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ABSTRACT  Using partially deleted genes, we have identified
an upstream control signal required for transcription of a Bombyx
mori (silkworm) tRNA2! gene. The 5’ boundary of this essential
region lies between 34 and 11 nucleotides preceding the tran-
scription initiation site. Sequences in the 5’ half of the tRNAZ™
coding region are also important. Both regions contain oligonu-
cleotides that are conserved among several Bombyx genes tran-
scribed by RNA polymerase III, suggesting that these sequences
may have a general control function.

Identification of cis-acting elements that affect transcription of
eukaryotic genes is essential for understanding how these ele-
ments interact with diffusible regulatory molecules to control
gene expression. Recent localization of DNA sequences re-
quired for transcription by RNA polymerase III has drawn at-
tention to control regions lying inside genes (1-11). In several
cases, however, 5’ flanking DNA also influences the efficiency
or the position of transcription initiation by RNA polymerase
III (3, 12-16). In one instance, 5' flanking sequences are ab-
solutely required for activity: replacement of =5 kilobases (kb)
of the normal 5’ flanking DNA with unrelated sequences de-
stroys the activity of a Bombyx mori (silkworm) alanine tRNA,
gene in homologous in vitro transcription systems (17).

To understand how upstream sites control gene activity, we
wished to identify the essential region within the 5’ flanking
DNA of this tRNA2™ gene. We therefore constructed a series
of deletions removing successively larger amounts of flanking
sequence. We expected analysis of the resulting mutant tem-
plates to yield two kinds of information. First, the position of
the external control region relative to the transcription start site
should suggest the nature of its role. For example, a control
region lying close to a gene could interact directly with RNA
polymerase or associated factors at the point of transcription
initiation. It would thus be functionally analogous to regulatory
sequences adjacent to prokaryotic genes. In contrast, the con-
tribution of a far upstream control region would likely be some-
what different. Distant sites might function as regulators of lo-
cal DNA superhelicity, as has been suggested for some genes
transcribed by eukaryotic RNA polymerase II (reviewed in ref.
18).

In addition to providing positional information, localization
of the required region of the tRNAA™ gene might also allow us
to recognize the particular oligonucleotides that act as tran-
scriptional control elements. Comparison with similar regions
adjacent to other Bombyx RNA polymerase III templates could
reveal sequence homologies. The distribution of such con-
served sequences among different classes of genes would sug-
gest how general their control function might be.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

3416

To learn whether the activity of Bombyx tRNAS™ genes is
controlled -entirely by upstream elements, or whether intra-
genic elements are involved as well, we also examined the
properties of genes from which variable amounts of coding se-
quence had been removed. In this paper we show that an es-
sential upstream control region is located within the 34-nu-
cleotide sequence immediately adjacent to the transcription
initiation site. In addition, a region downstream from this site,
within the 5’ half of the coding region, is important for activity.
We believe that certain sequences within these regions are par-
ticularly significant because they are found in other genes tran-
scribed by Bombyx RNA polymerase III

MATERIALS AND METHODS

Cloned Genes Used for Deletion Analysis. The tRNA2™ gene
used in this work was originally isolated as a 13.5-kb EcoRI frag-
ment of the Bombyx genome {19). The 18-kb pBR322 derivative
containing this large fragment is called pBm11. pWT ALA 5,
a 4.8-kb plasmid, is a subclone in which a 437-base-pair (bp)
tRNAS® gene-containing Pou I1/Ava I fragment replaces the
Pou I1/Ava I region of pBR322. The transcriptional activity of
this subclone is indistinguishable from that of pBm11. There-
fore, it was used as the starting material for the construction of
5' and 3' deleted genes and provided an activity standard for
comparison with mutant derivatives. pWT ALA 3’ contains es-
sentially the same Bombyx DNA as pWT ALA 5, except that
the Ava I site has been replaced by an EcoRI linker. The re-
sulting 435-bp fragment was inserted between the Pou II and
EcoRI sites of pBR322, yielding a 2.5-kb plasmid. pWT ALA
3’ also has wild-type transcriptional activity and, because of its
structural similarity to the 3’ deletion mutants, it was used as
an additional standard.

