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We have studied the mechanism by which 5’-flanking sequences modulate the in vitro transcription of
eucaryotic tRNA genes. Using deletion and linker substitution mutagenesis, we have found that the 5’-flanking

sequences responsible for the different in vitro transcription levels of three Drosophila tRNA A*

" genes are

contained within a discrete region centered 22 nucleotides upstream from the transcription initiation site. In
conjunction with the A-box intragenic control region, this upstream transcription-modulatory region functions
in the selection mechanism for the site of transcription initiation. Since the transcription-modulatory region
directs the position of the start site and the actual sequence of the transcription-modulatory region determines
the level of tRNAA*" gene transcription, the possibility is raised that the transcription-modulatory region
directs a transcription initiation event similar to open complex formation at procaryotic promoters.

In procaryotic organisms, initiation of RNA synthesis is
controlled by small, conserved DNA sequences located 10
and 35 nucleotides upstream of the transcription initiation
site. RNA polymerase holoenzyme recognizes and binds
these regions in this first step of the pathway that leads to
open-complex formation and transcriptional activation (5,
42). The three nuclear RNA polymerases of eucaryotes do
not recognize promoters efficiently and, as a result, are
unable to independently initiate gene-specific transcription
(for a review, see reference 38). Instead, eucaryotic tran-
scription is dependent upon promoter-specific transcription
factors that recognize and bind discrete sequence elements.
Current models suggest that the binding of these protein
factors activates transcription by allowing each gene to be
recognized by the appropriate polymerase. For RNA poly-
merases I and II, the known sites of transcription factor
interaction are 5’ of the site of transcription initiation (9, 15,
45). For RNA polymerase IllI-directed transcription of eu-
caryotic 5S RNA, tRNA and adenovirus VA RNA genes, the
sites of transcription factor interaction are 3’ of the tran-
scription initiation site, within the sequences encoding the
RNA (6, 16, 17, 48, 50). RNA polymerase III-directed
transcription of 7SL RNA, 7SK RNA, and U6 RNA genes
requires enhancerlike sequence elements for transcription
factor interaction 5’ of the transcription initiation site, sim-
ilar to RNA polymerase II promoters (3, 7, 30, 47).

The intragenic control regions (ICRs) in tRNA genes, the
A- and B-box ICRs, contain the DNA sequence determi-
nants that direct transcription factor activities (reviewed in
reference 40). For tRNA genes, the transcription factors
bind to the gene to form a complex that is stable throughout
multiple rounds of transcription initiation (4, 23, 36). This
stable complex, comprised of tRNA gene and transcription
factors, is considered to form the recognition substrate for
RNA polymerase III.

Transcriptional activity of tRNA genes is particularly
sensitive to mutations in the A- and B-box ICRs. All of the
point mutations generated in vivo in the Saccharomyces
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SUP4-0o tRNA™T gene which lead to loss of suppression
were mapped intragenically (1). These results suggested that
all the sequences necessary for tRNA gene transcription
were contained within the sequence encoding the RNA.
Although the ICR A- and B-box sequences are essential for
tRNA gene transcription, in vitro studies with Drosophila,
Bombyx, Saccharomyces, Xenopus, and mouse tRNA genes
provide evidence that tRNA gene transcription is also de-
pendent upon sequences that extend beyond the A- and
B-box ICRs (11, 20, 27, 41, 49). In particular, 5’-flanking
sequences can modulate the transcriptional activity of tRNA
genes dramatically (13, 51). Suppressor tRNA genes have
been used in Saccharomyces sp. to demonstrate that 5'-
flanking sequences also have a major influence on tRNA
gene transcription in vivo (32, 41), but the mechanism by
which tRNA gene transcription is modulated by extragenic
sequences has not been determined.

We previously demonstrated the differential transcription
activation of three tRNA;**" genes of Drosophila melano-
gaster (25), and in the present study we have used these
genes to investigate the mechanism by which 5'-flanking
sequences modulate the transcription of tRNA genes. Each
of the three genes, Asn6, Asn7, and Asn8, exhibits a different
relative in vitro transcription efficiency (Asn8 > Asn6 >
AsnT7) dictated by their respective 5'-flanking sequences and
not related to the ability of each gene to form a stable
transcription complex. This observation led to the conclu-
sion that RNA polymerase III recognized the stable tran-
scription complex of each gene equally, but that the actual
ability of RNA polymerase III to initiate transcription was
determined by the sequence composition of the 5'-flanking
DNA. The present study has investigated which sequences
in the tRNA gene 5'-flanking region are responsible for this
phenomenon. Using deletion and linker substitution muta-
tions in Asn8, Asn7, and Asn6, we show that tRNA gene
transcription is modulated by a discrete region centered 22
nucleotides upstream from the transcription start site. Fur-
thermore, it appears that this region is involved in the
selection mechanism for the site of transcription initiation.
The present study identifies a modulatory region upstream of
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the control regions directing transcription factor interaction.
Our considerations, therefore, focus on the possible interac-
tions occurring in this upstream region during transcription
activation.

