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ABSTRACT.
We have cloned into plasmid pBR322 a DNA fragment extending

from position -32 to position -12 of the adenovirus type 2 major
late promoter region (position +1 referring to the cap site).
In vitro transcription experiments show that this 21 base pair
sequence, which contains the Goldberg-Hogness or "TATA" box, is
both necessary and sufficient for specific initiation of trans-
cription by RNA polymerase B (or II). Furthermore, we show that
similar sequences, randomly occuring in the bacterial plasmid
pBR322, are also recognized by the RNA polymerase B transcription
machinery and able to promote specific in vitro transcription.
Finally, we discuss the possible importance of the nucleotide
sequence of the start region in the actual efficiency of initia-
tion of in vitro transcription.

INTRODUCTION.

Elucidation of the mechanism of RNA chain initiation by RNA
polymerase B (II) is a prerequisite to understanding the mole-
cular basis of the control of expression of eukaryotic gene
coding for proteins. For prokaryotic RNA polymerase some details
of this mechanism are known. Briefly stated, the RNA polymerase
recognizes and binds to two regions of DNA located about 10 bp
and about 35 bp upstream from the start-point of mRNA transcrip-
tion. These sequences have been termed the promoter (1, 2). The
RNA polymerase then locally denatures the DNA around the start-
point, selects the first and second ribonucleoside triphosphate
and catalyzes the formation of a phosphodiester bond. In bacte-
ria, two forms of control of this mechanism have been demonstra-
ted at the molecular as well as at the physiological level.
First, primary sequence variation in the RNA polymerase binding
sites leads to different efficiencies of transcription.
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Secondly, sequences within and adjacent to the promoter site can

serve as binding sites for other regulatory proteins (3). Based

on examples of bacterial genetic regulation, control of
eukaryotic gene expression at the level of the initiation of
transcription has been suggested. Although experimental evidence

supporting this idea exists, no clues to its detailed molecular
basis have been yet obtained.

We have recently localized a DNA sequence upstream from the
5'-end of the adenovirus-2 major late transcription unit which
is necessary for the initiation of in vitro specific transcrip-

tion, by RNA polymerase B. Using in vitro genetic techniques,
deletions were constructed around the 5'-end of this transcrip-
tion unit. Deletion of DNA 5' to position -32 and, independently,
3' to position -12 did not abolish specific in vitro initiation
of transcription (4). In this paper we describe the cloning
and transcription analysis of a DNA fragment containing only

the -32 to -12 region of the adenovirus-2 major late promoter

(Ad2-MLP). Our results show that this 21 base pair sequence,

containing the Goldberg-Hogness or "TATA" box, is both necessary
and sufficient for specific in vitro initiation of transcription
by RNA polymerase B. Furthermore, we show that similar sequences,

present in the bacterial plasmid pBR322, can also promote speci-
fic initiation of in vitro transcription by RNA polymerase B.

MATERIALS AND METHODS.

Chemicals and Enzymes.

Restriction enzymes EcoRI and HindIII were prepared

according to procedures described (5, 6). Other restriction
enzymes were purchased from Boehringer-Mannheim, Bethesda
Research Labs. Inc. or New England Biolabs and all reaction
conditions were recommended by the suppliers. S1 nuclease was
obtained from Miles Laboratories Ltd. (England) and Mung

beannuclease from P.L. Biochemicals Inc..RNA polymerase B

(fraction PCI) was purified from calf-thymus (7). T4 DNA ligase
was prepared as described in (8) ; DNA polymerase I was purcha-
sed from New England Biolabs and T4 polynucleotide kinase from

Boehringer-Mannheim. [a-32P]-CTP and GTP were obtained from
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Amersham and [y- 32P]-ATP from New England Nuclear.
Purification of restriction fragments.

Restriction fragments for sequencing, cloning, single-
strand-nuclease mapping, and in vitro transcription were puri-
fied from agarose or polyacrylamide gels or from 5-20 % sucrose
gradients containing 10 mM Tris-HCl pH 7.9, 2 mM EDTA, 0.2 M
NaCl, 0.1 % Sarkosyl and 5 iig/ml ethidium bromide. The 43 bp
ThaI fragment (see Fig. 1A, bottom line) was purified from a
12 % polyacrylamide gel (9) using a DEAE-paper elution technique
(10). Single-stranded DNA fragments, labelled with [y-32P]-ATP
on the 5'-end, were purified after denaturation by electropho-
resis (4°C, 250 V) on 10 % acrylamide-bisacrylamide (60 : 1)
gels, eluted from crushed gel bands and cleaned on DEAE-columns
or by filtration through siliconized glass-wool (11).
Construction of clones.

