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We analyzed the transcriptional properties of a repetitive sequence element, BmX, that belongs to a large
gene family (-2 x 104 copies) in the genome of the Bombyx mori silkworm. We discovered BmX elements
because of their ability to direct transcription by polymerase III in vitro and used them to test the generality
of the properties of previously identified silkworm polymerase III control elements. We found that the signals
that act in cis to control BmX transcription strongly resemble those that direct transcription of other silkworm
polymerase IH templates. As with silkworm tRNA and 5S RNA genes, transcription ofBmX requires sequence
signals located both upstream and downstream from the site of transcription initiation. The critical upstream
sequences are structurally as well as functionally similar in the three kinds of templates. The downstream
control region of BmX resembles the corresponding part of a silkworm alanine tRNA gene in that it provides
a large (>100 base pairs) region that influences transcription factor binding. Moreover, the factor-binding
regions of both tRNAA and BmX genes are remarkable in that under certain conditions, key elements within
them (the B boxes, for example) appear dispensable. This behavior can be understood if, in both of these
templates, the downstream control region acts as a large target for interaction with a multifactor complex.

In recent years, it has become apparent that the genomes
of higher eucaryotes contain many families of repeated
sequence elements (16, 24, 27, 32), at least some of which are
functional as templates for transcription. Though in most
cases the biological consequence of such transcription is not
known, the abundance of the repeated sequences and their
ubiquitous distribution in a variety of organisms argue for
their functional importance. In several cases, transcription
of repeated elements by polymerase III has been suggested
to influence transcription of nearby genes by polymerase II
(4, 7, 20). Thus, it is important to determine the functional
characteristics of repeated sequences that are capable of
serving as templates for transcription.
We have discovered and functionally analyzed a repetitive

sequence element in the genome of the silkworm, Bombyx
mori. We call this element BmX (for Bombyx mori element
X). As we show in this report, the BmX element belongs to
the class of repetitive elements called Bml that was isolated
by Adams and his colleagues on the basis of its rapid
renaturation kinetics (1). Its abundance (-2 x 104 copies in
the 5 x 108-base-pair [bp] silkworm genome) accounts for its
fortuitous presence on many of the large (5- to 10-kilobase
[kb]) genomic DNA fragments that we had isolated in the
course of other work. Although the BmX element does not
belong to either of the best known classes of polymerase III
templates (tRNA genes and 5S RNA genes), our preliminary
work showed that it is capable of directing transcription by
Bombyx RNA polymerase III in vitro. Transcription ofBmX
displays the a-amanitin resistance characteristic of isolated
Bombyx RNA polymerase III (28). Moreover, since the work
of Adams et al. (1) showed that Bml-related RNA accumu-
lates in vivo, it seemed likely that BmX elements are bona
fide templates for polymerase III. We reasoned, therefore,
that analysis of the transcriptional properties of this novel
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class of templates could help to delineate features of poly-
merase III control elements that are of general importance.

In particular, we wanted to know whether the signals that
direct BmX transcription in cis exhibit the two most remark-
able features of the signals that govern transcription oftRNA
and 5S RNA genes in silkworms. One of these features is the
absolute requirement for a short upstream sequence element
for transcription of both tRNA and 5S RNA genes (8, 17, 22).
A second striking feature of Bombyx polymerase III control
elements-one that, so far, has been noted only in tRNA
genes-is the contribution of an unexpectedly large down-
stream region (33). Not only is the downstream control
element of a Bombyx tRNAAla gene large (-125 bp), but it
also possesses the unexpected property of appearing to
shrink when measured under conditions that permit satura-
tion of the transcription machinery by the template. The
behavior of the downstream element is consistent with the
idea that it provides a large binding region with which a
complex of transcription factors interacts (23, 30). This view
differs from a current one in which polymerase III transcrip-
tion is driven by the interaction of individual transcription
factors with small (-10- to 30-bp) elements located entirely
within the coding region (reviewed in reference 14). It is
important to determine whether the more extensive control
elements we found in silkworm tRNA genes are character-
istic of silkworm polymerase III templates generally.

MATERIALS AND METHODS
Cloned genes used in this work. The wild-type BmX gene

used in this work was initially isolated on a 14-kb EcoRI
fragment of the Bombyx genome. It was then subcloned as a
5.8-kb HindIII fragment in the plasmid pBR322 and subse-
quently as a 635-bp AccI-SacI fragment (made blunt ended
through the action of bacteriophage T4 DNA polymerase
[19]) inserted in both orientations at the SmaI site of the
bacteriophage M13mp9. The structures of these two sub-
cloned fragments are shown in Fig. la. The nucleotide
sequence of both strands of the 635-bp AccI-SacI fragment
shown in Fig. lb was determined by analyzing appropriate