MATERIALS AND METHODS

Plasmid DNAs. The isolation and characterization of the
three D. melanogaster tRNA;**" genes used in this study
have previously been described (25). The three tRNAAS"
genes, Asn6, Asn7, and Asn8, have identical mature tRNA
coding regions with different 5’- and 3’-flanking sequences.
Plasmids pAsn6/8 and pAsn7/8 contain hybrid tRNAAs"
genes which differ in 5’-flanking sequence only. The con-
struction of these hybrid genes, which contain the 5’-flanking
sequence of either Asn6 (pAsn6/8) or Asn7 (pAsn7/8), the
mature tRNA#*"-coding region, and the 3'-flanking sequence
of Asn8, was also previously described (25).

Construction of 5'- and 3’-deletion mutations. Deletion
mutations in the 5’-flanking sequence of Asn8 and Asn7 were
constructed by standard Bal 31 exonuclease procedures (24).
5’ deletions were generated from the HindlIII site at position
—49 of pAsn8. 3’ deletions were generated from either the
Hpal site (position 37) or the Smal site (position 67) of both
Asn8 and Asn7. After exonuclease treatment, ends were
made blunt by treatment with T4 DNA polymerase. Deletion
fragments were then liberated from the vector with either Sal
I (position 167 of Asn8) for 5’ deletions or HindIII (position
—49 of Asn8; position —480 of Asn7) for 3’ deletions and
electrophoretically sized by using 1.5% low-melting-point
agarose gels. DNA fragments were purified out of agarose
and ligated into either the Smal-Sall site (5' deletions) or the
HindIlII-Smal site (3’ deletions) of M13mp9. The resulting
deletion mutations are named for their deletion endpoints as
determined by dideoxy sequencing (34).

Construction of LS mutations. The 5’- and 3'-deletion
mutations were used to construct linker substitution (LS)
mutations as described by Garcia et al. (19). 5'- and 3'-
deletion fragments were ligated via the EcoRlI site originally
located in the polylinker of M13mp9. The resulting DNAs
were inserted into the HindIII/Sall site of pUCS81, a pUC8
derivative lacking an EcoRlI site (25). Selection of appropri-
ate 5'- and 3'-deletion endpoints resulted in replacing 10 base
pairs (bp) of wild-type Drosophila sequence with the 10-bp
EcoRlI linker sequence GGGAATTCCC. For some LS con-
structions, only a 6-bp linker was used. In these cases, the
construction containing the 10-bp linker was linearized with
EcoRl, treated with mung bean nuclease to remove the 4-bp,
single-stranded overhangs, and recircularized with T4 DNA
ligase. This resulted in replacing 6 bp of wild-type Droso-
phila sequence with the 6-bp Apal linker sequence
GGGCCC.

Three types of LS constructions were used in this study.
Constructions in which DNA both 5’ and 3’ of the linker
sequence originated from Asn8 are termed simply LS. Con-
structions in which the DNA 5’ of the linker sequence is
from Asn7 and that 3’ of the linker sequence is from Asn8 are
termed Asn7 hybrid LS (7THLS). Constructions in which the
DNA §' of the linker sequence is from Asn6 and that 3’ of the
linker sequence is from Asn8 are termed Asn6 hybrid LS
(6HLS). Some of the 7HLS and all of the 6HLS mutations
were constructed by exchanging the 5'-flanking sequence of
Asn7 (for THLS) or Asn6 (for 6HLS) with that of Asn8 LS
constructions via the intragenic BglI site at nucleotide posi-
tion 7. The nomenclature of LS mutations is as described by
McKnight and Kingsbury (26) and indicates the 5'- and
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3’-deletion mutations joined by either an EcoRI or Apal
linker. For example, LS—15/—4 has a 10-bp EcoRI linker
replacing Drosophila DNA between nucleotide positions
—15 and —4 of Asn8. Similarly, LS—25/—18 has a 6-bp Apal
linker replacing Drosophila DN A between positions —25 and
-18.

Preparation of cell-free extract and in vitro transcription
reactions. D. melanogaster Schneider S3 and S2 cells were
grown as described previously (25). Cells were collected by
centrifugation (Beckman JA-10 centrifuge, 4,000 rpm, 1
min), washed in 1 to 2% of the culture volume with insect
Ringer solution (128.34 mM NaCl, 4.7 mM KCl, 1.89 mM
CaCl,), suspended in 2 volumes of buffer H (10 mM HEPES
[N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid]-
KOH [pH 8.0], 10 mM KCl, 1.5 mM MgCl,, 0.5 mM
dithiothreitol) and allowed to swell on ice for 30 min. Cells
were lysed by using 10 strokes of a tight-fitting Dounce
homogenizer. One-tenth volume of buffer I (0.3 M HEPES-
KOH [pH 8.0], 1.27 M KCl, 40 mM magnesium acetate, 50
mM dithiothreitol) was added, after which the mixture was
centrifuged at 100,000 X g for 1 h at 4°C. The supernatant
(S-100) was collected and glycerol was added to a final
concentration of 20% (vol/vol). The S-100 was stored in
small samples at —70°C. The final apparent concentrations of
buffer and salt components in the S-100 were 27 mM
HEPES-KOH (pH 8.0), 94 mM KCl, 3.75 mM MgCl,, 3.75
mM dithiothreitol, and 20% (vol/vol) glycerol.