Construction of Deletion Mutants and DNA Sequence
Analysis. The 5' and 3' deleted tRNAS™ genes were con-
structed as outlined in Fig. 1, using BAL-31 mutagenesis pro-
cedures (20). The endpoints for all 5’ and 3’ deletions were es-
tablished by DNA sequence analysis (21). The sequences were
searched for homologies and dyad symmetries by using the SEQ
computer program (22) through the Stanford MOLGEN project
of the National Institutes of Health SUMEX-AIM facility.

In Vitro Transcription Assays and RNA Sequence Analysis.
Template efficiencies (transcripts per gene per hr) of wild-type
and deleted genes were measured by in vitro transcription as-
says using Bombyx silk gland and ovary extracts (17). Most as-
says were conducted at the previously determined optimal DNA
concentration of 20 ug/ml. However, to ensure that the effects
we observed were not limited to a particular set of reaction con-
ditions, assays were repeated with different extract prepara-
tions and at different DNA concentrations (10-30 ug/ml). The

Abbreviations: kb, kilobase(s); bp, base pair(s).
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Fic. 1. Construction of 5’ and 3’ deleted tRNA3' genes. The starting material contains a 437-bp fragment of Bombyx DNA (heavy line) inserted
between the Pvu IT and Ava I sites of pBR322 (thin line). The alanine tRNA gene is represented by a hatched box and its direction of transcription
is indicated by an arrow. The pBR322 genes conferring resistance to ampicillin and tetracycline are represented by open boxes. Deletions at the
5’ or 3’ ends of the tRNA gene were generated by performing the indicated manipulations. Clones containing 5' deleted genes were recovered by
ligation of the EcoRI fragments into a tetracycline-sensitive vector followed by introduction into Escherichia coli (RRI) cells by transformation and
selection for tetracycline-resistant colonies. For most 5’ deletions, inserts were obtained in both of the two possible orientations, designated “L” (as
shown) or “R.” The 3’ deleted fragments were simply circularized by ligation and recovered as ampicillin-resistant plasmids. Ori, origin of rep-

lication; RI, EcoRI site.

sequences of transcripts from mutant genes and the identities
of 5’ terminal nucleotides were confirmed by partial RNA se-
quence analysis as described (23).

RESULTS

Experimental Strategy and Production of Partially Deleted
tRNA Genes. Truncation at a natural HindIII site has already
provided evidence that all or part of an essential tRNA3™ gene
control element lies within a 5-kb region upstream from —11
(17). By taking advantage of another restriction site (Pou II), we
were able to limit the possible upstream boundary of the con-
trol signal to the 222 bp immediately adjacent to the gene. That
is, a tRNAS™ gene retaining only 222 bp of normal 5’ flanking
DNA directs transcription as accurately and efficiently as does
the same gene with an intact 5-kb flanking region (data not
shown). On the 3’ side of this gene, the presence of an Ava I
site allowed removal of all but 117 bp of flanking sequence.
This manipulation also did not affect template activity.

Further delineation of control regions required excision of
additional sequences by exonuclease digestion. As diagrammed
in Fig. 1, the Pou I1/Ava I gene-containing fragment inserted
in the bacterial plasmid pBR322 was the starting material for
this mutagenesis. Our protocol (shown in Fig. 1) took advantage

of selectable markers artificially linked to the tRNAS™ gene to
facilitate recovery of particular mutagenized DNA fragments.
To distinguish the mutant phenotypes caused by removal of
natural sequences from those due to addition of vector se-
quences, we wished to vary the vector sequence that replaced
normal DNA. Therefore, in constructing the 5' deleted series
we replaced normal DNA with two different sequences by sim-
ply varying the orientation of each gene-containing fragment
within the plasmid vector. Our choice of possible replacement
sequences in the 3’ deletion series, however, was restricted by
the necessity of producing transcripts of defined length from
genes whose natural termination site had been removed. Thus,
all of the Bombyx sequences deleted in this series were re-
placed by a single pBR322 sequence containing a potential al-
ternative RNA polymerase III terminator, the Ts oligonucleo-
tide at positions 4,324—4,328.

