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ABSTRACT A prokaryotic consensus sequence promoter has

" been chemically synthesized and cloned in bacterial plasmid vec-
tors. This designed sequence is biologically active and promotes
efficient expression of ‘the genes to which it is fused. It is an un-
usually strong promoter in vitro, capable of specifying multiple
rounds of transcription even when there is a large molar excess
of heparin present prior to the addition of RNA polymerase. These
properties make this a useful sequence for the in vitro production
of RNAs. A 2-base-pair spacer mutant and a —35 region trans-
version mutant have been created in vitro in the synthetic pro-
moter by synthetic-DNA-mediated, site-specific mutagenesis. The
spacer mutant has a marginal in vivo effect on promoter strength
but virtually abolishes the in vitro heparin resistance. The —35
region transversion changes a highly conserved nucleotide into the
statistically least preferred base. This mutation has no marked ef-
fect on in vivo or in vitro promoter strength.

By using a limited amount of sequence information, it was rec-
ognized several years ago that there exist two regions of general
homology in prokaryotic promoter sequences. These are the
Pribnow box, or —10 region, and the —35 region (1-3) centered
about 10 and 35 base pairs, respectively, upstream from the
transcriptional initiation site. More recently, statistical analyses
of promoter sequence composition have resulted in the gen-
eration of model promoter sequences containing the most fre-
quently found bases at given positions throughout the RNA
polymerase-recognized region (4-6).

We have taken advantage of these statistically derived se-
quences and have chemically synthesized and cloned a con-
sensus sequence promoter. Our model promoter sequence de-
sign is similar to the consensus sequence derived by Rosenberg
and Court (5), which is based on 46 compiled prokaryotic pro-
moter sequences. We show by in vitro and in vivo criteria that
the 42-base-pair consensus sequence -contains all the informa-
tion necessary for efficient and accurate transcription by Esch-
erichia coli RNA polymerase. These studies conclusively dem-
onstrate that a totally designed consensus regulatory sequence,
predicted from genetical and biochemical data, is biologically
functional. This consensus promoter is an unusually strong rec-
ognition sequence for RNA polymerase, making it useful for the
large-scale preparation of transcripts in vitro.

MATERIALS AND METHODS

Chemical Synthesis of DNA. The synthesis of deoxyribonu-
cleotides, by the phosphotriester approach with block coupling
and a solid-phase support, was carried out according to pub-
lished procedures (7, 8).

DNA Polymerase Reactions. These were carried out as de-
scribed (9).
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Site-Specific Mutagenesis. Single-stranded DNA from
M13:pc2 (see Fig. 3) containing the synthetic promoter was used
as the template for in vitro mutagenesis. under conditions sim-
ilar to those described by Zoeller and Smith (10).

Recombinant single-stranded phage from 100 individual
pla%ues were spotted onto nitrocellulose and hybridized with
the “2P-labeled synthetic oligonucleotides under conditions that
discriminated between complete and mismatch hybridization
(11). After a final plaque purification, replicative form DNA
was prepared from the mutant viruses and was used as the source

-of restriction fragments for subcloning. The DNA sequences

were determined after subcloning in both cases.

In Vitra Transcriptions. RNAs were synthesized in 50-ul re-
action mixtures of 18 mM Tris (pH 7.8), 12 mM MgCl,, 70 mM
KCl, 1 mM dithiothreitol, nonradioactive nucleoside triphos-
phates at 500 uM each, and a 25 uM mixture of the nucleoside
[a-*P]triphosphate, and an unlabeled carrier. RNA polymer-
ase (New England BioLabs) was used at 7.5-15 pmol and the
purified restriction fragment template was at 1-2 pmol per re-
action. When restriction-digested whole plasmid DNAs were
used, 0.4 pmol of DNA template and 0.8 pmol of RNA poly-
merase were added to the mixture. Heparin was used at either
50 or 100 ug/ml and was added before, after, or simultaneously
with RNA polymerase as indicated.

Other Methods. Methods used for DNA sequence analysis,
plasmid preparation, and bacterial transformation have been
described (9).

Determinations of the in vitro transcriptional initiation sites
were done by abortive initiation (12). The in vivo start sites were
determined by nuclease S1 mapping (13).