Transcription reactions were incubated at 24°C and con-
tained 200 ng of covalently closed circular template DNA,
800 ng of carrier DNA (pUCS8), 15 ul of cell extract (S-100),
30 mM HEPES-KOH (pH 8.0), 70 mM KCl, 5 mM MgCl,, 4
mM dithiothreitol, 500 uM each ATP, CTP, and UTP, 100
uM [a-*?P]IGTP (0.1-0.4 Ci/mmol), 6.4 mM creatine phos-
phate, and 3.5 U of creatine phosphokinase in a 60-pl
reaction volume. The reactions were stopped after 90 min by
the addition of 50 pl of a solution containing 1 mg of
proteinase K per ml and 0.1% (wt/vol) sodium dodecyl
sulfate in 30 mM HEPES-KOH (pH 8.0) (preincubated at
37°C, 20 min), after which the reactions were incubated at
37°C for 1 h. After phenol and chloroform extraction,
transcription products were collected by ethanol precipita-
tion, suspended in a solution containing 80% (vol/vol) form-
amide-0.1% (wt/vol) xylene cyanol FF-0.1% (wt/vol) brom-
phenol blue-2 mM EDTA, and electrophoretically resolved
with an 8% (wt/vol) polyacrylamide gel (acrylamide-N,N’-
methylenebisacrylamide; 20:1) containing 8.3 M urea-89
mM Tris—89 mM boric acid-2 mM EDTA. Relative tran-
scription levels were determined by densitometer scanning
of autoradiographs (LKB Ultroscan XL densitometer).

5’'-End analysis of precursor tRNA transcripts. The tran-
scription initiation site(s) for each template was determined
by nearest-neighbor nucleotide analysis. For each template,
four sets of transcription reactions were performed, each
incorporating a different a-32P-labeled nucleoside triphos-
phate. Precursor RNAs were eluted from gel slices by
incubating at 37°C overnight in a solution containing 10 mM
Tris hydrochloride (pH 7.5), 0.3 M NaCl, 1 mM EDTA, and
1% (wt/vol) phenol. Escherichia coli carrier tRNA (5 pg) was
added, and after ethanol precipitation RNA was suspended
in 20 mM ammonium acetate (pH 4.5) and digested to
completion with 2 U of RNase T2 by incubating at 37°C for
2.5 h. The initial nucleotide(s), determined as T2-liberated
S’-triphosphate 3’-phosphate (pppNp), was analyzed by
polyethyleneimine cellulose thin-layer chromatography (20-
by 20-cm plates) developed with 0.75 M KH,PO, (pH 3.5).
The polyethyleneimine cellulose plates were autoradio-
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FIG. 1. 5’ limit of the sequences modulating transcription.
Shown is an autoradiograph of the in vitro transcription products of
Asn8 5'-deletion mutations as electrophoretically separated on a
denaturing polyacrylamide gel. Template DNAs with the deletion
endpoints indicated above each lane were transcribed in Drosophila
cell extracts as described in Materials and Methods. Precursor and
mature tRNA transcripts for each template are indicated. The
transcription of M13mp9 replicative form and wild-type Asn8 served
as controls.

graphed after UV visualization of marker nucleotides ppppG
and ppppA.

The transcription initiation site(s) for each template was
further confirmed by nuclease P1 digestion of the T2-di-
gested RNAs. To remove 3’-phosphate groups, 1 U of
nuclease P1 was added to samples previously digested with
RNase T2 and incubated at 37°C for 2 h. The initial nucleo-
tide(s), determined as T2/P1-liberated pppN, were chromato-
graphed on polyethyleneimine cellulose plates with the same
solvent system as above. For the T2/P1 digests, pppG,
pPPPA, pppU, and pppC were used as marker nucleotides.