The transcriptional efficiencies of mutant and wild-type tem-
plates were compared by measuring the amounts of primary
transcript produced from them by using extracts from Bombyx
silk glands or ovaries. Because processing and degradation are
negligible in these extracts (unpublished observations), all of
the transcription products are accounted for by the single well-
characterized primary transcript (17, 19). To monitor possible
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changes in the sites of transcription initiation and termination,
the nucleotides at the ends of transcripts from mutant and wild-
type genes were compared.

Limits of the 5’ Flanking Signal. As illustrated in Fig. 24,
replacement of normal 5’ flanking sequences between posi-
tions —222 and —34 with either of two vector sequences does
not significantly alter transcriptional activity. Templates de-
leted up to positions —157, —97, —46, and —34 have 85-100%
of wild-type activity (Fig. 3) and direct initiation at the normal
site (not shown). In striking contrast, longer deletions that re-
move the additional 31 nucleotides between —34 and —3 result
in complete inactivation of the tRNA gene. These mutants, as
well as others with deletions extending even farther into the
gene, give no detectable transcripts.

These results localize the upstream boundary of the 5' flank-

®

5 Deletions

-222-97-46 -34 -13 -1 -3 520
R e I RI R H L R R R
—— . — P — —

S Sy . W G

3’ Deletions

9 16 24 37 44 61 69 74 85 124 146 215

Fi16. 2. In vitro transcription products of 5’ and 3’ deleted
tRNA2Z'® genes. RNA was labeled with [a-32P]GTP during the tran-
scription of mutant genes in extracts from Bombyx silk glands. Total
reaction mixtures were run on a 10% polyacrylamide gel containing 7
M urea and 0.1% sodium dodecyl sulfate. (4) The 5’ deletion mutants.
(B) The 3’ deletion mutants. Lanes are labeled with the positions of
deletion endpoints, numbered relative to the transcription initiation
site. Negative numbers indicate positions upstream from the gene. “L”
and “R” refer to the orientation of the insert in 5’ deletion mutants. “H”
signifies that the previously reported —11 deletion (17) was created by
truncation at a natural HindIII site.
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ing control element to the region between —34 and —3. Be-
cause the phenotypes of the —3 deletions and the previously
reported —11 deletions (17) are indistinguishable, we conclude
that this boundary probably lies between —34 and —11. The
behavior of templates deleted up to —13 is consistent with this
interpretation. The intermediate transcriptional activities of these
mutants (15-85% of wild type) could be a consequence of their
retention of part but not all of a control region. In keeping with
the idea that the transcriptional apparatus may be particularly
sensitive to sequences close to —13, the behavior of —13 dele-
tion mutants is strongly influenced by the nature of the vector
sequence juxtaposed at this point. Although the site of initia-
tion is not affected, replacement by different vector sequences
alters transcriptional activity by 5- to 6-fold (compare —13L and
—13R in Figs. 2 and 3). In no other case have we observed an
effect of varying these sequences.

Coding Sequence Requirements. To learn whether essential
control elements lie downstream as well as upstream from —11,
we measured the template efficiencies of genes deleted from
the 3’ direction. Figs. 2B and 3 show that the removal of se-
quences downstream from +61 has little effect on the effi-
ciency of transcription. In contrast, deletion of additional se-
quences upstream from +61 reduces template activity. Unlike
the sharp drop caused by removal of 5' flanking sequences, the
loss of activity associated with progressive deletion of coding
sequences is gradual. The transcription efficiency of a gene de-
leted at position +44 is 60% of the wild-type level, and that of
agene deleted at +16 is still 13%. Complete inactivation finally
occurs when only nine nucleotides of the original coding se-
quence remain.

Because we expected some 3’ deleted genes to encode nov-
el RNAs containing both Bombyx and vector sequences, it
was important to verify that mutations which appeared to re-
duce transcriptional efficiency did not act by simply altering
the structure—and hence the stability—of the RNA product.
Therefore, we examined the transcripts derived from these genes
in detail. RNA sequence analysis confirmed the presence of the
predicted Bombyx and vector sequences in these transcripts,
and it also established that none of the mutations alters the site
at which initiation occurs. Moreover, long, short, and wild-type-
length transcripts are all stable when tested directly by isolation
and reincubation in transcription extracts (data not shown).