624



TRANSCRIPTIONAL PROPERTIES OF BmX 625

EH S Pn A K K PP

TBGCnAGTGG

A

S PS

6TTC6AnCC

b
-220 -210 -200 -190 -180 -170 -160 -150 -140 -130

CTACATCTTCCTCTAAAGCCTTCCACATTCATAGTTAMACTCTCTTAACAACCTCATTGTCATTTCGTCTCATCACATGTCCATACCATCCCAAACGCG

-120 -110 -100 -90 -80 -80 -70 -60 -50 -40

-30 -20 -10
I

10 20 30 40 50 60

TAAGTACATATATAAATTTTCCAATGTGTTTGGAAGTCGTCGTGGCCTAAAGCATAAGAGGTCCGGTGCATTCGTATCCAGCGATGCACCGGTGTTCGAA

70 80 90 100 110 120 130 140 150 160

TCCCGCAGCGGTACCGATTTTTCTATGATATACGTACTTAACAAATGTTCATGATTGACTTCCACGGTGAAGGAATAACACCGTGTAATAAAAATCAA

170 180
* 0

AC

190 200
* 0

210 220 230 240 250 260

:CCCAAAATTATAATGTGCGTAATTACTGGTGGTA6MCCTCTTGTGAATCCGCGCGGGTAGGTACCACCACCACGCCTATTTCTGCC6TGAAGCAGT

270 280 290 300 310 320 330 340 350

MATGCGMCGGTTTTGAAAGGTGGGGCAGCCGCTGTACTATACTGCGACCCTAACTTATATCTCAAGGTGGGTGGCTCTTTATTGTAGATGTCTAT

370 380 390 400

AGGCTCCAGTMACCACTTAAtATCAGTGGGCTM
FIG. 1. (a) Structure of the BmX gene. The top two lines are restriction maps of a 5.8-kb HindIII fragment and a 635-bp AccI-SacI

fragment of Bombyx DNA containing a BmX sequence. Bombyx DNA and vector DNA are indicated by thick and thin horizontal lines,
respectively. The orientation of the Bombyx DNA fragments relative to vector sequences is indicated by the position of restriction sites in
the vector DNA. The R orientation of the AccI-SacI fragment is shown. Restriction sites that were destroyed by the treatment used to create
blunt ends are shown in parentheses. Restriction endonucleases used were Ac, AccI; Av, AvaI; Av2, AvaIl; E, EcoRI; H, Hindlll; K, KpnI;
N, NdeI; P, PstI; P1, PvuI; P2, PvuII; R, RsaI; S, Sacl. At the bottom of the figure is the nucleotide sequence of part of the BmX gene (-30
to + 100). The noncoding strand is shown. The sites where transcription of the BmX gene is initiated (I) and terminated (T, T') are indicated.
Consensus A and B box sequences (11) are aligned below the BmX sequence. Oligonucleotides common to the sequences upstream of other
Bombyx RNA polymerase III templates are underlined. (b) Complete sequence of the 635-bp AccI-SacI fragment that contains BmX. The
noncoding strand is shown, and nucleotides are numbered from the site of transcription initiation (+1). The symbols I, T, and T' are as

described in panel a, and the sequence corresponding to the short (91-nucleotide) BmX transcript is underlined.

subcloned fragments by the dideoxy nucleotide method (26).
The 635-bp subclone retains 231 bp of 5'-flanking DNA and
313 bp of 3'-flanking DNA. The transcriptional activities of
BmX genes on both subcloned fragments were identical to
that of the BmX gene on the original genomic fragment.
Therefore, these subclones were used as wild-type standards
for this work. The location of the BmX gene within cloned
fragments of the Bombyx genome was established by hybrid-
ization of size-fractionated DNA fragments to labeled BmX
RNA produced by transcription in vitro (29, 31).

Sequence analysis of BmX transcripts. Nucleotide se-

quence analysis of internally labeled RNAs was done by the

fingerprinting methods developed by Sanger and his col-
leagues. (26). Oligonucleotides produced by digestion with
T1 RNase were fractionated two dimensionally, using homo-
chromatography on polyethyleneimine thin-layer plates in
the second dimension. The sequence of each T1 oligonucle-
otide was determined by analysis of the products of second-
ary and tertiary digestion with RNases A and T2. The
5'-terminal nucleotides of BmX RNAs were identified after
intact transcripts had been digested to mononucleotides (21)
and the resulting products separated by chromatography on

polyethyleneimine thin-layer plates in 1 M KH2PO4, pH 3.5.
The identity of the 5'-terminal nucleotide was confirmed by

a A,V H
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treating the isolated nucleoside tetraphosphate with P1 nu-
clease to yield pppX and Pi. Analysis of transcripts that had
been labeled with each of the four [a-32P]nucleoside triphos-
phates in turn also allowed identification of the penultimate
5'-terminal nucleotide, as a consequence of the transfer of
the a phosphate on the nearest neighboring nucleotide to the
Pi released from the terminal nucleotide by P1 nuclease.

Construction of partially deleted derivatives of the BmX
gene. A series of partially deleted derivatives of the BmX
gene was constructed by BAL 31 exonuclease digestion (18).
Mutants deleted from the 5' direction were produced from
two different starting materials. One was the 635-bp AccI-
SacI fragment inserted in M13mp9 in the orientation shown
in Fig. 1. This fragment extends from -231 to +404 (num-
bered relative to the transcription initiation site) and in this
orientation is designated AccSac WT-R. The other starting
material used to produce 5' deletion mutants was a 430-bp
RsaI-SacI fragment extending from -26 to +404 that had
been inserted into the SmaI site of a derivative of M13mp9
that contained EcoRI sites on both sides of the SmaI site.
Mutants deleted from the 3' direction were produced from
the AccI-SacI fragment inserted in the opposite orientation
at the SmaI site of M13mp9 (AccSac WT-L). To generate
both sets of deletions of the AccI-SacI fragment, replicative-
form DNA was digested first with HindIII, then with BAL 31
exonuclease, and finally with EcoRI and cloned into
M13mpl8 that had been cut with HincII and EcoRI. To
generate deletions of the RsaI-SacI fragment, replicative-
form DNA was digested with EcoRI and then with BAL 31
and cloned into M13mp9 that had been cut with SmaI. The
positions of all deletion endpoints were established by DNA
sequence analysis (26). Mutations generated from the RsaI-
Saoc fragment were deleted at both ends of the BmX insert.
Sequence analysis showed, however, that in no case were
more than 11 of the most distal bases (+393 to +404)
removed. In the 3' deletion series, care was taken to ensure
that an effective transcription termination site was provided
in the vector sequences that replaced silkworm DNA. On
templates in which deletion had removed the normal termi-
nation site, transcription stopped instead at the cluster of
four T residues at positions 26 to 29 in the lacZ coding region
of M13mpl8.

