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Transcriptional regulation of the TATA-less promoter of the Drosophila melanogaster vermilion (v) gene was
investigated. Developmental Northern (RNA) blot analysis showed that v transcripts accumulate during late
embryo, larval, and adult stages. Sequences that control expression in adults were delineated by analyzing a

series of 5' and 3' deletion constructions after germ line transformation. These studies defined two regions,
-300 to -600 and -60 to -160, relative to the major transcription start site, as important for maximal levels
of expression. Analysis of transformants bearing v-IacZ promoter fusions showed that larval expression is fat
body specific and that expression depends on sequences located between +19 and +36 downstream of
transcription start site. This downstream element can be functionally replaced by a TATA box in vivo.
Furthermore, when added to the wild-type v promoter, a TATA element augments the level of v transcription
by three- to fivefold.

A typical eukaryotic gene has a TATA element located
about 30 bp upstream of the transcription start site. This
sequence element plays a pivotal role in eukaryotic tran-
scription initiation. The recognition of the TATA box by the
TATA-binding protein (formerly TFIID) marks an early step
in assembly of the transcription initiation complex. With the
subsequent binding of other general transcription factors and
RNA polymerase II, transcription initiates at the down-
stream start site (4, 6, 11, 19, 37).
Although much progress has been made toward under-

standing how transcription of TATA-containing genes is
controlled, less is known about how initiation of transcrip-
tion is directed on promoters lacking TATA elements. Stud-
ies have shown that the same factors necessary for initiation
on TATA-containing promoters participate in transcription
of TATA-less promoters (5, 21, 31). However, it is not clear
how these factors assemble in the absence of the TATA box.
Recent evidence suggests that TATA-binding protein-asso-
ciated factors are involved in recognizing TATA-less pro-
moter sequences (22). In Drosophila melanogaster, certain
developmentally regulated, TATA-lacking genes, such as
engrailed, Antennapedia, Ultrabithorax, E74, and retro-
transposons gypsy and mdg 1, contain sequences within the
transcription unit that are essential for transcription (1, 2, 12,
18, 32, 35). For these genes, sequences extending to +60
relative to the transcription start site have been shown to be
important for proper transcription in vitro. For the Anten-
napedia P2 and the Ubx promoters, potential factor-binding
sites have been identified downstream of the transcription
start sites, indicating the involvement of specific protein-
DNA interactions.

Since most of the information about TATA-less promoters
has been obtained from in vitro studies, we have chosen the
D. melanogaster TATA-less vermilion (v) gene as a model to
examine how transcription in vivo is controlled in the
absence of a TATA box. The v gene product, tryptophan
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oxygenase, catalyzes the first step in brown eye pigment
synthesis, converting tryptophan to N-formylkynurenine (20
and references therein). The v gene has been independently
cloned by P-element tagging and by screening a D. melano-
gaster genomic library with a rat tryptophan oxygenase
cDNA clone (28, 38). The intron-exon structure of the gene,
which encodes a 1.4-kb transcript, has been determined. The
major transcription initiation site has been mapped by both
primer extension and S1 nuclease protection experiments
(27).

In this report, we examine the temporal and spatial
expression of the v gene and delineate sequences that control
transcription initiation. Not only do we find that two regions
ofDNA upstream of the start site are required, we also show
that sequences in the transcribed leader region are essential
for v transcription initiation in vivo. Furthermore, we dem-
onstrate that the element downstream of the transcription
start site can be functionally replaced by a TATA box
upstream of that site.

MATERIALS AND METHODS

Drosophila strains and germ line transformation procedure.
Fly stocks were reared at 25°C on standard food. Oregon R
flies were used as a wild-type strain. Homozygous v36 ry
flies were constructed and used as a parental line for
injecting the series of v promoter deletion constructions. The
V36f allele has a roo/B104 insertion in intron 4 of the v gene;
as a result, a very low level of nonfunctional, truncated v
transcript accumulates in this mutant (27). A homozygous
ryS56 strain was used for injection of v-lacZ fusion construc-
tions. Germ line transformants were generated as described
by Karess (13). G1 transformants were selected on the basis
of ry eye color rescue. To make homozygous transformant
lines, we used standard second and third chromosome
balancer chromosomes.
DNA manipulation. A series of 5' and 3' v deletion