DISCUSSION

Our analysis of the transcriptional properties of partially de-
leted tRNAS™ genes shows that both 5’ flanking and internal
coding sequences probably contribute control functions. It is
clear that the upstream boundary of an essential control ele-
ment lies between nucleotides —34 and —11 preceding the gene.
The downstream boundary is less sharply defined, but it ap-
pears to enclose sequences within the gene. The coding region
cl:iv»e to the transcription initiation site seems particularly cru-
cial.

The 5' Flanking Control Element. Activity of wild-type
tRNA2™ genes requires a short, well-defined element just up-
stream from the transcription initiation site. Alteration of the
normal DNA sequence in this region abolishes transcription.
The variety of sequence changes here that inactivate the gene
suggests that loss of activity is caused by the removal of a pos-
itively acting element rather than by the gain of a negatively
acting one. As shown in Fig. 4, we have tested four different
nonhomologous sequences in this region: two in the —11 dele-
tion mutants described earlier (17) and two others in this work.
It is improbable that all of these sequences contain signals ca-
pable of turning off the tRNA2™ gene. Moreover, genes that
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FiG. 3. Transcriptional activity of partially deleted genes. Template activities of wild-type (WT) and partially deleted genes were measured in
transcription assays like the ones shown in Fig. 2. The level of transcription from each clone is indicated by a a (5’ deletions) or @ (3’ deletions)
at the position of the deletion endpoint. For reference, the tRNA4'® primary transcript is diagrammed below the abscissa. The points at which pro-
cessing occurs to yield a transcript of the mature length are indicated by broken lines, and loops I, II, and IV of the mature tRNA are shown as
hatched boxes. Transcriptional activity values for the mutants are expressed as percentages of the activity of wild-type genes in the same exper-
iment. For 3’ deleted genes, values were corrected for variation in the length of the transcripts. The value reported for each mutant represents the
mean of five or more independent determinations, using at least two different preparations of supercoiled plasmid DNA. Error bars show the stan-
dard deviation of these data. For the —13 deletion mutants, the values for each orientation of the insert are given separately. For all other 5’ dele-
tions, L and R values were not significantly different and the value shown represents the mean for both orientations.

have been separated from potentially inhibitory sequences by linker used to construct the mutants. We do not know why jux-
cleavage with a restriction enzyme are not reactivated (17). taposition of different vector sequences in the —13 mutants al-

For these reasons, we favor the idea that a particular se- ters their transcriptional activity. It may be significant, how-
quence flanking normal tRNA2™ genes provides a positive sig- ever, that although both mutants contain the A-A-T-T linker-
nal to the RNA polymerase III transcription apparatus. More derived sequence, the vector DNA in the more active template
detailed mutagenesis will be needed to identify the critical se- provides additional homology (T-A-C) to the T-A-(C)-T-A-T
quence precisely, but we have attempted to recognize it by consensus sequence (Fig. 4).

comparing sequences that flank several genes transcribed by Essential Coding Sequences. To interpret the behavior of 3’
Bombyx RNA polymerase III. Strikingly, similarities are found deleted genes, we have focused on two major aspects of the
only within the region defined by this work as functionally im- results: (i) changes just downstream from the transcription ini-
portant. Three blocks of sequence homology are located at tiation site inactivate the gene, but (ii) the sequence alterations
similar positions within the 30 nucleotides preceding two we have imposed in the 3 half of the coding region have little
tRNA2™ genes and a 5S RNA gene of Bombyx (23). These oli- effect on transcriptional activity. The finding that the
gonucleotides, T-A-(C)-T-A-T, A-A-T-T-T-T, and T-T-C are found tRNA2™ gene is very sensitive to sequence changes in the 5'
at positions —29, —20, and —4, respectively, in the wild-type half of the coding region suggests that an intragenic control re-
tRNA2® gene analyzed here. Deletions that eliminate or re- gion may lie just downstream from the transcription initiation
duce transcriptional activity also remove parts of these se- site. It does not tell us, however, whether sequences in this
quences (see Fig. 4). The —11 mutants are totally inactive and part of the gene are actually required for activity, or whether
lack both T-A-(C)-T-A-T and A-A-T-T-T-T. The —13 deletion they have simply been replaced in these experiments by an in-
mutants retain part of the A-A-T-T-T-T sequence and have in- hibitory vector sequence. We have noted that the sequence from
termediate activity. In both cases, the tetranucleotide A-A-T-T +6 to +18, G-G-G-C-G-T-A-G-(C)-T-C-A-G, within the ap-
is fortuitously restored close to its normal location by the EcoRI parently critical part of the tRNA2" coding region, is also found
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FiG. 4. Comparison-of 5’ flanking nucleotide sequences of wild-type (WT) and deleted tRNA2™ genes. The upper sequence is that of .the‘wild-
type gene. Three blocks of sequence homology found in both tRNA and 5S genes of Bombyx are underlined. The (C) above the first homology‘m'd‘lcapes
that this sequence sometimes reads T-A-C-T-A-T (23). Deleted tRNA genes are diagrammed below and are aligned with respect to the initiation
gite (+1). The normal Bombyx sequences that are retained in the mutants are represented by thin lines, and replacement sequences supplied by
pBR322 are shown inside boxes. The deletion endpoints, insert orientations, and transcriptional activities of the mutants are shown on the left.
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inside a Bombyx 5S gene (23). The functional significance of
this sequence for both of these genes is not yet known.,