RESULTS

Sequence Design and Synthesis. The —35 region sequence
T-T-G-A-C-A and the —10 region sequence T-A-T-A-A-T-G
contain the most statistically favored base at each position (Fig.
1). Nucleotides between the —35 and —10 regions of the nat-
ural promoters are variable in length and sequence composition
(4-6). In our promoter design, we utilized the average spacing,
which is 17 base pairs, separating the last base in the —35 re-
gion sequence from the first base in the —10 region sequence.
A synthetic HindIII linker was ligated to the 3’ end of the pro-
moter, with the resultant C-C-C-A-A-G-C-T-T sequence hav-
ing either a potential C or A start. Transcription initiates in vi-
tro and in vivo at the position shown in Fig. 1.

The scheme for the final synthesis of the 42-base-pair se-
quence is depicted in Fig. 2. The fidelity of the in vitro DNA
polymerase I-catalyzed reaction was determined by DNA se-
quence analyses both prior to and subsequent to cloning (data
not presented).

Cloning and Assessment of Biological Function of the Syn-
thetic Promoter. The fragment containing the EcoRI-HindIII
flanked promoter was ligated with a pBR327 (14) derivative in
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GAATTCTTGACAATTAGTTAACTATTTGTTATAARTGTATTCCCAAGCTT

EcoRI
§' CTTGACCATTAG 3

B. Rosenberg and Court

* HindII1

tt--tgTTGACA-ttt O9PP atttgtTATAATG *70Pcapomn. Pu
C. Siebenlist et al.
AA%ATAATTzTTGACATTTTTT-TACTATT%GGTATAATGC---CCATCAATAGAT
D. Scherer et al.
acc-t-gttGTTBACATTTtt----ttggcGGTT Al Tg -cCATmmes PYR— ttt

Fi6. 1. Synthetic and consensus or model promoter sequences. The nontemplate strand is depicted in each case. In B and D, the uppercase letters
nd to highly conserved bases and the lowercase letters correspond to less-conserved bases. The Rosenberg and Court sequence (5) is based

on statistical analyses of 46 prokaryotic promoters; the Siebenlist et al. sequence (6) is derived statistically from comparisons of 54 prokaryotic
promoters; the Scherer et al. sequence (4) is derived from a computer-based analysis of 17 prokaryotic promoters. For the synthetic promoter and
the spacer mutant, the experimentally determined (data not presented) transcriptional start is identified by 1:--_., . The oligonucleotide sequences
above and below the synthetic promoter represent the mutators used to generate the 2-base-pair spacer mutation (upper) and —35 region trans-

version mutation (lower). b.p., Base pair(s).

which the tet promoter had been deleted by nuclease BAL 31
treatment (data not presented). Ligation of the synthetic pro-
moter into the EcoRI and HindIII sites of this plasmid restored
tetracycline resistance to bacteria transformed with this DNA
(data not presented). This plasmid was used for the construc-
tions depicted in Fig. 3. Plasmid pXJ002 contains a 780-base-
pair chloramphenicol acetyltransferase segment (15) which is
joined to the synthetic promoter. pXJ003 was derived from
pXJ002 and pMLB1034 as depicted. This created a fusion pro-
tein encoding sequence consisting of the first 52 2/3 amino acid
codons of chloramphenicol acetyltransferase fused to a defec-
tive lazZ (B-galactosidase) at the 8 1/3 codon. Both constructions
result in functional expression of the proteins to which they are
fused (Table 1).

We also have constructed, by nuclease BAL 31 mutagenesis,
a promoter deletion derivative of pXJ002 in which 49 base pairs
in the synthetic promoter region were deleted but the HindIII
insert containing the entire chloramphenicol acetyltransferase
encoding sequence was left intact. This plasmid, designated
pYJ026 (Table 1), did not promote expression of any detectable
chloramphenicol acetyltransferase activity. These results verify
that in vivo expression of the gene for this enzyme is dependent
on transcription from the synthetic promoter.

Construction of Mutations in the Synthetic Promoter. The
oligonucleotide primers used for the in vitro mutagenesis are

27-mer
5' GGAATTCTTGACAATTAGTTAACTATT 3' ———)
é—— 3' CAATTGATAAACAATATTACATAAG 5'
25-mer

FiG. 2. Nucleotide sequences of the chemically synthesized single-
stranded fragments and the duplex structures they form as substrates
for DNA polymerase 1. The arrows indicate the direction of DNA poly-
merase I-mediated repair synthesis.

illustrated in Fig. 1A. The mutant alterations were verified by
DNA sequence analysis after subcloning into plasmids pXJ002
and pX]J003 (data not presented). Neither the spacer nor the
—35 region mutants showed altered phenotypes on selective or
indicator media.

