polymerase III complex. Genes
from a variety of organisms can be transcribed
by extracts from X. laevis germinal vesicles. We
have tested several of these genes, including
Drosophila melanogaster tRNA™* genes (13)

and a VAI RNA gene (18, 23), and find that they
are either completely inactive or very poorly
transcribed in B. mori extracts (D. G. Morton,
unpublished data). The inability of these genes
to serve as templates for transcription in B. mori
extracts may reflect the absence of appropriate
5’ flanking sequence signals. In fact, all of them
lack at least two of the three conserved oligonu-
cleotides that precede B. mori genes.

Although 5’ flanking sequences have been
found to modulate the efficiency and position of
transcription initiation by Xenopus spp. and D.
melanogaster RNA polymerase III (13, 14, 46),
the effect of 5’ flanking DNA in governing tRNA
gene transcription by B. mori RNA polymerase
III is much more pronounced (44). The first 34
flanking nucleotides includes sequences re-
quired for activity of an alanine tRNA gene in
vitro (Larson et al., manuscript in preparation).
Since the conserved oligonucleotides that we
have identified lie within this region, they are
likely to contribute to the control of tRNA gene
transcription. To determine whether sequences
in this region also have a more general function
in controlling transcription of other kinds of
polymerase III templates, we are constructing
mutant derivatives of B. mori 5S RNA genes
lacking all or part of them.
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