The fact that replacement of the 3' half of the tRNA2™ cod-
ing sequence with vector DNA has little effect on activity sug-
gests that the normal sequences in this region may not be crit-
ical for function. It is possible, however, that functionally
equivalent sequences provided by vector DNA are responsible
for the activity we observe. Others (24) have suggested that de-
viations from typical secondary or tertiary conformation may be
important features of RNA polymerase III control sites. Be-
cause a variety of sequences could generate such structures, a
systematic testing of nonhomologous replacement sequences
will be required to determine whether the 3' coding region
contributes control functions.

Some Control Signals for Transcription of tRNA Genes May
Be Species Specific. Our results focus attention on DNA se-
quences close to the transcription initiation site. At least part
of an essential control region is located just upstream from this
point, and additional regulatory information may be provided
by sequences that are nearby but downstream. The location of
the 5' flanking control element suggests that it is required for
direct interaction with the RNA polymerase III complex during
transcription initiation. The fact that sequences in this region
precede other Bombyx genes (23) indicates that the element is
likely to have a general role in controlling transcription by Bom-
byx RNA polymerase III. This possibility can be tested by con-
structing mutant derivatives of a Bombyx 5S RNA gene that
lack these sequences.

The control regions for Bombyx tRNA gene transcription dif-
fer from those described for tRNA genes in other organisms in
the relative contributions made by flanking and coding se-
quences. For example, the activity of a Xenopus tRNA}Y*" gene
in homologous transcription extracts requires signals in both
the 5' and 3’ halves of the coding region, but not signals pro-
vided by normal 5’ flanking DNA (8). Although transcription
is not dependent on the presence of a particular sequence in
the 5’ flanking region, sequences with the potential to form Z-
DNA can inhibit the expression of this gene in vitro (16). Sim-
ilarly, transcription of Drosophila tRNA genes by homologous
extracts does not require a single 5' flanking sequence, but it
can be modulated both negatively and positively by removal of
normal 5’ flanking sequences (12-14).

Differences among tRNA gene control regions may reflect
the use of alternative sets of signals by the RNA polymerase ITI
complexes in different organisms. Comparisons of the activities
of tRNA genes in homologous versus heterologous extracts (8,
11, 14) support this idea. For example, the —11 deleted
tRNA4" gene that is inactive in Bombyx extracts still serves as
a template for efficient transcription in Xenopus extracts (17).
Moreover, a variety of RNA polymerase III templates from other
organisms are inactive in Bombyx extracts (unpublished data).
It appears that tRNA genes contain several regions with the po-
tential for regulatory activity and that the requirements for par-
ticular control elements may vary in different organisms. Thus,
in Bombyx, regulatory information provided by 5’ flanking re-
gions may compensate for a reduction of control functions in
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regions farther downstream. Variation in the schemes adopted
by different organisms may reflect alternative ways of inte-
grating the regulatory elements of individual genes with a more
general control network. In this regard it will be interesting to
learn whether the conserved sequences just upstream from
several yeast tRNA genes are involved in the regulation of tRNA
biosynthesis by certain amino acids (25).
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