constructions was made by using either convenient restric-
tion sites (14) or the polymerase chain reaction (PCR)
technique (26). DNA was amplified in a DNA Thermal
Cycler (Perkin-Elmer Cetus Corp.) according to the proce-
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4572 FRIDELL AND SEARLES

dure provided by the manufacturer. Desired v fragments
were subcloned into the polylinker of the pBluescript ks(-)
vector (Stratagene) to obtain NotI- and SalI-flanking restric-
tion sites. The NotI-Sall fragments were then transferred
into the D. melanogaster transformation vector pDM30 (16).
To make the pTUF1.1 v-lacZ fusion construction, a 1.1-kb

EcoRI-XhoI promoter fragment was subcloned into the
pBluescript ks(-) vector to obtain flanking KInI and BamHI
sites. This v KpnI-BamHI fragment was subcloned into the
pDM66A vector, which contains a lacZ cassette (36). The
resulting v-lacZ fusion gene was then subcloned into the
NotI sites of the D. melanogaster transformation vector
pDM30 (16). Construction pTUF1.1L was made as follows.
A 1.1-kb EcoRI-ApaI v promoter fragment, containing all the
v leader sequences and upstream sequences to -1114, was
amplified by the PCR technique. AnApaI restriction site was
introduced into this fragment by attaching anApaI site to the
5' end of the downstream primer. The PCR-amplified frag-
ment was subcloned into the plasmid pBluescript ks(-) to
obtain KpnI- and BamHI-flanking restriction sites. The same
procedure described above was used to subclone this frag-
ment into pDM30. This cloning procedure introduced an
extra G. C base pair at the 3' end of the v leader. Since the
leader linker mutations were derived by the same procedure,
this extra G. C base pair is present in these constructions as
well. For the TATA box-containing constructions, the tem-
plate-strand oligonucleotide 5'-GGAGATGAGATTTATAC
CCCAGCG-3' and the nontemplate-strand oligonucleotide
5'-CGCTGGGGTATAAATCTCATCTCC-3' were used in
an overlapping PCR (10) to introduce a 5'-TATAAAT-3'
sequence into the v promoter region with the 3' T occupying
position -25.

Linker substitution oligonucleotides were designed to
replace wild-type v leader sequences with new sequences,
each nucleotide being changed to a randomly selected,
different nucleotide. The substitutions were introduced by
the overlapping PCR technique (10). For pTUF1.1L1, the
template-strand oligonucleotide 5'-ATGGGCCCAACTAC
TGAAGCAGATCAGATC-3' was used to replace the wild-
type sequence between +47 and +57 immediately upstream
of the translation start codon. The template-strand oligonu-
cleotide 5'-TTCACTGAAGGACTl'ACGGGATGCTGGC-
3' and the nontemplate-strand oligonucleotide 5'-CGTAAG
TCCTTCAGTGAAATCTGATCTGAGCTG-3' were used in
an overlapping PCR to introduce a mutation from + 19 to
+36 in construction pTUF1.1L2. To ensure that the desired
changes were introduced, all the PCR-amplified products
were sequenced with Sequenase (US Biochemicals). The
subcloning strategy was the same as that used in construct-
ing the wild-type leader fusions (pTUF1.1L).
mRNA isolation and Northern (RNA) analysis. For the

developmental Northern analysis, RNA was prepared from
fresh embryos, larvae, pupae, and 2- to 3-day-old adults. The
RNA isolation procedure and Northern analysis were per-
formed as described by Searles et al. (27). For transcrip-
tional analysis of transformants, total RNA was extracted
from flies following a procedure described by Puissant and
Houdebine (23) with the following modifications. Two- to
3-day-old flies were collected on dry ice and stored at -80°C.
Frozen flies (-0.5 g) were homogenized in 5 ml of ice-cold
grinding buffer. Subsequently, 100 to 120 ,ug of total RNA
was dissolved in 3 ml of binding buffer (0.5 M NaCl, 10 mM
Tris [pH 7.5], 1 mM EDTA) and passed through a small
column containing 20 mg of oligo(dT)-cellulose. The eluate
was passed twice again through the column. After the
column was washed with 4 ml of binding buffer, poly(A)+