RESULTS

5’ limit of the sequences modulating transcription. We
previously determined that the region responsible for effi-
cient transcription of Asn8 (relative to Asn6 and Asn7) was
contained within the 50 nucleotides immediately upstream
from the mature tRNA-coding region (25). To more accu-
rately delimit the 5’ end of this region, a series of 16
5'-deletion mutations, encompassing the entire 5'-flanking
region of Asn8 and extending into the gene itself, were
constructed by using Bal 31 exonuclease as described under
Materials and Methods. The 5’-deletion mutations were
transcribed in extracts of Drosophila cells, and their tran-
scription patterns are shown in Fig. 1. The multiple bands
indicated as pre-tRNA in Fig. 1 arise from multiple transcrip-
tion termination sites as determined by 5’-end analysis of
pre-tRNAs (see below) and by 5'-flanking sequence ex-
change experiments (25). No appreciable difference in the
relative transcription level (compared with that of wild-type
Asn8) occurred when Drosophila DNA was deleted to
nucleotide position —33 (5.—33). When Drosophila DNA
was deleted to position —25 (5.—25), a dramatic decrease in
the ability of the template to support efficient transcription
was observed (35% of the level of Asn8). Further deletion
resulted in template DNAs that either did not support
transcription (5.—19, 5.—18, and 5.11) or supported a low
level of transcription (5.—23, 5.—6, 5.—4, 5.—1, and 5.6 at
50, 10, 1, 13, and 2% of the level of Asn8, respectively). The
only exception was the deletion mutation 5.—9, which,
presumably due to the fortuitous conservation of critical
upstream nucleotides by the substituted plasmid DNA, was
transcribed at a level 70% that of wild-type Asn8. The 5’ limit
of the region required for efficient transcription of Asn8,
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FIG. 2. Three distinct regions control tRNA gene activity in
vitro. (A) Schematic representation of the Asn8 LS mutations. The
mature tRNA-coding sequence is represented by the open box, and
the positions of the consensus A- and B-box ICRs are indicated.
Solid bars below the gene indicate the positions of the different LS
mutations. (B) Autoradiograph of the in vitro transcription products
of Asn8 LS mutations as electrophoretically separated on a dena-
turing polyacrylamide gel. Template DNAs with LS mutations in the
positions indicated were transcribed in Drosophila cell extracts as
described in Materials and Methods. Precursor and mature tRNA
transcripts for each template are indicated. The transcription of
pUC8, Asn6/Asn8, Asn7/Asn8, and Asn8 served as controls.

therefore, occurs between nucleotide positions —33 and
—25, since deletion of wild-type Asn8 5’'-flanking sequence
to position —33 had little effect on the relative transcription
level, whereas all further deletions had significant effects on
the in vitro transcription characteristics of this gene.

Transcription efficiency is directed by a short upstream
region. To further define the region(s) responsible for tran-
scriptional modulation of tRNA”*" genes, we constructed a
series of 14 linker mutations in Asn8 extending from nucle-
otide position —36 in the 5'-flanking region to nucleotide
position 53 in the mature tRNA-coding region. The LS
mutations presented in this study were generated by ligating
tDNA §'- and 3'-deletion mutations by ejther an EcoRI or an
Apal linker, which resulted in exactly replacing the wild-
type Drosophila sequence with either the 10-bp EcoRI linker
sequence GGGAATTCCC or the 6-bp Apal linker sequence
GGGCCC.

The results of LS analysis revealed the presence of a
discrete region in the 5’-flanking sequence important for
efficient transcription of Asn8. LS mutations which replaced
wild-type Asn8 5'-flanking sequence between nucleotide
positions —36 and —16 (LS—36/25, LS—26/—19, LS-25/
—18, and LS—23/—-16) reduced the transcriptional activity of
Asn8 significantly (26, 49, 30, and 35% of the level of the wild
type, respectively) (Fig. 2; see Fig. SA). LS mutations which
replaced the Asn8 sequence between positions —15 and —1
(LS—15/—4 and LS—12/—1) were transcribed at nearly wild-
type levels (86 and 79% of the level of the wild type,
respectively). The mutation LS—5/7, which disrupts the
wild-type Asn8 start site (—4A) and extends into the coding
region, was transcribed at a level 52% of that observed for
Asn8. Mutations which resulted in disrupting the A-box ICR
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FIG. 3. Transcription efficiency is directed by a short upstream
region. (A) Schematic representation of the 7HLS mutations. The
mature tRNA-coding sequence is represented by the open box, and
the positions of the consensus A- and B-box ICRs are indicated.
Solid bars below the gene indicate the positions of the different
7HLS mutations. For these mutations, the DNA 5’ of the linker
sequence is from Asn7, and that 3’ of the linker sequence is from
Asn8. (B) Autoradiograph of the in vitro transcription products of
tDNAs containing 7HLS mutations as electrophoretically separated
on a denaturing polyacrylamide gel. DNAs with linker mutations in
the positions indicated were transcribed in Drosophila cell extracts
as described in Materials and Methods. Precursor and mature tRNA
transcripts for each template are indicated. The transcription of
pUCS8, Asn6/Asn8, Asn7/Asn8, and Asn8 served as controls.

(LSS5/12, LS11/22, and LS13/24) decreased Asn8 transcrip-
tion significantly (0, 8, and 24% of wild-type level, respec-
tively). The mutations L.S19/30, LS20/31, and LS42/53,
which altered the tRNA gene (tDNA) immediately adjacent
to the consensus A- and B-box ICRs, were transcribed at
levels 39, 36, and 47% of that of wild-type Asn8, respectively
(consensus A- and B-box ICRs for these tRNA**" genes are
located from positions 8 through 19 and 53 through 63,
respectively [18]). The mutation LS30/41, which replaced
DNA in the region between the two ICRs, was transcribed at
approximately wild-type Asn8 levels (113%), demonstrating
that the linker sequence in itself was not deleterious to
transcription activity.