Assays of B-galactosidase and chloramphenicol acetyltrans-
ferase activities were carried out with bacteria harboring both
the mutant and nonmutant promoter-containing plasmids (Ta-
ble 1). The spacer mutation resulted in a reproducibly small
(20-40%) reduction in B-galactosidase or chloramphenicol ace-
tyltransferase expression. The A- to C-transversion in the —35
region resulted in slightly increased levels of chloramphenicol
acetyltransferase expression.

The Synthetic Promoter Directs Strong In Vitro Transcrip-
tion. The consensus sequence is an unusually strong in vitro
promoter. Runoff transcription experiments using DNA re-
striction fragments were carried out as described in the legend
to Fig. 4. We observed strong in vitro transcription from the
synthetic promoter even when RNA polymerase was used to
initiate transcription in a preincubation mixture consisting of
template DNA, NTPs, and heparin at 100 ug/ml (Fig. 4C). No
transcription from the spacer mutant was observed under these
conditions. Initiation of transcription with a mixture of heparin
(50 g/ ml) and nucleoside triphosphates resulted in strong run-
off transcriptions from both the consensus sequence and spacer
mutant promoters (Fig. 4B). Under these same conditions,
weaker transcription was observed from the B-lactamase pro-
moter.

We utilized an assay developed by Stefano and Gralla (21) for
measuring open complex stability. Briefly, RNA polymerase,
DNA template, and heparin are preincubated together for varying
periods of time followed by a 10-min transcriptional runoff ini-
tiated with the addition of nucleoside triphosphates at the in-
dicated times from the start of preincubation.

Even after 3 hr of preincubation of the consensus sequence
promoter with RNA polymerase in the presence of heparin,
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Fic. 3. Synthetic promoter expression vectors and M13 derivative for in vitro mutagenesis. The M13:pc2 virus has the promoter insert oriented
80 as to be complementary to the oligonucleotide mutators depicted in Fig. 1 when the (+)-strand viral template was used for in vitro mutagenesis.

there was little or no detectable reduction in runoff transcrip-
tional efficiency (Fig. 5). In contrast, transcription from the

Table 1. Chloramphenicol acetyltransferase (CAT) and
B-galactosidase activities

Enzyme,
Plasmid promoter units
Chloramphenicol acetyltransferase*
Experiment 1
pXJ002, synthetic 0.840
pXJ004, synthetic, T-T insertion 0.530
pYJ026, deleted synthetic ND
Experiment 2
pXJ002, synthetic 13
pXJ005, synthetic, —35 region
transversion 21
B-Galactosidase*
pXJ003, synthetic 1,516 + 324
pXJ003-4, synthetic, T-T insertion 1,227 + 395

* CAT measurements were carried out at ambient temperature by us-
ing the assay described by Shaw (16). Extracts were prepared from
single-colony innocula grown overnight in L broth plus ampicillin.
The data presented are from single determinations, but the relative
differences observed are fully reproducible. Units are expressed as
pumol/min per mg of protein. Proteins were measured by the method
of Lowry et al. (17) or Bradford (18). ND, none detected.

t B-Galactosidase assays and units were as described by Miller (19).
The means * SD presented were determined from eight independent
measurements for each construction.

spacer mutant decreased markedly over the same time course.
In this same experiment, the promoter deletion plasmid pYJ026
(see above) did not promote any chloramphenicol fragment runoff
transcription, although a small amount of transcription from
the B-lactamase promoter was observed. When DNA from the
—35 region mutant (pXJ005) was examined in an identical as-
say, the open complex stability was similar to that observed for
pXJ002 (data not presented).

As was determined for the consensus sequence promoter (see
above), the spacer mutant transcription initiated with CTP at
the position illustrated in Fig. 1.

DISCUSSION

Prior to our studies, Dobrynin et al. (22) chemically synthesized
a prokaryotic promoter largely homologous to the statistically
derived sequence of Scherer et al. (4) (see Fig. 1). The biolog-
ical function of their promoter was implied by experiments which
partially replaced the endogenous pBR322 tet promoter with
the synthetic sequence. This construction resulted in main-
taining tetracycline-resistance levels equivalent to those ob-
tained with the natural tet promoter. No further characteriza-
tions were reported.