RNA was eluted with 450 ,ul of elution buffer (10 mM Tris
[pH 7.5], 1 mM EDTA). Ethanol-precipitated samples
were loaded on 1.5% formaldehyde-agarose gels (14). The
fractionated RNA was blotted onto a nylon membrane
(34). Prehybridization, hybridization, and posthybridization
washes were performed as described by Zinn et al. (39).
Riboprobes of v and rp49 were synthesized as described by
Melton et al. (15) except that v riboprobe synthesis reactions
contained 200 ,Ci of [3P]CTP (800 Ci/mmol) to increase the
specific activity. Northern filters were exposed to X-ray film
at room temperature without intensifying screens for 2 to 3
days. Densitometry was performed with a densitometer
(model 300; Molecular Dynamics).
Genomic DNA isolation and Southern analysis. Genomic

DNA from each transformant line was prepared as described
by Bingham et al. (3). Approximately 0.5 to 1 g of frozen flies
was used in each preparation. Blotting, hybridization, and
subsequent washes were performed as described by South-
ern (33). Linear plasmid DNA was radiolabeled with 32P by
the random priming procedure (7).

1-Galactosidase assays. 1-Galactosidase staining was per-
formed by a procedure described by Glaser et al. (9) with the
following modifications. After dissection, tissues were incu-
bated in fixing solution for 3 to 5 min at room temperature.
Treated tissues were then stained and incubated in the dark
at room temperature for 3 h to overnight. For photography,
tissues were immersed in glycerol, mounted on slides, and
photographed with a Zeiss microscope.
The level of 0-galactosidase activity produced from each

v-lacZ fusion construction was quantitated by a spectropho-
tometric assay, according to the procedure of Simon and Lis
(29). Ten third-instar crawling larvae from each transformant
line were homogenized in 500 ,u of ice-cold assay buffer for
30 s at 4°C. To each sample, an additional 500 ,ul of ice-cold
assay buffer was added, and the mixture was briefly and
gently vortexed. Samples were centrifuged at 4°C for 5 min.
For each assay, 100 ,ul of the supernatant was added to 1 ml
of a solution of 0.06% chlorophenol red-13-D-galactopyrano-
side substrate (CPRG; Boehringer Mannheim) in assay
buffer. Samples were incubated at 37°C in the dark. The
substrate conversion was measured at 574 nm at 0.5, 1, 2,
and 3 h after extract addition. In this period, the rate of color
development was linear. The ,-galactosidase activity was
defined as absorbance units per hour per microgram of
protein. In larvae, endogenous ,B-galactosidase activity is
found in the gut. To correct for this endogenous activity,
extracts from ry 06homozygous larvae (injection stock) were
included in each experiment, and this background reading
was subtracted from readings obtained for each transformant
line. The protein concentration of the extracts was deter-
mined by the Bio-Rad protein assay.

RESULTS

Upstream DNA sequences modulate the level of v transcrip-
tion. Northern blot analysis was used to examine accumula-
tion of the 1.4-kb v transcript during development. As shown
in Fig. 1, the v gene is first turned on in 12- to 24-h-old
embryos. The level of v mRNA remains relatively constant
through larval development, although a higher level of v
expression is observed in early third-instar larvae than in late
third-instar larvae (data not shown). A dramatic decline in v
mRNA accumulation is seen in the pupal stage, in which a
very low level of v transcript is detected. However, in 2- to
3-day-old adults, the level of accumulation is relatively high.
Since eye pigment deposition occurs before eclosion (20), v
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FIG. 1. Developmental profile of v RNA accumulation. RNA

isolated from D. melanogaster at various developmental stages was

analyzed on a Northern blot. Oregon R flies were allowed to lay eggs

for various intervals at 250C. After aging for appropriate times, RNA

was prepared from samples that included the following ranges: early

embryos, 0 to 12 h; late embryos, 12 to 24 h; first-instar larvae, 24 to

48 h; second-instar larvae, 48 to 72 h; third-instar larvae, 72 to 120

h; 0 to 48-h pupae, 5 to 7 days; 48 to 96-h pupae, 7 to 9 days; adults,

2 to 3 days after eclosion. Each lane contains 20 ~.g of poly(A)'
RNA. The blot was probed with a clone of the 1.9-kb XhoI-HindIII

v fragment. As an interal control for loading, the filter was

reprobed with a clone of the D. melanogaster ras gene, which is

expressed at approximately the same level throughout development.

expression during the larval stage is responsible for control-

ling the eye color phenotype of adults.