Several different DNA sequences were used to replace
Bombyx DNA at each of the following positions. (i) -3. One
-3 deletion was generated, as described above, by BAL 31
digestion of Bombyx DNA from position -26. In this case,
sequences extending from the SmaI site toward the EcoRI
site in M13mpl9 were joined to the remaining BmX se-
quence at -3, and the resulting clone was called -3mpl9.
Another substitute sequence that differed from this one at
positions upstream of -21 was produced by transferring the
EcoRI-HindIII segment containing this mutant BmX gene to
M13mpl8 to yield clone -3mpl8. A different -3 deletion
was created by using the 3'->5' exonuclease activity of
bacteriophage T4 DNA polymerase (19) to remove BmX
DNA between -26 and -3. The starting material for this
mutagenesis was a 107-bp RsaI fragment extending from
-26 to +81 cloned into the SmaI site of M13mp9 such that
the 5' end of the BmX gene was adjacent to the EcoRI site in
the vector. Replicative-form DNA was digested with EcoRI
and then incubated with T4 DNA polymerase in the presence
of dCTP as the only deoxynucleoside triphosphate. After
treatment with mung bean nuclease (P-L Biochemicals, Inc.,
Milwaukee, Wis.) to remove single-stranded ends, the DNA
was recircularized by ligation. Deletion of BmX sequences
extended farther than expected (to -3 instead of -6),

presumably because of irregularities in the reactions cata-
lyzed by DNA polymerase or by mung bean nuclease.
Normal Bombyx sequences downstream of +81 were re-
stored by standard recombinant DNA techniques that took
advantage of a unique AvaII site at +31 in the BmX-coding
region. The resulting clone was called -3mp9.

(ii) +57. The sequence replacing Bombyx DNA immedi-
ately downstream from +57 was altered by excising the
original vector sequence with restriction enzymes and then
recircularizing the DNA. Specifically, DNA containing the
3' deletion mutation extending to +57 was digested with a
combination of PstI and SphI. The resulting protruding 3'
ends were removed by the 3'-*5' exonuclease activity of T4
DNA polymerase in the presence of all four deoxynucleoside
triphosphates (19). Mutant tRNA genes containing this al-
tered replacement sequence are designated +57-Alt.

(iii) +84 and +86. A natural KpnI site was used to insert
three different sequences in place of the normal one down-
stream of +84 or +86. First, AccSac WT-R DNA was cut
with HindIII and KpnI, and the -340-bp fragment containing
the 5'-flanking region and the coding region of BmX to +84
was inserted into M13mpl9 that had been cut with HindIII
and KpnI. This clone is called +86-Rep (for replacement),
and it is deleted for the BmX sequence to +86 rather than
+84 because of fortuitous reconstruction of part of the
normal sequence by vector DNA. Two other sequences
were juxtaposed at +84 by cutting AccSac WT-R DNA with
KpnI alone and then recircularizing the molecules with T4
DNA ligase. Two different products were obtained. In one
(+84-0), the KpnI fragment extending from +84 to +238 was
lost, and in the other (+84-Inv), it was inverted relative to its
normal orientation.

Transcriptional activity measurements. The transcriptional
activity of wild-type and mutant BmX genes was measured
in vitro with extracts of Bombyx silkgland nuclei in the
presence of nonspecific vector DNA and subsaturating con-
centrations of template as previously described (33). Typical
transcription rates from wild-type BmX genes were 50
transcripts per gene per h. The transcriptional activity of
mutant genes was normalized when appropriate for differ-
ences in transcript length.

Determination of competitive ability. The ability of a mu-
tant gene to reduce transcription from a reference gene was
measured relative to the ability of a wild-type gene to reduce
transcription from the same reference gene in the same
experiment. This relative value is expressed as a percentage
of wild-type competitive ability (33). In all cases, the com-
petitor and the reference gene were added to the reaction
mixtures simultaneously. Two different reference genes
(+84-0 and +84-Inv) encoding BmX primary transcripts
whose lengths differ from wild type were used in these
experiments. Both of these mutant genes retain wild-type
competition strength. No differential influence of the two
reference genes on competition strength measurements was
observed. Competitor DNAs were tested at both five and
eight times the molar concentration of the reference gene.