We previously exchanged the 5'-flanking regions of Asn6
and Asn7 with that of Asn8 to demonstrate that the differ-
ential transcription activation of Asn6, Asn7, and Asn8 is
directly attributable to their corresponding S'-flanking se-
quences (25). To determine whether the upstream region
responsible for efficient transcription of Asn8 might be the
same region responsible for poor transcription of Asn7, we
constructed a series of 12 LS mutations in which DNA 5’ of
the linker sequence was derived from Asn7 and DNA 3’ of
the linker sequence was derived from Asn8. These LS
mutations were named Asn7 hybrid linker substitution
(7THLS) mutations to distinguish them from the Asn8 LS
mutations.

Introduction of Asn7 5'-flanking sequence to nucleotide
position —42 (THLS—57/—46 and 7THLS—42/-35) had little
effect on the transcriptional activity of wild-type Asn8 (85%;
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Fig. 3; see Fig. 5B), indicating that the poor transcriptional
activity of Asn7 is not a result of inhibitory sequences 5’ of
nucleotide position —42. In contrast, 7HLS mutations which
introduced Asn7 flanking DNA to position —20 reduced the
level of Asn8 transcription to that of Asn7/Asn8, a hybrid
gene with the same transcriptional activity as wild-type
Asn7. (To eliminate any possible effects due to different
3'-flanking sequences, all of the templates used in this study
were constructed to contain the 3’-flanking sequence of
Asn8. For example, Asn7/Asn8 consists of the 5’-flanking
sequence of Asn7, the mature tRNA**"-coding region, and
the 3'-flanking sequence of Asn8.) These results indicate that
the region responsible for the poor transcription of Asn7 is
located between nucleotide positions —42 and —20. The
tDNAs containing 7HLS mutations extending from nucleo-
tide position —12 to 53 all supported a level of transcription
equal to or less than that of wild-type Asn7. The sequences
responsible for the poor transcriptional activity of Asn7
(positions —42 to —20), therefore, are located in the same
approximate region as those responsible for the efficient
transcriptional activity of Asn8 (positions —36 to —16). The
combined results of deletion, LS and 7HLS analyses define
the approximate boundaries for an upstream control region
to be nucleotide positions —33 and —20.

The site of transcription initiation is determined by both the
upstream control region and the A-box ICR. Several deletion,
LS, and 7HLS mutant templates gave rise to precursor
tRNA transcripts that had electrophoretic mobilities dif-
ferent from those produced from pAsn8 or pAsn7/8, suggest-
ing that several of the mutations caused a selection of
alternative or additional sites of transcription initiation. To
examine this more closely, we used nearest-neighbor nucle-
otide analysis to determine the transcription initiation site(s)
for each template. Precursor tRNAs were isolated after gel
electrophoresis and digested to completion with RNase T2
and then with nuclease P1. The initial nucleotides were
determined as T2-liberated pppNp (Fig. 4) and were verified
as T2-Pl-liberated pppN (data not shown).

Transcription of wild-type Asn8 initiated predominantly at
nucleotide position —4A (Fig. 4). In addition, approximately
5% of the transcripts initiated at position —3G. Four of the
LS mutations, LS—36/—25, LS—26/—19, LS—25/—-18, and
LS—23/-16, resulted in transcription initiation at position
—6G in addition to the wild-type sites of initiation. Two of
these mutations, LS—36/—25 and LS—23/-16, resuited in
transcription initiation at position —6G as often as initiation
at —4A. With the exception of the mutation L.S5/12, which
eliminated transcription in vitro, the remaining LS mutations
resulted in tDNAs that all directed initiation at the wild-type
position (—4A) (Fig. SA). This selection occurred regardless
of the nucleotide composition at the start site location. For
example, in the mutation LS—12/—1 nucleotides at positions
—4A and —-3G were replaced with cytidine residues,
whereas in the mutation LS—5/7 nucleotides at both posi-
tions were replaced with guanine residues. For each of these
mutant tDNAs, transcription initiated predominantly at nu-
cleotide position —4, indicating that RNA polymerase III is
able to initiate transcription by using a pyrimidine. The only
mutations in Asn8 that resulted in the selection of alternative
start sites occurred in the 5’-flanking control region.