To examine the transcriptional regulation of the v TATA-
less promoter, we generated a series of wild-type v gene

derivatives and introduced them into the D. melanogaster
genome by P-element-mediated germ line transformation
(25). Each construction was tested for its ability to rescue
the v mutant eye color phenotype and to produce RNA in
adults (Fig. 2). A 5.4-kb HindIII fragment, including 3.2 kb
upstream of the major transcription start site and 300 bp
downstream of the polyadenylation signal, expressed wild-
type levels of v transcript. Constructions with either 1.1 kb
or 600 bp of upstream sequences expressed slightly lower
levels of v transcript. When 300 or 160 bp of upstream
sequences were included, the level of expression is sufficient
to rescue the v mutant phenotype; however, adult transcript
levels were reduced two- to threefold. On the other hand,
constructions with 100 or 60 nucleotides upstream of the
transcription start site are not capable of rescuing the mutant
phenotype, and they produce low, but detectable, amounts
of RNA. Thus, whereas sequences upstream of -1114 have
at most a slight effect on v expression, sequences in the
region between -600 and -300 and between -160 and -60
are largely responsible for regulating the level of transcrip-
tion. Similar expression levels were observed with construc-
tions including either 300 or 90 bp of downstream of the
polyadenylation site (Fig. 2); this indicates that sequences in
the 3' region of the gene do not appear to be involved in v
regulation.

Internal regulatory element resides in the v leader region.
Previous studies suggested that the v gene is expressed in
larval fat body (24). To examine tissue-specific expression of
the v gene, we used the bacterial lacZ gene as a reporter to
monitor the v promoter activity. A v-lacZ chimeric construc-
tion, pTUF1.1, was made by fusing a v fragment containing
1.1 kb upstream of the major v transcription start site and 28
bp of v leader to a lacZ reporter cassette. This cassette
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FIG. 2. Deletion constructions of the v promoter. The 5' and 3' deletion constructions were transformed into the D. melanogaster germ
line. RNA levels were measured by Northern blot analysis of independently isolated transformants. For each deletion construction, with the
exception of pDV500 and pDV300, for which two lines of each construction were examined, at least three independently isolated transformant
lines were analyzed. Three or more independent RNA preparations were used to determine the average amount of v mRNA produced by each
transformant line. To control for differences in loading, each Northern blot was also probed with the D. melanogaster rp49 sequences (17).
RNA levels are expressed as percentage of wild type. The eye color of newly eclosed adult flies was examined to determine phenotypic
rescue. The numbers above the line indicate the 5' boundary (in base pairs) of each construction relative to the transcription start site,
indicated by an arrow. The 3' HindIll and SspI sites are located approximately 300 and 90 bp, respectively, downstream of the
polyadenylation signal. The position of the polyadenylation signal, AATAAA, is shown. Abbreviations of restriction enzymes are as follows:
B, BamHI; E, EcoRI; H, HindIII; S, SspI; X, XhoI. S.D., standard deviation.
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A B

FIG. 3. Fat body-staining patterns generated by v-lacZ fusions in
third-instar larvae. (A) Fat body tissue from larvae bearing the
v-lacZ fusion construction containing 1.1 kb upstream of the tran-
scription start site and 28 bp of the leader sequence. (B) Fat body
tissue from larvae carrying a fusion construction identical to that
described in panel A except that the entire leader region (extending
to +57) was included. Sg, salivary gland.