Cloning procedures, preparation of vectors, ligation,
transfection in E.coli C600 and screening of colonies were as
described (4). Growth of bacteria and extraction of plasmid DNA
were essentially as described by Clewell & Helinski (12).
Plasmid DNA was purified on ethidium bromide-CsCl equilibrium
gradients.

The initial clone was constructed by inserting the BalI
fragment E of adenovirus-2 DNA (map position 14.7 - 21.5 on
the Ad-2 genome) into the DNA polymerase I repaired EcoRI site
of pBR322 ; this clone, called pMLA, contains the complete
major-late promoter (Ad2-MLP) region of adenovirus-2 DNA (13).
The -32 deletion mutant (Fig. 1A, bottom line) was constructed
using the linearized pMLA DNA cut with XhoI (position -259 from
the major late RNA startpoint) and treating it with exonuclease
III (BRL) and Sl-nuclease, to create a series of deletion
mutants upstream the "TATA" sequence (4). We selected colonies
that had lost the HpaII site (position -51) but retained the
PvuII site (position +32) (4). The sequence which replaces
the region between the XhoI site and the "TATA" box comes from
the 3' end of the adenovirus IVa2 gene which is immediately 5'
to the Ad2-MLP and has opposite polarity (14).

The plasmid B and C described in Fig. 1, (B and C respecti-
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A HaeIII Fig. 1 Plasmids
>-60 -50 -40 -30 -20 -10 +. COntain'ing the""_I co t i in h5'... TA6GCCACGTGACCGGGTGTTCCTGAAGGGGGG AT GGIbTGG bbICGCItTCGTCCTCA .3' -.32 / - 12 segment

of the Adenovirus
5'... GTAGGCATTCGCGCCGCAGGCCCCGCAGACGGTq6GGGGTGGG6GCGCGTTCGTCCTCA .. .3' 2 ma jo r 1 ate

Thal HaelIl Thal promoter region.

A) DNA sequence
4 -418 318- f (non-coding
:4 375 b. *. :275 b. strand) of the

* *46 (Ba* HI) ThaI BamHI * Ad2-MLP regionEcoRI Hindm ama SaIl [(4),top line]
B --- and of the -32

* | ~~~~~~deletion mutant
EcoRI Hindm BamHI (ThaI) BamHI Sall previously des-

c ffi ", a _ , |~-- cribed [(4),A A ~~~~~bottom linej.The

EcRd275 .solid line bet-
BamHl
EmRIHind- w, * SaIIween the twoD

------- ---_I_ sequences indi-
cates the 21 bp

*. Z 346 Z of Ad2-MLP DNA
EcoRI HindM Sal I present in theE , .z s --- plasmids descri-

bed below. ThaI
A 533 0 -.4 318 - . Sites de-fine the
?4-485-4- 4856-. *. *275 *54 to -12 frag-
* . B8amHI BomHlI * ment (bottomEcoRl Hindm v Sall line), cloned asF I, '--- described in

A Materials and
Methods. Vertical

arrows indicate the restriction nuclease cut points. The "TATA"
box is boxed. + and - positions are given with respect to the
wild type mRNA startsite (position +1).B) plasmid containing two
ThaI fragments in opposite orientations (tail to tail, where tail
is position -12 and head position -54). C) Plasmid containing two
ThaI fragments in the same orientation (head to tail towards the
EcoRI site of pBR322). D) Plasmid containing the -61/-12 fragment
(A, upper line) of the Ad2-MLP inserted in the BamHI site and
orientated towards the SalI site of pBR322). E) Plasmid contai-
ning the -61/-12 fragment of the Ad2-MLP in the BamHI site and
orientated towards the EcoRI site of pBR322. F) Plasmid contai-
ning the ThaI -54/-12 fragment cloned head to head, with
respect to the -61/-12 fragment, into the BamHI site of the
plasmid described in D. The RNA start sites and the direction
of transcription (5' to 3') are indicated by vertical bars
followed by horizontal arrows. Lightly shaded areas represent
the cloned ThaI -54/-12 fragment and heavily shaded areas the
-61/-12 fragment. The underlined sequence in part A is shown
in black and the closed triangles indicate the position of the
"TATA" box. Restriction sites in parentheses have been lost
during cloning. For details of cloning procedures see Materials
and Methods. Numbers between horizontal arrows correspond to
distances in base pairs (17).
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vely) were constructed by inserting the 43 bp ThaI fragment

purified from the -32 mutant (Fig. 1A, bottom line) into pBR322.