RESULTS

Identification ofBmX transcription unit. We analyzed both
structural and functional properties of one copy of the
element we call BmX. Since the existence of BmX was
originally signalled by the synthesis of its transcripts in vitro,
our structural analysis relied initially on using BmX tran-
scripts as hybridization probes to localize the DNA segment
that encoded them. The particular BmX element we ana-
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lyzed directs the synthesis of two small RNAs. The location
of these transcripts within a 5.8-kb HindIll fragment of the
Bombyx genome is shown in Fig. 1. This analysis first
mapped both BmX RNAs to a 635-bp AccI-SacI fragment
and then mapped the shorter RNA to a region of about 100
bp (an RsaI-KpnI fragment) within the larger fragment. The
nucleotide sequences of both strands of the 635-bp AccI-
Sacl fragment were determined.
To find the exact position of the BmX element within this

sequence and to determine the relationship of the two BmX
RNAs to each other, we examined the structure of both
BmX transcripts by fingerprinting methods (3). In parallel
experiments, these transcripts were labeled internally with
each of the four ribonucleotides, separated electrophoreti-
cally, and then digested with RNase T1. The resulting
oligonucleotides were fractionated to produce a characteris-
tic fingerprint, and the sequence of each oligonucleotide was
determined by secondary and tertiary digestion. This analy-
sis permitted unambiguous alignment of the BmX oligoribo-
nucleotides with the DNA sequence. It established that the
5' ends of both BmX RNAs map to the same small region (I
in Fig. 1) but that the two transcripts extend different
distances downstream (to T at +91 or T' at +354 in Fig. 1).
This sequence analysis also showed that the BmX element
we studied is a member of the Bml gene family reported by
Adams et al. (1). The Bml consensus sequence 2 begins at
position +2 in BmX and includes the entire transcribed
region of BmX (+1 to +354) plus sequences farther down-
stream. Within the region where data are available for both
BmX and Bml (+2 to +404 in BmX), 93% of the nucleotides
are identical.
To learn whether the BmX RNAs are primary transcripts,

and if so, to determine exactly where transcription initiates,
we examined the 5' termini of the BmX RNAs in detail.
Digestion of both BmX RNAs to mononucleotides yielded
triphosphorylated 5' ends characteristic of primary tran-
scripts (Fig. 2). The 5'-terminal nucleoside tetraphosphates
produced from both transcripts are labeled only by [a-
32P]GTP, despite the fact that they contain a phosphates
derived from both the terminal and the penultimate nucleo-
tide. This result establishes that the 5'-terminal sequence of
BmX RNAs must be pppGpGp. Since there is only one GpG
sequence whose position in BmX-containing DNA is con-
sistent with the length and the T1 oligonucleotide composi-
tion of the BmX RNAs (see sequence in Fig. 1), we conclude
that synthesis of both of these transcripts initiates precisely
at the nucleotide marked I in Fig. 1. Transcription initiation
at other sites was not detected, and we estimate that
alternate initiation sites would have been detectable had they
been used at least 10% as frequently as this one.
The structural analysis indicated that the two BmX tran-

scripts have a common 5' end but differ at their 3' ends. In
principle, different 3' ends could be generated either by
multiple transcription termination events or by posttran-
scriptional processing. We favor the idea that variable tran-
scription termination is responsible and that the longer BmX
RNA is produced when the transcription apparatus proceeds
through the first termination site (T) and stops downstream
at T' instead. Two pieces of evidence support this interpre-
tation. (i) The presence of a U-rich 3' terminus typical of a
polymerase III primary transcription product (6) is consist-
ent with creation of the short BmX transcript by a transcrip-
tion termination event rather than by a processing event. (ii)
The relative proportions of the two BmX transcripts are
determined by the concentration of UTP present during the
transcription reaction. High concentrations of UTP (-600
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FIG. 2. Identification of the site where BmX transcription ini-
tiates. Short (91-nucleotide) or long (354-nucleotide) BmX tran-
scripts were labeled separately with each of the four nucleotides (C,
A, U, G, as indicated at the top of the figure) and digested to
mononucleotides, and the resulting products were chromatographed
on polyethyleneimine thin-layer plates. The positions of the mono-
nucleotide products relative to the origin (0) are shown. Only those
transcripts labeled with G yielded a digestion product with the slow
mobility expected of a 5'-terminal nucleoside tetraphosphate
(pppNp). The identities of the products shown here were determined
by comparison of their chromatographic properties with marker
nucleotides and by subsequent digestion with P1 nuclease (see
Materials and Methods). In particular, the structure of the presump-
tive 5'-terminal nucleoside tetraphosphate (pppGp) produced from
G-labeled BmX transcripts was conclusively identified by using P1
nuclease to remove the 3' phosphate from pppNp. The major labeled
products of P1 digestion were pppG and Pi, as determined by
comigration with markers on polyethyleneimine plates.

,uM) favor synthesis of the long transcript, whereas low
concentrations (25 p.M) favor synthesis of the short one (data
not shown). This phenomenon has been observed previously
(13) and has been interpreted to indicate that low concentra-
tions of UTP increase the probability that termination will
occur at the first site where multiple U residues must be
incorporated into the transcript.