contains the D. melanogaster alcohol dehydrogenase (Adh)
leader and translational start codon, the bacterial lacZ
structural gene, and the simian virus 40 polyadenylation
signal (36). After stable germ line transformant lines bearing
this construction were established, third-instar larvae were
dissected and stained for ,B-galactosidase activity. Surpris-
ingly, when several homozygous lines containing this con-
struction were examined, no fat body expression was de-
tected (Fig. 3A), and the only staining observed was
endogenous gut staining (data not shown; see reference 9).
Furthermore, no lacZ fusion transcripts were detected in
adult transformant lines bearing the pTUF1.1 construction
(data not shown). To test whether sequences further down-

stream in the leader were required for expression, we
constructed a v-lacZ fusion, pTUF1.1L, which includes the
entire v leader sequences and introduced it into the germ
line; this construction produced the expected pattern of
I-galactosidase activity in the fat body (Fig. 3B). Two linker
substitution derivatives with alterations in the leader region
were also generated and transformed into flies. The con-
struction pTUFl.lLl is identical to pTUFl.1L except that it
contains an alteration from +47 to +57 (see Fig. 4). Trans-
formants carrying pTUF1.1L1 exhibited a fat body-specific
,-galactosidase staining pattern identical to that produced by
pTUF1.1L. On the other hand, the second construction
pTUF1.1L2, which has a substitution of sequences between
+19 and +36 (see Fig. 4), produced no detectable f-galac-
tosidase staining (data not shown).
To quantitate the level of v promoter-driven expression

from these four v-lacZ fusions, we assayed crude extracts
prepared from early third-instar larvae carrying these con-
structions for ,-galactosidase activity (Fig. 4). The level of
expression from pTUF1.1L, which contains the entire leader
region, was arbitrarily defined as 100%. With the partial
leader construction, pTUF1.1, which includes sequences
extending to +28 (Fig. 4), no ,B-galactosidase activity above
background was detected. The linker substitution derivative
pTUF1.1L1 (+47 to +57) produced nearly wild-type levels
of 3-galactosidase activity (Fig. 4). However, the other
derivative, pTUFl.1L2 (+19 to +36), expressed only about
1% of the wild-type level of 13-galactosidase activity (Fig. 4).
Therefore, the analysis of transformants carrying either of
two constructions, one that has a deletion of leader se-
quences downstream of +28 and a second which has a
replacement of leader sequences between +19 and +36,
defines a regulatory element downstream of the transcription
initiation site that is required for v expression in vivo.

Effects of a TATAAAT sequence on transcription from the
v promoter. To test whether a TATA box can functionally
compensate for the absence of the downstream element, we
used the PCR technique to introduce the sequence 5'-
TATAAAT-3' at -25 in construction pTUF1.1, which ter-

ATG

+ 1 +19 +36 +47 +57 ,
ATCAGTTCGCCAGCATCCGCCGCTCGAGGAGTCACGATCTGATCTGAGCTGTGCACC

I XhoI
i , III

II I

ITCATA I

x 1-gal
Transformants Activity (S.D.) Averaze

pTUF 1.1 -2B
pTUFI.1-4B
pTUFl.1-8A

0
0
0

pTUFI.IL-3A 102 (28)
pTUFI.IL-6A 142 (16)
pTUFI.IL-14A 54 (10)

pTUFl.ILI-6A 73 (13)
pTUFl.ILl-14A 41 (9)
pTUFI.ILI-35A 75 (9)

0

100
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; i ~~~~~~~~~~~~~pTUFl.IL2-lA' 2 (1)
CGTAAGTCCTTCAGTGAA pTUFI.1L2-5A 1 (0.6) 1

pTUFI.lL2-14A 0
FIG. 4. Promoter activity of v-lacZ fusions carrying lesions in the leader region. The leader sequence of the nontemplate DNA strand is

shown. The solid box indicates the Adh leader sequence. The open box beneath the sequence indicates the region deleted in pTUF1.1. The
arrow indicates the translational start codon. Oligomer sequences used to substitute for the wild-type leader segments in constructions
pTUF1.1L1 and pTUF1.1L2 are indicated. The broken lines indicate boundaries of the substitutions. For the construction pTUF1.1L, the
leader sequence is wild type. To quantitate promoter activity, we performed 1-galactosidase assays on crude extracts of third-instar larvae
from each transformant line. The P-galactosidase activity from each construction is indicated relative to the wild-type leader construction
(pTUFl.lL). For each construction, three independent lines were examined. The 1-galactosidase activity of each line was assayed twice,
each time in duplicate. The asterisk indicates a transformant which carried a male lethal mutation; thus, for this line, P-galactosidase activity
was measured in heterozygous females, and the activity was doubled for comparison with that of the other homozygous lines. S.D., standard
deviation.
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596 (78)

102 (28)
140 (16)
58 (10)