This fragment contains the sequences from the ThaI site at -12

(between the start-point and the "TATA" box) and extends 43 bp

in the 5' direction to a ThaI site (position -54) in the repla-

cement sequence of the -32 deletion mutant cross-hatched box

in Fig. 1B and C. This fragment, which contains only the

sequence from -32 to -12 of the Ad2-MLP (heavy line in Fig. 1A

and black box in Fig. 1, B to F) was cloned into the DNA poly-
merase I repaired BamHI site of pBR322 DNA. Colonies were

picked at random and grown as small cultures. Colonies contai-
ning the ThaI fragment were detected by analysis of clear lysa-
te DNA (15) with restriction enzyme HaeIII. Digestion products
were analyzed on 10 % polyacrylamide gels. The structure of
several clones was deduced from the regeneration of restriction
sites and confirmed by sequencing (11). Because a 5-fold molar
excess of the ThaI fragment was used in this cloning procedure,
all colonies characterized contain tandem insertions of the
fragment. Clone B (Fig. 1B) has two fragments in opposite orien-
tation (tail to tail), while clone C has two fragments in the

same orientation (toward the EcoRI site of pBR322, head to tail).
Plasmids D and E (Fig. 1) were constructed as previously

described (4). Briefly, a 91 bp HaeIII restriction fragment,

from -61 to +30 of the Ad2-MLP (Fig. 1A, topline), was inserted
in the DNA polymerase I repaired EcoRI site of pBR322. From a

complete digestion of this plasmid with restriction enzyme ThaI,
a 158 bp fragment was purified, which contains the -61/-12
region of the Ad2-MLP (black + crossed box in Fig. 1D and E)
and, upstream, a piece of pBR322 (not shown as a box in Fig. 1).
This fragment was subcloned in both orientations in the repaired
BamHI site of pBR322. After cloning only the BamHI site closest
to the "TATA" sequence was restored in clone D.

Plasmid F was constructed by inserting the purified 43 bp

ThaI fragment into the unique BamHI site of plasmid D after

making it blunt by repair with DNA polymerase I. Screening for

colonies containing the inserted fragments was carried out as

for clones B and C using HaeIII digestion and analysis by
polyacrylamide gel electrophoresis. Plasmid F contains a
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single insertion of the 43 bp ThaI fragment in a head to head

orientation with respect to the -61/-12 region contained in

plasmid D. The DNA sequence of this clone was inferred from the

regeneration of the BamHI sites.

Specific in vitro transcrietion.
RNA was synthesized in vitro for 60 minutes at 25°C in a

standard reaction mixture (final volume 25 il) containing
(final concentration) 25 pM [a-32P]-CTP or GTP (8000 counts/min/
pmol), 500 pM ATP, 500 uM UTP and 500 pM of GTP or CTP, 10 mM

Tris-HCl pH 7.9, 7.5 mM MgCl2, 50 iiM KCl, 10 % glycerol, 0.25 mM

dithiotreitol, 0.120 units of calf-thymus RNA polymerase B (7)
12.5 pl of HeLa cell S100 extract (16) and 0.5-1.0 pg, of

template DNA. RNA synthesis was stopped with 450 il of a solu-

tion containing 500 mM Na-acetate pH 5.0, 0.5 % SDS, 50 vg/ml
of E.Coli tRNA ; RNA was extracted with water saturated phenol,
twice with chloroform, made 0.15 M in ammonium acetate and

precipitated with two volumes of ethanol. The RNA pellet was

dissolved in 20 }l formamide buffer (11), denatured 5 min. at

650C, chilled on ice, and analyzed on a 3.5 % or 5 % acrylamide
-8.3 M urea gel (11).

Singl-s:trand nuclease maE i.