Transcriptional properties of BmX. To identify the se-
quences required for transcription of BmX in vitro, we
constructed a series of partially deleted derivatives of BmX
in which successively larger amounts of the gene were
removed from either the 5' or the 3' direction. We measured
both the transcriptional activity of the resulting mutant BmX
templates and their ability to compete for essential transcrip-
tion factors. Figure 3 shows the results of this analysis.
Figure 3a shows the transcripts produced by wild-type BmX
genes and by representative mutant derivatives. In the cases
in which multiple transcripts were synthesized, all of them
were included in the measurement of the molar amount of
transcript produced. Removal of normal sequences from
-231 to -36 did not reduce transcriptional activity (Fig. 3b,
open symbols). Removal of wild-type sequences between
-36 and -15, however, drastically reduced transcriptional
activity. Mutant genes with 15 or fewer base pairs of normal
5'-flanking DNA were completely inactive. To determine
whether downstream sequences contribute to BmX tran-
scription, we tested 3' deletion mutants of the BmX gene for
transcriptional activity. Although loss of wild-type se-
quences from +404 to +238 did not affect activity, loss of
sequences from +238 to +72 caused a moderate but repro-
ducible reduction (from 100 to -75% of the wild-type level)
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FIG. 3. (a) Transcripts produced in vitro from wild-type (WT) and mutant BmX genes. Transcription was done at subsaturating
concentrations of template as described in Materials and Methods. The transcripts shown were resolved by electrophoresis in 8%
polyacrylamide gels (22). The gel origin is marked (0), as are the positions of the two major transcripts (91 and 354 nucleotides long, as
determined by RNA sequence analysis) produced by wild-type BmX. The transcription products from wild-type BmX (WT), one 5' deletion
mutant (-18), and three 3' deletion mutants (+97, +72, +57) are shown. (b) Identification of BmX gene sequences that contribute to
transcriptional activity and to competitive strength. The transcriptional activity of partially deleted genes (as a percentage of the activity of
wild-type genes) is represented by open symbols (5' deletions, 0, 0; 3' deletions, A, E), and the competitive ability of the same genes (as
a percentage of the wild-type value) is represented by closed symbols (5' deletions, 0, *; 3' deletions, A, *) at the position of the deletion
endpoint on the horizontal axis. Deletion endpoints are numbered with respect to the transcription initiation site. Negative values indicate
distance upstream; positive values indicate distance downstream. For reference, the BmX primary transcript is shown diagrammatically
below the horizontal axis. The extent ofA and B boxes in other genes transcribed by RNA polymerase III is shown by hatching. The activities
and competition strengths of mutants in which the Bombyx sequence is replaced by sequences other than the most commonly used one in
M13mpl8 (see Materials and Methods) are indicated by squares. Experiments were done in the presence of a constant amount of total DNA
(0.25 p.g). Transcriptional activities were measured at a template concentration of 5.5 x 10-11 M. Competition experiments were as described
in Materials and Methods. The number of determinations on which each of the mean transcriptional activity and competitive ability values
is based (n) and the standard deviation of each mean (s) are given below in parentheses after the deletion endpoints (n,s). To allow
discrimination among the results for mutant genes containing different replacement sequences, the numerical activity value plotted on the
graph is also given below in parentheses immediately after the name of each of these mutants. Transcriptional activity of 5' deletions: -81
(9, 13); -48 (6, 7); -36 (12, 13); -18 (11, 5); -15 (6, 2); -11 (6, 2); -7 (6, 3); -3mp9 (= 2%) (6, 2); -3mp19 (= 1%) (6, 1); -3mp18 (= 7%)
(8, 2); +10 (6, 1); +27 (6, 3); +56 (6, 1). Transcriptional activity of 3' deletions: +238 (10, 14); +137 (12, 9); +112 (5, 6); +97 (9, 8); +86-Rep
(= 81%) (6, 7); +84-Inv (= 72%) (10, 11); +84-0 (= 55%) (6, 5); +72 (12, 11); +63 (9, 2); +57 (9, 7); +57-Alt (6, 1); +25 (6, 1). Competitive
ability of5' deletions: -81 (6, 3); -48 (6, 3); -36 (6, 3); -18 (12, 3); -15 (12, 7); -11 (6, 3); -7 (12, 7); -3mp9 (= 93%) (6, 1); -3mp19 (=
88%) (6, 3); -3mp18 (= 89o) (6, 1); +10 (6, 1); +27 (12, 11); +56 (6, 4). Competitive ability of 3' deletions: +238 (6, 3); +137 (12, 8); +112
(6, 1); +97 (6, 2); +86-Rep (= 101%) (6, 2); +84-Inv (= 85%) (6, 4); +84-0 (= 94%) (6, 3); +72 (6, 2); +63 (6, 8); +57 (9, 9); +57-Alt (6, 3);
+25 (6, 7).

and loss of sequences from +72 to +63 resulted in a
precipitous drop in activity (to 5% of the wild-type level).
We ruled out the possibility that the observed reduction in

transcriptional activity is only apparent and is actually due to
instability of the RNA products in cases in which the
mUtation alters the structure of the transcript. Altered tran-
scripts are produced by members of the 3' deletion series in
which the normal transcription terminator is replaced by a
different sequence. The RNA products of such mutant
templates were tested for stability by reincubation of iso-
lated transcripts under typical transcription conditions. No
differential instability of wild-type as compared with mutant
RNA molecules was detected (data not shown). We havd
also demonstrated, by the type of analysis we applied to
transcripts from wild-type BmX genes, that the transcripts
from mutant genes (5' deletion -18 and 3' deletions +57 and
+72) initiate at the normal position (data not shown).
The reduction in transcriptional activity exhibited by any

of the mutants could be due either to the removal of a
positively acting element or to the introduction of a nega-

tively acting one. It is probable that a positive effector has
been removed since substitution by several different replace-
ment sequences at each of three locations (-3, +57, and +84
or +86) did not change the transcriptional activities ob-
served (Fig. 3b). It is unlikely that all the sequences used to
replace the normal sequence would fortuitously create effec-
tive negative elements.

Competition between mutant and wild-type genes pro-
vides a simple way to identify sequences that contribute to
transcription factor binding. What is measured is the ability
of one gene (the competitor) to sequester factor(s) from
another gene (the reference) when both genes are added to a
reaction mixture simultaneously. The competitive ability of
mutant genes is compared with the competitive ability of a
wild-type gene measured in the same experiment. Analysis
of the competitive ability of partially deleted Bombyx tRNA
genes showed that 3'-coding and 3'-flanking sequences are
important for binding transcription factors (33). In that work,
we demonstrated that the competition we observed was for
a DNA-binding transcription factor. Competition between

MOL. CELL. BIOL.