FIG. 5. Effects of a TATA box on the expression of v-lacZ fusions. The level of p-galactosidase (a-gal) activity in transformants bearing
each construction is indicated relative to that of the wild-type leader construction (pTUF1.lL). For each construction, three independent lines
were examined. The (3-galactosidase assay was performed twice for each line, in duplicate. The arrow indicates the translation start codon.
The inverted triangle indicates the insertion of a TATA box. The stippled box indicates the v sequences, which drive the same Adh-lacZ
reporter cassette as described in the legend to Fig. 4. S.D., standard deviation.

minates at +28. The resulting construction, pTUF1.1-
TATA, was used to generate transformants, and various
tissues from third-instar larvae bearing this construction
were stained for ,3-galactosidase activity. Fat body-specific
staining was detected in all three independent lines tested
(data not shown). To determine the level of 3-galactosidase
activity produced from the pTUF1.1-TATA construction,
we assayed crude extracts of third-instar larvae carrying this
construction for 1-galactosidase activity. As shown in Fig. 5,
81% of the wild-type (pTUF1.1L) level of enzyme activity
was generated by the pTUF1.1-TATA construction. This
finding strongly argues that the TATA box can functionally
replace the downstream sequences and that the downstream
sequences are probably important for transcription initia-
tion. Furthermore, these observations indicate that the up-
stream regulatory regions control the fat body specificity of
expression because, as noted above, the wild-type pattern of
expression was observed with the TATA-containing lacZ
fusion construction that lacked the downstream element.
As a parallel approach to examine the effect of a TATA

box on the v promoter, a TATA box was added to a v-lacZ
leader fusion that has the entire leader segment. It was
observed that the 3-galactosidase staining of fat bodies
dissected from transformants bearing this construction,
pTUF1.1L-TATA, was stronger and detected earlier (-30
min compared to -3 h) than that observed from construction
pTUF1.1L (data not shown). This suggested that the addi-
tion of a TATA box to the pTUF1.1L construction resulted
in a higher level of v-lacZ expression, and measurements of
,B-galactosidase activity verified this observation. As de-
picted in Fig. 5, a fivefold increase in ,B-galactosidase activity
was seen in this TATA-containing construction compared
with the pTUF1.1L construction.
A similar result was obtained when a TATA box was

incorporated into the authentic v gene. This construction,
designed pDVTATA, contains the v transcription unit, 1.1
kb of sequences upstream of the major transcription start
site, and 300 bp downstream of the polyadenylation signal.
The identical construction without the TATA sequence
(pDV3.0, Fig. 2) produces nearly the wild-type levels of v

transcript. As shown in Fig. 6, levels of v expression from
three independent transformant lines carrying this pDV
TATA construction were, on average, threefold greater than
v transcript accumulation observed in the wild type. Thus,
the inclusion of a TATA box in the v promoter that normally

-.-rp49

1 2 3 4 5

FIG. 6. Effects of adding a TATA box to the authentic v gene.
Northern analysis was performed on RNA isolated from transfor-
mants carrying the pDVTATA construction, which has a TATA box
added at -25 of the v gene. Each lane contains poly(A)+ RNA
isolated from 100 ,ug of total adult RNA (see Materials and Meth-
ods). Lanes 1 to 3 contain poly(A)+ RNA from three independent
transformant lines bearing the DVTATA construction. Lane 4,
wild-type RNA. Lane 5, v' ry5 RNA (injection stock). The blots
were probed with anti-sense RNA fragments derived from a 3' v

cDNA clone and from an rp49 genomic clone.
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4576 FRIDELL AND SEARLES

lacks a TATA box activates v transcription about threefold.
Si nuclease protection analysis was used to map the 5' end
of pDVTATA-derived transcripts and revealed a protection
pattern identical to the wild-type pattern (data not shown).
This result indicates that the addition of an artificial TATA
box at position -25 does not alter the transcription start site.