The localization by single-strand nuclease mapping of the
5' end of RNAs synthesized in vitro was made essentially as
described previously with minor modifications (4, 13). RNA was
synthesized in vitro (three-fold standard reactions, one

aliquot was used to check the synthesis on a transcription gel)
on the SalI linearized -32/-12 and -61/-12 plasmids B and D,
extracted, precipitated with 0.5 pmole of single-stranded BamHI-
Sau3A probe [5'-end-labelled with 32p at the Sau3A site (17)
with a specific activity of 500.000 cpm/pmol of 5'-end],
resuspended and hybridized for 16 hours at 420C. The Sl-nuclease
reaction was performed with 300 units of Sl-nuclease (Miles)

at 250C and stopped after 60 min. The Mung bean nuclease
reaction was performed at 250C for 40 minutes with 500 units of
Mung bean nuclease in a mixture (250 ul) containing 0.03 M

sodium acetate (pH 4.6), 0.05 M NaCl, 1 mM ZnCl2, 5 % glycerol
and 15 ug/ml of sonicated and denaturated calf-thymus DNA.
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The reactions were stopped with 50 mM EDTA (final concentration)
and 20 pg of carrier E.coli tRNA and, after phenol extraction
made 0.15 M in ammonium acetate and precipitated with two volu-
mes of cold ethanol. Products resistant to Si or Mung bean
nuclease digestions were analyzed on 8 % or 10 % polyacrylamide,
8.3 M urea sequencing gels (11).

RESULTS AND DISCUSSION.

A) The "TATA" region is necessary and sufficient to direct
specific initiation of RNA synthesis.

1. Promotion of transcription initiation by the -321-12 segment
of the Adenovirus-2 major-late promoter.

To determine whether the 21-bp region from -32 to -12 of
the Ad2-MLP is sufficient to direct specific initiation of
transcription in vitro, we have cloned in pBR322 a 43-bp frag-
ment which contains this region. Lines B and C of Figure 1
represent two plasmids which harbour in this BamHI site two such
fragments in opposite (B) or identical (C) orientations (see
Materials and Methods for cloning details). Lines D and E show
the maps of the previously described (4) -61/-12 fragment of
Ad2-MLP cloned in the BamHI site of pBR322. Line F shows the
map of a plasmid which contains in opposite orientation both
the -32/-12 and -61/-12 regions of the Ad2-MLP.

When plasmid B is linearized with restriction enzymes
EcoRI, HindIII or SalI and transcribed in vitro, RNA run-offs
of about 365 (Fig. 2 lane 2), 335 (lane 3) and 265 (lane 4)
nucleotides are obtained, respectively. At optimal DNA
concentrations the amount of specific run-off transcripts for
the -32/-12 templates is about 10 % of the wild-type (lane 1).
Comparing run-off transcripts from the -32/-12 plasmids B to
those from the -61/-12 plasmid E and D templates cut with the
same restriction enzyme (Figure 2, compare 2, 3 and 4 to 7, 8
and 9, respectively) we see that the length as well as the
intensity of the specific transcripts is about the same. When
the template B is cut with both SalI and EcoRI (lane 5) or
HindIII (lane 6) both run-offs are observed. Because so few
template molecules are apparently utilized in this in vitro
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1 M 2 3 4 5 6 7 8 9 M Fig. 2 :Compari-
son of specific
in vitro trans-
cription from
-32/-12 (B in

..*_622 Fig. 1) and -61/-12 (D and E in
- 527 Fig. 1) plasmids

which contain
fragments of the
Ad2-MLP. DNA

-309 was linearized
with single-cut

Z _242 restriction enzy-
us -~b -..232 mes and used as8 template to ge-

217 nerate specific
- - run-off trans-

cripts (Material
and Methods). After synthesis the reaction mixture was processed
as described in Materials and Methods and RNA was analysed on a
5 % acrylamide -8.3 M urea gel. Lane 1, purified TaqI fragment
(positions -250/+550 on the Ad2-MLP) from wild-type Ad2-MLP
plasmid DNA (13) ; lane 2, plasmid B (Fig. 1) cut with EcoRI
lane 3, plasmid B cut with HindIII ; lane 4, plasmid B cut with
SalI ; lane 5, plasmid B cut with EcoRI + SalI ; lane 6, plasmid
B cut with HindIII + SalI ; lane 7, plasmid E cut with EcoRI ;
lane 8, plasmid E cut with HindIII ; lane 9, plasmid D cut with
SalI. Lanes M are 5'-end 32p- labelled DNA fragments (pBR322
plasmid DNA cut with MspI) used as size markers. Arrowheads
point to the run-off transcripts discussed in the text.

transcription system (16), we can say nothing about the possible

interference between two promoters when in close proximity.