Transcription of the hybrid gene Asn7/Asn8 initiated pre-
dominantly at nucleotide position —3A with a low level of
transcription initiation also occurring at position —1A (Fig.
4). These sites were the same as those selected for transcrip-
tion of the wild-type Asn7 gene (data not shown). Two of the
7HLS mutations, 7THLS—57/—46 and 7THLS-42/-35, re-
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FIG. 4. Determination of the start site for transcription. The
transcription initiation site for each template was determined by
nearest-neighbor nucleotide analysis. For each template, four sets of
transcription reactions were performed, each incorporating a dif-
ferent a->?P-labeled nucleoside triphosphate. Precursor RNA spe-
cies (Fig. 3 and 4) were isolated and digested to completion with
RNase T2, which liberates the 5'-terminal nucleoside pppNp. The
3'-phosphate of pppNp is derived from the second residue (nearest-
neighbor) of the transcript RNA. In combination with the electro-
phoretic mobility of the transcript RNA, RNase T2 digestion of
RNA which has been synthesized in the presence of a->2P-labeled
nucleoside triphosphate, therefore, allows an unambiguous identifi-
cation of the transcription initiation site by revealing the first two
nucleotides of the transcript RNA. After digestion, the samples
were chromatographed on a polyethyleneimine cellulose plate. The
5'-terminal pppNp was autoradiographed after UV visualization of
marker nucleotides. Shown are respresentative RNase T2 digests
for Asn6/Asn8, Asn7/Asn8, Asn8, and LS-36/—25. The a-3?P-labeled
nucleoside triphosphate used is indicated below each lane.

sulted in initiation at nucleotide position —4A, the normal
start site for wild-type Asn8 (Fig. SB). The result supports
the conclusion that Asn7 sequences upstream of nucleotide
position —42 have no effect on the in vitro transcription
activity of this gene and, in addition, demonstrates that
sequences upstream of position —42 have no effect on the
selection of the transcription initiation site.

Alternative sites for transcription initiation were selected
as a result of mutations 7HLS —20/-9 (—6G) and 7THLS-12/
—1 (1G; the first nucleotide of the mature tRNA-coding
region). The tDNA containing the mutation 7HLS-5/7 di-
rected initiation at nucleotide position —4G; the same posi-
tion as that selected by the corresponding LS mutation in
Asn8 (LS—5/7). These results show that, as for Asn8, the
5’-flanking control region is involved in determining the site
for transcription initiation of Asn7.

Whereas all 7HLS mutations extending into the coding
region resulted in transcription initiation at the wild-type
Asn7 positions (=3 and —1), 7HLS mutations disrupting
either the A-box ICR (7THLS11/22 and 7HLS13/24) or the
tDNA immediately adjacent to the A-box ICR (7HLS19/30
and 7HLS20/31) also directed selection of an additional site
of initiation at position —14G (Fig. 5B). For tDNAs contain-
ing these mutations, transcription initiation at this additional
site occurred as often as initiation at the wild-type site. It is
particularly striking that identical mutations in the A-box
ICR of Asn8 did not result in the selection of additional sites
of transcription initiation (Fig. 2 and 5A).

The differences in start site selection observed between
the LS and 7HLS A-box mutations could only have occurred
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as a result of differences in the 5’-flanking sequences of Asn8
and Asn7, since the sequences of the coding and 3’'-flanking
regions of these tDN As were identical (Fig. 5). To determine
whether A-box mutations in Asn6 would also result in start
site heterogeneity as a consequence of 5’'-flanking sequence
differences, six linker mutations were constructed in the
hybrid gene Asn6/Asn8 by exchanging the 5'-flanking se-
quence of Asn6 with that of Asn8 LS constructions via the
intragenic Bgll site at nucleotide position 7. These construc-
tions, named 6HLS mutations to distinguish them from the
LS and 7HLS mutations, resulted in tDNAs that transcribed
similarly to their LS counterparts in Asn8 (Fig. 5). Transcrip-
tion of the hybrid gene Asn6/Asn8 initiated predominantly at
nucleotide position —4A (Fig. 4), the same site as that
selected for wild-type Asn6 gene transcription (data not
shown). Whereas A-box mutations in Asn7 resulted in the
selection of additional sites of initiation, tDNAs with iden-
tical 6GHLS mutations directed initiation of transcription only
at the wild-type site (Fig. 5C). In summary, mutations in a
short, upstream region resulted in selection of alternative or
additional sites for transcription initiation of Asn7 and Asn8;
mutations in the A-box ICR resulted in additional sites of
transcription initiation for Asn7 but not for either Asn8 or
Asn6.

DISCUSSION

It is generally accepted that transcription of eucaryotic
tRNA genes is dependent upon two intragenic sequence
elements, the A- and B-box ICRs (18, 39), which function as
the sites for interaction of RNA polymerase III-specific
transcription factors (23). Several studies have demonstrated
an additional level of complexity in that the transcriptional
activity of tRNA genes can be modulated dramatically by
different 5'-flanking sequences (40). This extragenic modu-
lation is particularly interesting in view of the differential
levels of transcription observed for individual copies of gene
members coding for the same isoaccepting tRNA. Such
members have identical, or nearly identical, mature tRNA-
coding regions and, accordingly, identical A- and B-box
ICRs. The majority of sequence differences in these gene
families occur within the DNA flanking the gene; indeed, the
differential in vitro expression of Drosophila tRNALYS,
tRNAA®, and tRNA“*", Bombyx tRNA*®  Xenopus
tRNATY", and mouse tRNAM® genes has been attributed
specifically to 5'-flanking sequence differences (12, 13, 20,
25, 27, 51).