DISCUSSION

The results presented in this report defined regions up-
stream and downstream of the transcription start site that
control v transcription in vivo. While no attempt was made
in this study to specifically delineate a tissue-specific regu-
latory element, the analysis of v-lacZ fusions indicates that
expression in the fat body is controlled by upstream se-
quences. An upstream element in the D. melanogasterAdh
gene has previously been shown to be responsible for larval
fat body-specific expression of that gene (8). The 88-bp Adh
fat body-specific element contains a 17-bp sequence that is
very similar (15 of 17 match) to a sequence found in the
5'-flanking region of the v gene, between 825 and 841 bp
upstream of the transcription start site (see reference 27).
However, deletion analysis of the v gene indicates that
sequences upstream of -600 are not critical for v expression
as measured both by phenotypic rescue, which is a reflection
of larval expression, and by adult RNA analysis.
Analyses of internal deletion and linker substitution deriv-

atives indicate that sequences in the leader region between
+19 to +36 are essential for v expression. The addition of a
TATA box to a construction lacking the v internal element
restores v expression to a level comparable to that of wild
type. Furthermore, the addition of a synthetic TATA se-
quence to the v promoter results in a 3- to 5-fold elevation of
v expression, whereas adding a TATA element to the leader
deletion derivative results in a greater than 80-fold increase
in 13-galactosidase activity. These results suggest that the
internal element is functionally equivalent to a TATA box
and that it plays a role in transcription rather than RNA
stability. The observation that transcription of a construc-
tion containing both the TATA box and internal element is
higher than one having the internal element alone is similar
to the results of Smale et al. (30, 31) on the murine terminal
deoxynucleotidyl transferase gene (TdT). The TdT gene,
which lacks a TATA box, has an 8-bp element spanning the
transcription start site that is necessary and sufficient for
basal levels of transcription. In their studies, the level of
transcription from a chimeric promoter containing simian
virus 40 GC boxes, an adenovirus major late promoter
TATA box, and an initiator element is increased by three- to
fivefold compared with a similar promoter construction
containing simian virus 40 GC boxes and an initiator ele-
ment.
The involvement of downstream sequences in transcrip-

tion of several TATA-less genes has been reported. As
discussed earlier, in D. melanogaster, developmentally reg-
ulated genes such as Antennapedia, Ultrabithorax, en-
grailed, and E74 as well as the retrotransposons gypsy and
mdg 1 have been shown to contain sequences extending to
+60 that are necessary for transcription initiation. These
results suggest that in the absence of a TATA box, specific
cis-acting elements located downstream of the transcription
start site serve as a recognition site for binding of one or
more transcription factors, the binding of which may be
essential for assembly of the general transcription initiation
complex. In fact, in the mdg I promoter, the binding of a
protein factor to the downstream +30 region has been shown

to be required for transcription initiation in vivo (1). Taken
together, these findings suggest that a subset of RNA poly-
merase II-transcribed promoters requires specific sequences
other than the canonical TATA box. A comparison of
promoter-region sequences of these genes revealed no strik-
ing homology. It was observed, however, that v sequences
between +19 and +29 match sequences in the same region of
the engrailed gene at 9 of 11 positions. The lack of an
obvious consensus in the downstream regions among these
TATA-less promoters suggests that several different factors
interact with internal sequences of these genes.
The addition of a TATA box into the v gene did not alter

the transcription initiation site. Perhaps that is because
sequences other than the TATA box or the v downstream
element specify the point of initiation. The sequences at the
v transcription start site (ATCAGTTC) are quite similar to
those found at other D. melanogaster genes (NTCAGTYN)
(31). These sequences also resemble the initiator element of
the murine TdT gene (CTCANTCT) (31). It has been dem-
onstrated that the 8-bp initiator element spanning the TdT
transcription start site can alone control basal levels of
accurate transcription and respond to transcriptional activa-
tion by an upstream binding factor (30). Perhaps sequences
spanning the v transcription start site are involved in speci-
fying the site of initiation; however, these sequences are not
apparently sufficient for low levels of expression because, as
previously indicated, a v-lacZ construction containing se-
quences from -1114 to +28 failed to produce detectable
levels of activity. In summary, based on the observations
presented in this report, we propose a model for v gene
regulation in which the internal element, located in the v
transcribed region, is the binding site for a specific transcrip-
tion factor, perhaps a TATA-binding protein-associated fac-
tor. Protein-DNA interactions involving this element may
stabilize the association of TATA-binding protein with the
promoter and recruit the general transcription machinery,
the transcription start site being specified by sequences near
the point of initiation.
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