Transcription of plasmids C and F (Fig. 1) is shown in Fig. 3.
With plasmid C, two run-offs in the EcoRI direction are obser-

ved on templates cut with either EcoRI (lane 2, about 410 and
365 nucleotides) or HindIII (lane 3, about 380 and 335

nucleotides). When plasmid F, cut with EcoRI, HindIII or SalI

is used as template, the transcripts (about 515, 485 and 300

nucleotides, respectively) shown in lanes 4-6 are obtained.
Inspection of lanes 7 and 8 reveals no bands of similar sizes
when wild-type pBR322 digested with EcoRI or SalI is transcribed

and the products are electrophoresed under the same conditions.

Several conclusions can be drawn from these transcription
data. First, from a length analysis of all of the run-off

transcripts shown in Fig. 2 and 3 it is clear that in all cases

the "TATA" region directs RNA polymerase to initiate specifically
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1 M 2 3 4 5 6 7 8 M Fig. 3: A nalysis of
in vitro specific

* _° u* . _ _RNA transcripts
synthesized on
linearized plasmids
C and F (see Fig. 1).

RNA synthesis'i i , , , _....622 and analysis were as
in Fig. 2. DNA

_527 templates were as
follows :lane 1,

-404 purified TaqI
fragment (position
- 250/+550 on the

_topW-309 Ad2-MLP) from wild
type Ad2-MLP plasmid

242 DNA (13) ; lane 2,
U' f -238 plasmid C cut with-28 EcoRI ; lane 3,

-217 plasmid C cut with
HindIII ; lane 4,

plasmid F cut with EcoRI ; lane 5, plasmid F cut with HindIII
lane 6, plasmid F cut with SalI ; lane 7, pBR322 wild-type
plasmid cut with EcoRI ; lane 8, pBR322 wild-type plasmid cut
with SalI. Size markers (M) and arrowheads are as in Fig. 2.

about 30 bp downstream from the fi rst T of the "TATA" box.
Second, deletion of the -61/-33 segment from the -61/-12 region
does not change the apparent start point of in vitro transcrip-

tion within the l imits of resol ution of the gel system employed

(4 bp). Third, a comparison of all of the run-off transcripts

with the transcript obtained with a template containing the

entire major late promoter region (lane 1 in Fig. 2 and 3) indi-
cates that the amount of specific transcription from the -32/-12
and the -61/-12 plasmids is 5 to 10-fold reduced ; in addition
deletion of the -61/-33 segment from the -61/-12 region does not
reduce the initiation of specific transcription below that pro-

moted by the -61/-12 region itself. Fourth, the observation of
both specific run-off transcripts with plasmid C (Fig. 1 and
Fig. 3 lanes 2 and 3) excludes that the "TATA" sequence could
serve as a processing signal,as only the shorter run-off would
be expected.

To determine more precisely the start point of the run-off
transcripts directed by the -32/-12 region, we used the same
Si-mapping strategy as previously used to map the start points
of the -61/-12 transcripts (4). The probe DNA fragments protected
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by the -61/-12 and the -32/-12 transcripts were identical,
indicating that these RNAs have identical 5'-ends (not showfn).
Moreover the same probe fragments were obtained when the
single-strand specific Mung bean nuclease was used instead of
Si nuclease, which suggests that the 5'-end multiplicity (4)
was not due to S1 nuclease trimming. Taken together, the
transcription and single-strand nuclease mapping data indicate
that the region from -32 to -12 of the Ad2-MLP is both necessary
and sufficient for the initiation of specific in vitro transcrip-
tion.

Which nucleotides, within the -32/-12 region, are actually
involved in promoter function ? Sequencing the DNA upstream
from several Drosophila histone genes, Goldberg and Hogness
(personal communication) identified a sequence of homology,
the "TATA" box, which since has been found about 30 bp upstream
from the cap site of most genes transcribed by RNA polymerase B

(4, 18). Analysis of these 5' upstream sequences for 60 genes
yields the consensus sequence 5'-TATAAAT_3' (4, 18).Corden et

T A
1)Crdneal. (4) have shown that deletion of the first TA of the Ad2-

MLP TATAAA sequence reduces specific in vitro transcription by

at least 100-fold. Deletion of the entire "TATA" box eliminates
specific in vitro transcription from this promoter. Furthermore,
Wasylyk et al. have shown that some point mutations and dele-
tions in the TATAAA sequence reduces the specific in vitro
transcription of the chicken conalbumin gene by about 20-fold
(19, 20). The region adjacent to the "TATA" box homology sequen-
ce shows little or no conservation among the 60 genes which have
been examined (18 and J. Corden, unpublished). In considering
the lack of homology other than the "TATA" box in the -32/-12
region and the effect of deletions and point mutations in this
sequence, we are led to hypothesize that the "TATA" box is the
sequence element which is necessary and sufficient for the
initiation of specific in vitro transcription.
2. Promotion of specific initiation of transcription by pBR322