TRANSCRIPTIONAL PROPERTIES OF BmX 629

BmX and tRNA genes established that BmX genes compete
with tRNAAMa genes for the same limiting DNA-binding
component (data not shown). To discover which BmX
sequences are important for binding this factor, we mea-
sured the competitive ability of deletion mutants of the BmX
gene.

In Fig. 3b (closed symbols), the competitive ability of
partially deleted genes is plotted with respect to the deletion
endpoint. These data show that the region that contributes to
transcription factor binding lies within the BmX gene, ex-
tending from -+10 to +72. Comparison of the curves
describing transcriptional activity and competitive strength
shows that the sequences that contribute to transcription
factor binding occupy only part of the full region that
contributes to transcriptional activity. 5'-flanking sequences
that are important for the transcriptional activity of the BmX
gene do not contribute to factor binding. Specifically, re-
moval of sequences from the 5' side did not reduce binding
ability until all 5'-flanking DNA and -10 bp of coding
sequence was removed as well. As sequences between +10
and +27 were removed, binding strength dropped sharply
(from 90 to 20% of the wild-type level). Similarly, removal of
3'-flanking sequences that contribute to transcriptional ac-
tivity (+238 to +72) did not reduce transcription factor-
binding strength. As coding sequences upstream of +72
were removed, however, binding strength was lost rapidly.
Deletion of sequences between +72 and +63 reduced com-
petitive ability to 23% of the wild-type level.
Our previous analysis of tRNAAl, genes (33) revealed a

curious feature of the downstream control region. Specifi-
cally, the apparent extent of this region depended on the
concentration of template used to determine the transcrip-
tional phenotype of partially deleted tRNA genes. As long as
concentrations of template that did not saturate the tran-
scription apparatus were used, the same large region was
observed. When concentrations of template high enough to
saturate the transcription apparatus were used, however, the
fuHl extent of the control region was obscured. When the
template concentration exceeded saturation by greater and
greater increments, successively smaller regions of the
tRNAAla gene appeared to be sufficient to direct transcrip-
tion. Figure 4 shows that the BmX gene exhibits the same

5 Deletions (,0,OO)

1-1

:1.

.l
1--
3!.
0

kind of behavior. The size of the BmX control region varied
dramatically as a function of template concentration. At
subsaturating concentrations of template, the BmX control
region appeared to extend from -18 to at least +137,
whereas at saturating template concentrations it had nearly
the same upstream boundary, but extended only to -+63.

DISCUSSION

The structure of the BmX element suggests that it has the
potential to serve as a template forRNA polymerase III. Our
work shows that BmX in fact directs transcription in vitro
and that it does so in a fashion that is typical of the more
classical polymerase III templates derived from silkworms.
In particular, transcriptional analysis of partially deleted
derivatives of the BmX gene showed that the region that
contributes to BmX transcriptional activity is quite large. It
extends from an upstream boundary located between -36
and -18 to a downstream boundary between +137 and
+240. Thus, the minimum size of the BmX control region is
157 bp.
The size of the BmX control region resembles that of the

Bombyx tRNAAIS gene (-160 bp) we analyzed recently (33).
Sequences required for maximal transcription of the
tRNAMa gene extend from at least -13 to + 146. In addition
to being similar in overall size, the BmX and tRNAA'a
control elements are alike in containing functionally distin-
guishable subregions. That is, in both genes the role of
5'-flanking regions is different from the role of elements
located farther downstream. Measurements of the ability of
partially deleted genes to compete for the limiting transcrip-
tion factor(s) in crude extracts indicate that the downstream
control elements contribute to transcription factor binding.
The upstream elements either do not contribute to factor
binding at all or do so for transcription factors that are
present in excess. In either event, the important point is that
both BmX and tRNA"' genes exhibit functional specializa-
tion within their control regions. It seems likely that what-
ever the function of the upstream element in BmX genes is,
it is the same in a variety of Bombyx polymerase III
templates. Sequences within the upstream region in a BmX
gene (underlined in Fig. la) are very similar to those in the

3' Deletions (A,-, U)

Deletion Endpoint

5' ~~~~3'
FIG. 4. Effect of template concentration on the transcriptional activity of partially deleted BmX genes. The transcriptional activity of

partially deleted genes is represented by open symbols (5' deletions) or closed symbols (3' deletions) at the positions of the deletion endpoints
on the horizontal axis. The diagram of the BmX primary transcript below this axis is explained in the legend to Fig. 3b. Experiments were
done in the presence of a constant amount of total DNA (0.25 ,ug) and at three template concentrations: 1.75 x 10-9 M (A, A), 8.75 x 10-10
M (0, 0), 5.5 x 10-11 M (0, *).

VOL. 8, 1988



630 WILSON ET AL.

corresponding positions of a 5S RNA gene (22) and three
tRNA genes (8, 17). These results strongly suggest that the
upstream control element provides a signal that is generally
required for transcription by Bombyx polymerase III.
To a first approximation, the downstream control ele-

ments of BmX and tRNAAla genes are similar. Competition
experiments show that these regions contribute to transcrip-
tion factor binding in both genes. It is probable, however,
that the details of factor-gene interactions differ in the two
templates. This idea is suggested by differences at the
downstream boundaries of their control elements. For the
tRNAAla gene, sequential removal of all downstream se-
quences resulted in a loss of transcriptional activity that was
gradual and uniform (33). In the case of BmX, removal of
3'-flanking and distal coding sequences caused a gradual loss
of activity, but removal of sequences between +72 and +63
produced a dramatic drop in activity (from 80 to 5% of the
wild-type level). The region between +72 and +63 is nearly
identical (8 of 9 bp) to a sequence known as the B box that
has been shown to contribute to the transcriptional activity
of various polymerase III templates in several organisms (2,
5, 9-12, 15, 25). The results of the BmX analysis suggest that
for silkworm genes, the B box is more important to the
transcription of BmX genes than it is to transcription of
tRNAAla genes.