The nucleotide sequence of our synthetic promoter conforms
closely to the statistically derived consensus sequence reported
by Rosenberg and Court (5) (Fig. 1), with the exception of the
sequences in the region of transcription initiation. The syn-
thetic consensus sequence has been shown by a number of cri-
teria to be biologically functional (Table 1; Figs. 4 and 5). This
promoter has several interesting and important properties.
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F16. 4. Heparin challenge and in vitro runoff transcription from the consensus sequence (pXJ002) and spacer mutant (pXJ004) promoters. The
706-base-pair restriction fragment used as the template for transcription is depicted below. This fragment contains the “leftward” transcribing g-
lactamase promoter (20) and the “rightward” transcribing synthetic promoter. (A and C) Heparin (50 and 100 ug/ml, respectively) was added prior
to the addition of RNA polymerase. (B) Heparin (100 ug/ml) was added along with NTPs, subsequent to the addition of RNA polymerase. The num-
bers above the lanes in A and C indicate the times (min) of transcriptional runoff; transcription runoffs were for 10 min in B. Molecular weight
markers were 3'-22P-labeled HinfI-digested pBR327 (M1), and 3'-32P-labeled HindIIl/Hpa II-digested transcription template (M2). The migrations
of the RNA transcripts are somewhat slower than those of the DNA molecular weight markers in this gel system.

Runoff transcription studies suggest this to be an unusually strong
in vitro promoter. Because some of these experiments involved
relatively low RNA polymerase/DNA ratios, we infer that the
affinity of RNA polymerase for the promoter is high. This high
affinity is apparent under conditions where RNA polymerase

is used to initiate transcriptions in a preincubation mix of DNA
and heparin, plus nucleoside triphosphates (Fig. 4). We know
of no other promoter that competes as efficiently for RNA poly-
merase binding in the presence of such huge molar excesses-of .
heparin. We have tested a trp—lac UV-5 fusion promoter con-
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FiG. 5. Open complex stabilities of the consensus sequence (pXJ002)
and spacer mutant (pXJ004) promoters. Conditions for this assay were
essentially as described (21). The numbers above the lanes refer to the
time (min) of preincubation of template DNAs, RNA polymerase, and
heparin (100 ug/ml). In each case, the templates were Hpa II-digested
whole plasmid DNAs. Arrow, Expected runoff transcripts from the con-
sensus and spacer mutant promoters.

taining fragment (supplied by J. Brosius) in a similar reaction.
This promoter contains consensus —35 and —10 sequences but
has a 16-base-pair spacing between these regions. Poor tran-
scription was observed in vitro (data not presented), even though
this is a strong promoter in vivo (J. Brosius, personal com-
munication).

This unusual property of heparin resistance makes the con-
sensus sequence promoter useful for large-scale in vitro pro-
duction of runoff transcripts by using linearized whole plasmid
DNA as template. When heparin is added prior to RNA poly-
merase, transcriptional initiations from other, weaker pro-
moters are greatly decreased or completely eliminated.

The strong in vitro competence of the consensus sequence
promoter also enables efficient in vitro transcription through
A" T-rich sequences such as those found in noncoding regions
of many eukaryotic genes. Thus, this promoter can be utilized
for in vitro transcribing of eukaryotic RNAs that could be used
as substrates for studies of RNA processing or modification.

The importance of spacing between the —10 and —35 re-
gions has been demonstrated for the lac promoter (21, 23). We
have extended these observations to the synthetic promoter.
The 2-base-pair insertion (Fig. 1A) increased the —35 to —10
spacing to 19 base pairs, a spacing not found among natural non-
mutant promoters (5, 6). Although the spacer mutant signifi-
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cantly alters in vitro RNA polymerase—promoter interaction,
reduction of in vivo expression is less than 50%. Our data dem-
onstrate that the effects of this spacer mutation on in vitro pro-
moter function appear to reside in both initial binding of RNA
polymerase and maintenance of a stable, open promoter com-
plex (Figs. 4 and 5).

It is interesting to note that our spacer mutant does not alter
the in vitro or in vivo transcriptional start site. We can conclude
from this, and other data, that the positioning of the transcrip-
tional initiation site in the synthetic promoter is determined by
the —10 region sequence (unpublished data).

In choosing to alter the —35 region sequence T-T-G-A-C-A
to T-T-G-A-C-C, we altered a highly conserved nucleotide for
which there are no known naturally occurring mutants. The
transversion mutation generated changed the dA, which is the
most highly conserved base at this position, to dC, which is the
least conserved (5, 6). Our results from in vivo and in vitro anal-
yses indicate that this change has no marked consequence on
promoter strength. The strong conservation of this nucleotide
among natural promoters thus remains an enigma.
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