"TATA" box-like sequences.
To test the above hypothesis, we located, through a compu-

ter search, sequences in pBR322 which are homologous to the
eucaryotic "TATA" sequence. Two sequences are of particular
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interest : the 11 base sequence 5'-GGACTATAAAG-3' (Fig. 4A)
starting at nucleotide 2608 (21) shares 11, 10 and 7 nucleotides
with the "TATA" box region of the rat preproinsulin gene (22),
the human insulin (23), and the Ad2-MLP, respectively ; at
position 4320 (Fig. 4A) we find the 8 base sequence 5'-CTATAAAA-3'
which corresponds exactly to 8 nucleotides of the Ad2-MLP and

chicken conalbumin (24) "TATA" box region. Both of these sequen-

ces are located at positions quite different from the bacterial
promoters used in the pBR322 plasmid (25). When wild type pBR322
DNA is linearized with the appropriate restriction enzymes,
transcribed in vitro, and the run-off products are analyzed on

gels,we find transcription run-off products which correspond to

initiations directed by these bacterial "TATA" box-like sequen-
ces. Fig. 4 shows examples of such in vitro run-off transcripts,
using as t-emplate pBR322 DNA linearized at different restriction
sites. With templates linearized with PvuI, PstI and BglI (see

Fig. 4, A), transcripts of respectively about 1100 (Fig. 4B,
lane 1), 970 and 840 nucleotides (not shown) are obtained. When

the purified 434-bp HaeIII fragment (mapping between position
2518 and 2952 of pBR322, see Fig. 4, A) is used as template a

transcript of about 310 nucleotides is observed (Fig. 4C, arrow-

head). Together the lenghts of these run-off transcripts allow
us to position their startpoint approximately 30 bp downstream
from the bacterial "TATA" box-like sequence located at position
2608. Similarly, the lenghts of the run-offs obtained on pBR322
templates cut with SalI (655 nucleotides, Fig. 4B, lane 3) or
BamHI (385 nucleotides, not shown) extrapolate to a start site
located about 35 bp downstream from the "TATA" box-like sequence
found at position 4320. When the pBR322 templates are trans-
cribed in the presence of 1 ig/ml a-amanitin (Fig. 4B, lanes 2