Inspection of the 3' boundary of the control region re-
vealed an additional difference between BmX and tRNAAla
genes. In the tRNAAla gene, the downstream boundaries of
sequences important for transcriptional activity and for
competitive strength coincide, whereas in the BmX gene
they do not. Specifically, removal of BmX sequences be-
tween + 137 and +72 reduced transcriptional activity but did
not affect competitive ability. In contrast, similarly deleted
tRNAAla genes tested in the same extracts were equally
impaired in these two functions. Conceivably, the transcrip-
tion component that acts in the 3'-flanking region of BmX
genes is distinct from the components that act on tRNA
genes. Alternatively, the same components may act on both
genes, but the relative concentrations required for them to
do so may differ for the two templates. Thus, the concentra-
tion of the component that acts distally could be limiting for
tRNA genes, but not for BmX genes.

Support for the idea that tRNA genes and BmX genes
differ in their interactions with the transcription apparatus is
provided by the observation that the two genes differ in their
ability to direct transcription in heterologous systems. We
have found that, unlike tRNAAla genes, BmX templates are
completely inactive either in extracts derived from Xenopus
frogs or in intact Xenopus occytes (G. M. Ramahi, M.S.
thesis, University of Oregon, Eugene, 1986; E. Wilson,
unpublished data). Since transcription systems derived from
Xenopus oocytes are able to transcribe genes encoding 5S
RNA, tRNA, and other small RNAs from a variety of
organisms, their inability to act on BmX genes may be
significant.
Although the downstream parts of the control regions of

BmX and tRNAAla genes differ in detail, they share an
interesting property. Both control regions display apparent
shrinkage when measured under conditions of saturating
template. This effect is particularly remarkable for the BmX
gene in which, at subsaturating concentrations of template,
the sequence between +63 and +72 (the B box) appears
crucial both for transcriptional activity and for binding
transcription factors. Deletions that extend through this
interval from the 3' side lower transcriptional activity to
-5% and competition strength to 20% of the wild-type

levels. Nonetheless, at saturating concentrations of tem-
plate, genes lacking this region direct transcription at 90% of
the wild-type rate. That is, in contrast to what happens at
low template concentration, under conditions of saturating
template, the B box is dispensable for BmX transcription.
Our interpretation of this paradox is that mutant genes
lacking part of the factor-binding region retain sufficient
contacts in the remainder of the control region to bind all the
transcription components necessary for activity. We imagine
that protein-protein contacts among these components can
partially compensate for the loss of normal DNA-protein
contacts. At low concentrations of template, we expect that
the full transcription apparatus binds less efficiently to
mutant genes than to wild-type genes. When the template
concentration is high enough to saturate the transcription
apparatus, however, binding to mutant genes may be driven
to levels that approach the binding to wild-type genes. The
fact that both tRNA genes and BmX genes exhibit this
behavior suggests that it reveals a basic feature of the
interaction between the template and the polymerase III
transcription apparatus. It is consistent with the idea that a
large part of the control region of both of these genes acts as
a unit, providing a large target for interaction with a complex
of transcription factors.

ACKNOWLEDGMENTS

We are grateful to Lisa Young and David Grunwald for advice and
encouragement.

This work was supported by Public Health Service grants GM
25388 and GM 32851 to K.U.S. and Career Development award
HD00420 to K.U.S., all from the National Institutes of Health, and
a Genetics Training grant to E.T.W.

LITERATURE CITED

1. Adams, D. S., T. H. Eickbush, R. J. Herrera, and P. M. Lizardi.
1986. A highly reiterated family of transcribed oligo(A)-ter-
minated, interspersed DNA elements in the genome of Bombyx
mori. J. Mol. Biol. 187:465-478.

2. Allison, D. S., S. H. Goh, and B. D. Hall. 1983. The promoter
sequence of a yeast tRNAtYr gene. Cell 34:655-664.

3. Barrell, B. G. 1971. Fractionation and sequence analysis of
radioactive nucleotides, p. 751-779. In G. L. Cantoni and D. R.
Davies (ed.), Procedures in nucleic acid research, vol. 2. Harper
& Row, Publishers, Inc., New York.

4. Carlson, D. P., and J. Ross. 1986. Point mutation associated
with hereditary persistence of fetal hemoglobin decreases RNA
polymerase III transcription upstream of the affected -y-globin
gene. Mol. Cell. Biol. 6:3278-3282.

5. Ciliberto, G., L. Castagnoli, D. Melton, and R. Cortese. 1982.
Promoter of a eukaryotic tRNAprN gene is composed of three
noncontiguous regions. Proc. Natl. Acad. Sci. USA 79:1195-
1199.

6. Clarkson, S. G. 1983. Transfer RNA genes, p. 239-261. In N.
Maclean, S. P. Gregory, and R. A. Flavell (ed.), Eukaryotic
genes: their structure, activity and regulation. Butterworths
Press, London.

7. Duncan, C., P. A. Biro, P. V. Choudary, J. T. Elder, R. R. C.
Wang, B. C. Forget, J. K. DeRiel, and S. M. Weissman. 1979.
RNA polymerase III transcriptional units are interspersed
among human non-a-globin genes. Proc. Natl. Acad. Sci. USA
76:5095-5099.