Nearly all deletion analyses performed on tRNA genes
have indicated that the 5’ limit for transcription lies approx-
imately 35 bp upstream from the mature tRNA-coding re-
gion. In the present study, we have used a series of deletion
and LS mutations in both wild-type and hybrid tRNA genes
to examine the 5’'-flanking sequences responsible for tran-
scriptional modulation. Deletion analysis of a Drosophila
tRNAAS" gene, Asn8, indicated that the 5’ limit of the region
responsible for efficient transcription of this gene is between
nucleotide positions —33 and —25. LS mutagenesis has
allowed us to define the boundaries of this region even
further. The only LS mutations introduced into the 5'-
flanking DN A of Asn8 that significantly altered the transcrip-
tional activity of the gene were those located between
nucleotide positions —36 and —16. Mutations in the 5’-
flanking DNA between this region and the gene had little
effect on transcription. The importance of the discrete up-
stream region for transcriptional modulation was further
examined by experiments in which this region of Asn8 was
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FIG. 5. Sequence comparison of wild-type, hybrid, and LS-mutation-containing tRNA**" genes. (A) The nucleotide sequences of the
noncoding strand of wild-type Asn8 and LS-containing mutations are shown. Nucleotide positions are numbered with respect to the mature
tRNA-coding sequence (position 1), and the consensus A- and B-box ICRs and TMR are outlined (see text). The predominant initiating
nucleotide(s) for each template is indicated by an asterisk. Mutations introduced by the linker sequence are presented in lowercase letters,
and nucleotides corresponding to the wild-type sequence are represented by a dash. Relative transcription levels are presented as percentages
of the transcription level of wild-type Asn8. (B) The nucleotide sequences of the noncoding strands of the hybrid Asn7/Asn8, wild-type Asn8,
and the tDNAs containing 7HLS mutations are shown. Mutations introduced by the link sequence are presented in lowercase letters, whereas
mutations which replace the Asn8 sequence with that of Asn7 are presented in uppercase letters. Nucleotides corresponding to wild-type Asn8
are represented by a dash. Relative transcription levels are presented as percentages of the transcription levels of both wild-type Asn8 and
the hybrid Asn7/Asn8. (C) The nucleotide sequences of the noncoding strands of the hybrid Asn6/Asn8, wild-type Asn8, and the tDNAs
containing 6HLS mutations are shown. Mutations introduced by the linker sequence are presented in lowercase letters, whereas mutations
which replace the Asn8 sequence with that of Asn6 are presented in uppercase letters. Nucleotides corresponding to wild-type Asn8 are
represented by a dash. Relative transcription levels are presented as percentages of the transcription levels of both wild-type Asn8 and the
hybrid Asn6/Asn8.

replaced with the corresponding region of Asn7. When the
5’-flanking sequence of Asn8 between nucleotide positions
—42 and —20 was replaced with that of Asn7, transcription
decreased to a level equal to that of Asn7, demonstrating

Asn8 are responsible for the different levels of in vitro
transcription observed for these tRNA#s" genes.

Although selection of the transcription initiation site is
dependent upon the A-box ICR (2, 8), our results indicate

that, as for Asn8, the in vitro transcription level of Asn7 is
determined by the sequence composition of a discrete region
located a short distance upstream of the gene. Taken to-
gether, the results of deletion, LS, and 7HLS analyses define
the boundaries for an upstream control region to be nucleo-
tide positions —33 and —20. To facilitate our discussion, we
have called this region the transcription-modulatory region
(TMR). The different TMR sequences of Asn6, Asn7, and

that the A-box ICR is not the only sequence involved in the
selection mechanism. LS mutations which disrupted the
TMR of Asn8 resulted in the selection of an additional
transcription initiation site (Fig. 5). Similarly, the position of
the transcription initiation site also changed when the TMR
of Asn8 was replaced with that of Asn7. In addition, muta-
tions in the A-box ICR of Asn7 resulted in the selection of an
additional upstream site of transcription initiation. This was
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not observed for identical mutations in the A-box ICRs of
Asn8 and Asn6. Recently, studies with a Saccharomyces
tRNA,*" gene showed that, under certain conditions, the
yeast transcription factor 7, which recognizes both ICRs,
could interact with an alternative A-box-like sequence in the
5’-flanking region, thereby directing initiation upstream of
the site usually selected (2). We cannot exclude the possi-
bility that mutations in the A-box of Asn7 cause utilization of
an alternative A-box. Nevertheless, because identical sets of
mutations in Asn8 and Asn6 do not result in the selection of
alternative start sites, use of an alternative A-box for Asn7
transcription seems unlikely. The observation that A-box
ICR mutations in Asn7 do not display the same characteris-
tics as identical mutations in Asn8 and in Asn6 suggests that
the TMRs of these genes function in conjunction with the
A-box ICRs in selecting the sites for transcription initiation.
It is possible that the position of the TMR is determined by
transcription factor interaction with the A-box ICR. Muta-
tions in the A-box ICR of Asn7, therefore, could allow the
utilization of an alternative upstream TMR and, as a result,
allow selection of an alternative upstream start site.