and 4) the specific run-off bands are not seen, indicating that
these transcripts are synthesized by RNA polymeraseB. This
specific initiation of transcription on a bacterial template
supports the conclusion that the "TATA" sequence alone is
sufficient for promoting specific in vitro transcription. If an
additional sequence is required for specific initiation, it
would seem unlikely to occur in the pBR322 genome adjacent to
these "TATA" box-like sequences. Perhaps transcription from
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:Z7_ 1 2 34 M I M

~~~~~~~ ~~~~~,622
I-CTA a"A T'1768 -527

t (-CTATA322 5S |1169 -~ 404
S! Hatm / r Tr -309
\Ctvt/ CTAT" -

/-_242
4 ~ ~ ~ ~ -238

Z~~~~~~~~~~~m-217
-526

Fig. 4 Specific in vitro transcription of pBR322 plasmid DNA.
TTfPhysical map of pBR322 DNA showing the location of the "TATA"
box-like sequences (2608 and 4320 refer to the position of the
first T present in the sequences given in parentheses) and of
restriction sites used to generate the DNA templates (17). The
lengths of the various DNA fragments covered by arrows are given
in base pairs. The distances from position 2608 to the two HaeeIII
sites, shown on the diagram, are 344 and 90 base pairs in the
clock-wise and counter clock-wise directions respectively. Other
"TATA-like sequences have been localized in pBR322 by computer
search but have not been further investigated : these sequences
are located at positions 97, 443, 3233, 3271, 3947 and corres-
pond respectively to the "TATA" box sequences of the genes
coding for histone H4 (43), Hi (44), lysozyme (Grez, M., Schutz,
G., Jung, A. and Sippel, A., personnal communication), ovalbu-
min (38) and lysozyme (Grez, M., Schutz, G., Jung, A. and Sippel,
A., personal communication ). B) pBR322 DNA was linearized
with different restriction enzymes and used as template in the
in vitro transcription system described in Materials and Methods.
The RNA transcripts were analysed on a 3.5 % acrylamide 8.3 M
urea gel. Lane 1, the pBR322 template was cut with PvuI (posi-
tion 3737) ; lane 2, same as in lane 1, but a-amanitin (1 pg/ml)
was present during RNA synthesis ; lane 3, pBR322 was cut with
SalI (position 650) ; lane 4, same as in lane 3, but a-amanitin
was present (1 ig/ml) during RNA synthesis ; lane M is 5'-end
32p labelled DNA fragments (SV40 DNA cut with HindIII) used as
size markers. Lanes 3 and 4 have been exposed about twice as
long as lanes 1 and 2. C) the 434 bp HaeIII restriction fragment
(see part A) was electrophoretically purified and used as
template for in vitro RNA synthesis. RNA transcripts were analy-
sed on a 5 % acrylamide 8.3 M urea gel (lane 1). The upper band
seen on lane 1 corresponds to full length template DNA which
becomes end labelled during the in vitro incubation (J. Corden,
unpublished observation). Lane M is 5'-end 32P-labelled DNA
fragments (pBR322) cut with MspI used as size markers.
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these sequences of pBR322 or from similar sequences in other

plasmids could account some of the spurious transcription
observed when recombinant plasmids are injected into Xenopus

oocytes (26, 27).

B) The sequence of the startsite influences the efficiency of

initiation of in vitro transcription.

We have previously shown that sequences downstream from

position -12 are important for the efficiency of specific
initiation of in vitro transcription on both the adenovirus-2

and chicken conalbumin genes. Replacing the startsite sequences
of these genes with a plasmid sequence resulted in a 10-fold

reduction in transcription efficiency. Here we show that when

the same plasmid sequence replaces the startsite sequence of
the -32 deletion of the Ad2-MLP the same reduction in efficiency
is observed (Fig. 2 and 3). Analysis of sequences around the

startpoints of 22 eucaryotic genes where the 5'-end of the mRNA

has been accurately mapped indicates a preferred startpoint

sequence consisting of an A residue, 29 to 33 nucleotides
downstream from the 5'-end of the "TATA" box sequence, surrounded
by pyrimidines (4, 18). The apparent preference for initiation
on A residues is consistent with the observation that 7mG pppAp

is the most common 5' mRNA "cap" structure found in

eucaryotic mRNA (28). An examination of the startpoint sequences

of the various plasmids described in this paper which contain
the "TATA" box of the Ad2-MLP (Fig. 5, lines 1-4) shows the
presence of an A residue within 4 nucleotides of the correspon-
ding wild-type +1 position. Since all of these clones behave as

down mutants it is clear that some other sequence requirement
exists. For example clone F in the EcoRI direction (line 4)
contains the exact consensus startsite sequence (i.e. an A

residue surrounded by runs of pyrimidines) yet it is less
efficiently transcribed than wild-type. Perhaps the high GC

content of this startsite region makes the starting nucleotide
less accessible. Analysis of the sequence downstream from the
bacterial "TATA" box-like sequences (Fig. 5) shows that the

predicted 4320 startpoint region (line 5) contains no A residue
within the 10 bases surrounding the predicted +1 position (the
closest A is 37 nucleotides from the 5'-end of the "TATA"
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Fi g. 5 : Nucleoti de sequences around the RNA startpoints of the
wild-type Ad2-MLP, the different Ad2-MLP containing plasmids
and the "TATA" box-like sequences of pBR322.
Ten bases of the DNA sequence (non coding strand) in the RNA
startpoint region equidistant from the "TATA" sequence, are
represented for the different plasmid DNAs (1 to 6) below the
corresponding Ad2-MLP wild-type sequence (top line). Startpoi.nt