8. Fournier, A., M.-A. Guerin, J. Corlet, and S. G. Clarkson. 1984.
Structure and in vitro transcription of a glycine tRNA gene from
Bombyx mori. EMBO J. 3:1547-1552.

9. Fowlkes, D. M., and T. Shenk. 1980. Transcriptional control
regions of the adenovirus VAI RNA gene. Cell 22:405-413.

10. Fuhrman, S. A., P. L. Deininger, P. LaPorte, T. Friedman, and
E. P. Geiduschek. 1981. Analysis of transcription of the human

MOL . CELL . BIOL .



TRANSCRIPTIONAL PROPERTIES OF BmX 631

Alu family ubiquitous repeating element by eukaryotic RNA
polymerase III. Nucleic Acids Res. 9:6439-6456.

11. Galli, G., H. Hofstetter, and M. L. Birnstiel. 1981. Two con-
served sequence blocks within eukaryotic tRNA genes are
major promoter elements. Nature (London) 294:626-631.

12. Guilfoyle, R., and R. Weinman. 1981. Control region for adeno-
virus VA RNA transcription. Proc. Natl. Acad. Sci. USA 78:
3378-3382.

13. Hagenbuchle, O., D. Larson, G. I. Hall, and K. U. Sprague.
1979. The primary transcription product of a silkworm tRNA
gene: identification of in vitro sites of initiation, termination and
processing. Cell 18:1217-1229.

14. Hall, B. D., S. G. Clarkson, and G. Tocchini-Valentini. 1982.
Transcription initiation of eucaryotic transfer RNA genes. Cell
29:3-5.

15. Hofstetter, H., A. Kressman, and M. L. Birnstiel. 1981. A split
promoter for a eucaryotic tRNA gene. Cell 24:573-585.

16. Jelinek, W. R., and C. W. Schmid. 1982. Repetitive sequences in
eukaryotic DNA and their expression. Annu. Rev. Biochem. 51:
813-844.

17. Larson, D., J. Bradford-Wilcox, L. S. Young, and K. U. Spra-
gue. 1983. A short 5' flanking region containing conserved
sequences is required for silkworm alanine tRNA gene activity.
Proc. Natl. Acad. Sci. USA 80:3416-3420.

18. Legerski, R. J., J. L. Hodnett, and H. B. Gray, Jr. 1977.
Extracellular nucleases of Pseudomonas BAL31. III. Use of
double-stranded deoxyribonuclease activity as the basis of a
convenient method for the mapping of fragments of DNA
produced by cleavage with restriction enzymes. Nucleic Acids
Res. 5:1445-1464.

19. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning, a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

20. McKinnon, R. D., T. M. Shinnick, and J. G. Sutcliffe. 1986. The
neuronal identifier element is a cis-acting positive regulator of
gene expression. Proc. Natl. Acad. Sci. USA 83:3751-3755.

21. Morton, D. G., and K. U. Sprague. 1982. Silkworm SS RNA and
alanine tRNA genes share highly conserved 5' flanking and
coding sequences. Mol. Cell. Biol. 2:1524-1531.

22. Morton, D. G., and K. U. Sprague. 1984. In vitro transcription of

a silkworm SS RNA gene requires an upstream signal. Proc.
Natl. Acad. Sci. USA 81:5519-5522.

23. OttoneUo, S., D. H. Rivier, G. M. Doolittle, L. S. Young, and
K. U. Sprague. 1987. The properties of a new polymerase III
transcription factor reveal that transcription complexes can
assemble by more than one pathway. EMBO J. 6:1921-1927.

24. Rogers, J. H. 1985. The origin and evolution of retroposons. Int.
Rev. Cytol. 93:187-279.

25. Rohan, R. M., and G. Ketner. 1983. Point mutations in the
regulatory region of the human adenoviral VAI gene. J. Biol.
Chem. 258:11576-11581.

26. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

27. Singer, M. F. 1982. SINEs and LINEs: highly repeated short
and long interspersed sequences in mammalian genomes. Cell
28:433-434.

28. Sklar, V. E. F., J. A. Jaehning, L. P. Gage, and R. G. Roeder.
1976. Purification and subunit structure of deoxyribonucleic
acid-dependent ribonucleic acid polymerase III from the poste-
rior silkgland of Bombyx mori. J. Biol. Chem. 251:3794-3800.

29. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

30. Sprague, K. U., S. Ottonelo, D. H. Rivier, and L. S. Young.
1987. Control of tRNA gene transcription, p. 195-207. In W. S.
Reznikoff, R. R. Burgess, J. E. Dahlberg, C. A. Gross, M. T.
Record, Jr., and M. P. Wickens (ed.), RNA polymerase and the
regulation of transcription. Elsevier Science Publishing, Inc.,
New York.

31. Weiner, A. M. 1980. An abundant cytoplasmic 7S RNA is
complementary to the dominant interspersed middle repetitive
DNA sequence family in the human genome. Cell 22:209-218.

32. Weiner, A. M., P. L. Deininger, and A. Efstratiadis. 1986.
Nonviral retroposons: genes, pseudogenes, and transposable
elements generated by the reverse flow of genetic information.
Annu. Rev. Biochem. 55:631-662.

33. Wilson, E. T., D. Larson, L. S. Young, and K. U. Sprague. 1985.
A large region controls tRNA gene transcription. J. Mol. Biol.
183:153-163.

VOL. 8, 1988