Interaction of trans-acting transcription factors with the
5'-flanking region of some tRNA genes may serve special
regulatory functions. Limited sets of 5’'-flanking sequence
similarities (28, 33) and two specific negative controlling
sequence elements have been identified in some tRNA gene
families (12, 21). In general, however, the 5’'-flanking se-
quences of tRNA genes show little similarity or homology
between members of the same or different tRNA gene
families (40). The lack of observable 5’-flanking sequence
similarities, although not exclusive, argues against the in-
volvement of a sequence-specific DNA-binding protein as a
general mechanism for the modulation of tRNA gene tran-
scription. Specific transcription factor binding to 5’-flanking
sequences has not been reported. Although the yeast tran-
scription factor 7 binds both tRNA gene ICRs and extends 8
to 13 nucleotides into the 5’-flanking sequence, the interac-
tion of the factor with the 5’ half of the gene is weak (2, 6,
22). Similar results have been observed for the human
transcription factor TFIIIC (17). The TMR defined in the
present study is located upstream of the known limits for
transcription factor interaction with tDNA and, as a result,
may not interact directly with any known tDNA transcrip-
tion factors.

As has been the case for other tRNA genes studied by
deletion analysis (21, 35), a simple correlation does not exist
between transcriptional activity of the tRNA“*" genes and
the base composition at any position upstream of the initia-
tion site. It has been suggested that extensive DNA melting
may occur in the —20 region during initiation of RNA
polymerase IIl-directed transcription (41). Reduced tran-
scriptional activity was observed for those LS mutations in
Asn8, which increased the G+C content of the TMR (Fig.
5A). It appears, however, that G+C content is not the only
important feature and that the modulatory mechanism must
be more complex since the TMR of wild-type Asn7 is not
G+C rich and yet Asn7 is a relatively poor template for
transcription.

We previously demonstrated that the differential in vitro
transcription activation of Asn6, Asn7, and Asn8 was di-
rectly attributable to their corresponding 5’'-flanking se-
quences and not related to the ability of each gene to
sequester transcription factors (25). The present results
reveal that the functional sequence determinants in the
5'-flanking sequence are within the TMR. The effect of TMR
mutations on the position of the transcription initiation site

TRANSCRIPTION MODULATION REGION OF tRNA GENES 4447

suggests a direct interaction between the TMR and RNA
polymerase III, consistent with the suggestion that the
structural conformation of the 5'-flanking region may be
important to correctly orient RNA polymerase III to the
initiation site (33, 44). The lack of strict sequence similarity
in the tDNA TMR, however, combined with the mechanism
of tRNA gene transcription, in which specific transcription
by RNA polymerase III is dependent upon the prior binding
of transcription factors, suggests that RNA polymerase III
does not require specific recognition sequences for binding
as, for example, is the case for procaryotic RNA polymer-
ases. The TMR may instead act by providing the critical
nucleotide(s) necessary for nucleation of strand separation,
analogous to the formation of an open transcription complex
by procaryotic RNA polymerases (5, 14). If this is the case,
many different 5’'-flanking sequences could be acceptable for
RNA polymerase III activity, but the polymerase may not
interact with different sequences equally, which would ex-
plain the modulatory effects observed for several wild-type
tDNAs.

For genes transcribed by RNA polymerase III, the re-
quirement for upstream signals has now become the rule
rather than the exception (for a review, see reference 43).
Recent studies with mouse U6, Xenopus U6, and human
7SK genes indicate that the 5’-flanking signals can be ex-
treme in that these genes are subject to enhancer control
and, furthermore, are seemingly not dependent upon internal
control regions (3, 7, 10, 30). Although the major regulatory
regions for these genes appear to be far upstream, they also
demonstrate sensitivity to mutations in their —25 regions,
which coincides well with the TMR defined in the tRNAAS"
genes. Upstream signals in this region are also essential for
the in vitro transcription of adenovirus virus-associated
RNA I genes (31, 44) and of 5S RNA genes from Bombyx,
Neurospora, and Drosophila species (19, 29, 37, 46). It
appears, then, that the TMR may serve a common function
in RNA polymerase IlIl-directed transcription. The one
common component in the transcription of these genes is the
RNA polymerase III itself. At present we do not know
whether the TMR acts directly or indirectly (through another
factor) on RNA polymerase III, but one clearly testable
feature of this model is that the TMR acts by modulating the
rate of transcription initiation.
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