regions (see Fig. 1): (1) in plasmids B and E with transcrip-
tion occuring in the EcoRI direction ; (2) plasmids B and D
in the SalI direction ; (3) plasmid C with transcription direc-
ted by the "TATA" sequence closest to the SalI site ; (4) plas-
mid F with transcription occuring in both directions, (5) and
(6) pBR322 with transcription directed by the "TATA" box-like
sequences, located at position 4320 and 2608, respectively.

sequence). The predicted 2608 startpoint has A's in position -2

and -3 (line 6). The intensity of the specific run-off transcript
from the 2608 "start" is about the same as for the plasmids
containing the Ad2-MLP -32/-12 or -61/-12 promoter sequences,

but the intensity of the 4320 start is at least 10-fold lower.

The inefficiency of the 4320 start might then be related to

the distance of an A residue at about 30 bp downstream from the

pBR322 "TATA" like sequence.

CONCLUSION

The present results demonstrate that the Adenovirus major
late "TATA" box region is able to promote in vitro specific
transcription from sites located at about 30 bp downstream, even

when separated from both its natural upstream and downstream
sequences and inserted into a foreign nucleotide environment.
Moreover randomly occuring prokaryotic "TATA" box-like sequences
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TATA BOX START SITE

-30 -5 -1+1 +5
TATAAA..... T C C T C A C T C T . WILD TYPE

C A G G A C G G G T . . . (1)
C T A C G C C G G A . . (2)
C A G G C C C C G C . (3)
C C C C C A C C C C . . (4)
C T T T C G T C T T . . (5)
G G A A G C T CCC . (6)
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are recognized by the eukaryotic RNA polymerase B transcription
machinery and promote specific in vitro transcription. Several
recent studies support the conclusion that the Adenovirus-2
major late and chicken conalbumin "TATA" box sequences are
essential for specific in vitro transcription (4, 13). Mathis
and Chambon (29) have also shown that deletion of sequences
upstream from the SV40 early "TATA" box do not abolish specific
in vitro transcription, whereas deletion of the "TATA" box does.
Similar deletion experiments by Tsai et al. (30) on the chicken
ovalbumin gene indicate that the "TATA" box plays an essential
role in promoting specific in vitro transcription. Results of
transcription of "TATA" box point mutants further supports this
contention. Wasylyk et al. (19) have shown that T to G or T to A
(20) transversions resulting in "TAGA" or "TAAA" sequences
upstream to the chicken conalbumin gene act as 20-fold promoter
down mutations. A similar sequence change (T to G transversion)
occurs in the second T of the "TATA" box of one of the mouse
a-globin pseudogenes (31). This gene is not transcribed in vitro
or in vivo, although other sequence changes, particularly around
the cap site, may contribute to this effect (31).

Although our results indicate that the in vivo cap site
sequences are not essential for obtaining specific discrete
transcri-pts in vitro, it is clear that when these sequences are

replaced the efficiency of transcription is reduced. We have
previously noted that cap-site sequences consist very often of
an A residue within a pyrimidine-rich cluster (4, 18). The
results presented here support this general sequence requirement
although many more start-site replacement mutants will need to
be analyzed before specific sequence requirements can be
determined.

While removal of sequences downstream from the "TATA" box
can reduce the efficiency of in vitro transcription, removal of
upstream sequences has no in vitro effect (4, 13, 29). In
contrast, when promoters with deletions upstream from the "TATA"
box are analyzed in vivo, sequences in the -150 to -60 region
play an important role. For the SV40 early (32, 33), Herpes
thymidine kinase (34, and K. O'Hare personal communication),
yeast His3 (35) and histone H2A (36, 37) promoters, deletion of
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sequences upstream to the "TATA" box results in a reduction in

specific transcription. Sequence homology between different

promoters has been observed in this "upstream" region ("CAAT"
box, see Ref. 38), although whether this sequence itself actual-

ly contribute to the promotion of transcription has not yet been

determined. In view of the present low efficiency of in vitro

transcription, it is quite possible that the in vitro system

used to date lacks some essential factor(s) necessary for
recognition of the entire in vivo promoter region.

Whatever the role of these upstream sequences is it seems

clear that the "TATA" box is necessary both in vitro and in vivo

for transcription to start at the in vivo cap sites. It has

been shown that deletion of the "TATA" box does not abolish
in vivo gene expression (32, 36). However, when the "TATA" box

sequences are deleted from the SV40 early (33), histone H2A
(37), and rabbit S-globin (39) promoters the natural mRNA's
starts are not seen, but other new multiple starts appear and

these starts are the same as those used in vitro in the absence
of the TATA sequence (29). These results and the absence of the

TATA sequence in the promoter region of the adenovirus EII and
IVa2 genes and of the papovavirus late genes (40, 41, 42)
indicates also that some other types of RNA polymerase B promo-

ter sequences should exist. Further understanding of the role
of various eucaryotic promoter sequences should come shortly
from a detailed biochemical analysis of the factor(s) required
for in vitro transcription as well as from continued analysis
of promoter sequence modifications in vivo.
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